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Abstract

Back diffusion of groundwater contaminants from low permeability (K) zones can be a major
factor controlling the time to reach cleanup goals in downgradient monitor wells. We identify the
aquifer and contaminant characteristics that have the greatest influence on the time (Toom) after
complete source removal for contaminant concentrations to decline by 1, 2 and 3 Orders-of-
Magnitude (T1, T2 and T3). Two aquifer configurations are evaluated: (a) layered geometry (LG)
with finite thickness low K layers; and (b) boundary geometry (BG) with thick semi-infinite low
K boundaries. A semi-analytical modeling approach (Muskus and Falta, 2018) is used to
simulate the concentration decline following source removal for a range of conditions and
generate ~21,000 independent values of T, T2 and T3. Linear regression is applied to interpret
this large dataset and develop simple relationships to estimate Toom from three characteristic
parameters — the mass residence time (Twm), diffusion time (Tp), and ratio of low K to high K
mass storage (). Tm 1s most important predictor of T1, T2 and T3 for both geometries and is
equal to the combined high and low K contaminant mass divided by the mass flux, at the end of
the loading period (Tv). For LG, T3 is strongly influenced by Tp = RiLp?/(4D*), where Ry is the
low K retardation factor, Lp is the half-thickness of the embedded low K layers, and D* is the
effective diffusion coefficient. For BG, Tz is strongly influenced by y. Contaminant decay in
low K zones can significantly reduce cleanup times when AL Tp> 0.01, where AL is the effective
first order decay rate in the low K zone. The 1% Damkohler (Da), equal to Tm/Tp, provides a
useful indicator of the relative importance of back diffusion on Toom. Back diffusion impacts are
greatest on T3 when 0.01>Da>0.1, then decrease with increasing Da. Back diffusion has less

impacts on T2, with limited influence on Ti. The results are summarized in a simple conceptual
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model to aid in evaluating the impact of back diffusion on the time for concentrations to decline

by 1-3 OoM.
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1. Introduction

Diffusion can have major impacts on contaminant transport in unconsolidated sedimentary
formations when the Darcy velocity in low permeability (K) zones is very small. As a
groundwater plume advances downgradient through high K zones, dissolved contaminants are
transported by molecular diffusion into low K zones, slowing the downgradient migration of the
contaminant plume. However, once the contaminant source is greatly reduced, contaminants
diffuse out of low K zones, slowing the cleanup rate in the high K zone (Grisak and Pickens,
1980). This process, termed ‘back diffusion’, can greatly extend cleanup times following source
removal, especially for chlorinated solvents where large reductions in contaminant

concentrations are required to meet remediation goals.

The impacts of back diffusion on aquifer cleanup times have been documented in several
detailed field studies. Mackay et al. (2000) demonstrated that back diffusion from an underlying
clayey aquitard increased the groundwater cleanup time for a pump and treat system enclosed
within a sheet-pile test cell. Model predictions based on diffusion of contaminant within the
aquitard were consistent with measured concentration profiles (Liu and Ball, 2002). Ata
DNAPL site in Connecticut, Chapman and Parker (2005) reported that trichloroethylene (TCE)
concentrations in downgradient wells declined by roughly 1 Order-of-Magnitude (OoM), when
the upgradient source area was isolated with sheet piling. However, after this initial decline,
TCE concentrations appeared to plateau or decline more slowly, consistent with back diffusion
from an underlying aquitard. Numerical simulations indicate that back diffusion will cause TCE
concentrations in downgradient wells to remain above target cleanup levels for centuries. Parker

et al. (2008) showed that back diffusion of TCE from the thin low-K beds will significantly delay
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groundwater cleanup at a well characterized TCE site in Florida, following complete source

isolation with an innovative hydraulic capture system.

The physics of back diffusion and impacts on aquifer cleanup have been examined in several
well controlled laboratory experiments. Doner (2008) measured the impacts of back diffusion on
aquifer cleanup rate in a 1.07 m long laboratory tank containing a continuous sand body with
suspended clay zones. A bromide and fluorescein tracer solution was flushed through the tank
for 22 days followed by clean water for 100 days. The lower diffusion coefficient for fluorescein
(5.5E-10 m?/s) compared to bromide (20.1E-10 m?%/s), resulted in more extensive tailing of the
fluorescein break-through curve. Yang et al. (2015) measured diffusion driven solute transport
between a high K sand and thin low K layers of varying thickness (1.5, 2, and 6 cm) in 0.28 m
long laboratory tank experiments with rapid flushing of the high K layer (0.65 pore volumes/day).
Mass flux from the low K layer to the high K layer was well described by analytical solutions
using the method of images. Tatti et al. (2018) measured back diffusion rates in a 0.68 m
laboratory tank containing low K lenses in a continuous high K aquifer. Increasing the solute
transport velocity from 5 to 20 m/d increased diffusive flux by more rapidly removing the solute

from the high K zone near the low K interface.

The effects of back diffusion on cleanup time can be evaluated using existing analytical (Sale et
al. 2008, Farhat et al. 2012) and numerical models. Chapman et al. (2012) demonstrate that high
resolution numerical models can accurately simulate the back diffusion process and predict
concentration changes over 3 OoM in heterogeneous sand tank experiments (Doner, 2008), when

the source condition and low K zone geometry is accurately incorporated in the models.
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However, the high concentration gradients near the high/low K interface, require a fine vertical

discretization to accurately simulate back diffusion (Farhat et al., 2020).

Muskus and Falta (2018) develop a semi-analytical modeling approach to simulate the effects of
diffusion in low K zones on solute concentrations in the more transmissive zones. Contaminant
concentration profiles in extensive low K aquitards and finite-thickness embedded low K zones
are represented with a fitting function that is adjusted at each timestep. The resulting diffusion
fluxes are added to the numerical model as linear concentration-dependent source/sink terms,
eliminating the need for fine discretization of the low K region, greatly reducing computation
time. Simulation results closely match results from laboratory experiments with layered systems
(Yang et al., 2015) and irregularly shaped low K lenses (Doner, 2008), fine grid numerical
simulations, and analytical solutions for diffusion in fractured rock and with parent-daughter

decay reactions (Muskus and Falta, 2018).

