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BEFORE THE POLLUTION CONTROL BOARD CLL~~3~
OF THE STATE OF ILLINOIS NO~24 ~

C0flt~o~Board
IN THE MATTER OF: )

)
REVISIONS TO RADIUM WATER )
QUALITY STANDARDS: PROPOSED ) R04-21
NEW 35 ILL. ADMIN. CODE 302.307 ) Rulemaking - Water
AND AMENDMENTS TO 35 ILL. ADMIN. )
CODE 302.207AND 302.525 )

WATER REMEDIATION TECHNOLOGY LLC’S RESPONSE

TO DOCUMENTS REQUESTED DURING FOURTH PUBLIC HEARING

Water RemediationTeclmology LLC (“WRT”) through its attorneys,submits the

documentsrequestedto be submittedby WRT during the October 21 and 22, 2004, public

hearingsin thisproceeding.A summaryoftheserequestsanddocumentsfollows:

REQUESTONE: Illinois Environmental Protection Agency (“IEPA”) requested

referencesfor the statementby Mr. TheodoreG. Adamsconcerning 1 pCi/L as representing

backgroundfor total radiumin surfacewaters. Thefollowing documentsareresponsiveto this

request:

• Agencyfor Toxic SubstancesandDiseaseRegistry(“ATSDR”) toxicity summaryon
radium. (~çOctober22 HearingExhibit 16.)

• C. T. Hess, J. Michel, T. R. Horton, H. M. Prichardand W. A. Coniglio, The
Occurrenceof Radioactivityin Public Water Suppliesin the United States,Health
PhysicsVol. 48, No. 5 (May),pp. 553-586(1985). (SeeAttachmentA hereto.)

• JacquelineMichel and C. Richard Cothern,Predictingthe Occurrenceof 228Ra in
Ground Water, Health Physics Vol. 51, No. 6 (December),pp. 715-721 (1986).
(SeeAttachmentA.)



REOUESTTWO: Counsel for the City of Joliet requesteda copy of the permit

applicationssubmittedto theIllinois DepartmentofNuclearSafety(“IDNS”) for theVillage of

Oswego. Copiesof thosepermit applications(which were markedas Exhibit 17 during the

October22 hearing)were previouslysubmittedto counselfor IEPA and the City of Joliet.

($~~October22HearingExhibit 17.)

REQUEST THREE: Counsel for the City of Joliet requestedcopiesof WRT contract

with the Village of Oswegoandlor the Village of Elburn. WRT hasbeeninformed by the

Village ofOswegothatit hasprovidedtherequestedcontractto counselfor theCity of Joliet.

Respectfullysubmitted,

WATER RE DIATION TECHNOLOGY,LLC

By:_________
Oneo 1 ttori2iey~

JeffreyC. Fort
LetissaCarverReid
SonnenscheinNath& RosenthalLLP
8000SearsTower
Chicago,Illinois 60606
(312)876-8000
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CERTIFICATE OF SERVICE

Theundersigned,an attorney,certifiesthat he/shehasservedupontheindividualsnamed

on the attachedNotice of Filing true and correct copies of WATER REMEDIATION

TECHNOLOGYLLC’S RESPONSETO DOCUMENTS REQUESTEDDURING FOURTH

PUBLIC HEARING by First ClassMail, postageprepaid,on November24, 2004.
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jçealth physicsVol. 48.No. 5 (May), pp. 553.-5~1985 0017—9078/85 53.00+ .00
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PcrgamonPressLtd.

THE OCCURRENCEOF RADIOACTIVITY IN PUBLIC
WATER SUPPLIESIN THE UNITED STATESt

C. T. HESS
University of Maine, Departmentof Physics,Orono,ME 04469

J. MICHEL
ResearchPlanningInstitute, Inc., 925 GervaisStreet,Columbia,SC 29201

T. R. HORTON
Eastern Environmental Radiation Facility, U.S. Environmental Protection Agency, P.O. Box 3009,

Montgomery, AL 36193

H. M. PRICHARD
Universityof TexasSchool of Public Health, P.O. Box 20186,Houston,TX 77025

and

W. A. CONIGLIO
Office of Drinking Water, U.S. EnvironmentalProtectionAgency, 401 StreetS.W., Washington,DC 20460

Abstract—Examination of the collected data for radionuclide concentration measurements
in public watersuppliesin the United Statesshowmorethan 51,000measurementsfor gross
a-particle activity and/or Ra, 89,900 measurementsfor U, and 9,000 measurementsfor Rn.
These measurements were made as part of national and state surveys of radionuclide
concentrations in utility water supplies for Ra and Rn; and the National Uranium Resource
Evolution (NIJRE) surveyfor U which included non-utility water supplies.

Surfacewater has low values for Ra and Rn but levelscomparableto groundwaterfor U.
Separate isotope measurements were not taken for much of the Ra and U data. Because226Ra to 228Ra ratios and ~8U to ~U ratios are not fixed in water, further measurementsare
needed to establish the specific isotopic concentrations by region. Analysis of the state average
valuesin geologicalprovincesshowsthehighestprovincial areasfor RaaretheUpperCoastal
Plain,the glaciatedCentralPlatform, andtheColoradoplateau.For U, the highestareasare
theColoradoplateau, the West Central Platform, and the Rocky Mountains.For Rn, the
highest provincesare New England and the AppalachianHighlands-Piedmont.Regional
hydrogeologicalandgeochemicalmodelsaresuggestedfor guidingthe formulationof regional
standardsand monitoring strategies. Utility supplies serving small populations have the
highestconcentrationfor eachradionuclideandhavethelowestfractionof samplesmeasured,
whichshowsa needfor furthermeasurementsof thesesmall populationwatersupplies.Risk
estimatesfor the averageconcentrationof Ra in utility ground watergive about 941 fatal
cancersper70.7-yrlifetime in theUnited States.Risk estimatesfor the averageconcentration
of U in utility surfaceandgroundwatergive about 105 fatalcancersper 70.7-yr lifetime in
the United States.Using 1 pCi/liter in air for 10,000pCi/I in water, the Rn in. utility water
risk estimateis for 4,400—22,000fatal cancersper 70.7-yr lifetime in the United States.

t This paperwas preparedfor and completedat . PREFACE
theNationalWorkshopfor Radioactivityin Drinking THE sectionsof this paperare arrangedin the
Waterunderthesponsorshipof theOffice of Drinking orderof introduction, geochemistryandoccur-
Water, U.S. EnvironmentalProtectionAgency. The rence. A central theme of the report is that
workshopwasheldin Easton,MD, 24—26 May 1983. geological settingstrongly influencesthe occur-
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RADIOACTIVITY IN PUBLIC WATERSUPPLIES554

renceof naturalradionuclidesin drinking water.
The observedconcentrationsof U, Ra andRn
in ground and surfacewater can be relatedto
the rock typesand the amountanddistribution
of U andTh in thematerialswhich constitute
the aquiferand surficial deposits.The United

Table I. Summaryof

Statescan be divided into 11 geological prov.
inces, eachof which is characterizedby doi~j~
nant types of rocks or deposits as well as
ground-waterflow systems,discussedin Table
1 and shown in Fig. I (Be8 1; Sc62). These
provincesare discussedin all sectionsof the

potential host rocks, geologicframeworkand nature ofground-waterflow systemsin
theprovincesofthe coterminousUnitedStates(Fig. 1)

PROVINCE GEOLOGICALFRAMEWORI<. NATURE OF GROUND-WATER
FLOW SYSTEMS

1. New England. New England-—complexly faulted Flow and head in bedrock of
Adirondack metamorphic and aetasedimentary low permeability and overlying
Mountains rocks intruded by large masses

of granite. Adirondacks——
mountains composed of marble
and schist intruded by granites,
anorthosite, and gabbro.

glacial aquifers greatly
influenced by local
topography and surface—water
features.

2. Appalachian
Highlands.

Appalachian Highlands——mountain
belt of granites and metamorphics

Flow and head in metamorphic and
granite bedrock of low

Piedmont thrust westward over Paleozic
rocks, Piedmont——non-mountianous
belt of highly complex metamorphic
rocks with abundant granites.

~

permeability, largely controlled
by topography and surface water
features; folded limestone
locally cavernous and highly per-
rneable at shallow depths supporting
large springs; sandstone aquifers
of moderate extent and
permeability; flow systems
generally related to local recharge
in interstream areas and discharge
to surface—water features.

3. Appalachian Appalachian and Interior Plateaus Regional flow in low—to—
and Interior consist of gently dipping, gently moderately permeable sandstones
Plateaus folded sandstones, shales,

carbonates, and evaporites.
In southern Missouri exposes old
crystalline rocks,

and carbonates; carbonates locally
of high permeability at shallow
depth due to fractures and solution
channels support large springs.

4. Coastal Plain Seaward dipping thickening wedge of
sand, sandstones and shales with some
evaporites and limestones; underlain
by a basement of metamorphic rocks,

Regional flow in sand and limestone
aquifers with intervening clay con-
fining layers; predominant flow
direction seaward; discharge upward
through confining layers and to
streams.

5. Glaciated igneous and metamorphic rocks on the Regional flow in sandstone and
central northwest overlain by sandstones, carbonate aquifers; highly
Platform carbonates, shales, and evaporites;

deep basin deposits in Michigan and
Illinois.

mineralized water at depth in
basins; glacial aquifers locally
overlie bedrock.

6. Western
Central
Platform .

Horizontal to gently dipping
sandstones; deep sedimentary
basins and structural high.
Capped with sands and gravels,

Regional flow in layered sandstone
and carbonate aquifers; thick con-
fining beds of shale; deep basins
contain highly saline water.
Extensive fluvial deposit
aquifers Nebraska south into
Texas and glacial aquifers in
North Dakota and South Dakota
overlie sandstones.

r



Table 1. (Contd.)

C. T. HESS et a!.

GEOLOGICALFRAMEWORK NATURE OF GROUND—WATER
FLOW SYSTEMS

Igneous and metamorphic folded core
rocks of Rocky Mountains and
intermontane basins of shaies,
carbonates, evaporites, and
sandstones. Intrusive and
volcanic rocks.

Regional flow in layered sandstone
and carbonate aquifers with shale
confining beds in intermontane
basins; local recharge and
discharge controlled by topography
and surface water features in frac-
tured igneous and metamorphic
rocks.

Flat—lying to gently warped layers
of sandstones, shales, limestones
and evaporites with volcanic rocks.

Regional flow in layered sedimen-
tary rocks; chief aquifers are
sandstones and carbonates;
discharge to major streams; highly
saline water at depth in deep
basins and in association with salt
beds.

Elongated blocky mountains of faulted
rock complexes; deep alluvium-
filled intermontane basins; Intrusive
igneous stocks and plugs; extrusive
ash—flow tuffs, rhyolites, and
basalts,

Flow within closed basins; inter—
basin flow between closed
topographic basins through per-
meable bedrock; interbasin flow in
alluvial channels between basins
with integrated surface drainage;
deep regional flow systems in
carbonate and volcanic rocks.

io. Columbia Regional shallow structural basin of Basaltic lava flows range from
Plateaus basaltic lava flows; locally faulted

and folded; mountain range on the
west consisting of elongated chain of
andesitic volcanic cones,

highly permeable to dense nearly
impermeable, creating regional
aquifers with perched aquifers
separated by confining beds. The
ground water principally discharges
to the major streams; locally
discharges to a few closed basins.

11. Pacific Consists of several complex elements: Regional flow In deep intermontane
Mountain Large uplifted and tilted blocks sedimentary basins; igneous and
System of granite with inliers of

aetasediments; folded and faulted
sedimentary rocks; deep elongated
troughs filled with fluvial sediments,
with fluvial sediments.

metamorphic rocks of’ low
permeability support shallow local
flow systems related to topography
and surface drainage.

reportand provide a framework for understand-
ing the variations in the distributionandactiv-
ities of natural radionuclides in water. In fact,
one hypothesis is that certain provinces or sub-
provinces can be characterized as producing.
ground water with specific radionuclide prob-
lems, or conversely, without specificradionuclide
problems. If this hypothesis can be verified, it
has important applications to the development
of regional guidelines for monitoring require-
ments in the revised regulations (La83).

OCCURRENCE OF Ra ISOTOPES IN PUBLIC
DRINKING WATER

Introduction
Radium hastwo natural isotopeswhich are

of concernin public water supplies. Radium-
226 is generatedthrough decayof 238U and is
an a emitterwith a t112 = 1,622 yr. This is the
isotopewhich is commonly referredto as Ra
andhasbeenmeasuredin manywatersupplies.
The otherisotope, 228Ra, is generateddirectly
by 232Th decayand is a shorter-lived, weak ~9

PROVINCE

~, Rocky Mountain
5ys tern
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RADIOACTIVITY IN PUBLIC WATERSUPPLIES

ftJI NEWENGLAND-ADIRONDACKMOUNTAINS
APPALACHIAN HIGHLANDS-PIEDMONT

APPALACHIAN AND INTERIOR PLATEAUS

~~COASTAL PLAIN

1111111GLACIATED CENTRAL PLATFORM

LI WESTERNCENTRALPLATFORM
ROCKYMOUNTAINSYSTEM

—COLORADOPLATEAUS

BASIN ANDRANGE

~fl~Jj~JCOLUMBIA PLATEAUS

~~PACIFIc MOUNTAINSYSTEM

FIG. 1. Geologicalprovincesof theUnited States,accordingto Beddinger(Be8I).

emitter(t112 5.7 yr). Thereis a third isotope
of Rawhich is of possibleconcern,224Ra,with
a t112 = 3.64 days. Its occurrenceis not well
known; only a few data are available from
samplesat the well head.The U.S. Environ-
mental Protection Agency (EPA) established
interimregulationsin 1976 for maximumlevels
of radioactivityin drinking waterasfollows;

“Maximum contaminant levels (MCL) of
combinedRa-226and Ra-228—5picocuries
perliter (pCi/I); grossalpha-particleactivity—
15 pCi/i excluding,radon and uranium”
(Ep76a).

