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S U M M A R Y 

In arid and semi-arid climates, it is critical to assess the state of the soil in terms of water 
content and water salinity. The use of geophysics, and geoelectrical methods in particular, 
to this end faces the challenge of discriminating between the effects of water content and 

pore water salinity on soil electrical resistivity, since these two factors are both inversely re- 
lated to resistivity. The heterogeneity of soils, with its possible varying clay content, makes 
the interpretation even more complex. We have investigated the combined effect of wa- 
ter saturation, pore water salinity and clay content using spectral induced polarization 

(SIP) on controlled laboratory samples. The experiments contribute to the development 
and application of the SIP method in the area of small-scale data acquisition and pro- 
cessing for hydrogeophysical and environmental purposes. In our experimental setup the 
above-mentioned three variables were gradually modified under controlled conditions. 
Ca-montmorillonite and very fine to coarse sand were mixed during multiple dry-wet 
mixing cycles in order to create artificial soil samples that mimic natural soils. In total, 
four samples were used with clay content varying from 2 to 8 mass per cent of clay. The 
other two variables were changed as well: water saturation ranging from 100 per cent to 

10 per cent in 9–15 steps, and electrical conductivity of the pore water ranging from 0.05 

to 0.7 S m−1 in four steps. The statistical analysis of the results indicates that there is a 

significant positive correlation between quadrature conductivity and the three variables. 
The obtained data were fitted using a double Cole–Cole model. The analysis of the ob- 
tained Cole–Cole parameters along the three variables shows promising results for the 
separation between the effects of pore water salinity and water content, thus paving the 
way for fruitful field applications in arid and semi-arid environments. 
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 INTRODUCTION  

eoelectrical methods provide diverse toolsets to image the sub-
urface and monitor its water dynamics through changes in the
ystem’s state. These observations might be crucial in arid and
emi-arid areas, where the structure and function of agricultural
nd natural ecosystems are dramatically determined by water
vailability and its conditions in terms of salinity. An accurate
ssessment of spatial and temporal soil water distribution may
elp improve the efficiency of groundwater management and ir-
igation strategies. Dryland ecosystems can be characterized by
eterogeneous soil cover, high salt content in upper soil layers
C© The Author(s) 2026. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution Licens
which permits unrestricted reuse, distribution, and reproduction in any mediu
nd low levels of soil moisture. Note that also pore water salin-
ty is a crucial parameter in terms of sustainable agriculture and
cosystems. 
Since electrical resistivity depends on water saturation, salin-

ty and soil structure, it has been used for the imaging of the
nsaturated zone for decades, beginning with Archie’s law (G.E.
rchie 1942 ; D.A. Grunat 2013 ; T. Wunderlich et al. 2013 ). How-

ver, understanding the combined effect of soil water content,
alinity and soil composition on the electrical signal remains a
hallenging issue, which often limits the interpretation of the
ata (D.A. Grunat 2013 ). The non-invasive mapping of the va-
ose zone of complex heterogeneous areas, such as arid and
oyal Astronomical Society. This is an Open Access
e (https://creativecommons.org/licenses/by/4.0/),
m, provided the original work is properly cited. 1
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semi-arid regions, may require more convoluted data acquisi- 
tion and interpretation strategies than what widely used meth- 
ods such as TDR (Time Domain Reflectometry), GPR (Ground 

Penetrating Radar) or ERT (Electrical Resistivity Tomography) 
can provide. 

The induced polarization (IP) method is an extended version 

of the DC (Direct Current) resistivity method, that can be per- 
formed either in the time domain or in the frequency domain 

(A. Kemna et al. 2000 ; L. Slater & D.P. Lesmes 2002 ; A. Revil 
et al. 2012 ). IP measurements were historically used mostly for 
the exploration of metallic ore deposits (D. Jougnot et al. 2010 ), 
and recently their importance has increased in a wide variety of 
environmental (P. Kessouri et al. 2019 ) and engineering applica- 
tions (D.P. Lesmes & S.P. Friedman 2005 ). Spectral induced po- 
larization (SIP) or frequency-domain induced polarization sur- 
veys measure both the resistive and capacitive properties of the 
subsurface over a large range of frequencies (mHz to kHz). In ad- 
dition to resistivity, they provide information about the charge- 
ability of the investigated geological materials, which expresses 
their ability to reversibly store electrical charges (A. Revil et al. 
2012 ; Y. Wu & L. Peruzzo 2020 ; A. Mendieta et al. 2021 ). These 
conductive and capacitive properties are dependent on textural 
parameters (e.g. grain and pore size distribution, mineralogical 
composition and clay content), as well as on electrochemical pa- 
rameters [e.g. pore fluid composition, surface charge density and 

cation exchange capacity (CEC) of the porous material] (G. Okay 
et al. 2014 ). 

Other studies demonstrated also the sensitivity of the IP 

method to water content (C. Ulrich & L. Slater 2004 ; K. Titov 
et al. 2004 ; K. Breede et al. 2012 ; T. Kremer et al. 2016 ; A. Re- 
vil et al. 2023 ), clay content (G. Okay et al. 2014 ; G. Osterman et 
al. 2019 ) and salinity (H.J. Vinegar & M.H. Waxman 1984 ; A. A. 
Revil & M. Skold 2011 ; A. Weller & L. Slater 2012 ; D.A. Grunat 
2013 ; G. Okay et al. 2014 ; L. Peruzzo et al. 2018 ; A. Mendieta et al. 
2021 ). Another line of research concluded that IP surveys pro- 
vide the possibility to discriminate resistivity changes caused by 
pore fluid variations from those caused by physical properties 
such as surface area and hydraulic conductivity of the porous 
medium (A. Kemna et al. 2000 ; L. Slater & D.P. Lesmes 2002 ; 
D.A. Grunat 2013 ). However, well controlled studies that anal- 
yse the joint effects of these three variables are scarce, and they 
are badly needed in order to pave the way for practical field ap- 
plications. 

For this reason, we conducted laboratory SIP measurements 
on simplified, artificial soils samples (sand–clay mixtures) to ob- 
serve, under controlled conditions, how the SIP response is af- 
fected by water saturation, pore fluid conductivity and clay con- 
tent, all varied in a systematic manner. The laboratory setup with 

pre-defined gradients of pore fluid conductivity and saturation 

levels allowed the performance of measurements with high ac- 
curacy. Four samples with clay (Ca-montmorillonite) content of 
2, 4, 6 and 8 mass per cent were analysed using saturation flu- 
ids of four concentration levels (tap water–NaCl solution with 

electrical conductivity of 0.05–0.1–0.35–0.7 S m−1 ). The exam- 
ined saturation range was between 10 and 100 per cent in 9–15 
steps. 

