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Abstract: To remove contaminants from a layered heterogeneous porous system where the flow
direction is parallel to the horizontal layering, the flushing front may advance faster in one layer
than the other, resulting in a significant vertical concentration gradient across the layer interface.
This gradient leads to mass exchange between the layers due to the vertical dispersive transport.
Such a mass exchange phenomenon can greatly alter the mass (and heat if the temperature is a
concern) distribution in a multi-layer porous media system but has never been investigated before
in a quantitative manner. In this study, high-resolution finite-element numerical models have been
employed to investigate how transport properties affect contaminant transport during flushing,
using a two-layer system as an example. The results showed that the porosity and retardation factor
play similar roles in affecting mass flux across the interface. Increasing the porosity (or retardation
factor) of one layer with a faster flushing velocity would decrease the total mass flux across the
interface of the layers, while increasing the porosity (or retardation factor) of the layer with a slower
flushing velocity played an adverse influence. Furthermore, increasing the transverse dispersivity
of any layer increased the mass flux across the interface of the two layers. However, changes in the
transverse dispersivity did not affect the spatial range (or gap along the flow direction) in which
significant vertical mass flux occurs. This study has important implications for managing contaminant
remediation in layered aquifers.
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1. Introduction

Groundwater contamination, arising from the introduction of undesirable substances
such as chemicals, bacteria, and fertilizers, poses a distinct challenge compared to surface
water contamination. This distinction is not only due to its subtle and inconspicuous nature
but also to the chronic and elusive negative impacts on human health [1]. Furthermore,
remedying contaminated groundwater is a complex and costly endeavor because ground-
water resides in subsurface geological layers with extended residence times [2—4]. Even if
the source of contamination is eliminated, the natural purification processes for contam-
inated groundwater can span decades or even centuries [5]. The critical importance of
addressing groundwater contamination cannot be overstated. Its persistence can diminish
the availability of freshwater, disrupting the delicate balance between water supply and
demand, potentially leading to crises and even conflicts. Thus, urgent attention and action
are required for groundwater remediation.

Groundwater remediation encompasses a variety of techniques designed to address
contaminants, mainly based on extraction, physical separation, precipitation, immobiliza-
tion, and toxicity reduction [6-11]. For example, pump-and-treat is well established for
its versatility, which involves pumping groundwater to the surface and physically sep-
arating contaminants from it [12-14]; bioremediation employs microorganisms to break
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down or transform contaminants into less substances within the groundwater [15-18];
granular-activated carbon (GAC) or powdered-activated carbon (PAC) can also be used to
absorb a wide range of contaminants, including organic compounds, chlorine, and heavy
metals [19-21]. The selection of the most appropriate remediation technique hinges on sev-
eral factors, including the type and concentration of contaminants, site-specific conditions,
cost considerations, and regulatory mandates. Often, a combination of these methods is
integrated into a comprehensive remediation strategy to ensure the successful elimination
of contaminants from groundwater sources.

This research focused on the pollutant flushing method, which relies on the flushing
of contaminated aquifers using clean (or contaminant-free) water, and this physical reme-
diation method has been widely used due to its simple implementation, relatively low
cost, and relatively high efficiency, particularly when this method is combined with other
types of remediation methods (such as chemical and/or biological method) [22,23]. An
approximate version of the flushing method concerns the advective and linear sorption
processes but neglects the dispersive transport process, but it has the benefit of including
some closed-form analytical equations for estimating the approximate flushing time re-
quired for reducing the concentration in the contaminated aquifer to a predefined level of
concentration for the chemical of concern. The results obtained from such an approximative
flushing method can be used as a preliminary screening tool in assessing the actual flushing
method’s overall performance [24]. The flushing method will become less effective when
the aquifer contains great portions of contaminated low-permeability zones such as clay
lenses in an alluvial aquifer or rock matrix in a fractured aquifer. This is because it is very
difficult for the clean flushing water to penetrate those contaminated low-permeabilities
zones; thus, it is ineffective in removing the contaminants from those zones. Up to the
present, most studies concerning the flushing method often adopt the homogeneous aquifer
assumption, which would not be satisfied for heterogeneous aquifer systems, which are
the focus of this investigation.

Researches on transport in layered heterogeneous aquifer systems can be categorized
more or less into two groups: one in which the flow direction is perpendicular to the
direction of layering, for which breakthrough curves are typically predicted using time
convolution, assuming that interactions between layers do not significantly impact trans-
port [25]; the other group involves that the flow direction is parallel to the layering, which
will be the focus of this study. Layered heterogeneous media refers to geological or porous
materials that exhibit variations in properties, such as grain size, hydraulic conductivity, or
porosity, within different layers or regions. Layered heterogeneous media include struc-
tured soils [26,27], fracture-matrix systems [28-30], and aquifer-aquitard systems [31-33].
These variations in properties result in nonuniform flow patterns within the porous media,
often described as preferential flow, signifying that water and solutes move at different
velocities in various layers or strata within the soil [34,35]. The concentration difference
among different layers would become inevitable, and intra-layer mass transfer will occur,
driven by the vertical dispersive transport. Therefore, when the flushing method is applied
to a multi-layered system, the efficiency of flushing is not only related to the flow and trans-
port parameters of individual layers but also closely related to the intra-layer mass transfer
rate. To understand the most important controlling mechanism of the flushing method in a
multi-layer system, this study used the two-layer aquifer system as an example. The reason
to choose the two-layer aquifer system is that it is the simplest multi-layer system and has
been commonly seen in the actual setting as well, such as the aquifer-aquitard system and
the fracture-matrix system.