TheseMCLs were set underthe authority of
the SafeDrinking WaterAct to protecthealth,

taking treatmentcostsin consideration.In an
effort to minimize the costs of analysis and
monitoring, the EPA establisheda series of
screeningstepsto testfor compliancewith the
interim regulations.Thesecriteria statedthat

when the averagegross a-particle activity of
four quarterlysamplesor compositesexceeds5
pCi/I, the sameor equivalentsampleshall be
analyzed for 226Ra. If the activity of 226Ra
exceeds3.0 pCi/I, the sampleshallbe analyzed
for 228Ra. Inherentin theseregulationswerethe
assumptions’that 226Rawasto be the dominant
radioactivecontaminantin drinking waterand
the 228Ra/226Raaétivity ratio was less than 1.0.
The regulationsrequiredall systemssupplying
25 or morepeopleto be monitoredevery 4 yr.

Sincethe interimregulationswereestablished,
much more information on the occurrenceof
Ra isotopesis now availablefrom statecompli-
ance data and from detailed studies on the
correlationand interrelationshipsof 228Ra and
226Ra in ground water with specific geological
provinces(Mi80; AsSI; Ki82; Mi82; ‘Kris82).
In light of thesenew data,the key issuesto be
consideredfor revisionofthe regulationsare:

(1) prioritization of specific areasfor moni-
toring for 228Raand 226Ra;
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(2) reduction in the interval frequencyor
completeomission for specific areasfor repeat
monitoring; and

(3) decoupling228Raanalysisfrom 226Ra,with
criteria for when228Rais to be measured.

The purpose of this paper is to concisely
review the existing information on the geo-
chemistryand occurrenceof 228Ra and 226Ra,
andto provideguidelinesforregulatoryrevision.

GeochemistrYofRa isotopes
The distributionof 228Raand226Ra in water

is a function of the Th andU contentof the
aquifer, the geochemicalsetting of the aquifer
solids, andthe ti!

2
of each isotope. There are

specific geologicalandchemicalprocessesthat
controltheTh andU contentin aquifers,which
are discussedin detail by Olsonand Overstreet
(0164), Cherdynstev (Ch71) and Gableman
(Ga77). In fact, Tb and U have very similar
behavior,with one importantexceptionwhich
is mostresponsiblefor their eventualseparation.
Thorium hasoneoxidationstateandis immo-
bile at low temperatures.Therefore,Th distri-
bution is controlled by primary geochemical
processes(suchas magmaticcrystallization)or
secondaryphysical processes(suchassedimen-
tary enrichmentin placer deposits).Uranium
hastwooxidationstatesandthe+6 state(urany))
can form highly solublecomplexeswhich can
be transported long distances by oxidizing
groundwater beforebeing removedby adsorp-
tion or reductionto the +4state.Theestimated
averagecrustalTh/U activity ratio is 1.2—1.5 so
that, in the absenceof enrichmentor depletion
processes,228Ra activity shouldbe higher than226Ra.However,the tendencyfor ,U enrichment
undercertaingeochemicalconditionsresults in
regionsof higher226Ra, thustheEPA’s decision
to emphasize226Rain the interim regulations.

Radium entersground water by dissolution
of aquifer solids; by direct recoil acrossthe
liquid-solid boundaryduring its formation by
radioactivedecayof its parentin thesolid (both
isotopeshaveTh as the immediateparent); and
by desorption.The mechanismof a recoil is an
important factor in the higher solubility of
progenyisotopescomparedwith their parents.
Uranium-234/uranjum-238activity ratios in

groundwateraregenerallygreaterthan 1.0 and
can be as high as 28 (Gi82). Radium-224J
radium-228 activity ratios in South Carolina
ground water range from 1.2—2.0 (Mo83) and
in Connecticutfrom 0.8—1.7(Kris82). However,
whenthe progeny/parentpair consistsof differ-
ent elements,geochemicalfactorsbecome int-
portantcontrols of their relativesolubility. An
extremeexampleis 222Rn, the immediateprog-
eny of 226Ra;222Rn/226Raactivity ratiosin water
can be as high as 106. Becauseof a recoil and
the differentsolubilitiesof theTh andU series
isotopes, extensive disequilibrium occurs in
groundwater.

Recent studies have suggestedthat Ra is
rapidly absorbedfrom ground water. King el
al. proposedthat the distanceof Ra transport
in ground water was less than that of 222Rn
(with a t112 = 3.8 days) due to continual ad-
sorptionof Ra onto the aquifer solids (Ki82).
Krishnaswamiet al. calculatedadsorptionand
desorptionrateconstants’for Rain Connecticut
aquifers and proposedthat Ra removal rates
are rapid, as short as a few minutes(Kris82).
Equilibrium betweenadsorptionanddesorption
is alsoquickly established,butKrishnaswamiet
a!. concluded that the partition coefficient
strongly favors the solid phase,and almostall
Ra introduced into the ground water studied
resideson particlesurfacesin theadsorbedstate.
However, the extent of sorption is controlled
by the geochemicalreactivity of the aquifer
material.King etal. (Ki82) note that the average228Raand 226Raactivity in the crystallineaqui-
fers of South Carolinawas lower than for the
CoastalPlain sediments,even though the Th
andU contentof the rock aquiferswas higher.
Furthermore,the 222Rnactivity in thecrystalline
aquiferswas 10 timesgreaterthan the aquifers
sampledin the CoastalPlain. King et a!. con-
cluded that the affinity of Ra for adsorption
sites in the fresh rock surfaceswhich have
higher cation-exchangecapacitieswas greater
than for thesandandgraveldepositscomposed
of refractorymineralssuchasquartz.Thus, Ra
in ground water does not accumulatewith
groundwater‘transportin aquifers;it staysvery
closeto the areain which it is produced.

Theinsolubility of RaandTh canbeinferred
from studies of potential contamination of

U
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ground water due to seepagefrom U tailings
ponds in New Mexico reportedby Kaufmann
et a!. (Ka76).At onesuchpond,theyestimated
that nearly3 X 1 0~liters of seepageenteredthe
shallow aquifer during a 20-yr period. The
wastesin this pond containedapproximately
200 pCi/I of 226Raand 166,000pCi/I of 230Th.
Thus, nearly a curie of 226Ra and 500 Ci of230Th were availableto leach with the shallow
ground water; yet, in 1975, monitoring wells
located 1 km down-gradient from the pond
showedno evidenceof contamination.

Through an understandingof the physical
andchemicalprocesseswhichcontrol Radistri-
bution, we can now beginto interpretthe new
databasefrom statecompliancereports,andto
developpredictivemodelsfor Ra occurrenceon
which new regulationsshould be structured.
Theseproposedmodelswould characterizecer-
tain geologicalsettingsor aquifer types as pro-
ducingground water with high or low Ra con-
tent. TheEPA hasbegunto developapredictive
model for the occurrenceof 228Ra,with a~pilot
study completedfor two geologicalprovinces,
the Atlantic andGulf CoastalPlain sedimentary
aquifersand the Piedmontrock aquiferof the
easternUnited States(Mi82). Information on
areas of high Ra occurrence is necessary to
provideguidanceto statesfor additional moni-
toring. From a regulatorypoint of view, areas
of low Ra activity are very important, in that
theycould haveadifferent monitoringpriority
and schedule. A predictive model for 228Ra
would also be valuablebecauseso few samples
were measuredunder the present analytical
scheme.
Occurrenceof226Raand228Rain drinking water

All but six states(Illinois, Nebraska,Colorado,
Utah, Montana and Oregon) have reported
known MCL violations for Ra as requiredby
theinterim regulations.Thereareapproximately
200 reported public water suppliers with 226Ra
activities in excess of 5 pCi/I after normal
treatment(Co83c). The following sectionsdis-
cuss theseresults and other studiesby water
types,geologicalsetting, andisotope.

Surfacewater
The Ra content of surfacewater is usually

very low. Radium-226generallyrangesbetween
0.1 and 0.5 pCi/I andthe 228Ra/226Raactivity

ratio is generally greater than unity (Mo69;’
El82). Also, standardwater treatmentmethods
areknown to removeRa (Ep76b).To the best
of our knowledge, no surface-waterviolations
for Ra havebeenreportedby the states.Thus,
surface-watersystemsshouldbeseparatelyeval-
uated; perhaps they could be releasedfrom
monitoringrequirementsforRaoncethesource
stream was documentedas having low natural
radioactivity.

Groundwaler
Out of the nearly60,000public watersupplies

in the United States, about 80% use ground-
water sources.More than 90% of the ground-
watersuppliesserve lessthan 3,300peopleand
areclassifiedas smallor very small. In general,
Ra in drinking wateris asmall-systemproblem.
Figure 2 is a compilation of the areas and
specific sites which have high Ra in ground
water from both state compliancedata and
publishedstudies.

The availablestate compliancedata for Ra
comesalmostexclusively from sampleswhich
first showed a gross a-particle activity of �5
pCi/i. Iowa useda screenof 2 pCi/I for gross
a-particleactivity. In someareas,stateswould
analyze additional samples in an area where
high radioactivity was found during the initial
sampling.Radium-228datawere provided for
aboutone-halfof the 200 226Ravaluesreported.
Statewidesummariesof 226Ra and 228Ra data
havebeenpublishedfor Georgia (C183),South
Carolina (Ki82), Iowa (Krie82) and Illinois
(Ro77); Lucas reportedresultsfor more than
90% of the communities in Illinois, Iowa, Mis-
souri, and Wisconsin (Lu82).

Therehavebeenseveralstudieson the tem-
poral variability of the activity of Ra isotopes
in ground-watersystems. Kriege and Hahne
reported that the mean value for the average
percentdeviationsof 141 samplesduring 18 yr
in Iowawas 21%with a relativestandarddevia-
tion of 15% (Krie82). Michel andMoore found
a maximum variation of 19% during 2 yr in
individual wells (Mi80). Therefore, in single-
well systems,onesampleshouldbe representa-
tive of the average annual activity; also the
presentrequirementfor monitoringat 4-yr in-
tervalswould not be necessaryunlesschanges
to the systemhave been made.Systemswith
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NODATA REPORTED

FIG. 2. The approximatelocationsand generalareasof public watersupplieswhich exceed5
pCi/i of total Ra (228Rawas reportedor combinedwith 226Rafor aboutone-halfof the sites).
Large dotsrepresentindividual violations. Thedot patternrepresentsthe generalareaof a
group of violations,with the adjacentnumberindicating the numberof violations in that
group. When the locations were unknown, just the number of violations was indicated

(modified afterCothernandLappenbusch(Co83)).

multiple wells havethe potential problem of
continuouslyvariable Ra basedon the relative
contribution’ of eachwell whensampled.

From the data reported by the states,the
meantotal Ra activity for suppliesexceeding
the MCL was almost 10 pCi/I. Radium-226
activity wasgenerallygreaterthan 228Raactivity,
but,thesedatawere initially biasedtoward high
226Ra.King el al. found that the average228Ra/226Ra activity ratio was 1.2 for morethan 180
samplesthroughoutSouthCarolina(Ki82). Of
these, 10 sampleshad226Ra less than 3 pCi/i,
but total Ra greaterthan 5 pCi/i. King et a!.
estimatedthat perhaps40—50% of thetotal Ra
violations for the Piedmontand CoastalPlain
provinces were missed using the prescribed

screeningprocedurewhich couples228Raanalysis
to 226Ra (Ki82). Kriege and Hahne reported
additional samplingwhich identified eight vio-
lations for total Ra althoughthe226Rawas less
than 3 pCi/I (Krie82).

Fromtheavailabledata,therearetwo specific
geologicalregionswhere morethan 75% of the
known Ra violations occur. They are; (1) the
Piedmontand CoastalPlain provincesin New
Jersey, North Carolina, South Carolina and
Georgia;and(2) a north-centralregion,consist-
ing of parts of Minnesota,Iowa, Illinois, Mis-
souri andWisconsin.Therest of theviolations
are generally scatteredclusters, notably along
theArizona-NewMexicoborder,Texas,Missis-
sippi,FloridaandMassachusetts(Fig. 2). All of.

* ONLY GROSS ALPHA PARTICLE VIOLATIONSARE AVAILABLE 144 SITES WITH >15 pCi/Il
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thesescatteredviolationshad high 226Ra activ-
ities, as would be expectedfrom the screening
methodsusedto detectthem. Radium-228ac-
tivities in these systemswere very low. We
believe that the currentanalyticalprotocolhas
detecteda largepercentageof the systemswith
high 226Ra. Cothern and Lappenbuschhave
used the compliancedatafor 226Rato estimate
that approximately500 systemswill be deter-
mined to exceedthe MCL of 5 pCi/I (Co84).

