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The persistence of groundwater contaminants is influenced by several interacting processes. Physical, physico-
chemical, and (bio-)chemical processes all influence the transport of contaminants in the subsurface. However,
for a given hydrogeological system, it is generally unclear towhichdegree each of these phenomena acts as a con-
trol on plume behaviour. Here, we present a comprehensive investigation of these processes and their influences
on plumebehaviour and persistence in layered sedimentary systems.We investigate different scenarios that rep-
resent fundamental configurations of common contaminant situations. A confined aquifer over- and underlain by
aquitard layers is investigated in a source-removal scenario and a constant-source equilibrium scenario. Addi-
tionally, an aquitard overlain and underlain by high permeability units is investigated in a source-removal sce-
nario. In these investigations, we vary layer thickness, as well as parameters governing advection, (back-)
diffusion, sorption, and degradation. Extensive analysis of these results enables quantification of the influence
of these parameters on maximum down-gradient concentration, plume persistence duration, and plume spatial
extent. Finally, parameter space dimensionality reduction is used to establish trends and regimes inwhich certain
processes dominate as controls. A lower limit to plume extent as a function of a novel constructed parameter is
also determined. These results provide valuable quantitative information for the assessment of the fate of
groundwater contaminants and are applicable to a wide range of aqueous-phase solutes.

© 2020 Elsevier B.V. All rights reserved.
âtel, rue Émile-Argand 11, 2000
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1. Introduction

Aqueous-phase contaminant plumes are problematic and common
in sedimentary systems (Eberhardt and Grathwohl, 2002; Adamson
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et al., 2014; Kaplan et al., 2014; Zakari et al., 2016). Management of
these sites is often challenging due to the various interacting processes
that control plume behaviour. These controlling mechanisms can be
physical, physio-chemical, chemical/bio-chemical, and spatial (Rao
et al., 2002; Majone et al., 2015; Wanner et al., 2018b). Back-diffusion
is the phenomenon wherein a solute, which may be groundwater con-
taminant, diffuses from a low-permeability unit (aquitard) to a high-
permeability unit (aquifer) (Parker et al., 2008). This occurs when the
concentration gradient is reversed after a contaminant source has dif-
fused into the aquitard from the aquifer. This gradient reversal can
occur due to propagation of contaminant plume, as well as due to
attenuation or removal of the contaminant source. Back-diffusion
complicates remediation efforts because it causes contaminant concen-
trations in the aquifer to remain higher than they would be in an other-
wise isolated aquifer (Parker et al., 2008; Seyedabbasi et al., 2012; Yang
et al., 2015).

Back-diffusion has been routinely observed in unconsolidated sedi-
mentary systems with alternating low permeability (often clay-rich)
and high permeability sandy layers (e.g., Parker et al., 2008; Yang
et al., 2015, 2017; Wanner et al., 2018b) and has also been observed in
fractured rock (e.g., Schaefer et al., 2018). Some numerical studies of
back-diffusion have been carried out to demonstrate this phenomenon.
Parker et al. (2008) used two numerical models to illustrate themanner
in which a contaminant can diffuse into a thin low-permeability unit
and subsequently back-diffuse into an underlying and an overlying
aquifer, although the study did not include degradation processes.
Seyedabbasi et al. (2012) also looked specifically at diffusive processes
using a multiple aquitard lens configuration. Wanner et al. (2018b) in-
cluded degradation in a two-layer model, testing three spatially-
dependent degradation configurations. While these studies have pro-
vided important illustrations of the phenomenon of back-diffusion, to
date, no study has thoroughly explored the relative influences of advec-
tion, diffusion, sorption, and degradation on plume persistence.

In general, advection tends to be the dominant mechanism for con-
taminant transport in aquifers while diffusion is the dominant mecha-
nism in aquitards. In a given hydrogeological unit, the relative
importance of these two transport mechanisms can be described by
the dimensionless Péclet number, although the definition of this num-
ber in the context of subsurface transport is open for debate
(Huysmans and Dassargues, 2005). These processes also contribute to
determining the proportion of the contaminant that will enter a unit
where degradation can occur.

Most contaminants and other solutes adsorb to some degree in low-
permeabilitymediawhere specific surface area is very large and organic
content may be specific. Sorption has the primary effect of slowing the
plume due to the temporary “storage” of a portion of the chemical spe-
cies in its adsorbed form (Allen-King et al., 1995). The strength of this
effect can be quantified through the retardation factor or adsorption co-
efficient. A potentially significant side-effect of sorption dynamics is in-
creased degradation as the residence time of each solute molecule in an
aquitard is increased, possibly leading to lower peak concentrations
down-gradient.

Degradation of several contaminants, notably including chlorinated
hydrocarbons (CHCs) such as trichloroethene (TCE), has been observed
to occur in aquitards (Wanner et al., 2016). This degradation can occur
via several mechanisms (e.g., Hunkeler et al., 2005; Badin et al., 2014;
Cretnik et al., 2013; Wanner et al., 2018a) and can occur at a large
range of rates (e.g, Lu et al., 2006; Wanner et al., 2016). Both abiotic
and biotic degradation pathways are possible for many contaminants
(Zimmermann et al., 2020).

