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N.O. Kozhevnikov and E.Y. Antonov*

Institute of Geophysics of the SB RAS, 3 Prospect Koptyuga, Novosibirsk 630090, Russia

Received January 20035, revision accepted December 2005

ABSTRACT

We investigate the early time induced polarization (IP) phenomenon in frozen un-
consolidated rocks and its association with transient electromagnetic (TEM) signals
measured in northern regions. The distinguishing feature of these signals is the dis-
tortion of the monotony or sign reversals in the time range from a few tens to a few
hundreds of microseconds. In simulating TEM data, the IP effects in frozen ground
were attributed to the dielectric relaxation phenomenon rather than to the frequency-
dependent conductivity. This enabled us to use laboratory experimental data available
in the literature on dielectric spectroscopy of frozen rocks. In our studies we focused
on simulating the transient response of a coincident-loop configuration in three sim-
ple models: (i) a homogeneous frozen earth (half-space); (ii) a two-layered earth with
the upper layer frozen; (iii) a two-layered earth with the upper layer unfrozen. The
conductivities of both frozen and unfrozen ground were assumed to exhibit no fre-
quency dispersion, whereas the dielectric permittivity of frozen ground was assumed
to be described by the Debye model. To simplify the presentation and the comparison
analysis of the synthetic data, the TEM response of a frozen polarizable earth was
normalized to that of a non-polarizable earth having the same structure and resistivi-
ties as the polarizable earth. The effect of the dielectric relaxation on a TEM signal is
marked by a clearly defined minimum. Its time coordinate ¢, is approximately three
times larger than the dielectric relaxation time constant 7. This suggests the use of 7,
for direct estimation of 7, which, in turn, is closely associated with the temperature of
frozen unconsolidated rock. The ordinate of the minimum is directly proportional to
the static dielectric permittivity of frozen earth. Increasing the resistivity of a frozen
earth and/or decreasing the loop size results in a progressively stronger effect of the
dielectric relaxation on the TEM signal. In the case of unfrozen earth, seasonal freez-
ing is not likely to have an appreciable effect on the TEM signal. However, for the
frozen earth, seasonal thawing of a near-surface layer may result in a noticeable at-
tenuation of the TEM signal features associated with dielectric relaxation in a frozen
half-space. Forward calculations show that the dielectric relaxation of frozen uncon-
solidated rocks may significantly affect the transient response of a horizontal loop laid
on the ground. This conclusion is in agreement with a practical example of inversion
of the TEM data measured over the permafrost.

INTRODUCTION

Geophysical methods have been widely used in research on

*E-mail: kno@emf.ru

frozen ground and engineering studies in northern regions.

Although in the last few decades significant progress has been
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made in permafrost geophysics (Scott, Sellmann and Hunter
1997), some problems in permafrost-related studies still re-
main unsolved.

The cryolithosphere, especially its upper part, is relatively
inhomogeneous and to geophysical exploration it represents
a kind of ‘geological noise’, hindering the search for and
prospecting of such targets as ore deposits, kimberlite pipe,
ground water, etc. At the same time, the investigation of the
cryolithosphere is important in itself. In the research and
the exploration of permafrost regions it is necessary to map
the distribution of frozen ground and to estimate its tempera-
ture and ice content. Geoelectrical methods have an advantage
in the study of the cryolithosphere due to the difference be-
tween the electrical properties of thawed and frozen rocks and
due to the dependence of these properties on the temperature,
water/ice content and other permafrost-related parameters.
However, since such dependences are ambiguous, the solution
of the above problems is quite complicated and not always
possible. In particular, the interpretation of resistivity data in
terms of geocryologic parameters may represent a challenge to
a geophysicist, since the resistivity of frozen ground is affected
by many variables (Scott ez al. 1997).

The most promising geophysical methods in permafrost-
related studies are those relating to the physical properties
that are particularly characteristic of frozen ground. In this
respect, the fast-decaying induced-polarization processes in
frozen unconsolidated rocks (Kozhevnikov, Nikiforov and
Snopkov 1995) deserve special consideration. These processes
were found to affect TEM data measured in cold regions such
as Yakutiya, Russia (Molchanov et al. 1984; Vanchugov and
Kozhevnikov 1998), Alaska (Walker and Kawasaki 1988) and
Northern Canada (Smith and Klein 1996).

