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SUMMARY

In electrolyte-saturated sands, the reversible storage of electrical charges is responsible for
a phase lag between the current (injected and retrieved by two current electrodes) and the
electrical field recorded by two voltage electrodes. This phenomenon is called ‘spectral induced
polarization’ in geophysics and can potentially be used to monitor salt tracer tests in shallow
aquifers to infer their permeability and dispersivity tensors. We demonstrate analytically that
the polarization of the inner part of the electrical triple layer coating the surface of the grains
(named the Stern layer in electrochemistry) is consistent with available data. We also perform
new experiments using silica sands saturated by NaCl and CaCl, pore water solutions. The
salinity dependence of quadrature conductivity can be modelled using an analytical solution
of the triple layer model, which offers a simple way to interpret laboratory and field data.
This analytical solution depends on the total site density of the mineral surface, the pH value
and the sorption coefficient of the cation in the Stern layer. This model shows that both the
specific surface conductivity of the Stern layer and the quadrature conductivity of the porous
material depend on the conductivity of the pore water. The quadrature conductivity is becoming
independent of the salinity above 1 S m~!. The parameters entering the analytical model are
consistent with independent estimates from titration data and zeta potential measurements,
which are two classical methods to characterize the electrical triple layer at the pore water
mineral interface.

Key words: Electrical properties; Electromagnetic theory; Hydrogeophysics; Permeability

and porosity.

1 INTRODUCTION

The Spectral Induced Polarization (SIP) method is a geophysical
method that has received a considerable attention in the recent lit-
erature. This method is used in biogeophysics to the detection of
bacterial activity (Atekwana & Slater 2009; Williams et al. 2009).
It is also used to characterize oil reservoirs and oil spills (Vinegar
& Waxman 1984; Cassiani et al. 2009; Schmutz et al. 2010). In
addition, because of its sensitivity to permeability (Borner 1992; de
Lima & Niwas 2000; Slater & Lesmes 2002; Kemna et al. 2005;
Revil & Florsch 2010), this method has been used to character-
ize the permeability distribution of shallow aquifers (Hordt et al.
2007). In SIP, a phase lag between the current and the electrical
field provides complementary information to electrical conductiv-
ity measurements. The conductivity and the phase can be recasted
into a complex conductivity (or a complex resistivity) that can be
measured over a broad range of frequencies, typically from 1 mHz
to few tens of kHz in the laboratory and from 10 mHz to 10—
100 Hz in the field (Kemna 2000; Binley & Kemna 2005).

While DC (‘direct current’) resistivity tomography has been
broadly used to characterize salt tracer tests in shallow aquifers,
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the SIP method has not. As a side note, the DC resistivity is always
measured at some (low) frequency and the wording DC resistiv-
ity tomography is an approximation. Salt tracer tests monitored
with DC resistivity have become increasingly popular in the recent
literature for determining permeability and dispersivity of shal-
low aquifers (e.g. Pollock & Cirpka 2008; Miiller ef al. 2010 and
references therein). However, DC resistivity monitoring has an in-
trinsic difficulty related to the existence of surface conductivity
at the pore water mineral interface, which contributes to the ef-
fective conductivity of porous materials. Surface conductivity is
related to electromigration of the charge carriers at the pore water
mineral interface, in the so-called electrical triple layer coating the
mineral water interface. Like the contribution associated with the
bulk pore water (in the pore space), this contribution is salinity-
dependent (Revil ef al. 1999a). To avoid dealing with this problem,
it is common among hydrogeologists and geophysicists working in
field of hydrogeophysics to simply ignore this contribution (see,
for instance, Singha & Gorelick 2005; Pollock & Cirpka 2008;
Singha et al. 2008; see Miiller er al. 2010 for an exception to
this rule). Neglecting surface conductivity may result in overselling
what can be accomplished with the interpretation of time-lapse DC
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814  A. Revil and M. Skold

resistivity monitoring of salt tracer tests. Indeed, such an assumption
can lead to spurious interpretations, as it is known that even in silica
sands, surface conductivity cannot always be ignored at very low
salinities (see Boleéve ef al. 2007 and Jardani et al. 2009 for some
examples). There is however a remedy to this problem. Indeed, SIP
offers an independent way to estimate surface conductivity (Revil
& Florsch 2010), and especially changes in surface conductivity as-
sociated with changes in salinity. If the salinity dependence of SIP
is well understood, it offers therefore a simple approach to moni-
tor salt plume tracer avoiding the assumption of neglecting surface
conductivity commonly made by hydrogeologists.

