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Abstract Contaminant transport modeling for soil column and heterogenous porous
system poses a challenge when modeling approach involves non-linear and non-
equilibrium sorption models and low permeability porous media (LPPM). Thus, in
this chapter, contaminant transport modeling for soil column conditions via 1-D
non-linear and non-equilibrium sorption models by means of MODFLOW models-
based scripting Python package is presented. Further, contaminant plume evolu-
tion dynamics through homogeneous and heterogeneous porous systems, along with
sensitivity analysis of flow and transport parameters, is conducted utilizing MT3D-
USGS and MODFLOW 6 models. Results from 1-D modeling revealed sorption
mass exchange rate as dominating parameter governing concentration at the outlet
of soil column. Further, longitudinal dispersivity is observed to be affecting the peak
value of concentration for non-equilibrium sorption model. The dominance of molec-
ular diffusion and transverse dispersion on 2-D vertical transport through LPPM is
observed from 2-D vertical transport modeling, whereas advection and mechanical
dispersion are observed as governing mechanisms in the high hydraulic conductivity
zone. Also, the difference in the simulation capabilities of two modeling (i.e., MT3D-
USGS and MODFLOW 6) approaches is seen. Overall, this chapter highlighted the
influence of sorption isotherm, LPPM, and modeling approach on the contaminant
transport modeling.
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Abbreviations

Cim Contaminant concentration in the immobile region

K, Linear sorption distribution coefficient

Ky Freundlich equilibrium distribution sorption coefficient

K; Langmuir equilibrium constant

S Langmuir sorption capacity

ar Longitudinal dispersivity

ary Traverse vertical dispersivity

Oim Porosity of the immobile region

Ob Bulk density

ANN Artificial neural network

BTC Breakthrough curve

GA Genetic algorithm

GMS Groundwater modeling system

GW Groundwater

LPPM Low permeability porous media

MADE Macro dispersion experiment

MOC Method of characteristic

MODFLOW  Modular three-dimensional finite-difference groundwater flow
model

MT3DMS Modular three-dimensional multispecies transport model

MT3D-USGS Mass transport in 3-dimensions—U.S. geological survey

MVR Water mover package

SGeMS Stanford geostatistical modeling software

TDS Total dissolved solid

TIAA Tucson international airport area

C Dissolved-phase concentration

S Sorbed concentration

a Freundlich equilibrium sorption coefficient

t Time

B First order sorption mass exchange rate between dissolved and

sorbed phases
& First order mass transfer coefficient

3.1 Introduction

Contaminant transport through saturated porous systems with multiple permeability
regions is critical when planning remediation activities for any contaminated site
(Chapman and Parker 2005; Guo and Brusseau 2017a). Low permeability porous
media (LPPM) or aquitard regions behave as a sink during contaminant loading
period and as a source, once the contaminating source is removed or isolated
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(Chapman and Parker 2005; Rasa et al. 2011; Yang et al. 2017a, b; Guo and Brusseau
2017b). During flushing period or after contaminant source removal, immobile
contaminants stored in the dissolved or sorbed phase in the LPPM either diffuse out
of these zones due to concentration gradient or cause long plume tailing for a longer
duration due to desorption (Brown et al. 2012; Brusseau et al. 2012). Connected
networks of preferential flow pathways and mass transfer between high permeability
channels and low permeability matrix were observed as governing factors controlling
the transport behavior at Macrodispersion Experiment (MADE) site (Zheng et al.
2011). Transverse vertical dispersivity and length of silt/clay layer were found as
governing factors of remediation during pump and treat operations while mimicking
the field-scale conditions (Carey et al. 2015). Transverse mixing of the conservative
contaminant was observed to be governed majorly by a difference in the hydraulic
conductivity of matrix and high permeability lenses in comparison with actual pore
scale dispersivity (Ballarini et al. 2014). It is observed that the non-ideal trans-
port behavior for large heterogeneous system was mainly associated with mass-
transfer mechanisms from dead-end regions, based on the observations of pump and
treat operations at Tucson International Airport Area (TIAA) federal Superfund site
(Guo and Brusseau 2017a, b). Furthermore, non-ideal mass-removal behavior was
observed attributed solely to the back-diffusion from LPPM in the layered or highly
heterogeneous subsurface system (Guo et al. 2019). Thus, it can be inferred that the
contaminant transport in the presence of LPPM or aquitard regions is complex and
needs attention while modeling using any mathematical model.

Several studies were carried out in 2-D and/or 3-D domains in the past that focused
on contaminant transport behavior as well as identification of source using an inverse
procedure. Singh et al. (2004) solved 2-D groundwater (GW) flow and transport equa-
tion using a method of characteristics (MOCs) and used the simulated concentration
data to train and test the artificial neural network (ANN). The simulation-based
ANN model was developed to identify the unknown pollution source; however, a
study was limited to the synthetic case of homogenous aquifer conditions (Singh
et al. 2004). A contaminant transport model-based ANN approach was developed
too for a scenario in which concentration data for training is partially missing (Singh
and Datta 2007). The 2-D GW flow and mass transport equation was solved by
MOC. A single soil layer was assumed for an aquifer of size 732 m by 549 m, thus
neglecting the impact of heterogeneity (Singh and Datta 2007). Also, a genetic algo-
rithm (GA)-based simulation-optimizer was developed by Singh and Datta (2006) to
determine the properties (release period, location, and magnitude of concentration)
of unknown GW pollution sources for the simple case (two potential source points
and six observation wells) to complex scenario (potential source assumed over some
part of aquifer region). USGS-MOC method was used to generate the spatial and
temporal concentration data for aquifer of size 1300 m by 800 m and further utilized
the simulation data to compute the fitness function value (Singh and Datta 2006). In
another study, Visual MODFLOW was used to assess the total dissolved solids (TDS)
in the GW in and around dumpsite in Ranipet, Tamilnadu, India (Rao et al. 2011).
Observed and model-simulated TDS values were compared to check the accuracy
of a numerical model. Similarly, MODFLOW and MT3DMS modules were used
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via Visual MODFLOW 4.1 to simulate the TDS in the basaltic terrain of Bagalkot
district, Karnataka, India (Rao et al. 2013). Calibration of numerical model was done
using observed head data; however, a comparison between model simulations and
field observations of TDS was not made (Rao et al. 2013). Different types of ANN
models were developed based on the multilevel characterization of breakthrough
curve data and highlighted the importance of data for the identification of unknown
sources (Singh and Singh 2019). The GMS (version 7.1, 2011, Aquaveo) software
was used to solve the GW flow and contaminant transport equations for a synthetic
case study representing an aquifer of size 1300 m by 800 m (Singh and Singh 2019).
Multilevel BTC characterization performed well as compared to conventional ANN
models; however, study was limited to simplistic homogenous aquifer conditions and
assumed single fixed lumped value of input parameters for simulations (Singh and
Singh 2019).

