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THESIS ABSTRACT
COUPLING TRANSPORT CODES WITH GEOCHEMICAL MODELS
Anjani Kumar
Master of Science, December 15, 2006
(M.S., Indian Institute of Science, Bangalore (IDR12003)
(B.S., Indian Institute of Technology, Roorkee (IR} 1999)
93 Typed Pages
Directed by T. Prabhakar Clement

Multi-dimensional reactive transport models aredesl for understanding the fate
and transport of the metal contaminants in groutemequifers. The goal of this
research is to develop a framework for couplingNHRTEQ family of geochemical
equilibrium models with the public domain reactiv@nsport code RT3D. In this
research effort, a suite of one-dimensional readti@nsport models were built by
coupling MICROQL, MINEQL and MINTEQAZ2 equilibriumepchemistry modules
with a fully implicit, finite-difference, advectiedispersion solver. The one-dimensional
reactive transport models were tested by solving benchmark problems, which were
identified as a part of this study. These benchrpasblems simulate four distinct
equilibrium-controlled processes that involve iowigange, surface-complexation,
precipitation-dissolution, and redox reactions.e fimodular framework developed for
coupling the one-dimensional codes with the equilib codes was used to implement

the USEPA code MINTEQAZ2 within RT3D to develop afotype model. The
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prototype model was also tested by solving sevkeesichmark problems. Finally, a
scalable numerical model was developed to desthibeeactive transport of arsenic in
MnOy(s) containing soils. The model performance was vadddiy reproducing a set of

column-scale data using scaled parameters obt&imedthe batch experiments.
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CHAPTER ONE

INTRODUCTION AND LITERATURE SURVEY
1.1 BACKGROUND
About 95% percent of the world’s available freshevas stored as groundwatéir peze
and Cherry, 1979] . Currently, groundwater accounts for agpnately twenty one
percent of annual water supply within United Stafg$SGS 2000]. Therefore, the
possibility of contamination of groundwater aquifeby toxic chemicals poses
considerable risk to an important resource. Growatdmnsystems can be contaminated by
several possible sources. These sources includedtss from mine tailings and landfills
that may contain a number of toxic chemical wasld®se toxic wastes may include
heavy metals such as arsenic, cadmium, chromiupperpiron, mercury, molybdenum,
nickel, lead, selenium, uranium and zinc.

The cost of groundwater remediation efforts carebermous. According to an
USDOE estimate, cleanup of hazardous waste sitasgucurrently available
technologies may take over 70 years at an estimatad cost of 300 billion dollars
[Frazier and Johnson, 2005]. Understanding the full range of the phgisend chemical
processes occurring during the contamination ofgiteeindwater environment will help
implement efficient remediation techniques and mime the overall costs. Computer

models that can simulate physical transport pra&sessoupled to the geochemical



processes can play a key role in developing thiderstanding. Since these models
simulate simultaneous transport and reaction oérsd\chemical components, they are
commonly referred to as multi-component reactiasport models. The focus of this
work is to develop a set of new computer codes taat simulate multi-component

reactive transport in porous media.

1.2 EQUILIBRIUM GEOCHEMISTRY MODELS

Geochemical reactions can be mediated by eithestikadly-controlled or equilibrium-
controlled processes. The first part of the thégsto chapter 4) deals exclusively with
equilibrium reactions. Therefore, before describiegctive transport models, the details
of some widely-used equilibrium geochemistry modais reviewed. The modeling of
equilibrium geochemistry of natural waters is alvestablished field. Computer models
for solving equilibrium geochemistry problems thzve been widely used include
WATEQ [Truesdell and Jones, 1974], MICROQL Westall, 1979a; 1979b], MINEQL
[Westall J. C., et al., 1976], MINTEQA2 Rllison, et al., 1990], PHREEQERarkhurst, et
al., 1980], PHREEQCHarkhurst, 1995; , 1999], and EQ3/6 and its derivativéblery,
1992].

WATEQ [Truesdell and Jones, 1974] was one of the first widely used
geochemical equilibrium models. WATEQ uses a simipdeation scheme to solve
agueous speciation problems. While WATEQ cannotli@ip handle heterogeneous
reactions such as precipitation-dissolution, it campute mineral saturation indices.

The model MINEQL was developed by Westall et all976] by modifying
REDEQL McDuff and Morel, 1972]. MINEQL employs a tableau approach thaticed
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the chemical equilibrium problem into a set of moshr equations, that can be solved by
an iterative process. MINEQL uses the Newton-Raphseration scheme that
systematically improves the rate of convergence #&nhdsuperior to the simpler
substitution method employed by WATEQ. MINEQL iss@l more advanced than
WATEQ, since it can handle reactions such as mingrecipitation and dissolution
reaction. MICROQL — |'Vestall, 1979a] is another chemical equilibrium programt b
was written in the Basic language. Also MICROQLcdmputes chemical equilibrium in
aqueous systems without sorbed or solid phaseespddiCROQL — Il Westall, 1979b]
includes additional computation routines for sodviadsorption equilibria in aqueous
systems, using constant capacitance, diffuse layem layer and triple layer adsorption
model.

The chemical speciation model MINTEQAZ2 is a moresaéle, state-of-the-art
equilibrium chemistry program. MINTEQAZ2 is a geonhieal equilibrium speciation
model developed to analyze dilute agueous sysféhesoriginal version of the MINTEQ
[Felmy, et al., 1983] was developed at the Battelle Pacific Noe$t Laboratory (PNL)
by combining the fundamental mathematical strucodir®IINEQL [Westall J. C., et al.,
1976] with a thermodynamic database of the USGSeidfATEQ3 [Ball, et al., 1981].
MINTEQAZ2 is substantially different from the origih MINTEQ code and includes
comprehensive thermodynamic database. MINTEQA2isptemented by PRODEFA2,
an interactive program used for creating the ires. The original PRODEF was also a
product of PNL but it was substantially modifieddevelop PRODEFA2. MINTEQAZ2
can be used to calculate the equilibrium compasitib dilute aqueous solutions in the
laboratory or natural systems. It can be used kultzde the mass distribution between

3



the dissolved, adsorbed, and multiple solid phaseer a variety of conditions that can
include a gas phase maintained at a constant Ippréasure. Compared to MINEQL,
MINTEQAZ2 has a larger thermodynamic database (basetie WATEQ database) and
has many aqueous complexes as well as mineral PhB&ITEQAZ2 also offers a
number of surface complexation models. Another wisedpability is the flexibility of
running with different redox couplesin on or off d&s.
The PHREEQE computer program and its derivativeREPEQC Parkhurst,

1995; , 1999] were developed by the U.S. Geolodgicavey. PHREEQE is written in the
FORTRAN programming language and is designed tdopara variety of aqueous
geochemical calculations. The current version o0REHQE, known as PHREEQC is
written in the programming language C. PHREEQC iverd is based on an ion-
association aqueous model and has capabilitie§ljospeciation and saturation-index
calculations; and (2) batch-reaction and one-dimoeas (1D) transport calculations
involving reversible reactions, which include aqu&o mineral, gas, solid-solution,
surface-complexation, ion-exchange equilibria, mreversible reactions. PHREEQC can
model specified mole transfers of reactants, kiadlti controlled reactions, mixing of
solutions, and temperature changes. Furthermoversa modeling routines which can
evaluate sets of mineral and gas mole transfers dlcaount for differences in
composition of different water samples are alsdlalke within PHREEQC. Additional
features in PHREEQC version-2 include capabiliteesimulate dispersion (or diffusion)
and stagnant zones in 1-D transport calculationsydel kinetic reactions with user-
defined rate expressions, model the formationissaiution of ideal, multi-component,
or non-ideal binary solid solutions, model fixedwmne gas phases in addition to

4



fixed-pressure gas phases, allow the number ¢dsior exchange sites to vary with the
dissolution or precipitation of minerals or kinet&actants, and methods to automatically
use multiple sets of convergence parameters. PHREE#D be used as an all-purpose
geochemical model for modeling groundwater systérhs. current version, PHREEQC-
2, is versatile in that it can solve a wide rangemblems including those involving
surface chemistry and reaction kinetics. It caneasdhermodynamic data from several
large, well-established databases or can use mzbdita.

Other known geochemistry models are CHES& [der Lee, 1998] and The
Geochemist's WorkbenciBdthke, 1994]. CHESS stands for “CHemical Equilibrium of
Species and Surfaces” and is used mainly for safetyperformance assessment of waste
repositories. Model was specifically developed tmuwate the equilibrium state of
complex aquatic systems including oxides or mirggrakganics, colloids and gases.
About seven different thermodynamic databases eadadle within CHESS and new
species can be easily added. The Geochemist's \&forkbBethke, 1994] includes a set
of tools that can be used for manipulating chemieslctions, calculating stability
diagrams, equilibrium states of natural waterscitig reaction processes, modeling
reactive transport, and for plotting the resultstlidse calculations. Among all these
equilibrium geochemistry modelMINTEQA2 and PHREEQC are most popular and

widely used codes.



