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Abstract

Laboratory results from the application of the time domain induced polarization method to the study of organic contamination in
soil samples are presented. IP effects for uncontaminated and contaminated (gasoline, isopentane, toluene and benzene) clayey soil

samples were measured in the laboratory.

The data were processed to obtain the sample resistivity, resistance, chargeability, capacity, amplitude and decay constant, in
order to establish their interdependency, as well as, the behaviour of the main experimental variable involved, that is, the degree of
contamination. The results show that minimum values for the chargeability, decay constant and capacity, are reached for a certain
amount of pollutant, and a contamination model is proposed using the equivalent circuit theory applied to IP phenomenon.

Thus, a process whereby organic molecules coat clay particle surfaces is proposed and a decrease in the expected membrane
polarization effect can explain the interaction between clay minerals and organic molecules.

Finally, the capacity allows a better separation between contaminated and uncontaminated areas than that provided by
chargeability and decay constant, as it defines a threshold, which does not depend on the pollutant concentration.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Oil products constitute one of the main types of
organic contaminants in the soil. In order to understand
the effects caused by oil contamination the polarization
mechanisms in soil/organic mixtures must be understood.

Several environmental studies have used geophysical
methods to delineate oil-contaminated sites (Benson et
al.,, 1991, 1997; Sauck et al., 1998; Sauck, 2000;
Atekwana et al., 2000). These studies show that
hydrocarbon plumes may be delineated either as areas
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of high resistivity (Benson, 1991; Benson et al., 1997),
since hydrocarbons typically have higher resistivity than
interstitial water (Asquith and Gibson, 1982), or as low
resistivity zones (Benson et al., 1991; Benson, 1992;
Sauck et al., 1998; Atekwana et al., 2000) due to
biodegradation of hydrocarbons that tends to increase
the amount of total dissolved solids (TDS) in the
interstitial water.

The induced polarization method has been recog-
nised as a useful method in the detection of organic
liquids electrical response both in field (Vanhala et al.,
1992; Binley et al.,, 1998) and laboratory conditions
(Vanhala and Soininen, 1995; Vanhala, 1997; Klitzsch et
al., 1998).
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In particular, the spectral induced polarization (SIP)
method has been used in contamination studies by
organic chemical liquids (Vanhala et al., 1992; Vanhala
and Soininen, 1995; Vanhala, 1997). Given the
equivalence between time and frequency domains
herein it is proposed to carry out laboratory investiga-
tions in the time domain.

Laboratory investigations were carried out over
clayey soil samples, of different grain size compositions
and contaminated with several organic chemicals.

At first, 1P effects were analysed in gasoline
contaminated soil samples. The processed data were
analysed in order to establish the interdependency
among the electrical parameters, as well as, the
behaviour of the different experimental variables
involved, that is, time of impregnation, grain size and
contamination degree. The results show similar behav-
iour for the analysed electrical parameters from two
different grain size compositions (fraction<2 mm and
fraction<1 mm).

Then, several gasoline components (isopentane,
toluene and benzene) were used as contaminants in
order to investigate their IP response. Finally, from the
laboratory results, a contamination model is proposed
and equivalent circuit theory is applied to the induced
polarization effect.

2. IP time domain-basic concepts, laboratory system
and data processing

2.1. Basic concepts

The induced polarization method is based on the
nearly direct current, electrical resistivity rock behav-
iour. Rock resistivity can be measured in field or
laboratory conditions and, in this study, resistivity and
induced polarization measurements were carried out in
laboratory by using cylindrical samples and applying
four electrode configurations.

Often, a material electrical resistance is expressed in
terms of its resistivity. If the resistance between opposite
faces of a conducting body of length / and uniform cross
section area S is R, the resistivity, p, is expressed as

p:R—lS(ohm~m). (1)

And its conductivity o (=1/p) is defined as the
reciprocal of the resistivity and is measured in Siemens
per meter (S/m).