Halloran and Hunkeler (2020) recognize that the interplay between advection, diffusion, sorption
and degradation processes will control plume persistence, and use a high-resolution numerical
model to examine the impact of simultaneously varying five key input parameters [layer
thickness, aquifer K, retardation factor, decay rate (1), and diffusion coefficient (Dm)], requiring
288 model runs for three different aquifer geometries. To aid in interpreting this large and
complex dataset, results are presented in a series of color maps and reduced dimension variables
for key performance metrics. Visual evaluation of these results indicates that back diffusion
impacts on cleanup time are greatest in thin, confined high K zones with lower groundwater

velocity, larger D and lower A.
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In summary, physically based analytical and numerical models can reproduce the results of
controlled laboratory experiments and well characterized field investigations of back diffusion.
The underlying physics indicate that aquifer cleanup times will be controlled by the physical
characteristics of both the higher and lower permeability zones [hydraulic gradient (1),
permeability (K), porosity (8), and layer geometry], chemical properties of the contaminant and
aquifer material [molecular diffusion coefficient (Dm), effective tortuosity ( t ), linear
equilibrium retardation factor (R), and effective first order decay rate ( A )], and site
characteristics [contaminant loading period (TL), contaminant source concentration (Cs),
remediation goals, and distance to the monitoring or compliance point (X)]. Generating accurate
estimates for each of these parameters is an overwhelming challenge at most remediation sites.
To effectively apply these models for site management, we must identify the model input
parameters that have the greatest impact on simulation results and prioritize characterization

resources on those key parameters.

Here, we identify the aquifer, contaminant, and site characteristics that have the greatest impact
on the time after complete source removal (Toom) for contaminant concentrations at a specified
compliance point to decline by 1, 2 and 3 Orders-of-Magnitude (OoM). We vary all key input
parameters influencing back diffusion over realistic ranges for unconsolidated sedimentary
formations, generating a large database of Toom values. Statistical analysis of this database
provides insights into the dominant processes influencing cleanup time after source removal. We
demonstrate that Toom is strongly correlated with characteristic scaling parameters and can be

estimated using simple regression models. We identify the aquifer and contaminant
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characteristics that have the greatest impact on Toom, and the conditions when individual
processes are most important. These results can guide site characterization efforts and aid in

interpreting model output for a broad range of site conditions and contaminants.

2. Approach

Numerical simulations are conducted to evaluate the effects of diffusive mass transfer between
high and low K zones on the time to reach varying cleanup levels for a range of site conditions.
Cleanup time (Toom) is calculated as the time after complete source elimination for contaminant
concentrations to decline by 1, 2 and 3 Orders-of-Magnitude (T, T2 and T3) in downgradient
monitor wells. The contaminant source concentration is assumed to be constant for a loading
period, TL, then completely removed, causing the concentration entering the downgradient
aquifer to immediately drop to zero. OoM reductions are calculated based on the contaminant
concentration at the well, at the time the source is eliminated. For example, if the concentration
in a monitoring well was 5,000 ug/L when the source was eliminated, then T3 is the time

required for the concentration to decline to 5 ug/L, a factor of 1000 reduction, or 3 OoMs.

The variation in high K zone contaminant concentrations with time is determined using the
modeling approach developed by Muskus and Falta (2018) and incorporated in REMChlor-MD
(Falta et al., 2018). Advection, dispersion, linear equilibrium sorption, and 1% order decay in the
mobile zone are simulated with a finite difference solution to the advection dispersion equation.
Diffusion fluxes for each cell are calculated using the semi-analytical approach developed by

Muskus and Falta (2018). Groundwater velocity in the low K zone is zero in all simulations.



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

Mass transfer between the high and low K zones occurs by molecular diffusion with an effective
diffusion coefficient (D*)

D* =1Dn
where Dy, is the molecular diffusion coefficient in ground water at the ambient temperature and t
is the tortuosity coefficient. In all simulations, Dn=9.1E-10 m?/s (0.029 m?/yr), a representative
value for trichloroethylene (Falta et al., 2018). D* is lower than Dy, due to increased diffusion
distance along tortuous diffusion paths and increased viscosity in narrow pores (Grathwohl,
1998). tis commonly reported to vary between 0.2 and 0.5 (Grathwohl, 1998; Carey et al.,
2016). However, values less than 0.1 have been reported for soils with >25% clay (Ayral and

Demond, 2014).

Two aquifer geometries are evaluated (Figure 1): a) layered geometry (LG); and b) boundary
geometry (BG). For LG, the embedded low K layers are sufficiently thin such that the average
contaminant concentration in the low K zone approaches the average high K zone concentration
by the end of the loading period. For BG, the semi-infinite low K boundaries are sufficiently
thick that solutes diffusing into this zone do not reach the layer boundary within the simulation
period. For the BG, the homogeneous aquifer has a thickness B’ and is bounded on one side by a
semi-infinite boundary. Monitor wells located a distance X, downgradient of the source,

represent the vertically averaged concentration in the high K zone (Cp).

2.1.Typical Simulation Results

Figure 2a shows a typical contaminant break-through curve (BTC) in a monitor well located 100

m downgradient of the source for the boundary geometry (BG). For this example, the high K
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aquifer is 3 m thick, K=0.02 cm/s, and the monitor well has a 3 m long screen. 1D results (Ax=
1 m) are compared with vertically averaged concentrations from two-dimensional (2D) vertical
profile simulations (Ax=1 m, Az=0.1 m) with two different values of vertical dispersivity (o).
The normalized contaminant concentration (Cu/Cs) is equal to the average contaminant
concentration in the high K zone (Cy) divided by the source concentration (Cs). All other

parameters are for the base case condition presented in Table 1.

For both the 1D and 2D simulations (Figure 2a), Cu/Cs increases rapidly, reaching ~1 within a
few years, remains high for the 50 yr loading period, and then rapidly declines once the source is
eliminated, similar to simulation results by Chapman and Parker (2005). At ~60 yr (10 yr after
source removal), there is a slope-break in the Cu/Cs curve, and contaminant concentrations begin
to decline more slowly. In this example, Cu/Cs declined by 1 OoM at 56 yr, 2 OoM at 95 yr, and
3 OoM at 255 yr, so T1 = 6 yr, To=45 yr, and T3=205 yr. In most simulations, T occurs before
the slope-break and is controlled by advective flushing of the high K zone, while T3 generally
occurs after the slope-break, and is influenced by both the advective flux in the high K zone and
the diffusive flux out of the low K zone. T2 may occur before or after the slope-break, depending

on aquifer and site characteristics.