The aims of the paper are: (1) to create a comprehensive ex- 
perimental data base regarding the dependence of the SIP sig- 
nal of sand–clay mixtures on clay content, fluid saturation level 
and saturating fluid conductivity; (2) to establish relationships 
between the electrical properties and selected hydrological- 
chemical properties of unconsolidated deposits or soils and (3) 
to create the experimental bases for a pedophysical model that 
can be used for real samples and field applications. 

The paper is organized as follows. Section 2 (‘Background’) 
provides the theoretical basis of the SIP method and summa- 
rizes previous studies focusing on the influence of water satura- 
tion, salinity and clay content. Section 3 (‘Materials and Meth- 
ods’) describes the preparation of the samples, the experimental 
setup, the SIP measurement procedure and the data interpreta- 
tion fitting procedure. Section 4 (‘Results’) presents and inter- 
prets the measured SIP data and fitted parameters in relation to 
the studied variables. Section 5 (‘Discussion’) interprets the re- 
sults and compares the experimental findings with literature re- 
sults. Finally, Section 6 (‘Conclusion and Outlook’) summarizes 
the main outcomes and outlines future applications of the SIP 

method for monitoring arid soil conditions. 

2  BACKGROUND  

The SIP method involves injecting a sinusoidal electrical cur- 
rent into a porous medium and measuring the resulting phase- 
delayed electrical potential between an electrode pair at multiple 
frequencies (in the mHz to kHz range). Based on Ohm’s law, the 
complex impedance of the medium is obtained, which is related 

to the complex resistivity through a geometric factor. The com- 
plex conductivity ( σ∗) is the reciprocal of the complex resistivity 
and can be decomposed into conductivity magnitude ( | σ∗| ) and 

phase ( φ) or alternatively into in-phase (or real) ( σ ′ ) and quadra- 
ture (or imaginary) ( σ ′ ′ ) conductivity components: 

σ∗ = | σ ∗ | exp (iφ) = σ ′ + iσ ′′ , (1) 

where i is the imaginary unit. The in-phase or real conductivity 
component is related to energy dissipation processes and, thus, 
provides information about the ability of the material to conduct 
the flow of electrical charges (D.P. Lesmes & K.M. Frye 2001 ; 
A. Revil et al. 2012 ). Meanwhile, the quadrature or imaginary 
conductivity component is linked to energy storage processes, 
since it is a result of charge polarization processes occurring, 
in the given frequency range, predominantly at the mineral–
electrolyte interfaces (around the soil particles) (A. Binley & L. 
Slater 2020 ). Both components are affected by sample composi- 
tion (mineralogy, porosity, permeability), pore fluid chemistry, 
saturation and temperature. 

For a further interpretation of the measured electrical spectra, 
both physical (e.g. P. Leroy et al. 2024 ) and phenomenological 
models can be used. However, due to the complexity and lack 

of comprehensive solid theories, phenomenological models are 
more commonly utilized (L. Slater 2007 ; A. Mendieta et al. 2021 ). 
One of the most widely used models is the Cole–Cole model, 
which describes the complex resistivity in the frequency range 
of 10 mHz–10 kHz via a four-parameter model (K.S. Cole & R.H. 
Cole 1941 ; W.H. Pelton et al. 1978 ; L. Slater 2007 ; G. Cassiani et 
al. 2009 ): 

ρ ( ω) = ρ0 

[
1 − m

(
1 − 1 

1 + ( i ωτ ) c 
)]

, (2) 

where i is the imaginary unit, m is the chargeability, ρ0 is the 
DC resistivity (inverse of the DC electrical conductivity σ 0 ), τ
refers to the mean relaxation time associated with the frequency 
dispersion and c is the Cole–Cole exponent. By modelling the 
SIP spectrum with such phenomenological relaxation time mod- 
els, petrophysical information (such as hydraulic conductivity) 
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an be extracted from the measured data set (G. Osterman et al.
019 ). 
In the following section, we summarize some of the evidence

hat existing experimental investigations provide concerning the
ependence of SIP on the three key variables (water content,
ore water conductivity and clay content). As apparent, the col-

ected evidence is complex to summarize, also because of the
ifferent experimental approaches adopted in preparing sam-
les, including the nature of the composing material (e.g. type
f clay), and in changing the water content and or pore water
alinity of the samples during measurements. This testifies even
ore of the importance of conducting well-controlled experi-
ents on well-conceived sample sets, as we have tried to do in

ur study. 

.1. Studies addressing pore water conductivity and clay 

ontent changes 

.J. Vinegar & M.H. Waxman ( 1984 ) investigated the induced
olarization of fully saturated shaly sand samples of different
lay types (kaolinite, illite, chlorite, montmorillonite) and clay
ontents at different pore water salinities (0.01, 0.1, 0.5, 1.0
nd 2.0 M NaCl). They found a non-monotonic dependence be-
ween quadrature conductivity and solution conductivity for the
halier samples: a maximum is observable at around 1 S m−1 so-
ution conductivity for the sample of 10 per cent clay content,
nd at around 8 S m−1 for the 25 per cent clay content (D.P.
esmes & S.P. Friedman 2005 ). However, for ‘clean’ sandstones

2 per cent clay content), a monotonic increase was observed. Be-
ween the clay content and the quadrature conductivity, a strong
orrelation was observed: σ ’’ is generally increasing with clay
ontent. 
D.A. Grunat ( 2013 ) noted that the quadrature conductivity is
eakly dependent on the pore fluid salinity, thus, it might be
sed to separate between pore water salinity and water content.
G. Okay et al. ( 2014 ) studied sand–clay (kaolinite and smec-

ite) mixtures with volumetric clay contents of 1 per cent, 5 per
ent, 20 per cent and 100 per cent, fully saturated with the fol-
owing fluids: distilled water, 0.1, 1 and 10 g l−1 of NaCl in solu-
ion. They found that (1) the in-phase conductivity ( σ ′ ) increases
lightly with salinity for higher clay contents, and greatly for the
ow clay contents of 1 per cent and 5 per cent, while quadrature
onductivity ( σ ′ ′ ) is fairly independent of the pore fluid salin-
ty, and shows just slight increase; (2) σ ′ and σ ′ ′ are steadily in-
reased towards the higher clay contents. This is explained by
he fact that quadrature conductivity is proportional to the CEC,
hich is proportional to the clay content. 
A. Weller & L. Slater ( 2012 ) analysed 67 different samples

sandstones, shaly sandstones and unconsolidated sediments)
o examine the relation between pore fluid conductivity varying
etween 0.0002 and 15 S m−1 (at full saturation) and quadra-
ure conductivity. While for many sandstone and unconsoli-
ated sediment samples they found that a power-law relation
as applicable, in the case of sand-silt sediments and some of 

he shaly sandstones a polarization plateau was observable at
alinities of 1–5 S m−1 , which was followed by a decreasing po-
arization towards the highest salinities. 

