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Disclaimer

The PHT3D software descriked in this manual has beentested for a range of
bendimark problemsand other applications, as demonstratedin this documert.
Howeer, the program and the manual are provided \as is" and no warranty is
made asto the tness for a particular purpose,functioning and accuracy of the
program. For any errors found, pleasenotify the program author.



Preface

PHT3D is a three-dimensionalreactive multicomponert transport model for satu-
rated porousmedia. The heredescriked versionof the PHT3D model (v1.0) incor-
poratesMT3DMS (Releaset.0), aprogramfor the simulation of three-dimensional
advective-dispersive multi-speciestransport, and PHREEQC-2 (Release2.5), a
geahemical model for the quarti cation of reactive processes.The current ver-
sionof MT3DMS is basedon MT3D, originally deweloped by Chunmiao Zhengat
S.S.Papadopulos& Assciates, Inc. and documerted for the United States En-
vironmental Protection Agency MT3DMS was written by Chunmiao Zhengand
P. Patrick Wang with the iterativ e solver routine by Tsun-ZeeMai. Funding for
MT3DMS dewelopmen was provided, in part, by U.S. Army Corps of Engineers
Waterways Experiment Station. PHREEQC-2 was deweloped by D.L. Parkhurst
and C.A.J. Appelo. As the two public-domain codesPHREEQC-2 and MT3DMS
form the core of this model, the underlying work of David Parkhurst, Tony Ap-
pelo, Chunmiao Zheng, Patrick Wang and all of their their co-workersis greatly
adknowledged.

For more information, pleasecorntact Henning.Prommer@csiro.au
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CHAPTER 1

Intro duction

1.1 Background

The morerecert extensionof the original single-sgciestransport code MT3D
(Zheng, 1990) to the multi-speciestransport simulator MT3DMS (Zheng and
Wang, 1998) provided the starting point for the developmen of a number of mod-
elsthat simulate coupledhydrological transport of multiple chemical speciesand
the chemicalreactionsamongthesespecies.For example,RT3D (Clemert, 1997)
couplesthe implicit ordinary di erential equation (ODE) solver LSODA (Hind-
marsh, 1983)to MT3DMS to solwe arbitrary kinetic reaction problems. RT3D
providesa number of prede ned reaction padkages,e.g.,for biodegradationof oxi-
disablecontaminants consumingoneor more electronacceptorsand for sequetal
decy chain-type reactions of chlorinated hydrocarbons (CHCs). The BIORE-
DOX model (Carey et al., 1999), SEAM3D (Waddill and Widdowson, 1998)and
MT3D99 (Zheng, 1999) also simulate the fate of speci ¢ pollutants, i.e., BTEX
and CHCs by solving purely kinetic biodegradationreactions. On the other hand,
Guerin and Zheng(1998) preserted GMT3D, a multi-componert transport model
that addresses whole range of reactive processesud as aqueouscomplexation
and mineral dissolution/precipitation reactionsby couplingthe geachemical padk-
age MODPHRQ (Brown et al., 1991)to MT3DMS. While the afore-metioned
so-called'multi-species'models solve the transport equation separatelyfor eah
aqueouscomplex, GMT3D and other 'multi-componert’ models solve for total
agueouscomponert concettrations (Yeh and Tripathi, 1989; Steefeland Mac-
Quarrie, 1996). Howewer, in GMT3D and comparablemodelssud asMINTRAN
(Walter et al., 1994),all of the reactionsincluded are treated as equilibrium reac-
tions. This limits the applicability of the model to groundwater systemswhereall
reactionsof those chemicalsincludedin a particular simulation proceedrelatively
fast comparedto the groundwater ow, i.e., the local equilibrium assumption
(LEA) is valid. Caseswherethe LEA often doesnot hold include, for example,
the biodegradation reactions of many common organic substancesand mineral
weathering reactions. In order to partially overcometheselimitations, Prommer
et al. (1999b)incorporated reaction modulesfor speci ¢ kinetically cortrolled pro-
cessegbiodegradation, NAPL dissolution) into a model coupling MT3DMS and
the earlier, equilibrium-basedPHREEQC model (Parkhurst, 1995). That model
formed a rst version of the here described reactive multi-componert transport
model PHT3D.

This documen descrikes the current version (v1.0) of PHT3D, which can
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now handle generalmixed equilibrium/kinetic geachemicalreactions. While other
models with comparablefeaturesexist, PHT3D combinesthe advantagesof the
well-establishedmodular and robust MODFLOW/MT3DMS o w/transp ort sim-
ulator family with the versatile capabilitiesand the reliability of the PHREEQC-2
model (Parkhurst and Appelo, 1999). Thus, a great variety of reactive transport
problems can now be addressedfor complex hydraulic systemsand boundary
conditions. Primarily, PHT3D model applicationswill target rather complexgeo-
chemicalproblems,i.e., multi-componert problemswheretransport and reactions
of all major ions are included and pH, pe and, typically, water-rock (or water-
sedimen) interactions are simulated. Becausethe reaction part of the model is
basedon PHREEQC-2, reaction kinetics can easily be formulated through user-
de ned rate expressionswithin the database. Reactive processesut as NAPL
dissolutionand microbial growth/decay canthuscornveniertly beincludedthrough
modi cations of the original, extensible PHREEQC-2 database. Both models,
MT3DMS and PHREEQC-2 are widely usedin the groundwater/geochemistry
communities and are individually well tested and documerted. Potertial applica-
tions for which the model is suitable include the simulation of

the fate of petroleum hydrocarbonsand chlorinated solverts, asis shavn in
someof the modelling examplesincluded in this documen

water-rock interactions (cation exchange,mineral dissolution and precipita-
tion) during arti cial storageand recovery of groundwater

the fate of organic chemicalswith redax-dependen biodegradation charac-
teristics

acid-mine drainage (AMD) related problemsin the saturated groundwater
zone

the fate of inorganic pollutants such asammonium

groundwater remediation through in situ reactive zones/wells.

1.2 Mo del features

The current versionof PHT3D implemerts most, but not all featuresprovided
by the unmodied MT3DMS simulator (Version 4.00, August 2001). This in-
cludesin particular a choicebetween v e di erent solution schemesfor advective
transport:
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Upstream Finite Di erence (FD) method

Method of Characteristics(MOC) scheme

Modi ed Method of Characteristics(MMOC) sdeme

Hybrid Method of Characteristics(HMOC) sdheme

Third-order TVD (total-variation-diminishing) scheme(ULTIMA TE)
Chemical uxes and reactionsassaiated with external sinks/sourcessud as

wells

rivers

recharge

evapotranspiration

can be included in PHT3D simulations. For the reaction step, MT3DMS and
PHREEQC-2 have beeninterfaced such that PHT3D simulations might include

equilibrium complexationreaction/speciation within the aqueousphase

kinetically cortrolled reactionswithin the aqueousphasesud as biodegra-
dation

equilibrium dissolution and precipitation of minerals
kinetic dissolution and precipitation of minerals
cation exchange (equilibrium)

The structure of PHT3D permits to de ne kinetically reacting immobile com-
ponerts. Typical ervironmental processesud as microbial activity and NAPL
(non aqueousphaseliquids) dissolution can be de ned, incorporated and simu-
lated. Those and other processesnight be, without modi cation of the PHT3D
sourcecode, and in a corveniert way, includedthrough the PHREEQC-2 database
le.

The model allows the simulation of complex geahemical transport problems
wherely usersmay nd it helpful that the PHT3D model is build from two well-
known, existing tools. Thus, most potential usersmight be familiar with either
the useof MT3DMS and/or PHREEQC/PHREEQC-2.
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Despite this apparent advantage, the successfulapplication of the PHT3D
model to geachemical transport modelling problems will, for most users, still
require a signi cant initial e ort. Sud an initial e ort might be typical of a
toolbox-like software that providesgreat exibilit y.

1.3 Limitations

Only a subsetof the full range of geachemical problems that might be ad-
dressedwith the original PHREEQC-2 model is currently supported by PHT3D.
Among those unsupported reactive processess the surfacecomplexation model
(SCM) which, in somecasesmight be essetial to simulate the mobility of ions,
e.g., of trace metals, accurately While the SCM is not included in this release
(1.0) it is plannedto be incorporated into future versionsof PHT3D.

As in the original MT3DMS model and other MT3DMS-basedpadage,PHT3D
simulations are carried out on the baseof a ow- eld computed beforehandby a
separate ow simulator, typically MODFLOW. Thus, it can't reproduce the po-
tential impact of reactive processe®n the groundwater ow eld and the model
Is not suitable to predict, for example,the impact of biocloggingor mineral pre-
cipitation on the hydraulic properties of an aquifer.

The useof the implicit GCG solwer is currertly not supported. Furthermore,
the simultaneoususeof the MT3DMS chemicalreaction packageand PHREEQC-
2 asreaction simulator was not tested.
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CHAPTER 2

Mo del Concept

2.1 Hydrological Transp ort

The reactive transport equation (solved by MT3DMS) for the i (mobile)
aqueouscomponert is (in indical notation):

@ _ O @i @ N, GG _
a & (D & ) & (v G)+ + Ireaci (2.1.1)
and for immobile entities, e.g., minerals:
% — (2.1.2)

wherev is the pore-water velocity in direction x , D is the hydrodynamic
dispersioncoe cien t tensor, ¢ is a volumetric o w rate per unit volume of aquifer
represeting uid sources(positive) and sinks (negative), is the porosity of the
subsurfacemedium, C? is the concerration of the sourceor Sink UX, ryeqaci IS @
source/sink rate due to chemicalreaction and C; is the total aqueouscomponert
concettration ofthe i componert (Yehand Tripathi, 1989;Engesgaardcand Kipp,
1992). There C; is de ned as:

Ci=c¢+ Y:°s; (2.1.3)
i=1;ns
whereg; is the molar concerration of the (uncomplexed)i™ aqueouscomponen,
ns is the number of speciesn dissohedform that have complexedwith the aqueous
componert, Y;° is the stoichiometric coe cien t of the agqueouscomponert in the
j' complexedspeciesand s; is the molar concetration of the j complexed
species.

In the current PHT3D versionthe (local) redox-state, pe, is modeledby trans-
porting chemicals/componerts in di erent redak states separately while the pH
is modeled from the (local) charge balance. Using a sequetial operator-splitting
technique (Herzer and Kinzelbad, 1989; Valocchi and Malmstead, 1992; Miller
and Rabideau,1993;Zysset,1993;Zyssetet al., 1994;Morshedand Kaluarachchi,
1995a,b;Barry et al., 1996,1997; Steefeland MacQuarrie, 1996) the advection
and dispersionterms within (2.1.1) are solved by the transport module MT3DMS
for nyy componerts and for ead time step of a temporally discretisedproblem,
with

X
Niot = Ne:nre T Nrsi (2-1-4)
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where ne.re IS the number of (mobile) chemical elemerns occurring in only one
redox state, nee is the number of elemens occurring in multiple redax states
and n,s; is the appropriate number of di erent possibleredax states of the i
elemen. In other words, if chemical elemens occur in multiple, i.e., n.g, dif-
ferernt redax stateswithin a simulation problem, an appropriate, higher number
of separatetransport equationsneedsto be solved in order to accurately predict
the redax state (pe). For example,hydrological transport of iron-complexeswould
typically require modelling the total aqueouscomponert concertrations of Fe(l |)
and Fe(l I'1) complexesseparately

2.2 Geochemical Reactions

In PHT3D all concerration changesof aqueouscomponerts and immobile
ertities that result from reactive processesare computed by PHREEQC-2. It
IS, in cortrast to its precursor models PHREEQE (Parkhurst et al., 1980) and
PHREEQC (Parkhurst, 1995), capableof simultaneously solving arbitrary, kinet-
ically controlled reactionsin addition to geachemical equilibrium problems. From
the full setof geachemicalreactionsthat canbe handledby PHREEQC-2, a sub-
set, including agueouscomplexation, mineral precipitation/dissolution, and ion
exchange has beenimplemerted into the presen version of PHT3D. This sub-
setwill be su cient for most subsurfacereaction/transport simulation problems.
Howewer, somelimitations remain, as has beenpreviously noted in 1.3.

2.3 Coupling Pro cedure

Seeral optionsto coupletransport and reactive processeshrough split-opera-
tor methods exist, e.g., sequetial, alternating and iterativ e split-operator meth-
ods. Details of the di erent techniqueshave beendiscussedge.g., by Herzerand
Kinzelbad (1989), Valocchi and Malmstead (1992), Miller and Rabideau(1993),
Zysset(1993), Zyssetet al. (1994), Morshed and Kaluarachchi (1995a,b), Steefel
and MacQuarrie (1996) and Barry et al. (1996,1997,2002). In PHT3D a slightly
modi ed version of the 'standard’' sequetial split-operator method descriked by
Walter et al. (1994) hasbeenimplemerted. A time-discretisedform of (2.1.1) for
reactive transport of a componert, asde ned by (2.1.3)is:

Cik+1 Cik = L(CH*'™  t+ Ryeac (2.3.1)

whereL (C)***=2 (M L 3) is the spatial di erential operator (certral in time, i.e.,
time level k + 1=2) and C* and C*** (ML 3) are the total agqueouscomponert
concertrations of the i componert at the old time level k and the newtime level
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k+ 1, respectively, tisthe time steplength, and R;caci (ML 3) is the di erence
in concertrations from beforeand after a reaction step. In the model presened by
Walter et al. (1994), R,caci represes the relative massof a componert generated
or consumedinstantaneously by an equilibration of the aqueoussolution with a
mineral assemblage at the time te® (t  texl  tk*1) compensating for the
chemical pertubation arising from advective and dispersiwe transport during t.
Howewer, in PHT3D R;e4ci doesnot only represem concertration changesof aque-
ouscomponerts dueto (equilibrium) precipitation/dissolution reactions,but also
dueto any other reactive processhandledby PHREEQC-2, suth asion exdiange,
biodegradation, etc., dependingon which reactionsthe i componert participates
in. The concenration changeR¢4c; Might occur asa result of equilibrium, kinetic
or mixed equilibrium/kinetic reactions.In PHT3D, the (MT3DMS) advectionand
dispersionmodulessolve the concertrations C" ™", i.e., the conceitrations at the
new time level k + 1 that result from physical transport only:

Citransp - L(Ci)k+1:2 t+ Cik (2.3.2)

for the ny, compounds/componerts. In cortrast to (Walter et al., 1994) and
depending on the actual advection scheme selectedfor a simulation (FD, TVD,

MOC, MMOC or HMOC), the transport simulator MT3DMS may further sub-
divide the user-de nedtime steplength t into seeral transport stepsthat ful |

the relevant stability and/or accuracy criteria for physical transport (Courant
number). Thus, sometimesseeral subsequentransport steps(without reactions)
might be carried out by MT3DMS to computeC" ™", OnceC" ™" is computed,
the secondstep, which modelsthe reaction(s), will be carried out in a sequetial
manner for ead grid cell individually. The computation of the reaction step
within a grid cell is independen from concenrations at neighboring cells. This
then leadsto the concertrations C*** at the newtime level k + 1, i.e.,

Ck1 = CIaP 4 Ry e (2.3.3)

For the computation of the source/sink term R, caci, the concenrations C" "
from after the transport step(s)areusedasinitial concenrations for the chemistry
calculation step. The time step length for the reaction simulation will correspnd
to the user-de ned time step length t and not to the automatically selected
transport step size, which depends on the actual advection scheme used for a
simulation. For the computation of kinetic reactionsPHREEQC-2 usesa 5™ order
integration scheme (Fehlberg, 1969)which, if a speci ed toleranceis not met for
the error estimateof the integration, will automatically subdivide the user-de ned
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time steplength t. In that case,the user-de nedtime step will be numerically
integrated over two or more subintervals, ead of which is integrated with the
5" order integration scheme. Through this procedurethe kinetic reactions are
assuredto be integrated accurately over the user-de nedtime interval. Of course,
an increasedtemporal splitting error will occur comparedto a scheme where
transport and reactionsstepsalternate more often, e.g.,at the frequencydictated
by the transport step size.

Howewer, the model execution times, i.e., CPU-times of the presenn scheme
can be signi cantly lower, which often is helpful, particularly in the early, more
conceptualstagesof a modelling project, i.e., where (very high) solution accuracy
is not a primary concern. Accuracy can be improved by reducingthe sizeof t.
For a small enoughstep sizethe numerical solution will becomeindependen of

t asa result of a negligible splitting error.

In order to reducecomputational load, a further optional modi cation of the
'standard’ sequetial split-operator technique was implemerted in PHT3D. The
modi cation allows the reaction step to be temporally omitted in cellswhereno
reactive changesare expected. This modi cation exploits the fact that in many
model applications there may exist zones, sometimeslarge, within the model
domain where chemical gradierts are negligible between neighbouring grid-cells
and wherethe aqueoussolution is in equilibrium with the mineral asserblageand
the cation-exdange sites. In these zonesthe reaction term r,¢5c cOmputed by
PHREEQC-2 might be zerofor signi cant portions of the total simulation time
and thus the reaction step, in principle, can be omitted during theseperiods. A
typical casewherethis appliesis a steadily spreadingpoint sourcecortamination
within aninitially , chemically homogeneousgquilibrated multi-dimensional model
domain, where in the early stagesof the simulation geachemical changesoccur
in a very small portion of the aquifer. This concernsin particular caseswhere
advection is the dominart transport medanism. To decidewhether the reaction
stepin a particular grid-cell canbe omitted, the joint ful Iment of the two criteria
(three-dimensionalcase):

I%+2 %+2 r9(v+2 oot

j rreaq(;l;m;i j < aqu (2.3.4)
k=lay 2l=col 2m=row 2 i=1
and
I%+2 oxi+2 I QV+2
rreack;l;m;pH < pH (2.3.5)
k=lay 2l=col 2m=row 2
with

3 k laymax 23 | COpax 23 M rOWpax 2
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has beenfound to be an e cient test, wherereqq,,,; IS the computed reaction
term for the i™ componert in layer k, column | and row m, both aqu and py are
user-de nedaccuracycriteria, lay, col, androw arethe indicesof the layer, column
and row of the (tested) grid-cell, respectively, and laymax , COax and rown,sx are
the total numbers of layers, columns and rows, respectively in the model. The
criteria (2.3) and (2.3.5) are testedfor ead grid-cell after a PHREEQC-2 reaction
step. If both are fullled for a grid-cell, the executionof PHREEQC-2 (but not
physical transport) is deactivated in this cell until it is reactivated.

Reactivation occursautomatically when either criterion (2.3) or (2.3.5) is not
ful lled, i.e., if reactive changesoccur in neighbouring grid cells. Note, that does
not only include the directly adjacen cellsbut alsocellsthat are two layers, two
columnsor two rows away. Grid-cells that receiwe external uxes (e.g., through
wells, rivers, recharge,) can not be deactivated and, furthermore, reaction simu-
lations are always carried out for all grid-cellsat the beginning of eaty new stress
period, including the very rst time step of the rst stressperiod. For certain
simulation problems,sud asthosewherethe initial aqueoussolution and/or the
in o w solution acrossmodel boundariesare not in equilibrium with the mineral
asserblageand mineral reactionsare kinetically cortrolled, r,eoc Mmight always be
non-zeroin most or all grid-cells.
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Mo del structure

3.1 Program design

The coupling between MT3DMS and PHREEQC-2 was adhieved by seeral
new subroutinesthat enablethe communication betweenthe two programs. The
MT3DMS code, written in Fortran 90, was usedas the driver program, i.e., the
main program, whereasthe original PHREEQC-2 main program, written in the
C programming language,has becomea subroutine of MT3DMS. The new addi-
tional subroutines,called by MT3DMS, were alsowritten in the C programming
language.Despitethe addition of those new subroutines,the original main model
structures of both models, MT3DMS and PHREEQC-2 was largely maintained.
This bearsthe notable advantage that future, modi ed and improved versions
of the two underlying models can be quickly implemerted with a modest e ort.
The disadwantage of this 'loose’' coupling strategy is the loss of somecomputa-
tional e ciency as a result of occasionalincreasedoverhead, e.g., through the
repeatedreading and interpretation of the samedatabase le and through partial
data-comrmunication via ASCII- les. Figure 3.1shovsa o wchart of the PHT3D
main program that indicates the main modi cations that were made compared
to the original MT3DMS code. As can be seenin the chart, the PHT3D-speci ¢
modi cations concernthe

data preparation wherethe new subroutine MCRP s called.

newly addedsubroutinesPREPH , PHMAIN and POSTPH2 , which pre-
process,execute and postprocess,respectively, the PHREEQC-2 reaction
step

the newly added subroutine PHCA CT which decidesafter ead reaction
step for which grid-cells a reaction simulation will be necessaryduring the
next reaction step.

As part of the initial data preparation procedure,the MT3DMS main program
callsthe newly addedMCRP subroutinein PHT3D. During the executionof this
subroutine the PHREEQC-2 interface padage le pht3d ph.dat is read and
the input data are preparedfor their usein other PHT3D-speci ¢ subroutines.
For example, the subroutine reads, sorts and storesthe number and names of
ertities included in a simulation and allocatesa unique speciesnumber to ead of
thoseertities. Given by the structure of MT3DMS, mobile entities will form the
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START

CALL
BTN4DF

v

CALL
BTN4AL

\2

CALL
FMI4AL

CALL
BTN4RP

CALL CALL
ADVA4AL DSP4AL SSM4AL

GCG4AL

CALL CALL
ADV4RP DSPRP RCT4RP GCG4RP MCRP

CALL
) BTN4ST

A

CALL
SSM3RP

CALL
FMI4RP

v

STRESS PERIOD LOOP

> CALL
BTN4AD

CALL
BTN4BD

v

FLOW TIME STEP LOOP

CALL
BTN4O0T

TRANSPORT TIME STEP LOOP

FOR PACK_SZ GRIDCELLS

CALL > CALL
PHMAIN POSTPH2

Y
CALL VORE
PHCACT GRIDCELLS?

Figure 3.1: Flowchart of the main program of PHT3D, modi ed from (Zhengand
Wang, 1998). The PHT3D-speci ¢ changesof the original MT3DMS code are
marked in yellow.
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rst 'block' of species,followed by immobile ertities sud as minerals, immobile
bacteria or (immobile) NAPL compoundswhich form the secondblock'.

In the courseof a model simulation, i.e., during ead reaction step, the three
subroutinesPREPH , PHMAIN and POSTPH2 preprocessgexecuteand post-
processthe PHREEQC-2 simulations that computethe reaction terms. In detail,
the subroutine PREPH

readsthe concertrations of all ertities from the appropriate MT3DMS arrays
and

generatesan ASCII le phinp.dat that will subsequetly sene asinput le
for PHREEQC-2.

