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A B S T R A C T

The purpose of this study is to evaluate the impact of heterogeneity on the long-term performance of a large
pump-and-treat (PAT) system that has been in operation for 30 years at a site located in Tucson, AZ. A 3D
numerical model was developed. Three different concentrations were examined: composite concentration in the
influent to the treatment plant, resident concentration in the aquifer, and concentration for downgradient
boundary discharge. The time scales needed for concentrations measured in these ways to reach the Maximum
Contaminant Levels (MCLs) are significantly different, with ∼125 years required for treatment-plant influent
compared to ∼225 years for downgradient boundary discharge and> >227 years (total simulated time) for
the resident concentration in the aquifer. These large time scales, compared to 36 years for a hypothetical
homogeneous system, demonstrate the significant impacts of permeability heterogeneity on remediation at this
site. The possibility of closure of the site was investigated by examining the mass discharge from the site
boundary and the concentration rebound after simulating shutdown of the PAT system. The results of this study
provide insight on evaluation of closure potential for large, complex contamination sites and a reference on
selecting performance metrics for site management.

1. Introduction

Groundwater resources contaminated by a variety of organic and
inorganic contaminants used in industrial, commercial, agriculture, and
other applications continue to pose significant threats to human health
and the environment. Examples of compounds of concern include
chlorinated solvents (e.g., trichloroethene, tetrachloroethene, carbon
tetrachloride), 1,4-dioxane, methyl tertiary-butyl ether (MTBE), and
perchlorate. The transport processes of these contaminants are highly
impacted by the heterogeneity and anisotropy of alluvial subsurface
environments [e.g., 1–13]. Extensive dissolved-phase plumes typically
form at sites contaminated by these constituents, which has been re-
ported in many previous studies [e.g., 6,7,14–17]. These large plumes
are very expensive to contain or completely cleanup, posing long-term
constraints to site management and closure.

It is now recognized that most sites with large groundwater plumes
comprising these contaminants will require many decades before
cleanup will be achieved under current methods and standards [e.g.,
18]. This realization has resulted in the search for more cost-effective
alternatives to pump and treat. However, there are only few options
that work effectively for large, deep plume besides PAT, including

modified permeable reactive barriers (PRBs) emplaced using wells and
monitored natural attenuation (MNA) or enhanced attenuation (EA).

PRBs have been successfully applied at contamination sites with
organic and inorganic contaminants with proper design of the PRB
systems [e.g., 19–23]. However, most of these reported applications are
for sites wherein contaminants are residing in relatively shallow aqui-
fers, i.e. less than 20m deep. PRB systems can fail because of in-
complete hydraulic capture due to insufficient depth or width, as de-
monstrated for projects reported in Henderson and Demond [24] and
other factors, such as inappropriate reactive media and inadequate
maintenance of the structure [e.g., 20,25,26]. Therefore, PRBs are ty-
pically not be suitable for sites with deep, wide plumes and sites
needing long-term intensive remediation. MNA has been widely ac-
cepted as a potential alternative to pump and treat because of the lower
cost for large, complex plumes. However, whether MNA can effectively
prevent further migration of the plume after PAT is shut down needs to
be evaluated and verified for each applications [18]. Therefore, how to
contain or remove contaminants for sites with large, complex plumes
efficiently and effectively with these few options available is one of the
most critical issues in subsurface remediation. Clearly, groundwater
models that adequately represent transport phenomena are needed to
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support the long-term evaluation of groundwater quality and to identify
decadal time-scale management strategies.

In alluvium sites, flow fields are strongly impacted by material
heterogeneity, which will further affect transport processes such as the
mass transfer between the well-connected highly permeable materials
and the low-permeability materials. The early arrival of contaminants
caused by preferential flow in well-connect channels and the asymp-
totical tails resulting from transport through and mass-transfer to and
from low-permeability materials have been frequently observed, which
significantly challenges long-term management [e.g., 5,6,8–13,27,28].
Therefore, a groundwater model that represents highly heterogeneous

geologic and hydrogeologic systems is needed for reliable character-
ization and prediction of groundwater flow and to obtain accurate re-
presentation of remediation responses. However, detailed information
to describe heterogeneity and anisotropy for a regional scale field is
difficult and costly to obtain due to spatial variability of the subsurface
and the relative scarcity of data on media properties.

