REACTIVE TRANSPORT IN POROUS MEDIA

TABLE OF CONTENTS, RIM VOLUME 34

Page
FOTEWORd. ... .enineieiiiieiitiiieeeeeteieeiesetarecnsesarrsnsasesnternsatsenanssoasansasasonane il
| 215 £ TP PRI PPRU PSP it
Chapter 1 P. C. Lichtner

CONTINUUM FORMULATION OF MULTICOMPONENT-MULTIPHASE
REACTIVE TRANSPORT

INtrOdUCHION ......euoivninicieiiii ittt s rae e rr e 1
Continuum Hypothesis .........ocvvniicieriiininiciieiiiiiiiiircre e reenes 2
DarCy s LaW.......cciuiveruiiieieniicoinererrnseiinttstiriineeieiirssrensecassnreses 4
General Conservation Law ..........ccovvuveinniriiniiiiniiiiicc et cecea e aes 5
Conservation Of MASS .......cveuvuicnreiicreinimrireeiiiieereiintneeeesenrrnennans 7
Partially saturated porous medinm ........ccoecvvieiniinruinniiiieieinanens, 8
SOHAS . c..veiniiiiineeiecirne e aeerrecrc it e e e n s b s reesa e s 8
Conservation Of NErZY .....ceuvvivuiiiuuiiiririeeniiiriereereeecin e cranenenens 9
Chemical REACHONS. ... ..vvennrreeertrereranrerrurierasetctssreasincusncatesrmsesasensnsossananns 10
The law of definite Proportions........coveeriererereniiiiininircrersrncacensenes 10
Source/sink tEMM.......eeemniiniiniriiiceiiiiciiee e e e 12
REACHON TALES ....vvenieenieeieniieaeenrearaseeiirnsreie i sasane s erassraeeaes 14
Homogeneous reactions .............cccvvvienrinriernsiueenireesenmersnsens 14
Heterogeneous reactions—moving boundary problem................... 14
SUrface Ar€a ......ccuieeiiinreeiieiviiirnciirriri et e 16
Boundary Iayer .......c.ccviuieiiiiiiii e
Local chemical equilibrium. ........c.cocoveneniiinriiiiiininiiniiiiinnenn,
Multicomponent Reactive Transport Equations
Canonical form..........ocociieiuiniiiiniennen.
Thermodynamic databases..........cccoveieiriiiniiiieiiiireieiiranenae,
Relation between source terms
Local partial equilibrium -.........cccovvueimiiiiiiiiiiiiiic e
Linearly dependent reaCtions ........cveevevererurerermrersieriennneeunneess
Multicomponent Reactive Transport Equations
Pure liquid fluid phase .......cccoormieniinimniiiiie e
Ton-exchange reactions............coevveevnreneenceencuiincnveriniiicanineaens
Two-phase fluid flow ........ocoeieniiiiiiiiiiiiiiiieie e,
MulticOmpOonent SYSIEIMS ... .....currueriierienirerirenieiinrrerenceenresenans
Richards eqQUAtION ..........cceeiiueuieicrininracereeereaseeracneenenenenens

Physical interpretation of the generalized concentration and flux..... 36
Example: Partitioning between aqueous and gaseous phases 8

Asymptotics, Local Equilibrium and Ghost Zones............cooovveiiiiiiiiniiiinininnnn.,
Scaling.....conimiiiii e
GhOSE ZOMES ...eevieiiiniiiii i ee ittt et e s e e e e e

Quasi-stationary State Approximation
Single Component SYStem. ........cciiitiiiiiiiii et een e ens
Transient formulation ........cc.ceeouviiiiiiiiieiir i
Transient and stationary state solution
Quasi-stationary state approximation........

Analytical solution

Special Topics

..............................

.....................................................................................