A multi-layered GW flow and contaminant transport model was conceptualized
in GMS v6.5 software to estimate the minimum value of required river flow to
enhance the GW quality of the Cauvery river basin, Tamil Nadu (Vetrimurugan et al.
2017). The transport behavior of chloride and nitrate ions from July 2007 to June
2012 was simulated using MT3DMS and MOC-based models, and model calibration
was done utilizing observed data (Zheng and Wang 1999; Vetrimurugan et al. 2017).
The chloride and nitrate concentration was forecasted for September 2020, assuming
various scenarios like water flowing in the river for 30 days in a year, 60 days in a year,
and 90 days in a year (Vetrimurugan et al. 2017). Borah and Bhattacharjya (2015)
used Groundwater modeling system (GMS 7.1, Aquaveo) software coupled with an
ANN-based optimization model to identify the properties of contamination source
assuming synthetic example mimicking confined aquifer conditions. Leichombam
and Bhattacharjya (2019) implemented MODFLOW to solve GW flow and transport
equations and coupled it with an optimization algorithm to determine the unknown
locations and flux of contaminant sources. The developed neural network-based
models performed well in determining the unknown contamination source, however,
limited to simplistic homogeneous aquifer conditions (Singh et al. 2004; Singh and
Datta 2007). It is observed that simplistic aquifer conditions, like isotropic, and
homogeneous conditions, along with the single lumped value of parameters like
porosity and dispersivity, were considered in these field-scale studies (Rao et al.
2011; Borah and Bhattacharjya 2015; Leichombam and Bhattacharjya 2019).

To incorporate the variable nature of flow and transport parameters in the math-
ematical model, several researchers have developed their in-house code rather than
relying on open-source or commercial software. For example, in-house codes of
single- and dual-porosity-based contaminant models were developed to simulate
contaminant transport in the homogeneous and heterogeneous soil column (Gao et al.
2009; Sharma et al. 2016), and through the stratified porous system (Swami et al.
2016). Variant flow and transport parameters such as dispersion and mass-transfer
coefficient were incorporated into the mathematical model to simulate non-Fickian
transport behavior in heterogeneous porous systems (Gao et al. 2010; Swami et al.
2018; Guleria et al. 2019, 2020). A two-dimensional contaminant transport problem
was solved by a dual porosity-based physical non-equilibrium model, and the impact
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of soil type on BTC was studied numerically (Guleria and Chakma 2022). However,
it is observed that the above-mentioned studies were not implemented under field-
scale conditions (Gao et al. 2009, 2010; Swami et al. 2016, 2018; Sharma et al. 2016;
Guleria et al. 2019, 2020). There are few field-scale studies in which heterogeneity
of the porous media was considered while developing GW flow and mass transport
model. For example, MODFLOW was used to solve the steady-state GW flow equa-
tion for a petrochemical plant site of approximately 2 km? in Italy, and MODPATH
was used to track the trajectory of contaminant plume by assuming different hydraulic
conductivity zones (Elshall et al. 2020). A 2-layered aquifer system was considered,
in which variation in the hydraulic conductivity (0.43—17.3 m/day) was assigned to
the upper confined layer, while 0.01 m/day of hydraulic conductivity was assumed for
the bottom confined layer (Elshall et al. 2020). Sathe and Mahanta (2019) assessed
GW contamination due to arsenic in Assam, India, by representing porous systems
using 2-D lithological and 3-D stratigraphy models, then applied MODFLOW-
MT3DMS (3-D software) to simulate field-scale data. The heterogeneous porous
system comprised several soil types such as clay, silt, sandy gravel, and boulder with
gravel was considered in the modeling; however, model calibration was done by
comparing the trend of observed and simulated GW level and ignoring the minimiza-
tion of residual error (Sathe and Mahanta 2019). It is observed that studies in which
MODFLOW-based open-source and/or commercial software was used ignored the
variability in the GW flow and transport parameters (Rao et al. 2011; Borah and Bhat-
tacharjya 2015; Leichombam and Bhattacharjya 2019). Most of the studies ignored
the impact of LPPM such as silt or clay lenses, on the plume evolution dynamics in
the adjoining aquifers (Gao et al. 2010; Rao et al. 2011; Borah and Bhattacharjya
2015; Sharma et al. 2016; Swami et al. 2018; Leichombam and Bhattacharjya 2019;
Guleria et al. 2020). Therefore, in this study, the impacts of non-linear sorption
processes, LPPM, and stagnant regions on the contaminant transport behavior in the
aquifer are studied.