The electric conduction in most rocks is essentially
electrolytic as most mineral grains (except metallic ores
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Fig. 1. Prismatic rock sample, showing the matrix and the irregular
network of tube conductors. / Sample length; /. tube conductors length,
effective length (Tortuosity is defined as the ratio between /. and /).

and clay minerals) are insulators and, therefore, electric
conduction is done through the interstitial water in pores
and fissures. The resistivity of porous sedimentary
formations is variable and dependant on the degree of
saturation and nature of pore electrolytes. The electrical
resistance, R, of a prismatic rock sample, Fig. 1, length
[ and cross section S is (Orellana, 1982):

[
R:prg' (2)

And p; is the rock sample resistivity. As conduction
is done mainly through electrolyte filled pores, with a
resistivity py, then

R=p,—. (3)

Where /. is the mean effective length of the tube
conductors and S, is their effective section. Hence S,
corresponds to the effective section from the conduction
point of view. Thus from (1) and (2):

o))

And multiplying and dividing (4) by / and [,
respectively:

()

The ratio between the mean effective length of the
conductive tubes and the sample length is the so called
tortuosity, 7, that is:

~|o™

T= (6)
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The rock sample volume is S/ and the volume
corresponding to the pores is S./., thus rock porosity ¢
can be written as

Sele
=5 @)

And from Egs. (5), (6) and (7)

Ve
= —. 8
0= (8
Where V, is the overall pores volume (S./.) and V; is
the rock volume (S/), that is, porosity has no dimensions
and can be written as a percentage of the total rock
volume. Rock resistivity can be written as

2

py = (%)pw = Fpy. )
Where

F = %ﬁ (10)

And F is the so called formation coefficient that
depends both on tortuosity, 7, and porosity, ¢.

From Eqgs. (9) and (10) it is clear that the organic
chemicals presence, as well as other pollutants in
general, in the soil will affect the parameters in Egs.

switch on

switch off

(9) and (10), hence they will be used later in this work,
in order to justify and discuss contamination models.

IP principles and methods have been thoroughly
described in the literature (Sumi, 1961, Hallof, 1967;
Bertin and Loeb, 1974; Bertin and Loeb, 1976; Sumner,
1976; Song and Vozoft, 1985; Apparao, 1997). In broad
terms [P data can be obtained by sampling the time
decaying potentials observed after switching off DC
currents or by measuring the electrical response to the
use of currents with different frequencies. Thus, it is
possible to conduct time and frequency domain
measurements, respectively.

When an electric current is switched off the potential
does not decay to zero instantaneously, Fig. 2. The
primary potential (¥},) drops immediately to a certain
value (V) and then starts decaying monotonously to
zero, in accordance with a function f{f). On the other
hand, when the current is switched on the potential
difference does not reach a maximum value immedi-
ately, but it will show a slight increase until it stabilizes
at its maximum.

Thus, an IP decay curve represents a time varying
potential originated by internal currents, in the vicinity
of polarizable media. These currents originate from
electrical charges reaching equilibrium after an external
field is removed.

Basically, IP is a current effect caused by several
electrochemical mechanisms such as ion diffusion near
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Fig. 2. IP time domain phenomenon: current pulse and resulting voltage. Primary potential (V},) decays to a secondary potential (V) and then follows a

monotonous decay with time —£(7).
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metallic minerals and, to a less extend, near no metallic
minerals, redox reactions between electrolytes and
minerals and ion mobility within the electrolyte that
fills rock pores.

The IP phenomenon can be modelled with equivalent
parallel circuits composed by two resistances (R4, and
Ry,) and one capacitor (C), such as the one in Fig. 3. In
this case, Ry, represents the behaviour of resistive ionic
conduction in unmineralized current paths near a
metallic mineral. The resistor R, represents the resis-
tance due to blocked conduction paths within miner-
alised rock, and the capacitor C can be associated with
the double-layer capacitance and Warburg impedance
(Sumner, 1976).

IP decay curves (Fig. 2) are a very important
representation of the effect and several functions have
been proposed to describe them. According to the
equivalent circuit (Fig. 3) decaying can be described by
an exponential function, Sumner (1976). Other authors,
such as Wait (1958), Scott and West (1969), have
suggested a logarithmic dependence. In this case, at the
beginning of the curves potential drops instantaneously
from ¥, to Vs and a logarithmic decay occurs afterwards.
Others, Keller (1959) and Bertin e Loeb (1974),
proposed that the decay curve can be obtained by the
summation of several exponential functions, that is
accepting that the curve contains several components,
each one with different time constants that could
correspond to different effects. More recently, Slatter
(2002) and Titov et al. (2004) obtained a power law
dependence for IP measurements carried out on clay free
unconsolidated sediments from a sandy aquifer and
unsaturated sands, respectively.

