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In a TEM survey conducted for characterizing the subsurface for geothermal purposes, a strong induced polariza-
tion effect was recorded in all collected data. Surprisingly, anomalous decay curves were obtained in part of the
sites, whose shape depended on the repetition frequency of the exciting square waveform, i.e. on current pulse
length.
The Cole–Colemodel, besides being not directly related to physical parameters of rocks, was found inappropriate
to model the observed distortion, due to induced polarization, because this model is linear, i.e. it cannot fit any
dependence on current pulse. This phenomenonwas investigated and explained as due to the presence of mem-
brane polarization linked to constrictivity of (fresh) water-saturated pores. An algorithm for mathematical
modeling of TEM data was then developed to fit this behavior.
The case history is then discussed: 1D inversion, which accommodates non-linear effects, produced models that
agree quite satisfactorily with resistivity and chargeability models obtained by an electrical resistivity tomogra-
phy carried out for comparison.
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1. Introduction

In 2012, two authors (G. Santarato and N. Abu-Zeid) and Dr. M.
Goldman (the Geophysical Institute of Israel, personal communication
to V. Hallbauer-Zadorozhnaya) simultaneously recorded a non-linear
behavior of Time domain Electro-Magnetic (TEM) signals collected at
different repeat frequencies. The relaxation curves were affected by
the typical induced polarization (IP) effect (Bhattacharyya, 1964), but
their shape depended on current pulse length. To our knowledge,
neither published data have reported similar behavior nor discussed
this specific anomalous behavior, so that it can be considered as a
“new” phenomenon, to be related to non-linearity of the IP effects.
Our aim is to find out what type or types of polarization occur in the
rocks that affect the induction processes occurring in the polarizable
layers due to instantaneous current switch-off of in the transmitter
loop, that produce such non-linear behavior.

It is well known that the IP phenomenon is due to at least four
mechanisms, i.e. the so-called electrode polarization, electro-osmosis
polarization, Maxwell–Wagner effect, and membrane polarization. The
latter occurs due to presence of disseminated/dispersed clay minerals
Hallbauer-Zadorozhnaya),
eid), samuel.bignardi@unife.it
in rock pores and/or due to their constrictivity (Marshall and Madden,
1959; Kobranova, 1986; Schön, 1996).

In traditional practice, IP data are collected by commercial geo-
resistivity meters while acquiring, for example by means of the Electri-
cal Resistivity Tomography, resistivity data (ERT, Barker, 1989). In this
case, the IP information is measured by recording the IP decay curve
in the time-domain over one or several time windows following a
delay after current switch-off and in this case themeasured quantity de-
fines the mediums chargeability η.

The chargeability provides additional independent information,
which in many circumstances helps to shed more light on the subsur-
face. It is used, since its discovery, for metallic minerals exploration;
nowadays, the method gained new popularity for solving environmen-
tal issues related to the presence of pollutants in the subsurface, both of
inorganic and of organic origin (see e.g. the review paper by Atekwana
and Atekwana, 2010).

Throughout the seventies of the past century, geophysicists became
aware of the fact that IP may affect the observed decay curve after cur-
rent switch-off of the inducingmagnetic field in TEMmethod. It was re-
ported that the IP effect occurs in the TEM curves due to presence of the
double electrical layers (DEL). Usually, this is the electro-osmosis effect.
The electrically polarizable bodies/layers affect the decay curves, show-
ing narrow minima, often so strong to give a typical sign reversal. The
phenomenon of sign reversal on TEM sounding curves was observed
on permafrost areas (Russia and Canada) and was reported first by
Sidorov and Yakhin (1979) (see also Walker and Kawasaki, 1988).
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Fig. 1. The sketch of the double electric layer (DEL). d is the thickness of the diffusion part
of DEL, φ0 and φs are potentials on inner and outer Helmholtz planes accordingly, ζ is zeta
potential.
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During the last 35 years the IP effect on TEM surveys was observed in
many areas around the world and in all conditions: in Russia (as an ex-
ample: Kozhevnikov and Antonov, 2006), in Africa (Hallbauer-
Zadorozhnaya and Stettler, 2006), on the permafrost and in the shields,
on land and airborne (Smith et al., 2008). Usually for the description of
IP effect on TEM sounding the equivalent circuit diagrams of the Cole–
Cole model (1941) are used. The presence of IP effect was dealt with
by developing specific algorithms being implemented in computer
codes to both model it (Ingeman-Nielsen and Baumgartner, 2006;
Barsukov and Fainberg, 2001; software TEM RESEARCHER, www.
aemr.net) and consequently to remove it (Antonov and Shein, 2008).
Usually the decay constant τ of the IP effect observed in the TEM signals
is very short, from several microseconds to not more than 1–2 ms
(Hallbauer-Zadorozhnaya and Bessonov, 2002).