A. Revil & M. Skold ( 2011 ) focused on fully saturated pure
ands and sandstones and aimed to describe the salinity depen-
ence of SIP signals based on experimental data and macro-
copic models. They concluded that the quadrature conductivity
ncreases with the salinity until 1 S m−1 , and it becomes indepen-
ent from it above this value. They noted that their model needs
o be completed for clayey sediments and shaly sandstones. 

A. Mendieta et al. ( 2021 ) studied the SIP signal of four types of 
lay (red and green montmorillonite, illite and kaolinite), satu-
ated at five different NaCl salinity levels (from de-ionized water
o 10 S m−1 conductivity). The in-phase conductivity increased
ith salinity for all types of clay, while the quadrature conductiv-

ty showed a non-monotonous behaviour: a peak is observable at
he 1 S m−1 salinity level for the montmorillonite samples and at
he 0.1 S m−1 salinity level for the other clays. The phenomenon
s explained as at a clay-specific threshold of salinity some po-
arization mechanisms (possibly membrane polarization) stop
o act, which causes the decrease of quadrature conductivity. 

T. Kremer et al. ( 2016 ) analysed sand samples fully satu-
ated with water of three different electrical conductivity lev-
ls (0.015–0.04–0.1 S m−1 , NaCl solutions) in the intermediate
requency range of 102 –105 Hz. They observed that the effective
uadrature conductivity (linked to the capacitive properties) is
ore influenced by the fluid conductivity at the frequency range

f 102 –105 Hz (compared to the 10−1 –102 range) and the relation
s direct between them. 

D.P. Lesmes & K.M. Frye ( 2001 ) examined the complex con-
uctivity of the Berea sandstone saturated with different concen-
ration of NaCl brines (10−3 to 1 M). Between 10−4 –10−2 Hz and
0−2 –104 Hz they measured an increase and a decrease, respec-
ively in terms of quadrature conductivities. Between 10−3 and
0−1 M NaCl concentrations the quadrature conductivity is in-
reasing as a result of an increase in surface charge density. 
G. Osterman et al. ( 2019 ) studied the hydraulic and geophys-

cal properties of synthetic sand–clay mixtures with 0–1–5–10
ass per cent of kaolinite clay, that were fully saturated with
 sodium chloride brine having 0.11 S m−1 electrical conduc-
ivity. Regarding the relation between the in-phase conductivity
nd the clay content, they did not observe any strong or con-
istent trend. However, they found that quadrature conductiv-
ty is sensitive both to clay content and to clay distribution. In
ase of homogeneous clay distribution, the quadrature conduc-
ivity increases towards the higher clay contents over the whole
requency range, but especially at frequencies above 100 Hz. If 
he clay is formed into large large ( ∼5 mm in diameter), ran-
omly dispersed clusters, geophysical responses become more
omplex parallel to clay content variations. This is explained by
he fact that clay distribution controls the active surface area
vailable for polarization. Note that this study, unlike most of 
he others here reported, used kaolinite clay, that has a much
ower surface charge with respect to illite and montmorillonite,
hus the retrieved evidence is not fully consistent with the other
tudies. 

.2. Studies addressing changes in pore fluid saturation 

. Breede et al. ( 2012 ) analysed sand–clay mixtures with 0–
–10–20 mass per cent clay (kaolinite and illite) content and
arying water saturation. They expected and observed measure-
ent errors associated with the electrode contact impedance

bove 1 kHz. In the frequency range between 10−3 and 10 Hz
he quadrature conductivity presents a clay-content and water-
ontent dependent increase followed by a decrease with a char-
cteristic peak at the frequency of about 0.01 Hz. The normal-
zed total chargeability showed a significant increase parallel
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Figure 1. Experimental setup: (a) creation of the artificial soil samples. (b) sample packing under dry conditions. (c) saturation of samples. (d) desat- 
uration by air injection. (e) weighing of samples. (f) SIP measurement. 

Figure 2. Validation of the mixing protocol: MicroCT scan of a small 
sample (93 per cent of sand, 7 per cent of clay): light grey colour corre- 
sponds to the sand, dark to the clay, black to the voids. 
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with the clay content, which was explained by the larger spe- 
cific area of the clays. In case of the higher clay contents (10–
20 per cent clay) the chargeability showed monotonous increase 
with the water saturation, however, for pure sand and 5 per cent 
clay the change is non-monotonous with a plateau around 60–
70 per cent water saturation. The peak of the relaxation time 
distribution strongly decreases with decreasing water satura- 
tion, and the change is more intense towards the higher clay 
contents. 

K. Titov et al. ( 2004 ) studied quartz sand samples at eight dif- 
ferent saturation levels with 100 mg l−1 NaCl solution using the 
Time-Domain IP method. They detected a critical water satura- 
tion level in connection with resistivity and chargeability. While 
the resistivity shows a power-law relationship with the satura- 
tion change above this critical saturation, the power-law expo- 
nent significantly drops under it. This is explained at the pore 
scale with the transition of the bulk water into adsorbed water 
film at the critical saturation. 

A. Binley et al. ( 2005 ) investigated SIP as a function of satura- 
tion for sandstone samples. They observed that with decreasing 
saturation (using saturating fluid of 0.1 S m−1 conductivity), the 
phase peaks are decreasing in amplitude and shifting towards 
the higher frequencies. The Cole–Cole (CC) model’s relaxation 

time (tau) is decreasing one or two orders of magnitude between 

saturations of 70 and 25 per cent. 
D. Jougnot et al. ( 2010 ) presented a mechanistic model to in- 

terpret SIP data of variably saturated clay-rocks. This model ac- 
counts for the polarization of the Stern layer of the electrical 
double layer and Maxwell–Wagner polarization, and it predicts 
that the relaxation time is depending just on the dominant di- 
ameter of the grains, and not on the sample saturation. How- 
ever, the experimental results on clay-rocks (20–50 per cent illite, 
smectite and kaolinite clay matrix with imbedded silica and car- 
bonate grains) showed an increase in relaxation times of about 
one order of magnitude between 50 and 20 per cent saturation. 
This was explained by the textural changes of the clay (shrink- 
age) during desaturation. 

