
BEFORI~THE ILLINOIS POLLUTION CONTROL BOARD

iN THE MATTER OF:

WATER QUALITY AMENDMENTSTO
35 Iii. Adna. Code302.208(e)-(g),302.504(a),
3 02.575(d),303.444,309.141(h);and
PROPOSED35 111. Adm. Code301.267,
301.313, 301.413,304.120,and309.157

NOTICE OF FILING

~~CEIVEj~
CLERK’SO~’~

SEl-’ 062002

S~TEOF ILLINOIS
Pollution Control Board

DorothyGurm,Clerk
PollutionControlBoard
100 WestRandolphStreet
Suite 11-500
Chicago,Illinois 60601

MathewDunn
illinois AttorneyGeneral’sOffice
EnvironmentalControlDivision
JamesR. ThompsonCenter
100 WestRandolphStreet
Chicago,Illinois 60601

AttachedServiceList

MarieE. Tipsord
Illinois Pollution ControlBoard
JamesR. ThompsonCenter
100 WestRandolphStreet,Suite11-500
Chicago,Illinois 60601

LegalService
illinois DepartmentofNaturalResources
524 SouthSecondStreet
Springfield, Illinois 62701-1787

PLEASETAKE NOTICEthat I havetodayfiledwith theOfficeoftheClerkofthePollutionControl
BoardtheCOMMENTS OF ILLINOIS ENVIRONMENTAL PROTECTION AGENCY, copiesof
whichareherewithserveduponyou.

ILLINOIS ENVIRONMENTAL PROTECTIONAGENCY

By:___________________________
SanjayKSofat
AssistantCounsel
Division ofLegalCounsel

Dated: September6, 2002
Illinois EnvironmentalProtectionAgency
1021NorthGrandAvenueEast
Springfield,Illinois 62794-9276
(217)782-5544

)
)
)
)
)

R02-l1
(Rulemaking- Water)

~Z7

THIS FILING PRP~TEDON RECYCLED PAPER



RECEIVED
BEFORE THE ILLINOIS POLLUTION CONTROL BOARD CLERK’S OFETCE

SEP 0 62002

STATE OF ILLINOISIN THE MATTER OF: Pollution Control Board
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AGENCY’SCOMEMNTS

THE ILLiNOIS ENVIRONMENTAL PROTECTIONAGENCY(the “Agency” or“Illinois

EPA”) respectfullysubmitsthesecommentson thehearingheldonJuly25, 2002, in theIllinois

Pollution ControlBoard’s(the“Board”) R02-11 rulemakingproceeding.TheAgencyfilesthe

commentsto provideadditionalinformationontheAgency’sproposedcyanidestandardandaddress

theissuesraisedby AlbertEttinger,attorneyfortheEnvironmentalLaw & Policy Center,theSierra

Club, andPrairieRiversNetworkatthishearing.TheAgencyis thankfulto theBoardfor holding

thethirdhearingon thisimportantrulemakingproceedingandprovidingthisopportunityto file

comments.

Inrulemakingproceedings,theAgencyhasalwaysensuredthattheBoardhasaccessto the

necessaryandavailableinformationfor its consideration.This rulemakingproposalwasno

different. To ensurethat theAgencyhasthemostcurrentinformation,it contactedseveral

organizationsincluding industrygroups,agencies,andenvironmentalgroupsfortheircommentson

theAgency’sdraftproposal. (SeePublicParticipationsectionofthe Original Petition) Basedon

thecommentsreceived,theAgencymadeessentialchangesto its draft beforefiling it with the

Board. Thefirst timetheAgencyheardabouttheUSEPA’snewlaboratorymethodfor cyanidewas
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attheJuly 25 hearing.At thathearing,AlbertEttingerintroducedthedocument,MethodOIA-1677

AvailableCyanideby FlowInjection,LigandExchange,andAmperometry,EPA-821-R-0l3,

August1999,into thehearingrecordasExhibit 18. TheAgencywishesthatin thefuture

rulemakings,thestakeholdersbringthenewinformationto theAgency’sattentionattheearliest

possibletimeratherthanwait until theFirstNoticeperiod. However,sincethehearing,theAgency

hasbeengatheringfactsregardingthisnewlaboratorymethod.

NEW LABORATORY METHOD FORCYANIDE -

Thenewmethodwaspromotedseveralyearsagoby USEPAasthesolutiontothedifficultiesof

cyanidelaboratoryanalysisandcorrelationto theUSEPAnationalcriteriafor cyanide. Within

USEPARegionV (thesix WesternmostGreatLakesstates),Michiganis theonly stateto adoptthis

method. For somereason,RegionV waterqualitycoordinator,who usuallypassessuchinformation

downto thestates,wasnotawareofthisnewmethod. TheMichiganrepresentativesindicatedthat

thenewmethod,in theory,wasattractivefor usein cyanidestandards,butdueto budgetary

concerns,thestatehadnotproceededto usethemethod. Further,therepresentativesdidnot know

of anydischargerusingthenewmethodin Michigan,norweretheyawareofanyconsulting

laboratoriescapableofperformingtheanalysis.

