MODELING BIOTIC AND ABIOTIC DECAY OF TRICHLOROETHYLENE(TCE) USING
THE REACTIVE MULTI-SPECIES TRANSPORT IN-BIMENSIONAL GROUNDWATER
AQUIFERS(RT3D) CODE

BY

HARSEV SINGH

THESIS

Submitted in partial fulfillment of the requirements
for the degre®f Master of Science in Civil Engineering
in the Graduate College of the
University of lllinois at Urban&hampaign, 2017

Urbana, lllinois

Adviser:

Professor Albert Valocchi



Abstract

Removal of dense non aqueous phase liquids, DNAPLS, such as trichloroethylene, TCE,
is vital to improving the health of groundwater systems. TCE contamination of groundwater
systems is of significant concern and its removal a significant challenge. @meroéin causes
of delays in cleanup & TCE contaminatesite results from back diffusion. Back diffusion
occurs when the TCE mass in the high permeability zones, HPZ, is removie adE
trapped in the low permeability zones, LPZ, of the heterogenaquifer diffuses out due to
concentration gradient reversal anecomtaminates the site. Several studies have indicated that
TCE can be transformed into less harmful products of interest via biotic and abiotic processes.
These processes are slow but mpatentially have an impact since TCE can spend long time
periods in LPZs as the mass transport is mainly by diffuSibabiotic process usemn organic
solute such akctate as an electron donor and the halogenated compasietctron acceptors
to biologically transform TCE into dichloroethylene (DCE), vinyl chloride (VC), and ethene.
Additionally, the abiotic process transforms T@#o acetylene using reduced iron species as an
electron donor. Furthermore, oxidized iron produced from the abiotiegscan be converted
back intothe reduced formy iron reducing bacteriasing lactate as a donor. These feedbacks
between the biotic and abiotic processesthas extend theansformatiorof TCE into
acetyleneReactive transport motieg is a usefutool to study these feedbacKsis thesis
successfully develops a clear quantitative model of these decay processes using the Reactive
Multi-Species Transport inBimensional Groundwater Aquife(RT3D) code.RT3D is part of
the MODFLOW family of codedhiat is commonly used in engineering practice ddit@on, this
thesis explores the mitigation of the effects of back diffusion by implementing these decay

processes a 2Dimersional flow cell model. The flow cell is built using Aquaveo Groundwater



Modeling System, GMS, while the2 flow simulation is performed using USGS MODFLOW,
United State Geological Survey Modular Groundwater Flow Model, and the transport simulation
is doneusing RT3D Lastly, this thesis explains the procedures useaementing the RT3D
userdefined dynamic link library optigrwhich is necessary when usiafined reactions are

required.
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Chapter 1. Introduction

Dense noraqueous phase liquids, DNAPLSs, such as trichloroethylene (TCE) and its
daughter products, dichloroethylene (DCE) and vinyl chloride (VC), are a major form of
groundwater contamination. In a study conducted of 315 New Jerseyapgliisximately20%
were found to be contaminated with TCGinilar results were found in Nebraska whevaghly
15% of the sampled wells were found to be contaminated with TCE (Russell et al., 1992). TCE is
typically used as a universal degreasing agent, leading tgftsrhprevalence in more
industrialized areas. Additionally, TCE and its daughter products pose significant health risks.
TCE has been shown tause adverdeealth effects if processed by the human |iwgrile VC is
a known carcinogen (Russell et al., 28Due to its significant prevalence and its impact on

human health it is imperative to remove TCE and its harmful variants from groundwater supply.

It is widely known that the most difficult cleanup sites consist of those containing
DNAPLs along withhighly heterogeneougeology(Wiedemeier et al., 1998acdonaldand
Kavanugh 1994. This is because as the DNAPL source leaks into the subsurface, the DNAPL
can penetrate vertically below the water table due to its high density, resulting in larcglyerti
and horizontally extensive plumes of dissolved contaminafiredemeier et al., 1999n
addition, in a heterogeneous environment the DNAPL initially contaminates the high
permeability zones, HPZ, such as sand and over a long period diffusteeitday permeability
zones, LPZ, such as rock and clay. Once the DNAPL mass in the HPZ is removed either through
natural attenuation, source removal, or active remediation methods such as pump and treat, the
DNAPL located in the LPZ diffuses out, as thecentratiorgradientreverses, and the
contaminant is reintroduced to the subsurface environment. This reintroduction of contaminant is

known as back diffusion. Back diffusion can often result in prolongingrogdiatiorefforts.
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TCE, in particular, posesh al | enges to site remediati on
level (MCL), MCL for TCE is 5ppb, and 2ppb for VC respectively, by increasing the treatment

efforts needed to reach the MCWiedemeieet al., 199%.

Several studies have indicatee tdverse effects of back diffusion in site remediation. A
study conducted by Chapmanal, 2012, referenced in Figurekl and1.2, mimicked field
conditions using a-B laboratory flow cell experiment. Figulel, shows the configuration of
LPZs embedd®into a background of high permeability sand. FiguPeshows the
breakthrough curve of tracer measured in influent and effluent. The study showealctrat
loadingand diffusion intdhe LPZ required only 22 days to reach peak contamination le®8l of
mg/L, but itthen took another 100 dafar all tracer trapped in the LPZ to be flushed out tand
return from the previous high to its initial condition (Chapman et al., 2012). This study
effectively shows the resulting delay caused by back diffuslinhneads to significant

increases in cost and time taken during remediation efforts.
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Figure 1.2. Shows thdifficulties which

arise in remediation because of back
diffusion procesgChapman et al., 2012)

Figure 1.1. Flow cell referenced in the study
conducted by Chapman et al. The darker she
are locations of the LPEZhapman et al.,
2012) :
Another example of the impact of back diffusion is a TCE impdaédisite in Cooa,