C. Ulrich & L. Slater ( 2004 ) analysed unconsolidated sedi- 
ments (mostly sands with negligible clay content) differently sat- 
urated with de-ionized water and 0.01 M NaCl solution. They 
found a power-law dependence between the polarization mag- 
nitude and the saturation, with a distinct polarization peak at 
saturations between 35 and 50 per cent in case of evaporative 
sample drying, which was absent in case of drainage by air in- 
jection under pressure. 
3  M AT E R I A L S  AND  METHODS  

3.1. Sample preparation and measurement setup 

In our experiments, the artificial soil samples consisted of very 
fine-coarse quartz sand (SiO2 > 99.6 per cent, d = 0.1–0.6 mm, 
d50 = 0.29 mm, type ‘G20TEAS’ from Schlingmeier Quarzsand, 
Germany) and clay powder (Ca-montmorillonite). For the clay 
fraction Ca-montmorillonite was chosen because of its electri- 
cal and swelling properties. The used Ca-montmorillonite is a 
source clay from the repository of the Clay Minerals Society, of 
white colour, and origins from the Manning formation, Jack- 
son group (Eocene) Gonzales County, Texas, USA. Sand and clay 
were mixed during three dry-wet mixing cycles. One cycle con- 
sisted of dry mixing, followed by saturating with tap water (elec- 
trical conductivity: 0.05 S m−1 ) and oven drying at 50 ◦C (Fig. 1 a). 

The mixing protocol was tested by using an X-ray microCT 

scan on a small sample with a known clay percentage (7 m per 
m per cent). The microCT image validated the fact that the mi- 
crostructure of the artificial mixture imitates sufficiently well 
natural soils, where the clay is coating the sand grains with- 
out larger aggregates (Fig. 2 ). This is a major difference with re- 
spect to the results obtained by using other mixing approaches, 
as adopted in many previous experimental case studies. 

In total, four samples were prepared with gradually increas- 
ing clay content of 2, 4, 6 and 8 mass per cent. The samples 

art/ggag038_f1.eps
art/ggag038_f2.eps


SIP: a tool for monitoring arid soil conditions 5

w  

c  

s  

d  

c  

G  

t  

s  

l  

t  

t  

p  

1  

t  

t  

s  

t  

f  

s  

(
 

a  

c  

a  

T  

t  

s  

t  

(  

o  

i  

t  

t  

c  

t  

r  

T  

d  

b  

s  

t  

1
 

w  

w  

c  

f  

0  

w  

r  

l  

p  

m  

r
 

u  

t  

c
s  

t  

a  

a  

t

3

T  

a  

t  

y  

P  

t  

e  

i
 

t  

fi  

s  

c  

p  

a  

t  

f  

i  

r  

f  

t

4

T  

t  

p  

b  

v
 

p  

σ  

f  

1  

s  

fi  

L
 

c  

t  

e  

m  

(  

t  

p  

a  

r

4

4

T  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/245/1/ggag038/8444582 by guest on 26 February 2026
ere packed into 198 cm3 cylindrical plexiglass cells under dry
onditions. The measurement cells were designed to allow the
ample saturation and desaturation without significant sample
isturbance, as well as the SIP acquisitions in a four-electrode
onfiguration (Fig. 1 f), with a design analogous to that used by
. Cassiani et al. ( 2009 ). The cell caps house the current elec-

rodes (a stainless steel mesh) and tighten the cell through metal
crews. The bottom cap encloses a porous ceramic plate that al-
ows water outflow during desaturation via pressurized air injec-
ion, while the top cap has the inlet for the saturating water and
he pressurized air. The central cell body is equipped with three
airs of stainless steel potential electrodes, each pair positioned
20◦ apart around the cell axis. The performance of the cell in
erms of electrode polarization was tested by filling the cells with
ap water, and checking that the resulting phase would be very
mall as water should lead to zero phase. The performed water
est indicates phase values under 1.5 mrad, which is acceptable
or the goals of the experiment, as the phase values that are mea-
ured and interpreted in the paper are in the 5–50 mrad range
see Supplementary material Fig. S1 ). 

The preparation of unconsolidated samples requires careful
ttention to detail, since minor differences in column packing
an lead to different distributions of mineral–fluid interfaces,
nd consequently, in the SIP responses (A. Kemna et al. 2012 ).
o ensure consistent and homogeneous packing within and be-
ween the four samples. The cell body was filled with the dry
and–clay mixture in small portions, each slightly compressed
o create an even surface after every three additional spoonfuls
Fig. 1 b). The bulk density of the dry samples was in the range
f 1.49–1.55 g cm−3 . Afterwards, the samples were submerged
nto de-aerated tap water. To ensure full saturation of the cells,
hey were flushed with a volume of water 2–3 times larger than
he cell body volume by applying vacuum (Fig. 1 c). The electri-
al conductivity of the tap water was 0.05 S m−1 . By weighing
he samples, we found that the density of the saturated samples
anged from 1.88 to 1.96 g cm−3 , with a median of 1.93 g cm−3 .
he porosity of the samples ranged from 0.38 to 0.47, with a me-
ian of 0.41. Gradually decreasing saturation was then obtained
y air injection with increasing pressure (0.05–2.5 bar) in 9–15
teps (Fig. 1 d). The saturation level was determined by weighing
he samples at each step, resulting in saturations ranging from
00 per cent to 10–20 per cent (Fig. 1 e). 
After the first cycle of SIP acquisitions on the four samples, the
hole cycle was repeated three additional times for each sample,
ith increased pore water conductivity. The conductivity was in-

reased by dissolving NaCl in de-aerated tap water, reaching the
ollowing levels of electrical conductivity of the solution: 0.1,
.35 and 0.7 S m−1 (at 21◦C). The conductivity of the outflow
ater was measured repeatedly and monitored during desatu-

ation. The advantage of the described procedure is that it al-
ows (1) fairly homogeneous liquid distribution within the sam-
le column, (2) negligible sample disturbance between measure-
ents and (3) constant pore water conductivity during desatu-

ation. 
SIP measurements were conducted at each desaturation step

sing a ZEL-SIP04-V02 impedance meter (Fig. 1 f) developed at
he Forschungszentrum Jülich (E. Zimmermann et al. 2008 ), at
onstant 21 ( ±0.3)◦C to avoid temperature effects. A sequence of 
inusoidal signals was applied for each frequency, log-spaced in
he frequency range from 1 mHz to 45 kHz. A current producing
 potential difference of 5 V was applied at the current electrodes
 c  
nd the electrical impedance and phase-shift were measured at
he potential electrodes. 