To find outaboutthecapabilitiesofthenewmethod,theAgencycontactedtwo sourcesthat

werekeyplayersin thedevelopment,testing,andUSEPAadoptingprocess.Mr. JimBoiani of

Dyncorpparticipatedin thetestingprocessasaUSEPAcontractor.Tenlaboratoriesweregiventhe

instrumentsandreagentsnecessaryfor thenewmethodandwereinstructedin its use. The

laboratoriesalsoparticipatedin an evaluationprocess.USEPAfoundthatthenewmethoddid

indeedhavefewer problemswith interferencesandhadabetterminimumdetectionlimit than

previouslyapprovedmethods.As themethodpassedUSEPAcriteriafor reliability, it wasadopted

asanapprovedmethod.
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TheAgencyalso contactedMr. JasonGrayof01Analytical Co., thecompanythatactually

developedthemethod. Accordingto Mr. Gray,thenewmethodmeasuresthesameformsof

cyanideasdoestheweakaciddissociablemethod. Essentially,bothmethods,thenewmethodand

weakaciddissociablemethod,excludetheiron-cyanidecomplexesthatarenottoxic to aquaticlife,

butcommonlyarefoundin cyanidesolutions.Thetightly boundiron-cyanidecomplexesdo not

revertto freecyanide,thetoxic form, unlessstrong-acidicconditionsarepresentor, asexplained

later,theyareexposedto ultravioletlight. All othercyanidepresentin thesolution,i.e., thecyanide

directlytoxic to aquaticlife or whatmaybeconceivablybe convertedto atoxic form, is measured

bybothmethods.Bothmethodsmeasuretheboundformsofcyanidepresentin othermetal

complexes,e.g.,copper,zinc,silver,etc.

01 Analyticalmakestheproprietyreagentsforthetestandsellstheinstrumentsneededto

runthetest. Mr. Grayindicatedthattheseinstrumentsarealsoavailablefrom othermanufacturers.

Accordingto Mr. Jim Boiani ofDyncorp,thecostoftheinstrumentationis about$34,500before

discounts.Thereagentcostfor approximately100 samplesis $320. Mr. Boiani believesthatthat

privatelaboratorieswouldchargeabout$50persampleanalyzed.Theapproximatecostfor

analyzinga samplewith theweakaciddissociablemethodis about$35.

TheCity ofNew York andCincinnatiMetro WaterDistrict andanumberofindustrial

laboratoriesarecurrentlyusingthenewmethod. Thenewmethodis saidto bemucheasierto

performthantheold weakaciddissociableorcyanideamenableto chlorinationmethods.The

minimumdetectionlimit of2 ~.tg/Lhasbeenachievedwith thisnewmethod.Mr. Pfeifer,RegionV

standardscoordinator,hasindicatedthatUSEPAwouldhaveno objectionto statesadoptingthenew

methodsinceit camefrom USEPA’sresearcharm.

Onepracticalproblemthat existswith thenewmethod,aswell aswith all newmethods,is

thatmostcommerciallaboratoriesin Illinois arenotequippedto runthetest. TheAgencysurveyed
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threemajorcommerciallaboratories(SuburbanLabs,EMT, Inc., andPDCLaboratories,Inc.) in

Illinois andfoundthatnoneoftheselaboratoriesconductthecyanidetestusingthis newmethod. In

fact,theselaboratoriesdo notevenhavethenecessaryequipmentto do so. All echoedthesentiment

thatunlesstheirclientsaskfor this methodor showatremendousinterestin thenewmethpd,the

laboratorieswouldnotbemakingsuchaconsiderableinvestment.

It is clearfromthe abovediscussionthatsufficientbenefitsexistfrom theuseofthenew

method. Therefore,theAgencysupportstheuseofthis newmethod. TheAgencyrecommendsthat

boththeweakaciddissociablemethodandthenewcyanidemethodshouldbereferencedas

appropriatetestsin theBoard’scyanidestandard.As thenewmethodprovideslessinterferenceand

a lowerdetectionlimit, thedischargers,giventheoptionofthenewmethod,maybeginto demand

thatlaboratoriesusethismethodinsteadoftheweakaciddissociablemethod. As thedemandgrows

for thenewmethod,thecommerciallaboratoriesmayconsiderit worthwhile to investin the

necessaryequipmentsto runthe cyanidetest.

ENVIRONMENTAL IMPACTS OF IRON-CYANIDE COMPLEXES

At theJuly25 hearing,AlbertEttingerraisedissuesconcerningtheimpactof iron-cyanide

complexesontheaquaticsystem. Neithertheweakaciddissociablemethodnorthenewmethod

measuretheiron-complexedformsofcyanide. A publicationby theUS Fish& Wildlife Service

addressestheissuesraisedbyMr. Ettingeratthehearing. (CyanideHazardsto Fish,Wildlife, and

Invertebrates:A SynopticReview,RonaldEisler,Biological Report85 (1.23)December,1991).