Ry,

i

——AW——

Rdc

Fig. 3. Equivalent circuit to simulate the IP phenomenon. The circuit is
composed by two resistances (Ry. and Ry,) and one capacitor (C). Rgc
represents the behaviour of resistive ionic conduction in unmineralized
current paths near a metallic mineral. R, represents the resistance due
to blocked conduction paths within mineralised rock. The capacitor C
can be associated with the double-layer capacitance and Warburg
impedance (After Sumner, 1976).

Therefore, it seems that IP decay curves can be
reconstructed using different type functions and it is
likely that their shape depends on the nature of
mineralization, soils texture and electrolyte composition
(Sumner, 1976; Vanhala, 1997).

Bearing in mind the previous discussion, in this work
logarithmic functions, V'=a+bIn(¢), exponential func-
tions, V'=ae”, and power functions, V=at", were used
and tested. However, it was found that the power
function describes the experimental curves closer
(Martinho, 2003). Data analysis demonstrates that, on
one hand, the amplitude (parameter @ in ¥'=az") has the
same behaviour as that of the resistivity (Fig. 7(a) and
(c)) and, on the other hand, the decay constant behaviour
(parameter b in V=at") is similar to that of the
chargeability (Fig. 8(a) and (c)). Hence, amplitude is
related with the resistance, thus with the resistivity, whilst
the decay constant is related with the chargeability.

Although power functions have been proposed
before (Slatter, 2002; Titov et al., 2004), so far there is
no appropriate equivalent circuit to describe them.
Nevertheless, a simple equivalent circuit, as that on
Fig. 3, will still be considered as a good approximation
to simulate the IP phenomenon.

As it was mentioned before, IP effects have been
approached by different types of equivalent circuits and
several decay functions have been proposed. 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 time-domain analysis measures the decaying
voltage across Ry, as a result from the discharging of a
capacitor through resistances R, and R4.. The observed
transient voltage can be expressed as (Sumner, 1976):

Rdc =t
V,=V,|————|e~. 11
t p |: Rdc 4 Rb:| ( )

Where V,,=IRg., and the time constant 7= (R, +Rqc)
C. The secondary voltage V; is measured at time =0
and is normalized by the primary voltage V,, defining
the chargeability, M, as the ratio V/V}, that is:

o Vs Ryc

M==_"%_ (12)
Vo Rac+ Ry

The integrated area under the decay voltage curve
normalized by V), is an indication of the capacitance C
value, since the time constant of the decay voltage is
given by (R4.+R,)C. The integrated voltage has also
been called the chargeability M, that is:

1 [~
M:—/ V,dt 13
VP 4l ' ( )
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And from the equivalent circuit (Sumner, 1976)
M = RqC. (14)

The integrated signal measurement depends directly
on the capacitance C. If C can be used as diagnostic
parameter for polarizable rocks, it can be estimated
dividing M by Rg.

2.2. Laboratory system

The developed laboratory measurement system is a
GPIB (General Propose Interface Bus) controlled
system (Martinho and Almeida, 1998) that can carry
out electrical measurements. This system (Fig. 4) is able
to obtain measurements with a trace length of 50 s at a
rate of ten samples per second (with a sample interval of
0.1 s that records frequencies lower than 5 Hz). This
laboratory system includes a current source, a digital
voltmeter, a BUS IEEE-488 interface and a computer.

In order to carry out laboratory measurements a PVC
cylindrical tube, with a 3.75 cm diameter, was used as a
sample hold. Specially designed ceramic porous elec-
trodes and non-polarizable 3 cm long Ag/AgCl electro-
des were used as current and potential electrodes,
respectively.

The measurements were done immediately after the
sample was prepared, lasted 30 min, and a 0.0001 mA
current with a 4 s pulse (relaxation time) was used.

Several tests were done to evaluate and optimize the
system (Martinho, 2003). These tests involved the data
acquisition system as well as the investigation of the
influence of some parameters, such as, array geometry,

current intensity, potential electrode characteristics,
sample holder and connectors. The electrolyte influence
on the IP measurements was also checked (Martinho,
2003).

2.3. Data processing and IP curves inversion

The data were processed to obtain the sample
resistivity, resistance Ry, and Ry, chargeability, capacity,
amplitude and decay constant. Chargeability was
computed from the area below the decay curve
normalized with respect to primary voltage. In some
cases, when chargeability departed from a defined
tendency, this parameter was also calculated from the
fifth and tenth sampling steps, that is V/V,, for t=0.5 s
and Vi/V, for t=1s. For both procedures, chargeability
values were computed as the arithmetic mean of six
chargeability values obtained from six decay curves in
each data file.

