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Abstract
The objective of this study was to characterize the temporal behavior of contaminant mass
discharge, and the relationship between reductions in contaminant mass discharge and reductions
in contaminant mass, for a very heterogeneous, highly contaminated source-zone field site.
Trichloroethene is the primary contaminant of concern, and several lines of evidence indicate the
presence of organic liquid in the subsurface. The site is undergoing groundwater extraction for
source control, and contaminant mass discharge has been monitored since system startup. The
results show a significant reduction in contaminant mass discharge with time, decreasing from
approximately 1 to 0.15 kg/d. Two methods were used to estimate the mass of contaminant present
in the source area at the initiation of the remediation project. One was based on a comparison of
two sets of core data, collected 3.5 years apart, which suggests that a significant (~80%) reduction
in aggregate sediment-phase TCE concentrations occurred between sampling events. The second
method was based on fitting the temporal contaminant mass discharge data with a simple
exponential source-depletion function. Relatively similar estimates, 784 and 993 kg, respectively,
were obtained with the two methods. These data were used to characterize the relationship
between reductions in contaminant mass discharge (CMDR) and reductions in contaminant mass
(MR). The observed curvilinear relationship exhibits a reduction in contaminant mass discharge
essentially immediately upon initiation of mass reduction. This behavior is consistent with a
system wherein significant quantities of mass are present in hydraulically poorly accessible
domains for which mass removal is influenced by rate-limited mass transfer. The results obtained
from the present study are compared to those obtained from other field studies to evaluate the
impact of system properties and conditions on mass-discharge and mass-removal behavior. The
results indicated that factors such as domain scale, hydraulic-gradient status (induced or natural),
and flushing-solution composition had insignificant impact on the CMDR-MR profiles and thus
on underlying mass-removal behavior. Conversely, source-zone age, through its impact on
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contaminant distribution and accessibility, was implicated as a critical factor influencing the
nature of the CMDR-MR relationship.
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INTRODUCTION
The use of contaminant-mass-discharge or mass-flux measurements to characterize site
conditions and assess remediation performance is becoming more widespread (Rosenbloom
et al., 1993; Butcher and Gauthier, 1994; Freeze and McWhorter, 1997; DiGiulio et al.,
1999; Einarson and Mackay, 2001; Rao et al., 2002; Newell et al., 2003; Bockelmann et al.,
2003; Stroo et al., 2003; Brooks et al., 2004; Soga et al., 2004; NRC, 2005; SERDP, 2006;
Brusseau et al., 2007; Basu et al., 2009; ITRC, 2010; Brusseau et al., 2011a, 2011b). Almost
all applications to date have been based on obtaining one or two discrete measurements of
contaminant mass discharge (e.g., collected before and after a remedial action), using multi-
point transects or short-term pumping tests that are often applied within the contaminant
plume. While this approach provides useful information, additional information and insight
can be gained by measuring time-continuous profiles of contaminant mass discharge
(Brusseau et al., 1999, 2007, DiFilippo and Brusseau, 2008; Brusseau et al., 2011a, 2011b).
Such data can be used to characterize mass-transfer processes, assess mass-removal
magnitudes and conditions, estimate contaminant distributions and quantities, as well as
measure mass discharge.

An effective means by which to measure time-continuous profiles of contaminant mass
discharge is to conduct a long-term contaminant mass discharge test, wherein one or more
extraction wells are pumped for an extended time (e.g., months) and contaminant
concentrations and flow rates are monitored (Brusseau et al., 1999, 2007, 2011a). For
example, these authors conducted several contaminant mass discharge tests within the
source area of a chlorinated-solvent contaminated site to characterize source conditions with
respect to resident contaminant mass, mass removal, and operative mass-transfer processes.
In cases wherein extraction-based remedies (e.g., pump and treat, soil vapor extraction) are
in place, operational data can be used to obtain time-continuous measures of contaminant
mass discharge (Brusseau et al., 2007, 2010, 2011a, 2011b).

Temporal profiles of contaminant mass discharge, combined with knowledge of initial
contaminant mass, can be used to evaluate the relationship between reductions in
contaminant mass discharge (CMDR) and reductions in contaminant mass (MR). The
CMDR-MR relationship is a defining characteristic of system behavior, and is mediated by
system properties and conditions such as permeability distribution, contaminant distribution,
and mass-transfer processes. These relationships have been characterized in several
laboratory and mathematical-modeling studies (Rao et al., 2002; Jayanti and Pope, 2004;
Phelan et al., 2004; Jawitz et al., 2005; Fure et al., 2006; Brusseau et al., 2008; DiFilippo
and Brusseau, 2008; Kaye et al., 2008; Maji and Sudicky, 2008; Carroll and Brusseau, 2009;
Christ et al., 2009, 2010; Tick and Rincon, 2009; DiFilippo et al., 2010; Marble et al., 2010).
However, very few measurements of CMDR-MR relationships have been reported to date
for field systems (Brusseau et al., 2007; DiFilippo and Brusseau, 2008). Collecting
additional field-scale data sets would be very useful for an improved understanding of
contaminant mass discharge behavior, and for the testing of mathematical models and
estimation functions.
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A project was implemented to characterize the temporal nature of contaminant mass
discharge for a very heterogeneous, highly contaminated source-zone field site. The study
site is located in Tucson, AZ, and is contaminated by trichloroethene, most likely including
an organic-liquid (DNAPL) phase. Hydraulic source control was initiated at the site in the
fall of 2007 to limit contaminant discharge from the source area. The operation has been
monitored since startup to measure the contaminant mass discharge and the mass of
contaminant removed via groundwater extraction from the source-control wells. These data
constitute in essence the results of an extended source-zone contaminant mass discharge test.