Theauthorreportsthatcyanidein generaldoesnot persistvery longin surfacewaters,atmostafew

days.Volatilization andmicrobialdecompositionaretwo ofthemainwaysthatwatersarenaturally

cleansedof cyanide. Thepublicationrefersto theferricyanidesandferrocyanidesas“sparingly

decomposable”andthattheseiron complexes“do not releasefreecyanideunlessexposedto ultra

violet light.” Further,theauthorstates,“~t~hemuchlower toxicities oftheferrocyanideand
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ferricyanidecomplexes-which areofhighstabilitybutsubjectto extensiveandrapidphotolysis,

yieldingfreecyanideondirect exposureto sunlight-andthenickelocyanideion complexesarenot

likely to beofpracticalimportance.”(~AttachmentA)

Clearly, theiron-cyanidecomplexesaremorepersistentin theenvironmentthanotherforms

ofcyanide. Any cyanidethatbecomesfreefrom theiron-cyanidecomplexesdueto extensive

exposureto ultraviolet light would notpersistvery long in surfacewaters. As theauthorindicates,

theironforms ofcyanidearenot likely to beofpracticalimportancebecauseactualphotolysis

(chemicaldecompositiondueto exposureto sunlight)wouldoccuratrelativelyslow rates. The

NationalCriteriaDocumentfor cyanideexplainsthat“{r]lease ofcyanideionby

photodecompositionmightbe importantin relativelyclearwaters.” Apparently,therelativeclarity,

depth,andexposureto sunlight(i.e., degreeofshading)all wouldbesignificantfactorsin

photolysis. Sincemostwatersin illinois arenotsufficientlyshallow,clearandunshaded,photolysis

is probablynot ‘rapid’ in illinois waters. Therefore,thereis noneedto considertheimpactofthe

iron-cyanidecomplexesontheaquaticsystem.TheAgencyrecommendstheuseofweakacid

dissociablestandard,theexistingstandard.Thisrecommendationis furthersupportedbythefact

that eventheUSEPA’snewcyanidemethoddoesnotmeasuretheiron form ofcyanide.

HUMAN HEALTH IMPACTS OF CYANIDE

Theissuesrelatedto humanhealthimpactsofcyanidewerealsoraisedattheJuly 25 hearing.The

USEPAMCL for totalcyanideis 0.2 mgfL, severaltimestheleveloftheproposedaquaticlife

standards.

CONCLUSION

TheAgencywishesto remindtheBoardthatthisrulemakingconcernstheproposingofnew

standardsfor cyanide.TheAgencyhasexplainedin detail theprocessfor updatingtheGeneralUse

standardsfor cyanide,aprocessthathasnothingto do with laboratoryanalyticalmethods.The

6



additionofabetterlaboratorymethoddoesnot changetheappropriatenessofthenumericvaluesof

astandardthathavebeenfoundto beprotectiveofaquaticlife. While supplementalreasonsfor

changingthewaterquality standardfor cyanideno longerexist,giventheexistenceofnew

laboratorymethod,theprimaryreasonis still pertinent. Thewarmwateraquaticorganismsfoundin

GeneralUsewatersarenotassensitiveto cyanideastheexistingstandardimplies;andtherefore,

thecyanidestandardsshouldbeupdatedto reflect“the latestscientificknowledge.”

ProposedUpdate:

Constituent STORET AS CS
Number (j.tg/L) (~.tg/L)

Cyanide 00718 49 11
(Weakaciddissociable
orAvailable[MethodOJA-l677])

TheAgencyappreciatesthis opportunityto commentin thisproceeding.As setforthin detail

above,theAgencyurgestheBoardto adopttheproposedcyanidestandard.

RespectfullySubmitted

ILLINOIS ENVTRONMENTALPROTECTIONAGENCY

By:______________________

SanjayK Sofat
AssistantCounsel
Division ofLegalCounsel

DATED: September6, 2002
Illinois EnvironmentalProtectionAgency
1021 NorthGrandAvenueEast
P.O.Box19276
Springfield,Illinois 62794-9276
(217)782-5544
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andis alsooneofthemosttoxiccyanidespecies,it acrylonitrile,propionitrile,andsuccinonitrile,are
is noteworthythatthe toxicity of simple cyanides nitrile-containingmaterialsof varyingcomplexity
will not be affectedmeasurablybelow pH 8.3. and lability, andcanliberatefree andtoxicologi-
Acidification of dilute (milligrams per liter) cya- cally availableamountsof cyanide.But thenon-
nidesolutionswill not intiate anygreaterrelease nitrileportionofthecyanogenmoleculemayexert
of HCN, but acidificationof concentrated(grams an independentor interactivetoxicity, causinga
per liter) solutionspromotesHONformationand complexresponse.
release. CyanatescontaintheOCN group. Inorganic