1.3 REACTIVE TRANSPORT MODELS WITH EQUILIBRIUM/KINETICS
GEOCHEMISTRY

There are several reactive transport models availab the literature that couple a
transport model with an equilibrium geochemistrytioe. The transport of solutes in
groundwater systems is described by a set of lipadral differential equations where as
the chemical equilibria is described by a set aflimear algebraic equations. Reactive
transport models use different types of numeriggiraaches for coupling these two
processes. Fundamentally, there are three distipptoaches available for coupling a
transport model with geochemical equilibrium modél) mixed differential and
algebraic equations approach (DAE), (2) direct stltion approach (DSA), and (3)
sequential iterative/noniterative approach (SIA/BNI An extremely important
consideration in any of these coupling approackethe choice of primary dependent
variables (PDVs). There have been six types of PBiviployed in the existing models:
(1) concentration of all species, (2) concentratioin all component species and
precipitated species, (3) total analytical conadmins of aqueous components, (4) total
dissolved concentrations of agqueous components, c@)centration of aqueous
component species, and (6) hybrid concentrations.

In the DAE approach, the transport and chemicailibgum equations are solved
simultaneously. In this approach, PDVs are eitdgrthe concentration of all species
[Miller and Benson, 1983] or (2) the concentrations of all componenid precipitated
speciesllichtner, 1985]. In DSA, the chemical equilibrium equati@re substituted into
the transport equations to result in a set of me@li PDEs, which are subsequently
solved simultaneously for a set of PDVs. Severall@®have been proposed, each using

6



a different set of variables as the PD¥Vnnings et al. [1982] used the concentrations of
aqueous component species as PIRUbIn and James [1973] andValocchi et al. [1981]
used total dissolved concentrations of aqueous oaems as PDVsyeh and Tripathi
[1988] used the total analytical concentrationsagfieous components as the PDVs.
Among others, DSA has been employedMiiller and Benson [1983], Carnahan [1988]
andSeefel and Lasaga [1990] . Some of the investigatofRupin [1983]; Lewis [1987])
have used Hybrid PDVs. Unlike other natural PDVehsas concentrations of all species
or concentrations/activities of aqueous componetiiese hybrid PDVs are linear
combinations of species concentrations.

In the SIA/SNIA approach, the solution process igidéd into two steps:
transport step and reaction step. The aqueous amngmare transported individually by
advection and dispersion and then the aqueous, aotl sorbed components are allowed
to react with each other. These two steps are eduplither iteratively (SIA) or
sequentially (SNIA). Various operator-splitting apaches for coupling theses two steps
are discussed bijerzer and Kinzelbach [1989] andYeh and Tripathi [1991]. Thels, et al
[1982], Kirkner and Reeves [1988] andKirkner, et al.[1985] used SIA approach with
total dissolved concentrations of aqueous compseneag PDVs.Walsh [1984],
Cederberg, et al [1985], Bryant, et al. [1986] andWalter, et al. [1994] used total
analytical concentrations of aqueous componenf3lass. The SNI approach was used
by Walter, et al.[1994], Hundsdorfer and Verwer [1995] andAppelo, et al. [1997] .

Yeh and Tripathi [1989] critically evaluated all the approaches ilade for
coupling transport to the chemistry and the usseokral types of PDVs employed in the
reactive transport models. Their first goal wasssess the computational burden posed
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by the models. They found that both DAE and DSA aiedequire excessive CPU
memory and time for realistic two- and three-dimenal problems, and SIA models
require the least amount of computer resourcesir Beeond goal was to assess the
flexibility of the model to represent various typesprocesses. They concluded that only
those models that use the first three types of PD&is treat the complete set of
geochemical reactions simultaneously. Their thiodlgvas how easily a model can be
modified to deal with mixed kinetic and equilibriuactions. They observed that DAE
and SIA models can be modified with reasonable &abandle mixed chemical kinetics
and equilibria. DSA models require strenuous ¢&dfaluring modification for treating
mixed chemical kinetics and equilibria. They camigd that DSA and DAE models
should remain as research tools for solving one=dsional problems and recommended
SIA models with the third type of PDVs for solvipgactical problems.

In literature, a number of reactive transport medake available that couple the
equilibrium speciation models PHREEQE and PHREEQtD @& transport code. The
model CHMTRNS developed byoorishad, et al.[1987] used PHREEQE as the
equilibrium module Engesgaard and Kipp [1992] used this model to validate their work.
PHREEQE was further used byarasimhan, et al.[1986] in their reactive transport
model DYNAMIX, which couples this geochemistry modeith the transport code
TRUMP. An improved version of DYNAMIX model was wb®y Liu and Narasimhan
[1989] to solve several redox-controlled reactiv@nsport problems. Another popular
reactive transport model PHT3Prommer, et al., 2003] uses MT3DMSZheng and
Wang, 1999] for simulating the three-dimensional, adweedispersive, multi-species
transport and the geochemical model PHREEQ@®& khurst, 1999] for simulating

8



reaction processes. PHT3D uses PHREEQC-2 databesdd define equilibrium and
kinetic reactions. Another similar model has beevetbped byPhanikumar and
McGuire [2004], integrating PHREEQC-2 into RT3lpment, 1997; Clement, et al.,
1998].

The reactive transport models that use MINTEQAZ2egsilibrium speciation
module are MINTRAN Walter, et al., 1994], Smith and Jaffe [1998] and OTEQ@ne-
dimensionalTransport withEQuilibrium Chemistry). Walter, et al.[1994] developed
MINTRAN by coupling the finite-element transport dwe PLUME2D with
MINTEQAZ2. They tested their model with respect tn-exchange chemistry, and
precipitation-dissolution chemistry involving muyle sharp fronts. In their companion
paper, they used the model to complete two-dimaasisimulations of heavy metal
transport in an acidic mine tailings environme®tith and Jaffe [1998] modeled the
transport and reaction of trace-metals in saturaeitl and sediments using a one—
dimensional reactive transport model. The transpootesses included advection, and
diffusive/dispersive mixing. They coupled the onmensional transport module to a
modified version of MINTEQA2. The OTEQ model wasrdlmped by coupling a stream
transport model OTIS to the equilibrium model MINQE2. This model has been used
in surface water modelindr{inkel, et al., 1996;Runkel, et al., 1999].

Several models coupling transport with mixed equillim/kinetic reactions have
appeared since the mid-1990%eéfel and Lasaga [1994], McNab and Narasimhan
[1994], Chilakapati [1995], Salvage, et al. [1996], Steefel and Yabusaki [1996], Abrams,
et al.[1998], Salvage and Yeh [1998], Tebes-Stevens, et al. [1998], MIN3P Mayer,
1999], Chilakapati, et al.[2000], Yeh [2001], Barry, et al.[2002], Mayer, et al [2002]).

9



Most of these models have limited capabilities defining user-specified kinetic and
equilibrium reactions.

The reactive transport model RT3D0Iément, 1997;Clement, et al., 1998] is a
user-friendly, MODFLOW-family reactive transport d® The code was originally
developed for solving bioremediation problems arakJater published as a general
purpose, public-domain reactive transport modeirdtvides a reaction framework with a
set of predefined modules to describe common biedgtion kinetics and it also offers
the flexibility to add other complex reaction kimmst Although RT3D is designed
primarily for handling kinetic reactions, it can besigned to indirectly solve reactive
transport problems involving equilibrium geochenhicgactions.Li, et al. [2006] used
RT3D to solve a mixed equilibrium-kinetics probleand simulated porosity reduction
caused by mineral fouling in a permeable reacteneiér. Since RT3D is a widely used
public domain code, enhancing the capability of RT® directly solve equilibrium

problems will be of benefit to both academic ardlistrial research communities.

1.4 RESEARCH OBJECTIVES AND ORGANIZATION OF THE THESIS
Multi-dimensional reactive transport models aredeeefor understanding the fate and
transport of the metallic contaminants in groundwatquifers. The goal of this research
is to develop a framework for coupling MINTEQ fayjngeochemical equilibrium models
with the RT3D code. RT3D is a Fortran 90-basedwsnit package used for simulating
three-dimensional, multi-species, reactive transpof chemical compounds in
groundwater. It provides an easy-to-use framewatk predefined modules to simulate
common bioremediation kinetics; in addition it pides a flexibile option to add other
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complex reaction kinetics involving multiple aqusaand adsorbed phase species. This
flexible option can be used to integrate an exgstyeochemistry equilibrium module
within RT3D.

The objectives of this project are: (1) to couplédCROQL and MINEQL as
reaction modules within a modular one-dimensioreigport codes; (2) identify a set of
benchmark problems involving processes including-aschange, precipitation-
dissolution, surface-complexation and redox reasti and solve them using the newly
developed codes; (3) develop and validate a proeotynodel for incorporating
MINTEQAZ2 into RT3D and test the model performaneed (4) develop a scalable
reactive transport model to predict arsenic trartspod speciation in a manganese
dioxide containing porous medium.

Chapter 1 provides the background literature angtatlbes of the current
research effort.

Chapter 2 provides a summary of four major geocbahprocesses that include
(1) ion-exchange, (2) precipitation-dissolution,) (8urface-complexation (4) redox
reactions. This chapter also provides the detdithe mathematical techniques used for
modeling these four processes.