The objective of the study is to characterize the temporal nature of contaminant mass
discharge for the field site, and to use this information to determine the relationship between
reductions in contaminant mass discharge and reductions in contaminant mass. Analysis of
these data provides a means by which to assess the impact of groundwater flow on mass
transfer and mass removal within the source area. A major limitation to characterizing the
CMDR-MR relationship for field systems is the lack of known values for initial contaminant
mass. Two methods were used herein to estimate the mass of contaminant present in the
source area at the initiation of source control. One was based on collecting sediment-core
data at two times, while the second method was based on fitting the temporal contaminant
mass discharge data with a simple exponential source-depletion function.

MATERIALS AND METHODS
Study Site

The site that was the focus of the study is part of the Tucson International Airport Area
(TIAA) federal Superfund site in southern Arizona (Leake and Hanson, 1987). The TIAA
site was placed on the National Priorities List in 1983 in response to the detection of
trichloroethene (TCE) in groundwater from several potable water supply wells. A large,
multiple-source plume of TCE exists in the upper portion of the regional aquifer, which is
the primary source of potable water for the Tucson metropolitan area. Contaminants are
believed to have entered the subsurface by seepage from unlined pits and other features used
during the 1940’s to mid-1970’s for disposal of organic solvents. Administratively, the
TIAA site is separated into three major zones, the North, Central, and South sections. The
site for the current study is located within the Central section.

The study site comprises a local saturated zone, referred to as the shallow groundwater zone,
which exists as a persistent feature above the regional aquifer. The site consists of a small
source area (approximately 8400 m2) and a groundwater contaminant plume extending
approximately 600 m to the west (Figure 1). Trichloroethene is the primary groundwater
contaminant, and aqueous concentrations upwards of 100 mg/L (~10% of solubility) and
greater have been reported for samples collected from groundwater monitoring wells within
the source area. The source area corresponds to a facility that was used in the past to clean
aircraft parts and the external surfaces of military aircraft. TCE vapor degreasers,
decarbonizers, and parts-cleaning tanks were located in several small buildings at the site.
The activities at the site in conjunction with the high observed aqueous concentrations
suggest that liquid TCE is likely present in the subsurface. A technical impracticability
waiver was granted by the U.S. EPA for the source area based on the degree of
contamination and extensive lower-permeability materials present. Such waivers are granted
when it is deemed that attaining remediation to standard regulatory objectives (e.g.,
maximum contaminant level) is likely to be technically impracticable, and allows the
establishment of alternative, protective remedies (EPA, 2012).

The TIAA Superfund site is located in the Tucson Basin, which is underlain by many
hundreds of meters of alluvial sediments interbedded locally with volcanic flows,
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agglomerates, and tuffaceous sediments. A simplified schematic of the stratigraphy for the
shallow groundwater zone is presented in Figure 2. The subsurface consists of clay and silty
clay units with localized and discontinuous intervals/lenses of silt, sand, and gravel. The
clay is typically highly plastic, and is comprised primarily of muscovite, illite, and
montmorillonite (Matthieu et al., 2012). A prominent feature is a sand and/or gravel unit,
termed the gravel sub-unit, of significant areal extent present between approximately 34 and
38 m below land surface (bls). The clay layer below the gravel sub-unit separates the
shallow groundwater zone from the regional aquifer. The potentiometric surface for the
shallow groundwater zone is approximately 28-29 m bls in the vicinity of the source area,
resulting in a saturated zone spanning the interval between approximately 29-37 m bls. The
shallow groundwater zone merges with the regional aquifer at the western edge of the site,
and thus the leading edge of the shallow-groundwater-zone contaminant plume is
indeterminate as it merges into the regional aquifer at this transition zone (CRA, 2010).

Several aquifer pumping tests have been conducted within the source area (CRA, 2004).
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. Transmissivities of 2.4 × 10-4 and 3.1 × 10-4 m2/s were obtained
from tests conducted for the source-area extraction wells CRA-5 and DP-1, respectively.
Based on the results of the pumping tests, the shallow groundwater zone is considered to act
as a leaky confined aquifer system of limited areal extent. Natural hydraulic gradients for the
gravel sub-unit have ranged historically between 5 × 10-3 and 1 × 10-2. The principal source
of recharge to the zone is flow from the regional aquifer originating upgradient of the site
(CRA, 2010).

Site Remediation and Contaminant Mass Discharge Measurement
A multi-element remediation project was initiated at the shallow groundwater zone site in
the fall of 2007. The effort consists of three components: soil vapor extraction for the
vadose-zone section of the source area, hydraulic containment for the saturated-zone section
of the source area, and pump and treat for the groundwater-contaminant plume. Two
extraction wells are used for source control (Figure 2), and currently four extraction wells
are operated within the plume. The extraction wells are screened at depth intervals of 35 –
38 m bls, corresponding to the gravel sub-unit. The total extraction rate for the two source-
control wells (CRA-5 and DP-1) is currently approximately 75 m3/d, while the total for the
plume wells is approximately 300 m3/d. Four extraction wells are used for the soil vapor
extraction system, which has a total discharge of approximately 20,000 m3/d. The vapor
extraction wells are screened at two depth intervals, approximately 9 - 15 and 18 - 23 m bls.
The source-zone groundwater extraction and soil vapor extraction systems have to date
removed approximately 690 and >3000 kg of TCE, respectively.

