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ABSTRACT

At the Oak Ridge Integrated Field Research Challenge site,
near Oak Ridge, Tennessee, contaminants from the former
S-3 ponds have infiltrated the shallow saprolite for over 60 years.
Two- and three-dimensional DC-resistivity tomography is used to
characterize the number and location of the main contaminant
plumes, which include high concentration of nitrate. These
contaminant plumes have typically an electrical resistivity in
the range 2—-20 ohm-m while the background saprolite resistivity
is in the range 60—120 ohm-m, so the difference of resistivity can
be easily mapped using DC-resistivity tomography to locate the
contaminant pathways. We develop a relationship to derive the in
situ nitrate concentrations from the 3D resistivity tomograms

accounting for the effect of surface conductivity. The footprint of
the contamination upon the resistivity is found to be much
stronger than the local variations associated with changes in
the porosity and the clay content. With this method, we identified
a total of five main plumes (termed CP1 to CP5). Plume CP2
corresponds to the main plume in terms of nitrate concentration
(~50,000 mgL~"). We also used an active time constrained
approach to perform time-lapse resistivity tomography over a
section crossing the plumes CP1 and CP2. The sequence of tomo-
grams is used to determine the changes in the nitrate concentra-
tions associated with infiltration of fresh (meteoritic) water from a
perched aquifer. This study highlights the importance of account-
ing for surface conductivity when characterizing plume distribu-
tions in clay-rich subsurface systems.

INTRODUCTION

The Oak Ridge Integrated Field Research Challenge (IFRC) is a
U.S. Department of Energy (DOE) test site used to study the
migration of various contaminants from the former S-3 basins.
These basins are located in the Bear Creek valley, at the Western
edge of the Y-12 plant belonging to the Oak Ridge Reservation
of the DOE. The 5-m-deep S-3 settling basins consisted of four
ponds built in 1951 and covering a surface area of ~15,000 m?.
These ponds stored, for about 32 years, a yearly volume of 7.6
million liters of acidic (pH < 2) liquid waste consisting of nitric
acid, uranium, technetium, cadmium, mercury, chlorinated solvents,
and strontium among other harmful species (Shevenell et al., 1994).

The concentration of nitrate in the ponds could have reached
70,000 mg L~ (Shevenell et al., 1994). Dreier et al. (1993) noted
that the water level in the ponds was about 4.3 m above the water
table in the saprolite, resulting in downward infiltration of the
contaminants.

The disposal of wastes to the S-3 ponds was reduced in 1976 and
ended in early 1983. In June 1983, the water of the pond was
neutralized by adding limestone, quicklime, and sodium hydroxide
until a pH of ~9 was reached. This process was responsible for the
precipitation of a 1-m-thick sludge formed of aluminum, calcium,
and iron compounds. Biological denitrification of the water was
performed from June 1983 to September 1984. The sludge was
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stabilized with coarse aggregates in 1988. The S-3 ponds were then
filled and sealed with a five-layer cap and an asphalt parking lot was
built over them. Leakages of contaminants from the contaminated
saprolite have occurred since and geochemical, biological, and geo-
physical studies have been devoted to the understanding of the
plumes surrounding the former ponds as well as in deeper aquifers
in the bedrock. Shevenell et al. (1994) ended their paper by stating
“Nitrate as nitrogen and all the other constituents of Bear Creek
should meet drinkable water standards by 2012.” Recent studies
(Gu et al., 2003; Watson et al., 2004, 2005; Gasperikova et al.,
2012) show that this is far from being the case, as the saprolite
is still heavily contaminated. Geophysical investigations are needed
to (1) understand the geometry and dynamics of the contaminant
plumes around the former S-3 ponds (Chen et al., 2006; Kowalsky
etal., 2011), (2) follow the natural attenuation of these plumes, and
(3) to monitor the efficiency of long-term immobilization strategies.

In the present work, electrical resistivity tomography (ERT) is
used to investigate and locate the contaminant plumes next to
the former S-3 ponds. ERT is an efficient active geophysical method
to characterize the shallow subsurface and to monitor subsurface
changes including pore-water conductivity (Atekwana et al.,
2004; Robert et al., 2012), water saturation (Legaz et al., 2009),
and temperature (Hermans et al., 2012). Recently, time-lapse resis-
tivity has been successfully used to characterize salt tracer tests in
shallow unconfined aquifers (Binley et al., 1996, 2002; Slater et al.,
2000; Kemna et al., 2002; Vanderborght et al., 2005; Cassiani et al.,
2006) or in sandbox experiments filled with heterogeneous materi-
als (Pollock and Cirpka, 2012). Few studies have, however, pointed
out the role and importance of surface conductivity for shallow
surface characterization (e.g., Miiller et al., 2010).

In the present study, we develop a new methodology to estimate
the in situ nitrate concentration in the saprolite that accounts for the
effect of surface conductivity and use a recently developed meth-
odology — the active time-constrained approach (ATC) — to
perform time-lapse tomography of two of these contaminant plumes
to understand their dynamics. Such an approach can be considered
as a first step to develop fully coupled inversion strategies at
this site.