Chapter 3 presents the details of coupling one-daie@al multi-species transport
code with MICROQL and MINEQL geochemical models.eTMICROQL coupled
transport code was then used to solve one-dimesispyoblems with ion-exchange and
surface-complexation problems, and the MINEQL-cedpiransport code was used for

solving precipitation-dissolution and redox prob&em
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Chapter 4 presents the details of a prototype mtiglintegrated the USEPA
code MINTEQA2 within the multi-dimensional reactiteansport code RT3D. The
coupling framework developed in Chapter 3 was eggioto develop this model.
Efforts were also made to implement the new prg®tynodel within the groundwater
user interface GMS (Groundwater Modeling System).

Chapter 5 of the thesis deals with the developrakatscalable reactive transport
model to predict arsenic transport in manganesgiatocontaining soil columns. The
ability of the numerical model to accurately preéddesenic (As) transport was verified
by comparing the model predictions against expertaleresults. This work was
completed in collaboration with a PhD candidate howperformed the laboratory
experiments. The author developed the scalabl¢iveacansport model, which was used
to design the laboratory experiments. He also detag the model validation exercises.
The focus of this chapter is to provide a summamhe modeling efforts.

Chapter 6 provides the conclusions of this reseaeffort and several

recommendations for future work.
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CHAPTER 2

MODELING VARIOUSTYPESOF EQUILIBRIUM REACTIONS

2.1 INTRODUCTION

Major equilibrium reactions commonly encounteredgimundwater systems are ion-
exchange, surface-complexation, precipitation-digkm and redox reactions.
Numerical techniques for modeling these reactiorsdéferent. This chapter provides a
mathematical description of these four primary tieas and reviews the numerical
techniques for solving them. However, before désug the individual reactions, a
general description of the problem of chemical Houim in aqueous systems is
presented along with its solution strategy.

22 GENERAL DESCRIPTION OF THE PROBLEM OF CHEMICAL
EQUILIBRIUM IN AQUEOUSSYSTEMSAND ITSSOLUTION

The problem of chemical equilibrium in an aqueoystem can be described in
mathematical terms by a set of mass action and b@asce equation¥\festall, 1979a].

Mass action equation can be written as:
C =K |‘| XD for i=1,m (2.1)
]':

Mass balance equation can be written as:

Y,=>a(i,j)C T, = 0 forj=1n (2.2)

i=1
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Where C andK; are the concentration and formation constant ithf species

respectively,X; is the activity guess value fth component and(i, j) is stoichiometric

coefficient ofjth component inth species.

The solution to the chemical equilibrium problenm dze obtained by making an

initial guess ofX; and then keep on updating them over several ibastill convergence

is achieved. The component activiti§sare updated using Newton-Raphson method in

the following manner\\/estall, 1979al]:

Xupdated = Xold —AX

AX =Z7'Y
o, _ &,
Z, = JXJk = iZ:l“(a(l, j)a@i,k)C /X,)

AX =Changein X
Z = Jacobian of Y with respect to X

When X 0 <0.0then
X spdates = Xoig 110.0

The solution process is summarized in Figure 2.1.

14
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Figure 2.1 : MICROQL solution process for chemical equilibrium problem in
aqueous systems.

15



2.3 MODELING ION EXCHANGE REACTION

lon exchange is a type of sorption reaction whereh@mical species is replaced by
another at the solid surface. lon exchange equaixplicitly account for all the ions
which compete for the exchange sites. There arergkgonventions to relate activities to
the concentration in the case of adsorbed catidhgs will be shown here by the
exchange of N& for C&*. The exchange reaction can be written Gaines-Thoma
convention as:

Na*+4 CaX,=NaX +1 Ca* (2.5)
The above equation can be written using Gapon cuioreas:

Na* + Ca, X =NaX +1Ca* (2.6)

In MINTEQAZ2, the ion-exchange reactions are sinedatusing Gaines-Thomas
convention. This Gains and Thomas model assumésthibasurface sites are initially
occupied by an exchangeable ion that is releasgdgdthe exchange process. The other
assumptions of the model are that the charge orsuhface remains constant and the
number of surface sites available for sorption,regped as the cation exchange capacity
(CEC) is fixed.

The ion exchange reactions can be modeled as ey ohemical equilibrium
problem in aqueous systems using the method showfkigure 2.1. This can be
accomplished by considering surface site as angratlqueous component with fixed
total concentration of CEC and other ion-exchangpécies as aqueous species. The
selectivity coefficients of the different ions ataken to be the equivalent to the

equilibrium constants for the respective ion exgfeareactions.
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24 MODELING SURFACE-COMPLEXATION REACTIONS

The adsorption on a surface is calculated as diumof the surface chargeduring the
calculation of chemical equilibria using electréstanodels. The adsorption reactions are
referred to as surface-complexation reactions.ciimeputation of adsorption equilibria is
described very well ifVestall [1979b]. The charge on the surface is definedha®kcess

of positive groups over negative groups. In mglaantity, charger,, is calculated as

Sa

Tg =0 (2.7)

wheres is specific surface area,is concentration of solid arfelis Faraday’s constant.

The four commonly used electrostatic models alteviing:

(a) Constant Capacitance Model

(b) Diffuse Layer Model

(c) Stern Model

(d) Triple Layer Model

Surface is assumed to be at a poteftialith respect to the bulk of the solution. Several

expressions have been proposed to refaieos. These expressions differ between model

to model. In these problems, the poteniiahas a representative componexy(-F #/RT)

and the equivalent total mass of this componedirectly related to the surface chakge
The solution process for chemical equilibrium pesb$, involving surface-

complexation reactions are slightly different frothhose with only aqueous phase

reactions. Unlike any other component, charge om #urface is not known

experimentally. Starting with a guess value of pb& ¥, iterations are carried out till

the calculated charge on the surface doesn’'t chaegend the accepted limit. When the
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equilibrium problem is solved, the sum of the cleaog all the surface species must be

equal to the electrostatically calculated charge The process of chemical equilibrium

computation involves updating the guess activityerosseveral iterations till the
convergence is achieved. For adsorption equililthie,certain elements of the Jacobian
in equation (2.3) need to be modified in the folilogvmanner\Westall, 1979b]:

Xupdated = Xold —-AX
AX =Z7'Y (2.8)

Z, = 55;2 = iZ:l:(a(i,(,[/)a(i WG 1X,) - g;"

W

Note that the total concentration of the electriisttomponentt, is not experimentally
determined and is a function of the poten#allhe derivative ofr, with respect toX,

is not zero and must be included in the normal €gion for Jacobian given in equation
(2.3). Figure 2.2 describes the MICROQL solutiongess for chemical equilibrium

problem in aqueous systems, involving surface-cergilon reactions.
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aqueous systems, involving surface-complexation reactions.
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25MODELING PRECIPITATION-DISSOLUTION REACTIONS
The mineral precipitation-dissolution reactions described by the mass action equation
for the solid and the reacting ions. The genemahfof the dissolution reaction of a solid

is given by

A B,(s) = aA(aq) +bB(aq) (2.9)
Where s refers to the solid phase and aq refeteet@aqueous phase. The equilibrium

constant for the reaction is called solubility potlk, and is defined as:

A EY _

{ABy) sp (2.10)

The activity of solid is assumed to be unity, se #fvove expression can be written as:

{A{B}"=K,, (2.11)
The term{A}*{B}" is called ion activity product (IAP). The tendenof a solid to

precipitate or dissolve is judged by an index knaasnsaturation index (SI), which is

defined as:

Sl =log (42) 2.12)
When SI > 0, the mineral tends to precipitate, wBér 0, the mineral is in equilibrium
with the solution, and when Sl < 0, the mineraldeio dissolve or is not at all present.
In MINTEQAZ2, each of the relevant solids is ranked its tendency to precipitate by
dividing the SI by the number of ions in the préeipon reactions. The solid with the
highest Sl value is allowed to precipitate and takmf the remaining relevant solids are

ranked again and sequentially precipitated or tlieslh until all the solids except those

precipitated are undersaturated.
20



During the chemical equilibrium calculation, MINTERQ classifies solids into
four categories: (1) the solids which are in inBrsupply, (2) the solids which are present
in finite amount, (3) the dissolved solids andt excluded solids that are not included
in the simulation depending upon the individuallppems. Solution process for chemical
equilibrium problem in aqueous systems involvinggpitation-dissolution reactions is

presented in Figure 2.3.
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2.6 MODELING REDOX REACTIONS

There are four different approaches available fodeling equilibrium-controlled redox
processes. The description of these four approaahdstheir users are summarized
below:

2.6.1 Effectiveinternal approach

This method was developed by Thortenson, oneeétithors of PHREEQBParkhurst,

et al.,, 1980]. It is based on the principle of consensatdf electrons. If one redox
reaction involves losing an electron through oxmlatthere should exist another reaction
that must be simultaneously gaining an electronréguction. In this approach, a
parameter called redox state is defined for théegysThis redox state is sum of valence
state (or redox state) of all the redox sensitpecges (note the redox states of all the
non-redox species are defined as zaMalsh [1984], Liu and Narasimhan [1989]
Engesgaard and Kipp [1992] and PHT3DBarry, et al., 2002] used this approach.