The contaminant mass discharge (CMD) associated with operation of the source-control
wells has been monitored since system startup. Samples of extracted groundwater are
collected approximately once per month for both wells. The contaminant concentrations for
these samples represent composite values for the zone of influence associated with each
well. The groundwater samples were analyzed using either GC/MS or GC-ECD, with
detection limits of approximately 1 ug/L. Total extraction flow rates were monitored
continuously and summed for each month. Contaminant mass discharge was calculated as
the product of flow rate and TCE concentration. These data provide a measure of the
integrated contaminant mass discharge for the source area from startup in Fall 2007 to the
end of the research project in Spring 2012.
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Sediment Coring and Analyses
Two sets of six boreholes were drilled within the source area to collect complete sets of
sediment cores from each borehole (see Figure 1). One set of cores (set-1) was collected in
the fall of 2008, approximately one year after the start of the remediation effort. The second
set of cores (set-2) was collected in the spring of 2012. The cores were obtained using roto-
sonic drilling, which is a useful method for collecting continuous cores. The drilling was
terminated in each borehole at the base of the gravel sub-unit (37-38 m bls) to avoid
penetrating the clay aquitard that overlies the regional aquifer. The cores were analyzed with
high spatial resolution (~6-cm intervals in saturated and confining units; lesser resolution for
the vadose zone) wherein 10-mL subsamples were collected from the internal central axis of
the core with disposable open-tip plastic syringes. The subsamples were placed in 40-mL
glass vials containing 20 mL of methanol (>99.9% pure), placed in a chilled container, and
transported to the laboratory. The subsamples were placed on a shaker for 24 h, after which
they were centrifuged for 10 minutes. A 2-mL subsample of the eluent was removed from
the vial with a glass syringe and injected into a 2-mL autosampler vial with no headspace.
The samples were analyzed by GC/MS/MS (gas chromatography tandem mass
spectrometry). After extraction, the sediment samples were dried and weighed. The
detection limit for sediment-phase concentrations of TCE was approximately 0.03 mg/kg-
dry sediment.

A detailed lithologic description of the borehole core materials was completed using
standard sediment identification procedures (ASTM, 2009). Approximately 250-mL samples
of sediment were collected periodically and placed in mason jars. These samples were used
for characterization of physical and chemical properties. Particle size distribution was
determined using standard sieve analysis combined with a hydrometer. Hydraulic
conductivities were measured using a laboratory falling-head permeameter apparatus.
Sediment organic carbon was measured as follows. A small subsample of sediment was ball
milled and then mixed with a 10% phosphoric acid solution to remove inorganic carbon
(carbonates). The samples were then dried at 60 °C, and analyzed with a carbon analyzer at
1000 °C.

Estimation of Initial Contaminant Mass in Source Area
As noted above, the total contaminant mass initially present in the source area is a critical
variable that is often unknown for most field sites. Furthermore, this value is very difficult to
measure, especially for sites with DNAPL present. Two methods were used herein to
estimate this quantity for the saturated zone of the source area. The first method is a slight
variation of the standard approach employing sediment-core data. With the standard
approach, sediment-phase concentrations of the contaminant obtained for example by
solvent extraction of core data are used in conjunction with values for the bulk density and
volume of contaminated media to calculate absolute values of contaminant mass. However,
uncertainty in bulk densities and especially domain volumes can add to overall method
uncertainty. This source of uncertainty can be minimized by using core data collected at two
times to determine the relative change in concentrations and mass. This information,
combined with the mass-removed quantity determined from integration of the extraction-
well CMD data, can be used to estimate an initial mass (M0) using the relation:

(1)

where MΔt is the quantity of contaminant mass removed in the period between collection of
the two sets of cores determined from integration of the CMD data (442 kg), ΔMf is the
fractional mass reduction for the period between collection of the two sets of cores, which
was obtained from the core data (0.82), and Mt-1 is the mass removed prior to collection of
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the first core set (245 kg), also determined from integration of the CMD data. This latter
term accounts for the fact that the first set of cores was obtained a year after the start of the

source-control operation. The ΔMf term was calculated as , where C̄1 and C̄2 are
the mean, aggregate sediment-phase contaminant concentrations obtained from the core data
for sets 1 and 2, respectively.

The second method used to estimate the initial contaminant mass present in the saturated
zone of the source area is based on fitting a mass-depletion function to the temporal CMD
data. In general, a mechanistic-based reactive transport model can be cablibrated to
historical concentration data to solve the inverse problem for M0. However, the use of
advanced transport models for field sites is typically constrained by a lack of information
needed to parameterize the model. In lieu of this approach, simplified mass-depletion
functions can be fit to measured data to estimate M0. For example, simplified functions have
been fit to temporal concentration data collected from monitoring wells located within
contaminant plumes to provide estimates of source mass (Butcher and Gauthier, 1994; Basu
et al., 2009). It is anticipated that CMD data measured directly for the source area via a
contaminant mass discharge test will provide a more robust data set for estimation of source
mass.

The method is based on a conservation of mass argument for a system undergoing fluid
extraction:

(2)

where M is contaminant mass (M), Q is fluid discharge (L3/T), C (M/L3) is the
concentration of the contaminant in the extracted fluid, and it is assumed that there are no
other sources of mass reduction, and that mass discharge into the system is 0. A selected
source-depletion function can now be specified to relate changes in concentrations and mass
discharge to changes in mass. The power function is one such, widely used, function (e.g.,
Zhu and Sykes, 2004; Falta et al., 2005):

(3)

where C0 is initial contaminant concentration and Γ is the power index term, representing
the impact of a host of conditions and processes on mass-removal behavior. Substituting
equation 3 into 2 yields:

(4)

Given that the terms in parentheses are constants, one can define k = Q0C0/M0
Γ as a source

depletion rate coefficient, as noted in prior applications (e.g., Zhu and Sykes, 2004; Falta et
al., 2005). For the special case wherein Γ = 1, the equation reduces to a first-order,
exponential function, with a solution for CMD given as QCt = QC0exp(-kt). The function
was fit to the measured CMD data, optimizing for k. Mo was then calculated with the
optimized k and the known value for initial CMD (Q0C0).