The resistance Ry, capacity C, resistance Ry, values
were computed using the equations previously de-
scribed. Capacity, C, computation used chargeability
values determined from the area below the decay curves.
The amplitude and decay constant parameters were also
computed by fitting a function V=ar” to the IP curves.

A theoretical model (Fig. 5(c)) was obtained by the
summation of translated Heaviside outputs (Fig. 5(b))
that are obtained by convolution of the Heaviside step
system output with the translated Dirac distributions
(Fig. 5(a)) (Almeida, 1993).

The fit between the computed and the laboratory data,
obtained by minimization of quadratic differences
summation between model and laboratory data, is

GPIB-BUS

Yoltmeter

Fig. 4. Laboratory measurement system: current source, digital voltmeter, BUS IEEE-488 interface and computer. The sample hold is a PVC
cylindrical tube where the porous ceramic and non-polarizable Ag/AgCl electrodes, used as current and potential electrodes, respectively, are

incorporated.
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Function V=at®
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Fig. 5. Theoretical model, (c), obtained by the summation of translated Heaviside outputs, (b), are obtained by the convolution of the Heaviside step

system output with the translated Dirac distributions, (a).
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Fig. 6. Fit between the experimental and model decay data as obtained
by the minimization of the quadratic differences summation between
model and laboratory data.

shown in Fig. 6. In order to obtain a better fit the first and
the last two points of the decay curves were not used. In
accordance with Sumi (1961), the first decay curve
points can be affected by electromagnetic induction
effects originated when switching off the electrical
current, whilst the last points can show electrical
polarization produced by different electrolyte concentra-
tions caused by the current in the current electrodes or in
the diffuse layer. Therefore, to avoid these problems the
first two samples (0.1 and 0.2 s) were rejected.

3. Soil and water sample

Laboratory studies were done using soil samples
obtained in the Aveiro University Campus. The soil
was dried in a ventilated stove at a temperature of
40 °C and separation was done into two classes, one
with a grain size smaller than 2 mm and another with
grain size smaller than 1 mm. Table 1 shows the soil

Table 1

Grain-sizes analysis results of the soil sample for the fraction <1 mm
Grain-size analysis (g/kg) Texture
Coarse sand  Fine sand ~ Silt 0.002<Z< Clay @<

02<@< 0.02<@<  0.02 mm 0.002 mm

2 mm 0.2 mm

430 349 84 137 Sandy

loam
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Table 2
Physical and chemical properties of the soil sample (fraction <1 mm)
Parameters Result
pH (H,0) 7.2
Organic carbon (g/kg) 2.9
Organic mater (g/kg) 5.0
CEC (cmolc/kg) 4.14
Cation exchange (cmolc/kg) Ca 4.65
Mg 0.50
K 0.14
Na 0.07
Mn Not detectable

Base saturation (%) Saturated

Base saturation=Sx100/T.
S—sum of the exchange bases; 7—total cation exchange capacity.

samples grain size analysis in accordance with the
Atterberg scale.

The mineral composition of the coarse fraction was
studied optically, and the finest fraction (<2 pm) was
studied by X-ray diffraction. The main minerals in both
coarse and fine fractions were quartz, feldspar, micas
(biotite and muscovite) and kaolinite. The physical and
chemical properties of the soil are given in Table 2.

Thus, physical, chemical and mineralogy analysis
shows that: 1) soils have a sandy loam texture due to a
small clay fraction (<14%); 2) soils are neutral, (pH
value=7.2); 3) in the small clay fraction, the predom-
inant clay mineral (kaolinite) and the low contents of
organic mater (5 g/kg), give a low cation exchange
capacity (4.14 cmol./kg) to this soil; 4) is base saturated
and 5) Ca is the dominant exchange cation.

The characteristics of the water used in this study are
given in Table 3.

4. Gasoline contaminated samples
4.1. Samples preparation

The first stage of sample preparation was the
calculation of the PVC tube capacity (220 cm®) and
the volume of water necessary to saturate de soil
samples (70 cm® for the fraction <2 mm and 100 cm?®
for the fraction <1 mm).

Uncontaminated samples (fraction<2 mm and
fraction<1 mm) were prepared by using water as the

electrolyte, and gasoline contaminated samples were
impregnated with increasing rates of water versus
gasoline (fraction<2 mm, gasoline+water=70 cm’;
and fraction<1 mm, gasoline+water=100 cm?).

