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BEFORE THE ILLINOIS POLLUTION CONTROL BOARD 
 

ILLINOIS POWER  
GENERATING COMPANY, 

) 
) 
) 

 

 )  
Petitioner, )  
 )  
v. )  
 ) PCB 2024-043 

ILLINOIS ENVIRONMENTAL 
PROTECTION AGENCY, 

) 
) 

 

 
           Respondent. 

) 
) 

 
 

  

 

  

 NOTICE OF FILING 
 
To:  See Attached Service List (Via Electronic Filing) 

 PLEASE TAKE NOTICE that the undersigned filed today with the Office of the Clerk of 

the Illinois Pollution Control Board by electronic filing the following NOTICE OF FILING, 

CERTIFICATE OF SERVICE, CERTIFICATE OF RECORD ON APPEAL, and RECORD ON 

APPEAL (consisting of 21 parts), a copy of which is attached hereto and hereby served upon you. 

Respectfully submitted, 
 

ILLINOIS ENVIRONMENTAL PROTECTION 
AGENCY 
 

      By:    /s/Mallory Meade 
       Mallory Meade 
                                                            Assistant Attorney General 
                Environmental Bureau 
                500 South Second Street 
                Springfield, Illinois 62706 
                (217) 299-8343 

                     mallory.meade@ilag.gov 
                      ARDC No. 6345981                                                       

 
 /s/ Samuel Henderson  

                                                            Assistant Attorney General 
                Environmental Bureau 
                500 South Second Street 
                Springfield, Illinois 62706   
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                (217) 720-9820 
                      samuel.henderson@ilag.gov 
                      ARDC No. 6336028                                                   
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CERTIFICATE OF SERVICE 

I hereby certify that I did on March 26, 2024, prior to 5:00 PM, cause to be served by electronic 
mail, a true and correct copy of the following instruments entitled NOTICE OF FILING, 
CERTIFICATE OF SERVICE, CERTIFICATE OF RECORD ON APPEAL, and RECORD 
(consisting of 21 parts), consisting of 2,222 pages in total, to: 

 
Joshua R. More 
Bina Joshi 
Samuel A. Rasche 
ARENTFOX SCHIFF LLP 
233 South Wacker Drive, Suite 7100 
Chicago, Illinois 60606 
Joshua.More@afslaw.com 
Bina.Joshi@afslaw.com 
Sam.Rasche@afslaw.com 

 
Carol Webb 
Hearing Officer 
Illinois Pollution Control Board 
1021 North Grand Avenue East 
P.O. Box 19274 
Springfield, IL 62794-9274 
carol.webb@illinois.gov 

 
 
s/Samuel Henderson 
samuel.henderson@ilag.gov  
Assistant Attorney General 
Environmental Bureau  

 
 Under penalties as provided by law pursuant to Section 1-109 of the Code of Civil 
Procedure, the undersigned certifies that the statements set forth in this Certificate of Service are 
true and correct, except as to matters therein stated to be on information and belief and as to such 
matters the undersigned certifies as aforesaid that he verily believes the same to be true.  

 
 

s/Samuel Henderson 
samuel.henderson@ilag.gov 
Assistant Attorney General 
Environmental Bureau  
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BEFORE THE ILLINOIS POLLUTION CONTROL BOARD 

ILLINOIS POWER   ) 
GENERATING COMPANY, ) 

) 
Petitioner, ) 

) 
v. ) PCB 2024-043 

) (Alternative Source Demonstration 
) – Petition for Review)

ILLINOIS ENVIRONMENTAL ) 
PROTECTION AGENCY,  ) 

) 
Respondent. ) 

CERTIFICATE OF RECORD ON APPEAL 

Respondent, ILLINOIS ENVIRONMENTAL PROTECTION AGENCY (“Illinois EPA”), in 

accordance with the procedural rules of the Illinois Pollution Control Board (“Illinois PCB”) as 

set forth in 35 Ill. Adm. Code 105.212 and 105.116, files as its Record in this cause the Illinois 

EPA's record of non-concurrence with the Newton Primary Ash Pond Alternative Source 

Demonstration (“ASD”) which is attached and consists of the following documents: 

PAGES DOCUMENT DATE 
R000002 
- 
R000011

1 Drever, James I. The Geochemistry of Natural Waters: 
Surface and Groundwater Environments. Prentice Hall. 
Third Edition. 

1997 

R000013 
- 
R000022 

2 Faybishenko, Boris, Paul A. Witherspoon and Sally M. 
Benson Editors. Dynamics of Fluids in Fractured Rock. 
American Geophysical Union. 

2000 

R000024 
- 
R000031 

3 Eby, G. Nelson. Principles of Environmental 
Geochemistry. Brooks/Cole, Cengage Learning. 

2004 

R000033 
- 
R000062 

4 United States Environmental Protection Agency 
(USEPA). SW-846 Test Method 1314: Liquid-Solid 
Partitioning as a Function of Liquid-Solid Ratio for 
Constituents in Solid Materials Using An Up-Flow 
Percolation Column Procedure. 

July, 2017 
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PAGES DOCUMENT  DATE 
R000064 
- 
R000100 

5 United States Environmental Protection Agency 
(USEPA). SW-846 Test Method 1315: Mass Transfer 
Rates of Constituents in Monolithic or Compacted 
Granular Materials Using a Semi-Dynamic Tank 
Leaching Procedure. 

July, 2017 

R000102 
- 
R000121 

6 SW-846 Test Method 1316: Liquid-Solid Partitioning as 
a Function of Liquid-to-Solid Ratio in Solid Materials 
Using a Parallel Batch Procedure. 

July, 2017 

R000123 
- 
R000152 

7 United States Environmental Protection Agency 
(USEPA) Region I. Low Stress (Low Flow) Purging And 
Sampling Procedure For The Collection Of Groundwater 
Samples From Monitoring Wells.  

September 19, 
2017 

R000154 
- 
R000421 

8 Fetter, C.W., Thomas Boving, and David Kreamer. 
Contaminant Hydrogeology. Waveland Press. Third 
Edition. 

2018 

R000422 
- 
R000562 

9 Illinois Pollution Control Board (IPCB). Standards for 
the Disposal of Coal Combustion Residuals in Surface 
Impoundments; 35 Illinois Administrative Code Part 
845. 

April 21, 2021 

R000564 
- 
R001588 

10 Copy of Illinois Power Generating Company’s Operating 
Permit Application for the Newton Power Plant Primary 
Ash Pond and submittal letter 

October 25, 2021 
 

R001560 
- 
R001604 

11 United States Environmental Protection Agency 
(USEPA). Pore Water Sampling. USEPA Publication 
No. LSASDPROC-513-R5. 

April 22, 2023 

R001606 
- 
R001639 

12 2023 Quarter 2 Ash Pond Alternative Source 
Demonstration (ASD) 

October 6, 2023 

R001641  13 Email from Joshua Seif titled “2023 Qtr. 2 ASD 
Exceedance letter - Newton Primary Ash Pond - 
#W0798070001-01” 

October 11, 2023 

R001643 
- 
R001646 

14 Email chain with top email from Lynn Dunaway titled 
“FW: Face to Face Meeting Request” and dated October 
17, 2023 1:17:54 PM 

October 12-17, 
2023 

R001648 
- 
R001649 

15 Handwritten notes of Heather Mullenax October 19, 2023 

R001651 
- 
R001754 

16 Copy of Alternative Source Determination Submittal and 
Letter, Quarter 2, 2023, East Ash Pond Joppa Power 
Plant, Joppa Illinois  
[attachment to email of October 25, 2023, document 14] 

October 20, 2023 

R001756 17 Printout of page from Newton ASD with handwritten 
notes 

October 24, 2023 
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PAGES DOCUMENT  DATE 
R001758 18 Email from EPA.CCR.Part845.Notify titled “Alternate 

Source Demonstration - Newton Power Plant” 
October 24, 2023 

R001760 19 Email from Lauren Hunt titled “ASD Discussions--
Newton and Joppa” 

October 25, 2023 
5:21 PM 

R001762 
- 
R001763 

20 Email chain with top email from Dianna Tickner titled 
“[External] RE: Newton and Joppa ASD Questions”  

October 26, 2023 
10:44 AM 

R001765 
- 
R001766 

21 Email from Lauren Hunt titled “Joppa and Newton ASD 
data gap discussion” 

October 26, 2023 
1:09 PM 

R001768 22 Draft letter of nonconcurrence for Joppa East Ash Pond 
Alternative Source Determination 
[attachment to email of October 25, 2023, document 14] 

October 26, 2023 

R001770 
- 
R001771 

23 Webex meeting invite from Lauren Hunt titled “ASD 
discussions with Dynegy” 

October 26, 2023 

R001773 24 Handwritten notes of Heather Mullenax October 31, 2023 

R001775 
- 
R001778 

25 Email chain with top email from Michael Summers titled 
“RE: Joppa West Adjusted Standard Recommendation 
Meeting follow up”  

November 1, 2023  
3:32 PM  

R001780 
- 
R001781 

26 Email chain with top email from Stefanie Diers titled 
“RE: Joppa AS” 

November 2, 2023 
7:52 AM 

R001783 27 Email from Josiah Seif titled “RE: Alternate Source 
Demonstration - Newton Power Plant” 

November 2, 2023 
4:20 PM 

R001785 28 Email from Brian Voelker titled “[External] Alternate 
Source Demonstration - Newton Power Plant” 

November 3, 2023 
6:20 PM 

R001787 
- 
R001945 

29 Letter from Illinois Power Generating Company titled 
“Re: Alternative Source Demonstration (“ASD”) for 
Newton Power Plant Primary Ash Pond” 
[Attachment to email of November 3, document 24] 

November 3, 2023 
 

R001947 
- 
R001961 

30 Email from Jenny Cassel titled “[External] 
Environmental Groups' Comments on Joppa, Baldwin, 
and Newton ASDs”, with attachment 

November 6, 2023 
1:13 PM 

R001963 31 Handwritten notes of Heather Mullenax 
 

November 6, 2023 

R001965 32 Letter from Michael Summers titled “Re: Newton Power 
Plant Primary Ash Pond - W079807001-01 Alternative 
Source Demonstration Submittal”  

November 7, 2023 

R001967 
- 
R002214 

33 Filing by Illinois Power Generating Company with 
Pollution Control Board of “Petition For Review Of 
Illinois Environmental Protection Agency’s Non-

December 15, 
2023 
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PAGES DOCUMENT  DATE 
Concurrence With Alternative Source Demonstration 
Under 35 Ill. Admin. Code Part 845 And Motion For 
Stay; Appearances Of Joshua More, Bina Joshi, And 
Samuel Rasche; And A Certificate Of Service” 
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I, Lauren Hunt, of the Illinois EPA, hereby certify that the documents of the 

Record on Appeal filed in the above referenced matter and summarized in the above 

Index are complete to the best of my knowledge, information, and belief. 

BY:  s/________________ 
Lauren Hunt 
[Environmental Protection Geologist III] 
Illinois Environmental Protection Agency 
 
 
 

Respectfully submitted, 

       KWAME RAOUL, 
       Attorney General of the 
       State of Illinois, 
 
       MATTHEW J. DUNN, Chief 
       Environmental Enforcement/Asbestos 
       Litigation Division 
 
      By:    /s/Mallory Meade 
       Mallory Meade 
                                                            Assistant Attorney General 
                Environmental Bureau 
                500 South Second Street 
                Springfield, Illinois 62706 
                (217) 299-8343 

                     mallory.meade@ilag.gov 
                      ARDC No. 6345981                              

 
 /s/ Samuel Henderson  

                                                            Assistant Attorney General 
                Environmental Bureau 
                500 South Second Street 
                Springfield, Illinois 62706   
                (217) 720-9820 

                      samuel.henderson@ilag.gov 
                      ARDC No. 6336028                                                   

 
 

 
Dated:  _March 26, 2024 
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Behavior of Specific Elements 189 

by organisms (nitrogen, phosphorus, sometimes carbon, potassium, and silica), biological 
processes are often the dominant control in surface waters. For elements utilized in only trace 
amounts (e.g., Mn, Cu, Ni, Mo, and Se), uptake by organisms in open waters such as lakes 
probably affects dissolved concentrations significantly only in environments where concen­
trations are low in general. In environments where concentrations are high as, for example, 
in polluted waters, the amounts taken up by organisms are likely to be small compared to the 
amounts in solution or to the amounts removed by adsorption processes. 

In terrestrial systems uptake by plants can have a major influence on both heavy metals 
and organic compounds. One method of water treatment is to route a contaminated water 
through an artificially constructed wetland-a swamp with abundant plants (e.g., Wieder, 
1993). Contaminants are removed by direct plant uptake, by adsorption on solid organic 
matter, and by precipitation as sulfides where the environment is anaerobic. One problem with 
artificial wetlands is that their lifetime is generally finite (a decade or so), and then the mate­
rial that makes up the wetland must be disposed of. 

!HAVIOA OF SPECIFIC ELEMENTS 

Several specific elements are discussed here to provide an overview of their behavior and to 
illustrate patterns of behavior that are common to many other elements. 

Copper, Zinc, Cadmium, and Lead 

These elements have several features in common. The dominant species in solution is a diva­
lent cation (free or complexed). Under oxidizing conditions, they are soluble under acid con­
ditions and their solubilities at higher pH are limited by the solubility of a carbonate or 
oxide/hydroxide (Figs. 9-12 to 9-16; these and subsequent figures have been simplified by 
omission of some possible complexes in solution involving sulfate, sulfide species, carbonate 
species. and OH-. These omissions do not significantly change the diagrams for the conditions 
commonly encountered in fresh waters). Under reducing conditions, in the presence of sulfur 
all form relatively insoluble sulfides. In the absence of sulfur, copper is insoluble as the native 
metal (Fig. 9-16). The others behave as they do in oxidizing environments: they are relatively 
soluble at low pH and insoluble as carbonates/oxides/hydroxides at high pH. Copper. zinc, 
and cadmium form anionic species at high pH. It is rare, however, for pH values in nature to 
be sufficiently high for such species to be important. The response of these elements to a 
change in redox conditions is determined less by redox reactions involving the elements them­
selves than by changes occurring in sulfur species, and in Fe and Mn oxyhydroxides, which 
are important substrates for adsorption. 

All members of the group are complexed by natural organic matter. Some binding con­
stants for complexing of the M2• ion with humic substances are shown in Table 9-2. These 
constants give a general indication of the strength of interaction between the metal and dis­
solved organic matter. The constant for calcium is included for comparison. In general, copper 
is the most strongly complexed member of the group and is very commonly influenced by 
organic complexation. Lead is next, followed by zinc and cadmium. Complexing of zinc and 
cadmium by organic solutes is. generally speaking, important only where concentrations of 
dissolved organic carbon are relatively high. 

R000002



192 Heavy Metals and Metalloids Chapter 9 

All members of the group are potentially affected by adsorption on iron and manganese 
oxyhydroxides (Fig. 9- 1 7) , and Cd is potentially affected by adsorption on calcite. As dis­
cussed in Chapter 5, adsorption is pH dependent. Lead adsorbs at the lowest pH, followed by 
Cu, Zn, and Cd. The curves shown in Fig. 9- l 7 illustrate the results of experiments conducted 
under a specific set of conditions and should not be overgeneralized. 

The expected behavior of these metals in the environment can be summarized as fol­
lows: under oxidizing conditions at low pH, they are all soluble and mobile. As the pH rises, 
their concentrations tend to decrease, first because of adsorption (particularly for Pb and Cu), 
and then because of the limited solubility of carbonates and oxides/hydroxides. Under 
reducing conditions, if sulfur is present, all should be immobilized as sulfides . If sulfur is 
absent, for Zn, Cd, and Pb the solubility control will be the same as under oxidizing condi­
tions; Cu should be insoluble at all pH values . Adsorption is generally less important under 
reducing conditions because the most important substrates for adsorption, Fe and Mn oxyhy­
droxides, tend themselves to dissolve. 

Arsenic and Selenium 

Arsenic and selenium differ strongly from the previous examples in that both elements 
undergo important changes in oxidation state themselves, and both occur in solution as 
anions or as neutral species rather than as cations. pe-pH diagrams are shown in Figs. 9- 1 8  
and 9- 19. Under oxidizing conditions, the dominant form of  arsenic i s  the +V  oxidation state, 
which is present as arsenic acid and its anions (arsenate), corresponding closely to phos­
phoric acid and phosphate species. For selenium, the dominant form under oxidizing condi­
tions is selenate, which is closely analogous to sulfate. As conditions become reducing, 
As(V) is reduced to As(III)-arsenious acid and arsenite anions. When sulfate reduction 
occurs, As precipitates as a sulfide; if sulfur is absent, it remains in solution as arsenious acid 
or an arsenite. Elemental arsenic should be a stable species under highly reducing conditions, 
but it does not occur commonly in nature. For selenium, selenite species (analogous to sul­
fite) occur at intermediate redox levels, followed by elemental selenium and hydrogen 
selenide (analogous to hydrogen sulfide) species under strongly reducing conditions. Both 

FIGURE 9-17 Adsorption of Cu'+, 
Cd2+

, znt-<. Pb1+
, Cr3', and Ca2+ (for 

comparison) on hydrous ferric oxide 
as a function of pH.  Each metal 
shows an adsorption "edge"; at pH 
values below the edge. the ion is not 
adsorbed or very weakly adsorbed. 
At pH values above the edge, the ion 
is strongly adsorbed. Conditions cor­
respond to a high ratio of hydrous 
ferric oxide to adsorbing cation and 
an iomc strength of 0. 1 m. The edges 
move towards higher pH as the ratio 
adsorbing cation :hydrous ferric 
oxide increases. From data in 
Dzombak and Morel ( 1 990). 

pH 
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1 94 Heavy Metals and Metalloids Chapter 8 
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FIGURE 9-20 Adsorption of arsenate, arsenite, selenate, selenite, chromate, and sulfate (for comparison) 
on hydrous ferric oxide as a function of pH Most of the anions show an adsorption "edge" ; at pH values above 
the edge (for anions), the \on 1s not adsorbed or very weakly adsorbed. At pH values below the edge, the ion 
is strongly adsorbed. The anomalous behavior of arsemte is related to the fact that AsO�  is fully protonated 
to HlAsO3 below pH 9 (Fig . 9- 1 8); the symbol Asa l· is used for all As in the +Ill oxidation state. Conditions 
correspond to a high rat10 of hydrous femc oxide to adsorbing cation and an ionic strength of 0. 1 m. The edges 
move towards lower pH as the ratio adsorbing anion:hydrous ferric oxide increases. From data in Dzombak and 
Morel ( 1 990). 

Chromium 

Chromium (Fig. 9-2 1 )  shows some similarities to both of the groups of elements discusse, 
above. Under highly oxidizing conditions, the hexavalent form (chromate) is stable as a: 
anion. It is not strongly adsorbed (adsorption edge at about pH 7, Fig. 9-20) and is therefor 
mobile in the environment. Under intermediate and reducing conditions, Cr(III) is the stab! 
oxidation state . It is insoluble in the neutral and alkaline pH ranges . It is soluble (largely a 
Cr(OH)2+) under acid conditions. In general, Cr(III) species are strongly adsorbed (Fig. 9- 1 7  
Where dissolved chromium pollution occurs, the problem form is generally Cr(VI). 

FIGURE 9-21 pe-pH diagram for 
the system Cr-0-HP at 25°C and 
one atm Solub1hty is defined as a 
dissolved Cr acuvity of I O "'. Data 
from Brookins ( 1 988) 
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Behavior of Specific Elements 

FIGURE 9-22 pe-pH diagram for 
the system Hg-S-0-HiO at 25°C 
and one aim. Solubil ily is defined as 
a dissolved Hg activily of J 0-6. Total 
activity of sulfur species = 1 0-2

• The 
diagram is 1he same in the absence of 
S species, with the HgS (cinnabar) 
field replaced by Hg (metal). In the 
presence of chloride. lhe Hg�• may 
be replaced by the insoluble mer­
curous chloride (calome!). Dala are 
consis1ent with Allison et al . ( 199 I ). 
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The chemistry of mercury in the environment is highly complex. The thennodynamically 
stable forms are shown in Fig .  9-22. The common soluble form is the oxidized (mercuric) 
Hg7+ ion and its hydrolysis product Hg(OH)�. with the reduced (mercurous) Hg�+ ion being 
less important. Elemental mercury has a large stability field. The elemental fonn is volatile 
and slightly soluble in water. The global cycle of mercury is dominated by vapor-phase trans­
port of Hg0 through the atmosphere (Mason et al . ,  1994) . Mercury is transfonned by microor­
ganisms into organic fonns, notably monomethyl mercury (CH3Hg) and dimethyl mercury 
[(CH3)i

HgJ. These organic forms, in addition to being highly toxic, are volati le and tend to 
accumulate in the food chain. High concentrations of Hg in fish, which are common in pol­
luted waters, generally result from accumulation of organomercury species . Pollutant Hg in 
sediments is partly transfonned to organomercury species and partly to the sulfide. 

Most of the metals discussed above-Cu, Zn, Cd, Pb, As, Hg, and, to a lesser extent, 
Se-are transformed to sulfides in anaerobic sediments. So long as conditions remain anaer­
obic and sulfur is available, they are relatively immobile . However, any disturbance, such as 
dredging, that brings the sediment into contact with oxygen will cause oxidation of the sul­
fides and release of the metals into solution. Cleaning up or moving contaminated sediments 
is a difficult problem because it may lead to oxidation and mobilization of these metals. 

1. To understand the behavior of any trace element in natural waters, it is essential to 
know the chemical form of the element in the water of interest. Anomalously high concentra­
tions are often related to the presence of stable complexes in solution. 

2. The solubility of phases containing the element as a major constituent (commonly an 
oxide/hydroxide, carbonate, or sulfide) provides a general upper limit to the concentration of 
a specific element. 
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368 Transport and Reaction Modeling 

This is exactly the expression we had for a non-adsorbed solute (Eq. 1 6-9), but with DIR slituted for D (which could be either a dispersion coefficient or a diffusion coefficient). spreading by diffusion or dispersion is retarded in an analogous manner to advecti Provided dispersion is much greater than diffusion. the geometry of movement and sprcadi of an adsorbed solute as it moves through an aquifer will be exactly the same as that of unadsorbed solute, but the time taken to reach a particular position and "width" will be a fac of R longer. Adsorption affects only non-sleady-state diffusion. At steady state (e.g. , a constant con­centration gradient between a constant source and a constant sink). there is no net uptake or release by adsorption, so adsorption has no effect on diffusion. The diffusional flux will be given by Fick's first law with no correction for adsorption. The aOOve discussion applies only to the limiting case of rapid, reversible, linear adsorp­tion.  Because of its mathematical convenience, the retardation equation based on the linear Kd is often used as an approximation even where these conditions do not hold. It should also he remembered that, in general, the numerical value of Kd is specific to the solute, the substrate, and the composition of the groundwater. It is not readily transferred from one experiment or situation to another. 
Example J 

Suppose the pollutant in Example 2 above is adsorbed by the sediment, and the adsorption can be described by a constant Kd of 5 //kg. How long will it now take For the pollutant to reach a depth of 50 cm? If we assume a grain density of 2.6 g/cm3, the redardation factor, R. is 

( 0,3 ) I + - x 2.6 x 5 - 6.57 0.7 
The times calculated in Example 2 will be multiplied by this number. The time for I percent of the initial concen1ration to reach 50 cm will thus be 10.97 y rather than 1 .67 y. Note that, for a given Kd, the retardation factor increases as the porosity decreases as a result of the factor ( I - 4>)141. If, in this example, the porosity had been 10 percent rather than 70 percent, the retardation factor would have been 1 18 rather than 6.57. 

REACTION PATH MODELING 

Reaction path calculations, or mass-transfer codes, give us the successive compositions of a solution as a mineral (or several minerals) reacts with a solution or as some other process, such as evaporation of the solution, proceeds. The mass of each solid phase or gas produced or con­sumed is calculated. Such codes do not, in general, contain any kinetic infonnation: They cal­culate changes as a function of the amount of reaction thal has taken place but do not say anything about how long the reaction should take. The most widely available and widely used codes are PHREEQE (Parkhurst et al., 1980), EQ316 (Wolery, 1979), SOLMINEQ.88 (Kharaka et al., 1 988), and MINTEQA2 (Allison et al. ,  199 1 ). PHRQPITZ (Plummer et al., 1 988) is a version of PHREEQE modified to include Pitzer's equations for calculations at high ionic strength (see Chapter 2); PHREEQC (Parkhurst, I 995) is an updated version of PHREEQE that includes inverse modeling analogous to NETPATH (see Chapter 12 and later in this chapter). Each of these codes was developed for a slightly different purpose, which 
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articular applications. PHREEQE is a relatively 
. them advantages and disadvantages for p f reaction at a fixed temperature. 

��::tile code that can model man� di�er.ent ty::!c:1arly for trace elements, so the user 
However, the database supplied i� fairly hm1�edi! elements/reactions him/herself. I� is not a 
may have to enter all the inform�tton for part�NTEQA2 is in a sense _the �verse :  it has a_n 
particularly easy code f�r a �e�!nner :� u�l " but the range of calculatlons it can perforn_' ts 
extensive database and is quue user nen y, fle rogram currently geared towards s1m­
more limited. EQ3/6 is a larg_e, co�plex, an!�ersa � 1i can si�ulatc reactions w�th changi�g 

l f ns associated with rad10act1ve waste isposa . SOLMINEQ.88 was designed part1c· 
;e:;erature as well as reactions a� a fixe� tem:i;:�:::·basins. which implies moderately ele-
ularl to simulate processes associated with p anic s ecies. . 
vatJ temperatures and the prese�ce of s;ver;t ��ion 1! us consider the case of a mmeral 

As an ex.ample of a reaction pat �a cu a 
reacting with water. The general approach is: 

f h ·neral is dissolved. d · h 1. A small increment o t e m1 ·r the solution is supersaturate wit 
A. speciation-saturation program ( C�a�ter 2)ttes���n program is part of the mass-transfer 2. 'd h (The spec1a11on-sa ura I I t' s ) respect to any soh P ase. d i peciation-saturation ca cu a ton · 
code Thus each of these codes can be use or s phase (or to specific phases speci-

3 If th� solutwn is supersaturated with :es�tp::,;tated sufficient to bnng the solution 
. fied by the user), an amount of that p asel1 becomes undersaturated with respect to 

th that phase If the so unon h \'bnum mto equ1llbnum w1 e that hase redissolves to estabhs equt l 
a prev10usly prectp1tated phas • p I bnum wnh all sohd reacuon res that the soluuon ts m eqm I 4. An itcration procedure ensu f the ongmal mineral is dissolved 
products before another mcrement o 

. . n is the same. ex.cept that mcrement� . of water ar� 
The procedure for simulating evap�rat10 . dd d The calculated compos1t10n of a solo 
removed instead of increments of mme�al �mg a 1 � �nd 1 6-1 \ .  
tion reacting with K-feldspar is shown I �  Ftgs. lr��t sense calculate only the path that the so_lu-

Although mas.-.-transfer programs m the st . any rate expressions to relate reactton 
tion composition will follow and do . not conta1�ansfer model with a kinetic model to pre­
progress to time, it is poss:ible to co_mb17 .a ma�s;amplcs include KINDlS (Made et at .  1 990) 
diet solution composition as a function o t�m�ere is some question as to wheth_er.our under· 
and PHREEQM (Appelo and Postma. 1 9: ;�flicient for this approach to be reahsnc .  
standing of kinetics at low temperatures l 

Example 4 . . . . will be left to form a lake at the �nd of mining 
A mining company pro��se .'i 1�1:�gg�p::d::::� that wi\l now iTit.o the �it is show�;����i-�� 
operation� .  The compos1t10� o . . Jcite as the only reactive mineral .  Use i 
The bedrock is altered granite conta1nmg ca 
predict the composition of the final lake.. d t make some simplifying assumptions. Some of 

In order to solve this problem. we nee o 
these are: 

odel ' table approximation. 
�: �hceh;,::�:::::::�:: :quili��:;•�ilh a1mospheric o,ygen and CO,. 
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3, Reac11ons mvolvmg s1hcates can be 
the groundwater has been m contact ��;�:

d 
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e JUst1ficallon for this assumption IS thal 

11me and should be close to equ1hbnum o at: 
i_cate minerals surrounding che pit for a long 

4. Our llmc span and flow rate 

r east steady state 

neglected. In reality these woul��s�:
h 1ha1 cval:'°ration and dilu1ion by rainfall can be 

the sake of simplici1y. 
orporated mto the model. lbey are omitted here for 
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The first step is to use MlNTEQA2 as a spcciation-saturation program only, with the water 

of Table 16-2 as the input. This has two purposes: (I) To see which phases are supersaturated and 

hence are likely to precipitate, and (2) To convert the alkalinity input into total concentration of car­

bonate species and concentration of the component W. MINTEQA2 requires the input to be in this 

form. for furttlcr calculations. At this stage we also have to decide on an oJlidation state for the Fe 

in the analysis. We can either input it as Fe2+ (which is probably the actual fonn). or we can input 

it as the oxidized species, Fe3+, with the justification that the final water will be in equilibrium with 

atmospheric oxygen. lf iron is input as Fel+, MINTEQA2 does not have to perfonn any redox cal· 

culations, as all lhe inputs arc in their o;<idized form. There are often advantages to minimi7.ing the 

number of different reactions that the reaction path code has to consider simuJianeously. The con· 

centration of Fe is sufficiently low that the choice of oxidation state does not affect the cation­

anion balance significantly. Part of the output from this first run is shown in Table 16-3. 

TAIIU: 18-2 Composition of lnHow Water for Exompla 4 

Na 64.2 ppm As 0.05 ppm 

K 17 ppm Cu 0.014 ppm 

Ca 1 5 1.4 ppm Zo I . I  ppm 

Mg 54.6 ppm 

Cl 23 .8 ppm pH 7.51 

so, 104 ppm 

Alka1inity 12.54 meqll T 20°c 
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We can sec from Table 1 6-3 that the water is supersa1urated with respect to various p 
including calcite. dolomite, magnesite, and a range of compounds containing ferric iron (fc 
drite, goethite, hematite, jarosite, etc.) the high saturation indices for these phases is a c 
quence of our decision to specify the total Fe as Fel+. The next step is to choose which phases 
precipitate. We shall choose ferrihydrite as the iron compound, as it is the phase most likely 10 
cipitatc. We shall also choose calcite as a phase likely to precipitate in a natural system, but 
shall not allow dolomite (or other Mg-carbonate phases) to precipitate because the kinetics of 
cipitation of these phases are generally slow (Chapter 3). Note thal no phases containing the 
elements Cu. Zn, or As are supersaturated. 

With these choices, we can now perfom1 a second MINTEQA2 run in which we: 

l. Do not specify the input pH, instead allowing MINTEQA2 to calculate the pH. 
2. Specify equilibrium with a CO

2 
gas phase at a pressure of 3 . 16  x IO-' atm (atmospheric' 

C01 pressure). We could also list 0
2 

at a fixed pressure of 0.2 atm, but this is unnecessary 
if our input does not contain any reduced species. 

J. Specify calcite and ferrihydrite as possible solids. A possible solid is one that is allowed to 
precipitate if the solution is supersaturated with respect to it Phases that are not listed in 
this way (or in an analogous way) will not be considered in the calculations. 

Part of the output from this run is shown in Table 16-4. lbe solution is in equilibrium wi1h calcitc 
and ferrihydrite, and has a final pH of 8.88. This output would constitute our prediction for the 
major ions in solution. Note that the solution is still supersaturated with respect to ferric 
(hydr)oxides more stable than ferrihydrite (Chapter 7), and with respect to Mg-containing car­
bonates. 99.9 percent of the iron has been precipirnted as fenihydrite, and 98.6 percent of 1he cal­
cium as caki1e. The presence or absence of calcite in the bedrock would make no difference to the 
calculation, as calcite is precipitating and not dissolving. The main reason why so much calcite 
precipitated i s  the drop in Peoi from a valy.e of 10-1 .1 in the inflow water to 1 0-33 in the equili­
brated pit lake. 

So far, the only process we have considered is precipitation of supersaturated phases. 
Adsorption is also likely to be a significant control on trace element concentrations, particularly 
As. Cu. and Zn in our example (Table 1 6-2). As discussed in Chapter 5, adsorption can also be 
modeled by use of MINTEQA2. This calculation is petformed after the major element chemistry 
hos been calculated. It is necessary 10 specify the amount and properties of the adsorption sub­
strate, which requires further assumptions. The detai ls of these calculations are not presented 
here. A reasonable set of assumptions would be that ferrihydrite is the adsorbing phase. the 
amount present is equal co the amount precipitated in the previous modeling step, and its proper­
ties are the same as those of fenihydrite used in laboratory experiments by Dzombak and Morel 
( 1990). The Dzombak and Morel numbers are supplied as a data file with MINTEQA2. 
Calculations based on these assumptions indicate that adsorption should greatly reduce the con­
centrations of arsenic. copper, and z;inc. 

Application to Contaminant Tranaport in Groundwater 

It has become recognized in recent years that human activities are introducing contaminants 
into groundwater systems on an enormous scale . Examples include leaching from municipal 
landfills, hazardous waste burial sites, mine tailings, and various spills, both deliberate and 
accidental. Agriculture itself often causes contamination of groundwater by fenilizers 
(notably nitrate) and pesticides. A great deal of effort is currently being put into modeling the 

h M\NTEQA2 EqLrilibretion Cak:ulation for Example 4 (The 

TABLE 1 B-4 Output from t e 
output file has been greatty condensed.) 

PART 1 of OUTPUT FILE 

EX.ample 4 :  Equil ibration with atmosphere and solid phases 

--;;;�;�����e ( Celsius ) : 20 , 00 
units  of concentration : MG /L  

. on 
Ionic strength to be computed . 

tion represents total inorgan1.c carb . 

If spec ified .  carbonate c�nc�
nt:� char,;ie imbalance exceeds 30% 

OWED 
Do not: automatically terrn1n� 

e 
f r those sol ids specified as ALL 

Precipitation is allo"'."ed on y o 
in the input file  ( 1 f  any) : . . 40 . 

The maximum number of iterat10I?"s . �
s . 

coefficients i s : Davies equation 

The method used to co1?pute act1v1. Y 

Intermediate out.put. file 

-- - -- -- -- ---- - -- -- -----
-

--�- D�;A-;;;�RE TYPE MODIFICATIONS 
INP 

ID NP-ME ACTIV���O����� 3 3 0 H.+-l  3 .  548E 07 
61 H)As04 3 .  802E-03 

1 5 0  Ca+2 6. 761E 04 
1 80 Cl- l 

2 . l B BE-07 
231  cu+2 2 , 291E-05 
281 Fe+) 2 ,  239E-03 
460 Mg+2 4 .  3 65E-04 
410 K+l 2 .  SlBE-03 
500 Na+ l 1 .  072E-03 
732 S04- 2  1 . 698E-05 
950  Zn+2 9 . 3 3 38-05 
140 C03 -2 1 .  O OOE+OO 

2 H20 

LOG GUESS 
-1 . 0 0 0  
- 6 . 4 5 0  
- 2  . 42 0 

3 . 17 0  
- 6  . 660  
-4 . 640 
- 2 .  650 
-3 . 360 
-2 . 550 
-2 . 970  
- 4 . 710  
-4 . 03 0 

. o o o  

ANAL TOTAL 
1 . 3 7 0E+Ol 
5 .  OOOE-02 
1 .  5 14£+02 
2 .  380E+Ol 
1 . 400E-02  
1 .  21 0£..-00 
5. 460E+O l  
l . 7 0 0E.+-0 1 
6 .  420£+ 0 1  
1 . 040£+02 
1 . lOOE+OO 
7 .  859E+02 
O .  OOOE-01 

LOG MOL 
2 . 2 87 
2 . 834  

NEW LOOK 
8 . 4 46 

-4 . 891 

DH 
2 . 585  

. 000 

PART 5 of OUTPUT FILE 

SORBED PRECIPITATED 

IDX NAME DISSOLVED 
MOL/KG PERCENT MOL/KG PERCENT MOL / KG PER-

CENT 
. 0  O .  O OOE-01  . o  

4 , 3 65E-03 1 0 0  . o  O .  Q OOE-01  
. o  O .  Q O OE-01 . 0  

3 3 0  H+l 3 . 5 21£ 07 100 . 0  O . OO OB-01  
. 0  0 .  Q00E-01  . 0  

6 1  H3AsO4 1 .  685£-05 100 . 0  O . QO OE-01 
. 0  Q . OO OE- 0 1  . 0  

9 5 0  Zn+2 6 . 7 2 1E 04 100 . 0  o .  Q OOE-01 
O .  O O OE-01 . 0  

180  Cl l O .  QOOE- 01  . 0  . 0  2 ,  2 06E-01 100 . 0 O .  O OOE-01 
231 Cu+2 O . OODE•Ol . 0  . 0  1 .  084E·03 100 . 0 . 0  O . OOOE-01  
732  S04-2 2 .  248E·03  10 0 . 0  O .  O OOE-0 1 

(Co111i1111ed) 

460  Mg+2 
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410  K•l 4 . 3 53£-04 soo Na+l 2 .  796£-03 
281 Fe+3 1 . 8 5 3E-08  lSO  Ca+2 5 . 213E-05  140  CO3-2 4 .  727£-03 

2 H20 9 . 2 97£-06 

100 . 0  100 . 0  
. 1  1 . 4  55 . 9  1 0 0 . 0  

0 .  OOOE-01 . o 0 . 000E-01 . 0  0 .  000£-01 . o  0 .  OOOE-01 . o 0 ,  000E-01 .0  0 ,  000E-01 . 0  

0 . O O OE-01 0 . 0 0 0E 01 2 . 275E-05 3 .  7 3 0£-03 3 ,  730E-03 O , OOOE·Ol 
Charge Balance : SPECIATED Swn of CATIONS "' 7 178£ O PERCENT DIFFERENCE � 4 ; 9i/� of ANIONS 7 . 239£-03 
EQUILIBRIUM IONIC ST�ENGTff { ) --1 (ANIONS - CATIONS) /  (ANIONS • 
EQUILIBRIUM pH rn - ! : � ; :E-02 

Saturation indices and t , :�T 6 of OUTPUT FILE 
ID # NAME : oi.c iometry of all minerals 

5015000  ARAGONITE a� · 1!�<:lcx Stoichiometry in [bracket 
5015001 CALCITE ' OOO ( 1 . 00 0 )  1 50  [ 1 . 0 00 ]  l40 S] 
5015002  OOLO!-'IITE 1 · 654 [ 1 . 00 0 )  1 5 0  [ 1 . 000 ]  140 
2028100  FERRIHYDRITE O .  0 [ 1 . 00 0 ]  1 5 0  [ 1 . 0 0 0 ]  4 6 0  
2 0 2 8 1 0 2  GOETHITE 4 .  2i� [ -3 . 000 ]  3 3 0  [ 1. 000 ]  2 8 1  [ 
6015001 GYPSUM _2 . 897  [ -3 · 0 0 0 ]  3 3 0  [ 1 .  000 ]  2 8 1  [ 
3028100  HEMATITE 13 · 405  [ 1 . 00 0 )  150 [ 1 . 000 ] 7 32 [ 
5 015003  HUNTITE . 812 [ -6 . 00 0 )  3 3 0  [ 2 . 0 00 ]  2 8 1  [ 
6041002 JAROSITE K -7 . 386 [ 3 . 000 ) 460  [ 1 . 0 00 ] 150 [ 
3028101  MAGHEMITE 5046002 MAGNESITE 2023101  TENORITE 5095000 SMITHSONITE 5095001  ZNC03 , 1H20 2095005  ZNO (ACTIVE) 2095006  ZINCITE 5023101  MALACHITE 
3028102  LEPIDOCROCIT 

· [ -6 . 00 0 ]  3 3 0  [ 1 . 000 ]  4 1 0  � 
3 . 397  ( 2 . 00 0 )  732 [ 6 . 0 0 0 ]  2 
1 . 156 [ -6 . 000 ]  3 3 0  [ 2 . 000 ]  2 81  [ l . OO 0 J  460 l 1 . 0 00 1  1 4 0  - . 8 1 S  I -2 . 00 0 J  3 3 0  I 1 . 0 0 0 1  231  
= : :: ! i � - 000000 1 95 0 I 1 . 000 1  HO 
- . 44 9  . J 9so  I 1 . 0 00 1  1 4 0  
- . 5 5 2  [ - 2 . 0 0 0 1  330  I 1 . 0 00 1  9 5 0  

-2 . 69 1  [ - 2 . 000 1  3 3 0  I 1 . 0 0 0 1  9 5 0  
i -� : ��� � ;; � I 2 . 0 00 1  2 

3 . 52 0  [ - 3 . 0 00 ]  3 3 0  1 . 000 1  2 8 1  

2 . 000 )  140 3 . 00 0 )  2 2 . 000 )  2 2 . 000 )  ·- 2 3 . 00 0 )  2 4 . 0 0 0 1  3 . 0 0 0 1  140 2 8 1  
3 . 000 1  
1 . 0 0 0 )  
1 . 0 0 0 )  2 1 .  0 0 0 )  2 l .  0 0 0 )  2 1 .  0 0 0 )  1 4 0  
2 . 0 0 0 )  

�h�vior of contaminants in the subsurface both f. . . 
d1atton strategies for existing contaminan� and f:� �e�1ct�ng the fate of and designing reme· 
future waste, particularly high-level radioactive waste es1gn1ng and locating disposal sites for 
. B�fore any detailed geochemical model in m question, particularly groundwater flow aths g :an be auempted, the hydrology of the area 
no means a trivial requiremem; che infor!ationa d v�locmes , must be established. This is by 
may be greater than that required for a chem. I ":'ired for an adequate hydrologic model 
the hydrologic model may be extremely com,cl:xm el, and the mathematical fonnulation of 

For modehng purposes, it is often con�eni n . . 
source, a mixing zone (near field, in the tennin e I to d1v'.de the region to be studied into a 
auvely undisturbed aquifer or aquifers (far el 

ology �f rad10ac11ve waste disposal), and a rel­
for a mill tailings pile. A real example of �od�it'IS IS 1Uustrated conceptually in Fig. 1 6- 1 2  
given by  White e t  al. ( 1 984) and Narasimhan e t  ai"g apphed to a urani_um mill tailings pile is 
ment of solutions from the tailings pile These � ( 19�6). The source is the downward move• 
from the processing used in the mill and �ontain h�l�uons are o�ygenat_ed and highly acidic 
elements such as uranium, molybdenum, and selen

fu;�ncentrattons of non and several 1race 

Chemical Evolution of Groundwater 
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FIGURE 16-12 Schematic illustra· 
tion of migration of contaminants 
from a uranium mill tailings pile . 

Groundwater 11ow 

Groundwaters are typically mildly alkaline and may be oxidizing or reducing. When the 
acid tailings solution enters the aquifer, it reacts chemically with the groundwater and with the 

minerals of the aquifer. Calcite dissolves. gypsum may precipitate , and iron and aluminum 
hydroxides precipitate, coprecipitating ,race metals with them. Chemical reactions such as 
these can be modeled successfully by a program such as PHREEQE, MINTEQ, or EQ3/6. The 

mixing zone, where the major chemical reactions take place, is commonly a relatively small 

volume, and the hydrology of such a small volume can be modeled in a relatively simple way. 
Beyond the mixing zone, the groundwater is more or less in equilibrium with the min­

erals of the aquifer. Dissolution and precipitation are no longer major processes , and mod­
eling focuses on hydrology/water movement plus hydrodynamic dispersion and on 
relatively simple chemical processes such as adsorption, radioactive decay, and. for some 
organic compounds, biodegradation. 

An additional problem with modeling of contaminant transport is the question of how to 
treat uncertainty. One can never know with certainty the porosity, penneability, and disper· 
sivity, for example, at all points in an aquifer. One can make estimates for the regions in which 
data are missing and, using them, calculate, for example. a travel time for a particular solute 
between two locations. For problems such as disposal of high-level radioactive waste, it is 
important 10 know the uncertainty associated with the ,ravel time as well as the "best esti­
mate." Increasingly, stochastic modeling is being used to assess uncertainty. Instead of single 
values being assigned 10 the properties of each location in the aquifer, a statistical distribution 
of properties is assigned, and the model generates a statistical distribution of ,ravel times or 
whatever other output is required. 

CHEMICAL EVOLUTION OF GROUNDWATER 

The reaction path modeling discussed above has been "forward" modeling in that we posed 
the problem in the lonn: "Suppose we have water A and allow ii to react with minerals B and 
C, what will be the final composition of the water?" For understanding the chemical compo­
sition of groundwater, we are generally presented by the "inverse" problem (Plummer, 1992): 

we know the composition of the final water, the problem is to deduce the reactions that gave 

rise to it. One approach is simply to solve the forward problem repeatedly, changing the iden­
tity and amount of the minerals reacting until a "match" is achieved. Alternatively, one can use 
the code NETPATH (Plummer et al. , 1991) or PHREEQC (Parlchurst, 1995) to solve the 
inverse problem directly. The use of NETPATH to solve a mass balance problem was dis­
cussed in Chapter 12 .  The input is an initial water composition, a final water composition, and 
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a list of phases that may dissolve, precipitate, or both. The output is a list of all the po 
reactions involving the listed minerals that sati�fy the mass balance constraints. NETP 
also considers isotopic balance for 13C, 14C, 34S, D, T, 180 and 87Sr, and includes WATEQ4P-
a subroutine to test whether the reactions deduced from mass balance are chemically rea 
able. It would not be reasonable, for example, to postulate that gypsum precipitates from 
solution that is undersaturated with respect to gypsum. 

An excellent example of this type of modeling is the study by Plummer et al. ( 1 990) 
the chemical evolution of groundwaler in the Madison aquifer as it moves several hundred 
eastward from recharge areas in Montana and Wyoming. The chemical evolution of the wa 
was consistent with dissolution of gypsum and dolomite, precipitation of calcite, and oxida­
tion of organic matter. That set of reactions explained not only the major element chemistry, 
but also the isotopes of carbon and sulfur. 

A major problem with NETPATH•type modeling, particularly of silicate weathering 
reactions. is that solutions are rarely unique. Severa] different sets of minerals can usually be 
found that satisfy the constraints. Also, depending on the number of solid phases chosen, there 
may be no solution or an indeterminately large number of solutions. The code is thus a tool to 
be used in conjunction with geologic insight and judgment: it does not provide simple, unique 
answers. The inclusion of isotopes may greatly constrain the number of possible answcrS, pro­
vided sufficient isotopic data are available. 

REVIEW QU ESTIONS 

1. Suppose you had a I m m  wide fracture in a n  igneous rock, and 1he concentration o f  a contami­
nant in the fracture were kept at a constant value (say by rapid flushmg). How long would it take 
for a mass of contaminant equal to the mass present in the fracture at any instant to diffuse into 
the rock matrix? Assume a porosity for the matri;,c of 0.01 and an effective diffusion coefficient 
of I x  10 1cm2s- • . 

2. Suppose you assume instead (Problem I) that the fluid in the fracture were not moving. E.,;tima1e 
how long it would take for half the material in the fracture to diffuse into the rock matrix. How long 
would it take if the fracture width were 0. 1 mm? 
Note: The analytical solution to this problem is by no means simple. You could (a) make an edu­
cated guess based on example I above; ( b) construct a simple numerical model; or (c) (if you have 
the background) construct a finite difference model. 

3. The following analyses (from Plummer et al.. 1990) represent two wells from the Mat.lison aquifer 
in Montana that lie approximately along a tlowlme. The aquifer contains limestone, dolomite. and 
occasional evaporites. se NETPATH to come up with a set (or more than one set) of reactions that 
could account for the difference. Do you think the reactions are plausible? 

Well I 
Wel\ 2 

T('C) 

I I  

32 

pH 

7.58 
7.08 

Ca 

1 . 87 
6 .50 

Mg 

I . I S  
3.96 

Na 

0 10 
3 44 

K 

0.02 
0.3 1  

Cl 

0.05 
1 .89 

so, 

1 .46 
10.32 

}:CO. 

3.3 1 
3 72 

4. In Example 4 above, suppose the pit lake were to stralify, forming an anoxic hypolimnion (Chapter 8). 
Predict the chemical composition of the anoxic waters. Make your assumptions clear, and discus!. 
how reasonable these assumptions are. 
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I. I Overview 

Predicting Hydrology of Fractured Rock Masses 
from Geology 

Paul R. La Pointe 

Golder Associates, Inc., Redmond, WA 98052 

Fracture network connectivity often dominates movement rate, flow volume, 
and mass transport through rock masses. These networks influence the 
effectiveness of petroleum reservoir development, safe disposal of nuclear waste, 
delineation of water supply or establishment of well-head protection plans, 
recovery from geothennal reservoirs, solution mining, construction of 
underground openings, and the remediation of contaminated rock. Well tests can 
provide a great deal of useful infonnation on the hydraulic properties of fracture 
systems, but they are often expensive or logistically infeasible. These tests also 
may not provide an accurate description of the hydrologic properties of the rock 
volume under consideration. Methods to model fractured rock can be improved 
by quantifying the relation between geologic parameters and the hydrologically 
conductive fractures. This study illustrates the application of four statistical and 
pattern recognition methods-evaluation of correlation coefficients, contingency 
table analysis, multivariate regression, and neural net analysis. The data for the 
study consist of borehole and well-test information from eight boreholes used for 
characterizing a proposed low-level radioactive waste repository in Wake 
County, North Carolina. The analyses show that high localized flow rates are 
related to the presence of increased fracture intensity, and that this intensity is 
controlled by a complex interplay of structural geology and lithology. Some of 
the initial hypotheses concerning the relation of geology to hydrology were not 
substantiated by the data, leading to a refined conceptual model that differed in 
significant ways from the initial model. Although the techniques used are of 
general applicability, the precise nature of the correlation between geology and 
hydrology is site dependent. 

I. INTRODUCTION 

Fractures are geologic features that form networks 
capable of transporting fluids through rock over long 

distances. The rate of movement, the volume of now, 
the amount of mass transport through the system 
interconnected fractures affect petroleum reser 
development, safe disposal of nuclear waste, delineatio 
water supply or establishment of well-head protec 
plans, recovery from geothermal reservoirs, the efficie 
of solution mining, the construction of undergro 
openings, and the remediation of contaminated rock. 

Dynamics of Fluids in Fractured Rock 
Geophysical Monograph 122 
Copyright 2000 by the American Geophysical Union 

185 

It is common for engineers and hydrologists to emr 
hydrologic testing to directly characterize fracture net\\ 
flow parameters. However, well tests are often expen: 
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1 86 PREDICTING HYDROLOGY OF FRACTURED ROCK MASSES 

or logistically infeasible. For example, the number and 
spatial reach of wells drilled from an offshore oil platform 
are very much restricted. This may cause direct hydrologic 
test results to be very sparse for the volume of rock under 
consideration. It also presents a problem because 
hydrologic heterogeneity is often quite significant, so that 
and, therefore, a few tests may not provide an accurate 
description of the hydrologic properties of the large 
volume of rock under consideration. Such a situation 
makes it necessary to infer parameters from the well or boreholes to a much larger volume of rock. 

There are two broad approaches to modeling flow and 
transport in  fractured rock [National Research Council, 
I 996) : the Discrete Fracture Network (DFN) approach and 
the Stochastic Continuum (SC) approach . Both methods 
have advantages and disadvantages. 

DFN models require the specification of the geometry, 
location, and hydraulic properties of the fractures that play 
a significant role in the rock permeability. 

SC models need permeability and porosity values that 
reflect the local matrix and fracture systems' effective properties at the scale and shape of the numerical grid. SC 
models incorporate geology to delineate large-scale 
statistically homogeneous regions, often referred to as 
domains or zones. Parameter values within these domains 
can be assigned according to statistical Uistributions or 
conditioned to geologic parameters. Often, the relation 
between mappable geology and values of effective 

permeabil i ty is not well understood. Parameter assignment 
within each domain is carried out using a spatial statistical 
model or an inversion that matches known wel l  test results, 
but i s  constrained elsewhere to statistical parameters only 
[Zimmerman et al. ,  1 998]. Better geologic conditioning of 
the parameter values within zones and better definjtion of 
zones can greatly improve model accuracy [la Pointe et 
al., 1 996; National Research Council, 1996] . 

Over the past decade, DFN models [Hudson and Lu 
Pointe, 1 980; Long et al., 1982; Dershowitz, 1984; Endo et 
al. ,  1984; Robinson, 1 984; Smith and Schwartz, 1984] 
have evolved 10 successfully address problems of regional 
fracture network connectivity [ Cocas et al., I 990a,b; 
Dershowitz et al. ,  I 992; Swaby and Rawnsley, 1 996]. The 
models represent fractures as polygons with flow and 
transport properties. However, the specification of these 
models relies upon accurately describing the geologic 
context of the subset of fractures that contribute to large­
scale flow. This subset of fractures constitutes the network 
of conductive fractures. As detailed surveys of wellborcs 
prove, only a portion, often less than !0% [National 
Research Council, 1 996] play a role in flow at the scale of 
contaminant dispersal, energy production, or containment 
of nuclear waste. It is the intensity, geometry, and fluid­
flow properties of this conductive subset that control the 

important behavior of fracture�dominated flow systems. 
Thus, better understanding of the geologic habitat of 

conductive fractures could lead to improved DFN 
model ing, as well as a better understanding of why some 
fractures play a significant role in regional flow, while 
others play a limited, or insignificant role. 

The attractiveness of geologically conditioning DFN or 
SC models rests on the presumplion that hydrology relates 
to geology. By understanding the geologic characteristics 
that are associated with hydrologic variability, i t  is possible 
to describe the conductive fracture network or assign 
values of permeability (or other properties) at unsampled 
locations based upon the geologic characteristics. 

The geologic approach is very appealing, since it is 
much more flexible in handling hydrologic variability as a 
result of variability in underlying geology than any zonal 
statistical model . This is because the geologic approach 
need not conform to overly simplistic statistical models. 
Moreover, a demonstrated connection between mappable 
geology and flow modeling is important in many licensing 
applications for proposed waste repositories or other facilities. Another advantage is that the geology is often 
known with reasonably high accuracy and resolution 
throughout the site. 

However, the attempt to relate flow in fractured rock masses to underlying geology has proven challenging, 
particularly in fracture-dominated flow systems. Fracture 
network connectivity often controls flow and transport. 
This means that local geologic conditions might be 
affected by the properties of individual fractures and may 
not correlate to the larger-scale fracture network 
connectivity. 

The current study attempts to understand the geologic habitat of fractures that play an important role in regional 
flow and mass transport. The focus of the study is  a 
preliminary site investigation of a proposed low-level 
nuclear waste repository in Wake County, North Carolina. Licensing of the site requires modeling of possible 
movement of radionuclides through the rock and soil. 

The goal of this work was to investigate the interrelation 
of hydrologic behavior and geologic characteristics by 
using multivariate analysis or other techniques, as 
appropriate, to help prepare the initial site conceptual model and support the development of the preliminary 
groundwater flow simulations. The identification of key 
geologic parameters was also rmportant. These parameters 
needed to be measured in a manner sufficient for 
subsequent hydrologic modeling and so as 10 identify how 
data collection protocols might be allered in order to obtain 
the necessary data. 

The problem of relating geology to hydrology is one of 
pattern recognition. Powerful and sophisticated tools to 
recognize patterns and correctly classify new data into 

proper groups are in . common us� in many di.sciplines. 
These tools differ m mathemattca\ assu�ptmns �nd outcomes, but all share the ability to classify data mto 
categories. Section 1 .4 below describes the methodology 
employed in this study in greater detail. 
1.2 Data 

A thorough data set was obtained for this study from 
geochemical surveys, hydrophysical logging, packer tests, and geologic logging. The data came from a senes of eight 
wells, aligned from west lo east. The line formed by these 
wells transects a prominent fault north-stnkmg a normal 
fault (Figure I ) .  Wells W206 through W208 lie to the east of the fault in the footwall of the normal fault. Wells 
W201 through W205 lie in the hanging wall . As shown m 
Figure 1 ,  well W205 cuts through the fault plane. Each of 
these boreholes was carefully logged 10 record both the 
Jithologic characteristics and the attributes of any fractures present. Subsequently, the core and the borehole imagery 
was interpreted to create a data set in which frac�ures �ere 
identified, and their measured depths, onentauons, 
apertures, and types recorded. Lithologic inform�tion �as 
also recorded. This included grain-size class1ficat1on, 
ranging from conglomerate to claystone, as well as !he 
orientation and measured depth of contacts separatmg 
strata of contrasting lithology. 

Hydrophysical anomalies were identified as part of the testing and logging program carried out in the eight_ wells. 
Such anomalies were determined as follows. First, a 
borehole was filled with deionized water and a logging tool 
to measure electrical conductivity is placed in the borehole. 
Next, the nonconducti ve deionized �ater was slowly 
pumped out, which allowed the conduct1Ve groundwate_r to flow through fractures or other permeable pathways mto 
the borehole and be sensed by the logging tool . 
Continuous recording of the conductivity made it possible 
to identify locations and rate of groundwater flow into the 
borehole. The term "strength," as used in this study, refers 
to the magnitude of the conductivity change bet_ween the 
nonconductive, deionized water and the mnow�ng 
groundwater. The magnitude of the anomaly is a function 
of flow rate, and is used as a surrogate for fracture 
transmissivity or local wellbore permeability. The tool 
used in this study has a I ft (0.3 m) resolution. Together 

with image logs, it is possible to relate hydrophys1cal 
anomalies to fractures or other geologic features w1thm the 
I ft intervals. Figure 2 summarizes the interpreted 
lithology, and shows the location and geometric apenure of 
detected fractures, as well as the location and magmtude of flow for hydrophysical anomalies. Figure _3 and Table _ I 
show the directly measured and derived geologic 
parameters used in this study. Parameters related to the 
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Figure J. Geologic cross section along trench GM- 1 .  Trench is 
oriented along an east-west axis. The normal fault, denmed as 
WS, strikes approximately north-south. 

four nearest fractures were included to account for the l ft 
resolution of lhe hydrophysical logs, and for any small 
misregistration among the hydrophysical logs, the borehole 
imagery, and the core. 

I .3  Initial Hypotheses 

A preliminary focus of efforts at the Wake County site 
was to clarify the role of jointing and faulting m the_ site­
scale hydrology. It was thought that fracture mtensity at 
the site might be related to depth, weathering, structural 
deformation, and structural position. Thus, the st�dy 

focused on evaluating some initial hypotheses concermng 

the relations between site geology and conductive flow 

features. These hypotheses arc: 
I . Hydrophysical anomalies are caused by fracture flow. 
2. Fracture intensity is greater m the hangmg-wall 

deformation zone. 
3. Proximity to contacts between str�ngly co�trasting 

lithological units leads to an increase m fracturing. 

4. Fracture intensity relates to lithology. 
5. Fracture intensity changes with depth/elevatlOn 

because or weathering or lithostatic effects. 

6. None of the above. 
1 .4  Methodology 

A number of statistical and pattern-recognition 
techniques were applied to the data in_ order to investigate 
possible relations between geologic parameters and 
fracture flow. These studies were designed not only to test 
existing hypotheses, but also to uncover other unsuspected 
relations between geologic parameters and the 
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Table I. Direct] measured and derived eolo ic arameters. 

Directly Measured Parameters 

Fracture Parameters 

Measured depth to fracture 
Fracture dip and dip direction 
Fracture type: 

Shear or bedding 

Fracture Aperture 

Lithologic Parameters 

Symbol 

MDF 
DIP,DPDIR 
TYPE 
AP 

Dimensions 

Feet 
Degrees 

Inches 

Lilhologic classification, based on grain size, gradated from I to 9 ( I being coarsest: 9 being finest): Conglomerate (Cnglom) = I 
LITH Grain size 

Very coarse sandstone (VCrsSS) = 2 
Coarse sandstone (CrsSS) = 3 Medium sandstone (MedSS)= 4 
Fine sandstone (FineSS):= 5 Very fine sandstone (VFineSS)= 6 Siltstone (SiltS) = 7 Mudstone (MudStone) = 8 Claystone (Claystone) = 9 
Measured depth to contact between lithologic units 
Orientation of contact between lirhologic units 

MDCON Feet 
CONDIP, Degrees 

Layer ( l i thologic unit) thickness , distance measured venicalJy 
Dip of contact above anomaly 

CONDPDIR 
UTHICK 
DIP_A 

Feet 
Dip of contact below anomaly 

hydrophysical anomalies. The following statistical techniques were used: I . Evaluation of correlation coefficients among all parameters. 
2 .  Contingency table analysis. 
3 .  Multivariate regression. 
4. Neural net analysis. Correlation coefficients are very useful in examining the first-order relations between continuous variables such as the strength of the hydrophysical anomaly and its proximity to the boundary of a contrasting l i thologic unit, or between the depth of a fraciure and its aperture. These coefficients are also important in gaining an understanding of which variables may be redundant. Ident ifying redundant variables is important when data are sparse. When there are more variables-degrees of freedom-than hydrophysical anomalies, i t  is possible to predict the anomalies with a good degree of accuracy without actual ly determining any significant relations among the parameters. 

Degrees 
DIP_B Degrees 

Two-way conti ngency table analysis is a method for looking at the correlation among class or ordinal variables. 
It is also useful for examining relations between a 
parameter-like lithologic unit and a hydrophysical 
anomaly. Contingency table analysis and correlation coefficients 
examine relations between pairs of variables. Multiple 
regression takes into account the combined relations 
among many variables. Multiple regression assumes that 
the dependent variable is a J inear combination of 
independent (uncorrelated) variables. 

Neural nets are the most complex of the methods used to 
investigate the relations among dependent variables and 
hydrophysical anomalies. This approach does not assume 
a simple or hypothesized model among the variables, nor 
does i t  require l inear independence. Unlike multiple 
regression, it can also include class or ordinal variables 
such as lithologic type. Since the variable of i nterest, i .e. ,  
the hydrophysical anomaly flux rate, is a continuous variable, a Generalized Regression Neural Network 

Table I (continued). 
Derived Parameters 

Distance from hydrophysical anomaly to four nearest fractures 
Apertures of four fractures nearest to a hydrophysical anomaly 
Lithology of four nearest fractures (ranging from conglomerate to mudstone, I to H) 
Depth of four nearest fractures 
Lithology contrast between layer containmg hydrophysical ano;aly lithology and layer above; grain-size class of layer above used or computation 
Lithology contrast between layer containing hydrophysical anomaly lithology and layer below; grain-size class of layer above below for computation 
Absolute contrast above; computed as ABS(LCA) 
Absolute contrast below; computed as ABS(LCB) 
Total contrast between lithological unit containing anomaly and units above and below; computed as LCA+LCB 
Total absolute contrast between lithological unit contaming anomaly and units above and below; computed as ALCA+ALCB 
Distance from anomaly to nearest upper contact; computed as distance perpendicular to contact interface 
Distance from anomaly to nearest lower contact; computed as distance perpendicular to contact interface 
Minimum distance to contact; computed as MIN(CDA, CDB 
Grain size contrast with nearest unit 
Apparent distance to upper contact 
Apparent distance to upper contact 
Apparent distance to lower contact 
Angular difference between upper and lower contact; computed as DIP B - DIP_A 
Absolute value of UNCONF 
Bed thickness 
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D I ,  D2, D3, D4 Feet 
W l , W2, W3, Inches 
W4 
L I ,  L2, L3, IA Grain size 
MD l , MD2, Feet 
MD3, MD4 
LCA Dimensionless 

LCB Dimensionless 

ALCA Dimensionless 
ALCB Dimensionless 
TC Dimensionless 
ATC Dimensionless 
CDA Feet 
CDB Feel 
CMIN Feet 
C_NEAR Dimensionless 
APCDA Feet 
TDIST_MIN Feet 
APCDB Feet 
UNCONF Degrees 
ABS(UNCF) Degrees 
THICK Feet 

(GRNN), was employed. This type of network a_rch itecture has proven very useful for this type of apphcatton [ Ward, 

1 996]. 
2. RESULTS 

2. J Correlation Coefficients 

strength. Thi s  strength has been e:(pressed in two ways: 
the arithmetic strength, which is the actual measured value, 
and the base-ten logarithm of the measured strength. The 
logarithmic trdnsfonnation of a variable re?uces the im�ac� 
of extreme values, which may be outl iers or spunous 
measurements. 1 0 ( i t Correlation coefficients vary between - . . per ec 

Table 2 shows the correlation coefficients for al l  of the 
independent variables with hydrophys1cal anomaly 

anticorrelation) and + 1 .0 (perfect correlat1on). The 
statistically significant correlations at the 95% level m 
Table 2 are those in which the absolute value of the 
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1 00 Feet -Above - - -
Sea Level 

Conglomerate 

W203 

Very Coarse Sandstone 
Coarse Sandslone 
Med,um Sandstone 

Fine Sandstone 
Very Fine Sandstone 
Siltstone 
Mudslone 
Claystone 

W204 

Figure 2. Summary of luhology, fractures and hydro h sical a hydrophysical anomalies and fractures are sho�n b ho . p Y1 . nomal,es. For each borehole, the location of is propon.ional to the logari thm of lhc hydrophysicai ano:;tt�!m:r The l�ngth of the l ine to th� left of th� borU}ole borehole is proportional to lhc logarithm of the fracture a y g tude. �h1le the �ength of the lme to the ngh1 of the lengths. pcrture. In both cases the Imes represent relat ive. not absolute 

correlation coefficient is greater than or equal to 0.35. 
This table shows that the anomaly strength and the log of 

the anomaly strength are positively correlated with the fracture width (aperture), the lithology of the unit in which 
the hydrophysical anomaly occurs, and the surrounding lithologic units, their contrast, and the dip of the contact 
between lithologic units. The positive correlation with 
lithology means that finer-grained lithological units have 
stronger anomalies. The positive correlation with lhe absolute total contrast (ATC) implies that stronger anomalies tend to be in  l ithologies, unlike the units 
immediately above and below. The correlation with 
contact dip may reflect structural disruption in the hanging 
wall of the fault, but other explanations may also be 
possible. The log of the anomaly strength is negatively 
correlated with the distance to the nearest fractures (in 

Table 2. Correlation coefficients for flow anomaly and log10(anomaly) with geological parameters. Absolute values of the coefficient equal to 0.35 or greater are significant at the 95% level. Variable Anomaly Log11 (anomaly) 
m Q¼ Q� 

ALCA 0.3 1  0.48 
ATC 0.20 0.47 
W3 0.40 0.40 
LITH 0.08 0.3 1 
CONDIPB 0.47 0.27 
CNEAR -0.02 0.27 
ALCB 0.00 0.23 
WI 0.00 0. 1 9  
W4 -0.03 0. 1 8  
LCB 0. 1 5  0. 1 6  
LCA -0.25 0. 1 5  
LITHA 0.38 0. 1 4  
LITHB -0. 1 1  0. 1 3  
MDF 0. 1 9  0.08 
CONDIPA 0.23 0.01 
APCDB -0.0 1  0.00 
CDB 0.04 -0.02 
CDA 0. 1 7  -0. 1 2  
APCDA 0. 1 9  -0. 1 3  
CMIN 0.08 -0.25 
D I  -0. 1 2  -0.34 
D4 0. 1 5  -0.39 
D3 0. 1 8  -0.40 
D2 -0. 1 8  -0.45 

Medium Sandstone = 3 
LCA = -1 

ALCA = 1 

Fine Sandstone = 4 TC = 1 
ATC = 3 

Siltstone = 6 
LCB = 2  

ALCB = 2  
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Figure 3. Derived parameters used in the statistical analyses. Table I provides additional explanation of these and other parameters. 
other words, the closer the fractures 10 the anomaly and the more there are of them, the stronger the anomaly}. 
2.2 Conri11ge11cy Tables 

Contingency tables were computed for various 
combinations of variables. This type of analysis is useful 
for determining whether a variable of interest shows up 
with unusuall y  high or low frequency in some other 
variable class. For example, do si ltstones have an 
unusually high frequency of fractures or hydrophysical 
anomalies that is out of proportion to their stratigraphic 
percentage? 

Tables 3, 4, and 5 provide overall lithology and fracture 
intensity data for the eight wel ls .  Table 3 shows how lithology varies among the eight wells. This Table 
il lustrates that fine-grained li thological layers, particularly siltstone, increase eastward from W20 I to W205, where such layers reach upwards of 45% of the total amount. 
They decrease abruptly i n  the three wel ls lo the east of W205. 

Tables 4 and 5 summarize the fracture intensity by 
lithology and wel l .  These tables show that fractures in the western wells (W20 1 through W203) tend to reside in the coarse sandstone, while in the wells nearer to the fault, the fractures tend to occur in the siltstones. However, the 
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Table 3.  Litholo"v statistics bv well. 

Well No. W201 W202 W203 W204 W205 W206 W207 W208 Total 

W20 1 W202 W203 W204 W205 W206 W207 W208 

Total Thickness (inches) of Litholmdcat Lavers Within Wells 

1 2 Litholoov 
Cn•lom VCrsSS Cr;SS Me!ss Fin!ss VFi�eSS s;itst M 8 9 

50.25 146.74 2 1 8_29 1 08_29 74.42 ! 77. l l  udStone ClavStone 

30.7 1 66.35 266.82 1 10 . 12  474 

72.8 4.43 220.76 1 86.64 1 94. 12  67.26 796.26 

1 88.7 1 432.06 420.76 209. 1 3  550.5 1  11::;i: 1 75.94 3 5 1 .29 9.41 34. 1 8  354.3 88 . 6 
1 1 7 .38 I 07.36 63.42 74.03 3 25.4 2 '82 
479.08 1 388.54 9 . 1 7  
304.61  9 1 2  590. 1 4  299.59 3403.86 648.01 .62 484.35 6 1 1 .72 1 286.I 349.94 349.49 8 143 434.02 546.04 1 8 14.42 402.63 1 89.86 474. 1 2  1 822.33 759.82 1 584 26 429 1 95 1 .8 1  4698.58 3932.72 2608.93 9496:96 2 1 74.27 

70.87 46.55 
43.26 1 60.68 

Cna:lom VCrsSS 
Percent of Thickness of Litholo11ical Lavers Within Wc11s CrsSS MedSS FineSS VFineSS SiltSt MudStone CJavStone 

0.43 1 .56 5.53 2.01 

5.88 1 7 . 1 7  25.54 1 2.67 8.71 20.73 9.30 
6.70 0.61 3 . 1 0  4.39 4.03 1 .23 

9.69 22. 1 7  2 1 .59 1 0.73 28 25 7.56 1 6. 1 9  32.33 0.87 3 . 1 5  32.60 8. 1 7  1 6.25 1 4.87 8.78 1 0.25 45:20 4.04 6.72 1 9.47 8.28 4.20 47.73 9.09 7· 17 Z l .48 1 1 .40 14.40 30.27 8.24 7.25 1 6.89 9.00 1 1 .32 37 63 8.35 3.46 8.65 33.25 1 3 .87 28:91 7.83 

0.99 1 . 1 0  
0.79 

Total 

854.54 1 948.43 1 086.74 722. 1 9  7 1 3 1 .56 4248.88 4821 .84 5480.03 26294.21 

greater numbe� of fractures in siltstones near the faults may be d�e to a higher proportion of siltstone in these wells 
than m the western wells (Table 3), rather than a greater 
fracture mtens1ty rn s1ltstones near the faults 

Two series of questions have been . formulated to 

specific_ally address fracture vari_ability and hydrophysical 
anomalies among the wells. The first series of questions 
focuses on the fracturing itself. The correlation between 
hydrophys1cal anomaly strength and the numbe f fractures and their closeness to the anomaly indicatesr th�t 

Table 4 

Well No. W20 1 W202 W203 W204 W205 W206 W207 W208 
Total 

W201 W202 W203 W204 W205 W206 W207 W208 

Total number of fractures bv litholo�v within wells, indenendent of aperture. 
Total No. of Fractures bv LitholoQ:V within Wells 

Cn�lom VC;sSS C 
\s 4 5 Lithzio•• 7 8 

7 r� MedSS FineSS VFineSS SiltSt MudStone 32 5 3 16 1 6  

2 1 3  
5 23 

I 22 30 9 2 1 9  4 36 0 I I O  O ! 6  1 9  I 1 1 6  37 36 57 1 24 60 22 203 
:� 24 54 19 17 82 
3 V �� �: !� !; 70 1 63 398 1 84 1 1 5  49 1 

Percent of Total Fractures bv Lnholoav within Wells Cn2tom VCrsSS CrsSS MedSS FineSS VFineSS SillSc 

0 .5 1  0.74 4.94 1 .90 

8 .24 7.06 37.65 5.88 3.53 1 8.82 
1 .89 0.00 6.08 3.72 4.94 1 . 1 4  

23.9 1 32.6 I 9 .  78 2. 1 7  20.65 7.55 67.92 0.00 1 .89 1 8 .87 l 5.84 18 .8 1  1 0.89 1 5 .84 36.63 9.63 20.95 1 0. 1 4  3 .72 34.29 8.92 20.07 7.06 6.32 30.48 1 0.27 25. 1 0  1 2.93 5.32 20.9 1  2.66 14 .07 17 .49 1 5 . 2 1  26.24 

IO  

82 54 41  43 249 
MudStone 1 8 .82 1 0.87 1 .89 1 .98 1 3.85 20.07 15 59 1 6.35 

9 

ClavStone 

1 3  25 
ClavStone 

0.84 2.60 
4.94 

Total 85 92 53 I O I  592 269 263 263 1 7 1 8  
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Table 5 .  Total number of  fractures bv litholoPv within wells for  anertures > 0.03 in .  
Total No .  of Fractures > 0.03 in .  bv Litholoe:v within Wells 

Litholo,zv 9 Total Well No. I 2 3 4 5 
Cn2lom VCrsSS CrsSS MedSS FineSS 

W20l 2 2 4 2 
W202 4 8 I 

W203 0 0 5 0 
W204 0 4 5 2 
W205 0 3 3 9 6 
W206 0 3 3 1 1  5 
W207 4 3 7 20 9 
W208 0 1 0 6 7 
Tota.I 4 1 2  23 68 32 

Percent of Total Fractures > 0.03 in. b 
Cnelom VCrsSS CrsSS MedSS FineSS 

W201 1 1 . 1 1 1 1 . 1 1  22.22 I I . I I  
W202 1 6.67 33 .33 4. 1 7  
W203 0.00 0.00 55.56 0.00 
W204 0.00 19 .05 23 .8 1 9.52 
W205 0.00 5.08 S.08 1 5 .25 1 0. 1 7  
W206 0.00 4.23 4.23 1 5 .49 7.04 
W207 5 .7 1  4.29 1 0.00 28.57 1 2.86 
W208 0.00 2.63 0.00 1 5.79 1 8.42 

the existence of multiple fractures could mean the presence 
of a strong hydrophysical anomaly. 

If fractures are correlated with hydrophysical anomalies, 
then it is important to determine how fractures vary 
throughout the site, and what factors influence variations in 
fracture intensity. Tables 6 through 9 address the 
following four questions regarding fracture intensity and 
whether it varies among the wells or lithologic groups: 
I .  Are fractures distributed uniformly within all logged 
lithologic layers? If this is true, then it may imply that 
fracturing is relatively independent of lithological controls 
or structural position. 
2. Are fractures distributed uniformly within each 
lithological layer in each well? If so, then fracture 
intensity may be controlled by lithology, and be relatively 
unaffected by structural position. 
3. Are fractures with an aperture of >0.03 in. (0.76 cm) 
distributed uniformly within all lithologic layers? This 
question i s  similar to the first, except the emphasis here is 
on fractures with the largest geometric apertures. Such 
fractures may represent only a small subset of the most 
conductive fractures in a wen, which may account for most 
of the flow. 
4. Are fractures with an aperture of >0.03 in. distributed 
uniformly within each lithological layer within each well? 
This question i s  similar to the second, except i t  focuses on 
the fractures with the largest geometric apertures, which 

might in turn represent the most conductive fractures. 
Table 6 shows that the p-value (the probability of 

6 7 8 
VFineSS SiltSI MudStone CiavStone 

0 2 6 1 8  
0 IO  I 24 
0 4 0 9 
2 8 0 2 1  
I 27 9 I 59 
3 20 22 4 7 1  
2 7 1 8  7 0  
7 9 7 I 38  
1 5  87  63 6 3 1 0  

Litho\011v within Wells 
VFineSS SiltSt MudStone ClavStone 

0.00 I I . I I 33 .33 
0.00 4 1 .67 4. 1 7  
0.00 44.44 0.00 
9.52 38 . 1 0  0.00 
1 .69 45.76 1 5 .25 1 .69 
4.23 28. 1 7  30.99 5 .63 
2.86 1 0.00 25.7 1 
1 8.42 23.68 1 8.42 2.63 

observing 1he calculated Chi-Square statistic given that the 
null hypothesis is true) is essentially 0.0, imply ing that 
fracture intensity is not uniform among the wells .  Wells 
W204, W205, and W208 are the most anomalous in terms 
of fracture intensity, as shown by their high Chi-Square 
values. Table 7 demonstrates that the frequency of 
fracture variation from well to well is influenced by 
lithology. The high Chi-Square value for siltstone and 
mudstone in well W205 shows that the fracture frequency 
is anomalous in these fine-grained l i lhologies in the wel l .  
The higher values for the coarser-grained layers in wells 
W202 and W203 confirm that fracturing is anomalous in 
these units. The p-values show that fracture intensity 
varies with lithology within individual wells. Tables 8 and 
9 show similar results for fractures with apertures greater 
than 0.03 in. ]n summary, these tables indicate that fracture 
i ntensity varies among wells, and this variation is due not 
only to differences in the proporcion of different 
lithologies. For example, si1tstoncs in wel\ W205 have a 
different frequency than si ltstones in well W202. 

With regards to the hydrophysical anomalies themselves, 
several questions arise: 
I . Does the strength of the conductivity anomaly or 

number of anomalies vary by well? 2. Does the strength of an anomaly depend upon being 
located in  a particular l ithology? 3 .  ls the strength of an anomaly i nfluenced by the 
thickness of the unit in  which it occurs � 

4. Is the strength of an anomaly influenced by the 
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1 94 PREDICTING HYDROLOGY OF FRACTURED ROCK MASSES 
Ta.blc �· �valuation .of �he degree to which fractures are distributed uniformly among the wells 
usms h1 Sguare criteria. Well Total Thickness Total No. of Expected No. Chi Square p-value 

of La:t:er (inches) Fractures of Fractures W20 1 854.54 85 
W202 1 948.43 92 
W203 1 086.74 53 
W204 722. 1 9  1 0 1  
W205 7 1 3 1 .56 592 
W206 4248.88 269 
W207 4821 .84 263 
W208 5480.03 263 
Total 26294.21 1 7 1 8  

proximity t o  a contact with another lithologic unit? 
5. l s  the strength of an anomaly correlated to a sharp 

contrast m the lttholog1es of units immediately above 
and below the unit? 

Figure 4 shows the percent of hydrophysical anomalies 

by li thology within each well .  There is insufficient 
mformat1on to carry out meaningful contingency table 
analyses on these data, but the figure clearly illustrates that 
the anomalies occur in di fferent lithologies in a manner 
that is  not in proportion to the relative net thickness of the 
htholog,c layers in the wells Fig��e 5 illustrates the relation of the thickness of a unit contammg a hydrophysical anomaly to the thickness of all 

55.8 1 5.24 
1 27.3 9.79 
7 1 .0 4.57 
47.2 6 1 .37 
466.0 34.09 
277.6 0.27 
3 1 5.0 8.60 
358. 1 25.23 
1 7 1 8 .0 1 59 . 1 6  4.82E-3 1 

units found in the eight wells. There is no obvious visual 
difference. 

The hypothesis that l ithologic contrasts are related to 
anomalies was tested by comparing the anomaly strength 
to: I .  
2 .  

The absolute strength of the contrast (parameter ATC). 
The contrast with the nearest adjacent lithology 
(parameter C_NEAR). 3. The distance to the nearest adjacent lithology. 

4 . Whether anomalies are predisposed to occur more 
closely to lithologic unit contacts. 

Figure 6 shows the relation between both total contrast 
(TC) and ATC with the strength of the anomaly. The 

T bl 7 a e Evaluation of the de0ree to which fractures are distributed uniformlv with litholo1:1ic )aver in individual wells. E)ioected Number of Fractures Well I 2 3 4 5 6 7 8 9 Total No. Cnelom VCrsSS CrsSS MedSS FineSS VFineSS SilISI MudStone ClavStone W201 5.00 1 4.60 2 1 .7 1  I 0.77 7.40 1 7 .62 7.90 85 W202 8.91 20.40 1 9.87 9.87 25.99 6.95 92 W203 3.55 8.58 1 7. 1 3  0.46 1 .67 1 7 .28 4.33 53 W204 0.62 1 6.42 1 5 .0 1  8.87 1 0.35 45.65 4.08 IO I  W205 2.55 1 8.33 39.77 1 1 5 .26 48.99 24.87 282.56 53.79 5.88 592 -W206 4.20 1 1 .82  19 .29 57.78 30.66 38.73 8 1 .42 22. 1 5  2.95 269 W207 1 4.55 I0.59 1 9.06 44.4 1 23.67 29.78 98.96 2 1 .96 263 W208 5.28 3.23 9. 1 1  22.75 87.46 36.47 76.03 20.59 2.08 263 Total 26.59 53. 1 3  1 35.73 3 1 4.47 230.75 1 59 . 14  645.52 1 4 1 .76 1 0.91  1 7 1 8  Chi-Sauare Anal,sis Cnelom VCrsSS CrsSS MedSS FineSS VFineSS SiltSI MudStone ClavStone Total n-Value W20 1 0.80 5.06 4.87 3.09 2.62 0. 1 5  8.30 24.90 0.00036 W202 1 9 .23 4.52 5.94 6.28 1 .88 1 .34 39. 1 9  2. 1 8E-07 W203 1 .83 2.45 20.78 0.46 0.27 3.07 2.56 3 1 .4 1  0.00002 W204 0.62 0.01 1 .06 0.5 1 3 .08 1 . 64 1 .06 7.98 0.23973 W205 0 08 1 7.05 7 .47 0.66 2.48 0.33 22.40 1 4.79 0. 1 3  65.39 4.0SE- 1 1  W206 I . I S  0.28 1 . 1 5  0.25 4.44 1 2. 1 9  0.00 45.77 5.57 70. 8 1  3 .39E- 1 2  W207 0. 1 7  0.55 3.3 1 1 0.49 4.5 1 8.36 1 9 .53 1 6 .5 1 63.42 3 . 1 3E- 1 1 W208 0 02 0.02 0.49 8.92 1 9.65 0.34 0.65 24.40 57.48 1 1 1 .96 I .S I E-20 

figure illustrates that there is a weak trend between 
increasing ATC and anomaly strength, but none between 
TC and anomaly strength. Figure 6 also compares 

anomaly strength to the contrast of the unit above (ALCA) 
and the unit below (ALCB). There is no obvious visual 
trend between these parameters and anomaly strength. 

In addition, Figure 6 shows two parameters relating the 
anomaly strength to the contrast between the unit 
containing the anomaly (C_NEAR) and the d istance to the 
nearest adj acenl unit (CMIN). These data suggest no 
obvious trend. 

The data shown in Figure 6 were tested to determine if 
hydrogeologic anomalies tend to be within I ft of the 
nearest contact. Does this imply that hydrophysical 

anomalies tend to occur close to l i thology changes? This 
proposition was tested by selecting a random point in each 
unit penetrated by the eight wells and then computing the 
distance to the nearest contact. Figure 7 summarizes the 
result. Visually these two distributions appear very 
similar. A Chi-Square test does not reject this hypothesis, 
showing with an approximate 86% significance that these 
distributions arc the same. This implies that anomalies do 
not appear to be preferentially located near major changes 

in lithology, allhough lithology contrasts have some 
importance. 

The location and relative strength of each hydrophysical 
anomaly identified in the eight boreholes are indicated in 
Figure 2 by a l ine on the left-hand side of the borehole log. 
The length denotes the log of the flow rate. The figure 
ind icates that the strongest hydrophysical anomalies are in 
W205 , which intersects the fault. 
2.3 Multiple Regressions 

A series of step-wise multiple regressions was carried 
out using a data-mining application, SAS™ . The results 
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Figure 4. Percent of hydrophysical anomalies by lithology for individual wells. The height of the bars represents the percent of the logged interval of the well comprised by each lithology. Missing bars indicate the absence of a particular lithology m a wen . 
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Figure S. Bed thickness histograms. Open bars represent the 
histogram of bed thickness for all beds encountered by the wells. 
Black bars represent the histogram of bed thickness for only those 
beds containing hydrophysical anomalies. The vertical axis 
��.presents the percent of the beds belonging to a particular bed 
thickness class. 

are summarized in Table 10. This table contains the results 
for the six multiple regressions with the highest R-square 

value for different numbers of independent variables. 
Improvement in R-square decreased significantly after 

seven variables. Those variables that produced the best R­
square values for a given number of parameters are shown 
in the table and marked by an "X." The table demonstrates 
that certain variables explain much of the variance in 
anomaly strength. These variables inc\ude the distance to 
the nearest fractures (D I ,  D2, D3), the aperture, or width of 
the fractures (W3), the absolute lithologic contrast (ATC), 
the dip of the unit below the anomaly (CONDIPB), and the 
contrast with the unit above (ALCA). 

Thus, the multiple regression results suggest that the 
distances to the three nearest fractures are important, as 
well as the data on a strong l ithology contrast and wider 
fracture apertures. These variables account for 
approximately 80% of the variability in anomaly strength. 
2.4 Neural Net Analyses 

All neural net analyses were carried out using 
NeuroShell II™ Version 3.0 I Ward, I 996]. A genetic 
adaptive GRNN architecture was used [Specht, 1 99 1 ] .  
GRNNs are designed to predict a continuous variable. 
They are memory-based feed-forward networks based on 
the estimation of probability density functions. The classic 
GRNN contains only one adjustable parameter, termed the 
smoothing factor. The smoothing factor allows the GRNN 
to interpolate between patterns in the training data set. The 
genetic adaptive GRNN differs in that it has smoothing 
factors for each input parameter as wen as a conventional 
overall smoothing factor. These smoothing factors are 
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1 96 PREDICTING HYDROLOGY OF FRACTURED ROCK MASSES 
Table 8 .  Fractures > 0.03 in. are distributed uniforml�· with lithologic larer. Well Total Total Fractures Thickness (inches) W20 1 854.54 1 8  

W202 1 948.43 24 
W203 1 086.74 9 
W204 722. 1 9  2 1  
W205 7 1 3 1 .56 59 
W206 4248.88 7 1  
W207 482 1 .84 70 
W208 5480.03 38 
Total 26294.2 1  3 1 0  

optimized by iterative changes in the factors based on 
cross-validation to minimize the mean squared error of the 
outputs over the entire test set. The genetic adaptive 
GRNN is much more robust agai nst noisy data and 
redundant parameters than traditional GRNNs, and is particularly well suited when the input parameters are of 
different types, and some may have markedly more impact 
on predicting the output variable than others. 

When an observation, which consists of parameter 
values for aH input parameters under consideration, is 
presented to the GRNN, it is compared to all of the patterns 
in the training set to determine how closely this 
observation corresponds to those patterns. The GRNN 

Expected Chi Square p-value Fractures 
I O. I  6.23 
23.0 0.05 
1 2 .8 1 . 1 3  
8.5 1 8. 3 1  
84. 1 7 .48 
50. 1 8.73 
56.8 3.04 
64.6 1 0.96 
3 1 0.0 55.93 9.75E- IO  

essential ly computes a weighting factor for each training 
data-set observation, and then computes an overall output 
value based upon these weights and the input training set 
parameter values. Application of a neural net to the hydrophysical anomaly 
dataset would be improved i f  the data set were larger. This 
is because a small training set and a small test set increase the variahil ity in the results. Also, with a very small 
training set, it is possible that the training data would not 
span the n-dimensional parameter space and would thereby 
have difficulty interpolating to new observations with 
characteristics outside of the data training subspaces. 
Likewise, it is important to have fewer degrees of freedom 

Table 9. Evaluation of the degree to which fractures > 0.03 in. are distributed uniformly with l ithologic layer in individual wells All Fractures >,0.03 in .  bv Litholo(Jv within Wel ls  Exoected Number of Fractures Cni;,fom VCrsSS CrsSS MedSS FineSS VFineSS SiltSt MudStone ClavStone Total W20 1 1 .06 3.09 4.60 2.28 1 .57 3.73 1 .67 1 4.89 
W202 2.32 5.32 S . '1 8  2.58 6 .78 1 .8 1  1 0.40 
W203 0.60 1 .46 2.9 1  0.08 0.28 2.93 0.74 5 .05 W204 0. 1 3  3 .41 3. 1 2  1 .84 2. 1 5  9.49 0.85 2.47 W205 0.25 1 .83 3.96 1 1 .49 4.88 2.48 28. 1 6  5.36 0.59 5.73 
W206 I . I I  3 . 1 2  5.09 1 5 .25 8.09 1 0.22 2 1 .49 5.85 0.78 67.5 1 
W207 3 .87 2.82 5.07 1 1 .82 6.30 7.93 26.34 5.85 5 1 .47 W208 0.76 0.47 1 .32 3 .29 1 2.64 5.27 1 0.99 2.97 0.30 1 5 .45 Total 6.00 1 0.02 25.73 57.80 4 1 .30 32.48 1 09.9 1 25. 1 0  1 .66 1 72.96 Chi-Sauare Analvsis Cn•lom VCrsSS CrsSS MedSS FineSS VFineSS SiltSt MudStone ClavStone Total Cl -Value W201 0.84 0.39 0.08 0.03 1 .57 0.80 1 1 . 1 9  14 .H9 0.02 1 1 1  W202 1 . 2 1  1 .35 3 .38 2.58 1 .53 0 .37 1 0.40 6.47E-02 W203 0.60 1 .46 1 .50 0.08 0.28 0.39 0.74 5 .05 0.53790 W204 0. 1 3  0. 1 0  1 . 1 3  0.01 0.0 1 0.23 0.85 2.47 0.87224 W205 0.25 0.75 0.23 0.54 0.26 0.88 0.05 2.47 0 29 5.73 6.78E-OI W206 I . I I  0.00 0.86 1 . 1 8  1 . 1 8  5 . 1 0  0. 1 0  44.62 1 3 .35 67.5 1 l .54E- l l W207 0.00 0.01 0.73 5.66 1 . 1 6  4.43 1 4.20 25.28 5 1 .47 7.42E-09 W208 0.76 0.6 1 1 .32 2.24 2.5 1 0.57 0.36 5 .45 1 .63 1 5 ,45 5 . I OE-02 

(i.e. , i nput variables) in the network th�n . training �ases; 
otherwise, the net "memorizes" the training set without 
uncovering useful relations. 

The performance of a neural net is determined by how 
well it predicts the strength of the anomaly of a test �et .as 
quantified by R and R-square stati�ti�s .  These stausttcs 
vary from 0.0 to 1 .0; a perfect p'.edtct1on has an R a�d R­
square statistic of LO. 7"he 1mpo.rtance of an. rnput 
parameter is quantified by its smootlnng f�ctor, which can 
vary from 0.0 (no importance) to 3.0 (very important). 

Because of the small (approximately 30) number of 
hydrophysical anomalies available for use as training and 
test patterns, the results are sensitive to t�e random subset 
selected as the training pattern. For this reason, several 
random subsets were selected and processed. 

Correlation shows up in the smoothing factors as a 
substitution of one correlated variable in random samples. 
For example, in one run. the distance to the third neare�t 
fracture might be important. In a subsequent . run, this 
distance might have little importance but the distance to 
the second nearest fracture would now be important. 
Highly corre,ated variables can s_ubst.itute for one a�other 
since virtually all of the information �n all of the vanables 
can be contained in any one of the vanables. 

Neural net regression was much more successful for the 
logarithm of the anomaly than for the anomaly itself. A 
series of preliminary neural nets was. constr�c ted to look at 
different components of the data-m parttcular, fracture­
related parameters and lithological parameters. In the 
preliminary processing that focused on fra�tures, several 
parameters played an important role. Thes� included depth 
of the fractures, width of the fractures, d1s�ance from the 
anomaly to the nearest fractures, and the li thology of the 
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Figure 6. Anomaly strength vs. lit�ological contrast pa�ameters. 
The vertical scale on the left-hand side of the graph pertains to the 
contrast parameters ATC. ALCA, �L�B ._ TC, and C_NEAR. 
The vertical scale on the right-hand side indicates the value of the 
distance parameter CMIN. 
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Figure 7. Percent frequency histogram of distance to nearest 
lithology change. Open bars represent distances between a 
location randomly assigned in the wells and the nea�est contact. 
Black bars represent the distance from the locations of .all 
hydrophysical anomalies to the nearest contact. The. �reque�c1es 
have been normalized to percentages in order to facilitate visual 
comparison. 

nearest fractures. Depth was probably an artifact of the 
available dataset, however. Well W205 , the deepest well, 
had the strongest anomalies. The other wells either were 
not drilled to the depth of W205 , or else did nol have all of 
the necessary parameters for the deeper portions of the 
borehole. . . The Jithologies above and below the hydrophystcal urnt 
did not appear to explain the hydrophysical anomaly. 
However, the lithologies of the four �earest .fractures were 
quite informative. Although these htholog1es correlated 
very strongly, surprisingly, at least �hree_ of them al�a�s 
seemed to have significant smoothrng factors. Thts ts 
reminiscent of the results from the step-wise regression, 
which showed that the distance to at least three of the four 
nearest fractures was important. If the information cont�nt 
in  any one of these parameters were a good rerresentat1on 
of the information content in any other, then 1 t  would be 
expected that only one of the lithology, depth, or aperture 
parameters would have a significant smoothing factor. The 
fact that more than one l i thology parameter has a 
significant smoothing factor might be evidence that 
hydrophysical anomalies are in some way enhanced by the 
presence of multiple fractures near the anomaly, whether 
or not these fractures actually hav�e an anomaly associated 
with them. . . 

These prel iminary runs guided the final runs rn which 
redundant variables and depth measures had been 
el iminated. Tables 1 1  and 12 summarize those results. 

Table 1 1  shows the mean of the smoothing factors for 
five randomly drawn train ing and test sets. The lithology 
of the fractures (L I  and L2), fracture width (W I and W2), 
and proximity (D I and D2) to fractures Io the anomaly are 
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a\ways important. In particular. the distance to the second 
closest fracture is much more important than the distance 
to the closest fracture. Two other parameters, used only in 
\he neural net analysis, also were importani-UNCONF 
and ABS(UNCF). These variables were inlroduced to 
assess structural or stratigraphic disruption, an area also 
impartanl in the neural net analyses. Absolute lithology 
contrast (ATC), lithology of the anomaly (LITH), and 
distance to the nearest contact (CMIN), have a moderate 
impact. Bed thickness (BED_TH) and the contrast between 
the anomaly unit and the nearest adjacent unit (C_NEAR) 
play very minor roles. 

Table 1 1 .  Avera e smoothin factors for neural net anal ses. 
Smoothing Factor 

[0 to 3.0l Average of S 
Realizations 

2.37 Lithology to 1 �1 Nearest Fracture 
Distance to 2nd Nearest Fracture 2.24 

Table 12 shows the R-square and r-square statistics for 
both the training and test sets. R-square is the coefficient of 
multiple determination. whereas r-square is the more 
familiar coefficient of determination [ Ward, I 996], which 
is the square of the correlation coefficient. The R-square 
value for the training sets averages nearly 92%, with a 
variation of S I%  to 100%. The R-square value for the test 
sets averages nearly 77%, with a variation of 50% to 97%. 
Note that the lowest R-square for the test set comes from 
realization 2, which conversely has the highest value ( 1 .0) 
for the training sets. The smoothing factors for Lhis 
realization are also somewhat anomalous. The R-square 

values for both the training and test sets are higher than for 
the multivariate regression. This suggests that some of the 
input parameters have a nonlinear relation with anomaly 
strength. In general, the GRNN achieves about a 20% 
improvement over the multivariate regression in terms of 
R-square values. 

Table I 3 shows the predictions made by the neural net 
method for the ten tesl sets of observations. In general, the 
predictions are reasonably accurate, the average error being 

0.0250 and the standardized mean squared error 0.34. 
Thus, the neural net analysis confirms the results of the 

simpler s\atistical techniques and sugges\s that a GRNN 
offers greater accuracy than multivariate regression. 

3. CONCLUSIONS 
The statistical results for the Wake Co. site support the 
fo\lowing conclusions: 

Lithology to 2nd Nearest Fracture 2.09 

Aperture of 1" Nearest Fracture l .97 
Absolute Value of Angular Difference 1 .86 
between Upper and Lower Contacts 
Difference between Upper and lower 1 .59 
Contacts 
Distance to Nearest Contact 1 .28 
Aperture of 2nd Nearest Fracture l .2 1  
Absolute Grain Size Contrast 1 . 1 5  
Grain Size o f  Unit Containing 1 . 1 2  
Anomaly 
Distance to I �1 Nearest Fracture 1 .08 
Minimum Apparent Distance to 0.76 
Nearest Contact 
Bedding Thickness 0.60 
Dip of Contact with Unit Above 0.47 
Grain Size Contrast with Nearest Unit 0.29 

units. Frequency histograms of the proximity of 
anomalies to the nearest \ithologic boundary are 
statistically indistinguishable from the distance from a 
random point located in every unit to its nearest 
boundary. 

4. There is a weak trend between the magnitude of a 
hydrophysical anomaly and the strength of the contrast 
between the lithologic unit containing the anomaly and 
the units above and below it. 

5 .  The trend noted in the conclusion above is 
independent of whether the anomaly occurs in a fine• 
grained unit surrounded by coarse-grained units or a 
coarse-grained unit surrounded by fine-grained units. 

6. There is no correlation between the strength of the 
hydrophysical anomaly and the strength of the contrast 
wilh the lithologic unit above or below. l .  There are statisticaHy significant correlations between 

the geologic variables directly measured or derived 
from core data or borehole imagery and the strength of 
hydrophysical anomalies. 

2 .  Hydrophysical anomalies do not appear to be located 
preferentially in particular lithologies for all eight 
wells. The frequency histograms and associated 
statistical test results show that hydrophysical 
anomalies are located in randomly selected subsets of 
all of the lithologic units . 

3. Hydrophysical anomalies are not preferentially located 
near to boundaries between contrasting lithologic 

7 . There is no correlation between the strength of the 
hydrophysical anomaly and the distance to either the 
upper or lower contact with the adjacent litho1ogic 
units. 

8 .  The strongest hydrophysical anomalies occur in the 
fine-grained lithologies in Well W205, which 
intersected the faull and was drilled and logged deeper 
than most of the other wells. The anomal ies in well 
W205 have three unique characteristics: they occur 
preferentia11y in si ltstone or mudstone Ethologies, 
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Table 12. Statistics for GRNN erediction of h:t:droeh:t:sical anomalz: strens;t h .  

T ra i nin g S
e
t #1 

R s q u a r ed 
0. 9 1 

r s q ua r ed 
0. 9

4 

M e an s q ua re d e rr or 
0. 05 

M ea n a b s o
l
u t e  e rr o r 0. 1

5 

M i n . A b s ol u t e e rr or 
0. 00 

M a x . A bs o l u t e  e rr o r 
0. 8 0 

Correl ation c oeffi ci e n t r 0.97 

P e
r c e nt w i

t
h i n 5 %  45. 4 6% 

P e r c
e n

t 
w i t h i n 

5 %  t o 
I 0 %  36. 3 6% 

P e r c
e n t 

w i 1h i n 
I 0 % 1 0 20% 13. 64% 

Percent within 20% to 30 % 
0 . 0 0

% 
Percent ov er 30 % 

4 . 55
% 

T e s t Set # 1 
R sq u ar e d 

0. 8 6 
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which is not true for anom alies i n otht:r wells; th e y 
o ccur at a great er de pth tha n  in t h e  ot he r wel ls ; and t h e 
fra ctures near est the anomal ies have g r e a t e r a p e r t u re s 
lha n the fr a c tu r es n ear anomal ies i n  other well s . Th e 
dept h c orrelatio n is prob ab ly an arti fact. 

9. Away fro m faults, hydro physic a l  ano mal ie s a r e 
small er on ave rag e a nd not as st ro ngly ass ocia ted w i t h 
siltstone a nd m udstone. Ne ar faults in the h a n g i n g 
wall, th e s tren gth of the anomal ies i s  gre a te r an d  th e y 

are corre l ated with fractu res w i th l arg er aper1u rt: . 
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Table 13 . C ompan son of measured hydrophysical anomaly str en gt h w i th str en
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-.., " "  1 c1< :, carbon Chemistry 

Coals 

Coals are classified a� humic coals if they are derived from humic sub sta�e and as sapropeltc coals if they are formed from fairlv fine�graine;tances quiet, oxygen�deficient shallow waters. The . orga humic coals are lustrous, dark-brown to black, exhibit stratification, and often con-tain the remains of woody tissue. The sapro­pehc coals are dull, unstratified, and contain allochthonous organic and mineral matter. ·2 The sapropelic coals are subdivided into can- -� nel and boghead coals. The conversion of or- ls 1 o g�nic m�tter to coal involves two stages: cu b1ochem1cal and geochemical. The biochem- � ,cal phase involves biological processes; the " geochemical stage involves physicochemical processes due to increasing pressure and temperature. These processes lead to a re-Jease of volatiles, primarily methane, water, and carbo_n _dioxide; the elimination of oxy­gen-contammg functional groups; and an in- Figure 5-27 

0.2 0.4 
OIC atomic ratio 

crease in the percent of aromatic units. These van Krevelen ( 1%3) diagram indicating changes are i l lustrated in Figure 5-27, which changes in �ydrogen, oxygen. and c shows the relative increase in carbon with in- c�ntent dunn� the coaJifica[i on process. creasing degree of coalification. K,l lops and K1llops ( ! 993) . 
Of major environmental interest is the metal, sulfur and fly ash t f Metals that we · d . . . • con ent o 

r ti. . re incorporate m the ongmaJ organic material tend to remain duri coa J icauon process. Thus. coal is often high in a number of trace elements of mental co;cern. Lyons �t al. ( 1 989) determined the concentrations of trace �lem:�: variety o . coals, rangmg from high-volatile bituminous coals to Concentration ranges determined for elements of environmental Table 5-6. , interest are given 
Lyons et al . ( 1 989) also investigated the distribution of these trace elements bet ;�t�"'�..';:'\•norgamc (i.e . , mineral) components of the coal. For the element� listed e_ . • t ey concluded that As, Co, Cu, Ni, Sc, and Th generally showed an inor assoc,auon whereas Cr Sb U V W d z II and Pb d 'd ' 1 ' . ' ·. ' · an n genera Y showed an organic association. 

n t 

I Jdnot corre ate With either association . Metal.> associated with inorganic com 
t en s wou presumably remain with the fly ash and could be .successfully removed he effluent stream by electrostatic precipitation of the fly ash. Metals associated w· 
Table 5-6 Concentration Ranges in Coal for Some Elements of Environmental Interest' 

Concentration Concentration Element range (ppm) Element range (ppm) Sc 0.6-10. 3  As  0.7-3 1  V 6-109 Se 0.4-3.3 Cr 2.6-25.4 Sb Co 0. 1 -7.3 1 . 1 -24. I w 0.2- 1 .3 N, 2-50 Pb 3-20 Cu 6-54 Th 0.5-3. 7 Zn 3-65 u 0.2-3.8 *From Lyons eJ al. ( 1 989). 

Fossil Fuels 1 4 7  

5-4 
of Metals and Other Elements 

S. indicating that Fe-sulfide minerals are the hosts for these el­ements. As and V had mix.ed affinities. For nited Kingdom coal fields, Spears and Zheng ( t 999) found that Rb. Cr, Th, Ce, Zr. Y, Ga, La, Ta, Nb, and V were associated with the clay min• erals; As, Mo. Sb. Tl. Se. Bi. and Pb with pyrite� Sr and Ba with phosphate mineral.:.. Germanium was the only element that had a major organic association. For medium� to high- volatile bitu­minou.,; coal.,; from Nova Scotia, Canada, Mukhopadhyay et al. ( 1 998) found 1hat moc;t lithophile elements. including B, Cr, U. V, and the REE. were associated with the clay minerals; Cu, Pb, and Zn with the sulfide minerals: and Cl. Ca, As, and Mn with organic mauer. Of note is the marked variability of the element associations. Major factors affecting trace element concentra­tions are the abundance and sources of detrital minerals, the presence of volcanic material, and seawater or brine incursions into the basins of deposition. 

dies have been carried out on the distribution of 
r elements in coal. Several of these are cited in  
to indicate the variability of  these elemental as.­

coal. Christanis et al. ( 1 998) found that in the 
f eastern Macedonia, Greece, Ge. Mo, Pb. Se, Ta, 

were correlated with organic content and the other 
ts were correlated with mineral phases. For lignites 
Anatolia, Turkey, Quero! et al. ( 1 997) found that 

Ge. Y, Zr, Nb, Hf, W, and U showed positive cor­
organic rnatter and Mn, U, Th, Sc, Ge, and HREE 

itive correlation with phosphate, suggesting that ap­
r phosphate mineral is the major host. Co, Mo, 

JREE showed positive correlation with both Fe and 

organic components would be released to the effluent stream during combustion and dis­persed into the atmosphere. These associations would be expected to vary on a coal-by­coal basis, so it is necessary to determine the distribution of elements in a particular coal in order to determine the potential trace metal contribution of this coal to the atmosphere during combustion (see Case Study 5-4). Sulfur occurs in coal either combined with organic molecules or as physically sepa­rate sulfide minerals (of which pyrite is the most common). Sulfur occurs in reduced form (S- . s2- ) because the organic-rich depositional environment is reducing (see Chapter 4). If Fe2 +  (or other metal ions) is present, it will combine with the reduced sulfur to produce minerals such as marcasite (FeS) and pyrite (FeS2) .  If there is a low abundance of metal ions, free hydrogen sulfide (H2S) and polysulfides (HS:;- , HS5 , sJ- , S;- ) are formed. These species can combine with various organic molecules to form a variety of sulfur­containing compounds. In terms of ' 'cleaning up" coal. the way in which sulfur occurs in the coal is of key importance. lf the sulfur occurs in separate sulfide minerals, then in prin­ciple it can be physically separated by flotation techniques. If the sulfur is bound to or­ganic molecules, there is no effective way to remove the sulfur before burning the coal. 
Petroleum 

Petroleum is any hydrocarbon-rich fluid (liquid or gas) derived from kerogen by increases 
in pressure and temperature. Kerogen is a polymeric organic material that occurs in sed· 
imentary rocks in the form of finely disseminated organic macerals (the preserved remains 
of plant material) . Four types of kerogen (I, II, Ill, and IV) have been distinguished on the basis of HIC and O/C atomic ratios, types of organic molecules (aliphatics versus aromat­ics), functional groups. and other criteria. Type ll kerogen ls the most common precursor for petroleum. Type I has the highest petroleum-forming potential but is present in low abundance. Type IV kerogen is  not a petroleum precursor. Kerogen is  converted to petroleum through a series of reactions starting in the diagenetic environment (the envi­
ronment in which processes occur at pressures and temperatures greater than those of the 
weathering environment but below those required to produce metamorphism) and e9ding at temperatures of about 225°C. These reactions result in the expulsion of CO2 and CH4 and a reduction in the size of the hydrocarbon molecules. The hydrocarbon formation pro­cess for a typical source rock is schematically il lustrated in Figure 5-28 (p. 1 48). Note that natural gas is generated throughout the P-T range, but the formation of oil is confined to a narrow P-T range. Thus, the thermal history of a basin is an important factor in terms of i ts oil-producing capability. Also note the reduction in the size of the mean hydrocarbon molecule with increasing temperature. 
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Graphical Representations of Water Chemistry Two types of diagrams are com­
monly used to portray water chemistry, Stiff and Piper. Stiff diagrams show the concen­
trations (in milliequivalents) of the major ions (both cations and anions) as a shape that 
gives both the relative abundance of the various species and the total abundance. Piper di­
agrams are trilinear representations of cation, anion, and combined cation and anion pro­
portions. Piper diagrams are often used to classify water types. The following two 
examples illustrate the plotting of Stiff and Piper diagrams. 

EXAMPLE 9- 1 In this example we will plot the chemical data for the Columbia and Rio 
Grande rivers and the Pennsylvania groundwater (Table 9-7) on a Stiff diagram. The fol­
lowing table illustrates the calculation for the Columbia River water. We start by deter­
mining the concentration of each ion in millirnoles per liter and then calculate the 
concentration of each ion in mill iequivalents. The concentrations in milliequivalents 
are plotted on the Stiff diagram, as shown in Figure 9-5, and the various points are con­
nected by straight lines. Note that the concentrations of the Na+ and K + ions have been 
combined. 

Columbia River 

Ca2 + Mg2 + Na+ K+ c1- soJ HC03 

mg L 1 9  5 . 1  6.2 1 .6 3.5 1 7 . 1  76 

mmol L 1 
0.47 0.2 1 0.27 0.04 0. 1 0. 1 8  1 .25 

meq L _ , 0.95 0.42 0.27 0.04 0. 1 0.36 l .25 

The shape of the field is a representation of the relative proportions of the various 
ions, and the size of the field represents the total ionic concentration. The Rio Grande river 
and Central Pennsylvania ground waters are also plotted in Figure 9-5 . From the shape of 
the Stiff diagrams we can easily infer that the Rio Grande has a much greater concentra­
tion of all ionic species than the Columbia River and that the bicarbonate ion. relative to 
the sulfate ion, is much less important in the Rio Grande than it is in the Columbia River. 
Inspection of the Central Pennsylvania groundwater diagram reveals that the dominant 
cation is Ca2 +  and the dominant anion is HC03 , so this is a Ca-carbonate water. Stiff di­
agrams are particularly useful when plotted on a map because they give a graphical repre­
sentation of regional v�ations in water chemistry. 

Cations meq l. 1 Anions 

6 ◄ 2 0 2 4 6 

Na + K Cl 

Ca HC03 

Mg so, 

Columbia River 

Central Pennsylvania 

Figure 9-5 
Stiff diagram for Columbia and Rio Grande river waters and 
Central Pennsylvania groundwater. See text for discussion. • 
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EXAMPLE 9-2 In this example we plot the Columbia River data from Ex a Piper diagram. As in Example 9- J ,  we start by calculating the concentratio in mill iequivalents. We now normalize the cations and the anion� to 1 00% ( the following table) so that we can plot them on the Piper diagram. 

Cation concentrations 
meq L _ , Normalized meq L I 

Ca2+ 0.95 56.S Cl 0. 1 0  
Mg'• 0.42 25.0 so�- 0.36 Na+ + K ... 0.3 1  1 8.5 HC03 1 .25 
Total 1 .68 1 00.0 1 .7 1  

The normalized cation and anion con- • co1um1>ia River 100 centrations are plotted in their appropriate 
triangle (Figure 9--0). The data plotted on each triangle are then projected into the 
quadrilateral by drawing a line from the 
point on the cation triangle parallel to the Mg 
axis into the quadri lateral and by drawing a 
line from the point in the anion triangle par­
allel to the SO4 axis into the quadrilateral. The intersection of these two lines marks the 
location of the point to be plotted on the 
quadrilateral (Figure 9-o). Symbols of dif­
ferent size are sometimes used to indicate 
differences in total dissolved species. This 
convention is used in the example. The data for the Rio Grande river and the Central 
Pennsylvania ground waters are also plotted 
in Figure 9-o. ■ 

Piper diagrams have two main Uses. The 

■ Rio Grande fi,..e, 

so, 
" 

,������ 
1� � � � W O O � � � ca Calions Na Hco. Anions 
Figure 9-6 Piper diagram for Columbia and Rio Grande rive�·waters and Central Pennsyl \Jama grou water. See text for discussion. 

first is the graphical representation of water chemistry for the purpose of water cla�sifica 
tion (see the next section) . The second is to determine if a series of water composltions represent the mixing of two end members. If the samples are the result of two-end-mem· ber mixing, they will plot along straight lines in each of the fields of the diagram. I f  they 
do not plot along straight l ines. then their compositions are not controlled by simple two­
end-member mixing (Case Study 9-2). 
Hydrofacies Back ( 1 966) divided the ion triangles of the Piper diagram into various 
fields that correspond to water type or chemical facies (Figure 9-7). This is a convenient 
way to classify water types on the basis of their major ion chemistry. Examp1es of chem· 
ical facies names are calcium bicarbonate and sodium chloride. If the water plots in the 
center of an ion triangle, i t  is referred to as mixed-cation or mixed-anionfacies. With ref­
erence to the waters plotted in Figure 9-6. the Columbia River water belongs to the cal­
cium·bicarbonate facies. the Rio Grande river water to the mixed-cation-mixed anion 
facies. and the Central Pennsylvania groundwater to the calcium-bicarbonate facies. The 
hydrochemica! facies in which the water sample plots potentially reveals information 
about the factors controlling the water chemistry. For example, the observation that the 
Columbia River water plots in the calcium-bicarbonate facies suggests that rock weather­
ing is the major factor controlling water chemistry (see next section) . The observation that 
the Central Pennsylvania groundwater plots in the calcium-bicarbonate facies suggest!-i that 
dissolution of limestone, which would provide the Ca and bicarbonate ions, is important 

TlJDY 9-2 
.d M'1ne Drainage and Lake Water 

of ACI 

2- 1 ,  Foos ( \ 997) investigated the �ixing of ac.id s.tudy from an abandoned coal inine with water d1�­na;e a lake. The chemical compositions of the acid 
�a e lake water, and the stream water down�tream 

m !n� of mixing were plotted �n a Pi�e� d1a�ram 
0-n. This plot indicated that simple �mxmg \\OUld 

ncentrations of the major ions in the stream n the co Further testing of the mixing model revealed water\+ N + K+ and c1- concentrations could be 2-i- Mg , a • , 2 . a d .b simple mixing, but not HCOJ and SO� conc�n­
� Po; HC03 and soi- . the deviation. fro� simple .m.1x.­. about 14%, so as a first approx.ima11on s�mple m�x�ng as ble assumption. The deviations from s1mple mix.mg 
e��o�;BOO%) and Mn2+ (39%) were significant. T�e rea­
i the nonconservative behavior of these tw� spec1:s was or d . Case Study 2-1 .  In this study, the Piper diagram 

u;:d t: make an initial evaluation of the �on.servati�e ver­
nonconservative behavior of various species m solution. 

\ \ 
\ I 
$ 4ci' 

CATIONS 

Geochemistry of Surface and Ground Waters 

TOS 
(mg l·'l 

O zso SCIO 

[jfu Ca Na + K  C03 + HC03 Cl 
figure 9-CZ-1 
Piper diagram showing the composi�ions of the 
mine and lake discharges and the mixed stream 
water. From Foos ( 1997). 

so11rce: Foos ( 1997). 

lt.._ a AMIOMB 
figure 9-7 
Hydrochemical facies. After Back ( 1 966) . 
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CASE STUDY 9-7 
Sulfide Mine Tailings at Two Sites in New Mexico, U.S.A. 
Boulet and Larocque ( 1 998) investigated the characteristics of two sulfide mine tailings sites. For both deposits the common o_re minerals were chalcopyrite, sphalerite, and galena. At one s11e (CPA) the tailings were deposited in a polye1hylene-lined bermed impoundment. Mining at this site ended in 1 995. At the other site (CM) the tailings were deposited in a valley at the headwaters of an ephemeral stream. Mining ceased at this site in 1 950. At the CPA site the dominant tailings minerals are calcite, quartz, and pyrite. A lime slurry was added to the railings be­fore they were discharged to the tailings pond. The tailings pon� w�ter is alkaline (pH = 7 to 8.3) and mineralogical in­vest�gat�on . sh�wed no evidence of dissolution of the primary calcn�, md1catmg that the added lime slurry is still providing suffic1e�1t buffering capacity. Under the present conditions, the metals m the CPA railings are immobile and acid drainage is not a problem at this site. At the CMT site significant weathering and oxidation has occu':ed. Besides the sulfide minerals, the other primary min­erals m this tailing pile were quartz, calcite, and several ocher silicate minerals. Because of weathering and oxidation, the cur­rent assemblage of primary minerals are quanz and the sulfide 

m!nerafs pyri�e. sphalerite, and chalcopyrite. Essemi primary �al.cue has been consumed in hufferin Wate� drammg from the site is strongly acidic (pHg h�s �1gh. metal concentra_tio.ns. There has bec::n a signi d1stnbut1�n of metals withm rhe tailings pile. Abu o�dary mmerals (the result of the weathering of the minerals) _ have fonne_d throughout the tailings pile. ondary minerals consist of various iron uxides. hydroxi sulfates plus gy��um. In places, these secondary mine cemented the ta,lmgs to form hardpans. The hardpan re a local zone of n�utralization and precipitation, and the metal concentrations are found in the hardpan. Elemen as Ag, Au, Pb, and Sb were found at highest concenrrat' the layer above the hardpan. These elements form hi hi uble complexes with sulfate, and the slight increase i: pi waters percolated down through the tailings pile was su to lead to the precipitation of the metal sulfa1es. The trapµ· �etals (Ag, Au, As, Pb. and Sb) in the hardpan layers w important process that inhibited movement of these metals the local environment. Metals (Cd, Cu, Fe, and Zn) not in the hardpan la)•ers were readily transported by the acid ters draining the site. 
Source: Boulet and Larocque ( 1 998). 

vironments, such as deltas. Subsequent exposure of this material to subaerial weathe leads to acid drainage and the release of metals. This exposure can be due to either up or artificial drainage for land recovery (Case Study 9-8). 
Heavy Metals 

As defined earlier, heavy metals are those metals of atomic number 20 and greater. Of heavy metals, lhe transt110n elements, As and Se (strictly speaking. metalloids). Cd, H and Pb . have attracted the greatest environmental interest. Other metals specifically in volved 1� issues of nuclear waste disposal and radioactive fallout will be considered in the next section. h� a strongly reduc ing environment, and in the presence of su lfur, all these elements form �nsolub!e sulfides. This, of cour�e. is the reason why coals, which form in strongly reducing env1�onments,. contain significant amounts of heavy metals. As Jong as the envi­ronment remains reducmg, the elements are immobile and are retained in the sediment. Changes in oxidation-reduction conditions can lead to a release of these elemems. For less strongly �educing c.onditions. or environments that lack sulfur, the heavy metals can be· come variably mobile. The factors that control element mobi l i ty are pH, Eh, and the pres• ence o: �rganic c�mpounds. The most important factors differ depending on the element. Thus, I I  ts  convenient to form three metal groups: ( I )  tran.sition metals, Zn, Cd, and Pb: (2) As and Se; and (3) Hg. 
Transition Metals, Zn, Cd, and Pb Under most ox idation-reduction conditions, these elements occur i n  solution as divalent or trivalent cationic species. Brookins ( 1 988), a very useful refe�nc�. gives a number of calculated Eh-pH diagrams for virtually all sys­tems of geoche�i�al interest, and the student should con.1,uit this source for Eh-pH dia­grams for. spec1f1c metals. At high pH. many of these element'li form insoluble oxyhydrox:1des or. in the presence of carbonate, insoluble carbonates. As we know from 

STUDY 9-8 
Effect of Acid Soi/ Leaching on Metal 
entrations in Streams 

e-bearing marine and lacustrine sediments are common in 
astal regions of Finland. Artificial drainage o.f these areas n the past few decades has exposed these sediments to at­�ric o and a high oxidation rate. The result has been the �opmen/ of acid soils (pH -= 2.5 to 5.0). Water-chemi�try urements were made for a stream draining this region r various flow conditions (Astrom, 200 I ). The headwaters 

inate in an unpopulated area underlain by glacial till , peat, glaciofluvial deposits. Water-chemis�ry measure�ents e at this point constitute the metal baseline concentrattons. concentrations of the metals in the outlet waters (after the m had traversed the sulfide-bearing sediments) were com­d to the baseline values. The outJet-ro-baseline ratios varied m 0.3 to 55 as a function of the metal. the magnitude of the flow. and the season. The metals that showed down­am depletion were As, Pb, Sb. Ti, and V. The limited leach­g of these metals from the acid sulfate soils was .beli�ved to due to low absolute abundances. low concentrations m eas­ly weathered minerals. or low mobility in the soils due to com­plexation with oxyhydroxides and humic substances. For the elements that showed downstream enrichment, the order, from most enriched to least enriched, was Ni > Co """ Cd """ Zn > U .,,.  Al --= Cu -= Mn. AstrOm noted that the downstream varia­tions for all the elements were closely similar to that for soi-. suggesting that the metal and sulfate had a similar hydrogeo­chemical behavior. Figure 9-CS- l shows a typical pH-depth profile for acid sulfate soils and the various redox environments. Seasonal changes in this profile can be directly related to variations in metal release to the stream. A.strOm proposed the following model to explain the seasonal variations in metal and sulfate concentrations in the stream: 

Figure 9-CB-1 

Metals 

A<'ld<11plptu,te!llllr 
-d11rilla hlJll••111u nou,art1.tor...mpk1ol� 

.. -.1�nooa1 """ ""•1111: ,n:,l>llillot,, 
-d11,tiq: ""'•••k'r Bow p,rri..,. ,1tc ,..,.,,,.,...,.. 

lahle k ......... M 1h,, 1to ... .t1or) •/th u.t 
p11n,•locd�ntcn,de,.,...lhand1i.c...,..t1 ... • 
•nnkltzl111 

S11\pbW ....... ri .. pam,t ,.,.._.i 
_...,rmaat"lldy•�•M 

,......, ... , ........ 11� ... 

pH, redox, and hydrological characteristics of a typical acid 
sulfate soil. After AstrOm (2001 ). 
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1 .  During the summer. higher temperatures and a lowered groundwater table favor aerobic bacterial oxidation of sul­fide minerals and the release of metals and sulfate to the soils . Substantial alteration of soil minerals also occurs. 2. During periods of heavy rainfall in the autumn, the soluble weathering products are washed from the soils, and sulfate, metal ions. and hydrogen ions are discharged to the stream. As winter approaches. temperatures fall and the water table rises, leading to a cessation in the fonnation of soluble weathering products. 3. Metal and sulfate inputs to the stream during the early sum­mer are small because most of the soluble weathering prod­ucts were removed during the fall rains and there has been little formation of new material. 4. Under low flow conditions (summer and early autumn), the contribution from the acid soils is negligible compared to that of lhe areas covered with the other sediments. 
Source: Astrom (2001) .  

earlier discussions, adsorption i s  an important process. Thus, another important factor is 
the presence of suitable sorbates, among which are Mn and Fe oxyhydroxides. At low pH. 
sorbtion is negligible for these metals ,  but with increasing pH. adsorption �comes an im­portant process (Figure 9-1 6), effectively removing the metals from solu11on by adsorp­
tion to particles and uJtimately to the sediments. These elements also form co�plexes with dissolved organic matter (humic acids). Tipping. and Hurley ( 1 99;l deter��ned th'; fol­lowing binding order for various metals and hum1c substances: Mn < Cd < Co < 
Ni::! + � Zn2+ < Pb2+ < Cu2 4 < VO2+ . 

One notable exception to the behavior just described is vanadium. Under reducing 
conditions, v occurs as rhe relatively immobile y3 + _ In �xic envi.ron�ents, the so��bility 
of V increases dramatica!Jy because of conversion t� higher �x1dat10n stat;�· V and 
v' ' ,  and the formation of vunadyl cations, V02(0Hh . Hz VO , and HV04 , 
Selective Extraction In any given environment, the actual distribution of a metal among various phases may differ substantially from that predicted from fir�t p�incipl.es. One way to address this question is by a technique known as selective extr�ctwn, rn which various leaching experiments are done to remove the metals from specific phases. The leaching agents are selected so that they remove metals that occur in different ways,. i.e . .  
as ex.changeable cations, bound to carbonates, bound to amorphous Fe and Mn hydroxides, 
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CASE STUDY 9-9 

bound to organic matter and sulfides, and as essential components of soil mi experiment is done in a stepwise fashion, starting with a leaching agent that re the least tightly held cations. The last step is often a strong acid leach that breaks soil minerals. From these types of experiments. estimates can be made of the various metals in the specific environment. Case Study 9-9 describes a typical extraction experiment. 
Arsenic and Selenium Arsenic and selenium differ from the transition metal 
they occur in solution as neutral and negatively charged species. Under oxidizin 
tions, arsenic is in the + 5 state. Given the range of pH values found for the nat ronment, As'-+ exists in solution as H2Aso; and HAsO� . Under reducing co arsenic is in the + 3 state and exists in solution as H3AsO3 (aqJ and H2AsO} . Seleni shows multiple oxidation states .  Under strongly oxidizing conditions, it is in the + (SeO�-), under intermediate oxidizing conditions in the +4 state (HSeO, and s and under reducing conditions, it occurs in its elemental form or in the - 2 state ( Under reducing conditions, if sulfur is present, both As and Se are incorporated in minerals. Because As and Se exist in solution as negatively charged species, adsorp · creases with declining pH (the surface becomes less negatively charged or posi 
charged). The arsenate ( + 5) species form inner-sphere complexes al the iron o,yh ide surface and are strongly adsorbed near neutral pH (note from Table 9- 1 1 that t 
oayhydroxides pHp,npc � 7 .8-8.5), whereas the arsenite ( + 3) species are only we sorbed at all pH values. For selenium, the situation is reversed and the selenite ( 
species are strongly adsorbed whereas the selenate ( +6) species are weakly adsorbed. The difference in adsorption behavior for the various species of arsenic and selen· 
is important in terms of their transport in the surface environment. In the case of a strongly oxidizing environment that favors the formation of arsenate species will lead 
adsorption by oxyhydroxides and removal from the aque_ous environment. If condit become reducing, the bound arsenate will be converted to arsenite and can be libera 
from the particles to the solution. The reverse behavior would be noted for the vari 
selenium species; i .e. , selenium lends to remain in solution under oxidizing conditions is removed under reducing conditions. The important point is that changes in the 
dox conditions of the environment can lead to either removal or liberation of arsenic 
selenium. The other important point is that the kinttics of the redox reactions is slow, 

Geochemical Behavior and Mobility of Metals 
in a Sediment Retention Pond 

4. Fraction IV: Bound to organic matter and sulfides, 30% H2O2 and 0.02 M nitric acid at 85°C for 5 h 5. Fraction V: Residual. concentrated HN03 and HCI04 

Lee et al. ( 1 997) studied the mobility of metals in a sediment re­tention pond located along a motorway in France. The purpose of these retention ponds is to accumulate particulates contami­nated by heavy metals, thus preventing their discharge 10 surT rounding streams. Eight sediment cores were driven to depths of 16 to 20 cm. The interstitial fluids were extracted and ana­lyzed for their metal content The metals associated with the solid phases were then analyzed using sequential chemical ex­traction. The authors used a five-step process, as follows: 
L Fraction I: Exchangeable, l M MgC'2 at pH 7 2. Fraction II: Bound to carbonate, l M sodium acetate ad­justed to pH 5.0 with acetic acid for 5 h 3. Fraction III: Bound to amorphous Fe and Mn hydroxides. 0.04 M hydroxylamine hydrochloric acid in 25% (v/v) acetic acid at %°C for 6 h 

For the four metals of interest, Pb was concentrated in Fraction V (35-60%) and Fraction III (20-44%). Zn in Fraction 
V (30--05%) and Fraction Ill ( 1 3-47%), and Cd in Fraction II (25-68% ). Mn showed a more complex behavior, with the bulk of the Mn in the surface layers in the exchangeable fractions (J, II, and III) and a notable increase with depth of Mn in the nonexchangeable Fraction V. The authors ascribed this increase in the nonexchangeable fraction to either the precipitation of Mn4+ oxides or the incorporntion of Mn in Fe oxyhydroxides. Metals concentrated in Fraction V would be essentially immo· bile in the surface environment. 

Source: Lee et al. ( 1 997) . 
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. . . . . mon Thus predicting the mobility of arsenic and selenium under a 
d1seqmhbnum is co� . ' ditions is difficult. part\Cu\ar set of env1ronment�l con I . est. Arsenic in very high concentrations �not 

Both elements are of env1ronmentadtnter b t perhaps due to human intervention) 
d . f e and groun waters, u . f those encountere m sur ac . ay lead lo an increased nsk o . . 1 I long-term exposure to arsenic m U S is a po1Son. Low- eve , . I 999) For this reason, the USEPA ( . . 

cancer (National Academy of Sciences, .d d Iowen·ng the allowable amount of · A ncy) has recommen e . Environmental Protection ge . h . c source of arsenic is pesticides apphed 
arsenic in drinking water. The ma3or an� roP_Ogem 1· I metal for human health, but at 1 d Selemum 1s an essen ta to orchards and other crop an s. . 1 t Certain plants can accumulate selemum, 
slightly higher levels it becomes a toxic e emen . h I ts The maJ· or anthropogenic 

. . 1 f ·nants that graze on t e p an · causing tox..1c1ty prob ems o.r .rumt h . erosols derived from the burning of coal. 
source for selenium is deposition of atmosp enc a 

. h- H conditions mercury exists as mercury metal. (re· 
Mercury Under a wtde range of E p eta! is a Ii uid). Liquid mercury is essenually 
member that at room temperatu� mercu7 m d t the a�mosphere by volatilization. Under 
insolub\e in water, but ?1:ercury is trans �rre · 1� r as the Hg2+ ion or its hydrolysis prcxl­
strongly oxidizing cond1t10�s merc�ry exist:�� :lfur is present, mercury can form the in· 
uct Hg(OH), <••>· In a reducmg envtronmen , I s 
soluble sulfide HgS (cinnabar). . d . ated by the vapor phase transport of Hgo (Fig-

The global cycle of m.ercury is omm. the atmos here is l year. However, because 
ure 9-21 ). The residence ume of mercury m d th p

rface ocean the rate constant for . . . be the atmosphere an e su , f of the eqmhbnum tween . 0 29 i Because of the low removal rate o 
mercury removal from the atmosph;; i; h. 

yrcu
.
ry i s  deposited on land, where it is se­

mercury by the surface ocean. the bu o t c me 

questered in the �oils. . iall inert. While this means it does not repre-
ln its metallic form mercury is essen� l

y th t mercury can persist for an ex.-. . t l hazard 1t a so means a sent an immediate env1ronmen a ' . t Certa1· n  microorganisms, such as . . · th natural environmen . tended penod of ume m . e h I f n of mercury (Figure 9-21 )  to monomethyl 

anaerobic bacteria, can_ mediate the met 
[�C

a�o

) Hg] which are highly soluble species that 
mercury (CH,Hg) or dimethyl mercury �icul,;..ly fish and shellfish. The mercury is 
are readily taken up by aquat�c orgamsms , Ph concentrations of several thousand ppm in 

d h f od cham and can reac concentrate up t e O . h. 1 1 At these concentration levels, mercury 15 
organisms residing at the highest trap tc eve s. 

"IE 
Hg, 

,mg�"' ., 7 
98% Hg0 2%Hg. 

Deposition Hg:• 1-�· 1 0  deposlUon 
ANTHRO. 

15  

� OCEAN 

HgO -CH3tig 
..... 

CONTINENT --"--+ t # 11 ,.,., Hgt• � HgP 5-1 Mmol 

Paniculate ' .,..,, 
-,mow! i,ye, 

Figure. 9-2:ercu c de. The flux.es are given in M":10� L - • . Hg"' 
Present da�rcu �d{orbed to panicles. Anthropogemc mputs are 
represe_nts I 20ryMmol y- t . half is returned to the surface close to approx.imate y · h the source and the olher half is transferred to the atmosp ere as 
volatile mercury. Adapted from Mason et al , ( 1994). 
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hazardous to human health. Because methylation of mercury is  mediated by anaerc 
bacteria, some of the mercury deposited in sediments in a reducing environment, eve 
sulfur is present, may be converted IO soluble methyl spec ies rather than insoluble mere 
sulfide. 

Metal Variations in Space and Time A variety of approaches are used to detern 
both natural and anthropogenic distributions of metals in the surface environment. I 
such approach is a regional geochemical survey in which the metal content of s, 
streams, and groundwater is determined (Reimann et al., 200 I ;  Sewell ,  1 999). The pu'l 
of such studies is to gather information on both the background concentrations of the r 
als and areas of abnormally high metal concentrations. The bulk of these techniques v 
developed in the 1 950s and 1 960s, when they were used in geochemical exploration I 
grams for base metal ore deposits. The sampling of different types of material can be 1 
to infer the source of th,. metals. For example, Reimann et al. (200 1 ) used four diffe 
sample materials: terrestrial moss , which predominantly reflects the atmospheric inpi 
metals ;  the O-soil horizon, which reflects the interplay among atmosphere, biosphere, 
lithosphere; the 8-soil horizon, which reflects weathering processes ; and the C-soil r 
zon, which represents the bedrock geochemistry. 

The geochemical patterns can be compared to bedrock geology, surficial geol, 
land use, etc. Such S\udies have been greatly facilitated by the advent of Geograpt 
Information Systems (GIS), which enables a multidimensional correlation of various 
rameters. For example , in the case of high levels of arsenic in groundwater, which 
have both natural (bedrock) and anthropogenic sources (pesticides), a comparisor 
bedrock geology, land use , and arsenic well water concentrations can be used to di: 
guish between natural and anthropogenic sources of arsenic (Ayotte et al . ,  1 999). 

We are also interested in changes in metal concentrations with time. In Chapter ! 
discussed how snow, ice, ll!ke sediments, and biological indicators can be used to 
changes in atmospheric deposition of metals. In the case of the continental environll! 
the most useful information is contained in lake sediments. In general, lake sediment 
the result of vertical sedimentation. As we have discussed in previous chapters, it is 
s ible to determine the age of lake sediments as a function of depth. Chemical or i so 
analysis of the various layers can then be used to trace changes in anthropogenic input 
time. 

Metal Contamination of Soils and Sediments A number of processes seq 
metals in sediments. One way to look at the anthropogenic enrichment of metals in 
ments is to compare the abundance of the metals to background ( or reference) values. 
of the commonly used references is average shale. The calculation is  analogous to t 
enrichment factors (discussed in Chapter 8); i .e . , 

Enrichment factor = Concentration in sediment 
Concentration in reference material 

The geoaccumulation index (Muller, 1 979) can be used to assess the degree of c 
nation. The index is calculated as follows 

( c,, ) lgco = log2 I .SB" 
where /�00 is the geoaccumulation index, log2 is log base 2, C,, is the concentrat 
sediment, and B,. is the background or reference concentration. After the geoac 
tion index has been calculated, it can be used to classify the sediment in tenns 
(Table 9- 1 4). 

Radioactive Isotopes and Radioactive Waste Disposal 

Radioactive isotopes in the environment come from both natural sources (K,_ 
rocks and minerals) and anthropogenic sources (bomb testing, nuclear medic 
accidents, and the nuclear fuel cycle}. Radioactivity and radioactive decay we 
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health hazard. At these higher concentrat ions fluoride mottl ing) and skeletal fluorosis (bone de'ormat· cdan cause dental fluo f fl . " JOn an painful b ·t I . . sources o uorme are volcanic emissions and the weatherino n _t e Joints) erals . Anthropogenic sources are mining and industrial . e. of Ouonde-contai 

. Th� concentration of fluoride in natural wate� is lare:rssmns. act1on.s m�ot;ing fluoride-containing minerals, of whict ,t control f�d by diss0cj The d1s.soc,at1on reaction is e most important is 
Caf2 lluon1c -+ Ca2 +  + 2F From the data in Append · II 250c - . ix , source 3, the equilibrium constant for th · • IS IS reac, 

K nuoritc = fCa2 +] [F-f = 1 0- 10.s 1 Writing this equation in logarithmic form gives 
log K n • .,,,. = log[Ca'•J + 2[1og F I =  - I 0.5 1 On a logarithmic plot, the relationship be• 100 r---------.J twee_n t�e concentrations of the two ionic species m solution and fluorite solubi l i ty plots as a straight line (Figure 9-24 ). This is a ve� us_ ef ul plot because it allows us to de. J t r l erm�ne t a water is saturnted with respect to fluorite, t�e major mineral contro!Jing F concent��ttons. Consider a water sample of compos1t10? A. The water sample is under­saturated WHh respect to fluorite, and fluoride 0.1 :-----------

Ca:r. (mg L 1J 
Figure 9-24 Solubility of fluorire at 25.JC as a function of F and Ca2• concentrations. See text for discussion. 

can be added to the water until it becomes sat• urated (A .... B). At this point the concentra• tJon of fluoride will remain constant unless we reduce the Cai + concentration, in which case the F- concentration can increase (.8 --+  C). lf we increase the Ca2 • concentra-lton (A --+ D), the solution will eventuall bee s . . tion of Ca2+ will lead to a decrease in y - ome atura.ted �n fluorite. Continued addi• been suggested that Ca2 + could be.add dth(e Fh c�ncentrauon m solution (D .... E), lt has · e m t  e ,orm of gypsu ) t  h. h F  mg to the precipitation of fluorite and a reducf . - m o ig . waters. lead-waters are undersaturated orJ·ust t d . h ton m the F concentrat10n. Most natural . . sa urate wit respect to fluoit 
. h fl . solub1! tty controls the F concent f f I e, suggestmg t at uonte ra ion o natural waters (Case Study 9 l 0). 

c1- and a,- Chlorine and bromine have bo h Natural sources include sea t b t natural and anthropogenic sources. · wa er, su surface b · d . . Anthropogenic sources 'or bro . . 1 d nneS, an evaponte deposits. 1' mrne me u e pesticid ct· · • gasoline additives and water pu •r, . F . es, me icrnes. mdustriaJ solvents, . ' n icatmn. or chlor n th r . cause It is one of the most w'd I d I e, e 1st 15 even more excens1ve be· 1 e Y use elements · od · . Degradation of these anthropoge . rn m em mdustnal chemistry. ently largely in the form of simpl:::��:��::::� releasi"\CI- and Br- to solution, appar· are ( l ) low concentration in most k .  i . em,ca c aract�nsllcs of  both compounds sil icate compounds, (3) virtual ly r�i ad:�mmg mmerals. _  (2) high solubility of most non· pounds, and (5) generally low b. rpuon by particles, (4) lack of volatile com· characteristics both elements behioconcentratmns in aqueous systems. Because of these ' ave as conservative s · d used as tracers in hydrological syste 8 . pec,_es an they have been widely era! important ways· ( I )  Brom·d ms. romme and chlorine, however, do differ in sev­pounds. During the formation �f: com�u�ds ar� even. more soluble than chloride com­in the late-stage brines lead,·ng t vdapo�1te �posits Br is concemrated with respect to Cl , , o a ec,ease m the Cl/Br r (2) 8 d sorpt10n characteristics, particularl at Jow H r� I?. r. oes show some ad-y P ' on kaohnJte and iron oxide surfaces. 

f STUDY 9-1 0  

Nonmetals 367 

concentrations in Streams and 
undwaters from Nalgonda District, India 

between alkalinity (due to the presence of Na in the soils) and fluoride concentration. All the soils have basic pH values. In a series of experiments the authors found that the solubility of fluorite was significantly increased in the presence of sodium carbonate and sodium bicarbonate, due to the following reac­tions: nd and surface waters in the Nalgonda District of India 
tain elevated levels (0.4 to 20 mg L I for groundwater and 
to 6.6 mg L I for surface waters) of fluoride, which has led 

endemic fluorosis (Ramamohana Rao et al.. 1 993). There are nuorine.based industries in the area (nor volcanoes). so the orine must originate from the minerals in the rocks and soils. area is underlain by several varieties of granites thal con­in the fluorine-bearing minerals nuorite (0 to 3.3%), biotite 
0. 1 10 1 .7%). and hornblende (0. 1 to 1 . 1 %). Whole-rock F tent ranges from 325 ppm to 3200 ppm, with a mean of f440 ppm. Acid•soluble fluoride content (fluoride contained in fluorite and fluoroapatite, which can be removed by acid leach­ing) ranges from 40 to 1 1 50 ppm. with a mean of 410  ppm. The overlying soils are also relatively high in fluoride. have rela­tively low Ca and Mg concentrations and high Na concentra­tions. There is an inverse relationship between hardness (Ca + Mg) and fluoride concentration and a direct relationship 

Caf2 fluorite + 2Na+ + co�- -+ CaCO) cakite + 2Na+ + 2F 
and 
Caf2 nuorhe + 2Na + + 2HCO) -+ CaCO3 eakiio: + 2Na + + 2F + H20 + CO2 
The authors concluded lhat these reactions led to the precipita­tion of calcite and a reduction in the amount of Ca2+ available for fluorite precipitation, thus increasing the amount of F in solution. 
Source: Ramamohana Rao et al. ( 1993) . 

(3) There is some evidence that marine plants and surface plants do concentrate Br (Davis et al., 1 998). Because there are natural processes that wil l change the CJ/Br ratio, plus anthro• pogenic inputs that may lead to relative increases in Br or Cl concentrations and changes in the CVBr ratio, Davis et al. ( 1 998) suggested that Cl/Br ratios could be used to finger­print the sources of various waters in an aquifer. Once Cl and Br have entered a ground­water system, they tend to behave conservatively. Thus, variations in the Br/Cl ratio reflect variable degrees of end-member mixing. In Chapter 6 we developed mixing equations for isotopic systems. Analogous mixing equations can be written for com;erva1ive species. For a simple binary mixture involving two end members, the mathematlCs are straightforward if we use the abundances of the conservative species rather than ratios. For a mixture in­volving one conservative species and two end members, we can write 
(9-42) 

where XM is the concentration of species X in the mixture. XA is the concentration of .species X in end member A, X8 is the concentration of species X in end member B, and 
fA (the mixing parameter) is the fraction of end member A. For a second conservative species in a mixture. we can write 

(9-43) 
where Y is the second conservative species. For a binary mixture involving conservative species. fA must be the same for all species. We can solve equations 9-42 and 9-43 for [A and equate the results: 

IA = xM - x. = r" - r. 
xA - x. YA - r. 

Cross multiplying equation 9-44 and solving for YM gives 
YA - Ys XAYs - X6 YA 

YM = XM --- + -�-�� 
XA - x. XA - x. 

(9-44) 

(9-45) 
which is the equation for a straight line (Figure 9-25, p. 368). For any simple binary mix­ture of two conservative species, the data will fall on a straight line. The purpose of this 
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Binary mixture of groundwater (0.05 mg L 1 Br and 5 mg 
L - I  Cl) and brine (I mg L I Br and 10 ,000 mg L- 1 Cl). 
Labeled points are fraction of brine in the mixture. 
Groundwater samples from an aquifer (filled squares) fall 
along thi s l ine, suggesting they represent mixtures of uncon­
taminated groundwater and brine. The maximum amount of 
brine in  the groundwater is approximately 3 1  %. 

exercise is to determine if a set of data obeys a simple binary mixing model. If the data do 
obey a simple binary mixing model, and if we know the composition of the end members, 

either equation 9-42 or 9-43 can be solved for the fraction of each end member in the ill: 
dividual samples. For example, groundwater samples were collected from a number 
wells in an aquifer (filled squares in Figure 9-25). It is believed that subsurface brines 
mixing with the groundwater. The well data plot on a straight line. The end-member c 
positions. based on measurements of groundwater entering the aquifer and the brine, 
0.05 mg L - l of Br and 5 mg L I of Cl for lhe uncontaminated groundwater and I mg L 
of Br and I 0,000 mg L - I of Cl for the brine. The labeled points on the diagram repr 
the fraction of brine. Inspection of Figure 9-25 reveals that the groundwater samples 
resent mixtures containing from I % to about 3 1  % brine. 

Suppose our water samples consist of a mixture of three end members . As was 
cussed in Chapter 6, the data wi l l  fall within a triangular field. We can determine the 
lion of the three end members in any panicular sample using a graphical solution 
ure 6- 1 4  ) .  If we know the end-member composi tions, we can determine the fracti 
each end member by solving a set of l inear equations. For a three-end-member (A, 
C) mixture, the concentration of X in the mixture is 

XM � XAJA + Xsfs + Xcfc 
and the concentration of Y in the mixture is 

YM "" YAJA YsfB + Ycfc 
The symbols are as defined earlier. For our third equation, 

!A + fB + Jc = I 

because the total end-member fractions must add up to I .  Simultaneous solution 
three equations yields the end-member fractions. 

Nitrogen 

Nitrogen shows a complex and varied behavior in the natural environment (Fi 
In Chapter 4 we constructed the Eh-pH diagram (Figure 4-9) for the v�o 
species found in water. Depending on redox conditions, nitrogen can occur ID 
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METHOD 13141

LIQUID-SOLID PARTITIONING AS A FUNCTION OF LIQUID-SOLID RATIO FOR CONSTITUENTS IN 
SOLID MATERIALS USING AN UP-FLOW PERCOLATION COLUMN PROCEDURE

SW-846 is not intended to be an analytical training manual. Therefore, method procedures are 
written based on the assumption that they will be performed by analysts who are formally trained in at 
least the basic principles of chemical analysis and in the use of the subject technology. 

In addition, SW-846 methods, with the exception of required methods used for the analysis of 
method-defined parameters, are intended to be guidance methods that contain general information on 
how to perform an analytical procedure or technique, which a laboratory can use as a basic starting 
point for generating its own detailed standard operating procedure (SOP), either for its own general use 
or for a specific project application. Performance data included in this method are for guidance 
purposes only and must not be used as absolute quality control (QC) acceptance criteria for purposes 
of laboratory QC or accreditation. 
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1 This method has been derived from the CT001 procedure (Ref. 4) and is analogous to column 
percolation method CEN/TS 14405 (Ref. 5) developed for the Comité Européen de Normalisation (CEN).  
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1.0 SCOPE AND APPLICATION 

1.1 This method is designed to provide the liquid-solid partitioning (LSP) of inorganic 
constituents (e.g., metals, radionuclides) and non-volatile organic constituents (e.g., polycyclic aromatic 
hydrocarbons (PAHs), dissolved organic carbon, etc.) in a granular solid material as a function of liquid-
to-solid ratio (L/S) under percolation conditions. The first eluates of the column test may provide insight 
into the composition of pore solution either in a granular bed (e.g., soil column) or in the pore space of 
low-permeability material (e.g., solidified monolithic or compacted granular fill). Analyses of eluates for 
dissolved organic carbon and of the solid phase for total organic carbon afford evaluation of the impact 
of organic carbon release and the influence of dissolved organic carbon on the LSP of inorganic 
constituents. 

1.2 This method is intended to be used as part of an environmental leaching assessment for 
the evaluation of disposal, beneficial use, treatment effectiveness, and site remediation. The method 
is not required by federal regulations to determine whether waste passes or fails the toxicity 
characteristic as defined at 40 CFR 261.24.

1.3 This method is suitable to a wide range of granular solid materials. Example materials 
include industrial wastes, soils, sludges, combustion residues, sediments, construction materials, and 
mining wastes. This method is not suitable to monolithic materials (e.g., cement-based and stabilized 
materials) without particle size reduction prior to testing. 

1.4 This test method is intended as a means for obtaining a series of extracts (i.e., the 
eluates) of a granular solid material that may be used to show eluate concentrations and/or cumulative 
release as a function of L/S, which can be related to a time scale when data on mean infiltration rate, 
density and height of application are available. 

1.5 This method provides options for the preparation of analytical samples that provide 
flexibility based on the level of detail required. For example, when the purpose of characterization is for 
comparison to previous testing, compositing of eluates may be possible to create a reduced set of 
analytical samples. Table 1 outlines the eluate fractions and collection options, based on whether 
concentration or cumulative release is to be reported. The collection schemes are described below. 

1.5.1 Complete characterization

For complete characterization of eluate concentration and cumulative release as a 
function of L/S, nine discrete eluate collections and analyses are required (see Table 1, Option 
A). No compositing of eluate fractions is performed for complete characterization, and all eluate 
fractions are analyzed. 

Eluate concentrations from complete characterization may be used in conjunction with 
information regarding environmental management scenarios to estimate anticipated leaching 
concentrations, release rates, and extents of release for individual material constituents in the 
management scenarios evaluated. Eluate concentrations may also be used along with 
geochemical speciation modeling to infer the mineral phases that control the LSP in the pore 
structure of the solid material. 

1.5.2 Limited analysis
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Under a limited analysis approach, nine eluate collections and analysis of six analytical 
samples are required. If evaluation is based on eluate concentrations, six discrete eluate 
fractions are chemically analyzed (see Table 1, Option B). If evaluation is based on cumulative 
release, some eluate fractions are composited by volume-weighted averaging to create a set of 
six analytical samples (see Table 1, Option C). The concentrations of composite analytical 
samples cannot be interpreted along with eluate fractions on the basis of concentration. 

1.5.3 Index testing

For the determination of consistency between the subject material and previously 
characterized materials, nine eluate collections and analysis of three analytical samples are 
required. If consistency is to be determined by eluate concentrations, three discrete eluate 
fractions are chemically analyzed (see Table 1, Option D). If consistency is to be determined by 
cumulative release, some eluate fractions are composited by volume-weighted averaging to 
create a set of three analytical samples (see Table 1, Option E). The concentrations of 
composited analytical samples cannot be interpreted along with eluate fractions on the basis of 
concentration. 

1.6 This method is not applicable to characterize the release of volatile organic analytes. 

1.7 This method provides eluate solutions considered indicative of leachate under field 
conditions only where the field leaching pH is controlled by the alkalinity or acidity of the solid material 
and the field leachate is not subject to dilution or other attenuation mechanisms. The cumulative mass 
of constituent released over a L/S range may be considered an estimate of the maximum mass of that 
constituent to be leached under field leaching over intermediate timeframes (e.g., up to 100 years) and 
the domain of laboratory test pH. 

1.8 Prior to employing this method, analysts are advised to take reasonable measures to 
ensure that the granular sample is homogenized to the most practical extent. Particle size reduction 
may provide additional assurance of sample homogenization. 

1.9 In preparation of solid materials for use in this method, particle size reduction or exclusion 
of samples with large grain size is used to enhance the approach towards liquid-solid equilibrium over 
the residence time of eluent in the column. 

1.10 The structure and use of this method is similar to that of NEN 7343 (see Ref. 3) and 
CEN/TS 14405 (see Ref. 5). 

1.11 Prior to employing this method, analysts are advised to consult the base method for each 
type of procedure that may be employed in the overall analysis (e.g., Methods 9040, 9045 and 9050,
and the determinative methods for the target analytes) for additional information on QC procedures,
development of QC acceptance criteria, calculations, and general guidance.  Analysts also should 
consult the disclaimer statement at the front of the manual and the information in Chapter Two for: 1)
guidance on the intended flexibility in the choice of methods, apparatus, materials, reagents, and 
supplies, and 2) the responsibilities of the analyst for demonstrating that the techniques employed are 
appropriate for the analytes of interest, in the matrix of interest, and at the levels of concern.
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In addition, analysts and data users are advised that, except where explicitly specified in a 
regulation, the use of SW-846 methods is not mandatory in response to federal testing requirements.  
The information contained in this method is provided by the Environmental Protection Agency (EPA or 
the Agency) as guidance to be used by the analyst and the regulated community in making judgments 
necessary to generate results that meet the data quality objectives (DQOs) for the intended application.  
Guidance on defining DQOs can be obtained at http://www.epa.gov/QUALITY/qs-docs/g4-final.pdf.

1.12 This method is restricted to use by, or under supervision of, properly experienced and 
trained personnel. Each analyst must demonstrate the ability to generate acceptable results with this 
method.

2.0 SUMMARY OF METHOD 

Eluent is introduced into a column of moderately packed granular material in an up-flow 
pumping mode, with eluate collection performed as a function of the cumulative L/S. Up-flow pumping 
is used to minimize air entrainment and flow channeling. The default eluent for most materials is 
reagent water.  However, a solution of 1.0 mM calcium chloride in reagent water is used when testing 
materials with either a high clay content (i.e., to prevent deflocculation of clay layers) or high organic 
matter (i.e., to moderate mobilization of dissolved organic carbon). The flow rate is maintained 
between 0.5-1.0 L/S per day to increase the likelihood of local equilibrium between the solid and liquid 
phases, due to residence times longer than one day. Eluate volumes are chemically analyzed for a 
combination of inorganic and non-volatile organic analytes depending on the constituents of potential 
concern (COPC). For the purposes of chemical speciation modeling, the entire eluent volume up to 10 
mL/g dry sample (g-dry) is collected in nine specific aliquots of varying volume. A limited subset of 
eluent volumes within the same L/S range may be collected and analyzed for regulatory and 
compliance purposes. A flowchart for performing this method is shown in Figure 1. 

3.0 DEFINITIONS 

3.1 Constituent of potential concern (COPC) – A chemical species of interest, which may or 
may not be regulated, but may be characteristic of release-controlling properties of the sample 
geochemistry. 

3.2 Release – The dissolution or partitioning of a COPC from the solid phase to the aqueous 
phase during laboratory testing (or under field conditions).  In this method, mass release is expressed 
in units of mg COPC/kg dry solid material.

3.3 Liquid-solid partitioning (LSP) – The distribution of COPCs between the solid and liquid 
phases at the conclusion of the extraction. 

3.4 Liquid-to-solid ratio (L/S) – The fraction of the total liquid volume (including the moisture 
contained in the "as-used" solid sample) to the dry mass equivalent of the solid material.  L/S is 
typically expressed in volume units of liquid per dry mass of solid material (mL/g-dry). 

3.5 "As-tested" sample – The solid sample at the conditions (e.g., moisture content and 
particle size distribution) present at the time of the start of the test procedure.  The "as-tested" 
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conditions will differ from the "as-received" sample conditions if particle size reduction and drying were 
performed. 

3.6 Dry-mass equivalent – The mass of an "as-tested" (i.e., "wet") sample that equates to the
mass of dry solids plus associated moisture, based on the moisture content of the "as-tested" material.  
The dry-mass equivalent is typically expressed in mass units of the "as-tested" sample (g). 

3.7 Eluent – The solution used to contact the solid material in a leaching test.  The eluent is 
usually free of COPCs but may contain other species used to control the test conditions of the 
extraction.

3.8 Eluate – The solution collected as an extract from a leaching test that contains the eluent 
plus constituents leached from the solid phase. 

3.9 Refer to Chapter One, Chapter Three, and the manufacturer's instructions for definitions 
that may be relevant to this procedure.

4.0 INTERFERENCES 

4.1 Solvents, reagents, glassware, and other sample processing hardware may yield artifacts 
and/or interferences during sample analysis. All of these materials must be demonstrated to be free 
from interferences under the conditions of the analysis by analyzing method blanks. Specific selection
of reagents and purification of solvents by distillation in all-glass systems may be necessary. Refer to 
each method to be used for specific guidance on QC procedures and to Chapters Three and Four for 
general guidance on glassware cleaning. Also refer to Methods 9040, 9045 and 9050 and the 
determinative methods to be used for information regarding potential interferences.

4.2 When the test method is applied to solid materials with a clay content greater than 10% or 
an organic matter content greater than 1%, a solution of 1.0 mM calcium chloride in reagent water is 
recommended to minimize deflocculation of clay minerals. However, the use of calcium chloride 
solution will interfere with the determination of actual calcium and chloride release. 

4.3 When this method is applied to fine-grained granular materials, tamping during column 
preparation may result in flow problems due to a low-permeability sample bed. This problem can be 
resolved by incorporating 20 - 50% inert material (e.g., 20-30-mesh normal sand or 2-mm borosilicate 
glass beads) into the solid sample. Alternatively, mass release from low-permeability materials may be 
measured using Method 1315. 

5.0 SAFETY 

5.1 This method does not address all safety issues associated with its use.  The laboratory is 
responsible for maintaining a safe work environment and a current awareness file of Occupational 
Safety and Health Administration (OSHA) regulations regarding the safe handling of the chemicals 
specified in this method.  A reference file of safety data sheets (SDSs) should be available to all 
personnel involved in these analyses.
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5.2 During preparation and processing of extracts and/or eluents/eluates, some waste 
materials may generate heat or evolve potentially harmful gases when contacted with acids and bases.  
Adequate prior knowledge of the material being tested should be used to establish appropriate personal 
protection and workspace ventilation.

6.0 EQUIPMENT AND SUPPLIES 

The mention of trade names or commercial products in this manual is for illustrative purposes 
only, and does not constitute an EPA endorsement or exclusive recommendation for use. The products 
and instrument settings cited in SW-846 methods represent those products and settings used during 
the method development or subsequently evaluated by the Agency. Glassware, reagents, supplies, 
equipment, and settings other than those listed in this manual may be employed provided that method 
performance appropriate for the intended application has been demonstrated and documented. 

This section does not list common laboratory glassware (e.g., beakers and flasks) that might be 
used. 

6.1 Column apparatus

This method recommends the use of a specific column apparatus (see Figure 2). Equipment 
with equivalent specifications may be substituted. The apparatus should have valves and quick 
connectors (e.g., Luer lock fittings) such that the column with end caps can be removed for packing 
with test material and mass measurements. 

6.1.1 A 30-cm, straight cylindrical column with an inner diameter (ID) of 5 cm and 
constructed of inert material, resistant to high and low pH conditions and interaction with 
constituents of interest. 

6.1.1.1 For the evaluation of inorganic COPC mobility, equipment composed of 
borosilicate glass (e.g., Kimble-Kontes CHROMAFLEX #420830-3020 or equivalent), 
polytetra-fluoroethylene (PTFE), high density polyethylene (HDPE), polypropylene (PP), 
or polyvinyl chloride (PVC) is recommended. 

6.1.1.2 For the evaluation of non-volatile organic and mixed organic/inorganic 
COPCs, equipment composed of glass or Type 316 stainless steel is recommended.
PTFE is not recommended for non-volatile organics, due to sorption of species with high 
hydrophobicity (e.g., PAHs). Borosilicate glass is recommended over other types of 
glass, especially when inorganic analytes are of concern. 

6.1.2 The column must be of sufficient volume to accommodate a minimum of 300 g 
dry material plus a 1-cm layer of silica sand (20-30 mesh) used at the bottom of the column to 
distribute eluent flow and at the top of the column to form a coarse filter for eluate particulates. 

6.1.3 The column must have end cap materials that form a leak-proof seal and that can 
withstand pressures, such as encountered when pumping eluent through the column. 
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6.2 Eluent feed stock container – Resealable bottle or other container, constructed of inert 
material, capable of withstanding extreme pH conditions and interaction with any constituents of 
interest (see guidance in Sec. 6.1.2) 

6.3 Eluent feed tubing – 2-mm or similarly small ID tubing composed of chemically inert 
material such as PVC or equivalent  

NOTE: Larger ID tubing may be required as a feed to the pump and manifold if a single eluent stock 
container is used to feed multiple column set-ups. 

6.4 Eluate collection bottles – Capable of assembly with column apparatus using simple water 
locks in order to prevent the intrusion of air (see Figure 2) 

6.5 20-30 mesh normal washed quartz sand

6.6 Balance – Capable of 0.01 g resolution for masses less than 500 g  

6.7 Filtration apparatus – Pressure or vacuum filtration apparatus composed of appropriate 
materials so as to maximize the collection of extracts and minimize loss of the COPCs (e.g., Nalgene 
#300-4000 or equivalent) (see Sec. 6.1) 

6.8 Filtration membranes – Composed of hydrophilic polypropylene or equivalent material with 
an effective pore size of 0.45 m (e.g., Gelman Sciences GH Polypro #66548 from Fisher Scientific or 
equivalent)

6.9 pH meter – Laboratory model with the capability for temperature compensation (e.g., 
Accumet 20, Fisher Scientific or equivalent) and a minimum resolution of 0.1 pH units 

6.10 pH combination electrode – Composed of chemically resistant materials

6.11 Conductivity meter – Laboratory model (e.g., Accumet 20, Fisher Scientific or equivalent), 
with a minimum resolution of 5% of the measured value

6.12 Conductivity electrodes – Composed of chemically resistant materials

7.0 REAGENTS AND STANDARDS 

7.1 Reagent-grade chemicals, at a minimum, should be used in all tests. Unless otherwise 
indicated, all reagents should conform to the specifications of the Committee on Analytical Reagents of 
the American Chemical Society (ACS), where such specifications are available. Other grades may be 
used, provided the reagent is of sufficiently high purity to permit use without lessening the accuracy of 
the determination. Inorganic reagents and extracts should be stored in plastic to prevent interaction of 
constituents from glass containers. 

7.2 Reagent water – Reagent water must be interference free.  All references to water in this 
method refer to reagent water unless otherwise specified.

7.3 Calcium chloride (1.0 mM), CaCl2 – Prepared by dissolving 0.11 g of ACS grade (or better) 
solid calcium chloride in 1 L of reagent water
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8.0 SAMPLE COLLECTION, PRESERVATION, AND STORAGE 

8.1 See Chapter Three, "Inorganic Analytes," and Chapter Four, "Organic Analytes," for 
sample collection and preservation instructions.

8.2 All samples should be collected using an appropriate sampling plan. 

8.3 All containers should be composed of materials that minimize interaction with solution 
COPCs.  For further information, see Chapters Three and Four. 

8.4 Preservatives should not be added to samples before extraction. 

8.5 Samples can be refrigerated, unless refrigeration results in an irreversible physical change 
to the sample.

8.6 Analytical extracts should be preserved according to the guidance given in the individual 
determinative methods for the COPCs. 

8.7 Extract holding times should be consistent with the aqueous sample holding times 
specified in the determinative methods for the COPCs. 

9.0 QUALITY CONTROL 

9.1 Refer to Chapter One for guidance on quality assurance (QA) and quality control (QC) 
protocols. When inconsistencies exist between QC guidelines, method-specific QC criteria take 
precedence over both technique-specific criteria and Chapter One criteria, and technique-specific QC 
criteria take precedence over Chapter One criteria. Any effort involving the collection of analytical data 
should include development of a structured and systematic planning document, such as a quality 
assurance project plan (QAPP) or a sampling and analysis plan (SAP), which translates project 
objectives and specifications into directions for those who will implement the project and assess the 
results. 

Each laboratory should maintain a formal QA program. The laboratory should also maintain 
records to document the quality of the data generated. Development of in-house QC limits for each 
method is encouraged.  Use of instrument-specific QC limits is encouraged, provided such limits will 
generate data appropriate for use in the intended application.  All data sheets and QC data should be 
maintained for reference or inspection. 

9.2 In order to demonstrate the purity of reagents, at least one eluent blank should be tested.
If multiple batches of eluent are employed, one eluent blank from each batch should be analyzed. 

9.3 The analysis of extracts should follow appropriate QC procedures, as specified in the 
determinative methods for the COPCs.  Refer to Chapter One for specific QC procedures.

9.4 Unless the "as-received" samples are part of a time-dependent (e.g., aging) study, solid 
materials should be processed and tested within one month of their receipt. 

9.5 Initial demonstration of proficiency (IDP)
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Leachate methods are not amenable to typical IDPs when reference materials with known 
values are not available.  However, prior to using this method an analyst should have documented 
proficiency in the skills required for successful implementation of the method. For example, skill should 
be demonstrated in the use of an analytical balance, the determination of pH using Methods 9040 and
9045, and the determination of conductance using Method 9050. 

10.0 CALIBRATION AND STANDARDIZATION 

10.1 The balance should be calibrated and certified, at a minimum, annually or in accordance 
with laboratory policy.

10.2 Prior to measurement of eluate pH, the pH meter should be calibrated using a minimum 
of two standards that bracket the range of pH measurements.  Refer to Methods 9040 and 9045 for 
additional guidance.

10.3 Prior to measurement of eluate conductivity, the meter should be calibrated using at least 
one standard at a value greater than the range of conductivity measurements.  Refer to Method 9050
for additional guidance.

11.0 PROCEDURE 

A flowchart for the method procedure is presented in Figure 1. Microsoft Excel® data templates 
are available to aid in collecting and archiving of laboratory and analytical data.2

11.1 Preparatory procedures – Particle size reduction (if required) 

11.1.1 In this method, particle size reduction is used to prepare large-grained samples 
for the column test so that the approach toward liquid-solid equilibrium is enhanced and fluid 
channeling along column walls is minimized. The maximum particle size of the solid should 
1/20 of the column diameter. For the column recommended in this method, a maximum particle 
size of 2.5 mm is acceptable.  Therefore, 85% of the test material should pass through a 2.38-
mm (U.S. No. 8) sieve. If less than 15% of the solid material is larger than the maximum 
acceptable particle size, this fraction of the solid may be excluded from the material tested, 
rather than particle size-reduced. The mass and nature of the discarded fraction should be 
documented. 

11.1.2 Particle size reduction of an "as received" sample may be achieved through 
crushing, milling, or grinding with equipment made from chemically inert materials. During the 
reduction process, care should be taken to minimize the loss of sample and potentially volatile 
constituents in the sample. 

11.1.3 If the moisture content of the "as received" material is greater than 15% (wet 
basis), air drying or desiccation may be necessary.  Oven drying is not recommended for the 

                                               
2 These Excel® templates form the basis for uploading method data into the data management program, 

LeachXS Lite™.  Both the data templates and LeachXS Lite™ are available at  http://vanderbilt.edu/leaching. 
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preparation of test samples due to the potential for mineral alteration and volatility loss.  In all 
cases, the moisture content of the "as received" material should be recorded.

NOTE: If the solid material is susceptible to interaction with the atmosphere (e.g., carbonation,
oxidation), drying should be conducted in an inert environment.

11.1.4 When the material seems to be of a relatively uniform particle size, calculate the 
percentage less than the sieve size as follows: 

%100
M

MPassing%
total

sieved

Where: Msieved = mass of sample passing the sieve (g)
Mtotal = mass of total sample (g) (e.g., Msieved + mass not passing sieve)

11.1.5 The fraction retained by the sieve should be recycled for further particle size 
reduction until at least 85% of the initial mass has been reduced below the designated 
maximum particle size.  Calculate and record the final percentage passing the sieve and the 
designated maximum particle size.  For the uncrushable fraction of the "as-received" material, 
record the fraction mass and nature (e.g., rock, metal or glass shards, etc).

11.1.6 Store the size-reduced material in an airtight container in order to prevent 
contamination via gas exchange with the atmosphere.  Store the container in a cool, dark, and 
dry place prior to use.

11.2 Determination of solids and moisture content 

11.2.1 In order to provide the dry mass equivalent of the "as-tested" material, the solids 
content of the subject material should be determined. Often, the moisture content of the solid 
sample is recorded.  In this method, the moisture content is determined and recorded on the 
basis of the "wet" or "as-tested" sample.

WARNING: The drying oven should be contained in a hood or otherwise properly ventilated.
Significant laboratory contamination or inhalation hazards may result when drying 
heavily contaminated samples.  Consult the laboratory safety officer for proper handling 
procedures prior to drying samples that may contain volatile, hazardous, flammable, or 
explosive materials.

11.2.2 Place a 5 to10-g sample of solid material into a tared dish or crucible.  Dry the 
sample to a constant mass at 105 ± 2 °C.  Check for constant mass by returning the dish to the 
drying oven for 24 hours, cooling to room temperature in a desiccator and re-weighing.  The two 
mass readings should agree within the larger of 0.2% or 0.02 gram.

NOTE: The oven-dried sample is not used for the extraction and should be properly disposed 
once the dry mass is determined.

11.2.3 Calculate and report the solids content as follows: 
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test

dry

M
M

SC

Where: SC = solids content of "as-tested" material (g-dry/g)
Mdry = mass of dry material specified in the method (g-dry)
Mtest = mass of "as-tested" solid equivalent to the dry-material mass (g) 

11.2.4 Calculate and report the moisture content (wet basis) as follows: 

test

drytest
wet M

MM
MC

Where: MCwet = moisture content on a wet basis (gH2O/g)
Mdry = mass of dry material specified in the method (g-dry)
Mtest = mass of "as-tested" solid equivalent to the dry-material mass (g)

11.3 Apparatus preparation 

11.3.1 Prepare the column test apparatus as depicted in Figure 2. Eluent feed should 
be directed through the lower end cap and upwards into the column to minimize air retention in 
the packed bed and fluid channeling along the column walls.

NOTE: When solid samples may be affected by dissolved oxygen in the feed stock, an inert gas 
(e.g., nitrogen or argon) may be bubbled through the feed solution to displace oxygen or 
used to purge the headspace above the feed solution. 

NOTE: When alkaline or other air-sensitive eluates are expected, the vapor space of empty 
collection bottles may be purged with an inert gas (e.g., nitrogen or argon) prior to eluate 
collection. 

11.4 Column packing

11.4.1 The column is packed with test material surrounded by layers of quartz sand at 
the top and bottom of the column to provide flow pattern regulation and coarse filtration.

NOTE: The following procedure describes the packing of the column from starting at the outflow 
(top) of the column and ending with the inflow (bottom) of the column. This is done to 
allow for a wider layer of quartz sand on the inflow side in cases where less than a full 
column of test material is available.  The column is inverted prior to assembly into the 
leaching apparatus and initial wetting. 

11.4.2 Record the mass of the empty column with end caps and any tubing leads or 
valves that would be needed to completely separate the column, which may include both solid 
material and water, from the entire apparatus. 

11.4.3 Secure one end cap to the outflow side of the column and invert the column and 
end cap so that the outflow side of the column is facing downward.
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11.4.4 Place an approximately 1-cm thick layer of quartz sand (Sec. 6.5) on the outflow 
side of the column using a small scoop or spoon. Record the mass of the column and sand 
layer. Level the sand layer by tapping the sides of the column. 

11.4.5 Pack the main body of the column with a minimum 300-g dry-mass equivalent of 
"as-tested" sample in approximately five layers with light tamping with a glass or plastic rod to 
level the material between layers. When enough test material is available to produce a full 
column, the top of the packed sample should be approximately 1 cm from the level of the 
column interface with the inflow end cap (the end facing upwards). Record the mass of the 
column, lower sand layer, and "as-tested" sample. 

11.4.6 Place a layer of sand to fill the remaining gap between the sample packing and 
the interface between the column and inflow end cap. When enough test material is available to 
pack a full column, the sand layer at the inflow end of the column should be approximately 1 cm.  
This gap may be larger if less test material is used.  Record the total mass of the completely
packed column. 

11.4.7 Secure the inflow end cap.  Invert the column so that the inflow end of the 
column is downward prior to inserting the column into the leaching apparatus.

11.4.8 Calculate the "as-tested" mass of the sample packing by subtracting the mass of 
the column and lower sand layer (Sec. 11.4.4) from the mass of the column, sand layer and 
packing (Sec. 11.4.5). 

11.4.9 Calculate the dry mass equivalent packed of "as-tested" sample into the column 
using the solids content as follows: 

testdry MSCM

Where: Mdry = dry-mass equivalent of sample in column (g-dry)
SC = solids content (g-dry/g)
Mtest = mass of "as-tested" solid equivalent to the dry-material mass (g) 

11.5 Pump setup 

11.5.1 Prior to the start of the test, set the flow rate of the pump to a value that will 
provide an eluate production rate of 0.75 ± 0.25 L/S per day. For example, given a dry-mass 
equivalent of 300 g-dry, an L/S of 0.75 mL/g-dry would translate to a volume of 225 mL/g-dry, in 
which case the pump should be set to a flow rate of 225 mL (0.75 L/S) per day. 

11.5.2 Prime the tubing with eluent  

11.5.2.1 Detach the inlet tubing from the bottom of the column and place the 
open end into a waste container. 

11.5.2.2 Turn on the pump and allow the inlet tubing to fill with eluent.  Remove 
any air bubbles trapped in the inlet tubing. 
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11.5.2.3 When the inlet tubing is full with eluent, stop the pump and reconnect 
the tubing to the bottom of the column. 

11.6 Eluent collection schedule 

11.6.1 Table 2 provides a schedule of fraction end-point L/S, interval L/S, and eluate 
fraction volumes for collection, assuming a dry-mass equivalent of 300 g-dry. The minimum 
volume of each collection bottle should be scaled so as to capture the entire eluate fraction. 

11.6.2 Using the assumed pump rate and the dry mass equivalent of the sample, 
estimate the durations of column testing required to reach the target eluate collection L/S shown 
in Table 2 as follows:

i

idry
i R

L/SM
T

Where: Ti = target time from start for collection of eluent fraction, i (day)
Mdry = dry-mass equivalent of sample in column (g-dry)

SL / = target cumulative L/S for interval i from Table 1 (mL/g-dry)

Ri = pump rate assumed for interval, i (mL/day)

Alternatively, use the Microsoft Excel® spreadsheet template available at 
http://www.vanderbilt.edu/leaching/downloads/test-methods/ to develop the schedule of target 
collection times. 

NOTE: The schedule of predicted collection times is for reference purposes only. Typically, the 
eluate collection rate is slower that predicted initially, due in part to pump inefficiency,
back pressure, and dead-volume lag times. The decision to switch collection bottles 
should be made based on the volume of eluate collected with time. The schedule may 
be revised with each eluate fraction collected, so that the prediction of future collections 
may be more accurate. Pump flow rate adjustment may be necessary. 

11.6.3 After each eluate collection, calculate the time required to reach the next 
collection time using the equation in 11.6.2 and the pump rate calculated from the previous 
collection interval.

NOTE: If eluate volumes other than those calculated for the fraction volume (i.e., T01, T02, etc.)
are collected (e.g., manual collection will have inherent errors in the collection volumes),
the cumulative L/S may quickly become out of alignment with the tolerances shown in 
Table 2. If this happens or appears to be likely, adjustments to the collection volumes 
for the two large collection fractions (i.e., T06 and T08) can be made in order to bring the 
cumulative L/S for subsequent collection intervals back in line with tolerances. The 
objective is to maintain the cumulative L/S target values for fractions T07 and T09. The 
Excel® data template available with LeachXS Lite™ can be helpful in maintaining target
L/S ratios if updated after each collection interval.  However, throughout the test, the 
user should ensure that the minimum eluate volume required for the chosen chemical 
analyses is collected.
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11.7 Column test procedure – Column/eluent equilibration 

11.7.1 Turn on the pump and allow the column to fill with eluent, thus wetting the 
column packing. 

11.7.2 When the column packing is completely wetted and the eluent level is even with 
the top of the column (or just beginning to be seen through the effluent tubing at the top of the 
column apparatus), stop the pump and allow the column to equilibrate for 21 ± 3 hours. 

11.8 Column test 

11.8.1 Following equilibration, begin the column test by starting the pump and 
recording the date and time. 

NOTE: The eluate production rate should be monitored frequently during the column test and 
the pump rate adjusted, such that the eluate production rate is maintained at
approximately 0.75 ± 0.25 L/S per day. 

11.8.2 When the eluate fraction has reached the target volume according to the 
predicted collection schedule, release the Luer lock connecting the active collection bottle and 
attach the eluent tubing to a new collection bottle. 

NOTE: Alkaline eluate solutions may be susceptible to neutralization due to carbon dioxide 
uptake.  When materials with alkaline pH are tested, precautions (e.g., purging collection bottles with 
inert gas) should be taken to prevent contact of the eluate with air.

11.9 Eluate processing 

11.9.1 Decant a minimum volume (approximately 5 mL) of the eluate fraction from the 
collection vessel in order to measure the solution characteristics. 

11.9.2 Measure and record the pH, specific conductivity, and oxidation-reduction
potential (ORP) of the eluate (see Methods 9040, 9045 and 9050). 

NOTE: Measurement of pH, conductivity, and ORP should be taken within 15 minutes of eluate 
processing (Sec. 11.9.1) to avoid neutralization of the solution due to exposure to carbon 
dioxide, especially when alkaline materials are tested.

NOTE: The measurement of ORP is optional, but strongly recommended, especially when 
testing materials where oxidation is likely to change the LSP of COPCs.

11.9.3 Separate any suspended particulates from the remaining liquid in the collection 
bottle by pressure or vacuum filtration through a 0.45- m filtration membrane (Sec. 6.8). 

NOTE: If either low volatility organic species or mercury is a COPC, pressure filtration is
recommended over vacuum filtration in order to minimize volatility losses. 

11.9.4 Immediately preserve and store the volume(s) of eluate required for chemical 
analysis.  Preserve all analytical samples in a manner that is consistent with the determinative 
chemical analyses to be performed. 
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11.10 Reiterate Secs. 11.8.2 - 11.9.4 until nine eluate fractions are collected up to an L/S of 10
± 0.2 mL/g-dry. 

NOTE: The complete method requires that all nine eluate fractions be collected from the column.
However, for purposes of limiting chemical analysis or index testing where interpretation may be
based on cumulative release from the column, eluate fractions may be composited by volume-
weighted averaging to create a single analytical sample from multiple eluate fractions (see Sec 
11.11). 

11.11 Analytical sample preparation options 

This method allows for options in the preparation of analytical samples based on the detail of 
characterization required (e.g., complete, limited or index) and the basis for data reporting (e.g., 
concentration or cumulative release). However, the complete set of nine eluate fractions must be 
collected in all cases. 

11.11.1 Table 1 shows the analytical preparation scheme for Options A-E described in 
the following sections. Each composite sample may be created either by combining the total 
eluate volumes and preserving the total sample for analysis; or combining aliquots of two eluate 
fractions using volume-weighted averages. However, it is recommended that composite 
analytical samples be prepared using aliquots of eluate fractions whenever possible, rather than 
whole eluate fractions.  This approach allows for potential analysis of discrete eluate fractions, if 
desired, at a later date. 

11.11.1.1 Option A – This sample preparation option is used for complete 
characterization and includes analysis of all eluate fractions. Since the entire cumulative 
release curve is captured in nine discrete fractions, reported data may be based on 
either eluate concentrations or cumulative release. 

11.11.1.2 Option B – This sample preparation option is used only for limited 
analyses based on eluate concentration. Six discrete eluate fractions are analyzed.
Data obtained using this option cannot be used for cumulative release since there are 
sections of the cumulative release curve not analyzed. 

11.11.1.3 Option C – This sample preparation option is used only for limited 
analysis based on cumulative release. Six analytical samples are created from three
discrete eluate fractions and three composite samples. In the scheme shown in Table 1,
the following fractions are composited: 

T04 and T05 

T06 and T07 

T08 and T09 

11.11.1.4 Option D – This sample preparation option is used only for index 
testing based on eluate concentration. Three discrete eluate fractions are analyzed.
Data obtained using this option cannot be used for cumulative release since there are 
sections of the cumulative release curve not analyzed. 
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11.11.1.5 Option E – This sample preparation option is used only for index 
testing based on cumulative release. Three analytical samples are created from one 
discrete eluate fraction and two composite samples. In the scheme shown in Table 1,
the following fractions are composited: 

T02, T03, T04, and T05 

T06, T07, T08, and T09 

11.11.2 Volume-weighted composites 

11.11.2.1 The volume of aliquots of eluate fractions for composite analytical 
samples may be calculated using the Excel template provided or the following formula: 

samplen

i
i

i
i V

F

FV

Where: Vi = the volume of an aliquot from eluate fraction, i (mL)
Fi = the collected volume of eluate fraction, i (mL)
Vsample = the total volume of the analytical sample (mL)
n = total number of eluate fractions to be composited

As an illustration of volume-weighted averaging, eluate fraction aliquots are 
calculated as required to create an analytical sample by compositing eluate fractions 
T06 through T09 for index testing based on cumulative release. The calculation follows 
the example volumes shown in Table 2 and assumes that an analytical sample volume
of 100 mL is required. 

mL2100mL150mL1350mL150mL450FFFFF T09T08T07

n

i
T06i

mL21.5mL100
mL2100

mL450V
F

FV samplen

i
i

T06
T06
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F
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i
i
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F
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i
i

T08
T08

mL7.1mL100
mL2100

mL150V
F
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i
i
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mL100.0mL7.1mL64.3mL7.1mL21.5VVVVV T09T08T07T06sample

R000048



1314 - 17 Revision 1
July 2017

NOTE: The above illustration uses example eluate fraction volumes based on interval 
L/S ratios and an assumed test material mass. When calculating the aliquots of 
collected eluate fractions for composite samples, the actual collected fraction 
volumes should be used. 

12.0 DATA ANALYSIS AND CALCULATIONS (Excel® template3)

12.1 Data reporting 

12.1.1 Figure 3 shows an example of a data sheet that may be used to report the 
concentration results of this method. At a minimum, the basic test report should include the 
following:

a) Name of the laboratory 
b) Laboratory technical contact information 
c) Date and time at the start of the test  
d) Name or code of the solid material 
e) Particle size (85 wt% less than designated particle size)
f) Packed bed dimensions (column ID and bed depth (cm)) 
g) Mass of solid material in column packing 
h) Moisture content of solid material packed in column (gH2O/g) 

i) Eluate specific information (see Sec. 12.1.2 below)

12.1.2 The minimum set of data that should be reported for each eluate includes: 

a) Eluate sample ID 
b) Eluate collection date and time 
c) Amount of eluate collected (mass or volume) 
d) Measured eluate pH
e) Measured eluate conductivity (mS/cm) 
f) Measured ORP (mV) (optional) 
g) Concentration of all COPCs 
h) Analytical QC qualifiers as appropriate 

12.2 Data Interpretation (optional) 

12.2.1 Concentration as a function of L/S

                                               
3 Excel® data templates are provided to aid in collection and archiving of laboratory and analytical data.  

These templates form the basis for uploading method data into the data management program, LeachXS Lite™.
Both the data templates and LeachXS Lite™ are available at  http://vanderbilt.edu/leaching.
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12.2.1.1 A curve of the eluate concentration as a function of L/S can be 
generated for each COPC after chemical analysis of all extracts by plotting the 
constituent concentration in the liquid phase as a function of the cumulative collected L/S
ratio. The curve indicates the nominal equilibrium concentration of the constituent of 
interest as a function of L/S from 0 to 10 mL/g-dry at natural pH. An example curve is 
provided in Figure 4. 

12.2.1.2 The lower limit of quantitation (LLOQ) of the determinative method for 
each COPC may be shown as a horizontal line.  COPC concentrations below this line 
indicate negligible or non-quantitative concentrations.

NOTE: The LLOQ is highly matrix dependent and should be determined as part of a 
QA/QC plan.  

12.3 Cumulative release as a function of L/S

12.3.1 The cumulative mass release of a COPC per unit solid material may be 
calculated as follows: 

9

1i
1iiii SLSLC

Where: iM = the cumulative mass release through interval i (mg/kg-dry) 
Ci = the concentration of the COPC in the eluent collected during interval i (mg/L)

iSL = the cumulative L/S of eluate collected through interval i (L/kg-dry)

1iSL = the cumulative L/S of eluate collected through interval i-1 (L/kg-dry) 

12.3.2 Prepare a curve of the cumulative mass release generated for each COPC by 
plotting the cumulative mass release calculated in Sec. 12.3.1 as a function of the cumulative 
collected L/S. This curve provides an interpretation of the cumulative mass expected to be 
leached from a column of material as a function of L/S percolating through the column. 

12.3.3 A comparison of the slope of the mass release curve to a unity slope, which is 
indicative of solubility-controlled release, may be made by plotting the cumulative mass release 
calculated in Sec. 12.3.1 versus the logarithm of the cumulative collected L/S. An example is 
provided in Figure 5. 

12.4 Interpolation/extrapolation to target L/S values

The collected L/S dependence data may be interpolated or extrapolated to the nearest target 
L/S value for purposes of comparing different data sets (e.g., test replicates of the same or different 
materials).  The most transparent and straightforward method is linear interpolation/extrapolation of 
data after log10 transformation.

12.4.1 Log10 transformation

Collected concentration values are transformed by taking the log10 of the measured 
concentration at each test position, i:

I 
I 

I I 
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)(clogC i10i

Where: Ci = log10-transformed concentration at test position i (log10[mL/g-dry])
ci = the concentration measured at test position i (mg/L)

12.4.2 Linear interpolation/extrapolation

Given a set of coordinate data { ( L/Si ,Ci) : i = 1,...n } sorted by increasing order 
according to L/S value (e.g., L/S1 < L/S2 < ··· < L/Sn), an interpolated/extrapolated log10-
transformed concentration at a known L/S target is calculated as:

TT SLb /aC TT

Where: CT = the concentration at target L/S value, L/ST (log10[mg/L])
aT and bT are coefficients of the linear interpolation/extrapolation equation

L/ST = a target pH value

Depending on the values of observed L/S values relative to target L/S values, the 
calculations of the coefficients aT and bT in the equation may differ according to the following 
algorithm:

If L/ST < L/S1, then bT = (C2 1) / ( L/S2 – L/S1) and aT = C2 T· L/S2 (extrapolation from the two 
points with closest L/S values);

If L/ST L/Sn, then bT =(Cn ) / ( L/Sn L/S ) and aT = Cn T· L/Sn (extrapolation from the 
two points with closest L/S values);

If L/S L/ST < L/Sj , then bT = (Cj ) / ( L/Sj L/S )and aT = yj T· L/Sj (interpolation from 
the two closest points surrounding L/ST).

NOTE: Interpolation or extrapolation of data should only be conducted within a distance of ±20% 
of the target L/S value.  Since the allowable L/S tolerance about a target L/S value is 
variable (see Table 2), interpolation/extrapolation should not create data at a target L/S
value where collected data is missing.

13.0 METHOD PERFORMANCE 

13.1 Performance data and related information are provided in SW-846 methods only as 
examples and guidance. The data do not represent required performance criteria for users of the 
methods. Instead, performance criteria should be developed on a project-specific basis, and the 
laboratory should establish in-house QC performance criteria for the application of this method.
Performance data must not be used as absolute QC acceptance criteria for purposes of laboratory QC 
or accreditation.

13.2 Interlaboratory validation of this method was conducted using a contaminated smelter site 
soil (material code CFS) and a brass foundry sand (material code JaFS).  Repeatability and 
reproducibility were determined at an L/S of 10 mL/g-dry for eluate concentration (see Table 3) and for
cumulative mass released (see Table 4).  More details on the interlaboratory validation may be found in 
Ref. 1. 
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13.3 Ref. 2 and Ref. 4 may provide additional guidance and insight on the use, performance, 
and application of this method.

14.0 POLLUTION PREVENTION 

14.1 Pollution prevention encompasses any technique that reduces or eliminates the quantity 
and/or toxicity of waste at the point of generation. Numerous opportunities for pollution prevention exist 
in laboratory operations. The EPA has established a preferred hierarchy of environmental 
management techniques that places pollution prevention as the management option of first choice.
Whenever feasible, laboratory personnel should use pollution prevention techniques to address their 
waste generation.  When wastes cannot be feasibly reduced at the source, the Agency recommends 
recycling as the next best option. 

14.2 For information about pollution prevention that may be applicable to laboratories and 
research institutions consult Less is Better: Laboratory Chemical Management for Waste Reduction, a 
free publication available from the ACS, Committee on Chemical Safety,
https://www.acs.org/content/dam/acsorg/about/governance/committees/chemicalsafety/publications/les
s-is-better.pdf.

15.0 WASTE MANAGEMENT 

The EPA requires that laboratory waste management practices be conducted consistent with all 
applicable rules and regulations. Laboratories are urged to protect air, water, and land by minimizing 
and controlling all releases from hoods and bench operations, complying with the letter and spirit of any 
sewer discharge permits and regulations, and by complying with all solid and hazardous waste 
regulations, particularly the hazardous waste identification rules and land disposal restrictions. For 
further information on waste management, consult The Waste Management Manual for Laboratory 
Personnel available at: http://www.labsafetyinstitute.org/FreeDocs/WasteMgmt.pdf.
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17.0  TABLES, DIAGRAMS, FLOWCHARTS, AND VALIDATION DATA 

The following pages contain the tables and figures referenced by this method.  
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TABLE 2

SCHEDULE OF ELUATE FRACTIONS FOR COLLECTION WITH EXAMPLE VOLUMES

Interval
Label

End Point
L/S 

(mL/g-dry)

Fraction L/S 
(mL/g-dry)

Example
Fraction

Volume (mL)

T01 0.2 ± 0.1 0.2 60
T02 0.5 ± 0.1 0.3 90
T03 1.0 ± 0.1 0.5 150
T04 1.5 ± 0.2 0.5 150
T05 2.0 ± 0.2 0.5 150
T06 4.5 ± 0.3 2.5 750
T07 5.0 ± 0.2 0.5 150
T08 9.5 ± 0.3 4.5 1350
T09 10.0 ± 0.2 0.5 150
B01 Eluent N/A 100

NOTE:  Example fraction volumes based on assumed 
packing mass of 300 g-dry
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FIGURE 1 

METHOD FLOWCHART
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FIGURE 2

SCHEMATIC OF COLUMN TEST APPARATUS

NOTE:  Figure not drawn to scale
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FIGURE 3

EXAMPLE DATA REPORT FORMAT

ABC Laboratories 
123 Main Street 
Anytown. USA 

Contact: John Smith 
(555) 111-11 11 

Material Code: XYZ 

EPA METHOD 1314 
Report of Analysis 

Client Contact: Susan Jones 
(555) 222-2222 

Particle Size: 
Material Type: 

Date Received: 
Coal Combustion Fly Ash 
10/1/20xx 

Mass used in Column: 
Moisture Content: 

88% passing 2-mm sieve 
360 g 
0.002 g..,olg 
4.8cm 
28cm 

Test 
Position 

T01 

Test 
Position 

T02 

Test Date: 11 /1 /20xx 
Report Date: 12/1/20xx 

Replicate Value Units 

A 

Eluate Sample ID XYZ-1314-T01-A 
Collection Date 11/1/20xx 

Collection Time 12:35 PM 

Eluate Mass 70.4 g 

Eluate pH 8.82 

Eluate Conductivity 5.4 mS/c 

Eluate ORP NA mv 

Chemical Anallsis Value Units 
Al 4.72 mg/L 
As 0.12 mg/L 
Cl 5.42 mg/L 

Replicate Value Units 

A 

Eluate Sample ID XYZ-1314-T02-A 

Collection Date 11/1/20xx 

Collection Time 9:15 AM 
Eluate Mass 105.1 g 

Eluate pH 9.15 

Eluate Conductivity 2.3 mS/c 

Eluate ORP NA mv 

Chemical Anallsis Value Units 
Al 2.99 mg/L 
As 0.21 mg/L 
Cl 4.20 mg/L 

Column ID: 
Packing Bed Depth: 

Eluent: 
Lab Temperature: 

Method 

EPA 9040 

EPA 9050 

QC 
Flag Method 

EPA 6020 
EPA 6020 
EPA 9056 

Method 

QC 
Flag Method 

EPA 6020 
EPA 6020 

u EPA 9056 

ASTM Type II Water 
21 ± 2 ·c 

Note 

Dilution 
Date Factor 

11!7/20xx 1000 
11!7/20xx 10 
11/9/20xx 1 

Note 

Dilution 
Date Factor 

11/l/20xx 1000 
11/7/20xx 10 
11/7/20xx 

QC Flag Key: u Value below lower limit of quantitation as reported (< "LLOQ") 
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FIGURE 4 

EXAMPLE ELUATE CONCENTRATION CURVES FOR COMPLETE CHARACTERIZATION 
OF A COAL COMBUSTION FLY ASH
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FIGURE 5 

EXAMPLE CUMULATIVE RELEASE CURVES FOR COMPLETE CHARACTERIZATION OF A 
COAL COMBUSTION FLY ASH

NOTE:  Dashed line represents solubility control (slope = 1).
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METHOD 13151

MASS TRANSFER RATES OF CONSTITUENTS IN MONOLITHIC OR COMPACTED GRANULAR 
MATERIALS USING A SEMI-DYNAMIC TANK LEACHING PROCEDURE

SW-846 is not intended to be an analytical training manual. Therefore, method procedures are 
written based on the assumption that they will be performed by analysts who are formally trained in at 
least the basic principles of chemical analysis and in the use of the subject technology. 

