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Laboratory studies of the DC — induced polarization
In saturated sand models of rock

Introduction

Usage of The Induced Electrical Polarization technique
over the past years has proven to be one of the most suc-
cessful geophysical methods in providing in situ informa-
tion about rock mineral composition especially in search for
disseminated minerals with electronic conductivity. In this
case, the technique is being applied in quite a new field,
which concerns materials that do not contain conductive
minerals but rather clay minerals. However the method has
been used, rarely in the field of hydrogeology [8, 23], oil
and gas field exploration [19] and in environmental studies
such as mapping of polluted land areas [22]. The induced
polarization method has been recognised as a useful method
in the detection of organic liquids electrical response both
in field [24] and laboratory conditions [6, 25, 26]. Several
environmental studies have used geophysical methods to
delineate oil-contaminated sites [1, 2]. More recently [21]
obtained power law dependence for IP measurements car-
ried out on clay free unconsolidated sediments from a sandy
aquifer and unsaturated sands, respectively.

Polarization is a geophysical phenomenon which mea-
sures the slow decay of voltage in the ground after the ces-
sation of an excitation current pulse (time domain method)
or low frequency variation of the resistivity of the earth
(frequency domain method) [9, 20]. The IP effect reflects
the degree to which the subsurface is able to store electric
charge, analogous to a leaky capacitor. If the current is
interrupted, a difference in potential, which decays with
time, is observed. The IP phenomenon can be modelled with
equivalent parallel circuits composed by two resistances
(R, and R,) and one capacitor (C) (Fig. 1). In this case,
R, represents the behaviour of resistive ionic conduction
in unmineralized current paths near a metallic mineral.
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The resistor R, represents the resistance due to blocked
conduction paths within mineralized rock, and the capaci-
tor C can be associated with the double-layer capacitance
and Warburg impedance [9, 10, 20]. The rate of decay of
this potential (IP potential) depends on the lithology of
the rock, its pore geometry, degree of liquid saturation
and type of liquid. The IP effect in earth materials having
non metallic minerals is usually referred to as membrane
polarization. This requires the presence of particles such as
clays, with a negative surface charge, which in the presence
of an electrolyte like water, attracts cations and forms an
electrical double layer on the particle surface. The volume
property of soil related to this phenomenon is the cation
exchange capacity [12] which is proportional to the surface
charge density and the specific surface area of the solid
phase [3]. Polarization and the complex nature of electri-
cal rock conductivity are attributed to zones of unequal
ionic transport properties along the pore channels caused
by charged interfaces and constrictions. Interactions at and
near the contact area of the solid and liquid phases are the
main causes of the formation of an electrical double layer.
They depend on pore space structure and microstructure of
the internal rock boundary layer. Therefore, they contain
information about internal surface area, rock porosity, rock
permeability and fluid properties.
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Fig. 1. Equivalent circuit to simulate the IP phenomenon.
The circuit is composed by two resistances (R, and R))
and one capacitor (C) [After 20]



The application of an external physical field on a satu-
rated heterophase medium intensifies filtration and diffu-
sion processes in it and results in changes in its electri-
cal, magnetic and acoustic properties [15-18]. When an
electric field is applied to rocks, all kinds of effects may
appear, e.g. dislocation friction, impact on electrons, and
oscillation of crystalline cells and so on, contributing
to secondary effects [11, 13]. Polarization properties of
rocks depend on both the nature of the rocks and of the
filler (pore fluid). Depending on the chemical composi-
tion and petrophysical parameter of a rock, and the type
of saturated medium (oil, electrolyte), the mechanism of
(DC — induced) polarization is different. This means that
depolarization after the field action ends must differ in
a few parameters, e.g. in the maximum polarization am-
plitude, the relaxation time and the character of signal re-
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laxation decay. The Author emphasizes that such complex
structures are characterized by very different polarization
mechanisms, from electronic to electroosmotic with very
different characteristic relaxation times (from 10? s to
minutes). By using macroscopic experimental technique
the Author actually measures the average value of the
electric potential. Therefore, in order to properly describe
the polarization relaxation one needs to know the relation-
ship between the macroscopic electrical characteristics
of the medium and its components (phases). In view of
this, Author considers the relaxation time characteristic
for the materials in question.