FL (Parker el al., 2008). At this sifTCE was released from miab-late 1960s until 1977, but

due to back diffusion the site remained contaminated even after source removal and remedial
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efforts. A core sample from the site, shown in FiguBg indicated that a significant proportion

of the mass was trapped in the LBA)s suggesting back diffusion as the primary cause in the
delayed cleanup efforts. Additionally, in Figurd numerical simulations conducted using field
conditions with multiple LPZs show that even 50 years after the source is removed significant
amourns of TCE will remain due to back diffusion (Parker el al., 2008). Thus, understanding
back diffusion in LPZs is important to efficiently implement a site remediation effort and to

reduce the uncertainty in the time scales needed for cleanup.
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Figure 1.3. Indicates that a significant ~ Figure 1.4. Results of numerical simulation.
proportion of TCE is trapped in the LPZ. Shows that TCE remains present 50 yedisr
causing delayed cleanup effofBarker el source removal, as a result of back diffusion

al., 2008) (Parker el al., 2008)

TCE can beransformedhrough biotic and abiotic processe.s. Several studies have
indicated that chlorinated ethenes can act as electron acceptors and can bebreldgealy
in the presence of an electron donor under anaerobic conditions (Bradley, 2003). This process is
known as reductive dechlorination. Reductive dechlorination converts TCE to DCE to VC to
ethene by sequentially removing a ©n in the presence of an eteon donorSpecifically,
TCE has been converted biologically to ethesiag lactate aan electron donoKerr et al.,
1994). Additionally, LPZs have been shown to promote increased microbial biomass, by

potentially providing protection from predatioddijnen and van Veen, 1991). This can increase



the amount of natively present dechlorinating bacteria in the LPZ and hence the decay of TCE,
as lactater another electron dondiffuses into the LPZ. Another mechanism for TCE decay is
acombinationof abiotic and biotic processes. Several studies have shown thatifreflijerals

in the LPZ can react abiotically to sequentially degrade TCE and its variants (Elsner, 2002;
Ferrey et al ., 2004; Lee and Batchelor, 2002a
Weerasooriya and Dharmasena, 2001}hese reactiong;e(ll) is the electron donor and is
hencetransformed ito Fe(lll) in the presence of TCE, the electron acceptor, to convert TCE into
acetylene; see details in Chapter 3. Fe(lll) caredecediologically to Fe(ll) in the presence

of iron-reducing bacterigorovided that there is an available electron do8ach abiotic

reactions have been shown to extensively mitigate the effects of back diffusion in natural rock
matricegSchaefer et al., 201.3Despite these studies a clear quantitative model is needed to
understand the aforementioned TCE decay reactions within the LPZ and at thd?APZ

interface, and its resulting effects on back diffusibims model will also highlight the

competitive and iteractive parts of coupling biotic and abiotic reactions.

This thesis aims to model biotic and abiotic reactions that impact fate and transport of
TCE in and around the boundaries of the LPZ. Specificallyhiesiswill implement biotic
interaction onsisting of TCE/Lactate and an abiotic/biotic interaction consisting of
TCE/Fe(ll)/Lactate using the RT3D numerical co@el3D is part of the MODFLOW family of
codes and is widely used in enginagrpracticgAlvarez and lllman, 2006). RT3D includes
same fApparcek aged o reacti on mo d-orbeetsmansfoimationolT€CE ng s eq
to DC to VC to ethene. However, the yp&ckaged modules do not explicitly account for the
electron donor (e.g. lactate) and do not consider abiotic reactionsefdriee a major goal of the

thesis is to use the uséefined reaction capability of RT3D to implement abiotic reactions.



The thesis irganized as followsChapter 2 presents the model for biotic transformation
of TCE through sequential dechlorinati@actions. Although these reactions have already been
used extensively in the literature and are provided as-pgmkeaged reaction module in RT3D,
we add the possibility that the reaction rate can be limited by the concentration of the electron
donor (asumed to be lactate). Chapter 2 presents testing and validation of the reaction model,
and models transport in an experimental flow cell with a single HPZ and LPZ designed and built
by collaborators at Unarsityof Texas Austin. Chapter 3 presents thio#c reactions and
couples them with the biotic reactions. The coupled system is tested and then used for the flow
cell simulations. Chapter 4 provides conclusions followed by the references. Appendix A
provides the compiling instructions for compilittge RT3D user defined reactions. Appendix B
presents the instructions for creating the flow cell, used in Chapters 2 anfigauveo GMS,
Groundwater Modéng System, version 10.2. Lastly, Appendix C provides instructions on

testing the RT3D user definsdbroutine in batch mode.



Chapter 2. Model Development for Biological Transformation of TCE

2.1 Background of RT3D

RT3D, Reactive MultiSpecies Transport inBimensional Groundwater Aquifers, is a
reactive transport code that is designeddive the advectiodispersioareactionequation for
multiple species subject tmupled reactions (Clement, 199 is a more generalized version of
the MT3DMS, Modular @Dimensional Multispecies Transport, code. The primary advantage of
RT3D is thathe code provides the user with the option to add user defined kinetic reactions.
Additionally, RT3D uses the implicit method to solvergaction package (Clement, 1997
Beside these differences, RT3D primaand |y r el
source/sinks packages to account for fate and trandpibwt oontaminant (Clement, 1997,
2002. Furthermore, RT3D, utilizegactionoperator splitting for computation (@hent, 1997
Zheng et al., 1999). Lastly, both RT3D and MT3DMS rely on MODWLM™odular
Groundwater Flow Model, to solve for the flow field which is subsequesty by RT3D

(Clement, 1997Harbaugh et al.,2000; Zheng et al., 1999).

MODFLOW was initially documented by McDonald and Harbaugh in 1984 and was
subsequently developetd dSGS, United State Geologic Survey (Harbaugh et al., 2000). The
first majorrevisionof MODFLOW occurredn 1988, called MODFLOWS88 (Harbaugh et al.,
2000). MT3D wadirst developed by Zhenet al.in 1990 at S.S. Papadopulos & Associates, Inc.
with parial support from the United States Envino@ntal Protection Agency (Bedeket al.,

2016). A second version of MT3D called MT3DMS was developed by Zéealgin 1999 for

the United States Army Corps of Engineers (Zheng et al., 1999). RT3D was them addition
to MT3D by T.P. Clement at the Battelle Pacific Northwest National Laboratory, allowing for
the addition of more flexiblkinetic rate laws (Clement, 1992002. A brief overview of the
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advectiondispersionreactionequationand it relation ¢ the groundwater flow equation is

provided below.