Geostatistical and stochastic methods have been developed using
geostatistical parameters deduced from available data, which are col-
lected from borehole logs, pumping tests, and other means, to delineate
the spatial distribution of hydraulic conductivity that can be in-
corporated into flow and transport. Fogg and colleagues [29–32]

Fig. 1. Study domain and TCE plume map at the site: (a) TCE plume as 1987; (b) Groundwater levels (foot) before PAT initiated (1985) and after (1990). (c)
Extraction and recharge rates (m3/d) for past 27 years. (d) Simulated heterogeneous domain.
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developed the transition probability Markov chain approach, which
incorporates indicator geostatistical methods with the available site
information relating to textural and depositional facies, to characterize
and simulate the heterogeneity. The method has been demonstrated to
provide reasonable representation for highly heterogeneous sites in
previous studies.

In addition to characterization of the aquifer heterogeneity, it is also
critical to accurately simulate contaminant migration including the
mass transfer into and out of the fine materials for which transport is
dominated by diffusion. Labolle and Fogg [28] demonstrated the im-
portant role of diffusion in low permeability zones and the impact on
PAT at alluvial sites. However, very few models [e.g., 2,13,28] include
diffusion for PAT simulations because of the difficulty of handling the
diffusive mass transfer processes in heterogeneous media at large
scales.

Guo et al. [33] used a geostatistical method to represent perme-
ability heterogeneity of a TCE-contamination site, and evaluated the
effectiveness of different transport modeling methods to simulate 27
years of PAT system operation. This work will extend the study to in-
vestigate the long-term performance of the current PAT system. This
study uniquely presents analysis of long-term, high-resolution historical
pump-and-treat data using high-resolution representation of perme-
ability heterogeneity to evaluate the performance of PAT, estimate the
time scale for site closure, and explore the possibility for alternative
strategies such as MNA. This work discusses the appropriate perfor-
mance metric for site management for the first time by comparing three
different concentrations: composite concentration in the influent to the
treatment plant, resident concentration in the aquifer, and concentra-
tion in groundwater flowing out of the downgradient site boundary.

2. Method

2.1. Site description

The selected site is part of the Tucson International Airport Area
(TIAA) federal Superfund site in southern Arizona. TCE entered the
subsurface by seepage from unlined pits and other features used for the
disposal of organic solvents during the 1940′s to mid-1970′s. In the
early 1980′s, TCE was detected in groundwater from several potable
water supply wells. A large, multiple-source plume of TCE exists in the
upper portion of the regional aquifer. The TIAA site was placed on the
National Priorities List in 1983 and divided into three major zones, the
North, Central, and South sections administratively [34]. The current
study site is located within the south section of the site. PAT systems are
in independent operation in both the north and south sections.

The groundwater plume at the study site was approximately 5.5 km
long and 1.0 km wide (Fig. 1a) within the regional aquifer before the
initiation of remediation activities in 1987 [35]. This aquifer comprises
alluvial sediments and is located along the western edge of the Tucson
Basin [36,37]. Four hydrogeologic units are defined at the site, the
unsaturated zone, 0 to 20m below ground surface (m bgs); the upper
zone (UZ) of the local aquifer, 20 to 60m bgs; confining unit, 60 to
90m bgs, and the lower zone (LZ) of the local aquifer, 90m bgs to an
unknown depth [38]. The potentiometric surface of the shallow
groundwater zone is 28∼29m below land surface (bls). The ground-
water flows from southeast to northwest induced by natural gradient of
0.007 before PAT was initiated (Fig. 1b). The local flow field has been
changed because of the extraction-recharge process of the PAT system
(Fig. 1b), but the regional flow remains to northwest direction. The TCE
contaminants reside primarily in the UZ, which consists of clay and silty
clay units, sand and/or gravel units, and an underlying, laterally ex-
tensive, clay unit starting at ∼37m bls separating the shallow
groundwater zone from the regional aquifer [37]. Prior site-character-
ization activities indicate that solvent fluid was present in the source
zones at the site [5,39].