A better insight into this effect may lead to a new in-
vestigative parameter for geophysical prospecting. The
investigations yielded the results partly discussed now
and partially presented earlier [14].

Mathematical deliberation

Consider the limitless saturated porous layer (sand
model), which covers Euclidean space area 0 <x </[14].
Material of the layer — insulator with open porosity (sand).
In the following will be considered fluid saturated layers of
different nature. Attached to the surface layer x =0, x =/
of constant potential difference U, and it runs along the
OX axis with the constant current density j, [5].

Jo=0.E, (1

Where: E,— macroscopic (averaged) electrostatic intensity
of the electric field in the layer,
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— coefficient of electrical conductivity of the model, @,
— porosity, o' — coefficient of electrical conductivity of
pore fluid, o,, — coefficient of surface electrical conductivity
of the hard phases-fluid contact (double electrical layer),
s, — surface area of phases (double electrical layer):

o]
S = 0%.d, [7] 3)

Where: 6, ¥, d, — (accordingly): pore geometry, pore tur-

tuosity and permeability coefficient of the model.
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Here: ¢ — permittivity of the layer, &, &® — permittivity
of fluid and the hard phase, E, = U,/l — the macroscopic
(averaged) electrostatic intensity of the electric field in
the layer.

At the moment ¢ = ¢, + 0 attached to the surface layer
potential difference becomes equal to zero U, = 0. The
electric field in the layer must satisfy the equation:

.. dD
+22=0 5
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Where: j — current density, D — component of the vector
of electrostatic induction.
The solution of equation (5) for the initial condition:
E = E, and t = t, has the form:

E= Eoef%(tft") ©)

Formula (4) can be rewritten as:

t—t,

E = Eoe Te (7)

Where, 7, = ¢/e,.

Equation (6) or (7) will describe the process of relax-
ation of electrostatic intensity of the model.

From formulas (2), (3) and (4) we can see that the
coefficient of electrical conductivity of the layer:
o, =0, (q)l,o-e('),o-ex,slz,g‘”,g(z),g) is depend from:
®, — porosity, o' — coefficient of electrical conductivity
of pore fluid, o,, — coefficient of surface electrical con-
ductivity of the contact hard phases-fluid (double electri-
cal layer), s,, — surface area of double electrical layer,
¢ — permittivity of the layer, ", ¢ — permittivity of fluid
and the hard phase.
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Specific conductivity of liquid depends on the nature
and concentration of solution. If the liquid is a mixture of
water and oil — its conductivity depends on water solution
concentration. Permittivity of saturated porous medium is
a mixture permittivity. If the liquid is a water — oil mixture
it has a mixture permittivity too. Permittivity of a layer
will also depend on the size and shape of grains of the hard
phase. For harmonic in time processes (like a polarization)
a dielectric permittivity is a complex value which accounts
for the different mechanisms of relaxation.

Let us consider that a pore fluid — symmetric binary
electrolyte solution. Then the coefficient of electrical con-
ductivity can be written as:

o = qnlv, +v.) @®)

Where: ¢, n — (accordingly) module of charge and ions
concentration of electrolyte, n = N/V, N — the quantity of
molecules in the bulk of electrolyte — V, v,, v.— the mobil-
ity of positive and negative ions.

Formula (8) can also be written as:

0 =q"Cov, +q Cv. ©

Where (accordingly): ¢, ,q, i C,,C_ — the absolute
values of specific charge and mass density of positive and

negative ions, or:
o’ =FC, (v, +v.) (10)

Where: (accordingly): F, C,,— Faraday constant and molar
concentration of electrolyte.

Methodology of investigations

Author investigated the depolarization process of satu-
rated sand model of rock after they had been long time acted
on with a constant electric field with different parameters
(modified the time domain method).

