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S U M M A R Y
We investigated electrical and physical–chemical properties of six sandstone samples with
contrasting mineralogical characteristics and with hydraulic conductivity varying in a wide
range. The electrical data were obtained from time domain spectral induced polarization (IP)
measurements.

We inverted the IP decays to relaxation time distributions, and then compared the modal
relaxation times with the dominant pore throat diameters obtained from the Mercury Injection
Capillary Pressure (MICP) data.

We found a positive logarithmic relationship between the relaxation time and the pore
throat diameter. Also, we found the normalized chargeability (an integral IP parameter) to be
positively correlated with the clay content. These two results suggest that the polarization of
our sandstones is controlled by the pore throat distribution, and by the clay content.

The logarithmic relationship contradicts previous theories, and is not universal. Adopting
an approach of Kruschwitz and her co-workers, we calculated the effective diffusivity from IP
and MICP data, and we found the effective diffusivity values ranging from 2.9 × 10−13 to 1.6
× 10−10 m2 s−1. High diffusivity values, typical of surface diffusion, were obtained for clean
sandstones. Low diffusivity values were obtained for clayey sandstones, and they were one to
two orders of magnitude lower than those characteristic of the surface diffusion.

We proposed two mechanisms to explain the ‘slow’ diffusion: (1) the effect of surface
tortuosity of pore throats filled with clay minerals and (2) the effect of pore geometry. These two
effects represent an obstacle in assessing the pore throat diameter and hydraulic conductivity of
sandstones with large specific surface and clay content on the basis of spectral IP measurements.
However, we believe that the sandstones featuring ‘slow’ diffusion can be discriminated
based on the integral polarization parameters, and that the relaxation time remains a valuable
parameter for assessing hydraulic properties of clean sandstones.

Key words: Electrical properties; Hydrogeophysics; Permeability and porosity.

1 I N T RO D U C T I O N

Information regarding permeability of rocks is essential in under-
standing and modelling flow of liquids in reservoirs, including oil
exploration and groundwater investigation. In the last decade, at-
tempts have been made to assess hydraulic properties of soils and
sediments on the basis of measurements of the complex electri-
cal conductivity (resistivity) or complex dielectric constant (e.g.
Börner et al. 1996; Lesmes & Morgan 2001; Scott & Barker 2003;
Scott 2004; Binley et al. 2005). This approach is called electrical
spectroscopy or spectral induced polarization (IP).

In ion-conductive sandstones, the imaginary component of the
complex electrical conductivity is related to an electrical double
layer (EDL) surrounding mineral grains. Because of excess of
cations and deficiency of anions typical of the EDL, the passage
of an electrical current produces local ion concentration gradients,
which result in the membrane (diffusion) potential (e.g. Marshall
& Madden 1959; Dukhin & Shilov 1974). The membrane poten-
tial is out of phase with respect to the polarizing electrical current.
The time it takes ions in the EDL to return to the equilibrium af-
ter the polarizing current is cut off is the relaxation time. Because
of the diffusive origin of this phenomenon, the relaxation time is
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proportional to the square of the average ion displacement length
(e.g. Schwarz 1962; Kormiltsev 1963; Lesmes & Morgan 2001;
Titov et al. 2002). The distribution of the ion displacement lengths,
related to distributions of grain sizes or pore throat lengths, defines
the relaxation time distribution (RTD).

In previous works, IP-derived data (e.g. RTD or the parameters
of the electrical conductivity spectra) were compared with non-
electrical data [e.g. volumetric grain size distribution, Mercury In-
jection Capillary Pressure (MICP) data, and permeability].

In the study of Berea sandstone samples, Lesmes & Morgan
(2001) obtained RTD by inverting the real part of the dielectric
constant. For this inversion, they used the generalized Debye polar-
ization model. They based the inversion on the regularized solution
of the Fredholm integral equation of the first kind, which relates the
complex dielectric constant spectrum, ε∗(ω), to the relaxation time
distribution, g(τ ) (Morgan & Lesmes 1994)

ε∗(ω) = ε′
∞ + (ε′

0 − ε′
∞)

∫ ∞

0

g(τ )

1 + iωτ
dτ , (1)

where ε′
∞, ε′

0 are the high frequency and low frequency limits of
the dielectric constant, respectively; ω is the angular frequency; τ

is the relaxation time.
Lesmes & Morgan (2001) related RTD to the volumetric grain

size distribution. As far as we know, they were the first to propose
an assessment of the grain size distribution based on the RTD.