One dimensional (1D) simulation results (Ax=1 m) closely match vertically averaged
concentrations in 2D simulations with vertical dispersivity (ov) = 0.001 m (normalized root mean
square error, NRMSE= 8.9%) and o= 0.01 m (NRMSE=4.1%). T, T2 and T3 differ by 1%, 8%

and 6% between the 1D simulation and 2D simulation with oy = 0.001 m.

10
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Figure 2b shows concentration profiles for ay = 0.01 and 0.001 m at T=100 yr and X=100 m.
Concentrations are highest immediately adjoining the low K boundary, then decrease rapidly
with distance. When ay < 0.01 m, most contaminant mass is within 2 m of the low K boundary.
These results illustrate that 1D simulation results closely approximate 2D results when
essentially all contaminants released from the low K boundary remain within the screened
interval of the monitoring well (i.e., B’ = monitor well screened interval). Increasing the aquifer
thickness to greater than 3 m, reduces the vertically averaged concentration by dilution with
uncontaminated water. In the sensitivity analyses, 1D simulations with a maximum aquifer

thickness of 3 m to reduce computation times.

2.2.S8ensitivity Analysis Database

Model input parameters evaluated in the sensitivity analysis are presented in Table 1. A ‘base
case’ set of simulations is first conducted where Ky, X, f, n. and B’ are varied to reflect the
effects of aquifer geometry on Toom, generating 840 individual values of Ty, T2 and Ts. Each
base case simulation is then repeated for each value of 0n, 01, Ry, Ry, 7, TL, and AL shown in
Table 1. When the Toom is greater than the 1,000 yr simulation period, these values are excluded,
resulting in a total of =21,000 individual values of Ti, T> and T3 for use in the regression
analyses. Statistical moments for parameters in the dataset without decay (AL =0) are
summarized in Tables S-1 for LG and S-2 for BG. Many of the key indicator parameters are log

normally distributed, and so Ln transformed values are also presented.

11



234  Table 1. Parameter values for base case simulations and sensitivity analysis

Parameter Symbol Base Case Sensitivity
Analysis
Hydraulic gradient, m/m i 0.001 --
Longitudinal dispersivity, m oL 1.0 --
Molecular diffusion
coefficient, m%/s Prm OIE-10 -
High K permeability, cm/s Kn 0.01, 0.02, 0.03, 0.05, 0.1 --
Distance from source, m X 25, 50, 75, 100, 125, 150 --
High K volume fraction f 0.1,0.2,0.4, 0.6, 0.8, 0.9 -
Number of low K layers nL 1,2,3,4 --
LG aquifer thickness, m B 3
BG aquifer thickness, m B’ 05,1,2,3 -
Loading period, yr TL 50 10, 25, 100
Tortuosity coefficient T 0.7 0.07,0.35
High K retardation factor Ru 1 2,5,10
Low K retardation factor Rr 1 2,5,10
High K porosity On 0.3 0.15,0.45
Low K porosity oL 0.3 0.15, 0.45
Low K decay rate, 1/yr AL 0 0.001, 0.01, 0.1, 1

235

236  For BG, preliminary results showed that Toom values are identical for an aquifer of thickness B’
237  with one low K boundary and an aquifer of thickness 2B’ with two low K boundaries, so the

238  number of boundaries is not varied. The BG aquifer thickness (B’) is varied from 0.5 to 3 m. For
239 LG, the parameters X, f, and ny. are varied to reflect the effect of aquifer geometry on Toom. For
240 LG, the aquifer thickness (B) is constant at 3.0 m, equivalent to the length of common monitor
241  well screens. The LG aquifer contains nr. low K layers of thickness 2Lp=B(1-f)/n.. where f is the

242 volume fraction of the high K zone, so low K layer thickness varies between 0.075 and 2.7 m.

12
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For both LG and BG, X and Ky were varied to cover a broad ranges of site conditions, so the
datasets also include some extreme values. For example, the high K zone non-reactive travel
time (T;) to the monitoring or compliance point varies from 0.1 to 21 yr. While this range is
physically plausible, it is unlikely that a compliance point would be established 0.1 or 21 yr
travel time away from the source. By including some extreme values in the dataset, we ensure

the regression relationships accurately reflect model behavior for a broad range of conditions.

For both LG and BG, a fifty-year loading period (Ty) is selected for the base case, which is
equivalent to a spill occurring in 1970 with complete (100%) source removal in 2020. In the
sensitivity analysis, Tr. values of 25 and 100 yr are also evaluated. The transverse dispersivity
equal to zero in all simulations to eliminate the effects of transverse dispersion. The longitudinal

dispersivity, ar, is constant at 1 m, allowing limited longitudinal dispersion (Zech et al., 2015).

2.3.8caling Parameters

To assist with interpretation of the modeling results, we identify a set of scaling parameters for a
unit-width aquifer, based on the geometry of the high and low K zones, distance from the source
to the monitoring point (X), high K porosity (0n), low K porosity (0L), high K retardation factor
(Rn), and low K retardation factor (Rr). Characteristic time scales include the high K travel time
(T, hydraulic retention time (TH), mass retention time (Twm), and loading period (Tr). T, Tu and
Twm in years are defined as

T =PVua/Q

Tu = (Pva + PvpL)/Q

Tm = (Ru Pva + R Pvp)/Q

13
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based on the high K pore volume (Pvu), low K pore volume (Pvr), and volumetric discharge per
unit width through the aquifer (Q). Characteristic scaling ratios include the ratio of low K to
high K zone thickness (a), ratio of low K to high K pore volume (f) and ratio of low K to high K

contaminant mass storage (y), defined at the end of the loading period (TL).

For LG, the characteristic diffusion length (Lp) is equal to half the low K layer thickness and is
independent of time, allowing us to calculate a characteristic diffusion time (Tp) where
Tp = RL Lp%/4D*. For the BG, the volume of the contaminated low K zone will increase over
time, as contaminants diffuse deeper into the semi-infinite low K boundary, so Lp will increase
with Tr. For BG, we define Tp = Tr and

Mass stored in low K boundary at end of loading period TL

Lp=
Source concentration * Ry, * O, * width * X

In Supporting Information (Figure S-1), we show that for Tr > 0.75 Ru T, Lp can be estimated

using the relationship Lp = (4.73 (T1 -0.75 Ru T¢) D*/Ry)%.