Following the creation of phinp.dat , the executionof the PHMAIN  subroutine
(a modi ed versionof the original PHREEQC-2 MAIN program)

performs the computation of the reaction step using phinp.dat and the
database le pht3d datab.dat asinput les and

writes the newly computedconcenrations to the output le phout sel.dat,
an ASCII le producedby and during the executionof PHREEQC-2. It con-
tains all relevant simulation results, i.e., the newly computedconcertrations
of mobile and immobile chemicalsfrom after the reaction calculation.

Subsequetty, the subroutine POSTPH2  will

read the output le phout sel.dat that cortains those newly computed
concernrations

compute the concettration changesfrom beforeand after the reaction sim-
ulation, i.e., the reactionterm reac

save the newly computed conceltrations in the appropriate MT3DMS data
arrays.

The three above steps/subroutinesmight be carried out only oncefor all ngrig:max
(= laymax COhax  'OWmax) grid-cells of the model domain or, alternatively,
repeatedly for seweral padets of a limited number of Nyacket size grid-cells.

At the end of ead reaction step, i.e., oncethe reaction terms r,¢5c are known
for all ngig:max Qgrid-cells, the subroutine PHCA CT is invoked to chek whether
the criteria de ned by equations(2.3) and (2.3.5) are ful lled and appropriate
internal ags are set for ead grid-cell. The settings will be used during the
reaction simulation of the next time step.
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3.2 PHT3D Input Files

As indicated before,the structure of the original model haslargely beenmain-
tained. The format of existing MT3DMS model input data- les therefore did
not needany modi cations. In PHT3D the data for the unmodi ed MT3DMS
padkagesare read from the input les

pht3dbtn.dat for the basictransport package
pht3dadv.dat for the advection padkageinput le
pht3ddsp.dat for the dispersionpadage
pht3dssm.dat for the source/sink mixing padkage

pht3drct.dat for the original MT3DMS chemical reaction padkage

While the original MT3DMS codethat is incorporatedinto the preset PHT3D
version allows some exibilit y regarding input le naming, the above listed le
nameshave been xed within PHT3D. Also, while the useof the RCT and GCG
padkagesin conjunction with PHT3D has not beendeactivated, their usewithin
PHT3D has not beentested thoroughly. They should not be applied without
proper inspection and veri cation of the results. In addition to the above in-
put les two additional les are neededfor PHT3D, comparedto a 'standard’
MT3DMS simulation:

pht3d _ph.dat - aspreviouslyindicateda le that carriesinformation about
the number, namesand typesof chemicalsincludedin a PHT3D simulation,
reaction rate constarts (and other reaction parameters)and

pht3d _datab.dat - a database le analogousto the original PHREEQC-2
database les

The input instructions for thesetwo les is discussedn the next section.
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3.3 Input instructions for the PHREEQC-2 database le

The input le pht3d datab.dat is essetially a PHREEQC-2 database le
that de nes both equilibrium and kinetic reactions. In the caseof equilibrium
reactions, all reaction parameters/constams must be included in this le while
parameter values that are usedin kinetic reactions can optionally be supplied
outsidethe databasele. The syntax for the de nition of the reactionsis identical
with the original PHREEQC-2 syntax and as documerted in the PHREEQC-2
manual by Parkhurst and Appelo (1999). However, becausd(i) the current version
of PHT3D handlesonly a subsetof reactionsand (ii) kinetic reactions,i.e., the
names of rate expressions,in PHT3D are always assaiated with a particular
chemical species,it is necessaryto follow somerules when constructing a reaction
network.

Before the creation of a 'new' user-de ned reaction network for PHT3D is
started, a basic knowledge of PHREEQC-2 must be obtained and, at least for
more complex casesit is strongly recommendedo rst test and debugreaction
de nitions in batch-mode, i.e., by setting up a PHREEQC-2 batch-type simula-
tion.

The PHREEQC-2 keywords that might be usedin the presen version of
PHT3D (v1.0) to create a reaction network are listed below, together with a
brief description and examples.The full details for the keywords are givenin the
PHREEQC-2 manual.

SOLUTION _MASTER _SPECIES isthe keyword that starts the datablock
for the de nition of aqueousmaster species,suc as,

Ca,Mg,Na,... i.e., elemens that occurin only oneredo state
N(5),N(3),...,5(6),S(-2),... I.e., elemens that occurin multiple redax states
Benzene, Tce, Tracer, ... i.e., user-de ned master species

For eady SOLUTION MASTER _SPECIES a line with the
following ertries is required:

EL_NAM M _SPEC ALK GR_FORM W orFORM GR _FORM W _EL

EL _NAM is the nameof an elemen or elemen name

followed by a valencestate

M _SPEC isthe name/formula of an aqueousmasterspeciegincluding charge)
ALK is the alkalinity cortribution
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GR FORM _W is the gram formula weight default value. Note, that this
information is not usedin PHT3D asall concertrations needto be de ned
in mol | 1

FORM is the chemical formula to calculate formula weight

GR _FORM _W _EL is the gram formula weight for primary master species

Example entries:

Ca Ca+20.0 Ca 40.08

Mg Mg+20.0 Mg 24.312

Na Na+ 0.0 Na 22.9898

N NO3-0.0 N 14.0067

N(+5) NO3-0.0 N

N(+3) NO2-0.0 N

N() N20.0 N

N(-3) NH4+0.0 N

Benzene Benzene 0.0 Benzene 78.0
Tce Tce 0.0 Tce 130.0

Tracer Tracer 0.0 Tracer 1.0

SOLUTION _SPECIES is the keyword that starts the datablock for the
de nition of species,e.g.,

Na+,Cl-,Al+3,CO3-2,... identit y reaction of "standard” master species
Benzene,Tce,T racer,... identity reaction of user-de ned master species
NaOH,NaCO3-,NaHCOa3,... complexation products of master species

For eady SOLUTION _SPECIES the following entries are required:

REA C is the line describingthe equilibrium assaiation reaction

LOG K LOG K VAL arethe identier andthe Log K valueat 25 C
DELTA H DELTA H VAL arethe identi er, the value and the unit,
respectively, for the enthalphy of the reactionat 25 C

ANAL YTICAL _EXPRESSION A A, A3z A, A5 arethe identier

and the 5 coe cien ts describingthe temperature dependenceof Log K
GAMMA DEBYE-HUECKEL _A DEBYE-HUECKEL B arethe
iderti er for the useof the WATEQ activity equationand the two parameters
usedfor its computation
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NO CHECK is aniderti er that indicatesthat the reaction equation.
It should not be cheded for chargeand elemenal balance.

MOLE BALANCE FORMULA isanidentier for the

explicit de nition of the stoichiometry of the speciesand the chemical
formula to be used.

Example entries:

H+ = H+

log _k 0.000

-gamma9.0000 0.0000

Cat2= Cat2

log .k 0.000

-gamma5.0000 0.1650

Tce = Tce

log k 0.0

CO3-2+ H+ = HCOS3-

log .k 10.329

delta _h -3.561 kcal

-analytic  107.8871 0.03252849 -5151.79 -38.92561
SO4-2+ 9 H++ 8 e- = HS- + 4 H20
log k 33.65

delta _h -60.140 kcal

-gamma3.5000 0.0000

PHASES for the de nition of phasese.g.,
Calcite, Fe(OH)3, Kaolinite,...
(Minerals)

For ead of the PHASES
the following ertries are required:

PHASE NAME is the nameof the phase

REA C is the line describingthe (equilibrium) dissolution reaction
LOG K LOG _K VAL arethe identier andthe Log K valueat 25 C
DELTA H DELTA H VAL arethe identi er, the value and the unit,
respectively, for the enthalphy of the reactionat 25 C
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ANAL YTICAL _EXPRESSION A, A, A3z A4 Acs aretheidentier
and the v e coe cien ts describingthe temperature dependenceof Log K

Example entries:

Calcite
CaCO3= C0O3-2+ Ca+2
log k -8.4789
delta _h -2.297 kcal
-analytic  -171.9065 -0.077993 2839.319 71.595

Fe(OH)3(a)
Fe(OH)3 + 3 H+ = Fe+3 + 3 H20
log k 4.891
Kaolinite
Al2Si205(0OH)4 + 6 H+ = H20+ 2 H4SiO4+ 2 Al+3
log k 7.435

delta _h -35.300 kcal

EXCHANGE _MASTER _SPECIES for the de nition of the
exchangemaster speciesX

For the EXCHANGE _MASTER _SPECIES
a line with the following ertries is required:

EXCHANGE NAME EXCHANGE _MASTER _SPECIES isthe
name of the exchangesite and its chemical formula

Note that PHREEQC-2 allows the de nition of multiple exchange
master species, whereas in the present version of PHT3D only one
exchange master species X can be de ned.

The appropriate ertry for the exdhangemaster speciesneedsto be:

X X-

EX CHANGE _SPECIES for the de nition of the
exdangespecies. The exchangespeciesare complexes
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betweenaqueousspeciesand the exdhangemaster speciesx,
i.e., the occuparts of the exchanger.

For eadh EX CHANGE _SPECIES
a line with the following entries is required:

Example entries:

X- = X-

log k 0.0

Nat+ + X- = NaX
log k 0.0
-gamma4.0 0.075
K+ + X- = KX
log .k 0.7
-gamma3.5 0.015
delta _h -4.3

Li+ + X- = LiX
log _k -0.08
-gamma6.0 0.0
delta _h 1.4

RATES for the de nition of reaction rates.
The keyword RATES provides a powerful and easyway to de ne
the rate expressionsf kinetic reactions. For ead rate expressiona BASIC
program consistingof a set of numbered BASIC statemerts must be written.
Those statemerts will then be interpreted during PHREEQC-2 executionby
a BASIC interpreter that is included as a subroutine within the PHREEQC-2
program (provided by David Gillespie, Synaptics, Inc., SanJose,CA).

Note, that in the present version of PHT3D, in contrast to the
conventions in PHREEQC-2, the names of rate expressions need
to be associated with either a SOLUTION _MASTER _SPECIES
or a PHASE . If arate is dened for a process, e.g.,

sulphate reduction, the intro duction of a dummy

SOLUTION _MASTER _SPECIES provides an easy,

though slightly unelegant workaround.
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For eat kinetic expressionertered into RATES a line with the following en-
tries is required:

NAME _OF RATE EXPRESSION isthe
nameof a SOLUTION _MASTER _SPECIES or a PHASE

START, i.e., -start is anidenti er that indicates
the start of the BASIC program

NUMBERED BASIC STATEMENT arelineswith BASIC instructions

END , i.e.,-end is an
identi er that indicatesthe end of the BASIC program

3.4 Input instructions for the PHREEQC-2 interface package le

The input data for this padkage, pht3d _ph.dat , provide the necessarybasic
information required (i) to de ne which subsetof the chemical ertities de ned
in pht3d _datab.dat participate in a reactive transport simulation, (ii) to al-
locate/link them to MT3DMS 1,...NCOMP species/commnerts (whereby the
rst MCOMP of them are mobile), and (iii)) to optionally de ne the parameters
of kinetically reacting chemicals.

RecordsPH1-PHS8 are essetial for all PHT3D simulations.

PH1 Record:
OS TMP _LOC RED _.MOD TEMP ASBIN EPS_AQU EPS_PH PACK _SZ

OS isa ag for the operator-splitting sdhemeused,;

1 = iterativ e operator-splitting scheme

2 = sequetial operator-splitting scheme

Note: In this release only the latter is fully operational
and is always used, indep endent of the input.

TMP _LOC isa ag that de nes wheretemporary les will
be written to.
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0 = temporary les will be written to /tmp (on Unix/Lin ux platforms)
1 = temporary les will be written to the local directory

from which the program is started

Depending on hardware/network con gurations the former option (0)
may decreasesto a variable degree,model executiontimes.

Howe\er, if multiple PHT3D runs are executedsimultaneously

on the samecomputer TMP _LOC needsto be 1

to avoid interference.

RED MODE isa ag that de nes whether the starting
valuesin the reaction simulations for pH and pe are variable,
i.e., taken from the previoustimestep, or if they are xed.

The latter is usually only requiredin special casesof non-redoc

sensitive problemswhere no numerical solution can be achieved otherwise.

0 = pH and pe are variable. This is the default case.
1= peis xed
2 = pe and pH are xed

TEMP is the temperaturein C usedin chemicalreactionsfor which a
temperature dependenceis de ned in the database le. The default
valueis 25 C.

ASBIN isa ag that de nes the format of the UCN output les
that cortain the computed concertrations for all grid-cellsand for
all output times that were de ned in the pht3dbtn.dat

le (asin the original MT3DMS).

0 = Output to binary les (Original MT3DMS format)

1 = Output to ASCII les

The output format for the concenrations in the ASCII les is
(one concettration result per line):

C at timestep 1, layer 1, row 1, column 1

C at timestep 1, layer 1, row 1, column 2

C at timestep 1, layer 1, row 1, column coOlnax
C at timestep 1, layer 1, row 2, column 1

C at timestep 1, layer 1, row 2, column 2
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C at timestep 1, layer 1, rOWmax, column cOlmax
C at timestep 1, layer 2, row 1, column 1

C at timestep 1, layer 2, row 1, column 2

C at timestep 1, layer laymax, FOW rOWmax , COlUMN COlyax
C at timestep 2, layer 1, row 1, column 1

C at timestep 2, layer 1, row 1, column 2

C at timestep timemax, layer laymax, FOW rOWmax , column COlmax

In other words, the results can be read into appropriate visualisation tools
with a code/script resenbling:

nr =1,
for t = 1:t _-max
for k = l:lay _max
for j = 1:row_max
for i = l:col _max
conc(t,k,j,i) = pht3d _ucn_data(nr);
nr=nr +1;
end
end
end

end

EPS _AQU is the PHREEQC-2 activation/deactivation

criteria accordingto eqn.(2.3)asdiscussedn 2.3.

If the valueis setto 0, PHREEQC-2 will be executedfor all grid-cells
(except xed concerration boundaries)in all reaction steps.

EPS _PH isthe PHREEQC-2 activation/deacvtivation

criteria accordingto eqn.(2.3.5)asdiscussedn 2.3.

If the valueis setto 0, PHREEQC-2 will be executedfor all grid-cells
(except xed concerration boundaries)in all reaction steps.

PACK _SZ is the maximum number of grid-cellsthat are
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processedn onepadket. Processinga padket means(i) the creation of a single
input le phinp.dat for PACK _SZ grid-cells (ii) the executionof
PHREEQC-2 for those grid-cellsand (iii) the interpretation of the output le
phout _sel.dat. A bigger padet sizereduceshard disk accessand the

time usedfor reading and interpretation of the database le. Howewer, model
executionmight alsoslow down if the padet sizebecomegoo big.

The optimal value is hardware dependen, but a value of 4000has

shown to work well for most cases.

PH2 Record:
NR XXX _COMP

NR XXX _COMP is resened for future options
and always needsto be setto 0.

PH3 Record:
NR INOR G _COMP EQU (mustbe 2)

NR _INOR G_COMP _EQU de nes the number of agueouscomponerts
that are assumedto be in chemical equilibrium and included in the
simulation. A transport simulation will be carried out for eat of the included
aqueouscomponerts, exceptfor pH and pe. NR INOR G_COMP _EQU
must be 2 aspH and pe are included in all simulation. If a componert
possibly occursin di erent redax states,then eat possibleredax state
needsto be included separately(e.g., S(6) and S(-2), Fe(2) and Fe(3), etc.)
in order to consene the redax-state accurately during transport.

If a componert is includedin only oneredax state, the componerts

and reactionsthat involve other redox statesof a componert needto

be removed from the database le pht3d datab.dat .

PH4 Record:
NR _MIN _EQU

NR _MIN _EQU de nes the number of mineralsincluded
in the simulation and for which the
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local equilibrium assumption(LEA) is assumedto be valid.
No transport stepis carried out for minerals.

PH5 Record:
NR _ION _EX

NR _ION _EX de nes the number of cationsinvolved

in cation-exdangingreactions. If NR ION EX > 0, all cationsfor
which a cation-exdangingreaction is de ned in the database le
(pht3d _datab.dat ) must be consideredif the correspnding

cation is included in the reaction network.

PH6 Record:
This recordis resened for the surface-complexatiormodel
which is not included in this release.

PH7 Record:
NR MOB _KIN NR _MIN _KIN NR _SURF KIN NR _SUBSTEPS

NR MOB KIN de nesthe number of mobile reactarts for which a
rate expressionis de ned in the database- le pht3d _datab.dat
and the local equilibrium assumptionis assumedto be invalid.

NR MIN _KIN de nesthe number of minerals
for which a rate expressionis de ned in the database- le
pht3d _datab.dat and the local equilibrium assumptionis

assumedto be invalid.

NR _SURF _KIN is resened for the surface-complexatiormodel
which is not included in this releaseand should be 0.

NR _SUBSTEPS is resened for future releasesand should be 1.

PHS8 Record:
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NR _OUTP _SPEC PR _ALKALINITY _FLA G

NR OUTP _SPEC de nesthe number of agueousspecies(i.e., complexes)
for which conceitrations should be savedto UCN les.

PR _ALKALINITY  _FLA G isresened for future
releasesand needsto be setto O.

Example for the obligatory data blocks 1-8:

1 0 25 1E-10 0.001 4000

001

The following data blocks needto be included optionally,
depending on the data input for PH1-PH7.

PH9 Record:
If NR_MOB KIN >0

For eath mobile kinetic reactart (1,...NR _MOB KIN )
NAME _MOB KIN NR KIN _PARAM

If NR _KIN _PARAM > 0

PARAMETER 1

PARAMETER 2

PARAMETER  3.....

PARAMETER NR KIN _PARAM

FORMULA

NAME _MOB _KIN de nesthe nameof a kinetic reactart.
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NR KIN _-PARAM de nesthe number of parametersneeded

by the kinetic rate expressionthat is de ned in the database

le pht3d _datab.dat (usingthe PHREEQC-2 keyword RATES).
Alternativ ely, the parameterscan be de ned directly in the
database- leand NR KIN _PARAM issetto O.

PARAMETER is the numerical value of eah
of the NR KIN _PARAM parameters.

FORMULA is an equivalert to the PHREEQC-2 keyword and directly
copiedinto the PHREEQC-2 input les: it de nes the

stoichiometric relationship betweenthe computed changeof mass

of a kinetic reactart (for which the rate wasde ned by a

RATES expressionin the database- le pht3d _datab.dat ) and

any other species/compnert that is included in this line

together with its stoichiometric coe cien t.

Example for FORMULA
-Formula Pce -1.0 H+-1.0 Tce 1.0 Fe+21.0 CI- 1.0

For eadh mole computedby the rate de ned for NAME _MOB KIN ,
one mole of Pce (Perchloroethene),H* and ClI will beirreversibly
removed from the appropriate total massof the reactart and one mole
of Tce (Trichloroethene)and Fe+2, respectively, will be produced.

Note that in this way Fe?*, H* and Cl areinvolved in kinetic reactions
although they are not explicitly de ned askinetic reactarts.

Example for data block 9:

Pce 2

1.0e-07

0.0001

-Formula Pce -1.0 H+-1.0 Tce 1.0 Fe+21.0 CI- 1.0
Tce 2
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1.0e-08

0.0001

-Formula Tce -1.0 H+-2.6 Dce 0.2 Ethe 0.8 Fet+226 CI- 2.6
Dce 2

1.0e-07

0.0001

-Formula Dce -1.0 H+-2.0 Ethe 1.0 Fe+22.0 CI- 2.0
Ethe 2

1.0e-07

0.0001

-Formula Ethe -1.0 H+ 2.0 Etha 1.0

PH10 Record:
For all agueouscomponerts 1,..., NR INOR G _COMP _EQU
(remember NR INOR G_COMP _EQU must be 2)
the namesusedand de ned in the database les needto be listed here.

NAME _INOR G _EQU 1
NAME _INOR G _EQU 2

NAME _INOR G_EQU NR _INOR G_COMP _EQU - 1 (=pH)
NAME _INOR G_EQU NR _INOR G_COMP _EQU (=p e)

Example for data block 10 (NR _-INOR G _COMP _EQU = 8):

0O(0)
C(4)
S(6)
S(-2)
Na
Cl
pH
pe
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PH11 Record:
If NR _MIN _EQU > 0

NAME _MIN _EQU 1
NAME _MIN _EQU 2

NAME _MIN _EQU NR _MIN _EQU

NAME _MIN _EQU hasto be ertered for eat of

the NR _MIN _EQU mineralsthat areincludedin a
simulation. The mineral must be listed in the database- le
pht3d _datab.dat (PHASES keyword)

Example (NAME _MIN _EQU = 3):

Go ethite
Pyrite
Fe(OH)3(a)

PH12 Record:
If NR ION EX >0

For ead possibly sorbed cation
NAME _SORBED _CATION 1 STOICH 1
NAME _SORBED _CATION 2 STOICH 2

NAME _SORBED _CATION NR _ION _EXSTOICH NR _ION _EX
NAME _SORBED _CATION hasto be enered for ead cation
for which an exchangereaction is de ned in the

database- le pht3d _datab.dat

STOICH s the stoichiometric coe cient of X with the cation.
Note, that for example2 X are neededto balanceCa?*.

Example for data block 12:
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Ca?z2
Na 1
Mg 2

PH13 Record:
Resened for the surfacecomplexation model.

PH14 Record:
If NR _MIN KIN >0

For ead mineral that is subject to a kinetic reaction:
NAME _MIN _KIN NR _KIN _PARAM

If NR _KIN -PARAM >0

PARAMETER 1

PARAMETER 2

PARAMETER NR _PARAM

NAME _MIN _KIN de nesthe namesof the NR MIN KIN
minerals for which a kinetic rate expressiondescribing
precipitation and/or dissolution of this mineral is de ned,
and for which the local equilibrium assumptionis not valid
(or is expectednot to be valid).

NR _KIN _PARAM de nes the number of parametersneeded

by the kinetic rate expressionghat are de ned in the database

le phtd3 datab.dat (usingthe PHREEQC-2 keyword RATES)
Alternativ ely, the parameterscan be de ned directly in the
database- le pht3d _datab.dat and NR KIN _PARAM is setto O.

