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The following explores the issue of how reductions in contaminant loading to plumes will effect
downgradient water quality. An idealized scenario of two adjacent layers of uniform geologic
media, one transmissive and the other low permeability, is considered. A high concentration
source, similar to a thin DNAPL pool, is introduced in the transmissive layer immediately above
the low permeability layer. While the source is active, dissolved constituents are driven along
the contact by advection and into the low permeability layer by transverse diffusion. Removing
the source reverses the concentration gradient between the layers, driving back diffusion of
contaminants from the low permeability layer. Laboratory studies involving four contaminants
demonstrate that 15 to 44% of the introduced contaminant moves into the low permeability
zone (along a distance of 87 cm in a sand tank) over a period of 25 days. The greatest movement
of contaminants into the low permeability zone is seenwith the contaminants with the greatest
sorption coefficients. A unique two-dimensional analytical solution is developed for the two-
layer scenario. Processes addressed include advection; transverse dispersion; adsorption and
degradation in the transmissive zones; and diffusion, adsorption, and degradation in the low
permeability layer. Laboratory data agree favorably with the analytical solutions. Collectively,
the laboratory results and analytical solutions provide a basis for testing other modeling
approaches that can be applied to more complex problems. A set of field-scale scenarios are
considered using the analytical solutions. Results indicate that improvement in water quality
associated with source removal diminish with distance downgradient of the source.
Furthermore, contaminant degradation and contaminant adsorption in the stagnant zone are
shown to be critical factors governing the timing and magnitude of downgradient
improvements in water quality. For five of six scenarios considered, observed improvements
in water quality 100 m downgradient of the source fall in the range of 1 to 2 orders of
magnitude 15 years after complete source removal. The sixth scenario, involving a contaminant
half-life of three years and no adsorption, shows greater than three order of magnitude
improvements in downgradient water quality within one year of source removal.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Reduced loading of contaminants to downgradient plumes
is a primary objective of depleting subsurface sources and/or
intercepting groundwater plumes (USEPA 2003 and NRC
+1 970 491 8224.
ale), zimbron@ge.com
).
tates.

All rights reserved.
2005). A key question to ask is: How will reduced loading
affect downgradient water quality? The following explores
this topic by considering an idealized, horizontally oriented,
two-layer granular porous media, and a high concentration
source located in the transmissive layer at the contact between
the two systems. In the modeling studies, the source has a
concentration of co at the interface and decays exponentially
with increasing distance from the interface into the transmis-
sive layer. The source configuration is intended to create a
source that is similar to a thinpool of dense nonaqueous phase
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Fig. 1. A conceptual model of the two-layer scenario. A) Active source – co at the contact decaying exponentially into the transmissive layer. B) Depleted source –

source strength=0.
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liquid (DNAPL). The system is illustrated in Fig. 1. The top layer
is a uniform transmissive granular porous media, e.g., sand.
The bottom layer is a uniform granular porous media with a
permeability several orders of magnitude lower than the
transmissive layer, e.g., silt. Hydraulically, the upper layer has
active groundwaterflowparallel to the layers. Groundwater in
the low permeability layer is considered negligible. It is
envisioned that a release has created a concentrated source
immediately above the low permeability layer. The position of
the source reflects the tendency of DNAPL to accumulate
above the low permeability capillary barrier (Kueper and
McWhorter, 1991).

Panel A of Fig. 1 identifies four aqueous phase contaminant
fluxes associated with the source. Fluxes one through three
originate from the source (while it is present). Fluxes one and
two are driven by diffusion (Hunt et al.,1988; Parker et al.,1994;
Sale andMcWhorter, 2001). Flux three is driven by advection of
water through the source (Miller et al.,1990; Imhoff et al.,1993).
Flux four occurs immediately downgradient of the source. As
long as the source fluxes one and three are not decreasing,
concentrations in the transmissive layer at the contact
throughout the domain are higher than concentrations in the
underlying low permeability zone. With this, fluxes two and
four – referred to as matrix diffusion – are inward to the low
permeability layer. Panel B of Fig. 1 illustrates conditions after
depletion of the source. Conditions are shown in the domain
beneath the source and in a portion of the downgradient plume
where source removal has reduced aqueous concentrations.
The resultant reversal of the direction of the concentration
gradients (at the contact) drives release of contaminants from
the lowpermeability zones. This process (labeled as 2′ and 4′) is
referred to as back diffusion.

The topic of diffusive transport in heterogeneous granular
porous media has received broad attention, with key
references including: Foster (1975), Freeze and Cherry
(1979), Rao et al. (1980), Sudicky (1983), Sudicky et al.
(1985), Goltz and Roberts (1987), Wilson (1997), Carrera et al.
(1998), Liu and Ball (2002), Chapman and Parker (2005), and
Liu et al. (2007). Wilson (1997), Liu and Ball (2002), and
Chapman and Parker (2005) specifically recognize that back
diffusion can impact the timing and magnitude of the
downgradient water quality improvements associated with
upgradient reductions in contaminant loading.

