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Wehave investigated the effects of pore solution concentration on the complex electric response of two different
unconsolidated samples, layered sand and sand-clay in the frequency range from 30 kHz to 3 MHz. The electric
parameters that describe the electric response of the samples—real part of permittivity, conductivity amplitude
and phase—are obtained through two-electrode electric measurements. Plots of the conductivity amplitude and
phase as a function of frequency show large variations with water saturation and NaCl concentrations. This
sensitivity may be useful for the characterization of the vadose zone. Under continuous fluid flow conditions,
first drainage and secondary imbibition cycles were conducted for the two three-layered samples saturated
with saline water in three different NaCl solution concentrations at atmospheric pressure and temperatures
between 21 °C and 22 °C. Electrode polarization distorted the measurements, particularly in the kHz range.
The distortion becomes negligible above a limiting lower frequency, which depends onNaCl solution concentration
and the kind of sample. To obtain the intrinsic behaviour of the samples, the electric permittivities were analyzed
above the limiting frequencies. Analysis of the real part of electric permittivity versus saturation indicates that,
with increasing salinity concentration, the real part of the electric permittivity increases. Also, the hysteretic effect,
the difference between first drainage and second imbibition, becomes more pronounced and remains present at
higher frequencies. For the two samples, we observed a different correlation between conductivity amplitude/
phase spectra and pore fluid concentration for seven saturation levels, suggesting that conductivity amplitude/
phase spectra contain information about water saturation, salt solution concentration, and geotechnical properties
(e.g.,fines content) of unconsolidated near-surface soils. A simplified five-parameter double Cole–Colemodel could
fit the experimental data.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Electric laboratory measurements of soil samples, carried out to
assess the effect of water saturation, mineralogy, grain size distribution,
and electrolyte concentration, are relevant for many hydrological and
environmental studies.

Low-frequency electromagnetic (EM) fields that diffuse through the
subsurface are influenced by time-relaxation phenomena, resulting in a
frequency-dependent effect. Especially in clays, peat, and minerals,
electric frequency-dependent effects can be strong. Many electric mea-
surements have been done to study the electric phenomena in porous
media such as unconsolidated sand (Shahidi et al., 1975; Ulrich and
Slater, 2004) and sandstones (Binley et al., 2005; Knight, 1991).
Laboratory measurements of complex impedance in the frequency
range of 10 mHz to 10 MHz are available for saturated soils made from
mixtures of sand and clay. The governing polarization mechanisms are
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different over this broad range of frequencies. Themembranepolarization
model introduced by Marshall and Madden (1959) plays an important
role at frequencies below 1 Hz. Membrane polarization is due to
differences in mobility between anions and cations in adjacent clay-
bound and clay-free zones in pore paths (Klein and Sill, 1982; Ward and
Fraser, 1967). At higher frequencies (e.g., above 10 Hz), the polarization
effects have been related to different mechanisms. These mechanisms
are: clay counterion displacement (Vinegar and Waxman, 1984), the
Maxwell–Wagner effect (also called interfacial polarization) or ionic
double-layer (Garrouch and Sharma, 1994; Lima and Sharma, 1992;
Olhoeft, 1985; Schön, 1996; Vanhala and Soininen, 1995; Ward, 1990).
The near surface, more specifically the first few hundred meters, is a
region where strong frequency-dependent effects can occur and
where large-scale interactions between different layers can lead to
large-scale electric effects. On a laboratory scale, the frequency depen-
dence of the electric properties for layered unconsolidated sand-clays
has rarely been studied for different NaCl solution concentrations.
Recently, the investigation of unconsolidated sands and clays became
of interest for environmental, engineering and hydrogeological applica-
tions, such as infiltration and subsequent displacement of water-
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immiscible contaminants in natural ground water flow, underground
sites for waste disposal, and buildings projects. In this paper, we focus
on the electric behaviour of brine-saturated layered unconsolidated
sand and sand-clay in the frequency range of 30 kHz to 3 MHz. One
application could be borehole logging data, because the frequency
range and physical scale that we use are similar to those used in bore-
hole logging.

The frequency dependence of the measurements is not the only
characteristic of interest, but also the electric hysteretic effect,
which can be defined as the difference in electric permittivity values
between the first drainage and the secondary imbibition cycles.
Hysteresis implies that information about water content from geo-
physical data sets can depend on the saturation history (Knight
and Nur, 1987).