It is the interplay between degradation and the transport processes
of advection, diffusion, and sorption that determines the duration of
plume persistence. Other aspects of contaminant fate such as the max-
imum concentration observed at a given point are similarly affected
by the complex relationships between these processes. The relative de-
grees to which degradation, transport processes, and physical
configurations affect the dynamics of groundwater contaminant plumes
is of significant interest because of their importance in informing reme-
diation and management decisions.

Understanding the relative importance of various processes is vital
for making assessments of contaminant fate. Here, we present the first
study of the advective, diffusive, sorptive, and reactive parameters
that govern contaminant fate in layered sedimentary systemswith con-
trasting high and low hydraulic conductivity layers. To maximise the
applicability of this approach, as well as the utility of the information,
we vary several parameters over realistic ranges to quantify their influ-
ence on both absolute concentration and plumepersistence.We also re-
duce the dimensionality of the parameter space and identify trends and
limits in persistence based on novel combined parameters. Specific re-
gimes under which advective flow velocity dominates as a plume per-
sistence control are similarly defined. While we take inspiration from
current knowledge of selected well-known contaminants such as
CHCs, we note the broad applicability of the analysis here to other
aqueous-phase contaminants and solutes.

2. Theory and numerical modelling

2.1. Contaminant transport

Aqueous-phase groundwater contaminants originate in source
zones where they may be present as dense non-aqueous phase liquids
(DNAPLs) or as concentrated aqueous-phase chemicals. The original
source can be leaky containers or contaminants directly present in the
pore space. Regardless of the origin of an aqueous-phase contaminant
plume, a subsurface source zone can generally be delimited (e.g. Falta
et al., 2005; Wanner et al., 2017). Once dissolved into the aqueous
phase, transport of contaminants is governed by themass balance equa-
tion, also known by other names such as the advection-dispersion-
reaction-sorption equation or scalar transport equation:

∂ Cð Þ
∂t

¼ 1
f re

∇ � D∇Cð Þ−∇ C v!
� �h i

þ Rþ Q ð1Þ

where C is the concentration in the pore space of a given chemical spe-
cies [SI units: mol/m3]; fre, the retardation factor [1]; D, the hydrody-
namic diffusion/dispersion coefficient [m2/s]; v! , the groundwater
velocity [m/s]; R, a reaction term [mol/m3s]; and Q, a source/sink term
[mol/m3s]. Eq. (1) is valid for a porous material with homogeneous
porosity.

Advection is the transport of a solute via theflowofwater in the sub-
surface due to a hydraulic (pressure) gradient. The advective term in

Eq. (1), ∇ C v!
� �

is presented in its conservative form, although it is

often written as v!� ∇C if this term dominates C∇ � v! in the domain
due to relatively uniform flow. The advective velocity of groundwater
can be evaluated as:

v!¼ q!
ϵ
¼ 1

ϵ
K∇H ð2Þ

where K denotes hydraulic conductivity [m/s]; ϵ, porosity [1]; H, hy-
draulic head [m]; and q!, the Darcy velocity [m/s]. Diffusion is the trans-
port of a solute due to the concentration gradient. Dispersion is
transport of a solute due to heterogeneity of the porespace and is de-
pendent on velocity. The dispersion/diffusion coefficient can be defined
as:

D ¼ De þ α! j v j ð3Þ

whereDe is the effective diffusion coefficient andα is dispersivity [m]. In
two- or three-dimensional systems, dispersivity is generally a vector
reflecting anisotropy as dispersion is generally much greater in the



Fig. 1. Schematic diagrams of the investigated scenarios: (a) Scenarios A and C, (b)
Scenario B. There is a hydraulic head difference of 1 m from the left side to the right side
of the entire domain in each Scenario. Flow is thus left-to-right. The analysis carried out
in this work focuses on the observation wells at 100m from the source (see Appendix A).
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direction of advective flow (Gelhar et al., 1992). The diffusion compo-
nent is a function of both the porous material and the solute-solvent
mixture properties. Effective diffusivity can be modelled as:

De ¼ DF
ϵ
τ

ð4Þ

where DF is the fluid diffusion coefficient for a given solute in water; ϵ is
the porosity; τ is the tortuosity. Tortuosity can, in turn, be approximated
by the Millington and Quirk (1961) model:

τ ¼ ϵ−1=3 ð5Þ

In situations where v ≪ DF/α, a situation generally true in low per-
meability units, dispersion will be negligible. Conversely, if v ≫ DF/α,
dispersion will play a more important role than diffusion.

In Eq. (1), the terms R and Q indicate sinks and sources, both of
which may vary spatially and temporally. In the context of our present
study, the sinks are degradation reactions for the aqueous-phase con-
taminant of interest. Likewise, sources are the introduction of a given
molar flux or fixed concentration into the domain of interest. Degrada-
tion of contaminants such as CHCs has been observed to be significant in
low permeability units and insignificant in aquifers (Takeuchi et al.,
2011; Wanner et al., 2016). In the aquitard, the reaction term can be
modelled as a first-order degradation reaction:

R ¼ −r1C ð6Þ

where r1 is the first-order reaction constant. While non-linear reaction
kinetics are also possible, the scope of this study is limited to first-
order degradation reactions.