Contaminant transport is governedfbyr processes: advection, diffusiamechanical
dispersiorand reactionsAdvection is controlled by the flow velocity of the fluid carrying the
contaminant whereasffiision refers to transport due to change in concentration gradient and
mechanical dispersion results from the deviations in the microscale velocities relative to the
average velocity. Despite the differences in disperand diffusion, both are mddd as a
Fickian process. The combination of mechanical dispersion and diffusion is referred to as
hydrodynamic dispersion or simply dispersibastly, the reaction term contains the chemistry.
The generalized advectiatispersionreactionequation combinefiesefour processes into the

following partial differential equatiofzhenget al, 1999) :

1= 1 _ 18 1

: - O — — 80 16 Y 2.1
To fTo o feo 00 N° 21)
d = Porosity [unitl 1 Volumetric flow rate per unit volume in
source/sink [H]
t=Time [T]
6 Dissolved concentration [ME] 6  Concentration of source/sink [V
O  Hydrodynamic dispersion fiT}] 'Y Chemical reaction term [MET-]

U Seepage dinear pore water velocity @ Distance along Cartesian coordinate a
(LT [L]

The advectiordispersionreaction equation can be rewritten by applying the chain rule to
transient partial derivative and assuming that the local equilibrium assumption can be applied to

the various sorption process (Zheng et al., 1999), Equation 2.tnbsco
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Linkage between the groundwater flow field, created by MODFLOW, and advection

dispersiorreactione qu at i on,

used by

RT3D, occurs via Da

equation. The groundwater flow equation is used by MODFLOW to solve for the head and is as

follows:

e 1

oy 12
Tofd

"Y =Specific storage of the aquifer fi
"Q= Hydraulic head [L]
Darcyods | aw i s

flow equation and is as follows:

This thesis wil

used to

TQ

O — A (2.3)
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1 = Fluid source/sink term

0 = Hydraulic conductivity tensor [LF]

solve for flow velo
0 Q
v 24)
— 1
use RT3D, specifically it

and abiotic transformations of TCE. The next section will describe the biologically mediated

reduction of TCE using lactate as an electron donor. Abiotic procegkbe discussed in

Chapter 3.



2.2 Lactate/TCE Chemistry

Reductive dehlorination is typically modeld using chemical kinetics, represented in the

form of rate laws. A rate law for a generic reaction A+Broducts is of the form:

Qo0 x

— Qo 6 25
a5 (2.5)
0 concentration of chemical A "Q  Experimentally determined rate const:
0  concentration of chemical B G e Experimentally determined reaction

exponents; m and n are assumed to be 1 fc

second order rate law.

Othersimplerrate laws are also used imaptice, such as first or zeooder kinetics.

It is well known that chlorinated ethenes, such as T@ag,serve as electron acceptor
for anaerobic biological reactioBince one chlorine atom is removehis process is known as
reductive dechlorination (Alvarez and lllman, 2006; Bradley, 2003). In bioremediation projects,
an aqueous electron donor canryaut to simulate dechlorination (Alvarez and lllman, 2006).
This chapter will model reductive dechlorination using lactate as an electron donor. The overall

reductionroxidation(redox) chemistry moded in this chapter is as follows:

¢6 'Ot 670600 06 G 00 (R2.1)
© ¢6'06a 606W 60 ¢O ¢oa
¢6'06a 606 00 08 G OO (R2.2)
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Table2.1. Chemical formula and the corresponding nani€eompounds used in the biotic
reaction of TCE.

Chemical Formula Name
0 "O& Trichloroethylend TCE)
0 "00a Dichloroethylene (DCE)
000 a Vinyl Chloride (VC)
00 Ethene
0006 "O0 00 U Lactate
0006 W Acetate

Lastly, the above stadl redox reactions will be mdéd assuming second order rate laws. All of

the following rate laws require the chemical concentrations to mles/liter.

QYO O . .
— Q YOO D Owo wo'Q (2.6)
Qo
Q006 O - - .
95 Q 00T DOOOOWRQAYO @ D ODO Mo 'Q (2.7)
QOB o e (28)
oF Q OOZ D AOWOOMWMQOOT D WWO VO Q
QOEDEQ . . v o 29)
—_— Q WO0Z LWWOoO WO Q
Qo0
QO OOO DO P o B s
_— —Z0Q ZYOQR LWwwowoNQzQ z 00O
Qo0 C C
(2.10
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The fate and transport of the above stated Lactate/TCE system can be simulated by

solving the following partial differential equatiomdich are based on mass balance
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2.3 Creating a RT3D User Defined Package

Partial differential equationg&quations 2.11 through 2., 18iscussed iBection 2.2 will
be solved using RT3D. Using the operator splitting strategy, the reaction kinetics can be split

into the set of following ordinary differential equatidi&alocchi and Malmstead, 1992)

QYOO Q YOO® D Odwd ho'Q

216

Q0 Y (2.16)

QOO0 MQ VT DONDOORQYO Q@ 0 Odwo do'Q (217
Q0 Y '

Qwo N 06Z DONOOWQOOT 0 OO Mo 'Q 219
Q0 Y '

QO&ENE OV w6z D HOO OO Q
(2.19

Qo Y

T z 7 VA NG TEY 0} L7 Z 08 0z D e o AP ~ z - SP R (A
Q0 MOO wogg Q Yo @ uwwowogQZQ 0002 D WwWo wogQZQ W0z DU WWo Wo (2_20)
Qo Y

RT3D allows the user to specify an arbitrary number of dissolved species that are
modeled by the advectietispersionareaction equationlmmobile species can also be defined.
Users can write their own subroutines to define the kinetic rate taersubroutine is writteim
Fortran90, although some portions use the format for Fortran 77, namely the fact that line
continuation occurs in column 6 with an ampersand symbol atd@¢dmments can start with the
letter ¢ Despite this, the main RT3D program is written in Fortran 90 (Pacific Northwest
National Lab, 2012)The subroutines can have reaction parameters which are spatially constant
or vary within each grid block. This gemn will describe the RT3D user defined reaction
subroutine used to solve the above defined set of differential equdmumstions 2.16 through

2.20 The codaised to create the user defined package is shown belbable 2.2
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Table2.2. RT3D user defined subroutidescribing Equations 216 through 2.20

c

C

c
SUBROUTINERxns(ncomp,nvrxndata,j,i,k,y,dydt,
&poros,rhob,reta,rc,nlay,nrow,ncol,vrc)