The objective of this study is to explore the effects of
reduced contaminant loading on downgradient water quality
using the idealized two-layer scenario presented in Fig. 1.
First, a set of laboratory sand tank experiments are presented.
This provides laboratory-scale insights into processes that
sustain plumes after reductions in upgradient contaminant
loading. Next, an exact analytical solution for the two-layer
scenario is advanced and tested using the laboratory data. The
value of the analytical solution is two-fold. It provides both a
basis for evaluating other modeling approaches (e.g., numer-
ical) that are needed for more complex settings, as well as the
opportunity to extrapolate the observed processes to field-
scale problems that would be difficult or impractical to
evaluate using physical systems. Finally, the laboratory results
are used to develop field-scale insights regarding potential
downgradient water quality benefits associated with upgra-
dient reductions in contaminant loading.

2. Laboratory studies

Laboratory studies involved three sets of sand tanks, all with
identical solute sources, with and without low permeability
layers. Objectives of the laboratory studies included (1)
development of simple experimental illustrations of the
significance of contaminant storage and release from low



Table 1
Physical properties of the sand and silt used in the tank experiments

Parameter Sand Silt

Hydraulic conductivity (m/s) 1.4×10−4 1.7×10−6

Porosity 0.36 0.55
Bulk density (kg/m3) 1700 1200
Kd (L/kg)

PCE 0.28 0.87
TCE 0.17 0.51
MTBE 0.22 0.46
Br 0.037 0.11

Fig. 2. Experimental design for the two-layer tank experiments. Tanks are constructed of stainless steel and glass. Sources are on for 25 days and off for an
additional 58 days. All experiments were carried out with the tanks oriented vertically to accommodate settlement of the sediments.
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permeability zones, (2) characterization of the role of con-
taminant concentration and sorption in governing total mass
storage in low permeability zones, and (3) development of data
for testing the analytical solutionspresented in thenext section.

2.1. Experimental procedure

The experiment involved three sets of matching sand only
and sand–silt tanks. Each set of tanks had an identical source
of either tetrachloroethene (PCE), trichloroethene (TCE), or
methyl tert-butyl ether (MTBE). Additionally, all point sources
contained bromide. Each tank had an internal chamber with
dimensions 100×50×2.5 cm. The tanks were made of
stainless steel (back, top, and bottom), glass (front) and
chemically resistant rubber (two sides). Each had a stainless
steel, 2.5 cm screen at the top and bottom. Seams were
waterproofed with chemically resistant rubber gasket and
silicone vacuum grease. Manometers were attached to both
inlet and effluent ports. All tubing and fittings in contact with
organic-contaminated water were made of glass, Viton™, or
stainless steel. The pumps used for the feed were high
precision Ismatec™ peristaltic pumps fitted with high preci-
sion Viton™ tubing (Cole-Parmer). The configuration of the
sediment layers and sources were designed to preclude solute
from reaching the sidewalls, so the domain perpendicular to
the flow directionmay be treated as infinite in the subsequent
mathematical analysis. A diagram showing the sand and silt
arrangement and overall design of the experiment is
presented in Fig. 2.

Sand and silt used to fill the tanks were obtained by
sieving (N450 μm and <250 μm, respectively) soils obtained
from a weathered portion of the Ogallala Formation at F.E.
Warren Air Force Base, located near Cheyenne, Wyoming. The
porous media were arranged within three tanks (denoted as
tanks 1 through 3) in two discrete layers — a silt layer
occupying 60% (30 cm) of the tank height, and a sand layer
filling the remaining 40% (20 cm). Three additional tanks
(tanks 4 through 6) were filled with a single layer of sand
(50 cm) as controls to provide independent evaluation of the
transport and kinetic processes occurring within the sand
layer. The physical characteristics of the sand and silt used in
this study are shown in Table 1.

Water was delivered to the tanks at two locations. The
primary flow was de-aired City of Fort Collins, Colorado tap
water, introduced via a head tank on the upstream side of the
tank. Both the influent and identical effluent head tanks were
hydraulically connected with the sand and silt layers, and thus,
no vertical gradients were imposed across the layers. Flow rates
to the tanks resulted in an average sand seepage velocity of
0.27m/day. Basedon thehydraulic conductivity values inTable1,
the seepage velocity in the silt was estimated at 0.0032 m/day.