The problem with SIP is that it has been treated mostly on empir-
ical grounds in the geophysical community because of the variety
of competing polarization mechanisms existing in porous media.
It is customary to fit SIP measurements with empirical models
(e.g. Debye, Cole-Cole, and Cole Davidson, see Cole & Cole 1941,
Cassiani et al. 2009 for instance). However, such an approach is not
satisfactory because hydrogeologists and hydrogeochemists are not
interested in the distribution of the Cole—Cole parameters. They are
interested in the 3-D determination of permeability and dispersivity
tensors. The problem with developing a quantitative interpretation
of induced polarization data is associated with the existence of a
variety of competing mechanisms. In an abiotic porous material
with no metallic particles, there are five mechanisms that have been
envisioned in the literature. They include (i) ion exchange (Olhoeft
1985), (ii) diffuse layer polarization (Dukhin & Shilov 2002), (iii)
membrane polarization (Tarasov & Titov 2007), (iv) Stern layer
polarization (SLP; Leroy et al. 2008) and (v) Maxwell-Wagner
polarization (Wagner 1914; Lesmes & Morgan 2001).

Revil and collaborators have recently argued for a strong role of
the SLP at low frequencies (below 1 kHz) in water-saturated sands,
glass beads, sandstones and clay-rocks (Leroy et al. 2008; Leroy &
Revil 2009). Their model has been successfully applied to connect
complex conductivity to permeability (Revil & Florsch 2010), to
changes in the pore water chemistry (Vaudelet ef al. 2011a,b), and to
the presence of oil in the pore space of sands (Schmutz ez al. 2010).
A simple analytical solution of this SLP model will be described in
more details later in Section 2 and used to interpret experimental
data (Sections 3 and 4).

The goal of our work is to provide a simple and yet accurate way
to quantify the salinity dependence of complex conductivity to in-
terpret time-lapse complex conductivity measurements in the field
in association with salt tracer tests. To reach this goal, we develop a
simple analytical solution of the cation sorption in the Stern layer to
get a sorption isotherm. This sorption isotherm is used to predict the
charge density in the Stern layer for different types of cations (Na™*
and Ca®") as a function of the salinity of the pore water solution. To
the best of our knowledge, such a model has never been developed
in the past. There are a number of available (published) experiments
regarding the salinity dependence of the quadrature conductivity of
sands and sandstones (e.g. Flath 1989; Borner 1992, 2006; Lesmes
& Frye 2001; Slater & Lesmes 2002). Most of these data sets show
amaximum in the trend between the quadrature conductivity versus
the conductivity of the pore water solution. However, these maxima
(usually located at relatively high salinities) are not consistent be-
tween the different data sets. We perform new measurements with
the high-precision impedance meter described in Zimmerman et al.
(2008, see also Cassiani ef al. 2009) to get a high-precision data set.
The development of a time-lapse inversion algorithm for complex
conductivity is developed in another paper (Karaoulis et al. 2011).
These two papers taken together offer therefore a powerful way to
monitor salt tracer tests with the hope to get better results in terms
of inverting the distribution of the permeability and dispersivity
tensors.

2 THEORY

2.1 Macroscopic conductivity model

Several polarization mechanisms have to be considered when a silica
grain is immersed in an electrolyte (in this case, an NaCl solution)
and submitted to a harmonic electrical field (Fig. 1). A detailed
description of these polarization mechanisms can be found in Revil
& Florsch (2010) and Vaudelet ef al. (2011a,b) (and references
therein) and will not be repeated here. The SLP model implies that
at low frequencies (typically below 100 Hz), the main polarization
of a granular porous material with existing grain-to-grain contacts
is due to the Stern layer. This model involves the migration and
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Figure 1. The presence of an applied electrical field E creates a dipole moment associated with the transfer of the counterions in both the Stern and the diffuse
layers around a silica grain (modified from Revil & Florsch 2010). This dipole moment points in the opposite direction of the applied field. The charge attached
to the mineral framework remains fixed. The movement of the counterions in the Stern layer is mainly tangential along the surface of the grain. Sorption and
desorption of the counterions are in principle possible but they take time (typically few hours). Back-diffusion of the counterions (with a flux density J dH))
can occur both in the Stern and diffuse layers and diffusion of the salt occurs in the pore space. In both cases, the diffusion of the counterions occurs over a

distance that is equal to the diameter of the grains.
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accumulation of counterions on one side of the grains in the direction
of the electrical field and it is assumed that the counterions have
no time to sorb or desorb into or from the Stern layer. We discuss
later a simple analytical solution for this model. Our motivation is
to see if the SLP model can explain the dependence of the complex
conductivity on salinity.

Before describing our motivations in more detail, let us first
define the basic parameters describing the low-frequency complex
conductivity of a porous material. We denote w = 2 the angular
frequency, f the frequency (in Hertz) and i = (—1)!/? the pure
imaginary number. The magnitude of the conductivity |o| and the
phase lag ¢ are related to the real (in-phase) and imaginary (out-of-
phase or quadrature) components of the complex conductivity o *,
o’ and o” (expressed in S m~') by

o* =|o|exp(ip) =o' +ioc” (1)
with,
o] = (o + o)1/ )
and,
tang = o”/o’. (3)

Note that some researchers use an alternative convention for the
complex conductivity o* = o’ — io”, which yields a positive-
defined quadrature conductivity. Induced polarization is usually
displayed as a resistivity magnitude |p| = 1/ |o| (in ohm m) and a
phase lag ¢ (in rad) or alternatively as an in-phase and quadrature
conductivities, o’ and o”, respectively.