Recently Zadorozhnaya discovered that both chargeability and resis-
tivity of freshwater saturated samples of different rock types depend on
time and intensity of the polarizing direct current (Zadorozhnaya, 2008;
Zadorozhnaya and Hauger, 2009; Zadorozhnaya and Maré, 2011). In
particular, they observed that chargeability always decreases with
increasing current intensity, while resistivity can both increase
and decrease. Increasing time of current pulses resulted in an in-
crease of both resistivity and chargeability values. The observed
non-linearity of chargeability increase with time is known to be a
common occurrence and can be easily understood, however, the
remaining non-linear phenomena were quite surprising. That IP
could be, under specific conditions, a non-linear phenomenon due
to current increase, was a circumstance of which, in early times
of the method, scientists were aware of Bleil (1953), although the
reasons were not further investigated. Few decades later, one of
the authors (G. Santarato in Iliceto et al., 1982) was involved in a
paper about laboratory IP measurements on samples of loose sedi-
ments (clay, silt and sand), where it was claimed that all the mea-
surements were performed in the range of supplied currents that
ensured the linear behavior of the IP response.

A reason for such omission could be the fact that this “anomalous”
behavior is observed only in the lab where employed current densi-
ties are orders of magnitude greater than those normally available in
field measurements, mainly for safety and portability of current
sources. In addition, the non-linearity dependence on charging
time was observed using longer charging times than those normally
used in field surveys.

In the Zadorozhnaya's cited papers, a physical–mathematical model
was developed and discussed. The model accounts for the observed
non-linear behavior in the tested rock samples. She showed that the
non-linearity can be explained by a specific solution of the equations
governing the phenomenon of membrane polarization invoking the
concept of constrictivity of pores. Results of the fieldwork carried out
in a purposely selected study area in northern Italy showed that non-
linearity can be observed in the field too, provided a specific setup of
field measurements is designed (Hallbauer-Zadorozhnaya et al., 2015).

We assume that the recorded signals are distorted both by electro-
osmosis and membrane IP and our task is to assess the contribution of
both of them, bearing in mind that our definite task is to provide a reli-
able geological interpretation of TEM data.

In the following we will consider the mechanisms of both electro-
osmosis and membrane IP effects.

1.1. Electro-osmosis effect

The electro-osmosis polarization arises as a result of the transport of
the electrolyte through the sediments when a gradient in the electrical
field is applied. This will move some of the cations from the diffusion
part of the electrical double layer (EDL) d into free solution, relative to
the solid medium (Fig. 1). An electric field is thus generated which in
its turn produces a gradient of fluid pressure. After the field returns to
zero (TEM off-time) that pressure gradient moves the pore fluid in the
opposite direction, and this process generates an electro-osmosis po-
tential VEO.

It is well known that numerous formulas describe the IP-effect: they
were collected and analyzed by Diaz (2000). The most widely used IP
model is described by the Cole–Cole model (Cole and Cole, 1941,
Pelton et al., 1978) given in general form in the frequency-domain as:

ρ ωð Þ ¼ ρ0 1−η 1−
1

1þ iωτð Þc
� �� �

; ð1Þ

where ρ0 is the resistivity at 0 frequency (inΩ·m), η is the chargeability
(dimensionless), τ is the decay time (in s) and c is a parameter which
takes a steady value, between 0 and 1, and allows describing different
spectral shapes (dimensionless). The Cole–Cole model can be written
as a function of a complex conductivity as well:

σ ωð Þ ¼ σ0

1þ η
1þ iωτð Þc

; ð2Þ

where σ0 ¼ 1
ρ0
: For interpretation of TEM data usually the Eq. (2) with

c= 1 is used and in time domain the Eq. (2) becomes, by Fourier trans-
form:

σ tð Þ ¼ σ0

1þ η
1−η � exp −

1−η
τ

t
� �� �

; ð3Þ

The parameters which characterize the electro-osmosis IP effect
are polarizability η and decay constant τ. These parameters are
considered below. In porous media due to the presence of DEL,
concentration of cations Ck and anions Ca and the transfer numbers
nk and na, can be different (subscripts k and a indicate cations and
anions, respectively). Transfer numbers define the ratio of electrical
current transferred by ions and they differ from those which are
observed in free solution. It is also known that the specific electri-
cal conductivity of an electrolyte in the pores of a medium is pro-
portional to the mobility of the ions μ, and to the sum of their
concentrations (Fridrikhsberg, 1995):

σχ ¼ zFM Ca−Ckð Þ and σΔ ¼ zFM Ca þ Ckð Þ; ð4Þ

where σχ is the conductivity of pores fluid (excess of cations) and
σΔ is the conductivity of the dense and diffuse layers of DEL (excess
of anions), F is the Faraday's constant, and z is the valence of the
ions. Plus “+” and minus “−” signs are used here because cations
and anions have opposite charges. When the electrical current is
turned on, the surplus of ions of one charge prevents the flow of
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Fig 2. a) Model of capillary: I and II are large and narrow parts of capillary, accordingly, l1
and l2 are their lengths, ΔVC is the small volume of the capillary oriented to the cathode,
ΔVA is the small volume of the capillary oriented to the anode; b) distribution of salinity
in the capillary after applying an electrical current, C is the concentration in pore, C0 is
the concentration of electrolyte in free solution: due to presence of DEL they are
different (after Fridrikhsberg, 1995).
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an electrical current. Hallbauer-Zadorozhnaya and Bessonov (2002)
showed that the chargeability η can be written as:

η ¼ σΔ

σχ
: ð5Þ

This means that η is the ratio of electrical conductivity surplus to the
electrical conductivity of the pore fluid. According to Eq. (5) the values
of polarizability η can be in the range from 0, for sediments with large
pore radiuses when the contribution of the EDL is negligible, to 1, in
sediments such as some types of clay, where the pore radii are very
small and σΔ≈σχ (all anions are immobile and represent the dense
and diffuse layers whereas all cations are dissolved in a fluid and able
to carry electrical current).

Hallbauer-Zadorozhnaya and Bessonov (2002) also showed that the
time decay depends on square of pore radius r:

τ ¼ 1−ηð Þr2
5:78νk

; ð6Þ

where νk is the dynamic viscosity of fluid.
Electro-osmosis type of polarization is opposite to the current flow.

The mechanism of electro-osmosis effect is described by Helmholtz–
Smoluchowski equation (Smoluchowski, 1916):

I ¼ εε0ζ
4πσ f

V f ; ð7Þ

where I is a secondary electrical current arising due to water flowing
through pore, ε is relative dielectric permittivity (dimensionless), ε0 is
the dielectric constant of vacuum (1/36π109 F/m), ζ is the zeta potential
(in V), σfis total conductivity of fluid filled pore (including double elec-
trical layers), and Vf is velocity of water flowing in the pore (in m/s).
After turn-off, the secondary current attenuates in accordance with
Eq. (3). Quite obviously, there is a linear dependence betweenwater ve-
locity and electrical current, and it does not depend on duration of cur-
rent pulses provided by the TEM transmitter.

1.2. Membrane polarization effect

The mechanism of membrane polarization (MP) was proposed by
Marshall and Madden (1959). Its main source is the presence of clay
particles in pores saturated with water. These particles encumber the
free circulation of dissolved ions, as they capture cations by adsorption.
However the membrane polarization has a number of features as com-
pared with other types of IP effects, namely:

– themembrane polarization can be simply caused by constrictivity of
pores, even in absence of clay particles. It occurs whenever electrical
current flows through a channel containing pores with different
radii: an excess/loss of ions accumulates at the boundaries;

– it follows that the membrane polarization always occurs together
with electro-osmosis polarization;

– themembrane polarization is function of concentration difference at
pores ends;

– unlike other types of polarization, MP is directed forward to the
applied electrical current (Kobranova, 1986).