Table 2
Measured contaminated and non-contaminated flow rates and concentrations into each tank. Data represent results from three different measurements for each
line, taken at different times during the operation of the different pumps

Parameter Tank 1 Tank 2 Tank 3 Tank 4 Tank 5 Tank 6

Contaminant flow line Mean (mL/min) 0.043 0.044 0.056 0.047 0.050 0.067
C.V., % 36 24 17 12 2 18

Waterflow line Mean (mL/min) 0.307 0.285 0.309 0.642 0.901 0.708
C.V., % 3 8 3 7 1 18

Groundwater velocity (m/day) 0.38 0.27 0.28 0.19 0.26 0.22
Organic contaminant PCE TCE MTBE Same as Tank 1 Same as Tank 2 Same as Tank 3
Contaminant concentration (mg/L) 90 594 44,880
Bromide concentration (mg/L) 219 225 210
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Contaminants were introduced to the tanks via 1 cm fritted
glass tubes inserted through a stainless steel Swagelok™ fitting
in the sidewalls of the tank. The fritted glass pipe fully
penetrated the 2.5 cm thickness of the tanks. In the sand–silt
tanks, the sourcewas located in the sand immediately adjacent
to the sand–silt contact,13 cmdownstreamof the influent head
tank. In the sandonly tanks, the sourcewas in the samephysical
position. Contaminantswere introduced at the source points, at
the concentrationsnoted inTable2, at aflowrate approximately
5% of the head tank flow. In subsequent modeling it is assumed
that flow associated with the source has a negligible effect on
the tank's overall flow field.

The intention of the source configuration was to approx-
imate the concentration profile that would be encountered
immediately downgradient of a DNAPL pool situated in the
sand above the silt. In two prior experiments, an actual
nonaqueous phase liquid (NAPL) was introduced at the source
position, but these experiments failed tomeet the experimental
objectives. Problems included (1) difficulty producing identical
NAPL sources in thematched sandonlyand sands–silt tanks; (2)
difficulty detecting when the NAPL was exhausted, precluding
rigorous resolution of when the back diffusion was driving
effluent concentrations; and (3) the NAPL source strength was
variable with time, making it difficult to develop a model that
could be applied to the laboratory data.

The local sources were active for the first 25 days of the
experiment. After shutting the sources off, the primary flow
(from theupgradient head tank)was continued for an additional
58 days. Influent and effluent flow rates and contaminant
concentrations were measured throughout the experiment. To
minimize contaminant losses, the influent source solutionswere
stored in zero head space Tedlar™ bags, all pipingwas glasswith
minor sections of Viton™, and samples were collected via zero
head space inline 15 mL vials that were capped with Teflon™
lined septa. Aqueous samples were held in refrigeration at 4 °C
for not more than 2 weeks. Samples were collected daily with
limited exceptions late in the experiment. Additional details
regarding the experiments may be found in Sale et al. (2007).

To determine the values of the distribution coefficient (Kd)
listed inTable 1, a set of batch (vial) experimentswas conducted
according to established protocols (Ball and Roberts, 1991).
Small vials (15 mL) were loaded with a known mass of porous
media and dosed with a known mass of one of the organic
contaminants or bromide and were allowed to equilibrate for
5 days before filtrating andmeasuring the equilibrium aqueous
concentration. Control experiments validated that the 5 day
period was long enough to achieve equilibrium and determine
whether there were size effects associated with the sand.
2.2. Laboratory results

Fig. 3 presents cumulative influent, effluent and retained
contaminant mass (for PCE, TCE, and MTBE) in each of the
tanks. Bromide data for one set of sand and sand–silt tanks are
also presented. Bromide data from the other tanks were
similar, and are not shown. Cumulative influent and effluent
values are based on the product of the measured concentra-
tion, flow rates and periods. Retained contaminant mass is
based on the difference between cumulative influent and
effluent masses.

The primary feature of Fig. 3 is that much more
contaminant mass is retained in the sand–silt tanks than in
the sand only tanks. The increased contaminant retention in
the sand–silt tanks is attributed to transverse diffusion of
contaminants into the silt layer (flux 4 in Fig. 1). Furthermore,
the total mass retained is highest for the contaminant with
the greatest concentrations. The data from the sand only
tanks show nearly identical cumulative influent and effluent
contaminant mass. This suggests that experimental contami-
nant losses – volatilization, sorption and/or degradation –

were minimal. This is important in that it supports the
validity of estimatingmass retained as the difference between
cumulative influent and effluent contaminant masses.
Furthermore, the closed mass balances suggest that the
cumulative errors from all aspects of the experiment
(measured flow rates, analytical measurements, and sample
losses) were small.

Fig. 4 compares percentages of contaminant mass retained
in the tanks at the end of the experiment (day 83). Mass
storage attributable to the silt was calculated as the difference
between the retained contaminants in the sand only and
sand–silt tanks. Given this approach, between 15 and 44% of
the introduced contaminant mass was retained in the silt
layer at the end of the experiment. The preferential fractional
retention of PCE versus other contaminants is attributable to
greater PCE sorption in the silt layer, per the parameters
presented in Table 1.

Last, consideration is given to aqueous concentrations. Fig. 5
shows the bulk influent concentration based on tank loading,
the effluent concentration after the source had been on for
25 days, and the effluent concentrations after 83 days. At
25 days, effluent concentrations were lower than loading
concentrations, due to contaminant attenuation in the silt
layer. Reflecting termination of the source, effluent concentra-
tions at 83 days were approximately two orders of magnitude
lower than the concentration observed with the active source
after 25 days. However, even with the source off for 58 days,



Fig. 3. Solutemass retained in the tanks, based on cumulative influent–effluent material balances. Inlet mass is denoted by the open diamonds, outlet mass by open
triangles, and mass accumulation within the tank by solid circles.
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concentrations are still two to four orders of magnitude above
typical drinking water standards for each of the compounds.
Considering the total mass retained in the silt layers (15 to 44%
of introduced contaminants) it is likely that the observed
concentrationswouldbe sustained for longperiods of time. This
topic is explored in more detail in the following sections.