RESULTS AND DISCUSSION
Sediment Data

Textural evaluation of the core material collected from the source area confirmed the
stratigraphic model presented in Figure 2. The results of the laboratory hydraulic-
conductivity measurements were consistent with the results of the field tests, wherein values
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for subsamples of the gravel-sub-unit were 2-3 orders-of-magnitude greater than those
measured for the clay subsamples. The organic-carbon contents for the subsamples ranged
from 0.02 to 0.08%.

The concentrations of TCE were measured for sediment samples collected from the
boreholes drilled in 2008 (set 1) and 2012 (set 2). Approximately 1400 total samples were
collected for each set. Illustrative results are presented in Figure 3 for the two most
contaminated and two least contaminated cores for each set.

The highest concentrations for the set-1 cores were obtained for core CRA-26 (Figure 3a),
ranging up to almost 20 mg/kg and with a mean of 2 mg/kg for the interval 28-38 m bls.
These concentrations may be somewhat low for samples associated with suspected DNAPL
presence (e.g., Feenstra et al., 1991). However, it must be noted that this first set of samples
was collected more than a year after startup of groundwater extraction, and that 245 kg of
TCE was extracted from the source area prior to core collection. For all 6 set-1 cores, the
highest concentrations were associated with the interval between 25 to 30 m bls. This
interval corresponds to the lower-permeability silty clay layer in which the interface
between the vadose zone and saturated zone resides (Figure 1). Some of the cores had
another smaller peak at the interval 33-35 bls, which corresponds to the bottom of the clay
layer above the gravel sub-unit.

The mean concentration for all 6 set-1 cores was approximately 0.9 mg/kg for the interval
28-38 m bls. The TCE concentrations for the set-2 cores were significantly lower, with a
mean of 0.14 mg/kg for the interval 28-38 m bls. The set-2 cores had approximately 4 times
as many non-detects as did set 1 (45% vs. 12%). Comparison of the two sets of data suggests
that a significant, ~80%, reduction in aggregate TCE concentrations occurred between
sediment-sampling events for the 28-38 m interval. This value was calculated using the 0.03
mg/kg detection limit as a conservative estimate to quantify values for samples for which
non-detects were reported. This apparent reduction would be the result of mass removal via
water flushing, with a possible contribution from soil vapor extraction for the uppermost
section of the interval.

Contaminant Concentrations and Mass Discharge
The concentrations of TCE in the groundwater pumped from the two source-area extraction
wells are presented in Figure 4. After an initial peak, the concentrations declined relatively
rapidly for some time, and currently exhibit asymptotic tailing. The peak and asymptotic
concentrations are 30 and 2 mg/L, respectively, for well CRA-5 and 8 and 1 mg/L,
respectively, for well DP-1. These concentrations are quite high considering that they are
associated with extraction wells as opposed to monitoring wells. As noted above,
concentrations of 100 mg/L and higher have been observed for samples collected from
monitoring wells in the source area. These high concentrations, and the quantity of TCE
removed with soil vapor extraction, are consistent with the presence of liquid TCE
(DNAPL) in the subsurface.

The flow rates for the source extraction wells are also presented in Figure 4. The extraction
rate has remained relatively constant for DP-1, with a factor-of-two decrease in later years,
and has increased over time for CRA-5. Operation of the source-control wells has
established containment of the source area, which has resulted in its isolation from the
contaminant plume. This, in combination with the operation of the plume extraction wells, is
expected to minimize the impact of the plume on mass discharge measured with the source-
control wells. A hydraulic residence time of approximately 1 year is estimated for the source
area based on the extraction rates and the estimated domain volume and porosity. Thus, it is
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estimated that the total groundwater extraction to date equates to approximately 4 pore
volumes of flushing.

The contaminant mass discharge associated with operation of the source-control wells is
presented in Figure 5. The initial peak values averaged approximately 1 kg/d. These are at
the very high end of the range of values reported in a recent survey of mass-discharge field
data (ITRC, 2010). More than 90% of the total mass discharge is associated with well
CRA-5, which is expected given that it is located near the center of the source, whereas well
DP-1 is located near the downgradient edge. The total contaminant mass discharge has
declined asymptotically to a current value of approximately 0.15 kg/d. The total mass of
TCE removed from the source area via groundwater extraction as of spring 2012 is 687 kg
based on integration of the data presented in Figure 4.

The total contaminant mass discharge has decreased significantly, approximately 85%, since
the initiation of groundwater extraction. This decrease is a direct function of the reduction in
TCE concentrations observed for the extraction wells (Figure 4), given that the total
extraction flow rate has actually increased over the course of operations (Figure 4). The
decrease in TCE concentrations may be a result of reductions in contaminant mass, changes
in hydraulic conditions, or some combination thereof. As noted above, a significant
reduction in aggregate sediment-phase concentration of TCE was observed for the core data.
This observation, in conjunction with the large quantity of TCE removed via groundwater
extraction indicates that there was a significant reduction in contaminant mass for the
system. Regarding potential hydraulic effects, the extraction wells have been operated
consistently since startup, with no individual well cycling, etc. However, the extraction rate
for CRA-5 has increased with time, and it is possible that effects associated with the
increased flow rate (dilution due to expanded zone of influence, increased mass-transfer
constraints) may have contributed to the decrease in TCE concentration.