Extensive studies have been conducted before concerning solute transport in a highly
simplified two-layer system in which the permeability of one layer is much smaller than
that of the other layer. For instance, the double-region (domain) model, proposed by
Coats and Smith [36], was designed to elucidate the transport of solutes within structurally
heterogeneous media. Within this model, the media are divided into two distinct domains:
the first one is the mobile domain, where the fluid flows with a mean fluid velocity. The
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dispersion of solutes in this domain follows Fick’s law, a foundational principle in physics
that links solute diffusion to concentration gradients. The other domain is the immobile
domain, where the fluid is assumed to be stagnant, and it acts as a buffer zone that can
capture or release the solute of concern. The mass transfer between the two domains is
determined by the product of a mass transfer coefficient and the concentration difference
between the two regions. This double-domain model is often called the dual-porosity
model or the mobile-immobile domain model (MIM) [37], which has also been used widely
on previous research to discuss the breakthrough curves (BTCs) of solute transport in
heterogeneous media [38-40]. For example, Wood, et al. [41] described the combined
influences of microbiology in basic heterogeneous (layered) flow system, using the MIM
model as a basis. However, the MIM model is not the best model to describe solute transport
in layered heterogeneous media where the fluids in both regions are mobile. To address
this limitation, Skopp, et al. [42] introduced an approximate analytical model to modify
the MIM by considering scenarios in which the water in both regions is mobile, commonly
known as the dual-permeability model. In their model, solute transport within each domain
is described using a one-dimensional (1-D) advection-dispersion equation (ADE), which
considers different dispersion coefficients, porosities, and flow velocities in each domain.
The transfer of solutes between these two domains is governed by a constant mass transfer
coefficient. Notably, this mass transfer coefficient if often determined empirically rather
than being calculated based on the geometric and hydrologic properties of the media [43].
Both the dual-porosity model (i.e., MIM) and the dual-permeability model do not concern
the actual geometric distinction of two parallel layers; instead, they treat the whole porous
media system as two interrelated continuums with one or more rate-limited mass transfer
coefficient(s) between the two continuums.

Theoretically speaking, the coupling of solute transport between two adjacent domains
can be represented by continuity of concentration and mass fluxes across the interface of
the two domains. However, the 1-D double-region model assumes that solute in each
region only migrate along the longitudinal direction, and the mass transfer between the
two domains is determined by the product of an empirical transfer coefficient and the
concentration difference between the two domains, rather than the transverse dispersion
of the two-dimensional (2-D) model [44]. Such an empirical transfer coefficient is often
assumed to be dependent on the diffusion coefficient of the solute of concern, but a clearly
defined quantitative relationship between them is rarely provided. While this assumption
might be appropriate for heterogeneous media comprising interconnected soil aggregate
pores and interaggregate pores, it falls short when applied to layered heterogeneous
media characterized by multiple layers of distinct materials. In these situations, transverse
dispersion, rather than molecular diffusion, becomes the primary driving force governing
the mass exchange between adjacent layers.

Table 1 displays the most recent studies that are relevant to this investigation. The
approaches, main focuses, and key differences of such recent studies from this investigation
are also documented in detail in Table 1. An innovative 2-D model is needed to describe the
solute flushing process in layered heterogeneous media considering two mobile stratified
domains and the mass transfer between these domains. Therefore, this study aimed to build
such a new 2-D model and to propose a high-fidelity finite-element numerical solution for
such a model. In the finite-element numerical models, solute transports in two stratified
domains were coupled with the continuity of concentrations and the vertical mass fluxes
across the interface. Aiming at the above issues, the primary motivation of the research
was to study the effect of hydrodynamic controls on the mass exchange rate between the
two parallel layers, and the influence of such a mass exchange mechanism on the overall
spatiotemporal concentration distribution in the multi-layered system. The developed
numerical solution will be applied to assess the efficiency of contaminant flushing in a
two-layered aquifer system.
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Table 1. Summary of the latest relevant studies including their approaches, main focuses, and
differences from this investigation.

Literatures Methods Main Points Differences from This

Study

The model considers transverse
dispersion and linear reactions in a
layered medium, and the mass

This paper focused only on
the transverse dispersion but

[44] Semi-analytical model exchange between the zones is did not consider other
determined by the transverse influence factors.
dispersion across the interface.
The modeling results show that the
pollutant concentration is more The model was based on 1-D
y . sensitive to the Peclet number than ~ ADE, and the flow direction
[45] Analytical model the retardation factor and the was perpendicular to the
first-order decaying coefficient in interface of two layers.
uniform groundwater flow.
The effects of the geometry of This paper focused only on
[46] Laboratory model low-conductivity zones, the conductivity contrast but

conductivity contrast, and flow
regime on solute flushing.

did not consider other
influence factors.

Synthetic pore-scale

[47] millifluidics simulation

They compared the length scales
associated with mass transfer rate
and the calculation of the Peclet
number and found that the Peclet
number is commonly larger than
the characteristic length scale
associated with mass transfer rate.

The simulations were using a
millifluidics device, which
might not fully represent the
complex and heterogeneous
nature of real-world
porous media.

2. Problem Formulation

To gain insight into the flushing dynamics of layered heterogeneous aquifers, we
constructed numerical models featuring various aquifer configurations. These models
encompass different combinations of aquifer types and characteristics. To simulate the
complex interplay of fluid flow and contaminant transport within these representative
scenarios, we employed the power of the finite-element software package known as
COMSOL Multiphysics.

