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ABSTRACT

At the Oak Ridge Integrated Field Research Challenge site,
near Oak Ridge, Tennessee, the shallow saprolitic aquifer is
contaminated by nitric acid, uranium, and metals originating
from the former S3 settling ponds. To interpret low-frequency
geophysical methods used to image contaminant plumes, we
have characterized the petrophysical properties of three repre-
sentative saprolite core samples. Their hydraulic conductivity
ranges from 10−7 to 10−6 m s−1 in agreement with field data.
Complex conductivity measurements, in the frequency range
of 1 mHz to 45 kHz, were performed with NaCl solutions with
electrical conductivities in the range 5 × 10−3 to 2.35 Sm−1, a
range representative of field conditions. The electrical con-
ductivity data were well reproduced with a simple linear con-
ductivity model between the saprolite conductivity and the
pore water conductivity. The conductivity plots were used
to estimate the formation factor (the cementation exponent

was about 2.2� 0.3) and the surface conductivity (0.007−
0.040 Sm−1). The magnitude of the surface conductivity de-
pended on the degree of weathering and therefore on the amount
of smectite and mixed layer (illite-smectite) clays present in the
saprolite. The chargeability of the core samples was in the range
of 20 to 800 mVV−1 and is strongly dependent on the salinity.
We also performed streaming potential measurements with the
same pore fluid composition as that used for the complex
conductivity measurements. We found an excess of movable
electrical charges on the order of 100 to 500 Cm−3 in agreement
with previous investigations connecting the movable excess
charge density to permeability. The zeta potential was in the
range of −10 to −20mV independent on the salinity. The
electrical measurements were consistent with an average
cation exchange capacity in the range of 1.4 to 11 cmol kg−1

and a specific surface area on the order of 4000 to about
30,000 m2 kg−1.

INTRODUCTION

Various geophysical methods have been used to locate contami-
nant migration at the Oak Ridge Integrated Field Research Chal-
lenge (IFRC) site, near Oak Ridge, Tennessee (USA) (Watson
et al., 2005; Chen et al., 2006, 2010; Kowalsky et al., 2011;
Gasperikova et al., 2012). The IFRC was established as a part of
the U. S. Department of Energy (DOE) Subsurface Biogeochemis-
try Research program to evaluate different remediation technolo-
gies. The S3 settling 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 U. S. DOE. These basins consisted of four ponds
built in 1951. For the following 32 years, they received a yearly
volume of 7.6 million liters of acidic (pH < 2) liquid wastes con-
sisting of nitric acid, uranium, technetium, cadmium, mercury,
chlorinated solvents, and strontium among other harmful species
(Gu et al., 2003). The contaminants from the S3 basins have infil-
trated the shallow saprolitic aquifer resulting in plumes extending
up to 5 km downgradient from the basins’ location. Many of the
geophysical studies performed at the IFRC relied on site-specific
empirical relationships. To improve the quantitative interpretation
of low-frequency geoelectrical data (direct-current [DC] resistivity,
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induced polarization, and self-potential), there is a need to under-
stand at a more fundamental level the petrophysical properties of the
saprolite.
The present work concerns the development of a database of var-

ious petrophysical measurements of saprolitic core samples from
the uncontaminated IFRC background location. These samples
were collected from the same geologic formation as the former
S3 ponds and share the same characteristics of the saprolite as
the contaminated area. In this paper, we present a comparison
between recently derived petrophysical models and this new set of
petrophysical measurements including permeability, complex con-
ductivity, and streaming potential data on saprolite cores samples.

MATERIAL AND METHODS

Saprolitic materials

The contaminated and uncontaminated areas are situated near the
Y-12 National Security Complex in Bear Creek Valley in Oak
Ridge, Tennessee (Figure 1). The shallow subsurface consists of
saprolites, which result from the weathering of Middle Cambrian
interbedded shale, siltstone, and limestone forming the parent rock
material (Figure 1c; Driese et al., 2001; Watson et al., 2004). It over-
lies the calcite-rich Nolichucky shale formation, which is part of the
Cambrian Conasauga Group, located in the Bear Creek Valley.
A number of publications describe the mineralogy of the saprolite

and some of their properties at the IFRC (e.g., Jardine et al., 1993a,

1993b). Despite the fact that there are some variations in the clay
content with depth, the sand and silt fractions (in weight) are grossly
50% and 31%, respectively, and the clay fraction is about 19%
(Jardine et al., 1988, 1993a, 1993b). The cation exchange capacity
of saprolite soil samples collected at 1 m depth is typically
10.5 cmol kg−1 (0.105 meq g−1; see Kim et al., 2009). Jardine
et al. (1993a) report a CEC in the range 7 to 16 cmol kg−1

(0.07–0.16 meq g−1). Waxman and Smits (1968) develop the
following relationship between the CEC and the specific area
SSp ¼ NeCEC∕ðQSÞ, where QS ¼ 0.32 Cm−2 (Revil et al.,
1998; Woodruff and Revil, 2011) denotes the charge per unit sur-
face area for clays and the CEC expressed in Ckg−1. Taking
10.5 cmol kg−1 is therefore consistent with a specific surface area
of about 30,000 m2 kg−1. This value is itself fairly consistent with
the reactive surface area of the saprolite from Oak Ridge as Kooner
et al. (1995) measure, 40,000 m2 kg−1, and as shown below, it
agrees with our own estimates.
According to Kim et al. (2009), quartz, illite, and microcline

(K-feldspar) make up 95% of the total mineral composition. The
main component of the minor fraction (remaining 5%) is vermicu-
lite, a 2∶1 clay mineral. Taking 5% weight fraction of vermiculite
with a CEC of 1 meq g−1 (1 mol kg−1) implies that the weight frac-
tion of illite, with a CEC of 0.20 meq g−1 (20 cmol kg−1), is 28% on
average (see CEC values in Lipsicas, 1984; Zundel and Siffert,
1985). The percentage of vermiculite increases with weathering
and therefore with depth. The grain density is assumed to be equal

to 2650 kgm−3 and the porosity decreases with
depth from ∼0.50 close to the ground surface to
∼0.25 at a depth of 5 m (Driese, 2002).
Several saprolite core samples from the back-

ground (upgradient) location, near the Oak Ridge
National Laboratory (Figure 1b), were collected by
augering and a split spoon sampler. The back-
ground site is located within the same geologic for-
mation as the former S3 ponds and the collected
samples are representative of the contaminated
saprolite (same mineralogy and petrophysical
properties). Continuous sediment samples were
collected in 5 ft long plastic sleeves from just be-
low the ground surface to a depth of approximately
8.2 m. At the background site, the depth of the
water table oscillates between 2 to 4 m and the
pH of the aquifer is between 4.8 and 6.0. The sam-
ples were stored in capped plastic sleeves until use
in the laboratory experiments. Groundwater was
sampled from monitoring well FW-300 located
in the background location. The shallow uncon-
taminated groundwater at the background site is
typically a Ca-HCO3∕MgCa-HCO3 type ground-
water due to the dissolution of calcite and dolomite
(Saunders and Toran, 1994). The composition of
the groundwater at the background site is given
in Table 1 and its electrical conductivity in the
range 0.0047–0.0081 Sm−1 at 25°C.
Three saprolite core samples were collected

