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ABSTRACT: At leasttwo distinctkindsof hydrogeochemicalmodelshave evolvedhistorically for usein ana-
lyzing contaminanttransport,but eachhasimportantlimitations. Onekind, focusingon organiccontaminants,
treatsbiodegradationreactionsaspartsof relatively simplekineticreactionnetworkswith noor limited coupling
to aqueousandsurfacecomplexationandmineraldissolution/precipitationreactions.A secondkind, evolving
out of thespeciationandreactionpathcodes,is capableof handlinga comprehensive suiteof multicomponent
complexation(aqueousandsurface)andmineralprecipitationanddissolutionreactions,but hasnot beenable
to treatreactionnetworks characterizedby partial redoxdisequilibriumandmultiple kinetic pathways. More
recently, variousinvestigatorshavebegunto considerbiodegradationreactionsin thecontext of comprehensive
equilibriumandkineticreactionnetworks(e.g.Hunteretal. 1998,Mayer1999).Hereweexploretwo examples
of multiple equilibriumandkinetic reactionpathwaysusingthereactive transportcodeGIMRT98 (Steefel,in
prep.): 1) a computationalexampleinvolving thegenerationof acidminedrainagedueto oxidationof pyrite,
and2) a computational/fieldexamplewheretheratesof chlorinatedVOC degradationarelinkedto theratesof
majorredoxprocessesoccurringin organic-richwetlandsedimentsoverlyingacontaminatedaerobicaquifer.

1 INTRODUCTION

While not yet at a stageof maturity suchthat they
canbeusedroutinely for predictive purposes,hydro-
geochemicaltransportmodelshave proven usefulas
interpretive tools whenappliedto a variety of prob-
lems in differentEarthenvironments(seeSteefel&
Van Cappellen1998andLichtner et al. 1996for re-
cent reviews). A rapid andongoingevolution of the
modelshasbeensparkedby therapidincreasein com-
putationalpoweravailable.Oneobviouswayin which
thehydrogeochemicalmodelshaveevolvedis through
thecouplingof explicit transportprocessesto thegeo-
chemicalreactionnetwork.Thisbyitself isperhapsthe
singlemostimportantevolutionarystepin hydrogeo-
chemicalmodeling,but hasbeendiscussedelsewhere
(seeSteefel& Lasaga1992).Anotherimportantaspect
of hydrogeochemicalandhydrogeochemicaltransport
modelinghasto dowith thenatureof thereactionnet-
work usedto describethenaturalsystem.Theevolu-
tion of thinking on how to handlereactionnetworks
in hydrogeochemicalmodelingis the subjectof this
paper.

The descriptionof reactionnetworks in transport
codeshashistorically followed two distinct linesde-
pendingon the kind of problemsinvestigated.One

importantclassof modelsare referredto looselyas
“biodegradation"models.The simpleforms of these
models consider a single organic compound(e.g.
TCE) which servesasthe electrondonorfor what is
commonlya single electronacceptor(e.g. O2). The
biodegradationreactionis then often describedas a
rate-limited processwith either zeroethor first or-
der kinetics.As pointedout by Hunteret al. (1998),
the zeroethandfirst order rateapproachesrepresent
end-memberformulationsof Monodratelaws where
amicrobialpopulationmakesuseof anelectrondonor
(usuallysomeform of organiccarbon)andanelectron
acceptorto extract energy for their own cell growth.
More sophisticatedmodelsmay includetermsfor an
explicit biomassor mayincludemultiple electronac-
ceptors(e.g. O2 and NO3) or donors(e.g. CH4 and
SO−2

4 ). More complicated“biogeochemical"models
of the kind discussedby Hunteret al. (1998)andin
this papermaynot necessarilyusemorecomplicated
schemesfor thebiodegradationreactionsthemselves,
sinceMonod-typeformulationsarestill the standard
approach.Rather, they differ primarily in thedescrip-
tion of thenetwork of biogeochemicalandgeochem-
ical reactionswithin which the biodegradationreac-
tionsoccur. By consideringamorecomprehensivere-



actionnetwork, it is possibleto incorporateadditional
effects or processeswhich might affect the ratesof
biodegradation,for example,theconcentrationof ex-
ternal electrondonorsor acceptors.In addition, the
morecomprehensive reactionnetwork allows oneto
considerthe effects of the biodegradationreactions
themselvesonotherkey geochemicalparameterslike
pH whichcancontrolmetalco-contaminantmobility.