Figure 1 shows a flushing schematic diagram, in which the layered heterogeneous
porous medium formed by two layers is shown. The upper layer is layer-1, and the lower
layer is named layer-2. The coordinate system is set up as follows. The x-axis is along
the horizontal direction, pointing to the right, and the y-axis is vertically upward. The
origin of the coordinate system is at the left boundary, located at the interface of layer-1 and
layer-2. Assuming that the fluid only flows along the x-direction in both layers, the mass
transfer can occur between layer-1 and layer-2 due to vertical dispersive transport caused
by a vertical concentration gradient whose direction could be either upward or downward,
depending on the specific problems investigated. Each of the two layers, when considered
in isolation, can be characterized as homogeneous porous media. However, the distinctive
materials comprising these two layers combine to create a layered heterogeneous porous
medium, marked by variations in properties and characteristics. These two layers have
different longitudinal dispersivities (x1), transverse dispersivities (at), porosities (8), and
retardation factors (R). In this system, a constant flux of solute-free clean water is introduced
at the inlet located at the left boundary (x = 0) to flush out a previous contaminated domain
of length L where the exit at x = L is an open boundary. For the simplicity of demonstration,
the initial concentrations in both layers are assumed to be identical, denoted as Cy, and it is
flushed by solute-free clean water at the same time. The upper and lower boundaries of
the two-layer system are impermeable to flow and transport. The solute transport in the
two layers is coupled with continued concentrations and mass fluxes at the interface of
the two layers.
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solute-free
clean water

L

Figure 1. Schematic diagram of a flushing model in the layered heterogeneous aquifer. The thickness
of the layer is denoted as B, L is the length of domain, and the subscripts 1 and 2 represent the
parameters in layer-1 and layer-2, respectively.

The conceptual model of such a two-layer system was utilized to illustrate the con-
taminant flushing mechanism using the minimum geometric and hydraulic controlling
parameters. This simplified model has the benefit of understanding the system behavior
better but may not be applicable for complex field cases which usually involve a much
larger number of controlling factors and a greater degree of uncertainties in their geometric
and hydraulic parameters.

Solute transport was assumed to follow Fick’s law, meaning that solute transport in
each layer is governed by ADE, and mass exchange between adjacent layers is governed by
the first-order vertical concentration gradient.

The simplest form of ADE for 2-D transport with linear sorption (or a constant retar-
dation factor) without decay or sink/source can be expressed as:

aC d aC d aC aC

where C is the solute concentration in the dissolved phase [M/L3], v = ¢/ is the advection
velocity [L/T], g is Darcy velocity which is along the x-axis [L/T], 6 is the aquifer porosity
[dimensionless], t is time [T], x is the distance along the flow path [L], Dy and Dy are the
principal hydrodynamic dispersion coefficients along the x and y directions, respectively
[L2/T], and R is the retardation factor [dimensionless]. Notably, Dy = a,v + D* and
Dy = ayv + D*, where «, and ay are the longitudinal and transverse dispersivities [L],
respectively, and D* is the effective molecular diffusion coefficient which depends on the
free-water diffusion and a geometric factor called tortuosity [L?/T]. For most cases of
advective velocities concerned here, the contribution of molecular diffusion to the overall
hydrodynamic dispersion is secondary and negligible. However, for some special cases,
the contribution of molecular diffusion should be considered or may even play a major
role. For instance, when one of the two layers in Figure 1 is bedrock in which groundwater
is almost motionless, then molecular diffusion will be the primary driving force for mass
exchange between the bedrock and the adjacent aquifer. In another example, if one of the
two layers in Figure 1 is an aquitard consisting of clay or silt in which groundwater pore
velocity is very small but not zero, then the contribution of molecular diffusion may be
somewhat similar to the contribution of the mechanical dispersion term.
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3. Results and Discussion
3.1. Numerical Setup

The model conceptualized in Figure 1 was discretized using triangular elements and
was simulated numerically using the finite-element COMSOL software package. To ensure
a sufficiently accurate numerical solution, we implemented specific meshing parameters.
Elements near the interface of the two layers and the left boundary were refined, with a
minimum element size of 0.0001 m, a maximum element size of 0.1 m, and a maximum
growth rate of 1.1 for the element size. The growth rate indicates that the element size
can expand by a maximum of approximately 10% when transitioning from regions with
smaller elements to those with larger ones, utilizing the free triangular mesh generator.

The complete mesh consisted of 90,181 domain elements. The refinement of element
sizes near the interfaces of distinctively different porous systems is important to minimize
the numerical errors which are prone to occur near those interfaces [31]. We checked
the grid dependence of the numerical simulations by reducing the grid sizes by half and
conclude that the results were the same but with much longer computational time. Thus,
the chosen grid design and mesh element were suitable for generating accurate results.

As aresult of variations in transport parameters, the advancing front of flushing within
one layer may outpace that of the other layer. This differential progression creates notable
vertical concentration gradients along the interface that separates the two layers. This
gradient leads to vertical mass exchange, which redistributes mass between adject layers,
profoundly affecting flushing performances. To investigate mass flux between layers, we
recorded the concentration changes of points near the boundary of two layers (i.e., the
concentration difference at y = 0.01 m and y = 0.02 m to calculate the mass flux of layer-1,
and the concentration difference at ¥y = —0.01 m and y = —0.02 m to calculate the mass flux
of layer-2), and then calculated the mass flux separately based on the following equation:

oC

F= —Dy-G-@

@
where F is the diffusion flux [M/T/L]. Based on mass balance requirement, the vertical
mass fluxes near the interface computed using the upper layer (layer-1) or the lower layer
(layer-2) should be approximately the same, as confirmed in our numerical exercises. The
effective molecular diffusion D* is assumed to be 10~2 m?2/s, while the default values of
other parameters are shown in the following sections.

3.2. Flushing Processing

The flushing process was investigated by recording its status at different time intervals
(50th, 200th, 600th, 1000th days) using an example case, which was characterized by the
following properties: ar1 = 0.1 m, at; = 0.0l m, a;p = 0.2 m, arp = 0.02m, 6; = 0.1,
6, = 0.2, g = 0.01/day, which was the same for both layers, By = B = 5m, L = 100 m,
Co = 1 mol/m3. One can see that because the porosity of layer-1 was half of the porosity
of layer-2, the average groundwater flow velocity along the x-axis in layer-1 was twice of
that in layer-2, as the Darcian flow velocities (g) in both layers were the same. Therefore,
layer-1 was regarded as the faster flushing layer and layer-2 was regarded as the slower
flushing layer hereinafter. The vertical dispersivity values for both layers were assumed to
be 1/10 of their longitudinal counterparts. Figure 2 presents the concentration distribution
at various times, revealing that the solute in layer-1 consistently preceded that in layer-2,
while the gap between the two layers increased over time.