from 2.7, 4.9, and 6.7 m below the ground sur-
face (Samples S9, S16, and S22, respectively, the
number denotes the depth of the sample in ft).
The core samples were cut from the original
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Figure 1. Position of the site from where the samples have been extracted. (a) Position
of Oak Ridge in Tennessee. (b) Position of the background site (ORNL: Oak Ridge
National Laboratory). (c) Typical section of saprolite and parent rock at the Oak Ridge
IFRC site.
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plastic sleeves and homogenized in a ball mill for 5 min at 20°C. We
check that this process did not crush the grains. Then they were
packed into 5 cm long portion of 4.4 cm diameter acrylic columns.
These samples were chosen to represent the saprolitic material at
different depths above the parent rocks. The end caps of the col-
umns were slotted to distribute the flow evenly across the samples.
At mid-height of the samples, four Ag(s)/AgCl electrodes were
installed circumferentially at 60° angle for complex conductivity
measurements (Figure 2) and two additional Ag(s)/AgCl close to
the end faces of the core samples were used to measure the stream-
ing potential. The experimental setup served as a constant head per-
meameter and was used for all petrophysical measurements. The
samples were saturated from the bottom up with background
groundwater under vacuum for three days. The porosity of the
packed samples was approximately 47% (measured after the experi-
ments by drying the core samples).
The samples were initially flushed with 42–124 pore volumes of

background groundwater to establish equilibrium conditions (the
volume injected through the samples was accurately measured,
and the pore volume estimated from the porosity and the volume
of the core samples). Once the electrical conductivity of the influent
and effluent solutions was within 20 × 10−4 Sm−1 of each other
and the pH differed less than approximately 0.5 pH units, the
hydraulic conductivity, streaming potential coupling coefficient,
and complex conductivity were measured. The samples were sub-
sequently flushed with 3, 10, 30, 100, and 300 mM NaCl solutions
and a pH close to pH 5.7 and with 10 mM NaCl solutions with pH
adjusted to various pH values between 3 and 6 as discussed further
below. We found that ∼100 pore volumes were flushed through
each core sample before equilibrium was reached (the differences
of conductivity and pH between the influent and effluent solutions
were vanishingly small). The experiments reported in this paper
therefore took several months to be completed.
Mineralogical analyses were performed on three background

saprolite samples from the same cores and at nearly the same depths
as the samples used for petrophysical measurements. The samples
were collected from 3.0, 5.1, and 6.9 m below the ground surface
(Samples S10, S17, and S23, respectively; the number denotes the
depth of the sample in ft). The mineralogical composition of these
whole rock samples was analyzed using X-ray diffraction (XRD;
Figure 2). The remainder of the samples was disaggregated in deio-
nized water, and the clay-sized fraction was separated by centrifu-
gation. The fraction <0.3 μm was air dried, reacted with ethylene
glycol for 1 h, and subsequently heated to 375°C to evaporate the
ethylene glycol and collapse the expanded spaces between the
smectite clay layers. After each treatment, XRD analyses were
performed on samples with the clay layers oriented parallel to
the surface of the mounting plate.
Quartz, potassium feldspar, plagioclase, and clay minerals were

identified by XRD analyses of the whole rock samples. The XRD
analyses did not allow for quantitative analysis of the mineral con-
tent. However, the intensity of the reflections of the clay minerals
increased with depth while the intensity of the quartz reflection
decreased. The intensity of the clay reflections normalized to the
intensity of the quartz reflection was approximately 50% greater
in Sample S17 compared to Sample S10. The quartz-normalized
intensity of the clay reflections of the deepest sample was approxi-
mately one order of magnitude greater compared to Sample S10.
The clay fractions of all three samples were dominated by illite

and mixed clays consisting of 80%–90% illite and 10%–20% smec-
tite (Figure 2). A trace amount of chlorite may be present in Sample
S23, but kaolinite or vermiculite were not identified in any sample.
We also performed specific surface area measurements using

the Brunauer, Emmett, and Teller (BET) approach (Brunauer
et al., 1938) at the Colorado School of Mines. For Samples S7,
S15, and S21 (at 7-, 15-, and 21-ft depths), we obtained the follow-
ing (measured) specific surface areas: 21; 670� 30, 14; 980� 20,
and 23; 110� 30 m2 kg−1.

Petrophysical measurements

Darcy’s law is a constitutive equation connecting the volumetric
flux of water through a porous material u (the Darcy velocity) to the
gradient of the pore fluid pressure or hydraulic head. In saturated
conditions, Darcy’s law is written as (Darcy, 1856)

u ¼ −
k
ηf

∇p ¼ −K∇h; (1)

where k denotes the permeability (in m2), K is the hydraulic con-
ductivity (in ms−1), p is the pore fluid pressure (in Pa), h is the
hydraulic head (in m), and ηf is the dynamic viscosity of the pore
water (ηf ¼ 10−3 Pa s at 25°C). From previous studies (e.g.,
Salomon et al., 1992; McKay et al., 2005), the permeability of
the saprolite is expected to be low but higher than 1 mD
(10−15 m2). We can therefore use the constant head permeameter
shown in Figure 3 to determine the permeability for a broad range
of NaCl solutions (from 3 to 300 mM). The fluxes were measured
for different heads, and Darcy’s law was used to estimate the
permeability.
We performed frequency-domain measurements of the impe-

dance Z� (in Ω) of the core samples in the frequency range
1 mHz–45 kHz (see Vinegar and Waxman [1984], Slater and
Lesmes [2002], and Slater and Glaser [2003] for an in-depth de-
scription of some laboratory procedures). The impedance Z� (in
Ω) is given by Z�ðωÞ ¼ jZ�ðωÞjeiφðωÞ ¼ U∕I, where U is the

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

Element or property Value

Ca (mg∕L) GW 26–73
Mg (mg∕L) GW 1.7–9.4
K (mg∕L) <2.0–3.8
Na (mg∕L) 2.7–120
HCO3 (mg∕L) 98–330
Cl (mg∕L) 0.9–5.5
SO4 (mg∕L) 6.6–170
Alk. (mg∕kg as CaCO3) 80–270
pH 6.9–8.1
Eh (mV) 5505

TDS (mg∕L) 152–714
Conductivity σw (S∕m) 0.0047–0.00816

5From Jardine et al. (1993b).
6This work.
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voltage between potential electrodes M and N (Figure 3), I is the
magnitude of the current injected between the current electrodes
A and B (Figure 3), and jZ�ðωÞj and φðωÞ denote the amplitude
and the phase of the impedance, respectively. The complex resis-
tivity ρ� is related to Z� by a geometrical factor G (in m) by
ρ�ðωÞ ¼ GZ�ðωÞ. The geometrical factor takes into account the po-
sition of the electrodes on the sample, its size and shape, and the
boundary conditions for the potential. The complex resistivity ρ�

can be recast into the complex conductivity (σ� ¼ 1∕ρ�) described
in the previous section. The measurements were done with the sam-
ple holder shown in Figure 3 during the permeability measurements
thus maintaining the same packing.