PARAMETER s the numerical value of eah
of the NR KIN PARAM parameters
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Example for data block 14:

Siderite 1
le-10
Fe(OH)3(a) 2
1

1le-09
Magnetite 2
1

le-09

PH15 Record:
If NR _OUTP _SPEC >0

For ead aqueousspeciesthat should be included in the model output:
NAME _OUTP _SPEC

NAME _OUTP _SPEC de nesthe nameofa SOLUTION _SPECIES ,
which is part of the reaction network and which is de ned in the

database le pht3d datab.dat . Concerrations of SOLUTION _SPECIES
are usually not saved, unlessde ned otherwisehere.

Example for data block 15:
CaHCO3+

FeHSO4+
H2Si04-2
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3.5 Units

Units for time [T], length [L] and mass[M ] can be chosenfreely in the original
MT3DMS program and in the underlying MODFLOW program as long as they
are used consistenly throughout the data input. In cortrast, time-dependen
(kinetic) reactionsin PHREEQC-2 needto be de ned using secondsastime unit
and the massunit for concertration output is mol. As a result of the combination
of the two codesand for simplicity units in PHT3D can not be chosenfreely in
the presen release Concertrations of aqueousmobile) chemicalsneedalways to
be provided in mol I,,* [M L 3] (with |, referringto litre of pore water) while the
model dimensionsneedto be de ned in m [L]. Mineral concettrations are de ned
in mol 1,1 [M L 3] (with I, referring to litre of bulk volume). It can be seenthat
someinconsistenciesn the useof units (herelength) are introducedto enablethe
use of more 'common' units, e.g., mol | * instead of mol m 2. All units to be
usedfor the data input for a PHT3D simulation are listed in Table 3.1.

Table 3.1: Units to be usedfor the data input of a PHT3D simulation

Time d (days)
(Al) model dimensions(Geometry) m (metres)
Dispersivity m (metres)
Molecular di usion coe cien t m2d !
Concerrations of aqueous(mobile) chemicals mol !
Concertrations of cation-exdiangers mol |,,*
Concerrations of other, user-de nedimmaobile

ertities such as bacteria mol 1,1
Concertrations of minerals mol |, ?

3.6 Mo del output

The primary resultsof PHT3D simulations will in most casede the UCN- les
PHT3DO001.UCN,...,PHT3DMCOMP .UCN which cortain the concertration re-
sults for all speci ed output times. The format of these les is either idertical
to the format in the original MT3DMS padage (binary les), which canbe read
by many existing pre/p ostprocessingpadkagesor, alternatively, is the above dis-
cussedformat (section 3.4), if the results are printed to ASCIl les. The lat-
ter le-t ype might be usedin conjunction with padkagessut as MATLAB ¢ or
TECPLOT °. Furthermore, the le PHT3D.OUT cortains similar information as
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the standard formatted output le of the original MT3DMS program. The output
to PHT3DXXX.MAS - les hasbeendisabledin the current PHT3D version.

3.7 Temporal discretisation

The temporal discretisation procedureis largely basedon the original time-
stepping philosophy/strategy of MODFLOW/MT3DMS. This includes

the user-de ned subdivision of the total simulation time into periods of
constart external stressparameters,so called stress perio ds

the user-de nedfurther subdivision of stress perio ds into time steps t
in orderto allow a su cien tly accurateapproximation of transiernt processes

the automatically invoked further subdivision of time steps into transp ort
steps which satisfy the stability and/or accuracyconstrairts for the purely
advective-dispersive transport.

In the presen PHT3D version the integration of the reactive processesvas
organisedby using the user-de ned time-step length t of the ow simulation
as the time-step length for the reaction step. Therefore, kinetic reactions will
be simulated and integrated over t, accordingto the temporal discretisation
de ned in the MODFLOW basicinput le, e.g.,namedbas.dat, and in the basic
transport padckage le pht3dbtn.dat . As hasbeenmertioned before(section2.3),
onePHREEQC-2 reaction stepwould be carried out for ead transp ort step in a
'standard’ operator splitting scheme. In PHT3D, howeer, only onereaction step
Is carried out pertime step t,i.e., sewral transport stepsmight be carried out
before a reaction step follows. The automatically selectedtransp ort step size
canvary in dependenceof the advection shemeusedfor a simulation (FD, TVD,
...) Whereasthe reaction step size (= time step size)is not a ected by the
choice of the advection stheme/padage. This discretisation schemeis shown in
Fig. 3.2.

Start of Simulation End of Simulatior

Stress Periods 1

1 [
Time Steps 1 2 3 4 5,

Transport Steps

Reaction Steps 1 2 3 4 5

Figure 3.2: Temporal discretisation schemein PHT3D
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Benchmark problems and application examples

The following examplesare meart to illustrate the useof PHT3D for a range of
reactive transport problems. Although the diversity of PHT3D model applications
might becomesobvious in the following, it still only represes a fraction of the
possibilitiesthat arisefrom a PHREEQC-2 and MT3DMS-basedmodel.

The examplesdiscussedin this section were mostly selectedfrom the peer-
reviewed literature and thus simultaneously sere as bendmark problemsfor the
evaluation of the numerical model. Generally veri cation of reactive transport
models by comparisonwith analytical solutionsis limited to a few simple, often
one-dimensionatases.Examplesl and 7 represem sud simulation problems. For
more complex cases,the capability of the model to accurately approximate the
governing equationsneedsto be veri ed by comparisonwith independerily dewel-
oped models. As for any MT3DMS basedmodel, the link le mt3d. o (which is
neededfor the transport simulations) will be typically createdby MODFLOW, as
it hasbeenthe casein all of the examplesdescriked here. For most examplesonly
a brief part is dedicatedto descrike the geahemistry and the dynamics of the
geahemical changes. Usersare encouragedto otherwise familiarise themsehes
with the help of the cited referencesMore examplesare currertly in preparation
and will be addedin updated versionsof this documen.
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Table 4.1: Parametersand chemical concertrations usedin Example 1.

Flow simulation steady state
Total simulation time (days) 1826
Stressperiod 1
Time steps 200
Model length L (m) 150
Pore water velocity v, (m d 1) 0.1
Porosity ne 0.25
Dispersivity | (m) 0
Maximum uptake rate Vpyay d * 477 10°3
Half-saturation concertration K (mol 1,,%) 0.5

In o w concertration (at x = Oandfort > 0) (mol |,}) 1.0

4.1 Example 1: Single Species Transport with Mono d Kinetics

4.1.1 Intro duction In this rst example,the numerical solution obtained
by PHT3D shall be compared with the analytical solution for a simple one-
dimensional,purely advective transport coupledto kinetically cortrolled biodegra-
dation. While obviously both transport and reactive processin this exerciseare
very simple, it doesinclude all the major stepsthat are involved in setting up
a reactive transport model with PHT3D. The analytical solution was originally
given by Parlangeet al. (1984) as:

= % xSy e, g 4.1.1.1)
max CO
with @
==0 atx = 0; 41.1.2
& ( )

wherex is a length coordinate in a one-dimensionabdomain of the total length L,
C is the solute concenration and Cy is the concerration at the in o w boundary.
K, vmax and v, are the half-saturation concertration, the maximum uptake rate
and the pore-water velocity. For the comparison,a set of parametersthat was
previously usedby Essaidand Bekins (1997) for the ewvaluation of the BIOMOC
model was chosen(seeTable 4.1).

For a PHT3D simulation of this particular problem, the input les

mt3d. o

pht3dbtn.dat
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pht3dadv.dat
pht3dssm.dat
pht3d datab.dat and

pht3d _ph.dat

needto be created. Only the latter two les are PHT3D-speci ¢ while all other
les can be constructed by following the instructions in the MT3DMS manual.
Consequetly the cortents of the non-PHT3D-speci ¢ les are not discussedhere
in great detail.

4.1.2 Spatial discretisation and o w problem In orderto generatethe
one-dimensional ow eld underlying the reactive transport problem a simple
MODFLOW model needsto be setup. Of course,the desiredpore-\elocity of 0.1
m d ! canbe obtainedthrough di erent conbinations of boundary conditionsand
parameters. The subsequetly describedway represeits only oneof many di erent
options. It is, howewer, a generally applicable way to rapidly generatea one-
dimensional ow eld of a particular pore-water velocity. A ow eld comparable
to the oneusedby Essaidand Bekins (1997) can be createdby de ning a domain
of 150 m length, 1 m width and 1 m height which is then discretisedinto a
model with 150 columns, 1 row and 1 layer. With a xed headboundary at the
downstream end (last column) and a given hydraulic conductivity, the desired
pore-water velocity v, can be obtained by placing an injection well into the rst
column. The ux in that well can be computed from:

Qwenl = Vp Ne A (4.1.2.1)

where Qe IS an injection rate for the well at the in o w boundary and A is the
cross-sectionabreaof the model grid cell perpendicularto the ow direction, i.e.,
1 m?. In Example 1, Quer Needsto be 0.025m3 d !. Alternativ ely, if onechose
to setne to 1, Quen Would be 0.1 m® d . Beforea reactive transport simulation
is setup in the next step, it is worthwhile to make surethat the simulated o w-
eld indeedagreeswith the desiredone. In the (likely) casethat the MODFLOW
model was set up with a preprocessingtool that o ers a suite of other models,
this canbe either veri ed usinga path-line-creatingadvective transport simulation
or, alternatively, with a simple single-sgciestransport simulation in which the
breakthrough curve of a non-reactive chemical is usedto ewaluate the correct
travel times. To generatethe ow-transport link le mt3d. o , which is needed
by PHT3D, a MODFLOW versionwith an appropriate MT3D interface padkage
needsto be used.
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4.1.3 Data input for the database le Toimplemert the kinetic biodegra-
dation reaction for Example 1, the chemical reaction network needsto be pre-
pared, i.e., the database- le pht3d _datab.dat needsto be created or adapted.
Although only a singlespeciesis involvedin the presen simulation problem, given
the way PHREEQC-2 operates,the reaction network needsto include a basicset
of SOLUTION _MASTER _SPECIES and SOLUTION _SPECIES . The re-
active speciesitself can be addedto this basic set of equilibrium reactions. This
involvesthe de nition of the species

asa componer, i.e.,asa SOLUTION MASTER _SPECIES

asa SOLUTION _SPECIES , i.e., a complex
of SOLUTION _MASTER _SPECIES

The de nition as a speciesis an idertity reaction with logk = 0. In Example
1 the name 'Species'was chosenfor the reactive chemical. The choice for new
namesof chemicals must follow certain naming convertions, as outlined in the
PHREEQC-2 manual. Finally, the rate expressionfor the kinetic biodegradation
reaction must be de ned in the form of BASIC instructions and addedunder the
RATES keyword. Detailed instructions about the required syntax can also be
found in the PHREEQC-2 manual. With the given set of instructions, kinetic
reaction parameterscan be either hard-caded into the rate expressionor, alterna-
tively, de ned as parameterwith the numeric value of the parameter provided in
the le pht3d ph.dat .

Using the former option to include parameters,a minimal set of ertries for the
pht3d datab.dat le to simulate the reactive transport problemin Example 1
is:

SOLUTIOMMASTERPECIES
#

# element species alk gfw_formula element_gfw

#
H H+ 1. H 1.008
H(L) H+ 1. 00
E e- 00 0.0 0.0
o) H20 00 O 16.00

0(-2) H20 0.0 0.0
Species Species 0.0 Species 1.0

SOLUTIOMSPECIES
H+= H+
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log k 0.0
e- = e-

log k 0.0
H20= H20

log k 0.0
Species = Species

log k 0.0
H20= OH- + H+

log _k -14.000
2 H20= 02+ 4 H++ 4 e-

log _k -86.08
2H++ 2 e =H2

log k -3.15

RATES

Species

-start

10 mSpecies = tot("Species")

20 if (mSpecies <= 1le-12) then goto 200
22 k-mon= 0.5

24 v_max= 4.77e-03 / 86400

30 rate = v_max* mSpecies/(k _mon+ mSpecies)
40 moles = rate * m* (m/mQ) * time

50 if (moles > m) then moles = m

200 SAVEmoles

-end

END

The database le usedfor the simulation Example 1 might include many more
chemicals. This has no e ect on the result as long as Species and its rate ex-
pressionis de ned and as long as Species is not involved in other reactions.
For example,Species, i.e., its ertry into SOLUTION MASTER _SPECIES ,

SOLUTION _SPECIES and RATES could be simply addedto the standard
database le phreeqc.dat (which is distributed with PHREEQC-2) and the le

renamedto pht3d datab.dat . As indicated before, the numeric values of pa-
rameterscan alsobe de ned in pht3d _ph.dat rather than in the rate expression
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itself. A possiblede nition for the rate expressiorwould then be:

RATES

Species

-start

10 mSpecies = tot("Species")

20 if (mSpecies <= le-12) then goto 200
22 k_mon= parm(1)

24 v_max = parm(2) / 86400

30 rate = v_max* mSpecies/(k _-mon+ mSpecies)
40 moles = rate * m* (m/mQ) * time

50 if (moles > m) then moles = m

200 SAVEmoles

-end

END

4.1.4 Data input for the PHREEQC interface package le Basedon
a reaction network de ned through the pht3d datab.dat le, the PHREEQC
interface padkage le pht3d ph.dat needsto be setup. Essenially the informa-
tion passedrom this le to PHT3D is that thereis onekinetically reacting mobile
aqueouschemical of the name'Species'and that the removal, i.e., biodegradation
of 'Species'is linked to the computed rate for Species through a stoichiometric
factor that is -1.0. The resulting ertries into pht3d _ph.dat for the casewhere
hard-coded parameterswere usedin the rate expressionfor 'Species'are:

212250 10 0 4000

0

2

0

0

0

1001

00

Species 0

-formula Species -1.0

pH

pe
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For the alternative case,whereparametersfor k_mon and v_max were not hard-
coded under RATES, the entries into pht3d _ph.dat would be:

212250 10 0 4000

0

2

0

0

0

1001

00

Species 2

0.5

4.77e-03

-formula Species -1.0

pH

pe

The 2 behind the name Species indicates that two numeric values for the
parametersk_mon and v_max will follow in the proceedingtwo lines.

415 Data input for the basic transp ort package le The two above
discussedles pht3d _datab.dat and pht3d _ph.dat de ne the reactionstep. To
activate their usei.e., the computation of concenration changesby PHREEQC-
2, the sixth TRNOP ertry for Record A5 needsto be setto T (= true) in
the basic transport padkage le (pht3dbtn.dat ). Furthermore, the entry for
NCOMP needsto be 3 (for 'Species','pH','pe’) and MCOMP needsto be 1
asonly 'Species'is treated as mobile species/commnert. Apart from TRNOP ,
NCOMP and MCOMP , no further PHT3D-speci ¢ information is contained
in the basic transport padkage le. The simulation time was set to 1826 days,
divided into 200time steps. After this time a steady state concerration pro le
has deweloped and the results can be comparedwith the analytical solution. The
completeinput for pht3dbtn.dat for Example 1 becomegnote that the number
of spacedetweendata ertries are not shavn exactly asrequired by the formatted
input for this le):

Example 1

Parlange et al (1984)

11150131

TLM
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TFTFFT
0

0 1-1 A7. DELR(NCOL)

01 -1 A8. DELC(NROW)

01-1 A9. HTOP(NCOL,NROW)Yp of the first layer

0 1 -1 A10. Thickness of layer 1

0 1-1 All. Effective porosity of layer 1

01-1 Al12. ICBUNDmatrix of Layer 1

01-1 A13. Start. conc. in layer 1 for spec. # 1 Species
0 0 0 A13. Start. conc. in layer 1 for spec. # 2 pH

0 0 0 A13. Start. conc. in layer 1 for spec. # 3 pe
1E+30 .05

000O0T

1

1826

01

T1

1826 200 1

0 500001 0

4.1.6 Data input for the advection package le Theinformation needed
for advective transport is provided by pht3dadv.dat . The le ertries, or more
exactly, one possiblecombination of ertries, is listed belov only for the sake of
completenessNo PHT3D-speci ¢ data input is required for pht3dadv.dat .

3 .75 50000 O

3.5

.00001 6 10 100 5 150

16 15

.0001

4.1.7 Data input for the source/sink mixing package le The con-
certrations of mobile componerts needto be de ned at any external sourcesud
assingleinjection wells, or for rechargewater. In Example 1, the concerration
of Species needsto be de ned for the well in the rst grid-cell which represers
the upstreamin o w boundary. The concettration of all immobile speciesneedsto
be setto 0. For Example 1 the le pht3dssm.dat requiresthe following ertries:
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Figure 4.1: Single-sgeciestransport with Monod-type biodegradation
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4.1.8 Simulation results Ascanbeseenin Figure 4.1,the numerical solu-

tion shavs someminor oscillationsasa result of usingthe HMOC particle tracking
sdhemefor solving advective transport, howewer it clearly agreesvery well with
the analytical solution.
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4.2 Example 2: Transport and mineral precipitation/dissolution

4.2.1 Intro duction The ability to quartify both equilibrium and kinetic
process-basednineral dissolution and precipitation reactionsis most important
for the simulation of inorganic cortamination problemssud asacid mine drainage
(AMD) and metal cortamination. This ability permits the study of suc reactions
occurring asprimary (e.g.,the reductive dissolution of F e(OH )3 or secondaryre-
actions(e.g., precipitation of FeS)during biodegradationof organic cortaminants
or of natural organic matter. The casedescriked here, i.e., Example 2, was
originally presened by Engesgaardand Kipp (1992) for a model veri cation of
their MST1D code againstthe CHEMTRNS model by Noorishad et al. (1987).
It involvesa one-dimensionaimodel domain in which an aqueouswater composi-
tion that is in equilibrium with two minerals, calcite and dolomite, is successigly
replaced, i.e., ushed by water of a di erent chemical composition, leading to
multiple precipitation-dissolution fronts. Dolomite is not presen initially but is
formed temporally.

4.2.2 Spatial discretisation and o w problem The ow simulation for
the secondreactivetransport problemcanbe carried out in analogyto the previous
example. In order to follow the discretisation chosenby Engesgaardand Kipp
(1992), a model domain of 0.5 m length is divided into 50 grid cells of 0.01 m
length, 1 m width and 1 m height (50 columns, 1 row and 1 layer). The total
simulation time is 0.2430days. It is divided into 210time steps. A steady-state
ow rate Qe 0f0.259m3 d ! isrequiredto achieve a pore-welocity of 0.083m d !
for the given porosity of 0.32. A summary of the parametersthat de ne the ow
eld and non-reactive transport is givenin Table 4.2.

Table 4.2: Flow and transport parametersusedin Example 2.

Flow simulation steady state
Total simulation time (days) 0.24305
Stressperiod 1
Time steps 210
Grid spacing(m) 0.01
Model length (m) 0.50
Pore velocity (m d 1) 0.083
Porosity 0.32
Dispersivity (m) 0.0067
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4.2.3 Data input for the database le All of the aqueousspecies,com-
ponerts and minerals neededto simulate this LEA-basedreactive transport prob-
lem are already included in the original PHREEQC-2 database. Thus, the le
pht3d _datab.dat could easily be created by copying the original PHREEQC-2
database le Phreeqc.dat andrenamingit to pht3d _datab.dat . Howeer, the
set of reactions then would not be idertical with the one usedfor the solution
published by Engesgaardand Kipp (1992). They have useda subsetof the re-
action network that is employed if the original PHREEQC-2 databaseis used.
In both casestransport stepsare carried for Ca,C(4),Cl and Mg (the SOLU-
TION _MASTER _SPECIES ). If the original PHREEQC-2 databaseis used,
the number of aqueousspeciesis 21, whereasit is 15 for the subsetemployed
by Engesgaardand Kipp (1992). Below are the entries for the database le that
de nes the reactionsconsideredby Engesgaardand Kipp (1992).

SOLUTIONASTERPECIES
#

# element species alk gfw_formula element _gfw

#
H H+ 1. H 1.008
H@1) H+ 1. 0.0
E e- 00 00 0.0
o) H20 00 O 16.00

O(-2) H20 0.0 0.0

Ca Ca+2 00 Ca  40.08

Mg Mg+2 0.0 Mg 24.312
cl Cl- 00 Cl 35453
C CO3-2 2.0 HCO3 12.0111
C(+4) CO3-2 2.0 HCO3

SOLUTIOSPECIES

H+ = H+
log _k 0.000
-gamma9.0000 0.0000
e- = e-
log _k 0.000
H20= H20
log _k 0.000

2 H++ 2 e- = H2
log k -3.15
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delta _h -1.759
2 H20= 02+ 4 H++ 4 e-
log _k -86.08
delta _h 134.79 kcal
Ca+2= Ca+2
log _k 0.000
-gamma5.0000 0.1650
Mg+2= Mg+2
log .k 0.000
-gamma5.5000 0.2000
Cl- = Cl-
log _k 0.000
-gamma3.5000 0.0150
C03-2= C03-2
log _k 0.000
-gammab5.4000 0.0000
H20= OH- + H+
log k -14.010
delta _h 13.362 kcal
-analytic  -283.971 -0.05069842 13323.0 102.24447 -1119669.0
-gamma3.5000 0.0000
CO3-2+ H+= HCOS3-
log k 10.31
delta _.h -3.561 Kkcal
-analytic  107.8871 0.03252849 -5151.79 -38.92561 563713.9
-gamma5.4000 0.0000
CO3-2+ 2 H+= CO2+ H20
log k 16.71
delta _h -5.738 kcal
-analytic  464.1965 0.09344813 -26986.16 -165.75951 2248628.9
Cat2+ C0O3-2= CaCO3
log k 3.23
delta _-h 3.545 kcal
-analytic  -1228.732 -0.299440 35512.75 485.818
Mg+2+ CO3-2= MgCO3
log k 2.98
delta _h 2.713 kcal
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-analytic  0.9910 0.00667

PHASES

Calcite
CaCO3= C0O3-2+ Cat2
log k -8.470
delta _h -2.297 kcal
-analytic  -171.9065 -0.077993 2839.319 71.595

Dolomite
CaMg(C0O3)2= Ca+2+ Mg+2+ 2 CO3-2
log k -17.170
delta _h -9.436 kcal

END

4.2.4 Data input for the PHREEQC interface package le The le
pht3d ph.dat cornains the recordswhich de ne that the reaction network con-
tains 6 equilibrium aqueouscomponerts (including pH and pe) and two equilib-
rium minerals. The order in which the componerts are listed determineswhich
speciesnumber will be allocated to ead ertity included in the simulation. For
ead of the rst MCOMP -2 (C(4)), Ca, Mg, Cl) of the NCOMP compo-
nernts advective-dispersive transport stepswill be simulated by the appropriate
MT3DMS routines. For componert numbers MCOMP -1 (pH) and MCOMP
(pe) no transport stepis carried out, although pH and pe are formally treated as
aqueouscomponerts in PHT3D. The correct pH is derived from charge-balancing
the aqueoussolution during the reaction step. The correct simulation of pe is
generally achieved by including all possiblevalence-stateqi.e., all relevant SO-
LUTION _MASTER _SPECIES ) for eat chemicalthat possiblyoccursin dif-
ferert redax states. Howewer, the presen problem doesnot involve redax changes.
The entities MCOMP  +1,..., NCOMP (here Calcite and Dolomite) areimmobile
and no transport simulation will be carried out for them.