‘We assume for the simplicity of the presentation that we consider
sand with all the grains having the same grain diameter d,,. This
assumption can be relaxed using a convolution with any type of
grain size distribution as shown by Revil & Florsch (2010). In the
SLP model, the low-frequency complex electrical conductivity is
described by a simple linear model (Revil & Florsch 2010),

o(@) = 7 oy + (F = Dos(@)]. @

where F' = ¢~ (dimensionless) is the electrical formation factor,
¢ is the connected porosity, m is the cementation exponent, o'y (in
S m™') is the conductivity of the pore water and os(w) is the sur-
face conductivity. The use of eq. (4) to treat conductivity can be
incorrect at low salinities as because the conductivity of a porous
material is in principle a non-linear function of the conductivity of
the pore water (see Bernabé & Revil 1995 for numerical simulations
on synthetic porous media and Revil et al. 1998 for a differential
effective medium approach for which eq. (4) corresponds only to a
high-salinity asymptotic behaviour). That said, eq. (4) allows ana-
lytical separation of the in-phase and quadrature conductivities and
is therefore very convenient for practical purposes and still a fairly
good representation of reality.

The surface conductivity comprises both conduction in the dif-
fuse and Stern layers coating the mineral surface (e.g. Kittara &
Morimoto 1976). In the SLP model, the complex-valued surface
conductivity is given by (Revil & Florsch 2010)

4 x5

d s\ _ =
(E +2) do]-’—ia)foy

©)

os(w) = —
)=
where 7y = dj /8D(;, is the main relaxation time (in s), Dy, is the
diffusion coefficient of the counterions of the Stern layer coating the
surface of the mineral (related to the mobility by the Nernst Einstein

© 2011 The Authors, GJI, 187, 813-824
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relationship), X¢ is the excess of electrical conductivity in the elec-
trical diffuse layer (called the specific surface conductivity of the
diffuse layer) whereas %5 represents the excess of electrical con-
ductivity in the Stern layer (called the specific surface conductivity
of the Stern layer) and o (in S m™") is the equivalent conductivity of
the grains coated by the electrical triple layer. As a side note, ¥¢ and
%5 have dimensions of Siemens and are commonly therefore called
‘conductances’. Such naming is however incorrect as they denote
true surface conductivity and should therefore be called specific
surface conductivities.

Eq. (5) implies that surface conductivity is characterized by a De-
bye relaxation mechanism with a single relaxation time. However,
if this above model is convoluted with the grain size distribution
(assumed to be log-normal for instance), the resulting distribu-
tion of relaxation times can be fitted with the empirical Cole—Cole
model (Revil & Florsch 2010). The grain size distribution plus the
effect of the roughness of the grains may explain the broad distri-
bution of relaxation times observed in real rocks (see Vinegar &
Waxman 1984; Leroy et al. 2008). Additional polarization mech-
anisms associated with the relaxation of the protons of the sorbed
water (Skold et al. 2011) and membrane polarization (Titov et al.
2002) can create an even broader spectrum.

The surface conductivity can be decomposed into an in-phase
component, os/(w), and a quadrature component, o (w)

1

o) =05 + (0g —05°) Twzroz’ (6)
of@) = (oF ~ oF) 1 or ™
@=%w, (®)
o3 _§#Ed+2ﬂ, ©

where o and o3° refer to the low and high-frequency asymptotic
limits of surface conductivity, respectively. The inverse scaling be-
tween the surface conductivity and the grain diameter was demon-
strated experimentally by Boléve et al. (2007) and Crespy et al.
(2007). It follows that the in-phase and quadrature conductivity are
given by

o'(w) = —1 [a +(F—-1) (aw + (00 — 0“) 71 )] (10)
F f N N s 2702
and

-1 0 00

o"(w) = = (09 — 03

(11)

) wT)
1+ a?t’
respectively. Using tan ¢ = ¢”/o”, the phase angle is given by

p(w) =

(F-1 (ag - o§°) wTy
atan 3 5 < |-
(o7 +(F = Do) (1 + 0?73) + (F = 1) (05 — 05°)
(12
Because for water-saturated porous sands and sandstones, the
phase is quite small (generally smaller than 10 mrad), the phase can
be approximated by the first-order Taylor expansion of the previous
expression. This yields
(F-1 (og - JS°°) w7

(af + (F — I)US"O) (1 + a)21'02) +(F—1) (O’SQ - O‘S?O).
(13)

p(w) =

1181 /9191ue/1[6/woo dno-ojwapese//:sdiy woiy papeojumoq
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This approximation is always valid for the cases investigated in
this work and for field applications in absence of metallic particles
like pyrite. When the surface conductivity can be neglected in the
expression of the in-phase conductivity (high-salinity asymptotic
behaviour), the peak phase is approximately given by