The measurements were performed with the high-precision
impedance meter described by Zimmerman et al. (2008). The
accuracy of the instrument is ∼0.1–0.3 mrad at frequencies
below 1 kHz (see Zimmerman et al. [2008] and Revil and Skold
[2011] for various benchmark tests). The geometric factor was
determined numerically using COMSOL Multiphysics 4.1 solving
the Laplace equation for the electrical potential and using the
geometry of the sample holder shown in Figure 3 (see Jougnot
et al. [2010] for details). This estimate was consistent with an es-
timate of the geometric factor obtained by having a solution of
known conductivity in the sample holder and performing a mea-
surement of the resistance for the same electrode configuration.
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Figure 2. X-ray diffraction analysis. (a) Sample S10. (b) Sample S17. (c) Sample S23. Illite can be identified in all three samples. A mixed
layer of illite80smectite20 is identified for Sample S17. For Sample S23, the peak shift indicates the presence of mixed layer clays
(illite90smectite10). For Sample S23, note the lower intensity of the quartz reflection and the greater intensity of the clay reflections compared
to the other two samples. This sample contains significantly more clay than the other two.
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The setup for the measurement of the streaming potential cou-
pling coefficient is the same as that used to measure the permeabil-
ity (Figure 3). To measure the streaming potential coupling
coefficient, we use the following protocol. A given hydraulic head
is imposed on the cylindrical sample inside the tube by adding water
to the water column in the tube in such a way that the hydraulic head
is maintained constant. The gradient of the fluid pressure is con-
trolled by the hydraulic head in the tube and the length of the porous
pack (typically between 1 to 60 cm). In both cases, the brine is flow-
ing through the porous sample. The resulting electrical potential is
measured with two nonpolarizable Ag∕AgCl2 electrodes (Ref321/
XR300, Radiometer Analytical) located in the vicinity of the end
faces of the sample. The difference of the electrical potential mea-
sured between the end faces of the porous pack divided by the
length of the sample is the streaming electrical field associated with
the flow of the solution through the porous sample. The voltages are
measured with a data logger (Easy Log, internal impedance of
10 MΩ, sensitivity of 0.1 mV) or with a voltmeter (Metrix
MX-20, internal impedance of 100 MΩ, sensitivity of 0.1 mV).
Both provided consistent measurements.

PERMEABILITY

The permeability data are shown in Figure 5. The hydraulic
conductivities of our core samples range from 10−6 to
10−7 m s−1, and the corresponding permeabilities are in the range
10−13 to 10−14 m2 (100 to 10 mD). For the least concentrated NaCl
solution used in our investigations (3 mM NaCl, 1200 μmcm−1,
25°C), the permeability of the core sample ranges from 7 to
16 mD (Table 2). The measured hydraulic conductivities for the
different salinities are reported in Tables 3–5 and Figure 5. These
permeabilities are comparable to the in situ measurements
of the hydraulic conductivity of the saprolite reported by McKay
et al. (2005), which range from 10−6 to 10−9 m s−1. We also

Electrodes

Grooved end cap

Coarse filter plate

Constant-head permeameter

Upstream reservoir

Variable effluent head

Sample

Downstream
   reservoir

A
B

M
N

Ag/AgCl pellet electrode

Figure 3. Sketch of the equipment used for the permeability and
electrical measurements. Constant head permeameter. The nonpo-
larizing Ag/AgCl electrodes for the measurement of the complex
conductivity are organized in a Wenner array (A and B are the
current electrodes, and M and N are the potential electrodes). The
electrodes ABMN are located in the middle of the sample holder.
The geometrical factor for this array is modeled with COMSOL
Multiphysics 3.5a. The nonpolarizing electrodes for the streaming
potential measurements are placed at the two end faces of the core
sample (not shown here).

Table 2. Petrophysical properties of the three samples (S9, S16, and S22) investigated in this study.

Property S9 S16 S22

Connected porosity ϕ (-) 0.48 0.49 0.43

Formation factor F (-) 4.1� 0.3 5.9� 0.1 4.4� 0.5

Surface conductivity σS (Sm−1)7 ð39� 6Þ × 10−4 ð95� 2Þ × 10−4 ð376� 34Þ × 10−4

Cementation exponent m (-) 1.9 2.5 1.8

Permeability k (m2)8 ð16� 3Þ × 10−15 ð5.0� 3Þ × 10−15 ð7.7� 0.7Þ × 10−15

Excess of charge QV (Cm−3)9 3.9 × 106 1.4 × 107 4.2 × 107

CEC (cmol kg−1)10 1.4 5.3 12

Specific surface area SSp (m2 kg−1)11 4200 15.900 37,000

Specific surface area SSp (m2 kg−1)12 21,670 � 30 14,980 � 20 23,110 � 30

Charge density Q̂V (Cm−3)13 140 400 490

The reported porosities are the total connected porosity.
7At pH values in the range of 5–6.
810 mM NaCl (1200 μmcm−1, 25°C). Average of seven measurements for each sample.
9Obtained from the streaming potential data using equation 32.
10Using surface conductivity data with QV ¼ FσS∕½βðþÞð1 − fÞ� with f ¼ 0.924.
11Using CEC ¼ 100QVϕ∕½Neρgð1 − ϕÞ� with N ¼ 6.02 × 1023 Mol−1, e ¼ 1.6 × 10−19 C, and with QV ¼ FσS∕½βðþÞð1 − fÞ� with
f ¼ 0.924, and the measured porosities.

12Using SSp ¼ NeCEC∕ð100∕QSÞ with QS ¼ 0.32 Cm−2.
13BET measurements, Samples S7, S15, and S21.
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performed experiments at different pH values in the range 3–6
(Figure 5). The hydraulic conductivity of the three core samples
does not seem to be dependent on the pH value, but there is a notice-
able jump in the hydraulic conductivity above pH 5.6. We have no
explanation for this jump.

ELECTRICAL CONDUCTIVITY

When the displacement and conduction current densities are
taken together, the combined total current density is (Vinegar
and Waxman, 1984)

Jt ¼ ðσ� þ iωε∞ÞE; (2)

where E is the electrical field (in Vm−1), σ� is the complex con-
ductivity associated with charge electromigration and accumula-
tion, ω is the angular frequency, and ε∞ is the high-frequency
dielectric constant of the porous material (in Fm−1). In the follow-
ing, we will neglect the high-frequency dielectric term and focus on
the frequency range of 1 mHz–10 kHz. The complex conductivity is
related to the measured conductivity amplitude jσj and the measured
phase lag φ by (Seigel, 1959)

σ� ¼ jσj · expðiφÞ ¼ σ 0 þ iσ 0 0; (3)

where the amplitude is given by jσj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ 02 þ σ 0 02p

and the phase
angle is given by φ ¼ a tanðσ 0 0∕σ 0Þ ≈ σ 0 0∕σ 0ð< 0Þ (the approxima-
tion holds for a phase angle smaller than 100 mrad), i denotes the
pure imaginary number, σ 0 and σ 0 0 denote the in-phase (real) and
quadrature (imaginary) components of the complex conductivity,
respectively. The in-phase conductivity represents the ability of
the porous material to transmit electrical current, whereas the
quadrature conductivity describes the ability of the porous material
to store reversibly electrical charges.
The physics of induced polarization is, however, not completely

clear because several mechanisms of charge storage compete at low
frequencies (Schwarz, 1962; Olhoeft, 1985; Revil and Florsch,
2010; Revil, 2012). In the absence of metallic particles such as
pyrite or magnetite, the main mechanisms of polarization are pos-
sibly related to the polarization of the inner part of the electrical
double layer called the Stern layer (Stern, 1924; Leroy et al.,
2008; Revil and Florsch, 2010; Vaudelet et al., 2011a, 2011b).
Other polarization mechanisms, such as membrane polarization,

could contribute to the measured response. The electrical double
layer comprises (1) the Stern layer including mobile weakly sorbed
counterions that are able to move tangentially along the mineral sur-
face (outer-sphere complex in the terminology used in electrochem-
istry; the inner-sphere complexes are not mobile because they are
strongly sorbed onto the mineral surface) and (2) the diffuse layer of
counterions and coions located further in the pore water but still in
the vicinity of the mineral/water interface (Figure 4). When an elec-
trical field is applied to a single grain, the cations within the elec-
trical double layer move in the direction of the electric field and
accumulate at the edge of the grain; when the electrical field is re-
moved, the chemical gradient causes the cations to diffuse back to
equilibrium (e.g., Revil and Florsch, 2010).
Low-frequency induced polarization is usually described in terms

of a Cole-Cole distribution given by (e.g., Cole and Cole, 1941;
Seigel, 1959; Pelton et al., 1978)