Figure 2 revealed interesting observations. Firstly, as time progressed, the concentra-
tion profile spread out more broadly, and the distance between the flushing fronts of two
layers increased, as expected, where the flushing front was defined as the contour with a
concentration equaling to 1/2 of the initial concentration (Cy). Secondly, the concentration
contour lines were slanted near the interface of two layers, but they were vertical when
approaching the upper boundary of the layer-1 and lower boundary of the layer-2.
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Figure 2. The concentration distributions at different times (50th, 200th, 600th, 1000th days).

The first observation was due to the effect of dispersion, and the contrast of average
groundwater flow velocities between the two layers, which will create an increasing gap
between the fronts of two layers increasing over time, resulting in an increasing vertical
mass flux within that gap.

For the second observation, if there was no vertical mass flux between the two layers,
then the concentration contour in each layer should be strictly vertical, meaning that the
concentration gradient is strictly along the horizontal direction. The existence of a vertical
mass flux across the interface of the two layers will alter the shape of the concentration
contours, because both vertical and horizontal concentration gradients exist in regions near
the interface of the two layers, and a greater vertical mass flux across the interface of the
two layers will cause greater deviation of the concentration contours from vertical lines.
The vertical mass flux decreased vertically when moving away from the interface of the
two layers, and when approaching the upper boundary of layer-1 or lower boundary of
layer-2, the vertical mass flux will gradually drop to zero (because of the impermeability of
those two boundaries); thus, the concentration contours were approaching vertical near
those two boundaries.

3.3. Effects of Porosity

To better understand how the contrast in porosities between the two porous layers
influences solute transport, we began by examining the impact of varying porosities on
the breakthrough curves (BTCs) in this section. For the sake of clarity and consistency, all
cases under consideration shared the same properties, outlined as follows: ay; = 0.1 m,
ary = 0.0l m, a;p = 02m, ap = 0.02m, g = 0.0l m/day, By = Bp =5m, L = 100 m,
Co = 1 mol/m?3, and the transport parameter values are summarized in Table 2, which can
help to investigate how the porosity of layer-1 (or layer-2) affect the mass transfer between
the two layers when the porosity of layer-2 (or layer-1) remain unchanged. Figure 3 depicts
the vertical mass fluxes across the interface of layer-1 and layer-2 in Cases 1-3 as they
vary with distance at different times. In particular, Figure 3a—c are for Cases 1, 2, and 3,
respectively. Figure 3d shows the typical features of mass flux spatial distribution across
the interface of layer-1 and layer-2 over time. From Figure 3d, one can see that the mass
flux distribution can be roughly classified into five sections. The first section from the left
boundary to point A (which is the starting point of rising) had a nearly zero mass flux;
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the second section from point A to point B (which is the first peak or the maximal mass
flux) represents a rapidly rising limb; the third section from point B to point C (which is
the second peak) represents a relatively flat declining section from the first peak (point A)
to the second peak (point B); the fourth section from point C to point D (which marks the
nearly zero mass flux or the ending point) is a moderately falling limb; the fifth section is
from point D to the right boundary with a negligible mass flux. Figure 3d shows that the
rising limb from A to B is considerably steeper than the falling limb from C to D.

Table 2. Different porosities of conceptual Cases 1-3.

Case No. 01 0,
1 0.1 0.2
2 0.1 0.4
3 0.2 0.4
0.22 0.22 = - -
(a) Case 1: =—{t=200d - (b) Case 2: =— t=200d
020 1 0,-0.1, 0,02 e t=600d 0204 ¥ » 0,=0.1, 0,=0.4 e t=600d
0.18 4 —A—t=1000d 0.18 4 L} |4 t=1000d|
L]
L}
L}
L}

X (m)
0.22 0.12
(c) Case 3: = {=200d

0.20 4 6,02, 0,04 e t=600d (d)

0.18 [—4—t=1000d| 0.104
§ 0.16 3
£ 014 .ﬂ'. £ 008
£ ’ g
£ 012 1 £
£ £ 0.064
% 0.10+ f x
] 9 A 3
- 0.08 “ A =
7] ® A @ 0.04 1
< 006 4 A g

56 A ® A

.04 L X 0.02
002, Ao A
U0 F A S . W . 000 A : :
0 20 40 60 80 100 0 20 E4 F 60 80 100
X (m) X (m)

Figure 3. The vertical mass flux of Cases 1-3 between the layers varies with distance at different

times. (a) Case 1; (b) Case 2; (c) Case 3; (d) An example curve (Case 1 at ¢t = 600 d) with turning
points highlighted.

3.3.1. Effect of Porosity for Case 1

Case 1 is a base case that was used to compare with Cases 2 and 3 in the following,
and so, it is discussed first. Figure 3a presents several noteworthy observations about
Case 1. Firstly, the maximum value of the mass flux continuously decreased over time. For
instance, the peak mass flux was 0.165 mmol/ m?/d at x = 14 m for £ = 200 d, while it was
0.112 mmol/m?/d at x = 37 m for t = 600 d. Secondly, mass flux appeared as an asymmetric
bell-shape distribution with distance of x at any given time, with a steeper rising limb, a
relatively flat top, and a less steeper falling limb. For instance, the range of the flat top was
not apparent for t = 200 d, but for ¢ = 600 d, it can be seen from x = 37 m to 58 m with a
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range of 21 m. Thirdly, as time passed, the range of the relatively flat tops increased. For
example, when t = 600 d, the range of the flat top was 21 m (from x = 37 m to 58 m). For
t =100 d, the range increased to 38 m (from x = 60 m to 98 m).