C*Block 1:*******~k~k******-k**~k~k~k~k*~k*~k~k~k~k********-k*-k**********-k***********

c List of calling arguments

¢ ncomp- Total number of components

¢ nvrxndata Total number of variable reaction parameters to be input via RCT file

c J, |, K- node location (used if reactigparameters are spatially variable)

c y - Concentration value of all component at the node [array variable y(ncomp)]

c dydt- Computed RHS of your differential equation [array variable dydt(ncomp)]

C poros- porosity of the node

C reta- Retardation facto[lignore dummy reta values of immobile species]

c rhob- bulk density of the node

c rc- Stores spatially constant reaction parameters (can dimension upto 100 values)

¢ nlay, nrow, ncot Grid size (used only for dimensioning purposes)

c vrc- Array variale that stores spatially variable reaction parameters

C* E n d Of B | oC k 1********************************************************

C* B | oC k 2 skkkkkkkkkkkkkkkkkhkkkhkkkhkkkkhkhkkhkkhkkhkkhkkkhkkkhkhkkkkhkkhkkhkkhkkkhkkhkkkkkkkkkk

C* *Please do not modify this standard interface ktoc
IMS$ATTRIBUTES DLLEXPORT :: rxns
IMPLICIT NONE
INTEGERnNcol,nrow,nlay
INTEGERncomp,nvrxndata,j,i,k
INTEGER, SAVE :: First_time=1
DOUBLE PRECISIONy,dydt,poros,rhob,reta
DOUBLE PRECISIONc,vrc
DIMENSION y(ncomp),dydt(ncomp),rc(100)
DIMENSION vrc(ncol,nrow,nlay,nvrxndata),reta(ncomp)

C'k E n d Of b | ocC k 2*************************'k****************************

C'k B | ocC k 3 skkkkkkkkkkkkkkkkkkkkkhkkhkkhkhkkhkkhkkhkkhkkhkhkkkkhkkhkkkkhkkhrkhkkkkkkkkk

¢ *Declare your problerspecific new variables here*
DOUBLE PRECISIONce,dce,vc,ethene,lactate,ktce,kdce,kvc

C* E n d Of b | oC k 3********************************************************

C* B | oC k 4 skkkkkkkkkkkkkkkkkhkkkhkkkhkhkkhkhkkhkkhkkhkkhkkkhkhkhkhkhkkhkkhkkhkkhkkhkkhkkkkkkkkkk

C*Initialize reaction parameters here, if required*
IF (First_time .EQ. 1JJHEN
First_time = Qreset First_time to skip this block later
END IF

13



Table 2.2 (cont.)RT3D user defined subroutidescribing Equations 216 through 2.20

C* E n d Of b I ocC k 4********************************************************

C* B | oC k 5 rhkkkkkkkkkkkhkkkhkkkkkhkkkkhkhkkhkkkhkkhkkhkkhkhkkhkkhkkhkkhkkhkkkkkkhkkhkkhkkhkkx

C*Assign or compute the values of new variables, if required*
tce = y(1)
dce = y(2)
ve =y(3)
ethene = y(4)
lactate = y(5)
Iktce = rc(1) ! Use in batch mode
Ikdce = rc(2)
Ikve = rc(3)
ktce = vrc(j,i,k,1)! Use in GMS model to spatially vary constants
kdce = vrc(j,i,k,2)
kvc = vrc(j,i,k,3)

C* E n d Of b | oC k5 kkkkkkkkkkkkhkkhkkkkkkkhkkhkkhkkhkkhkkkhkkkkkkhkkhkkhkkhkkhkkkkkkkkhkkhkkkx

C* B | oC k 6 vhkkkkkkkkkkkkkhkkkhkkkhkhkhkkhkkhkkhkkhkkkhkhkkhkkkhkkhkkhkkhkkhkkhkkhkkkkkkhkkhkkhkkkx

C*Differential Reaction Equations*
dydt(1) = € ktce*tce*(lactate))/reta(1)
dydt(2) = ¢ kdce*dce*(lactate) + ktce*tce*(lactate))/reta(2)
dydt(3) = € kvc*vc*(lactate) + kdce*dce*(lactate))/reta(3)
dydt(4) = (kvc*vc*(lactate))/reta(4)
dydt(5) = €0.5*ktce*tce*(lactate}0.5*kdce*dce*(lactate)
& -0.5*kvc*vc*(lactate))/reta(5)

C*End Of blOCk 6********************************************************
RETURN
END

Block 1 of the user defined code explains the data structures and namesatiirige

argumentgpassed in the RT3D maprogram.The comments in the block 1 explain the

arguments used later in the subroutBleck 2 is the interface block and defines the type of

calling arguments used to reference the RT3D main prodséook 3initializesthenames of the

user defined vaablesand rate constantBlock 4 should remain as is, and was previously used

to assignthe reactiorrate constantsrhe usage of this block was avoided because of compiling

issues, discussed in Appendix A, and instead the reaction parameters ark & Block 5 is
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used toassignthe reaction parameteasd variables to the calling argumeritss used to

transfer names of certain variables used in the RT3D main program into meaningfufarames
the user defined reaction subroutine, for e.gatiay y(1) will correspond to computed
concentration values related to TCE and similarly y(2) will correspond to DCE etc. Block 5 is
also used to define the reaction rate constémesyectorrc (*) in this block is used to define
spatially constant paramesewhereaghe arrayrc(i,j,j,*) is used to allow for spatially variable
rate constantat each grid cell (i,j,k)It is important to note that the vacrayis only accessible
when modehg the entire domain and is not accessible in begabtionmode.For the batch

mode, only rds usedo define the rate constants.