σ� ¼ σ∞

�
1 −

M
1þ ðiωτCCÞα

�
; (4)

M ¼ σ∞ − σ0
σ∞

; (5)

where M (0 ≤ M ≤ 1) denotes the chargeability (and is usually ex-
pressed in mV∕V), σ0 denotes the DC electrical conductivity
(ω ¼ 0), σ∞ is the high-frequency electrical conductivity
(ω ≫ 1∕τCC), τCC denotes the Cole-Cole time constant (in s), α de-
notes the unitless Cole-Cole exponent, which describes the broad-
ness of the relaxation times distribution. The normalized
chargeability is defined asMn ¼ Mσ∞ ¼ σ∞ − σ0. The angular fre-
quency of the phase peak (expressed in rad) is given by (Seigel,
1959)

ωpeak ¼
�
σ∞
σ0

�
1∕2α 1

τCC
¼

�
1

1 −M

�
1∕2α 1

τCC
: (6)

If the chargeabilityM is very small (≪1), then ωpeak ≈ 1∕τCC and

fpeak ≈ 1∕ð2πτCCÞ: (7)

Table 3. Streaming potential coupling coefficient C and hydraulic conductivity K for Sample S9.

Test Influent Influent C Effluent Effluent K

σw (Sm−1) pH (mVm−1) σw (Sm−1) pH (ms−1)

FW-300 (GW) 0.00640 6.60� 0.40 −1.65� 0.11 0.00495 4.67 1.2000e-07

FW-300 (GW) 0.00723 6.96 −2.02� 0.78 0.00495 5.59 7.5000e-07

3 mM NaCl 0.0391 5.40 −1.21� 0.29 0.0382 5.41 4.5000e-07

10 mM NaCl 0.1218 5.55 −0.50� 0.06 0.121 5.76 5.4000e-07

30 mM NaCl 0.3230 5.69 −0.21� 0.05 0.323 4.79 3.8000e-07

100 mM NaCl 0.9030 5.75 −0.09� 0.02 0.873 4.69 2.7000e-07

300 mM NaCl 2.544 6.33 −0.05� 0.02 2.33 4.61 —

GW stands for the natural groundwater.
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The recent model of Revil et al. (2012) yields an explicit function
for the DC (σ0) and high-frequency (σ∞) conductivities and for the
chargeability

σ0 ¼
1

F
σw þ σ0S; (8)

σ∞ ¼ 1

F
σw þ σ∞S : (9)

Combining equations 5, 7, and 9, we obtain the following expres-
sion of the chargeability

M ¼ Fðσ∞S − σ0SÞ
σw þ Fσ∞S

: (10)

In these equations, σw denotes the pore water conductivity and σ0S
and σ∞S denote the low- and high-frequency conductivities of the
porous media. Equations 8 and 9 predict a linear relationship
between the conductivity of the material and the conductivity of
the pore water like in the Waxman and Smits (1968) model. The
formation factor F is related to the connected porosity ϕ by

F ¼ ϕ−m; (11)

with m denoting the cementation exponent (Archie, 1942).
The complex conductivity spectra of Samples S8, S16, and S22

are displayed in Figure 6. The in-phase conductivity generally
increases with the frequency and with the electrical conductivity
of the pore water. The in-phase and quadrature conductivity data
used for the analysis are reported in Table 6. We use the following
relationship to fit the data at a given frequency

σ 0 ¼ 1

F
σw þ σS: (12)

Equation 12 is able to fit the (in-phase) conductivity data at 1 Hz
very well (R ¼ 0.97) to 0.99 for the three samples (see Figure 7a
and 7b), and it is used to determine the formation factor F and the
surface conductivity σS at 1 H by fitting the conductivity data with

a linear least-squares method. The fitted values of the (intrinsic)
formation factor and surface conductivity (see fit in Figure 7a,
7b) are reported in Table 2.
The value of the formation factor ranges from 4 to 6 in agreement

with the value determined from field data from Watson et al. (2005)
(see Figure 7d). In Table 2, the cementation exponent is therefore
estimated from the porosity and the formation factor using
m ¼ − ln F∕ lnϕ. Using the formation factors and porosities given
in Table 2, we obtain m ¼ 2.2� 0.3.
The surface conductivity σS is found to be in the range of 0.004 to

0.038 Sm−1. The highest surface conductivity value is associated
with Sample S22, which has the highest clay content and probably a
relatively high CEC value. This is consistent with the fact that the
CEC of smectite is very high (around 1 meq g−1, ∼1 mol kg−1).
This high CEC is therefore responsible for a very high surface con-
ductivity (see Vinegar and Waxman, 1984; Revil et al., 1998; Revil,
2012). To understand at a more fundamental level these values of
surface conductivity, we need a model connecting the surface con-
ductivity to the CEC. Surface conductivity can be given by the fol-
lowing first-order approximation of the model developed by Revil
(2012) for high-porosity materials

σS ¼
1

F
βðþÞð1 − fÞQV; (13)

QV ¼ ρg

�
1 − ϕ

ϕ

�
CEC; (14)

where f is the fraction of counterions in the Stern layer (also called
the “partition coefficient” by Revil and Florsch, 2010) and ρg is the
grain density. Equation 13 means that the surface conductivity is
controlled by the diffuse layer with a fraction of counterions
(1-f) (see Figure 3) and a mobility of the counterions βðþÞ equal
to the mobility of the counterions in the bulk pore water. On average
for illite and smectite, we have f ¼ 0.90 (see Revil, 2012). Equa-
tion 14 is from Waxman and Smits (1968) and is used to determine
the total (Stern plus diffuse layers) volumetric charge density
per unit pore volume. This equation is used to compute the
volumetric charge density using CEC ¼ 10.5 cmol kg−1 and ρg ¼
2650 kgm−3 as discussed above and ϕ ¼ 0.46 (see Table 2); we

Table 4. Streaming potential coupling coefficient C and hydraulic conductivity K for Sample S16.