3. Modeling

A number of studies have been published in which
analytical (exact) solutions of the advective-dispersion equa-
tion have been applied to describe aqueous solute transport in
different geometries and under various environmental con-
ditions. These include studies of homogeneous media,
including transient, one-dimensional investigations of trans-
port and sorption (Cameron and Klute, 1977), and steady,
three-dimensional transport from multiple DNAPL sources
(Sale and McWhorter, 2001). Also, a number of investigators
have carried out studies focusing on transport within and
between discrete phases. Initial studies made geometric
simplifications and neglected the effects of solute reaction
and retardation, e.g., Skopp and Warrick (1974) and Al-Niami



Fig. 5. Concentrations by contaminant based on mass loading of the tanks,
observed concentrations at 25 days (end of source on), and 83 days (end of
experiment).
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and Rushton (1979); the latter eventually resulting in a
comment by Veling (1989). Later investigations included
these effects, but focused on specific geometries such as a
single, thin fracture (Tang et al., 1981), systems of parallel, thin
fractures (Sudicky and Frind, 1982), and nonreactive (Sudicky
et al., 1985) and reactive (Starr et al., 1985) transport in
layered porous media. A more recent study also captured the
effects of retardation and reaction in a one-dimensional
geometry and modeled the effect of soil heterogeneity
through a spatially-dependent dispersivity, α (Yates, 1990).
To the author's knowledge, no exact expressions exist for the
geometry discussed in the previous section or the conditions
relevant to the solutes and porous media used in this study.
The derivation of closed-form solutions to the advection–
dispersion equations relevant to the system under study is
motivated by practical issues inherent to the application of
numerical techniques, such as the need for grid resolutions
fine enough to accurately resolve the small concentrations
and concentration gradients associated with these experi-
ments. Even with very fine grids, numerical diffusion can
qualitatively and quantitatively affect numerical predictions.
Moreover, the solutions presented beloware applicable to any
two-layer system, regardless of scale.

3.1. Model development

A mathematical model has been developed to predict
aqueous solute concentrations in the two-layer system
introduced in Fig. 1 and employed in the sand tanks studies.
The position x=0 corresponds to the location of the source,
and the interface between the sand and silt layers is denoted
by y=0. A number of simplifying assumptions are made: (1)
the domain is assumed to be infinite in extent in the sand
(y→∞) and silt (y→−∞); (2) the hydraulic conductivity of the
silt is sufficiently low that solute transport within that layer
will occur solely by molecular diffusion; (3) lateral transport
in the sand is dominated by advection such that longitudinal
dispersion can be neglected; and (4) any degradation
reactions in the sand and silt phases may be described by
Fig. 4. Mass retention in sand tanks, mass retention in sand–silt tanks, and
difference in mass retention between tanks.
first-order chemical kinetics. Furthermore, because of experi-
ment design, contaminant concentration is uniform in the
third dimension.

These simplifications reduce a transient, three-dimen-
sional system to a two-dimensional domain with a single
velocity component. Because transport within each layer is
presumed to differ, due to different hydraulic conductivities
and porosities, an equation describing pointwise solute
transport is written for each of the layers, with the system
coupled at the sand–silt interface through mass conservation
conditions. In the sand layer, the equation governing solute
transport is

Ac
At

þ v
Ac
Ax

¼ Dt
A2c
Ay2

− kc −
ρb

n
AC⁎

At
0 � x < ∞
0 � y < ∞ ð1Þ

where c(x,y,t) is the solute concentration in the sand layer (in
kg/m3), v is the averaged groundwater velocity (m/s), k is the
first-order degradation rate constant (s−1), C⁎ is the mass of
solute sorbed per dry unit weight of solid, ρb is the bulk
density of the porous medium (kg/m3), n is the porosity, and
Dt is the transverse dispersion coefficient (m2/s). Dt is given
by

Dt ¼ αtvþ D⁎; ð2Þ

where αt is the transverse dispersivity of the sand (m) and D⁎
is an effective molecular diffusion coefficient (m2/s). The last
two terms in Eq. (1) account for solute loss from the aqueous
phase due to homogeneous degradation and adsorption, re-
spectively. If a linear adsorption isotherm is assumed (Fetter,
1998) such that C⁎=Kdc, then Eq. (1) may be rewritten as

Ac
At

þ v̂
Ac
Ax

¼D̂t
A2c
Ay2

− k̂c; ð3Þ
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where v̂=v/R, D̂t=Dt/R, k̂=k/R, and the retardation factor R is
given by

R ¼ 1þ ρb

n
Kd:

Solute transport within the silt layer is described by an
equation similar to Eq. (3), butwithout advection.Usingprimed

quantities to denote silt properties,

Ac′
At

¼ D̂
⁎ A2c′
Ay2

−k̂′c′ 0 � x < ∞
−∞ < y � 0 ð4Þ

where c′(x,y,t) is the solute concentration in the silt layer,
D̂⁎=D⁎/R′, k′ˆ =k′/R′, and the retardation factor in the silt, R′, is

R′ ¼ 1þ ρ′
b

n′
K ′
d:

Initially it is assumed that no solute is present in either
layer, so the appropriate conditions on c and c′ are
c x; y;0ð Þ ¼ 0 ð5aÞ

c′ x; y;0ð Þ ¼ 0: ð5bÞ

The boundary conditions in the transverse direction (y)
arise from the semi-infinite nature of the model domain and

mass conservation constraints at the sand–silt interface.
These are

c x; yY∞; tð Þ ¼ 0 ð6aÞ

c x;0; tð Þ ¼ c′ x;0; tð Þ ð6bÞ

nDt
Ac
Ay

x;0; tð Þ ¼ n′D⁎ Ac′
Ay

x;0; tð Þ ð6cÞ

c′ x; yY−∞; tð Þ ¼ 0: ð6dÞ

Solute enters the domain only at the inlet (x=0) and only
in the sand layer (y≥0). To capture the localized behavior of
n¼1
nn!
the solute source at the sand–silt interface and the transient
nature of the source, an idealized inlet condition is specified.
The source is treated as having a concentration co at the
interface y=0, decaying exponentially with increasing dis-
tance from the interface into the sand layer. Mathematically,
this decaying, transient inlet source is modeled as

c 0; y; tð Þ ¼ coe−by 1−H t−τð Þ½ � yz 0ð Þ; ð7Þ

where b (m−1) is the source distribution coefficient, τ(s) is the
persistence time of the solute source, and H is the Heaviside
step function, such that

H t−τð Þ ¼ 0; if t � τ
1; if t N τ

:

�

The procedure for solving Eqs. (3) and (4) subject to the
constraints in Eqs. (5a)–(7) is similar to that used in previous
modeling studies of solute transport (Tang et al., 1981;
Sudicky et al., 1985). Essentially, successive Laplace trans-
forms are applied to Eqs. (3)–(7), first from t to complex space
p, then from x to complex space s. The equations are solved in
transformed space to yield c ̄(s,y,p) and c′̄(s,y,p), followed by
two inverse transforms (Oberhettinger and Badii, 1973) to
recover closed-form expressions for c(x,y,t) and c′(x,y,t). The
solutions shown below are only valid for any lateral position x
when tNx/v̂c and the solutions are segregated into two
distinct time spans, depending on whether the solute source
has been exhausted.

Span 1: x/v̂c< t≤τ+x/v̂c. For the duration of the solute
source, concentration in the sand layer (y≥0) is given by

c
co

¼ 1
2
e−kx=veb

2x=�2 ½ebyerfc b
�

ffiffiffi
x

p þ �y
2
ffiffiffi
x

p
� �

þ e−by

þ e−byerf −
b
�

ffiffiffi
x

p þ �y
2
ffiffiffi
x

p
� ��−�γπ ebye−kx=v

Z x

0

eb
2�=�2ffiffiffiffiffiffiffiffi
x−�

p erfcð b� ffiffiffi
�

p

þ �y
2
ffiffiffi
�

p Þ½ e− k̂′ t−x=v̂ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
t−x=v̂

q
γ2 x−�ð Þ þ �2 t−x=v̂

� �
þ k̂′

�2 e
k̂′γ2 x−�ð Þ=�2f ffiffiffiffiffiffiffiffiffiffiffiffi

t−x=v̂
q

Eið−k̂′ t−x=v̂þ γ2 x−�ð Þ=�2
� �

−
ffiffiffiffiffiffiffiffiffiffiffiffi
t−x=v̂

q
C−2þ lnk̂′ t−x=v̂þ γ2 x−�ð Þ=�2

� �h i

−
2γ

ffiffiffiffiffiffiffiffi
x−�

p
�

tan−1 �

ffiffiffiffiffiffiffiffiffiffiffiffi
t−x=v̂

q
γ
ffiffiffiffiffiffiffiffi
x−�

p
0
@

1
A−

ffiffiffiffiffiffiffiffiffiffiffiffi
t−x=v̂

q X∞
n¼1

−k̂′
� �n
nn!