Improvementon thisestimateis difficult with
theexistingdatabase,which is comprisedmostly
of reportedMCL violations for 226Ra.Statistical
analysis of thesedata is not possiblebecause
theywere not randomlysampled.In thisrespect,
states should be requestedto submit all Ra
results to facilitate further analysis. However,
somecalculationscan be madeto corroborate
the previous estimates of MCLviolations. Data
from SouthCarolinashowedthat approximately
3.0% of the ground-watersuppliesexceededthe
5.0 pCi/I limit for total Ra (Ki82). (Note that
the prescribedscreening proceduresdetected
only one-halfof theseviolations).Applying that
percentageto North CarolinaandGeorgia,both
of which have similar hydrogeology, provides
an estimateof 150 violationsfor all threestates.
In Iowa, approximately10% of the 605 supplies
sampledto date, usinga lower screeningcriteria,
exceedthe MCL. Again, applying this percentage
to all the ground-watersystemsof Iowa and
half of Illinois, Missouri and Wisconsin yields
120 violations for Iowa,75 violationsfor Illinois,
50 for Missouri,and 60 for Wisconsin. Wecan
estimateviolations for the statesthat havenot
reportedas follows: 10 eachfor Utah,Colorado
and Nebraska,and zero for OregonandMon-
tana. There are 71 violations reported in all
other states. The total of these known and
estimatedviolations is 556. Assuming10—25%
of the actualviolations are missedduring the
prescribed screening procedure (actual data for
Iowa, 8 out of 60 or 13%; for South Carolina,
8 out of 30 or 26%), the numberof violations
rangesbetween600 and700.

Estimatesof populationexposurenationwide
can only be broadly madewithout additional
information on populationsservedby the MCL
violations,aswell ason theresultsof all analyses.
Lucasestimatedthat 91 communitiesin Illinois,
Iowa, Missouri and Wisconsin with a population

of 599,000consumewater with 226Ra greater
than5.0 pCi/I (Lu82).

Under the presentscreeningmethods,how-
ever, there was concernthat 228Ra’ violations
werenotbeingdetected.Thus,theEPArecently
funded a study to determine if a predictive
model for the occurrence of 228Ra could be
developed. The Piedmont and Coastal Plain
aquiferswere selectedas a pilot studyareafor
development of a model because the mdi-
ochemistryof theseprovinceshad beenexten-
sively studied, thesewere areasof known high
228Raactivities, andnearly300 valuesfor 228Ra
wereavailable.

The model comprisesa multilevel classifica-
tion of aquifer characteristicsfor each 228Ra
datum.The natureof the dataprecludeduseof
such analytical tools as regression analysis to
establish a quantitative relationship between,
for example,Th contentand228Ra.As a result,
the underlying model structurewas evaluated
to assessthe existenceof differencesnot only
betweenthe majoraquifertypesbutalsobetween
lower-level classificationwithin amajoraquifer
type.A detaileddescriptionof the model devel-
opment, parameters,methodologyand results
canbe foundin areportby Michel andPollman
(Mi82). Only a summaryis discussedbelow.
Also, althoughthe model wasdevelopedspecif-
ically for 228Ra,valuesfor 226Rawereavailable
and similar statisticswere calculated.There is
much to be learnedfrom these differencesin
the resultsfor thesetwo isotopes.

Table 2 summarizesthe meansand ranges
for those aquifer types which had significantly
different 228Ra distributions. Note the striking
differencesin the means,although the ranges,
are similarin somecases.Arkosic (immature,
feldspar-rich) sand aquifers had mean values
for bothRa isotopesup toan orderof magnitude
greaterthan quartzosesands.Limestonesand
metamorphicrock aquifers in the study area
had very low activities of both Ra isotopes.
Table3 shows a rankingof all structurallevels’
usedin thepilot study,with symbolsindicating
groupsof similarity of 228Radistribution (with
226Rameansare also given without a ranking).
~Classesidentifiedby the sameletter codein the
grouping column representstibsetsof a group
thatare statisticallyindistinguishablefrom other
classes of the same group. However, groupings
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Table 2. Summaryof228Ra and 226Ra distribution in ground water by aquifer typefor the
AtlanticCoastalPlain and Piedmontprovinces

Aquifer Type
Number

of Values
Ra-228 Ra—226

Geometric Geometric
Mean

(pCi/i)
Range

(pCi/i)
Mean

(pCi/i)
Range

(pCi/i)

Igneous Rocks
(acidic) 42 1.39 0.0—22.6

Metamorphic
Rocks

Sand
Ark Os e
Quartzose

Limestone

75 0.33 0.0— 3.9 0.37 0.0— 7.4

143 1.05 0.0—17.6 1.36 0.0—25.9
92 2.16 0.0—13.5 2.19 0.0—23.0
50 ‘ 0.27 0.0—17.6 0.55 0.0—25.9

16 0.06 0.0- 0.2 0.12 0.0— 0.3

that overlapindicatethat theparticularindivid-
ual groupsare not unique.Forexample,group
A as a class is not statistically different from
groupsB, CandD; groupsE, F andG, however,
represent groups of classes with significantly
lower 228Ra activities than group A. Although
some groups were not significantlydifferent,the
ranking followed the anticipatedtrendswithin
major types.Forexample,the rankingof igneous
rocks, with syenite > granite> diorite, follows
Th abundance in these rock types. Arkosic sand
aquifers are ranked in order of Th content of
the source rock, from high to low. This pilot
study showed that specific aquifer types and
geochemicalconditionscanbe characterizedas
producing ground water with high or low 228Ra
activities. Its application can be demonstrated
for the aquifersof the Piedmontand Atlantic
and Gulf Coastal Plain provinces; high 228Ra
was likely to occur in aquiferscomposedof (I)
acidic,igneousrocksand(2) arkosicsandswith
sources having high-to-medium Th content.

The results from the model were used to map
specific areas (aquifer types) from New Jersey
to Alabama that would be likely to produce
ground water with high 228Ra. In fact, in the
Piedmontprovince,graniticrock aquifersyoun-
ger than350 million yr wereshownto produce
high-Ragroundwater. Older rockshadunder-
gone metamorphismwhich has tendedto re-

crystallizeTh and U into resistateminerals in
which Ra is more tightly bound. The arkosic
sandaquifers wererestrictedto theupperCoastal
Plain from Virginia to Georgia. These aquifers
are composed of sediments eroded from the
nearby Piedmont rocks and are mineralogically
immature.Theycontainhigheramountsof Th-
and U-bearingminerals than the middle and
lower Coastal Plain sediments which were de-
positedfartherfrom the sourcerocks.Thus,the
trend in the Coastal Plain aquifers for 228Ra,
whoseparentis not subjectto secondarytrans-
port processes,is one of decreasingactivities
with distance from the Piedmont source. Only
one out of 50 samples from the quartzose sands
of the middle and lower Coastal Plains aquifers
wasgreaterthan 3 pCi/I for 228Ra. In contrast,
226Ra in the middle Coastal Plain aquifer is
highly variable,with values from 0—196 pCi/i,
due to the ability of its parent to migrate in
ground water and undergo secondary enrich-
ment.

Knowledge of the conditionswhere very low
radioactivity will occur is also very important.
In the area studied, low 228Ra occurred in
aquifersof (1) metamorphicrocks,(2) quartzose
sandsand(3) limestone.Thus,the lower Coastal
Plain, composed of extensivelimestonesansJ
deepquartzosesand aquifers, is notable for its
total ‘lack-of 228Ra greaterthan 1.0 pCi/l in

1.80 0.0-15.9

‘I

I
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Table3. Rankingofall structurallevelsusedshowinggroupingsofsimilarity inRa distribution.
Radiwn-226valuesare givenfor comparisonbut are not ranked

Grouping*
Mean

Ra—228
(pCi/i)

No. Structural Level
Mean

Ra—226
(pci/i)

A 3.03 2 Igneous, acidic, composite Th, 0,75
A syenite
A 2.49 46 Sand, unconsolidated, arkosic, 2.03
A , high—Th source
A

B A 2,14 43 Sand, unconsolidated, arkosic, 2.73
B A medium—Th source
B A
B A C 1.59 35 Igneous, acidic, composite Th, 2.31
B A C granite
B 0 A C 0.85 3 Igneous, acidic, composite Th, 0.99
B 0 C diorite
B D E C 0.52 31 Sand, unconsolidated, quartzose, 1.72

0 E C medium-Th source
DEC

F 0 E C 0.39 37 Metamorphic, high—grade, 0.32
F 0 E nonspecific Th
F 0 E 0.34 10 Metamorphic, low—grade, 1.41
F 0 E nonspecific Th
F D E 0.28 3 Sand, unconsolidated, arkosic, 0.32
F 0 E iow—Th source
F DE
F 0 E 0.28 13 Metamorphic, medium—grade, 0.24
F 0 E nonspecific Th ‘ ‘

F DE
F 0 E G 0.24 15 Metamorphic, high—grade, 0.24
F 0 E G specific Th, monazite
F EG
F E C 0.12 2 Igneous, acidic, refractory rh, 0.14
F E C monazite
F G
F C 0.09 19 Sand, unconsolidated, quartzose, 0.09
F G low—Th source

C
C 0.06 16 Chemical precipitates, limestone 0.12

*A>.B>C>D>E (p<o.05).

groundwater.Radium-226will be morevariable
becauseof the high solubility of U complexes
in the carbonate system, but it is generally
detectedby the gross a-particleactivity screen.
Nevertheless, therehavebeenonly three226Ra
violations reported for the entire lower Coastal
Plain provincefrom NewYork to Texas.These

violations were all from oneregion in Florida.
The secondarea of high radioactivity is the

north-centralregion. Much of the groundwater
comes from deep aquifers, frequently having226Ra activitiesof 5—25 pCi/I; 228Racan be as
high as 32 pCi/I (Lu82). Thereis no apparent
correlation between 228Ra and 226Ra and no

562
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specific trendsin their distribution by aquifer,
depth in the aquifer, or areal extent. Interpre-
tation of the Ra distribution in this area is
~ompIicatedby complex hydrogeology and
multiply screenedwells in different aquifers.
There is evidenceof significant U migration,
both during geological time and the present,
which providesa mechanismfor high 226Raas
well as resultingin a complexdistribution and
disequilibriumof U seriesisotopes(Gi82;Li02).
Possiblesourcesfor high 228Ra havenot been
identified, but the 228Ra distribution may’ be
ableto be explainedby analysisof the sources,
depositionalsetting, and diagenesisof the sedi-
mentaryrock aquifers.

Limited work has beendone on Ra occur-
rencein theothergeologicalprovinces.Radium-
226 has been found to be high in areasof U
mineralization,suchas in Texasandthe Colo-
rado Plateauin Arizona andNew Mexico (Fig.
2) and violations are ‘expected in Utah and
Colorado when these states report. Thorium
enrichment zones, such as veins and placer
deposits,areexpectedto produceonly scattered,
local 228Raproblems,due to its limited transport
in groundwater.Theseareaswouldbeextremely
difficult to locateunderthe presentregulations.
However,aquiferswith muchlower but dissem-
inatedTh and U (such as granites,tuffaceous
rocks,andimmaturesandstones)aremorelikely
to have higher backgroundradioactivity and
wider occurrencesof both 228Ra and 226Ra in
groundwater.

Occurrenceof224Ra
Data on 224Ra activities in ground water are

scarce.However, it appearsthat the activity of
224Ra is equal to or as much as twice the 228Ra
activity and therefore could be as high as 30—
40 pCi/I. This 224Ra activity is unsupported;
activities of its parent, 228Th, are usually less
than 0.01 pCi/I. Thus it enters ground water by
a recoil during decayof 228Th adsorbedon the
surfaceof aquifer solids. The radiotoxicity of
224Ra andits progenyis small becauseof their
extremely short half-lives.

RADIUM CONCLUSIONS

From the statecompliancedata and other
studies, much more is now known about the
occurrenceof Ra isotopesin public drinking

watersupplies,and’thisinformation shouldbe
incorporatedinto the revisedregulations.

(1) Surfacewaterhasvery low Ra activities;,
the monitoring interval after initial validation
should be significantly lengthened,or perhaps
omitted, for surface-watersystems.

(2) Fewersamplesmay be‘neededto deter-
mine the averageannualactivities, particularly
for single-well systems;the monitoring interval
couldbe lengthenedfor unmodifiedsystems.

(3) Monitoring requirementsfor 228Rashould
be decoupled from 226Ra. Instead, separate
guidelinesfor theoccurrenceof Ra isotopesare
needed. -

(4) Regional 226Ra problemsare fairly well
known. The few additional occurrences of high226Ra activity will be difficult to find without
analysisof everysystem.As important,however,
arethoseareas which have low 226Ra.All values
shouldbe compiledregionallyor nationally, to
documentthe 226Radistribution for eachgeo-
logical province,with the goal to classifyareas
with a high degreeof certaintyas producing
low 226Ra ground water. The revised regulations
should include separate,less stringent andless
costlymonitoring requirementsfor suchregions.
This approachwould shift monitoring efforts
towardknown or uncertainareasof high 226Ra
andprovidemoredataon theactualdistribution
of high 226Ra activities, which will allow for a
betterrisk assessment.

(5) The occurrence of 228Ra is not well
known. It hasbeenshown that, using the present
screeningprocedures, 10—50% of the viola-
tions for total Raare being missed.Moreexten-
sive measurementsof 225Ra would be difficult
becauseof the problems with the approved
analytical method. An alternative approach
would be to developa conceptual,predictive
model for 228Raoccurrence,basedon geochem-
ical principles,to identify specific typesof aqui-
fers which are likely to have228Ra problems.
Once verified, this model should be the basis
for developing regional guidelines for monitoring
in areas more likely to have high 228Ra. This
same approachcan be used for refining and
interpreting occurrence data for U and Rn as
part of the regulatory processof developing
standards for these isotopes.

(6) Finally, becauseaqueousradiochemistry
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is a complex,technical field, the EPA should
providestatewater-supplypersonnelwith back-
groundandexplanatoryguidesin laymen’slan-
guage,which will assistthem in understanding
radiologicalproblemsandin the implementation
of theregulations.