Test Influent Influent C Effluent Effluent K

σw (Sm−1) pH (mVm−1) σw (Sm−1) pH ms−1

FW-300 (GW) 0.00640 6.60� 0.40 −1.43� 0.05 0.00606 6.65 7.4000e-05

FW-300 (GW) 0.00723 6.96 −1.17� 0.67 0.00580 6.57 1.8000e-07

3 mM NaCl 0.0391 5.40 −1.17� 0.09 0.0388 5.97 1.3000e-07

10 mM NaCl 0.1218 5.55 −0.63� 0.02 0.121 5.82 3.2000e-07

30 mM NaCl 0.3230 5.69 −0.29� 0.03 0.322 5.73 8.9000e-08

100 mM NaCl 0.9030 5.75 −0.13� 0.01 0.883 5.81 1.3000e-07

300 mM NaCl 2.544 6.33 −0.040� 0.02 2.35 5.72 —

GW stands for the natural groundwater.
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obtain QV ¼ 3.1 × 107 Cm−3. Using equation 13 with f ≈ 0.90,
βðþÞðNaþ; 25°CÞ ¼ 5.2 × 10−8 m2 s−1 V−1 (the value of the mobi-
lity for sodium in the pore water), F ¼ 5 (Table 2), we obtain a
surface conductivity σS ¼ 0.033 Sm−1, in good agreement with
the value of surface conductivity for Sample S22 (0.038 Sm−1).
Smaller values for the two other samples imply smaller values
of the CEC on the order of 1 cmol kg−1.
From Figure 7a and 7b, we observe that at low pore water elec-

trical conductivities, the electrical conductivity of the saprolite is
higher than that of the pore water. The data, therefore, show a cri-
tical pore water conductivity at which the conductivity of the porous
material is equal to the conductivity of the pore water. This point is

called the “isoconductivity point” in electrochemistry. The three
core samples exhibit an isoconductivity point (see Figure 7a,
7b). This means that the conductivity of a porous aprolite can be
higher than the conductivity of its pore water. This type of observa-
tion has strong implications in the interpretation of resistivity tomo-
grams in fresh-water environments, a point often missed by
hydrogeophycists.
The Dukhin number is defined as the ratio of surface to pore

water electrical conductivity (Dukhin and Shilov, 2002). It can
be used to normalize the conductivity data by plotting the electrical
conductivity of the porous material normalized by the electrical
conductivity of the pore water versus the Dukhin number. In this
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Figure 4. Electrical double layer at the surface of
clay minerals. The surface charge of illite and
smectite is heterogeneous with amphoteric sites
located on the 110 and 010 crystalline planes
and isomorphic substitutions in the crystalline fra-
mework associated with negative charges on the
basal surfaces 001. The electrical double layer
is formed of the Stern layer of sorbed counterions
and the diffuse layer. The o-plane defines the
mineral surface, whereas the d-plane defined the
interface between the Stern layer and the diffuse
layer on the 110 and 010 crystalline planes.
The specific surface conductivities ΣS and Σd de-
fine the excess surface conductivity associated
with the Stern and diffuse layers with respect to
the conductivity of the pore water. The counter-
ions are partitioned between the Stern layer and
the diffuse layer, and f denotes the partition coef-
ficient (modified from Revil, 2012).

Table 5. Streaming potential coupling coefficient and permeability for Sample S22.

Test Influent Influent C Effluent Effluent K

σw (Sm−1) pH (mVm−1) σw (Sm−1) pH ms−1

FW-300 (GW) 0.00640 6.60� 0.40 — 0.00953 7.15 1.6000e-08

FW-300 (GW) 0.00723 6.96 — 0.00709 7.03 2.7000e-07

3 mM NaCl 0.0391 5.40 −0.22� 0.11 0.0401 6.36 6.2000e-07

10 mM NaCl 0.1218 5.55 −0.18� 0.08 0.122 6.80 1.0300e-06

30 mM NaCl 0.3230 5.69 −0.13� 0.04 0.327 5.96 3.8000e-07

100 mM NaCl 0.9030 5.75 −0.10� 0.02 0.879 6.23 4.6000e-07

300 mM NaCl 2.544 6.33 −0.05� 0.02 2.34 6.03 —

GW stands for the natural groundwater.
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case, all the data for various samples with the same formation factor
collapse on the same trend. This trend is well reproduced by equa-
tion 12 (see Figure 7c). The electrical conductivity of the back-
ground groundwater at 25°C is 0.0047–0.0081 Sm−1, which
means that for all the samples, we are below the isoconductivity
point for the groundwater conductivity and therefore the in situ con-
ductivity of the saprolite is higher than the conductivity of the pore
water. This shows the limit of neglecting surface conductivity to
interpret the resistivity tomogram in the field.
The quadrature conductivity data are shown in Figure 6 as a func-

tion of the frequency for different pore water conductivities, and the
values at 1 H are given in Table 6. The absolute value of the quad-
rature conductivity increases with the pore water conductivity
(Figure 8a, 8b) as predicted by the model of Revil (2012). The
quadrature conductivity increases by one order of magnitude
when the pore water conductivity increases from 5 × 10−3 to
2.35 Sm−1 (NaCl).
Sample S16 is the only sample exhibiting a clear relaxation peak

for the quadrature conductivity (Sample S9 seems to show two
small peaks). The peak frequency is around 10 H and seems inde-
pendent of the salinity as reported before in the literature for sands
(Revil and Skold, 2011; Weller et al., 2011). The magnitude of the
quadrature conductivities increase with the salinity (Figure 8a, 8b).
For these samples, the Cole-Cole parameters were inverted using a
simulated annealing approach (Figure 8c, 8d). We used the strategy
called “threshold acceptance” (Dueck and Scheuer, 1990) and its
implementation in Mathematica (function NMinimize). The
Cole-Cole parameters were used to determine the chargeabilities
for each salinity and pH. The inverted chargeability values are
shown as a function of the pore water conductivity in Figure 8e.
Equation 9 provides a very good fit to the data. In Figure 8f, we
show that the Cole-Cole relaxation time is independent on the pore
water conductivity, which is consistent with equation 10.
Following Revil (2012), the quadrature conductivity can be

expressed as

σ 0 0 ¼ −
1

F
βSðþÞfQV: (15)

This means that the polarization is controlled by the Stern layer
with a fraction of counterions f (see Figure 3) and a mobility for
these counterions βSðþÞ. At high porosities, the formation factor can
be approximated by the following equation (Revil and Florsch,
2010):

F ¼ 1þ 3

2

�
1 − ϕ

ϕ

�
≈
3

2

�
1 − ϕ

ϕ

�
: (16)

The approximation used in equation 16 corresponds to F ≫ 1,
and therefore F-1 ≈ F. Combining equations 14 to 16 yields the
following expression between the quadrature conductivity and
the CEC (see Revil, 2012):

σ 0 0 ≈ −
2

3
βSðþÞfρgCEC: (17)

Taking βSðþÞð25°C;NaþÞ ¼ 1.5 × 10−10 m2 s−1 V−1, f ¼ 0.90,
and ρg ¼ 2650 kgm−3, we obtain σ 0 0 ≈ −aCEC with a≈
ð2∕3ÞβSðþÞfρg ¼ 2.4 × 10−7 S kgC−1 m−1. Startingwith equation 17
and using the relationship between the CEC and the specific
surface area given above, Revil (2012) also developed the following

relationship between the quadrature conductivity and the specific
surface area (in kgm−2) of the porous material