RT3D allows the user to run either in batch mode or in a full simulation. Batch mode
only computes the reaction terms of the adveetiispersiorreaction equation, dtiation2.1.
The usercan use batch mode to debug reaction rate laws, test out for reasonable rate constants
and lastly select appropriate tolerance values (Cleme@t).18 more detailed discussion of
batch mode is provided fBection 2.4. In addition, the full simulation BT3D can be performed
using several popular graphical user interfaces, including Grouedwstas and Groundwater
Modding System, GMSS&cientific Software Group; Aquavgadr his thesis will us6&MS
version 10.2o0 model the entire domgidetails are disussed irbection 2.6. Lastly, block 6
contans the user defined rate laws; the reta(species_number) calling argument contains the
retardation coefficients for a given specikss also importanto note thathe codemust be

compiled using Intel Visudtortran instructions for compiling are provided in Appendix A

Several errors occurredhen calling the RT3D executable alongside the user defined
dynamic link library, dll The procedure of calling the RT3D executable is as follows: write the

user defied subroutine (1), compile the subroutine into a dll (2), place the dll in the folder
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containing the RT3D executable (3), and lastly run the RT3D executdiderrors occurred

when the compiled dll did not properly communicate with the RT3D executdbtewas

because the RT3Bbdewasc omp i | ed i n the | ater 199006s and
Compag Visual Fortraand the dIl was compiled usimgtel Visual Fortransuccessor to

Compag Visual FortrarA brief discussion of the errors and solutionsuech errorss provided

in Appendix A.

2.4 Verification ofTCE/Lactate Model
Once the subroutine discussedsattion 2.3 is compiled into a dll, the model can be
tested in batch mode using the rt3dbaté provided by Groundwater Moliley Systems, GMS,
software. The batch utility numerically solves the rate laws explain8ecition 2.3 Equations
2.16 through 2.20Additionally, the batch utility assumes a retardation coefficient of 1.
Furthermore, in order to verify the model, the model results canrbpared to analytical
solutions, if they are available, or to an independent numerical solution. $ethisn the batch
RT3D results are compared to a numerical solution using the explicit method. Another method is

to verify the mass balance.

Thebatch utility is run by placing rt3dbatl.exe in the folder where the compiled rxns.dll
file is located. Then the batch utility can be called by running rt3dbatl.exe and answering the
questions prompted by the utility. For the cases explored in this seat@mmp i.e. number of
specieswill be 5, no_of_timestepwill be 10 and delt is 1. The firguestionof the batch utility
asksfor the number of mobile species, the number of timesteps needed to model and lastly the
length of each time step. Once these values are entered the next question will ask for the initial
values of each of the mobile species, in the same order as Blockebspffoutine. The next

qguestion will addresthetolerance of the solution, type n to keep the default values, described in
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the RT3D manual. The next question asks for the number of rate constant used in dll, enter 3.

The last question will require the uge enter the values for each of the rate constants. The

values used for ktce, kdce, and kvc are 0.005, 0.003, and 0.001, respectively. It is important to
note that RT3D doesndt require units as |l ong
all concentrations are moles/liter mol/l and for rate constants the units are Liter/(moles*day),
leaving time to be in days. Step by step instrustfonrunning the batch mode for a scenario 1

are provided in Appendix C.

We will test three scenariogith differentinitial values in order to verify the model, listed

below. The three tested scenarios are:

1. Avalue of 100 is entered for TCE leaving others as 0. This will confirm that no DCE, VC
and ethene are formed without lactate. Additionally, thiswill also confirm that TCE
remains at 100, hence verifying mass balance.

2. A value of 100 will be entered for lactate leaving others 0. Similar to run 1, no DCE, VC
and ethene should form and the lactate concentration will remain 100, satisfying mass
balarce.

3. A value of 100 will be entered for TCE and lactate, respectively. In this case, DCE, VC
and ethene should form and the sum total of TCE, DCE, VC and ethene should be 10 for
any given timestep, thus satisfying mass balance. A secondary verificatide will

performed using the explicit method to compare the results from the batch utility.

The results from batch mode accurately verified the user defined subroutine created in
this sectionTable 23 accurately shogthe results for scenario 1, where noBB&/C, and
ethene formed due to a lack of lactate and the input concentration of TCE renuaiatsht

throughout the simulation period, thus meeting the mass balance ZI4litg scenario 2, also
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showed no formation of DCE, VC, and ethene while lactateentration held firm, satisfying
mass balancd.astly for scenario 3, Table 2confirmed that DCE, VC and ethene formed as
TCE and lactate continued to decay. Mass balavas also met, shown in Table,2a8 the sum

concentration of TCE, DCE, VC amdhene totaled the initial input concentration of TCE.

Table2.3. Batch mode results from scenario 1.

Time TCE DCE VC Ethene Lactate
0.00000E4+00 Q.10000E4+03 O.00000E+0Q0 Q.00000E+0Q0 0.00000E4+00 Q.00000E4+0Q0
0.10000E401 Q.10000E403 Q.00000E4+00 Q.00000E+0Q0 0.00000E4CO Q.00000E400
0.20000E+01 0.10000E+03 0.00000E+00 0.00000E+00 0.00000E+00D 0.00000E+00
0.30000E4+01 0.10000E4+03 O.00000E4+00 0.00000E+00 0.00000E4+00 Q.00000E4+00
0.40000E401 Q.10000E403 Q.00000E4+00 Q.00000E+0Q0 0.00000E4CO Q.00000E400
0.50000E401 0.10000E4+03 0.00000E4+00 0.00000E4+00 0.00000E4+00D 0.00000E4+00
0.60000E4+01 0.10000E4+03 O.00000E4+00 0.00000E+00 0.00000E4+00 Q.00000E4+00
0.70000E4+01 Q.10000E+03 O.00000E4+0Q0 Q.00000E+0Q0 0.00000E4+CO Q.00000E4+0Q0
0.80000E4+01 0.10000E4+03 0.00000E4+00 0.00000E4+00 0.00000E4+00D 0.00000E4+00
0.90000E+01 0.10000E+03 0.00000E+00 0.00000E+00 0.00000E+00D 0.00000E+00
0.10000E40D2 Q.10000E+03 O.00000E4+0Q0 Q.00000E+0Q0 0.00000E4+CO Q.00000E4+0Q0
Table2.4. Batch mode results from scenario 2.