The investigative procedure was as follows. As a sample
porous medium the Author considers purified sand placed
ina0.52m- 0.2 m-0.22 m thick-walled viniduril (poly-
vinyl chloride) box (Fig. 2). Sieved commercial quartz
sand (0.1 —to 0.3 mm grain size) was cleaned from clay
and dust particles by repeated washing. Depending on the
needs, the model or the rock was saturated with a brine of

different salinity or with water-petroleum emulsion. Let
us consider that in our investigations the model did not
contained any additional clay. Power feeding carbon elec-
trodes and high-quality stainless steel electrodes were used.
The electrodes were submerged down to the whole depth
of the model. The distance between the electrodes in the
model was changeable from 0.15 to 0.35 m. Each time the
porous medium model was saturated with a different liquid
(in the fixed amount) from the liquids mentioned above.
First the medium was saturated with distilled water, then
with a 0.1+6% table salt solution, then, in turn, with diesel

oil or crude oil (taken from the Barnéwko-8 bore-
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hole and having the following parameters: density
— 816.3 kg/m’, kinematic viscosity — 5.18 mm?/s,
dynamic viscosity —4.22 mPa- s, saturated hydro-
carbons content — 79.8%, aromatic hydrocarbons

content — 15.3%, asphaltene content — 0.5%). Each
time the hard phase (sand) of the investigated me-
dium was replaced. The amount of liquid in the
model was in the range of 250+500 ml. The model’s
moisture stability was monitored by performing
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regular measurements of its electrical resistance.
A constant potential difference was applied to
a model which caused a constant electric current

in it. One of the main problems was the choice of
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Fig. 2. A block diagram of the stand used for laboratory
investigations of the relaxation of electrically induced (with DC)
polarization signals: 1 — a porous medium model with electrodes

(AB, MN), 2 — DC power supply, 3 — a digital automatic multimeter

with an RS-232 interface, 4 — PC-computer

492 nr 8/2012

proper measuring electrodes (made from carbon,
very good quality stainless steel and hand made
non polarizable potential electrodes assembled
from pen plastic containers, copper wires and
saturated copper sulphate solution. Different elec-
trodes were tested for self-polarization and it was



found that carbon electrodes are characterized by the most
stable parameters, but their self polarization potential
is the highest whereby relaxation effects in their final
phase (above 30+50 seconds) cannot be examined in
detail. With standard non polarizable potential electrodes
another problem occurs — initial current flow limitation
was observed. Therefore stainless steel electrodes were
employed even though this entails additional check meas-
urements. At this stage of the experiments a two-electrode
measurement methodology was employed, i.e. the same
electrodes were used to introduce a polarizing voltage
and to register the relaxation signal. The use of the two-
electrode system was justified by the less complicated (and
so easier to interpret) current distribution in the medium.
When four electrodes were used, a momentary change in
the sign of the signal was observed. This can be explained
by, for example, electrode polarization in such a measur-
ing system (the electric field’s direction being opposite
to the direction of the relaxation field) and by the fact
that under the action of an external electric field liquid
molecules as they move in capillaries orient their axes
in the direction in which the field propagates. Naturally,
such orientation of the molecules creates its own elec-
tric field which when the external field is removed, will
decrease over time, resulting in a complicated character
of the investigated signal [18].
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A special custom-built computer-controlled power
supply unit was used as the source of electric current.
The voltage or the current could be stabilized. The val-
ues of the potential difference and current were carefully
controlled. The Author measured the dynamics of the
potential difference between some internal sample points
using the special measuring system with the RS-232 inter-
face, hooked up to a PC, and automatically recorded the
transmitted measurement data. These measurements were
automatically transferred to the computer for processing.
The experiments were conducted for different initial values
of the external DC voltage from 20 V to 400 V, with the
voltage increased by 10 V steps and a current up to 6 A,
without pulsation. Normally the voltage was stabilized. The
time of application of the low constant voltage causing no
noticeable heating is 15 min (in a comparison to traditional
time domain IP method this time is very long). For larger
voltages the heating can become significant, and the time
of application of the voltage was reduced to 2+3 min. The
initial low DC voltage (20 V) was subsequently increased
stepwise up to 400 V. At the same time the current flow-
ing in the medium was registered. Normally the electric
field acted on the model for 15 minutes and polarization
relaxation was registered for about 5 minutes (its value was
automatically read every half of second with a simultane-
ous printing obtained curve on a paper).