DESCRIPTION OF THE TEST SITE

The IFRC is located 32 km west of Knoxville, Tennessee
(Figure 1a). The position of the former S-3 settling ponds is shown
in Figure 1b. Contaminants have infiltrated the shallow saprolite
and the bedrock for 61 years. Some of these plumes extend now
~5 km downstream. The saprolites, which serve as a low-
permeability aquifer at the site, have developed from the weathering
of Middle Cambrian interbedded shale, siltstone, and limestone
forming the parent rock material (Driese et al., 2001). The saprolite
conserves some of the textural features of the parent bedrock. For
instance, the fractures found in the bedrock and in the saprolite are
characterized by a dip of 45SE and a strike of N55E.

A piezometric map in the shallow saprolite, around the former
S-3 ponds, is shown in Figure 1b. The hydraulic head gradient
of the saprolite is nearly from north to south with a mean head gra-
dient of ~2.4 m per 100 m. The water table is located from few
meters to 5 m below the ground surface. The shape of the hydraulic
head equipotentials near Bear Creek indicates that the aquifer
recharges the river all along the section shown in Figure 1b (see
Figure 2). The transport of the contaminant is controlled not only

by the head gradient shown in Figure 1b but also by the hydraulic
conductivity tensor associated with the saprolite fracture orienta-
tion, as discussed by Watson et al. (2004).

Overlying the saprolite (from the ground surface at the site to
1-2 m deep) is a quite permeable layer of fill (hydraulic conduc-
tivity of ~5x 107! ms™!, Kowalsky et al., 2011). After strong rain
events, a perched aquifer is observed at the bottom of the fill and
water can be observed in the southern portion of a ditch surrounding
the former S-3 ponds. This perched aquifer lasts for most of the year
except in the dry season (Kowalsky et al., 2011). The saprolitic for-
mation itself is 15-30-m thick. There is a transition zone from this
aquifer to the bedrock. This transition zone is interpreted to be more
permeable than the upper aquifer itself (Salomon et al., 1992; Chen
et al., 2006; Kowalsky et al., 2011). The bedrock is made of inter-
bedded limestones and shales and corresponds to the aquitard. That
said, the low pH of the some of the contaminant plumes (pH < 4)
can be responsible for local dissolution of the limestone, with
potential concomitant increase in local permeability. Such a per-
meability enhancement could reinforce the localized distribution
of the contaminant plumes.

The background (uncontaminated) pore water composition is
reported in Table 1. The background pore water is a calcium bicar-
bonate solution with a slightly alkaline pH. The concentrations of
the major constituents in the S-3 Ponds in 1978 are reported in
Table 2. The background pore water and the pond water from
the two-end members for the contamination around the former
S-3 Ponds. A relationship between the pore water conductivity
and the nitrate concentration will be developed below in the next
section (see Table 3 for some relevant concentrations and ground-
water characteristics around the former S-3 ponds for the 2009—
2012 period). The two extremes for the nitrates concentrations are
2.3 mgL~! for the background pore water and 70,000 mgL~! for
the former nitrate concentration in the S-3 ponds. In situ pore
water sampling is showing that, in the last decade, some of the
contaminant plumes have a nitrate concentration higher than
49,000 mg L~ (Watson et al., 2005). The hydrogeological proper-
ties of the different formations (see Figure 2) are reported in Table 4.

ELECTRICAL RESISTIVITY TOMOGRAMS
Acquisition and inversion

A resistivity survey was performed in October 2011. There was
no rain for the two weeks preceding the acquisition of the resistivity
data. Seventeen DC resistivity profiles were performed upgradient
and downgradient of the former S-3 ponds (see position in Figure 3).
The total survey comprised a total of 978 electrodes and 6,889 four
electrodes measurements. The measurements were performed with
the ABEM SAS-4000 (four channels). The quadrupole measure-
ments were repeated until the computed standard deviation was bet-
ter than 5% with a maximum of 10 stacks used (data with standard
deviations higher than 10% were removed from the data set). Data
with standard deviations comprised between 5% and 10% were kept
in the data set. The data were inverted in 2.5D and in 3D as dis-
cussed below (note that all the data were acquired along profiles,
not in 3D). All the measurements were performed with the Wenner
and Wenner Schlumberger arrays (because of their very good sig-
nal-to-noise ratio) with 64 stainless steel electrodes per profile. With
the exception of Profiles P6 and P9, the contact resistances were
always smaller than 3 kohm (smaller than 600 ohm for 91% of
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the measurements). Profiles P6 and P9 were partly performed
through asphalt and were characterized by contact resistances as
high as 6 kohm in some cases. The injected current was between
20 and 200 mA depending on the contact resistances.

The profiles were first inverted with the code of Karaoulis et al.
(2011a, 2011b). The minimization was performed with the Gauss-
Newton algorithm (e.g., Kim et al., 2009a; Johnson et al., 2010).
Topography was included in the inversion. Data quality (based
on the standard deviation recorded by the impedance meter) was
included in the inversion process. The noise was incorporated in
a data covariance diagonal matrix and applied to the data misfit con-
tribution of the cost function to minimize. A subset of these profiles
(P14 and P15) is shown in Figure 4.