Time TCE DCE VC Ethene Lactate
0.00000E4+00 0.00000E4+00 O.00000E4+00 0.00000E4+00 Q.00000E4+00 0.10000E4+03
0.10000E401 Q0.00000E4CO Q.00000E40Q0 0.00000E400 Q.00000E400 0.10000E403
0.20000E+01 0.00000E4+00 0.00000E4+00 0.00000E400 Q.00000E4+00 0.10000E4+03
0.30000E+01 Q0.00000E4+CO Q.00000E4+0Q0 0.00000E400 Q.00000E4+00 0.10000E+03
0.40000E+01 0.00000E+00 0.00000E+00D 0.00000E+00O 0.00000E+00Q 0.10000E+03
0.50000E+01 Q.00000E4+CO Q.00000E4+0Q0 0.00000E400 Q.00000E4+00 0.10000E+03
0.&60000E+01 0.00000E4+00 0.00000E4+00 0.00000E4+00 0.00000E4+00Q 0.10000E4+03
0.70000E+01 0.00000E4+00 O.00000E4+00 0.00000E4+00 Q.00000E4+00 0.10000E4+03
0.80000E4+01 Q.00000E400 Q.00000E40Q0 0.00000E400 Q.00000E4+00 0.10000E403
0.90000E+01 0.00000E4+00 O.00000E4+00 0.00000E4+00 Q.00000E4+00 0.10000E4+03
0.10000E40D2 Q0.00000E4CO Q.00000E40Q0 0.00000E400 Q.00000E400 0.10000E403
Table2 5. Batch mode resulfsom scenario 3.

Time TCE DCE v Ethene Lactate
Q.00000E+00 0.10000E403 O.00000E+0Q0 0.00000E400 0.00000E4+0Q0 0.10000E+03
0.10000E+D1 0.649048E+02 0.31236E+02 0.45T02E+01 0.1451TE+00 0.79594E+D2
0.20000E4+01 0.44648E402 0.4248E4+02 0.12129E402 0.73644E400 0.65523E4+02
0.30000E+D1 0.33055E402 0.486034E+02 0.189233E402 0.167T83E+01 0.55233E+02
0.40000E+01 0.25597E402 0.46378E+02 0.25209E402 0.28158E+01 0.47378E+02
0.50000E4+01 0.20525E402 0.45361E4+02 0.3007TeE4+02 0.40380E401 0.41186E4+02
0.60000E+D1 0.18922E402 0.43797E+02 0.34005E402 0.52T758E+01 0.386183E+02
0.70000E+01 0.1427T3E4+02 0.42058E+02 0.37181E+402 0.6488BE+01 0.32057E+02
0.80000E+01 0.12267E402 0.40321E4+02 0,.39758E402 0.76543E401 0.28601E4+02
0.90000E+01 0.107T13E+402 0.32664E+02 0.41862E402 0.87e04E+01 0.25865E+02
0.10000E+0D2 0.94840E4+01 0.37122E+02 0.43592E402 0.98021E+01 0.23144E+02
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Table2.6. Sum of TCE, DCE and VC for each timestep in scenario 3.

Time
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"Yé O Q z2Y60zZ D OWOO HdW YOO
060 M 2060z HOOOMOM 2z YO0z 0 Owo 0dA
060
Ao N zwwd z0HONOMOM 2 0602 0 OGOO HdY
Ao

o®NE Q Nz wdz0Oho OGdA 0ENE Q

0 Oho GO0 gzb 2 "v§ 02 Oc‘b&(‘)c‘b(‘)%f() 2080

n AR u‘p v, 3’ (14 »n v TN [ N7
Zuooooowog)ZQZooo Z D OWo WwdXD

DODO MO Q

19

(2.21)

(222

(223

(2.24)

(225



Figure 2.1 shows the results from the RT3D batch mode calculation match

closelythe values computed using thepbcit method
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Figure 2.1. Explicit method results in comparison with RT3D batch mode results. Symbols are
RT3D, lines are independent numerical solution using explicit in time.

2.5 Testing a Simpler Reductive Dechlorination Model

This section creates a simpler reductive dedimédion model and compares the results
with an analytical solutionThis simpler case is for sequential linear deddys is done to
dispel the possibility of an error resulting from the interpretation of the compiléat tle user
defined subroutinen RT3D. Successful results will verify that the compiling instructions in
Appendix A are correct. The moeelreaction ordinary differential equatior@DES are shown
below in Equations 2.26 through 2.28description of these rate laws is providedhe RT3D

manual(Clement, 199).
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The code belowTable 2.7js used to compile the dll. The code is compiled as described

in Appendix A.

Table2.7. User defined code deribing Equations 2.26 through 2.28.

SUBROUTINErxns(ncomp,nvrxndata,j,i,k,y,dydt,

& poros,rhob,reta,rc,nlay,nrow,ncol,vrc)
¢ ***** Block 1: Comments block *******
€23456789012345678901234567890123456789012345678901234567890123456789
¢ ncomp- Total number of components
¢ nvrxndata Total number of variable reaction parameters to be input via RCT file
c J, I, K- node location (used if reaction parameters are spatially variable)
c y - Concentration value of all component at the node [array variable y(ncomp)]
c dydt- Computed RHS of yaudifferential equation [array variable dydt(ncomp)]
C poros- porosity of the node
Cc reta- Retardation factor [array variable reta(mcomp)]
c rhob- bulk density of the node
c rc- Stores spatially constant reaction parameters (up to 100 values)
¢ nlay,nrow, ncol- Grid size (used only for dimensioning purposes)
c vrc- Array variable that stores spatially variable reaction parameters
C *kkkk End Of BlOCk 1 *kkkkkk

c *** Block 2: Please do not modify this standard interface block ***
IMS$SATTRIBUT ES DLLEXPORT :: rxns
IMPLICIT NONE
INTEGERnNcol,nrow,nlay
INTEGER ncomp,nvrxndata,j,i,k
INTEGERFirst_time
DATA First_time/1/
DOUBLE PRECISIONy,dyd,poros,rhob,reta
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Table2.7 (cont.).User defined code deribing Equations 2.26 through 2.28.