σ 0 0 ≈ −
2

3
βSðþÞfρgQSSSp; (18)

where QS denotes the mean surface charge per unit surface area
of the clay minerals (in Cm−2) and SSp denotes the specific
surface area (surface area per unit mass of the solid grains).
Taking βSðþÞð25°C;NaþÞ ¼ 1.5 × 10−10 m2 s−1 V−1, f ¼ 0.90,Qs ¼
0.32 Cm−2 (Revil, 2012), ρg ¼ 2650 kgm−3, we have σ 0 0≈
−aSSp with a ¼ 7.6 × 10−8 S kgm−3. This trend is shown in
Figure 9 for clayey materials. In Figure 9, we have also reported
the values of the quadrature conductivity for the saprolite core sam-
ples as a function of the specific surface area determined in Table 2
from the surface conductivity. The quadrature/specific surface
area data are consistent with the clayey sand linear trend of the
POLARIS induced polarization model developed recently by Revil
(2012).
Using equations 12, 13, and 15, the expression of the phase and it

critical value at low salinities (see Revil, 2012) are given by

φ ¼ −
βSðþÞfQV

σw þ βðþÞð1 − fÞQV
; (19)
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Figure 5. Measured saturated hydraulic conductivity or permeabil-
ity versus the pore water conductivity and pH. Most of the measured
values are between 10−7 and 10−6 m s−1. These laboratory data are
consistent with the in situ measurements of the saturated hydraulic
conductivity by McKay et al. (2005, KS-1 pit). The gray area cor-
responds to the range 10−6 to 10−7 m s−1.
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Figure 6. In-phase and quadrature conductivities at different pore water salinities. The pH values are in the range of 5–6.
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lim
Du>>1

φ ¼ −
βSðþÞf

βðþÞð1 − fÞ : (20)

This critical phase value is independent of the texture of
the clayey material and is observed to be on the order of
−30 mrad (see Vinegar and Waxman, 1984; Revil, 2012). This
value of −30 mrad is consistent with taking βSðþÞðNaþÞ ¼
1.5 × 10−10 m2 s−1 V−1, βðþÞðNaþÞ ¼ 5.2 × 10−8 m2 s−1 V−1, and
f ¼ 0.91 in equation 20. In Figure 10, we plotted the phase lag data
for the three samples and we determined the mean value of f and
the mean value of QV . We obtained f ¼ 0.924� 0.004 and
QV ¼ ð5.7� 0.9Þ × 107 Cm−3. The value of f is fairly consistent
with the default value given by Revil (2012) for clayey materials
(f ¼ 0.90). The value of QV is consistent with the value given
above (3.1 × 107 Cm−3, determined using the CEC value of
Kim et al. [2009] and the value of the porosity, see the discussion
above). The value f ¼ 0.92 is used in turn in Table 2 with the for-
mation factor and surface conductivity data to determine the value
of the CEC for each sample. Note that the CEC estimates deter-
mined in Table 2 from the surface conductivity data (in the range
1.4 to 12 cmol kg−1) are grossly consistent with the CEC measure-
ment of Kim et al. (2009) (10.5 cmol kg−1).
We can also use the model developed by Revil (2012) to inves-

tigate the salinity dependence of the quadrature conductivity. In this
model, the salinity dependence of the quadrature conductivity is

coming from the salinity dependence of the partition coefficient
f, which is given by

f ¼ fM

2
6664

�
KNa

10−pHð1−fMÞ

�
Cf

1þ
�

KNa

10−pHð1−fMÞ

�
Cf

3
7775; (21)

where fM denotes the maximum value of the partition coefficient
reached at high salinity, the value of the equilibrium constant for the
sorption of sodium is approximately KNa ¼ ð3.0� 0.4Þ × 10−4

(Revil, 2012), and the pH is typically 6. Using the proportionality
between the concentration and the electrical conductivity, we have

f ¼ fMσw
103eNðβðþÞþβð−ÞÞ10−pHð1−fMÞ

KNa
þ σw

; (22)

where e represents the elementary charge (1.6 × 10−19 C) and N is
the Avogadro number (6.02 × 1023 Mol−1). Combining equation 22
with equation 15 and adding an additional contribution due to mobile
protons along the mineral surface σ 0 0

H (Skold and Revil, 2011) yields

σ 0 0 ¼ −
aσw

bþ σw
þ c; (23)

Table 6. Conductivity and phase lag data at 1 Hz for different pore fluid salinities.

Sample Effluent Effluent σ 0 σ 0 0 φ

σw (Sm−1) pH (Sm−1) (Sm−1) (mrad)

S9 4.95e-3 4.67 3.98e-3 −1.51e-4 −37.9
S9 4.95e-3 5.59 6.45e-3 −1.81e-4 −28.1
S9 3.82e-2 5.41 1.47e-2 −5.10e-4 −34.7
S9 1.21e-1 5.76 3.63e-2 −6.61e-4 −18.2
S9 3.23e-1 4.79 8.66e-2 −8.10e-4 −9.4
S9 8.73e-1 4.69 2.20e-1 −1.1e-3 −4.8
S9 2.33 4.61 5.5e-1 −1.3e-3 −2.5
S16 4.95e-3 4.67 1.02e-2 −1.41e-4 −13.814

S16 5.80e-3 6.57 1.03e-2 −1.27e-4 −12.314

S16 3.88e-2 5.97 1.67e-2 −4.74e-4 −28.4
S16 1.21e-1 5.82 3.07e-2 −7.96e-4 −25.9
S16 3.22e-1 5.73 6.49e-2 −1.16e-3 −17.9
S16 8.83e-1 5.81 1.63e-1 −1.65e-3 −10.2
S16 2.35 5.72 3.90e-01 −2.1e-3 −5.6
S22 9.53e-3 7.15 4.94e-2 −3.04e-4 −6.214

S22 7.09e-3 7.03 3.34e-2 −3.56e-4 −10.614

S22 4.01e-2 6.36 4.15e-2 −1.32e-3 −31.8
S22 1.22e-1 6.8 6.73e-2 −1.63e-3 −24.2
S22 3.27e-1 5.96 1.18e-1 −1.59e-3 −13.5
S22 8.79e-1 6.23 2.55e-1 −1.55e-3 −6.1
S22 2.34 6.03 5.1e-1 −1.6e-3 −3.1

14Not considered for the fit shown in Figure 10.
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where the two constants a and b are given by

a ¼ 1

F
βSðþÞQVfM; (24)

b ¼ 103eNðβðþÞ þ βð−ÞÞ10−pHð1 − fMÞ
KNa

; (25)

and

c ¼ σ 0 0
H : (26)

A fit of equation 23 to the data of samples S9 and S22 is shown
in Figure 11. For Sample S9, we obtain a ¼ ð1.1� 0.1Þ×
10−3, b ¼ ð8.0� 3.3Þ × 10−2 Sm−1, and c ¼ ð1.06� 0.30Þ×
10−4 Sm−1. For Sample S16, we obtain a ¼ ð2.0� 0.2Þ × 10−3,
b ¼ ð18.7� 4.8Þ × 10−2 Sm−1, and c ¼ ð0.82� 0.17Þ × 10−4

Sm−1. The values of a and b can be compared with the predictions
from equations 24 and 25. For Sample S9, taking fM ¼ 0.92 and
QV ¼ 5.7 × 107 Cm−3 (both from Figure 10), βSðþÞðNaþÞ ¼
1.5 × 10−10 m2 s−1 V−1, and F ¼ 3.95 (Table 2), yields a ¼
2.0 × 10−3, which compares quite well with a ¼ ð1.1�
0.1Þ × 10−3 determined from the measurements. Taking the same
values for Sample S16 but with F ¼ 5.9 (Table 2), we obtain
a ¼ ð1.3� 0.1Þ × 10−3, which compare well with a ¼ ð2.0�
0.2Þ × 10−3 determined from the measurements. For b, taking
KNa ¼ 3.0 × 10−4 and pH ¼ 4.5 in equation 25, we obtain

b ¼ 10 × 10−2 Sm−1 in fair agreement with the value given above
{for S9, b ¼ ð8.0� 3.3Þ × 10−2 Sm−1, and for S16, b ¼
ð18.7� 4.8Þ × 10−2 Sm−1}. The quadrature conductivity asso-
ciated with the protons seems quite constant and equal to
1.0 × 10−4 Sm−1 for the two samples.