As a consequence, the electric response of a medium contains infor-
mation about the pore fluid distributions in a heterogeneous porous
medium. Chelidze et al. (1999) related this hysteretic behaviour to the
pore-scale fluid distribution during drainage and imbibition. Laboratory
experiments on sandstone reported by Knight (1991) show that mea-
sured values of electric resistivity can depend on the saturation history
of the sandstone samples in a specified range of saturations. Knight and
Nur (1987) found electric permittivity hysteresis between drainage and
imbibition while they used a static technique rather than a dynamic
technique to do the saturation cycles. In the static technique, the electric
measurements are conducted in the absence of pore fluid flow,whereas
in the dynamic technique, the measurements are performed under
flowing conditions. We found that, during saturation of the samples,
the dynamic technique could produce different electric results than
the static technique (Kavian et al., 2011).

The electric permittivity hysteresis must be caused by a
change in the gradient of the water saturation. This led Plug et
al. (2007a) to formulate the hypothesis that the difference in
water saturation gradient should be observable in the capillary
pressure.

The questions we considered are whether the change in pore
salinity concentration influences the electric hysteretic effects at
different frequencies and whether these effects in the presence of
the clay fraction are of the same nature as those in sand packs. To
find the answers to these questions, we measured the complex elec-
tric permittivities of sand and sand-clay samples in wet cases to es-
tablish the factors affecting their electric response. We investigated
unconsolidated three-layered sand as well as a three-layered sand-
clay sample during first drainage and secondary imbibition of
water at three different NaCl solution concentrations. We conducted
the experiment for layered models, using sands of different grain
sizes and an artificial clay powder.

The experiments are similar to those reported for homogeneous
unconsolidated coarse sand (Plug et al., 2007a) or sandstone
(Knight and Nur, 1987) using distilled water as saturating fluid or
homogeneous or layered sand (Kavian et al., 2011) saturated with
water of various salinities.

Here, we extend these experiments by introducing layered unconsol-
idated sand-clay packs and by considering different NaCl concentrations
under pore fluid flow conditions.

We will first describe the measurement procedures, the
processing of the measured data, and the choice of samples.
The samples were sequentially saturated with water of three
different NaCl solution concentrations (1 mmol/l, 10 mmol/l, and
100 mmol/l).

Then, we will present the results as a function of frequency, in the
formof complex electric permittivities aswell as amplitudes and phases
of the electric conductivity, for three-layered sand and sand-clay sam-
ples. Here we show the best fit of a simplified five-parameter double
Cole–Cole model that we applied to two different unconsolidated
three-layered samples for all water saturation levels and the three salt
concentrations used.
2. Experimental procedure

We used two different coarse- and fine-grained unconsolidated
quartz sands, named S350 and S150, respectively, with an average
grain size ranging from 350 μm to 420 μm and 150 μm to 175 μm.
For the clay, we selected an artificial clay powder, WWB111, named
Clay, which consists for 63% of quartz and 27% of alumina and with
an average grain size of 2 μm to 10 μm and specific surface area of
10 m2/g. A drawing of the sample holder is shown in Fig. 1(left) and
can be used with a maximum of five 30 mm high PVC rings, each
with a diameter of 150 mm. It has two non-conductive PVC end
pieces, containing the water inlet and outlet, and two metal porous
plates, which are placed inside the end pieces and act as electrodes
(Kavian et al., 2011). When the sample holder is filled with the dry
samples, it is vibrated for 15 minutes to reach a porosity of 0.375±
0.005, 0.395±0.005, and 0.65±0.005 for the coarse- and fine-
grain sands, and clay, respectively (Plug and Bruining, 2007). For fur-
ther reference we use three letter short-hand notation for the lay-
ered packs as described in Table 1. The two three-layered cases are
defined, respectively, as CFC and BFC, where C, F, and B stand for
the coarse, fine, and clay as defined in Table 1. In the right-pane of
Fig. 1, a picture of the BFC is shown.