A final consideration for the transport of aqueous-phase contami-
nants or other solids is sorption, which involves individual molecules
adsorbing to, and desorbing from, pore surfaces. Sorption processes
have the effect of slowing the transport of a solute with respect to that
of water. When this occurs in a reactive unit, it can enhance contami-
nant degradation (Smith et al., 2009; Damgaard et al., 2013). Under a
linear sorption isotherm regime the amount of solute adsorbed is di-
rectly proportional to the concentration of the solute:

Cads ¼ KadsC ð7Þ

where Cads is the concentration of the adsorbed species and Kads is the
adsorption constant. Here, the effect of adsorption will manifest itself
in the governing transport equation as the retardation factor:

f re ¼ 1þ ρb

ε
Kads ð8Þ

where ρb is the bulk density.

2.2. Numerical modelling

Three general situations are investigated in this study (Fig. 1):

• aquifer between aquitards, contaminant source removed after fixed
time (Scenario A);

• aquitard between aquifers, contaminant source removed after fixed
time (Scenario B); and

• aquifer between aquitards, constant contaminant source (Scenario C).

Scenarios A and B involve a constant concentration contaminant
source which is removed after 10 years. This is studied for the case of
an aquifer overlain and underlain by aquitards and for the case of an
aquitard overlain and underlain by aquifers. An additional configuration
(Scenario C) of an aquifer between two aquitards with no source re-
moval is also studied.
The general approach employed here involves executing numerical
modelsmultiple timeswithdifferent combinations of parameters and sub-
sequently analysing the ensemble of the results. This methodology has
previously been used to determine the relative significance of different
controls on hydrological phenomena. For example, Cardenas and Wilson
(2007) investigated the influence of permeability and flow characteristics
on streambed thermal regimes, while Carlier et al. (2019) looked at geo-
logical, topographical andmeteorological controls on streamflow. This ap-
proach provides fundamental information about the relative influences of
parameters onoutcomes, but requires a degree of simplification so that the
study remains relatively tractable and general. Properties in the individual
units are homogeneous and thus heterogeneity-induced mixing (e.g.
Cirpka et al., 1999; Werth et al., 2006) is not considered. The numerical
models are implemented and executed using COMSOL Multiphysics
(COMSOL AB, 2019) which provides a powerful finite element solver and
parameter sweep tools and enables fully customisable evaluation of reac-
tive transport in porous media (e.g., Nardi et al., 2014; Lippmann-Pipke
et al., 2017; Halloran et al., 2019).

2.2.1. Plume persistence after remediation
In Scenarios A and B, an aqueous-phase contaminant is introduced as a

constant concentration boundary condition from years 0–10 (Fig. 1). As
the flow rate is constant each model, this is equivalent to a constant flux
boundary condition. In Scenario A, the source zone spans the entire aqui-
fer. In Scenario B, the source zone spans 2 m directly above the aquitard.
In both models, there is a hydraulic head difference of 1 m from the left
to the right side of the modelled domain. The initial concentration of the
solute throughout the model domain is 0. Dirichlet boundary conditions
are implemented at the source zones as fixed concentrations during
10 years, with a 0.25 year continuous second-derivative ramp-up and
ramp-down to ensure numerical stability. Dirichlet boundary conditions
of zero concentration are implemented at the left boundary for non-
source zones. Neuman boundary conditions (̂x � ∇C ¼ 0) are implemented
for the right boundary, while no-flow conditions are implemented at the
top and bottom boundaries. First-order reactions (Eq. (6)) occur in the
aquitard layers. The numerical models were meshed with non-uniform
rectangles. A higher concentration of nodes is defined at the left of the
model, as well as in the aquitard near the interface and the aquifer (Sce-
nario A) and in the aquifer near the interface and the aquitard (Scenario
B). This results in between 6000 and 9380 elements for the entire domain
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in the different configurations. The models are executed for 210 years,
i.e., 200 after the removal of the contaminant source.

Observationwells are implemented as line averages,which correspond
to groundwater samples fromwells screened at the defined depth ranges
(Fig. 1). In Scenario A, the wells span the entire thickness of the aquifer,
while in Scenario B, they span the 2 m directly above and below the
aquitard. These observation wells are implemented at 20, 40, 60, 80 and
100 m from the source location, resulting in five sampling locations for
Scenario A and ten for Scenario B. The results at the different observation
wells are qualitatively similar, exhibiting a rise to a maximum concentra-
tion value, followed by a decay in concentration. Due to these similarities
and the limited space for presenting results, the primary focus here is on
the results at 100 m (see Appendix A for information on other locations).

In order to model reactive transport of a solute in porous media,
many parametersmust be defined. The goal of thiswork is to investigate
various controls on contaminant persistence via these parameters in
selected configurations, all while remaining as general as possible.
Nonetheless, practical choices need to be made with respect to the pa-
rameters investigated and the values chosen. We have selected five pa-
rameters whose values are varied in individual executions of themodel.
In each of these scenarios, the thickness of the bounded unit (za), the
fluid diffusion coefficient (DF), the degradation reaction constant (r1),
the aquifer hydraulic conductivity (Kaquifer), and the retardation factor
(fre) are varied over a range of values relevant for a variety of contami-
nants (and other solutes) in sedimentary hydrogeological systems
(Table 1). These parameters are assigned values which are scaled loga-
rithmically over the selected range. Here, the models are executed for
every possible combination of these parameters values.