These observations can be explained from several perspectives. In the first observation,
it can be seen that the solute transport in layer-2 lagged significantly behind that of layer-1
over time, with the concentrations in layer-2 consistently higher than those in layer-1. While
solute was flushed out of layer-1 faster than that of layer-2, the vertical dispersive process
allowed the solute from layer-2 to enter layer-1 across the interface. At the onset of flushing,
when the concentration of the left boundary became zero, the concentrations in the left
region of layer-1 would be lower than those in layer-2 due to the faster flushing of solute in
layer-1. As a result, the solute in the left region of layer-2 would move to layer-1, driven by
the vertical dispersive transport. As time progressed, the concentration difference between
the two layers decreased, causing the peak of mass flux to decrease.

Regarding the second observation, the change of mass flux represents the change
of concentration difference between the two layers. For the first section between the left
boundary and point A in Figure 3d, the solutes from both layers were flushed out almost
completely, resulting in nearly zero mass fluxes during the section. For the second section
from A to B in Figure 3d (the rising limb), the solute in layer-1 was flushed out almost
completely, while the solute in layer-2 was still there and will vertically disperse into layer-1.
This caused the concentration gradient between the two layers to increase steeply, leading to
a corresponding increase in the mass flux. For the third section from B to C in Figure 3d (the
relatively flat top), after the mass flux reached the peak value, the concentration gradients
between the two layers near the interface will drop, resulting in a slowing declining curve
from the first peak of point B to the second peak of point C. For the fourth section from
point C to D (the falling limb), which was approaching the flushing front of layer-1, the
concentration gradient between the two layers decreased moderately, causing the mass
flux to decrease moderately as well. For the last section from point D to the right boundary,
the solute-free water did not yet reach that location, and there was nearly no concentration
difference between the two layers.

The third observation is easily understandable. As the solute transported faster in
layer-1 than that in layer-2, the range of mass flux (the section AD in Figure 3d) would also
spread out over a larger range with time.

3.3.2. Effects of Porosity for Cases 1 and 2

To investigate the influence of porosity in detail, we compared Cases 1 and 2, in which
the porosity of the faster flushing layer-1 remained the same, but the porosity of the slower
flushing layer-2 differed. A few more interesting observations can be made from Figure 3a,b.
Firstly, the peak of mass flux at a given time increased as the porosity of layer-2 increased.
For example, at t = 600 d, Figure 3a shows that the peak mass flux was 0.112 mmol/m?/d
at x = 37 m (for Case 1); in Figure 3b, it increased to 0.152 mmol/ m?/d at x = 20 m (for
Case 2). Secondly, the rising limb of the mass flux-distance curve shifted towards the left
boundary (at x = 0) but the falling limb of the mass flux-distance curve remained the same,
leading to a broader mass flux spatial distribution (i.e., a greater distance between points A
and D in Figure 3d). For the purposes of illustration, the cutoff mass flux for the starting
and ending points were set at 0.001 mmol/m?/d in the following discussion. For instance,
when t = 600 d, Figure 3a shows that the mass flux started from x = 23 m and ended at
x = 64 m with a range of 41 m (for Case 1); Figure 3b shows that the range of mass flux was
from 10 m to 64 m with a range of 54 m (for Case 2).

The first observation can be attributed to the fact that a higher porosity in layer-2 led to
a slower advective velocity in layer-2 due to the inverse proportional relationship between
the average linear groundwater velocity and the porosity (v = q/60) when the specific dis-
charge remained the same, leading to smaller hydrodynamic dispersion coefficients along
the x and y directions in layer-2. The reduced vertical hydrodynamic dispersion coefficient
(along the y-axis) in layer-2 would lead to decreased mass flux from layer-2 to layer-1.
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Furthermore, a slower average linear groundwater velocity caused the solute to advance
slower along the x direction in layer-2, resulting in a greater contrast of spatial concentration
distributions in layer-1 and layer-2, and greater vertical concentration gradients in locations
between the flushing fronts of layer-1 and layer-2 in which most vertical mass flux occurred.
The increased vertical concentration gradient resulted in an increased mass flux between
the layers. As the porosity of layer-2 increased, the flushing front in layer-2 shifted towards
the left boundary while the flushing front in layer-1 remained the same; thus, the vertical
mass flux can occur over a broader spatial range, leading to a greater overall vertical mass
flux from layer-2 to layer-1.

3.3.3. Effects of Porosity for Cases 2 and 3

To further investigate the influence of porosity in more detail, we compared Cases 2
and 3, in which the porosity of the faster flushing layer-1 differed, but the porosity of the
slower flushing layer-2 remained the same. A comparison of Figure 3b (for Case 2) and
Figure 3c (for Case 3) revealed several interesting observations. Firstly, the peak mass flux
at a given time decreased with increasing porosity of layer-1. For instance, in Figure 3b,
the peak value of the mass flux was 0.212 mmol/ m?2/d at x = 8 m when t = 200 d, while
in Figure 3c, the peak value of mass flux was 0.197 mmol/m?/d at x = 7 m at the same
time. Secondly, at a given time, the range of mass flux (i.e., section AD in Figure 3d) would
become shorter (with the rising limb remaining fixed and the falling limb shifting towards
the left boundary) when the porosity of layer-1 increased. For example, when ¢t = 600 d,
Figure 3b shows the mass flux starting approximately from x = 10 m and ending at x = 64 m
with a range of 54 m (for Case 2), while Figure 3c shows the range decreased to 27 m (from
x =10 m to 37 m) (for Case 3).