ES

0@ =1/7) = ~(F = D3

(14)

clearly indicating that the peak phase is proportional to the con-
ductivity of the Stern layer and inversely proportional to the con-
ductivity of the pore water as discussed recently by Vaudelet et al.
(2011a,b). The quadrature conductivity itself is given by

” 1 F—-1\ x5 5
o= 1/m) = (F)M, (s)
so clearly the surface conductivity depends on how the salinity of
the specific surface conductivity of the Stern layer varies with the
salinity of the pore water, d0”/dC, = dX5/3C , where C; is the
salinity in the pore water. As explained in the introduction, this
has a huge consequence for time-lapse tomography of salt tracer
tests in shallow aquifers. Note also that while eqs (14) and (15) are
strictly defined at the peak frequency, usually the distribution of the
relaxation times is very broad (Vinegar & Waxman 1984) and the
phase and the quadrature conductivity of sandstones is observed to
be weakly dependent on the frequency so the predictions of these

two equations likely hold in a broad frequency range.

2.2 A Model for the specific conductivity of the Stern layer

A number of key-observations in the literature show that the quadra-
ture conductivity is salinity-dependent. The experimental data of
Borner (1992, 2006) suggest that the salinity dependence of surface
conductivity is the same as the salinity dependence of the quadrature
conductivity pointing out a similar mechanism (Fig. 2). This view-
point is consistent with the vision described earlier in Section 2.1.
At pH between 5 and 8, the surface of silica is covered by reac-
tive silanol >SiOH (where > represents the crystalline framework)
surface sites. We consider first a silica surface in contact with an
NaCl solution. The deprotonation and sorption of sodium in the
Stern layer of a silica grain can be represented by the following two
reactions (e.g. Sverjensky 2005; Wang & Revil 2010):

> SiOH’ & > Si0O~ + H, (16)

> SiOH’ + Na™ & > SiO"Na™ + H" (17)

which correspond to the weak sorption of sodium as an outer sphere
ligand, thus keeping its hydration sphere in the Stern layer. The
equilibrium constants of eqs (16) and (17) are defined by

Foi 5 [H+]0
K= % (18)
SiOH
and
FO]_ a[H+]O
Kyna = 30N7+0! (19)
Ision[Na™]

respectively, where T'? is the surface concentration of species # in
the Stern layer, [H*]° represents the concentration of protons in the
Stern layer (superscript 0) and K(_y = 1077# mol 1=! at 25 °C and
K. denotes the sorption coefficient for sodium (dimensionless).
Revil & Florsch (2010) simplified the formula obtained by Revil
et al. (1999a) (see Appendix for a demonstration) and gave the

p—
)

B Core sample conductivity (real part)

O Surface conductivity (real part)
{00 Quadrature conductivity

—

—_

Complex conductivity (in S/m)
5&
|
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Figure 2. Experimental data showing the salinity dependence of the in
phase conductivity, the surface conductivity contribution to the in-phase
conductivity and the quadrature conductivity for a sandstone (modified from
Borner 1992). Note that the salinity dependence of surface conductivity and
quadrature conductivity seems to be the same. This may mean that the
same process is at play. This process can only be understood in terms of
fundamental electrochemistry of the electrical triple layer coating the pore
water mineral interface. The solid lines are just guides for the eyes.

following expression for the specific surface conductivity of the
Stern layer:

ES = eﬁNaFg KfaCf )
K+ 107PH + Ky, Cr
where C; is the salinity expressed in mol 17!, The total site density
'} at the surface of silica is typically on the order of 5 sites nm~2
(Carroll et al. 2002; Wang & Revil 2010) but can reach higher val-
ues (up to 10 sites nm~2, see discussions in Revil e al. 1999a,b).
Hiemstra & Van Riemsdijk (1990) used I'% = 9.6 sites nm~2 for
the (001) crystalline plane of silica and T'S = 6.0 sites nm~2 for
the (101) crystalline plane. A site density of 5 sites nm~2 yields
e 'y = 0.8 C m™2. Using these values and reasonable values for
the mobility of the counterions (see below), we can compute the
dependence of the specific surface conductance of the Stern layer
on salinity. We should keep in mind that eq. (20) has many limita-
tions: (1) it is only valid for a narrow pH range (from 5 to 8) and (2)
it is an approximation of much more complex triple layer models
(TLMs) (see Wang & Revil 2010; Vaudelet et al. 2011a,b, Skold
et al. 2011 for instance and references therein). So eq. (20) should
be considered a semi-empirical relationship rather than a fully theo-
retically justified model. That said, we will see that this relationship
agrees with the data. The combination of eqs (15) and (20) yields
a close-form relationship between the quadrature conductivity, the

salinity and the grain diameter

F—1 Y KnaC
o =— ePral’s Nat/ .en
F Zd() K(_) + 10-»H + KNaC/’