The other important class of hydrogeochemical
models,referredto by Hunteret al. (1998)as”geo-
chemical"models,beganwith thedevelopmentof spe-
ciation andreactionpathmodels(e.g.Wolery 1979,
Reed1982).Thereactionpathmodelseventuallygave
rise to a classof hydrogeochemicaltransportmod-
els which, despitehaving explicitly addedcoupled
transport,usedthesamegeneraltreatmentfor there-
actionnetwork. Examplesof this classof hydrogeo-
chemicaltransportmodelareGIMRT/OS3D(Steefel
& Yabusaki 1996), and early versionsof HYDRO-
GEOCHEM(Yeh andTripathi 1991).Thesenumer-
ical models,likethereactionpathmodelswhichcame
beforethem,weredesignedprimarily to link aqueous
andsurfacecomplexationreactionswith mineraldis-
solutionandprecipitationreactions.An extensivenet-
work of complexationreactions,for example,is often
necessaryto describemineral solubilitiesaccurately
asa functionof mastervariablessuchaspH andpO2.
Aqueouscomplexationcanalsohaveastrongeffecton
transportpropertiesof reactivesolutesby determining
thedominantformin whichthesoluteappears.Forex-
ample,60ComayexisteitherasthefreeionCo+2 oras
thecomplex CoEDTA− in EDTA-rich solutions.The
speciationin thiscasehasadirecteffectonthemobil-
ity of the radionuclide,sincein near-neutralpH wa-
tersthecationwill adsorbto anegatively chargedFe-
hydroxidewhile theanionCoEDTA− will not (Szec-
sodyetal. 1998).

The”geochemical"approachto hydrogeochemical
transportmodeling,evolving as it did out of specia-
tion/solubilityandreactionpathcodes,isideallysuited
for predominantlyequilibriumproblems.Many aque-
ous and surfacecomplexation reactionsoccur suffi-
ciently rapidly that they can be consideredto be at
equilibrium. As pointed out by numerousworkers,
thestoichiometryof equilibriumreactionnetworksis
non-unique,that is, therearemultiple waysof writ-
ing the reactionsthat are entirely equivalent from a
mathematicalpoint of view (Bethke 1996).Although
the variousreactionstoichiometriesmay not lead to
entirely equivalent numericalbehavior, the equilib-
riumreactionnetworkscanbeconsideredtobelargely
path-independent.Moreover, a single reactionis all
that is neededto representan equilibrium pathway,
since other pathways are redundant.In the caseof
kinetically-controlledreactions,however, theindivid-
ualpathwaybecomesimportant.Onekineticpathway

neednot proceedat thesamerateasanotherpathway
eventhoughbothpathwaysmighteventuallyreachthe
sameendpoint.In fact,multipleparallelpathwaysare
bothpossibleandcommonin low temperaturesystems
characterizedbyslow reactions.Microbially-mediated
oxidation-reduction(redox)reactionsarethebestex-
ampleof thesekind of kinetically-controlledreaction
networkswheremultiplepathwaysexist.

Although it is often the casethat the kind of geo-
chemicalor biogeochemicalsystemconsideredleads
naturally to one or the other of the historically dis-
tinctapproachestomodelinghydrogeochemicaltrans-
port,in othercasesamixedapproachwill berequired.
While thedominantredoxreactionsin a low temper-
aturehydrogeochemicalsystemmaybegovernedpri-
marily by slow, microbially-mediatedprocesses,fast
reactions(e.g. non-redoxaqueousand surfacecom-
plexation reactions)may occuraswell. All of these
effectscanexertanimportantcontroloncontaminant
transport,for example.Thereisaneed,therefore,for a
new generationof hydrogeochemicaltransportmodels
thatincorporatebothequilibriumandkinetic reaction
networks.