The resulting input for pht3d ph.dat in Example 2 is:

210 250 00 0 4000
0
6
2
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0000
00
C(4)
Ca

Mg

Cl

pH

pe
Calcite

Dolomite

4.2.5 Data input for the basic transp ort package le The basictrans-
port package le pht3dbtn.dat corntains, amongother information, the starting,
i.e.,initial concertrations (seeTables4.3and 4.4)for ead ofthe NCOMP ertities
that are handledby the MT3DMS part of the simulator. Aqueousconcertrations
are always de ned in units of mol | 1.

Note, that the unit for the initial concentrations of minerals is NOT

mass per volume of water, i.e., mol | 1, but is de ned as mass per bulk

1

volume, i.e., mol | ;i me-

Engesgaardand Kipp (1992) de ned their mineral concenrations as mass per
massof soil, i.e., mol kg.;; and provided the bulk density (1800kg m 3) of the
soil. Therefore,their initial concetrations for calcite of 2.176 10 ° mol kg
translatesto 3.906 10 ° mol | g, Which needsto be usedin PHT3D.

If a simulation problem is a pure equilibrium problem, as the one here in
Example 2, it is adequatethat the initial water composition is in chemical equi-
librium. If the aqueoussolution is not in equilibrium, equilibrium conditions will
be adjustedwithin the rst reactionstepat the endof the rst time step. The le
alsocontains the information about the number of stressperiods, their length and
the number of time steps(thus alsothe number of PHREEQC-2 steps)into which
ead stressperiod is subdivided. The ertries for the basictransport padkage le

for Example 2 are:
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Example 2

Engesgaard and Kipp (1992)

1150184
TLM
TTTFFET
0

0 0.01 -1 A7. DELR(NCOL)
01-1 A8. DELC(NROW)

01-1 A9. HTOP(NCOL,NROWYp of the first layer

0 1 -1 A10. Thickness of layer 1

0 0.32 -1 Al1. Effective porosity of layer 1

01 -1 Al12. ICBUNDmatrix of Layer 1

0 1.227e-04 -1 Al13. Start. conc. in layer 1 for spec. # 1 C(4)
0 1.227e-04 -1 Al13. Start. conc. in layer 1 for spec. # 2 Ca
0 0 0 A13. Start. conc. in layer 1 for spec. # 3 Mg

0 0 0 A13. Start. conc. in layer 1 for spec. # 4 CI

0 9.907196 -1 Al13. Start. conc. in layer 1 for spec. # 5 pH
04 -1 Al13. Start. conc. in layer 1 for spec. # 6 pe

0 3.906E-05 -1 Al13. Start. conc. in layer 1 for spec. # 7 Calcite
0 0 0 A13. Start. conc. in layer 1 for spec. # 8 Dolomite
1E+30 .05

000O0T

0

01

T1

.243055 210 1

0 500001 0

The order of the componert concerrations must follow the order that is pre-
de ned in pht3d ph.dat .

4.2.6 Data input for the advection package le The le ertries for
pht3dadv.dat , assumingthe TVD scemeis used,are:

-1 .75 5000 O
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Table 4.3: AQueousconcettrations usedin Example 2.

Aqueous Cinit Cinf 1ow
componert
(mol 1,,Y)  (mol I,,})

pH 9.91 7.0
pe 4.00 4.0
C(4) 1.23 104 0:0
Ca 1.23 10* 0:0
Mg 0.0 1.0 10°3
Cl 0.0 20 10°3

Table 4.4: Mineral concenrations usedin Example 2.

Mineral Cinit
(mol I, 1)

Calcite (CaCO0s») 3.906 10°

Dolomite (CaM g(CO0Os),) 0.0

4.2.7 Data input for the dispersion package le A dispersivity of
0.0067m was used by Engesgaardand Kipp (1992). The data input for the
dispersionpadkagepht3ddsp.dat le is thus:

0 .0067(20G14.0) -1 C1. Longit. disp. of layer 1

0 0.1(1G14.0) -1 C2. TRPT=(horiz. transv. disp.) / (Longit. disp.)
0 0.1(1G14.0) -1 C3. TRPV=(vert. transv. disp.) / (Longit. disp.)
0 0(1G14.0) -1 C4. effective molecular diffusion coefficient  [L2=T]

4.2.8 Data input for the source/sink mixing package le The inlet
(in o w) water composition is de ned by providing the componert concetrations
for the injection well located at the rst cell. In Example 2, the inlet water
cortains 0.001mol | * of Mg and 0.002mol | ! of Cl. In cortrast to the initial
water composition, no C(4) and no Ca is cortained in the in o w water.
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Figure 4.2: Simulation resultsfor PHT3D and MST1D: Aqueousand mineral con-
certrations after 21000s
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1

1110200.001 .0020000

4.2.9 Simulation results As canbe seenin Figure 4.2, the numerical so-
lution obtainedby PHT3D, the concetration pro les after 21000s (0.2403days),
of most aqueouscomponerts and minerals agreesclosely with the one given by
Engesgaardand Kipp (1992). In particular, the positions of the mineral fronts
agreevery well, whereasthe PHT3D-simulated pH near the in ow end of the
model domain lies slightly above the pH simulated by MST1D.
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4.3 Example 3: Migration of precipitation/dissolution fron ts

4.3.1 Intro duction The third test problem is a one-dimensional,purely
inorganic redax problem that was rst preserted by Walter et al. (1994). It was
alsousedas a bendimark problem by Guerin and Zheng(1998). It demonstrates
the ewlution of someimportant geahemical processeghat occur when acidic
mine tailings lead into an anaerobiccarbonate aquifer. Aqueouscomplexation
and dissolution/precipitation are all consideredas equilibrium reactions. If the
reaction network de ned by Walter et al. (1994) is used, the simulation includes
14 aqueouscomponerts, 12 of which are transported, 54 aqueousspeciesand six
minerals. The initial and in o w source/sink concetrations are shavn in Table
4.6 for the aqueouscomponerts, while the initial conceirations of the minerals
aregivenin Table4.7. The parametersdescribingthe model domain and physical
transport parametersare listed in Table 4.5.

4.3.2 Spatial discretisation and o w problem The MODFLOW model
underlying the reactive transport problem can be generatedin a similar fashion
to the one descriked for Example 1. Following the spatial discretisation chosen
by Walter et al. (1994), the model of 0.4 m length is divided into 80 grid cells
of 0.005m length and a cross-sectionalrea of 1 m? (80 columns, 1 row and 1
layer). The pore-welocity in the presen problemis 0.02m d ! and the porosity
is 0.35. For an arbitrarily chosenconductivity of 1 m d !, the appropriate ow
rate Quei at the upstreamin o w boundary cell becomeghen 0.007m3d . Asin
the previous examplesa xed headboundary is assignedto the the downstream
boundary:.

4.3.3 Data input for the database le The preser simulation problem,
like the previousexample,cortains only componerts, speciesand mineralsthat are
de ned in the original PHREEQC-2 databasele Phreeqc.dat . Again, the input
le pht3d _datab.dat could be simply createdby copying it from Phreeqc.dat .

Table 4.5: Flow and transport parametersusedin Example 3.

Grid spacing(m) 0.05
Model length (m) 0.40
Pore velocity (md 1) 0.02
Porosity 0.35
Dispersivity (m) 0.005
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Howewer, in order to de ne and reproduce the results presened by Walter et al.
(1994) as closely as possible,someminor modi cations of the database le are
required, including the modi cation of equilibrium constarts and the removal of
someaqueouscomplexationreactions,i.e., species.

4.3.4 Data input for the PHREEQC interface package le The num-
ber of agueouscomponerts (NR INOR G _COMP EQU = 14) and minerals
(NR _MIN _EQU = 6) that form the reaction network in this particular problem
and the namesof thesecomponerts and mineralsneedto bede ned in the PHT3D-
specic le pht3d ph.dat accordingto the input instructions given in Chapter
3. The presen problem includesfour elemerts, C, S, Fe and Mn , which could
occur in multiple redax-states. Generally in sut a case,it is recommendedto
include all possiblevalencestatesof thoseelemertts, i.e., C(4)/C(-4) , C(6)/C(-
2), Fe(2)/[F e(3) and Mn(2)/Mn(3) , respectively. Howewer, if an elemen is
not initially presern in a particular valencestate and it can be foreseenthat it
will de nitiv ely not be produced during the courseof the simulation, it might
not be included in the simulation. In the presenn example (Example 3), this
has beendonefor S(-6) and C(-4) . The order at which rst 14 aqueouscom-
ponerts and then, following, 6 minerals are listed is free exceptfor pH (second
last aqueouscomponert) and pe (last aqueouscomponert). Howeer, the order
usedor de ned hereneedsto comply with the order usedin pht3dbtn.dat and
in pht3dssm.dat .

210250 10 0 4000
0

14

6

00

0
0000O
00
C(4)
S(6)
Fe(2)
Fe(3)
Mn(2)
Ca

Mg
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Na

K

Cl

Al

Si

pH

pe
Calcite
Siderite
Gibbsite
Fe(OH)3(a)
Gypsum
SiO2(a)

4.3.5 Data input for the basic transp ort package le The basictrans-
port padkage le pht3dbtn.dat cortains, besidesnformation regardingthe model
geometryand the temporal discretisation, the starting conceitrations for all aque-
ous componerts and minerals (in MT3DMS all equally termed species). As men-
tioned above, the order at which the concertrations are entered must comply with
the de nition in pht3d ph.dat . The initial concenrations of the aqueouscompo-
nerts and mineralsto beernteredinto pht3dbtn.dat , andasgivenby Walter et al.
(1994),arelisted in Tables4.6and 4.7. The data input for the le pht3dbtn.dat
for the simulation of Example 3 is:

Example 3

Walter et al (1994)

118012012

TLM

TTTFFT

0

0 0.005(20G14.0) -1 A7. DELR(NCOL)

0 1(1G14.0) -1 A8. DELC(NROW)

0 1(20G14.0) -1 A9. HTOP(NCOL,NROW)pp of the first layer
0 1(20G14.0) -1 A10. Thickness of layer 1

0 .35(20G14.0) -1 All. Effective porosity of layer 1

0 1(2013) -1 Al12. ICBUNDmatrix of Layer 1

0 .00394(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 1 C(4)



4.3. Example3: Migration of precipitation/dissolutiorfronts

Table 4.6: AQueousconceitrations usedin Example 3.

Agqueous Cinit Cinf 1ow
componert

(mol I,,%) (mol I,,%)
pH 6.96 3.99
pe 1.67 7.69
C4) 394 10% 492 10°
S(6) 7.48 103 5.00 102
S(-2) - -
Fe(2) 539 10° 3.06 10°?
Fe(3) 232 108 199 10°
Mn(2) 473 10° 983 10°
Ca 6.92 103 1.08 10?2
Mg 196 103 9.69 104
Na 1.30 10°® 1.39 10°3
K 6.65 10° 7.93 104
Cl 1.03 10° 1.19 104
Al 1.27 107 430 10°3
Si 1.94 10° 2.08 10°3

Table 4.7: Mineral concertrations usedin Example 3.

Mineral Cinit
(mol I, 1)

Calcite (CaCOs) 1.95 102
Siderite (FeCOz3) 422 10°3
Gibbsite (Al(OH)s) 251 103
amorphous Fe(OH ), 1.86 10°3
Gypsum (CaS04:2H,0) 0.0

amorphous SiO, 407 101
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0 .00692(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 2 Ca
0 .00103(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 3 Cl
0 .00196(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 4 Mg
0 .00130(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 5 Na

0 .0000665(20G14.0) -1 Al3. Start. conc. in layer 1 for spec. # 6 K

0 .0000539(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 7 Fe(2)

0 2.32E-08(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 8 Fe(3)

0 .0000473(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 9 Mn(2)

0 1.27E-07(20G14.0) -1 Al13. Start. conc. in layer 1 for spec. # 10 Al

0 .00194(20G14.0) -1 Al13. Start. conc. in layer 1 for spec. # 11 Si

0 .00748(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 12 S(6)

0 6.96(20G14.0) -1 Al13. Start. conc. in layer 1 for spec. # 13 pH

0 1.67(20G14.0) -1 Al3. Start. conc. in layer 1 for spec. # 14 pe

0 .0063(20G14.0) -1 Al13. Start. conc. in layer 1 for spec. # 15 Calcite

0 .0018161(20G14.0) -1 Al13. Start. conc. in layer 1 for spec. # 16 Siderite

0 0(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 17 Gypsum

0 .14245(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 18 SiO2(a)

0 .0008812(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 19 Gibbsite

0 .000651(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 20 Fe(OH)3(a)

1E+30 .05

000O0T

3

6 12 24

01

T1

24 192 1

0 500001 0
As mertioned previously the only PHT3D-speci ¢ information included in the
above input data setis cortained in line 4, wherethe PHREEQC reaction stepis
activated(T T T F F T insteadof T T T F F F), requiring the existenceand

appropriate data input in pht3d ph.dat .

4.3.6 Data input for the advection package le The datainput needed
for the advective transport simulation are provided by pht3dadv.dat . The le
ertries are:

3 .75 5000 0
3.5
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.00001 2 0 15 0 15
1015
.0001

4.3.7 Data input for the dispersion package le The longitudinal dis-
persivity, as given by Walter et al. (1994), is ertered into the pht3ddsp.dat
le:

0 0.005(20G14.0) -1 C1. Longitudinal disp. of layer 1

0 0.1(1G14.0) -1 C2. TRPT=(horiz. transv. disp.) / (Longit. disp.)
0 0.1(1G14.0) -1 C3. TRPV=(vert. transv. disp.) [/ (Longit. disp.)
0 0(1G14.0) -1 C4. effective molecular diffusion coefficient [L2=T]

Note, that the le alsoincludesinformation about transversedispersion,which in
the presen, one-dimensionakaseis not usedfor the computation of the results.

4.3.8 Data input for the source/sink mixing package le The data
input of the pht3dssm.dat le de nes the concenration for ead of the mo-
bile chemicals(termed speciesin MT3DMS). Sourceconcelttrations of immobile
chemicalsand for the mobile aqueouscomponerts pH and pe needto be setto 0.
Likein pht3dbtn.dat the orderat which concertrations are entered must comply
with the de nition from pht3d ph.dat . The equilibrated water composition of
the acidic in o w water, as listed in Table 4.6, forms the basefor the following
data input of the pht3dssm.dat le:

TFFFFF
2002
1

1110 2.000492 .0108 .000119 .000969 .00139 .000793 .0306 1.99E-07 9.83E-06 .0043 .00208 .05

4.3.9 Simulation results Only afew aspectsof the geachemical evolution
obsened in the model simulation are descriked in the following. For a detailed
description seeWalter et al. (1994).

As shown in Figure 4.3, the acidicin o w solutionis initially bu ered by calcite
(CaCO0s3), maintaining the pH at an almost neutral level (6.5 - 7). In this zone,
gypsum(CaS0,4:2H,0) is formedfrom calciumreleasedduring calcite dissolution
and sulphate (S(6)) from the in o w solution (Cin.s6) > Chackgr:se))- Similarly,
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Figure 4.3: Selectedaqueouscomponert and mineral concertrations for our model
(solid lines) and MINTRAN (dotted lines) at t = 6; 12 and 24 days.

siderite (FeCO3) canform from C(4) (CO3) releasedduring dissolution and the
Fe(2)-rich in o w solution. At locations where calcite is completely dissoled,
siderite becomeghe bu ering mineral, dissolvinguntil it is alsoertirely removed.
Finally, gibbsite (Al(OH)3) precipitation is the bu er medanism at locations
whereboth calcite and siderite are completelyremoved. The threedi erent bu er-
ing medanismslead to three distinct levels of pH, with sharp fronts in between.
As for pe, three distinct levels ewlve with fronts from more reducedto more ox-
idised water. The fronts have the samepositions as those in the pH plot. As
the pe of the solution is completely cortrolled by the redax couple F e(2)=Fe(3),
the pe changesre ect the changesin their concenration ratio. Both Fe(2) and
F e(3) concetrations are strongly cortrolled by the pH of the solution. Generally,
their solubility increaseswith a decreasingpH. Howewer, as the increaseof their
solubilities is not proportional, the F e(2)=Fe&(3) ratio can changeand sodoesthe

pe.
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Simulation results of PHT3D in comparisonwith the nite-element model
MINTRAN (Walter et al., 1994) are shown in Figure 4.3 for concertrations of
selectedcomponerts and minerals after 6, 12 and 24 days. The modelling re-
sults for both modelsare derived from simulations in sequetial operator-splitting
mode. As can beenseen,the models comparevery well. The remaining di er-
encesare most likely due to small di erencesin the databasesof the geahemical
equilibrium modelsused.
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4.4 Example 4: Cation exchange - ushing of a sodium-p otassium
nitrate solution with calcium chloride

4.4.1 Intro duction This modelling exampleis the rst amongse\eral ex-
amplesthat include and demonstrate ion-exdanging reactions in o w-through
systems. The examplewas originally usedas PHREEQM (Nienhuis et al., 1994)
test case,and is also included in the PHREEQC-2 documertation (Parkhurst
and Appelo, 1999) as Example 11. Further discussioncan be found in (Appelo
and Postma, 1993), whereit forms Example 10.13,and in (Appelo, 1994). The
one-dimensionakimulation problem describesa hypothetical column experimert
where porewater cortaining sodium (N a*), potassium(K *) and nitrate (NO;)
in equilibrium with exdhangeablecationsis ushed by a calcium chloride (CacCly,)
solution.

4.4.2 Spatial discretisation and o w problem The underlying ow
model can be set up comparablyto the previous one-dimensionalkexampleswith
an upstreamin o w boundary, e.g.,aninjection well, anda xed headboundary at
the downstreamend of the column. The length of the columnis 0.08m. It is dis-
cretisedinto 40 grid-cells of 0.002m length, following the "re ned" run described
in Appelo and Postma (1993).

Table 4.8: Flow and transport parametersusedin Example 4.

Flow simulation steady state
Total simulation time (days) 0.24
Stressperiod 1
Time steps 120
Grid spacing(m) 0.002
Model length (m) 0.08
Pore velocity (m d 1) 1.0
Porosity 1.0
Dispersivity (m) 0.002

To obtain a cross-sectionalarea of 1 m?, the aquifer bottom can be set to
an elewation of 0 m, the top to 1 m and the width of the row to 1 m. With a
porosity of 1.0, a hydraulic conductivity of 1.0m d *anda ux of 1m3d ! at
the upstreamboundary, the time for onepore volumeto passthrough the column
would be 0.08d. All relevant featuresof the cation breakthrough curvescan be
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captured with atotal simulation time of 0.24d (or 3 pore volumes). The essetial
parametersusedin the ow simulation for Example 4 arelisted in Table 4.8.

4.4.3 Data input for the database le Either the cortents of the original
PHREEQC-2 database le or a consistert subset,sud as the one given below,
can be usedto de ne the relevant chemicalsand reactionsin pht3d _datab.dat
that are involved in this problem.

SOLUTIOMMASTERPECIES

#

# element species alk gfw_formula element_gfw
#

H H+ -1. H 1.008

H(0) H2 00 H

H(1) H+ -1. 0.0

E e- 00 0.0 0.0

(0] H20 00 O 16.00

0(0) 02 00 O

O(-2) H20 0.0 0.0 110
Ca Cat2 0.0 Ca 40.08

Na Na+ 0.0 Na 22.9898

K K+ 00 K 39.102
Cl Cl- 0.0 Cl 35.453
N NO3- 0.0 N 14.0067

N(+5) NO3- 0.0 N

SOLUTIOSPECIES

H+= H+
log _k 0.000
-gamma9.0000 0.0000
e- = e-
log _k 0.000
H20= H20
log .k 0.000
Cat+2= Ca+2
log _k 0.000
-gammab5.0000 0.1650
Na+ = Na+
log _k 0.000

-gamma4.0000 0.0750
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K+ = K+
log _k 0.000
-gamma3.5000 0.0150
Cl- = Cl-
log .k 0.000
-gamma3.5000 0.0150
NO3- = NOS3-
log _k 0.000
-gamma3.0000 0.0000
H20= OH- + H+
log _k -14.000
delta _h 13.362 kcal
-analytic  -283.971 -0.05069842 13323.0 102.24447 -1119669.0 -gamma3.5000
0.0000 2 H20= 02+ 4 H++ 4 e-
log k -86.08
delta _-h 134.79 kcal
2 H++ 2 e =H2
log k -3.15
delta _h -1.759
Cat+2+ H20= CaOH+ H+
log _k -12.780
Na++ H20= NaOH+ H+
log k -14.180
K+ + H20= KOH+ H+
log _k -14.460

PHASES

02(g)

02= 02

log _k -2.960

delta _h -1.844 kcal
H2(g)

H2 = H2

log k -3.150

delta _h -1.759 kcal
EXCHANGEASTERPECIES
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X X-
EXCHANGEPECIES
X- = X-
log .k 0.0
Nat+ + X- = NaX
log k 0.0
K+ + X- = KX
log k 0.7
-gamma3.5 0.015
delta _h -4.3 # Jardine & Sparks, 1984
Cat+2+ 2X- = CaX2
log k 0.8
-gamma5.0 0.165
delta _h 7.2 # Van Bladel & Gheyl, 1980
END

4.4.4 Data input for the PHREEQC interface package le Theinter-
facepadkage le for this examplecarriesthe information that (i) in total 7 aqueous
componerts (all assumedto be in chemical equilibrium) are included in the sim-
ulation and (ii) exdangereactionsoccur for the three cations. Remenber that
caremust be taken that all cationsthat are included as aqueouscomponerts and
for which an excdhangereaction is de ned in the database le pht3d datab.dat
must be included here (seealso Chapter 3). The input data set for Example 4
is:

212250 10 0 4000
0

7

0

3

0

0000O

00

Ca

Cl

K
Na
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Table 4.9: AQueousconcettrations usedin Example 4.