Experimental results

At the initial stage, the most difficult problem was
to synchronize the instant of polarization current switch
off with the start of relaxation signal recording. This is
due to the very short duration (from a few microseconds
to a millisecond) of the initial phase of relaxation when
a sharp drop in voltage to a level of a few volts is observed.
At this stage the largest differences in the character of
relaxation signals for similar media saturated with dif-
ferent liquids exist. It was noticed, however, that in the
case of the petroleum saturated models, as opposed to the
medium saturated with water, the relaxation time in this
stage would lengthen and tend towards to the right limit
of the millisecond range.

Experimental studies have shown that the filler sig-
nificantly influences the nature and the speed of the re-
laxation of the electric field. The smallest relaxation
times, initial polarizations and the largest disappearing
speed were observed for the distilled water, while the
largest initial values of the polarization were observed
for the model filled with the electrolyte solution. Our

results also show that the largest times for the voltage
drop are obtained for a mixture of water and oil used as
filler with the relaxation curves highly depending on the
concentration of oil.

Fig. 3 shows the results of the automatic registration
of the second phase (above 0.5 sec) of polarization signal
relaxation, obtained for the model saturated with different
liquids for the stimulating voltage of 120 V. According
to the results, the system saturated with distilled water is
characterized by the lowest potential after polarization and
a very short relaxation time (curve 5). For models saturated
with petroleum with the addition of a salt water solution
(up to value 5% of the filler total volume) the lowered
polarization potential which markedly decreased with the
petroleum content in the model and the extended relaxation
time {curves 3 (150 ml of petroleum) and 4 (300 ml of
petroleum), respectively}, are proper. The models saturated
with a table salt solution have the highest initial potential.
It was noticed, however, that the absolute signal relaxation
time in the latter models is shorter in comparison with the
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Fig. 3. The automatic registration of the second phase
(above 0.5 sec) of polarization signal relaxation, obtained
for the model saturated with the different liquids for the
stimulating voltage of 120 V: 1, 2 — NaCl saturation,

3, 4 — oil emulsion saturation, 5 — distilled water saturation

models saturated with petroleum {curves 1 (6% solution)
and 2 (3% solution) respectively}.

Quite interesting results were obtained by changing
stepwise (every 10 V) polarization voltage amplitude while
the other system parameters remained constant. In this
case, for each model the initial system potential increases
linearly and its relaxation time is clearly dependent on the
polarization voltage amplitude and it lengthens as the latter
is increased, particularly in a range of 60200 V. Fig. 4
shows an example of the variation in the polarization relax-
ation of the models saturated with water salt solution (3%)
for different polarization voltage amplitudes: (1) — 180,
(2)-140, (3)— 100, (4)— 60 V (curves 1-4, respectively).

Fig. 5 shows the automatic registration of the second
phase (above 0.5 sec) of the relaxation of polarization
signal, obtained for the model saturated with the petro-
leum emulsion with different proportional with water
salt solution. Let us note, however, that relaxation time
lengthens the most for the models saturated with petro-
leum in a comparison to models saturated with a brine of
different salinity.

Also the system memory effect, consisting in the length-
ening of polarization relaxation time after several cycling
training of the model, was observed for constant polariza-
tion voltages, but this phenomenon requires more detailed
investigations.

In the author’s opinion the different relaxation effects in
the polarized model of saturated rocks can be explained by
the different physical properties of the investigated media,
which are associated with their type of conductance. In the
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Fig. 4. An example of the variation in the polarization
relaxation of the models saturated with water salt solution
for different polarization voltage amplitudes:
(1)-180, (2) — 140, (3) — 100, (4) - 60 V
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Fig. 5. The automatic registration of the second phase
(above 0.5 sec) of polarization signal relaxation, obtained
for the model saturated with the petroleum emulsion with
different proportional with water salt solution (5% of the
filler total volume) for the stimulating voltage of 120 V:

1 — 150 ml of petroleum, 2 — 200 ml of petroleum,
3 — 250 ml of petroleum, 4 — 300 ml of petroleum

models saturated with a salt solution, the faster electron-ion
conductivity occurs, whereas in the petroleum saturated
models the slower molecular conductance takes place. The
mechanism of the latter is connected with the destruction
of molecular compounds under the action of an electric
field and probably with the formation and decay of free
radicals, similarly as in the case of the action of a very
strong ultrasonic field [17].