To measure the relative effective complex permittivity, a component
analyzer (Wayne–Kerr, 6640A) is connected to the two end electrodes.
It measures the impedance amplitude, |Z | [Ω], and the phase angle, φ
[rad], as a function of frequency. The complex impedancemeasurements,
Z =Zr−ιZi, are related to the relative effective complex permittivity, ε , of
the sample, defined by ε =εr−ιεi, where ι denotes the imaginary unit
and the indices r and i represent the real and imaginary parts, respectively.
Themeasurements can also be expressed in terms of a conductivity mag-
nitude, |σ |, and a phase angle, φ:

σ��� �� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

r þ σ2
i

q
; ð1Þ

φ ¼ arctan
σ i

σ r

� �
; ð2Þ

where the real part of conductivity σr represents the ability to conduct an
electric current and the imaginary partσi represents the ability to polarize
charges (capacitance effect). The imaginary part of the complex permit-
tivity can be further split into two parts, one containing polarization
effects and another describing a dc-conductivity, εi=εpl(ω)+σdc/(ε0ω),
where, ε0 is the permittivity in a vacuum andω is the angular frequency,
defined byω=2πf for natural frequency f. We used air measurements to
correct for the capacitance of residual contributions, caused by the setup.
A complete description of the setup, calibration, data validation, and
experimental procedure can be found in Kavian et al. (2011).

To conduct drainage-imbibition cycles,we first saturated the sample
with aNaCl solutionwith a concentration of C=1 mmol/l under contin-
uous fluid flow conditions. Then in the next stage, the first drainage
cycle started with a constant flow rate of 2 ml/min using a syringe
pump. This first drainage cycle was continued until the flow stopped
after air breakthrough, when the pump could not further remove
water from the sample.

After a preparation time of 10 to 20 min to reverse the flow direc-
tion, the second imbibition cycle was initiated with the same constant
flow rate as used for drainage using new saline water. The electric
measurements ran almost continuously during the saturation and
first desaturation cycles, for three different concentrations of salt,
1 mmol/l, 10 mmol/l, and 100 mmol/l.

In the following sections, we discuss the observed changes in the
complex electric measurements associated with varying saline–water
saturations and various degrees of heterogeneity.



Fig. 1. (Left) Cross section of the sample holder: top and front view; (right) picture of a three-layered sand-clay. This picture was taken after last drainage by carefully removing the
PVC rings.
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3. Experimental results and discussion

3.1. Effect of salinity and frequency on drainage-imbibition hysteresis of
electric permittivity

Fig. 2 shows three plots of the real part of the electric permittivity
versus water saturation for the three-layered sand CFC partially satu-
rated with water containing 1 mmol/l (a), 10 mmol/l (b), and
100 mmol/l (c) salt concentrations. In each plot, results are shown
at frequencies 105 kHz, 332 kHz, 105 MHz, and 3 MHz for first drain-
age and second imbibition cycles. At the highest concentration of
C=100 mmol/l, we consider 1.67 MHz instead of 3 MHz because of
the low accuracy of our measuring equipment for this high salt con-
centration. By comparing the results in Fig. 2a), b), and c), three ob-
servations can be made. With increasing salinity the real part of the
electric permittivity increases, the difference between drainage and im-
bibition curves increases, and the hysteresis becomesmore pronounced
Table 1
Three letter acronyms for the three-layered packs, with constituents named from left
to right in the acronyms from bottom to top as in the layered samples.

Sample

Layer CFC BFC

Top S350 S350
Middle S150 S150
Bottom S350 Clay
at higher frequencies. Fig. 3 shows similar results obtained with the BFC
sample. By comparing the results for the three different salt concentra-
tions, we see that the presence of the fine sand and clay fractions re-
duces the hysteretic effect significantly, but the three observations
made with the previous layered sample remain valid. The sharp drop
in the permittivity values at high saturation levels can be explained
with percolation theory as discussed by Chelidze and Gueguen
(1999). According to this theory, when a continuous conducting path
of water is formed, the capacitive contribution from the water-air ca-
pacitors is effectively short-circuited whereas the water–grain capaci-
tors still have a contribution to the real part of the permittivity of the
sample.

The major difference between the layered sand sample and the
layered sand-clay sample is that the imbibition curves are always
above the drainage curves for CFC sample, whereas it is the opposite
for the BFC sample. Knight and Nur (1987) and Plug et al. (2007b)
reported on experiments in the kilohertz to megahertz frequency
range on sandstone and homogeneous coarse-grain unconsolidated
sand, respectively. They saturated their samples with deionized
water and found that the εr during second imbibition has higher
values than during first drainage.