To get a better understanding of the field results shown in
Figure 4, we decided to perform the inversion of a synthetic data
set with a resistive substratum model, a saprolitic aquifer, and a
more resistive vadose zone. A conductive plume is included in
the aquifer. The true resistivity model is shown in Figure 5a. For
this synthetic case study, we used 48 electrodes on the ground
surface (4-m spacing), and the Wenner Schumberger array. The in-
verted resistivity distribution is shown in Figure 5b without noise
and with 5% random noise added to the data in Figure 5c. This 5%
noise corresponds to the typical noise level in our field data from the
standard deviations recorded in the field. The inversion converged
in five iterations and the data rms error was 0.9% with no noise and
4.3% with the noise added to the data (Figure Se and 5f), which can
be compared with about 6% rms error for most of the resistivity
profiles (Figure 4). The inversion suggests that we can recover
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Figure 1. Localization of the test site. (a) Position of Oak Ridge in
Tennessee. (b) Groundwater elevation map around the former S-3
ponds area in meters above sea level. The aquifers discharge to the
Bear Creek River (modified from Watson et al., 2004). (c) Picture
taken from the west of the ponds when they were in activity and
before they were filled and sealed with a five-layer cap and an
asphalt parking lot was built on the top of them.
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Figure 2. Sketch of a typical Oak Ridge FRC soil and bedrock
profile showing the evolution of the density of fractures with depth.
The transition zone between the saprolite and the parent bedrock is
usually characterized by a permeability higher than in the saprolite
itself. The transition between the parent bedrock and the saprolite is
usually characterized by a strong topography.

Table 1. Background groundwater composition and
properties (Schreiber, 1995).

Element or property Value

Ca (mg/L) 26-73; 81¢
Mg (mg/L) 1.7-9.4, 15¢
K (mg/L) <2.0-3.8;3.2°
Na (mg/L) 2.7-120, 12¢
HCO; (mg/L) 98-330

Cl (mg/L) 0.9-5.5
SO, (mg/L) 6.6-170, 14¢
NO; (mg/L) <0.1-2.1, 2.3¢
PO, (mg/L) <0.5

Alk. (mg/kg as CaCO;) 80-270, 195
U (mg/L) <0.001¢
pH 6.9-8.1, 7.7
Eh (mV) 5507

TDS (mg/L) 152-714

Conductivity o,, (S/m) 0.080¢, 0.047-0.081¢

SShevenell et al. (1994).
"Jardine et al. (1993).
8Revil et al. (2013a, 2013b, 2013c).
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Table 2. Maximum concentrations of the major constituents
of the S-3 Ponds in 1978 together with the pH and density of
the pore water (from Shevenell et al., 1994).

Element Value (mg L~ 1
Aluminium 4860
Boron 30
Calcium 3050
Chromium 60
Copper 44
Iron 1210
Lithium 25
Magnesium 670
Manganese 24
Nickel 130
Phosphorus 100
Potassium 420
Silicon 95
Thorium 120
Uranium 320
Chloride 2330
Fluoride 31
Nitrogen 73,800
pH 0.8
Density 1070 kgm™3

Table 3. Composition of the pore water of the different
plumes. U stands for Uranium concentration.

Property CP1 CP2 CP3 CP4a CP4b
FW117 FWO010 FW008 FWwWO022 FW027

o, (S/m) 0.54 4.11 0.77 0.75 1.59

pH 3.39 3.46 5.50 5.51 5.39

U (mgL™") 22.18 0.19 0.0034  0.0856  0.0276

Table 4. Properties of the sediments. The parameter ¢
denotes the porosity, K (ms~!) denotes the hydraulic
conductivity, and m denotes the cementation exponent.

Property Fill Saprolite Saprolite Bedrock
Upper section Transition zone

¢ 0.50  0.3¢°, 0.3-0.5" 0.25 0.1-0.2¢

K (ms™') 5x10™% 1077 -10° 4x107° 10~ 1n

m (-) 1.5 1.6-1.7ov 1.3, 1.6% 1.7%

“Kowalsky et al. (2011).
19Revil et al. (2013a).
Solomon et al. (1992).

the position of the plume and get a fairly good idea of the position of
the substratum. The resistivity of the contaminant plume is fairly
well recovered as is the thickness of the vadose zone (see the thin
resistive portion on the upper part of the aquifer). However, Figure 5b
and Sc indicates strong variations at depth >15 m between the true
model and the tomogram. The high conductivity of the aquifer com-
bined with the regularization based on the minimization of the Lap-
lacian operator for the regularizer yield a smooth resistivity contrast
between the saprolite and the bedrock rather than showing the sharp
resistivity contrast existing in the true model. Therefore, the position
of the bedrock should be interpreted with caution because of the lack
of sensitivity at this depth (see Figure 5d).