2.6.2 External electron approach

This approach considers a hypothetical electroivigcias an aqueous component. For
multivalent components, a species in the highegtabon state is used as an aqueous
component. All other lower valent species are dbedras aqueous complexes formed
from the half-cell reaction between the aqueouspmrant and the hypothetical electron.
[Xu, 1996] and.iu and Narasimhan [1989] used this approach to model redox reactions
2.6.3 Oxygen fugacity approach

This approach specifies oxygen fugacity as the xegrameter in the system. Thus

oxygen is included as an aqueous component andditional mass balance equation is
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solved for oxygen in the system of chemical spemiainvolving redox reactions. The
geochemical model EQ3/EQ®/plery, 1992] used this approach.

2.6.4 Redox couple approach

The redox couple approach treats the redox cogglé®o separate aqueous components.
The pE is calculated from the activities of theiwdual components of the redox couple
after the completion of the equilibrium speciatiéat.equilibrium, all the redox couples
show the same pE value. This approach has beernru&€B/6 Wolery, 1992] as well as
PHREEQE Parkhurst, et al., 1980].

2.6.5 Selection of the redox approach for modeling reactive transport using
MINEQL/MINTEQAZ2

In MINTEQAZ2, redox reactions can be representechgugither the external electron
approach or the redox couple approach. MINTEQAZ2heeidefines the parameter, redox
state of the system nor uses oxygen to represdok neeactions, therefore the effective
internal approach and the oxygen fugacity approeahnot be used. Our analysis
indicates that the redox couple approach failotoverge to a single pE even for a simple
system with two redox couples. Therefore in thrky the external electron approach
was selected for modeling redox reactions.

2.6.6 Typical techniquesfor dealing with conver gence problems

Severe convergence problems were encountered sdliteng redox problem. Therefore,

redox problems need special consideration. Thisbesause electron is the only

10
component with possible activity >1 (even up to 1Gand has negligible free ion

concentration in solution. A special basis-switchtechnique along with a log-based

formulation was used to alleviate the convergemoblpm.
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2.6.6.1 Basis-switching technique

Basis is the set of components in terms of whiolcktometric coefficients of the species
participating in equilibrium reactions are writtenTable 2.1 presents an example to
demonstrate basis switching. This example is tal@m the MICROQL manual
[Westall, 1979a]. This example describes how the bassm$ched from the set of
components [Cd4, COs%, H'] to [C&", CaCQ, H']. This approach should be used when
the activity of one of the components is negligifiethis example C6J is assumed to be
negligible and is replaced with Cag)Ocompared to its total concentration. Basis-
switching technique is proven to be the most eiffectvay for dealing with convergence

problems under such conditions.

Table2. 1: An example of Basis-switching

cat |coz2- Ht cat [CaCQy  [{t
Ca2+ 1 0 0 ca2t 1 0 0
CO32' 0 1 0 C032' -1 1 0
[+ 0 0 1 [+ 0 0 1
CaOH* 1 0 -1 CaOH* 1 0 -1
CaHCOZ [ 1 1 CaHCcOZ [0 1 1
CaCQ3 (aq) |1 1 0 CaCQ (ag) [0 1 0
[Ho CO3 0 1 2 [H2 CO3 1 1 2
[Hcos- 0 1 1 [HCOs- 11 1
OH- 0 0 -1 OH- 0 0 -1
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2.6.6.2 Log-based formulation and its application

In this approach, the activities of the componemésused after transforming them to log
space The most crucial step in a solution process is dhvity update step. We
implemented the log-based formulation in the atgivipdate stepApplication of log-
based formulation allowed us to solve a complexblemm described in Liu and
Narasimhan [1989] problem. The log-based formutatian be summarized as:

109 X jieed = 109X 4 —A lOgX

AlogX =Z7'Y

oY.
Z, = L_ = 2.303a(,j )a - 2.13
K~ Slog X, Z,( Cilalk)) (2.13)

Alog X =Changein log X Value
Z = Jacobian of Y with respect tolog X

Implementation of Log-based formulation has its oamallenges. In course of a

particular iteration, iffAlogX |is large, the solution will fail to converge. Thaléwing

empirical approach (suggested by Dr. Hammond at IENd¢rsonal communications)

was utilized to deal with this:

Incase,|AlogX |>5.0
If (Alog X <0.0)A logX =-5.( (2.14)
Otherwise,Alog X = 5.0

The above approximation appears to work well fdviag redox problems.
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2.7 SUMMARY

A general description of the problem of chemicalilorium in aqueous systems is
presented along with its solution strategy. Diffexes in numerical techniques for
individual reactions are illustrated through the o$flow charts. The major equilibrium
processes included here are: ion-exchange, sucfaoplexation, precipitation-
dissolution and redox reactions. Due to its inhecemplexity and due to the availability
of multiple solution approaches, special considenatvas given to redox reactions. Out
of four available approaches the external elecapproach was found to be the most
suitable approach for solving redox-controlled sf@ort problems using MINTEQ-family
codes. Numerical techniques used for alleviatimg ¢onvergence problems related to

redox reactions are also discussed.
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CHAPTER 3
MODELING REACTIVE TRANSPORT BY COUPLING MICROQL/MINEQL

TO ONE-DIMENSIONAL TRANSPORT CODES

3.1 INTRODUCTION

In this chapter, one-dimensional reactive transpgmxblems involving equilibrium
geochemical reactions are considered. Geochemeadtions considered are ion-
exchange, surface-complexation, precipitation-diggm and redox reactions. A set of
new computer codes are developed and their perfarenare validated by reproducing
the previously reported results in the availaltierditure. Simultaneously, attempts were
also made to develop a common framework for modedirch reactions.

The approach here involves selection of a partidyiee of equilibrium reaction,
finding a frequently used benchmark problem for tleaction, devising a solution
strategy for the problem and comparing the solstwith those reported in the literature.
Individual section is dedicated to each of thea# types of reactions. All the models
couple a one-dimensional transport code to thelibgum module MICROQL or
MINEQL. A copy of each of these two codes developedhis study is provided in

Appendices A and B of the supplementary materiahisfthesis.
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3.2 REACTIVE TRANSPORT EQUATIONS AND THEIR GENERAL
SOLUTION STRATEGY

Reactive transport includes transport due to adweciand dispersion and the

geochemical reactions.
3.2.1. Equations representing the reactive transport

Under one-dimensional steady state flow conditiotise transport of multiple

components dissolved in ground water is governethéyollowing equations:

a_Ck: az_Ck_a_Ck q =
S=D v R k=12.m (3.1)

where m is the total number of aqueous-phase (mobdmponents, ds the aqueous-

phase concentration of thé” lcomponent [M%], D is the hydrodynamic dispersion
coefficient [L*T™], v is the pore water velocity [LY, R:represents the rate of

accumulation in aqueous phase concentration pde \llme of the |k components

[ML®T™] due to chemical reaction and andt refer to distance [L] and time [T]

respectively. Immobile phase concentration ofkheomponent due to prec:ipitati(ﬁukIO

is given by:
~p
g"’%: R, k=12,.m (3.2)

Where, rP is the rate of accumulation in the form of preeim aqueous phase

concentration [M*T?] due to chemical reaction and and ¢ are soil bulk density
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[ML®] and porosity respectively. Similarly, immobile gse concentration of thenk

component due to sorption or surface complexa@j‘],is given by:

aact:: R, k=12,.m (3.3)

|

Where rZis the rate of accumulation in the form of sorbgdenus phase concentration

[ML T due to chemical reaction. The reaction terffs, RP and rZ are calculated by

equilibrium calculation of the species presenhie aqueous phase.

3.2.2 Solution of ADRE

The transport equations are solved using fully iaiplfinite-difference method.
Depending on the type of reaction, equilibrium mMdd&CROQL or MINEQL is used to
solve for the equilibrium concentrations. For iomleange and surface-complexation
reactions, MICROQL is used and for precipitatiogstlution and redox reactions,
MINEQL is used. The transport and the equilibriunodules are coupled by the
sequential non-iterative procedure. Figure 3.1 gmtssthe flow chart for generalized

solution process for a reactive transport problem.
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Figure 3.1 : Flow chart for generalized solution process of areactive transport
problem.
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3.3REACTION 1: ION-EXCHANGE

This test problem was taken frovalocchi et al. [1981]. In this paper, the investigators
present a field experiment involving nonlinear ierchange reactions in Palo Alto
Baylands, California. In the field experiment, aated municipal effluent was injected
into a shallow aquifer and the breakthrough of thajor cations and anions were
monitored at an observation well 16m from the itgt well. The principal chemical
mechanism involved is the heterovalent ion exchaoig®la’, Mg>* and C&'. Other
chemical reactions were ignored. The physical patara used in this test problem are
given in Table 3.1 and the initial and boundary dibons are provided in Table 3.2.
Figures 3.2, 3.3 and 3.4 show the breakthroughilpsobf N&, Mg* and C4&" ions
respectively. The results are in good agreemertt thibse reported in Valocchi et al.