OCCURRENCESOF U ISOTOPES IN PUBLIC
DRINKING WATER

Introduction
Uranium hasthreenaturalisotopeswith long

half-lives (11/2) thatpermit transportinto potable
watersupplies.Theseisotopesare 238U (99.27%
naturalabundance),11(2 = 4.7 >< iO~yr,
(0.72%naturalabundance),11/2 = 7.04 X 108 yr,
and234U (.006%naturalabundance),11/2 = 2.54
X 1 0~yr. All of theseisotopesemit a radiation
and prodUce a long decay series of progeny.
Thegroupof U isotopesarefoundin theEarth’s
crustwith an abundanceof 4 X 1O~% (Hu73)
and are found in rocks and mineralssuch as
granite, metamorphicrocks, lignites, monazite
sand,and phosphatedepositsas well as in U
mineralssuch as uraninite,carnotiteandpitch-
blend(Ca80).It is a traceelementin coal, peat,
and asphaltand is presentin some phosphate
fertilizers at a level of about 100 ~tg/gor 67
pCi/g. Despiteits widespreadabundanceit has
not beenshown to,be an essentialelementfor
man (Hu73). There is no standard for U in
water suppliesas a radioactiveelementsince,
until recently, it has been consideredby the
U.S. Nuclear Regulatory Commissionto be a
toxic heavymetalwith the standardfor ingestion
relatingto its chemicaltoxicity (3 X iO~pCi/I);
(10 Code’ of FederalRegulations20, 601, Ap-
pendixB). However, someconcentrationmea-
surementsin potablewater havebeendone in
associationwith gross a measurementsfor the
Ra drinking water standard.The U activity
measuredwas to be subtractedfrom the gross
a activity measurementto show compliance
with the gross a standard (Dr81). A recent
analysisof U in watersupplieswasconducted
by OakRidgeNationalLaboratory(Dr81) using
89,944measurementsof U surface,groundand
domestic waters primarily obtained from the
NURE program. The resultsof this study are
reviewedin this report.

GeochemistryofU
Althoughthereare geologicalprocesseswhich

enrich U in certainrock formations,it occurs
as a commontraceelementin most rock types.
Becauseof the insolubility of U4~,U must be
oxidized in order to be transportedin ground
water. The greatersolubility of U” is due in
part to its tendencyto form uranyl di- andtri-
carbonateanions.Thus,U solubility is a func-
tion of not only the redox potential of water
but alsoof the pH and the partial pressureof
CO2 in the system. In comparisonto Ra, the
stability of the uranyl carbonatecomplexesand
their longhalf-life allow for U to be transported
long distancesunderoxidizing conditions.Ura-
nium is removedfrom solution by sorption or
reducingbarriers, a processwhich has been
well describedin thesandstone-typeU deposits
in the western United States (Ga77).

Therehavebeenmanystudiesof the isotopic
composition of U in natural waters which have
shown that most contain more activity from234U than from 238U. The 234U/238U activity
ratio can be as high as 28, but usually ranges
between I and 3 (Ch7 1; Gi82). The higher
activity of 234U in water is due to its selective
mobilization by a recoil. The natural abun-
dancesof isotopesand the half-lives give 0.33,
0.015 and 0.33 pCi/pgof natural U for 238U,235Uand234U, respectively,or 0.68 pCi/pgtotal.
Thus,isotopicenrichmentcan causechangesin
the specific activity of the total sample of U.
Total depletion of 234U from the sampleand
replacementby an equalactivity of 238U will
result in no netchangeof totalactivity; however,
thetotal massof U would almostdouble.The
humandosimetrywill also be changedsincethe
a energiesare not the same. Methodswhich
dependon the massof U will not predictthe
correct activity for sampleswith variable U
isotopeenrichment.

OccurrenceofU in groundandsurfacewater
Uranium concentrationin waterdependson

factorssuch asthe U concentrationin the host
aquifer rock, the presenceof 0 andcomplexing
agents,chemicalsin the aquifer, chemicalre-
actionswith ions in solutionand the natureof
the contact betweenthe U minerals and the
water. These factorsvary with regions of the
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United States due to rainfall, geology and
ground-waterflow patterns,and to anthropo-
genic factors suchas userate of groundwater
and surface water (Sc62). Thus, one would
expect largevariationsof U contentfrom state
to state.The geologicalprovincesof the coter-
nimbus United Statesderivedfrom generaliza-
tions of rocktypesandhydrologicalflow systems
are shown in Fig. I and Table 1. Thesezones
can be comparedto the U concentrations,av-
eragedby statefrom the(NURE) measurements
shown in Figs. 3, 4 and5. Theseaveragesare
surprisinglysimilar, showingdifferencesof only
factors of 4 higher concentrations in ground
water than in surfacewater, with manystates
identical for ground and surface water. The
averagevalues for each province is given in
Table 4 with averagevalues ranging from .02
in province2, the AppalachianMountains,up
to 2.3 in province8, the ColoradoPlateau.By
groupinglow, medium andhigh averages,one

565

seesthe four major zonesof similarconcentra-
tion: Zone I, the AppalachianMountainsand
New England;Zone2, AppalachianandInterior
Plateau,andCoastalPlain;Zone3, theGlaciated
Central Platform, Western Central Platform,
Rocky MountainSystem,andColoradoPlateau;
Zone4, the BasinandRangeandthe Columbia
PlateauandPacific MountainSystem.

The provinceschosenby Beddinger(Be81)
may be comparedwith thosechosenin 1962
by ScottandBarker(Sc62).Theseprovincesare
shown in Fig. I and comparedby region in
Table 1. Concentrationsof U aregiven in Table
4 for provincial schemes.The dataof Scottand
Barker comprise561 samplescollected in the
coterminous United Statesfrom 1954—58 and
are expressedin pg/I (thus theyrepresent238U
only).

Table5 showspopulationvsU concentration
for drinking water sourceswith more than
10,000 people(Dr8 1). The levels are given up

FIG. 3. Population-averagedU concentrationin picocuriesperliter for surfacewater in the
United States.
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FiG. 4. Population-averagedU concentrationin picocuriesper liter for ground water in the
UnitedStates.

to greater than 100,000 population. Due to
limitations in the source information (Dr8 1),
no information is available for cities of popu-
lations less than 10,000, showinga need for
more informationon small systems.

RelativesourcecontributionofU
Thedietaryintakeof U in United Statesfood

is variously reportedfrom 0.87—0.94 pCi/day
(Ha73) to 0.2—0.9 pCi/day (UN77) with an
averageof 0.4 pCi/day. The comparisonwith
drinking water of averageconcentrationof 2
pCi/l and two liters perday consumptiongives
4 pCi/day of water-derived U which is 5—10
times greater than the food-derived U. Air con-
tributionsof U are much smallerthanthe food
andwatercontributions.

Uranium conclusions
(1) The data shows that elevated levels of U

found are found in surfacewater as well as in
groundwater.

(2) The highestaveragevaluesof U concen-

tration are found in decreasingorder in the
following provinces(see Fig. 1): ColoradoPla-
teau,WesternCentralPlatform, Rocky Moun-
tain System, Basin and Range and Pacific
MountainSystem.The statewith the highestU
concentrationis SouthDakOta.Modeling these
variations would be very helpful for regional
standards.

(3) High U concentrationsin the East are
widely separated,andmost values in the East
are low.

(4) Isotopic estimatesare needed for 238U
and234U sincetheyare found in disequilibrium
in water.Regionalvariationsshouldbemodeled.

(5) More analysesare neededfor low popu-
lation systems.

OCCURRENCEOF Rn ISOTOPESIN PUBLIC
DRINKING WATER

Introduction
Thereare two isotopesof Rn, with half-lives

long enoughto be consideredas drinking water
radionuclides.The first is 222Rn which is the
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FIG. 5. Population-averagedU concentrationin picocuries perliter for domesticwaterin the
UnitedStates.
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progeny of 226Ra,called “radon,” and has a
half-life of 3.84 days.The second,220Rn, which
is the progenyof 224Ra,was historically called
“thoron,” and has a half-life of 56 sec. The
timedelayfrom productionto consumptionof
water of a few hours to a few days for water
allows many decay half-lives for 220Rn, and it
is not observedin water supplies. Radon-222,
henceforthsimply Rn, is transportedby water,
and can lead to public exposuresby being
ingestedand exposingthe digestivesystem as
well asby becomingairborneandexposingthe
lungs. When water is used for cleaning, dish-
washing,bathing,or clotheswashing,Rnescapes
from thewaterinto building air whereit decays
into a-emittingprogeny.TheresultingRnprog-
eny are chargedand will frequently attach to
aerosolparticlesin the air. The dust, cigarette
smoke,or aerosolparticleswill thenbe inhaled
and maybecomeattachedto the interiorof the
lung,bringingtheaparticle-emittingRnprogeny

into closeassociationwith the cell lining of the
respiratorysystem(Ar75).

Thereis no federalstandardfor Rn in water,
althoughstudieson ingestiondoses(Hu65; As79)
and inhalation doseshave been done (Pr8l;
He83a;He79). There havebeen standardsfor
Rn in mine air, and for Rn from soil gas in
buildings placedon mine tailings in the United
Statesand Canada(Us79; At77). Swedenhas
standardsfor Rn from soil gas in areasof alum
shaleandgranites(Ak81). Some of thesestan-
dardsaregiven in Table 6. In the past, Rn and
its progenyhavebeenexcludedfrom thedrink-
ing water standards,andconsideredonly to be
aninterferencein the Ra measurements.

Information about levels of Rn have been
obtainedin state studiesandby a federal study
done by the U.S. Environmental Protection
Agency Environmental Radiation Facility in
Montgomery, AL, and by the University of
Texasat Houston.
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Beddinger Provinces

1. New England—-
Adirondack Mts.

2. Appalachian
Highlands Piedmont

3. Appalachian
Interior Plateaus

4. Coastal Plain

5. Glaciated Central
Platform Aquifers

6. Western Central
Platform

7. Rocky Mountain

Systeat

8. Colorado Plateaus

9. Basin and Range

10. Columbia Plateaus

11. Pacific Mountain
System

Radon-Radiumgeochemistry
Radon is a water soluble inert

RADIOACTIVITY IN PUBLIC WATER SUPPLIES

Table4. Uraniumconcentrationin theprovinces

Beddinger’ s
uranium concentrations

(pCi/i)

Arithmetic
Mean

gas and its
occurrenceis controlled by physical variables
suchas pressure,temperature,eniissivityof ,Rn
from rocks, as well as by time, and by the
geochemistryof its parent226Ra. High activity
of Rn is associatedwith granitic rocks (St81),
U minerals(Ta78),such as uraninite,carnotite
andwith tailings from phosphatefertilizer pro-
cessing(Us79)and U mines.

TransportofRn in waterfrom rocks
As discussedin thegecichemistrysection,the

occurrenceof Rn in water is controlled by
chemicalconcentrationof Ra in the host soil

Standard
Deviation

0.46 0.03

0.020 0.013

0.137 0.27

0.108 0.19

1.04 2.17

2.1 2.2

1.99 1.27

2.31 1.4

2.15 1.53

0.52 0.389

1.41 1.81
]

Scott’s uranium
concentrations

(pCi/i)Arithmetic

Mean

] II .34

III .34

I .14

V .34

VI .71

VI 1.5

VII-.VIII 1.15

IX .54

VIII 1.1.5

X 0.14,

on rock andby emissivity of Rn into the water.
The physical condition of the rock matrix ap-
pears to play a greaterrole in Rn production
thandoesthe concentrationof parentRa. Sev-
eral investigatorshave examinedthe mecha-
nisms influencing the releaseof Rn from rock
grains and the transport of Rn ‘through an
aquifer(An72; Ra83;Ta64;Ta80).Experimental
andtheoreticalconsiderationsindicatethat dif~
fusion along microcrystalline imperfections
dominatesthereleaseof Rninto thesurrounding
interstitial waters. The movement of Rn in
wateris governedby watertransportratherthan
diffusion in most cases, i.e. cases in which
the percolation velocity is greater than l0~
cm/sec.

typ
TaI
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Table5. Population vsconcentrationofU distributionfor drinking watersourcesthat serve
more than 10,000 people. The numbersin parenthesesare the number of cities sampled

followedby thetotal in thecategory

pOPULATION 0.05
—0.5

0.51
-1.0

1.1
-2

2.1
—3

3.1
—4

4.1
—5

5.1
—6

6.1
—7

7.1
—8

8.1
—9

9.1
—10

10./0
—11

greater than
11 pci/i

10,001 —

50,000 292
(532/2407)

75 46 14 17 4 75 4 2 3

50,001 —

75000 36
(63/224)

4 4 3 3 10 1 1 (12 pci/i)

75,001 —

100,000 15
(31/10 1)

5 3 1 4 3

greater than
100,000 117
(174/276)

15 10 7 8 3 7 4 2 (30.2 pCi/i)

+assumed secular equilibrium of U—234 and U—238.

The variationof Rn concentrationwith rock
type for well water in Maine is illustrated in
Table 7. This variation of a factor of 20 illus-
tratesvariation in rock types in Maine. Public
utility water measuredat the wells, which is
alsopresentedin the Maine list, is a factorof 5
lower thanthe stateaverage.This is due to the
higher capacityof the gravel aquifers used for
utility water supplies. These gravel aquifiers

allow more water to mix with the sameamount•
of Rn, leadingto lower concentrationsof Rn.