Aqueous concentrations of TCE as high as thousands of ug/L have

been reported for groundwater sampled from monitoring wells. Various
remediation programs have been in operation at different parts of the
site over the past 30 years. The PAT system was initiated in 1987 with
24 extraction wells, which are located within source zones and at dif-
ferent regions within the plume, 20 injection wells located primarily
along the perimeter of the plume (Fig. 1a), approximately 50mon-
itoring wells, and groundwater treatment facilities, and remains op-
erational [36]. The total extraction and recharge rates have been de-
clining gradually with time after the first 3 years as shown in Fig. 1d. In
the first 10 years, approximately 1 pore volume (PV) of groundwater
was extracted, and during the second 10 years, the total extracted water
was approximately 0.5 PV. Approximately 2 PV of groundwater has
been extracted during the 27 years of PAT operation. The PAT system
has been effectively containing and decrease the size of the plume.
Approximately 13,000 kg of volatile organic compounds (VOCs) have
been removed with the operation of the pump-and-treat system, and the
concentration of TCE in groundwater influent to the treatment plant has
been reduced to∼25 ug/L from 350 ug/L, which however is still higher
than the Maximum Contaminant Level (MCL) of 5 ug/L. A reduction of
mass-removal efficiency was observed after the first several years’ op-
eration of PAT, showing an asymptotic decrease in TCE concentration
in the composite extracted groundwater entering the treatment plant.
In-situ chemical oxidation was used for source remediation in 2000
[40]. Soil vapor extraction was conducted in the source zones in the
mid 1990′s to early 2000′s.

Based on pumping tests, hydraulic conductivities ranging from
4×10−5 to 3× 10−4 m/s were measured for the gravel sub-unit, and
values from 1×10−6 to 5× 10−6 m/s were measured for the primary
clay unit above the gravel sub-unit. Natural groundwater flow is from
southeast to northwest with natural hydraulic gradients for the gravel
sub-unit ranging historically between 5× 10−3 and 1×10−2.

2.2. Simulation of geologic heterogeneity

The FORTRAN program T-PROGS, which is based on transition
probability–Markov chain random-field approach described by Fogg
and colleagues [29–32] was used in this study to generate the hetero-
geneous domain. The hydrofacies categories are identified by inter-
pretation of well logs collected from the site of interest. Transition
probabilities are measured and used to conditionally simulate realiza-
tions of hydrostratigraphy for each depositional direction (strike, dip
and vertical) to generate 3D realizations of random fields. In this study,
245 geological borehole data collected from the TIAA site [41] were
interpreted and categorized into four hydrofacies, clay (42.4%), silty
sand (17.7%), sand (19.6%), and gravel (20.3%). Vertical lengths were
determined directly from the borehole logs whereas strike and dip
lengths were estimated through geologic interpretation [31,32]. Mean
lengths of the four hydrofacies in the dip, strike and vertical directions
are summarized in Table 1.

Based on the resulting Markov chain model of transition probability,
the geostatistical conditional realizations were generated on a grid of
250 (strike) x 250 (dip) x 70 (vertical) nodes with 20.0m x 20.0 m x
0.5 m spacing. The top of the generated domain coincides with the
potentiometric surface at the site. Ten realizations were generated

Table 1
Hydraulic conductivity, K, and porosity of the four hydrofacies for the het-
erogeneous simulations.

Hydrofacies K, m/d Porosity Direction and mean length

Strike (m) Dip (m) Vertical (m)

Coarse Grain 124 0.2 360 500 9.6
Sand 45 0.2 200 265 8.6
Silt 3 0.2 380 350 13.8
Clay 0.00013 0.3 880 700 16.9
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randomly to perform the analysis, and one of them is shown in Fig. 1.
Because in each of the realizations the coarse aquifer facies comprised
by the 39.9% of the system containing sands or gravels extensively
interconnect in 3D, the overall transport behaviors of preferential flow
and late-time tailing did not differ dramatically from realization to
realization. Hence, consistent with the findings of LaBolle and Fogg
[28], we concluded it was not necessary to do a full stochastic analysis
with 100′s of realizations.