Let us briefly describe the basic theory of themembrane IP effect. If a
pore space contains many parallel capillaries and a DC current is
applied, then the cations moving to the cathode will pass the boundary
between narrow capillary II and enter to the volumeΔVA, at the anode
side of large capillary I and move further (Fig. 2).

Masses mIIk and mIk (in moles) of cations and anions which enter
into the volume ΔVA and leave this volume according to Faraday's law
are equal to (Fridrikhsberg, 1995):

mIIk ¼
q
Fzk

nIIk ¼
It
Fzk

nIIk; mIk ¼
q
Fzk

nIk; ð8Þ

where q is the amount of charge (in Coulomb) that passed through the
boundary II–I or I–II, I is the current, F is the Faraday constant, zk is the
valence of cations, nIIk and nIk are the transfer numbers in narrow and
large capillaries (Eq. (8)), respectively.

Obviously, cations in narrow capillaries aremoremobile than anions
(transfer more electrical charges) because in narrow capillaries some of
anions are absorbed by the double electric layers (DEL) and are immo-
bile. In the narrower section, the transfer number of cations can be
nIIk→1 and likewise nIIa→0. In large capillaries transfer numbers nIk
and nIa tend to be identical and equal to transfer numbers in free solu-
tion (nIk=nIa=0.5). In this case the DEL does not play a considerable
role on current flow. It was shown (Kobranova, 1986) that if the surface
areas of capillaries I and II are different and nIIkNnIk then:

ΔmkΔVIA
¼ mIk−mIIk ¼

q
Fzk

nIIk−nIkð Þ N 0: ð9Þ

This means that the salinity of cations in the volume ΔVIA increases
(see Fig. 2). The salinity of anions is increased by the same amount (in
case of neutrality of solution):

ΔmaΔVIA ¼ mIa−mIIa ¼ q
Fzk

nIIa−nIað Þ N 0: ð10Þ

At the boundary II and I, the salinity of cations and anions in volume
ΔVIC decreases:

ΔmkΔVIC
¼ q

Fzk
nIIk−nIkð Þ b 0; ΔmkΔVIIC

¼ q
Fza

nIa−nIIað Þ b 0: ð11Þ

It means that the same amount of cations and anions will accumu-
late at the contacts of the narrow pore channels and large pores. The dif-
ference of concentration occurring due to current flow at the contacts
pore/pores channels is the foundation of thephenomenon ofmembrane
polarization. The mathematical problem of ions distribution in a solu-
tion filling the pores when a step-like electrical current is applied has
been solved by Zadorozhnaya (2008), Zadorozhnaya and Hauger
(2009) and Zadorozhnaya and Maré (2011).
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The excess of salinity at the boundary between pores depends on
time of applied current:

uΔ2k ¼
I2kMkt

FzkS1S2σk
n2k−n1kð Þ; uΔ3k ¼

I2kMkt
FzkS1S3σk

n3k−n1kð Þ;

uΔ2a ¼ I2aMat
FzaS1S2σa

n1a−n2að Þ; uΔ3a ¼ I2aMat
FzaS1S3σa

n1a−n3að Þ;
ð12Þ

where I is the applied current, t is the time, S1, S2 and S3 are the surface
areas of central pore and left and right channels respectively, andwhere
Mk and Ma are average mobilities of cations and anions.

If pulse length is short, then the excess of ions becomes small and the
time of leveling (discharging) is also short. Increasing the length of cur-
rent pulse themembrane effect increases. The direction of ions accumu-
lations in the boundaries is the same as the current flow (Kobranova,
1986), in other words the direction of discharge is also the same as
the direction of transient electro-motive force (emf). That iswhy the re-
sistivity of layers where membrane IP effect occurs can considerably
decrease.