The number of combinations of parameters investigated is 96 for
each aquifer (Scenario A) or aquitard (Scenario B) thickness, which re-
sults in 288 model executions for each scenario. Other parameters are
fixed at values that are representative of sandy aquifers or clayey
aquitards (Table 1). In both scenarios, the hydraulic gradient is fixed
at 0.01. The resultant range of horizontal advective velocities in the
aquifer (5.71–143× 10−8m/s) and in the aquitard (2.5 × 10−12m/s) al-
lows us to calculate the total range of Péclet numbers investigated using
the definition:

Pé ¼ Lcvx
De

ð9Þ

where Lc is the characteristic length. This is taken here to be 100 m as
the analysis in this study focuses on results at 100 m from the source
Table 1
Values of varied and fixed parameters in the investigated scenarios.

Symbol

Varied para
Aquifer or aquitard thickness za = zaquifer
Fluid diffusion coefficient of solute DF

First-order reaction constant (in aquitard) r1
Hydraulic conductivity (aquifer) Kaquifer

Horizontal advective velocity (in aquifer)a
vx ¼ 1

ϵ
Kaquif

Retardation factor fre

Fixed param
Horizontal hydraulic gradient dH

dx
Porosity of the aquifer ϵaquifer
Porosity of the aquitard ϵaquitard
Dispersivity α
Tortuosity τ
Hydraulic conductivity (aquitard) Kaquitard

a Not independently varied, function of Kaquifer.
b Lower value, e.g., ethene, Thouement et al. (2019); Higher value, e.g., TCE, Parker et al. (20
c e.g., Parker et al. (2008); Carey et al. (2015).
d e.g., Gelhar et al. (1992); Jensen et al. (1993).
e Millington and Quirk (1961).
(see Appendix A), although it must be noted that care should be taken
so as to not blindly interpret Péclet numbers as several definitions
exist (Huysmans and Dassargues, 2005). Combining Eqs. (2), (4), and
(5) with Eq. (9), we obtain:

Pé ¼
Lc
dH
dx

K

DFϵ7=3
ð10Þ

By this definition, the resultant Péclet numbers range between 0.395
and 3.95 for the aquitard and 1.07 × 104 – 2.69 × 106 in the aquifer, in-
dicating relative diffusion dominance in the aquitard and advection
dominance in the aquifer.

2.2.2. Constant source
Scenario C (Fig. 1a) is similar to Scenario A, except that contaminant

source is never removed. Additionally, the model is executed for
1000 years and the aquitard layers extend 20 m above and below the
aquifer layer. This ensures that negligible concentrations are observed
at the upper and lower boundaries of themodel domain. The fixed con-
centration boundary condition is constant for the entire duration of the
model runs. Additionally, rather than exporting yearly data as in the
source removal scenarios, results from the models in this scenario are
exported at 5-yearly intervals for the first 100 years, followed by
20 year increments.

3. Results and discussion

3.1. Procedure for analysis

The raw concentration time-series results of all varied parameter
combinations (Table 1) are exported from the numerical model and
subsequently merged. Processing of the data is carried out using python
(see Appendix A for details). Data for the source-removal scenarios
(Fig. 1) is analysed to determine (Fig. 2):

• C0
max, the peak normalised concentration value at the observation

well;
• tatt, the time required for the concentration at the observation

well to be attenuated by a given factor after the concentration peak;
• and, equivalently, nv,att, the number of pore volumes required for

the concentration at the observation well to be attenuated by a given
factor
Value(s)

meters
or zaquitard 0.2, 1, 5 m

0.215, 4.64, 1, 2.15 × 10−9 m2/s
0.01, 0.1, 1, 10/year
0.2, 1, 5 × 10−5 m/s

er
dH
dx

0.0572, 0.286, 1.43 × 10−6 m/s

1.35, 3.5b

eters
0.01

0.35c

0.4c

0.45 m (horizontal), 0.0005 (vertical)d

ε−1/3e

1 × 10−10 m/s

08); Carey et al. (2015).



Fig. 2. General example of a normalised concentration C′ time-series as a function of the
number of pore volumes nv. The definitions of C0

max (Figs. 3 and 4) and nv,att (Figs. 6 and
7) are indicated. Conversion between time and number of pore volumes is calculated by
Eq. (11).
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As the numerical model results are exported at yearly intervals, sub-
annual temporal precision is gained by making a linear approximation
in the time step wherein the concentration falls below the specified
threshold. Conversion between time and number of pore volumes is cal-
culated by:

nv ¼ v
t
x
¼

tKaquifer
dH
dx

ϵaquiferx
ð11Þ

where x here is the horizontal distance between the source and the ob-
servation well.

For clarity, we restrict analysis here to the wells at 100 m from the
source (see Appendix A). We also focus on an attenuation factor of 0.1
(Fig. 2), meaning that we calculate the time and pore volumes required
for the concentration to drop to a tenth of the maximum value. Addi-
tionally, to avoid analysing numerical noise, we eliminate cases where
the maximum concentration at the observation well never exceeds
1 × 10−5 of the input concentration, which is equal to the solver toler-
ance in the models.

For the constant-source case, analysis is carried out slightly differ-
ently. Here, the primary interest is the spatial extent of the plume at
equilibrium conditions. To determine the spatial extent of a constant-
source plume, least-squares fits of the normalised equilibrium concen-
tration, C0

eq , at the source (C0
eq = 1), and at the five observation wells

are performed using an exponential decay equation:

C0
eq xð Þ ¼ e−x=x0 ð12Þ

where x0 is a measure of plume extent. Specifically, it is the distance at
which the contaminant concentration a hypothetical observation well
will reach 1/e (0.368) of the source concentration.