FAST-DECAYING IP IN FROZEN GROUND

In the late 1960s and early 1970s, reports on non-monotonous
TEM transients appeared in the geophysical literature. Distor-
tions in the monotony, including sign reversals, were observed
in the time interval 0.1-1 ms. These signals, especially when
measured with single-loop or coincident-loop configurations,
could not be explained in the context of the conventional the-
ory of TEM prospecting methods (Weidelt 1983). The problem
was solved by assuming the anomalous frequency-dependent
conductivity o (w) of the geological materials, which accounts
for the well-known induced polarization (IP) phenomenon in-
vestigated by the electrical IP prospecting method (Wait 1982;
Spies and Frischknecht 1991).

Since the early 1980s, numerous TEM measurements in
Western Yakutya, Russia, have shown transient signals with
distortions in monotony and sign reversals, which occurred
in the time range from a few tens to a few hundreds of mi-
croseconds. These early time distortions (Fig. 1) were initially
considered to be noise, hampering the inversion of TEM sig-
nals in terms of the ‘normal’ conductivity. It has been pro-
posed that these distortions were caused by the fast-decaying
induced polarization of frozen ground (Molchanov et al. 1984;
Sidorov 1987). The nature of this polarization remained un-
clear, resulting in much controversy. A variety of mechanisms
which would account for the polarization of frozen earth were
discussed: large-scale heterogeneity of frozen rocks resulting
in the strong Maxwell-Wagner polarization (Sidorov 1987),
dielectric relaxation of ice (Kozhevnikov 1991), fractal geom-
etry of the frozen rock texture (Krylov and Bobrov 1996),
and small-scale heterogeneity in combination with dielectric
relaxation of ice and unfrozen water films (Artyomenko and
Kozhevnikov 1999).

Thousands of TEM signals indicating fast-decaying IP ef-
fects were measured in Western Yakutiya during diamond
prospecting. The areas where the IP-affected transients oc-
curred account for about half of the total survey area. The
geology of Western Yakutiya consists of Quaternary uncon-
solidated sediments, Jurassic sand and clay, Lower Palaeozoic
terrigenous-carbonate sedimentary and other widely occur-
ring rocks. Only a limited number of IP-affected TEM sig-
nals are reported to be occasionally measured in TEM surveys
throughout the world. This gives rise to the question: what is
the distinguishing feature of Western Yakutiya which causes
the earth to be polarizable? In our opinion, one feature is be-
yond question: the cold. It would appear reasonable that upon
freezing the ground becomes more polarizable at early times.
This speculation is supported by TEM surveys in Alaska and
in Northern Canada (Walker and Kawasaki 1988; Smith and
Klein 1996), where IP-affected TEM signals were measured
over the permafrost.

The assumption that fast-decaying IP is an inherent fea-
ture of frozen rocks was demonstrated by a specially de-
signed field experiment (Kozhevnikov et al. 1995). The main
objective of their experiment was to answer the question:
does the transient response of a particular rock depend on
whether it is frozen or thawed, and if it does, in what
manner?

The test site was located within a discontinuous permafrost
area near the village of Taksimo in the Muya River valley in
the north of Buryatiya, Russia. According to both borehole
and integrated geophysical survey data, the site lithology to a
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Figure 1 Transients measured over permafrost in West Yakutiya, Russia: (a) Nakyn kimberlite field, central-loop configuration with 200 m by
200 m transmitter loop and 100 m by 100 m receiver loop; (b) near a kimberlite pipe in the vicinity of the city of Mirny, 100 m by 100 m

coincident-loop array.

depth of 100-200 m consists of water-saturated quartz sand.
The water content within the sand layer varies from a few
percent to tens of percent. The absence of a clay fraction ex-
cluded membrane polarization on clay minerals. The mean
temperature of frozen sand is —(1-2)°C. The TEM responses
of thawed and frozen sand, measured with a 100 m by 100 m
coincident-loop configuration, are shown in Fig. 2(a). As
can readily be seen, the early time TEM response of frozen
sand is characterized by strong distortions of the monotonous
behaviour.