Complex cyanidesare compoundsin which cyanatesthatareformedindustriallyby theoxida-
thecyanideanionis incorporatedinto acomplexor tionofcyanidesaltshydrolyzeinwaterto formam-
complexes; these compoundsare different in monia and bicarbonateion. Alkyl cyanatesare
chemicalandtoxicologic propertiesfrom simple insoluble in water and form cyanurates.Alkyl
cyanides.In solution,thestabilityof the cyanide isocyanatescontaintheOCNradical,are formed
complexvarieswith thetypeofcationandthecom- from cyanates,and,like cyanates,arereadilyhy-
plexthatit forms.Someofthesearedissociablein drolyzed.Thiocyanates(SCN group) are formed
weakacidsto givefreecyanideandacation,while from cyanidesand sulfur-containingmaterials
othercomplexesrequiremuchstrongeracidiccon- andarerelativelystable.
ditions for dissociation.Theleast-stablecomplex Totalcyanidesrefersto all cyanide-containing
metallocyanidesincludeZn(CN)4

2,Cd(CN)i~,and compounds,including simple and complex cya-
Cd(CN)4

2-; moderatelystablecomplexesinclude nides, cyanoglycosides,and free cyanide.Total
Cu(CN)2,Cu(CN)32,Ni(CN)4

2,andAg(CN)2;and cyanidesis a chemicalmeasurementof freecya-
the moststablecomplexesincludeFe(CN)6~and nidep’~’~ - - ~ ~

Co(CN)&1.Thetoxicityofcomplexcyanidesis usu- ordige
ally relatedto theirability toreleasecyanideions ~ ~-~------—-

in solution,which thenenterinto anequilibrium 1 ~c~ircumstances,the concentra-
with HON; relativelysmall fluctuationsin pH sig- tion of total cyanidewill exceedthat ofHON. In
nificantly,affecttheirbiocidalproperties. somewaters,however,thetotal cyanideconcen-

Cyanogen[(CN)2~is the simplestcompound trationmayconsistalmostentirelyoffreecyanide,
containingthecyanidegroup.Cyanogenis an ex- or it may contain cyanidesthat readily photo-
tremelytoxic, flammablegasthat reactsslowly decomposeordissociatetoyieldHON.Therelation
with waterto form HCN, cyanic acid,andother betweentotalcyanideandfreecyanidein natural
compounds;it is rapidlydegradedin theenviron- waters varies with receiving-waterconditions,
ment. Cyanogenand its halide derivationsare typeofcyanidecompoundspresent,degreeofexpo-
comparablein toxicity to hydrogencyanide. sureto daylight, andpresenceof otherchemical

Nitriles are defined as organic compounds compounds.
(RCN) containing the cyanide group. Cyanide Hydrogencyanidehasfrequentlybeenassoci-
boundto carbonasnitriles (otherthanascyano- atedwith theodorof bitter almonds(Ballantyne
genicglycosides)arecomparativelyinnocuousin 1983; Gee1987).The thresholdodorfor olfactory
the environment,and are low in chemicalreac- detectionofatmosphericHCN is 1 mWL, but the
tivity and are biodegradable.For simple mono- odormaynotbe detectedfor variousreasons,in-
nitrilesthereis aclearprogression,with morecya- cluding thepresenceof otherodorsandthe fact
nidebeingreleasedaschainlength increases.,A thatonly20%to 40%ofthosetestedcoulddetecta
similar patternexists in diñitriles, but corres- cyanideodor.
pondingcompoundsrequirea longercarbonchain Analytical methodsfor determiningfreeand
thanmononitrilesbeforefreecyanideis produced. boundcyanideandcyanogeniccompoundsin bio-
Basedon studieswith chickenliver homogenates logical materialsare under revision. Current
(Davis1981), mononitrilesweremoretoxic than methodsinclude chromatography;enzymic post-
dinitriles,andwithineachgrouptheorderoftoxi- columncleavage;electrochemicaldetection; and
city wasOH3> O2H5>C3H7> 04119>C5H11>C7H15. ultraviolet,infrared, proton, and carbon-13nu-
Cyanohydrins [R2O(OH)CNJ and cyanogenic clearmagneticresonancespectroscopies(Brimer
glycosides[R1R2C(0R3)CN]are specialclassesof 1988).Proposedneweranalyticalmethodologies
nitriles, in thatunderappropriateconditionsthey include chemiluminescence(Wu et al. 1989);
will decomposeto HON andcyanideions. Cyano- deproteinizationtechniques (Krynitsky et al.
gens(not to be confusedwith cyanogen),suchas 1986); thinfilm dissociationcoupledwith prefer-
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low inwinter owingto dilution byhighrunoff, but
peakedin summerbecauseof cyanideproduction
by plants(Leduc1984).Cyanidesdo not seemto
persistin aquaticenvironments.In small, cold
oligotrophic lakes treatedwith 1 mg NaCN/L,
acutetoxicity was negligible within 40 days.In
warmshallowponds,toxicitydisappearedwithin 4
daysafter applicationof 1 mg NaCNIL. In rivers
andstreams,toxicity rapidly disappearedondilu-
tion (Leduc1984).Cyanidewasnot detectablein
waterandsedimentsofYellowknifeBay, Canada,
between1974and1976,althoughthebayreceives
liquid effluentscontainingcyanidesfrom anoper-
atinggold mine.Nondetectionwasattributedto
rapidoxidation(Moore1981).Severalfactorscon-
tributeto therapiddisappearanceofcyanidefrom
water.Bacteriaandprotozoansmaydegradecya-
nideby convertingit to carbondioxideandammo-
nia. Chlorinationof watersuppliescanresultin
conversionto cyanate(EPA1980).An alkalinepH
favorsoxidationby chlorine,andan aôidicpH fa-
vors volatifization of HON into the atmosphere
(EPA1980).