As five parameters (r1 takes 4 values; Df, 4; Kaquifer, 3; za, 3; and fre,
2) are varied in this investigation, concise visualization of the multi-
dimensional parameter space requires a plots-of-plots approach. The re-
sults are thus visualised as colour-coded matrices with values explicitly
labelled. A separatematrix of results for each of the two retardation fac-
tors investigated is presented.
3.2. Concentration maxima and equilibria

In the context of legal concentration limits of a given compound, the
maximum concentration of a contaminant at a given location down-
gradient from a source zone is an important concern for the manage-
ment of contaminated sites. In Scenario A, the maximum concentration
observed at the observation well 100 m from the source (Fig. 3) varies
significantly depending on the values of the parameters. At the ex-
tremes, values b1× 10−5 occur at lower Kaquifer values and smaller aqui-
fer thickness, while a maximum of 0.984 is observed at high za and
Kaquifer and low r1, DF, and fre where the configuration approaches plug
flow-like behaviour.

In Scenario B, the maximum concentration at the observation well
100m from the source (Fig. 4) varies over a smaller range for the inves-
tigated parameter combinations. Here, the extremevalues are 0.021 and
0.479. These occur at the same parameter extremes as in Scenario A, al-
though the influence of za has the opposite trend as in Scenario A at high
r1. Analysis of the results for the observation well below the aquitard is
not presented here (see Appendix A), but we note that the maximum
value there is 0.139 for r1 = 0.1/a, DF = 2.15 × 10−9 m2/s, zaquitard =
0.2m, fre = 1.35, and Kaquitard = 1 × 10−5m/s.

For each parameter, a trend in maximum concentration occurs. In
general, higher aquifer hydraulic conductivities, lower reaction rates,
lower fluid diffusion constants, lower retardation factors, and, in
Scenario A, higher aquifer thicknesses lead to highermaximum concen-
trations. Taken individually, each of these trends has a physical explana-
tion. For example, a higher retardation factor will result in longer
residence times in the reactive aquitard layer, leading to a higher prob-
ability of degradation for a given molecule and thus lower concentra-
tions down-gradient. The ensemble effects of the multiple factors and
their relative importances, however, are not immediately obvious
through these types of simple thought-experiments. A phenomenon
of note is that of the relative insensitivity, in most parameter combina-
tions, of the maximum concentration to the reaction rate which is var-
ied over three orders of magnitude. For Scenario B, it appears that
diffusion plays a more important role than degradation in governing
the maximum concentration at the observation well.

In Scenario A (Fig. 3), there is significant sensitivity to the thickness
of the aquifer layer. In a thin aquifer layer, a givenmolecule of the solute
has a greater probability to enter a reactive aquitard layer where it may
be degraded before arriving at the right side of the domain. In Scenario B
(Fig. 4), there is little sensitivity to the aquitard layer thickness. This is
due to the fact that the portion of the contaminant that diffuses into
the aquitard layer and subsequently back-diffuses into the aquifer
layer to contribute to the maximum concentration will not penetrate
very deep into the aquitard layer. While certain parameters may not
have a significant effect on the maximum concentration down-
gradient from the source, they can contribute to increased or decreased
persistence of the contaminant through various mechanisms.

Finally, for the constant source case (Scenario C), the equilibrium
concentrations (Fig. 5) are determined as described in Section 3.1. The
trends in equilibrium concentration are unsurprisingly similar to those
of the maximum concentration in Scenario A. However, for the
constant-source case, the reaction rate appears to play a stronger role
in determining the concentration at the observation well. Additionally,
the influence of aquifer hydraulic conductivity appears to be less pro-
nounced. These factors are due, in part, to this analysis of Scenario C
being effectively steady-state, while Scenario A is transient.
3.3. Persistence

Temporal aspects of contaminant transport are often highly uncer-
tain. While back-diffusion is know to contribute to plume persistence,
the relative importance of advection, diffusion, sorption, and degrada-
tion on the temporal dynamics of a plume are not generally self-
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evident at a given site (Chapman and Parker, 2005; Parker et al., 2008;
Yang et al., 2017; Wanner et al., 2018b).

In Scenario A, between 0.20 and 70.36 pore volumes are required for
the normalised concentration at 100 m to be attenuated by to 1/10 of
C0
max (Fig. 6). Values higher than 70.36 may occur for certain cases

where only a minimum bound was determined. This large variability
shows the influence of the various controls. It is evident that the thick-
ness of the aquifer layer plays an important role. For the thickest aquifer
layer (za=5 m), the other four investigated parameters have very little
influence on the relatively short duration of persistence (nv,att ranges
between 0.23 and 1.35) due to the smaller proportion of the contami-
nant that enters the aquitard layers. At higher reaction rates (r1), the in-
fluence of sorption through the retardation factor (fre) appears to be
negligible. At lower reaction rates, however, there can be a significant
increase in plume persistence due to increased sorption. This is due
higher fre resulting in longer residence times in the aquitard layers,
which, when degradation is limited, causes a longer duration of back-
diffusion.