Scott & Barker (2003) studied samples of Permo-Triassic sand-
stone from the UK. Applying the MICP method, they found that the
distributions of pore throat diameters for their samples were uni-
modal, that is, for each sample there was a most probable value of
the diameter. We call this value, d0, ‘the modal pore-throat diame-
ter’. In contrast to Lesmes & Morgan (2001), Scott & Barker (2003)
simply correlated positions of peaks in the electrical conductivity
phase spectra, fpeak, with the pore throat diameter, d0. They found
an inverse correlation between fpeak and d0.

Later, Scott & Barker (2005) obtained the relaxation time, τ ,
by fitting their experimental data with the generalized Cole–Cole
model (Dias 2000). With this improved procedure, they obtained a
positive correlation between τ and d0.

Binley et al. (2005) studied electrical–hydraulic relationship in
Sherwood Sandstone samples. They fitted the experimental complex
electrical conductivity spectra with the Cole–Cole resistivity model
(Pelton et al. 1978). For water-saturated sandstones, they showed a
positive correlation between the model relaxation time and the hy-
draulic conductivity. They also found a positive correlation between
the relaxation time and the pore throat diameter.

Tong et al. (2006) conducted time domain (TD) measurements
on shaley sands. Unlike in the conventional frequency domain (FD)
measurements, which use the harmonic current wavelength form,
in TD, the current wavelength form is typically a series of pulses
of the various durations and opposite polarities. Tong et al. (2006)
inverted IP decays to RTD on the basis of a singular-value decom-
position. Then they assessed MICP distributions from RTD by (1)

calculating cumulative RTD curves, and (2) rescaling the cumula-
tive RTD curves using empirical coefficients. They showed a good
fit between the true and IP-derived MICP curves.

Tarasov & Titov (2007) extended the inversion algorithm of
Morgan & Lesmes (1994) for TD data. They tested the algorithm
on synthetic data and obtained experimental RTDs for sieved sands
and sand mixtures. For sieved sands, they found unimodal RTDs.
For sand mixtures containing two grain sizes, they found both uni-
modal and bimodal RTDs depending on the grain size distributions.
Comparing the sand granulometric compositions with the RTDs,
they related RTD peak positions to grain size distributions. Hence-
forth, we call the RTD peak position ‘the modal relaxation time’,
τ0.

Kruschwitz et al. (2009) analysed a number of previously ob-
tained and new spectral IP data sets on the basis of the generalized
Cole–Cole resistivity model (Pelton et al. 1983). For samples con-
taining mostly large pore throats, they found that the relaxation
time increased with the increase of the modal pore throat size. For
samples mostly containing small pore throats, they found no re-
lationships between the relaxation time and the modal pore throat
diameter. Kruschwitz et al. (2009) concluded that ‘for such media
the microstructure of the network of small pores leads to some con-
nectivity of diffusion path and thus this samples exhibit relatively
long relaxation times’.

Summarizing state-of-the-art of the spectral IP method, we would
like to emphasize an increasing interest to using the method as a
tool for assessing hydraulic and physical–chemical properties of
sediments and soils. However, the value of the method is limited
by insufficient experimental database, which leads to incomplete
understanding of the IP mechanism. Therefore, the main goal of
this paper is to extend the factual database. Also, most of the exper-
imental data to date were obtained using FD measurements, while
in the field the TD technique is used much more often. There are
few petrophysical data obtained in the TD mode to date. These data
describe unconsolidated soils (Titov et al. 2002; 2004; Tarasov &
Titov 2007), and only one data set involves rocks (Tong et al. 2006).
Therefore, another goal of this paper is to demonstrate the feasibility
of spectral IP approach on the basis of the TD technique.

2 M E T H O D O L O G Y

This paper describes electrical data obtained from TD IP measure-
ments on six sandstone samples. To compare electrical properties
of sandstones with physical–chemical properties commonly used in
hydrogeology and in the oil industry, we also measured the sample
porosity, permeability, specific surface area (SSA) and MICP dis-
tributions. The samples have contrasting mineralogical characteris-
tics (Table 1). The two central parameters for transport properties,
porosity and clay content, vary from 19 to 26 per cent (Table 2) and
from 4 to 31 per cent (Table 1), respectively. This leads to a wide
range of hydraulic conductivity (from 0.42 to 1091 mD).

Table 1. Mineralogical composition of the studied samples (in weight per cent).

Sample Quartz + Chert Feldspar Carbonate Clay Evaporite

Berea 100 85.0 4.4 3.9 6.1 0.4
Berea 400 89.2 3.9 1.1 5.2 0.4
Boise 264 46.8 45.2 0.8 6.4 0.5
Massilon 1065 90.5 0.0 3.9 3.7 0.4
Portland 36.6 9.1 22.6 31.2 0.1
Bandera 274 58.6 13.7 1.1 20.2 1.5
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Table 2. Physical–chemical properties of the studied samples SSA is the specific surface area; F is the formation factor;
d0 is the modal pore throat diameter.