2. Materials and methods

2.1. Description of the study site

In 2012, six Transient Electro-Magnetic (TEM) soundings were car-
ried out, in and around the Riolo Terme town (Northern Apennines,
Italy), in the framework of the EU financed project “Cities on Power”.
The aim of the survey was to aid in the reconstruction of the subsurface
conceptual model for hydrogeological assessment of a test site, where a
pilot low-enthalpy geothermal plant was planned to be installed in a
100 m deep borehole. The local outcropping geological units together
with the locations of TEM soundings are shown in Fig. 3. The FAAts
Unit is composed mainly of fine sandstone and pelitic argillaceous
sediments. The FAA Unit (Blue Clay Unit: Pliocene–Pleistocene) is
Fig. 3. Location of TEM soundings and ERT profile above the geological map of survey area (re
European Datum 1950 (ED50, WGS84).
composed of gray argillaceous mudstones with rare and thin sand-
stone layers. These units are partially covered by Quaternary de-
posits belonging principally to the Ravenna Sub-synthem (AES8)
whose upper part constitutes the Modena Unit (AES8a, Pleisto-
cene–Holocene). These recent deposits are composed of gravel, silt
and sand, whose maximum thickness is around 10 m, and host the
phreatic aquifer. Visual inspection of cuttings of the well, drilled in
the vicinity of TEM 1 to host the geothermal probe, furnished the follow-
ing lithological sequence: i) 0–5 m: brown clay with sand; ii) 5–10 m:
clayey sand with pebbles (aquifer); iii) 10–20 m: light-gray clay;
iv) 20–100 m: deep-gray clay.

2.2. Geophysical survey

As can be seen on Fig. 3, three soundings (1, 2 and 3) were per-
formed over the FAAts Unit, while TEM 4, 5 and 6 were positioned on
sediments belonging to the FAA Unit.

The TEM equipment by Zonge Ltd model Zerotem was used for
transmitting the pulsed current into a 50 × 50 m square loop and
GDP-3224 was used for data acquisition at the center of the loop. To
get information down to the requested investigation depth of about
100m, and themaximum resolution in the shallow subsurface, data ac-
quisition was planned at 32 Hz repeating frequency (themaximum one
allowed by the transmitter) and a latest available time gate of 7.8 ms.
While acquiring the data, a typical, strong IP distortion was detected
in decay curves, at time gates greater than 1 to 2 ms. Because of this re-
sult and bearing in mind that the distortion due to IP reduces the inves-
tigation depth of TEM method, all decay curves were acquired at the
repetition frequencies of 8 Hz (latest time gate at 31.125 ms) and 4 Hz
(latest time gate at 62.25ms), to be sure to reach the planned investiga-
tion depth. In all measurements the current pulse amplitude was about
10 A. In Fig. 4 we show the obtained decay curves after current cut-off:
data pertaining to soundings 1, 2 and 3, collected above the FAAts Unit
show a fair dependence on frequencies of current pulses, as the 32 Hz
drawn after the Geological Map of Italy 1:50,000, Sheet 239). Coordinates are in m in the



Fig. 4. Decay curves of TEM soundings 1–6.
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decay curve strongly differs from 8 Hz and 4 Hz ones, while the decay
curves of soundings 4, 5 and 6, collected above the FAA Unit, resulted
“classical” for TEM distorted by IP effect, as they do not depend on fre-
quencies of the current pulses.

To cross-check TEMdatamainly from the IP point of view, we decid-
ed to carry out also a profile of Electrical Resistivity (ERT) and time-
domain IP Tomography (indicated as ERT in Fig. 3), where the topo-
graphical and urbanization conditions allowed locating it. The profile
was laid out above the FAA formation, at the border of FAAts formation,
about 50m East of TEM sounding 4. It was composed of 45 electrodes at
7 m distance between each other, for a whole profile length of 308 m.
The georesistivity-meter model SAS4000/ES464 by ABEM Instrument
AB (Sweden) was used and theWenner–Schlumberger array was se-
lected as a good compromise between vertical and lateral resolution.
Inversion of apparent resistivity and chargeability data was performed
by using the RES2DINV™ commercial software, based on the quasi-
Gauss–Newton least-squares minimization algorithm and the mini-
mum smoothness constrained regularization (Loke and Barker, 1996),
obtaining a 1.6% RMS error on resistivity model and an absolute error
of 0.45 on chargeability model after 5 iterations. The inverted resistivity
and chargeability sections are shown in Fig. 5: a substantially 1D subsur-
face results from the resistivity section, where the upper resistive layer
should be identified with Quaternary loose sediments and the substra-
tumwith submarine clay formations. The IP section shows a polarizable
layer, lying at a depth around 15–20m below ground level (b.g.l.), char-
acterized by a lateral inhomogeneity. It is worthy to note that, since IP
occurs only in presence of saturated media, the IP effect should be asso-
ciated to the water-saturated part of the upper resistive layer.