Aqueous
componert

pH
pe
Ca
Cl

K
Na
N(5)

Cinit
(mol 1,,)

7.0

12.5

0

0
20 104
1.0 10°3
1.2 103

Cinf 1ow
(mol 1,,%)

7.0
125
06 10°
1.2 10°3
0
0
0

Table 4.10: Initial exdhangerconcertrations usedin Example 4.

N(5)
pH
pe
Ca?2
Na 1
K1

Cinit
(mol | 1)
Ca-X2 0
Na-X 5493 104
K-X 5.507 104

445 Data input for the basic transp ort package le Most parts of
the relevant data input of the pht3dbtn.dat
for the previous examples,with appropriate adaptionsto the geometry selected
for this example. As descrited by Appelo and Postma (1993) and by Parkhurst
and Appelo (1999), the water that is initially presen in the column contains the
two cations potassium (K ) and sadium (N a) as well as chloride and nitrate. K

le canbe constructedasexplained
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and Na are also initially presen as exdiangeablecations, i.e., sorbed to sedi-
merns. The actual concenration which represets equilibrium conditions with
the given aqueousphase (dissolved) concenrations depends on the cation ex-
changecapacity (CEC) of the sedimens and can be determinedthrough a simple
PHREEQC batch-simulation. Note, that the CEC itself is not de ned explic-
itly within PHT3D. The equilibrated initial aqueousconcertrations as well as
the appropriate initial exdiangercompositions are listed in Tables4.9 and 4.10,
respectively. Basedon this information, the pht3dbtn.dat le might look as
follows:

Example 4

Appelo (1993,1994), Parkhurst and Appelo (1999)
11401105

TLM

TTTFFT

0

0 0.002(20G14.0) -1 A7. DELR(NCOL)

0 1(1G14.0) -1 A8. DELC(NROW)

0 1(20G14.0) -1 A9. HTOP(NCOL,NROW)pp of the first layer
0 1(20G14.0) -1 A10. Thickness of layer 1

0 1(20G14.0) -1 A11. Effective porosity of layer 1

0 1(2013) -1 Al12. ICBUNDmatrix of Layer 1

0 0 0 A13. Start. conc. in layer 1 for spec. # 1Ca
0 0 0 A13. Start. conc. in layer 1 for spec. # 2ClI

100 .0002(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 3K

100 .001(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 4Na

100 .0012(20G14.0) -1 Al13. Start. conc. in layer 1 for spec. # 5N(5)
100 7(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 6pH

0 12,5 0 Al1l3. Start. conc. in layer 1 for spec. # 7pe

0 0 0 A13. Start. conc. in layer 1 for spec. # 8Caex

100 .0005493(20G14.0) -1 A13. Start. conc. in layer 1 for spec. # 9Naex
100 .0005507(20G14.0) -1 Al13. Start. conc. in layer 1 for spec. # 10Kex
1E+30.05

000O0T

201

0 .0012 .0024 .0036 .0048 .006 .0072 .0084

.0096 .0108 .012 .0132 .0144 .0156 .0168 .018
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(timesteps for which concentrations are printed to PHT3D...UCNfiles)

.2304004 .2316004 .2328004 .2340004 .2352004 .2364004 .2376004 .2388005
.24

01

T1

24 720 1

0 500001 0

4.4.6 Data input for the advection package le The TVD stheme
was usedin this modelling example,de ned by the following data input for the
pht3dadv.dat le:

-1 .75 100000 O

4.4.7 Data input for the disp ersion package le Asshownin Parkhurst
and Appelo(1999),the inclusion of dispersive transport might changesigni cantly
the shape of the cation breakthrough curves,comparedto the solution for purely
advective transport with reactions. While in the advection-only caseno data le
pht3ddsp.dat isrequired,for the advection-dispersion-reactioncasedescrikedin
Parkhurst and Appelo (1999), using a longitudinal dispersivity of 0.002m, the
following input is required:

0 0.002(20G14.0) -1 C1. Longitudinal disp. of layer 1

0 0.1(1G14.0) -1 C2. TRPT=(horiz. transv. disp.) [/ (Longit. disp.)
0 0.1(1G14.0) -1 C3. TRPV=(vert. transv. disp.) / (Longit. disp.)
0 0(1G14.0) -1 C4. effective molecular diffusion coefficient  [L2=T]

4.4.8 Data input for the source sink/mixing package le The water
that residesinitially in the model column is ushed with a CaCl, solution (see
Table 4.9). The input data neededto de ne this inlet water composition are:

TFFFFF
2002
1



4.4, Exampled: Cationexchange ushing of a sadium-potassiumnitrate solution
with calciumchlaide 65

11102 .0006 .0012 00000000
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o
[}
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Figure 4.4: Comparisonof simulated cation concertrations.

4.4.9 Simulation results Resultingfrom the in o w of the CaCl, solution,
sorbed potassiumand sadium ions are successigly replacedby calcium, starting
at the inow end. Per de nition, the breakthrough concenrations of the non-
reactive chloride increasesfrom the initial concerration (0 mmol) to 1 mmol
(in o w concertration) after around one pore-wlume. In cortrast, the elution of
calcium is retarded and takes signi cantly longer due to the exdange-reactions.
Calcium from the in o w solution rst replacesexdangeablesadium and, there-
after, potassium. The PHT3D simulation results are shovn in Figure 4.4in com-
parison with the results obtained from a PHREEQC-2 simulation. As stated in
the introduction to this example, more detailed discussionsof the results of this
particular test casecan be found in, e.g., Appelo and Postma (1993); Parkhurst
(1995); Parkhurst and Appelo (1999). A very good, more generaldiscussionon
multi-componert ion exchange and, e.g., the resulting chromatographic e ects,
can be found in Appelo (1996).
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4.5 Example 5: Cation exchange during articial recharge

45.1 Intro duction This example,asthe previousone, senesto ewvaluate
the PHT3D model's capability of correctly handling cation-exdange reactions.
The case,including eld obsenations and modelling, was originally published by
Valocai et al. (1981). Sincethen it hassenedasa bendmark problemfor seweral
other models (Appelo and Postma, 1993; Walter et al., 1994;Zysset,1993). The
modelling problem descritesa eld injection experiment where freshwater (pre-
treated municipal e uent) was injected into an alluvial bradckish aquifer in the
Palo Alto Baylands region. It involves non-reactive transport of chloride and
the transport of three exdhangeableheterovalert cations (M g>*, Ca?*, Na*)
undergoingsurfacereactions.

4.5.2 Spatial discretisation and o w problem Asdescritedin morede-
tail by Valocdhi et al. (1981),the injection of the municipal e uen t water at a rate
of approximately 21 mh ! created an essetially two-dimensional,radial o w-
eld around the injection point | 1. Valocdi et al. (1981) simulated the resulting
advective-dispersive transport usinga modi ed (Valocchi, 1980)one-dimensional
model basedon a solution provided by Rubin and James(1973). Zysset(1993)
derived the relevant e ectiv e parametersof ow velocity and longitudinal disper-
sivity by tting the analytical, one-dimensionamodel of van Geruchten (1980)to
the obsened breakthrough curve for chloride (Cl ) at the boreholeS23, located
in 16 m distancefrom the injection point. Zysset(1993)sofound an average ow
velocity of 27.024m d ! and a longitudinal dispersivity | of 1.737m. These
values, which di er from the onesgiven by Valocdi et al. (1981), were usedin
the current example. To simulate the breakthrough curvesof the cationsat bore-
hole S23, the ow path betweenl 1 and S23, i.e., a one-dimensionaimodel of 16
m length, can be discretisedinto 16 grid-cells of equal length and water added
through a well to the rst grid-cell at the in o w boundary at a rate of

27.024md * 0:35(porosity) = 9:458m 3d ! (4.5.2.1)

to producethe ow velocity asdeterminedby Zysset(1993).

45.3 Data input for the database le The simulation probleminvolves
two types of waters, the initially presen brackish water type with high sadium
and magnesiumconcetrations, and the injected fresh water which is dominated
by sadium and calcium (App elo,1996). A reaction network that is suitable for this
problemcanbe build basedon the onefor the previousExample 4. Howewer, the
aqueouscomponerts M g, C(4) and O(0) have beenincluded whereasK hasnow
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Table 4.11: Flow and transport parametersusedin Example 5.

Flow simulation steady state
Total simulation time (days) 83.33
Stressperiod 1
Time steps 120
Grid spacing(m) 1.0
Model length (m) 16.0
Pore velocity (m d 1) 27.024
Porosity 0.35
Dispersivity (m) 1.737

beenremoved, comparedto the previous example. Similarly, exdhangereactions
for Mg X2 have now beenincluded whereask X was removed.

45.4 Data input for the PHREEQC interface package le The re-
action network of this exampleincludes8 aqueouscomponerts, two of them are
pH and pe, and 3 immobile exchangespecies(cations), all in chemicalequilibrium
with ead other.

212250 10 0 4000

w O o O

0000
00
0(0)
C(4)
Ca
Cl
Na
Mg
pH
pe
Caz2



4.5. Examples: Cationexchangealuringarti cial rechage 68

Table 4.12: Aqueousconcerrations usedin Example 5.

Aqueous Cinit Cinf 10w
componert

(mol 1,,) (mol 1,,1)
pH 7.286
pe -1.555
C@) 2588 10° 3.610 10°
Ca 1.120 10! 2.130 10°3
Na 8.650 102 1.466 10°?2
Mg 1.820 102 9.400 10°3
Cl 1.600 10! 5.000 104

Table 4.13:Initial exdhangerconcertrations usedin Example 5.

Cinit
(mol 1,,%)

Ca-X2 1526 10!
Na-X 1593 101!
Mg-X2 1.427 101!

Na 1
Mg 2

455 Data input for the basic transp ort package le The initial
brackish water composition is de ned in the le pht3dbtn.dat and is listed in
Table 4.12. Like in the previous case,a batch PHREEQC-2 simulation can be
usedto determinethe initial exchangercomposition for the given cation exchange
capacity of 750meq| ! of this silty sandaquifer.

Example 5

Valocchi et al (1981)
11171116

TLM
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TTTFFT
0
0 1-1 A7. DELR(NCOL)
01 -1 A8. DELC(NROW)
01-1 A9. HTOP(NCOL,NROW)Yp of the first layer
0 1 -1 A10. Thickness of layer 1
0 .350 -1 Al11. Effective porosity of layer 1
01-1 Al12. ICBUNDmatrix of Layer 1
00 -1 A13. Start. conc. in layer 1 for spec. # 10(0)
0 .002588 -1 A13. Start. conc. in layer 1 for spec. # 2C(4)
0 .0112 -1 A13. Start. conc. in layer 1 for spec. # 3Ca
0 .16 -1 A13. Start. conc. in layer 1 for spec. # 4Cl
0 .0865 -1 Al13. Start. conc. in layer 1 for spec. # 5Na
0 .0182 -1 Al13. Start. conc. in layer 1 for spec. # 6Mg
0 7.286 -1 A13. Start. conc. in layer 1 for spec. # 7pH
0 -1.5554 -1 A13. Start. conc. in layer 1 for spec. # 8pe
0 .1526 -1 A13. Start. conc. in layer 1 for spec. # 9Caex
0 .1593 -1 Al3. Start. conc. in layer 1 for spec. # 10Naex
0 .1427 -1 A13. Start. conc. in layer 1 for spec. # 11Mgex
1E+30 .05 0000T 835 01 .2 3 4.5 6.7

.8000001 .9000001 1 1.1 1.2 1.3 14 15
16 1.7 18 19 221 22 23

24 25 2.6 2.7 2.799999 2.899999 2.999999 3.099999
80.79934 80.89934 80.99934 81.09933 81.19933 81.29933

81.59933 81.69933 81.79932 81.89932 81.99932 82.09932
82.39931 82.49931 82.59931 82.69931 82.79931 82.89931

83.1993 83.2993 83.3333
01

T1

83.3333 1000 1

0 500001 0O

81.39933 81.49933

82.19932 82.29932
82.99931 83.0993
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45.6 Data input for the advection package le The TVD sdhemewas
usedfor the presen example. The advection padkage le pht3dadv.dat hasthe
following ertries:

-1 .75 5000 0

XXX

45.7 Data input for the dispersion package le xxx
0 1.737(17G14.0) -1 C1. Longitudinal disp. of layer 1
0 0.1(1G14.0) -1 C2. TRPT=(horiz. transv. disp.) / (Longit. disp.)
0 0.1(1G14.0) -1 C3. TRPV=(vert. transv. disp.) / (Longit. disp.)
0 0.1(1G14.0) -1 C4. effective molecular diffusion coefficient [L?=T]
XXX

45.8 Data input for the source/sink mixing package le The com-
position of the injected fresh water, aslisted in Table 4.12, needsto be de ned
in the pht3dssm.dat le. Data input is also neededfor pH, pe and immobile
ertities. Howewer, the input valuesneedto be setto 0. For Example 5, the
pht3dssm.dat le hasthe following ertries.

TFFFFF

2002

1

111020 .003651 .00213 .01466 .0094 .0005 0 0 0 0 O

4.5.9 Simulation results The breakthroughof the injected concenrations
at neighboring wells exhibits the chromatographic e ects that result from the
nonlinear ion-exdange processes.In Figure 4.5, breakthrough curves simulated
with PHT3D for chloride and for the cationsare plotted in comparisonwith results
from a correspnding PHREEQC-2 simulation (Appelo, pers. comm.). Results
agreevery well, despitethe di erent approadestaken with respect to modelling
the ow eld.
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Observation well S 23
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Figure 4.5: Example 5 - Comparisonof simulated chloride and cation concertra-

tions 16 m from the injection point
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4.6 Example 6: Cation exchange and precipitation/dissolution
during tenside injection

4.6.1 Intro duction In this modelling examplemulti-componert transport
with simultaneousdissolution/precipitation andion-exdangingreactionsis demon-
strated through a case,initially preseried by Sardin et al. (1986), featuring the
tranport and reactionsof an anionic tenside (alkylb enzenesulfonatesf sadium).

The processof tensideinjection is usedfor enhancedoil recovery in (i) oil elds
and (ii) at oil-product cortaminated sites. The understandingand quarti cation
of the physico-thiemicalprocessesmvolvedthus hasimportant applications. Sardin
et al. (1986) carried out a range of batch and column experimerts and analysed
the results using a one-dimensionakeactive multi-speciestransport model.

4.6.2 Spatial discretisation and o w problem The length and diameter
of the column usedin the experimerts were 0.2 m and 0.0254m, respectively
(Sardin et al., 1986). The water ux through the column was maintained at a
constart rate of 1.0cm min 3. The porosity (pore-wlume) and the longitudinal
dispersivity weredeterminedseparatelyby analysingthe breakthroughcurve from
a CaCl; injection experimert within the same column (see Table 4.14). The
resulting ow velocity in the columnis 6.696(m d 1). The setupofthe ow model
is similar to the ow modelsin the previousexamples(e.g., boundary conditions,
cross-sectionalarea) The spatial discretisation chosenfor the numerical model
(180 grid-cells of 0.00111m d ! length) replicates the discretisation chosenby
Zysset(1993).

4.6.3 Data input for the database le Sardinet al. (1986)proposedan
LEA-basedreaction network for the simulation of the experimerts and identi ed

Sorption, i.e., ion-exdangingreactionsof sodium (N a*) and calcium (Ca?*)
Aqueouscomplexationreactionsof calcium-carlonate species
Precipitation of calcium tenside (T,Ca)

asthe mostimportant reactionsto be considered.A database le that is adapted
for this simulation problemis neededhereto accommalate the reactionsinvolving
tensideand to supply/modify reactionconstarts to thoseiderti ed experimertally
by Sardin et al. (1986). The ion-exdanging reactionsof sadium (Na*) and cal-
cium (Ca?*) weremodelled by Sardin et al. (1986) using:

Ne = 2[sur,Ca] + [surNa] (4.6.3.1)
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Table 4.14: Flow and transport parametersusedin Example 6.

Flow simulation steady state
Total simulation time (days) 0.2083
Length stressperiod 1 0.5944
Length stressperiod 2 0.1489
Stressperiods 2
Time steps(stressperiod 1) 250
Time steps(stressperiod 2) 600
Grid spacing(m) 0.00111
Model length (m) 0.2
Pore velocity (m d 1) 6.696
Porosity 0.424
Dispersivity (m) 0.05755
and
[N a* J?[sur,Ca]

K(ca=Nna) = [surN a2[Ca?" ] (4.6.3.2)

where N is the cation exdange capacity (CEC), K ca=na) IS a selectivity
constart, [Na*] and [Ca?*] are the concenrations of sadium and calcium in the
aqueousphase,respectively and [sur,Ca] and [surN a] are the concertrations of
calcium and sadium on the exchanger, respectively. Valuesfor Ne and K ca=n a)
were determinedexperimertally by Sardin et al. (1986). The above model can be
replicated with the PHREEQC-2 ion-exdhangemodel if the equilibrium constarts
for the ion-exdanging reactionsare adapted accordingly The reaction de nition
which hasbeenusedfor the simulation of the bencdhmark problemsis listed below:

SOLUTIONMASTERPECIES

#

# element species alk gfw_formula element_gfw
#
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H H+ 1. H 1.008

H@1)  H+ -1. 0.0

E e- 00 0.0 00

0 H20 00 O 16.00
0(0) 02 00 O

O(-2) H20 00 00 i
Ca Ca+2 0.0 Ca  40.08

Na Na+ 0.0 Na  22.9898
Cl Cl- 00 Cl 35.453

c CO3-2 2.0 HCO3 12.0111
C(+4) CO3-2 2.0 HCO3

T T- 00 T 50.

SOLUTIONSPECIES

H+= H+

log _k 0.000

e- = e-

log _k 0.000

H20= H20

log _k 0.000

Ca+2= Ca+2

log _k 0.000

Na+ = Na+

log _k 0.000

Cl- = Cl-

log _k 0.000

C03-2= C03-2

log _k 0.000

T- =T-

log _k 0.000

H20= OH- + H+

log -k -13.998

2 H20= 02+ 4 H++ 4 e-
log .k -86.08

2 H++ 2 e- = H2
log k -3.15

C0O3-2+ H+ = HCO3-
log -k 10.329
C0O3-2+ 2 H+= CO2+ H20
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log k 16.681
Na++ H20= NaOH+ H+
log _k -14.179142

EXCHANGEASTEBPECIES
X X-
EXCHANGEPECIES
X- = X-
log k 0.0

Na++ X- = NaX
log k 3.83 # Zysset (1993)

Ca+2+ 2X- = CaX2
log k 10.0 # Zysset (1993)

PHASES

CO2(g)
CO2= CO2
log k -1.468
Calcite
CaCO3= C0O3-2+ Cat2
log k -8.1432711 # Zysset (1993)
Calciumtenside
CaT2=2 T- + Cat+2
log k -9.05 # Zysset (1993)
END

4.6.4 Data input for the PHREEQC interface package le In the
input le pht3d ph.dat, the number of equilibrium agueouscomponerts, (7),
cations undergoing excdhange-reactions(2) and minerals (2) included in the re-
action network proposedby Sardin et al. (1986) needsto be de ned and their
nameslisted. The order of the entities (here agueouscomponerts, minerals, ion-
exdanging cations) is important whereaswithin ead group the order is unim-
portant (exceptfor pH and pe) aslong asthe order complieswith the onechosen
within the pht3dbtn.dat and pht3dssm.dat les, respectively. The ertries for
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the pht3d ph.dat le for Example 6 might look asfollows:
211250 10 0 4000
0
7
2
2

0
0000O
00
C(4)
Ca

Cl

Na

T

pH

pe
Calcite
Calciumtenside
Ca?2
Na 1

4.6.5 Data input for the basic transp ort package le The basictrans-
port pakage le pht3dbtn.dat conains the information regarding the spatial
and temporal discretisation of the transport model and de nes all initial concen-
trations. Aqueousconceitrations, in casessud as the one descriked here, rep-
resen conceittrations that are in thermodynamic equilibrium with other phases
participating in the simulation. The initial water composition in the example
hereis a demineralisedwater in equilibrium with atmosphericCO, (Sardin et al.,
1986). Therefore C(4) is the only aqueouscomponert with an initial concertra-
tion > 0. Next, asthe column was ushed with a CaCl, solution, the exdanger
sitesare assumedo all beingoccupiedby Caions. The concertration of Ca X2
thus equalsthe cation excdhangecapacity.

Example 6
Sardin et al (1986)
11180211
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Table 4.15: Aqueousconcertrations usedin Example 6.

Aqueous Cinit Cinf 1ow 1 Cinf 1ow 2
componert

(mol 1, 1) (molesl, ')  (molesl,?)
pH 8.56
pe 9.37
C(4) 1420 105 1.420 105 1.420 105
Ca 0.0 0.0
Na 0.0 500 102 500 10°?
Cl 0.0 0.0 5.00 10°7?
Tenside 0.0 5.00 104 0.0

Table 4.16:Initial mineral and initial exchangerconceitrations usedin Example
6.

Cinit
(mol I, 1) (min.), (mol I,,) (exc.)

Calcite 1.444 101
Calcium-tenside 0.0
Ca-X2 572 102

Na-X 0.0
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TL
TTTFF
0 0.001111 0 A7. DELR(NCOL)

0 1 0 A8. DELC(NROW)

010 A9. HTOP(NCOL,NROW)pp of the first layer

0 1 0 A10. Thickness of layer 1

0 .4240 0 Al11l. Effective porosity of layer 1

0 1 0 A12. ICBUNDmatrix of Layer 1

0 0.000142 0 A13. Start. conc. in layer 1 for spec. # 1C(4)
0 0 0 A13. Start. conc. in layer 1 for spec. # 2Ca

0 0 0 A13. sStart. conc. in layer 1 for spec. # 3CI

0 0 0 A13. Start. conc. in layer 1 for spec. # 4Na

0 0 0 A13. Start. conc. in layer 1 for spec. # 5T

0 9.91 0 Al13. Start. conc. in layer 1 for spec. # 6pH

0 9.36 0 A13. Start. conc. in layer 1 for spec. # 7pe

0 .144492 0 Al3. Start. conc. in layer 1 for spec. # 8Calcite
0 0 0 A13. Start. conc. in layer 1 for spec. # 9Calciumtenside
0 0.0572 0 Al3. Start. conc. in layer 1 for spec. # 10Caex
0 0 0 A13. Start. conc. in layer 1 for spec. # 11lNaex
1E+30 .05

000O0T

101

0 2.083E-03 4.167E-03 6.250E-03 8.333E-03 1.042E-02 .0125 1.458E-02

1.667E-02 .01875 2.083E-02 2.292E-02 .025 2.708E-02 2.917E-02 .03125

3.333E-02 3.542E-02 3.750E-02 3.958E-02 4.167E-02 4.375E-02 4.583E-02 4.792E-02
5.000E-02 5.208E-02 5.417E-02 5.625E-02 5.833E-02 6.042E-02 6.250E-02 6.458E-02
6.667E-02 6.875E-02 7.083E-02 7.292E-02 7.500E-02 7.708E-02 7.917E-02 .08125
8.333E-02 8.542E-02 .0875 8.958E-02 9.167E-02 9.375E-02 9.583E-02 9.792E-02
1.000E-01 .1020833 .1041666 .10625 .1083333 .1104166 .1125 .1145833

1166666 .11875 .1208333 .1229166 .125 .1270833 .1291666 .13125

1333333 .1354166 .1375 .1395833 .1416666 .14375 .1458333 .1479166

.1499999 .1520833 .1541666 .1562499 .1583333 .1604166 .1624999 .1645833
.1666666 .1687499 .1708333 .1729166 .1749999 .1770833 .1791666 .1812499
.1833332 .1854166 .1874999 .1895832 .1916666 .1937499 .1958332 .1979166
1999999 .2020832 .2041666 .2062499 .2083332

01

T1
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5.944E-02 250 1
0 500001 0
.1488889 600 1
0 500001 0

4.6.6 Data input for the advection package le The TVD padagewas
usedfor the simulation results presered in Figure 4.6. Standard parameterswere
used,asde ned in the le pht3dadv.dat .