OccurrenceofRn in public watersupplies
ConcentrationsofRn in variouswatersources

conform to the log normal distribution. Table
8 shows the results of a blind sampling of public
water supplies in the central United States.A
reanalysis of other published data (Table 9)

Table6. Standardsfor Rn in air andproposedaction to be taken

United States (Us79)

Canada (At77)

Sweden (Ak81)

In phosphate—mining regions in Florida

4 pCi/la take remedial action
2 pCi/l: reduce to as low as is

reasonably achievable

In uranium—mining regions

30 pCi/l:
4 pCi/i:
2 pCi/l:

11 pCi/i:
4 pCi/i:
2 pCi/l:

take prompt remedial action
take remedial action
investigate

for existing buildings
for houses undergoing remodeling
for newly constructed houses
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Table7. AverageRn valuesinprivateandpublic watersupplies

Arithmetic
Mean pCi/i Maximum pci/i

Number
of Samples

Maine (He79,83b) 10,000 1,000,000 2,000

In granite zones 22,000 300,000 136*

In sillimanite
grade zone 13,600 100,000 35*

In chlorite 1,100 2,500 56*

In public utilities 2,000 11,700 64

*Rock grade determined by geologist for each private well.

Table8. Thedistribution ofRn in municipal watersuppliesin thecentral UnitedStates

STATE N.

Well

G.M.
(pci/i)

Waters

G.S.D.

Distr

N.

ibution S

G.M.
(pCi/i)

ystems

G.S.D.

Arkansas 6 135 2.66 20 47 1.95

Indiana 10 151 2.13 23 70 220

Iowa 33 175 2.13 31 111 , 2.45

Louisiana 61 151 1.84 22 93 2.54

Minnesota 28 252 2.08 28 183 2.65

Nebraska 47 262 1.85 21 178 3.68

New Mexico 27 287 2.39 20 220 2.16

Oklahoma 7 117 1.74 6 134 1.17

COMPOSITE 209 197 2.10 174 115 2.75

Texas 278 131 2.70

G.M. = Geometrical Mean

G.S.D. = Geometrical Standard Deviation

N. = Number of water supplies sampled
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Table 9. Radon-in-waterresultsbystateand source.Resultsare geometricmeansin units in
pCi/I. Parenthesesvaluesare numbersofsamples

PUBLIC

STATE
PRIVATE

WELL
PUBLIC WATER

SUPPLY*
GROUND-WATER

SUPPLY
PUBLI
WATER

C SURFACE
SUPPLY

**

AL 120 (22) 8 (31) 70 (182) ND (8)
AR 230 ( 2) 1400 ( 1) 12 C 22) ND (1)
AZ ‘ —— —— 250 (124) ND (6)
CA 43 ( 6) 790 ( 2) 470 ( 15) ND (2)
CO —— -- 230 C 76) ——

DE -— —- 30 ( 72) ——

FL 6000 (34) 320 C 2) 30 (327) ——

GA 2100 ( 2) 44 (32) 67 (225) 43 (2)
IA -- —- 220 C 85) ND (2)
ID —— —- 99 (155) ——

IL —- -— 95 314) ——

IN —- -- 35 (185) ——

KS —— —— 120 C 47) 74 (2)
KY 1500 (10) ND (18) 32 (104) ND (5)
MA 1000 ( 8) 7 C 2) 500 (212) 38 (2)
ME 7000 (24) 990 (71)
MN 1400 C 1) 600 ( 1) 130 (233) ——

MO ND C 2) —- 24 (138) ND (2)
MS —— 260 C 2) 23 (104) ——

MT 4300 C 8) —- 230 ( 71) ND (6)
NC 15 (29) 27 C 2) 79 (404) ND (4)
ND —— 440 C 2) 35 (133) ——

NH 1400 (18) 9 (12) 940 C 52) ND (6)
NJ —— —— 300 ( 38) ——

NM 59 (14) 45 C 8) 55 (171) ND (18)
NV —— —- 190 C 57) ——

NY 1500 C 4) 34 (20) 52 (292) ND C 1)
OH -— —— 79 (165) —-

OK —— —— 93 ( 83) ——

OR 450 (18) —— 120 69) ND ( 4)
PA 910 (16) —- 380 105) ——

RI 6500 (69) 5200 C 6) 2400 575 ) ND (10)
SC 1100 (28) —— 130 384 ) ND (14)
SD 4200 ( 2) 59 ( 2) 210 C 155 ) ——

TN ND C 2) ND C 2) 12 ( 98) ——

UT ‘ —— —— 150 C 195) ——

VA 560 (42) —— 350 C 284) ND C 4)
VT 210 (23) 840 ( 4) 660 C 71 ) ‘ 13 (16)
WI 730 (40) 28 C 4) 150 ( 278 ) ND (12)
WY —— -- 330 ( 32) ND C 2)
US 920 (434) 68 (224) 130 (6 298) 1 (131)

*May include both ground water and surface
**ND — Not detected above background levels

shows a similar trend.Somesourcesappearto
besamplesfrom a singlelog normaldistribution,
othersfrom two, or perhapsthreedistributions,
asindicatedby the sharpbreaksor bendsin the

plots. For this reasongeometricalaveragesare
used for thesampleshownbelow.

The occurrenceof Rn in public ground-water
suppliesin the United Statesis shownin Fig. 6
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FIG. 6. GeometricaverageRn concentrationin picocuriesper liter for public ground-water
suppliesin the United States.

and Fig. 8 (taken at the tap) and Table 9
(mainly utility samples).Radon activities are
thousandsof times higherthan U or Ra,prob-
ably dueto absorbtionof the Ra andU by the
hostrock (Ki82). The resultsof thesegeometric
meansshow highestvalues in mountainstates
especiallyin the Appalachianswith the highest
states Rhode Island, Maine, New Hampshire,
Vermont, Massachusetts,Pennsylvania and
Virginia. California is the highestwesternstate.
The high Rn valuesassociatewith the granitic
areasin the AppalachianHighlands Piedmont
Provinces (Fig. 1). Midwestern and coastalplane
values are lower and mountain statesin the
west are higher. Theseresults of geometrical
averagesshow the private suppliesare higher
by a factor of 3—20 times the public ground-
water samples.This factor results from the use
of low capacitywells for privatesupplieswhile
public suppliesusehighcapacitysandor gravel
wells. The higherstatesin the private well list
areRhodeIsland,Florida,Maine, SouthDakota,

MontanaandGeorgia.Larger numbersof sam-
ples would be desirable to strengthen these
conclusions.Public surfacesupplies have Rn
concentrationsless than 100 pCi/I. Table 10
shows a breakdownof the Rn concentrations
in water by stateandby populationof the town
usingthe well. Highest Rn concentrationsare
found in the less than 100 category (see
Maine and United Statesfor examples).The
United Statesgeometricpopulation averageis
187 pCi/I.

Major sourcesofindoor Rn
Radonproducedfrom Ra in the surficial soil

androck (Ak8 I) is releasedinto housesfrom
water, soil gas, fuel gas,andconstructionma-
terialsand outdoorair. Both waterandsoil gas
canbetransportedinto buildingsthroughcracks,
drainholes,aswell as water andfuel gassupply
pipes (Sc82). The Rn in the ground water is
releasedas it is mixed with air in such indoor
usesascleaning,bathing,dishandclotheswash-
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COMBINED RADIUM CONCENTRATION (pCi/I)

FIG. 7. Numberof utility water suppliesabove5 pCi/I with a measuredRa concentration.
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ing and toilet flushing(He83a;Pa79).Soil gas
will mix into building air and then diffuse
throughout the house. Radon from fuel gas
enters building air from unvented heatersor
stoves. Thus, the Rn concentrationin air will
dependon the sum of all Rn sources(Ge78),
the volume of the building, andthe ventilation
ratesof the building (Fl80; Ne81). The average
valuefor Rn inhouseair dueto all thesesources
has beenestimatedat 0.3—2.2 pCi/i in normal
regions, 1.1—1.67 in anomalousregionsof the
UnitedStates(Br8 I).

Thesoil. Radon diffuses from the soil through
cracksin foundations,unventilatedcrawl spaces,
basementdrains, and otherpathwaysinto the
living space.Direct outgassingfrom the soil is
the dominant source of indoor Rn in most
casescontributing 0.03—1.5 pCi/l in normal
regions,and0.3—15 pCi/l in anomalousregions.
If mostRn entersstructuresthrough the base-
ment or foundation,Rn concentrationswould
tend to decline markedly with story above
ground,as shownin Table 11. The limitations
of building materials and ground waters as
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FIG. 8. Radonconcentrationsin picocuriesper liter for all public groundwatersuppliesin
the United States.
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F

sourcesof Rn (see below) coupled with the
tendencytoward single distributions in given
areascombineto suggestthat thesoil is generally
the largestsource.

Ground water. GroundwaterscontainingRn
can add substantiallyto the amount of Rn in
theair of a dwelling. Much of thedissolvedRn
can escapewhen water is used for various
domestic purposes inside a dwelling. The
amount of Rn in indoor air due to the useof
water dependsa greatdealon architecturaland
life-style related variables. The most sensitive
dwellings will be small, relatively tight structures
in which largeamountsof water are routinely
usedin householdappliances.A model for the
average incrementto the indoor atmosphere
canbe expressedas:

Ca 24RV~

whereCa and C~,are the concentrations(pCi/I)
of Rn in the air andwater, respectively,R is
the air changerate (hr~),V is the dwelling
volume, w1 representsthe averageamount of
water (1) useddaily in the ith domesticappli-

cation,ande denotesthe transferefficiency, or
the fraction of Rn releasedto the air for the ith
application.

A number of investigators have made semi-
empirical determinations of Ca/Cw; mostareon
the generalorder of l0—~pCi/I in the air per
pCi/i in the water. Table 12 shows a number
of such estimates and the underlying assump-
tions used in their derivation. UsingTable 12
the rangeof valuesfor Rn in air from waterin
the United Statesrangesfrom 0.2 pCi/I average
for Rhode Island to as low as 1.2 X i0’~pCi/I
averagefor Tennessee.

The relativeimportanceof wateras a source
of indoor Rn will of coursedependupon the
amountof Rn in the water andthe magnitude
of other sources.Upper limit calculations.on
one recentdata set (Table 12; Pr83a) show
water as the sourceof up to 35% of the net
(indoor minusoutdoor) Rnobservedin a setof
81 bedroomsin single-familyhousesin theState
of Maine. The highestRn levels were seenin
the basement, which suggeststhat the soil is a
major source of indoor Rn. The long-term
averagelevels notedin the bathroomwere also
higherthanthosenotedin theotherliving areas,
however. Both the integratedindoor air Rn
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Table 10. Radon-in-waterresultsbystateandpopulation.All resultsaregeometricmeansin

unitsofpCi/I. Parenthesesvaluesare in numbersofsamples

Population Ranges

STATE < 100 100—1000 1000—5000 5000—10,000 > 10,000 Unknown

AL —— 83 (lO)* 59 (76) 82 (46) 68 (44) 170 C 6)
AR —— 32 C 6) 6 ( 3) —— 12 C 2) 8 (13)
AZ —— 240 C 2) 200 (68) 350 (22) 340 (30) 160 ( 2)
CA —- —- —— —— —— 470 (15)
CO —— 130 C 6) 220 (.54) 400 C 8) 300 C 8) ——

DE —— 100 C 4) 39 (44) ii (12 ) 23 (12)
FL —- 320 ( 2) 290 ( 4) 49 (78 ) 24(243) ——

GA 57 ( 4) 42 (12) 130 (56) 190 (27 ) 52 (45) 39 (81)
IA —- 1120 (13) 230 (36) 150 (24) 66 (10) 75 C 2)
ID 6 C 3) 210 (14) 130 (83) 36 (25) 100 (30) ——

IL —— 71 C 1) 81 (30) 80 (98) hOC185) ——

IN —— —— 45 (71) 17 (58) 50 (56) ——

KS
KY

260 C 2)
——

230 (12)
20 (10)

43 Cli)
42 (76)

320 C 4) 58
36 C 8) 5

C 8)
(10)

210(10)
——

MA 3300 C 2) —— 380 (47) 540 (67) 510 (88) 58D( 8)
ME
MN

670 C 3)
—-

1600 (23)
10 (22)

690 (33) 2700 C 7) 450
150 (76) 68 (43) 140

C 4)
C9O)

400C 1)
33OC 2)

MO ND C 2) 58 (54) 26 (54) 1-100 C 4) 78 C 6) ND(18)
MS —- —— 15 (45) 51 (26) 23 (33) ——

MT 740 C 4) 280 C 6) 270 (49) 160 C 8) 18 C 4) ——

NC
ND
NH

11,000 C 6)
——

1700 C 2)

250(111)
13 (10)

1200 C 4)

45 (229) 16 (32) 21
39 (112) . 97 C 5) 10

960 (24) 1000 (14) 550

(16)
C 6)

C 8)

8100(10)
——

——

NJ —- —— -— 360 C 6) 1200 (12) 120 (20)
NM 1300 ( 2) 620 C 7) 48 (89) 42 (16) 33 (49) 450 ( 8)
NV —— 220 C 2) 240 (36) 72 C 9) 530 C 2) 180 ( 8)
NY —— —— 56 (.59) 31 (85) 71(113) 56 (35)
OH —— 300 C 2) 160 C 4) 56 (76) 100 (83) ——

OK —- 260 C 1) 65 (33) 190 (21) 79 (26) 96 C 2)
OR —- 210 C 2) 110 (48) 23 C 6) 320 C 6) 180 C 7)
PA 1900 C 2) —— 260 (34) 450 (32) 440 (37) 910 (16)
RI 1700( 91) 3900(325) 980 (71) 1300 (30 ) 1200 (58) ——

SC
SD

1400 (32)
310 (16)

870 (30)
300 (41)

92 (229)
160 (85)

74 (60
210 ( 8

) 60 (31)
) 200 C 5)

410 C 2)
——

TN
UT

——

——

160 C 4)
260 C 2)

19 (48)
140 (104)

6 (25
200 (39

) 5 (21)
) 170 (48)

——

150 C 2)
VA 85 C 6) 880 (56) 140 (151) 320 (12 ) 720 14) 2300 (45)
VT 120 C 1) —— 540 (24) -— 1000 C 2) 750 (44)
WI —— —— 150 (169) 190 (61) 130 48) ——

WY
US

——

990(175)
880 C 6)
620(777)

230 (19)
98(2446)

530 ( 6) 54 C 1)
92(1098) 88(1464)

——

140(338)

*Number of data points used to calculate geometric mean.
**ND — not detected above background levels.

concentrationsandthe concentrationsof Rn in
water were distributed log-normally, and a ratio
of 4 pCi/I (bedroom air) per 1 05 pCi/l (water)

wasfoundby regression.The applicationof this
factor to the geometric mean of the water
distribution led to a predicted increment of 023

)
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Table11. Indoor Rn concentrations(pCi/I) in “background” U.S. dwellings

Number of
Site Dwellings

Geom.
Mean

Geom
S.D.