Moreover, using a TEM-FAST 48 equipment by AEMR (The
Netherlands) and a 25 × 25 square loop, all TEM sites were repeated



Fig. 5. a) 2D resistivity section along the ERT profile; b) pseudo-2D resistivity section obtained by stacking 11 1D models from TEM data; the TEM profile is aligned with ERT/IP; c) 2D
chargeability section along the ERT profile (a.s.l.: above sea level).
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and a profile composed of 11 TEM soundings was performed along
the ERT profile; a 1 A pulsed current at 50–100 Hz and a maximum
time gate of 2 ms were used. With these acquisition parameters, this
surveywas planned to checkwhether IP effect could affect these higher
frequency data at the latest time gates. However, TEM-FAST decay
curves did not show any IP effect. The reason is now clear: we are in
the presence of an IP phenomenon which is frequency-dependent and
increases with decreasing frequency, i.e. the membrane effect, whose
presence is quite evident in TEM soundings 1, 2 and 3. Moreover, this
result is conditioned, most probably, by the one order of magnitude
smaller current intensity, fed by TEM-FAST. In fact, as shown in
Section 1.2, themembrane IP effect depends not only on duration of ex-
citing current pulse, but also on its intensity (see also Hallbauer-
Zadorozhnaya et al., 2015). Using the Matlab code IRAF (see Section 3
for more details) to model an 1D subsurface, TEM-FAST data pertaining
to the ERT profilewere inverted and, stacking the respective best-fitting
1Dmodels, the obtained pseudo-2D resistivity section, shown in Fig. 5b,
showed good agreement with the ERT model section.

3. TEM data interpretation

The interpretation of TEM data was carried out using the Matlab
code IRAF written by V. Hallbauer-Zadorozhnaya, where the Cole–Cole
relaxation Eq. (3) was implemented. The forward model consists of a
set of horizontal polarizable layers (Zadorozhnaya and Lepyoshkin,
1998). Results of inversion of TEM 4–6 are given in Table 1, while in
Fig. 6 we show the curve of the best fittingmodel to TEM 4, as an exam-
ple. The models show a relatively resistive (18 Ω·m) first layer, whose
thickness corresponds to the thickness of the Quaternary alluvial
sediments, while resistivity of deeper layers gradually decreases with



Table 1
1D petrophysical models of TEM 4, 5 and 6.

TEM Layer ρ (Ω·m) Thickness h (m) τ (s) η

4 1 18 13 2.8 · 10−3 0.0125
2 4.3 25 – –
3 0.6 ∞ – –

5 1 18 13 2.7 · 10−3 0.01
2 4.3 25 – –
3 0.8 ∞ – –

6 1 18 13 2.9 · 10−3 0.02
2 1.7 22 – –
3 0.5 35 – –
4 0.7 ∞ – –

Table 2
1D petrophysical model parameters of TEM 3 using the Cole–Cole equation.

32 Hz repetition rate 4 Hz repetition rate

Layer ρ
(Ω·m)

h
(m)

τ (s) η Layer ρ
(Ω·m)

h
(m)

τ (s) η

1 90 15 – – 1 30 30 – –
2 12 25 – – 2 8 45 – –
3 2.3 19 – – 3 0.92 45 3 · 10−3 0.25
4 0.5 20 3.5 · 10−3 0.25 4 0.05 45 3.5 · 10−3 0.99
5 0.5 25 3 · 10−3 0.25 5 0.05 ∞ 3 · 10−3 0.99
6 0.6 ∞ 3 · 10−3 0.25
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depth. The resistivity of about 0.5–0.8Ω·m at depths below 35–40m is
compatible, although quite low, with a clay formation deposited in a
submarine environment. Note that the shallowest layer is polarizable
and the resistivity of the deepest layer, in all tables presented in this
paper, can be considered as the resistivity of the electrical substratum.