DOUBLE PRECISIONc,vrc

DIMENSION y(ncomp),dydt(ncomp),rc(50)

DIMENSION vrc(ncol,nrow,nlay,nvrxndata),reta(50)
C *kkkkk End Of blOCk 2 *kkkkkk

C *** Block 3: Declare your problerspecific new variables her&*
C INTEGER

DOUBLE PRECISIONce,dce,vc,kpce,ktce,kdce kvc
C »*** End of Block 3 ******

C *** Block 4: Initilize reaction parameters here, if required ***
IF (First_time .EQ. 1JJHEN
First_time = Qreset First_time to skights block later
END IF
C »*** End of Block 4 ******

C ** Block 5: Definition of other variable names ***

tce = y(1)
dce = y(2)
ve =y(3)
ktce = rc(1)
kdce =rc(2)
kvc =rc(3)

C *+# End of Block 5 *+++x

c *** Block 6: Definition of Differential Equations ***
dydt(1) =-ktce*tce/reta(l)
dydt(2) = tkdce*dce + ktce*tce)/reta(2)
dydt(3) = ¢tkvc*vc + kdce*dce)/reta(3)
C =+ End of Block 6 ******
RETURN
END

Theresults from the batch mode are compared with the following analytical solution,
where [TCE]} is the initial TCE concentration] €dder and Pohland, 199The initial

conditiors used are 10 mol/l, 0 mol/l, and 0 mol/l for TCE, DCE and VC, respectively.
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Additionally, the rate constants used @r@5(1/day) 0.03(1/day) and 0.01(1/day) for kce, Kdce

and Ke.
YOO Yo OQ @° (2.29)
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During the batch utility run the following parameters are used: ncomp equals 3, no_of_timesteps
equals 100, delt equals 1. The initahcentratiorvalues are as follows: 10, 0, O for TCE, DCE

and VC respectively. Additionally, default toleranege used. The following three rate

constants are entered ke, kaceand kc: 0.05, 0.03, and 0.01. Lastly, all concentrations are

assumed to be in moles/liter, the rate constants dayly@nd time is in days.

The results fronthe simplerTCE reductive dechlorinatiomodelmatched the results
generated usingnalytical solutionEquations 2.29 through 2.3This was done to provide a
secondary verification that the RT3D batch mode accurately interpreted the compiled dll file.
The results 'om the simpler modelgree withthe values from the analytical solution, shown in
Figure2.2, thus verifying the compiling procedures and the subsequent interpretation of the

compiled dll by RT3D.
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RT3D vs. Analytical

Concentration

Analytical TCE Analytical DCE
Analytical VC @ RT3D TCE
¢ RT3D DCE O RT3DVC

Figure2.2. RT3D batch utily solution in comparison with the analytical soluti®ymbols are
the RT3D results whereas lines are the analytical solution.

2.6 Simulating TweDimensional Flow Cell Using Lactate/TCE model

This section will simulate a typical treatment scenario whestate is introduced to the
subsurface to promote the biological decay of TCE using the lactate/TCE chemistry shown in
Section 2.2. The moded! flow cell is based omaxperimentaflow cell created by Erin Berns
at University of Texas, Austi(Erin Berrs, University of Texas, Austin, Personal

Communication, 2016In addition, all computer modal is done using GMS version 10.2.

The physical dimensioraf the modetd flow cell are 17.5 inches in the x direction, 0.79
in in the y direction and 19.5 ihes in the z direction. The grid dimension is 35 X 1 X 42 cells in
the x, y and z direction, where x and y direction cells are uniform. Additionally, the flow cell is
divided into a high permeability zorfelPZ) and a low permeability zor(&PZ). This simulates
the effects of back diffusion and the heterogeneity of the subsurfaceofitepic hydraulic
conductivity of theHPZ and LPZ are34.015 in/dayand0.00340157 in/dayrespectivelyThe
porosityequals 0.31 for thelPZ and 0.06 for LPZThese porosities are the ones used to estimate

the flow in the experimental flow celE(in Berns, University of Texas, Austin, Personal
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Communication, 2016 Lastly for the flow model, solved using MODFLOW, there are two

constant head boundaries with vawd 25 in on the left and 24.5 in on the riglite ofthe HPZ.

These values were chosen so that lactate will move faster through the HPZ and then diffuse in to
the LPZ;thelactate boundary condition is discussed later. This effectively simulates the
experimental flow cell where the flow mostly occurs in the HPZ. The LPZ is surrounded by no

flow boundaries. Figur2.3 shows the flow model setuphe flow model is solved in steady

state mode.
No Flow
Constant Constant
Head
Head
Boundary .
la Boundary
Condition tior
P Condition
(24.5 in)
No Flow 1 - No Flow

No Flow

Figure 2.3. Flow model setup, usdxy MODFLOW.

While the MODFLOW simulation computes the groundwater flow velocity, the

contaminant fate and transport is solved using RT3D. Five species are added to simulation, TCE
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(1), DCE(2), VC (3), ethend4) and lactat€5). All species have an indi condition of 0.0
moles/liter. The simulation period is 250 days. The diffusion coefficient is set at 0.04874698
in"2/day, whereas all dispersivity values are t&etero The diffusion coefficient is based on the
one usedo estimate the flow in thexperimental flow cellErin Berns, University of Texas,

Austin, Personal Communication, 2Q1Additionally, although we would expect significant
mechanical dispersian a real systepthis model mainlyocuses on the LPZ where diffusion
dominatesTherdore, this model ignores mechanical dispersion. Furthermore, to limit the effects
of numerical dispersion resulting from the lack of mechanical dispersion, the advection and
dispersion are solved using the total variation diminishing (TVD) option in RT8D. has

been shown to perform well under high advection probleleizils are presented in the MT3D
manual (Zheng et al.,1999). Thenstant concentratidsoundary conditions, shown in Figure

24, are set at 0.009 moles/liter for TCE and 0.001 moledfitdactate In Figure2.4, at the

location of the lactate boundary condition, only 0.001 mol/l lactate is present whereas boundary
conditions for other chemicals, TCE, DCE, VC and ethene, are set at 0.0 mol/l. Similarly, at the
TCE boundary condition ahé bottom of the flow cell only 0.009 mol/l TCE is present whereas
the boundary conditions for the other chemicals is 0.0 nholdddition, the LPZ is surrounded

by no flux boundaries and the HPZ at the exit nodes is zero gradient boundary. The mass
removed at the HPZ exit boundary is equal to the flow entering the system multiplied by the
concentration at the cells (Zheng et al., 1998gse boundary conditions were set to be similar

to the ones in the experimental flow cell. The rate constants usédzaté(mol*day), 259.2
L/(mol*day), and 86.4 L/(mol*day) for ktce, kdce and kvc, respectively. These rate constants are
only applied to the LPZ, thus simulating TCE deoasulting only from théactate diffusion into

the LPZ. The rate constants warbitrarily chosen to showhe formation of ethene in a
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reasonable time fram&he general Gear solver is used to solve the user defined subroutine; see
details in the RT3D manuéClement, 200 Table 2.8 contains a summary of all the model
parameters.astly, no sorption is moded and therefore the listed bulk density of 1600000%g/in

is not used in the simulation

Table2.8. Summary oMODFLOW andRT3D model parametetssed in the 2D Flow Cell
Simulations