(1981).
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Table3.1: Physical parametersused in the simulation

Parameter Value

Pore water velocity 1.01 m/day
Length of the domain 16 m
Dispersivity 1.0m
Porosity 0.25

Table3. 2: Initial and boundary conditions used in the simulation

Agqueous Component Background Injection Water
Concentration (M) Concentration (M)

Na 8.70E-02 9.40E-3

Mg 1.80E-02 4.94E-4

Ca 1.10E-02 2.12E-3
Na-S 1.61E-01 0.0

Mg-S 1.41E-01 0.0

Ca-S 1.54E-01 0.0
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3.4. REACTION 2: SURFACE-COMPLEXATION

This problem was taken froiBederberg et al. [1985]. This problem involves reactive
transport of cadmium, chloride and bromide in a-dmeensional soil column. The
reaction involves formation of aqueous and surfaomplexes and sorption of free
cadmium to the soil matrix. The sorption process wescribed by constant capacitance
model. The physical and chemical parameters uséukeisimulation are given in Tables

3.3 and 3.4. Table 3.5 provides the initial and Hoeindary conditions used in the

35



simulations. Table 3.6 provides the stoichiomewgfticients of the reactions occurring

in the aqueous and the sorbed phases.

Table 3. 3: Physical parametersused in the simulation
Parameter Value
Pore water velocity 8 cm/day
Length of the domain 10 cm
Longitudinal dispersion coeff. 0.16 cri/day
Porosity 0.30
Bulk density of medium 2500 g/l

Figure 3.5 shows the profiles of Cd(Aq), Cd (soalmd Cl obtained at t=15hrs during
simulation of Cdq transport for casel. Results are in agreement thidke reported in
the above paper. Figure 3.6 presents the resultthéocases 2 and 5 and Figure 3.7

presents the result for cases 3 and 6.
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Table3.4: Chemical sorption parametersused in the

simulation
Parameter Value
Total no. of sites 0.046 mol/Il
lonic strength 0.1 moal/l
pH (held constant) 7.0
Capacitance 1.06 F/M
Solid surface area 1.0 nflg

Table 3. 5: Concentrations of componentsfor the test cases. Initial
and Boundary conditions

Background Injection Water
Concentration (M) Concentration (M)

Cases

CdT C|T Brr Cd‘r C|T Brr
Case 1 | 0.00001| 0.003 0.0001 0.0001 | 0.003 | 0.0001
Case 2 | 0.0001 | 0.0003 | 0.0001| 0.0001 | 0.003 0.001
Case 3 | 0.00001| 0.0003 | 0.0001| 0.0001 | 0.003 0.001
Case 4 | 0.00001| 0.003 | 0.001 | 0.0001 0.003 0.001
Case5 | 0.0001 | 0.003 | 0.001 | 0.0001 0.03 0.01
Case 6 | 0.00001] 0.003 | 0.001 | 0.0001 0.03 0.01
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Table 3. 6: Stoichiometry of Reactions

Species | Cd cr Bff SOH Ps| H'| LOGK
1 |H 0.0 0.0 0.0 0.0 0. 1.0 0.00¢
2 |cd” 1.0 0.0 0.0 0.0 0.0 0.0 0.00¢
3 |CI 0.0 1.0 0.0 0.0 0. 0.0 0.00¢
4 |Br 0.0 0.0 1.0 0.0 0.0 0.0 0.00¢
5 |CdCr 1.0 1.0 0.0 0.0 0. 0.0 1.80¢
6 |CdCh 1.0 2.0 0.0 0.0 0. 0.0 2.60¢
7 |CdBF 1.0 0.0 1.0 0.0 0.0 0.0 2.20¢
8 |CdBpk 1.0 0.0 2.0 0.0 0.0 0.0 3.00¢
9 |CdoOH 1.0 0.0 0.0 0.0 0.0 -1.g -12.690
10 |OH 0.0 0.0 0.0 0.0 0.0 -1.0 -13.910
11 |[SOH 0.0 0.0 0.0 1.0 0.0 0.0 0.00¢
12 |SOH" 0.0 0.0 0.0 1.0 1.0 140 7.40C
13 |SO 0.0 0.0 0.0 1.0 -1.0 -1.0 -9.24C
14 |SOCd 1.0 0.0 0.0 1.0 -1.0% -1.0 -7.00(

*This should be +1; however Cederberg’'s work uskid incorrect value. To be
consistent with their work and to reproduce theultes we also used -1 in our
simulations.
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Figure3.5: Profilesobtained at t=15hrs during smulation for casel .
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Figure 3. 6 : Profilesobtained at t=15hrs during simulation for cases2 and 5.
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Aqueous Cd Transport (Case Ill and VI)
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Figure 3. 7 : Profiles obtained at t=15hrsduring simulation for cases 3 and 6.

3.5.REACTION 3: PRECIPITATION-DISSOLUTION

This problem has been taken frdingesgaard and Kipp [1992]. This system involves

two minerals and five complexation reactions alamith transport of a conservative

tracer (Chloride). The parameters used in the sittar are given in Table 3.7 and the
initial and boundary conditions are provided in [EaB.8.

Initially, the calcite mineral has uniform presenoethe soil column. As the
incoming fluid does not contain €aand CQ?, the mineral becomes undersaturated and
gets dissolved. The aqueous phasé*@amd CQ”> obtained from the dissolution of
calcite, reacts with Mg bearing incoming fluid and precipitation of doldeni

(CaMg(CQ),) is initiated. Figures 3.8, 3.9, 3.10 and 3.11vslize concentration profiles
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of aqueous and solid species at t=21000 sec. Thétseare completely in agreement

with those reported iEngesgaard and Kipp [1992].

Table3. 7: Physical parametersused in the simulation
Parameter Value
Pore water velocity 9.37E-6 m/s
Length of the domain 0.5m
Dispersivity 0.0067 m
Porosity 0.32
Bulk density of medium 1800 Kg/n
Table 3. 8: Initial and boundary conditions used in the simulation
Parameter Background Injection Water
Concentration (M) Concentration (M)
pH 9.91 7.06
ca’ 1.239E-4 0.0
[olek & 1.239E-4 0.0
Mg 0.0 1.0E-3
Cr 0.0 2.0E-3
CaCQ (s) 1.2206E-4 0.0
CaMg(CQ): (s) 0.0 0.0
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Figure 3. 8: Calciteand Dolomite profiles at 21,000 sec.
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3.6. REACTION 4: REDOX

Figure 3. 11 : Aqueous concentration profilesat 21,000 sec.

This problem has been taken franu and Narasimhan [1989] and it was also solved by

Xu[1996]. This system involves redox reactions accamngd by precipitation and

dissolution. A hypothetical one-dimensional colurof length 3 m is used. The

parameters used in the simulation are given in @&® and the initial and boundary

conditions are provided in Table 3.10.
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Table3.9: Physical parametersused in the smulation
Parameter Value
Pore water velocity 1.0E-6 m/s
Length of the domain 3.0m
Longitudinal dispersivity 0.02m
Molecular diffusion coeff. 1.0E-10 rfis
Table 3. 10: Initial and boundary conditions used in the ssmulation
Parameter Background Injection Water
Concentration (Mol/l)| Concentration (Mol/l)
pH 9.0 6.9
pE -5.912 5.07
[olek & 2.4E-4 3.0E-3
Si(OH), 1.1E-4 1.1E-4
Na’ 1.3E-2 1.0E-3
ca” 1.0E-3 6.7E-4
uo,** 0.0 4.315E-5
USIO; (Coffinite) 0.0 0.0
CauQy 0.0 0.0
(Calcium Uranate)

In this problem, initially the soil column was assd to be free of reactive solid phases
and uranium species, and the aqueous solution méexr @alkaline reducing condition. At

time greater than zero, the uranium bearing incgrfiind enters the system under acidic
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and oxidizing conditions, coffinite precipitate®orin the aqueous solution. At the later
stage, as the aqueous solution attains moderatedlyzimg condition, precipitation of
calcium uranate was initiated along with the conitant dissolution of coffinite. Figures
3.12, 3.13 and 3.14 present the pH, pE and mirigpatdiles at 2.0E6 seconds. The
results predicted by our model shows excellent eagemt with those predicted using

TRANQUI [Xu, 1996].

10

— — — pH Profile (Present Simulation)

951 —>¢— pH Profile(Xu)

0 0.5 1 15 2 25 3

Distance(m)

Figure3.12: pH profileat 2.0E6 sec.
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3.7SUMMARY

In this chapter the performance of the numericati@havas validated by solving four

standard benchmark problems, identified from thbliphed literature. The model was
able to successfully simulate four types of proessscluding ion-exchange, surface-
complexation, precipitation-dissolution, and redeactions. The table below provides a

summary of these model development efforts.