Eql.
Ratio

Comments Reference

New York
New Jersey

Basements 18 1.7 2.0 0.48 Ordinary Ge80
1st Floor 18 0.83 2.0 0.49 Houses
2nd Floor 9 0.77 1.8 0.45

Central Maine Ordinary
Houses

Pr83a

Basements 77 2.46 2.4
lstFloor 82 1.40 2.4
Bedroom (2nd) 81 1.12 2.4
Bathroom 81 1.62 2.4
Outside 67 0.46 2.4

Houston, Texas Houses,
Apts.

Pr83a

Bedroom 103 0.39 2.5
Bathroom 103 0.58 2.5
Outdoors 81 0.22 2.6

Eastern
Pennsylvania Sa81

Living Area 36
Summer 1.22 4.6
Winter 4.40 3.7

Basement 36
Summer 3.40 6.4
Winter 5.90 4.0

pCi/I in the air vs a net bedroomconcentration
of 0.66 pCi/i. This is an upperlimit estimate,
basedon the assumptionthat the magnitudes
of othersourcesof Rn are independentof the
amountof Rn in thewater.In fact, theconcen-
tration of Rn in the basementswasfound to be
correlatedwith the concentrationsof Rn in
water at thep = 0.01 level.

Constructionmaterials. A numberof recent
publications have addressedthe problem of
elevatedindoor Rn concentrationsarising from
the use of building materialscontaining226Ra
(Br8 1). A portion of the Rn arising from con-
struction materialsis able to diffuse into the
living area, where the ultimate concentration
incrementwill dependon the volume of the
dwelling andthe ventilation rateranging from

.003 pCi/I to 0.3 pCi/I in the United States
(Br8l).

Perhaps the best publicized case involving
constructionmaterialsoccurredin GrandJunc-
tion, CO, where U-mill tailings were oncefre-
quently usedas fill materialsaround founda-
tions.Morethan5,000 buildings were associated
with tailings materialto someextent,and3,000
of thosebuildingswere built on top of a layer
of tailings. When Rn levels in some of the
dwellingswere found to be markedlyelevated
a generalsurveywasconducted,andeventually
a remedialaction program was implemented
for thosestructuresexceedingnationalstandards.
(SeeTable6).

A similar situation arose in the phosphate-
mining areaof Florida. Dwellings werebuilt on
mining lands reclaimedat least in part with

phosl
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Table 12.Factor relating Rn in indoor air to Rn in water(pCi/ 1 in air per 10 pCi/I in water)

Factor Reference Conditions

CKa8O) Calculated value for typical
Finnish single and double—family
structures, based on
experimentally determined radon
releases.

Calculations based on 4 occu-
pants, experimentally deter-
mined Rn releases.

Volume

15D00 1

34000 1

34000 1

Air Change Rate

0.25 hr~

0.50 hr—
1

1.00 hr~

Observation obtained by
regression from 3 months
integrated data from 80 houses
in Maine, causality not
strictly implied.

Air and water grab samples in
13 structures in Halifax, Nova
Scotia.

phosphate-rockresidues.Radonconcentrations
well over 10 pCi/i havebeennotedin buildings
containingmaterialssuchasgypsumwall board
derivedfrom phosphateresiduesor cinderblocks
madeof fly ashor blastfurnaceslag (US79).

Fuel gas. Radioactivity in natural gas was
noted as early as 1904 (Sal8), but it was not
until the 1970sthat the potential contribution
to indoor Rn concentrationswas seriously in-
vestigated.Interestin the healthimplicationsof
naturally occurring Rn in gas depositswas
stimulatedby investigationsof the practicality
of stimulating naturalgasyields by detonating
a nuclearwarheadin theappropriaterock for-
mation (Bu66). Estimatesof dose increments
causedby thecombustionof naturalgas in the
home were madeby Barton (Ba73), Johnson
(Jo73)and Gesell (Ge74).Similar calculations
were madefor liquified petroleumgas (LPG),
which, becauseof boiling point considerations,

containsa higherconcentrationof Rnthan the
natural gas from which it is made.

The incrementto the indoor environment
dependson the amount of gas of LPG burned
in unventedranges or heaters,the size and
infiltration characteristicsof the dwelling, and
of course,the concentrationof Rn in the fuel.
The contribution from this source is usually
quite small (0.15 pCi/I) dueto the low use of
unvented heaters (Ge77).

OccurrenceofRn in indoorair
Thereare a number of situationsin which

indoor Rn levels are especiallyelevated.These
situationsoccur when the structurecontainsa
strongerthan usual sourceof Rn, or when. the
structure has especially low ventilation and in-
filtration ratesor both. Rising heatingand air
conditioning costsin the last severalyearshave

14

(Ge8O)

50

10

5

4 (Pr83a)

<1 (Mc8O)
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ehcouragedpeople to reduce air infiltration
rates.

A numberof trendscan be discernedin the
recentliterature.Within a given locale, indoor
Rn concentrationstend to be distributed log-
normally, and sample meansvary markedly
from area to area (Ge83). it is becOmingin-
creasinglyapparentthat local geologicalfactors
play a major, if not dominantrole in determin-
ing thedistributionof indoorRnconcentrations
in agiven area.

Concentrationsof Rn in the indoor environ-
ment.One of the most extensivestudiesof Rn
in dwellings on record is a recent survey of
12,000Swedishhomes(Hi8l). All the dwellings
involved were ones in which elevated Rn levels
wereexpected.The resultsas shown in Table
13 and 14 are reported in working levels, and
the presumedassociated Rn concentrations,
basedon anequilibrium ratio of 0.5, are added
in parentheses.

The measurementssummarizedabove are
not meantto berepresentativeand are probably
considerablyhigher than the true areaaverage.
Nevertheless,the numberof dwellings involved
andthe high values observedcombineto dem-
onstratethe extentof the Rn problemin certain
areas.Nearly halfof the 12,000dwellingswere
foundto exceedcurrentU.S. occupationalstan-
dardfor U mines (adjustedfor constantoccu-
pancyvs a 40-hr week).

Another extensive survey involved nearly
10,000 randomly selected houses in 14 Canadian
cities (Mc80). Singlegrab sampleswere obtained
from basementsor the groundfloor during the
summermonths.In general,data from agiven
city werebetterfit by the log-normaldistribution
thanby the normal distribution. The geometric
means ranged from 0.14 pCi/I in Vancouver to
0.88pCi/I in St.Lawrence,Newfoundland.The
geometric standard deviations ranged from
2.78—6.77.

Table 11 summarizesa numberof surveys
conducted in the United Statesin areas not
known or suspectedto involve anomaliesdue
to mill tailings or unusual mineralization:The
data presented are either the average of a number
of grabsamplestakenwithin a singledwelling,
or were developedby long-termmeasuringde-
vices. The equilibrium fraction(f) of Rn prog-
eny is given whereavailable.

Radonconclusions
(1) Radonconcentrationsin waterare highest

in ground water especially in granite areas.
Radon concentrations iii surface water are
very low.

(2) Higherconcentrationoccursin smallsys-
tems.Domesticsupplieshavehigherconcentra-
tions of Rn in water than public wells. Utility
systemsare lowerby a factorof 10 than private
wells.

Table 13. Radonlevelsmeasuredin air in houses

Average
pCi/i

Maximum
pCi/i

Number
of Houses

Maine CHe82b) 3.0 63.0 85

New York
Albany Area (F180) 3.1 26.0 21
New York City Area (Br79) 1.0 5.9 21

California
San Francisco (Ne81) 0.4 1.1 28

Pennsylvania
Eastern (SaBl) 10 36

Maryland (Mo8l) 3.7 27,0 56
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Table14. Radonprogenyin Swedishdwellings(‘Hi8 1)

Radon Progeny
(Working Levels)

Radon
(pci/i, f=O.5)

Number of
Dwellings

Percent of
Dwellings

0.000 — 0.054

0.054 — 0.108

0.108 — 0.270

> 0.270

0 — 11

ii — 22

22 — 54

> 54

6326

4050

1545

162

52

34

13

1

(3) The highest average Rn concentrations
in water are found in the provinces in decreasing
order: New England,Appalachian Highlands-
Piedmont, Pacific Mountain System, and Rocky
MountainSystem.

(4) Ventilation affects Rn concentrationin
air with an approximatevalueof I. X iO~for
the ratio of Rn concentrationin air to Rn
concentrationin waterfor a housewith oneair
change per hour. Soil gas Rn contributesa
sizeableportionof the total Rn in air.

(5) Additional measurementsof Rn in sys-
tems serving less than a thousand users are
requiredin order to betterquantify exposures
to the group that potentially representsthe
highestpopulation dose.Becausethe number
of suchsystemsis quite large(—37,000), these
measurementsshould be obtainedfrom a rep-
resentativesamplingprogramguidedby geolog-
ical models.

CALCULATION OF WATER UTILITY RISKS
FROM RADIONUCLIDES IN WAThR BASED

ON NATIONAL OCCURRENCE DATA

Eachnuclide presentin drinking water will
presenta risk to the utility usersof the water
which is related linearly to the occurrence,
concentration,populationexposed,andthe in-
dividual risk rate (Ma83). The caseof Ra in
drinkingwater dataallows a direct calculation.
The averageconcentrationof Ra in drinking
water from utilities is 1.6 pCi/I (Ho83), andthe
populationconsumingthis water is 70 million
peoplewhich is the halfof the U.S. population
which usesground water provided by utilities.
Sincetheindividual risk rateis hypothesizedto

be by linear dose response8.4 X 10-6 excess
cancers/lifetimepersonpCi/I (using(Ma83), we
cancalculate

1.6pCi/I X 8.4

X I ~6 excesscancers < 70
lifetime personI pCi/l

941 people
X 106 people

lifetime in U.S.
Even the elimination of bonesarcomasat low
concentrationwill leave the sinus carcinomas
which are half of this number (Ma83). An
additional 30 X 1 06 peopleare exposedat less
than0.5pCi/I surfacewaterprovidedby utilities.
The distribution of occurrenceof Raconcentra-
tions permits estimatesof the numberof fatal
cancersavertedwhen the standardis placed at
a particular concentration.Since the standard
is at 5 pCi/I, it seemsreasonableto estimatethe
fraction of cancersavertedby thestandard.The
average for the supplies of greater than 5 pCi/I
is 8 pCi/I. This concentrationis multiplied by
an estimateof the populationwhich usesthose
suppliesobtained from rounding the average
ground water utility populationfrom the U.S.
Environmental Protection Agency summary. See
Fig. 7 for the numberof utilities vs Rnconcen-
tration.

8 pCi/I>< 1000 persons> 500
supply

8.4 X 10—6 excesscancers
1 pCi/I personlifetime

—~~ excesscancers
lifetime

Number
f Houses

85

21
21

28

36

56
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Populationrisk can also be done for U in
waterby usinga similar calculation.For U the
population-weightedaverageradioactivity con-
centrationis 0.8 pCi/I for the whole U.S. pop-
ulation (Dr81). This permits this result for the
risk using individual risk factors from Ma83,
Wr83 andCo83.

6 X l0~ cancers
[0.8 pCi/I] x pCi/I person X 220

105 persons
X I0~peopleexposed=

lifetime in U.S.

Since thereis no drinking water standardfor
U, at this time, we must use the fraction of
peopleat eachoccurrencelevel to estimatethe
numberof casesavoidedby astandardfor water
utilities

Usingvaluesfrom Drury eta!., a water utility
users’risk estimatetablecanbecompiled(Dr8 I)
(SeeTable 15.)

The population risk for Rn in utility water
suppliescanbecalculatedusingtheRn concen-
tration in utility water, the exchangeratefrom
waterinto air, the cancerrate perworking level
monthpermillion populationandtheexposed
populationin millions. From the work doneby
the Committeeon the HealthEffects of Radon
in drinking water (Cr83), we can obtain the
individual risk factor which includes the ex-
changeratefor Rn from water into air andthe
cancerrateperworking level month permillion

populationexposedto air for a lifetime of 20
yr. This factor is 3 X I 0~lung cancersper
pCi/I Rn in water. This factor is increasedto 4
x iO~cancerswhen stomachand whole body
cancersare included (Cr83). The Rn in water
concentrationdatafor the whole United States
are geologically controlled and are generally a
mixture of low values around 100—200 pCi/I
and high valuesof 10,000—1,000,000pCi/i. This
extreme range of values leads to arithmetic
averageswhich are strongly influenced by the
highestfewpoints.Thegeometricmeanofthese
data will average the numberswith less weight
for the high values. This geometricmeanwill
be lower than the arithmetic mean. We have
decidedto calculatethe risk with bothof these
means.

Usingdata from the geometricaland arith-
metic meansof Rn concentrationsfor utilities
of different sizes,andthe geometricalandarith-
metic risk factor,wecancalculatethepopulation
at risk for the utilities serving less than 100
population, 100—1000 population, 1000—5000
population, 5000—10,000population, 10,000—
100,000 population, and 100,000 and above
population. Lifetime risk is shown for both
geometricaveragesand arithmetic averagesin
the right column of Table 16.