.2. Data interpretation 

he experiments generated a substantial data set, encompassing
pproximately 180 measurements. To interpret the SIP results,
he measured complex electrical conductivity spectra were anal-
sed using the widely used Cole–Cole model (see eq. 2 ) (W.H.
elton et al. 1978 ). The fitting procedure was conducted using
he routine developed by M. Weigand & A. Kemna ( 2016 ). An
xample of the Cole–Cole model fitting procedure is provided
n the (Supplementary material Fig. S2 ). 

Electromagnetic noise was present at high frequencies essen-
ially due to capacitance effects. This noise can be mitigated by
tting multiple Cole–Cole models to the data—with one model
pecifically fitted to the high frequencies range to capture the
apacitive noise, which is then subtracted from the data set as
roposed and applied by W.H. Pelton et al. ( 1978 ); A. Kemna et
l. ( 2000 ); G. Cassiani et al. ( 2009 ); K. Breede et al. ( 2012 ). In
his study, a double Cole–Cole model was used, and the high-
requency Cole–Cole component was subtracted from the data
n order to analyse only the component linked to the true SIP
esponse. As described in eq. ( 2 ), a single Cole–Cole model yield
our parameters: the DC resistivity ( ρ0 ), the relaxation time ( τ ),
he chargeability (m) and the Cole–Cole exponent (c). 

 R E S U LT S  

he results of the experiments are presented in two steps: first,
he raw σ ′ and σ ′ ′ data are shown as a function of saturation,
ore fluid conductivity ( σw) and clay content. This is followed
y the analysis of the fitted Cole–Cole parameters across these
ariables. 
In Figs 3 , 5 and 8 , the complete measured SIP spectra are dis-

layed, while Figs 4 , 6 and 7 present a single characteristic σ ′ or
′ ′ value at 1 Hz selected to represent the entire spectrum as a

unction of the controlling variables. The frequency of 1 Hz (or
.46 Hz) is commonly used for this purpose in unconsolidated
amples due to its broad uses in the laboratory, in boreholes and
eld applications (G. Osterman et al. 2019 —see also A. Weller &
. Slater 2012 ; G. Okay et al. 2014 ; A. Mendieta et al. 2021 ). 
To compare and interpret saturation-related variations, spe-

ific saturation ranges were selected. This approach addressed
he limitation that the measurement setup could not achieve
xactly the same saturation levels across different samples and
easurement repetitions, as the system controls air pressure

and thus suction), not saturation directly. However, covering
he 10–100 per cent saturation in 9–15 steps enables to com-
are over narrow ranges of saturation (3–6 per cent). Thus, to
void interpolation errors, we chose to keep the measured values
ather than interpolating them to the same saturation levels. 

.1. Raw SIP results 

.1.1. In-phase conductivity 

he in-phase part of the complex electrical conductivity ( σ ′ ) in-
reases with increasing saturation and is relatively independent

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag038#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag038#supplementary-data
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Figure 3. In-phase (a and b) and quadrature conductivity (c and d) as a function of frequency and at different water content, illustrated through two 
examples: (a and c) at 6 per cent clay content, 0.05 S m−1 fluid conductivity; (b and d) at 2 per cent clay content, 0.35 S m−1 fluid conductivity. 

ization. 
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of frequency (only a very subtle monotonic increase is observ- 
able towards the higher frequencies), as demonstrated by the re- 
sults of two examples: 6 per cent clay content at 0.05 S m−1 fluid 

conductivity (Fig. 3 a) and 2 per cent clay content at 0.35 S m−1 

fluid conductivity (Fig. 3 b). 
Plotting the in-phase conductivity at 1 Hz for the different clay 

levels as a function of fluid conductivity, we can observe that σ ′ 

increases with fluid conductivity (Fig. 4 ). A steeper slope is evi- 
dent between 0.05 and 0.1 S m−1 , followed by an approximately 
linear increase up to 0.7 S m−1 . In terms of clay contents, a slight 
increase in σ ′ is detectable towards the higher clay contents at 
each salinity level. These trends appear to hold true indepen- 
dently of the saturation level (Figs 4 a and b). 

4.1.2. Quadrature conductivity 

The quadrature conductivity ( σ ′ ′ ) also decreases with decreas- 
ing saturation (Figs 3 c and d). Between 102 and 103 Hz, an in- 
crease is apparent at all saturation levels, which might be due to 
measurement errors related to electrode contact impedance or 
other EM effects (D.P. Lesmes & F.D. Morgan 2001 ; K. Breede et 
al. 2012 ) (Figs 3 c and d). Between 10−2 and 102 Hz a clear peak 

is observable at higher saturations. With decreasing saturation, 
the peak is shifting towards higher frequencies (Figs 3 c and d, 
Figs 5 a and c, Figs 8 a and c). Another saturation-related obser- 
vation is that the peak flattens by reaching saturations at around 

40 per cent (Figs 3 c and d, Fig. 5 b, Figs 8 b and d), and basically 
disappears at around 20 per cent saturation level (Figs 3 c and d, 
Fig. 5 d). 

In Fig. 5 , the influence of fluid conductivity ( σw) on quadra- 
ture conductivity is shown using the samples with 2 per cent and 

8 per cent clay contents, both for full saturation and lower sat- 
uration ranges. The quadrature conductivity increases with in- 
creasing salinity at full saturation (Figs 5 a and c). However, at 
lower saturation levels, σ ′ ′ appears to be less dependent on pore 
fluid conductivity (Figs 5 b and d). A similar trend is observed in 

Fig. 6 , where the influence of pore fluid conductivity on quadra- 
ture conductivity (at 1 Hz) is presented across the entire satura- 
tion range. 

Fig. 7 presents the influence of pore fluid conductivity on 

quadrature conductivity (at 1 Hz) for each clay level at full sat- 
uration (Fig. 7 a), medium saturation (Fig. 7 b) and low satura- 
tion range (Fig. 7 c). Under full saturation, a rapid increase of 
the quadrature conductivity occurs between 0.05 and 0.1 S m−1 , 
followed by a monotonic increase up until 0.7 S m−1 (Fig. 7 a). 
The steep increase between 0.05 and 0.1 S m−1 remains char- 
acteristic for all clay contents and all saturation levels (Figs 7 b 
and c). However, at lower saturation levels, no clear linear cor- 
relation is found between quadrature conductivity and solution 

conductivity: at medium saturation (44–49 per cent) the depen- 
dence is slight and non-monotonic (Fig. 7 b), while at low satu- 
ration (26–32 per cent) the quadrature conductivity fluctuates in 

a very narrow range above 0.1 S m−1 salinity for all clay contents 
(Fig. 7 c). 