-1 .75 5000 0

4.6.7 Data input for the disp ersion package le Asmertionedin 4.6.2,
the longitudinal dispersivity in the column was determinedin a separateexper-
iment. Fitting of the breakthrough curve of this experimert delivers a value of
576 10 4 m.

0 .000576(20G14.0) -1 C1. Longitudinal disp. of layer 1

0 0.1(1G14.0) -1 C2. TRPT=(horiz. transv. disp.) / (Longit. disp.)
0 0.1(1G14.0) -1 C3. TRPV=(vert. transv. disp.) / (Longit. disp.)
0 0(1G14.0) -1 C4. effective molecular diffusion coefficient  [L2=T]

4.6.8 Data input for the source/sink mixing package le In the ini-
tial stage of the experimert water in chemical equilibria with atmosphericCO,
was addedto the column. The resulting equilibrium conditions de ne the initial
concerrations in the numerical model, as pointed out in 4.6.5. After this initial
equilibration phasea slug of two pore-wlumesof sadium and tenside-comaining
in o w water was added. This secondphaseof the o w-through experimert rep-
reserns the rst stress-geriod of the simulation. In the following and nal stage
of the experimert appraximately v e pore-wlumesof a sadium chloride solution
were added to the column as feedstak solution. The sodium chloride solution
de nes the input for the secondstress-geriod within the pht3dssm.dat le.

TFFFFF

2002

1

11102 .0000142 0 0 .005 .005 00000 0
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Figure 4.6: Example 6 - Comparisonof simulated tenside and cation concertra-
tions

1
11102 .0000142 0 .005 .005 0000000

4.6.9 Simulation results As shown in Figure 4.6, the comparisonof the
simulated breakthroughcurvesfor tenside,Ca and M g with the experimertal data
from Sardin et al. (1986) exhibits a good agreemen The model replicatesqual-
itativ ely quite well the complexities of these curvesthat form as a result of the
water-sedimem interactions. Generally the model-predicted curves are steeper
and more pronounced. As Zysset(1993) points out, e ects that could be respon-
sible for the deviations are (i) kinetic e ects, in particular with respect to the
dissolution of T,Ca (ii) di erencesin the dispersivities betweenthe tracer exper-
iment and the reactive transport experimert and (iii) heterogeneiy of chemical
properties and factors that a ect adsorption and precipitation.
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4.7 Example 7: Kinetic, sequential/parallel degradation of multiple
species

4.7.1 Intro duction Sun et al. (1999), and, in a more generalisedform
Clemert (2001), presened an analytical solution for one-dimensionaladvective-
dispersive transport coupledto arbitrary multi-speciesseriesand/or parallel rst-
order reactions. In cortrast to previously published analytical solutions for this
type of problem, the solution is suitable of handling reactionswith stochiometric
yields other than unity. Sun et al. (1999) applied their solution technique for a
test caseinvolving 5 biodegradingspeciesand comparedthe resultswith a numer-
ical solution computedwith RT3D. Figure 4.7 shavs the reaction network of their
test case. It includesthree possiblereactionchainsA! B! C;,,A! B! C,
and A! B! Cs. The governing equationsfor this reaction network are (Sun

et al., 1999):
@Ca D@CA N V@A _

= Ve ke (4.7.1.1)

%B D%C(:ZB ; V@C;(B = ve ka Co ks Go (4.7.1.2)
@gl b @Xsz N V@im = yer ks G5 ke Cop (4.7.1.3)
@Z@Sz b @;cz N V@icz = yeo ks G5 Kea Coa (4.7.1.4)
@é:s b @XCch N V@ics = yes ks Gs ke Cos (4.7.1.5)

whereC,, Cg, Cc1, Cco and Cc3 are the concettrations of the v e speciesA, B,
C1, C2and C3, respectively, whereasya, Vs, Yc1, Yc2 and ycs arethe appropriate
stoichiometric coe cien ts and ka, kg, Kc1, kc2 and ke are the appropriate rst-

order reaction rate constarts. This test caseforms the basefor Example 7.

A B C,

=

Figure 4.7: Reaction network usedin Example 7
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Table 4.17:Flow and transport parametersusedin Example 7.

Flow simulation steady state
Total simulation time (days) 40
Stressperiods 1
Time steps 120
Grid spacing(m) 1
Model length (m) 40
Pore velocity (m d 1) 0.40
Porosity 1.0
Dispersivity (m) 10

4.7.2 Spatial discretisation and o w problem The ow model can
againbe constructedsimilarly to the onesin Examples 1-6. The one-dimensional
model-domain of 40 m length is subdivided into 40 grid-cells in analogyto the
discretisation of the RT3D simulation by Sun et al. (1999). The pore velocity in
the exampleis 1 m d 1, requiring a ux (injection rate) of0.4m3d ' attheinow
end of the model given the cross-sectionahreaof 1 m? and a porosity of 1.0 (no
porous media, seealso Table 4.17).

4.7.3 Data input for the database le The right-hand sidesof equa-
tions (4.7.1.1)- (4.7.1.5)descrile the reaction term, i.e., the kinetics to be solved
within the PHREEQC-2 step. Appropriate RATES expressionmust be formu-
lated for ead of the 5 speciesand, together with their de nition as SOLU-
TION MASTER _SPECIES and as SOLUTION _SPECIES be includedin
the databasele pht3d _datab.dat . All RATES expression$ave a similar form.
The reaction rate constaris ka, kg, etc. are included as parametersparm(1)
and thus their numerical valuesneedto be de ned separatelyin pht3d _ph.dat .
Alternativ ely, the rate constarts could alsobe hard-caded within the RATES ex-
pressions.The information about the reaction stoichiometry will alsobe included
in pht3d _ph.dat andis not apart ofthe RA TES expressionsBesideshe de ni-
tion of the kinetic speciesneededto solve this particular reactive problem, a basic
setof SOLUTION _MASTER _SPECIES andof SOLUTION _SPECIES for
water must additionally be de ned in the databasein orderto allow PHREEQC-2
to work properly. The speciesnamedA, B, C1, C2 and C3 by Sunet al. (1999)
wererenamedS_a, S_b, S_c, S_ccand S_ccg respectively. The appropriate erntries
into the database le pht3d _datab.dat for Example 7 are:
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SOLUTIONASTERPECIES
#

# element species alk gfw_formula element _gfw

#
H H+ -1 H 1.008
H1l) H+ -1. 00
E e- 00 00 0.0
o) H20 00 O 16.00

0O(-2) H20 0.0 0.0

Sa Sa 0.0 Sa 1 # dummyinfo
Sb Sb 0.0 Sb 1 # dummyinfo
Sc Sc 0.0 Sc 1 # dummyinfo
Scc Scc 00 Scc 1 # dummyinfo
Sccc Sccec 0.0 Sccc 1 # dummyinfo

SOLUTIOSPECIES
H+ = H+
log _k 0.000

log _k 0.000
H20= H20
log .k 0.000
Sa = Sa
log k 0.0
Sbh =Shb
log k 0.0
Sc = Sc
log .k 0.0
Scc = Scc
log k 0.0
Sccec = Scce
log k 0.0
H20= OH- + H+
log _k -14.000
2 H20= 02+ 4 H++ 4 e-
log k -86.08
2 H++ 2 e- = H2
log k -3.15
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RATES

Sa

-start

10 mSa = tot("S _a")

20 if (mSa <= 0) then goto 200
30 rate = parm(l) * mSa

40 moles = rate * time

200 SAVEmoles

-end

Sb -start

10 mSb = tot("S _b")

20 if (mSb <= 0) then goto 200
30 rate = parm(1) * mSb

40 moles = rate * time

200 SAVEmoles

-end

Sc

-start

10 mSc = tot("S ")

20 if (mSc <= 0) then goto 200
30 rate = parm(1) * mSc

40 moles = rate * time

200 SAVEmoles

-end

Scc

-start

10 mScc = tot("S _cc"

20 if (mScc <= 0) then goto 200
30 rate = parm(1) * mScc

40 moles = rate * time

200 SAVEmoles

-end
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S.ccc

-start

10 mSccc = tot("S _ccc")

20 if (mSccc <= 0) then goto 200
30 rate = parm(1) * mSccc

40 moles = rate * time

200 SAVEmoles

-end

END

4.7.4 Data input for the PHREEQC interface package le As dis-
cussedabove, the input of the reaction rate constarts and the information about
the reaction stoichiometriesneedto be de ned in the le pht3d ph.dat . The ap-
propriate valuesgiven by Sunet al. (1999)arelisted in Table4.18. Data input for
ead kinetic speciesrequiresthree linesin pht3d ph.dat . The rst line cortains
the nameand the number of parametersthat are usedin the RATES expression.
In the presen examplethe only parameterto be de ned hereis parm(1) , the
rst-order rate constart, e.g.,ka = 0.2d ! for the degradationof S_a. The value
of this constart forms the secondline dedicatedto this species.Note, that the
time unit used by PHREEQC-2 is xed to seconds, so the values given
by Sun et al. (1999) must be converted. Alternativ ely, the cornversioncould
be a part of the BASIC routine within the RATES de nition, for example,for
S_a, using a corversionfactor of 1/86400in
Sa
-start
10 mSa = tot("S _a")

20 if (mSa <= 0) then goto 200

30 rate = parm(1)/86400 * mSa

40 moles = rate * time

200 SAVEmoles

-end

would allow the input in pht3d _ph.dat to de ne the rate constarts in d ! rather
than s 1. The third line, starting with -form ula, de nes which speciesare pro-
ducedor removed at a rate proportional to the one computed for this RATES
expression,here S_a. For the rate termed S_a the mother product is S_a itself.
The entry S a -1.0 indicates a stoichiometric factor (yield) of -1.0, which will
leadto a removal of S_a at the magnitude of the computedrate. The secondpart
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of the line, S_b 0.5 indicatesthat S_bis producedat a rate that is 50 % of the
removal rate of S_.a. From the degradedmassof speciesS_b, 30 % is corverted to
speciesS_c, 20 % is corverted to speciesS_cc 10 % is corverted to speciesS_ccc
and the remaining 40 % are degradingto unspeci ed daugher products. The
degradation of the speciesS_c, S_ccand S_cccis not linked to the production of
any newspecies.The completedata erntry for the pht3d ph.dat le in Example
7 is:

212250 10 0 4000
0

2

0

0

0

5000

00

Sal

2.314814E-06

-formula Sa -1.0 Sb 05
Sb 1

1.1574E-06

-formula Sb -1.0 Sc 0.3 Scc 0.2 Sccc 0.1
Sc1l

2.314814E-07

-formula  Sc -1.0

Scc 1

2.314814E-07

-formula Scc -1.0
Scce 1

2.314814E-07

-formula  S.ccc -1.0
pH

pe

4.7.5 Data input for the basic transp ort package le The basictrans-
port le pht3dbtn.dat cortains most of the relevant information to de ne the
transport problem, including the geometry of the problem, boundary conditions
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Table 4.18: Reactionrate constarts and stoichiometric yields usedin Example 7.

Parameter Value
First-order rate constart ks (d 1) 0.2
First-order rate constarnt kg (d 1) 0.1
First-order rate constart ke, (d 1) 0.02
First-order rate constarn k¢, (d 1) 0.02
First-order rate constarn kcs (d 1)  0.02
Stoichiometric yield A! B yg 0.5
Stoichiometric yield B! C1yc: 0.3
Stoichiometric yield B! C2yc, 0.2
Stoichiometric yield B! C3ycs 0.1

and the initial water composition. For the PHT3D simulation sodium pH and
pe wereincluded in addition to the v e reactive species(S.a, Sb, Sc, Sccand
S._ccc). Howewer, the pH and pe results are meaningless.The ' xed pH and pe'
option is usedin the simulations, i.e., RED MOD is setto 2 in orderto warrant
that pH and pe remain stable during the ertire simulation.

Note, that in cortrast to someof the previously discussedone-dimensional
problems, the in o w water composition is not de ned/determined through the
source/sink mixing padkage, but instead through the xed concertration bound-
ary. While in somecaseshe choice of the boundary conditions might not a ect
the results (i.e., the resulting concetration pro les) very strongly, in the preser
casethe choicehasa signi cant in uence.

Example 7

Sunet al. (1999)

1141175

TLM

TTTFFT

0

010 A7. DELR(NCOL)

0 10 A8. DELC(NROW)

010 A9. HTOP(NCOL,NROW)Yp of the first layer
100 1(20G14.0) -1 A10. Thickness of layer 1
01 0 All. Effective porosity of layer 1
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Table 4.19: Aqueousconcerrations usedin Example 7.

Aqueous Cinit
componert
(mol 1,,%)

pH

pe

Sa(rst grid-cell) 0.
S.a (all other grid-cells)

Sb

Sc

Scc

S.ccc

o
[

O O O O O 9O M~ N

100 1(20G14.0) -1 Al2. ICBUNDmatrix of Layer 1
-11111111111111111111
11111111111111111111

1

100 1(20G14.0) -1 Al3.Start. conc. in layer 1 for spec.
001 000000000O0OCOOOOOOOOO
000O0O0O0OOOOOOOOOOOOOOO

0

0 0 0 A13. Start. conc. in layer 1 for spec. # 2Sb
0 0 0 A13. Start. conc. in layer 1 for spec. # 3Sc
0 0 0 A13. sStart. conc. in layer 1 for spec. # 4Scc
0 0 0 A13. Start. conc. in layer 1 for spec. # 5Sccc
0 0 0 A13. Start. conc. in layer 1 for spec. # 6pH
0 0 0 A13. Start. conc. in layer 1 for spec. # 7pe
1E+30 .05

000O0T

1

40

01

T1

40 120 1

# 1Sa
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0 500001 0

4.7.6 Data input for the advection package le The TVD padkagewas
alsousedin this example. Standard parameterswere used,as de ned in the le
pht3dadv.dat . The input for this le is:

-1 .75 5000 0

4.7.7 Data input for the disp ersion package le Sunetal. (1999)chose
a relatively large longitudinal dispersivity of 10 m for their application example.
Dispersiwve transport thus plays a much biggerrole than in the previousexamples.
The data ertries for the dispersionpadkage le pht3ddsp.dat are:

0 10 -1 C1. Longitudinal disp. of layer 1
0 0.1 -1 C2. TRPT=(horiz. transv. disp.) [/ (Longit. disp.)
0 0.1 -1 C3. TRPV=(vert. transv. disp.) / (Longit. disp.)

0 0 -1 C4. effective molecular diffusion coefficient — [L?=T]

4.7.8 Data input for the source/sink mixing package le The water
at the in ow end of the column contains only the mother product, i.e., species
S_a. The other species,i.e, S.a, S b, S_c, S_cc and S_ccg form only downstream
within the column. The inuent water composition is already de ned through
the xed concerttration boundary. Therefore,the water composition de ned and
assignedhrough the pht3dssm.dat le hasessetally noin uence onthe result.

4.7.9 Simulation results The PHT3D simulation results were compared
with the analytical solution of Sunet al. (1999),and numerical solutionscomputed
with PHREEQC-2 and RT3D, respectively. The results for solutions and all 5
speciescoincidevery closely exceptfor the e uen t end of the column, between35
m and 40m, whereslight di erencesoccur for speciesS _c, S_cccand S_ccc There,
the numerical results of the numerical model (PHT3D, RT3D and PHREEQC-2)
deviate slightly from the analytical solution whereasthey still coincidewith eat
other.



4.7. Example7: Kinetic, sequential/paallel degradatiorof multiple species 90
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Figure 4.8: Comparisonof simulated concenrations after 40 days simulation time.
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4.8 Example 8: Kinetic, sequential degradation of chlorinated
hydro carb ons

4.8.1 Intro duction Simulation of transport and reactionsof chemicalsthat
undergo biodegradation might be dealt with at di erent levels of processdetail,
starting with formulations where the reaction kinetics are independert of the
concenrations of other chemicals. One example of sud a formulation is the
previously descriked single-sgeciesbiodegradation model of Example 1. More
complexformulations incorporate the dependencyof the reaction kinetics on the
concernrations of other solutes(Clemert, 1997),explicitly model growth and deca
of bacteria (Prommer et al., 2002) or even take into accourt the pH-dependency
of bacterial growth (Brun and Engesgaard,2001). For the purpose of model
evaluation, two 2D simulation problems preserted by Clemen (1997) were used
to verify kinetic multi-speciesbiodegradationreactions. The rst casemodelsthe
sequemial rst-order degradationof PCE (RT3D reaction module 6), whereasthe
secondcasemodels a Monod-type BTEX degradation that usessequemially a
seriesof electron-acceptorgO,, NO,, Fe¥*, SO7 , CO,). The PCE caseforms
the presen example (Example 8) whereasthe BTEX caseforms Example 9
and will be discussedhereatfter.

4.8.2 Spatial discretisation and o w problem The ow eld underlying
the reactive transport simulation is characterisedby a parallel groundwater ow
within a 10 m thick homogeneousquifer. Following Clemert (1997), the model
domain of 510m length and 310 m width is subdivided into 51 and 31 grid-cells,
respectively. Fixed head boundary conditions were assignedto the inow and
the out o w boundaries. A well with a small ux of 2m d ! is positioned 155m
downstreamof the in uent boundary. It will be usedto inject a speci c PCE mass
per time in order to simulate in a rather simplistic way the contaminant source
(zone). Using a horizonal hydraulic conductivity of 50 m d ! and a porosity of
0.3, the headdi erence of 1 m betweenthe upstream boundary and the e uent
boundary results in a pore velocity of 0.33m d ®. Figure 4.9 shavs the setup
of the model and the relevant parametersneededto build the ow model are
summarisedin Table 4.22.

4.8.3 Data input for the database le The reaction network that de-
scribesthe dedlorination consistsof a decgy chain that includesthe sequetial
degradationstepsfrom PCE (perchloroethylene)to TCE (tric hloroethylene)

C,Cls! C,HCl, (4.8.3.1)
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Table 4.20: Flow and transport parametersusedin Examples8 and 9.

INFLOW BOUNDARY

Flow simulation steady state
Total simulation time (days) 350
Stressperiod 1
Time steps 30
Grid spacing(m) 10 10
Model length (m) 510
Model width (m) 310
Aquifer type con ned
Horizontal hydraulic conductivity (m d 1) 50
Height datum aquifer (bottom) (m) 0
Height datum aquifer (top) (m) 10
Prescribed headin uent boundary (m) 100
Prescribed heade uen t boundary (m) 99
Porosity 0.30
Longitudinal dispersivity (m) 10.0
Transwersal horizortal dispersivity (m) 3.0
510 m
-t '
A
HYDRAULIC HEAD H =100 m
/ HYDRAULIC HEAD H=99 m
CONTA@H,:TION
SOURCE
!
GROUNDWATER FLOW DIRECTION Y

310 m

Figure 4.9: Model grid and location of the contaminant source
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from TCE to DCE (dichloroethylene)

C,HCl3! C,H,Cl, (4.8.3.2)
from DCE to VC (vinyl chloride)

C,H,Cl, ! C,H;CI (4.8.3.3)

and from VC to ethylene
CoH3Cl! CyHy (4.8.3.4)

Cl is successigly removed until the nontoxic end product ethylene is formed.
Note, that the intermediate product vinyl chloride is the most hazardouschem-
ical within the decg chain. Following Clemert (1997), eat of the degrada-
tion/dechlorination stepsis modelled as a kinetically cortrolled rst order reac-
tion. For simplicity, the degradation rates are assumedto be independen of
the redak-chemistry of the aquifer. The required reaction de nition within the
database le pht3d _datab.dat is very similar to the previouscaseExample 7.
The ertries for this le are:

SOLUTIONASTERPECIES
#

# element species alk gfw_formula element _gfw

#
H H+ -1. H 1.008
H1l) H+ -1 00
E e- 00 00 00
o) H20 00 O 16.00

0(0) 02 00 O

O(-2) H20 0.0 0.0

Na Na+ 0.0 Na 22.9898 Il
Cl Cl- 0.0 CI 35.453

Pce Pce 0.0 Pce 164.0

Tce Tce 0.0 Tce 130.0

Dce Dce 0.0 Dce 100.0

Vc Vc 0.0 Vc 50.0

Ethe Ethe 0.0 Ethe 26.0
SOLUTIOMSPECIES

H+= H+
log _k 0.000
-gamma9.0000 0.0000

e- = e-
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log .k 0.000
H20= H20

log _k 0.000
Na+ = Na+

log .k 0.000
Cl- = Cl-

log _k 0.000
Pce = Pce

log k 0.0
Tce = Tce

log k 0.0
Dce = Dce

log k 0.0
Vc = Vc

log k 0.0
Ethe = Ethe

log k 0.0

H20= OH- + H+
log _k -14.000
delta _h 13.362 kcal
-analytic  -283.971 -0.05069842 13323.0 102.24447 -1119669.0
-gamma3.5000 0.0000
2 H20= 02+ 4 H++ 4 e-
log _k -86.08
delta _h 134.79 kcal
2 H++ 2 e- = H2
log k -3.15
delta _h -1.759 kcal
Na++ H20= NaOH+ H+
log -k -14.180
RATES
Pce
-start
10 mPce= tot("Pce")
20 if (mPce 1le-10) then goto 200

30 rate = parm(1) * mPce
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40 moles = rate * time

200 SAVEmoles

-end

Tce

-start

10 mTce= tot("Tce")

20 if (mTce 1e-10) then goto 200
30 rate = parm(1) * mTce

40 moles = rate * time

200 SAVEmoles

-end

Dce

-start

10 mDce= tot("Dce")

20 if (mDce 1le-10) then goto 200
30 rate = parm(1) * mDce

40 moles = rate * time

200 SAVEmoles

-end

Ve

-start

10 mVc= tot("Vc")

20 if (mVc 1le-10) then goto 200
30 rate = parm(1) * mVc

40 moles = rate * time

200 SAVEmoles

-end

Ethe

-start

10 mEthe = tot("Ethe")

20 if (mEthe  1e-10) then goto 200
30 rate = parm(1l) * mEthe

40 moles = rate * time

200 SAVEmoles

-end

END

The rst order rate constarts for the kinetic speciesare represeted through the
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parameter(s) (parm(1) ). Thus, the appropriate values,i.e., rate constarts, can
and needto be de ned in the pht3d _ph.dat le.