Charge CONSEIVAtION .........cuueiiieiiiiieereniiiierenaernneenertaentereenaernenns 52

Species-dependent diffusion coefficients..........ccouovveiveniienrnnennnnee. 54
Charge conservation and sorption..............ccocooviieuiirieineniennnnen. 56
Jon-exchange..........co..eevriiiiiiiiiiii e 56
Surface complexation model...........ceeuuivieiiiiiiiiinienieiien, 57
Multicomponent SYSIem. . .......c.eeuerruerinieniiiirineeeeenceneenannns 58
Interpreting results of reactive transport simulations.. ... 59
Inverse problem......cc.cccovuiiiniiiiiiiiiiieiieieeeeeee ... 61
APDPICAHONS. «..c.eeiiii i ciei it ie e s e e e i et e e e et r e e e e e e eaaeaaaas 62
Application to acid mine drainage and pyrite oxidation......................... 63
Pogos de Caldas redox front migration—The presence of a gap............. 67
Heterogeneous porous Media..........oeeuuverneremerineereinnrinnnaereeraeennne. 71
Reaction instability ..........ccovniiiiiiiiiiii e 74
Hydrothermal SYStem ..........ccouuiiiniiiiniriiiii e 76
Concluding Remarks. . ..........ooeuiiniienirreeiieeiieirereernseeeeieeeeiaanressensnnanrannes 77
ACKNOWIEAEMENLS. ......oiveiiiiiiiiiiiii e ettt ee et et e e e e e eennes 78
REfEIBICES. .. oo eeiriieice ittt e et e tr e e ce i e eaeerenee e e saa e 79
Chapter 2 C. L. Steefel and K. T. B. MacQuarrie
APPROACHES TO MODELING OF
REACTIVE TRANSPORT IN POROUS MEDIA
INErOdUCHON . ... oeitin et 83
Reaction Algorithms for Multicomponent Systems ............cccvveeniiiiiiiiiennn.n, 85
Mathematical descriptions of reaction Systems...........cccceeeeiiiiiiniinn... 85
Dependent chemical reactions ...........cccceeevinemeeniiiiiiiiniiinnnneee, 89
Including equilibrium reactions .............cc.oeveeenennieiiiineinnnnnnnn, 90
Treatment of Temporal Derivatives ............oovuvviiviuiriorenrieeireiiiiiiineeeieeeee, 91
Formulating and Solving the Chemical Reaction Equations............................. 93
Fully kinetic formulations..............coeevenriiiieiieirieiiraiiiiieeireeeeeee, 93
Simulating mixed equillibrium-kinetic systems with kinetic

fOrmulations .........cccvevenrnieniiiiiieeir e aes 94
Numerical packages for fully kinetic formulations ...................... 97
Mixed kinetic-equilibrium (DAE) SYStemS.......ccoveenemininiiiiniianneeannnne, 97
Decoupled approaches for mixed kinetic-equilibrium systems......... 97
Modeling equilibrium SyStems ..........c.ooeuvvmniineiinerinriiiiiee, 98
Including mineral equilibria.............ooooiiieiiiiinniii 99
Changing basis SELS.........cccuuiiimuiiomimieiiiieeeieee e, 99
Solving equilibrium problems with minimization methods............. 100
Solving the NONlNEAr €QUALIONS .....c..uiivueinemiteeinerir i ieieeiiieeeniennenns 100
Newton-Raphson method ..........ooveinviiiiinn 100
Computing the Jacobian matriX..........ccooooieiiiiiniiiiiiniiienn, 102
Modeling TranSport PrOCESSES ........uuvviueeimattueimiiacia et reiateneeeienns 102
Finite difference methods for spatial discretization........................coooeel 103
Finite difference approxXimations...........ceeeeeueeeerininniniineiienninne, 103
Grid Peclet number..........ccoovieiiiiiiiiniiee 105
Courant MUMDET. ...........oveeienianiniiiaeit e ie e aees 106
Amplitude and phase errors...........cooovveriineeiiiniiinaea. ... 106
Finite element methods for spatial discretization ... 106
High-resolution spatial SChemes ............ocoveuiierrecuainiiniiniii, 109

Example of reactive transport in a physically heterogeneous
POTOUS MEdIA ...couuniiiiinieiiiiii e ettt 110
Methods for Coupling Reaction and Transport ........ccoooveiiaieinciiiin . 110
One-step or global implicit approach............ccooooviiii 111
Sequential non-iterative approach (SNIA) ..........oooviiiiiiinnn 113



Strang SPHUNG....ceuvueneiiiiiiiii i eien e e sans 114

Sequential iteration approach (SIA).........c..cc.oiiiiiiniiiiiii, 114
Potential numerical problems with the SIA method..................... 115