γ
�

� �2n

x−�ð ÞnF 1
2
; −n

� 	
;
3
2

� 	
; −

�2 t−x=v̂
� �
γ2 x−�ð Þ

0
@

1
Ag�d�

ð8Þ

where

� ¼
ffiffiffiffiffi
v
Dt

r
ð9aÞ

γ ¼ n′
ffiffiffiffiffiffiffiffiffiffi
R′D⁎

q
nDt

ð9bÞ

and erf and erfc are the error function and complementary
error function, respectively. The other functions appearing in
Eq. (8) are the hypergeometric function, F ̄, given by

F α;β½ �; ω½ �;uð Þ ¼ 1þ αβ
ω 1!ð Þuþ α α þ 1ð Þβ β þ 1ð Þ

ω ω þ 1ð Þ 2!ð Þ u2

þ α α þ 1ð Þ α þ 2ð Þβ β þ 1ð Þ β þ 2ð Þ
ω ω þ 1ð Þ ω þ 2ð Þ 3!ð Þ u3 þ N

and the exponential–integral function, Ei(z). When z<0, as in
this case,

Ei zð Þ ¼ Cþ ln −zð Þ þ
X∞ zn

;
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where C ¼ 0:577216 N (Euler's constant). Note that the
hypergeometric series terminates if α or β is equal to a negative
integer or zero, whichwill be the case here, sinceβ=−n in Eq. (8).

The concentration in the silt layer (y≤0) is given by

c′
co

¼ �2

2π
e−kx=v

Z x

0

Z t−x=v

0

e− k̂′uffiffiffi
u

p
x−�ð Þ3=2 ½ 1ffiffiffiffiffi

π�
p −

b
�
eb

2�=�2
erfc

b
�

ffiffiffi
�

p� �� e−Y2B2= γ2þ4B2uð Þ

γ2 þ 4B2u
� �2 � ½4YB2ue−Y

2γ2=4u γ2þ4B2uð Þ þ ffiffiffi
π

p
γ

4B2u−2Y2B2 þ γ2
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Similarly, concentration in the silt layer (y≤0) is
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The expressions shown in Eqs. (8) and (12) simplify
significantly when no solute degradation reaction occurs in

the aqueous phasewithin the silt layer (k' =0). In that case, Eq.
(8) reduces to
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and Eq. (12) becomes
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If no degradation reaction occurs within the sand phase
(k=0), the coefficients in these expressions for c simplify

(14)

(15)
further. When retardation is absent in the sand (R=1) and/or
silt (R′=1) layers, the expressions for c and c′ retain the same
functional form, with the parameters adjusted accordingly.

The integrals in Eqs. (8), (10), (12), and (13) were evaluated
in Mathcad™ 12.1. With the expressions in Eqs. (8)–(13), the
propagation and distribution of solute in the sandand silt layers
may be tracked over the experiment's duration, or used to
predict solute fate over long time spans. Further, by integrating
the expressions for c and c′ over y at the tank exit (x=1 m), the
effluent concentration may be directly compared against the
samples collected in the experiments described above.

3.2. Comparison with laboratory data

Eqs. (8) and (12) were used to estimate effluent concentra-
tions of PCE, TCE, MTBE, and bromide from the sand tanks.



Fig. 6. Comparison of model predictions and laboratory results. The points represent measured values and the solid lines are model predictions.
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Specifically, Eqs. (8) and (12) were integrated over the height of
the sand at the end of the tank. The results were divided by the
thickness of the sand to get average contaminant concentrations
leaving the tanks. Input parameters from the tank experiments
are listed in Tables 1 and 2. Additional inputs include:
ρb=2065 kg/m3, αt=0.03 m, b=37 m−1, D⁎=6.1×10−10 m2/s,
Dt=9.4×10−8 m2/s, and k=k′=0. Source strength values (co) for
the study compounds are the contaminant concentrations
presented in Table 2. The source distribution constant b was
chosen such that the model solute loading matched the solute
loading in the experiments. D⁎ and Dt are based on an effective
diffusion coefficient for PCE (Cohen and Mercer, 1993) modified
by the silt and sand tortuosity, respectively. The homogeneous
degradation rate constants k and k′ were set to zero in the
calculations because it was anticipated that this removal
mechanism would be of negligible importance during the
83 days of experimental measurements.

Results presented in Fig. 6 indicate that the model
captures the physics of contaminant transport in the two-
layer tank experiments. Themost notable exception is the late
stage PCE data. It is believed that the less than ideal fit to the
PCE data at later times reflects limitations of experimental
measurements, as opposed to flaws in the model.

Primary values of the model are that it provides 1) a means
of testing numerical models that can handle more realistic
scenarios and 2) the opportunity to evaluate problems at length
scales and/or time frames that would be difficult or impractical
to evaluate using physical systems. Testing numerical models
with the analytical solutions is a topic of ongoingefforts that are
beyond the scope of this paper.

4. Model applications

Through model applications, further insight into processes
governing magnitudes and time frames for downgradient
improvements in groundwater quality are developed. All
calculations presented in this section were carried out using
Mathcad™ 12.1.