They ascribed the low-frequency εr behaviour to the polarization of
both the gas–water and water–grain interfaces (interfacial polarization
mechanisms), which occurs during drainage and imbibition cycles with
different bulk phase geometries and distributions. Knight and Nur
(1987) attributed the electric hysteresis to capacitive charging and
discharging of gas pockets that is more enhanced during imbibition
than during drainage. Ulrich and Slater (2004) did measurements on

image of Fig.�1
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Fig. 2. Hysteresis in the real part of the complex electric permittivity for a three-layered
unconsolidated sand pack with average grain size of 150 μm in the middle and 350 μm
at the top and bottom at four different frequencies and three NaCl concentrations,
(a) C=1mmol/l, (b) C=10mmol/l, and (c) C=100 mmol/l. “d” and “I” stand for drain-
age and imbibition processes, respectively. The modeled results are shown by solid lines.
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Fig. 3. Hysteresis in the real part of complex electric permittivity for a three-layered
unconsolidated sand-clay pack with average grain size of 150 μm in the middle,
350 μm at the top, and clay (WWB111) at the bottom for four different frequencies
and (a) C=1 mmol/l, (b) C=10 mmol/l, and (c) C=100 mmol/l NaCl solution concen-
trations. “d” and “I” stand for drainage and imbibition processes, respectively. The
modeled results are shown by solid lines.
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unconsolidated sand in the low-frequency range (0.1–1000 Hz) and
used Knight's idea to interpret the larger values of polarization found
during imbibition with respect to the drainage cycle. Our results indi-
cate that the distribution of pore fluids during saturation and desatura-
tion cycles depend on the presence of clay particles in layered samples.
3.2. Dependence of electric conductivity on salinity and water saturation
as a function of frequency

We considered the effect of salinity andwater saturation on the elec-
tric conductivity spectra. The amplitude and phase of the conductivity

image of Fig.�2
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are shown in Figs. 4 and 5 for seven different water saturation levels and
for threeNaCl concentrations, for a three-layered unconsolidated sand as
well as for the sand-clay samples.

The electric conductivity amplitudes, shown in Fig. 4(a), hardly
depend on frequency at low frequencies but vary with salinity
concentration and water saturation.

At higher frequencies, the electric conductivity amplitudes start to
increase. The transition from constant to increasing occurs at a
frequency that is higher for larger conductivities.

Fig. 4b) shows the behaviour of the phase spectra for frequencies
above 30 kHz. The phase plots display a simple polynomial increase
with the logarithm of the frequency.

The 10 mmol/l line at 83% saturation of the BFC curve in Fig. 5a)
corresponds in conductivity value and behaviour to the 1 mmol/l at
74% saturation of the CFC curve in Fig. 4a). The major difference is
that for the BFC sample the conductivity amplitude increases faster
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Fig. 4. (a) Amplitude and (b) phase spectra of the complex electric conductivity obtained dur
and for three different NaCl concentrations of C=1mmol/l, C=10 mmol/l, and C=100 mm
than for the CFC sample at the same low-frequency conductivity
value. This implies that the steepness of the conductivity's amplitude
increase with increasing frequency contains information about the
fine fraction.

Fig. 5b) depicts the conductivity's phase spectra for the BCF sam-
ple at the three salt concentrations and the different water saturation
levels. At frequencies above the range of constant conductivity ampli-
tude, the phase starts to decrease for increasing water saturation and
increasing salinity.

The phase spectra have a maximum at a certain frequency, for
instance at 10 kHz for a concentration of 1 mmol/l, outside the
range of the graph in Fig. 5b). We have used artificial clay (alumina)
which is characterized by a very small conductivity value. This can
be seen from Fig. 5b), where at 1 mmol/l concentration the phase is
almost π/2. This means that the complex conductivity has a dominant
imaginary part, hence the clay layer acts as a capacitor.
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Fig. 5. (a) Amplitude and (b) phase spectra of the complex electric conductivity obtained
during the drainage process for the three-layered sand-clay sample at different saturation
levels and for three different NaCl concentrations of C=1mmol/l, C=10mmol/l, and
C=100 mmol/l NaCl solution concentrations.
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The frequency of the peak value increases with increasing salinity
and water saturation. For frequencies above that of maximum phase,
the phase decreases with increasing salinity concentrations. At a fixed
salt concentration, however, it increases with increasing water
saturation levels, a phenomenon that is opposite to that in sandstone
at frequencies below 1 kHz (Binley et al., 2005). This implies that the
phase, measured over a wide frequency range, carries information
about salinity and water saturation, which could be of importance
for vadose zone characterization.