The reason for the first observation is that the higher porosity in layer-1 resulted in
a slower average linear groundwater velocity in that layer, which, in turn, caused the
solute in layer-1 to advect more slowly. As a result, the concentration gradient between
the two layers decreased, leading to a smaller mass flux across the interface and a reduced
peak value of mass flux. Regarding the second observation, the layer with a relatively
faster average groundwater flow velocity determined the falling limb, which was mostly
controlled by the flushing front of layer-1. Increasing the porosity of layer-1 will slow down
the movement of flushing front in layer-1; thus, the falling limb in Figure 3c shifted towards
the left boundary as compared to that in Figure 3b. Furthermore, the shift of the falling
limb towards the left resulted in a shorter range of mass flux (or a shorter distance between
points A and D in Figure 3d), thus resulting in an overall reduction of the vertical mass flux
from layer-2 to layer-1.

The relatively flat tops (depicted as section BC in Figure 3d) exhibited differences across
cases and timeframes. For example, at t = 200 d, none of the cases showed prominently
relatively flat top; even for Case 3, at f = 600 d, such top was not obvious. However, at
t = 1000 d, all cases exhibited distinct relatively flat tops. These features served as indicators
of the linear groundwater velocity difference between two layers; the more pronounced
the flat top, the greater the discrepancy velocities between the two layers. Despite Case 1
having a smaller difference in porosities compared to Case 3, the velocity contrast in Case 1
was almost twice as substantial. Consequently, the section BC was more conspicuous in
Case 1 than in Case 3 at the same time.

3.3.4. Effects of Porosity on Temporal Distribution of the Maximum Vertical Mass Flux

Figure 3 provides a useful comparison of the flushing process at different times, and
it was obvious that the vertical mass flux across the interface of the two layers was a
function of space and time. As an example, we selected the maximum vertical mass flux
over the entire domain of concern to see how it will change with time, and the result is
shown in Figure 4. To investigate how the characteristics of a two-layer system affect the
maximum mass flux between the layer interface, we recorded the time-varying peak mass
flux with the same parameters as described in Sections 3.3.1-3.3.3. Several interesting
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observations can be made from Figure 4. Firstly, when the porosity of layer-1 remained the
same, increasing the porosity of layer-2 resulted in a higher maximum mass flux during
the entire flushing process (i.e., the maximum mass flux in Case 1 was 0.198 mmol/m?/d
at t =90 d, whereas it was 0.289 mmol/m?2/d at + = 50 d in Case 2). Conversely, when
the porosity of layer-2 was unchanged, increasing the porosity of layer-1 led to a lower
maximum mass flux (i.e., the maximum mass flux in Case 2 was 0.289 mmol/m?/d at
t =50 d, whereas it was 0.210 mmol/m?/d at = 150 d in Case 3). The changes caused by the
increased porosity of layer-2 were greater than the changes caused by the increased porosity
of layer-1. Secondly, we observed that with a constant porosity of layer-1, increasing the
porosity of layer-2 prolonged the time needed for mass transfer. For example, Case 1 took
2200 days to complete the solute flushing (wWhen the maximum mass flux dropped below
0.001 mmol/m?/d, the flushing was regarded as completed), whereas it took 4600 days for
Cases 2 and 3 to complete the flushing. After about 400 days, the maximum mass flux-time
curves in Cases 2 and 3 coincided with each other.
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Figure 4. The maximum mass flux over time of Cases 1-3 across the interface of two layers.

In response to the first observation, an increase in porosity resulted in a lower averaged
flow velocity, and the solute concentration in layer-2 was greater than that in layer-1 at
any location that has not been thoroughly flushed. If the porosity of layer-1 increased, the
vertical concentration gradient near the interface would decrease, resulting in a decrease
in the maximum vertical mass flux across the interface. Conversely, if the porosity of
layer-2 increased, the concentration gradient would increase, leading to an increase in the
maximum vertical mass flux. Furthermore, the maximum vertical mass flux appeared to
be more sensitive to the change of the porosity of layer-2 as compared to the change the
porosity of layer-1. In response to the second observation, it can be understood that, for
the two-layer aquifer system concerned here, the time needed for completing the flushing
was determined by the layer with a higher porosity (or a slower average groundwater flow
velocity). Furthermore, the greater the porosity, the longer it took to flush the system.
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3.4. Effect of Transverse Dispersivity

Hydrodynamic dispersion is essential in the flushing model, which is significantly
affected by dispersivity, which can be divided into transverse dispersivity and longitudinal
dispersivity. For this part, we only investigated how the different transverse dispersivity
between the two layers impacts the BTCs. This is because with our former research [48],
the influence of the longitudinal dispersivity on the flushing process was negligible. For
the convenience of discussion, all cases had the same properties as follows: a;; = 0.1 m,
Ko = 0.2 m, q= 0.01 m/d, 91 =0.1, 92 =0.2, B1 = Bz =5m,L =100 m, CO =1 mol/rn3,
and the transverse dispersivities are listed in Table 3. With Cases 4 and 5, we can investigate
how the mass transfer between the two layers would be affected by increased transverse
dispersivity of layer-2; with Cases 5 and 6, we can investigate how the mass transfer would
be affected by increased dispersivity of layer-1. Figure 5 depicts the spatial distributions of
the vertical mass fluxes across the interface of layer-1 and layer-2 at three different times
of 200 d, 600 d, and 1000 d in Cases 4-6. In particular, Figure 5a—c represent Cases 4, 5,
and 6, respectively.

Table 3. Different transverse dispersivities of conceptual Cases 4-6.

Case No. a1 T
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5 0.01 0.04
6 0.02 0.04
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Figure 5. The vertical mass flux of Cases 4-6 across the interface of the layers varies with distance at
different times. (a) Case 4; (b) Case 5; (c) Case 6.

3.4.1. Effect of Transverse Dispersivity for Cases 46

Based on Figure 5, several noteworthy observations can be made. Firstly, as illustrated in
Figure 5a,b, the peak value of mass flux increased with the increase in transverse dispersivity
in layer-2 for any given time. For example, at ¢ = 200 d, the peak value of the mass flux was
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0.165 mmol/m?/d in Case 4, while it was 0.185 mmol/m?2/d in Case 5. On the other hand,
increased transverse dispersivity of layer-1 also increased the peak value of the mass flux
at a given time when inspecting Figure 5b,c. For instance, the peak value of mass flux was
0.185 mmol/m?/d at t = 200 d in Case 5, which was 0.240 mmol/m?/d in Case 6.