Inspection of Figure 4 shows that after initial startup there were three periods wherein
extraction rates for CRA-5 were essentially uniform, the first from months 8-23, the second
from months 24-40, and the third from month 40 to current. Inspection of Figures 4 and 5
shows that TCE concentration and contaminant mass discharge decreased during each of
these many-month-long periods of steady state extraction. The decreases in TCE
concentrations observed during these periods would be primarily induced by reductions in
contaminant mass. In addition, the contaminant mass discharge has decreased by
approximately 90% for DP-1, whereas the extraction rate for DP-1 has decreased by a factor
of two (as opposed to the increase registered for CRA-5). In summary, the results indicate
that the observed reduction in contaminant mass discharge is associated primarily with a
reduction in contaminant mass.

Estimation of Initial Contaminant Mass
The contaminant mass discharge for the source-area hydraulic-control system is known with
a relatively high degree of certainty, based on the resolution of data collection. The total
quantity of contaminant mass removed via groundwater extraction for the two source-area
control wells is also known with relatively high certainty as it reflects the same data set.
What is not known is the mass of contaminant present in the saturated zone of the source
area at the start of remediation operations, which is typical for most sites. Two methods
were used to estimate this initial source mass.

Based on the core data and the mass-removed quantity determined from the extraction-well
CMD data, the initial TCE mass was estimated to be 784 kg using method 1. The total
fraction of mass reduction to date based on this estimated initial mass is ~86%. The
estimated initial mass is recognized to have potential significant uncertainty, the degree of
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which depends on the representativeness of the core data for the entire source area. For
example, it is possible that the coring missed zones of higher contaminant concentrations;
the impact of this is likely to be more significant for the initial coring given the higher
aggregate concentrations present. Another potential source of uncertainty is the possibility
that the soil vapor extraction system may have contributed to removal of mass for the
interval of interest. Thus, it is anticipated that the estimation method is more likely to
produce an under-estimate rather than over-estimate of initial mass. Assuming an arbitrary
25% error for illustrative purposes produces an estimate of approximately 1000 kg for the
initial mass, which translates to a total to-date fractional mass reduction of ~70%.

Inspection of Figure 5 shows that the exponential depletion function provides a good fit to
the CMD data. An optimized value of 0.47 yr-1 was obtained for k. Using this value, and an
initial CMD of 1.28 kg/d, produces an estimate of 993 kg for M0. The total fraction of mass
reduction to date based on this estimated initial mass is 69%. Uncertainty in the estimated
value would depend upon the representativeness of the CMD data for the entire target zone,
and the robustness with which the fitted function describes the measured data throughout the
mass-depletion history. The zones of influence of the extraction wells span the entire source
area, and thus the measured CMD data is considered to be representative. Considering this
and the fact that the function provides a good fit to approximately 4 years of CMD data, it is
likely that the estimated M0 is relatively robust. Interestingly, the value obtained based upon
the core data is approximately 20% lower than the value obtained by fitting the CMD data.
This is consistent with the discussion above regarding potential underestimation using the
core data.

The methods discussed above were used to estimate the mass of TCE present in the
saturated zone of the source area at the start of remediation. Also of interest is the mass of
TCE initially present in the saturated zone of the source prior to development of the
groundwater contaminant plume, i.e., the mass of TCE that initially entered the saturated
zone. Determining this quantity requires estimates of the mass associated with the plume in
addition to the source. The plume-associated mass was estimated in part as the sum of the
mass of TCE present in the plume at the end of the project and the mass of TCE that has
been removed from the plume via groundwater extraction during the project, which totals
approximately 170 kg. In addition, the mass of TCE lost to the regional aquifer at the
western, leading edge of the plume was estimated using an average hydraulic gradient of
0.0075, a mean hydraulic conductivity (K) of ~8.6 m/d, a mean C of 0.1 mg/L, and the
estimated cross-sectional area, producing a CMD of ~0.02 kg/d. Applying this natural-
gradient CMD for an elapsed time of 60 years results in a mass of ~390 kg.

Adding the two plume-associated masses to the initial source mass (M0) estimated above
produces 1342 and 1539 kg for methods 1 and 2, respectively. Based on these values, it is
estimated that approximately one-third of the TCE mass that initially entered the saturated
zone of the source area had been removed (generating the observed contaminant plume)
prior to the start of the source-control effort. Using the K and gradient values noted above,
and the dimensions of the source area, it is estimated that the equivalent of approximately 40
pore volumes of water had been flushed through the source area prior to the start of
remediation. A removal of one-third of the initial mass is reasonable given this estimated
magnitude of flushing. The total initial spill masses estimated for the saturated-zone source
area are less than one-half of the contaminant mass (>3000 kg) that has been removed to
date from the vadose zone via soil vapor extraction. This is reasonable given the surface-
application mode of disposal of the waste materials.
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Relationship Between Reductions in Contaminant Mass Discharge and Contaminant Mass
The relationship between the measured reduction in contaminant mass discharge and the
estimated reduction in contaminant mass for the source area was determined using the CMD
data and M0 values discussed above, where CMDR = 1-CMDt/CMD0 and MR = 1-Mt/M0.
The data associated with the initial few months of operation were not used in the
calculations given that the system had not attained quasi-steady-state, as reflected in the
initial rise in CMD (Figure 5). The contaminant mass removed during this initial stage (~95
kg) was subtracted from the tabulation of initial mass and mass reduction. Two curves are
presented in Figure 6, one for each of the two M0 estimates reported above. A line
representing one-to-one correspondence is included for reference.

The mass discharge is observed to decrease essentially immediately upon initiation of mass
reduction. The data exhibit a curvilinear convex-upward profile that resides above the one-
to-one reference line. A few prior CMDR-MR profiles have been reported based on
laboratory experiments and mathematical modeling (e.g., Rao et al., 2002; Jayanti and Pope,
2004; Phelan et al., 2004; Jawitz et al., 2005; Fure et al., 2006; Brusseau et al., 2008; Kaye
et al., 2008; Maji and Sudicky, 2008; Carroll and Brusseau, 2009; Christ et al., 2009, 2010;
Tick and Rincon, 2009; DiFilippo et al., 2010; Marble et al., 2010). The results span a wide
range of behavior, from convex-downward curves residing below the reference line (for
which there is relatively small reduction in CMD during the early stages of mass reduction),
to approximately one-to-one profiles, to convex-upward profiles similar to those observed
herein.