In addition, SW-846 methods, with the exception of required methods used for the analysis of 
method-defined parameters, are intended to be guidance methods that contain general information on 
how to perform an analytical procedure or technique, which a laboratory can use as a basic starting 
point for generating its own detailed standard operating procedure (SOP), either for its own general use 
or for a specific project application. Performance data included in this method are for guidance 
purposes only and must not be used as absolute quality control (QC) acceptance criteria for purposes 
of laboratory QC or accreditation. 

Table of Contents

1.0 SCOPE AND APPLICATION.......................................................................................................2

2.0 SUMMARY OF METHOD ...........................................................................................................3

3.0 DEFINITIONS ............................................................................................................................. 4

4.0 INTERFERENCES...................................................................................................................... 5

5.0 SAFETY...................................................................................................................................... 5

6.0 EQUIPMENT AND SUPPLIES .................................................................................................... 5

7.0 REAGENTS AND STANDARDS ................................................................................................. 8

8.0 SAMPLE COLLECTION, PRESERVATION, AND STORAGE..................................................... 8

9.0 QUALITY CONTROL .................................................................................................................. 8

10.0 CALIBRATION AND STANDARDIZATION ................................................................................. 9

11.0 PROCEDURE ............................................................................................................................. 9

12.0 DATA ANALYSIS AND CALCULATIONS.................................................................................. 15

13.0 METHOD PERFORMANCE...................................................................................................... 20

14.0 POLLUTION PREVENTION...................................................................................................... 20

15.0 WASTE MANAGEMENT...........................................................................................................20

16.0 REFERENCES.......................................................................................................................... 21

17.0 TABLES, DIAGRAMS, FLOWCHARTS, AND VALIDATION DATA........................................... 22

1 This method has been derived from the MT001 and MT002 procedures (Ref. 12).  The method is 
analogous to the monolithic mass transfer methods NEN 7345 (Ref. 9) developed under Dutch regulation and
CEN/TS 15863 (Ref. 13) developed for the Comité Européen de Normalisation (CEN).  
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1.0 SCOPE AND APPLICATION  

1.1 This method is designed to provide the mass transfer rates (release rates) of inorganic 
analytes contained in a monolithic or compacted granular material, under diffusion-controlled release 
conditions, as a function of leaching time. Observed diffusivity and tortuosity may be estimated through 
analysis of the resulting leaching test data. 

1.2 This method is suitable to a wide range of solid materials which may be in monolithic form 
(e.g., cements, solidified wastes) or may be compacted granular materials (e.g., soils, sediments and
stacked granular wastes) which behave as a monolith, in that the predominant water flow is around the 
material and release is controlled by diffusion to the boundary. The method is not required by federal 
regulations to determine whether waste passes or fails the toxicity characteristic as defined at 40 CFR 
261.24. 

1.3 This leaching characterization method provides intrinsic material parameters for release of 
inorganic species under mass transfer controlled leaching conditions. This test method is intended as a 
means for obtaining a series of eluents which may be used to estimate the diffusivity of constituents 
and physical retention parameters of the solid material under specified laboratory conditions. 

1.4 This method is not applicable to characterize the release of organic analytes with the 
exception of general dissolved organic carbon. 

1.5 This method is a characterization method and does not provide a solution considered to 
be representative of eluate under field conditions. This method is similar in structure and use to 
predecessor methods such as MT001.1 (see Ref. 12), NEN 7345 (see Ref. 9), ANSI/ANS 16.1 (see
Ref. 15), and ASTM C1308 (see Ref. 11). However, this method differs from previous methods in that:  
1) leaching intervals are modified to improve QC; 2) sample preparation accounts for mass transfer 
from compacted granular samples; and, 3) mass transfer may be interpreted by more complex release 
models that account for physical retention of the porous medium and chemical retention at the pore wall 
through geochemical speciation modeling. 

1.6 The geometry of monolithic samples may be rectangular (e.g., bricks or tiles), cubes, 
wafers or cylinders. Samples may also have a variety of faces exposed to eluent, forming anything 
from 1-dimensional (1-D) through 3-dimensional (3-D) mass transfer cases. In all cases, a minimum 
sample size of 5 cm in the direction of mass transfer must be employed and the liquid-surface-area 
ratio (L/A) must be maintained at 9 ± 1 mL/cm2. 

Monolithic samples should be suspended or held in the leaching fluid such that at least 98% of 
the entire sample surface area is exposed to eluent and the bulk of the eluent (e.g., a minimum of 2 cm 
between any exposed surface and the vessel wall) is in contact with the exposed sample surface.
Figure 1 provides examples of appropriate sample holders and leaching configurations for 3-D and 1-D
cases. 

1.7 Compacted granular materials are granular solids, screened to pass through a 2-mm 
sieve, compacted following a modified Proctor compaction effort (see Ref. 10). The sample geometry 
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must be open-faced cylinders due to limitations of mechanical packing.  However, the diameter and 
height of the sample holder may be altered to correspond appropriately with the diameter and volume 
of the leaching vessel. In all cases, the sample size of at least 5 cm in the direction of mass transfer 
must be employed and the L/A must be maintained at 9 ± 1 mL/cm2. 

The sample should be positioned at the bottom of the leaching vessel with a minimum of 5 cm 
of distance between the solid-liquid interface and the top of the vessel. The distance between the non-
leaching faces (i.e., outside of the mold surfaces) and the leaching vessel wall should be minimized to 
< 0.5 cm, such that the majority of the eluent volume is on top of the sample. Figure 2 shows an 
example of a holder and leaching configuration for a compacted granular sample.

1.8 The solvent system used in this characterization method is reagent water. Other systems 
(e.g., groundwater, seawater, and simulated liquids) may be used to infer material performance under 
specific environmental conditions.  However, interaction between the eluent and the solid matrix may 
result in precipitation and pore blocking, which may interfere with characterization or complicate data 
interpretation. 

1.9 Prior to employing this method, analysts are advised to consult the base method for each 
type of procedure that may be employed in the overall analysis (e.g., Methods 9040, 9045 and 9050,
and the determinative methods for the target analytes) for additional information on QC procedures, 
development of QC acceptance criteria, calculations, and general guidance. Analysts also should 
consult the disclaimer statement at the front of the manual and the information in Chapter Two for: 1)
guidance on the intended flexibility in the choice of methods, apparatus, materials, reagents, and 
supplies; and, 2) the responsibilities of the analyst for demonstrating that the techniques employed are 
appropriate for the analytes of interest, in the matrix of interest, and at the levels of concern. 

In addition, analysts and data users are advised that, except where explicitly specified in a 
regulation, the use of SW-846 methods is not mandatory in response to federal testing requirements.
The information contained in this method is provided by the Environmental Protection Agency (EPA or 
the Agency) as guidance to be used by the analyst and the regulated community in making judgments 
necessary to generate results that meet the data quality objectives for the intended application. 

1.10 This method is restricted to use by, or under supervision of, properly experienced and 
trained personnel. Each analyst must demonstrate the ability to generate acceptable results with this 
method. 

2.0 SUMMARY OF METHOD 

This method comprises leaching of continuously water-saturated monolithic or compacted 
granular material in an eluent-filled tank with periodic renewal of the leaching solution. The vessel and 
sample dimensions are chosen such that the sample is fully immersed in the leaching solution.
Monolithic samples may be cylinders or parallelepipeds, while granular materials are compacted into 
cylindrical molds at optimum moisture content using modified Proctor compaction methods (see Ref. 
10). In either case, the exposure of a regular geometric area to the eluent is recommended. Samples 
are contacted with reagent water at a specified L/A.  The leaching solution is exchanged with fresh 
reagent water at nine pre-determined intervals (see NOTE below).  The sample is freely drained and 
the mass is recorded to monitor the amount of eluent absorbed into the solid matrix at the end of each 
leaching interval. The eluate pH and specific conductance is measured for each time interval and 
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analytical samples are collected and preserved accordingly based on the determinative methods to be 
performed.  Eluate concentrations are plotted as a function of time, as a mean interval flux, and as a 
cumulative release as a function of time. These data are used to estimate mass transfer parameters 
(i.e., observed diffusivity) for each constituent of potential concern (COPC).  A flowchart for performing 
this method is shown in Figure 3. 

NOTE: The leaching schedule may be extended for additional exchanges with individual intervals of 14 
days to provide more information about longer-term release.

3.0 DEFINITIONS 

3.1 Constituent of potential concern (COPC) – A chemical species of interest, which may or 
may not be regulated, but may be characteristic of release-controlling properties of the sample 
geochemistry.

3.2 Release – The dissolution or partitioning of a COPC from the solid phase to the aqueous 
phase during laboratory testing (or under field conditions).  In this method, mass release is expressed 
in units of mg COPC/kg dry solid material.

3.3 Liquid-to-surface area ratio (L/A) – The ratio representing the total liquid volume used in 
the leaching interval to the external geometric surface area of the solid material.  L/A is typically 
expressed in units of mL of eluent/cm2 of exposed surface area. 

3.4 Observed mass diffusivity – The apparent, macroscopic rate of release due to mass 
transfer from a solid into a liquid as measured using a leaching test under conditions where mass 
transfer controls release. The observed diffusivity accounts for all physical and chemical retention 
factors influencing mass transfer and is typically expressed in units of cm2/s. 

3.5 Effective mass diffusivity – The intrinsic rate of mass transfer in a porous medium 
accounting for physical retention. The effective mass diffusivity is typically expressed in units of cm2/s. 

3.6 Physical retention factor – A mass transfer rate term that describes the retardation of 
diffusion due to intrinsic physical properties of a porous medium (e.g., effective porosity, tortuosity). 

3.7 Chemical retention factor – A mass transfer rate term that describes the chemical 
processes (e.g., dissolution/precipitation, adsorption/desorption, complexation) occurring at the pore 
water interface with the solid mineral phases within the porous structure of the solid material. 

3.8 Eluent – The solution used to contact the solid material in a leaching test.  The eluent is 
usually free of COPCs but may contain other species used to control the test conditions of the 
extraction.

3.9 Eluate – The solution collected as an extract from a leaching test that contains the eluent 
plus constituents leached from the solid phase.

3.10 Refer to Chapter One and Chapter Three, and the manufacturer's instructions for 
definitions that may be relevant to this procedure. 
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4.0 INTERFERENCES 

4.1 Solvents, reagents, glassware, and other sample processing hardware may yield artifacts 
and/or interferences to sample analysis. All of these materials must be demonstrated to be free from 
interferences under the conditions of the analysis by analyzing method blanks. Specific selection of 
reagents and purification of solvents by distillation in all-glass systems may be necessary. Refer to 
each method to be used for specific guidance on QC procedures and to Chapters Three and Four for 
general guidance on glassware cleaning.  Also refer to Methods 9040, 9045, and 9050 and the 
determinative methods to be used for information regarding potential interferences.

4.2 The reaction of atmospheric gases can influence the measured concentrations of 
constituents in eluates. For example, reaction of carbon dioxide with eluents from highly alkaline or 
strongly reducing materials will result in neutralization of eluate pH and precipitation of carbonates.
Leaching vessels, especially those used when testing highly alkaline materials, should be designed to 
be airtight in order to minimize the reaction of samples with atmospheric gases. 

4.3 Use of certain solvent systems may lead to precipitation at the material surface boundary, 
which may reduce mass transport rates. For example, exposure of cement-based materials to 
seawater leads to sealing of the porous block (see Ref. 8). 

5.0 SAFETY 

5.1 This method does not address all safety issues associated with its use.  The laboratory is 
responsible for maintaining a safe work environment and a current awareness file of Occupational 
Safety and Health Administration (OSHA) regulations regarding the safe handling of the chemicals 
specified in this method.  A reference file of safety data sheets (SDSs) should be available to all 
personnel involved in these analyses.

5.2 During preparation and processing of extracts and/or eluents/eluates, some waste 
materials may generate heat or evolve potentially harmful gases when contacted with acids and bases.  
Adequate prior knowledge of the material being tested should be used to establish appropriate personal 
protection and workspace ventilation.

6.0 EQUIPMENT AND SUPPLIES 

The mention of trade names or commercial products in this manual is for illustrative purposes 
only, and does not constitute an EPA endorsement or exclusive recommendation for use. The products 
and instrument settings cited in SW-846 methods represent those products and settings used during 
the method development or subsequently evaluated by the Agency. Glassware, reagents, supplies, 
equipment, and settings other than those listed in this manual may be employed provided that method 
performance appropriate for the intended application has been demonstrated and documented. 

This section does not list common laboratory glassware (e.g., beakers and flasks) that might be 
used. 

6.1 Sample holder

--- ---
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6.1.1 Monolithic samples  

6.1.1.1 A mesh or structured holder constructed of an inert material such as 
high density polyethylene (HDPE) or other material resistant to high and low pH is 
recommended.

6.1.1.2 The holder should be designed such that at least 98% of the external 
surface area of the sample may be exposed to eluent.

6.1.1.3 The holder should be designed to match the geometry of the mass 
transfer such that the bulk of the eluent may be in contact with the sample and the 
exposed surfaces of the sample centered within the leaching fluid. 

NOTE: In the case of 1-D mass transfer from the axial face of a cylindrical sample, the 
outer diameter (OD) of the holder should be matched as closely as possible to
the inner diameter (ID) of the leaching vessel so that the majority of the eluent is 
above the sample (e.g., in contact with the exposed material surface), while 
allowing for easy placement and removal of the holder in the leaching vessel 
(see Figure 1). 

6.1.2 Compacted granular samples 

6.1.2.1 A cylindrical mold constructed of an inert material such as HDPE or 
other material resistant to high and low pH is recommended.

6.1.2.2 The holder should be capable of withstanding the compaction force 
required to prepare the sample (see Sec. 11.3) without breaking or distorting. 

NOTE: The outer diameter of the holder for a compacted granular sample should be 
matched as closely as possible to the inner diameter of the leaching vessel so 
that the majority of the eluent is above the sample (e.g., in contact with the 
exposed material surface) while allowing for easy placement and removal of the 
holder in the leaching vessel. 

6.2 Leaching vessel 

6.2.1 A straight-sided container constructed of a material resistant to high and low pH
is recommended.  Jars or buckets composed of HDPE, polycarbonate (PC), polypropylene 
(PP), or polyvinyl chloride (PVC) are recommended when evaluating the mobility of inorganic 
species. 

6.2.2 The leaching vessel should have an airtight seal that can sustain long periods of 
standing without gas exchange with the atmosphere. 

6.2.3 The container must be of sufficient volume to accommodate both the solid 
sample and an eluent volume based on an L/A of 9 ± 1 mL /cm2 sample surface area. Ideally, 
the vessel should be sized such that the headspace is minimized within the tolerance of the L/A.

6.3 Leaching setup
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Example photos of three possible leaching equipment arrangements for monolithic and 
compacted granular samples are shown in Figures 1 and 2, respectively. The equipment used in the 
each of these cases is described below.

6.3.1 Figure 1a shows a monolithic sample 3-D configuration with the following 
accessories:

Sample holder – PP sink washers, 43-mm OD, 37-mm ID, 6-mm high, with four holes 
drilled at the quadrants to accept 2-mm OD nylon string knotted at the top

Sample stand – PVC pipe, 47-mm OD, 51-mm high, cut to have four legs approximately 
8-mm wide and 30-mm high

Leaching Vessel – PP bucket, 140-mm ID at top, 120-mm ID at bottom, 200-mm high 
(Berry Plastics #T51386CP3, VWR Scientific, or equivalent)

6.3.2 Figure 1b shows a monolithic sample 1-D configuration with the following 
accessories:

Sample holder – Polyethylene (PE) mold, 54-mm OD, 100-mm high 
(MA Industries, Peach Tree City, GA, or equivalent), with the test sample cured in mold 
and cut to 51-mm high

Leaching vessel – 250-mL PC jar, 60-mm ID, 100-mm high (Nalgene #2116-0250, 
Fisher Scientific, or equivalent)

6.3.3 Figure 2 shows a compacted granular sample 1-D Configuration with the 
following accessories:

Sample holder – PE mold, 100-mm OD, 200-mm high, (MA Industries, Peach Tree City, 
GA, or equivalent) cut to 63-mm high with three tabs drilled for 0.7-mm fishing line 
knotted at the top

Leaching vessel – 1000-mL PC jar, 110-mm ID at top, 130-mm high (Nalgene #2116-
1000, Fisher Scientific, or equivalent)

Glass beads, borosilicate – 2-mm diameter

6.4 Filtration apparatus – Pressure or vacuum filtration apparatus composed of appropriate 
materials to maximize the collection of extracts and minimize the loss of COPCs (Nalgene #300-4000 
or equivalent)

6.5 Filtration membranes – Composed of hydrophilic polypropylene or equivalent material with 
an effective pore size of 0.45 m (e.g., Andwin Scientific GH Polypro 28143-288 or equivalent)

6.6 pH meter – Laboratory model with the capability for temperature compensation (e.g., 
Accumet 20, Fisher Scientific or equivalent) and a minimum resolution of 0.1 pH units 

6.7 pH combination electrode – Composed of chemically resistant materials
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6.8 Conductivity meter – Laboratory model (e.g., Accumet 20, Fisher Scientific or equivalent), 
with a minimum resolution of 5% of the measured value

6.9 Conductivity electrodes – Composed of chemically resistant materials

6.10 Proctor compactor (for compacted granular samples only) – Equipped with a slide 
hammer capable of dropping a 4.5-kg weight over a 0.46-m interval (see Ref. 10 for further details)

7.0 REAGENTS AND STANDARDS 

7.1 Reagent-grade chemicals, at a minimum, should be used in all tests. Unless otherwise 
indicated, all reagents should conform to the specifications of the Committee on Analytical Reagents of 
the American Chemical Society (ACS), where such specifications are available. Other grades may be 
used, provided the reagent is of sufficiently high purity to permit its use without lessening the accuracy 
of the determination. Inorganic reagents and extracts should be stored in plastic to prevent interaction 
of constituents from glass containers.

7.2 Reagent water – Reagent water must be interference-free.  All references to water in this 
method refer to reagent water unless otherwise specified.

7.3 Other reagents may be used in place of reagent water on a case-specific basis. 

8.0 SAMPLE COLLECTION, PRESERVATION, AND STORAGE 

8.1 See Chapter Three, "Inorganic Analytes," and Chapter 4, "Organic Analytes," for sample 
collection and preservation instructions. 

8.2 Both plastic and glass containers are suitable for the collection of samples.  All sample 
containers must be prewashed with a metal-free detergent and triple-rinsed with nitric acid and reagent 
water, depending on the history of the container.  For further information, see Chapter Three. 

9.0 QUALITY CONTROL 

9.1 Refer to Chapter One for guidance on quality assurance (QA) and quality control (QC)
protocols.  When inconsistencies exist between QC guidelines, method-specific QC criteria take 
precedence over both technique-specific criteria and Chapter One criteria, and technique-specific QC 
criteria take precedence over Chapter One criteria.  Any effort involving the collection of analytical data 
should include development of a structured and systematic planning document, such as a quality 
assurance project plan (QAPP) or a sampling and analysis plan (SAP), which translates project 
objectives and specifications into directions for those who will implement the project and assess the 
results.

Each laboratory should maintain a formal QA program. The laboratory should also maintain 
records to document the quality of the data generated. Development of in-house QC limits for each 
method is encouraged.  Use of instrument-specific QC limits is encouraged, provided such limits will 
generate data appropriate for use in the intended application.  All data sheets and QC data should be 
maintained for reference or inspection. 
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9.2 In order to demonstrate the purity of reagents and sample contact surfaces, method 
blanks should be tested for each leaching interval. Refer to Chapter One for specific QC procedures. 

9.3 The analysis of extracts should follow appropriate QC procedures, as specified in the 
determinative methods for the COPCs.  Refer to Chapter One for specific QC procedures.

9.4 Initial demonstration of proficiency (IDP)

Leachate methods are not amenable to typical IDPs when reference materials with known 
values are not available.  However, prior to using this method an analyst should have documented 
proficiency in the skills required for successful implementation of the method.  For example, skill should 
be demonstrated in the use of an analytical balance, the determination of pH using Methods 9040 and
9045 and the determination of conductance using Method 9050. 

10.0 CALIBRATION AND STANDARDIZATION 

10.1 The balance should be calibrated and certified, at a minimum, annually or in accordance 
with laboratory policy.

10.2 Prior to measurement of eluate pH, the pH meter should be calibrated using a minimum 
of two standards that bracket the range of pH measurements.  Refer to Methods 9040 and 9045 for 
additional guidance.

10.3 Prior to measurement of eluate conductivity, the meter should be calibrated using at least 
one standard at a value greater than the range of conductivity measurements.  Refer to Method 9050
for additional guidance.

11.0 PROCEDURE 

A flowchart of this method is presented in Figure 3. Microsoft Excel® data templates are 
available to aid in collecting and archiving of laboratory and analytical data.2

11.1 Preparatory Procedures – Determination of solids and moisture content

The moisture and solids content of the sample material are used to relate leaching results to 
dry-material masses. When preparing compacted granular samples for testing, the moisture content or 
solid content is used to determine the optimum moisture content following the modified Proctor test.
This method calculates moisture content on the basis of the "wet" or "as-tested" sample. 

WARNING: The drying oven should be contained in a hood or otherwise properly-ventilated.
Significant laboratory contamination or inhalation hazards may result when drying heavily 
contaminated samples.  Consult the laboratory safety officer for proper.handling procedures
prior to drying samples that may contain volatile, hazardous, flammable, or explosive materials.

                                               
2 These Excel® templates form the basis for uploading method data into the data management program, 

LeachXS Lite™.  Both the data templates and LeachXS Lite™ are available at  http://vanderbilt.edu/leaching. 

R000072



1315 - 10 Revision 1
July 2017

11.1.1 Place 5 - 10 g of solid sample material into a tared dish or crucible.  Dry the 
sample to a constant mass at 105 ± 2 °C.  Check for constant mass by returning the dish to the 
drying oven for 24 hours, cooling to room temperature in a desiccator and re-weighing.  The two 
mass readings should agree within the larger of 0.2% or 0.02 g.

NOTE: The oven-dried sample is not used for the extraction and should be properly disposed of 
once the dry mass is determined.

11.1.2 Calculate and report the solids content as follows: 

test

dry 

 M
M

SC

Where: SC = solids content of "as-tested" material (g-dry/g)
Mdry = mass of dry material specified in the method (g-dry)
Mtest = mass of "as-tested" solid equivalent to the dry-material mass (g) 

11.1.3 Calculate and report the moisture content (wet basis) as follows: 

test

drytest
wet M

MM
MC

Where: MCwet = moisture content on a wet basis (gH2O/g)
Mdry = mass of dry material specified in the method (g-dry)
Mtest = mass of "as-tested" solid equivalent to the dry-material mass (g)

11.2 Preparation of monolithic samples 

11.2.1 If the material to be tested is granular, disregard this section and proceed to 
Sec. 11.3. 

11.2.2 A representative sample of monolithic material should be obtained by molding 
material components in place (e.g., cementitious media) or by coring or cutting a sample from a 
larger existing specimen. 

11.2.3 The geometry of monolithic samples may be rectangular (e.g., bricks or tiles), 
cubes, wafers, or cylinders. Samples may also have a variety of faces exposed to eluent
forming 1-, 2-, or 3-D mass transfer cases. Examples of monolithic sample leaching setups are 
shown in Figure 1. 

11.2.4 A minimum sample size of 5 cm in the direction of mass transfer must be 
employed and the L/A must be maintained at 9 ± 1 mL/cm2. 

NOTE: Since the sample holder and leaching vessel must correspond to the specifications in 
Sec. 6.1, it is often easier to modify the sample size and geometry rather than the holder 
and vessel dimensions. 

11.2.5 Proceed to Sec. 11.4. 

11.3 Preparation of compacted granular samples 
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Compacted granular materials, in most cases, must be open-faced cylinders due to the 
limitations of mechanical packing.  However, the diameter and height of the sample holder may be 
altered to work appropriately with the diameter and volume of the leaching vessel. In all cases, a 
minimum sample size of 5 cm in the direction of mass transfer must be employed and the L/A must be 
maintained at 9 ± 1 mL/cm2. 

Granular samples are compacted into the sample holder using a variation on the modified
Proctor compaction (see Ref. 10) to include the use of 6-cm high-test molds. Shorter or taller molds (or 
packing depths) may be used as long as the compaction effort of 56,000 ft-lbf/ft3 is achievable. The 
number of packing layers should be maintained at the five layers specified in Ref. 10.  However, the 
number of blows per layer in a 4-in diameter mold may be changed according to the follow formula:

layer
blow 65.2

layer 5

ft ft2
30.

lb 10ft 1.5
blow

ft
lb-ft 56,000

2

f
3

f hh

Where: h is the measured height of the sample mold (ft).

Thus, for the mold height of 4.584 in (0.382 ft) specified in the ASTM procedure, 25 blows per 
each of 5 layers are required.  When a 6-cm (0.196 ft) mold height is used (as suggested in this 
method), 13 blows per each of 5 layers are required to obtain the same compaction effort.

The granular sample should be compacted at a moisture content corresponding to 90% of the 
modified Proctor optimum packing density in order to provide a uniform approach to obtaining a sample 
density that approximates field conditions. Optimum moisture content refers to the amount of moisture 
or fractional mass of water (gH2O/g material) in the granular sample that is present at the optimum 
packing density (g-dry material/cm3).  Optimum packing density is defined in Ref. 10. The optimum 
moisture content of the test material is determined from a pre-test that measures the packing density of 
granular materials compacted at different levels of moisture content. 

11.3.1 Pre-test to determine optimum moisture content

The pre-test is conducted as a series of five batch-wise packing trials with consecutive 
increases in moisture content until the maximum packing density has been surpassed. The 
optimum moisture content is determined as the maximum of a third-order polynomial fit through 
the graph of dry-packing density as a function of moisture content (wet basis). 

11.3.1.1 Place 1500 g of "as received" material into a pail or bowl and mix well 
by hand to homogenize. As an alternative to hand mixing, a mechanical paddle mixer 
may be used. 

NOTE: The pre-test may be conducted from a bulk supply of solid material (e.g., 10 kg 
total for five batches) as long as the starting mass for each trial is recorded and 
incremental water additions are used. 

11.3.1.2 Mix a known amount of tap water with the bulk material in the pail or 
bowl until homogenized based on visual inspection. For the first point in the pre-test, no 
water needs to be added. 
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NOTE: The amount of water added should be enough to increase the moisture content 
in approximately 3 - 5% increments. Smaller additions may be needed in order
to provide finer resolution of the packing density as a function of the moisture 
content curve. 

11.3.1.3 Calculate the new moisture content (wet basis) for the trial as follows: 

addedtest

addedwettesti
(wet) WM

WMCMMC

Where: i
)wet(MC = moisture content on a wet basis of the pre-test trial (gH2O/g)

Mtest = mass of "as-tested" solid equivalent to the dry-material mass (g)
MC(wet) = moisture content on a wet basis of the "as-tested" material (gH2O/g)
Wadded = mass of water added to the "as-tested" material (gH2O/g)

11.3.1.4 Compact approximately 1000 g of material into a tared 10-cm diameter 
mold into three consecutive layers of material. The compacted mass should have a 
level, flat surface as a top face. 

11.3.1.5 Measure and record the height, diameter, and mass of the resulting 
compacted material. 

11.3.1.6 Calculate and record the packing density (dry basis) as follows: 
2

pack d
2

h
SCm

Where: pack = packing density (dry basis) (g-dry/cm3)
m = mass of the compacted sample (g) 
SC = solids content of "as-tested" granular material (g-dry/g) 
d = measured diameter of the compacted sample (cm) 
h = measured height of the compacted sample (cm) 

11.3.1.7 Repeat Sec. 11.3.1.1 - 11.3.1.6 for four subsequent trials until the 
value of the calculated packing density decreases. 

11.3.1.8 Plot the packing density as a function of moisture content. Figure 4
shows an example of a packing density curve. 

11.3.1.9 Determine the optimum moisture content at the maximum of the 
packing density curve. This value may be read directly from the graph or determined by 
the maximum of a third-order polynomial fit through the five pre-test data points (see the 
Microsoft Excel® spreadsheet template available at 
http://www.vanderbilt.edu/leaching/downloads/test-methods/). 

11.3.2 Compacted granular test sample preparation 
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11.3.2.1 Using the optimum moisture content determined in Sec. 11.3.1.9,
calculate the amount of "as-received" material that is required to pack the sample holder 
to within 3 mm of the rim of the holder. 

2
opt

test 2
d

SC
0.3h

M

Where: Mtest = mass of "as tested" solid equivalent to the dry-material mass (g) 
opt = optimal packing density (dry basis) (g-dry/cm3) – determined in Sec. 

11.3.1.9
h = measured height of the sample mold (cm)
SC = solids content of "as-tested" granular material (g-dry/g)
d = measured diameter of the sample mold (cm) 

11.3.2.2 Adjust the moisture content of the "as-received" material to the 
optimum moisture content using reagent water and mix until homogenized. 

11.3.2.3 Pack the sample material into the sample holder using the modified 
Proctor compaction as described in Ref. 10. 

11.3.2.4 Place a monolayer of borosilicate glass beads (Sec. 6.3.3) on the 
exposed sample surface to minimize scouring and mass loss during testing.

11.3.2.5 Begin the leach test procedure promptly or cover the sample with 
plastic wrap to minimize moisture loss to the atmosphere. 

11.4 Leaching procedure  

This protocol is a semi-dynamic, tank-leaching procedure (see schematic in Figure 5) where the 
sample is exposed to eluate for a series of leaching intervals interspersed with eluent exchanges. The 
chemical composition of each eluate is determined and mass transfer from the bulk solid is determined 
as a function of cumulative leaching time. The schedule of leaching intervals for this method is shown 
in Table 1. 

11.4.1 Pre-test measurements – For the surface area calculation, measure and record 
the dimensions of the test specimen.  This should include the diameter and height for a cylinder; 
length, width, and depth for a parallelepiped; or diameter of exposed surface for a compacted 
granular sample. 

11.4.2 Measure and record the mass of the specimen. This value should be monitored 
for each eluent exchange. 

11.4.3 If a holder is used, place the specimen in the monolith holder. 

11.4.4 Measure and record the mass of the specimen and holder, if applicable. 

11.4.5 The recommended temperature for conducting this method is room temperature 
(20 ± 2 °C). When conducted at temperature readings or variations other than those 
recommended, record the ambient temperature at each eluent renewal. 
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11.5 Eluent exchange 

11.5.1 Fill a clean leaching vessel with the required volume of reagent water based on 
an L/A of 9 ± 1 mL/cm2. Record the amount of eluent used. 

11.5.2 Carefully place the specimen or the specimen and holder in the leaching vessel 
(Figure 6a) so that the sample is centered in the eluent (see Figure 6b). Submersion should be 
gentle enough so that the physical integrity of the monolith is maintained and scouring of the 
solid is minimized. 

11.5.3 Cover the leaching vessel with the airtight lid and place in a safe location until 
the end of the leaching interval. Table 1 shows the schedule of leaching intervals and 
cumulative release times for this method. 

NOTE: Eluates of alkaline materials may be susceptible to neutralization through reaction with 
carbon dioxide.  Precautions (e.g., ensuring airtight vessels or purging headspace) 
should be taken to minimize the effect of carbonation on eluates that may sit stationary 
for more than one week.

11.5.4 Prior to the end of the leaching interval, repeat Sec. 11.5.1 in order to prepare a 
vessel for the next leaching interval. 

11.5.5 At the end of the leaching interval (see Table 1), carefully remove the specimen 
or the specimen and holder from the vessel (Figure 6c). Drain the liquid from the surface of the 
specimen into the eluate for approximately 20 sec.

11.5.6 Measure and record the mass of the specimen or the mass of the specimen and 
holder (Figure 6d). 

NOTE: The change in sample mass between intervals is an indication of the potential
absorption of eluent by the matrix (mass gain) or erosion of the matrix (mass loss). In 
the case where a holder is used, moisture may condense on the holder during the 
leaching interval and sample absorption may not be evident. 

NOTE: Mass gain may also be indicative of carbonate precipitation if the vessel is not tightly 
sealed and carbon dioxide is absorbed from the atmosphere.

11.5.7 Place the specimen or the specimen and holder into the clean leaching vessel 
filled with new eluent as prepared in Sec. 11.5.4. 

11.5.8 Cover the new leaching vessel with the airtight lid and place in a safe location 
until the end of the leaching interval. 

11.6 Eluate processing 

11.6.1 Measure and record the pH, specific conductivity, and oxidation reduction
potential (ORP) of the eluate of the decanted eluate from the previous leaching interval (see 
Methods 9040, 9045, and 9050).

R000077



1315 - 15 Revision 1
July 2017

NOTE: Measurement of pH, conductivity, and ORP should be taken within 15 minutes of eluent 
exchange (Sec. 11.5) to avoid neutralization of the solution due to exposure to carbon 
dioxide, especially when alkaline materials are tested.

NOTE: The measurement of ORP is optional, but strongly recommended, especially when 
testing materials where oxidation is likely to change the chemistry of COPCs.

11.6.2 Filter the remaining eluate through a 0.45-  (Sec. 6.5).

11.6.3 Immediately preserve and store the volume(s) of eluate required for chemical 
analysis.  Preserve all analytical samples in a manner that is consistent with the determinative 
chemical analyses to be performed. 

11.6.4 Collect all subsequent eluate by repeating the eluent exchange and eluate 
processing procedures in Secs. 11.5 and 11.6. 

12.0 DATA ANALYSIS AND CALCULATIONS 

12.1 Data reporting 

12.1.1 Figure 7 shows an example of a data sheet which may be used to report the 
concentration results of this method. At a minimum, the basic test report should include the 
following: 

a) Name of the laboratory
b) Laboratory technical contact information
c) Date and time at the start of the test
d) Name or code of the solid material
e) Material description (including monolithic or compacted granular)
f) Moisture content of material used (gH2O/g)

g) Dimensions (cm) and geometry of sample used
h) Mass of solid material used (g)
i) Mass of sample and holder at start of test (g)
j) Eluate type (e.g., reagent water)
k) Eluate-specific information (see Sec. 12.1.2 below)

12.1.2 The minimum set of data that should be reported for each eluate includes:

a) Eluate sample ID
b) Target eluent exchange date and time
c) Actual eluent exchange date and time
d) Volume of eluent used (mL)
e) Mass of sample and holder (g)
f) Measured eluate pH

R000078



1315 - 16 Revision 1
July 2017

g) Measured eluate conductivity (mS/cm)
h) Measured ORP (mV) (optional)
i) Concentration of all COPCs
j) Analytical QC qualifiers as appropriate 

12.2 Data presentation 

12.2.1 Interval concentrations

12.2.1.1 At the conclusion of the schedule of leaching intervals (see Table 1), 
the concentration of COPCs in each eluate may be plotted as a function of cumulative 
leaching time. An example of this is shown in Figure 8 for mass transport from a
monolithic field sample of fixated scrubber sludge and lime. 

12.2.1.2 If data is available from Method 1313, interval concentrations and 
Method 1313 data may be plotted on the same graph as a function of eluate pH. This 
QC step is conducted in order to determine whether the concentration of COPCs 
approached equilibrium in any leaching interval (i.e., the driving force for mass transport 
from the matrix may not be constant, which is a common assumption of dynamic-tank 
leach testing). Figure 9 shows this type of graph for the release from a field sample of 
fixated scrubber sludge and lime. 

12.2.2 Interval mass release 

At the conclusion of the schedule of leaching intervals (see Table 1), the interval mass 
released can be calculated for each leaching interval as follows: 

A
VCM ii

t i

Where: 
itM = mass released during the current leaching interval, i (mg/m2)  

Ci = constituent concentration in the eluate for interval i (mg/L) 
Vi = eluate volume in interval i (L) 
A = specimen external geometric surface area exposed to the eluent (m2)  

12.2.3 Mean interval flux 

The flux of a COPC in an interval may be plotted as a function of the generalized mean 
of the square root of cumulative leaching time ( t ). An example of a flux graph is show in 
Figure 10 for the release from a field sample of fixated scrubber sludge with lime. This graph 
may be used to interpret the mechanism of release (see Ref. 5 for further details). 

12.2.3.1 The flux across the exposed surface of the sample can be calculated 
by dividing the interval mass release by the interval duration as follows: 

1ii

i
i tt

MF

_f 
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Where: Fi = flux for interval, i (mg/m2·s)
Mi = mass released during the current leaching interval, i (mg/m2) 
t i = cumulative time at the end of the current leaching interval, i (s)
t i -1 = cumulative time at the end of the previous leaching interval, i-1 (s) 

12.2.3.2 The time used to plot each interval mass is the generalized mean of 
the square root of the cumulative leaching time using the cumulative time at the end of 
the ith interval, t i, and the cumulative time at the end of the previous interval, t i -1. 

2

1ii
i 2

tt
t

Where: it = generalized mean leaching time for the current interval, i (s)

t i = cumulative time at the end of the current leaching interval, i (s)
t i -1 = cumulative time at the end of the previous leaching interval, i-1 (s) 

NOTE: If the concentrations of a COPC in the eluates approach that shown in Method 
1313 for liquid-solid equilibrium, the flux curve will show the pattern in Figure 10
with intervals of the same duration having the same flux value. When the eluate 
concentration approaches saturation, the driving force for mass transfer 
approaches zero, interval flux is limited, and intervals with like durations will 
display similar flux limitations. 

12.2.4 Cumulative release 

12.2.4.1 The interval release calculated in 12.2.2 can be summed to provide the 
cumulative mass release as a function of leaching time. Figure 11 shows the cumulative 
release curves for a field sample of fixated scrubber sludge with lime. 

12.2.4.2 Interpretation of the cumulative release of constituents is illustrated 
using the analytical solution for simple radial diffusion from a cylinder into an infinite bath 
presented by Crank (see Ref. 8). 

2
1

obs

ot
tDC2M

Where: Mt = cumulative mass released during leaching interval i (mg/m2) 
= density of the "as-tested" sample (kg/m3) 

Co = concentration of available COPC in the solid matrix (mg/kg)
Dobs = observed diffusivity (m2/s)
t = leaching time (s) 

When transformed to a log-log scale, the analytical solution presented by Crank 
becomes linear with the square root of time. 

I 

_J _J -
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t
2
1DC2logMlog

2
1

obs

ot

Thus, under the assumptions of the analytical solution presented by Crank, the 
mass release should be proportional to the square root of time. A line showing the
square root of time is plotted in Figure 11 along with the data. Since flux is the derivative 
of release, a similar treatment of flux as a function of leaching time using the simple 
diffusion model would be proportional to the negative square root of time as shown in 
Figure 10. 

Models other than the simple diffusion model presented by Crank may also be 
used to interpret mass release. For example, the Shrinking Unreacted Core Model (see
Ref. 2) and the Coupled Dissolution-Diffusion Model (see Ref. 7) incorporate chemical 
release parameters (e.g., as derived from Method 1313 data) into the model to better 
estimate release mechanisms and predictions (see Ref. 5 for further details). 

12.2.5 Observed diffusivity

An observed diffusivity for each COPC can be determined using the logarithm of the 
cumulative release plotted versus the logarithm of time. In the case of a diffusion-controlled 
mechanism, this plot is expected to be a straight line with a slope of 0.5. An observed diffusivity 
can then be determined for each leaching interval where the slope is 0.50 ± 0.15 (see Ref. 1
and Ref. 14) by the following: 

2

1iio

tobs
i ttC2

M
D i

Where: obs
iD = observed diffusivity of a COPC for leaching interval i (m2/s)

itM = mass released during leaching interval i (mg/m2) 

ti = cumulative contact time at the end of the current leaching interval, i (s)
ti-1 = cumulative contact time at the end of the previous leaching interval, i 1 (s)

= sample density (dry basis) (kg-dry/m3) 
C0 = initial leachable content (i.e., available release potential) (mg/kg)

The mean observed diffusivity for each COPC is then determined by taking the average 
of the interval observed diffusivities.  It should be reported with the computed uncertainty (i.e., 
standard deviation).

NOTE: Since the analysis presented above assumes a diffusion process, only those interval 
mass transfer coefficients corresponding to leaching intervals with slopes of 0.50 ± 0.15 
are included in the overall average mass-transfer coefficient. 

12.3 Data representation by constituent 

A concise representation of all relevant data for a single constituent may be presented as shown 
in Figure 12 for arsenic from a field core of fixated scrubber sludge with lime (FSSL) material. The data 
shows eluate pH generation as a function of leaching time (Figure 12a), comparison between eluate 

_J _J 

I 
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concentrations and Method 1313 data as a function of eluate pH (Figure 12b), constituent flux as a 
function of generalized mean cumulative leaching time (Figure 12c), and constituent release as a 
function of cumulative leaching time (Figure 12d). 

12.4 Interpolation/extrapolation to target time values

The collected time dependence data may be interpolated or extrapolated to the nearest target 
cumulative time ( t) value for purposes of comparing different data sets (e.g., test replicates of the 
same or different materials).  The most transparent and straightforward method is linear 
interpolation/extrapolation of data after log10 transformation.

12.4.1 Log10 transformation

Collected concentration values are transformed by taking the log10 of the measured 
concentration at each test position, i:

)(clogC i10i

Where: Ci = log10-transformed concentration at test position i (log10[mg/L])
ci = the concentration measured at test position i (mg/L)

12.4.2 Linear interpolation/extrapolation

Given a set of coordinate data sorted by increasing order according to t value (e.g., t1
< t2 < ··· < tn), an interpolated/extrapolated log10-transformed concentration at a known t 
target is calculated as:

TTT t baTC

Where: CT = the concentration at target t value, tT (log10[s])
aT and bT are coefficients of the linear interpolation/extrapolation equation

tT = a target cumulative time value

Depending on the values of observed t values relative to target t values, the 
calculations of the coefficients aT and bT in the equation may differ according to the following 
algorithm:

If tT < t1, then bT = (C2 1) / ( t2 – t1) and aT = C2 T· t2 (extrapolation from the 
two points with closest t values) 
If tT tn, then bT =(Cn ) / ( tn t ) and aT = Cn T· tn (extrapolation from the 
two points with closest t values) 
If t tT < tj , then bT = (Cj ) / ( tj t ) and aT = yj T· tj (interpolation from 
the two closest points surrounding tT)

NOTE: Interpolation or extrapolation of data should only be conducted within a distance of 
±20% of the target t value.  Since the allowable L/S tolerance about a target L/S value 
is variable (see Table 1), interpolation/extrapolation should not create data at a target t 
value where collected data is missing.
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13.0 METHOD PERFORMANCE 

13.1 Performance data and related information are provided in SW-846 methods only as 
examples and guidance. The data do not represent required performance criteria for users of the 
methods. Instead, performance criteria should be developed on a project-specific basis, and the 
laboratory should establish in-house QC performance criteria for the application of this method.
Performance data must not be used as absolute QC acceptance criteria for laboratory QC or 
accreditation. 

13.2 Interlaboratory validation of this method was conducted using a solidified waste analog 
(material code SWA) and a contaminated smelter site soil (material code CFS).  Repeatability and 
reproducibility was determined for mean interval flux excluding the first wash-off interval (see Table 2)
and for cumulative mass released after 63 days of leaching (see Table 3).  More details on the 
interlaboratory validation may be found in Ref. 4. 

13.3 Ref. 5 and Ref. 12 may provide additional guidance and insight on the use, performance,
and application of this method. 

14.0 POLLUTION PREVENTION 

14.1 Pollution prevention encompasses any technique that reduces or eliminates the quantity 
and/or toxicity of waste at the point of generation. Numerous opportunities for pollution prevention exist 
in laboratory operations. The EPA has established a preferred hierarchy of environmental 
management techniques that places pollution prevention as the management option of first choice.
Whenever feasible, laboratory personnel should use pollution prevention techniques to address their 
waste generation.  When wastes cannot be feasibly reduced at the source, the Agency recommends 
recycling as the next best option. 

14.2 For information about pollution prevention that may be applicable to laboratories and 
research institutions consult Less is Better: Laboratory Chemical Management for Waste Reduction, a 
free publication available from the ACS, Committee on Chemical Safety,
https://www.acs.org/content/dam/acsorg/about/governance/committees/chemicalsafety/publications/les
s-is-better.pdf.

15.0 WASTE MANAGEMENT 

The EPA requires that laboratory waste management practices be conducted consistent with all 
applicable rules and regulations. Laboratories are urged to protect air, water, and land by minimizing 
and controlling all releases from hoods and bench operations, complying with the letter and spirit of any 
sewer discharge permits and regulations, and by complying with all solid and hazardous waste 
regulations, particularly the hazardous waste identification rules and land disposal restrictions. For 
further information on waste management, consult The Waste Management Manual for Laboratory 
Personnel available at: http://www.labsafetyinstitute.org/FreeDocs/WasteMgmt.pdf.
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17.0  TABLES, DIAGRAMS, FLOWCHARTS, AND VALIDATION DATA 

The following pages contain the tables and figures referenced by this method. 

TABLE 1

SCHEDULE OF ELUATE RENEWALS

Interval Label Interval Duration
(h)

Interval Duration
(d)

Cumulative 
Leaching Time

(d)

T01 2.0 ± 0.25 – 0.08
T02 23.0 ± 0.5 – 1.0
T03 23.0 ± 0.5 – 2.0
T04 – 5.0 ± 0.1 7.0
T05 – 7.0 ± 0.1 14.0
T06 – 14.0 ± 0.1 28.0
T07 – 14.0 ± 0.1 42.0
T08 – 7.0 ± 0.1 49.0
T09 – 14.0 ± 0.1 63.0

NOTE: This schedule may be extended for additional 14-day contact intervals _to 
provide more information regarding longer-term release.
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FIGURE 1

EXAMPLES OF MONOLITHIC SAMPLE HOLDERS

3-D Configuration 

Sample Holder Sample, Holder and Stand 3-D Leaching Setu[P 

Empty Sample Holder Full Sample Holder 1-D Leaching Setup 
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FIGURE 2

EXAMPLE COMPACTED GRANULAR SAMPLE HOLDER AND SETUP

Empty Sample Holder Compacted Sample 1-D Leaching Setup 
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FIGURE 3

METHOD FLOWCHART

Material of Interest 

Solids/Moisture Content 
(Section 11 .1) 

Sample Preparation 
(Sec. 11 .2) 

no 

Leaching Procedure 
(Sec. 11.4) 

Compaction Pre-Test 
(Section 11.3.1) 

Sample Preparation 
(Section 11 .3.2) 

Pre-Test Measurements (Sec. 11 .4.1) 
Eluant Exchange (Sec. 11 .5) 
Eluate Processing (Sec. 11 .6) 

Extract Analysis 

Documentation and 
Graphing 
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FIGURE 4

EXAMPLE CURVE OF PACKING DENSITY AS A FUNCTION OF MOISTURE CONTENT
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FIGURE 5

SCHEMATIC OF SEMI-DYNAMIC MASS TRANSFER TEST PROCESS

Figure obtained and modified from Ref. 1. 

Monolith 
(all faces exposed) 

Compacted Granular 
(1 circular face exposed) 

1 Sample n Leaching Intervals 

or 
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FIGURE 6

EXAMPLE LEACHING PROCEDURE STEPS

Start of Leaching Interval Sample Centered in Eluant (top view) 

-

Removing Sample for Exchange Mass of Sample and Holder 

R000093



1315 - 31 Revision 1
July 2017

FIGURE 7

EXAMPLE DATA REPORTING FORMAT

EPA METHOD 1315 
ABC Laboratories Report of Analysis 
123 Main Street 
Anytown, USA 

Contact: John Smith Client Contact: Susan Jones 
(555) 111-1111 (555) 222-2222 

Material Code: XYZ Particle Size: 88% passing 2-mm sieve 
Material Type: Coal Combustion Fly Ash Mass used in Column: 860 g 

Date Received: 10/1/20xx Moisture Content: 0.002 gH,o/g 

Test Start Date: 11/1 /20xx Sample Geometry: Cylinder 
Report Date: 12/1 /20xx Sample Diameter 10.0 cm 

Sample Depth: 60.3 cm 
Test Type: Compacted Granular Mass of Sample & Holder 1020 g 

Eluent: ASTM Type II Water Lab Temperature: 21 ± 2 ·c 

Test 
Position Replicate Value Units Method Note 

T01 A 

Eluate Sample ID XYZ-1315-T01-A 

Exchange Date 11/1/20xx 

Target Exchange Time 12:00 PM 

Actual Exchange Time 12:15 PM 

Mass of Sample & Holder 1026 g 

Eluate Mass 730.4 g 

Eluate pH 8.82 EPA 9040 

Eluate Conductivity 5.4 mS/c EPA 9050 

Eluate ORP NA mv 

QC Di lution 
Chemical Analysis Value Units Flag Method Date Factor 
Al 4.72 mg/L EPA6020 11/7/20xx 1000 
As 0.12 mg/L EPA 6020 11/7/20xx 10 
Cl 5.42 mg/L EPA 9056 11 /9/20xx 

Test 
Position Replicate Value Units Method Note 

T02 A 

Eluate Sample ID XYZ-1315-T02-A 

Exchange Date 11/1 /20xx 

Target Exchange Time 12:00 PM 

Actual Exchange Time 12:18 PM 

Mass of Sample & Holder 1027 g 

Eluate Mass 725,0 g 

Eluate pH 9.15 EPA 9040 

Eluate Conductivity 2.8 mS/c EPA 9050 

Eluate ORP NA mv 

QC 
~ 

Dilution 
Chemical Analysis Value Units Flag Method Date Factor 
Al 2 .99 mg/L EPA 6020 11/7/20xx 1000 
As 0.21 mgll EPA 6020 11 /7/20xx 10 

Cl 4.20 mg/L u EPA 9056 11 /7/20xx 1 

QC Flag Key: u Value below lower limit of quantitation as reported (< "LLOQ") 
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FIGURE 8

EXAMPLE INTERVAL CONCENTRATION GRAPHS

NOTE:  Orange lines represent cumulative release if all eluate extracts were at the quantitation limit 
(dashed) and detection limit (solid).  Chemical analyses below the detection limit are shown at ½ 
the detection limit value.
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FIGURE 9

EXAMPLE OF SATURATION CHECK BETWEEN INTERVAL CONCENTRATIONS AND 
METHOD 1313 DATA

NOTE: Orange lines represent cumulative release if all eluate extracts were at the quantitation limit 
(dashed) and detection limit (solid).  Chemical analyses below the detection limit are shown at ½ 
the detection limit value.
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FIGURE 10

EXAMPLE INTERVAL FLUX GRAPHS

NOTE: Orange data represent cumulative release if all eluate extracts were at the quantitation limit
(dashes) and detection limit (solid line).
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FIGURE 11

INTERVAL FLUX AT ELUATE SATURATION

NOTE: This figure assumes that the concentration in the eluate approaches saturation 
during the leaching interval (i.e., the driving force for diffusion approaches zero).  
When the leaching solution is saturated, the resulting mass release and interval 
flux is constant for intervals of the same duration.
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FIGURE 12 

EXAMPLE CUMULATIVE RELEASE GRAPHS

NOTE:  Orange data represent cumulative release if all eluate extracts were at the quantitation limit 
(dashes) and detection limit (solid line).
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FIGURE 13 

DATA REPRESENTATION BY CONSTITUENT (QUAD FORMAT)

NOTE: Orange data represent cumulative release if all eluate extracts were at the quantitation _limit 
(dashes) and detection limit (solid line).
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METHOD 13161

LIQUID-SOLID PARTITIONING AS A FUNCTION OF LIQUID-TO-SOLID RATIO IN SOLID 
MATERIALS USING A PARALLEL BATCH PROCEDURE

SW-846 is not intended to be an analytical training manual. Therefore, method procedures are 
written based on the assumption that they will be performed by analysts who are formally trained in at 
least the basic principles of chemical analysis and in the use of the subject technology. 

In addition, SW-846 methods, with the exception of required methods used for the analysis of 
method-defined parameters, are intended to be guidance methods that contain general information on 
how to perform an analytical procedure or technique, which a laboratory can use as a basic starting 
point for generating its own detailed standard operating procedure (SOP), either for its own general use 
or for a specific project application. Performance data included in this method are for guidance 
purposes only and must not be used as absolute quality control (QC) acceptance criteria for purposes 
of laboratory QC or accreditation. 

TABLE OF CONTENTS

1.0 SCOPE AND APPLICATION.......................................................................................................2

2.0 SUMMARY OF METHOD ...........................................................................................................3
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4.0 INTERFERENCES...................................................................................................................... 4
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6.0 EQUIPMENT AND SUPPLIES .................................................................................................... 5

7.0 REAGENTS AND STANDARDS ................................................................................................. 6

8.0 SAMPLE COLLECTION, PRESERVATION, AND STORAGE..................................................... 7

9.0 QUALITY CONTROL .................................................................................................................. 7

10.0 CALIBRATION AND STANDARDIZATION ................................................................................. 8
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12.0 DATA ANALYSIS AND CALCULATIONS (EXCEL® TEMPLATE PROVIDED) .......................... 12

13.0 METHOD PERFORMANCE...................................................................................................... 13

14.0 POLLUTION PREVENTION...................................................................................................... 14

15.0 WASTE MANAGEMENT...........................................................................................................14

16.0 REFERENCES.......................................................................................................................... 14

17.0 TABLES, DIAGRAMS, FLOWCHARTS, AND VALIDATION DATA........................................... 15

1 This method has been derived from the SR003 procedure (Ref. 4) using Environmental Protection 
Agency-reviewed and accepted methodologies (see Ref. 3, Ref. 6, and Ref. 7).  The method is analogous to 
batch L/S-dependence method EN12457 (Ref. 5) developed for the Comité Européen de Normalisation (CEN).
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1.0 SCOPE AND APPLICATION 

1.1 This method is designed to provide the liquid-solid partitioning (LSP) of inorganic 
constituents (e.g., metals, radionuclides) and non-volatile organic constituents (e.g., polycyclic aromatic 
hydrocarbons (PAHs)), dissolved organic carbon) at the natural pH of the solid material as a function of 
liquid-to-solid ratio (L/S) under conditions that approach liquid-solid chemical equilibrium. Table 1
shows the range of target L/S values tested under this method. 

1.2 The eluate concentrations at a low L/S provide insight into pore solution composition either 
in a granular bed (e.g., soil column) or in the pore space of low-permeability material (e.g., solidified 
monolithic or compacted granular fill). In addition, analysis of eluates for dissolved organic carbon and 
of the solid phase for total organic carbon allow for evaluation of the impact of organic carbon release 
and the influence of dissolved organic carbon on the LSP of inorganic constituents. 

1.3 This method is intended to be used as part of environmental leaching assessment for the 
evaluation of disposal, beneficial use, treatment effectiveness and site remediation. The method is not 
required by federal regulations to determine whether waste passes or fails the toxicity characteristic as 
defined at 40 CFR 261.24.

1.4 This method is suitable for assessing the leaching potential of a wide range of solid 
materials. Examples of solid materials include: industrial wastes, soils, sludges, combustion residues, 
sediments, stabilized materials, construction materials, and mining wastes. 

1.5 This method is a leaching characterization method used to provide intrinsic material 
parameters that control leaching of inorganic species under equilibrium conditions. This test method is 
intended as a means for obtaining an extract (i.e., the eluate) of a solid material which may be used to 
estimate the solubility and release of inorganic constituents under the laboratory conditions described in
this method. Extract concentrations may be used in conjunction with information regarding 
environmental management scenarios to estimate anticipated leaching concentrations, and release rate 
and extent for individual material constituents in the management scenarios evaluated. Extract 
concentrations may also be used along with geochemical speciation modeling to infer the mineral 
phases that control the LSP in the pore structure of the solid material. 

1.6 This method is not applicable to characterize the release of volatile organic analytes (e.g., 
benzene, toluene and xylenes).

1.7 This method provides solutions that are considered to be indicative of leachate under field 
conditions only where the field leaching pH and L/S ranges are encompassed by the laboratory extract 
final conditions and the LSP is controlled by aqueous-phase saturation of the constituent of interest.
When LSP is controlled by the amount of the constituent present in the solid that may dissolve (i.e., for 
highly soluble species), the mass released (mg/kg), rather than the concentration, is indicative of field 
conditions.

1.8 The solvent used in this method is reagent water. 

1.9 Analysts are advised to take reasonable measures to ensure that the sample is 
homogenized to the extent practical prior to employment of this method. Particle size reduction may 
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provide additional assurance of sample homogenization. Table 2 designates a minimum dry equivalent 
mass of sample to be added to each extraction vessel and the associated extraction contact time as a 
function maximum particle diameter. If the heterogeneity of the sample is suspected as the cause of 
unacceptable levels of precision in replicate test results or is considered significant based on 
professional judgment, the sample mass used in the test procedure may be increased to a greater 
minimum dry equivalent mass than shown in Table 1 with the amount of extractant increased 
proportionately to maintain the designated L/S. 

1.10 In the preparation of solid materials for use in this method, particle size reduction of 
samples with large grain size is used to enhance the approach towards liquid-solid equilibrium under 
the designated contact time interval of the extract process. The extract contact time for samples 
reduced to a finer maximum particle size will be shorter. 

1.11 Prior to employing this method, analysts are advised to consult the base method for each 
type of procedure that may be employed in the overall analysis (e.g., Methods 9040, 9045, and 9050)
for additional information on QC procedures, development of QC acceptance criteria, calculations, and 
general guidance. Analysts also should consult the disclaimer statement at the front of the manual and 
the information in Chapter Two for: 1) guidance on the intended flexibility in the choice of methods, 
apparatus, materials, reagents, and supplies, and 2) the responsibilities of the analyst for 
demonstrating that the techniques employed are appropriate for the analytes of interest, in the matrix of 
interest, and at the levels of concern. 

In addition, analysts and data users are advised that, except where explicitly specified in a 
regulation, the use of SW-846 methods is not mandatory in response to federal testing requirements.
The information contained in this method is provided by the Environmental Protection Agency (EPA or 
the Agency) as guidance to be used by the analyst and the regulated community in making judgments 
necessary to generate results that meet the data quality objectives (DQOs) for the intended application. 

1.12 This method is restricted to use by, or under supervision of, properly experienced and 
trained personnel. Each analyst must demonstrate the ability to generate acceptable results with this 
method. 

2.0 SUMMARY OF METHOD 

This method consists of five parallel extractions of a particle size-reduced solid material in 
reagent water over a range of L/S values from 0.5 to 10 mL eluent/g dry material (see Table 1). In 
addition to the five test extractions, a method blank without solid sample is carried through the 
procedure in order to verify that analyte interferences are not introduced as a consequence of reagent 
impurities or equipment contamination.  If multiple materials or replicate tests are carried out in parallel, 
only one set of method blanks is necessary. In total, six bottles (i.e., five test positions and one method 
blank) are tumbled in an end-over-end fashion for a specified contact time based on the maximum 
particle size of the solid (see Table 2). At the end of the contact interval, the liquid and solid phases are 
roughly separated via settling or centrifugation. Extract pH and specific conductance measurements 
are then taken on an aliquot of the liquid phase.  The bulk of the eluate is clarified by pressure or 
vacuum filtration in preparation for constituent analysis. Analytical aliquots of the extracts are collected 
and preserved accordingly based on the determinative methods to be performed. The eluate 
constituent concentrations are plotted as a function of L/S and compared to QC and assessment limits. 
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3.0 DEFINITIONS 

3.1 Constituent of potential concern (COPC) – A chemical species of interest, which may or 
may not be regulated, but may be characteristic of release-controlling properties of the sample 
geochemistry.

3.2 Release – The dissolution or partitioning of a COPC from the solid phase to the aqueous 
phase during laboratory testing (or under field conditions).  In this method, mass release is expressed 
in units of mg COPC/kg dry solid material.

3.3 Liquid-solid partitioning (LSP) – The distribution of COPCs between the solid and liquid 
phases at the conclusion of the extraction. 

3.4 Liquid-to-solid ratio (L/S) – The fraction of the total liquid volume (including the moisture 
contained in the "as used" solid sample) to the dry mass equivalent of the solid material.  L/S is typically 
expressed in volume units of liquid per dry mass of solid material (mL/g-dry). 

3.5 "As-tested" sample – The solid sample at the conditions (e.g., moisture content and 
particle-size distribution) present at the time of the start of the test procedure.  The "as-tested" 
conditions will differ from the "as-received" sample conditions if particle-size reduction and drying were 
necessarily performed. 

3.6 Dry-mass equivalent – The mass of "as-tested" (i.e., "wet") sample that equates to the
mass of dry solids plus associated moisture, based on the moisture content of the "as-tested" material.  
The dry-mass equivalent is typically expressed in mass units of the "as-tested" sample (g). 

3.7 Eluent – The solution used to contact the solid material in a leaching test.  The eluent is 
usually free of COPCs but may contain other species used to control the test conditions of the 
extraction.

3.8 Eluate – The solution collected as an extract from a leaching test that contains the eluent 
plus constituents leached from the solid phase.2

3.9 Refer to Chapter One, Chapter Three, and the manufacturers' instructions for definitions
that may be relevant to this procedure. 

4.0 INTERFERENCES 

Solvents, reagents, glassware, and other sample processing hardware may yield artifacts 
and/or interferences to sample analysis.  All of these materials must be demonstrated to be free from 
interferences under the conditions of the analysis by analyzing method blanks.  Specific selection of 
reagents may be necessary.  Refer to each method to be used for specific guidance on QC procedures 

                                               
2 The definition of "eluate" is used in this method to differentiate the output solution of a leaching 

test from the "leachate" solution collected from, or measured in, the field.  The distinction between 
terms is made to minimize confusion when comparing laboratory results to field data (Ref. 5).
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and to Chapters Three and Four for general guidance on glassware cleaning. Also refer to Methods 
9040, 9045, and 9050 for a discussion of interferences.

5.0 SAFETY 

This method does not address all safety issues associated with its use.  The laboratory is 
responsible for maintaining a safe work environment and a current awareness file of Occupational 
Safety and Health Administration (OSHA) regulations regarding the safe handling of the chemicals 
specified in this method.  A reference file of material safety data sheets (MSDSs) should be available to 
all personnel involved in these analyses.

6.0 EQUIPMENT AND SUPPLIES 

The mention of trade names or commercial products in this manual is for illustrative purposes 
only, and does not constitute an EPA endorsement or exclusive recommendation for use. The products 
and instrument settings cited in SW-846 methods represent those products and settings used during 
the method development or subsequently evaluated by the Agency. Glassware, reagents, supplies, 
equipment, and settings other than those listed in this manual may be employed provided that method 
performance appropriate for the intended application has been demonstrated and documented. 

This section does not list all common laboratory glassware (e.g., beakers and flasks) that might 
be used. 

6.1 Extraction vessels  

6.1.1 Six wide-mouth bottles (i.e., five for test positions plus one for a method blank) 
constructed of inert material, resistant to high and low pH conditions and interaction with the 
constituents of interest, as described in the following sections. 

6.1.1.1 For the evaluation of inorganic COPCs, bottles made of high density 
polyethylene (HDPE) (e.g., Nalgene #3140-0250 or equivalent), polypropylene (PP), or 
polyvinyl chloride (PVC) are recommended. 

6.1.1.2 For the evaluation of non-volatile organic and mixed organic/inorganic 
COPCs, bottles made of glass or Type-316 stainless steel are recommended.  
Polytetrafluoroethene (PTFE) is not recommended for non-volatile organics, due to the 
sorption of species with high hydrophobicity (e.g., PAHs).  Borosilicate glass is 
recommended over other types of glass, especially when inorganic analytes are of 
concern.

6.1.2. The extraction vessels must be of sufficient volume to accommodate both the 
solid sample and an extractant volume based on the schedule of L/S values shown in Table 1.
For example, a 500-mL bottle is recommended when 100 g dry equivalent mass is contacted 
with 200 mL of eluent (see T03 in Table 1). 

6.1.3 The vessels must have a leak-proof seal that can sustain end-over-end tumbling 
for the duration of the designated contact time. 
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6.1.4 If centrifugation is anticipated to be beneficial for initial phase separation, the 
extraction vessels should be capable of withstanding centrifugation at 4000 ± 100 rpm for a 
minimum of 10 ± 2 min.  Alternately, samples may be extracted in bottles that do not meet this 
centrifugation specification (e.g., Nalgene I-Chem #311-0250 or equivalent) and the solid-liquid
slurries transferred into appropriate centrifugation vessels for phase separation as needed.

6.2 Balance – Capable of 0.01 g resolution for masses less than 500 g

6.3 Rotary tumbler – Capable of rotating the extraction vessels end-over-end at a constant 
speed of 28 ± 2 rpm (e.g., Environmental Express, Charleston, SC or equivalent)

NOTE: The holding capacity of tumblers may vary and modifications (e.g., packing or bottle-holding 
inserts) may be necessary to accommodate the extraction vessels. 

6.4 Filtration apparatus – Pressure or vacuum filtration apparatus composed of appropriate 
materials to maximize collection of extracts and minimize loss of COPCs (e.g., Nalgene #300-4000 or 
equivalent) (see Sec. 6.1) 

6.5 Filtration membranes – Composed of polypropylene or equivalent material with an 
effective pore size of 0.45 m (e.g., Gelman Sciences GH Polypro #66548 from Fisher Scientific or 
equivalent)

6.6 pH meter – Laboratory model capable of temperature compensation (e.g., Accumet 20, 
Fisher Scientific or equivalent) with a minimum resolution of 0.1 pH units 

6.7 pH combination electrode – Composed of chemically resistant materials

6.8 Conductivity meter – Laboratory model (e.g., Accumet 20, Fisher Scientific or equivalent), 
with a minimum resolution of 5% of the measured value

6.9 Conductivity electrodes – Composed of chemically resistant materials

6.10 Adjustable-volume pipettor – Oxford Benchmate series or equivalent. 

The necessary delivery range will depend on the buffering capacity of the solid material and 
acid/base strength used in the test.

6.11 Disposable pipettor tips

6.12 Centrifuge (recommended) – Capable of centrifuging the extraction vessels at a rate of 
4000 ± 100 rpm for 10 ± 2 min

7.0 REAGENTS AND STANDARDS 

7.1 Reagent-grade chemicals, at a minimum, should be used in all tests.  Unless otherwise 
indicated, all reagents should conform to the specifications of the Committee on Analytical Reagents of 
the American Chemical Society (ACS), where such specifications are available.  Other grades may be 
used, provided the reagents are of sufficiently high purity to permit use without lessening the accuracy 
of the determination.  Inorganic reagents and extracts should be stored in plastic to prevent interaction 
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of constituents from glass containers.  Organic reagents should be stored in glass to prevent leaching 
of contaminants from plastic containers.

7.2 Reagent water must be interference free.  All references to water in this method refer to 
reagent water unless otherwise specified.

7.3 Consult Methods 9040 and 9050 for additional information regarding the preparation of 
reagents required for pH and specific conductance measurements.

8.0 SAMPLE COLLECTION, PRESERVATION, AND STORAGE 

8.1 See Chapter Three, "Inorganic Analytes," and Chapter Four, "Organic Analytes," for 
sample collection and preservation information.

8.2 All solid samples should be collected using an appropriate sampling plan.

8.3 All containers should be composed of materials that minimize interaction with solution 
COPCs.  For further information, see Chapters Three and Four. 

8.4 Preservatives should not be added to samples before extraction.

8.5 Samples can be refrigerated, unless refrigeration results in an irreversible physical change 
to the sample.

8.6 Analytical extracts or leachates should be preserved according to the guidance given in 
the individual determinative methods for the COPCs.

8.7 Extract holding times should be consistent with the holding times specified in the individual 
determinative methods for the COPCs. 

9.0 QUALITY CONTROL 

9.1 Refer to Chapter One for guidance on quality assurance (QA) and quality control (QC) 
protocols. When inconsistencies exist between QC guidelines, method-specific QC criteria take 
precedence over both technique-specific criteria and Chapter One criteria, and technique-specific QC 
criteria take precedence over Chapter One criteria. Any effort involving the collection of analytical data 
should include development of a structured and systematic planning document, such as a quality 
assurance project plan (QAPP) or a sampling and analysis plan (SAP), which translates project 
objectives and specifications into directions for those who will implement the project and assess the 
results. 

Each laboratory should maintain a formal QA program. The laboratory should also maintain 
records to document the quality of the data generated. Development of in-house QC limits for each 
method is encouraged.  Use of instrument-specific QC limits is encouraged, provided such limits will 
generate data appropriate for use in the intended application.  All data sheets and QC data should be 
maintained for reference or inspection. 
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9.2 In order to demonstrate the purity of reagents and sample contact surfaces, a method 
blank (e.g., a bottle without solid material but with eluent carried through the extraction, filtration and 
analytical sample preparation process) should be tested.

9.3 The analysis of extracts should follow appropriate QC procedures, as specified in the 
determinative methods for the COPCs.  Refer to Chapter One for specific QC procedures.

9.4 Solid materials should be tested within one month of receipt unless the project requires 
that the "as-received" samples are tested sooner (e.g., the material is part of a time-dependent study or 
the material may change during storage due to oxidation or carbonation).

9.5 Initial demonstration of proficiency (IDP)

Leachate methods are not amenable to typical IDPs when reference materials with known 
values are not available.  However, prior to using this method an analyst should have documented 
proficiency in the skills required for successful implementation of the method.  For example, skill should 
be demonstrated in the use of an analytical balance, the determination of pH using methods 9040 and
9045 and the determination of conductance using method 9050. 

10.0 CALIBRATION AND STANDARDIZATION 

10.1 The balance should be calibrated and certified, at a minimum, annually or in accordance 
with laboratory policy.

10.2 Prior to measurement of eluate pH, the pH meter should be calibrated using a minimum 
of two standards that bracket the range of pH measurements.  Refer to Methods 9040 and 9045 for 
additional guidance.

10.3 Prior to measurement of eluate conductivity, the meter should be calibrated using at least 
one standard at a value greater than the range of conductivity measurements.  Refer to Method 9050
for additional guidance.

11.0 PROCEDURE

A flowchart of the method is presented in Figure 1. Microsoft Excel® data templates are 
available to aid in collecting and archiving of laboratory and analytical data.3

11.1 Particle size reduction (if required)

11.1.1 In this method, particle size reduction is used to prepare large-grained samples 
for extraction so that the approach toward liquid-solid equilibrium is enhanced and mass 
transport through large particles is minimized. A longer extract contact time is required for 
larger maximum particle size designations. This method designates three maximum particle 
sizes and associated contact times (see Table 2). The selection of an appropriate maximum 
                                               
3 These Excel® templates form the basis for uploading method data into the data management program, 

LeachXS Lite™.  Both the data templates and LeachXS Lite™ are available at  http://vanderbilt.edu/leaching. 
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particle size from this table should be based on professional judgment regarding the practical 
effort required to size reduce the solid material. 

11.1.2 Particle size reduction of "as received" sample may be achieved through 
crushing, milling, or grinding with equipment made from chemically inert materials. During the 
reduction process, care should be taken to minimize loss of sample and potentially volatile 
constituents in the sample. 

11.1.3 If the moisture content of the "as-received" material is greater than 15% (wet 
basis), air drying or desiccation may be necessary. Oven drying is not recommended for 
preparation of test samples due to the potential for mineral alteration. In all cases, the moisture 
content of the "as received" material should be recorded.

NOTE: If the solid material is susceptible to interaction with the atmosphere (e.g., carbonation, 
oxidation), drying should be conducted in an inert environment.

11.1.4 When the material seems to be of a relatively uniform particle size, calculate the 
percentage less than the sieve size as follows: 

%100Passing%
total

sieved

M
M

Where: Msieved = mass of sample passing the sieve (g)
Mtotal = mass of total sample (g) (e.g., Msieved + mass not passing sieve)

11.1.5 The fraction retained by the sieve should be recycled for further particle size 
reduction until at least 85% of the initial mass has been reduced below the designated 
maximum particle size. Calculate and record the final percentage passing the sieve and the 
designated maximum particle size. For the uncrushable fraction of the "as received" material, 
record the fraction mass and nature (e.g., rock, metal or glass shards, etc).

11.1.6 Store the size-reduced material in an airtight container in order to prevent 
contamination via gas exchange with the atmosphere. Store the container in a cool, dark and 
dry place prior to use. 

11.2 Determination of solids and moisture content

11.2.1 In order to provide the dry mass equivalent of the "as-tested" material, the solids 
content of the subject material should be determined.  Often, the moisture content of the solid 
sample is recorded.  In this method, the moisture content is determined and recorded on the 
basis of the "wet" or "as-tested" sample.

WARNING: The drying oven should be contained in a hood or otherwise properly ventilated.
Significant laboratory contamination or inhalation hazards may result when drying 
heavily contaminated samples.  Consult the laboratory safety officer for proper handling 
procedures prior to drying samples that may contain volatile, hazardous, flammable or 
explosive materials.
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11.2.2 Place a 5 to 10-g sample of solid material into a tared dish or crucible.  Dry the 
sample to a constant mass at 105 ± 2 °C.  Check for constant mass by returning the dish to the 
drying oven for 24 hours, cooling to room temperature in a desiccator and re-weighing.  The two 
mass readings should agree within the larger of 0.2% or 0.02 g.

NOTE: The oven-dried sample is not used for the extraction and should be properly disposed of 
once the dry mass is determined.

11.2.3 Calculate and report the solids content as follows: 

test

dry

M
M

SC

Where: SC = solids content of "as-tested" material (g-dry/g)
Mdry = mass of dry material specified in the method (g-dry)
Mtest = mass of "as-tested" solid equivalent to the dry-material mass (g)

11.2.4 Calculate and report the moisture content (wet basis) as follows: 

test

drytest
wet M

MM
MC

Where: MC(wet) = moisture content on a wet basis (gH2O/g)
Mdry = mass of dry material specified in the method (g-dry)
Mtest = mass of "as-tested" solid equivalent to the dry-material mass (g)

11.3 Extraction setup schedule (Microsoft Excel® spreadsheet template available at 
http://www.vanderbilt.edu/leaching/downloads/test-methods/).  

An Excel® template accompanies this method and may be used to set up the extraction 
schedule. If using the provided template, disregard Sec. 11.3 and proceed to the extraction procedure 
Sec. 11.4. 

11.3.1 Using the schedule shown in Table 1 as a guide, set up five test extractions and 
one method blank. The mass of solids in an extraction may be scaled to minimize headspace in 
each extraction vessel.  However, the volume of eluent should always be based on the target 
L/S in Column B of Table 1. 

11.3.2 Calculate and record the amount of "as-tested" material equivalent to the dry 
mass in Column D of Table 1 as follows: 

SC
M

M dry
test

Where: Mtest = mass of "as-tested" solid equivalent to the dry-material mass (g)
Mdry = mass of dry material specified in the method (g-dry)
SC = solids content of "as-tested" material (g-dry/g) 

11.3.3 Calculate and record the volume of moisture contained in the "as-tested" sample 
in Column E of Table 1 as follows: 
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w

test
sampleW

SCMV 1
,

Where: VW,sample = volume of water in the “as tested” sample (mL)
Mtest = mass of "as-tested" solid equivalent to the dry-material mass (g)
SC = solids content of the "as tested" sample (g-dry/g)

w = density of water (1.0 g/mL at room temperature) 

11.3.4 Calculate and record the volume of reagent water required to bring each 
extraction to the target L/S in Column F of Table 1 as follows: 

sample,WdryRW VLSMV

Where: VRW = volume of reagent water required to complete L/S (mL)
Mdry = mass of dry material specified in the method (g-dry)
LS = liquid-to-dry-solid ratio (10 mL/g)
VW,sample = volume of water in "as tested" sample (mL)

The size of the extraction bottle should be sufficient to contain the combined volume of 
solid material and eluent, ideally with a minimum amount of headspace.

11.4 Extraction procedure

11.4.1 Label five bottles with test position numbers and an additional bottle as a 
method blank according to Column A in Table 1. 

11.4.2 Place the dry-mass equivalent (± 0.1 g) of "as-tested" sample as shown in 
Column D in Table 1 into each of the five test position extraction vessels. 

NOTE: Do not put solid material in the method blank extraction vessel. 

11.4.3 Add the appropriate volume (± 0.5 mL) of reagent water to both the test position 
and method blank extraction vessels as specified in Column F of Table 1. 

11.4.4 Tighten the leak-proof lid on each bottle and tumble all extractions (i.e., test 
positions and method blanks) in an end-over-end fashion at a speed of 28 ± 2 rpm at room 
temperature (20 ± 2 °C). The contact time for this method will vary depending on the maximum 
particle size as shown in Table 2. 

NOTE: The length of the contact time is designed to enhance the approach toward liquid-solid 
equilibrium. Longer contact times are required for larger particles to compensate for the 
effects of intra-particle diffusion. See Table 2 for required contact times based on the 
maximum particle size. 

11.4.5 Remove the extraction vessels from the rotary tumbler and clarify the extracts 
by allowing the bottles to stand for 15 ± 5 min. Alternately, centrifuge the extraction vessels at 
4000 ± 100 rpm for 10 ± 2 min. 

NOTE: If clarification is significantly incomplete after settling or centrifugation, eluate 
measurements for pH, conductivity, and oxidization-reduction potential (ORP) may be 
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taken on filtered samples.  In this case, perform the filtration in Sec. 11.4.8 prior to eluate 
measurement in Sec. 11.4.6 and note the deviation from the written procedure.

CAUTION: Following separation from the solid phase, eluate samples lack the buffering 
provided by the solid phase and therefore may be susceptible to pH change resulting 
from interaction with air.

11.4.6 For each extraction vessel, decant a minimum volume (approximately 5 mL) of 
clear, unpreserved supernatant into a clean container. 

11.4.7 Measure and record the pH, specific conductivity, and ORP of the extracts (see 
Methods 9040, 9045, and 9050). 

NOTE: Measurement of pH, conductivity, and ORP should be taken within 15 minutes of eluate 
processing (Sec. 11.4.8) to avoid neutralization of the solution due to exposure to carbon 
dioxide, especially when alkaline materials are tested.

NOTE: The measurement of ORP is optional, but strongly recommended, especially when 
testing materials where oxidation is likely to change the LSP of COPCs.

11.4.8 Separate the solid from the remaining liquid in each extraction vessel by 
pressure or vacuum filtration through a clean 0.45- m pore size membrane (Sec. 6.5).  The 
filtration apparatus may be exchanged for a clean apparatus as often as necessary until all 
liquid has been filtered.

11.4.9 Immediately, preserve and store the volume(s) of eluate required for chemical 
analysis.  Preserve all analytical samples in a manner that is consistent with the determinative 
chemical analyses to be performed. 

12.0 DATA ANALYSIS AND CALCULATIONS (EXCEL® TEMPLATE PROVIDED) 

12.1 Data reporting 

12.1.1 Figure 2 shows an example of a data sheet that may be used to report the 
concentration results of this method.  This example is included in the Excel® template.  At a
minimum, the basic test report should include: 

a) Name of the laboratory
b) Laboratory technical contact information
c) Date and time at the start of the test
d) Name or code of the solid material
e) Particle size (85 wt% less than designated particle size) 
f) Ambient temperature during extraction (°C) 
g) Extraction contact time (h) 
h) Eluate-specific information (see Sec. 12.1.2 below) 

12.1.2 The minimum set of data that should be reported for each eluate includes: 
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a) Eluate sample ID 
b) Target L/S (mL/g-dry)
c) Mass of "as tested" solid material used (g)
d) Moisture content of material used (gH2O/g)  

e) Volume of eluent used (mL)  
f) Measured final eluate pH
g) Measured eluate conductivity (mS/cm)  
h) Measured ORP (mV) (optional) 
i) Concentrations of all COPCs 
j) Analytical QC qualifiers as appropriate 

12.2 Data interpretation and presentation (optional) 

12.2.1 LSP curve 

12.2.1.1 A constituent LSP curve can be generated for each COPC after 
chemical analysis of all extracts by plotting the constituent concentration in the liquid 
phase as a function of L/S used for each extraction. The curve indicates the equilibrium 
concentration of the COPC as a function of L/S at the natural pH. 

12.2.1.2 The lower limit of quantitation (LLOQ) for the analytical technique for 
each COPC may be shown as a horizontal line. COPC concentrations below this line 
indicate negligible or non-quantitative concentrations. 

NOTE: The LLOQ is highly matrix-dependent and should be determined as part of a 
QA/QC plan. 

12.2.1.3 Figure 3 provides example LSP curves as a function of L/S for a coal 
combustion fly ash and a coal combustion flue gas desulfurization filter cake.

13.0 METHOD PERFORMANCE 

13.1 Performance data and related information are provided in SW-846 methods only as 
examples and guidance. The data do not represent required performance criteria for users of the 
methods. Instead, performance criteria should be developed on a project-specific basis, and the 
laboratory should establish in-house QC performance criteria for the application of this method.
Performance data must not be used as absolute QC acceptance criteria for purposes of laboratory QC 
or accreditation. 

13.2 Interlaboratory validation of this method was conducted using a coal combustion fly ash 
(material code EaFA), a contaminated smelter site soil (material code CFS) and a solidified waste 
analog (material code SWA).  The median values and inner quartile ranges (IQRs) for repeatability and 
reproducibility were determined for eluate concentration results across all study materials and pH target 
values (see Table 3).  More details on the interlaboratory validation may be found in Ref. 2. 
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13.3 Ref. 1 and Ref. 4 may provide additional guidance and insight on the use, performance 
and application of this method. 

14.0 POLLUTION PREVENTION 

14.1 Pollution prevention encompasses any technique that reduces or eliminates the quantity 
and/or toxicity of waste at the point of generation. Numerous opportunities for pollution prevention exist 
in laboratory operations. The EPA has established a preferred hierarchy of environmental 
management techniques that places pollution prevention as the management option of first choice.
Whenever feasible, laboratory personnel should use pollution prevention techniques to address their 
waste generation.  When wastes cannot be feasibly reduced at the source, the Agency recommends 
recycling as the next best option. 

14.2 For information about pollution prevention that may be applicable to laboratories and 
research institutions consult Less is Better: Laboratory Chemical Management for Waste Reduction, a
free publication available from the ACS, Committee on Chemical Safety,
http://portal.acs.org/portal/fileFetch/C/WPCP_012290/pdf/WPCP_012290.pdf. 

15.0 WASTE MANAGEMENT 

The EPA requires that laboratory waste management practices be conducted consistent with all 
applicable rules and regulations. Laboratories are urged to protect the air, water, and land by 
minimizing and controlling all releases from hoods and bench operations, complying with the letter and 
spirit of any sewer discharge permits and regulations, and by complying with all solid and hazardous 
waste regulations, particularly the hazardous waste identification rules and land disposal restrictions.
For further information on waste management, consult The Waste Management Manual for Laboratory 
Personnel available from ACS at the web address listed in Sec. 14.2. 
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EPA/600/R-10-170, U.S. Environmental Protection Agency, Washington, DC, 2010.

2.   A.C. Garrabrants, D.S. Kosson, L. Stefanski, R. DeLapp, P.F.A.B. Seignette, H.A. van der 
Sloot, P. Kariher, and M. Baldwin, "Interlaboratory Validation of the Leaching Environmental 
Assessment (LEAF) Method 1313 and Method 1316," EPA 600/R-12/623, Environmental 
Protection Agency, Washington DC, 2012.

3.   D.S. Kosson, F. Sanchez, P. Kariher, L.H. Turner, R. DeLapp, and P. Seignette, 
"Characterization of Coal Combustion Residues from Electric Utilities – Leaching and 
Characterization Data," EPA-600/R-09/151, U.S. Environmental Protection Agency, Washington 
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Waste Materials and Sludges," Comité Européen de Normalisation, Brussels, Belgium, 2001.

6.   F. Sanchez, R. Keeney, D.S. Kosson, and R. DeLapp, "Characterization of Mercury-Enriched 
Coal Combustion Residues from Electric Utilities Using Enhanced Sorbents for Mercury 
Control," EPA-600/R-06/008, U.S. Environmental Protection Agency, Washington DC, 2006.

7.   F. Sanchez, D.S. Kosson, R. Keeney, R. DeLapp, L. Turner, and P. Kariher, "Characterization 
of Coal Combustion Residues from Electric Utilities Using Wet Scrubbers for Multi-Pollutant 
Control," EPA-600/R-08/077, U.S. Environmental Protection Agency, Washington DC, 2008.

17.0  TABLES, DIAGRAMS, FLOWCHARTS, AND VALIDATION DATA 

The following pages contain the tables and figures referenced by this method. 
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TABLE 1

EXAMPLE SCHEDULE FOR EXTRACTION SETUP

A B C D E F G 

Test
Position

Target
LS

Minimum Dry 
Mass (g-dry)

Mass of "As-
Tested"

Sample (g)

Moisture in
"As-Tested"
Sample (mL)

Volume of 
Reagent

Water (mL)

Recommended
Bottle Size

(mL)

T01 10.0 20 22.2 2.2 198 250

T02 5.0 40 44.4 4.4 196 250

T03 2.0 100 111.1 11.1 189 500

T04 1.0 200 222.2 22.2 178 500

T05 0.5 400 444.4 44.4 156 1000

B03 QC – – – 200 250

Total – – 844.4 – 1120 – 

NOTE: 1) This schedule assumes a target liquid volume of 200 mL. 
2) This schedule is based on "as tested" solids content of 0.90 g-dry/g.
3) Test position marked B01 is a method blank of reagent water.

Table data modified from Ref. 4. 

TABLE 2

EXTRACTION PARAMETERS AS FUNCTION OF MAXIMUM PARTICLE SIZE

Particle Size
(85% less 
than)

US Sieve
Size

Minimum
Dry Mass

Contact 
Time 

Recommended
Vessel size

(mm) (g-dry) (h) (mL)

0.3 50 20 ± 0.05 24 ± 2 250
2.0 10 40 ± 0.1 48 ± 2 500
5.0 4 80 ± 0.1 72 ± 2 1000
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FIGURE 1

METHOD FLOWCHART

Material of Interest 

yes 

no 

Solids/Moisture Content 
(Section 11.2) 

LS Ratio Schedule {Section 11.3) 

Extraction Procedure 
{Section 11.4) 

Extraction Setup 
Leachate pH, EC, Eh 

Sample Preservation 

Extract Analysis 

Documentation and Graphing 

Particle Size Reduction 
{Section 11.1) 
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FIGURE 2

EXAMPLE DATA REPORTING FORMAT

EPA METHOD 1316 
ABC Laboratories Report of Analysis 

123 Main Street 
Anytown, USA 

Contact: John Smith Client Contact: Susan Jones 
(555) 111-1111 (555) 222-2222 

Material Code: FAX Particle Size 88% passing 2-mm sieve 
Material Type: Coal Combustion Fly Ash Contact Time 860 g 

Date Received: 10/1/20xx Lab Temperature 21 ± 2 ·c 
Test Start Date: 11/1/20xx Eluent Used ASTM Type II Water 

Report Date: 12/1/20xx 

Test 
Position Replicate Value Units Method Note 

T01 A 

Eluate Sample ID XYZ-1316-T01-A 

Solid Material 40.0 g 
Moisture Content 0.01 gH,ofg 
Water Added 386.0 ml 

Target US 10.0 mUg-dry 

Eluate pH 1.89 EPA 9040 

Eluate Conductivity 12.6 mS/cm EPA 9050 

Eluate ORP 203 mv 

QC Dilution 
Chemical Analysis Value Units Flag Method Date Factor 

Al 216.0 mg/L EPA 6020 11/7/20xx 1000 
As 7.64 mg/L EPA 6020 11/7/20xx 10 
Cl < 4.13 mg/L u EPA 9056 11/9/20xx 1 

Test 
Position Replicate Value Units Method Note 

T02 A 

Eluate Sample ID XYZ-1316-T02-A 

Solid Material 20.0 g 

Moisture Content 0.01 gH,olg 
Water Added 400.0 ml 

Target US 5.0 mUg-

Eluate pH 3.86 EPA 9040 

Eluate Conductivity 0.99 mS/cm EPA 9050 

Eluate ORP 180 mv 

QC Dilution 
Chemical Analysis Value Units Flag Method Date Factor 

ii Al 449.0 mg/L EPA 6020 11/7/20xx 1000 
As 97.9 mg/L EPA 6020 11/7/20xx 10 
Cl < 4.13 mg/L u EPA 9056 11/7/20xx 1 

QC Flag Key: u Value below lower limit of quantitation as reported (<"LLOQ") 
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FIGURE 3

EXAMPLE CONCENTRATON RESULTS FROM A COAL COMBUSTION FLY ASH AND 
FLUE-GAS DESULFURIZATION FILTER CAKE
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1.0 USE OF TERMS

Equipment blank: The equipment blank shall include the pump and the pump's tubing. If tubing 
is dedicated to the well, the equipment blank needs only to include the pump in subsequent 
sampling rounds. If the pump and tubing are dedicated to the well, the equipment blank is 
collected prior to its placement in the well.  If the pump and tubing will be used to sample 
multiple wells, the equipment blank is normally collected after sampling from contaminated 
wells and not after background wells.

Field duplicates: Field duplicates are collected to determine precision of the sampling procedure.  
For this procedure, collect duplicate for each analyte group in consecutive order (VOC original, 
VOC duplicate, SVOC original, SVOC duplicate, etc.).

Indicator field parameters: This SOP uses field measurements of turbidity, dissolved oxygen, 
specific conductance, temperature, pH, and oxidation/reduction potential (ORP) as indicators of 
when purging operations are sufficient and sample collection may begin.

Matrix Spike/Matrix Spike Duplicates: Used by the laboratory in its quality assurance program. 
Consult the laboratory for the sample volume to be collected.

Potentiometric Surface: The level to which water rises in a tightly cased well constructed in a 
confined aquifer.  In an unconfined aquifer, the potentiometric surface is the water table.

QAPP: Quality Assurance Project Plan

SAP: Sampling and Analysis Plan

SOP: Standard operating procedure

Stabilization: A condition that is achieved when all indicator field parameter measurements are 
sufficiently stable (as described in the “Monitoring Indicator Field Parameters” section) to allow 
sample collection to begin.

Temperature blank: A temperature blank is added to each sample cooler.   The blank is 
measured upon receipt at the laboratory to assess whether the samples were properly cooled 
during transit.

Trip blank (VOCs): Trip blank is a sample of analyte-free water taken to the sampling site and 
returned to the laboratory.  The trip blanks (one pair) are added to each sample cooler that 
contains VOC samples.
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2.0 SCOPE & APPLICATION

The goal of this groundwater sampling procedure is to collect water samples that reflect the 
total mobile organic and inorganic loads (dissolved and colloidal sized fractions) 
transported through the subsurface under ambient flow conditions, with minimal physical 
and chemical alterations from sampling operations.  This standard operating procedure 
(SOP) for collecting groundwater samples will help ensure that the project’s data quality 
objectives (DQOs) are met under certain low-flow conditions.

The SOP emphasizes the need to minimize hydraulic stress at the well-aquifer interface by 
maintaining low water-level drawdowns, and by using low pumping rates during purging 
and sampling operations. Indicator field parameters (e.g., dissolved oxygen, pH, etc.) are 
monitored during purging in order to determine when sample collection may begin. 
Samples properly collected using this SOP are suitable for analysis of groundwater 
contaminants (volatile and semi-volatile organic analytes, dissolved gases, pesticides, 
PCBs, metals and other inorganics), or naturally occurring analytes. This SOP is based on 
Puls, and Barcelona (1996).

This procedure is designed for monitoring wells with an inside diameter (1.5-inches or 
greater) that can accommodate a positive lift pump with a screen length or open interval 
ten feet or less and with a water level above the top of the screen or open interval
(Hereafter, the “screen or open interval” will be referred to only as “screen interval”). This 
SOP is not applicable to other well-sampling conditions.

While the use of dedicated sampling equipment is not mandatory, dedicated pumps and 
tubing can reduce sampling costs significantly by streamlining sampling activities and 
thereby reducing the overall field costs.

The goal of this procedure is to emphasize the need for consistency in deploying and 
operating equipment while purging and sampling monitoring wells during each sampling 
event.  This will help to minimize sampling variability. 

This procedure describes a general framework for groundwater sampling.  Other site 
specific information (hydrogeological context, conceptual site model (CSM), DQOs, etc.) 
coupled with systematic planning must be added to the procedure in order to develop an 
appropriate site specific SAP/QAPP. In addition, the site specific SAP/QAPP must 
identify the specific equipment that will be used to collect the groundwater samples.

This procedure does not address the collection of water or free product samples from wells 
containing free phase LNAPLs and/or DNAPLs (light or dense non-aqueous phase 
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liquids).  For this type of situation, the reader may wish to check: Cohen, and Mercer 
(1993) or other pertinent documents.

This SOP is to be used when collecting groundwater samples from monitoring wells at all 
Superfund, Federal Facility and RCRA sites in Region 1 under the conditions described 
herein.  Request for modification of this SOP, in order to better address specific situations 
at individual wells, must include adequate technical justification for proposed changes.  All 
changes and modifications must be approved and included in a revised SAP/QAPP before 
implementation in field.

3.0 BACKGROUND FOR IMPLEMENTATION

It is expected that the monitoring well screen has been properly located (both laterally and 
vertically) to intercept existing contaminant plume(s) or along flow paths of potential 
contaminant migration.  Problems with inappropriate monitoring well placement or 
faulty/improper well installation cannot be overcome by even the best water sampling 
procedures. This SOP presumes that the analytes of interest are moving (or will potentially 
move) primarily through the more permeable zones intercepted by the screen interval.  

Proper well construction, development, and operation and maintenance cannot be 
overemphasized. The use of installation techniques that are appropriate to the 
hydrogeologic setting of the site often prevent "problem well" situations from occurring.  
During well development, or redevelopment, tests should be conducted to determine the 
hydraulic characteristics of the monitoring well. The data can then be used to set the 
purging/sampling rate, and provide a baseline for evaluating changes in well performance
and the potential need for well rehabilitation. Note: if this installation data or well history 
(construction and sampling) is not available or discoverable, for all wells to be sampled, 
efforts to build a sampling history should commence with the next sampling event.

The pump intake should be located within the screen interval and at a depth that will 
remain under water at all times. It is recommended that the intake depth and pumping rate 
remain the same for all sampling events. The mid-point or the lowest historical midpoint of 
the saturated screen length is often used as the location of the pump intake. For new wells, 
or for wells without pump intake depth information, the site’s SAP/QAPP must provide 
clear reasons and instructions on how the pump intake depth(s) will be selected, and 
reason(s) for the depth(s) selected. If the depths to top and bottom of the well screen are
not known, the SAP/QAPP will need to describe how the sampling depth will be 
determined and how the data can be used.

Stabilization of indicator field parameters is used to indicate that conditions are suitable for 
sampling to begin.  Achievement of turbidity levels of less than 5 NTU, and stable 
drawdowns of less than 0.3 feet, while desirable, are not mandatory.  Sample collection 
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may still take place provided the indicator field parameter criteria in this procedure are 
met.  If after 2 hours of purging indicator field parameters have not stabilized, one of three
optional courses of action may be taken:  a) continue purging until stabilization is 
achieved, b) discontinue purging, do not collect any samples, and record in log book that 
stabilization could not be achieved (documentation must describe attempts to achieve 
stabilization), c) discontinue purging, collect samples and provide full explanation of 
attempts to achieve stabilization (note: there is a risk that the analytical data obtained, 
especially metals and strongly hydrophobic organic analytes, may reflect a sampling bias  
and therefore, the data may not meet the data quality objectives of the sampling event).

It is recommended that low-flow sampling be conducted when the air temperature is above 
32°F (0°C).  If the procedure is used below 32°F, special precautions will need to be taken 
to prevent the groundwater from freezing in the equipment. Because sampling during 
freezing temperatures may adversely impact the data quality objectives, the need for water 
sample collection during months when these conditions are likely to occur should be 
evaluated during site planning and special sampling measures may need to be developed. 
Ice formation in the flow-through-cell will cause the monitoring probes to act erratically.
A transparent flow-through-cell needs to be used to observe if ice is forming in the cell. If 
ice starts to form on the other pieces of the sampling equipment, additional problems may 
occur.

4.0 HEALTH & SAFETY

When working on-site, comply with all applicable OSHA requirements and the site’s 
health/safety procedures. All proper personal protection clothing and equipment are to be 
worn. Some samples may contain biological and chemical hazards.  These samples should 
be handled with suitable protection to skin, eyes, etc.

5.0 CAUTIONS

The following cautions need to be considered when planning to collect groundwater 
samples when the below conditions occur.

If the groundwater degasses during purging of the monitoring well, dissolved gases and 
VOCs will be lost.  When this happens, the groundwater data for dissolved gases (e.g., 
methane, ethene, ethane, dissolved oxygen, etc.) and VOCs will need to be qualified.  
Some conditions that can promote degassing are the use of a vacuum pump (e.g., peristaltic 
pumps), changes in aperture along the sampling tubing, and squeezing/pinching the 
pump’s tubing which results in a pressure change.

When collecting the samples for dissolved gases and VOCs analyses, avoid aerating the 
groundwater in the pump’s tubing.  This can cause loss of the dissolved gases and VOCs in 
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the groundwater.  Having the pump’s tubing completely filled prior to sampling will avoid 
this problem when using a centrifugal pump or peristaltic pump.

Direct sun light and hot ambient air temperatures may cause the groundwater in the tubing 
and flow-through-cell to heat up.  This may cause the groundwater to degas which will 
result in loss of VOCs and dissolved gases. When sampling under these conditions, the 
sampler will need to shade the equipment from the sunlight (e.g., umbrella, tent, etc.).   If 
possible, sampling on hot days, or during the hottest time of the day, should be avoided.   
The tubing exiting the monitoring well should be kept as short as possible to avoid the sun 
light or ambient air from heating up the groundwater.

Thermal currents in the monitoring well may cause vertical mixing of water in the well 
bore. When the air temperature is colder than the groundwater temperature, it can cool the 
top of the water column.  Colder water which is denser than warm water sinks to the 
bottom of the well and the warmer water at the bottom of the well rises, setting up a 
convection cell. “During low-flow sampling, the pumped water may be a mixture of 
convecting water from within the well casing and aquifer water moving inward through the 
screen.  This mixing of water during low-flow sampling can substantially increase 
equilibration times, can cause false stabilization of indicator parameters, can give false 
indication of redox state, and can provide biological data that are not representative of the 
aquifer conditions” (Vroblesky 2007).

Failure to calibrate or perform proper maintenance on the sampling equipment and 
measurement instruments (e.g., dissolved oxygen meter, etc.) can result in faulty data
being collected.

Interferences may result from using contaminated equipment, cleaning materials, sample 
containers, or uncontrolled ambient/surrounding air conditions (e.g., truck/vehicle exhaust 
nearby).

Cross contamination problems can be eliminated or minimized through the use of 
dedicated sampling equipment and/or proper planning to avoid ambient air interferences.
Note that the use of dedicated sampling equipment can also significantly reduce the time 
needed to complete each sampling event, will promote consistency in the sampling, and 
may reduce sampling bias by having the pump’s intake at a constant depth.

Clean and decontaminate all sampling equipment prior to use.  All sampling equipment 
needs to be routinely checked to be free from contaminants and equipment blanks collected 
to ensure that the equipment is free of contaminants. Check the previous equipment blank 
data for the site (if they exist) to determine if the previous cleaning procedure removed the 
contaminants. If contaminants were detected and they are a concern, then a more vigorous 
cleaning procedure will be needed.
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6.0 PERSONNEL QUALIFICATIONS

All field samplers working at sites containing hazardous waste must meet the requirements 
of the OSHA regulations.   OSHA regulations may require the sampler to take the 40 hour
OSHA health and safety training course and a refresher course prior to engaging in any 
field activities, depending upon the site and field conditions.

The field samplers must be trained prior to the use of the sampling equipment, field 
instruments, and procedures.  Training is to be conducted by an experienced sampler 
before initiating any sampling procedure.

The entire sampling team needs to read, and be familiar with, the site Health and Safety 
Plan, all relevant SOPs, and SAP/QAPP (and the most recent amendments) before going 
onsite for the sampling event. It is recommended that the field sampling leader attest to the 
understanding of these site documents and that it is recorded.

7.0 EQUIPMENT AND SUPPLIES 

A. Informational materials for sampling event

A copy of the current Health and Safety Plan, SAP/QAPP, monitoring well construction 
data, location map(s), field data from last sampling event, manuals for sampling, and the 
monitoring instruments’ operation, maintenance, and calibration manuals should be 
brought to the site.

B. Well keys.

C. Extraction device

Adjustable rate, submersible pumps (e.g., centrifugal, bladder, etc.) which are constructed 
of stainless steel or polytetrafluoroethylene (PTFE, i.e. Teflon®) are preferred. PTFE,
however, should not be used when sampling for per- and polyfluoroalkyl substances
(PFAS) as it is likely to contain these substances.

Note: If extraction devices constructed of other materials are to be used, adequate 
information must be provided to show that the substituted materials do not leach 
contaminants nor cause interferences to the analytical procedures to be used.  Acceptance 
of these materials must be obtained before the sampling event.
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If bladder pumps are selected for the collection of VOCs and dissolved gases, the pump 
setting should be set so that one pulse will deliver a water volume that is sufficient to
fill a 40 mL VOC vial.  This is not mandatory, but is considered a “best practice”. For the 
proper operation, the bladder pump will need a minimum amount of water above the 
pump; consult the manufacturer for the recommended submergence. The pump’s 
recommended submergence value should be determined during the planning stage, since it 
may influence well construction and placement of dedicated pumps where water-level 
fluctuations are significant.   

Adjustable rate, peristaltic pumps (suction) are to be used with caution when collecting
samples for VOCs and dissolved gases (e.g., methane, carbon dioxide, etc.) analyses. 
Additional information on the use of peristaltic pumps can be found in Appendix A.
If peristaltic pumps are used, the inside diameter of the rotor head tubing needs to match 
the inside diameter of the tubing installed in the monitoring well.

Inertial pumping devices (motor driven or manual) are not recommended.  These devices 
frequently cause greater disturbance during purging and sampling, and are less easily 
controlled than submersible pumps (potentially increasing turbidity and sampling 
variability, etc.). This can lead to sampling results that are adversely affected by purging 
and sampling operations, and a higher degree of data variability.

D. Tubing

PTFE (Teflon®) or PTFE-lined polyethylene tubing are preferred when sampling is to 
include VOCs, SVOCs, pesticides, PCBs and inorganics. As discussed in the previous 
section, PTFE tubing should not be used when sampling for PFAS. In this case, a suitable 
alternative such as high-density polyethylene tubing should be used.

PVC, polypropylene or polyethylene tubing may be used when collecting samples for 
metal and other inorganics analyses.

Note: If tubing constructed of other materials is to be used, adequate information must be 
provided to show that the substituted materials do not leach contaminants nor cause 
interferences to the analytical procedures to be used.  Acceptance of these materials must 
be obtained before the sampling event.

The use of 1/4 inch or 3/8 inch (inside diameter) tubing is recommended.  This will help 
ensure that the tubing remains liquid filled when operating at very low pumping rates when 
using centrifugal and peristaltic pumps.
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Silastic tubing should be used for the section around the rotor head of a peristaltic pump. 
It should be less than a foot in length. The inside diameter of the tubing used at the pump 
rotor head must be the same as the inside diameter of tubing placed in the well. A tubing 
connector is used to connect the pump rotor head tubing to the well tubing. Alternatively, 
the two pieces of tubing can be connected to each other by placing the one end of the 
tubing inside the end of the other tubing. The tubing must not be reused.

E. The water level measuring device 

Electronic ”tape”, pressure transducer, water level sounder/level indicator, etc. should be 
capable of measuring to 0.01 foot accuracy.  Recording pressure transducers, mounted 
above the pump, are especially helpful in tracking water levels during pumping operations, 
but their use must include check measurements with a water level “tape” at the start and 
end of each sampling event.

F.  Flow measurement supplies 

Graduated cylinder (size according to flow rate) and stopwatch usually will suffice.

Large graduated bucket used to record total water purged from the well.

G.  Interface probe

To be used to check on the presence of free phase liquids (LNAPL, or DNAPL) before 
purging begins (as needed).

H.  Power source (generator, nitrogen tank, battery, etc.)  

When a gasoline generator is used, locate it downwind and at least 30 feet from the well so 
that the exhaust fumes do not contaminate samples. 

I.  Indicator field parameter monitoring instruments 

Use of a multi-parameter instrument capable of measuring pH, oxidation/reduction 
potential (ORP), dissolved oxygen (DO), specific conductance, temperature, and coupled 
with a flow-through-cell is required when measuring all indicator field parameters, except 
turbidity. Turbidity is collected using a separate instrument.  Record equipment/instrument 
identification (manufacturer, and model number). 

Transparent, small volume flow-through-cells (e.g., 250 mLs or less) are preferred. This 
allows observation of air bubbles and sediment buildup in the cell, which can interfere with 
the operation of the monitoring instrument probes, to be easily detected. A small volume 

R000133



EQASOP-GW4
                                                                                                              Region 1 Low-Stress

                                                                                                          (Low-Flow) SOP
                                                                                                             Revision Number: 4

                                                                                                                             Date: July 30, 1996
                                                                                                                            Revised: September 19, 2017

                                                                                                  Page 12 of 30

cell facilitates rapid turnover of water in the cell between measurements of the indicator 
field parameters. 

It is recommended to use a flow-through-cell and monitoring probes from the same 
manufacturer and model to avoid incompatibility between the probes and flow-through-
cell.

Turbidity samples are collected before the flow-through-cell.  A “T” connector coupled 
with a valve is connected between the pump’s tubing and flow-through-cell.  When a 
turbidity measurement is required, the valve is opened to allow the groundwater to flow 
into a container.  The valve is closed and the container sample is then placed in the 
turbidimeter.

Standards are necessary to perform field calibration of instruments. A minimum of two 
standards are needed to bracket the instrument measurement range for all parameters 
except ORP which use a Zobell solution as a standard. For dissolved oxygen, a wet 
sponge used for the 100% saturation and a zero dissolved oxygen solution are used for the
calibration.

Barometer (used in the calibration of the Dissolved Oxygen probe) and the conversion 
formula to convert the barometric pressure into the units of measure used by the Dissolved 
Oxygen meter are needed.

J.  Decontamination supplies 

Includes (for example) non-phosphate detergent, distilled/deionized water, isopropyl 
alcohol, etc.

K.  Record keeping supplies

Logbook(s), well purging forms, chain-of-custody forms, field instrument calibration 
forms, etc.

L.  Sample bottles

M.  Sample preservation supplies (as required by the analytical methods)

N.  Sample tags or labels

O.   PID or FID instrument 
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If appropriate, to detect VOCs for health and safety purposes, and provide qualitative field 
evaluations.

P. Miscellaneous Equipment

Equipment to keep the sampling apparatus shaded in the summer (e.g., umbrella) and from 
freezing in the winter.  If the pump’s tubing is allowed to heat up in the warm weather, the 
cold groundwater may degas as it is warmed in the tubing.

8.0 EQUIPMENT/INSTRUMENT CALIBRATION

Prior to the sampling event, perform maintenance checks on the equipment and 
instruments according to the manufacturer’s manual and/or applicable SOP. This will 
ensure that the equipment/instruments are working properly before they are used in the 
field. 

Prior to sampling, the monitoring instruments must be calibrated and the calibration 
documented. The instruments are calibrated using U.S Environmental Protection Agency 
Region 1 Calibration of Field Instruments (temperature, pH, dissolved oxygen, 
conductivity/specific conductance, oxidation/reduction [ORP], and turbidity), March 23, 
2017, or latest version or from one of the methods listed in 40CFR136, 40CFR141 and 
SW-846.

The instruments shall be calibrated at the beginning of each day.  If the field measurement 
falls outside the calibration range, the instrument must be re-calibrated so that all 
measurements fall within the calibration range.  At the end of each day, a calibration check 
is performed to verify that instruments remained in calibration throughout the day. This 
check is performed while the instrument is in measurement mode, not calibration mode. If 
the field instruments are being used to monitor the natural attenuation parameters, then a 
calibration check at mid-day is highly recommended to ensure that the instruments did not 
drift out of calibration. Note: during the day if the instrument reads zero or a negative 
number for dissolved oxygen, pH, specific conductance, or turbidity (negative value only),
this indicates that the instrument drifted out of calibration or the instrument is 
malfunctioning.  If this situation occurs the data from this instrument will need to be 
qualified or rejected.

9.0 PRELIMINARY SITE ACTIVITIES (as applicable)

Check the well for security (damage, evidence of tampering, missing lock, etc.) and record 
pertinent observations (include photograph as warranted). 
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If needed, lay out a sheet of clean polyethylene for monitoring and sampling equipment,
unless equipment is elevated above the ground (e.g., on a table, etc.).

Remove well cap and if appropriate measure VOCs at the rim of the well with a PID or 
FID instrument and record reading in field logbook or on the well purge form.

If the well casing does not have an established reference point (usually a V-cut or indelible 
mark in the well casing), make one.  Describe its location and record the date of the mark 
in the logbook (consider a photographic record as well). All water level measurements 
must be recorded relative to this reference point (and the altitude of this point should be 
determined using techniques that are appropriate to site’s DQOs.

If water-table or potentiometric surface map(s) are to be constructed for the sampling 
event, perform synoptic water level measurement round (in the shortest possible time) 
before any purging and sampling activities begin.  If possible, measure water level depth 
(to 0.01 ft.) and total well depth (to 0.1 ft.) the day before sampling begins, in order to 
allow for re-settlement of any particulates in the water column.  This is especially 
important for those wells that have not been recently sampled because sediment buildup in 
the well may require the well to be redeveloped.  If measurement of total well depth is not 
made the day before, it should be measured after sampling of the well is complete.  All 
measurements must be taken from the established referenced point.  Care should be taken 
to minimize water column disturbance.

Check newly constructed wells for the presence of LNAPLs or DNAPLs before the initial 
sampling round.  If none are encountered, subsequent check measurements with an 
interface probe may not be necessary unless analytical data or field analysis signal a 
worsening situation.  This SOP cannot be used in the presence of LNAPLs or DNAPLs.  If 
NAPLs are present, the project team must decide upon an alternate sampling method.  All 
project modifications must be approved and documented prior to implementation.

If available check intake depth and drawdown information from previous sampling 
event(s) for each well.  Duplicate, to the extent practicable, the intake depth and extraction 
rate (use final pump dial setting information) from previous event(s). If changes are made 
in the intake depth or extraction rate(s) used during previous sampling event(s), for either 
portable or dedicated extraction devices, record new values, and explain reasons for the 
changes in the field logbook.

10.0 PURGING AND SAMPLING PROCEDURE

Purging and sampling wells in order of increasing chemical concentrations (known or 
anticipated) are preferred.
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The use of dedicated pumps is recommended to minimize artificial mobilization and 
entrainment of particulates each time the well is sampled. Note that the use of dedicated 
sampling equipment can also significantly reduce the time needed to complete each 
sampling event, will promote consistency in the sampling, and may reduce sampling bias 
by having the pump’s intake at a constant depth.

A. Initial Water Level

Measure the water level in the well before installing the pump if a non-dedicated pump is 
being used. The initial water level is recorded on the purge form or in the field logbook.

B. Install Pump

Lower pump, safety cable, tubing and electrical lines slowly (to minimize disturbance) into 
the well to the appropriate depth (may not be the mid-point of the screen/open interval).
The Sampling and Analysis Plan/Quality Assurance Project Plan should specify the 
sampling depth (used previously), or provide criteria for selection of intake depth for each 
new well.  If possible keep the pump intake at least two feet above the bottom of the well, 
to minimize mobilization of particulates present in the bottom of the well. 

Pump tubing lengths, above the top of well casing should be kept as short as possible to 
minimize heating the groundwater in the tubing by exposure to sun light and ambient air 
temperatures.  Heating may cause the groundwater to degas, which is unacceptable for the 
collection of samples for VOC and dissolved gases analyses.

C. Measure Water Level

Before starting pump, measure water level.  Install recording pressure transducer, if used to 
track drawdowns, to initialize starting condition.

D. Purge Well

From the time the pump starts purging and until the time the samples are collected, the 
purged water is discharged into a graduated bucket to determine the total volume of 
groundwater purged.  This information is recorded on the purge form or in the field 
logbook.

Start the pump at low speed and slowly increase the speed until discharge occurs.  Check
water level. Check equipment for water leaks and if present fix or replace the affected 
equipment. Try to match pumping rate used during previous sampling event(s).  
Otherwise, adjust pump speed until there is little or no water level drawdown.  If the 
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minimal drawdown that can be achieved exceeds 0.3 feet, but remains stable, continue 
purging.

Monitor and record the water level and pumping rate every five minutes (or as appropriate)
during purging.  Record any pumping rate adjustments (both time and flow rate).  Pumping 
rates should, as needed, be reduced to the minimum capabilities of the pump to ensure 
stabilization of the water level.  Adjustments are best made in the first fifteen minutes of 
pumping in order to help minimize purging time.  During pump start-up, drawdown may 
exceed the 0.3 feet target and then "recover" somewhat as pump flow adjustments are 
made.  Purge volume calculations should utilize stabilized drawdown value, not the initial 
drawdown.  If the initial water level is above the top of the screen do not allow the water 
level to fall into the well screen.  The final purge volume must be greater than the 
stabilized drawdown volume plus the pump’s tubing volume.  If the drawdown has 
exceeded 0.3 feet and stabilizes, calculate the volume of water between the initial water 
level and the stabilized water level.  Add the volume of the water which occupies the 
pump’s tubing to this calculation.  This combined volume of water needs to be purged 
from the well after the water level has stabilized before samples are collected.

Avoid the use of constriction devices on the tubing to decrease the flow rate because the 
constrictor will cause a pressure difference in the water column.  This will cause the 
groundwater to degas and result in a loss of VOCs and dissolved gasses in the groundwater 
samples. 

Note: the flow rate used to achieve a stable pumping level should remain constant while 
monitoring the indicator parameters for stabilization and while collecting the samples.   

Wells with low recharge rates may require the use of special pumps capable of attaining 
very low pumping rates (e.g., bladder, peristaltic), and/or the use of dedicated equipment.  
For new monitoring wells, or wells where the following situation has not occurred before,
if the recovery rate to the well is less than 50 mL/min., or the well is being essentially 
dewatered during purging, the well should be sampled as soon as the water level has 
recovered sufficiently to collect the volume needed for all anticipated samples. The project 
manager or field team leader will need to make the decision when samples should be 
collected, how the sample is to be collected, and the reasons recorded on the purge form or 
in the field logbook. A water level measurement needs to be performed and recorded 
before samples are collected.  If the project manager decides to collect the samples using 
the pump, it is best during this recovery period that the pump intake tubing not be 
removed, since this will aggravate any turbidity problems. Samples in this specific 
situation may be collected without stabilization of indicator field parameters. Note that 
field conditions and efforts to overcome problematic situations must be recorded in order 
to support field decisions to deviate from normal procedures described in this SOP. If this 
type of problematic situation persists in a well, then water sample collection should be 
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changed to a passive or no-purge method, if consistent with the site’s DQOs, or have a new 
well installed.

E. Monitor Indicator Field Parameters

After the water level has stabilized, connect the “T” connector with a valve and the flow-
through-cell to monitor the indicator field parameters. If excessive turbidity is anticipated 
or encountered with the pump startup, the well may be purged for a while without 
connecting up the flow-through-cell, in order to minimize particulate buildup in the cell
(This is a judgment call made by the sampler). Water level drawdown measurements 
should be made as usual. If possible, the pump may be installed the day before purging to 
allow particulates that were disturbed during pump insertion to settle.

During well purging, monitor indicator field parameters (turbidity, temperature, specific 
conductance, pH, ORP, DO) at a frequency of five minute intervals or greater. The 
pump’s flow rate must be able to “turn over” at least one flow-through-cell volume 
between measurements (for a 250 mL flow-through-cell with a flow rate of 50 mLs/min., 
the monitoring frequency would be every five minutes; for a 500 mL flow-through-cell it 
would be every ten minutes).  If the cell volume cannot be replaced in the five minute 
interval, then the time between measurements must be increased accordingly. Note: during 
the early phase of purging, emphasis should be put on minimizing and stabilizing pumping 
stress, and recording those adjustments followed by stabilization of indicator parameters.  
Purging is considered complete and sampling may begin when all the above indicator field 
parameters have stabilized.  Stabilization is considered to be achieved when three 
consecutive readings are within the following limits:

Turbidity (10% for values greater than 5 NTU; if three Turbidity values are less 
than 5 NTU, consider the values as stabilized),

Dissolved Oxygen (10% for values greater than 0.5 mg/L, if three Dissolved 
Oxygen values are less than 0.5 mg/L, consider the values as 
stabilized),

Specific Conductance (3%),
Temperature (3%), 
pH (± 0.1 unit),
Oxidation/Reduction Potential (±10 millivolts).

All measurements, except turbidity, must be obtained using a flow-through-cell.  Samples 
for turbidity measurements are obtained before water enters the flow-through-cell.  
Transparent flow-through-cells are preferred, because they allow field personnel to watch 
for particulate build-up within the cell. This build-up may affect indicator field parameter 
values measured within the cell. If the cell needs to be cleaned during purging operations, 
continue pumping and disconnect cell for cleaning, then reconnect after cleaning and 
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continue monitoring activities. Record start and stop times and give a brief description of 
cleaning activities.

The flow-through-cell must be designed in a way that prevents gas bubble entrapment in 
the cell. Placing the flow-through-cell at a 45 degree angle with the port facing upward can 
help remove bubbles from the flow-through-cell (see Appendix B Low-Flow Setup 
Diagram). Throughout the measurement process, the flow-through-cell must remain free 
of any gas bubbles.  Otherwise, the monitoring probes may act erratically.  When the pump 
is turned off or cycling on/off (when using a bladder pump), water in the cell must not 
drain out.  Monitoring probes must remain submerged in water at all times. 

F. Collect Water Samples

When samples are collected for laboratory analyses, the pump’s tubing is disconnected 
from the “T” connector with a valve and the flow-through-cell. The samples are collected 
directly from the pump’s tubing. Samples must not be collected from the flow-through-cell
or from the “T” connector with a valve.

VOC samples are normally collected first and directly into pre-preserved sample 
containers.  However, this may not be the case for all sampling locations; the SAP/QAPP 
should list the order in which the samples are to be collected based on the project’s 
objective(s).  Fill all sample containers by allowing the pump discharge to flow gently 
down the inside of the container with minimal turbulence. 

If the pump’s flow rate is too high to collect the VOC/dissolved gases samples, collect the 
other samples first.  Lower the pump’s flow rate to a reasonable rate and collect the 
VOC/dissolved gases samples and record the new flow rate.

During purging and sampling, the centrifugal/peristaltic pump tubing must remain filled
with water to avoid aeration of the groundwater. It is recommended that 1/4 inch or 3/8 
inch (inside diameter) tubing be used to help ensure that the sample tubing remains water 
filled.  If the pump tubing is not completely filled to the sampling point, use the following 
procedure to collect samples: collect non-VOC/dissolved gases samples first, then increase 
flow rate slightly until the water completely fills the tubing, collect the VOC/dissolved 
gases samples, and record new drawdown depth and flow rate.

For bladder pumps that will be used to collect VOC or dissolved gas samples, it is 
recommended that the pump be set to deliver long pulses of water so that one pulse will fill 
a 40 mL VOC vial. 

Use pre-preserved sample containers or add preservative, as required by analytical 
methods, to the samples immediately after they are collected. Check the analytical methods 
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(e.g. EPA SW-846, 40 CFR 136, water supply, etc.) for additional information on 
preservation.  

If determination of filtered metal concentrations is a sampling objective, collect filtered 
water samples using the same low flow procedures. The use of an in-line filter (transparent 
housing preferred) is required, and the filter size (0.45 μm is commonly used) should be 
based on the sampling objective.  Pre-rinse the filter with groundwater prior to sample 
collection.  Make sure the filter is free of air bubbles before samples are collected.  
Preserve the filtered water sample immediately.  Note: filtered water samples are not an 
acceptable substitute for unfiltered samples when the monitoring objective is to obtain 
chemical concentrations of total mobile contaminants in groundwater for human health or 
ecological risk calculations.

Label each sample as collected.  Samples requiring cooling will be placed into a cooler 
with ice or refrigerant for delivery to the laboratory.  Metal samples after acidification to a 
pH less than 2 do not need to be cooled.

G. Post Sampling Activities

If a recording pressure transducer is used to track drawdown, re-measure water level with 
tape.   

After collection of samples, the pump tubing may be dedicated to the well for re-sampling 
(by hanging the tubing inside the well), decontaminated, or properly discarded.  

Before securing the well, measure and record the well depth (to 0.1 ft.), if not measured the 
day before purging began.  Note: measurement of total well depth annually is usually 
sufficient after the initial low stress sampling event.  However, a greater frequency may be 
needed if the well has a “silting” problem or if confirmation of well identity is needed.

Secure the well.

11.0 DECONTAMINATION

Decontaminate sampling equipment prior to use in the first well, and then following 
sampling of each subsequent well.  Pumps should not be removed between purging and 
sampling operations.  The pump, tubing, support cable and electrical wires which were in 
contact with the well should be decontaminated by one of the procedures listed below.  

The use of dedicated pumps and tubing will reduce the amount of time spent on 
decontamination of the equipment.  If dedicated pumps and tubing are used, only the initial 
sampling event will require decontamination of the pump and tubing.  
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Note if the previous equipment blank data showed that contaminant(s) were present after 
using the below procedure or the one described in the SAP/QAPP, a more vigorous 
procedure may be needed. 

Procedure 1

Decontaminating solutions can be pumped from either buckets or short PVC casing 
sections through the pump and tubing. The pump may be disassembled and flushed with 
the decontaminating solutions.  It is recommended that detergent and alcohol be used 
sparingly in the decontamination process and water flushing steps be extended to ensure 
that any sediment trapped in the pump is removed. The pump exterior and electrical wires 
must be rinsed with the decontaminating solutions, as well.  The procedure is as follows:

Flush the equipment/pump with potable water.

Flush with non-phosphate detergent solution.  If the solution is recycled, the solution must 
be changed periodically.

Flush with potable or distilled/deionized water to remove all of the detergent solution.  If 
the water is recycled, the water must be changed periodically.

Optional - flush with isopropyl alcohol (pesticide grade; must be free of ketones {e.g., 
acetone}) or with methanol. This step may be required if the well is highly contaminated or 
if the equipment blank data from the previous sampling event show that the level of 
contaminants is significant. 

Flush with distilled/deionized water. This step must remove all traces of alcohol (if used) 
from the equipment.  The final water rinse must not be recycled.

Procedure 2

Steam clean the outside of the submersible pump.

Pump hot potable water from the steam cleaner through the inside of the pump.  This can 
be accomplished by placing the pump inside a three or four inch diameter PVC pipe with 
end cap.  Hot water from the steam cleaner jet will be directed inside the PVC pipe and the 
pump exterior will be cleaned.  The hot water from the steam cleaner will then be pumped 
from the PVC pipe through the pump and collected into another container.  Note: additives 
or solutions should not be added to the steam cleaner.
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Pump non-phosphate detergent solution through the inside of the pump.  If the solution is 
recycled, the solution must be changed periodically.  

Pump potable water through the inside of the pump to remove all of the detergent solution.  
If the solution is recycled, the solution must be changed periodically.

Pump distilled/deionized water through the pump.  The final water rinse must not be 
recycled.

12.0 FIELD QUALITY CONTROL

Quality control samples are required to verify that the sample collection and handling 
process has not compromised the quality of the groundwater samples.  All field quality 
control samples must be prepared the same as regular investigation samples with regard to 
sample volume, containers, and preservation.  Quality control samples include field 
duplicates, equipment blanks, matrix spike/matrix spike duplicates, trip blanks (VOCs), 
and temperature blanks.     

13.0 FIELD LOGBOOK

A field log shall be kept to document all groundwater field monitoring activities (see 
Appendix C, example table), and record the following for each well:

Site name, municipality, state.

Well identifier, latitude-longitude or state grid coordinates.

Measuring point description (e.g., north side of PVC pipe).

Well depth, and measurement technique.

Well screen length.

Pump depth.

Static water level depth, date, time and measurement technique.

Presence and thickness of immiscible liquid (NAPL) layers and detection method.

Pumping rate, drawdown, indicator parameters values, calculated or measured total volume 
pumped, and clock time of each set of measurements.
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Type of tubing used and its length.

Type of pump used.

Clock time of start and end of purging and sampling activity.

Types of sample bottles used and sample identification numbers.

Preservatives used.

Parameters requested for analyses.

Field observations during sampling event.

Name of sample collector(s).

Weather conditions, including approximate ambient air temperature.

QA/QC data for field instruments.

Any problems encountered should be highlighted.

Description of all sampling/monitoring equipment used, including trade names, model 
number, instrument identification number, diameters, material composition, etc.

14.0 DATA REPORT

Data reports are to include laboratory analytical results, QA/QC information, field 
indicator parameters measured during purging, field instrument calibration information,
and whatever other field logbook information is needed to allow for a full evaluation of 
data usability.

Note: the use of trade, product, or firm names in this sampling procedure is for descriptive 
purposes only and does not constitute endorsement by the U.S. EPA. 
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APPENDIX A

PERISTALTIC PUMPS

Before selecting a peristaltic pump to collect groundwater samples for VOCs and/or 
dissolved gases, (e.g., methane, carbon dioxide, etc.) consideration should be given to the 
following: 

• The decision of whether or not to use a peristaltic pump is dependent on the 
intended use of the data.

• If the additional sampling error that may be introduced by this device is NOT of 
concern for the VOC/dissolved gases data’s intended use, then this device may be 
acceptable.

• If minor differences in the groundwater concentrations could affect the decision, 
such as to continue or terminate groundwater cleanup or whether the cleanup goals 
have been reached, then this device should NOT be used for VOC/dissolved gases 
sampling.  In these cases, centrifugal or bladder pumps are a better choice for more 
accurate results.

EPA and USGS have documented their concerns with the use of the peristaltic pumps to 
collect water sample in the below documents.

• “Suction Pumps are not recommended because they may cause degassing, pH 
modification, and loss of volatile compounds” A Compendium of Superfund Field 
Operations Methods, EPA/540/P-87/001, December 1987.

• “The agency does not recommend the use of peristaltic pumps to sample ground 
water particularly for volatile organic analytes” RCRA Ground-Water Monitoring 
Draft Technical Guidance, EPA Office of Solid Waste, November 1992.

• “The peristaltic pump is limited to shallow applications and can cause degassing 
resulting in alteration of pH, alkalinity, and volatiles loss”, Low-flow (Minimal 
drawdown) Ground-Water Sampling Procedures, by Robert Puls & Michael 
Barcelona, April 1996, EPA/540/S-95/504.

• “Suction-lift pumps, such as peristaltic pumps, can operate at a very low pumping 
rate; however, using negative pressure to lift the sample can result in the loss of 
volatile analytes”, USGS Book 9 Techniques of Water-Resources Investigation, 
Chapter A4. (Version 2.0, 9/2006).
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APPENDIX B

SUMMARY OF SAMPLING INSTRUCTIONS

These instructions are for using an adjustable rate, submersible pump or a peristaltic pump 
with the pump’s intake placed at the midpoint of a 10 foot or less well screen or an open 
interval.  The water level in the monitoring well is above the top of the well screen or open 
interval, the ambient temperature is above 32°F, and the equipment is not dedicated.  Field 
instruments are already calibrated. The equipment is setup according to the diagram at the 
end of these instructions.  

1. Review well installation information. Record well depth, length of screen or open 
interval, and depth to top of the well screen.  Determine the pump’s intake depth (e.g., 
mid-point of screen/open interval).

2. On the day of sampling, check security of the well casing, perform any safety checks 
needed for the site, lay out a sheet of polyethylene around the well (if necessary), and setup 
the equipment.  If necessary a canopy or an equivalent item can be setup to shade the 
pump’s tubing and flow-through-cell from the sun light to prevent the sun light from 
heating the groundwater. 

3. Check well casing for a reference mark.  If missing, make a reference mark.   Measure 
the water level (initial) to 0.01 ft. and record this information.

4. Install the pump’s intake to the appropriate depth (e.g., midpoint) of the well screen or 
open interval.  Do not turn-on the pump at this time.

5. Measure water level and record this information.

6. Turn-on the pump and discharge the groundwater into a graduated waste bucket.  Slowly 
increase the flow rate until the water level starts to drop. Reduce the flow rate slightly so 
the water level stabilizes.  Record the pump’s settings.  Calculate the flow rate using a 
graduated container and a stop watch.  Record the flow rate. Do not let the water level drop 
below the top of the well screen.  

If the groundwater is highly turbid or discolored, continue to discharge the water into the 
bucket until the water clears (visual observation); this usually takes a few minutes.  The 
turbid or discolored water is usually from the well-being disturbed during the pump 
installation.  If the water does not clear, then you need to make a choice whether to 
continue purging the well (hoping that it will clear after a reasonable time) or continue to 
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the next step.  Note, it is sometimes helpful to install the pump the day before the sampling 
event so that the disturbed materials in the well can settle out.

If the water level drops to the top of the well screen during the purging of the well, stop 
purging the well, and do the following:

Wait for the well to recharge to a sufficient volume so samples can be collected.  
This may take a while (pump may be removed from well, if turbidity is not a 
problem).  The project manager will need to make the decision when samples 
should be collected and the reasons recorded in the site’s log book.  A water level 
measurement needs to be performed and recorded before samples are collected. 
When samples are being collected, the water level must not drop below the top of 
the screen or open interval.  Collect the samples from the pump’s tubing.  Always 
collect the VOCs and dissolved gases samples first.  Normally, the samples 
requiring a small volume are collected before the large volume samples are 
collected just in case there is not sufficient water in the well to fill all the sample 
containers. All samples must be collected, preserved, and stored according to the 
analytical method.   Remove the pump from the well and decontaminate the 
sampling equipment. 

If the water level has dropped 0.3 feet or less from the initial water level (water level 
measure before the pump was installed); proceed to Step 7.  If the water level has dropped 
more than 0.3 feet, calculate the volume of water between the initial water level and the 
stabilized water level.  Add the volume of the water which occupies the pump’s tubing to 
this calculation.  This combined volume of water needs to be purged from the well after the 
water level has stabilized before samples are be collected.   

7. Attach the pump’s tubing to the “T” connector with a valve (or a three-way stop cock).  
The pump’s tubing from the well casing to the “T” connector must be as short as possible 
to prevent the groundwater in the tubing from heating up from the sun light or from the 
ambient air.  Attach a short piece of tubing to the other end of the end of the “T” connector 
to serve as a sampling port for the turbidity samples.  Attach the remaining end of the “T” 
connector to a short piece of tubing and connect the tubing to the flow-through-cell bottom 
port.  To the top port, attach a small piece of tubing to direct the water into a calibrated 
waste bucket.  Fill the cell with the groundwater and remove all gas bubbles from the cell. 
Position the flow-through-cell in such a way that if gas bubbles enter the cell they can 
easily exit the cell.  If the ports are on the same side of the cell and the cell is cylindrical 
shape, the cell can be placed at a 45-degree angle with the ports facing upwards; this 
position should keep any gas bubbles entering the cell away from the monitoring probes 
and allow the gas bubbles to exit the cell easily (see Low-Flow Setup Diagram).  Note:
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make sure there are no gas bubbles caught in the probes’ protective guard; you may need to 
shake the cell to remove these bubbles.

8. Turn-on the monitoring probes and turbidity meter.

9.  Record the temperature, pH, dissolved oxygen, specific conductance, and 
oxidation/reduction potential measurements.  Open the valve on the “T” connector to 
collect a sample for the turbidity measurement, close the valve, do the measurement, and 
record this measurement.  Calculate the pump’s flow rate from the water exiting the flow-
through-cell using a graduated container and a stop watch, and record the measurement.  
Measure and record the water level.  Check flow-through-cell for gas bubbles and 
sediment; if present, remove them.

10. Repeat Step 9 every 5 minutes or as appropriate until monitoring parameters stabilized.  
Note: at least one flow-through-cell volume must be exchanged between readings.   If not, 
the time interval between readings will need to be increased.   Stabilization is achieved 
when three consecutive measurements are within the following limits:

Turbidity (10% for values greater than 5 NTUs; if three Turbidity values are less
than 5 NTUs, consider the values as stabilized),

Dissolved Oxygen (10% for values greater than 0.5 mg/L, if three Dissolved 
Oxygen values are less than 0.5 mg/L, consider the values as 
stabilized),

Specific Conductance (3%),
Temperature (3%), 
pH (± 0.1 unit),
Oxidation/Reduction Potential (±10 millivolts).

If these stabilization requirements do not stabilize in a reasonable time, the probes may 
have been coated from the materials in the groundwater, from a buildup of sediment in the 
flow-through-cell, or a gas bubble is lodged in the probe.  The cell and the probes will need 
to be cleaned.  Turn-off the probes (not the pump), disconnect the cell from the “T” 
connector and continue to purge the well.  Disassemble the cell, remove the sediment, and 
clean the probes according to the manufacturer’s instructions.  Reassemble the cell and 
connect the cell to the “T” connector.  Remove all gas bubbles from the cell, turn-on the 
probes, and continue the measurements.  Record the time the cell was cleaned. 

11. When it is time to collect the groundwater samples, turn-off the monitoring probes, and 
disconnect the pump’s tubing from the “T” connector.  If you are using a centrifugal or 
peristaltic pump check the pump’s tubing to determine if the tubing is completely filled 
with water (no air space).  
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All samples must be collected and preserved according to the analytical method. VOCs 
and dissolved gases samples are normally collected first and directly into pre-preserved 
sample containers.  However, this may not be the case for all sampling locations; the 
SAP/QAPP should list the order in which the samples are to be collected based on the 
project’s objective(s).  Fill all sample containers by allowing the pump discharge to flow 
gently down the inside of the container with minimal turbulence.

If the pump’s tubing is not completely filled with water and the samples are being 
collected for VOCs and/or dissolved gases analyses using a centrifugal or peristaltic pump, 
do the following: 

All samples must be collected and preserved according to the analytical method.  
The VOCs and the dissolved gases (e.g., methane, ethane, ethene, and carbon 
dioxide) samples are collected last.  When it becomes time to collect these samples 
increase the pump’s flow rate until the tubing is completely filled.  Collect the 
samples and record the new flow rate.

12. Store the samples according to the analytical method.

13. Record the total purged volume (graduated waste bucket).  Remove the pump from the 
well and decontaminate the sampling equipment. 
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TABLE 1, .3 Cont'd 

Contaminant 

Other hydr,ocar:bon s 

Alkyl sulfonates 

Cyclohexane 

~3,5,7-Cyclooaatetraene 

Dicyclopentadie,ne (DCPD) 

l ,3-Dimethylhexane 

ueloil 

G soline 

Jet fuels 

Kerosene 

Lignin 

Methylene b ue activated substances 
(MBAS) 

Piropa.ne 

Tannin 

4,6,8-Trimethyl-1-nonene 

Undeci!lne 

Metals and c:ations 

Aluminum 

Antimony 

Arsenic 

Barium 

Beryllium 

Cadmium 

Calcium 

Chromtum 

Inrrodu rion 11 

Exampl'.es of uses 

Detergents 

Organic synthesis, solvent, oil extraction 

Organic research 

lnterm.ed'ate for insecticides, paints and varnishes, flame 
retardants 

NA 
F1.1 el, heat1i ng 

Fuel 

Fuel 

Fuel, heat' ng solvent, insecticides 

Newsprint, ceramic binder, dyestuffs, drilling fuel additive, 
plastics 

Dyestuffs, analytical ch em· s.try 

Fuel, solvent, refrigeran s, pr,opellan s,org nic synthesis 

Chemical manufacturing, 'tanning, texti es, electropt ting, 
in ks, pharmaceutl ca ts, photography, pa per 

NA 

Petroleum research 1 organic synthesis 

.Alloy , foundry, p ,ints, protective coatings, electrical 
industry, packaging, buiilding and construction,, machinery 
,and equipment 

Hardening alloys, solders, sheet and pipe, pyrotechnics 

.Alloys, dy; stuffs, medicine, solders, electronic devices, 
insectic'des. rod ntic:ides, herbfcide, preservative 

Alloys, lubncant 

Structural ma erial in space technology, inertial guidance 
systems, additfve to riocket fuels, moderator nd refl ctor of 
n utrons in nudear reactors 

Alloys, coa ·ngs, batteries, electrical equipment, 
fire-prntection syst-ems, paints, fungicides, photography 

Alloys, ferti izers, reducing agen 

A loys, protective coatings, paints, nuclear and 
high- emperature research 

(Cont'd) 
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12 Chaperon 

TABLE ·1.3 Contcl 

Contaminant 

Cobalt 

Copper 

Iron 

ead 

Lirthium 

Magnesium 

Manganese 

Mercury 

Molybde•num 

Nick@J 

P.lladium 

Potassium 

S-el@nium 

Silver 

Sodium 

Thallium 

Titanium 

Vam1dium 

Zinc 

Nonmetals and anions 

Ammonia 

Bown 

Chlo:rides 

Enmples of uses 

Alloys, ceramics, d1ugs, paiints, glass, printing, catalyst, 
electroplating, lamp filaments 

Alloys, paints, electrical wiring, machinery, construction 
marteria Is, electro plat' ng, pip Ing, i nsecUcides 

Alloys, machinery, magnets 

Alloys, batteries, gasolin additive, sheet and pipe, pai 1nts, 
radiation shielding 

Alloys, pharrnarceuticals, cool nt, batteries, so de:ir,s, 
propellants 

Alloys, baneri es, py rote<:h n ics, pre.dsio n i nstruim ents; 
,optical minors 

Alloys, pur"fying agent 

A:lloys, electrical! appar,i/!tus, ·nstruments, fungici.des, 
bacteridd es, m 1ldiew proofing, paper, p ha rmaceu icats 

Alloys, pigments, lubric nt 

Alloys, ccra mies, batteries, e,!ectropl,ati 119, •cata ly:s.t 

Alloys, catalyst,jew lry, protective coatings, ,electrical 
equipment 

Alloys, catalyst 

Alloys, ell ectronics, ceramics, cata lys 

Alloys, photography, chemica l manufac uring, mirrors, 
electronic equipment, jewelry, equipment, cartalys , 
pharrmaceutic .Is 

Chemica manufacturing, catalyst, coo ant. nonglare 
ighting for highways, laboratory reagent 

Alloys, glass, pes iddes, photoelectric applicartions 

AUoys, structural materials, abrasives, coatings 

Alloys, catalysts,.target marterial for x-rays 

Ailoys, e ectropla:ting, electronics., automotive parts, 
fu ngici·des1 roofing, cable wra ppin.gs, nutrition 

Fertilizers, chemical manufacturing, refrigerants, synthetic 
·fib en, fuels, dyestuffs 

AHoys, fibers and fi,laments, semiconductors, prope lants 

Chemical manufacturing, water purifica ion, shrink­
proofi n g, flame retard nts, food processing 

(Conta') 
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TABLE 1.3 Cont'd 

Contaminant 

Cyanides: 

Fluorides 

Nitrates 

Nitrites 

Phosphates 

Sulfates 

Sulfite5, 

Microorganisms 

1Bacteria (coliform) 

Giardia 

Viruses 

Radionuclides 

Cesium 137 

Chromium51 

Cobalt 60 

Iodine 131 

lron59 

Lead 210 

Phosphorus 32 

Plutonium 23-8, 243 

Radium 226 

Radium 228 

Radon 222 

Ruthenium 106 

Scandium46 

Strontium 90 

Introdu _ tion 13 

Exan;ples of uses 

Polym r produc.tion (heavy duty t ires), coa.tings, 
metalllurgy, pesticides 

ToothpiJstes and other d,entrifices, addidve to drinking 
water, aluminum smelting 

Fertilizers, food preservatives, 

Fertiliz rs, food preservatives, 

Detergents, ferti lizers, food addit ives 

Fertil,izers, pes,ticides 

Pullp production and processing, food preservatives 

Gamma radiation source for certain foods 

Diagnosis of blood volume, blood cell life, cardiac ou put, 
t:K. 

Radiation theraipy, irradiation, radiographic testing, 
research 

Medical diagnosis, theirapy, le k detection, tracers (e.g., to 
study efficiency of mixing pulp fibers, chemica,I reac:tlons, 
and t hermal stabil,ity of 
addi ives to food products), m asuririg ~Im thicknesses, 

Medicine, uacer 

NA 
Tracer.medical ueatmen industrial measurements (e.g., 
tlire-tread wear and thickness of films and ink) 

Energy source, weaponry 

Medl,cal treatment, radiography 

Nat u ra'l ly occurring. 

Med id ne, leak detec:tfon, rad· ogra1phy, flow rate 
measurement 

Catalyst 

Tracer studies, leak detection, semiconductors 

Medicine, industrial app ications (e.g., measuring 
thicknesses, density con rol) 

(Cont'd) 
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TABLIE 1.3 Cont'd 

Conta rrdnant 

Tnorium 2.32 

Tritium 

Uranium238 

Zinc 65 

Zirconium 95 

•NA:No information n Standard sources.. 

Examples of us,e:s 

Naturally occurring 

Tracer. luminous instrument di Is 

Nuclear reactors, min ng operations 

ndust ail racers (e.g., to study we r in alloys. galvanizing 
body metabolism, function of oi additives in lubrica t ng 
oils) 

NA 

Soun:e:Oflke of Technology Ass,essment 1984, with additions. 

It h u d be n t d th mp und can ha mu1tipl nam I mak.·n id n-
tification of compounds difficult or th _n.vironm n al practiti aer. In on examp1 
from able 1.3, the compound butoxymethylbenzene can also be known by at least 
26 other names or num rica.l distinctions (Cb mspzd r 20l5). omen la.rure an be 
further confused, as there are other names given for the same compound by difFer­
ent uppliers and vendors. U ing the same examp·le of but xym th lbenzea ab v , 
a selective li c of vend rs in 2015 nd their d igmui n for the , mpound uld 
include at least ]4 different additional names or numeric l distin tions ,(Zincdo king 
2015). This multiple nomenclature for the same compound an be 'V•en more con­
fused with the manufacture and use of mixrures of potential groundwater pollutants, 
som containing unspecified impurities. There an~ many types of indu.strial chemical 
mixtures in use or being developed, with multiple names and descrip ions, induding 
tens of thousands o.f pesticide products. Al o, tn recent years th re has ·' en incr a d 
concern over "emerging" organic contaminan whkh wer pr iousJy not yet indus~ 
triaU develop d, not yer iscovered in the environment often du . to analytical limi­
t.ati ns1 or altemati . el , not y. t reoogn.ized as potential pollutants. These compounds 
includ pbarmaoeutica.'.ls, personal care pmducts industrial chemica1s, and hormones. 
Table J .4 lists some of these compounds and their uses. 

The occurrence of the substances found on Tables 1.3 and 1.4 can be det,ected 
only if a groundwater sampl has b en collected -nd analyzed. In low co,ncentrations 
most f tb se su · . t nc re ], rl s, as les , nd dor] s . Specific an I tical rech­
niqu, s must mploy d t· d t t th pre enc .nd cone ntrati,on of ea_h substance. 

ome method can b mploy d to ana] z . a. sample for all of the compounds of a 
particular class. For ex.ampt ., c nain o:rg nic compounds fal.l into a ,dass called vola­
tile organic compound . Ther a analytical methods that could target aU compounds 
of this class. Likewise, the.r are methods available to analyze for many of the metals 
in a single sample. However. other compounds require a specific est . With , many 
pot,ential contaminants, it is possible that a ample could be collect d and st d ad 
as cific contaminant still n t be ti und becau e no analy ··s was don · ,r th ··t c m~ 
p und r element. 
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rep 
ic tio . 

- I undv ater contamin nts th . t can leach · mm m. u d for 

l.5.2 at . H· ources Designed to Stor ·• Tr a and/or Dispo.se 
of ubsta1 

Lat1dfill: Landfills: b .r d nirion, d .sign d 
al (Mill ' . Ho ma11 , ere poorl , si . . . are 

· · ri ll te m a.ch.ate . hich are contaminating groundwat' r. Landfills 
, nonhazar ous .indu trial orhazar -

nservation and Recove Act. . on (19 3 
ndfill in th Un tate . in th - I , including: 

th P b 2009 t ere mu h larg · er 
nicipal landfill rep rt d. This do not i . n ~ 

fills for c n-truction and demoli ion wa:st s nonhazardous industrial as landfiUs1 

or h z ] unknown number of a andoned landfills. 
M l ucb , · · · g.ar nd t h, 

mol l r-tre tm a · erat r ash, foundry 
o . 1 

- . nd haza , . m Although n I ng r 
p . · in i H uid hazardous waste was dis os din landfills in the 
p U. ironm nt 1 Protection A:gency (2015) estimated th t in 2 l2 over 
250 milli n t ,ns · i al w rat d, which · a tm e-£ ld in.01 ase in 
th I . . th.al · . n. h W, rl _ _ h .~ , tima .. e dwid muni ip.al · 

n ra.rion ar ] .3 biHion to ·, ith esrim o et, 2. billion 
tons nnu Uy i.n 202 nd n. b 2 lO t :ration (be , nd 
just mun±ci al •St co · .rg r at ti . . n tons in 201 l 
(U :rited N ti.on Envi:romn rmn ) . Interac iv, wast atlases h ,.v also 

-, · d\ id · . / Ww\lv.atla - ra·te.cm 
rm . th - liq l . hin 

th solid was aim: at r. T bl _ I . n . 
tion of lea. h m · ipal J. ·n 1611 · mi · · · · e -
.t d, mod r fills ik in s cd itb a l e r 

th · w t ass · n s possibJ t , limi the m.filtrati n fills 11so 
h •v low-p abm · n cti n pip - th · · h 

rm t · can Mti atme'nt pLnt d _~ · • t 
i pro1 rly · _ 1 with · o · and th t ha r · d 
constructed Jin r l , ani .· . · o .ed 
po· ential t nr · r, d t ad 
l achat coll cti an fills · be 
h an. , r m · r u · 

Th trend is t ard la.rg 
land s. . at can han a rdou .· 
landfills 1.re ·n u u y c 
· frequ ntl . lo p ab . 
waste l.andfiU. Thi i refe :e . o a _: ck Y rd!' 
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Homeowners m ur waste liquids. into ditches or the sanita I s er, c m · u -
tibl s m y be burned in th ba . ard. The e are undesirable practices that can eas.ily 
r suJt in n ir nmental po lution, induding ground ate · c n amination. 

S11rface impotmdmenl Pils, ponds, and lagoons are u ed industries, farmers, 
and munidpaliri fi r he orag,e and / or tteatm nt of both liquid o.nhazardous and 
h zardou , a e and th discharge of nonhazardou ,ate. Frio to the passage of 
th Resource Conserv ti n and Recovery Act, liquid hazardou . te re also di -
charged into pits. Th s pit m y e unlined or lined with natural mar rial such a 
da • ,or artificial mate.rials, su ha plastic sheet , rub rm mbran s , or asphalt 

mp undn ent are used to tr al wast water by uch pr es as settling of sol-
ids, biologicat oxida : n chemical coagulation. and pr dpitari n , . n _ pH a.djustment. 
They ma afao be used t tore wastewater prior to treatm nt Wat r fr rn surfac 
impoundments may be di char d to a receiving water cours su h s tre m r a 
Lake. Unless a discharging im undment i Lined, it will also ios w t r b s page into 
the subsurface. Nondischarging impoundm,ent release water ither by evaporation or 
eepag int the ground or a. combination of both. Evap rati n ponds are effective 

only in arid regions, wh r potential cvapotranspiration far x d pie ipitati n . ven 
evaporation. ponds that r · origin ly lined may leak and result in groundwat r con~ 
tami.nation if the liner der riorat s from c ntact with the pond's cont nls. 

Impoundments are us d for \ a t water treatmen by municip lities and industri 
uch as paper manufacturing petrol um r, fining, metal . industry, mining, and ch mi­

ca] manufacturing. They are lso u ed for treatment of agricultural wa t , u has farm 
animal waste from fe, dl t . P w r plants use surface impoundm nr ling ponds. 
Mining operations us surfa e p nd f4 r the s,eparation of tailings, which is r r k 
from the processing of or that oc u in a lurr mi ture f liquid an solid. 

Alth ugh it is now prohibit • , until th ~ 970s Ia oon r u ed fi r the disposal 
f untreated wastewater from manufacturing or proces ing, and th r industrial uses 

into the groundw t r. Brine pits were us d for many years in rh i p t h for the dis­
posal of brines pump d up with the oil. Miller (1980) lists 57 c s s f roun water 
contamination caused by th l akage of wa tewater from surface im oundments. n 
mo:St of the reponed cas s water~suppl en had · en affected; a th ime wh n 
use of uch im, oundm nts a aUow d, ground ater monit ring a no required ; 
u uaUy the only . y that leak ,ge · 1as detected was by contamina ion fa upp! well. 

In n c e in Illinoi , up m 500 · 0 gals per day of miner lized wa tew ter con­
taining high total i Iv d solids (T S). which included chloride, sulfa e, an l ium, 
from an or •pro ing pfant di h rged into waste-disposal n s excavat d in a 
glacial drift aquifi T or a p riod of ab ut 40 years. Concenti tions of chlorid , suffate, 
TDS, and hardn w re elevated in an underlying bedr k . quifi r much s a mile 
aw from th site (U.' • ud ar Regulatory Commission t 9 3). 

Wastewa e from the m nuf; uring of nerve gas and p sti ides at th RJ k 
ountain Ars nal at D n rwas discharged into unlined e aporation nd" m 1942 

until 1956. In 1956 n nd lin with a phalt was c nstruc e ; ultimately thaHiner 
failed and the lined ond also l aked. Conraminati n of ne rby farm wells as first 
det cted in 19 l and v as especiall s ver in the drought y ar f 19 . , hen irrigated 
crops di . Ground ater cont rnination extended at lea.st mil s from he pond and 
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was indicated by high chloride content. \Jltimately the groundwater under and near the 
Rocky Mountain Arsenal was found to contain dozens of synthetic organic chemicals, 
including two that are especially mobile in the subsurface: diisopropylmethylphospho­
nate (DWP), a by-product of the manufacture of nerve gas, and dicyclopentadiene 
(DCPD) a chemical used in the manufacture of pesticides (Konikow and Thompson 
1984; Spanggord, Chou, and Mabey 1979). By 2010, after 23 years of active reme­
diation the cleanup of contaminated soil and groundwater at the Rocky Mountain 
Arsenal, the cost has been $2.1 billion dollars as parcels of the land are taken off the 
National Priorities List and tracts of land are converted to a National Wild.life Refuge. 

There is very little information available on the number of surface impoundments 
worldwide, nor much up-to-date information from individual countries. Several dec­
ades ago the EPA performed a survey of the surface impoundments llocated in the 
United Stares (U.S. EPA 1983). They reported a total of 180,973 impoundments, 
including 37, 185 municipal; 19,437 agricultural; 27,912 industrial; 25,038 mining; 
65,688 brine pits for oil and gas; and 5,913 miscellaneous. A later U.S. E!PA (2001) sur­
vey conducted in the 1990s estimated about 18,000 industrial impoundments. Energy 
related industrial surface impoundments are of particular concern, as these can hold 
many sorts of materials including coal combustion residues, water associated with in 
situ uranium leaching, and/ or brines associated with deep oil and gas development. 
The large number of impoundments provides a significant threat to groundwater 
resources (OTA 1984). 

Mi11e wastes Mining can produce spoils, or unneeded soil, sediment, and rock 
moved du ring the mining process, and tailings, or solid waste left over after the pro­
cessing of ore. These wastes may be piled on the land surface, used to fi!J low areas, 
used to restore the land to pre-mining co·ntours, or placed in engineered landfills with 
leachareco!Jection systems. Mine wastes can generate leachate as rainwater passes 
through tbcrn. If sulfate or sulfide minera.ls are present, sulfuric acid can be generated, 
and the resulting drainage water can be acidic. This is likely to occur with coal-mining 
wastes, copper and gold ores, and ores from massive sulfide mineralization. Mine­
waste leachate may also contain heavy metals and, in the case of uranium and thorium 
mines, radionuclides. Neutralization of the mine wastes can prevent the formation of 
acidic leachate and prevent the mobilization of many, but nor a!J, meuallic ions and 
radionuclides. The mine-waste disposal issue is a large one. In the United States, min­
ing is estimated to produce waste material annually with a weight of nearly nine times 
that of refuse generated by al l cities and towns (U.S. EPA 2003). The mining of many 
metals traditionally requires huge quantities of rock to be removed, for example, the 
production of a single ton of copper ore typically generates welJ over I 00 times the ton­
nage of waste rock and about 200 times the tonnage of mined overburden, depending 
on the local geology. Leachate produced by unneutralized or unconrained mine wastes 
is a threat to surface and groundwater. 

In some cases, i11 siru leach mining is used instead of physical removal of ore-con­
taining rock. ln these instances, a chemical mobilizing agent called a lixivianr is pumped 
down a well where it flows into an ore-bearing formation . After ore is dissolved, the 
pregnant solution circulating underground is removed using extraction wells. Problems 
can arise with in situ leach mining as the .geologic structures associated with many ore 
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■ 1.6 Rel a iv Ran.ki:na of Groundwater-Contamina ion 
our,c .s and ubs an 

f g :und a.mination is uni, m 1 eology c n am· 
m - undi.n - h· · tru:ctures, and ollutant soUTCes. Th refo 

ia ith · h ir nt mwnan - an ary d 
an rem d' tion , - tail! , b 

indi si . Although the are man po enti · uro o ·, 
ti: · a: lthrea ro oun ter than o - ti 
h quires individual 

th the ourc -·. o gr und,. a · am.in tion 
in - · rh - ed. The data submi used to 

11ve. . rt to Co11gr. (U. . 1990). 
nd · th" gro ,ta.min rion sou.re _ s . 

, d t b m j rt :roun 1wa igur l. 'shm s tha, morie than 
haI ·th sta't • · ed un ank.s septic t · · · · cultural 
activiti , · .. .,,,,.,,, •• ~- ite as .-. =a m 
groundwate ndfills, - fill , 

_ · _ : : r ad It:w-t r 
int usion, .nd .n p 

FIGURE 1.3 :f re uency ,of var ious cont mi ion sources cons' demd by states nd 'terrfories. of the 
Un ed Sta:tes to be rnajor h reats to roundwa · er quality. 
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compounds that was den er than w t r and had timited solubility in water. 
u.m s , f tar were generated and du Lo routin Leaks and spills~ leaking t stora.g 
tanks and deliberate disposal1 u.r was released into the environment. When ·om of 
th pJants ~ ere decommissioned tanks ntaining tar were just burL d in place. Today 
many o the former manufactur gas plant · tes sti U ha · e soil and groUD dwa.ter con­
tamination associated with the tar ( uth · t al. 1994). 

■ 1 .. 8 Review of Mathematics and the Flow Equation 

1.8.1 Derivative 
oil-moisture mov ment1 groundwater w, and solute tra po,rt ma b de _ ribed 

by means of partial diffi rential equation . Thu , brief re iew is in ord r. 
If a bicyclist i traveling down a highwa , we can mea ure h time that it ra.JQ s 

he rider, who has a flying st rt t g from a tartin point ( (t1) or th - location at 
e starting time (11) o a point m her down the highwa t1 , or the loca · n at 

elap d time t2). If w wish to knm th av r ge speed of the rider over thi di an , 
ruvide th distanc from point S(t1) to point S(t2) · ,y the elap d ·m t2 - tt . 

'2 - (t1) 
-:::--------'C..,,.,. 

t 
(1.1 ) 

The rider ill b going more stm I uphill and fa t r downhdl. he ave rag ed wilJ 
thus inclu ca lot of variation. I w r to measur th rider' sp ed ov r a short 
pa.rt o the couISe., there would b l vari tion jn p ed. As th length of tlm ov r 

bich the distance tra eled is m r b com shorter and shorter, the variation in 
-peed de rea . If the tim be om infinit imally small-for example, the time th t 
it ta e.s the rider to travel a fi w microns-we obtain an instantane us peed. This i 
known as the first derivative of di tanc with 11 pect to ti_me and i d fin d by 

dS(td . (t) - S(ti) 
------ = hm --------

dt , ,, l' - t 1 
(1.2) 

wh r t i any ar itrar time. Fig-ur 1.4 shows a. graph of distance traveled by our 
biicydi ta a function of tim . Th lo f the line from time t1 to time ti is the averag 
speed er that part of tlt highway and is expressed as S/ t. The instantaneous speed at 
tlme t 1 is the slope of th tangent to the curve at that p int hich i expressed as d I dt. 

ote that the slope of distance ver u tim n Figur: 1.4 keeps hangin . This 
reflects dlc changes in speed that occur a th rider goes up and down hills. As the 
rid r go - over th ere t of a hin 1 h r h will p· rhaps be going .ra her sJowly. As 
tll rid r g es do nhil, the velocity will incr as•e. We can ompare the er t-of-the­
hill v 1 ity ith the bottom-o the-hill velocity and s e that it ha increa ed. This 
i m a ur f the acceleration that occurs as gravity and th l g mu cle . of the 
bicy list combine to increase speed. Figure 1.5 sh v th p e o the rider as h 
or she go ~ s ov r a hill. At t = 0 th rider i oming v r tb er. st ot the hill and the 
speed ·i 10 mi/hr. At t = 30 sec, when th rid r is near th b nom of the hill, the 
sp ed ~ 26 mi/hr. Th average rate of cbang in speed is 26 mi/hr-IO mi/hr)/ 
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FIGURE 1.4 Graph of distance traveled versus time graphically showing, speed, which is the first 
derivative of distanc.e with resp ct to, time. 

~I ----- -- - ------- -- -----

Time, t 

:FtGURE 1.5 Graph of speed versus time gra,ph•cally showing acceleration, which is the sewnd deriv­
a,tive of distance with respect to time . 

.t ..__....._ __ .,___....._ __ ..._ _ _._ __ .,__ _ _. 
D lO 20 JO J 

30 ec, or 0.53 mm/hr/ ec. The rate of change is , astern -ar th rop of the h"U wh r th 
slope is steeper and there is less wind resistaince, since th rider is moving more slowt .. 
From O 10 5 sec the speed changes from 10 to IS mi/hr, or .0 mi/hr/s,ec. Acceleta:tion 
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is th rat,e of change of speed with time, which is a e ond deri ari e . .l't i th slo e of 
. Langen t to the ,curve at a given time. It can b . pre d 

Th tangent at 5 sec. can be seen to be steeper than the tangent at 30 , where tJ ,er: te 
of change is less,. 

In h drogeology we have many p ram ters that ar a fun rion of more than one 
ind p nden ariable. F r example, hydraulic he d is a function of the three space 
variabl : 1l = h· (x, y, z). \Ve. frequently differ, ntiate head with respect liO one o the 
space variables while holding he other two variables c nstant ,uch deriv tive of a 
param ter with respect to a single variab1e ar,e call d partial dcrivativ,e . The second 
derivative of hydraulic head with respect to the space variables i 

1.8.2. Darcy''s Law 
_ be fiirst _ perimental study of water movement through a pornus medium was 

p rformed by Henry Darcy ,(Da:rcy I 56). He found that the on ~dime·nsiona.l flow of 
w t r through pip · filled with sand was proportiona[ to the cross-sectional area and 
the bead loss a.long the pipe and inversely proportional to the flow length. Drucy' law 
a n be expressed as 

wh re 

Q = -KAdh 
di 

Q = olum tric di harg 
K = proportiona]h onstart known as hydrauli oonducti\lity 

A = cross-section l area 

dh I di = gra ient of hydra uiic head 

(1.3) 

This equation ,can al o be expr,essed in terms of pccific di charge. r Darcy flux, 
q, whkh is the volumetric flow rate, Q, divided by the • ros ,-section~ ar,ea, A. 

--K,dh 
q- - di (1 .. 4) 

Darcy slaw was obtained for one-dimensional flow. Howe er, as was previous]y 
slated, head is a function of all three dimensions: h = h y, z),. 

Tb hydraulic onduc ivity i tb m a UI\ of th bility f th fy; tur d or porous. 
media to trans:mi w ter. n can have dHiercnt v. 1ues, dep ndi.ng upon th actual 
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direction thaHhe water is flowingthmu h th porous m 1ia. In such a cas th m dium 
is said to · - anisotropic. The aJue o the hydraulic oonducti ity an be measwed in 
th:r e principle dir ctions, K., K,, and K~. H the bydr ulic conduc ivity is the sam in all 
direction • th n K = K = K = K and tb me itim · said to be i trop,ic. 

,, J' r 

1.8.3 Scalar. Ve,ctor, and Tensor Pllioperri s of Hydraul.k Head and 
Hydraulic Conductivity 

We first need to d tine som - t1erms r la ting m tensors. A z m o,rde:r ren r, aJ , 
called a . cala:.r, is a uantir:y ,characterized onl by its size or magnitu ~ :xamples 
m hydrogeo]ogy indude hydraulic h ad, chemical cnnccntr.ation, and emperature. 
· ,rs.torder t nsor, o ectoT, · _ quantity hath _ b rh a m gnitud nd a direction. 
Vectors requir rhr ompon nts1 a.ch having a m nirude and dire tfon. el dty, 
specific discharge, mass Dux, and h at flux a.r xampl . A nd-order t nsor ,r, 
simply, tensor-acts like he produ t of two v tors, requiring rune components. to 
account for all possi • le produ ts of the three ,com o,a n s of ea.ch vector. Exam I in 
hydroge logy u intrin ic permeability, b draulic ronduc ivi , thermal conductivity, 
and h drodynamic d . p rsion. 

Th hydraulic h ad is a scalar. How r th · gradi nt f th head is ve to a it 
has both a magnitude and a direction. The gradient or /z is , e.signated s rad h: 

grad Ii = i + j 1 k...!!_ (1.5) 

where i j , and k are unit ecto,r in th • x, y,. and z direction . An qui lent o ta ion is 
the us of the v ctor differen ·a1 operator, del , whkh ha th s- mbol . This pera ·or 
is equi a nt ro 

t - j - +k - (1 .6) 
x ·Z 

Another vector ts the specific discharge, q. It bas three components, qI 'J.,, and qz:, when 
measured along the Ca:rtesian coordinate axes. As ociated with any vector i a p sitiv 
sea ar with a value equal t the magnitude of he e,cto . I qi th ma nitud f th 
vector qJ this can. be expl!essed as 

0 -7) 

A second-order tensor, such as K.1 hydraulic oonducdvity1 can be descri d by run 
components. In matrix. form they are expressed as: 

K xx K x,K .a 

K = K y. K w K yz 

KKK 
IX zy ZZ 

(1.8) 

H th tensor :is symmetric K iJ = K ,~ then in p tion of ,( 1.8} h ,ws that there ar only 
six independent components of I( 

R000176



48, Ch pte One 

If th c rdinate stem oriented ng tbe principat axes, the censor be omes 

K=-[: 
0 

(1.9) 

F r· the sp cial ca e of an isotropic media-tha i , he vdue of does not epend 
upon th directi, n in whkh it i measure _- the tensor becomes 

K =[: ! ~] (1.10) 
0 0 K 

Tue three components of he specific discharge vector, q. a.r -

q =-K .!!__K ..!!_ _ K h 
X .n'" iX q ' 

(1.11) 

h Ji h 
qz =- -Kzx--Kz., - - KH 

1X " !}' - Z 

r · h special case where v e orient he axes of the x, y, and z coordinate system with 
the thr, e principal dit,ecti ns of anisotr p , K i the matrix shown in (1 . 9) and th three 
compon n s of the sp cific djscharg ector are 

It 
q =- K -r xx ax 

It 
q = -K -

:)' !Y 

q , = - K h 
i)z 

F r an · · tropic material, is represented by the matrix in (l . W) nd 

i/-J I h ' h 
q= - K -- .K- -K-

"x ,ay z 
or 

q= - K grad h 

(1.13) 

(1.14) 

If w multi ply two vectors together and the result is, a scaJar, then the product is caUed 
a dot product, or inner p,roduct. For example, th d l op ra.tor otted into av ctor 
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· ld ca!ar, lled the dive:rgenc . Ba · d on d h, 
u h that th m · ir · ugh u th por u 

th d · rator t in 

(1.15) 

I grad /. , th - · - It i rh s cond d ri ti o h 

ih 
(l . .] 6 . 

1.8.4 D rivation of the Fl.ow Equa . i n in a Deformu1.g M ditHn 
Th Ia of ma 

all r - res · e 1, 
. he 

e. 
ary olum i 

have · Tb ar: 
d dz e axis is d dz, and 
o th ~-

The compon n o m flu int the REV parall -i to th 
·me th fl rat : 

a s in.flu alon a i = p q% d dz 

I 

' 

I 

I 

I 

' ' ' 

I , , 
' 

I 
I 

- --dir-+---

net hang in d1 ma 
fa porous medium. In 
h REVi equa 

- I. . Th thr 
11.al · e 
th 

a.xi . th 

sid .. 
axJ 1S 

normal 
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SO hapti r One 

where 
p"' = fluid d n i (M/L1) 

q:r = sp cifi dis barge or olum_ of flow p r cros.s-se tioaa] area (L/T) 
dy dz - er ss~ ection 1 ar, , {L ) 

The units of mass inflow are· mass per unit tim (MIT).* 
Them , s utfl w i t will differen · than the infl w rat and an b give 

Mas outllow r t parall Ito r axis = [ p ,,q "(p :::,, )dx] dy dz ( 1.18) 

The net mass .accumulation within th - control volume due l:o the flow component par­
al.l I to tl1e x axi is the ma s infi w minu the ma s outfl •W, or 

imilar terms e i t for the n t m 
the y and z axes: 

.)dxdydz 

c umulation due to flow comp nents araUel t 

These thi e term ,can be summed to find the tot 1 n t m , accumul rion within th 
control volume. 

-[ ( /Jx (p,,q ) +--;; (p.,q y ) + -;<P,.q,) ]dx t(), dz (1.19) 

The mass of water in the REV: M, is the deo· ·ty of w. t: r P1r, tim lhe porosi , n, 
times the volume dx dy dz. The change in m i1 ss with r spect t rtme i 

'M 
- = - (p ... ndxdy dz ) (1.20,) 
,"' t .. 

From th · aw f c n rvati n .f mas , Equati n l. m 9 must equal Equation 1.20. 

-[- (P'w(J ) + _E_(pwq y) +- (pwq .. )]dxdydz ==-(pwn)dxdydz (1.21) 
'.X By az .. at 

The units oh variable can be expressed in terms ,of theirfundamental dimensions. These ar length, l , mass, M, 
and time, T. The fundilllental dime:nslon"i for density are ma,ss per unit volume. Volume i.s I 09th cubed1 so th 
shorthand exp ession for th fundamenuil dimemion:s o.f density i:s M/i 3• Spedfic discharge h 5th dim nsions of 
velocity, so the ,f,,1r,da11F1. ntal dimensions are L/T,and area has fundamental dimension,s or l1. 
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Introdu i n 51 

Wi- ,can assurne that although den tty of the fluid ma: change wirh time, at any given 
ime it will be th same erywh.ere in the REV. Und r this assumption Equation 1.21 

can b simpHfi _ , to 

(l .. 22) 

Wi m y ubstitut Dar ' la: for the specific discharge components given on the left 
~ide. l th _ xyzcoordina:te system is aligned with the principal axes of aoisotr py, th n 
Equation 1.12 may be used, and the left side of quation .22 becom s 

(1.23) 

The change in mass within the REV is due to changes .in the porosity and the densi y · f 
water as the head changes with time. Thus the change in the volume of water in storag 
is proportional to the change in head with time. The right ide of Rqu tion 1.22 can 
be ,exp11 -ssed a . a proportionality constant,, S , the p cifi storag I t'me -'th han e in 
head with time. 

1 a 11 
--(pwn)=Ss -_ 
Pw t t 

(l.24) 

Combining Equations 1.22, L.23, and J .24 we obtain th main quarion • r trans:i m 
flow in an anisotr,opic medium when the coordinate system is orien.t d along th pnn­
cipal axes f anisotropy: 

- K. - +- K - +- K - =S -iJ ( h) ( h) ( , 'h: ) h 
tx xx x .., " oy ..,z zz z s at (1.25) 

1.8.5 M.athe1natica] Notation 
ln del and t nsor notation Equation L25 be-comes 

-K· h = S J_ 
s ~t (l.26) 

Another form of ex:pr ssion is c:aUed Einsreins .summatfon notation. For example, 
Darcy s law in tbe familiar, one-dimensionaW form is 

(1.27) 

It is implied in the preceding equation that the specific· discharge is para11e[ to the 
directi n f dhl dl and that the medium is i ,otr pie. In a more general form, specific 
discharg q_, is a vector with components q1 ,(}~, and ql" Grad h is a · ector that ,e wiU 
call h . This vector also has components fi 11 112, and /ir Hydraulic conductivity, K , is a 
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t nsor with nine component . 'Ii d scrib Darcy's law in the most gen ral · rm, we 
n ed three quation . 

(1.28a) 

(1.28b) 

(1.28c) 

The inner produ c n be pressed in index notation as 

qi = LK ijhi (i,j = 1,2,3) 
j 

(1.29) 

In Ein teir.' ummation notation, the t is dropp d . ith the und rstanding that the 
ummarion is over th r peated indices: 

q . = K .. J, - (i.j = 1.2,3), 
I I} I 

ln vector notation this ca,n be e pre sed as ei her 

q=K -grad h (1.31) 

q=K-h (1.32) 

Ind l n ration this is 

q=K· h (1.33) 

In general, we will u e the , andard form of differential equati rah r than any o 
the shorthand notati n. Howe er, the literature ci ed in ms te t ften s s the compact 
forms and rh reader should b awar of them. 
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Mass Transport in Saturated Media 

■ 2.1 In roduct1on 
In · · · pt ns·, r Jut, 

Thi is . • hrL ; , 
are b se . l qu , th , 
homo . · edi nd a· · Be ~ 
l 87) atio . . i:ril.a.r · · ·· p , • . . . ns 
· r fl · th e pione in - don 

the . ttansp u in r pons gr u. 
on , e.g. B dien:r et al 1994· Zhang and B h o -

· ,d Sch anz 1' 9 ; Yoram 2003; Yeh et · L 20! 
be n th · d, v · lo_pm nt of · 

. -u ~ -
f fu 

·.s cbapt r 
•O!I • 

--

b 
boo 
, eibu 

■ 22 Transpo1t by Conc·entration Gradients 
lu e in \ , r ivill m • - from an are· .f g 1eacer · ntra · n t · ard an ar a 

· · s l s concentrat · · pro _ e s :is kno, n a mol mlar .diffit ion. o ':ffu .• 
· io io · ,· . · gr · · ts i' th flui is 
no ·a oro1001rt n c ti -, d1 · t 
whj _b _an _ s . m I 

' =-D . (2.1) 

= ma . flu mti t re r un:it time 

D, = diffusion ooeffici nt (I} /T 

56 
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TABLE 2 .. 11 Diffusion co fficients in water. 

cation5 

H' 
Na · 
K• 
Rb+ 
Cs· 
Mgh 
caz 
Sr1 

Ba2• 

Rai2' 
Mn2• 

Fe1• 
0,1; 

Fe1• 

Anion.s 

ow 
F 
C 
Br--
HS­
Hco -

1 so 1-.. 
co 2 

l 

Organic Compounds 
Tetrachtoroethene (PCE) 
lrichloroethe-ne (TCE) 
1, 1, 1,-Trichloroethane (TCA} 
Benzene 
Toluene-
thyl benzene** 

1, 

9.31 x 104 nWsec 
.33 x 1 O 9 m'/sec 

1.96 x 10-7 m2/sec 
2.06 x 10 9 m2/se _ 
2.07 x 10 9 m2/sec 
7.05 x 10 10 m2/sec 
7.93 X 1or10 m2/sec 
7.94 x rn-10 m1/sec 
8.48 x 1I0-10 m'/sec 
8.89 10-10 m1/sec 
6_88 x 10 10 m1/sec 
7.19 x 10 10 m1/ sec 
5.94 X 1 Q -lO m2/ S C 

6.07 10 10 m2/ sec 

5.27 x 1 0 " rn1/sec 
1.46 x 10 9 m1/sec 
2.03 x 110-9 m2/ sec 
2-01 x 10-v m1/sec 
1.73 x 10 ' m2/sec 
1.18 ~ 10-9 m2/sec 
1.07 1 0 ' m2/ sec 
9.55 x 1 O 10 m2/sec 

7.5 x 10· 10 m /sec 
8.3 x 10-10 m2/ sec 
8.0 x 10 10 m /sec 
9.0 x 1 O 10 m2/sec 
8.0 x 1 0 10 m2 /se.c_ 
7.2 x 10-10 m2/sec 
1.6 x 10,9 ml/sec 

1 .00 X 1 Q·7 ft1/sec 
1.43 x 10 • f 2/sec 
2.11 1 o • ft2/sec 
2.22 x 10 ftl/sec 
2.23 x 10 11 ft1/sec 
7.59 X 10-9 ft2/sec 
8.54 ]0-9 ft-2/sec 
8.55 x 10-9 ft /5ec 
9'.13 x 10·9 ft:2/sec 
9.57 x 10-9 ft1/sec 
7.41 x 10-9 ft2/sec 
7.74 x 10-9 ft2/ sec 
6.3'9 x 10 9 ft1/5ec 
6.53 x 10 9 ft1/sec 

5.67 x 10·1 /sec 
1.57 x 10-• tt /sec 
2.19 x 1~ ft2/sec 
2. 1,5 x 10 ft h,ec 
1.86 x 1 o I ft2/ sec 
1.27 10 1 h ,~er. 
U5 x 10 -• f I ec 
1.03 x 1 o ft/sec 

8.07 x 10-~ f /sec 
8.93 10 "ft /sec 
8.61 x O ' ft2/ sec 
9.69 10·9 ft2/sec 
8-61 x 10-~ ft2/sec 
7.75 x 1 o-t f /sec 

.72 x 10· f /sec 
Source: V . ..H. ll and S.Gr gory, 197 .Diffusion of ions in sea water and tn d ,ep-sea sediments.Geochemic:a et 
CQ~modlemi<;a · ,ta, Vol. 38. o 1974, with the kind permission ofEl~vier S,iente. Cch n and Merfer, 199'3; 
•u..s. PA,201 5; • Mohr 2010.Diffusion coeffic1e,ns of ions at 2s•C; organic compounds are rn pure water at 2o•c 

C = olu e n ntration (M/L3) 

dC/dx = c nc -ntration gradient (MIU IL) 

Th n g tive· sign indicate tha th mov m nt is from ate f g ,eater concen-
tration to thos ~ of 1 ss concentration. Value •Of D" for ions and select organi, c m­
p unds in w ter at 2 °C can be found in TabJe 2-1. Tb y d n t vary much with 
concentration, but th ar som what t mperatu "-dependent, being about 50% less at 
S°C (Robin on and t ke 2002). The va]ues of D1 ar onl ppli able when stud mg 
diffu ion in a ueous stems. For stem wl't re the o centrations are changing wi h 
tim , ick' · · econd law applie . none dimension this is 
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2 (2.2), 

in tr ti n wi b · {M/ / T). 
In orous m .· m . · t ro fast a it can in a •· r b c u th 

i ns must llow Jo pa e ·, .round minera~ , rains. To ccount for 
thi , an effi cti. e, iffusi n coeffident, D*, must be us d. 

D =()jDd (2.3,) 

wh I - m · · tha is r lat . to th mrtuosi- (B r 1'97 '). To.rtuo ity is _. m . .. 
u . hape of the · folio d by w t :r molecul in a porous 
med t-line d' ta - the ,-na-of a .rtuou :flowp ,tho i -ngth 

' d n = . / L. I·' rtu ity rn a po . . . 
~ 

1i ai t fl ·. wat r molecul · -
s -lid s · rive sampl _ of 

d , cro . sort d sedimen, h s 
_ _ n __ uc• , ... cc: th i.n . Thus the we -sor sed • 

~ nd to ha a _ alu for th · . (T, · · 
al ob end fin d as (LIL)' ( _ B r . i -o -
aiVlla b s a value . ess than I. This d finition ill · .) 

Th valu f ru whi h i a]v a s l than [ iffusfo _ 
iment in which a · Ju · · w d to . .,,.,,.,.,..,., · 
Perkins and Johnson (1 . d th · . 7 
usin _ u ·~ rm . 1di s using lim so 
Boving and Grath ohl • t» ran -es from 0. 
rela e• to the . orosity, n, ro ks b : 

= 11 

iffusion · ilJ use a olut to . a fr m h · it · uced 
mto, a p _ r us : , - n in th · f grou11d - fllo · _ . l 
shows · - n i d · ti · r n 
inte ) t a. di t1 , e has sult-

c n tion ov,er the .• ( a) to ,( _ r in 
ti f thi . l. 

te c •· .· normal - or Gau nd u b 
d,. .. ,.,1'1"'" two t - p . · e m an , an varianc u , hi h r d. fin d 

.12.2. 
Thee ectiv diffi.Js'on co ffi i. nt: D*. c n . d fin d. as (D - o :selin nd De Jong 

l' 58 
2 

D* = de (2 .. 4} 
2t 

Thi i an lt:e m · ve definition o 
in E, u tion 2.3. 

Th - cess o d · ffusion is ompli 
el . · trali , the · iffus If w 
fuse fas - than th 

ffi cti di _ ffici.en to the one giv n 

the fact ha the ions mu t maintain 
1, s ]uti n f N __ ], the a d ' -

th r n gati e ion in th r • n ior, bi h 
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th a is diffusing . If the solute is adsorbed onto th mineral surf. ces of the r u 
m dium, hen t rate o dilfusion will be obviously less than for a nonadsorb d sp d s. 

Figure 2.1 Spre ding of a sol1.1te slug with t ime due to diffusion .A slug of solute wa,s injected into 
the aquifer a time r11 with a r&su li ing initial concentration of CD' 

I 0 

-1-i- - a I .r 

I --i,. 

Diffu j, . n can ccur _ hen he· concentrati n o , a chemical species i greater ·n 
one stratum than in an a ,ja ent tramm . .For example1 solid waste containing a high 
concentration of chloride ion may be plac d directly on rhe clay liner of a. landfill. 
The concencration of chloride in tlte leachate contained in the solid wasre is so much 
grea:ter than the concentr-ation of chloride .in the pore water of th clay liner tba the 
atter ma considered to be ze;r; • as a imphfying assumption in det, nninin.g a • on-

servative estimate of the maximum diffusion ra~e. -· tb solid wast . and the ,day are 
both sarurated, the chloride iorn will diffiise from the- solid waste, where its c,onceutta5 

tion is gr,ea ter, into the da Liner even if mere is no fluid flow. he concentration of 
chloride in the solid was ~ C01 will be assumed to be a constant with time, as it cam. be 
replaced by disso]ution of additional chloride. The conoen tration of ch] ride in the 
clay hner C, (x, t) , a om di tance x from tbe olid waste in erface ands m t'me t 
after the w .. st'e was pla _d can be determined from Equation 2.5 (Crank 1956). This is 
a solution to Equation 2.2 for th appropriate boundary and initial conditions. 

wh r 
C -, 

co 
erfc 

= 

= 
= 

the cone ntration at distance x from the source at time t -ince 
diffusion began 

the original ooncentrad n .. which remains a constant 

the complem ntary rror (imction Appendix. A) 

(2.5) 

The ,complementary rror function, rlc is a mathematicaI function that is re]ated 
to the normal 1 o Gau.ssian. distribution. This means that he soluti 11 d cribe . by 

qmrtion 2.5 is normally distributed as zs exp d for a diffusi nal process. Figure 2.2 
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shows the profil · of re]ativ,e concentrati n for a solut d·ffusin from a region where 
th concentrati n i C11 to a region where it was initially zero. Bee use the profile i . 
n rmally distribut d, 84% of the values ill be less than the value that. is ne standard 
d viation more than. the mean and 16% of tbe vaJu swill le than the value that is 
one standard deviation. less than the mean. The standard deviation is the s uare root 
of the variance. 

Figure 2.2 The profile of a d1ffusing front as predicted by the comp1l·ement.ary erro'r function. 

IJ..50 I --- ----,-----
' 0.4 I 
I 
I 

I ~ I 
0.2 0. 16 I :;. I --- - --~- ---- L----1 

I 
I 

The complemen ar ,error functi n is tabuEat d jn Append.ix A or it can be 
ca], utated in the pread h t program Excel using th s ntax: ERF (). It is related to 
th err r function, erf, b 

erl'c( B) = I - erf (B) 

The vaiu f erfc B) is O for all positiv; values o B gr at rthan 3 .0 and 1.0 for a 
B of 0. For me •ppiicarions it may be necessary o find ,erfc of an. gati .e num r. 
Ap . ndix A m~s not gjrve values for erfc{B) for negative value f .B. Tb must be 
c mputed & m th " lat:ionsh'p 

The error 11\.mction,, 

The a ve equation 
App ndi A . lt can al o 

erfc( - 8) = 1 + erf B 

rf{B) is d fined as: 

2 IB 2 e f ( B) = 0 e - t dt 
1I' 

nnot o[v d .. nalytically. However, it is tabulated in 
pproximat d by he analytical expression: 

d B) = J, exp[ ; 2 J 

Thu value of erfc(B) ran from Oto 2, since the maximum va]ue of erf(B) is 1.0 
for . 0 and all gr ter numbe ~. 
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EXAMPLE PROBLEM 
Assume a. O ,of 1 x l 0--g m~/sec and an w,of 05, to give a D of 5 x 10 ' 0m2/sec. find 

the value of the concentration ratio, C/C11 at a distance of Sm after 100 yr of diffusion. 

1,. Convert 100 yr t,o s·econds: 

lOOyr x365da/yr x 1440 min/da x60 sec/min = 3.1 Sx 10 9 sec 

2. Insert values in o IEqua ion 2 5: 

c. s 
- 1 =,erfc------------~ 
CO 2(S x1 0 - 10 m2 /sec. x 3.1S x l09 sec) 0.s 

3. Solve: 

--1 = erfc - --_ = erfc 1.99 = 0.005 C, ( 5 ) 
Co 2.51 

In 100 yr, diffusion over a 5-m dis ,ance would yield a concentrati.on that is 0.5% 
,of the ,original. 

From the preceding example problem it is obviou that diffusion i no , particularly 
rapid means of transporting dissolved solu-es. Diffusion is the· pred minant m cha~ 
nism of transport on]y in low-permeability hydrogeol gk im s. Howev r it is pos­
sibJ.e for so]utes t m ,ve thr ugh a p ,rous r a fr tur _ d m dium by diffusion ev n if 
the groundwater is not aowing. 

■ 2.3 Trans.port by Advection 
Dissolved solids ru·e ,carried along ith the floV' in. · roundwar r. This process is 

call dad ective tran port, or ad ction. Th amount of solute tha:l is being trans­
ported is a function of its concentration in th groundwater and he· quanti y of · he 
groundwater flowing. For one-dimeasiona] flow normal t -, a unit er - e _ · nal are 
of the· porous media, the quantity of at r fl ing is qu 1 to the avera linear Vtt!odty 
times the effective porosity. A e:rage linear vel,o ity, "~• is th .rate at which the flux of 
water acros the un 't cross~ ctional area of poli spac o · rs. It is not the a:verage 
rate at whicb the water m ,[ ,cut s are mo in along individual flov.rpaths, which is 
greater than the average linear velocity due to tortu.osily:. The e.fftcti:ve porosity, n,, i 
the porosity through 1, hich flow can cur. onint rconnect, d ,nd dead-end pores are 
not included in the effl ctive rosi y, th t n~ < n. 

wh _re 

K dll 
VX = -

. ne di 

11~ = averag linear veloc·ty (L/T) 

K = hydraulic conductiv 'ty (L/T) 

(2.6) 
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62 Chapter Two 

.n = dlective porosity .. 
did.di = h drau.lic gradient ,(LIL) 

ot that the abbreviation ,1 is us,ed in the context ,of flow an transport under 
satu:rat d c-onditions. 'When discussing unsaturated flow, 81 is preferred because it refers 
to the ater content of he porous matrix, as defined in Chapter 4. When the matrix 
is fuUy aitura e · 11 equals 0. The one-dimensiona[ mass flux, Fr due to adv:ecrion i 
equal to the quantity of water fl.owing times the concentration of dissol ed solids .and 
is given by Equation 2. 7: 

Fx = VxtteC 

The on.e-dimensional advecti e transport equation is 

C C 
- ==-Vx ­

X 

(Tbe derivation f thi equati- n is given in Section 2.6.) 

(2.7) 

(2.8) 

olution o the advective transport equation yields a sharp concentration fron.r. On 
the advancing side of the front, the c-0ncentra:tion is equal to that of the invading ground­
water, where.as on the other side of the front it LS und1anged from the background value. 
Tbis is known a plu_g flow, with a]J the pore fluid being replaced by the invading olute 
fron't. The sharp intei:-face that r,esu [ts from plug .flow js shown in Figure 2. 3. The vertical 
dashed line at V repr-esents an advancing olute fr, nt due to adve-etion alone. 

Figure 2 .3 Advective trans ort and the infl uence of longiitudinal dispersi,on and diffusion on the 
transpor of a solute in one-dimension ail flow.. 

T front if 
diffw.i.o ' '11,) 

/ posilio~ ofvnput 
, W:ILCJ'" 1 um l 

0'---------------,;.,.._,--=- -----' 
DL lllllCI: X - -

Source: C. W. Fetter. 1994.Apptled Hydr09eofogy, 3rd ed. U pp,er Saddle River, New Jersey; Prentice-Ha 11, Inc. 

Due to the heterogeneity of geologic marerials advective transport in different strata 
can 11esult in solute fronts spreading at different .rate in ,each stratum. Hone obtains a 

mple of water for purpose of mon -torillg the spliead of a di solved am ·aminan & m 
a borehole that penetrates severa] strata the ater sample will be a composite of clte 
water from each stratum. Due to the fact that advection will transport solutes at different 
rat-es in. each stratum, the composite sample ma h a mixture of ater containing the 
transported solute coming from one stratum and uncontami.nat-ed groundwater cmnmg 
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fmm a diffc:·r nt stratum where he av rag 
h ntamin n in th ompo it, m l 

EXAMPLE PROBLEM 

r. Th one ntration of 
an in. the sou ,ce. 

D s .·oJv, d nitra .e ·n a concentration ,of 18.0 mg/Lis b ing advected with newing 
groundwater at a, ve ocity of 0.331 m/day in an aquifi r with poro ity of 0.225. Ground­
w t r fr•om the a,quifer di.scharges into a stream. What i the n ss flux of ni· r te into the 
strea1 . if the aquifer is .80 m thidrnnd 123 m wide wh r i di charg in o he tr,eam? 

From Equation 2.7 the one dimension.a m _ss fl, xis, 

F = v n~C 
Gven: v = 0.331 m/da 

Ji 

n = 0.225 
I! 

C= 8.0 mg/L 

For consistent units the concentration should be in gm/'m1. 

C = 18.0 mg/ x 1/1000 gm/mg x 1000 1Jm3 

C = ,8.0 gm/m3 

The one dimensiona mass flux is: 

F. = 0.331 m/da x 0.225 x 18.0 gm/m1 

f = 1.34, gm/da-m2 

The flu into he ·tiream is the one dimensio,na.li • ass Aux times the, cro:ss 
sec :ional are . wh re the aquifer discharges into the stiream. 