The profiles were also inverted in 3D with the same software as
used for the 2D inversion above. The inversion was done in three
iterations leading to a data rms error of 5%. The anisotropy ratio of
permeability is on the order of 100 (the material is transversely iso-
tropic material, see Shevenell et al., 1994). This strong anisotropy of
permeability is due to the presence of cracks inherited from the
parent bedrock (Figure 2). Electrical anisotropy of the formations
was not accounted for, but is expected to be much smaller than
permeability anisotropy (Ghous et al., 2005; Halisch et al.,
2009). Note also that all our measurements are in the strike direc-
tion or perpendicular to it and therefore not accounting for
resistivity anisotropy may be a reasonable choice in this case.
The results of the 3D inversion is shown in Figure 6. The interpre-
tation of these data is provided below.

Interpretation of the resistivity profiles

The profiles P8, P1, and P2 are located southwest of the former
S-3 ponds (Figure 3). From the 3D resistivity tomogram shown in
Figure 6, three distinct plumes characterized by low resistivity
anomalies (<15 ohm m) can be observed. They are typically lo-
cated at a depth comprised between 4 and 12 m. CP2 is a plume
recognized in previous surveys (Watson et al., 2005) as having a
high nitrate concentration (>40,000 mgL~!, see Table 3). CP1,
further south, is characterized by the highest uranium concentration
around the former S-3 ponds (Watson et al., 2005). The direction of
the two plumes is nearly perpendicular to the edge of the former S-3
basins.

Profiles P12, P11, P10, P14, and P15 are located southeast of the
former S-3 ponds. The 3D resistivity tomogram shows a main
plume (termed CP4, see Figure 4) localized between 5- and 15-m
deep. Close to the former S-3 ponds, this plume is nearly
perpendicular to the edge of the ponds but extends in the southern
direction based on adjacent profiles. The 3D resistivity tomogram
(see Figure 6) displays a more resistive aquifer (in the range 50—
80 ohm-m) along the north boundary of the former S-3 ponds. This
high resistivity is consistent with the absence of conductive contam-
inant plumes along this upstream boundary (Salomon et al., 1992).
The tomograms suggest that the main plumes occur therefore down-
stream at the west—south and east—south sides of the former S-3
ponds. This is showing clearly that the presence of the contaminants
has a high impact upon the resistivity of the aquifer, with local var-
iations in the porosity and clay content playing a secondary role.

Connection to petrophysics

The resistivity of the contaminant plumes is typically in the range
2-20 ohm-m while the resistivity of the uncontaminated bedrock is
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typically in the range 60—120 ohm-m. Figure 7 shows some sapro-
lite resistivity data versus pore-water conductivity data. We choose
to plot the material resistivity versus the conductivity of the pore
fluid, an unconventional way to plot the resistivity data. This choice
was made because we are interested to interpret the electrical resis-
tivity tomograms in terms of pore water conductivity and then, as
discussed further below, in terms of nitrate concentration. The in
situ data are given in terms of water conductivity measured in a
set of wells. Figure 7 displays laboratory electrical conductivity
measurements made by Revil et al. (2013a) for three saprolitic
samples from the background (uncontaminated) region of the
Oak Ridge site as well as measurements made on an intact core
sample from the contaminated portion of the aquifer (Revil et al.,
2013b). These field data are based on the resistivity pixel associated
with the wells at the position where the pore water sample used to
measure the conductivity values was taken. The background site is
an uncontaminated site localized few miles away, upgradient, in the
same formations that is present at the IFRC. In the case of the data
of Revil et al. (2013a), the laboratory measurements were per-
formed with the background water and with NaCl solutions and
are here reported at 1 Hz, which is the frequency used for the
DC resistivity surveys. For the data reported by Revil et al.
(2013b), the measurements were performed with in situ pore waters.

Figure 7 shows two end-members for the saprolite resistivity and
pore water conductivity. With the background water (see Table 1),
the resistivity of the saprolite is controlled by the surface conduc-
tivity along the mineral water interface and not by the formation
factor. In these conditions, the saprolite resistivivity is in the range
20-150 ohm-m (Revil et al., 2013a). The other end-member is
observed at high nitrate or NaCl concentrations. In this case, the
resistivity is controlled by the formation factor F' which is in the
range 4-6 according to the laboratory measurements.

The electrical conductivity of the saprolitic material & (in Sm™")
can be explicitly written as a function of the formation factor F
(dimensionless) and the surface conductivity ¢ (in Sm™!) by
(Waxman and Smits, 1968; Revil et al., 2013a),
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conductivity of the pore-water solution depends on all the ions that
are present. Nitrate is, however, one of the major anions and there-
fore it is legitimate to look for a relationship between the ground-
water conductivity and the nitrate concentration. This relationship
should honor the fact that there is nearly no nitrate in the back-
ground pore water (see Table 1). We propose therefore the following
linear relationship between the conductivity of the pore water and
the nitrate concentration (see Figure 8 and Kowalsky et al., 2011):