2 A COMPUTATIONAL EXAMPLE INVOLVING
ACID MINE DRAINAGE

We presentherea computationalexampleof a mixed
equilibrium-kineticreactionnetwork whichdescribes
someof the major geochemicalandbiogeochemical
processestakingplacein a typicalacidminedrainage
setting.While no attemptis madeto comparethere-
sultsto anactualfield exampledueto lack of space,
thecalculationis designedto berelatively realisticex-
cept in the neglect of potentialpH buffering phases
(carbonateandsilicateminerals).Wefocusinsteadon
theoxidationof pyrite via two separatepathways:ox-
idative dissolutionby 1) molecularoxygenand2) by
ferric iron. As hasbeenshown by a numberof ex-
perimentaland field workers (McKibben & Barnes
1986,Williamson& Rimstidt1994),thesearethetwo
mostimportant(althoughnottheonly)mechanismsby
whichpyrite isoxidizedin near-surfaceenvironments.
Acid minedrainageis primarily theresultof physical
andchemicalprocessestakingplacewithin thevadose
zone,sincea gasphaserich in oxygenis essentialfor
initiating anddriving thesystem.As anexample,we
consideran unsaturatedzonedevelopedwithin acid
mine tailingswith a watertableat 4 meters.To keep
theanalysissimple,we assumesteady-stateflow of 1
m/yr, a porosityof 40%, andsteady-statewatersat-
urationaveraging0.5 from the surfaceto 3.8 meters
depthanda capillary fringe extendingfrom 3.8 me-
tersto thewatertableat 4 metersdepth.O2 andCO2
gasaretransportedin thegasphaseonlyviamolecular
diffusion.A gasdiffusioncoefficientof 10−6 m2s−1 is
assumed.



Therelevantpyrite dissolutionreactionsare:

FeS2 + 3.5 O2 + H2O → Fe+2
+ 2 SO−2

4 + 2 H+ (1)

and

FeS2 + 14Fe+3
+ 8 H2O →

15Fe+2
+ 2 SO−2

4 + 16H+ (2)

We usetheratelaws proposedfor theseparallelreac-
tion pathwaysby Williamson& Rimstidt(1994):

RO2 =
(

10−8.10) [O2]
0.5

[H+]0.11
(3)

and

RFe+3 =

(

10−8.58
) [Fe+3]0.3

[Fe+2]0.47[H+]0.32
(4)

Sincethesereactionsoccurin parallel,thefastestone
will dominatetheoverall rate.

Thesetwodissolutionpathwaysfor pyritearelinked
by theaqueousphasereaction

Fe+2
+ 0.25O2 + H+

→ Fe+3
+ 0.5 H2O. (5)

Wherereaction5 is sufficiently fastthatlocalequilib-
rium canbeassumed,themassactionequationfor re-
action5allowsreaction1tobewrittenasreaction2(or
vice versa).In this case,therefore,only a singlereac-
tion stoichiometryandequilibriumconstantfor pyrite
dissolutionis necessaryandthechoiceof which one
is usedis arbitrary. In the casethat Fe+3, Fe+2, and
O2 arein equilibrium,therefore,theneteffect of the
two dissolutionpathwaysis to causea changein the
ratelaw for theoverall pyrite dissolutionreactionde-
pendingon whetherthedominantoxidantis Fe+3 or
O2.

In thecasewheretheFe(II)-Fe(III)redoxcoupleand
theO2-H2O redoxcouplearenot in equilibrium(i.e.
reaction5 is slow), both pyrite dissolutionpathways
must be retainedas independent,parallel pathways.
Eachpyritedissolutionreactionisalsoassociatedwith
its own equilibriumconstantandion activity product,
sinceequilibrationwith reaction2doesnotnecessarily
imply that reaction1 is at equilibrium if reaction5
(Fe+2 oxygenation)is slow. Theabioticoxygenation
of ferrousiron hasbeenstudiedby Singer& Stumm
(1970)andWehrli (1990)who foundit to bestrongly
pH-dependentandrapidatnear-neutralpH valuesand
pH-independentandslow below aboutpH 4. Therate
lawsfor abioticferrousiron oxygenationfrom Wehrli
(1990)are:

R0 =

(

10−5.10
)

[Fe+2
][O2(aq)] (6)

R1 =
(

101.40)
[Fe(OH)+][O2(aq)] (7)

R2 =
(

106.90)
[Fe(OH)2(aq)][O2(aq)] (8)

wherein eachcasethe secondorder ratesconstants
have units of M s−1. The formation of the hydroxy
complexesincreasestherateof Fe(II) oxygenation,so
that the overall oxygenationrate is at a minimum at
low pH. BecausetheFe(II) oxygenationreactionand
the oxidation of pyrite are sequentialreactions,the
slowestof thetwo will betherate-limitingstepin the
overall dissolutionof pyrite.