It can be concluded that the contaminant transport dynamics in the presence of
immobile regions or LPPM are important to evaluate the risks of possible contam-
inant rebound during long late time periods. Thus, the main aim of this study is to
enhance the understanding of the transport mechanisms in complex heterogeneous
systems such as hydraulically coupled aquifers and low permeability porous media
(LPPM). Thus, the focus of present chapter is to (i) conduct the contaminant transport
simulations for 1-D saturated porous system and compare various non-equilibrium
and non-linear sorption models, (ii) analyze the effect of flow and transport parame-
ters on the contaminant plume evolution in the 2-D homogeneous and layered porous
systems, and (iii) test the simulation capabilities of MT3D-USGS and MODFLOW
6 models to simulate the contaminant transport behavior in various type of porous
systems (i.e., aquifer, aquifer with LPPM, aquifer-aquitard, and aquifer-aquitard with
LPPM).
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3.2 Methodology

3.2.1 Modeling Approach

The impact of flow and transport through LPPM is studied by developing special-
ized mathematical modeling approaches such as analytical, semi-analytical, and/or
numerical models (Zhan 1998; Zhan et al. 2009; Yang et al. 2015, 2019; Rezaei
et al. 2016). Forward and backward diffusive processes in aquitard were considered
for an aquitard-aquifer porous system at a macro-scale (Yang et al. 2015). Yang
et al. (2019) developed a 1-D analytical solution to analyze the effects of exponen-
tial depleting source and back-diffusion from LPPM on long tails in the contaminant
breakthrough curves. In the study by Rezaei et al. (2016) and Zhan et al. (2009) for the
single-species contaminant transport, flow and transport processes such as advection,
vertical diffusion, linear sorption, and first-order irreversible decay were considered
for the aquitard region too. However, analytical and semi-analytical solutions are
limited to simplistic aquitard-aquifer and/or stratified porous systems. Therefore,
graphical user interface-based software is used, developed, and updated to incorpo-
rate new challenges to simulate complex contaminant transport phenomena at field-
scale conditions. One such popular software is ModeIMUSE, which was developed
by USGS to solve GW flow and transport problems (Winston 2009). Mescher (2018)
used MODFLOW 2005 and MT3D-USGS via ModeIMUSE platform to understand
the contaminant transport behavior in and around Bordan site, Ontario, Canada. In the
study by Mesher 2018, 3 packages of MODFLOW 2005 and five packages of MT3D-
USGS models were used to compare the plume evolution of chloride (conservative)
and carbon tetrachloride (reactive) contaminants (Mescher 2018). The implementa-
tion of the transfer of hydrologic processes among hydrologically connected units
was done using water mover package (MVR) within MODFLOW 6 model (Morway
etal. 2021). The water transfer between irrigation delivery ditch and multiple cropped
areas representing “one-to-many”’ and runoff transfer from multiple fields routed
toward sub-stream representing “many-to-one” connections were shown very well
using MVR package (Morway et al. 2021).

In recent years, the Python language has gained acknowledgment in most
computational works because of its open-source facility. In the contaminant trans-
port modeling research field, there are few studies in which an open-source
MODFLOW-based modeling approach is implemented. For example, Stanford
Geostatistical Modeling Software (SGeMS) was utilized to generate the hetero-
geneous hydraulic conductivity field, and Python scripting package, FloPy, was
used to run MODFLOW-based simulations from which flow and transport observed
data was further used in parameter estimation (Kheirabadi 2018). A comparison of
sequential and combined approaches to calibration was made using PEST++ via
a Python programming environment (Kheirabadi 2018). The combined approach
performed better than the sequential approach for estimating hydraulic conductivity
and porosity, but was observed as time-consuming, complex in usage, and chal-
lenging for weight searching process in each run (Kheirabadi 2018). To determine
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hydraulic transmissivities via comparison model method for hypothetical aquifer
conditions, Comunian and Giudici (2021) conducted simulations using FloPy envi-
ronment. The Gaussian covariance distribution of transmissivity field was generated
using Python package gstools (Miiller and Schiiler 2019), and further, MODFLOW 6
was used by means of FloPy platform to conduct simulations (Hughes et al. 2017;
Langevin et al. 2017). White et al. (2021) developed Python scripting-based tools
using FloPy to conduct high-dimensional and geostatistical-based analyses to derive
environmental metrics. In another study, a new unstructured finite difference-based
gridding approach was developed, and suitability was tested on single and multi-
layered porous systems with 4-orders of magnitude variability in the distribution of
hydraulic conductivity (Sbai 2020). The technique was ideal for MODFLOW-USG
and MODFLOW 6 models and supported the update of the grid from conventional
rectilinear to unstructured grids such as Quadtree/Octree Decomposition and Voronoi
Tessellations (Sbai 2020). The developed gridding approach was not only confined to
geometry-oriented workflow but considered the physics and feedback obtained from
the GW flow model (Sbai 2020). Thus, by taking motivation from above-mentioned
studies, in this work, an open-source Python scripting package (FloPy) is used to
conduct simulations of GW flow and contaminant transport through saturated porous
systems (Bakker et al. 2016, 2018). The scripts used in the present study are modi-
fied based on the tutorial on FloPy MT3DMS problem (Sudicky 1989; Bakker et al.
2018). Two types of problems were considered (i) 1-D reactive transport modeling
through soil column using non-linear and non-equilibrium sorption models and (ii)
2-D vertical conservative transport modeling for homogeneous and heterogeneous
aquifer conditions. A detailed description of model parameters and approach adopted
is presented in subsequent sections.