OTHER NATURAL RADIOISOTOPES OF
POSSIBLE CONCERN

The natural radioisotopesalreadydiscussed
above(U, 228Ra,226Raand 222Rn) are of greatest
concern because of their long half-lives and the

Table 15. Casespreventedfor U concentrationsin public water

pci/i % Supplies Number
Supplies

People
Exposed*

Average U
Concentration

Cases

> 1 pCi 23.6 10,808 10.8 x 106 7.5 48

> .5
pCi/i 7.88 3,609 3.6 x 106 17.5 38

> 10 pCi/i 3.46 1,584 1.5 x 106 30.3 27

> 20 pCi/l 1.33 609 0.6 x 106 54.8 20

*1000/supply

I



C. T. HESS et al.

Table16. Assessmentofwaterrisksfor Rn inpublic groundwater

Population
•

Number of
Utilities
Sampled

Mean Concentration
Of Radon in Water

(pCi/i)

U.S. Population
Using This Water

(millions)

Lifetime
Risk

GEOM - ARITH GEOM — ARITH

< 100

100 — 1000

1000 — 5000

5000 — 10,000

10,000 — 100,001

> 100,000

88

377

1223

549

704

32

990 — 6500

620 - 4100

98 — 390

92 — 350

92 — 290

52 — 150

1.03

7.4

14.0

8.4

28.3

14.3

59.13

407 — 2678

1835 — 1213i

548 — 2184

309 — 1176

1018 — 3283

297 — 858

4414 — 2231~

Population—weighted Average 187.0 pCi/i — 944.0 pCi/i.

FACTOR USED: 0.4 x 10—6 deaths
pCi/i water
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health risks associatedwith the activities that
canbe presentin public drinking water. How-
ever, there are two classesof other natural
radioisotopesthat maybe of possibleconcern:
(1) relatively long-lived isotopeswhoseactivity
is derivedfrom theaquifer,termedunsupported
(232Th, 230Th, 210Pb and 210Po) and (2) very
short-lived isotopeswhich “grow in” oncethe
ground water is pumpedfrom the aquiferand
thus are supported(primarily 222Rn progeny).
However, very few data are availableon the
activities of these isotopesin drinking water,
primarily dueto their low solubility and/orthe
difficulty of measuringisotopesof short half-
lives.

Table 17 showsthe typical rangesof activities
of the longer-lived radionuclides in ground wa-
ter. Activities in surface waters will be extremely
low (exceptperhapsin hot springs)dueto rapid
sorptionontosuspendedandbottomsediments.
The highestknown activity of 232Th and230Th
in U.S. drinking water is from a well in Cali-
fornia that also contained large amounts of

dissolved organic matter which probably com-
plexed with Th. Most othervalues are below
0.1 pCi/I. Thorium-230 would be expectedto
be slightly higherthan 232Th dueto generation
by 234U in solutionand by a recoil. Likewise,
detectable activities of 210Pb and 210Po would
be expected becauseof the relatively large
amountof 222Rnpresentin manygroundwaters.
The insolubility of these isotopes and their
short-lived precursorsin the aquifer is demon-
stratedby the fact that morethan99.9% of the
activity generatedby 222Rn decay in ground
water is removedwithin the 2 hr necessaryfor
equilibrium to be establishedbetween 222Rn
and210Pb. The only known anonymouslyhigh210p0 valuein drinking water is the surprisingly
largeactivity in Louisianafor which the source
has not been determined. In general, these
longer-lived isotopesare not expectedto occur
in activities greaterthan 1.0 pCi/I.

Thesecondclassof radioisotopesof possible
concernare222Rnprogenywhich reachequilib-
rium with 222Rn within 2 hr. In untreated
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Table 17. ConcentrationsofTh, Pb and P0 isotopesin groundwater(pCi/i)

Description Th—232 Th—230 Pb-211 P0—210 Reference

New Mexico

Grants Mineral Belt
(54 wells)

Paquate—Jackpiie Area <0.01 <0.02 0.39 Ka 76

Grants—Bluewater Area <0.01 0-0.04 0—0.66 Ka 76

United Nuclear Area 0—0.03 0—0.09~ 0.3—2.3 Ka 76

Ambrosia Lake <0.03 0-0.08 0-3.8 Ka 76

Gullup Area <0.02 0-0.09 0-0.6 Ka 76

Rapides Parish

Louisiana (1 well) 290—607 Mu 82

California well 1.3 1.1 ND This paper

Arizona well ND* ND 0.9 This paper

Connecticut .

glacial drift 0.02 <0.001 Kris 82

glacial drift 0.02 0.004 Krls 82

crystalline rock 0.03 0.06 Kris 82

sandstone 0.12 0.020 Kris 82

sandstone 0.07 0.005 Kris 82

sandstone 0.03 0.004 Kris 82

Leesville, S.C.

sand aquifer o.oi This paper

NO = not detected

ground-water systems, removal by adsorption
would not be as rapid as in the aquifer dueto
the smallsurfaceareaof thedistributionsystem.
Exposurefrom consumptionof thesesupported,
extremelyshort-livedprogenyshould be evalu-
ated. Radon-220andits progenydo not posea
similar problemprimarily becausethe 54.5-sec
half-life of 220Rn is too short to allow diffusion
from theaquifer materialsandthe initial activ-
ities are much lower.
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Abstract—Aconceptualmodelis presentedto predictthe relativeprobabilityoftheoccurrence
of elevated

225Rain public drinking watersupplies(thosewhich serve more than 25 peopleor
15 connections) using ground water sources. The model is basedon an aquifer classification
scheme, which is developedfrom an understanding of thegeochemicaland radiologicalbehavior
of 228Raandits parent,232Th. Usingthis model,all aquifer types are classified as low, medium,
orhigh probabilityof having elevated228Ra.Summariesof theavailabledataarediscussedto
showthe actualconcentrationsfound in eachtypeof aquifer.As part of theinitial application
ofthis approachto developanationwideoccurrenceprofilefor 228Ra,all countiesin theUnited
Stateswereclassifiedandamappresentedto showthedistributionof thethreeclasses.Nation-
wide, 71% of the countieswere rankedas low, 18% were ranked as medium,and 11% were
rankedashigh.

INTRODUCTION
IN 1976, the U.S. Environmental Protection
Agency (EPA) establishedthe national interim
primary regulationsfor radioactivityin drinking

• water.Theseregulationssetmaximum contam-
inantslevels(MCLs) for grossa-particleactivity
of 555 becquerelsper cubic meter (Bq m3) or
15 picocuriesper liter (pCi L~)andtotal radium
activity (226Raplus 228Ra)of 185 Bq m3 (5 pCi
L’). The 226 Ra activity measurementwas re-
quiredonly when thegrossa-particleactivity ex-
ceeded185 Bq nf3 (5 pCi L~)and 228Ramea-
surementwasrequiredonly when the 226Raac-
tivity exceeded111 •Bq m3 (3 pCi L~).This
screeningprotocol and the combination of Ra
isotopeswas proposedbecauseit wasbelieved
that 226Ra would be the dominant isotope in

Thethoughtsandideasexpressedin thispaperare
thoseof theauthorsanddo notnecessarilyreflect the
policiesoftheU.S.EnvironmentalProtectionAgency.

public drinking water suppliesandwould avoid
the successivelymore expensive228Raanalyses.
Very little was knownaboutthe geographicdis-
tributionof 228Raactivity in drinkingwater, even
after the initial monitoring programwas com-
pleted. Use of the monitoring results to better
predictthe occurrenceof 228Rawasdifficult be-
causethe monitoring protocol requiredby the
regulationproducedaverybiaseddatabase.

Themonitoring programdid identify somere-
gionswhich had high naturalradioactivity and
thesehavebeenstudiedindetailby severalgroups
(Ro77; Mi80; Ma81; Ki82; Kri82; C183; Gi84;
Lu85). The resultsof thesestudiesandan EPA-
sponsoredworkshopon radioactivityin drinking
water were summarizedin Hess et a!. (He85).
Onerecommendationoftheworkshopgroupwas
that monitoring requirementsfor 228Ra should
bedecoupledfrom 226Raandseparateguidelines
for 228Rawereneeded.Thecouplingof theseiso-
topeswas notjustified becauseof thedifferences
in thegeochemicalbehaviorof theirparentiso-
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topes.In fact, the monitoring schemerequired
by the regulationscould even be biased away
from areasofelevated228Rawhere226Rahadbeen
selectively removedbecauseof the mobility of
theparentU.

In the developmentof the RevisedNational
Drinking Water Regulations, the EPA needs
some way to estimatethe occurrenceof 228Ra
beforeformulationof crtieriafor theregulations.
Without betteroccurrencedata, it would not be
possibleto calculatepopulationrisksandtreat-
mentcosts,or developmonitoringrequirements.
However,the existingdataon 228Rawere inad-
equateto evenattempt anyestimatesbasedon
extrapolationof availablemeasurements.That
analyticalmethodsfor measuring228Rain water
samplesaredifficult, time-consumingandcostly
are factswhichlimit the effectivenessof a large-
scalemonitoringprogram to actually measure
levelsof 228Rain drinking water.Also, the dis-
tribution of 228Rahasbeenshownto helog-nor-
mal (Ki82), with mostvaluesbelowthe present
detectionlimit of 37 Bq m3 (I pCiL~).

The EPA is currently samplingabout 1,200
randomly-selectedground water sources of
drinking water in the United States. Public
drinkingwatersuppliesarethosethatservemore
than 25 people or 15 connections.There are
about48,000 suchgroundwatersuppliesin the
UnitedStates.Therefore,the effectivenessofthis
randomprogramwould belimited in predicting
different exposurelevels becauseof the small
numberof samplesthat are expectedto occur
above the detectionlimit. Without a new ap-
proachto estimatethe occurrenceof 228Ra,hu-
manhealthandeconomiceffects of revisionof
the drinking water regulationwould be difficult
to evaluate.

In this paper,anapproachis presentedwhich
usesaquifertypeandwater-qualitycharacteristics
to classify specificareasaccordingto the relative
probabilityof havinghigh 228Rain groundwater.
Thisconceptis basedon thefact that228Rais not
randomly distributedand thus cannotbe pre-
dictedusingstatisticalanalysisofnationalsurvey
dataalone.Therewill be too few “hits” of the
high values to be of usein identifying, to any
degreeof certainty,thetrue distributionof228Ra
or detectingsystemswith high 223Rausingran-
dom samplingtechniques,Instead,the United
Statescan be divided into smallerunits which

areclassifiedon a relativescaleoflow, medium,
andhighprobabilityof includingelevated228Ra
concentrations.Theclassificationsareproduced
from aconceptualmodelof themostimportant
factors affecting 228Ra distribution in ground
water.

OCCURRENCE OF 2~°RaBY AQUIFER TYPE

AND WATER QUALITY
The correlationof high 228Ra concentrations

in groundwaterwithcertaintypesof aquifershas
been observedby manyresearchers,beginning
with Krause(Kra59) whoreportedhigh226P~and228Rain the groundwaterfrom deepsandstone
formations in midwestern states. Even then,
Krause concludedthat the 226Ra/228Raactivity
ratio was not constant,andin orderto calculate
the total radiationdose,the228Racontentof the
waterwould haveto be determinedseparately.
After the interim standardswere set, detailed
studiesof of 226Raand228Ra were conductedin
Iowa(Kri83), SouthCarolina(Mi80; Ki82), and
Georgia(Cl83).Also, themonitoringresultspro-
vided a new sourcefor 228.Ravalues.

In 1982—83,theEPAsponsoredtwo studiesto
determinethefeasibility of usingaquifertype and
water-quality characteristicsto predict the oc-
currenceof225Rain groundwater(Mi82; Mi83).
In thesestudies,anaquiferclassificationscheme
was developedandtestedon threemajorhydro-
geologicalprovinces,namelytheAtlantic Coastal
Plain, the Piedmont,and part of the glaciated
CentralPlatform.The Atlantic CoastalPlain and
Piedmontare two adjacentprovinceswhich ex-
tendfrom NewYork to Alabamaandeastof the
AppalachianMountainsto the coast.The parts
of theglaciatedCentralPlatformstudiedincluded
the statesof Wisconsin,Iowa, Illinois, andMis-
souri. Theseregionswereselectedfor develop-
ment of the predictivemodelbecausetheyhad
the largest existing databaseof 228Rameasure-
ments,which indicatedthat therewereareasof
bothvery high andvery low 228Raconcentrations
in theseregions.

The aquiferclassificationmodelwasdeveloped
from an understandingof the geochemicaland
radiological propertiesof 228Ra and its parent232Thwithin anoverall frameworkof the geolog-
ical processeswhich affect the composition of
aquifers.Discussionsof themodelaregivenelse-
where(Mi82; Mi83; He85).The resultsof these
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studiesshowedthat thereweredistinctdifferences
in the relative distribution of 228Raby aquifer
typeandwaterquality. Table 1 showsthe sum-
mary statisticsfor thespecificaquifersstudiedin
detail during earlier studies.Theseresultswere
usedto developthe following aquifer classifica-
tion model for predicting the 228Ra contentof
groundwater.

Aquifers which always had low activities of228Ra includedthe following:

(1) Carbonateaquifers (limestoneand dolo-
mite) hada log mean228Ra of 11 Bq m3 (0.3
pCi L’) for 120 samples.Theserock typeshave
very low 232Th contentbecausetheyprecipitate
from water, andTh has very low solubility in
water.