A numberof workershave reportedthatat low pH
wheretheabioticFe(II) oxygenationrateis slow, me-
diation by the bacteriaThiobacillus ferrooxidans in-
creasestherateof reactionby upto 5 ordersof magni-
tude(Singer& Stumm1970,Nordstrom& Southam
1997).Themicrobially-mediatedoxygenationof fer-
rousiron is treatedhereusinga dualMonodkinetics
givenby

R = kmax

(

[eA]

([eA] + KeA)

) (

[eD]

([eD] + KeD)

)

(In)(9)

wherekmax is the maximumrateof the reaction(M
s−1), [eA] and [eD] arethe concentrationsin moles
per liter of the electronacceptorand donor respec-
tively, andKeA andKeD arethehalf-saturationcon-
stantsassociatedwith theelectronacceptoranddonor
respectively. In refersto theinhibition of a particular
pathwaybyenergeticallymorefavorableones.Thein-
hibition functionsfor any onepathwayareassumedto
haveahyperbolicform

In =

Nin
∏

i=1

Ki

(Ki + [Ci])
(10)

whereKi and[Ci] referto theinhibitionconstantsand
concentrationsrespectively of theNin speciesinhibit-
ing a particularpathway. No inhibition of Fe+2 oxy-
genationis includedhere,althoughinhibition func-
tionsareusedin thesecondexamplediscussedbelow.
Thebiotic rateof Fe+2 oxygenationoccursin parallel
with the abiotic rate,so the effectsareadditive. For
the simulations,a Monod rateconstantof 5 × 10−7

M s−1 is assumed(Nordstrom& Southam1997).All
formsof dissolvedFe(II) areassumedto bebioavail-
able,sotheelectrondonorconcentrationrefersto total
Fe+2 ratherthantheconcentrationof thefreeionFe+2.
Half-saturationconstantshave not beenreported,but
Nordstrom& Southam(1997)indicatethattheFe(II)
oxygenationrateis observedto bezeroeth-orderover
a wide rangeof ferrousiron concentrations.Accord-
ingly, we userelatively low half-saturationconstants
of 1 µM for bothelectronacceptoranddonor.

The calculationsarecarriedout assuminginfiltra-
tion of a dilute water of pH 5 in equilibrium with
the atmosphereat 1 m/yr. The reactive surfacearea
of pyrite is arbitrarily setto 0.1 m2 m−3 rock. Other
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Figure1:CalculatedpHprofilesasafunctiondepthre-
sultingfrompyritedissolutionfor threedifferentcases
of Fe(II) oxygenationby O2.
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Figure2: Calculatedpyrite dissolutionprofilesvia the
ferric oxidationmechanism(reaction2) for threedif-
ferentcasesof Fe(II) oxygenationby O2.

phaseswhichwouldnormallyactto buffer thepH like
carbonateandsilicatemineralsarenot includedin the
calculation,thusproducingapHprofilewhichonlyde-
creaseswith depth.In eachcase,thecalculationsare
carriedout using the pyrite oxidation rate laws pro-
posedby Williamson & Rimstidt (1994), while the

treatmentof the Fe(II) oxygenationis varied so as
to highlight the importantrole of this reactionin the
overall reactionnetwork. Threecasesareconsidered:
1) aqueousFe(II), Fe(III), andO2 arein equilibrium
(i.e.thetraditional“geochemical"treatmentof redox),
2) the Fe(II) oxygenationreactionoccursonly abi-
otically, following the rate laws proposedby Wehrli
(1990),and3) theabiotic ratelaws of Wehrli (1990)
arecombinedwith a dual Monod expressionfor the
microbially-mediatedFe(II) oxygenationwith amax-
imum rategivenby Nordstrom& Southam(1997).