2.3. Groundwater flow model

Groundwater flow was simulated using MODFLOW, a 3D numerical
(finite-difference) groundwater flow model [42,43]:
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where Kxx, Kyy, and Kzz (L/T) are values of hydraulic conductivity
along the x, y, and z coordinate axes; h (L) is the potentiometric head;
W (T-1) is a volumetric flux per unit volume representing sources
(W > 0) and/or sinks (W < 0) of water. SS (L-1) is the specific storage
of the porous material and t is time (T). The aquifer domain was dis-
cretized with the same grid as the geostatistical model. General head
boundaries were used along the northwest and southeast corners of the
domain, with a natural gradient (0.007) inducing lateral groundwater
flow from southeast to northwest and no-flow boundaries were defined
parallel to the direction of flow. The no-flow boundaries were set far
from the area of interest to minimize boundary effects. Spatially vari-
able hydraulic conductivities (K) and porosities are assigned to in-
dividual cells according to the categories of hydrofacies for the corre-
sponding cells from the geostatistical realization (Table 1). K and
porosities for each hydrofacies used in the model were determined
according to information generated from geologic borehole-logs,
pumping tests, and historic data collected for the Tucson International
Airport Area Superfund site [2].

2.4. Solute transport model

The 3D solute transport in transient groundwater flow systems can
be described by the partial differential equation [44]:

∑⎜ ⎟
∂

∂
= ∂

∂
⎛
⎝

∂
∂

⎞
⎠

− ∂
∂

+ +θc
t x

θD c
x x

θv c q c r( ) ( )
i

ij
j i

i s s n
(2)

where θ (dimensionless) is the porosity of the subsurface medium; c
(M/L3) is the dissolved concentration; xi, j (L) is the distance along the
respective Cartesian coordinate axis; D (L2/T) is the hydrodynamic
dispersion coefficient tensor, vi (L/T) is the seepage or linear pore water
velocity; qs (T−1) is the volumetric flow rate per unit volume of aquifer
representing fluid sources (positive)/ sinks (negative); cs (M/L3) is the
aqueous solute concentration of the source or sink flux,∑ rn (M/L3/T) is
the chemical reaction term.

The aqueous diffusion coefficient of 7.6× 10−5 m2/d and long-
itudinal, transverse and vertical dispersivity of 5, 0.5, and 0.05m were
used, respectively. First order kinetics was used for sorption of TCE,
with a distribution coefficient of 0.04 cm3/g and mass transfer coeffi-
cient of 15 d-1. The parameters used in the model was determined based
on the data measured in the lab experiments for TCE or the site tests
reported in Zhang and Brusseau, 1999 [2]. The initial plume was de-
termined according to the TCE distribution in 1987 prior to the com-
mencement of PAT operations and assumed uniform distribution in
vertical direction, which is reasonable given that the contaminants re-
sided in the aquifer for several decades.

The simulated composite flux-averaged TCE concentrations for all
pumping wells were computed by: compared to the observed composite
concentrations measured for the influent to the treatment plant. The
flux-averaged concentration for all extraction wells in the system is

defined as
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where Ci is the vertically averaged TCE concentration for well i; qi is the
pumping rate for well i. The dissolved-phase concentration c in each cell
throughout the entire domain was recorded. The mass distribution of
the TCE was then determined by multiplying the pore volume of each
cell with the concentration. The mass residing in each hydrofacie was
calculated by summing up the mass in cells of the same facies type.

The mass balance was calculated by comparing the total dissolved
mass Mtot (M), the amount of mass removed (Mrov), the amount of mass
flowing out of the boundaries (Mbnd), the amount of remaining mass in
the aqueous phase (Mra), and sorbed phase (Mrs), which was calculated
by:
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Where Cj (M3/L) is the concentration in the jth cell, and N is the total
number of cells. Cj,0 (M3/L) is the initial concentration in the jth cell. Vj

(L3) is the pore volume in the jth cell. Nw is the total number of wells. Qi

is the pumping rate of ith well. Δt is the time period that concentration
data was monitored, monthly data was used in this study. R is the re-
tardation factor, which is described by:

= +R
ρ
θ

K1 b
d (11)

Where Kd (L3/M) is the distribution coefficient and ρb (M/L3) is the bulk
density of the subsurface medium.