In Scenario B, persistence varies much less than in Scenario A. For all
parameter combinations explored, between 0.22 and 2.73 pore volumes
are required for the concentration at the investigated observation well
to drop by a factor of 10 (Fig. 7). For the observation well below the
aquitard layer, at 100 m from the source (Fig. 1), nv,att ranges between
0.22 and N90 (see Appendix A), with thicker aquitard layers resulting
in longer persistence but lower C0

max. For za=5m, in the extreme cases
of low fre, low Kaquifer, low r1, and highDF (see Table 1),C

0
max only reaches

a value of ~0.001, thus themodel can be considered nearly equivalent to
an infinite two-layer model.

As scenarios A and B were executed for 200 years after source re-
moval, only a minimum tatt of 200 years can be established for cases
where the normalised concentration did not drop below 1/10 of C0

max.
Thus, when presented in terms of nv,att, 200 years corresponds to 3.62,
18.1, and 90.6 pore volumes for Kaquifer= 2 × 10−6, 1 × 10−5, and
5 × 10−5 m/s, respectively (Eq. (11)). Cases where attenuation by the
specified factor is not observed within the duration of the model runs
tend to be those with small C0

max (b0.03). The upper bound of the rela-
tionship between the maximum concentration at an observation well
and the number of pore volumes required to attenuate the concentra-
tion by a given amount (Fig. 8) appears to be inverse. This is due, pri-
marily, to the interplay between diffusive and advective transport. In
this figure, cases with high reaction rate constants tend to be well
below the upper limit due to increased degradation of the proportion
of the compound that diffuses into the aquitard. Furthermore, a rela-
tionship between the thickness of the aquifer layer and both C0

max and
nv,att exists. Thin aquifer layers overlain and underlain by reactive low-
permeability units will see weaker concentrations at observation
wells, but those concentrations will persist for longer.

3.4. Plume length at equilibrium

The spatial extent of a plume under competing advective, reactive,
diffusive, and sorptive processes is a key concern when evaluating any
contaminated site. These various processes, as well as spatial factors,
can have very pronounced effects on plume extent. For the ranges of pa-
rameters explored here, the spatial extent of a plume at equilibrium, as
measured by the parameter x0 (Eq. (12)) in Scenario C, varies between
b1 m and N14 km (Fig. 9). Sorption plays little role as it will primarily
serve to delay the establishment of equilibrium conditions, but do little
to change them. All other parameters have significant effects on the spa-
tial extent of a plume.

The hydraulic conductivity of the aquifer layer (Kaquifer) and, corre-
spondingly, the horizontal advective velocity (vx), play an obvious role
Fig. 3.Maximumnormalised concentrations, C 0
max, observed at observation well 100 m from so

cases where the normalised concentration did not exceed a specified cutoff (1 × 10−5).
in determining the length of a plume. At low reaction rates, its effect
on x0 is nearly linear. However, at higher reaction rates an increase in
Kaquifer by a given factor causes a smaller increase in x0. The influence
of za is very pronounced as it influences the proportion of the contami-
nant that will enter the reactive aquitard layers. The first order reaction
constant (r1), which varies by three orders of magnitude in our study,
has a lesser effect on plume persistence, particularly for thicker aquifer
layers. The effect of diffusion is also less pronounced and is weakest for
thicker aquifer layers and higher hydraulic conductivity.

3.5. Dimensionality reduction

Dimensionality reduction allows for the construction of combined
parameters that can potentially reveal trends, regimes in which certain
processes dominate, or limits on plume behaviour. In order to deter-
mine a parameter-space with reduced dimensionality, we employ two
approaches - one with an explicit physical basis and another using
Buckingham Pi-theory. For the physical basis approach, we look sepa-
rately at the processes occurring in the aquifer and aquitard. Noting
that, at equilibrium, if first-order reactions (Eq. (6)) occur uniformly
in an aquitard that is bounded by a constant concentration C0 at its
upper boundary, then Eq. (1) can be simplified to obtain a form of the
diffusion-reaction equation:

0 ¼ De
∂2C
∂z2

−r1C ð13Þ

which has the solution

C ¼ C0e
�

ffiffiffiffiffiffi
r1
De

r
z

ð14Þ

The flux, J, into the aquitard is governed by Fick's law (Fick, 1855):

J ¼ De
∂C
∂z

ð15Þ

which, combined with the positive exponent solution of Eq. (14), gives:

J ¼
ffiffiffiffiffiffiffiffiffiffi
r1De

p
C ¼

ffiffiffiffiffiffiffiffiffiffi
r1De

p
C0e

−

ffiffiffiffiffiffi
r1
De

r
z

ð16Þ

At the aquifer-aquitard boundary (z = 0), this, combined with
Eqs. (4) and (5), reduces to:

J
C0

¼
ffiffiffiffiffiffiffiffiffiffi
r1De

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r1DF ϵaquitard

� �4=3q
ð17Þ

As transport in the aquifer also plays a role in the dynamics of plume
behaviour, we note that the relative proportion of the contaminant that
enters the reactive low-permeability layer will be inversely propor-
tional to the thickness of the aquifer za. It will also be proportional to
residence time in the aquifer and thus inversely proportional to Kaquifer.
Combining these considerations of aquifer and aquitard processes, we
arrive at the following constructed parameter:

η ¼
ffiffiffiffiffiffiffiffiffiffi
r1De

p
zaKaquifer

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r1DF ϵaquitard

� �4=3q
zaKaquifer

ð18Þ

As five parameters are varied in this study, η provides a physical
basis for reducing the dimensionality of the parameter space to further
assist in identifying potential trends, regimes, and limits.
urce for the aquifer between aquitards source-removal case (Scenario A). Asterisks denote