STREAMING POTENTIAL COUPLING
COEFFICIENT

Streaming potential data from a typical experiment are shown at
Figure 12. The differences of the electrical potential measured in the
vicinity of the end faces of the core sample are proportional to the
imposed hydraulic heads, indicating good measurements. The slope
of the linear trend of streaming potential versus head corresponds to
the streaming potential coupling coefficient (see equation 29).
The streaming current represents the quasistatic source current

density associated with the drag of the excess of electrical charges
in the electrical diffuse layer in porous material by the flow of the
pore water. The streaming potential can be used in the field to char-
acterize preferential groundwater flow paths (Wilt and Corwin,
1989; Wilt and Butler, 1990; Panthulu et al., 2001). The total (elec-
tromigration) current density is given for quasistatic conditions by
(Revil et al., 2011)

J ¼ σ0Eþ Q̂Vu; (27)

where Q̂V represent the effective (excess) charge of the diffuse layer
that can be dragged by the pore water flow, E denotes the electrical
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Figure 7. Analysis of the in-phase conductivity
data. (a, b) In-phase electrical conductivity of
the saprolite versus the conductivity of the effluent
taken as a proxy for the pore water conductivity
(measurement at 1 H). (c) Normalization of the
data set. The ICL represents the isoconductivity
line for which the conductivity of the core sample
is equal to the pore water conductivity. Therefore,
the three core samples have an isoconductivity
point. (d) Field data from Watson et al. (2005)
and Revil et al. (2012). The field data indicate a
formation factor in the range of 5–40 and the same
magnitude for the surface conductivity shown by
the laboratory data.
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field (Vm−1), and σ0 is the DC conductivity. The last term of equa-
tion 27 can be obtained easily by volume averaging the local current
density in the pore space jS ¼ ρv, where ρ denotes the local charge
density and v is the local velocity. The (volumetric) charge density
Q̂V is expected to be only a fraction of the diffuse layer volumetric
charge density given by

Q̄V ¼ ð1 − fÞQV; (28)

(Revil and Florsch, 2010; Jougnot et al., 2012). Using QV ¼ 4.0 ×
107 Cm−3 and f ¼ 0.9 yields Q̄V ¼ 4 × 106 Cm−3. Therefore, Q̂V

represents only a very small fraction of this value.
We use Darcy’s law, equation 1, to express in equation 27 the

Darcy velocity u as a function of the hydraulic head h. This yields
the following expression for the total current density:

J ¼ −σ0∇ψ − KQ̂V∇h; (29)

where h denotes the hydraulic head (in m), σ0 is the DC con-
ductivity (in Sm−1), and ψ is the streaming potential (in V). The
streaming potential coupling coefficient is defined by (see
Helmholtz, 1879)

C ≡
�
∂ψ
∂h

�
J¼0

; (30)

where we have used the hydraulic head instead of the fluid pressure
in the classical definition found in the literature. This coupling
coefficient characterizes the sensitivity of the electrical potential,
in this case called the “streaming potential,” to the hydraulic head.
It can be determine directly from the streaming potential data re-
ported versus the hydraulic heads (so it corresponds to the slope
of the trends shown in Figure 12). From equations 29 and 30,
this coefficient is given by (Bolève et al., 2007a, 2007b; Revil
et al., 2010)

C ¼ −
KQ̂V

σ0
: (31)

Equation 31 is used to determine the effective volumetric charge
density Q̂V from the measurements of the streaming potential
coupling coefficient C, hydraulic conductivity, and DC electrical
conductivity. Using equations 8 and 31, the coupling coefficient
is related to the pore water conductivity as
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Figure 8. Induced polarization parameters. (a, b) Quadrature electrical conductivity of the saprolite versus the conductivity of the effluent
taken as a proxy for the pore water conductivity (measurement at 1 H). (c) (d) Determination of the chargeability by fitting a Cole-Cole model
to the in-phase conductivity data. (e) Chargeability versus pore water conductivity. (f) Cole-Cole relaxation time (in s) for conductivity versus
the pore water conductivity (in Sm−1).
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C ¼ −
FKQ̂V

σw þ FσS
: (32)

The streaming potential coupling coefficient is the fundamental
petrophysical parameter characterizing the magnitude of streaming
potentials in the field. This equation can be used to see if we can
predict the coupling coefficient.
An alternative approach to describe the streaming potential cou-

pling coefficient is to use the zeta potential ζ (Merkler et al., 1989;
Pengra et al., 1999; Leroy et al., 2004; Leroy and Revil, 2009). In
this case, the expression for the streaming potential coupling
coefficient becomes

C ¼ −
εwρwgζ

ηwðσw þ FσSÞ
; (33)

where ρw denotes the mass density of the pore water, g is the grav-
itational acceleration (9.81 m s−2), and εw denotes the dielectric
constant of the pore water (81 × 8.84 × 10−12 Fm−1). Equation 33
is a variant of the so-called Helmholtz-Smoluchowski equation
(Helmholtz, 1879), which is usually given without the surface
conductivity term (CHS ¼ −εwρwgζ∕ηwσw or CHS ¼ −εwζ∕ηwσw
if the head is expressed in pore fluid pressure; see Bolève
et al., 2007b).
The streaming potential coupling coefficient was determined

for the three samples at NaCl concentrations ranging from 3 to
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Figure 10. Determination of the partition coefficient f (fraction of
the counterions in the Stern layer) and total volumetric charge
density QV using the phase lag data plotted as a function of the
conductivity of the pore water (at 1 H, NaCl). The dashed line
corresponds to the best fit of the model.
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rature conductivity. We observe that the saprolite samples are char-
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quadrature conductivities in agreement with the trend determined
for clayey sands by Revil (2012). Data are from Börner (1992),
Koch et al. (2011), Weller et al. (2011), and S. Hancock (personal
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Figure 11. Quadrature conductivity versus pore water electrical
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300 mM. In Figure 13, we report the value of the streaming poten-
tial coupling coefficient as a function of the conductivity of the pore
water. We fit a function of the form

C ¼ −
a

σw þ b
; (34)

and once a is determined, the value of the effective charge density is
determined by Q̂V ¼ a∕FK. The results are reported in Table 2. The
volumetric charge density Q̂V is in the range of 140–490 Cm−3,
which represents therefore only a small fraction of the total charge
density of the diffuse layer (Q̄V ¼ 4 × 106 Cm−3), which is consis-

tent with the results reported recently by Jougnot et al. (2012). The
estimates for the effective charge per unit pore volume are compared
with other literature data in Figure 14. Like for other natural porous
materials at near-neutral pH values, the effective charge per unit
pore volume Q̂V is controlled by the value of the permeability
of the material.
We use equation 33 to determine the values of the zeta potential

for each core sample at the different pore water conductivities. We
use the values of the surface conductivities and formation factors
reported in Table 2. The results are shown in Figure 15. The zeta
potential is in the range of −10 to −20 mV and seems independent
of the conductivity of the pore water.
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Influence of the pH Figure 12. Example of the measurement of the

streaming potential for various values of the hy-
draulic head (a) Influence of the salinity various
salinities (NaCl solutions, Sample S16). (b) Influ-
ence of the pH (NaCl solution 10 mM, Sample
S9). Note that at pH 3, the coupling coefficient
is positive and hence the zeta potential is positive.
This indicates that the isoelectric point is between
pH 3.6 and 3.0.
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Figure 13. Streaming potential coupling coeffi-
cient. (a, b) Value of the streaming potential cou-
pling coefficient (negative) versus the pore water
conductivity (NaCl solutions, pH ≈ 6). The plain
lines correspond to the fit of the data with a func-
tion C ¼ a∕ðσf þ bÞ. Sample S22 is influenced
by the presence of the smectite, which is generat-
ing high surface conductivity and therefore a smal-
ler value of the magnitude of the streaming
potential coupling coefficient at low salinities.
The term “iep” stands for the isoelectric point.
(c, d) Value of the streaming potential coupling
coefficient versus the pH (NaCl solutions, σw in
the range 0.12–0.16 Sm−1).