Note that for the cases investigated below K, << 107" and
the term K _) can therefore be neglected in eq. (21). To our knowl-
edge, this is the first time that such a direct analytical relationship is

(20)
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4 a. Berea sandstones (Lesmes and Frye, 2001) b. Helby sandstones (Flath, 1989)
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Figure 3. Salinity dependence of the quadrature conductivity. (a) Berea sandstone (Lesmes & Frye 2001). (b) Helby sandstones (Flath 1989). (¢) Unconsolidated
coarse medium sand (Slater & Lesmes 2002, sample G1, 1 Hz, 200 um from permeability and formation factor estimates of table 1). (d) Bérner (1992, 2006),
sandstones (see Table 1). The lines are guides for the eyes. Note that for some samples, the decrease of the quadrature conductivity at high salinities may be
due to membrane polarization.

obtained. Revil et al. (1999a) considered that Ky, = 1073%° at 25°C
from titration experiments (Revil et al., 1999a, their fig. 2) at pH =
6. The mobility of sodium in the pore water is Bn, = 5.19x%
1078 m2s~'V~! (25 °C). We assume that the mobility of sodium
in the Stern layer remains unchanged with respect to its value in the
bulk pore water. However, this assumption is also questionable and
we will see later that some data sets can only be modelled with a
lower (by a factor 2.5) mobility.

In the case of a divalent cation like Ca’*, the same type of
relationship can be obtained. This yields

Kc.Cr
5 = 2efe [0 ——0 L 2
efcal’s 107PH + K, C s @2
F—1 L0 KeoC
o =— ehel’s S 23)
F d() 10—pH + Kcac_/'

© 2011 The Authors, GJI, 187, 813-824
Geophysical Journal International © 2011 RAS

where K¢, is the equivalent equilibrium constant corresponding
to the sorption reaction for calcium. Interestingly, the high-salinity
plateau yields direct information on the mobility of the counterions.
Indeed, the ratio of egs. (21) and (23) yields

o'(Na) B
o'(Ca)  2Pci’

24)

This equation will be used in Section 3 to determine the mobility
of calcium in the Stern layer.

Finally, one may want to correct the quadrature conductivity for
the effect of temperature. The specific surface conductivity can be
corrected for temperature according to (Revil ef al. 1999b).

2(T) = 25(T) (1 + as(T — Tp)). (25)

In Eq. (18), the temperature is expressed in °C, Ty = 25 °C, and
the linear temperature sensitivity coefficient ag is between 0.020
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and 0.040 °C~!. According to eq. (15), the quadrature conductivity
should then increase with the temperature as

o"(T) = o"(To)) 1 + as(T — Tp)). (26)

Eq. (26) can be used to correct temperature variations (especially
for a less than 5 °C range as observed in laboratory conditions). The
pore water conductivity depends on temperature according to

or(T)=0p(To) (1 +an(T — Ty)), (27)
where the linear temperature sensitivity coefficient « ; ranges from
0.019 to 0.023 °C~!. Using eqs (14), (26) and (27) at high salinities

(for which surface conductivity can be neglected in the in-phase
conductivity), we have

@(T) = o(Tp) (1 + (a5 — )T = Tp)) (28)

to the first order in the temperature disturbance §7 = T — T.
According to eq. (28), the phase is therefore expected to be weakly
dependent on temperature in agreement with the experimental data
reported in Vinegar & Waxman (1984, their fig. 14).

3 MEASUREMENTS

In the following, we perform new measurements with the high-
precision impedance meter described in Zimmerman et al. (2008)
(see also Cassiani et al. 2009). To test the accuracy of this apparatus,

we performed first some measurements on two known electrical RC
circuits (see Fig. 4) with two very different values of the resistance
and the capacitance. In both cases, it seems that the phase is accurate
at least down to 0.1 mrad.

The experiments were realized with two fully saturated sands.
The Uminin #30 sand has a grain diameter of 350 pm with angular
grains whereas sand B has a mean grain size of 175 pum (the grain
sizes are between 150 and 210 wm) with spherical silica grains (Sil-
ica Spherical 7030 from Charles B. Chrystal Co. Inc., Mamaroneck,
NY, USA; www.cbchrystal.com, 99.5 per cent SiO,). Their prop-
erties (porosity, permeability and formation factors) are reported
in Table 1 together with some additional data from other samples
investigated in the literature and discussed later in Section 5. We
performed SIP measurements on the Unimin #30 sand using the
type of tank described in Fig. 5. A lid was used to minimize evapo-
ration. The plastic tanks were 29 cm long and 18 cm wide and were
packed with 6000 g of sand and 1850 g aqueous solution resulting
in a sand depth of approximately 7.5 cm. The sand was packed wet
to avoid trapping air bubbles. The wet sand was compacted for 75
min at 8.3 kPa resulting in a final volume of approximately 3.85 1
and a porosity of 41 per cent. Four non-polarizing Pb-PbCl,, elec-
trodes were inserted 2 cm into the sand in a rectangular array with 8
and 10.5 cm long sides throughout the experiment. In this tank, the
geometrical factor was measured experimentally to 0.28 m using a
controlled sand experiment with known electrolyte conductivities.
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300 107
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Figure 4. Test of the sensitivity of the impedance meter used in our experiments. We test the impedance meter by measuring the impedance of a known
resistance in parallel to a known capacitance. (a) Test with a low resistance of 250 ohm and a high capacitance 0.1 F. (b) Test with a high resistance of 3 Mohm