Persistencein Water, Soil,
andAir

In water,cyanidesoccuras freehydrocyanic
acid, simplecyanides,easilydegradablecomplex
cyanidessuchas Zn(CN)2,~ - . - -

v ~ ationis thedominantmechanismfor re-
movaloffreecyanidefrom concentratedsolutions
andismosteffectiveunderconditionsofhightem-
peratures,high dissolvedoxygenlevels,andatin-
creasedconcentrations,of atmosphericcarbon
dioxide(Leducetat 1982;Simovic andSnodgrass
1985).Lossof simplecyanidesfrom thewatercol-
umn is primarily4 oigla~dimentation,micro-
bial degradation,andvolatilization (Leducet al.
1982;Marrs andBallantyne1987)1 -~

1982;SimovicandSnodgrass1985;MarrsandBal-
lantyne1987).

Alkalinechlorinationofwastewatersis oneof
the mostwidelyusedmethodsof treatingcyanide
wastes.In this process,cyanogenchloride,(CNC1)
is formed,which at alkaline pH is hydrolyzedto
thecyanateion(CNO).If freechlorineis present,
CNO canbefurtheroxidized(Way1981;Leducet
al. 1982;SimovicandSnodgrass1985; Marrsand
Ballantyne1987).Othermethodsusedin cyanide
wastemanagementincludelagooningfor natural
degradation,evaporation,exposureto ultraviolet
radiation,aldehydetreatment,ozonization,acidi-
fication—volatilization—reneutralization,ion ex-
change,activatedcarbonabsorption,electrolytic
decomposition,catalyticoxidation,andbiological
treatment with cyanide-metabolizingbacteria
(Towill et al. 1978; EPA 1980; Way 1981; Marrs
andBallantyne 1987). In the caseof Canadian
gold-miningoperations,theprimarytreatmentfor
cyanideremovalis toretaingoldmill wastewaters
in impoundmentsfor severaldaysto months;re-
moval occurs through volatilization, photo-
degradation,chemicaloxidation, and,to a lesser
extent,microbialoxidation.Microbial oxidationof
cyanideis not significant in ‘mine tailing ponds,
whichtypically havepH >10,alow numberof mi-
croorganisms,low nutrientlevels,largequiescent
zones, and cyanide concentrations>10 mgfL
(SimovicandSnodgrass1985).

Cyanideseldomremainsbiologically avail-
ablein soilsbecauseit is eithercomplexedby trace
metals,metabolizedbyvariousmicroorganisms,or
lost through volatifization (Towill et al. 197.8;
MarrsandBallantyne1987).Cyanideions arenot
stronglyadsorbedor retainedon soils,andleach-
ing into thesurroundinggroundwaterwill prob-
ablyoccur.Underaerobicconditions,cyanidesalts
in the soil aremicrobially degradedto nitritesor
form complexeswith tracemetals.Underanaero-
bic conditions,cyanidesdenitrif~rto gaseousnitro-
gencompoundsthatentertheatmosphere.

Volatile cyanidesoccuronly ‘occasionallyin
the atmosphere,due largely to emissionsfrom
platingplants,fumigation, andotherspecialop-
erations(Towill et al. 1978).Undernormalconcli-
tionscyanidehasrelativelylow persistencein air,
usuallybetween30 daysand1year(Way1981),al-

,‘ thoughsomeatmosphericHCN maypersistforup
to 11 years(MarrsandBallantyne1987).Dataare
lackingon thedistributionandtransformationof
cyanidein theatmosphere(Towill etal. 1978)and
shouldbe acquired.