The convex-upward profile is generally associated with systems wherein significant
quantities of mass are present in hydraulically poorly accessible domains, for which mass
removal is influenced by mass-transfer constraints. It is reasonable to expect that a large
fraction of the contaminant mass present at the study site at the start of the project would be
poorly accessible, given the presence of extensive silt and clay layers and the fact that ~60
years of natural-gradient groundwater flushing most likely removed a major portion of the
more accessible mass. The data obtained from the sediment cores, which showed that the
highest TCE concentrations were associated with lower-permeability units, supports this
contention.

The CMDR-MR relationship is often simulated using a simple power function, wherein
CMDR = MRn (e.g., Rao et al., 2002). The parameter n defines the specific CMDR-MR
relationship, and is a lumped-process term that incorporates the impact of contaminant
distribution, flow-field dynamics, and mass-transfer processes. Note that this relationship is
related, but not identical, to the relationship presented in equation 3. The curves obtained
with this function, with n = 0.55 and 0.4, match the measured data relatively well (Figure 6).

Comparison to Other Field Data
Very few measurements of time-continuous profiles of contaminant mass discharge have
been reported to date for field systems. The lack of such measurements, in combination with
the typical uncertainty regarding initial contaminant mass for most sites, limits the
opportunities for time-continuous-based characterization of the CMDR-MR relationship for
field systems. Initial time-continuous-based characterizations of CMDR-MR relationships
for field sites were reported by Brusseau et al. (2007) and DiFilippo and Brusseau (2008).
Brusseau et al. (2007) determined the integrated CMDR-MR relationship associated with
combined pump and treat of the sources and groundwater contaminant plume for the south
section of the TIAA complex. DiFilippo and Brusseau (2008) determined the CMDR-MR
relationships for emplaced-source experiments conducted at the Borden site in Canada,
using raw concentration and flow-rate data reported by Broholm et al. (1999) and Rivett and
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Feenstra (2005). For these experiments, known quantities of three-component chlorinated-
solvent liquids were introduced into the subsurface, after which mass removal under natural-
gradient groundwater (Rivett and Feenstra (2005) or sequential groundwater and cosolvent
(Broholm et al., 1999) floods was monitored in detail. In addition, DiFilippo and Brusseau
(2008) compared the behavior observed for the Borden data to that of the south-TIAA site,
including the integrated source and plume data as well as data for a single source area.

The data obtained for the current study are compared to the data reported for the single
source area of the south-TIAA site (Site 3) and the Borden experiments in Figure 7.
Distinctly different CMDR-MR relationships are observed for the various sites. For
example, relatively small reductions in contaminant mass discharge are observed up to
approximately 40% mass reduction for the Borden data, in contrast to the essentially
immediate reduction observed for the present study. The profile for the south-TIAA site is
intermediate to the other two. Differences in the nature of the MDR-MR relationships
observed for the different sites are most likely manifestations of differences in system
properties and conditions, such as permeability distribution, contaminant distribution, and
mass-transfer processes. It is possible that differences in experiment conditions, such as
spatial scale, hydraulic gradient, and the use of three-component DNAPL for the Borden
experiments, may also have had some influence. The issue of the three-component DNAPL
was addressed in part by determining the aggregate CMD and mass removal based on mole
fractions (DiFilippo and Brusseau, 2008). The issues of scale and hydraulic-gradient
conditions are addressed in a following paragraph.

Regarding differences in system properties and conditions, the Borden site has a
comparatively small degree of permeability variability, with the target subsurface zone
comprised of medium- to fine-grained lacustrine sand with occasional beds of coarse sand/
gravel and silt (Broholm et al., 1999). Conversely, the TIAA sites are very heterogeneous,
with extensive sequences of clay alternating with laterally discontinuous lenses of silts,
sands, and gravels. Furthermore, the Borden sites were freshly-contaminated systems, with
monitoring of mass discharge commencing soon after emplacement of the contamination. In
contrast, the TIAA sites are mature sites, with characterization commencing many years
after contamination emplacement (approximately 60 and 35 years for the central-TIAA and
south-TIAA sites, respectively). Mass transfer and mass removal processes occurring during
the intervening decades, as documented by the extensive groundwater contaminant plumes
present at the TIAA sites, would be expected to have significantly altered the contaminant
distribution within the source areas, with much of the mass preferentially removed from the
more accessible domains. For example, for the current study site, it was estimated above that
approximately one-third of the initial contaminant mass in the saturated-zone source area
was removed via natural-gradient flushing prior to the start of characterization and
remediation activities. In total, it is likely that a larger fraction of contaminant mass was
accessible for mass removal via advective and diffusive transport for the Borden
experiments compared to the TIAA sites. The CMDR-MR relationships observed for the
Borden versus the TIAA sites are consistent with this supposition that site age through its
impact on contaminant distribution and accessibility is a significant discriminatory factor. In
addition, it is possible that the difference observed between the two TIAA sites may be
related in part to the significant difference in source-zone age associated with the two sites.