At first, each sample was prepared by mixing soil and
gasoline and then water was added. Different concen-
trations of gasoline were used for each grain size (7%,
14% and 21% for fraction <2 mm and 5%, 10%, 20%,
30% and 40% for fraction <1 mm). The largest
percentage of gasoline used in fraction <2 mm was
21%, because for larger quantities the data were very
noise and therefore meaningless.

The water and the pollutant partial porosity for each
grain size are given in Table 4 (the water and pollutant
partial porosity were calculate dividing the water and
pollutant volume by the soil sample volume).

4.2. Results

Figs. 7 and 8 show the results obtained for each
experiment. Thus Figs. 7(b), (d), 8(b) and (d) show the
evolution with time for each parameter, for the two
samples and different gasoline/water ratios; on the other
hand, Figs. 7(a), (c), 8(a) and (c) show the time average
data behaviour for increasing gasoline/water ratios.

As it can be seen, resistivity and amplitude
(resistance) are directly related with time (Fig. 7(b),
(d)). Even though these parameters are higher for the
fraction <2 mm, their behaviour is constant for the two
grain sizes, that is, a slow decrease with time and an
increase with gasoline concentration.

Fig. 8(b) and (d) show a noisy variation of
chargeability and decay constant with time. However,
the average values (Fig. 8(a) and (c)) are more
interesting. The fraction <1 mm shows high charge-
ability in absence of the pollutant, which can be
explained by the high clay quantity. The decay constant
parameter shows always higher values for the coarse
fraction.

In general, the two parameters have similar behav-
iour with respect to gasoline concentration, that is, they
decrease with increasing gasoline concentration and are
relatively constant for the concentration interval 10—
20%. Then they increase until pollutant sample
saturation is reached. The mean chargeability and

Table 3

Water analysis

pH Temperature Conductivity HCO; cr NO; Nors Na* K" Ca** Mg**
(°C) (Q m) mg/l

73 15.4 29.9 102 29 1 43 58 7 7 7
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Table 4
The water and pollutant partial porosity for each grain size

Soil sample volume=220 cm®

f<2 mm f< 1 mm
Pollutant Water Water partial porosity Increment porosity Pollutant Water Water partial porosity Increment porosity
(cm’) (cm’) ()] (Ag) (em’) (cm’) (#) (Ad)
0 70 0.32 0 0 100 0.45 0
5 65 0.30 0.02 5 95 0.43 0.02
10 60 0.27 0.05 10 90 0.41 0.04
15 55 0.25 0.07 20 80 0.36 0.09
30 70 0.32 0.13
40 60 0.27 0.18

decay constant is less grain size dependant and the
minimum threshold reached can be regarded as an
indicator of the pollutant presence (gasoline).

It must be pointed out that for very high gasoline
concentrations the curves invert their tendency and start
rising again. This is similar to the cases of very low
gasoline concentration and, hence, the results can be
difficult to interpret. However, cases where such high
pollutant concentrations occur should be rare in field

situations and, if they do occur, they should be restricted
to an area in the close vicinity of a spill.

5. Gasoline components contaminated samples

Further laboratory measurements were carried out in
order to study the dependency of the chargeability and
decay constant parameters with some of the most
common gasoline components.

a) b)
110 1o —— [<2mm-0 %
100 A —0— f<lmm 100 4 oo 0o o o o o —8— [<2mm-7 %
J— —o— f<2mm ~ 99 A—h—a 4 n . . . R —h— f<2mm-14 %
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g E L aaan s o e e S
£ g0 3 £ 80 - —X— f<Imm-0 %
= 7 z T B SRV —o— f<lmm-5 %
=] 1 = A .
2 Z XX ——X—Xx—X —o—f<lmm-10 %
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& el o] TR wex—e o, - N o | —A—t<imm-20 %
=04 A
50 ¢ 50 -ﬁxﬁxhﬂz"xﬂ* —% —e— f<Imm-30 %
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40 . . . . 40 - . r . .
0 10 20 30 40 50 0 10 15 20 25 30 35
Gasoline (%) Time (min)
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= -©
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1300 4 . . r T 1300 . . - - -
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Fig. 7. Experimental results: (b) and (d) time dependant data; (a) and (c) time average values versus percentual gasoline/water ratio. (a) and (b)

resistivity data; (c) and (d) adjusted amplitude function.