- ~t maylead

to -J ~ iormationin wastescontainingiron—
cyanidecomplexes(Towill etal. 1978;Leducet al.
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resistantto 65 mg KCNIL at low temperatures
(13°C) thanwereseedlingsfrom cold-susceptible
cultivars(25°C), asjudgedbyrespiratoryactivity
of mitochondria(Van De Venter 1985). Results
suggestthat cyanide-resistantrespirationmay
playaroleincoldresistancein maizeseedlings,al-
thoughmoreevidenceis neededto demonstrate
that cold-resistant plants actually use their
greaterpotentialforalternativerespirationatlow
temperatures(VanDeVenter1985).

The cyanogenic systemcomprising cyano-
genicglycosides,cyanohydrins,betaglucosidases,
andnitrile lyasesis widespreadin plants,but also
occursin severalspeciesof arthropods,.including
the tigerbeetle(Megacephalavirginica), leafbee-
tie (Paropsisatomaria),zygaenidmoths,andcer-
tain butterflies (Nahrstedt 1988). In Zygaena
trifolii, cyanidecompoundsseemto function as
protectionagainstpredators(Nahrstedt1988).De-
fensive secretionsof cyanidehavealso beenre-
ported in polydesmid millipedes, and these
organismsseemto be more tolerantthan other
specieswhenplacedinkillingjars containingHON
(Towiul etal. 1978).In amillipede(Apheloriasp.),
cyanideis generatedin atwo-compartmentorgan
by hydrolysisof mandelonitriie;cyanidegenera-
tionoccursoutsidetheglandwhenthecomponents
ofthetwocompartmentsaremixedduringejection
(Towill et al. 1978).-

Highly toxicsubstances,suchascyanides,are
sometimesfeedingcuesandstimulantsfor special-
ized insects.For example, instar larvae of the
southern armyworm (Spodoptera eridania)$
stronglyprefercyanogenicfoods,suchasfoliageof
thelimabean,aplantwith comparativelyelevated
cyanidecontent—upto 31 mg/kg in somevarie-
ties—in the form of linamurin (Brattstenet al.
1983). Feedingwas stimulatedin southernar-
mywormsat dietarylevelsup to 508mg KCN/kg
(208mgHON/kg) for first to fourth ‘instar larval’
stages,andbetween1,000and10,000mgKCN/kg
diet for fifth andsixthinstarlarvae(Brattsten‘et
‘al. 1983).Sixth instar larvaepreexposedto diets
containing5,000mg KCN/kg showedno adverse
affectsatdietarylevelsof 10,000mgKCNIkg; how-
ever,previouslyunexposedlarvaeshowedrevers-
ible signs of poisoning at 10,000 mg/kg diet,
including completeinhibition of ovipositionand
83% reductionin adultemergence(Brattstenetal.
1983). Experimentalstudieswith southernar-
myworm larvaeand tbiócyanate—oneof the in
vivo cyanidemetabolites—showedthat 5,000mg
thiocyanateperkilogramdietreducedpupationby
77%, completely inhibited oviposition, and re-

ducedadult emergenceby 80% (Brattstenet al.
1983), stronglysuggestingthat thiocyanatepoi-
soningis theprimaryeffectofhighdietarycyanide
levelsin southernarmyworms.

Resistant species, such as southern ar-
myworins, require injecteddosesup to 800 mg
KCN/kg BW (332 mg HON/kg BW) or diets of
3,600mgKCN&g for 50%mortality (Brattstenet
ai. 1983),but dataarescarcefor otherterrestrial
invertebrates.Exposureto 8 mgHCN/L air inhib-
its respirationin the granaryweevil (Sitophilus
granarius) within 15 mm andkills 50% in 4 h;
some‘weevils recoveraftercessationof 4-hexpo-
sure(Towill etal. 1978).

AquaticOrganisms

Numerousaccidentalspills of sodiumcyanide
orpotassiumcyanideinto riversandstreamshave
resultedin massivekills of fishes, amphibians,
aquaticinsects,andaquaticvegetation;sourcesof
poisoningswerestoragereservoirsofconcentrated
solutions,overturnedrail tankcars,or discharge
of substancesgeneratingfree HON in the water
from hydrolysisor decomposition(Leduc 1984).
Dataon the recoveryof poisonedecosystemsare
scarce.In onecase,alargeamountofcyanide-con-
tainingslagenteredastreamfromthereservoirof
aJapanesegoldmineasaresultofanearthquake
(Yasuno et al. 1981). The, slag covered the
streambedfor about10 km from thepoint ofnip-
ture,killing all streambiot~d

~
coveringtheabove-waterstones,buttherewaslit-
tleunderwatergrowth.After 6—7 months,popula-
tions of fish,, algae, and invertebrates had
recovered,althoughspeciescompositionof algae
wasaltered(Yasunoet al. 1981).