Fig. 8 shows the clay content dependence of quadrature con- 
ductivity plotted for two pore fluid conductivity levels and two 
saturation ranges. It is evident that σ ′ ′ increases with increasing 
clay content at full saturation (Figs 8 a and c). Although the trend 

remains the same at lower saturations between 2–4–6 per cent 
clay contents (with variation over a narrower range), no signif- 
icant difference in σ ′ ′ is observed between 6 per cent and 8 per 
cent clay content (Figs 8 b and d). 

Based on Fig. 9 . we can conclude that the intensity of the in- 
crease in quadrature conductivity parallel to saturation is depen- 
dent on the clay content: up to approximately 35 per cent satura- 
tion level the increase is parallel for all clay levels, and between 

6 per cent and 8 per cent clay content just a very slight differ- 
ence is detected (Figs 8 b and d, Fig. 9 ). Between 35 per cent and 

100 per cent saturation levels the increase in σ ′ ′ is significantly 
more pronounced for higher clay contents (the gradient is signif- 
icantly steeper towards 8 per cent clay). This observation appears 
to be independent of the fluid conductivity level (see Fig. 9 a and 

b for 0.05 and 0.35 S m−1 , respectively). This suggests that low 

saturation level diminishes the effect of clay content on polar- 

art/ggag038_f3.eps
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(a) (b)

Figure 4. In-phase conductivity as a function of salinity and clay content for two saturation ranges: (a) 100 per cent; (b) 26–32 per cent 

Figure 5. Quadrature conductivity as a function of frequency and pore fluid conductivity at (a) 2 per cent clay content and full saturation; (b) 2 per 
cent clay content and 44–48 per cent saturation; (c) 8 per cent clay content and full saturation; (d) 8 per cent clay content and 29–33 per cent saturation 

(a) (b)

Figure 6. Quadrature conductivity (at 1 Hz) as a function of water saturation and pore fluid conductivity at (a) 2 per cent clay content; (b) 6 per cent 
clay content 
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(a) (b) (c)

Figure 7. Quadrature conductivity (at 1 Hz) as a function of pore water conductivity for all clay levels at (a) full saturation; (b) 44–49 per cent saturation; 
(c) 26–32 per cent saturation 

Figure 8. Clay content dependence of quadrature conductivity at (a) σw = 0.1 S m−1 and full saturation; (b) σw = 0.1 S m−1 and 53–58 per cent 
saturation; (c) σw = 0.35 S m−1 and full saturation; (d) σw = 0.35 S m−1 and 37–41 per cent saturation 

(a) (b)

Figure 9. Clay content dependence of quadrature conductivity for the whole saturation range (at 1 Hz) on the example of a, σw = 0.05 S m−1 and b, 
σw = 0.35 S m−1 
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Fig. 10 shows the dependence of the quadrature conductiv-
ty (at 1 Hz) on clay content for various fluid conductivity lev-
ls across three saturation ranges: 100 per cent, 44–49 per cent
nd 26–32 per cent (Figs 10 a, b and c). At full saturation a linear
ncrease in σ ′ ′ is observable with increasing clay contents for all
uid conductivities levels (Fig. 10 a). At medium saturation the

inear increase is no longer observed, but a distinct peak in σ ′ ′ 

ppears at 6 per cent clay content for the 0.7 S m−1 fluid con-
uctivity (Fig. 10 b). At low saturations the non-monotonous re-

ation extends to all fluid conductivity levels: a peak is observed
t all fluid conductivities between 4 and 6 per cent clay contents,
ith a higher peak at larger fluid conductivities. 

.2. Fitted Cole–Cole parameters 

or a further, more quantitative interpretation of the SIP results,
he measured complex electrical conductivity spectra were anal-
sed by applying the Cole–Cole model fitting procedure accord-
ng to the routine suggested by M. Weigand & A. Kemna ( 2016 )
nd M. Weigand ( 2017 ). The analysis of the Cole–Cole param-
ters, with special attention to chargeability (m) and mean re-
axation time ( τ ), may help separate the effects of pore water
onductivity and water saturation. 
Relaxation time (or time constant) τ is a very important de-

criptive parameter in the Cole–Cole model, since it directly cor-
elates with the length scale of polarization processes. Its depen-
ence on the grain size has been highlighted, for example, by G.
assiani et al. ( 2009 ) and H. Vanhala ( 1997 ) or on pore size ac-
ording, for example, to K. Breede et al. ( 2012 ). Since the low
olarizability at higher saturation levels hinders the proper es-
imation of relaxation times (K. Breede et al. 2012 ), the analysis
f this parameter is restricted to the saturation range of 20–75
er cent (Fig. 11 ). As fluid saturation decreases, notable trends
f decreasing relaxation times emerge. This reduction typically
pans a range of 1–1.5 order of magnitude for clay contents of 
–4 per cent, and 1.5–2 orders of magnitudes for clay contents
f 6–8 per cent. 
Fig. 12 illustrates the chargeability parameter (m) of the Cole–

Cole model plotted as a function of saturation. The chargeabil-
ty shows a non-monotonic relationship with saturation. In most
lay contents and fluid conductivity levels, there is a steady in-
rease in chargeability up to 40 per cent saturation, followed by
 peak or plateau, and finally a decrease at large saturation lev-
ls, with some erratic behaviour near full saturation. In terms
f relation to fluid conductivity content, the samples with fluid
C of 0.7 S m−1 show the lowest chargeability, while the highest

s for the 0.1 S m−1 samples. In general, however, the behaviour
f chargeability seems to be strongly influenced by data noise,
hich should be taken into consideration also if chargeability is

o be considered as a diagnostic parameter. 