Comparison of coupling schemes..............ccooiiiiiiiiiiiiiiniiinneee. 116
Example involving first-orderdecay.........cooooviiiinnn. 116

Example involving equilibrium adsorption.................ccooviinen.. 116

Example involving Monod-kinetics. .........ccoeoeviiiniieniiiniinnienan. 117

Example of multicomponent aqueous and surface complexation...... 120

Summary of results from method comparisons.......................... 121

N1 11111T: ) o A PPN 124
ACKNOWIEAZIMENLS. . ....cenenieiniirieeiiieereie e reiceeeeternrnreteasenssencaeasasusnnnnnn 125
REfEIENCES. . ... einceeiie ettt et st r st eeet s e e s s e 125
Chapter 3 E. H. Oelkers

PHYSICAL AND CHEMICAL PROPERTIES OF ROCKS AND
FLUIDS FOR CHEMICAL MASS TRANSPORT CALCULATIONS

BT Ty ) | OO 131
Permeability or Hydraulic Conductivity......c.coevininienruirienrennieceniinieieaninnns 131
(Glossary of major Symbols) .......c.coveiimiireriieniiiiiiiiiiiir e 132
Permeability in sedimentary rOCKS .......c.veuvurienieiinnreininiineniiiennniennan, 136
Permeability in igneous and metamorphic rocks.....c.coceoviiniiiiiiin, 144
Permeability as a function of pressure and temperature
in CryStalling TOCKS ....cuvvuimeiiiiiiieiiiiiciectir e cnrias s ena et enseneens 146
AQUEouSs DiffuSIon ......ccucuiuienenreriniironieiiicrinirereiiinncraccrnrerseentirieiernnes 147
Tortuosity and formation factorS........cc.eevaiciiiviniiniiciiiiiiriniiicenaas 147
Diffusional transport in electrolyte SOIUtONS........ceeevuiererereieecninenrnenns 148
Estimation of aqueous tracer diffusion coefficients..........c..cccoeeeneinaaenn. 152
Uphill and downhill diffusion in electrolyte solutions.........c.cccceeevnnnnn. 156
Mechanical and Hydrodynamic DiSPersion........c....veueenccmvunrnrereencrcrunenennennes 157
Laboratory scale diSpersion..........ccoovueiininniuiincieeernreenerecnrneneeenaaesees 158
Field scale dispersion (Macrodispersion) ..........cceeeveveereinericiencnanenens 162
Rates of Mineral/Water INteractions. ... ....oeereeruniieiiincrunrieerenerieenernnenenanenes 166
Reactive SUTfate QT ........conuiuiiiininnieninirinrereieranesisnresnsnrannsmserenens 168
Variation of mineral dissolution/crystallization rates with chemical affinity.. 169
Variation of dissolution rates as a function of pH..........c.coeveviecennaee. 177
Variation of rates in the presence of organic acids..........cveeevevicenennnenn, 180
CONCIUSIONS ... ceitiienitinniecriiiireiierretcn et tarnienraereeeansamnsnsssareranssennnsane 181
AcKnOwledgmEeNnts. ..........onirriiiiiiiiiii e ceiiiiie et rrenecean e e s aonaaananean 182
RELCIENCES. . ..uietiiiiiiiiiii ittt ittt e e e rressre e censansntnsnsnsnansasas 182
Chapter 4 C. A. J. Appelo

MULTICOMPONENT ION EXCHANGE AND
CHROMATOGRAPHY IN NATURAL SYSTEMS

Exchange Equilibria and Calculations
Exchange equations ............................
Determination of exchangeable cations