Sample ID Porosity (per cent) Permeability (mD) SSA (m2 g−1) F d0 (μm)

Berea 100 20.2 258 1.01 18.8 12.0
Berea 400 23.6 843 0.81 14.0 23.6
Boise 264 25.6 604 0.77 13.7 15.6
Massilon 1065 22.0 1091 1.52 12.9 33.0
Portland 18.9 0.42 3.29 19.7 0.42
Bandera 274 20.8 19.4 2.64 11.9 6.22

We inverted the TD IP data to RTD using an algorithm proposed
by Tarasov & Titov (2007), and we analysed relationships between
the aforementioned physical–chemical properties and the electrical
properties.

2.1 Sample preparation and succession of measurements

First, an optimal experiment protocol was established using two
Berea sandstone samples (Amherst, Ohio, Cleveland quarries).
These samples (and subsequently all other samples) were cleaned
using the Soxhlet method (Soxhlet 1879) with successive extraction
in toluene, acetone and chloroform. After drying for 24 hr at 60 ◦C,
two Berea sandstone samples were saturated with 5 Sm−1 NaCl (at
25 ◦C) solution using the vacuum/pressure saturation method, and
the first series of IP measurements were carried out. The salinity
for the first saturation was chosen to resemble the values character-
istic of some brines found in oil-bearing formations. After the first
series of measurements, two Berea sandstone samples were placed
in individual 200 ml containers filled with distilled water and left
to equilibrate to a new salinity state. The electrical conductivity
of water was monitored against time in order to control diffusion
of the salt from samples to the surrounding solutions. The con-
ductivity of water gradually increased, indicating salt movement
from the samples to the equilibration container. After a certain
time, water conductivities reached constant values characteristic of
the new equilibrium state. This procedure is further referred to as
the ‘desalinization’ because it results in decrease of the salt con-
centration in the samples. The desalinization procedure took four
months until the new equilibrium brine electrical conductivity of
0.2 Sm−1 for both samples was reached. After that, the second set
of IP measurements was carried out.

Because the desalinization procedure took a long time, four other
samples (Boise sandstone, Massilon sandstone, Portland sandstone
and Bandera sandstone), were saturated directly with 0.2 Sm−1

NaCl solution. After that the IP measurements were carried out on
these four samples. Then, they were desalinized using the described
procedure. The new equilibrium water conductivity for these sam-
ples was approximately 5.9 × 10−2 Sm−1. After measuring the IP
response of the desalinized samples, the samples were vacuum-
saturated with NaCl brine of 4.31 Sm−1, and the IP measurements
were carried out again.

2.2 Non-electrical measurements

The non-electrical sample characterization included measurements
of the core porosity, gas permeability, specific surface area and
MICP. The details of the characterization methods are given below.

(1) Gas permeability measurements were carried out on cylindri-
cal plugs 3.81 cm long and 3.81 cm in diameter, using an automated

gas permeameter developed at Schlumberger-Doll Research (US
Patent #5832409).

(2) Specific surface area measurements were made on plugs us-
ing the BET method (Brunauer et al. 1938) with the Micromeritics
Gemini 2360 analyser. This instrument uses a flowing-gas tech-
nique, in which the adsorptive nitrogen gas flows into the sample
and the balance tubes at the same time. A pressure transducer moni-
tors the pressure between the two reservoirs to determine the amount
of gas that is adsorbed on the sample. Due to the limited tube size,
only the plugs 0.75 cm in diameter were measured.

(3) The pore throat size distributions were obtained using the
MICP method. The method allows evaluation of the pore throat
size distribution by measuring mercury intrusion into the sample at
a variable pressure. As the pressure increases, mercury enters the
pores beginning with those of the largest diameter. Pore throat size
is calculated for each pressure value, and the corresponding volume
of mercury required to fill these pores is measured. These mea-
surements, taken over a range of pressures, result in the ‘pore vol-
ume versus pore size’ distribution for the sample material (Purcell
1949).

2.3 Electrical measurements

Electrical measurements were carried out on plugs 3.81 cm long
and 3.81 cm in diameter. We used a measuring cell similar to that
described in Binley et al. (2005).

2.3.1 Apparatus and procedure

For the TD IP measurements, we used the AIE-2 instrument
(www.elgeo.ru), and a laboratory transmitter that allowed injection
of stabilized current into the sample The most important feature of
the approach is the dense decay sampling (tens to hundreds points
per decay). For more details concerning the measurement setup and
instrument, see Titov et al. (2002, 2004) and Tarasov et al. (2003).