(2) Metamorphicrockaquifersalsohada log
meanof 11 Bq m3 (0.3pCi L~)for 75 samples,
Metamorphismof all intensitiesandrock types
tendto recrystallizeany loosely-boundTh into
resistantmineralswhichminimizestheability of
daughter228Rato go into solution.Also, ground

waterflow in theserock typesisgenerallythrough
fracturesinsteadof through pore spaces,which
decreasesthe rock surfacearea in contactwith
groundwater.

(3) Quartzosesandand sandstoneaquifers
generallyproducedgroundwaterwith low 228Ra,
particularly if the total dissolvedsolids (TDS)
werebelow 1,000milligrams per liter (mgL~).
The high quartzcontentof the aquifermaterial
indicates that the sediments were intensely
weatheredor thattheywereerodedfrom asource
whichinitially hadlow Th content.In eithercase,
the only Tb containedin the aquifermaterial is
likely to be in heavy minerals which do not
readilygive up 228Raintosolution.Therearetwo
specialsubclassesof thisaquifer type.Sandand
gravelaquifersof glacial origin aregenerallylow
in 228Ra [log meanof 22 Bq m3 (0.6 pCi L~)
for 17 samples] regardlessof their composition
becauseof thelargesizeof the clastsandthe low
ratio of surfacearea to water.Even whenthese
aquifers arepoorly sorted(i.e., containvarious
amountsof clay, sand,andgravel),theclay tends

Table I. Summarystatisticsfor 228Ra contentofgroundweterfromspecificaquifertypes

Aquifer
Type

95% Upper
Confidence

Limits

Bq pCi L
1

Igneous Rocks
(Granites)

Chemical Precipitates
— Coastal Plain Aquifers
- Midwest Aquifers

Metamorphic Rocks
- Piedmont Region

Sand Aquifers
— Coastal Plain Fall Line

Arkoses
— Coastal Plain —

Qua rtrose
— Midwest Glacial/Alluvial

Sandstone Aquifers
- Midwest Cambrian -

Ordivician Aquifer

t2 52 1.14 590 16.0

16 14 0.1 7 0.2
1014 22 0.6 107 2.9

75 11 0.3 92 2.5

89 81 2.2 630 17.0

53 11 0.3 89 2.14
135 26 0.7 160 14.2

320 78 2.1 ‘l~40 12.0
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to rapidly adsorbradium.Sandandgravelaqui-
fers of alluvial origins (suchas thosefound in
river valleys)alsowerefoundto haveiow 228Ra,
with a log meanof 26 Bq m3 (0.7 pCi L’) for
118samples.Theseaquifertypesusuallycontain
quartz-richsedimentsand producelargequan-
tities of water.

(4) Basic, igneousrockaqujfers(suchasbasalt)
areclassifiedas havingvery low 228Ra although
thereare few data from this type. Basaltshave
low Th contentbut, more importantly, this rock
type rapidly sorbs 228Ra from solution. Basalts
areso efficient atsorptionof metalsfrom water
thattheyareconsideredas oneof the candidate
rock typesfor long-term disposalof high-level
radioactivewastes.

Thereare threemain aquifertypeswhich are
predictedto haveahighprobabilityofproducing
groundwaterwith elevated228Ra.

(I) Graniterock aquifers which hadnot un-
dergone any metamorphismhad a log-mean
228Ra concentration of 52 Bq m3 (1.4pCi L~)
and a range up to 850 Bq m3 (23 pCi L~)for
42 samples.Granites are composed of large
amountsof coarse-grainedfeldspar, a mineral
which containsthorium, notalwaysin resistant,
crystallineformsbut oftenlooselyboundatsites
bet~veenindividualgrains.Radium-228produced
from this typeof Th distribution is morelikely
to go into and stay in solution. Igneous rocks of
similar composition but fine-grained, such as
light-colored volcanic rocks, would have low
228Ra because of rapid resorption of

228Rafrom

solution.
(2) Arkosicsandandsandstoneaquifershad

mediumto high 228Ra,with a log meanof 90 Bq
m3 (2.4 pCi L’) for 89 samples. Arkoses, by
definition, containa significantamountof feld-
spathicminerals,whichcan havehighTh. If the
arkosic sedimentswere derived from granitic
rocks,theycan havevery high Th. If the sedi-
mentshaveundergoneanyweatheringwhich has
brokendown the feldspar,the 228Racontentof
the ground water can be very high. There is a
gradientof the 228Ra contentof theseaquifers
dependingupontheamountandcompositionof
feldspathicmineralsandrock fragments in the
sedimentsof the aquifer.

(3) Quartzosesandstoneaquifers with high
TDSwere found to havea wide rangeof 228Ra,

including very high concentrationsup to 1180
Bq m3 (32 pCi L~). All data for this type of
aquifercamefrom groundwatersuppliesin Iowa,
Illinois, and Missouri,whichhada mean228Ra
concentrationof 74 Bq m3 (2 pCiL~)andusu-
ally hadhigh226Raaswell. It wasconcludedthat,
at TDS of greaterthan 1,000mg L’ in clean,
quartzsandstones,competitionfor thefew avail-
ablesorptionsiteson the aquifersolidswere the
controllingfactorkeeping228Rain solution.This
aquifer type may beoneof the mostoverlooked
sourcesof elevated 228Ra, especially in areas
where U has been removedby ground water
leaching.With U removed,the grossa-particle
activity screenwould be low andneither22~Ra
nor228Rawouldbe measured.

Thepurposeof thispaperis to demonstratea
concept of an aquifer classification schemeto
~napareasnationwideon arelativescaleoflow,
mediumand highprobabilityof havingelevated228Ra concentrations.It should be noted that
areasrankedhigh arenot predictedto haveonly
elevated228Rain thegroundwater.All areaswill
havealargepercentageof the communitywater
supplieswith very low 228Rain thegroundwater.
Instead,theseareasrankedhigh aremore likely
to haveelevated228Ra occur more frequently.

The mappingunit selectedwas by county, the
smallestunit for which dataon populationand
numberof systemscouldbecompiled.TheEPA
is currently conductinga field-monitoringpro-
gramin which 1,200communitydrinking water
suppliesarebeing sampledfor variousparame-
ters, including225Ra.Theresultsfrom thissurvey
will provide the data to developan occurrence
profile for eachclass.

METHODS OF STUDY
To delineate aquifer types nationwide using

the proposedclassification schemefor 3,076
counties, many varioussourcesof information
wereused.Stateandfederalagenciesresponsible
forgeological,mineral,andwaterresourceswere
contactedfor pertinentliteratureandgeological
andhydrologicalmaps.Oneof themostdifficult
taskswas identificationof whichgeologicalunits
were usedas aquifers.

After all the availabledatawere reviewed,the
main aquifers(not justrock types)foreachstate
andcountywere identified, described,andclas-

..~.-— _____
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sified as havingalow, medium,or high proba-
bility ofhavingelevated228Raconcentrations.For
countieswith multipleaquifertypes,eitherareally
or with depth, professionaljudgmentwas used
in the final classification.For multiple aquifers
with depth, the county wasclassifiedaccording
to the aquifer of the highest classification. In some
cases of areallydifferent aquifers within a county,
where informationwas availableon population
distribution from detailedmaps,the dominant
aquifertypemostprobablyusedfor publicwater
suppliesdeterminedthe countyclassification.

Aquifersclassifiedaslow probabilityincluded
thosecomposedof limestone,metamorphicrocks
(includinghigh-grademetamorphosedgranites),
glacial and alluvial sand and gravel, volcanic
rocks,andquartzosesandandsandstoneof low-
to-moderateTDS. Aquifersclassifiedasmedium
probability includedthosecomposedof semiar-
kosic sandandsandstone,low-grademetamor-
phic granites,quartzosesandand sandstoneof
moderateTDS, alluvial sandandgravelsspecif-
ically describedas containingfeldspathicsedi-

ments,andarelativelysmallset ofaquiferswhich
could not be definitely classifiedas low or high.
Aquifers classifiedas high probability included
those composedof granite, arkosicsand and
sandstone, alluvial depositslocatedimmediately
adjacentto granitic rock sources,andquartzose
sandstoneswith high TDS, particularlyin those
areaswherehigh 228Ra hasbeenreported.

RFSULTS AND DISCUSSION
Figure 1 showsthe areal distribution of the

threedifferentclassesfor thecountiesin thecon-
tinental UnitedStates.All otherstatesand ter-
ritories were rankedashavinglow probabilities.
Nationwide,7! % of the countieswererankedas
low, 18% wererankedasmedium,and11% were
rankedashigh. It shouldbenotedthatin review-
ing thesedata,that countiesvaried in size (by
area) by overthreeordersof magnitudeandin
populationby atleastafactorof 3,000,Counties
areby no meansuniform units for direct com-
parisonof populationat risk or numberof sys-
temsimpacted.The EPAis currentlycompiling

HIGH MEDIUM LOW

FiG. 1. Distribution of areasof rclative probability of havingelevated283Ra in community
groundwater supplies.
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this information by county so that the actual
populationandnumberof systemscanbe deter-
mined at the county level. It shouldbe pointed.
out that the population exposedin any one
countymayvary from nearlyall to only asmall
portionof thetotal.

Even withabriefreviewof Fig. 1, someinter-
estingobservationscanbe made.Thereare large
areaswhere228Raisexpectedto beverylow, with
most values below 37 Bq m3 (1.0 pCi L~)and
probablybelow 18 Bq m3 (0.5 pCi L’). These
areasincludethe quartzosesandand limestone
aquifersof the lower CoastalPlain alongtheAt-
lanticandGulf coasts.TheU mineralizationbelt
in Texasis rankedlow becausemuchof theU is
leachedfrom volcanicrockswhichdo not release
Th. The very old carbonateand quartz-rich
sandstoneaquifersunderlying the generalarea
betweenthe Appalachiansand the High Plains
were rankedlow exceptfor localizedareas,such
as the Oachita Mountains in Arkansas and the
St.FrancoisMountainsin Missouri.Muchof the
arearankedlow in theNortheastis composedof
metamorphicrock terrainsof low ground water
production,overlain by glacial sand andgravel
aquifers, from which most of the groundwater
is obtained.In the West and Northwest,low-
rankedareaswere predominantlybasalt,alluvial
sandandgravel,andcleansandstones.

Areaswhich were rankedas high included a
bandfrom Pennsylvaniato Georgiawhich rep-
resentedmostlytheFall Line sandaquiferswhich
arelocatedatthecontactbetweentherock terrain
of the Piedmontprovinceandthe sedimentsof
the Coastal Plain. These aquifers have been
shownto havehigh228Raand226Ra(Mi80). This
zonealsoincludedthe granitic rock aquifersin
the adjacentPiedmontwhich areusedby small
suppliers.

Largeareasof northern Illinois, Iowa, Min-
nesota,andWisconsinwere rankedas high, be-
causeof granitic terrainor thepresenceof sand-
stoneaquiferswith high TDS. Countiesranked
low or medium in this areawere thosewhere
groundwaterwas obtainedmostly from alluvial
or glacial sand andgravelaquifersor from car-
bonateaquifers.It shouldbenotedthatthisarea
is mappedin greatdetail becauseit was oneof
the detailedstudysites used in developingthe
aquifer typemodel.

Partsof Coloradoand Montanawere ranked
high wherethe granitesofthe RockyMountains
mightinfluencethe228Racontentoftheaquifers.
However,thegroundwaterusein thisareashould
be small, andtherefore,therelatively largearea
rankedashigh maynot representmanyusers.In
Idaho,thehigh areasare thoseunderlainby the
extensiveIdahogranite. Thegranitefunctionsas
a pooraquifer, but it could havean impacton
radiologicalwaterquality in that thegraniteis a
significant sourceof the sedimentsthat fill the
alluvial valleyswhich are importantaquifers.

Much ofCaliforniais underlainby graniticig-
neousrockswhich were rankedhigh, although
community ground wateruse in theseareasis
probablysmall. The complicatedhydrogeology
of California, which is composedof 394 ground
waterbasinswith no widespreadaquifersystems,
madeclassificationof theregiondifficult andthe
resultsvery weak.Therestofthe areasrankedas
high risk werescatteredoccurrenceswheregra-
nitic intrusionsor sedimentsderivedfrom them
constitutedlocal aquifers.

Therewere severallarge areasdesignatedas
havingmediumprobability, thelargestofwhich
wastheHigh Plainsarea,underlainby ashallow
sand aquiferknown regionally as the Ogallala.
This aquifer suppliesmuchof theground water
for irrigationof farmsfrom Texasto SouthDak-
ota. The sedimentsof this aquiferarethoughtto
havebeenerodedfrom thegraniteofthe Rocky
Mountainsand depositedby streamsdraining
east. The sedimentscan contain significant
amountsof feldspathicmineralslocally andthe
entire aquifer is rankedas medium.Thereare
very few 228Rameasurementsfrom this aquifer
to indicatewhat the actualconcentrationsare.

The remaining largeareaof medium proba-
bility (partsof Idaho,Montana,Utah, andAri-
zona) are countieswhere granitic rocks were
thought to havecontributedsomebut not sig-
nificantly to the sedimentsof the alluvial valley
andsandstoneaquifers.

No attemptwas madeto quantifythe relative
rankingsof low, medium,andhigh.With the ex-
isting 228Radata,which arenonrandomandof
variablequality, andfor which the aquifertype
is frequentlyunknown,it is not possibleto cal-
culate occurrencestatisticswith any degreeof
certainty.It is hopedthatthe currentEPA ground
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water survey will provide some indication of the
actualdistribution andconfirmation of’ the rel-
ativerankings.Ifso,thisapproachcanberefined
if necessaryandused in betterdeterminingthe
population risk, the costs of compliance,and
monitoringguidelines.The map in Fig. I could
beusedto identify specificareasrequiringdiffer-
ent monitoringstrategies.
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