Chromatographic Patterns .. .....oouviiiiniiniieiiiie it e e e an e
Single solute transport, broadening fronts
Sharp fIONUS ....ccoeuniiiiiriii it e rer e vrr s ee e s e ereens 203

viii



TWO-cation EXChANEE. .......oiviiii it ans

Column €lution CUIVES .........cuuiiiiiiiiieiiieiii i eeiee e ieee e
Sorption isotherms from elution curves
Multicomponent Chromatography............c............
Self-similar SOIUtON. ........ooiiiiiiiiiiiii i
Field Examples of Ion Chromatography..........ccc..coeevvviiniiiiiieiiniiiiieneennneee.
The case by Valocchietal. (1981)......ccivveniniinieiiiniiiiiieeeianne,
Side reactions in the Valocchicase .............cooviiiiiiiniinn, 216
Inverting water COMPOSItioNS. ......c.ocevetinienieriniiiiiiiiiicvrraeenanes 218
Effects of salinity PUISES .......oveuviinrinieeinienei e 218
Freshening of saline aquifers.............coeeveviiiiiiiiiiiiiiiiici e, 221
SUMMATY ...coieieeeii e et ees 223
(SYMDBOIS). ... ettt e r et e e e anes 224
ACKNOWICAEMENLS. ... .ueneirineie it ie et e eeee e er et e e e s eneenanns 224
References. . ... ouee i e 225
Chapter 5 D. L. Suarez and J. Simunek

SOLUTE TRANSPORT MODELING UNDER
VARIABLY SATURATED WATER FLOW CONDITIONS

INIOQUCHION . ... .. veeete e e et ettt et et eie et e e e ea e 229
Unsaturated Water FIoW ....oooiiiniiiiiiiii e 229
GOVErning equation .........cocooeiiiiiiiea it e eeanae 229
Hydraulic charaCterisStics. .......ceveevreniniiiiiniiiii it eeeeene 230
Chemical effects on hydraulic conductivity .............coioiiiiiiiiiiieiainnann, 231
Root Water Uptake and Root Growth...........ccevemniiiniiiiiiiiiiiiiiiiien, 234
ROOE rowth.....ceviniiiiiiiii i 235
Heat Transport.......c.veeeeeiienaiieii e ettt e s e 237
Concentration/Production/Transport of Carbon Dioxide............cocevvineiinninai.e. 237
Carbon dioxide production ..........cccceuvrmvieiiiimiminiiniiiiiiieiiereeen.e, 238
Carbon dioxide tranSPOLt. ......euvieeeneere et eee e e eneeaneaas 238
Reactive Single Component Solute Transport ...........covevmvuiiiimniiniiininninn... 241
Local equilibrium models..........coooeiiniiiiiiin 241
Nonequilibrium models. ..........cooviniimeiniiiniiiiii 241
Coupled Water Flow and Muiticomponent Models..............coocooiiiiii. 244
Equilibrium models..........oooviiiii 244
Generalized MOGEIS. ........cooeeieiiiiiiiiiii el 246
Models with specified chemistry .............oooiiiiiiii 247
UNSATCHEM Chemical Model...........ooooiiiiiiiiii 249
Calcite precipitation. ..........cuoviurmereiimiiieie e 249
Precipitation of gYPSUM......ooovimiiiiiiiiiiieeiieiieere et 251
Magnesium precipitation.........ocoveeeeiiiiiiiiiii 252
Precipitation of nesquehonite and hydromagnesite................................ 252
Precipitation of $epiolite...........cooooiniiiiiiii 253
Silicate WEAtherifg. ... ..uveueeen ettt et
Cation €XCRANGE . «.uerveneiiniiiiiie i e e e et ee e e e e e eea e
ADION adSOTPHON «...ovniieniiniiniinee et ri ettt e e
Example Simulations Using UNSATCHEM
Future Developments. ........ccoeeiiuimniimrnnimiirienaiaanaas
REfErENCES. ... e eieeisee et




Chapter 6 A. F. B. Tompson & K. J. Jackson
REACTIVE TRANSPORT IN HETEROGENEOUS SYSTEMS:

AN OVERVIEW
INOQUCHON . ..uveenrnrnrieeeenaieeeeecnrnneeeaaresssseieensasusesanssasssnensensersaessrnonses 269
Some Background from a Hydrologic Perspective..............oorviemmeiiinniaiiiineenn, 270
Typical SEHNG. ......cvueruiimniriiiriitiiinraeeernnreierrarracsene s aacareraassasans 270
Hydrologic impacts of heterogeneity ...........ooeuevuuiiiieicneiiianinnennienne. 271
Describing and measuring spatial heterogeneity.........cooevveervneninvenieeenens 274
Correlating random fields..........ccoccveniiiiiniieineiniiiiinieenens 275
EXample ........covniiiiiiiieneieniiiii e e se s eee 277
Other SREmethods.......co.cvvinieiniininiiiiiiirrirrciieniieeeees 271
Depositional and other geometric models.........coccvvuveieniniriennnnns 278
Dealing with physical heterogeneity 278
HOmMOEENIzZation ........c.oavienriniiiiiniiiiiiciie e
Direct simulation.....................
The Concept of Chemical Heterogeneity .........
Reactions in porous media.......c.cccevnveriiiiniiniiiicinrniiecineinerenans
Reactions and heterogeneity...........ccovvvvevmiiininiiiinienrieriieieniicnecenes
Example 1: Chemical heterogeneity and the aqueous geochemistry.......... 282
Scenario 1 .....cccoiuiiiiiiiiiie e 282
SCENATIO 2 ..euienieniniiiiriieeca et ecacerrres e s r e e eaa s e e 282
Scenario 3.....cciiiiiei ettt e ees 282
Example 2: Chemical heterogeneity and contaminant mobility.................. 283
Sorption and retardation...........c.coveueuieiiniiiimmiiininiie e 283
Chemical heterogeneity and sOrption ...........covvevmevvninciiaiinanees 284
Chemical heterogeneity impacts. .......covvveeeenrverneieenennninrinnnnns ... 287
Looking at the Role of Multicomponent Systems...........c.cveemrmvernnienniierennnes 288
A more complicated eXample SYStEM..........cceuuienireerrereereertrenearineneenes 288
Approximate geochemical model..........ccoouvemiiniiiimniiniinninininieenene. 289
Equilibrium speciation ...........ccceenerenrveriiienioiiiiieiciieniiiieeenens 291
Transport formulation and Simulations ...........couvviereemiiiiniiiiiiciiennn. 293
Simulation SIAtERY «...vuvnenrninreeeenirreirareerereretereterneananrenens 294
Basic configuration..............coveemiiiiiuiieirenieiiii e eeanna
Modified Cormelation ... .c..coeuriviiiiiieirennrurirn e ecaerranaes
Modified goethite distribution
Modified source composition.....
Afinalremark.........ccoooviiimiiiiiiiiiiii e e e
A Field Example Involving Bioremediation...........c.cccvveniimnminnneiiinninniieeenees
Biostimulation ..........ccocrmimiiieiiiiit et e ec e
Bioaugmentation. ........cc.eeiuieninrniurnrinriiierieotiiiiereeateenrarnerireraerarons
Bioaugmentation field 1est.......ocoirermiiiiiiie i s
SUMMAIY ....ovniiiinii et cearre et re s sss s eaesesea e raenennnsaes
Acknowledgments..........c.viiiiiiieiiciii s e s er e s a e
RefErenCes. ...ccuniniiicie e s ee e
Chapter 7 B. E. Rittmann & J. M. VanBriesen
MICROBIOLOGICAL PROCESSES IN REACTIVE MODELING
INrOQUCHON ..o v ieiiieeeee ettt rerr e ret ettt eeasn e e s ran s anaesnseransnsns 311
Microbiological REACHONS ......ccvurmereniiiiiiiiiieeiriiceei e er e eee e e eeee e nes 312
Primary metaboliSm .......cuvveieiiiniiiiiiiiiii e 312
Special Status Of OXYEEN. ... oo it cccenacrinarastaranaasrensresrneansans 314
Secondary BHHZAON ... eumninneniiiie e i e reieeeneeeneneansnnnes 315