4.1. Concentrations in cross-section

As a first step, the model is used to predict contaminant
concentrations in a cross-section, as shown in Fig. 7. Per the two-
layer conceptualmodel, a transmissive layer (referred toas sand)
is situated above a low permeability layer (referred to as silt).
The modeled domain is 100 m in length, i.e., in the direction of
flow, and 1 m in height (transverse to flow). Concentrations are
calculated across a uniform 50 by 10 grid. The source is turned
on with fixed strength for 1000 days and then shut completely
off. For all panels, shown in Fig. 7, total mass loading is identical.
Input parameters for the source are based on producing an
analog to a thin pool of PCE located in the sand immediately



Fig. 7. Predicted contaminant concentration contours at 1000, 1250, and 1500 days. Input parameters: τ=1000 days, v=0.27 m/day, n=0.25, n′=0.4, co=240 mg/L,
Dt =4.6×10−9 m2/s, and b=15 m−1.
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above the silt. Othermodel inputs are representative of common
field situations. These are presented in the caption for Fig. 7.

4.1.1. Without adsorption
Fig. 7(A)–(C) reflects the scenario in which no adsorption

occurs in the sand and silt layers (retardation coefficients of 1).
Model resultswere used to generate aqueous iso-concentration
contours. Concentrations are presented in contaminant mass
per volumeofwater (mg/L). Contour intervals are varied in each
plot to highlight key processes. In Fig. 7(A), the plume has
passed completely through the solution domain and contami-
nants aremoving from the sand into the silt layer. Similar to the
laboratory tank studies, a large fraction of the introduced
contaminant mass moves into the low permeability zone.
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Fig. 7(A) portrays conditions at 1250 days, 250 days after
the source has been exhausted. Through the first 67 m of the
domain, back diffusion from the upper portion of the silt
sustains contaminant concentrations in the sand. At the same
time, deeper in the silt, contaminants continue to diffuse
downward into the silt. Beyond 67 m, contaminants continue
to diffuse in the silt in all portions of the domain.

As observed by Feenstra et al. (1996), the simultaneous
inward and outward diffusion of contaminants in the silt layer
after removing the source produces slower contaminant
release, relative to the initial contaminant uptake. This is
Fig. 8. Analysis of normalized concentrations in wells as a function of position, conta
n=0.3, n′=0.4 , Dt =2.2×10−10 m2/s, D*=1.5×10−10 m2/s, b=10 m−1.
the key factor driving the hysteretic nature of contaminant
storage and release to and from low permeability zones.

Fig. 7(C) shows conditions 500 days after the source has
been turned off. At this time contaminants present in the silt
are solely attributable to back diffusion into the sand. As with
Fig. 7(B), Fig. 7(C) shows continuing inward diffusion of
contaminants at depth in the silt.

4.1.2. With adsorption
Fig. 7(D)–(F) address the same conditions as Fig. 7(A)–(C),

with the modification of retardation coefficients of 3 and 15
minant half-life, and retardation. Input parameters: t=5 years, v=0.31 m/day
,
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for the sand and silt layers, respectively. The retardation
coefficients are based on an octanol-carbon partitioning
coefficient of 464 mL/g for PCE (Pankow and Cherry, 1996)
and organic carbon fractions of 0.001 and 0.01 for the sand
and silt layers, respectively. Since contaminants in Fig. 7(D)–
(F) are present in both aqueous and sorbed phases, concen-
trations are reported as total mass (mg) per volume of porous
media (L). Total concentrations were calculated as the product
of aqueous concentration, porosity, and retardation factor.

The primary differences between Fig. 7(D)–(F) and (A)–(C)
are that Fig. 7(D)–(F) shows (1) slower movement of con-
taminant through the domain, (2) greater contaminant storage
in the silt, and (3) less penetration of contaminants into the silt.
As supported in the following section, the net effect of greater
storage in the silt layer is a largermass of contaminant available
to sustain back diffusion once the source is removed.

An interesting attribute of focusing on total contaminant
concentrations is the concern that characterizing mass
distribution in plumes using solely water quality data could
potentially lead to missing much of the contaminant mass
that can be present as a sorbed phase. Furthermore, wells
used for collection of groundwater preferentially collect water
from transmissive zones. As such, there is a tendency to not
identify high concentrations of contaminant that may be
present in low permeability zones.

An important attribute of the analytical solution approach
is that it provides a continuous solution through space and
time. Compared to numerical modeling approaches, it is not
sensitive to the discretization of the solution domain or
numerical dispersion associated with numerical approxima-
tion of the governing equations.

4.2. Aqueous concentrations in downgradient wells

A primarymetric for monitoring plumes is water quality in
wells. This reflects regulations that are largely focused on
human exposure, through consumption of drinking water
from wells. Estimates of concentrations in the wells as a
function of position, retardation, and degradation are pre-
sented in the following development. Aqueous concentra-
tions are normalized to the maximum concentration at the
sand–silt contact at the source (previously defined in the
derivation as co). Inclusion of degradation in this analysis is
based on observations that aqueous phase chlorinated
solvents can degrade in plumes and source zones via biotic
processes (Wiedemeier et al., 1999) and/or abiotic processes
(Hwang and Batchelor, 2002; Lee and Batchelor, 2002).