Position of the 17 DC resistivity profiles

100 m N55E @ Wells
r 1 N

4SSE( Strike and dip of bedding planes

S-3 Ponds
Parking lot

Figure 3. Position of the 17 DC-resistivity profiles used to inves-
tigate the position of the contaminant plumes. “A” represents a gen-
erator with cathodic protection generating spurious self-potential
anomalies. “B” denotes a reactive barrier emplaced to protect Bear
Creek. Only a subset of all the drilled wells is shown here.
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The second step of our analysis is to connect
the groundwater conductivity to the nitrate
concentration. Indeed, knowing the nitrate con-
centration is of paramount importance to under-
stand the chemistry of uranium (Wu et al., 2010;
Gasperikova et al., 2012). This is because nitrates
serve as an oxidant for uranium and trans-
form immobile U(IV) to mobile U(VI). The

1 1
100 120 140 200

Distance (m)

180 220

Figure 4. Examples of 2.5D resistivity inversion. Examples of selected resistivity
profiles South to the former S-3 Ponds (Profiles P14 and P15, iteration 5, data root-
mean-square (rms) errors 5.8% and 6.2%, respectively). The main plumes (CP4) can
be recognized. This plume breaks into two plumes CP4a and CP4b. Note the strong topog-
raphy of the interface between the bedrock and the saprolitic aquifer. The vertical bars show
the position of the wells. The position of the bedrock is in agreement with lithological
information from several wells drilled in Area 1. (a) Profile P14 and (b) Profile P15.
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6,,(25°C, Cy) = 06,,(25°C, Background) + 10~
X Cy(mg/L),

(@)

where Cy(mg/L) denotes the concentration in nitrate expressed in
mg L~! while the conductivity of the pore water is expressed in S m
~1. The background conductivity of the pore water is reported in
Table 1 for the background (upstream) site discussed by Revil et al.
(2013a). It is equal to 0.065 £ 0.020 Sm~! at 25°C (the nitrate con-
centration in the background water is < 0.1 —2.3 mgL™!, see
Table 1, and therefore negligible). The factor 10 is from Kowal-
sky et al. (2011). However, the background value for the pore-water
conductivity used by Kowalsky et al. (2011) is much too high
(0.363 Sm™! at 25°C) probably to compensate for surface conduc-
tivity, which is not accounted for in their work. The validity of equa-
tion 2 can be also tested with the two highest concentration/
pore-water conductivities reported by Watson et al. (2005) for
the contaminant plume CP2. These two highest concentrations
are 44,248 and 49,800 mg L~!. According to equation 2, this cor-
responds to pore water conductivities of 4.5 and 5.0 Sm™! (at 25°
C), respectively. The measured values (corrected for temperature at
25°C) are 4.2 and 5.3 S m™!, respectively. Therefore, there is a good
agreement between the value predicted by equation 2 and those
measured in the field including for extreme values of the nitrate

concentrations (minimum and maximum cases).

The formation factor is related to the porosity by Archie’s law,
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where m is called the cementation exponent (Archie, 1942).
A cementation exponent of 1.6 was determined from core sample
measurements by Revil et al. (2013a). A formation factor in the
range 5-40 (see Figure 7) implies therefore a porosity of the aquifer
in the range 0.10-0.37 with an average value of 0.23. This value is
close to the porosity reported by Driese et al. (2001) for the sap-
rolitic aquifer (0.25 at 5-m depth). Kowalsky et al. (2011) found
as a result of their inversion a cementation exponent in the range
0.8-1.3. A cementation exponent smaller than one is unphysical
(Revil and Cathles, 1999) pointing out a problem in their procedure.
A value of 1.3 seems also very low with respect to our laboratory
measurements (m = 1.6 = 0.1, Revil et al., 2013a). Indeed, a for-
mation factor of 20 with a cementation exponent of 1.3 yields a
porosity of 10% for the transition zone, which is too low with re-
spect to core sample measurements and in situ observations.

We can also check if the value of the surface conductivity deter-
mined from Figure 7 (mixing laboratory and field data) is reason-
able or not with respect to the value of the cation exchange capacity
reported for the saprolite. According to the recent model of Revil
(2012), surface conductivity is mostly due to the cations present in
the diffuse layer. The surface conductivity can be related to the cat-
ion exchange capacity CEC by (Revil, 2012; Revil et al., 2012),

1
05 = fﬂ(ﬂ(l - )0y, )

0y =p, (7”) CEC, 5)
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Figure 5. Synthetic case study. (a) True model, (b) inverted model with no noise added to the data, (c) inverted model with no noise added to
the data, (d) sensitivity determined from the resolution matrix, (e) evolution of the data rms error for the inversion with no noise and (f) evo-
lution of the data rms error for the inversion with 5% noise added to the data. All the profile inversions were performed with the code developed

by Karaoulis et al. (2011a, 2011b).
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where f is the fraction of counterions in the Stern layer (also
called the partition coefficient by Revil and Florsch, 2010;
Revil, 2012). Taking f = 0.92 (a very reasonable value for illite,
see Revil, 2012; Revil et al., 2012) and f,, (Na*,25°C) = 5.2 x
1078 m?s~! V-1 (the value of the mobility for sodium in the
pore water) yields Qy, = 9.6 X 107 C m~>. Using this value in equa-
tion 5 together with a mass density for the grains of p, =
2650 kgm™3 (Revil et al., 2013a, 2013b, 2013c) yields a CEC
of 6.6 cmolkg™'. This compares very well with the value of the
CEC reported by Kim et al. (2009b), 10.5 cmol kg~! for a saprolite
from the IFRC collected at a depth of 1 m and using a chemical
titration approach.