2.5. Simulations

Three different scenarios were simulated for pump-and-treat op-
erations at the site— (I) Actual operation period, (II) Extended opera-
tion to completion of remedial objective, and (III) Shut down of pump
and treat. For scenario I, 27 stress periods were used to simulate 27
years of PAT from 1987 to 2013. Separate simulations were conducted
for the heterogeneous field generated using the stochastic method dis-
cussed in Section 2.2, and for a homogeneous control domain. Pumping
rates for wells, recorded continuously and tabulated monthly
throughout the course of operation, from 1987 to 2013 were used as
input.

For scenario II, the simulation time was extended to 200 years and
the pumping rates for 2013 were used for the remainder of the simu-
lated operation. The purpose of this simulation was to examine the time
scale required for the site to achieve the remediation goal, reducing
groundwater TCE concentration below MCLs 0.005mg/L. Three dif-
ferent concentrations were examined: composite concentration in the
influent to the treatment plant, resident concentration in the aquifer,
and concentration in groundwater flowing out of the downgradient site
boundary.

For scenario III, the operation of the PAT system from 1987 to 2013
was first simulated identically to scenario I. Then, the PAT system was
turned off and the concentrations were monitored for 50 years. The
purpose of this simulation is to test the management option of reducing
remediation costs by shutting down the PAT system. The option is
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based on the ability of natural attenuation to minimize contaminant
concentrations leaving the site, in combination with capture of off-site
contamination by the PAT system operating in the north section of the
TIAA site. The same three sets of concentrations were examined as for
scenario II.

3. Results

3.1. Impact of heterogeneity on remediation efficiency

The elution curves for both heterogeneous and homogeneous si-
mulations are presented in Fig. 2. The measured composite TCE con-
centration in the influent to the treatment plant increased significantly
during the first year of operation as the PAT system stabilized. The
concentration then began to drop relatively rapidly over the next 5
years. The rate of concentration decline slowed thereafter, exhibiting
asymptotic conditions over the next approximately 15 years. Steady-
state conditions have been observed over the past 5 years wherein
concentrations have remained essentially unchanged. This time period
is equivalent to approximately 2 pore volumes (PV) of water extraction.
The asymptotic behavior is due to heterogeneity and continued supply
from source zones [2,5]. The results from the heterogeneous simulation
provide a good match to the measured elution curve.

The concentrations for the homogeneous simulation are higher in
early years compared to the concentrations for the heterogeneous si-
mulation and drop to lower values after approximately 10 years of
pumping (after ∼1 pore volume). The differences between the two
elution curves are attributed to the large magnitude of permeability
heterogeneity present at the site. Given the significant impact of het-
erogeneity, it is critical to represent heterogeneity accurately when
modeling solute transport, which necessitates the use of a transport
model embedding detailed representation of heterogeneity.

For the homogeneous simulation, the decline of concentrations
slows down after 20 years of pumping with ∼1.5 PV water extracted at
∼0.01mg/L, which is still higher than the MCL of 0.005mg/L. The
asymptotic behavior observed here illustrates the impacts of other
factors, such as retardation and well-field hydraulics, on the mass re-
moval behavior. The homogeneous simulation was further extended for
50 years and the concentration drops below the MCLs 0.005mg/L after
36 years of PAT operation (Fig. 3).

Fig. 3 presents the elution curves for the simulation in which the
PAT system operation was extended for 200 years. The concentrations
simulated for the influent to the treatment plant (fluxC-well), within the
aquifer (C-aquifer), and for groundwater flowing out of the site
boundary (fluxC-boundary) are presented. As shown, the time scales for
concentrations to reach the MCL are different for the three. It will take
approximately 125 years for the flux-averaged concentrations of

extraction wells to drop below the MCL, over 225 years for flux-aver-
aged concentrations of water flowing out of the site from the boundary,
and even longer for the resident concentration in the aquifer. The large
time scales for the heterogeneous simulations compared with the 36
years for the homogenous simulation (fluxC-well−HO) indicate the
significant impact of permeability heterogeneity on remediation and
the required long-term management at this site.