3.3 Results and Discussion

3.3.1 Analyzing Non-linear and Non-equilibrium Sorption
Isotherms Using 1-D Reactive Transport Modeling

One-dimensional contaminant transport behavior with non-linear (Langmuir and
Freundlich) and non-equilibrium sorption isotherms are studied by conducting
numerical simulations. The study used FloPy to solve 1-D advection-dispersive
transport equation with non-linear equilibrium sorption and non-equilibrium sorp-
tion model (Bakker et al. 2016, 2018). The geometrical details mimic the soil column
conditions and are based on the example presented in (Zheng and Wang 1999). In
this sub-section, MT3DMS and MODFLOW 6 GWT models are used to carry out
simulations via FloPy (Bakker et al. 2018); however, results from MODFLOW 6 are
shown only. The main focus of these simulations is to analyze the impact of flow and
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transport parameters (velocity, sorption mass exchange rate, and longitudinal disper-
sivity) on reactive transport behavior. Non-equilibrium sorption via MT3DMS-based

model is represented as:
N S
— =pB1C—— 3.1
Pos ﬂ( Kd) (3.1

where S is the sorbed concentration, C is the dissolved-phase concentration, j is the
1st order sorption mass exchange rate between dissolved and sorbed phases, p; is
the bulk density, ¢ is the time, and K is linear sorption distribution coefficient.

Due to the inability of MODFLOW 6 to model non-equilibrium sorption, a model
needs to be approximated by assigning an immobile domain. In this study for a 1-D
problem, the value of distribution coefficient is 0.933, which is close to one; thus, the
advantage of MODFLOW 6 to approximate non-equilibrium sorption via immobile
domain was utilized. It was possible due to the assumption of not considering separate
sorption, decay, and production within the immobile domain. The dissolved-phase
contaminant mass transfer between the mobile and immobile domain region can be
represented as:

acim
QimT = E(C — Cim) (3.2)

where C;,, is the contaminant concentration in the immobile region, 6;,, is the porosity
of the immobile region, and § is the 1st order mass-transfer coefficient. By assigning
immobile domain porosity as bulk density and 1st order mass-transfer coefficient
between mobile and immobile regions as 1st order mass-transfer rate for dissolved
and sorbed phases, non-equilibrium sorption can be approximated.

Initially, contaminant transport behavior via non-linear sorption (i.e., Freundlich
and Langmuir) isotherms are compared for two different down-gradient locations
(8 and 16 cm). Secondly, non-equilibrium sorption model is used to simulate the
contaminant transport behavior through saturated soil column. Numerical simula-
tions are conducted for 1500 s in which the source is assumed to be present for
up to 160 s. The detailed description, such as sorption distribution coefficient and
dispersivity, is shown in Table 3.1.

3.3.1.1 Effect of Groundwater Velocity on the Contaminant Transport

The temporal variation of reactive contaminant for Freundlich and Langmuir
isotherm model is shown in Fig. 3.1. An early breakthrough point is observed with
an increase in velocity (v = 0.10 cm/s) for both the observation points (Fig. 3.1a).
The peak concentration value is observed at ~ 250 s for v = 0.10 cm/s at an 8 cm
down-gradient location, whereas for a 16 cm down-gradient location, peak value is
observed at ~400 s, indicating the dominance of longitudinal dispersion over source
boundary condition at a location away from source. For v = 0.05 cm/s at a 16 cm
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Table 3.1 Input parameters used for simulation of 1-D column experiment base case

S. No. Parameter Value
1 Length 0.16 m (16 cm soil column)
2 Grid spacing 1.6E-03 m (0.16 cm)
3 Pulse duration 160 s
4 Total simulation time 1500 s
5 Dispersivity 0.016 m (1.6 cm)
6 Seepage velocity 1.0E—03 m/s (0.10 cm/s)
7 Porosity 0.32
8 Bulk density 1587 kg/m? (1.587 gm/cm?)
9 Conc. of source fluid 1.0 (unitless)
10 Distribution coefficient 9.33E—04 m>/kg (0.933 cm®/gm)
11 Hydraulic conductivity 1.0E—05 m/s (0.001 cm/s)
12 Freundlich equilibrium sorption coefficient 0.3(%) * (%g)a
(K¢)
13 Freundlich equilibrium sorption coefficient (@) | 0.7 (unitless)
14 Langmuir equilibrium constant (K;) 100 (ﬁ)
15 Langmuir sorption capacity (S) 0.003 ( %)
16 First-order mass-transfer rate between the 0.0/s (case 1)

dissolved aqueous and sorbed phases (8) of 1073/s (case 2)
non-equilibrium sorption model

107Ys (case 3)
10.0 /s (case 4)

down-gradient location, the lowest value of peak concentration is observed at ~850 s
among all four scenarios.

In the case of Langmuir sorption model, the rise and fall of breakthrough curve
(BTC) is confined to a small-time duration, indicating an early achievement of Lang-
muir sorption capacity (Fig. 3.1b). A steep slope of rising portion and falling limb of
BTC is observed for v =0.10 cm/s as compared to v = 0.05 cm/s. The peak concentra-
tion of the BTC for the Langmuir model is higher than the Freundlich model for both
the GW velocity. In case of Langmuir model, the tailing portion of BTC is smaller
as compared to Freundlich model, indicating the attainment of maximum sorption
capacity. A large difference in the rising and tailing portion of BTC for different sorp-
tion models indicated the significance of choosing the appropriate sorption isotherm
as per in situ lab- or field-scale conditions.
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Fig. 3.1 BTC predicted at 8 and 16 cm down-gradient distances by implementing a Freundlich
and b Langmuir isotherm model