These models show a good agreement with the ERT/IP sections
shown in Fig. 5.

However the TEM1–3 decay curves, collected in the northern part of
the area, strongly depend on repeat frequencies. We observe a non-
linear dependence of recorded signals on length of the pulses at late
times, beyond 2 ms. If we try to interpret these soundings using “classi-
cal” IP effect model, as for TEM 4–6, we obtain the models listed in
Table 2 for, e.g., TEM 3 at 32 and 4 Hz respectively. The parameters ob-
tained at 32 Hz are very similar to the parameters of 1D models of
TEM4–6. However, the resistivity of all layers and especially resistivity
of clays considerably decreases if data at repetition rates of 8 Hz or
4 Hz are inverted. The resistivity 0.05 Ω·m is much lower than that of
seawater and definitely cannot be related to any kind of rocks, although
saturated by sea water. Moreover, the polarizability property migrates
from the upper electrical layer, saturated with fresh water, to deepest
ones, certainly saturated by salt water: it is well known that any kind
of polarization, excluding the electrode polarization, is inhibited by
the high concentration of dissolved ions, proper of salt water. However,
asmentioned above, soundings TEM1–3 and TEM4–6 soundings are lo-
cated above slightly different lithologies: soundings 1–3 are positioned
over the FAAts Unit, which is composed, mainly of fine sandstone and
Fig. 6. Data and best-fitting 1D model of TEM 4.
pelitic argillaceous sediments, while soundings 4–6 are located on
AES8, AES8a formations, which lie over the FAA Blue Clay lithological
Unit, composed mainly of gray argillaceous mudstones with rare thin
sandstone layers. In simpler words, there is a presence of arenaceous,
coarser sediments in the sequence pertaining to FAAts Unit.

It was already reported that specific porous lithologies, in partic-
ular sandstone, can exhibit a non-linear behavior: their resistivities
and chargeabilities depend on intensity and duration of the supplied
electrical current. This effect was studied and characterized both on
laboratory samples (Zadorozhnaya, 2008; Zadorozhnaya and Hauger,
2009; Zadorozhnaya and Maré, 2011) and in the field (Hallbauer-
Zadorozhnaya et al., 2015). Thus the non-linear effect vs. repetition fre-
quency of supplied current, observed in TEM soundings 1–3, could be
explained if we accept that a type of IP effect occurs, which depends
on different length of current pulses, i.e., as shown above, by the mem-
brane IP effect.

3.1. Interpretation of TEM data depending on current pulse length

That membrane polarization affects non-linearly TEM data, to our
knowledge, has never been reported in the scientific literature. It is a
new phenomenon (at least, to our knowledge). We assume that it is a
membrane IP superimposed to the induction process and to electro-
osmosis IP effect. As indicated above, the membrane IP is only one
type of polarization depending on time of current feeding, which is
directed concordant to applied electrical current, i.e. it has the same
positive sign.

The problem for diffusion exchange with host media for time-off is
to be described by the inhomogeneous diffusion equation with specific
boundary and initial conditions:

∂u
∂t

¼ a2
∂2u
∂x2

þ f x; tð Þ; ð13Þ

where f(x, t) is a function of the diffusion sources. It is assumed that
the function f(x, t) has a piecewise-continuous derivative of the
first degree by x. Let us note that the initial conditions must be
found at time-on case, from the above described problem of the dis-
tribution of electrolyte concentration. It was shown that it can be
solved according to the Fourier method using the partial solutions
(Koshlyakov et al., 1970):

un x; tð Þ ¼ Xn xð Þ � Tn tð Þ; ð14Þ

where X(x) is a partial solution depending on x (distance along the
pore) and T(t) depends on time t. The full solution of Eq. (13) is:

u x; tð Þ ¼
X∞
n¼1

XnTn; ð15Þ

where

Tn ¼ αn exp −
μna
l

� 	2
t

� �
; ð16Þ



Fig. 7. Data and best-fitting 1D model of TEM 3.
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whereαn are the arbitrary constants, n is the numbermember of series, l
is the pore length, and μ are parameters depending on coefficients of ion
exchange. The solution of the problem of ions exchange caused by
constrictivity of pores, with specific boundary conditions, is described
in detail by Zadorozhnaya and Maré (2011).