For the TD IP measurements, we used the following protocol.
Three current wavelengths were used: 2, 10 and 99 s, with the equal
durations of pulses and pauses. Use of the various current wave-
lengths for improving the quality of the TD IP data was described
in previous papers (Soininen 1984; Johnson 1984; Lewis 1985).
Moreover, it was shown that the use of three current wavelengths
enables strong improvement of RTD assessments (Tarasov & Titov
2007). The IP voltage was sampled in time windows, and the volt-
ages per window were averaged. With this approach, the wider the
window, the greater the signal-to-noise ratio. Short pulses (T = 2 s)
were used for studying early parts of the IP decays. For short pulses,
narrow time windows were used. The signal-to-noise ratio was im-
proved by stacking the responses over 10 pulses. Increase of the
pulse duration (T = 10 and 99 s) resulted in wider time windows,
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which allowed keeping a reasonable signal-to-noise ratio with re-
duced number of stacked responses.

2.3.2 Inversion of recorded decay curves to relaxation
time distribution

Inversion of the decays to RTD is based on the equation relating
the dimensionless polarizability, η(t), with the density of RTD, g(τ )
(in s−1)

η(t) =
∫ ∞

0
g(τ )F(t/τ, T, N I )dτ . (2)

Here F(t/τ, T, N I ) is the dimensionless theoretical IP decay, which
is the convolution of the presumed IP decay characteristic of a
polarizing element of the rock texture, F(t/τ ), with the current
waveform, I (t0),

F(t/τ, T, N I ) =
∫ t

0
I (t0, T, N I ) · F

(
t − t0

τ

)
dt0, (3)

where t0 is the integration variable, and N I is the number of the
stacked pulses.

Eq. (2) is based on superposition of the responses of polarizing
elements distributed with the probability density, g(τ ). The ele-
ments have a relaxation described by the F(t/τ ) rule, and they are
polarized by the current with the wavelength form I (t0, T, N I ).

For the Debye relaxation model F(t/τ ) is the damped exponen-
tial,

F(t/τ ) = exp

(
− t

τ

)
. (4)

By introducing a new variable, Z (s), instead of g(τ ) on the basis of
normalization (5), and the transformation of variables (6) and (7)
∫ ∞

0
g(τ )dτ =

∫ ∞

−∞
Z (s)ds = η0, (5)

s = ln(τ ), (6)

p = ln(t), (7)

the new model function is defined

�(p − s, T, N I ) = F(t/τ, T, N I ). (8)

Using these new variables, Tarasov & Titov (2007) presented
eq. (2) in the form

η(p) =
∫ ∞

−∞
Z (s)�(p − s, T, N I )ds. (9)

Note that the density, g(τ ), is expressed in s−1 (eq. 2), while Z (s)
is a dimensionless parameter (eq. 9). This parameter, characterizing
RTD, will be interpreted thereafter. Eq. (9) is the Fredholm equa-
tion of the first kind, which is an ill-posed problem. The Tikhonov
regularization approach (Tikhonov & Arsenin 1986) was applied to
solve it. For more details about the inversion procedure, see Tarasov
& Titov (2007).

In this study, we used two model functions F(t/τ ). First, we
obtained RTD on the electrical circuit measurements applying the
Debye relaxation model (eq. 4). Then, for the data obtained on the

samples, we applied a so-called ‘short narrow pore’ (SNP) model
of polarization, describing the electrical relaxation of a pore throat
(Titov et al. 2002). It is presented in TD by the following equation:

F

(
t

τ

)
= 1√

π

√
t

τ

[
1 − exp

(
− τ

t

)]
+ erfc

(√
τ

t

)
. (10)

2.3.3 Calibration experiments

Two calibration tests of the experimental setup were performed.
First, a ‘blank’ water test was carried out using water with three dif-
ferent electrical conductivity values (0.29, 0.050 and 0.014 Sm−1).
These values roughly correspond to the conductivity of the samples
saturated with water of different salinities. This test was performed
in order to check the capacitive coupling, which is a characteristic
of four-electrode arrays (e.g. Lesmes & Frye 2001), and the sta-
bility of the non-polarizing potential electrodes. Second, a test on
electrical circuits was carried out. Circuits contained a serial con-
nection of a resistance R0, and an RC-contour (which is a parallel
connection of a resistance, R, and a capacitance, C). These circuits
provide relaxations with a priori known values of the time constant,
τ = RC . This test was done in order to verify the accuracy of the
relaxation time obtained with our approach. Thereafter, we call this
test ‘RC-test’.