3.3.1.2 Effect of Sorption Parameter on the Contaminant Transport
Dynamics

The impact of non-equilibrium sorption parameter () on the BTC is studied at
half- (8 cm) and full (16 cm) soil column length for GW velocity, v = 0.05 cm/s
(Fig. 3.2). The value of 8 = 0 corresponds to a conservative contaminant where no
sorption process exists, while a high value of g indicates that the non-equilibrium
sorption process occurs at a faster rate so as reached equilibrium state. At 8 cm down-
gradient location, the peak concentration value decreases as going from conservative
to reactive contaminant (8 = 0/s to 8 = 1073/s). The peak concentration value is
observed at ~250 s for lower 8 values (0/s and 1073/s) at an 8 cm down-gradient
location, while for higher g values (107/s and 10/s), the peak value is observed at
~750 s. Also, the magnitude of concentration for higher values of sorption rate is
found to be 3—4 times lower than that of lower sorption rate case. It is observed
that the concentration value of contaminant decreases with an increase in 8 value at
an 8 cm down-gradient location, showing the mass transfer from solution phase to
sorbed phase by sorption processes. The peak value of 0.65 is observed at an 8 cm
down-gradient location, while the peak value of 0.50 is observed at a 16 cm down-
gradient location for the same value of B = 0, indicating the impact of longitudinal
dispersion process on contaminant transport. Also, it is observed that with an increase
in the value of 8, the spreading of the BTC increases as observed from BTC at an
8 cm down-gradient location.

The magnitude of concentration ranging from 0.0001 to 0.1 is observed ata 16 cm
down-gradient location for higher sorption rates (8 = 0.10 sec™' and 8 = 10sec™!),
indicating that the peak concentration is not reached yet after 1500 s. It is seen that
for higher values of 8 (e.g., 8 = 0.10sec™ ! and 8 = 10sec™!), the concentration
value at both observation points dropped by ~ 5-8 times in comparison with lower
values of 8 (e.g., B = 0.0 sec™' and B = 0.001 sec™'). Thus, it can be stated that 8
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Fig. 3.2 BTC predicted at 8 Nonequilibrium sorption model
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is the dominating parameter of non-equilibrium reactive transport model and governs
the contaminant transport behavior even for small-scale soil column conditions.

3.3.1.3 Effect of Longitudinal Dispersivity on the BTC

In this sub-section, the effect of longitudinal dispersivity on the prediction of concen-
tration for soil column conditions is shown. Figure 3.3 shows the predicted BTC at a
16 cm down-gradient location for longitudinal dispersivity, «;, = 1L_o ando; = % via
running simulations on MT3DMS (solid lines) and MODFLOW 6 (circles) in FloPy
environment. The solid circles from MODFLOW 6 are presented for every 20th-time
step. Also, the effect of the non-equilibrium exchange coefficient (8) for two different
longitudinal dispersivity values is shown. The results for MODFLOW 6 are shown
for every 20th-time step. As observed from BTCs, the results from MODFLOW 6
match well with the MT3DMS simulated BTC. The peak concentration value of 0.80
is observed for o; = % as compared to 0.70 for oy, = %, depicting the dominance
of dispersion processes over advection which eventually causes the reduction in the
peak concentration with an increase in longitudinal dispersivity value. The approxi-
mate time taken to reach peak value is found as 800 s for 8 = 0.10 and g = 10.0 at
longitudinal dispersivity equal to 1/10th of domain length (Fig. 3.3a). However, for
longitudinal dispersivity equal to 1/3rd of domain length, the time corresponding to
peak concentration is observed to be ~ 550 s (Fig. 3.3b). It shows that the time to
L

reach the peak concentration value and breakthrough time for o, = 75 are higher

than o7 = % Thus, it can be stated that with an increase in «, the effective disper-
sion coefficient increases, which causes the early breakthrough time. Overall, it can
be observed that the longitudinal dispersivity affects the shape of BTC for higher
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Fig. 3.3 BTC predicted at 16 cm down-gradient distances for a dispersivity = 1/10 of domain
length and b dispersivity = 1/3 of domain length

values of non-equilibrium sorption exchange rate; thus, it needs to be taken care of
when modeling the reactive transport behavior even for soil column conditions.

3.3.2 Analyzing the Contaminant Plume Evolution Dynamics
Jfor the Homogeneous and Heterogeneous Porous
Systems Using 2-D Vertical Transport Model

Sudicky (1989) considered the synthetic field-scale problem to understand contam-
inant plume dynamics and one of the first problems in which a heterogeneous
hydraulic conductivity field was assumed. A highly irregular flow field and a large
variation in the longitudinal and transverse dispersivity were considered for testing
the simulation capability of flow and transport code to solve real-world problems. By
taking motivation from the study by Sudicky (1989), we have studied contaminant
transport behavior for the homogeneous, simple layered, and heterogeneous porous
system by implementing MT3D-USGS and MODFLOW 6 models in the FloPy
environment (Bakker et al. 2016, 2018). Firstly, the impacts of flow and transport
parameters such as longitudinal dispersivity, recharge rate, and vertical transverse
dispersivity are studied for the homogeneous sand aquifer and simplistic layered
porous systems. Then, contaminant plume evolution in various saturated porous
systems is compared. Simulation capabilities of MT3D-USGS and MODFLOW 6
to model transport behavior in the layered and heterogeneous porous system are
compared too.

A model domain of 250 m in width and 6.75 m on the left side was divided
into 27 layers (Fig. 3.4). A steady-state flow in an unconfined aquifer was assumed
to model the water table under the impact of recharge. The hydraulic conductivity
in both the x- and z-directions was assumed to be equal for any porous media. The
contaminant source was assumed to be present at the water table for the first five years
of the simulation, and then, a source was removed, and plume evolution was studied
for up to 20 years. An initial concentration equal to 0.0 was assumed throughout
the domain. The detailed description of flow and transport parameters is shown in
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Table 3.2. The XT3D solver was enabled in MODFLOW 6 to compare the simulations
from MT3D-USGS and MODFLOW 6 (Bedekar et al. 2016; Hughes et al. 2017;
Langevin et al. 2017; Provost et al. 2017).