The 1% Damkohler number is a dimensionless parameter used to relate reaction rates to transport
rates. In this work, we define Da as Tm/Tp. Characteristic time and length scales for LG and BG

are defined in Table 2.

14
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Table 2. Definition of characteristic time and length scales

Parameter Symbol LG Definition BG Definition
Discharge (m?/yr) Q Kuf Bi KyB'i
: : X0y
High K travel time (yr) Ti / Kyi
Hydraulic retention time T XOuf +6,(1-1)) X(0yB'+0,Lp)
(yr) H Kyfi KyB'i
o X(RyOyf +R.6,(1—f)) X(Ry0yB'+ R.O,Lp)
Mass retention time (yr) Twm Kufi Ky B'i
Diffusion Time (yr) Tp R.L}, / 4D TL
- B(1-f) 4.73(T, — 0.75R, T)D*\’
Diffusion Length (m) Lp / 2n,, R
L
. 1 —
Low to high K . (1-/) Lo/B’
thickness ratio f
Low to high K 0,(1-f) ’
B 7 OLLp/(Bu B’)
pore volume ratio if
Low to high K R,6,(1—f) R.O.Lp
mass ratio ! Rubuf Ry, B
1%t Damkohler number Da Twm/Tp

Box-whisker plots showing the distribution of the scaling parameters for LG and BG datasets

without decay (A1=0) are shown in Figure 3. For LG, median advection times (T, Tu, Tm) vary

from 2 to 8 yr, while median cleanup times vary from 12 yr for T; to 37 yr for T3. The relatively

narrow range between the median 1 and 3 OoM cleanup time, implies that mass transfer is often

relatively rapid for the layered geometry, which is consistent with the relatively short median

15
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diffusion time (Tp) of 1.4 yr. Median advection times (T, Tu, Tm) for BG vary from 2 to 8 yr,
similar to the embedded geometry. However, median cleanup times for BG are much more
variable, ranging from 5 yr for T; to 217 yr for Ts. The large difference between 1 and 3 OoM
cleanup times for BG, implies that diffusive mass transfer is often slow relative to advection.
The largest difference between the LG and BG datasets is for Tp. For LG, Tp varied from 0.02
to 227 yr, causing Da (Tm/Tp) to vary by 5 OoM. For BG, Tp varied from 25 to 100 yr, causing

Da to vary over a narrower range (0.004 to 5).

3. Results and Discussion
3.1.Base Case Simulations

Figure 4 shows selected results from the REMChlor-MD simulations for the base case conditions
for LG and BG. Toowm is a function of the hydraulic retention time (Tx) and diffusion length (Lp)
for LG, and a function of the Ty and B’ for BG. Note that for the base case conditions, Ru=Rr=1,
so Tm=Tu for both LG and BG. The data points for each curve are individual simulation results
for X between 25 to 150 m and Ku between 0.01 and 0.1 cm/s. For constant values of Lp and B’,

the points plot on a smooth curve indicating X and Ku are not important predictors of Toom.

For the base case LG, the time to 1 OoM cleanup (T1) varies approximately linearly with Ty, and
is relatively insensitive to Lp, indicating diffusive transport between high and low K zones is not
the primary control on cleanup time for the 1% OoM reduction. T> and T3 also vary with Ty, but
are more sensitive to Lp, indicating the diffusive transport becomes more important when larger
OoM reductions are required. For larger Ty, T2 and T3 are linear functions of Ty, implying

advective transport controls cleanup time. However, for smaller Ty, T2 and T3 increase much

16
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more rapidly with Tw, consistent with solute diffusion between high and low K zones influencing

cleanup time.

For the base case BG, T, T2 and T3 are primarily controlled by Ty, and, to a lesser extent, B’.
Similar to the layered geometry, T increases approximately linearly with Ty, indicating cleanup
is controlled by advective transport. T and T3 increase approximately in proportion to the square
root of Ty and increase with smaller values of B’ as diffusive flux from the low K boundary

becomes more significant relative to advective flux in the high K zone.

3.2. Parameter Sensitivity

The results presented above illustrate that cleanup time is due to complex interactions between
advective and diffusive transport processes. Traditional sensitivity analyses, where a single
parameter is varied while all others remain constant, may not reveal the complex interactions that
can occur. To provide a more robust evaluation of parameter sensitivity, the distribution of Toom
values for the base case is compared with Toom distributions for each value of 0y, 01, Ry, Ry, 1,
Tr, and AL. To aid in interpreting these results, box-whisker plots are presented showing the
median value, 25%/75% quartiles, and 5%/95% limits of the Toom distribution for several
important parameters (Figure 5). For presentation in Figure 5, Toom values greater than 1000 yr

are entered as 1000 yr.

In general, the time to reach 1 OoM cleanup (T) is relatively insensitive to most model
parameters for both LG and BG. This is likely due to the relatively minor impacts of back

diffusion on Ti. In contrast, model parameters have a much greater impact on T3, since T3 is

17
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much more strongly influenced by back diffusion. T3 is often much greater for BG, than LG,
indicating back diffusion is a much more important process in aquifers with thick low K

boundaries.

Increasing contaminant loading period (TL) results in variable impacts on cleanup time. For LG,
increasing Tr results in minor increases in Ty, T2, and T3. For BG, increasing Ty results in
substantial increases in T3, but variable impacts on Ty and T2. For BG, longer TL results in
greater penetration of contaminants into the low K boundary and increases the duration of back
diffusion. For LG, the characteristic diffusion time (Tp) is often less than Ti, so further

increases in Tr, do not have a substantial impact on the Toom distributions.

Changes in tortuosity (t) have a complex relationship with Toom. For the base case simulations,
1=0.7 and D*=0.02 m?*/yr. Reducing 1 to 0.07, reduces D* to 0.002 m?/yr, increasing Tp for LG
by 3.16 (10°%). In some LG cases, an increase in Tp can shift the process from advection
dominated to diffusion dominated, increasing Toom. For BG, reducing t by a factor of 10,
reduces Lp by a factor of 3.16, which leads to a reduction in the mass stored in the low K

boundary, reducing cleanup time.