Table 3. 11 : Summary of the model development work in Chapter 3

Reaction Research article used| Equilibrium | Comments
Type Model

lon-exchange Valocchi et al.[1981] MICROQL- | Results in agreement

I with those in
literature
Surface- Cederberg, et al.[1985] | MICROQL- | Results in agreement
complexation I with those in
literature

Precipitation-| Engesgaard and Kipp | MINEQL Results in agreement

dissolution | [1992] with those in
literature
Redox Liu and Narasimhan | MINEQL Results in agreement
[1989]& Xu [1996] with those in Xu
[1996]
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CHAPTER 4

MODELING REACTIVE TRANSPORT BY COUPLING MINTEQA2TO RT3D

4.1 INTRODUCTION

Modeling of transport mediated by geochemical ieastrequires coupling of a transport
code with an equilibrium geochemistry code. There @awo widely used reaction
modules, PHREEQC (USGS software) and MINTEQAZ2 (USE®ftware), currently
available in the public domain for solving equilion geochemistry problems. This
chapter summarizes the implementation details fapting the geochemistry module
MINTEQAZ2 with the general three-dimensional reaetitransport model RT3D
modeling framework, the model development and @kdation. MINTEQA2 computer
code is an advanced version of the basic code MIQROThe computer codes
MICROQL, MINEQL and MINTQA2 employ almost identicablution procedure, but
can model geochemical reactions with various leeélsomplexity. MINTEQAZ is the
most comprehensive code, but it is also the mostpcationally demanding source
code.

To exploit the computational advantages of smalkrs® codes, it was decided to
couple and test a one-dimensional multi-species cadh the MICROQL to solve
problems involving equilibrium reactions and sudammplexation reactions, and with
the MINEQL code for solving problems involving pigitation-dissolution reactions.

The details of this task were provided in chapteiTBese exercises helped us probe into
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the individual routines of MICROQL and MINEQL. Thenderstanding gained from
these research tasks was utilized to develop atype-model that coupled the full
version of MINTEQA2 with RT3D. Further efforts weemade to integrate this prototype
model into the groundwater user interface GMS (@Gdwater Modeling System).

4.2 THREE-DIMENSIONAL REACTIVE TRANSPORT EQUATIONS AND THE
SOLUTION STRATEGY

4.2.1 Reactive Transport Equations

The reactive transport system considered includassport due to advection and
dispersion and the geochemical reactions. The gkmeacroscopic equations that
describe the fate and transport of multiple aqueansl solid-phase reactive species in

three dimensions are written & ¢ment, 1997;Clement, et al., 1998]:

G _ 0| 0G| 0/ ~ %

X aXi[DU aXJ g (MG * G £where K 12, (4.1)
0Cim_ . .

at.m_ e, whereim=1,2,...,(n—m) (4.2)

where n is the total number of species, m is th& tumber of aqueous-phase (mobile)
species (thus, n minus m is the total number oflgutase or immobile species), S the
aqueous-phase concentration of tHesgecies [M [F], C~:im is the solid-phase (sorbed or
precipitated) concentration of the" species [either M M (contaminant mass per unit
mass of porous media) or ML(contaminant mass per unit aqueous-phase volunie) u
basis can be used],;Bs the hydrodynamic dispersion coefficienf [CY], ¢ is the soil
porosity, @ is the volumetric flux of water per unit volume afjuifer representing

sources and sinks FT, Cs is the concentration of source/sink [MF]L.. r. represents the
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rate of all reactions that occur in the aqueoussetsl L3 T, I. represents the rate

reactions occurring in the soil-phase, and v isstieirated groundwater flow velocity in
the pores [L T]. The flow velocities are calculated from the tdlic-head values

computed using a flow model.

4.2.2 Integration of Transport and Geochemistry Routines

The first step in the solution process involvesisgl the advection and dispersion steps
for all the mobile species. The sequential norattee operator-split approach is used to
split transport and reaction steps. All the specm#rolled by equilibrium reactions are

grouped into a set of components. The componemtesurations were selected as the
independent variables in the equilibrium problemote that any component can exist
either in the aqueous phase and/or in the solidksbphase. Therefore, total component
concentrationy is:

Tk = Ck + Sk k=1,........... N (43)

WhereN; is the number of component€, is the aqueous phase portion &ds the

solid-phase portion of the components, which afseé using the following equations:

Na
C, =Y Ac k=1,........ N, (4.4)
=1
NS
S, = B,s K=1,........... N, (4.5)

Where N, is the number of aqueous phase spedigsis the number of solid phase
speciesg is the concentrations of the aqueous phase specieghe concentrations of
solid phase (sorbed or precipitated) speci@gsis the stoichiometric coefficient of

51



component k in the aqueous spedtjeB, is the stoichiometric coefficient of component k

in the sorbed/solid specids N, and N are the number of agueous and solid phase
species, respectively and. & the number of components. The transport andticea
modules are coupled using the sequential non-terapproach. Conceptually, the
coupling process can be visualized as a physiepl\where the agueous components are
advected and dispersed through space without oeaand a chemical step where the

components react without undergoing any transpdhe transport equations are solved
for all the components to obtain their respectiqeemus phase concentratiods™ at the

time step(t+4t). The incoming fluid are be equilibrated with amitiesolid phase
concentration using MINTEQA2 routines. This praces repeated until the required
time level. This reaction coupling approach is famio the method used Bhanikumar

and McGuire [2004].

4.3 COUPLING OF RT3D AND MINTEQAZ ROUTINES

The current EPA version of MINTEQAZ2 required sevVveraodifications to allow
coupling with the RT3D software. It is importanthote that the original MINTEQAZ2
can only analyze batch systems; this project efitidwed to fully integrate this batch
model within a user-friendly reactive transport ed®T3D. The standalone version of
MINTEQAZ2 required two 1/O files. The first file ithe input file read by MINTEQAZ,
and the second file is the output file generatedVMTEQAZ2 after solving the batch
chemistry. The input file allows the user to déserthe geochemical problem by
providing the data related to the components aedisp for the system of interest. The

output provides the final equilibrated chemistiy. order to couple the reaction module
52



of MINTEQAZ2 with transport modules of RT3D, the I/@formation should be
seamlessly transferred between the codes; thidoeaaccomplished using two options.
The first option is generate MINTEQAZ input file®ifn RT3D, and then run RT3D; later
from RT3D read the required information from theNMEQAZ2 output files. This option
is relatively easy to code but our test runs in@idathat this is a computationally
inefficient option. The more robust option is thecend option where all the I/O
operations are internally transferred between RIBMINTEQAZ2 codes; our test results
show that this option runs much faster than thst faption. Extensive modifications
were made to MINTEQAZ2 I/O routines to facilitataestinternal transfer. The code used
for coupling MINTEQAZ2 to RT3D is listed in Append® of the supplementary material
of this thesis.

In addition to the above improvement, modificationere also made to
MINTEQAZ routines that interacted with the reactaatabase. When run in the original
batch mode, MINTEQAZ2 automatically selects all possible types of species (aqueous,
solid, sorbed) from the database correspondingeonput components. However, when
MINTEQAZ is used as a reaction module within a teadransport code, this step is not
required except for the first time. As a partlod tode development efforts, MINTEQAZ2
was modified in such a way that it generates thevamt species only at the initial time
step. The species information is stored and rewgeegh MINTEQAZ2 is called during
subsequent time steps; this avoids the searchtabase at every time step. This further
helped to reduce the computational time by alm6%b6.5

The current version of RT3D deals with two typespécies/components: mobile
(aqueous) and immobile (sorbed). The equilibriuacte®n module MINTEQAZ2 requires
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the transport of the total concentrations of a#l tomponents. To integrate MINTEQA2
into existing RT3D framework, all the MINTEQAZ2 comments are treated as mobile
components. Similarly, all the solid and sorbedcsg® in equilibrium chemistry are
treated as immobile components. The I/O operafienentering the initial and boundary
values of all the components are fully integratethiw the GMS software (via the user-
defined reaction module). The figure below showw the component information can

be directly input using the GMS user interface.
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Figure4.1: GMSuser interfacefor the new geochemistry module.
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4.4 EXAMPLE PROBLEM

The surface complexation problem and the precipiadissolution problems described
in the previous section were solved again usingni RT3D module. In addition,
another new test problem that involves multiple cpiation-dissolution and redox
reactions was also solved. This test problem wagnally proposed bywWalter et al.
(1994). The problem considers geochemical tramngpocesses occurring in a carbonate
aquifer due to the presence of acid mine tailirffjeent. The chemical conditions at the
site are characterized by distinct zones wheremiter chemistry is in equilibrium with
respect to a series of mineral pH buffers. The Eitan domain is a one-dimensional
column of aquifer material. Information relatedsimulation domain and other physical
parameters are presented in Table 4.1. Fourteeeoagucomponents and six mineral
phases are considered in the simulation. Tablepfo2ides the initial and boundary
conditions for all the components and mineralsthlga test problem, as the acidic tailings
water entered into the column, calcite dissolved lnffers the pH. As long as there is
sufficient calcite in the system, the pH remaineldtively constant. After exhausting the
calcite minerals, the second pH-buffering minerdéste started to precipitate within the
system. At this stage, the pH was controlled byildgjium with respect to siderite.
Siderite now dissolved and the pH remained relftiveonstant until siderite was
exhausted. After the depletion of siderite, the g@t¢reased once again to a new level
controlled by the equilibrium chemistry of gibbsifehe precipitation-dissolution of these

three minerals and the resulting changes in pHy fobntrolled the changes in the
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agueous phase concentrations of other chemical @oemps. The results after 12days of

transport are shown in Figures 4.2 to 4.6.