Fig. 3.4 Schematic of

model domain used in the
study [based on Zheng and
Wang (1999)]
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Table 3.2 Input parameters used for 2-D vertical transport base case
S. No. Parameter Value
1 Width 250 m
2 Depth 6.75 m (left)
3 Grid spacing in x-direction (horizontal) Ax =5m
4 Grid spacing in z-direction (vertical) Az=0.25m
5 Applied recharge rate 10 cm/year (base case)
6 Pulse duration 5 year
7 Total simulation time 20 year
8 Longitudinal dispersivity 0.5m
9 Traverse vertical dispersivity 0.005 m
10 Porosity 0.32
11 Bulk density 1587 kg/m? (1.587 gm/cm?)
12 Conc. of source fluid 1.0 (unitless)
13 Distribution coefficient 0 m3/kg (0 cm3/gm)
14 Hydraulic conductivity (sand) 1.157E—5 m/s (1 m/day)
15 Hydraulic conductivity 1.157E—8 m/s (0.001 m/day)
(clay or low permeability porous media,
LPPM)
16 Molecular diffusion coefficient 1.34E—9 m%/s (1.34 x 1075 cm?/s)
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3.3.2.1 Effect of Longitudinal Dispersivity

Figure 3.5 shows the contaminant plume evolution in the homogeneous porous
system after 5 and 15 years for different values of longitudinal dispersivity («p).
Longitudinal dispersivity (e, ) is varied from 0.50 m to 50 m as shown in Fig. 3.5a,
¢, and e. Contaminant plume front was observed at ~ 100 m in the x-direction and
~2.5 m in the z-direction) away from source zone for o; = 0.50m in 5th year
(Fig. 3.5a), whereas for oz, = 50 m, the plume front stretched along the x-direction
and was observed near 200 m in the x-direction and ~5 m in the z-direction away
from source zone (Fig. 3.5¢). The maximum value of C/Cy equal to 1 is observed
near the water table in the source zone in Sth year. However, after source removal, the
maximum value of C/C, decreases significantly, as observed at 15th-year time level.
The contaminant plume shape varied significantly for different values of longitudinal
dispersivity, as seen in Fig. 3.5b, d, and f. The peak concentration value of 0.50 is
observed for o;, = 0.50 m after 15 years in comparison with 0.15 value observed for
o = 50m, indicating the effect of longitudinal dispersivity on the magnitude and
shape of the contaminant plume.

Figure 3.6 shows the contaminant plume dynamics for a simplistic layered porous
system in which one layer is kept with a hydraulic conductivity of 1.0 m/day while
hydraulic conductivity of another layer is kept at 10~ m/day. It is observed that
the contaminant plume shape remains approximately the same for the homogeneous
and layered porous system for oy = 0.50 m in 5th year (Figs. 3.5a and 3.6a). For
o = 5m, the distribution of contaminant plume varied significantly when the plume
front entered the LPPM zone. In the LPPM zone, the contour line of contaminant
plume becomes perpendicular to bedding plane, indicating the dominance of trans-
verse dispersion over other transport processes. More prominently, the impact of
molecular diffusion on plume evolution is observed in the LPPM zone for all the

o, =0.5m

: %Q \ T

Time = 5 years

o B [ wa £ w e

" Time=15y I =15y i 'I‘inw=|5\'0ars“‘:——:__:_;_—
; Time .IS)cars ; Time = 15 years i i yo S

Fig. 3.5 Contaminant plume evolution in the homogeneous porous system for different longitudinal
dispersivity values a, b oy = 0.50m, ¢,d ¢y =5m, and e, f & = 50m
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| Time=15 vears Time = 15 vears | Time=15 years

Fig. 3.6 Contaminant plume evolution in the layered porous system for different longitudinal
dispersivity values a, by = 0.50m, ¢, d ¢y =5m, and e, f @ = 50m

values of longitudinal dispersivity. After source removal, in the 15th year, it is seen
that the contaminant transport in the high hydraulic conductivity zone is governed
by advection and mechanical dispersion, while contaminant transport in the LPPM
zone is dominated by diffusion in the transverse direction. A decrease in the peak
concentration value is observed with an increase in longitudinal dispersivity from
o = 0.50m to oy = 50 m (Fig. 3.6b—f).

3.3.2.2 Effect of Recharge Rate

Recharge rate is one of the important parameters governing the dilution of contami-
nant plume. In this sub-section, the effects of three different values of recharge rates,
viz. 10, 20 and 50 cm/year, on the contaminant transport behavior are analyzed in
the presence and absence of contaminant source. The contaminant plume front in
Sth year is observed at 120 m from left side of numerical domain for a 10 cm/year
recharge rate (Fig. 3.7a), while for a 20 cm/year recharge rate, the plume front with
0.05 concentration contour line reaches at ~140 m distance after five years. For
50 cm/year of recharge rate, the plume front reaches 250 m distance in 5th year,
showing an increase in migration rate of contaminant plume with an increase in
recharge rate from 10 cm/year to 50 cm/year for a homogeneous porous system
(Fig. 3.7¢). After the source removal, the shape of contaminant plume is observed as
different for different recharge rates. The contaminant plume in 10th year stretches
from 25 to 125 m distance in the longitudinal direction for a 10 cm/year recharge
rate; however, for a 20 cm/year recharge rate, the contaminant plume stretches from
25 to 225 m in the x-direction. A significant difference in the contaminant plume
distribution is observed at 15th-year time level for different values of recharge rate.
The peak concentration contour line of 0.50 is observed for a 10 cm/year recharge
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Fig. 3.7 Comparison of contaminant plume evolution with different recharge rates in the homoge-
neous porous system (MODFLOW 6)

rate, while for a 20 cm/year recharge rate, the peak contour line drops to 0.40, and
plume moves to the right-bottom side of the domain. At 50 cm/year recharge rate,
the contour line of 0.05 is observed at a right-bottom corner portion of the numer-
ical domain depicting the complete dilution of contaminant plume at 15th year for
50 cm/year recharge rate. It is observed from Fig. 3.7 that the center of mass of
plume moves diagonally, and dilution of contaminant plume becomes faster with an
increase in applied recharge rate.