In parallel with the TEM survey, IP measurements at early
times (0.1-10 ms) were carried out with a grounded dipole-
dipole array. Seguin and Frydecki (1990) found that the
chargeability of frozen unconsolidated rocks measured in the
time interval 200-1200 ms is very low. However, measure-
ments at the delay time of 0.1 ms showed low chargeabilities
for thawed sand and high chargeabilities (up to 37%) for the
frozen sand (Fig. 2b). These data favour the assumption that
the distortions of the early time TEM response result from the
IP effects.

Subsequently, the strong galvanic IP response of frozen un-
consolidated rocks at delay times of 0.1-10 ms was confirmed
by Karasyov et al. (2004) on the basis of extensive laboratory
and on-land measurements. Thus, there is a good reason to
believe that measuring early time IP in frozen ground may
result in substantial improvements in the efficiency of electri-
cal methods when applied to permafrost-related studies. Since
galvanic contact with frozen ground may represent a severe
problem, the TEM method has an advantage over the tradi-
tional galvanic IP technique.

The effect of induced polarization on TEM signals has been
reported and discussed by Spies (1980), Lee (1981), Raiche
(1983), Molchanov et al. (1984), Raiche et al. (1985), Smith
and West (1989), Smith and Klein (1996), El-Kaliouby et al.
(1997), Descloitres et al. (2000), and in many other papers.

Unfortunately, there are only a few publications in which
the effect of fast-decaying IP in frozen ground on the TEM
signal has been discussed and estimated on the basis of com-
puter simulations (Walker and Kawasaki 1988; Krylov and
Bobrov 1995, 1996; Krylov, Bobrov and Soroka 1995; Krylov,
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Figure 2 TEM and galvanic IP field data from a test site in the Muya River valley in the north of Buryatya, Russia (Kozhevnikov et al. 1995):
(a) TEM response of the 100 m by 100 m coincident loops; (b) chargeability sounding curves measured at a delay time of 0.1 ms. An orthogonal
sounding configuration AB-MN was used to minimize the induction effects.

Bobrov and Wachter 1998). This paper aims to compensate
for the lack of modelling results and should be considered as
a first step towards understanding how the early time IP phe-
nomenon in frozen ground influences TEM signals. It is hoped
to provide a rough idea of the applicability and limitations of
the TEM method in permafrost-related studies.

ELECTRICAL MODEL FOR CALCULATING
FAST-DECAYING IP IN FROZEN
UNCONSOLIDATED ROCKS

Traditionally, the IP phenomenon is explained and simulated
in terms of the frequency-dependent, complex conductivity
o*(w) of geological materials. The dielectric permittivity ¢ is
assumed to be independent of frequency and to have no effect
on IP signals measured in geoelectric studies. In simulating IP
signals, the empirical Cole-Cole formula is used to describe
o*(w) (Wait 1982), i.e.

m(jor)*

o (@) =0 [1 T T ferr (1 —m)}’

(1)
where j = v/—1, ® denotes angular frequency, o denotes dc
conductivity, m denotes chargeability, 7 is the IP time constant,
and c is the exponent with limits 1 (a single relaxation) and 0
(an infinitely broad, continuous distribution). The chargeabil-
ity m can be expressed as

— (2)

where s, is the high-frequency limit of conductivity (in prac-
tice, 0 o is the conductivity at a frequency that is much higher
than the relaxation frequency wy = 1/7).

In our study, we used an alternative model to describe the
earth’s electrical properties. In this model, the conductivities of
both frozen and unfrozen ground were assumed to exhibit no
frequency dispersion, whereas the dielectric permittivity £*(w)
of frozen ground was assumed to be described by the Debye

).

where g9 = 8.85 x 107!2 F/m is the dielectric permittivity of

formula,

& — €00

- 3
+1+jwr (3)

e (w) = &g <soo

free space, 7 is the time constant of dielectric relaxation, &
and &, are the relative dielectric permittivities at frequencies
that are, respectively, much higher and lower than the relax-
ation frequency wy = 1/7. It is common practice to represent
and to interpret the results of laboratory measurements of the
electrical properties of frozen rocks in terms of non-dispersive
conductivity and complex frequency-dependent dielectric per-
mittivity. Therefore, in our investigations of IP effects in TEM
measurements, we were able to use laboratory experimental
data on dielectric spectroscopy of frozen materials.