4.8.4 Data input for the PHREEQC interface package le The four
chlorinated compounds (PCE, TCE, DCE, VC), ethylene, Na and CI form the
reaction network that is de ned in the PHREEQC-2 interface padkage le. The
reaction constarts, i.e., the rst order rate constaris are also de ned within the
pht3d _ph.dat le. The entries for this le are:

212250 1E-10 0.001 4000

0

4

0

00

0

4000

00

Pce 1

5.787037E-08

-formula  Pce -1.0 Tce 1.0 CI- 1.0
Tce 1

3.472222E-08

-formula  Tce -1.0 Dce 1.0 CI- 1.0
Dce 1

2.314815E-08

-formula Dce -1.0 Vc 1.0 CI- 1.0
Ve 1

1.157407E-08

-formula  Vc -1.0 Ethe 1.0 CI- 1.0
Cl

Na

pH

pe

As discusseckarlier, PHREEQC-2 expectsseconds astime unit and the con-
stants given by Clemen (1997)require an appropriate corversion. As the unit for
massin PHT3D consisterly is mol, the stoichiometric coe cien ts di er aswell
from thosegiven by Clemert (1997). Using mol asmassunit, the transformation
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of one PCE moleculeresultsin the production of one moleculeof TCE, addsone
Cl ion to and removes one hydrogen (H™) from the aqueoussolution. Apart
from the changesin Cl concerration the reaction network usedin this exam-
ple neglectsthe hydrochemical interactions betweenthe dedlorination reactions
and the badkground chemistry, including the removal of hydrogen. Therefore,the
'xed pH and pe' option is usedto warrant a numerically stable simulation, i.e.,
RED MOD is setto 2 in the above listed input le.

4.8.5 Data input for the basic transp ort package le The construc-
tion of the basictransport padcage le pht3dbtn.dat doesnot di er signi cantly
from the previously described examplesand is not discussedn much detail here.
The ertries for this le are:

Example 8

PCE->TCE->DCE->Vater Clement (1997)

13151186

TLM

TTTFEFFT

0

0 10(20G14.0) -1 A7. DELR(NCOL)

0 10(20G14.0) -1 A8. DELC(NROW)

0 10(20G14.0) -1 A9. HTOP(NCOL,NROW)Yp of the first layer
0 10(20G14.0) -1 A10. Thickn. of layer 1

0 0.3(20G14.0) -1 A11. Effective porosity of layer 1
100 1(2013) -1 Al2. ICBUNDmatrix of Layer 1
-11111111111111111111
11111111111111111111
11111111111
-11111111111111111111

111111 ..

for all 31 rows ...

-11111111111111111111
11111111111111111111
11111111111

0 0 0 A13. Start. conc. in layer 1 for spec. # 1Pce
0 0 0 A13. Start. conc. in layer 1 for spec. # 2Tce
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0 0 0 A13. Start. conc. in layer 1 for spec. # 3Dce

0 0 0 A13. Start. conc. in layer 1 for spec. # 4Vc

0 0.001 -1 Al13. Start. conc. in layer 1 for spec. # 5CI
0 0.001 -1 A13. Start. conc. in layer 1 for spec. # 6Na
0 0 0 A13. Start. conc. in layer 1 for spec. # 7pH

0 0 0 A13. Start. conc. in layer 1 for spec. # 8pe
1E+30 .05

000O0T

56

0 20 40 60 80 100 120 140

160 180 200 220 240 260 280 300

320 340 360 380 400 420 440 460

480 500 520 540 560 580 600 620

640 660 680 700 720 740 760 780

800 820 840 860 880 900 920 940

960 980 1000 1020 1040 1060 1080 1100

01

T1

1100 55 1

0 500001 O

The important PHT3D speci c information are the T (logical) ag which
activates/includes the PHREEQC-2 interface and reactionsin a simulation, the
de nition of NCOMP , i.e., the total number of chemical ertities (in MT3DMS
always termed species) of MCOMP , the number of ertities that require hydro-
logical transport (advection and dispersion) and of the initial concenrations for
all NCOMP ertities.

4.8.6 Data input for the advection package le The TVD stemeis
usedfor the simulation of advective transport in this exampleand the input for
the pht3dadv.dat le might have the following ertries:

-1 .75 5000 0

Detailed information regardingthe meaningof thoseenries/parametersshould
be obtained from the original MT3DMS manual.
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4.8.7 Data input for the dispersion package le The longitudinal and
transversal dispersivities of 10 m and 3 m, respectively, are ertered through the
le pht3ddsp.dat , which consequetly hasthe following entries:

0 10(20G14.0) -1 C1. Longitudinal dispersivity of layer 1
0 0.3(1G14.0) -1 C2. TRPT=(horiz. transv. disp.) [/ (Long. disp.)
0 0.3(1G14.0) -1 C3. TRPV=(vert. transv. disp.) / (Long. disp.)
0 0(1G14.0) -1 C4. eff. molec. diffusion  coeff. [L2=T]

Note, that the transversaldispersivitiesare de ned relative to the longitudinal
dispersivity, i.e., in the presen casethrough the factor 0.3.

4.8.8 Data input for the source/sink mixing package le The concen-
trations of external uxes to the model domain, e.g, through wells and recharge,
needto be de ned in the le pht3dssm.dat . In the presen example,the con-
taminant sourceis simulated through a well with a ux of 2 m d 1. Howewer,
only the PCE concertration is 0. The input for source/sink mixing padage le
becomes:

TFFFFF

2063

1

116 16 0 2 .006031 0 0 00 0 0 O

4.8.9 Simulation results The injection of PCE leadsto the formation of a
considerableplume of dissolved PCE which, asaresult, readhesa steadystate size
beforethe end of the simulation time. Plumesof TCE, DCE and VC form asa
result of the sequetial dedlorination reaction. The PCE concertration are high-
est at the point sourcewhereasthe concetration of the daughter products peak
downstream of the contamination sourcezone. The PHT3D results are compared
with thoseobtained from a RT3D simulation asdescrikedin Clemert (1997). Fig-
ure 4.10showvsthe concertration cortours after three yearssimulation time for the
mother product PCE and for VC, one of the transformation intermediates. Both
solutionsagreewell consideringthe di erent solution techniquesfor the chemistry
step being usedby PHT3D/PHREEQC-2 and RT3D, respectively.
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Figure 4.10: Simulated PCE and VC concetrations after 3 years (PHT3D =

dashedlines, RT3D = solid lines)
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4.9 Example 9: Kinetic degradation of BTEX using multiple
electron acceptors

4.9.1 Intro duction A secondmodel comparisonwith the RT3D model
forms the here-descriled Example 9. The caseis basedon the sameprinciple
model setup asthe previouscase.Howewer, the simulated contamination scenario
now involvesthe degradation of BTEX-t ype hydrocarbons under sequetial con-
sumption of electron acceptors. The reaction network of this caseforms reaction
module 3 in the RT3D model by Clemen (1997). The model considersa rate-
dependencyon electrondonor and electronacceptorconcetrations. It is assumed
that all hydrocarbon compounds have similar physical and chemical properties,
which implies, e.g., that all compounds (bio)degradeat the samerate. Basedon
(2.1.1), the transport equationfor the hydrocarbon compound is

@gm = @C@J Djk%?j) @C@j(vj Chc) + rreac;hc (4-9-1-1)
where Cy,. is the hydrocarbon concerration. The reaction rate in (4.9.1.1),i.e.,
(rreachc) consistsof the sum of seweral degradation terms, ead represeting a
degradationprocessassaiated with a particular electronacceptor:

Mreachc = Fo, ¥ Tyo, * TFe2r * Isoz * TcHy (4.9.1.2)

whererg,, 'No,» FFer s o2 and rcy, represen the cortributions from aerobic
degradation,denitri cation, iron reduction, sulfate reduction and methanogenesis,
respectively. For example,the term for hydrocarbon degradation under aerobic

conditionsiis:
Co,

Ko, + Co,
whereko, is a rate constart, Co, is the concertration of oxygenand Ko, is the
half-saturation constart for oxygen. As long as oxygen is presen, degradation
involving other electronacceptorsis typically inhibited and consequetty all other
terms in 4.9.1.2 should be negligible. The rate expressionsfor less favourable
electron acceptorsthus needto cortain additional terms that guarartee that the
computed rates for those degradation processesdo not dier signi cantly from
0 while a degradation processinvolving a more favourable electron acceptor is
ongoing. For example, hydrocarbon degradation due to denitri cation in the
(occasional) presenceof oxygen is then modelled as (Clement, 1997;Lu et al.,
1999):

ro, = Ko,Cne (4.9.1.3)

Kinh:o » Cno,
Kinho . + Co, Kyo, * Cyo,

fno, = Kno, Che (4.9.1.4)
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whereky 0, is the rate constart for denitri cation and K .o , iIsaninhibition con-
stant for oxygen. For the other, thermodynamically even lessfavourable degrada-
tion processesnodi ed forms of 4.9.1.4exist. They include additional inhibition
terms, one for eady more favourable electron accepting process,i.e., the rate of
hydrocarbon removal resulting iron reduction is computed from
Kinh:o » K inh;N O, Cr €3
Kinho, + Co, Kinnn o, * Cno, Krer + Creg

MFe2+ = kFe; Che (4915)

the appropriate removal rate resulting from sulfate reduction is

Kinno , Kinnn o,
Kinno, + Co, Kinnn o, + Cno,

rsoz = Ksoz Che

Kinh;p e33+ Cso2

4.9.1.6
Kinn e + Cresr Kgpz + Cgp2 ( )

Finally, the hydrocarbon removal rate resulting from methanogenesiss

Kinh:o Kinhn o,
Kinh;02 + COz Kinh;N O, + CNO3

rew, =  Kehy, Che

Kinhe e Kinhs 02 Cco,

(4.9.1.7)
Kinh;F e+ T CFe3+ Kinh;S oj + Csof1 KCH4 + CCOZ

where Cg g+ , Csoi Cco, and Ccy, arethe concetrations of iron(I11), sulphate,
carbondioxide and methane, respectively, kg g3+, ksoj and kcy, are rate con-
stants for iron reduction, sulphate reduction and methanogenesisyespectively,
Kges, Ksoi and K¢y, are the half saturation constart for iron(l11), sulfate
and methane, respectively, and K. o, » Kinnr e+, and K. o2 are inhibition
constarts for nitrate, iron and sulphate, respectively. Note, that the concertra-
tions of Fe** and CO, are not directly tracked in the model but rather computed
indirectly under the assumptionsthat

CFe3+ = CFeﬁ;’ax C|:92+ (4918)
and

Cc02 = CCH4;max CCH4 (4919)
where C. 2- o, and Cch,,,,, are userde ned valuesrepreseting the site-speci c

aquifer capacity for iron reduction and methanogenesisFull details on the reac-
tion module and the description of a eld-scale application for the module can be
found in Lu et al. (1999).

4.9.2 Spatial discretisation and o w problem The modeldiscretisation
and the ow in this exampleare similar to the previous case(Example 8) and
are not repeatedhere.
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49.3 Data input for the database le The reaction network of the
RT3D reaction module 3 was translated into a PHREEQC-2 database le, i.e.,
new species/commnerts werede ned, whereneeded,and rate expressiongormu-
lated as BASIC programs. The reaction network in the RT3D module includes
one organic compound and Vv e inorganic species. Three of the inorganic species
are electron acceptors(O,, NO;, SO7 ) and two are degradationend products,
i.e., the reducedforms of electronacceptors(F €#*, CH,). For the simulation with
PHT3D, kinetic rate expressionsvereformulated only for the v einorganicspecies
whereasno rate formulation is neededfor the hydrocarbon speciesHy _carb.
In the chosenmodel formulation the kinetically cortrolled (reactive) changesof
the hydrocarbon concertration result from the superposition of the concertration
changesthat result from the stoichiometric linking of the hydrocarbon removal to
electron acceptor consumption, as de ned in pht3d _ph.dat . The database le
pht3d datab.dat for Example 9 is:

SOLUTIOMMASTERPECIES
#

# element species alk gfw_formula element_gfw

#
H H+ 1. H 1.008
H(1) H+ 1. 00
E e- 0.0 0.0 0.0
o) H20 00 O 16.00
Na Na+ 0.0 Na 22.9898
cl Cl- 00 Cl 35.453
N NO3- 00 N 14.0067
N(5) NO3- 00 N
S SO4-2 0.0 SO4 32.064
S(6) S04-2 0.0 SO4
Fe Fe+2 0.0 Fe 55.847

Fe(+2) Fe+2 0.0 Fe
Hycarb Hycarb 0.0 Hycarb 92.

Meth Meth 0.0 Meth 16.
SOLUTIOISPECIES

H+= H+
log .k 0.000
-gamma9.0000 0.0000
e- = e-
log .k 0.000

H20= H20
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log .k 0.000
Na+ = Na+
log _k 0.000
Cl- = Cl-
log .k 0.000
Fe+2 = Fe+2
log _k 0.000
-gamma6.0000 0.0000
S0O4-2 = SO4-2
log _k 0.000
-gamma5.0000 -0.0400
NO3- = NO3-
log .k 0.000
-gamma3.0000 0.0000
Hy.carb = Hycarb
log k 0.0
Meth = Meth
log k 0.0
H20= OH- + H+
log _k -14.000
delta _h 13.362 kcal
-analytic  -283.971 -0.05069842 13323.0 102.24447 -1119669.0
-gamma3.5000 0.0000
2 H20= 02+ 4 H++ 4 e-
log _k -86.08
delta _h 134.79 kcal
2 H++ 2 e- = H2
log k -3.15
delta _h -1.759 kcal
Na++ H20= NaOH+ H+
log -k -14.180

RATES

#H

T

# Oxygen
# Y.O2/HC= (9 * 32) / 92 = 3.14 (mg/mQ)

# (using mol. weight of toluene)
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# C7H8+ 9 02+ 3 H20= 7 HCO3-+ 7 H+
# -> Y_.O2/HC= 9 (mol/mol)

#

™

0(0)

-start

10 mHycarb = tot("Hy _carb")

20 mO2= mol("02")

30 if (mHycarb 1e-08) then goto 200

40 if (mO2 1e-08) then goto 200

90 monodox = mO2 (0.5/1000/32 + mO2)

120 rate = parm(1) * 86400 * mHycarb * monodox
180 moles = rate * time

200 SAVEmoles

-end

#

T

# Nitrate

# Y.NO3/HC= (7.2 * 62) / 92 = 4.90 (mg/mg)

# (using mol. weight of toluene)

# C7H8+ 7.2 NO3-+ 0.2 H+=7 HCO3-+ 3.6 N2+ 0.6 H20
# -> YNO3/HC= 7.2 (mol/mol)

#

™

N(5)

-start

10 mHycarb = tot("Hy _carb")

20 mO2= mol("02")

30 mNO3= tot("N(5)")

40 if (mHycarb 1le-08) then goto 200

50 if (mMNO3 1e-08) then goto 200

90 inhib _ox = 0.001/1000/32/ (0.001/1000/32 + mO?2)
100 monodno3 = mNO3 (0.5/1000/62 + mNO3)
120 rate = parm(1) / 86400 * mHycarb * inhib _ox
130 rate = rate * monodno3

180 moles = rate * time

200 SAVEmoles

-end

#

™

# Fe(2)




4.9. Example9: Kinetic degradatiorof BTEX usingmultiple electronacceptos106

# Y_Fe/HC = (36*55.847) / 92 = 21.80 (mg/mg)

# (using mol. weight of toluene)

# C7H8+ 36 Fe+3 + 21 H20= 7 HCO3-+ 36 Fe+2 + 43 H+
# -> Y_Fe/HC = 36 (mol/mol)

#

™

Fe(2)

-start

5 mFE3max = 25/1000/55.847

10 mHycarb = tot("Hy _carb")

20 mO2= mol("02")

30 mNO3= tot("N(5)")

40 mSO4= tot("S(6)")

50 mFE2= tot("Fe(2)")

60 mMFE3= mFE3max- mFE2

70 if (mHycarb 1e-08) then goto 200

80 if (mFE3 1e-08) then goto 200

90 inhib _ox = 0.001/1000/32 / (0.001/1000/32 + mO2)
100 inhib _no3 = 0.001/1000/62 / (0.001/1000/62 + mNO3)
110 monodfe3 = mFE3/ (0.5/1000/55.847 + mFE3)
120 rate parm(1) / 86400 * mHycarb * inhib _ox

130 rate = rate * inhib _no3 * monodfe3
180 moles = rate * time
200 SAVEmoles

-end

#

™

# Sulfate # Y_.SO4/HC= (4.5 * 96) / 92 (mg/mg)

# (using mol. weight of toluene)
# C7H8+ 4.5 S04-2+ 3 H20+ 2 H+= 7 HCO3-+4.5 HS-
# -> Y_SO4/HC= 4.5 (mol/mol)

#

S(6)

-start

5 mFE3max = 25/55.847/1000
10 mHycarb = tot("Hy _carb")
20 mO2= mol("02")

30 mNO3= tot("N(5)")

40 mFE2= tot("Fe(2)")
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50 mSO4 tot("S(6)")

60 mFE3= mFE3max- mFE2

70 if (mHycarb 1e-08) then goto 200

80 if (MSO4 1e-08) then goto 200

90 inhib _ox = 0.001/1000/32 / (0.001/1000/32 + mO2)

100 inhib _no3 = 0.001/1000/62 / (0.001/1000/62 + mNO3)

110 inhib _fe3 = 0.001/1000/55.847 / (0.001/1000/55.847 + mFE3)
120 monodso4 = mSO4 (0.5/1000/96 + mSO4)

130 rate = parm(1) / 86400 * mHycarb * inhib _ox

140 rate
150 rate

rate * inhib _no3 * inhib _fe3

rate * monodso4

170 moles = rate * time
200 SAVEmoles

-end

++

Methane
Y_Meth/HC (4.5 * 16) / 92 = 0.78 (mg/mgQ)

C7H8+ 7.5 H20= 2.5 HCO3-+ 2.5 H+4.5CH4

#

#

# (using mol. weight of toluene)
#

# -> Y_Meth/HC = - 4.5 (mol/mol)

#

Meth

-start

1 mMethmax = 30/16/1000

5 mFE3max = 25/55.847/1000

10 mHycarb = tot("Hy _carb")

15 mO2= mol("02")

20 mNO3= tot("N(5)")

25 mSO4= tot("S(6)")

30 mFE2= tot("Fe(2)")

40 mMETH tot("Meth")

50 mCO2 mMethmax- mMETH

60 mFE3= mFE3max- mFE2

70 if (mHycarb 1e-08) then goto 200

80 if (MMETH 1e-08) then goto 200

90 inhib _ox = 0.001/1000/32 / (0.001/1000/32 + mO2)
100 inhib _no3 = 0.001/1000/62 / (0.00 1/1000/62 + mMmNO3)
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110 inhib _fe3

0.001/1000/55.847/  (0.001/1000/55.847 + mFES3)
120 inhib _so4 = 0.001/1000/96 / (0.001/1000/96 + mSO4)

130 monodco2 = mCO2 (0.5/1000/16 + mCOZ2)

140 rate = parm(l) / 86400 * mHycarb * inhib _ox

150 rate = rate * inhib _no3 * inhib _fe3

160 rate = rate * inhib _so4 * monodco2
180 moles = rate * time

200 SAVEmoles

-end

END

Note, as the main purposeof this exampleis the PHT3D model evaluation,
the above rate expressionsinclude many hard-coded reaction parameters suth
as half saturation and inhibition constarts as given in Clemert (1997). They
might be unsuitable for other site-speci ¢ applications. Modi cations of those
parameterscan be done either directly in the database le or, alternatively, and
moreelegartly, the valuescanbereplacedby parm(2) , parm(3) , etcand de ned
separatelyin pht3d ph.dat (seealsoExample 1). For demonstration purposes
the necessarycorversionsof parameter valuesdue to di erent units (mg | ! vs.
mol 1,!) are explicitly included in the individual rate expressions. The time
unit usedfor the de nition of reaction constarts in pht3d _ph.dat is days, as
in Clemert (1997). Howewer, a corversionto seconds is included as part of the
RATES de nition in the pht3d _datab.dat le.

4.9.4 Data input for the PHREEQC interface package le As men-
tioned above, the PHREEQC-2 interface padage le for the presen example
holds the reaction parametersand the information that determinesthe reaction
stoichiometry, i.e, the factors at which species/commnerts are destroyed or pro-
duced relative to the computed rate as de ned in the RATES section of the
pht3d _datab.dat le. The correct stoichiometry can be extracted from the bal-
ancedmineralisation reactions. For toluene, which is usedby Clemert (1997) as
a represetative compound for the BTEX mixture, this is in the caseof aerobic
conditions

C/Hg+ 45507 + 3H,0+ 2H* ! 7HCO, + 45HS (4.9.4.1)
for denitrifying conditions

C/Hg+ 72NO; + 0:2H" ! 7HCO; + 3:6N, + 0:6H,0 (4.9.4.2)
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for iron-reducing conditions
C/Hg+ Fe¥ + 21H,0! 7HCO, + 36F&** + 43H* (4.9.4.3)
for sulphate-reducingconditions
C/Hg+ 45507 + 3H,0+ 2H* ! 7HCO, + 45HS (4.9.4.4)
and for methanogenicconditions
C;Hg+ 7:5H,0! 25HCO; + 25H" + 45CH, (4.9.4.5)

As can be seen,for examplefrom reaction (4.9.4.4), the removal of one mol
of toluene consumes4.5 mol of sulphate. Theseand the other appropriate values
needto beincorporatedinto the pht3d ph.dat le. The completeentries for this
le are

212250 1E-10 0.001 4000

0

5

0

00

0

5000

00

0(0) 1

1

-formula 02-9.0 Hycarb -1.0
N(5)

1

.008

-formula NO3--7.2 Hycarb -1.0
Fe(2)

1

.0005

-formula Fe+2 36.0 Hycarb -1.0
S(6)

1

.00025

-formula S0O4-2-4.5 Hycarb -1.0
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Meth 1

.0001

-formula  Meth 4.5 Hycarb -1.0
Cl

Na

Hy.carb

pH

pe

Sadium (Na) and chloride (CI) were only included to simultaneously (and
optionally) track the fate of non-reactive species/commnerts.