Fig. 1 shows the results of the ‘blank’ water test. The observed
decays represent the assembly noise, which must be significantly
lower than the sample responses. The IP decay obtained on the
Bandera 274 sample, saturated with saline water (when the lowest
IP response) is also shown for comparison. For the ‘blank’ test with
fresh water (0.014 Sm−1), with the highest (in our series of tests)
capacitive coupling, starting from 0.01 s, the decay values are less
than 5 per cent of the values obtained on the sample. Therefore,
at least in the time range over 0.01 s, we can disregard the noise
produced by the capacitive coupling.

The largest resistance of the samples was about 15 kOhm. In the
RC-test, we modelled the Ohmic resistivity of the samples using a
circuit with the resistance of 20 kOhm. We used the different ca-
pacitances to obtain the various relaxation time values. The circuits
provided three values of the relaxation time: 2 × 10−1, 2 × 10−2

and 2 × 10−3 s. Fig. 2 shows the measured decays obtained with the
protocol described above. The decays corresponding to three values
of the relaxation time are similar in shape, but are mutually shifted.
The longer the calculated relaxation time, the more the decay is
shifted to the right along the time axis. Performing inversion of the
RC test data according to the Debye relaxation model, we obtained
a good correspondence between the observed peaks in the RTD and
the theoretical relaxation values (Fig. 3).

3 R E S U LT S

3.1 Non-electrical measurements

Characterization of the six sandstone samples by non-electrical
measurements revealed that the collection represented samples of
different mineralogical composition and physical properties. The
mineralogical characteristics of the samples are summarized in
Table 1.

Examples of MICP curves are shown in Fig. 4. The modal pore
throat diameter for the studied samples varies between 0.4 and
40 μm. For five samples, unimodal distributions were found, and
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Figure 1. IP decays obtained in the ‘blank’ water test. Numbers show the values of the water electrical conductivity. Data obtained on the Bandera 274 sample,
saturated with saline water (σw = 4.31 Sm−1), are shown for comparison.
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Figure 2. IP decays (a) obtained on electrical circuits (b) containing resistances and capacitances providing relaxations with a priori known values of the time
constant (RC-test).
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Figure 3. Relaxation time distributions obtained from RC-test.
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Figure 4. Examples of the mercury injection capillary pressure data.

for one sample (Masillon 1065), the distribution was found to be
bimodal, with two peaks located at 18 and 33 μm.

Physical–chemical properties of the studied samples are summa-
rized in Table 2.

Fig. 5 shows relationships between the physical–chemical char-
acteristics of the samples. Permeability and the modal pore throat
diameter are in strong positive power relationship (Fig. 5a). The
permeability is inversely correlated with SSA (Fig. 5b), and SSA is
positively correlated with the clay content (Fig. 5c). Also the modal
pore throat diameter is inversely correlated with the clay content,
which suggests that small pore throats are formed by clay particles

or filled with clay (Fig. 5d). Therefore, for our collection, the per-
meability is controlled by both the pore throat diameter and the clay
content.

3.2 Electrical measurements

Fig. 6 shows an example of IP decays obtained on the Bandera
274 sample saturated with water of three electrical conductivity
values. It is seen that the magnitude of the polarization decreases
with the water conductivity increase. However, even at the highest
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Figure 5. Relationships between physical–chemical properties of the samples: (a) the modal pore throat diameter versus permeability; (b) permeability versus
the specific surface area; (c) the specific surface area versus the clay content; (d) the modal pore throat diameter versus the clay content.
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Figure 6. Examples of IP decays obtained on the Bandera 274 sample saturated with water of the various electrical conductivity: (a) 4.31 Sm−1,
(b) 0.20 Sm−1 and (c) 3.94 × 10−2 Sm−1.
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Figure 7. Relaxation time distributions obtained on samples Bandera 274
(filled circles) and Boise 264 (open squares) saturated with water of the
various electrical conductivity [(a) 4.31 Sm−1, (b) 0.20 Sm−1, (c) about
0.05 Sm−1]. The inversion was based on the SNP model.

conductivity value, and for a late time range (about 99 s), the po-
larizability is an order of magnitude greater than the level of noise
(Fig. 1).

Fig. 7 shows examples of RTD inversion obtained on samples
Bandera 274 and Boise 264 saturated with water of different elec-
trical conductivities. We used the model function describing the
SNP model (eq. (10)). All distributions contain peaks in the time
range from 1 to 25 s.

Integral parameters of the electrical data are summarized in
Fig. 8. We calculated chargeability corresponding to the pulse of
the longest duration (99 s). The chargeability was found to be a
decreasing function of the water electrical conductivity (Fig. 8a).