This phenomenon can be explained by the fact that an increase in transverse dispersivity
resulted in a higher hydrodynamic dispersion coefficient along the y-direction, which, in turn,
enhanced the mass flux across the interface of the two layers. However, the extent of growth
in mass flux was more pronounced for layer-1 than layer-2 because the solute flushed faster
in layer-1, causing a greater concentration gradient between the two layers. As a result, the
increased mass flux due to the hydrodynamic dispersion was more significant in layer-1 than
in layer-2. Moreover, it was observed that the mass flux increased more rapidly when the
transverse dispersivity was increased in layer-1 compared to than that of layer-2.

According to Figure 5, it was evident that an increase in transverse dispersivity of
either layer resulted in an increase in the total transferred mass flux. This can be attributed
to the fact that the peak mass flux was greater with a greater transverse dispersivity of
either layer, while the locations and shapes of the rising and falling limbs of the mass
flux-distance curves remained almost unchanged when the vertical dispersivity of either
layer varied. Notably, the transverse dispersivity affected mass transfer only in the vertical
dimension with minimal impact on the x-direction, and that is why the shape and position
of the rising and falling limbs of the mass flux-distance curves appeared to be insensitive to
the change of vertical dispersivity in either layer.

3.4.2. Effect of Transverse Dispersivity on Temporal Distribution of the Maximum Vertical
Mass Flux

To further investigate how the maximum mass flux would be affected by the transverse
dispersivity of the two-layer aquifer system, we recorded the time-varying maximum mass
flux (Figure 6), while maintaining the same aquifer properties as in Section 3.4.1. Our
observations revealed some interesting findings based on Figure 6. Firstly, increasing
the transverse dispersivity of either layer led to an increase in the maximum mass flux.
Secondly, regardless of any changes in the transverse dispersivity of either layer, the time
required to complete the flushing process remained the same. Specifically, for Cases 4-6, it
took approximately 2400 days to complete the flushing process.

0.32

0.30 ﬂs ——Case 4
0.28 4 —e— Case 5

0.26 ‘.. —e— Case 6
L

5024,
o2 "\\
2021
Eo16 l k\
3014 -

Uy—) 0.12
——
@ 0.10 \.\:\.\.::
= 0.08 ——
0.06 \
0.04
0.02
0.00 ~ ' T T T e T " T A
0 500 1000 1500 2000 2500
Time (day)

Figure 6. The maximum mass flux over time of Cases 4-6 across the interface of two layers.
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The first observation supported the findings in Section 3.4.1 because an increase in
the transverse dispersivity led to a higher hydrodynamic dispersion along the y-direction,
thereby enhancing the mass flux across the interface of the two layers. The second observa-
tion revealed that the transverse dispersivity solely affected mass transfer in the vertical
dimension. The constancy of the time required to complete the flushing process supports
this result.

3.4.3. Effect of Transverse Dispersivity on Total Vertical Mass Flux

In Figure 5, the areas beneath the curves and the x-axis collectively represent the total
vertical mass flux across the interface of two layers at a given time. To further investigate
the total mass flux over time in different cases, we recorded the time-varying total mass
flux, as depicted in Figure 7, while maintaining consistent aquifer properties as detailed
in Section 3.4.1. Our observations yield noteworthy insights based on Figure 7. Firstly, all
three curves exhibited an initial increase, culminating at their zenith (¢ = 1000 d), followed
by a subsequent decline until the total mass flux reached zero. Secondly, prior to reaching
zero, the total mass flux of Case 4 was consistently the smallest, while Cases 6 consistently
exhibited the largest value. For example, the peak total mass flux for Case 4 was 3.767 mmol,
for Case 5, it was 4.163 mmol, and for Case 6, it was 5.253 mmol.
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Figure 7. The total vertical mass flux over time of Cases 4-6 across the interface of two layers.

A few points are notable for understanding the above observations. First, the total
vertical mass flux depended on two factors: the vertical concentration gradient which
determines the mass flux rate (per unit area) (which has been discussed in details in
Section 3.4.1) and the total area used for conducting the vertical mass flux (which appears
to be a dominating factor for controlling the total vertical mass flux). For a given unit
width (along the horizontal direction perpendicular to the x-axis), the total area used for
conducting the vertical mass flux was primarily controlled by the distance between the
flushing front between layer-1 (which had a higher flushing velocity) and layer-2 (which
had a lower flushing velocity), with limited horizontal dispersive zones near the two
flushing fronts. At the beginning of the flushing process, the distance between the flushing
front between layer-1 and layer-2 continuously increased with time; therefore, one will
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observe a continuously increasing total vertical mass flux. When the flushing front of
the layer-1 reached the right boundary and exited the domain of concern, the distance
between the flushing front between layer-1 and layer-2 reached its maximum, leading to
the maximum total vertical mass flux. After this moment, the distance between the flushing
of layer-2 and the right exit boundary will continuously decrease with time, leading to the
decline of the total vertical mass flux. When the flushing front of layer-2 also reached the
right exit boundary, the area for conducting the vertical mass flux was almost zero (with
a limited horizontal dispersive zone around the flushing front); thus, the total mass flux
will approach zero after this moment. The second observation serves as further evidence
that an increase in transverse dispersivity corresponded to heightened hydrodynamic
dispersion along the y-direction, consequently augmenting mass flux across the interface of
the two layers.