and a small capacitance of 100 pF.
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Table 1. Petrophysical properties of the samples used in this study to evalu-
ate the SLP model. F' represents the formation factor and & the permeability.

Sample Nature Porosity F(-) k m dy

¢ () (m?) () (um)
E10¢ Saxony Sandstone 0.224 170 5.4x10715 1.89 52
E12¢ Saxony Sandstone 0.259 11.0 1.49%x10~'2 1.09 250

U30? Silica sand 0.41 3.6 2.47x10710 144 350
Sand B¢ Silica sand 0.33 3.7 1.01x10710 1.18 175
Berea?  Berea sandstone 0.18 15.9 2.28x10713 1.61 260
Gl1¢ Sand with silt 0.33 43 2x10~1 132 260
Notes:

“Borner (1992).

bThis work (Uminin #30, grain diameter 350 um).
“This work (grain diameter 175 pm).

4Lesmes & Frye (2001).

¢Slater & Lesmes (2002).

/Using Archie’s law m = —In (F)/In(¢).

Experiments using acid-washed sand B were performed in a cylin-
drical Teflon container with a diameter of 7.3 cm and a sand filled
depth of 10.8 cm. The pH was adjusted using NaOH to neutralize
small amounts of HCI left in the sand. Ag(s)/AgCl electrodes with
a diameter of 2 mm were inserted 1 cm into the sand in a rectan-
gle array with sides 2.5 and 5.0 cm. The geometrical factor was
measured to 0.096 m using similar experiments to the large tank
experiments. In both setups, the sand-filled containers were left for
5 d and the SIP response was measured at several times to assure
that the electrical properties of the porous media were stable.

Aqueous solutions were made by dissolving NaCl or CaCl,
(Aldrich, ACS; www.sigmaaldrich.com) into deionized water. The
pH of the NaCl solutions was adjusted with sodium hydroxide
(Mallinckrodt Chemicals, ACS; Phillipsburg, NJ, USA) or hy-
drochloric acid (EMD Chemicals, ACS; Gibbstown, NJ, USA) prior
to preparing the tanks. Experiments aimed at investigating the effect
of NaCl concentration on the SIP response were performed at initial
pH of 6.2 and the NaCl concentration of the pore water.

A typical spectrum for the phase is shown in Fig. 6. The in-phase
conductivity (not shown) is nearly frequency-independent indicat-

A,B Current electrodes

Salinity dependence of induced polarization ~ 819

ing the weak role of the (frequency-dependent) surface conductivity.
The spectrum shown in Fig. 6 exhibits a low-frequency polariza-
tion possibly associated with the polarization of the electrical triple
layer or possibly with membrane polarization. According to the SLP
model, the low-frequency polarization is due to the polarization of
the Stern layer (Leroy ef al. 2008; Revil & Florsch 2010). We also
observe an increase of the phase lag above 100 Hz. This increase of
the phase lag is associated with the dielectric (Maxwell-Wagner)
polarization (Leroy et al. 2008). The entire data set is shown in
Fig. 7. According to Archie’s law for the Unimin #30 and for Sand
B, the electrical formation factor can be described by F = ¢~" with
m = 1.3—1.5. This yields a formation factor of 3.2-3.8 with a mean
value of F = 3.5. This estimate is in agreement with the measured
value of 3.7 (see Fig. 7b). In Section 4, we compare our results to
the SLP theory.

4 THEORY VERSUS EXPERIMENTAL
DATA

4.1 Peak frequency

Let us first test the theory with the low-frequency data set taken as
an example in Fig. 6. According to the SLP model, the relaxation
frequency (in Hertz) corresponding to the peak of the quadrature
conductivity is defined as

wo 1

= = , 29
2 2T (29)

Jo

where the expression of the relaxation time 7 is given just below
eq. (5) above. Taking dy = 350 um, D,y = 1.32x10~° m? s~! for
Na't at 25 °C (e.g. Vaudelet ef al. 2011a, their table 4), the loss
peak fo occurs at ~14 MHz (7y = 71 s) in good agreement with
the data (Fig. 6). The peak phase is given by eq. (14) and should be
quite independent on the salinity. Considering eq. (14) and taking
the measured conductivity value of 6, = 0.29 Sm™' (and therefore
%5 =4x107% S according to the model described earlier, eq. 22),
F = 3., dy = 350 um, the peak of the phase lag is —0.53 mrad
(logip phase = —3.2). The measured value is log;o phase = —3.1

a. M,N Voltage electrodes Non-polarizing Pb/PbCl, electrode

A B
@» 10.5cm@
8cm
@10.5cm @
M N

< 29.0cm >

180cm

v }2cm

+—105cm —

— 8cm — 3

Tests with the non-polarizing Pb/PbCl, electrode

b.