Figure 1 shows the computedpH profiles result-
ing from the oxidation of pyrite for the threecases
under consideration.Note that the biotic case in
which Thiobacillus ferrooxidans catalyzesthe reac-
tion nearly reproducesthe equilibrium case.In this
case,the rateof Fe(II) oxygenationis fasterthanthe
rateof pyriteoxidation(primarily reaction2),sopyrite
oxidationbecomestheratelimiting stepin theoverall
reactionnetwork,in agreementwith theconclusionsof
Nordstrom& Southam(1997).Therateprofilesfor the
oxidationof pyrite by Fe(III), however, arenot iden-
tical in thebiotic andequilibriumcase(Fig. 2). In the
abioticcasetheslow rateof Fe(II) oxygenationat low
pH limits theproductionof Fe(III) usedto oxidizethe
pyrite. A secondoxidationpathway usingmolecular
oxygenis available(reaction1), but it is muchslower
than the oxidationby ferric iron, so the overall rate
of pyrite is slowed significantlyrelative to the biotic
or equilibrium case.This is obvious in both the pH
profile (Fig. 1) andin theplot of therateof thepyrite
oxidationby ferric iron pathway (Fig. 2) which is es-
sentiallyzero.ThefactthattheabioticFe(II)oxygena-
tion mechanismdoesnot resultin the low pH values
typically observed in actualacid mine drainagesites
canbeusedasanargumentfor the importantrole of
Thiobacillus ferrooxidans in controllinggeochemical
processesin acidmineenvironments.

3 A FIELD/COMPUTATIONAL EXAMPLE IN-
VOLVING VOC DEGRADATION

A second example illustrates more directly how
biodegradationproblemscan be viewed within the
context of a larger reactionnetwork. The example
involves chlorinatedvolatile organic carbon(VOC)
degradationattheAberdeenProving Groundin Mary-
land, USA, as discussedby Lorah & Olsen(1999).
Releaseof wasteproductsin the pasthasresultedin
contaminationof a12-14mthickshallow sandaquifer
which is overlain locally by wetlandsediments.The
wetlandsedimentsare1.8 to 3.6 m thick andconsist
of alowersilty unitandanupperpeatunit.Groundwa-
terflow in thewetlandareais predominantlyupwards,
with anaveragelinearflow velocityof 0.6m yr−1 es-
timatedby Lorah& Olsen(1999).Theaquiferbelow
the wetlandsedimentsis dominatedby aerobiccon-



ditions, but is highly contaminatedwith chlorinated
volatile organiccompounds(VOCs),themostimpor-
tantof whicharePCA(1,1,2,2-tetrachloroethane)and
TCE(trichloroethylene).In contrast,anaerobiccondi-
tions occur in the organic carbon-richwetlandsedi-
ments,wherewell-defined,discretezonesof dissimi-
latory iron reduction,sulfatereduction,andmethano-
genesisareapparent.

Thereis clear field evidenceof the naturalatten-
uation of the chlorinatedVOCs within the anaero-
bic wetlandsediments(Lorah & Olsen1999).Vari-
ousworkershave reportedthatchlorinatedVOCscan
beanaerobicallydegradedunderavarietyof reducing
conditions,including nitratereduction,dissimilatory
iron reduction,sulfatereduction,andmethanogenesis
(Lorah & Olsen1999).Basedon laboratorystudies,
therateof biodegradationappearsto begreatestunder
methanogenicconditions(Lorah& Olsen1999).

Theexcellentfield studyby Lorah& Olsen(1999)
providesuswith anopportunityto studythebiodegra-
dationof a suiteof chlorinatedVOCsin the context
of themajorredoxprocessesoccurringin organic-rich
sediment.A reactive transportmodelinganalysiscan
beusedto determinefield biodegradationratesandto
correlatethesewith in situ ratesof theprimaryredox
processeslike sulfatereductionandmethanogenesis.
For the sake of brevity, we restrictourselveshereto
a one-dimensionalanalysisof steady-stateflow and
transportup throughthewetlandsediments,attempt-
ing to matchthewaterqualityprofilesgivenby Lorah
& Olsen(1999)for piezometerWB-26.