Parameter Value Units
Simulation Time Length 250 Day
Diffusion Coefficient 0.04874698 in"2/day
Dispersivity 0 in
HPZ porosity 0.31 Unitless
LPZ porosity 0.06 Unitless
Ktce 432 Liter/(mol*day)
Kdce 259.2 Liter/(mol*day)
Kvc 86.4 Liter/(mol*day)
HPZ hydraulic conductivity| 34.015 in/day
LPZ hydraulic conductivity | 0.00340157 in/day
Bulk density 1600000.0 g/in"3
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No Fhuoe = No Flux

TCE Constant Concentration (0.009 mol/l);
Consiant Concentration Other Species (0.0 molil)

Figure 2.4. Boundary Conditions, BC, used in RT3D simulation.

Detailed model setup instructions using GM&sion 10.Zor the MODFLOW modeére

provided in Appendix BL and for RT3D in Appendix B.2

2.7 Two-Dimensional Simulation Resulésd Discussion

This section contains the resudisd discussiofor the simulatio setup described in
Section 2.6Reslts from the MODFLOW simulation are in FiguPec. MODFLOW simulation
shows that most of the flow occurs in the HPZ although limited amount is present in the LPZ.
Given the head gradient and porosity for the HPZ, the flow velocity is approximately constant

and equal to 3.14 in/day; there is limited flow in the LPZ. The HPZ velocity is calculated as:
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Figure 2.5. Head contours solved using MODFLOW in steady state mode. The boundary
condition on the left is set at a constant head of 25 in while ongihieat 24.5 in. Head
contours indicate majority of the flow occurs in the HPZ although some is present inzhe LP

TCE, Lactate, DCE, VC and ethene concentration results are preaePfedays, 125
days and the end of simulation at 250 days. The timesteps are automatically calculated by RT3D
to meet stability conditionwith the first time step bein@.1539024 dgs. Additionally,
concentration profiles of TCE and lactate in cases with no decay case are also presented. This is

done in order to better understahdE degradation resulting frothelactate/TCE interactign
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chemical reactiosiR2.1 through R2.3The nodecay results are calculated gsttingall the rate

constants equal to zero, thus effeelyvcreating a tracer.

Figures below indicate th@CE was successfully decayed using lactate as a dotios
2-D flow cell. Additionally, the chapter goals ofeating a user defined RT3D package to model
a lactate/TCE interaction were also met. The 2D flow cell modtplyr€s 2.6 througR.22,
accurately showed the formation of DCE, VC and ethene as lactate continued to diffuse into the
LPZ. This is especiallgeen when comparing the decay with the no decay concentration profiles
of TCE and Lactate, Figures 2.8, 2.9 and Figures 2.12, 2.13, respectively. These figures compare
the concentration profiles for decay and no decay case at 250 days. In Figure 2d#fuses
to a lower distance when compared with no decay case, Figure 2.9. Similarly, for lactate, the no
decay case diffuses further into the LPZ, Figure 2.13, as opposed to the case decay case, Figure
2.12, thus highlighting the usage of lactate and T&term DCE, VC and ethene. Lactate
consumption to form TCE degradation productions is also seen when comparing the lactate
concentration profiles over time; the concentration profiles decrease with depth into the LPZ
when comparing day 25, 125 and 25@ufes 2.10, 2.11 and 2.12. The formation of DCE is
seen in the progression of the concentration profiles from day 25 through 250, Figures 2.14
through 2.16. Similarly, formation of VC and ethene over time is seen in Figures 2.17 through
2.19 and Figures 20 through 2.22, respectively. The sequential nature of formation of DCE to
VC to ethene is noticed when comparing the peak concentration for each: DCE peak
concentration is around 0.0006 mol/l, Figure 2.16, VC peak concentration 0.0003 mol/l, Figure

2.19,and ethene is 0.00009 mol/l, Figure 2.22.
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Figure 2.6. TCE concentration profile at 25 days; all concentrations are in moles/liter.
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0.009

0.0081
0.0072
0.0063
0.0054
0.0045
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0.0027
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Figure 2.7. TCE concentration profile at 125 days; all concentratiarsin moles/liter.
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Figure 2.8. TCE concentration profile at 250 days; all concentrations are in moles/liter.

TCE : 250.0

0.009
0.0081
0.0072
0.0063
0.0054
0.0045
0.0036
0.0027
0.0018
0.0008
0.0

Figure 2.9. TCE profile at 250 days if no decay occurs; all concentrations anmeoies/liter.
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Figure 2.10. Lactate concentration profile at 25 days; all concentrations are in moles/liter.
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Figure 2.11. Lactate concentration profile at 125 days; all concentrations are in moles/liter.
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Figure 2.12. Lactate concentration profile at the end of simulation (250 days); all concentrations
are in moles/liter.
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Figure 2.13. Lactate profile if no decay occurs at 250 days; all concentratoasn moles/liter.
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Figure 2.14. DCE concentration profile at 25 days; all concentrations are in moles/liter.
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Figure 2.15. DCE concentration profilat 125 days; all concentrations are in moles/liter.
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DCE : 250.0
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Figure 2.16. DCE concentration profile at 250 days; all concentrations are in moles/liter.
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Figure2.17. VC concentration profile at 25 days; all concentrations are in moles/liter.
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Figure 2.18. VC concentration profile at 125 days; all concentrations are in moles/liter.
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Figure 2.19. VC concentration profile at 250 days; all concentrations are in moles/liter.
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Figure 2.20. Ethene concentration profile at 25 days; all concentrations are in moles/liter.

Figure 2.21. Ethene concentration profikt 125 days; all concentrations are in moles/liter.

38
















































































































































































































