Table4 . 1: Physical parameters used

in the simulation

Parameter Value

Pore water velocity 2.0 cm/day
Length of the domain 40 cm
Dispersivity 0.5cm
Porosity 0.35

Grid spacing 0.5cm

Table4 . 2: Initial and boundary conditions used
in the simulation

Components/Minerals | Initial Boundary
Condition Condition
(M) (M)
Ca 6.92e-3 1.08e-2
Mg 1.96e-3 9.69e-4
Na 1.30e-3 1.39%e-3
K 6.65e-5 7.93e-4
Cl 1.03e-3 1.19e-4
COs 3.94e-3 4.92e-4
SO4 7.48e-3 5.00e-2
Mn 4.73e-5 9.83e-6
H4SiO4 1.94e-3 2.08e-3
Fe(ll) 5.39e-5 3.06e-2
Fe(lll) 2.32e-8 1.99e-7
Al 1.27e-7 4.30e-3
pH 6.96 3.99
pE 1.67 7.69
Calcite 1.95e-2 0.0
Siderite 4.22e-3 0.0
Amorphous Silica 4.07e-1 0.0
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4.5 Summary

The current version of the public-domain reactiras$port model RT3D does not have
the capability to model equilibrium-controlled réans. This chapter summarizes an
attempt to integrate the USEPA equilibrium speciatnodel MINTEQAZ2 within RT3D.
The goal was to enhance the capability of RT3Doteesequilibrium-controlled reactive
transport problems. The developed model is testeddiving three one-dimensional
benchmarks problems. The model results show a gaidh with the published results.
However, further efforts are needed to test itsabdpy for solving more complex

problems in multiple dimensions.
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CHAPTER FIVE

DEVELOPMENT OF A SCALABLE NUMERICAL MODEL FOR PREDICTING

COLUMN-SCALE ARSENIC TRANSPORT USING BATCH DATA

5.1INTRODUCTION

This chapter summarizes the development of a dealaactive transport model for
predicting arsenic (As) transport in manganeseidegontaining soil columns. A kinetic
model coupled with a one-dimensional transport co@s developed to analyze this
problem. The model capability was verified by compg model predictions against
experimental results. This work was completed oaboration with a PhD candidate
[Radu, 2006] who performed the laboratory experimentse Tauthor developed the
scalable reactive-transport model which was usedetign the laboratory experiments.
He also completed the model validation efforts.e Ttcus of this chapter is to provide a

summary of these modeling efforts.

5.2 BACKGROUND

Arsenic (As) is known for its acute toxicity to hanms. Due to its chronic toxicity

effects, As maximum contaminant level has receh#gn reduced from 50 ppb to 10
ppb. Arsenic contamination of groundwater has bafegreat interest in several places,

most notably in Bangladesh and West Bengal, wherethirds of the population is
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at risk of serious health effects due to high catregions of arsenic in the shallow
alluvial and deltaic aquifers that are the mainrsesl of drinking . As(lll) and As(V) are
most predominant forms of As in groundwater. As{¥)less toxic than As(lll) and
adsorbs more strongly to the soils compared tolAsflherefore the oxidation of As(lIl)
to As(V) and As(V) adsorption by various mineralegent in subsurface is crucial in
dealing with the risks posed by As contaminationeo their excellent oxidative and
adsorptive capabilities, naturally present mangamesdes can play a significant role in
As oxidation and adsorption. Pyrolusite, a mangamesde mineral present in abundance
in natural systems was chosen in this study. Hpective of this research is to develop a
reactive transport model for predicting the effeatgyrolusite on As transport in one-
dimensional soil columns. A scalable transport nhedes developed to predict column-
scale transport by scaling the parameters obtdnmoed the batch experiments. Several
column experiments were designed to test the preeicapability of the scalable

reactive transport model.

5.3RESULTSFROM THE BATCH EXPERIMENTS

Detailed discussion of the batch experiments avergin Radu [2006]. This section
provides a summary of the batch data relevantaartbdeling study.

5.3.1 Resultsfrom the oxidation kinetics and adsor ption experiments

The As(lll) oxidation rate was found to be lineadgpendent on both its concentration
and the MnQ(s) concentration, represented by the followinge rakpression Radu,

2006]:
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d[As(I11)] _
a

—K[As(I11)][MnO,(s)] (5.1)
Where K is As(lll) oxidation rate constant M*T™]. K value obtained from the batch
experiments was 0.0012 imin™. Adsorption of As(V) to pyrolusite was found to ae
almost instantaneous process since the entire eigtadk less than a minuté&kddu,
2006]. Langmuir adsorption isotherm model was fotmbest represent our experimental
data Radu, 2006]. In the Langmuir adsorption model, theaaldsd concentration is

related to the aqueous concentration by the foligvaquation:

KI qmaxc

Q=Treo 5.7)

Where K and g.ax are Langmuir adsorption parameters (values ginérable 5.1) and C
is aqueous concentration of As(V). It was deteadithat MnQ(s) has a maximum

adsorptive capacity of dg As/g of MnQ(s) [Radu, 2006].

Table5.1: Modd Parameter s (Radu, 2006)
Parameter Value
Inlet As conc M) 13
MnO, porosity 0.54
Silica sand porosity 0.425
Column height (cm) 7
Column diameter (cm) 1
Pore water velocity (cm/min) 0.79
Peclet No. 0.07
ki (cm*mol) 2.0
Omax(Mg As/g of MnO2(s)) 4
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5.4 Reactive transport modeling and designing the column experiments

The batch experiments provided the necessary bgilbdiocks to develop a numerical
model for predicting the behavior of As speciessail systems. The modeling efforts
include development of a conceptual model derivedhfscaling the batch results and
development of a numerical model. The developedeiwds then used to design a set of
column experiments and the experimental observatisare then compared with the
model predictions to check the efficacy of the teactransport model.

5.4.1 Conceptual model.

Several key observations made during the batchysiete utilized for developing the
conceptual model for MngEAs system. Based on these observations, following
assumptions were made in the conceptual model Ag)Il) is the only species that
undergoes oxidation; (i) Only As(V) adsorption svaonsidered in the model; (iii)
As(V) adsorption to the Mn&s) surface follows Langmuir adsorption isothermw) (
MnOx(s) is uniformly distributed throughout the colummhe transport of As(lll) can be
described by following processes: 1. As(lll) entiérs column and gets partially or fully
oxidized to As(V), depending on the oxidation ra2e;Adsorption of As(V) onto the
MnO,(s) grains is assumed to be strong and is contrddie the Langmuir adsorption
isotherm; 3. The non-adsorbed As(V) fraction geasgported further by the pore water.
In the case of As(V) transport, the transport pssagan be described by just the last two

steps.
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5.4.2 Reactive transport model.

The equation governing the transport and the r@asof As (I11) is:

AN _ AU A _
ot - aXZ v oX column[ As(111)]

(5.3)

Where aqueous-phase concentration of As(lll) isegivn units of [ML®], D is the
hydrodynamic dispersion coefficient qL'], v is the pore water velocity [L¥], and
Ocolumiasqiny] Fepresents the rate of As(ll) oxidatiori'lin the column.

The equation governing the transport of As(V) is:

o[As(V)] , fPuno, 9(q) _ D 0’[As(V)] _ ,OLASVIL |
ot £ ot G ox colurm

As(I11) (5.4)
where aqueous-phase concentration of As(V) is givemits of [ML?], pwnoz is the bulk
density of MnQ(s) in the column, q is the adsorbed phase coratgorirof As(V) related
to the aqueous phase concentration by the equéi@p f is the fraction of pyrolusite

and ¢ is the porosity. Using the adsorption isothermresgsion, equation (5.4) can also

be written as:

a[AS(V)] 1+ f'oMnoz KIqmax :Daz[AS(V)]_Va[AS(V)]+O AS(l”)
at 6X column

£ [+ K [AV)f ox’

(5.5)

5.4.3 Solution of the reactive transport equations

A fully-implicit finite-difference method is usea discretize the advection-diffusion and
reaction equations (5.3) and (5.5). Note the eqoafor As(V) transport involves
nonlinear terms in As(V). The Picard iterative nueths used to deal with this nonlinear

term. The resultant set of linear equations fathbAs(lll) and As(V) are solved using
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tridiagonal matrix solver routine. The model partane used in the simulations have

been presented in Table 5.1.

QAN _ [ °[AS(II] _ ALAS(IIn)] _
ot ox? ox Ocotumn

[As(l1)] (5.6)

Equation (5.6) is discretized as

AS(HTYT AS(HEYT AS(HT) T 2As(111) T As(11)]™
- % (5.7)
7VAS(III)J‘ZAXAS(III)J‘ O A

Defining Courant No. =VAA—t and Diffusion No. =ZA; the above equation becomes
X X
A As(I11)!7+B As(111)T"+C As(111)];;=D 5.

Where A, B and C are coefficients represented by
A = -Courant No. /2.0- Diffusion No.
B = 1.0 + 2 * Diffusion No. +Ogium A1) * At (5.10)

C = Courant No. /2.0 — Diffusion No.

D = As(lll)"
LAV |, TPuno, [ KO, _pQTASVI_ AIASVIL 5 gy
at £ (1+ K| [AS(\/)])Z aXZ aX column
(5.11)

Equation (5.11) is discretized as

At £ (L+ ki [ASV ) ]iger) ? ax?