Redoxprocessesat the Aberdeenproving ground
are dominatedby the heterotrophicoxidation of or-
ganiccarbonwhichis abundantin thesedimentsover-
lying theaquifer(Lorah& Olsen1999).In piezometer
WB-26,for example,theaerobicconditionswithin the
aquifergivewayupwardalongaflow pathto discrete
zonesof dissimilatoryFereduction,sulfatereduction,
andmethanogenesis.Thesereactionsaremodelledun-
dertheassumptionthatorganiccarbonis presentwell
in excessof its limiting concentration(half-saturation
constant)above 4.8 metersdepth,while the electron
acceptoreffect on the reactionrate is treatedwith a
standardMonodexpression(Eqn.9). In keepingwith
thesteady-stateassumption,theeffect of thebiomass
is incorporatedinto therateconstantratherthanbeing
treatedexplicitly asa time-dependentterm(Hunteret
al. 1998).Kinetic reactionsand associatedrate and
half-saturationconstantsusedin the simulationsare
given in Table1. Inhibition of organiccarbonoxida-
tionpathwaysbyenergeticallymorefavoredpathways
is assumedto occur. Inhibition constantsaretakenas
the half-saturationconstantsof the electronacceptor
for the more favorablepathway (e.g.O2 in the case
of dissimilatoryFe reduction,sulfate reduction,and
methanogenesisandFe-hydroxidein thecaseof sul-

fatereductionandmethanogenesis).In this way, the
sequenceof most to least energetically favored or-
ganiccarbonoxidationpathwaysobservedin thefield
(aerobicrespiration,followed in orderby dissimila-
tory Fereduction,sulfatereduction,andmethanogen-
esis)canbe duplicatedwith the simulations(Hunter
etal. 1998).Equilibriumcomplexationreactions(e.g.
theformationof thehydroxy complexesof Fe+2 and
Fe+3) are also includedin the simulations.Accord-
ingly, the half-saturationconstantsin Table 1 refer
to total concentrations.Amorphousiron sulfideis al-
lowedto precipitatevia bothdirect reactionof amor-
phousFe-hydroxidewith dissolvedsulfideandby re-
action of aqueousFe(II) and dissolved sulfide (Ta-
ble 1).Adsorptionof theVOCson to organiccarbon,
which in transientcasescouldbeanimportanteffect,
is neglectedin thesimulations.

For the degradationof the chlorinatedVOCs,we
considera simplifiedversionof thereactionnetwork
presentedbyLorah& Olsen(1999)(Fig.3).Theverti-
cal arrows referto hydrogenolysispathways,sequen-
tial reductive dechlorinationreactionsinvolving the
transferof two electrons(Lorah& Olsen1999).The
angledarrow from PCA to DCE is anotherreductive
dechlorinationreactioninvolving the transferof two
electronsand is referredto as dichloroelimination.
Other pathways have beenrecognized,including an
abiotic transformationof PCA to TCE (dehydrochlo-
rination) and a dichloreliminationtransformationof
TCA tovinyl chloride,butareneglectedhere.All of the
VOCdegradationreactionsinvolvethetransferof two
electrons,butanumberof differentelectrondonorsare
possible.Theimportanceof Fe(II)asanelectrondonor
is demonstratedby the field studyof Lorah & Olsen
(1999)whoshow substantialdegradationof bothPCA
andTCEin thepresenceof dissolvedFe(II) andin the
absenceof significantsulfatereductionandmethano-
genesis.Accordingly, for eachof thepathwaysshown
in Figure3, we considerthe possibility of reduction
by dissolvedFe(II), sulfide,andmethane.Eachreduc-

TCE

ethylene

cis-12DCE

vinyl chloride

chloroethane

PCA

112TCA

12DCA



Figure3: Reactionnetwork (simplifiedafterLorah&
Olsen1999) usedin the simulationsof chlorinated
volatileorganiccompoundsin thispaper.