Changes in the low K retardation factor (Rr) can also have unexpected impacts on Toom. For
LG, increasing Ry corresponds with an increase in T, T2, and T3, with the largest impact on Ts.
However, for BG, increasing R corresponds with more modest increases in T1, T2 and T3, with
the least impact on T3. The limited impact on T3 is related to the reduced diffusion length (Lp)

with larger Ry.
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Changes in the low K porosity (6L) have a more consistent impact on Toom. Increasing 6L
increases the mass stored in low K zones for LG, increasing T1, T2 and T3. For BG, increasing

OL results in an increase in T3, but has very limited impacts on Ti.

Increases in the low K contaminant decay rate (AL) for LG result in minor reductions in T, with
somewhat greater reductions for T2 and Ts. For BG, increasing AL has minor impacts on Ti,
greater impacts on T2, and can result in very large reductions in T3, especially for AL=1/yr. The
much greater impact of AL on T3 for LG is due to the much greater impact of back diffusion on

cleanup time for this geometry.

3.3.8caling Parameter Analysis

Results from the base case simulations and sensitivity analysis show that back diffusion has a
much greater impact on T3 than Ty, and the ratio T3/T1 is large when back diffusion has a major
influence on Toom. In Figure 6, T3/T1 is plotted versus the first Damkohler number (Da) for both
LG and BG with no decay (AL =0). Note that at an individual site, Tp is constant, so Da

increases linearly with distance from the source.

The ratio T3/T is very sensitive to Da, varying over 2 OoM. In a small number of BG cases near
the source when velocity is high (Da<0.01), T3/T; is reduced indicating limited impacts of back
diffusion. With increased travel time (lower Ky and/or larger X), T3/T: increases, reaching a
maximum in the range 0.01<Da<0.1, for both LG and BG. For LG, T3/T declines as Da

increases, eventually approaching 1 for very large Da. A similar pattern appears to occur for
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BG. However, the range of Da in the BG dataset is much smaller, so it is not possible to

determine if T3/T1 continues to decline for large values of Da.

A correlation analysis was conducted to identify relationships between different scaling
parameters and Toom. Table 3 shows correlation coefficients (r) between Ln Toom and scaling
parameters for both geometries with no decay (AL =0). For LG, Ln T; is strongly correlated with
Ln Twm, and weakly correlated with Ln Tp, implying that Ty is primarily controlled by advective
flushing. For LG, the correlation between Ln Tm and Ln T2 and Ln T3 is reduced, while the
correlation with Ln Tp increases, indicating diffusion is a more important influence on cleanup
time for large OoM reductions. For BG, Ln Toowm is strongly correlated with Ln Ty for 1, 2 and 3
OoM, indicating the advective flux is a major influence for all cleanup levels. Ln Tp is a poor
predictor of Ln Toom for BG, possibly due to the relatively limited range of Tp considered here
(25 to 100 yr). Note that Ln v is a better predictor of Ln Toom and vy is a function of Tp. For BG,

Ln Da is strongly correlated with Ln Toom, because it is strongly correlated with Ty (r=0.99).

Table 3. Correlation coefficients (r) between scaling parameters and cleanup times for layered

and boundary geometries.

Layered Geometry (LG) Boundary Geometry (BG)

LnT; LnT: LnTs LnT; LnT: LnTs

Ln T 0.61 0.43 0.32 0.79 0.72 0.67
Ln Ty 0.87 0.79 0.70 0.84 0.86 0.84
Ln Twm 0.98 0.91 0.83 0.96 0.92 0.89
Ln Tp 0.50 0.78 0.87 0.00 0.04 0.15
Lna 0.57 0.72 0.75 0.25 0.35 0.35
Lnp 0.56 0.70 0.72 0.21 0.37 0.38
Lny 0.60 0.74 0.76 0.10 0.45 0.49
Ln Da 0.20 -0.17 -0.34 0.95 0.91 0.85
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The impact of Tm on cleanup time is illustrated in Figure 7, where Toom is plotted versus Tm and
Toom/Tw is plotted versus Da, for both LG and BG with no decay (AL =0). The strong correlation
between Toom and Tw is evident for both LG and BG. By dividing Toom by Twm, we eliminate the
primary impact of advective flushing, and can look for secondary impacts of diffusion limited

mass transfer.

For LG, the ratio of Toom/Twm varies with Da, and can be separated into three regions. When Da
is very large (>100), diffusive mass transfer from the low K zone to the high K zone is rapid
relative to advection, T1/Twm, T2/Twm, and T3/Twm all decline to less than 1.5, similar to values
predicted by the advection-dispersion equation (ADE) with ar=1 m (ADE results not shown).
When Da<0.1, Ti/Twm and T2/Twm are highly variable, and small values occur under certain
conditions. We hypothesize that for small Da, the average concentration in the high K zone
approaches zero, the low K concentration gradient and diffusive flux reach a maximum, and
further increases in the advective flux only dilutes contaminants released from the low K zone,
reducing time to reach 1 and 2 OoM reductions. Between the extreme behavior observed for
very high and very low Da, cleanup time is influenced by both advection in the high K zone and
diffusion in the low K zone. The maximum values of T»/Tm and T3/Twm occur for Da<0.01, then
decrease as Da increases. As discussed below, it is not possible to fit a single function to the full

range of Da.

For BG, Tp=TL, so Tp varies over a relatively narrow range (25 to 100 yr), and Da is generally

less than 1. T1/Twm generally varies between 0.3 and 3, and does not correlate with Da. T3/Twm
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may be low for very small Da, reaches a maximum near Da~0.01, then decreases steadily with
increasing Da. When Da<0.01, T3 can occur before the break in slope shown in Figure 2, when
cleanup time is controlled by advective flushing only. When Da>0.01, T3 is always in the slowly
declining portion of the flush-out curve, after the slope break, when cleanup time is influenced
by both the advective flux in the high K zone and the diffusive flux out of the low K zone. In the
database, T> occurs before the slope break in about 15% of the simulations, resulting in low
values of To/Tm. For the remainder of the database where T> occurs after the break in slope,

T2/Twm is higher and more variable.

3.4.Regression Analysis

A regression analysis is performed using JMP Pro (Sall et al., 2017) to identify the independent
variables that have the greatest influence on cleanup time and develop simplified relationships to
aid in interpreting both field characterization and simulation results. Preliminary analyses
indicate that most of the model input parameters are correlated with cleanup time (p<0.01), and
their inclusion in the regression model would improve precision. However, interpreting a
complex regression model with multiple, sometimes poorly characterized inputs can be
challenging. In this work, regression models are developed with the minimum number of inputs
that provide an acceptable estimate of cleanup time. ‘Acceptable’ is judged against the typical

uncertainty in aquifer characteristics at remediation sites.