Additional illustration of the impact of contaminant accessibility is presented by the
Borden-1 data. Interestingly, a significant reduction in CMD is observed to begin at ~40%
mass reduction for this data set. The marked change in the profile indicates a significant
change in mass-removal conditions, transitioning from a system controlled by more-
accessible mass to one controlled by less-accessible mass (Brusseau et al., 2008; DiFilippo
et al., 2010; Christ et al., 2010). Excavation and characterization of the source after
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experiment completion indicated that the majority (~85%) of the remaining contaminant
mass was associated with a single 0.5-cm thick, areally extensive pool of DNAPL (Broholm
et al., 1999). This mass would be expected to be poorly accessible to water flushing. These
results support the conclusion that mass removal at the latter stage of the experiment was
controlled by poorly accessible mass. Furthermore, based on the characterization results,
50% or more of the initial contaminant mass was present as pools (i.e., was relatively poorly
accessible). This is consistent with the observed CMDR transition point, which occurred at
approximately 40% mass reduction (with that fraction likely representing the more
accessible mass). Characterization of CMD and mass removal for the Borden-1 source area
after the more accessible mass has been removed (i.e., an aged source) produces a CMDR-
MR profile that is shifted leftward and is more similar to that observed for the TIAA-site 3
site (data not shown).

As noted, another major difference between the Borden and TIAA sites is spatial scale,
wherein the Borden experiment systems are small (~4 × 5 m) and the TIAA source areas are
much larger (~100 × 100 m). The potential impact of scale was investigated by examining
two additional characterizations of field-scale CMDR-MR relationships that were
determined herein using raw concentration and flow-rate data reported in the literature.
These experiments were conducted at the Dover AFB test site, using a sheet-pile enclosed
cell (3 × 4.6 m) emplaced in the subsurface, into which tetrachloroethene was injected under
controlled conditions. The experiment zone is a shallow, unconfined aquifer that consists of
medium to fine sands with interbedded gravels, silts, and clay lenses (Tick et al., 2003).
After initial contamination, an alcohol flood was conducted (Brooks et al., 2004), followed
by a surfactant flood (Childs et al., 2006) and a complexing-sugar flush (Tick et al., 2003).
The three experiments were conducted sequentially in the same cell, with the primary
difference being that the surfactant flood employed vertical-circulation extraction wells for a
majority of the flood whereas the complexing-sugar flush (CSF) employed a standard
horizontal line-drive system. Additional tetrachloroethene was injected into the cell prior to
both the surfactant and CSF experiments.

The CMDR-MR relationships determined for the surfactant and CSF experiments are
presented in Figure 8. The curves are similar wherein there is minimal reduction in CMD for
the initial stage of mass reduction, followed by a sharp, significant reduction in CMD that
starts at approximately 15-25% mass reduction. The similarity of the two profiles suggests
that the fluid-control configuration (vertical versus horizontal floods) did not have a
significant impact on observed behavior. Each of the three treatments removed only a
portion of the total tetrachloroethene mass present, and this mass was therefore present for
the subsequent experiments. Thus, the system can be considered to have been under partially
aged conditions for the surfactant and CSF experiments, with a combination of more-
accessible mass (a portion of the newly added mass) and poorly accessible mass (a portion
of the newly added mass and the mass remaining from the prior test). The observed CMDR-
MR profiles are consistent with these conditions.

The CMDR-MR profiles observed for the two Dover experiments are generally similar to
those observed for the TIAA-Site 3 and Borden-1 data sets (Figure 7). The scale of the
Dover experiment site is very similar to that of the Borden experiment sites, and much
smaller than that of the TIAA sites. Given this, it appears that the difference in scale did not
contribute significantly to the differences in behavior observed between the Borden and
TIAA sites. In addition, the Dover experiments, as well as the TIAA studies, were
conducted under induced-gradient conditions. Conversely, the Borden experiments were
conducted under natural-gradient conditions. For example, the mean pore-water velocity for
the Dover CSF experiment was 1 m/d (Tick et al., 2003) compared to 0.1 m/d for the
Borden-1 experiment (Broholm et al., 1999). The fact that similar CMDR-MR profiles were
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obtained for the Borden-1, Dover, and TIAA-site 3 systems indicates that hydraulic-gradient
status did not have a significant impact on the underlying mass-removal behavior. It should
be noted that the two Dover experiments involved enhanced-solubility floods, while the
Borden-1 experiment comprised a sequential water and cosolvent flood and the TIAA
studies involved strictly water flushing. The similarity of the CMDR-MR profiles among the
different systems indicates that the composition of the flooding solution also did not have a
significant impact on the underlying mass-removal behavior. This is consistent with results
obtained from laboratory experiments (Carroll and Brusseau, 2009; Tick and Rincon, 2009;
DiFilippo et al., 2010). It should also be noted that the Dover data sets as well as the Site 3
and Borden-1 data exhibit non-singular (“S-shaped”) profiles that cannot be simulated with
the simple CMDR-MR function, which has also been observed in prior studies (Brusseau et
al., 2008; DiFilippo and Brusseau, 2008; Christ et al., 2010; DiFilippo et al., 2010).

SUMMARY
The use of contaminant-mass-discharge measurements to characterize site conditions and
evaluate remediation performance is becoming a critical component of site assessment.
Time-continuous measurements of contaminant mass discharge, obtained by conducting
extended contaminant mass discharge tests or by capturing operational fluid-extraction data,
can provide useful information to characterize mass-transfer processes, assess mass-removal
magnitudes and conditions, and estimate contaminant distributions and quantities. In the
present study, the temporal behavior of contaminant mass discharge was characterized for a
very heterogeneous source-zone field site contaminated by TCE DNAPL. The results
showed that contaminant mass discharge decreased asymptotically with time, from
approximately 1 to 0.15 kg/d. Comparison of two sets of core data, collected 3.5 years apart,
suggests that aggregate sediment-phase TCE concentrations decreased by ~80% between
sampling events. The results reported herein provide insight to the impact of hydraulic-based
remedial efforts on contaminant mass discharge for heterogeneous, DNAPL-contaminated
source zones.