We have used the methodology discussed previously to compute
the nitrate concentrations from the inversion of the resistivity
profiles. We use the following two steps:

1) Equation 1 is used to determine the pore-water conductivity
using a mean value for the formation factor of 20 and a mean
value for the surface conductivity of 2 X 10~ Sm~! (Figure 7).

2) We use equation 2 to determine the nitrate concentration using a
background pore-water conductivity of 0.065 & 0.020 Sm™!
(Figure 8).

In Figures 9-11, we see that the plumes follow well-
defined paths. The plumes located west of the former S-3 ponds
follow the strike direction of the formations (see Figure 2). We
found nitration concentrations typically comprised between about
0 and 50,000 mg L™, a result consistent with in situ measurements
(e.g., Watson et al., 2005). The highest nitrate concentrations are
found in the plumes CP2 and CP4 (>40,000 mgL~') close to
the boundaries of the former S-3 Ponds. Plume CP1 is characterized
by a nitrate concentration on the order of 10,000 mgL~'. We will
see, however, that the concentration of this plume changes over the
year as reported by Kowalsky et al. (2011). Plume CP3 is charac-
terized by a nitrate concentration on the order of 10,000 mg L™! (see
Figure 9). Plume CP5 is characterized by a nitrate concentration of
about 10,000 mgL~! (Figure 10).

We should, however, recognize that the present approach may be
fraught with potential pitfalls, such as the interpretation of regulari-
zation artifacts from the resistivity imaging in terms of nitrate dis-
tributions (see for instance in the synthetic case study shown in
Figure 5). Figure 5a—5c shows a that the geometry of the plume
is only fairly recovered and several artifacts are noticeable at depths
>15 m, especially regarding the detection of the bedrock. Artifacts
may be associated with numerical error, smoothing, and the non-
uniqueness of the inverse problem. Figure 12 provides a validation
test of the accuracy of our approach. In this figure,
we plot the pore-water conductivity inferred from the resistivity
tomograms (using o,, = F(1/p —og) and F =20 and 653 =2 X
1072 Sm™! as discussed above) versus in situ data based on water
samples collected in 21 wells (see Figure 3). The favorable com-
parison validates our approach. The extreme changes in the ionic
strength of the pore water due to the contamination overprint local
effects associated with spatial change in the formation factor and
surface conductivity. In other words, despite the fact that the pet-
rophysical transforms are nonstationary (the statistics are position-
dependent), the biggest effect on the resistivity signatures near the
S-3 basins where this study was conducted is associated with the
contamination of the aquifer rather than from local variations in clay
content, mineralogy, and porosity. We have performed an additional

test without considering surface conductivity and we were unable to
predict well the pore water conductivity. This shows that surface
conductivity needs to be considered in the interpretation of the re-
sistivity tomograms in such high-clay-content environments, a point
that is recognized by most researchers in the hydrogeophysical
community but rarely incorporated into studies due to the lack
of site-specific petrophysical information.

Geometry of the contaminant plumes

The interpretation of the 2.5D and 3D resistivity tomogram is
summarized in Figure 13. Figure 13a illustrates the flow direction
of the five main plumes (CP1-CP5) and the piezometric levels. The
direction of the plumes CP1, CP2, CP3, and CP5 is likely due to the
head gradient plus the effect of the strongly dipping heterogeneity
of the aquifer (Shevenell et al., 1994). Plume CP4 move mostly in
the direction of the head gradient because of the existence of some
small valleys in the saprolite/bedrock interface that are expected

3D Resistivity tomography

Upgneﬂm

Former S-3
basins

Log (Resistivity,
ohm.m)

Threshold 15 ohm-m P2

Figure 6. Three-dimensional resistivity (ERT). The inverted resis-
tivity data are shown at two depths: 7 and 10 m. The last figure
shows the 3D distribution of resistivity with a threshold at
15 ohm-m.
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from the geology of the bedrock (Watson et al., 2004). The contam-
inant plumes are primarily located in the more permeable transition
zone between the saprolite and the bedrock (see Figure 2).

TIME-LAPSE RESISTIVITY

In this section, we investigate the time-lapse behavior of the DC
resistivity along a portion of profile P1 (see position in Figure 3) and
focused on the monitoring of the contaminant plumes CP1 and CP2.
Gasperikova et al. (2012) also interpreted the plume responses to
recharge in the vicinity of the S-3 basins using time-lapse ERT,
although they did not consider surface conductivity effects. As men-
tioned in the previous section, the plume CP1 is especially impor-
tant because of its high concentration in uranium (see Table 3 and
Watson et al., 2004, 2005).