ACHVE DIOMASS. . e.uemeienirieireeieiieiieiiiiiii e e eetee e e eraee e ee e e e eas 316
Electron-acceptor SUDSIIALE ........ccocvurieunienrenerennsnnrnreneinrenrersenecsnennnen 317
Creating mass balance equations...............ceevvveeerrrneeeuieeecarerneennnnnn, 319
Macroscopic versus biofilm modeling..........cccooeeeviniiniiiiiiiiiinnnannann.... 320
Chemical Reactions Related to Subsurface Microbiology ...........ccceevvvvnvnnnn... 320
Acid, base and complexation reactions ........cceeveueerrnieceiirereneenaennnnnnas 321
Interactions between bulk phase reactions and biodegradation................. 321
Modeling bulk phase reactions ...........cocevveeereeneieniciieiiericeenrnnnnnnns 323
Additional chemical reactions in the subsurface...........c..ccccvvueevnvennnn.n. 327
Modeling EXamples .........cccovuuiremiiiuniriienniooirrnrrenrioireeaeeeneeanreneasannaees 327
ConCIUSIONS. .....ouieiiiiii et r e ettt e aeeer s e e e erse e aens 332
AcKnowledgments..........coveveemieremnntiinureiiriie ittt e e e e r st e seneerans 332
ReEfEIONCES. ... iiireeeneiiicecern ittt ernerrae et eie et s anaensasanraarensenssnannenrens 332
Chapter 8 P. Van Cappellen and J.-F. Gaillard

BIOGEOCHEMICAL DYNAMICS IN AQUATIC SEDIMENTS

INrOQUCHON........uivneieceeeieinrreaeneeenerniesuneraernaarereanssnsennsenssnseesensesnnsennen 335
Aquatic Sediments: Background .........c.ccoeuveriiiernieniniiiiieierenenireriiieniaeerennns 336
Aquatic sediments as porous media............eovevveiiiinineniiiniiiiiniianan. 336
Aquatic sediments as biogeochemical reactors............cococeerininininenenan.e. 337
Spatial and temporal scales of early diagenesis..............cccovenvinniinicen.e. 339
Trends in field StUAIES........cevierrenieerreneerioiicirenrerrereneeaseerneranaas 340
Early Diagenetic Modeling.................
Historical perspective ........cooeuiiiiiiiiiiniiiri e
The continuum approach
Recipe for a multicomponent early diagenetic model............................ 345
Transport Processes in Aquatic Sediments..........c..coveevvinivniiiniiiiirnenenennennnn.e, 345
Ionic and molecular diffusion...........cocouvevnvrnieiiiiiiiiciiiieiee e, 346
Molecular diffusion: The Stokes-Einstein equation ...................... 346
Ionic diffusion: The multicomponent approach........................... 347
Limiting CaseS.....coccureimrenieniiniuniuientrerieriiiiiiiiirnceneeaanans
Porosity and tOFOSILY ......ccevveerieieinrenrieniiiincisir e erneeenienees
Biological MIiXINE......cccuuiieniemuairiuiiimnirriirea et rtenerrre e eeaanae
Irrgation. ......cceeeiimeinnicinniirreneeeraneneeaeee,

Chemical Processes in Aquatic Sediments .
Kinetics of organic matter degradation,

MONOA KINEHCS. .« cnvnverenenrnecereraemerercnrassnrartrenesresrsacnscenruenseraonensas

Inhibition and COMPELtON ....ceuveuiieriiiiiiiiiiiiiei e

A kinetic model for organic matter degradation .............cooceenvvnienenan... 363

Secondary rEaCtONS ........ccc.vrrrmumrerieeirrieer e e ettt 366
Continuity EQUAtIONS. ....cccuuueeeeeeremumireerseruiirersrerssriesreiieserniseeransessnennnes 368
ADDHCALON ......cuvervenereeeereuerasemecniraemureeretaiemserssssesnrsrsonesiinsersnensancnnens 369
CONCIUSIONS. ....oeeevrineereneneenrenrnerenceneraeevssnrsssennrnnenensaaecasrnnnssinananenes 370
ACKDOWIEAZMENLS. ......ouvenereiareeniirirenesrnmearnerinartmerenetteaetetanareesenannanaenes 371
REfETENCES. .. ..o eeiiriieeeiierieenreereeceesisestettsnsrersrererieatenrasenstsssasnsannnns 37N