4.9.5 Data input for the basic transp ort package le The basictrans-
port padkage le pht3dbtn.dat for this exampleis very similar to the appropriate
le for Example 8. The main di erence is the di erent number of componerts,
their di erent initial concerrations and the di erent temporal discretisation. The
initial molar concertrations are listed in Table 4.21,

Table 4.21: Aqueousconcerrations usedin Example 9.

Aqueous Cinit Cuwell
componert

(mol 1,,1) (mol 1,,)
pH 7.0 n.a.
pe 14.0 n.a.
Hy_carb 0.0 1:087 10 2
0(0) 25 104 0:0
N(5) 3.226 10 * 0:0
Fe(2) 0.0 0:0
S(6) 1.041 10°* 0:0
Meth 0.0 0:0
Na 1.0 10° 1.0 10°3
Cl 1.0 10°3 1.0 10°3

The ertries for the basictransport padkage le are:

Example 9
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Kinetically =~ controlled BTEXconcentration after Clement (1997)
131511108

TLM

TTTFFT

0

0 10(20G14.0) -1 A7. DELR(NCOL)

0 10(20G14.0) -1 A8. DELC(NROW)

0 10(20G14.0) -1 A9. HTOP(NCOL,NROW)p of the first layer
0 10(20G14.0) -1 A10. Thickn. of layer 1

0 0.3(20G14.0) -1 All. Effective porosity of layer 1

100 1(2013) -1 A12. ICBUNDmatrix of Layer 1
-11111111111111111111
11111111111111111111
11111111111
-11111111111111111111

111111 ..

for all 31 rows ...

-11111111111111111111
11111111111111111111

11111111111

0 .00025 0 A13. Start. conc. in layer 1 for spec. # 10(0)
0 3.226E-04 0 Al3. Start. conc. in layer 1 for spec. # 2N(5)
0 0 0 A13. Start. conc. in layer 1 for spec. # 3Fe(2)

0 .0001041 0 A13. Start. conc. in layer 1 for spec. # 4S(6)
0 0 0 A13. Start. conc. in layer 1 for spec. # 5Meth

0 0.001 0 Al13. Start. conc. in layer 1 for spec. # 6Na

0 0.001 0 A13. Start. conc. in layer 1 for spec. # 7Cl

0 0 0 A13. Start. conc. in layer 1 for spec. # 8Hycarb

0 7 0 A13. Start. conc. in layer 1 for spec. # 9pH

0 14 0 A13. Start. conc. in layer 1 for spec. #10pe
1E+30.05

000O0T

41

0 10 20 30 40 50 60 70

80 90 100 110 120 130 140 150
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160 170 180 190 200 210 220 230
240 250 260 270 280 290 300 310
320 330 340 350 360 370 380 390
400

01

T1

400 40 1

0 500001 0

49.6 Data input for the advection package le The input for the
advection padageis similar to the input for Example 8.

4.9.7 Data input for the dispersion package le The input for the
dispersionpadkageis similar to the input for Example 8.

4.9.8 Data input for the source/sink mixing package le Like in
Example 8, the cortamination sourcezoneis simulated via injection of the con-
taminant, i.e., toluene. Concerrations of other species/commnerts are setto 0
(seeTable 4.21). The ertries for the sourcesink/mixing le pht3dssm.dat are:

TFFFFF
2063
11616020000 0 .002 .002 .0108696 0 O

4.9.9 Simulation results The injection, transport and degradationof the
hydrocarbon cortaminant successiely consumeshe electron acceptorsnear and
downstream of the hypothetical sourcezone. As a result of the model approadh
usedin the simulation, they are consumedin the pre-de ned order, i.e., redo
sequence. The simulation results of PHT3D and RT3D were comparedfor a
simulation time of oneyear. The cortour plots showvn in Fig. 4.11for hydrocarbon,
oxygen, and nitrate concertrations compareextremely well, however, someslight
di erences exist for F e**.
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Figure 4.11: Comparisonof concerration cortours betweenPHT3D (dashedlines)
and RT3D (solid lines) simulations for hydrocarbon (toluene, 1, 5, 10, 20 and 30
mg| 1), oxygen(0.5,2and3.5mg! 1), nitrate (1, 4and 16 mg| *) anddissohed
iron(l1) (2, 8and 32mg | 1) concerrations after one year simulation time.
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4.10 Example 10: Dissolution, degradation and geochemical response

4.10.1 Intro duction This is a secondscenario-ype exampledealing with
the degradationof BTEX compounds. It demonstratesa di erent, more geahem-
ically basedapproad to simulate the biodegradationof oxidisable compounds. In
cortrast to the previouscase(Example 9), wherethe primary biodegradationre-
actionsweremodelled assingleoxidation-reduction reactionswith a xed reaction
stoichiometry, here, a so-calledtwo-step processmodelling approad is employed
(Brun and Engesgaard2001). The approad follows the argumertation of Postma
and Jakobsen(1996) who point out, that if the rst step of a reda reaction, the
oxidation step,is the rate-limiting step,the secondglectron-acceptingtep,canbe
viewed and modelled as a reversible equilibrium reaction. Given this assumption,
kinetic biodegradationreactionsof oxidisable organic substancesan be modelled
without pre-de ning the redax sequencej.e., the sequenceof electron acceptor
consumption. Instead, the reduction reaction is simply modelled through the ad-
dition of organiccompounds(e.g.,C;Hg, Toluene)asirreversiblereaction to/with
the inorganic badkground water (Prommer et al., 1999a). The progressing kinet-
ically cortrolled biodegradationreaction converts successigly the organic carbon
to inorganic carbon and consumesthereby the oxidation capacity provided by
aqueousand mineral form electron acceptors.

In the presert example,a point sourcepollution is assumedo be createdthrough
the dissolution of benzeneand toluene from a non aqueousphaseliquid (NAPL)

sourcezoneinto the uncortaminated passinggroundwater. In the aqueousphase,
benzeneand toluene undergo advective-dispersive transport and biodegradation.
Apart from the mineralisation reaction of the organic compounds, further geo-

Fixed head and fixed concentration boundary

Zone with kf2 = 0.4 kfl
Zone with kf3 = 0.2 kfl Fixed Head Boundary

— NAPL source zone

Figure 4.12:Model grid, boundary conditions, hydraulic conductivity zonation
and location of contaminant sourceusedin Example 10



4.10. ExamplelO: Dissolution,degradatiorand geachemicalrespnse 115

chemical changes,e.g., the precipitation of minerals, will occur in responseto
the primary biodegradationreaction. The badkground water composition in this
simulation exampleis basedon a water samplefrom a shallov sand aquifer in
Perth/W estern Australia (B. Patterson, pers. communication). Howeer, the
originally anaerobicbadkground water composition was, equilibrated with oxy-
gen.

4.10.2 Spatial discretisation and o w problem The modeldomaincon-
sistsof anidealised,heterogeneousincon ned aquifer of 200m length, 50 m width
and 10 m thickness. It is discretisedinto 40 columns, 20 rows and 1 layer using
equally sizedgrid-cells. The groundwater ow is driven by a headdi erence of 2
m betweenthe in uent and the e uen t model boundary. A non-uniform ow eld
results from the zonal conductivity distribution that is depicted in Figure 4.12.
The parametersusedfor the ow simulation are summarisedin Table 4.22 while
Figure 4.13 shows head cortours and streamlinesof the simulated ow eld.

4.10.3 Data input for the database le The reaction network of this
caseincludes, as mobile aqueouscomponerts, all major anions and cations (see
Table 4.23), benzeneand toluene. As discussedfor previous examples,only the
two organic compoundswill needto be treated as kinetic specieswhile all other
agueouscomplexation reactions are equilibrium reactions. Benzeneand toluene
are additionally included as kinetic immobile NAPL compounds.

Finally, calcite, goethite and pyrite are included. For simplicity these miner-
als are in the present assumedto be in equilibrium with the aqueousphase,an
assumptionthat doesnot always hold in reality. The details of the inclusion of
equilibrium-basedaqueouscomponerts into the database le hasbeendiscussed
previously for other examplesand is not repeatedhere. Howeer, the formulation
usedfor the kinetically cortrolled processewill be discussed.Among the many
possibilities for rate expressionghat descrike kinetically corntrolled biodegrada-

Figure 4.13: Head contours and streamlinesof the hereogeneousow eld.
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Table 4.22: Flow and transport parametersusedin Example 10.

Flow simulation steady state
Total simulation time (days) 500
Stressperiod 1
Time steps 50
Grid spacing(m) 5 25
Model length (m) 200
Model width (m) 50
Aquifer type uncon ned
Horizorntal hydraulic conductivity kf1,kf2,kf3 (m d 1) 10,4,2
Height datum aquifer (bottom) (m) 0
Height datum aquifer (top) (m) 10
Prescribed headin uent boundary (m) 5
Prescribed head e uen t boundary (m) 3
Porosity 0.30
Longitudinal dispersivity (m) 0.5
Transwersal horizortal dispersivity (m) 0.1

Table 4.23: Concertrations of mobile aqueouscomponerts usedin Example 10.

Aqueous Cinit Agueous Cinit
componert componert

(mol 1,,%) (molesl, 1)
pH 6.77 Fe(2) 1.99 10 %
pe 13.85 Fe(3) 6.97 10
C(4) 952 103 K 463 10*
C(-4) 0.0 Ca 265 10°3
0(0) 500 104 Mg 1.96 10°
N(5) 431 10° K 6.65 10°
N(3) 0.0 Cl 541 10°3
N(0) 0.0 Al 1.27 107
Amm 0.0 Benzene 0.0
S(6) 3.00 103 Toluene 0.0
S(-2) 0.0




4.10. ExamplelO: Dissolution,degradatiorand geachemicalrespnse 117

Table 4.24: Mineral concenrations usedin Example 10.

Mineral Cinit
(mol I, %)
Calcite (CaCO0s») 1.0
Goethite (FeOOH) 1 10°3
Pyrite (FeS) 0.0

tion of oxidisable organic cortaminants (Brun and Engesgaard2001;Barry et al.,
2002),a simple formulation, a rst order reaction, wasusedin this example. For
benzendt wasassumedhat degradationoccursonly under aerobicconditions. As
canbe seenbelow, the rate expressiorfor benzenancludesstatemerts that verify
the oxygen concerration. Oncethe O, concetration dropsbelov 1 10 10 the
computed reaction term will becomezero, even if other electron acceptorswould
be available. The ertries into the database le pht3d _datab.dat describingthe
rates of benzeneand toluene degradationare:

RATES

Benzene

-start

20 mO2= mol("02")

30 mBenz= tot("Benzene")

40 if (mBenz <= 1le-10) then goto 200
# No anaerobic biodegradation for Benzene
50 if (mO2<= 1le-10) then goto 200
60 rate = parm(1)* mBenz

70 moles = rate * time

200 save moles

-end

Toluene

-start

20 mTolu = tot("Toluene")

30 if (mTolu <= 1e-10) then goto 200
40 rate = parm(1)* mTolu

50 moles = rate * time
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200 save moles

-end

In both rate expressionghe rst order rate constart is handled as a variable pa-
rameter parm(1) that needsto be specied in pht3d ph.dat . Dissolution of
NAPLs will occur at grid elemerts where the concettration of individual or all
NAPL compoundsis 0. The masstransfer rate r s, betweenthe immobile NAPL
phaseand the dissoled phaseis modelled as:

rdiSi = ' i(Céa[;mC CI) (4.10.3.1)

where!; (T 1) is a rate-transfer coe cien t approading in nit y for equilibrium
dissolution,C; (M L 3) is the aqueousspeciesconcetration of the i™ organiccom-
poundand Cl ... (ML 3)isthe multicomponert solubility of the i organiccom-
pound. The multicomponert solubility is calculatedaccordingto Raoult% law:
Clatme = Clar 1 M (4.10.3.2)
whereCL, (ML 3) is the single-sgciessolubility, ; is the activity coe cien t of
the i™ organic compound (in the presen model assumedto be unity), and m; is

the mole fraction of the i organic compound. The mole fraction is de ned as:

i
m; = Cn

= S (4.10.3.3)
n

whereC! is the molar concenration of compound i in the NAPL phaseand C°
is the total molar concertration of all organic compoundsin the NAPL phase.
For simplicity the fraction m; was xed to 0:2 for both organiccompoundsin the
presem example. The resulting rate expressionsare:

Benznapl

-start

10 mBenznapl = 1000*tot("Benznapl”)

15 if (mBenznapl <= 1le-10) then goto 200
20 solub _Benz = 0.022820

25 mBenz= tot("Benzene")

50 msolub_Benz = 0.3 * solub _Benz

60 rate = parm(2) * (msolub_Benz - mBenz)

70 moles = rate * time
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200 save moles

-end

Tolunapl

-start

10 mTolunapl = 1000*tot("Tolunapl™)

15 if (mTolunapl <= 1e-10) then goto 200
20 solub _Tolu = 0.005978

25 mTolu = tot("Toluene")

50 msolub_Tolu = 0.3 * solub _Tolu

60 rate = parm(2) * (msolub_Tolu - mTolu)
70 moles = rate * time

200 save moles

-end

Note, that Benzene, Toluene, Benznapl and Tolunapl needto be de ned
asSOLUTION _MASTER SPECIES andasSOLUTION _SPECIES in the
database le asit was previously demonstratedfor other kinetic reactarts, e.g.,
for Species in Example 1.

4.10.4 Data input for the PHREEQC interface package le The in-
terface padkage le cortains, apart from the details that were discussedor previ-
ousexamplesthe essetial information that is neededo simulate the geacchemical
responseto the degradation of the organic compounds within the inorganic hy-
drogeahemistry of the aquifer, i.e., changesin aqueouscomponert and mineral
concertrations.

210250 0 0 4000
0

18

3

00

0

2002

00

Benzene 1

.0000001

-formula Benzene-1.0 C6H61.0

Toluene 1
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.0000002

-formula Toluene -1.0 C7H81.0
C(4)

C(-4)

Ca

Cl

Fe(2)

Fe(3)

Mg

N(3)

N(5)

N(0)

Amm

Na

0(0)

S(-2)

S(6)

pH

pe
Benznapl 2
1
.0000001
-formula Benznapl -0.001 Benzene 1.0
Tolunapl 2
1
.0000001
-formula  Tolunapl -0.001 Toluene 1.0
Calcite
Goethite
Pyrite

The stoichiometric relationship between organic compound removal and the
changesin the inorganic aquifer geachemistry is de ned through the lines (-
form ula Benzene -1.0 C6H6 1.0) and (-form ula Toluene -1.0 C7H8 1.0).
For example,the removal rate of benzene computedaccordingto its de nition in
RATES), is then multiplied with afactor of -1.0 whereasa stoichiometric factor
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of 1.0 appliesfor the rate at which C¢Hg is addedto the agqueoussolution and as
a result consumesoxidation capacity.

4105 Data input for the basic transp ort package le The basic
transport padkage le cornains the initial concerrations which in this caseare
de ned by the hydrogeahemistry of the uncortaminated aquifer and the NAPL
massthat is assumedto be presen at the beginning of the simulation. The ini-
tial concenrations of the aqueouscomponerts ar summarisedin Table 4.23 and
the initial concertrations of the three included minerals are listed in Table 4.24.
The cortamination sourceis de ned through a total of 26 grid cellsat which the
initial concettrations of the componerts (Benznapl ) and (Tolunapl ) are > 0.
The location of thesegrid-cells can be seenin Figure 4.12. The boundary condi-
tions to be usedfor the transport simulations are de ned in this padkage. A xed
conceiftration boundary condition (ICBUND = -1) is usedfor the in uent (up-
stream) boundary, asindicated in Figure 4.12. This meansthat the in o w water
composition is kept constart. This in o w water composition, which is similar to
the initial uncortaminated water composition, was equilibrated with respect to
the mineralsthat are assumedo be preser in the aquifer. The equilibration was
carried out outside of PHT3D through a PHREEQC-2 batch-type simulation.

4.10.6 Data input for the advection package le The HMOC stheme
is usedfor the simulation of advective transport. The ertries for the advection
padkageinput le pht3dadv.dat are:

3 .75 500000 0

3.5

.00001 6 20 100 10 250

1615

.0001

4.10.7 Data input for the dispersion package le A longitudinal dis-
persivity of 0.5m and transversaldispersivitiesof 0.1 m (transversaland horizon-
tal) wereusedin the simulations. The resulting entries for the dispersionpad<age
input le pht3ddsp.dat are:

0 0.5(20G14.0) -1 C1. Longit. disp. of layer 1
0 0.2(1G14.0) -1 C2. TRPT=(horiz. transv. disp.) / (Long. disp.)
0 0.2(1G14.0) -1 C3. TRPV=(vert. transv. disp.) / (Long. disp.)
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Figure 4.14: Simulated benzeneconcenration after 500 days simulation time.

Figure 4.15: Simulated toluene concetration after 500 days simulation time.

0 0(1G14.0) -1 C4. effective molec. diffusion coeff. [L2/T]

4.10.8 Simulation results Like in the previous example (Example 9),
the degradationof the petroleum hydrocarbon compoundscreatesa geahemically
reducedzonewith the most reducing, the methane producing zonein the plume
certre. As can be seenin Figure 4.14, at the end of the 500 day simulation
period dissoled benzeneforms a rather wide plume that hasreathedthe e uen t
end, i.e., the downstreamboundary of the model domain. In cortrast, the toluene
plume (seeFigure 4.15)is much smallerand hasstabilisedin sizewithin the model
domain as a result of both aerobicand anaerobicdegradation (benzenedegrades
only whereoxygen s available).

The partial mineralisation of the organic compounds is accompaniedby the
consumption of oxygen, nitrate, goethite and sulphate which act as electron ac-
ceptors. After the 500days of simulation time, oxygenis depletedin a large area
downstream of the NAPL source(seeFigure 4.16). The extend of the depleted
zoneis smaller in size for the lessthermodynamically favourable aqueouselec-
tron acceptors,e.g., sulphate (Figure 4.18) and goethite (Figure 4.17). Methane
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Figure 4.16: Simulated oxygen concertration after 500 days simulation time.

Figure 4.17: Simulated goethite concertration after 500 days simulation time.

(Figure 4.19) forms at locations where CO, acts as electron acceptors,once all
other more favourable electron acceptorsare depleted. In responseto the miner-
alisation reactions, secondaryreactionsoccur and modify concerrations of other
dissoled species/commnerts and minerals. For example,calcite precipitation or
dissolution acts in the presen exampleasa bu er preverting strong increasesor
decrease®f pH during the mineralisation reactions (Figure 4.20). Accordingly,
the initially homogeneoudlistribution of (dissolved) calcium is also changing in
responseto the biodegradationreactions(Figure 4.21).
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Figure 4.18: Simulated sulphate concertration after 500 days simulation time.

Figure 4.19: Simulated methaneconcenration after 500 days simulation time.

Figure 4.20: Simulated calcite concertration after 500 days simulation time.



4.10. ExamplelO: Dissolution,degradatiorand geachemicalrespnse 125

Figure 4.21: Simulated calcium concenration after 500 days simulation time.
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Further information

5.1 Web resources

Executables,updated versionsof this manual, modelling examplesand other
additional information can be found under http://www.ph t3d.org . Information
on PMWIN, which provides a readily available GUI for PHT3D is available from
http://www.w ebted360.com .

The MT3DMS manual, sourcecode and up-to-date information on MT3DMS
can be obtained from http://www.m t3d.org .

PHREEQC-2 executables,manual, sourcecode and GUI can be downloaded
from http://w ater.usgs.gw/software .

A nice Windows-baseduserinterfacefor PHREEQC-2 waswritten by Vincent
van Post and can be obtained from

http://www/geo.vu.nl/users/p osv/phreeqc.liml

5.2 PHT3D related publications

Seeral publications related to the dewlopmen and application of PHT3D
exist and are listed below:

Prommer, H., Barry, D. A., and Zheng, C. (2002a). MODFLOW/MT3DMS-
basedreactive multi-componert transport modelling. Ground Water, ac-
ceptedfor publication.

Prommer, H., Barry, D. A., and Davis, G. B. (2002b). In uence of transien
groundwater ow on physical and reactive processesluring biodegradation
of a hydrocarbon plume. J. Contam. Hydrol.,59:113{131.

Barry, D. A., Prommer, H., Miller, C., Engesgaard,P., and Zheng, C. (2002).
Modelling the fate of oxidisable organic cortaminants in groundwater. Adv.
Water Res,25:899{937.

Prommer, H., Barry, D. A., and Davis, G. B. (2000). Numerical modelling for
designand evaluation of groundwater remediation schemes. Ecol. Model.,
128(2-3):181{195.

Prommer, H., Barry, D. A., and Davis, G. B. (1999a). A one-dimensional
reactive multicomponert transport model for biodegradation of petroleum
hydrocarbonsin groundwater. Env. Model. Softw, 14(2/3):213{223.
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Prommer, H., Davis, G. B., and Barry, D. A. (1999b). Geachemical changes
during biodegradation of petroleum hydrocarbons: Field investigation and
modelling. Org. Geochem, 30(6):423{435.

Prommer, H., Davis, G. B., and Barry, D. A. (1999c). PHT3D - A three-
dimensionalbiogeahemical transport model for modelling natural and en-
hancedremediation. In Johnston, C., editor, Proc. 1999 Contaminated site

remaliation conferene, Fremantle, Western Australia, 21-25 March 1999
pages351-358.

Prommer, H., Barry, D. A., and Davis, G. B. (1998). The e ect of seasonal
variability on intrinsic biodegradationof a BTEX plume. In Herbert, M.
and Kovar, K., editors, Groundwater quality: remaliation and protection,

pages213{220. Proc. GQ'98 Conf., Tubingen, Germary, 21-25Septenber
1998,IAHS Public. 250.
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