To,tal flux = 1.34 gm/da-m2 x 123 m x 1.80 m 

lotal flux = 29'7 gm/da 

I■ 2.4 M, chan1cal Dispersion 
i · ing , •t that af · b .. nd 

Un I the :r . cop al - that i m in in · a suffi i, m 
volume t ffects indi i p r s are a e r 1 th - e ar, · thre 

· om n n: (l I As fluid moves through the po 
_ por s than a]ong the edges. 2) Some •Of th fluid parti ·n 

w paths in the porous m dia than th r h . me 
linear · . . m · hi h fl win , 
thmugh thes· m trate m 

If all gro r l at actl rat 1 it 
ould ispJ ce water t d crea e . n ab:rup interfac 

b tw en the tv. _ _ _ _ _ _ _ solute-conl:aining, at r i n t 
all tr . tin:. at th sam . velocity. mixi:r th. Thi . m · · · 
• alled m hankaJ disp T ion , . n · e lute a he advanc 
m edge of flo . , · he mixing hat flowpa th is iealle 
longitudinal dispersion. 
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An d'landn soL t front will lso t · nd to pread in directions n rm 1 to the 
direction of flow becaus at th po11 scale th flowparhs ,can div;erg , , bown in 
Figure 2.5 . The result of this i mixing m dir ctions normal to the flow path call ,cl 
transv r c dis;p - I ion. 

f w assume tha mechanical disp rsion can be described by Fick's law for diffu• 
sion (Equ d n~ 2.1 and 2.2) and th t th am unto m hanical di persion is a. func­
tion of th a . r: ge Lin ar v tocityt th n e c n mtrodu ea c ffi i nt . f mechanical 
di:spersion. his is quill o a property o th . m dium call d dynamic dhpersivity, r 

FIGURE 2.4· actors causing longitudina dispersi:on at the scale of individual pores. 

FrieatJoo 
!lipo-

Source: C. W. Fetter. l 994 .Applied Hydrogeology, 3d ed. Upper Saddle River, New Jersey: Prentice-'Hall, Inc. 

FIGUiRE 2.5 Flowpaths in a porou.s medium that cau.se latera l' (transverse) hydrodynamic dispersion. 

Cl 
(J 

A 

Source: C. W. Fetter. 1 994. Applied Hydro geology, Third Edition.Upper Saddle River, N w Jersey: Prenlke•H 11, Inc.. 
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imply disp rsivity. u, tim the a~ rag linear !ocity. If i is th principle direc ion of 
flow the foUowing definition app,l ; 

wher,e 

and 

where 

C effici nc of l ngitu.dinaJ mech nical · ispersion = av 
I I 

v, = th a erag linear l city in the i dire ti n L/T) 

a; = the dynamic disper ivity in the i d"i ·on (L) 

Coeffiden of trans rse mechanical di p rsi n = ,~ , 

v1 = the average linear _ el city in th i direct· n (L/T) 

a = the dynamic dispersi ity in h j di~ ction {L) 
J 

(2.9) 

(2.10) 

■ 2.5 Hydrodyna1nic Dispersion 
The process of molecular diffusion cannot b s parated .from m chani al dispe ~ 

s1on in fl wing gr-oundwat,er. The tw a:n: combined to defm a param Iler called 1:he 
hydrodynamic di pel' ion coefficient, D. It is r pre nted by the .t:oUowing formulas: 

where 

DL = aLvi D·• 

Dr r= aTvi D• 

DL = hydrodynamic disp rsi ,n co ffici nt p rallel t , the principal 
dir,ection of flow (longitudinal) 

(.2.lla) 

(2 .. .J lb) 

Dr = hydrodynamic disp rsiion coefficient perpendicular ro the princip.al 
direction of flow (tr.an verse) 

al = J. ngitudin l dynamic d ' p -rsivity 

ar = transvers dynami di p r ivity 

Figure 2. sh the effect of diffusion and m chanical dispersion on th rel tiv c n-
cenmi.tion ( C/ C0) of a s lute acting as a tracer that has been injected into a porous medium 
under one-dim nsional Do. c nditions. The vertical line at V 11 presen m adv - riv 
transport \ritb.out dispersion. E _ct o diffu ion and mechanical dispersion are shown. 

The process of hydrodynamic disp rsion can be illustrated b Figure 2.6. A mass uf 
solute i instantan ou ly introduced into th aquifer at rime t0 o er th nu rva1 = 0 a. 
The r ~ring initial c ncen~ tion is C0• The advecting, grmmdw t _ r arri h ma 
o solute ith tt. In the process the solute slug spreads out, so that the maximum o, n­
,centrarion d s with time, as shown for times t1 and t 1: Tb diffusional mode] ,of 
hydrodynamic disp _r: ion pi diet that the concentration curves wiU haVi a Gaussian 
distribution that is d scrib d by the mean and the vari nee. With tins distribution th 
,co ffi ients o lo,ngiwdinal and transv rs hydro_ yn mi dispersion can be defined as 

(2. 12-a.) 
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FIGURE 2.6 Transpo.rt and spreading o · a, solute slug with time due to advection and dispersion . 
A slug of solute was injected atx = D+ aattime t11 with a resulting com~entration ofC0• he 
groundwater flow is to the right. 

r,..,e 
Ci 

I 
~ 

~ 

wb re 

1.0 '• 
0. ' 

O,!. 

(J,4 

0.2 

OAJ 
0 

..l 

t = rime 

a. 2 = variance of the transverse spreading of the plume T 

tr/· = · ariance of the longitudinal spreading of the plume 

(2.12b) 

■ 2.6 De11.vatio11 of the Advec ion-Dispersion Equation for 
Solute Transport 

Thjs derivation of the advection-dispersion equation is bas,ed on work by re ze 
and herry (1979), Bear (1972), and Og ta 1970)1• Working as umpti n E1 th t tb 
porous medium .is homogeneous, isotropic, and saturated with fluid and that flow oon­
d itions are such that Darcy s law is valid. 

The derivation is based on the conservation of ma s o solute flux into and 
out of a small repre en ative elementar volume (REV) of the porou m, dia. _ he 
REV i · he sm llest ·vo 'ume th •t is repr en ati e for the n irety of whole medium. 
A measur, ment mad at the REV cale will yield a value typically of the whole 
(Hill 1963). The REV concept serves as a com rstone in the continuum modeling 
of transp r, phenom na in p r u , m d ia (Ba hm.at and Bear 19 7). b _ flo is at 
a macro copic scale,. hich means that it accounts , th _ iffer nc s in flow from 
pore , por A representativ elementary volume is illustrated in Figure 1.6. 

The ra linear velocity, v, has components ~, v, and v. The concentration 
~ r z 

of lu , C; is ma s per unit volum of solution. Mass of solute per unit o1ume of 
aquifer is the product of the effective porosity, "~, and C. Porosity is con idered t · be a 
constant because the aqu.i.fier is homogenoous. 

h olute ill b transported by advection and hydrodynamic dis rsion. In the 
i dir ction tbe solute transport is given by 

Ad ect' _ e transpo,n = v ;11,c dA 

Dispersive tr-an port = "eDi ~ dA 
. ' 

(2.:13) 

(2.14) 
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'I,; h re dA is the r s~ esction ,J area of the element and the .i direction is normal to that 
cross-s ctiona] ace. 

The total mass of solute per unit cross-sectiona] area transp rted in the i diJ1 ction 
per unit time, F,, i the um of th adv ctive and the dispersiv _ transport and i iven 

C 
F.• = v-n C-n D -- (2 .15) 

t I e t ?i 

Then gati e si n iridk_ te that th , ispersive flux is from areas of greater to areas 
of lesser cone ntration. 

The total amount of solut ent ring th representative elementary volum is 

F dz d F1 dzdx + F~dxd.y 

The total amount of so]ur 1 avin h r pres n adve elementary volume is 

( F, + 'F, d:< dz dy + ( F, : dy )dz dr ( F, + ~ dz )u dy 

The differ nee b tween th mas o the solute entering the representative Lemen­
tar volume and he . mount le: ,ving it is 

( F .,F "I£ ) 
- ·. + -- + z . dx dy dz 

y .'Z' 

The :r te of mass change in the representative elementary volume is 

C . 
n - ch: d,, dz 

' "''t :., 

By the law o mass ons rva.tion, tbe r te of ma change in the representative 
elementary vo[ume must b qual r th difference in the ma s f th so ute en e1i ng 
and the ma Jeaving. 

F__x IF'y + .'F~ = - n _..E. 
ry' Z ·. e l 

(2 .16) 

Equation 2.15 can used t, find the values of F.. ~ t and F~. These are substituted 
in Equation 2..16 which becom fter ancellation of n~ from botl sides, 

(2.17) 

-[ (v C) + (v c) -· v C ]= ~ 
. %' " JI :z z "'t 

Equ ti n 2.17 i the three-dimensional equation of mass tJansport for a con erva~ 
tive so]u tha i . ne that does no interact with the porous media or undergo bio 
logical or radi active· d ay. 

In a homogen ous m dium, D11t D~. and D~ do n,o ~ary in pace. However, because 
the o efficient of hydrodynamic ispersion is a funcfon o the il w direction, ,even 
in an isotropic, homogi neous me ium, D11 #:, D.,. f. D~. -~ or th e dom ins where the 
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r g Jinear el c · ty1 v i uniform in spa I Equation 2. 17 for one-dimensional flow 
in a homog neou s, isotropic orous media is 

C 
(2 . 18) 

In a hamog neous medium with a uniform velocity field, Equation 2.17 for two-di­
mensiona1 flow with the dir ction of fl w parallel t the x axis i 

wb r 
Dt 
D T 

= 

= 
the longitudinal hydrodynamic disper ion (L2/ T ) 

1h trans , rse h drodynami.c dispersion (L 2/T} 

(2.19) 

Equation 2.17 for radial flow from a well can be written in polar coordinates 
(Ogata. 1970) as 

wb r 

wher, 

DC ,"C C 
---tt -=-
r or t 

r ~ r.d · ldi :ncet th w U 

u = a erag por v locicy of injection. which is found from 

Q 

Q = 
,, = r 

R = 

u= -----=-
2 11" 11 Rr2 

t 

th rate o in j ction into th , U 

effective orosity 

length of well s een or op n bore h le 

■ 2.7 Diffusion versus Dispersion 

(2.20) 

In th previous section ·the mass n-anspo.rt equa:tion was derived on the basis of hydro­
dynamic dispersion, which is the sum of mechanical dispersion and dilfusion. It ;vould 
have been possible to separate the hydrodynamic dispersion term into the two compo­
nents a:nd have eparate term in the equation for them. However, as practica] matter, 
under mot conditions of groundwater flow, diffusion · insignificant and is neglected. 

Ir is possible to evaluate the refati e , ontriburion of mechanica.J dispersion and 
diffusion to solut tr-anspor. A Peclet number, Pc. i a rumensionle s num r that 
can relat th effi criv, ness of mas transport by adv crion to th efFecriveness of mass 
transport by -ither dispersion o.r iffusion. P det numb rs bav,e th - general form o v di 
D~ or v LID t.' where v)s the advecti e veto ity, d and l al'\ charact rist:ic flow lengths, 
D, is Lhc coeffi i nt of mole u]ar 'iffusion. and D i the Iongjtu inal hydro namic 
di persion coefficient The column Peele numb r. which d,efines the ratio o.f tr.ansp •rt 
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by advection to the rate of tran p ,n by molecular diffusion in coJumn studies i a 
dim ensionl s param ~ r _ fin " d as vi ID" where dis the average grain d:i m t r an 
DJ is the coeffici nt of mol cuhu diffusion. A plot of he rati ,of D/ DJ versus the· 
P de number is given in Fiwa1· 2. 7.a.. h 1n n this figure are the results of a numb r 
,of experimental measurem nt u ing and c lumns and tracers as well as som exper­
imental curves from several in rest 'ga o (Perkins an Johnson 1963). D lgado (2007)· 
pre ent empirical c rrelation for the pr diction of the dispersion c-oefficients (DT and 
D i ) ba. ed P .J t numb r and chmidt .number (S . The dimensionless hmi t num­
be.r relates th viscous diffusion ra e to th molecuJar diffu ion Ja.t,e. Sc is d fin d as: 

s =..l!_ 
' pD 

whereµ and p aT the d n mi vi co• ity (MILT) and density of the uid respectiv,ely. 
D is the diffusion c fficien . 

FIGURE 'Z.7 G ph of dimensionless di.spersion c:oeffidents versus 'Pedet number,P = v d/0,,(a) D.ID 
f ~ liil '- ~ 

versus P' a 11 d (b} D/ D . versus P . - r ~ I 

10 

~. 
pcm!M 

COIDUh 

0 , I L..__JL.J..J..J.LJWL.-L..J..I..U.WII.-.L-1...LUIWI.-L...LI..LUJUJ__...J._LLJ..IJ.W 
0·.001 

Dr • • 
f},j a 

\I~ ■ l'lt'.faiC IIO]UI 
d ~ nrnr..11,c: di.ml!l!ti= 

10 

Source:T. K. Perkins and O.C.Joh.nsori. 1963.Societyof Petm.leum Engineers Journal 3:70-84. Society of Petroleum 
E119inee rs. 
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· tz ro flo velocityDt is equal oD* sin eD1. = a 1.·11 D*. In rhismanne th valu of 
mi the mrtu.osi ty factor, can., e erimen ally determined as D* = mD., At very low veloc · -
ti , th~ rct:ti f D/ ., is a c nstan wi h a lue o about 0. 7, , hich is the · perimentall 
d. r ,min d Ju o wfi r unifi rm and. Thi h , , up nth le i . Figure 2.7(a) 
as a horizon·a1 Lin . In this non diffusion is th pr omina.nt fore and , ispersion can . e 
neglect d. B tw --n a Ped t number of abou 0.4 m 6 th is a transition zon wh d1 
effects of di.ffu.sion and longitudinal mechanical dispersion are :more or ] ss equal 

· igu:re 2. 7(b) shows the plot of D / D,, as a function of Peele . num Although the 
urv ha h a il hap- in (a), it ccu t , e: numbe r, ughl 100 time 

Thi m ans ha d.iffusfon :h , m r contri J ¥ r tran erse dis i n t hi . 
numb rs than it does fa longjtudinal dispersion. Highe.r P . cl t numb _ rs occur i h hi b _ r 
velocities and/or longer flow paths. At higher • eclet numb rs m charucal , ispe:rsion is th 
.· 11 d. mm n au e f mixing of the contaminant plume (Perlcins .. nd ohn on l 
I97 ; Be_ __nd Verru•·1 198,7) and the ffi • of. ilfu.si n an b ' n 11 ·d. Under thes 
c nd1ti ns . can be r • .plao d with a .v in the advecti n-dispersi 

• l I · · 

■ 2 .. .S Mo1nent Analysis 
1 n amioan h dr . , logi I like t · er cienti . · ve t work with lot 

such , s p riodj .m as:u.r: men.ts o poUutan . on entratio in m nit · 
h drauli that d r rmine th .flm and trans ort of · s .. . 1 

r pmt o 1 • ng d act.a in pe revie ,ed manus ripts on is d ,p 
ignific he at with a prop r statistical . · · · is . · · sta l c 

ce t and m thods is · e .fr cus · ·· th· - bo k, but ent in . ·ons into ground-
ed · Hel el an . Hi:r ch , ) • r Int e echn 

how r that :is quit us ful for the an 
ecially n~sults from 1.aJboratory or· _ ]d seal ts 

• · mu. Th m. thod is known as moment anru: s b 
an sm ] · - ulating m · reco eri in tracer ex:perim 

p·l d._ scriprion a .f th plum in erm 1 ~ , 

and kurtos:is. Both m oral nd patial data can be u _ ' for thi an · · -
· and temp ra1 mom nts and the propc;.,'Tl:ies of , · p um 

· 19 an subsequent modifications ~ Roberts 
men ·. concepts for the analysis o three-dimensional olur trans~ 
· ique w , utilized • , M · 7) Ghiil o t 

d ,lu_ ·ttansp rt. fl . ma r-
90), pmvi es an • • verv1 · es , ft mp ra1 

· · r a:ive so~ute transport in ggrega · m di 
-- - - emplo ed for th · · • 

· -patial moment . · is ution 
_ -- _ , vel ity, a . · . · · · · [a 

rce Ba e (CFB) in B rden, ri 
) ,r th - · o.rt o no . · _ 

• a •. ape Cod a husetts c . 
I · n ak aqu· . site within the prop rty o _ , , 
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Nu ar La oratori s wher in 1982 and 1983 · pul:s,e of groundwater labeled with 
lll fodine was mje ed (Moltyaner and Kille 1988~ o!tyaner and Wills 1991). 

The analysis of moments ordinari]y is accompr sh d b numerically olving one 
or more triple integrals of tracer concenmttion in th tlU1 •dim nsional pace f th 
test, omain (Freyberg 1'986; Glotz and Roberts l 7; V lo _ hhi 19 9; Garabedian et al. 
1991 ). he absolute moments (M) in three dimensioas ar efin d as foUows: 

where C is the solute concentration at tbe spatial coordin t s x , and z. F ,r n -di­
mensional data sets, the moment analysis can be simplified to the t, mporaW nd sp .tial 
form summarized in Table 2.2. 

Temporal moments can b interpreted with th h p of brea through curves (BTC) 
( igu.re 2.8). A BTC is a graph of concentration versu ·im . Thi . rmat f d iction 
·s appropriate when the position of the observer is fi.xed (EuJ rim ap roach). A BTC 

TAB~E 2.2 One--dimensiona-11 moments. 

Mom nt: 

Zeroth Absolute· Moment 

First Normal zed Moment 

Adjusted Fi rst Tempo:ra Moment 

Second Central Moment 

Third Central Moment 

Fou th Central Moment 

Temporal1 Moments 

Mf = JC dt 
0 

I Ct dt f Ct dt 
M,1_0 __ o 

t - _J_C_d_t - M-.· .-f-
0 

( 1 2 J, r-Mt c dt 
2 0 Mf=--~-

M.t 

Spa.da11 Moments. 

Mf = f C dx 
0 

J Cx dx J Cx dx 
M, __ o __ =_o __ 

s - M~ 
f C dx 
0 

No defined 

3 J(x-M1) Cd}( 
M 3 _ --=-0--~--

s M 
s 
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FtGURE. 2 .8 Representat·o-n of concentration data resulting from a continuous contam ·nant release 
seen rio: (a) concentration versus di,stance and {b) concentration versus time. The concentration .. time 
graiph is called a breakthrough curve (BTO. 
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is typkall used to report solut concemrations in co]umn emu nt durin of mu:: r 
exp rim.en or at the location of a spe-cific monitoring well. In contrast1 a graph of 
concentration versus distanc is not a BTC. It r-epresen s a snapshot of concentration 
data collected more or less simu taneou:sITy at va:riou.s locations within lhe tes domain 
(Lagrangian approach)·. Such graph · . u efid, fi r xamp] , for r p rting th trace 
concentration in groundwater ample c Uected along th principal a.xi of a , ntam­
inant plum . 

It is convenient to normalize the higher order temporal and sparial moments by 
scaling them to the zeroth t-emporal moment (Af,0) or zeroth spatial moment (~ • 
respectively. ligher moments are centralized by subtracting the first normalized tem­
poral or spatial moment (M~1) from the elapsed time (t) or distance (x) re pectively, 
since the start of the measurements. 

The significance of ~ 0 .is that it integrates the ar ~ a under the concentration ersus 
distance curve(. igure· 2.8) and thus presents the mass of solute and a mea.sure for cal­
culating the solute mass recovery and mass balance. The M/ aides. in determining the 
amount of mass passing by a sampling point (i.e .• moni ming well) . A constant value 
of M/ at different distance from he origin indicates that no mas los occurred and 
therefore suggests a recalcitrance o a compound o .sorption o degradation proces es. 
The M} catcuI.ates the mean, i.e.1 the location o, . the , nter of mass of a plum .nd 

thus atd s in calculating the plume trav 1 velocity. M, 1 describ s the travel time o a 
dissolved compound (Figure 2.9). While not defined for spatial coordina e data, the 
adjusted firs · temporal moment, Mt,d/, is: 

Jr 
CI' dt 1-

M l _o T 
· - adj == M - 2 0 

where T0 is the pulse length; i. ., the duration _ th tracer lug injection. M""1 permits 
the calculation of the trao r front travel rim _ (Fjgur 2.]]) nd th r fot1 M~• can 
be used to calculate the retardation factor from the inflection point of th BT 
i.e., where CIC = 0.5. Tbe parameter C is the maximum con cnt.ration measured 

rfUi~, , Ill .,111 

during the tracerte t (Figuri 2.9). 
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FIGURE 2.9 Idea l breakthrough curve lBTC). The ,:rn{val time is the time for the center of mass to 
arrive attihe monitoring location.The travel time is 'the breakthrough tim- of the tracer fr,ont 

~ o.:zs I 
Q 
C 0.10 -
0 ·c 
ro ,_ 

0.1S · ... 
i:; 
Q.! 
u 

6 u 
0. 0 

a.i 
~ 0.05 ·;. ,,, 
J 0.0-

Time 

FIGURE 2.1 O Skewness: (a) pos.i-tive, (b) negafve and (c) not skewed air,ound tihe mean (Ml== 0). 

Mean 

The second temporal moment (M/) i the variance ( d) and provide a m a ur, 
for th spread of a plume about the location of the center of mass. The analysis of 
th cond p. tia1 moment (.M_.2), can b used to determine the longitudinal dispersion 
oo fficient, D L in eirh r temporal or spatial coordinates: 

u 2 D _ ___b,, 
J.. - 2t 

o-2v D, - L L ---
2x 

where a / · the arian,c , r i t 'me ince th tart f th tra.cer te t and vi the linear 
flow velocity constant . 

h skewn o a curve i describ db the third mom nt (M3). A positive vaJue 
h th gra hi sk: w t ·rh ri ht1 w.h reas an gative ,~a!ue means skew­

n s to he I_ A. (Figur . .2. 0). A value ,of appmximatd zero suggests. that the data is 
norm.all distributed. The ounh moment (Mi) is a measure of kurtosis (Figure 2. 11 ). 
For a conservative tracer, both Mand AP houl • be· approx·mately zero. Deviations 
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1FIGUR1E 2.11 Negative and positirve kurtosis. The M~ is z•el'o for when the tracer concentraUo,n data is 
no,rmally distributed. 

Normal Curve 

fr m that valu · indi t non~i eal trans ort conditions. 0th r applications of moment 
analysis a.re discussed in uth rsan et al. 2017. 

EXAMPLE 
.A tracer test was c,onduc:ted and concen ration measurements have been collec -

ed downgradient from the injection ocatjo• and at three different times (t1 = 30 d, 
t2 = 60 d, and t3 = 90 d). Fgu re 2.112 shows, the concentration versus distance da·ta in 
terms of dimensionless ,concentration (C/C0) a three observations points. 

In this example, the trac,er is nonreactive because· the .area under the curves (M0) 

remains the ame for alll three data sets. Had the vailue of M11 decre·ased howev,er,. it 

FIGU,RE 2.112 The spatial position ofthetracerconcentra ions profiles at times t1, t:t' aind ti.. 
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FIGURE 2.13 The velocity of a migrating plume can be estimated from the location ,of the center of 
mass (Arst SPilti~I moment}, 
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wou d have indicated that a fraction of the tracer was lost during the experiment. 
In that case, a plot of M0 ve sus distance would reveal if the rate of loss is linear or 
nonlinear. 

The vel'odty of a mig!r ting IP ume was estimated from the lo-cation of the cen ef 
of mass {M1) at different ime·s (Figure 2 .1 2). In this example, the v locity remained 
cons ant throughout the experiment, which is expected for a nonreactive tracerJ fthe 
flow velocity is iden ical to the g roundwater flow velocity, the tracer can be consid­
ered"co.ns:ervative,"i.e., its fl ow is not retarded.By comparing the M' of a conservative 
tracer with that of other tracers that might have been co-inJected at the start of the 
trace test:, one can calculate the ,elative travel1 times or re a ive t.ravel distances and 
thus the retardati on factors fo.r each · racer. 

When plotting M1 for eac:h of the three data, set~ against the ·time of measure.­
ment, the slope of the regression line is equal to 2DL. The M1 and M" v lues indicate 
that the three data sets are no skewed and t hat they do not show kurtosis; once 
again indicating that the tracer wa:s non reactive. 

■ 2.9 Analytical Solu ions of the Advection·Dispe-rsion 
Equation 

2.9. 1 M thods of Solution 
The ad e rion-dispersion quation can be solved b · h r num rical or analytical 

m thods. Anal ticaJ methods invoJ th olution , th p rtial differential equatio 
using calculus ba ed n the initial and boundar value conditions. T ey ar limit_d to 
imple g m try and in general requir th ,t th aquifer be homog n ous. A number 

of na!yti-cal solutions are present d im chis chapter. The are useful in that they can b 
solved wi h preadshe r. lik E CEL, or even a pencil and pap r, if ,on . is so indin d. 
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Wi c uld also hav specified an initial condition that within th domain th initial 
:solute oncentration wa Cr Thi would be written a 

C(xj O) = C; x~O 

Other , .mp] . of concentration (first-type} boundary conditions are xpoa nti 1 
d cay of the sour,ce term and pulse [oad:ing at a constant concentration ~ r a peri 
time followed by moth r period of time· with a different constant c :nc ntrati n. 

E ponential decay for the source term can be expressed a:s 

C(O, r) = C . 

wher i= de ay constant. 
Put e loading where the concentration i C0 for times from O to 10 and then is O for 

alJ rim mor than t0 i expr, ed a . 

C 01 t) = C0 

C O,t) =0 

F:· d-g adient b unda.ries aJi e pres ed a 

dC 
=/(t) 

dx .==O 
or 

dC 

dx 

wh r J(t) is ome kn wn fun tion. A c,ommon fixed:-gra icnt condition is dCI dx = 0 
r a n -gr dienr boundary. 

Th vari hte~flux boundary, a hird type, is gi . en 

C 
- D - v C=v C(t) 

X 

wh re C(t) is kn wn cone ntration function. A comm n v ria Je-Oux bound ry is a 
con ant flux with a co•nstant input concentration, expresse 

( dC ) - D-- vC =C0 
dx =0 

2.9.3 One•Dim,ensional. Step Change in Concentration 
(First-Type Boundary) 

Sand co]umn. experiments have been used to •evaluate both the coefficients of diffu­
sion and dispersion at the laboratory scale. A tube is filled with sand and then sa-n1rated 
with water. Wat,er is made to flow through the tube at a steady rate, creating, ju effect, a 
pe1meameter. A solutl n containing a tracer i then introduc d int th ~and, [umn in 
plac of the wat r. The iniria] concen:ra:tion of tb solut in th ,column is z m, and th 
concentration of the trac r solution is 0. The tracer in th wat:er exiting the tube i ana­
lyzed, and the ratio of C, the tracer c,oncentration at time t, ,ver C0, the injec ed tt er 
concentration, is plotted as a function of time. This is called a fixedstep function. 
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The boundary and initi I conditions afi giv n b 

C(x,O') = 0 

C(O,t) = Co 

C( ,t) = 0 

Initial c ndition 

B undary onditi n . 

c = Co [enc[L-v xt J exp( v xL)errc[L 111
. tJ] 

2 2 Dit DL 2JDcJ 

Thi equation may be expr ssed in dim nsionfoss form as 

(2.21) 

CR I R,P, )=o+rfc[( ~~ r x (1-tR)] exp P,)erfc[( :,J'\+tR )J} (2.22) 

wh re 
tR = Vt ti L 

CR = CI C., 
P, = Pedet numb r w h n flo distance, L, i ch en a · th r_ fer, _ nee 

length· (P = LID 
, T 

er c = complememar rror fu.n tion 

Equatfon .21 . an olved in Microsoft Excel after in tallin th PlmnelD(.) 
a din {R n haw 20L a). 

2.9.4 One-Din1ensional Continuous Injection into a Fl.ow Field 
(Second•Typ Boundary) 

In n tu e ther are not man situations ~ h re there w uld be a udden chan. in 
th qu iiry the water n ering an a uner. mu h m r like] condition is that tber 
w uld · leaka e of contaminated water int the ground ater flowin in an aquif◄ r. 
F r th one-dimensional case, thi might be a canal that is discharging ontamina d 
wat -r into an aquifer a a lin ur (Figure 2 .14). 

Th rate f injection is consid . d to . e cons,tant, with the inj cred mas o the 
Jut proportionar to the duration o the injection. Th initia] , nc ntration of the 

solute in th.e aquifer is zero. nd th cone ntra:tion of th solute being injected i C0 • 

The solute is free di r b th up-gradient and down-gradient 
The boundar and initial conditions are 

- <X< lnitiaJ condition 

J_ nrC x,.t)dx = C0nt.v t 

c( .t = O t :::: o 
t > OJ B undary conditions 
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FIGURE 2.14 leakage from a canal as a line s.our•ce for injection ohJ contamin~nt into an ~quifer. 

Sourced. P.Sauty.1980. WaterR 1011r:,es Re-search 16,MS.-58.Copyrigtn by the Am rican GeophysiCid Union. 
Rep:roduced with permis:s on. 

The s cond boundary condition stat,es that the in'ected mass of contaminant over 
the domain from - to is proportional · o the kagth f time of the injecti n. 

The s luti :n t this flow problem aur 1980) i 

c = CO [erfc( L-v t ]- exp( v xl)erfc(~. t )~ (2.23} 
2 Z DLt Di 2-JDLt IJ 

In dimen i nle s form this -

CR ('R• P) ;o.s{errc[( :,J'2 (1-tR)] 
(2.24) 

It can be s, en that Equations 2.2 and 2.23 ar very simiJar, the only diffi-r; nee 
being that the second t rm is subtracted ratbe:r than added in 2.23. 

Sauty •· 1980) gives fl approximation for the one-dimensional disper i:on equation 

(2.25) 

In dimensionless form this is 

(2.26) 
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This appro.ximation comes about b c . us r I P d numbers, the nd tenn 
.qu ti, J and 2.2 i mu h mall h . and can be n ected. Figure .15 

d monst:rat _ und r ha: con · ti ns this · --ti.on is vali In igure 2 .1 ~ th dim n-
sionle c-0ncenttatio~ C~ is pl tt e s tmi:e, lR, or contin -
ous - acer .in"ection usin th .ed the continuous-injection 
fuaction, Equation 2.24, and the a · · · urves are pl tted 
, rthre Pee numbe • 1 0 numb r _ fin the rate 
f rransp rt · · n : dispersion. For Ped.et 

numb r I · _ _ ti n d n giv, quit , iffer• 
ent results, v h P Iet o . pproxim te 
o)ution lies michva. en th.e r · , _ 

[ess. than abou 1 ct soturi r ·b 
greater than 10, the appmximar, - - h . _ 
numb r ,pproa · his ogth as a ·ve 
transport becom mi . r mass .. · - ar 
the inlet boundary it is impona . · _ · -, m 
the inlet bounda , it i 1-ss impon nt th _ . 

FIGURE 2. '15 Dimensionless-l)li . curves forthe con inuou inj cti,o• of tr c r in o one-dime :Siona 
fl:ow fie l,d, 

Source:J. P.Sauty.1980. WaterResources Resean::h J.6~145- 1S8.Co,pyrigh byth Am ric:anGeophysi~ IUnioll. 
Reproduced with p rmission. 

EXAMPL.E PR.OBLE,M 

Pickle ar made· in large wooden vats.A ·_ the Happy Gherkin Pickle Factory on 
of the vats has b en leaking brine directl'y ,· t,o the wate t _ ble. The c.onrnnt1ratio.n o 
chloride in the brine i1s 1575 mgL-1• The· flow in the aqui e1 · hat receives h brine is 
essentialily one-dimensional and has the fo, I.owing cha acteristics. 

Hydraulic conductivity = 2.93 x 10 ms-1 

Hydraulic gradie11 = 0.00678 

Effective poro•.sity = 0.259 
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lhe es.timated effecfve diffusion coefficient for ch o ide ·s 2 x 10--0 m2s-1• 

Calculate lhtt c.unnmtrd.lion of chloride (:)bove any background value at ,a dms­
tance 125 m fmm the leaking vat 0 . .50 years after the leak began. 

We will .app :y equation 2.25 to this problem. Note ·that this is an approximate 
so 1ution as he second term of equation 2.23, has been dropped. 

C = i( 0 [,erf:c( L - v Kt]] 
2 2Joir 

1. Calculate v. 
K dh 

V -x - n . di 
e 

2.93 x10-4ms-
"x = o.isg X 0.00678 

Vx = 7.67x 10- 6ms - 1' 

2. Find the value of the coeffident of long·tudina~ hydrodynamic dispersion, DL. 
This can be Jo-und from eqiuabon 2. 11 a. 

DL. = atvx+D * 

a. The fl rst step is to find the vatue o:f a;_. This can be estimated from equati" on 
2.48, which wm be introduced in a later section. 

aL = 0.8,3.(l,ogl.)2.414· 

al -0.83(1091125) 2.414 m 

aL =4.96m 

b. The next step is to calculaite Di. 

D t = 4.96mx 7.6,7 x 1 o~ms -1 2 x 1 o - 9 m2s -1 

D,_ =3.,80x -o-5m 2s- 1 + 2 X ,o-9 m2- 1 

lihe second term 1reflect1ing the effec ive diffusion coefficien cain be neglected 
as ·1t is so much smaller than the first term. 

3. order to have consistent units, the time must be expressed in seconds. 

0.5 y 365 d/y x 1440 min/d x 60 s/min:;;;: 1.578 x 107 s. 

4·, The values of the variable~ are then substituted into Equation 2.25. 

c0 ; 1575 mgl- 1 

V X ~ 7.67 X -o-6ms - l 

l = nsm 
D L = 3,.80 x 10- 5m 2s-1 

r : 1.S78 x10 7s 
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(;-~-ec --,.----------------157Smgl - 1 rf (125m -(7 .67 x 1 o-6ms -1 x 1.578 x 1 o 7 s)•J 

2 2 3.80 x 10 - 5m2s- 1 x 1.578 x 10 7 s 

C rf- ( 125.m - 1. 21.0m. ) L_1 = 787.5e· 1c mg 
2Js.;99 x102 m2 

_ _ _ ..& ( 4.0m ) 1 ( ; 7875e·r1c . mgl-
2x 24.49m 

C = 787.Serfc{0,0816) mg/L 

C - 787.5 x 0.908mgL- 1 = 715mgl-

2. 9.5 Third-Type Boundary Condition 
A solution for Equation 2.18 for the following boundary c nditi n was giv n by 

van Genuchten (1981 ). 
C(x,,0)::;;0 Initfal condition 

-D -~ + v xc) _0 = v xc 0 Bound.ary conditions 

, C 
= (finite) 

The third c ndici n spec lie that a x p roa. h infinity, th oo.noentration gradi­
ent will till b finite. Under the e conditions th solution m Equation 2.18 is : 

C = ..:....!!. erfc x 2- ,exp - ----c [ [L-v t] ( 2, 
112 

[ (L - v r) 2
] 

2JD 1 r ;r.[)1 40Lt 

(2.27) 

1 ( r1 L - - l + -
2 DL 

This equation aJ reduces o the pproxirn t oluti n, Equation 2.25 , as th flow 
length inci;e , es. 

2 .9 1.6 One-Dimensional. Slug lnj c ion into a. Flow Fie:ld 
If a slug ,of oontaminati n is instantan usJ injected into a uniform. on -dtmensional 

flow field, it · J pa through th aqui r as a puls with a p ale: concentration, Cmu• 
a: some time aft r inj orion, tm • The solution to Equation 2. 18 under these c-onditi as 
(Sauty 1980) is in dimensioo]ess form: 

E ( P 2) CR =(tR Pe)= -- 112 exp - . !. (1 - rR) 
(t R) 4tR 

(2 .28) 
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with 

where 

12 ( Pe . 2J E=(tRmax) .exp . (m-tRmax ) . 
4r Rmax 

t Rm = (l P,e -2 112 -Pe - l (dimensionless time at which peak 
concentration occurs) 

CR = C/CmQ 

(2.29) 

In Figure 2.16, CR (CIC ) r a sl inj ctod int a: uni rm one-dimension. l flow 
field is plott a ainst dim nsionL ss rim , r8 fo s veral Peciet numbers. It can seen 
rhat the time for the peak concentration (C11i;a) too cur increases with th Peclet num­
ber, u:p to a limit of tR = J. Breakthrough b comes m re symmetri with incre ing. ~ -

2_.9_ 7 Cot1tinuous Injection into a Unifonn lwo~Dimensional 
Flow Field 

I· a tracer is continuously inj cted into a uniform flow field from a singl int: 
that fully penetrates the aquifer. a tw -dimen i nal plume wm nn that ]ooks simil r 
o Fi ul'i 2.16. It w·n pr d along the axis f fl w due ~o lon irudinal disp rsion and 

n nn I to the xis o flow dtL to transvers _ dispersion. This is the I pe of conramina­
rion that would spre d from the use ofan injection w 11. which would be a point source. 

low is gov,emed by Equatiou .2. 1'9, th m transport equation in two dimen ions. 
The well is located at the origin ( = 01, y = 0), and there is a. unifi rm fl w Vi l ity t 
a r te vy parallel to the x xi . Th re is a continuous injection at th _ rigin, of a solut . 
with a concentrati.on C0 at a rat Qover the aquifer rhickness1 b. 

The solution of Equation 2.19' cai.n be found from a Green function (Bear 1972; 
Fried 1975 for the injection of a unit mount of a o ntaminant 

C(x,y,t = . l 0.5 expl-( -Vxr)2 - y2 ] 
4m(DLDT) 4DLt 4Drt 

FIGURE 2.16· Dimensi,onle.ss-type curve for the injea:ion •of a slug of a tracer into a one-dimensional 
flow lleld. 

Sou:rce:J. P.Sauty.1980. Water Res:ources Reset1tch 16:145:-158. Copyright by the Amerkan Geop!,ystcal Union .• 
Reproduced with permission. 
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Since the Green function is for a unit injection, and w have an inj tion rate that 
can be define · a C0(Q/b), he olution to th above is: 

( . Co iQ / b )dt _ [ ( - v x t ),2 y 2 ] 
C x,y.r =---- -- - exp - - -

4;rt(DLDr) 0·5 4DLt 4Drt 

U th injection rat , QI b, i continuous th n the oluti n at tim ti : 

FIGURE 2.17 Plume resu lting, rrnm the continuous. inje,eti-on of a tracer into a two.-dimensional flow 
field. (Source: C. W. Fetter. 1994. Applied Hydrogeology. Third Edition. Upper Saddle River, New Jersey: 
Prentice-Hall. Inc.) 

Grnund•watc r flow 

Corrtlnuous 

(2.30) 

Steady state condjtion re btaine, when time appr a hes infinity. Therefi re 
quation 2.30 is int rated from Oto · . The re ult i : 

,. here 
K 

Q 

b 

= 

= 

= 

(2.30a) 

th m difi B sselJ funcfon of th second kind and z r rd r 
values. r,_ ta ul ted in App ndi _ B) 

the .rate tbal l.b cont minant is inject _ cl 

the hi,ckn.ess of the .aquifer ov r which the c-onta:minant is inject 

Equ ti n 2. Oa 
(Rensha 201S ,). 

in ~ _ l. ~ r in talling th Plum 2DS O a d-in 

EXAMPLE PROBLEM 

.A waste liquid ,containing fluoride at a concentration of 133 mg/l was pumped 
into a shal1ow disposa1I pit oc:ated above a thin, 1.75 m thic:k, (two~dimensional} aquifer 
at ,a rate ,of 3.66 ml/day for many ye-ars. The average line,a1r velocity of the groundwater 
was 0.187 m/day. Assume that the transv-erse dispersion is 10% of the longitudinal dis­
persion. If the dispos I pit is .as:sumed to, be at a location of x0 = 0 and y0 = 0, what would 
theooncentration offfluoride be in a monitoring weU located atx= 123 m andy= ·16 m? 
Assume that the fluoride is non«reactive and non-adsorbed by the aquifer. 
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First the value of~ mus be calculated using equation 2.48. 
a = 0.83(1og(l}) u,◄ 

Lis equal tox - x0 or 123 m. 

q_ = 0.83(1og(123 ))1,,11,C 

a;,_ = 4.919 m 

2. Next the va ue of DL nd D1 must be fo nd. 

DL = vx.a'L 

DL ==0.l87 m/da x 4.919m = 0:92O m2/da 

D1 = 0.10 DL 

D1 = 0.0912 m2 /da 

The variables are hen 1inserted into equation 2.30a. 

C'0 = 133 mgA. 

0 = 3.66m3/da. 

b = 1.75m 

C = 13.Jmg/L x (3.66m 3 /da/1 .75m) x exp( o. 1187m/da x 123m) 
2 xx (0.92m 2/dax0.092m 2 /da) 112 2x0.92m 2 /da 

K l o.1;si' 2m2 /da 2 ( 123 2m2 62m2 )Jui] 
0 4x0.92m 2 / da 0.92m2 / da 0.092m 2 / da 

c = 275.omg I L exp,( 23·0 )K O [ [ 0.0095 x (-6445 + 2783)] 112 ] 
1.828 1.84 

C = 152.1,exp(l 2.S)K 0 (13.52)mg/L 

C = 1,52.1x268337x 4.544 x rn ·7mg/l 

Note:Although KO'a modified Besselll unction of the zero oirder and second kind, 
can be obtained from App,endix B for a lim'ted range of va ues, the table did not con­
tain K" of 13.52. The value listed above, 4.54 x 10-1 was generated by a IEXCEl f1unction 
BESSELK(x,n). 

According to Equation 2.30, a the lue f DL approaches zero, the concentra­
ion will approach infinity. s this is a ph sicaJ imp s ibi it , if lh vaJue of Dl. is very 

small, th n the one-dimensiona] equation, 2.23, should b u ed w'th a large vaJue for . 
ume. 
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Equation 2.30 can also be solved for as cific valu of time, so that t.he spr ad 
, fa two~d-mensi naJ plum with time can bed t rmin d. In order t , fo rim , 

Equation 2.30 can b wrirt n thus[ : 

If we set t0 = v}/4 D,_, theu the above b come : 

with 

V 2 2 I/ 2 y2 
B2 = . X 2 + -_ _;:;_;·;___ 

4DL 4DLDT 

The integral in the above equation w sol ed by H nru h (19 ). This solution is 

C0 Qlb), (vx ][ ] C x,y,t) = l/2 p 2DL--, W(O,B - W(tn B 
4:Jr(DLDT 

(2.31) 

with t D nd B as de ned above. 
It hould b noted that in. effect tn is a dimensionle s ti .rm of time. Th v ues ,of 

W[t,;; .B] can b ound in Hantush (1956) and a limiteds ies is abulat din Appendix 
. It can also be determined in EXCEL after in talliog h LeakyO add-in (Renshaw 

2015c),. n weU hydraulics thi · i known th leaky weU function W[u, rib]. 

EXAMPLE PR.OBLEM 
An underground tank which formerly held benz:ene but now holds water is lea,k­

ing at a rate of 1.'93m1/year. Howev,er, the water still cont.a ins some benzene at a con­
centration of 12~950 µg/L The groundwater which flows beneath the leaking tank 
goes directly north. A drink·ng water supply well is located at a spot that can be locat­
ed by going 123.Sm due north of die le.a king tank and then 7.2m due east. Assume 
tha the average linear ve ocity of he groundwater is, 0.235 m/day and the longitud·­
nal dispersivity is 12m and the lateral d'spersivity is 1.2m and ~he a,quif-er thic:kness is 
1.00m. What would the benzene con cent.ration be after 2.00 years? 

This is an example of a. continuous leakage i,nto a two dimensional flow field; 
,equati:on 2-31. 

1. The values of o .. and Dr must be calculated from equations 2-11 a and 2-11 b. We will 
ignore the effective diffusion coefficient as · is so much smaller tha1111 dispersi.vity. 

DL = aL v x = 12 mxO.23S m /day= 2.82 m 2 / day 

Dr = «r v x = 1.2 m x 0.235 m/day = 0.282 m2 /day 
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2. The v,a1lue ofB must be calculated. 

1 

B =[ vxx)2 + (v,.y)2l2 
4D,L2 4DLDT 

1 

8 =[(0.23Sm/ dax 123.Sm),2 (0.235/ dax7.2m) 2 ] 2 

4 (2.Bm 2 /da) 2 4 2.Sm2 ldax0.28m2 /da 

B = --- [ 84- 2m4 /da2 

3. , .4m4 /da2 

B = J26.8 0.9'1 

B =5.26 

1 

2.86m4 / da2 ] 2 

l.14m4 / da 

3. he next step is to find t11 Convert time in years to time in days by muttiplying1 
by 36 S day-s per year. 

V x 2t to =--
- 40L 

(0.235m / da)2 x 730da 
r =---~c---

0 4x 2.82m 2 / da 

r- 0 = 3.s7 

4. One must now find W{O, B] and W[ttJI BJ from Ap1pendix C 
W[O, BJ = W[O,, 5.26] = 0.0098 

W[tor :B] = W[3.57, 5.26] = 0.0019 

5. The values are t:hen substituted into Equation 2.31 .The rate offeakage,Q,is, con­
verted into cubic meters per day by dividing by 365.The aquifer thickness. is .00m. 

Q = 1.93 m3/year/3,65 da/year = 0.0053 m3/da 

C 0Q I b _ (v xx )[ ] C(x,y ,t), = lTi exp --- W(0,8)-W(t O ,B) 
4n(OLDr) 2Ot 

C(x,y ,t) = 12,.950,ug/ x 0.00S3m 3 I da/1m exp(_0.236m/ daix 123.Sm) [o.oo,gs - O:OOl9'] 
4n(2.82m2 / da x O.28m 2 / da) 112 2 x 2.82m 2 / da 

C(x,y ,r) = 0:0061 1 xp(S.16)[0.0079]pg/ L 

C(x,y ,t) = 0:0061x 174 x0.0079,ug/L 

C(x ,y ,t) = 0.0084µg/L 
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2.'91 
• .a lug Injection in o a Uniform Two-Dimensional Flow Field 
I a slu f ont mination is injected over the full thickness of a two-dimensional 

uniform flow fi ld in a short period. of time, it will move in the. direction of flow and 
spread ith time. This r u is illustmtcd by Figur-c 2.18 nd r-cpr scnts the p ttcrn , f 
con aminauon at hr, e inaements that Jiesult from a one-time spill Figure 2_18 is based 
on the resul, of a la oratory experim nt condu ted by Bear (1961). Figure 2.19 shows 
th pr ad of plum of chl ride that was in· ec~ed in:to an aqu:i.6 r as ai. part of a Iarge-
cal fie], t sr (Mackay t al. 1986). The plume that resulted from the field test is more 

com lex than the laboratory phune due to the heterogeneities encountered in the real 
world and :the fuc the plume may no1t be .following the diffusio , al mode of ispersion. 

FIGURE l.18 Injection of a slug of a tracer into a two-dime 11 siona flow field shown at th ree time 
increments. 

y(cm 

--~ ~~ 
' 0 ...... ~-~~~~~~~~~~,ffi~~-~....;.~~:.;._-...:•~ 

- l 

5 IO 

ll)j Iii.fl X m 
injec1ion point (cm) 

Exper'menta l res1.1 lls from J.Bear.11961.JoumalofGeophy.s cal Research 66:2455- 2467.Copyrtght bv the Ame,kan 
Geophys1cal Un,ion. Reproduced wl,th perm r,sslon. 

J osrel.in and De Jong(] 958 derived solution to this ro ,1 m on the ba is o,f a sta­
tistical treatment · f la ral and transv e di pe -iviti . B ar (19 l) 1 ter v rifi d it peri 
men ally. If a trac r wi h c ntiation C0 is injected int a tv · -0.imen i nal v field o r 
an area A at a point (x0 , 0), the concentration at point ( , y), t tim t aft r th inj ction is 

C(x,y,t) =-------c:~. exp - -"--- -- - - - (2.32) 
CoA [ ((x - x.o) - vzt)2 (y .- y 0)2] 

4nt(D LDT) 1/2 4D Lt 4Drt 

EXAMPLE PROB'LE,M 

A tank truck, which is carrying water containing 1275 mg/L of dis.solved benzene 
overturns and spi lls ,a volume of water suffu::ient ,o sa.tu rate a thin aquifer over an area ,of 
5 m2• The aquifer contains giroundwa1er flowing with an average linear velocify of0.45 m/ 
day. Assume thanhe v.atues of DL ,and of OT a,r,e 2.1 m2/day and 0.21 m2/day respectively. 

There Is a nea by private wel at a seasona'I cottage. If the center of the spill is at 
location x0 = 0 and y O = 0, then the loca ion of the well is x := 72 m and y == 5 .5 m. The owners 
of he private we I are away for the season and will not r,etum for another 200 days. 
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If there is no degradat:i:on ,or retardation ,of tihe benzene as it mo.ves through the aquifer, 
wha.t will the concentration of ben.21ene be in the private well when the ,owner iretums. 

The corf\ect equation to use is 2.32 for a slug injection of contamination into .a 
two dimensional aquifer. 

FIGURE 2 .19 Vertically aven,ged chloride concentration at 1 day1 85 days, 462 days, aind 64 7 days 
after the injection of a slugi into a s.haHow aquife:r.. 

50 

ID 

0 

- IO...._ ___ ...,_ ___ __.L_ ___ ......... 1--___ ..i..... ___ _. 

-10 0 ID 30 )' 
(m 

So 11.1rc : D. M. Mack y et al. 1986. Wat r Resources Re.search 22;2017-2029. Copyl'lg nt by the American Geo physica I 
Union. ReprodLJ1ced with permission. 
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1275mgL- 1 xsm 2 
C=-------------~-x 

4x;r'r'.200dax 2.lm 2da - 1 021m2da - 11 

6375mgL- 1 . m2 [ (72 - 90)2 m 2 30.25m 2 1 C =------------exp ----------
4 1tx 200da 0.664m 2da- 1 1680m2 168m 

C = 3.82mgl - 1 exp[- 0.1192 - 0.180] 

C = 3.82exp(- 0372) = 3.82 x 0.6892 = 2.63mgil - 1 

The maximum concentration of a con am·nant from a slug injection is Couu , in 
· he cent r .of the J ume, r the cent r of m . Ir the flow is in th direction f the :x xi 
nd th pill, , a 1 ca ·on O = 0 and Yo - 0, the ner f ma - o - o n e1 •. ti 

sub an _ at an tim _ .t s.mc th _ pill ill b at a loca, ·on here .x = 11) and y = 0~ If 
b titut, th valu s into _ uati n 2- 2 b in: 

C . = C oA X __ (1 ____ x_t -_O_-_v __ x_t)_,, _2 

mm 4t1t,'1DrD L 4D .t 

C0A 
C max = ---;;:,=== exp(O), 

4ravD L 

,,.1 

(0 .... 0)2 ] 

4D r 

, h di tri" _ ti n c ntamm 1ti n in lume will oUo · a. normal or Gaussian 
distrt utim1. From __ u _ ti l , .he t ndru:d de _r ii · n -r the distribu · 011 
is !riven b : 

By d finirion, 99. 7% f h m · contained ithin 
n area r pre:sen d b thr, st nda d d ti ns th c n, er o · mass of the 

• lume. Thus the plume can h defi.n d by th o fm nan 30". 
JI If 

EXAMPLE PROB,LEM 

A truck rrying di I• e brine with 2130 mg/Lchloride from the cleanup of pon 
containing wast f: om ,a 1produciing oil we:11,overtuims and spills th• di. ut br,ine ov,er 
an area of 455 sq: are feet The underlying thin .aquifer h an avera.g,e lin r ground~ 
wa,te velo tty of 1.23 ft/day. Wher,e wou.l!d the center of mass of the plume be· in 
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133 days, what would the maxim,um concentra .'on. be and how far .beyond and to, he 
side of the center of mass would the plume spread7 

1. The pllUime would be advected by the flowing groundwater sio that the center of 
mass would be atx = v/. 

x = 1.23 'ft/da x 133 da = 164 feet 

2. lhe maximum concentration at the center of mass can be found from equation 
2.32a. 

C0A 
(max= . ( 

4t Jr \JDrD ,_ 

a. We need to find the values of Dt and Dr This can be done using equations 
2. 1 a and 2.11 b; but, first we need to use equation 2.82 o estimate· aL 

a,. = 0.83(1og1(L))2.414 

=-5.66ft 

Dl. =a,_vx 
= 5J:i6 ft x 1.23 ftda - 1 

= ,6.96 ft 2da. - ' 

We can assume DT to be 10% of DL 

D = 0.696 ft~a -1 
T 

The appropriate va iab1es are substituted 1into equa ,ion 232. 

C- _ ____ 21, 30 mgl. - 1 x 455 lt 2 
max-

4xJl"·x B3do 6 .. 96 ft 2da -1 x0.696 ~ 2da,-1 

-·1 
C mw- = 263 mgl 

3. The size of he plume can be de erm·ned from the standard deviations. 

O'x = J2D'lt 

u x = J 2 x 6.96 ft: 2da- 1 x 133 da 

<7' X ; 43.0 ft 

<Ty =J2D7t 

C7y = J2x 6.96 ft 2da - 1 x 133 da1 

Cly = 13 .. 6 ft' 

The leading edge of the plume is 3ux feet ahead o.f the center of mass ,or 
129 feet and the plume had spread out 3q y feet o.n either side of the center of the 
mass or 40.8 feet. 
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92 Chapter Two 

■ 2. 1 O Effects of Transvers.e Disp rsion 
The ratiu of longitudinal w trans ers djsp rsivi (a/ a;, in n aqui er i an 

important control over th shap of a: contaminant lum in two-dimensional mass 
transport. The lower the ratio., he br-oa er the sh pe of the resulting plum will b . 
Figur 2.20 h _- variou tw -dimensional h pes of a contamin ·nt plume, where 
the only factor aried was the ratio of longitu inal to rransv rs disper 1vmty. Thi ililu -
trat s the fa that 't · imp rtant oh ve om kn led e of th transver: di pe ivity 
in addition. to he longitudinal, ispersivit . Th . re is a pau iry ,of data in rb Lit r tur 
on the relationshi s of iongitudi:nal to t1a11s · rse dis1 rsivitie . rom th fe~ field stud­
ies a.vailable, ,a/ ar i in the range of 6 to 20 , Anderson 1979; Klotz et al. 1980). ln 
addition, disp r i it r _ti based , n fi ld tu ie re a d n fitting th di u i nal 
model of dispers·on to cas h re it might no be applicable. 

FUiURE 2.20 The effect of ,changing d fsperslvity ratio on the spread of a contaminant plume fm:rn a 
continuous source. 
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96 haptcr Two 

ch1oride was48 mg.l-1 and after4000 seconds, t2, it was 252 mgL-1.What is the disper­
sivity oof the sand ·n the soi1i column? 

The number of por,e volumes at a given time can be calculated from Equation 2.33: 

PV ::: vt/L 
'.I 

1For the ti rst m ea sur,ement at t1: 

PV = 1.35 x 10- 2 cms - 1 500 s/40 cm - 0.17 pore volumes 

For the second measurement at t2: 

PV = 1.35 x 10 -'2 cms -1 x 4000 s/40 cm= 1.35 po:re volumes. 

At t CIC ·s 48/300, which equals 0.16. With a pore volume •O•f 0.17 
•• 0 

(PV - 1 )/P'V112 = (0.17 - 1 )/(0.17) 112 = - 2.01 

At r.2, C/¼ ·s 2S2/300, which equals 0.84. With a pore volume of 1.32 

(PV - 1 )/PV1 = ( 1.32 - 1 ),/(1.32) 112 = 0.28 

Since ac0 at I is conveniently ,equal to 0.16, then (PV - 1 )/Pv•n for t1 turns out to 
be J0_,r.. Likewise C/C0 at t2 is 0.84 so that (PV - 1 )/PV 112 for t2 is J0_84• 

he value of Ol can be found from Equation 2.35: 

DL =(v:i. }1o.84 - J0.16)V2 

DL ~ (1/8) x (1.35 x 10 -2 cms - 1 x 40 cm) x (0.28 - - 2.01, 112 

= 6.75 x 10- 2 x 1.51cm 2s - 1 

= 0.102 cm2s- 1 

2. 11 .2 Quantifying Dis.per-sivity in the Field 
A value for dispersivity can bed termined in th field by tw me n . If there is 

a contaminat, d aquifer, the pfome of known con am· nation can be mapp d and the 
adv,ection-di ,p ion equari n s lved with dispersivity as th unknown. Pinder ,(1973) 
used thi approach in gr und\.W.ter modeling stud fa plum o dissolved chro­
mium in a sand and gra 1 a ui r on ong Island 1 N . w York. H started with initial 
gues ,es of aL and a r and th n vari d them during succcsstv,e model runs until the com­
puter model · ielded a .reasonable repm uction •Of the observ d c ntaminant plume. 
One of the difficulties of this ap:Proach is tita th ,c ncentr rion nd v, lum · o the 
contam.i.nan source are often not Im wn. 

A much m re c mm n . p ri ach is th u of a trac r that is injec,ted inio the ground 
via a well. There area variety o varia ·on to this approach. atmal . :mdie.ottests involve 
the injection of a traoer into an aquifer, follow d by th. . measur ment of the plume that 

vel ped und :r the prevailing water tab]e gradient (e.g., ' udfoky and Cherry E 979 · 
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GillhametaJ. l984; Mack e al. 1986:LeBlancctal. 19 'l ; Garabedianeta].1991 ; , n 
and Tenbus 2004). Th lum i m asured by mean fsm lamountsofwarerwithdra- n 
fo m d wn-gradient obse:rvation, ells and multilevel piezometers. Many of thes fi ]d 
tests show d ch t thin plum with Jess, than expe r d transver dispersivity often ur 
in fieJd siruation . Thi undedines a grO\ving acceptan f the need for high resolution, 
eni ally discre muJtil l quifer monitoring. MuJtilv -. moni ring will discu ed 

in Chapter 8. One and {W eU t h e al been used in v hich a tracer is pumped into 
the ground and then groundwater containing the tracer j pump d back our of th ground 
( . .• Fried 975; Gr ¥ an Beet m I9n; Saut 197 · Pi ns ct al 981; Pickens and 
Grisak, l.98 [ ). These called forced h draulic gradi _ nt t h ve· the advantage that 
rhey can be compl ted in mu h horte.r time refati to n rural graclient res , H ,w er,. 
these tests requir: treatment ·r th pum ed groundwater is contaminated. Also. the resuJts 
of forced hydraulic gradi _ nr te ts d , not truly reflect the natural groundwa~er flo con i­
ti ns. Ptak et a . (2004) revi wed th advantag and di advantag s of narural or fore d 
h: drauUc gradi nt tests for both nonreactive and reactive trac c mpounds can be us d. 

2 . 11 .3 ingle-Wel1 Tracer Test 
ing e- ell tracer test in olves the injection o wat c nt ining a conse.rvative 

trac r into an aqu.iti r via an injection well and then the sub e u nt pumping ,of that 
well to recover the injected Duid . The fluid velocities of th . t r b ing pumped and 
inj,ectcd are mu h rearer than the narund groundwater gradi n s. 

Equ ti.on 2 .2 0 can b writt _ n (H op · and Harleman 1967) as 

C +ucC = aLu 2c n * - (, -.£ 
t r ,2 r r r 

Gelhar and Collins 19·7 l) derive solution to Equation 2 7 for the withdrawal 
phase of an inj ction-withd:ra a] el. test in which th diffusion term i n iected 
because it is very much smaller than. di ersi n erm. The rel tive concenttarion of 
the· wa:ter being withdrawn from th i je tion ell is 

wh e 

hert.: 

--- = -,erfc --,--,,--------~------:--,-=-----,-- . (2 .38) C .I ( (Up -U i) - 1 ] 

Co 2 1f (aLI R 1 )[2 - (1- UplU; )]112 r1 - (up1U;)1 112 

U,. = cumul.ativ volume of water, ithdrawn durin vari u times 

U, = total. volume of water inject d during th mJec · n p.has 

R = f 
a erag · fr •nta] p ition of the injected water at th nd the 
inj eccion peri , which i defined by 

Q = rate f inj ti n 

t - totaJ time of injection 

(2.39) 
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b = . , .. qu~ r tbi kn 

n ~ pomsit_ 

EXAMPLE PR.OBIWEM 

Pickens and Gri ak O 981) performed a s·ngle-we : inj:ec 'ion-withdrawal tr-acer 
testinto a confined sand .aquifer abou 8.2 m _hick wi h an ave .age lilydrau i·c conduc­
tivity of 1.4 x 10·2 cm:/s,ec and a porosity of 0..38. The sediment tested in the column 
study d s r ed in ne dispersivity ex:ample problem .abov,e came from this aquif r. 

h inje tmn weUwas 5.7 cm in d 'ameterand the II _hickness oft , quiferw s 
screen · d. Cle water was injec ed at a constant rate for 2.4 h prior to the start of the 
test to e t bli h ste dy-s a e co ditions. The tracer used dur'ng the t, sts wa,s 131 1, .a 
radtoactive iodine is.otope, which was added to the injec ed wa e . All me -surements 
w - e orr cted for the radio.acfve decay that occurred during1 the tes ,, 

Two tests were performed on the wel .The firsttest, SWI, h d _ n injecfon te of 
0.886 se and injection co· tinued for 1.25 da. A total volume of 9S.6 m1 of water 
was injected, and the ·njectiion fron reached an averag, radial d" ance aw y from 
th weU of 3.B m. Wa ,e;r wa:s then pumped for 2.0 d a t e same ra:te, so tha-a total 
of 153 m3 of w_ er was wi hidraw . . The eco d tes, SW2, was ilong,er.Water with the 
tracer was added at a ra e ,o.f 0.719 t/sec. for 3.93, da. A · 10 · al o,f 244 m~ of water was 
added, and the average position of the injection front rea,ched t!o 4.99 m from the 
well. During: the withdrawal phase a totail of 886 m3 of wa a'e·r wa pumped over a pe-
iod of 16.9 da a:t an average ra e ,of 0,606 Lisee. 

The re ults. of the te re shown in F'gur,e 2.22. Relative concentrati.on, C/Crt is 
pliotted aga·n U,J U-Th ot repnu nt fie d vilues and t e soHd lines a ,e curves, 
w ich were compu-ed using Equation 2.38. Va fous curves were computed for diffe -
ent: valu s of a._, and the urv s wit t e bes fit ·to the fielcl data were p oued on · he 
graphs. fn Fig:ure 2.22L) th kula ed curve a:s based on a longitudi .- II ditspe:r~ivity 
of 3.0 cm, wherea!ii for curve 2.22(b) the best-fit cu ve was ased o: longitudinal dis-

ersiv·ty of 9.0 ,cm.This test illustrates the scfe-d pend n .a,ure of dispersion. The 
econd test, in which a arger volume of waterw s inJected, tes ed a la ger volume of 

the aquifer than the first test and yi,elded a, high r disp, ·rsiv'ty vall e. 

■ 2 12 Scale Effect of Dispersion 
b · · mple p·ro lerns deri , d from Gri k (1981) illu trate wha 

h lled the s·cale effect of dis · ). t th - th 
·. of a was det rnun d t cm (0.014 in) wh -- a 
0 cm ( 12 in) . · · · · -w i1 i · · ithdra .al. te t , aL . in wh n 

on m I0.2 m ( - . in) hen th travel 
ell reciJculating ithd . · · g e · tion _ with we]ls 

_ __ · . . asdeermin -dto · m(l9.6 __ es 
we _ bta·n _ m · - -r the flo len,gth; th _ larg r -
longitudinal di ·· a to the advec ion~d.isp n. 
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pre id. In fuis region the variance o , the plum win grm proportionall to che time or 
m an travel djsta.nce, as it does at the &abora ory column scale. Tb advectiv, -di persioa 
model is. based o:n the assumption that isp rsion follows , ick's law. ome uth rs con­
t nd that ispersion follows Fick Law n1- a.t the la rat ry c-ale, h r it is cau · d h 
Local mechanical dispersion, and for very long flow path where th tl1 cts f ad ec­
tion through heterog neous material and 1 c J transv r: _ dispersion crear macroscale 
dispersion that follows F'ick's I w (e.g., Gelhar 1986; agan 1988). The comention fuat 
macrosc-ale dispersion b om s Fick.man i.e;, foUows ick's ]a, ) at Jong tra el times nd 
distances is somewhat controversial, espedall if th fl. ., - through g ol gicai fi rma~ 
tions that are heterogeneous at differ nt ale ,(And rs n 1990). 

■ 2.13 Stochastic Models of Solute Transport 

2.13 .. 1 Introduction 
The normaJ mann -r of determinin a fiel -scale dispersion coefficiem is to look for 

a natural !:racer or inject a. rracer into an aquifer and observe the resul'ting devel pmen o 
a plume. A solute- ansport mod I is h I c nstruc , d nd th c mput,ed lut distribu~ 
tion i fitted t • the •b erv d t1 ld dat by ad ju tin the dis r ion co ffi ients. Disp rsion 
c efficients btain d in · hi m nner arie fit d urve par meters nd do n t rep1res nr .an 
intrin. ic pro _ rty o th _ aquifi r. This is _ p ci Uy true wh n the aquiJi r is assumed to be 
homogen o us and is described by a single value for hydraulic conductivity and porosity. 
It is apparent dun: flow and cranspon modeling bc)j,Sed on a si:ng,le value for porosity and 
hydrauJic conductivity · a gro s implificati no the c mple · of n _tur . . or analyti­
caJ solution , we are c nstrain d o u of a single value r avera .il1 ar veloci I and 
fo · numcricaJ mod _ 1s w often us a single valu . because that is all w _ hav,e. 

A deternunisti _ .model is one wh re a partiaJ diffi rentiai equation i lvcd. , it.h r 
numerically or analytically. for a given set of input va]u s. aquifer parameter:s, and bound­
ary conditions. The ·resul:tin,g outpu variable bas a specific vaJ ue at a given place in the 
aquifer. It is assumed that. the distributi n of aquifer paramete is known. The equations 
gi ,en ariier in this chapter are 1 _.amples f d termini tic modeJs. 

A _tocha_-tk model is a mod ] in which h _r is a stati ti am uncertainty in th 
value of the output variables such as solute distribution. The probabilisti, nature of 
this omcome is due to th fact that there is uncenainty in h va]u a.nd distribution 
of the unded ing aquifer parameters such as the distribution and value of hydraulic 
conductivity and porosity (Freeze 1975; Dagan 1988). 

A id spread mi conception a ut stochastic and deterministic models m: that the 
matt r u physical laws, hd the stocha tic models a re large] mpirical and ba ed 
entirel on. statistical data-anal sis. In reality. any physicalJy-ba.sed model becomes a 
stochastic model once its inputs, parameters, or outputs are treated.as random (Eierkens 
and van Geer; 2014). 

The idea behind stochastic modeling is very attractive. It is obvious cha it takes a 
great effort to determine hydraulic conducfvity nd porosity at more th.an a fe loca­
tions in an a _ uifer s stem. If could determin the distn'budon f aquiti r . .ro rti , 
with a high degree o de,tail then a numerical solution of ad t rmin' ti m d I w uJd 
yield results wilh a high degree of reliability. Howe\• r, with limited knowled 
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paramet · , a d t nninistic m d [ m s . re · · of he value of . output 
ri · ], a a.gi n. int and rim. in. · . el: .. b __ don . t1 b~ 

abilisti distri ution of aq · 
mod [ thatthe resul will b --

th _ stochastk 
chasti:c mod E 

thus reoog.uizes 1 • • •: : 

. m 
a . , -various a 

,· · tic mo , 
bydrogeolo­
. n lit rall 

nspo . 1'e tbooks like Zhang (2 . ·a .an and 
• • 1 - • • ights imo · ' · h · terogeneity 

and m, · _. in_g , . . . , pr erYmg su ur-
.we . • nergy and · de rher , pli tions . 

2. 13.2 Stochastic De.script on . • , H ero •en 'i ty 
· gy · · · .ini ti : ·. ut.comes with 

pro 'bution of · n on i · in h rdr l gical ar~ 
iable as random etc minin . 1b · ·1buti n an m · "b t p di -
tion~· (Bier e · G · · 201 . ncertain · in the· input pa · · . 
f a m · _ f h draulic o 1 1 b -cau e i vari 

rang ri ls. I make a. measurement of b:ydrau 
at · . e onJ uncertain · · · · , th 't 'ti n · 
· n ·. · u . H ,wever, at all l h dr o 

d, al unc _ 1·tain · rs. mb · m 
valu of hydrauli conducti i e an e . .tim .t tbi un rtain , u in_ , erra:in tali -
cal ecbniques. 

fh th · ulic on uctivity K. and . ssume ilia t 
valu mall - ssume a one-dim o ional s,er-i . 
{Y1, Y;i: , Y I Y, ... Y (Fre ze t , . . . ·herefo:r , 

YI = l JS. (2..40) 

Th po ula:tion t:ha:t , onsis . f all f th wlu Ju _ ,, nd a 
srand rd d vi: · - to , btain pre.cise val i f and u,. 
ample th q y an impossible t k, can find 

tldr aJu _s , . . ·ons where w - · d K. _ a 
se · s of Yvalues i ~ . Y., Y3, •• • Y,; , a in Figu b ' , n measured valu of K 
then ur tim he po uJa ti n m an is obtained fro 
pl a]u s Y whi l can be found from 

11 
= L. y. (2.41 

11 {== t 

Th stimat , f th . riance of the po aJation i ob h:1ed - ~ tb _,n n o 
s mpled values, 2. which j - · und fr m th fi l1 mg qu tion; 

JI 

. y2 = ! 11 (Y,: -Y Y.,· - Y) (2.42) 
Hi~I " 
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or norm lly distnbut d p pul tion 1 the probabilfati, vaJu is called a probability 
d nsity function (PDF) and is descri d by th mean and the variance. The variance is: 
a measure of th degre of heterogeneity of the aquifer. The greater the value, he more 
heterngeneou the aquifer. The PDF ca:n b repr sen ed b U-shap d curve with the 
peak equal to the mean, as in Figure 2.27(b , , nd the pread the bell can be de ned by 
either th variance r th and rd iat'.on, 1 whi h i th quar root of the v.ari. nee. 

If w hav m asured th valu_ of Y.at a numb r of locations and wish to estimate the 
' valu ~ at some other Jocationjthat is not dos to any of the measured values, how can 

we estimate th value of }7' O□ · approach is ~o ay that the most likely es imat of ~ i 
the mean of th m a uf d lue f 1:-. and the uncert in in this alue is normally dis­
tributed with tand.ard d vi ti n u 1 t th standard d rvfatio.n of th measured values, 
S . In d in - we h v. accepted th ergodi hypothesi . This means that there is a I 6% 

~ -
chanc _ tha r the value of Y~ is r,eater than Y - Sy, a 50% chance that it .is greater than r; 
and an 84% chance that it is greater than Y - Sy . In broad tenn-s ergodicity describes a 
dynamic system which h s the same behavior averaged ver time a" averaged over space, 

FIGURE 2.27(a,) One-dimensional! sequ,ence of log hydrau lic conductivity values, Y; (b) proba,bility 
distribution function for Y; (c) autocol'felation, function for Y. 
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Source: RA.freeze et al 1990.Ground Water 28:738-756.Us.ed wlth perml~~lon.Copyriglit Ground Water Publi shing Co. 
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Hydraulic conducti ity alue measured at 1 ations cl se t ,ea ho her are likely to 
b so.mew hat similar. Th ,arther apart the measurements, th less like 'I th the vnlu 
will be sj milar. This is due to lhe fact that as distances become greater, th chano that 
th re will • a hang .in geologic formation increases. Tbe function tha descri es this 
is the autooorrela:ti.on function, Py The value of the a:u~ocorrelation function decreases 
wi h he di r, n b tween tw measure en.ts. An estimate of the autooorr-elatioa func­

btained from th m a ured sampl aiue by th foll.owing equation: 

I I fl - . . -
ry• ,(k)· = - 2 E ,(Y · - Y)(Y: k - f), (2 •. 43) 

Sy n i=1 1 , -

with k; the lag, b in whole numb r r pr sent:in a posn1on 1n he sequ n e 
away from ,the i position. Figure 2.27(c) shows an autocorrelation function p]otted 
agains · th lag. If th lag is zero. men Equation 2.43 reduces to ry = Sy 2 I Sy 2 = 1 . 
Thi mean that a Y valu is perfe tl correlated with itself. 

Tb u o rr Iarion fac or ,can be expressed in t rm f either Ia, , Pn, or distan e, 
p.j.. HJ. When a mea urem n of r; i made at po ition ; nd , measu ement f Yi-le i 
mad at position X 1 _k, the a.bsolur valu of X,- X1 _ i called the ·eparadon, H 

If th autooo,rrelation function has an exponential form, then it can be expressed as 

Py (H) = exp[-IH I / Ay] (2.44) 

where A JI' the con-elation length, is representative of the length over which Y is corre­
lated. [t is the distance over which p /,..ll) decays to a value of e 1• The integral cale, Ey, 

is h area und r the curve. 

ey = f O Pr .H · dH (2.45) 

Int gratfon o Equation 2.45 wiU show that r = At,. so that th con, ]ation sttu tur 
can b d scribed by either th correlation iength or th · integraJ sca]e. 

The autoco ariance, r.,or rj.H). is equal to the a.urocorrelation times the variance. 

(2.46) 

n de cribe the di tribution o. herero en,eity o the use of three stochas­
n . µ1 u,. (, r -o/), and Ar If a stoch _ tic proc ss i said to b stationary the 

valu o, µY' O'r(or ,er/ ); and Ay do nm rary in spac in the re ion : ing studi d. If the 
hydraulic onducti ity of an aquifer an bed ri d as srati nary stochastic pro ss1 

th aqui6 r is uniformly h terogen ous. 

2.13..3 . tocltastic Ap·proach to olute Transport 
H we accept the· idea that we don' kimw tile value of the hydraulic c nductivity and 

the porosity everyWher , then w must cc pt th idea that it i n t sible to pr diet 
the actual concentration of a solute that has und rgon transport hrough an aq_ .i6 r. 
The est estimate f the c, ncentrarion is the ensemble mean con.oentradoo, <C) or the 
me no l th m s fan n mbJe of all p ible random but eqwvaIDent popufa­
tions, and the asso iated variance. Th mov m n f otu e body ma b de ribed by 
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f l,GUR,E 2.2,8 · ppa ent Ion i ud,nal dispersivity firom field nd I bora ory stud·es as , function ,of he 
scale ohhe study.Results from the calibra:t:ion of numerical models are not included. 

ICJ 

Seurer :S. Neuman.1990. Ware,Resour;ce Reseor h 26:174~ 1758, opyright by the American Geophysical Uri1on. 
Used with p nni.ssion. 

■: 

h motion of the center of m _ nd~or spatial mom n 
h m m nt • f inertia (Daga · · .. '.. . m , ·ance o· the log an 

hydr .ulic conduc ·v· · · .·b nd t ___ a:tion l ,ngth a.simple tocbas 
di ·ng a · · .r lue. H 
h proce · ·s ma s 

_. _ _ · one uses · astic .· icture of 
ort, ill e ·. th ; . maril for -n . w'th 
n factor te t ing edg o the plume. 

2. l 4 Regression Analysis of Relationship betw en 
Apparent Longitudinal Dispersivity and Field Scale 

uma 19 ) 
n lab tudies 

ot e I th . ppar;ent longitudin 1 dispe ivi 
fun ti n f the trav l 1i t n , L., , r 

m s r infield 
. arent ,ength seal 
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(Figur 2.28). Dispersivities that are measured in th field wer,e con ider d appar nt 
disp rsivities b cau e they were obtained by calculations that d pend upon he he ry 
that th observ r was using. Also, euman (1990) excluded for theoretical reason 
aH data with an apparent length seal gr ter than 3500 m (approximately 11 1500 ft) . 
Regre ioa nalysis showed that althou h th d ta ar widely scattered, a best-fit lin 
with nar w 95% confidence bands could b obtained. The quati n for the line is 

a = 0.0175L 1·J6 
"' ,I, 

,(2.47) 

This tin of b st fit has a regr ss-ion c ffi i nt, r. of 0. 74, which means that i 
cc un fi ,r 74% of th variation about th m an. Th other 26% may be due to ,exp r­

iment I nd interpretive errors or may repres nt d viati n of th real y tern from that 
d scrib d by qu tion 2.47. The 95% confid nc interv l about the coeffici, nt of 
0 .017 ar 0.0] 13and 0 .0272 and the 95% confidenc intervals :ibou the exponent f 
1.46 are 1. 0 and l. L 

Equation 2.47 obtained by N um.an (1990 wa bas don data that b considered 
to be high!. reliable. ln doing so he discarded data th t were le s reliable, such as that 
obtain b th calibration of numerical mod ]s. . um n r c gnized that the · · w 
path rew 1 nger, the same equation relating appw nt Ion ·tudinal dispe ivity to field 
seal _ could n t be u ed, uo that he used t:wo linear quations, ne for flow di anc 
l ss than J Om (32 ft) and n for now distances great r than lOOm (328 ft) ,(Equ ti n 
2.47 . How v r, a discontinuity occur , in hi m thod t l00m (328 ft); i.• ., th two u -
ti ns give diflhen answers. euman and Di F d d (2 3) demonstrated experim n­
taU and theOie · cally that the scaling behavior of h dro . I gic variable is impacted 
strong) b th ir cale of spatial re olution . 

Xu and Eckstein (1995) have overcom thes problems by a .igning differ nt d grees 
o • r 1i bili to dat : J w, m dfom and high. Th y were th n able to obtain a nonlinear 
re) tionship bas d on a regr ion naly i u ing all a ailable data. Th resu1ting e _ u -
ti n h d a corre ation coefficient o .72, whi his imilar to that obtained b uman 
(1990) u ~g only highly reliable data. N um ,n (1990) al ,o d1d not consider ny data 
wi b a fl fie d longer han JSOOm (~ 11,500 ft) because he did not c n ider it to be 
re]iabl • while Xu and Eckst in (19 S) included these data. 

b uati n f u and · ,ck tein is: 

a111 = 0. 3(logL 2· 14 (2 .. 48) 

If on ,e amines Figur 2.24, whi h incJudes data of low reliability, it 'P a:rs th t 
as the field seal inc as s rh rate f change f dispersion deer as s . Bein, nonlin­
ar as plotted ,on log-Jog paper quation 2.48 also has a dee asing rate of chan_g of 

di persi n itb inc asing fie d seal, . At a fi ld scale •Of reat r than , ti w thousand 
meters there i v ry litd change in apparent dispersion with distanc . 

B anal zin· jointl i persivi-:; values derived from models ha in v ri b al 
of spatial resoiuti n1 hulze-Makuch (2005) proposed a po~ r a r L tionship that 
empiricaU b st , scri d the di persivity data in r gard to seal of m asurement: 

a1 = elm 

where c is a pa.ra.m r r characteristic for a geological m dium, mis a scaling e ponem, 
and Lis th flow ist nee. The scaling exponent for coasolid ted and un onsolid ted 
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geological media """"'"'""':fl 0.40 and 0.44 and 0. 
,e . " un . : c = 0..20 and m = 0 .44 
J .. · th 'ty valu - · · t 

1 or o of a - nd n . - ip 
dista . _ _ - l · r all m _ ,ere -
ion cu.rren . , ce of mo m O -

rda · onship _ as ri ri ized b 
n -,gte ting , · s o . th models from hlch 
been deri rp . , h 
in a nonmath matical in the revi w um _ _ _ i. . 

1■ 2~ 15 Detern1i.nist1•c Models. of Solute Transport 
Althou - - · · ory bav: ass rt: d that fi 

th d term' lute transport equati for 
[ n tim n 1 . . · · been - ] of 
succ in · ti OS. m . . _ fl 
mod ling · er and soils h . __ . m an im 1 for 
the in · _ -; me development of remedi · nd 
the hum • _ _ ss. 

. . . and · extbooks have b n wri . en. 
ini ti for contaminant transport mo d " · rs n an · 

1991 ; -n lad _al1 a!I 
la s · and transpo y m ans of a · 

- - d lmi of . ion, : ught t rep-
nt · · .t occur in · tem · d Wo n l 1). 
fl o es· is r p a concepru 1 model that · mpl r 

·th n • · exa · - _ ith 
simUar _. - s" r , r t qufr 
tr n la,tirl - · cal · . ol d 
in , co p · · · _. A n merical math matiC"al mod ] sol s ·1h , · -
. - · · 1 .ns (PDE ') \ itbin. a set o · suitabfe 
ti rt prob I · · s o transient nature, initiaJ onditi 
u "lio.nal si: . lifying · sumptions have to e made 
co mati J m el.. For . mpl , a. coars r gi-id n _ 
part of th · -. - · · · fi d . lu · 

· ., o the lea t sim-
- . t number of computations. 

• _ n to either exact or numerical . oluti n, 
mod l r m · plifying the fl , domain. agai the · . 
of nn lo re equ teJ _ A parsimoniorn mod he 
mod l th ccomp s es 1 of e pl · r pre _ iction h ,. : 
pre i - ·or i . 

Th . rt _ u.ati ns und r1 · a.re so v d a · discrnt -
poin · . m L fl domain. Th tw, la.ssica.l s for th numerical solution of 
PDEs a _ the finit di m - hod (F M , a fini ,e· emen me hod (FEM). 
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Other m _ hods xists, such as the finite vo]ume method (FVM) or the anatytic element 
method (A M), but modei build ar un th numerical solution schemes a11e cur­
rently not u d wide]y. A detail d discussion of numerical methods is beyond th s p 
of thi t tb k and th reader is referred to Peiro and Sherwin (2005). 

Th cu.rrent standard FDM program is MODFLOw; which was developed by th 
U.S. Geol,o,gical Survey (USGS) for tlu,ee-dimen i nal flo modeling (McDonald and 
Harbaugh 1988). Over the year , many m du] s have b ,en added m the MODFLOW 
program, including module to imu[ate coupld groundwater/surface-water systems, 
solut transportj variable-densit fl.ow (including saltwater), aquifer-sys em compaction 
and and suibsidence, parameter estimation, and groundwater mana: ement (USGS 20I 4). 
MOD LOW can be used in conjunction ith MT3DMS, which is a D mutti-speci s 
transport model (Zheng et al. 2010). MT3DM l.ve the advection4ispersion-reaction 
equation based on the methods of charact ristics, MO · (Konikow et al l '994}. The 
FDM model domain is subdivid d or di er ti zed into a . rid of rectangular blocks or cells 
within which the physical prop _ rrie . of th domain are assumed to be homogeneous. 
The block structure of the DM models often make them difficult to ,dopt t ·· rn re 
complex modeling domains. Under those circumstance· FE m· el provide grea er 
flexibility in design because the modeling domain is discretized y triangular elements. 
Common FDM programs include SUTRA, a variabl . den icy, v riably• aturated flow. 
solute or energy transport m del by the US. G oJogical urv _ (20L a) or . 0 , 
a commercial modeUing envjronment ,or subsurface Bow, sotut and h at transport 
processes. Another v rsatile commercial FVM mode] is HYDRU 2D/3D, wruch also 
offers unsaturated flow modeling capabilities i(Simun k 1e aL 19 9; Simunek et al. 2006 
and modeling of agricultural pollutants especially those from nonpoint source pollution 
stem.ming from plaut and animal production >(Simunek et al 2013). There are many 
more noteworthy models available and many are in public domain. The U.S. Geological 
Survey maintains website from which public d main ofn are packages for the simula­
tion of gmundwa:rer flow . nd ansport can downloaded (U GS 2015b). 

A model study by Davis ( I 986) demonstrat _ s that dererminisri mo els can be 
developed that incorporate heterogeneiti -s. He model -d t\vo aquifers with identi.cal 
boundary conditions (Figure 2.29). One was uniform (Figure 2 ,30(a)) and one had var­
iable transmissivity in the form of mor, permeable channels (Figur _ 2. Ob). Th _ d ter­
ministic m del, b •ed on the tw -dimensional solute-transport equation, ;vas used with 
small alu s f «1. and ar 0.0003 m (0.01 in). and 0.00009 m (0.003 in), 1espectively. 
Th 11 suiting olut plume in the uni orm media · s very long and narrow. See igure 
2.3I(h). If larger va.lu s . al. and a,. are u d- 3 m (JO ft) and 1 m (3 ft), re pee ively­
then a much broader plume results. S e Figure 2 .3l(a),. Ho ever, if the heter ,gene­
ous a.quit; r is us d with the small values of dispersivity1• The r,esultin plum I sh wn 
in Fig□ re 2 .3 l( c) bas a size very similar to that created in the uni onn m dia by u ing 
large values of clispersivity. Th.is demonstrates that · f det rministi m del include the 
aquifer heterogeneities. then it ma b possible to use dispersivity valu s that ar m r 
on th order of lab-scaJe alues. Davi: (1986) u d the adv ctive-dispersion equation in 
a mode] wt h · arying transmissivitie an · with a value of a1. of only O.Ol m (0.4 in) :as 
able to reproduce a otut plum tha tend d over a flow Iength of about 500 m (l t640 
ft). He found that a fme mesh for th finit diffelience mode] grid was necessary for accu­
rate resuhs. F igur 2.32 comparie the resu]ts of bis model results with he field data. 
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Finite-differenoe grid and bounda . . . · ry conditions for a deterministic mod-'' of I • 1;;1 so ute transport. 

olumlli 

I il 3 -I 5 fl 7 11 9 l{)ll l2 
J i '\"\!',.f',..t-... ... 

~ 4 
: s 

(! 

7 

q 

m 
n 
u 
13 
14 
u 
16 
n 
Ill 
19· 
:\0 
21 
22 
lJ 
2.4 
Jj 

l6 
Z1 
!l! 

-t-H--HH-+-l-+1--1 

Expl tioo 

• ·1u1r IIIIIUU 

~ 

Oi::===--== =--- •- Ill 

Source: A. D.Davis. 1986. Gtotmd Water 24:609-61 S. Used with permission,, C:opyngiht Gwum:I Water Pulblishtng Co. 

FIGURE 2.30' Model ar,eas for finite differ,ence solute ransport mode] with {a) uniform transmissMty 

and (b) with heterogeneous trainsmissivity. 
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FIGURE 2.31 Model results for finite-difference solute-trans on model.(a1) Uniform media w·th large 
dispe,sivity values, (b) uniform media with $mall dispersivity values, and Cc) heterogeneous media with 
small d-spersMty values. 
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Source: · D.Davis. 1986.Ground Water 24,609-6-15.Used With pennlssion. Copyright Ground Water Publishing Co. 

Case .Study: Borden Landfill Plume 
Probably the best known subsurface contaminant transport field t1est site is located o the 
Cainadia,n Forces Base in Bomen, Ontario (Sud icky and lllman 2011).An abandoned landfill 
in a shalilow sand aquife• at B·orden has been ,eirtensive'lry studied (Chet.iry 1983.; Macfarliane 
et al. 1983), and rindl and Hokkanen (1987) made .a very i nter,esting study of the plume 
biased on 111 deterministic modet 

The landfill was activ,e from 1940 to 1976 and cove1s about 5.4 ha to a depth o,f S to 10 m 
( 6 to 32 ft) .Figure 2.33 shows the location of water table wells and multilevel sampling 
devices. The· mul.tileve sampling devic,es are concentra,ted along· the long1 axis of the plume 
of groundwater contamination.The vertkal! location of he sampHng points al1ong cross sec 
tion A-A' are shown in figure 2.34. The aquifer is about 20i m (65 ft) thick beneath the land­
fill and t'hins to about 95 m (31 ft) in the directi1on of groundwater flow. The aquifer ~onsists 
of laminated fi ne to medium sand.An avera,g·e hydraulic conductivity of l .16 x 10-2 cm/sec 
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horizontally and 5.8 x 1 0 cm/s,ec verticaUy was used in the model with a, pornsity of 038. 
In 197'9 a very exten~iv@ ~udy ofth@ w,llt@f quality of tlhe plun,e was conducted. Figure 
2.35 shows the plume of ch lori e contamination along cros_s _sect,' on A-A', n 1979 the 
p~ume extended about 7.50 m (2,,460 ft) from he landfill! and had sunk to the bo tom of the 
aquifer an then moved latera,l ly with the nowing 91roundwate1r.The sinking of the plume 
is believed to be: caused by recharge concentrated in ill sand pit to ~he north of the Ian 1111. 
which ·sin the direction of flow. 

FIGURE 2.32 Comparison of (a) field observations t solute plume in an aquifer and (b) solute 
plume as computed by finite-difference solute-transpon mode, fo1 a he erogeneous aquifer. 
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Tlhe fi.nite-difference grid system for the cross~s,ectionai model is shown in Figure 236. 
Equipotential line5 for observed ~ondi ion; were essentially vertical (Figure 2.37). The model 
was calibrated against fh water-table contours foir steady-state mnditions. 

Sensitivity analyses were perrormed l\o determine the impact of vary.ing '2i and tXr ,Field 
tests had ind icaled that the vatu e of 'Ii at the site is on the order o.f 5 t:o 1 O m (16 to 32 ft) 
(Su dicky et al. 19.83 ). Figure 2.38 shows the sensfrtivi ty of the plume to tihe value of ar The 
value of~ was llcept at l Om (32 ft) and a, was va1ried from 0.005 m (0.02 in) to 1.0 m (3 ~}. 
It can be s.@@n that the sh.a.pe of the plume ·s very sensitive to the value of «r With a high 
value of~ the p ume 5pread through the entire vertica l thickness of the aquifer, whereas 
with a low value ·t tended to sink toward th.e bo tom. Figure 2.39 il lustrates tile fact that the 
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plume was not very sensitiv,e to changes in the value of~ over tihe range tested. The value 
of u,was kept constant at 0.0 m (0.4 in), wh@re-as ~ varied from 2.5 to 20 m (8 to 65 ft:). This 
ngure is .slightly misleadingi in hat here is a 10:1 vertical exaggeration,sothat the v,ertica 1I 
sp~eading is more obwous than the horizontal. Also, the value of~ was varied by a fac or of 
.200, whereas ai was varied only by a fact.or of 8. 

FIGURE 2.33 Location oflandfilll at Canadian Forces Base, Borden, Ontario, showing I ocation of 
cross section and monftoring network. 
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FIGURE 2.34 Cross section of ~quifer ,i:lit t'he Border la n dnll showing he location of muftilevel 
monitoring devices. 
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FIGURE 2:.35 Chlori e plume along · he Border landfill! aciross s 0c ion in 1979. V I ues a re in 
m"Uigrams per !iter. 
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ftGURE 2.3,6 Finirte-diffe:rence grid for Borden landfi ll! so ute transpo·rt model. 

Sour , : IE. 0 . rind and G. E. Hokka ne . 1987. Water Resouu:es Resea~ch 23:91' 8-9.30. Cop:yrl ght by the Amerka n 
G ophysia l Union. R produoed wi permiss·on. 

Additiona l! sens iv,ity nalyses were conducted with respect to the water tabfe boundary 
co11di 1icms and the concentration, size, and g ro.vth pattern of · he source. Th,e autho rs found 
th in orde ' o epro uce he observed distri bution, sourc,e histo y ~hat included muitipfo 
peri.ods of h"gh concentraJon was needed. Figure 2.40(a) shows the shape of the observed 
plume, 1igur, 2.40~ ) illustrate the sh p of . p:lume ·· n r .ted by s;ource with a his~ory 
in wh"ch the concentra ion g.rad·ually increased (smooth source concen ration}, and 
Figure, JAO(c) co· tain, the com put d plume with he best m tch to t h obs rv d plume, It 
was enera.ted by run of the model h1 whic, the source concentration had two d'ffe rent 
periods or p k concen ration. Alltboug h solution was not uni u - that· i • sev . ,I dif­
fe . t ombi tons of mod I ·n uts migh yield h am output-the shape of t he plume 
could e• produced wi h good aocu acy. h·s w s ,esp oi By uu at the leading edge of the 
plum , which is mos ·mp irtarn pan from the· standpoint of predicting t he mov~ment 
of ,he plume Into uncontamin t d a:reas of h 1quifer. 
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FIGURE 2.37 Equipotential lines from the ca ibration of the 'Borden llandfiH solute"'transport 
model; values in meters above datcum. 
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FIGURE 2.38 Sensitivity an lysis of the Borden landfill solute-transport mode l with respect 10 

transverse d ispers,tvi ty. 

,o;1 1111 n, ur • 1.0 

Soul'Ce: E. ,0. Fri n d and G. E. 'Hokka n n. 1987. Wote, Resource, Research 23 :918-930. Copyright by the American 
Geophysical Union. R produced with pe<miss.ion. 
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FIGURE 2.39 Sensitivity ana,lysis of the Borden I ndfill solute-transport mode!I with respec to, 
.I ong i:tudinal dispers ivity. 

Source: E. 0 , ind and G, E. Hottanen. 1987 .. W01e1 Resources Researrh 23:918- 930- Copyrig h by .- he Ame-ncan 
G ophysic I Union.R prodU' d with pe . ~sion. 
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rocks (USGS 2015 ). Th r in which fta hires exist is porous. Hence, fluid mo-v sin 
be fia ture as well as in. th - r()(:k matt· .. Sob,tes in the fr cture ,n diffu the 

fluid contained in the rock ma rix and vice versa ,(Neretnieks 1980· tiona] R s,earch 
Council2015). Th fra ture th m elv r no sm oth channels bur cont in dead-end 
passa es that ho]d nonmoving wat r into which otutes can ctiffu (Ra en t a1. 1988). 

Berkowitz t aL (1988 ugg sted that solute transport m fractured media can be 
oon idered at numb r f differ nt s,cates. A very••near-field seal wou[d be a ing]e 
fractur n r the sou o A near-field scale would include a few fractures near th 
om . At a larger scale, th far field, the fracture network and the porou medi m trix. 

wouJ hav separat , di ceroi ,le impacts on flow. A a · ,er -far-fl _ Id scale1 which ,exists 
at con id ra . le distanc fr ,m th . source, the en:m flow domain can b considered 
as an quivalent p rous medium in hich the rep acing acrures b came large po.res. 

numb , f different pproacbes to solute transport in fracrured media hav been 
ttempted. These in lude analysis of transport in a single fracture in which effects o 

tb transport in the fractur,es as well as interaction with a porous ma.trix are con idered 
(e.g .• Grisak and Pickens 1980; 1981; ang et aL I 981; Rasmuson and N retniek 1981 ; 
Ra mussen 1984; udicky and Frind 19 J. ucli ky and Frind (1982) and Barker (19 2) 
exam.in d transport m a medta th.a consrs o equally spaced fractures in a porous media. 
Endo an thers ( 19 4) made a d1. terminis ri srudy o flow in an irregular network of frac~ 
tu contained in an imp rm bl host rock, whereas Schwartz et al. (1983) .and mith 
and cbwartz (1984) approached the same · roblem using a stochastic model. Berkowitz 

al ,(1988), and Schwartz and Smith (1988) e amined the conditions und r whi h the 
p mus media matrix and the fracture can be c nsid 11 d t ·.• be a c ntinuwn that is rep­
resentativ fan equ·valent p •fl u m dia~ Ra n t al. ( 988) mad a field srud of flow 
mrough ingle fracture t · es a model that inoo ·. rat the effects•· f n nflo ·ng water 
in rhe fracru.r . Tsang et . 1. (19 ) nd Mor no ,_r al. (19 ) xamin _ fra.ctur fl ,w nth _ 
basis o th _ assumption that mo r of th . flow i con enttated in few chann ls. 

Dietrich -ta] . (2005) pro · os, d a multi~ ontinuum mode] in which s para:L , coupled 
hydraulic components in a heterogeneous aquifer are modeled. It is assumed that ,each 
componen i distribu e continuously m space and satisfies the condition of a porous 
m ct·um (Bear and Bachmat 1'990). F r fracture matrix sy terns, hi could be tw frac­
tur~ , ontinu -• s ucb a a micro- and maao-fractu:re system, and a. matrix continuum 

ith appropriate e uivalent parame ers, The matrix and fractures are locally idealized 
as continua a:n the fracrures a.re implemented dis.a tely at their actual loca:tion within 
the domain. It is ob ious that th amount of data r, quired to et up a di cret m d 
of the· actual domain is very large and to some ext m not measure.ab[ . ons qu nt1y. 
the· discre e mo el concep,t is preferentially used for rel tiv iy smaU domains and iris a 
uitab[e t oJ for prin. ipl tudies of flow and transport processes (Dietrich et al. 2005 . 

One of the first considerations in d,ealing with fracture flow is deciding how to 

t eat fl w ,n 'ng,le fracture. · ome authors ,(e .. g. , Tang et al 198,I; Schwartz a:ad Smith 
1988) as um th t th fluid in a ractur i all moving at a constant velocity. Conversely, 
End , t al ( 1984.) treat d fl.ow in a fracture to be two-dimensional with , parabolic 
~locity profile across th width of th fracture, as shown in F'gure 2.4l. Tran p •rt 

within a single fracture rs due to advection; which o __ urs at diffi rent rat , dep nding 
u:pon the position between th - parallel walls of th fracture, ,nd mol cular diffu. ion, 
both normal and parallel to the flow directi n , 
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FIGURiE 2.40 Comparison of(a,) the obs,erv,ed C:h oridJe p' ume at ~e Borden landfill with (b) the chla.riide 
plume simulated by · he solute ransport model with a smooth source concentration and (c) the chloride 
plume simulated by· the solute trainspo rt model with a doubly peaked source concentration. 
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FIGURE 2.41 Horizon,tal dis ribut on of ffow in a, vertical fracture and diffusion into the porous 
media matrix. 

Hull et aL (1987) - mined the conditions whereby diffusion within th _ · actur 
ne ds to b con ider d . In a fracture with parallel ides, the lute transport within the 
fracture is des,crib _ d by 

~ = D* [ :~ + 2; )-6v[(-r)-(r ,2J ; (2.49) 

wh. re 
V = ,verag fluid eloci ty in a fracture 

r = fractional transverse position in a fracture 

At high flow rates, advectton wm do:rninate and the cone ntrati n will 6 Dow the 
ve!odty profile of Figure 2.41. At Iow velocities, diffusion wiU b -important, since th ne 
c, ntr lion gradient at the solute front ,vill he high and the distance will short. Und 
these conditions, diffusi n will homogenizie the solute across the width of the fracture. 

If Lis th l ngth of th fracture between Cfi fractu-r: and. /Ji -th ap rture of th 
fracture, the fracture residence ti.me is LI V. This can be compared rith (/JI 2 · 1 /D to · ter ~ 
mine if diffusion needs to be considered (Crank 1956). If diffusion induces a change LD th 
trac-er concentration of less th.an 2% over a distance of 10% of th _ i th of th _ fracrur 
the diffusion can be considered negligib]e, and the residence time in tbe fracture will be· 

L ,(Jl ! 2)2 
- <0.003-- (_2.50) 
V D 

If diffusion affects the tracer concentration. to the extent that the tracer front is at 
98% of the equilibrium v lue at all poin, acros the fracture, the djffusion has homog• 
enized th _ front, and tbe residence time in the fracnue will be 
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FIGURE 2A2 Fracture residence time rnec@ssary for homogenization of the tracer across the fracture 
width by molea.llar diffus·on. 
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L < 0.05 (Ji I 2)2 
V D 

(2.51) 

Figure 2.42 indicates the circumstance under which fracture flow can be co - id­
e d o be ,o,ne- or two•dimension_,a1. Fracture residence time (LI ll) is plotted against 
fracture ap rture on this figure. which is based on a diffusion coefficient of 1. 7 x 10-9 

m-/sec fL93 x 10 ft-2/sec). The figure shows the conditions und:erwhich diffusion will 
homogenize the flow so that the transport within the fracture can be reated as one-di­
mensionaJ uniform conditions across the aperture). However, diffusion will still spr,ead 
the tracer in adv nee of the dv,ecting water. For even large frac ure of I mm aperrur ; 
thi will , ur with a re iden rim of l min or more. This suggesrs that for most flow 
ituari ns, on do not n d to consider the velocity distribution across the fractur . 

When. the Aow in a fra ture is homogeneous, the mass transport can then be 
scribed b the one-dim nsiomd advection-dispersion equation wjth the longitudimtl 

disp :rsion co fficiem qual to (Hull et at 1'987) 

(v ft) 2 
D L = l ]OD (2.52) 

One approa h c olut tran port modeling ·s to d termine the flux of water 
through th fractures a d h n use num rical technique known as a random walk 
mod l to imu~ t diffusion o th _ solu~e ( ull t al. 1987). This ignores any diffusion 
into rheporous, m dia matrix. According to Witherspoon et aJ. (1980), flow through a 
fracture can b des ribed by Da y's law u ing an qui lent hydraulic conductivity for 
a fracture, K1 given b 

K - pg /J·. 2 
1 - 12µ 

The ,quantity of now. Q. an found fr m th cubic ]aw 

Q= pg laJJ3 
1.2µ 

(2.53) 

(2.54) 
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where 
g = acceleration of gravity 

J = bydrau lie gradient along the fractur, 

a = width of the fracrure-thar is, the third dimension after length and 
aperture 

µ = vi.soosity of fluid 

I th locity in the hannel needs to b describ in two dim nsions1 this can be 
done with th.re equations: one for the maximum · elocity in the center of the fractur , 
one for the flow velocity pmfile across the aperture, and one Ii . r the ertical veJ ity 
profile in the fracture. 

The maximum velocity can be fi un · fri)m (Hu.U et al. 1987): 

v_. max) =[l.s 1.1664( ~ rl.0557]v (2.55) 

Th velocity profile aero the perture j iven by. 

(2 .56) 

w'here f' = fractional transverse position in a fracture. y/ p. 
The vertwcal: velocity profile :its given by 

V. (() = 15.56( - 97 .. 72 2 + 308 3 - 513(' 43/ 5 - !43.7 - 6 (2.57) 

wh r,e ( = fractional v rt-ical position in a fractur I z/ a. 
Raven t al. (1988) pointed out that the fractur,es through which fl w occurs are 

no smoo h, parallel plat.es but have irregular walls that promote the formation of zon · 
al ,n th · edge o. th fractur whe the water i imm bne {Figure 2.43). Th fluid mo .s 
through the mobile zone but th solutes can diffus _ into th immobi] fluid zon s. Th 
solute would b s ored in th immobile fluid during the early part of solut transp n: 
and wout be releas d from storage if th · olute concentrati.on in th mobil fluid wouJd 
d crease:---for example, as migh! happen during the 1 tter part of a slug injection test. 
The d rived an ad ti n~dispersion qu · ,n for mas tran port in the &actl.W with 
"tran.s.i.ent s tut storage in the imrnobil fluid z ne (advection-di persion transi nt stor­
ag model or ADT ). A field test was p :rformed on th flow through a singl &actu that 
had been isolated by packers in he m:iehole. Water was injected in~o one borehol and 
withdrawn fr m another. Th water ntained a tt cer for th first few h urs o the test, 
and then wat r with ut the tracer was gain injected. Figure 2.44 contains cirdes repre­
sentin th fie[d ata, in MIS of r :1 tiv:e nc ntrarion, plotted versus lap d tim AJs 
shown on this figur a.r the restd , of a conventional • d: ction-dii persi n (AD) m d W 
an an advect:ion-dispersion t:ransi nt storag (ADTS)1 mod l. Both mod ~s match d th 
ob erv d d ta ti r th first e - hours o the test Howe · r. the ADTS model was far supe­
rior in mar hing the field d I v r he entire cm1rs • f the tes , . The effect of transient 
storage '1 . as to redu _ _ the peak _ nce:ntra · n _ n to increa th no ntrati · , ab 

hat would be p:roduc d - y -.dvection disp rsion al ne urin the later periods of the es . 
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FIGURE lA3 Zones of mobile and immobile water in a fracture. 

Source: K. G. R:aven, K. S. N0\-1 kowskl, and P.A. l..apcevic. 988. Water ResouJ'res Research 24:2:0 9-2032. Co pyrig hit by 
the American Ge-ophysfcal Union. Reprodu.ced with permi.s.sion. 

FIGURE 2.44 Comp rison ,of field data from a tracer test in frac tur,ed rock with results of model 
5imul!J1t ion using .an advection~d· fusion (AD) mo dell and an advec Ion-diffusion transient storage 
(ADTS) model. 
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■ 2.17 Summary 
olutes dissolved in groun w ter ar; tran ported irn. two ays. Diffusion will. cause sol­

utes to move in the diriect' on o_ th con ntration gradjent-that is from areas of (tigher to 
r ,wer concentration. This ttanspon: can oocur even if the groundwater is n t Howin nd 
ma: be the major factor in mass transpon in geologic materials of ery I ,w p rmeabiJ iry. 

olut s ar·e also transported by the proces of ad ection. This , curs a th flowin,g 
,groundwater ,carries tl1e dissol ,ed solutes with it. At the s ale of a few pore diam ters, 
groundwater will move paraUe t the fl w path at diffirent rares u to differences in 
pore i.zie. Thi cau es the o]ut p)ume to spread along the direction of the flow path, 
a process c.a.U d 1 · ngitudinaJ dispersion. The Scolute plume will also sp11ea laterall a 
:flo paths diverge around mineraI grain • a. pr c,e known as nan vers di p ·rsion. 
At the la oratory columns l th m vement of a contaminant through a uniform 
porous me . ia can be d scribed b the ad . ,ection-dispersion ,equation, which accounts 
for .adv:ection, diffusion, an . por al di p rsion. 

In field-seal tud;e i't has b en found that the coefficient oflongitudinal dispersion 
obtained from th adv tion-dispersion equation increases with the leilllgth h flow 
path. Thi:s is du to the heterogeneou- nature of aquifer material . the l n b of th 
flow path in rease , the range .f pe ·meablity values that affect rb rate ,of groundwat, r 
flow also increas s. Thi c u s the n ulr:i.n. solu p]ume to spr•ead om mo.re and more. 
This an be call d macrodispersion .. An apparent diffusion oo ffici nt can b statisti­
caJly corr t. ted with the length of the flo · path by the exp·ression a,,,= 0.83(logL} 14 

. tochastic methods of analysis b.ave also been developed to analyze so]ute tran ~ 
port at th fi id scale. Stochast'c methods are based on the ariati n in th hydrauli 
conductivity values becaus it · that variation hat cau es the sohn plum to spr• ad. 
Th gr und ater v lodty depends upon the porosity as well as the hydraulic conduc­
tivity. but the hydraulic conductivity varies over a much gr1eater range than p ro i . 

At the field scale the spreading due to hydraulic conductivity variation is much greater 
than that due to pore-scale dispersion. Bom s~ochastic and ad ecti · 1Hli persi n m d Js 
demonstrate thait the primary movement ,of the olute plum is due 'to d ction. Th _ sto­
ch tic model yields the movement of the cent _ r .of mass of th solut, plum from th aver­
age rate of m ovement of the groundwater: The .. rianoe of th solute concentration about 
th mean position, or the second spatia] moment, is also obtained & m toch tic m d l . 

Chapter Notatio1n 

A Cross-sectional ar, a 
\Vi ,th of a fract:ur 
A uifer thickn ss 
[(v&x / (2Di)2 + (v,1)2/(4D,P rWn 
Soiute _ 11 _entration 

oncentration at om point x and 
rime t 
Initial concentration, i.e. concentra­
tion at tim 
Dim ruionle solur concentration 
,(CI C.) 

( ) Ensemble mean conc,entratioo 
c Con tant r · a d to anisotropy 
d Characterisric tlow ien,gth for P,edet 

numb r, P 
dh/ dl Hydraulic gradient 
D* Effi ·cti\ dilfu ion o ffici nt 
D Diffusion ooefficien 
D., Mo[ecuJar diffusion cocfficien 
D_ , oe dent of hydrodynamic di per­

sion in the i direction 
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D, Coefficient of longitudinal hydrody- S,' Variance of sampled values of Y 
namic dispersion I Time 

Dr Coefficient of transverse hydrody- /' Dimensionless time (tU /eh) 
namic dispersion 

( V 
2
1) E Euler number (0-577 .. l o Dimensionless time ~ L 

E, Exponential integral 

I Fractal dimension r. Dimensionless time (v,1/ L) 
F Mass flux of solute per unit area per T Tortuosity 

unit rime T, Fractal tortuosity 
g Acceleration of gravity ll Average velocity of injection of 
G Topological dimension water into a well 
I, Hydraulic head u Fluctuation in the velocity vector 
H Separation of autocorrelation "• Covariance 

function u 01) ensemble mean of velocity 
Decay constant vectors 

I Hydraulic gradient along a fracture u, Total volume of water injected into a 
J Constant length well 
k Lag in autocorrelation function u Cumulative volume of water with-
K HydtauLic conductivity 

, 
drawn from a well 

Kr Equivalent hydraulic conductivity of "1 Velocity along a fractal flowpath 
a fraeture v. Average linear velocity in the x 

Kc Geometric mean of hydraulic direction 
conductivity V Average fluid velocity in a fracture 

K• Modified Bessel function of second V Velocity vector 
kind and zero order M Ensemble mean of the velocity 

L Straight-line distance between ends vectors 
of a flowpath W [t,B] Hantush leaky well function 

l , Length of a tortuous fiowpath X Coordinate vector 
l , Length of a fractal flowpath x, Length of fractal flowpath 
L, Straight-line length between ends of (x.,y.,) Origin of an zy field 

a fractal fiowpath X Straight-line distance 
M Total mass of solute )(' Residual of the displacement of a 
N Number of units particle 
II Porosity (X) Ensemble mean of the center of 

11, Effective porosity mass 
P, Peclet number (v,L I D1) X,.(t) Second spatial moment of the solute 
PV Pore volume mass at time ,and location}, I 
Q Rate at which a tracer is being X, Total particle displacement 

injected into an aquifer y Mean of sample values of Y 
Radial distance to a well l'. logK, 

R Length of well screen or open z. Constant related to a semivariogram 
borehole a Dynamic dispersivity 

R, Average frontal position of water a, Longitudinal dynamic dispersivity 
injected into a well a,. Transverse dynamic dispersivity 

,, Autocorrelation of sampled values aM Apparent dispersivity 
of Y fJ Aperture of a fracture 

s, Standard deviation of sampled val- E h Correlation length for horizontal 
ues of Y hydraulic conductivity 
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V 

(I) 

Q 

P' 

Corre] tion 1 ngth for rricaffl 
h d:rauli .o 

unit of m asuremeut 
cu off limit 
·ogramof Y 

tion len th of autoco 
, of a flt.lid 

Mean of ·opul .tion of Y 
Hurst c .ffici-eot fi r fractal 
d'.imen ions 

oefficieot l .ted to tmwo.si 
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6 
Jn,organic 1Cl1emicals i11 Grou.ndwate, 

■ 6.1 In : roducdon 
Ground _ · _ rth m 'terial . ul , 

wa tions and anion w ~ ll non.ion 
n:i - d _ can cont ·n 

di co _. ro s t I m re 1th n 
1 _ _ ons m o in lud :a.I-

. _ . orassiu:m, bl , -· d bi a · , · -n 
Dis gru;ses ·itr gen . n 
.s f i us ch. t . · 
, an ddi i n. in ,rgaru . . n w. t · quality 
. an · - · · r. mple at t ast I i.norga.n' 
1 m in pe _iu ·n rine, tin, . ,rs nic 1~niUID.i 

barium, admium , le d, ooppe, thalliurn, bismuth. 
b amim - d \i • ,h rbon t fi. rm o g nom -

d Cl 
We· h 1i mo d . om lmi n 

i n e ha n t · e amine other h mi · cess 
th t a t t _ · v. mine · e , · · 
prop rti t t.l gn u - er, 

och _ n. c ,.n · _ u t ha ed mu ,J 
wil u · str t om b si prin · . 

■ 6,.2 Uni ts of Measurement and Concentration 
, 

9 
• - · - , • - - • ·, - ort,ed on th asi of, igbt , f olu e per lume 

· ·-. ·~ r (mg/L) · · ,_ --, :liter 
qu s d h n . ·_ or , f 
, 1, . ight o . an ion is th form. · ·. 
on _ tion of the ion in mil i rams 
su.hin cone ntration is expressed rn · 

mt l _. ___ p_·r _1 _ a substance is its fo mula w ·"gbt in · . -. 
1-mo,l . , o u ion has l m •" in 1000 g f lvent. A 1-mola.r 0-.M} , ,luti fl 

has I mo] o solute in a t . · • :l . 

316 
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If a solution is dilute and there is non ed o make d nsity rr, ctions the molality 
ca:n be d termined fr m the oonoentrati n by th fi U win quation.: 

M lali milllgrams p . r liter x 1 o-3 
o ty = · (6.1) 

orn: ula weight in gram 

■ 6 .. 3 Chent.ical Equilibrium. and 'the Law of Mass A,ction 
The Jaw of mass action stat s that the rate of a chemical rea i n will be propor­

tional to the active masses of he participating sub tances (Hem 1985 . l there are two 
substances, A and B, reacting to form tw oth r u t nee I C nd D, and i· the process 
is. rever ible, then the reaction c n b writt n a 

aA hB ;=.cC dD (6.2) 

The rate of the forward n:action R1 is 

Rt =ki(A]°[Bt 
whereas the rate of he reverse reaction R2, is 

wher : 

R2 = k; [c)I" [D)d 

:[A] = active ,concentration of substance A 

k' 1 = proportionality constant for the forward reaction 

k' 1 = prop rtionality constan for the r ver: -e 

(6.4) 

f th reacti.on pro r sses t a. point where the forward reaction rate is equal to the 
rev rs r action rat,e, then 

ki [A]ai[B' b # k; [CJc[D]d 

Equa.tion .5 can b rearranged to yie]d the following expression: 

where K is the equilibrium con tan _ 
If n~ or mori ions r act t o ma soli . · re ip·tare 

then it can be represented as 

aA bB;=: .cAB 

The quilibrium r,elationship of this reaction is: 

[A]a[B)b 
K SP' = C 

[AB] 

{6 .. 5) 

(6 .. 6) 

n JS r _ ersibl -. 

(6. 7) 

(6 .. 8) 

wh re K is alled a olubility product. The acti ity of th lid t g th r with th 
water is efined as unity. Solubility products can be u d o c mpute the c nc tr tion 
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of a solute in equilibrium with a solid phas, . ith r via dis olution •Of he solid into 
an unders tu:raced olution or followin pre ipitation of the soUd from a satur r d 
olution. 

If one is dealin: with a. ilute ueous solution, then molal concentrations 
can be used to determine chemical qu ·1ibrium. However, for the general case, on 
mus use chemical activitie to , mplo th law f m s action .. 

The chemical activity of ion X, [X]. is equal to the mola] oncentration of , m 
'1", 

rim s a. factOI known a an activity ,coeffi.cieot, ~: 

'[X] == m"r. (6.'9') 

The activity oeffid n varies w-i h th- · ota] imoun o:f cations and anions in olu~ 
tion. Th cone ntration and charg f , h variou ion in a solution determin its ionic 
strength .. Ionic stJ ng:rh can b compm d , c•Om lb fo]] ,wing fi rmu]a: 

where 

1 
I = - I:m ,z 7 (6.10) 

2 ' t 

I = ionic streagth 

m1 = molality of the .ith jon 

z, = charge of th ith ion 

O.nc the ionic s r, n th i d termined, the activity .coefficient can e alculated 
using the Debye-Hiickel equation: 

where 

t!zf fi 
- logyi = ----

, l + a ,B..,(l 
I 

yi = th activity coefficient for ionic spedes i 

z, = the charge on ionic species i 

I = ionic tr-ength f the solution 

A = con tant equal to 0.:5085 at 25°C 

B = constanit equal to 0.3281 at 25°C 

a. =- the effective diameter of the ion from Table 6. 1 
r 

(6.U) 

The Debye-Huckel equation can be used with solutions that hav an ionic trength 
of 0.1 r les (appro.ximatefy 5000 mg/ ). Figure· 6. l is a graph showing the re1ation­
. hip of activity c efficien to ionic trength for pedfic ion .; it a ca cula~ d. using th 
Debye-Huckel quation. Specific curv, s ar:e for ions with the same f'fectiv.e diameter 
and charge as listed in Table 6.1. ot all the ions to which a curve applies are list,ed on 
the figure. For example the curve labeled Ca2 and e2~ can a.l o be used for Cu2' , Zn2\ 

Sn2+, Mn2"", Ni2*, and C +, becau e all these ion, hav, the ame ffecri e di met.er and 
charge. 

Chemical equ.i]ibrium is a useful concept in s.tudi s of contaminant bydrogeology. 
Ionic contamiruuus discharged into groundwa·ter may r act with naturaUy occurring 
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TABLE 6.1 Values of the parame er a. in the Debye-Huckel equat1ion. 

·~ Th·" , Sn' 
9 AP +, FeJ., Ci-3•, HI' 
8 j',Ag1 , B ' 
6 Co2 

I Cu2 ' Zn2"', Sn2 ' I Mn2'. Fe1 ' Ni2 ' Co2 ' -~ 

5 Fe[CNl•l-, Sr2- , Bo1 \ Cd2 , Hgr1'. s2- , PIY\ co/ -, SO:/ , MoOl -
4 Po,.J- , Fe(CNi) 3 , Hgl-. S0,2- , Se0,.2-, c,o_,?- , HPO,?-, Na ~, HC~ , . PO.i 
3 OH , F , CNS ,CNO-,Hs-, cio,.-,K ' ,C1-, Br- , l-, CN-,N0i- , NoJ-, Rb , C:s. .. , NH,. ·, A9 ' 

So\lrce:JI, Kiellaod. 1937. Individual activity coefficients ofion.s in aqueous sol tions.Americ.an Chemical 
Sod ly Joamal 59: 1676-16 7 a. Publi~hed by th American Chem,ca r Society. Used with pel'lllis5io n. 

FIGURE 6.1 Relationship ofactivity coefficients of dissolved ions as a unction ofthe ionic strength of 
a solution at 25°C 

1 
J 

!i!HI, 

So urre: J. D. Hem. 1985. 5tucfy and lnlerpretotion of rlie chemic.al characterlstio of nawml wa ten. Water Supply Pa per 
2254, U.S. Geolog fca,I Survey. 

ions in th groundwat, r to form a precipitate or they may mobillize ions sorbed on 
soli su.rfaccs. They ma also und rgo oxidation or reduc i n. Both the , process 
are re ersible nd can be described , y chemical , quifbdum. Man ge h mical pro­
ce . in groun _ war r _ Ji n tr •~,d·l rever ibL such s weath ring of silicate miner­
als. Thes _· reactions must b treared using kinetics. However, as this typ of reaction is 
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noi of sigmficani interest 1o con1aminao1 hydrogeology, we do oot typically consider 

kinetic models.. . . . 
Table 6.2 contains the solubility products for a large number of minerals, including 

many thai can be formed from rrace metals mat can be ground-water contaminants. 

■ 6.4 O,ddation-Reduction Reactions 
In some chemical reactions 1hc participating dcmcn1s change their valence state 

through the gain or loss of elec1ron(s). If an electron is gained, there is a loss or positive 
valence called a reduction. A loss of negative valence is called an ox:idarion. Together, 
Lhese are referred 10 as oxidation-reduct ion, or redox., reactions. In environmental 
systems they may be controlled by microorganisms that do oot participate in the reac­
tion bur act as catalysts. The microbes occur as a biofilm on the surfaces of the aqui­
fer materials. They obtain energy by oxidation of organic compounds or hydrogen or 
reduced inorganic forms of iron, nitrogen, and sulfur. Electron acceptors arc necessary 
for these biologically mediated rcdox reactions 10 occur. Under aerobic conditions oxy­
gen is the electron accept0r, whereas under anaerobic conditions nitrate. sulfate, and 
carbon d10XJde are the electron acceprors (]vtcCarty et al. 1984). 

An example of a reduction is 

(6. I 2) 

ln this example, ferrous uun is reduced to metallic iron by the addition of two elec­
trons. This is a ha lf-reaction, since the elect:r0os must be supplied either by an electrical 
current ~r ~ya simulraneous reaction in wh.ich another element is oxidized and releases 
r.he requ1me number of electrons. The standard electrical porential of a half.reaction 
1s the voltage represented by the flow of electrons when lhe reaction 1s at equilibrium 
Under standard conditions (25°C and I _a':11 pressure) the standard potential is repre: 
seme~ by the ~~mbol EJ. Tbe_ ~tennal 1s tn volts, with a negative value representing 
reduC1Dg co_ndmons and a pos1uve ".'1 lue representing oxidi2ing conditions (Hem 1985). 
By convenuon, the standard potennal for the reduction of H• to hydrogen gas is 0: 

(6. l 3) 

iron~" example of oxidation occurs where ferrous iron loses an electron to form ferric 

Fe2+ ~ Fe3+ + e· 
. . (6.14) 

Ox1dauon-reducrion reactions involve el . 
valenccsta1e. In Equations6 12 and 6 14 . ements that can occur tn more than one 
+2 and +3 states Metals can· usuall o· • '"?o occurred ID the metallic (0) as well as the 

• · · Y ccur an the metalli · at leasl one other valence state So 1 · · c state with a zero valence and 
· me e ements that ar · 

occur tn several different valence states. Table 6 3 . ' e env1ronmcntally important can 
ferent valence states and examples of co d lists several elements that occur in dif­

ln order for oxidation or reducn· mpouo s ~d ions formed from those elements 
must b d on to occur ID a chem. 1 . . ere uced while a second elem . . tea reacuon, one element 
equation for the oxidation of ferrous ~r°otn,st b~1D~ o~idiz_ed. Por example, the complete 

o ,ernc iron 1.s 
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TABLE6.2 Solubility products for selected minerals and compou nds. 

ComDOUnd Solubility Product Mineral Name 

Chlorides 
CuCI 10 ., 

PbCl2 10 •• 
Hg,CI, 10 .,. 

AgCI 10 ., 

Fluorides 
Baf, 10" 
Cof2 10 10 4 Fluorite 
Mgf, 10 12 Selloite 
Pbf7 10" 
Srf7 10" 
Sulfate< 
BoSO, 10 100 Borite 
CoSO, 10 ._. Anhydrite 
CoSO,-2 H2O 10 •• Gypsum 
PbSO, 10 71 Angle~ite 
Ag 2SO, 10 •• 
s,so. 10 ., Celo,lilo 
Sulfide, 
Cu2S 10 ... 
CuS 10 Joi 

FoS 10 Ill 

PbS 10 ,,, Galena 
HgS 10 >ll Cinnebor 
ZnS 10 ,,. Wurlzite 

ZnS 10 ,., Spholerile 
Carhonote> 
Saco, 10 ., Witherite 
cdco, 10 131 

CoCO1 
10 .,, Cakite 

coco, 10 172 Arogonite 
coeo, 10 100 

FeCO, 10 107 Siderile 
PbCO, 10 131 

MgCO3 10 " Magnesite 
MnCO3 10 ., Rhodochroslle 
Pho,phate, 
AIP0,-2 H7O 10 '' 1 Voriscite 
CoHP0,·2 H,O 10 •• 
Co1(PO,I, 10 111 

Cu3(PO,h 10 ,.. 

FePO, 10 ,, 6 

FePO,-2 H,O 10 , •• 

Source K. B K,ausl<opl, ln1todu<hot>., Gooc~em,,,ry, 2d ed INew Yo,\• McGraw-HIii. 19791 

Source: K. B. Krauskopf. 1979.lnrroduction ro Geochemis1ry, Second Edition.Nf!'W York; McGraw-Hill. 
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TABLE 6.3 Selected elements that can exist ,in more than one oxidation state. 

Corbo111 

C ,ramium 

Copper 

Mercury 

Iron 

Nihogen 

I Oxygen 

VolenceState 
,4 

0 
- 4 

6 
+ 3 

2 
11 

2 
2 
3 
5 
J 
0 

- 3 
0 

- 2 
- 2. 

2 
5 
6 

b.cmples 
HCOJ - 1 C°'32-

c 
CH, 
CrOi- , Cr1o,2-

c.-J·, Cr{OHh 
CuCI 
CuS 
Hg2C'2 

gS 
fe,? •, FeS 
fe:l .. , fie(OHJil 
N~ 
N01-

N 
NH, , NH;i 
0 

120 2 

H,O,Cfl­
H~. si . PbS 
s,o,::i-
s,ol 
so,.z 

4 Fe 2+ 0 2 4 H+ F 2 H 20 + 4 Fe 3 

Thi comp! re rea tion is oomposed of n o half~reacrions: 

4Fe2+ -i=4 Fe3 + 4 e~ 

(6.15) 

(6 .. 16) 

(6.17) 

An aqueou so ution ha an oxidation potentiaW indicated b tb symbol Eh. his. 
c n c lculat d from the lemst equation.: 

wher : 

, . 0 RT (products) 
Eh=E - - In -

nF [reactants] 

- h = oxidation otenlial of the aqueous solution in volts 

e = s an ard potential of redox reaction in vol ts 

R = ga.,;; constant, 0_00199 KcaJ/(mo]e•K) 

T = t m eratur,e in Kelvins 

F = Faraday constant .23 .06 Kcal/ 

11 = number of electrons in half-reaction 

[ ] = acti ity of products and reactan 

(6.18) 
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Th standard p t mi 1 fi r - rea tion c n be d -t nni11 

- GQ 

fr m the relation ht-

be 11 
e, 

the SU ·, . t 

O _ R 

fre - -nergy, or Gibb ft1 _ energ 
ti n is the sum of the &e ener 
f th r a t ts. : •r be · eacrion 

a +bB F GC+dD 

the &e _n r:gy , n fi und fr m: 

Gi =c _Ge d GJ-a G0 - b Gf 
alu s of fr. man n , i -

. . co a.hie n 
e .uilib ·um constant for a r action is. reJat, d to th 

At standard t mp _rur 
c n b • wrilten 

6.19) 

a ti ,n. 
o, th _ rodu ts minu 

(6 ,20) 

f the r,ea ti n 

qu ,tion .21 

(6,.22) 

The oxidation p t n ·a1 of an aqueous solu ~on _an b m asu:11 d ing red - , r 
RP el trnde. If the value is . ositiv,e th sol urion is oxidizin, , and i it is n _ _ ri lb 
l ·, n · Ji ducing. Oxidati n p tential is measu in o]ts rel ti - to th bydrog n 

l ., d , hi h i at z,e . C mmei · all , . vailabl Eb mete1 re a , il bl · th an be 
au d1 _ t r und _ rer ampling pump. Th . gr undwa r ampl i pumped un r 
p .siti - pressur into th flowthrough cell h re the electrode i tocat _ . To ter 
s mpl is n subj to a vacuum, hich could _ use degas in . Mor r, it i n 
exposed ~o the atmosph re , here it an ome into con:tactv ith atmos heric ox _ n . Thi 
bas sim lilied the accu ,te and precise measu11ement of h in ground\ ter. Eh is irectl. 
pr porti nal o pE, wmch is d,- fined a th 1 g:arithm o · 1 1ectr n nc ntration in a 
olution and i an. nalogou~ measur o· th oxidation/reduction potential, RP. 

■ 6.5 Relationship between pH and Eh 
6.5 .. 1 pH 

Water und rgo s ai. dissociation int:o cwo ionic sp 1es: 

H 20 ~ H + OH- (6~23} 

Th- ~ :uilibrium onstau :for thi r, action is 
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TABLE 6.4 Standard Gibbs free energy of formation for selected species. 

.ArMmc 
~O,,[c) 
,¼011c) 
~ 2S3{e] 
Fl'IAs04jcl 
HJA504loiq} 
HiAJ!-0, - (oq} 
HAs.Oi - (oq) 
Aio / · (aql 
~!aq] 
1\$02 jaq) 

Chromium 
Crp3fcl 
HCrO .. -
Cr,o/· (oq) 
Croi- laq] 

·Copper 
CuO[c) 
CuSO,. · 3Cu(OHblcl 
tbroc.l,anlite) 

C1.1iOtcl 
Cu:i-Stc:) 
Cu' ' 1[0q) 
CuSO.laql 
HCuQi (oql 

Cu0;2 lacll 
c u•jaql 

lion 
FolOI-IM~ ppl. 
F 10 l~jcj ppl. 
F!ICOJ!r=I t1kLritiol 
F S2lcl !pyr I 
fill]O 11,, mam I 
Fe1' 1aqJ 
Fil'OH'2' {oql 
Fol011h lotil 
fehfaqJ 
hOH" •loql 
FelOHh laqJ 
FelOHI~ · 1aqJ 
F.Olcl 
F Sh;! lpyri1o) 
FoSlcl 

c • ·loOld 
cq oqyeoo1 !alu1io111 

El • gas 

- 187,0-
-275_ t,e 

- .tO.J" 
- 85.)3"' 
-18J .t• 
- 180.04 

70.BZ­
- 155.0-
-90.2_s. 
- 83 .66· 

-252. 
- 82.8 
-311 Jj 

- 173.961 

- 34. 
- 20. 

15.6Jl' 
- 65 . .4 

- 6LB" 
- t J .? 

I 1.9S 

- 66.<i 
- 16.31 

- 5Qi,3 
- 39. 

- 77_4• 
- 1.1" 

-54.83 
- 06.7 

- 18.8.Y 
-62.s · 

- A7.r.:J> 
- 98.A 
-bO.O 
-JB.J• 
- 2.t .22-1 

fil.olg!QlleM 

~{cl lpyrolusi I 
,~ ixbyi 
.p.(hausmarmi 
toH)3 (c I amotphauJ 

MnCOlltl trt-loch-· . 
f • loql 

MnOH' aqJ 

Maf-tbdenum, 
~lcJ 
~le) 
F-.Ma0a1c) 
MoO,l laqJ 

Silwir· 
-¾IPfcl 
AQctcl 
Ag !cJ 
Agi(~fcl 
Ag ' ( 
Ag()Hjoq) 

AgOHJ, (aq} 
AgC[oqJ 
AgCb - (oqJ 

Vanoclum 
H.1,VO,i' 

JYO.° 
1VO. 

HVOl aq) 
vo.1 laql 
VO''" taq) 
VtOHJ lCRIJ 
vow·roq) 
VIOH) 
VOOH 
V' 

li!kanium 
~·1 
UOH'• t 
UIOHJ,i''(q 

- 11U8 
- 210.6• 
- 306. 
- 1.it].()II• 

- 195. 
- 5.4 ~-

-96; 

-159_66. 
- 127. fr 
- 233 
-199.s,I> 

- 104 . .& 

18.43 
- 22.r:/' 
- 62.1' 
-17.4 
- ~1 .5 

- 253.67' 
- 249.2" 
-'2.U 
- 233.0' 
-21 _r/' 
- 106.1' 
- 212.9' 
- 111 , 1 
- 163.2' 
- 155.65 

51.f/' 

126 4A 
- 182.24 
- 3.1718" 

UCMd lurqni 
uo,-[oq) 
U(),l• lgqj 
(UOl!blOHJ!! 1 • (aq) 
(IJOll,IOHh' 1.aq) 
lUOth~­
lJO.zC~01c,1 
UCMCO / · laqJ 
~col' la 

~lfM ­
ZnF 2'>~1c) 
Cuf~(<) 
Cufe,O~lc:I 
N,f920~lc) 
H.01 
01-r(oq) 
O,laql 
Hso~-roci, 
SOi (oq) 
H Oq) 
HS laq] 
sJ-coq1 
C°'1(g} 
C~•loqJ 
~~(oq) 
HCOJ (aq] 
CC%2 laql 
C -{oq) 

C~19J 
0H~fmil 
W(aqJ 
Cl loq) 
POi 10qj 
HPOi (aql 
H1P04 laql 
H,PO,.O(ct 
Na•·laq) 

(oq} 
NH4 •10!!!) 
Pb'"(oq) 
o,tal 

-246 ,61· 
- 229.69" 
-227-iiS• 
- 560.99" 
- 945.16· 

- 037..5" 
- 3:67.0711 

- 5:03 2• 
- 635.69" 

- 25 .2V 
- 114.1" 
-20.S.u• 
- 232.0: 

- 56.68,1'6 
- 37.59 

- 3.9" 
- 180.6~ 
- 177.97" 

- 6-66' 
2.88" 

20.s• 
- 9.1..25 . 
- 92.20• 

-1..48.94~ 
- l-d0.26· 
-126.17" 

- 31 .370 
- 12.13~ 
-8.2'2• 

0.00 
31.38 

-243 . .S· 
260.3.d~ 

- 270.14 
- 273. 10"' 

62.S.9" 
-l i1 .s1~ 
-1 8.WC 
--5.e.JCI 
0.00 

Wageman, 0.0., W.H.Evans, V.B. Paii'ker, 1.H low, S.M. Bail~, arid R, H. Schumm. 1968. Selecfeclvalt1es:ofchemicaJ 
rhe,mody.namic properties. Natlonal Burea,u of Sta ndard5 Technical Note 270- 3; 264 p p. 
bwageman,D .. D., W.H. Evans,,V.B.Par: e r, 1.H !ow,S,M.B ,ily,and R.H.Schumm. 1969.Selectedvaluesofchemicol 
lhe,modynamic properties.Natiom.11 Bureau ofS ndardsli chnkal Note 27,0-4: 41 pp. 

(Cont-a') 
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TABlE6A Conn 

• CODATA Ta~k Group on Key Values for Thermodynamics. 1976. Recomm@ndad key va lues fo thermodynamics 
11975.Joumal o.f Chemicaf Thermodynamics 8:603- S. 

11 CODATA Task Group o:n Key Va1ues forThemodynam1cs. 1977.Recommen ded key values for thennodynamic:s 1976, 
JoumolofChemicaJ Thermodynamics 9:705-6. 
• Giridhar J~a11d Donc1ld uingmuir.11991.Determinationof E' for the UOtlU"' coupl from measurement of the 
equilibrium: UOt Cu(s)+ 4 H• ~ IJ._. Cu 2 2 H2O i.'lt 2s~c and some g,eoc:hemica l implicattons. Rodiochemic;a 
Acta 54: 133-38. 
• Handbook of Chembtry and PflYJics. Selected Valu:e-5, of Chemical Ttmmody11 amic Properties. Boca Ratof\ Fla.: CRC 
Press. 
, Robie, R. A .. B. S. Hemingway, and JI. R Fish•er. t ·978. Thermodynamic properHes of minerals and related substcmces at 
298.'15 Kand 1 bar f105 posc;ab) preuure and hsgher tempe:ratur~s. U.S.Geotoglca l Survey Bulletin 1452;456 pp. 
~ FeitlmeCJht,Walter, and P. W.Schindlt:?r, 1963.Solobili'l.y ,constant~ of metal oxides, metal hydroxides and metal salts 
in aqueous solution. Pure and applied Chemistry 6: 130-57. 
• Bae~ C. F .. Jr .• and R. E. Me ssme;r. 1976. The Hydroty1:js of Cations. N w York: Wiley, ,489 pp. 
•Wageman, D.D., W. H. E:11ans. V. B. Parker, . Hal ow, S.M.Baily, and R.H. Schumm.11968.Selected values of chemical 
them1odynomicproperties. Nationall Bureau of Standards. echni al Note 210-S. 
Langmuir, Donald. 977.Uranium solution, mineral equilibria at tow temperatures. Geochimica et Cosmochimica 

Acta 42:547- 69. 

The value of this equilibrium constant depends upon he temperature, bur at 2· °C 
it is l x 10-14 • Wat,er that is neutral has th s m number of H.,. and OH- ions. I, there 
are mo11e H~ ions, wat, ri ad.die, and if rh r ar mor, OH- ions, it is basic. 

The pH of an aqu_ ou solution is. i.t measure of the number of hydrogen ioru; or 
protons present. The definirion of pH is the n g tive ]ogarithrn of the hyd:r ·gen.ion 
a.ctivicy. It ranges from 0 (most acidic) to I 4, (mo t. ba ic), and a 25°C a pH o 7 means 
that the solution is n utiaL B caus '[HlO] is unity, ' om Equation 6.24 e have the 
re ationship [H--] [OH-] = K,.. = 10 14• Th pH f a lution is m _ asured with a pH meter 
and an electrode. It hould l me _ ur din rh fi ]d pre er ably in a f1owthrough cell so 
that di olv,ed ga isn• exchao_ d with the atmosphere prior to the mea urement. The 
pH of a. solution is esp cially sensitiv to th amoun · of di sol d CO2• 

6.5.2 Relationship of Eh and pH 
We mus have two ways to characterize a.. solution. The pH de cri.be th number 

of promns present andl tbe Eh is related to the number of el tr ns. b and pH can 
be rdated tmough the Nerns equati n for a re _, tion that ontain wat rand H· ions. 
Such a n::a.ction can be written (Robertson 197 . } 

where 
A 
B 

" 
(1 

w 
b 

m 

= 
= 

= 
= 

= 

reactant 
prodwct 
numi' r of el ctrons released 
mol of r ctant 
moles of wat,er 
moles of product 
mof. s of h dr• gen ions 
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be emst equation for Rea,ction .25 is 

(6.26) 

h a uvr of water is unit . For a panicu .ar r,eacti.011; E 0 ·s gi n an R, T and 
Far . nstan . , h igniti an, _ ad bl s a11_ th Eh and th a · iti o th r; tant 
th produc, .nd th hydrogen-ion a 'tivi. , which can b xpressed as a pH. Equation 
6.2 n be rearranged and expressed in bas,e 10 logs as eithe 

{6 .. 27) 

or 

h=E 0 - 2 .. 30 RTi ,gLr_ 2.30 RTml g[H ] 
nF l[B]" nF -

(6.28) 

r 25°, _ and I atm. of pr ssu.r, qmnion 6,.28 can be p.r,es ed as 

E , = 0 - 0·0592 l 8U - o.o ,92:!!pH 
n [Bf' n 

(6.,29 

6.5.3 Eh-pH Diagrams 
1 h _ Eh" H r I tionship is parric. , pli · form o 

h-pH diag , m w "th - h 'th ordin p · If ' a , ev - I 
ions pr sen tha , an ct t: £ r nt ., ... '"" . ..,........ - t va 
, ta · · u · - · gi tt ,rion · :ants lii ill be a 

fun n o u on . 

· nt to p cify , 
will be xi -i~ d 

lat - tb regio 

:EXAMPLE PRO,BLEM 

. Tb 
.4 - 1 
th re 

n · _amp] pr, l m. 

i O t 14. For Eh iti on­
n regi ns of the Eh~ . H . Jd, 
ill b r, _ duced to H:r W ill 

le I e the t~bility field for watPr at ,;,tandard ,conditio s_ 

The oxidation of water is given by 

0 2 g 4H + + 4e - ~ 2H2O(1} 

From, Table 6.4, 

_GO H2ou) = - 56 6'9 kca li 

Go o ,Jlg ) - 0 

Go =0 H • 
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FIGURE 6.2 Ell-pH diagram showing the stability ·field for watel'. 

'·" ,-.,---.---.----.--.----,,----,---..--.--------,-----r-----... 

u 

From Equat-ion 6.201, 

GO - 2 G O - GO - 4 GO 
· R - · · 1-1pm 0 2(9> H • 

GB = 2(- 56.69) - 0 - 4(0) =-113.38 kcal 

The vallue of G j in kiloca bries 1s converted to- a standard po,tential by use 
,of Eq ua ion 6.19: 

Eo ::;;i - GC =-< 1113,.38) = 1.229 V 
nF 4 •23"06 

The Nemf ,equa ·on (!Equation 6.24) can be express,edl as: 

Eh = E o - RT 2.3031og [H:20] . 
nF [02 hi+ ]4 
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The ac ivi yo dissolv d gaseous oxy,gen is expressed as a1 1Partiar press.ur~, 
P 02• At stand a rd con d" tions it has a va .u e of atm. The activity of water is unity. The 
Nernst equation hus r,educes to 

_ I 1 0.00199 ,298, , . . , [ +] -4 Eh - 1.229 - ---- 2.303:log H 
4 . 23.06 

This expre:ssion ,can be reduced to 

Eh{volts) = 1.229 - 0~059.2pH 

This equation defines the upper boundary of stability for water,. above which 
oxida~ion would break apart the water molecule. 

The ·reduction of hydrogien ions to form gas,eous hy rog,en ·s 

2H .2e - ~ H2(9as) 

From Table 6.4, 

Go = 0 
H 

-G ~ i(gas) ;;;;;; Q 

The va ue of AG~' for the formation of hydroge g,as is obv·ously zero,. 
Therefore, the value of Pis als.o zero,. 

From he Nemst equa.tion, 

Eh = Eo - 0.00199'·298 2.303log P'fj 1 

2-23.06 [ H ] 2 

The value of P 112 is 1 a· m and the calculated value of e is 0, hence the preced­
ing expression ,can be red :ced to 

Ehlvob = 0.000 - 0.0592pH 

This ,equafon forms the lower boundary of the stabitity field for water. These 
boundaries are plotted in ,Figur,e 6.2. 

6.5.4 Calculating Eh-pH Stabillity Fields 
he stability fields within the Eh-pH diagram for various forms o an lem nt ca 

comput du ing ch m:i!caJ tb rm.odynamks. Basi., sources of thermodynamic data 
inclu e Bamnan. t at (1968,· I 969; 1971) a.nd Robi c al. ( 1978). 

Boundaries for an element between di s ived IP cie that bav_ differ nt: alenc 
states are computed U"ing th ems qu_ tion (Equation 6.27, 6.28, or 6.29). If bot 
ions are a the am val,enc state th _n the qua,tion for chemical equilibrium is used. 
If ,ne is calculating tb boundary between a solid species and a d i s Iv d Form. th 
hemical activity o the solid species i 1. For some ,of th boun 1ari of solid sp cies 

it will b ne a to a sume an activity for th dissoiv d speci s. 
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EXAMPLE PROBLEM 

Calmlate an 1Eh-pH di,agram. for iron in which the solid species are Fe(OH)3 and 
FeO and the activity of dissolved iron is 56 µg/LU0--6 M). 

Soluble forms of the ferrous ion and the ferric ion iinclude Fe2•, Fe31 1 FeOH2+, 
and Fe(OH)/ . Transformations between thes.e ions ar,e determined by redox 
equations: 

FeOH 2+- +H+ + e - ~ Fe 2 +H 2O 

Fe(OH); +HI + e- ~ Fe 2+ 2H 20 

(6.30) 

(6.31) 

(6.32) 

The free energy and the standard potentia for these r,eactions. can be 
determined from Eq!uations 6.20 and! 6.19, respectively. 

From Table 6.4 free energies are as follows.. 

1Fe0:H2+ = - 54.83 kcal/mol 

Fe OH); = -106.7 kcal/moll 

Fe 2+ = - 18.85 kcal/mo] 

Fe 3+ = - 1.1 kc.al/mo 

H20 = -56.69 kcal/moll 

FeO = -60.03 kcal/mol 

Fe(OH)3 = - 166 ~cal/mol 

Fe(OH)4 - =-19.8.4 kcal/mol 

H. = 0 

For R.eaction 6.30 (Fe0H2 ' + H" + e- ~ Fe2' + H2O): 

GR =[ G~ 20 AG~e 2• ] -[AGFeoH 2+ AG~ . ] 

GR =-56.69+(- 18.85) - (-54.83)-0 

G 2 = - 20.7 lkcal/mol 

-AG o . - (- 20.71) 
E O = R = -------------v 

nF 1 •23.06 

E0 = +0.898V 

For R,ea.ction 6.31 (Fe(OiH)2 + + 2H➔ + e· ~ Fe1 ' + 2H,p): 

Gj =2 G~10 .G~,eh - 1.\G~e{OH 2 . - 2AG~ , 

GR = 2(- 56.69 +(- 18.85) - ,( - 106.7) - 2,(0) 

GR ;;;; - 25.53kcal:/mol 

- GO - (- 25.53) 
E O R :;;;; -------v 

nF 1-23.06 

E0 = +1.107V 
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For Reaction 6 .. 32 (Fe3 + e ~ Fe2*): 

Go_ Go G·o 
- R - ~ Fen - Fe 1• 

6cG 2 = - 18.85 -(-11.1) 

G2 =-17.75 

-o - G~ E =-.......,_ 
n.F 

f O = +0.770V 

_-( __ -_17_.75 __ ·· V 

1 ·23.06 

The boundaries between the stability fiel.ds are , etermined from the Nernst equa­
tion. AHhe boundary between two fie]ds1 the activities of the iron species on the l,eft o· 
the .r,eaction is equal to the ac ivity of the iron species on the right of theequation-i.e., 
the two species are at equilibrium. 

ForReac ion6.30 (F,eOH 2+ H +e- ~ Fez+ + H 20): 

Eh = Eo - O.OS92 1og [ Fe2 
] -0.0592 :!pH 

n [ FeOH 2 ] n 

inc [FeOH2 ' ] = [Fe2•], m (the number ,of hydrogen ions}= l, tl(th numb r of 
el ctrons) = l E') = +0.898 V1 and log I= 0; 

Eh(Vlllts) = 0.898 - 0.0592 pH 

F r Reacti n 6. l (F' (OH) 2 + + 2H+ + e- ~ Fe 2 + 2H 20): 

[ Fe 24 ] 
Eh = £ 0 - O.OS921og---~- O.O 92mpH 

n [ Fe( OH) 2 +] n 

Sine fF (OH)2• ] = I z~i, m=2, n= 1. and £0= +l. 107 V: 

Ehtvo!u) = 1.107 - 0.1184 pH 

or Reaction 6.32 (Fe 3 + e- ~ Fe 2+): 

Eh = Eo - O.OS92 1og[Fe 2
+ ]- 0.05'92 m pH 

n [Fe 3+] n 

This rea tion i independent o pH because neither [H'] nor [OH-J appears in. th 
reaction. Hence the valu of m k 0. Becaus, as [F l = [F 2 ] and 1 g }::; 0, Eh · a 
constant equal to BJ, which is 0. 770 V: 

Eh = 0.770V (6.35) 
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The b undary between t\Vo dissol ed s cie Lhar are at the ame aleno state can 
d ermined from chemical equilibrium. 

Fo,r iron there are two boundaries between d · solved ion , of , rric iron. The e 
bound ries ar .represented by th ~ r a tions: 

Fe + H 20~F,eOH 2 H (6.36) 

(6.37) 

F r Reacti ,n 6. 36 1( F 3 + H 2 ~ F OH 2 H ) , the uilibrium const nt 

can b obtain d fr, m th , nergy of th rea on. Th first t p i t find th fr 
energy of the reaction using Equ ·tion 6.20. 

Go · GO 
R = , cOH2• 

. GR = -54.83 0- -1.1)- 56.69) 

Gj = +2. 96 kcaJ/mol 

Then step i o det m,-n the u1ibrium con..S,tant using E, uation ,6.22. 

1 k GI 2.96, 2 -
og q = --;---= - .17 

1..364 1.364 

K =10-2.1 7 
6/ 

From Equa ·on 6.6, 

Since ~O = I and at the boundary [FeOW-J = [Fe:,,.]', 

[H'] = 10-2· 11 (6.3,8) 

Thi me ,n that a verticaJ line at , . pH of 2. 17 s parate.s these rwo stability fields. 

For Reaction 6.37 ( F OH 2 + H 20 ~ Fe,( OH 1 2 + H ) , find th fr _ e _ nergy 

of the r:ea tion: 

Go Go "G. o Go Go R = Fe OH)z + u. H - FcOH 1 ' - ' H ,0 

G~ = - 106.7 + 0 - - 54.83),- (- 56.'69) 

G j = +4.82 kcal/ mot 
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e t find th al ue f K : .., 

Fin, Uy from Equ . tion 6,.6, 

o K = -.6Gi = -4.82 = -3.53 
g eq 1.364 l .364 

K ==10_3_53 
i!(J 

Since [HzO] = land [Fe(OH)2"] = [FeOH2• . 

[H-J = 10-3 .l (6.39) 

Line. hat delineate the stabi.lity field for so1id'i ca:n be ohtained by .i;;imilar J\ea.,;on­
ing. R mem • r that the activity f a lid in equilibrium v ith d.isso ved species is 1. 
Tb location of th ' oundari f so id peci sis a function of the amount o, d·sso[ved 
iron present. 

In this situation there are two stable iron precipitates, Fe{OH)3 and FeO. The reac­
tion a the boundaries iodudc 

Fe(OH 3 H ~ Fe(OH)2 H 20 

Fe(OH),3 + 3H ... e- ~ F 2 3H 20 

Fe1 OH 4 + H ~ Fe OH 3 + H 20 

Fe OH) 3 e- ~FeO H 2O OH -

.Fe(OH)4 - +2H e - ~ FeO 3H 20 

F'eO + 2H+ ~Fe2 + H 2O 

(6.40) 

(6.41) 

(6.42) 

(6.43) 

(6.44) 

{6.45) 

Re cti n 6.40 Fe(OHlJ + H ~ F OH 2 + H 20 i solved using an equilib~ 
num ppr, ,ach: 

-,ao _ co . co _ ao _ Go 
R - Fe(OH)2 H 20 Fe(OH)J . H 

l!Gj = - 106.7 (- 56.,69) - (- l66 - 0=2.61 

Gi 2.61 
logK l!I} = - l.364 = - I.364 = - l.9l 

K = to -l.91 
~ 

[Fe( OHh ] [ H 20] 
K - .......... -----..-- -10- l.9'1 

eq - [F OH) 3][H ] -
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me [Fe(OH)3] = land [H2O] = 11 

Reacti. n 6.4 J F ( OH h + 3H + e - ~ Fe2 + 3H 20 1s solved using the 
Nern.st equation: 

AG~ = cie.2• 3 G~lo - cie( H) - 3 G~. 

AGj =-18.85+3(- 56.69) - (- 166 - 0 

G j = -22. 95 kcal/mo] 

Eo = -t1Gj = - _,___...._ = 0.994V 
nF 1·23.0 

Eh = E o - O.Os92 log [ F 2+] -0.0592 m pH 
n [Fe(OH 3] n 

inc there ar . thr hydro :en ions ,(u1 = 3) and one electron ,(tl = 1) and [Fe(OH) ] 
= 1, th n 

Eh (v Its == 0.994 - 0.0592 log[ Fe 2 ]-0.178pH (6~47), 

Reaction .42 (Fe(OH)4 - H+ ~ Fe(OH) 3 H 2o) i o ve-0 by using .an 

equilibr 'um approach: 

Go _ AG o + "Go _ Go _ · G· o 
R - u. Fe(OH)l u H~O Fc(OH) 4 . H ~ 

o0 R =- 166 - 56.69 - - 198.4) - o 

.G6 R = -24.2'9 
· Go 

(o K = - 11 R = 24.29 = 17.8 
g «l 1.364 t.364 

K = 101 7.8 
· eq 

K = _[ F_e_o_H_)_J ]-=[H_· _20_] = to n.s 
«1 [ F-e- OH - ] [ H ] 

Since [Fe(OH)J = 1 and [H2O] = I, 

10 - l7. 
, 6.48 
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Equation 6.43 (Fe OH),3 e - ~ FeO H 2O OH- ) is solv d using, th 
ro t ,equation: 

G o - co G .co .ao R - . FcO H 10 OH - . · Fe OH) 1 

GO R ~-60.03 (- 56.69' (- 37.59), - (- J 6 

G 0 R = + 11.69 

Eo = - GoR = - U.69 =-0.507V 
nF 1·23.06 

me [F (0H)J = I, [Fe0] = 1 [H2O = . , and n = 1, 

Eh =- 0.507 - 0.05921,og[OH-] 

Because the diagram uses pH as a variable. [OH-] must be expr ss din terms o.f 
pH. By definition. [OH- = IO-M/[H ]; therefore, Jog [OH-] == ]og I0-14 - lo [H"], so 
that 

Eh = - 0.5. 7 - 0.0592(pH - 14) 

Eh (volts) = 0.322 - 0.0592 pH 
(6.49) 

R,eaction 6.44 (F,e (OH 4 - + 2H+ + e- ;= FeO+ 3H20) 
Ner · t e uation: 

,Iv d using the 

GOR = GOFeo + 3dGOH~o-A.GOFe(OH),1 -2 .GOH 

G o -R. - 0.03 + 3(- .56.69)-(-198..4)-0 

G0 R = -31.7 kcal/mol 

Eo = - 00 R = - (- ~l.?) = +1.375' 
11F 1 ·23.06 

h =Bo_ 0.0592 10 [FeO](H 20]3 
n g [Fe(OH) - J[H ]2 

mce eO] and [H2O a 1 and 11 = l, 

Eh = 1.375 - 0.0592 log l 
[Fe(OH) 4,- ][H ]2 
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This can. be ,e.xpr s:sed in terms of pH as 

Eh = 1.375 0.059'2 log[ Fe(OH)4 - 2 0.0592) log[ H ] 

h(voltsl = 1.375 0.051n fog[ Fe OH 4 -J - 0.118pH (6 .. 50), 

Reacti n6.45 (F O 2H ~Fe2 + H 2O)1 i Iv dasane: uilibriumre ction: 

,GO R = - 18.85 (- 6.69) - (- 60.03) - 2(0) 

G 0 R = - 15.51 kcal/mo] 

- - 6..G R -
logkt.1 = _ · = ll.36 

l.364 

k = l0 u .3 
eq 

Since [H2O] and [FeO] = ] , 

~6.Sl) 

v ral of the quati. ,ns. including Equations 6.46, 6.47, 
dep nd u o,n the activity of th dissolved iron. 

.48, 6.50, and 6. ] , 

The following equations, which ar,e ind pend.en of dissolve iron activity, hav . 
b en deri ed. 

Boundary 
FeOH2·-Fe2 ... 

Fe(OH)2 .... - Fe2-+ 

.F - - Fe2 

F 1- -Fe0H2+ 

Fe{OH)2~ -Fe(OH)2• 

Fe(OH)3 - F, 0 

Equation 
6.31 
6.32 
6.33 
6.38, 
6.39 
6.49 

umber Equ.ation 
Eh("'°fnl = 0. 9 - 0.0592pH 
Eh1, , = 1.107 - 0.1 18pH 
Eh, .. itu, = 0 . 770 
pH = 2.17 
pH = . 3 
Eh1"°r,,,> = 0.322- 0.0S92pH 
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FtGURE 6.3 ' quations for an Eh-pH diagram for dissolved iron with dissolved iron activity of lo-6 Mol 
under standard conditions. (Numbers adjacent to. dotted lines refer to equations discussed in the text.) 

~IA .-.-----r--,--.------.-~-r----r---,-,-r--,.....-.,---,.---. 

15 

II ID 12 

he iron Eh-pH diagram of Figure 6.4 is for a system tha ,contains only dissolved 
iron. If other elements are pre ent. uch as sulfur, then addition.a~ iron compounds 
at1 p sibJ, . Figure 6.5 h n h-pH diagram for a system with an ir ,n activity 

6 µg/L (I0-1; m ]),, ulfur of 96 mgl L as SO/ , and carbon dio ide of 61 mg/Las 
HCQ1-. Solids in the shaded area are thennodynamicaUy table. Under the condm n 
specified in this diagram iron carbonate (FeCO3) saturation. was not reached and n n 
is recorded as a solid phase. 

Th ar,ea of the region in which iron is precipitat d .rath r rhan d isso]ved is a fnnc~ 
non of the concentration of dissolved iron. The more djssolved iron. that is present the 
gre ter th size of the s a ' ility field for the precipitates. This is illustra ed in Figure .6. 
In this diagram the sulfur js 96 mg/L as SO/-- and the carbonat,e .is 61 mg/L as 
HCO . Disso]ved iron ranges from 5.6 µg/L to 56 mg/ L. 
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FIGURE 6A Final Eh-p d · gr m fo a dis:so1ved Iron sys em wir h dissolved iron a,t 1 O-fi moles. nder 
s ndard ,condi ion5., 

1.4 .--.....-....-------.----,----.----.-.--.....-....-......... ----r---. 

- 10 ,..._..__......__.__ ....................... ___....__. ___ ..___.____.___._ _ ___, 
0 m 

ti 

Eh-pH d ia ·rams ha h un - a1 er Literatur,e to e pla · n su h 
phenomen as th olu · · h dr id . (WhittemOii nd L ngmui 
I 7 , he . ,.v lent hromi. m (Rob rtson l 1 ;), manganese (H m 1'9 • fr c p · 
il¥-r, du rnium. m ngan -, van. •. diurn, mol bdenum nd ar enw . (H m 1977), ura-

nium • _:ngmuir l 78), th rium. (L ngmuir and He man I an arseni (M , · 
t al, 1 I 2). 

■ 6 6 Metal Co:n1p:lexes and .Faci,li _ated Parti.cle Transport 

6.6.1 Hydration of Cations 
1 hough e c n i _ r th . :m tallic i n exist in solution as an is J _ ti :n, 

, u ~, m fac . that i n t th . The Cu1• · . n :is surround d b pola r th :t 
arc chemic H boun, to h i n. ietallic i n , in g nerat ha i:x Lr m _ les 
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Fl:GURE 6.5 fh·pH diagram showing fields, of stability for dissolved iron under standard conditiom. 
Acf vity o dissolved iron is 10 ° mol1 (56 µg/L), ofsulfur species is 96 mg/Las SO/ , nd ot carbon 
d"oxide species is 61 mg/Las HCO1 • 

H 

Source:J. D. Hem. 1985. Study and in terpr, ration of the chemical characteristics of natural wate~. Water Supply Pap r 
2254, U.S. Geol0g,iical Survty. 

surrounding them. Th hydrat d upric ion i -Cu(H10)/ •. Even outside the shell of 
chemically bound water mo],ecu.Jes, there is a r gion where the polar wat r mol cule 
are ordered by the electmsta:tic charge of the me-ralli ion. Anions in close ass c·ati n 
with a meta] cation ar, c lled ligand ; t gether they fonn a coordination compoun . 
Water i:s consider,ed to b a ligand that is boun _ t the metal ion. Ir other ligan s bind 
to the metal, they must f1 pfao som o th wat r mo], cule acting as ligands. The 
stability of a complex relative to cation or ligand , ch nge n be described by equilib­
rium constants for the reaction .. 

6.6.2 ,(omplexation 
Th 6 llowing inorganic anions act as sirnp] ligands in natural w:a.rers: OH cot 

_ / · ; l. B. , . N03- , SiO/ -, 2- , 20 3- , PO/ - P20 . P 0 1 $-• and , -. Ammonia 
(NH3) is a polar mo[ecule that can also act as li .and. Ligands can bond either covalently 
or electrostatically with a metal to form a oomplex ion , r ompound. We have already 
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FIGURE 6.6 Equiil'brium activity of dissolved iron as a function of Eh and pH under standard 
cor,difons, sulfur activity of 96 mg/las SO/" and activity of carbon dioxide of 61 mg/Las HC03 • 

l 10 If 

pl 

So rce: J. D. Hem. 1 IJBS. Swdy ond inte,pr torioo of the chemTcalcharacrelistics of rnuurof waters.Water S·u pp!y Paper 
2254, U.S.G.eological Survey. 

looked at the comp[ - forms of the ferric i n and the h dro l i o . The orm a seri of 
complex ions: FeOH2\ Fe(OH)/ 1 F ( H)J and Fe(OH) -. Complex orrn rion is involved 
with chemical equilibrium f i nic compounds and oxidation- ducti 11 re cti ns. 

In the c , f monovaJ nt ions1 there is only one site he h Ji and bonds to 
the metal ion and th r .and is calle monodentate (li~eraU , h a t tll "). If th ligand 
ha mor;e than n sit, l.hat can hon · (po[ydentate), th n it form what is known as a 
ch la ing age:nt. Fore ample, tbe pyropho ph te i n P 2O 7 - , can bond o a. metal ion, 
such as cadmium, . t tw locations: 

0 2-

I 
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6 .. 6.3 Organic Con1plcxing Agent 
Both naturaJ waters and wast waters ,contain a number of ,organic mp unds 

tha , can act a chelating agen s. ln general. these m:garuc com pounds ha a funcri . nal 
roup that contain :ygen, nitr gen, phosphorous, or sulfur. If R :symboliz s on 

or more carbon atoms with th a.ppropriat number of hydrogens, then organic com­
plexes can indude functional groups su ha 

R- H R- R-0-P:::::::::::::::O 

ar-bo le tc Alcohol min Pho hate 

There are a number f organic ,comple,dng agent. that occur in nature.. Th y are 
asso 1ated ith humic ub tance that fi nn from tbe decomposition of vegetation. 
These are complex organ·cmoI cul w'th molecularwdghts ranging upwardinto the 
tens of thousands.Ha humic substance i xtra ted with a tr ng ba"e and then cid­
ified. there are thr·ee products. The nonext.ractable organic materi I is caUed hnmin. 
Substances called fulvi a.cids remain in the acidic so[ution, and othe.r substances 
call d humic acid pr cipitate rom he acidified tract. Thcs represen c asses of 
compounds that contain many differ nt in ividual org nk m ,le ul s. Hurni and ful­
vic adds contain many functional , roups th ·t an hela m t ll . M ls ma e 
kept in solution by chelation with so]ub e fulvic acids orth ymay bind to the ·nsoluble 
humic substances by cation ,e chang (Manahan 19'84). 

Synthetic organic c mplexing agents are used in a numbe·r , f industrial processes. 
They can be used as cleaning compounds, as c n tiruents of det rgent, in me al plating 
baths, and in water conditioning. hese compounds include sodium trip Jyphosphate 
sodium ethyienediaminetetraacetai.te (EDTA}, citric acid, and sodium nitrifotriaoe te 
(NTA). The structures of some of these compounds are given in Figur, 6. 7. yntb tic 
cheating agents may keep meta]s in solution under conditions where th unchela ed 
metal wouJd precipitate or undergo cation change. 

EDTA in wastewater can vastly increas,e the mobility o associat d m taJs in the 
subsurface. Monitoring wells near radioactive waste disposal trenches at: the Oak: Ridge 
(Tennessee} National Laboratory contained significant levels of sodium EDTA, which 
was used as a cleaning agent. The arne wells also c ntained radioactLe 611Co, a me al 
that is normally note pected t migrate very far due to cation exchange·. The 611Co had 
been chelated by th EDTA and hence had gready increased mobility mn the subsurfac 
OJeans t al. 1978). 

6.,6.4 Fadl.itat,ed Particle Transport 
Many meta]s and other inorganic compounds ha:ve a great sorptive capacity and 

an affinity for partides suspended in water. Normally in subsurface nvironm nts th ' 
limit ntamin nt m iliry in that most mobit parti de and coUo.i d ar fUt red ,om 
of flowin _ roundwarer in porous media. Howev _ r, particles suspended in g;roundwater 
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F1IGURE 6.7 Structure of chelating agents. includin,g, (a) ,citriic acid, (b) nitrilotriacetate (NITA), and 
c} ethyl nediami netetraacetate (EDTA). 

i1n·11i.:id 

i lri lri :et1Uc ( . } 

C H H 0 
II I I II ·Q-0-f\ H H ;r- C O-

H I II H 
Ni-C-C-N 

i/ ~ \1 
"0-C-C C- C·-O· 

U I I U 
C H H C 

can b mobilized in fl through fracrured rock or karst rocks where groundwat,er moves 
through larger conduit and su p nd, d particles ar,e not filtered by th geo[ogic medium. 
Contaminants s rbing , n thes par kl s, including many m tals, essentially can ' hitch 
a rid '' on moving grain and colloids and this ,can inc:reas th effectiv speed of con­
taminant m ement tru ugh aquifer by orders of magnitude. This enhanced mobility is 
called facilitated partide transport. 

Facilitated particle tran port can po e pmb1ems in mod ling , ontaminan move­
m nt and disp rsion because of accelerated movement, and also impact the rep s nta­
tiv ness of roundwater sampling protocols. Many standard techniques for measuring 
m tal c,once.ntratmons in groundwater r,equire samples. ob filtered and addifi din th 
field. In conditions wb r groundwater conta.ins ,contaminants orbed n suspend d 
partid nd coUoids, some practitioners coUect both fil, ered an . unfir er,ed samples 
for comparati chemical analysis. 
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■ 6.7 Che1nistry of on1netallic Inorganic Gonta:111ina11ts 

6 .. 7.1 .Fluoride 
Fluorid occurs in wa er as th F- ~on. Inna · e the . mount f flu rid 

p · general[ than I .O mg/ L · o · t ~ -
b r (Hem 1985 ri p nr in min ral 
a e l,F,OH)(PO ·n th . r 
It may b as a contaminant from in · oe<!SSC:s u · 

id. f)'O A1F ) is used a a flu in th 
h mamu f phosphat f ertiliz r fr · ro . m 

fluorid fr m rida. fi rtil · t 
n /L R ss 1970). 

F] fo.rm comp es in a i · alumi. 
num b nd ferri iron (Hem 19 um 
to .o . . solubility product rir 
an . · ,mount of d · um 

the uilibriu d for 
vari m. Actual ac 
hig rh ionic s en 
, o s tb · · onn ith the tluo 

· d - lve in o gr u so · om 
vo] · · other ua:tural subs 
· · · · - o nfl 

t b , g ten iall , 
n · de in -· plut ni igh sub--
- n c luti o of fluoride om 

th ks · magmatic pro inces · 
a Lhe D cc , ntral . ·a, nd t 

rican Ri lion of high fluorid • 
centt • tio 1 · , r mo s t the l an 
(Brindha an dro 2 

C t o ti f fluori in wate 
from botl!1 u.nc no 1 . · qui n m . The foun hat 
239 out o 2 ell . h u ntracion I than l . Ho - e er, 14 f 

Acifivity 
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o rn-3 
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thew ll had fluoride ranging from 1 to .9 m /L All the e high-fluoride w lls were 
asso ia.ted with a · ecific bedrock formation. u h information is useful fr ma ub­
lic beahb standpoint because h r is 2.0-mg/L drink:ing-wa er criteria for , u ride. 
om fluorid is needed to build tr ng te th in g:rowiag children; however, fluorid in 

excess of 2.0 mg/L ill au t eth o di I r. Chronic ingestion of high fluoride in 
drinking wa er can also produce a. riou c ndi i, n kn wn as skeletal fluomsis, whi h 
can ·amage bones and joints. 

6. 7 .2 Chlorine and Bromine 
he halid s chlorine and romine h v imjlar chemjstry, although chlorine is ar 

mor a und nt in na.ture than bromine . . v _ n .h ugh th elements can exist in a num­
ber oxidation states, the chloride and bro mid ions (CJ I B_ ) are the only one of sig­
nifican,_e in -n tural wate . These ha.lid are,_ id ly distributed in rocks and soil, and 
can b naturall Jeach _d into, groundwater . The chloride ion occurs in natural ware, 
in farrl lm con _ entrarions. usually I, than I 00 mg/L. unless tbe water is brackish 
or salin . hlorid is used by human in m n ap lie tions ·n ,can be added to the 
ub u c via industrial discha:rges, se g , animal,\ tes nd ad alting. Chlorine 

ga · u d a di infectant for purificarion of wate and i trong xidizing agent 
wh n dissol din wa er. C mmercia fertiliz rs can contain hloride a KCL Chlor"n 
and bromin ar comp n nts f halogenated rganic compounds used for industrial 

lvcnt . and pe tkid s. These compound ha been rel a d o the environment both 
intentionally through th us of pesticides nd a ddent ll through spills. and leaks. 
R in shaJ hydrocarbon de lopment h _ produ d iar quantities of 
post•ft dcin rine wate (which flow back upwards to th surface after w ll devel­
opment) a ha br' ne r duction · om de•. atermg a ci ted with oal bed methan 
extraction (also an coal seam as). Th e larg quantitie brine have increasingly 
been disp se of du ugh und rground injection. Fr: in fl wb k at r with c1-
concentrati n a high l 1,.000 mg/L have been reported (Halusz z •k t '1. 2013). 

Chloride and bromide ions a:re not reactive. They don't pnrricip;i.te in -ed · ac­
tions, aren't orb d nt , mine . ·Lor organic surfaces, and don't form in olubl pre~ 
cipitates. hloride is sometim u d as a tracer in gr undwatc·r studies becaus it 
is conservati e. Distin tiv ratios of c1- and Br~ and th [ m nt in groundwat r 
bav been valuable in reconstruction groundwater's movement and orig.in, in luding 
det rminin m · in ratio f di .erent ourc-e waters. Toes ion ar highly m bf e 
in the subsurfac and a.r oft n en uaUy transported to closed basins or o eans. 
Addi,ionafJ , on ntration of hl rin i o op sin groundwater have e· cti:vdy be n 
used for ground ~ater dating t chniqu including bomb..:pulse chlorine- 6 put into 
tmosphere with .nuclear weapons r, sting and falling ith rainfall, infiltrating and per­

colating into groundwater (Challan 201,6) . Toes forensic groun water analytical tech 
mqu aid in the tracking. f gr un wac r p Uution (see Chapter 8). 

6.7.3 Sulfur 
ulfur i naturall released to the environm nt b the w _athering of minerals o , -

taining th elem nt. Rock c ,ntaining p rit can b oxidiz d to r 1 ase sulfur, with 
microorganisms actin . as a catal t and m diating the o · atioa. This is the. source 
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ft r under: tanding the , quilibrium ,conditions for dis olved su]fur, the redox reaction 
can be slow ff microbes are not mediating the reactions. Hen!ce it may rake a long time 
for the system to reach equilibr·ium. 

Gypsum {calcium su]fate) is quite s•oluble in water (K<Y = lo--4 · 6} and, except for 
waters with extr-emely high sulfate., would not be a sink for sulfate. Strontium su]fate is 
sparingly soluble CK. = 10 {i ~' whereas barium sulfate is neady insoluble (K = 10-10 II). 
H . "' . . ~ . . . "l owever, strontmm and banum are not ,.ound m much abundance m natural waters. 

u]fate could act as a s"nk for strontium and barium. Sulfur isotopes can be used to 
distinguish pollutant sources in some ca es. 

6. 7 .4 Nitrogen 
Ninogen is another element that can occur in both oxidized and reduced forms as 

ll as the el mental state. The common forms of inorganic nitrogen include nitrate, 
NOJ , ni rite, NO2 , nitrog-en gas N2, amm nium, NH.t , and cyanide, ,CN-. Nitrogen 
is a]so a major constituent of organic matter in the .tionn of amino adds, Tb majority 
(78% of the Earth s atmosphere is nitrogen gas. Atmospheric nitrog n ,can b ••fix; d", 
or converted to nitrate, by cyanobacteria in lakes and the ocean and by bacteria Jiving 
011 he roots of plants su.ch as legumes and lichens. Atmospheric nitrogen can also 
b c averted to oxidized and reduced fonns via fertilizer production and ' y heating 
it to high t mp ralur s in internal. combustion engines, p er pl nts, Iightnin dis­
c:harg sand forest fir s. Rainwater contains dissolved nitrat and ammonia. itro en 
is released to the subsurface from sewage, animal wastes) and fi rtiliz,ers. 

In il and groundwater, oxidation and reduction of nitrogen species is ao om­
plish d b microorganism . Under ,o idizing c ndition ammonia i convert d to 
nitrite, whi h :s con erted t nitrate. Nitrite 's a very reactive ion and is almost imm -
diat ly com, ned to nitrate so thar r J,e nitrite is n rm Uy found in the. nvir nment. 
Un er reducing condi ions nitrate is converted primaril · to nitro en a • . proc, 
known as denitrification. Organic matter will decay to ammonia under redu in , on­
diti ns. -ptic tank ,effluent, for example, normally has high ammonia an very little 
nitrate. tr t:he recei ing groundwater i reducing, the nitrogen \rul ray in the ammo­
nia Form. f it is oxidiz:ingj bacteria will con ert the mmo,n±a to nitr ,ti ( th 1966). 

itrait is chemicaU con ervafve, can be mobil in th ubsurface environment and 
understandably high nitrat,e conoentrations in drinking water ,t mo t often s , -
d ted with privately owned wells . Sino the 1940s, health. concerns and :r gu.ma ory 
st ndard for nitrogen in groundwater center on infant mcthemoglobin ~mia (com­
mon] calJ d th "blue baby" di ease). The high g tric pH of jnfants and their great 
flu.id in ak refariv to bod weigh c-omtribu e to th ir internal ' ac erial r ducli n 
of inge ed nitrate to n.itrit , and the generated nitrite inhibits the function of lood 
bcmoglo in. m the transfer of oxygen. 

itrate c ntaminatioc of groundwate has been docum nt-ed in num of 
ar s ( .g., Hill 1982; Flipse et al. 19'84; and Silver and Fielden .19 0). Hill studi d th 
distribution f nttrat in gr und ater from a hallow unconsolidated and aquifer. 
It was found that the roundwater benieath area of fore tor p rmanent pa tur has 
1 th n 1. 0 mg IL o nitrate as nitrogen. The groun wa , er ben a h b avil.y -ertilized 
pot t fi ld typicaU contained m excess of lO mg/L nitrate as nitro en. Gray and 
Morgan-Jon (1980) found tha the nitrate content or oundwat- r in a rud area 
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in r _ased ove.r th past 40 years and tthat the use of fertilizers in this catchment area 
also increased ov r the sam - time period . 

Nirrogen occur· a two i t pe ., 1 1 nd 15N. Of the two, i.1N is by far the most 
abundan in tb tm ph re. Th relati e abund nee f is - that is the is / 14 

ra io~ in rritr . .te may be us d to di tincru 'sh nitrate that ,comes from animal and 
human wa te fr m nitt t tha come , from min r: 1 f,_ rillizers ( · lips et al. 1984). 

The 1 / 14 ratio is usually expressed as a. 1 value, which is defined as 

15 N/ 1·4 , )sampJe- ( 15 N / 1 )standard 
(% =----------------x 1000 

15 N/ 14N }standard 

- b re . o tand for parts per thousand. 
If b 81 . , i positi then th nitrate of the sample has been enriched in 15N with 

respect to th standard. For .ni rogen ~ the standard is the atmospheric composi ion. 
itrat rom animal and hum n waste typicall has a 51 in e ce of+ 10%□ • 

Flipse and B ,nn . r ( 1985) found _hat minera fertilizers used on Long Islan , had 
15 atu, s thar v, ra . d 0.2%o ar one s·re and - S.9%c at another. Howe:verJ the • 

of the rou.ndwater beneath tbe sites tbar had been fertilized was about +6%0. This 
increas in 1 , ' from ch mineral fertilizer was attributed to fractionation tha occurred 
during infdt:ration of the nitrogen. However, the resu]ti.ng ci1 was still clea.dy lower 
thaa that ,expec ed from animal and human w te. 

6. 7.5 Arsenic 
Arsenic can occur in valence states of 5 +3, +l, 0 and - J.. However. the impor­

tant states of dissolved arsenic in water are the arsenate H.,AsOt•, with a val nee 
tate of +5, and the arsenite H O/-, WJth a vaien estate of +3. An h-i,H diagram 

for arsenic that shows the fie1ds of stability for the ars nates and a.rs ni'tes is . iven in 
Figure 6.9. Dissolved arsenic sp, cies ca:n be absorbed by ferric h droxi:des. Arsenic 
+5) 's more strongly sorbed than a.rs rue +3). Ferric hydroxides are stable over a 

wide Eh-pH range, so this fact Limits the mobility of arsenic. However, conditions tha 
reduce Fe3f to Fe2 and As5+ o As3 increase the mobility of ar -enic in the environment 
because rhe pr,ecipita ed erric h dr xide , om o]ubW fer.rous h . roxid s ( arisoff 
r al. 1982). In an oxidizing environment with a pH above 4.09, w wiU find colloidal 

f;crric iron hydroxides. which will sorb arsenic and would thus x eel to ha e littl,e arse­
nic in solution. Under t:r ngly redu ing c nditions, if • th iron nd hydrogen uUide 
are pres nt, ar enic sulfide copredpitates with ir 11 sulfide. Mildly reducing ondition 
that J. ck h dr ,g n ulfid pre ent nd 'ti ns und which ne w u]d p ct t md th 
mo t mobile arsenic, as. ir n would b in th soiub1 fi rrous state and ars nic would b 
in th arsenite form (Hounslow 1980). 

Arsenic has been relea ed to th ,environment through th burning f oal nd 
th · meltin of or, . In the past it used in the formulation insecri id nd 
- mbalming corps -S. tarting ~t th tim of th Civil Wa.r i.n th United ' tates (1860-
1' ) a · enic wa an ingi; di nt in popular mba1mi.ng fluid . As much as 3 ]b of 
arsenic could ha: been used per corpse. The us of arsenic: in embalming fluids was 
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banned by the federal government in l 910 because its use interfered with the investi­
gation of u p c ed arsenic poi rungs. However, gr~veyard from he Civil War anil 
the Lt n·n teenth century may be a sourc of arsenic contamination (Kone s t990). 
I has some modern industrial: uses. Groundwater has b en found to, have high (up to 
96 ~tg/L) concentra.rions from narural sources in northeastern Ohio (Mati.soff ,et al. 
1982. Elevated arsenic (up to S mg/L) in groundwater in ova Scotia, Canada, was 
reportedly due to the weathering of piles, f mining waste tha,t ,co,ntained arsen pyrite 
(Granth m and Jone 1977). 1n th tem United tate hi h (>50 itg/L), concen, 
ttations of arsenic are c.om.rnon in groundwater. These are as.socia.t d with areas of 
sedimentary rocks derived from -volcanic areas, geothermal systems and gold an ura­
nium mining d1stricts. hrigation in some aJ\eas has liberated arsenic to the ex en.t that 
concentrations of up to 1 mg/L aie found in sh.aUow groundwater eneath irrigated 
fields (WeJ h. Lico, and Hughes 1988). 

Na.rurally oc.curring arseni in groundwat r can also b hu problem. In what 
one vnit r called "on of the largest mass poisonings in history; thousands of rube 
wells were drilled in shallow aquifers contaminaited with na.turaUy-occurring arsenic 
in Bangladesh and India in the 1980s and 1990s before the· problem was recognized 
(Brabic 2-004). As a r,esul 1 .arsenic has posed risk to an estimated 57 million people in 
Eanglade h (Hossam 2006). and 100,000 are estimated to ha e been affected by high 
concentrations in shallow ell water in the region (Brahic 2004). Annuall , an tber 
270,000 have been est:im.a.ted r,o ha e had cancer r lated deaths a · Jong-term • xposure 
to arsenic has been re[a.ted to cancer of the kidneys, lungs, Madder and skin (Brame 
2004),. The problem. was unrecogJJized for many years, in pan b ca.use a stud . b 
the Briti h Geological Surv,ey (BOS} and Blitain s Nitiona[ Environment Resea:rch 
Coun il (NER:C) did not a.dequat ly test for arsenic in reoonnaissanc ground, at,er 
quali urvey hich ubsequently s rved as tbe basis for drawing up national wa~er 
policies and th drillin o tb usands f w U . 

6. 7 .6 S leniun1 
lenium ccurs in idizing solutions as selenite. SeOt , with a +4 valenoe 

len te, Seo _t·, with · +6 valence. It can be reduced to the insolu I el -
mental form, 0• It ma. al o form a p •ecipitate ferr el nit , FeS 2 , under 1 ducing 
condi6ons. Selenit may be sorbed ,onto amorphous fi me hydr ide . el nium h 1.s 
a number of indusrri . J u e such as the m nufa • tu11 of pjgin n s, . tainle steel, 
and rubber compounds. It is conta:ned in phospb t ertilizer . Sel mum has been 
known to con entrare in irrigation r turn w, r r dra·nin from land that ha oi 
high in s,elenium, and can be present in wast liquids from m ral sm Iring. It L natu­
ral:ly , resent inc al., pankularly bituminous ooal and can be concentrated appro -
im tely 1,250 times in the burning p1rocess at coal-fired power plant . (coa] v, rsu 
predpit tor a h). and can be present in eleva ed concentrations in wast s :mbb r 
water, ash ponds or other liquid wastes wb.icb could leach and p_ r_olate into the 
subsurface. 

In small c nc ntrati ,.ns selenium is n essential nutrient, but in large amounts 
it ·s harmM to hum ns, fish, and wildlife (Coefield 2009). High sel nium in 
groundwat r·d p ndent ec ~y terns can mpe out entire pecies and ca.use m ssi.ve 
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wildlifi and fl h kills. Hjgh s 1 nium has been problematic at ma. , site and from 
a ,ivities worldwide, including (Lemly 2002)r: 
1. ickel and i]v r mining in Torun, Pol nd. 

2. Municipa1 landfill leach.ates in Stockh lm, weden; Minnesora., U. .A.· and in 
London, U.K. 

3. Irrigation runoff in Chihuahua,. lviexico; Utah, U.S.A.; and in Keste n ational 
Wild.U6 Refuge. California, U.S.A. 

4. Coal mbustion waste in Te as, Pennsylvania, Kentudcy, 
an. Alb rta Canada. 

5. Phosphate mining was e in Idaho, U.S.A. 

rth Carolina U. .A. 

6. Gold mining waste in Buenos Aires, Arg, nt:ina: Quito. Ecuador; and Yu n, 
Canada. 

7. Met l mdting was e in Ont ri , Canada. 

8. Oil-r. An ry wa .te in Louisiana1 U. .A. 

FIGURE. 6.9 Eh,·pH diagram fo arsenic spe,cies under mmdatd conditi,ons .. 

rH 

Source: A. H. werch, M. S. Uco, and J. L Hughes. 198&. Arsenic in gro nd wate1 of the weste n Un it:ed St-ates. 
Groundwoter26:33J-l47.Used with p nnissicm. 
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6,. 7 .. 7 Phosphorus 
Phosphorus can occur in a number of val no states, but in n tural water it is 

reaUy significant only in the +S sta e. Dis olved Lmsphorus in wat r occurs as hos­
pbork add CH:l04) and it d'sso i don p ducts, th rth phosphat ions: H PO -. 
HPO/- and PO/-.The proportion of each pr sent in an aque u soiuti n ·s function 
,of pH. Di solved phosphorus is readily orbed onto soil and has a very l,ow m bility 
in groundwater. in alkaline soils it can react with caldum carbon te to fi rm a min.eral 
precipitat,e, hydroxyapatite. 

3HPO 4 2- + 5CaC0 3 + 2H20 Ca5 (PO 4 t OH) +5HC0 3 - + OH-

Phosphate is r,e eased to the environment from mineral fi rtiliz . r . njmaJ a ~ce , 
wage, and detergents. 

■ 6 .8 Chemistry of Meta.ls 
Metals a:r cations, and m t have fairly limited m bility in soil and groundwater 

b cause of cation ex.change or sorption on. the surface of mineral grams. They can also 
form p . ~ipitates of varying solubility ut1.der ci c Eh-pH , nditions. Goofogjcall , 
meta] ores are typically in rh form of sulfide I o dde , ilic te , r "native'' meals. 
Metal ar mobile in groundwater if th E.h- H rang is such that · luble ion - ist 
and the oil h · low cation-excbang capaci.ty, Dowdy and Vomk 1'983). The can. also 
be mobil if they are chelated or if they ar, a ach d to a mo ile colloid. Conditions 
that promot mobility include an acidic, ndy il with Low organic and clay content. 
Dis.charg of a metal in an acidic lution w u d keep the metal soluble and promote 
mobility. 

6.8,.1 B•eryHium 
Beryllium occur only in th 2 val nee stat . In nataral waters we can ha B 2i 

Be{OH)", Be(OH), and Be(OH) -. Beryllium oxide an hydroxide have low so]ubiliti 
and can act as a control fl beryllium C ncentration. At equilibrium with Be(OH)2, 'th 
dissolved form would hav an ctivi f bout 100 µg/L at a pH of 6 (Hem ~ 5). 
Nonetbel.ess, beryllium can find its . _ int groumtwa er from ·ndustrial wastewater 
discharges or from natural weatherin a:nd di so ution of rock • p rticulariy igneous 
rock containing granite and pegmatites. Beryllium is used form ki g metal alloy 
fm the aerospace indu try, nu Icar reactors. and is used in electric l e wpm nt nd 
microwa,1 _ ov _ ns. 

6.8.2 Strontium 
Strontium also cui in he +2 valence ta e and bas a chemistry similar to that 

of caldum. The solubility product for strontium sulfate, rSO4, is 10-u. Thls suggests 
tha her,e might b an equilibrium contra on stront'um concentration if sulfate is 
present in he water. Strontium carbona e · rCO3, has solubility product of 10-ro. In 
g neral, trontium is present in groundwat· rs in concentration of less than .mg/ . 
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H wever, in ttadng ground a: : path a.,' an , u wfa e mo ement of potenti -1 
c nraminant&; the is topic · - tio of 7' r/ r can be a "po erful mol in di tlnguishing 
among sou e so roes•• as th _ratio can reflect mineral interaction with groundwater, 
diffe nces in initial water quality r charge, a ers of v rying - po•r -tive concentra­
tions or p 0 2 conceru 1tion and ifierences in relati e mobilities of different gro nd­
, te:r (U G , 201 

6 .. 3 Barium 
This alkaline _ arth l mettt a1 o has a al nee of 2. It istribution is controlled 

b th s 1 ilit o , rit B O . Barit ha a solubihty pro uct of I 0-1 • 1 the acti ity 
o sulfat · 96 mg/L (10-1 M) then. the activity of bMium is 10-7 M or .014 :mg/L. 

,ari mis lso found as witherite (BaCO and othe com ouad'. , ut i n t fi und in 
th nvir nm nt e 1 m n . e use , f it high re cti i, . • _ ri um uL _ an b 
n a cUti t oil-well d.:rillin.g tluid. m d. al a t - and b c:aus _ in its ioni,_ rm bar~ 

ium is so.-.ubl and to · it i ' a oompon n · of som rodenticid . 

6.8.4 Van.adi .1n1 

This transition m ral bas oxidation states of + 3 . +4, and + 5. In qu ous lu i n 
it f; nns 10 diffi nt oxj e xide . o · oI ed i n can re with anadium : 
f◄ rm an ins Ju -1 fi h:ch a a ta contr .J • n an dium inn tur. ,] 
v ter (H m ]977). 

6.S..5 Chr m1um 
h mium · n natural at rs occu an - · 

fi :rms in aqu ous st ms indu e ~ 2.._, OH)2 

_ hmmous hydroxide. ' . r(OH)3 is a possible predp under 
Fi 10 i · · m fi r th abili fi l 6 r chr m 

t bl ioni . 
0 /' nd · r 1- . 

d.u . di . 
h , 

, m ndi ·· e · t ith .~ rr us iron o r-odu a chromous 
hd . p . · e o · _ _ 

cr0- 2- 3Fe2 
- 4 ' H 20~3Fe OH .3 Cr H 3 4H 

l ·th he a,ra] nt chromium in ground at r is s lu 
trival n.t ,·um will. be insoluble a:nd imm.o' il . Industri l di 
hr miu - _ mmon from metal-p!ating il:1 ustri . This ma 

mobil i - r. A hexavalent chr mi:um · ng 
U - - · h·a ·900 · (::::: ) 4m• .a h -... , n m n _ __ 
(Perlmu - u a ). He ava.ilent chromi · 

h _ b n foun i u er in Par ·dis all · z 
and th _ B ck.smith Institute reports. that groun · . 

(VI) ,s found in Kanpur, India (the ndian g , e ·. ; 0.05 -
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ations pot nti ll 0,0 pl P ular · ion as focuse 
er pollution · - t chromium i H~nkl. lifomfa, U. . , , 

a m int ~ , · ,. 
· oundwat i __ il, in tb aqueou - than 

a fa thr· d- nal mmm plume in a ,gil ui r 
in Conne !aos ·t aJ. (. e - and th 
di in n r. - n 75 g/kg 

hB 25 m ·•· .. ·.. · r vele · 
that m r, t · obi[iz · · h. 
imp jmpli i The m · · th 
gr , - . ould b ·:t . H 
ic - is ups m tile so.· 
d · mov t1 :nd treat. 
m chro ' · s Lh bromium 
is ii. mg · · 11 t · · th 
e uilib · urn that bin . - h_r mfam · soil d . 

pl! 

Source: odifi d from F.N. Rober son. 1975. H ~av I nt chromi~m in the ground wat r i Par: dise Valley. Arizon 
Groundwat 1 H:51 527. Used wfth permis 1on. 
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Case History 
Henderson (1994) ·nvestigated a chromium spill in the Trinity Sand aquifer near Odessa, 
Texas. He found tha the mobi e C + was being reduced to Cr1- by ferrous iron (F ') a1nd 
01ga11ic carbon_ The tr"valent chromium is: the-n sorbed onto the- soil surfac~s whirh a1r,i;i. 
coa · ed h soil id ir,on oxyhydroxides. The soil contained up to 5 g!lkg and 95 to 99 percent 
was ifn he tn,valent st.ate. Prior to the initiation of the study, the chromium plating operafo.n 
had c,eased operations; so hat the sour,ce of hexavalent chrnmium ended.O\rer the course 
of the stud Y', the plume of groundwater contaminated with ,C stopped g,ro ving, and even 

ega n to shrink (Figure 6.11 ). The cause of this deg1radation is, the ,redu ct.ion of the C to 
Cr1 · which forrnsc hro m ium hydroxide (C rOHJ) and its subsequentso rption onto the sol 

Th calc ated half life ofthe chromiit.1m was 2.5 years. The reduction in dissolved hexallil­
lent chromium mass ,·n the aquifer is illust,ra ,ed in Figure 6.12. he shaded area represents 
observed conditions at four different sampling events. The curved line is a first order reduc­
tion with the 2.5 year ha f life. 

With t e ransformaf on o dissolved to solid chromium as a function ohirn the ground­
wate-ir In the aquifer is, undergoing natura1 remediation. Computer mode ing, of tihe plume 
resuft,ed in a diminution of me dissolved Cr6' below a 100 µg/L drinking water standard by 
no later han the year 2006 {Figure 6.113). Operation and ma·ntenance at the site were still 
ongoing in 2017. 

6.8.6 Cobalt 
Cobalt oo urs wirh .al n,_c state of +2 and ' 3_ In the Eh and pH rang of naturaJ 

wat rs, only tl 2 valence tat i stab! . It is thought that cobalt an coprecipita.t or 
ed b manganes an iron oxides. Cobalt carbonate has a. solubility product of 

10-111• A pH f 8.0 with IO0 mg/L , f carbonate, the equilibrium solubility of cobalt is 
µ /L (Hem, l 985 . Th olubilit produc f "alt sulfide is very low, 10--213_ Vrrtually 

no obaJt would b in s luf on in reducin. envir, nment. Radioactive cobalt is a waste 
product o c rt:aiin d ~ nse acti ities (Meanst Crerar. and ugujd l 9'78). obalt occurs 
in natun as smaltit ,(CoAs2) and cobaltit (CoAsS). In th United States, stable ,ooba[t 
ha beel'l id n.tified at 426 of the 1. 3 current o former ational Priorities List (NPL) 
ite , wh ii as radi,oacrive cob It bas · een found at I 3 sites (ATSDR 2015). 