 DISCUSSION  

e have demonstrated (not surprisingly) that in-phase conduc-
ivity ( σ ′ ) decreases with decreasing saturation (Figs 3 and 4 ),
nd is relatively frequency-independent: only a subtle mono-
onic increase occurs in parallel with the increase in frequency
Fig. 3 ). A slight increase in σ ′ is detectable towards higher clay
ontents at each salinity level, which can be explained by the
arge surface area and high CEC of clay minerals, enhancing po-
arization. This observation is in accordance with the findings of,
or example, G. Okay et al. ( 2014 ). Note, however, that G. Oster-
an et al. ( 2019 ) for kaolinite clays did not detect clear connec-

ion between these variables. This is explained by the fact that
he CEC of kaolinite ranges between 5 and 15 meq per 100 g,
hile the CEC of montmorillonite ranges between 80 and 150
eq per 100 g. The in-phase conductivity ( σ ′ ) strongly increases
ith salinity for all clay contents (2–8 per cent) which agrees
ith the conclusions of G. Okay et al. ( 2014 ) (up to 5 per cent

lay content) and of A. Mendieta et al. ( 2021 ) (for clean clay sam-
les). 
Regarding the quadrature conductivities ( σ ′ ′ ) we demon-

trated a positive correlation with saturation changes which is
ighly dependent on the measuring frequency. At higher sat-
rations a peak is observed between 10−2 and 102 Hz which
hifts towards the higher frequencies and flattens at around 40
er cent saturation, then disappears at approximately 20 per cent
aturation. The observation is consistent with what would be ex-
ected in mixed systems, and it is similar to the observations
f K. Breede et al. ( 2012 ) for sand–clay samples, of C. Ulrich &
. Slater ( 2004 ) for unconsolidated sands and of A. Binley et al.
 2005 ) for consolidated sands. The cause of this observation lies
n the fact that, at lower saturations, the pathways are shorter,
hus, the polarization relaxes faster, resulting in peaks at higher
requencies. 

The quadrature conductivity ( σ ’’) is steadily increasing also
owards higher clay contents, as long as the saturation is in the
ange of 35–100 per cent (Fig. 9 ), consistent with the observa-
ions of H.J. Vinegar & M.H. Waxman ( 1984 ) and G. Okay et al.
 2014 ). The phenomenon can be explained by the fact that, dur-
ng the saturation process, the added fluid is first trapped by the
lay particles, resulting in less polarization. When the saturation
evel reaches 35 per cent, at lower clay contents the additional
iquid will go to the sand, while at higher clay contents it will
ontinue to be added to the clay. 
We found that σ ’’ is dependent on pore fluid conductivity

showing a positive correlation), which is in accordance with
.A. Grunat ( 2013 ) and in disagreement with G. Okay et al.
 2014 ), who found these parameters to be fairly independent
f each other. This relation is also frequency-dependent (an in-
rease between 10−2 and 10−1 Hz followed by a decrease be-
ween 10−1 and 102 Hz) which is similar to those described
y D.P. Lesmes & K.M. Frye ( 2001 ). In contrast, T. Kremer
t al. ( 2016 ) found for sand samples that σ ’’ is most strongly
nfluenced by fluid conductivity in the 102 –105 Hz range (com-
ared to the 10−1 –102 range), which does not seem to hold true

n the presence of clay (see Fig. 5 ). 
We also concluded that the quadrature conductivity tends to

resent a nonlinear, non-monotonous behaviour in relation to
uid conductivity changes (Fig. 7 ). A. Weller & L. Slater ( 2012 )
tated that a polarization plateau was observable at salinities of 
–5 S m−1 , which was followed by a decreasing polarization to-
ards the highest salinities. In our case the samples at full satu-

ation do not reach this plateau up to the maximum of 0.7 S m−1 ,
ut at lower saturation levels they show a notable plateau even
t lower fluid conductivities (at around 0.35 S m−1 ) in most cases
Figs 7 and 8 ). A. Revil & M. Skold ( 2011 ) also found that σ ’’ in-
reases with the fluid conductivity up to 1 S m−1 , and it becomes
ndependent from fluid conductivity above this value. Our data
et does not cover this entire fluid conductivity range, but the
resented tendencies may support this general behaviour: be-
ween 0.05 and 0.1 S m−1 a dramatic increase is observed in
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(a) (b) (c)

Figure 10. Clay content dependence of quadrature conductivity for each fluid conductivity levels at 1 Hz at (a) full saturation; (b) 44–49 per cent 
saturation; (c) 26–32 per cent saturation. 

(a) (b)

(c) (d)

Figure 11. Mean relaxation time ( τ ) obtained from the Cole–Cole model as a function of water saturation for all fluid conductivity levels, for the clay 
content of (a) 2 per cent; (b) 4 per cent; (c) 6 per cent; (d) 8 per cent. 
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σ ’’, and the change is less pronounced between 0.35 and 0.7 S 
m−1 . This trend is observed across all clay levels, consistent with 

the findings of A. Mendieta et al. ( 2021 ), who described a sim- 
ilar salinity threshold of 1 S m−1 for 100 per cent montmoril- 
lonite samples (and a lower threshold of 0.1 S m−1 for other 
clays). 

In terms of chargeability we found a non-monotonic relation- 
ship with saturation changes, reaching a plateau at around 50 
per cent saturation (Fig. 12 )—a finding that agree with the re- 
sults of K. Breede et al. ( 2012 ) and K. Titov et al. ( 2004 ). This 
non-monotonic behaviour can be explained as follows: at low 

saturations, thin water films around mineral surfaces dominate 
conduction and polarization, so chargeability increases as more 
water bridges form, enhancing polarization. Around 50 per cent 
saturation, the system may reach an optimal configuration for 
polarization (maximum surface area in contact with conductive 
fluid), causing the peak or plateau. At high saturations, larger 
water-filled pores short-circuit polarization, reducing charge- 
ability, which explains the decrease at high saturation levels. 

Considering the relationship with fluid conductivity, charge- 
ability increases with increasing fluid conductivity up to 0.1 S 
m−1 , and decreases after, towards 0.7 S m−1 (Fig. 12 ). An expla- 
nation for these trends is that at fluid conductivities from 0.05 
to 0.1 S m−1 , there are more ions available to polarize, which in- 
creases chargeability. However, towards 0.7 S m−1 fluid conduc- 
tivity, chargeability decreases because polarization is effectively 
bypassed: the ions move too easily, reducing charge buildup at 
interfaces. 