Figure 3.8 represents the contaminant plume evolution in the simplistic layered
porous system for different values of applied recharge rates. The contaminant plume
front at 5th year is observed at 140 m distance from left side of numerical domain
for 10 cm/year recharge rate; however, for 20 cm/year recharge rate, the contaminant
plume with 0.05 contour line is observed at 215 m. Similarly, highly non-uniform
contaminant distribution is observed for a recharge rate of 50 cm/year in 5th year. It is
interesting to see that the contaminant contour line becomes perpendicular to LPPM
bedding plane at upper one-third portion of a numerical domain and then stretches
along the x-direction when enters the aquifer region. The dominance of advection
and dispersion processes increases with an increase in the applied recharge rate.
However, in the LPPM zone, the impact of recharge rate is not as prominent as in the
sand layer. It is observed that the contaminant plume distribution varied significantly
for different recharge rates in 10th and 15th years during source unloading period.
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Fig. 3.8 Comparison of contaminant plume dynamics in the layered porous system with different
recharge rates (MODFLOW 6)

The peak concentration contour line of 0.15 is observed in the LPPM regions for 20
and 50 cm/year recharge rates, whereas a negligible concentration value is observed
in the sand (aquifer) layer. This shows the impact of back-diffusion at later trans-
port times at higher recharge rates, which highlighted the significance of LPPM on
contaminant distribution in the adjoining aquifer regions. Also, a significant differ-
ence in the plume evolution dynamics is observed for homogeneous and simplistic
layered porous systems (Figs. 3.7 and 3.8).

3.3.2.3 Effect of Vertical Transverse Dispersivity

Figure 3.9 shows the contaminant plume evolution in the simplistic layered porous
system for different values of a7y /s, representing the impact of vertical transverse
dispersivity on contaminant transport. The contaminant plume front representing 0.05
contour line reaches ~4.25 m from bottom of the numerical domain for ";LLV =0.01
in 5th year; however, for O;ﬂ = 0.10, the plume front reaches at 3.5 m level. Thus,
it can be stated that the spreading of contaminant plume along a vertical direction
increases with an increase in a7y /oy ratio. After the source removal, the impact of
diffusive process on the contaminant distribution in the LPPM zone is seen at 10th

year (Fig. 3.9b) and 15th-year time level (Fig. 3.9¢). For ";LLV = 0.01, the effective
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hydrodynamic dispersion term in the transverse direction is dominated equally by
molecular diffusion and mechanical dispersion term. The peak contour level of 0.45
is observed for 2 = 0.01 in 10th year (Fig. 3.9b), while for <2* = 0.1 ratio, the
peak contour level drops to 0.25, showing the dilution of contaminant concentration
at higher values of transverse dispersivity (Fig. 3.9e).

For ";% = 0.1, the effective hydrodynamic dispersion term in the transverse
direction is dominated by mechanical dispersion term. Also, it is observed that when
contaminant plume front enters the LPPM zone at 10th year for "Z—LV = 0.1 value, then
plume does not spread along the longitudinal direction, instead enters directly into
LPPM zone (Fig. 3.9¢). At the 15th-year time level, the peak concentration contour
line of 0.25 is observed for X = (.01 with contour intervals at close distances;

oy,

aﬂ;/al =0.01 aﬂ;/aL =0.10

|
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Fig. 3.9 Contaminant plume evolution in the layered porous system for the different ratio of
transverse to longitudinal dispersivity a, b, and ¢ ";LLV =0.0l and d, e, and f OZ—L" =0.10
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however, for ‘g—LV = 0.1, the peak contour value drops to 0.15. It indicates that
lumping of dispersion terms at higher values of vertical transverse dispersivity and
plume evolution is dominated by advection and mechanical dispersion processes,
which further lead to a decrease in the magnitude of contaminant concentration with
an increase in ey /oy, ratio (Fig. 3.9f). Interestingly, the peak concentration contour
is observed in the LPPM region, and very low concentration values are observed in
the adjoining aquifer region, depicting the effect of back-diffusion from LPPM at
very late transport times.

3.3.2.4 Comparison of Simulation Capabilities of MT3D-USGS
and MODFLOW 6

In this sub-section, the impact of mathematical modeling choice on predicting
contaminant concentration in the aquifer-aquitard system with LPPM is studied.
The contaminant plume predicted via MT3D-USGS model for 5th, 10th, and
15th-year time level is shown in Fig. 3.10a, ¢, and e, while contaminant
plume prediction using MODFLOW 6 in 5th, 10th, and 15th years is shown in
Fig. 3.10b, d and f. It is observed that, during source loading period (at 5th year),
the contaminant plume predicted by both the models is approximately the same
(Fig. 3.10a and b). It may be due to the dominance of source concentration over GW
flow and transport processes during early transport time. However, after the source
isolation/removal, a significant difference in the contaminant plume distribution is
observed in the 10th year and 15th year. The shape of contaminant plume lumps
out when predicted via MT3D-USGS, while the MODFLOW 6 considers the GW
flow and transport mechanisms at the microscale. It is observed that the contaminant
plume shape predicted for 10th year (Fig. 3.10d) and 15th year (Fig. 3.10f) using
MODFLOW 6 is highly asymmetrical, indicating that the GW flow and transport
processes through LPPM are considered in the model. In contrast, MT3D-USGS
lumps out the GW flow and transport processes through LPPM. The difference
in the contaminant plume shape via different modeling frameworks highlights the
impact of modeling choice. Based on the results highlighted above, it can be stated
that MODFLOW 6-based modeling framework mimics the realistic contaminant
transport scenario effectively as compared to MT3D-USGS model in FloPy.