The Eq. (15) is the solution for membrane polarization at time-off
and consists of numerous exponents. For preliminary interpretation
we assume that the membrane IP effect could be modeled using Cole–
Colemodelwith opposite sign.We added a new functionwhich is amir-
ror image of Cole–Colemodel taking note also of the amplitude ofmem-
brane effect.

pME ¼ α2
η2
τ2

exp −
1−η2
τ2

t
� �

; ð17Þ

where η2, τ2 and α2 are chargeability, decay constant and coefficient of
attenuation respectively. The IRAF code was modified adding the
Eq. (17). The results of the inversion are shown in Table 3, while in
Fig. 7 we show the curve of the best fitting model of TEM 3, as an
example.

As is shown in Table 3, models of soundings 1, 2 and 3 resume resis-
tivity values satisfactorily compatible with those estimated from the
soundings in the southern area, with the ERT resistivity profile and def-
initely with the known geology. In particular, inversion of TEM 1, locat-
ed very near to the geothermalwell, indicates that the upper layer, 11m
thick, essentially coincides with the shallowest formation, 10 m thick,
characterized by a clayey sand texture. Moreover, the upper layer
comes to be polarizable, in agreement with all other models of TEM
soundings 4–6 and IP 2D section,while polarizability in deep layers van-
ishes. We would like to note the decay constants τ2's related to mem-
brane effect, are much larger than τ1's, which are related to electro-
osmosis effect. As a final remark, we observe that, invoking the above
described theory about non-linear response of TEM data vs. repeat fre-
quency, we obtained resistivities at depth for TEM soundings 1–3
which are in better agreement with the ERT 2D model of Fig. 5a, than
those of TEM soundings 4–6: in fact, from a petrophysical point of
view, resistivities in the range 1.1 to 1.8 Ω·m are much more proper
for a clayey formation, deposited in a submarine environment (see,
e.g., Abu-Zeid and Santarato, 2004). We feel that a small non-linear
effect, although not detectable on the collected data because of the dis-
crete sequence of timewindows, is present also in the decay curves 4–6.
In fact, the inverted resistivities of deeper layers (see Table 1) are, as al-
ready observed, quite low to be fully compatible with the electrical
properties of the local geology: then it is plausible that these decay
curves are distorted too, although in a much lower amount, in the
same sense of TEM 1–3 curves. This consideration is supported by the
Table 3
1D petrophysical models of TEM1, 2 and 3:

Sounding Layer
no.

ρ
(Ω·m)

Thickness
(m)

Electro-osmosis
effect
parameters

Membrane
polarization
parameters

τ1
(s) η1

τ2
(s) η2 α2

1 1 23 11 0.033 3.7 · 10−3 0.32 6.8 · 10−3 0.12
2 2.8 26 – – – – –
3 1.5 25 – – – – –
4 1.8 ∞ – – – – –

2 1 30 28 0.014 1.2 · 10−2 0.35 2.0 · 10−2 0.17
2 1.5 25 – – – – –
3 1.1 25 – – – – –
4 2.0 ∞ – – – – –

3 1 50 28 0.032 4.0 · 10−3 0.5 2.0 · 10−2 0.17
2 1.5 25 – – – – –
3 1.1 25 – – – – –
4 2.0 ∞ – – – – –
slight existing differences between the two FAA and FAAts geological
Units.

4. Conclusions

A new phenomenon has been observed: TEM decay curves affected
by IP show a dependence on current pulse length. Obviously Cole–
Cole model cannot be used because, besides not being directly related
to physical parameters of rocks, it fits a linear response of a polarizable
medium, i.e. not depending on current pulse intensity or length. The
membrane polarization effect has been shown to be non-linear vs.
both intensity and duration of the supplied electrical current. Therefore
this phenomenon was investigated and an algorithm for mathematical
modeling of this non-linear observed behavior of the TEM data was de-
veloped. The obtained results furnished consistent subsurface physical
1D models.
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