E. Martinho et al. / Journal of Applied Geophysics 60 (2006) 27—40 35

—— [<2mm-0 %
—8— (<2mm-7 %
—&— [<2mm-14 %
—o—f<2mm-21 %
—¥— [<Imm-0 %
—0— f<Imm-5 %
—o— f<Imm-10 %
—A— [<Imm-20 %
—6— f<Imm-30 %

—X—[<Imm-40 %

—— <2mm-0 %
—8— f<2mm-7 %
—h— f<2mm-14 %
—— [<2mm-21 %
—¥— f<Imm-0 %
—0— f<Imm-5 %
—o— f<Imm-10 %
—A— f<lmm-20 %

—o— [<lmm-30 %

—X— f<Imm-40 %

a) b)
90 90
80 —O0— f<lmm 80 4
- q —e— f<2mm _
= 70 Z 70 -
= =
= =
E" 60 g‘ 60 4
Z 50 ¢ £ 50 -
& £
g ]
6 40 A 5 40 -
30 1 30 1
20 T T T T 20
0 10 20 30 40 50 0
Gasoline (%)
c) d)
4
4
3.5 4
. 3.5 4 —0— f<lmm
§ 34 —8— [<2mm ) 31
= =]
Z 251 = 251
S Z
5 13 S 15
B =
é 1 g 14
0.5 1
0.5
0 T T T T
0 0 20 30 40 50 0 .
Gasoline (%)

10 15 20 25 30 35

Time (min)

Fig. 8. Experimental results: (b) and (d) time dependant data; (a) and (c) time average values versus percentual gasoline/water ratio. (a) and (b)

chargeability data; (c) and (d) adjusted decay constant function.

The used gasoline components were isopentane,
toluene and benzene. Sample preparation was done as
before but only the grain size samples <1 mm were used
so that higher pollutant concentrations could be studied.

5.1. Results

Fig. 9 compares the time average values behaviour
for each parameter (resistivity, chargeability and decay
constant) with increasing pollutant/water ratios for all
the pollutants. Amplitude data are not discussed as its
behaviour is similar to that of the resistivity as shown for
gasoline (Fig. 7).

Fig. 10 depicts the chargeability for toluene as
computed for r=0.5 s and #=1 s. As it can be seen, the
behaviour is very close to the one shown for the
chargeability in Fig. 9(b). The same conclusion can be
drawn for all the other pollutants (Martinho, 2003).

All parameters show similar behaviour for the
different contaminants. Thus, resistivity increase with
increasing contaminant concentration (Fig. 9(a)),
chargeability and decay constant decrease with in-

creasing pollutant concentration (Fig. 9(b) and (c)). A
fairly constant level is observed for a pollutant
concentration interval of 10-20%, and afterwards the
values increase until pollutants reaches sample satura-
tion (Fig. 9(b) and (c)).

Each parameter time evolution is smooth and a
decrease of resistivity is observed as for the gasoline
case. However, for higher concentrations, the resistivity
decrease is more pronounced, as it should be expected
from Eq. (9).

In accordance with this equation porosity, tortuosity
and electrolyte resistivity variations will vary rock
resistivity. Thus, porosity can change either if there is
not a thorough sample homogenisation or by electrolyte
diffusion. On the other hand, more complete homoge-
nisation and porosity increase with time favour shorter
circuit paths, that is, a decrease in tortuosity. Tortuosity
changes can also occur by pollutant agglomeration
because of pollutant immiscibility with the electrolyte.

Finally, reactions between the pollutant and the
electrolyte will vary the resistivity of the later one.
However it is difficult to accept this hypothesis as
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experimental data show that curves behaviour is similar
for all pollutants.

Therefore, the curve parameters behaviour can be
associated with the homogenisation process, a pollutant
agglomeration phenomenon or a chemical process
concerning the increase of the ions number in the
electrolyte. That is, the interaction between the minerals
and the organic molecules can alter the redox potential,
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Fig. 9. Experimental results. Time average values versus pollutant/
water ratio. (a) Resistivity data; (b) chargeability data; (c) decay
constant data.
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Fig. 10. Toluene computed chargeability for the fifth and the tenth
sampling steps.

increasing the dissolved forms of ions (as Fe ions) in
aqueous solution (Ko6lling, 1986).

The chargeability and decay constant do not show
any peculiar trend with time, as for gasoline, apart from
decreasing when pollutant concentration increases. The
overall curves for the pollutants (Fig. 9) show that
resistivity is lower for gasoline and higher for its
components (Fig. 9(a)). The slope of adjusted curves for
the resistivity is also lower for the gasoline (Fig. 9(a)).