Electrical properties of saprolites D35

D
ow

nl
oa

de
d 

01
/2

2/
13

 to
 1

38
.6

7.
20

7.
13

2.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SE
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/



INFLUENCE OF THE PH

The previous analysis was done with keeping the pH at relatively
high values (in the range of 5.5–7.0). Do these petrophysical proper-
ties represent the saprolite near the S-3 ponds, which have been
bathed in acid for a few decades? To partially reply to this question,
we have also performed additional investigations to look at the
effect of the pH (in the range of 3 to 6) on these petrophysical
properties.
The pH dependence of the hydraulic conductivity is shown in

Figure 5. It seems that there is no pH dependence of the hydraulic
conductivity with the pH, which may indicate that there is no dis-
solution during our experiments (over a two-month period). The pH
dependence of the streaming potential coupling coefficient is shown
in Figure 13 and reported in Table 7. Samples S9 and S16 have an
isoelectric point at a pH close to 3 (the isoelectric point corresponds
to the value of the pH for which the zeta potential is equal to zero).
We observe that Sample S22 shows a different behavior, but the data
are noisier.
We analyzed the in-phase and quadrature conductivity data as a

function of the pH. The spectra are shown in Figure 16, and the
in-phase and quadrature conductivities are shown in Figure 17 ver-
sus the pH at 1 H. We see that the in-phase and quadrature conduc-
tivities are pH dependent but the correlation between the pH and the
conductivities is not clear. The surface conductivity (see the gray
area in the first column of Figure 17) is highly pH dependent
and is nearly zero at the isoelectric points for Samples S9. This
is consistent with the POLARIS model of Revil (2012), in which

the surface conductivity is dominated by the diffuse layer and
the quadrature conductivity by the Stern layer. A possibility is that
the surface conductivity is therefore expected to be zero at the
isoelectric point at which the diffuse layer disappears (Sample
S9). We see that the quadrature conductivity is not going to zero
for all the samples. This is consistent with the fact that there are
still some counterions in the Stern layer at the isoelectric point,
which would explain why the quadrature conductivity is not equal
to zero at the isoelectric point.
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samples near neutral pH conditions (5 to 8). Data are from Ahmad
(1964), Casagrande (1983), Friborg (1996), Pendra et al. (1999),
Revil et al. (2005, 2007), Bolève et al. (2007b), Jardani et al.
(2007), Sheffer (2007), and Jougnot et al. (2012).
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Figure 15. Estimation of the zeta potential of the three core sam-
ples. The zeta potential appears relatively independent of the pore
water conductivity and suggests a constant zeta potential for the
saprolite.

Table 7. Influence of the pH upon the streaming potential
coupling coefficient C (25°C, NaCl 10 mM).

pH Sample Effluent C

σw (Sm−1) (mV∕m)

5.8 S9 0.121 −0.5
5.3 S9 0.118 −0.15
4.5 S9 0.119 −0.24
3.6 S9 0.118 −0.17
3.0 S9 0.162 0.02

6.0 S16 0.120 −0.53
5.8 S16 0.121 −0.63
4.6 S16 0.120 −0.57
3.9 S16 0.116 −0.45
3.0 S16 0.145 −0.02
6.8 S22 0.122 −0.18
6.3 S22 0.119 −0.34
4.6 S22 0.120 −0.43
3.6 S22 0.120 −0.56
3.2 S22 0.152 −0.3
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For Samples S16 and S22, the streaming coupling coefficient
shown in Figure 13c and 13d does not exhibit an isoelectric point
and the surface conductivity remains high at low pH values. We
know that smectite exhibits such behavior. Indeed, according to
Kriaa et al. (2009), the layers of smectite have a permanent negative
charge associated with isomorphic substitutions in the crystalline
framework (Figure 4). They have also pH-dependent charges on
the edge of their crystals due to the presence of hydroxyl sites.

The point of zero charge of these amphoteric edges sites is, how-
ever, in the range of ∼7.5–9.3, so it is above the pH range inves-
tigated in the present work. The observed dependence of the zeta
potential with the pH of the saprolite could be due to a mixed in-
fluence of the surface properties of silica, illite, and smectite de-
pending on the clay composition of the material. Therefore,
there is an incentive to pursue this work using a broader database
of core samples.
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(the pH of the effluent is equal to the pH of the influent).
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insure a positive surface conductivity).
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CONCLUSIONS

We have documented the permeability, the complex conductivity,
and the streaming potential coupling coefficient of three saprolite
samples collected from the IFRC background location at Oak
Ridge. Regarding the petrophysical data gathered in this study
and their interpretation in terms of a physics-based model, the
following conclusions have been reached:

• The hydraulic conductivity of the core samples ranges between
10−7 and 10−6 m s−1 in agreement with field observations.

• For electrical conductivity measurements, the cementation
exponent is equal to 2.2� 0.3 and the surface conductivity at
25°C ranges between 4 × 10−3 Sm−1 (Sample S9) and
38 × 10−3 Sm−1 (Sample S22) depending on the alteration of
the material. The core samples show the existence of an isocon-
ductivity point at low pore water conductivity (at this point, the
conductivity of the saprolite is equal to the conductivity of the
pore water). The surface conductivity is dominated by electro-
migration in the electrical diffuse layer coating the pore water/
mineral interface.

• The streaming potential coupling coefficient is in agreement with
recent models. At high salinities, the streaming potential coupling
coefficient is inversely proportional to the pore water conductiv-
ity, while at very low salinities, the streaming potential coupling
coefficient is controlled by the surface conductivity and is there-
fore smaller for highly weathered samples containing mixed layer
illite-smectite and smectite clays. The samples with the highest
amount of smectite (S16 and S22) keep a high surface conduc-
tivity including at low pH values, possibly because of the high
level of isomorphic substitutions in the crystalline framework.

• For all the samples, the quadrature conductivity is weakly pH
dependent. This proves clearly that the quadrature conductivity
(hence the polarization) is not controlled by the diffuse layer but
more likely by the Stern layer. The quadrature conductivity/
CEC data (the CEC being determined by the in-phase surface
conductivity) implies a mobility of the counterions in the Stern
layer two orders of magnitude smaller than in the diffuse layer.

The petrophysical properties determined from laboratory experi-
ments presented in this work will be used in a subsequent study to
interpret geophysical surveying (3D resistivity tomography, time-
lapse 2D DC resistivity, time-domain induced polarization data,
and self-potential measurements) performed around the former
S-3 ponds. The geoelectrical data, interpreted using the petrophy-
sical model tested here, are expected to be useful at this key DOE
contaminated site for locating preferential fluid flow pathways and
for investigating the 3D geometry of the contaminant plumes near
the former S-3 ponds.
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