The obtained results are characterized by good repeat-
ability and can be easily reproduced.
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Final remarks

Schlumberger discovered the IP effect in 1920. The
nature of the phenomenon is rather complex and still not
understood completely after nearly 90 years [27]. Special
electrochemical investigations are needed to explain the
complex nature of the IP. Organic electrochemistry is not
well studied, compared to other types of reactions that cause
the IP effect and still, there is insufficient study of how
the IP parameters correlate with hydrocarbon saturation.
Many unsolved problems remain related to the IP effect
that require more research. Organic chemical liquids form
a problematic group for geophysical studies because their
poor conductivity restricts the use of conventional electric
and electromagnetic methods [4]. But the IP method can be
used to detect organic contaminants because soil — organic
mixtures are polarizable even with very low contents of clay
minerals [24]. The mechanisms that cause the polarization
effects in these mixtures can be related with interaction be-

References

[1] Atekwana E.A., Sauck W.A., Werkema Jr. D.D.: Inves-
tigations of geoelectrical signatures at a hydrocarbon
contaminated site. Journal of Applied Geophysics 2000,
44, 167-180.

[2] Benson R.C.: Remote sensing and geophysical methods
for evaluation of subsurface conditions. In: D.M. Nielsen
(Ed.), Practical Handbook of Groundwater Monitoring,
Lewis Publishers 1991, pp. 143—194.

[3]1 Bolt G.H., Bruggenwert M.G.: Soil Chemistry, Part A,
Basic elements. Elsevier, New York 1978.

[4] Corréa Alegria F., Martinho E., Almeida F.: Measuring
soil contamination with the time domain induced polar-
ization method using Lab VIEW. Measurement 2009, 42,
1082-1091.

[5] Filt’s R.V., Grechin D.P.: An algorithm for computing the
one-dimensional electromagnetic field in a conducting
ferromagnetic cylinder based on the method of finite dif-
ferences. Journal of Mathematical Sciences 1997, vol. 86,
no. 2, 2646-2649,

[6] Klitzsch N., Stallmach F., Jacobs F.: Laboratory investiga-
tion to prove low concentrations of hydrocarbons in soils,
in: Proceedings of the IV Meeting of the Environmental
and Engineering Geophysical Society (European Section),
Barcelona (Spain), 1998, 31-34.

[71 Kobranova V.N.: Petrophysics. Moskow 1986, Mir Pub-
lishers (Translated from the Russian), 376 pp.

[8] Marshall D.J., Madden T.R.: Induced polarization, a study
of its causes. Geophysics 1959, 24: 790-816.

[9] Martinho E., Almeida F., Senos Matias M.J.: An experi-
mental study of organic pollutant effects on time domain
induced polarization measurements. Journal of Applied
Geophysics 2006, 60, 27—-40.

[10] Martinho E., Almeida F.: Time domain induced polar-
ization experiments on gasoline contaminated samples.

tween minerals and organic molecule and produce changes
in the chargeability values. Thus, from the chargeability
value is possible to understand these mechanisms, which
is very important. As it was mentioned before, IP effects
have been approached by different types of equivalent
circuits. That is, real systems are very complex and it is
clear that further research, beyond the scope of this work,
has to be done.

The above experiments were the first step in inves-
tigations of the phenomenon of the IP signal relaxation
using non-traditional laboratory research methods. Similar
measurements are to be conducted in the future, but us-
ing other medium hard phase models, in order to study in
more detail the development of the effects and to propose
a diagnostic parameter which will make it possible to
distinguish sedimentary rocks with regard to the type of
saturating medium.

Proceedings of the IV Meeting of the Environmental and
Engineering Geophysical Society (European Section),
Barcelona (Spain) 1998, pp. 85-87.