Chargeability and decay constant minimum values
vary with pollutant, as shown in Fig. 9(b) and (¢), but the
general behaviour is similar. Benzene gives the lowest
value, while isopentane gives the highest value.
Isopentane, an aliphatic hydrocarbon, seems to have
less influence in the polarization effect and, thus, its
interaction with clay minerals is not as intense as that for
gasoline, toluene and benzene. Benzene gives lower
resistivity values and is more influent in the polarization
effect. This must be related to the fact that benzene,
toluene and gasoline are aromatic hydrocarbons and are
organic chemicals that can interact with clay minerals
(Gomes, 1986).

6. Contamination model

The mechanisms that cause the polarization effect in
soil/organic mixtures are not well known, but can be
related with the interaction between clay minerals and
organic molecules.

In general, rocks consist of minerals (matrix) and
pores which form an irregular and tortuous net filled
with electrolyte and, theoretically, several interaction
ways are possible. It is now proposed to investigate a
model that can justify the IP effects produced by organic
pollutants in soils.

Since the resistivity, p,, can be defined by Eq. (9) and
the addition of organic chemicals changes both the
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Fig. 11. Possible contamination models: (a) porosity variation as a result of clay particles coating by organic molecules; (b) porosity and tortuosity
variation, when clay particles are not coated by organic molecules, but these molecules occupy pores just like a mineral grain and (c) porosity and

tortuosity variation caused by both models (a) and (b).

tortuosity and porosity, three different models can be
considered (Fig. 11): model (a) porosity change due
organic molecules that coat the surfaces of clay
particles; model (b) porosity and tortuosity change
when organic molecules that do not coat clay particles
surface but occupy the pore-space as a mineral grain;
model (c) change porosity and tortuosity according to
the combination of models (a) and (b).

Olhoeft (1985) explained the low-frequency effect by
a process whereby organic molecules coat the surfaces
of clay particles, inhibiting the cation-exchange process.
Therefore, as work hypothesis, only model (a) will be
discussed here in.

Thus, if Eq. (9) is differentiated

d

Pr dpy
dr
ar T

d¢

For model (a), rock resistivity does not change with
tortuosity and the partial derivative 0p./0T must be
zero, that is:

dp, = do. (15)

dp
~dT =0 16
And
dp, dp
r — T 17
If Eq. (9) is differentiated with respected to phi,
Ips _ _Tpy (18)
a¢ ¢’

And using Egs. (9) and (18)

d
Pr _ Pr (19)

d¢ ¢

From (17) and (19) the derivative of the rock
resistivity in order to the porosity can also be computed
from the ratio between rock resistivity and porosity
values, that is

dp, Pr
a0 e (20)
In a sample impregnated with 100 ml of liquid
(water+pollutant) when the pollutant amount is
increased the effective porosity decreases as pores
are occupied by an electrolyte (Table 4). This table
shows the variation of the sample effective porosity
with the pollutant concentration and, as it can be seen,
for the fraction <1 mm, ¢ (water partial porosity)
varies from 0,45, when no pollutant is present, to 0.27
for a pollutant volume of 40 cm®. Hence it is possible
to compute the porosity increment (A¢) between each
experiment and relate it with the measured rock
resistivity, that is:

dor _ Po P P (21)

dp ¢ dy T
And

dpr ~ Apr _ pl”,'
6 D6 ¢ (22)

That is, if (22) can be experimentally tested model (a)
is acceptable.

The experimental work provided the estimation of
the right member of Eq. (22) (Table 5) by using the
water partial porosity values for each pollutant
concentration value (Table 4), and the last measured
resistivity value in each sample. This value was used
because it is the one for which the system is more
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Table 5
Results of —p,/ ¢ for pollutants

Gasoline Isopentane Toluene Benzene
Pollutant (%) pr (2 m) -p:lo pr (2 m) -p./¢ pr (Qm) -p:/¢ pr (€2 m) —pf0
0 50.7 -112 59.8 -132 59.8 -132 59.8 -132
5 51.7 —-120 70.0 - 162 65.4 - 151 68.5 -159
10 533 -130 75.0 —183 75.0 -183 72.3 -177
20 57.8 -159 82.0 -226 80.8 -222 74.7 =205
30 58.8 —-185 96.0 -302 89.1 -280 894 —-281
40 66.6 244 100.0 -367 96.7 —355

stable (Table 5). The relationship between p; and ¢,
allows the estimation of Ap,/A¢ for each pollutant
(Fig. 12).