Normalized chargeability, which is a measure of the net polariza-
tion effect, was calculated from the chargeability, η, and the water
electrical conductivity, σw (e.g. Lesmes & Frye 2001)

M N = ησw. (11)

The normalized chargeability was found to be a slightly increasing
function of the water electrical conductivity (Fig. 8b).

The relationships between the modal relaxation time,τ0, and the
water electrical conductivity (Fig. 8c) are different for the different
samples. For three samples (Portland, Boise 264 and Bandera 274)
τ0 shows a weak dependence on the water conductivity. For two
samples (Berea 100 and Berea 400) τ0 slightly increases with the
water conductivity increase. In all these cases, the ratio of τ0 at
high electrical conductivity to τ0 at medium conductivity is within
the range from 0.57 to 3.3. Conversely, for the Massilon sample,
τ0 is almost constant at low and medium conductivity values, and
then decreases by an order of magnitude at the highest conductivity
value.

Fig. 9 shows relationships between the normalized chargeability
and the volumetric clay content for high and medium water con-
ductivities. For these relationships, we found positive correlations,
which confirm that for our samples the polarization is at least par-
tially controlled by the clay content.

Taking in consideration the aforementioned behaviour of the rela-
tionship τ0(σw), we tend to view the relationship between the modal
pore throat diameter and the relaxation time in the following way.
First, we tried obtaining a regression for the entire data set. How-
ever, this proved unsuccessful. Then, we based our analysis on the
geometrical mean value of the modal relaxation times obtained by
measuring a sample saturated with water of different electrical con-
ductivities, τ̄ , which is called thereafter ‘the characteristic relaxation
time’. Fig. 10(a) shows the relationships between the modal pore
throat diameter, obtained from the MICP data, and the characteristic
relaxation time, τ̄ . A positive logarithmic dependence,

d0 = 16.8 ln τ̄ − 2.15, (12)

fits the data well (in eq. (12) d0 is expressed in μm, and τ̄ – in s). The
logarithmic relationship is in agreement with the results obtained
by Scott & Barker (2003), however the coefficients are different.
If the characteristic diffusion length is considered proportional to
the pore throat diameter or, alternatively, to the grain diameter,
the logarithmic relationship is in disagreement with the existing
theories (e.g. Schwarz 1962; Kormiltsev 1963; Titov et al. 2002),
which predict a power-law relationship between the characteristic
diffusion length, l, and the relaxation time

l ∼
√

Dτ , (13)

where D is the ion diffusivity. The relationship between the perme-
ability, k, and τ̄ (Fig. 10b) also fits the logarithmic law well with the
coefficient of determination value slightly lower than that for the
previous case. This is directly explained by the correlation between
d0 and k shown in Fig. 5(a).

4 D I S C U S S I O N

The chargeability was found to be a decreased function of the water
electrical conductivity (Fig. 8a), which is in agreement with previous
works (e.g. Lesmes & Frye 2001).

The normalized chargeability, M N , was found to be a slightly
increased function of the water electrical conductivity (Fig. 8b),
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Figure 9. Normalized chargeability versus volumetric clay content for the samples saturated with water of high (a) and medium (b) salinity.

which agrees with the data presented by Scott (2004), and disagrees
with the data by Lesmes & Frye (2001). Lesmes & Frye (2001)
found that the dependence of M N on σw contains a maximum.
They proposed that the increase of M N in the low conductivity
range is related to the increase of the surface charge density with
increase of the solution concentration. They related the decrease
of M N in the high conductivity range to the ion-ion interactions,
which cause the effective surface ionic mobility to decrease at high
salinity values. The concurrency between these two mechanisms
produces a relationship containing a maximum. Lesmes & Frye

(2001) found the maximum of the M N (σw) relationship at about
1 Sm−1. However, the position of the maximum can also depend
on properties of the solid-liquid interface, and on the chemical
composition of the pore water. We believe that for the data of Scott
(2004), as well as for our data in the studied electrical conductivity
range, the increase of the surface charge density is the dominant
mechanism, which controls the integral polarization effect. The
maximum for our collection, therefore, may be shifted right, to
higher values of the water electrical conductivity. This hypothesis
is in agreement with results of Flath (cited by Scott 2004), where
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Figure 10. Relationships between: (a) the modal pore throat diameter, d0, and the characteristic relaxation time, τ̄ ; (b) between permeability, k, and the
characteristic relaxation time. Solid lines and dashed lines show logarithmic and power best fits, respectively.

the maximum was found at the water conductivity value of about
5 Sm−1.

The normalized chargeability shows a positive linear correlation
with the clay content (Fig. 9). The clay content also negatively corre-
lates with the pore throat diameter (Fig. 5d). We consider, therefore,
the clay particles as the polarizing elements in the sandstones, and
suggest that at least part of the pore throats is filled with clay.