3.5. Effect of Retardation Factor

The retardation factor plays a crucial role in influencing the flushing process and mass
exchange across the interface. For a given Darcian velocity (g), the advective velocity of
solute, denoted as v., with a retardation factor R and a porosity of 0 is

ve = q/(R0) 3)

and the advective velocity is directly related to the movement of flushing front in either
layer. Since the advective velocity is controlled by the product of R and 6 in Equation (3),
not by R or 6 alone, the effect of the retardation factor would be akin to that of porosity. For
instance, for a given 6 value, doubling the R value and keeping the 6 value unchanged will
have the same advective velocity of solute as the case of doubling the 6 value but keeping
the R value unchanged.

An increase in the retardation factor of layer-2 yielded some interesting observations.
Firstly, the peak value of mass flux at a given time would increase. Secondly, the range
of mass flux would become wider, with the rising limb of the vertical mass flux-distance
curve shifting toward the left boundary and the falling limb of the same curve remaining
unchanged. Thirdly, the total mass exchanged between the two layers would increase.
Moreover, the maximum mass flux during the entire flushing process would also be greater,
and an increase in the retardation factor of layer-2 would prolong the time required for
completing the flushing process.

Conversely, an increase in the retardation factor of layer-1 would result in a reduction
in the peak mass flux at a given time. Secondly, the range of mass flux would become
narrower, with the rising limb of the mass flux-distance curve remaining fixed and the
falling limb of the same curve shifting to the left. Thirdly, there would be less mass flux
across the interface at a given time. Finally, the curves would require similar times to
complete the flushing process despite having varying retardation factors of layer-1. The
explanation of the above observations is similar to what has been stated when discussing
the porosity effect in Section 3.3.

4. Applications and Limitations
4.1. Applications

One of the most effective methods of cleaning contaminated groundwater is flushing
with solute-free clean water. The application of flushing is typically used in layered hetero-
geneous aquifers where the primary groundwater flow direction is parallel to the layering
of the aquifer. The flushing process can be monitored by measuring the concentration of
the contaminants in the discharged water, which can be used to determine the effectiveness
of the flushing process.

Another benefit of flushing with solute-free clean water is that it is a relatively low-cost
method of remediation. Unlike other methods of remediation, such as pump-and-treat
or in situ treatment, flushing with solute-free clean water requires little equipment and
can be implemented quickly. This means that the cost of the remediation is significantly
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reduced, making it an attractive option for communities and industries that need to clean
contaminated groundwater.

4.2. Limitations and Future Works

While flushing with solute-free clean water is an effective method of remediation,
there are some limitations to its use. One of the primary limitations is that it is only effective
in heterogeneous aquifers where the flow direction is parallel to the layering of the aquifer.
In other types of aquifers, such as fractured or karst aquifers, the flushing process may be
less effective or not effective at all. The study only considered rather simple geochemical
processes such as inhibition. Complex biogeochemical reactions were not considered and
should be explored in the future. The discussed flushing method may also not be effective
for all types of contaminants as well. For example, some contaminants, such as heavy
metals, may not be easily removed by flushing with solute-free clean water. In these cases,
alternative methods of remediation may be necessary.

Secondly, the conceptual model used in this study was rather simple, and so, the result
may be limited. For example, we assumed that each layer was homogeneous. When aquifer
heterogeneity prevails, particularly when clay and silt lenses exist in the layer, the efficiency
of flushing will drop because the trapped contaminants in those lenses cannot be easily
flushed out due to the much slower groundwater flow velocity there.

Finally, the problem discussed here has no available analytical solution to benchmark
the developed numerical solution. We conducted extensive numerical exercises using
different meshes to ensure that the numerical errors due to discretization are negligible.
We also used very fine meshes to ensure that the numerical dispersion and numerical
oscillation are not a concern when using the COMSOL Multiphysics platform to perform
the simulations. However, the theoretical work of this investigation has not been validated
by experimental data, which are not available at present. Those experiments are important
for testing the flushing theory and should be conducted in the future.

5. Conclusions

In this study, we used a two-layer heterogeneous aquifer system as an example to
investigate how the porosity, transverse dispersivity, and retardation factor would affect the
flushing of solute from an originally contaminated porous media system. We developed a
high-fidelity 2-D finite-element numerical model in the COMSOL Multiphysics platform to
describe solute transport in the two-layer aquifer system taking into account the situation
where water in both regions is mobile with different advective velocities. The transport of
solutes in both layers was governed by the 2-D ADEs and was coupled by the continuity of
concentration and mass fluxes across the interface between the two layers. The water flow
was assumed to be steady state. The vertical mass flux mentioned below refers specifically
to the vertical mass flux across the interface of two layers, if not explained otherwise. The
primary conclusions can be summarized as follows:

(1) With all the other parameters remaining the same, increasing the porosity of layer-2
(which has a slower flushing velocity) would (a) lead to increased mass flux across
the interface of two layers, (b) shift the rising limb of the mass flux-distance curve
towards the left boundary where solute-free water is introduced for flushing, resulting
in a larger mass flux range at a given time. Thus, the total amount of mass flux at
a given time would be greater. However, if keeping all parameter unchanged but
increasing the porosity of layer-1 (which has a faster flushing velocity) would (a)
lead to decreased mass flux, (b) shift the falling limb of the mass flux-distance curve
towards the left boundary, causing less total mass flux. Furthermore, increasing the
porosity of layer-2 would also prolong the time required for completely flushing out
the solute from the system.

(2) When increasing the transverse dispersivity in either layer-1 or layer-2, the mass
flux would increase. Changing the transverse dispersivity has little effect on the
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longitudinal transport, and so, the time needed for completing the flushing process
will not be affected.

(3) Retardation factor plays a similar role with porosity. When all the other parameters
remain unchanged, the increased retardation factor of layer-2 would increase the mass
flux and expand the spatial range (along the layering or bedding direction) of the ver-
tical mass flux. In contrast, an increased retardation factor in layer-1 would decrease
the mass flux and lead to a reduced range of the vertical mass flux. Furthermore,
increasing the retardation factor of layer-2 would also prolong the time needed for
completely flushing out the solute from the system.
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