Methodology

In time-lapse resistivity tomography, one problem corresponds to
the occurrence of artifacts in the resistivity tomograms resulting
from noise present in the data. As a result, sequential inversion

1

1
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Figure 7. Resistivity of saprolitic aquifer. The data from Revil et al.
(2013a) corresponds to laboratory measurements with remolded
core samples and NaCl solutions while the data by Revil et al.
(2013b) corresponds to an undisturbed core sample with in situ
groundwaters in a column experiment. The other data are coming
from the field (cross plot of the resistivity from the tomograms and
the pore water conductivity from the well data). At high pore water
conductivity, the resistivity response is controlled by the value of
the formation factor and the conductivity of the pore water. At
low pore water conductivities, the resistivity is controlled by surface
conductivity, which is controlled by the cation exchange capacity of
the clay minerals. The two shaded boxes correspond to the range of
value for the background (uncontamined) groundwater (upper-left
side) and for the heavily contaminated CP2 plume (lower-right
side). They form the two end-members cases.

is not always adequate because the results can be strongly affected
by the reference model used to start the sequential time-lapse inver-
sion (see tests in Karaoulis et al., 2011a). Recently, a new time-lapse
regularization tool has been developed for time-lapse resistivity
tomography (Kim et al., 2009a; Karaoulis et al., 2011a, 2011b).
This method, the time-constrained (ATC) approach, incorporates
a time-dependent term directly in the cost-function to minimize.
This approach allows to improve time-lapse imaging especially
when strong noise is present in the data as long as the noise is
not correlated over time. The regularization parameters are also

25
6,(25°C,C,)=0,,(25°C, Background) +10~* x C, (mg/L)

20 ©,,(25°C, Background) = 0.065 Sm™

0.5

Pore water electrical conductivity (S/m)

1 1 1 1
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| lC,v (mg/L)
! ] ]
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Cn, Nitrate concentration (mg/L)
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Figure 8. Relationship between the electrical conductivity of the
pore water 6,, (in Sm™!) and the nitrate concentration Cy (in
mgL~"). This relationship respects the value of the background
pore water in absence of nitrate in the background pore water
(see Table 1). Insert: test of the same relationship for the very high
nitrate concentrations found in plume CP2.
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Figure 9. Nitrate concentration determined from the 3D resistivity
inversion in the eastern part of the former S-3 ponds. Profiles P6 and
P9 are very noisy and there is a lot of uncertainty associated with
these results. Note that the contaminant follows a linear flow pattern
that is aligned with geologic strike.



Resistivity imaging of contaminant plumes EN37

automatically chosen in areas where the data shows that actual
changes are occurring (see Karaoulis et al. [2011a] for additional
details on the procedure).

Data set

A total 29 snapshots of apparent resistivity data have been ob-
tained downstream the former S-3 Ponds on a portion of Profile
P1 (see position Figure 3). The profile is 83-m long and comprises
112 stainless steel electrodes. Each snapshot include 2568 measure-
ments with a combination of dipole-dipole, Wenner, and Wenner-
Schlumberger arrays. The measurements were performed with an
AGI resistivity meter. The average contact resistance is 1 kohm.
A total of 74,472 measurement are considered in our test and in-
verted altogether. Each resistivity data set contains repeated and
reciprocal measurements to help identify and remove noisy data.
Measurements that differed by more than 3% are removed from
the data set prior the time lapse inversion. Less than 1% of the repeat
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Figure 10. Nitrate concentration determined from the resistivity in-
version of profiles P17 and P16 located in the northern part of the
former S-3 ponds. These two profiles do not indicate the presence of
contaminant plumes with possibly the exception of a small plume
(CP5) located on the SW edge of the former S-3 ponds.
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Figure 11. Determination of the nitrate concentration for the 3D
resistivity inversion of the profiles located south of the former
S-3 ponds. Down gradient, the main plume CP4 splits into two
plumes (CP4a and CP4b).
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Figure 12. Comparison between the conductivity of the pore water
determined from the tomograms and the in situ sampling of the pore
water conductivity in 21 wells located around the former S-3 basins
(see Figure 3).
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S-3 pond. (b) Position of the ditch with respect to the CP1 plume.
The ditch is also recharging the saprolitic aquifer and influence the
nitrate concentration of the contaminant plume CP1.
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and reciprocal measurements have an error >3%, and less than 10%
of the data are removed. The remaining data are averaged and the
noise included in a diagonal covariance matrix to weight the data
during the inversion process. The diagonal terms of this matrix
are computed from the square of the standard deviation of the
measurements.
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The result of the time-lapse inversion is shown in Figure 14a. The
inversion converged after seven iterations with a data rms error of
15% (Figure 14c). This high rms error is due to some relatively
random noise in the data (filtering further the data prior the inver-
sion reduced the data rms error to 5% without changing the structure
of the tomogram). This is consistent with the results of Revil et al.
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Figure 14. Time lapse tomography based on the ATC approach. (a) Results of the time lapse inversion for the profile in Area 3. (b) Analysis of
a tomogram showing the position of the plumes CP1 and CP2. (c) Data rms Error as a function of the number of iterations for the time lapse
2.5D resistivity tomography. The algorithm converged after seven iterations. (d) Sensitivity map.
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(2008): Adding random noise to the apparent resistivity data may
increase significantly the data rms error without changing the struc-
ture of the inverted model. The inverted tomograms show the posi-
tion of the CP1 plume (characterized by relatively low nitrate and
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Figure 15. Evolution of the resistivity data for plumes CP1 and
CP2. (a) Winter. (b) Summer. The uncertainty for the resistivity
estimate is taken from a comparison between a synthetic test
and the inversion of this synthetic test. Note a second event in plume
CP1 occurred in Summer 2009.
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Figure 16. Evolution of the nitrate concentration in Plume CP1
during the winter 2008-2009. The evolution of the nitrate con-
centrations (filled circles) is determined from the evolution of
the resistivity at point A (see Figures 14 and 15). The petrophysical
transforms used to convert resistivity changes into nitrate concen-
tration changes are discussed in the main text. The two solid lines
correspond to the uncertainty (95% confidence interval).