The conceptual configuration is introduced in Fig. 1.
Normalized concentrations at points were transformed to
normalized concentrations in wells by numerically integrat-
ing the solution over the vertical interval of interest (from 0 to
3 m above the silt in the sand) and dividing by the interval of
concern. The source is a step function. It is on for five years
and then completely off. Concentrations are calculated for
wells located 1, 10, and 100 m downgradient of the source for
a total period of 20 years. Results and model inputs are
presented in Fig. 8.

4.2.1. Position
While the source is active, contaminant concentrations

always decrease with increasing downgradient position. This
reflects attenuation of contaminants in the sand zone through
transverse diffusion into the silt and degradation. Once the
source is turnedoff and the signal fromremoving the sourcehas
reached the location of interest, the inverse is true. With the
source off and with sufficient time, concentrations increase
with downgradient position. This reflects the accumulating
effect of back diffusion of contaminants out of the silt.

In all cases, the apparent improvements in groundwater
quality resulting from 100% reduction in loading are greatest
at locations closest to the source. At 1 m downgradient, water
quality improves by three to four orders of magnitude within
a few years of source removal. In contrast, at 100 m, apparent
improvements in water quality are two orders of magnitude
smaller than those observed at 1 m, for all times considered.
In all but the case of Fig. 8(D), the predicted improvements in
water quality at 100m 15 years after source removal fall in the
range of one to two orders of magnitude. A potential
limitation of this analysis is that it does not account for
transverse dispersion in the plume.

4.2.2. Retardation
The pairs Fig. 8(A)–(D) and (D)–(E) illustrate the effect of

elevating the retardation value for the silt layer. For the period
considered, this increase results in higher concentrations
after removal of the source and diminished improvements in
water quality. The pairs Fig. 8(D)–(C) and (E)–(F) illustrate the
effect of increasing retardation in the sand. This change slows
the contaminant transport through the sand, sustains
contaminant concentrations at all points through time, and
diminishes the apparent water quality improvement asso-
ciated with source removal.

4.2.3. Degradation
The three pairs Fig. 8(A)–(D), (D)–(E), and (C)–(F) reflect

identical systems where the contaminant half-lives in the
sand and silt are 3 and 30 years, respectively. Comparing
these half-lives with no retardation (as seen in Fig. 8(A) and
(D)), the shorter half-life results in dramatic near-term
improvements in water quality after source removal. This is
attributed to the fact that a 3 year half-life is sufficient to
prevent accumulation of significant amounts of contaminant
in the silt. In contrast, given elevated retardation levels in the
silt Fig. 8(D)–(E) and (C)–(F), transference of contaminant
mass to the sorbed phase dramatically limits the benefits of
degradation.

5. Conclusion

While subsurface sources are active, substantial contami-
nant mass may move into low permeability zones in plumes
through transverse diffusion. Two-layer laboratory-scale sand
tank studies indicate that between 15 and 44% of the
contaminant introduced into sand, immediately above a silt
layer, moves into the silt over 87 cm via transverse diffusion
over 25 days. Upon removing the source, the direction of the
concentrations gradient at the sand–silt boundary reverses.
This drives back diffusion and sustains contaminant concen-
trations in the transmissive zone. A key attribute of back
diffusion is that it occurs more slowly than the initial inward
diffusion. Slow outward diffusion has the benefit of lower
initial loading into the transmissive zones but the detriment
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that it can affect exceedances of drinking water standards for
extended periods. The latter point is illustrated by model
predictions of one to two order of magnitude improvements
in water quality at a position 100 m beyond the source
15 years after complete source removal. Primary factors
governing back diffusion include the aqueous concentration
of the solute, the position considered in a plume, retardation,
and rates of degradation.

Recognition that lowpermeability zonesmay act as vehicles
for contaminant storage and release has a number of important
implications. First, it is possible for back diffusion to sustain
plumes far beyond the time when sources (e.g., DNAPLs) are
exhausted. This result provides a potential explanation for why
it is often difficult to find DNAPL at the heads of persistent
chlorinated solvent plumes. Second, a significant amount of
contaminant mass may exist in low permeability zones. Large
contaminant mass in low permeability zones provides a likely
explanation for post treatment contaminant rebound. Third,
efforts that solely target DNAPL as the source of plumesmay be
flawed, so achieving high levels of cleanup may require
methods that address contaminants in low permeability
zones. Last, the longevity of contaminants in plumes is a
function of both the source at the head of a plume and
downgradient contaminant storage-release processes. In many
instances, efforts to resolve “time to cleanup” in plumes will
need to consider governing processes in both zones.

It is important to note that the conditions addressed in this
work, such as the source geometry, two-layer stratigraphy,
and the assumption of no advection in the low permeability
layer are highly idealized. Actual aquifers and sources are far
more complicated in composition and spatial configuration
than those considered herein. Further work is needed to
better understand contaminant storage-release process in
more complex settings. Working toward that goal, a parallel
study has been carried out to examine the processes con-
sidered herein for a multiple layer scenario. And, more im-
portantly, there is need for field-scale data to support analysis
of this type.
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