[11] Nigmatullin R.L.: Principles of Heterogeneous Media
Mechanics. Moscow 1978, Nauka, 336 pp. (in Russian).

[12] Olhoeft G.R.: Low-frequency electrical properties. Geo-
physics 1985, 50, 2492-2503.

[13] Parkhomenko E.L.: Electrification phenomena in rocks.
In: Monographs in Geoscience, Plenum Press, New York
1971, 285 p.

[14] SobotkaJ., Kondrat V.: Experimental and theoretical studies
of the relaxation of electrically induced (with direct cur-
rent) polarization signals in porous media. XIX Congress
of the Carpathian Balkan Geological Association (CBGA
2010) — Thessaloniki 2010 (abstract), September 23-26
2010, Geologica Balcanica, vol. 39, no. 1-2, 364-365.

[15] Sobotka J.: DC-induced acoustic emission in saturated
sand models of sedimentary rock. Acta Geophysica 2010,
vol. 58, no. 1, 163-172.

[16] Sobotka J.: Longitudinal ultrasonic waves in DC electric

field, Acta Geophys 2009, vol. 57, no. 2, 247-256.

[17] Sobotka J.: The laboratory modelling of effect of electric
and acoustic fields interaction in porous media saturated
with water or hydrocarbons, Acta Geophys. Pol. 2004, 52,
3, 381-396.

[18] Sobotka J.: Various effect of relaxation of electric po-
larized saturated models of rocks (Zroznicowane efekty
relaksacyjne w spolaryzowanym modelu nasyconych
skat). [w:] Nauki o Ziemi w badaniach podstawowych,
ztozowych i ochronie srodowiska. UWND AGH, Krakéw
2001, 101-107 (in Polish).

[19] Sternberg B.K., Oehler D.Z.: Induced polarization in hy-
drocarbon surveys: Arkoma basin case histories. In Ward,
S. H., editor, INDUCED POLARISATION: Applications

nr 8/2012 495



NAFTA-GAZ

[22]

496

and Case histories, volume 4. Society of Exploration Geo-
physicists, 1990.

Sumner J.S.: Principles of Induced Polarization for Geo-
physical Exploration. Elsevier Scientific Publishers, Am-
sterdam 1976, 277 pp.

Titov K., Kemna A., Tarasov A., Vereecken H.: Induced
polarization of unsaturated sands determined through
time domain measurements. Vadose Zone Journal 2004,
3, 1160-1168.

Towel J.N., Anderson R.G., Pelton W.H., Olhoeft G.R.,
LaBrecque D.: Direct detection of hydrocarbon contami-
nants using induced polarization method. SEG meeting
1985, pages 145-147.

Vacquier V., Holmes C.R., Kintzinger P.R., Lavergne M.:
Prospecting for groundwater by induced electrical polar-
ization. Geophysics 1957, 23, 660—687.

Vanhala H., Soininen H., Kukkonen 1.: Detecting organic
chemical contaminants by spectral-induced polarization
method in glacial till environment. Geophysics 1992, 57,
1014-1017.

nr 8/2012

[25]

[26]

[27]

Vanhala H., Soininen H.: Laboratory technique for mea-
surements of spectral induced polarization response of soil
samples. Geophysical Prospecting 1995, 43, 655-676.
Vanhala H.: Mapping oil contaminated sand and till with
the spectral induced polarization (SIP) method. Geophysi-
cal prospecting 1997, 45, 303-326.

Veeken P.C.H., Legeydo P.J., Davidenko Y.A., Kudry-
avceva E.O., Ivanov S.A, Chuvaev A.: Benefits of the
induced polarization geoelectric method to hydrocarbon
exploration. Geophysics 2009, 74, no. 2, B47-B59.

Dr hab. Jerzy SOBOTKA prof. UW — jest kie-
rownikiem Zaktadu Geologii Strukturalnej i Kar-
tografii Geologicznej oraz Laboratorium Geofi-
zycznego Instytutu Nauk Geologicznych
Uniwersytetu Wroctawskiego. Specjalnos¢ na-
ukowa: geofizyka stosowana i petrofizyka. Autor
ok. 60 publikacji, monografii i patentow.