6.8.7 Nkkel 
This meta] occurs in aqueous solutions in th . + 2 a1ence state. ickel ores includ . 

a variet}I of minerals, consi ting of nic~e], antimony, sulfiur, an.d arse_Dic: NiSb NiAs:v 
iAsS and Ni b . icke1 carbonate is more so[uble Lha.n coba]r carbonate (K = lQ-6. , 

Ip 

whereas the sulfide has a similar solubility (K = 10-1"·4). 1ickd is widely used in industry. 

6.8.8 Molybdenum 
M lybd rmm occ-u a the or-e miner~1 molybd nite, MoS 2• The most C'ommon o- 1~ 

dation states are +4 and +6. Under oxi:clizin conditions the Mo6 ' state dominates. Below 
pH I. on finds I\ 0 4 (aque us). B twe n pH 1.8 and pH 5.3, HMoo.- occurs,. 
wbe:reasabove pH 5.3 the molybdate ion, MoO_t is stable. If ferrous 1mn is presenrt fer­
rous molybdate (FeMoO) pr,esent a possible solubility control , since this has a solubility 
pmduct of 10-10.,15 at a pH range of 5.3 o 8.5 (Hern 1977). Molybde□urn may also sorb 
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onto amorphous ~ rri hydroxid (K.aihack and Runnels 19 0). The solubility product of 
calcium mol bd .te, CaMoO , is O 7 (Hem 1985). Molybdenum is used as an alloy in 
tee and as an addittve to lubricants. Waste sources include mining and smelting of ore. 

6.8.9 Copp,er 
opper ccurs in either a + I or at +2 valence state, Dissolved copp r sp ,des in 

w ter include Cu1 , HCuO2- , CuO/ -, and Cu+. Cupric copper and ferrous iron can 
und rg , an idati n-redu tion: 

2Cu 2 2F ·2 7H 2D ~Cu 20+2Fe(OH) 3 8H 

Both cupric and cu rous sulfide bave ery low solubility products. Copper con­
ceDtratio□ s can bn very high in acid mine drainage from metal mmes, u , to sev ral 
hundred milUgrams per lit r. Copper can e leached from co per wate,r-supply pip 

nd lXtuf· , p iall I b water · hath . pH of le than 7 (Hem 1985). 

6~8. 10 Silver 
car, lem nt1 i wid 1 u din industry. Ito, urs in th . + 1 valen stat . 

' ilver chlorid , A l, h s a so]ubility product of 10 7, whi,ch limits the solubility of 
silver in waters with chloride ion. .. ilver can also be naturally reduced to the metalli 
stat by , er:r us ir, ·n: 

Ag+ +Fe 2+ +3H20~Fe(0Hh + Ag+3H -

e has a low solubility. Thus in 'Water with chloride, iron, and sulfur 
pre nt, t ble lid fonn f ilver occur ,over the entir Eh-pH field (Hem 1977). As a 
r uh, there is v ry little soluble silver in natural waters . 

6,.8 .. 11 Zinc 
Z:inc is a fairl common m tal and is extensively us,ed in metallurg and s I ig­

m nr, zinc oxid which is often worn on the noses o' lifeguards and other people in 
the sun. It occurs in the 2 valence state. Zinc carb nat has rath r lo quilibrium 
constan , 0-10, which w uld limit the lubili :r pH ran wheli th _ carbonate ion 
predominate . In . pH ran of 8 t , l I and with 610 mg/L of H ·. 0 -, thei: should be 
[esnhan 100 µg / L o dissolved zinc (Hem 1985 . 

6.8. t 2 Cadmium 
admium has a very I.ow maximum contaminant level (MCL) in drmk·n 

water, 4 µg/ , due to i . t xicity. It exi t ~n aqueous solution in the +2 va[ence stat . 
Cadmium ca11 • n l ha a very [ w solubility product, 10-•n. Although this ould 

rv ~ a ntroI on olubility under some oon, ifions, cadmium can be mobile in the 
n.vironmenr. On Long Island, New York, a metaJ-p]ating wa te ,cont ,ining cadmium 

and chromium traveled about 3000 ft in a h U w aqui r (P ·rlmutter, Li :her. and 
Frauenthal 1963),. Cadmium has b en im Ii . r, d in an outbreak of a disease in Ja:pan 
resu~ring in a softenin of the bones of th victims that rcsul ed in extreme bone ain. 
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FIGURE 6.11 1 Shrinkage ofthe maximum extent ohn observed plume of C: wilih time. 

I 
j 

Source: ' .Hende~on. 1994.Geoch mical reductionofhe.xavalentchriomlum [ntheTrinftySanda.quifer.Groundwarer 
32:477-4S6. Used with perminion, 

FIG'UR:E 6-.1 2 Redrn;tion of the di5sol,ved rnaiss. of er with tiime. 
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FIGUIRE 6.13 Resul offat!e and transport modeling of concentration of Cr°' along the axis of the 
plume. 

,.I 
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Source: T. Henderson. 1994. Geochemical redu.ction of hexavalent chromium in he Trini y S nd aquifer. Groundwater 
32:477 86. Used with p.ermiss1ion. 

The cadmium was traced o ric and soy ans grown in soil contaminated by airborne 
cadmium that came fr man .arby lead-and zinc-sm lting o eration (Emmerson I 970). 

6.8.13 .Mercury 
Mercury ha the ]owe MCL for any inorgani hemical, 2 pg/L. It is considered 

to b very toxic. It ha be n kn wn t:o ,concentra~ in the food chain, es .· ecially in fish. 
everaJ outbreaks o mer _ ury po,isonin h :ve b _n • onfirmed in Ja an. L al discharges 

of mercury &om industrial processes into surfac -water bodi re uJted i.n hi h mercury 
levels in fish. Inhab · tauts of fishing, villa~s ate fish up to thre rimes a day. Mor ality of 
those affected was about 4 %, and th poisonio was pass d to unborn babies by appar~ 
ntly h althy m th r (Waldbott 1973 ,. Mercury occurs. as a metal and in the val nee 
:tates + 1 an +2. Most f the in r ani m - ury com ound bav-e a low solubility. The 

soJubiliey produ t of Hg2 12 '.s 10 17 11, and for Hg it i . _ - ut 10-50_ Under mo · natural 
oondition,s then? is little solub]e inorganic m rcury. How ver. m than -generatin bac­
teri can c-onvert m taJLi, mercury to organi forms such as m thyl mercury, HgCH3 • 

The mon methyl m rcur ion is so ublc in w. ter. Bacteria can also roduce dimethyl 
m rcur , E g(CH )2, which is volatile. Other organic forms of mercury, such as ethyl­
m rcuric d1lorid (C4H~HgCI) are manufactured and used as fungicides. 

6.8.14 Lead 
Lead occuJS in aqueous solution as Pb2~ and in vari us hydr,oxides. Vari.ous lead ,com­

p und h oiubilit-y pr _'ucts that indicate that under the rig_ht Eb.pH conditions lead 
so[ubility wmtld be Jimited in natural waters; PbC1i, K = 10 ; PbF_:i> K == IO 1. ; PbS041 

K = 10-1 · Pb O K = 10- 13 1 andPbS K = 10-:7 5 Lead and theothermeta.lsarecations .p • JI JI! f SJ/' • . . . 
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that can be expected to undergo cation and exchange with days. Hence, the mobility of 
lead in groundwater is Limited. Lead is present in nature as a tra e ,elemen . In two differ­
ent studi s oils in uncontaminated areas were reporte-d to contain 17 µg of lead per gram 
of soil (µg Pb/g) (Nriagu 1972) and 29 µg Pb/g (Ure and Benov 1972). However, tbere 
a.re a number of anthropogenic sources of lead, including mining a.nd smelting, paint, 
use of sewage sJudge as a. soil conditioner, lead arsenate pesticides, and leaded gasoline. 
U roan airiea especiaJJ have mu.ch bigber level of lead in the oil due primarily to paint 
flaking from wklings and umin_g ,of [eaded gasohn (Davi 1990). A rud lead in 
· oils near bigh ways in the Minneapolis~. t. Paul, USA, area rev aled oonaenttarioas rang­
ing from 12 m 700 pg. Pb/g (Singer and Hanson 1969). A stud in California, U.S.A. 
found that lead in soil d creased with distance from a freeway which ran through a rural. 
area, w.iith 118 iig Pb/ g found 15 meters from the expressway and 85 µg Pb/ g as much a 
362 meters away (Page et al. 1971 ). Lead additi es were used as anti.mock comp unds in 
ga oline. bu a.r no:\ re tricted or banned in many parts of the word. 

EJ at d fead is also found in soil around l ad smelters. Davies (1990) stimat s 
that in the immediate area of a well established lead smelter (I to 3 km away , lead 
in soil is: likely to be on the order of 1500 µg Pb/g. ill a stud c nducted ins ul:he s -
em Missouri, USA, the investigators were ab~e to distingu· h lead fr m automobile 
exbaus [mm lead fr m melter activitie on the as of the rati f tabl kad i -
topes, OtiPb/2Glpb (Rabinowitz and Wetherill 1972). In tha.r stud · they f:"ound lead in 
soil nea sm 1rers a eraging 2600 ~•g Pb/ g and near high ways averaging 2 70 ~ g P'b / g. 

In gener.al urban soils have high.er ]ead content than rural. il . In a maj r :tu 1y 

of metals in urban soils in Great Britain a total of 4 26 lawns wer t d, with a 
geometric mean lead content of 26 , JJ P / g .and rang o hi.rt n m 1- , 100 1g Pb/g 
<(Cu!bard et al. 1988). In London a rota 78 samp] shad a g om tric mean [ead 
content f 654 IJ8 Pb/ g. 

olubte lead is absorbed by soils, and its mobilit is limited. The tWO mos imp r­
tant fac ors in determining he a1nount of lead th t will b rbed b ii r h pH 
and the cation exchang capacity (CE ) f th oil Zimdahl and ko , rb 1977). This 
relationship can be described by an uation with th amount of l -ad sorbcd. per gram 
of soil repr• sented by ·: 

N • mol/gm) = 2.8lxIO CEC(meqnOOg) +1.07xI0-5pH-4.93 10-5 

The abov equation hows that with . H g;r . t r than 4.61 the amount of lead 
sorbed by the soil incr ases and that below a pH of 4.61, it decreases. The ca ion 
exchang capacity of a soil is d pen ent up nth . m unt and ty e of day in th soil 
a.nd the amount of soil organic matter. d a orpti n is due ro precipitation of the 
carbonate, fixation n rgani mau _r, or sorprion by hydrous oxide:s of iron and maig­
n . ·um. Griffin nd himp (] 76} demonstrated that th sorption ,capacity of a.clay for 
lead at a pH of S.O was much. greater than at a pH of 4.0. 

Becaus of the high affmity of s.oil for l•ead, the metal tend t ccumulate in 
the upper few centimeters • f ii. In a study of heavy metal moE:>ility in soils nea 
a zinc smelter:, le d wa 6 und to b concentrated in the upper 10 m of the soil 
( cokart et al. J 983). This 'Ii as due m the exttemely low mobility <t)f ead in oil. The 
r a:son hat urban soils hav such high lead levels is twofold. Firs, there r more 
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sources , f lead. ut m re imp rtant is the fact that the lead in the soil is .so immobil 
that it continue to umuJ t . In a tudy of tr c m tal in virgin agricultural soil 
profiJes in Canada, Wright and oth rs (1955) found Le _d t , be m c ncentrated in 
the upp r par of (he soil profiL . Th lead was assumed m com fr m th weath ring 
pr cess nd wa ,concentrated in the zon where Jeaching was the mo pr"valent. Tili 
is further vid nc r the very low mobility of lead in the environm nt. 

h r is on p t ntial pathwa for ead migration. If lead is sorb d onto c Uoi­
dal-sized metal hydroxid s, and the hydr xide m ves thr ugh an .aquifi r s a olloid J 
particle, then th le , would also mo . This would sh w up l d in t t l met ls 

nalys· , , hkh is run on an unftltered sample. The colloida] partid s, which ma 
impart rurbidiry t rh mp] , would be d igested and any sorb d lead lib rat -·-· in th. 
anal · . CoU id l- ized lead partic es could a~so migrate w.ith gmundwat ran 
det,ect d with th to a1 le d an ly i . 

6,.8 .15 Rare Earth El men ts 
Rare arth el m nts (REE ) ar in a ingly important malerial.s for modern t h ­

nologies and can be found in gmun wat r. A though REE n ntrati n in groundwa­
t,er can be o , the are u d in in est' gations as tracers to indicate water m • m nt nd 
sourc , and imp rtantl have iat d r dioa:.ctive pollutants ·n REE minin., w t . 
Ther are 17 REE but the name ' rare" is misl ading as som (e.g. , erium) can be 
relatively abundant in ,he arth ' u t. REE mining activity is rapi ly ex anding 
are the economic uses of RE . F r ex mp]e REEs are used in cellular phones, lapto 
c mputer hard drives, automobile air ags and AB brake , medical m gnetic re onance 
imaging (MRI), hybrid car batteries, wind rurbin g nerators, plasma ol r tele ii ns, 
sat llite ,components, and c mmunicati ns equipment, to nam a few a pli ti n . 
RE s have been shown to · _ us ful in tra king nd tracing groundwater (Johann ssonn 
et al. ]997; Kreamer e at 1996· J hanne nn 200 ). and ra ioactive elements of ura­
nium and thorium are commonly found ·n [urr t Uing from REE mining. 

■ 6 .. 9 Radioactive Isotopes 

6.9.1 Introduction 
ert in isotopes o • elements under o sp ntaneous decay, resulting in the r,elease 

• n rgy and en -rgctic particles and consequ nt fi rma ·. n f different isotopes. Some 
of hes radioactive isotopes are naturall occurring nd olh rs are created by the bom­
bardm nt of he Earth by cosmic radiation. Humans have ere ,t, d nuclear jsotopes 
thmugh th d tonati n f nuclear weapons a.nd the construction of nuclear re,act, •r . 
TabJe 6.6 lists the source o ,environmentally important isotopes. 

Radionuclid mit ionizing radiation- alph par id , be particles~ and gamma 
ra . hen th y deca .. An alpha particle: is a helium nu l u with . t mi mass 4 and 
atomic numb r 2. b ta particle is either a. negattv ele tron or a p itr n (p iti e 
l ct:ron)'. Gamm , radi ti n consists of lectromagn tic radiation similar t -ray but 

more energ ti,c (i.e. -it ha a h rt r wave length). Gamma radiation is mor de tructiv 
o tissue than X-rays .. Th primary ect f the e particles i to produc ions1 hence 
he name ionizing radialioo. Mpha parti, I s do not pen ,ttat, v cy far into matter du 
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TABLE 6.6 Souirc,es of env·ronmentalJy important radioactive isotopes. 

Source 
Nalurally occurring 
Co mic frradic'lion 
Nudecir weapons it~ 
Mining waste-uranium, phosphote,. coal 
lnduslrial was es- .9., oucleor power 

plants., weapons ma11111focJu rin9, 
re&earch and medic:ol W051 

Rodio.nucfides 
"'°K 1 '1lRn, ):l'4Ra, 2J0,132lh, 2 • n,u 
3H,, 7Be, I ◄c, ' Na 
l H, 90Sr, i»cs, 2J9,J..iop-u 

222Rn 226Ro1, 2!0,23:lfh,, ZlS ,:au 
59·63Ni, ~o. l!Osr, 9l,99zr, Wfc, 107Pd, 
,291, IJ7Cs, ''"Ce, J51 Sm, t52.1s•iEu, 
2J7 p, 2l9J,(0,2.t 2pU, l ,U ,24.JAm 

Source: G. W. Ge • D. Roi, and R. J. Seme. 1983. Mobility of radjonudides in sor In 0. W. Nelson et al (ed.) Chr::mica, 
Mobility and ReactMty in Soil System~ 203. (M d ~n, WI: Soil Science Society of Amer'ca Spec; Pu bl. 11, 1,983). 

to rh ir ] rg cze, but th y pr• due a I t of ions along their short path. Bet particles 
pen, tra~e to a gr, ate:r pth but pm iuce few r ions per unit path e:ngth. 

Radionuclide concentrations can be re[Ported in terms of their mass per volume 
conce.ntration (e.g., milligrams per liter). Ho ever, tbey are more frequently reported 
in terms o a standa:rd unit of radioactivity, the curie (Ci). A curie is 3. 7 x I 010 disin­
tegrations per cond. hi water we use the picomrie (pCi), which is 1 x rn-12 Ci, or 
3. 7 x 10-2 di in·ttegra i n per ,ec nd. In the S y tem he unit of radioactivity is the 
b cquerel ( q)1 hich is ldisint,egrarion p r second. 

Radiation. doses are measured in tenns of :rads, which ar,e a measlJl'i of th absorp­
tion by the body of ionizing radiation of any type. A rad fa equi'Vilfent to 100 ergs of 

n rg from i nizing radiation ab o,r - d p r gram, f oft ti sue. In he SI -ystem th 
unit of dose is a gray (Gy), ~ hich i equal to 100 rads. 

The ,effect of ionizing radiation depend up n the type of parti:de and the body ti ~ 
sue with which it interacts. Therefore. the abso1ure measur,ement of dose must b con­
verted to a dose equivalent. The un.i:t of dose equivalent is the r m. Rads are converted 
to rems by multiplying by a factor that depends upon the type of ionizing radiation 
and its biological effect. or ,example, with gamma rad'ation the factor is land a rad i 
equaJ to a. rem. In _he SI system the unit of dose equi aJent is the eivert (Sv), and it is 
equaJ t a gm times the do e fact r. A eivert is 100 rem. 

,6.9.2 Adsorption of Cationic Radionuclides 
Th cationic radionudides may be su ~ecr,ed to ion e cbang and other pr ce se 

hat sorb the radionuclide onto mineral or organic surfaces in the soil. The following 
transition metals and lanthanides have large distribution coeffici nts and hence low 
mobilities in waters that are in the neutral range: wco. ~ i, i, ~zn, 9lzr, 101Pd, 110Ag, 
11~ce, 147Pm, 151Sm, 152Eu, and 154 u. Many of them do no d rb ignificant y. Th 
degree f orpti n i tr · ngly related t the pH f th oluti,on. Insoluble metal hydrox­
ides may also be formed. 'i::echnetium (Tc) · olulflit I depends strongly up n the Eh of 
ch lu · n, b cau under o idizing c nditions it forms th soluble p r echnetate ion 
(Ti O ) (Gee, Rai, and rn 1983). 

r, 1 'C I nd 226.Ra undergo ation CJ!!chang jn a fashion similar to other 
xcbangeable cations, such as Ca2_, and Mg2+. Thoriun and lead also hav,e high distri­

bution coe·fficie·[ ts and limited m bility in neutral r alkaHn soil . Lead is sorbed on 
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hydrous oxides of iron, aluminum, and most likely manganese. Thorium hydmcxides 
are of ery limited lubility (Gee, Rat, and eme 198 ). 

6.'93 Uranium 
Uranium occurs primarily as mu with mu being much more rare. One of he disin-

tegra · on p ducts of · s 22tiRa. Thi de-cay eries end with 206-Pb, a table isotope. · 
can also d grad . to ~ U. The UtU 1mu ratio is u fuJ in tracking and dating groundwater 
(see haprer 8). · . has a very long half:.lilfe 4. 5 x 109 years which indicates that it is not 
very radioactive... The mu isotope c:an decay to form 223Ra. 

The cbem.istr of dissolved uranium.~ somewhat complex ~Giridher and Langmuir 
I. 99 l; Langmuir 1978). It has th1-ee al,ence state , +4, + . and + . Uranium can 
und rgo oxidation~reduction reactions such as oxidation from the+ · ro the +6 s-rate: 

U 4 +2H 2O~ UO/ 4H 2e -

In a system with just uc-anlum and water. stable species include (1) +4 valenC<e: U,i.. 
· UOH " , and (2) + alence: UOt ·UO1H +· (U02MOH)5 + and (U02),(0H)7- . The 
stability fi Ids for this ions and p.recipitates are shown in igure 6.14 for an aqueous 
solution with a total uranium activity of 10-b mol/L The U(6+) species has a tendency 
to from a complexes with a wide variety of inorganic anions, including carbonate, 
h.ydroxide:, phosphate fluoride, and sulfa.t,e. This can be iJlustrated with an Eh-pH dia­
gram of the same 10-6 mol/L olution f U but in contact with carbon dioxilde at a 
partial pr ssure of 10-2 atm. Thi i repre ented by FiguJie 6.1:5. In Figure 6.14 the 
U02 • formed as ries of complexes with OH , starting with U020H"', ta. pH abo e 
about 5.2 . With carbon present1 as in Figure 6.15, UO/ .. can Form a series of carbonate 
complexes tl a.t replace the hydroxyl ,complexes. 

The oiuble complexe of oxidized uranium depend upon the pH of the water. 
Most natural water contains fluoride, phosphorus, carbon dioxide and sulfur. Figure 
6 .16 h w the distribution f uranyl complexe fl r a groundwater under standard 
conditions with P coz = W z 5 armt F- = 0 3 mg/ L, CL = 10 mg/L o/ - = 100 mg/L 
and P04- = O. lmg/L. In different pH ranges the most pre aJent stable sped. _ s includ 

UO/t, UO~(HPO)/ , U02(CO)/ , and U01(C0} 1 • 

If reduced species of iron or sulfur a.re · resent, they cou[d reduce U(6+) to U(4+) 
and precipitate die nearly insoluble mineral uranite, UO~ This ·reduction could occur 

o id ,tion of HS- to so,.:i:-: 

4U02 003 )/- +H - +1SH +~4U0 2{s) S0 42- l2C0 2 (g), 8H 20 

he ame redu,ctfon c uld be accompli hed by oxidation of ferrous iron to ferric 
hydro,xide: 

Be ause sulfur and ir n re comm n in groundw ter systems, under reducing 
c nditi ns one could expec the formation of ur, inite, which wou.l remove ur: nium 
from so1urion. Figures 6.14 and 6.15 show the stability fie]d for uranite {U02) . In the 
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h s av ry low solubilit . Th primary h rium OJie is monazit , which contains oxid 
.f thorium, phosph rus, and th rar e rLhs yttrium la.nth _ num, and c -rium. 

The mobility of thorium is gr atly nhanced if ligands a.re pr, s nt m form om­
p xes. igur, 6.20 shows the inorganic thorium comple: ,es tha orm as func­
tion of the pH of th solution. h solution contains 0. mg/ F-, 10 rng/L CJ-, 
100 mg/L SO 2 and 0.lmg/ PO/ . It c n een fr m thi figure hat h mo r 
bund ,nt que us specie in order of incre .sing pH a.re Th(S0-1)/,ThF/· Tb(HP0)2 , 

Th(HP'O4),/ nd Th(O i)/ How v r, lh mobility o thorium com lexes formed b 
orgaaj l.ig nds such as EDTA . nd dtrk dd ar much greater than thos ' formed by 
inorg nic ligands (Langmuir and H rman 980),. 

Ad orp ion f diss lved th rium incre se with increasing pH ab ve pH 2. Th · rp­
tion of thorium nto clays, oxides and soil rganic matter is ne rly total by a pH of , .5. 
· tr ng[y c mplex:ing r-gani h nd uch as DTA an retard rpti ,nor e n pr mo,re 
d orpti ,n angmuir and H rman 1980). Thorium in natural waters and soil should 
b nearly immobil- du to th low so]u ility of th, min ~als and th strong tendency for 
dissolved forms to be sorbed only by days, mineral oxides, nd soil organic matter, 

6 .. 9'.5 Radi1un 
Radium oc urs naturally in four is•otop s: 2.?JRa. 226Ra and 228Ra.12Tb decays into 

both a and :u~R. , , here s i,151.1· d, c!liys to a and lll(J disint,egrat -s to i:ffn. 1 which 
in tum decays to 226Ra. One is.otope1 126Ra, has a much longer half-life· than any ,of th 
others, 1599 years. Because of their short half-Lives, the radium isotope are str ngly 
radioactive (Hem 1985). 

Kn vledg or the aqueou chemi try of radium is summ rized in IAEA (2014). U 
j rep rt- d1y similar-in ch mkal beha ior to barium ,(Hem 198 ) and caJdum (Kathr n 
1984). It is mor, solubfo than uranium or thorium and can be bioconcent-rated by 
plants (BrazH nuts ha e an esp _cially high radium content). Radium can be strongly 
xchanged in th ca.tion exchange series. According to Kathren (1984)1 the cation 
xchang sequence for soils is 

Sr2• < Ra2• < ea2 < Mg 2 < Cs1 < Rb2· < K· <NH◄·< Na1 < Li+ 

lURa has a much shorter half-life, (5 .8 yr) than ™Ra. However, its parent, 2.1 b 
is mor-e abundant in nature than 23 U, the parent of 221,Ra. As -~ re u lt, otb iso pes 
are found in groundwater. The U.S. EPA has p,roposed MC· f 20 pC.i/L for b th 
22.iRa and 228Ra {Federal Register, July 18, 1'991). Wells with high radium ],e · eJ in 
groundwater hav been discovered o be concentrated in two areas of the United 
State : the Pi d m nt and c-oa r l plain of the Midd]e At]antic state and the upper 
, orthwestern states of Minneso:t , I ,, a. Illinoi~, Mi uri; and Wi c n ·n (Hes t al. 
1'985). Table 6.7 summarize the di tributi n of 226R nd mRa in the Atlantic stal 
plain and Piedm nt region_ 

The racLium content of groundwater is a fun tion of th rock t pe of tb aquifer. 
lgnoou r c , uchasgran'te, containthehighe pr portionofuraniumandthorium1 

the parent j~orope f radium. Granitic ro k aquifers and sands and sandsmnes. derived 
from thew tberin o ranite-S have th p tentialto bav hi h radium. Phosphate rock 
i al o very high in ur nium. Ra ium i not only a prob]em th .r is natur, Uy o urring,1 
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oaf ·to a!I dissotv d uranium ;:,0.20 ·µg/L fo , the per"od 19,88, ro 993. 

Source: W. . Sid and P. Y, Lee. 1996. Uran um con miination in the Grea Miami Aquif; ,r a:t th em 
nvironm n: al M nag m nt P:ro,Je<: F rnald Ohio. Groundwater 4:876-882. Used with p n ission. 

t hie 6.7 Distribution ,of 226Ra and 22BRa by aquifer type in the At an k coastal plain nd 
Pied mo t province . 
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wa " He.aJth Phyiic:s 48 ( 1985) :553..,86. 
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FIGURE 6 .18 Langi udinal profile oftota I dissolved uranium along lline A - A' from Figure 6.17. 

- - - - - - - - - - _ 'Q. - - - - - - - - I - - - - - - -

() 

Sou Jee: W. C. Sidi and P. Y. L,ee. 1996. Uranium oontam i nation ·n the Great Miami Aquif rat he Ferna Id 
Environmental Management Project, F maid 01-,0. Groundwarer 34:876-882, IJsed with permission. 

Figur 6.19 Measured and c.alculated redox potent1ial for the UO/'/IJ"· pair plott,ed on the U ~ O " 
stabl lity field. 
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Source; W. C. Sid le and P. Y. Lee. 1996. Ur nium contam I nation in th Gr at Miami Aquifer auhe Fern a Id 
Environmental Managemen Project, Fem aid Ohlo. Groundwarer34:816-8Sl. Used with permission. 
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Figurre 6.20 Distribution of tho1riu m com pl exes as a function ,of pH under standard con dit.ions for an 
aqueouss,olution containing 0.3 mg/l f , 10 mg/L Cl , 100 mg/L so,t, and 0.1 mgr/L PO.,t. 

Th .I.PO ·)~ 

pH 

0. ppm 
r cr m ppm 
I:P04 0.1 ppm 

. 0 4 100 ·ppm 

10 

Source: 0. Llngmuir and J. S. H rm n. 1980. The mobility of thorium in natura I waters at low temperatures. 
Geodlemlca et Cosmochim1co Acta 44: 1753-1766. Used with pevmi ssio n. 

but there are ]ocalized areas o radium contamination from indu trial operations. These 
are a ocia.ted with uranium mill tailings as weU f; cili ties her: r , iol umine •C nt 
p._ ints were prepared and used. Fo,r exampler from World War up until 1968 wrist 
watches with radium dials that glo'rl in the dark w,er sold in the United tatcs. 

6.9.6, Radon 
Ther,e are several isotopes of radon, but m Rn i the onl:y one that j imp rtant e·1wi­

mnmentaUy. The other isotop have haJf~live of 1 · th n 1 min. Th half-U o mRn 
i .8 day . 22.lRn, i pr, du e, by lhe de ay of u Ra.1 so th t it is asso iat d with rocks that 
ar, high in uranium. Radon can b associat d wjth water that is low in dissolved 2111Ra. 
b cau it comes primarily from the deca of die radium in the rock Ra on is a noble 
gas and does not unde·rgo any hemi:c ,l 11eactions, nor is it sorbed ont mineral matter. 
Radon is l s from w t r by dilfu ion into th atmo phere a.nd b radi,oacti e decay 
throu. ha , ·es o -~hort-Hved daughter products ro :uOf>b, which has a half-life o · 21.8 yr. 

The PA his proposed an MCL standard of 300 pCi/L for radon in drinking 
wate·r ,(Federa Register, November .2, 999). Howev,er, there is also a health concern for 
exoe 'v. radon accumulation in homes. Radon can en11er home through manations 
from the soil as well as by diffusion fr m tap water with a high .radon nt, nt . 

Owners of pri ate water systems ar most at risk from radon in drinking water. 
Public water-supply s;ysrems normal[ have storage facilities to supp]y water during 
fires. The residence ime for the water in th se facilitie aJJows tlle · don to both diffu e 
and d a . Pri t , r r t ms r ly upon w lls and u u all only hav a ry small 
storage facility us d to maintain pressur . 
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Site Cl1aracterization-,Groundwater 
and Soil M:onitori11g 

i■ .S. t I ntroducnon 
hara terizat" n • fa pot ntiaU c nt m inat, d i invol es fi l _ nd labo rory 

anal i f subsurf.. · erties v ith a : · al f buildin onceptmtl model on.-
urc • str n th and configurn.rion , and ollu a· em nt and mm - a-

tion -. 1e and s , e. Thi • in turn · o ti . ni o in. · tra t . - nd 
d - lo antageous and c · ,el] -cti lution . 

· p , .o harac · ·, n . ith · en ' fyin th oaJ ha act r-
an -. . · · · · als can wid J Site cha rization 

e · · t rail goali is to, · rtie . onsj'b] 
ti .□ , v · · · ubli h al · · f · inin 

· t ground at r cosysrem. _ urther, a er ritiz d 
a -d not just on are often link _d , 6 e · · · 'gbt be 

to mini · · equ iri n ,rough ( a:□d p rha p · · 
ord r to ti lly h m di · · - s . 
ants. Th · different sit chara • u.ding ph 

· a ppr an · •p ive m · - q i here 
· · i aho a d e te min tion often a 

_- is co an lysrs fo ential con aminan t ~ 
nd. fo a · n the fin o os ear[ u. 

It emphasiz d t . ch ite · · · i - d should n t 
.iz·, · ts a ' · · · w at h la , plate ap, · em• 

ingl sma.Uesr · ic · · t s alr. r sub~ 
su a,o fluid fl · , j _ · to be made 
and incon: - fo ec an-m .de 
features tha ct ·, d pip line 
trench s b . · ra .e] • n terial groundwater pumping, 

- ini · :ving; appHca the ground su onic nd 
. · assiv:e leaks all an · _ . . ut ,nt han - their dis ibuticm, 

threat. An · . g not o caution i that th da th t 
. ._ lwa e o the c mpiet h drog ologi :al · i rur 

450 
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or demonstrat - contaminant distributi n. Not ace unting for these unique properties 
at each site, or blindly assuming that sel cted monitoring data is bro _. ly r pr sent tive 
o · actua1 field conditions. can cost huge sums .in misspent money, useless monJc ring, 
in ffi rive remediati n, lost time, and misstated risks (Nielsen 2005). 

Th r r,e s me g n ra1 - rspectives and ov,eran guiding prindp] -s r ardin mon• 
i(;oring and sit_ h ra.cterization that ar h Jpful. They include the following: 
1 . Resources p . nt on proper and thorough sire charact ri.zati n typic lly av many 

times -heir inv,estment in reduced remedial costs. 

2. Incauti u monitorin installation and practices can make the origi.na1 n iron-
mental prob! m w by allowing cross-contamination and short-circuiting o 
contaminant mi r_ti n. 

3. It is standard ro hav _ w 11- , fin d goal for characterizati n and remediation 
before embarking on site activiti _ s. 

4. It is very helpful to calculate a good mass balance of contamin.ants art on, includ­
ing an srimat (or ran, of timates, in source mass, amount- retained in vados 
zone amount r achin th _ arer table, mas d.issohr·ng into water, ma volatilizi:ng 
into the gaseous ph & , amount sorbing onto soHs, mas transforming and/or chem­
ically or biologjca][y d gradfo and , ·ther ource and sinks of contaminan mas . 

5. Typically asse sment should begin with noninvasive methods (me hods th t don t 
apprcda ly di turb th ubsurface at a sit ·) in order to optim.ize subsequ nt inva~ 
sive m thods (such a m nitoring well ·nstaU.ation). 

6. Employing an "outside-in" a ppm ch where p" sible is advan ,ag ou to, 11educe 
equipment contamination or to pr v, nt contaminant spreading, ( .g.1 drilling 
monitoring weUs .first in areas susp ted of fow con amination athe.r than (1ho 
pots,'' r th pr ctic of sampling w Us deemed to be dean st · ith ]ow contami~ 

nation firs, t reduce th po · ibility o.f cmss contamination). 

7. Phased approach have b n fits in 11 wing adjustment in monitoring stratcgi s 
as more infom1ation is learn d. 

8. Consider earJy/interim Ji medial action as monitoring and monitoring plans ar 
progr s ing (b yond ·u t typicaJ emergency response actions w immedia,te tbr at:s) , 
Action which are· taken as monito,ring plans are being oompl ted an includ : p o­
vi ing earl sour is I t"on; p-lume containment, and extraction of nooaqueous 
phase l:iqu id ~o r d uc th ir r p n ity ~o• migra e·. 

Ther,e are a sel ct.ion of nonin asiv, or minimally invasiv t idmique - ailab!,e 
for initial roundwa.t :r surveys. at potentiall ,contaminated sit s and th pro dur 
are ofi en fo 1 " d by groundw ter and soil sampling. For groundwater sampling, tb 
mor invasi e· meth d of rnstallin,g monitoring wells and oolle ring groundw re 
samp~ s hav n d el ped with the· specific intention of obtaining a representativ, 
sampk of wat r from n a uifer 1(FUEP 2008; Hugh and Aarons .2014; Aller er al 
1'99·1; NUD C 2012; Arnold et al 2009). Thes,e mon·roring ell me,th ds minirniZ!e 
he potenti · for the introduction of con aminants inro the grou□d throu ·h tbe pro-

ces , instalUng a m n1mring well. WeUs and sampling devices can be constru ted f 
materials that hav a minimwn tendency to leach ma·erials in o and orb compounds 
from the rater sample. Groundwater samples ,can be ,collected in such a mann r that 
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d!isso[ved gases a:re not lost or exchanged with th tmospheric g s . oil sampl _ s can 
al o be collected for clas ific tion and ch mic [ anal is .. 

Various methods of oU cting samples of soil water arc Jso available. as are pro­
c dures for determining the location m nature of subsurfac c ntamination. S il gas 
sampling can b · done to jve an indication of area where vol tile organic compounds 
are contained in the soil or groundwater. Man oth r foren ·c ppr ,ache hdp with 
the determination of groundwa er and c . ntaminant travel tim s, source location and 
timing., c ntaminam '!:ran format:i ns nd pha hang s, geo ogical onnations and 
structures; and pmenria] risk 

Proper site cbara terization can transform unde taading and advance the deve]~ 
opment of efFective remediaJ str tegi . Au t Ii n guid no d fin the " ound ci­
e.:nce' associated with contammat -d sit:e haracteriz t'on and d velopment of robu t 
site conceptual m. dets. as ,- ing b . ed o " rgantzed ·nve dgati ns ,nd bservations 
condu red by qualified p r nn 1 usLng cfocum nted m thod and leading to verifiable 
r sults nd ondusions ' SW 2010). 

■ 8 .2 Noninvasive Measures 
At the beginning of a ,ite ,characteriz ti n pr gram, noninvasiv - re 

employed t un _ r ·and the site withou _ ive p rturbation f the ub urfac 
Although monitoring wel1 are usuaH an ess,enrial part of characterizin Toundwat r 
contamination th ir installation can trigger vertical migration of pollutants dep nd­
ing on the method of install.aition. A site characterization process typically begins with 
definition of objectives and a review of site specific and history; Records of facility 
operations and inventories are investigated, contaminant handling .Practices at the site 
are looked into, drains and drywells are located, surface features and drainage patterns 
are reviewed, buri.ed pip line a1 identifi d, pa t and present employee may be inter­
viewed, pertinent climatic data check -, existing local wells pinpointed aJlon with 
assodated groundwater quality data, and applicable law and r~gutations revi w d. As 
part of this process, facility records and manifi sts ar analyze . to und r tand th pos­
sible mass of contaminants handled historically at the sit,e. Agency and utility files, and 
regional g.eologic and h drog.eoJogic information ar evaluated.. An integr l part of 
these undertakings, is an initial site v ater balance and contaminant mass ba]ance. Most 

f the e undertakings at1e office related and not carried out dlrec y on-site. 
Air ph t interpr tation. surface ge phy ks, and quick soil and surface water sur­

v . and creening t hniqu are minimally inva ive field technique . S d gas surveys 
ar,_ parti uJarly useful for voJati .e ompounds, and ther-e are ther noninvasi nd 
informative practices useful in initial sit assessment. 

8.2.1 Interpretation of Aerial Photography and Ren1ote Sensing 
A review of sit urface f, atures, both present-day and historical, are easily accessi­

ble i h th advent of wid Jy available. -ir photo libraries, such as ational Aeronautics 
t nd p ,ce· Admini tration (NASA) World Wind and Googk artb. Many thin~ r­
rim nr m it ch racteriz tion c n be observed from v· 1 le ae.rial photography. This 
in lud s past and present site tructure , roads nd cce point , "ossible soil staining 
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or di colorati n, the pm imity of nearby creeks and streams, local wetlands and reser~ 
voirs and h w th e chan e with time, vegetative changes, u.rbaaization, local rosion, 
industrial surface impoundments, and evaporation ponds. In. t ct nically active terrain, 
faults an sometimes be identified by observaMe surface lneam nt . {F ul can be 
crucial ,o gr undwat r flow and contaminant mo m nt in fractured terrain). Becaus,e 

f the r pl-cement of film with digital unagery, the r cord of a rial phot raphy h 
m r h _ pr iously ·unrealized permanence. It should b not d th erial pho~ 

m raphy display ad gl'i , f .radial di tortion and 'Nithout cor.rec:tion m asurements 
of distance and wpogra.phy afe not accurate. en o, aer·al observatju,a ,cau pmvide: 
b t1 r p tial resolut-ion and geometric fidelity than man ground-ba d ppr aches. 

The electr magnetic spectrum beyond visible light an also b . uite helpful, a 
, rial photography provides broader spectral sensitivity than the human eye. peer ,l 

band r individu l wav,elengths can heip 'dentify many site activiti.es ... ,or e.xampl , 
near-infnu: d radiation (reflectance) can identify plant health, nd thermal infrared 
(emitted spectra) can show hear sources on. a property. Rad r sc nning can identify 
topographic expressions of subtle features lik fauJts and folds ften b tt than co.n-

ntional atellite images. These radar techniques indud ide-Loo in . Airb me 
Radar LAR) n d IDAR ,( a combination of the word I< light" and "r d r"), h t an 
identify ound uplift or ubsidenc,e, and define geomorphologic 6 amres. Th re ar,e 
also a.irborn g _ophy ical t · chnique that are noninvasive and heJp define th geo­
logicaW surroundmgs of a site. A1though traditionaU used for g ologic resource and 
mineral ,ssessment, aemmagnet:i:c, radfometric and gravity surv ys can add imp rant 
informa ion to Ln understanding of field geological influences on contaminant trav L 

8.2.2 The Us of urface Geophys,ical Techniques for Site 
Characterization 

Noninvasive surface geophysical t chniques ,can advance site characteriz ti n in 
man · ways, al hough som t chniques are expensive, and natural and human-m -,de 
urface eature an interfere with their efficacy. American Standard Testi1' Meth d ' 

A TM D6429·(20l l) I i a standard guide for selection of surface gem hysical meth-
ods and O hoeft i(J99.2), provide a G oph kal dvisor pert System o facilitat 
ilield decisions on appropriat geophy ica] m thods. 

Electromagneli Saney. (EM) On _ urface , e physical meth d i an elec romag­
netic unre that me · sures the magnetic susceptibility of earth materia1 nd their 
·variation. An electromagnetic (EM) induction sensor can detect subsurfac ele tric 1 
conductivity dissimitariti s, nd th refo,re i good for locating lateral. changes or dis­
•continuities in soil or ro , and fluid fill d fracture zones. These heterogeneiti s can 
b extremely important in su urfa nt min n mo-emen, particulady for non­
aqueous phase liquids (NAPLs). EM t chnrqu s an dir tly d, tect: buriaJ tr,enches or 
i ,containing drums or bulk wastes, electrically con · uctiv plum (pa:rtirularl u -

fW in coastal saltwater intrusi n and aline landfill plum -s), p1ume movement using 
time-series measurements and utility pip /cab[ ( hich may transport contaminants 
roough their trench backfill and/or int rfer with oth r eopb .sical techniques). 

Electrical conducriviry variation can also b an indi ator o PL presence. 
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Airbom.e lectroma~etic surve s can ex.plori lar:g swaths I nd , h lping to 
delineate factors directly pertinent to cont:aminant hydrogeofogy such ,s. farg .ulls 

paleocbannels and shear zones, with. appf1eciable gmun water and/ m day gouge, and 
dissimUaritie ·n the , ]ectri l c nduc i icy of ground - t r b dies. Helie p,ter tran­
sient electromagnetic survey (TEM) c o examine ub wf; ce prop rtie down m 200m 
depth., and ha: b en used to identi , ontaminated l ndfi I it , mo el poUucion and 
coastal hydrogeology, and optimize management of minjn tail.in facilities (Sil sr.ri 
,et al. 2009; Pellerin et al 2010; Kirk gard et al. 2011 ; Christensen and Halkja r 2014). 

Dired Curre.nt R'e-Sistivity ond Induced PtJlarizstion An· · ther eoph sical ti chniqu 
is a direct current resistivity surv,ey that emplo s a constant el, ctri a] source using 
clectrod-es placed in the ground. The a cenuation of voltage from between these ec­
trodes (electrical resistance) allows caJculatiml of depth to water tables or water•bear­
ing horizons, freshwate / alrwat r in erfaces., dep h to · drock, and tratigraph a: a 
si e. L:ik _ EM te,chniques direct current resistivity can i · en.tify electricaUy anomalous 
plum s and buriai ites for bulk wastes and drums. Fencelin . pipelines. and other 
surface interferences can alter DC resistivity resu1ts. A related t chnique is induced 
polarization which mea.swes the transient electrical :response. This technique has been 
applied m locating sub urfac NAPLs a:nd tracking active or pa ive r mediati.on, par­
ticul rl for urfac.ants that might inje ted for iJ flushing cle _nup (Per onna er 
aL 20 I ; M aigill 2009). 

Time D,0111ait1 Rejlectometry Time Domain Reflectometr o,r TDR measures the 
re:lat"on hip etween the v I city tha an electromagnet'c wave m - e through and 
betw en m ta1 r d which a.re push d into the gruund, and the dielectric constant of 
th soil thr u h whi h th , av propagates. This method has been used to estimate soim 
wat r ,cont at .or m n years, but many other applications for contaminated soil hav,e 
been d lop d . For exampl , O l hawa and Kumor r(2008) hav us,ed a soil's didectric 
p nnitti ity measured with TOR to measu the content of die l oil in soil. 

M ug.nd umelry Ma, nelometr measures nonuniformities in the earth's magnetic 
fi ]d typical 'y caus d by buried tanks and drum.s made of ferrous material (iron and 
steel) and und rgr, und pip Jin sand uriliti s. Becaus m n industrial sites bav,e the 
pot ncia[ to contain leaking tanks or pip s, tbes surve can help loca cproblemarea.s. 
Even in the absence of leaking tanks and pipe backfiJ l!!rrounding und rgr und 
tan.ks and pipes can be a conduit for some fu ure pollutant flo and can be id nti d a.s 
a potential preferred pathway for fluid mlgrati, n . Al , lo acing buri utility features 
is criti J step before driUin,g monitoring boreholes. 

ei mi Surveys Reflective and refractive seismic echruques require an en rgy 
sotuc such a a ome striking the ground which generat,e low amplirod w. v, 
th.rough the earth to urfac g opbones that :r:ecord the arri a1 of thes wa • s. Th _ 
time delay •Of wave arriv pr vide inform tion that can help ca1cuJate subsurface stra­
tigraphy, d , th t b th war r tab] and b drock1 ph sicall and ,elastic propertie of 
S\Jbsu face formati ns,. and 1 t al ·· il/rock disconrinuities:_ Because pollution sourc-es 
can either be poole · up abo or deflected by, subsurfac layers, their identification .is 
"mportant in dev,eloping an accurate sit conceptual: model. 
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Ground Pe11etrati11g Radar (GPR) Ground penetrating radar (GPR) in optimal 
circumstances also can identify depth to water table and bedrock, stratigraphy, metallic 
and nonmetalic buried objects, and underground tunnels and cavities. It has limitations 
in clayey soils because of a lack of radar penetration. 

8.2.3 Rapid Noninvasive Field Surveys and Screening 
If a thousand soil samples are sent to the laboratory for contaminant analysis, and 

only one comes back as registering detectable concentration, time and money has been 
wasted in site characterization. There are rapid field methods for determining the extent 
of soil, water, and major weU contamination that can help focus and direct characteriza­
tion efforts and save resources. For example, surface water sampling and analysis surveys 
are normally simple and quick because of easy access, and are often a first measure taken 
at a site suspected of contamination. Certain surface waters, such as springs, gaining 
reaches of streams, and wetlands, often directly reflect changes in adjacent groundwater. 

Unaided Methods Some survey methods are unaided, such as when soil staining 
is directly visible, or inferred from directly observable problems like noxious odors, 
stressed or dead vegetation, and impaired or dead animals. Test pits, holes for building 
footings, and trenches can be an easy way to observe large cross-sections of the shallow 
subsurface. Pits, holes, and trenches are often available at urban and industrial sites 
where buildings are being put in, old underground tanks are being exhumed, or under­
ground pipelines and utilities are being established. These open holes and trenches can 
provide opportunities for visible identification of contamination because of large con­
tinuous exposure of the subsurface. Direct sampling of soil and any ponded water is 
simple with a limited risk of vertical contaminant migration. Test pits and trenches can 
delineate sha llow stratigraphy, waste disposal areas, grossly contaminated sites, bur­
ied pipelines and underground storage tanks. Importantly, some of these site features 
potentially contain health hazards (e.g., t0xic gases or potential trench wall coUapsc), 
and safery measures need to always be considered in these investigations. 

Colorimetric Scree11i11g Tecl,11iq11es Classes of contaminants, like NAPLs, can be 
inexpensively and immediately detected by direct visual sightings in soil and water, 
but can be difficult when a NAPL or another pollutant of interest is clear or colorless, 
at low saturation, or distributed heterogeneously. NAPLs which cannot be visually 
detected can be quickly discovered by a number of other simple techniques. Many 
NAPLs like crude oil, coal tar, creosote, and other petroleum products naturally fluo­
resce when exposed to ultraviolet (UV) light. The inexpensive methodology of putting 
a soil sample in a transparent plastic bag and placing it under a "black" (UV) light is 
a cost effective way t0 screen soils for many sorts of NAPL contamination. Also for 
NAPLs there are hydrophobic dyes which, when put in transparent containers with 
soils and shaken, give indicator colors in the presence of NAPLs. ln water, hydro­
phobic filters or hydrophobic materials can be used to detect NAPL, or centrifugation 
can more clearly separate a nonaqueous phase from water. A syringe needle can also 
be used to extract suspected globules in a surface water or groundwater sample, and 
the globule can be placed in a water column 10 observe whether it mixes, sinks, or 
floats. [n wells, NAPL presence can be observed in a number of ways. A simple quick 
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Th boring· · h n unse ,led; the vapor monitor is removed and sealed in a contain r for 
shipping to th .I b, wher it i anal zed (Kem ot and Me er 1986; SW 2010). 

Soil gas monitoring to find groundwater contamination plumes works be. t in areas 
wb r tb vadosc zone is com.pris, d of ry, coars ~grain d soil . Th . d p, h t w ter 
canno bet o deep. but a.t least 4.6 m 05 ft) is preferab~e. lf the wat table is to hal­
low, th concentration gr, djents are ve:rysteep and a slight i 1 erenc in · eptb o m . ~ 

Wi m nr m ,y gi e gr at ifference in measured values (Marrin 1988). It is not possib~ 
o find an ex, , t arr, J, ti n between the oil gas concentration and contaminant con­

centration itn th under]yin gr undwater. At best an order-of-magnitude correlation 
is possible (Thompson and Marrin 1987). Soil gas measu:remen s are affi cted n t ol· 
b the il ga but al by the sampling t,echnique and the soil-air ermeabiHry. A t r 
rainfall, soil por,es ma be physi,caUy occluded by infiltrating rain ater and amplin 
ma im i ill , , arrticuJarl in finer soils. If there are severa~ ol tile organic com­
poun. sin th groundw tert th y will pani 'on into the vadose zone according to their 
individual H ary's J w constant (Chapter 3). The org ,nic c mp u.nd with th great­
est concentration in th soil gas may b rh. compound ith the great t H my' l w 
c nstant and not th one wjth the greatest concentration in th groundwat r. AJthou, h 
car must · taken when interpI1eting the resu]ts of a soil ,· as surve , th s urv ys ar 
va]uabl re ning techniques and have significant qualitative value. 

amp! . indoor ir in buildings ar,e im.portan in identifying risks from explosiv 
or mxic vapors but t som site they al o show a gen.era! correlation between intru­
siv - indoor ir vapor cone -atrarion s and underlying groundw ter vo! tile rganic com• 
pound (VOC) plumes. These indoor air ,ooncent:rations can vary gr,eatly , as naUy r 
with varying barometric pre sure, but still can provide useful information which mirrors 
ground ater concentr-ations. Indoor air sampling uses a vacuum-fi.Ued ampu]e in. hich 

val i ~ re] ed and air is dt 1:wn. in. Valve release can either be rapid for a singJ -time 
sample, or c ,n hav a Jow timed re]ease that collect an integrated sampJe with time·. 

8.3.3 Soil Wate1· Sa1npling-l11troduction 
Co,ntaminadon moving from the surface toward the wat r table pass s throu h 

th ado e zone. Monitoring of oil-water quallity in th vadose zone en -alb baz­
,ardous-wast ]and-treatment y t ms is requir, d under Subtitle C of the Resource 
Cons rvation and Recovery Act in the United State.s. State may al r, qu·re ados -
zone monitoring beneath other types of h azardous•waste facilities. 

n order co determine the chemical composi ion and qualit of soil moistu11 . in h 
vadose zone, a sample must be collected. Because th soil water in the vad s zon is 
und r t nsion, it cannot flow into a well '11.lDder gravity the way that ground.,; at r nows 
into a w L Soil wat r must be collected wi:th a uction lysimeter (Wilson 1990). 

8.3.4 Suction Lysimet,ers 
A suction lysimeter is a porous ,cup located on the nd of hoUo m . Tb tub 

can be PVC or evens ainless steel. The porous cup can be· ceramic, nylon, PFT , or 
futted tainle tee]. Tubing conne ts the uction lysimeter with the surfac . 

A suction is applied to rh h U tu e and h ld for a p -riod of time. ff the suction 
is greater ,(more negati e) than. th_ soil moi tur t nsi n in th , il, a p tentia] gradient 
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wiU dev,elop from the soil to hep ,rou cup. oU~ at v rill .flow into the porous cup, 
from which ·1 can then b dire ted hr, ugh th tubing m the surface for collection. Th 
fl w ,of soil moisrure can b slow, and it may nece sary to hold the acuum , er~ 
night to supply a sufficient volum . 

A vacuum lysimet r simp]y has a por us ti n the end fa h 11 w tu.b with a 
stopp r that ,extends to fhe surface. The vacuum is applied to th l im ter b means of 
a hand ... vacuum pump attached to .a :small tub that reads dO\m. ro the porous ti and 

sample i drawn t th surfa e wh n vacuum is appli d (Figure 8J.). The p,ractical 
d pth of tbi type of sampl r is about 1. m (6 fi due to the awkwardne sand co f 
instal1in ]ong rubes (Wilson 19 0),. 

A pressure-vacuum lysim,eter has a h ll w tube tha is about .08 cm ,(2 in.) in djam-
ter and 0.3 m (I ft) long. Two tubes run from th ly ~m ter to the surface (Figu., 8.2). 

One of the tubes, the di: cbarg line, ext nd to th bottom of th lysime er and the other 
tube, the pressur ~v .cuum lin , nd nAtr th top. A vacuum is applied to the pressure 
vacuum line with a. acuum pump while the disd1arge line i sbu off with a pinch 
clamp. The pressure•vacuum line is then sealed with a ·n b clamp and the [ysim ter i 
allowed to sit ovcm.ig,ht so hat th mpl can b drawn into th . cup. Th pinch lamps 
are then removed. A band- re ure ump i then ttached to the pre_sure vacuum lin , 
and when pressure is pplie ', th wat .r i for • up th discharge line to the surface. (A 
single pressure~vacuum hand pump _ an b used for lhis operation.) The maximum prac• 
tical operational d, th for the pressure vacuum pump ·, about 15 m ( 0 ft). A depth 

HGURE&.11 Operration of a vacuum lysiimeter. 
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FIGURE 8.2 Operation of a pressure-vacuum lysimeter. 

grea.ter than thi , the pr ssure needed o ti rce th sample to the urface tends to dri · it 
back ut of the porou cup. This can. b avoided by using a [ysimeter with a check val e 
nd an internal reservoir ( igure 8. ). When the vacuum is applied the wate:r .is drawn 

into th res rvoir. When the pressure is then applied, the check valve prevents backflow 
into the porous cup and the sample must go, to he surface. 

8.3.5 lnsta11ation of Suction Lysimeters 
n order for su ion ]ysimct rs to work properly, hey must be carefully installed 

(Wilson 1991). Prior to use, new porous erami cup houl be leached with a 
10% hydrochloric acid luti n for 24 hours to remove dust from manufacturing. 
Th y hould th n be tb rou hly rinsed by passing distilled at r thmugh them. The 
lysim t r is th _n r ssure · est d be ore being instaJled submerging it in water and 
app.[ying a pressure of 207 kpa (30 lb/in. - to test for lea.ks. o lea houl appear ait 
any fittings, nd air should bubble ev nl tbr ugh tbe p r-0us cup. 

The suction lysimcter is installed in an augered hole that has a greater diam t r 
tba:n the h How rube. I the ucti n ly im ll r is placed at a hallow depth less than 
bout 3 m (10 ft) 1 th n h · ace hol,e . n rypi.raUy b mad by a hand auger. If it is 

grea er · han hat d prh. then a hollm -st _ m auger-drilling rig is ne.cded to aug.er a hole. 
Th porous tip must be weU beddc in slurry made of 200-mesh silica flour O•r 

nati v,e soil ·materia] hat ha ' en dried nd creened rem · V•e th . fraction [arger 
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FIGURE 8 .3 0,esign of a pressureavacuum lysimeter wi,th a sample chamber and a check valve. 

Oncturp 
I 

q ~ tmlllffl" 

chan coa:rs sand. Then! needs to be good h drau ic contact wi h h · p r u cup, the 
b dding material, and the native soil. Prior m installation th . p mus tip should be well 
hydrated by ~o king in di tilled water. 

If a hoHow~stem auger i being used, the aug hould first be ulled back about 
0,61 m (2 ft) to expose the nati e oil. A slurry mad fro.m ilica flour and distilled 
water 0.45 kg (I lb) of 200amesh silica flour nd 150 mL of d. tilled water) is put 
int the hole with a tremmie pi to fill th hoJ with aboUL 15.2 cm (6 in.) of slurry. 

he suction lysimeter is then lowered into the b le· and centered. The tremmie pipe is 
then used carefully to . lace the slurry around th ly im ter up to an , ],. vation . f ab ut 
0.3 m (1 ft) above the top of the 1 sim t r. Th uni should be he~d in place until the 

ater drains ·_ om he lurry. Th unjt is ' hen tested to see if it ill hold a. vacuum f 60 
Kpa (0.6 bars). L it doe , th ug r are pulled back another 0.9'1 m (3 ft); then about 
0.3 m (J ft) of si v d native oil and 0.61 m (2 ft) of bentonite granul.es a.re add d. 
The tremmie pipe is us d to add distille-d water to th bentonite to hydrate it. Finally, 
the augers are pull d nd the bor hoJ.e is, backfille . with native soils that a.re tamped 
d wn to ensure compaction. Since a lor of distiUed water was added t the soiJ during 
in tall aon, the lysimerer needs to be purged until , onsisr nt ware.. uaHty is btained. 

8.3. 16 Phyto-screening 
Phyto•screening is based on. rh ability , f plants to transioc ,te contaminants from 

their root zone to plant tissues abo~ ground. B cau th root zone of plant ca.n be 
r,elative] large and their capture ar,eas in the soil ill-defined, the method i ome h · t 
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qua lita tiv,e, but potentially u ful, parti u.IDarl in locales ith hallow groundwa er con­
tamination at .I rg sites. Trees ,can draw wat r from. groundwater, the capillary fringe 
and/or pore water :n the wdose zone, nd ther,_ for pbyto-screening can supp]m n 
and nh nee soil gas scr ning technique (Algr en et al. 2015a). Oft, n tree corin or 
plant ti ue harvesting is u ed as a collection and d tection m thod for determinin 
th. location of subsurface llutants. ring and use o . plant cissue:s has been used, 
with c rtain limtalions, to I cate -chlorinat d ol ens ( rob sky, Nietch, and Mom 
1999; Orchard t L 2000; Vmble cy tat 2004; r k et al. 2008; Larsen t al 2008; 
rmmer et al. 201 ID)- BTEX compound Algreen et al. 201Sb; Wilson t il. 2013), and 
h avy metals Stefanov et . 2012; Al reen et al. 2012· 20[4). 

■ 8 .. 4 lnvas.ive Methods. - Monitoring Well Design 
8.4.1 General Information 

Monitoring wells are install d for a number of difTI rent purpo es. During the instal• 
lation of a monito ing well, a soil boring may b made r rock-core samples may b 

ll cted to d termine he basic geology of the site. Prior ro the de ign of a well it is 
n ce sary m determine what its use wiU . Some purposes of mo,ni ori ng wells include: 
• e wing rbe elevati n of the wat - 't ble. 
• Measuring a pot n ti.om, t · c wa terle el within an aquifer, or ar s, tal depths in an 

aquifer. 
• Coll cling w ter sam les for chemical anaiys.is. 
• Coll cting sa.mp , f a nona.que u phase liquid that are !es dense than wa'ter. 
• Collecting sa:mp] s f , :nonaqueous. ha ,e liquid that are mor dens than water. 
• Testing the perm . ability of an a ui r r aquiclude at discrete depth . 
• Providing ac _ forge physical instruments. 
• Collectin,g a sampJ of soil gas. 

The use for which the well is intended will dictate the design. For exampl , if a weU is 
to be us_d for th c llection of waters mples, the casing must be farg enough to• aocom~ 
modate the ater~ ampling device. However, the diameter should not be much larger 
than the minimum size · ecau.se prior to h sampling fa well, stagnant w ter mu t be 
removed from th asing; the larger th di meter o the ca ing1 the greater the v lume of 
water that must b pumped and prop rty disposed. Som slightly mo11e exp nsi charac­
terization techniques can be well w rth it for und.e.rstanding a ite. For ex.amp] -, h.igh.~res­
olution multik.-vd wells can pmdu · e orders of magnitude mor:e data and under tanding 
than sing] sscreened wells. Figure 8.4 i a generalized schematic of a typka1 monitoring 
well. The foUowing factorS should be ,specified in ·the de ign of a monitoring U: 
• Typ of casing material. 
• Diameter of the ca ing. 
• If th re will be a ell crttn, multiple screens, or an . n borehole. 
• If there is an open borehol , bow deep the surfac asing shouM be et. Cross con-

nections betweens par . re aquife should b avoided. 
• Leng1 h f casing. 
• Depth o th well. 
• umbe oft ·rget sampiling depths and sere ned interv ls necessary in ,each well. 
• e ting and length of me well scr- en( s ). 
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• Diameter of well scr-een(s). 
• Type of material. for weU .sere n(s). 
• Slot opening ,of w U screen. 
• If an. ,artificial filter pack (gravel pack) is necessary: 
• G _ dation of tilt_r pa,ck ,(gravel pack} material 
• M thod of installation of weU and screen. 
• Material used to seal annular space between casing and borehole wall 
• Pro ective casing or wen vault. 

Monitoring n tw rk design is determined not only by intended well u s, but phys 
·cal fa t rs in th locale. Site specific influences of geograph , practical c-onsi era ·on 
of surface oonrut]ons, and subsurface variability de~ermine network monitoring design 
(Arnold t al. 2009). Geog;raph.ical face-ors indude natural and human-made topographic 
anomalies; ·natural and engineered :surface drainage mutes; areas f •. , tential re h rg 
and dis harg such. as wetlands; fact rs which influen e th vera11 w ter balan su _h 
as w ther and climati ria ility· and anthropo,genic fearur.es such as buildin!JSt pave­
men, and pipelines. The practicalities of site ace ssibility and compatibility of mon­
itorin wells with facility operations is often an iim orta:n factor in w U pla.c ment. 

ub urfa conditions also help dictate well network design. In general, more m rntoring 
well.s with closer intervals between wells, and multilevel sampling ability aJi required if 
there is complicated geology (e.g., di ,tructure , 1 • h fo[ds, dos l spaced 

Figun, 8.4 Typical monitoring well . 
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S.CREENEDINTER\IA.L 

~ourc:e: E. Hughes and G.Aarons. 2.o14. Wei, Delign and ConHruction for Monitoring Groundwcuer ,or Contaminated 
Sices,The Calirfornia Environmental Pro ctiol'I Ag ricy. 
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fracture faults, solution channels), heterogeneous conditions (e.g. variable hydraulic 
nduc tivi~ variabl litho]ogy) , steep or variabl hydraulic gradients, low dispersivity 

potential, h.igh Ro r vdodties, ,or if the aquifer is located near a recharge zone. Depths 
to at r able confining lay • , and bedrock sutfac-es are key :in decisions about screen 
intervals and drilling d pth Lastly the number and placement of weUs fren is based on 
prior application of nonfat asi e methods. These can include indirect methods (such as 
surface geophysics, soil gas where applicable, airborne remote sensing) or direct obser­
vation {such as ,existing wells soil borings, test pits1 and observation of l cal ou a ps). 

Common pr · !em with groundwat,er monitoring ystem include· ~n t nc wb re 
w u- are plac d byr gulatory mandate; wher,e there is incomplete sit data· h n ini­
tial jdeas on sil!e ,(and regiona]) eology, hyd.rogeology1 and water balance are not cor­
rect; and when incorrec as.sumptions are made n?gardingwaste constituent migration. 
Difficuttie also arise with improperly constructed wells, when they are not properly 
identified. or in cases when wells are not properly surveyed for 1 cat'on and elevation. 

8.4.2 Monitoring WeJI Casing 
AU monitoring wells have a casing whether the have a. screen or terminate in an 

open borehole in bedrock. The casing is a piece of solid pipe that leads from the ground 
surface to the well screen or open borehole and is intende to · eep oth soil and water 
from ,entering the . ell ther than through the creen or ope·n borehole. Casing also 
pre ,ents 11 ater from fl.o ing. from one aquifer horizon ro an other provided the annular 
space ou side the casing is property sealed. 

The di meter of the casin for a monitorin well is d termined by th use for which 
the monitoring well is planned. If the only purpose of the monitoring well is to measure 
water levels, then a 2.54, cm (1 in.) inside-diameter casing is all that is needed. An dectric 
p b to measure water level , r a . re ur transducer - ill fie in ide th 2.54 cm (l 'n.. 
casing. Figuli 8.5 sh ws an electric pro b ing l , ered int .08 cm (2 fo .) casing. 

I a 11 i to b used to , oll ct a . rou.ndwat r sampl th diam ter .f th n 
ne, d to b U: . h th t · and _rd w u. amplin equipm nt can fl in id . . h commo 
standard for well-sampling -qui m _ n is . nominal .0 cm (2 in.) diam_ ter. This can 
accommodat a wide variety of p mps that can withdraw water at rates of 0.03 to 0.1 
or 0.19 L/s (0.5 to 2 or 3 gal/min . Speciall d sign d borehole geophysical e uip• 
m o can also fit inside a 5.08 cm diameter casing. 

For m applicati ins, monitoring well m y be intended for everai function 
such as m asuring ater levels, coll cting water samples. pumping to remove con­
raminati d water and perhaps floating non queous phas liquid , and as a part , fa 
vapor-extraction system. The.se wells sometimes have diameters larg r :han 5.0 cm 
(2 in.) to accommoda.re pumping ,equipment with a, higher-flow capacity. Th tua] 
equipment to be used determines the casing diameter. 

Ca ing diameter can also b - influ need by the depth of the w ll. The deeper the well. 
th tronge ' the c -ing and r en mu t be to resist th lateral pr, sun: ait the final dtptb 
and th cru hin fi rce f the i hr of th length o ca ing. Larger diamet,er .casing can 

made with thicker w U: to have grea er uen.gt.h. It is ,easier to have a straight well 
Mith tfi nger ca in _ . traighr well are important in ccommod ting bailers and pumps. 

h outsid diam terof cas·ng i tan ard; h ever, them ide diameter i a func, 
tion of the wall thickness. Table 8.1 lists the wan thickness and insi e diam ter fo 
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FIGURE 8.5 Electric prob water levels in monitor ing wells. 

Photo credit: Jim Labre. 

TABLE8.1 Dimensions of inside and outside diameters of welli casings. 
·-

Sc edu' s xhedul 10 Sch ule 40 Scihftilulll 80 
Ovtside WGll Inside Wall Woll hid Wo.U . 

Diameter Thiclmes Diameter Thickneu ·Diameter Thie - -

2.375· 0065~ 2.2.45" 0.109" 2 157" 0 754• 2.067" 0 .218"' 1.93~ 
3.500" 0.083"' 3.33A"' 0.120" 3,260" 0.216" 3.068" 0.300- 2.900-
·.soo· 0083"" .4_334· 0.120" A 260" 0.237" 4.026" O.JJr J.e:u,· 

5,563" 0 109"" .5 .34Y 0.134"" 5 295" 0 .258" 5.047" 0 .375- .4 813"' 
662Y 0 109" 6 407" 0.134" 6.357" 0 .280" 6.065" 0. J2· 5.761 "' 

v ri u s hedu!e · or c sing. The sizes a1' Ii t, d in English urnts (inch s) . many 
asin s and creen wer pr uced for d ade in countries not et on he metric 

s st m. bl 8.2 Li r commendations or l i n o casing nd s re n material. 
H ier-schedule casin i tr nger because it h a thi ker \ all. The strength of a cas­
in al · , depends upon them. tenal from whi hit is construct d . A ch ult: 5 casing 
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TABLE ,8.2 Re ommenda;ti ons for se~ecf o ,- of cas.ing: and s,c een materi a I. 

2 

3 

4 

5 

6 

7 

8, 

9 

0 

11 

.z 

l3 

4 

DoN'otUse: 

c,eeds 225- 375 feet 

PV,C or ABS if w II d pth xceeds 
1200- 2000 eet (366- 61 o meters) 

SS if H <: 7.0 

SS ';f D.O.> 2 pm 

SS "f 12S > ppm 

SS ifTOS > 1000 p m 

SS if CO:z > SO ppm 

SS ff Cl' > 5,00 ppm 

PVC it a neat PV( solv n soft nin.g ag n 
is .presen or if · he aqueous e-oncentratio11 
ofthe PVC solvent/soften·ng gent e c ds 0.25 
times its so 'ubility i water 

Solvent-bondedjo'nts fo . PVC casings 

W:eld"ng stain ess joints 

Any PVC well casing that is not NSF-ASTM 
ppro,ved- D-1785 n F-480 

Any stain[ess steel casing ha is not ASTM 
•P rov,ed- A312 

Any ABS wel casing that is not ASTM appro1i·ed 

'Known PVC rolven, softening .ag nts include: 

IIJse: 

PVC, ASS, S:S 

ss 

PVC,AB5 or PTFE 

PVC, ABS or PTFE 

PVC,. ABS or 'PTF E 

PVC, ABS or PTFI: 

PVC, ABS o PTF E 

PVC, ABS o PTFE 

SS, PTFE 

Threaded PVC casings 

Threaded: SS casings 

NSF-ASTM approved PVC weH 
c sings- D 1785 and F 80 

ASTM ppmv d SS 304 and SS 31,6 
casi ngs-A312 

ASTM approved ABS •cas ings-F-480 

Te rohycto'furan,cyclohe ne, methyl ethyl k one, methyl isobutyl ketone.methylene c: hlorid trid,!orom hane. 
1, l-dichh:,ro -than , l , ,Flichloro -han • rid71oroethyl ne .. b nzen , to lu n , a,c.et:on ,and t trachlar,oethyl ne. 

A:BS Acrylo · tri'le btJtadie e styrene 

0 .0 . Dissolved oxygen 

ppm pi!rts p r mMlion 
PTFE Pollytetrafluoro~ hyJ -ne 

PVC Po lyvi II chloride 

SS St inless ~te~ 

TDS Total di.ssolv d solids 

Source: E. Hughe5. and G.Aaroris. 2014. Well Design and Construction for Monitoring Groundwarerat Contaminated 
Sites. The CaHfo nia nvi onment I Piro oction A e:ncy.) 

0 mgm f 
r. 

sings and scr n . Th s 
· · -. , d .· e of handling, nd cost . 

int n ,f · · ng ll fo le ting 
. - .· try of und . assod ted ontaminan ? 
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Will any compounds present in th _ groundwat r re ct wi h n of the p sible casing 
materials? How deep will thew Ube? What ar th strength r . uirem nts? Is thew ll 
intended for a short.term monitoring project or will it r main in s :rvice for many y,ea:rs? 

Well casings are· availa· le in a variety of m teriaJs: fluoropol m rs, sudll as PTF , 
or po ytetrafluoroethylene (Teflon i th brand nam of one manufacturer of PTFE), 
mHd steel ga]vanized steel, stainless sceel, polyvinyl chiorid , (PVC), acrylonitriJe buta­
diene styren (ABS) 1 fluorinated ethylene propyl n (FEP), fib rglas -r inf. reed ep xy 
(FRE), polypropylene, and fiberglass-r,einforc,ed plastic (FRP). Th id al asin.:Y mat ~ 

rial js ine pensive, strong,. not subjec:ed to degradation in the environm nt, and wiU 
not affect w ter-quality amples by ei .' er leaching ch micals into or sorbing them from 
the groundwater (Rann y and Parker 1997). Mild or g Iv nized tee! i · often u ed for 
water-supply wen casings but is not as __ •eque tly fc und in monimring wel ' because 
it may r act with the groundwater to leach metals , rom th casing (Ba.reel n al. 
1983). Polypropylene, FEP, and ABS are nor widely availabl . Mot monitoring -wells 
are mad of tainle steel o,r PVC, with PTFE being Less c-ommon. PV asin is th 
]. ast xp n ive. R ] rive ca.sing c ~ts for other materials, compared with PVC, M mild 
steel = L l. polypropylene = 2.1, type 304 stainle s teel = .'9, typ 316 t inle st ·1 
= 11. 2, and PTFE = 20. 7. Type 316 stainless :neeL j m re resi tant to corrosion than 
type 304 under reducing conditions (All r et al. 19-9 ). 

Stainless steel bas the gr,eatest strength, foUowed b mild ste _ . Both ar, al ore i t­
ant to he ,t, but they are heavier than the plastics and arc, therefore, more diffi uh to 
install Th l . er tr ngth of the plas ic · . c rnpen a ed for by using a fl.ea · ier-sched­
ule c~sing than nee ssary with sree]. Most m nitoring weU are hall w enough that 
schedul 40 or 80 PVC has sufficient str ngth. PTFE i mor b itt n h s le swear 
resistance than PVC or polypropylene and is b nc l dura: le. PTFE aloha· a. low 
ce-nsile strength and high weight per unit length, which limit i u t, hall w d ptbs. 

ven th 1-e, PTFE casing tends o bow under its weight when install din. monitoring 
11 Us and ma noc be straight and plumb. Although its nonstick pmperri s are good in 
:fry]n pans, th nea cement grout u • d o se l the annul -r pace- etw en the casing 
aml lht: burehole may not bond tu the PTFB casing (Nielsen 1988). Table .8.3 gives 
comparative strengths of casing materia1s. 

Groundwater monitoring wells. can com into cont ct whh ure rganic c m­
pounds LNAPLs and DNAPLs), as well as higbJy a. idi. and highly basi , onditions. 
Ranney and Parker ( 1997) tested iLx diffef\ent materi is th tar used or could t _ us d as 
monitoring well casings in or1'.ier r, test th ir re i t nc to pure (neat) organic ch micals 
and acids and bas s_ ( taint s ste J nd g lvanized t,eel are known to be unaffected by 
organic compounds but susceptible (o corr si n b dd and bases.) They found that 
PTFE and FEP' were unaffcc, ed by any of th 2 diffi_ nt organic chemical in which 
they were· immersed. The other fom mat rials- PVC, ABS, FRE, and FRP-were 
affected to · ome d -gree by som - or ia the cas of ABS1 all of the 28 ,chemicals. Thi 
study suggests that if c ntaot with neat ,organic compounds is possible, PTFE,, FEP, or 
stairues te l casings hould b c n id d, although some PTFE materials are slightly 
porous1 and are d ormable and "'ductile" under loading. 

In the sel cti.on of as.ing mat rial for r undw ter monit, ·ring wells, we must 
c,onsid r the potential ch mi a] re ctions between the casing material and the 
groundwater. Ideally, casing material should n ither leach matter in water.no.rs rib 
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TABLIE 8.3 Comparative strengths of casing materia s.Note: 1 lb= 0.454 kg1 and 1 b/in 2 = 
0.07 kg/cm2• 

M"'terial 

Pol,yvinyl chlo:ride (PVQ 

PVC casing j,ointb 

Stainless :steel (SS)" 

SS casing Joint1i 

Pol1yt,etrafl uoroethylen e (PTFE) 

PTFE casing j oi nt.511 

Epoxy fibergla 5,s 

Epoxy casing joints0 

Ac.ry on,trile butadiene styll'ene (ABS} 

ABS casi11g1jointsd 

C sing Tensi.le 
Strengdl (lbJ 

2-inm 4-stnch 
diameter d·ameter 
nominal nominal 

7,500 22,000 

2,800 6,050 

37,760 92,000 

15,900 81,750 

31800 No data 

540 ,890 

22,600 56,500 

14,000 30,000 

8,830 22,000 

3,360 5,600 

a Information provided by E.l.du Pon de N mo:urs & Company; Wilmington, D . 

b AU joints are flus threi!lded. 

Ca,sing Ca lla.ps5e 
Strength (lb/ inJJ 

2-'inch 4-inch 
diameter diameter 
nom·lna I nomin 

307 158 

300 1150 

896 315 

No data No data 

No data No data 

No data No data 

330 250 

230 50 

No data !Nod ta 

No da,t:a, 

c Stainless steel casing mater,als an~ S·ch dule 5 with Schedule 40 joln,ts; othe ca.sing matel1i Is (PVC,P FE,epoxy, 
AIBSl are Schedule 40. 
d Joints a re no fl ush-thr,eaded, but are a sp cia I type that is th i ok r than Sdled ult 40. 

Source: E. Hughes and G. Aarons. l014. Wefl Design and Consuucrion for MonJrorlng Groundwcner at Contaminated 
Sites. The CaHfornia Environmental Protectfon AgencyJ 

chemical fr m water. Table 8.4 h ws general recommendati ns 6 r casin I ere n 
m teriaJ selection. 

Reyno!ds and Gillham (I 98 ) smcLied the sorption from aqueous solution of five 
halo nat d organic: com pounds by severaJ polymer macerials. The organic compounds 
used re l I, 1 atrich1oro thane, 1, l 12,2-tetrachloroethane, hexachlometbane, perchloa 
m th n 1 and bromoform. The materials teste were PVC, PTFE, ny]on, polypropylene, 
polyethyt ne, and 1 tex rub er. ylon, polypropylene, poJyethyJene, and la ex rubber 
rapidly absorbed all fi v comp. unds. PVC bsorbed all the , . ompound but 1, 1, I ~trichlo-
11 thane, although th r t of rpti ,n, as l, w. PTF ,_ bsorb d al1 the compounds 
bu · romo6 rm; alth ,u · h the rat o · ads rption o th •- of rh four remaining com­
pounds was low. PTF. absorbed 0% of th perchJoroethy[etl in 8 hours. 

Parker,, Hewitt1 and Jenhn ( 990) evaluated th suitability of PVC, PTF 1 sta'n­
[e s steel typ 304 ,( S 304), and s.tainl ss stee ' typ 31,6 ( S 316) as casing material 
or monitoring meta]s in groundwater. The evaluated ·the interaction of four tr ce 

elements that are of concern in groundwater studies: arsenic, cadmium, hr mium, 
and lead. The metals were tested at concentration ,f 50 and 100 µ /L d" ve ·n 
groundw ,rer. Figurie 8. hov the results of this study. If the concentration relative to 
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FIGURE 8.6 Sorption and leaching of a. arsenic, b. cadmium, c. chromium, and d . lea.d by well casings 
m de from PVC, PTFE, type 304 st.ain'less steel, and type 316 stainless stee I. 
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Source: LV. Parker,A. D. ewitt, andT. F.Jenkfr1s. 1990. lnfluenc::e of cas in g material!> on trace-level chemicals in 
ground wat r. Groondwa re, Monitoring & Remedlat/0/I 1 O; 146-156. Used with permission. 

ti r 11 casing should b s d, and in th United tate it hould c rry th d sign tion 
NSF wc1 which mdicates that lhe ca in. , conforms to ational Sanitation Foundation 
Standard 14 for potable water su pl (N _ tiona1 Sanitation oundatioa 1988). 

However, PVC h uld a ided if or anic compounds are present in the g ound 
as nonaqueous phase liquid . Likewi e PV casing shou d also never join d vith 
so lv nt-gluedjoin . These sol ents includ compounds such as methylethylket n and 
t tr hydrofuran an the may lea h into roundwat · r sample . Thr ad d join that 
are ma.chined ir ctl onto the PV are the prefi rr, d method of j ining casing se -
tions and c ing to screen. oints should b flu h nth insid of the casing to prev nt 
equipment b ing lowered in o the casin fr m han ing up in a projecting joint in id 
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FIGURE 8.1a Soiription of trichtoroethylene in the part p@I' million range ff\om groundwater by PVC, 
PTFE, type 304. and type 3 6 stainless steel well casings. 
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FIGURE S..7b Sorption of trichlomethyl ne in , he pan per billion range from by PVC, PTFE, type 304, 
and type 316 stainless steel w I cash1 s. 
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the weH, or bridging and toppage of gr ut or filter pack m terial in the annular space 
out ide th weU. 

Th r, ar grouadwat r conrnmiaant-s other than eith rm tats or dissol d non• 
polar org nic compounds. Many chcmica[s t ssociated with agriculture are st.rongl 
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polar or ionic. Papiernik, Widmer and Spalding (1 96) studi d the impa t of using 
various materials h:l sam le agricultural contaminants. induding nitratc-N, atr z.ine, 
diethyla:trazine diisopropyla:trazine, cyanazin , alachlor, memlacblor and lbutachlor. 
They found rh t oth r than butachl (which is n t in com:rnon use in the United 
States), th re wa n significan differenct: in ab orption of the targe by either polytet­
rafluoroerhylen (PTFE)1 ri. jd P , flexibl.e VC, stainle s steel, high density polyeth­
ylene (HDP ), or low density poly . lhyl ne (LOP _) , For any of he chemical te t d . 
o her than butachlor, .n of the materials could be used. Tb I .ast expensive w,ouJd b 
HDPE; LDPE, and rigtd PVC. 

8.4.3 Monitoring Well Sere ns 
If be monitoring eU terminate in 11:1 unaonsoli ated formation, a. screen is n c-

5,sa.r to allow the at r o n er while ke , ing the sedi:m, nt out In most. monitoring 
well applications, the e]l · cr,een is th s m di m ·t r as the asing to which it is 
att ched by a threaded coupling. Likewis thew ll creen i normall made of the 
sam mat,erial h casing .. The considerations that go into decidin the materiaJ to 
use for th sin aJ:so a.ppiy to the ere fl. In many cas multilev 1 sampling will pro­
vide crucia[ informa ion and multipl I isola ed screened intervaJ are necessary. 

. he ere · n or sczieens ill have openings to permit the water m ent: _ r. Manuf. · ct:u d 
w, ll screen h uld alway - u ed rather than ban -cut s[ots or drill, d ho]es in pla t'c 
pipe. The t\ o common sere ns fi r m ,nit ring weU are slotted pipe, which is availabl 
in PVC and PTF , and continuous ww wrap, hich i vailab]e in stainless s eel. 
Figur 8. illu trat hese two screen types. 

FIGURE8.8 Slotted (a) and continuous wire-wrapped (b) monitoring, well s-creens . 

. - Tlnllded 
np 

-~ 
pl 

R000317



Sit . Chara erization-Gmundwater and Soil Monitoring 473 

The width of the slot or wiJ1e-wrap openin is precisely o ntrolled during h man­
u6 ctur of he screen; he screen is available in a variety of opea·ng sizes, gen rally 
ranging from 0.02 to 06 5 cm (0.00 0.250 in.) A screen with an openin. , of 0.0 lO fo. 
(0.02S4 cm) is r,eferred to as a. JO-slots • een. Man manufacturers carry onJya limited 
number of slot sizes .in stock- for example, I 0- and 20- lot Since the casing and screen 
are typically ordered in advanc of th w :ID.l on rrucdon, the h drogeol gist usually 
has · ettJed on a standard d sign prior to going on the job. Decisions on slot ·,ze are 
imp nant in that r large s] ,t iz wi hom proper fi1:t r pack can allow sediment ro 
enter rhe · ell during pumping. Con ·ers . ly, mall slot size can inhibit nm1.agu:eous 
phase liquids (NAPLs) 1 om nt,erin a. w ll. NAPL mu t have enough thickness and 
fluid pressure to supplant water i:n small slots ov . rooming , apmary pres ure. If well 
screen lots have small opening sizes, NAPL outsid th en ·n thin p l ma.y no be 
ai ~e ~ enter through the s.cr,eens. 

8.4 . .4 aturally Developed and Filter-Pa.eked WeHs 
The ca :inig and creen may b p1aced in the bor,eho e and the nati sediment 

allowed o ave around th screen. This i called a naturally developed well and is 
often used in sand sediment with ry limited moun of silt and day present. but 
is most realistic for wells. with singl, scr ns. At ! _ast 9 · % of the ediment should be 
retained on a IO-slot screcm , . for, a. narur l1 de elop d well i o ns'dered (Aller et 
al. 1991). When water is withdrawn from such a wel1 1 i.t may in· faUy be cloud due 
to wpended silt and clay, but he w -:ter should v nrually cl ar as the fmes near the 
screen ar,_ removed by a pr-oces called 11 well d veiopmen ."Ina naturally developed 
well the slot siz is sele ted to all som of th fines d.iment 10 enter the well during 
development; this ]eaves only the coarser s diment outside the screen. 

In designing a water wd], it i v ry im ·ort ·nt that the welJ b hydraulica:U etfec­
ti ve-i.e .. , there shoul be a minimal loss of n rg as th water flows into he well. 
As m nti ned, the el ctio,n of th slo opening fo,r naturally developed wat r wells is 
ery imponant and [s. ba , d n rain izc distribution curve of the sediment opposite 

ithe cll scr n. M nit rin w U:s re d i ned t etain much more of the natural 
formation than water weUs because th y ar much mofi_ diffi. ult to develop •(Ori coll 
1986). Moni oring wells ar, not usually designed with th pr cision n c ssary for a 
wat :r- uppl w H. The ell h uld b hydra:uLi.caHy efficient as well as being as clear 
of silt and day as possible. lf prelimina:r investigations mdi,cate that the a.qui.fer to be 
monit t d ha r a · nably o arse and or gravel and few fines, a standard slot :i.ze :may 
lb presel,ected for aU th monit ring well . Ten-slot screen is fr quently used under 
th se condjtions. 

If the formation is coh siv that is, has a high clay content- or if it is sandy wirh 
a hi,gh silt content, it will • necessar to use an artifida] filter pack. Filter pa.cks haiv:e 
als be n referred as I and packs'' or 11 gictvel packs .• , Filter-pack material is typicall.y 
medium to coarse and that i predominate] · ilica with no carbonates. l t is mined 
·nd raded to ha a pe ific grain- i.ze distribution. Manufactured fUter-pac material 

cnm s wash d a.nd bn . d ~tirl is fair prefer.ab! . to riativP sand :-t artiticial ti lter pack . 
The filter-pack material is plac d in the borehol opposite the well screen. It~ purpose 
is to stabiliz-e the naLUraJ formation and keep it out of the screen. This will reduce 
he amoun ,of ilt and clay that enters the well when it is developed. There are· a1so 
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dual-screen well intake systems (pre.packs) that ha\11 a mall diameter creen withm. a 
larger, second larger diameter re n1 and the · p ce in between is filled with filter pack 
mat,eriaL Dual screen intak s a11 sometirn s used when th re i a p11 pensiry fo , n,e, 
grained material to ent,cr the welt A major isad antag of th se syst,ems is that th _· 
two scr,eens can oompound th inhib"tion of APLs ro ent raw 11. 

Th grain i21e of the filter-pack material is based on th natu , of th formation 
opp ite the screen. If the fonnation i fine sand th n the grain-size distribution is 
d tennined . Tb filter pack mat ri 1 h uld ha\ri an vci ge grain i2: h t i twic 
the av_ ra rain. sfa of the . ormation and h a un · formi, c.o ffid nt (ratio f 40% 
retained siz to 90% retained su ), betw en 2 and 3 (Dris oU l 986). Th s re n-slo 
op ning is hen selected to retain 90% of Lbe filter pack. Th minimum practi al slot size 
for monitoring well screens is 0.02 cm ,(0.008 in.) Figure 8. 9 shows a grain-siz distribu­
tion curve fi r a filter-pack material d igned for an eight-slot ere n. ff the monitoring 

11 i in lit or cla , all ne , an do i · s_ U an 8 lot r en and appropriate filter pack. 
The filrter pa.ck materi L shouJ be ap,pro imately S to 7.5 cm (2 ro 3 in.) thick. 

This means that a 5 cm 2 in.) diameter well screen should be installed in a borehole 
about 10 to 15 cm (6 to 8 in.) in diame, er. The fi1t:er-pack material is normaU, ,extended 
0.61 or 0.91 m (2 or 3 ft) above the top of the well screen o allow fo . settlemen of the 
material during de elopment 

8.4.5 Annular Seal 
he annular · pace in th borehole bove th fiJter p ck must be e·aJed to prevent 

them vem nt of sur ace wa er downward to the ·Jrer pack. It may also b sealed m 
prev m vertical movem nt of groundwater from one zone to another or to isola~e a 
discrete sampling zone. he seal should be made o a material that has a low permea­
bility. bonds well to, he natural formation and the ca -ing, and expands ft r i ba been 

FIGURE8.9 Grain-s,i:edistribution urve used to sel'ect a1n e·ght-slot scr1een for a moMitoring we ll. 
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can reach in ide and u s r w a ca from the morutorin,g well. It is ·et 
into a surf.a cem nt al. For monitoring weU inst II din fr zing I'm 1rain 
hole al th. bottom of th :surface casing is d irabl o pr ent aocumu]ation of moistur 
that o uld lieez in the annular Sp· ce b tween th protective asing and 1the monitoring 
weU. (One of the authors has. een a stainless-steel monitoring v ll ,casing pinched shut 
b water that accumu a,ect in a protective casing without a drain hole and then froze!) 

ln some ap Ucatfon~ it i not practi al t have a m nit rin well Lb t e t nds 
above gm nd- for • xamp!e, in th dri e a at a gas station. Th r ar sm U wel 
vaults a a · able tha can be used for · rotection for monitoring, Us However, th y 
shou1d be in places that ar-e not going to flood; otherwise floodwaters could enter the 
aquifer ia the monitoring ell. I , a w ll auJ i u d in , g tati n r similar loca-
ion, it should be dearly marked and should distin tive from the fillers for under-

ground storage tanks so that an inatt nti e rson d e not try r , fill it with gas Line. 
A locking well cap without a vent h le should lso be u d. 

8.4.7 Screen Length and Setting 
The h)0drogeologist musr de id on th t ngth of th re n nd he de.pth to v_ ruch 

it wiU be set, based on the ob'ectiv s of the monitoring p gram. 0bjecri es could 
include m nitormg the· · osition of the wa 1ler table, m asuring the potentiometric head 
at some depth in the: aquifer, collecting repr senrative war r samples from vari,ous 
d pth in th aquifer, aad detecting both light and dense nonaqueous phase liqujds. 
Mor ver, monitoring might b intended o detect the migration of groundwater con­
taining contaminant in o n qui6 r wJuatrnig the effectiveness of removing con­
taminan s from an aquif4 r. AU mi ht require different approaches. 

To monitor 1h position of the water table or to detect the pre nee of L APLs, the 
scr n must b set so that it inter.sects the wat r table. The screen mu t be 1, ng enough 
to intersect th water table over the range of annual flu tuati, n. n ddhi n, the screen 
must be long enough so that when the water tabL is at its r ate L d ptb be1 w the 
land .urface, there is enough of the screen remaining b low th wat r tabl.e to contaLn 
suffici n wa~er for a water sample. A~ ater-rab monitoring well ill also be able to 
dete the p.resence of light n n ,que u . phase liquids. In most applications the minia 
mum length of h a en r at t bl m nitoring well is 3 m ( 10 ft) with about 
1.5 m ( ft} above and 1.5 m ( ft: b~to he water table. If the water table has mor,e 
than !.5 m (5 J) of nnu_ l flucru tion,, a longer well screen is needed. How v; r, som _ 
governm ntal guidance sp cifie maximum screen length of 3 m ( l O ft) or l ss. Figur, 
8.10 sbowsexa.mpl s of incorr _t (a and b) and c rrect (c) placem nt of a multipurpose 
monitoring eU intend d to meas1.m th position f tbe ,vater table, detect floating 
nonaqueous phase liquids, and c-ollect water sample fr m the upper part of the aquifer. 

If the purpose of a monitoring weU · to m asure the p te1uiometric r ufi a 
some depth in the aquifer, then th well is called a: pi zometer. A piezomet r houJd 
have a relatively :short screen 1 ngth 0.6 to 1.5 m (2 to 5 ft) . · o tha th . pl s ur,e that i11 
recoded i repre ent .tiv•e of only a small vertical section of th aquifer. A piezometer 
can al . · b used to collect groundwater sampl s rhat ar re ,f sent ti e o a small ver­
tical ection of th aquifer. 

Monitoring wells utilized to collect groundwater samples should bed ign d wit.b 
respect to a specific gr undwater monitoring goal. The concentration o groundwa er 
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HGURE 8.1 o (a) tnoorrett placement of water tab1 e-monitoring well screen. Seasona11:y high water 
tabl'e is above U1e top of the scre@n a'l"id ffoating, 1light nonaqueous phase liquids would be above the 
screen and not detected. (b) lnco,fi"Kt placement of water table- monitoring well screen. Sec1sonally low 
waiter table is so fair down in well that there is not enough water in wel to coil@ct a s.amp!e tor ,chemical, 
analysls. (The W(lter t~b:ie elevation could still be de rminedJ (c) Cor,rect length nd placement of 
w ter table-monitcming well screen. 
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contaminants can vary v rtically. If a monitoring well has a long ell reen, it has a. 
greater prob bility of intersecting a plume ,of contamination. How ver, a water sampi 
taken from such eU may draw wat,er from both contaminated and uncontaminated 
p rt of tb aquitl r resulting in a reported concentration tha j J s tban that of the 
ground ater :in the plume. This is mu trated in Figwie 8.11. 

Th collection of sucb unrepr sentativ water sampl · · may ba\'e seriou implica­
tions fm the iimp]ementati n of groundwat,er regulati ns. Whil monitoring ground!­
wat,er in order to find the _ tuaJ concentralion , f coiua:minants in a plume, it may be 
neces ary mu e everaJ monitoring wells or piezomerers sere ne at different depths at 
the sam .·· lo a.tion well cruse r). Alrernadvely, sev, ra1 nested wl:'11:;; ur piewn eters fill 

be placed in a, singl large borehole, each wen with a screen.ed interval . nd. surround­
ing filter pack at a d"!Ter n.t depth. and with imp rme b]e grout placed in th borehole 
berw en the scrieen d intervals of th individual wens. These clu · erin and nested 
technique an b xp nsi e, not onID du · to, the initial cost of the wells hut also due 
to the co of multiple chemi al ana]ye'e for each round f mpli:ng. How er, uch 
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FIGURE 8.11 Effect of mon oring well- screen length on water-qua ity sampling. Monitoring welll 
A is fu1I ly :screened t in rough the thicknes5 of the aquifer. h inters,ects the plume of leachate but the 
repor ed ,concentratfon wiill be less han the actual concentraition as water is withdra.wn from both 
contaminated imd uncon amimned parts oHhe aquifer. Piezometer 8 is also screened to intersect the 
plume of leachate.The reported concentration will be represen ative of the leachate. Piezometer C and 
water-t . ble monitoring well ID don· ntersect the plume, indlcating that it i5 deep in the ilquife,_ 

- - - - - . - - - - - - - - - -. - - - . ~ - - - . - - ~ - -. - - . . - - - - - - . . -- - - . - - - - - - - - -. - - - - - - - - - - -- . - - - - - - - - - .. -
. . . - - - . . - - - -- - - . - .. 

configuration will yieJd th gr a test· am unt of information ab ut the hydrauJic head 
well th _ at r quality, nd i . typic Uy a recommended regulatory approach for 

groundw term nitoring. Additi., naUy, there are muJtiJ v l m nitoring wens that allow 
discr,ere vertical sampling in a single borehole1 along w ith measurement of other hydro~ 
geologic prop rties such as hydraulic conductivity and fluid pressure (head). Multilevel 
sampling will be discussed further in Section 8.4.9. 

U a morutoring well is int nded o erve a a warning that a plume of contam­
ination is escaping from a potential source, then i't should be screened in the most 
permeable parts of the aquifer initially to inter ept rapid excursion , with the under~ 
· tanding that measured concentrations may be d:i luted and not representati e of rhe 
most contaminated parts of an aquifer. Groundwater, and contaminants that it may be 
carrying, not only preferentially travel through the most pennea.Me material but travel 
faster there a well. Hence, th leading -dge of a p]ume of contamination will follow 
th m s1 permeable pathv a . 

If th pWum • ont mmat d . "teri U win ,a zone rdirection of high hydrau-
lic c nducti ity, it may flow in a dir cd n that i no parallel t rad h. Thi may mean 
(hat th locari n f th piume is n . e cfy d wn~. r di nt from h ourc (Lik is 

. has been discu ed in ar1i r hapter , n naqu u phas Wiquid can p ol up and 
deflect off low permeability geologic lay rs in down-dip directions otally inconsistent 
with the directions of groundwater tlow). 

On the other hand, long term monitoring can hav,e different priorities. If an aquifer 
is contamina1ted and a monitoring wen has been in ailed to monitor the pli gr , f 
a remediation effort, the ell should not be screened in the most permeable part ,o, 

the aquifer. Many contaminants can become trapped in low p rmeability ;regions,, nd 
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can becomes qu ster d for ]ong p riods of time. The -eventuaJ slow release of thes•e 
trapped poHutants can cause a das icaUy observed Hrebound" in aqueous oncentra­
tions long after the high ermeabi.lity :zi n app ar t hav b en • , ean. In pump and 
tre t sy terns th w ter wil preferenti JI trav I luough and flush out the more perme­
able zone. A well er en din a permeable zone m , indicate that th aquifer is rap­
idly b ing cleaned; but in fact l ss permeabl zones located nearby may still have high 
cone . ntrat:ions o contamimmts that hav yet to be removed. Therefore in contaminant 
investigations, monitoring low perm bility zones i .also typically carried ut. 

In gen ral, the concentr ti n f olut utained fr ma monitoring well will b 
] s than th ma imum cone ntration pr nt in the a uifer. The weU screen provides 
a e ti aUy averag d va]ue of the solute in the aquifer over the length. of th.e screen. 
_ f ·rh cont ·. minant plum . is thinner than th length of the screen, then rhe venicaUy 
veraged concentration of the so-Jute that is obtained from a monitoring well will be 

]ess than the solut - ,concentration in the plume as the rn nitoring weU will be draw­
ing ·n om unc ntaminated wat r an dilut'ng th contam·nated water. Chiang, 
Ra en and Daw on ( 199'5) found that if a monitorin w U is purg. d continuously 
for 24 hours prior to sampling, it will draw in unconta.minat d water from the aquifor 
below tb. well scr n and the cone nt-ration of so]ut in th well could be as much 
as an order of magnitude lower chan th vertically aver.aged solute concentration in 
the aquifer. 

8.4.8 Summary of Monitoring Design for S:ingle ·creened WeUs 
Figur 8.12 illustrates a compari n of 1the final design of . water-tab],e ob erva~ 

ti, n w 11 and pi zomer r il u trating the design , lemen s discussed in th.is secti,on for 
in I . well sere n d sign:s. 

8.4.9 Mldtiple-level Wells and Multil-evel Devices for Groundwater 
Monitoring 

Be au e many field studies have sugge ted that most c ,ntaminant plum s ,exhibit 
significant concent.ration ,change over mall vertical di tance (Smith e 1. 1987; 
' umble et .at 200 ; Biswa tat 2014; u ·uoE 2015), mu]tile el monitoring wells 
(panicufa:rly hi. h resolution techniques) often produce orders of magnitude mor,e 
information and more accurate results than single, long:- creened wells. Natural 
hydraulic gradients with.in long-screened. wells can create vertical flow and c oss-con-
amin tion w'thin the weU, and make definition o he rer1ica1 distribution of dis­

solved contaminants impossible (Reilly et aL 19'89· Church and Granato 1996; Eki 
et al. 2001; eilseo 2005· McMillan 2014). This message has nm gotten through to 
aH municipalities industries, and regu]ators, however. The U. . uclear ReguJatory 
Commission (NRC), in its 2003 UREG 1569' Guidance (pages 5-42 and 5-43) for in 
itu uranium leaching operations c,orrecdy tates: 

"Fully screened monitor wells saniple the entire thickness of the aquifer. There­
fore, excursions could not pass ahov. or below the well screens. However, the con~ 
centration of the i11dicator parameters might be diluted and therefore may not 
provide timely warning that a,i excursion is occurring. 
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Bur then the NR Guidanc continues: 

'Partially scre,>Jted mo11itot wells only ·ampli the zon of extraction within an 
aquifer. These wells might miss som excursions, but 1-'IIOuid suffer l from di­
lution effects than fully -creen d wells. For mo t situations the staff favors folly 
creened motJitor well .• , 

In this document th U.S. udear Regula ory Commission misr,epresents 
multilt:: t::1 s11mpling nd doe not rec gnize that high re J lution mu.ltile el monitoring: 
(1) i le . lik l t ' mi. "c ntaminant e cursions than w Us screened the entire aquifer 

FIGURE 8.1'2 Construct•lon detai'ls ,of a water~taible obs rva ion well and p1ezometer. 
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ft) of each other. Under these circumstanc-es it is possible to obtain an excellent seal 
to preven venical movemeut of water along the casing. 

In ne t d w,ell , fW or more morut ring wells. or piezomerers are piaced in a. 
1 rg ~diam r borehol with grout aJ b tween screened intervals at different d pths. 
Fore ampl , this .couJd be done in an uncon olidared formation by (I) driving a .25.4 
or 0.5 m (10 or U in.) diameter casing with a cable tool rig to the depth of the bot­
tom piezometert (2} mstalling the deepest piezome eri (3) pulling back the casing and 
installing the filter pack and seaJ for tbe deepest piezometer, (4) puHing back he casing 
and grouting up to the level f the next piezometer, (5) allo·wing the grout to harden, 
~6) insraJting the next piezom ter, (7) puUing back the casing and ·ostal·ing the filter 
pack and seal for the s cond piezom ter1 and (8) pulling bade the castng and grouting 
up to the level of the third piezomer,er, etc. 

Simp.le Ma.nufattured M11ltile,vel Samplers It is possib]e to insraU ·nexp nsive muJ­
tileve·! sampling devices in a sandy aquifer. One early manufactured mo el of such a 

evice consists of a rigid PVC tube, inside of which are multiple tubes of flexible tub­
m,g. Each tube le ds from the· urface and nds at a different depth . Each has a port into 
wrucb a groundwater unple can be drawn. amplingport ca.n be Jose spac d verti­
c U • o that very d tailed v rtical sampnn c.an be accompli h d. Water i with rawn 
from th tubing by applyin suction, so the wat r table had to b [ ss than 7.6 m (2 ·· · t) 
l>elow th surfac in th se imp] arly multi] mp ting w 11 . The e rudim nta · y 
methods include a. riation by fast nin. a bundle of flexibl tub , each of a different 
length, to th outsid of a rigid PV . pip that acts as a spine. Severa] types of simpl 
manufactured multiJeveJ samplers have been devdoped ,(Pick,ens et al. 1978; Cherry 
and John on 1982; Ronen et al. 1986). 

B rkc r t al. (1987) v Juated the bias in samp,les that can be introduced by the use 
of muJtiJ v 1 piezom.et rs con tructed OUJ1t of flexibl, tubing. Leaching of p .. tic from 
the pla tic tub·ng i one prob! m. An ther problem i the soibing of rganics y the 
rubin . Borh th se prob1ems can b minimized ' u ing Teflon• tubing ,nd I horougldy 
purgin · the tube prior to sampling, aJthoug,h Teflon i p rou and c n ha e me 
minimal memory effect. Many types of flexi1 le tu.bin can actual.I · ransmit organics 
from groundwater through the tubing wall. to the s mpl wa.t r in the rubin . hi i 
especially true for polyethylene rubing. am Jes drawn from be]ow an organic lume 
may indicate contaminati n, when in fc c the rganics are being transmitted a.cross 
the pl · stic tubing from adjacent contaminated groundwater. his can apparently occur 

n witb Ti f1on tubing. or tru: reason, multilevel piezometers, d signed so that 
the flexibl tu.bin is, xposed to grou:ndwacer, may not be appropriate for monitoring 
plum ,or organic ontaminan, .. If the flexi le tubing is con ained within casing, 
such as in Figure 8. 14, th:is should no b a.n is ue becaus the tubing do sn't com mm 
oontact with the groundwat r. 

A simple multilevel sampler can be install db usin a hoU western auger. The 
device is constructed at the u ac an l w ri d to the d ired depth through the 
augers. It is not possibl . to deve]op the ampling. port • o thi device is best :suited 
for clean, 5 ndy S· dim nt. 0 tilt r pack or grout is nse . in thi very impl cone 
truction. The augers are withdrawn and the native sand ·sallowed to lump a ound 

it. On disadvantage of this device is that it is usuaM not po,ssibl to mea ure ater 
le eJ with it. 
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!Jen rally expensive, these multilevd weUs have advanta · s of allowing fewer ells 
and sub urm dist'\JTIOO.nce at each si e. ooll , ion of fluid samples without rep t d 
purging p11 ~ ntion of errical tlo within the rehole less possibility of cross con­
tamination with discrete d pth samplin and option . for auto,mated sampling a· any 
number of multip e depths in a sin te well. 

Flexible Liner Systlms Another type of multU . vel mpling practice employs the 
fl.ex.i:ble liner system (developed by FLU'11 TM nd r pr nts a. · jgnificant advancemen 
v r a imple multilevel! system. Similar to th simple sy rem ,a o-v it has a serie . f 

int rnal tube in ide a liner which allow sampling and pressur measurement at 5'e]ect:ed 
int rva1s down bo]e in unca . d en . In , ard ro k cons J'da ,ed sy tems, downho[e tel­
,evision logging in uncased borehol s can identi exa t l ations f fractures (and other 
depths of inter,est) and tubing can be customi.z to saimp[ th d prh . In thi sy tem, 
a flexible polyurethane-coated. nylon fabric tin is mpla ed withe e ion (tummg 
inside out) from a shipping :re,e . The liner is pressurized (pn. um tically r hydrauti-

Ji ), inflated, and extends downward from internal pressure head. Thelin.er d ploys 
from the ground surface downward, creatin a. ealing pre ure that prevents, vertical 
flow outside the liner and has tubing (usu_ U m .d f p yvin r]id ne fluoride­
PVDF) inside the liner from ground surface to rti _,dl dispfaced sub urface po.rts. 
The system is versatile in that the inflating llincr can b placed ui oreho!es that chang 
direction due to directional drilling, and can move in var ing di meter b0rrehol , uch 
as nan w, hal]ow surface casing to wi er uncas sections below, or narrowing or tel -
scoping boreho es. Int restingly, thi y tern c n b m diti d t me ure discrete depths 
af non.aqueous phas,e liquids (NAPLs) by us f hyd ph bic 'r:i, bon" ampler. ln 
this application, a porous, conti:.nuous, hydropho ic leeve; that i impregn . ted with a 
powdered. oil dye (Sudan IV), is deployed onc:urren:tl on the outsid of the H xib] 
liner. The hydrophobic material re dily Mwicks" APL and when trieved identifi s 
depths o APL contamination. The h drophobic sleeve is re laceabl, for a ditional 
depW yment , n the am flexibt liner (Riha et al. 2000; USEPA 20 4). 

Packer Sy, te,n A typ f multilevel ampl r optimal in bedrock boreholes involves 
stra dle packers, whkh when inflated i olate ection of a borehole for h d.roJ gical 
~estin and mplin . . In th's de ign (Figu.11 8.15) pa k and b I w 
each sampling port; wb n ch y are inflated, they seal off m.ar part of rh boreho1 and ar 
particularly effi cri ins gregating individual fractur s or groups of fractures for analysis 
in unca d boreholes. Packers can ruso 'b- us d within weU casing m less consolidated 
material. Pack , c n be permanently inJtaUed, or they can be removed and r ed if 
desired. Though designs vary, the inside ,of a typical singie ack i a perforated pip -
forming the inner packer y, co ered with a porous plastic leeve and an expansion 
s.e1 , E t mal to that i a gum rubb inner heath, often en eloped in ov n Kev ar­
and encased m.. a durabl gum rubber out r sh ath, with th assembly secured on either 
end with stainless stecl clamps. One type is the Solinist · Waterloo Syst,em with includes 
multi-purge manifold weU heads and dedicated sampling pumping and transducers. 

Interesting specialized variants of packer system have been c n tructed fo pe* 
ciali2:ed a.pp]ic.ations. Packers have been used in small, bedrock boreholes in conjunc­
tion with seal created by injecting g11 ut into a flexible cylindrical imperviou fabric 
liner. Thes Liners h e cli met r lightly larger than. the borehole, ensure that the 
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FIGURE 8.1.S Multilevel groundwater sampling device for use in fractured rock aquifers. 

'" P'I"' 
OnnJ 
llu!ihn lftffll 

I ll 

' 

Source: J. A.Cherry and P.E. Johnson, 1982. A rnultilev I d vice ror monitoring in fractYred rock. Groundwater 
Monfrorfrtg & Remediation 2:4 1-44 Used with permis s_Jon. 

entire borehole above a scre 0 ncd int rvaI i ealed and prevent grout from nt ring 
fractur-e and altering gr undwater chemistry (Parker e al. 20 l ; Pierce · al. 201 S). 

■ 8.5 Installation of Monitoring Wells 
8.5.1 Decont mination Procedures 

B au e the purpos of drilling a monitoring w ll i · a ample of water 
an .• anai z it fl r r maU concentrattons of ch m.icals, ·1 i · hi h]y desirab] n t to 
introduce an ch mical into the aquifer as a part of thew ll-drilhng and :in t lI tion 
procedure. The pro .ss of cleaning h equipment nd sup lies that will b u d i 
called decontamination. 

Wh n material are manufactur d they may be om c ated with substanc s such 
as gre e an · oil. Therefore, uni ss th · m nu£ cn1 er specificaU guarantees rha rh 
a.rti 1 h been decontaminated and has shippe _ it in a well- e l d wrapper, it should 
b d . ontaminated. Equipment th .t has b, en used a.ta contaminated site should be 

R000329



486 _ hapter i ht 

assumed o be con aminated and should be decontaminat db fore it is us d t another 
site. Even at the am ite, if a · rill rig or a baiJ r i used at diliercn weUs, dccontami­
na ion is r uir d to pr , nt cross contamin tion ( c int minati n from one area being 
inttodu ce into a clean ar _a) th.at _ ould occur. 

There is wide variability in re-quired and r ommended d n min tion pr 
dures in the Unit,ed Stat s. betw en the U EPA and the arious sta.~ s (Mic am er L 
1989). The byd'rOgeologisc must consult with the a propriate· 11egulatory authority to 
det, rmine if a • cific d contamination procedure i r quired. Ia the absenc of a pe­
cific r quir,em nt, th following gen ric proc dur h uld ad quat ly clean equipment 
and suppli .. s. In som cases noir aU th _ st _ ps ar _ r _ quir d. or cl aning lar quipmenr 
such as a drilling rig, a specific area must be set asid and a decontamination pad mus be 
consmmted to capture all th fluids us din th process. H th rig is contaminated, w. sh 
water from it may also ,come contamin ted. B careful that any sol ents us, d aren't 
accidentally released to the envir mnent mall toob such as b ilcrs and Shelby tube 
an be clean d in bu e t on a polyethyl n, heet. mpling pumps can b de ned 

by running ,· rious wash so mfons throu h th m, · s ell as rashin the exterior. 
The Following steps ;u,c used to dean drilling and soil sampling equi m nt indud­

in.g drill rig. augers, rilJ rod, tools, sampling tub , tc.: 
l . Use a wir,e brush or similar equipment to remove all dried sediment and thick 

accumula tioa of gr,eas,e. 

2. Wash tbe equipment with · ft bru b and wat r with phosphate-fre det rg nt. 

3. In extr me conditions or anic residues can b :remov d by washing the equipm nt 
with an organic solvent su,eh as methanol or propanoL Do,n.'t use solv nts such as 
trichJoroethene that might be expected to be found at a hazardou wast site. 

4 . Clean and rinse rhe equipment wi h potable water. 

5. Rio e the equi ·men with deioniz d water. 
team leanin with a pressure sprayer can b us d in st p 4 for quipm nt that 

can with.stand th hea·t and force of th spray. Afre:r ,e uipment has been deoontam­
jnated , it should not b placed on th ground. lt can be wra ped mn clean paper or 
aluminum foil or ·,c on polyethyJ,ene shee . 

Sampling equipment hould also bed contaminated . tween uses. If th quip­
men has not come into conta.ct wi h nonaqueous- . hase liquid , rin ing with p table 
water nd w hin thoroughly 1ith ph s hate- r e deterg nt, includin scrub ' in th 
in ide f rube · · ith a bonl brush follow d by a potabl -water wash and rh n a d ion­
ized-water rinse1 should suffice. If the quipment has com into oontact with nonaque­
ous-phase organic liquids, then an initial solvent wash may be necessary. 

The cost of decontamination of sampling equi ment and the wicertainty intro­
duced by solvent washing has led many hydrogeologists to specify dedicat,ed s mp~g 
equipment in each wdL Disposable baiJ.ers are al o available that ar le e .p nsmv 
han the c s,t of labor involved in cleaning reusable baile• 

8 5.2. Methods. of Drilling 
Ther, .are a number of methods of drilling that are appropriate for installation of 

m ni1toring w Us. When working in shallow unconsolidated formations, hollow-stem 
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auge ar commonly used. If aw U is w b driJle eeper han about 30. m (100 r) 
or into be rock, a rotary drilling m thod may · appropriate. Cabl -too] drilling is an 
excellent way of instamng moni.mring ll in both unconsolidated nd consolidated 
formation , but it i .I and m y b e pensi . Hollow-stem augers with a bit that 
contains carbide teeth an al b u ed in \ eak, indurated rock. ewer techniques 
indude nic dril1in and dir rional drilling. 

Hollow-- tem A.ugers Hackett (19 7.; l 98 ) presents an authoritative discussion 
of all aspects of drilling with hollow-st m . ugers. A hollow-stem auger looks a littl 
lik;e a. large, untap red sere (Figur 8.1 ). The a.uger flight' are c n tructed r und 
hollow pip . A dti.Ui.ng ri r ·ate he aug r and a bit , n the end o the uger loosens 
the edim nt which i th n br u. ht up to th m:fa. by the rotating auger mghts. 
The cu.rtin s accumuJat at th surface and must b shoveled away from chc augers. 

i ur 8.17 pictur s an aug r• rillin ri . The auger is advanced into th ground as it. is 
rota1.1ed. A plug on th , nd of a rod insert d through tb hoUow-st m may be screwed 
imo the bit to s a] the nd o· h opening and prev nt s imeat from coming up inside 
the h U w- t,em. Alt,ern ,Liv ly , n nretri va.1 · 1e plug c n b l c d in the en f the 

!FIGURE 8.16 Hollow-stem auger drill rod and b t. 

Source: M. L Sea If et al. 1981. Manualof G10u11d Water S ompling Procedures. Natio Ml Wat r Wei I Association. U §-ed 
with permission. 
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FH:ill.JRE 8.17 Holrow-stem uger drilling rig. 

Photo credit. C. W. Fetter. 

bil. hi lug i knocked out of the end f th ugers when th final d phis reached 
and it is no longer neede . However knockaom plug preclude the collection - s il and 
war r mpk-s during drimn . 

On advantage of drillin with hoUow-s em ugers is that rilJmg flmds and mu 
are normally not required. Cirrul non of drilling flui ·' . has rhe p t ntiaJ to spread c- :t­

arninants t.hr ughout the boreh le. Drilling mud 1s a iscous liqui needed in mud-ro­
tary drilling that n line the bor hole and partiaU seal it. Howe r, when drilling in 
fi rma ions with cohe 1 e J ers, h uge bit m mear day from the cohesive layers 
so th t it mixe ,. ith .sand and gravel layers al the p rimeter, f th boreh l . Auge 
drimng typically can advanc out 15 .3 to 30.5 m ( 0 to IO0 ft per ay if samp1 are 
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being ta~en.. Occasionally, downwa.:rd progress can ,ce s if larg oobl r b uJder is 
encountered (called auger refusaJ). 

Augers usuaUy come in m n. ths o l. · m ,(5 fr) . On flight is advanced into the 
ground and then the drill sr m is disconnected and another fJight is . ttached to th 
augers in the ground. At rhis tim samples of the formation ahead of the auger bit may 
b ta.ken. The p ug on the en of the i must be removed , or am · ling c n ocur. 
The maximum depth at which hall w-stem uger drilling an normally be used is 
45.8 m (150 ft) (Hacke . 1987)· as a pra tical mallter, itrar, ]y ex e ds 0. m (UlO ,ft). 

Some loose1y conso1idated sands, call .d he vin sands, can , nt r into the borehole 
hen the ptu is b ing remo ed. This problem ,can b avoided by keeping the hollow 

stem filled with potable water when the plug is remov d. he· potable water b uld n t 
contain any contaminants That migh be found in lhe groundwater. I no formation 
sampling is planned, ilien a knock-out p!ug can be used t prev, nt th introdu ti n f 
heaving sands into the hollow-stem during drilling. Th kno -out p u . can be remo ed. 
after the fina d ptb i reach d by pu hin_g down ith the we 1 casi.ng i it is srainles 
st l; oth twis it will b necessary to use a rod. prior to the Hm tha · the v ell is install d. 

Hollow-stem auger drilling can also be used to sample water quality at various 
depths, durin drilling. At a selected horizon the plug at the en of the hollow stem is 
removed. A well point on. the end of a rod is Lowered to the bottom of the augers and 
then is driven ahead of the bit by hammering or hydraulic pre sure. Toe well point ·s 
develop d by pumping until dear ater i , btain d. A mpl f gr • undwater at that 
depth is then obtained. It is best if potable water is not used in the borehote during this 
procedure, because it could interfere with the ground, ater quality. lf there is heaving 
sand inside the augers, the well point can be driven through i,t. Alternatively, a. slott,ed 
hoUow-stem auger can he used (sometimes called a scr ened hollow-stem auger or 
Keck auger) which allows water to flow into the stem. 

Keeley and Boateng (1987) uggested a mo ification of the hollow-stem auger 
drilling te hnique, in which a temporary c .· ing tha is larger m diamet r han th ug r 
bit is mployed. Th auger is advanc d everal fi and then th tempor ry casing is 
driven to the depth of the aug r bit by repe t dly dro pin.g h vy w i h on the ·top 
of the casing. The advantage of this modification is that it pre ents mix in o soi hori~ 
zons as the augers rotate. 

Mud'-Rotary Drilli,,g Mud-rot ry drilling can b us din both unconso]i aited and 
consoiidated formations. It is fairl rapid. up to 30.5 m (100 fl)/day, and can be used. 
to d ptbs far in excess of most that mjght b required for groundwater-contamination 
tudies. Ah avy drilling fluid, made b mixing various additives to water, is circulated 

in th b reh l by pumping it down tbe inside of hollow drill rods. The mud rises back 
to th ~urface in the annular p ce be een he , oreho e waU and the drill pip . The ris­
ing mud carri _ s with it the dri]l cuttin which ettle out in a mud tank :t the surf; ce~ 
Fi.gure 8.18 shows the circulation pa, em or mud-rotary drill'ng. Alt rn t, I , reverse· 
circulation is often u ed here drilling fluid g,oe down the annular pace and returns 
upward through the drill pip (opposi of Figur 8 .18). This m thod, discussed below, 
can a]fow greater upward velo ities and large 1 h a.vi r ,cuttings an be retri v d. 

One advantage of mud-.rotary drilling is that th boreho1 . will remain open after 
the tring of drill pip nd the it a11e remov . This means tba:t a complete suire of 
geophysicaJ I g c n b run n the hol , which is kept open by the weight of the mud 
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FIGURE 8.18 Circulation of drilling fluid in mud~rotary dri11"ng. 

in id it. However, the fluid in th riU-ng mud can pen trat th naciv _ formati n 
and a ter the groundwater geochemt try. The coating f drilling mud on the bor,ehole 
waHs ma b difficult m remov . This can impede the hydraulic nnection betwe n 
th w ll and the for-mati n . B ntonite-based drilling mud ma r m v. metals from 
the groundwater an affe t tll chemistry. Certain additives to drillin mud can al o be 
problematic from a arer quality t ndpoint. Because f th pot ntiaJ prob] ms with 
drilling mud, rotary drillin . may not b as suitable for g undwat r contamination 
studies a hallo -stem au ers. How ver, under many h d.r ge l gic conditions it is the 
only drilling meth that is practical. Good wend v lopment r mo e the residual 
dri.Uin · mud in th • JI n z ne is very important 
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Air-Rotory Drilffog If th monit ring w, ll · t b instaU din " dr c , then air-r -
tary drilling ma be considered. First a surface casing ne ds to e installed ·hr ugh any 
unconsolidated material. Typically this is don by using mud-rotary drilling. Tb sur­
fac casing is larg enough tha.t the air~rotar bit can fi inside of ~t. 

Th fluid u ed in air mt ry is comp11essed air, which is blown down the in ide o' 
the driJl pip . The air th n b]ow th cu tings back up the annul r space, aere they 
accumulat, around rh bol'1 h 1 . Wh n th wat r tabl · ncounit r d th . U' m y 
blow grouodwa er out of the· bori hot . as well . If this oo urs1 it is possib]e rod.et rmin 
when the water table is encountered and h rela.tiv yidd of the weU. However, th a.rr 
ma al o ~ re, thew ter back int th fonnati n. Air-rota.r drilling using a down-hole 
p rcu ion b ·r can drill up to 18 m ( 0 ~ ),/hr. ampl ri coUe t d as ch · ps, h;ch ar 
brou ht to the urf; ce with th return fl w o air nd w t r. 

Air=rotary drilling is fast and can IT to d p hs · f _ th usand fe t ,of more. B _ us 
air is th drillin fluid, contamination prob] ms are minimized. How ver, th driJ rs ma 
want to add a foaming agent to the aiI (air/polymer mix) as it goes down the bole. Th 
foam helps to fl · t the chips to th sur, ace, but it consfots f organic chemka such as 
i prop .I lcohol rhyl a1c hol, and 1 ohoi ether sul ate, and its u e sh u]d b a ided. 
Th air mpres or h 1v air :filters, which need to be in go _ w ricin.,g condition; other­
wise l ubrica , · ng oil and other contaminants maiy b inrroduo d into the borehol with the 
compressed air. Percussion hammers used for air-rotary drilling may also neecl lubrican s. 

Air-rotary driUing may intmducevofatile organic compounds into the atmosphere 
a w ll s bl wing c ntaminat d dust ut f the borehole. 

Re,erse-Rotary DrHlitig In r erse-rotary drilling the circulatin, drilling fluid 
d ain , own th annul spac . ,nd th n is pull d up the center of th drilJ stem by 
a uction pump located on rh drill ri , Because the drilling fluid rises with a much 
•· reat r v lo ity in revers -rotary than in mud-rotary drilling, a much less visoous drill­
ing fluid is used. In many cas s clear water mixed with the drill cuttings is all that is 
necessary. This gives the re erse-rotary method an advantage over mud-rotary drilling, 
sine it is much easi, r to develop the wetl becau e there is n mud waU on the borehole 
to br k down. How v r, re :erse-:r tary drill in i · more xpensive than the mud~mrary 
method, and th minimum borehole diamet r is 30.5 cm (12 in.} 

Cable-Xool Drillittg . b. _-tool.drilling is one of the oldest drilling methods and 
has b en us d widely fo:r the installa 1ion of water wells. Although the drilling equip­
ment is less expensive than for some other methods the drilling is s]o and erall 
costs may b expensive due t high labor cost . 

In abl --t ol drilling a. heavy bit is loca ed at the end of l tring ban ing 
from cab], . T e drill rig r peat dly lifts and drops the hamm _ r wruch breaks up 
c ,n · ,lid ted rock or 1 osens unconsoudat d sediment A ste,e] casing is driv n into the 
formation behin th bit. When the bottom of the casing fills with · r10ken rock nd 

dim -nt1 the tool string and bit are removed, and a bottom-lo ding bailer is u ed t 
remov the accumulated cuttings. Below the \Yater table. th ground at .rand cuttin s 
make a lurry. A ve th wa r tabl,e water must be add d to make a s]urry so tl1at 
the bailer ,can b u d. Ori e ca ing · needed only untiJ bedrock is rea. h · In most 
. -edr c formation_ the hol wiU stay open without dri e casing. Figure .20 shows the 
tool us d. for abl -too,l drilling. 
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Advantages of cable-tool drilling include the fact that no drilling fluids are used 
and that nothing is circulated through the weU. Both factors serve to limit contami­
nation problems. It is easy to collect representative samples or the formation during 
bailing of the casing. Well points can be driven ahead of the casing in unconsolidated 
formations for the collection of water quality samples. Cable-tool drilling can be used 
to depths in excess of 305 m (1000 ft). This method however can be extremely slow for 
deep boreholes, as the tool string and bit must be removed from progressively deeper 
depths to allow insertion of a bailer for the removal of cuttings, the bailer must then be 
removed from depth, and the tool string and bit reinserted. As depths increase the time 
required for this process compounds. 

Sonic (Vibratory) Drilling Sonic drilling uses high frequency mechanical oscil­
lation with rotary motion to fluidize subsurface material. As soils and formationaJ 
materials experience liquefaction, temporary porosity reduction and inertial effects 
reduce friction on the drill string and drill. The destroyed shear strength of the 
subsurface formations allows rapid downward advancement in most instances. 
Advantages include a minimal amount of formation disturbance, reduction olf drill 
spoils and waste compared to other methods, the method can produce continuous 
cores, sonic does not require circulating drilling fluids, and it can be converted to 
air or mud rotary or cable tool percussion techniques. Its disadvantages are that 
the technique is not as readily available as other techniques and is generaUy more 
expensive initially. 

Other Types of Drilli11g Other types of drilling include percussion rotary air 
blast (RAB), air core drilling, and diamond core drilling. RAB combines rotary fluid 
circulation with the percussive impacts of a pneumatic, reciprocating, piston-driven 
"hammer" to pulverize rock. This is an effective way to advance drilling downhole in 
consolidated rock and mixed consolidat-ed/unconsolidated terrain. Like most rotary 
fllllid circulation techniques, circulation can be lost if a large cavity is encountered 
such as caverns in karst areas, lava tubes in volcanic regions, or human-made features 
such as subsurface mine shafts. Air core drilling cannot penetrate consolidated rock 
as well as RAB; it normaJJy is used on weathered regolith or other unconsolidated 
material. The air core method utilizes lnardened steel or tungsten blades to cut into 
the ground., and collects a more representative sample of solid material compared to 
RAB. Diamond core drilling is a very slow method used in hard, consolidated rock. It 
produces a rock core that can be inspected. Often fracture patterns, fracture orientation 
and aperture size can be determined from these cores. Diamond coring for short inter­
vals can also be used on smaller consolidated formations encountered while driUing 
with other methods. 

When drilling in areas with muddy or spongy soils, it may be necessary to build 
temporary roads, e.g., laying down a layer of crushed rocks to permit the heavy drill­
ing equipment to reach the drilling locations without getting stuck (Figure 8.19). 
Alternatively, portable coring drilling machines, originally designed for mineral explo­
ration, can be used to advantage to install hard rock monitoring wells in sites that are 
hard to access, in remote locations and wilderness sites, and in eco-sensitive areas. 
Drills, such as the Shaw Portable Core Drill and the Winkie Drill can produce small 
diameter holes amenable to fractured rock monitoring (Parker et al. 2015). 
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FIGURE 8.19 When drilling in difficult-to-access areas or where soggy soils r vent heavy drill 
equipment to reach he site, a portable drBI rig can , e used.Shown 1ere is the instal atlon of an 8-inch 
be rock well with a portable air-rotary d ill rig in a rice flel'd in Goa, India.The drlll rig is powered 
by pneumafc pressure provided by a truck~mounted compresso:r which is s fey stationed on hard 
ground appro imately 100 m (300 ft) away. 

Photo credl :T.B.Bovin9. 

Dir: ctional Drilling Directional rillin in o] es the plac men o n nvcrtic ] 
bor holes. Most of the above dnlling m rho , s are able to be used in lant drilling 
( xcepting cable 001). wh re in the imple t pplication, the m . l drill ri l wer 
i tilt d nd drilling proce ds at an ngle. hi mo ificati n aHo re l horizonra] 

ce~ under srrucrures such a building , l nd 11 and high1 ronlaminated areas. 
Drillin through a subsurfac,e APL pool,· or exampl , can be avoided in som c s . 
Traditional drilling meth · n b i ffi uh ro concrol in slant drilling u of 
un anted deflection, as jn slant ug r drillin . As slant auger drilling pr ceed , cut• 
ting which fall n the b tt m i f th hol c n e nrua 1 fore the bit upw r in o 
a mo11 h rizontal line. 
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FIGURE 8.20 Tools used for cable-tool drilling. 

Controlling wctlbor trajectory has b come more of . refined technology i11 r cent 
y rs . Mos mod rn 'jr tional drilling begins in a verric l directfon UDtiJ ad ire kick 
off p int whef1 th w 11 inclinati n i hanged using driHin _ mot rs and rotary ste ra~ 
bl s stems. "Vhil the use of direcri n. l drilling is much mor common in oi] and gas 
development, it pplications to contamin nt hydroge logy re plentiful, particuJ. ly 
where surface o n r- urface features or contaminant h t p ts must be avoi . d, but 
geologic, hydro _ ologic, and c n mjnant information from gr ater d.epths directl 
under these areas is needed. 

8.5.3 Dril1i1 g in Conta1nsnat- d Soi.I 
W'hen drilling. at a. c ntaminatcd site·, the cuttings that ar b ough o the surface 

ma b contaminated. Dri ling pers nnel shoul wear appropri rotectiv lothing 
and. if necessary, use breathin para . A large, heavy sheet of plasti should be 
p]aced in the work area, and th drill bit h u[d b an ed through hol in the 
center f t e plastic sh cl. 

The ttin. uge d to the surface can be collect d from th h et and put 
into contafo rs for pr p r d.'sposal. 

8.5.4 an1ple Collection of Sol id Material During DriHing 
Sampl·s of u11consolida.t d materials and rock are need d to Lin t th e I , y 

f it . The e collected by drilling borings. Borings ma made jusr for sampl 
c llecti n, or th y may be m de a a part of the pr ce s of installing a. monitoring well. 
Borin ma b . made by .any the meth d of drilling di us din S ti n 8.5. 

uring the drilling pro s, eanh materi ls ar br ught ro th surf: . . Durin rhe 
augering proc ss soil ands dimen rid up th augers; in th mud-rotary proc -ss, a.rth 
mat rials com up mix d with th mud; in air-rotary drilling th _r, is a slurry o rock and 
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water brough to the surface by air pressure; nd cuttings ar bmu ht Lo th urface whh 
a baller in cable-to I · rilling. In all cases the Si.Im.pies . r disturb d , som (such a:s th 
samp,les on th augers) more chan others. In addition, i may be difficult to te.U the exact 
depth r, presented b the sampJ Fin ma ,ering of edim ntary m cerials cannot be dis,. 
tin.guished in such sampl s. n imprecise mod 1 the geo1 ,gy can be constructed from 
these samples, but for more det.a.ils1 undismrb _d samp,J sh uld be c llec d. 

oore sample is collected for oonsoli ated material by obtainin. . roclc.~core sam~ 
pie with a special drilling bit tudded with industrfa,J diamonds as mentfoo d above, 

r for uncon.soHda ed mat,erial with pedaJ mpling tube that are driven into the 
unconsolidated formations. In erpreta:tion f hard ro k cores in • n lidated, frac­
tured media suspecred of contamination has b om quite adv n ed in h last few 
decades and can include field geologic core ana1 sis, nd lab rator analysis (Parker 
,et al. 2012)1• The· initial. field analysis involv, s t rmi.nation f tb numb r o, frac­
tu s, fracture orientation and aperture size, and fracture porosity measurement. This 
analysis canals observ any occludin - chemical pJ1ecipitates fiUing (or 11 healing1' ) the 
fracrur s. The orientation of fracru.ri s from r 1 COfi hol can be analyzed to give 
a. thre --dimensionaj view of fra tur s t sit . Combin d with d iitnhole geophysics 
and tomographic methods, field data can give c n ider -1e in ight into a fractured rock 
media and the potential for contaminant m.o m nt. 

Laboratory mea.surernem of b cdrock core: can quantify contaminants in the core~ 
simulate degradation m · er• • m , and provide core physical, mineralogical, and micra ~ 
bial measurem nts to determin . c ntaminant phase and mass distribution. Typically. 
most groundwarer flow in , a rur ' n , lidated rock occurs through interconnec ed 
networks, of fractures and ec:ondar · porositi urr u:nd d ib low permeability bloc 
of rock. In adjacent blocks with porosity • r ter · han -% however, particularly in sed­
imentary r cks, an app:reciabl mass o. · a contaminant an move in o th rock mahix. 
This matri . diffusion in !,ow-permeability blocks rnreffecriv,e y reduces the mass flu. in 
th surrounding fr ture ,(Parker · al . 1997; Parker et al 2010; Kennel 200 ). 

Great car mus b . . •ercis d in he interpretation of rock c-ores or unconsolidated 
borings, parlicuJady in th m asmement of subsurface contamination or ch a.racterization 
of stratigraphy based on ·ust a few samples. The abs n e of c ntaminati n in a ore could 
be th result of pr fenmti:tl flo (al o ,called 'funneling," ''ting ring, '' wetting front insta­
. ilitie , or R yl, igh Taylor inst3bilities), allowing ontamination completely bypass a 
· ring but till be present in massive amounts. Like-. is . t unwarranted ,extrap I ti n of 
mea . r tratigra, bi data, partkula:rly assuming continuous b.yers of unvarying proper­
ties, is a c mmon probl m particularly in situa ·uns where inoom ,1 t site , haracteriza-­
rion goes unchaUenged. There ar rw main type o sam ling tubes for uncon~olidared 
samples. Both typ s of rubes can be u d i h h How-stem augeri.ng and mud-mtary 
drillin.g if the drill md and bit have a pro ision for a · ample tube to be extended through 
them into the formation ah ad of th b · t. Figure .21 hows the sequence for the ext n­
si ,n of a sampler through the n d of the b ·t of . . hollow- tem auger. The sampler is driven 
or pushed into undisturbed formation ahead of the b' t . ln cable-tool drilling the drill bit is 
remo,ved from th bot h le nd the samp er is lo ered on a rod or ab e. 

A Sh 1by tube is a bin-walled tube that can be sere d to the en of • rod, lo1'ol -
e.red to th bottom f th drilled. h ,le, and pre ed mto cohesiv s dimenrs by using 
hydraulic pressur · r acting against the weight of the drill rig, hese samples are said 
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Source: G. Hacke , 1987. Drilling and cons ructing monitoring wells with hollow-st m au gen part 1: DriUlng 
consideratlons. Groundwater Monftorin9 & Remediarian 7:51 - 62. Used with p~rmisslon. 

o be undisturbed, !though they ar in fa t minimally disturb -d . The precise method 
o collectin a h lby tu.be sample is d scri e in m thod A TM D1587 {Am ric n 
Sodcty for Te ting nd Materials 1983). The sample can b e truded from the h \ · y 
tube in the Jab and trimmed into permeamet for perm ability est. D l ils of the 
microstraltgraphy can be examined as eU . hel y tube sampling do s n r ork \-'ifith 
noncohesive sed+ments. 

A pUr~ p , n sa.mpler can b use for the c Uecti ,n or samples of both • he­
sive and nonoohes·ve sediment . The splir-spoon mpler consists of a split lube with 
thick r walls th n he]by tube. The n. o h I s re placed ogcLher and joined b 
screwing a circular drive shoe on the bottom and a head as emb] on the top. The 
assembled pht- p n ampler .is sere,; ed to a r nd lowered to he boll m of 
the drill hole. A pipe-li c weight of 63.5 kg O O lb) is placed on th lop of he rod. 
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h weight i r p t d) r i ed and dropped a distance o 76 cm ( 0 in.) in or er to 
drive th split-spo n am ]er · nt the ~ rmati n. The number of lo,w n ccs ar to 
drive the sampl r very tScm (6 in.) is recorded as the sampler i driven .6 cm 18 in.) 
im , th formati.on. Th.e m d nsc the formation Lhe great r he numb r of l w 
needed to drive it 15 cm {6 in.). The process is described by A TM 1.586 {Amcncan 

iet for Te ling nd Ma enals 1984)'. 
After th split- n mpler is driven 46 cm (18 in.), or after refusal, jl is brought 

r the surface n o ene . Frequently, le th u 4 cm (18 in.) of sedimen have been 
collected. Fine, noncohesive sediment uch as and may fall out of the ampler it 
i being retricv d. · e im nt gr at r in diameter than one-third of the ia:meter of th 
sampler m y not en er it t aJI. A pebble may Iodge in the barrel and not allow any 

ther sediment to enter. diments ma compact in the sampler so that a fu I 18-inch 
sample may actu l y u y les than 4 cm ( l 8 in .) of the core barrel. The hydrog ol­
ogjsl examinin rhe pUt~spo n " mpl,e mu t u ,e hi· or her judgment in making a log 
based on th split-spooJ1 samples. igure 8.22 is a photograph of a splir-sp on ,mpJe. 

FlGURE 8.22 Hydrog olo ist describing a split-spoon sample. 
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A standard fo c r sam l is to c llect one 46 cm (l8 in. sample every 1.5 m 
,(5 ft}. This fre u nc of amp.lin i ujrabl for relative]y horn geaeous formations. 
However, ff the microstratigraphy of the formations is important-. f1 r ex mpl , ·r 
th rear pe:rmea.bl and s ams in a clay formation-men continuous cm s mp[e 
h uld ·, collect d. Continuous ,cores are made by advancin. the drill bit to the full 

depth that was sampl d by split spoon and then immediately a.king imoth r cor 
sample of the fr•esh formati n ahe d f the previ u core. Continuous-core samples 
can also be collected in ohesiv soils by u in . special core barrel that oUe ts a 
1.5 m (5 fl), long am le ·nsid hollow- tern au ras th auger is being advanced. If a 
sequence consisting o , a J .mch p&it spoon followed by a 6.35 cm (2.5 in.) spl't spoon 
followed by 5 m (2 in.} plit p n is used, 1 .. 37 o I .Sm (4.S to 5 ft) of continuous 
sample cot can be collected be ,, re the ugers need to be advanced. 

In consolidac d form. tion o .-c re · mp]e j collected by use of a core ba:rrel 
with a diamond-studd bit The rotating bit grinds u ro kin an annular pattern, leav­
. ng an undisturb d center f rock th .t at rs th cor barrel. There is a co1"C lifter 'u t 
behind he bit to k ep the core fr m falling out of the core barrel when the drill rods and 
bit are retrie ,_d fr m th b r h ~' . F r h llow soil sampling, some coring and auger 
soil amplin d,evj n b p rated y hand. Helical or post-bole augers gather a dis­
rumed, near-smfac, ampl . an ' are superior to coring devices in rocky soils. Soil cores 
can be taken by hand from the gr und surf; ,ce with pecialized coring devices that can 
allow sampling for VOCs and other potenriaJ contaminants .. Cores: are typica1ly , xtrud d 
aft :r sampling and r adted ~ r transport or analysis. Decontamination t chniqu s for 
cormg quipment betw en ampl sis required to prevent cross-oontamimuion. 

8.5.5 Installation of Monitoring Wells 
F llowing tbe collection of samples durmg the installation of borings a monitor~ 

ing w ll · n b installed in tbe borehole. Boreholes drilled with mud should :ra p n 
with th drill r d rem ed. Hollow-stem augers are gene.rally left in the ground and 
th . ell is in taUed through them, as is drive casing in cable-tool drilling. Th re must 
b suffkfont orking opening in ide the casing or augers. For a 5 cm (2 in .) nominal 
monitoring weU, this means a minimum 10.8 cm (4.25 in.) openin. · need ~d. Tb 
casing can be offset within the auger m iv th farg r working op nin {F'gure 8.23) 
although care must be taken to keep the well casin and reen as c,enrrall 1 ared 
po ible. With a 10.8 ,cm (4.25 in.) inside diameter aug, r an.d a. 5 cm (2 in.) nomin l 
ca in_g, thi create a 4·. 76 cm (l .875 in.) w r.lcing opening. 

The first · tep in the ins an tion of a monitoring well ms to screw the well screen to 
the ca.sin and then ower the sem · .[ · through the inside of he augers or temporary 
casi.ng. Prior ro, instaUa:tion th ,ca ing and sc n · hould e thoroughly decontami­
nated. Th casin. and er n may b WT p din white bu, cher paper after it has been 
decontaminated and th n k pt wrapped u.nril just b fore it is lowered into the augers. 
Figure 8.24 shows a .1 m (20 ft) casing and sere n being lower d by band. Longer 
a ing ne d to be l ;wered on a cable using the drilling rig. In boreholes not drilled 

by boll w-stem aug ring, it is g :nerally important to have centra.Tizers (me _hanical 
c llar -type devices) attached to the ca ing/ screen combiina.rion to keep th m from 

ntacting the well re wall (Nie en 2005). 
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FIGURE 8.23 Casing offset inside hollow-stem a.uger to give greatest working opening . 

Holl, - ,rem 
Ill.I r 

. ·\.) 

o:~ 

;~ 
i) ,'i;J. 

·R• .:i,-0 
. ~ .. ~ 

.l'l,6 o· ·:a.15 
.,. ·o.:U 

Source:G.Hackett. 1988.0rilllng and constructing moni or!ng w· lls wi -h hollow-stem aug rs part 2:Monitorlng well 
installation. Groundwarer Monitoring& Remediation 8:60-68. Used with pernnlssio n. 

Once the casing and screen have been I w r int the ell, the filter-p c mat -
rial n d to I placed. The vo1ume of filt r-p km t ri 1 nece ary to fill the annular 
pa e between he er en and asin an th borehole wall fr m th , - 11om of the 

borehole t a p in 0.6 m 2 ft) abov the top of the er, n h uld be computed. At 
l ast thi mu h m terial must be on hand b or tarting th fill r-pack installation. A 
weight d measuring tape is lowered into th wo,rking opening b nve n th asmg and 
the hollow-stem aug :rand t.h totaJ d pth ,f · he r-eho]e i m ured an.d recorded. 

If the formation is cohesive and cans and op n r short while the alll ers ar 
withdr .wn 0.3 or 0.6 m (1 or 2 ft) from th b tt m. FiJt r.:pack material is th n pour d 
into the working o aing, and th annul r sp , e is filled to the lcv,el o the a.ug r bi .. 
Care houJ b taken that the filter-pack nd d - n' · fill th pace between the casing 
nd the aug rs, because it an lock th casing and hollow-stem augers together. Th 

weighted ta e is us d to det rmin th p iti n of the top of th mt r pack. The aug rs 
ar then ithdr wn an ther 0.3 to 0.6 m (l to 2 ft) and th pror ss is r peat d until th, 

ntire filter pack is placed. Figur 8.2 illustrate what is known as the fr fall m th 
of filter-pack empl cement. 
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FIGURE 8.24 Lowering w II screen and casing into hollow-stem augers. ' ote the i"ihite wrapping 
paper around he decontaminated casing. 

Photo credit:C. W. Fe et. 

When fill r-pa k m t rial rops Lhrough a wacer c lumn, it may s pa.rate accord­
ing co size. ma I o bridge th space bet:we nth c sing and the uger and create a 

oid belo . To a oi the e r lcms, a tremmi pipe sh uld b used wher;ever possible 
(F1gu_r .2 }. l mmi pi e i a pipe that extends • om th urf: nd thr ugh 
, hlch the filr r-pa k and m y be poured. After th augc ithdra'-"rn a few re l, 

the annular space ts fill d with sand being pour d own the tr mmte pt . The tr mmi 
pipe is rai cd as th l v 1 f sand ri e . Th tr mmi pipe an b u ed to tamp down the 
sand, and th eight d tap is us d to measure th po iti n • f th mp of the filter pack. 

If th formation i n ncohesive, j1 will coll p e a th ug are withdrawn. 
Und r thes condition . th withdr wal. of he augers and Lhe additi n of th filrcrpack 
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Ft,GURE 8.25 Free-fall method of filter-pack emplacement w ith a hollow-stem auger. The method 
also wo ks with drive ,casing. 
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Source: G. Hack tt. 1988. Drilling and constructing monitoring we-II~ with horlow-st m au ers par 2: Monitorln91 well 
Installation. Grounm11<He1 Monitoring & Remedianon 8:60- 68. Us.eel with permission, 

materi I must occur simulran usiy (I ack tt 1988). A cable mu l be anach d t the 
t p of h aug tring so that th working opening is accessible al an times. Th hol­
low stem of the aug rs is fiJJed with dean wat r, and a po ,itive hyd ulk head ·s thus 
maintained throughout rhe oper tion. Th au ers are very slow]y ithdrn.wn, and l 

lhe same time filter~pack materiaJ i added so that the t p of th fiJt r pack is within an 
inch or of Lhe bott m of the augers. This requir precise c rdination of h rate of 

d ition of flltcr-pack nd and the rat f withdrawal of rh augers. 
The final depth of the op of th filcer p ck i confirm d: b mea uremenr with th 

weight d rap . l hould be 0.6 m (2 ft) abov the top o . the screen. The uger are then 
wilhdrawn anmh r 0.6 m (2 ft) and 0.6 m (2 . ) of pure bentoni·te clay is pl ed b fre 
ran thr ugh the working spa e. I the area is bel w the water table, bentonite p Uets are 
used; i th area is above Lhe wat r abl,e, granular bent nit,e or lun is used (see 8.4. ). 
· ellets s· ould be dr pped few at ~ time so that lhe ar, n't caught in the workin 

sp cc as th y start r sweU by hyd.ralion. The weighted pe is u ed :o c nfirm the final 
thkkn s of tbe bentonite l er alter enough rime has eh1psed to allow the b n onite to 
hydrat . Bent nite pellets should not be used .s grout in the vad zone, ash drnti n 
is extremely slow even if w n::r is p ured throu. h he pellets. 

Placement o · 'I.he annular eaJ shoul.d take plac by use of a u-emmie pipe. The 
tr mmi pipe hould be lowered to th to · of the bcntorute seat The augers are 
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FIGURE 8.26 U of a tremmie pipe for emplacement of filter-pack mater! I. 

Source; G. Hack 1 88. Orlllfng nd constructing mo.nito ng w lls wi h hollo~st m u.gers pc1rt 2: on'ltorln w II 
inst II t on. Gr:oundwater Monitori'ng Remedia tl'on 8:60-68. U ed with perrniss I on. 
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FIGURE 8.27 Use of a remmte pipe for emp acement ,of grout above the bentonite pellets . 
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i is still soft. I · the grout ettl s ovemig.ht, it level should b brnught co the urface with 
additional material. A stronger smface seal can b_ ohrajned "f the top 0.61 m (2 ft), of the 
annular space is fill d with concrete, as opposed to bentonite-cement grout. 

8.5 .. 6 Monitoring Well Develop1nent 
One a monimring well is constructed, it is necessary that it undergo development. 

This is a process of removing fine sand, silt, and clay from the aquifer around the well 
screen. 1f drilling mud was us,ed1 then vigorous development may be needed to br,eak 
· own the mud pack on the bor hol wall. ev l pm nt is needed to create a well that 
ideally will not pump ilt nd clay when it is ample . It al o may cr,eate a zone ar,ound 
the well scr ,en that is mor · rm l than the native oil and that stabilizes the native 
oi1 o th Lh fin s, dim nts do not ent r the fi1t r pack. 
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AU r er al 1991) made the following bservations bout m nit ,rin. w H 
d vclopment: 
1. U ing om pre ed air for well development may alter native wa.h?r ch -mistry, crack 

ti ca 'n , or blow the bonom cap off the screen. 

2. Add'ng water to the weU for flushing the well or surging can alter the gr un wat r 
chemistry, at a minimum by dilution. 

3. Breaking down a mud wall left in the borehole from mud•r tary drillin is very 
difficult 

4. D v ]oping a well when the screen is in a dean, homogeneous, high-:perm ability 
a.qui] r is re1atiive]y ,easy. 

De e]oping a well wh n the screen is in a fine-grained, stratified, ow-p rmeabili 
formation · s difficuJt. 

6. D vel ping a la ge-diame, er well is easier than developing a smal -diam ter w U. 

7. ,halfow monitorin ells are easier to develop than deeper monitoring weUs. 

8. Monitoring wells that can be bailed dry tend to be turbid be,cause f th t p 
hydraullic gradients that are dev,eloped. 

9. In the fmal naly is, man monitoring weUs cannot d li 1 ped to th point 
b ea nonturbid groundwater ample can be ,coU cred. This is sp cial1 true if 

th rmati on does nor ield very much water so th t extensive e elopmenc is nm 
possib e. 

Ir the borehole is drilled into a stable, conso idated formation, e p iaU if mud 
s u ed during the drilling. it may be advanta eous to flush the borehol ith potabl 1 

fresh water to wash out .a • much of the mud as p sible prior to instaUari n of the· weU 
and filter p ck. This \Vill gr a.dy cut the tim . needed for well development In som 
cases it will not be permissibie to add water to the borehol~ sinc-e thi.s might alt -r the 

round water chemistry. 
There are three procedures used for monitoring w n devel pment: bailing, ~urge 

b ck. surging and pumpiri.g/,overpumpin.g/backwashin,g. These may b u ed. alon. or 
in com binarion. 

A bailer for a monitoring weU is a. section of pip that is open on the top end and 
has a foot valve on the bottom end. It is attached to a line so that: it can be lowered into 
the weU. Water fills it from the bottom; then when it is raised by the line, he foot valv 
cl se.s nd the water inside is trapped. Figure 8.28 i . diagram of a bail r. 

When developing a ,e]l b bajling, the bailer should b aUowed to fr, efall m th 
water surface. V/hen it strikes the water, a pressure wave resuJts, which pushes water 
from the well screen out inm the formation . After the ailer is filled with water, it is 
withdrawn and water from the formation enters me screen. This back-and-forth motion 
of water through the @te.r pack loosens fine sediment so that it can be drawn into the 
well and removed by the ' ailer. The ' ailer sh u.ld b all wed t,o sink t the screen area 
so tha the v a.ter tha fins i, contains the fine sediment that :is brought into the · elJ from 
die ftlter pack. The bailer an also b .raised and lowered when it is submerged m fore 
water to move back: and forth through the screen area. Bailing can take some hours 

develop a monitoring weU effectively; this can rans a e into significant lab r cos . 
Bailing for deve1opment can be undertaken. by hand or by using a cable attache, to a. 
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1FIGURE 8.28 Diagram •Of a bottom-loading bailer. 
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p .,. N>perated drum on a driU rig or true . Some well~dev: )opment outfits h ve an arm 
that can go up and d ,vn lik . a walking b -am o creat a surging acti n. u should 
b taken so that the urgin , action .is not vigorous enough to collapse th well screen. 

sarge b1o k i a de ic hat fit i.nside the well with a n ibl gasket that is do e in 
iz to the inside diame,ter of the well. Figur _ .29 shows th design of a. surg block for 

smaD-dfameter monitoring weUs. It is attached t a rod that is raised and lo red with a 
stroke of a.bout 0.'9 m 3 ft). Mo t of the vvater ism ved up or , own by the action of the 
urge b[0ck although som fraction of th arer byp ses rh surge clock, Tlle surging 

i initiated with th urge blo k a th top of the 11 screen and the block is gradually 
o e.red until th , ntire screened area has eea su , d . Every so ofti n the surg,e blo k is 

removed and the well bailed t r mo e the ediment that has been brought into the wcH. 
I t o much :sedim nt accumu]a e abo e th urge block, it can bind betw n the surge 
bl k and the c sing ,vall and lock up the urg block 1i avoid this, th surge block 
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FIGURE 8.29 Design of a: specializ,ed surge blod for monirtoring wells, 
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Source: R. Sch II nd R. W. La rid ck. 1986. A new valved and air-vented surge plung,er for developing sm If diam ter 
monitor weU~.Groundwater Monitoring & Remediation 6:77- 80. Used with pe,rmissioni. 

must b remo d and th well bailed fr, quently. Surging begins wi:th a gentle acti n; as 
developm nr progresse it becomes more vigorous, with a mor,e rapid plunging action.. 
Again1 too vigorous a surging acti ,n might cau e th D to coUaps • 

Pumping the well can aid in developm nt. A number of differen types of pumps 
are · wtab e. Howey r, m pum might b _ dam g d b the sediment rha.t must nee­
es aril be removed during de elopment. Th ideal pump ford v lopment is c.a:pable 
of a wide range of flow lodtie and do n :r have a aJv ·that prevents backflow. 
The pump intake should b in the screen zon · so that it will immediately pick up sedi­
ment tha · is brought into the well. The pump .is starte at a. low velod y and is shut ofr 
ev .ry o often. \Vben it is shut down, the water in the pump column between thew ,ter 
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surface and the pump will flow ba k into the well an ut into the filter pack. \Vhen th 
ump i started gain, this water will b • rawn into th w ll nd will loosen fine sedi­

m nt in th filter pack. With time, the rate at which th w U · pumped is increased so 
that the water ve]o ity thr ugh th filier pack into the s r,een is · ncr,ea ed. Eventually, 
th w 11 will be overpum d-.tha, i , umped at a rat that i rrre, t r than the flow into 
the well through rh well scr. n . Ther will be a pid decreas - in the water l el in 
the well during overpumpin , and it nn be ust ined , or very long. Eventually the 
water from thew il should clear. Monitoring wells hou1d b p ri dically redeveloped. 

8.5. 7 Record Ke ping During Monitoring W 11 ,C nstructio11 
record-keeping requir men for monitoring well 

onstru cion. E 1en wh n d t iled records ar,e11't requir d by statute·, they should be 
k pt as a matter of , und prof, ssioual practice; Figure .30 shows a ne~p ge fi rm that 
can · e used to record important information on. monitoring well . ons uction. Many 
firms have their own forms, _ nd ma y tat , provinces, and regions have a required 
orm. The fi rm should b filled out in the field as the in~ rmati n is collected. 

Records , h uld als b kept of well developm nt, indudin the date hat it 
o curred the method u ed, th water level at the start o dev lopment, th w, ter lev 1 
at the end of developm nt, the time pent developing the well, and th volume of water 
removed. The thi kn s of dim nt on the bottom of thew ll an b d termined by 
measuring the d pth to h · bott m of the well with a weighted tape. his measured 
distance is subtracted from th m asured 1 ngth of the w U ca ing and screen that 
was in alle . The difli ren e between th two dim nsi n i th thi kness of sediment 
inside the I . 111· thickne s hould be measured and r ord d both fi re and after 
dev lopment. I· ible, ediment h ,u[d be removed with a bottom-loading bailer. 

8.5.8 Mon.it rin Wen and Borehol,e Abandoninent 
ometim difficulti s are encountered during th _ onstruction of a monitoring 

well lhar pr v nr i completion. Monitoring weUs may b installed for a spedfic time 
period, after \l hi h they mu t be rem ed. Te t borings may b - made , ith no intention 
of using tbe borehol for construction of m nitorin well . ln all such cases proper 
aband nm nt of the well should b und rtaken. ny c untri and regions have 

cifi , LI-abandonment codes. In the absen e o sp cifi re . ui:rement , monitoring 
w . lls n boreh I h uld be aban oned in such a mann r that surface water cann t 
drain int he . quifi r. Otherwise a irect conne tion or contaminated water from th 
u:rfac t th qu.ifer can r-esul . , r shoul contaminated w ter or fluids be allowed 

to mov vertically within the borehol o cont , rninate other depths. 
f a casing and sere n ha b n in t lled, they bou]d be remo,ved if possibl . 

This can be accomplished by pulling if th. annular ea! ha~ ot been filled with a 
c ment- :ype grout. If a plastic ing br ales while ,· ing pulled, i can rem ed by 
driJ!ing it , ut, ith holl w- tern augers. Follow:ing the remo aJ of the casin t a tr mmie 
pip h uld u ed t fill the re u]ting bor hole from the bottom with an appr priate 
material such as n t cement r bent rut grout. The grout is placed whil the au 
are being puUed om of th h I Mat riaJ 11emoved from a monitoring well may b 
contaminat,ed and should b pr p rly dj p ed of. 
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FIGURE 8.30 Form for recording inforrnatiion about constll'UCtion deta i.ls of ai monitoring we I. 
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a ing and scree.n have been grnut d i n:to pl c it ma not b possibl to 
r mov, them. If this is the case, sever [ approaches can be us d . The casing could be 
cut off below grad ; then th s r n and casing must b filled from the bottom using a 
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fl1 mnri ptp nd an · ppropri ,te m t · ri l such. neat c ment r , entonite ,grout If 
th c sing is in p or cond"tion it _ an rip d o_ p. tforated with a in,g rippers allow­
ing grout to be in'ect.ed i.nto th annular spac . Alt ma ively, casing can b gun-per-
fo.rat d u ing ei her a d i hat fires stee] projectiles through th - casing and into tb 
formation, or a ·et type perforator tb .t uses small shaped explosive charges to bum 
hok thri ugh the ca ing and allo·. grou inject'on Alleu<: al 1991). 

Bor hoe in · •edimen c n b filled with rout r naive i1s mixed with benton­
it . Borebol .s into dr k h u[d b rout d ith a c m nHyp gmut. 

■ ,8 _ 6 Well Sa1npling 
8.6. 1 h1troduction 

After a monitoring well has b end -signed, installed, a:nd deve]oped the 11ext st p 
i t oUect a. water ample. Th at sample hould be repv :sentativ · of the wa er in 
th _ formation- th_ t is, the ampling techniqu should coll ct water from the aquifer 
and not from wat r that has b n stani , ·n · i.n th well ca ·ng or cree . In addiri n, 
the sampling device should provid a sam le that has not b e,n altered by th ampFng 
process and shouJd n t cause cross c ntamjnarion. 

8.6.2 Fluid l~vel and Pre sure Mea uren1ent 
everal d vie s ar; available for th d, wnh 1 measur ment f water levels, pore 

pressures and . APL lay rs in w lls: or piezomer:ers .. HisroricaH y, sree] rape as used to 
m asure water 1 vels in wens. "balk wou] , be appHed to the tape at the ,expected water 
level depth, and then retrie -ed to the surface. The depth to water 1l mtld be indicated 

n depth m rking on the tap at the point where the chalk had been wash d awa by 
th a er. An ther hi to,ri,cal melhod to, measure hydraulic head is a ' jbubble tube 1 

which. is a pip or ub ent d wnho]e with a kn wn air pr sure to depths below land 
surf:lll.c and beJow th water table or piezom:etric surface. The tube c ,ntinues t bub bl 
until it reaches ad ptb where the water pressure ·s equal to the fr pr,e ur within the 
tube and the depth b low water surface can b calculated. Thi method i not used in 
situation where volatilization of contaminants is pos ibl r APLs afl u p ct din 
the weUs. 

Water levels are now often determined by e·lectrical probes with depth , -emarca~ 
tions which ate lower~d in a li ell or piez meter unti] a peeping sound indicates. that the 
water 1 eve] has b en rea hed. F r mor , -- cting and quantitattv·e APL determina­
tions in wcllsi depth~discret and tt n par n baHers can -e sent downhole, or interface 
probes can b us d. An inter~ ce pr b i modified electrical water Ievd probe which 
has an ability to giv separat I oustk and vi ual ignal.s for water 1nd NAPL in the 
fluid oolumn (Mercer and Coh n 1990; Cohen and Mercer 1993). Unlik he ailer, 
h we,ver, interfac probes cannot retri ve a. APL sample for anal si bm -nly m as~ 
u11 the vertical Urickne s of NAPL in a. wdl. 

Long t rm "tater lev ] measurements are now ofteu made wim a recordin tra.ns= 
d ucer hkh measures temporal pre sure changes in a w,e]l a a s citied depth, which 
c rr • a t overlying wat,er I el . Vibrating wir pi zometers are useful in measuring 

ell water levels and pore pre ures for g otechnical applkations. 

R000353



510 Chapter ight 

8.6.3 Well Purging 
Water that has b en. stand'ng in th well has been in contact with atmosph ric ga e 

and the well casing and screen. This contact can affect the water chemistry. Oxy -n can 
ditfuse into the water and dissol·v-d gas g can olatili2:e O:I' o idlze. 1'ra · Jements ma h 
l ached from the well casing, Organics may be sorbed by the ell casing. In rder o be 
sure that th water being drawn in • the rnpling device comes from th aqui r, the w ll 
must be purged of standing . ater prior m sampling. The goal of purg'flg ·s tor move all 
the w ter that has been stand.in ·, in the well. Tbe vo]ume of water that mu t b rem ved 
t accomplish that goal depends upon th · meth d f purging and formation permeability. 

Th _ first t,ep in well purging is to m asur the depth of wa •er in the well the toral 
well depth, and th insid.e diameter of h well casing. These m asurements are used to 
compute th volume of water tanding in the casing. If a we□ is purged b a m thod that 
withdr ws water from the top of th water column, then theoreti a.Uy only one weU v 1-
ume ne ds to be withdrawn. ·or ,e ampl , urging with a bailer th.at is 1 wcred 1 wly into 
the well to a depth no greater than th 1 ngth • f the bail r will r mo e vmter only fr. m 
the top of the c · umn. If a pump is used to purge the ell , the pump intak show, b as 
close as possibl • the top of the water column. Although n v· ell volume would theoreta 
ically remove all the standing ater, good practice suggests ·th r _ l ast hree well volumes 
should be :removed to b sure l'hat the tanding water in th. c sin an _· screen i t ta.Uy 
removed. Thi so removes water from the fi.iter-pack area. If a w 11 is bailed dry, or n atiy 
so, it is not necessary to attempt to rem ve multiple-well volumes. As soon a the well has 
recovered nough to contain sufficient sample volume, the ample can be ooU. cted. 

If the pump intake isl ,wered to the l Vi l of the r•e n in tbe well during pu ing, 
then most of th water iU com fr m the screen. ar , and an area of stagnan water 
wiU devel p in the water column above the pump intake. Under sucb c-0nditions up 
to fiv,e weU volumes need to b pumped to, remove aU of he s,tagnant wa:ter in the 
well (Gibb et a . 1981). Kee[cy aind Boateng ,(1987) advocate a sta . d technique when 
purging wi ha pump. The pump intak is lowered to just be]ow thew ter surfac,e at 
the beginning of the purging process and then i gradually lower d throu,gh the wa rer 
c lumn until it fa a _ the er, n zon -, when pur ing is complete. Purging thriee weU 
volumes wilh tbis technique should be adequat . 

Electri all ,conductivi nd pH can b monitored durin th wdl-developm _nt pr ~ 

cedure. l th y vary widely during the ell-purging proces , this may mean. that wate 
from differ nt s urces i · eing withdrawn. ,f the e values do not tabilize,, this does not 
m:cessl!llril:y mean that the stagnant water bas not been ll .ithdrawn fl"om the well. here 
may be instrument drift, r the water qu lity in the aqui:fi r ma be changing as wa rer 
from differ- nt parts o the aquifer is being ithdrawn. 1f possible, th · w ll should be 
purged until it is no turbid. 

Th water being urged from th monitoring ,ell ma be contaminat d. If o, it 
must b pr pe.rly disposed of in a treatment facility. Forth ' re.a on, purgin techniques 
hat Iimi the amount of water withdrawn are desirabl . 

8.6.4 ·w ll~San1:p,ling Devices 
Th re are a large number of ampling d vice a ailable for monitoring wells. They 

operat under different physical principles and d ign a1 d have differen applications. 
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Most ar:e a railable in a ·varie of material . The following is a partial list of available 
devices (Nie]sen and Yeates 1985; Pohlmann and Hess 19.88): 
l. Open ba,1er. This device is a rigid tube with an open top and either a closed bottom 

or a check valve on the bottom. !tis attached to a line and is lower,ed and raised by 
hand. It withdraws the sample from the top of the water column. 

2. Poi11t-:source bailer. Th"s d,evice has a check valve on both the top and bottom and 
can be owered on a. line to a gtven depth below the surface, wherie the valves 
can be dosed by a cable. It can collect grab samples from any depth in the water 
column. Some bade are mtentionally dispo able to prevent cro:ss-contammation 
fmm mwtiple samprng, and some are transparent or transluoent allm ing visual 
identification of co[o:red NAPL r ,other compound in the bailer. 

3. Syn"nge sampler: A medical syring~ or similar device, is attached. to a length of 
tubing and is lowered o a selected depth in the water column. A suction is .applied 
to the tubing and the syringe, w' ich was lowered in the ·"empty'' position. The 
s ·ng fills as the water com s into then edle because of the vacuum b ing devel~ 
oped by the suction on th tubing. 

4 . Gear-drive pump: Thi:s ·ev:i.ce is similar to a traditional subme·rsible electrical pump. 
There is a miniature electrical motor a cached to the pump, which rotates a set of 
. · ears to drive the sample up the discharge ]ine via positive displacement. A ,conrin~ 
uous flow of water under positive pressure is d :veloped. 

5. Bladder pump; h. sampler has a rigid tu containing an internal flexible blad~ 
der. There arc ,check valve on either end of the· rigid tu · . When the bladder i 
deflated, wa er en ers th . lower nd of tb rube through the check alve. When th 
rube is ful th bladder is inflated with an inert gas pumped down f.riom th surface. 
The bonom check valve doses, the top ,check valve opens, and the· water sample 
fl ws up the · i charge line. When th b]a.dder d flate , the ater in the cli harg 
Jin can't drain b ck in o th rigid. tub b use th ch k va.lv . Th w ,.t• r i 
under positive pn:ssure at aU rimes and doesn t ome into contact with the gas. 

6 . Helical-roto, pz,mp: This pump has a submersibl electrical motor. It rotates ah Ii.cal 
rotor- tat .r, which drive water up the discb r-g line und r p siti e pre ure. 

7. Gas.Jri~c- piston pump: A piston that pumps the wat r is dri en up and down b gas 
pressure from the urfac The ga docs not contact the ample. 

ubmt 1'.bfe cmtnfa. lpump: A submer ib ele tric 1l motor driv,e an impell r in 
the pump whkh •creates a pr,es m and orce ch water up a dis harge line. 

9. Peristalt;cpump: Unlit, the others, this is a pump lo ated at the land surface. It is a 
elf-priming acuum pump tha, c n dra\ a at sample up tubing under ucti n. 

Loss of olatii compounds and, issol d gas s may o _cur due to th vacuum 
evelo ed. 

_O. Gas-lift pump: A con tant sn- am o. g _ or air i used to, or ~h water up a dis-
chaige tube. Th wat r c mes imo contact ·th the or air and o idatfon and 
loss of volatiles can occur. 

11 . Ga.s-dril-w, pump: An inert g j u ed [ternately pr,e urize nd depre surize a 
amp1e chamb r. The .sample chamb r has check valve to creali a one~wa:y flow 
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o water up a discharg line. This is similar to a bladder pump cept that th re is 
no bladder, so th gas com int ontact with the water sampl . 

12. Pa. ive · amplers: Consist of an organic phas , such 
which accumula es cont minants from the aqueou 
sampl are u ' ful fi r sampling the water column 
( TR 2005· U EPA2012). 

a plastic fi.Jm or polymer. 
phas or (soi[) air. Passi e 

. well as interstitial water 

Figure 8.31 is a matrix o amp.ling devices and the suitabl.e applications for coll -
ti n :f groundwater samples. 

P ar all nd Eckhardt (1987). Yeskis t al. (1'988), nd Tai, Turner, and Garda 
19 l) • valuated the ffi cy f a number of different sampling d vice in collecting 

repr s nt ti sampte f latil organ:i . ompounds in gr und ater. The first two 
studLes were performed by i bdrawing water from monitorin. lls wi h different 

evic• ·s and comparing the result . The authors had no controls- that i , they did n t 
kn w • c actual concentration of th . c n minant in the aquifer. 

Ye lei t l. 1988) ested a bail r a bJadder pump, pi ton pump, a submersi­
bl ] ctric impeU r pump, and a submersible electric h licaJ · tator r tor pump. They 
found ry little ariation in th r ult cept for the bailer. Th iler ample wer 
in g n raJ l ss than half o he values obtained by the oth r de i es. Pearsall and 
E kh rdt ( 1987) eva uat d tw cm (2 in.) submersible heli a] st t r-r tor pumps 
made f different materials, a ,4-incb subme i le electrical water-well pump, a cast­
iron centrifugal uction pump, a p ristal6c pump, and a bailer. The ubmersible pumps 
all gav similar r ults; the p i l lti and centrifuaal suction pum · s gave somewhat 
lower results. ilicon and PVC tubing appeared to give low r resul than Teflon tub­
ing when us•ed with the sam _ pump. The · ailer gave variable r sults, d . pending up n 
th oncentration. 

ai Tu ner, and Garcia (199 l) built JO. . m ( l 00 ft} tall, 12. 7 cm 5 in.)-diarneter, 
stain] - te l, . ertical standpi ith sampling rrs at \ra.J"i us depths. They were 
abl to u · a ampling device to coUe t a sampl from th ta dpipe, · t the sam time 
drawing a control sample from that depth through a sampl port. Th y te ted a. Teflon 
p int- ource bailer, a manu l-driv n pi ton pump, a motor-driv n piston pwnp, a sub­
mersi le helical-rotor pump, risLa.tti~ pump, and a bI dder pump. eflon· tubing 
v . u to convey samples to lh surfa e fr n the pumps. Be ause th y bad c n­
'lli l amp[ , Ehey wer,e able to calcu1at a p rcent re o ry for each sampling d vice·. 
Table · . how he p .rcent cov r for each sampling de ice at different depths. 
Examination of this table b w that the submersibl pump1 the peri ·t ,!tic pump. and 
th bladder pump all had ex U nt r coveries. ranging from .5 to 100.5%_ Th other 
three de ices were not a a curar , with th bailer having the low t ri o ery_ 

Th l w recovery u ing the bail r as probab due to .agitation of the sample as 
i 1· eing transferred from th bailer r a 40 mL ample ottl for vofatile organic 
anal i _ Although it i a implc pie of equipment, an p dence operator is needed 
for corr ct use of a. bailer. 

On the basis of a a.it bl re e rcb Parke 1994) th pist,on pump, the bladder 
pump, and the electrica] subm rsf I helicam-rotor pump appear to b th . be.st , vie ~ 

for th collection of water sampl s containing latil rganic compounds_ Perista]ti 
pump aJie also suitable for metals ands mi olatii organi if us,ed with a rheostat to 
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FIGURE 8.31 Matrix showing applications of a number of g1roundwate;rsampling devices. 
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TABLE 8.S Percent recovery of s.amp,ling devic;es compared w'th control samples. 

Water Depth 
17.5, flt 54 ft 92 ft 

Lowa Hig:h Lowa Highb Lowa Hig 
Sam _fo,. Cone. Cone. Cone. Cone. Com:. 1C-0nc. 

Submersibl , 1pump 97.8 99.7 99.5 98.5 W0.1 00. 
PerTsta ~c pump 97.7 98.7 98.7 98.5 97.7 100.0 
Bladder pump 101 .5 100.5 99.9 
Tef on boa r 93.9 96.3 92 .,4, 93,9 92.7 91 .4 
Manual-driven pislon pump 102.2 102.5 10 1.1 ?02.3 103.5 
Moor riven piston pump 97.4 96.8 99.8 98.4 W0.9 100.7 

Source:Tan •et ali. 199'1 . 

er -ate 1 >W pumping rat . A bailer is acceptable if used properly with a minimum of 
gitati •n n t t re t pla bing in the wcll an · loss of vola.tiles. Bailees should 

hav a hon• m~empcying devi e. Su h I bailer sh uld be able to rec er 90% of the 
vola til organics in th wat r, 

Parkier and Ranney ( 1996) examined the effect on u,5ing various ri id nd fl, _i­
b] e tubing us din water sa.mpling d vices on trac~level clisso ved~organic compound 
pr ·.,ent in grol.mch.vater. They found that tluorinated ethylene pmpyl ne (FEP), FEP~ 
lined po[yp:r pylene· and polyvinylidine fluoride (PVDF) were the least absor ti e 
f the ri jd tubin,g. In additi n. they d , not lea.ch constituents int.o water. Of the e, 

PVDF is the least xp nsive. Where a flexible robin is nece , ary, uch th b ad of 
a perisraltic pump,. fluoroebstomer rubing and a ,cop Jym r of vin Hdin flu ride and 
hexafluorop opylen,e were much less sorptiv than the oth r fl xible tubing. The also 
leached the few-est constituents into th water, Tb copo1ym r i 1 s pensi ban th 
fluoroelasto mer. 

Wherever possible, dedicated sampling equipment hould be used in each w ll . 
Thi pre nts the ibility of r, ss , nr minati n b t.w - n w lls. It also eliminates 
the co l d c n aminating th quipm nt betw en well and the p ibility of inter-
£ ren e from solv nts u d ,or d int min · n. In · p nsi isp , able bail 
availa l and ma b a.n ac eptable s ,mplin d . vi for many studie_ where the o 
dedicated samp1in quipment in ach 1l is not justified. 

8.6.5 Method · of Collecting a Groundwater Sample Without 
Drilling a We:U 

The installation of a monitoring well is a costly proposition, generally in the 
ra.nge of $5,000 o over 1 S ,000 USD for shallow wells in unconsolidated materi­
als. More ,ver, the proces..s can be di ruptive to the pmperty owner and can damage 
lawns and crops. At ome sit there may b limi ed kn w dg , · ur th dire tion of 
round ater m vem nt and the ,e istenc _ nd location of ontaminat d gr undw ter. 

Tb hydro eo og:ist may 6n it d s.irab] to p rform some typ of sere _ ning inv sti a~ 
tion pri r to th install tion of perm nent monitoring w Us. Durin th scr enin ' th 
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hydrog ologist may try to find the location and depth of groundwater contamination. 
There are de,•ice. that on can use to c lle · a groundwater sample without instaUing 
am nit ring w 11. Th e d vices, as well , tand rd andpo·nt pi zomete-r, can be 
us d durin the in tal1ati:on of a re t boring. 

Th . e m thods al allow me cone tion o, dis· rete samp] s in a vertical profile 
which gives on the ability to construct a. verrical•concentration profile similar to that 
of a multilevel sampler. Howe er, they have a drawback in that the samples cannot be 
replicat d a a future date becau e the sampler i withdrawn after use. 

he H dr1 .Punch'f I is one uch devic , a direct-push samp] r, that can. be used to 
collect a groundwater sample from a discrete ·. epth in the earth (Edge and Cordry 1989). 
t consists of a. pointed sampling probe that is attached to a hollow drill rod. The rod is 

pushed into the earth by the hydraulic ram of a drilling machine or cone penetrometer 
rig, or j driven into the earth by the dropping of a weigh using a. drilling machine. Such 
a devi e will obvi u~ ly onl work in unconsolidated materials. Moreover, HydroPuncb. 
TM cannot be used in very coarse sediment. As a neral mie, if a 2-inch spht-spoon 

sampler cannot ht!: driven into th earth th n the HydroPunch I™ will most lik, l}r b 
damaged if an attempt is made to drive it. A sturdier HydroPunch rrrM has been made 
which can be used with cone penetom ters or in conjunction with drill rigs. When the 
probe has been advanced to the target depth, the drive pipe is retracted abou 1.5 ft 
(0.5 m). This .raJ es a shield on he piiob whi:ch exp · e , a stain! s stee] well •creen 
that is 10 in. (25 cm) Joog. The probe has to be pushed at l ast fi e fee b Io the water 
able to completely fill the sampler; Hydrostatic pressure in the aquifi r forces water to 

flow into the· screen where it will rise :into the probe until it reaches equilibrium with 
the h dm tatic pre- sure ln the aquifer. Figure 8.32 illustrate the HydroPunchTM in both 
the closed and open positions. The screen openings .in the HydroPunch I are relatively 
large, and although water will enter relatively r pidly, th mple m -y be turbid. check 
valv in the probe prevents water from draining back out of the ere n and 
assembly is withdrawn from the ground in ord r to retri th groundw: te ,mp] . 

The BAT Enviroprobe TM is another type of discret depth sampler (Min et aL 
1993). ti manufactur-ed by Hogentogler & Co. Inc. of lumbia. Maryland. l is also 
pushed or dri en into the earth to the des.bed depth b drilling or oon p n trom• t• r 
rig. When the drive pip to which the pr be i attached is pulled back. about l ft:. (0. m), 
a stainless steel sleeve is moved upward which ,e:xoc1se-S 4-inch rn cm) long screen. 
Figure 8.33 shows the BAT Enviroprob TM in b th dose and, mop n position. The 
is a septum on the top of the screen wruch prevents gmundwat r from ri in high r than 
the sere-en. The sample is collected by [owe:ring a device with a daub] ..ended hypodermic 
needle with an evacuated glass vi 1, which al • contains a septum. Th hypodermic nee­
dle penetrates both septa, and thew ter can m •ve from tbe sere n zone mm the evacu­
ated vial. The vial containing the gr und at r ampl is then withdrawn. hould this not 
contain sufficient sample -o)ume, ad itional vial can be low d thr ugh the riser pipe. 

In the case of both the HydroPunchTM and th BAT n iropro , eTM, th wa er enter­
ing the -creen is formation wat, rand ther is no n d to ith r develop the well or purg 
it prior to sampling. his reduces the cos as the sample ,collection is quicker and also 
th re is n c n amin ted purge and de elopment water to dispose. Zemo et al. (1995) 
field-t sted both th HydroPunch™ and BAT EnviropmbeTM and found tha there 
was no st ristically si, nifk nt diffe11ence in tridtlometh lene concentration found in 
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FIGURE 8.32 Closed and open position ohhe HydroPunch™ prob , 

.aw OO& 110t cro11 , 
1a. ,c~1 

$1a1nll,11-1 
'icr!liil!l'I 

Source:Zemo et al. 1995.Field comp.irison of analytic I results from discrete-depth ground wat:er samplers .. Ground 
Water Monitoring & R,medlation 1 Sd 33-1 41. U d with p m i,s~ion. 

groundwater amplcs collected from either probe. However, they did , ,nd that there 
was differ nc in hJ r . • nzen concentration. They were unable ro determin why 
such differ n sh uld ex.i t. 

If th uncon lidate material is too coarse for the sampling probes to b push d 
v ry far int th arth, then they can be u d with hollow-s m aug r · rilling rig. 
Th drilling ri · s used m install a test boring. At s lect d depth , ith r pro' can be 
advanc d within the augers and ahead o th driU bit t c Ile a gr undwater sample. 
This approach has the distincr advanta e of gatherin stratigraphic data al ng with 
water-quality data. In the a sence of a. specifi.c sampling prob , a tandard 2-foot Long 
and p int piezom 't r can be driven . head of the dril1 bit to coU,ect a water sample. In 

this case a baile iS used o collec the groundwater sample. A.ft r the rater sample bas 
been co,Uected, th d vie i ,. ithdrawn from the bor hole and the augers advanc _d . 

8,.6.6 Low~Flow Purging of .Monitoring Wells 
An im ·ort nt advance m ,contaminant hydmgeology fi ._ d m th ds i · th dev lop­

ment f mi.ropurgingorlow-flow pu:rgiagtechniques (Puls and Paul 1995). Th purging 
techniques presented in section 8.6.3 are designed to :r, mov: all of the stagna.nt water in 
both the screen and the casing ab ve th ere n. he micropu:rging technique withdraws 
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FIGURE. 8.3.3 Oo:sed and open po,s·tion of the B,AT Envi roprobe™ probe. 

Sep um 
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Conl gu"ali on 

Sourc:e:Zemo et al. 1995. Fietd comparison of analytlc:a,I results from di~c:ret •d pth ground water samplers.Ground 
Water Mcmit01in9 & Remedkltion 1 S: 133-1 .111 . Used with perrniss on. 

water dfrecdy from the screen ZiOO at a. rate that is less thm th recharge rate from the 
aquifer in o the screen. Th stagnant water in the a ing d not mi with th fresh 
water entering the screen {Pow U and Puls 993). l is purging r te i f. than 1 L p 
minute; a suggested. rat is only 100 mL/min. At this r t thet; i minim l drawdown in 
the pumping well and the water chemistry of th purged wat . t n s to reach a constant 
v Jue within • rie-haff . fa casing volum (Bar lona:, W, hrmann1 and Varljen 1994). 

Micropurging is a complished by using ither ad dic:.ued bladd r or submersibl 
pump with the intake sec in the center of a. well screen or a peristaltic pump with the 
end of the sampl,e tubing se in the screen z ne (Kearl , t. l. 1994). Ha dedicated pump 
i: not used, the pump should be plac d in th well at lea t 24 hour prior t , th · me 
tha,t he sampl is collect d. The purge rate should be about J O mL/min although 
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mewhat higher rat could be us d or very permeable formations. Two volumes 
of wat . r .. ontained in the pump and the tubing should be removed prior to collecting 
the sampl . Thi wiU be much less than the volume of water in only one well ca~ 

ampl o not n ed to b field filtered . 
One •of the probl.en that ari es when sampling ground, ater for metal ccurs 

wh n th a.ter ample is turbid. The tiurbidiry is du to suspended minera] grains. 
Th se particl s may contain sorbed m ta.ls. Some U. . EPA programs and :some U.S. 
state ag ncies prohibit the filtration of samples. used for metal analysis as it is known that 
m tals ca:□ trav ] in the groundwater with col oids (Pu.ls and Powell 1992). H wever, 
turbidity in a ampl can be cau ed b the process , f loweJing sampiin instrument 
int th monit • rin__g well (Ke..a.rl, Korte, and Cronk 1992) or by high screen.entrance 

l i · s develop d h n sign.i · cant dra do rn occurs during purging. Micropurging 
t , chniques uriHzing dedicated sampling equipment in each well will provide a sampl 
with the least amount of artificially introduced turbidity. Trus wiU provide the bes 

mp] for us,e in determining otal metal . 
Kearl et al . (1994 compared sample· cotlected by micropurgi.ng with samp1es col-

l d by tradition 1 purg an· sampl techni ·u :s. or m st inorganic analyt sand all 
rganic nalytes, th r-e w no ta,,· tically -igni_ficant difference b tw en h two m thods. 

In add .ti n to the ability t c U ct a nonru.rbmd sampl thefi are oth r advantages 
of th micropur in t chniqu. . In som monitoring wells located in low permeability 
formations, traditional purging may withdra, mos or aU of the water from the weU. 
This m ans that one must wait for a da.y or more for tbe we l tor cover enough water 
t yield · ampJe. Thi mean: tha the sampled w ter wa till tagnant fi rape i d of 
tim before b ing withdrawn. With m·cropurgi~ t hniqu a ry low pumpin rat, 
c uld draw -esh form ti n water int , the creen zon withou much lo ,. ring of th 
w 'ter Ie er in the casing. 

her ar,. ?\,Vo variable osts associat d ,--nth groundwater sampH n : personn -I rim 
nd th expense of disposing of th contaminated purge water ( chilling 1'995). With 
cdicated pumping equipmen , the time for micropurging is generally less than tha 

needed for traditional purge and sampling, henc,e the cost will be lower. The amoun 
of c ntaminated water which mu· t b dispo ed is much le in mi ropurgLng, hence 
the cost will be less. 

While the impact of turbidity in a groundwater sample can have a ignificant effect 
on the concentrat' on o , metal in the samp1e, the ame is not rue for .at 1east some 
hlorinat d solvents. Paul and Puls (1'997) , xamined the impact of sam le turbidity on 

the oncentration of trichloro thylen , is-1.2-dichlorethylene and vinyl chloride. In 
both field and laboratory sam fes the found that solids entrained in the sample had 
no significant impact on the measured c n e.ntra tion of .any of he tht omp und~. 
On this basis they conduded that turbid"ty in the sarnp1,e do s nm appear to be of sig­
nificance when sampling for VOC analysis. They did note that if th turbidity w, ,s the 
re u] of sample agitation that fa tonrught result in loss , f vol tile . 

8.6. 7 Sampling Frequency 
Groundwater sampling is carried ou, comm nsurate with cffons to understand the 

natur and extent of groundwa er ontamination. predic future movement, ensure that 
harmfuJ xcursions of .Uura:ms do not ccur, facilitate rem diati n, and oth r goaJ 
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pertinent to sit chaxacteriz tion. any r,egulatory agencies specify and sometimes 
codify periodic: time frames for sam ling f moni oring weU arrays, such as monthly, 
quarterly, or annu l ampling. Thes p riodic samplings have th benefits o allowing 
pr dtioners t pr, diet many co ts in advance, and look for long-term trends in water 
qu Uty. -r rn a regulatory standp inr this makes sense', although natural events that 
_an _ lter wacr qua]ity are not always periodic. For exa:mple, in karst systems great 
changes in subsurfi.~1ce water quality c n occur during pulse flow events, and perbap· 
in many ases the b st monit ring tra egies for cave systems · nclude sampling imme~ 
diat ly b fore. during, and after int t1 rainfall and infiltration. R,egufatory monitor­
ing r, quir ments ar, sometimes wrongly viewed as the maximum effort necessary to 
und rstim and d al ffective y with groundwater contamination, particularly if mom• 
torin . c sts are to be minimized. In reality, although s andardized morn oring intervals 
maker: gul.ato:ry expectations clear, a one-sizie-fits•all sampling fr-equency i not alway 
the be . t w y to understand ubsurfac c ntamina i n at a articular jte. Long~term 

· r typically r duced ith a dear understanding of contaminant distribution and 
mo e01 nt, and :sometimes this nece5sitates n1orc frequent I strategic sampHng before 
r medial action and sit,e closure is attempted. 

■ 8. 7 Other Site Characterization Methods and 
Groundwater Contan1ination Forensics 

8.7.1 Introduct ion 
Site char ,cteli.z rion i much more th n just identifying groundwater pollutants 

an mea uring th iro currenc in the ubsurface. A challenge is that many welll-de6n d 
charact riz rion oals and objectiv,es require a deep understanding of a site's geology, 
an und . rst nding of groundwater travel times, knowledge of the chemical cha:rac eri -
tics of potenti ] contaminants, and awa11ene f Iogi tical and. afi ty concerns.jus_ to 
nam a few necessities. These complex objectives are often resolve by g 0 1 ogi testing, 
d -t. il d nvironm nt L ch m · try analy is. and nvironmental forensics. 

he:11 are man wide~rangin applications of site characterization techniques and 
roundw. ti r forensics that support a robust understanding of source water protection 

the pot ntial for contaminant movement and transformation, ,groundwater vulnera­
bility and · he integrity of aquitards r barrier whi,ch are r red up n to isolat wa t . 
Num r u monit ring and characterization t chni.que.s ba e been, and continue to be 
devel d, adding to the ars nal f meth dologies to characterize subsurface contam~ 
inati n, and man of th m tho d 11 1 on probes to ll driven into the su surfa,ce, 
m ai m . m _ nts to b taken from boreholes, or samp]es to be taken from wells. In some 
c es contaminHJtion can b · uspected based on field conditions. Field bservations 
for APLs illusttat thi point. Fo, e ampl 'f D APL chemical concentrations in 
groundwat . r inc:rea e with epth in pa em in onsistent with advectiv groundwater 
fl w or in a e unt r to hydrau1ic gradi nt th re is suppon for the possibility of 
DNAPL eing spr. a in i re, phase. 0th_ ·ndicators o free-phase NAP'L include 
ituati n , h r tb aqueous cone ntrarion of APL compounds in groundwater is 

grea.ter than l Yo of the pure phase (for a ing]e AFI. compound) o:r effective solu­
bility limit (for APL mixture ). ot!e tha he oppo ite is not true; concentrations 
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belo [%mayor may n t be as d ted with e-phase NAPL. In soils where NAPL 
concentra ions are greater than 10,000m /k. (1% f oil ma ~) free pha.se can be u ·­
pected. Other qualitative igns of fre -pbas NAPL include erratic concentration f 

APL chemical in gr undw ter, soil, and soi] gas; rebound o, el ated dissol ed 
APL c ,ncentration after a p,umping syst mis tume . off; th pr,esence o D APL 

ch mical in ground ater tha is lde · than potential release dates; and obser ed d r -
rioration of pumps and well comp n, nt . 

Quan tative methods can often b us d a id n in legal proceeding . an the 
field f environment.al forensics is bas d on effort to dj ringui h p U-ntant , our 
(Mor:ri on and Murphy 2006 . nvironmental forensics is defined by Hester and 
Harrison {2008) as «a combination of analytical an environmental chemistry, which 
is us ful in th court ro mcont t. ' tther fori' invo[ves field analytical srudi sand both 
data interpretation and mod Jin connect d with th a.tt.ribution of pollution events to 
tbei.r causes.' There are a vast number o. hni u t det rmine he source and path­
way of groundwater contamination that fall into th i alm of for nsi hydrogeol gy. 

8. 7 .2 Bor hole Geophysics and Downh I Techniques 
Man geophysical techniques originall loped for oiI and g s e pl r ti n re 

often u d in drilled boreholes to define subsurfac g ology and hydrogeoi gy, dire rly 
id, n ·ry pol utant · , and/or understand th p tential movement and distiibu · n f 
contamina ·on_ Downh l logging a p proache-s will II ground truth" surfa g ph r · cal_ 
te hniques and re ults can b directly compared to borehole cuttings or core ampte . 
Like borehole cuttings and core, ownhole geophysics provides vcrticaU con inuous 
data but geophysical m thods ample a gr ater ub urfac v lume ith relativ l littl 
bias. As more bor · holes ar logg d a:r a site and fOSs-b r h le te hruqucs are used, 
3-dim n i naJ tmaging techniques (tomography) can assi t i ualiz ti n of contami­
nan and sub ur ace· g ological structures,. fl ul and form ti ns (Obiadi et al. 2012). 
DownhoJe urv shave assumed great importance in cont min t j e· urve s because 
the cifi m characteristics and heterog n iti s in p rous media and fracrur-e rock 
can profound! influence the distribution an the potential for remedia ion for ah f 

of onraminants. Bor hole , oph k an provide information directly .applica 1 t , 
site characterization, includjn tin a i n f bydrogeologic properti,es subsurface 
wa er quality, and determinadon a w U' c n truction, t tus, an c-0ndirion. 