Two methods were used to estimate the mass of contaminant initially present in the source
area, and they produced reasonably similar results. Each method has associated sources of
uncertainty, as well as requirements that can limit their use. Limitations associated with
method 1, sediment coring, are well known. Regarding the second method, it is based on
fitting a mass-depletion function to temporal CMD data, and obviously requires availability
of such data. Prior similar efforts of estimating source mass have been implemented by
fitting simplified functions to temporal concentration data collected from monitoring wells
located within contaminant plumes (Butcher and Gauthier, 1994; Basu et al., 2009). This
approach has broad potential applicability given the general widespread availability of
monitoring-well data for many sites. However, it is anticipated that CMD data (rather than
solely concentration data) measured directly for the source area via an extended contaminant
mass discharge test as done herein will provide a more robust data set for estimation of
source mass. The second method is a useful alternative to standard coring, particularly for
cases wherein coring is technically or economically impractical. The method is also useful
for cases wherein temporal CMD data can be captured from analysis of operational data for
fluid-extraction systems such as pump and treat or soil vapor extraction. Such analysis of
historic-operations data provides a simple means by which to estimate initial contaminant
mass for the treatment domain.

Contaminant mass discharge data can be integrated with measurements of initial mass to
characterize the relationship between reductions in contaminant mass discharge and
reductions in contaminant mass. The CMDR-MR relationship is a defining characteristic of
system behavior, reflecting system properties and conditions. These relationships are
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typically characterized using time-continuous CMD data, which provides the means to
assess the temporal dynamics of mass removal as influenced by changes in contaminant
distribution and configuration, and resultant impacts on flow and mass-transfer processes.
However, CMDR-MR relationships can also be obtained for specific snapshots of time by
collecting spatially discrete data. For example, Brooks et al. (2004) reported CMDR-MR
data obtained from two sets of measurements (before and after a remedial action) collected
at six monitoring locations, and used these spatial data to represent a CMDR-MR profile for
the alcohol-flood pilot test conducted at Dover AFB that was discussed above.

As noted, very few time-continuous measurements of CMDR-MR relationships have been
reported to date for field systems (Brusseau et al., 2007; DiFilippo and Brusseau, 2008). The
data collected during the study were used develop such a relationship for the source area of
the site. The profile exhibited by the data is consistent with a system wherein significant
quantities of mass were present in hydraulically poorly accessible domains, for which mass
removal is influenced by mass-transfer constraints. This contention is supported by the
sediment-core data, which showed that the highest concentrations of TCE are associated
with lower-permeability units, and by the estimates of the amount of groundwater flushing
and associated contaminant mass removal experienced by the source area in the ~60 years
prior to project startup. The results obtained from the present study were compared to those
obtained from other field studies to evaluate the impact of system properties and conditions
on behavior. The results indicated that factors such as domain scale, hydraulic-gradient
status (induced or natural), and flushing-solution composition had insignificant impact on
the CMDR-MR profiles and thus on underlying mass-removal behavior. Conversely, source-
zone age, through its impact on contaminant distribution and accessibility, was implicated as
a critical factor influencing the nature of the CMDR-MR relationship. This is consistent with
the results of mathematical modeling studies and laboratory experiments (Jawitz et al., 2005;
Brusseau et al., 2008; DiFilippo et al., 2010).
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Highlights

Temporal contaminant mass discharge (CMD) was measured for a DNAPL source zone

The relationship between reductions in CMD and reductions in mass was characterized

The results were compared to data processed for other field sites

Source-zone age was indicated as a significant mediator of observed behavior
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Figure 1.
Maps of the field site. The upper figure presents contours of TCE concentrations (μg/L) in
the gravel sub-unit for 2007 prior to the start of groundwater extraction; the lower figure is a
schematic of well and borehole locations in the source area.
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Figure 2.
Schematic of local stratigraphy for the site.
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Figure 3.
Sediment-phase trichloroethene (TCE) concentrations for core samples collected in 2008
(set 1) and 2012 (set 2); see Figure 2 for key to locations: a) the most contaminated cores for
each set, b) the least contaminated cores for each set. Specific borehole numbers (minus
CRA prefix) are noted in parentheses. Note that the paired cores are not co-located.
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Figure 4.
Concentrations of trichloroethene (TCE) in groundwater extracted with the two source-area
extraction wells and associated flow rates. Zero time corresponds to system startup in fall
2007.
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Figure 5.
Contaminant mass discharge for the source area. Zero time corresponds to system startup in
fall 2007. The regression represents a fit of the exponential-depletion function to total CMD
(r2 = 0.86).
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Figure 6.
Relationship between the reduction in contaminant mass discharge (CMD) and the reduction
in contaminant mass for the source area. Methods 1 and 2 refer to the two methods used to
estimate initial contaminant mass (see text). Also shown are fitted simulations produced
with a simple function CMDR = MRn.
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Figure 7.
Relationship between the reduction in contaminant mass discharge (CMD) and the reduction
in contaminant mass: comparison of measured field data. The relationships for Site 3 and
Borden were calculated and reported originally by DiFilippo and Brusseau (2008), using raw
concentration and flowrate data reported by Brusseau et al. (2007) for Site 3, Broholm et al.
(1999) for Borden-1, and Rivett and Feenstra (2005) for Borden-2. The line for the Site 3
data is for visualization purposes and is not produced with a mathematical function. The data
for this study are based on the M0 obtained with method 2.
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Figure 8.
Relationship between the reduction in contaminant mass discharge (CMD) and the reduction
in contaminant mass: comparison of measured field data from Dover test site. Relationships
calculated using raw concentration and flowrate data reported by Childs et al. (2006) for the
surfactant flood and Tick et al. (2003) for the CSF (complexing sugar flush).
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