The relationship between the modal relaxation time and the water
electrical conductivity (Fig. 8c) is contradictory. In three samples
τ0 was found to be almost independent of the water conductivity.
Two samples show slightly increased values of τ0 at higher conduc-
tivities. This increase of τ0 may be related to the decrease of the ion
mobility with the increase of the water electrical conductivity [and,
consequently, the decrease of the diffusivity, see eq. (13)].

One sample (Massilon 1065) shows a tenfold decrease of τ0when
the water conductivity decreases from 0.2 to 4.31 Sm−1 (Fig. 8c). We
propose two hypotheses to explain this behaviour. On the one hand
the MICP distribution for this sample is bimodal: the peaks were
found at 33 and 18 μm (Fig. 4). Tarasov (2008) showed theoretically
that the magnitude of polarization of a pore throat is an extremal
function of the water salinity and the pore throat size. Therefore,
in principle, depending on the water salinity, less frequent pore
throats may produce larger polarization effect than the dominant
pore throats. The shift of the polarization effect to smaller pore
throats explains the shift of τ0 to lower values. However, taking in
consideration the modal pore throat diameters characteristic of the
Massilon 1065 sample and eq. (13), we can predict the shift of τ0 by
a factor of 3.4, but not by a factor of 10. Therefore, this ‘shift’ effect
cannot completely explain the relationship between τ0 and σw.

On the other hand, the Massilon 1065 sample has the highest
value of d0 and the lowest clay content in our collection. Therefore,
the polarizing elements for the sample are the pore throats filled
with water. Because of this, the chargeability in this sample at high
water conductivity value is the lowest in the collection, and the error
of determination of the relaxation time distribution is the highest.
It is possible that both discussed factors (the ‘shift’ effect as well
as a relatively large error in determination of τ0) contribute to the
unusual observed behaviour of τ0(σw).

Now we discuss the relationship between the characteristic relax-
ation time and the pore throat diameter. Eq. (12) is of limited value
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Figure 11. Effective diffusivity versus modal pore throat diameter. The
filled circles show the IP and MICP derived data, and the solid line shows
the best power-law fit. The numbers indicate the clay content.

for the estimation of d0 because it may produce negative values of
the modal pore throat diameter and, therefore, it is only valid for
a limited range of the characteristic relaxation time (τ̄ > 1.13 s
for our collection). Therefore, eq. (12) is not universal. Also, the
logarithmic dependence is in disagreement with the theoretical pre-
diction, eq. (13).

To interpret our data, we adopted approach of Kruschwitz
et al. (2009). Accordingly, we considered the diffusivity in eq. (13)
as a variable, which is calculated from the modal pore throat diam-
eter and the characteristic relaxation time,

Deff = d2

τ̄
, (14)

so that the large relaxation time is related to the ‘slow’ diffusion. We
fit our data assuming a power-law relationship Deff ∝ dn

o (Fig. 11).
For our collection, we obtain three orders of magnitude variation
in effective diffusivity. The value of power that we found is in
a remarkable agreement with the results obtained by Kruschwitz
et al. (2009): 1.61 for our collection and 1.68 for their collec-
tion. Kruschwitz et al. (2009) related the variation of the effec-
tive diffusivity to the variation of the specific surface area and the
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formation factor: low values of the effective diffusivity correspond
to high values of the formation factor and specific surface area.
For our collection, we found an inverse correlation of the effective
diffusivity with the specific surface area (R2 = 0.76) and with the
clay content (R2 = 0.90).

Revil (1999) calculated values of the surface diffusivity on the
basis of the electrical conductivity measurements. He found the
following values: from 3.9 × 10−11 m2 s−1 (for Cs+) to 4.1 × 10−10

m2s−1 (for H+). For our collection, in the clay content range from
3.2 to 6.4 per cent, the effective diffusivity values (from 6.8 × 10−11

to 1.6 × 10−10 m2 s−1) are characteristic of the surface diffusion.
For this case, we consider the surface diffusion along the boundaries
of the pore throats not filled with clay. For higher clay content, the
effective diffusivity values decrease up to 2.9 × 10−13 m2 s−1, which
is two orders of magnitude lower than that for the surface diffusivity.

We propose two mechanisms that may explain this ‘slow’ diffu-
sion.

(1) Surface tortuosity effect: In the pores filled with clay, the
effective surface diffusivity is reduced because the clay mineral
surface is rough (see micrographs, e.g. in Martil et al. 2003). The
reduction of the surface diffusivity may be described in terms of
surface tortuosity of clay, in a similar manner as the reduction of the
bulk electrical conductivity in porous media is described in terms
of volume tortuosity,

Deff = Ds/ϑ
2
s , (15)

where ϑs is the surface tortuosity of clay, and Ds is the surface
diffusivity.