The dependence of relaxation time ( τ ) on fluid saturation 

changes is often discussed in the literature. We found that τ
shows a clear positive correlation with the saturation (Fig. 11 ). 
This trend can be attributed to shortened effective polarization 

paths as the remaining water forms thinner films or discon- 
nected clusters. This relation is significant for all clay contents, 

art/ggag038_f10.eps
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(a) (b)

(c) (d)

Figure 12. Chargeability (m) obtained from the Cole–Cole model as a function of water saturation for all fluid conductivity levels, for the clay content 
of (a) 2 per cent; (b) 4 per cent; (c) 6 per cent; (d) 8 per cent. 
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ut a stronger dependence on saturation is observed in case of 
igher clay contents. Our conclusions are in accordance with A.
inley et al. ( 2005 ) and K. Breede et al. ( 2012 ) and in disagree-
ent with D. Jougnot et al. ( 2010 ), who modelled relaxation time

s inversely dependent on saturation. 
The statistical analysis of the in-phase conductivity, quadra-

ure conductivity and the obtained Cole–Cole parameters con-
rms the observed sensitivity of the SIP method to water satu-
ation, pore fluid conductivity and clay content (Table 1 ). The
earson’s correlation coefficients indicate a moderately strong
egative correlation between DC resistivity and saturation, and
etween DC resistivity and pore fluid conductivity; as well as
 moderately strong positive correlation between in-phase con-
uctivity and saturation, in-phase conductivity and pore fluid
onductivity, quadrature conductivity and saturation, and relax-
tion time and saturation. Low but significant correlations are
bserved between quadrature conductivity and pore fluid con-
uctivity, quadrature conductivity and clay content, DC resistiv-

ty and clay content, chargeability and saturation, chargeability
nd pore fluid conductivity, Cole–Cole exponent and saturation,
nd Cole–Cole exponent and pore fluid conductivity (Table 1 ).
he assumed connection between these parameters might be
ven stronger in those cases where a non-monotonic relation
as described. 
A practical use of these results may be derived by compar-

ng the fitted CC parameters of different measurements that re-
ulted in the same resistivity, with the purpose of differentiat-
ng between the influence of pore water conductivity and water
aturation. An example is presented on Fig. 13 , where given a
nown clay content (4 per cent) we analyse all data sets, that
esulted in the same resistivity (39–43 ohm m). As expected, the
amples with different pore fluid conductivity levels, reached the
ame resistivities at different saturation levels (Fig. 13 a). The fit-
ed CC model parameters of each measurement reveal further
istinctive trends. In our example (Fig. 13 ), the selected resistiv-
ty value was reached at a saturation level of 18 per cent for the
ample with pore fluid conductivity of 0.7 S m−1 (dark blue dot),
hich belonged to the lowest values of mean relaxation time ( τ )

nd chargeability (m). In conclusion, by comparing the corre-
ponding fitted CC model parameters of each data set (Fig. 13 b),
he clear trends (especially for τ and m) between fluid conduc-
ivity levels suggest that the separation between water saturation
nd pore water conductivity is possible. This possibility for sep-
ration is of key importance under field conditions, where from
ne extensively mappable parameter (resistivity) we can deduce
ultiple explaining variables with complex spatial patterns, that

re only measurable pointwise (e.g. for calibration purposes).
he distinguishable CC model parameters behind the same re-
istivity value enables the mapping of water saturation even in
ase of changing pore water conductivity. 
This observation projects forward the possibility of a future

eld application, the steps of which are summarized in Fig. 14
rom field investigations through laboratory measurements to
ata processing. 

 CONCLUSION  AND  OUTLOOK  

he sensitivity of the SIP method to saturation, clay content
nd pore fluid conductivity changes has been demonstrated re-
ently by different authors. According to our knowledge though,
heir combined effect on the SIP signal has not been studied yet.
y performing around 180 SIP measurements we obtained and
nalysed a good experimental data set regarding the dependence
f the SIP signal of sand–clay mixtures with the clay content,
uid saturation level and saturating fluid conductivity. The mix-

ures were prepared in order to make samples where the distri-
ution of clay minerals is realistically mimicking natural sam-
les. This is critical in order to properly account for the presence
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Table 1. The Pearson’s correlation coefficients between the sample variables (saturation, pore fluid conductivity, clay content) and 
the measured in-phase conductivity ( σ ′ ), quadrature conductivity ( σ ′ ′ ), and the obtained Cole–Cole parameters (DC resistivity ( ρ0), 
chargeability (m), relaxation time ( τ ), Cole–Cole exponent (c)). Note that for the relaxation time ( τ ) just the saturation range of 20–75 
per cent was considered. 

Saturation Pore fluid 

conductivity 
Clay 

content 

σ′ 0 .57 0 .65 0 .16 Pearson’s correlation coefficient ranges 

σ′ ′ 0 .70 0 .41 0 .38 −0.8 to −0.5 Moderate negative 
correlation 

C0–ρ − 0 .65 − 0 .68 − 0 .33 −0.5 to −0.2 Low negative correlation 
C1–m 0 .36 − 0 .37 0 .15 −0.2 to 0.2 Negligible correlation 
C2–τ 0 .62 − 0 .03 − 0 .17 0.2 to 0.5 Low positive correlation 
C3–c − 0 .27 0 .20 − 0 .04 0.5 to 0.8 Moderate positive correlation 

(a)

(b)

Figure 13. Comparison of CC parameters belonging to samples of 39–43 ohm m resistivities and 4 per cent clay content: (a) the selected resistivity 
range is reached at different saturation by the samples of different pore fluid conductivity levels; (b) CC parameters: DC resistivity ( ρ0), chargeability 
(m), relaxation time ( τ ), Cole–Cole exponent (c) 

conditions. 
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of clay and its effect in terms of polarization, and is rarely done 
in previous studies. 

The laboratory experiment demonstrated the sensitivity of the 
SIP method to water content, clay content and pore fluid con- 
ductivity. The statistical analysis of the results indicates that 
there is a significant positive correlation between quadrature 
conductivity and these three variables. The measured SIP spec- 
tra were further interpreted using a Cole–Cole model which pro- 
vided chargeability and relaxation time values. Both parame- 
ters show significant positive correlation with saturation, while 
chargeability is negatively correlated with pore fluid conduc- 
tivity. The connection between the analysed parameters might 
be even stronger in those cases where a non-monotonic rela- 
tion was described. These results show a great potential for the 
separation between pore water conductivity and water content. 
The analysis of the electrical properties measured with the SIP 

method reveals that these complex properties are in fact com- 
posed of distinct components. This separation is of key impor- 
tance in complex field settings. Future work will focus on cre- 
ating a pedophysical model based on the presented experimen- 
tal bases that can be used for real soil samples and for field 

applications. The performance of the model will be tested in 

field sites representing different semi-arid and arid ecological 
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Figure 14. Workflow of a practical approach to derive moisture content and pore water salinity, independently, from SIP results 
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