The large differences between the time scales elicits a question,
which concentration should be used as the performance metric for site
management? At most sites, the concentrations to the influent of the
treatment plant are measured frequently and used to determine the
strategies for remediation. However, as shown here, even when the
concentrations measured from extraction wells drop below the MCL,
there is still contaminated water with higher concentrations escaping
the site because of preferential flow paths or insufficient capture
achieved by the well field. Moreover, because of the heterogeneity, it is
highly likely that high concentrations would persist in low permeability
zones after years of operation of PAT. For example, 80% of the con-
taminant mass remaining in the subsurface resides within low perme-
ability zones (clay and silt) after 27 years of pumping. This will lead to
higher resident concentrations in the aquifer.

3.2. Mass balance

The distribution of mass between dissolved mass that was removed
via PAT, migrated out of the site at the northern boundary, and re-
mained in the domain as dissolved and sorbed mass during 27 years of
groundwater extraction were calculated and plotted in Fig. 4. The
measured data that were reported in Brusseau and Guo [11], which
examined contaminant-removal behavior at the site using historical
contaminant-concentration data collected from the long-term pump-
and-treat operations, are also presented. The removed mass in this
study is lower than reported values in Brusseau and Guo [11], which is
attributed to the presence of DNAPL in the source zone as shown by
prior site-characterization activities. In this study, only dissolved and
sorbed phase mass was simulated, and as a result, the simulated re-
moved mass was lower than the measured data. Prior and ongoing re-
medial actions have focused on removing DNAPL mass in the source
zones [41]. Based on this, it is assumed that DNAPL in source zones is
either not present at quantities to significantly impact PAT removal in
the future, or that additional source management will be employed.
Hence, the exclusion of NAPL sources is not anticipated to measurably
impact the results and discussion in this study.

After 27 years of remediation, approximately two pore volumes of

Fig. 2. Composite TCE concentrations of influent to the treatment plant for
observed data, homogeneous simulation, and heterogeneous simulation.

Fig. 3. Elution curves for 200 years of simulation on PAT for the heterogeneous
domain showing the time scale needed to achieve the remediation goal.
Composite concentrations of influent to the treatment plant (fluxC-well), re-
sident concentrations (C-aquifer), and concentrations for flow discharge from
downgradient boundary (fluxC-boundary) are presented. A curve representing
hypothetical homogeneous conditions is presented for comparison (fluxC-
well−HO).
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water was extracted, which is consistent with the data reported in
Brusseau and Guo [11]. Over 35% of dissolved mass was removed,
leaving 65% in the domain, among which, 66%, 13%, 8%, and 13% of
mass resides in the clay, silt, sand, and gravel domains, respectively.
This again demonstrates the significant impact from heterogeneity on
mass removal and that long-term remediation will be required. During
the operation of PAT, approximately 0.2% of mass escapes from the
boundary every year. The cumulative mass discharge from the
boundary is also presented in Fig. 4.

3.3. Possible shutdown of PAT

The mass discharge from the boundary to the northern part of the
TIAA site was calculated and plotted in Fig. 5 for simulations with
continuous pumping and ceased pumping after 27 years. This com-
parison was to test the option of shutting down the PAT system at this
site since the current concentration has dropped to a relatively low
value and reached steady-state conditions. As the site management at
the northern part of the TIAA site continues, the contaminants mi-
grating from the southern region can be captured and treated by the
north PAT system. At the same time, MNA will be applied assuming
attenuation processes would also effectively reduce the concentration at
the site. The key question to address is: would this approach be more
cost-effective than continuous operation of the current PAT system at
the south complex?

As expected, shutting down the current PAT system results in more
contaminant migrating offsite to the northern section compared with

the amount of mass migrating to the north for the simulation with
continuous pumping (Fig. 5). Moreover, as mentioned in the last sec-
tion, there is less than 0.2% mass escaping out of the boundary on
average every year and the amount has been increasing year by year
during the first 20 years of PAT operation. But the increasing rate
slowed down, and with continuous pumping, the amount of mass es-
caping from the boundary starts and continues to decline after 30 years
of pumping. For the simulation wherein pumping was turned off after
27 years, mass leaving the site also starts to decrease at year 30, but
reaches an asymptotic condition after only 3 years of decline. The
persistence of the mass indicates the long-term contamination supply
from the southern region since there is no longer containment of the
plume.