Table1: Reactionpathwaysandassociatedrateandhalf-saturationconstantsusedin simulations.
Reaction Rate KeA KeD

(Ms−1) (µM) (µM)
Organiccarbonoxidation
CH2O + O2 → CO2 + H2O 3 × 10−6 20 0
CH2O + 4 Fe(OH)3(am) + 2 H+ → CO2 + 4 Fe+2 + 11

4 H2O 1 × 10−6 60 0
CH2O + 1

2 SO−2
4 + 1

2 H+ → CO2 + 1
2 HS− + H2O 3 × 10−5 30 0

CH2O → 1
2 CO2 + 1

2 CH4 3 × 10−5 0 0
VOC degradation
TCE+ 2 Fe+2 + H+ → DCE+ 2 Fe+3 + Cl− 2 × 10−5 100 10
TCE+ 1

4 HS− + H2O → DCE+ 1
4 SO−2

4 + Cl− 1 × 10−4 100 1
TCE+ 1

4 CH4 + 1
2 H2O → DCE+ 1

4 CO2 + Cl− 1 × 10−4 100 10
PCA+ 2 Fe+2 + H+ → DCE+ 2 Fe+3 + Cl− 2 × 10−5 100 1
PCA+ 1

4 HS− + H2O → DCE+ 1
4 SO−2

4 + Cl− 2 × 10−4 100 1
PCA+ 1

4 CH4 + 1
2 H2O → DCE+ 1

4 CO2 + Cl− 1 × 10−3 100 10
DCE+ 2 Fe+2 + H+ → VC + 2 Fe+3 + Cl− 1 × 10−4 100 10
DCE+ 1

4 HS− + H2O → VC + 1
4 SO−2

4 + Cl− 2 × 10−4 100 1
DCE+ 1

4 CH4 + 1
2 H2O → VC + 1

4 CO2 + Cl− 2 × 10−4 100 50
VC + 2 Fe+2 + H+ → C2H4 + 2 Fe+3 + Cl− 1 × 10−3 100 10
VC + 1

4 HS− + H2O → C2H4 + 1
4 SO−2

4 + Cl− 1 × 10−3 100 1
VC + 1

4 CH4 + 1
2 H2O → C2H4 + 1

4 CO2 + Cl− 5 × 10−4 100 10
PCA+ 2 Fe+2 + H+ → TCA + 2 Fe+3 + Cl− 1 × 10−4 100 10
PCA+ 1

4 HS− + H2O → TCA + 1
4 SO−2

4 + Cl− 1 × 10−4 100 1
PCA+ 1

4 CH4 + 1
2 H2O → TCA + 1

4 CO2 + Cl− 1 × 10−4 100 10
TCA + 2 Fe+2 + H+ → DCA + 2 Fe+3 + Cl− 2.5 × 10−4 100 10
TCA + 1

4 HS− + H2O → DCA + 1
4 SO−2

4 + Cl− 2.5 × 10−4 100 1
TCA + 1

4 CH4 + 1
2 H2O → DCA + 1

4 CO2 + Cl− 2.5 × 10−4 100 10
DCA + 2 Fe+2 + H+ → C2H5Cl + 2 Fe+3 + Cl− 5 × 10−5 100 10
DCA + 1

4 HS− + H2O → C2H5Cl + 1
4 SO−2

4 + Cl− 1 × 10−4 100 1
DCA + 1

4 CH4 + 1
2 H2O → C2H5Cl + 1

4 CO2 + Cl− 1 × 10−4 100 10
Secondaryredox
Fe(OH)3(am) + 1

2 H2S+ 2 H+ → Fe+2 + 1
2 S0 + 3 H2O 6.3 × 10−6

Non-redoxprecipitation-dissolution
FeS(am) + H+ → Fe+2 + HS− 1 × 10−6

tion reactioniswrittenwith adualMonodformulation
(Eqn.9),with therateandhalf-saturationconstantsfor
bothelectrondonorandacceptorgivenin Table1. No
inhibition termswereincludedfor theVOC degrada-
tion reactions.