Phy. icttl, Vimal, and Acou tic Borehole Geophysi Several t chniqu s can meas-
ure the ph ' ica], visual, or acoustic prop rtie f b r h le . One of the most straight­
forward d wnhol t chniques is tel vision . V) logging where a cofor opticaJ image 
i mad of lh borehole walls. Tb.is is part' ularl ffecrive in identifying and cha.rac­
terizin fractures in bard rock materials, but can also "dentify h hology, water ] J, 
a ading water fr m perched zones (v hi h cou1 'transmit contamin ti n v rticall ) 

well c nstruction ailur , nd water quality indicators such as suspend d articles, 
ga an chemical pr dpitates. TV logging can b vi d t aJ.rime and/ or be stored 
and r hi e , and cameras and focal lengths can b d"u t d t vi w either straight 
downhol angled, or side-looking for inspection of bor hole wall . An e tension of 
TV lugging · acou tic-t I v·ewer logging which r cords a photographic, digital image 
o the acoustic r, . flectivity, f the borehole, oriented magnetkal1y. h s 't l · ewer logs 
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are us din water or mud filled open holes, and can identify geologic contacts between 
different strata. and faul loc ti n, strike, nd dip. 11 ]ev.iewers u e· a rotating transducer 
which can transmit and recci e many samples per re olution and have azimuthal infor­
mati, n from magm.~tometers on the device. This acoustic or sonic logging an h lp 
determjne the porosi of rock, aid i:n identilica·ion of lithology facilitate esdmation 
of se ond _ por ity nd fracturing, and help assess rock pe:rmeabi:lit . Seismic log• 
ging, which ttan mit: ound at low r & quencie, can be exeaded o cross-borehole 
omogra.pb where images o s ismic ]o it be een boreholes i ge erated, and 

geologic and hyd.F logic properties b tween the bor ho]es can be better understood. 
Another typ of h i all ownhole measurement is a caliper log which measures 

the varying diam _ter f an un as d rehole. Variable borehole diameter ,can indicat 
the potential for m terial t fracture o:r lough a a from the walls and into a borehole, 
and therefore b - a sign of m dia \ hi h ma tran p rt contaminati n. Altemativdy, 
h droge.ologjcall transn:ussive· zones can b dir ,. tl identified with flowme er monit r• 
ing. Vertical 0ov.rmd r testing in I ingle hol involves moving a How measuring d ic 
up and down a ho] d _ ring pumping m- during nonpumping times, pin ointing zones of 
high and low groundwater tr_ n mi ivity. in · 1e-h le fl m tering can also measure th 
rate and dire - ion of verti al flow ~ Wch can cau e pollutants to migrate, and show rda-
1i e venical hydrawi gradi nrs. In cros h l flo- . m ter profiling, a fl wmeter is placed 
in one ho[e wbile wat -r is added or withdrawn from anoth r borehole at a constant rat , 
allowing calcu ation f transmissivities, head differences, or storage coeff1.eient h rnreen 
the borehoJ .. s. Packer system ( e section 8.4. 9) can funher isolate individual fractures 
and/or test h dr-olo L pr p rtL at ind'vidual d pths between holes. Impeller flowme­
ters (mtameters1 spinn rs) ar, mos commonly u ed for these measurements, but have 
less: resolution than heat-puts or el ctroma,gn., ric flo metet . Vertical mea urement of 
water temperature in a borebol can also useful. Thes•e temperature mea uremen 
can defln hydrostratigraphic layers. vertical Dow, and water-bearing zones. Vertical 
bo-rebole fl, \Vis impli db· t,empera.ture gradients that ar,e inconsistent with the regional. 
geothermal gradient which i typicaUy __ ut 2. ·c per l 00 m ( 1 "F per 70 ft.). Distributed 
tem :rat:ure· sensin. ,(DTS), has b en u ed in borehol s to del.:ineate hydrostratigraphi 
heterogi neities by synoptically profiling temperatur . distribution changes from thermaf 
dilution tests. Thes tests do not disturb the fluid column (Leaf Hart, and Bahr 2012). 

Gamma and e11tro11 Loggiltg Other borehole logging techni ues are useful in sir 
char ct riz ion. Downhole gamma logging records the amount of na ral gamma 
radi tion emined by a ormation in the vicinity of a borehole. Specific sources of 
g mma emi ion are p t ium-40 ( °K) and daughter products of uranium an · tho­
rium d . cay s _ ties hi.ch are common. in clays and hale. Thi i b au e the e . co ogic 
mater"als contain weathered products from potassium feldspar and mica, and ar pt t 
concentrate uranium and thorium. Importantly, day and shale rypicaUy have mow p r­
meability and are barriers to contaminant flow. Another techni:qu.e n, uoon loggin t 

measures the amount of water in any particular vertical s "ction of borehole. Enf;!rgetic 
or "fast" neutJion are sent ou into the fi rmation surrounding the borehol usua!I 
from an Americium Beryllium (A.m~Be) or Plutonium Beryllium Pu-B ·) source, and 
these neutr,o,ns are slowed down by collision with hydro en i n date· \! ith water. 
The :return.mg Hslow11 neutrons are m asw d by ad ·r ctor and indicate water anng 
strata .in the wdose zone, .and water-fclle, porosity ]m the ~ ater tab[ _. 

R000365



522 Chapt r t. ht 

Electrical Teclmiques itt Boreltole <Jeop,hysies, Several oreh le e]ectrica1 techniqu :s 
are avail ble for site haract rization. These indude sin le oint r ~istan ,e l g, n r­
maL~resi tivi 1 g , pontaneous.:potential logs. electromagnetic induction logs and flu~ 
td~11 sisti iry logs. Sin ] p m istance logs measure the electrical. resist.a.nc twe a 
selected points in the b rehole and an electrical ground on the sur£1ce1 and are us . fu1 
for understan.ding lithology, wat r quality and the amount of fracturing in hard rocks. 
Interpretation. involves identifying zone f increasing resi tance ass ci 1ted with small 
diameter borehol,es, wber,eas lower resista:11 · . is reJa:red to saline ater, a:rg reh le 
diameter. and highly fractured media. Normal-resistivity logs r cord th r: istan r 
electrical flo,w immedLtely , utside an op n. uncased borebo!e, and inte-rprera ·on g n­
eraUy js similar to that of sin 1 point re · t nc measurement. ormal-resistivity logs 
typica11y invol e d pJ yment ' a trin f vertically displaced d .ectrod.es in a single bol . 

Electroma metic-indu ti.on (EM) 1 gs al o meai.sur,e el trical c ,nductivity or resi -
tivity immediately outside a borehole and are exceUent for indicating poro ity, penne -
bility, cl y c nt nt, and tota1 dissolved solids in fluids. Furth r, E · and orb rel ctrical 
techniques are pr fl ient in identifying landfill leachate and saline wa er intru.s·on. M 
bor log techmques a.r d i ned t ptimize J1eadings outside the borehole and minimiz 
influenc o th bor hol nd b rel ole fluids. Conversely, fluid-resistivity logs are gear, d 
toward examinin bo.reho e fluids, particu]arfythedi olved alt and olidconc ntrations. 

Other BorelJo.l · Geophy ical Xeclmiqu One ersatile monitoring pro dur for 
organi compounds is ]as r induced flu rescence (LIF) that u es [as r light to exci:te 
.fluorescent molecules in petroleum products. The ex itarion i pecific for PAH com­
pounds. but nearly all petroleum products contain som PAHs. LIF fi ld me ure* 
ments utilize a direct push logging arrangemen which allows vados zone an a uifer 
materiaJ to e , amined at depth below ground surface. Further, LIF can distinguish 
di rent NAPL in th subsurfac using th int n i y of the flu, rescence in them dia, 
its sp ctral signatur and the lag time between th la er pu'ls:e and emission. of fluo­
resc -nee. The laser hgbt fa transmitted down and uph I b two separate fiber optic 
threads, and the signal is processed and analyze in 1'1 al rim . 

Fiber optic chemical sensors FOC . ) are a. variant of LIF and have , een developed 
u ing a ensor for analy is of oil, air, or wat r that records han · sin light absorba.nce, 
refl crance, fluorescence, and light p larization of the medium. nlike LIF which just 
uses fiber optics to transport Ught do n and u h ,le, FOCS uses the fiber optic cable as 
an integral part of th s nsor. pe ifi aJJ , p,art of the fiber optic cladding is removed 
from the cabL in the sensor nd rep! ced with a chemically selective 1ayer that, when 
pfac,ed in the sampl media .r a ts with a pecifk analyte f intere t. Raman spectros­
cop is us,ed to id ntify sp cific m tals and org:ank chemicals. The detection limit a -
typically in di ppm range for OCs. 

8. 7.3, Water QuaHty Indicators of Groundwater Provenance and 
M v n1ent-. Tracers 

Beyond amp ia_g water for contaminant ooncen rations and con.ducting geophys­
ical unr. ys for defining sub um ce geol gy. there are many other methodo]ogies and 
water- ualiry indicators pertin n t ite characterization. The chemical mixtures in 
measur,ed co.ntaminams and c_nain h racreri tic compounds (or 'tracers' ') can b 
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Jc y indicators, f pollutan ource, travel pa hways, and transformation. Tracer tech­
niqu s for gr,oun ,\vater can b di ided .into water quality surrogates that are either 
(1) chenucaJs added to aquifer systems or to potential oontamin. nt:s in regi n where 
ub errane n n w is expected to be rapi I or (2) ••environmentaJ tracers" which are 

groundwater quality C:hanges "I hlch have occurred over longer periods o time in 
r undwacer. Toe form r includes dyes and chemicals intentionally added m track 

mo¥ m nt and flow, and th latt r refet t "natu:ral or anthropogenic compounds or 
ismop s that are wid ly distributed in the near- mfac envir nment f the Ear h. uch 
that variation in th ir abundanc scan he us d to determine pathways and tim .. scales 
of environment m proce ses .. (Cook and Bohlke 2000). 

P yn et al . (2008) and Suthe:rsanet al . (2014) present guidance for tracer selection, 
trac r te t de ign, and data interpretation. An optimal gr,oundwater tracer is highly 
d t ctabie, mimic tther gr , undwater or po1lutant m v:ement. is chenrical1y stable for 
ad. sir d I n th of tim , ha liltle background cone ntration. in the groundwater being 
investigated,. is not sorbed or @t red b the geologic media 1 and does not have adve·rse 
hcamth r ecological effects (Davis ta.I . 19'80). Conscrvativ,e. compound5 that Me. not 
s rb d r retarded in th ir How are pa:rticu]arl us ful and th se indude chloride, bro• 
mide, iodide, nitrate, ulfate. and b ron. Thes compounds ca:a reflect groundwater 

rigi with 1 am igui than otb r ct· Iv d pec·e b ,cau they are ftenpre n 
in groun wat r and some, ill< boron, at1 r Jativ, J unaffe "t d by evaporation or ch m­
ical reactions (Barth l 998~ Bas.sen e a.I. . 19 5 ; Vengosh 1998). 

Dyes and lnje. ted Tracers~ Artijit:i.ally Introduced Tracers ln many fast-flow­
ing (e.g. karst, carbona e rock, and caves) groundwater systems, tracer dyes can be 
rel,eased to track direction and travel times of flow. Optima] systems typically transmit 
water and p Jlutant qu·cldy, which is advantag ou b c use al ng waitin rim 6 r 
the re.,emergen.oe of injected rraoers is no favorab] . . Tracers can be arti 1cially inject d 
int wells., sinkholes, cavern , and dj appearing streams in karst terrain. Popular trac r 
dyes in 1ud.e fluorescent d es such as fluorescei:n which was developed over 145 yea.rs 
ago, pyranine,. lissam.ine FF, photme CU. amino Gadd (7-amino 1.3 napthakne disuJ­
phornc acid). optical brightne1·s, and a variety of rhodamine dyes. A downside f some 
o the e dye i that ome have nega1ive health ,effects. Dye can be u ed either qu~ l­
it ,fiv, ly b vi ua] bservation., or c Uected with adsorbing devices to uantitativeLy 
m . ur, flow. A simple adsorptfon apparatus involves pfacemem of a charcoal packe,t 
al ng p er d pathwa of subrierranean flo,w. More sensitive devices includ fiJter 
fluo, met rs and sp ctrofluorom t:ers which can determine specific fl.uor,escent wave­
]engths1 quantify flow more accurately, and distinguish background fluor,escenc,e and 
other interferences. n a dition tio the trac'.ng , natural waters, dye can help d ter­
min pipelin ,eaks. onp lar fuel dyes can be add d to demarcate different fuel types 
and . :r requ ·red in m untri . This can help distinguish th individual impacts of 
multipl fo [ I aks of similar typ s, but from different sources. 

Thin . ih r than _ yes _ an . inj . ct d as ·tracers of groundwater flow. A common 
tracer for groundwat. r is chloride ( l') which is a component of common table salt. 
Care must be used when using ionic tracers o tha the c. nc n :ration of salts added to 
groundwa.ter does not change its density and ub equ ntly impact natural. gr,oundwater 
flow. A more unusual tracer that h b en u d in cav sy t_ms is a signal emitting 
fl at which b a dela ed ex , lo ion. Th s . ·smic si n.als emitted from these generated 
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impulses can help locate subsurface pas ages. Other tracers that have been used with 
varying degr e f su cess inc ud ilici acid, boli acid , phosphoric ac·d, ace i acid, 
a.lcoho]s including ethanol, sugars (sucrose, maltose, dextrose, glucos ), and gl cerol 
( avis et al 1985). •acb o thes tracers has disadvantages: add can react with aquifer 
mat rial,. sugars decompos rapidly, and alcohols tend m be absorb d onto oirgaruc 
material (which c n actually be used to advantage by measuring partitioniaig into sus­
p ted. ,organic c nt min n ). 

Tra rs d v lop d ~ r ntaminant hy geol ,gy includ a class of , ornpounds 
• aUed partitionin tra. ers. Th s n wer m thods ·nvo . rucuJating a swt .· of r , c r 
compounds, not just a singl tracer, in the subsurface to measure how some tracers 

e low d b omaminant mas , particuJarl mass of nona que,ous phase liquids. 
Partioning tracers mca ure ground · ater flow and th - mass of a stagnant immiscib1 
liquid p Uut nt blocking groundwater' p th b · O' enring the d "fferentiaJ tracer 11 tarda­
tion. The underlying rin ipl of this tracer m thod have b en dh;,cussed in h pter 3. 

cientific d v lopm nts includ he tudy o , o loidal rra ers and sm Iler, nano­
particl tra. rs. Th ~ colloidal trac r b v indude:d y asts, bacterrophag s (viru s),, 
fluore -cent fatex microsphere , bacteria (living and dea.d), spores (Lycopodium and 
vegetative pores), and other nanopartides (Davis et al. 1980; McKa et aL 2000~ 
Zhang , t al 201 ). Solid tracers are larger than dissolved aqueous tracers and have the 
n gativ p • ibility of ing ieved r filte11ed through porous media and small-aper­
tur,e ha tur d me ia. Larg, r particl tracer do, bow ver, have the p iti.ve quality of 
no:t b ing absorb din th. ro k matrix. Occasionally1 solid tracers hav,e been obse ed 
to mov 'aster than a erage groundwater v,e]ocity- this has been expfained by the 
notion that larger particles move through larger pore spaces or fracture apertures where 
groundwater velodties a:re higher than average (Zhao 2015). 

Gases can be used as tracers of vapor migration, and of liquid migration by injec­
tion and dis olution of gases into groundwater. Iner ra ioactive tracer gases have b e□ 
con idered uch as en n (133Xe) and rad n (222Rn), particularly in identifying ground­
water/surfac wacer imeraction, but health cone ms and · hort hat ' .}i , for radon 
ar,e inhibitory (Xie ,et al. 2016). obi ases of helium. ne n1 1: on, krypt n, and 
xenon are other potential trac rs as their natural backgr und in th nvimnment is 
Iow. Chloroflourocarbons ( , s or Fr, on ompound )1 I haVi ow , nv:ironmental 
background and have been used for both. groundwater and gas, ous tracer exp riments 
(Th mp n t al. 1974, w;-eks -t al . 1982· Kr,eamer et al. 1990). 

Er,,lro11,n,e11tal Traei rs I nvironm at:al tracers which show water-quaiity patterns 
and changes do not have· to be injected by site investigators, and are djrecdy relevant 
to understanding a contaminated site. Some of these tracer signals arise due to natural 
fluctuation in local, regional, or global condjtions, while others reflect anthropogenic 
int1u nc s and activities. Som take ad . antage of h rt t rm change . r example, 
diurnal temp ratur fluctuations can be us d to d fine g ining and I ing r aches , f 
stream . Probes plac d in bott m djm n of stre m that show daily temperature 
variation can b a sodat d with E ing r ach water, affected by dail ond 'tions 
jnfiltrat s. Conv rsely st ady t mp. raruTe in. tt am • lt m ediments an b · indic­
a.ri¥ of a a:ining groundwater contribution to a stream through the sedim nts, as 
most ,groundwater is typically more constant in temp,e:ratu.re. Other tracer signals arise 
from longer-term changes in climate recharge differenc . s, or substances that humans 
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inttoduced ·nm the ,environment decades ago. Comp unds and i oto es hat have 
l akcd into the atmosphere from human .cti itie ,(e.g., , bl roflu roc-arbon from 
refriger.ants, radi nuclide fr-om te ting of nude · r weapons) r: :tum through rainfall 

the ad zone and groundwater, and allow d ting o groundwater age, whereas 
harmaceutical , pe , nal care p , u t I and _cifi, compounds in s•ome foods (e.g., 

caffeine) are not readi~y rernov d bys wag treatm nt and become tracers of wastewa­
ter release inm the environment. 

The source of a pollutant strongly influence i, ch mi , L m up, and -ch mkal 
differences from dis imilar owiee c n u ed o trac n track environmental con­
tam:inatmn . Bi g ni gas ous mixture containing m ,than - are typkally 'dry 11 which 
means a higher cone ntration of methane and light hydrocarbons, whereas thermo­
genie gases and tho from pip lines hav I ss ligh 2 to 4 carbon compounds (C2s · o 

4s) and are "wet'' with a higher concentration of 5 ca:nb n (CS) and higher m lecular 
weight compounds. Landfill gase re oft,en appr im t ly h Lf m ~han and ha f ca.r­
b n dioxide With an ab n e f . n. rura] gas d rived from ewate ·o o coal 
!. ,yers n xtra tion pm who r tri e product is all d "ooaJ seam gas" or Hcoal 
b d me1han /' is rypi aJJy higher in methane than n tural gas xtracted from other 
sources and · therefore som times call d "swe t gas.11 Crude oil and coal from difti r­
ent regions of th world have different chemic:a] oonstitu -nts which can be tra ked, for 
example differences in the 111ount f sulfur comp uods de ign t diffi r n quality 
crude U. · h p troleum mdustry h · noted tha upt ke sulfur into p! nts i sia 

le. Becaus different isotop s · ulfur can fractionat _ in diffi r nt ways the transport 
and fat _ of ulfu:r b aring compounds can b furth r tracked. Al.so atural ga in pipe­
]in sin municipa] and urban settings typicaU.y has noxious smeUing mercaptan added 
so that leaks of this normally odorless gas are readily notic able and are often reported. 
The added gases which allow ~eak detection and tracking som tim h ,v d cripti 
name hke Cadaverin and utres in . 

Human · e a e and .nim wa t have a host o as ociat d , omp und and 
microb which can b us d to track their on amimuion ·o groundwat r syst ms. 
Bacteria! indicators. like Escherichia coli (E.coh) are us ful, but ,o~en can be filtered 
out in porous media. whereas hacteriophages and human viruses are mailer and can 
travel farther. '\Vhen microbes occur in groundwater hey can indicate source by phe­
notype enotype, and s:peieiation ,(some microbes are· more associated with human 
w t and ther wi· h rumina pe.cie ). me n ra and spe i . • f bacteda tudied 
as indicators differentiating human from other mammaJian waste include: E.toli, rela­
tive amounts of fecal streptococci and fecal staph lo.cocci, Bacteroides spp .• Rhodococcus 
coprophilus (animal herbivores)1 Oostridium perfringen. Bifidobacrerium adolesuntis 
(human), and Bifidobacterium thermophilum (animal). Other trace.rs of human and ani­
mal waste include: sterols, steroid estrogens (found in human. sewage outfall) fatty 
acids and lipids., surfactants and detergent , caffeine (human ingestion and sewage 
outfa11), tridosan (an antibacterial and antifungal agent found in hand soap , bod 
washes, toothpastes, and :som ,cosmetics-sew .. g ,outfall), and · wage/ pti ·t nk 
related nonylphenol ethoxylate metabolites ( wartz t al. 2006). 

Ioruzed substances have been used both as artificially injec ed tracers and meas­
ured as na ural environmental tracers indicating source. There are a larg number of 
ions which can be· tracked an traced, an · these substances do not de om os with 
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time. Historically, those chemical species with hlgh concentrations, easy detection, 
and Low sorption hav been the mot popular. his includes negativ ly charged ani ,n 
species which are 11 pell d by negati e[y charged day surfaces and therefore resist sorp• 
tion. Traditional tracer ions indud Cl·,, B , Li..-, OJ-• NH4~, SO4 } MgH,K4, B, and 1-. 
Of these1 Cl- and Brar tbe most popular. Organic anions ha.ve been used as tracers, 
imduding benzoate. Me,tal complexes with che~ating agents have been used to track 
groundwater flow, balancing he need for a detectable tracer with the ,otentially neg­
ative health effect · mobilizing a he-avy metal p Ilutant (Da i t al. 1980). Wi h th 
ad ent of Inductive oupled Plasma Mass , pectrometers (: P~M in tigarions 
of naturally occurring. trace elements to identifying groundwater path, ays increas d 
(Stetzenbach et a.l. .1994; Kreamer et aL 1996; Johannessend al. 1997). 

Importantly, CFCs have als·o been used for dating recharge from predpitadon, 
cause the first wide use Freon refrigerants began after 1930 and subsequently 

incr,ea :ing amount of ga eou CFCs leaked int the atmosphere and mixed - ith 
pr,ecipitation eventuaHy infiltrating th ,ground surface and ri charging groundwater. 

FCs were also used as aerosol spray can propellants, but because they contribute 
to orzone lay,er depleition in the atmosphere, their us bas been phased out under the 
Montrea1 Protocol. CFCs are greenhouse gases with an approximate residence time in 
the atmosphere of 65 to [30 years and their abundaoc,e or absence in gr,oundwa er is 
an indicator of gJ1 undwa er age. The ratio of CFC to SF0 (sulfur hex.afluorid ) has a 
groundwater dating age range f about l , o 40 ear . 

8.7.4 Water Quaht.y Indicators of Groundwater Provenance and 
Movement-Groundwat,er Co1nposition. Con1pound Ratios, 
Daught r Products1 Degradation Indicators, and Other Indicator 
Contpound 

A con iderab ,e number of methods to track, trace, and date ground, ater comam­
inat~on rely on looking at the changing composition of poUutant compounds, associ­
ated che:mi aJs, and differ nces. in the· hemica! narure f multi ,le ,urce~. dentifying 
and utilizing compositional dHference i a p rfu1 t, 1 in understanding gr undwa­
ter and contaminant flow. 

Inorganic Indicators n of th ~unple t ways t · distinguish different sources and 
t:nmsformarion o contaminant i by analyzing groundwater chemica1 quality and 
compoun ratios. igni6cant analytical ,cbemfatry advancemen have been, and c n­
fnue to be, made since major anions and ations wer,_ first measu!l1 d in gr undwater. 
but these ions, and the ratios between. th ion (particularly the mo mobile anions) 
continues to b a sourc of groun w t rd finjtion , Piper, tiff, nd Mau ha diagrams 
visually ponray the major ionic compon n.r_s o water _ uality nd. can indicate gr und• 
water -,rovcnance. Ratios of ions can als.o be us,ed to distin.guish waters .. Fore am i , 

common anion comparison use:d to ttace groundwat has be nth Cl/Br ra i . 
Da ·s, et al . (1998) report on many of the uses and appli a ion.s of this ratio, including 
determining he origin and evolution of sa]t water and brines and rudying salt in pota­
ble groundwat r. Fa tors which can affect this ratio include distance & m the ocean, 
dry lake eds, or oth r sources o salt, including pollution (Davis t al. 00 : Alcala 

R000370



i e Ch ,rac riza1 · n-Gr u.nd nd · ·1 · 1 nit ring 527 

u t dio 20 ,) , Tb s . . tank · · ninth 
tat s (Katz t al 2 fuJ ratios, garu t l al 

orgaruc c . 
Min.in 

th t can -n 

used m : mt 
fill · Jrunmg 

- ., 1 J; ] , '. 

dium, sulfur, th riu · _ 
u ' 

d t _ ·nM 
· · · viant ca.n gi art 

o o the lixhrfa1nt 
' - . , · r 

compoun s, , a. 
·ant an_ ·om 
, u+z,and Zn I v - s . gate co. · 
flares indu _-_ N I K, - "5 _ otzer 2 . . . 

Orga,ti' Lndicato. ani _ 
. aw.id de·g on. ro btc 

rat th a m-
,a. ·o • e oom-

. an . ·jque 
tt on 

di 
-

, f _ - e · • _ 
of th ir ,a o 
am · d · i 
. d" . 

- mall . 

' g U1 

U • al'.O 

. - r oft -n . n 
in · on_ti , n comp · · o 

R000371



Site Charact,erization- Groundwater and · o il Monitoring 529 

Darrah e, al 2013). R cently examining methane in concert with noble gas,es in stream 
beds ha b en u ed t id ntify thermo _ enic m than fluxe from groundwater , ,verlying 
.regions of shale gas development (H ilweH er al. 201 5). Methane iso,ropes as well as 
dissolved organic carbon and tritium ba~e been use to evaluate connectivity between 
aquifers and underlying coat seam gas operations (lveracb. et at 201 .S}. 

Quantify~ the uptake of nutrient compounds du ing biodeg,radation nd the 
resul, ant p11 duction f daughter r ducts and residuals re ways, t m njtor the race 
o tr n fi rmation f organi -. Petrol um degradation is normaU an aerob1 prooes 
which us s oxy ', n and produ es carbon dioxid ; by monitoring th ext nt of chang . 
in these compounds one can cakul. te the rate of biodegradation and, imponantly, 
determine wheth r the ]ume is moving fast ·r than the rate • f natura1 or augmented 
pollutant attenuation. 

Harmful comp und can bav,e additive ·r impuritie whi h are n t · nl good 
t:ra er: in th environment, but th y an be poUutants in th ir wn tight. hlodnatJ d 
solvents have sev ral stabilizers. For trichloroethen ( E), 1,4 dioxan i:s an im or­
tan stabilizer used to facilitate trans ort and storage in aluminum containers. It is 
it . elf con idered a solvent with negative health , :ffect . The ratios f the chi rine-35 o 
bl, rine-37 ca.o be another way o fingerprin chlorinated · olv nts. Another exampl 
f mixtures nd impuritie i pol chlorinated bipb nyls (PCBs) hich are never pur , 

sin l compound but m.ixtu.r,e of P· Bs b , the nature of their man.ufl ctur, . P · B 
can also have co-contaminants of pol ,chlorinated dibenzofurans and olychl.orinated 
naphthalenes. The nature of the mixtull'.1es can - a good s,ourc.e of differentiation, and 
the di-parity in tlle d gradation rates of contaminants ad . • ilive , impuritie , and inert 
,comp und can indicat a. e and ourc ·. 

Hi toricall pe ticid. re mix d with ome hydr arbo fu l to apply them to 
,crops. Many of th s pesri id,s hav omingl d subsr n __ (s m inert) and trac sub­
.stances (e.g., dioxins and furans) which can help fingerprint their sp, tial djstribution at 
a. si e. Like PCB abov: , che source and age of esticide release can be established by 
comparing the ~ tio of iner . and deg . • in,g compounds. 

8 .. 7.5 Water Quality Indicators of Groundwater Provenanc and 
Move·ment-- Isotopic Identification of Pollution Sources and 
Groundwater Pathways 

Th mea ur ment and ev: 1uation stable, ra.clioactiv , and r diogeni is tope 
has fay d an important r l in hydrologic and lo ·c investiga i n 1 and ar, equalJy 
consequential in the characterjzarion of contaminated sit s. Because physical chem­
ical, or biological transformation of a contaminant can alter ch compound s origina] 
Lsotopic ratios (fractionation), transformation processes can often be distinguished from 
con aminant dilution {which typicall does no a ter these raitios) . The mathematics of 
Ra leigh di tillation t quantify i · t pie fra ionation accompan ing phase changes 
a.nd , hemical reactions are w tl known and make a aiJabm num rical e timates of 
the ma nitude of isotopic change. The anal tical detection of isotopes in groundwater 
and vapors: is rapidly advancing with the required sample volumes becoming smaller, 
and analyses becoming faster, less expensive, and mutine. From older methods like 
scintillation counting of radioisotopes which required large volumes of water. th.rough 
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isot ·p ratio ma sp ctrom tty advanc _ to new analytic t chniques such as Laser 
Isomp Ratio Infrar d S . trometry IRI , which can be portable and field deployable, 
the a:nafyti!c I chemistry under innings of con aminant surveys bas increased the abil­
ity f the contaminan hycw g fogi t to . se s a site and its properties. Accelerator 
mass sp ctr m try (AM ) an metimes eparate atomic isobars (for ample nitto-

n•l4 from each n~l ·) nd ma~ s po sibl the d tection of many isotopes, induding 
man that are long-Lived. AM has be,en applied to the analysis of many isotopes 
including 36CL, 1°Be, 14C, 3H, 12'9_1_, 26Al, 236U ?4 u , and 2m Pb. 

Applicati ns of i otope hydrol gy to challenges of groundwater mo ement and 
urce are numerous, diverse and are us d worldwide. Isotop hydrology has been used 

to ascertain rene able and nonren wab]e, deep groundwater in Syria {Al-Cbarid h 
and Kattaa 2016), the origin of groundwater in the Negev Des rt (Vengosh et al. 2007)} 
preferential flow a.long fauJ.ts in Germany (Gumm et al. 2016), altered spring flow 
quality in Gra.ad Canyon ational Parkin the United States (Ingraham, Zukosky, and 
Kreamer 2001 ), asse men of fluid inclusion at the pro · osed nude r waste repos­
i:tory at Yucca M untain, Ne ,.da, as idence of a bypogene pale hydrogeO:logical 
,event (Dublyansky and Spotl 2010); baseline measurement an assessment of meth­
,a.n concentration of _ well in Alb na an da (Hum z et al 2016), and ha 
employed for countless other assessments at loca.t s around th globe. 

Tradttg Gr011ndwater t111d Bolluti,m with botO}H M r: than fi , 
oclimatologists and nvironm nta! g o hemists began u in th tab]e i otop 
hydrogen and oxygen to track meteoric water movement on th environment ( raig 
1961: Dansga rd 1964). An quation showing th .a.verag relationship betw -en these 
isotop . s wa , stablishe (th gfob 1 m ,e ric water lin ) and variations due to tem­
p .r, ture, s a onality, - r ci , it _fi,on and recharg lritude 1 tftudinal relati n hip , and 
paleo-effe ts were k in un rs anding global water m vement, including ground.r 
w ter sour and pathway. Becaus u __ ._ c wa t impoundment - (pond , pits. and 
lagoons) hav the potential ro partiaH' evaporat water, then have the remaining sur­
fac wat r leak into the subsurface, isotopic fractionation during evaporation of water 
i particu]aily important -o conramina"nt site characterization studies.. Evaporat,ed 
wa:t r ha . light r i otopic , mposition, enriching the remaining liquid with heav­
ier isotop s wni h can ften b tracked int the ub urface, d ' tinguished from back.­
ground groundwar r isotopic signarures, and u ed to establish mixing rad s of leaked 
contaminated water to natural bac gri und groundw er s:ignatul'\e . , r v ry otd 
groundwater, past climatic chang can b observ d nd contribute t tudies of quifer 
isolation and aquitard or aquiclude int rity. A _ uitard inte. rity nd th origin , f pore 
water has been investigated in Canada for mining operations and potential nuclear 
w te storag by c mparing Plei tocene ag versus modem stable isotope ratios, belo 
nd ab ~e thick aquitards (H nd y et al. 2013; Hendry et al. 2015). The stable isoto s 

of water ar hydro .en nd d uterium, nd oxygen-16 and oxygen-18. 
The r ble i otop of nitrogen (nitmgen 14and 15) in concert with those of o ge,n 

ha.v b nus d o discern nthropogenic ource of nitrate, nitrite, and ammonium in 
gr undwat r. Th contaminant sources can includ eptic tank effiuent o_r was ewa­
ter, animal manure, and mineral fertilizers, and can ~ n be distinguished by isotopic 
ratios. Because rhere is some overlap and a.mbiguity bet een · t pie composition in 
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t . at r and nimal manur , and derutrific ti n pr ess s in the ubsurface can 
.result in. fra ti,onation aft. r nitrate releas I addjtional indi ators ,an b used to help t ll 
different sources apart. D.isr.inguishing co-contaminants from agriculture can includ 
herbrddes, pesticides, and major ions and tr .ce elements from · oil amendments. rnm 
wastewater, co-contaminants can indude pharmac utica] compounds. residuals from 
p rsonal c ,r-e pr duct , caffeine, and ar ificial • eteners. S me anima[ .Ii · ds con a.in 
uni ue inorganic additi es a:s ,. 11. Relati el co,nservativ st b isotope o bor n 
(10 and 11) have also been used m maki a distinction between wast wat rand anim I 
manure (Eppich et al. 2012). In China, stable isotopes of hydrogen, and oxyg n and 
ulfur hav,e be n used delineate the sources of anthropogenic nitrate and sulfate 

groundwat r ollution (Li et al 200 ),. Sulfate isot, pie value indi a e much the 
poUuti.on came from recharge fair poUucants from th combustion of coal, with some 
contribution of sulfur additives in fertilizer. 

Miniing residualls and mfoeral waste products can be dis in ui h d b i otopi 
analysis. In uranium oxides, stable is topes of oxygen can. he!p distingujsh anthropo· 
g nic mining actiriti s from natural background as can activity ratios o uranium-234 
to uranium~238. /238\J rati a:11 close 'to 1. (s u]a:r equilibrium) ne r uranium 
mining outfall,, herea naturally oc,curring uranium ba kground in groundwat -r often 
bas a. high r ratio particular in Id : r undwa er. nve won of ' U to 234U can fur­
ther b examined b it concurr nt producti n of alpha article He. Ano her i otope, 
uranium-236 is dominantl anthropog rue, i found in pent nu 1 ar fu and ome 
reprocessed uranium and can therefor · help trac, nucl ar wast_ leaks. PJutonium (Pu) 
i a[so of human manufactur , and while trace amounts can be found in na re (parts 
per trillion in r, undw ter) larger concentrations of this fissile material indicate con-• 
taminant excursion. A potential nuclear waste product and tracer is technetium•99 
which i the m •S ignifica:nt long-Jived fission product of warn.um. 

Other mining and indu trial by.products, indudi g metals ands lts can be char­
a eriz d with i ot pie analy t , ometime in conjun ti n with oth r approach s. 
For exampl ., stable isoto,pic analysis of chromium p d s in groundwate can give 
a pictur,e of the natural r ducrion of mobil and harmful r{VU to ss problem tic 
Cr(III). It can also cbaract,erize th ext nt and rar f r :r duction durin remedial 
activities. Another industriaU produ d compound which ha . be n f◄ ,und in ground­
water, and is an endocrin disruptor in humans, fa p rchlorat . Perchlora e has· ome 
naturally occurring alt , · ut is mostly generat d by industriaJ processes. p ci lly (1 r 
the production of rocket fuel oxidiz :rs. Tracking the ,compound in th environm m 
h included measurement of the oxygen and chJorin - isotopes of p rchlorat it el a 

n a other i otopic ratios a_nd attendant compounds. Other useful isotopic analyses 
for perchlorate tracking are st ble i ot p of trontium nitrogen, and tritium, and iso-
opk ratio of 1Cl/ Cl, 1 r/ Sr, and 1 0/170. ome of perchlorate s additional sur­

rog in gr, undw t r th 1t ,can assist in source identification and age dating include~ 
ni _ t , dium, h],oride strontium, phosphate, metals, and ni:trog)yo rins (Morrison 
and Murph 2006). The e m thod can h ]p d te:rmine whether perchJorat in th _ 
environment is natural or synthetic. 

Isotope and Grou11dwater Dating Isotopes are also used for charact rizin · the fat 
and , ansp of , rganic compounds. Processes affecting dense ch[orinat solv nt 
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and other volatile org nic compound c n be valu ted using chlorin isotopes which 
are fractionated du.rin i de rad tion. but are unaffected b dilution and dispersion. 
MTB biodegr, dation can b anal z d with · or p 'c anal 1 , the differeo e b tween 
production m than from natural, shallm biod radat:ion ersus l a:ks from pip !in 
or production w, lls can b asce ta.ined. Wh n a compound such as tri hloroethen i 
di covered ta si e, com ound p · ific isotopic analysis can help determ.in whether it 
i n d ugh e Pfi uc • f previously spilled tetrachloroethene, or a W ak in and of ltsellf. 

ite cba:ract r:iza i n in ol und rstandin groundw, ter flow and ·rravel time . 
Isotopic t chn.i:qu s a11 pi ot 1 .in ag da ·ng of ground, at r, nd there ar d 'fferent 
approaches d ~.pending on groundwa e·r's susp cred resid nee tim s. Relative! oun 
groundwater is, often dat d by using radionuclides rdease into th atmosphere during 
past nuclear weapons testing. For example, rririum (lH), with a half-life of 12 .4 years, 
wi hit de pmduct He, provid us ful trac r , f re'Cently 11ecbarged groundwa­
ter. Wh n al ulatin . rnund at r g from .ritium, a.dju ment · o H/3He ratfo 
must b mad if tb r is terrig nic h lium ·nth grot.m ater from th earth's mant 
or crust. Tritium to h !ium-3 ratios are most effective at dating groundwater 0.5 to 
approximat ly 40 years old . Anoth r dating technique for modern groundwat r 10 
years ol o oung,er uses kryp on-85, wh.ich is produced nuclear reprocessiag and 
has "mi ar baJf-li e to tritium, and ,c ,mparabl, d .ring r n e as weU. ucle r bomb­
pul , hJorin - · 6 i al o u ed t da you.n . gri un water r char d ft uh l 950s, but 
in [ower, natural concentrations in d p sys.t ms can also b used to evaJ uat submod­
em grmmdwace:r th tis 0,0 0 to a million years old. Methods for dating submodcrn 
groundw ter (> ! ,000 y rs ince recharg ) indude radiocarb ,n dating (carbo,n-14). 
The amoun of I C (half~ i e t 730 y ar ) in groundwat r , an indfo t h n it w s Jast 
in contact with the tmo pher , 1 ut car mu t ' t ken to account 1 ,r unc rtain.ties 
due to pot nri 1 groundwater interaction with carbon &om other sourc 'S such as the 
"dead" ,carbon in limestones and other carbonate rocks, hich. has no 1"C. In optimal 
condition I C can e us,ed o date groundwat,er a ut 1, 00 to 40,000 year: old and 
can ometime be used in cone t with a g n~39 (half~liti 269 ear ). Silk n~J2 has the 

n ficial.. asp ct for groundwater dating of having a half~lifi of 140 y ars which allows 
it to fill a gap between tritium and carlmn-14 daring, but its loss and interaction with 
solid phas . silica in an aquifer and anal tical difficulties have limited its use. Uranium 
isotopi ratios are also a useful groundwater dating toot lMU /2 U ratios (called ura­
nium i otope disequilibrium) typically increa ,e with groundwater age and can . e used 
to give appro im te ag from 10,000 to one miUion a.rs old. Some isotop with 
long half-lives have the potential to dat very old groundwater with applications for 
understanding the isolation of de,ep contaminant burial!. nudeaJ" storag or deep waste 
m·ection. These include i dine-129 (half-file 15.7 x 106 years), k:ryptone8,l (h l,elifi 
2.29 x m s years),. and Xeon-139 (half-]ife 2.165 x rn~u years). 

8.7.6 Water Quality Indicators of Groundwater Condition­
Microbial testing and Genonte equencing 

Studying U:bsurfac microbio ogy t ,contaminated ~ t ite allow groundwa­
ter p rofessionals to calculate the rat of n. tu:ral anenuation of pol1utants, th efficacy 
of amendm nts add d to groundwater o enhance con aminan . br,cakdown, and the 
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■ 8.8 Sumn1ary 
Site characterization involv oall s tting nd utc m d-efinition, use of noninva-

sive · echniques, followed by strategic appli atfon of invasive m . thod f in e dgation. 
In r er to ,collect data for groun water contamination stucli , it i.s usually nece ary 
to in taU m n itoring well . ucb well: can permit one to measure water levels collect 
w ter sample for anaiy i , and detect the presence of nonaqueous phas liquids. 

Monitoring-well design considers h typ . nd di m ter f casing and screen, th 
mar rial . ,.om which the casin and scr _en is nsr.ru ed , and whether the well will 
have an artificia1-fi1ter pack orb nanually d ve]oped. Th annular pa e betw en the 
c · ing and the bor,ehok mus be properly sealed, and th w ll needs a prote rive cover~ 
in . Monitoring wells ma be instal ed by hollow- tern auger drilling, mud-rotary drill­
ing, air-mtary drilling, r erse-rotary drillin , . nd c ble-to l d:riJli□g. The equjpment 
used for monitoring-well installati n and th m terial u d for th well must be properly 
d contaminat d . Once installed, the wen ne ds 'to be d ve1 p d t remove fine material 
from the area outside the well screen. Water-tabl . w Us are ins U d t m ni r be water 
tabl nd piezometers are used to monitor form tions be]ow th . water t · :b]e. Frequently1 

a Nater-table w n and e eral piezometers are instaHcd a · th sam - Location to form a 
nest of w Us to sample the formati.ons at different d pths. Multilevelmonitoring devices 
may b us d to collect samples from verf dos ly~spaced rtical 'nterva]s. 

Th re are a number o sampl.ingdev:kes tha hav be n d • lo d t , withdraw water 
amplcs from monitoring wells. These include bail rs, b[add rpumps, st t r-rot rpump , 

pi ton pumps, and peristaltic pumps .. The ability of th s devi . s t oUe t an unibi , ed 
s mpl vari with the design, technique used, and mat rial from which th · are ron~ 
struct d. Pri r to ampling a well, it is necessary purg it to remove stagnant wate 
from th - ca.sing. Micropurging techniques r sult in a water quality .s mpte that is as foee 
f tu11bidity as possible and at a lower cost than l:nliditional purg · and ample te hniques 

due to a shorter time to collect the samp]e and reduced costs for disp al f contaminated 
pur e w ter. Soil water must be collected through th us of a sucti n 1 simet r. Th are 
install d in · r l, . · v the water tabJe. Soi] gas vapor can h sampled through a ri e 
probes that withdraw soill gas sample for analysis or passive vices that sorb soil gas 
on o activated charcoal devices. Monitoring soil gas c n indicate ar~ where the soil has 
be n cont minated and requires remediation. It can al be u d t delin ate areas where 
shall w ~ undw. ter is contaminated by volariJ organi.c compound nd wher ther,e i 

l y, ,of volatile, nonaqueous phase 1i uid floating on the top of th capillary zone. 
Pbyto-scre ning, surface ge physics, and aerial pbamgraphic interpr ration are other 
nonimrasiv or ]ow impact cbara.cterl.2:ation t chniques that are appropriate at man sir . 

There are a host of chemical and micr :, ial analysfa technologies that assist inter-
reta icm of the source1 movement, and transl.Zormati n of ubsu.rface contaminants. 

Diffi r. nc in ource chemistry, generation of d ,ught r mp unds, and c mp ri­
son of comp und ratios lend themselves naturally to• nvironmenta] for nsic inv ti­
g tions. Chemical c mpound transformation, ch utilization and uptake f nutri nt 
compounds, varying chemical ompound ratios. and changes in subsurfa e m.icro ial 
communities all can b.e indicators of bi remedi tion and compound .anenuation. 
Ge physics, groundwater datin • and b reh Le· r naly i can define th geologic 
pr v n nee and flow constrarnts which affect pollutants. 
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■ 9 .1 lntroductio 
ince th n a er nrist . an.d __ r ha e d _ velop _ d a. 

num -r of te kni · ra-· · 3.' - · and r, und w t :r con-
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rb . sour e """·.r,u ...... , pr hens. _ 
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tanks. Ind.ividu m _. 'g-
. mns asso 1a 1 se aws . 1 a e ir is 

t minated, and i · hat . one to remedi-
, -. in . , f -pecific regula · ory 

require ler o demonstraJ-e that 
· th -- base I En · · · · · - · 

' al of the p 
a o . a pot nd _ . , -

t mg ac1 • -Uo · ed by a Phase II En ir n 
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- . · e pro ecti n of he b the · · 
· • • - d to be contamina t -h s , th 

wn n. · all o th up Ill) . 
In gen r , m . ad . I o ,· 

of contamination o . · . . · 
ing the envi:ronmen· if ne oontaminatjon · r. 

:ample of in,lud - · · · · 1 
, _ s r g 

tanks, pi · . · sou es such as 
•h e 1 ·st . mination due to -ontamin. nrs 

b 'ch h _ ve lr nment. hese s condary sources in.elude 
nonaqu ous p .- .y be trappe in the v.a. lose zone1 floating 
on tbe wat r r , r tabl . nee he rima has b en 
remo r 1so n ,ary · urces mu t b identifi d an nl 
, , ha . h , ccurred is tre tnlent of contaminated soil and ground w:te "'""..,..""1P 

b final goa o a remediation program fi r , on mma;t d . iJ 
is g nerally subjec,t to approval o a srat _ · o , d r _ ] gul · zy 
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cases it v.ill be impossible to completely remove ail contamination so that the site· 
return t , a pri tine condition. After U, many c ntaminated ~te have been tbe Locus 
of industriam acti ities ford cades: in dee some sit:es in rhe eastern United States or in. 
Europe· ha be n used by one industr or another for centuries. In th United States 
of America, scat, agencies or the US. Environmental Protection Agency may have 
num rical standards for tbe soil and gmun water that must be met after site remedi• 
tion. Similarly, in the uro ean Union, the European Environment Agency (EEA), 

works rogerherwirh nari nal g ncie n defining hat are igood1
' and ·~poor'' quality 

wat r b i s ,(Water ram work Directi,1e 2000/ 60/E of the European Parliament 
and of the oun ii.). Many otb - countries hav modeled their environmental stand 
ard n EPA or Europ an regulatfons. T:bese standards are generally based on antici­
pated future land use. Soi, remediarion standards for future residential land use wiU b 
mo.re tringent th n h s for industrial Us•e. Groundwater standards may be based on 
drinking wat r Maximum nt mifl nt L-evel (MCLs). 

The application of v r strin nt t ndard may re ult in thee p ndirur of lag 
am unt of mon y ore uc-e e tremely small or ven nonexistent risks (Viscusi and 
Hamilt n 1 9 ). As much ev ryone would like to live in a pristine environment, it 
simply is n t practi a · le in the pos -industria] world. There are limited funds availabl 
for n imnment l I, nup· hould expend thos, funds in a manner that is most 
effective in ·terms ,of r, ducin r, al risk . Th' ha led o the ,concept of .risk based cor­
rective actions ,(RBCA). Rath r rhan d aning up aJl sites to a sec tandar~. a risk as e s­
ment ,of th it · j made, and risks to sp cific rec p:tors are addressed. Fore am le. if 
the gr undw .ce is alin and n t used a a drinking-water source, it may not b r, all 
neoessacy to remove a chlorin :ted solvent t the drinking-wa:ter standard. 

Contaminant h drogeologi t inc Uabora.tion with .engineers chemists) biologists 
modelers, and ma.n oth r •expert ha e developed some very powerful methods of 
removing contamination from soil and gr,oundwateT. However, the.se methods a:re not 
capable of totally removing all contamina:rion. A zero contamination tra gy · not 
po sib~e. even u we w re willing, o commit unlimited funds. 

In trus chapter w will e: amine a number of source .zone and groundwa r plum 
remedial techniques, some pro en and s me ,experimental. Table l provide an O\li r• 
view of some o . the most common t chn I gies and their applicabili and d, v !~ 
opment status. There ari a .6 w textbooks ( .g., uthersan et l. 2017) and a number 
of public domain resources that c n guide us in th discu sion r the r m diation 
technologies .. For instan e. the Interstate Technology and Regµ] tory C uncil (ITRC) 
makes a,~ailabl dorum nr r ngin from technical overviews and as rudi s , f inn • 
vative remediation technolo ie t te hnical and reguJatory guid.an documents for 
applying cleanup t•echnolo ies (www.itr,cweb. rg/guidance . . imilar]y, the Federal 
Remediation Technologi s Roundtab (FRTR) pro "d a,ccess to a .r mediation 
techno!logy ·screening matrix for scr niing pO'tentiall applic le t chnologies for a 
remediation projec , including, a long list of technotogy d · cripti ns (www.frtr.gov/ 
scrntools.hrm). The National Academi s of Sciences, n .ine ring, nd Medicine-

arional Research ~ ounc·1 ( RC) ublishes periodic reports on th state- f-the-art 
in the :remediation of contaminated site (http:/ hvww,nap.eduhopic . The . trategk 
Environmental Re earch and Deve1opm nr Program ( ERDP) is an environmen­
ta] cience and technology ro a.m, planned and e ecut d by the U.S. Department 
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Technology Appli:e,ation Development Status 

Physkal' Containmen 

Sol 'd 'ficat on/Stabilization 

Soil Vapor t , ction / 
Air Sparg in91 

Bioremed i1a • on and Monitored 
Na ural Attenua ·o (M A) 

P~rme le Reactive Barrier 

Ch micallyEnh need Flush"ng 

Themial T!l'ea m.en 

In Situ Ox'dation 

Phytorem ediation. 

(Source Zone} I P IJ me I 
Containment 

Source Zone/ Plum :sta rshed 

Source Zone sta l"shed 

Unsaturated .Zone; sta fsh~d 
Source Zon I Plu:m 

Source Zon I Plume lnnov ive I sta:bllished 

Source Zone / Plume lnnov tiv / IE tab llish d 

Source Zone .sta I shed 

Source Zone I Unsaturated Zone Innovative / lcstabl1ished 

Source Zone I Ph.1 m - I nnov iv / I - ta· Iii sh d 

Plume / Unsaturated Zone / lnnov ive / Establish d 
Containment 

1 o , :The boundary between what is a conven onal and lnnovat v 

fter N RC lOJ 3 . 

. _ f D_ , panment of, n rg and · 
another o r m, the En r:i.rnnmental 
P i grams 
the bn logi . Th · 
mn , and su · taina . · . · . u:ti 

L sow zon s or gI"oun . (W\. 
• . F mp an Union th . ·.· mp an Groundwater an 

ta -m diation Informa yst -m) is an openly a ailabl infor-
matio · maminated land · uodNater infon:nation (11 ri . 

, many · ur e availa tuden n as 
st dep ito ,fonnation ·. ontaminated sir 
·on hno[ . _ s maintaii ,ed b th U: . P , www. 

, u-m. ebsite "ncludes information on sever l hundred fidd-scale 
rm 'i. , n . d monstration raj cts. 

■ 9 2 Sourc,e-Control Measur . s 

9 2.1 olid Wa:t , 

R000379



546 Chapter ine 

is necessary before oun.d a.t r r m di .tion is attempt d. If th sou onrinue t 
lea,ch contaminants, then ground-.. ater rem diation may b util . 

ource-coutrol measures include ph · sicaJ r moval of th was e and transportation 
to a secur landfill or incin ra r. const:ru, d n f imp rmeable c v rs or low-perme­
abiUty caps o eliminat r minimize infiltration f predpit tion, and construction of 
physical barriers around the w st . sour, e. 

9.2.2 Remowl and Disposal 
H the source · s rem.o ed1 · h n. wastes can no longer migrate from i . Ud wa· te that 

has been spread on tbe land surface can easily b Ii mov d by con enrional earthmo -
ing equipment. Waste tha ha · een burie in a Ian fill can a.lso be ex.hum d and trans­
ported to a ecure landfill . A hazar-dou -waste landfill wa . op ra d near Wil ornvilJ , 
IUinoi , U A,. fr m 1976 ti l981. Hazardou wa tes, in ludiog liquids, re buried in 
drums that we:f pla ed in 2 rr: n he , ch appr, ·ma. ly 3.3 mt , 6 .5 m 10 to 20 ft) 
deep 15 to 30 m (50 to 100 ft) wide and 53 m to 122 m ( 175 to 400 ft) Jong. ln I 98 m, it 
was found that hazardous wastes had migrated up to 1,6.7 m (SO ft) &om th trenches 
over a 3-year peri d, r te 100 to moo time greater than pvedicted prior to constnJc­
tion f the landfill. Following a court order, the i e o ner exhum d nd removed all 
tbe drums and transponed them to a mor secure landfill. The process took 4 years and 
man millfons of dol]ars ,(Herzo et al 19,89). 

Excavation a.nd removaJ of hazardous mate.rials must be done ma manner mat 
protects the health and safety of workers and the public. The materials may be bazar -

,u if one comes m o con act with them. they give , ff toxic or dangerou vapor , or if 
·ngest•on of these mate ·al's would be harmful. The risk f moving material as opposed 
to lea ing it in place must aJ ays be · alua~ed prior ma remov l action.. 

urthermore, the frnaJ disposition must b environmennilly sound. In at least one 
. ase1 sp . nt solvents were move from an abandoned hazardous-waste site to a .sol­
vent-re cling facil.i ty. The fatter facility eventuaUy went bankrupt and became a haz­
ardous-waste site it el . Under CERCLA. the courts have found that the ge ·erB.!tor of 
hazardous wa te is r -spon sble ~ r their deanup and disposal costs if the disposal-sit 
op rator b com ban, rupt . In this case1 the generator had to pa twice for th disposal 
of wastes. This policy is known as "cradle-to-gra,reu and is designed to ensure that 
ha z :rdous, was e · s controlled from the time it is generated until its u[ ti.mate disposal 
Th EPA defines hazardous waste as "waste with p.roperties that make jt dangerous or 
po entially harmful o human health r the en i.ronm nt" (U.S. EPA 2016). In r~gufa­
t ,ry terms, an R:CRA hazardou waste fall in o two categories: (1) waste specifically 
ti ted by EPA and (2) charact ri tic rast which exhibits one or more of the foUo,w­
in .: ignitabiliry corrosivity, reactivity, or toxicity. These four, aste characteristics are 
communicated in many differ,ent ways, including Material Safety Data Sheets ,(MSDS) 

r by haz rd lab J • F r in tanc , th NFPA 704 chemical hazard abel standard uses 
a diamond-shaped di . gt m of symb ls and numbers o indicate the degree f hazard 
associated with a. particular hemi a] r mat rial (Figure 9.1). You prob bly ha.v seen 
tn· r imilar igns pos·t din 1 boratories . r oth r places where potentially hazardous 
materials ar b ing stored. In any iv n stat th EPA or the state hazardous waste reg­
ulatory agency enforces hazardous waste laws and most universities have .hazardous 
was e offic to nsure compliance with those law . 
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FIGURE 9.1 The NFPA 704 chemical haza rd label'. Each q1Jadrant is labeled with ·ts resp ct,iv,e colo 
and haz:a rd. 
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· n m:inated ri1h organic compounds ma - re · · 
in n. This · s · chnique that hills b n pro os _ hi 
p uc h as P e es. Th or · alter of t s d 
_ up u e:mcinra . rr. In · -· · 
in _ tlu . _ · · · , • at can be utilize : 
is con m , . ompou.nds tha:I might accumul te · h 
sions o the incin mr _ ]ant. The ap ropriat . disposal o th d 
flue gas d significant cmi o the waste· incineration and make this p s · . 
' omp ·unds with a high BTU (beat) · alue such as hydrocarb ns n a]s ted . 
Thi · , less c · c supplcrncnta] fud is notnoc® . However. p -rrnit5 . n ed d for 
in inera.ti n h ma b di - icu]tt tam from ta , and 'ocal auth ritie 

9 .2.3 Containm.ent 
H th . ast canno , conomicall or ec.hnicall b xca at d then it ma b pos­

ib e o c ntain i . If the waste is belm the wa er table fl w:ing ,gro ndwa er can p , s 
hrou · it , n , :reate _each _ t illu trated :in FL ure 9.2a.. u b burie w te n be· 
_ urr un d b a : ,rouodwat _ r cutoff wait h _ purp of the ound • cut 
wall is o iv, rt ground a.ter tlo , om passin th.rou h th waste so that ·r c-annO' 
form [eacha e (L nch ,et al. 1984; ee and Costello 1984 . he cuto , · s to be 
cL ep nough to k y into an impermea le fa 1e so tha gmun i\l'ater cannot , ass und r 
the waU which i referred to as ,encapsulation. ote · hat the enn encapsu[ation is not 
o ly u d i o e cribe h · · . la ·on te. bu i used alo t 1 

- cnbe t, e· 
di ~rent m ;i . n o urronn · ng ;in i11d1\.ri d11::1] cont in .r with ·mperrneabl _ r,na ri I 

Th re are se era1 va s that cu to.f.f walls can. h us d (U. . - P l · 98). The wall 
can ,extend all . :roun· the aste (Figure 9.2b). H this is dont; the grou.ndwa :er · ill flow 
aroun the w U nd C · cliVi rted from he, a e. The water tabl -. will ri e· n the upgradient 
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FIGURE 9.2a Top view and cross section ofa landfill that was constructed wi h an excavation that 
extends below the water table. Groundwater can now through the waste and aeate eachate. 

-----+------i~ -~--'----½----.....-----A' 

'.Kl 

wall and fall on the down . Tadi nt aJL J. rhe i no recharge or flow through th cutoff 
walls, the water tabl within th u.toff waUs wiU be flat H wever there js g m:rally leak­
. ge through the cover or cutoff waUs, o some extraicrion we]Js wil] b n eded for dded 
hydraulic ntrol within the cuto w lls to p·revent build-up of water whhin walls. 

If th cutoff aUs are ext,ended fa:r enough to surround both th wasr body and 
the plume of nt minaition. th n remediation may pro eed wi hout worry that it iU 
spread furthe . One f the problems hat have arisen with th rem diation of ground­
wat _ r is that the plum may pread rapid! , where s legal action to assess blame for th 
plume proc eds through the couns ith glacial p d. If a cutoff wall is installed as an 
cmerg ncy action, then the pJum _ can it until th urts have poken. 

Cutoff walls have also been used to stop th _ spread o c ntaminant p]ume. At the 
R cky Mountain Arsenal a ar D over, Colorado, USA a cutoff wall wa constru te 
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FIGURE 9.2b Top and side view of a cutoff wall that completely surroundsthe landfill in (a)1 opposfi e 
page. Cutoff wall i,s keyed into underlying low-permeabi ·cy ormation. 

across a bedrock valley containing highe·r-permeabiHty, uncon.soli at d dep its that 
aced as .a pathway for a con aminant plume. The contaminated warer is pump d 
fr m the upg:radien id of the cutoff waJl, treat d rem v, the contamination, and 
injected in.to th aqui er on th do n radi nt , 'd o, the cutoff wall (U.S. PA 1998). 
This ystem is illustrat,ed in Figur, .3 . 

A number of differ n - typ -s of materials hav, been su g sted or use in cutoff 
walls (P adman 199 ). Most constru e . of soil~b ntonjtc s[urri s1 but concret 
and concrete/ olymer mixtures aJ'I also us particularly in .r gjons of topographi 
reH f. A tr nch is e cavated ilh an e.xcavator or backhoe. The trench is held o en by 
a lurry ofb ntonite nd wa ,er. The hHry . cs in the same manner as the drilling mud 
that h leis op n a. boreho] . Th bent nit lurry penetrate int th more permeab] 
formations and forms a lo -permeabiJity filter cake. A - the wo.rking end of the tren.ch 
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FIGURE. 9 .3 Cutoff wall used with ex faction and injee: ion wel'5 ill the Rocky Mountain Arsenal, 
Denve , Colorado, to isolate and treat a plume of con amin.aied gro.undwate1r. 
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i built ar und th ite, the oppo ite end of the trench is back-filled with a soil-ben­
t,onit slurry. Th soil-bentonite lurr has a ery low permeability and minimizes the 
mov m m of most . round ·ater th.r,ough it. The tr ncb is picall Im (2 to 3, ft) wid 
and can be up to 18.3 m (60 ft) , eep if excavated with a backho or up "to 36.5 m 
· 20 ft) deep if dug with a clamshell shovel (Need and Costello l 984). Whi] - expen-

. v ·tecbnol g--y to install cutoff walls as deep as 122 m ( 400 ft) is available (V. lkenburg 
199 I). Pr. construction de jgn srudie are needed to determine if the ast hat is m be 
, ,nrain di compati Lle with the b non· e- oil lurry. 

A grom. curtain ma also be constructed as a. cutoff bani r. Gr-0ut ·s i11jected int , 
the earth through a borehofo. The grout is liquid when inj, cted but . ventuaUy hardens 
into an impermeable materia. This approach was used to contain radioactive, ater at 
the Fukushima nu le-ar power plant di: aster it in Japan, a cording to the company ia 
-charg, for the site remediation (www.tepco.co.jp). Other construction meth include 
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sl L-sh r piling, bored pile wall nd, as temporary so]urion, artificiaJ ground freez­
ing. Th s lection of a cut-off barri r c n true i n me hod 1 iU depend on the desir,ed 
de th of wall, ground condirions1 and ,f'leom try f wall. 

If contaminated material ,can immobilized or it olubiLity reduced through 
chemical r,eaction, this process · aJJed t bdization. Similarly, if the contaminate 
ma ,erial can be enc psul · ted Lo form a sol.'d nd to restrict it migration y decrea ,. 
ing the surfac ar,ea exposed o I aching, lhac pro ess is referred ro as solidifi ati n. 
Solidification/ tabil:iJzati,oo is an tabli hed technology th.a has been used for decades 
m address a variety , J i11 situ n e, im lid and iquid wastes. Typically, the contam­
inated malcr·a] is n:ate with an inorganic or organic binder, uch as cemen , ny ash, 
]ime, ol uble silicat or asphalt, poxide, olye ters, and polyethylene (U.S. EPA 2000). 

In most ,case: il wiU lso necessary to construct a cover over the waste m.ateriaJ 
t prev,en rhe infiltration o · pledpitation. If lhe waste mar riaJ is above the water 
table. a .cover without lurr \tall mighl be ~ U th l i needed. For a waste material 
buried bdo che water table, a low~ rm biliLy ver i n eded in association with a 
slurry waU. ln the absence of a cover, the infill rating vater will fiU th area ithin tht: 
slun , waU like a bathtub. 

Cc ver ma be con tructed f native soils, s nthetic m,embr n s, r a ombin,arion 
of both. ov rs are typi an loped in order t r-omote runoff' pr cipi r' on. It may 
even b n cc sary to bring in fill material o create the necessary elev rion a.r he center 

f th c v r to form he needed slope. 
A mult'l r cov r c n tructed f n turnl material might h ;ve the following 

cl ments, taruing fr m tlle urfa (Figtu 9.4): {I) 0.6 m (2 ft) f l, psoiJ root­
ing medium or vegetation with shallow roots, such as grass or cro n v tch, which is 

FIGURE 9.4 Typical design of .1 mult'layer cap for a fandfil that is constructed of natural soil materials. 
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needed to prevent erosion; (2) a 0.6 m (2 tl) thick o mp ct -d l yer of cob ,I s mixed 
with day to stop bun:owing animals from breachin the cap; (3) a 0.3 m fl ft) thick 
I w-permeab ·lity zone to separate the. cobble layer from the n xt-lower zone;, (4) a 0. 3 m 
,(I ft) thick lay,er of ery permeable _nd, which act as a apillary · reak to the move­
m nt f oil m ·i tur-e and provides for later 1 d ain ,g of aay infiltrating predp.itation; 
and S) a bottom 1ayer that consisrs of 0.6 ro l m (2 t 3 ft) of r comp ted cl y with , 
maximum perm.eability less than rn-1 cm/sec (8.5 x WJ ftld) to ct a fin J bani r 
groundwater recharge. Geotextile fabric would be needed b tw,e n se . ra o.f the la _:rs 
to keep the mat,erials from mixing during construction and to distribut th - stress s 
, :venly. Figui _ 9 .4 shows the details of this design. :ro · on of th soil and pcnerration. of 
the cover by tr,ee roots ar _ th _ main cone ms for the 1 ng. erm int gri - f this de ign. 

nth tic geomembranes can also be us din cover design as low-p rmeabifa:y lay­
ers. One advantage of using native soil materials is th t their Jon ~t nn p rti rmance i 

sured, whereas the long-term behavior of plastic membranes1 and tho made of other 
material has not been tested for aU types of soil, climatic, and contaminant mixtur, 
scenarios. H w er1 for many applications p]a tic mem' rane cove~ are suitable. · hey 

n asily be instaUed so that mon:itorin. and . tracti n ells tend 'through the cap. 
Infiltration of precipitation int the round can also b redur ed b p ving the sur­

face 'l-vith a material such as asphalt. H wever, an asphalt seal j, more penn able than 
a multilayer cover and would require extensiv maintenance t, seal racks lhat ~ rm. 
Diversion ditches and drains might be used m pre , nt surfac runoff from entering an 
area wher it can 111flltrate into the soil and come into coctact with buried wim:e material. 

There are alremative c ver design mac are increasingly eing used for was:re dis­
posal sit sand hazardous wast landfill . For in tmc , the vapotran piration (ET) cover 
system relies •n the propertie o n rm r v, tat.ed soil layers o store wat,er until it 
is e·ther transpired through v g tarion or va l t d from th il urface (e.g., Hauser er 
al. 2001). ompar,ed o conventional !and fill co rs ET co er syst ms are less c tly t.o 

c nstruct. H w v r, T cover systems are mostly limited m areas that have arid or nu­
arid cllm te , such a the uthwestcm United States (U .. EPA 2003· 201 1) . 

. 2.4 Hydr-odynamic Isolation 
Hydraulic controls can also be used to isolate a zone wh r, _ the gr undw ter h 

b n c, ntamin.ated. An extraction well positioned at the leading edg of a , one min ant· 
plume can,· used to stabilize the position of the plume or cont jn it (Figur 9.5). The 
plume-stabilization well will pump contamina d water, which m y require t eatment 
befor cLi posaL It will pr,event he n r -chment of the plume of contamina.tion to 
uncontaminated parts of th aquifer. With the c ntamination thus isolated, work on 
source control and other m dia tion mea Wi an pr gre at the most expedient p.a:ce. 

he downgradi nt limit of th capture zone js alled the t gnation pojnt 
F ·gure 9.6 sb ws a water tabl prnfiJ along the y-axi . It can .:. s en that th tagna.­
tion . int forms groundwat :r djvide betvreen flow toward th well nd fl101, in the 
r gional dir ction . he stagnation pomt and the capture z ne a .als sho n . ran 
LNAPL pill in Figure 9.7. Note that there is a maximum quantity f w. t r th t can 
, pumped from a singl:e extraction well. If the plume is wid r than the apture zon 
develo .. d by the ma imum pumping rat then mul.tjpie traction wells are needed. 
One concern with multip], e traction w Us is that their capture .zones must overlap 
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F'IGURE g,.5 Plume-stabllization well used to isola e plume of contaminated groundwater. 

:;-77, 
✓-~ 00! lll'I IIIMrd 

F1GURE 9.6 xamplle of plume stabffzation by a well which is used to hydr: ulically contain a plume 
of cont ,minated groundwater. Shown are plan view and cro~ sections. 
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Source: Aft:erCo enet at 1993;as cited in U.S.EPA 1995, R portEPN62:S/ R·9S/OOS. 
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or round at r no an pas between them. These con idera ions ilJus rat why con­
tamin m hydro o]ogists regularly rel on groundw term an important aide 
in dc:sigr.ing remediation systems. 

W il:mn (198 ) deso ibed the us• of a _pai, f i,i" e iou ml \.\' ilhllrn id ~ db lu 

create a hydraulic isolation zone around a plume r as frn c mammarion. The with­
d awal well dra,; s contaminated water to ic ; the water is then r in 'e ted into the ground 
upgrndient of the position of" the plume (Figure 9.8 ). The withdr rwn water may be 
treat,ed prior to injecti n, r nun.ients can b added to promme bioremediation. In 
addition. treatment sy tern · ma need periodic maintenance necessira.ring a shutdown. 
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FIGU.RE 9.7 Cross section a ong the .x axils showing the cone· of depression for a single extraction well 
su,perimpo,sed 011 the regional water · able. 
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;\i'ith a reinje tion syst m the untreated arer can still b inject d and th downg,ra­
dient plume-stabilization well can be kept pumping. Otherwise, if the lume-stabi­
lization well is but down, the plume might be able to spread beyor,d it hydraulic 
boundary. Cari: must be exerci ed to minimize smearing f LNAPL by reducing rig­
orous pum ing that r :ult io great fluctuation of th wat r ta le. Wilson ( 1984) also 
de ibed a double-c-,l:'11 hydnudic containme t ystem with two p11i o "r1ject1on and 
production ells,. as sho\vn in Figure 9.8b. This system provides funher isolation of the 
plume a.nd a iso creates a smaller inner cell so that the production weU that is pumping 
comamina.1ion will pump a smaller volume of water, which will lower treatment costs. 
With two injection and pumping wells, here is a possibility of shu.ttingdown one weU 
p ri dica:Uy for maint nanc and still h in the s tem operational. 
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FIGURE 9.8 Plan view of (ai) sin,gle-cell and (b) double-cell hydirau'.lic containment of con aminated 
groundwater. 

SourGed.L Wil'son.1984.Proceed.ings or the Fourth National Symposium and Exposition on Aquifer Restoration and 
Ground Water Monitoring,65- 70.Na ional Wate r Well Assodation. Used with permis,,sion. 

■ 9'.3 Pu1np-and .. Treat Systems 

9.3.1 Overview 
or a long time, at most all ground t r fi m _ djation was based on ,extracti n w 11 

or drains tha wer,e usuaUy accompani d by trea.tmen of the extracted water b fore 
di bar e (Mackay and Cherry 1989). The extraction f gr undwat r that contains dis­
ol . d inorganic and organic chemic l em v the contaminants from the subsurf; ce 
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FIGURE. 9.9 Contarn 'na1· · s trea d most common y by pump-a d- ea systems: trich loro th n 
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d . barged t a surface- at r . dy in th United ta, r quires sta permits, includ~ 
ing a National PoUmant Discharg ]min tion System (NPDE ) permit. Many states 
provinces, and regions r, quire a permit to in~ect, ater into th ground and the11e may 
b cone, ntration limits sp ified - a part o tb permi . If tber are APL pre , nt, 
the situation is much more complex th-an if all contaminan a.Ji in a diss•olved form. As 
1 ng as an APL is pre nt, it will partiti n berw en th APL phas an th di solve _ 
pha.se. Thu ; as c nta.mina:t"d wa er is withdrawn from rhe aquifer for treatment, the 
cl an war r that is drawn into the aquifi r vcmually b com s contaminated witth pollut­
ants partitioning from the remaining APL. If · ome o the NAPL is mo iJe, ·r may be 
captured by pumpin . L APL that r fl tin on th water table ar,e refati ely eas , to, 
l t and rem ve· ff th L AP , ba n t been meared erricaL . However, DNAPLs 
that sink t, , the ttom , f th aqui· er a11 v. ry difficu r e en to toca e, much le s recover 
(Mackay and , h rry J 9 9; Fr ez and, h rry 1989). Becaus,e considerabl amounts of 
r sidual APL wm r main. even if the mobile NAPL is removed, a great JllJln years 
may be required for pump-and-ue t system to remo :e all · he residual AP by parti­
tioning into the recoverable di · otve - phas In th case of c m min tion by D APL 
e p cially in fractured r ck quite it m b ry difficult r impo i l to r mediate 
a contaminated aquifer (Mackay and Che 19·89; Fr, eze and herry 1989; . arional 
Academi s f dence I Engin ring, and Medi in 201 ). 

If the dissolved phas sorb onto th mineral matt r of th soilt that phase may 
de-Sorb as th contaminated w t r is flush d from th pores. The greater the di tribution 
coefficient, the more slowly the sorb d phas wiU be released nd the J nger it wil take 
to remediate the aquifer. The kinetics f desor Li. n dicta e that m n or volum s of 
uncontaminated water might be ne d d t remo omp1ete1y the sorbed phase of both 
organic and inm:ganic contaminants. Whiffin and Bahr ,( 19'84) n t d th at th observed 
ra:te at which organic compounds de o·r ed fr man aqu.ifl , was sJm r than th rate pre­
dicted by 11'.ansport equations that assumed quiilibrium coaditions betvv en the sor ed 
phas and the dissolved phase (Figure 9.10). The advection-disp rsion. equ :tion r suJts 
were initially fairly accurate; however, when the concentration dro ped to bout half 
the i.rutial concentration, the actual ra e of removal was slo,wer , han the pr df drat , 

The· discrepancy between the Whiffin and Bahr (1984), m det and the ob rv tions in 
the fiield are related t,o contaminant re idence time in the subsurfa e nd d "ffus · on tran ~ 
port prooes . Hence, in h t rog ne ,us media. som contaminants can b s quester,ed 
ti r l ,ng peri d of time, d pit acti · e pumping. Contaminants that have b en in the 
g und fi r a 1 n p riod o rime hav been able to diffuse into the less permeable zones 

f p ,r us medj a aquifi rs or int the bedrock matrix o fractured' rock aquifers.. Pump­
and-treat systems are inefficient in 11emoving , hese contaminants, because the majority 
of the water being removed by pumping will ,com from the mo P· rmeable zones of 
the aqujfer_ In a]ternating layers of sand and day, ·th c , ntamin t d w ter will p netrate 
the fine clay, which. has very limited permeability. fr m ch highly p rmeabl. sands o er 
tim Some of the contamination will remain in the isso • d phas ome , ill partition 
onto the surface of the clay ten . nd ass · ated ~ d rgan· c carbon and som will dillus. 
into, th day Jen . The fine edim. nt will have a larger surface area r unit volu m of the 
aquifer than the o ars dim nt and thus will sorb more contamination. 

Thee m transport limitations have een illustrated by Mackay and Cherry 
(1989) (Figure 9.11). igure J fa show ntamina.tion residing in homogenous aquifer 
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FIGURE 9.10 Measure d sorption values ford ethyl e her for water pumped from a purge well 
(open circles.) versus calculated desorption curve based on adve ion-di persion , qu don (solid line) .. 
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Fi GU RE 9.11 Hypothetical :xamples of contaminant !l'emoval durin , p1ump- nd- re r tmen . 
G ay areas indica e sorbed and d'sS'olved conraminan s (uniform ini fall d istribu ion). ined sha s 
indicat ,c ay lens. Black ,eas in ' icaie, NAPL 

(a) Uniform sand-gravel aquifer 

I I~ 

( b) Oa,y lens 1in u "fo m sand- r ve 1 

I ~ ~ 
•. I ~ . ~ 

quit r 

I 

I ·to 

(on m n nt Concen r.ai , ion 
i,n Extrac- d Water 

Tme 

Time 

(c) Uniform sand-91ravel aquiteil' with NJ\Pl contamination 

to !i..-l --=----II liJ 
1 _I____.~---· .::.-=------i. 

Time 

Source: Modified ,11, ·. r Macka,y a rid Ch ry 19,89. 

he rat 1t whi h they ar,e being rel as, d int _ - \ y 
, , n · 'oning rom residual · s ( le) . Tl'le 

• , sultin. lo I f e o[ contaminants to th un ._ ,ll, d the 
tailing phase· of th r m ,. · n. 

During ti: e tailing phas - in th rem _ di ti. n pro e c nt minant m s is stm b in 
m , fro - e quifi 1, groundwater is n t becomi . • 
ntrat-i ,n at '.ch his may b- · r than the clean r 

f t man . ,ears of pu mpin hi stage to redu : 
t d/ or the r, . sidu_ l .AP ffi ien fo, th t _ 

· · . h ·, me 'ts cL .n . Figure 9.12 depi-cts ho __ 
rel o o · · m .t rial f l . · · a• 

· rm he l r, m diation period. ld 
take ear~ to · t n ntrati a by 90%1 if t . m 
{l-') hi : . Th tim · in mas, s to a]most 40 ar for • l ns 0 . m .2 r 
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F,[GURE 9.12 The effe<:t of matfix diffusion ,on the a:v,er ge relativ,e trichloroethene (TCE) 
,concentrations in clay Jenses o·f varying thickness as a function ,of t1ime. 
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100 years for a lens 1.2 m (4 ft) in hickness. These simulations show at it may take 
d cades or longer ~o ignificantly 1 w r th cont.am· nant a ncenaati n in day l n es .. 

A study of pump-and-treat deanup at 16 sites in th _ United States where the ground­
wa:ter was contamim1led with organics revealed that if the initial concentration of oon­
tmninarion was high (> 1000 ~1g/L), pumping could achieve r,eductions of contaminant 
concentrations of 90 to 99% before leveling occurred. At sites where the initial concentra­
tion wa les , than 1000 µg/L, leveling occun-ed before a 90% reduction was accomplished 
(Doty and Tra.vi 199'1). Moreover, if remediation is haJted before the sorb -d phase i 
com plerefy removed, the dissolved ,concenttati-on will ,e enruaU rebound nd rise ab ve 
the level detected at the end of the remedial period as additional mat rial desorbs to come 
oo egui]ibrium with the dissolved phase. Typically, the r,ebound of the dissol contam­
inant ooncentraition is quick Le. can occur within a fi w days aft th pum in ceas d. 

Th.e effects of 11ebound and tailing on the progress. o[ P&T treatment al"I illustrat d 
in Figurie 9.13. 't mus· be not d that the e ,effec are ·no so]cJy Hmtted to P&T systems, 
but also affect ,other, mo:re innovative groundwater treatm.ent technologies that r-ly on 
chemically-enhanced flushing pr.a , to f m oont min ti n fr m. l w-permea­
bility material.. 

Figure 9.13 illustrates the multipl stl!lges in remedia.rion o a ontaminat d aquifer or 
soi t. Early dW"ing the ~atml:!nt (. tage I), there is mr> d removal of il'.'Of'I minanr mas and 
concentrations drop quickly. Stage I transitions into · rage II which represents the difru.~ 
sion-contro led peri d , the ,c ncenna i n graph attains an asymptotic shape. During the 
tailin stage,( tag III), rh r_,te f mass remo~ s.tows , ,cause the site geology controls 
the rate at which th r ma.inin contamin ti n is e]ea ed. The impact of ma be diffusion 
is illustrated by the ashed Line cmv; which shows he theoretical removal e pe ed in 
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IFIGURiE 9.13 S, ages in the remedia ion of a contaminated aquifer or soil. 
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th bs . nc , f diffusi n from ]o -permeabm .• domains in~ high r perm bl zon , 
Remediation fforts continue until a pre--d t, rmine c]ean up oal h 
some cas , that rernedia ·on goal ma be rughenh. n the pollurant sp cm stan ar , lik , 
th maximum ntaminant 1 el (MC ) -.efin · by the U. ·. EP , . Vi/b n at oc in 
th pumping st ps, it is li el tha the slow, dufusi n- ntrolled -l-a f on.tam.in.ants 

m I. v - nneabili d main I1 . ul in an incre - in th dis olv, ·. p a ,c nc ntra-
rv: th rebound g .. hould the r b und r ult in groun t r co ~ 

c n ,tions higher than the cieanup standard, rem diation must conrinu Und _, th s · 
cir umstanc . , it ma be n cessa.1 to periodicall turn on the pum. s until th - sid-
u 1 , ene ,th e :emediation · a] ag iI . Su h a treatm nt sche:m 

n a puJ ed. pwnping (U . EPA 1996). An th r op _on is t v r th pum -in 
Us int lls n vi e~v · a. :,,hi . adaptive :pumping 

approach limits th d el pm . at of sragnati n zon , whi h parts. o •. th quill r th ·t 
are not, or only mini:mall , flushed if th ,extraction/ inj Lion scheme was stat-ic. 

Figure 9. 13, illustrates an aquifer whe.re the contaminant is in the disso ved phase 
r i r e · n oil pa i 1 . l th ± an u di solve - ph -e (D APL) pres t, th n 

the rJ.ease of co•n aminant into he f]u _hin - t r will be contr ILd b the Iubility . 
the D APL. More soluble D" PLs such as t:ri hlor h I. :n hicb h ~ a solubility 
o·, HO m / L · ill becom dissol d much more rapidl han. lo ~s _lubili ~ NAPLs, 
su has coal tarorcr, osote. Hm - e , s the D APL will tend m form pools on th top 
o , lo -permeabilit la ers, the flushing liquid ill onl come in cont ct with the top· of 
_he D APL p and littl i olution ·n LCtu _ll ur J bn · ,n and ankow 1992). 
As a - sult. pump-and-treat ill b . ineff'ici nt for mass r m a[ in the ca o . DNAPL . 
In spi e of this ine i ncy pump.mg still is viable as. a means o plum cont inm nr. 
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P..: · e . m tb s h n bo\lVll ob • ffi· li - in ~mo ing a la ge amoun 
of , ,I · i nt mas fr m , · d · C initial h - P· 
ing. ar: also u fu1 in h ltlng C u -
cont imnent. Ho , e er, if the con ,am . ti 
cleanup goal o mp · t 

· iffus ro□ ump 
I . i u Th ' -
i . ns that it .va 
an aqu · ith pump-and- . , • 
p,ump•and-trcat h mesh e . t 
le hnol gie , · bid will b di cu ed in g t J lat r in this chapt . 

9.3.2 Capture .Zones. 
In ord rt , 

more pump 
is known a: 

If th , at r tabl i prure zo , 
radially s • · · al, oe. t well and tendin as th ·. ' . 
of ' pre i n Figu If th re tb tabl th - g ou□dwat .. 
fto ,,nd he _ r, • symm td · · tl g ten · ·nth u gr, di · nt 
cllirec,ri n Fi 9.. ) oun · d in, _, width f th 
ture zone d,ecreases a given pumping Figure 

The hap f , · zone is a · · tb ave1 ground ater clo -
ity; he quan o· being u the aq th distribution f 
biy raulic o · • up gradient ... ,.~•--•... - capture zon d u, n the 
I ngtb of im the · ellh d · Are (WHP 
program as de. efop d by hat m. b us _ d o d Hn _ are cap . It 
is a semi:-analyti al groundw,in -r flo r simulation ro ram that , an unt · mu t 1, l 
pumping and inj cti n w lls and de:lin te he aI1 a contri uting flow t tbo wells,. 

FEGURE 9.14 (a) ow lines toward a well in an aquifer with no water table gradient;(b) flow line 
toward well a d · he c.apture zone with unifo m flow to the upp rright of the ·ftgu e; (c) flow line . 
t owa d .a weU and h capture zone with unifo m flow t:o · he upper righ , , rate 1 O tiim s he a of (b). 
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WHPA is applicable o homogeneous aquifers exmbiting two-dimensional, steady 
gr und _ , r fl win an ar a:r plan and appr prL e · :r , aluatin_g multi le a. _ uifer typ 
(i. . confin d, 1 a I Jconfin. d1, and unconfined) U.S. , P 199 -). 

the hydrog ofogy is not homogeneous or if more com lex g ologk or oont . ,m­

inant trnnsport prob], ms ha to be a.ccounted or. there are a numb r of sophist' 
c ted mo el available tod y. or instance, FLOWPATH Il is 2-D finite diffefl nee 
tead - ate gr u.ndwater fl w modeJ ti r ca lcul tio n of wellhead p otecti n zones 

hydrauli h ad groun _ a r vel, jri , · m reJ J d path lin , pru:r zon , " at r 
balances . nd stead rate dra down distribution ·. Another mod l f.-PATH3D 
c n help d linea:ting con.taminan capture zon s or ellhead prote t-ion zon s or an 

e us d o vaJuate he eff , iveness of groundw t r re:01 dial scenarios ua . r comp ex 
h drogeological condi ~ons. Thet'1 ar,e a number of oth r not wo tb. programs nd 
· h Int grate Gr undwater M d ling Center (IGWMC) at the ,ol r.ado ho l , f 
Mi:nesin Goden .C , u -A,pi, ides re i w and1in _ r m . 11 ofth , emod 1 . 

9.3.3 Com.putati.011 of Capture Zones 
T · effi t f aquifer het,erogeneity was illustrated b haf; r (1987). igur 9.1 

' ow - initial h dr .ui h ad fi rah m gen l!l , i · ,pc, unc ufined , qu ' r. 
. - Ii -h _ad distribution a, ter 20 . _ ar of pumping from _, ingl · 

i .lSb. During this time p riod, th _· con of d pression. ha _. n · all th 
upgr dien end of the diagram. The x:t nt of the caprure ,, · sho ;vn 

se on he mod,d grid in •. igure 9·.15c. igure 9.1 o istribu• 
f · ·· c ·- i it in nonhomogeneo , · . · · · · · · h a 

i u . th in Figu.re 9.1 a. L on 
ulic head d istrib tion in the nonhom _ ne . 

.s tric and 'th - shape of the .20-y" cap _ 
n - , ·c, inegul I shap · re :rn 

ti t: drauli c n u.c ·vi · no m en u aqu 
_ th " ring aquifer het g can le d to incomplet . 

_·. ·minant plum _. 

9. .4 Opdmizin · · Withdrawal-Injection · y te111s 
Th r te t v hi h roundw ter r toration n 

t eat . ds in. par on ho man p · lu 
· m tamina ted zoue. If th.c entire plume falJs 
, mo:r • _ ll, then _·elm ,wtb t ·h plu 

m · - t rati,on, ill occur. Howe er b er o 
er ar) at\ h'.cb -o tam·u re t 

ation tim . _ _ as d. For ,optimal • ndition re ize h 
lume of ontaminat ,d water that is pum d b ans th · . f, d. 

tk:·n and 188 used a contaminan -tta at th 
· us p i J cti n pa tern ·o , medi ·n tion. 

in _ d e of · e en diffi ell ombina-
- dr . i • maximum d:ra - down, nd h at-
tern ar ltto,vn · u 17. 
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FIGURE 9. 15 (a) Hydraurc head dist ibut,on wi h no wellls pumpin9.(b) Hydraulic head disnibution 
in a homogeneous1 iso roplt aquiferwi 111 ori w II pumping,. (c) Sh . pe of th,e 20-y ar capture zone 
based on hydraull<c head dis ribution of Figure 9.15b. 

i t nee m, 
la (b 

isumce l I 

cl 

Source: l M. Shafer. 1 87.'R rse pat line ca!rulatlon of time--1rela · d cap ur zone5, n nonuniform flow. 
Groundwater 25 :283,-289. Used w th permis.s ion. 

· pu: · · · · h t the cap· ncom 
pas e. m ss of in nt, 
the ntamin tion can b r n be aptured 

· . · · ti ]e umpin th a · of he 
increa e t a · gr at r v lum 
The use , ut inj · prob] m if t 
rec iving TO d' f tf a ed g undwater. 

R000398



itc It mediation 565 

FIGURE 9.16 (a) Dlstribut!on of hydraulic conductiv'ty in non homogeneous aiquUer with tile initial! 
head distribution of Figure 9.1 Sa. (b) Hydraufic head distribution in the nonhomogeneous aquife,r 
with one well pumping, ,(c) Shape of the 20-year capture zone based on hyd u'lic head distribution of 
Figure 9.16b . 

.c: 
C 

~ 

Di 

Soufce:J. M.Sh fer. 1987. Reverse pathline calcula on of tim r lated cap re zones in n.onuniform flow. 
Groundwater 25:283-289. Used with perm~sion. 

lf inj rion ls are used in com ' ination with withdrawal w Us, de nup me can 
be reduced, because st ep r h drauli gradients can b created. Th s steep :radient 
wiU produc,e mo.rev ater flov.'1.ng to the with wal ~eU( } han occurs if extracti aw Us 
alon ar, u d . We have alrea y seen how system of a d \i ngradient withdraii al well 
in onjuo tion with an upgradi n :injccti n weU can be us · to create ircuJati n c ll 
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FIGURE 9. 117 Po si ble patterns for extraction and extra cti on-injection well systems.. 

0 0 0 
[)j.,1,Nr,1 Cflll~'tllre 

• l'llmpn, II 
• n cil'III ii II 0 0 ,. . ~, 

0 . 0 
D!1Uli[ Ii 

Source: R. L Sad<l n ancl P. B. ISed f:ent. 1988. Effectiveness of various aqu if r resto:ratio n s.ch e mes un r va,ria ble 
hydrogeologic conditions. Groundwater 26:488-498. Used with permiu ion. 

m isolate the plume. This is called a. doubEet: on Figure 9 .. 7. Other injection-w-ithdr wai 
oombin tions r,est d included th double cell and double triangle, which are variations 
of the doub!et. Two patterns tested were base on one extraction well and mu]tiple 
injection w. Us: the thn:e-s t and the fivc-sp t. Vlben injecti n weU are used in c n­
junction withe traction wells, th treated w t r · di posed via r injection. However, 
groundwater in"ection weU ar pr n t cl ggin nd may n d periodk main:renanoe 
(Fetter 199 ) . Additi nally at , provinc :s, ,or r ions may bav water~quaHt.y stand­
ards for any water that is rein·ect,ed· many local sf quire a permit for iinj ction wells. 

Satkin and Bedient (1988) found that the b st ,:veU patt _rn for cleanup was highly 
·r .• p ifk. Th y also found hat even with th same well pattern, variation in the 

pla m nt of th w Us ielded different cleanup times. When he hydrauli.c gr: die.nt is 
low, th d ubl t, double c ll, and three-spot patterns we:re ver effective. Und r c n­
ditions of high hydr ulic gradient, the cent rline w most effective. In. this pattern 
the downgradient injection weU, which mu t be l cated b ond th leading edge of 
the plume, creates a hydraulic arrier t , fwth r m · gration of th plume. The five-spo.t 
pattern was not found to be very effective under any c ndition . 

9.3.5 Permanent Plu1ne Stabilization 
Decad s , f e ri nee with pump-andl.-tr at technology showed that .in most cases 

it is not feasible or even technicaUy possib] to fully rem diate a badly contaminated 
aquifer by pump-and-treat technology. This is especially true if rhie ur e cannot be 
.I cated and r moved for example if tber,e are nonbiodegradabl · idual DNAP.Ls 
present in a fractured rock aquifer. For such aquifers the only fea i te t hnology mi ht 
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·1 i · pr en the pl umpm t th z 
ad . nt im· th i tam.ina:t d r: .. r 
s ,p di . nt th · , ient w ll pre ented 

·:n und d lin th importau 
um in and · la ngr die nr 

ontinue · · te 
_ to plume con truct 

p -rp · n f h plum mi_ ins t misrypi all 
· · tin ditch t th m j · - and back fillin 

i · i p rm.eabl mt r r' 
· • that connects t 

llected by the pip -
_ _ . . i- ' 9 .1 9, a Frcn 

contain f tra ti n . · 
ar limite all , pium g 
deep tre > lOO fr) is . . -

rti u · m is unst b 
in b d possibl b · 

Figure 9.19 Compared o a Ii e ofconvention I pump-and-tr a w · 1 a plume emanating from 
- e e · ectiveity intercepted by a tren,c onstructed pe,pendicular 

· w (ri ht). 

Source:Cohen al. '1997. 

■ 9.4 Treatmen of xtrac d Groundwat r 

9.4.1 Overvi ,v 

. itu 
nt ar ne '. 

solv anic amp im · 

ph icall n -· . -

di ,1ion p oje ts and that 
· · n . Dilfere · f 

ti d 
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those chat ,cannot. Most f he treatment echniqu s 1that a used were d , lop d for 
wastcwati r and have b en adapt d contamina d : round at r. Generally there· are 
tw , typ o treatment approaches (l) separation a.nd (2) de truction technologies. 
Examples for th former .indu · e adsorption to granu] r acti · ted carbon GAC), or 
air stripping. Destruction technologies include, for instance·. UV oxidation and other 
advm cd oxidation processes ur biological. tr,eatm nt m th ds. The and other ex situ 
treatmen t,ecbno[ogie for contaminated gf ood, t r M de crib d in detail on the 
Federal Remediaiti, n Techn logi s Roundtabl (FRTR) or UGRIS websites and other 
onlin information depositories introduced in ction 9.1. Some of he tre ,tment 
techno[ogies reqU!ire ·rhe contamina ed. ma nix. soiJ or grou.ndw ter, to b tr nsported 
to the trea:tment facility; others can be sil t up n th cont min. f,ed sit Th treat­
ment methods for cont minated soil , nd sediment ar not co er d in this ha ter. 

The design of a tre.atment , y t, m mu t co L effi , :iv .. To, this end the desigm.':r 
must con ider the trade•off tween capitaJ ,costs and operating costs. Extraction sys,­
t . ms can be design d by th hydrogeologjst to withdraw the maximum volume of 
water in the shortest period of time. This yield the ti , te t, but n t nee arily th most 
cost-effective deanup of the aquifer. The iz r the treatm nt pl nt is di t r d by the 
maximum ra e by which wa e·r will be pum ed for tr atm nt Th capital costs for the 
treatment p]ant inc]u _ e th tre tm nr v ls, pumps p:ipin. , and tanks. he gr,earer 
the flow rate ar whi h contaminat d wat ·r is pumped through the treaa:ncat system., 
rhe larger these irems must be and the gr,cater th initial capi al. , ts. 

Operating costs include tbe electricity ,o run th plan • e c t f hemicals, the 
labor to operate the plant and the c f rep ii.rs. m o the op rarin costs iU b 

oncinuous n matter how ], ng rb pr ~ t la ts ( .g.1 th co t of ch micall:s used to treat 
the water). I , th am t ta[ v ,tum of wait r is. m_ated, th am amount of chemicals 
will. be needed, no m tt how long or short th tr - tm nt p Tjod. Other cost I such as 
labor, depend rimarily upon. the length of tim of the op -rafon. H tb tota volume , f 
contaminated 1,vater is treated over a ry short p rio , f time. ther wd] high initial 
capital co ts r the large-cap dty I nt and l ,per tin cost be u of th shon: 
tim p riod. If ·the sam alum of water is pump d ov r a fon,g r period of tim the 
capital cos,ts will b lower, since a smaller treatm nt fant is needed. but the op ratm,g 
costs will be higher. The smaUest tre tmenL plant possible is iliac n ede to trea the 
quantity o water generated by the minimum pum ingrate • . bicb isju t b.igb enough 
to capture the p!u.me. There will b ome optimum treatment ra , tha minimiz th 
c mbined apital and p rating co . 

9.4.2 Treat1nent of Inorganic Contaminant 
The majority f inorgank ,contamination needin treatm nt, onsi ts f m trus 

which can be removed by precipitation or adsorption. Oft:en th tr arm nt u1 olves 
mixing of reactive agent(s) into the extracted contaminated water. Many metal h drox­
id s precipitate at a specific alk.alin pH value. or thes metals, adjustment of pH by 
adding lime can cause precipitation of the metal hydroxide1 which is removed via a 
clarifier followed by filtratinn.. errous iron c n be removed by a ration to creat ferric 
iron, rhich win precipitate ta slightI aJkaHne pH. Hexa en . chr, mium must first 
b reduced to the triva[ent stac by lowerin the pH to - a.n then adding a J du.cm 
agent such as sul. fur dioxide. The trivalent chromium can then be pre:cipita:tied as a 
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hydro ide by r i ing the pH above the neutral value. Arseruc can be copre ipit ted 
with iron by adding di.s olved ir n at a Hof S to 6 and then .raising the pH with lime 
to betweea 8 and 9, Ars nic l o adsorb to, activa ed alumina. 

Inorganic compounds can b r mOVi db ion ,exchange. Tn·s proc u e . esin 
to adsorb and retain anionic or cationi conra minants from gr, undwater. In p]ac-e of 
the to ic i n , the resin r ~ ]eases b rugn anions or cations su h as . hlorid e and calcium. 
Wh n the re in c me saturated fier all of he resin.'s functional groups ha.v be n 
occupi d, ir ne ds t , 1i h ,rg d be ore reu , or p ssibly disposed and re laced. This 
treatment approach is us d common] for nitra e which cannot be remove by pre­
cipitation. Ion e.xchanG, ha also b en us d for r moving radiog nic i , top , like· ura 9 

nium (Bo h Be ter, and Hardwick 2009). Inorganic contaminants can aJso · r moved 
by reverse osm sj and electro dialysis. In reverse osmosis, water is pressur d. to , .o · 
through a mi~' rou m m rane. While the water molecule passes tbro~h the m m­
brane, man mol cules and i, n annot nd are retained on the membrane surface. In 
case of ele tro d "alysis, flow througb am mbrane - induced by an electric , ten:tial and 
' ecause the mem ram:s are cation- or a.nion-se1ecti e either positive ion or nega ·ve 
ion will fl through and can b exd1anges for benign ions. This method has be nus d 
10 rem v, radium. uranium, arsenic, nitrate, perchlorate and hardnes from drinking 

arer (U . PA .201 ) rt r move cooper, chromium and ars,eruc from chromated 
copper arsenate ( A) tr _ ated timb r waste water (Ribeiro, Mateus, an Ouosen .2000).. 

9.4..J. Treat1nent of Di olved Organic Contan1inants 
M.a.n of th or anj ont min nt found in groundwater are volatile. The can 

be stripped from th water by exposing the water to a flow ,of air. Th· is accomplished 
in an air-stripping tower (Figure 9.20}. The tower is a raU cyHnd r fil[ed with an inert 
pac in m terial, typically made of polypropylene. Th packing mat rial is d igned 
to hav a ry hi, hp rosity and a lrarge total surfac ar a . Th contamina ed wat r i 
spray dint th t p .f the tower onto the packing material . A blower alt hed t th 
bottom of th tow r fore• s air up th t wer at the a.me time that the water, which was 
broken up iato droplets by th spray no:z:z]es, trickle do n the pac· ing material. The 
v: l tile organic chemicals vaporize from the wa er into the air n re e ll d ut of 
th t p , the t wer. Care must be taken that ,emissions from th air- tripping t wer do 
not creat n ir-po lu · on problem. For this reason, the exhaust from the air stripper i.s 
typi ally 11· ated by sorption onto activated carbon o:r a thermal treatment unit, scan be 
the c s for ,oHn type apors. For typical air stri ping tow rs 4.6 to 6 m 15 to 20 ft) 
in height and containing conventional packing, v m val ffi ienci s of VOC are around 
99°/o. The removal ,efficienci s can b impro d , ddin · cond . ir tripper in series 
with the first , beatmg the contaminated water, or changin the configurati n of pack­
ing materi , (FfRC 2015). A potential roblcm with air stripping is biological foulin_g, 
which describes th buildup f biofilm growing on the inside of the air stripping tower. 
If not att,ended o biofi uling can Iea.d to d easing tr amu.mr and eventually dogging 
of the syst,em. Another comm n problem with arr stripp rs is precipitation of iron or 
other min raJs. Typica 1 , if tl1 treat d groundwater ontains more than .5 mg/liter 
iron or its hardness is great r than 80 mg/her (FRTR 2015), it becomes lilcly that 
mineral pr cipita es will build up i.nsid the stripper tower. Mechanical filters, uch a . 
san b ds,, might b n ed d to fi.lte,r the precipitated :iron from th wast _ water tr am 
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An unconta ina·tedl; confin d sand aquife tha was 1.5 m (S ft) th ck was ins i'lJ me:nt 
with a line• of injecti.on and e.x:tr.a,c ion wells ocated 6 m ap rt. lh d"11ection of ground~ 
wat , filow f om the injectiion to the ,ex raction we Is w s parallel o the regional hydrau ic 
gradient.Intermediate sampling; wells were placed ,dis anc s of 1,2.2, nd 4 m (31:o 12 ft) 
from the inj ct on well 5. Depending upon rhe inject,ion and withdrawal rates, tr ave I fmes. 
from the ·inj cf on we,lls to · he· withd aw I wells w r f om 20 to 42 hr. Wh n o.x g nated 
water was injected into t' e aqu1ifer prio to he biostimiula.tion )(perim.en s. he oxygen was 
t amported -o h e traction wells wit •in:le ,os . 

The e:ompou nd:s · hat were sel!ected for study were v,inyl chloride {VCJ, tran.H,2~ · ichloro­
ethene (t~DCE), cis-1 2-Dichloroethene (c-DC . ), nd uia loroethene { CE).Wh n thes wer,e 
injected prior to b"ostimula •,on, heyw r , r ,a:rd din the rank or· erofTCE > t·DC > c-DCE 
> VC. t was found th at. wi h a 'tong perio of injec ion prio to blos imu I tion,. ·rh sorption 
c pacity ohhe qui r co·u d bes tur ted with resp,ecHo lCE, t-DCE, and c-DC A ,er 1000 
hr. o.f i nje ion the concentr tion of the compounds tn the monit in we I lo ated li m 
(-3 ft) from he ,-,nj c:rion we I w s found to be ·90 to 95% ,of the injected concentra ion. 

After th quifer eached teady~sta ,concentrations of ti o,rg nic h id s, ·twas biosfm­
u I ted by inJ -c , ing , he nati ng pu Is s of dissolv di oxy en nd m h n , along with conti ; 
uous injectiion o the o ganic ha Ii dies.Them th _ne· act d s he primary ubs rate (el, cno 
donor), for the growth of ind igenous, methane-utilizin bacteria, while the oxygen wais th 
electron aocepto r. The organ· c ha lid es were degraded by oo metabolism1 a process by which 
the, meth nt o ic bac ria that are utilizi . th me ha p oduc- enzymes · h t ar,e a le 
to d grade, the ahlorinated e 'henes. During tile biostimulation experiments, decreases in 
concen ration of both m t ane and he organic h lides were observ -d Wiithin - m (6 ft) 
of travel through the aqui• er, VC was reduced by 90 to 95% t-DC'E. by 80 to 90,t,, c-DC:I , by 
45 to 55%, and TCE by 20 to 30%. Residence times in the aquifer we e· only 1 ro 2 days ·or 
this amount of biodegr datio.n. It took about hree we ks or the b'ostimula.tion exp ri­
ment ·to reach these steady-state rates of reduction.An intermediate degradaition product, 
trans-dichloroeth ne epo ide,was detected. When rihe inj f on ,of methane was hatrt,ed, 
· he concentr tion o th · oxf qulc ly d ere ,s d and he concentr tio,n of the haiilog en­
at,ed ethene .s owly irmreased owever, when the I" te of methane add' ion was. increased 
beyond certain conce tll' ion1 itw .sshown to reduce her ,te ohrans ormation ofVC 
a d tDCE. Th us, wh ii me hane was n c,ess ry for stirnulat1ing in .situ robic biotransfonna• 
tion, th r appea s to be i:ln op· ima1I concen ratiion beyond which i inhlbi s •he , ro . ss. 

■ 9~ 11 Conceptual. Site Models 
T b · r m ,ti n .ppr, · h an ex mp 

bio hemicail an · .wgeologi in.t, nd h. it dep nde 
te-ris · cs n i ,emical ro rti-es of the contamin 
tandin t ti n d ennin t · r fl ii u e· f . 

Therefore, rth de elopment o · · - of the sit . o 
· · · n p1 . . a · 

elops duri . . 
· · - 1· < um ,e t - · 
· a.min · _ hi · . nt -·t s 
and re,cepto . T o integrate all site information and · d o deter-
min _ wh . th r d nd wh th r . cliti n l infi rm ti n t , b _ ]~ 

cted. at th si e. The model is used fiuthermore to facilitate he selecti[ln of reme ia.l 
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alternatives and to evalua~ • he effectiveness of remedial actions in r dudng the exp -
sure of environmental. r c pto ro ontaminants (A TM 2014). · he C M should 
be maintained nd refine as new information and ara i collected from the initial 
asses m nt thr ugh sile closeout. Different rypes of Mar c mmon, including texr 
document and pictorial and graphical depictfons o cu.rr nt and future s'te conditions. 
Parsons C rp r ti n (2004) provides an example of the l.ements fa graphica] C M 
{Figure 9.38),. pie ] Min.ii rmation needs and other clements of a M for sites 
contaminated with. un ptoded rdnanc and/ r ther hazard us, toxic, and radioac• 
ri\fe aste is prov·ded b the .. Arm Corp o Eng~nee1 ,(2012),. 

FIGURIE 9 .. 38 Elements of a Conceptual Site Model. 

Risk Asse sm nt 
Con1 m n nt. Sou re lnf,orm tlon • Current nd potential r cepfors. 

• Location and natur of previous cont mi nan sources. • Com pl, ted pathways? 

• locations of subsur ace sources (e.g., DNAPls). 
• Fli.1lC of contamination · rom DNAPL. 

Hydro-geolog;ical lnifor.ma,tion 

• Description of regional and site geology. 
• Stra igraphy that may provide preferent,lal 

pathways for, or barriers to, contaminant 
nansport. 

• Depth to ground water. 
• Hydraulic gradients (horizontal nd 
ver ical). 

• Hydraulic conduc·ivity (deg,ree cf 
h terogenelw). 

• Groundw ter / surface water int ractions. 

Source: Parsons Corporation 2004. 

Contamina.nt 1Distrlb111tion, Transport, and Fate Parameters 

• Phase distribution of contaminant (gaseous, aqueous, 
sorbed, free-phase DNAPL ,or residua, DNA PL) in me 
unsaturated and saturated zomu. 

• Spatial distrlbi.ulon of subsurface ~ontaminants. 
• Temporal trends in contaminant concentrations. 
• Contamfriant na ural a tenuaUon pro~esses 
(destructive and nondestructive). 

• Geochemrcal indlca o rs (aerobic I an.aerobic). 

■ 9. l 2 P nn abl R activ, Barrier 
permeabk reacti e barrier (PRB) ·s a 11.1b u ace emplacement of reacti e materi­

als through,. hic_h a is Ive c nt min nt plume must move as it flows, typicaH_ under 
11aturaJ gradient conditions. r •at d wat r ,dts on the oth r side of the PRB. Thi in 
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sin, method or remediatitn issol . d-ph as . contaminants in groundwat r comb in a 
passive chemical or biological. ,r,eatment zone with subsurfac fluid flo man g menr 
(U.S. EPA 2015d). The purpose fa PRB is to intercept a contaminant plume nd pre-
-ent it from migrating to downgradient r ,oept . , uch as drinking wa • r w 11 . 

The concept of p)acing reactive ma eriat in the path of . plume was developed 
based on ,observ.afons b R ynolds et a1. (1990). The authors no i ed that at th i:r eld 
site concentration of d.issolv,ed chlorinarted compounds were systematically .lower in 
wells with ga]vaniz.ed iron ,casing compared to wells constructed from non-metallic 
pipe materia L Labora ory ,experiments showed tha metallic or zero valen iron ZVJ) 
r acted with th ch1orina ed c mpounds and degraded them t , n n-to ic pr duct , 
such as ethane and ethane (Gillham and O'Hannesin 1994). The .first field trial o a 
PRB was carried out b Gillham and O'Hannesin on the Ca.nadian Air Force Bas 
Borden, Ontario in 1991 . A trench of up to 6 m (20 ft) in length and 2.5 m (8 A:) deep 
was excavated and backfilled with a mix of 22% of granular iron from a local foundry 
and 78% coarse sand. The total .o]ume of the reactive matrix was 20 m3• The ground­
watier n , ve odty in the unconfined sandy aquifer at the sit wa 9 cm/day (0.3 ft/ 
da ). The gr undwater con entration f TCE w 258 mg/Land 68 rn, /L for PCE. 
After 'nst Uarion, appro imat Jy 90% of the TCE and 86% o the PCE w re remo,ved 
within Uu prroto~type PRB s stem, with no m .swab! decrea · in performan e o er 
th first fi y ar duration of th test. Al[ degradation interm diates. induding ds.-l)­
D E, were d grad· d within the reac:riv barrier. Changes in watcr chemistry indicated 
that ,calcium carbona e was recipitatjng with.in the reactive material. H wever, the 
clogging caus d by the precipicat s wa inconsequential for the performance, f tbe s­
t m within th five year rud.y p riod. The authors conclud d that full r mo wou] . 
b .ve been acru db increa ing the am um f ZVE (O'Hanne in and Gillham 199 . 
Since th e rl tri Js. m r th n 200 eacriv b rriers have b ,en install d and PRB 
technology is now an cepred pracric _ for groundwater r mediation, particularly or 
th treatment of dissolved chJorinat d V C plum s (]TR 2011). 

In itu PRB s stems are typically constructed y digging · c ntinu u tren h per­
pendicular to the flow direction of a groundwater 1: iume (Fjgu ~ 9.39). After excava­
tion, the trench i backfilled with a mix of re ,cti mat ria.l and coars _ and n.d •· rav l, 
which pr vides the mix with ah dra:ulic permeability and poro hy that is ,greater than 
the surrounding natural diments. The tength and depth of th PRB is d t rmined by 
th . di.mens· n f he groundwat r plum i.e., the trench mus be ]arge nough to cap­
tur th en ·re plum in b th horizontal . nd ertica1 dir,ection. If possible, the ttrench 
i n hor in a 1 s p rm ab] stratum, such as a. day layer, to prevent the lume 
from diving und r the treatment syst,em. In some cases, funnel-and-gate PRE y tem 
ha.ve b en install din which an impermeable barrier J. cks he ad andn plume and 
redirects (funnels) the flow of contaminated groundwater through an op ning (gate) in 
the wall and into a PRB system (ITRC 2005a). A funnel-and-gar sy tern is depicted 
in Figure 9.39. The length of PRB s,ystems is imited by site onditions and typi ally 
ranges:& ma few meters to a few hundred mete . The depth, how ver, is limited by 
the equ -pm nt available o e cavate the trench. Trench s excavated with coov ntiomd 
,equtpmen , such a back hoes or chain trencher, are comparably shallow (10 to ism or 
J.3 to c- 50 ft) . Depth of 20 m 6 ft or more can be achieved by caisson installati n r 
cofferdam/ heet pile m thod . Altemati ely. the reactive material can be .mixed in . im 
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into th . tment zone or slurries of reacti ,e ma· , an be dir into th . 
r 1' f C · n tructing th tren h a Uing it ri h material 
· r c r o this remediation tech.n 

FIGUR·E 9.39 Pe,rmeab e ireactiv,e bari er (PRB) designs (map \liew). (a) Con linuous · T h nd (b) 
unnel-and-gate s.ystems. 

(a) ire-,-~- ,.,..,.,~/ lmnel Walll (b) 

ecH 

Remediated --+, . R,emed1a ed -::Pl':! . • _ . ....., Ground 
~ G rou d 

Water 

Reactiive Media 

--- ... _____ . -. 
.. --- -·-· -- --- ----- .... --,...._ - --- --..... -... - .,_ ... -------- -. -........ ··---- --

Water 
Gat 

The thickness of the PRE- · · · - a c -· : · m • · · 
g oI . itor h , gr, un r fl ti · 

h~g . _ . __ ans), the s gth . _ . o 
in lud · hi h ontaminam-s re pr sent and hm mu h mass o · · nt mi-
nanr must be treat d, a.nd the reac · · of the PRE, material, includin th oc · · al 
conditions that can influence the ve material, such a the · H of the groun rater. 
The rea tivity ,of the m terial inside a PRB can - q_ua:ntifi din a 1 • 

n ran or the half-lm tim of he :. v 
macriat B caus som contaminants in ]udin P. E .nd TCE~ under o quentiaI 
degrada fon. which involv s the production of toxic inl5 . rm dia s. .such as in 1 chlo­
ride! r . ctron ra es for ,each compounds need to b ·taken into onsid, ration.. H th 
flow-thmu.gh thickness and contaminant residence time inside the PRB is underes­
timated, till-contaminated wat :r will emerge on the d wngradient i e of the wall. 
It · the efore n t urp -· ing th t e t n · ]ab rat r an : fi 1d t t are required t 

nsure field p rforman e of a PRB s :t . m. A l t of pra ticall informati o a · ,ut th 
proper installation of PRB s s ems has b n a cumulat d. o er th past two decad s 
and man PRB ins allations manuals and guidan e do ments ar a.vaila.b ' on th. 
internet. "ndud:ing Ga:vaskar t al. (2000 , and ITR 201 I) . 

Zero-valent iron b ·. ed PRBs ar, most ommonl us d for the in int treatment o 
. · Iorin red aliph . i, voe, su h . . P. -n . T . h · re · ns invot . - in th · d g-

radation of chlorinat d V b m talli ir n ( 0) ithin PRB bi ti ~n n tur . 
Z ro vale:n:t iron is a. mil.d reduct .nt and . an r act i h di l d , n ( qn. .1 nd 
to some extern ·~ '.th w te, (: qn. 9.2):· 

- 2H 0 2 
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Thes•e two equations illustrate th - corrosion (=oxidation) of iron when comin in 
c ntact with xygen or war r. The two de trons relca d during the o:udat-ion of iron 
can be readily a cept d by chlo,rinated hydr arbons which arc degraded via reductive 
dehafogemuion 1 as shown in E ,uation 9. 

po Fh+2. 
RCJ + 2e- + H• RH C 

l+ +RH+ c,-

Oxid tion 
Reduction 

et Reaction (9.3 ) 

The products of th - redu ·ve dechlorination reaction ar1;: hlorid ( 1) errou 
iron (Fe2+),, Jess chJorinat d hydroca.rbons1 nd h dm n. Dechlorination f chlo -
ethenes and chloroethan.cs is compl t with then and ethane as th final carbon-con­
raining compounds. respective! Orth and Gillham 1996; Fen.neJt an Ro rts 1998 . 
The corrosi.on th ir n can. g, n rate larg amount f iron ide and ( :x.y hydro -
ide precipirates1 bich ma. , _ enruall decrea · th por hy and perme bility f the 
reactive materi within the PRB; parti ulad at the upgra.dj nt sidr of th ba.rri r. 
However, thes iron precipitat scan on.vert to magn tit 1 \l hkh doe not pa ivate 
the reactive surface of th iron. AJso, field experiences &om many PRB sites indicate 
that the loss of permeability due w precipitation is a relativeJy slow process that takes 
de.cades t c use ignifi _nt han e in th h draulic p rforman f the sys em. If 
instaU d roperly, it is th r, for lik ly tha th d hforination t'1 " ti n i rustamab ' r 
man years of RB op ration (EPA I 998 . 

The degradation of chlorinated b drocarbons by ZVl is a st pwis · pro ess during 
which intcrm.ediates are produced, such as cis-1 2-di hforo th ne, vinyl chloride or 
cWoroacety]en in cases where the paren compound is TCE or P . The egrad -
Uon reactions, ar cypicall d ri d using p ud fir t~order kinetic with respect to 
th h Jo,g nated hydt arbon, ith the rate c n ra.nt r J. ti . ly ins n itive t, th initial 
hydrocarbon concentration (IRTC 20 ~ 1 ). 

or: 

C =C· - t ' r -o 

wbe C0 and C are he c, ncentrati ,n of tb chlorina:r,ed compound of the influent 
and at time t, re pecrivdy. The pseudo-first order rate constant i k, which equals 
th fi t rd r rat onstanc k, when the concentraf n f heir n r,em ·n ,con tant. 
D ha.l genation rates vary for th djffirent halogenat contaminants. Th primary 
determinant of degradation rate ms the iron surface area., ie., the :surfa e area of iron 
p -r unit volume of pore water. For this reason, some PRB designs ar,e based on nano­
scale iron particles, hich ha v larger urface areas , nd higher surface reactivity 
c mpared t conventi nal granular ir n. N n c I ir n particles range in iz from 
approximately 10 t , 100 nm and have a high iron conte1 t (>99'.5% Fe), (Zhang 2003). 
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The reaction rates can be ,enhanced further by coating the iron partides with metallic. 
ca aly t, such a palladium ,(Li and Farrei 2000). One advantage of nano scale iron par­
ticles is that siunies of these particles can be :injected dir,ectly into the treatment zone. 
This appmach alleviates the need of excavating a trench and back-6lling it with mixes 
of ZVI and highly p rmeable sand/grave] materials. 

Dissolved chlorinated compounds were the first gwundwarer contaminants treated 
by in situ PRB systems using metallic iron. as the reactiv,e material. Since then, the list of 
ZVI tr atable compounds has rapidly -expanded and now include many other organic 
and inorganic contaminants (Table 9'. 2). For instance metallic iron can trallsform expl~ 
siv,es, such as TNT (Johnson and .ramyek 2008), and pesticides, e.g. Lindane (U.S. 
EPA 2002) or can immobilize inorganic ions. such as arsenic (VI) and chromium (VI). 
Particularly metids that occur as anions exhibit a high degree of mobility because ani­
ons do not readily sorbed o the predominantly negatively,-cbarged aquifer materials. For 
,exampl~ chr-0mium (VI) i usually speciated as chromate. CrO,. 2- , , hich i a kn ,wn 
carcinogen. Th anion is ,comparably soluble under typical near..:neutral pH and onl., 
sligbtlly negativ:e Eb conditi:ons in typical aquifers. However: when reduced to trivalent 
Cr(III). rela.ti ely non-toxic and little solu le prec"pitates are formed. The immobiliza­
tion of Cr(VI) b)1 iron is a two-step process: first, Cr(VI) is reduced to Cr(Ill) (Eqn. 9.4). 
Subsequently. the CI(III) p11ecipitates as Fe(III) oxyh 1droxide (Eqn. 9 .5) (US. EPA 1998).: 

(9 .. 4) 

The mechani ms of Cr-{VJ) reducitioa by Fe(O) and their effects on the pH and Eh 
,conditions of he :ystem ha e en d. scribed by Powell et al. 199 ) and Powell and 
Puls (1997). Ar some sires. Cr(VI) occurs together with other contaminants, such as 
TCE. Research has shown that it is possible m simuttaneously treat both chromium 
and TCE withZVI(U.S. EPA 1998. 

While ZVI remam.s the most widely used reactive material used m PRB systems 
an incr-easing number of new reactive materials and variations of the PRB based treat­
ment approach are be·ng developed and tested~ These advance are gfi atl e pand­
ing the number of trea able groundwater contaminants. - h y a]so make it possible o 
apply this technology to hydrogeologic environments other than the unconsolidated 
aquifers for whlcb PRB was mitiaUy developed. For xampk~ a fractured. bedrock 
aquifer compri ed of hale and siltstone i c ntaminated with PCE at a manufactur­
ing plant in nmthem ew Jersey, USA (U.S. EPA 201 lb). The main source area i 
_, cated in shallo b drock to a depth of approximat !y I3 m (42.S ft) belo ground 
surface, with some contamination in deeper patts of the aquifer. The lateral extent 
of the PCE plume is approximately 25 m (80 ft) by 37 m (120 ft). The plume , as 
approximately 1.2 km ,( 4,000 ft) in length prior to treatment. A pump~and-trea.t system 
and later, an enhanced bioremediati n sy tem were in led for containm nt of the 
PCE plume. After observing ome reduction of contaminant flux, a na.no,scale zero~ a-
1en! iron injection wa proposed as a more aggressi e trategy. Before the injection 
o t:he nanoscale partides into the bedrock, the hydrau[ic communication witbm the 
fracture network was improved by hydrofracturing. This technology involves applying 
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TABLE 9.2 Common environmental contaminants that cam be transformed by ZVI, induding1 bimeta,llic and nanoscale i1ron 
p.a rticles .. 

Chl!o:rinated methanes 

Carbon tetrachloride (CCI4 

•Chloroform (CHCil3) 

Dichloromethane· (CH:i(I) 

Chloromethane ,~CH.Cl) 

Other pol)l·chl orinated 
hydrocarbons 

ioxins 

Pentachlorophenol ((&HCl50) 

:PCSs 

· avy metaJ ions 

Mercury (Hg2') 

!Nickel {NP•) 

·Iver(Ag•) 

Cadmium ('Cd2•) 

Chlorinated eth.enes/ethanes 

letrachloroethene (Cl Cl) 
Trichloroelhene (C1HCll) 

cis-Okhloroetheoe (C.zH 2C12) 

trans-Dichloroethe ne (C2H2 0 2) 

1, 1-Dichloiroe·thene K 2H20} 

Vinyl chloride (C2H3CI) 

1,·1, 1-tirkhloroethane (C2H1CI} 

, 1,2-t;richloroethane {C1H,1Cl1) 

, 1-dichlo,ro ethane (C 2H4 Cl,.} 

Pesticides 

DDT (C14H9CIJ 

Lindane (( H C 1 , 
. & & '6f 

Radi1ogenic ions 

Uranium (U VI) 

Technetium (TcVIU 

Soor<e: Modified aher Zhang 2003 and -U.S. EPA 1998. 

Peru-d,chlorobenzene (<;HOJ 

trachlorobenzenes (C6H2CI.) 

richloro-be,nzenes. (C6H JOl1) 

Dkhlorobenzenes (C6 H4Cli) 

Chroroben2:ene (C6H5CO 

Organic dyes 

I (Ci6H.11N2NaO~S) 

Chrysoidine (C1 iH n CIN~), 

Tr-opaeolin O (C,2'-!fiN2NaOsS} 

Acid Orang 

Acid Red Arsenic {As01""") 

Inorganic ions 
'Perchlorate (CIO--") 

:Nitrate (NQ-l) 

Oichromate (Crp2-1) 

Selenium, (Se IV) 

Arsenic (As VI) 

T!rih alometha ne,s 

Bromoform (CHBrJ 

Dibromochlcmme!'tlllane (CHBr2CI) 

Dlo.hlorob.romometllhane (CHBrCI) 

Other organic contaminams 

TNT (C1H~N1O, 

RDX(C 'H NO) 
l 6 t. 6 

N-nitrosodimethylami n,e (NOMA) 
(C .. H,Ji20), 

0,. 

2 

p-

(ti 

e· 
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high h dro tatic pre ures t · the well all until the . lid bedrock fractur-es. The newly 
p n d fra tu.re . permi nhan d injection nd farther reach f the nanopar · le lurry 

into the bedro k. Follow·n h drofracturing, app oximately 800 pounds of nanoscale 
iron particles was delivered through four injection w 'ls. Performance monitoring of 
th ZV1 inj cti.on indicated significant impacts on sourc area eochemist1'y, including 
increased pH levds (~9) and tow ORP values (-500 mV). Although it is likely that the 
ir n particl did no reach aJ c nt mina ed a as of the bedrock aquifer. it ppears 
th r amount of inj ted iron wa uffi i nt to , ontr I b th he primary PC · s, urc, and 
an back diffusion from th shale and siltston matrix. 

Innova.ti reactiv materials fbr PRE iadude su.rfactant-modified zeoli es, metal 
h dro ides or carbonates, ,organoclays peat mo s, mulch compost and agriculturaJ 
wast products (Thiruvenkatachari ,et at. 2008). Zeolites are day minerals that have 
. n l vated erme bility (tl r clay) nd a high capa.c'ty for cation exchange. When 
oate with nonei ni . ·ur£ ctant , the · urfac f the :zeolite bee me more hydropho­

bi_ whL h mak it artt .ctiv ro non po,Jar rganic c mpounds. Wh n modi . d with 
cationic sur actan s,. th zoolite surface has a positive; charge and hence a rearer affiruty 
for anions, such as dissol ed chromate (Bowman 2003~ Misaeiides 201 l 1. Surfactant 
modified zeoHtes retain some of their ,cation ion exc.han e capacity. Peat moss has an 
affinity for both heavy metal ions, such as nickel or uranium and anions. e.g. , chro­
mate. Compounds like mukh 0£ agricultural waste products used in PRBs are intended 
robe] ngeterm ourc , f rganic , arb nor, in case of comp i t, rv as a source of 
nutrients {IR.TC 2010- For instance, Lu et at (2008) investigated th perf1 rmance of 
pilot-scale permeable reactive barrie_r filled with pl.an mulch tha was install d at AJtu 
Air Force Base in Oklahoma. US in 2002. T he barri.er was I 39 m long ( ~450 ft), 7 m 
deep (~2 m), and 0.5 m ( l.6 ft:) wid and was constm t d to treat trichloro th lene 
(TCE) contamination in groundwater ,emanating from. landfill. Data from ov r four 
yea.rs' monitoring indicated that the PRB stimulated TCE degradation to cis- 0 and 
v-nyl chloride. Ongoing biodegradation 11eactions were corrobora.ted b the detection 
of 'fCE d radio~ bacteria D A (D 11alococcoid ) and the d tection ,of vinyl chloride 
within nd down r dient of th PRB. 

y t ms lik th one d scrib "db Lu ,_ t al (2008) are al o alled b'"owall or bio 
barriers_ The e in situ biowall u ohd lo -c organic materials, ·uch as mulch or 
compost, to stimulate .anaerobic degradation of chlo.rinated olv,ent , ,energetic (e.g., 
perchl.o.rat ) and explosive compounds (e.g. TNTj anions (nitrate and sulf te) 1 and 
heavy meta]s (e.g., chromium and cadmium). Biowall mat ria]s an b am ndment 
with, for ,example, emulsified vegetable oil, to stimulate both biotic and a biotic d _ gra­
dation 'PTOC s es. This pem its to optimi2e biowall performance bas don ·the type .of 
contaminant( ) p s n and tb desir d degradalion pathway(s) to be stimulated (Air 
F re Center for Engine ring and the Environment 2008). Typically biowalls sti.m­
ulat an.aero ic degrad tion processes, including reductive dechlorina.tion and b.iiotic 
an erobic rnddact n , and therefore are most often used for treating dissolved chlorin­
. ted comp und like P E and TCE and therr degradation pr duct (DCE isomers and 
vinyl chloride). Ac.cording to the ITRC (2011 ), an ad antage , bi lo i,cal PRB sys.t ms 
over purely abiotk systems, such _ ZV1 i tbat he tfi atm nt pro s e may extend 
downgradi n of th constructed tr _atmenc zon due t,o migrari n of luble i:-ganic 
carb n, enablin th e" ects an erobi degradati n bey, nd be biowalL In addition, 
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th biowall yst m c -n e mended, ith · pecific bac eria (bioa.ugmentation to target 
one or multiple contaminants _ nd cc -lerat their degradati n. A draw .ck is tha the 
longevity of biowi!ills is anicipated cob shorter than that of ZVI walls . nd rep]en.i h­
m nt of rganic sub rat may b - requir -d. 

The ge chemistry of the solution inside a PRB system and downgractient . an b 
adjustedb m t ri l ~ buffer pH (e.g., limestonegra.vel}ortoadjustthe redox pot nria.l 
and further stimulate lnoti bio eochemical transformation processes (e.g., addition 
of reactive iron sulfite min rals such as pyrite r mackin_ wite). The redo conditions 
in the treatm n zone can aJso be manipulated · y inj ctin~ sodium di,hioni e ;luti n. 
Tbe dithiona e due s 6 rric iron (Fe Ill) that is nat:urall present in the aquifer m re~ 
riaJ to ferrou iron (F U). be sence f Fe(Il) in the treatment zone can reduc , for 
examp]e, · luble Cr(VI) to CI(ITO prcdpitates (Naftz et al. 2002). Also, the inj ction 
of oxidants, like hydr ·,g n peroxide (H 0 2)- r p tas ium , ermanganate ,(KMnO4) into 
the PRB can er at stron ly oxidizing conditi n~ hat are uitable for the in iw chem­
ical oxidation and d truction of man rganic ont:aminants, induding BETX and 

ther petr 1eum hydroc rb ns (Thiruvenkarnchari et at. 2008). Finally, sorbing barri• 
._ rs system have n d vel p which u granular acti\,ated carbon or ion exchange 
material. However, th s stems b_ .v limited live time and need to be replac men 
wh n the capa ity tb s rbent i h u.sted. 

There now a - gr t 11 iety f th r -active materi I and amendmeD that per-
mit tailoring the PRB tr,eatment ro sp ific contaminan_s, includin once that cannot 
be treat d with the original ZVI approach • .. , BTEX compoun s. Barri rs of diffi r­
•ent chemistri s may lso be placed sequentially w.hich further increases the IT ann n 
options f◄ r contamin ·t d site ma.nag r . It · likely that future research into PRB .sys­
t m will further enhance e applicability of this 11emediation approach. 

■ 9. 13 Che 1nicaUy~Enhanced In Situ Flushing 
S m chemica]s, such as surface active agents (surfactants) . complexing agents 

(cydode tri.ns) r co lvents (ale hol ), can increase the solubility of otherwis slightly 
soluble hydrophobic organic conraminan , uch a p troleum hydro arbon. r chJorin-

t d _ lvenrs. In ase of ome metal or i rue organic c-ontaminants a . imilar solubility 
, nhancing effect can be achl ed b inj cting acidic. bask, or . dudng solutions. Whe-n 
in '.ected into the aquifer and flushed through th contaminated urce z ne, th e ,lu­
bility enhancing agents increase the aqueous phase concentration of the .. ontaminan , 

metimes by orders o · magniru, Aft r its pa . ag through th ~ atment zon , the 
flushing lution is extrac • ed and treated at the surface. Therefor , in its most bask form, 
ch_ mkally-enhan ed nushin technolo, can b c n ider d a:n enhancement of pump­
and-treat in which . ater i th · Hushing solution. Compared to P&T, chemically-en­
hanced flu hin i a mu h m r aggr · iv nd tively rapid treatm,ent a:pproach .vith 
trea1::m nt durati ns often an order r two magnitudes horter than P&T (ITRC 2009a). 

lu sin, flushing is cons-id fi d a ma.tur, 11 media.rion technolog . Tbe -chemkall -en~ 
ha:nced flushing approach is use predominantly to remediate sourc zon , pa.rticu• 
J-rly residual NAPL compounds. It is less well suited for tbe treatment of dissolved 
plume o c ntamjnants re id~g in the unsaturated zone. Flushing is most efficient 
in relatively homogeneous and permeable (hydraulic conductivity :> 10-3 cm/ e ) soil 
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th biowall yst m c -n e mended, ith · pecific bac eria (bioa.ugmentation to target 
one or multiple contaminants _ nd cc -lerat their degradati n. A draw .ck is tha the 
longevity of biowi!ills is anicipated cob shorter than that of ZVI walls . nd rep]en.i h­
m nt of rganic sub rat may b - requir -d. 

The ge chemistry of the solution inside a PRB system and downgractient . an b 
adjustedb m t ri l ~ buffer pH (e.g., limestonegra.vel}ortoadjustthe redox pot nria.l 
and further stimulate lnoti bio eochemical transformation processes (e.g., addition 
of reactive iron sulfite min rals such as pyrite r mackin_ wite). The redo conditions 
in the treatm n zone can aJso be manipulated · y inj ctin~ sodium di,hioni e ;luti n. 
Tbe dithiona e due s 6 rric iron (Fe Ill) that is nat:urall present in the aquifer m re~ 
riaJ to ferrou iron (F U). be sence f Fe(Il) in the treatment zone can reduc , for 
examp]e, · luble Cr(VI) to CI(ITO prcdpitates (Naftz et al. 2002). Also, the inj ction 
of oxidants, like hydr ·,g n peroxide (H 0 2)- r p tas ium , ermanganate ,(KMnO4) into 
the PRB can er at stron ly oxidizing conditi n~ hat are uitable for the in iw chem­
ical oxidation and d truction of man rganic ont:aminants, induding BETX and 

ther petr 1eum hydroc rb ns (Thiruvenkarnchari et at. 2008). Finally, sorbing barri• 
._ rs system have n d vel p which u granular acti\,ated carbon or ion exchange 
material. However, th s stems b_ .v limited live time and need to be replac men 
wh n the capa ity tb s rbent i h u.sted. 

There now a - gr t 11 iety f th r -active materi I and amendmeD that per-
mit tailoring the PRB tr,eatment ro sp ific contaminan_s, includin once that cannot 
be treat d with the original ZVI approach • .. , BTEX compoun s. Barri rs of diffi r­
•ent chemistri s may lso be placed sequentially w.hich further increases the IT ann n 
options f◄ r contamin ·t d site ma.nag r . It · likely that future research into PRB .sys­
t m will further enhance e applicability of this 11emediation approach. 

■ 9. 13 Che 1nicaUy~Enhanced In Situ Flushing 
S m chemica]s, such as surface active agents (surfactants) . complexing agents 

(cydode tri.ns) r co lvents (ale hol ), can increase the solubility of otherwis slightly 
soluble hydrophobic organic conraminan , uch a p troleum hydro arbon. r chJorin-

t d _ lvenrs. In ase of ome metal or i rue organic c-ontaminants a . imilar solubility 
, nhancing effect can be achl ed b inj cting acidic. bask, or . dudng solutions. Whe-n 
in '.ected into the aquifer and flushed through th contaminated urce z ne, th e ,lu­
bility enhancing agents increase the aqueous phase concentration of the .. ontaminan , 

metimes by orders o · magniru, Aft r its pa . ag through th ~ atment zon , the 
flushing lution is extrac • ed and treated at the surface. Therefor , in its most bask form, 
ch_ mkally-enhan ed nushin technolo, can b c n ider d a:n enhancement of pump­
and-treat in which . ater i th · Hushing solution. Compared to P&T, chemically-en­
hanced flu hin i a mu h m r aggr · iv nd tively rapid treatm,ent a:pproach .vith 
trea1::m nt durati ns often an order r two magnitudes horter than P&T (ITRC 2009a). 

lu sin, flushing is cons-id fi d a ma.tur, 11 media.rion technolog . Tbe -chemkall -en~ 
ha:nced flushing approach is use predominantly to remediate sourc zon , pa.rticu• 
J-rly residual NAPL compounds. It is less well suited for tbe treatment of dissolved 
plume o c ntamjnants re id~g in the unsaturated zone. Flushing is most efficient 
in relatively homogeneous and permeable (hydraulic conductivity :> 10-3 cm/ e ) soil 
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val · and 2002). He .erogeneous aq · 
· tand in · : 

m ones · s _ 
m c mbina tion siru 

. or in situ oxi ation • . u an • 
of contaminant is ·. · - · r dif-

. t , or complexing agents. e in · n 
ent . One di ad anta i a _ • __ ti ,ns 
· lurtb. :r r ad.ings. th r h b . ·r numb r 

__ ._ . _· ._ ten about these flushing a~n K -up r al 
. 1 9 · Ward t a . 2000; Boving and B sseau aval Faciliti · · 
· and 2 02; 2 3· I RC 2003 · Pennel , t al. 20 

·9.13.1 Surfactant Enhanced In Situ Flushing 
urfactants a e amphiphilic 01:ganic mo] ul s that have bo h hydro nd 

h. dropbilic moi ti s. iV.hen dissol'v d in water, urfi t nt mol ul t nd · 
tog the:r ·_nd form micelle , (Figur A ). m· ' aggT gat wh n _ 
thresh· · Id own as critical m · c _ Ila · tion . , is e ,e d 
hydrophilic "heads'' of th dissol · . · int to 
phas I assuring that sur a -ants ar 1 ydroph 
surfactant m 1 cul · · · nd 1· 

m 1- ul pi n 
mt _. 
Th" . '' . tng O . ' lS 

tant e•- t 

~ cy 
p rt 
ts a :s re uc. , . . , . . aq , ous an APL 

phas,e . At ver low inter acial tension larger globules of AP'L spontaneous[y brieak 

FIG'UR;E 9,40 Surf ct nts r amp,hiphilic compounds;they h v,e both hydr,ophobic nd hyd -ophilic 
moi ties. Above · he cri i ca I mice Ue concentrat ion, surfactant molecules aggrega e into m · cell es. 
Hydrophobi, contamiinan (TC shown h re} c 111 panUion ·nm ,he hy rophob, interi:or oft e 
micelle. 

ydrophobic: ydrophiHc 
"TaW •Head" 

---0 

R000414



608 

up into tin dropl ts nf about S ~o O nm in radiu · st · 
of w t,e1'., AP droplets and surfa tant nd is all cro m ,- _ 
· · - , erfacia] t n ion · n _, Ci · rma tion o microemul si an b ,e · ·, 

L . R l ti , anc d • lub .-, , 
· time. But, in c · f · 

un nrroll d do · mo ement, as D _. l!,_in · 
· · rfactant solution. When injecting surfactant solution. wi . _ · _._ 
inducing mobiliz t · on, it is theretore necessary · · v APL mi . 

hi o either b a hi v d b h ving oompeten d ,or · . arri r und r-
1 · · . ' by m nipu.]ating. the . - e r ampl -, b 

. B of he risk r · m bil · 
fl uJ idered hen her d ai · · 
· · · · r, cover d. Ing ner~ a su .fl t 

- ·n nts either primarily by solubiliza.tfon · 
· · · de appropriate site con iti ,· · o 
I mass. have en · er 

_ fi. L tes s hav 
enrage in m n 

nt.s ar produc . d at in us .-
chemi a.ls. Man , ifli rent kinds of sur s a 
o · , · · ·· , · fu .·-· ' cnts,Ji , -fighringa 
- . -

. . 
- · s, non-mn , or 

ar y o h - cb rge : 
mi . - · e •. an:: genenill 

. _ tionjc urfa l' n:ts. 

Ca1se Study: Hill Air Fo,rce Base, Utah. 

The Hill A'r Force B s.e i.s located near Ogden, Utah, USA.The test site was used continuousl,y 
from 1967 until 1975 for b ,se-wide di,sposa of spent degrea,sing fluids and other solvents.. 
A the sire, DNIAPL poo ,ed within the topographic I ows of a day aquitard apprnxima.tely 15 
t,o 7 m (So, to, 56 ft below ground surf. ce.The DNAPL was composed of appr-ox 'mately 
70% C , 0% PCE, 5% TCA with other rn ·no vol:i!irne organic constitu n s,.ln dd" ion, · h re, 
w s. a sign·ficant o I and grease fract1ion entrained in the DNAP -.The groundw1ner con­
taminants "ncluded PCE,TC ,TCADC and race· heavy m alls.. Th dep·th to, roundwa·t r 
w s 8.3 rn, (27 ft:). The unconfined . quife;r consists o a luvial s.ands and gravel. .e· de osits 
are highly · - erogeneous nd re underl in by , h .ck uniform and continuous day la,yer. 
The effective poro,sicy of th aquifi r is. 20 and · - hydr ulic con uctivity is 6, x 10-3 to 
5 x 10 2 cm/sec (17 ft/ d y to 146 ft/d y). 

Prior to · h sur a tan-noodilng; a DNAPL sou ce-recovery system was inst lled. Parti ionjng 
int rwell racer tes s (:PITT) were conducted pre- a11d pos: - su,rfactan ood'ng to cJ1i:1,rac­
terize he D AP distribution and to demonstTa e he .removal ,effici ncy of he su fact n' 
treatment.The Rushing solution injected into hetreatmen ·.z.one c;onsisted of8% an ani~ 
onk surfac nt {A 11osol MA-801) an 4% iso ropyl alcohol.About 0.7% ,o'f sodium chlo ide 
was. added to adjus he ionic s,trength o,f he mtxture. The o,lu fond cil'e s d th int, · . cial 
tension • · - een the surfactant solution and the DNAPl to 0.02 dynes/cim. About 2.4 po,re 
volumes of he ·fluslhing s.olutfon were inject! d during a 3 day period, o lowe by 5.5 days 
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T. · ·ol 
IS H arions are · · in n · 

c 1.1 b _ achi . · l 
a]uation o I 

a · lication , 8 ,d 
tiv heating an _ r 
in oontamiaa. . t · · o · 
ran d om 1 ss n to o . · 
an thermal con : 'uc ive beatin 
and lov -pe.rmeability lithologi 
ogy pe.rforman - a le , 

: tao e th _t • -. r in -itr 
an · Johnson 2010). 

. ati- n er C } r, · _ · r r m di tion t hn I~ 
at · n tb chemi id o idation of a · · issolv: contamin nts 

s, such asp rmang n t (M , - eroxid (H one 
rog n peroxide (Fen on o · . ulfate · · 

pe:rc . · .e r a ti · , . . . 

. . tment s stem nu ar o m s1 c d flushing syst 
tha generall no extraction well s) is required. A solution of the oxidant in Tier is 
p epared n si~ . nd . n inj ct d int 1the u . · c -l · njecti n 
_ ir, ct push pr bes re th mo t o mm n d Ii v th oxidant • lution 
moves throu h · he tt atm _ nt zone it comes in.to c _ - __ 
d .gr sitintob _nigncomptn 1 ·nJudin arb _. 
concenttat"on and the amount of oxidant mass inj ct d into h 

e determined beforehand based on th initial soil mid grmm ,v m· __ 
ntra i n . ·· ural · r:raui m t -r (NOM) or · Ls , arbona · 

ther fr r di n the sub Ul'. re f idant v il-
able to d grad •· mp und . . . n hat an 
be potenti . · · ast -d on oxidant , . onsu. t 
oxi ant culati rns. Thi_ na:tura:I o_ 
parameter . ilu, to consi · i • u h _ 
of · i advanta 
ap . ban · gra: o , tar-
get o ntatnin nts . . - · rod ucts, me uding 
preci ita'f s (NR .. 

Oxidizing , _ p rmanganate, per uffat an . 
bona.re ar - solid , · · i _ Ji,q id . nd • zon is . g . 
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TABl.iE 9A Common oxidants. and their most important oxidant reactions, includingi persistence and el,ect rode potent ials of the 
rea,ct1ive species involved. Reduction potential is negative. 

O>eida·nt 

Peliman ganate 

Hydrogen peroxide· 

Ozone· 

Fenton's 
(cataly.zed hydrogen 
peroxide) 

P.ersu!lfate (S, 0 ,,.1·)' 

Activated Persu lfat,, 
(SPt ) 

Reactive Species 

Permanganate ion (MnO.,.-) 

Hydrogen pemidde (HpJ 
Ozone (01) 

Hydroxyl radical ('•OH) 

Puhyd:ro.xyl radical (·OH} 

Super,oxide radical (·0 2) 

Hyd,operox,[de anion (H01 · } 

Persulfate (:S10tl 

Sulfate radkal (·SO,.-) 

Sulfar.e radical { ·SO -) 
4 

Hydroxyl radical (·OH) 

• literature va,ru·e.s and estima~. 

Reactions 

MnO -
~ 

{3.5 < pH < 12), 

H,0 1 + 2H' + .2e· 

OJ+ 2H► +2A-

2ol + 3H,o 

'+HO· 2 }: 
(initiation om) 

2 •OH+ 2W + 2-­

·OH2 + 2W + 2e­

·O 2 

Ho2~+ H,0+2"" 
s o }-+ 2e· ➔ 2 II - -

(initiation nm) 

Mn0 21.M)Jal + 2H20 

Hp 
0 2 + 2H10 

,.Q ;. 2 •OH + 2 H 0 
1 2 

Fe~• + ·OH+ OH" 

2H 0 l 

~H 0 
2 

Hp 
---t 30 H-

2 •SO/ " 

-so .. -+ e- so J­
◄ 

s O z- + Heat'i. 
2 Ii 

(initia,tion nm) 

2 •SQ4- + 2Hp 

2 ·0H 

2-so -
~ 

2.H SO - + 2 -o-. 
~ . ' 

2HO 
~ 

Other pers.ulfate a;ctivators:fel •, ele·'llated pH > 10.5 and pero)(()n,e (HJO3 an.d 0 ,). 

Source: Hullngi and Piv-etz (2006); ITRC 2005b. 

Persiste:nce• 

>3 months 

min.-h rs 

min.-hrs 

hrs-weeks 

min•weeks 

Electrode 
Potemtiall {Eh) 

l .7V 

.8V 

21 V 

2.8V 

2.8 

1.7 

- 2.4V 

-0;9V 

2.1 V 

2.6V 

2.'1 V 

2.,6V 

2.av 

.... 
~ 

2=I 
I'll s 
rt! 
i:i.. .... 
llJ 
0-. 
0 = 
0,. -Ull 
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ozone is inherently unstab]e, it must be prnduced at the · ite immediately before 
injection into su surfa.ce. Permanganate salts mi ht b delivered to the site in form 
of an aque us luti n. Most oxidants are hazardous chemicals that must be handled 
pro rty y trained fi id p t nnel. 

I O treatment is appHca le o variety ,of ,con aminants; however, chlorinated sol­
vents ar b ar the m t orom n y tre~ ted n . In n naly i f 1 CO field applica­
tions and performanc d t ~ Kr mbs et 1. (2010) found that of 223 tte analyzed. 70% 
trea ed ch~oroethenes and 8% chloro thanes. 0th r common! tr ated contaminants 
· nclude chl iro · enz nes, BTEX and other petroleum hydrocarl:ions, incl. PAH and gas­
otin additi es (MTBE). b ut 4% of i contained APL. J:n genera], fuel-related 
compounds. parti ularl MTBE can tr ate , m . effe tively ,elative t ch orinated 
compounds. How r, a. numb r of organic mpounds (e.g., PCB or perfluorinated 
flame r,etarda:nts) ar res· tanl or ven impos ibl to . eat ith cun _ntly exi ting I CO 
methods. The fore. the development or ad a.noed oxidation ,rocesses. is an area of 
ongo,i:ng research. 

I Oils a comparabl aggr s i contaminant mass~reduction technology and pri­
ma:ri:ly appli d to APL sour zon , nd groundw: te plum with high di solved 
contaminant concentrations. I O has I n impl mented at ites wit , aried ubsur­
face conditions, ranging from unconso]id r, d perme. bl. and horn . eneous m te ·_ 
a1s to fractured bedro k environments. Generally, I CO is a relat1 e rapid treatment 
process that can. achieve tr atment g , ,I wjthin weeks or months. However, a compa­
rably smaln percentag o I O trealment met pre.defined r,emediation goals, such 
as maximwn contaminant levels (MCL) (Kr mb ,t al. 2010) .. Thi ma ignify that 
remediation practitioners overestima ed the performance o IS O or und r timated 
the impact of sit,e conditions on this t ~chnology. 

Of the ISCO projects reviewed by Krembs t al. (2010), 89% combin d the us of 
I CO with other in sih, rem diarion technologies. , r instance, 0 h.as been coupled 
with surfac-tanrs/coso]vents enhanced DNAP1 rem va~ itber in sequence or irnuJta­
neously (Dugan et al 2010). Similarly, bede et aL (20ru7), r ports n a pil t~ al fi Id 
pro·ect where activated persulfate oxidant was used in combination with dodexttin 
n nhariced , lubilization a ent discu ed in S ction 9.12. The a vantage of ,combin­

in the treatment approache is that th enhanced solubiJization agent increases 
lh mass f contaminant in olution and thereby make 't avail ble for destru ion 
by the· oxidizing agent. This in situ utreatment train" approacll, wh n .erfi .rmed as 
d igned, n liminate the need for extra,cting and ex situ tre:atm nt of cont minated 
liquids. Al •., tb re i mple fields~ e evidence that microbial populations are not p r• 
manently r du 0 d b I CO. In fa . t, fr appe that micr bial popula. i . as even flourish 
after ISCO tr,eatment, which permits coup .ing ISCO with enhanc,ed bi r m diari n r 
monitor,ed natural attenuarjon (MNA) technologies (NRC 2005). 

■ 9 . .16 .Phytore1nediation 
Phytoremediarion is a set of f _ hnol · i that re] on plants and their associated 

microorganisms to sequester: extract or , grad toxic com , und in groundwater, 
oils, ediment and surf~1ce wat r. Because it ms a naturaJ proc ss~ phytor,emedia­

tion can b an effective r,em diation meth d r a arie y o sites and contaminantst 
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at a reduced rate. A large number of plants have been evaluated for potential use in 
phytoremediation applications. The selection of one or more plant species is based on 
factors such as ability to extract or degrade the contaminants of concern, adaptation 
to local climates, high biomass, depth root structure, compatibility with soils, growth 
rate, ease of planting and maintenance, and ability to take up large quantities of water 
through the roots (U.S. EPA 2012c). Recent developments in transgenic plant research 
may lead to a greater selection of plant varieties or the treatment of contaminants cur­
rently not possible (Lee 2013). The duration of the treatment generally depends on the 
type and initial contaminant concentration, its distribution within the treatment zone, 
plant selec1fon and their growth rate, hydrogeologic and climatologic conditions, and 
other site characteristics. 

Phytoremediation has become an alternative to other, more aggressive cleanup 
technologies because of relatively low capital costs and the inherently aesthetic nature 
of planted sites. However, this treatment technology is not a "Do something quick and 
cheap in the field and then walk away" approach. Like any remediation system, phy­
toremediation requires significant operation, maintenance, and monitoring for several 
years after planting. For instance, plants may require irrigation, fertilization, weed and 
pest control or replanting (ITRC 2009). 

■ 9.17 Sun11nary 
There is great interest in developing effective and efficient methods of remediating 

coo Laminated soils and groundwater in order to meet the mandates of publjc concern 
and federal legislation such as RCRA and CERCLA in the United States. 

In order to have a successful remediation, it is necessary to first iso late or remove 
the source of the contamination. Sources can include hazardous wastes spread on the 
land or improperly buried in the earth, leaking landfills, leaking underground storage 
tanks, or soils that have become contaminated by accidental spills and leaks. If it is 
not possible to remove sources, they can be isolated by physical barriers, such as slurry 
walls and impermeable covers or by hydrodynamic barriers created by pumping and 
injection wells. 

While not very effective, contaminated groundwater can be pumped from the 
ground and treated. Pump-and-treat technologies can be effectively used to hydrauli­
cally control plumes. Before initiating a pump-and-treat program, any mobile NAPL 
present shou,ld be removed. Floating NAPLs can be removed by multi-phase extrac­
tion pumps located in wells. Residual NAPL and contaminants sorbed onto mineral 
surfaces and soi l organic carbon will slowly partition into the clean groundwater that 
replaces the contaminated groundwater removed by pumping. This will greatly pro­
long the period of time that ir takes to remediate the aquifer. If all the residual con­
tamination is not removed from the aquifer, the concentration of contaminants will 
increase after the termination of a pump-and-treat operation. It may be impossible to 
remediate sites contaminated with DNAPLs by conventional pump-and-treat meth­
ods. Such aquifers might require pem1anent plume-stabilization wells to prevent the 
spread of the plume, or need to be remediated with more advanced technologies. 

Water that is extracted from the aquifer can be treated to remove both organic 
and inorganic contaminants. Methods of treatment of dissolved organics include 
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air t:ri.pping, an carbon absorption. Underground tank that are leaking should be 
remo ed and replaced. oil and groundwater remediation is .frequent[ necessar aft r 
a 1 aking tank b s been removed. 

Vado zone soil c ntamina.t,ed by residual volatile organic compounds (VOC) 
can remediated · y soilvapor extraction systems. Air. containing organic vapors, is 
drawn w m the· soil p res via VE, eU in the ado·.e z ne and rep•laced \vith fresh air. 
_ ome m thods exist that ombine pumpin water for treatment with soil va . or e trac­
tion to treat contaminated soil and groundwater simultaneously. 

oil and groun water contaminated by organic compounds may b amenabl,e 
t , bior medfati n by b th robic and anaerobic microbes. Electron acceptors and/ 
or donor ma b add, d to the s iW or quffer to , ncourage microbial activity. In in, 
biorem diarion and . t red monit, ,r d natural attenuation (MNA) process s have th 
advantag ~ of treating th ontamitnan · dissolved in soil and groundwater at th am 
time as resi ual contamin nrs in the soil. 

P rme bl Rea• tivc Barriers (PRB) are linear structures placed in the path of an 
ad ancin r, un water plum . Reactive materials inside the PRB, such as metaUic 
iron, interact with the dissol d cont_ miinant and degrade or immobilize them. PRB 
ar passive trelilltmenr syst ms be :au e no pump·ng ts required. 

Chemically- nhanced in itu Oushin t chno1ogy relies on ch micals th t enhanc 
the olu iii and, in some ca e,, mobility of APL compounds in th subsmface. Th 
primary obj cti e f thi r mediati n technology is to remove the maximum amoun.t 
o ,con aminant ith a minimum am unto chemicals and in minimaI time while 
maintaining hydraulic cono I over the 'njected ch mica! and c, ntamin n . This 
approach requir,es injection and extraction wells with abo ,ground tr atment f th • 
extracted liquids. 

During -henna1 in situ tre tment. heat is delivered to th treatm nt z n t v la• 
tize, displace or de troy amendable ,contaminants rn the subswface. Convecti.on and 
conduction h at oun:es ha v b en te ted and found effective for rem dfatfo. a vari ty 
of contamin.ants, includin som that ar · n t treatab]e with other methods. lowev: -r 
high temperature necessary o d troy rho e compounds can .also affi ct the ,il proper­
ties. Thermal tre tment i picalJ combined with VE systems to ca· turie v Jatilized 
com. ounds. New approaches include subsurface controlled, cont min nt bu ning, o,r 
smo]dering tedmi u . 

In situ oxidation r, !i on er, ng oxida1 ts that, when injected ·11w th treatm n 
zone, degrade organic comaminan . Thi aggries irve remedi tion approach typicall 
d · e not require the extraction of contaminated liquids from the subsurface and is 
applicable to a larg number of organic compounds. 

Phytoremeruarion take. advantage of green lams and th_ ir ability t , take up, 
transform or volatiliz a num · r of metaiI and organic contaminants.. WhHe limited to 
relatively Im soi[ and gr un water c ntaminant concentrations, an typically requir­
ing many growing s a.sons to a, hieve clean up goals, phytorem diation is a green 
echn logy. 

Whlle ,great a ance ha e been made in the fl ld f r mediation over the past 
deca.des many oon aminant and site-settings, particularly fra hued b ru ck aquifers, 
remain difficult or iim o sibl t treat with current methods. Hence1 this topic will 
remain an area of acri re earch f◄ r many years. 
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TITLE 35:  ENVIRONMENTAL PROTECTION 
SUBTITLE G:  WASTE DISPOSAL 

CHAPTER I:  POLLUTION CONTROL BOARD 
SUBCHAPTER j:  COAL COMBUSTION WASTE SURFACE IMPOUNDMENTS 

 
PART 845 

STANDARDS FOR THE DISPOSAL OF COAL COMBUSTION  
RESIDUALS IN SURFACE IMPOUNDMENTS 

 
SUBPART A:  GENERAL PROVISIONS 

 
Section 
845.100 Scope and Purpose 
845.110 Applicability of Other Regulations 
845.120 Definitions 
845.130 Surface Impoundment Identification 
845.140 Right of Inspection 
845.150 Incorporations by Reference 
845.160 Severability 
845.170 Inactive Closed CCR Surface Impoundments 
 

SUBPART B:  PERMITTING 
 
Section 
845.200 Permit Requirements and Standards of Issuance 
845.210 General Provisions 
845.220 Construction Permits 
845.230 Operating Permits 
845.240 Pre-Application Public Notification and Public Meeting 
845.250 Tentative Determination and Draft Permit 
845.260 Draft Permit Public Notice and Participation 
845.270 Final Permit Determination and Appeal 
845.280 Transfer, Modification and Renewal 
845.290 Construction Quality Assurance Program 
 

SUBPART C:  LOCATION RESTRICTIONS 
 
Section 
845.300 Placement Above the Uppermost Aquifer 
845.310 Wetlands 
845.320 Fault Areas 
845.330 Seismic Impact Zones 
845.340 Unstable Areas and Floodplains 
845.350 Failure to Meet Location Standards 
 

SUBPART D:  DESIGN CRITERIA 

R000423



Section 
845.400 Liner Design Criteria for Existing CCR Surface Impoundments 
845.410 Liner Design Criteria for New CCR Surface Impoundments and Any Lateral 

Expansion of a CCR Surface Impoundment 
845.420 Leachate Collection and Removal System 
845.430 Slope Maintenance 
845.440 Hazard Potential Classification Assessment 
845.450 Structural Stability Assessment 
845.460 Safety Factor Assessment 
 

SUBPART E:  OPERATING CRITERIA 
 
Section 
845.500 Air Criteria 
845.510 Hydrologic and Hydraulic Capacity Requirements for CCR Surface 

Impoundments 
845.520 Emergency Action Plan 
845.530 Safety and Health Plan 
845.540 Inspection Requirements for CCR Surface Impoundments 
845.550 Annual Consolidated Report 
 

SUBPART F:  GROUNDWATER MONITORING AND CORRECTIVE ACTION 
 
Section 
845.600 Groundwater Protection Standards 
845.610 General Requirements 
845.620 Hydrogeologic Site Characterization 
845.630 Groundwater Monitoring Systems 
845.640 Groundwater Sampling and Analysis Requirements 
845.650 Groundwater Monitoring Program 
845.660 Assessment of Corrective Measures 
845.670 Corrective Action Plan 
845.680 Implementation of the Corrective Action Plan 
 

SUBPART G:  CLOSURE AND POST-CLOSURE CARE 
 
Section 
845.700 Required Closure or Retrofit of CCR Surface Impoundments 
845.710 Closure Alternatives 
845.720 Closure Plan 
845.730 Initiation of Closure 
845.740 Closure by Removal 
845.750 Closure with a Final Cover System 
845.760 Completion of Closure Activities 
845.770 Retrofitting 
845.780 Post-Closure Care Requirements 
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SUBPART H:  RECORDKEEPING 

 
Section 
845.800 Facility Operating Record 
845.810 Publicly Accessible Internet Site Requirements 
 

SUBPART I:  FINANCIAL ASSURANCE 
 
Section 
845.900 General Provisions 
845.910 Upgrading Financial Assurance 
845.920 Release of Financial Institution and Owner or Operator 
845.930 Cost Estimates 
845.940 Revision of Cost Estimates 
845.950 Mechanisms for Financial Assurance 
845.960 Trust Fund 
845.970 Surety Bond Guaranteeing Payment 
845.980 Surety Bond Guaranteeing Performance 
845.990 Letter of Credit 
 
AUTHORITY: Implementing Sections 12, 22, and 22.59 of the Environmental Protection Act 
[415 ILCS 5/12, 22, and 22.59] and authorized by Sections 22.59, 27, and 28 of the 
Environmental Protection Act [415 ILCS 5/22.59, 27, and 28]. 

SOURCE:  Adopted in R20-19 at 45 Ill. Reg. 5884, effective April 21, 2021. 
 

SUBPART A:  GENERAL PROVISIONS 
 
Section 845.100  Scope and Purpose 
 

a) This Part establishes criteria for determining which CCR surface impoundments 
do not pose a reasonable probability of adverse effects on health or the 
environment.  CCR surface impoundments failing to satisfy any of the 
requirements of this Part are considered open dumps, which are prohibited under 
Section 21(a) of the Act. 

 
b) This Part applies to owners and operators of new and existing CCR surface 

impoundments, including any lateral expansions of CCR surface impoundments 
that dispose of or otherwise engage in solid waste management of CCR generated 
from the combustion of coal at electric utilities and independent power producers.  
Unless otherwise provided in this Part, these requirements also apply to CCR 
surface impoundments located off-site of the electric utility or independent power 
producer. 
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c) This Part also applies to inactive CCR surface impoundments at active and 
inactive electric utilities or independent power producers, regardless of the fuel 
currently used at the facility to produce electricity. 

 
d) Except as provided in Section 845.170, inactive CCR surface impoundments are 

subject to all the requirements of this Part applicable to existing CCR surface 
impoundments. 

 
e) This Part does not apply to wastes, including fly ash, bottom ash, boiler slag, and 

flue gas desulfurization materials generated at facilities that are not part of an 
electric utility or independent power producer, such as manufacturing facilities, 
universities, and hospitals.  This Part also does not apply to fly ash, bottom ash, 
boiler slag, and flue gas desulfurization materials generated primarily from the 
combustion of fuels (including other fossil fuels) other than coal, for the purpose 
of generating electricity unless the fuel burned consists of more than 50% coal on 
a total heat input or mass input basis, whichever results in the greater mass feed 
rate of coal. 

 
f) This Part does not apply to the beneficial use of CCR. 

 
g) This Part does not apply to CCR placement at active or abandoned underground 

or surface coal mines. 
 

h) This Part does not apply to landfills that receive CCR. 
 
i) If a CCR surface impoundment has completed an Agency-approved closure 

before April 21, 2021, this Part does not require the owner or operator of the CCR 
surface impoundment to resubmit to the Agency any closure plan, closure report, 
or closure certification for that completed closure. 

 
j) Upon completion of an Agency-approved closure, the CCR surface impoundment 

is considered a CCR surface impoundment that has completed closure for 
purposes of fee applicability under Section 22.59(j) of the Act. 

 
Section 845.110  Applicability of Other Regulations 
 

a) Compliance with the requirements of this Part does not affect the need for the 
owner or operator of a CCR surface impoundment, or lateral expansion of a CCR 
surface impoundment, to comply with all other applicable federal, state, tribal, or 
local laws or other requirements. 

 
b) Any CCR surface impoundment or lateral expansion of a CCR surface 

impoundment is subject to the following requirements: 
 

1) Illinois Endangered Species Protection Act [520 ILCS 10] and 40 CFR 
257.3-2. 
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2) Surface Water 

 
A) A facility must not cause a discharge of pollutants into waters of 

the United States that is in violation of the requirements of the 
National Pollutant Discharge Elimination System (NPDES) under 
section 402 of the Clean Water Act. 

 
B) A facility must not cause a discharge of dredged material or fill 

material to waters of the United States that is in violation of the 
requirements under section 404 of the Clean Water Act, as 
amended. 

 
C) A facility or practice must not cause non-point source pollution of 

waters of the United States that violates applicable legal 
requirements implementing an areawide or statewide water quality 
management plan that has been approved by USEPA under section 
208 of the Clean Water Act, as amended. 

 
D) Definitions of the terms "discharge of dredged material", "point 

source", "pollutant", and "waters of the United States" can be 
found in the Clean Water Act, as amended (33 USC 1251 et seq.) 
and implementing regulations, specifically 33 CFR 323 (42 FR 
37122, July 19, 1977). 

 
E) Except as in compliance with the provisions of the Act, Board 

regulations, and the CWA, and the provisions and conditions of the 
NPDES permit issued to the discharger, the discharge of any 
contaminant or pollutant by any facility into the waters of the State 
from a point source or into a well will be unlawful. 

 
3) Rivers, Lakes and Streams Act [615 ILCS 5/23 and 23(a)] and 17 Ill. 

Adm. Code 3702. 
 
Section 845.120  Definitions 
 
Except as stated in this Section, or unless a different meaning of a word or term is clear from the 
context, the definition of words or terms in this Part will be the same as that applied to the same 
words or terms in the Environmental Protection Act: 
 

"1000-year flood" means a flood of magnitude (or greater) of 1 in 1000 probability of 
occurring in any given year. 

 
"Act" means the Illinois Environmental Protection Act [415 ILCS 5]. 
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"Active facility" or "active electric utility" or "independent power producer" means any 
facility, subject to the requirements of this Part, that is in operation on or after October 
19, 2015.  An electric utility or independent power producer is in operation if it is 
generating electricity that is provided to electric power transmission systems or to electric 
power distribution systems on or after October 19, 2015.  An off-site CCR surface 
impoundment is in operation if it is accepting or managing CCR on or after October 19, 
2015. 

 
"Active life" or "in operation" means the period of operation beginning with the initial 
placement of CCR in the CCR surface impoundment and ending at completion of closure 
activities in accordance with Subpart G. 

 
"Agency" means the Illinois Environmental Protection Agency. 
"Aquifer" means a geologic formation, group of formations, or portion of a formation 
capable of yielding usable quantities of groundwater to wells or springs. 

 
"Area-capacity curves" means graphic curves that readily show the reservoir water 
surface area, in acres, at different elevations from the bottom of the reservoir to the 
maximum water surface, and the capacity or volume, in acre-feet, of the water contained 
in the reservoir at various elevations. 

 
"Areas susceptible to mass movement" means those areas of influence (i.e., areas 
characterized as having an active or substantial possibility of mass movement) where, 
because of natural or human-induced events, the movement of earthen material at, 
beneath, or adjacent to the CCR surface impoundment may result in the downslope 
transport of soil and rock material by means of gravitational influence.  Areas of mass 
movement include, but are not limited to, landslides, avalanches, debris slides and flows, 
soil fluctuation, block sliding, and rock fall. 

 
"Beneficial use of CCR" means CCR that meets the definition of "coal combustion by- 
product" in Section 3.135 of the Act [415 ILCS 5/3.135] and the definition of "beneficial 
use of CCR" in 40 CFR 257.53, incorporated by reference in Section 845.150. 

 
"Board" means Illinois Pollution Control Board. 

 
"Certified laboratory" means any laboratory certified under Section 4(o) of the Act or 
certified by USEPA for the specific constituents to be examined. 

 
"Closed" for purposes of this Part means placement of CCR in a CCR surface 
impoundment has stopped, and the owner or operator has completed closure of the CCR 
surface impoundment and has initiated post-closure care in accordance with Subpart G. 

 
"Coal combustion residuals" or "CCR" means fly ash, bottom ash, boiler slag, and flue 
gas desulfurization materials generated from burning coal for the purpose of generating 
electricity by electric utilities and independent power producers. [415 ILCS 5/3.142] 
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"CCR fugitive dust" means solid airborne particulate matter that contains or is derived 
from CCR, emitted from any source other than a stack or chimney. 

 
"CCR storage pile" means any temporary accumulation of solid, non-flowing CCR 
placed on the land that is designed and managed to control releases of CCR to the 
environment. CCR contained in an enclosed structure is not a CCR storage pile.  
Examples of control measures to control releases from CCR storage piles include:  
periodic wetting, application of surfactants, tarps, or wind barriers to suppress dust; tarps 
or berms for preventing contact with precipitation and controlling run-on/run-off; and 
impervious storage pads or geomembrane liners for soil and groundwater protection.  

 
"CCR surface impoundment" or "impoundment" means a natural topographic depression, 
man-made excavation, or diked area, which is designed to hold an accumulation of CCR 
and liquids, and the surface impoundment treats, stores, or disposes of CCR.  [415 ILCS 
5/3.143] 

 
"Dike" means an embankment, berm, or ridge of either natural or man-made materials 
used to prevent the movement of liquids, sludges, solids, or other materials. 

 
"Displacement" means the relative movement of any two sides of a fault measured in any 
direction. 

 
"Disposal" means the discharge, deposit, injection, dumping, spilling, leaking, or placing 
of any solid waste as defined in section 1004(27) of the Resource Conservation and 
Recovery Act into or on any land or water or into any well so that the solid waste, or 
constituent thereof, may enter the environment or be emitted into the air or discharged 
into any waters, including groundwater.  For purposes of this Part, disposal does not 
include the beneficial use of CCR.  

 
"Downstream toe" means the junction of the downstream slope or face of the CCR 
surface impoundment with the ground surface. 

 
"Enclosed structure" means: 

 
A completely enclosed, self-supporting structure that is designed and constructed 
of manmade materials of sufficient strength and thickness to support itself, the 
CCR, and any personnel and heavy equipment that operate within the structure, 
and to prevent failure due to settlement, compression, or uplift; climatic 
conditions; and the stresses of daily operation, including the movement of heavy 
equipment within the structure and contact of that equipment with containment 
walls; 

 
The structure has containment walls that are designed to be sufficiently durable to 
withstand any movement of personnel, CCR, and handling equipment within the 
structure; 
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The structure is designed and operated to ensure containment and prevent fugitive 
dust emissions from openings, such as doors, windows and vents, and the tracking 
of CCR from the structure by personnel or equipment. 

 
"Exceedance of the groundwater protection standard" means:  

 
For existing CCR surface impoundments and inactive CCR surface 
impoundments: 
 
an analytical result with a concentration greater than the numerical value of the 
constituents listed in Section 845.600(a), in a down gradient well; or  
 
when the up gradient background concentration of a constituent exceeds the 
numerical value listed in Section 845.600(a), an analytical result with a 
concentration at a statistically significant level above the up gradient background 
concentration, in a down gradient well. 
 
For new CCR surface impoundments and lateral expansions of existing CCR 
surface impoundments, an analytical result with a constituent concentration at a 
statistically significant level above the up gradient background concentration, in a 
down gradient well. 

 
"Existing CCR surface impoundment" means a CCR surface impoundment in which 
CCR is placed both before and after October 19, 2015, or for which construction started 
before October 19, 2015 and in which CCR is placed on or after October 19, 2015.  A 
CCR surface impoundment has started construction if the owner or operator has obtained 
the federal, State, and local approvals or permits necessary to begin physical construction 
and a continuous on-site, physical construction program had begun before October 19, 
2015. 

 
"Facility" means all contiguous land, and structures, other appurtenances, and 
improvements on the land, used for treating, storing, disposing of, or otherwise 
conducting solid waste management of CCR.  A facility may consist of several treatment, 
storage, or disposal operational units (e.g., one or more landfills, surface impoundments, 
or combinations of them). 

 
"Factor of safety" or "safety factor" means the ratio of the forces tending to resist the 
failure of a structure to the forces tending to cause that failure, as determined by accepted 
engineering practice. 

 
"Fault" means a fracture or a zone of fractures in any material along which strata on one 
side have been displaced with respect to that on the other side. 

 
"Flood hydrograph" means a graph showing, for a given point on a stream, the discharge, 
height, or other characteristic of a flood as a function of time. 
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"Free liquids" means liquids that readily separate from the solid portion of a waste under 
ambient temperature and pressure. 

 
"Groundwater" means water below the land surface in a zone of saturation. 

 
"Hazard potential classification" means the possible adverse incremental consequences 
that result from the release of water or stored contents due to failure of the diked CCR 
surface impoundment or mis-operation of the diked CCR surface impoundment or its 
appurtenances.  The hazardous potential classifications include Class 1 and Class 2, 
defined as follows: 

 
Class 1 CCR surface impoundment means a diked surface impoundment where 
failure or mis-operation will probably cause loss of human life. 

 
Class 2 CCR surface impoundment means a diked surface impoundment where 
failure or mis-operation results in no probable loss of human life, but can cause 
economic loss, environmental damage, disruption of lifeline facilities, or impact 
other concerns. 

 
"Height" means the vertical measurement from the downstream toe of the CCR surface 
impoundment at its lowest point to the lowest elevation of the crest of the CCR surface 
impoundment, not including spillways. 

 
"Holocene" means the most recent epoch of the Quaternary period, extending from the 
end of the Pleistocene Epoch, at 11,700 years before present, to present. 

 
"Hydraulic conductivity" means the rate at which water can move through a permeable 
medium (i.e., the coefficient of permeability). 

 
"Inactive CCR surface impoundment" means a CCR surface impoundment in which CCR 
was placed before but not after October 19, 2015 and still contains CCR on or after 
October 19, 2015.  Inactive CCR surface impoundments may be located at an active 
facility or inactive facility. 

 
"Inactive Closed CCR surface impoundment" means an inactive CCR surface 
impoundment that completed closure before October 19, 2015 with an Agency-approved 
closure plan. 
 
"Inactive facility" or "inactive electric utilities or independent power producers" means 
any facility that is not in operation on or after October 19, 2015. 

  
"Incised CCR surface impoundment" means a CCR surface impoundment that is 
constructed by excavating entirely below the natural ground surface, holds an 
accumulation of CCR entirely below the adjacent natural ground surface, and does not 
consist of any constructed diked portion. 
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"Inflow design flood" means the flood hydrograph that is used in the design or 
modification of the CCR surface impoundment and its appurtenant works. 

 
"In operation" means the same as "active life". 

 
"Karst terrain" means an area where karst topography, with its characteristic erosional 
surface and subterranean features, is developed as the result of dissolution of limestone, 
dolomite, or other soluble rock.  Characteristic physiographic features present in karst 
terrains include, but are not limited to, dolines, collapsed shafts (sinkholes), sinking 
streams, caves, seeps, large springs, and blind valleys. 

 
"Lateral expansion" means a horizontal or vertical expansion of the waste boundaries of 
an existing CCR surface impoundment made after October 19, 2015. 

 
"Liquefaction factor of safety" means the factor of safety (safety factor) determined using 
analysis under liquefaction conditions. 

 
"Lithified earth material" means all rock, including all naturally occurring and naturally 
formed aggregates or masses of minerals or small particles of older rock that formed by 
crystallization of magma or by induration of loose sediments.  This term does not include 
man-made materials, such as fill, concrete, and asphalt, or unconsolidated earth materials, 
soil, or regolith lying at or near the earth surface. 

 
"Maximum horizontal acceleration in lithified earth material" means the maximum 
expected horizontal acceleration at the ground surface as depicted on a seismic hazard 
map, with a 98% or greater probability that the acceleration will not be exceeded in 50 
years, or the maximum expected horizontal acceleration based on a site-specific seismic 
risk assessment. 

 
"New CCR surface impoundment" means a CCR surface impoundment or lateral 
expansion of an existing or new CCR surface impoundment that first receives CCR or 
starts construction after October 19, 2015.  A new CCR surface impoundment has started 
construction if the owner or operator has obtained the federal, State, and local approvals 
or permits necessary to begin physical construction and a continuous on-site, physical 
construction program had begun after October 19, 2015. 

 
"Operator" means the person or persons responsible for the overall operation of a CCR 
surface impoundment. 

 
"Outermost damage zone of a fault" means the volume of deformed wall rocks around a 
fault surface that results from the initiation, propagation, interaction and build-up of slip 
along faults. 

 
"Owner" means the person or persons who own a CCR surface impoundment or part of a 
CCR surface impoundment. 
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"Poor foundation conditions" means those areas where features exist which indicate that a 
natural or human-induced event may result in inadequate foundation support for the 
structural components of an existing or new CCR surface impoundment.  For example, 
failure to maintain static and seismic factors of safety, as required in Section 845.460, 
would cause a poor foundation condition. 

 
"Probable maximum flood" means the flood that may be expected from the most severe 
combination of critical meteorologic and hydrologic conditions that are reasonably 
possible in the drainage basin. 

 
"Qualified person" means a person or persons trained to recognize specific appearances 
of structural weakness and other conditions that are disrupting, or have the potential to 
disrupt, the operation or safety of the CCR surface impoundment by visual observation 
and, if applicable, to monitor instrumentation. 

 
"Qualified professional engineer" means an individual who is licensed under the 
Professional Engineering Practice Act of 1989 [225 ILCS 325] to practice one or more 
disciplines of engineering and who is qualified by education, technical knowledge and 
experience to complete the engineering analyses and make the specific technical 
certifications required under this Part.  

 
"Recognized and generally accepted engineering practices" means engineering 
maintenance or operation activities based on established codes, widely accepted 
standards, published technical reports, or a practice widely recommended throughout the 
industry.  These practices generally detail approved ways to perform specific 
engineering, inspection, or mechanical integrity activities. 
 
"Retrofit" means to remove all CCR and contaminated soils and sediments from the CCR 
surface impoundment, and to ensure the surface impoundment complies with the 
requirements in Section 845.410. 

 
"Run-off" means any rainwater, leachate, or other liquid that drains over land from any 
part of a CCR surface impoundment or lateral expansion of a CCR surface impoundment. 

 
"Run-on" means any rainwater, leachate, or other liquid that drains over land onto any 
part of a CCR surface impoundment or lateral expansion of a CCR surface impoundment. 

 
"Sand and gravel pit" or "quarry" means an excavation for the extraction of aggregate, 
minerals or metals.  The term sand and gravel pit and/or quarry does not include 
subsurface or surface coal mines. 

 
"Seismic factor of safety" means the factor of safety (safety factor) determined using 
analysis under earthquake conditions using the peak ground acceleration for a seismic 
event with a 2% probability of exceedance in 50 years, equivalent to a return period of 
approximately 2,500 years, based on the U.S. Geological Survey (USGS) seismic hazard 

R000433



maps for seismic events with this return period for the region where the CCR surface 
impoundment is located. 

 
"Seismic impact zone" means an area having a 2% or greater probability that the 
maximum expected horizontal acceleration, expressed as a percentage of the earth's 
gravitational pull (g), will exceed 0.10 g in 50 years. 

 
"Slope protection" means engineered or non-engineered measures installed on the 
upstream or downstream slope of the CCR surface impoundment to protect the slope 
against wave action or erosion, including rock riprap, wooden pile,  
concrete revetments, vegetated wave berms, concrete facing, gabions, geotextiles, or 
fascines. 
 
"Solid waste management" or "management" means the systematic administration of the 
activities that provide for the collection, source separation, storage, transportation, 
processing, treatment, or disposal of solid waste. 

 
"Static factor of safety" means the factor of safety (safety factor) determined using 
analysis under the long-term, maximum storage pool loading condition, the maximum 
surcharge pool loading condition, and the end-of-construction loading condition. 

 
"Structural components" means liners, leachate collection and removal systems, final 
covers, run-on and run-off systems, inflow design flood control systems, and any other 
component used in the construction and operation of the CCR surface impoundment that 
is necessary to ensure the integrity of the surface impoundment and ensure that the 
contents of the surface impoundment are not released into the environment. 

 
"Temporary accumulation" means an accumulation on the land that is neither permanent 
nor indefinite.  To demonstrate that the accumulation on the land is temporary, all CCR 
must be removed from the pile at the site.  The entity engaged in the activity must have a 
record in place, such as a contract, purchase order, facility operation and maintenance, or 
fugitive dust control plan, documenting that all the CCR in the pile will be completely 
removed according to a specific timeline. 

 
"Unstable area" means a location that is susceptible to natural or human-induced events 
or forces capable of impairing the integrity of that area, including structural components 
of some or all the CCR surface impoundment that are responsible for preventing releases 
from the surface impoundment.  Unstable areas can include poor foundation conditions, 
areas susceptible to mass movements, and karst terrains. 

 
"Uppermost aquifer" means the geologic formation nearest the natural ground surface 
that is an aquifer, as well as lower aquifers that are hydraulically interconnected with this 
aquifer within the facility's property boundary.   Upper limit is measured at a point 
nearest to the natural ground surface to which the aquifer rises during the wet season. 
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"Waste boundary" means a vertical surface located at the hydraulically downgradient 
limit of the CCR surface impoundment.  The vertical surface extends down into the 
uppermost aquifer. 

 
"Wetlands" means those areas that are inundated or saturated by surface or groundwater 
at a frequency and duration sufficient to support, and that under normal circumstances do 
support, a prevalence of vegetation typically adapted for life in saturated soil conditions.  
Wetlands generally include swamps, marshes, bogs, and similar areas. 

 
Section 845.130  Surface Impoundment Identification 
 
The owner or operator of a CCR surface impoundment must place on, or immediately adjacent 
to, the CCR surface impoundment a permanent identification marker at least six feet high 
showing the identification number of the CCR surface impoundment assigned by the Agency, the 
name associated with the CCR surface impoundment and the name of the owner or operator of 
the CCR surface impoundment.  The owner or operator must maintain the marker at all times an 
operating permit is required under this Part. 
 
Section 845.140  Right of Inspection 
 
The owner or operator of a CCR surface impoundment must allow the Agency and its duly 
authorized representatives to perform inspections in accordance with the Agency's authority 
under the Act, including: 
 

a) Entering, at reasonable times, the facility where CCR surface impoundments are 
located or where any activity is to be conducted under a permit issued under this 
Part; 

 
b) Having access to and copying at reasonable times any records required to be kept 

under the terms and conditions of a permit of this Part; 
 

c) Inspecting at reasonable times, including during any hours of operation: 
 

1) Equipment constructed or operated under a permit issued under this Part; 
 

2) Equipment or monitoring methodology; or 
 

3) Equipment required to be kept, used, operated, calibrated and maintained 
under a permit issued under this Part;  

 
d) Obtaining and removing, at reasonable times, samples of any raw or finished 

water, discharge or emission of pollutants; 
 

e) Entering, at reasonable times, to use any photographic, recording, testing, 
monitoring or other equipment for the purpose of preserving, testing, monitoring 
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or recording any raw or finished water, activity, discharge or emission authorized 
by a permit. 

 
Section 845.150  Incorporations by Reference 
 

a) For purposes of this Part, the Board incorporates the following material by 
reference: 

 
1) Non-Regulatory Government Publications and Publications of Recognized 

Organizations and Associations: 
 

Association for the Advancement of Cost Engineering (AACE), 726 East 
Park Avenue #180, Fairmont, WV 26554, (304) 296-8444, web.aacei.org.  

 
"Cost Estimate Classification System — As Applied in 
Engineering, Procurement, and Construction for the Process 
Industries", TCM Framework: 7.3 – Cost Estimating and 
Budgeting. March 6, 2009, AACE International Recommended 
Practice No. 18R-97. 

 
NTIS. National Technical Information Service, 5285 Port Royal Road, 
Springfield VA 22161, (703) 605-6000, www.ntis.gov.  

 
"Test Methods for Evaluating Solid Waste, Physical/Chemical 
Methods", USEPA Publication No. SW-846, as amended by 
Updates I, II, IIA, IIB, III, IIIA, and IIIB (Doc. No. 955-001-
00000-1) (available online at https://www.epa.gov/hw-sw846/sw-
846-compendium). 

 
2) Code of Federal Regulations, Available from the Superintendent of 

Documents, U.S. Government Publishing Office, Washington, DC 20401, 
(202) 783-3238, https://www.ecfr.gov, 
https:/www.govinfo.gov/app/collection/cfr, or 
https://www.federalregister.gov: 

 
    40 CFR 257.53 (2019) (Definition of “beneficial use of CCR”) 
     

40 CFR 257.103(f)(1)(x) (85 Fed. Reg. 53563-64 (Aug. 28, 2020)) 
(Preparation of Semi-Annual Progress Reports) 

 
b) This Section incorporates no later editions or amendments. 

 
Section 845.160  Severability 
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If any provision of this Part or its application to any person or under any circumstances is 
adjudged invalid, that adjudication must not affect the validity of this Part as a whole or of any 
portion not adjudged invalid. 
 
Section 845.170  Inactive Closed CCR Surface Impoundments 
 

a) Among the provisions of this Part, only the following apply to inactive closed 
CCR surface impoundments: 

 
1) All of Subpart A: General Provisions; 

 
2) The following Sections of Subpart B (Permitting):  

 
A) Section 845.200; 

 
B) Section 845.210; 

 
C) Section 845.220(a), (c), and (f)(1); 

 
D) Section 845.230(c) and (d)(4); 
 
E) Section 845.250; 

 
F) Section 845.270; 
 
G) Section 845.280; 
 
H) Section 845.290; 

 
3) The following Section of Subpart G (Closure and Post-Closure Care): 

Section 845.780(b), (d), and (e); and 
 

4) All of Subpart I (Financial Assurance). 
 

b) When a prior release from an inactive closed CCR surface impoundment has 
caused an exceedance of the groundwater quality standards in 35 Ill. Adm. Code 
620, and the owner or operator has not completed remediation of the release 
before completing closure, the owner or operator must initiate or continue 
corrective action under an operating permit issued under this Part. 

 
c) When a release from an inactive closed CCR surface impoundment causes an 

exceedance of the groundwater quality standards in 35 Ill. Adm. Code 620, and 
the Agency has not concurred with an alternative source demonstration, the owner 
or operator of an inactive closed CCR surface impoundment must initiate an 
assessment of corrective measures that prevents further releases, remediates any 
releases, and restores the affected area.  The owner or operator of the inactive 
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closed CCR surface impoundment must develop a corrective action plan and 
obtain a construction permit consistent with subsection (a)(2) before performing 
any corrective action to remediate any releases and to restore the affected area, 
including the final cover system, groundwater monitoring system, groundwater 
collection trench, extraction wells, slurry walls, or any construction related to 
corrective action. 

 
SUBPART B:  PERMITTING 

 
Section 845.200  Permit Requirements and Standards of Issuance 
 

a) Permit Requirements 
 

1) No person may construct, install, or modify a CCR surface impoundment 
or related treatment or mitigation facilities, including corrective action 
measures under Subpart F, without a construction permit issued by the 
Agency under this Part. 

 
2) Except as provided in Section 845.230(d), no person may operate a CCR 

surface impoundment without an operating permit issued by the Agency 
under this Part.  For purposes of this Part, a CCR surface impoundment 
starts operation upon initial receipt of CCR. 

 
3) No person may perform corrective action at a CCR surface impoundment 

without obtaining a construction permit for corrective action and 
modifying the facility's operating permit, or modifying the facility's 
operating permit when the approved corrective action does not require the 
modification of the CCR surface impoundment or the installation or 
modification of related treatment or mitigation facilities. 

 
4) Except as provided in Section 22.59(e) of the Act, no person  

may close a CCR surface impoundment without obtaining a construction 
permit for closure issued by the Agency under this Part.  

 
5) A CCR surface impoundment must maintain an operating permit until: 

 
A) The completion of post-closure care when the CCR surface 

impoundment is closed with a final cover system; or 
 

B) The completion of groundwater monitoring under Section 
845.740(b) when the CCR surface impoundment is closed by 
removal. 

 
6) The Agency may issue a joint construction and operating permit. 

 
b) Standards for Issuance 
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1) Except as provided in subsection (b)(2), the Agency may not issue any 

construction or operating permit required by this Part unless the applicant 
submits adequate proof that the CCR surface impoundment will be 
constructed, modified or operated so as not to cause a violation of the Act 
or Board rules. 

 
2) The existence of a violation of the Act, Board regulation, or Agency 

regulation will not prevent the issuance of a construction or operating 
permit under this Part if: 

 
A) The applicant has been granted a variance or an adjusted standard 

from the regulation by the Board; 
 

B) The permit application is for construction, installation, or operation 
of equipment to alleviate or correct a violation; or 

 
C) The permit application is for construction, installation, or operation 

of equipment necessary to restore, protect or enhance the 
environment. 

 
3) In granting permits, the Agency may impose reasonable conditions 

specifically related to the applicant’s past compliance history with the Act 
as necessary to correct, detect, or prevent noncompliance.  The Agency 
may impose such other conditions as may be necessary to accomplish the 
purpose of the Act and as are not inconsistent with this Part. [415 ILCS 
5/39(a)] 

 
4) In making its determinations on permit applications under this Part, the 

Agency may consider prior adjudications of noncompliance with the Act 
by the applicant that involved a release of a contaminant into the 
environment. [415 ILCS 5/39(a)] 

 
Section 845.210  General Provisions 
 

a) All permit applications must be made on the forms prescribed by the Agency and 
must be mailed or delivered to the address designated by the Agency on the 
forms.  The Agency must provide a dated, signed receipt upon request. The 
Agency's record of the date of filing must be deemed conclusive unless a contrary 
date is proved by a dated, signed receipt. 

 
b) Required Signatures of Owners or Operators 

 
1) All permit applications must contain the name, address, email address and 

telephone number of the operator, or duly authorized agent, and the 
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property owner to whom all inquiries and correspondence must be 
addressed. 

 
2) All permit applications must be signed by the owner, operator or a duly 

authorized agent of the operator. 
 
3) An application submitted by a corporation must be signed by a principal 

executive officer of at least the level of vice president, or his or her duly 
authorized representative, if that representative is responsible for the 
overall operation of the facility described in the application form.  In the 
case of a partnership or a sole proprietorship, the application must be 
signed by a general partner or the proprietor, respectively.  In the case of a 
publicly owned facility, the application must be signed by either the 
principal executive officer, ranking elected official, or other duly 
authorized employee. 

 
c) Legal Description. All permit applications must contain a legal description of the 

facility boundary and a description of the boundaries of all units included in the 
facility. 

 
d) Previous Assessments, Investigations, Plans and Programs 

 
1) The Agency may approve the use of any hydrogeologic site investigation 

or characterization, groundwater monitoring well or system, or 
groundwater monitoring plan, bearing the seal and signature of an Illinois 
Licensed Professional Geologist or Licensed Professional Engineer, 
completed before April 21, 2021 to satisfy the requirements of this Part. 

 
2) For existing CCR surface impoundments, the owner or operator of the 

CCR surface impoundment may use a previously completed location 
restriction demonstration required by Section 845.300 (Placement Above  
the Uppermost Aquifer), Section 845.310 (Wetlands), Section 845.320 
(Fault Areas), Section 845.330 (Seismic Impact Zones), and Section 
845.340 (Unstable Areas) provided that the previously completed 
assessments meet the applicable requirements of those Sections. 

 
3) For existing CCR surface impoundments, the owner or operator of the 

CCR surface impoundment may use a previously completed assessment to 
serve as the initial assessment required by Section 845.440 (Hazard 
Potential Classification Assessment), Section 845.450 (Structural Stability 
Assessment) and Section 845.460 (Safety Factor Assessment) provided 
that the previously completed assessment: 

 
A) Was not completed more than five years ago; and 

 
B) Meets the applicable requirements of those Sections. 
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4) For inactive closed CCR surface impoundments, the owner or operator of 

the CCR surface impoundment may use a post-closure care plan 
previously approved by the Agency. 

 
e) The Agency must mail all notices of final action by certified mail, postmarked 

with a date stamp and with return receipt requested.  Final action must be deemed 
to have taken place on the postmarked date that the notice is mailed. 

 
f) Violation of any permit condition or failure to comply with the Act or regulations 

promulgated under the Act must be grounds for enforcement action as provided in 
the Act, including revocation of a permit. 

 
g) Issuance of a permit under this Part does not relieve the applicant of the obligation 

to obtain other permits required by law. 
 

h) The owner or operator must place in the facility's operating record all permit 
applications submitted to the Agency and all permits issued under this Part (see 
Section 845.800(d)(1)). 

 
i) Agency Listserv 
 

1) For each facility subject to this Part, the Agency must create and maintain 
a listserv.  Each listserv must include the email addresses of all interested 
persons who notify the Agency in writing—either directly under 
subsection (i)(2) or through the facility owner or operator under Section 
845.220(a)(9) or 845.240(f)(4)—of their respective email addresses and 
that they would like to receive emails of notices concerning the facility.   

 
2) The Agency’s webpage must specify how interested persons may notify 

the Agency in writing of their respective email addresses and that they 
would like to be added to the Agency’s listserv for a facility subject to this 
Part. 

 
3) When this Part requires that the Agency email a notice to the listserv for a 

facility, the Agency must do so within the timeframe specified, 
concurrently with other required means of disseminating the notice, or 
otherwise in a timely manner.  When this Part requires an owner or 
operator to request that the Agency email a notice to the listserv for the 
facility, the Agency must do so within two business days after receiving 
the request from the owner or operator.    

 
Section 845.220  Construction Permits 
 

a) All construction permit applications must contain the following information and 
documents. 
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1) Design and Construction Plans (Construction History) 

 
A) Identifying Information 

 
i) The name and address of the person or persons owning or 

operating the CCR surface impoundment; 
 

ii) The name associated with the CCR surface impoundment; 
and 

 
iii) The identification number of the CCR surface 

impoundment if one has been assigned by the Agency. 
 