Fishwere themostsensitiveaquaticorgan-
isms testedundercontrolledconditions. Signifi-
cantadversenonlethaleffects,including reduced
swimmingperformanceand inhibited reproduc-
tion,wereobservedin therangeof 5.0—7.2pgfree
cyanideper liter; deathswere recordedfor most
speciesbetween20 and76 pgfL (Table3). Among
invertebrates,adverse nonlethal effects were
documentedbetween18and43 ~ig/L,andlethalef-
fects between30 and 100 ~ig/L—althoughsome
deathswererecordedin therange3—7 pg/Lfor the
amphipodGammaruspulex(Table3). Algae and
macrophyteswerecomparativelytolerant;adverse
effectswerereportedat >160pg free cyanideper
liter (Table3).



CYANIDE 27

C
C)
U
C)
C.
C

Ui
0z
.~

0
U.

Ui
0.
w
>
I-
-J
Ui

100

FREE CYANIDE, in ug/L

hepaticdamage.Exposureof fish for 9 daysto 10
pg HCN/L was sufficient to induce extensive
necrosisintheliver, althoughgill tissueshowedno
damage.Intensification ‘of liver histcipathology
wasevidentatdosagesof 20 and30 ~igHCN/L and
exposureperiodsup to 18 days(Leduc1984).Cya-
nidehasastrong,immediate,andlong-lastingin-
hibitory effect on the swimming abifity of fish
(Leduc1984).Freecyanideconcentrationsas low
as10 ~ig/Lcanrapidlyandirreversiblyimpairthe
swimming ability of salmonidsin well-aerated
water (Doudoroff 1976). Osmoregulatorydistur-
bancesrecorded.at10pg HCNIL mayaffectmigra-
tory patterns,feeding, and predatoravoidance
(Leducetal. 1982;Leduc1984).In general,fish ex-
periencea significant reductionin relativeper-
formance (based on osmoregulation,growth,
swimming,andspermatogenesis)at‘10 pg HCN/L,
andalthoughfish cansurviveindefinitelyat30 jig
HCN/L in thelaboratory,thedifferentphysiologi-
cal requirementsnecessaryto survivein nature
couldnot be met (Leduc1978, 1981;Leducet al.
1982; Fig re~.Increase’dpredatIoii~bygreensun-
fish (Lepomis cyanellus) on fathead minnows
(Pimephalespromelas)wasnotedatsublethalcon-
centrationsof HCN, but it wasuncertainif fat-
headsbecameeasierpreyor if greensunfishhad
greaterappetites(Smith,etal. 1979).

- Sodium cyanide has stimulatory effects on
oxygen-sensitivereceptorsin lungfish, amphibi-
ans, reptiles, birds, and mammals (Smatresk

Figure. Summaryof lethal andsub-
lethaleffectsof freecyanideonfresh-
waterfish. Modifiedfrom Leducetal.
(1982).

1986). Facultativeandaquaticairbreathersap-
pear to rely on air breathing when external•
chemoreceptorsarestimulated,whereasobligate
air-breathingfish aremoreresponsiveto internal
stimuli (Smatresk 1986). Gill ventilation fre-
quencyoflongnosegar(Lepisosteusosseus),for ex-
ample, was little affected by external cyanide’
application,butrespondedstronglywhencyanide
was administered internally by injection
(Smatresk1986Y.Cyanide,likemanyotherchemi-
cals,canstimulategrowthof fish duringexposure
‘to low sublethallevels.Thisphenomenon,referred
to as hormesis,is little understoodandwarrants
additionalresearch(Leduc1984).

The observedtoxicity to aquaticlife of simple
andcomplexcyanideswas attributed‘almost en-
tirely to molecular(undissociated)HCN derived
fromionization,dissociation,andphotodecomposi-
tion ofcyanide-containingcompounds.Thetoxic-
ity of the cyanide ion, CN, which is a minor
componentof freecyanide(HON + CN) in waters
thatare not exceptionallyalkalineis of little fin-
portance(Doudoroff1976;Towill etal. 1978;Smith
etal. 1979;EPA1980).Theacutetoxicity ofstable
silvercyanideandcuprocyanidecomplexanionsis
muchlessthanthatofmolecularHCN, butis nev-
erthelessimportant;theseions canbe theprinci-ts~eveninjj&lut~o~ions.
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1910). ‘1 ~ ~~isms of organic
cyanidecompounds,suchaslactonitrile,is similar
to thatof inorganiccyanidesbecausetheyusually
undergorapidhydrolysisin waterto freecyanide
(Towill et al. 197~’ -

~sanal., rde-
t~1In6..~. ~entrationin cyanide-polluted
watersisconsideredto bethemostreliableindexof
toxicity (Doudoroff1976;Smith et al. 1979; EPA
1980;Abel andGarner1986).