Chapter 9 P. Glynn & J. Brown

REACTIVE TRANSPORT MODELING
OF ACIDIC METAL-CONTAMINATED GROUND WATER
AT A SITE WITH SPARSE SPATIAL INFORMATION

0T (0 e o) | OO PPN 377
Inverse Geochemical Modeling: Basic Theory.......ccoccvuvieiiiiiiiiiniiiininininnnn. 378
Mathematical formulation: Inverse modeling with the NETPATH
COMPUIET COUE .. eenrnrnnrnenineineen e e e e enesimea et ie e sesisaaenannanss 378
Inverse modeling accounting for uncertainties, water and proton mass-
balances: The PHREEQC code .....c.ocvveiiiiiiiiiiiiiiiiiieiee, 380
Assumptions used in inverse modeling..............ooooiiiiiinnns 382
Knowledge of flowpaths and the assumption of a steady-
state ground-water flow field...................o 382
The assumption of chemical steady-state..............oooiiiiiinn 383
How does “mixing” occur in ground-water systems?.................. 384
Forward Geochemical Modeling: The PHREEQM and PHREEQC Reactive
Transport Codes. .....oueuiueeriein it eaas 385
The Pinal Creek Basin Site: Brief Description............c..oocveiiiiiiiiiiiiiiinnnen, 387
L€ 10) (1 PPN 389
GeohydrolOgY - ..o 390
Inverse Geochemical Modeling at the Pinal Creek Site.........ccoccovinieniin.. 390
Inverse modeling with NETPATH........ccooiiiniriiiiiiiiiceeei 391
Examination of end-member waters and their conservative
CONSHIUCILS ....evuinienrrneeernrenrearenrieriareacneriernsereenranennanies 391
The thermodynamic state of the end-member waters................... 392
NETPATH inverse modeling: First simulation results.................. 394
The second NETPATH simulation.........c..cccocoiiiiiiniiioiiieiinnn. 398
The third NETPATH simulation .......c.cooveiiiiiiiiiiiiininannne. 398
The fourth NETPATH simulation..........cocoveenieenirinnieineeinannneee. 398
The fifth and sixth NETPATH simulations............................... 400
Conclusions from the NETPATH simulations. ...............c..c.oeeeee 400
Inverse geochemical modeling with PHREEQC.......................... 400
Reactive Transport Modeling at the Pinal Creek Site ............cooviivirnveenoen. 405
The ground-water velocity field...........coooooeiiiiiiiii 406
Transport processes and contaminant dilution.............coceeeviveiveinenen... 406
First simulation example: The Brown (1996) 1-D reactive transport model
for the Pinal Creek basin.........c.cveueeeneeemieinniiieriieei e, 407
Second simulation example: The Glynn, Engesgaard and Kipp (1991)
1-D reactive transport model .........c.cooevrniiniiiiiiiiiiii e 408
A 1-D reactive-transport sensitivity analysis on the movement of
pH- and pe-controlling mineral fronts...............cooviine. 412
A simple model for advective reactive transport of a
dissolution front: The MnQ; dissolution front....................... 414
Determination of the initial MnO7 and carbonate mineral
CONCEMMIALIONS .....soeetieeneniicritntireeserratanseteeannaeaaenaraaennns 415
Setup of the 1-D reactive transport simulations ......................... 416
Simulation results: Movement of the Fe(Il)-
rich waters and of the MnO; dissolution front..................... 418
Simulation results: Evolution of the low-pH waters.................... 419
The effect of the initial carbonate to initial MnQ3 ratio on the
evolution of the low-pH waters ...................oooeiiiinne, 421
Influence of the aluminum mineral allowed to precipitate on the
evolution of the low-pH waters ....................coooviiiiin.n. 422



Effects of the irreversible dissolution of Ca- and Mg-silicates

on the evolution of low-pH Fe(II)-rich waters...................... 424
The effect of not allowing rhodochrosite precipitation ................. 425
The CO2 open system simulations .........c.oceevvuveniiiiiiiniininnnnn.. 427
The effect of longitudinal dispersion............c..ccccocieiiiininnnii., 427
The influence of ion exchange and surface-complexation
SOrption processes................. et tee it tr i aaae e et aaana 428
Other minor effects on the evolution of the low-pH waters ......... 430
Comparison of the reactive transport simulation results with
observations at the Pinal Creek site........ooovviiiiiiinnii ... 431
How to obtain U.S. Geological Survey computer
codes and the PHREEQM code............cocoiiiiiiiiiiiiiii, 436
CONCIUSIONS. ...eeotieiiiiiiiie e eeee e e et e ee et e e e e et s v e e e 433
ACkNOWIEAGMENLS. .....eeniiei e et 436
REfEIENCES. . ..o ettt ettt 436

xiii