B) A statement of the purpose for which the CCR surface 
impoundment is being used, how long the CCR surface 
impoundment has been in operation, and the types of CCR that 
have been placed in the CCR surface impoundment. 

 
C) The name and size in acres of the watershed within which the CCR 

surface impoundment is located. 
 
D) A description of the physical and engineering properties of the 

foundation and abutment materials on which the CCR surface 
impoundment is constructed. 

 
E) A statement of the type, size, range, and physical and engineering 

properties of the materials used in constructing each zone or stage 
of the CCR surface impoundment; the method of site preparation 
and construction of each zone of the CCR surface impoundment; 
and the approximate dates of construction of each successive stage 
of construction of the CCR surface impoundment. 

 
F) At a scale that details engineering structures and appurtenances 

relevant to the design, construction, operation, and maintenance of 
the CCR surface impoundment, detailed dimensional drawings of 
the CCR surface impoundment, including a plan view and cross-
sections of the length and width of the CCR surface impoundment, 
showing all zones, foundation improvements, drainage provisions, 
spillways, diversion ditches, outlets, instrument locations, and 
slope protection, in addition to the normal operating pool surface 
elevation and the maximum pool surface elevation following peak 
discharge from the inflow design flood, the expected maximum 
depth of CCR within the CCR surface impoundment, and any 
identifiable natural or manmade features that could adversely 
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affect operation of the CCR surface impoundment due to 
malfunction or mis-operation. 

 
G) A description of the type, purpose, and location of existing 

instrumentation. 
 

H) Area-capacity curves for the CCR surface impoundment. 
 

I) A description of each spillway and diversion design features and 
capacities and calculations used in their determination. 

 
J) The construction specifications and provisions for surveillance, 

maintenance, and repair of the CCR surface impoundment. 
 

K) Any record or knowledge of structural instability of the CCR 
surface impoundment. 

 
2) Narrative Description of the Facility.  The permit application must contain 

a written description of the facility with supporting documentation 
describing the procedures and plans that will be used at the facility to 
comply with the requirements of this Part.  The descriptions must include, 
but are not limited to, the following information: 

 
A) The types of CCR expected in the CCR surface impoundment, 

including a chemical analysis of each type of expected CCR; 
 

B) An estimate of the maximum capacity of each surface 
impoundment in gallons or cubic yards; 

 
C) The rate at which CCR and non-CCR waste streams currently enter 

the CCR surface impoundment in gallons per day and dry tons; 
 

D) The estimated length of time the CCR surface impoundment will 
receive CCR and non-CCR waste streams; and 

 
E) An on-site transportation plan that includes all existing and 

planned roads in the facility that will be used during the operation 
of the CCR surface impoundment. 

 
3) Site Location Map.  All permit applications must contain a site location 

map on the most recent United States Geological Survey (USGS) 
quadrangle of the area from the 7 ½ minute series (topographic), or on 
another map whose scale clearly shows the following information: 

 
A) The facility boundaries and all adjacent property, extending at least 

1000 meters (3280 feet) beyond the boundary of the facility; 
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B) All surface waters; 

 
C) The prevailing wind direction; 

 
D) The limits of all 100-year floodplains; 

 
E) All-natural areas designated as a Dedicated Illinois Nature 

Preserve under the Illinois Natural Areas Preservation Act [525 
ILCS 30]; 

 
F) All historic and archaeological sites designated by the National 

Historic Preservation Act (16 USC 470 et seq.) and the Illinois 
Historic Sites Advisory Council Act [20 ILCS 3410]; and 

 
G) All areas identified as critical habitat under the Endangered 

Species Act of 1973 (16 USC 1531 et seq.) and the Illinois 
Endangered Species Protection Act [520 ILCS 10]. 

 
4) Site Plan Map.  The application must contain maps, including cross-

sectional maps of the site boundaries, showing the location of the facility. 
The following information must be shown: 

 
A) The entire facility, including any proposed and all existing CCR 

surface impoundment locations; 
 

B) The boundaries, both above and below ground level, of the facility 
and all CCR surface impoundments or landfills containing CCR 
included in the facility; 

 
C) All existing and proposed groundwater monitoring wells; and 

 
D) All main service corridors, transportation routes, and access roads 

to the facility. 
 

5) A narrative description of the proposed construction of, or modification to, 
a CCR surface impoundment and any projected changes in the volume or 
nature of the CCR or non-CCR waste streams. 

 
6) Plans and specifications fully describing the design, nature, function and 

interrelationship of each individual component of the facility. 
 

7) A new groundwater monitoring program or any modification to an 
existing groundwater monitoring program that includes but is not limited 
to the following information: 
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A) A hydrogeologic site investigation meeting the requirements of 
Section 845.620, if applicable; 

 
B) Design and construction plans of a groundwater monitoring system 

meeting the requirements of Section 845.630; and 
 
C) A proposed groundwater sampling and analysis program that 

includes selection of the statistical procedures to be used for 
evaluating groundwater monitoring data (see Sections 845.640 and 
845.650). 

 
8) The signature and seal of a qualified professional engineer. 

 
9) Certification that the owner or operator of the CCR surface impoundment 

completed the public notification and public meetings required under 
Section 845.240, a summary of the issues raised by the public, a summary 
of any revisions, determinations, or other considerations made in response 
to those issues, and a list of interested persons in attendance who would 
like to be added to the Agency's listserv for the facility. 

 
b) New Construction. In addition to the requirements in subsection (a), all 

construction permit applications to build a new CCR surface impoundment, 
lateral expansion of a CCR surface impoundment, or retrofit an existing CCR 
surface impoundment must also contain the following information and 
documents: 

 
1) Plans and specifications that demonstrate the proposed CCR surface 

impoundment will meet the location standards in the following Sections: 
 

A) Section 845.300 (Placement Above the Uppermost Aquifer); 
 

B) Section 845.310 (Wetlands); 
 

C) Section 845.320 (Fault Areas); 
 

D) Section 845.330 (Seismic Impact Zones); and 
 

E) Section 845.340 (Unstable Areas and Floodplains). 
 

2) Plans and specifications that demonstrate the proposed CCR surface 
impoundment will meet the following design criteria: 

 
A) The CCR surface impoundment will have a liner meeting the liner 

requirements of Section 845.400(b) or (c); 
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B) The CCR surface impoundment will have a leachate collection 
system meeting the requirements of Section 845.420; and 

 
C) The CCR surface impoundment, if not incised, will be constructed 

with slope protection, as required by Section 845.430. 
 

3) CCR fugitive dust control plan (see Section 845.500(b)). 
 

4) Preliminary written closure plan (see Section 845.720(a)). 
 

5) Initial written post-closure care plan, if applicable (see Section 
845.780(d)). 

 
c) Corrective Action Construction.  In addition to the requirements in subsection (a), 

all construction permit applications that include any corrective action performed 
under Subpart F must also contain the following information and documents: 

 
1) Corrective action plan (see Section 845.670); 

 
2) Groundwater modeling, including: 

 
A) The results of groundwater contaminant transport modeling and 

calculations showing how the corrective action will achieve 
compliance with the applicable groundwater standards; 
 

B) All modeling inputs and assumptions; 
 

C) Description of the fate and transport of contaminants with the 
selected corrective action over time; and 

 
D) Capture zone modeling, if applicable; 

 
3) Any necessary licenses and software needed to review and access both the 

models and the data contained within the models required by subsection 
(c)(2); 

 
4) Corrective action groundwater monitoring program, including 

identification of revisions to the groundwater monitoring system for 
corrective action; and 

 
5) Any interim measures necessary to reduce the contaminants leaching from 

the CCR surface impoundment, and/or potential exposures to human or 
ecological receptors, including an analysis of the factors specified in 
Section 845.680(a)(3). 
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d) Closure Construction.  In addition to the requirements in subsection (a), all 
construction permit applications for closure of the CCR surface impoundment 
under Subpart G must contain the following information and documents: 

 
1) Closure prioritization category , if applicable (see Section 845.700(g)); 

 
2) Final closure plan (see Section 845.720(b)), including the closure 

alternatives analysis required by Section 845.710; 
 

3) Groundwater modeling, including: 
 

A) The results of groundwater contaminant transport modeling and 
calculations showing how the closure will achieve compliance with 
the applicable groundwater standards; 
 

B) All modeling inputs and assumptions; 
 

C) Description of the fate and transport of contaminants, with the 
selected closure over time; 

 
D) Capture zone modeling, if applicable; and 

 
E) Any necessary licenses and software needed to review and access 

both the model and the data contained within the model. 
 

4) Proposed schedule to complete closure; and 
 

5) Post-closure care plan specified in Section 845.780(d), if applicable. 
 

e) Owners or operators of CCR surface impoundments who submitted a closure plan 
to the Agency before May 1, 2019, and who complete closure before July 30, 
2021, shall not be required to obtain a construction permit for closure under 
subsection (d). [415 ILCS 5/22.59(e)] 

 
f) A single construction permit application may be submitted for new construction, 

corrective action, and closure if the construction is related to the same multi-
phased project.  The permit application for a project with multiple phases must 
contain all information required by subsections (a), (b), (c), and (d), as applicable. 

 
g) Duration of Construction Permits 

 
1) For any construction permit that is not for the closure or retrofit of the 

CCR surface impoundment, the construction permit must be issued for 
fixed terms not to exceed 3 years. 
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2) For any construction permit for the closure or retrofit of a CCR surface 
impoundment, the construction permit must be issued for an initial fixed 
term expiring within the timeframe approved by the Agency in the 
construction permit or five years, whichever is less.  The Agency may 
renew a construction permit for closure or retrofit in two-year increments 
under Section 845.760(b). 

 
Section 845.230  Operating Permits 
 
The operating permit applications must contain the following information and documents: 
 

a) Initial operating permit for a new CCR surface impoundment and any lateral 
expansion of a CCR surface impoundment. 

 
1) A demonstration that the CCR surface impoundment, as built, meets the 

location standards in the following Sections: 
 

A) Section 845.300 (Placement Above the Uppermost Aquifer); 
 

B) Section 845.310 (Wetlands); 
 

C) Section 845.320 (Fault Areas); 
 

D) Section 845.330 (Seismic Impact Zones); and 
 

E) Section 845.340 (Unstable Areas and Floodplains); 
 

2) Certification from a qualified professional engineer that the composite 
liner, or if applicable, the alternative composite liner, has been constructed 
in accordance with the requirements of Section 845.400(b) or (c); 

 
3) Certification from a qualified professional engineer that the leachate 

collection system has been constructed in accordance with the 
requirements of Section 845.420, if applicable; 

 
4) Evidence that the permanent markers required by Section 845.130 have 

been installed; 
 

5) Documentation that the CCR surface impoundment, if not incised, will be 
operated and maintained with one of the forms of slope protection 
specified in Section 845.430; 

 
6) Initial hazard potential classification assessment and accompanying 

certification (see Section 845.440(a)(2)); 
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7) Initial Emergency Action Plan and accompanying certification (see 
Section 845.520(e)); 

 
8) Initial structural stability assessment and accompanying certification (see 

Section 845.450(c)); 
 

9) Initial safety factor assessment and accompanying certification (see 
Section 845.460(b)); 

 
10) Fugitive dust control plan and accompanying certification (see Section 

845.500(b)(7)); 
  

11) Initial inflow design flood control system plan and accompanying 
certification (see Section 845.510(c)(3)); 

 
12) Proposed groundwater monitoring program, including a minimum of eight 

independent samples for each background and downgradient well (see 
Section 840.650(b)); 

 
13) Preliminary written closure plan (see Section 845.720(a)); 
 
14) Initial written post-closure care plan, if applicable (see Section 

845.780(d)); 
 

15) An analysis of the chemical constituents found within the CCR to be 
placed in the CCR surface impoundment; 

 
16) An analysis of the chemical constituents of all waste streams, chemical 

additives, and sorbent materials entering or contained in the CCR surface 
impoundment; and 

 
17) A certification that the owner or operator meets the financial assurance 

requirements of Subpart I. 
 

b) Renewal Operating Permit 
 

1) Documentation that the CCR surface impoundment, if not incised, is being 
operated and maintained with one of the forms of slope protection 
specified in Section 845.430; 

 
2) Emergency Action Plan certification if the plan was amended (see Section 

845.520); 
 

3) Fugitive dust control plan certification if the plan was amended (see 
Section 845.500(b)(7)); 
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4) Any significant changes to the design and construction plans compiled 
under subsection (d)(2)(A) or Section 845.220(a)(1); 

 
5) A statement that the groundwater monitoring has been conducted under an 

Agency approved groundwater monitoring program; 
 

6) Written preliminary closure plan, if amended (see Section 845.720(a)); 
and 

 
7) Written post-closure care plan, if amended (see Section 845.780(d)). 

 
c) Post-Closure Care Operating Permit 

 
The owner or operator of a CCR surface impoundment conducting post-closure 
care under Section 845.780 must maintain an operating permit until the 
completion of post-closure care.  Any changes to the post-closure care plan, 
groundwater monitoring system, groundwater sampling and analysis program, and 
groundwater monitoring program must be submitted to the Agency in an 
operating permit application. 

 
d) Initial Operating Permit for Existing, Inactive and Inactive Closed CCR Surface 

Impoundments 
 

1) The owner or operator of an existing, inactive or inactive closed CCR 
surface impoundment who has not completed post-closure care must 
submit an initial operating permit application to the Agency by October 
31, 2021; 

 
2) The initial operating permit application for existing or inactive CCR 

surface impoundments that have not completed an Agency approved 
closure before July 30, 2021, must contain the following information and 
documents on forms prescribed by the Agency: 

 
A) The history of construction specified in Section 845.220(a)(1); 

 
B) An analysis of the chemical constituents found within the CCR to 

be placed in the CCR surface impoundment; 
 

C) An analysis of the chemical constituents of all waste streams, 
chemical additives and sorbent materials entering or contained in 
the CCR surface impoundment; 

 
D) A demonstration that the CCR surface impoundment, as built, 

meets, or an explanation of how the CCR surface impoundments 
fails to meet, the location standards in the following Sections: 
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i) Section 845.300 (Placement Above the Uppermost 
Aquifer); 

 
ii) Section 845.310 (Wetlands); 

 
iii) Section 845.320 (Fault Areas); 

 
iv) Section 845.330 (Seismic Impact Zones); and 

 
v) Section 845.340 (Unstable Areas); 

 
E) Evidence that the permanent markers required by Section 845.130 

have been installed; 
 

F) Documentation that the CCR surface impoundment, if not incised, 
will be operated and maintained with one of the forms of slope 
protection specified in Section 845.430; 

 
G) Initial Emergency Action Plan and accompanying certification (see 

Section 845.520(e)); 
 

H) Fugitive dust control plan and accompanying certification (see 
Section 845.500(b)(7)); 

 
I) Groundwater Monitoring Information: 

 
i) A hydrogeologic site characterization (see Section 

845.620);  
 

ii) Design and construction plans of a groundwater monitoring 
system (see Section 845.630); 

 
iii) A groundwater sampling and analysis program that 

includes selection of the statistical procedures to be used 
for evaluating groundwater monitoring data (see Section 
845.640); and 

 
iv) Proposed groundwater monitoring program that includes a 

minimum of eight independent samples for each 
background and downgradient well (see Section 
845.650(b)); 

 
J) Preliminary written closure plan (see Section 845.720(a)); 

 
K) Initial written post-closure care plan, if applicable (see Section 

845.780(d)); 
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L) The certification required by Section 845.400(h), or a statement 

that the CCR surface impoundment does not have a liner that 
meets the requirements of Section 845.400(b) or (c);  

 
M) History of known exceedances of the groundwater protection 

standards in Section 845.600, and any corrective action taken to 
remediate the groundwater;  

 
N) A certification that the owner or operator meets the financial 

assurance requirements of Subpart I; 
 
O) Hazard potential classification assessment and accompanying 

certification (see Section 845.440(a)(2)); 
 
P) Structural stability assessment and accompanying certification (see 

Section 845.450(c)); 
 
Q) Safety factor assessment and accompanying certification (see 

Section 845.460(b)); 
 
R) Inflow design flood control system plan and accompanying 

certification (see Section 845.510(c)(3)); 
 
S) Safety and health plan (see Section 845.530); and  
 
T) For CCR surface impoundments required to close under 845.700, 

the proposed closure priority categorization required by Section 
845.700(g). 

 
3) The initial operating permit application for an existing or inactive CCR 

surface impoundment where an Agency approved closure has been 
completed before July 30, 2021, and where the impoundment is not an 
inactive closed CCR surface impoundment, must contain the following 
information and documents on forms prescribed by the Agency: 
 
A) The history of construction specified in Section 845.220(a)(1); 

 
B) Evidence that the permanent markers required by Section 845.130 

have been installed; 
 

C) Documentation that the CCR surface impoundment, if not incised, 
will be operated and maintained with one of the forms of slope 
protection specified in Section 845.430; 

 
D) Emergency Action Plan certification (see Section 845.520(e)); 
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E) Groundwater monitoring information: 

 
i) A hydrogeologic site characterization meeting the 

requirements of Section 845.620;  
 

ii) Design and construction plans of a groundwater monitoring 
system meeting the requirements of Section 845.630; 

 
iii) A groundwater sampling and analysis program that 

includes selection of the statistical procedures to be used 
for evaluating groundwater monitoring data (see Section 
845.640); and 

 
iv) Proposed groundwater monitoring program that includes a 

minimum of eight independent samples for each 
background and downgradient well (see Section 
845.650(b)); 

 
F) Written post-closure care plan, if applicable (see Section 

845.780(d)); 
 

G) History of known exceedances of the groundwater protection 
standards in Section 845.600, and any corrective action plan taken 
to remediate the groundwater. 

 
4) The initial operating permit application for inactive closed CCR surface 

impoundments must contain the following information: 
 

A) Evidence that the permanent markers required by Section 845.130 
have been installed; 

 
B) Groundwater monitoring program; 

 
C) Written post-closure care plan (see Section 845.780(d)); and 

D) History of known exceedances of the groundwater quality 
standards in 35 Ill. Adm. Code 620, whether the owner or operator 
has obtained a groundwater management zone, and any corrective 
action taken to remediate the groundwater. 

 
e) Operating permits must be issued for fixed terms not to exceed five years. 

 
Section 845.240  Pre-Application Public Notification and Public Meeting 
 

a) At least 30 days before the submission of a construction permit application, the 
owner or operator of the CCR surface impoundment must hold at least two public 
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meetings to discuss the proposed construction, with at least one meeting to be 
held after 5:00 p.m. in the evening.  Any public meeting held under this Section 
must be located at a venue that is accessible to persons with disabilities, and the 
owner or operator must provide reasonable accommodations upon request. 

 
b) The owner or operator must prepare and circulate a notice explaining the 

proposed construction project and any related activities and the time and place of 
the public meeting.  At least 30 days before the public meeting, the owner or 
operator of the CCR surface impoundment must:  

 
1) Mail or hand-deliver the notice to the Agency and all residents within a 

one-mile radius from the facility boundary; 
 
2) Post the notice to the owner's or operator's publicly accessible Internet site 

under Section 845.810; 
 

3) Post the notice in conspicuous locations throughout villages, towns, or 
cities within 10 miles of the facility, or use appropriate broadcast media 
(such as radio or television); 

 
4) Request that the Agency email the notice to the Agency's listserv for the 

facility; and  
 
5) Include in the notice the owner's and operator's contact information, the 

internet address where the information in Section 845.240(e) will be 
posted, and the date on which the information will be posted to the site. 

 
c) When a proposed construction project or any related activity is located in an area 

with a significant proportion of non-English speaking residents, the notification 
must be circulated, or broadcast, in both English and the appropriate non-English 
language, and the owner or operator must provide translation services during the 
public meetings required by Section 845.240(a), if requested by non-English 
speaking members of the public. 

 
d) The owner or operator of the CCR surface impoundment must prepare 

documentation recording the public meeting and place the documentation in the 
facility's operating record as required by Section 845.800(d)(2). 

 
e) At least 30 days before a public meeting, the owner or operator of the CCR 

surface impoundment must post on the owner's or operator's publicly accessible 
internet site all documentation relied upon in making a tentative construction 
permit application. 

 
f) At the public meeting, the owner or operator of the CCR surface impoundment 

must: 
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1) Present its decision-making process for the construction permit 
application, including, when applicable, the corrective action alternatives 
and the closure alternatives considered.  The presentation must include a 
comparison of projected groundwater impacts for each alternative 
considered and an objective comparison of the pros and cons of each 
alternative considered;  

 
2) Include a question/answer portion of the meeting to allow the public to ask 

questions.  There must be representatives from the owner or operator 
present who are qualified and knowledgeable enough to answer the 
questions posed by the public. 

 
3) If there are questions posed by the public at the hearing that cannot be 

answered in person or if there are subsequent questions posed by the 
public following the meeting, the owner or operator of the facility must 
respond to those questions in writing within a reasonable timeframe and 
post the response on the facility's CCR website required by Section 
845.810; and 

 
4) Explain that the Agency is creating a listserv for the facility, compile a list 

of interested persons in attendance—and their respective email 
addresses—who would like to be added to the listserv, and transmit that 
list to the Agency with the permit application. 

 
g) Within 14 days after the public meetings required by Section 845.240, the owner 

or operator must distribute a general summary of the issues raised by the public, 
as well as a response to those issues or comments raised by the public.  If these 
comments resulted in a revision, change in a decision, or other considerations or 
determination, a summary of these revisions, changes and considerations must be 
included in the summary. The summary must be distributed to any attendee who 
requests a copy at the public meeting. 

 
h) This Section does not apply to applications for minor modifications as described 

in Section 845.280(d). 
 
Section 845.250  Tentative Determination and Draft Permit 
 
Following the receipt of a complete application for a construction permit, operating permit, or 
joint construction and operating permit, the Agency must prepare a tentative determination. 
 

a) The tentative determination must include at least the following: 
 

1) A statement regarding whether the permit is to be issued or denied; and 
  

2) If the determination is to issue the permit, a draft permit and a brief 
description of any conditions contained in the permit. 
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b) Upon tentative determination to issue or deny the permit: 

 
1) If the determination is to issue the permit, the Agency must notify the 

applicant in writing of the content of the tentative determination and draft 
permit and of its intent to circulate public notice of issuance in accordance 
with Section 845.260; 

 
2) If the determination is to deny the permit, the Agency must notify the 

applicant in writing of the tentative determination and of its intent to 
circulate public notice of denial, in accordance with Section 845.260. In 
the case of denial, notice to the applicant must include a statement of the 
reasons for denial, as required by Section 39(a) of the Act. 

 
c) The documents supporting the Agency's tentative decision to issue or deny a 

permit must be made part of the Agency's record. 
 
Section 845.260  Draft Permit Public Notice and Participation 
 

a) The Agency must post a notification that it has received a permit application on 
the Agency's webpage and must email the notice to the Agency's listserv for the 
applicant's facility. 

 
b) Public Notice of Draft Permit 

 
1) Not earlier than 15 days following the Agency's notification to the 

applicant of its tentative decision under Section 845.250 to issue or deny 
the permit application, the Agency must circulate public notice of the 
completed application for the permit in a manner designed to inform 
interested and potentially interested persons of the construction, 
modification, operation or closure of a CCR surface impoundment and of 
the proposed determination to issue or deny the permit. 

 
2) The contents of public notice of completed applications for permits must 

include at least the following: 
 

A) Name, address, and telephone number of the Agency; 
 

B) Name and address of the applicant; 
 

C) Brief description of the applicant's activities or operations that 
result in the construction, operation, modification or closure of a 
CCR surface impoundment; 

 
D) A statement of the tentative determination to issue or deny the 

permit; 
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E) A brief description of the procedures for the formulation of final 

determinations, including the procedures for submitting comments 
and the expiration date of the comment period;  

 
F) Address and telephone number of Agency premises at which 

interested persons may obtain further information and request a 
copy of the permit application and related documents; 

 
G) A translation of the public notice into the appropriate language or 

languages will be made if the Agency determines that a project is 
located within one mile of a significant population of non-English 
speaking residents; 

 
H) A brief description of how members of the public can request a 

public hearing under Section 845.260(d); and  
 
I) A brief description of how members of the public can request 

being added to the Agency's listserv for the facility. 
 

3) Procedures for the circulation of public notice required under this Section 
must include at least the following concurrent actions: 

 
A) Posting on the Agency's webpage and all the Agency's social 

media outlets; 
 

B) Mailing the notice to the clerk of the nearest city, town or village 
requesting further posting in conspicuous locations throughout the 
city, town or village; 

 
C) Requiring the applicant to post the notice near the entrance to the 

applicant's premises; and 
 

D) Emailing the notice to the Agency's listserv for the facility. 
 

c) Public Comment Period 
 

1) The Agency must accept written comments from interested persons on the 
draft permit determination for 45 days following the circulation of the 
public notice under subsection (b). 

 
2) All comments must be submitted to the Agency and to the applicant. 

 
3) The Agency must keep all timely submitted comments and consider them 

in the formulation of its final determination with respect to the permit 
application.  

R000457



 
4) The period for comment may be extended at the discretion of the Agency. 

 
d) Public Hearing 

 
1) The Agency must hold a public hearing on the issuance or denial of a draft 

permit whenever the Agency determines that there exists a significant 
degree of public interest in the proposed permit. 

 
2) Within the 45-day public comment period, any person, including the 

applicant, may submit to the Agency a request for a public hearing, which 
must include the reasons why a hearing is warranted. 

 
3) Hearings held under this Section must be held in the geographical area in 

which the CCR surface impoundment is located.  When determining the 
hearing location, consideration must be given to facilitating attendance of 
interested or affected persons and organizations and to accessibility of 
hearing sites to public transportation. 

 
e) Notice of Public Hearing 

 
1) The Agency must issue notice of a public hearing not less than 30 days 

before the date of the hearing, under the procedures for the circulation of 
public notice in subsection (b)(3). 

 
2) The contents of the public notice for the public hearing must include at 

least the following: 
 

A) Name, address, and telephone number of the Agency; 
 

B) Name and address of each applicant whose application will be 
considered at the hearing; 

 
C) Brief description of the applicant's activities or operations that 

result in the construction, operation, modification or closure of a 
CCR surface impoundment; 

 
D) Information regarding the time and location of the hearing; 

 
E) The purpose of the hearing; 

 
F) A concise statement of the issues to be considered at the hearing; 

 
G) Address and telephone number of premises at which interested 

persons may obtain further information and request a copy of the 
draft permit and related documents; and 
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H) A statement that the hearing will be conducted in accordance with 

this Section. 
 
I) A translation of the public notice into the appropriate language or 

languages will be made if the Agency determines that a project is 
located within one mile of a significant population of non-English 
speaking residents. 

 
f) When the Agency receives written comments or holds a public hearing under this 

Section, the Agency must prepare a responsiveness summary that includes: 
 

1) An identification of the public participation activity conducted; 
 

2) Description of the matter on which the public was consulted; 
 

3) An estimate of the number of persons present at the hearing; 
 

4) A summary of all significant comments, criticisms, and suggestions, 
whether written or oral, submitted during the public comment period, at 
the hearing, or during the time the hearing record was open; 

 
5) The Agency's response to all significant comments, criticisms, and 

suggestions; and 
 

6) A statement of Agency action, including, when applicable, the issuance or 
denial of the permit. 

 
Section 845.270  Final Permit Determination and Appeal 
 

a) The Agency must not make a final permit determination until the public 
participation process in Section 845.260 has concluded. 

 
b) After the consideration of any comments that may have been received, the 

Agency may either issue or deny the permit. 
 

c) The Agency must provide a notice of the issuance or denial of the permit to the 
applicant, to any person who provides comments or an email address to the 
Agency during the public notice period or a public hearing, and to any person on 
the Agency's listserv for the facility.  The Agency must post its final permit 
determination and, if a public hearing was held, the responsiveness summary, to 
the Agency's website.  The notice must briefly indicate any significant changes 
that were made from the terms and conditions of the draft permit. 

 
d) In the case of denial, the Agency must inform the applicant of the reasons for 

denial, as required by Section 39(a) of the Act. 
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e) Appeal 

 
1) If the Agency refuses to grant, or grants with conditions, a permit under 

this Part, the applicant may petition the Board to appeal the Agency's final 
decision under Section 40 of the Act. 

 
2) If the Agency grants or denies a permit under this Part, a third party, 

other than the permit applicant or Agency, may appeal the Agency's 
decision as provided under federal law for CCR surface impoundment 
permits. [415 ILCS 5/40(g)] 

 
3) All appeals must be filed with the Board within 35 days after the final 

action is served on the applicant. 
 
Section 845.280  Transfer, Modification and Renewal 
 

a) No permit is transferable from one person to another except as approved by the 
Agency.  Approval must be granted only if a new owner or operator seeking 
transfer of a permit can demonstrate the ability to comply with all applicable 
financial requirements of Subpart I. 

 
b) Agency Initiated Modification.  The Agency may modify a permit under the 

following conditions: 
 

1) Discovery of a typographical or calculation error; 
 

2) Discovery that a determination or condition was based upon false or 
misleading information; 

 
3) An order of the Board issued in an action brought under Title VII, VIII, IX 

or X of the Act; or 
 

4) Promulgation of new statutes or regulations affecting the permit. 
 

c) The owner or operator of a CCR surface impoundment may initiate modification 
to its permit by application submittal to the Agency at any time after the permit is 
approved and before the permit expires.   

 
d) The Agency may make minor modifications to a permit without following the 

public notice procedures of Section 845.260.  Minor modifications may only: 
 

1) Correct typographical errors; 
 

2) Require more frequent monitoring or reporting by the permittee, including 
the installation of additional groundwater monitoring wells;  

R000460



 
3) Allow for a change in ownership or operational control of a facility when 

the Agency determines that no other change in the permit is necessary, 
provided that a written agreement containing a specific date for transfer of 
permit responsibility, coverage, and liability between the current and new 
permittees has been submitted to the Agency; 

 
4) Change the construction schedule, which does not impact the scheduled 

date of completion; or 
 

5) Require electronic reporting requirements. 
 

e) An application for renewal of a permit must be filed with the Agency at least 180 
days before the expiration date of the existing permit unless the Agency grants a 
waiver of this requirement.  The Agency may grant a waiver of the 180-day 
requirement only if:  

 
1) The permittee submits a written request to the Agency at least 60 days 

before the expiration of the permit; 
 

2) The permittee's written request includes the reasonably justifiable causes 
for not meeting the 180-day requirement; and 

 
3) The permittee's written request includes a date by which the permittee will 

submit the renewal application. 
  

f) Any Agency decision to deny a waiver request must be made within 21 days after 
receipt of the waiver request (see subsection (e)(1)).  

 
g) The terms and conditions of an expiring permit remain effective and enforceable 

against the permittee until the Agency takes final action on the pending permit 
renewal application, only if the permittee has submitted a timely application under 
subsection (e) and the Agency, through no fault of the permittee, does not issue a 
new permit by the expiration date of the previous permit. 

 
Section 845.290  Construction Quality Assurance Program  
 

a) The following must be constructed according to a Construction Quality Assurance 
(CQA) program: 

 
1) The construction of a new CCR surface impoundment, or the lateral 

expansion of an existing CCR surface impoundment; 
 

2) The retrofit of an existing CCR surface impoundment; 
 

3) Installation of a groundwater collection system and discharge system; 
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4) Installation of the groundwater monitoring system; and  

 
5) Installation of the final cover system. 

 
b) The CQA program must meet the following requirements: 

 
1) The owner or operator of the CCR surface impoundment must designate a 

CQA officer who is a qualified professional engineer. 
 

2) At the end of each week of construction, until construction is complete, a 
summary report must be prepared either by the CQA officer or under the 
supervision of the CQA officer.  The report must include descriptions of 
the weather, locations where construction occurred during the previous 
week, materials used, results of testing, inspection reports, and procedures 
used to perform the inspections.  The CQA officer must review and 
approve the report.  The owner or operator of the CCR surface 
impoundment must place the weekly reports in the facility's operating 
record (see Section 845.800(d)(3)). 

 
3) The CQA officer must certify the following, when applicable: 

 
A) The bedding material contains no undesirable objects; 

 
B) The final closure plan or corrective action plan approved by the 

construction permit has been followed; 
 
C) The anchor trench and backfill are constructed to prevent damage 

to a geosynthetic membrane; 
 

D) All tears, rips, punctures, and other damage are repaired; 
 

E) All geosynthetic membrane seams are properly constructed and 
tested in accordance with the manufacturer's specifications; 

 
F) Any groundwater collection system is constructed to intersect the 

water table; 
 

G) Any groundwater collection system is properly constructed to 
slope toward extraction points, and the extraction equipment is 
properly designed and installed; 

 
H) Appropriate operation and maintenance plans for the groundwater 

collection system and extraction and discharge equipment are 
provided; 
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I) Proper filter material consisting of uniform granular fill, to avoid 
clogging, is used in construction; 

 
J) The filter material, as placed, possesses structural strength 

adequate to support the maximum loads imposed by the overlying 
materials and equipment used at the facility; 

 
K) CCR stabilization; and 
 
L) Site restoration, if any. 

 
4) The CQA officer must supervise and be responsible for all inspections, 

testing and other activities required to be implemented as part of the CQA 
program under this Section. 

 
5) The CQA officer must be present to provide supervision and assume 

responsibility for performing all inspections of the following activities, 
when applicable: 

 
A) Compaction of the subgrade and foundation to design parameters; 

 
B) Application of final cover, including installation of the 

geomembrane; and 
 

C) Installation of the groundwater collection system and discharge 
system. 

 
6) If the CQA officer is unable to be present as required by subsection (b)(5), 

the CQA officer must provide the following in writing: 
 

A) The reasons for his or her absence; 
 

B) A designation of a person who must exercise professional 
judgment in carrying out the duties of the CQA officer-in-absentia; 
and 

 
C) A signed statement that the CQA officer assumes full 

responsibility for all inspections performed and reports prepared by 
the designated CQA officer-in-absentia during the absence of the 
CQA officer. 

 
7) The CQA program must ensure, at a minimum, that construction materials 

and operations meet design specifications. 
 

SUBPART C:  LOCATION RESTRICTIONS 
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Section 845.300  Placement Above the Uppermost Aquifer 
 

a) Existing and new CCR surface impoundments, and all lateral expansions of CCR 
surface impoundments, must be constructed with a base that is located at least 
1.52 meters (five feet) above the upper limit of the uppermost aquifer, or must 
demonstrate that there will not be an intermittent, recurring, or sustained 
hydraulic connection between any portion of the base of the CCR surface 
impoundment and the uppermost aquifer due to normal fluctuations in 
groundwater elevations (including the seasonal high water table). 

 
b) The owner or operator of the CCR surface impoundment must obtain a 

certification from a qualified professional engineer stating that the demonstration 
meets the requirements of subsection (a). 

 
c) The owner or operator of an existing CCR surface impoundment must complete 

the demonstration required by subsection (a) and submit the completed 
demonstration, along with a qualified professional engineer's certification, to the 
Agency in the facility's initial operating permit application. 

 
d) The owner or operator of a new CCR surface impoundment or a lateral expansion 

of a CCR surface impoundment must submit plans and specifications in a 
construction permit application that demonstrate the CCR surface impoundment 
will be constructed under subsection (a).  Upon completion of construction, the 
owner or operator must obtain a certification from a qualified professional 
engineer that the CCR surface impoundment or lateral expansion was constructed 
in accordance with the requirements in subsection (a) and submit the certification 
to the Agency in the facility's initial operating permit application. 

 
Section 845.310  Wetlands 
 

a) Existing and new CCR surface impoundments, and all lateral expansions of CCR 
surface impoundments, must not be located in wetlands unless the owner or 
operator demonstrates the following: 

 
1) When applicable under section 404 of the Clean Water Act, Interagency 

Wetlands Policy Act of 1989 [20 ILCS 830] and Rivers, Lakes, and 
Streams Act [615 ILCS 5], or other applicable State wetlands laws, a clear 
and objective rebuttal of the presumption that an alternative to the CCR 
surface impoundment is reasonably available that does not involve 
wetlands. 

 
2) The construction and operation of the CCR surface impoundment will not 

cause or contribute to any of the following: 
 

A) A violation of any applicable State or federal water quality 
standard; 
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B) A violation of any applicable toxic effluent standard or prohibition 

under section 307 of the Clean Water Act; 
 

C) Jeopardize the continued existence of endangered or threatened 
species or result in the destruction or adverse modification of a 
critical habitat, protected under the Endangered Species Act of 
1973 (16 USC 1531 et seq.) and the Illinois Endangered Species 
Protection Act [520 ILCS 10]; and 

 
D) A violation of any requirement under the Marine Protection, 

Research, and Sanctuaries Act of 1972 (16 USC 1431 and 33 USC 
1401) for the protection of a marine sanctuary. 

 
3) The CCR surface impoundment will not cause or contribute to significant 

degradation of wetlands by addressing all the following factors: 
 

A) Erosion, stability, and migration potential of native wetland soils, 
muds and deposits used to support the CCR surface impoundment; 

 
B) Erosion, stability, and migration potential of dredged and fill 

materials used to support the CCR surface impoundment; 
 

C) The volume and chemical nature of the CCR; 
 

D) Impacts on fish, wildlife, and other aquatic resources and their 
habitat from release of CCR; 

 
E) The potential effects of catastrophic release of CCR to the wetland 

and the resulting impacts on the environment; and 
 

F) Any additional factors, as necessary, to demonstrate that ecological 
resources in the wetland are sufficiently protected. 

 
4) To the extent required under section 404 of the Clean Water Act or 

applicable State wetlands laws, steps have been taken to attempt to 
achieve no net loss of wetlands (as defined by acreage and function) by 
first avoiding impacts to wetlands to the maximum extent reasonable as 
required by subsections (a)(1) through (3), then minimizing unavoidable 
impacts to the maximum extent reasonable, and, finally, offsetting 
remaining unavoidable wetland impacts through all appropriate and 
reasonable compensatory mitigation actions (e.g., restoration of existing 
degraded wetlands or creation of man-made wetlands); and 

 
5) Sufficient information is available to make a reasoned determination with 

respect to the demonstrations in subsections (a)(1) through (4). 

R000465



 
b) The owner or operator of the CCR surface impoundment must obtain a 

certification from a qualified professional engineer stating that the demonstration 
meets the requirements of subsection (a). 

 
c) The owner or operator of an existing CCR surface impoundment must complete 

the demonstration required by subsection (a) and submit the completed 
demonstration, along with the qualified professional engineer's certification, to the 
Agency with the facility's initial operating permit application. 

 
d) The owner or operator of a new CCR surface impoundment or a lateral expansion 

of a CCR surface impoundment must submit plans and specifications in a 
construction permit application that demonstrate the CCR surface impoundment 
will be constructed under subsection (a).  Upon completion of construction, the 
owner or operator must obtain a certification from a qualified professional 
engineer that the CCR surface impoundment or lateral expansion was constructed 
in accordance with the requirements in subsection (a) and submit the certification 
to the Agency in the facility's initial operating permit application. 

 
Section 845.320  Fault Areas 
 

a) Existing and new CCR surface impoundments, and all lateral expansions of CCR 
surface impoundments, must not be located within 60 meters (200 feet) of the 
outermost damage zone of a fault that has had displacement in Holocene time 
unless the owner or operator demonstrates that an alternative setback distance of 
less than 60 meters (200 feet) will prevent damage to the structural integrity of the 
CCR surface impoundment. 

 
b) The owner or operator of the CCR surface impoundment must obtain a 

certification from a qualified professional engineer stating that the demonstration 
meets the requirements of subsection (a). 

 
c) The owner or operator of an existing CCR surface impoundment must complete 

the demonstration required by subsection (a) and submit the completed 
demonstration, along with the qualified professional engineer's certification, to the 
Agency with the facility's initial operating permit application. 

 
d) The owner or operator of a new CCR surface impoundment or a lateral expansion 

of a CCR surface impoundment must submit plans and specifications in a 
construction permit application that demonstrate the CCR surface impoundment 
will be constructed under subsection (a).  Upon completion of construction, the 
owner or operator must obtain a certification from a qualified professional 
engineer that the CCR surface impoundment or lateral expansion was constructed 
in accordance with the requirements in subsection (a) and submit the certification 
to the Agency in the facility's initial operating permit application. 
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Section 845.330  Seismic Impact Zones 
 

a) Existing and new CCR surface impoundments, and all lateral expansions of CCR 
surface impoundments, must not be located in seismic impact zones unless the 
owner or operator demonstrates that all structural components, including liners, 
leachate collection and removal systems, and surface water control systems, are 
designed to resist the maximum horizontal acceleration in lithified earth material 
for the site. 

 
b) The owner or operator of the CCR surface impoundment must obtain a 

certification from a qualified professional engineer stating that the demonstration 
meets the requirements of subsection (a). 

 
c) The owner or operator of an existing CCR surface impoundment must complete 

the demonstration required by subsection (a) and submit the completed 
demonstration, along with the qualified professional engineer's certification, to the 
Agency with the facility's initial operating permit application. 

 
d) The owner or operator of a new CCR surface impoundment or a lateral expansion 

of a CCR surface impoundment must submit plans and specifications in a 
construction permit application that demonstrate the CCR surface impoundment 
will be constructed under subsection (a).  Upon completion of construction, the 
owner or operator must obtain a certification from a qualified professional 
engineer that the CCR surface impoundment or lateral expansion was constructed 
in accordance with the requirements of subsection (a) and submit the certification 
to the Agency in the facility's initial operating permit application. 

 
Section 845.340  Unstable Areas and Floodplains 
 

a) An existing or new CCR surface impoundment, or any lateral expansion of a CCR 
surface impoundment, must not be located in an unstable area unless the owner or 
operator demonstrates that recognized and generally accepted engineering 
practices have been incorporated into the design of the CCR surface 
impoundment to ensure that the integrity of the structural components of the CCR 
surface impoundment will not be disrupted. 

 
b) The owner or operator must consider all the following factors, at a minimum, 

when determining whether an area is unstable: 
 

1) On-site or local soil conditions, including liquefaction, that may result in 
significant differential settling; 

 
2) On-site or local geologic or geomorphologic features; and 

 
3) On-site or local human-made features or events (both surface and 

subsurface). 
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c) An existing or new CCR surface impoundment, or any lateral expansion of a CCR 

surface impoundment, must not be located in a floodplain unless the owner or 
operator demonstrates that recognized and generally accepted engineering 
practices have been incorporated into the design of the CCR surface 
impoundment to ensure that the CCR surface impoundment will not restrict the 
flow of the base flood, reduce the temporary water storage capacity of a 
floodplain, or result in washout of CCR, so as to pose a hazard to human life, 
wildlife, or land or water resources.  For purposes of this subsection (c): 

 
1) Base flood means a flood that has a 1 percent or greater chance of 

recurring in any year or a flood of a magnitude equaled or exceeded once 
in 100 years on average within the time of historical river level records. 

 
2) Floodplain means the lowland and relatively flat areas adjoining inland 

and coastal waters, including flood-prone areas of offshore islands, which 
are inundated by the base flood. 

 
 3) Washout means the carrying away of CCR by waters of the base flood. 

 
d) The owner or operator of the CCR surface impoundment must obtain a 

certification from a qualified professional engineer stating that the demonstration 
meets the requirements of subsections (a) and (c). 

 
e) The owner or operator of an existing CCR surface impoundment must complete 

the demonstration required by subsections (a) and (c) of this Section and submit 
the completed demonstration, along with a qualified professional engineer's 
certification, to the Agency with the facility's initial operating permit application. 

 
f) The owner or operator of a new CCR surface impoundment, or a lateral expansion 

of a CCR surface impoundment, must submit plans and specifications in a 
construction permit application that demonstrate the CCR surface impoundment 
will be constructed under subsections (a)and (c).  Upon completion of 
construction, the owner or operator must obtain a certification from a qualified 
professional engineer that the CCR surface impoundment or lateral expansion was 
constructed in accordance with the requirements in subsections (a) and (c) and 
submit the certification to the Agency in the facility's initial operating permit 
application. 

 
Section 845.350  Failure to Meet Location Standards 
 

a) An owner or operator of an existing CCR surface impoundment who fails to 
demonstrate compliance with the requirements of this Subpart is subject to the 
requirements of Section 845.700. 
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b) An owner or operator of a new CCR surface impoundment, or any lateral 
expansion of a CCR surface impoundment, who fails to make the demonstration 
showing compliance with the requirements of this Subpart is prohibited from 
placing CCR in the CCR surface impoundment. 

 
SUBPART D:  DESIGN CRITERIA 

 
Section 845.400  Liner Design Criteria for Existing CCR Surface Impoundments  

 
a) An existing CCR surface impoundment is considered to be an existing lined 

surface impoundment if it has been constructed with either a composite liner that 
meets the requirements of subsection (b) or an alternative composite liner that 
meets the requirements of subsection (c). 

 
b) Composite Liner 

 
1) A composite liner must consist of two components: the upper component 

consisting of, at a minimum, a 30-mil geomembrane liner, and the lower 
component consisting of at least a two-foot layer of compacted soil with a 
hydraulic conductivity of no more than 1 x 10 7 centimeters per second 
(cm/sec).  The geomembrane liner components consisting of high-density 
polyethylene (HDPE) must be at least 60 mil.  The geomembrane liner or 
upper liner component must be installed in direct and uniform contact with 
the compacted soil or lower liner component. 

 
2) The composite liner must be: 

 
A) Constructed of materials that have appropriate chemical properties 

and sufficient strength and thickness to prevent failure due to 
pressure gradients (including static head and external 
hydrogeologic forces), physical contact with the CCR or leachate 
to which they are exposed, climatic conditions, the stress of 
installation, and the stress of daily operation; 

 
B) Constructed of materials that provide appropriate shear resistance 

of the upper and lower component interface to prevent sliding of 
the upper component, including on slopes; 

 
C) Placed upon a foundation or base capable of providing support to 

the liner and resistance to pressure gradients above and below the 
liner to prevent failure of the liner due to settlement, compression, 
or uplift; and 

 
D) Installed to cover all surrounding earth likely to be in contact with 

the CCR or leachate. 
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c) Alternative Composite Liner 
 

1) An alternative composite liner must consist of two components: the upper 
component consisting of, at a minimum, a 30-mil geomembrane liner, and 
a lower component, that is not a geomembrane, with a liquid flow rate no 
greater than the liquid flow rate of two feet of compacted soil with a 
hydraulic conductivity of no more than 1 x 10 7 cm/sec.  The 
geomembrane liner components consisting of high-density polyethylene 
(HDPE) must be at least 60 mil. If the lower component of the alternative 
liner is compacted soil, the geomembrane liner must be installed in direct 
and uniform contact with the compacted soil. 

 
2) The liquid flow rate through the lower component of the alternative 

composite liner must be no greater than the liquid flow rate through two 
feet of compacted soil with a hydraulic conductivity of 1 x 10 7 cm/sec. 
The hydraulic conductivity for the two feet of compacted soil used in the 
comparison must be no greater than 1 x 10 7 cm/sec.  The hydraulic 
conductivity of any alternative to the two feet of compacted soil must be 
determined using recognized and generally accepted methods. 

 
3) The liquid flow rate comparison must be made using the following 

equation, which is derived from Darcy's Law for gravity flow through 
porous media. 

 
Q/A = q = k ((h/t)+1) 

 
Where: 
Q = flow rate (cubic centimeters/second) 
A = Surface area of the liner (squared centimeters) 
q = flow rate per unit area (cubic centimeters/ second/squared centimeter) 
k = hydraulic conductivity of the liner (centimeters /second) 
h = hydraulic head above the liner (centimeters); and 
t = thickness of the liner (centimeters) 

 
4) The alternative composite liner must meet the requirements specified in 

subsection (b). 
 

d) The hydraulic conductivity of the compacted soil must be determined using 
recognized and generally accepted methods. 

 
e) The owner or operator of an existing CCR surface impoundment that has not 

completed an Agency approved closure before July 30, 2021 must submit an 
initial operating permit application under Section 845.230 that demonstrates 
whether the CCR surface impoundment was constructed with either of the 
following: 
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1) A composite liner that meets the requirements of subsection (b); or  
 

2) An alternative composite liner that meets the requirements of subsection 
(c). 

 
f) A CCR surface impoundment is considered to be an unlined CCR surface 

impoundment if either: 
 

1) The owner or operator of the CCR surface impoundment determines that 
the CCR surface impoundment is not constructed with a liner that meets 
the requirements of subsection (b) or (c); or 

 
2) The owner or operator of the CCR surface impoundment fails to document 

whether the CCR surface impoundment was constructed with a liner that 
meets the requirements of subsection (b) or (c). 

 
g) All unlined CCR surface impoundments are subject to the requirements of 

 
 

h) The owner or operator of the CCR surface impoundment must obtain a 
certification from a qualified professional engineer attesting that the CCR surface 
impoundment meets the requirements of subsection (a) and submit the 
certification to the Agency in the facility's initial operating permit application. 

 
Section 845.410  Liner Design Criteria for New CCR Surface Impoundments and Any 
Lateral Expansion of a CCR Surface Impoundment 
 

a) New CCR surface impoundments and lateral expansions of existing and new CCR 
surface impoundments must be designed, constructed, operated, and maintained 
with either a composite liner or an alternative composite liner that meets the 
requirements of Section 845.400(b) or (c). 

 
b) Any liner specified in this Section must be installed to cover all surrounding earth 

likely to be in contact with CCR. Dikes must not be constructed so as to damage 
the composite liner. 

 
c) Before construction, the owner or operator must obtain certification from a 

qualified professional engineer that the design of the composite liner or, if 
applicable, the design of an alternative composite liner complies with the 
requirements of this Section and submit this certification to the Agency in the 
facility's construction permit application. 

 
d) Upon completion of construction, the owner or operator must obtain a 

certification from a qualified professional engineer that the composite liner or, if 
applicable, the alternative composite liner has been constructed in accordance 
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with the requirements of this Section and submit this certification to the Agency 
in the facility's initial operating permit application. 

 
Section 845.420  Leachate Collection and Removal System 
 
A new CCR surface impoundment must be designed, constructed, operated and maintained with 
a leachate collection and removal system.  The leachate collection and removal system must be 
designed, constructed, operated, and maintained to collect and remove leachate from the leachate 
collection system of the CCR surface impoundment during its active life and post-closure care 
period. 
 

a) The leachate collection and removal system must: 
 

1) Be placed above the liner required by Section 845.400 or Section 845.410; 
 

2) Have placed above it a filter layer that has a hydraulic conductivity of at 
least 1 x 10-5 cm/sec; 

 
3) Have a bottom slope of three percent or more towards the collection pipes; 

 
4) Be constructed of: 
 

A) Granular drainage materials with a hydraulic conductivity of 1 x 
10-1 cm/sec or more and a thickness of 24 inches or more above the 
crown of the collection pipe; or 

 
B) Synthetic drainage materials with a transmissivity of 6 x 10-4 

m2/sec or more; 
 

5) Be constructed of materials that are chemically resistant to CCR and any 
non-CCR waste managed in the CCR surface impoundment and the 
leachate expected to be generated, and of sufficient strength and thickness 
to prevent collapse under the pressures exerted by overlying waste and any 
waste cover materials and equipment used at the CCR surface 
impoundment; 

 
6) Be designed, constructed and operated with collection pipes at the base of 

the granular material to prevent clogging with fines during the active life 
and post-closure care period; 

 
7) Have collection pipes 

 
A) Designed such that leachate is collected at a sump and is pumped 

or flows out of the CCR surface impoundment; 
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B) With slopes that allow flow from all points within the CCR surface 
impoundment to the sump or drain outlet; and 

 
C) Large enough to conduct periodic cleaning; 

 
8) Have a protective layer or other means of deflecting the force of CCR 

pumped into the CCR surface impoundment;  
 

9) Be designed and operated to minimize clogging during the active life and 
post-closure care period; and 

 
10) At a minimum, the leachate collection and removal system must be 

operated to remove free liquids from the CCR surface impoundment at the 
time of closure and during post closure care. 

 
b) The owner or operator must obtain certification from a qualified professional 

engineer that the design of the leachate collection system complies with the 
requirements of this Section and submit this certification to the Agency in the 
facility's construction permit application. 

 
c) Upon completion, the owner or operator must obtain a certification from a 

qualified professional engineer that the leachate collection system has been 
constructed in accordance with the requirements of this Section and submit this 
certification to the Agency in the facility's initial operating permit application. 

 
Section 845.430  Slope Maintenance 
 
The slopes and pertinent surrounding areas of the CCR surface impoundment must be designed, 
constructed, operated, and maintained with one of the forms of slope protection specified in 
subsection (a) that meets all the performance standards of subsection (b). 
 

a) Slope protection must consist of one of the following:  
 

1) A vegetative cover consisting of grassy vegetation; 
 

2) An engineered cover consisting of a single form or combination of forms 
of engineered slope protection measures; or 

 
3) A combination of the forms of cover specified in subsection (a)(1) or 

(a)(2). 
 

b) Any form of cover for slope protection must meet the following performance 
standards: 
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1) The cover must be installed and maintained on the slopes and pertinent 
surrounding areas of the CCR surface impoundment; 

 
2) The cover must provide protection against surface erosion, wave action, 

and adverse effects of rapid drawdown; 
 

3) The cover must be maintained to allow for the observation of, and access 
to, the slopes and pertinent surrounding areas during routine and 
emergency events; 

 
4) Woody vegetation must be removed from the slopes or pertinent 

surrounding areas.  Any removal of woody vegetation with a diameter 
greater than ½ inch must be directed by a person familiar with the design 
and operation of the CCR surface impoundment and in consideration of 
the complexities of removal of a tree or shrubbery, who must ensure the 
removal does not create a risk of destabilizing the CCR surface 
impoundment or otherwise adversely affect the stability and safety of the 
CCR surface impoundment or personnel undertaking the removal; and 

 
5) The height of vegetation must not exceed 12 inches. 

 
Section 845.440  Hazard Potential Classification Assessment 
 

a) Hazard Potential Classification Assessments 
 

1) The owner or operator of the CCR surface impoundment must conduct an 
initial and annual hazard potential classification assessment of the CCR 
surface impoundment.  The owner or operator must document the hazard 
potential classification of each CCR surface impoundment as either a 
Class 1 or Class 2 CCR surface impoundment.  The owner or operator 
must also document the basis for each hazard potential classification. 

 
2) The owner or operator of the CCR surface impoundment must obtain a 

certification from a qualified professional engineer stating that the initial 
hazard potential classification and each annual classification was 
conducted in accordance with the requirements of this Section. 

 
3) Timeframe for Submission of the Hazard Potential Classification 

Assessments and Certifications 
 

A) The owner or operator of a new CCR surface impoundment must 
submit the initial hazard potential classification assessment 
certification with the initial operating permit application before the 
initial receipt of CCR in the surface impoundment. 
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B) The owner or operator of an existing CCR surface impoundment 
must submit the initial hazard potential classification assessment 
certification with its first annual inspection report required by 
Section 845.540(b). 

 
C) The owner or operator of a CCR surface impoundment must 

submit the annual hazard potential classification assessment 
certification each year with the annual inspection required by 
Section 845.540(b). 

 
D) The owner or operator of a CCR surface impoundment must place 

each hazard potential classification assessment in the facility's 
operating record (see Section 845.800(d)(4)). 

 
b) The requirements of this Section apply to all CCR surface impoundments, except 

for those CCR surface impoundments that are incised CCR surface 
impoundments.  If an incised CCR surface impoundment is subsequently 
modified (e.g., a dike is constructed) such that the CCR surface impoundment no 
longer meets the definition of an incised CCR surface impoundment, the CCR 
surface impoundment is subject to the requirements of this Section. 

 
Section 845.450  Structural Stability Assessment 
 

a) The owner or operator of a CCR surface impoundment must conduct initial and 
annual structural stability assessments and document whether the design, 
construction, operation, and maintenance of the CCR surface impoundment is 
consistent with recognized and generally accepted engineering practices for the 
maximum volume of CCR and CCR wastewater that can be impounded in the 
CCR surface impoundment. The assessment must, at a minimum, document 
whether the CCR surface impoundment has been designed, constructed, operated, 
and maintained with: 

 
1) Stable foundations and abutments; 

 
2) Adequate slope protection to protect against surface erosion, wave action, 

and adverse effects of sudden drawdown; 
 

3) Dikes mechanically compacted to a density sufficient to withstand the 
range of loading conditions in the CCR surface impoundment; 

 
4) Slope protection consistent with Section 845.430; 

 
5) A single spillway or a combination of spillways configured as specified in 

subsection (a)(5)(A).  The combined capacity of all spillways must be 
designed, constructed, operated, and maintained to adequately manage 
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flow during and following the peak discharge from the event specified in 
subsection (a)(5)(B). 

A) All spillways must be either:

i) Of non-erodible construction and designed to carry
sustained flows; or

ii) Earth- or grass-lined and designed to carry short-term,
infrequent flows at non-erosive velocities where sustained
flows are not expected.

B) The combined capacity of all spillways must adequately manage
flow during and following the peak discharge from a:

i) Probable maximum flood for a Class 1 CCR surface
impoundment; or

ii) 1000-year flood for a Class 2 CCR surface impoundment.

6) Hydraulic structures underlying the base of the CCR surface impoundment
or passing through the dike of the CCR surface impoundment that
maintain structural integrity and are free of significant deterioration,
deformation, distortion, bedding deficiencies, sedimentation, and debris
that may negatively affect the CCR surface impoundment; and

7) For CCR surface impoundments with downstream slopes that can be
inundated by the pool of an adjacent water body, such as a river, stream or
lake, downstream slopes that maintain structural stability during low pool
of the adjacent water body or sudden drawdown of the adjacent water
body.

b) The annual assessment described in this Section must identify any structural
stability deficiencies associated with the CCR surface impoundment in addition to
recommending corrective measures.  If a deficiency or a release is identified
during the periodic assessment, the owner or operator of the surface impoundment
must submit to the Agency a construction permit application including
documentation detailing proposed corrective measures and must obtain any
necessary permits from the Agency as soon as feasible.

c) The owner or operator of the CCR surface impoundment must obtain a
certification from a qualified professional engineer stating that the initial
structural stability assessments and each annual assessment thereafter was
conducted in accordance with the requirements.

d) Timeframe for Submission of Structural Stability Assessment
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1) The owner or operator of a new CCR surface impoundment must submit 

the initial structural stability assessment certification with the initial 
operating permit application before the initial receipt of CCR in the 
surface impoundment. 

 
2) The owner or operator of an existing CCR surface impoundment must 

submit the initial structural stability assessment certification with its first 
annual inspection report required by Section 845.540(b). 

 
3) The owner or operator of a CCR surface impoundment must submit the 

annual structural stability assessment certification each year with the 
annual inspection required by Section 845.540(b). 

 
4) The owner or operator of a CCR surface impoundment must place each 

structural stability assessment in the facility's operating record (see 
Section 845.800(d)(5)). 

 
e) The requirements of this Section apply to all CCR surface impoundments, except 

for those CCR surface impoundments that are incised CCR surface 
impoundments.  If an incised CCR surface impoundment is subsequently 
modified (e.g., a dike is constructed) such that the CCR surface impoundment no 
longer meets the definition of an incised CCR surface impoundment, the CCR 
surface impoundment is subject to the requirements of this Section. 

 
Section 845.460  Safety Factor Assessment 
 

a) The owner or operator of a CCR surface impoundment must conduct an initial 
and annual safety factor assessment for each CCR surface impoundment and 
document whether the calculated factors of safety for each CCR surface 
impoundment achieve the minimum safety factors specified in this Section for the 
critical cross-section of the embankment.  The critical cross-section is the cross 
section anticipated to be the most susceptible of all cross-sections to structural 
failure based on appropriate engineering considerations, including loading 
conditions.  The safety factor assessments must be supported by appropriate 
engineering calculations. 
 
1) For new CCR surface impoundments, the calculated static factor of safety 

under the end-of-construction loading condition must equal or exceed 
1.30.  The assessment of this loading condition is only required for the 
initial safety factor assessment and is not required for subsequent 
assessments. 

 
2) The calculated static factor of safety under the long-term, maximum 

storage pool loading condition must equal or exceed 1.50. 
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3) The calculated static factor of safety under the maximum surcharge pool 
loading condition must equal or exceed 1.40. 

 
4) The calculated seismic factor of safety must equal or exceed 1.00. 

 
5) For dikes constructed of soils that have susceptibility to liquefaction, the 

calculated liquefaction factor of safety must equal or exceed 1.20. 
 

b) The owner or operator of the CCR surface impoundment must obtain a 
certification from a qualified professional engineer stating that the initial safety 
factor assessment and each annual assessment thereafter was conducted in 
accordance with the requirements of this Section. 

 
c) Timeframe for Submission of the Safety Factor Assessment 

 
1) The owner or operator of a new CCR surface impoundment must submit 

the initial safety factor assessment certification with the initial operating 
permit application before the initial receipt of CCR in the surface 
impoundment. 

 
2) The owner or operator of an existing CCR surface impoundment must 

submit the initial safety factor assessment certification with its first annual 
inspection report required by Section 845.540(b). 

 
3) The owner or operator of a CCR surface impoundment must submit the 

annual safety factor assessment certification each year with the annual 
inspection required by Section 845.540(b). 

 
4) The owner or operator of a new CCR surface impoundment must place 

each safety factor assessment in the facility's operating record as required 
by Section 845.800(d)(6). 

 
 d) Failure to Document Minimum Safety Factors 
 

1) For new CCR surface impoundments, until the date an owner or operator 
of a CCR surface impoundment documents that the calculated factors of 
safety achieve the minimum safety factors specified in this Section, the 
owner or operator is prohibited from placing CCR in the CCR surface 
impoundment. 

 
2) An owner or operator of the CCR surface impoundment who either fails to 

complete a timely safety factor assessment or fails to demonstrate 
minimum safety factors as required by this Section is subject to the 
requirements of Section 845.700. 
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e) The requirements of this Section apply to all CCR surface impoundments, except 
for those CCR surface impoundments that are incised CCR surface 
impoundments.  If an incised CCR surface impoundment is subsequently 
modified (e.g., a dike is constructed) such that the CCR surface impoundment no 
longer meets the definition of an incised CCR surface impoundment, the CCR 
surface impoundment is subject to the requirements of this Section. 

 
SUBPART E:  OPERATING CRITERIA 

 
Section 845.500  Air Criteria 
 

a) The owner or operator of a CCR surface impoundment, or any lateral expansion 
of a CCR surface impoundment, must adopt measures that will effectively 
minimize CCR from becoming airborne at the facility, including CCR fugitive 
dust originating from CCR surface impoundments, roads, and other CCR 
management and material handling activities. 

 
b) CCR Fugitive Dust Control Plan. The owner or operator of the CCR surface 

impoundment must prepare and operate in accordance with a CCR fugitive dust 
control plan as specified in this subsection (b).  This requirement applies in 
addition to, not in place of, any applicable standards under the Occupational 
Safety and Health Act (29 USC 15), including 29 CFR 1910.1018, 29 CFR 
1910.1024, 29 CFR 1910.1025, 29 CFR 1910.1027, and 1910.1053, or any other 
State or federal law. 

 
1) The CCR fugitive dust control plan must identify and describe the CCR 

fugitive dust control measures the owner or operator will use to minimize 
CCR from becoming airborne at the facility.  The owner or operator must 
select, and include in the CCR fugitive dust control plan, the CCR fugitive 
dust control measures that are most appropriate for site conditions, along 
with an explanation of how the measures selected are applicable and 
appropriate for site conditions.  Examples of control measures that may be 
appropriate include: locating CCR inside an enclosure or partial enclosure; 
operating a water spray or fogging system; reducing fall distances at 
material drop points; using wind barriers, compaction, or vegetative 
covers; establishing and enforcing reduced vehicle speed limits; paving 
and sweeping roads; covering trucks transporting CCR; reducing or 
halting operations during high wind events; or applying a daily cover. 

 
2) The CCR fugitive dust control plan must include procedures to log every 

complaint from members of the public received by the owner or operator 
involving CCR fugitive dust events at the facility.  The owner or operator 
must: 

 
A) Include for each logged complaint the date of the complaint, the 

date of the incident, the name and contact information of the 

R000479



complainant, if given, and all actions taken to assess and resolve 
the complaint; and 

 
B) Submit quarterly reports to the Agency no later than 14 days from 

the end of the quarter of all complaints received in that quarter, 
including the information required by subsection (b)(2)(A). 

 
3) The CCR fugitive dust control plan must include a description of the 

procedures the owner or operator will follow to periodically assess the 
effectiveness of the control plan. 

 
4) The owner or operator of a CCR surface impoundment must prepare an 

initial CCR fugitive dust control plan for the facility by October 31, 2021, 
or by initial receipt of CCR in any CCR surface impoundment at the 
facility if the owner or operator becomes subject to this Part after October 
31, 2021. 

 
5) Amendment of the Plan.  The owner or operator of a CCR surface 

impoundment subject to the requirements may amend the written CCR 
fugitive dust control plan at any time provided the revised plan is 
submitted to the Agency.  The owner or operator must amend the written 
plan whenever there is a change in conditions that would substantially 
affect the written plan in effect, such as the construction and operation of a 
new CCR surface impoundment. 

 
6) The owner or operator must place the initial and any amendments to the 

fugitive dust control plan in the facility's operating record as required by 
Section 845.800(d)(7).  The most recent fugitive dust control plan must be 
placed in the facility's operating record and available on the owner's or 
operator's CCR website before submitting a permit application under this 
Part. 

 
7) The owner or operator must obtain a certification from a qualified 

professional engineer that the initial CCR fugitive dust control plan, or any 
subsequent amendment of it, meets the requirements of this Section. 

 
c) Annual CCR Fugitive Dust Control Report. The owner or operator of a CCR 

surface impoundment must prepare an annual CCR fugitive dust control report 
that includes a description of the actions taken by the owner or operator to control 
CCR fugitive dust and the four quarterly fugitive dust complaint reports submitted 
under subsection (b)(2)(B).  The annual CCR fugitive dust control report must be 
submitted as a part of the annual consolidated report required by Section 845.550. 

 
Section 845.510  Hydrologic and Hydraulic Capacity Requirements for CCR Surface 
Impoundments 
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a) The owner or operator of an existing or new CCR surface impoundment or any 
lateral expansion of a CCR surface impoundment must design, construct, operate, 
and maintain an inflow design flood control system as specified in subsections 
(a)(1) and (2). 
 
1) The inflow design flood control system must adequately manage flow into 

the CCR surface impoundment during and following the peak discharge of 
the inflow design flood specified in subsection (a)(3). 

 
2) The inflow design flood control system must adequately manage flow 

from the CCR surface impoundment to collect and control the peak 
discharge resulting from the inflow design flood specified in subsection 
(a)(3). 

 
3) The inflow design flood, at a minimum, is: 

 
A) For a Class 1 CCR surface impoundment, as determined under 

Section 845.440(a), the probable maximum flood; 
 

B) For a Class 2 CCR surface impoundment, as determined under 
Section 845.440(a), the 1000-year flood; or 

 
C) For an incised CCR surface impoundment, the 25-year flood. 

 
b) Discharge from the CCR surface impoundment must be handled in accordance 

with the surface water requirements in Section 845.110(b)(3) and 35 Ill. Adm. 
Code Subtitle C. 

 
c) Inflow Design Flood Control System Plan 

 
1) Content of the Plan. The owner or operator must prepare initial and annual 

inflow design flood control system plans for the CCR surface 
impoundment.  These plans must document how the inflow design flood 
control system has been designed and constructed to meet the 
requirements of this Section.  Each plan must be supported by appropriate 
engineering calculations. 

 
2) Amendment of the Plan.  The owner or operator of the CCR surface 

impoundment may amend the written inflow design flood control system 
plan at any time.  The owner or operator must amend the written inflow 
design flood control system plan whenever there is a change in conditions 
that would substantially affect the written plan in effect. 

 
3) The owner or operator must obtain a certification from a qualified 

professional engineer stating that the initial and periodic inflow design 
flood control system plans meet the requirements of this Section.  
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4) Timeframe for Plan Submission 

 
A) The owner or operator of a new CCR surface impoundment must 

submit to the Agency the initial inflow design flood control system 
plan certification with the initial operating permit application 
before the initial receipt of CCR in the surface impoundment. 

 
B) The owner or operator of an existing CCR surface impoundment 

must submit the initial inflow design flood control system plan 
certification with its first annual inspection report required by 
Section 845.540(b). 

 
C) The owner or operator of a CCR surface impoundment must 

submit the annual inflow design flood control system plan 
certification each year with the annual inspection required by 
Section 845.540(b). 

 
D)  The owner or operator of a new CCR surface impoundment must 

place each inflow design flood control system plan in the facility's 
operating record (see Section 845.800(d)(8)). 

 
Section 845.520  Emergency Action Plan 
 

a) The owner or operator of a CCR surface impoundment must prepare and maintain 
a written Emergency Action Plan (EAP).  The owner or operator must place the 
EAP and any amendment of the EAP in the facility's operating record (see Section 
845.800(d)(9)). 

 
b) At a minimum, the EAP must: 

 
1) Define the events or circumstances involving the CCR surface 

impoundment that represent a safety emergency, along with a description 
of the procedures that will be followed to detect a safety emergency in a 
timely manner; 

 
2) Define responsible persons, their respective responsibilities, and 

notification procedures for a safety emergency involving the CCR surface 
impoundment; 

 
3) Provide contact information of emergency responders; 

 
4) Include a map that delineates the downstream area that would be affected 

if a CCR surface impoundment fails and a physical description of the CCR 
surface impoundment; and 
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5) Include provisions for an annual face-to-face meeting or exercise between 
representatives of the owner or operator of the CCR surface impoundment 
and the local emergency responders. 

 
c) The owner or operator of a CCR surface impoundment must prepare an initial 

Emergency Action Plan for the facility by October 31, 2021, or by initial receipt 
of CCR in any CCR surface impoundment at the facility if the owner or operator 
becomes subject to this Part after October 31, 2021. 

 
d) Amendment of the Plan 

 
1) The owner or operator of a CCR surface impoundment may amend the 

written EAP at any time. 
 

2) The owner or operator must amend the written EAP whenever there is a 
change in conditions that would substantially affect the EAP in effect. 

 
3) The written EAP must be evaluated, at a minimum, every five years to 

ensure the information required in this Section is accurate. 
 

e) The owner or operator of the CCR surface impoundment must obtain a 
certification from a qualified professional engineer stating that the written EAP, 
and any subsequent amendment of the EAP, meets the requirements of this 
Section. 

 
f) Activation of the EAP.  The EAP must be implemented once events or 

circumstances involving the CCR surface impoundment that represent a safety 
emergency are detected, including conditions identified during any structural 
stability assessments, annual inspections, and inspections by a qualified person.  
The owner or operator of the CCR surface impoundment must submit records 
documenting all activations of the EAP to the Agency and place the 
documentation in the facility's operating record as required by Section 
845.800(d)(10). 

 
g) The owner or operator of a CCR surface impoundment must document the annual 

face-to-face meeting or exercise between representatives of the owner or operator 
of the CCR surface impoundment and the local emergency responders as required 
by subsection (b)(5).  The owner or operator of the CCR surface impoundment 
must place this documentation in the facility's operating record as required by 
Section 845.800(d)(11). 

 
Section 845.530  Safety and Health Plan 
 

a) The owner or operator of the CCR surface impoundment must develop a Safety 
and Health Plan and ensure that employees, contract workers, and third-party 
contractors are informed regarding the Safety and Health Plan.  The owner or 
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operator must conduct ongoing worker hazard analyses and ensure employees, 
contract workers, and third-party contractors are aware of those analyses.  The 
plan must be updated as needed based on the worker hazard analyses, but at least 
annually.  The plan, and all amendments to the plan, must be placed in the 
facility's operating record as required by Section 845.800(d)(12), and on the 
owner's or operator's publicly accessible internet site. 

 
b) For worker exposure safety, in addition to all other applicable local, State and 

federal requirements, the owner or operator of the CCR surface impoundment, for 
all chemical constituents identified in the CCR under Sections 845.230(a)(15) and 
845.230(d)(2)(C), must: 

 
1) Consider the recommendations in the most recent "NIOSH Pocket Guide 

to Chemical Hazards", Department of Human Health and Services, 
Centers for Disease Control and Prevention, National Institute for 
Occupational Safety and Health (available at 
cdc.gov/niosh/npg/default.html); 

 
2) Implement the Occupational Safety and Health Administration regulations 

in Chapter 17 of Title 29 of the Code of Federal Regulations for all 
hazards not otherwise classified as defined in 29 CFR 1910.1200(c); and 

 
3) Provide safety data sheets (Globally Harmonized System of Classification 

and Labeling of Chemicals adopted by OSHA) or create a facility-specific 
safety data sheet under 29 CFR 1910.1200(g). 

 
c) The Safety and Health Plan must include a personnel training program that meets 

the following minimum requirements: 
 

1) Employees, contract workers, and third-party contractors must 
successfully complete a training program that informs them of the hazards 
at the facility to ensure compliance with the requirements of this Part.  The 
facility must maintain an outline of the training program used (or to be 
used) at the facility and a brief description of training program updates. 

 
2) At a minimum, the training program must be designed to ensure that 

employees, contract workers, and third-party contractors understand and 
are able to respond effectively to the following: 

 
A) Procedures for using, inspecting, repairing, and replacing facility 

emergency and monitoring equipment; 
 

B) Communications or alarm systems; 
 

C) Response to fires or explosions; 
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D) Response to a spill or release of CCR; 
 

E) The training under the Occupational Safety and Health Standards 
in 29 CFR 1910.120, 29 CFR 1926.65, and the OSHA 10-hour or 
30-hour construction safety training; 

 
F) Information about chemical hazards and hazardous materials 

identified in subsection (b); and 
 

G) The use of engineering controls, administrative controls, and 
personal protective equipment. 

 
d) Employees, contract workers, and third-party contractors must successfully 

complete the program required in subsection (c) before undertaking any activity 
to construct, operate or close a CCR surface impoundment. 

 
e) Employees, contract workers, and third-party contractors must take part in an 

annual review of the initial training required in subsection (c). 
 

f) The owner or operator of the CCR surface impoundment must perform, at a 
minimum, the following hazard communication activities: 

 
1) Post signs at the facility identifying the hazards of CCR, including dust 

inhalation when handling CCR; 
 

2) Post signs at the facility identifying unstable CCR areas that may make 
operation of heavy equipment hazardous; and 

 
3) Post signs at the facility where the CCR surface impoundment is located 

identifying safety measures and necessary precautions, including the 
proper use of personal protective equipment. 

 
Section 845.540  Inspection Requirements for CCR Surface Impoundments 
 

a) Inspections by a Qualified Person. 
 

1) All CCR surface impoundments and any lateral expansion of a CCR 
surface impoundment must be examined by a qualified person as follows: 

 
A) At intervals not exceeding seven days and after each 25-year, 24-

hour storm, inspect for the following: 
 

i) Any appearances of actual or potential structural weakness 
and other conditions that are disrupting, or have the 
potential to disrupt, the operation or safety of the CCR 
surface impoundment; 
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ii) Deterioration, malfunctions or improper operation of 

overtopping control systems, where present; 
 

iii) Sudden drops in the level of the CCR surface 
impoundment's contents; 

 
iv) Erosion that creates rills, gullies, or crevices six inches or 

deeper, other signs of deterioration including failed or 
eroded vegetation in excess of 100 square feet, or cracks in 
dikes or other containment devices; and 

 
v) Any visible releases; 

 
B) At intervals not exceeding seven days, inspect the discharge of all 

outlets of hydraulic structures that pass underneath the base of the 
CCR surface impoundment or through the dike, of the CCR 
surface impoundment, for abnormal discoloration, flow or 
discharge of debris or sediment; and 

 
C) At intervals not exceeding 30 days, monitor all CCR surface 

impoundment instrumentation. 
 

2) The owner or operator must prepare a report for each inspection that 
includes the date of the inspection, condition of the CCR surface 
impoundment, any repairs made to the CCR surface impoundment, and the 
date of the repair. The results of the inspection by a qualified person must 
be recorded in the facility's operating record as required by Section 
845.800(d)(13). 

 
3) The owner or operator of a CCR surface impoundment must initiate the 

inspections required by subsection (a) by April 30, 2021, or by initial 
receipt of CCR in a CCR surface impoundment if the owner or operator 
becomes subject to this Part after April 30, 2021.  The inspections required 
by subsection (a) must continue until the completion of closure by 
removal or the completion of post-closure care. 

 
4) If a 25-year, 24-hour storm is identified more than 48 hours before the 

next scheduled weekly inspection, an additional inspection must be 
conducted within 24 hours after the end of the identified storm event, 
before the scheduled seven-day inspection. 

 
b) Annual Inspections By a Qualified Professional Engineer. 

 
1) The CCR surface impoundment must be inspected on an annual basis by a 

qualified professional engineer to ensure that the design, construction, 
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operation, and maintenance of the CCR surface impoundment is consistent 
with recognized and generally accepted engineering standards.  The 
inspection must, at a minimum, include: 

 
A) A review of available information regarding the status and 

condition of the CCR surface impoundment, including files 
available in the operating record (e.g., CCR surface impoundment 
design and construction information required by Sections 
845.220(a)(1) and 845.230(d)(2)(A), previous structural stability 
assessments required under Section 845.450, the results of 
inspections by a qualified person, and results of previous annual 
inspections); 

 
B) A visual inspection of the CCR surface impoundment to identify 

signs of distress or malfunction of the CCR surface impoundment 
and appurtenant structures; 

 
C) A visual inspection of any hydraulic structures underlying the base 

of the CCR surface impoundment or passing through the dike of 
the CCR surface impoundment for structural integrity and 
continued safe and reliable operation; 

 
D) The annual hazard potential classification certification, if 

applicable (see Section 845.440); 
 

E) The annual structural stability assessment certification, if 
applicable (see Section 845.450); 

 
F) The annual safety factor assessment certification, if applicable (see 

Section 845.460); and 
 

G) The inflow design flood control system plan certification (see 
Section 845.510(c)). 

 
2) Inspection Report. The qualified professional engineer must prepare a 

report following each inspection that addresses the following: 
 
A) Any changes in geometry of the impounding structure since the 

previous annual inspection; 
 

B) The location and type of existing instrumentation and the 
maximum recorded readings of each instrument since the previous 
annual inspection; 
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C) The approximate minimum, maximum, and present depth and 
elevation of the impounded water and CCR since the previous 
annual inspection; 

 
D) The storage capacity of the impounding structure at the time of the 

inspection; 
 

E) The approximate volume of the impounded water and CCR at the 
time of the inspection; 

 
F) Any appearances of an actual or potential structural weakness of 

the CCR surface impoundment, in addition to any existing 
conditions that are disrupting or have the potential to disrupt the 
operation and safety of the CCR surface impoundment and 
appurtenant structures; and 

 
G) Any other changes that may have affected the stability or operation 

of the impounding structure since the previous annual inspection. 
 

3) By January 31 of each year, the inspection report must be completed and 
included with the annual consolidated report required by Section 845.550. 

 
4) Frequency of Inspections.  The owner or operator of the CCR surface 

impoundment must conduct the inspection required by subsections (b)(1) 
and (2) on an annual basis.  The deadline for conducting a subsequent 
inspection is based on the date of conducting the previous inspection. 

 
5) If a deficiency or release is identified during an inspection, the owner or 

operator must submit to the Agency documentation detailing proposed 
corrective measures and obtain any necessary permits from the Agency. 

 
Section 845.550  Annual Consolidated Report 
 

a) By January 31 of each year, the owner or operator of the CCR surface 
impoundment must prepare an annual consolidated report for the preceding 
calendar year that includes the following: 

 
1) Annual CCR fugitive dust control report (see Section 845.500(c));  

 
2) Annual inspection report (see Section 845.540(b)), including: 

 
A) Annual hazard potential classification certification, if applicable 

(see Section 845.440); 
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B) Annual structural stability assessment certification, if applicable 
(see Section 845.450); 

 
C) Annual safety factor assessment certification, if applicable (see 

Section 845.460); and 
 

D) Inflow design flood control system plan certification (see Section 
845.510(c)). 

 
3) Annual Groundwater Monitoring and Corrective Action Report (see 

Section 845.610(e)). 
 

b) The owner or operator of the CCR surface impoundment must submit the annual 
consolidated report to the Agency in addition to placing the annual consolidated 
report in the facility's operating record as required by Section 845.800(d)(14). 

 
SUBPART F:  GROUNDWATER MONITORING AND CORRECTIVE ACTION 

 
Section 845.600  Groundwater Protection Standards 
 

a) For existing CCR surface impoundments and for inactive CCR surface 
impoundments: 

 
1) The groundwater protection standards at the waste boundary must be: 

 
A) Antimony: 0.006 mg/L 

 
B) Arsenic: 0.010 mg/L 

 
C) Barium: 2.0 mg/L 

 
D) Beryllium: 0.004 mg/L 

 
E) Boron: 2 mg/L 

 
F) Cadmium: 0.005 mg/L 

 
G) Chloride: 200 mg/L 

 
H) Chromium: 0.1 mg/L 

 
I) Cobalt:  0.006 mg/L 
 
J) Fluoride: 4.0 mg/L 
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K) Lead: 0.0075 mg/L 
 

L) Lithium: 0.04 mg/L 
 

M) Mercury: 0.002 mg/L 
 

N) Molybdenum: 0.1 mg/L 
 

O) pH: 6.5-9.0 units 
 

P) Selenium: 0.05 mg/L 
 

Q) Sulfate: 400 mg/L 
 
R) Thallium: 0.002 mg/L 
 
S) Total Dissolved Solids: 1200 mg/L 

 
T) Radium 226 and 228 combined: 5 pCi/L 

 
2) For constituents with a background concentration higher than the levels 

identified in subsection (a)(1), the background concentration must be the 
groundwater protection standard. 

 
b) For new CCR surface impoundments, the groundwater protection standards at the 

waste boundary must be background for the constituents listed in subsection 
(a)(1), calcium, and turbidity. 

 
c) The owner or operator of a CCR surface impoundment may not obtain alternative 

groundwater quality standards in 35 Ill. Adm. Code 620.450(a)(4) for the 
constituents in subsections (a) and (b) before the end of post-closure care under 
Section 845.780, when closing with a final cover system, or before the end of 
groundwater monitoring under Section 845.740(b), when closing by removal.  

 
Section 845.610  General Requirements 
 

a) All CCR surface impoundments and lateral expansions of CCR surface 
impoundments are subject to the groundwater monitoring and corrective action 
requirements of this Subpart. 

 
b) Required Submissions and Agency Approvals for Groundwater Monitoring 

 
1) Existing CCR Surface Impoundments.  The owner or operator of an 

existing CCR surface impoundment must submit the following to the 
Agency in an initial operating permit application: 
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A) A hydrogeologic site characterization meeting the requirements of 
Section 845.620; 

 
B) Design and construction plans of a groundwater monitoring system 

meeting the requirements of Section 845.630; 
 

C) A groundwater sampling and analysis program that includes 
selection of the statistical procedures to be used for evaluating 
groundwater monitoring data as required by Section 845.640; and 

 
D) A monitoring program that includes a minimum of eight 

independent samples for each background and downgradient well 
as required by Section 845.650(b). 

 
2) New CCR Surface Impoundments.  The owner or operator of a new CCR 

surface impoundment and all lateral expansions of a CCR surface 
impoundment must submit the information required in subsections 
(b)(1)(A) through (C) in a construction permit application, and the 
information required in subsection (b)(1)(D) in an operating permit 
application. 

 
3) All owners and operators of CCR surface impoundments must: 

 
A) Conduct groundwater monitoring under a monitoring program 

approved by the Agency under this Subpart; 
 

B) Evaluate the groundwater monitoring data for statistically 
significant levels over background levels for the constituents listed 
in Section 845.600 after each sampling event; 

 
C) Determine compliance with the groundwater protection standards 

in Section 845.600 after each sampling event; and 
 

D) Submit all groundwater monitoring data to the Agency and any 
analysis performed under subsections (b)(3)(B) and (b)(3)(C) 
within 60 days after completion of sampling, and place the 
groundwater monitoring data in the facility's operating record as 
required by Section 845.800(d)(15). 

 
c) Once the groundwater monitoring system and the groundwater monitoring 

program have been established at the CCR surface impoundment as required by 
this Subpart, the owner or operator must conduct groundwater monitoring and, if 
necessary, corrective action throughout the active life and post-closure care period 
of the CCR surface impoundment or the time period specified in Section 
845.740(b) when closure is by removal. 
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d) If a CCR surface impoundment has a release, the owner or operator must 
immediately take all necessary measures to control all sources of the release to 
reduce or eliminate, to the maximum extent feasible, further releases of 
contaminants into the environment.  The owner or operator of the CCR surface 
impoundment must comply with all applicable requirements of Sections 845.660, 
845.670, and 845.680. 

 
e) Annual Groundwater Monitoring and Corrective Action Report 

 
1) The owner or operator of the CCR surface impoundment must prepare and 

submit to the Agency an annual groundwater monitoring and corrective 
action report as a part of the annual consolidated report required by 
Section 845.550. 

 
2) For the preceding calendar year, the annual report must document the 

status of the groundwater monitoring and corrective action plan for the 
CCR surface impoundment, summarize key actions completed, including 
the status of permit applications and Agency approvals, describe any 
problems encountered, discuss actions to resolve the problems, and project 
key activities for the upcoming year. 

 
3) At a minimum, the annual groundwater monitoring and corrective action 

report must contain the following information, to the extent available: 
 

A) A map, aerial image, or diagram showing the CCR surface 
impoundment, all background (or upgradient) and downgradient 
monitoring wells, including the well identification numbers, that 
are part of the groundwater monitoring program for the CCR 
surface impoundment, and a visual delineation of any exceedances 
of the groundwater protection standards; 

 
B) Identification of any monitoring wells that were installed or 

decommissioned during the preceding year, along with a narrative 
description of why those actions were taken; 

 
C) A potentiometric surface map for each groundwater elevation 

sampling event required by Section 845.650(b)(2); 
 

D) In addition to all the monitoring data obtained under this Subpart, a 
summary including the number of groundwater samples that were 
collected for analysis for each background and downgradient well, 
and the dates the samples were collected; 

 
E) A narrative discussion of any statistically significant increases over 

background levels for the constituents listed in Section 845.600; 
and 
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F) Other information required to be included in the annual report as 

specified in this Subpart. 
 

4) A section at the beginning of the annual report must provide an overview 
of the current status of groundwater monitoring program and corrective 
action plan for the CCR surface impoundment.  At a minimum, the 
summary must: 

 
A) Specify whether groundwater monitoring data shows a statistically 

significant increase over background concentrations for one or 
more constituents listed in Section 845.600; 

 
B) Identify those constituents having a statistically significant 

increase over background concentrations and the names of the 
monitoring wells associated with the increase;  

 
C) Specify whether there have been any exceedances of the 

groundwater protection standards for one or more constituents 
listed in Section 845.600; 

 
D) Identify those constituents with exceedances of the groundwater 

protection standards in Section 845.600 and the names of the 
monitoring wells associated with the exceedance; 

 
E) Provide the date when the assessment of corrective measures was 

initiated for the CCR surface impoundment; 
 

F) Provide the date when the assessment of corrective measures was 
completed for the CCR surface impoundment; 

 
G) Specify whether a remedy was selected under Section 845.670 

during the current annual reporting period, and if so, the date of 
remedy selection; and 

 
H) Specify whether remedial activities were initiated or are ongoing 

under Section 845.780 during the current annual reporting period. 
 
Section 845.620  Hydrogeologic Site Characterization 
 

a) The owner or operator of the CCR surface impoundment must design and 
implement a hydrogeologic site characterization. 

 
b) The hydrogeologic site characterization must include, but is not limited to, the 

following: 
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1) Geologic well logs/boring logs; 
 

2) Climatic aspects of the site, including seasonal and temporal fluctuations 
in groundwater flow; 

 
3) Identification of nearby surface water bodies and drinking water intakes; 

 
4) Identification of nearby pumping wells and associated uses of the 

groundwater; 
 

5) Identification of nearby dedicated nature preserves; 
 
6) Geologic setting; 

 
7) Structural characteristics; 

 
8) Geologic cross-sections; 

 
9) Soil characteristics; 

 
10) Identification of confining layers; 

 
11) Identification of potential migration pathways; 

 
12) Groundwater quality data; 

 
13) Vertical and horizontal extent of the geologic layers to a minimum depth 

of 100 feet below land surface, including lithology and stratigraphy; 
 
14) A map displaying any known underground mines beneath a CCR surface 

impoundment; 
 
15) Chemical and physical properties of the geologic layers to a minimum 

depth of 100 feet below land surface; 
 

16) Hydraulic characteristics of the geologic layers identified as migration 
pathways and geologic layers that limit migration, including: 
 
A) Water table depth; 

 
B) Hydraulic conductivities; 

 
C) Effective and total porosities; 

 
D) Direction and velocity of groundwater flow; and 
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E) Map of the potentiometric surface;  
 

17) Groundwater classification under 35 Ill. Adm. Code 620; and 
 

18) Any other information requested by the Agency that is relevant to the 
hydrogeologic site characterization. 

 
Section 845.630  Groundwater Monitoring Systems 
 

a) Performance Standard. The owner or operator of a CCR surface impoundment 
must install a groundwater monitoring system that consists of a sufficient number 
of wells, installed at appropriate locations and depths, to yield groundwater 
samples that: 

 
1) Accurately represent the quality of background groundwater that has not 

been affected by leakage from a CCR surface impoundment.  A 
determination of background quality may include sampling of wells that 
are not hydraulically upgradient of the CCR management area where: 

 
A) Hydrogeologic conditions do not allow the owner or operator of 

the CCR surface impoundment to determine what wells are 
hydraulically upgradient; or 

 
B) Sampling at other wells will provide an indication of background 

groundwater quality that is demonstratively as representative or 
more representative than that provided by the upgradient wells; 
and 

 
2) Accurately represent the quality of groundwater passing the waste 

boundary of the CCR surface impoundment.  The downgradient 
monitoring system must be installed at the waste boundary that ensures 
detection of groundwater contamination.  All potential contaminant 
pathways must be monitored. 

 
b) The number, spacing, and depths of monitoring system wells must be determined 

based upon site-specific technical information identified in the hydrogeologic site 
characterization conducted under Section 845.620. 

 
c) The groundwater monitoring system must include a sufficient number of 

monitoring wells necessary to meet the performance standards specified in 
subsection (a) based on the site-specific information specified in subsection (b). 
The groundwater monitoring system must contain: 

 
1) A minimum of one upgradient and three downgradient monitoring wells; 

and 
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2) Additional monitoring wells as necessary to accurately represent the 
quality of background groundwater that has not been affected by leakage 
from the CCR surface impoundment and the quality of groundwater 
passing the waste boundary of the CCR surface impoundment. 

 
d) Multiunit Groundwater Monitoring System 

 
1) The owner or operator of multiple CCR surface impoundments may install 

a multiunit groundwater monitoring system instead of separate 
groundwater monitoring systems for each CCR surface impoundment. 

 
2) The multiunit groundwater monitoring system must be equally as capable 

of detecting monitored constituents at the waste boundary of the CCR 
surface impoundment as the individual groundwater monitoring system 
specified in subsections (a) through (c) for each CCR surface 
impoundment, based on the following factors: 

 
A) Number, spacing, and orientation of each CCR surface 

impoundment; 
 
B) Hydrogeologic setting; 

 
C) Site history; and 

 
D) Engineering design of the CCR surface impoundment.  
 

e) Monitoring wells must be properly constructed in a manner consistent with the 
standards of 77 Ill. Adm. Code 920.170. 

 
1) The owner or operator must document and include in the facility's 

operating record the design, installation, development, and 
decommissioning of any monitoring wells, piezometers and other 
measurement, sampling, and analytical devices.  The qualified 
professional engineer must be given access to this documentation when 
completing the groundwater monitoring system certification required by 
subsection (g). 

 
2) The monitoring wells, piezometers, and other measurement, sampling, and 

analytical devices must be operated and maintained so that they perform to 
the design specifications throughout the life of the monitoring program. 

 
f) The owner or operator of a new CCR surface impoundment must submit a 

construction permit application containing documentation showing that the 
groundwater monitoring system is designed to meet the requirements of this 
Section.  The owner or operator of all CCR surface impoundments must submit an 
operating permit application containing documentation showing that the 
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groundwater monitoring system has been constructed to meet the requirements of 
this Section. 

 
g) The owner or operator must obtain a certification from a qualified professional 

engineer stating that the groundwater monitoring system has been designed and 
constructed to meet the requirements of this Section.  If the groundwater 
monitoring system includes the minimum number of monitoring wells specified in 
subsection (c)(1), the certification must document the basis supporting this 
determination. The certification must be submitted to the Agency with the 
appropriate permit application. 

 
Section 845.640  Groundwater Sampling and Analysis Requirements 
 

a) The groundwater monitoring program must include consistent sampling and 
analysis procedures that are designed to ensure monitoring results that provide an 
accurate representation of groundwater quality at the background and 
downgradient wells required by Section 845.630.  The owner or operator of the 
CCR surface impoundment must develop a sampling and analysis program that 
includes procedures and techniques for: 

 
1) Sample collection; 
 
2) Sample preservation and shipment; 

 
3) Analytical procedures; 

 
4) Chain of custody control; and 

 
5) Quality assurance and quality control. 

 
b) The groundwater monitoring program must include sampling and analytical 

methods that are appropriate for groundwater sampling and that accurately 
measure constituents and other monitoring parameters in groundwater samples.  
For purposes of this Subpart, the term "constituent" refers to both constituents and 
other monitoring parameters listed in Section 845.600. 

 
c) The owner or operator must perform the following each time ground water is 

sampled:   
 
 1) Measure groundwater elevations in each well before purging; 
 
 2) Determine the rate and direction of groundwater flow; and  
 

3) Measure groundwater elevations in wells that monitor the same CCR 
management area within a time period short enough to avoid temporal 
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variations in groundwater flow that could preclude accurate determination 
of groundwater flow rate and direction.  

 
d) The owner or operator of the CCR surface impoundment must establish 

background groundwater quality in a hydraulically upgradient or background well 
for each of the constituents listed in Section 845.600.  Background groundwater 
quality may be established at wells that are not located hydraulically upgradient 
from the CCR surface impoundment if it meets the requirements of Section 
845.630(a)(1). 

 
e) The number of samples collected when conducting monitoring (for both 

downgradient and background wells) must be consistent with the statistical 
procedures chosen under subsection (f) and the performance standards under 
subsection (g).  The sampling procedures must be those specified by Section 
845.650(a) through (c). 

 
f) Statistical Methods 
 

1) The owner or operator of the CCR surface impoundment must select one 
of the statistical methods specified in subsection (f)(1) to be used in 
evaluating groundwater monitoring data for each specified constituent.  
The statistical test chosen must be conducted separately for each 
constituent in each monitoring well. 

 
A) A parametric analysis of variance followed by multiple comparison 

procedures to identify statistically significant evidence of 
contamination. The method must include estimation and testing of 
the contrasts between each compliance well's mean and the 
background mean levels for each constituent. 

 
B) An analysis of variance based on ranks followed by multiple 

comparison procedures to identify statistically significant evidence 
of contamination.  The method must include estimation and testing 
of the contrasts between each compliance well's median and the 
background median levels for each constituent. 

 
C) A tolerance or prediction interval procedure, in which an interval 

for each constituent is established from the distribution of the 
background data and the level of each constituent in each 
compliance well is compared to the upper tolerance or prediction 
limit. 

 
D) A control chart approach that gives control limits for each 

constituent. 
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E) Another statistical test method that meets the performance 
standards of subsection (g). 

 
2) The owner or operator of the CCR surface impoundment must obtain a 

certification from a qualified professional engineer stating that the selected 
statistical method is appropriate for evaluating the groundwater 
monitoring data for the CCR surface impoundment.  The certification 
must include a narrative description of the statistical method selected to 
evaluate the groundwater monitoring data.  The certification must be 
submitted to the Agency with the appropriate permit application. 

 
3) The owner or operator of the CCR surface impoundment must submit the 

following to the Agency in an operating permit application: 
 

A) Documentation of the statistical method chosen; and 
 

B) The qualified professional engineer certification required by 
subsection (f)(2). 

 
g) Any statistical method chosen under subsection (f) must comply with the 

following performance standards, as appropriate, based on the statistical test 
method used: 

 
1) The statistical method used to evaluate groundwater monitoring data must 

be appropriate for the distribution of constituents.  Normal distributions of 
data values must use parametric methods.  Non-normal distributions must 
use non-parametric methods.  If the distribution of the constituents is 
shown by the owner or operator of the CCR surface impoundment to be 
inappropriate for a normal theory test, then the data must be transformed 
or a distribution-free (non-parametric) theory test must be used.  If the 
distributions for the constituents differ, more than one statistical method 
may be needed. 

 
2) If an individual well comparison procedure is used to compare an 

individual compliance well constituent concentration with background 
constituent concentrations or a groundwater protection standard, the test 
must be done at a Type I error level of at least 0.01 for each testing period.  
If a multiple comparison procedure is used, the Type I experiment wise 
error rate for each testing period must be at least 0.05; however, the Type I 
error of at least 0.01 for individual well comparisons must be maintained. 
This performance standard does not apply to tolerance intervals, prediction 
intervals, or control charts. 

 
3) If a control chart approach is used to evaluate groundwater monitoring 

data, the specific type of control chart and its associated constituent values 
must be such that this approach is at least as effective as any other 
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approach in this Section for evaluating groundwater data.  The constituent 
values must be determined after considering the number of samples in the 
background database, the data distribution, and the range of the 
concentration values for each constituent of concern. 

 
4) If a tolerance interval or a prediction interval is used to evaluate 

groundwater monitoring data, the levels of confidence and, for tolerance 
intervals, the percentage of the population that the interval must contain, 
must be such that this approach is at least as effective as any other 
approach in this Section for evaluating groundwater data.  These 
constituents must be determined after considering the number of samples 
in the background database, the data distribution, and the range of the 
concentration values for each constituent of concern. 

 
5) The statistical method must account for data below the limit of detection 

with one or more statistical procedures at least as effective as any other 
approach in this Section for evaluating groundwater data.  Any practical 
quantitation limit that is used in the statistical method must be the lowest 
concentration level that can be reliably achieved within specified limits of 
precision and accuracy during routine laboratory operating conditions that 
are available to the facility.  For the constituents identified in Section 
845.600(a)(1), the practical quantitation limit must be less than the 
groundwater protection standards. 

 
6) If necessary, the statistical method must include procedures to control or 

correct for seasonal and spatial variability as well as temporal correlation 
in the data. 

 
h) The owner or operator of the CCR surface impoundment must determine whether 

there is a statistically significant increase over background values for each 
constituent in Section 845.600. 

 
1) In determining whether a statistically significant increase has occurred, the 

owner or operator must compare the groundwater quality of each 
constituent at each monitoring well designated under Section 
845.630(a)(2) or (d)(1) to the background value of that constituent, 
according to the statistical procedures and performance standards specified 
by subsections (f) and (g). 

 
2) Within 60 days after completing sampling and analysis, the owner or 

operator must determine whether there has been a statistically significant 
increase over background for any constituent at each monitoring well. 

 
i) The owner or operator must measure total recoverable metals concentrations in 

measuring groundwater quality.  Measurement of total recoverable metals 
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captures both the particulate fraction and dissolved fraction of metals in natural 
waters. Groundwater samples must not be field filtered before analysis. 

 
j) All groundwater samples taken under this Subpart must be analyzed by a certified 

laboratory using Test Methods for Evaluating Solid Waste, Physical/Chemical 
Methods, SW-846, incorporated by reference in Section 845.150. 

 
Section 845.650  Groundwater Monitoring Program 
 

a) The owner or operator of a CCR surface impoundment must conduct groundwater 
monitoring consistent with this Section.  At a minimum, groundwater monitoring 
must include groundwater monitoring for all constituents with a groundwater 
protection standard in Section 845.600(a), calcium, and turbidity.  The owner or 
operator of the CCR surface impoundment must submit a groundwater monitoring 
plan to the Agency with its operating permit application.  

 
b) Monitoring Frequency  

 
1) The monitoring frequency for all constituents with a groundwater 

protection standard in Section 845.600(a), calcium, and turbidity must be 
at least quarterly during the active life of the CCR surface impoundment 
and the post-closure care period or period specified in Section 845.740(b) 
when closure is by removal except as allowed in subsection (b)(4). 
 
A) For existing CCR surface impoundments, a minimum of eight 

independent samples from each background and downgradient 
well must be collected and analyzed for all constituents with a 
groundwater protection standard listed in Section 845.600(a), 
calcium, and turbidity within 180 days after April 21, 2021. 

 
B) For new CCR surface impoundments, and all lateral expansions of 

CCR surface impoundments, a minimum of eight independent 
samples for each background well and downgradient well must be 
collected and analyzed for all constituents with a groundwater 
protection standard listed in Section 845.600(a), calcium, and 
turbidity during the first 180 days of sampling. 

 
2) The groundwater elevation monitoring frequency must be monthly. 
 
3) Measurement of water elevation within the CCR surface impoundment 

must be conducted each time the groundwater elevations are measured 
(see subsection 845.650(b)(2)) before dewatering for closure. 

 
4) After completion of five years of monitoring under this Part, the owner or 

operator of a CCR surface impoundment may ask the Agency for approval 
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of a semiannual monitoring frequency by demonstrating all of the 
following: 

 
A) The groundwater monitoring effectiveness will not be 

compromised by the reduced frequency of monitoring; 
 
 B) Sufficient data has been collected to characterize groundwater; 
 

C) The groundwater monitoring schedule currently does not show any 
statistically significant increasing trends; and  

 
D) The concentrations of constituents monitored under Section 

845.650(a) at the down-gradient monitoring wells are below the 
applicable groundwater protection standards of Section 845.600. 

 
5) If, after an Agency approval of a semiannual monitoring frequency under 

subsection (b)(4), a statistically significant increasing trend is detected or 
an exceedance above the GWPS is detected, the monitoring must revert to 
a quarterly frequency. 

 
c) The number of samples collected and analyzed for each background well and 

downgradient well during subsequent quarterly sampling events must be 
consistent with Section 845.640 and must account for any unique characteristics 
of the site; but must include at least one sample from each background and 
downgradient well. 

 
d) If one or more constituents are detected, and confirmed by an immediate 

resample, to be in exceedance of the groundwater protection standards in Section 
845.600 in any sampling event, the owner or operator must notify the Agency 
which constituent exceeded the groundwater protection standard and place the 
notification in the facility's operating record as required by Section 
845.800(d)(16). The owner or operator of the CCR surface impoundment also 
must: 

 
1) Characterize the nature and extent of the release and any relevant site 

conditions that may affect the remedy ultimately selected.  The 
characterization must be sufficient to support a complete and accurate 
assessment of the corrective measures necessary to effectively clean up all 
releases from the CCR surface impoundment under Section 845.660.  The 
owner or operator of the CCR surface impoundment must submit the 
characterization to the Agency and place the characterization in the 
facility's operating record as required by Section 845.800(d)(16). 
Characterization of the release includes the following minimum measures: 

 
A) Install additional monitoring wells necessary to define the 

contaminant plumes; 
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B) Collect data on the nature and estimated quantity of material 

released, including specific information on the constituents listed 
in Section 845.600 and the levels at which they are present in the 
material released; 

 
C) Install at least one additional monitoring well at the facility 

boundary in the direction of contaminant migration and sample this 
well in accordance with subsections (a) and (b); and 

 
D) Sample all wells in accordance with subsections (a) and (b) to 

characterize the nature and extent of the release. 
 

2) Notify all persons who own the land or reside on the land that directly 
overlies any part of the plume of contamination if contaminants have 
migrated off-site as indicated by sampling of wells in accordance with 
subsection (d)(1).  The owner or operator must send notifications made 
under this subsection (d)(2) to the Agency and place the notifications in 
the facility's operating record (see Section 845.800(d)(16)). 

 
3) Except as provided in subsection (e), within 90 days after the detected 

exceedance of the groundwater protection standard, initiate an assessment 
of corrective measures (see Section 845.660). 

 
e) Alternative Source Demonstration (ASD).  The owner or operator of a CCR 

surface impoundment may, within 60 days after the detected exceedance of the 
groundwater protection standard, submit a demonstration to the Agency that a 
source other than the CCR surface impoundment caused the contamination and 
the CCR surface impoundment did not contribute to the contamination, or that the 
exceedance of the groundwater protection standard resulted from error in 
sampling, analysis, statistical evaluation, natural variation in groundwater quality, 
or a change in the potentiometric surface and groundwater flow direction.  Either 
type of ASD must include a report that contains the factual or evidentiary basis 
for any conclusions and a certification of accuracy by a qualified professional 
engineer.  

 
1) The owner or operator must place the ASD on the facility's publicly 

accessible Internet site (CCR website) under Section 845.810 within 24 
hours after the submission to the Agency. 

 
2) Within two business days after receiving the ASD, the Agency must 

email a notice to its listserv for the facility that the ASD is available to 
view on the facility's CCR website.    
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3) Members of the public may submit to the Agency written comments on 
the ASD within 14 days after the Agency provides notice under 
subsection (e)(2).    

 
4) The Agency must provide a written response to the owner and operator 

either concurring or not concurring with the ASD within 30 days after 
receiving the ASD.  The Agency must also mail or email its response to 
each person who timely submitted a written public comment under 
subsection (e)(3) and supplied a mailing or email address.   

 
5) If the Agency concurs with the ASD, the owner or operator must 

continue monitoring as required by this Section.  The owner or operator 
must also include the ASD in the annual groundwater monitoring and 
corrective action report required by Section 845.610(e). 

 
6) If the Agency does not concur with the ASD, the owner or operator must 

initiate the assessment of corrective measures under Section 845.660. 
 
7) If the Agency does not concur with the ASD, the owner or operator may 

petition the Board for review of the Agency’s non-concurrence under 35 
Ill. Adm. Code 105.  The filing of a petition for review under subsection 
(e)(7) does not automatically stay any requirements of this Part as to the 
owner or operator, including the 90-day deadline to initiate an assessment 
of corrective measures (see Section 845.660(a)(1)). 

 
Section 845.660  Assessment of Corrective Measures 
 

a) Unless the Agency has concurred with an alternative source demonstration made 
under Section 845.650(e), the owner or operator must initiate an assessment of 
corrective measures to prevent further releases, to remediate any releases, and to 
restore the affected area. 

 
1) The assessment of corrective measures must be initiated within 90 days 

after finding that any constituent listed in Section 845.600 has been 
detected in exceedance of the groundwater protection standards in Section 
845.600, at the downgradient waste boundary or immediately upon 
detection of a release of CCR from a CCR surface impoundment. 

 
2) The assessment of corrective measures must be completed and submitted 

to the Agency within 90 days after initiation of assessment of corrective 
measures, unless the owner or operator demonstrates to the Agency the 
need for additional time to complete the assessment of corrective measures 
due to site-specific conditions or circumstances.  The owner or operator 
must submit this demonstration, along with a certification from a qualified 
professional engineer attesting that the demonstration is accurate, to the 
Agency within 60 days after initiating an assessment of corrective 
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measures. The Agency must either approve or disapprove the 
demonstration within 30 days. The 90-day deadline to complete the 
assessment of corrective measures may be extended for no longer than 60 
days.  The owner or operator must also include the Agency approved 
demonstration in the annual groundwater monitoring and corrective action 
report required by Section 845.610(e), in addition to the certification by a 
qualified professional engineer. 

 
b) The owner or operator of the CCR surface impoundment must continue to 

monitor groundwater in accordance with the monitoring program as specified in 
Section 845.650. 

 
c) The assessment under subsection (a) must include an analysis of the effectiveness 

of potential corrective measures in meeting all the requirements and objectives of 
the corrective action plan, as described by Section 845.670, addressing at least the 
following: 

 
1) The performance, reliability, ease of implementation, and potential 

impacts of appropriate potential remedies, including safety impacts, cross-
media impacts, and control of exposure to any residual contamination; 

 
2) The time required to begin and complete the corrective action plan; and 

 
3) The institutional requirements, such as State or local permit requirements 

or other environmental or public health requirements that may 
substantially affect implementation of the corrective action plan. 

 
d) The owner or operator of the CCR surface impoundment must discuss the results 

of the corrective measures assessment, at least 30 days before the selection of 
remedy, in a public meeting with interested and affected parties (see Section 
845.240). 

 
e) When the owner or operator of a CCR surface impoundment is completing 

closure and corrective action simultaneously, the owner or operator may combine 
the corrective measures assessment required by this Section and the closure 
alternatives analysis required by Section 845.710 into one assessment of 
alternatives. 

 
Section 845.670  Corrective Action Plan 
 

a) The owner or operator must prepare a semi-annual report describing the progress 
in selecting a remedy and developing a corrective action plan.  The semi-annual 
report must be submitted to the Agency and placed in the operating record as 
required by Section 845.800(d)(17). 
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b) Within one year after completing the assessment of corrective measures as 
specified in Section 845.660, and after completion of the public meeting in 
Section 845.660(d), the owner or operator of the CCR surface impoundment must 
submit, in a construction permit application to the Agency, a corrective action 
plan that identifies the selected remedy.  This requirement applies in addition to, 
not in place of, any applicable standards under any other State or federal law. 

 
c) The corrective action plan must meet the following requirements: 

 
1) Be based on the results of the corrective measures assessment conducted 

under Section 845.660; 
 

2) Identify a selected remedy that at a minimum, meets the standards listed in 
subsection (d); 

 
3) Contain the corrective action alternatives analysis specified in subsection 

(e); and 
 

4) Contain proposed schedules for implementation, including an analysis of 
the factors in subsection (f); 

 
d) The selected remedy in the corrective action plan must: 

 
1) Be protective of human health and the environment; 

 
2) Attain the groundwater protection standards specified in Section 845.600; 

 
3) Control the sources of releases to reduce or eliminate, to the maximum 

extent feasible, further releases of constituents listed in Section 845.600 
into the environment; 

 
4) Remove from the environment as much of the contaminated material that 

was released from the CCR surface impoundment as is feasible, taking 
into account factors such as avoiding inappropriate disturbance of 
sensitive ecosystems; and 

 
5) Comply with standards for management of wastes as specified in Section 

845.680(d). 
 

e) Corrective Action Alternatives Analysis.  In selecting a remedy that meets the 
standards of subsection (d), the owner or operator of the CCR surface 
impoundment must consider the following evaluation factors: 

 
1) The long- and short-term effectiveness and protectiveness of each 

potential remedy, along with the degree of certainty that the remedy will 
prove successful based on consideration of the following: 
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A) Magnitude of reduction of existing risks; 

 
B) Magnitude of residual risks in terms of likelihood of further 

releases due to CCR remaining following implementation of a 
remedy; 

 
C) The type and degree of long-term management required, including 

monitoring, operation, and maintenance; 
 

D) Short-term risks that might be posed to the community or the 
environment during implementation of a remedy, including 
potential threats to human health and the environment associated 
with excavation, transportation, and re-disposal of contaminants; 

 
E) Time until groundwater protection standards in Section 845.600 

are achieved; 
 

F) The potential for exposure of humans and environmental receptors 
to remaining wastes, considering the potential threat to human 
health and the environment associated with excavation, 
transportation, re-disposal, containment, or changes in 
groundwater flow; 

 
G) The long-term reliability of the engineering and institutional 

controls, including an analysis of any off-site, nearby destabilizing 
activities; and 

 
H) Potential need for replacement of the remedy. 

 
2) The effectiveness of the remedy in controlling the source to reduce further 

releases based on consideration of each of the following potential factors: 
 

A) The extent to which containment practices will reduce further 
releases; and 

 
B) The extent to which treatment technologies may be used. 

 
3) The ease or difficulty of implementing each potential remedy based on 

consideration of the following types of factors: 
 

A) Degree of difficulty associated with constructing the technology; 
 

B) Expected operational reliability of the technologies; 
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C) Need to coordinate with and obtain necessary approvals and 
permits from other agencies; 

 
D) Availability of necessary equipment and specialists; and 

 
E) Available capacity and location of needed treatment, storage, and 

disposal services. 
 

4) The degree to which community concerns are addressed by each potential 
remedy. 

 
f) The owner or operator must specify, as part of the corrective action plan, a 

schedule for implementing, of and completing, remedial activities. The schedule 
must require the completion of remedial activities within a reasonable time, taking 
into consideration the factors in this subsection (f).  The owner or operator of the 
CCR surface impoundment must consider the following factors in determining the 
schedule of remedial activities: 

 
1) Extent and nature of contamination, as determined by the characterization 

required under Section 845.650(d); 
 

2) Reasonable probabilities of remedial technologies achieving compliance 
with the groundwater protection standards established by Section 845.600 
and other objectives of the remedy; 

 
3) Availability of treatment or disposal capacity for CCR managed during 

implementation of the remedy; 
 

4) Potential risks to human health and the environment from exposure to 
contamination before completion of the remedy; 

 
5) Resource value of the aquifer, including: 

 
A) Current and future uses, including potential residential, 

agricultural, commercial industrial and ecological uses; 
 

B) Proximity and withdrawal rate of users; 
 

C) Groundwater quantity and quality; 
 

D) The potential impact to the subsurface ecosystem, wildlife, other 
natural resources, crops, vegetation, and physical structures caused 
by exposure to CCR constituents; 

 
E) The hydrogeologic characteristic of the facility and surrounding 

land; and 
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F) The availability of alternative water supplies; and 

 
6) Other relevant factors. 

 
Section 845.680  Implementation of the Corrective Action Plan 
 

a) Within 90 days after the Agency's approval of the corrective action plan 
submitted under Section 845.670, the owner or operator must initiate corrective 
action. Based on the schedule approved by the Agency for implementation and 
completion of corrective action, the owner or operator must: 

 
1) Establish and implement a corrective action groundwater monitoring 

program that: 
 

A) At a minimum, meets the requirements of the monitoring program 
under Section 845.650; 

 
B) Documents the effectiveness of the corrective action remedy; and 
 
C) Demonstrates compliance with the groundwater protection 

standard under subsection (c). 
 

2) Implement the corrective action remedy approved by the Agency under 
Section 845.670; and 

 
3) Take any interim measures necessary to reduce the contaminants leaching 

from the CCR surface impoundment, and/or potential exposures to human 
or ecological receptors.  Interim measures must, to the greatest extent 
feasible, be consistent with the objectives of, and contribute to the 
performance of, any remedy that may be required by Section 845.670.  
The following factors must be considered by an owner or operator in 
determining whether interim measures are necessary: 

 
A) Time required to develop and implement a final remedy; 

 
B) Actual or potential exposure of nearby populations or 

environmental receptors to any of the constituents listed in Section 
845.600; 

 
C) Actual or potential contamination of sensitive ecosystems or 

current or potential drinking water supplies; 
 

D) Further degradation of the groundwater that may occur if remedial 
action is not initiated expeditiously; 
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E) Weather conditions that may cause any of the constituents listed in 
Section 845.600 to migrate or be released; 

 
F) Potential for exposure to any of the constituents listed in Section 

845.600 as a result of an accident or failure of a container or 
handling system; and 

 
G) Other situations that may pose threats to human health and the 

environment. 
 

b) If the Agency or an owner or operator of the CCR surface impoundment 
determines, at any time, that compliance with the requirements of Section 
845.670(d) is not being achieved through the remedy selected, the owner or 
operator must implement other methods or techniques that could feasibly achieve 
compliance with the requirements.  These methods or techniques must receive 
approval by the Agency before implementation. 

 
c) Corrective action must be considered complete when: 

 
1) The owner or operator of the CCR surface impoundment demonstrates 

compliance with the groundwater protection standards established by 
Section 845.600 has been achieved at all points within the plume of 
contamination that lies beyond the waste boundary; 

 
2) Compliance with the groundwater protection standards has been achieved 

by demonstrating that concentrations of constituents listed in Section 
845.600 have not exceeded the groundwater protection standards for a 
period of three consecutive years, using the statistical procedures and 
performance standards in Section 845.640(f) and (g); and 

 
3) All actions required to complete the remedy have been satisfied. 

 
d) All CCR managed under a remedy approved by the Agency under Section 

845.670, or an interim measure required under subsection (a)(3), must be 
managed in a manner that complies with this Part. 

 
e) Upon completion of the corrective action plan, the owner or operator must submit 

to the Agency a corrective action completion report and certification.  
 

1) The corrective action completion report must contain supporting 
documentation, including: 

 
A) Any engineering and hydrogeology reports, including, monitoring 

well completion reports and boring logs, all CQA reports, 
certifications, and designations of CQA officers-in-absentia 
required by Section 845.290; 
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B) A written summary of the implementation of the corrective action 

plan as stated in the construction permit and this Part; 
 

C) Groundwater monitoring data demonstrating compliance with 
subsection (c); 

 
D) Any remedial actions completed under subsection(d); 
 
E) Documentation showing compliance with the selected remedy 

requirements of Section 845.670(b); and 
 
F) Any other information relied upon by the qualified professional 

engineer in making the closure certification. 
 

2) The corrective action completion certification must include a statement 
from a qualified professional engineer attesting that the corrective action 
plan has been completed in compliance with the requirements of 
subsection (c). 

 
3) The owner or operator must place the corrective action completion report 

and certification in the facility's operating record as required by Section 
845.800(d)(18). 

 
SUBPART G:  CLOSURE AND POST-CLOSURE CARE 

 
Section 845.700  Required Closure or Retrofit of CCR Surface Impoundments 
 

a) Required Closure.  The owner or operator of the following CCR surface 
impoundments must stop placing CCR or non-CCR waste streams in the CCR 
surface impoundment and must initiate closure of the CCR surface impoundment: 

 
1) An existing CCR surface impoundment that has not demonstrated 

compliance with any of the following location restrictions: 
 

A) Uppermost aquifer location (see Section 845.300); 
 
B) Wetlands (see Section 845.310); 

 
C) Fault areas (see Section 845.320); 

 
D) Seismic impact zones (see Section 845.330); or 

 
E) Unstable areas and floodplains (see Section 845.340). 

 

---

R000511



2) The owner or operator of any CCR surface impoundment that has failed to 
complete the initial or any subsequent annual safety factor assessment 
required by Section 845.460 or that has failed to document the calculated 
factors of safety for the CCR surface impoundment to achieve the 
minimum safety factors specified in Section 845.460(a). 

 
b) Required Closure or Retrofit. The owner or operator of an existing unlined CCR 

surface impoundment, as determined under Section 845.400(f), must stop placing 
CCR and non-CCR waste streams into that CCR surface impoundment and either 
retrofit or close the CCR surface impoundment in accordance with the 
requirements of Subpart G.  The owner or operator of a CCR surface 
impoundment electing to retrofit must submit, in accordance with the schedule in 
subsection (h), the written preliminary retrofit plan under subsection 
845.770(a)(3) and a construction permit application to retrofit under Section 
845.770; 

 
c) Beginning on April 21, 2021, the owner or operator of the CCR surface 

impoundment required to close under subsection (a), or electing to close under 
subsection (b), must immediately take steps to categorize the CCR surface 
impoundment under subsection (g) and to comply with the closure alternatives 
analysis requirements in Section 845.710.  Within 30 days after April 21, 2021, 
the owner or operator must send the category designation, including a justification 
for the category designation, for each CCR surface impoundment to the Agency 
for review.  The owner or operator of the CCR surface impoundment must submit 
a construction permit application containing a final closure plan under the 
schedule in subsection (h). 

 
d) Timeframes for Closure 

 
1) Except as provided in subsection (d)(2), the owner or operator must stop 

placing CCR and non-CCR waste streams in the impoundment and initiate 
closure within six months after failing to complete any of the 
demonstrations listed in subsection (a). 

 
2) For CCR surface impoundments required to close under subsection (a)(1) 

or electing to close under subsection (b): 
 

A) If, on April 21, 2021, the owner or operator of a CCR surface 
impoundment has not satisfied an alternative closure requirement 
of 40 CFR 257.103 that allows for the continued receipt of CCR or 
non-CCR waste streams, the owner or operator must not place 
CCR or non-CCR waste streams into the CCR surface 
impoundment after April 21, 2021. 

 
B) If, by November 30, 2020, the owner or operator of a CCR surface 

impoundment has submitted a complete demonstration to USEPA 
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seeking an alternative deadline to stop receiving waste or complete 
closure under 40 CFR 257.103(f), the deadline to stop receiving 
waste will be tolled until USEPA issues a decision.  If USEPA 
determines that a submission is incomplete, an owner or operator 
must immediately stop receiving waste and comply with all 
applicable deadlines of Section 845.700(d)(1). 

 
C) If USEPA disapproves the requested alternative deadline to stop 

receiving waste and complete closure, the owner or operator of the 
CCR surface impoundment must immediately stop receiving waste 
and initiate closure within six months after the USEPA denial of 
the extension and will be subject to Section 845.760(a). 

 
D) If, USEPA approves a demonstration that alternative disposal 

capacity is infeasible under 40 CFR 257.103(f)(1), the owner or 
operator must stop placing CCR or non-CCR waste streams into 
the CCR surface impoundment by the end of the initial time 
extension approved under 40 CFR 257.103 or once alternative 
capacity becomes available, whichever is sooner.  In no case may 
the owner or operator of the CCR surface impoundment place CCR 
or non-CCR waste streams into an eligible CCR surface 
impoundment after October 15, 2024, or into any other CCR 
surface impoundment subject to closure under Section 845.700(a) 
or (b) after October 15, 2023.  

 
E) If USEPA approves a demonstration for permanent cessation of 

coal-fired power boilers by a certain date under 40 CFR 
257.103(f)(2), the owner or operator must: 

 
i) For CCR surface impoundments that are 40 acres or 

smaller, stop operation of the coal-fired boiler and 
complete closure by October 17, 2023; or 

 
ii) For CCR surface impoundments that are larger than 40 

acres, stop operation of the coal-fired boiler and complete 
closure by October 17, 2028. 

 
F) The USEPA's decision to approve or deny the demonstration 

requesting an alternative deadline to initiate closure must, within 
30 days be submitted to the Agency and placed in the facility’s 
operating record as required by Section 845.800(d)(19). 

 
G) Failure to remain in compliance with any of the requirements of 

this Part will result in the automatic loss of authorization under 
subsections (d)(2)(D) and (d)(2)(E). 
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H) The owner or operator of the CCR surface impoundment with a 
USEPA-approved extension will not be given extensions of the 
timeframes for completion of closure under Section 845.760(c). 

 
e) Semi-Annual Reports.  The owner or operator of a CCR surface impoundment 

closing under the time frames in subsections (d)(2)(B) and (d)(2)(C) must prepare 
semi-annual reports consistent with the requirements in 40 CFR 257.103(f)(1)(x), 
incorporated by reference in Section 845.150, until the owner or operator has 
initiated closure. 

 
f) An owner or operator of a CCR surface impoundment required to close under this 

Section must prepare the notification required under Section 845.730(d) that the 
CCR surface impoundment is closing under this Section. 

 
g) Closure Prioritization 

 
1) The owner or operator of a CCR surface impoundment required to close 

under this Section must assign the CCR surface impoundment to one of 
the following categories. Category 1 has the highest priority for closure. 
Category 7 has the lowest priority for closure.  

 
A) Category 1 includes CCR surface impoundments that have 

impacted an existing potable water supply well or that have 
impacted groundwater quality within the setback of an existing 
potable water supply well. 

 
B) Category 2 includes CCR surface impoundments that are an 

imminent threat to human health or the environment or have been 
designated by the Agency under subsection (g)(5). 

 
C) Category 3 includes CCR surface impoundments located in areas 

of environmental justice concern, as determined by the Agency 
under subsection (g)(6). 

 
D) Category 4 includes inactive CCR surface impoundments that have 

an exceedance of the groundwater protection standards in Section 
845.600. 

 
E) Category 5 includes existing CCR surface impoundments that have 

exceedances of the groundwater protection standards in Section 
845.600. 

 
F) Category 6 includes inactive CCR surface impoundments that are 

in compliance with the groundwater protection standards in 
Section 845.600. 
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G) Category 7 includes existing CCR surface impoundments that are 
in compliance with the groundwater protection standards in 
Section 845.600. 

 
2) If a CCR surface impoundment can be categorized in more than one 

category, the owner or operator of the CCR surface impoundment must 
assign the CCR surface impoundment the highest priority category. 

 
3) Whenever an owner or operator of a CCR surface impoundment has more 

than one CCR surface impoundment that must close under this Section, 
the owner or operator must close the CCR surface impoundments in order 
of priority. 

 
4) If the CCR surface impoundment meets the criteria for Category 1, the 

owner or operator must take immediate steps to mitigate the impact to any 
existing potable water supply.  The owner or operator of the CCR surface 
impoundment, must act to replace the water supply with a supply of equal 
or better quality and quantity within 30 days after notice that the impact 
has occurred. 

 
5) The Agency may designate a CCR surface impoundment as a Category 2 

surface impoundment when: 
 

A) The CCR surface impoundment has failed to document that the 
calculated factors of safety for the CCR surface impoundment 
achieve the minimum safety factors specified in Section 
845.460(a); 

 
B) The CCR surface impoundment has not demonstrated compliance 

with the location restrictions in Subpart C; 
 

C) The owner or operator has been enjoined under Section 43 of the 
Act; 

 
D) An exceedance of the groundwater protection standards in Section 

845.600 has migrated off-site; or 
 

E) The Agency finds that an emergency condition exists creating an 
immediate danger to public health or welfare, or the environment. 

  
6) For purposes of, and only for, this Part, areas of environmental justice 

concern are identified as any area that meets either of the following: 
 

A) Any area within one mile of a census block group where the 
number of low-income persons is twice the statewide average, 
where low income means the number or percent of a census block 
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group's population in households where the household income is 
less than or equal to twice the federal poverty level; or 

 
B) Any area within one mile of a census block group where the 

number of minority persons is twice the statewide average, where 
minority means the number or percent of individuals in a census 
block group who list their racial status as a race other than white 
alone or list their ethnicity as Hispanic or Latino. 

 
7) For purposes of subsection (g)(6), if any part of a facility falls within one 

mile of the census block group, the entire facility, including all its CCR 
surface impoundments, must be considered an area of environmental 
justice concern. 

 
8) The Agency may designate a CCR surface impoundment as another 

Category when site-specific conditions contradict the designations 
provided by the owner or operator in subsection (c) and the categories in 
subsection (g)(1). 

 
h) Application Schedule 

 
1) Category 1, Category 2, Category 3, and Category 4 CCR surface 

impoundment owners or operators must submit either a construction 
permit application containing a final closure plan or a construction permit 
application to retrofit the CCR surface impoundment in accordance with 
the requirements of this Part by February 1, 2022. 

 
2) Category 5 CCR surface impoundment owners or operators must submit 

either a construction permit application containing a final closure plan or a 
construction permit application to retrofit the CCR surface impoundment 
in accordance with the requirements of this Part by August 1, 2022. 

 
3) Category 6 and Category 7 CCR surface impoundment owners or 

operators must submit either a construction permit application containing 
a final closure plan or a construction permit application to retrofit the CCR 
surface impoundment in accordance with the requirements of this Part by 
August 1, 2023. 

 
4) Owners or operators consolidating one or more CCR surface 

impoundments for closure must meet the application schedule of the 
highest priority CCR surface impoundment. 

 
5) If the Agency denies a construction permit application submitted under 

this Section, the owner and operator must submit a revised construction 
permit application addressing all deficiencies identified by the Agency.  
The revised construction permit application for closure must be submitted 
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to the Agency within 90 days after the Agency's denial if the Agency's 
denial is not appealed under Section 845.270.  If the Agency's denial is 
appealed and upheld, the owner or operator must submit a revised 
construction permit application for closure within 90 days after a final 
decision by the Board is rendered.  The owner or operator of the CCR 
surface impoundment must discuss the owner's or operator's proposed 
response to all deficiencies identified by the Agency in a public meeting 
with interested and affected parties held under Section 845.240. 

 
Section 845.710  Closure Alternatives 
 

a) Closure of a CCR surface impoundment, or any lateral expansion of a CCR 
surface impoundment, must be completed either by leaving the CCR in place and 
installing a final cover system or through removal of the CCR and 
decontamination of the CCR surface impoundment, as described in Sections 
845.720 through 845.760. 

 
b) Before selecting a closure method, the owner or operator of each CCR surface 

impoundment must complete a closure alternatives analysis.  The closure 
alternatives analysis must examine the following for each closure alternative: 

 
1) The long- and short-term effectiveness and protectiveness of the closure 

method, including identification and analyses of the following factors: 
 

A) The magnitude of reduction of existing risks; 
 

B) The magnitude of residual risks in terms of likelihood of future 
releases of CCR; 

 
C) The type and degree of long-term management required, including 

monitoring, operation, and maintenance; 
 

D) The short-term risks that might be posed to the community or the 
environment during implementation of a closure, including 
potential threats to human health and the environment associated 
with excavation, transportation, and re-disposal of contaminants; 

 
E) The time until closure and post-closure care or the completion of 

groundwater monitoring under Section 845.740(b) is completed; 
 

F) The potential for exposure of humans and environmental receptors 
to remaining wastes, considering the potential threat to human 
health and the environment associated with excavation, 
transportation, re-disposal, containment or changes in groundwater 
flow; 
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G) The long-term reliability of the engineering and institutional 
controls, including an analysis of any off-site, nearby destabilizing 
activities; and 

 
H) Potential need for future corrective action of the closure 

alternative. 
 

2) The effectiveness of the closure method in controlling future releases 
based on analyses of the following factors: 

 
A) The extent to which containment practices will reduce further 

releases; and 
 

B) The extent to which treatment technologies may be used. 
 

3) The ease or difficulty of implementing a potential closure method based 
on analyses of the following types of factors: 

 
A) Degree of difficulty associated with constructing the technology; 

 
B) Expected operational reliability of the technologies; 

 
C) Need to coordinate with and obtain necessary approvals and 

permits from other agencies; 
 

D) Availability of necessary equipment and specialists; and 
 

E) Available capacity and location of needed treatment, storage, and 
disposal services. 

 
4) The degree to which the concerns of the residents living within 

communities where the CCR will be handled, transported and disposed of 
are addressed by the closure method. 

 
c) In the closure alternatives analysis, the owner or operator of the CCR surface 

impoundment must: 
 

1) Analyze complete removal of the CCR as one closure alternative, along 
with the modes for transporting the removed CCR, including by rail, 
barge, low-polluting trucks, or a combination of these transportation 
modes;     

 
2) Identify whether the facility has an onsite landfill with remaining capacity 

that can legally accept CCR, and, if not, whether constructing an onsite 
landfill is possible; and   
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3) Include any other closure method in the alternatives analysis if requested 
by the Agency. 

 
d) The analysis for each alternative completed under this Section must: 

 
1) Meet or exceed a class 4 estimate under the AACE Classification 

Standard, incorporated by reference in Section 845.150, or a comparable 
classification practice as provided in the AACE Classification Standard; 

 
2) Contain the results of groundwater contaminant transport modeling and 

calculations showing how the closure alternative will achieve compliance 
with the applicable groundwater protection standards; 

 
3) Include a description of the fate and transport of contaminants with the 

closure alternative over time, including consideration of seasonal 
variations; and 

 
4) Assess impacts to waters in the State. 

 
e) At least 30 days before submission of a construction permit application for 

closure, the owner or operator of the CCR surface impoundment must discuss the 
results of the closure alternatives analysis in a public meeting with interested and 
affected parties (see Section 845.240).  

 
f) After completion of the public meeting under subsection (e), the owner or 

operator of a CCR surface impoundment must select a closure method and submit 
a final closure plan to the Agency under Section 845.720(b).  All materials 
demonstrating completion of the closure alternatives analysis specified in this 
Section must be submitted with the final closure plan. 

 
g) The selected closure method must meet the requirements and standards of this 

Part, ensure the protection of human health and the environment, and achieve 
compliance with the groundwater protection standards in Section 845.600. 

 
Section 845.720  Closure Plan 
 

a) Preliminary Written Closure Plan 
 

1) Content of the Preliminary Closure Plan.  The owner or operator of a new 
CCR surface impoundment or an existing CCR surface impoundment not 
required to close under Section 845.700 must prepare a preliminary 
written closure plan that describes the steps necessary to close the CCR 
surface impoundment at any point during the active life of the CCR 
surface impoundment consistent with recognized and generally accepted 
engineering practices.  The preliminary written closure plan must include, 
at a minimum, the following: 
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A) A narrative description of how the CCR surface impoundment will 

be closed in accordance with this Part. 
 
B) If closure of the CCR surface impoundment will be accomplished 

through removal of CCR from the CCR surface impoundment, a 
description of the procedures to remove the CCR and 
decontaminate the CCR surface impoundment in accordance with 
Section 845.740. 

 
C) If closure of the CCR surface impoundment will be accomplished 

by leaving CCR in place, a description of the final cover system, 
designed in accordance with Section 845.750, and the methods and 
procedures to be used to install the final cover.  The closure plan 
must also discuss how the final cover system will achieve the 
performance standards specified in Section 845.750. 

 
D) An estimate of the maximum inventory of CCR ever on-site over 

the active life of the CCR surface impoundment. 
 

E) An estimate of the largest area of the CCR surface impoundment 
ever requiring a final cover (see Section 845.750), at any time 
during the CCR surface impoundment's active life. 

 
F) A schedule for completing all activities necessary to satisfy the 

closure criteria in this Section, including an estimate of the year in 
which all closure activities for the CCR surface impoundment will 
be completed.  The schedule should provide sufficient information 
to describe the sequential steps that will be taken to close the CCR 
surface impoundment, including identification of major milestones 
such as coordinating with and obtaining necessary approvals and 
permits from other agencies, the dewatering and stabilization 
phases of CCR surface impoundment closure, or installation of the 
final cover system, and the estimated timeframes to complete each 
step or phase of CCR surface impoundment closure.  When 
preparing the preliminary written closure plan, if the owner or 
operator of a CCR surface impoundment estimates that the time 
required to complete closure will exceed the timeframes specified 
in Section 845.760(a), the preliminary written closure plan must 
include the site-specific information, factors and considerations 
that would support any time extension sought under Section 
845.760(b). 

 
2) The owner or operator of the CCR surface impoundment must submit the 

preliminary written closure plan to the Agency with its initial operating 
permit application.  The owner or operator of the CCR surface 
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impoundment must submit the most recently amended preliminary closure 
plan to the Agency with each operating permit renewal application. The 
owner or operator must place preliminary and amended preliminary 
written closure plans in the facility's operating record as required by 
Section 845.800(d)(20). 

 
3) Amendment of a Preliminary Written Closure Plan.  

 
A) The owner or operator may amend the preliminary written closure 

plan at any time. 
 

B) The owner or operator must amend the preliminary written closure 
plan whenever: 

 
i) There is a change in the operation of the CCR surface 

impoundment that would substantially affect the written 
closure plan in effect; or 

 
ii) Before closure activities have started, unanticipated events 

necessitate a revision of the written closure plan. 
 

C) The owner or operator must amend the closure plan at least 60 
days before a planned change in the operation of the facility or 
CCR surface impoundment, or within 60 days after an 
unanticipated event requires the need to revise an existing written 
closure plan. 

 
4) The owner or operator of the CCR surface impoundment must obtain and 

submit with its initial and renewal operating permit applications a written 
certification from a qualified professional engineer that the initial and any 
amendment of the preliminary written closure plan meets the requirements 
of this Part. 

 
b) Final Closure Plan 

 
1) The owner or operator of a CCR surface impoundment must submit to the 

Agency, as a part of a construction permit application for closure, a final 
closure plan.  The plan must be submitted before the installation of a final 
cover system or removal of CCR from the surface impoundment for the 
purpose of closure. 

 
2) Except as otherwise provided in Section 22.59 of the Act, the owner or 

operator of a CCR surface impoundment must not close a CCR surface 
impoundment without a construction permit issued under this Part. 
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3) The final closure plan must identify the proposed selected closure method, 
and must include the information required in subsection (a)(1) and the 
closure alternatives analysis specified in Section 845.710. 

 
4) If a final written closure plan revision is necessary after closure activities 

have started for a CCR surface impoundment, the owner or operator must 
submit a request to modify the construction permit within 60 days 
following the triggering event. 

 
5) The owner or operator of the CCR surface impoundment must obtain and 

submit with its construction permit application for closure a written 
certification from a qualified professional engineer that the final written 
closure plan meets the requirements of this Part. 

 
Section 845.730  Initiation of Closure 
 
Initiation of closure activities.  Except as provided for in this Section, the owner or operator of a 
CCR surface impoundment must initiate closure of the CCR surface impoundment within the 
applicable timeframes specified in either subsection (a) or (b).  For purposes of this Section, 
closure of the CCR surface impoundment has been initiated if the owner or operator has stopped 
placing waste in the CCR surface impoundment and has submitted to the Agency a construction 
permit application under Section 845.220(d). 

 
a) Known Final Receipt.  The owner or operator must initiate closure of the CCR 

surface impoundment within 30 days after the date on which the CCR surface 
impoundment either: 

 
1) Receives the known final placement of waste, either CCR or any non-CCR 

waste stream; or 
 

2) Removes the known final volume of CCR from the CCR surface 
impoundment for the purpose of beneficial use of CCR. 

 
b) Temporarily Idled CCR Surface Impoundments. 

 
1) Except as provided by subsection (b)(2), the owner or operator must 

initiate closure of a CCR surface impoundment that has not received CCR 
or any non-CCR waste stream, or is no longer removing CCR for the 
purpose of beneficial use, within two years after the last receipt of waste 
or within two years after the last removal of CCR material for the purpose 
of beneficial use. 

 
2) Notwithstanding subsection (b)(1), the owner or operator of the CCR 

surface impoundment may secure an additional two years to initiate 
closure of the idle surface impoundment if the Agency approves the 
owner's or operator's written demonstration that the CCR surface 
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impoundment will continue to accept wastes or will start removing CCR 
for the purpose of beneficial use.  The documentation must be supported 
by, at a minimum, the information specified in this subsection (b)(2).  The 
owner or operator may obtain two-year extensions, provided the owner or 
operator continues to be able to demonstrate that there is reasonable 
likelihood that the CCR surface impoundment will accept wastes in the 
foreseeable future or will remove CCR from the surface impoundment for 
the purpose of beneficial use.  The owner or operator must place each 
Agency approved demonstration, if more than one time extension is 
sought, in the facility's operating record as required by Section 
845.800(d)(21) before the end of any two-year period. 

 
A) Information documenting that the CCR surface impoundment has 

remaining storage or disposal capacity or that the CCR surface 
impoundment can have CCR removed for the purpose of beneficial 
use; and 

 
B) Information demonstrating that that there is a reasonable likelihood 

that the CCR surface impoundment will resume receiving CCR or 
non-CCR waste streams in the foreseeable future or that CCR can 
be removed for the purpose of beneficial use.  The narrative must 
include a best estimate as to when the CCR surface impoundment 
will resume receiving CCR or non-CCR waste streams.  The 
situations listed in this subsection (b)(2)(B) are examples of 
situations that would support a determination that the CCR surface 
impoundment will resume receiving CCR or non-CCR waste 
streams in the foreseeable future. 

 
i) Normal plant operations include periods during which the 

CCR surface impoundment does not receive CCR or non-
CCR waste streams, such as the alternating use of two or 
more CCR surface impoundments whereby, at any point in 
time, one CCR surface impoundment is receiving CCR 
while CCR is being removed from a second CCR surface 
impoundment after its dewatering. 

 
ii) The CCR surface impoundment is dedicated to a coal-fired 

boiler surface impoundment that is temporarily idled (e.g., 
CCR is not being generated) and there is a reasonable 
likelihood that the coal-fired boiler will resume operations 
in the future. 

 
iii) The CCR surface impoundment is dedicated to an operating 

coal-fired boiler (i.e., CCR is being generated); however, 
no CCR is being placed in the CCR surface impoundment 
because the CCR is being entirely diverted to beneficial 
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uses, but there is a reasonable likelihood that the CCR 
surface impoundment will again be used in the foreseeable 
future. 

 
iv) The CCR surface impoundment currently receives only 

non-CCR waste streams and those non-CCR waste streams 
are not generated for an extended period of time, but there 
is a reasonable likelihood that the CCR surface 
impoundment will again receive non-CCR waste streams in 
the future. 

 
3) In order to obtain additional time extensions to initiate closure of a CCR 

surface impoundment beyond the two years provided by subsection (b)(1), 
the owner or operator of the CCR surface impoundment must submit the 
demonstration required by subsection (b)(2) to the Agency for review and 
approval.  The written documentation must include the following 
statement signed by the owner or operator or an authorized representative: 

 
I certify under penalty of law that I have personally examined and 
am familiar with the information submitted in this demonstration 
and all attached documents, and that, based on my inquiry of those 
individuals immediately responsible for obtaining the information, 
I believe that the submitted information is true, accurate, and 
complete.  I am aware that there are significant penalties for 
submitting false information, including the possibility of fine and 
imprisonment. 

 
c) The timeframes specified in subsections (a) and (b) do not apply to an owner or 

operator of a CCR surface impoundment closing the CCR surface impoundment 
as required by Section 845.700: 

 
d) By the date the owner or operator initiates closure of a CCR surface 

impoundment, the owner or operator must prepare a notification of intent to close 
a CCR surface impoundment.  The notification must be placed in the facility's 
operating record as required by Section 845.800(d)(21). 

 
Section 845.740  Closure by Removal 
 

a) Closure by Removal of CCR. An owner or operator may elect to close a CCR 
surface impoundment by removing all CCR and decontaminating all areas 
affected by releases of CCR from the CCR surface impoundment. CCR removal 
and decontamination of the CCR surface impoundment are complete when all 
CCR and CCR residues, containment system components such as the 
impoundment liner and contaminated subsoils, and CCR impoundment structures 
and ancillary equipment have been removed.  Closure by removal must be 
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completed before the completion of a groundwater corrective action under 
Subpart F. 

 
b) After closure by removal has been completed, the owner or operator must 

continue groundwater monitoring under Subpart F for three years after the 
completion of closure or for three years after groundwater monitoring does not 
show an exceedance of the groundwater protection standard established under 
Section 845.600, whichever is longer.  

 
c) The owner or operator of a CCR surface impoundment removing CCR during 

closure must responsibly handle and transport the CCR consistent with this 
subsection. 

 
1) Transportation 

 
A) Manifests 
 

i) When transporting CCR off-site by motor vehicle, 
manifests must be carried as specified in 35 Ill. Adm. Code 
809.  For purposes of this Part, coal combustion fly ash that 
is removed from a CCR surface impoundment is not 
exempt from the manifest requirement. 

 
ii) When transporting CCR off-site by any other mode or 

method, including trains or barges, manifests must be 
carried specifying, at a minimum, the following 
information: the volume of the CCR; the location from 
which the CCR was loaded onto the mode of transportation 
and the date the loading took place; and the location where 
the CCR is being taken and the date it will be delivered. 

 
B) The owner or operator of a CCR surface impoundment from which 

CCR is removed and transported off-site must develop a CCR 
transportation plan, which must include: 

 
i) Identification of the transportation method selected, 

including whether a combination of transportation methods 
will be used; 

 
ii) The frequency, time of day, and routes of CCR 

transportation; 
 

iii) Any measures to minimize noise, traffic, and safety 
concerns caused by the transportation of the CCR; 
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iv) Measures to limit fugitive dust from any transportation of 
CCR; 

 
v) Installation and use of a vehicle washing station; 

 
vi) A means of covering the CCR for any mode of CCR 

transportation, including conveyor belts; and 
 

vii) A requirement that, for transport by motor vehicle, the 
CCR is transported by a permitted special waste hauler 
under 35 Ill. Adm. Code 809.201. 

 
2) The owner or operator of a CCR surface impoundment must develop and 

implement onsite dust controls, which must include: 
 

A) A water spray or other commercial dust suppressant to suppress 
dust in CCR handling areas and haul roads; and 

 
B) Handling of CCR to minimize airborne particulates and offsite 

particulate movement during any weather event or condition. 
 

3) The owner or operator of a CCR surface impoundment must provide the 
following public notices: 

 
A) Signage must be posted at the property entrance warning of the 

hazards of CCR dust inhalation; and 
 
B) When CCR is transported off-site, a written notice explaining the 

hazards of CCR dust inhalation, the transportation plan, and 
tentative transportation schedule must be provided to units of local 
government through which the CCR will be transported. 

 
4) The owner or operator of the surface impoundment must take measures to 

prevent contamination of surface water, groundwater, soil and sediments 
from the removal of CCR, including the following: 

 
A) CCR removed from the surface impoundment may only be 

temporarily stored, and must be stored in a lined landfill, CCR 
surface impoundment, enclosed structure, or CCR storage pile. 

 
B) CCR storage piles must:  

 
i) Be tarped or constructed with wind barriers to suppress 

dust and to limit stormwater contact with storage piles; 
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ii) Be periodically wetted or have periodic application of dust 
suppressants;  

 
iii) Have a storage pad, or a geomembrane liner, with a 

hydraulic conductivity no greater than 1 x 10 7 cm/sec, that 
is properly sloped to allow appropriate drainage;  

 
iv) Be tarped over the edge of the storage pad where possible; 

 
v) Be constructed with fixed and mobile berms, where 

appropriate, to reduce run-on and run-off of stormwater to 
and from the storage pile, and minimize stormwater-CCR 
contact; and 

 
vi) Have a groundwater monitoring system that is consistent 

with the requirements of Section 845.630 and approved by 
the Agency. 

 
C) The owner or operator of the CCR surface impoundment must 

incorporate general housekeeping procedures such as daily cleanup 
of CCR, tarping of trucks, maintaining the pad and equipment, and 
good practices during unloading and loading. 

 
D) The owner or operator of the CCR must minimize the amount of 

time the CCR is exposed to precipitation and wind. 
 

E) The discharge of stormwater runoff that has contact with CCR 
must be covered by an individual National Pollutant Discharge 
Elimination System (NPDES) permit.  The owner or operator must 
develop and implement a Stormwater Pollution Prevention Plan 
(SWPPP) in addition to any other requirements of the facility's 
NPDES permit. Any construction permit application for closure 
must include a copy of the SWPPP. 

 
d) At the end of each month during which CCR is being removed from a CCR 

surface impoundment, the owner or operator must prepare a report that: 
 

1) Describes the weather, precipitation amounts, the amount of CCR 
removed from the CCR surface impoundment, the amount and location of 
CCR being stored on-site, the amount of CCR transported offsite, the 
implementation of good housekeeping procedures required by subsection 
(c)(4)(C), and the implementation of dust control measures; and  

 
2) Documents worker safety measures implemented.  The owner or operator 

of the CCR surface impoundment must place the monthly report in the 
facility's operating record as required by Section 845.800(d)(23). 
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e) Upon completion of CCR removal and decontamination of the CCR surface 

impoundment under subsection (a), the owner or operator of the CCR surface 
impoundment must submit to the Agency a completion of CCR removal and 
decontamination report and a certification from a qualified professional engineer 
that CCR removal and decontamination of the CCR surface impoundment has 
been completed in accordance with this Section.  The owner or operator must 
place the CCR removal and decontamination report and certification in the 
facility's operating record as required by Section 845.800(d)(32). 

 
f) Upon completion of groundwater monitoring required under subsection (b), the 

owner or operator of the CCR surface impoundment must submit to the Agency a 
completion of groundwater monitoring report and a certification from a qualified 
professional engineer that groundwater monitoring has been completed in 
accordance with this Section.  The owner or operator must place the groundwater 
monitoring report and certification in the facility's operating record as required by 
Section 845.800(d)(24). 

 
Section 845.750  Closure with a Final Cover System 
 
Closure Performance Standard When Leaving CCR in Place: 
 

a) The owner or operator of a CCR surface impoundment must ensure that, at a 
minimum, the CCR surface impoundment is closed in a manner that will: 

 
1) Control, minimize or eliminate, to the maximum extent feasible, post-

closure infiltration of liquids into the waste and releases of CCR, leachate, 
or contaminated run-off to the ground or surface waters or to the 
atmosphere; 

 
2) Preclude the probability of future impoundment of water, sediment, or 

slurry; 
 

3) Include measures that provide for major slope stability to prevent the 
sloughing or movement of the final cover system during the closure and 
post-closure care period; 

 
4) Minimize the need for further maintenance of the CCR surface 

impoundment; and 
 

5) Be completed in the shortest amount of time consistent with recognized 
and generally accepted engineering practices. 

 
b) Drainage and Stabilization of CCR Surface Impoundments.  The owner or 

operator of a CCR surface impoundment or any lateral expansion of a CCR 
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surface impoundment must meet the requirements of this subsection (b) before 
installing the final cover system required by subsection (c). 

 
1) Free liquids must be eliminated by removing liquid wastes or solidifying 

the remaining wastes and waste residues. 
 

2) Remaining wastes must be stabilized sufficiently to support the final cover 
system. 

 
c) Final Cover System. If a CCR surface impoundment is closed by leaving CCR in 

place, the owner or operator must install a final cover system that is designed to 
minimize infiltration and erosion, and, at a minimum, meets the requirements of 
this subsection (c).  The final cover system must consist of a low permeability 
layer and a final protective layer.  The design of the final cover system must be 
included in the preliminary and final written closure plans required by Section 
845.720 and the construction permit application for closure submitted to the 
Agency. 

 
1) Standards for the Low Permeability Layer.  The low permeability layer 

must have a permeability less than or equal to the permeability of any 
bottom liner system or natural subsoils present, or a hydraulic conductivity 
no greater than 1 x 10 7 cm/sec, whichever is less.  The low permeability 
layer must be constructed in accordance with the standards in either 
subsection (c)(1)(A) or (c)(1)(B), unless the owner or operator 
demonstrates that another low permeability layer construction technique or 
material provides equivalent or superior performance to the requirements 
of either subsection (c)(1)(A) or (c)(1)(B) and is approved by the Agency. 

 
A) A compacted earth layer constructed in accordance with the 

following standards: 
 

i) The minimum allowable thickness must be 0.91 meter 
(three feet); and 

 
ii) The layer must be compacted to achieve a hydraulic 

conductivity of 1 x 10-7 cm/sec or less and minimize void 
spaces. 

 
B) A geomembrane constructed in accordance with the following 

standards: 
 

i) The geosynthetic membrane must have a minimum 
thickness of 40 mil (0.04 inches) and, in terms of hydraulic 
flux, must be equivalent or superior to a three-foot layer of 
soil with a hydraulic conductivity of 1 x 10-7 cm/sec; 
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ii) The geomembrane must have strength to withstand the 
normal stresses imposed by the waste stabilization process; 
and 

 
iii) The geomembrane must be placed over a prepared base 

free from sharp objects and other materials that may cause 
damage. 

 
2) Standards for the Final Protective Layer. The final protective layer must 

meet the following requirements, unless the owner or operator 
demonstrates that another final protective layer construction technique or 
material provides equivalent or superior performance to the requirements 
of this subsection (c)(2) and is approved by the Agency. 

 
A) Cover the entire low permeability layer; 

 
B) Be at least three feet thick, be sufficient to protect the low 

permeability layer from freezing, and minimize root penetration of 
the low permeability layer;  

 
C) Consist of soil material capable of supporting vegetation; 

 
D) Be placed as soon as possible after placement of the low 

permeability layer; and 
 

E) Be covered with vegetation to minimize wind and water erosion. 
 

3) The disruption of the integrity of the final cover system must be 
minimized through a design that accommodates settling and subsidence. 

 
4) The owner or operator of the CCR surface impoundment must obtain and 

submit with its construction permit application for closure a written 
certification from a qualified professional engineer that the design of the 
final cover system meets the requirements of this Section. 

 
d) This subsection specifies the allowable uses of CCR in the closure of CCR 

surface impoundments closing under Section 845.700.  Notwithstanding the 
prohibition on further placement in Section 845.700, CCR may be placed in these 
surface impoundments, but only for purposes of grading and contouring in the 
design and construction of the final cover system, if: 

 
1) The CCR placed was generated at the facility and is located at the facility 

at the time closure was initiated; 
 
2) CCR is placed entirely above the elevation of CCR in the surface 

impoundment, following dewatering and stabilization (see subsection (b)); 
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3) The CCR is placed entirely within the perimeter berms of the CCR surface 

impoundment; and 
 
4) The final cover system is constructed with either: 
 

A) A slope not steeper than 5% grade after allowance for settlement; 
or 

 
B) At a steeper grade, if the Agency determines that the steeper slope 

is necessary, based on conditions at the site, to facilitate run-off 
and minimize erosion, and that side slopes are evaluated for 
erosion potential based on a stability analysis to evaluate possible 
erosion potential.  The stability analysis, at a minimum, must 
evaluate the site geology; characterize soil shear strength; construct 
a slope stability model; establish groundwater and seepage 
conditions, if any; select loading conditions; locate critical failure 
surface; and iterate until minimum factor of safety is achieved. 

 
Section 845.760  Completion of Closure Activities 
 

a) Except as provided for in subsection (b), the owner or operator must complete 
closure of existing and new CCR surface impoundments, and any lateral 
expansion of a CCR surface impoundment, within the timeframe approved by the 
Agency in the final closure plan, or within five years of obtaining a construction 
permit for closure, whichever is less. 

 
b) Extensions of Closure Timeframes 

 
1) The timeframes for completing closure of a CCR surface impoundment 

specified under subsection (a) may be extended if the owner or operator 
has demonstrated to the Agency that it was not feasible to complete 
closure of the CCR surface impoundment within the required timeframes 
due to factors beyond the facility's control. 

 
2) The demonstration must include a narrative explaining the basis for 

additional time. 
 

3) The owner or operator must submit the demonstration to the Agency with 
a renewal construction permit application for closure. 

 
4) Factors that may support a demonstration include: 

 
A) Complications stemming from the climate and weather, such as 

unusual amounts of precipitation or a significantly shortened 
construction season; 
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B) Time required to dewater a surface impoundment due to the 

volume of CCR contained in the CCR surface impoundment or the 
characteristics of the CCR in the surface impoundment; 

 
C) Statement that the geology and terrain surrounding the CCR 

surface impoundment will affect the amount of material needed to 
close the CCR surface impoundment; or 

 
D) Time required or delays caused by the need to coordinate with and 

obtain necessary approvals and permits from the Agency or other 
agencies. 

 
c) Maximum Time Extensions 

 
1) CCR surface impoundments of 40 acres or smaller that are not closing by 

removal may extend the time to complete closure by no longer than two 
years. 

 
2) CCR surface impoundments larger than 40 acres that are not closing by 

removal may extend the timeframe to complete closure of the CCR 
surface impoundment multiple times, in two-year increments.  For each 
two-year extension sought, the owner or operator must substantiate the 
factual circumstances demonstrating the need for the extension.  No more 
than a total of five two-year extensions may be obtained for any CCR 
surface impoundment. 

 
3) CCR surface impoundments that are closing by removal may extend the 

time to complete closure multiple times, in two-year increments.  For each 
two-year extension sought, the owner or operator must substantiate the 
factual circumstances demonstrating the need for the extension.  In no 
instance may the time allowed for closure by removal be extended beyond 
the completion of a groundwater corrective action as required by Section 
845.680(c)(1). 

 
d) In order to obtain an additional time extension to complete closure of a CCR 

surface impoundment beyond the times provided by subsection (a), the owner or 
operator of the CCR surface impoundment must include with the demonstration 
required by subsection (b) the following statement signed by the owner or 
operator or an authorized representative: 

 
I certify under penalty of law that I have personally examined and am 
familiar with the information submitted in this demonstration and all 
attached documents, and that, based on my inquiry of those individuals 
immediately responsible for obtaining the information, I believe that the 
submitted information is true, accurate, and complete. I am aware that 
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there are significant penalties for submitting false information, including 
the possibility of fine and imprisonment. 

 
e) Upon completion of all closure activities required by this Part and approved in the 

final closure plan, the owner or operator of the CCR surface impoundment must 
submit to the Agency a closure report and a closure certification. 
 
1) The closure report must contain supporting documentation, including:  

 
A) Engineering and hydrogeology reports, including monitoring well 

completion reports and boring logs, all CQA reports, certifications, 
and designations of CQA officers-in-absentia required by Section 
845.290; 

 
B) Photographs, including time, date and location information of the 

photographs, of the final cover system and groundwater collection 
system, if applicable, and any other photographs relied upon to 
document construction activities;  

 
C) A written summary of closure requirements and completed 

activities as stated in the closure plan and this Part; and 
 

D) Any other information relied upon by the qualified professional 
engineer in making the closure certification. 

 
2) The closure certification must include a statement from a qualified 

professional engineer that closure has been completed in accordance with 
the Agency-approved final closure plan and the requirements of this 
Section. 

 
3) The owner or operator must place the closure report and certification in 

the facility's operating record as required by Section 845.800(d)(24). 
 

f) Within 30 days after the Agency's approval of the closure report and closure 
certification submitted under subsection (e), the owner or operator must prepare a 
notification of closure of the CCR surface impoundment.  The notification must 
include the certification by a qualified professional engineer required by 
subsection (e)(2). The owner or operator must place the notification in the 
facility's operating record as required by Section 845.800(d)(25). 

 
g) If an owner or operator of a CCR surface impoundment has completed closure of 

the CCR surface impoundment before April 21, 2021, the owner or operator must 
notify the Agency of the completed closure by September 30, 2021, if that 
notification has not previously been submitted. 

 
h) Deed Notations 
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1) Following closure of a CCR surface impoundment, the owner or operator 

must record a notation on the deed to the property, or some other 
instrument that is normally examined during title search. 

 
2) The notation on the deed must in perpetuity notify any potential purchaser 

of the property that: 
 

A) The land has been used as a CCR surface impoundment; and 
 
B) Its use is restricted under the post-closure care requirements as 

provided by Section 845.780(d)(1)(C) or groundwater monitoring 
requirements in Section 845.740(b). 

 
3) Within 30 days after recording a notation on the deed to the property, the 

owner or operator must submit to the Agency a notification stating that the 
notation has been recorded.  The owner or operator must place the 
notification in the facility's operating record as required by 
845.800(d)(26). 

 
Section 845.770  Retrofitting 
 
Retrofit of a CCR surface impoundment must be completed in accordance with the requirements 
of this Section.  
 

a) To retrofit an existing CCR surface impoundment, the owner or operator must: 
 

1) First remove all CCR, including any liners except as specified in 
subsection (a)(4), as necessary, and contaminated soils and sediments 
from the CCR surface impoundment;  

 
2) Comply with the requirements in Sections 845.410 and 845.420; and 
 
3) Within 30 days after April 21, 2021, the owner or operator electing to 

retrofit a CCR surface impoundment under this Section must submit a 
written preliminary retrofit plan to the Agency and post the written 
preliminary retrofit plan in the facility's operating record as required by 
Section 845.800(d)(27).  The written preliminary retrofit plan must 
include a prioritization categorization under Section 845.700(g) and the 
expected construction permit application date under Section 845.700(h); 
and 

 
4) An owner or operator may request the Agency to approve the use of an 

existing competent geomembrane liner as a supplemental liner by 
submitting visual inspection, and analytical testing results to demonstrate 
that the existing liner is not contaminated with CCR constituents. 
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b) A CCR surface impoundment undergoing a retrofit remains subject to all other 

requirements of this Part, including the requirement to conduct any necessary 
corrective action. 

 
c) Written Retrofit Plan 

 
1) Content of the Plan.  The owner or operator must prepare a written retrofit 

plan that describes the steps necessary to retrofit the CCR surface 
impoundment consistent with recognized and generally accepted 
engineering practices.  The written retrofit plan must include, at a 
minimum, all the following information: 

 
A) A narrative description of the specific measures that will be taken 

to retrofit the CCR surface impoundment in accordance with this 
Section. 

 
B) A description of the procedures to remove all CCR, liners as 

necessary, and contaminated soils and sediments from the CCR 
surface impoundment. 

 
C) An estimate of the maximum amount of CCR and other 

contaminated materials that will be removed as part of the retrofit 
operation. 

 
D) An estimate of the largest area of the CCR surface impoundment 

that will be affected by the retrofit operation. 
 

E) A schedule for completing all activities necessary to satisfy the 
retrofit criteria in this Section, including an estimate of the year in 
which retrofit activities of the CCR surface impoundment will be 
completed. 

 
2) The owner or operator must submit the written retrofit plan with the 

construction permit application and must obtain a construction permit 
before retrofitting a CCR surface impoundment. 

 
3) Amendment of a Written Retrofit Plan. 

 
A) The owner or operator may submit a permit modification 

application to amend the initial or any subsequent written retrofit 
plan at any time. 

 
B) The owner or operator must seek to amend the written retrofit plan 

whenever: 
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i) There is a change in the operation of the CCR surface 
impoundment that would substantially affect the written 
retrofit plan in effect; or 

 
ii) unanticipated events necessitate a revision of the written 

retrofit plan either before or after retrofit activities have 
started. 

 
C) The owner or operator must seek to amend the retrofit plan at least 

60 days before a planned change in the operation of the facility or 
CCR surface impoundment, or within 60 days after an 
unanticipated event requires the revision of an existing written 
retrofit plan.  If a written retrofit plan needs to be revised after 
retrofit activities have started for a CCR surface impoundment, the 
owner or operator must submit a request to modify the construction 
permit within 60 days following the triggering event. 

 
4) The owner or operator of the CCR surface impoundment must obtain a 

written certification from a qualified professional engineer that the 
activities outlined in the written retrofit plan, including any amendment of 
the plan, meet the requirements of this Section. 

 
d) By the date the owner or operator submits a construction permit application to the 

Agency to retrofit a CCR surface impoundment, the owner or operator must 
prepare a notification of intent to retrofit a CCR surface impoundment.  The 
owner or operator has completed the notification when it has been placed in the 
facility's operating record as required by Section 845.800(d)(28). 

 
e) When activities related to retrofitting the CCR surface impoundment include the 

removal of CCR from the surface impoundment, the handling and removal of 
CCR must be performed in a manner consistent with the requirements of Section 
845.740. 

 
f) Deadline for Completion of Activities Related to the Retrofit of a CCR Surface 

Impoundment.  Any CCR surface impoundment that is being retrofitted must 
complete all retrofit activities within the timeframe approved by the Agency in the 
retrofit plan, or within five years after obtaining a construction permit, whichever 
is less.  The same procedures specified for the extension closure timeframes in 
Section 845.760(b) apply to extension of retrofit timeframes. 

 
g) Upon completion of all retrofit activities required by this Part and approved by the 

Agency in a construction permit, the owner or operator of the CCR surface 
impoundment must submit to the Agency a retrofit completion report and 
certification. 
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1) The retrofit completion report must contain supporting documentation, 
including: 

 
A) Engineering and hydrogeology reports, including monitoring well 

completion reports and boring logs, all CQA reports, certifications, 
and designations of CQA officers-in-absentia required by Section 
845.290; 

 
B) Photographs, including time, date and location information of the 

photographs, of the liner system and leachate collection system, 
and any other photographs relied upon to document construction 
activities; 

 
C) A written summary of retrofit requirements and completed 

activities as stated in the construction permit and this Part; and 
 

D) Any other information relied upon by the qualified professional 
engineer in making the closure certification. 

 
2) The retrofit certification must include a statement from a qualified 

professional engineer that retrofit has been completed in accordance with 
the retrofit plan specified in subsection (c) and the requirements of this 
Part. 

 
3) The owner or operator must place the retrofit completion report and 

certification in the facility's operating record as required by Section 
845.800(d)(29). 

 
h) Within 30 days after the Agency's approval of the retrofit completion report and 

certification submitted under subsection (g), the owner or operator must prepare a 
notification of completion of retrofit activities.  The notification must include the 
certification by a qualified professional engineer as required by subsection (g)(2).  
The owner or operator has completed the notification when it has been placed in 
the facility's operating record as required by Section 845.800(d)(30). 

 
i) At any time after the initiation of a CCR surface impoundment retrofit, the owner 

or operator may stop the retrofit and seek to initiate closure of the CCR surface 
impoundment in accordance with the requirements of this Subpart G.  The owner 
or operator of the CCR surface impoundment must obtain an approved 
construction permit for closure. 

 
Section 845.780  Post-Closure Care Requirements 
 

a) Applicability 
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1) Except as provided by subsection (a)(2), this Section applies to the owners 
or operators of CCR surface impoundments who have completed an 
Agency approved closure. 

 
2) An owner or operator of a CCR surface impoundment that elects to close a 

CCR surface impoundment by removing CCR as provided by Section 
845.740 is not subject to the post-closure care criteria of this Section. 

 
b) Post-closure Care Maintenance Requirements.  Following closure of the CCR 

surface impoundment, the owner or operator must conduct post-closure care for 
the CCR surface impoundment, which must consist of at least the following: 

 
1) Maintaining the integrity and effectiveness of the final cover system, 

including making repairs to the final cover as necessary to correct the 
effects of settlement, subsidence, erosion, or other events, and preventing 
run-on and run-off from eroding or otherwise damaging the final cover; 

 
2) If the CCR surface impoundment is subject to the design criteria of 

Section 845.420, maintaining the integrity and effectiveness of the 
leachate collection and removal system and operating the leachate 
collection and removal system in accordance with the requirements of 
Section 845.420; and 

 
3) Maintaining the groundwater monitoring system and monitoring the 

groundwater in accordance with the requirements of Subpart F. 
 

c) Post-closure Care Period 
 

1) Except as provided by subsection (c)(2), the owner or operator of the CCR 
surface impoundment must conduct post-closure care for 30 years. 

 
2) At the end of the 30-year post-closure care period, the owner or operator 

of the CCR surface impoundment must continue to conduct post-closure 
care until the groundwater monitoring data shows the concentrations are: 

 
A) Below the groundwater protection standards in Section 845.600; 

and 
 

B) Not increasing for those constituents over background, using the 
statistical procedures and performance standards in Section 
845.640(f) and (g), provided that: 
 
i) Concentrations have been reduced to the maximum extent 

feasible; and 
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ii) Concentrations are protective of human health and the 
environment. 

 
d) Written Post-closure Care Plan 

 
1) Content of the Plan. The owner or operator of a CCR surface 

impoundment must prepare a written post-closure care plan that includes, 
at a minimum, the information specified in this subsection (d)(1). 
 
A) A description of the monitoring and maintenance activities 

required in subsection (b) for the CCR surface impoundment and 
the frequency at which these activities will be performed; 

 
B) The name, address, telephone number, and email address of the 

person or office to contact about the facility during the post-closure 
care period; and 

 
C) A description of the planned uses of the property during the post-

closure care period. Post-closure use of the property must not 
disturb the integrity of the final cover, liners, or any other 
component of the containment system, or the function of the 
monitoring systems unless necessary to comply with the 
requirements of this Part.  Any other disturbance is allowed if the 
owner or operator of the CCR surface impoundment demonstrates 
that disturbance of the final cover, liner, or other component of the 
containment system, including any removal of CCR, will not 
increase the potential threat to human health or the environment.  
The demonstration must be certified by a qualified professional 
engineer and must be submitted to the Agency. 

 
2) Deadline to Prepare the Initial Written Post-closure Care Plan.  The owner 

or operator of a CCR surface impoundment must submit to the Agency an 
initial written post-closure care plan consistent with the requirements 
specified in subsection (d)(1), with its initial operating permit application. 

 
3) Amendment of a Written Post-closure Care Plan. 

 
A) The owner or operator may submit an operating permit 

modification application to amend the initial or any subsequent 
written post-closure care plan developed under subsection (d)(1) at 
any time. 

 
B) The owner or operator must seek to amend the written closure care 

plan whenever: 
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i) There is a change in the operation of the CCR surface 
impoundment that would substantially affect the written 
post-closure care plan in effect; or 

 
ii) unanticipated events necessitate a revision of the written 

post-closure care plan, after post-closure activities have 
started. 

 
C) The owner or operator must seek to amend the written post-closure 

care plan at least 60 days before a planned change in the operation 
of the facility or CCR surface impoundment, or within 60 days 
after an unanticipated event requires the need to revise an existing 
written post-closure care plan.  If a written post-closure care plan is 
revised after post-closure activities have started for a CCR surface 
impoundment, the owner or operator must submit a request to 
modify the operating permit within 30 days following the 
triggering event. 

 
4) The owner or operator of the CCR surface impoundment must obtain a 

written certification from a qualified professional engineer that the initial, 
and any amendment of the, written post-closure care plan meets the 
requirements of this Section. 

 
e) Upon the completion of the post-closure care period, the owner or operator of the 

CCR surface impoundment must submit a request to the Agency to terminate 
post-closure care.  The request must include a certification by a qualified 
professional engineer verifying that post-closure care has been completed in 
accordance with the post-closure care plan specified in subsection (d) and the 
requirements of this Section.  

 
f) Notification of Completion of Post-closure Care Period.  Within 30 days after the 

Agency's approval of the owner's or operator's request to terminate post-closure 
care, the owner or operator must prepare a notification of completion of post-
closure care and must place the notification in the facility's operating record as 
required by Section 845.800(d)(31). 

 
SUBPART H:  RECORDKEEPING 

 
Section 845.800  Facility Operating Record 
 

a) Each owner or operator of a CCR surface impoundment subject to the 
requirements of this Part must maintain files of all information required by this 
Section in a written operating record at the facility. 

 
b) Unless specified otherwise, each file must be retained for at least three years past 

the date the Agency approved the owner's or operator's request to terminate post-
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closure care, when closure is with a final cover system, or the completion of 
groundwater monitoring under Section 845.740(b), when closure is by removal. 

 
c) An owner or operator of more than one CCR surface impoundment subject to the 

provisions of this Part may comply with the requirements of this Section in one 
recordkeeping system provided the system identifies each file by the name and 
identification number of each CCR surface impoundment. The files may be 
maintained on microfilm, on a computer, on computer disks, on a storage system 
accessible by a computer, on magnetic tape disks, or on microfiche. 

 
d) Unless otherwise required below, the owner or operator of a CCR surface 

impoundment must place the following information, as it becomes available, in 
the facility's operating record: 

 
1) Copies of all permit applications and permits issued under this Part; 
 
2) Documentation recording the public meetings held under Section 845.240; 

 
3) Weekly CQA reports under Section 845.290(b); 

 
4) Hazard potential classification assessments for CCR surface 

impoundments (see Section 845.440(a)(3)(D)); 
 
5) Structural stability assessments for CCR surface impoundments (see 

Section 845.450(d)(4)); 
 

6) Safety factor assessments for CCR surface impoundments (see Section 
845.460(c)(4)); 

 
7) The CCR fugitive dust control plan and any subsequent amendment of the 

plan (see Section 845.500(b)(6)), except that only the most recent fugitive 
dust control plan must be maintained in the facility's operating record, 
irrespective of the time requirement specified in subsection (b); 

 
8) Inflow design flood control system plans for CCR surface impoundments 

(see Section 845.510(c)(4)(D)); 
 

9) Emergency Action Plan (see Section 845.520(a)), except that only the 
most recent EAP must be maintained in the facility's operating record 
irrespective of the time requirement specified in subsection (b); 

 
10) Documentation prepared by the owner or operator recording all activations 

of the EAP (see Section 845.520(f)); 
 

11) Documentation prepared by the owner or operator recording the annual 
face-to-face meeting or exercise between representatives of the owner or 
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operator of the CCR surface impoundment and the local emergency 
responders (see Section 845.520(g)); 

 
12) Safety and Health Plan (see Section 845.530(a)); 

 
13) Documentation recording the results of each inspection and 

instrumentation monitoring by a qualified person (see Section 
845.540(a)(2)); 

 
14) Annual consolidated report (see Section 845.550), which contains the 

following: 
 

A) The annual CCR fugitive dust control report (see Section 
845.500(c)); 

 
B) The annual inspection report (see Section 845.540(b)(3)); and 

 
C) The annual groundwater monitoring and corrective action report 

(see Section 845.610(e)); 
 

15) All groundwater monitoring data submitted to the Agency and any 
analysis performed (see Section 845.610(b)(3)(D)); 

 
16) Within 30 days after detecting one or more monitored constituents above 

the groundwater protection standard, the notifications required by Section 
845.650(d) and (e); 

 
17) The semi-annual report describing the progress in selecting and designing 

the remedy (see Section 845.670(a)); 
 

18) Within 30 days after completing the corrective action plan, the notification 
required by Section 845.680(e); 

 
19) USEPA-approved or denied demonstration as required by Section 

845.700(d)(2)(F); 
 

20) The preliminary written closure plan and any amendment of the plan (see 
Section 845.720(a)) except that only the most recent closure plan must be 
maintained in the facility's operating record, irrespective of the time 
requirement specified in subsection (b); 

 
21) The written demonstrations, including the certification required by Section 

845.730(b)(3), for a time extension for initiating closure (see Section 
845.730(b)(2)); 

 

R000542



22) The notification of intent to close a CCR surface impoundment (see 
Section 845.730(d)); 

 
23) The monthly reports for closure by removal (see Section 845.740(d)); 
 
24) The closure report and certification (see Section 845.760(e)(3)), or the 

completion of groundwater monitoring report and certification (see 
Section 845.740(f)); 

 
25) The notification of completion of closure of a CCR surface impoundment 

(see Section 845.760(f)); 
 
26) The notification recording a notation on the deed (see Section 845.760(h)); 
 
27) The preliminary written retrofit plan for a CCR surface impoundment  (see 

Section 845.770(a)(3)); 
 

28) The notification of intent to initiate retrofit of a CCR surface 
impoundment (see Section 845.770(d)); 

 
29) The retrofit completion report and certification (see Section 

845.770(g)(3)); 

 
30) The notification of completion of retrofit activities (see Section 

845.770(h)); 
 

31) The notification of completion of post-closure care period (see Section 
845.780(f)); 

 
32) The completion of CCR removal and decontamination report and 

certification (see Section 845.740(e)); and 
 
33) The most current cost estimates (see Section 845.940(d)). 
 

Section 845.810  Publicly Accessible Internet Site Requirements 
 

a) Each owner or operator of a CCR surface impoundment subject to the 
requirements of this Part must maintain a publicly accessible Internet site (CCR 
website) containing the information specified in this Section.  The owner's or 
operator's website must be titled "Illinois CCR Rule Compliance Data and 
Information". 

 
b) An owner or operator of more than one CCR surface impoundment subject to the 

provisions of this Part may comply with the requirements of this Section by using 
the same Internet site for multiple CCR surface impoundments, provided the CCR 
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website clearly delineates information by the name and identification number of 
each CCR surface impoundment. 

 
c) Unless otherwise required in this Section, the information required to be posted to 

the CCR website must be made available to the public on the CCR website until 3 
years after post-closure care (when closure is with a final cover system) or the 
completion of groundwater monitoring under Section 845.740(b) (when closure is 
by removal). 

 
d) Unless otherwise required in this Section, the information must be posted to the 

CCR website within 14 days after placing the pertinent information required by 
Section 845.800 in the operating record. 

 
e) The owner or operator must place all the information specified under Section 

845.800(d) on the owner's or operator's CCR website. 
 

f) The owner or operator must place all the information specified in Section 
845.240(e) on the owner's or operator's CCR website at least 30 days before the 
public meeting. 

 
g) The owner or operator must notify the Agency of the web address of the publicly 

accessible Internet site, including any change to the web address.  The Agency 
must maintain a list of these web addresses on the Agency's website. 

 
SUBPART I:  FINANCIAL ASSURANCE 

 
Section 845.900  General Provisions 
 

a) This Subpart provides procedures by which the owner or operator of a CCR 
surface impoundment subject to this Part provides financial assurance satisfying 
the requirements of Section 22.59(f) of the Act. 

 
b) The owner or operator must provide financial assurance to ensure the following: 

 
1) Completion of closure; 

 
2) Completion of post-closure care, if applicable; and 

 
3) Remediation of releases from a CCR surface impoundment.  

 
c) The owner or operator must maintain financial assurance equal to or greater than 

the current cost estimates always calculated under Section 845.930, except as 
otherwise provided by Section 845.910. 

 
d) Financial assurance must be provided, by a trust agreement, a surety bond 

guaranteeing payment, a surety bond guaranteeing payment or performance, or an 
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irrevocable letter of credit (see Section 845.950).  The owner or operator must 
provide financial assurance to the Agency within the timeframes in Section 
845.950(c). 

 
e) This Subpart does not apply to the State of Illinois, its agencies and institutions, 

any unit of local government, or any not-for-profit electric cooperative as defined 
in Section 3.4 of the Electric Supplier Act [220 ILCS 30]. 

 
f) The Agency is authorized to enter into contracts and agreements necessary to 

carry out the purposes of this Subpart and of Section 22.59(f) of the Act.  Neither 
the State, nor the Director of the Agency, nor any State employee will be liable 
for any damages or injuries arising out of, or resulting from, any action taken 
under this Part. 

 
g) The Agency may sue in any court of competent jurisdiction to enforce its rights 

under financial instruments.  The filing of an enforcement action before the Board 
is not a condition precedent to such an Agency action, except when this Subpart 
or the terms of the instrument provide otherwise. 

 
h) The Agency must have the authority to approve or disapprove any financial 

assurance mechanism posted or submitted under this Subpart. 
 

i) The following Agency actions may be appealed to the Board as a permit denial 
under Section 845.270(e) and Section 22.59(f)(3) of the Act: 

 
1) A refusal to accept financial assurance tendered by the owner or operator; 

 
2) A refusal to release the owner or operator from the requirement to 

maintain financial assurance; 
 

3) A refusal to release excess funds from a trust; 
 

4) A refusal to approve a reduction in the penal sum of a bond; and 
 

5) A refusal to approve a reduction in the amount of a letter of credit. 
 

j) An owner or operator must notify the Agency by certified mail of the beginning 
of a voluntary or involuntary proceeding under Title 11 of the United States Code 
(Bankruptcy) naming any of the owners or operators as debtor, within 10 days 
after the proceeding starts. 

 
k) An owner or operator that fulfills the requirements of Section 845.960, 845.970, 

845.980, or 845.990 by obtaining a trust fund, surety bond, or letter of credit will 
be deemed to be without the required financial assurance in the event of 
bankruptcy of the trustee or issuing institution, or a suspension or revocation of 
the authority of the trustee institution to act as trustee or of the institution issuing 
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the surety bond or letter of credit to issue those instruments.  The owner or 
operator must establish alternative financial assurance within 60 days after such 
an event. 

 
Section 845.910  Upgrading Financial Assurance 
 

a) The owner or operator must increase the total amount of financial assurance to 
equal or exceed the current cost estimate within 60 days after either of the 
following occurrences: 

 
1) An increase in the current cost estimate; or 

 
2) A decrease in the value of a trust fund. 

 
b) The owner or operator of a CCR surface impoundment must make annual 

adjustments for inflation if required under Section 845.930 or 845.940. 
 
Section 845.920  Release of Financial Institution and Owner or Operator 
 

a) The Agency must release a trustee, surety, or other financial institution when: 
 

1) An owner or operator substitutes alternative financial assurance such that 
the total financial assurance for the CCR surface impoundment is equal to 
or greater than the current cost estimate, without counting the amounts to 
be released; or 

 
2) The Agency releases the owner or operator from the requirements of this 

Subpart under subsection (b). 
 
b) The Agency must release an owner or operator of a CCR surface impoundment 

from the requirements of this Subpart under the following circumstances: 
 

1) Completed Closure.  In the Agency's approval of the closure report and 
certification under Section 845.760, the Agency must notify the owner or 
operator in writing that it is no longer required by this Subpart to maintain 
financial assurance for closure of the CCR surface impoundment. 

 
2) Completed Post-Closure Care.  In the Agency's approval of the owner's or 

operator's request to terminate post-closure care under Section 845.780, 
the Agency must notify the owner or operator in writing that it is no longer 
required by this Subpart to maintain financial assurance for post-closure 
care of the CCR surface impoundment. 

 
3) Completed Corrective Action.  In the Agency's approval of the corrective 

action completion report and certification under Section 845.680, the 
Agency must notify the owner or operator in writing that it is no longer 
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required by this Subpart to maintain financial assurance for corrective 
action. 

 
Section 845.930  Cost Estimates 
 

a) The owner or operator must prepare and submit to the Agency, for approval, 
written cost estimates for: 

 
1) The total costs for closure and post-closure care;  
 
2) Preliminary corrective action costs; and  

 
3) The total costs of the corrective action plan for remediation of any releases 

from a CCR surface impoundment. 
 

b) Written Cost Estimate for Closure and Post-closure 
 

1) The owner or operator must have a detailed written estimate, in current 
dollars, of the cost of closing the CCR surface impoundment in 
accordance with this Part and providing post-closure care on an annual 
basis, when required, in accordance with this Part.  The cost estimate is the 
total cost for closure and post-closure care. 

 
2) The cost estimate must equal the cost of final closure and post-closure care 

at the point in the CCR surface impoundment's active life when the extent 
and manner of its operation would make closure and post-closure care the 
most expensive. 

 
3) The cost estimate must be based on the assumption that the Agency will 

contract with a third party at the appropriate prevailing wages, under the 
Prevailing Wage Act [820 ILCS 130], if applicable, to implement the 
closure and post-closure care plans.  A third party is a party who is neither 
a parent nor a subsidiary of the owner or operator. 

 
4) The cost estimate may not be reduced by allowance for the salvage value 

of facility structures or equipment, for the resale value of land, for the sale 
of CCR or its beneficial reuse if permitted by the Agency under this Part, 
or for other assets associated with the facility at the time of partial or final 
closure. 

 
5) The owner or operator must not incorporate a zero cost for CCR, if 

permitted by the Agency under this Part, that might have economic value. 
 

6) The cost estimate must, at a minimum, include all costs for all activities 
necessary to close the CCR surface impoundment and provide post-
closure care in accordance with all requirements. 
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7) The post-closure care portion of the cost estimate must, at a minimum, be 

based on the following elements: 
 

A) Maintaining the integrity and effectiveness of the final cover 
system, including making repairs to the final cover as necessary to 
correct the effects of settlement, subsidence, erosion, or other 
events, and preventing run-on and run-off from eroding or 
otherwise damaging the final cover; 

 
B) If the CCR surface impoundment is subject to the design criteria of 

Section 845.420, maintaining the integrity and effectiveness of the 
leachate collection and removal system and operating the leachate 
collection and removal system in accordance with the requirements 
of Section 845.420; and 

 
C) Maintaining the groundwater monitoring system and monitoring 

the groundwater in accordance with the requirements of this Part. 
 

c) Cost Estimate for Corrective Action 
 

1) Preliminary Corrective Action Cost Estimate.  An owner or operator of a 
CCR surface impoundment with a release that has caused an exceedance 
of the groundwater protection standard in Section 845.600, or groundwater 
quality standard in 35 Ill. Adm. Code 620, must provide a preliminary 
corrective action cost estimate that is equal to 25% of the costs calculated 
under subsection (b). 

 
2) Corrective Action Cost Estimate.  The owner or operator must provide to 

the Agency a detailed written estimate, in current dollars, of the cost of 
hiring a third party at the appropriate prevailing wages, under the 
Prevailing Wage Act, if applicable, to implement the approved corrective 
action plan in accordance with this Part.  The corrective action cost 
estimate must account for the total costs of corrective action activities as 
described in the approved corrective action plan for the entire corrective 
action period. 

 
3) The owner or operator must annually adjust the cost estimates in this 

subsection (c) for inflation (see Section 845.940(a)) until the approved 
corrective action plan is completed. 

 
4) The owner or operator must increase the corrective action cost estimates in 

this subsection (c) and the amount of financial assurance provided if 
changes in the corrective action plan or CCR surface impoundment 
conditions increase the maximum costs of corrective action. 
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5) The owner or operator may reduce the amount of the corrective action cost 
estimate, upon Agency approval, if the cost estimate exceeds the 
maximum remaining costs of corrective action. 

 
Section 845.940  Revision of Cost Estimates 
 

a) During the active life of the CCR surface impoundment, the owner or operator 
must adjust the cost estimates for closure, post-closure care, and corrective action 
for inflation on an annual basis.  The adjustments must occur within 60 days 
before the anniversary date of the establishment of the financial instruments used 
to comply with Section 845.950.  The adjustment may be made by recalculating 
the maximum costs of closure, post-closure care, or corrective action in current 
dollars, or by using an inflation factor derived from the annual Implicit Price 
Deflator for Gross National Product (Deflator) as published by the U.S. 
Department of Commerce in its Survey of Current Business (Table 1.1.9) (see 
subsections (a)(1) and (a)(2)).  The inflation factor is the result of dividing the 
latest published annual Deflator by the Deflator for the previous year. 

 
1) The first adjustment is made by multiplying the cost estimate by the 

inflation factor. The result is the adjusted cost estimate. 
 

2) Subsequent adjustments are made by multiplying the latest adjusted cost 
estimate by the latest inflation factor. 

 
b) During the active life of the CCR surface impoundment, the owner or operator 

must revise the cost estimate within 30 days after the Agency has approved a 
request to modify the corrective action plan, closure plan, or post-closure care 
plan, if the change in the modified plan increases the cost of corrective action, 
closure or post-closure care.  The revised cost estimate must be adjusted for 
inflation (see subsection (a)). 

 
c) At least 60 days before submitting any closure plan to the Agency, the owner or 

operator must revise the cost estimate if the selected closure method increases the 
estimated closure or post-closure care costs. 

 
d) The owner or operator must keep the most current cost estimates in the facility's 

operating record during the operating life of the CCR surface impoundment. 
 
Section 845.950  Mechanisms for Financial Assurance 
 

a) The owner or operator of a CCR surface impoundment must use any of the 
mechanisms listed in this subsection (a) to provide financial assurance for closure 
and post-closure care, and for corrective action at a CCR surface impoundment.  
An owner or operator of a CCR surface impoundment must also meet the 
requirements of subsections (b), (c), and (d). The mechanisms are as follows: 
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1) A trust fund (see Section 845.960); 
 

2) A surety bond guaranteeing payment (see Section 845.970); 
 
3) A surety bond guaranteeing performance (see Section 845.980); or 

 
4) An irrevocable letter of credit (see Section 845.990). 

 
b) The owner or operator of a CCR surface impoundment must ensure that the 

language of the mechanisms listed in subsection (a), when used for providing 
financial assurance for closure, post-closure, and corrective action, is consistent 
with the forms prescribed by the Agency and satisfies the following: 

 
1) The amount of funds assured is sufficient to cover the costs of closure, 

post-closure care, and corrective action; and 
 

2) The funds will be available in a timely fashion when needed. 
 

c) The owner or operator of a CCR surface impoundment must provide financial 
assurance utilizing one or more of the mechanisms listed in subsection (a) within 
the following timeframes: 

 
1) An owner or operator of an existing CCR surface impoundment must 

provide financial assurance to the Agency for closure and post-closure 
care within 60 days after April 21, 2021; 

 
2) An owner or operator of a new CCR surface impoundment must provide 

financial assurance to the Agency for closure and post-closure care at least 
60 days before the date of initial receipt of CCR in the CCR surface 
impoundment. 

 
3) In the case of corrective action required by this Part, the owner or operator 

of the CCR surface impoundment must provide preliminary financial 
assurance for corrective action no later than when the owner or operator 
initiates an assessment of corrective measures under Section 
845.650(d)(3).  The preliminary financial assurance for corrective action 
must be maintained until replaced with financial assurance based on the 
cost estimate of the corrective action.  The owner or operator of the CCR 
surface impoundment must provide financial assurance based on the 
approved corrective action plan to the Agency within 60 days after either 
the Agency's approval or April 21, 2021, whichever is later. 

 
d) The owner or operator must provide continuous financial assurance coverage until 

the owner or operator is released from the financial assurance requirements of this 
Subpart under Section 845.920(b). 
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e) Use of Multiple Financial Assurance Mechanisms.  An owner or operator may 
satisfy the requirements of this Subpart by establishing more than one financial 
mechanism per CCR surface impoundment.  These mechanisms are limited to 
trust funds, surety bonds guaranteeing payment, and letters of credit.  The 
mechanisms must be as specified in Sections 845.960, 845.970, and 845.990, as 
applicable, except that it is the combination of mechanisms, rather than the single 
mechanism, that must provide financial assurance for an aggregate amount at least 
equal to the current cost estimate for closure, post-closure care, and corrective 
action, except that mechanisms guaranteeing performance, rather than payment, 
may not be combined with other instruments.  The owner or operator may use any 
or all the mechanisms to provide financial assurance for corrective action, closure 
and post-closure care. 

 
f) Use of a Financial Assurance Mechanism for Multiple CCR Surface 

Impoundments in Illinois.  An owner or operator may use a financial assurance 
mechanism specified in this Subpart to meet the requirements of this Subpart for 
more than one CCR surface impoundment located in Illinois.  Evidence of 
financial assurance submitted to the Agency must include a list showing, for each 
CCR surface impoundment, the identification number (see Section 845.130), 
name, address and the amount of funds assured by the mechanism.  The amount 
of funds available through the mechanism must be at least the sum of funds that 
would be available if a separate mechanism had been established and maintained 
for each CCR surface impoundment.  The amount of funds available to the 
Agency must be enough to close and provide post-closure care for all of the 
owner's or operator's CCR surface impoundments.  In directing funds available 
through a single mechanism for the closure and post-closure care of any single 
CCR surface impoundment covered by that mechanism, the Agency must direct 
only that amount of funds designated for that CCR surface impoundment, unless 
the owner or operator agrees to the use of additional funds available under that 
mechanism. 