Cyanideactsrapidlyin aquaticenvironments,
doesnot persistfor extendedperiods,andishighly
species selective; organisms usually recover
quickly on removal to clean water. The critical
sitesfor cyanidetoxicity in freshwaterorganisms
include the gills, egg capsules,andother sites
wheregaseousexchangeandosmoregulatoryproc-
essesoccur.Onpassingthroughasemipermeable
membrane,the HON moleculesareusuallydis-
tributedby wayof the circulatorysystemto vari-
ous receptor sites where toxic action or
detoxificationoccurs (Leduc 1984). Once in the
generalcirculation,cyaniderapidiy inhibits the
electrontransportchainofvital organs.Signsof
distressincludeincreasedventilation,gulpingfor
air atthe surface,erratic swimmingmovements,
muscular incoorclination, convulsions, tremors,
sinking to the bottom,anddeathwith widely ex-
tendedgill ,covers(Leduc1981, 1984).The acute
modeof actionof HCN is limited to binding those
porphyrinsthat containFe~3,suchascytochrome
oxidase,hydroperoxidases,andmethemoglobin.
At lethallevels,cyanideis primarilyarespiratory
poisonandoneof themostrapidly effectivetoxi-
cantsknown (Leduc et al. 1982). The detoxi-
fication mechanismof- cyanide is mediatedby
thiosuifate sulfur transferase,also known as
rhodanese.This enzymeis widely distributedin
animals,including fish liver, gills, andkidney.
Rhodaneseplaysakeyrole in sulfurmetabolism,
and catalyzesthe transfer of a sulfane—sulfur
group to a thiophilic group (Leduc 1984). Thio-
sulfateadministeredin thewaterwithcyanidere-
ducedthetoxicityofcyanidetofish,presumablyby
increasingthe detoxification rate of cyanideto
thiocyanate(Towill et al.1978).

Additiveormore-than-additivetoxicityoffree
cyanideto aquaticfaunahasbeenreportedincom-
binationwith ammonia(Smithetal. 1979; Leduc

retal. 1982;Alabasteretal.1983;Leduc1984)orar-
senic(Leduc 1984). However, conflicting reports
on the toxicity of mixturesof HON with zinc or
chromium(Towiul et ai. 1978; Smith et al. 1979;
Leducet al. 1982; Leduc 1984)requireclarifica-
tion. Formation of the nickelocyanidecomplex
markedlyreducesthetoxicity of bothcyanideand
nickel athigh concentrationsin alkaline pH. At
lower concentrationsandacidicpH, solutionsin-
creasein toxicity by morethan1,000times,owing
to dissociationof the metallocyanidecomplexto
form hydrogencyanide(Towill et al. 1978). Mix-
turesof cyanideandammoniamayinterferewith
seawardmigrationof Atlantic salmonsmoltsun-
derconditionsof low dissolvedoxygen(Alabaster
etal. 1983).The96-htoxicityofmixturesofsodium
cyanideandnickelsulfateto fatheadminnowsis
influencedbywateralkalinity andpH.Toxicityde-
creasedwith increasingalkalinity andpH from
0.42mgCN/L at 5 mg CaCOaILandpH 6.5; to 1.4
mg CN/L at70 mgCaCO3/LandpH 7.5;to 730mg
CN/L at 192 mg CaCO3/LandpH 8.0 (Doudoroff
1956). -

Numerousbiological andabiotic factorsare
knownto modif~-thebiocidalpropertiesoffreecya-
nide,includingwaterpH,temperature,andoxygen
content;life stage,condition,andspeciesassayed;
previousexposureto cyanidecompounds;presence
ofotherchemicals;andinitial dosetested.Thereis
generalagreementthat cyanideis more‘toxic to
freshwaterfish underconditionsof low dissolved
oxygen(Doudoroff1976;Towill et al. 1978;Smith
etai. 1979;EPA1980;Leduc1984); thatpHlevels
within therange6.8—8.3hadlittle effect on cya-
nide toxicity but enhancedtoxicity at acidic pH
(Smithet al. 1979;EPA 1980; Leducet al. 1982;
Leduc1984); thatjuvenilesand adultswerethe
mostsensitivelife stagestestedandembryosand
sacfry themostresistant(Smithetal. 1978,1979;
EPA 1980; Leduc 1984);andthatsubstantialin-
terspeciesvariability exists in sensitivity to free
cyanide(Smithetal. 1979;EPA1980).Initial dose
andwatertemperatureboth modif~rthebiocidal
propertiesofHCN tofreshwaterteleosts.At slowly
lethalconcentrations(i.e.,<10 j.tgHCN/L),cyanide
wasmoretoxicatlowertemperatures;athigh,rap-
idly lethalHCNconcentrations,cyanidewasmore
toxicatelevatedtemperatures(KovacsandLeduc
1982a,1982b;Leducet al. 1982;Leduc1984).By
contrast,aquaticinvertebratesweremost sensi-
tive to HCN at elevatedwater temperatures,re-
gardlessof dose(Smithet al. 1979).Seasonand
exercisemodif~rthe lethality of HCN to juvenile
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