Toom can be estimated using equation la for the LG and equation 1b for BG.
Ln Toom=Ci + C2Ln Tm + C3Ln Tp (1a)

Ln Toom=Ci +CcLn TM+ C3 Lny (1b)

22



456

457  where Twm is the mass residence time, Tp is the diffusion time, and y is the ratio of the low K to
458  high K contaminant mass. Ordinary linear regression estimates of C; to Cs are presented in Table
459 4 for the LG and BG. Also included in Table 4 are the standard error of the estimate (SE) for
460  each coefficient, the coefficient of determination (r?), root mean squared error (RMSE), and the
461  90% confidence interval (CI) of the ratio Tregress/ TREMcHIor. It 1S nOt possible to fit a single

462  relationship to the full range of Da for LG. LG regression coefficients are presented for T for

463  Da>1 and for T> with Da>0.1. By limiting regression dataset to Da greater than the threshold,

464  we eliminate data points close to the source, where back diffusion does not exert a major
465  influence on cleanup time, and T; and T are less than 10 yr.
466
467  Table 4. Regression coefficients and goodness of fit statistics for layered and boundary
468  geometry.
469
Layered Geometry (LG) Boundary Geometry (BG)
1 OoM 2 OoM 3 OoM 1 OoM 2 OoM 3 OoM
Da Range Da>1 Da>0.1 All Da All Da All Da All Da
C 0.671 1.705 2.317 -0.430 1.026 3.925
! +0.004 +0.004 +0.004 +0.014 +0.017 +0.008
C 0.936 0.692 0.554 1.123 1.231 0.685
§ +0.002 +0.002 +0.002 +0.006 +0.007 +0.004
C 0.105 0.306 0.428 -0.192 0.313 0.248
’ +0.001 +0.001 +0.001 +0.006 +0.007 +0.004
r? 0.987 0.977 0.974 0.936 0.929 0.943
RMSE 0.170 0.216 0.230 0.340 0.409 0.196
n 11,517 13,982 13,984 2,583 2,571 2,462
90% C1 0.76-1.32 | 0.70-1.43 | 0.68-1.46 | 0.57-1.75 | 0.51-1.96 | 0.72-1.38
470
471  Cleanup times calculated with REMChlor-MD and Eq 1 (Regress Toom) for LG and BG are
472  compared in Figure 8. Eq. 1 explains 97-99% in of the variation in Ln Toom for LG and 93-94%
473  of the variation for BG. 90% of the regression estimates are within a factor of 2 of the
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REMChlor-MD results of T1, T2 and T3 for both LG and BG. For LG, Eq. 1 may overestimate

T for Da<1 and T for Da<0.1.

Note that in Eq 1, Twm, Tp and vy reflect the collective influence of D, T, Ku, X, f, nr, B’, 0y, 01,
Ry, and Ry, on Toom. Interestingly, the impact of contaminant loading time Ty is different
between the two considered low K geometries. For BG, Ty is incorporated in the Tm and y
terms. For LG, addition of Tt improved 12 by less than 0.0005, and Tr. was not included in the
final regression model. The limited impact of TL on cleanup time is not surprising since the
median value of Tp is 1.4 yr for LG. When T1.>Tp, the high K and low K layers will approach

equilibrium and changes in Tr. will have little impact on Toom.

Ln T and Ln Ty are also correlated with Ln Toom (Table 3), and regression equations could be
developed based on these time parameters. However, Tm provides the best prediction when there

are significant variations in 6 and R. Note that when Ry=R1=1, Tm=TH.

The impacts of Tm and Tp on Toom are illustrated in Figure 9a for LG, downgradient from the
source where Da is within the allowable range for the regression equations. Toowm is calculated
with Eq. 1a for Tp = 0.03, 1.4, and 45 yr which correspond to the 5, 50, and 95 percentile values
of Tp in the database. T is not plotted for Tp=45 yr, because Da<1 and the regression equation
for Ty is less accurate in this region. Downgradient of the source (Tm>5 yr), T1, T2 and T3
increase nearly linearly with Tm. Order of magnitude increases in Tp, result in substantial

increases in T2 and T3, similar to results observed for the base case simulations (Figure 4).
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For the BG, Figure 9b shows plots of Toom versus Twm generated with Eq. 1b for y = 0.3, 1.5 and
6.8 which correspond to the 5, 50, and 95 percentile values of y in the dataset. Similar to the
base case results (Figure 4), T increases linearly with Ty and is relatively insensitive to y. T3
increases much more rapidly with Ty and is more sensitive to v, resulting in very long cleanup
times for large values of y. Cleanup times increase when contaminants diffuse deep into the low
K boundary prior to source removal (long T, large D*, low Ry) or when Q is small. These
results are consistent with numerical simulation results by Halloran and Hunkeler (2020) who
found that diffusive mass transport with low K zones had the greatest impact on concentrations

in monitor wells when Darcy velocity and B’ are small or D* is large.

3.5.Decay in Low K Zones

Sensitivity analyses were conducted to evaluate the impact of variations in the 1st order decay
rate in the low K zone (AL) on Toom. AL was varied between 0.001 and 1 per yr (half-life between
690 and 0.69 yr). The cleanup time ratio for decay (CTR)) is used to evaluate the impact of AL
on Toom while keeping all other parameters identical.

CTRy = Toom for AL>0 / Toom for AL=0 2)
Sensitivity analysis results reveal that reductions in CTRy are a function of AL Tp. Figure 10
shows CTR. plotted versus ALTp for LG and BG. For both LG and BG, decay has minor impact
on Toom when AL Tp<0.01. Under certain conditions, the impacts of degradation on CTRj can be
estimated with the relationship Ln CTRj) = C4 + Cs Ln (ALTp). Ordinary linear regression
estimates for C4 and Cs and goodness of fit statistics are presented in Table 5. For T3z (both LG
and BG) and T2 (LG only), the regressions provide reasonably precise estimates of Ln CTRy,

(RMSE= 0.24-0.26) for T2 and T3 when ALTp>0.01. For T; (both LG and BG), and T» (BG
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only), the regressions provided a relatively poor fit to the data and coefficients are not included

in Table 5.