/ @ 10 mM NaCl,no sand, 0.12 $/m, pH=5.6
3cm

into sand

Phase (in mRad)
o
.$

Saturated sand 7.5¢cm

|

[ I -

Frequency (in Hertz)
7.5cm

|

>

< 29.0cm > < 180cm

Figure 5. Experimental setting used to measure the complex resistivity. (a)

>

The electrodes are non-polarizing Pb/PbCl, electrodes. They are used as current

electrodes (A and B) and potential electrodes (M and N). The tank is made of plastic. (b) Test of the phase accuracy in absence of sand in an NaCl electrolyte.
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Equilibrium pH = 6.75, 10 mM NacCl
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Figure 6. Example of phase data recorded over the full spectrum of frequencies (1 MHz to 40 kHz). The data exhibit clearly two polarization relaxations. The
relaxation observed at low frequencies has been recently associated to the polarization of the Stern layer whereas the one at high frequencies is associated with
the Maxwell-Wagner polarization.
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Figure 7. Phase and in-phase conductivity versus the conductivity of the pore water for the Umini#30 sand (350 pum, 0.1 Hz). (a) Phase versus brine
conductivity. The straight line indicates an inverse relationship between the quadrature conductivity and the conductivity of the pore water showing that the
effect of the salinity upon the phase is dominated by the influence of the salinity upon the in-phase conductivity. (b) In-phase conductivity of the sand versus
the conductivity of the pore water. The linear trend is used to estimate the intrinsic formation factor F' neglecting the effect of the surface conductivity because
of the coarse size of the grains. (c) Quadrature conductivity versus the conductivity of the pore water. (d) Main relaxation time versus conductivity of the pore

water.
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(Fig. 6). Therefore, there is a fair agreement between the theory and
the experimental data.

4.2 Mobility of the counterions in the stern layer

Regarding the pore water conductivity dependence of the quadrature
conductivity in isothermal conditions (25 °C), there is agreement
between the data and the model (Fig. 8a).

From the observed dependence of the observed plateau on the
electrolyte (data sets with NaCl and CaCl, solutions, see Fig. 8b),
we deduce that the mobility of calcium B¢, is approximately four
times smaller than the mobility of sodium. This ratio has been
reported by Revil ef al. (1998, their table 1) from surface conduc-
tivity measurements indicating, once more, that there is a direct
relationship between the surface conductivity and the quadrature
conductivity.

o

. Silica sands, 0.1 Hz, NaCl

Salinity dependence of induced polarization — 821

4.3 Salinity dependence of the specific surface conductivity

An alternative way to check the theory is to compute the salinity
dependence of the specific surface conductivity from the quadrature
conductivity data (Fig. 7). Combining eq. (11) with eqs (8) and
(9), the specific surface conductivity scales with the quadrature
conductivity as

S s " (o))
z (af) =X (af) g (G}),
where o } and a} are two different conductivities of the pore wa-
ters. We use this expression to scale the quadrature conductivity
data from our measurements and those reported in the literature
(see Fig. 9). Therefore, we normalize the value of the quadrature
conductivities with respect to the value reached by the quadra-
ture conductivity of 1 S m~!, and we compute the value of the

(30)
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Figure 8. Comparison between the experimental data for the quadrature conductivity and the prediction of the model. Note that all the parameters entering
into the model are fixed through independent estimates (listed on the lower left corner). The total site density is 5 sites per nm?. (a) For a sodium chloride

solution. (b) Comparison with a CaCl, solution.
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+.O Borner (2006)

‘ This work
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Figure 9. Specific surface conductivity of the Stern layer: comparison be-
tween the analytical model discussed in the main text and the experimental
data (normalized quadrature conductivities and direct estimates). The model
(25 °C, NaCl, plain line) is shown for two values of the sorption coefficient
of sodium in the Stern layer.

corresponding specific conductivity using the model described in
Section 2 for two values of the sorption equilibrium constant for
sodium (Fig. 9). An excellent comparison is obtained in terms of
trends. Indeed, the measured quadrature conductivities scale with
the salinity like the specific surface conductivity of the Stern layer
scales with the salinity in our model.