AS(V)?Jrl_AS(\/)?{l_‘_ prno [ K| Omax ]} AS(V)T; ZAS(V)ml AS(\/)n+1

(5.12)

JASV)T ASV)T
g OcoumAS(H1)]
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Defining Courant No. and Diffusion No. as earliernda Sorpterm as

{1+ f'oMnoz[ K dmax 2]} , the above equation becomes
£ (L+ kK [AS(V )iter)
AAs(V)! I+ BAs(V)"+CAs(V)T; ;=D (5.13)

Where A, B and C are coefficients represented by
A = - Courant No. /2.0- Diffusion No.
B=1.0+2* Diffusion No.+ Sorpterm (514

C= Courant No. /2.0- Diffusion No.
D= As(V)]*(1+Sorpterm) +Ocoium * delt * As(l11)"

5.4.4 Moving from batch to column scale smulations

In order to simulate the column scale transport,finst considered the factors which
affect adsorption and oxidation processes, whil&ingpfrom the batch to the column
scale. The key factor is the amount of M(g) in the system. The batch experiments
showed that the parameters oxidation rate constashtadsorption capacity are linearly
proportional to Mn@ (s) concentration. Therefore, the oxidation rat@stant can be
scaled from the batch to column as follows:

Ocolumn =Ovatch* (Mass of MnQ (s)/ Nx) / Pore-volume (5.14)
Where Qoumnis As(lll) oxidation rate constant, which is goit@be used in predicting
the results of column experiments;afeh is the oxidation-rate constant obtained from the
batch experiments. Mass of Mp®) (in grams) is its amount used in the entiraeicw
and Nx is the number of nodes in the column. Patarae is calculated as follows:

Pore-volume = Cross-sectional area *Column lengdorosity (5.15)
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Since adsorptive capacity doesn’t depend on thd smkolution ratio, its value need not
be adjusted for change in solid to solution ratio.
Simulations are run for several hypothetical expental conditions and the following
experimental conditions were selected to be tastéuke lab:
(a) Entire column packed with Mn(3): To achieve highest oxidation and adsorption of
As, entire column was packed with Mg(©). To study the difference in As(lll) and
As(V) transport, two separate experiments were gotadl with As(lll) and As(V). The
experiment with input solution containing As(lllhly was designated as Exp A and that
with As(V) only was designated as Exp B.
(b) Column packed with sand-Mn(@@) mixture with MnQ(s) 50% by wt.: The purpose
of choosing this experimental condition was to gtude effect of change in sand-
MnOx(s) ratio on As(lll) oxidation and adsorption. Thegperiment was designated as
Exp C.
© Experiment with very low Mngfs) content: For any Mng(s) content above a certain
threshold level, As(lll) is completely oxidized £&s(V). In that case, the model’s ability
to accurately predict oxidation of As(lll) cannat bonfirmed. Therefore an experiment
with sufficiently low MnGy(s) content was designed, leading to only partiadiation of
As(lll). This experiment is designated as Exp D.

Since sand and Mn(¥) have different porosity values and Mn€dntent varies
from experiment to experiment, the pore-volume seédl be calculated for each

experiment individually.
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Figure5. 1: For the column fully packed with MnOx(s), comparing the results of
Ag(111) (Exp A) and As(V) (Exp B) transport with the model predictions; complete
oxidation of Ag(l11).
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Figure5. 2: For a column with MnOx(s) 50% by wt., comparison of experimental
and model resultsfor As(I11) transport (Exp C); complete oxidation of As(l11).
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Figure5. 3: For a column with very low MnOy(s) content, comparison of
experimental and model resultsfor As(I11) transport (Exp D); partial oxidation of

As(I11)

5.5 Results and discussion

Based on the results of batch experiments, a comalemodel was proposed. This was
translated into a reactive transport model to ble &b predict the results of column
experiments. Parameters obtained from the batgararents were scaled to the column
scale by taking into account the change in solidsadution ratio. The results of
experiments A and B are compared with the moddliptiens in the Figure 5.1. As(V)
breakthrough profiles of experiment A and B mataryvclosely. Since As(llIl) was
completely oxidized to As(V), only As(V) breakthigiu profiles are presented. Even in
the case of experiment C, Mp®) concentration was high enough to oxidize Aj(lll

completely to As(V). In Figure 5.2, the resultsexfperiment C are compared with the
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model predictions. The model again provides a geryd prediction of the experimental
results.

In case of experiment D, due to low Mn@ontent As(lll) was only partially
oxidized to As(V). As discussed earlier, experimBPrivas designed in such a way that
only partial oxidation of As(lll) occurs. As and As(V) profiles obtained from
experiment D show good match with the model préahstin Figure 5.3. Results from
the experiments A, B, C, and D demonstrate thatltheloped model properly accounts

for both oxidation as well as adsorption of As byp®4(s).

5.6 Summary

In this study, a scalable reactive transport moded developed to describe the fate and
transport of As species in manganese dioxide aamngisoil columns. The model
involves two mobile reactive species that includg(l®) and As(V). The governing
transport equations along the sorption reactionewern-linearly coupled through the
reaction terms. A fully implicit finite-differencapproach was used to solve the coupled
set of partial differential equations. A Picard-tive scheme was used successfully to
deal with the nonlinear sorption term.

A synthetic form of commonly occurring manganesexitie, pyrolusite, was
used as the reactant in the soil columns. The tridaate constant and adsorption
capacity were obtained from the batch experimeB#ésed on the information obtained
from the batch experiments, a conceptual modelanthtching numerical model were

developed for predicting As transport in one-dimenal soil columns. The ability of the
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numerical model to accurately predict As transpoas verified by designing several
column experiments.

In the present study, the porous media was weltatterized and the flow was
uniform and one dimensional. Due to these idealistonditions, a simple scaling
approach to move from batch to column based orsdtiid-solution ratio appears to be
effective. However in the real field scale scemsrichemical heterogeneities cannot be
easily characterized and in addition the flow fiedl be non-uniform influenced by
physical heterogeneities. Therefore, it will befidiflt to attain the necessary parameter
distribution to directly employ the scaling apprbadeveloped in this work.
Nevertheless, this effort is certainly a first nragtep to developing scalable model for

accurately predicting the transport of As spealegroundwater systems.
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CHAPTER 6

CONCLUSIONSAND RECOMMENDATIONS

6.1 CONCLUSIONS

Based on the outcome of this research, the follgwionclusions can be made:

1)

2)

3)

To model reactive transport problems involving d&Qtium geochemical
reactions, an equilibrium geochemistry module sthidad coupled to a transport
code. In this research effort, a suite of reactremsport models were built by
coupling MICROQL, MINEQL and MINTEQA2 equilibrium epchemistry
modules with a fully implicit, finite-difference daection-dispersion solver.

The one-dimensional reactive transport models wested by solving four
benchmark problems which were identified as a drthis study. These
benchmark problems simulate four distinct equilibricontrolled processes that
involve ion-exchange, surface-complexation, preatfmn-dissolution, and redox
reactions.

In terms of code length and complexity, the equililm geochemistry modules
can be arranged as follows: MICROQL < MINEQL < MIBQA2. The
MICROQL coupled code is recommended for solving-eachange and surface-
complexation reactions, MINEQL coupled code forgggation-dissolution and
redox reactions and MINTEQAZ2 coupled code for amynbination of these

reactions. This provides the user the necessaxjbflity for selecting the model
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depending on the type of equilibrium reactions.isTtexibility reduces the code
execution time and simplifies code modificatiork&as

4) MINTEQAZ2 was implemented within RT3D to develop @totype version of a
coupled model.

5) The prototype model was validated by solving sdvema-dimensional problems,
including a complex benchmark problem that inclugescipitation-dissolution
and redox reactions. This prototype model was alsegrated into the
groundwater user interface GMS (Groundwater ModeSigstem).

6) A scalable numerical model was developed to descAb speciation coupled
with oxidation in MnQ(s) soils.

7) Finally, the model performance was validated byradpcing a set of column-
scale experimental data using scaled parameterainedt from the batch

experiments.

6.2RECOMMENDATIONS FOR FUTURE WORK
1) The current version of MINTEQAZ2-coupled RT3D modela prototype and it
needs to be further tested by solving multi-dimenal reactive transport
problems. All three codes including MICROQL, MINEQand MINTEQAZ2
should be integrated within a single framework ltova user to be able to select
and run any of these models.
2) A user interface is required to input the data ssaey for modeling equilibrium

reaction processes.
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3)

4)

5)

After fully integrating MINETQA2 within RT3D the ade will have the
capability to individually model both equilibriunmd kinetics types of chemical
reactions. However, it still cannot solve reacttvansport problems involving
partial equilibrium reactions where some of thecteas are kinetic and some are
at equilibrium. Future efforts should focus on depéng this capability.

The surface complexation module in MINTEQAZ2 reqgsifferther testing and
debugging before it can be fully integrate with RT3

Two-dimensional soil box experiments should be deted to further study
Arsenic reactive transport in manganese dioxideganimg systems. This data

will help test the validity of the scaling approanimultiple dimensions.
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