high uranium concentrations) and the CP2 plume (characterized by
high nitrate and low uranium concentrations) (see Figure 14b). A
typical normalized sensitivity map of the tomogram is shown in
Figure 14d. The resolution loss with depth is very noticeable. A
threshold of 0.05 is used to decide if changes in a given area are
not artifacts. This sensitivity map provides credence that the
changes in the plumes CP1 and CP2 are not artifacts of the inversion
as discussed further below.

Discussion of the results

We reported the evolution of the resistivity for two character-
istic points (termed A and B) belonging to the plumes CP1 and
CP2, respectively (see Figure 14c). These data are reported in
Figure 15 for the set of snapshots corresponding to the winter time
(Figure 15a) and for the snapshots corresponding to the summer
time (Figure 15b). One characteristic event (event 1 in Figure 15a)
is the decrease, by a factor of three, of the resistivity of the plume
CP1 located close to the main recharge of the aquifer through the
South comer of the ditch surrounding the former S-3 ponds.

This ditch may play an important role in the hydrogeology of the
plumes. Indeed, all the meteoritic water received by the parking lot
built on the top of the former S-3 basins is collected by this ditch.
The southern corner of the ditch is slightly lower in altitude than
elsewhere and could serve as a preferential infiltration pathway
to the aquifer. Note that the position of the profile P1 is located
approximately 2 m from the center of this ditch.

The resistivity decrease, by a factor of three, of plume CP1 may
therefore correspond to a drying event (no recharge through the
ditch) that occurred several months prior the record of the resistivity
tomograms in summer 2008. The background resistivity of plume
CP2 is 5 ohm-m and remains nearly constant during the investigated
period of time. Using equations 1 and 2, this corresponds to a nitrate
concentration of 39,000 mgL~! in plume CP2 at the time of the
measurements The understanding of the dynamics of the plumes
CP1 and CP2 will obviously require further modeling, but could
be due to infiltration from the ditch as shown in Figure 13b at
the south corner of the former S-3 ponds.

Figure 16 shows the computation of the evolution of the nitrate
concentration at point A of plume CP1 using the resistivity data
extracted from the tomograms at this point (Figure 15a). We used
the same transforms as above to analyze the static distribution of
the resistivity in terms of pore water conductivity and nitrate
concentration. Very few in situ measurements were performed at
the same time (Winter 2008-2009) around plume CP1. That said,
the end of event 1 in Figure 15 is consistent with the variations re-
corded in well FW120 nearby where the nitrate concentra-
tion was observed to decrease from 5200 to 3300 mgL™!
(Kowalsky et al., 2011).

CONCLUSIONS

Hydrogeophysical investigations performed around the former
S-3 settling basins at the Oak Ridge IFRC site, Tennessee have re-
vealed the following features:

1) Five main plumes have been detected by 2.5D/3D resistivity
tomography, three plumes on the Western part of the former
S-3 Ponds (CP1, CP2, and CP3), one main plume (CP4) in
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the southern part of the S-3 ponds, and potentially another small
plume further north to the CP3 plume named CPS5.

2) A methodology has been developed to use the resistivity tomo-
grams and compute the nitrate concentration in the plumes
around the S-3 ponds. This methodology is based on a conduc-
tivity model that accounts for the formation factor and the
surface conductivity. This is in contrast with previous works
in which surface conductivity was considered negligible despite
the presence of 20% (by weight) clay fraction and clays
characterized by a high CEC. This conductivity model has been
validated in a previous laboratory work. The pore water conduc-
tivity is related to the nitrate concentration through a linear
equation accounting for the vanishingly small nitrate concentra-
tion in the background pore water and validated through well
data. Future work could include larger scale resistivity tomog-
raphy (at the scale of the valley) to reveal deeper flow paths used
by the contaminants to move downstream. The approach devel-
oped in this paper can be applied to different sites but the values
of the surface conductivity and formation factor need to care-
fully estimated for different formations and rock types.

3) Time-lapse resistivity tomography reveals that plume CP1
(which has the highest uranium concentration) is characterized
by fluctuations over time in agreement with in situ observations.
These higher concentrations are possibly associated with the
drying of the ditch surrounding the former S-3 basins during
the summer time and the lack of infiltration of fresh water from
the ditch into the saprolite.
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