 
Section 845.960  Trust Fund 
 

a) An owner or operator may satisfy the requirements of this Subpart by establishing 
a fully funded trust fund that conforms to the requirements of this Section and 
submitting to the Agency an original signed duplicate of the trust agreement.  

 
b) The trustee must be an entity that has the authority to act as a trustee and of whom 

either of the following is true:  
 

1) It is an entity whose trust operations are examined by the Illinois 
Department of Financial and Professional Regulation under the Illinois 
Banking Act [205 ILCS 5]; or  

 
2) It is an entity that complies with the Corporate Fiduciary Act [205 ILCS 

620].  
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c) The trust agreement must be on forms prescribed by the Agency. The trust 

agreement must be updated within 60 days after a change in the amount of the 
current closure, post-closure, and corrective action cost estimates covered by the 
agreement.  

 
d) The trust fund must be fully funded from the date that the trust agreement 

becomes effective. 
 

e) The trustee must evaluate the trust fund annually, as of the day the trust was 
created or on such earlier date as may be provided in the agreement. The trustee 
must notify the owner or operator and the Agency of the value within 30 days 
after the evaluation date. 

 
f) If the owner or operator of a CCR surface impoundment establishes a trust fund 

after having used one or more alternative mechanisms specified in this Subpart, 
the trust fund must be fully funded and established according to the specifications 
of this Section. 

 
g) Release of Excess Funds 

 
1) If the value of the financial assurance is greater than the total amount of 

the current cost estimate, the owner or operator may submit a written 
request to the Agency for a release of the amount in excess of the current 
cost estimate. 

 
2) Within 60 days after receiving a request from the owner or operator for a 

release of funds, the Agency must instruct the trustee to release to the 
owner or operator the funds as the Agency specifies in writing to be in 
excess of the current cost estimate. 

 
h) Reimbursement for Closure, Post-closure Care, and Corrective Action Expenses  

 
1) After initiating corrective action, closure, or post-closure care an owner or 

operator, or any other person authorized to perform corrective action, 
closure, or post-closure care, may request reimbursement for closure, post-
closure care, or corrective action expenditures by submitting itemized bills 
to the Agency. 

 
2) Within 60 days after receiving the itemized bills for closure, post-closure 

care, or correction action activities, the Agency must determine whether 
the expenditures are in accordance with the closure, post-closure care, or 
corrective action plan.  The Agency must instruct the trustee to make 
reimbursement in amounts the Agency specifies in writing as expenditures 
made in accordance with the closure, post-closure care, or corrective 
action plan. 
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3) If the Agency determines, based on information available to it, that the 

cost of closure and post-closure care or corrective action will be greater 
than the value of the trust fund, it must withhold reimbursement of 
amounts it determines are necessary to preserve the fund in order to 
accomplish closure and post-closure care or corrective action until it 
determines that the owner or operator is no longer required to maintain 
financial assurance for closure and post-closure care or corrective action. 
If the fund is inadequate to pay all claims, the Agency must pay claims 
according to the following priorities: 

 
A) Persons with whom the Agency has contracted to perform closure, 

post-closure care, or corrective action activities (first priority); 
 

B) Persons who have completed closure, post-closure care, or 
corrective action authorized by the Agency (second priority); 

 
C) Persons who have completed work that furthered the closure, post-

closure care, or corrective action (third priority); 
 

D) The owner or operator and related business entities (last priority). 

 
Section 845.970  Surety Bond Guaranteeing Payment 
 

a) An owner or operator may satisfy the requirements of this Subpart by obtaining a 
surety bond that conforms to the requirements of this Section and submitting the 
bond to the Agency. 

 
b) The surety company issuing the bond must, at a minimum, be among those listed 

as acceptable sureties on federal bonds in Circular 570 of the U.S. Department of 
the Treasury. Circular 570 is available on the Internet from the following website: 
https://fiscal.treasury.gov/surety-bonds/circular-570.html. 

 
c) The surety bond must be on forms prescribed by the Agency. 

 
d) Any payments drawn from or made under the bond will be placed in the Coal 

Combustion Residual Surface Impoundment Financial Assurance Fund within the 
State Treasury. 

 
e) Conditions 

 
1) The bond must guarantee that the owner or operator will: 

 
A) Provide closure and post-closure care in accordance with the 

approved closure and post-closure care plans and, if the bond is a 
corrective action bond, provide corrective action in accordance 
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with this Part; and 
 

B) Provide alternative financial assurance, as specified in this Subpart, 
and obtain the Agency's written approval of the assurance provided 
within 90 days after receipt by both the owner or operator and the 
Agency of a notice from the surety that the bond will not be 
renewed for another term.  

 
2) The surety will become liable on the bond obligation when, during the 

term of the bond, the owner or operator fails to perform as guaranteed by 
the bond. The owner or operator fails to perform when the owner or 
operator:  

 
A) Abandons the CCR surface impoundment;  

 
B) Is adjudicated bankrupt;  

 
C) Fails to initiate closure of the CCR surface impoundment or post-

closure care or corrective action when ordered to do so by the 
Board under Title VIII of the Act (Enforcement), or when ordered 
to do so by a court of competent jurisdiction;  

 
D) Notifies the Agency that it has initiated closure or corrective 

action, or initiates closure or corrective action, but fails to close the 
CCR surface impoundment or provide post-closure care or 
corrective action in accordance with the Agency-approved closure 
and post-closure care or corrective action plans; 

 
E) For a corrective action bond, fails to implement or complete 

corrective action at a CCR surface impoundment in accordance 
with Section 845.670; or 

 
F) Fails to, within 90 days after receipt by both the owner or operator 

and the Agency of a notice from the surety that the bond will not 
be renewed for another term: 

 
i) Provide alternative financial assurance, as specified in this 

Subpart; and  
 
ii) Obtain the Agency's written approval of the assurance. 

 
3) If the owner or operator does not establish alternative financial assurance, 

as specified in this Subpart, and obtain written approval of that alternative 
assurance from the Agency within 90 days after receipt by both the owner 
or operator and the Agency of a notice of nonrenewal from the surety (see 
subsection (g)(2)), the Agency must draw on the bond.  During the last 30 
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days of a notice of nonrenewal, the Agency must draw on the bond if the 
owner or operator has failed to provide alternative financial assurance, as 
specified in this Section, and obtain from the Agency written approval of 
that assurance. 

 
f) Penal Sum 

 
1) The penal sum of the bond must be in an amount at least equal to the 

current cost estimate. 
 

2) Whenever the current cost estimate decreases, the penal sum may be 
reduced to the amount of the current cost estimate following written 
approval by the Agency. 

 
3) Whenever the current cost estimate increases to an amount greater than the 

penal sum, the owner or operator, within 90 days after the increase, must 
either cause the penal sum to be increased to an amount at least equal to 
the current cost estimate and submit evidence of that increase to the 
Agency or obtain other financial assurance, as specified in this Subpart, to 
cover the increase and submit evidence of the alternative financial 
assurance to the Agency. 

 
g) Term  

 
1) The bond must be issued for a term of at least one year and must not be 

cancelable during that term. 
 

2) The surety bond must provide that, on the current expiration date and on 
each successive expiration date, the term of the surety bond will be 
automatically extended for a period of at least one year unless, at least 120 
days before the current expiration date, the surety notifies both the owner 
or operator and the Agency by certified mail of a decision not to renew the 
bond. Under the terms of the surety bond, the 120 days will begin on the 
date when both the owner or operator and the Agency have received the 
notice, as evidenced by the return receipts. 

 
3) The Agency must release the surety by providing written authorization for 

termination of the bond to the owner or operator and the surety when 
either of the following occurs: 

 
A) An owner or operator substitutes alternative financial assurance, as 

specified in this Subpart; or 
 

B) The Agency releases the owner or operator from the requirements 
of this Subpart in accordance with Section 845.920(b). 
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h) Cure of Default and Refunds 
 

1) The Agency must release the surety if, after the surety becomes liable on 
the bond, the owner or operator or another person provides financial 
assurance for closure and post-closure care of the CCR surface 
impoundment or corrective action at a CCR surface impoundment; unless 
the Agency determines that the closure, post-closure care, or corrective 
action plan, or the amount of substituted financial assurance, is inadequate 
to provide closure and post-closure care or implement corrective action in 
compliance with this Part. 

 
2) After closure and post-closure care have been completed in accordance 

with the plans and requirements of this Part or after the completion of 
corrective action at a CCR surface impoundment in accordance with this 
Part, the Agency must refund any unspent money that was paid into the 
Coal Combustion Residual Surface Impoundment Financial Assurance 
Fund by the surety, subject to appropriation of funds by the Illinois 
General Assembly. 

 
Section 845.980  Surety Bond Guaranteeing Performance 
 

a) An owner or operator may satisfy the requirements of this Subpart by obtaining a 
surety bond that conforms to the requirements of this Section and submitting the 
bond to the Agency. 

 
b) The surety company issuing the bond must, at a minimum, be among those listed 

as acceptable sureties on federal bonds in Circular 570 of the U.S. Department of 
the Treasury. Circular 570 is available on the Internet from the following website: 
https://fiscal.treasury.gov/surety-bonds/circular-570.html.  

 
c) The surety bond must be on forms prescribed by the Agency. 

 
d) Any payments made under the bond will be placed in the Coal Combustion 

Residual Surface Impoundment Financial Assurance Fund within the State 
Treasury. 

 
e) Conditions  

 
1) The bond must guarantee that the owner or operator will: 

 
A) Provide closure and post-closure care in accordance with the 

approved closure and post-closure care plans and, if the bond is a 
corrective action bond, provide corrective action in accordance 
with this Part; and 
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B) Provide alternative financial assurance, as specified in this Subpart, 
and obtain the Agency's written approval of the assurance provided 
within 90 days after receipt by both the owner or operator and the 
Agency of a notice from the surety that the bond will not be 
renewed for another term.  

 
2) The surety will become liable on the bond obligation when, during the 

term of the bond, the owner or operator fails to perform as guaranteed by 
the bond. The owner or operator fails to perform when the owner or 
operator:  

 
A) Abandons the CCR surface impoundment;  

 
B) Is adjudicated bankrupt;  
 
C) Fails to initiate closure of the CCR surface impoundment or post-

closure care or corrective action when ordered to do so by the 
Board under Title VIII of the Act (Enforcement), or when ordered 
to do so by a court of competent jurisdiction;  

 
D) Notifies the Agency that it has initiated closure or corrective 

action, or initiates closure or corrective action, but fails to close the 
CCR surface impoundment or provide post-closure care or 
corrective action in accordance with the Agency-approved closure 
and post-closure care or corrective action plans; 

 
E) For a corrective action bond, fails to implement or complete 

corrective action at a CCR surface impoundment in accordance 
with Section 845.670; or  

 
F) Fails to, within 90 days after receipt by both the owner or operator 

and the Agency of a notice from the surety that the bond will not 
be renewed for another term: 

 
i) Provide alternative financial assurance, as specified in this 

Subpart; and 
 
 ii) Obtain the Agency's written approval of the assurance. 

 
3) Upon failure of the owner or operator to perform as guaranteed by the 

bond, the surety must have the option of: 
 

A) providing closure and post-closure care in accordance with the 
approved closure and post-closure care plans; 
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B) carrying out corrective action in accordance with the corrective 
action plan; or  

 
C) paying the penal sum. 

 
f) Penal Sum 

 
1) The penal sum of the bond must be in an amount at least equal to the 

current cost estimate. 
 

2) Whenever the current cost estimate decreases, the penal sum may be 
reduced to the amount of the current cost estimate following written 
approval by the Agency. 

 
3) Whenever the current cost estimate increases to an amount greater than the 

penal sum, the owner or operator, within 90 days after the increase, must 
either cause the penal sum to be increased to an amount at least equal to 
the current cost estimate and submit evidence of that increase to the 
Agency or obtain other financial assurance, as specified in this Subpart, 
and submit evidence of the alternative financial assurance to the Agency. 

 
g) Term 

 
1) The bond must be issued for a term of at least one year and must not be 

cancelable during that term. 
 

2) The surety bond must provide that, on the current expiration date and on 
each successive expiration date, the term of the surety bond will be 
automatically extended for a period of at least one year unless, at least 120 
days before the current expiration date, the surety notifies both the owner 
or operator and the Agency by certified mail of a decision not to renew the 
bond. Under the terms of the surety bond, the 120 days will begin on the 
date when both the owner or operator and the Agency have received the 
notice, as evidenced by the return receipts. 

 
3) The Agency must release the surety by providing written authorization for 

termination of the bond to the owner or operator and the surety when 
either of the following occurs: 

 
A) An owner or operator substitutes alternative financial assurance, as 

specified in this Subpart; or 
 

B) The Agency releases the owner or operator from the requirements 
of this Subpart in accordance with Section 845.920(b). 

 
h) Cure of Default and Refunds 
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1) The Agency must release the surety if, after the surety becomes liable on 

the bond, the owner or operator or another person provides financial 
assurance for closure and post-closure care of the CCR surface 
impoundment or corrective action at a CCR surface impoundment; unless 
the Agency determines that the closure, post-closure care, or corrective 
action plan, or the amount of substituted financial assurance, is inadequate 
to provide closure and post-closure care or implement corrective action in 
compliance with this Part. 

 
2) After closure and post-closure care have been completed in accordance 

with the plans and requirements of this Part or after the completion of 
corrective action at a CCR surface impoundment in accordance with this 
Part, the Agency must refund any unspent money that was paid into the 
Coal Combustion Residual Surface Impoundment Financial Assurance 
Fund by the surety, subject to appropriation of funds by the Illinois 
General Assembly. 

 
i) The surety will not be liable for deficiencies in the performance of closure, post-

closure care, or corrective action by the owner or operator after the Agency 
releases the owner or operator from the requirements of this Subpart. 

 
Section 845.990  Letter of Credit 
 

a) An owner or operator may satisfy the requirements of this Subpart by obtaining 
an irrevocable standby letter of credit that conforms to the requirements of this 
Section and submitting the letter to the Agency. 

 
b) The issuing institution must be an entity that has the authority to issue letters of 

credit and: 
 

1) Whose letter of credit operations are regulated by the Illinois Department 
of Financial and Professional Regulation under the Illinois Banking Act 
[205 ILCS 5]; or 

 
2) Whose deposits are insured by the Federal Deposit Insurance Corporation. 

 
c) Forms 

 
1) The letter of credit must be on forms prescribed by the Agency. 

 
2) The letter of credit must be accompanied by a letter from the owner or 

operator, referring to the letter of credit by number, the name and address 
of the issuing institution, and the effective date of the letter, and providing 
the following information: the name and address of the CCR surface 
impoundment, the identification number (see Section 845.130), and the 
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amount of funds assured by the letter of credit for closure and post-closure 
care of the CCR surface impoundment, or for corrective action at the CCR 
surface impoundment. 

 
d) Any amounts drawn by the Agency under the letter of credit will be deposited in 

the Coal Combustion Residual Surface Impoundment Financial Assurance Fund 
within the State Treasury. 

 
e) Conditions on Which the Agency Must Draw on the Letter of Credit: 

 
1) The Agency must draw on the letter of credit if the owner or operator fails 

to perform closure or post-closure care in accordance with the approved 
closure and post-closure care plans or fails to perform corrective action at 
a CCR surface impoundment in accordance with this Part. 

 
2) The Agency must draw on the letter of credit if the owner or operator: 

 
A) Abandons the CCR surface impoundment; 

 
B) Is adjudicated bankrupt; 

 
C) Fails to initiate closure of the CCR surface impoundment or post-

closure care or corrective action when ordered to do so by the 
Board under Title VIII of the Act (Enforcement), or when ordered 
to do so by a court of competent jurisdiction; 

 
D) Notifies the Agency that it has initiated closure or corrective 

action, or initiates closure or corrective action, but fails to provide 
closure and post-closure care or corrective action in accordance 
with the Agency-approved closure and post-closure care or 
corrective action plans; 

 
E) For a corrective action letter of credit, fails to implement or 

complete corrective action at a CCR surface impoundment in 
accordance with Section 845.670; or 

 
F) Fails to, within 90 days after receipt by both the owner or operator 

and the Agency of a notice from the surety that the bond will not 
be renewed for another term: 

 
i) Provide alternative financial assurance, as specified in this 

Subpart; and 
 
 ii) Obtain the Agency's written approval of the assurance. 
 

3) If the owner or operator does not establish alternative financial assurance, 
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as specified in this Subpart, and obtain written approval of that alternative 
assurance from the Agency within 90 days after receipt by both the owner 
or operator and the Agency of a notice of expiration from the issuing 
institution (see subsection (g)(2)), the Agency must draw on the letter of 
credit. During the last 30 days of a notice of expiration, the Agency must 
draw on the letter of credit if the owner or operator has failed to provide 
alternative financial assurance, as specified in this Section, and obtain 
from the Agency written approval of that assurance. 

 
f) Amount 

 
1) The letter of credit must be issued in an amount at least equal to the 

current cost estimate. 
 

2) Whenever the current cost estimate decreases, the amount of credit may be 
reduced to the amount of the current cost estimate following written 
approval by the Agency. 

 
3) Whenever the current cost estimate increases to an amount greater than the 

amount of the credit, the owner or operator, within 90 days after the 
increase, must either cause the amount of the credit to be increased to an 
amount at least equal to the current cost estimate and submit evidence of 
that increase to the Agency or obtain other financial assurance, as 
specified in this Subpart, to cover the increase and submit evidence of the 
alternative financial assurance to the Agency. 

 
g) Term 

 
1) The letter of credit must be issued for a term of at least one year and must 

be irrevocable during that term. 
 

2) The letter of credit must provide that, on the current expiration date and on 
each successive expiration date, the letter of credit will be automatically 
extended for a period of at least one year unless, at least 120 days before 
the current expiration date, the issuing institution notifies both the owner 
or operator and the Agency by certified mail of a decision not to extend 
the letter of credit for another term.  Under the terms of the letter of credit, 
the 120 days will begin on the date when both the owner or operator and 
the Agency have received the notice, as evidenced by the return receipts. 

 
3) The Agency must return the letter of credit to the issuing institution for 

termination when either of the following occurs: 
 

A) An owner or operator substitutes alternative financial assurance, as 
specified in this Subpart; or 

 

-
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B) The Agency releases the owner or operator from the requirements 
of this Subpart in accordance with Section 845.920(b). 

 
h) Cure of Default and Refunds 

 
1) The Agency must release the financial institution if, after the Agency is 

allowed to draw on the letter of credit, the owner or operator or another 
person provides financial assurance for closure and post-closure care of 
the CCR surface impoundment or corrective action at a CCR surface 
impoundment; unless the Agency determines that the closure, post-closure 
care, or corrective action plan, or the amount of substituted financial 
assurance, is inadequate to provide closure and post-closure care or 
implement corrective action in compliance with this Part. 

 
2) After closure and post-closure care have been completed in accordance 

with the plans and requirements of this Part or after the completion of 
corrective action at a CCR surface impoundment in accordance with this 
Part, the Agency must refund any unspent money that was drawn and paid 
into the Coal Combustion Residual Surface Impoundment Financial 
Assurance Fund by the financial institution, subject to appropriation of 
funds by the Illinois General Assembly. 
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Illinois Power Generating Company 

1500 Eastport Plaza Dr. 
Collinsville, IL 62234 

 
October 25, 2021 

Illinois Environmental Protection Agency  
DWPC – Permits MC #15  
Attn: Part 845 Coal Combustion Residual Rule Submittal  
1021 North Grand Avenue East  
P.O. Box 19276  
Springfield, IL 62794-9276  

Re:  Newton Power Plant Primary Ash Pond; IEPA ID # W0798070001 01 
 
Dear Mr. LeCrone: 
 
In accordance with 35 I.A.C. § 845.200, Illinois Power Generating Company (IPGC) is submitting an operating permit 
application for the Newton Power Plant Primary Ash Pond (IEPA ID # W0798070001 01).  One hardcopy and one digital 
copy are provided with this submittal. 
 
The permit application was prepared in accordance with 35 I.A.C. § 845.230(d)(2) (Existing, Inactive and Inactive Closed CCR 
Surface Impoundment that have not completed an Agency approved closure before July 30, 2021). This submittal includes 
the completed permit forms as required by § 845.210. 
 
 
Sincerely, 
 
 
 
Cynthia Vodopivec 
SVP-Environmental Health and Safety 
 
 
Enclosures 

II 
Luminant 

6555 SIERRA DRIVE IRVING, TEXAS 75039 o 214-812-4600 VISTRAENERGY.COM 
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1. INTRODUCTION

Illinois Power Generating Company operates the coal-fired Newton Power Plant located in Jasper 
County, Illinois.  The IEPA assigned identification number assigned to this impoundment is: 
W0798070001-01 for the Primary Ash Pond.  The National Inventory of Dams (NID) number 
assigned for the Primary Ash Pond by the Illinois Department of Natural Resources (IDNR) is 
IL50719. 

This initial operating permit application was developed in accordance with 35 Ill. Admin. Code 
845, Standards for the Disposal of Coal Combustion Residuals in Surface Impoundments (Part 
845).  

This initial operating permit application is for the Primary Ash Pond. 

1.1. Facility Information 

Section 845.210(b)(1): All permit applications must contain the name, address, email 
address and telephone number of the operator, or duly authorized agent, and the property 
owner to whom all inquiries and correspondence shall be addressed. 

Facility: Newton Ash Pond 
Newton Power Plant 
6725 North 500th Street 
Newton, IL 62448 

Owner/Operator: Illinois Power Generating Company 
1500 Eastport Plaza Drive 
Collinsville, Illinois 62234 

~ BURNS 
"-M5DONNELL 
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1.2. Owner Signatures 

Section 845.210(b)(2): All permit applications must be signed by the owner, operator or a 
duly authorized agent of the operator. 

The owner of the  Power Plant is a corporation. 

Section 845.210(b)(3): An application submitted by a corporation must be signed by a 
principal executive officer of at least the level of vice president, or his or her duly 
authorized representative, if that representative is responsible for the overall operation 
of the facility described in the application form.. 

The signature of Cynthia Vodopivec on behalf of Illinois Power Generating Company can be found 
in the permit applications located in Section 3. 

1.3. Legal Description 

Section 845.210(c): All permit applications must contain a legal description of the facility 
boundary and a description of the boundaries of all units included in the facility. 

A legal description has been developed in compliance with Section 845.210(c) and is included in 
Attachment A. 

1.4. Previous Assessments 

Section 845.210(d): Previous Assessments, Investigations Plans, and Programs 

Previous assessments were performed in accordance with 40 CFR § 257 and are referenced within 
the permit application and included in the appropriate Attachments. 

Section 845.210(d)(1): The Agency may approve the use of any hydrogeologic site 
investigation or characterization, groundwater monitoring well or system, or 
groundwater monitoring plan, bearing the seal and signature of an Illinois Licensed 
Professional Geologist or Licensed Professional Engineer, completed before April 21, 
2021 to satisfy the requirements of this Part. 

A previous hydrogeologic site investigation or characterization, groundwater monitoring well or 
system, or groundwater monitoring plan have been completed with a seal from an Illinois Licensed 
Professional Geologist or Licensed Professional Engineer.  However, field investigations have 
been completed that supplement that work that will be utilized in the following sections of this 
report.  

~ BURNS 
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Section 845.210(d)(2): For existing CCR surface impoundments, the owner or operator 
of the CCR surface impoundment may use a previously completed location restriction 
demonstration required by Section 845.300 (Placement Above the Uppermost Aquifer), 
Section 845.310 (Wetlands), Section 845.320 (Fault Areas), Section 845.330 (Seismic 
Impact Zones), and Section 845.340 (Unstable Areas) provided that the previously 
completed assessments meet the applicable requirements of those Sections. 

Previous assessments are provided for Section 845.300 (Placement Above the Uppermost 
Aquifer), Section 845.310 (Wetlands), Section 845.320 (Fault Areas), Section 845.330 (Seismic 
Impact Zones), and Section 845.340 (Unstable Areas) in Attachment D.   

Section 845.210(d)(3):  For existing CCR surface impoundments, the owner or operator 
of the CCR surface impoundment may use a previously completed assessment to serve 
as the initial assessment required by Section 845.440 (Hazard Potential Classification 
Assessment), Section 845.450 (Structural Stability Assessment) and Section 845.460 
(Safety Factor Assessment) provided that the previously completed assessment: A) Was 
not completed more than five years ago; and B) Meets the applicable requirements of 
those Sections. 

Previous assessments are provided for Section 845.440 (Hazard Potential Classification 
Assessment), Section 845.450 (Structural Stability Assessment) and Section 845.460 (Safety 
Factor Assessment) in Attachments O, P, and Q respectively.  The addendum and certification for 
the Hazard Potential Classification Assessment, Structural Stability Assessment and Safety Factor 
Assessment are located in Attachment U. 

Section 845.210(d)(4): For inactive closed CCR surface impoundments, the owner or 
operator of the CCR surface impoundment may use a post-closure care plan previously 
approved by the Agency. 

No post-closure care plan was previously approved by the Agency. 

~ BURNS 
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2. OPERATING PERMIT

2.1. Initial Operating Permit 

Section 845.230(d): Initial Operating Permit for Existing, Inactive and Inactive Closed 
CCR Surface Impoundments 

The Newton Primary Ash Pond as defined by IEPA is an existing CCR surface impoundment that 
has not completed post-closure care. Per Part 845, Dynegy is submitting an initial operating permit 
application to IEPA by October 31, 2021. The following sections contain information or references 
to documents required for the Operating Permit application (Section 845.230). 

2.2. History of Construction 

Section 845.230(d)(2)(A): The history of construction specified in Section 845.220(a)(1); 

The history of construction prepared in 2016 pursuant to 40 CFR § 257.73(c) is provided in 
Attachment B.  An amendment to the history of construction has been prepared in compliance with 
Section 845.220(a)(1) and is provided in Attachment U. 

2.3. Chemical Constituents 

Section 845.230(d)(2)(B): An analysis of the chemical constituents found within the CCR 
to be placed in the CCR surface impoundment; 

An analysis of the chemical constituents found within the CCR placed within the Newton Primary 
Ash Pond is provided in Attachment C. 

Section 845.230(d)(2)(C): An analysis of the chemical constituents of all waste streams, 
chemical additives and sorbent materials entering or contained in the CCR surface 
impoundment; 

An analysis of the chemical constituents of all waste streams, chemical additives and sorbent 
materials entering or contained within the Newton Primary Ash Pond is provided in Attachment 
C. 

2.4. Location Standards Demonstration 

Section 845.230(d)(2)(D):  A demonstration that the CCR surface impoundment, as built, 
meets, or an explanation of how the CCR surface impoundments fails to meet, the location 
standards in the following Sections: 

~ BURNS 
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The Newton Primary Ash Pond location standards as specified in Section 845.230(d)(2)(D) are 
described in the following sections. 

Section 845.230(d)(2)(D)(i): Placement Above the Uppermost Aquifer; 

The previous upper aquifer demonstration was certified by a qualified professional engineer stating 
that the demonstration meets the requirements of 40 C.F.R. § 257.60.  The requirements described 
in 40 C.F.R. § 257.60 are identical to the requirements contained in Section 845.300. Pursuant to 
Section 845.210(d)(2), a certification is not required for this demonstration.  The previously 
completed upper aquifer demonstration is included in Attachment D. 

Section 845.230(d)(2)(D)(ii): Wetlands; 

The previous wetlands demonstration was certified by a qualified professional engineer stating 
that the demonstration meets the requirements of 40 C.F.R. § 257.61.  The requirements 
described in 40 C.F.R. § 257.61 are identical to the requirements contained in Section 845.310.  
Pursuant to Section 845.210(d)(2), a certification is not required for this demonstration.  The 
previously completed wetlands demonstration is included in Attachment D. 

Section 845.230(d)(2)(D)(iii): Fault Areas; 

The previous fault area demonstration was certified by a qualified professional engineer stating 
that the demonstration meets the requirements of 40 C.F.R. § 257.62.  The requirements 
described in 40 C.F.R. § 257.62 are identical to the requirements contained in Section 845.320. 
Pursuant to Section 845.210(d)(2), a certification is not required for this demonstration.  The 
previously completed fault area demonstration is included in Attachment D. 

Section 845.230(d)(2)(D)(iv): Seismic Impact Zone; and 

The previous seismic impact zone demonstration was certified by a qualified professional 
engineer stating that the demonstration meets the requirements of 40 C.F.R. § 257.63. The 
requirements described in 40 C.F.R. § 257.63 are identical to the requirements contained in 
Section 845.330. Pursuant to Section 845.210(d)(2), a certification is not required for this 
demonstration.  The previously completed seismic impact zone demonstration is included in 
Attachment D. 

~ BURNS 
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Section 845.230(d)(2)(D)(v): Unstable Areas and Floodplains; 

The previous unstable area demonstration was certified by a qualified professional engineer stating 
that the demonstration meets the requirements of 40 C.F.R. § 257.64. The requirements described 
in 40 C.F.R. § 257.64 are identical to the requirements contained in Section 845.340. Pursuant to 
Section 845.210(d)(2), a certification is not required for the unstable area demonstration.  The 
previously completed unstable area demonstration is included in Attachment D. 

The boundaries of the impoundment were determined by a survey conducted by a professional 
surveyor licensed in the State of Illinois.  The boundaries of the Primary Ash Pond were compared 
to the existing FEMA floodplain map, and it was determined that the Primary Ash Pond is Pond 
is located within Zone A of the floodplain according to the 1985 FEMA Floodplain mapping.  In 
order to determine that: “generally accepted engineering practices have been incorporated into the 
design of the CCR surface impoundment to ensure that the CCR surface impoundment will not 
restrict the flow of the base flood, reduce the temporary water storage capacity of a floodplain, or 
result in washout of CCR,” the following engineering was involved: 

1. Determine the base flood elevation (BFE) and compare to the ash pond embankment
elevations,

2. Determine the surface impoundment will not restrict the temporary water storage capacity
of the floodplain. and

3. Result in a washout of CCR.

A certification attesting to this is provided in Attachment D. 

2.5. Permanent Markers 

Section 845.230(d)(2)(E): Evidence of permanent markers required by Section 845.130 
have been installed; 

Evidence of permanent markers at the Newton Primary Ash Pond as required by Section 845.130 
is provided in Attachment E. 

2.6. Slope Maintenance 

Section 845.230(d)(2)(F): Documentation that the CCR surface impoundment, if not 
incised, will be operated and maintained with one of the forms of slope protection specified 
in Section 845.430; 

The Newton Primary Ash Pond is not incised. Documentation of slope protection as required by 
Section 845.430 is provided in Attachment J. 
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2.7. Initial Emergency Action Plan 

Section 845.230(d)(2)(G): Initial Emergency Action Plan and accompanying certification 
(see Section 845.520(e)); 

The initial emergency action plan and certification has been completed as specified by Section 
845.520(e) and is provided in Attachment F.  

2.8. Fugitive Dust Control Plan 

Section 845.230(d)(2)(H): Fugitive dust control plan and accompanying certification (see 
Section 845.500(b)(7)); 

The fugitive dust control plan and certification has been completed as specified by Section 
845.500(b)(7) and is provided in Attachment G. 

2.9. Groundwater Monitoring 

Section 845.230(d)(2)(I): Groundwater monitoring information: 

The groundwater monitoring information for the Newton Primary Ash Pond is described in the 
following sections.  

Section 845.230(d)(2)(I)(i): Hydrogeologic site characterization (see Section 845.620); 

Hydrogeologic site characterization for the Newton Primary Ash Pond is provided in Attachment 
H. 

Section 845.230(d)(2)(I)(ii): Design and construction plans of a groundwater 
monitoring system (see Section 845.630); 

Design and construction plans of a groundwater monitoring system are provided in Attachment I. 

Section 845.230(d)(2)(I)(iii): A groundwater sampling and analysis program that 
includes selection of the statistical procedures to be used for evaluating groundwater 
monitoring data (see Section 845.640); and 

A groundwater sampling and analysis program that meets the requirements of Section 845.640 is 
provided in Attachment I.  

~ BURNS 
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Section 845.230(d)(2)(I)(iv): Proposed groundwater monitoring program that includes 
a minimum of eight independent samples for each background and downgradient well 
(see Section 845.650(b)); 

A proposed groundwater monitoring program that meets the requirements of Section 845.650(b) 
is provided in Attachment I. 

2.10. Initial Post-Closure Care Plan 

Section 845.230(d)(2)(K): Initial written post-closure care plan, if applicable (see Section 
845.780(d)); 

The Newton Primary Ash Pond closure will be completed by capping the CCR in place.  The initial 
post closure care plan was developed in accordance with Section 845.780 and is provided in 
Attachment K.  

2.11. History of Groundwater Exceedances 

Section 845.230(d)(2)(M): History of known exceedances of the groundwater protection 
standards in Section 845.600, and any corrective action taken to remediate the 
groundwater; 

A history of known exceedances and any corrective action taken is provided in Attachment M. 

2.12. Financial Assurance Requirements 

Section 845.230(d)(2)(N): A certification that the owner or operator meets the financial 
assurance requirements of Subpart I; 

A certification meeting the requirement of Section 845.230(d)(2)(N) stating that the Owner meets 
the financial assurance requirements of Subpart I is provided in Attachment N.  

2.13. Hazard Potential Classification 

Section 845.230(d)(2)(O): Hazard potential classification assessment and accompanying 
certification (see Section 845.440(a)(2)); 

The previous Hazard Potential Classification Assessment completed in compliance with 40 CFR 
§257.73(a) is provided in Attachment O. The addendum to the Hazard Potential Classification
Assessment and certification as required by Section 845.440(a) is provided in Attachment U.
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2.14. Structural Stability Assessment 

Section 845.230(d)(2)(P): Structural stability assessment and accompanying certification 
(see Section 845.450(c)); 

The previous Structural Stability Assessment completed in compliance with 40 CFR §257.73(d) 
is provided in Attachment P. The addendum to the Structural Stability Assessment and certification 
as required by Section 845.450(c) is provided in Attachment U. 

2.15. Safety Factor Assessment 

Section 845.230(d)(2)(Q): Safety factor assessment and accompanying certification (see 
Section 845.460(b)); 

The previous Safety Factor Assessment completed in compliance with 40 CFR §257.73(e) is 
provided in Attachment Q. The addendum to the Safety Factor Assessment and certification as 
required by Section 845.460(b) is provided in Attachment U. 

2.16. Inflow Design Flood Control System Plan 

Section 845.230(d)(2)(R): Inflow design flood control system plan and accompanying 
certification (see Section 845.510(c)(3)); 

The previous Inflow Design Flood Control System Plan Assessment completed in compliance with 
40 CFR §257.82 is provided in Attachment R.  The addendum to the Inflow Design Flood Control 
Plan Assessmentas required by Section 845.510(c)(3) is provided in Attachment U. 

2.17. Safety and Health Plan 

Section 845.230(d)(2)(S): Safety and health plan (see Section 845.530); and  

The safety and health plan in accordance with Section 845.530 is included in Attachment S. 

2.18. Proposed Closure Priority Categorization 

Section 845.230(d)(2)(T): For CCR surface impoundments required to close under 
845.700, the proposed closure priority categorization required by Section 845.700(g). 

A CCR Surface Impoundment Category Designation and Justification letter was submitted to 
IEPA on May 19, 2021. The Newton Primary Ash Pond was designated as Category 5 Existing 
CCR surface impoundment with exceedances of the groundwater protection standards in Section 
845.600. This letter is provided in Attachment T. 
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3. PERMIT APPLICATION

All permit applications must be made on the forms prescribed by the Agency  and must be mailed 
or delivered to the address designated by the Agency on the forms.   The permit applications (CCR-
1 and CCR-2E) are provided below.   
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IEPA BOW ID009-00-0821 
DCN258 IEPA Form CCR 1  Page 1  

Form 
CCR 1 Illinois Environmental Protection Agency 

CCR Surface Impoundment Permit Application 
Form CCR 1 – General Provisions 

Bureau of Water ID Number: For IEPA Use Only 

CCR Permit Number: 

Facility Name: 

SECTION 1: FACILITY, OPERATOR, AND OWNER INFORMATION (35 Ill. Adm. Code 845.210(b)) 

Fa
ci

lit
y,

 O
pe

ra
to

r, 
an

d 
O

w
ne

r I
nf

or
m

at
io

n 

1.1 Facility Name 

1.2 Illinois EPA CCR Permit Number (if applicable) 

1.3 Facility Contact Information 

Name (first and last) Title Phone Number 

Email address 

1.4 Facility Mailing Address 

Street or P.O. box 

City or town State Zip Code 

1.5 Facility Location 

Street, route number, or other specific identifier 

County name County code (if known) 

City or town State Zip Code 

1.6 Name of Owner/Operator 

Illinois Power Generating Company - Newton Power Plant

Initial Permit

Phil Morris Senior Director - Environmental 618-343-7794

phil.morris@vistracorp.com

1500 Eastport Plaza Dr

Collinsville IL 62234

6725 North 500th Street

Jasper

Newton IL 62448

Illinois Power Generating Company

W0798070001

Initial Permit

Newton Power Plant
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Fa
ci

lit
y,

 O
pe

ra
to

r, 
an

d 
O

w
ne

r I
nf

o 1.7 Owner/Operator Contact Information 

Name (first and last) Title Phone Number 

Email address 

1.8 Owner/Operator Mailing Address 

Street or P.O. box 

City or town State Zip Code 

SECTION 2: LEGAL DESCRIPTION (35 Ill. Adm. Code 845.210(c)) 

Le
ga

l D
es

cr
ip

tio
n 2.1 Legal Description of the facility boundary 

SECTION 3: PUBLICLY ACCESSIBLE INTERNET SITE REQUIREMENTS (35 Ill. Adm. Code 845.810) 

In
te

rn
et

 S
ite

 

3.1 Web Address(es) to publicly accessible internet site(s) (CCR website) 

3.2 Is/are the website(s) titled “Illinois CCR Rule Compliance Data and Information” 

Yes No 

SECTION 4: IMPOUNDMENT IDENTIFICATION 

Im
po

un
dm

en
t I

de
nt

ifi
ca

tio
n 

4.1 
List all the impoundment identification numbers for your facility and check the corresponding box to 
indicate that you have attached a written description for each impoundment. 

Attached written description 

Attached written description 

Attached written description 

Attached written description 

Attached written description 

Attached written description 

Phil Morris Senior Director - Environmental 618-343-7794

phil.morris@vistracorp.com

1500 Eastport Plaza Dr

Collinsville IL 62234

See Attachment A.

www.luminant.com/illinois-ccr

W0798070001-01 (see Attachment A) ✔

✔

□ 
□ 
□ 
□ 
□ 
□ 
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Attached written description

Attached written description

Attached written description

Attached written description

SECTION 5: CHECKLIST AND CERTIFICATION STATEMENT

C
he

ck
lis

t a
nd

 C
er

tif
ic

at
io

n 
St

at
em

en
t

5.1 In Column 1 below, mark the sections of Form 1 that you have completed and are submitting with your 
application.  For each section, specify in Column 2 any attachments that you are enclosing.

Column 1 Column 2

Section 1: Facility, Operator, and Owner Information w/attachments

Section 2: Legal Description w/attachments

Section 3: Publicly Accessible Internet Site Requirement w/attachments

Section 4: Impoundment Identification w/attachments

5.2 Certification Statement

I certify under penalty of law that this document and all attachments were prepared under my direction 
or supervision in accordance with a system designed to assure that qualified personnel properly gather 
and evaluate the information submitted.  Based on my inquiry of the person or persons who manage the 
system, or those persons directly responsible for gathering the information, the information submitted is, 
to the best of my knowledge and belief, true, accurate, and complete.  I am aware that there are 
significant penalties for submitting false information, including the possibility of fine and imprisonment 
for knowing violations.

Name (print or type first and last name) of Owner/Operator Official Title

Signature Date Signed

Cynthia Vodopivec SVP - Environmental

10/25/2021

✔

✔ ✔

✔

✔ ✔

□ 
□ 
□ 
□ 

□ □ 
□ □ 
□ □ 
□ □ 
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Form 
CCR 2E Illinois Environmental Protection Agency 

CCR Surface Impoundment Permit Application 
Form CCR 2E – Initial Operating Permit for Existing or Inactive CCR 

Surface Impoundments That Have Not Completed an 
Agency-approved Closure Before July 30, 2021 

Bureau of Water ID Number: For IEPA Use Only 

CCR Permit Number: 

Facility Name: 

SECTION 1: CONSTRUCTION HISTORY (35 Ill. Adm. Code 845.220 AND 35 Ill. Adm. Code 845.230) 

C
on

st
ru

ct
io

n 
H

is
to

ry
 

1.1 CCR surface impoundment name. 

1.2 Identification number of the CCR surface impoundment (if one has been assigned by the Agency). 

1.3 Description of the boundaries of the CCR surface impoundment (35 Ill. Adm. Code 845.210(c)). 

1.4 State the purpose for which the CCR surface impoundment is being used. 

1.5 How long has the CCR surface impoundment been in operation? 

1.6 List the types of CCR that have been placed in the CCR surface impoundment. 

Primary Ash Pond

W0798070001-01

See Attachment A.

See Attachment B.

See Attachment B.

See Attachment C.

W0798070001

Initial Permit

Newton Power Plant
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C
on

st
ru

ct
io

n 
H

is
to

ry
 (C

on
tin

ue
d)

 
1.7 List name of the watershed within which the CCR surface impoundment is located. 

1.8 Size in acres of the watershed within which the CCR surface impoundment is located. 

1.9 Check the corresponding box to indicate that you have attached the following: 

Description of the physical and engineering properties of the foundation and abutment 
materials on which the CCR surface impoundment is constructed. 

Description of the type, size, range, and physical and engineering properties of the materials 
used in constructing each zone or stage of the CCR surface impoundment. 

Describe the method of site preparation and construction of each zone of the CCR surface 
impoundment. 

A listing of the approximate dates of construction of each successive stage of construction of 
the CCR surface impoundment. 

Drawing satisfying the requirements of 35 Ill. Adm. Code 845.220(a)(1)(F). 

Description of the type, purpose, and location of existing instrumentation. 

Area capacity curves for the CCR Impoundment. 

Description of each spillway and diversion design features and capacities and provide the 
calculations used in their determination. 

Construction specifications and provisions for surveillance, maintenance, and repair of the 
CCR surface impoundment. 

1.10.1 Is there any record or knowledge of structural instability of the CCR surface impoundment? 

Yes No 

1.10.2 If you answered yes to Item 1.10.1, provide detailed explanation of the structural instability. 

SECTION 2: ANALYSIS OF CHEMICAL CONSTITUENTS (35 Ill. Adm. Code 845.230(d)(2)(B)) 

C
on

st
itu

en
ts

 2.1 Check the corresponding boxes to indicate you have attached the following: 

An analysis of the chemical constituents found within the CCR to be placed in the CCR surface 
impoundment. 

An analysis of the chemical constituents of all waste streams, chemical additives and sorbent 
materials entering or contained in the CCR surface impoundment. 

See Attachment B.

See Attachment B.

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

□ 
□ 
□ 
□ 
□ 
□ 
□ 
□ 
□ 

□ □ 

□ 
□ 
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SECTION 3: DEMONSTRATIONS AND CERTIFICATIONS (35 Ill. Adm. Code 845.230(d)(2)(D)) 
D

em
on

st
ra

tio
ns

 
3.1 Indicate whether you have attached a demonstration that the CCR surface impoundment, as built, 

meets, or an explanation of how the CCR surface impoundments fails to meet, the location standards in 
the following sections: 

35 Ill. Adm. Code 845.300 (Placement Above 
the Uppermost Aquifer) Demonstration Explanation 

35 Ill. Adm. Code 845.310 (Wetlands) Demonstration Explanation 

35 Ill. Adm. Code 845.320 (Fault Areas) Demonstration Explanation 

35 Ill. Adm. Code 845.330 (Seismic Impact 
Zones) Demonstration Explanation 

35 Ill. Adm. Code 845.340 (Unstable Areas 
and Floodplains) Demonstration Explanation 

SECTION 4: ATTACHMENTS 

A
tta

ch
m

en
ts

 

4.1 Check the corresponding boxes to indicate that you have attached the following: 

Evidence that the permanent markers required by 35 Ill. Adm. Code 845.130 have been 
installed. 
Documentation that the CCR surface impoundment, if not incised, will be operated and 
maintained with one of the forms of slope protection specified in 35 Ill. Adm. Code 845.430. 

Initial Emergency Action Plan and accompanying certification required by 35 Ill. Adm. Code 
845.520(e). 
Fugitive dust control plan and accompanying certification required by 35 Ill. Adm. Code 
845.500(b)(7). 
Preliminary written closure plan as specified in 35 Ill. Adm. Code 845.720(a). 

Initial written post-closure care plan as specified in 35 Ill. Adm. Code 845.780(d), if applicable. 

A certification as specified in 35 Ill. Adm. Code 845.400(h), or a statement that the CCR surface 
impoundment does not have a liner than meets the requirements of 35 Ill. Adm. Code 
845.400(b) or (c). 

History of known exceedances of the groundwater protection standards in 35 Ill. Adm. Code 
845.600, and any corrective action taken to remediate the groundwater. 

Safety and health plan, as required by 35 Ill. Adm. Code 845.530. 

For CCR surface impoundments required to close under 35 Ill. Adm. Code 845.700, the 
proposed closure priority categorization required by 35 Ill. Adm. Code 845.700(g). 

SECTION 5: GROUNDWATER MONITORING 

G
ro

un
dw

at
er

 5.1 Check the corresponding boxes to indicate you have attached the following groundwater monitoring 
information: 

A hydrogeologic site characterization meeting the requirements of 35 Ill. Adm. Code 845.620. 

Design and construction plans of a groundwater monitoring system meeting the requirements 
of 35 Ill. Adm. Code 845.630. 

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔
□ □ 
□ □ 
□ □ 
□ □ 
□ □ 

□ 
□ 
□ 
□ 
□ 
□ 
□ 

□ 
□ 
□ 

□ 
□ 
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A groundwater sampling and analysis program that includes section of the statistical 
procedures to be used for evaluating groundwater monitoring data, required by 35 Ill. Adm. 
Code 845.640. 

Proposed groundwater monitoring program that includes a minimum of eight independent 
samples for each background and downgradient well, required by 35 Ill. Adm. Code 
845.650(b). 

SECTION 6: CERTIFICATIONS 

C
er

tif
ic

at
io

ns
 

6.1 Check the corresponding boxes to indicate you have attached the following certifications: 

A certification that the owner or operator meets the financial assurance requirements of 
Subpart I, as required by 35 Ill. Adm. Code 845.230(d)(2)(N). 

Hazard potential classification assessment and accompanying certifications required by 35 Ill. 
Adm. Code 845.440(a)(2). 

Structural stability assessment and accompanying certification, required by 35 Ill. Adm. Code 
845.450(c). 
Safety factor assessment and accompanying certification, as required by 35 Ill. Adm. Code 
845.460(b). 
Inflow design flood control system plan and accompanying certification, as required by 35 Ill. 
Adm. Code 845.510(c)(3). 

✔

✔

✔

✔

✔

✔

✔

□ 

□ 

□ 
□ 
□ 
□ 
□ 
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Newton Power Station – History of Construction  § 257.73(c) Page 1 of 8

October 2016

Illinois Power Generating Company
6725 North 500th Street
Newton, IL 62448

RE:  History of Construction
USEPA Final CCR Rule, 40 CFR § 257.73(c)
Newton Power Station
Newton, Illinois

On behalf of Illinois Power Generating Company, AECOM has prepared the following history of
construction for the Primary Ash Pond at the Newton Power Station in accordance with 40 CFR §
257.73(c).

BACKGROUND

40 CFR § 257.73(c)(1) requires the owner or operator of an existing coal combustion residual (CCR)
surface impoundment that either (1) has a height of five feet or more and a storage volume of 20
acre-feet or more, or (2) has a height of 20 feet or more to compile a history of construction by
October 17, 2016 that contains, to the extent feasible, the information specified in 40 CFR §
257.73(c)(1)(i)–(xii).

The history of construction presented herein was compiled based on existing documentation, to the
extent that it is reasonably and readily available (see 80 Fed. Reg. 21302, 21380 [April 17, 2015]),
and AECOM’s site experience.  AECOM’s document review included record drawings, geotechnical
investigations, etc. for the Primary Ash Pond at the Newton Power Station.

AECOM 
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HISTORY OF CONSTRUCTION

§ 257.73(c)(1)(i): The name and address of the person(s) owning or operating the CCR unit; the
name associated with the CCR unit; and the identification number of the CCR unit if one has
been assigned by the state.

Owner: Illinois Power Generating Company

Address: 1500 Eastport Drive
Collinsville, IL 62234

CCR Unit: Primary Ash Pond

The Primary Ash Pond does not have a state assigned identification number.

§ 257.73(c)(1)(ii): The location of the CCR unit identified on the most recent USGS 71/2 or 15
minute topographic quadrangle map or a topographic map of equivalent scale if a USGS map
is not available.

The location of the Primary Ash Pond has been identified on an USGS 7-1/2 minute
topographic quadrangle map in Appendix A.

§ 257.73(c)(1)(iii): A statement of the purpose for which the CCR unit is being used.

The Primary Ash Pond is being used to store and dispose of bottom ash and economizer ash
and to clarify non-CCR plant process wastewater.  A portion of the bottom ash is reclaimed
from the Primary Ash Pond for beneficial reuse.

§ 257.73(c)(1)(iv): The name and size in acres of the watershed where the CCR unit is located.

The entire Primary Ash Pond and most of the Newton Power Station are located in the
Weather Creek Watershed with a 12-digit Hydrologic Unit Code (HUC) of 051201140504 and
a drainage area of 31,573 acres.  The other portion of the Newton Power Station is located in
the Newton Lake Watershed with a 12-digit Hydrologic Unit Code (HUC) of 051201140503
and a drainage area of 967 acres (USGS, 2016).

§ 257.73(c)(1)(v): A description of the physical and engineering properties of the foundation
and abutment materials on which the CCR unit is constructed.

The foundation materials consist of upper clay and lower clay.  The physical characteristics
properties of the upper clay layer are described as lean clay, fat clay, clayey sand, fat clay
with sand, lean clay with sand, silty sand, silty clay, silty clay with sand, sandy lean clay. The
upper clay soils exhibit a stiff to hard consistency.  The physical characteristics of the lower
clay layer are described as glacial till consisting of sandy lean clay, silty sand, clayey silt with
sand, silty clay with sand, well graded sand with silt, lean clay, fat clay, clayey sand, silty clay,
lean clay with sand, clayey sand with silt, and fat clay with sand.  The consistency of the
lower clay is very stiff to hard.  A summary of the available engineering properties of the

AECOM 
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foundation materials is presented in Table 1 below.  The engineering properties are based on
previous geotechnical explorations and laboratory testing.

Table 1. Summary of Foundation Material Engineering Properties

Material Unit Weight
(pcf)

Effective (drained) Shear
Strength Parameters

Total (undrained) Shear
Strength Parameters

Effective
Friction
Angle 

(deg)

Effective
Cohesion

 (psf)

Su c Minimum Cu
(psf)

Upper Clay 130 29 0 0.40 ( ’c  2,000 psf)
0.63 ( ’c < 2,000 psf) -

Lower Clay 130 33 3,700 - 5,000

The Primary Ash Pond is an enclosed impoundment with embankments and does not have
abutments.

§ 257.73(c)(1)(vi): A statement of the type, size, range, and physical and engineering
properties of the materials used in constructing each zone or stage of the CCR unit; the
method of site preparation and construction of each zone of the CCR unit; and the
approximate dates of construction of each successive stage of construction of the CCR unit.

Physical properties for the embankment are described as lean clay, lean clay with sand, silty
clay, silty clay with sand, sandy lean clay, fat clay, fat clay with gravel and sand, fat clay with
sand and silt, fat clay with sand, and clayey silt.  An available summary of the engineering
properties of the Primary Ash Pond embankment is presented in Table 2 below.  The
engineering properties are based on previous geotechnical explorations and laboratory
testing.

Table 2. Summary of Construction Material Engineering Properties

Material Unit Weight
(pcf)

Drained Strength Undrained Strength

Effective
Friction
Angle 

(deg)

Effective
Cohesion

 (psf)

Su c

Embankment
Fill

130 31 0 0.41 ( ’c  500 psf)
1.39 ( ’c < 500 psf)

The method of site preparation and construction of the Primary Ash Pond is not reasonably
and readily available.

AECOM 

R000591



Newton Power Station – History of Construction  § 257.73(c) Page 4 of 8

The approximate dates of construction of each successive stage of construction of the
Primary Ash Pond are provided in Table 3 below.

Table 3. Approximate dates of construction of each successive stage of construction.
Date Event

1977 Construction of Primary Ash Pond

2009 Both Primary Ash Pond discharge pipes were lined with cured-in-place pipe
(CIPP)

2014 Three areas along the interior berm were re-graded and covered with rip-rap

§ 257.73(c)(1)(vii): At a scale that details engineering structures and appurtenances relevant to
the design, construction, operation, and maintenance of the CCR unit, detailed dimensional
drawings of the CCR unit, including a plan view and cross sections of the length and width of
the CCR unit, showing all zones, foundation improvements, drainage provisions, spillways,
diversion ditches, outlets, instrument locations, and slope protection, in addition to the
normal operating pool surface elevation and the maximum pool surface elevation following
peak discharge from the inflow design flood, the expected maximum depth of CCR within the
CCR surface impoundment, and any identifiable natural or manmade features that could
adversely affect operation of the CCR unit due to malfunction or mis-operation.

Drawings that contain items pertaining to the requested information for the Primary Ash Pond
are listed in Table  4 below. Items marked as "Not Available" are items not found during a
review of the reasonably and readily available record documentation.

AECOM 
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Table 4. List of drawings containing items pertaining to the information requested in
§ 257.73(c)(1)(vii).

Primary Ash Pond

Dimensional plan
view (all zones) S-69

Dimensional
cross sections S-70

Foundation
Improvements Not Applicable

Drainage
Provisions Not Applicable

Spillways and
Outlets S-50

Diversion
Ditches Not Applicable

Instrument
Locations

Plate 2,
Fig. No. 2A

Slope Protection S-70

Normal
Operating Pool
Elevation

Not Available

Maximum Pool
Elevation Not Available

Approximate
Maximum Depth
of CCR in 2016

49 feet

All drawings referenced in Table 4 above can be found in Appendix B and Appendix C.

Based on the review of the drawings listed above, no natural or manmade features that could
adversely affect operation of the CCR unit due to malfunction or mis-operation were
identified.

§ 257.73(c)(1)(viii): A description of the type, purpose, and location of existing
instrumentation.

Existing instrumentation at the Primary Ash Pond include vibrating-wire and open-standpipe
piezometers.  The purpose of the piezometers is to measure the pore water pressures within
and around the impoundment.  Two (2) open-standpipe piezometers (B-2 and B-3) were
installed in 2010 and the locations are presented on Plate 2 in Appendix C.  Fourteen (14)
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vibrating-wire piezometers were installed in 2015 and the locations are presented on Figure
2A in Appendix C.

§ 257.73(c)(1)(ix): Area-capacity curves for the CCR unit.

Area-capacity curves for the Primary Ash Pond are not reasonably and readily available.

§ 257.73(c)(1)(x): A description of each spillway and diversion design features and capacities
and calculations used in their determination.

The Primary Ash Pond contains two concrete, stop-log weir box structures that discharge to
the Secondary Pond.  Weir box 1-A is located at the bottom of the embankment and is
connected to the lower 30-inch diameter (dia.) cured-in-place pipe (CIPP).  Weir Box 1-B is
located approximately halfway up the embankment is connected to the upper 30-inch dia.
CIPP.  Both discharge pipes were originally 30-inch dia. corrugated metal pipe (CMP) and
were lined in 2008 (see section § 257.73(c)(1)(xii) below for further information).  The lower
discharge pipe from weir box 1A passes through the embankment between the Primary Ash
Pond and Secondary Pond.  The upper discharge pipe from weir box 1B connects to the
lower discharge pipe within the embankment.  In 2016, the discharge capacity of the Primary
Ash Pond was evaluated using HydroCAD 10 software modeling a 1,000-year, 24-hour
rainfall event.  The results of the HydroCAD 10 analysis are presented below in Table 5.

Table 5. Results of HydroCAD 10 analyses

Primary Ash Pond

Approximate Minimum
Berm Elevation1 (ft) 552.7

Approximate Emergency
Spillway Elevation1 (ft) Not Applicable

Starting Pool Elevation1 (ft) 534.0

Peak Elevation1 (ft) 534.9

Time to Peak (hr) 17.0

Surface Area (ac) 169.0

Storage2 (ac-ft) 159.4

Note:  1. Elevations are based on NAVD88 datum
2. Storage given is from Starting Pool Elevation to Peak Elevation.

AECOM 
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§ 257.73(c)(1)(xi): The construction specifications and provisions for surveillance,
maintenance, and repair of the CCR unit.

The construction specifications for the Primary Ash Pond are not reasonably and readily
available.

The provisions for surveillance, maintenance, and repair of the Primary Ash Pond are located
in Operation and Maintenance Manual for Primary and Secondary Ash Ponds (presented in
Appendix D).

The operations and maintenance plan for the Primary Ash Pond is currently being revised by
Illinois Power Generating Company.  This section will be updated when the new operations
and maintenance plan is available.

§ 257.73(c)(1)(xii): Any record or knowledge of structural instability of the CCR unit.

In September, 2008, a sinkhole was observed over the Primary Ash Pond discharge pipes.
After performing a video inspection, it is believed that an open joint in the primary 30-inch dia.
CMP discharge pipe allowed for soil to enter the discharge pipe and cause an internal void in
the embankment.  The sinkhole was backfilled and compacted with soil and a cured-in-place
pipe (CIPP) was installed in both the upper and lower discharge pipes to prevent further
internal erosion to the embankment.  Following completion of the discharge pipe modification,
grout was injected at several locations within the sinkhole to ensure any remaining voids
were filled surrounding the discharge pipes.  Information about this event can be found in the
letter presented in Appendix E.

There is no record or knowledge of any other structural instability of the Primary Ash Pond at
Newton Power Station.

LIMITATIONS

The signature of AECOM's authorized representative on this document represents that to the best of
AECOM’s knowledge, information and belief in the exercise of its professional judgment, it is
AECOM’s professional opinion that the aforementioned information is accurate as of the date of such
signature.  Any recommendation, opinion or decisions by AECOM are made on the basis of AECOM's
experience, qualifications and professional judgment and are not to be construed as warranties or
guaranties. In addition, opinions relating to environmental, geologic, and geotechnical conditions or
other estimates are based on available data and that actual conditions may vary from those
encountered at the times and locations where data are obtained, despite the use of due care.

Sincerely,

Claudia Prado Victor Modeer, P.E., D.GE
Project Manager Senior Project Manager

AECOM 
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Appendix B: Newton Power Station Drawings 
1. “Ash Pond & SO2 Disposal Pond”, Drawing No. S-69, Revision N, 29 July, 1994, Sargent & 

Lundy Engineers. 

2. “Ash Pond Dike, Profile, Details, & Sections”, Drawing No. S-70, Revision M, 8 April, 1994, 
Sargent & Lundy Engineers. 

3. “Weir Box Structures at Primary and Secondary Settling Ponds”, Drawing No. S-50, Revision K, 
25 March, 1994, Sargent & Lundy Engineers. 
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Appendix C: Newton Primary Ash Pond Boring and Piezometer Locations 
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Appendix D: Operation and Maintenance Manual for Primary and Secondary Ash Ponds 
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Printed on 10/13/2016
Void after 7 days

Newton Power Station

Operational Procedure

x-xxx-xxxx--xxx

Operation & Maintenance Manual for Primary and Secondary
Ash Ponds

Effective Date:  xx/xx/xxxx

Reason for Change:  New Procedure

Approved By: x Date:      xx/xx/xxxx
x

Lindel Wenthe

Responsible Department: Newton Power Station, Technical Services Department

 This entire document shall be in the field during procedure
performance.

 The following portions of this procedure shall be in the field
during procedure performance: __________________________

 ___________  from this procedure shall be in the field during
procedure performance.

 No part of this procedure is required to be in the field during
procedure performance.

□ 

□ 

□ 

□ 

~~ 
WAmeren Energy. 

Generating 
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1.0 Purpose

1.1 This procedure is intended to ensure the safe and environmentally
responsible operation and use of all water impoundment and levee structures
at Newton Power Station facility.  The primary purpose of Newton’s Primary,
Secondary Ash Ponds, and SO2 Chemical Pond are for the storage of fly ash
and treatment of fly ash sluice water to meet NPDES Permit Conditions.
This procedure then assures:

1.1.1 The embankment structures and flow regulating structures are
properly operated and maintained.

1.1.2 Inspections of these structures are conducted.

1.1.3 A maintenance program will be performed.

1.1.4 Communication takes place with the Dam Safety Staff regarding the
structures’ condition and operation.

2.0 Scope

2.1 This procedure applies to all onsite personnel and the Dam Safety Group
staff.

3.0 Responsibilities

3.1 On-site Technical Services – Conducts ash pond and levee embankment and
structure observations and completes the inspections, reporting any
undesirable conditions to the Supervising Engineer, Dam Safety.

3.2 On-site personnel – Operates the facilities as described in this Operational
Procedure.  Reports any conditions noted during routine activities to the shift
supervisor.  Coordinates scheduling of maintenance as required to maintain
proper operations of the ash pond facility.

3.3 Shift Supervisor (SS) - Calls Technical Service personnel when structure
concerns are reported.  Make entries into the shift log book indicating the
concern and actions taken.

3.4 Supervising Engineer, Dam Safety - Conducts annual detailed dam safety
inspections and provides a report with findings and recommendations.

4.0 Historical Information

4.1 Construction began in 1972 and concluded in 1982. Unit 1 was placed in
service in 1977; Unit 2 went into commercial operation in 1982.
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5.0 Flow Regulating Structures

5.1 Embankments

Primary Ash Pond  (Bottom Ash)
Top of ash pond berm elevation was designed at Elevation 555.00’.
Therefore, normal high pool elevation is 450.00.  This allows for 2.9 feet of
storage depth over the top of the ash pond outlet structure; or
approximately 116 acre-ft storage or 37,850,000 gallons (45% of 89 acres
times 2.9’ deep).

Secondary Ash Pond (Bottom Ash)

5.2 Structures

Primary Ash Pond Outlet Structures - The water level in the pond is
regulated by stop logs in the concrete outlet structures on the south side of
the Primary Ash pond.  Plans showing the outlet structures and walkways
are on file.  The main pond outlet structure shall be checked regularly (at
least weekly or more often if there are excessive rain events) to ensure
proper pond discharge. Elevation of the top of the main structure is
537.00’. Elevation of the walkway is 537.00’. Normal depth of flow over
the drop structure is 3 to 4 inches during non-rainfall discharge. A 30-
inch diameter CMP exits the outlet structure directly to the secondary
settling pond.
Secondary Ash Pond Outlet Structures - The water level in the pond is
regulated by the pond outlet structures on the south side of the Secondary
Ash pond.  Plans showing the outlet structures and walkways are on file.
The Secondary Ash Pond outlet structure shall be checked regularly (at
least weekly or more often if there are excessive rain events) to ensure
proper pond discharge. Elevation of the top of the structure is 534.00’.
Elevation of the walkway is 534.00’. Minimum operating water level
elevation is 516.50’.  Normal depth of flow over the drop structure is 3 to 4
inches during non-rainfall discharge. A 30-inch diameter CMP exits the
outlet structure directly to Newton Lake.
Primary Ash Pond Process Water Discharge Pipe – This culvert regulates
the level of water in the Primary Ash Pond. There are two possible inlets
in the Primary ash pond outlet structures.  Inlet Flowline elevations of the
Primary Ash Pond pipe are 512.50’ and 536.00’.  Both inlets are connected
into the same 30” CMP roughly halfway through the embankment. The
outlet elevation of these combined pipes is 508.00’. These combined pipes
failed once in the past at the point of connection of the top pipe into the
main pipe and caused the embankment to erode from the inside and
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caused a sinkhole to develop.  The solution that was devised to deal with
the problem was to line the entire 30” CMP with a cured in place liner.
This rehabilitated the corrugated metal pipe and restored the interior
integrity of the outlet pipe.  The embankment was then filled with clam
material and returned to service.
Secondary Ash Pond Bottom Ash/Process Water Culvert Pipe – This 30”
corrugated metal culvert pipe regulates the level of water in the
Secondary Ash Pond. This pipe was also lined with a cured in-place liner.
Inlet flowline elevation of the Secondary Ash Pond outlet pipe is 506.00’.
The outlet elevation of this pipe is 505.00’.

6.0 Operations Requirements

Normal Operation - Plant personnel shall monitor the level of all ash pond
basins within the perimeter ash pond berm on a daily basis.  If levels within
any of the basins exceed the prescribed maximum levels, action shall be
taken immediately to remedy the situation.

Normal Operating Levels
Primary Ash Pond Outlet 508’
Secondary Ash Pond Outlet Structure 505’
Primary Ash Pond Water Level 536’
Secondary Ash Pond Water Level 516.5’

Emergency Conditions – If a condition arises where there is a possibility of
an embankment failure, then the following procedures will be followed:

1. Notify the Supervising Engineer Dam Safety immediately.
2. The pond level will be lowered by portable pumps.  Monitor the

embankment for changed conditions.
3. Initiate Emergency Action Plan

7.0 Maintenance Requirements

7.1 Maintenance Program - The plant’s impoundment and flood prevention
structures shall be inspected and maintained in a manner to ensure safe and
environmentally responsible operations.  A regular maintenance program
shall be performed and shall consist of the following inspection items:

1. Earth embankments:  Walk the crest, side slopes, and downstream
toe of the dam concentrating on surface erosion, seepage, cracks,
settlement, slumps, slides, and animal burrows.  Frequency of
inspection:  Quarterly.
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2. Vegetation:  Grass should be a thick vigorous growth to stabilize
the earth embankment soils and prevent erosion form occurring.
Note the height of the grass; if greater than one foot a mowing of
the area should be scheduled before the next inspection.  There
should be NO trees on the earth embankment and none within a
minimum of 20 feet of the embankment toe or other structures.
Frequency of inspection:  Weekly.

3. Pond Outlet Structure:  Check for any debris or other obstructions
around the concrete inlet which may block or restrict the flow of
water.  Check for the development of any rusty areas on the
concrete, and seepage, cracking, breaking, or spalling of concrete.
Check for settlement or cracking in the walkway structure.
Frequency of inspection:  Monthly.

4. Outlet Pipe Slide Gate:  Check the structure for development of any
rusty areas on the concrete, and seepage, cracking, breaking, or
spalling of concrete.  Check the slide gate stem, grease the stem,
and operate the slide gate through its full range of motion to ensure
proper operation.  Check for buildup of debris in the manhole.
Frequency of inspection:  Quarterly.

5. Pond/Levee Perimeter:  Check the perimeter of the embankment
and levee for a distance of at least 100 feet from the toe for signs of
seepage or boils.  Inspection frequency for levee will be determined
by Dam Safety Engineer during flood events.  Frequency of ash
pond embankment inspection:  Quarterly for ash pond
embankment.

6. Special Inspections – Special inspections of ash pond berms shall be
performed after earthquakes, floods, water level exceedance in the
ponds, or heavy rainfall events.  Inspection and report shall be
equal to an annual inspection level of detail.  Water level in the
pond should be noted after a heavy rainfall.  Dam Safety staff shall
accompany plant personnel on special inspections.  Frequency:  As
required.

8.0 Maintenance Logs

8.1 Plant personnel shall maintain an up-to-date log of operations (water levels,
gate adjustments, inlet and outlet flows, serpentine channels, etc.), visual
observations, unusual occurrences, and maintenance performed.  The log
book shall be reviewed during the Annual Engineering Inspection.  Logs shall
be kept for the life of the plant.

9.0 Contact Numbers

Plant Environmental Supervisor:   David Heath / 618-783-0311
Plant Shift Supervisors Office:   217-783-0344
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Plant Control Room:   217-783-0501 / 217-783-0502
Supervising Engineer Dam Safety:  Steve Bluemner / 314-554-6298
Dam Safety Staff Contact:  Dan Haarmann / 217-371-4853

10.0 References

10.1 AER - DSP-004, “Dam Safety Program for Non-Illinois Department of
Natural Resources (non-IDNR) Regulated Facilities”

10.2 Drawings

Drawing Number Sheet Name Date
S-50 Weir Box Structures at Primary and

Secondary Settling Ponds
12-16-74

S-69 Ash Pond and SO2 Disposal Pond 8-6-74
-70 Ash Pond Dike Profile, Details &

Sections
8-6-74

S-836 Ash Pipe Supports Sections and
Details SHT #2

2-8-80

11.0 Records

Record Type Responsible
Person

Retention
Period Location

11.1 Copies of weekly
inspections

Plant Technical
Services

Life of
plant

Onsite Environmental
Supervisor and Dam
Safety Department
office

11.2 Copies of Quarterly
inspections

Plant Technical
Services

Life of
plant

Onsite Environmental
Supervisor and Dam
Safety Department
office

11.3 Log Book Plant Technical
Services

Life of
plant

Onsite Environmental
Supervisor office
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Hanson Professional Services Inc. 

MEMORANDUM
(Form QAP 17.2.3, Rev. 2) 

TO:  Dan Whalen DATE: 9/15/08

FROM: John Jenkins 

SUBJECT: Ameren Newton Power Plant 
Site Visit Report 9-12-08 

 On Friday September 12, 2008, I made a site visit to Newton Power Station to observe a 
sinkhole that has developed on the ash pond dike.  I was accompanied by Matt Frerking and Jim 
Marshall of Ameren.   

The sinkhole has developed on the downstream crest of the dike between the primary 
(upper) and secondary (lower) ash ponds (see attached photos).  The sinkhole was first observed 
the morning of September 12, 2008 after a heavy rain.  The sinkhole is circular in shape with a 
diameter of approximately 12 ft.  The depth to the bottom of the sinkhole is estimated to be 10 to 
12 ft.  The sinkhole has developed directly over the location where two discharge pipes between 
the primary and secondary ponds are joined (see attached Section C-C).  The discharge pipes are 
30 in. diameter corrugated metal pipes (CMP) installed in the late 1970’s.  There was no 
indication of ground movement in the form of settlement or bulging of the dike embankment 
outside the area of the sinkhole.  The water level in the primary ash pond is approximately 
El. 536 and the water level in the secondary pond is maintained at minimum El. 516.5.  There 
has been no significant fluctuation of the water levels in either pond for over 6 months.  The top 
of the dike is at El. 555 and the top of the discharge pipe below the sinkhole location is 
approximately El. 514.  Therefore, the depth below the ground surface to the top of the pipe at 
the sinkhole location is approximately 41 ft.   

Based on the location of the sinkhole relative to the discharge pipes and considering the 
age of the metal pipes, it appears that the most likely cause of the sinkhole is due to loss of soil 
material through a hole or holes in the discharge pipes.  In particular, the connection between the 
two pipes is suspect.  The pipe discharges into the secondary pond below the water level and 
therefore there is no way to visually observe the discharge for soil deposits.  If the cause of the 
sinkhole is due to loss of material through holes in the pipes, this process could have been 
occurring over several years.  There is the possibility that there is a void or voids that extend 
from the ground surface to the discharge pipes, and it would be expected that the sinkhole would 
continue to develop over time.  It is possible that additional settlement or sloughing of soil 
material on the downstream crest of the embankment in the immediate vicinity of the sinkhole 
will occur in the near future.  However, considering the relatively low level of water in the 

~HANSON 
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Hanson Professional Services Inc. 

primary ash pond relative to the top of the dike embankment, the dike should remain stable even 
if local failures in the upper portion of the dike occur.

It was agreed that the following actions be taken. 

The existing sinkhole should be filled with soil material to prevent further 
sloughing and expanding of the sides of the sinkhole.  The material should be 
placed with a backhoe and compacted with the backhoe bucket.  No mechanical
compaction of the soil should be attempted.  The top of the filled area should be 
crowned to prevent ponding in the area of the sinkhole, and the sinkhole area 
should be monitored daily for additional settlement or movement. 
The primary ash pond level should be lowered in order to allow the pipes to be 
dewatered and inspected by camera.  Jim Marshall estimates that it may take more
than a week to draw the water down to the required depth. 
Based on the results of the camera survey, a plan for repair of the discharge pipes 
will be developed.  The repair plan may include slipform lining of the pipes 
and/or excavation to repair isolated areas. 
Due to the unknown extent of the sinkhole void and to the possibility of additional 
voids being present along the length of the discharge pipe, Hanson will evaluate 
alternative methods for investigating the presence of voids below the ground 
surface, including the use of ground penetrating radar. 

~HANSON 
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View of Sinkhole Looking Northwest Along Dike 

View of Sinkhole Looking Southeast Along Dike 
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Close-Up of Sinkhole 

View of Bottom of Sinkhole 
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View of Sinkhole Looking Southwest Towards the Secondary Pond and Lake 
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Newton Power Plant - Ash Pond’s Chemical Constituents 

 

In accordance with 35 I.A.C. 845.230(d)(2)(C), IPGC is submitting available/existing analyses of “the 
chemical constituents of all waste streams, chemical additives and sorbent materials entering or 
contained in” the CCR impoundment, Ash Pond.    

A list of the chemical constituents’ analyses contained in the CCR surface impoundment can be found in 
Appendix A.  As determined through antidegradation studies, this list contains chemical constituents 
found in the surface free liquid and the subsurface free liquids.   IPGC is also including a list of chemical 
additives, sorbent materials and waste streams that were submitted in the facility’s NPDES permit 
applications to IEPA within the past ten years at a minimum and/or listed in the current NPDES permit 
(IL0001554) in Appendix B.    
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Appendix A:  Chemical Constituents Contained in the Ash Pond 
 

PPollutant  Units  
Surface Free 

Liquids Average 
Concentration  

Subsurface 
Free Liquids 

Average 
Concentration  

Acidity (total) mg/L < 20.0 < 20.0 
Alkalinity (total) mg/L  98.3  327 
Ammonia Nitrogen mg/L < 0.10  3.0 
Antimony (dissolved) mg/L < 0.00031  0.00105 
Antimony (total) mg/L < 0.00034  0.0079 
Arsenic (dissolved) mg/L  0.0021  0.0275 
Arsenic (total) mg/L  0.0023  0.0297 
Barium (dissolved) mg/L  0.246  0.191 
Barium (total) mg/L  0.27  0.62 
Beryllium (dissolved) mg/L < 0.00050 < 0.001 
Beryllium (total) mg/L < 0.00050 < 0.0011 
Boron (dissolved) mg/L  0.421  4.2 
Boron (total) mg/L  0.416  4.7 
Cadmium (dissolved) mg/L < 0.00050  0.0007 
Cadmium (total) mg/L < 0.00050  0.0008 
Calcium (total recoverable) mg/L  19.1  57.9 
Chemical Oxygen Demand  mg/L  34.9  46.9 
Chloride (total) mg/L  10.9  19.2 
Chromium (dissolved) mg/L  0.0018  0.00070 
Chromium (hexavalent) mg/L  0.0016  0.0013 
Chromium (total) mg/L  0.002  0.007 
Cobalt (dissolved) mg/L < 0.00011  0.001 
Cobalt (total) mg/L < 0.00020  0.016 
Copper (dissolved) mg/L  0.0020  0.001 
Copper (total) mg/L  0.0026  0.0156 
Cyanide (dissociable) mg/L < 0.010  0.4 
Cyanide mg/L < 0.010  0.3 
Fluoride mg/L  0.65  0.44 
Iron (dissolved) mg/L  0.055  0.069 
Iron (Ferric) mg/L  0.08  2.89 
Iron (Ferrous) mg/L < 0.12 < 0.4 
Iron (total) mg/L  0.142  3.1 
Kjeldahl Nitrogen (total) mg/L  1.1  4 
Lead (dissolved) mg/L < 0.001  0.001 
Lead (total) mg/L < 0.001  0.005 
Lithium (total recoverable) mg/L < 0.010  0.028 
Magnesium (total recoverable) mg/L  5.46  2.8 
Manganese (dissolved) mg/L  0.0020  0.003 
Manganese (total) mg/L  0.0083  0.019 
Mercury (dissolved) mg/L  0.000044  0.0023 
Mercury (total) mg/L  0.000095  0.0033 
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PPollutant  Units  
Surface Free 

Liquids Average 
Concentration  

Subsurface 
Free Liquids 

Average 
Concentration  

Molybdenum (dissolved) mg/L  0.0145  0.267 
Molybdenum (total) mg/L  0.015  0.263 
Nickel (dissolved) 200.8 WD mg/L < 0.00055  0.007 
Nickel (dissolved) 6020 WD mg/L < 0.00057  0.007 
Nickel (total) mg/L < 0.00077  0.0115 
Nitrate as N mg/L < 0.10  0.09 
Nitrite as N mg/L < 0.10  0.08 
Oil & grease mg/L < 5.4  5.1 
Oxidation/Reduction Potential mg/L  -100  -276.7 
pH* SU  9.3  10.0 
Phenols mg/L < 0.050  0.06 
Phosphorus mg/L < 0.31  1.8 
Potassium (dissolved) mg/L  7.71  50.9 
Potassium (total recoverable) mg/L  7.7  52.8 
Radium - 226 mg/L  0.99  0.63 
Radium - 228 mg/L  0.87  1.03 
Radium (total) mg/L  1.87  1.66 
Selenium (total) mg/L  0.0042  0.038 
Silica mg/L  1.75  50.0 
Silver (dissolved) mg/L < 0.00050 < 0.0009 
Silver (total) mg/L < 0.00050  0.0009 
Sodium (total recoverable) mg/L  64.6  1365 
Specific Conductance mg/L  430.5  5827 
Sulfate mg/L  117  2554 
Sulfide (total) mg/L  0.051  1.5 
Thallium (dissolved) mg/L < 0.001 < 0.002 
Thallium (total) mg/L < 0.001  0.002 
Total dissolved solids mg/L  272  4700 
Total Organic Carbon mg/L  6.5  7.6 
Total suspended solids mg/L  37.9  92.6 
Zinc (dissolved) mg/L < 0.010  0.013 
Zinc (total) mg/L < 0.010  0.032 
*Used https://calstormcompliance.com/ph-averaging-tool 
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Appendix B:  List of Chemical Additives, Waste Streams and Sorbent Materials  
 

Chemical Additives 
Nalco PC-191 or equivalent (Anti-scalant) 
Nalco PC-56 or equivalent (Biocide) 
Ondeo-Nalco CA-250 or equivalent (Cationic Polymer) 
General Chemical Hyper+lon-1090 or equivalent (Aluminum Chlorohydrate) 
Aluminum Chlorohydrate 
Sodium Hydroxide (50%) 
Sulfuric Acid (93%) 
GE Betz Spectrus OX1200 or equivalent (Granular Bromine) 
Anhydrous Ammonia 
Dust suppression agents for coal 
Hydrated Lime 
Sodium Bicarbonate 
Coal Dust Suppression Products* 
Calcium Bromide for mercury control* 

* Only a very small percentage of these chemicals would enter the ash pond. A high majority of the 
product would be consumed in the combustion process. Varying products may be used.   
 

Waste Streams and Sorbent Materials*  
Bottom & fly ash sluice water 
Wastewater sumps 
Water treatment filter backwash 
Reverse osmosis reject water 
Mixed bed waste water 
Air heater wash water 
Boiler blowdown 
Sewage treatment plant #2 discharge 
Coal pile runoff 
Stormwater runoff 
SCR module wastewater 
Non-Chemical Metal Cleaning Wastewater 

*No sorbent materials 
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Page 1 of 15

Bottom Ash
            SDS Number: 0.0

         Revision Date: 03/2018

Safety Data Sheet

Preparation Date: 02/23/2018

Section 1
Identification of the Substance and of the Supplier

1.1 Product Identifier

Product Name/Identification: ASTM Bottom Ash

Synonyms:
Ash; Ashes; Ash residues; Ashes, residues, bottom; Bottom
ash; Bottom ash residues; Coal Fly Ash; Pozzolan; Waste
solids.

Formula: UVCB Substance

1.2 Relevant Identified Uses of the Substance or Mixture and Uses Advices Against

Relevant Identified Uses: Component of wallboard, concrete, roofing material, bricks,
cement kiln feed.

Uses Advised Against: None known.

1.3 Details of the Supplier of the SDS

Manufacturer/Supplier: Dynegy, Inc.

Street Address: 601 Travis Street, Suite 1400

City, State and Zip Code: Houston, TX  77002

Customer Service Telephone: 800-633-4704

~ 
DYNEGY 
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Page 2 of 15
Preparation Date: February 23, 2018

Bottom Ash
            SDS Number: 1.0

         Revision Date: 03/2018

Section 2
Hazards Identification

2.1 Classification of the Substance

GHS Classification(s) according to OSHA Hazard Communication Standard (29 CFR 1910.1200):

 Eye Irritant, Category 2A
 STOT-SE, Category 3 (Respiratory Irritation)
 Carcinogen, Category 1A
 STOT-RE, Category 1 (Lungs)
 Toxic to Reproduction, Category 2

2.2 Label Elements

Labelling according to 29 CFR 1910.1200 Appendices A, B and C*

Hazard Pictogram(s):

Signal word: DANGER

Hazard Statement(s):

Causes serious eye irritation.

May cause respiratory irritation.

May cause damage to lungs after repeated/prolonged exposure via inhalation.

May cause cancer of the lung.

Suspected of damaging fertility or the unborn child.

Precautionary
Statement(s):

Obtain special instructions before use.
Do not handle until all safety precautions have been read and understood.
Avoid breathing dust.
Wash thoroughly after handling.
Do not eat drink or smoke when using this product.
Wear protective gloves/protective clothing/eye protection/face protection.
Use outdoors or in a well-ventilated area.
If exposed or concerned: Get medical advice/attention.
Store in a secure area.
Dispose of product in accordance with local/national regulations.

* Fly ash and other coal combustion products (CCPs) are UVCB substances (unknown or variable composition or biological).
Various CCPs, noted as ashes/ash residuals; Ashes, residues, bottom; Bottom ash; Bottom ash residues; Waste solids, ashes
under TSCA are defined as: “The residuum from the burning of a combination of carbonaceous materials.  The following
elements may be present as oxides:  aluminum, calcium, iron, magnesium, nickel, phosphorus, potassium, silicon, sulfur,
titanium, and vanadium.”  Ashes including fly ash and fluidized bed combustion ash are identified by CAS number 68131-74-8.
The exact composition of the ash is dependent on the fuel source and flue additives composed of many constituents.  The
classification of the final substance is dependent on the presence of specific identified oxides as well as other trace elements.

~ 
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Bottom Ash
            SDS Number: 1.0

         Revision Date: 03/2018

2.3 Other Hazards

Listed Carcinogens:

-Respirable Crystalline Silica

IARC: [Yes] NTP: [Yes] OSHA: [Yes] Other: (ACGIH) [Yes]

Section 3
Composition/Information on Ingredients

Substance CAS No. Percentage (%) GHS Classification

Crystalline Silica 14808-60-7 20 - 40%
Repeat Dose STOT, Category 1
Carcinogen, Category 1A

Silica, crystalline respirable
(RCS)

14808-60-7 See Footnote 1
Repeat Dose STOT, Category 1
Carcinogen. Category 1A

Aluminosilicates2 Various, see Footnote 2 10 - 60% Single Exposure STOT, Category 3

Calcium oxide (CaO) 1305-78-8 10 - 30%
Skin Irritant, Category 2
Eye Irritant, Category 1
Single Exposure STOT, Category 3

Iron oxide 1309-37-1 1 - 10% Not Classified

Manganese dioxide (MnO2) 1313-13-9 <2%
Skin Irritant, Category 2
Eye Irritant, Category 2B

Magnesium oxide 1309-48-4 2 - 10% Not Classified

Phosphorus pentoxide (P2O5) 1314-56-3 2%
Skin Irritant, Category 2
Eye Irritant, Category 2B

Sodium oxide 1313-59-3 1 - 10% Not Classified

Potassium oxide (K2O) 12136-45-7 1%
Skin Irritant Category 2
Eye Irritant Category 2B

Titanium dioxide (TiO2) 13463-67-7 <3% Not Classified
1The percentage of respirable crystalline silica has not been determined.  Therefore, a GHS classification of Carcinogen 1A has been
assigned.
2Aluminosilicates (CAS# 1327-36-2) may be in the form of mullite (CAS# 1302-93-8); aluminosilicate glass; pozzolans (CAS# 71243-67-9); or
calcium aluminosilicates such as tricalcium aluminate (C3A), or calcium sulfoaluminate (C4A3S). The form is dependent on the source of
the coal and or the process used to create the CCP. Pulverized coal combustion would be more likely to create high levels of pozzolans.
Aluminosilicates may have inclusions of calcium, titanium, iron, potassium, phosphorus, magnesium and other metal oxides.

~ 
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         Revision Date: 03/2018

Section 4
First Aid Measures

4.1 Description of First Aid Measures

Inhalation:
If product is inhaled and irritation of the nose or coughing occurs, remove
person to fresh air.  Get medical advice/attention if respiratory symptoms
persist.

Skin Contact: If skin exposure occurs, wash with soap and water.

Eye Contact:
If product gets into the eye, rinse copiously with water for several minutes.
Remove contact lenses, if present and easy to do.  Seek medical
attention/advice if irritation occurs or persists.

Ingestion: No specific first aid measures are required.

4.2 Most Important Health Effects, Both Acute and Delayed

Acute Effects: Direct exposure may cause respiratory irritation, eye irritation and skin irritation.  The product
dust can dry and irritate the skin and cause dermatitis and can irritate eyes and skin through mechanical abrasion.

Chronic Effects: Chronic exposure may cause lung damage from repeated exposure.  Prolonged inhalation of
respirable crystalline silica above certain concentrations may cause lung diseases, including silicosis and lung
cancer.

4.3 Indication of Any Immediate Medical Attention and Special Treatment Needed

Seek first aid or call a doctor or Poison Control Center if contact with eyes occurs and irritation remains after
rinsing.  Get medical advice if inhalation occurs and respiratory symptoms persist.

~ 
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            SDS Number: 1.0

         Revision Date: 03/2018

Section 5
Firefighting Measures

5.1 Extinguishing Media

Suitable Extinguishing Media: Product is not flammable.  Use extinguishing media appropriate for
surrounding fire.

Unsuitable Extinguishing Media: Not applicable, the product is not flammable.

5.2 Special Hazards Arising from the Substance or Mixture

Hazardous Combustion
Products: None known.

5.3 Advice for Firefighters

Special Protective Equipment
and Precautions for Firefighters:

As with any fire, wear self-contained breathing apparatus (NIOSH
approved or equivalent) and full protective gear.

Section 6
Accidental Release Measures

6.1 Personal Precautions, Protective Equipment and Emergency Procedures

Personal precautions/Protective
Equipment:

See Section 8.2.2 Individual Protective Measures.  For concentrations
exceeding Occupational Exposure Levels (OELs), use a self-contained
breathing apparatus (SCBA).

Emergency procedures: Use scooping, water spraying/flushing/misting or ventilated vacuum
cleaning systems to clean up spills.  Do not use pressurized air.

6.2 Environmental Precautions

Environmental precautions: Prevent contamination of drains or waterways and dispose according to
local and national regulations.

~ 
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6.3 Methods and Material for Containment and Cleaning Up

Methods and materials for
containment and cleaning up:

Do not use brooms or compressed air to clean surfaces.  Use dust
collection vacuum and extraction systems.

Large spills of dry product should be removed by a vacuum system.
Dampened material should be removed by mechanical means and
recycled or disposed of according to local and national regulations.

See Sections 8 and 13 for additional information on exposure controls and disposal.

Section 7
Handling and Storage

7.1 Precautions for Safe Handling

Practice good housekeeping.  Use adequate exhaust ventilation, dust collection and/or water mist to maintain
airborne dust concentrations below permissible exposure limits (note: respirable crystalline silica dust may be in
the air without a visible dust cloud).

Do not permit dust to collect on walls, floors, sills, ledges, machinery, or equipment.  Maintain and test ventilation
and dust collection equipment.  In cases of insufficient ventilation, wear a NIOSH approved respirator for silica
dust when handling or disposing dust from this product.  Avoid contact with skin and eyes.  Wash or vacuum
clothing that has become dusty.  Avoid eating, smoking, or drinking while handling the material.

7.2 Conditions for Safe Storage, Including any Incompatibilities

Minimize dust produced during loading and unloading.

~ 
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Section 8
Exposure Controls/Personal Protection

8.1 Control Parameters

OCCUPATIONAL EXPOSURE LIMITS

SUBSTANCE
OSHA PEL

TWA (mg/m3)

NIOSH REL

TWA (mg/m3)

ACGIH TLV

TWA (mg/m3)

CA - OSHA PEL
(mg/m3)

Calcium oxide 5 2 2 2

Particulates Not
Otherwise
Regulated

Total 15 15 10 10

Respirable 5 5 3 5

Respirable
Crystalline Silica Respirable 0.05 0.05 0.025 0.05

Manganese dioxide

(as manganese
compounds)

Total 5 (Ceiling) 1
3 (STEL)

0.1 0.2

Respirable - - 0.02 -

8.2 Exposure Controls

8.2.1 Engineering Controls

Provide ventilation to maintain the ambient workplace atmosphere below the occupational exposure limit(s).  Use
general and local exhaust ventilation and dust collection systems as necessary to minimize exposure.

8.2.2 Personal Protective Equipment (PPE)

Respiratory protection:

Wear a NIOSH approved particulate respirator if exposure to airborne
particulates is unavoidable and where occupational exposure limits may
be exceeded.  If airborne exposures are anticipated to exceed
applicable PELs or TLVs, a self-contained breathing apparatus or
airline respirator is recommended.

Eye and face protection: If eye contact is possible, wear protective glasses with side shields.
Avoid contact lenses.

Hand and skin protection: Wear gloves and protective clothing.  Wash hands with soap and water
after contact with material.

~ 
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Section 9
Physical and Chemical Properties

9.1 Information on Basic Physical and Chemical Properties

Property: Value Property: Value

Appearance (physical state, color, etc.): Fine tan/
gray particulate

Upper/lower flammability or explosive limits: Not
applicable

Odor: Odorless1 Vapor Pressure (Pa): Not applicable

Odor threshold: Not applicable Vapor Density: Not applicable

pH (25 °C) (in water): 8 - 11 Specific gravity or relative density: 2.2 – 2.9

Melting point/freezing point (°C): Not applicable Water Solubility: Slight

Initial boiling point and boiling range (°C): Not
applicable

Partition coefficient: n-octane/water: Not
determined

Flash point (°C): Not determined Auto ignition temperature (°C): Not applicable

Evaporation rate: Not applicable Decomposition temperature (°C):  Not determined

Flammability (solid, gas): Not combustible Viscosity: Not applicable
1 The use of urea or aqueous ammonia injected into the flue gas to reduce nitrogen oxides (NOx) emissions may result in the
presence of ammonium sulfate or ammonium bisulfate in the ash at less than 0.1%.  When ash containing these substances
becomes wet under high pH (>9), free ammonia gas may be released resulting in objectionable/nuisance ammonia odor and
potential exposure to ammonia gas especially in confined spaces.

~ 
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Section 10
Stability and Reactivity

10.1 Reactivity: The material is an inert, inorganic material primarily composed of elemental
oxides.

10.2 Chemical stability: The material is stable under normal use conditions.

10.3 Possibility of hazardous
reactions:

The material is a relatively stable, inert material; however, when ash
containing ammonia becomes wet under high pH (>9), free ammonia gas
may be released resulting in an objectionable/nuisance ammonia odor and
potential exposure to ammonia gas especially in confined spaces.
Polymerization will not occur.

10.4 Conditions to avoid:
Product can become airborne in moderate winds.  Dry material should be
stored in silos.  Materials stored out of doors should be covered or
maintained in a damp condition.

10.5 Incompatible materials: None known.

10. 6 Hazardous decomposition
products: None known.

~ 
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Section 11
Toxicological Information

11.1 Information on Toxicological Effects

Endpoint Data

Acute oral toxicity LD50 > 2000 mg/kg

Acute dermal toxicity LD50 > 2000 mg/kg

Acute inhalation toxicity LD50 > 5.0 mg/L

Skin corrosion/irritation
Does not meet the classification criteria but may cause slight
skin irritation. Product dust can dry the skin which can result in
irritation.

Eye damage/irritation

Causes serious eye irritation.  Positive scores for conjunctiva
irritation and chemosis in 2/3 animals based on average of 24, 48
and 72-hour scores with irritation clearing within 21 days; no corneal
or iritis effects observed.

Respiratory/skin sensitization Not a respiratory or dermal sensitizer.

Germ cell mutagenicity
Not mutagenic in in-vitro and in-vivo assays with or without
metabolic activation.

Carcinogenicity Not available. Respirable crystalline silica has been identified as a
carcinogen by OSHA, NTP, ACGIH and IARC.

Reproductive toxicity

No developmental toxicity was observed in available animal
studies. Reproductive studies on CCPs showed either no
reproductive effects, or some effects on male and female
reproductive organs and parameters but without a clear dose
response.

STOT-SE CCPs when present as a nuisance dust may result in respiratory
irritation.

STOT-RE

In a 180-day inhalation study with fly ash dust, no effects were
observed at the highest dose tested. NOEC = 4.2 mg/m3; it is not
possible to assess the level at which toxicologically
significant effects may occur.

Repeated inhalation exposures to high levels of respirable
crystalline silica may result in lung damage (i.e., silicosis).

Aspiration Hazard Not applicable based product form.

~ 
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Section 12
Ecological Information

12.1 Toxicity

Fly Ash (CAS# 68131-74-8)

Toxicity to Fish LC50 > 100 mg/L

Toxicity to Aquatic Invertebrates Data indicates that the test substance is not toxic to Daphnia magna
(EC50 undetermined)

Toxicity to Aquatic Algae and Plants EC50 = 10 mg/L

Calcium oxide CAS# 1305-78-8

Toxicity to Fish
LC50 = 50.6 mg/L
The findings were closely related to the pH of the test solutions;
therefore, pH is considered to be the main reason for the effects.

Toxicity to Aquatic Invertebrates
EC50 = 49.1 mg/L
The findings were closely related to the pH of the test solutions;
therefore, pH is considered to be the main reason for the effects.

Toxicity to Aquatic Algae and Plants
NOEC =48 mg/L @ 72 hours based on Ca(OH)2
The initial pH of the test medium was not directly related to the
biologically relevant effects. The formation of precipitates is likely the
result of the reaction between CO2 dissolved in the medium.

12.2 Persistence and Degradability
Not relevant for inorganic materials.

12.3 Bioaccumulative Potential

This material does not contain any compounds that would bioaccumulate up the food chain.

12.4 Mobility in Soil
No data available.

12.5 Results of PBT and vPvB Assessment
This material does not contain any compounds classified as “persistent, bioaccumulative or toxic” nor as
“very persistent/very bioaccumulative”.

12.6 Other Adverse Effects
None known.

~ 
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Section 13
Disposal Considerations

See Sections 7 and 8 above for safe handling and use, including appropriate industrial hygiene practices.

Dispose of all waste product and containers in accordance with federal, state and local regulations.

Section 14
Transport Information

Regulatory entity:
U.S. DOT

Shipping Name: Not Regulated

Hazard Class: Not Regulated

ID Number: Not Regulated

Packing Group: Not Regulated

~ 
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Section 15
Regulatory Information

15.1 Safety, Health and Environmental Regulations/Legislation Specific for the Mixture
o TSCA Inventory Status

All components are listed on the TSCA Inventory.

o California Proposition 65

The following substances are known to the State of California to be carcinogens and/or reproductive
toxicants:

 Respirable crystalline silica

 Titanium dioxide

o State Right-to-Know (RTK)

Component CAS MA1,2 NJ3,4 PA5 RI6
Ammonium bisulfate 7803-63-6 No Yes No No
Ammonium sulfate 7783-20-2 Yes No Yes No
Calcium oxide 1305-78-8 Yes Yes Yes No
Iron oxide 1309-37-1 Yes Yes Yes No
Magnesium oxide 1309-48-4 No Yes No No
Phosphorus pentoxide (or
phosphorus oxide)

1314-56-3 Yes Yes Yes No

Potassium oxide 12136-45-7 No Yes No No
Silica-crystalline (SiO2), quartz 14808-60-7 Yes Yes Yes No
Sodium oxide 1313-59-3 No Yes No No
Titanium dioxide 13463-67-7 Yes Yes Yes Yes
1 Massachusetts Department of Public Health, no date
2 189th General Court of The Commonwealth of Massachusetts, no date
3 New Jersey Department of Health and Senior Services, 2010a
4 New Jersey Department of Health, 2010b
5 Pennsylvania Code, 1986
6 Rhode Island Department of Labor and Training, no date
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Section 16
Other Information, Including Date of Preparation or Last Revision

16.1 Indication of Changes

Date of preparation or last revision: February 23, 2018

16.2 Abbreviations and Acronyms

 ACGIH: American Conference of Industrial Hygienists
 CA: California
 CAS: Chemical Abstract Services
 CCP: Coal Combustion Product
 CFR: Code of Federal Regulations
 EPA: Environmental Protection Agency
 GHS: Globally Harmonized System of Classification and Labelling
 IARC: International Agency for Research on Cancer
 LC50: Concentration resulting in the mortality of 50 % of an animal population
 LD50: Dose resulting in the mortality of 50 % of an animal population
 MA: Massachusetts
 NA: Not Applicable
 NJ: New Jersey
 NOEC: No observed effect concentration
 NIOSH: National Institute of Occupational Safety and Health

NOx: Nitrogen oxides
 NTP: US National Toxicology Program
 OEL: Occupational Exposure Limit
 OSHA: Occupational Safety and Health Administration
 PA: Pennsylvania
 PBT: Persistent, Toxic and Bioaccumulative
 PEL: Permissible exposure limit
 PPE: Personal Protective Equipment
 REL: Recommended exposure limit
 RI: Rhode Island
 RCS: Respirable Crystalline Silica
 RTK: Right-to-Know
 SCBA: Self-contained breathing apparatus
 SDS: Safety Data Sheet
 STEL: Short-term exposure limit
 STOT-RE: Specific target organ toxicity-repeated exposure
 STOT-SE: Specific target organ toxicity-single exposure
 TLV: Threshold limit value
 TSCA: Toxic Substances Control Act
 TWA: Time-weighted average
 UEL: Upper explosive limit
 UVCB: Unknown or Variable Composition/Biological
 U.S.: United States
 U.S. DOT: United States of Department of Transportation
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16.3 Other Hazards

Hazardous Materials Identification System (HMIS)

Degree of hazard (0= low, 4 = extreme)

Health: 2* Flammability: 0 Physical
Hazards:

0 Personal
protection:**

* Chronic Health Effects
** Appropriate personal protection is defined by the activity to be performed.
See Section 8 for additional information.

DISCLAIMER:

This SDS has been prepared in accordance with the Hazard Communication Rule 29 CFR 1910.1200.
Information herein is based on data considered to be accurate as of date prepared.  No warranty or
representation, express or implied, is made as to the accuracy or completeness of this data and safety
information.  No responsibility can be assumed for any damage or injury resulting from abnormal use, failure to
adhere to recommended practices, or from any hazards inherent in the nature of the product.
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Date: 25 October 2021 
 
Subject: 35 Ill. Admin. Code Part 845 - Fault Area Location Demonstration for Ash Pond at 

the Newton Power Plant 
 
Illinois Power Generating Company operates the coal fired Newton Power Plant located in 
Jasper County, Illinois.  The Newton Ash Pond is an existing surface impoundment storing coal 
combustion residuals (CCR).  The requirements for the Newton Ash Pond are found in 35 Ill. 
Admin. Code (I.A.C.) 845 (Part 845). 
 
This memorandum addresses the requirements of Section 845.320 Fault Areas, which states:  
 
Section 845.320 Fault Areas 
 

a) Existing and new CCR surface impoundments, and all lateral expansions of CCR surface 
impoundments must not be located within 60 meters (200 feet) of the outermost damage 
zone of a fault that has had displacement in Holocene time unless the owner or operator 
demonstrates that an alternative setback distance of less than 60 meters (200 feet) will 
prevent damage to the structural integrity of the CCR surface impoundment. 
 

b) The owner or operator of the CCR surface impoundment must obtain a certification from 
a qualified professional engineer stating that the demonstration meets the requirements 
of subsection (a). 
 

Pursuant to Section 845.210(d)(2), for existing CCR surface impoundments, the owner or 
operator of the CCR surface impoundment may use a previously completed location restriction 
demonstration required by Section 845.300 (Placement Above the Uppermost Aquifer), Section 
845.310 (Wetlands), Section 845.320 (Fault Areas), Section 845.330 (Seismic Impact Zones), 
and Section 845.340 (Unstable Areas), provided that the previously completed assessments meet 
the applicable requirements of those Sections.   
 
The previous fault area demonstration was certified by a qualified professional engineer stating 
that the demonstration meets the requirements of 40 C.F.R. § 257.62.  The requirements 
described in 40 C.F.R. § 257.62 are nearly identical to the requirements contained in I.A.C. 
Section 845.320. Pursuant to Section 845.210(d)(2), a certification is not required for this 
demonstration.  The previously completed fault area demonstration is included in Attachment D. 
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ICH 

MEMORANDUM 

16 October 2018 
File No. 129788 

SUBJECT: Location Restriction Demonstrat ion - Fault Areas 
Newton Power Station 
Primary Ash Pond 
Newton, Illinois 

HALEY & ALDRICH, INC. 
6500 Rockside Road 
Suite 200 
Cleve land, OH 44131 
216. 739.0555 

Illinois Power Generating Company operates the coal-fired Newton Power Station (Plant) located near 
Newton, Illinois. The Primary Ash Pond (Unit) is an existing coal combustion residuals (CCR) surface 
impoundment . This demonstration addresses the requirements of 40 CFR §257.62 (Fault Areas) of the 
US Environmental Protection Agency's (EPA) rule entitled Hazardous and Solid Waste Management 
System; Disposal of Coal Combustion Residuals from Electric Utilities . 80 Fed. Reg. 21,302 (Apr. 17, 2015) 
(promulgating 40 CFR §257.62); 83 Fed. Reg. 36,435 (July 30, 2018) (amending 40 CFR §257.62). 

§257.62(a): New CCR landfills, existing and new CCR surface impoundments, and all lateral expansions 
of CCR units must not be located within 60 meters (200 feet) of the outermost damage zone of a fault 
that has had displacement in Holocene time unless the owner or operator demonstrates by the dates 
specified in paragraph (c) of this section that an alternative setback distance of Jess than 60 meters (200 
feet) will prevent damage to the structural integrity of the CCR unit. 

A review of available data from the U.S. Geologic Survey, the Il linois State Geological Su rvey, and other 
ava ilable information was completed for this demonstration. The nearest known mapped fau lts are the 
Albion-Ridgeway and Mt. Carmel-New Harmony fau lts, which are located approximately 42 miles 
southeast and the timeframe of the most recent act ivity on theses faults is not known . Based on the 
available published geologic data and information reviewed, there are no active fau lts or fault damage 
zones that have had displacement in Holocene time reported or indicated with in 200 feet of the Unit. 
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§257.62(b): The owner or operator of the CCR unit must obtain a certification from a qualified 
professional engineer or approval from the Participating State Director or approval from EPA where EPA 
is the permitting authority stating that the demonstration meets the requirements of paragraph {a) of 
this section. 

I, Steven F. Putrich, being a Registered Professional Engineer in good standing in the State of Illinois, do 
hereby certify, to the best of my knowledge, information, and belief, that the information contained in 
this certification has been prepared in accordance with the accepted practice of engineering. I certify, 
for the above-referenced CCR Unit, that the demonstration that the CCR Unit is not located within 60 
meters (200 feet) of the outermost damage zone of a fault that has had a displacement in Holocene 
time as included in the CCR Rule Location Restrictions Evaluation memorandum dated 12 October 2018 
meets the requirements of 40 CFR §257.62(a). 

Signed : __ ~---------C.--­
Consulting Engineer 

Print Name: 
Illinois License No .: 
Title: 
Company: 

Professional Engineer's Seal : 

Steven F. Putrich 
62048779 
Vice President 
Haley & Aldrich, Inc. 
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Date: 25 October 2021 
 
Subject: 35 Ill. Admin. Code Part 845 - Placement Above the Uppermost Aquifer Location 

Demonstration for Ash Pond at the Newton Power Plant 
 
Illinois Power Generating Company operates the coal-fired Newton Power Plant located in 
Jasper County, Illinois.  The Newton Ash Pond is an existing surface impoundment storing coal 
combustion residuals (CCR).  The requirements for the Newton Ash Pond are found in 35 Ill. 
Admin. Code (I.A.C.) 845 (Part 845). 
 
This memorandum addresses the requirements of Section 845.300 Placement Above the 
Uppermost Aquifer, which states:  
 
Section 845.300 Placement Above the Uppermost Aquifer  
 

a) Existing and new CCR surface impoundments, and all lateral expansions of CCR surface 
impoundments must, be constructed with a base that is located at least 1.52 meters (five 
feet) above the upper limit of the uppermost aquifer, or must demonstrate that there will 
not be an intermittent, recurring, or sustained hydraulic connection between any portion 
of the base of the CCR surface impoundment and the uppermost aquifer due to normal 
fluctuations in groundwater elevations (including the seasonal high water table).   
 

b) The owner or operator of the CCR surface impoundment must obtain a certification from 
a qualified professional engineer stating that the demonstration meets the requirements 
of subsection (a).  
 

Pursuant to Section 845.210(d)(2), for existing CCR surface impoundments, the owner or operator 
of the CCR surface impoundment may use a previously completed location restriction 
demonstration required by Section 845.300 (Placement Above the Uppermost Aquifer), Section 
845.310 (Wetlands), Section 845.320 (Fault Areas), Section 845.330 (Seismic Impact Zones), and 
Section 845.340 (Unstable Areas), provided that the previously completed assessments meet the 
applicable requirements of those Sections.   

The previous upper aquifer demonstration was certified by a qualified professional engineer 
stating that the demonstration meets the requirements of 40 C.F.R. § 257.60.  The requirements 
described in 40 C.F.R. § 257.60 are nearly identical to the requirements contained in I.A.C. 
Section 845.300. Pursuant to Section 845.210(d)(2), a certification is not required for this 
demonstration.  The previously completed upper aquifer demonstration is included in 
Attachment D. 
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MEMORANDUM 

16 October 2018 
File No. 129788 

HALEY & ALDRICH, INC. 
6500 Rockside Road 
Suite 200 
Cleveland, OH 44131 
216. 739.0555 

SUBJECT: Location Restriction Demonstration - Placement Above Uppermost Aquifer 
Newton Power Station 
Primary Ash Pond 
Newton, Illinois 

Illinois Power Generating Company operates the coal-fired Newton Power Station (Plant) located near 
Newton, Illinois. The Primary Ash Pond (Unit) is an existing coal combustion residuals (CCR) surface 
impoundment . This demonstration addresses the requirements of 40 CFR §257.60 {Placement above 
the uppermost aquifer) of the US Environmental Protection Agency's (EPA) rule entitled Hazardous and 
Solid Waste Management System; Disposal of Coal Combustion Residuals from Electric Utilities . 80 Fed. 
Reg. 21,302 (Apr. 17, 2015) (promulgating 40 CFR §257.60); 83 Fed . Reg. 36,435 (July 30, 2018) 
(amending 40 CFR §257.60) . 

§257.60/a): New CCR landfills, existing and new CCR surface impoundments, and all lateral expansions 
of CCR units must be constructed with a base that is located no less than 1.52 meters (five feet) above 
the upper limit of the uppermost aquifer, or must demonstrate that there will not be an intermittent, 
recurring, or sustained hydraulic connection between any portion of the base of the CCR unit and the 
uppermost aquifer due to normal fluctuations in groundwater elevations (including the seasonal high 
water table). The owner or operator must demonstrate by the dates specified in paragraph (c) of this 
section that the CCR unit meets the minimum requirements for placement above the uppermost aquifer. 

O'Brien & Gere evaluated groundwater conditions and prepared a Top of Uppermost Aquifer contour 
map (TOA Map) figure dated 25 January 2017 representing the upper limit of the uppermost aquifer for 
the Unit that included elevations ranging from approximate elevation 528+/- feet to 492+/- feet across 
the base of the unit. Based on historic document review, field/boring investigation and laboratory 
testing program at the Unit, Haley & Aldrich, Inc. determined that the lowest portion of the base of the 
unit is situated at or above 486.5 feet on the base of the unit. 

When the critical low points at the base of unit were compared to the correspond ing contours on the 
TOA Map, the resulting minimum separation was determined to exceed the 5.0 feet minimum separation 
requirement of §257.60(a) . 
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§257.60(b): The owner or operator of the CCR unit must obtain a certification from a qualified 
professional engineer or approval from the Participating State Director or approval from EPA where EPA 
is the permitting authority stating that the demonstration meets the requirements of paragraph (a) of 
this section. 

I, Steven F. Putrich, being a Registered Professional Engineer in good stand ing in the State of Ill inois, do 
hereby certify, to the best of my knowledge, information, and belief, that the information conta ined in 
this certification has been prepared in accordance with the accepted practice of engineering. I certify, 
for the above-referenced CCR Unit, that the demonstration regarding the locat ion of t he base of the CCR 
Unit is no less than 1.52 meters above the upper limit of the uppermost aquifer as included in the CCR 
Rule Locations Restrictions Evaluation memorandum dated 12 October 2018 meets the requirements of 
40 CFR §257.60(a) . 

Signed : --=~-""""'..:::::.--=:c:sa.....,_ _ _ 
Consulting Engineer 

Print Name: 
Illinois License No.: 
Title : 
Company: 

Professional Engineer's Seal : 

Steven F. Putrich 
62048779 
Vice President 
Haley & Aldrich, Inc. 
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Date: 25 October 2021 
 
Subject: 35 Ill. Admin. Code Part 845 – Seismic Impact Zone Location Demonstration for Ash 

Pond at the Newton Power Plant 
 
Illinois Power Generating Company operates the coal-fired Newton Power Plant located in 
Jasper County, Illinois.  The Newton Ash Pond is an existing surface impoundment storing coal 
combustion residuals (CCR).  The requirements for the Newton Ash Pond are found in 35 Ill. 
Admin. Code (I.A.C.) 845. 
 
This memorandum addresses the requirements of Section 845.330 Seismic Impact Zones, which 
states:  
 
Section 845.330 Seismic Impact Zones 
 

a) Existing and new CCR surface impoundments, and all lateral expansions of CCR surface 
impoundments must not be located in seismic impact zones unless the owner or operator 
demonstrates that all structural components including liners, leachate collection and 
removal systems, and surface water control systems, are designed to resist the maximum 
horizontal acceleration in lithified earth material for the site. 
 

b) The owner or operator of the CCR surface impoundment must obtain a certification from 
a qualified professional engineer stating that the demonstration meets the requirements 
of subsection (a). 
 

Pursuant to Section 845.210(d)(2), for existing CCR surface impoundments, the owner or 
operator of the CCR surface impoundment may use a previously completed location restriction 
demonstration required by Section 845.300 (Placement Above the Uppermost Aquifer), Section 
845.310 (Wetlands), Section 845.320 (Fault Areas), Section 845.330 (Seismic Impact Zones), 
and Section 845.340 (Unstable Areas), provided that the previously completed assessments meet 
the applicable requirements of those Sections.   

The previous seismic impact zone demonstration was certified by a qualified professional 
engineer stating that the demonstration meets the requirements of 40 C.F.R. § 257.63. The 
requirements described in 40 C.F.R. § 257.63 are nearly identical to the requirements contained 
in I.A.C. Section 845.330. Pursuant to Section 845.210(d)(2), a certification is not required for 
this demonstration.  The previously completed seismic impact zone demonstration is included in 
Attachment D. 
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MEMORANDUM 

16 October 2018 
File No. 129788 

ICH 
HALEY & ALDRICH, INC. 
6500 Rockside Road 
Suite 200 
Cleveland, OH 44131 
216. 739.0555 

SUBJECT: Location Restriction Demonstration - Seismic Impact Zone 
Newton Power Station 
Primary Ash Pond 
Newton, Illinois 

Illinois Power Generating Company operates the coal-fired Newton Power Station (Plant) located near 
Newton, Illinois. The Primary Ash Pond (Unit) is an existing coal combustion residuals (CCR) surface 
impoundment. This demonstration addresses the requirements of 40 CFR §257.63 (Seismic Impact 
zones) of the U.S. Environmental Protection Agency's (EPA) rule entitled Hazardous and Solid Waste 
Management System; Disposal of Coal Combustion Residuals from Electric Utilities . 80 Fed . Reg . 21,302 
(Apr. 17, 2015) (promulgating 40 CFR §257.63); 83 Fed. Reg. 36,435 (July 30, 2018) (amending 40 CFR 
§257.63). 

§257.63(0): New CCR landfills, existing and new CCR surface impoundments, and all lateral expansions 
of CCR units must not be located in seismic impact zones unless the owner or operator demonstrates by 
the dates specified in paragraph (c) of this section that all structural components including liners, 
leachate collection and removal systems, and surface water control systems, are designed to resist the 
maximum horizontal acceleration in lithified earth material for the site. 

The results of our evaluation indicate that the Unit is in compliance with 40 CFR §257.63(a) . Although 
the Unit is located in a seism ic impact zone, it satisfies the demonstration requirements of 40 CFR 
§257.63(a) . The AECOM report entitled "CCR Certification Report : In itial Structural Stability Assessment, 
Initial Safety Factor Assessment, and Initial Inflow Design Flood Control System Pla n for the Primary Ash 
Pond at Newton Power Station" dated October 2016 (AECOM Report), includes engineering analysis, 
calculations, and find ings that support the requirements of 40 CFR §257.63 (a), and provides 
documentation that those requirements have been eva luated by AECOM for the subject CCR unit . 
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§257.63/b): The owner or operator of the CCR unit must obtain a certification from a qualified 
professional engineer or approval from the Participating State Director or approval from EPA where EPA 
is the permitting authority stating that the demonstration meets the requirements of paragraph (a) of 
this section. 

I, Steven F. Putrich, being a Registered Professional Engineer in good standing in the State of Illinois, do 
hereby certify, to the best of my knowledge, information, and belief, that the information contained in 
this certification has been prepared in accordance with the accepted practice of engineeri ng. I cert ify 
that the CCR Unit is located in a seismic impact zone as included in the CCR Rule Locations Restriction 
Evaluation memorandum dated 12 October 2018 and satisfies all requirements of 40 CFR §257.63(a) . 

By providing this certification demonstration statement, we are not stat ing or inferring that we have 
verified or certified the details, assumptions, calculations and/or site condition mode ls developed by 
AECOM in the subject report; those elements of the report are considered the professional opinions and 
determinations of AECOM. 

Signed : ___ ~-------­
Consulting Engineer 

Print Name: 
Illinois License No.: 
Title : 
Company: 

Professional Engineer's Seal : 

Steven F. Putrich 
62048779 
Vice President 
Haley & Aldrich, Inc. 
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Date: 25 October 2021 
 
Subject: 35 Ill. Admin. Code Part 845 – Unstable Areas  Location Demonstration for Ash 

Pond at Newton Power Plant 
 

Illinois Power Generating Company operates the coal-fired Newton Power Plant located in 
Jasper County, Illinois.  The Newton Ash Pond is an existing surface impoundment storing coal 
combustion residuals (CCR).  The requirements for the Newton Ash Pond are found in 35 Ill. 
Admin. Code (I.A.C.) Part 845 (Part 845). 
 
This memorandum addresses the requirements of Section 845.340 Unstable Areas which states:  

Section 845.340 Unstable Areas  

a) An existing or new CCR surface impoundment, or any lateral expansion of a CCR surface 
impoundment must not be located in an unstable area unless the owner or operator 
demonstrates that recognized and generally accepted engineering practices have been 
incorporated into the design of the CCR surface impoundment to ensure that the integrity 
of the structural components of the CCR surface impoundment will not be disrupted. 
 

b) The owner or operator must consider all the following factors, at a minimum, when 
determining whether an area is unstable:   
 

1) On-site or local soil conditions, including liquefaction, that may result in 
significant differential settling;  
 

2) On-site or local geologic or geomorphologic features; and  
 

3) On-site or local human-made features or events (both surface and subsurface) 
 

d) The owner or operator of the CCR surface impoundment must obtain a certification 
from a qualified professional engineer stating that the demonstration  meets the 
requirements of subsections (a). 
 

Demonstration of compliance with Section 845.340(a) and (b) – Unstable Areas: 

Pursuant to Section 845.210(d)(2), for existing CCR surface impoundments, the owner or 
operator of the CCR surface impoundment may use a previously completed location restriction 
demonstration required by Section 845.300 (Placement Above the Uppermost Aquifer), Section 
845.310 (Wetlands), Section 845.320 (Fault Areas), Section 845.330 (Seismic Impact Zones), 
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and Section 845.340 (Unstable Areas), provided that the previously completed assessments meet 
the applicable requirements of those Sections.   

The previous unstable area demonstration was certified by a qualified professional engineer 
stating that the demonstration meets the requirements of 40 C.F.R. § 257.64. The requirements 
described in 40 C.F.R. § 257.64 are nearly identical to the requirements contained in I.A.C. 
Section 845.340. Pursuant to Section 845.210(d)(2), a certification is not required for the 
unstable area demonstration.  The previously completed unstable area demonstration is included 
in Attachment D. 
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ICH 

MEMORANDUM 

16 October 2018 
File No. 129788 

SUBJECT: Location Restriction Demonstration - Unstable Areas 
Newton Power Station 
Primary Ash Pond 
Newton, Illinois 

HALEY & ALDRICH, INC. 
6500 Rockside Road 
Suite 200 
Cleveland, OH 44131 
216.739.0555 

Illinois Power Generating Company operates the coal-fired Newton Power Station (Plant) located near 
Newton, Illinois. The Primary Ash Pond (Unit) is an existing coal combustion residuals (CCR) surface 
impoundment at the Plant. This demonstration addresses the requirements of 40 CFR §257.64 
(Unstable Areas) of the US Environmental Protection Agency' s (EPA) rule entitled Hazardous and Solid 
Waste Management System; Disposal of Coal Combustion Residuals from Electric Utilities . 80 Fed. Reg. 
21,302 (Apr. 17, 2015) (promulgating 40 CFR §257.64); 83 Fed. Reg. 36,435 (July 30, 2018) (amending 40 
CFR §257.64) . 

§257.64(0): An existing or new CCR landfill, existing or new CCR surface impoundment, or any lateral 
expansion of a CCR unit must not be located in an unstable area unless the owner or operator 
demonstrates by the dates specified in paragraph (d} of this section that recognized and generally 
accepted good engineering practices have been incorporated into the design of the CCR unit to ensure 
that the integrity of the structural components of the CCR unit will not be disrupted. 

§257.64(b): The owner or operator must consider all of the following factors, at a minimum, when 
determining whether an area is unstable: 

(1) On-site or local soil conditions that may result in significant differential settling; 
(2) On-site or local geologic or geomorphologic features; and 
(3) On-site or local human-made features or events (both surface and subsurface). 

Determination of compliance with §257.64(b)(1} - Conditions associated w ith the potentia l for significant 
differential settlement were not identified in the area where the Plant is located. A separate report 
completed by AECOM ent itled "CCR Certification Report: Initial Structural Stability Assessment, Initial 
Safety Factor Assessment, and Initial Inflow Design Flood Control System Plan for the Primary Ash Pond 
at Newton Power Station" dated October 2016 concluded that the soils under the Unit are not 
susceptible to liquefaction. 

Determination of compliance with §257.64(b)(2) - Based on available Un ited States Geological Survey 
(USGS) and Illinois State Geological Survey {ISGS) information, karst topography or physiographic 
features such as sinkholes, vertical shafts, sinking streams, caves, large springs, or blind valleys do not 
exist at the Plant. To evaluate the susceptibility of landsl ides, we reviewed readily available USGS and 
Illinois Department of Energy and Natural Resources (IDENR) data. The USGS data indicates that the 

www.haleyaldrich .com 

R000653



Newton Power Stat ion - Primary Ash Pond 
Location Restriction - Unstable Areas 
16 October 2018 
Page 2 

Plant is in an area of low landslide incidence. A review of IDENR data indicated t hat there has not been 
a landslide occurrence at or near the Un it. Accordingly, it is our opinion t hat t he Unit is not located in an 
area that has high susceptibility to landslides. 

Determination of compliance with §257.64(b}{3) - Finally, there are no documented su rface or 
subsurface anthropogenic activities that would be indicative of creat ing unstable foundation condit ions. 
Communication with Ill inois Department of Natural Resources (IDNR) ind icated t hat there are no known 
mine subsidence at or near the Unit. 

§25 7. 64/c): The owner or operator of the CCR unit must obtain a certification from a qualified 
professional engineer or approval from the Participating State Director or approval from EPA where EPA 
is the permitting authority stating that the demonstration meets the requirements of paragraph (a) of 
this section. 

I, Steven F. Putrich, being a Registered Professional Engineer in good standing in the State of Illinois, do 
hereby cert ify, to the best of my knowledge, information, and belief, that the information contained in 
this certification has been prepared in accordance with the accepted pract ice of engineering. I certify, 
for the above-referenced CCR Unit, that the demonstration indicating the CCR Unit is not located in an 
unstable area as included in the CCR Rule Location Restrict ions Eva luation memorandum dated 12 
October 2018 meets the requirements of 40 CFR §257.64(a). 

s;gned ~ e, 
Consulting Engineer 

Print Name: 
Illinois License No.: 
Title : 
Company: 

Professional Engineer's Seal : 

Steven F. Put rich 
62048779 
Vice President 
Haley & Aldrich, Inc. 
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Date: October 17, 2020  
 
To: Cynthia Vodopivec   
 

cc: 

David Mitchell 
Charles Koudelka 
Phil Morris   

 
From: Vic Modeer 
 

Subject: 

Illinois Power Resources Generating, LLC 
Newton Power Station  
Newton Ash Pond Floodplain Certification 

 
 
Illinois Power Resources Generating, LLC (IPRG) is the owner of the coal fired Newton Power Station, located 
in Jasper County near Newton, Illinois. The Ash Pond is an active surface impoundment storing coal 
combustion residuals (CCR). The requirements for the Ash Pond are found in 35 Ill. Admin. Code 845, 
Standards for the Disposal of Coal Combustion Residuals in Surface Impoundments (Part 845). 
 

Section 845.340 (c): An existing or new CCR surface impoundment, or any lateral expansion of a CCR surface 
impoundment, must not be located in a floodplain unless the owner or operator demonstrates that recognized and generally 
accepted engineering practices have been incorporated into the design of the CCR surface impoundment to ensure that the 
CCR surface impoundment will not restrict the flow of the base flood , reduce the temporary water storage capacity of a 
floodplain , or result in washout of CCR , so as to pose a hazard to human life, wildlife, or land or water resources.   

Engineering Evaluation. The boundaries of the impoundment were determined by a survey conducted by a 
professional surveyor licensed in the State of Illinois. The boundaries of the Ash Pond were compared to the 
existing FEMA floodplain map, and it was determined that Bottom Ash Pond is located within Zone A of the 
floodplain according to the 1985 FEMA Floodplain mapping. In order to determine that: “generally accepted 
engineering practices have been incorporated into the design of the CCR surface impoundment to ensure that 
the CCR surface impoundment will not restrict the flow of the base flood, reduce the temporary water storage 
capacity of a floodplain, or result in washout of CCR,” the following engineering was involved: 

 
1. Determine the base flood elevation (BFE) and compare to the ash pond embankment elevations, 
2. Determine the surface impoundment will not restrict the temporary water storage capacity of the 

floodplain. and 
3. Result in a washout of CCR. 

 
Elevations. The ash pond embankments were surveyed in 2020. The top of the ash pond embankment is at 
EL. 550-feet and the toe of the embankment at the lake normal pool level is at EL.504.0-feet. The BFE was 
determined by the publication “FEMA 256 - Managing Floodplain Development in Zone A Areas, National 
Flood Insurance Program, FEMA, 1995.” The method shown in section V. Developing Base (100-Year) Flood 
Elevations, Simplified Methods, V-1 was used to conservatively estimate the BFE. The evaluation is attached 
as Figures 1 and 2. The result shows the BFE at EL. 525-feet. The ash pond is not subject to overtopping by 
the BFE. 

Office 
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 Page 2 of 2 

Floodplain Restriction by the Ash Pond. The ash pond is shown to be within Zone A of the 1985 FEMA 
mapping. The original ground survey of the ash pond was evaluated for determining the volume of the 
floodplain that the ash pond has removed from Zone A of Newton Lake. The volume calculated from 
the survey was 1,129,000-cubic feet. The total volume of the lake, less the ash pond, precluded volume, 
but including the Zone A flood volume is 1,296,720,000-cubic feet. The construction of the ash pond 
resulted in a “no-rise’ condition as the area removed from the BFE is 0.087% of the lake volume or less 
than 0.1-foot.  
 
Washout of CCR. The ash pond embankment does not overtop. The embankment is constructed with 
erosion resistant soils (clays) and planted grasses. By design and definition, lake flooding will not cause 
erosive flow velocities. However, the areas where wave erosion has occurred are covered with riprap 
further protecting the embankment from releasing CCR. 
  

Based on the above engineering evaluation, the Newton Ash Pond meets the requirements of Section 845.340 (c).  
 
 
Section 845.330 (d): The owner or operator of the CCR surface impoundment must obtain a certification from a 
qualified professional engineer stating that the demonstration meets the requirements of subsections (a) and (c). 

 
I, Victor Modeer, being a Professional Engineer in good standing in the State of Illinois, do hereby certify, to the 
best of my knowledge, information, and belief that this floodplain demonstration meets the requirements of 35 
Ill. Adm. Code 845.340(c). 
 
 
Sincerely, 
 

 
Vic Modeer, PE, D.GE   
(IL, MO, IN, KY, OH, LA) 
Engineering Manager 
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Date: 25 October 2021 
 

Subject: 35 I.A.C. Admin. Code Part 845 - Wetland Location Demonstration for Ash Pond at 
Newton Power Plant 
 

Illinois Power Generating Company operates the coal-fired Newton Power Plant located in 
Jasper County, Illinois.  The Newton Ash Pond is an existing surface impoundment storing coal 
combustion residuals (CCR).  The requirements for the Newton Ash Pond are found in 35 Ill. 
Admin. Code (I.A.C.) 845 (Part 845). 
 
This memorandum addresses the requirements of Section 845.310 Wetlands, which states:  
 
Section 845.310 Wetlands 
 

a) Existing and new CCR surface impoundments, and all lateral expansions of CCR surface 
impoundments must not be located in wetlands unless the owner or operator 
demonstrates [that the requirements listed in 845.310(a)(1) through (5) are met.] 
 

b) The owner or operator of the CCR surface impoundment must obtain a certification from 
a qualified professional engineer stating that the demonstration meets the requirements 
of subsection (a). 

 
Pursuant to Section 845.210(d)(2), for existing CCR surface impoundments, the owner or 
operator of the CCR surface impoundment may use a previously completed location restriction 
demonstration required by Section 845.300 (Placement Above the Uppermost Aquifer), Section 
845.310 (Wetlands), Section 845.320 (Fault Areas), Section 845.330 (Seismic Impact Zones), 
and Section 845.340 (Unstable Areas), provided that the previously completed assessments meet 
the applicable requirements of those Sections.   

The previous wetlands demonstration was certified by a qualified professional engineer stating 
that the demonstration meets the requirements of 40 C.F.R. § 257.61.  The requirements 
described in 40 C.F.R. § 257.61 are nearly identical to the requirements contained in I.A.C. 
Section 845.310.  Pursuant to Section 845.210(d)(2), a certification is not required for this 
demonstration.  The previously completed wetlands demonstration is included in Attachment D. 
 

 

Memorandum BURNS &1£DONNELL 

R000657



MEMORANDUM 

16 October 2018 
File No. 129788 

SUBJECT: Location Restriction Demonstration - Wetland Areas 
Newton Power Station 
Newton Ash Pond 
Newton Illinois 

HALEY & ALDRICH, INC. 
6500 Rockside Road 
Suite 200 
Cleveland, OH 44131 
216.739.0555 

Illinois Power Generating Company operates the coal-fired Newton Power Station (P lant) located near 
Newton, Illinois . The Newton Ash Pond (Unit) is an existing coal combustion res iduals (CCR) surface 
impoundment. This demonstration addresses the requirements of 40 CFR §257.61 (Wetlands) of the US 
Environmental Protection Agency's (EPA) rule entitled Hazardous and Solid Waste Management System; 
Disposal of Coal Combustion Residuals from Electric Utilities . 80 Fed. Reg. 21,302 (Apr. 17, 2015) 
(promulgating 40 CFR §257.61); 83 Fed. Reg. 36,435 (July 30, 2018) (amending 40 CFR §257.61). 

§257.61(0): New CCR landfills, existing and new CCR surface impoundments, and all lateral expansions 
of CCR units must not be located in wetlands, as defined in §232.2 of this chapter, unless the owner or 
operator demonstrates by the dates specified in paragraph (c) of this section that the CCR unit meets the 
requirements of paragraphs (a}(l) through (5) of this section. 

Based on a review of the U.S. Fish and Wildlife Service's National Wetland Inventory mapping, 0.5-meter 
resolution aerial imagery (2016) and the results of on-site field assessments, the Unit is not located in 
wetlands as defined by §232.2. 

www.haleyaldrich.com 
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Newton Power Station - Primary Ash Pond 
Location Restriction - Wetland Areas 
16 October 2018 
Page 2 

§257.61(b): The owner or operator of the CCR unit must obtain a certification from a qualified 
professional engineer or approval from the Participating State Director or approval from EPA where EPA 
is the permitting authority stating that the demonstration meets the requirements of paragraph (a) of 
this section. 

I, Steven F. Putrich, being a Registered Professional Engineer in good standing in the State of Illinois, do 
hereby certify, to the best of my knowledge, information, and belief, that the information contained in 
this certification has been prepared in accordance with the accepted practice of engineering. I certify, 
for the above-referenced CCR Unit, that the CCR Unit is not located in wetlands as included in the CCR 
Rule Location Restrictions Evaluation memorandum dated 12 October 2018 and, therefore, meets the 
requirements of 40 CFR §257.61(a). 

Signed:---~-=--~-----=-/­
Consulting Engineer 

Print Name: 
Illinois License No.: 
Title: 
Company: 

Professional Engineer's Seal: 

Steven F. Putrich 
62048779 
Vice President 
Haley & Aldrich, Inc. 

ICH 
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ILLINOIS POWER GENERATING 
COMPANY 

NEWTON POWER PLANT 
CITY OF NEWTON, JASPER COUNTY, ILLINOIS 

Emergency Action Plan (EAP) 
40 C.F.R. § 257.73(a)(3), Ill. Adm. Code 845.520 
Coal Combustion Residual (CCR) Impoundment 

& Related Facilities 

Primary Ash Pond (NID # IL50719) (IEPA
W )

Revision Date: September 16, 2021 
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Qualified Profession a} Engineer Certification; Emergency Action Plan for the ewton Power Plant 
Primary Ash Pond 

In accordance with 40 C.F .R. 257.73(a)(3)(iv) and 35 lll. Adm. Code 845.520(e), tbe owner or 

operator of a CCR unit that is required to prepare a written Emergency Action Plan under 40 C.F.R. 
§ 257.73(a)(3) and 35 111. Adm. Code 845.520(a) must obtain a certification from a qualified 
professional engineer stating that the written Emergency Action Plan meets the requirements of 40 C.F .R. § 

257.73(a)(3) and 35 Ill. Adm. Code 845.520. 

I, Phil Morris being a Professional Engineer in good standing in the State of Illinois, do hereby 

certify, to the best ofmy knowledge, information, and belief that: 

1. the information contained in th is Emergency Action Plan was prepared in accordance with the 
accepted practice of engineering; and 

2. this Emergency Action Plan meets the requirements of 40 C.F.R. § 257 .73(a)(3) and 35 Ill. Adm . 
Code 845.520. 

Phil Morris 
Senior Director, Corporate Environmental 

Date 
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Newton Power Plant, City of Newton, Jasper County, Illinois 1 

NEWTON POWER PLANT 
EMERGENCY ACTION PLAN 

CCR IMPOUNDMENT & RELATED FACILITIES 

PART I – EAP NARRATIVE AND EXHIBITS 

1 STATEMENT OF PURPOSE 

The Newton Power Plant (Power Plant) is located near the City of Newton in Jasper County, Illinois. 
The location is shown in Figure 1-1.  The Power Plant is a coal-fired electricity producing power plant 
owned and operated by the Illinois Power Generating Company, a subsidiary of Dynegy. This 
Emergency Action Plan (EAP) was prepared in accordance with 40 CFR § 257.73(a)(3) and covers the 
following Coal Combustion Residual (CCR) surface impoundment located at the site: 

Primary Ash Pond (NID # IL50719) (IEPA #  )

The location of this impoundment is shown in Figure 1-2.  Section 6 of this EAP includes a description 
of the impoundment. 

The purpose of this Emergency Action Plan (EAP) is to: 

1. Safeguard the lives, as well as to reduce property damage, of citizens living within potential
downstream flood inundation areas of the CCR impoundment and related facilities at the
Newton Power Plant.

2. Define the events or circumstances involving the CCR impoundment and related facilities at
the Newton Power Plant that represent atypical operating conditions that pose a safety hazard
or emergency and how to identify those conditions.

3. Define responsible persons, their responsibilities, and notification procedures in the event of a
safety emergency.

4. Provide contact information of emergency responders.

5. Identify emergency actions in the event of a potential or imminent failure of the
impoundment.

6. Identify the downstream area that would be affected by failure of the impoundment.

7. Provide for effective facility surveillance, prompt notification to local Emergency
Management Agencies, citizen warning and notification responses, and preparation should an
emergency occur.

Information provided by Illinois Power Generating Company was utilized and relied upon in 
preparation of this report. 
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Newton Power Plant, City of Newton, Jasper County, Illinois 4 

2 COMMUNICATION

To facilitate understanding among everyone involved in implementing this EAP, four response levels 
are used to identify the condition of an impoundment. These are:  

Response Levels: 
Level 0: Normal conditions and routine operations, including surveillance and initial
investigation of unusual conditions and effects of storm events.
Level 1: Potentially hazardous condition exists, requiring investigation and possible
corrective action.
Level 2: Potential failure situation is developing; possible mode of failure is being assessed;
corrective measures are underway.
Level 3: Failure is occurring or is imminent, public protective actions are required.

The 4-Step Incident Response Process is outlined in Figure 2-1. This should be used in conjunction 
with the Notification Flowchart (Figure 2-2) and EAP Decision Tree (Figure 2-3). Section 4 provides 
guidance tables for determining Response Levels and a table providing emergency actions to be taken 
given various situations. Table 2-1 lists contact information for the emergency responders.

Figure 2-1.  Summary/Sequence of Tasks 4-Step Incident Response Process

Step 2: Notification
Sequence of Tasks:

Notify authorities, designated personnel, and external response partners of change in Response Level,
using the Notification Flowchart.  (Figure 2-2)
Re-notify authorities, designated personnel, and external response partners as Response Level is
changed.

Step 1: Detection, Evaluation, and Response Level Determination
Sequence of Tasks:

Notify EAP Coordinator, Plant Manager, and Dam Safety Manager of unusual condition detected and
confer on next steps needed.
Conduct technical evaluation of conditions as needed.
Determine Response Level based on evaluation.  (Table 4-1)
Reset Response Level as revised evaluations warrant.

Step 3: Emergency Actions
Sequence of Tasks:

Perform emergency actions with goal of saving the impoundment and minimizing impacts to life,
property, and environment.  (Table 4-3)
Take continuous actions to include situation assessment, information sharing, remediation, and public
safety advisories or warnings, as warranted.
Revise action plan as changes in conditions warrant.

Step 4: Follow-up
Sequence of Tasks:

Document conditions and decisions in the Emergency Incident Log.
Notify authorities, designated personnel, and external response partners that condition is stabilized;
limit incident termination declarations to conditions at the site.
Conduct and document after-action review of incident and response.

I I 
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Table 2-1.  EAP Emergency Responders 

Position Phone # 
Internal Contacts 

Newton Power Plant 
Plant Manager 
EAP Coordinator (618) 553-4444
Control Room (618) 783-0501

Corporate Operations 
Dam Safety Manager (618) 792-8488

External Contacts 

Local / County ESDA/EMA, Police, & Fire 
Jasper County ESDA/EMA (618) 783-8123, (618) 554-2285
City of Newton Police Dept. 911, (618) 783-4500 
City of Newton Fire Dept. 911, (618) 783-3887 
Jasper County Sheriff Dept. 911, (618) 783-3057 

State Emergency Management Agencies & Organizations 

IDNR-OWR Dam Safety Section Manager (217) 782-4427
Newton Lake State Fish and Wildlife Area (618) 783-3478
Illinois Conservation Police (877) 236-7529
Illinois State Police 911, (618) 542-2171 
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3 EAP ROLES AND RESPONSIBILITIES 

Table 3-1 provides a summary of the EAP roles during an emergency event. 

Table 3-1.  Summary of EAP Roles 

Entity Role Description 

Emergency Response 
Team (ERT) 

ERT: personnel responsible for EAP implementation, distribution, updates/maintenance, and training 
activities.  The ERT is comprised of the following roles. 
1. Corporate: corporate entity, committee, team, or position with relevant responsibility for a given

generating power plant.
2. Plant Manager: Personnel responsible for day-to-day operation and management of the Power Plant.
3. Dam Safety Manager: Personnel that is most knowledgeable about the design and technical

operation of facilities at a given power plant.
4. EAP Coordinator: Personnel responsible for implementing the EAP and associated activities.

Emergency Event – EAP Responsibilities 
1. Respond to emergencies at the Power Plant.
2. Verify and assess emergency conditions.
3. Notify and coordinate as appropriate with participating emergency services disaster agencies or

emergency management agencies (ESDA/EMA’s), emergency responders, regulatory agencies, and all
other entities involved or affected by this EAP.

4. Take corrective action at the Power Plant.
5. Declare termination of emergencies at the Power Plant.

Jasper County 
ESDA/EMA 

1. Receive Response Level reports from Illinois Power Generating Company Corporate through EAP
Coordinator.

2. Coordinate emergency response activities with local authorities: police, fire, and rescue, etc.
3. Coordinate notification of public as necessary through established channels, which may include door-

to-door contact.
4. Coordinate notification activities to affected parties within inundation areas.
5. Evaluate risk to areas beyond the inundation areas, communicate needs to the Illinois Power

Generating Company Corporate and/or EAP Coordinator, and coordinate aid as appropriate.
6. Responsible for declaring termination of an emergency condition off-site upon receiving notification

of an emergency status termination from the Illinois Power Generating Company Corporate.
7. If necessary, coordinate with State ESDA/EMA.

City of Newton 
Police, Fire, and 
Rescue 

1. Receive alert status reports from the ERT or the Jasper County ESDA/EMA.
2. If necessary, notify affected parties and public within inundation areas (see Section 7).
3. Render assistance to Jasper County ESDA/EMA, as necessary.
4. Render assistance to Illinois Power Generating Company Corporate and Power Plant Management,

as necessary.

Jasper County 
Police, Fire and 
Rescue, and 
Emergency Services 

1. Receive alert status reports from the ERT or the Jasper County ESDA/EMA.
2. If necessary, notify affected parties within the inundation area.
3. Provide mutual aid to other affected areas, if requested and able.
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4 EAP RESPONSE 

The 4-Step Incident Response Process is shown in Figure 2-1. The Decision Tree shown in Figure 2-3 
provides a flowchart for the various elements of the response process. Upon reaching Step 4 of the 
response process (termination and follow-up), the EAP Coordinator is responsible for notifying the 
ESDA/EMA’s that the condition of the dam/impoundment has been stabilized. The purpose of this 
section is to provide specific information that can be used during a response. This information is 
provided in the following tables:   

Table 4-1 provides guidance for determining the response level.
Table 4-2 provides impoundment pool level trigger elevations.
Table 4-3 lists emergency actions to be taken depending on the situation.

Table 4-1.  Guidance for Determining the Response Level 

Event Situation Response Level 

Spillway flow  
(See Table 4-2 for 
relevant elevations) 

Primary spillway flow is not causing active erosion and impoundment water surface 
elevation is below auxiliary spillway crest elevation (if equipped).   

Level 0 

Impoundment water surface elevation is at or above auxiliary spillway crest 
elevation (if equipped). No active erosion caused by spillway flow. 

Level 1 

Spillway flow actively causing minor erosion that is not threatening the control 
section or dam/impoundment stability. 

Level 2 

Spillway flow that could result in flooding of people downstream if the reservoir 
level continues to rise.   

Level 2 

Abnormal operation of the spillway system due to blockage or damage that could 
lead to flooding. 

Level 2 

Spillway flow actively eroding the soil around the spillway that is threatening the 
control section (e.g., undermining) or dam/impoundment stability.  

Level 3 

Spillway flow that is flooding people downstream. Level 3 

Embankment 
overtopping  
(See Table 4-2 for 
relevant elevations) 

Impoundment water surface elevation at or below typical normal pool fluctuation 
elevation.  

Level 0 

Impoundment water surface elevation above typical normal pool fluctuation 
elevation. 

Level 1 

Impoundment water surface elevation above high normal pool fluctuation elevation. Level 2 

Impoundment water surface elevation at or above embankment crest elevation. Level 3 

Seepage 

New seepage areas in or near the dam/impoundment with clear flow. Level 1 

New seepage areas with cloudy discharge or increasing flow rate. Level 2 

Heavy seepage with active erosion, muddy flow, and/or sand boils. Level 3 

Sinkholes 
Observation of new sinkhole in impoundment area or on embankment. Level 2 

Rapidly enlarging sinkhole and/or whirlpool in the impoundment. Level 3 

R000674
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Table 4-1.  Guidance for Determining the Response Level 

Event Situation Response Level 

Embankment 
cracking 

New cracks in the embankment greater than ¼ inch wide without seepage. 
Level 1 

Any crack in the embankment with seepage. Level 2 

Enlarging cracks with muddy seepage. Level 3 

Embankment 
movement 

Visual signs of movement/slippage of the embankment slope. Level 1 

Detectable active movement/slippage of the embankment slope or other related 
effects (tension cracking, bulges/heaves, etc.) that could threaten the integrity of the 
embankment. 

Level 2 

Sudden or rapidly proceeding slides of the embankment slopes. Level 3 

Embankment 
Monitoring 
Equipment 
(piezometers, 
inclinometers, 
surface 
displacement 
mounts, etc.) 

Instrumentation readings beyond historic normal. Level 1 

Instrumentation readings indicate the embankment is susceptible to failure. Level 2 

Instrumentation readings indicate embankment is at threshold of failure or is 
currently failing. 

Level 3 

Earthquake or 
another event 

Measurable earthquake felt or reported on or within 100 miles of the impoundment. Level 1 

Earthquake or other event resulting in visible damage to the impoundment or 
appurtenances. 

Level 2 

Earthquake or other event resulting in uncontrolled release of water or materials 
from the impoundment. 

Level 3 

Security 
threat 

Verified bomb threat or other physical threat that, if carried out, could result in 
damage to the impoundment. 

Level 2 

Detonated bomb or other physical damage that has resulted in damage to the 
impoundment or appurtenances. 

Level 3 

Sabotage/ 
vandalism 

Damage to impoundment or appurtenance with no impact to the functioning of the 
impoundment. 

Level 1 

Modification to the impoundment or appurtenances that could adversely impact the 
functioning of the impoundment.  This would include unauthorized operation of 
spillway facilities. 

Level 2 

Damage to impoundment or appurtenances that has resulted in seepage flow. Level 2 

Damage to impoundment or appurtenances that has resulted in uncontrolled water 
release. 

Level 3 

R000675
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Table 4-2.  Impoundment Trigger Elevations 

Impoundment Embankment Crest 
Elevation 

Auxiliary Spillway 
Crest Elevation 

Normal Pool Fluctuation 

Typical High 
Primary Ash Pond 554.0 feet Not Applicable 534.0 ft. 537.0 ft. 

Table 4-3.  Step 3: Emergency Actions 

Condition 
Description of 

Condition 
Action to be Taken 

High Water Level/ 
Large Spillway Release 

See Table 4-1 and 
Table 4-2 for 
elevations and 
triggering water levels 
associated with the 
impoundment and 
spillways covered by 
this EAP. 

1. Assess cause of increased reservoir stage, especially during fair weather
conditions.

2. Determine Response Level.
3. Make proper notifications as outlined in the Figure 2-2 Notification

Flowchart.
4. Perform additional tasks as determined through consultation with the

ERT. 
5. Make notifications if condition worsens such that downstream flooding is

imminent.
Response Level 0:  require enhanced surveillance 3 times per day
Response Level 1:  contact internal chain of command and external
response partners as necessary; inspect impoundment minimum 1 time
per hour
Response Level 2:  contact internal chain of command; notify
ESDA/EMA’s and notify external response partners. ESDA/EMA’s
notify affected parties.
Response Level 3:  contact internal chain of command; notify
ESDA/EMA’s and notify external response partners. ESDA/EMA’s
notify affected parties of emergency incident.

Seepage 

Localized new 
seepage or boil(s) 
observed along 
downstream face / toe 
of earthen 
embankment with 
muddy discharge and 
increasing but 
controllable discharge 
of water. 

1. Measure and record feature dimensions, approximate flow rate, and
relative location to existing surface features. Take photos. Document
location on a site plan and in inspection notes.

2. Determine Response Level.
3. Make proper notifications as outlined in the Figure 2-2 Notification

Flowchart.
4. ERT (with Dam Safety Manager as lead) to determine mitigation actions.

The following actions may apply:
a) Place a ring of sandbags with a weir at the top towards the natural

drainage path to monitor flow rate. If boil becomes too large to
sandbag, place a blanket filter over the area using non-woven filter
fabric and pea gravel. Attempt to contain flow in such a manner
(without performing any excavations) that flow rates can be
measured. Stockpile gravel and sand fill for later use, if necessary.

b) Inspect the embankment and collect piezometer, water level and
seepage flow data daily unless otherwise instructed by the Dam
Safety Manager. Record any changes of conditions. Carefully
observe embankment for signs of depressions, seepage, sinkholes,
cracking or movement.

c) Maintain continuous monitoring of feature. Record measured flow
rate and any changes of condition, including presence or absence of
muddy discharge.
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Table 4-3.  Step 3: Emergency Actions 

Condition 
Description of 

Condition 
Action to be Taken 

5. Make notifications as outlined in the lower portion of the Notification
Flowchart (Figure 2-2) if condition worsens such that failure is imminent.

Sabotage and 
Miscellaneous Other 
Issues 

Criminal action with 
significant damage to 
embankment or 
structures where 
significant repairs are 
required and the 
integrity of the facility 
is compromised— 
condition appears 
stable with time. 

1. Contact law enforcement authorities and restrict all access (except
emergency responders) to impoundment. Restrict traffic on embankment
crest to essential emergency operations only.

2. Determine Response Level.
3. Make internal notifications as outlined in the upper portion of the

Notification Flowchart (Figure 2-2).
4. In conjunction with the Dam Safety Manager, assess extent of damage

and visually inspect entire embankment and ancillary structures for
additional less obvious damage. Based on inspection results, confirm if
extent of damage to various components of the impoundment warrants a
revised Response Level and additional notifications.

5. Perform additional tasks as directed by the ERT.
6. Make notifications if conditions worsen.

Embankment 
Deformation 

Cracks:  
New longitudinal 
(along the 
embankment) or 
transverse (across the 
embankment) cracks 
more than 6 inches 
deep or more than 3 
inches wide or 
increasing with time. 
New concave cracks 
on or near the 
embankment crest 
associated with slope 
movement. 

1. Measure and record feature dimensions, approximate flow rate, and
relative location to existing surface features. Take photos. Document
location on a site plan and in inspection notes.

2. Restrict traffic on embankment crest to essential emergency operations
only.

3. Determine Response Level.
4. Make notifications as outlined in the Figure 2-2 Notification Flowchart.
5. ERT (with Dam Safety Manager as lead) to determine mitigation actions.

The following actions may apply:
a) Place buttress fill against base of slope immediately below surface

feature. Stockpile additional fill.
b) Place sandbags as necessary around crack area to divert any storm

water runoff from flowing into crack(s).
6. As directed by the Dam Safety Manager, additional inspection and

monitoring of the dam may be required.  Items may include inspect the
dam on a schedule determined by the Dam Safety Manager; collect
piezometer and water level data; and record any changes of condition.
Carefully observe dam for signs of depressions, seepage, sinkholes,
cracking or movement.

7. Make notifications as outlined in the Figure 2-2 Notification Flowchart if
conditions worsen such that failure is imminent.

Embankment 
Deformation 
(cont.) 

Slides / Erosion:  
Deep slide / erosion 
(greater than 2 feet 
deep) on the 
embankment that may 
also extend beyond the 
embankment toe but 
does not encroach onto 
the embankment crest 
and appears stable 
with time.  

1. Measure and record feature dimensions, approximate flow rate, and
relative location to existing surface features. Take photos. Document
location on a site plan and in inspection report.

2. Restrict traffic on embankment crest to essential emergency operations
only.

3. Determine the Response Level.
4. Make notifications as outlined in the Figure 2-2 Notification Flowchart.
5. ERT (with Dam Safety Manager as lead) to determine mitigation actions.

Additional actions may include the following items.
a) Place sandbags as necessary around slide area to divert any storm

water runoff from flowing into slide(s).
b) Increase inspections of the dam; collect piezometer and water level

data; and record any changes of condition. During inspections,
carefully observe dam for signs of depressions, seepage, sinkholes,
cracking or movement.
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Table 4-3.  Step 3: Emergency Actions 

Condition 
Description of 

Condition 
Action to be Taken 

6. Make notifications as outlined in the Figure 2-2 Notification Flowchart if
conditions worsen such that failure is imminent.

Sinkholes:  
Small depression 
observed on the 
embankment or within 
50 feet of the 
embankment toe that 
is less than 5 feet deep 
and 30 feet wide or 
which is increasing 
with time. 

1. Slowly open drain gates to lower pool elevation.
2. Measure and record feature dimensions, approximate flow rate, and

relative location to existing surface features. Take photos. Document
location on a site plan and in inspection notes.

3. Restrict traffic on embankment crest to essential emergency operations
only. 

4. Determine Response Level.
5. Make notifications as outlined in the Figure 2-2 Notification Flowchart.
6. ERT (with Dam Safety Manager as lead) to determine mitigation actions.

Additional actions may include the following items:
a) Backfill the depression with relatively clean earth fill (free of

organic materials) generally even with surrounding grade and
slightly mounded (6 to 12 inches higher) in the center to shed storm
water away from the depression. Stockpile additional fill.

b) Increase inspections of the dam; collect piezometer and water level
data daily unless otherwise instructed by Dam Safety Manager; and
record any changes of condition. Carefully observe dam for signs of
depressions, seepage, sinkholes, cracking or movement.

7. Make notifications as outlined in the Figure 2-2 Notification Flowchart if
conditions worsen such that failure is imminent.

Gate Malfunction or 
Failure  

Sluice gate damaged 
structurally (sabotage, 
debris, etc.) with 
uncontrolled release of 
water at a constant 
volume. Condition 
appears stable.  

1. Close any other gates, if open.
2. Determine Response Level.
3. Make notifications as outlined in the Figure 2-2 Notification Flowchart.
4. Obtain instructions from the Dam Safety Manager to determine if there

are other methods to stop or slow down the flow of water.
5. If conditions worsen such that failure is imminent, make notifications as

outlined in the lower portion of the Figure 2-2 Notification Flowchart.
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5 PREPAREDNESS 

The intent of this section is to provide information that will be utilized during a response. Established 
emergency supplies and locations, suppliers, and equipment are provided in Table 5-1. Suppliers 
contact information is listed in Table 5-2.   

A coordination meeting shall be conducted annually between representatives of the Illinois Power 
Generating Company and local emergency responders.  This meeting may be in the form of a face-to-
face meeting, tabletop exercise, or additional training regarding the EAP. 

Table 5-1.  Emergency Supplies and Equipment 

Item On-site 
(Yes/No/Occasionally) Remarks 

Flashlights Yes Contact Shift Supervisor(s) for location and availability. 
Generator Yes Contact Shift Supervisor(s) for location and availability. 

Extension Cords Yes Contact Shift Supervisor(s) for location and availability. 
Fire extinguishers Yes Contact Shift Supervisor(s) for location and availability. 

Floodlights Yes Contact Shift Supervisor(s) for location and availability. 
Backhoe Contact Shift Supervisor(s) for location and availability. 

Dozer Yes CAT D10R + CAT D9R 
Large Equipment 

(Rental – including 
excavating equipment, 

pumps, lighting) 

Contact Shift Supervisor(s) for location and availability. 

Grader Yes CAT 14H 
Track Hoe Excavator Yes CAT 330L 

Scraper Yes 637D Coal Scraper 
Dump Truck Yes CAT 730 (30 Ton) 

Pump and Hoses Yes Contact Shift Supervisor(s) for location and availability. 
Sandbags and Sand Contact Shift Supervisor(s) for location and availability. 

Fill 
(Stone, aggregate, sand) Yes Contact Shift Supervisor(s) for location and availability. 

Concrete/grout No Contact Shift Supervisor(s) for location and availability. 
Geotextile Filter Fabric Yes 2 rolls of 10-ounce, non-woven filter fabric (stock #4906798) 

Plastic Sheeting Contact Shift Supervisor(s) for location and availability. 
Rope Yes Contact Shift Supervisor(s) for location and availability. 

Personal Flotation Devices Yes Contact Shift Supervisor(s) for location and availability. 
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Table 5-2.  Supplier Addresses 
Supply / Rental 

Item(s) 
Supplier Contact Information Distance from 

Site (miles) 
Address 

Sandbags NYP Corp. 125 1416 North Broadway, St. Louis, MO. 63102 
800-331-2445
800-524-1052 (emergency)

Gravel, Sand, & 
Riprap 

C & H Gravel 27 1682 Co. Rd. 1050 N., Greenup, IL 62428 
(217) 849-2323

Lawrence Gravel Inc. 41 Palestine, IL 62451 
(618) 586-5433

Cement, Sand, Grout Newton Ready-Mix Division 11 8560 IL-360, Newton, IL 62448 
(618) 783-8611

Portable Pumps, 
Rental Equipment 

Jensen Equipment Company 19 Newton, Illinois 
(888) 826-2048

JJet Rental-Sales & Service 39 905 IL-49, Casey, IL 62420 
(217) 932-9033

RWCI Equipment Sales, Rentals & 
Services 

32 10 Industrial Park, Flora, IL 62839 
(618) 662-8941

Senco Construction Inc. 36 1408 S. Eaton St., Robinson, IL 62454 
(618) 546-1485

Bahrns Equipment 23 1708 S. Banker St., Effingham, IL 62401 
(217) 342-2909

Large Capacity 
Portable Pumps 

Xylem / Godwin Pumps 
Mine Supply Co. 

87 1703 Shawnee St., Mt. Vernon, IL 62864 
(618) 242-2087

Water Movers Equipment Rental 125 1800 S. 3rd Street, St. Louis, MO 63104 
(636) 717-2220

General Hardware & 
Supply 

Kirchner Building Center 11 401 E. Decatur St., Newton, IL 62448 
(618) 783-2388

Hurn Lumber Company 30 200 W. Butler St., Olney, IL 62450 
(618) 395-8576
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6 FACILITY / IMPOUNDMENT DESCRIPTION 

The impoundment included in this EAP is described as follows and illustrated in Figure 1-2.  Table 6-1 
contains additional geometric details for the impoundment.   

The Newton Power Plant is located on the west bank of Newton Lake in South Muddy Township, 
Jasper County, Illinois.  The Power Plant is located approximately eight miles southwest of the Town 
of Newton, Illinois.   

Primary Ash Pond: A diked earthen impoundment that extends over an area of approximately 400 
acres. The crest of the impoundment is about 15 foot wide at an approximate elevation of 555.0 feet 
with an average adjacent ground elevation outside of the impoundment of about 530.0 feet. The pond 
has an operating pool about 268.8 acres in size, which currently has a water surface elevation of about 
533.5 feet (the interior base of the pond is partially incised). The Primary Ash Pond discharges to the 
southwest through a concrete control structure to the Secondary Pond. 

Table 6-1.  Power Plant Impoundment Characteristics 

Feature/Parameter Primary Ash Pond 

Maximum Embankment Height 42 feet 

Length of Dam 16,600 feet 

Crest Width 15 feet 

Crest Elevation 554.0 feet 

Reservoir Area at Top of Dam 400 acres 

Storage Capacity at Top of Dam 9250 acre-feet 

Primary Spillway Type 
30-inch Coated CMP

w/ Concrete Weir Box
w/ Stop Logs 

Primary Spillway Crest Elevation 533.5 feet 

Storage Capacity at Primary Spillway Elevation 1753 acre-feet 

Reservoir Area at Normal Water Surface Elevation 162.0 acres 

Auxiliary Spillway Type 
Secondary Weir 

Structure 

Auxiliary Spillway Crest Elevation 536.0 feet 

R000681



Newton Power Plant, City of Newton, Jasper County, Illinois 17 

7 BREACH INUNDATION MAP AND POTENTIAL IMPACTS 

An inundation map for a potential breach scenario of the Primary Ash Pond is provided as Figure 7-1.  
It is the Jasper County ESDA/EMA’s responsibility to keep a current list of affected parties/properties 
to contact in the case of emergencies that result in Response Level 2 or 3.  This list should encompass 
all properties within and adjacent to the probable inundation extents shown in the provided map. 

The methodology used to identify probable inundation extents for potential breach scenarios varied as 
a function of the impoundment size, location, surrounding topography, and surrounding 
structures/facilities/waterbodies.   

The methodology used to identify probable inundation extents for the Primary Ash Pond consisted of a 
visual assessment performed by comparing pond and embankment elevations to surrounding 
topography using LIDAR elevation data obtained from the Illinois Height Modernization Program.  
Additionally, an approximate volumetric comparison was evaluated to determine a potential breach of 
the Primary Ash Pond would not result in an immediate and significant rise in water surface elevations 
on Newton Lake.   

The approximate inundation area is illustrated in Figure 7-1.  
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CCR Fugitive Dust Control Plan Newton 1-1 

1 Introduction 

This Coal Combustion Residuals (CCR) fugitive dust control plan has been prepared for the Newton Power Plant, located in 
Jasper County, Illinois. This plan addresses the air criteria in 40 C.F.R. § 257.80 of the United States Environmental Protection 
Agency's CCR rule, which requires the owner or operator of a CCR unit to "adopt measures that will effectively minimize CCR 
from becoming airborne at the facility" and to "prepare and operate in accordance with a CCR fugitive dust control plan." The plan 
also addresses the air criteria in 35 I.A.C. 845.500 of the Illinois Environmental Protection Agency's CCR rule which contains 
similar requirements to the federal CCR rule. 

1.1 Facility Information 

Facility Name: Newton Power Plant 

Facility Address: 6725 North 500th Street, Newton, IL 62448 

Owner/Operator: Illinois Power Generating Company 

1.2 Certification 

The owner or operator must obtain a certification from a qualified professional engineer that the initial CCR fugitive dust control 
plan, or any subsequent amendment of it, meets the requirements of 40 C.F.R. § 257.80 and 35 I.AC. 845.500. See 40 C.F.R. § 
257.80(b)(7); 35 I.A.C. 845.500(b)(7). 

I certify under penalty of law that, to the best of my knowledge, this plan meets the requirements of 40 C.F.R. § 257.80 and 35 
I.A.C. 845.500. This certification is based on my review of the document and conditions at the site and on my inquiry of the person 
or persons who managed the preparation of this document. 

John R. Hesemann 
Printed Name of Qualified Professional Engineer 

062.058523 - Illinois - Expires 11/30/2021 
Registration Number and State 

October 2021 
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ACRONYMS AND ABBREVIATIONS  

°F degrees Fahrenheit 

§ Section 

35 I.A.C. Title 35 of the Illinois Administrative Code 

40 C.F.R. Title 40 of the Code of Federal Regulations 

CCR coal combustion residuals 

cm/s centimeters per second 

CSM conceptual site model 

bgs below ground surface 

ESRI Environmental Systems Research Institute 

ft/day feet/day 

ft/ft feet per feet 

ft/mi feet per mile 

g horizontal acceleration 

GMP  Groundwater Monitoring Plan  

GWPS Groundwater Protection Standard  

HCR Hydrogeologic Site Characterization Report  

HMP Hydrogeologic Monitoring Plan 

HUC Hydraulic Unit Code 

ID identification 

IDNR Illinois Department of Natural Resources  

IEPA Illinois Environmental Protection Agency  

ILWATER ISGS Illinois Water and Related Wells 

IPGC Illinois Power Generating Company 

ISGS  Illinois State Geological Survey  

ISWS Illinois State Water Survey  

LCU Lower Confining Unit 

LF 1 Phase 1 Landfill 

LF 2 Phase 2 Landfill 

LVW Low Volume Wastewater 

mg/L milligrams per liter 

NAVD88 North American Vertical Datum of 1988  

NID National Inventory of Dams 

No. number 

NPDES National Pollutant Discharge Elimination System 
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NPP Newton Power Plant 

NRT  Natural Resource Technology, Inc.  

OBG  O’Brien and Gere Engineers, Inc.  

PAP Primary Ash Pond 

Part 845 Standards for the Disposal of Coal Combustion Residuals in Surface 
Impoundments: Title 35 of the Illinois Administrative Code § 845 

pcf pounds per cubic foot 

pCi/L picocuries per liter 

PMP Potential Migration Pathway 

PWS Public Water Supply 

Ramboll Ramboll Americas Engineering Solutions, Inc. 

Rapps Rapps Engineering and Applied Science 

RCRA Resource Conservation and Recovery Act of 1976 

SI surface impoundment 

Site Primary Ash Pond 

SSURGO Soil Survey Geographic  

SU standard units 

TDS total dissolved solids 

UCU upper confining unit 

UD upper drift 

USEPA United States Environmental Protection Agency  

USCS Unified Soil Classification System 

USFWS United States Fish and Wildlife Service 

USGS United States Geological Survey  
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EXECUTIVE SUMMARY 

This Hydrogeologic Site Characterization Report (HCR) for the Primary Ash Pond (PAP) at Newton 
Power Plant (NPP) expands upon the hydrogeology, groundwater quality data, and conceptual 
site model (CSM) presented in previous hydrogeologic investigation reports prepared for the PAP. 
This report has been assembled to satisfy the information and analysis requirements of Title 35 
of the Illinois Administrative Code (35 I.A.C.) Section (§) 845.620 as summarized in Table ES-1. 
The CSM includes hydrogeologic and groundwater quality data specific to the PAP, which has 
been collected between 2015 and 2021. The PAP (Vistra identification [ID] number [No.] 501, 
Illinois Environmental Protection Agency [IEPA] ID No. W0798070001-01, and National Inventory 
of Dams [NID] No. IL50719) is located at the NPP which is located in Newton, Illinois 
(Figure 1-1). 

The PAP is located south of the power plant and situated in a predominantly agricultural area. 
The PAP is surrounded by Newton Lake on the west, south, and east. Beyond the lake is 
additional agricultural land. Three coal combustion residuals (CCR) units are present on the NPP 
property, including the PAP and two landfills: the Phase 1 Landfill (LF 1) is located northwest and 
west of the PAP, and the Phase 2 Landfill (LF 2) is located west of the PAP. The PAP is located in 
Section 26 and the western half of Section 25, Township 6 North, Range 8 East. 

In addition to the CCR present in the PAP, there are six layers of unlithified material present 
above the bedrock, these materials were categorized into four hydrostratigraphic units in this 
report, presented below in descending order: 

 Upper Drift (UD)/Potential Migration Pathway (PMP): The UD is composed of the low 
permeability silts and clays of the Peoria Silt and Sangamon Soil and the sandier soils of the 
Hagarstown Member (i.e., PMP). 

 Hagarstown Member/PMP: The Hagarstown Member consists of discontinuous sandier 
deposits of the UD, where present, and overlies the Vandalia Till. 

 Upper Confining Unit (UCU): This unit consists of the low permeability clay and silt of the 
Vandalia Till. 

 Uppermost Aquifer: This unit is composed of the Mulberry Grove Formation, which onsite 
has been classified as poorly graded sand, silty sand, clayey sand, and gravel. 

 Lower Confining Unit (LCU): This unit is comprised of low permeability silt and clay of the 
Smithboro Till (Smithboro Till) and the Banner Formation. 

Groundwater migrates downward through the UD and UCU into the uppermost aquifer. 
Groundwater in the uppermost aquifer flows from north to south/southwest and converges near a 
former drainage feature located west of the PAP. Groundwater elevations vary seasonally, 
although generally less than one foot per year. The surface water elevation at Newton Lake (at 
location SG02) measured between February 15 and March 9, 2021 ranged from 504.42 to 504.84 
feet North American Vertical Datum of 1988 (NAVD88). Groundwater elevations in the uppermost 
aquifer at downgradient wells were observed around 491 feet NAVD88 (approximately 15 feet 
lower than the Lake elevation). The separation between measured groundwater elevations and 
Lake elevations (and observed downward vertical gradients) indicates groundwater does not flow 
into Newton Lake from the uppermost aquifer. 
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Part 845 parameters were monitored in uppermost aquifer and PMP monitoring wells as part of 
groundwater quality evaluations performed between 2015 and present. These data were 
supplemented with installation and sampling of additional locations in 2021. The results indicate 
that the following parameters were detected at concentrations greater than the applicable 
35 I.A.C. § 845.600 groundwater protection standards (GWPSs) and are considered potential 
exceedances: 

 Arsenic at six uppermost aquifer wells, including downgradient wells APW08, APW09, APW15, 
and APW16 and background wells APW05 and APW06. 

 Chloride at upgradient UD well APW05S and downgradient uppermost aquifer well APW15. 

 Cobalt at PMP well APW12. 

 Fluoride at downgradient uppermost aquifer well APW15 and APW18. 

 Lead at downgradient uppermost aquifer wells APW08, APW11, and APW18. 

 Lithium at three PMP wells APW02, APW04, and APW12; one upgradient UD well APW05S; and 
two downgradient uppermost aquifer wells APW13 and APW14. 

 pH values below the lower range of the GWPS were observed at four PMP wells APW02, 
APW03, APW04, APW12; one background UA well APW06; and two downgradient uppermost 
aquifer wells APW11 and APW13. 

 Radium 226 and 228 combined at downgradient uppermost aquifer well APW16. 

 Sulfate at three PMP wells APW02, APW04, and APW12; one upgradient UD well APW05S; and 
one downgradient uppermost aquifer well APW10 

 Thallium at one background well APW06, and two downgradient uppermost aquifer wells 
APW11 and APW18. 

 Total dissolved solids (TDS) at four PMP wells APW02, APW03, APW04, and APW12; and one 
upgradient UD well APW05S. 

Concentration results for the above parameters were compared directly to 35 I.A.C. § 845.600 
GWPS to determine potential exceedances. Potential exceedances include results reported during 
the background groundwater monitoring or prior period that are greater than the GWPS. The 
results are considered potential exceedances because the results were compared directly to the 
standard and did not include an evaluation of background groundwater quality and the statistical 
methodologies proposed in the groundwater monitoring plan (GMP) provided in the Operating 
Permit application. Exceedances will be determined following IEPA approval of the GMP. 
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1. INTRODUCTION

1.1 Overview

In accordance with requirements of the Standards for the Disposal of Coal Combustion Residuals
in Surface Impoundments (SIs): 35 I.A.C. § 845 (Part 845) (IEPA, April 15, 2021), Ramboll
Americas Engineering Solutions, Inc. (Ramboll) has prepared this HCR on behalf of NPP
(Figure 1-1), operated by Illinois Power Generating Company (IPGC). This report will apply
specifically to the CCR Unit referred to as the PAP. However, information gathered to evaluate
other CCR units at the NPP regarding geology, hydrogeology, and groundwater quality is
included, where appropriate. The PAP is a 404-acre unlined CCR SI used to manage stormwater
runoff, bottom ash, fly ash, low-volume wastewater (LVW) from the plant’s two coal-fired boilers.
The PAP discharges into the Secondary Pond, which is used to clarify process water prior to
discharge in accordance with the plants National Pollutant Discharge Elimination System (NPDES)
permit (No. IL0049191) at the NPP. This HCR includes Part 845 content requirements specific to
35 I.A.C. § 845.620(b) (Hydrogeologic Site Characterization) for the PAP at NPP.

1.2 Part 845 Description

CCR is commonly referred to as coal ash, and CCR SIs are commonly referred to as coal ash
ponds. Part 845 contains comprehensive rules for the design, construction, operation, corrective
action, closure, and post closure care of these SIs. This rule includes GWPSs applicable at the
waste boundary at each CCR SI and requires each owner or operator to monitor groundwater.
IEPA’s rule includes a permitting program as well as all federal standards for CCR SIs
promulgated by the United States Environmental Protection Agency (USEPA). In addition, IEPA’s
rule includes procedures for public participation, closure alternatives analyses, and closure
prioritization, and provides access to records via public website. The rules also include financial
assurance requirements for CCR SIs.

A checklist which identifies the specific requirements of 35 I.A.C. § 845.620 is included in
Table ES-1. The table provides references to sections, tables, and figures included in this
document to locate the information that meets specific requirements of 35 I.A.C. § 845.620.

1.3 Previous Investigations and Reports

Numerous hydrogeologic investigations have been performed concerning the CCR Units located at
the NPP. The information presented in this HCR includes comprehensive data collection and
evaluations from prior hydrogeologic investigation reports (most recent to oldest), including, but
not limited to, the following:

Hanson, 2019, Phase 1 Ash Landfill Annual Report, Newton Power Station, Jasper
County, Illinois. An annual report to provide groundwater and leachate monitoring results
for 2019 and proposed activities for 2020, pursuant to 35 I.A.C. § 813.504 and Permit
Condition III. Report includes monitoring data, graphical results, and a summary of
modifications or changes to the monitoring program.

O’Brien & Gere Engineers, Inc. (OBG), 2017, Hydrogeologic Monitoring Plan, Newton
Power Station, Canton, Illinois. Although the title refers to Canton, Illinois, the subject of
the report is the NPP. The Hydrogeologic Monitoring Plan (HMP) was prepared to provide
background information necessary to support the monitoring well network established for
development of the Sampling and Analysis Plan requirements of the USEPA Final Rule to
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regulate the disposal of CCR as solid waste under Subtitle D of the Resource Conservation and 
Recovery Act of 1976 (RCRA) for the NPP. The HMP provides site geology and hydrogeology, 
aquifer properties, and monitoring network placement and rationale. 

 AECOM, 2016, History of Construction, Newton Power Station, Newton, Illinois. This 
is a construction history compiled to fulfill Title 40 of the Code of Federal Regulations 
(40 C.F.R.) § 257.73(c)(1), which requires that the owner/operator of an existing CCR SI that 
either (1) has a height of five feet or more and a storage volume of 20 acre-feet or more, or 
(2) has a height of 20 feet or more, compile a history of construction that contains, to the 
extent feasible, the information specified in 40 C.F.R. § 257.73(c)(1)(i) through (xii). The 
history of construction was based on existing documentation; AECOM’s document review 
included record drawings, geotechnical investigations, etc., for the PAP. 

 Natural Resource Technology, Inc. (NRT), April 10, 2013, Hydrogeological 
Assessment Report, Revision 1, Newton Energy Center, Jasper County, Illinois. In 
2009, Ameren (the former owner/operator) commissioned a hydrogeologic study, water well 
survey, development of a GMP, and an initial groundwater quality assessment. This report 
summarizes hydrogeologic information pertinent to the Site, evaluates groundwater quality 
data to determine if groundwater has been affected adversely, and determines the potential 
for off-site migration and for potential groundwater receptors in the event of such a migration. 

 Geotechnology, Inc., February 8, 2011, Initiation of Monitoring Report, Ameren, 
Newton Power Station, Newton, Illinois. This report documents the results of the 
monitoring well installation and groundwater monitoring activities performed at the Site. 
Three wells were installed, developed, and sampled. 

 Rapps Engineering and Applied Science (Rapps), November 2009, Site 
Characterization and Groundwater Monitoring Plan for CCP Impoundment, Ameren 
Energy Generating Company, Newton Power Station, Jasper County, Illinois. 
Hydrogeologic study and GMP to assess the potential for constituent migration from this 
impoundment. Includes an assessment of subsurface hydrogeologic conditions at the Site, 
identification of private, potable water wells and oil and gas wells within 2,500 feet of the 
facility, public water supply (PWS) wells within 10 miles of the facility, and plans for a 
groundwater monitoring well network designed to characterize and monitor groundwater quality. 

 Rapps, 1997, Hydrogeologic Investigation and Groundwater Monitoring Program, 
Newton Power Station, Jasper County, Illinois. Investigation presents site-specific data 
obtained through the completion of approximately 40 borings, 20 monitoring wells, and 
review of regional information and an evaluation of subsurface data from nearby residential 
wells. Part of Application for Landfill Permit. 

A GMP is being prepared for the PAP in conjunction with this report and is included in the 
Operating Permit to which this Report is attached. 

1.4 Site Location and Background 

The NPP is located in Jasper County in the southeastern part of central Illinois, approximately 
seven miles southwest of the town of Newton (Figure 1-1). The PAP is located in Section 26 and 
the western half of Section 25, Township 6 North, Range 8 East. The PAP is located south of the 
power plant and situated in a predominantly agricultural area. The PAP is surrounded by Newton 
Lake on the west, south, and east. Beyond the lake is additional agricultural land. LF 1 is located 
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northwest and west of the PAP, and LF 2 is located west of the PAP (Figure 1-2). The PAP is the 
subject of this report and will hereafter be referred to as the Site in this document. 

1.5 Site History and Unit Description 

The PAP was constructed in 1977 and has a design capacity of approximately 9,715 acre-feet. 
There is also a non-CCR 83.6 acre-feet Secondary Pond located immediately south of the PAP. 
The PAP has a surface area of 404 acres and the Secondary Pond has an area of 9.3 acres. The 
PAP currently receives bottom ash, fly ash, and LVW from the plant’s two coal-fired boilers. The 
SI is operated per NPDES Permit No. IL0049191, Outfall 001 (located at the Secondary Pond). 
Areas within the impoundment were excavated during construction for native materials used to 
build the containment berms. In 2014, three areas along the interior berm were re-graded and 
covered with riprap (AECOM, 2016). 
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2. REGIONAL AND LOCAL GEOLOGY 

2.1 Topography 

The embankments surrounding the PAP are at an elevation of approximately 550 feet NAVD88 
(Figure 2-1) with the surrounding areas, Newton Lake, generally at an elevation of around 504 
to 505 feet NAVD88. Topographic maps drawn prior to construction indicate the area of the PAP 
was generally between 500 and 550 feet NAVD88, except for the drainage features in the 
south-central portion of the PAP. The contours in the area of the drainage feature in the 
south-central portion of the PAP illustrate lower elevations of approximately 475 to 485 feet 
NAVD88 (Appendix A). Prior to creation of Newton Lake, the elevation of the land surface east 
and southeast of the PAP was approximately 475 to 480 feet NAVD88. 

2.2 Regional Geomorphology 

The PAP, as well as all of Jasper County, is located within the Springfield Plain of the Till Plains 
Sections of the Central Lowlands Province. The Springfield Plain physiographic province is 
comprised largely of Illinoian glacial drift (Willman et al., 1975). The region is characterized by 
relatively flat to gently rolling topography. The uppermost geologic materials consist primarily of 
unconsolidated eolian, slopewash, and fluvial deposits underlain by superglacial and subglacial 
deposits associated with recent glaciations. The topography of these materials is a function of the 
underlying bedrock surface on which the material was deposited, and eolian and fluvial processes 
which have been in effect from their deposition to the present. 

The Embarras River and its tributaries drain much of the county and eventually flow into the 
Wabash River. The southwestern portion of the county, including the NPP, lies within the Little 
Wabash River Basin. Therefore, all surface drainage from the property flows to the Little Wabash 
River, which then flows into the Wabash River. 

The highest point in Jasper County is at Island Grove, at an elevation of 624 feet NAVD88. The 
lowest elevation, 440 feet NAVD88, is located at the point on the Crawford County line, which is 
intersected by the Embarras River. With a total relief of only 184 feet, the surface features of 
Jasper County are nominal and reflect the moderate amount of erosional modification to the 
post-glacial topographic surface. 

2.3 Soils 

Surficial soils at the PAP are shown on Figure 2-2 and based on Jasper County soil survey data, 
available in the Soil Survey Geographic (SSURGO) by the United States Department of 
Agriculture’s Natural Resources Conservation Service provided by Environmental Systems 
Research Institute (ESRI) web hosted layer. Soils surrounding the PAP, not including the Urban 
Land (#533) within the limits of the NPP, are identified as: Orthents (clayey, sloping) along the 
western, southern, and eastern boundaries of the PAP; Hickory silt loam (18 to 35 percent 
slopes) and Ava silt loam (2 to 5 percent slopes) adjacent to Newton Lake; Bluford silt loam, 
Wynoose silt loam (0 to 2 percent slopes), Racoon silt loam (0 to 2 percent slopes) and Atlas silt 
loam (5 to 10 percent slopes, eroded) west and northwest of the PAP within agricultural land. 
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2.4 Regional Geology 

2.4.1 Regional Unlithified Deposits 

The unlithified geologic deposits in Jasper County, Illinois primarily consists of loess overlying 
glacial drift from the Illinoian and Pre-Illinoian glaciers. The unlithified deposits in the region are 
derived from recent river deposition (alluvium), glacial outwash, and glacial till deposits. The 
hydrogeologic investigation conducted by Rapps (1997) is the basis for much of the descriptions 
provided below. From the surficial deposits downward, there are eight primary unlithified geologic 
units in the region consisting of: 

 Cahokia Formation: Holocene stage deposits in floodplains and channels of modern rivers 
and streams. Generally, consists of poorly sorted sand, silt, and clay with wood and shell 
fragments with local deposits of sandy gravel. 

 Peoria Silt: Wisconsinan Age deposits that commonly occur in upland areas and along valley 
walls in Illinois. They generally grade from sandy silt in the bluffs of major source river valleys 
(like the Mississippi Valley) to clayey silt away from the bluffs, where it is commonly thinner 
and relatively weathered (Hansel and Johnson, 1996). They are typically massive and consist 
predominantly of windblown silt from the valley floor, with local lenses of well-sorted, fine- to 
medium-grained sand (Willman and Frye, 1970). 

 Sangamon Soil: Silt and clay soils formed during the interglacial period between the Illinoian 
and Wisconsinan Stages as a result of weathering of the upper portion of the Illinoian drift. 

 Hagarstown Member of the Glasford Formation: Gravel, sand, and gravelly diamicton 
occurring as ice-contact deposits that commonly occurs as ridged drift in a distinctive belt of 
linear to curved ridges and knolls. Outwash plains of poorly sorted to well-sorted sand and 
gravel may be present between the ridges in many places (Killey and Lineback, 1983). 

 Vandalia Till Member of the Glasford Formation: Sandy/silty till with thin, discontinuous 
lenses of silt, sand, and gravel (Lineback, 1979; Willman and Frye, 1970). 

 Mulberry Grove Member of the Glasford Formation: Typically consists of a thin, lenticular 
unit of gray sandy silt (Willman et al., 1975). It represents the interval between the retreat of 
the glacier that deposited the Smithboro Member and the advance of the glacier that 
deposited the Vandalia Till. 

 Smithboro Till Member of the Glasford Formation: Gray, compact, silty clay diamicton 
that is less friable than the overlying Vandalia Till, and was deposited by ice sheets moving 
northwest to southeast across the region (Jacobs and Lineback, 1969). 

 Banner Formation: Undifferentiated diamictons that rest directly on bedrock and consist 
mostly of glacial diamictons and intercalated sand and gravel outwash. 

The surficial Quaternary geologic deposits in the vicinity of the Site that were mapped on a 
regional scale are shown on Figure 2-3.  

2.4.2 Regional Bedrock Geology 

The unlithified deposits are underlain by Pennsylvanian age bedrock belonging to the Mattoon 
Formation. The Mattoon Formation is the youngest formation in the Pennsylvanian System in 
Illinois. It is underlain by the Bond Formation. The Mattoon Formation has a maximum thickness 
of more than 600 feet in the central part of the Illinois Basin in Jasper County. It is characterized 
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by a complex sequence of thin limestones, coals, black fissile shales, underclays, thick gray 
shales, and several well-developed sandstones. The lateral extent of many of the named units 
has not been determined due to widely scattered outcrops and scarce subsurface data. However, 
coals and limestone units are considered to be as persistent as those in the underlying Bond 
Formation (Rapps, 1997). 

2.4.3 Structure 

The major geologic structural features within Illinois are depicted on Figure 2-4. The PAP is 
situated within the Fairfield Basin, one of the major structural features of the encompassing 
Illinois Basin. The Fairfield Basin, characterized as a smooth floored inner central deep basin, is 
bound to the west and northwest by the DuQuoin-Louden Monoclinal Belt, to the north and 
northeast by the LaSalle Anticlinal Belt, and to the south by the Cottage Grove-Rough 
Creek-Shawneetown Fault Zone (Buschbach and Kolata, 1991). North of the Rouch Creek Fault 
System, the strata dip gently to the west at approximately 15 to 20 feet per mile (ft/mi), which 
parallels the general north-south, asymmetrical syncline structure of the Illinois Basin (Hatch and 
Affolter, 2002). 

2.4.4 Seismic Setting 

A review of the available data from the United States Geological Survey (USGS), Illinois State 
Geological Survey (ISGS), and other available regional structural information was completed by 
Haley & Aldrich, Inc. (2018) for the Location Restriction Demonstration to address the 
requirements of 40 C.F.R. § 257.62 (Fault Areas). The review found that the Wabash Valley Fault 
System is located approximately 40 miles southeast of the PAP (Figure 2-4). The Wabash Valley 
Fault system within Illinois extends laterally for approximately 60 miles in a general 
north-northeastward to south-southwestward trend. Haley & Aldrich, Inc. (2018) found that the 
timeframe of the most recent activity on the Wabash Fault System is not known. Based on 
available geologic data and information reviewed, there are no active faults or fault damage 
zones that have had displacement in the Quaternary period reported within 200 feet of the PAP. 

As required by 35 I.A.C. § 845.330, existing and new CCR SIs and lateral expansions of existing 
SIs must not be located in seismic impact areas, unless owners or operators demonstrate that 
the SI is designed to resist the maximum horizontal acceleration (g) in lithified earth material. 
This requirement is identical to that in 40 C.F.R. § 257.63. The definition of a seismic impact 
zone is “areas having a 2 percent or greater probability that the maximum expected horizontal 
acceleration, expressed as a percentage of the earth's gravitation pull, will exceed 0.10 g in 50 
years.” Although the PAP is located within a seismic impact zone, it satisfies the demonstration 
requirements of 35 I.A.C. § 845.330. The AECOM report titled “CCR Certification Report: Initial 
Structural Stability Assessment, Initial Safety Factor Assessment, and Initial Flow Design Control 
System Plan for the Primary Ash Pond at Newton Power Station”, dated October 2016, includes 
engineering analysis, calculations, and findings that support the requirements of 40 C.F.R. 
§ 257.63 (Haley & Aldrich, Inc., 2018), and, by extension, 35 I.A.C. § 845.330. 

2.4.5 Mining Activities 

The areas immediately surrounding the facility have never been mined. Based on the directory of 
coal mines for Jasper County (ISGS, 2021), the nearest coal mines in the vicinity of the PAP are 
located approximately 6.7 miles to the northeast (Appendix B). 
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2.5 Site Geology 

A field investigation was performed in 2021 to collect additional data for the discussion of vertical 
and horizontal lithology, stratigraphy, chemical properties, and physical properties of geologic 
layers to a minimum of 100 feet below ground surface (bgs) as specified in 35 I.A.C. § 
845.620(b). Field investigation locations are shown on Figure 2-5. Boring logs, monitoring well 
and piezometer construction forms obtained from investigations at the PAP are provided in 
Appendix C. 

The Cahokia Formation, described in the regional geology above, occurs in modern river valleys 
and floodplains. If present, these deposits are expected to occur south of the PAP in areas that 
are currently beneath the surface water of Newton Lake. The principal types of unlithified 
materials present above the bedrock in the vicinity of the PAP consist of the following in 
descending order: 

 CCR and Fill Material: CCR and reworked surface materials within and adjacent to the 
various CCR Units. 

 Peoria Silt and Sangamon Soil (wind-blown deposits and weathered till): Clays and silts, 
including the Peoria Silt (Loess Unit) in upland areas, underlain by the Sangamon Soil which is 
comprised of weathered glacial drift. 

 Hagarstown Member: where present, consists of relatively thin sandy deposits between the 
clays and silts of the Sangamon Soil and the Vandalia Till. 

 Vandalia Till: Compacted clay and silt glacial till with varying amounts of sand and gravel 
(diamicton). 

 Mulberry Grove Member: Sand, silty sand, and sandy silt/clay units found between the 
Vandalia Till and the Smithboro Till. These sandy deposits are the first laterally continuous 
sands observed beneath the PAP. 

 Smithboro Till and Banner Formation: Thick, gray, compacted silty clay diamicton of the 
Smithboro Till and the greenish-gray silty clay of the Banner Formation. 

Cross-sections showing the subsurface materials encountered at the PAP are included in 
Figures 2-6 through 2-8. 

2.5.1 CCR and Fill 

CCR is present within most of the PAP at thicknesses between 17 to 19.5 feet thick as observed 
in XPW01 through XPW04 (Appendix C). The lowest bottom-of-ash elevation observed is 
approximately 486 feet in the center of a former drainage feature oriented north-south through 
the center of the PAP, whereas ash is potentially highest in elevation at approximately 550 feet 
along the outer edges of the PAP (Figure 2-9)1. Note, drawing S-69 (Appendix A) indicates the 
former drainage feature was filled to elevation 508 feet NAVD88 during construction. The bottom 
of ash surface appears to mirror the former drainage feature. Comparison of the bottom of ash 
contours and topographic contours indicate CCR fill may be 40 feet or greater within the former 
drainage feature. 

Geotechnical analysis results from six samples collected from ash at soil borings XPW01, XPW03 
and XPW04 yielded Unified Soil Classification System (USCS) soil classifications of silty sand and 
 
1 Base of ash surface is being further evaluated as the construction permit is being developed. 
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poorly graded sand with silt. Sample locations are shown on Figure 2-5, the geotechnical results 
from the most recent investigation are summarized in Table 2-1, and laboratory reports are 
included in Appendix D. Geotechnical results from XPW01, XPW03 and XPW04 indicated the 
following: 

 Average moisture content of 21.3 percent, with a range of 12.6 to 31.1 percent. 

 Average total porosity (calculated) of 50 percent, with a range of 38 to 56 percent. 

 Average dry density of 84.3 pounds per cubic foot (pcf), with a range of 73.9 to 103.6 pcf. 

 Average specific gravity of 2.69, with a range of 2.650 to 2.741. 

 Average grain size composition of 14 percent gravel, 60 percent sand, and 26 percent fines 
(silt and clay). The fines content ranged from 11.8 to 61.3 percent, with a median value of 
18.9 percent. 

 Geometric mean vertical hydraulic conductivity of 3.11 x 10-4 centimeters per second (cm/s) 
and ranged from 1.58 x 10-5 to 1.34 x 10-3 cm/s. 

Solid samples were collected from XPW01, XPW02, XPW03 and XPW04 by Ramboll in 2021 for 
chemical analysis. The results of solid samples collected from within the PAP are summarized in 
Table 2-2. 

Leachate wells were installed in XPW01, XPW02, XPW03 and XPW04 by Ramboll in 2021, and 
porewater samples were collected. The results of porewater samples collected from within the 
PAP are summarized in Table 2-3. 

2.5.2 Peoria Silt and Sangamon Soil 

The Peoria Silt and Sangamon Soil is present within the PAP at thicknesses up to approximately 
46 feet as measured in APW15 and ranged from 3 to 46 feet thick as observed in APW05 and 
APW10 (Appendix C). The bottom of this geologic unit is at the lowest elevation of 469.5 feet 
NAVD88 (APW15) along the southern portion of the PAP while highest in elevation of 543.4 feet 
NAVD88 in the northwest corner of the PAP (Figures 2-6 and 2-7). Generally, the elevation of 
the bottom of this unit decreases from north to south across the PAP. 

Geotechnical analysis results from two samples collected from the Peoria Silt and Sangamon Soil 
at soil borings APW11 and APW15 yielded USCS soil classifications of lean clay. Sample locations 
are shown on Figure 2-5, the geotechnical results from the most recent investigation are 
summarized in Table 2-1, and laboratory reports are included in Appendix D. Geotechnical 
results from these samples indicated the following: 

 Average moisture content of 18.2 percent, with a range of 17.8 to 18.5 percent. 

 Average porosity (calculated) of 33 percent, with a range of 32 to 34 percent. 

 Average dry density of 110.8 pcf, with a range of from 109.8 to 111.7 pcf. 

 Average specific gravity of 2.67 with a range of 2.65 to 2.69. 

 Grain size composition of 0.6 percent gravel, 43 percent sand, and 56.5 percent fines (silt 
and clay). 
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Soil samples collected from the Peoria Silt and Sangamon Soil (APW11, APW13 and APW15) were 
also analyzed for chemical parameters. The results of soil samples collected from the Peoria Silt 
and Sangamon Soil are summarized in Table 2-4. 

2.5.3 Hagarstown Member 

A discontinuous sandy unit, the Hagarstown Member of the Pearl Formation was encountered at 
elevations ranging from approximately 497 feet NAVD88 (APW08) to 533 feet NAVD88 (APW12). 
The unit was encountered at thicknesses up to approximately 6.9 feet at APW18, but generally 
the thickness is less than 2 feet, where present. 

Geotechnical analysis results from three samples collected from the Hagarstown Member at soil 
borings APW12 and APW13 yielded a USCS soil classification of poorly graded sand with silt. 
Sample locations are shown on Figure 2-5, the geotechnical results from the most recent 
investigation are summarized in Table 2-1, and laboratory reports are included in Appendix D. 
Geotechnical results from these samples indicated the following: 

 Average moisture content of 14.9 percent, with a range of 8.4 to 21.2 percent. 

 Average porosity (calculated) of 36 percent, with a range of 30 to 47 percent. 