Fig. 4.Maximum normalised concentrations, C0
max, observed at observation well 100 m from source (above aquitard layer) for the aquitard between aquifer source-removal case (Scenario B).
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Fig. 5. Equilibrium normalised concentrations, C 0
eq for the constant source case (Scenario C) at the observation well 100 m from the source.
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Fig. 6. nv,att (Eq. (11)) at observation well at 100 m from the source for the aquifer between aquitards source-removal case (Scenario A). Asterisks denote cases where the normalised
concentration did not exceed a specified cutoff (1 × 10−5). To avoid confusion with the C0

max data (Figs. 3 and 4 for Scenarios A and B, respectively), a different perceptually uniform
sequential colour map (Hunter, 2007) is used for nv,att and, here, it is scaled logarithmically due to the presence of extreme values. Note the cases where only a minimum bound for
the nv,att could be determined (those containing a Nsymbol).
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Fig. 7. nv,att (Eq. (11)) at observation well at 100 m from the source (above aquitard layer) for the aquitard between aquifers source-removal case (Scenario B). See caption of Fig. 6 for
details.
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Fig. 8. The relationship between C0
max and nv,att for Scenario A (Figs. 3 and 6). The

attenuation factor is
1
10

. Values where only the minimum nv,att was determined are not

displayed.

Fig. 9. The spatial decay constant x0 [m] (Eq. (12)) for Scenario C. Separate figures are not sho
equilibirum conditions. A logarithmically-scaled perceptually uniform sequential colour map is
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A second approach to dimensionality reduction employs
Buckingham Pi-theorem (Vaschy, 1892; Buckingham, 1914; Yarin,
2012), also known as the dimensional groups theorem. This theorem
provides a basis for physically meaningful dimension reduction from
np to np − d dimensions, where np is the number of original parameters
and d is the number of fundamental physical dimensions (i.e., time,
mass, length, etc.). Following the principles of the Pi-theorem, we can
analyse results as functions of dimensionless numbers. Of thefive varied
parameters, one (fre) is dimensionless. Thus,we have four parameters to
which we can apply the theorem: za of dimensions [L]; DF or De, [L2/T];
r1, [1/T]; and Kaquifer, [L/T] (where L and T refer to length and time, re-
spectively). As we have four parameters and two fundamental dimen-
sions, we can form two (4− 2=2) dimensionless groups. Choosing De

and r1 as a recurring set (i.e., a set of np− d original parameters that can-
not, themselves, form a dimensionless group), we obtain the following
dimensionless numbers:

Π1 ¼ za

ffiffiffiffiffiffi
r1
De

r
ð19Þ

and

Π2 ¼ Kaquifer

ffiffiffiffiffiffi
De

p

r3=21

: ð20Þ

While the dependencies of the values presented in Figs. 3–7 and 9 on
the values of Π1, Π2, and η have been investigated, only results with
clear trends are presented in Fig. 10. Comparing the attenuation results
wn for different fre values as retardation factors were observed to have negligible effect in
used for x0.



Fig. 10. For Scenario A, nv,att is presented as a function of the constructed parametersΠ1 (Eq. (19)), andΠ2 (Eq. (20)). For Scenario C, the plume length parameter x0 and the equilibrium
concentration C0

eq (Eq. (12)) are presented as functions of η (Eq. (18)). The black line (Eq. (21)) delimits the approximate lower bound of the dependence of x0 on η.
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(nv,att) for Scenario A againstΠ1 andΠ2 (Fig. 10a) allows us to identify
trends and fundamental limits on plume persistence in a remediation
scenario. Below specific values of these constructed parameters, there
appear to be fundamental limits on the number of pore volumes re-
quired to attenuate the contaminant concentration by a given amount.
A clearer limit exists for Π1 and Π2. There is a trend toward shorter
plume persistence, as measured by nv,att, with higher Π1 and lower
Π2. At Π1 ≳ 105, nv,att is sensitive to the hydraulic conductivity of the
aquifer (or, equivalently, the advective flow rate), but has negligible de-
pendence on other parameters. Furthermore, an apparent regime exists
for a range of values (Π1 ≲ 104) at which the plume will persist for lon-
ger than the time required for one pore volume to pass through the do-
main. For Π2 ≲ 10−11, nv,att values appear bounded by a small upper
limit b1. The value of the Π2 cut-off appears insensitive to the degree
of attenuation investigated, while the value of the Π1 cut-off increases
with greater attenuation. For an attenuation factor of, e.g., 100 rather
than 10, nv, att is only influenced by advection at Π1 ≳ 5 × 105. For Π2,
however, the value of the Π2 ≲ 10−11 cut-off is unchanged, although
the upper bound naturally increases asmore time is required for greater
attenuation.
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For Scenario C, there are no transient effects, and thus clearer rela-
tionships between x0 and η and C0

eq and η can be established
(Fig. 10b).We recall that η has a physical basis and that it is constructed
as a ratio of aquitard processes (degradation and diffusion) to aquifer
properties and processes (thickness and advection). It is a measure of
the flux into the reactive aquitard layers and includes all of the investi-
gated parameters except sorption which, as discussed earlier, is ex-
pected to play a minor role in the equilibrium case. Increasing η
results in lower equilibrium concentrations C0

eq at a distance down-
gradient from the source and, similarly, shorter plume lengths as mea-
sured by x0. Indeed, for the relationship between x0 and η, a lower
bound can be clearly established (Fig. 10b):

x0≳44η−1 ð21Þ

This inverse relationship between x0 and η holds generally for a con-
stant contaminant source in a homogeneous aquifer overlain and un-
derlain by reactive aquitard layers. If another measure of plume
extent, such as the distance for the plume to attenuate by a factor γb1,
is defined (see Eq. (12)), then the right side of Eq. (21) will scale by a
factor of − ln γ.