The amount of mass escaping the boundary after pumping stopped
is not as significant as expected, which is due to the water balance
between the recharge and extraction for the PAT system. During the
operation of PAT system, the amount of groundwater extracted every
year is essentially balanced by the amount of water injected. Thus, the
groundwater flow field surrounding the remediation site was not im-
pacted significantly. Therefore, after the PAT was shut down, the
groundwater flow out from the boundary increased by less than 1m3/d
from 17.6m3/d for the simulation with continuous operation of PAT to
18.5 m3/d for the simulation wherein pumping ceased after 27 years.
But in the long term, because of the continuous mass supply from the
uncontained plume, the differences between the continuous and ceased
pumping scenarios become larger. This also reflects on the concentra-
tion change with time shown in Fig. 6. After the increase of con-
centrations observed in first 30 years stopped, the concentrations for
the simulation with pumping continue to decline, whereas for the
ceased-pumping simulation, the concentrations reach an asymptotic
condition at approximately 0.03mg/L.

In addition, rebound is also observed for concentrations monitored
at the wells after the pumping stopped at year 28, as shown in Fig. 7.
For the simulation wherein pumping stopped, the flux averaged con-
centration at the locations where the extractions were in first 27 years
are used in the figure. The concentrations are more than doubled
compared to the concentrations for the simulation with continuous
groundwater extraction, which is the result of a) diffusive mass transfer
from low permeability zones, b) the migration of the contaminants lo-
cated in zones wherein the concentration was relatively high without
containment. This indicates that without the continuous site manage-
ment, the groundwater concentration will stay at higher levels for many
decades.

4. Summary and conclusion

This study investigated the performance of the PAT system at the
TIAA site where a large scale TCE plume exists. A 3D numerical model

Fig. 4. Mass balance during the operation of PAT.

Fig. 5. Mass flow out from the boundary each year for simulations with con-
tinuous pumping and ceased pumping at year 28.

Fig. 6. Concentration across the boundary for simulations with continuous
pumping and ceased pumping at year 28.
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was developed to simulate the PAT system and the time scale for the
site to achieve the remediation goal of concentration reduction to below
the MCL. The potential to close the site was investigated by examining
the mass discharge from the site boundary and the concentration re-
bound after PAT system was shut down.

For the first 27 years, the measured pumping rates were in-
corporated into the model. The relatively close match between the si-
mulated results and the measured concentrations indicates reasonable
representation of the site conditions and plume transport behavior in
the model. For the forecasting, a constant pumping rate was used,
which introduces a source of uncertainty. The forecasting analysis is
based on the assumption that the pumping rates and well locations for
current PAT system are not changed during the entire simulation
period, and also other alternative remediation methods are not con-
sidered.

The results demonstrate the significant impacts of heterogeneity on
remediation at this site by comparing the elution curves for simulations
conducted for the heterogeneous domain and a corresponding homo-
geneous domain, which also reflects on the time needed (> 125 years)
that the concentrations measured in three ways drop below MCLs under
current practice. The fact that after 27 years’ operation of PAT, almost
80% of contaminants mass remaining in the subsurface resides within
low permeability zones also indicates the long-term site manage. The
asymptotic behavior observed from the BTC for the homogeneous si-
mulation illustrates the impact from other factors besides permeability
heterogeneity. Moreover, for the simulation with continuous pumping,
the mass escaping the site declines whereas for the simulation with PAT
shutdown, the mass will persist for a long time due to the long-term
contamination supply from uncontained high-concentration zones and
diffusive mass transfer from extensive low-permeability units present at
the site. The concentrations monitored for the aquifer also double after
shutting down the PAT. Therefore, the long-term management at the
site will be expected under the current remediation practice.

Of note, the time scales needed for concentrations measured in
different ways, the influent to the treatment plant, aquifer, and water
escaping the site, to reach MCLs are significantly different. In reality,
the actual time scales may be different from the ones presented herein
because of changes in PAT operations, change of remediation methods,
or other potential factors. However, the results from this work provide
insights on conducting performance evaluations for site management,
especially when examining the possibility of site closure and exploring
alternatives. MNA would work effectively to contain the plume only

after PAT is operated for a sufficient time and the concentrations in all
aspects are sufficiently low. Therefore, complicated evaluations on
other alternatives should be done to prevent further migration of the
plume before shutting down the PAT at the site.
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