Table 5. CTR; regression coefficients and goodness of fit statistics.

Layered Geometry (LG) Boundary Geometry (BG)
2 OoM 3 OoM 3 OoM

M. Tp Range >0.01 >0.01 >0.01

Da Range Da>0.1 All Da All Da

Cs -1.182 +0.007 -1.262 +0.008 -1.514 £0.011

Cs -0.486 £0.004 -0.538 +£0.005 -0.536 +£0.004

12 0911 0.918 0.928

RMSE 0.242 0.255 0.392

n 1,219 1,219 1,380

90% CI 0.67-1.49 0.66-1.52 0.52-1.91

Contaminant decay in low permeability zones can occur through both biotic and abiotic
processes. Based on compound specific isotope analysis, A1 values for TCE degradation were
reported to vary between 0.03 and 8.75/yr in an aquitard in Borden, Ontario, Canada (Wanner et
al., 2016) and between 0.1 and 0.15/yr in a thin clayey aquitard in Florence, SC, USA (Wanner
et al., 2018). Schaefer et al. (2018) reported A values between 0.0002 and 0.04/yr for abiotic
reduction of TCE in low K unconsolidated sediments, with higher rates in sediments with more
organic carbon and reduced iron. Given typical values for Tp in LG and BG systems, reported

decay rates are sufficient to substantially reduce cleanup times in many systems.
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3.6.Regression Model Evaluation

Chapman and Parker (2013) present results from high resolution numerical simulations of
forward and back diffusion for conditions equivalent to the LG and BG geometry for different
values of Ry, AL and X. Figure 11 presents a comparison of T, T> and T3 values from Chapman
and Parker (2013) and this work. Toom values were estimated using Eq. 1 for Da within
allowable ranges. When A.>0, cleanup times were adjusted for decay using Eq. 2. Overall, the
regression equations provide reasonably accurate estimates of Toom for both geometries with r’=
0.80 and normalized RMSE = 0.44 for pooled data. The regression equations appear to slightly
over-estimate T3 for BG and underestimate T3 for LG. However, all regression estimates are
within a factor of two of the Chapman and Parker values. Additional testing is needed to

evaluate the regression model performance for a wider range of conditions.

3.7.Field Examples

Results developed above are applied to two intensively characterized field sites, where TCE was
released to the subsurface, resulting in extensive contaminant plumes. Following source area
isolation, TCE concentrations decline at both sites, but more slowly than would be predicted

based on advection, dispersion and linear equilibrium sorption.

3.7.1. Low K Layered Geometry

Parker et al. (2008) document the impacts of thin low K layers on cleanup time in a series of
monitor wells located 40 m downgradient from where a TCE plume was intercepted by a

groundwater extraction, treatment, and reinjection system. Most contamination is present in a
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sandy zone containing thin low K clay layers. Porosity and linear equilibrium retardation factors
were reported to be 0.35 and 1.6 for the high K zone and 0.4 and 3.9 for the low K zone,
respectively (Parker et al., 2008). The non-reactive transport velocity in the high K zone (Vu)
was estimated to range between 29 and 117 m/yr based on a mass balance analysis and slug test

results (Parker et al., 2008).

In our analysis, the screened interval of the monitor well is represented as a 3 m thick
heterogeneous aquifer with one 0.5 m thick embedded low K layer (f=0.83, Lp=0.25 m).
Assuming D*= 0.009 m?/yr, the characteristic diffusion time (Tp) is ~6.9 yr. The relatively large
Tp is due to the high value of Ry, slowing mass transfer. At 40 m downgradient, Twm is between
0.7 and 2.9 yr, and Da is between 0.1 and 0.4. Estimated cleanup times based on Eq. 1 are T1=2
to 6 yr, T> = 8 to 21 yr, and T3= 19 to 42 yr. Monitoring results presented by Parker et al. (2008)
and Geosyntec (2020) show that TCE gradually declined in monitor wells located 40 m
downgradient of the groundwater reinjection system, reaching 1 OoM cleanup levels in 2 to 10
yr and 2 OoM in 9 to over 18 yr, consistent with Eq. 1 estimates. These wells have not yet
reached the 3 OoM cleanup level, so it is not possible to directly compare T3 estimates.
Uncertainty in Toom is primarily due to uncertainty in the groundwater velocity and low K

retardation factor.

3.7.2. Low K Boundary Geometry

Chapman and Parker (2005) document the results of back diffusion on aquifer cleanup time in a
minimally heterogeneous aquifer underlain by a 20 m thick clayey silt aquitard. The TCE source

area was isolated with a sheet piling barrier, approximately 42 yr after the initial release. Porosity
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and linear retardation factor were reported to be 0.35 and 1.2 for the high K zone, and 0.43 and
1.2 for the low K aquitard, respectively. Non-reactive travel time (T¢) to two monitor wells
(MW-01 and MW-54) located 330 m downgradient was estimated to be ~1.6 yr based on lab
permeameter testing, slug tests and borehole dilution tests. Within the sheet pile enclosure, TCE
had migrated almost 3 m into the aquitard, with the 50% break-through point at approximately
1.2 m below the aquitard interface. The measured profiles matched simulation results with D*=

0.009 m?/yr (Chapman and Parker, 2005)

Assuming, a loading period (Tv) of 42 yr and D*=0.009 m?/yr, the estimated value of Lp is 1.2
m, similar to the 50% break-through point observed by Chapman and Parker (2005). For MW-
01 which has a 1.5 m long well screen, B’=1.5 m, y=0.8, Tm= 3.8 yr, Da=0.09, T1=3 yr, T =13
yr, and T3 = 119 yr. For MW-54 which has a 3 m well screen, B’=3.0 m, y =0.4, Tm= 2.9 yr,
Da=0.07, T1=2.5 yr, T>=8 yr, and T3=83 yr. Monitoring results reported by Chapman and Parker
(2005) show TCE concentrations declined by about 1 OoM in 3 yr after source isolation,
followed by a slower tailing period where concentrations were stable or declined very slowly,
which is generally consistent with the Eq. 1 estimates. Neither well MW-01 or MW-54 had
reached 2 or 3 OoM cleanup levels, so it is not possible to directly compare cleanup time
estimates. The greatest source of uncertainty in the Eq. 1 estimates is the variation in TCE
concentration over time, prior to source isolation. Monitoring and modeling results by Chapman
and Parker (2005) indicate that TCE concentrations were highest shortly after the initial release,
then declined over time, as the source area was depleted by natural flushing. In our analysis, the
source concentration is assumed constant for the entire loading period, so estimated

concentrations will decline more rapidly than in the field.
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4. Conceptual Model and Conclusions

A simplified conceptual model (CM) is proposed to aid site managers in evaluating the impact of
back diffusion in unconsolidated sedimentary formations on the time after complete source
removal for contaminant concentrations in monitor wells to decline by 1, 2 and 3 OoM (Toom).
While models that simulate the underlying physical processes can provide quantitative estimates
of TooMm, implementation of these models requires significant resources for site characterization,
high resolution model development, calibration, and interpretation of simulation results. Our
CM allows site managers to quickly evaluate if back diffusion substantially increases cleanup
time at their site, by how much, and what site characterization information is most important for

estimating cleanup time.