Figure4-A show theconcentrationsof O2 andSO−2
4

measuredin porewaterfrom piezometerWB-26 (Lo-
rah& Olsen1999)alongwith theprofiles(solid lines)
computedby GIMRT98 (Steefel,in prep.).Thepore-
waterdatafrom piezometerWB-26 indicatesa zone
about1.8 metersthick in which aerobicrespiration
anddissimilatoryFereductionoccurwithoutsubstan-
tial sulfatereduction(betweensamplepointsat4.6and
2.8metersdepth).Althoughsulfateconcentrationsare
not high, thedataalsoshow a discretesulfatereduc-
tion zonebetween2.8 metersand about1.2 meters
depth.Concentrationsof the reducedspeciesFe+2,
HS−, and CH4 are shown in Figure 4-B. The com-
putedFe(II) concentrationshows a peakat a depthof
2.8meters,in agreementwith thedata.Bothcomputed
andobservedsulfideconcentrationsremainrelatively
low throughouttheprofile dueto theprecipitationof

FeS.OncedissimilatoryFe reductionandsulfatere-
ductiondropoff alongtheflow path(i.e.with decreas-
ing depth),methanogenesisresultsin high methane
concentrationsaboveabout1.2meters.

As notedabove, biodegradationof the chlorinated
volatile organic compoundsis linked in the simula-
tionspresentedhereto theconcentrationsof thespe-
cific electrondonorsratherthanbeingtreatedasfirst
orderor pseudo-firstorderexpressions.A goodfit of
theobserveddatais achievedwith theGIMRT98sim-
ulations,althoughthefit is non-uniquebecauseof the
largenumberof parametersinvolved.Nontheless,the
simulations,in conjunctionwith theoriginaldata,sug-
gestsomepreliminaryobservationsabouttherelative
ratesof thedegradationreactionsin thevariousanaer-
obic zones.In Figure5-A, for example,the bulk of
the PCA degradationoccursin the dissimilatoryFe
reductionzone(compareFigure4-B). TCE alsode-
gradesatasubstantialratewithin this interval aswell,
even thoughthedatain Figure4-A indicatethatsul-
fatereductionandmethanogenesisarenot occurring
at significant rateswithin this depth interval. There
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is somesuggestionthat the rateof TCE degradation
is slightly fasterin thesulfatereductionzonethanin
thedissimilatoryFereductionzone,but considerably
more datais neededto substantiatethis conclusion.
Figure5-B showstheobservedandcomputedconcen-
trationsof theVOC daughters.In orderto matchthe
DCE data,thedegradationratesin themethanogenic
zoneneededto behigherthantheratesin thesulfate
reductionanddissimilatoryFereductionzonesby fac-
torsof 5 and50respectively. MatchingtheDCA data,
however, requiredthat theratesof degradationin the
sulfate reductionandmethanogeniczonesbe only a
factorof 2 higherthantheratein thedissimilatoryFe
reductionzone.

4 CONCLUSIONS
Many groundwater and surface water systemsare
characterizedby biogeochemicalreactionnetworks
consistingof multiple kinetic and equilibrium path-
ways.Two examplesof suchreactionnetworkswere
exploredwith the reactive transportcodeGIMRT98
(Steefel,in prep.),althoughthegeneralcapabilityfor
treatingsuchreactionnetworkscanbefoundin asmall
numberof othercodesdevelopedrecently, for exam-
ple,PHREEQC(Parkhurst1995)andMIN3P (Mayer
1999).The first exampleexaminedthe reactionnet-
work associatedwith pyrite oxidation.Usingtheset-
ting of acid mine drainagedevelopedwithin the va-
dosezone,the overall rate of pyrite is shown to be
limited by therateof oxidationof pyrite by ferric iron
in the casewherethe bacteriaThiobacillus ferroox-
idans enhancesthe rate of Fe+2 oxygenationto the
point wherethe aqueousFe(II)/Fe(III) redoxcouple
is closeto equilibrium.In contrast,theoverall rateof
pyrite oxidation is limited by the rate of Fe+2 oxy-
genationwhenstrictly abiotic conditionsprevail, al-
thoughtheseconditionsdo not appearto becommon
in nature.In a secondprobleminvolving the natural
attenuationof chlorinatedVOCs,it wasshown thata
reactionnetwork which explicitly couplesthedegra-
dationratesof thechlorinatedVOCsto theconcentra-
tionsof thespatially-distributedmajorelectrondonors
(Fe(II), HS−, andCH4) couldbeusedto matchfield
datapresentedby Lorah& Olsen(1999).
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