4. Modeling of the data by means of equivalent electric circuits

For practical purposes, we can interpret our experimental data
using equivalent electric circuit models. By assuming that the surface
and bulk electric properties are equivalent to a parallel circuit of Rs
−(ıωχs)−α and a parallel classical Rb–Cb, in series, the equivalent
complex impedance of the sample is Z (ω)=Zs(ω)+Zb(ω), where

Z�
s ωð Þ ¼ Rs

1þ ıωτsð Þα and Z�
b ωð Þ ¼ Rb

1þ ıωτb
; ð3Þ
in which τs ¼ R
1
α
sχs and τb=RbCb. Here, τs is the time constant of surface

polarization (Lou and Zhang, 1998). The time constant τb characterizes
the polarization that occurs in the sample bulk volume.

The parameter α is a dispersion exponent that defines the spread of
the relaxation-time spectrum. The model is an extended version of the
Cole–Cole model (Pelton et al., 1978). Different forms of extensions
have been used by Binley et al. (2005) to correlate between spectral
induced polarization and petrophysical parameters of saturated and
unsaturated sandstone, by Ghorbani et al. (2009) to model the spectral
induced polarization of clayey rocks during drying process, by Weller
et al. (2010) to estimate normalized specific surface area from IP mea-
surements, and by Kruschwitz et al. (2010) to investigate textural con-
trols on the electric response of porous media. The model is consistent
with the dual polarization model introduced by Kemna et al. (2000),

Z� ωð Þ ¼ R0 1− ∑
k¼s;b

mk 1− 1
1þ ıωτkð Þαk

� �" #
; ð4Þ

wheremk,τk,αk are chargeability, relaxation time, and dispersion expo-
nent. When we take ms+mb=1 and αb=1 we obtain

Z� ωð Þ ¼ Rs

1þ ıωτsð Þαs
þ Rb

1þ ıωτb
; ð5Þ

with newmodel parameters, Rs=msR0 and Rb=mbR0. Eq. (5) is used to
obtain the unknown parameters by fitting the experimental data to the
model. At lower frequencies the model is not capable of fitting the data
due to the electrode polarization. Themodel presented by Eq. (5) can be
used down to 30 kHz, based on the following experiment. First we used
Eq. (5) to fit data above 100 KHz, which result can predict the data
down to 30 KHz. The model result obtained over the whole range
above 30 kHz is the same as the model result obtained from data
above 100 kHz. In our paper (Kavian et al., 2011) we showed results
above 100 kHz for sand packs.

The input data used for the fitting procedure were the real and
imaginary parts of the complex impedance, computed from the
amplitude and phase values measured at different frequencies during
drainage and imbibition processes. After fitting the experimental data
to the equivalent circuit model Z (ω), we can define the five fitting pa-
rameters. The parameters obtained for CFC sample, using data for
drainage and imbibition for saturations between 0.90 and 0.75 and
three NaCl concentrations of 1, 10, and 100 mmol/l, are presented in
Table 2. To quantify how well the model fits the complex impedance
data over the frequency range, we list the global root mean square
error (RMSE),

RMSE ¼ ∑ωjZ� ωð Þ−Z�obs ωð Þj2
∑ωjZ�obs ωð Þj2

 !1=2

: ð6Þ

Themodelfits the real and imaginary parts of the complex impedance
values to the ascribedmodel quitewell, with an error of less than 1.1% for
all three NaCl solution concentrations. In Table 2, some relaxation times
at C=100mmol/l are missing. Their influence on the total solution is
insignificant, and hence has no meaning. This can be inferred from the
overall RMSE, which is very small. At C=100mmol/l concentration τs
is negligible for drainage (Zs(ω) is frequency independent), whereas dur-
ing imbibition τb is negligible (Zb(ω) is frequency independent).

Figs. 6(a) and (b) display the real and imaginary parts of the
impedance data during imbibition, at the 1 mmol/l concentration, as
a function of frequency and saturation and the associated relative
error (Fig. 6(c) and (d)), given by

ΔZ�
r;i

�� ��
Z�
r;i

��� ��� ¼ Z�
r;i ωð Þ−Z�

r;iobs ωð Þ�� ��
Z�
r;iobs ωð Þ

��� ��� ; ð7Þ
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Table 2
Model parameters for the three-layered sand sample (CFC) obtained by fitting the data for both the drainage and the imbibition cycles at three different salt concentrations:
C=1 mmol/l, C=10 mmol/l, and C=100 mmol/l. Letters “d” and “I” stand for first drainage and secondary imbibition cycles, respectively. Saturation levels “Sw” are common
for both drainage and imbibition cycles. “RMSE” stands for root mean square error over the frequency range studied here.