 Average dry density of 106.1 pcf, with a range of 87.1 to 118.3 pcf. 

 Average specific gravity of 2.70, with a range of 2.649 to 2.694. 

 Grain size composition of 10.6 percent gravel, 68.4 percent sand, and 21.0 percent fines (silt 
and clay). 

Soil samples collected from the Hagarstown Member (APW12, APW13 and APW15) were also 
analyzed for chemical parameters. The results of soil samples collected from the Hagarstown 
Member are summarized in Table 2-4. 

2.5.4 Vandalia Till  

Thick glacial deposits of the Vandalia Till, which are laterally continuous beneath the Site and 
NPP, were encountered at elevations ranging from 425 feet NAVD88 (APW15) to 530 feet 
NAVD88 (AWP05). The unit was encountered at thicknesses up to 59 feet at APW07, while the 
average thickness is 26 feet. 

Geotechnical analysis results from five samples collected from the Vandalia Till at soil borings 
APW14, APW17, SB300/APW18, and SB301 yielded a USCS soil classification of lean clay and 
silty clay. Sample locations are shown on Figure 2-5, the geotechnical results from the most 
recent investigation are summarized in Table 2-1, and laboratory reports are included in 
Appendix D. Geotechnical results from these samples indicated the following: 

 Average moisture content of 14 percent, with a range of 12.4 to 16.6 percent. 

 Average porosity (calculated) of 31 percent, with a range of 27 to 36 percent. 

 Average dry density of 117.1 pcf, with a range of 108.8 to 122.7 pcf. 

 Average specific gravity of 2.70, with a range of 2.697 to 2.709. 

 Grain size composition of 1.7 percent gravel, 29.1 percent sand, and 69.2 percent fines (silt 
and clay). 
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Soil samples collected from the Vandalia Till (APW11, APW12, APW15 and APW17) were also 
analyzed for chemical parameters. The results of soil samples collected from the Vandalia Till are 
summarized in Table 2-4. 

2.5.5 Mulberry Grove Member  

Thin to moderately thick (3 to 17 feet), the Mulberry Grove member was encountered at 
elevations ranging from approximately 417 feet NAVD88 (APW15) to 483 feet NAVD88 (APW10). 
The unit generally slopes from approximately 483 feet NAVD88 in the northeast portion of the 
site near APW10 to 462 feet NAVD88 in the southwest portion of the site near APW08. The unit 
was encountered at thicknesses up to 30 feet at APW17, while the average thickness is 
approximately 10 feet. At APW12 (Figure 2-8) sand and gravel was not encountered at a similar 
elevation during drilling. 

Geotechnical analysis results from five samples collected from the Mulberry Grove Member at soil 
borings APW13, APW15, APW17, and SB300/APW18 yielded USCS soil classifications of silty 
sand, poorly graded sand with silt and well graded sand with silt. Sample locations are shown on 
Figure 2-5, the geotechnical results from the most recent investigation are summarized in Table 
2-1, and laboratory reports are included in Appendix D. Geotechnical results from these 
samples indicated the following: 

 Average moisture content of 10.8 percent, with a range of 6.1 to 14.5 percent. 

 Average porosity (calculated) of 32 percent, with a range of 30 to 35 percent. 

 Average dry density of 113.5 pcf, with a range of 109.6 to 116.8 pcf. 

 Average specific gravity of 2.67, with a range of 2.660 to 2.686. 

 Grain size composition of 10.4 percent gravel, 69 percent sand, and 20.6 percent fines (silt 
and clay). 

Soil samples collected from the Mulberry Grove Member (APW11, APW13 and APW14) were also 
analyzed for chemical parameters. The results of soil samples collected from the Mulberry Grove 
Member are summarized in Table 2-4. 

2.5.6 Smithboro Till and Banner Formation 

Thick glacial till of the Smithboro Till Member and Banner Formation, which are laterally 
continuous beneath the Site and NPP, was encountered at elevations ranging from approximately 
412 feet NAVD88 (APW15) to 475 feet NAVD88 (APW10). The unit was encountered at 
thicknesses up to 36 feet (APW14), while the average thickness is 32 feet (based upon the two 
borings that encountered bedrock APW13 and APW14). 

Geotechnical analysis results from eight samples collected from the Smithboro Till and Banner 
Formation at soil borings APW11, APW12, APW14, APW15, SB300/APW18, and SB301 yielded 
USCS soil classifications of lean clay and silty clay. Sample locations are shown on Figure 2-5, 
the geotechnical results from the most recent investigation are summarized in Table 2-1, and 
laboratory reports are included in Appendix D. Geotechnical results from these samples 
indicated the following: 

 Average moisture content of 15.5 percent, with a range of 11.1 to 19.1 percent. 

 Average porosity (calculated) of 32 percent, with a range of 29 to 38 percent. 
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 Average dry density of 115.1 pcf, with a range of 104.6 to 121.3 pcf. 

 Average specific gravity of 2.70, with a range of 2.686 to 2.723. 

 Grain size composition of 0 percent gravel, 24.2 percent sand, and 75.8 percent fines (silt 
and clay). 

Soil samples collected from the Smithboro Till and Banner Formation (APW11, APW12, APW13, 
APW14 and APW17) were also analyzed for chemical parameters. The results of soil samples 
collected from within the PAP are summarized in Table 2-4. 

2.5.7 Bedrock 

Bedrock underlying the PAP is the Pennsylvanian Age Mattoon Formation, which consists of a 
complex sequence of thin limestones, coals, black fissile shales, underclays, thick gray shales, 
and several well-developed sandstones. Bedrock was encountered in borings APW13 and APW14 
(Appendix C). The elevation of the top of bedrock ranged from 445.5 feet NAVD88 (APW13) to 
432.9 feet NAVD88 (APW14). The top of bedrock was described as shale in both borings 
advanced to bedrock. 

No bedrock samples were collected for geotechnical testing or chemical analysis. Boring locations 
are shown on Figure 2-5. 
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3. REGIONAL AND LOCAL HYDROGEOLOGY 

3.1 Regional Hydrogeology 

Aquifers in the area of the PAP generally fall into two broad categories: (1) unlithified sediments 
that are glacial or alluvial in origin and contain mostly sand and gravel deposits interbedded with 
clay and silt; and (2) bedrock aquifers consisting of sandstone and fractured limestone, which 
vary widely in permeability. To the east of the NPP, water-yielding sandstone formations occur at 
depths of 100 to 300 feet bgs (Selkregg et al., 1957). Groundwater available from bedrock units 
is mostly mineralized and rarely used as a source for potable water (Rapps, 2009). 

Glacial deposits generally provide enough water for rural and residential water supplies. Sand 
and gravel deposits within the Glasford Formation and the Pearl Formation have been developed 
locally for domestic water supplies. Locally occurring discontinuous sand and gravel deposits exist 
along the bottomlands of Big Muddy Creek, which can sustain domestic and farm groundwater 
supplies. The water bearing zones at the PAP are the sandy horizons that occur within Mulberry 
Grove Member of the Glasford Formation and the intermittent sands of the Hagarstown Member 
of the Pearl Formation. 

3.2 Site Hydrogeology 

In 2015, a monitoring program consisting of six monitoring wells (APW05, APW06, APW07, 
APW08, APW09, and APW10) was established to comply with requirements of 40 C.F.R. § 257. In 
2021, nine additional monitoring wells (APW05S, and APW11 through APW18) were installed to 
collect information to meet the requirements of Part 845. Construction details for monitoring 
wells and piezometers is provided in Table 3-1 and locations are depicted in Figure 3-1. Boring 
logs, monitoring well and piezometer construction forms are provided in Appendix C. 

3.2.1 Hydrostratigraphic Units 

Materials have been categorized into six hydrostratigraphic units at the PAP based on 
stratigraphic relationships, geologic composition, and common hydrogeologic properties. The 
units, listed from surface downward, are summarized as follows: 

 CCR: CCR consisting of fly and bottom ash within the PAP. CCR may be present from the 
surface (approximately 545 to 555 feet NAVD88) to a minimum elevation of approximately 
475 feet NAVD88. Water elevations measured in piezometers screened within the PAP indicate 
the phreatic surface ranges from approximately 535 to 547 feet NAVD88, which is higher than 
surrounding monitoring wells. 

 UD/PMP: The UD is composed of the low permeability silts and clays of the Peoria Silt and 
Sangamon Soil and the sandier soils of the Hagarstown Member (i.e., PMP). 

 Hagarstown Member/PMP: The Hagarstown Member consists of the discontinuous, 
sandier deposits of the UD where present and overlies the Vandalia Till. 

 UCU: The UCU consists of a thick package of the low permeability clay and silt of the Vandalia 
Till. This unit is a laterally continuous layer between the base of the CCR unit and the top of 
the uppermost aquifer. 

 Uppermost Aquifer: The uppermost aquifer is composed of the Mulberry Grove Member, 
which has been classified as poorly graded sand, silty sand, clayey sand, and gravel. 
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 LCU: The LCU is comprised of low permeability silt and clay of the Smithboro Till Member and 
the Banner Formation. 

 Bedrock Confining Unit: Bedrock was classified as shale of the Mattoon Formation in 
locations it was encountered in soil borings during 2021 investigation activities (APW13 and 
APW14). 

3.2.2 Uppermost Aquifer 

The uppermost aquifer includes saturated portions of the Mulberry Grove Member in the vicinity 
of the PAP. Groundwater monitoring for the uppermost aquifer is focused on this zone because it 
is continuous, moderate permeability, and likely to indicate potential impacts from the PAP. The 
top of uppermost aquifer was evaluated with respect to the location restrictions in 2018 (Haley & 
Aldrich, Inc., 2018) and provided in Figure 3-2. The top of the uppermost aquifer is separated 
from overlying CCR material by the low permeability Vandalia Till which was encountered at 
thicknesses up to 59 feet and an average thickness of 26 feet (Figures 2-6 to 2-8). The base of 
the uppermost aquifer is the top of the LCU containing the low permeability Smithboro Till and 
the Banner Formation. 

3.2.3 Potential Migration Pathways 

The UD consists of low permeability clays and silts of the Peoria Silt, Sangamon Soil, and 
discontinuous sand lenses of the Hagarstown Member. Monitoring wells APW02, APW03, APW04, 
APW05S, and APW12 are screened within the sandier deposits of the UD and may be utilized for 
monitoring shallow PMPs adjacent to the PAP. 

3.2.4 Water Table Elevation and Groundwater Flow Direction 

The elevations of water within the PAP (as observed in XPW01 through XPW04 and XSG01) are 
greater than the surrounding areas. The phreatic surface within the PAP between February and 
August 2021 averaged 542 feet NAVD88, ranging from 546.69 feet NAVD88 in XPW02 (located 
along the northern portion of the PAP) to 535.40 feet NAVD88 in XSG01 (located along the 
southern portion of the PAP) (Figures 3-3 and 3-4). 

Groundwater flow in the uppermost aquifer is generally from north to south. However, uppermost 
aquifer wells also display flow converging towards a former surface drainage feature located west 
of the PAP (Figure 3-3 and 3-4) and an area where the uppermost aquifer is lowest in 
elevation. Groundwater elevations vary seasonally, generally less than one foot per year, while 
across the PAP they range from approximately 490 to 530 feet NAVD88, although flow directions 
are generally consistent (historic contour maps are included in Appendix E). 

Groundwater elevations in PMP wells are above those in the uppermost aquifer and range from 
approximately 518 feet NAVD88 (APW05S) to 535 feet NAVD88 (APW05S). Groundwater 
elevations within the UCU, LCU, and bedrock confining unit were not contoured because no wells 
are screened within these units. 

3.2.4.1 Vertical Hydraulic Gradients 

Vertical hydraulic gradients were calculated using available groundwater elevation data from 
February to August 2021 at nested well locations within the UD (i.e., PMP) and uppermost aquifer 
wells. Vertical hydraulic gradients are presented in Table 3-2. The results of the vertical 
hydraulic gradient calculations for these hydrostratigraphic units are summarized below: 
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 UD (i.e., PMP) to uppermost aquifer:  

 Gradients calculated between APW05 (uppermost aquifer) and APW05S (PMP) were 
downward for all events. 

 Gradients calculated between APW10 (uppermost aquifer) and APW04 (PMP) were 
downward for all events. 

 Gradients calculated between APW09 (uppermost aquifer) and APW03 (PMP) were 
downward for all events. 

These results are consistent with previous vertical gradient calculations (OBG, 2017). 

3.2.4.2 Impact of Existing Ponds and Ash Saturation 

Water levels collected from XPW01 through XPW04 indicate the phreatic surface is above water 
levels observed in the uppermost aquifer; however, the groundwater elevation contours of the 
uppermost aquifer (Figures 3-3 and 3-4) illustrate flow towards the south and converges at the 
former drainage feature along the western edge of the PAP. The absence of a radial component 
of flow outward indicates the PAP does not significantly impact groundwater flow direction. 
Furthermore, there is a thick layer of UCU Vandalia Till separating the base of ash and top of 
uppermost aquifer. 

Saturated ash has been observed within the PAP leachate wells (XPW01 through XPW04) located 
along the northern portion of the unit. The maximum thickness of saturated ash as measured at 
XPW03 ranged from 11.5 feet in June 2021 to 12.6 feet in February 2021. The minimum 
thickness of saturated ash as measured at XPW01 ranged from 7.7 feet in July 2021 to 8.2 feet 
in June 2021. Greater thicknesses of saturated ash are likely in the central portion of the PAP 
where the former drainage feature was present prior to filling (Figure 2-9). 

3.2.4.3 Impact of Newton Lake on Groundwater Flow  

The surface water elevation at Newton Lake measured from February 15 to March 9, 2021 
ranged from 504.42 to 504.84 feet NAVD88 at location SG02 near the outfall from the Secondary 
Pond. Groundwater flow in the uppermost aquifer generally flows southwest across the PAP with 
potentiometric surface elevations at downgradient wells around 491 feet NAVD88 (approximately 
15 feet lower than the Newton Lake elevation). This separation in groundwater and Lake 
elevations (and observed downward vertical gradients) indicates groundwater within the 
uppermost aquifer does not flow into Newton Lake. 

Groundwater elevations observed at APW10 are approximately 2-feet higher than surface water 
in Newton Lake (506 feet NAVD88 versus 504 feet NAVD88). The uppermost aquifer also 
approaches the former land surface, now beneath Newton Lake, in this area. As illustrated in 
cross-section B-B’ (Figure 2-7), the uppermost aquifer may intersect the base of Newton Lake 
and interact with groundwater upgradient of the PAP. 

3.2.5 Hydraulic Conductivities 

3.2.5.1 Field Hydraulic Conductivities 

Field hydraulic conductivity tests were conducted by Ramboll during the 2021 investigation. The 
results are summarized in Table 3-3, provided in Appendix F, and discussed below:  
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 CCR: Results of field hydraulic tests in wells screened within the CCR (XPW01 through 
XPW04) ranged from 1.0 x 10-3 to 2.3 x 10-1 cm/s, with a geometric mean of 2.0 x 10-2 cm/s. 

 UD: No field hydraulic conductivity tests were performed by Ramboll in 2021 in wells 
screened within the Sangamon Soil of the UD. Previous field hydraulic conductivity tests 
conducted by NRT in 2017 in wells screened within the Sangamon Soil of the UD (APW02, 
APW03, and APW04) ranged from 5.14 x 10-6 to 4.53 x 10-5 cm/s, with a geometric mean 
hydraulic conductivity of 1.5 x 10-5 cm/s (OBG, 2017). 

 PMP: Results of field hydraulic tests in wells screened within the Hagarstown PMP (APW05S 
and APW12) ranged from 6.1 x 10-4 to 1.5 x 10-2 cm/s, with a geometric mean hydraulic 
conductivity of 3.1 x 10-3 cm/s. 

 UCU: No field hydraulic conductivity tests were performed as there are no wells screened 
within the UCU. 

 Uppermost Aquifer: Results of field hydraulic tests in wells screened within the uppermost 
aquifer (APW11, APW13, APW14, APW15, APW16, APW17, and APW18) ranged from 
2.0 x 10-4 to 1.5 x 10-1 cm/s, with a geometric mean of 6.8 x 10-3 cm/s. Previous field 
hydraulic conductivity tests conducted by NRT in 2017 obtained similar results with a 
geometric mean hydraulic conductivity of 1.2 x 10-3 cm/s (OBG, 2017). The highest 
conductivities are measured in APW15, APW16, and APW17, which is consistent with 
groundwater flow toward these wells. In addition, the grain-size analyses of the uppermost 
aquifer materials from two samples collected at APW17 were amongst the highest observed 
at the Site, with sand and gravel contents of 91.1 and 93.3 percent. 

 LCU: No field hydraulic conductivity tests were performed as there are no wells screened 
within the LCU. 

 Bedrock: No field hydraulic conductivity tests were performed as there are no wells screened 
within the bedrock unit. 

3.2.5.2 Laboratory Hydraulic Conductivities 

Falling head permeability tests (ASTM D5084 Method F) were performed in the laboratory on 
samples collected during the 2021 investigations. Sample locations are shown in Figure 2-5. The 
geotechnical laboratory report is provided in Appendix D. The results are summarized in 
Table 2-1 and discussed below. 

 CCR: Eight samples were collected from CCR borings XPW01 through XPW04. However, the 
two samples collected from XPW02 (8 to 8.5 and 16.5 to 17 feet bgs) were not 
representative of the ash and are not included in summary of CCR characteristics. Laboratory 
falling head permeability test results for the six CCR samples indicated a geometric mean 
vertical hydraulic conductivity of 3.1 x 10-4 cm/s with a range of 1.6 x 10-5 to 1.3 x 10-3 cm/s. 

 UD: One sample was collected from the Sangamon Soil at borings APW11 and APW15. 
Laboratory falling head permeability test results in the UD indicated a geometric mean 
vertical hydraulic conductivity of 5.9 x 10-8 cm/s and ranged from 3.1 x 10-8 to 8.6 x 10-8 
cm/s. These values are lower than previous samples collected by NRT in 2017, with a 
geometric mean hydraulic conductivity of 1.3 x 10-5 cm/s (OBG, 2017). 

 PMP: Three samples were collected from the Hagarstown Member, a PMP within the UD, at 
borings APW12 and APW13. Laboratory falling head permeability test results for the 
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Hagarstown Member indicated a geometric mean vertical hydraulic conductivity of 3.5 x 10-5 
cm/s and ranged from 1.1 x 10-7 to 9.6 x 10-5 cm/s. 

 UCU: Four samples were collected from the Vandalia Till at borings APW14, APW17, 
SB300/APW18, and SB301. Laboratory falling head permeability test results for the UCU 
samples indicated a geometric mean vertical hydraulic conductivity of 6.7 x 10-8 cm/s and 
ranged from 3.3 x 10-8 to 9.7 x 10-8 cm/s. These values are similar to a previous 
investigation completed by Rapps (1997) with hydraulic conductivity values ranging from 6.3 
x 10-9 to 2.1 x 10-8 cm/s with a geometric mean hydraulic conductivity of 1.1 x 10-8 cm/s 
(Rapps, 1997). 

 UA: Five samples were collected from the Mulberry Grove Formation at borings APW13, 
APW15, APW17, and APW18. Laboratory falling head permeability test results for the 
Mulberry Grove Formation indicated a geometric mean vertical hydraulic conductivity of 
3.2 x 10-4 cm/s and ranged from 3.5 x 10-6 to 7.2 x 10-4 cm/s. 

 LCU: Eight samples were collected from the glacial tills of the Smithboro Till at borings 
APW11, APW12, APW14, APW15, APW18, and SB301. Laboratory falling head permeability 
test results for the Smithboro Till indicated a geometric mean vertical hydraulic conductivity 
of 9.3 x 10-8 cm/s and ranged from 2.4 x 10-8 to 2.7 x 10-7 cm/s. No samples were collected 
from the Banner Formation of the LCU. 

 Bedrock: No bedrock samples were analyzed. 

3.2.6 Horizontal Groundwater Gradients and Flow Velocity 

In the vicinity of the PAP, groundwater generally flows from north to south/southwest in the 
uppermost aquifer. Groundwater elevations and flow directions near the PAP are illustrated in 
2021 contour maps (Figures 3-3 and 3-4). There is little seasonal variation in groundwater flow 
direction in the unlithified materials regardless of the lake elevation, as illustrated in Figures 3-3 
and 3-4 (historic contour maps are included in Appendix E). Horizontal gradients determined in 
2021 across the PAP between wells APW10 and APW17 were very stable around the average of 
2.5 x 10-3 feet/feet (ft/ft) with an average groundwater velocity of 1.88 feet per day (ft/day) 
(Table 3-4).  

Horizontal gradients determined in 2021 across the northeastern portion of the CCR unit were 
very stable around the average of 7.1 x 10-3 ft/ft with an average groundwater velocity of 0.04 
ft/day (Table 3-4). 

3.2.7 Groundwater Classification 

Per 35 I.A.C. § 620.210, groundwater within the uppermost aquifer at the PAP meets the 
definition of Class I – Potable Resource Groundwater based on the following criteria: 

 Groundwater is located more than 10 feet bgs and within an unconsolidated silty sand and 
gravel unit which is five feet or more in thickness. 

 Hydraulic conductivity exceeds the 1 x 10-4 cm/s criterion (Table 3-3). 

 Groundwater is not downgradient of or underlying previously mined out areas. 

Testing of the unconsolidated materials of the Mulberry Grove Member averaged 21 percent 
fines, which is greater than the 12 percent fines criterion (Section 2.5.5); however, this was not 
deemed prohibitive of the Class I Classification. 
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3.3 Surface Water Hydrology 

3.3.1 Climate 

Jasper County has a humid and temperate climate with a normal annual total precipitation of 
approximately 40 inches. Approximately two-thirds of the precipitation falls from April through 
September and is produced primarily by thunderstorms, with May having the highest average 
monthly precipitation. The average annual snowfall for the area is approximately 15 inches. 

Average climatic data was obtained from the Illinois State Water Survey (ISWS). The data 
between 1989 and 2020 

 miles southeast of the NPP
minimum temperatures (degrees Fahrenheit [°F]) and monthly average rainfall calculated 

- Table A  

Table A.  
  Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec  Annual  

Max 
Temperature 
( F) 38.8  43.5  54.0  65.6  74.9  83.8  86.4  85.2  79.8  67.9  54.1  42.4  64.7  

Min 
Temperature 
( F) 23.2  26.4  35.0  44.7  54.8  63.4  66.6  64.3  56.4  45.2  35.2  26.9  45.2  

Precipitation 
(inches) 3.10  2.39  3.37  4.23  4.64  3.82  4.04  2.73  2.97  3.66  3.81  3.25  42.0  

https://www.isws.illinois.edu/warm/stationmeta.asp?site=OLN&from=wx        

3.3.2 Surface Waters 

The major surface water body in the vicinity of the PAP is Newton Lake, an elongated body of 
water that borders the PAP on three sides (south, east, and west). The southern boundary of the 
PAP runs parallel to the north shore of the lake and is located approximately 250 to 700 feet from 
the water’s edge (Figure 1-1). The surface water elevation measured from February 15 to March 
9, 2021 ranged from 504.42 to 504.84 feet NAVD88 at location SG02 near the outfall from the 
Secondary Pond. Surface water elevations in Newton Lake are not expected to fluctuate greatly 
as a result of the lake elevation being controlled by a dam to provide cooling water for the NPP. 

The phreatic surface within the PAP as measured at XSG01 and XPW01 through XPW04 ranged 
from 535.4 to 546.69 feet NAVD88 between February and July in 2021. Other surface waters in 
the vicinity include small freshwater ponds. 

Other primary drainage ways in the area are Big Muddy Creek and Wolf Creek, which lie 
approximately 2.3 miles west and 1.7 miles east of the Site, respectively. In addition, minor 
streams and drainage channels cut across the drift plain in the area. 
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4. GROUNDWATER QUALITY 

4.1 Summary of Groundwater Monitoring Activities 

4.1.1 IEPA Program Monitoring 

In accordance with NPDES Permit No. IL0049191 (effective October 1, 2015), samples are 
collected quarterly from four monitoring wells (G116, APW02, APW03, and APW04) for laboratory 
and/or field parameters listed in Special Condition No. 19 of the NPDES Permit. Groundwater 
monitoring results from sampling of these four wells are reported to IEPA annually in accordance 
with the NPDES Permit. Of the four wells monitored as part of the NPDES Permit monitoring, two 
wells (APW03 and APW04) are located downgradient of the PAP. The results of NPDES Permit 
monitoring wells APW03 and APW04 are not included in the discussion in Section 4.2 as the 
groundwater samples were not analyzed for total metals. 

4.1.2 40 C.F.R. § 257 Program Monitoring and Well Network 

The 40 C.F.R. § 257 monitoring well network consists of six groundwater monitoring wells 
screened in the uppermost aquifer, including two background monitoring wells (APW05 and 
APW06) and four compliance wells (APW07, APW08, APW09, and APW10). The boring logs, well 
construction forms, and other related monitoring well forms for the well network are included in 
Appendix C of this HCR. The well locations are shown on Figure 3-1. 

Groundwater is being monitored at the PAP in accordance with the Detection Monitoring Program 
requirements specified in 40 C.F.R. § 257.95. Details of the procedures and techniques used to 
fulfill the groundwater sampling and analysis program requirements are found in the Sampling 
and Analysis Plan for the PAP (NRT, 2017). Results are discussed in Section 4.2. 

Groundwater samples are collected semi-annually and analyzed for the field and laboratory 
parameters from Appendix III of 40 C.F.R. § 257, summarized in Table B below. 

Table B. 40 C.F.R. § 257 Groundwater Monitoring Program Parameters 

1Dissolved oxygen, temperature, specific conductance, oxidation/reduction potential, and turbidity are 
recorded during sample collection. 

4.1.3 Part 845 Well Installation and Monitoring 

In 2021, nine additional monitoring wells (APW11, APW12, APW13, APW14, APW15, APW16, 
APW17, APW18, and APW5S) were installed along the perimeter of the PAP to assess the vertical 
and horizontal lithology, stratigraphy, chemical properties, and physical properties of geologic 
layers to a minimum of 100 feet bgs as specified in 35 I.A.C. § 845.620(b). Additionally, four 
leachate monitoring wells (XPW01, XPW02, XPW03, and XPW04) were installed within the PAP 
unit to characterize CCR materials and leachate. These locations and samples were discussed in 
Section 2.5.1. The boring logs, well construction forms, and other related monitoring well forms 

Field Parameters1 

Groundwater Elevation pH   

Appendix III Parameters (Total, except TDS) 

Boron Chloride Sulfate  

Calcium Fluoride TDS  
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for the well network are included in Appendix C of this HCR. The well locations are shown on 
Figure 3-1. 

Prospective monitoring wells (APW02, APW03, APW04, APW05, APW05S, APW06, APW11, 
APW12, APW13, APW14, APW15, APW16, APW17, and APW18) were sampled for eight rounds 
between February and August 2021 and the results were used to develop this HCR and assess 
well locations for inclusion in the PAP Part 845 monitoring well network. 

Groundwater samples were analyzed for 35 I.A.C. § 845.600 parameters summarized in Table C 
below. Part 845 groundwater monitoring results are included below in Section 4.2. A summary 
of groundwater analytical results is presented in Table 4-1. 

Table C. Part 845 Groundwater Monitoring Program Parameters 

1Dissolved oxygen, temperature, specific conductance, and oxidation/reduction potential were recorded 
during sample collection. 

4.2 Groundwater Monitoring Results and Analysis 

Groundwater data collected from the 40 C.F.R. § 257 network monitoring wells between 2015 
and 2021 and from the wells installed in 2021 were evaluated with respect to standards included 
in 35 I.A.C. § 845.600(a)(1). This data set was selected because it includes parameters (total 
metals) consistent with the parameter list in 35 I.A.C. § 845.600(a)(1). The groundwater 
analytical results are summarized in Table 4-1 and discussed in the subsections below. 
Groundwater elevations and field parameters are included in Table 4-2. Results indicate that the 
parameters discussed in the following sections were detected at concentrations greater than the 
applicable 35 I.A.C. § 845.600(a)(1) standards and are considered potential exceedances[1]. 

 
[1] Potential exceedances include results reported during the eight rounds of baseline groundwater monitoring 
that are greater than the applicable 35 I.A.C. § 845.600(a)(1) standards. The results are considered potential 
exceedances because they were compared directly to the standard and did not include an evaluation of 
background groundwater quality or apply the statistical methodologies proposed in the Groundwater 
Monitoring Plan (GMP). For simplicity, “GWPS” will be used hereafter in discussing potential exceedances. 
Exceedances will be determined following IEPA approval of the GMP. 

Field Parameters1 

pH Turbidity Groundwater Elevation 

Metals (Total) 

Antimony Boron Cobalt Molybdenum 

Arsenic Cadmium Lead Selenium 

Barium Calcium Lithium Thallium 

Beryllium Chromium Mercury  

Inorganics (Total) 

Fluoride Sulfate Chloride TDS 

Other (Total) 

Radium 226 and 228 combined 
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4.2.1 Arsenic 

Arsenic was detected at concentrations greater than the GWPS (0.01 milligrams per liter [mg/L]) 
at six uppermost aquifer wells: downgradient wells APW08, APW09, APW15, and APW16; and 
background wells APW05 and APW06. Arsenic concentrations in downgradient wells ranged from 
0.0039 to 0.022 mg/L. Arsenic concentrations in background wells ranged from 0.003 to 
0.022 mg/L. 

4.2.2 Chloride 

Chloride was detected at concentrations greater than the GWPS (200 mg/L) in upgradient UD 
well APW05S and downgradient uppermost aquifer well APW15. Chloride concentrations in 
APW05S ranged from 180 to 550 mg/L. Chloride concentrations in uppermost aquifer well APW15 
ranged from 230 to 260 mg/L. 

4.2.3 Cobalt 

Cobalt was detected at concentrations greater than the GWPS (0.006 mg/L) at PMP well APW12 
with concentrations ranging from 0.0032 to 0.0073 mg/L. Concentrations have been below the 
GWPS for the last four consecutive sampling events. 

4.2.4 Fluoride 

Fluoride was detected at concentrations greater than the GWPS (4.0 mg/L) at downgradient 
uppermost aquifer well APW15 during one event (8.16 mg/L) and at APW18 with concentrations 
ranging from 0.597 to 7.02 mg/L. 

4.2.5 Lead 

Lead was detected at concentrations greater than the GWPS (0.0075 mg/L) at downgradient 
uppermost aquifer wells APW08, APW11, and APW18 with concentrations ranging from less than 
the reporting limit to 0.014 mg/L. Concentrations are less than the GWPS for the last five 
consecutive events. 

4.2.6 Lithium 

Lithium was detected at concentrations greater than the GWPS (0.04 mg/L) at three PMP wells 
APW02, APW04, and APW12; one upgradient UD well APW05S; and two downgradient uppermost 
aquifer wells APW13 and APW14. Lithium concentrations in the PMP wells ranged from 0.02 to 
0.3 mg/L. Lithium concentrations in the upgradient well APW05S ranged from 0.038 to 0.091 
mg/L. Lithium concentrations in the downgradient uppermost aquifer wells ranged from 0.024 to 
0.054 mg/L. 

4.2.7 pH 

Groundwater samples collected with pH measurements below the lower range of the GWPS (6.5 
standard units [SU]) were observed at four PMP wells APW02, APW03, APW04, APW12, one 
background well APW06, and two downgradient uppermost aquifer wells APW11 and APW13. 
Observed pH measurements in these PMP wells ranged from 5.4 to 7.7 SU. Observed pH 
measurements in the background well ranged from 6.4 to 7.8 SU. Observed pH measurements in 
these downgradient uppermost aquifer wells ranged from 6.1 to 7.4 SU. 
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4.2.8 Radium 226 and 228 Combined 

Radium 226 and 228 combined was detected at concentrations greater than the GWPS (5 
picocuries per liter [pCi/L]) at downgradient uppermost aquifer well APW16 with concentrations 
ranging from 0.946 to 5.85 pCi/L. 

4.2.9 Sulfate 

Sulfate can be a primary indicator parameter of CCR leachate impacts on groundwater quality. 
Sulfate was detected at concentrations greater than the GWPS (400 mg/L) at three PMP wells 
APW02, APW04, and APW12; upgradient UD well APW05S; and one downgradient uppermost 
aquifer well APW10. Concentrations of sulfate in these PMP wells ranged from 290 to 3,200 mg/L. 
Concentrations of sulfate in the upgradient well ranged from 200 to 2,100 mg/L. Concentrations 
of sulfate in the downgradient uppermost aquifer well (APW10) ranged from 390 to 540 mg/L. 

4.2.10 Thallium 

Thallium was detected at concentrations greater than the GWPS (0.002 mg/L) at one background 
well APW06, and two downgradient uppermost aquifer wells APW11 and APW18. Concentrations 
of thallium in the background well ranged from less than the reporting limit to 0.0025 mg/L. 
Concentrations of thallium in these downgradient uppermost aquifer wells ranged from less than 
the reporting limit to 0.0036 mg/L. 

4.2.11 Total Dissolved Solids 

TDS was detected at concentrations greater than the GWPS (1,200 mg/L) at four PMP wells 
APW02, APW03, APW04, and APW12; and one upgradient UD well APW05S. Concentrations of 
TDS at these PMP wells ranged from 540 to 5,300 mg/L. Concentrations at this upgradient well 
ranged from 3,200 to 3,800 mg/L. 
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5. EVALUATION OF POTENTIAL RECEPTORS 

5.1 Water Well Survey 

A potable water well inventory was completed in 2021 utilizing state databases to assess nearby 
pumping wells, drinking water receptors, and other uses of water in the vicinity of the PAP. The 
following sources of information were queried to identify well locations, drinking water receptors, 
and other uses of water within 1,000 meters of the PAP boundary: 

 ISGS Illinois Water and Related Wells (ILWATER) Map2 

A search of the ILWATER Map identified two wells located within 1,000-meters of the PAP (Well 
Nos. 120790038600 and 120790043600). Both wells are located to the southeast, or 
side-gradient, of the PAP and are listed as dry and abandoned. The assessment concluded there 
are no existing off-site water wells, potable or non-potable, that could potentially be impacted by 
groundwater from the PAP. The water well potential receptors are detailed in Appendix B. 

5.2 Surface Water 

A search was performed utilizing the United States Fish and Wildlife Service (USFWS) Wetlands 
Mapper3 and the USGS National Map4 for surface water bodies within 1,000 meters of the PAP. 
The predominant surface water body nearest the PAP is Newton Lake. Newton Lake is an 
approximately 1,648-acre freshwater lake partially encircling the PAP along the east, west, and 
south sides and at its closest point is approximately 240 feet downgradient from the PAP.  

Additional surface water features indicated in the USFWS Wetlands Mapper and USGS National 
Map include several freshwater ponds ranging from 0.27 acres to 6.16 acres located generally 
north, west, and south of the PAP, riverine wetlands located north and northwest of the PAP, and 
an approximately 13.7-acre lake located to the north of the PAP. 

The USGS National Map places the PAP within the Weather Creek Watershed (Hydrologic Unit 
Code [HUC] 051201140504), which is part of the Big Muddy Creek Watershed (HUC 
0512011405) and located within the larger Little Wabash subbasin (HUC 05120114). The HUC 
watershed location is presented in Appendix B. 

A Federal Emergency Management Agency (FEMA) Flood Insurance Rate Map for Jasper County 
(Map No. 1709900125B; Effective Date: January 17, 1985 is attached in Appendix G and can 
also be viewed online at: https://www.illinoisfloodmaps.org/dfirm.aspx?county=jasper. No base 
flood elevation has been established for this region. 

5.3 Nature Preserves, Historic Sites, Endangered/Threatened Species 

A search of the Illinois Department of Natural Resources (IDNR) Natural Heritage Database5 for 
natural areas and protected areas within 1,000 meters of the PAP was performed. No natural or 
protected areas were identified within 1,000 meters of the PAP (Appendix B). 

 
2 ISGS ILWATER Map: 
https://prairieresearch.maps.arcgis.com/apps/webappviewer/index.html?id=e06b64ae0c814ef3a4e43a191cb57f87  

3 USFWS Wetlands Mapper: https://www.fws.gov/wetlands/data/mapper.html 
4 USGS National Map: https://apps.nationalmap.gov/viewer/ 
5 IDNR Natural Heritage Database: 
https://www2.illinois.gov/dnr/conservation/NaturalHeritage/Pages/NaturalHeritageDatabase.aspx  
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The IDNR Natural Heritage Database Threatened and Endangered Species by County6 lists 
25 threatened and endangered species as located within Jasper County, including 18 endangered 
and 7 threatened species. Habitats for endangered or threatened species are identified at the 
county level only (Appendix B). 

Additionally, a search of the IDNR Historic Preservation Division7 databases for historic sites in 
the vicinity of the PAP yielded no results within 1,000 meters of the PAP. The Illinois State 
Archaeological Survey (ISAS)8 databases that do not require credentials to access were also 
searched and yielded no results within 1,000 meters of the PAP. 

 
6 Illinois Threatened and Endangered Species by County: 
https://www2.illinois.gov/dnr/ESPB/Documents/ET_by_County.pdf  

7 IDNR Historic Preservation Division: https://www2.illinois.gov/dnrhistoric/Pages/default.aspx  
8 ISAS: https://www.isas.illinois.edu/ 
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6. CONCLUSIONS 

Hydrogeologic characterization of the PAP was originally developed as part of the Hydrogeologic 
Investigation and Groundwater Monitoring Program, Newton Power Station, Jasper County, 
Illinois (Rapps, 1997) and most recently updated for this HCR. Results of these hydrogeologic 
studies were reintroduced in this HCR and updated to include geologic, hydrogeologic, and 
groundwater quality data collected with a focus on the PAP (Part 845 regulated) CCR Unit and 
subject of this HCR. 

The data were summarized and evaluated for changes in groundwater conditions since the 
previous investigations; available groundwater quality data for the PAP was compared to the to 
the Part 845 Standards. 

The results of the hydrogeologic and groundwater quality evaluation are: 

 There are six types of unlithified material present in the vicinity of the PAP, these include the 
following in descending order: 

 CCR and Fill Material: CCR and reworked surface materials within and adjacent to the 
various CCR Units. 

 Peoria Silt and Sangamon Soil (wind-blown deposits and weathered till): Clays and silts, 
including the Peoria Silt (Loess Unit) in upland areas, underlain by the Sangamon Soil 
which is comprised of weathered glacial drift. 

 Hagarstown Member: Where present, consists of relatively thin sandy deposits between 
the clays and silts of the Sangamon Soil and the Vandalia Till. 

 Vandalia Till Member: Compacted clay and silt glacial till with varying amounts of sand 
and gravel (diamicton). 

 Mulberry Grove Member: Sand, silty sand, and sandy silt/clay units found between the 
Vandalia Till and the Smithboro Till. These sandy deposits are the first laterally continuous 
sands observed beneath the PAP. 

 Smithboro Till Member and Banner Formation: Thick, gray compacted silty clay 
diamicton of the Smithboro Till and the greenish-gray silty clay of the Banner Formation. 

 Bedrock underlying the PAP is the Pennsylvanian Age Mattoon Formation, which consists of a 
complex sequence of thin limestones, coals, black fissile shales, underclays, thick gray shales, 
and several well-developed sandstones. 

 Six hydrostratigraphic units have been identified at the PAP based on stratigraphic 
relationships and common hydrogeologic characteristics, these include the following in 
descending order: 

 CCR: CCR consisting of fly and bottom ash within the PAP. 

 UD/PMP: The UD is composed of the low permeability silts and clays of the Peoria Silt and 
Sangamon Soil and the sandier soils of the Hagarstown Member (i.e., PMP). 

o Hagarstown Member/PMP: The Hagarstown Member consists of the discontinuous, 
sandier deposits of the UD where present and overlies the Vandalia Till. 

 UCU: This unit consists of the low permeability clay and silt of the Vandalia Till. 

R000731



Hydrogeologic Site Characterization Report 
Newton Power Plant Primary Ash Pond 
 

NEW PAP HCR FINAL 10.20.2021 35/37 

 Uppermost Aquifer: This unit is composed of the Mulberry Grove Formation, which onsite 
has been classified as poorly graded sand, silty sand, clayey sand, and gravel. 

 LCU: This unit is comprised of low permeability silt and clay of the Smithboro Till and the 
Banner Formation. 

 Bedrock Confining Unit: Bedrock was classified as shale of the Mattoon Formation in 
locations it was encountered during 2021 investigation activities (APW13 and APW14). 

 Groundwater within the uppermost aquifer flows generally from north to south. However, 
uppermost aquifer wells also display flow converging towards a former surface drainage 
feature located west of the PAP (resulting in a southwest flow direction). Groundwater 
elevations vary seasonally, generally less than one foot per year, while across the PAP they 
range from approximately 490 to 530 feet NAVD88, although flow directions are generally 
consistent. 

 The surface water elevation at Newton Lake measured from February 15 to March 9, 2021 
ranged from 504.42 to 504.84 feet NAVD88 at location SG02. Groundwater flow in the 
uppermost aquifer generally flows southwest across the PAP with potentiometric surface 
elevations at downgradient wells around 491 feet (approximately 15 feet lower than the lake 
elevation). This separation in groundwater and Lake elevations (and observed downward 
vertical gradients) indicates groundwater does not flow into Newton Lake. 

 Groundwater velocities in the uppermost aquifer range from 0.04 ft/day in the north and east 
portion of the site to 1.9 ft/day in the south and west portion of the PAP. 

 The phreatic surface within the PAP is higher than groundwater elevations; however, there is 
a significant thickness of low permeability Vandalia Till (UCU) that separates the base of the 
unit from the uppermost aquifer. Groundwater flow within the uppermost aquifer does not 
appear to be influenced by the PAP. 

 Based on the detailed geologic information provided, and the hydrogeologic and groundwater 
quality data, groundwater within the uppermost aquifer at the PAP is classified as Class I – 
Potable Resource Groundwater. 

 Arsenic, chloride, fluoride, lead, lithium, pH, radium 226 and 228 combined, sulfate, and 
thallium were detected at concentrations/measurements greater than the GWPS in 
downgradient uppermost aquifer wells. Cobalt, lithium, pH, sulfate, and TDS were detected at 
concentrations/measurements greater than the GWPS at PMP wells. Arsenic, chloride, lithium, 
pH, sulfate, thallium, and TDS were detected at concentrations/measurements greater than 
the GWPS in background monitoring wells. 

This HCR satisfies Part 845 content requirements specific to 35 I.A.C. § 845.620(b) 
(Hydrogeologic Site Characterization) for the PAP at the NPP. 
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01
03/09/2021

<
0.003

0.049
0.14

<
0.001

11
<

0.001
63

38
<

0.004
<

0.002
2.37

<
0.001

0.13
0.014

0.59
12.4

0.211
0.21

14000
<

0.001

X
PW

01
03/30/2021

<
0.003

0.049
0.064

<
0.001

9.9
<

0.001
54

32
<

0.004
<

0.002
2.7

<
0.001

0.14
0.011

0.54
12.4

0
0.19

19000
<

0.001

X
PW

01
04/28/2021

<
0.003

0.054
0.46

<
0.001

10
<

0.001
61

33
0.008

0.003
2.61

0.0039
0.074

0.013
0.53

12.3
0.157

0.17
12000

<
0.001

X
PW

01
06/30/2021

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

1.19
--

--
--

X
PW

01
07/14/2021

<
0.003

0.052
0.039

<
0.001

12
<

0.001
31

27
<

0.004
<

0.002
1.92

<
0.001

0.15
0.012

0.38
12.2

0.167
0.12

11000
<

0.001

X
PW

02
02/17/2021

<
0.003

0.092
0.017

<
0.001

2.3
<

0.001
15

10
<

0.004
<

0.002
0.762

<
0.001

<
0.02

<
0.0002

0.093
8.6

0.096
<

0.001
160

<
0.001

X
PW

02
03/09/2021

<
0.003

0.091
0.024

<
0.001

2.5
<

0.001
20

9.6
<

0.004
<

0.002
0.61

<
0.001

<
0.02

<
0.0002

0.097
9.2

0.705
<

0.001
150

<
0.001

X
PW

02
03/30/2021

<
0.003

0.085
0.05

<
0.001

2.4
<

0.001
22

9.9
<

0.004
<

0.002
0.575

<
0.001

0.026
<

0.0002
0.1

8.9
0.832

<
0.001

160
<

0.001

X
PW

02
04/28/2021

<
0.003

0.082
0.042

<
0.001

2.6
<

0.001
25

9.7
<

0.004
<

0.002
0.637

<
0.001

0.023
<

0.0002
0.11

9.9
0.668

<
0.001

190
<

0.001

X
PW

02
06/30/2021

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

0.026
--

--
--

X
PW

02
07/14/2021

<
0.003

0.077
0.025

<
0.001

2.5
<

0.001
21

10
<

0.004
<

0.002
0.508

<
0.001

0.028
<

0.0002
0.086

9.7
0.388

<
0.001

160
<

0.001

X
PW

03
02/17/2021

<
0.003

0.036
0.069

<
0.001

1.3
<

0.001
42

14
<

0.004
<

0.002
0.466

<
0.001

0.032
<

0.0002
0.061

10.9
0.204

0.0023
92

<
0.001

X
PW

03
03/09/2021

<
0.003

0.031
0.11

<
0.001

1.2
<

0.001
47

9.2
<

0.004
<

0.002
0.569

<
0.001

0.024
<

0.0002
0.054

10.8
0.576

0.0038
93

<
0.001

X
PW

03
03/30/2021

<
0.003

0.014
0.088

<
0.001

0.84
<

0.001
44

13
<

0.004
<

0.002
0.384

<
0.001

0.025
<

0.0002
0.027

10.2
0.451

0.0019
94

<
0.001

X
PW

03
04/28/2021

<
0.003

0.035
0.37

<
0.001

1.2
<

0.001
55

11
0.0055

<
0.002

0.598
0.0027

0.029
<

0.0002
0.054

11.3
0.613

0.0017
96

<
0.001

X
PW

03
06/30/2021

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

1.47
--

--
--

X
PW

03
07/14/2021

<
0.003

0.032
0.44

<
0.001

1.3
<

0.001
72

11
0.0068

0.0021
0.372

0.0036
0.04

<
0.0002

0.055
11.2

0.57
0.0019

120
<

0.001

X
PW

04
02/17/2021

<
0.003

0.0065
0.13

<
0.001

2.5
<

0.001
80

62
<

0.004
<

0.002
0.618

<
0.001

0.021
0.00029

0.37
10.8

0.0723
0.055

2200
<

0.001

X
PW

04
03/09/2021

<
0.003

0.0067
0.15

<
0.001

2.4
<

0.001
65

34
<

0.004
<

0.002
0.602

<
0.001

<
0.02

<
0.0002

0.19
10.0

0.374
0.028

1400
<

0.001

X
PW

04
03/29/2021

<
0.003

0.0062
0.3

<
0.001

2.1
<

0.001
53

31
0.005

<
0.002

0.605
<

0.001
<

0.02
<

0.0002
0.059

9.1
0.62

0.0074
600

<
0.001

X
PW

04
04/28/2021

<
0.003

0.0071
0.22

<
0.001

2.8
<

0.001
120

37
<

0.004
<

0.002
0.628

<
0.001

0.02
0.00027

0.52
11.5

0.0889
0.083

3800
<

0.001

X
PW

04
06/30/2021

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

1.66
--

--
--

X
PW

04
07/14/2021

<
0.003

0.0067
0.089

<
0.001

2.3
<

0.001
60

34
<

0.004
<

0.002
0.542

<
0.001

<
0.02

<
0.0002

0.14
10.0

0.36
0.02

1600
<

0.001I 
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B
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2
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S
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g
/L)

S
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m
, 
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N
o

tes:
Field readings are reported w

ith as m
any significant figures as provided by analytical laboratory.

-- =
 data not available

<
 =

 concentration is less than the concentration show
n, w

hich corresponds to the reporting lim
it for the m

ethod.
m

g/L =
 m

illigram
s per liter

pC
i/L =

 picocuries per liter
S
U

 =
 standard units
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Location
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D

ep
th 
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S
)

S
am

ple 
D

ate
A

n
tim

on
y 

(m
g

/kg
)

A
rsenic 

(m
g

/kg
)

B
ariu

m
 

(m
g

/kg
)

B
eryllium

 
(m

g
/kg

)
B

oron
 

(m
g

/kg
)

C
ad

m
ium

 
(m

g
/kg

)
C

h
rom

iu
m

 
(m

g
/kg

)
C

ob
alt 

(m
g

/kg
)

Lead 
(m

g
/kg

)
Lith

ium
 

(m
g

/kg
)

M
ercu

ry 
(m

g
/kg

)
M

olyb
den

u
m

 
(m

g
/kg

)
S

eleniu
m

 
(m

g
/kg

)
Th

alliu
m

 
(m

g
/kg

)

A
PW

11
Peoria 

S
ilt/S

angam
on S

oil
8-10

01/23/2021
<

3.6
4.3

45
<

1.2
<

12
<

1.2
7.3

9.4
8.5

<
6.1

<
0.24

<
1.2

<
1.2

<
1.2

A
PW

11
M

ulberry G
rove 

M
em

ber
62-64

01/23/2021
<

3.5
2.8

16
<

1.2
<

12
<

1.2
7.1

4.3
5.7

7.3
<

0.23
<

1.2
<

1.2
<

1.2

A
PW

11
S
m

ithboro Till 
M

em
ber

94-96
01/23/2021

<
3.6

8.9
86

<
1.2

<
12

<
1.2

9.8
5.7

8.6
<

6
<

0.24
1.2

<
1.2

<
1.2

A
PW

12
H

agarstow
n 

M
em

ber
22-23.5

01/21/2021
<

3.6
2.4

46
<

1.2
<

12
<

1.2
13

7.4
8.4

10
<

0.24
<

1.2
<

1.2
<

1.2

A
PW

12
H

agarstow
n 

M
em

ber
23.5-25

01/21/2021
<

3.8
1.4

9.7
<

1.3
<

13
<

1.3
<

5.1
<

2.5
1.7

<
6.3

<
0.25

<
1.3

<
1.3

<
1.3

A
PW

12
S
m

ithboro Till 
M

em
ber

83-85
01/21/2021

<
3.2

22
65

<
1.1

<
11

<
1.1

11
9.4

13
7.8

<
0.21

1.3
<

1.1
<

1.1

A
PW

13
S
angam

on S
oil

23-25
01/22/2021

<
3.1

2.4
41

<
1

<
10

<
1

11
5.5

8.6
10

<
0.21

<
1

<
1

<
1

A
PW

13
M

ulberry G
rove 

M
em

ber
58-60

01/22/2021
<

4
4.6

25
<

1.3
<

13
<

1.3
10

6.7
8.6

<
6.6

<
0.26

2.3
<

1.3
<

1.3

A
PW

13
B
anner Form

ation
78-80

01/22/2021
<

3.1
5.9

57
<

1
<

10
<

1
16

9.7
12

20
<

0.21
2.5

<
1

<
1

A
PW

14
M

ulberry G
rove 

M
em

ber
48-50

01/23/2021
<

3.2
3.7

11
<

1.1
<

11
<

1.1
6.6

3.9
6

6.3
<

0.21
1.4

<
1.1

<
1.1

A
PW

14
S
m

ithboro Till 
M

em
ber

88-90
01/23/2021

<
3.2

4.1
83

<
1.1

<
11

<
1.1

12
7.2

15
9.6

<
0.21

<
1.1

1.2
<

1.1

A
PW

15
H

agarstow
n 

M
em

ber
23-25

01/21/2021
<

3
<

1
42

<
1

<
10

<
1

5.1
<

2
7.5

<
5.1

<
0.2

<
1

<
1

<
1

A
PW

15
V
andalia Till 
M

em
ber

85-87
01/21/2021

<
3

1.8
14

<
1

<
10

<
1

<
4

<
2

3.2
<

5
<

0.2
<

1
<

1
<

1

A
PW

15
S
m

ithboro Till 
M

em
ber

102-104
01/22/2021

<
3.5

1.8
14

<
1.2

<
12

<
1.2

<
4.7

<
2.3

3.5
<

5.9
<

0.23
<

1.2
<

1.2
<

1.2

A
PW

17
V
andalia Till 
M

em
ber

38-40
01/22/2021

<
3.1

3.4
21

<
1

<
10

<
1

7.5
5.7

7.7
7

<
0.21

1.5
<

1
<

1

A
PW

17
M

ulberry G
rove 

M
em

ber
68-70

01/22/2021
<

3
1.8

12
<

1
<

10
<

1
<

4
<

2
2.8

<
5

<
0.2

<
1

<
1

<
1

A
PW

17
M

ulberry G
rove 

M
em

ber
88-90

01/22/2021
<

3
5.9

37
<

1
<

10
<

1
7.8

10
6.9

<
5

<
0.2

1.4
<

1
<

1I 
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94-96
01/22/2021

<
3.5

4.2
75

<
1.2

<
12

<
1.2

8.6
4.6

7.4
7.6

<
0.24

<
1.2

<
1.2

<
1.2

X
PW

02
Fill

9-10
01/19/2021

<
3

2.6
1900

1.2
94

<
1

13
6.7

5
10

<
0.2

1.2
<

1
<

1

X
PW

02
Fill

11.5-13.5
01/19/2021

<
4.6

19
570

<
1.5

69
<

1.5
14

5
6.9

<
7.7

<
0.31

21
2.1

<
1.5

N
o

tes:
<

 =
 concentration is less than the concentration show

n, w
hich corresponds to the reporting lim

it for the m
ethod.

B
G

S
 =

 below
 ground surface

ft =
 foot or feet

m
g/kg =

 m
illigram

s per kilogram
generated 10/05/2021, 4:27:39 PM
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S
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 T
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E
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S
creen

 
B
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tto
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E
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W
ell 

D
ep

th
 

(ft B
G

S
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B
o

tto
m

 o
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B
o
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g

 
E

levatio
n

 
(ft)

S
creen

 
Len

g
th

 
(ft)

S
creen

 
D

iam
eter 

(in
ch

es)

Latitu
d

e
 

(D
ecim

al 
D

eg
rees)

Lo
n

g
itu

d
e 

(D
ecim

al 
D

eg
rees)

A
PW

02
U

D
06/19/2010

533.61
533.61

Top of R
iser

529.90
9.70

19.70
520.20

510.20
20.00

509.90
10

2
38.925918

-88.293907

A
PW

03
U

D
06/18/2010

532.41
532.41

Top of R
iser

528.37
9.70

19.70
518.67

508.67
20.00

508.40
10

2
38.922322

-88.281567

A
PW

04
U

D
06/19/2010

525.06
525.06

Top of R
iser

521.45
7.70

17.70
513.75

503.75
18.00

503.50
10

2
38.927444

-88.273113

A
PW

05
U

A
10/22/2015

544.07
544.07

Top of R
iser

541.08
62.64

67.44
478.44

473.64
67.84

473.10
4.8

2
38.933958

-88.280983

A
PW

05S
U

D
01/19/2021

543.94
543.94

Top of PV
C

541.05
10.00

20.00
531.05

521.05
20.00

518.10
10

2
38.933958

-88.281033

A
PW

06
U

A
10/21/2015

546.07
546.07

Top of R
iser

542.89
67.67

72.48
475.22

470.41
72.88

468.90
4.8

2
38.933746

-88.286276

A
PW

07
U

A
11/05/2015

538.37
538.37

Top of R
iser

535.72
77.89

82.70
457.83

453.02
83.10

452.60
4.8

2
38.928233

-88.292076

A
PW

08
U

A
10/28/2015

528.97
528.97

Top of R
iser

526.26
71.40

81.06
454.86

445.20
81.53

444.30
9.7

2
38.923154

-88.292286

A
PW

09
U

A
11/03/2015

531.52
531.52

Top of R
iser

528.33
56.66

61.46
471.67

466.87
61.85

466.30
4.8

2
38.922319

-88.281585

A
PW

10
U

A
11/06/2015

524.25
524.25

Top of R
iser

521.49
40.74

45.54
480.75

475.95
45.94

475.60
4.8

2
38.927435

-88.273127

A
PW

11
U

A
01/23/2021

538.63
538.63

Top of PV
C

536.05
60.00

65.00
476.05

471.05
65.00

436.10
5

2
38.932811

-88.27545

A
PW

12
U

D
02/21/2021

546.29
546.29

Top of PV
C

543.33
20.00

30.00
523.33

513.33
30.00

456.30
10

2
38.92975

-88.272058

A
PW

13
U

A
01/22/2021

537.99
537.99

Top of PV
C

535.16
58.50

63.50
476.66

471.66
63.50

445.20
5

2
38.92566

-88.274416

A
PW

14
U

A
01/23/2021

526.29
526.29

Top of PV
C

523.85
50.00

55.00
473.85

468.85
55.00

428.90
5

2
38.924057

-88.277994

A
PW

15
U

A
01/22/2021

524.69
524.69

Top of PV
C

522.06
98.00

103.00
424.06

419.06
103.00

412.10
5

2
38.921593

-88.285226

A
PW

16
U

A
01/20/2021

531.18
531.18

Top of PV
C

529.16
80.50

85.50
448.66

443.66
85.50

419.20
5

2
38.920317

-88.291291

A
PW

17
U

A
01/22/2021

532.52
532.52

Top of PV
C

529.84
87.00

92.00
442.84

437.84
92.00

429.80
5

2
38.925916

-88.293928

A
PW

18
U

A
01/21/2021

543.27
543.27

Top of PV
C

540.55
75.00

80.00
465.55

460.55
80.00

433.60
5

2
38.930979

-88.290122

G
48M

G
U

A
10/20/2015

545.53
545.53

Top of R
iser

542.68
71.80

76.65
470.88

466.03
77.06

465.60
4.9

2
38.939248

-88.296012

G
202

U
A

10/16/1996
539.69

539.69
Top of R

iser
536.85

64.00
74.00

472.85
462.85

74.00
462.90

10
2

38.930876
-88.290559

G
203

U
A

11/15/1996
533.13

533.13
Top of R

iser
530.73

62.50
72.50

468.23
458.23

72.50
458.20

10
2

38.928597
-88.292217

G
208

U
A

10/13/2011
535.03

535.03
Top of R

iser
533.19

74.93
94.71

458.26
438.48

94.80
438.20

19.8
2

38.929632
-88.298182

G
217S

U
D

08/26/1997
537.98

537.98
Top of R

iser
535.54

9.00
19.00

526.54
516.54

19.00
510.50

10
2

38.932171
-88.290041I 
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TABLE 3-2. VERTICAL HYDRAULIC GRADIENTS
HYDROGEOLOGIC SITE CHARACTERIZATION REPORT
NEWTON POWER STATION
PRIMARY ASH POND 
NEWTON, IL

APW05S 
Groundwater 

Elevation 
(ft NAVD88)

APW05 
Groundwater 

Elevation 
(ft NAVD88)

PMP UA

2/15/2021 533.90 529.83 4.07 50.01 0.081 down
3/9/2021 533.71 529.61 4.10 50.01 0.082 down
3/29/2021 533.91 529.68 4.23 50.01 0.085 down
4/27/2021 533.56 529.73 3.83 50.01 0.077 down
5/25/2021 533.23 529.51 3.72 50.01 0.074 down
6/15/2021 532.54 529.42 3.12 50.01 0.062 down
6/24/2021 531.93 529.38 2.55 50.01 0.051 down
7/14/2021 532.16 529.33 2.83 50.01 0.057 down

526.05
476.04

APW04  
Groundwater 

Elevation 
(ft NAVD88)

APW10 
Groundwater 

Elevation 
(ft NAVD88)

PMP UA
2/15/2021 518.19 506.65 11.54 30.40 0.38 down
3/9/2021 519.50 505.10 14.40 30.40 0.47 down
3/29/2021 520.34 506.94 13.40 30.40 0.44 down
4/27/2021 519.87 506.53 13.34 30.40 0.44 down
5/24/2021 519.73 506.35 13.38 30.40 0.44 down
6/15/2021 519.68 506.26 13.42 30.40 0.44 down
6/24/2021 529.51 506.12 23.39 30.40 0.77 down
7/14/2021 519.99 506.59 13.40 30.40 0.44 down

508.8
478.4

Date 
Head 

Change 
(ft)

Distance 
Change 1 

(ft)

Vertical Hydraulic 
Gradient 2 

(dh/dl)

Middle of screen elevation APW05
Middle of screen elevation APW05S

Middle of screen elevation APW04

Date 
Head 

Change 
(ft)

Distance 
Change 1 

(ft)

Vertical Hydraulic 
Gradient 2 

(dh/dl)

Middle of screen elevation APW10

Page 1 of 2 RAMB LL 
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TABLE 3-2. VERTICAL HYDRAULIC GRADIENTS
HYDROGEOLOGIC SITE CHARACTERIZATION REPORT
NEWTON POWER STATION
PRIMARY ASH POND 
NEWTON, IL

APW03 
Groundwater 

Elevation 
(ft NAVD88)

APW09  
Groundwater 

Elevation 
(ft NAVD88)

PMP UA

2/15/2021 523.58 504.93 18.65 47.00 0.40 down
3/9/2021 524.93 505.10 19.83 47.00 0.42 down
3/29/2021 526.00 505.23 20.77 47.00 0.44 down
4/27/2021 524.25 504.74 19.51 47.00 0.42 down
5/25/2021 523.85 - - - - - - - - - - - - - - - 
6/15/2021 523.41 504.63 18.78 47.00 0.40 down
6/24/2021 523.18 504.48 18.70 47.00 0.40 down
7/14/2021 523.70 505.24 18.46 47.00 0.39 down

518.7
471.7

[O:SSW 09/09/21; U:SSW 08/31/21; C: LDC 08/31/21]
Notes:

1 Distance change was calculated using the midpoint of the piezometer screen and water table surface. If the 
    water table surface was above the top of the monitoring well screen, then distance change was calculated using
     the midpoint of both screens.

2 Vertical gradients between ±0.0015 are considered flat, and typically have less than 0.02 foot difference in 
  groundwater elevation between wells.
- - - = no data collected on date / no vertical gradient calculated
dh = head change
dl = distance change
ft = foot/feet
LCU = lower confining unit
NAVD88 = North American Vertical Datum of 1988
PMP = potential migration pathway
UA = uppermost aquifer

Middle of screen elevation APW09
Middle of screen elevation APW03

Date 
Head 

Change 
(ft)

Distance 
Change 1 

(ft)

Vertical Hydraulic 
Gradient 2 

(dh/dl)
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TABLE 3-4. HORIZONTAL HYDRAULIC GRADIENTS AND GROUNDWATER FLOW VELOCITIES
HYDROGEOLOGIC SITE CHARACTERIZATION REPORT
NEWTON POWER STATION
PRIMARY ASH POND 
NEWTON, IL

V = K i  / ne V = Groundwater Velocity 

K = Hydraulic Conductivity 1

i = hydraulic gradient
ne = Effective Porosity 2

Distance between Wells (ft): 5941
Hydraulic Conductivity (ft/day): 181
Effective Porosity (%): 24% Assumes: sand and silt

Date

APW10 
Groundwater

Elevation 
(ft NAVD88)

APW17 
Groundwater

Elevation 
(ft NAVD88)

Change in 
Elevation 

(ft)

Horizontal
Gradient
(ft/ft)

Velocity 3

(ft/day)

2/15/2021 506.65 492.02 14.63 0.0025 1.86
3/9/2021 506.84 491.74 15.10 0.0025 1.91
3/29/2021 506.94 491.95 14.99 0.0025 1.90
4/27/2021 506.53 491.87 14.66 0.0025 1.86
6/15/2021 506.26 491.57 14.69 0.0025 1.86
6/24/2021 506.12 491.52 14.60 0.0025 1.85
7/14/2021 506.59 491.58 15.01 0.0025 1.90

Average 0.0025 1.88

Distance between Wells (ft): 3260
Hydraulic Conductivity (ft/day): 1.4
Effective Porosity (%): 24% Assumes: sand and silt

Date

APW05
Groundwater

Elevation
(ft NAVD88)

APW10
Groundwater

Elevation
(ft NAVD88)

Change in 
Elevation 

(ft)

Horizontal
Gradient
(ft/ft)

Velocity 3

(ft/day)

2/15/2021 529.83 506.65 23.18 0.0071 0.04
3/9/2021 529.61 506.84 22.77 0.0070 0.04
3/29/2021 529.68 506.94 22.74 0.0070 0.04
4/27/2021 529.73 506.53 23.20 0.0071 0.04
5/24/2021 529.51 506.35 23.16 0.0071 0.04
6/15/2021 529.42 506.26 23.16 0.0071 0.04
6/24/2021 529.38 506.12 23.26 0.0071 0.04
7/14/2021 529.33 506.59 22.74 0.0070 0.04

Average 0.0071 0.04
[O:SSW 7/15/21; U:SSW 8/19/21; C:LDC 8/31/21]

North-South Across Northeastern Portion CCR Unit (APW05 to APW10): Uppermost Aquifer

East-West Across CCR Unit (APW10 to APW17): Uppermost Aquifer
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TABLE 3-4. HORIZONTAL HYDRAULIC GRADIENTS AND GROUNDWATER FLOW VELOCITIES
HYDROGEOLOGIC SITE CHARACTERIZATION REPORT
NEWTON POWER STATION
PRIMARY ASH POND 
NEWTON, IL

Notes:
1 Hydraulic conductivity values used above are average of the individual wells used in each velocity

calculation as derived from slug tests completed in August 2015 and March and April 2021 by Ramboll.
2 Effective porosity used in these calculations was derived from an average between estimated values of 0.20 

for silt materials, 0.267 for gravel, 0.07 for clay, and 0.28 for sand from Morris, D.A. and A.I. Johnson, 1967. 
Summary of hydrologic and physical properties of rock and soil materials as analyzed by the Hydrologic Laboratory
of the U.S. Geological Surve, U.S. Geological Survey Water-Supply Paper 1839-D, 42p. and Heath, R.C., 1983. 
Basic ground-water hydrology, U.S. Geological Survey Water-Supply Paper 2220, 86p. Effective porosity may be 
as high as maximum total porosity (50%) calculated in Table 2-1. 

% = percent
ft= foot/feet
ft/ft = feet per foot
ft/day = feet per day
NAVD88 = North American Vertical Datum of 1988
NM = not measured
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. 
845.600
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er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05

400
0.002

1200

A
PW

02
01/13/2015

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
6.9

--
--

--
--

4800

A
PW

02
04/21/2015

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
6.9

--
--

--
--

5300

A
PW

02
07/15/2015

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
7.0

--
--

--
--

5200

A
PW

02
10/07/2015

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
6.7

--
--

--
--

5000

A
PW

02
02/17/2021

<
0.003

<
0.001

0.0084
<

0.001
0.091

<
0.001

430
84

<
0.004

<
0.002

<
0.25

<
0.001

0.079
<

0.0002
<

0.001
6.6

0.305
<

0.001
2900

<
0.001

4800

A
PW

02
03/10/2021

<
0.003

0.001
0.0091

<
0.001

0.14
<

0.001
530

120
<

0.004
<

0.002
<

0.25
<

0.001
0.11

<
0.0002

0.0014
7.0

0.248
<

0.001
3200

<
0.001

5100

A
PW

02
03/30/2021

<
0.003

<
0.001

0.0075
<

0.001
0.24

<
0.001

490
110

<
0.004

<
0.002

<
0.25

<
0.001

0.12
<

0.0002
<

0.001
6.6

0.193
<

0.001
3100

<
0.001

5200

A
PW

02
04/29/2021

<
0.003

<
0.001

0.013
<

0.001
0.12

<
0.001

490
130

<
0.004

<
0.002

<
0.25

<
0.001

0.11
<

0.0002
<

0.001
6.7

0.924
<

0.001
1500

<
0.001

5100

A
PW

02
05/25/2021

<
0.003

<
0.001

0.015
<

0.001
0.14

<
0.001

520
120

<
0.004

<
0.002

<
0.25

<
0.001

0.12
<

0.0002
0.0011

6.7
1.01

<
0.001

3200
<

0.001
5200

A
PW

02
06/16/2021

<
0.003

<
0.001

0.022
<

0.001
0.16

<
0.001

540
110

<
0.004

<
0.002

<
0.25

<
0.001

0.12
<

0.0002
<

0.001
6.6

0.34
<

0.001
3100

<
0.001

5000

A
PW

02
06/30/2021

<
0.003

<
0.001

0.036
<

0.001
0.49

<
0.001

510
110

<
0.004

<
0.002

<
0.25

<
0.001

0.3
<

0.0002
<

0.001
6.6

0.618
<

0.001
3200

<
0.001

4900

A
PW

02
07/15/2021

<
0.003

<
0.001

0.025
<

0.001
0.14

<
0.001

480
120

<
0.004

<
0.002

<
0.25

<
0.001

0.21
<

0.0002
<

0.001
6.6

0.33
<

0.001
3100

<
0.001

5400

A
PW

03
01/13/2015

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
7.4

--
--

--
--

3000

A
PW

03
04/20/2015

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
7.0

--
--

--
--

580

A
PW

03
07/15/2015

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
6.9

--
--

--
--

580

A
PW

03
10/07/2015

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
7.3

--
--

--
--

680

A
PW

03
02/18/2021

<
0.003

<
0.001

0.077
<

0.001
0.42

<
0.00089

120
8.1

<
0.004

<
0.002

0.276
0.0013

0.022
0.0006

0.0018
6.7

0.126
<

0.001
180

<
0.001
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A
PW

03
03/10/2021

<
0.003

<
0.001

0.073
<

0.001
0.4

<
0.001
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8.7

<
0.004

<
0.002

<
0.25

<
0.001

0.024
<

0.0002
0.0014

7.2
0.238

<
0.001
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<

0.001
720

A
PW
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03/31/2021

<
0.003

<
0.001

0.07
<

0.001
0.44

<
0.001

110
8.6

<
0.004

<
0.002

<
0.25

<
0.001

<
0.02

<
0.0002

0.0012
6.3

0.246
<

0.001
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<
0.001
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A
PW
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04/29/2021

<
0.003

<
0.001

0.068
<

0.001
0.4

<
0.001

110
8.2

<
0.004

<
0.002

<
0.25

<
0.001

<
0.02

<
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0.0019
7.0
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0.001
170

<
0.001
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05/25/2021

<
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<
0.001

0.063
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0.38

<
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8

<
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<
0.002

<
0.25

<
0.001

0.023
<

0.0002
0.0015

7.0
0.369

<
0.001

170
<

0.001
760

A
PW
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06/17/2021

<
0.003

<
0.001

0.081
<

0.001
0.45

<
0.001

120
8.3

<
0.004

<
0.002

<
0.25

<
0.001

0.02
<

0.0002
0.0014

7.0
0.461

<
0.001

170
<

0.001
660I 
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35 I.A
.C

. 
845.600

Low
er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05
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0.002

1200

A
PW

03
06/30/2021

<
0.003
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0.059
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0.66

<
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11
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<
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<
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0.035
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A
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<
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<
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<

0.25
0.0014
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0.001

<
0.001

6.5
0.391

<
0.001
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<
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1700

A
PW

04
03/11/2021

<
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0.0012
0.022

<
0.001

0.024
<

0.001
220

33
<

0.004
<

0.002
<

0.25
0.001

0.024
<

0.0002
<

0.001
6.9

0.104
<

0.001
970

<
0.001

1800

A
PW

04
03/31/2021

<
0.003

<
0.001

0.018
<

0.001
0.031

<
0.001

210
37

<
0.004

<
0.002

<
0.25

<
0.001

0.021
<

0.0002
<

0.001
6.1

0.0836
<

0.001
960

<
0.001

2000

A
PW

04
04/29/2021

<
0.003

<
0.001

0.013
<

0.001
0.023

<
0.001

220
29

<
0.004

<
0.002

<
0.25

<
0.001

<
0.02

<
0.0002

<
0.001

6.9
0.0843

<
0.001

990
<

0.001
1800

A
PW

04
05/25/2021

<
0.003

0.0014
0.026

<
0.001

0.027
<

0.001
220

32
<

0.004
<

0.002
<

0.25
0.0014

0.021
<

0.0002
<

0.001
6.9

0.0127
<

0.001
900

<
0.001

1800

A
PW

04
06/17/2021

<
0.003

0.0012
0.026

<
0.001

0.025
<

0.001
240

29
<

0.004
<

0.002
<

0.25
<

0.001
0.021

<
0.0002

<
0.001

6.8
0.488

<
0.001

950
<

0.001
1800

A
PW

04
06/30/2021

<
0.003

<
0.001

0.032
<

0.001
0.21

<
0.001

220
27

<
0.004

<
0.002

<
0.25

<
0.001

0.045
<

0.0002
<

0.001
6.8

0.663
<

0.001
910

<
0.001

1700

A
PW

04
07/15/2021

<
0.003

0.0012
0.025

<
0.001

0.033
<

0.001
210

34
<

0.004
<

0.002
<

0.25
<

0.001
0.034

<
0.0002

<
0.001

6.8
1.29

<
0.001

920
<

0.001
1900

A
PW

05
12/15/2015

<
0.003

0.018
0.19

<
0.001

0.099
<

0.001
51

48
<

0.004
<

0.002
0.486

0.0017
0.023

<
0.0002

0.023
7.5

0.311
<

0.001
15

<
0.001

560

A
PW

05
01/20/2016

<
0.003

0.017
0.19

<
0.001

0.12
<

0.001
52

50
<

0.004
<

0.002
0.409

0.0016
0.017

0.0002
0.023

7.5
0.235

<
0.001

15
<

0.001
510

A
PW

05
04/27/2016

<
0.003

0.021
0.24

<
0.001

0.1
<

0.001
71

58
<

0.004
<

0.002
0.494

0.0012
0.02

0.002
0.032

7.7
0.281

0.001
14

<
0.001

520

A
PW

05
08/01/2016

<
0.003

0.014
0.21

<
0.001

0.1
<

0.001
49

52
<

0.004
<

0.002
0.54

<
0.001

0.016
<

0.0002
0.027

7.5
0.616

<
0.001

1.8
<

0.001
500

A
PW

05
10/25/2016

<
0.003

0.013
0.22

<
0.001

0.12
<

0.001
50

50
<

0.004
<

0.002
0.66

<
0.001

0.015
<

0.0002
0.027

7.6
0.654

<
0.001

<
1

<
0.001

1000

A
PW

05
01/23/2017

<
0.003

0.015
0.21

<
0.001

0.09
<

0.001
45

50
<

0.004
<

0.002
0.418

<
0.001

0.013
<

0.0002
0.021

7.4
0.0999

<
0.001

<
1

<
0.001

550

A
PW

05
04/24/2017

<
0.003

0.014
0.2

<
0.001

0.079
<

0.001
44

46
0.004

<
0.002

0.437
0.0014

0.015
<

0.0002
0.016

7.0
1.19

<
0.001

1.2
<

0.001
600

A
PW

05
06/13/2017

<
0.003

0.016
0.23

<
0.001

0.082
<

0.001
48

47
<

0.004
<

0.002
0.508

<
0.001

0.014
<

0.0002
0.018

7.1
1.32

<
0.001

<
1

<
0.001

540I 

R000751
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N
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O
IS

Location
S

am
ple 

D
ate

A
n

tim
on

y, 
 total 

(m
g

/L)

A
rsenic, 
 total 

(m
g

/L)

B
ariu

m
, 

 total 
(m

g
/L)

B
eryllium

, 
 total 

(m
g

/L)

B
oron

, 
 total 

(m
g

/L)

C
ad

m
ium

, 
 total 

(m
g

/L)

C
alcium

, 
 total 

(m
g

/L)

C
h

lorid
e, 

 total 
(m

g
/L)

C
h

rom
iu

m
, 

 total 
(m

g
/L)

C
ob

alt, 
 total 

(m
g

/L)

Flu
orid

e, 
 total 

(m
g

/L)

Lead
, 

 total 
(m

g
/L)

Lith
ium

, 
 total 

(m
g

/L)

M
ercu

ry, 
 total 

(m
g

/L)

M
olyb

den
u

m
, 

 total 
(m

g
/L)

p
H

 
(field

) 
(S

U
)

R
ad

ium
 2

2
6 

an
d

 2
2

8 
com

bin
ed 

(p
C

i/L)

S
eleniu

m
, 

 total 
(m

g
/L)

S
u

lfate, 
 total 

(m
g

/L)

Th
alliu

m
, 

 total 
(m

g
/L)

Total 
D

issolved
 

S
olids 

(m
g

/L)

35 I.A
.C

. 
845.600

Low
er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05

400
0.002

1200

A
PW

05
11/17/2017

--
--

--
--

0.099
--

51
43

--
--

0.634
--

--
--

--
6.9

--
--

<
1

--
480

A
PW

05
05/18/2018

--
--

--
--

0.1
--

48
48

--
--

0.525
--

--
--

--
7.1

--
--

2.1
--

480

A
PW

05
08/17/2018

--
--

--
--

--
--

54
56

--
--

--
--

--
--

--
7.0

--
--

1.4
--

--

A
PW

05
11/09/2018

--
--

--
--

0.098
--

50
51

--
--

0.427
--

--
--

--
7.0

--
--

5.1
--

500

A
PW

05
02/22/2019

--
--

--
--

0.11
--

50
48

--
--

0.374
--

--
--

--
6.9

--
--

3.5
--

600

A
PW

05
08/22/2019

--
--

--
--

0.12
--

49
50

--
--

<
0.25

--
--

--
--

7.0
--

--
2.3

--
530

A
PW

05
02/04/2020

--
--

--
--

0.091
--

51
54

--
--

0.48
--

--
--

--
7.5

--
--

2.3
--

600

A
PW

05
06/11/2020

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
7.4

--
--

--
--

--

A
PW

05
07/28/2020

--
--

--
--

0.1
--

53
52

--
--

0.544
--

--
--

--
7.7

--
--

1.8
--

530

A
PW

05
02/09/2021

--
--

--
--

0.13
--

54
50

--
--

0.543
--

--
--

--
7.6

--
--

1.3
--

560

A
PW

05
02/17/2021

<
0.003

0.003
0.22

<
0.001

0.1
<

0.001
49

52
<

0.004
<

0.002
0.479

<
0.001

<
0.02

<
0.0002

0.019
7.2

0.356
<

0.001
3.3

<
0.001

510

A
PW

05
03/10/2021

<
0.003

0.022
0.24

<
0.001

0.12
<

0.001
55

48
<

0.004
<

0.002
0.365

<
0.001

<
0.02

<
0.0002

0.011
7.7

0.872
<

0.001
1.3

<
0.001

530

A
PW

05
03/30/2021

<
0.003

0.022
0.27

<
0.001

0.092
<

0.001
54

49
<

0.004
<

0.002
0.342

<
0.001

<
0.02

<
0.0002

0.011
7.2

1.31
<

0.001
1.3

<
0.001

560

A
PW

05
04/28/2021

<
0.003

0.018
0.24

<
0.001

0.099
<

0.001
52

51
<

0.004
<

0.002
0.514

<
0.001

<
0.02

<
0.0002

0.012
7.5

0.932
<

0.001
1.1

<
0.001

570

A
PW

05
05/25/2021

<
0.003

0.019
0.24

<
0.001

0.12
<

0.001
54

48
<

0.004
<

0.002
0.532

<
0.001

<
0.02

<
0.0002

0.012
7.5

1.04
<

0.001
1

<
0.001

570

A
PW

05
06/17/2021

<
0.003

0.022
0.25

<
0.001

0.091
<

0.001
58

50
<

0.004
<

0.002
0.516

<
0.001

<
0.02

<
0.0002

0.011
7.7

1.08
<

0.001
<

1
<

0.001
560

A
PW

05
06/30/2021

<
0.003

0.021
0.25

<
0.001

0.26
<

0.001
52

51
<

0.004
<

0.002
0.441

<
0.001

<
0.02

<
0.0002

0.011
7.6

0.0954
<

0.001
1

<
0.001

470

A
PW

05
07/15/2021

<
0.003

0.022
0.25

<
0.001

0.1
<

0.001
51

52
<

0.004
<

0.002
0.386

<
0.001

<
0.02

<
0.0002

0.011
7.8

0.305
<

0.001
1.1

<
0.001

560

A
PW

05S
02/17/2021

<
0.003

<
0.001

0.048
<

0.001
0.04

<
0.001

390
550

<
0.004

0.0058
0.345

<
0.001

0.043
<

0.0002
0.0027

6.6
0.191

<
0.001

640
<

0.001
3700

A
PW

05S
03/10/2021

<
0.003

<
0.001

0.051
<

0.001
0.13

<
0.001

420
190

<
0.004

0.0025
0.379

<
0.001

0.042
<

0.0002
0.0016

7.0
0.195

<
0.001

200
<

0.001
3600

A
PW

05S
04/29/2021

<
0.003

0.0018
0.048

<
0.001

0.04
<

0.001
420

200
<

0.004
<

0.002
0.373

<
0.001

0.039
<

0.0002
0.0014

6.8
0.146

<
0.001

2000
<

0.001
3800

A
PW

05S
05/25/2021

<
0.003

0.0016
0.053

<
0.001

0.056
<

0.001
420

210
<

0.004
<

0.002
0.391

<
0.001

0.042
<

0.0002
0.0014

6.9
0.386

<
0.001

2100
<

0.001
3500I 

R000752
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O
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Location
S

am
ple 

D
ate

A
n

tim
on

y, 
 total 

(m
g

/L)

A
rsenic, 
 total 

(m
g

/L)

B
ariu

m
, 

 total 
(m

g
/L)

B
eryllium

, 
 total 

(m
g

/L)

B
oron

, 
 total 

(m
g

/L)

C
ad

m
ium

, 
 total 

(m
g

/L)

C
alcium

, 
 total 

(m
g

/L)

C
h

lorid
e, 

 total 
(m

g
/L)

C
h

rom
iu

m
, 

 total 
(m

g
/L)

C
ob

alt, 
 total 

(m
g

/L)

Flu
orid

e, 
 total 

(m
g

/L)

Lead
, 

 total 
(m

g
/L)

Lith
ium

, 
 total 

(m
g

/L)

M
ercu

ry, 
 total 

(m
g

/L)

M
olyb

den
u

m
, 

 total 
(m

g
/L)

p
H

 
(field

) 
(S

U
)

R
ad

ium
 2

2
6 

an
d

 2
2

8 
com

bin
ed 

(p
C

i/L)

S
eleniu

m
, 

 total 
(m

g
/L)

S
u

lfate, 
 total 

(m
g

/L)

Th
alliu

m
, 

 total 
(m

g
/L)

Total 
D

issolved
 

S
olids 

(m
g

/L)

35 I.A
.C

. 
845.600

Low
er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05

400
0.002

1200

A
PW

05S
06/17/2021

<
0.003

0.0022
0.051

<
0.001

0.043
<

0.001
410

190
<

0.004
0.0022

0.364
<

0.001
0.038

<
0.0002

0.0013
6.8

1.58
<

0.001
2100

<
0.001

3600

A
PW

05S
06/30/2021

<
0.003

0.002
0.051

<
0.001

0.046
<

0.001
380

180
<

0.004
0.0022

0.401
<

0.001
0.091

<
0.0002

0.0011
6.7

0.29
<

0.001
1900

<
0.001

3200

A
PW

05S
07/15/2021

<
0.003

0.0026
0.05

<
0.001

0.039
<

0.001
370

260
<

0.004
0.0027

0.379
<

0.001
0.067

<
0.0002

0.0011
6.8

0.644
<

0.001
2000

<
0.001

3800

A
PW

06
12/15/2015

<
0.003

0.017
0.16

<
0.001

0.073
<

0.001
53

26
<

0.004
<

0.002
0.509

<
0.001

0.019
0.00023

0.012
7.5

0.591
0.006

9.9
<

0.001
480

A
PW

06
01/20/2016

<
0.003

0.0091
0.17

<
0.001

0.082
<

0.001
53

24
<

0.004
<

0.002
0.393

<
0.001

0.012
<

0.0002
0.013

7.4
0.236

<
0.001

9.9
<

0.001
500

A
PW

06
04/27/2016

<
0.003

0.019
0.21

<
0.001

0.16
<

0.001
64

29
<

0.004
<

0.002
0.564

0.0012
0.019

<
0.0002

0.028
6.5

0.984
<

0.001
7.4

<
0.001

450

A
PW

06
08/01/2016

<
0.003

0.0045
0.2

<
0.001

0.078
<

0.001
50

27
<

0.004
<

0.002
0.65

<
0.001

0.016
<

0.0002
0.0066

7.4
0.69

<
0.001

1.2
<

0.001
520

A
PW

06
10/25/2016

<
0.003

0.0041
0.22

<
0.001

0.093
<

0.001
50

26
<

0.004
<

0.002
0.686

<
0.001

0.015
<

0.0002
0.0087

7.5
0.329

<
0.001

<
1

<
0.001

560

A
PW

06
01/23/2017

<
0.003

0.0036
0.21

<
0.001

0.076
<

0.001
46

26
<

0.004
<

0.002
0.448

<
0.001

0.014
<

0.0002
0.0086

6.9
0.316

<
0.001

<
1

<
0.001

530

A
PW

06
04/24/2017

<
0.003

0.0042
0.2

<
0.001

0.074
0.0012

43
50

<
0.004

<
0.002

0.47
0.0012

0.015
<

0.0002
0.011

7.2
0.859

<
0.001

<
1

0.0011
540

A
PW

06
06/13/2017

<
0.003

0.0057
0.22

0.0025
0.093

0.0017
51

25
<

0.004
0.002

0.567
0.0025

0.014
<

0.0002
0.014

7.1
0.932

0.0014
2.3

0.0025
460

A
PW

06
11/17/2017

--
--

--
--

0.094
--

50
23

--
--

0.617
--

--
--

--
7.2

--
--

1.9
--

470

A
PW

06
05/18/2018

--
--

--
--

0.087
--

51
25

--
--

0.564
--

--
--

--
7.3

--
--

1.7
--

420

A
PW

06
08/17/2018

--
--

--
--

--
--

52
25

--
--

--
--

--
--

--
7.3

--
--

1.7
--

--

A
PW

06
11/09/2018

--
--

--
--

0.083
--

51
24

--
--

0.459
--

--
--

--
7.2

--
--

2.1
--

440

A
PW

06
02/22/2019

--
--

--
--

0.09
--

45
24

--
--

0.386
--

--
--

--
7.3

--
--

1.7
--

480

A
PW

06
08/23/2019

--
--

--
--

0.11
--

55
26

--
--

0.314
--

--
--

--
7.3

--
--

5.8
--

500

A
PW

06
02/04/2020

--
--

--
--

0.08
--

53
27

--
--

0.483
--

--
--

--
7.5

--
--

<
1

--
640

A
PW

06
06/11/2020

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
7.4

--
--

--
--

--

A
PW

06
07/28/2020

--
--

--
--

0.091
--

55
24

--
--

0.564
--

--
--

--
7.8

--
--

3.2
--

510

A
PW

06
02/09/2021

--
--

--
--

0.087
--

55
24

--
--

0.585
--

--
--

--
7.6

--
--

1.8
--

450

A
PW

06
02/17/2021

<
0.003

0.0045
0.24

<
0.001

0.086
<

0.001
54

23
<

0.004
<

0.002
0.504

<
0.001

<
0.02

<
0.0002

0.0073
6.4

0.231
<

0.001
3.6

<
0.001

500I 

R000753
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Location
S

am
ple 

D
ate

A
n

tim
on

y, 
 total 

(m
g

/L)

A
rsenic, 
 total 

(m
g

/L)

B
ariu

m
, 

 total 
(m

g
/L)

B
eryllium

, 
 total 

(m
g

/L)

B
oron

, 
 total 

(m
g

/L)

C
ad

m
ium

, 
 total 

(m
g

/L)

C
alcium

, 
 total 

(m
g

/L)

C
h

lorid
e, 

 total 
(m

g
/L)

C
h

rom
iu

m
, 

 total 
(m

g
/L)

C
ob

alt, 
 total 

(m
g

/L)

Flu
orid

e, 
 total 

(m
g

/L)

Lead
, 

 total 
(m

g
/L)

Lith
ium

, 
 total 

(m
g

/L)

M
ercu

ry, 
 total 

(m
g

/L)

M
olyb

den
u

m
, 

 total 
(m

g
/L)

p
H

 
(field

) 
(S

U
)

R
ad

ium
 2

2
6 

an
d

 2
2

8 
com

bin
ed 

(p
C

i/L)

S
eleniu

m
, 

 total 
(m

g
/L)

S
u

lfate, 
 total 

(m
g

/L)

Th
alliu

m
, 

 total 
(m

g
/L)

Total 
D

issolved
 

S
olids 

(m
g

/L)

35 I.A
.C

. 
845.600

Low
er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05

400
0.002

1200

A
PW

06
03/10/2021

<
0.003

0.0052
0.25

<
0.001

0.086
<

0.001
58

22
<

0.004
<

0.002
0.427

<
0.001

<
0.02

<
0.0002

0.0058
7.7

0.594
<

0.001
9.2

<
0.001

540

A
PW

06
03/30/2021

<
0.003

0.0052
0.22

<
0.001

0.078
<

0.001
56

26
<

0.004
<

0.002
0.368

<
0.001

<
0.02

<
0.0002

0.0062
7.1

4.9
<

0.001
7.7

<
0.001

500

A
PW

06
04/29/2021

<
0.003

0.0073
0.25

<
0.001

0.082
<

0.001
62

23
0.0068

0.0027
0.496

0.0032
<

0.02
<

0.0002
0.0077

7.7
1.55

<
0.001

8.5
<

0.001
610

A
PW

06
05/25/2021

<
0.003

0.0088
0.28

<
0.001

0.1
<

0.001
68

23
0.011

0.0043
0.55

0.0074
<

0.02
<

0.0002
0.0085

7.7
0.474

<
0.001

7.8
<

0.001
490

A
PW

06
06/16/2021

<
0.003

0.0081
0.25

<
0.001

0.11
<

0.001
67

25
0.0076

0.0033
0.545

0.0066
<

0.02
<

0.0002
0.0083

7.7
1.35

<
0.001

6.2
<

0.001
520

A
PW

06
06/30/2021

<
0.003

0.0078
0.23

<
0.001

0.085
<

0.001
63

32
0.0058

0.0033
0.481

0.0063
0.03

<
0.0002

0.0078
7.6

0.544
<

0.001
6.3

<
0.001

500

A
PW

06
07/15/2021

<
0.003

0.0067
0.23

<
0.001

0.083
<

0.001
55

27
<

0.004
<

0.002
0.442

0.0013
<

0.02
<

0.0002
0.0076

7.5
0.285

<
0.001

7.8
<

0.001
490

A
PW

07
12/15/2015

<
0.003

0.0039
0.35

<
0.001

0.073
<

0.001
74

69
<

0.004
<

0.002
0.467

<
0.001

<
0.01

<
0.0002

0.014
7.4

1.16
<

0.001
13

<
0.001

520

A
PW

07
01/21/2016

<
0.003

0.0065
0.4

<
0.001

0.052
<

0.001
74

79
<

0.004
<

0.002
0.38

0.0015
<

0.01
<

0.0002
0.0083

7.4
1.06

<
0.001

8.6
<

0.001
440

A
PW

07
05/03/2016

<
0.003

0.004
0.41

<
0.001

0.071
<

0.001
85

72
<

0.004
<

0.002
0.545

<
0.001

<
0.01

<
0.0002

0.0086
7.5

1.74
<

0.001
7.5

<
0.001

500

A
PW

07
08/01/2016

<
0.003

0.0049
0.45

<
0.001

0.07
<

0.001
86

77
<

0.004
<

0.002
0.462

<
0.001

<
0.01

<
0.0002

0.006
7.3

1.32
<

0.001
2.8

<
0.001

490

A
PW

07
10/26/2016

<
0.003

0.0058
0.5

<
0.001

0.096
<

0.001
76

79
<

0.004
<

0.002
0.425

<
0.001

<
0.01

<
0.0002

0.0054
7.2

2.02
<

0.001
<

1
<

0.001
590

A
PW

07
01/26/2017

<
0.003

0.0062
0.45

<
0.001

0.082
<

0.001
87

77
<

0.004
<

0.002
0.352

<
0.001

<
0.01

<
0.0002

0.0072
7.2

1.82
<

0.001
<

1
<

0.001
520

A
PW

07
04/24/2017

<
0.003

0.0077
0.45

<
0.001

0.069
<

0.001
87

77
0.0049

<
0.002

0.367
0.0022

<
0.01

<
0.0002

0.0029
7.3

1.26
<

0.001
<

1
<

0.001
600

A
PW

07
06/13/2017

<
0.003

0.0087
0.48

<
0.001

0.084
<

0.001
93

77
<

0.004
<

0.002
0.425

0.0046
<

0.01
<

0.0002
0.0039

7.2
1.69

<
0.001

<
1

<
0.001

560

A
PW

07
11/17/2017

--
--

--
--

0.097
--

72
73

--
--

0.508
--

--
--

--
7.2

--
--

3.8
--

530

A
PW

07
05/18/2018

--
--

--
--

0.082
--

97
75

--
--

0.435
--

--
--

--
7.1

--
--

4.9
--

500

A
PW

07
08/18/2018

--
--

--
--

--
--

100
77

--
--

--
--

--
--

--
7.1

--
--

3.2
--

--

A
PW

07
11/09/2018

--
--

--
--

0.08
--

92
71

--
--

0.343
--

--
--

--
7.0

--
--

4.5
--

500

A
PW

07
02/22/2019

--
--

--
--

0.06
--

45
43

--
--

0.734
--

--
--

--
7.2

--
--

66
--

340

A
PW

07
08/23/2019

--
--

--
--

0.075
--

58
46

--
--

0.632
--

--
--

--
7.1

--
--

62
--

350

A
PW

07
02/05/2020

--
--

--
--

0.092
--

100
68

--
--

0.332
--

--
--

--
7.4

--
--

5.7
--

640I 

R000754
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Location
S

am
ple 

D
ate

A
n

tim
on

y, 
 total 

(m
g

/L)

A
rsenic, 
 total 

(m
g

/L)

B
ariu

m
, 

 total 
(m

g
/L)

B
eryllium

, 
 total 

(m
g

/L)

B
oron

, 
 total 

(m
g

/L)

C
ad

m
ium

, 
 total 

(m
g

/L)

C
alcium

, 
 total 

(m
g

/L)

C
h

lorid
e, 

 total 
(m

g
/L)

C
h

rom
iu

m
, 

 total 
(m

g
/L)

C
ob

alt, 
 total 

(m
g

/L)

Flu
orid

e, 
 total 

(m
g

/L)

Lead
, 

 total 
(m

g
/L)

Lith
ium

, 
 total 

(m
g

/L)

M
ercu

ry, 
 total 

(m
g

/L)

M
olyb

den
u

m
, 

 total 
(m

g
/L)

p
H

 
(field

) 
(S

U
)

R
ad

ium
 2

2
6 

an
d

 2
2

8 
com

bin
ed 

(p
C

i/L)

S
eleniu

m
, 

 total 
(m

g
/L)

S
u

lfate, 
 total 

(m
g

/L)

Th
alliu

m
, 

 total 
(m

g
/L)

Total 
D

issolved
 

S
olids 

(m
g

/L)

35 I.A
.C

. 
845.600

Low
er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05

400
0.002

1200

A
PW

07
06/11/2020

--
--

--
--

--
--

--
68

--
--

--
--

--
--

--
7.3

--
--

--
--

--

A
PW

07
07/28/2020

--
--

--
--

0.086
--

94
77

--
--

0.412
--

--
--

--
7.3

--
--

6.7
--

530

A
PW

07
02/10/2021

--
--

--
--

0.11
--

110
69

--
--

0.372
--

--
--

--
7.0

--
--

6.3
--

540

A
PW

08
12/15/2015

<
0.003

0.0083
0.24

<
0.001

0.083
<

0.001
85

52
<

0.004
<

0.002
0.441

0.0016
0.013

<
0.0002

0.0075
7.4

1.95
<

0.001
35

<
0.001

560

A
PW

08
01/21/2016

<
0.003

0.016
0.3

<
0.001

0.06
<

0.001
85

59
0.0049

<
0.002

0.414
0.0023

0.012
<

0.0002
0.0055

7.5
2.27

<
0.001

34
<

0.001
510

A
PW

08
05/03/2016

<
0.003

0.012
0.32

<
0.001

0.083
<

0.001
100

55
0.0045

<
0.002

0.566
0.0021

<
0.01

<
0.0002

0.0063
7.4

1.88
0.0016

30
<

0.001
560

A
PW

08
08/02/2016

<
0.003

0.013
0.32

<
0.001

0.076
<

0.001
94

56
<

0.004
<

0.002
0.504

<
0.001

<
0.01

<
0.0002

0.0054
7.2

0.857
<

0.001
35

<
0.001

520

A
PW

08
10/26/2016

<
0.003

0.013
0.35

<
0.001

0.091
<

0.001
84

59
<

0.004
<

0.002
0.463

<
0.001

<
0.01

<
0.0002

0.0055
7.4

0.812
<

0.001
37

<
0.001

600

A
PW

08
01/25/2017

<
0.003

0.017
0.37

<
0.001

0.081
<

0.001
100

57
<

0.004
<

0.002
0.404

<
0.001

<
0.01

<
0.0002

0.0057
7.2

0.499
<

0.001
36

<
0.001

600

A
PW

08
04/25/2017

<
0.003

0.02
0.36

<
0.001

0.073
<

0.001
100

57
0.016

0.0056
0.418

0.0097
0.017

<
0.0002

0.0074
7.5

1.8
<

0.001
38

<
0.001

590

A
PW

08
06/13/2017

<
0.003

0.017
0.39

<
0.001

0.092
<

0.001
110

57
0.01

0.0043
0.449

0.0075
0.012

<
0.0002

0.0081
7.3

2.08
<

0.001
38

<
0.001

600

A
PW

08
11/17/2017

--
--

--
--

0.11
--

83
50

--
--

0.474
--

--
--

--
7.1

--
--

39
--

490

A
PW

08
05/18/2018

--
--

--
--

0.088
--

92
56

--
--

0.448
--

--
--

--
7.2

--
--

37
--

520

A
PW

08
08/18/2018

--
--

--
--

--
--

82
57

--
--

--
--

--
--

--
7.2

--
--

43
--

--

A
PW

08
11/09/2018

--
--

--
--

0.086
--

110
56

--
--

0.373
--

--
--

--
7.1

--
--

42
--

580

A
PW

08
02/22/2019

--
--

--
--

0.1
--

80
56

--
--

0.393
--

--
--

--
7.2

--
--

46
--

600

A
PW

08
08/23/2019

--
--

--
--

0.1
--

82
59

--
--

0.337
--

--
--

--
7.2

--
--

48
--

570

A
PW

08
02/05/2020

--
--

--
--

0.1
--

120
55

--
--

0.331
--

--
--

--
7.4

--
--

45
--

700

A
PW

08
06/11/2020

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
7.3

--
--

--
--

--

A
PW

08
07/28/2020

--
--

--
--

0.087
--

110
62

--
--

0.441
--

--
--

--
7.3

--
--

47
--

620

A
PW

08
10/28/2020

--
--

--
--

--
--

--
55

--
--

--
--

--
--

--
7.4

--
--

--
--

--

A
PW

08
02/10/2021

--
--

--
--

0.11
--

110
57

--
--

<
0.25

--
--

--
--

7.2
--

--
42

--
550I 

R000755
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Location
S

am
ple 

D
ate

A
n

tim
on

y, 
 total 

(m
g

/L)

A
rsenic, 
 total 

(m
g

/L)

B
ariu

m
, 

 total 
(m

g
/L)

B
eryllium

, 
 total 

(m
g

/L)

B
oron

, 
 total 

(m
g

/L)

C
ad

m
ium

, 
 total 

(m
g

/L)

C
alcium

, 
 total 

(m
g

/L)

C
h

lorid
e, 

 total 
(m

g
/L)

C
h

rom
iu

m
, 

 total 
(m

g
/L)

C
ob

alt, 
 total 

(m
g

/L)

Flu
orid

e, 
 total 

(m
g

/L)

Lead
, 

 total 
(m

g
/L)

Lith
ium

, 
 total 

(m
g

/L)

M
ercu

ry, 
 total 

(m
g

/L)

M
olyb

den
u

m
, 

 total 
(m

g
/L)

p
H

 
(field

) 
(S

U
)

R
ad

ium
 2

2
6 

an
d

 2
2

8 
com

bin
ed 

(p
C

i/L)

S
eleniu

m
, 

 total 
(m

g
/L)

S
u

lfate, 
 total 

(m
g

/L)

Th
alliu

m
, 

 total 
(m

g
/L)

Total 
D

issolved
 

S
olids 

(m
g

/L)

35 I.A
.C

. 
845.600

Low
er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05

400
0.002

1200

A
PW

09
12/15/2015

<
0.003

0.007
0.24

<
0.001

0.062
<

0.001
54

88
<

0.004
<

0.002
0.574

0.0011
<

0.01
<

0.0002
0.021

7.5
0.612

<
0.001

25
<

0.001
630

A
PW

09
01/20/2016

<
0.003

0.0067
0.24

<
0.001

0.074
<

0.001
57

95
<

0.004
<

0.002
0.468

0.0044
<

0.01
<

0.0002
0.023

7.6
0.743

<
0.001

27
<

0.001
540

A
PW

09
05/03/2016

<
0.003

0.008
0.32

<
0.001

0.07
<

0.001
70

110
<

0.004
<

0.002
0.746

0.0051
<

0.01
<

0.0002
0.021

7.6
1.54

<
0.001

18
<

0.001
590

A
PW

09
08/02/2016

<
0.003

0.014
0.41

<
0.001

0.073
<

0.001
74

130
<

0.004
<

0.002
0.532

<
0.001

<
0.01

<
0.0002

0.011
7.2

1.137
<

0.001
4.2

<
0.001

640

A
PW

09
10/26/2016

<
0.003

0.016
0.47

<
0.001

0.09
<

0.001
77

130
<

0.004
<

0.002
0.528

<
0.001

<
0.01

<
0.0002

0.01
7.6

1.18
<

0.001
1.5

<
0.001

770

A
PW

09
01/25/2017

<
0.003

0.018
0.44

<
0.001

0.081
<

0.001
79

130
<

0.004
<

0.002
0.468

<
0.001

<
0.01

<
0.0002

0.0075
7.5

1.78
<

0.001
<

1
<

0.001
740

A
PW

09
04/25/2017

<
0.003

0.017
0.38

<
0.001

0.078
<

0.001
67

120
<

0.004
<

0.002
0.515

<
0.001

<
0.01

0.00023
0.0053

7.5
1.07

<
0.001

1.1
<

0.001
840

A
PW

09
06/13/2017

<
0.003

0.0039
0.11

<
0.001

0.053
<

0.001
42

51
<

0.004
<

0.002
0.755

<
0.001

<
0.01

<
0.0002

0.016
7.5

0.984
<

0.001
48

<
0.001

300

A
PW

09
11/18/2017

--
--

--
--

0.08
--

68
84

--
--

0.655
--

--
--

--
7.4

--
--

4.5
--

720

A
PW

09
05/18/2018

--
--

--
--

0.098
--

80
120

--
--

0.467
--

--
--

--
7.4

--
--

1
--

710

A
PW

09
08/17/2018

--
--

--
--

--
--

81
130

--
--

--
--

--
--

--
7.5

--
--

2.4
--

--

A
PW

09
11/09/2018

--
--

--
--

0.055
--

44
44

--
--

0.73
--

--
--

--
7.4

--
--

62
--

300

A
PW

09
02/22/2019

--
--

--
--

0.054
--

38
47

--
--

0.714
--

--
--

--
7.5

--
--

61
--

320

A
PW

09
08/23/2019

--
--

--
--

0.055
--

41
51

--
--

0.621
--

--
--

--
7.4

--
--

51
--

360

A
PW

09
02/19/2020

--
--

--
--

0.1
--

88
130

--
--

0.453
--

--
--

--
7.5

--
--

7.5
--

790

A
PW

09
06/11/2020

--
--

--
--

--
--

--
130

--
--

--
--

--
--

--
7.4

--
--

--
--

870

A
PW

09
07/28/2020

--
--

--
--

0.1
--

84
140

--
--

0.537
--

--
--

--
7.4

--
--

3.2
--

810

A
PW

09
02/11/2021

--
--

--
--

0.11
--

85
140

--
--

0.536
--

--
--

--
7.4

--
--

<
10

--
840

A
PW

10
12/16/2015

<
0.003

0.0034
0.038

<
0.001

0.066
<

0.001
120

46
<

0.004
<

0.002
0.328

<
0.001

0.03
<

0.0002
0.0094

7.1
0.755

<
0.001

430
<

0.001
1000

A
PW

10
01/20/2016

<
0.003

0.0043
0.042

<
0.001

0.077
<

0.001
120

48
<

0.004
<

0.002
<

0.25
<

0.001
0.021

<
0.0002

0.011
7.2

1.16
<

0.001
410

<
0.001

950

A
PW

10
05/03/2016

<
0.003

0.0083
0.04

<
0.001

0.065
<

0.001
140

46
<

0.004
<

0.002
0.448

<
0.001

0.023
<

0.0002
0.01

7.1
0.799

<
0.001

410
<

0.001
930

A
PW

10
08/02/2016

<
0.003

0.0092
0.037

<
0.001

0.063
<

0.001
140

45
<

0.004
<

0.002
0.367

<
0.001

0.026
<

0.0002
0.0091

7.1
0.6

<
0.001

410
<

0.001
840I 

R000756
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O
IS

Location
S

am
ple 

D
ate

A
n

tim
on

y, 
 total 

(m
g

/L)

A
rsenic, 
 total 

(m
g

/L)

B
ariu

m
, 

 total 
(m

g
/L)

B
eryllium

, 
 total 

(m
g

/L)

B
oron

, 
 total 

(m
g

/L)

C
ad

m
ium

, 
 total 

(m
g

/L)

C
alcium

, 
 total 

(m
g

/L)

C
h

lorid
e, 

 total 
(m

g
/L)

C
h

rom
iu

m
, 

 total 
(m

g
/L)

C
ob

alt, 
 total 

(m
g

/L)

Flu
orid

e, 
 total 

(m
g

/L)

Lead
, 

 total 
(m

g
/L)

Lith
ium

, 
 total 

(m
g

/L)

M
ercu

ry, 
 total 

(m
g

/L)

M
olyb

den
u

m
, 

 total 
(m

g
/L)

p
H

 
(field

) 
(S

U
)

R
ad

ium
 2

2
6 

an
d

 2
2

8 
com

bin
ed 

(p
C

i/L)

S
eleniu

m
, 

 total 
(m

g
/L)

S
u

lfate, 
 total 

(m
g

/L)

Th
alliu

m
, 

 total 
(m

g
/L)

Total 
D

issolved
 

S
olids 

(m
g

/L)

35 I.A
.C

. 
845.600

Low
er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05

400
0.002

1200

A
PW

10
10/26/2016

<
0.003

0.009
0.04

<
0.001

0.069
<

0.001
120

48
<

0.004
<

0.002
0.371

<
0.001

0.027
<

0.0002
0.0093

7.1
0.556

<
0.001

470
<

0.001
960

A
PW

10
01/25/2017

<
0.003

0.01
0.035

<
0.001

0.065
<

0.001
160

46
<

0.004
<

0.002
0.258

<
0.001

0.023
<

0.0002
0.0085

7.1
0.43

<
0.001

430
<

0.001
1000

A
PW

10
04/25/2017

<
0.003

0.0084
0.031

<
0.001

0.056
<

0.001
120

44
<

0.004
<

0.002
0.289

<
0.001

0.026
<

0.0002
0.0071

7.0
0.604

<
0.001

410
<

0.001
1000

A
PW

10
06/13/2017

<
0.003

0.0035
0.027

<
0.001

0.077
<

0.001
110

46
<

0.004
<

0.002
0.344

<
0.001

0.026
<

0.0002
0.0091

6.9
0.897

<
0.001

410
<

0.001
920

A
PW

10
11/18/2017

--
--

--
--

0.072
--

120
47

--
--

0.414
--

--
--

--
6.9

--
--

390
--

910

A
PW

10
05/18/2018

--
--

--
--

0.08
--

130
51

--
--

0.335
--

--
--

--
7.2

--
--

440
--

900

A
PW

10
08/17/2018

--
--

--
--

--
--

130
51

--
--

--
--

--
--

--
6.9

--
--

420
--

--

A
PW

10
11/09/2018

--
--

--
--

0.078
--

140
47

--
--

0.281
--

--
--

--
7.0

--
--

410
--

900

A
PW

10
02/22/2019

--
--

--
--

0.079
--

110
50

--
--

0.276
--

--
--

--
6.9

--
--

420
--

990

A
PW

10
08/23/2019

--
--

--
--

0.096
--

130
50

--
--

0.359
--

--
--

--
7.0

--
--

390
--

1000

A
PW

10
02/05/2020

--
--

--
--

0.094
--

140
44

--
--

<
0.25

--
--

--
--

7.1
--

--
400

--
1200

A
PW

10
06/11/2020

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
7.2

--
--

--
--

1000

A
PW

10
07/28/2020

--
--

--
--

0.076
--

140
53

--
--

0.356
--

--
--

--
7.1

--
--

410
--

1000

A
PW

10
02/11/2021

--
--

--
--

0.082
--

150
45

--
--

0.362
--

--
--

--
7.4

--
--

410
--

1100

A
PW

10
06/17/2021

<
0.003

0.008
0.026

<
0.001

0.07
<

0.001
150

47
<

0.004
<

0.002
0.436

<
0.001

0.022
<

0.0002
0.0074

7.3
0.617

<
0.001

540
<

0.001
1100

A
PW

10
06/30/2021

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
7.5

--
--

--
--

1000

A
PW

10
07/29/2021

<
0.003

0.0058
0.026

<
0.001

0.075
<

0.001
150

45
<

0.004
<

0.002
0.462

<
0.001

0.022
<

0.0002
0.0071

7.5
0.794

<
0.001

410
<

0.001
1000

A
PW

11
02/18/2021

<
0.003

0.002
0.16

<
0.001

0.074
<

0.00089
96

47
<

0.004
<

0.002
0.497

<
0.001

0.021
0.00042

0.013
6.1

1.87
<

0.001
280

<
0.001

780

A
PW

11
03/09/2021

<
0.003

0.0046
0.077

<
0.001

0.075
<

0.001
120

26
0.0086

0.0029
<

0.25
0.0076

0.024
<

0.0002
0.0078

7.2
0.763

0.001
290

<
0.001

940

A
PW

11
03/29/2021

<
0.003

0.005
0.071

<
0.001

0.15
<

0.001
130

26
0.012

0.0048
<

0.25
0.014

0.028
<

0.0002
0.0059

6.6
2.13

0.0032
270

<
0.001

820

A
PW

11
04/28/2021

<
0.003

0.0021
0.048

<
0.001

0.066
<

0.001
120

26
<

0.004
<

0.002
<

0.25
<

0.001
0.021

<
0.0002

0.0046
7.1

0.477
<

0.001
280

<
0.001

920

A
PW

11
05/24/2021

<
0.003

0.0015
0.05

<
0.001

0.083
<

0.001
130

27
<

0.004
<

0.002
<

0.25
<

0.001
0.024

0.00082
0.005

7.4
0.563

<
0.001

300
0.0036

850I 

R000757
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O
IS

Location
S

am
ple 

D
ate

A
n

tim
on

y, 
 total 

(m
g

/L)

A
rsenic, 
 total 

(m
g

/L)

B
ariu

m
, 

 total 
(m

g
/L)

B
eryllium

, 
 total 

(m
g

/L)

B
oron

, 
 total 

(m
g

/L)

C
ad

m
ium

, 
 total 

(m
g

/L)

C
alcium

, 
 total 

(m
g

/L)

C
h

lorid
e, 

 total 
(m

g
/L)

C
h

rom
iu

m
, 

 total 
(m

g
/L)

C
ob

alt, 
 total 

(m
g

/L)

Flu
orid

e, 
 total 

(m
g

/L)

Lead
, 

 total 
(m

g
/L)

Lith
ium

, 
 total 

(m
g

/L)

M
ercu

ry, 
 total 

(m
g

/L)

M
olyb

den
u

m
, 

 total 
(m

g
/L)

p
H

 
(field

) 
(S

U
)

R
ad

ium
 2

2
6 

an
d

 2
2

8 
com

bin
ed 

(p
C

i/L)

S
eleniu

m
, 

 total 
(m

g
/L)

S
u

lfate, 
 total 

(m
g

/L)

Th
alliu

m
, 

 total 
(m

g
/L)

Total 
D

issolved
 

S
olids 

(m
g

/L)

35 I.A
.C

. 
845.600

Low
er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05

400
0.002

1200

A
PW

11
06/16/2021

<
0.003

0.002
0.047

<
0.001

0.078
<

0.001
130

26
<

0.004
<

0.002
0.375

<
0.001

0.024
<

0.0002
0.0048

7.2
2.05

<
0.001

290
<

0.001
850

A
PW

11
06/30/2021

<
0.003

0.0018
0.042

<
0.001

0.065
<

0.001
120

33
<

0.004
<

0.002
0.409

<
0.001

0.038
<

0.0002
0.0044

7.1
0.382

<
0.001

280
<

0.001
860

A
PW

11
07/15/2021

<
0.003

0.0023
0.042

<
0.001

0.062
<

0.001
120

31
<

0.004
<

0.002
<

0.25
<

0.001
0.03

<
0.0002

0.0043
7.2

0.474
<

0.001
140

<
0.001

810

A
PW

12
02/17/2021

<
0.003

0.0016
0.058

<
0.001

0.27
<

0.00089
230

27
<

0.004
0.0073

<
0.25

<
0.001

0.033
0.0019

0.0037
6.2

0.682
<

0.001
390

<
0.001

1300

A
PW

12
03/09/2021

<
0.003

0.0017
0.05

<
0.001

0.26
<

0.001
230

27
<

0.004
0.0073

<
0.25

<
0.001

0.028
<

0.0002
0.0025

6.5
0.367

<
0.001

480
<

0.001
1300

A
PW

12
03/29/2021

<
0.003

0.002
0.046

<
0.001

0.29
<

0.001
220

28
<

0.004
0.0065

<
0.25

<
0.001

0.029
<

0.0002
0.0019

6.0
0.166

<
0.001

440
<

0.001
1400

A
PW

12
04/28/2021

<
0.003

0.0016
0.038

<
0.001

0.21
<

0.001
210

23
<

0.004
0.005

<
0.25

<
0.001

0.026
<

0.0002
0.0012

6.4
0.234

<
0.001

390
<

0.001
1300

A
PW

12
05/25/2021

<
0.003

0.0023
0.038

<
0.001

0.29
<

0.001
220

23
<

0.004
0.0043

<
0.25

<
0.001

0.029
<

0.0002
0.0038

6.5
0.319

<
0.001

390
<

0.001
1300

A
PW

12
06/16/2021

<
0.003

0.0027
0.039

<
0.001

0.15
<

0.001
210

20
<

0.004
0.0034

<
0.25

<
0.001

0.026
<

0.0002
<

0.001
6.4

1.88
<

0.001
290

<
0.001

1100

A
PW

12
06/30/2021

<
0.003

0.0019
0.04

<
0.001

0.11
<

0.001
190

20
<

0.004
0.0032

<
0.25

<
0.001

0.046
<

0.0002
<

0.001
6.3

0.466
<

0.001
310

<
0.001

990

A
PW

12
07/15/2021

<
0.003

0.0017
0.033

<
0.001

0.28
<

0.001
210

26
<

0.004
0.0032

<
0.25

<
0.001

0.045
<

0.0002
<

0.001
6.5

0.667
<

0.001
440

<
0.001

1300

A
PW

13
02/22/2021

<
0.003

0.0043
0.055

<
0.001

0.12
<

0.001
110

57
<

0.004
<

0.002
0.503

<
0.001

0.042
<

0.0002
0.016

7.1
0.429

<
0.001

220
<

0.001
760

A
PW

13
03/10/2021

<
0.003

0.0046
0.054

<
0.001

0.11
<

0.001
120

71
<

0.004
<

0.002
0.326

<
0.001

0.044
<

0.0002
0.017

7.2
0.17

<
0.001

210
<

0.001
850

A
PW

13
03/31/2021

<
0.003

0.0047
0.057

<
0.001

0.12
<

0.001
110

46
<

0.004
<

0.002
0.43

<
0.001

0.041
<

0.0002
0.011

6.4
1.05

<
0.001

210
<

0.001
880

A
PW

13
04/29/2021

<
0.003

0.0046
0.05

<
0.001

0.11
<

0.001
110

48
<

0.004
<

0.002
0.327

<
0.001

0.032
<

0.0002
0.011

7.2
1.44

<
0.001

210
<

0.001
840

A
PW

13
05/25/2021

<
0.003

0.0031
0.051

<
0.001

0.12
<

0.001
120

64
<

0.004
<

0.002
0.402

<
0.001

0.03
<

0.0002
0.0096

7.3
0.966

<
0.001

220
<

0.001
880

A
PW

13
06/17/2021

<
0.003

0.0037
0.051

<
0.001

0.1
<

0.001
130

53
<

0.004
<

0.002
0.487

<
0.001

0.027
<

0.0002
0.0089

7.2
0.281

<
0.001

220
<

0.001
830

A
PW

13
06/30/2021

<
0.003

0.0039
0.051

<
0.001

0.11
<

0.001
120

45
<

0.004
<

0.002
0.447

<
0.001

0.054
<

0.0002
0.0088

7.3
0.546

<
0.001

230
<

0.001
790

A
PW

13
07/15/2021

<
0.003

0.006
0.05

<
0.001

0.15
<

0.001
110

55
<

0.004
<

0.002
<

0.25
<

0.001
0.036

<
0.0002

0.0082
7.3

0.328
<

0.001
210

<
0.001

820

A
PW

14
02/22/2021

<
0.003

0.0074
0.14

<
0.001

0.11
<

0.001
120

55
0.0057

0.0023
0.489

0.0032
0.051

<
0.0002

0.014
7.5

0.752
<

0.001
320

<
0.001

830

A
PW

14
03/10/2021

<
0.003

0.0095
0.099

<
0.001

0.097
<

0.001
130

65
<

0.004
<

0.002
0.313

0.002
0.044

<
0.0002

0.0083
7.4

0.356
<

0.001
340

<
0.001

970

A
PW

14
03/31/2021

<
0.003

0.0098
0.092

<
0.001

0.11
<

0.001
130

46
<

0.004
<

0.002
0.363

<
0.001

0.034
<

0.0002
0.0068

6.5
0.594

<
0.001

330
<

0.001
1000I 

R000758
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N
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O
IS

Location
S

am
ple 

D
ate

A
n

tim
on

y, 
 total 

(m
g

/L)

A
rsenic, 
 total 

(m
g

/L)

B
ariu

m
, 

 total 
(m

g
/L)

B
eryllium

, 
 total 

(m
g

/L)

B
oron

, 
 total 

(m
g

/L)

C
ad

m
ium

, 
 total 

(m
g

/L)

C
alcium

, 
 total 

(m
g

/L)

C
h

lorid
e, 

 total 
(m

g
/L)

C
h

rom
iu

m
, 

 total 
(m

g
/L)

C
ob

alt, 
 total 

(m
g

/L)

Flu
orid

e, 
 total 

(m
g

/L)

Lead
, 

 total 
(m

g
/L)

Lith
ium

, 
 total 

(m
g

/L)

M
ercu

ry, 
 total 

(m
g

/L)

M
olyb

den
u

m
, 

 total 
(m

g
/L)

p
H

 
(field

) 
(S

U
)

R
ad

ium
 2

2
6 

an
d

 2
2

8 
com

bin
ed 

(p
C

i/L)

S
eleniu

m
, 

 total 
(m

g
/L)

S
u

lfate, 
 total 

(m
g

/L)

Th
alliu

m
, 

 total 
(m

g
/L)

Total 
D

issolved
 

S
olids 

(m
g

/L)

35 I.A
.C

. 
845.600

Low
er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05

400
0.002

1200

A
PW

14
04/28/2021

<
0.003

0.0053
0.1

<
0.001

0.093
<

0.001
130

44
<

0.004
<

0.002
<

0.25
<

0.001
0.03

<
0.0002

0.0081
7.4

0.342
<

0.001
320

<
0.001

1000

A
PW

14
05/25/2021

<
0.003

0.0047
0.098

<
0.001

0.11
<

0.001
130

43
<

0.004
<

0.002
0.358

<
0.001

0.029
<

0.0002
0.0063

7.5
0.658

<
0.001

320
<

0.001
920

A
PW

14
06/17/2021

<
0.003

0.0054
0.086

<
0.001

0.089
<

0.001
140

45
<

0.004
<

0.002
0.436

<
0.001

0.024
<

0.0002
0.0053

7.4
1.26

<
0.001

310
<

0.001
940

A
PW

14
06/30/2021

<
0.003

0.0061
0.082

<
0.001

0.097
<

0.001
150

49
<

0.004
<

0.002
0.371

<
0.001

0.047
<

0.0002
0.0053

7.5
1.05

<
0.001

330
<

0.001
860

A
PW

14
07/15/2021

<
0.003

0.0055
0.07

<
0.001

0.12
<

0.001
130

53
<

0.004
<

0.002
<

0.25
<

0.001
0.032

<
0.0002

0.0046
7.4

0.695
<

0.001
330

<
0.001

970

A
PW

15
02/23/2021

<
0.003

0.02
0.56

<
0.001

0.14
<

0.001
93

260
<

0.004
<

0.002
0.544

0.0011
<

0.02
<

0.0002
0.0089

7.0
1.43

<
0.001

<
1

<
0.001

1100

A
PW

15
03/10/2021

<
0.003

0.022
0.61

<
0.001

0.13
<

0.001
100

250
<

0.004
<

0.002
1.65

0.0012
<

0.02
<

0.0002
0.016

7.2
2.88

<
0.001

<
1

<
0.001

1100

A
PW

15
03/31/2021

<
0.003

0.016
0.63

<
0.001

0.16
<

0.001
100

240
0.005

0.0021
1.44

0.003
<

0.02
<

0.0002
0.013

6.5
1.76

<
0.001

<
1

<
0.001

1100

A
PW

15
04/28/2021

<
0.003

0.021
0.6

<
0.001

0.13
<

0.001
96

230
<

0.004
<

0.002
1.81

<
0.001

<
0.02

<
0.0002

0.015
7.2

1.17
<

0.001
<

1
<

0.001
1200

A
PW

15
05/24/2021

<
0.003

0.017
0.57

<
0.001

0.15
<

0.001
98

230
<

0.004
<

0.002
1.68

<
0.001

<
0.02

<
0.0002

0.012
7.3

1.87
<

0.001
<

1
<

0.001
1000

A
PW

15
06/17/2021

<
0.003

0.017
0.6

<
0.001

0.13
<

0.001
95

240
<

0.004
<

0.002
3.18

<
0.001

0.022
<

0.0002
0.012

7.3
2.54

<
0.001

<
1

<
0.001

1000

A
PW

15
06/30/2021

<
0.003

0.017
0.6

<
0.001

0.13
<

0.001
98

230
<

0.004
<

0.002
2.89

<
0.001

0.022
<

0.0002
0.0098

7.1
2.46

<
0.001

<
1

<
0.001

1000

A
PW

15
07/14/2021

<
0.003

0.016
0.6

<
0.001

0.16
<

0.001
96

130
<

0.004
<

0.002
8.16

<
0.001

<
0.02

<
0.0002

0.0094
7.2

2.23
<

0.001
<

1
<

0.001
1200

A
PW

16
02/23/2021

<
0.003

0.014
0.62

<
0.001

0.14
<

0.001
92

71
<

0.004
<

0.002
0.629

<
0.001

<
0.02

<
0.0002

0.0036
7.4

2.08
<

0.001
1.9

<
0.001

780

A
PW

16
03/10/2021

<
0.003

0.015
0.66

<
0.001

0.15
<

0.001
99

71
<

0.004
<

0.002
0.755

<
0.001

<
0.02

<
0.0002

0.0044
7.5

2.17
<

0.001
<

1
<

0.001
750

A
PW

16
03/30/2021

<
0.003

0.013
0.66

<
0.001

0.17
<

0.001
97

71
<

0.004
<

0.002
0.886

<
0.001

<
0.02

<
0.0002

0.0033
7.0

0.946
<

0.001
<

1
<

0.001
740

A
PW

16
04/28/2021

<
0.003

0.0083
0.62

<
0.001

0.12
<

0.001
96

75
<

0.004
<

0.002
0.742

<
0.001

<
0.02

<
0.0002

0.0015
7.4

1.55
<

0.001
<

1
<

0.001
750

A
PW

16
05/24/2021

<
0.003

0.0074
0.61

<
0.001

0.15
<

0.001
100

74
<

0.004
<

0.002
0.639

<
0.001

<
0.02

<
0.0002

0.0012
7.6

1.19
<

0.001
<

1
<

0.001
810

A
PW

16
06/16/2021

<
0.003

0.0077
0.57

<
0.001

0.14
<

0.001
100

73
<

0.004
<

0.002
0.735

<
0.001

<
0.02

<
0.0002

<
0.001

7.4
2.05

<
0.001

<
1

<
0.001

720

A
PW

16
06/30/2021

<
0.003

0.0083
0.55

<
0.001

0.13
<

0.001
96

59
<

0.004
<

0.002
0.766

<
0.001

<
0.02

<
0.0002

<
0.001

7.0
5.85

<
0.001

<
1

<
0.001

610

A
PW

16
07/15/2021

<
0.003

0.0088
0.56

<
0.001

0.13
<

0.001
95

77
<

0.004
<

0.002
0.55

<
0.001

<
0.02

<
0.0002

<
0.001

7.4
2.91

<
0.001

<
1

<
0.001

690

A
PW

17
02/23/2021

<
0.003

0.0033
0.54

<
0.001

0.091
<

0.001
100

64
<

0.004
<

0.002
0.944

<
0.001

<
0.02

<
0.0002

0.0085
7.4

0.821
<

0.001
34

<
0.001

680I 

R000759
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35 I.A
.C

. 
845.600

Low
er

0
0

0
0

0
0

--
0

0
0

0
0

0
0

0
6.5

0
0

0
0

0

U
pper

0.006
0.010

2.0
0.004

2
0.005

--
200

0.1
0.006

4.0
0.0075

0.04
0.002

0.1
9.0

5
0.05

400
0.002

1200

A
PW

17
03/10/2021

<
0.003

0.0026
0.57

<
0.001

0.083
<

0.001
110

60
<

0.004
<

0.002
0.677

<
0.001

<
0.02

<
0.0002

0.0066
7.7

0.849
<

0.001
30

<
0.001

650

A
PW

17
03/30/2021

<
0.003

0.0014
0.63

<
0.001

0.086
<

0.001
110

57
<

0.004
<

0.002
0.374

<
0.001

<
0.02

<
0.0002

0.0052
7.1

0.259
<

0.001
31

<
0.001

620

A
PW

17
04/29/2021

<
0.003

0.003
0.6

<
0.001

0.088
<

0.001
120

55
<

0.004
<

0.002
0.468

<
0.001

<
0.02

<
0.0002

0.0055
7.4

1.51
<

0.001
36

<
0.001

630

A
PW

17
05/24/2021

<
0.003

0.0035
0.59

<
0.001

0.087
<

0.001
110

88
<

0.004
<

0.002
0.474

<
0.001

<
0.02

<
0.0002

0.005
7.4

1.36
<

0.001
40

<
0.001

670

A
PW

17
06/16/2021

<
0.003

0.0058
0.62

<
0.001

0.088
<

0.001
120

54
<

0.004
<

0.002
0.593

<
0.001

<
0.02

<
0.0002

0.0048
7.4

3.11
<

0.001
40

<
0.001

640

A
PW

17
06/30/2021

<
0.003

0.0074
0.61

<
0.001

0.084
<

0.001
110

49
<

0.004
<

0.002
0.548

<
0.001

<
0.02

<
0.0002

0.0048
7.4

2.6
<

0.001
41

<
0.001

630

A
PW

17
07/15/2021

<
0.003

0.0083
0.61

<
0.001

0.091
<

0.001
110

31
<

0.004
<

0.002
0.412

<
0.001

<
0.02

<
0.0002

0.0049
7.4

1.55
<

0.001
<

25
<

0.001
650

A
PW

18
02/23/2021

<
0.003

0.0043
0.18

<
0.001

0.12
<

0.001
49

79
0.0085

0.0034
1.43

0.0079
<

0.02
<

0.0002
0.033

7.9
2.72

<
0.001

26
<

0.001
560

A
PW

18
03/10/2021

<
0.003

0.0032
0.36

<
0.001

0.11
<

0.001
62

42
0.0066

0.0024
6.38

0.0048
<

0.02
<

0.0002
0.015

7.8
1.88

<
0.001

12
<

0.001
610

A
PW

18
03/30/2021

<
0.003

0.0025
0.34

<
0.001

0.15
<

0.001
60

35
<

0.004
<

0.002
7.02

0.0023
<

0.02
<

0.0002
0.012

7.3
0.912

<
0.001

9.4
0.0016

580

A
PW

18
04/29/2021

<
0.003

0.0019
0.34

<
0.001

0.14
<

0.001
60

40
<

0.004
<

0.002
0.617

0.0018
<

0.02
<

0.0002
0.016

7.6
2.4

<
0.001

<
1

<
0.001

490

A
PW

18
05/24/2021

<
0.003

0.0014
0.35

<
0.001

0.11
<

0.001
59

35
<

0.004
<

0.002
0.597

<
0.001

<
0.02

<
0.0002

0.0095
7.6

1.91
<

0.001
<

1
<

0.001
650

A
PW

18
06/16/2021

0.0035
0.0043

0.36
0.0033

0.19
0.0034

64
29

0.0042
0.0036

6.67
0.0035

<
0.02

0.00047
0.0096

7.6
2.12

0.0038
4.8

0.0022
550

A
PW

18
06/30/2021

<
0.003

<
0.001

0.36
<

0.001
0.11

<
0.001

60
28

<
0.004

<
0.002

3.23
<

0.001
<

0.02
<

0.0002
0.0048

7.6
1.73

<
0.001

2.2
<

0.001
450

A
PW

18
07/15/2021

<
0.003

0.0015
0.33

<
0.001

0.12
<

0.001
64

31
<

0.004
<

0.002
4.67

<
0.001

<
0.02

<
0.0002

0.0051
7.6

2.2
<

0.001
1.9

<
0.001

520

N
o

tes:
D

etected at concentration greater than the G
W

PS
-- =

 data not available
G

W
PS =

 G
roundw

ater Protection S
tandard

m
g/L =
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illigram

s per liter
pC

i/L =
 picocuries per liter

S
U

 =
 standard units

<
 =

 concentration is less than the concentration show
n, w

hich corresponds to the reporting lim
it for the m

ethod. Estim
ated concentrations below

 the reporting lim
it and associated qualifiers are not provided since they are not utilized in 

statistics to determ
ine exceedances above Part 845 standards.
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TABLE 4-2. GROUNDWATER FIELD PARAMETERS
HYDROGEOLOGIC SITE CHARACTERIZATION REPORT
NEWTON POWER PLANT
PRIMARY ASH POND
NEWTON, ILLINOIS

Sample 
Location

Sample 
Date

Dissolved Oxygen 
(mg/L)

Oxidation Reduction 
Potential (mV)

pH (field) 
(SU)

Specific Conductance 
(micromhos/cm)

Temperature (deg. 
C)

Turbidity 
(NTU)

APW02 01/13/2015 -- -- 6.9 6190 -- --

APW02 04/21/2015 -- -- 6.9 5320 -- --

APW02 07/15/2015 -- -- 7.0 1653 -- --

APW02 10/07/2015 -- -- 6.7 4290 -- --

APW02 02/17/2021 6.88 90.3 6.6 5409 5.9 22.1

APW02 03/10/2021 2.11 62.6 7.0 4714 12.4 57.5

APW02 03/30/2021 1.91 82 6.6 3158 13.6 20800

APW02 04/29/2021 1.10 164 6.7 5417 17.8 13.9

APW02 05/25/2021 1.10 116 6.7 5536 29.6 57

APW02 06/16/2021 0.57 52.9 6.6 5574 30.0 62.9

APW02 06/30/2021 0.86 82.3 6.6 5523 22.8 19

APW02 07/15/2021 0.51 57.6 6.5 5543 29.6 8.04

APW03 01/13/2015 -- -- 7.4 1132 -- --

APW03 04/20/2015 -- -- 7.0 988 -- --

APW03 07/15/2015 -- -- 6.9 1212 -- --

APW03 10/07/2015 -- -- 7.3 1047 -- --

APW03 02/18/2021 6.74 225 6.7 1132 7.9 140

APW03 03/10/2021 2.67 30.7 7.2 1041 12.6 55.8

APW03 03/31/2021 1.17 28.9 6.3 949.5 10.1 51.8

APW03 04/29/2021 0.92 114 7.0 1104 19.6 8.47

APW03 05/25/2021 1.10 132 7.0 1132 29.6 15.8

APW03 06/17/2021 0.81 166 7.0 1114 22.8 26.5

APW03 06/30/2021 0.85 37.8 7.0 1115 25.4 7.56

APW03 07/15/2021 0.78 -28.6 6.9 1121 35.0 124

APW04 01/13/2015 -- -- 7.2 2980 -- --

APW04 04/20/2015 -- -- 7.0 2880 -- --

APW04 07/15/2015 -- -- 7.0 1431 -- --

APW04 10/07/2015 -- -- 7.0 2510 -- --

APW04 02/18/2021 1.81 217 6.5 2396 6.9 293

APW04 03/11/2021 0.44 224 6.9 2387 10.6 62.9

APW04 03/31/2021 0.35 55 6.1 2005 10.8 63.4

APW04 04/29/2021 0.43 140 6.9 2297 19.0 8.29

APW04 05/25/2021 0.42 166 6.9 2313 22.7 56.7

APW04 06/17/2021 0.53 169 6.8 2330 27.0 31.4

APW04 06/30/2021 1.10 141 6.8 2339 26.4 25.9

APW04 07/15/2021 0.74 78.1 6.8 2333 33.9 227

APW05 12/15/2015 0 -57 7.5 1040 13.4 14.4

APW05 01/20/2016 0 -51 7.5 1030 12.6 44.6

APW05 04/27/2016 0 27 7.7 1120 14.3 15

APW05 08/01/2016 0 -64 7.5 1100 18.0 2.5

APW05 10/25/2016 0 -83 7.6 1070 16.8 0

APW05 01/23/2017 0 -143 7.4 1050 13.6 0

APW05 04/24/2017 0 -101 7.0 1060 17.3 0

APW05 06/13/2017 0 -88 7.1 1050 17.5 35.5

IJd+)=i UWI 
R000761
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TABLE 4-2. GROUNDWATER FIELD PARAMETERS
HYDROGEOLOGIC SITE CHARACTERIZATION REPORT
NEWTON POWER PLANT
PRIMARY ASH POND
NEWTON, ILLINOIS

Sample 
Location

Sample 
Date

Dissolved Oxygen 
(mg/L)

Oxidation Reduction 
Potential (mV)

pH (field) 
(SU)

Specific Conductance 
(micromhos/cm)

Temperature (deg. 
C)

Turbidity 
(NTU)

APW05 11/17/2017 0 -60 6.9 1080 12.7 24.2

APW05 05/18/2018 0 -61 7.1 1140 15.6 22.6

APW05 08/17/2018 0 -69 7.0 1025 15.2 22

APW05 11/09/2018 0 -56 7.0 1100 14.7 27.1

APW05 02/22/2019 0 -60 6.9 1071 11.4 34.6

APW05 08/22/2019 0 -60 7.0 1021 17.3 67.3

APW05 02/04/2020 0.83 -119 7.5 971.9 11.3 2.97

APW05 06/11/2020 1.20 -124 7.4 856 15.0 4.5

APW05 07/28/2020 1.20 -146 7.7 924.7 19.0 3.57

APW05 02/09/2021 0.19 -129 7.6 996 11.2 39.9

APW05 02/17/2021 1.33 192 7.2 1086 7.6 0

APW05 03/10/2021 0.15 -129 7.7 975.9 13.6 16.5

APW05 03/30/2021 0.69 -71.9 7.2 980.3 13.6 1.08

APW05 04/28/2021 0.60 -65 7.5 867 15.9 6.7

APW05 05/25/2021 0.95 61.8 7.5 976 17.9 1.89

APW05 06/17/2021 0.34 -150 7.7 946 18.8 0.81

APW05 06/30/2021 0.29 -160 7.5 977 19.0 1.02

APW05 07/15/2021 0.25 -140 7.8 995 16.7 3.96

APW05S 02/17/2021 0.69 202 6.6 4672 6.5 0

APW05S 03/10/2021 0.24 16.3 7.0 4186 12.5 0

APW05S 04/29/2021 0.45 4.7 6.8 4339 18.0 14.2

APW05S 05/25/2021 0.93 -37 6.9 4306 30.3 40.2

APW05S 06/17/2021 0.73 -8.8 6.8 3977 28.6 20.5

APW05S 06/30/2021 0.81 2.8 6.7 3967 27.6 32.6

APW05S 07/15/2021 0.73 -35.6 6.8 3933 32.6 9.27

APW06 12/15/2015 0 -5 7.5 915 13.2 1000

APW06 01/20/2016 0 58 7.4 990 11.9 77.4

APW06 04/27/2016 0 -61 6.5 896 14.4 0.3

APW06 08/01/2016 0 -80 7.4 1010 17.1 0

APW06 10/25/2016 0 -73 7.5 971 15.3 0

APW06 01/23/2017 0 -109 6.9 938 13.2 0

APW06 04/24/2017 0 -94 7.2 961 17.6 0

APW06 06/13/2017 0 -83 7.1 914 16.5 19.8

APW06 11/17/2017 0 -79 7.2 860 12.1 17.2

APW06 05/18/2018 0 -67 7.3 902 14.4 12.3

APW06 08/17/2018 0 -73 7.3 910 15.0 22.7

APW06 11/09/2018 0 -82 7.2 938 15.7 28.3

APW06 02/22/2019 0 -71 7.3 942 11.9 34.7

APW06 08/23/2019 0 -58 7.3 873 17.5 14.9

APW06 02/04/2020 2.20 -125 7.5 889.5 11.2 3.04

APW06 06/11/2020 1.30 -125 7.4 807 15.2 24.6

APW06 07/28/2020 0.66 -164 7.8 880.8 18.3 5.59

APW06 02/09/2021 1.40 -110 7.6 859.8 9.0 0.91

APW06 02/17/2021 0.19 -41 6.4 937.9 4.6 0

IJd+)=i UWI 
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TABLE 4-2. GROUNDWATER FIELD PARAMETERS
HYDROGEOLOGIC SITE CHARACTERIZATION REPORT
NEWTON POWER PLANT
PRIMARY ASH POND
NEWTON, ILLINOIS

Sample 
Location

Sample 
Date

Dissolved Oxygen 
(mg/L)

Oxidation Reduction 
Potential (mV)

pH (field) 
(SU)

Specific Conductance 
(micromhos/cm)

Temperature (deg. 
C)

Turbidity 
(NTU)

APW06 03/10/2021 0.23 -131 7.7 779.1 14.4 25.7

APW06 03/30/2021 0.31 -69.7 7.1 893.1 15.5 0

APW06 04/29/2021 0.36 -130 7.7 925 15.8 111

APW06 05/25/2021 0.29 -138 7.7 939 24.4 225

APW06 06/16/2021 0.47 -127 7.7 928 22.8 315

APW06 06/30/2021 0.78 -120 7.6 925 23.8 276

APW06 07/15/2021 0.75 -148 7.5 926 27.7 41.9

APW07 12/15/2015 1.71 -40 7.4 1060 12.0 55.1

APW07 01/21/2016 0 -110 7.4 1130 10.5 185

APW07 05/03/2016 0 -94 7.5 1210 13.5 179

APW07 08/01/2016 0 -114 7.3 1130 19.4 26

APW07 10/26/2016 0 -69 7.2 1110 17.9 5.7

APW07 01/26/2017 0 -136 7.2 1110 11.0 0

APW07 04/24/2017 0 -112 7.3 1130 17.2 0

APW07 06/13/2017 0 -94 7.2 1060 17.1 39.5

APW07 11/17/2017 0 -71 7.2 1120 12.5 47

APW07 05/18/2018 0 -88 7.1 1090 15.4 47.9

APW07 08/18/2018 0 -88 7.1 1000 15.0 41.1

APW07 11/09/2018 0 -92 7.0 993 13.9 33

APW07 02/22/2019 0 -92 7.2 1012 11.6 34

APW07 08/23/2019 0 -74 7.1 879 17.0 27.4

APW07 02/05/2020 0.39 -137 7.4 247.7 10.3 77.6

APW07 06/11/2020 0.16 -164 7.3 1112 15.1 51

APW07 07/28/2020 1.40 -104 7.3 1083 18.8 3.3

APW07 02/10/2021 2.30 -10.5 7.0 806.2 9.4 72.6

APW08 12/15/2015 0 38 7.4 1140 12.7 105

APW08 01/21/2016 0 -93 7.5 1150 11.0 83.3

APW08 05/03/2016 0 -93 7.4 1055 13.3 168

APW08 08/02/2016 0 -87 7.2 1160 17.9 5

APW08 10/26/2016 0 -76 7.4 1180 17.2 2.1

APW08 01/25/2017 0 -121 7.2 1140 14.2 0

APW08 04/25/2017 0 -103 7.5 1160 17.0 1000

APW08 06/13/2017 0 -108 7.3 1090 17.4 1000

APW08 11/17/2017 0 -102 7.1 1020 12.5 1000

APW08 05/18/2018 0 -96 7.2 940 16.2 890

APW08 08/18/2018 0 -101 7.2 993 15.0 100

APW08 11/09/2018 0 -109 7.1 857 13.8 1000

APW08 02/22/2019 0 -99 7.2 955 11.8 1000

APW08 08/23/2019 0 -98 7.2 1004 17.1 1000

APW08 02/05/2020 1.10 -130 7.4 1150 11.5 114

APW08 06/11/2020 0.54 -127 7.3 1163 15.1 30

APW08 07/28/2020 1.30 -101 7.3 1138 16.8 9.2

APW08 10/28/2020 1.00 -94.2 7.4 1148 14.2 17.9

APW08 02/10/2021 1.70 -103 7.2 1045 10.3 104

IJd+)=i UWI 
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TABLE 4-2. GROUNDWATER FIELD PARAMETERS
HYDROGEOLOGIC SITE CHARACTERIZATION REPORT
NEWTON POWER PLANT
PRIMARY ASH POND
NEWTON, ILLINOIS

Sample 
Location

Sample 
Date

Dissolved Oxygen 
(mg/L)

Oxidation Reduction 
Potential (mV)

pH (field) 
(SU)

Specific Conductance 
(micromhos/cm)

Temperature (deg. 
C)

Turbidity 
(NTU)

APW09 12/15/2015 0 11 7.5 1150 13.0 11.7

APW09 01/20/2016 0 72 7.6 1040 11.3 49.6

APW09 05/03/2016 0 56 7.6 988 13.9 67.7

APW09 08/02/2016 0 -106 7.2 1460 17.2 0

APW09 10/26/2016 0 -77 7.6 1450 15.9 0

APW09 01/25/2017 0 -140 7.5 1470 14.8 0

APW09 04/25/2017 0 -74 7.5 1420 18.4 0

APW09 06/13/2017 0 -67 7.5 1390 17.1 27.4

APW09 11/18/2017 0 -78 7.4 1420 13.0 34.1

APW09 05/18/2018 0 -71 7.4 1490 15.2 35.1

APW09 08/17/2018 0 -69 7.5 1265 15.0 40

APW09 11/09/2018 0 -72 7.4 1240 16.7 48.5

APW09 02/22/2019 0 -65 7.5 1285 11.7 50.3

APW09 08/23/2019 0 -60 7.4 1180 16.6 29

APW09 02/19/2020 0.86 -151 7.5 1456 13.5 10.1

APW09 06/11/2020 0.60 -152 7.4 1516 15.7 389

APW09 07/28/2020 0.47 -136 7.4 1467 18.9 19.9

APW09 02/11/2021 2.00 -28.1 7.4 1208 9.4 31.8

APW10 12/16/2015 1.93 -29 7.1 1610 13.3 1000

APW10 01/20/2016 0 -21 7.2 1430 12.5 1000

APW10 05/03/2016 0 -19 7.1 1326 13.4 33.3

APW10 08/02/2016 0 -18 7.1 1640 17.4 0

APW10 10/26/2016 0 38 7.1 1600 14.5 0

APW10 01/25/2017 0 -73 7.1 1570 13.6 0

APW10 04/25/2017 0 0 7.0 1610 15.6 0

APW10 06/13/2017 0 12 6.9 1620 15.8 36.5

APW10 11/18/2017 0 34 6.9 1480 12.4 43

APW10 05/18/2018 0 29 7.2 1600 14.7 48.5

APW10 08/17/2018 0 57 6.9 1468 15.1 41.2

APW10 11/09/2018 0 78 7.0 1340 14.9 46.8

APW10 02/22/2019 0 61 6.9 1510 11.9 41.1

APW10 08/23/2019 0 69 7.0 1520 17.2 30.7

APW10 02/05/2020 0.50 14.7 7.1 356 10.6 4.57

APW10 06/11/2020 1.10 -207 7.2 1563 16.1 1.4

APW10 07/28/2020 0.21 -153 7.1 1546 20.8 1.6

APW10 02/11/2021 3.00 46.7 7.4 1594 5.9 168

APW10 06/17/2021 1.70 79.6 7.3 1501 20.4 2.24

APW10 06/30/2021 1.50 140 7.5 1531 16.2 5.8

APW10 07/29/2021 2.80 132 7.5 4100 19.1 0

APW11 02/18/2021 0.14 125 6.1 1285 9.8 0

APW11 03/09/2021 0.37 -56.2 7.2 1460 15.0 174

APW11 03/29/2021 0.23 2.6 6.6 1130 14.4 1760

APW11 04/28/2021 2.00 -51.6 7.1 1297 16.7 96.4

APW11 05/24/2021 3.10 -82.4 7.4 1337 16.5 11.3

IJd+)=i UWI 
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TABLE 4-2. GROUNDWATER FIELD PARAMETERS
HYDROGEOLOGIC SITE CHARACTERIZATION REPORT
NEWTON POWER PLANT
PRIMARY ASH POND
NEWTON, ILLINOIS

Sample 
Location

Sample 
Date

Dissolved Oxygen 
(mg/L)

Oxidation Reduction 
Potential (mV)

pH (field) 
(SU)

Specific Conductance 
(micromhos/cm)

Temperature (deg. 
C)

Turbidity 
(NTU)

APW11 06/16/2021 2.60 -41.2 7.2 1320 19.9 14.8

APW11 06/30/2021 3.10 -37.2 7.1 381.5 17.4 3.65

APW11 07/15/2021 4.10 -24.4 7.2 1318 16.9 5.12

APW12 02/17/2021 0.16 27.2 6.2 1917 10.2 0

APW12 03/09/2021 0.15 45.5 6.5 2115 13.6 6.38

APW12 03/29/2021 0.20 117 6.0 1752 13.4 12.2

APW12 04/28/2021 0.92 11.2 6.4 1537 15.5 22.6

APW12 05/25/2021 0.84 49.5 6.5 1571 17.6 44.5

APW12 06/16/2021 2.40 9.9 6.4 268.4 22.4 10.7

APW12 06/30/2021 1.10 115 6.3 1546 17.6 3.59

APW12 07/15/2021 0.40 22.8 6.5 1870 17.1 3.16

APW13 02/22/2021 0.25 -102 7.1 1544 13.4 25.7

APW13 03/10/2021 0.31 -80.2 7.2 1336 13.8 28.7

APW13 03/31/2021 1.13 -9.4 6.4 1392 12.7 28.8

APW13 04/29/2021 1.40 -96.2 7.2 1399 15.9 8.6

APW13 05/25/2021 3.50 -95.6 7.3 1390 19.1 12.4

APW13 06/17/2021 1.90 -75.3 7.2 1399 18.9 1.69

APW13 06/30/2021 2.10 -78.8 7.3 1393 18.2 0

APW13 07/15/2021 1.50 -90 7.3 1237 16.9 3.97

APW14 02/22/2021 0.95 -113 7.5 1646 12.8 173

APW14 03/10/2021 0.29 -104 7.4 1251 13.7 57.1

APW14 03/31/2021 0.16 -46.7 6.5 1236 13.5 40.4

APW14 04/28/2021 0.99 -120 7.4 1504 17.0 51.6

APW14 05/25/2021 2.00 -145 7.5 1300 20.1 24.9

APW14 06/17/2021 2.60 -97.8 7.4 1313 17.3 19.3

APW14 06/30/2021 1.80 -123 7.5 1290 17.4 11.3

APW14 07/15/2021 0.73 -144 7.4 1533 19.5 4.81

APW15 02/23/2021 0.44 -98.5 7.0 2095 12.9 80.4

APW15 03/10/2021 1.03 -108 7.2 1648 14.9 134

APW15 03/31/2021 0.13 -61.8 6.5 184.7 13.3 126

APW15 04/28/2021 0.16 -122 7.2 2041 16.2 506

APW15 05/24/2021 1.70 -128 7.3 1955 18.8 23.5

APW15 06/17/2021 0.22 -136 7.3 2030 19.9 6.01

APW15 06/30/2021 0.90 -133 7.1 1926 18.2 7.5

APW15 07/14/2021 1.20 -142 7.2 1662 19.4 5.18

APW16 02/23/2021 3.16 -71.4 7.4 1162 12.1 9.52

APW16 03/10/2021 0.18 -132 7.5 1316 13.6 0

APW16 03/30/2021 0.22 -99.5 7.0 1318 13.5 0

APW16 04/28/2021 1.30 -129 7.4 1350 15.1 10.6

APW16 05/24/2021 2.40 -132 7.5 1375 16.2 38.9

APW16 06/16/2021 0.88 -123 7.4 1338 16.6 23.9

APW16 06/30/2021 0.88 -119 7.0 1331 16.8 7.06

APW16 07/15/2021 0.80 -143 7.4 1421 19.4 9.03

APW17 02/23/2021 2.55 -22.5 7.4 901.8 12.6 22.6

IJd+)=i UWI 
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TABLE 4-2. GROUNDWATER FIELD PARAMETERS
HYDROGEOLOGIC SITE CHARACTERIZATION REPORT
NEWTON POWER PLANT
PRIMARY ASH POND
NEWTON, ILLINOIS

Sample 
Location

Sample 
Date

Dissolved Oxygen 
(mg/L)

Oxidation Reduction 
Potential (mV)

pH (field) 
(SU)

Specific Conductance 
(micromhos/cm)

Temperature (deg. 
C)

Turbidity 
(NTU)

APW17 03/10/2021 1.60 -132 7.7 951.8 13.8 0

APW17 03/30/2021 0.29 -87.2 7.1 1202 14.1 0

APW17 04/29/2021 3.40 -126 7.4 1042 16.3 9.5

APW17 05/24/2021 2.30 197 7.4 1206 20.8 29.5

APW17 06/16/2021 1.80 -130 7.4 1122 21.3 1.13

APW17 06/30/2021 1.30 -138 7.4 1206 19.7 3.13

APW17 07/15/2021 1.50 -110 7.4 1210 18.5 1.81

APW18 02/23/2021 1.94 -141 7.9 941.7 13.6 430

APW18 03/10/2021 0.80 -150 7.8 930.2 13.8 241

APW18 03/30/2021 0.49 -110 7.3 626.2 13.8 247

APW18 04/29/2021 1.50 -154 7.6 920 16.0 61.3

APW18 05/24/2021 2.30 120 7.6 1029 19.3 208

APW18 06/16/2021 0.75 -171 7.5 995 22.2 4.58

APW18 06/30/2021 0.41 -182 7.6 1011 21.6 8.28

APW18 07/15/2021 0.42 -154 7.6 1010 19.6 27.7

Notes:
Field readings are reported with as many significant figures as provided by analytical laboratory.
-- = data not available
cm = centimeter
deg. C = degrees Celsius
mg/L = milligrams per liter
mV = millivolts
NTU = nephelometric turbidity units
SU = standard units
generated 10/05/2021, 3:58:55 PM CDT

IJd+)=i UWI 
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JASPER COUNTY THREATENED AND ENDANGERED SPECIES
DESKTOP STUDY
NEWTON POWER PLANT
PRIMARY ASH POND
NEWTON, IL

Scientific Name Common Name Status
Number of 
Occurances 

Last 
Observed

Ammocrypta pellucida  Eastern Sand Darter  LT 9 8/5/2019
Apalone mutica  Smooth Softshell  LT 2 8/31/2017
Asio flammeus  Short-eared Owl  LE 2 12/23/2014
Bartramia longicauda  Upland Sandpiper  LE 1 5/22/2013
Botaurus lentiginosus  American Bittern  LE 1 6/3/2013
Circus hudsonius  Northern Harrier  LE 3 2/6/2016
Coccyzus erythropthalmus  Black-billed Cuckoo  LT 1 6/25/1998
Emydoidea blandingii  Blanding's Turtle  LE 1 5/18/1998
Etheostoma histrio  Harlequin Darter  LE 1 9/18/1967
Festuca paradoxa  Cluster Fescue  LT 1 6/30/1999
Ixobrychus exilis  Least Bittern  LT 2 5/26/2017
Lanius ludovicianus  Loggerhead Shrike  LE 3 6/7/2017
Laterallus jamaicensis  Black Rail  LE 1 6/20/2012
Nyctanassa violacea  Yellow-crowned Night-Heron  LE 1 5/24/1995
Papaipema eryngii  Eryngium Stem Borer  LT 1 7/8/2020
Penstemon tubaeflorus  Tube Beard Tongue  LE 3 5/27/2019
Rallus elegans  King Rail  LE 1 6/7/2016
Sabatia campestris  Prairie Rose Gentian  LE 1 7/30/2019
Schoenoplectus purshianus  Pursh's Bulrush  LE 1  2012
Silene regia  Royal Catchfly  LE 1 5/12/2015
Spiranthes vernalis  Spring Ladies' Tresses  LE 3 8/5/2019
Sternula antillarum  Least Tern  LE 1 6/13/2004
Terrapene ornata  Ornate Box Turtle  LT 2 4/6/2020
Tracaulon arifolium  Halberd-leaved Tearthumb  LE 1 8/14/1985
Tympanuchus cupido  Greater Prairie-Chicken  LE 2 7/10/1905

[O: CJC 06/02/21; C: LDC 09/15/21]
Notes:

-- = not provided/cannot be determined
LE = listed endangered
LT = listed threatened
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'-----' 

CIPS NEWTON POWER STATION I BORING 
DATE STARTED 8/1/90 I DATE COMPLETED 8/1/90 

DRILLING CONTRACTOR: BROTCKE ENG. 

u 
:.c 
a. 0 

> 
I 

z 

SOIL/ROCK 
DESCRIPTION 

G-106 SHEET 1 of 
I LOGGED BY RAB SURFACE EL. 529.0 

I DRILL METHOD: H.S. AUGER 

= VAPOR CONCENTRATION COMMENTS ~ 
(ppm) 

.c 
0. 
a.> 

Cl 
0 O'l 
.... 0 

c., _J ,oo 1 0 1 1 o2 1 0 1-----,.,....,,,.,...,.....+----+--------------+:..:...,.~~,..,.,.;a,--,.-,..,.,...,:..,:a--,-,--,"~~--- --- I,. . - -

0 rt> 22 

.r:::. 
a. 
Q.) 

0 

0 

_v,-,
1 

20 
~

Vv 
- V VI)' 

,YVt,i 
L( ;,1 '· · 111 

40-

Brn. clayey SILT, tr. roots, 
blocky, dry. 

8rn. sondy silty CL~Y. tr. pebbles, 
sl. moist, blocky. 

Motued gray &: brn. silty sondy 
CLAY. tr. pebbles. moist. 

Brn. sondy CLAY. tr. pebbles, vert. 
med. sand filled frocL. so. mn &: 
iron oxid., moisl 

Brn. coarse SANO. > ,,__ __ __, 

Grey brn. sandy silty CLAY, tr. 
pebbles. cool frog., oxid. vert. 
fract., hard. 

Gray coarse - v. coarse SANO. 

Gray sandy silty CLAY, tr. pebbles, 
unweothered. 

End of Boring .. 36.o• 

\ 

r 

---20 

-

-40 

SOIL/ROCK BORING DATA CIPS 
11.:::f.j£t~ NEWTON POWER STATION 

OAlt NEWTON, IWNOIS 
H:fl.::..~~1-------------------t 

OATt JOB NO. 89S5008A 
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 12.36
Sh

 10.47
Sh

 9.31
Sh

 11.06
Sh

 2.13
BSh

 6.79
Sh

 9.70
Sh

 10.47
Sh

 10.28
Sh

 11.44
Sh

 10.86
Sh

 5.24
Sh

24/24
  100%

18/18
  100%

18/18
  100%

24/24
  100%

18/18
  100%

18/18
  100%

24/24
  100%

18/18
  100%

18/18
  100%

24/24
  100%

18/18
  100%

18/18
  100%

13A

14A

15A

16A

16B

17A

18A

19A

20A

21A

22A

23A

24A

8-13
17-17
N=30

7-11
14

N=25

7-11
13

N=24

5-7
12-14
N=19

4-6
11

N=17

5-9
16

N=25

4-8
14-19
N=22

6-13
17

N=30

7-13
19

N=32

7-12
19-22
N=31

6-12
19

N=31

7-11
19

N=30

10.1

10.1

9.9

11.4

16.3

11.2

11.4

10.4

11.4

11.3

10.3

11.5

12.7

SS

SS

SS

SS

SS

SS

SS

SS

SS

SS

SS

SS

Dark gray (10YR4/1), slightly moist, hard, clayey SILT with
trace sand and slight  trace gravel.

[Continued from previous page]

Dark gray (10YR4/1), moist, firm, silty CLAY with slight
trace sand and gravel.

Dark gray (10YR4/1), slightly moist, hard, clayey SILT with
trace sand and slight  trace gravel.

Dark gray (10YR4/1), slightly moist, firm, clayey SILT with
trace sand and slight  trace gravel.

Dark gray (10YR4/1), slightly moist, hard, clayey SILT with
trace sand and slight  trace gravel.

Dark gray (10YR4/1), slightly moist, hard, silty CLAY with
slight trace sand and gravel.

Sunny, warm, windy, (mid-60's)

Start: 5/12/2009

CME-550 ATV Drill

T. Skinner/J. Austin

MSL

Finish: 5/14/2009
BGS

FIELD BORING LOG

Page 2 of 6

Station:

Surface Elev:

BOREHOLE ID:
Well ID:

SAM PLE TESTING
WEATHER:

CLIENT:

Driller:

Eng/Geo:

4¼" hollow stem auger w/split spoon
sampler

Depth
ft. BGS

22

24

26

28

30

32

34

36

38

40

Q
u 

(ts
f)

  Q
p 

(ts
f)

Fa
ilu

re
 T

yp
e

Borehole
Detail

Elevation
ft. MSL

Project:

AEG Newton Power Station
Gypsum Management FacilitySite:

Drilling M ethod:Location:

Completion:

n/a

DATES:
9,703.88N
5,042.40E

CONTRACTOR:

FIELD STAFF: T. Skinner

S. Suzanna Simpson

Skinner Limited

07E0150A 3000
Newton, Jasper Co., IL

Rig mfg/model:

Helper:

542.9 ft.

B48

103.5 ft.

NOTE(S): Borehole abandoned using bentonite grout.
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Description

=
WATER LEVEL INFORM ATION:

=
=

during drilling10.00 -
TOPOGRAPHIC M AP INFORM ATION:

Quadrangle: Latona
Township: North Muddy
Section 23, Tier 6N; Range 8E

522

520

518

516

514

512

510

508

506

504
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 3.88
Sh

 1.90
Sh

 1.78
BSh

 1.40
Sh

 1.27
Sh

 8.92
Sh

 5.62
Sh

 7.18
Sh

 9.89
Sh

 11.25
Sh

13/18
  72%

17/18
  94%

17/18
  94%

24/24
  100%

18/18
  100%

24/24
  100%

23/24
  96%

18/18
  100%

18/18
  100%

24/24
  100%

18/18
  100%

18/18
  100%

1A

2A

3A

4A

5A

6A

7-1

7-2

7-3

7-4

8A

9A

10A

11A

12A

woh-2
3

N=5

2-3
4

N=7

2-4
4

N=8

woh-1
2-3
N=3

1-1
2

N=3

1-2
3-3
N=5

8-13
17

N=30

6-12
17

N=29

7-14
20-20
N=34

6-14
15

N=29

5-12
14

N=26

25.8

22.0

15.7

20.5

22.7

18.3

19.9

15.0

19.5

10.2

9.7

9.0

8.5

10.2

SS

SS

SS

SS

SS

SS

SH

SS

SS

SS

SS

SS

Grayish brown (10YR5/2), moist, very soft, silty CLAY, trace
roots.

Grayish brown (10YR5/2) with 30% dark yellowish brown
(10YR4/6) mottles, moist, soft, silty CLAY, slight trace roots.

Brown (10YR5/3) with 30% dark yellowish brown (10YR4/6)
mottles, moist, soft, silty CLAY with trace sand and slight

trace gravel.

Gray (10YR5/1) with 20% dark yellowish brown (10YR4/6)
mottles, moist, soft, silty CLAY with trace sand and slight

trace gravel.

Gray (10YR5/1) with 40% dark yellowish brown (10YR4/6)
mottles, very moist, soft, silty CLAY with trace sand and

slight trace gravel.

Yellowish brown (10YR5/4) with 10% gray (10YR6/1)
mottles, soft, wet, sandy CLAY with slight trace gravel.

Yellowish brown (10YR5/4) with 10% gray (10YR5/1)
mottles, moist, firm, silty CLAY with trace sand and slight

trace gravel.

Dark gray (10YR4/1) with 30% brown (10YR4/3) mottles,
slightly moist, hard, clayey SILT with trace sand and slight

trace gravel.

Dark gray (10YR4/1) with 20% dark grayish brown
(10YR4/2) mottles, slightly moist, hard, clayey SILT with

trace sand and slight  trace gravel.

Dark gray (10YR4/1), slightly moist, hard, clayey SILT with
trace sand and slight  trace gravel.

Sunny, warm, windy, (mid-60's)

Start: 5/12/2009

CME-550 ATV Drill

T. Skinner/J. Austin

MSL

Finish: 5/14/2009
BGS

FIELD BORING LOG

Page 1 of 6

Station:

Surface Elev:

BOREHOLE ID:
Well ID:

SAM PLE TESTING
WEATHER:

CLIENT:

Driller:

Eng/Geo:

4¼" hollow stem auger w/split spoon
sampler

Depth
ft. BGS

2

4

6

8

10

12

14

16

18

20

Q
u 

(ts
f)

  Q
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(ts
f)

Fa
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re
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yp
e

Borehole
Detail

Elevation
ft. MSL

Project:

AEG Newton Power Station
Gypsum Management FacilitySite:

Drilling M ethod:Location:

Completion:

n/a

DATES:
9,703.88N
5,042.40E

CONTRACTOR:

FIELD STAFF: T. Skinner

S. Suzanna Simpson

Skinner Limited

07E0150A 3000
Newton, Jasper Co., IL

Rig mfg/model:

Helper:

542.9 ft.

B48

103.5 ft.

NOTE(S): Borehole abandoned using bentonite grout.
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Description

=
WATER LEVEL INFORM ATION:

=
=

during drilling10.00 -
TOPOGRAPHIC M AP INFORM ATION:

Quadrangle: Latona
Township: North Muddy
Section 23, Tier 6N; Range 8E

542

540

538

536

534

532

530

528

526

524
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 10.47
Sh

 7.76
Sh

 11.64
Sh

 5.82
Sh

 2.52
B

 10.28
Sh

 8.92
Sh

 2.13
BSh
 6.59
Sh

 3.88
Sh

 1.94
BSh

 5.04
BSh

24/24
  100%

18/18
  100%

18/18
  100%

24/24
  100%

18/18
  100%

18/18
  100%

19/24
  79%

18/18
  100%

18/18
  100%

24/24
  100%

18/18
  100%

18/18
  100%

25A

26A

27A

27B

28A

29A

30A

31-1

31-2

31-3

31-4

32A

32B

33A

33B

34A

35A

36A

8-12
22-26
N=34

7-12
18

N=30

7-15
18

N=33

8-10
16-21
N=26

7-10
16

N=26

4-9
13

N=22

7-13
19

N=32

5-10
16

N=26

6-10
16-19
N=26

2-7
14

N=21

3-7
14

N=21

11.5

11.7

13.1

10.9

13.7

14.5

14.1

14.0

12.9

12.5

14.9

14.6

15.5

18.2

13.8

SS

SS

SS

SS

SS

SS

SH

SS

SS

SS

SS

SS

Dark gray (10YR4/1), slightly moist, hard, silty CLAY with
slight trace sand and gravel.

[Continued from previous page]

Dark gray (10YR4/1), slightly moist, firm, SILT with slight
trace sand.

Dark gray (10YR4/1), slightly moist, hard, silty CLAY with
slight trace sand and gravel.

Olive gray (5Y4/2), slightly moist, firm, silty CLAY with
slight trace sand and gravel.

Dark greenish gray (10Y4/1) with 20% greenish gray
(10Y6/1) mottles, slightly moist, hard, silty CLAY with trace

sand and slight trace gravel.

Olive gray (5Y4/2) with 15% dark gray (N4/1) mottles,
slightly moist, hard, silty CLAY with slight trace sand and

gravel.

Olive gray (5Y4/2) with 15% dark gray (N4/1) mottles,
slightly moist, firm, silty CLAY with slight trace sand and

gravel.

Sunny, warm, windy, (mid-60's)

Start: 5/12/2009

CME-550 ATV Drill

T. Skinner/J. Austin

MSL

Finish: 5/14/2009
BGS

FIELD BORING LOG

Page 3 of 6

Station:

Surface Elev:

BOREHOLE ID:
Well ID:

SAM PLE TESTING
WEATHER:

CLIENT:

Driller:

Eng/Geo:

4¼" hollow stem auger w/split spoon
sampler

Depth
ft. BGS

42

44

46

48

50

52

54

56

58

60

Q
u 
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f)

  Q
p 
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f)
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e

Borehole
Detail

Elevation
ft. MSL

Project:

AEG Newton Power Station
Gypsum Management FacilitySite:

Drilling M ethod:Location:

Completion:

n/a

DATES:
9,703.88N
5,042.40E

CONTRACTOR:

FIELD STAFF: T. Skinner

S. Suzanna Simpson

Skinner Limited

07E0150A 3000
Newton, Jasper Co., IL

Rig mfg/model:

Helper:

542.9 ft.

B48

103.5 ft.

NOTE(S): Borehole abandoned using bentonite grout.
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Description

=
WATER LEVEL INFORM ATION:

=
=

during drilling10.00 -
TOPOGRAPHIC M AP INFORM ATION:

Quadrangle: Latona
Township: North Muddy
Section 23, Tier 6N; Range 8E

502

500

498

496

494

492

490

488

486

484
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 1.75
BSh
 3.50
None

 3.10
B

 5.04
BSh

 5.43
Sh

 4.07
BSh

 5.62
B

 5.24
BSh

19/24
  79%

18/18
  100%

18/18
  100%

24/24
  100%

18/18
  100%

16/17
  94%

3/3
  100%

13/14
  93%

16/17
  94%

12/15
  80%

18/18
  100%

17/18
  94%

37-1

37-2

37-3

37-4

38A

39A

40A

41A

42A

43A

44A

45A

46A

47A

48A

8-13
15

N=28

6-9
15

N=24

4-9
13-15
N=22

12-13
14

N=27

6-32
28/5"

60/3"

28-47
15/2"

31-33
27/5"

20-38
22/3"

3-11
17

N=28

5-10
14

N=24

16.5

12.7

15.0

14.5

12.8

13.6

13.2

15.2

15.4

16.7

13.6

15.3

13.9

14.9

SH

SS

SS

SS

SS

SS

SS

SS

SS

SS

SS

SS

Olive gray (5Y4/2) with 15% dark gray (N4/1) mottles,
slightly moist, firm, silty CLAY with slight trace sand and

gravel.
[Continued from previous page]

Light olive gray (5Y5/2), very moist, very soft, sandy CLAY
with slight trace gravel.

Light olive gray (5Y5/2) with 10% greenish gray (5GY5/1)
mottles, slightly moist, firm, silty CLAY with trace sand and

slight trace gravel.

Greenish gray (10Y5/1) with 10% olive gray (5Y4/2) mottles,
slightly moist, firm, silty CLAY with slight trace sand and

gravel.

Greenish gray (10G5/1) with 5% dark yellowish brown
(10YR4/6) mottles, moist, dense, SILT with slight trace sand.

Dark greenish gray (10GY4/1), slightly moist, very hard,
clayey SILT with trace sand and slight trace gravel.

Dark greenish gray (10GY4/1), wet, very dense, silty,
medium- to coarse-grained SAND with slight trace gravel.

Dark greenish gray (10GY4/1), wet, very dense, silty,
coarse-grained SAND and gravel.

Dark gray (10YR4/1), wet, very dense, silty, medium- to
coarse-grained SAND with slight trace gravel.

Dark gray (N4/1), moist, firm, silty CLAY with slight trace
sand and gravel.

Dark gray (N4/1), slightly moist, firm, silty CLAY with slight
trace sand and gravel.

Sunny, warm, windy, (mid-60's)

Start: 5/12/2009

CME-550 ATV Drill

T. Skinner/J. Austin

MSL

Finish: 5/14/2009
BGS

FIELD BORING LOG

Page 4 of 6

Station:

Surface Elev:

BOREHOLE ID:
Well ID:

SAM PLE TESTING
WEATHER:

CLIENT:

Driller:

Eng/Geo:

4¼" hollow stem auger w/split spoon
sampler

Depth
ft. BGS

62

64

66

68

70

72

74

76

78

80

Q
u 
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  Q
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f)
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re
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e

Borehole
Detail

Elevation
ft. MSL

Project:

AEG Newton Power Station
Gypsum Management FacilitySite:

Drilling M ethod:Location:

Completion:

n/a

DATES:
9,703.88N
5,042.40E

CONTRACTOR:

FIELD STAFF: T. Skinner

S. Suzanna Simpson

Skinner Limited

07E0150A 3000
Newton, Jasper Co., IL

Rig mfg/model:

Helper:

542.9 ft.

B48

103.5 ft.

NOTE(S): Borehole abandoned using bentonite grout.
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=
WATER LEVEL INFORM ATION:

=
=

during drilling10.00 -
TOPOGRAPHIC M AP INFORM ATION:

Quadrangle: Latona
Township: North Muddy
Section 23, Tier 6N; Range 8E
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 5.04
BSh

 5.24
BSh

 5.04
B

 6.21
B

 6.79
Sh

 7.37
Sh

 3.88
Sh

 6.21
Sh

 5.82
BSh

 3.69
Sh

24/24
  100%

18/18
  100%

18/18
  100%

18/18
  100%

24/24
  100%

18/18
  100%

24/24
  100%

18/18
  100%

18/18
  100%

24/24
  100%

16/16
  100%

18/18
  100%

49A

50A

51A

52-1

52-2

52-3

53A

54A

55A

56A

57A

58A

58B

59A

59B

60A

60B

5-7
12-14
N=19

4-8
10

N=18

4-9
10

N=19

9-12
21-26
N=33

6-11
17

N=28

6-12
15-24
N=27

5-8
12

N=20

5-12
19

N=31

4-18
20-22
N=38

16-33
27/4"

16-21
15

N=36

15.5

15.4

15.7

14.3

13.9

13.8

13.6

13.9

13.4

12.5

13.4

16.0

15.7

12.6

SS

SS

SS

SH

SS

SS

SS

SS

SS

SS

SS

SS

Dark gray (N4/1), slightly moist, firm, silty CLAY with slight
trace sand and gravel.

[Continued from previous page]

Dark gray (N4/1), slightly moist, hard, silty CLAY with slight
trace sand and gravel.

Dark gray (N4/1), slightly moist, firm, silty CLAY with slight
trace sand and gravel.

Dark gray (N4/1), very moist, dense, silty, fine- to
coarse-grained SAND with slight trace gravel.

Dark gray (N4/1), slightly moist, hard, silty CLAY with slight
trace sand and gravel.

Dark gray (N4/1), wet, dense, silty, fine- to medium-grained
SAND with slight trace gravel.

Dark gray (N4/1), slightly moist, hard, silty CLAY with slight
trace sand and gravel.

Dark gray (N4/1), wet, dense, silty, very fine- to
medium-grained SAND with slight trace gravel.

Dark gray (N4/1), slightly moist, hard, silty CLAY with slight
trace sand and gravel.

Sunny, warm, windy, (mid-60's)

Start: 5/12/2009

CME-550 ATV Drill

T. Skinner/J. Austin

MSL

Finish: 5/14/2009
BGS

FIELD BORING LOG

Page 5 of 6

Station:

Surface Elev:

BOREHOLE ID:
Well ID:

SAM PLE TESTING
WEATHER:

CLIENT:

Driller:

Eng/Geo:

4¼" hollow stem auger w/split spoon
sampler

Depth
ft. BGS

82

84
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88

90

92

94

96

98

100

Q
u 
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  Q
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e

Borehole
Detail

Elevation
ft. MSL

Project:

AEG Newton Power Station
Gypsum Management FacilitySite:

Drilling M ethod:Location:

Completion:

n/a

DATES:
9,703.88N
5,042.40E

CONTRACTOR:

FIELD STAFF: T. Skinner

S. Suzanna Simpson

Skinner Limited

07E0150A 3000
Newton, Jasper Co., IL

Rig mfg/model:

Helper:

542.9 ft.

B48

103.5 ft.

NOTE(S): Borehole abandoned using bentonite grout.
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=
WATER LEVEL INFORM ATION:
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during drilling10.00 -
TOPOGRAPHIC M AP INFORM ATION:

Quadrangle: Latona
Township: North Muddy
Section 23, Tier 6N; Range 8E
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 6.59
Sh

 3.88
BSh

24/24
  100%

17/18
  94%

61A

62A

7-12
18-25
N=30

12-18
22

N=40

13.4

15.3

SS

SS

Dark gray (N4/1), slightly moist, firm, silty CLAY with slight
trace sand and gravel.

Dark gray (N4/1), slightly moist, hard, silty CLAY with slight
trace sand and gravel.

EOB = 103.5 feet bgs

Sunny, warm, windy, (mid-60's)

Start: 5/12/2009

CME-550 ATV Drill

T. Skinner/J. Austin

MSL

Finish: 5/14/2009
BGS

FIELD BORING LOG

Page 6 of 6

Station:

Surface Elev:

BOREHOLE ID:
Well ID:

SAM PLE TESTING
WEATHER:

CLIENT:

Driller:

Eng/Geo:

4¼" hollow stem auger w/split spoon
sampler

Depth
ft. BGS

102

Q
u 

(ts
f)

  Q
p 

(ts
f)

Fa
ilu

re
 T

yp
e

Borehole
Detail

Elevation
ft. MSL

Project:

AEG Newton Power Station
Gypsum Management FacilitySite:

Drilling M ethod:Location:

Completion:

n/a

DATES:
9,703.88N
5,042.40E

CONTRACTOR:

FIELD STAFF: T. Skinner

S. Suzanna Simpson

Skinner Limited

07E0150A 3000
Newton, Jasper Co., IL

Rig mfg/model:

Helper:

542.9 ft.

B48

103.5 ft.

NOTE(S): Borehole abandoned using bentonite grout.

D
ry

 D
en

. (
lb

/ft
3 )

R
ec

ov
 / 

To
ta

l (
in

)
%

 R
ec

ov
er

y

N
um

be
r

RemarksBl
ow

s 
/ 6

 in
N

 - 
V

al
ue

R
Q

D

M
oi

st
ur

e 
(%

)

Ty
pe Lithologic

Description

=
WATER LEVEL INFORM ATION:

=
=

during drilling10.00 -
TOPOGRAPHIC M AP INFORM ATION:

Quadrangle: Latona
Township: North Muddy
Section 23, Tier 6N; Range 8E
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ClPS NEWTON POWER STATION I BORING G-106 SHEET 1 of 1 
DATE STARTED 8/1/90 I DATE COMPLETED 8/1 /90 I LOGGED BY RAB SURFACE EL. 529.0 

DRILLING CONTRACTOR: BROTCKE ENG. I DRILL METHOD: H.S. AUGER 

2 
........ 

u Cl 

SOIL/ROCK - :l VAPOR C0NCENTRATI0 N COMMENTS -:c -
..t::. Q. C DESCRIPTION (ppm) 

.s= 

C. > C CD I 
C. 

CD .... 0 II) 

0 C....1 z ,oo 101 ,02 10; 0 

--- -- --
0 ~ I,'\,· Brn. clayey SILT, tr. roots, 

0 
i, I, 22 I, blocky, dry. 

~Y.J 20 Bm. sondy sHty CL,Y, tr. pebbles, 
- vj.,,1/ sl. moist, blocky. 

~ 

vv:vi; 
~1,, .. lR 
1)1,, ••7 . 

. l.lottJed gray & brn. silly sandy f/t)".l,1. 
1~ •!/.i:.i! 'l'l CLAY. tr. pebbles, moist. 

._____, ,, 

10-

~ 
'-10 

~ 
Bm. sandy CLAY, tr. pebbles. vert. 

50 med. sand filled frocl, so. mn c!c 
iron oxid., moist. 

72 
- 50 > 

... 
11~1,V' 

Brn. coarse SANO. 
80 

i:, 1/,1, 
i:,t..:'l,-_1;, 

1/1)1,,i 43 
20- :~,'.'~_;,,! Gray brn. sandy silty CLAY, tr. '-20 

I pebbles, coal frog., oxid. vert. 

~ - ·· 1 
59 fract.. hard. 

Wf 45 
- ... 

. . Gray coorse - v. coarse SANO • \ -52. 
Q 

•. '•, ~~ ... ~' 
/ Gray sandy siiiy ;:..,;'\', \r. pec.ilds, "-

~ . .,, ... moist 
30- -~-~\;i~:i .. ;· .... 30 

Coarse - v. coarse SANO grading 

I .3~ 
dc-.nwor~ ~o ,r~-,~1. / 

'• i.l 
33 

Gray sandy silty CLAY, tr. pebbles, . ·.-v unwecthered, - . • "Yi:, 
... 

End of Borir19 • 36.0' 

4o-
·• .... 40 
; 

SOIL/ROCK BORING DATA CIPS 
£..AC_ 11.:f!l£tt:> NEWTON POWER STATION •HA~ON 11£\ICWtD Clo\TE NEWTON, IWNOIS 

~ ... ~~~~ ~e. l!:ft:.'jo . - Do\1t JOB NO. 89S5008A 

R000904
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RAPPS BORING LOG 
ENCJIEEIWl 1111d Al'!'LE) 8CENCE 2387 WEST MaflOE - ll'flNC1l"tEI. L e2704 - (217)787-21111 

Clent. CIPS-NEWTON Project: WELL INSTALLATION ~ No:_G-=2..:.....02.:---

~ ~ROFESSIONAL SERVICE IND. Drllng Method: 4-1 / 4 ID HSA &rtace Bev. 5.37.24 

Logged By: MSS Checked By: Date starte6 10-1 6-96 ~teo 10-16-96 

D 
E 
p 
T 
H 

2 

2 

Material Description 

Class!flcotion System UNIFIED 

Fill Material: 
Drilled through built drilling 
pad 

Brown-gray silty SANO (SM) 
w / cloy & trace pebbles 

------
Brown-clayey SILT (ML) w/ 
sand & pebbles 

Gray silty CLAY (Ml-CL) 
w ebbles 

Brown coarse SAND (SM) 
w/silt 

Gray silty CLAY (ML-CL) 
w/pebbles 

Water Level NA or NA tn. 
NA Water Level NA of hra. 

Sampling Tests 

Tu % OVM Qu 
No. Type Rae, (ppm) :fr~ ol• 

1 0 NA NA 

2 0 NA NA 
~ 
G) 

a. 
10.0 E 

0 
(I) 

Cl) 
:, 
0 

12.5 :, 

3 C 30 :;; 
C 
0 
0 wet 

Li.I 
::E 

NA 

(.) 
NA 

16.5 0 
II) 

18.0 4 30 
NA 

NA 

20.8 
4.5 

5 60 4.5 dry 

4.5 

4.5 

6 0 
4.5 

N 6649.68, E 6587.20 

Comments 

Very 
weathered 

W D 
e E 
I p 
I T 

H 

2 

Sheet_1_oL .. L 

R000905



RAPPS BORING LOG 
BICltEEflNO and Af'PI.E) 9CENCE 23117 WEST lotCHl0E - 8l'RINCFEI..D L 112704 - (21?)787- 2119 

Clent: CIPS-NEWTON Project: WELL INSTALLATION Borre:, No:_G_2_02 _ _ _ _ 

Dr11ng Frrn,,1:ROFESSIONAL SERVICE IND. Drlllng Method: 4-1 / 4 ID HSA &nace Bev. 537.24 
Logged By- MSS Checked By: _ ____ Date Started: 10-8-96 ~ted: 10-8-96 

D 
E 
p 

Material Descript ion 

Classlf lcation System UNIFIED 

Sampling 

T 
H 

Brownish Gray CLAY (CH) w/silt32.3 
~------------..::.=,;...;;..i7 

Gray silty CLAY (ML-CL) 
w/pebbles 

40 Gray silty CLAY (ML-CL) 
w/pebbles 

8 

9 

10 

11 

12 

0 

0 

\. 
Q) 

Q. 
E 
0 en 
Ill 
::, 

90 0 
::, 
C 
~ 
C 
0 
() 

w 
~ u 
q 0 
It) 

0 

0 

Tests 

.5 

.5 

NA 

.5 

4.5 

.5 

.5 

4.5 

.5 

.5+ 

.5 

.5+ 

4.5 

.5+ 

.5 

water Level NA d NA tn. N 6649.88, E 8587.20 
Water Level NA d · NA tn. 

wet 

oil 

• 

oi 

Comments 

W D 
e E 
I p 
I T 

H 

Sheet-Lot ...L 

R000906



RAPPS BORING LOG 
eQESINCl and Af'l'l.l:D 8CEHCe Z3El WEST MOt,flClE - BPIINCFE1.D L 1!2704 - (217)787-2118 

Clent: CIPS-NEWTON Project. WELL INSTALLATION eorrg No:_G_2_02 __ _ 

Or11ng FrnJ:ROFESSIONAL SERVICE IND. Dr11ing Method: 4-1 / 4 ID HSA &nace Bev. 537 .24 
Logged By: MSS Checked ay: _____ Date started: 10-16-96 Completed: 10-16-96 

D Sampling Tests w D 
E Material Description e E 
p 

Clcssiflcotion System UNIFIED Tub ~ OVM Qu Comments I 
p 

T No. Typ• R•c • (ppm) t/•f or■ I T 
H 

PEN H 

Gray silty CLAY (ML-CL 4.5 
61.4 

SI t 4.5 
wet 

13 0 4.5 
L.. 

Gray silty CLAY (ML-CL) 
I) 4.5 wet a. 

w/pebbles E 4.5 
0 
U) 

U) 4.5 
:::, wet 0 4.5 

14 
:::, 

0 .s 4 . .... 
C wet 
0 4.5 (.) 

fmeson 
w NA Blind drill: 
::::t Augers plugged 7 

End Of Boring (.) 

0 
w/SILT-SAND 

'----,/ I{) 

7 7 

Water Le-vel NA of NA tn. 
Water Level NA of NA In. 

N 6649.68, E 6587.20 Sheet.l__ot2_ 

R000907



RAPPS BORING LOG 
eaEEfHl and Af'l'LE) ecea 2fW7 WEST MOll'IOE - SffflG"'ELD L 12704 - (217)787- 2118 

C1enf: CIPS-NEWTON Prcfeet: WELL INSTALLATION ~ No: _G_2_;,_0...:...3 __ _ 

~ ~ROFESSIONAL SERVICE IND. Dr11ng MethoG 4-1 / 4 ID HSA &.rface Bev. 530.97 

Logged By- MSS Checked By: Date started: 10-15-96 ~ 10-15-96 

D Sampling Tests w D 
E ~aterial Description e E 
p 

Clossl flcotion System UNIFIED Tubt 1' OVM Ou Comments I p 
T No. Typo Rec. (ppm) t/af .. 011I I T 
H 

PEN ti 
-- Ton, mottled reddish clayey SILT 14.5-+ dry 

Very soft ----
-- (MH) 14.5-+ -1 75 -- 3.5 4.0 

,nois 
1---

- 12.75 -
~s-- Gray, mottled brown silty CLAY -- - ,-5-

(MH-CH) w/troce coarse sand & 1.75 - pebbles -
1.0 - 2 oc moi1 -

~.75 

---- ... -t) 1.75 a. t,,ois 
1-- E -2.5 

>-10-
....._ 0 ..__ HO-(I) 

'---
-- 11.5 Cl) 

NA ..__ 
::::, 
0 dry - ::::, NA -

Brown silty cloy (CL-ML) 3 C 60 :;:; 

---- C: 2.5 -w/coorse sand & pebbles 0 
() dry - 2.75 -

l&J 

.... ,s-- - ~ -- ,..,5-
() - q NA -- ti) NA dry -

4 70 

---- NA -
NA 

dry - -
.... 20- ....._ '-- f-20-

- 21 .5 4.0 -dry - Brown SAND (SM) w/silt, poorly 4.0 -
sorted 23.0 5 70 

NA 1---
dry - (CL) 

4 .5-t -Gray, mottled brown silty CLAY 
.... 25- w/pebbles - ---- f-25-

- 4.5-t ,__ 

4 .5-t 
,noill - ,__ 

28.0 6 95 4.25 

dry -
Gray silty CLAY (CL-ML) 4.5 -- w/pebbles --4.5-t 

----
Water LeYel NA of NA tn. 
Water LeYel NA of NA tn. 

N 5821.29, E 6113.10 8heet_1_ ot ~ 

- ---- --------·---···· -- . 

R000908



RAPPS BORING LOG 
EJOEEfNJ and Al'fl.E) 8CelCI: 2387 WEST MOlft:lE - 8f'RIO'B.D L ev04 - (217)717-2118 

Clent: CIPS-NEWTON Project: WELL INSTALLATION ~ No: _G_2_03-'------ -
Drllng ~ROFESSIONAL SERVICE IND. Drllng Method: 4-1 / 4 ID HSA &nace Bev. 530.97 
Logged By: MSS Checked By: _____ Date Started: 10-15-96 ~ed: 10-15-96 

D Sampling Tests w D 
E Material Description e E 
p 

Closslficotion System UNIFIED Tub % OVM Qu Comments I p 
T Ho. Typo Roe. (ppm) :.-t ola I T 
H 

EH H 

Gray silty CLAY (ML-CL) .5 

w/pebbles 4. dry 

7 0 
33.2 4.5 

Gr~ fine grain SAND SM 34.5 
dry 

w rlt ~ 
4.5 

silty CLAY (CL) 
G> 

Brownish gray ci 

w/pebbles E 
36.5 0 4.0 

Cl) 
dry 

8 Cl) 0 4.5 
:, 
0 4.5 ::, dry C 

:;; 
C 4.5 
0 
(,) 

w 
~ 4.5 
0 dry 

9 0 0 4 .5 

Gray silty CLAY (ML-CL) I() .5 dry 
w/pebbles 

.5 

.5+ 

.5 
dry 

10 0 
.5+ 

dry 
.5 

.5+ 

11 0 .5 

.5 

.5+ 

.5+ 

0 4.5 

Gray silty CLAY (ML-CL) .5+ 

w/pebbles .5 

Water Le"91 NA of NA tn. N 5821.29, E 8113.10 Sheet2-or~ 
Water Le"91 NA of NA tn. 

R000909



RAPPS BORING LOG 
EPQ£BW«3 and Al'l'LH> 8a:NCe 2387 WESf MOtA:lE • Bl'fltU'BD L 12704 • (Zf7)717-2'111 

Clent: CIPS-NEWTON Project: WELL INSTALLATION ~ No:_G_2...c..03 _ __ _ 

~ ~ROFESSIONAL SERVICE IND. Drllng MethoG 4-1 / 4 ID HSA &nace Bev. 530.97 
Logged By: MSS Checked By: _____ Date started: 10-15-96 Corrf>iet~ 10-15-96 

D Sampling Tests w D 
E ~cterial Description e E 
p 

Classificotlon System UNIFIED TYbt % OVM 
Qy Comments I p 

T Ho. Typo Roe. (ppm) ~•f lolol■t I T 

... ~ EN H 
Gray silty CLAY (ML-CL) 

--
4.5• 

- w/pebbles -
4.5• 

nols -- 13 IOC 4.0 

- L. 1---

C> 4.5 ll'IOie ii - E -
4.5~ 

f◄S- - 0 - ~ 
65.6 1/) 

..__ Gray fine SAND (SM) w/silt 66.4 
1/) 3.0 I---::, 
0 wet 

---- Gray fine SAND-SILT (SM) 
::, -14 -~ 80 

w/trace grovel .... 4.0 - C wet -0 
0 - NA. -

70.0 w 
-1-

:::::i: - -70-

Blind Drill: Auger plugged 
(..) 

,__ 
& redrilled to 73.0' C? -

,__ I{) -
I---

..__ End Of Boring 073.0' 
1---

75- -1s-

I--- -
--
--- -

1-eo- f-80-

1--- -
..__ -- -
..__ -
-M- -85,-

..__ -
--

..__ -
--
--- ----

Water Level NA or NA tn. 
Water Level NA of NA tn. · 

N 5821.29, E 61C.-O Bheet...l...or ...l... 

R000910
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