4.4 Additional tests

Now that we have a useable and tested expression for the specific
surface conductivity of the Stern layer as a function of the salinity,
we can test if the SLP model is able to predict the quadrature
conductivity of sands and sandstones of additional data sets. In
Figs 10 and 11, we test the validity of eq (33) with the values of
the specific surface conductivity predicted by eq. (20). Usually, the
grain diameter is not known and it can be replaced by an expression
related to the permeability and to the formation factor (see Revil &
Florsch 2010). The quadrature conductivity is given by eq. (15) and
is therefore directly proportional to the specific surface conductivity
of the Stern layer. The permeability is related to the grain diameter
by (Revil & Florsch 2010, their eq. 14, modified from Revil &
Cathles 1999)

dj
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Figure 10. Test of the SLP model. The input parameters for the predicted
quadrature conductivity are the measured permeability, the measured for-
mation factor and the value of the specific surface conductivity of the Stern
layer (at 25 °C) computed from the analytical model.

In eqn. (31), m is the cementation exponent of Archie’s law.
Therefore, the mean grain diameter is related to the permeability by

dy = m(F — 1)v/32kF. (32)

Therefore, the quadrature conductivity can be related to the per-
meability and to the formation factor by the following relationship:

ES
SmN2kF?

In Fig. 10, we compare the predictions of our model with the sam-
ples investigated by Borner (1992, 2006,see properties in Table 1).
There is fair agreement between the prediction of our model and the
salinity dependence of the quadrature conductivity. In Fig. 11, we
perform a test of the SLP model with the data of Slater & Lesmes
(sample G1, see table 2). The mean grain size dy = 230 pm is esti-
mated from the measured permeability k = 2x 10~ m? of Sample
G1 from Slater & Lesmes (2002) and the measured formation factor
(F = 4.3). There is good agreement between the model prediction
and the experimental data.

o"(w=1/1) =— (33)

5 CONCLUSIONS

Based on a new set of experimental data and the development of
an analytical solution regarding the salinity and type of cation de-
pendence of quadrature conductivity, the following two conclusions
have been reached:

(1) The quadrature conductivity of sands and sandstones in-
creases with the salinity of NaCl and CaCl, solutions until a constant
value is reached above 1 Sm~!.

(2) The dependence of the quadrature conductivity on salinity
of a NaCl solution can be explained by a polarization model of the
Stern layer, which corresponds to the inner part of the electrical
triple layer coating the surface of the grains. This approach shows
that the specific surface conductivity of the Stern layer increases
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Figure 11. Tests of the Stern layer model. The input parameters for the
predicted quadrature conductivity are the measured formation factor and
the value of the specific surface conductivity of the Stern layer (at 25 °C).

with the salinity as a result of the increase of the population of
counterions weakly sorbed in the Stern layer.

The present model is the first step in obtaining an accurate model
that describes the salinity dependence of both the in-phase and
quadrature components of the electrical conductivity of silica sands
and sandstones. This model still needs to be completed for clays
and therefore for shaly sandstones. Our model could be used to
interpret time-lapse SIP tomography associated with the injection
of a salt tracer in a heterogeneous aquifer made of silica sands
and sandstones. This work is complementary to the development
of a time-lapse inversion algorithm for SIP data. Such algorithm
is developed in another paper (Karaoulis et al. 2011). The use of
induced polarization to monitor salt tracer test data could be com-
bined with recent efforts in analysing self-potential data associated
with the migration of a salt plume in a sandy aquifer (Revil &
Jardani 2010). The joint inversion of time-lapse induced polariza-
tion and self-potential data could be a powerful approach in moni-
toring salt tracer tests and contaminant plumes.
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APPENDIX: SORPTION ISOTHERM

To solve the sorption isotherm, we use the two equilibrium relation-
ships:

re  [u+]’
K(_) — SiO 0[ ] , (Al)
I'sion
o, [HT]
Kna = L[] (A2)

0 0
Csion [Na*]
and a continuity equation for the conservation of the surface species
0 0 0 0
I's = Csiona + Usion + Usio- (A3)

We simplify the notations using pH = —log;o [H*] and [Na*]°
= Cy. Neglecting the effect of the surface potential on the activity
of the protons in eq. (A1), the resolution of these three equations
(A1)—(A3) is straightforward and yields

Mone = I'S KnaCy :
SiONa SK(_) + 10-pH + KNaCf

(A4)

Note that from eq. (A4) at high salinity, the Stern layer is saturated
by sodium and "2\, & I'S. The specific surface conductivity is
the Stern layer is given by
ZS = eﬂNangONa. (AS)

Combining eqs (A4) and (A5) yields the equation obtained in the
main text. Note that in this derivation, we have ignored the change
in the pH close to the mineral surface.

For calcium, the sorption reaction is given by
> SiOH® + Ca’* & > Si0~Ca’*" + HY, (A6)
and the continuity equation is given as
I'$ = Tsioca + Tsion + Tio-- (A7)

Therefore, following the same steps (A1)—(AS5), we get

0 KeaCr

Mo, =T , A8
SiOCa SK(,) + 10-pH + KCaCf ( )

and the specific surface conductivity is given by s = 2eBc,[aioc,-
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