The results show that, with the exception of
gasoline, the linear regression coefficients (Ap,/Agp)
between p; and ¢ in Fig. 12 are approximate to —p,/¢
(Table 5) for amounts of pollutant between 10% and
20% (the shading values in the Table 5), and thus the
proposed model (a) seems to hold for these pollutant
concentrations. Experimental data also show that the
chargeability reaches a minimum for that concentra-
tion (Fig. 9(b)). If model (a) is accepted, then it is
probable the occurrence of a double layer effect
decrease related with the chargeability decrease, which
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is in agreement with data from others authors
(Olhoeft, 1985). For pollutant concentrations outside
the 10-20% interval other mechanisms are needed to
explain the IP behaviour.

In Fig. 13(a) it is shown the variation of the capacity
C with the amount of pollutant present in the sample, as
calculated from equation (14). The parameter C allows
the integration of both IP and resistivity information. As
it can be seen, the capacity, C (Fig. 13(a)), is about 50%
(0.02) of the value obtained in uncontaminated samples
(0.04). The observed increase both in chargeability and
in capacity after the minimum value is reached, is more
pronounced in chargeability than in capacity. Thus, it is
possible to define the contamination by using the
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Fig. 12. Linear regression coefficients between p; (Table 5) and P; (Table 4) for 0%, 5%, 10%, 20%, 30% and 40% of pollutant.
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Fig. 13. Mean values of capacity, C (a) and resistance, Ry, (b) for
different pollutants.

capacity (Fig. 13(a)) which is related with resistance
(Rq4c) and chargeability (Eq. (14)).

As, it is shown in Fig. 13(b), and with the isopentane
exception, for pollutant concentrations higher than 20%,
the Ry, resistance, calculated from Eq. (12) (that is the
resistance associated with the capacitor in the electrical
circuit of Fig. 3) decreases. This can be interpreted as the
reposition of the electrical charges equilibrium is
favoured by the decrease in the blocking paths effect
by the positive ions.

7. Conclusions

In clayey soils, in particular when minerals belonging
to the kaolinite group are dominant, the chargeability
decay constant and the capacity behaviour demonstrate
that IP time domain measurements can be used in the
detection of organic contaminants. Particularly good
results have been obtained for pollutant concentrations
between 10% and 20%.

Nevertheless it is acknowledged that further studies
and experiments are needed for other type of soils,
where it is possible that different decay functions may
be more appropriate.

With the developed laboratory measurement system
it was possible to obtain resistivity and amplitude
measurements with a 20% variation between gasoline
and isopentane, toluene and benzene. The variation is
lower for chargeability (14%) and decay constant
(6%).

In spite of stabilization being dependant on physical
processes (that is, homogenisation and geometric
pollutant redistribution) as well as chemical processes
(ion concentration increase on the electrolyte) measure-
ments lasting 30 min demonstrate the stabilization of the
system.

The two fractions (<1 and <2 mm) do not show
any significant alterations on the IP effect. However it
must be pointed out that for the fraction <2 mm, it is
shown an increase in the resistivity and in the
amplitude parameters as well as an increase in the
data noise.

Decay curves can be described through several
functions but in this case power functions, V=at’ s
describe the experimental data closer.

Minimum chargeability, decay constant and capacity
values are reached for pollutant concentrations ranging
from 10% to 20%. For lower concentrations the soil clay
particles should be responsible for the higher recorded
values. For higher concentrations more studies should
be carried out in order to understand the process.

The interaction between clay minerals and organic
molecules can be explained to some extent by a process
whereby organic molecules coat clay particles surfaces
and, therefore, a decrease in the membrane polarization
effect is expected for pollutant concentration in the 10—
20% range.

The capacity C allows a better separation between
contaminated and uncontaminated samples than that
provided by chargeability and decay constant, as it
defines a threshold which is not depend on pollutant
concentration and, therefore, can be used in future
works.

Although there is no sufficient field experience yet,
this technique can be used to locate contamination
plumes, in conjunction with other geophysical methods.
However, more important is its potential use to evaluate
and monitor the temporal evolution of contaminated
areas previously located by other methods, as pollutant
concentration variations are detectable in the experi-
mental model curves herein discussed.
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