In the CM, the contaminated aquifer is represented by three key parameters: (1) mass residence
time (Twm); (2) diffusion time (Tp); (3) ratio of low K to high K contaminant mass storage (y). Tm
is equal to the total contaminant mass stored in high and low K zones divided by the
downgradient mass flux. For the layered geometry (LG), Tp is calculated as Tp = Ry, Lp?/4D"
where Ry is the low K retardation factor, Lp is half the thickness of the low K layers, and D* is
the effective diffusion coefficient. For the boundary geometry (BG), Tp = Tr, Lp= (4.73 (TL -
0.75 T) D*/R1)?> and y = RL O Lp / (Ru O B”). All parameters are calculated at the end of the

contaminant loading period (Tv).

Toom is influenced by both advection in the high K zone and diffusion out of the low K zone.

More rapid advective flushing (smaller Tm), reduces the contaminant concentration in the high K
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zone, increasing the concentration gradient and diffusive mass flux out of the low K region,
reducing T3. More rapid diffusion (lower Tp) increases advective flushing efficiency, reducing

Ts.

The 1% Damkohler (Da) is equal to Tm/Tp and provides a useful indicator of the relative
importance of back diffusion on Toom. Back diffusion has the greatest impacts on T3 when
0.01>Da>0.1 with T3/Twm varying generally between 20 and 100, then decreases with increasing
Da. Back diffusion has less impacts on T2, with limited influence on T1. When Da is very large,
diffusion is fast relative to advection, back diffusion does not substantially increase cleanup time,
and Toom calculated with REMChlor-MD approach values calculated with the traditional

advection dispersion equation (ADE).

Our simplified CM has important similarities with the power law model for source area treatment
(Parker and Park, 2004; Falta et al., 2005)

C/Co = (M/Mo)"
where C; is the time-dependent average contaminant concentration leaving the source zone, Co is
the initial concentration leaving the source zone, M is the time-dependent mass in the source
zone, My is the initial mass in the source zone, and the exponent I" is a fitting parameter that
determines the shape of the discharge vs. mass curve. When I'<1 or Da is large, effluent
concentrations remain high until most contaminant mass is removed, similar to conventional
ADE behavior. When I'>1 or Da is small, effluent concentrations drop rapidly at first while

substantial contaminant mass remains, then decline more slowly, resulting in extensive tailing of

31



647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

the flush-out curve. When I'=1 or Da~=1, effluent concentrations decline in proportion to the

mass removed, similar to a continuously stirred tank reactor.

The CM allows some generalizations about the effects of back diffusion on cleanup time for LG

and BG.

1.

2.

Back diffusion has limited impacts on T;.

For LG, Tp is commonly smaller than Tm (Da>1), mass transfer between low K and high
K zones is more rapid than advective flushing, and back diffusion will have less impacts
on cleanup time.

For LG, Tw is a function of the total discharge (Q) per unit width through the aquifer, and
does not require precise estimates of the high K fraction (f) of the aquifer.

For BG, Tp = Ti, Tp is commonly greater than Tm (Da<1), and back diffusion may
greatly increase T3. Parameters that increase y (larger Tr, larger D*, smaller B”) will
increase Ts.

Contaminant decay in low K zones can substantially reduce cleanup times when A Tp is
large. However, decay will have minimal impact on Toom when ALTp< 0.01. Given
typical values for Tp in LG and BG systems, previously reported decay rates are

sufficient to substantially reduce Ts.

The CM has several important limitations that need to be considered when applying this

approach to a specific site.

1.

The CM was developed based on 1D simulations using REMChlor-MD (Falta et al.,

2018) and all results are subject to the limitations of this approach.
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The regression equations are developed to estimate the time to reach 1, 2 and 3 OoM
reductions in the vertically averaged concentrations in monitor wells. When vertical
dispersivity is low, concentrations immediately adjoining low K zones will be higher, and
longer time periods may be required to reduce concentrations near low K interfaces.

The parameter ranges used to generate the LG and BG datasets are intended to cover a
broad range of conditions that may occur in unconsolidated sedimentary formations, and
so the datasets include some extreme values that may not be representative of typical site
conditions. TooMm estimates at the extreme limits of the datasets will be less reliable.

In layered aquifers, the LG regression equations are most accurate for Tp<0.5TL. When
layer Tp>2T1, Toom is more accurately estimated using the BG regressions. For Tp
between 0.5T¢ and 2T, behavior is intermediate between LG and BG.

In all simulations, the contaminant concentration discharging from the source area was
constant for the loading period, Ti, then was reduced to zero. Yang et al. (2016) showed
that gradual changes in contaminant source strength over time influence back diffusion
rates, with greater diffusive flux for rapidly depleting sources.

In this CM, groundwater velocity in low K zones is assumed to be zero. However, under
certain conditions, slow advection through low K zones can substantially increase mass
transfer between high and low K zones (Li et al. 1994; Guswa and Freyberg, 2000),
potentially reducing cleanup times. Research is needed to better understand when slow

advection substantially increases mass transfer between high and low K zones.
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810 Figure 1. Aquifer conditions evaluated: a) layer geometry (LG) containing finite thickness low
811 Klayers; and b) boundary geometry (BG) with extensive low K boundaries.
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834  Figure 5. Effect of varying input parameters on distributions of T1, T2 and T3 for LG and BG.
835  Plots show median, 25%/75% box and 5%/95% whiskers. Base case values highlighted in red.
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