(2) Pore geometry effect: In this paper, we calculated the effective
diffusivity based on the characteristic relaxation time and modal
pore throat diameter. However, the diffusivity must be calculated
from the characteristic diffusion length (that is, from the length of a
pore throat). In the other words, using eq. (14), we considered that
the pore throat length is equal to the pore throat diameter. Assuming,
in contrast, a ‘long’ pore with a length

l = ad0, (16)

where a (a > 1) is a geometrical coefficient, we must compare τ

and l, and l 
= d0. Note that abundance of such long pore throats
produces high values of the formation factor and the specific surface
area. Therefore, the proposed mechanism is in agreement with the
recent experimental results of Kruschwitz et al. (2009).

Considering both effects at play, we combine eqs (14)–(16), sub-
stituting d for l in eq. (14), and we obtain for the surface diffusivity

Ds = ϑ2
s

l2

τ̄
= ϑ2

s a2 d2

τ̄
. (17)

The ϑ2
s a2 factor determines the difference between Deff obtained

from eq. (14) and Ds .
To estimate the surface tortuosity of clay minerals, we used the

model proposed by Moldrup et al. (2001), which describes diffu-
sion in soils. Their model predicts a strong increase of the tortuos-
ity with the decrease of the water content. We assumed that, with
low water content, the tortuosity is largely influenced by the min-
eral surface and, therefore, the tortuosity at the low water content
may be considered as the minimum estimated surface tortuosity.
For clay with low water content, the model predicts the tortuosity
value larger than four. Considering this value as the minimum value
of the surface tortuosity, we obtain the effective diffusivity value
16 times lower than that of the surface diffusivity (eq. 15).

To explain the difference of two orders in magnitude between the
surface diffusivity and the effective diffusivity, we must assume that

the length of a pore throat is 2.5 times greater than its diameter. We
do not have micrographs of our sandstones, but in microphotographs
of Permo-Triassic sandstones from the United Kingdom (Scott &
Barker 2005) such ‘long’ pores (and even longer ones) are observed.

Therefore, each of the above mechanisms, as well as combina-
tion thereof, allow explanation of the low values of the effective
diffusivity obtained from the IP data.

5 C O N C LU S I O N S

In this paper, on the basis of TD measurements of six sandstone
samples, we obtained RTDs. In our analysis, we used the charac-
teristic relaxation time, which is the geometrical mean value of the
modal relaxation times obtained by measuring a sample saturated
with water of different electrical conductivities. We found a loga-
rithmic correlation between d0 and τ̄ (R2 = 0.95). This logarithmic
correlation is not in accordance with the existing theories, which
predict the power-law relationship, eq. (13), between the grain size
(or the pore throat size) and the relaxation time.

To interpret our data, we assumed that the effective ion diffu-
sivity depends on the pore throat size. We calculated the effective
diffusivity from the IP and MICP data, and we found a positive
power-law relationship between the diffusivity and the pore throat
diameter. The value obtained for the power-law exponent is in good
agreement with the value reported by Kruschwitz et al. (2009). This
agreement is remarkable especially because the approaches used in
our paper, and those used by Kruschwitz and her co-workers are
very different: we used TD measurements, and they used FD mea-
surements; we applied the SNP model, and they used the Cole–Cole
resistivity model.

For clayey samples, the calculated effective diffusivity values
were found to be one to two orders in magnitude lower than those
characteristic of the surface diffusion. We proposed two mecha-
nisms to explain the low values of the effective diffusivity obtained
from the IP data: the surface tortuosity effect and the pore geometry
effect.

Relaxation time as a measure of the characteristic diffusion length
in the pore space is not necessarily directly related to the charac-
teristic hydraulic radii of pores. The difference between the char-
acteristic diffusion length and the pore radius is manifested by the
‘slow’ diffusion, described by Kruschwitz et al. (2009) and con-
firmed and explained in this paper. This fact poses a limitation in
the use of the relaxation time for predicting hydraulic conductivity
values. However, we believe that in practice this obstacle may be
overcome based on the combined use of the relaxation time and
of the integral polarization characteristics (the normalized charge-
ability or the imaginary part of the complex electrical conductivity
or resistivity). Because the integral parameters are sensitive to the
clay content and to the specific surface area, which are probably
responsible for the ‘slow’ diffusion, high values of these parame-
ters should indicate and discriminate sandstones with anomalously
large values of τ . For such sandstones, τ is not useful to assess k.
In contrast, for clean sandstone with low polarization, τ is a useful
characteristic of the hydraulic permeability.
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