Inspecting Eqs. (18)–(20) while observing the trends in Fig. 6, one
finds that higher diffusion and lower reaction rates result in longer du-
rations of plume persistence. Diffusion and degradation are represented
in all three of these constructed parameters. Smaller aquifer thickness
(which appears inΠ1) also causes higher plume persistence. These pro-
cesses all have fairly straightforward physical explanations, e.g., a thin-
ner aquifer causes a higher proportion of the contaminant to enter the
aquitard, leading to greater persistence. The influence of advection
through Kaquifer, which appears inΠ2, on nv,att is less obvious, which re-
inforces the usefulness of investigating constructed parameters. Consid-
ering nv,att rather than the raw attenuation times allows us to take
advection into account. For each of the combinations of parameters in-
vestigated in this study, the various controls can have different degrees
of influence. The results of Fig. 10 enable the definition of specific re-
gimes under which advection dominates as the controllingmechanism.
Even inmore spatially complex layered systems, these results provide a
powerful basis for initial evaluation based on properties and parameters
that can be readily measured or estimated. Nonetheless, caution must
be taken in applying these resultswhen, for example, significant hetero-
geneity is present or when a non-linear degradation reaction regime is
in place.

4. Conclusions

The results of this study provide a quantitative assessment of the rel-
ative importance of advection, diffusion, sorption, degradation and
hydrogeological layer thickness. The values presented here provide
valuable information about the relative influences of these controls on
maximum concentrations (Figs. 3 and 4), equilibrium concentrations
(Fig. 5), plume attenuation times (Figs. 6 and 7), and equilibrium
plume extent (Fig. 9). All real sedimentary systems display at least
some degree of heterogeneity. While the impact of small-scale hetero-
geneity can be effectively modelled by considering dispersivity as we
have in this study, larger-scale heterogeneity would require a statistical
approach involving multiple hydraulic conductivity fields (e.g.
Mariethoz et al., 2009). Nonetheless, the results of this study provide
useful quantitative guidelines for evaluating and estimating temporal
and spatial aspects of contaminant plumes in layered sedimentary
systems.

While the directions of the trends in the controls explored here can
generally be deduced through logical reasoning informed by physics,
the magnitude and interplay of these controls cannot. Cases wherein a
confined or semi-confined aquifer contains a contaminant source zone
(e.g., Jiménez-Martínez et al., 2011; Agah et al., 2013) are similar to
the configuration of Scenarios A and C. If the hydraulic conductivity
and thickness of the aquifer can be estimated, then the influence of dif-
fusion constants and reaction rates on concentration and persistence
can be evaluated (Figs. 3, 5, 6 and 9). This information can inform
often costly decisions related to sampling efforts (e.g., which parame-
ters field campaigns should seek to constrain) and remediation
(e.g., whether or not to proceedwith source zone treatment). For exam-
ple, if the degradation rate can be increased by the addition of catalysts
or reagents (e.g., Crane and Scott, 2012), then the potential improve-
ment in plume persistence can be estimated. These considerations
also hold for unconfined aquifers underlain by low-permeability layers
(Scenario B). While the influences of the controls investigated here
are less marked in this configuration, they nonetheless play important
roles in determining the dynamics of contaminant plumes.

By using constructed parameters to reduce the dimensionality of the
parameter space, general trends could be easily identified and specific
regimes in which advection is the dominant control on plume persis-
tence could be established. These parameters provide powerful predic-
tive capacity for the evaluation of real systems. For example, in a
confined aquifer, by estimating aquifer hydraulic conductivity, fluid dif-
fusion constants, and reaction constants in the bounding low-
permeability units, one can determine whether or not the system is in
a low-persistence regime wherein the contaminant concentration will
be rapidly attenuated. Furthermore, the fundamental relationship be-
tween equilibrium plume extent and the introduced parameter η
should provide guidance for delimiting zones at risk of contamination.
These types of calculations have strong potential for use in evaluations
of plume persistence in contaminated sites.

This study provides novel quantitative information on the effects of
advection, diffusion, sorption, degradation and layer thickness on the
behaviour of contaminant plumes in sedimentary hydrogeological sys-
tems. It is our anticipation that this information on the relative influ-
ences of these controls in different situations serves to inform future
evaluations of contaminated sites.
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Appendix A

The large amount of data generated and analysed in this study could
not be included in its entirety. Readers are referred to the python code
and associated data at https://github.com/lhalloran/ReactiveBack
Diffusion2020 where they can produce modified versions of Figs. 3–10
by, for example, selecting any of the observation well locations (Fig. 1)
and providing their own attenuation factor to extend the analysis pre-
sented in this manuscript.

https://p3.snf.ch/Project-166233
https://github.com/lhalloran/ReactiveBackDiffusion2020
https://github.com/lhalloran/ReactiveBackDiffusion2020
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