Sw C d I Rs d I τs d I αs d I Rb d I τb d I RMSE

[−] [mmol/l] [Ω×102] [μs] [−] [Ω×102] [μs] [−]

0.90 1 9.82 18.20 0.45 0.93 0.85 0.82 27.56 28.84 0.08 0.08 0.007 0.011
10 0.67 1.10 0.05 0.11 0.90 0.89 3.07 3.43 0.01 0.01 0.002 0.008
100 0.03 0.12 – 0.03 0.61 0.92 0.02 0.57 0.05 – 0.002 0.006

0.85 1 19.15 32.40 0.52 0.77 0.84 0.81 31.13 31.18 0.09 0.09 0.009 0.011
10 1.15 2.13 0.09 0.15 0.90 0.88 3.95 4.17 0.01 0.01 0.006 0.008
100 0.03 0.35 – 0.03 0.66 0.92 0.14 0.71 0.04 – 0.004 0.006

0.80 1 39.60 67.01 0.54 0.71 0.83 0.82 33.51 31.10 0.09 0.09 0.009 0.009
10 2.40 3.90 0.12 0.15 0.89 0.88 5.00 5.13 0.01 0.01 0.006 0.009
100 0.03 1.32 – 0.002 0.75 0.76 0.38 0.39 0.04 0.04 0.007 0.006

0.75 1 107 134.31 0.73 0.89 0.85 0.85 33.58 34.22 0.10 0.10 0.009 0.008
10 5.40 8.60 0.14 0.16 0.89 0.88 6.43 6.17 0.02 0.02 0.008 0.010
100 1.55 2.30 0.02 0.005 0.91 0.77 1.00 1.12 – 0.05 0.006 0.008
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for the three-layered sand sample (CFC). We have chosen the imbibi-
tion cycle at the 1 mmol/l NaCl solution concentration because it
showed the largest RMSE. The relative error in fits of the real and
imaginary parts of the electric impedance is satisfactory at all saturation
levels. We have a relative error of less than 1.1% and 3% for real and
imaginary parts of impedance, respectively. We use

ε� ωð Þ ¼ d
ıωε0AZ

� ωð Þ ; ð8Þ

to convert the modeled impedances to the permittivity values. Here d
(m) and A (m2) denote the sample height and cross-sectional area,
respectively. The model fits of εr for drainage and imbibition cycles are
shown in Figs. 2 and 3 by solid lines. For both layered samples, the
agreement between the model and experimental data is good, taking
into account the simplicity of the model. The model fits the non-
monotonic behaviour observed in the εr for high saturation levels
during drainage and imbibition cycles quite well, with the difference
between the predicted and measured data of the order of 0.1%.

5. Conclusions

We have investigated by laboratory experiments how pore solu-
tion concentrations influence the complex electric permittivity/
conductivity of two different unconsolidated samples, layered sand
and sand-clay, in the frequency range of 30 kHz to 3 MHz. The electric
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Fig. 6. Images of the real (a) and imaginary (b) parts of the electric impedance during imbibit
NaCl concentration was 1 mmol/l. On the right, we show the relative errors between the exp
parameters that describe the electric response of the samples—real
part of permittivity εr, conductivity amplitude |σ | and phase φ—are
obtained from the electric measurements. The results indicate that
the shape of the real part of the permittivity hysteresis curves in the
same saturation range and in all tested NaCl concentrations is similar
for the two samples. For both samples, a higher salinity increases the
real part of the electric permittivity, the difference between drainage
and imbibition electric permittivity curves, and the presence of
hysteretic effect at higher frequencies. The presence of a clay fraction
reduces the hysteretic effect significantly and causes the imbibition
curves to lie below the drainage curves. Well-logging instruments
typically work in the frequency range studied here and measure the
resistivity. Utilization of the conductivity phase spectra in well logging
surveys should significantly improve the sensitivity of the electric
measurements to the in-situ water saturation, salinity concentration,
and lithological properties of the formation. For practical purposes,
the layered samples can be modeled as a series of two impedances,
one is the classical parallel RCmodel and the second one is a distributed
model that accounts for surface polarization effects. The agreement
between the experimental data and model predictions is good for the
range of salt concentrations used here.
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