3.3.2.5 Comparison of Contaminant Plume Evolution Dynamics
for Homogeneous and Heterogeneous Porous Systems

Asymmetrical contaminant transport behavior is observed for a porous system
comprising contrasting hydraulic conductivity regions, specifically after source
removal/isolation. Based on observations obtained in previous simulations, in this
sub-section, contaminant plume evolution is analyzed for different arrangements of
saturated porous systems. Figure 3.11 shows the contaminant plume in 10th year
for different types of saturated porous systems, viz. aquifer, aquifer with LPPM,
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Fig. 3.11 Contaminant plume distribution after 10 years (source removal) in different types of
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aquifer-aquitard, and aquifer-aquitard with LPPM. The uniform distribution with
a peak concentration contour of 0.65 is observed for aquifer-type porous systems
(Fig. 3.11a). It is observed that the plume stretches along x-direction dominantly
for aquifer system; however, for aquifer with LPPM, the plume stretches asymmet-
rically along x- and z-direction equally (Fig. 3.11b). Even the dominating effect
of molecular diffusion and, subsequently, transverse dispersion on plume move-
ment is seen for aquifers with LPPM, which is undermined in the case of homoge-
neous aquifer system. In the case of aquifer-aquitard system, the contaminant plume
behaves same as aquifer system until the plume front reaches the aquitard layer.
As plume front reaches the aquitard region, the contaminant plume gets elongated
along the x-direction, showing that the aquitard layer does not allow the contami-
nant to penetrate, which might be due to very low flow velocities in aquitard layer
(Fig. 3.11c). In the case of an aquifer-aquitard system with LPPM, a highly asym-
metrical contaminant plume distribution is observed in the 10th year. The peak
concentration contour level of 0.45 is observed, showing a decrease in contaminant
movement in the aquifer-aquitard system with LPPM as compared to homogeneous
aquifer system. The influence of molecular diffusion in the LPPM region is observed,
while advective and dispersive fluxes dominate the contaminant transport in the high
hydraulic conductivity (aquifer) region (Fig. 3.11d).

Figure 3.12 shows the contaminant plume in 15th year for different types of satu-
rated porous systems. The overall transport behavior for various types of porous
systems in 15th year is same as in the 10th year. The peak value of concentration
decreases with an increase in time, which represents the dilution of concentration by
dispersion processes. For aquifer-aquitard system, the peak concentration contour
level of 0.25 is observed with contaminant plume stretched along the x-direction
dominantly in comparison with z-direction after 15 years (Fig. 3.11c). The concen-
tration contour level is observed as parallel to the aquitard layer and does not allow
contaminant to penetrate. The zones of higher values of contaminant concentrations
are observed in the high hydraulic conductivity regions even after ten years of source
isolation/removal; however, small patches of high concentration values are observed
in the LPPM regions. It shows that the LPPM regions act as a contaminant source at
later transport times (Fig. 3.12b and d).
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Fig. 3.12 Contaminant plume distribution after 15 years (source removal) in different types of
porous system a aquifer, b aquifer with LPPM, ¢ aquifer-aquitard, and d aquifer-aquitard with
LPPM

3.4 Conclusion

This chapter presents the modeling of contaminant transport via 1-D non-linear and
non-equilibrium sorption models. Secondly, a comparison of transport behavior for
homogeneous and heterogeneous porous systems is presented, along with the sensi-
tivity of model parameters. Finally, the simulation capabilities of MT3D-USGS and
MODFLOW 6 models to simulate the contaminant transport behavior in various types
of porous systems (i.e., aquifer, aquifer with LPPM, aquifer-aquitard, and aquifer-
aquitard with LPPM) are highlighted. The results from non-equilibrium sorption
model indicate that the concentration at a down-gradient location for soil column
conditions decreases with an increase in sorption mass exchange rate, indicating
it as dominating parameter of non-equilibrium reactive transport model. A signif-
icant impact of longitudinal dispersivity on the shape of BTC is seen for higher
values of non-equilibrium sorption exchange rate. The results from 2-D vertical
transport modeling depict the impact of LPPM on contaminant plume evolution.
The dominance of molecular diffusion and, subsequently, transverse dispersion on
contaminant transport behavior through LPPM is observed. At the same time, advec-
tion and mechanical dispersion processes are observed to be governing the trans-
port behavior in the high hydraulic conductivity (aquifer) zone. Also, it is observed
that the MODFLOW 6 considers the microscale processes through LPPM, whereas
MT3D-USGS ignored these processes and lumped them into macro dispersion
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coefficient while modeling transport behavior in LPPM regions. The simulations
depict the LPPM regions as source terms at later transport times after source isola-
tion/removal and sink terms during the loading period. However, this chapter is
limited to dissolved species transport problems in the saturated porous system. Flow
and transport modeling of nonaqueous phase liquids (LNAPLs and DNAPLSs) in
unsaturated porous media can be conducted in FloPy environment to give a broader
aspect to the applications of Python scripting-based package.
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