The dielectric spectroscopy of frozen unconsolidated rocks
has been reported by Olhoeft (1977), Bittelli, Flury and Roth
(2004) and Frolov (1998). The latter reviews many theoreti-
cal considerations and the experimental data on the electrical
properties of ice and frozen rocks.
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The above literature shows that the dielectric permittivity
of frozen unconsolidated rocks invariably decreases with in-
creasing frequency; that is, dielectric relaxation is an inherent
characteristic of frozen unconsolidated rocks. For all types
of frozen unconsolidated rocks, decreasing temperature re-
sults in (i) decreasing low-frequency dielectric permittivities,
and (ii) an increase in the effective time constant of dielectric
relaxation.

The available data on the high-frequency dielectric permit-
tivities of frozen soils and rocks agree well. Many experiments
have shown that the high-frequency dielectric permittivity &,
is usually in the range from 3 to 10. At high frequencies,
the dielectric permittivity of frozen rocks is correctly pre-
dicted using mixing formulae based on the theory of composite
dielectrics.

Unlike high-frequency dielectric permittivity, the available
experimental data on the low-frequency dielectric permittivity
&, of frozen porous materials are not nearly so consistent, es-
pecially for materials with a high content of clay minerals. Ac-
cording to Olhoeft (1977) and Bittelli ez al. (2004), dielectric
permittivities of frozen clay, measured at frequencies of about
1 kHz, range from 10 to 10*. As the frequency decreased be-
low 1 kHz, a further increase in the dielectric permittivity was
observed without it tending towards an asymptote. Measure-
ments carried out by Frolov (1998) indicated that at 1.5 kHz
the dielectric permittivity of a frozen loam does not exceed
100; this is 1-2 orders of magnitude lower than the permit-
tivities measured by Olhoeft (1977) and Bittelli ez al. (2004).
Frolov (1998) attributed the discrepancy between the clay-
related results to the different features of the measurement
methods and techniques used in the various experiments.

Excellent reviews of the dielectric properties of porous
rocks have been given by Chelidze and Gueguen (1999) and
Chelidze, Guenuen and Ruffet (1999). The nature of electri-
cal polarization in frozen rocks has been discussed by Frolov
(1998) and Bittelli er al. (2004). Low-frequency dielectric
permittivities of frozen unconsolidated rocks and soils have
been found to be dominated by the Maxwell-Wagner ef-
fect and surface conduction and polarization of the electri-
cal double layer. The effective dielectric permittivity of frozen
rocks increases with the surface-to-volume ratio of the sys-
tem. Surface conduction and electrical double-layer polariza-
tion become more pronounced as particle size decreases, and
they dominate the low-frequency dielectric permittivity in clay
soils.

In a coarse-grained rock, such as gravel or sand, even at
temperatures just below 0°C, practically all water turns to
ice (King, Zimmerman and Corwin 1988). Because of this,
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the low-frequency dielectric permittivity & of a frozen coarse-
grained rock has only a weak dependence on the temperature
and is controlled mainly by the ice content W;. Thus, for frozen
sands (Frolov 1998), we have

es~a+ bW, 4)

where a = 120 + 20, b = 12 + 3.
The relaxation time constant t for fresh polycrystalline ice
is given (in seconds) by King and Smith (1981) as

logz =2900/T —15.3,

where T is the absolute temperature, in °K. At water freezing
point, 7 is about 20 us, and at T = —60°C, it is as large
as 30 ms. Some examples of the practical application of this
temperature dependence have been given by Reynolds (1997).
A similar dependence of the dielectric-relaxation time constant
7 on temperature T has been found for frozen coarse-grained
unconsolidated rocks. In rocks with high clay content, other
factors in addition to temperature, may control the relaxation
time constant. However, for a given rock, and all other factors
being fixed, the relaxation time constant is always inversely
proportional to the temperature.

In our studies, we decided to use sand as a model for sim-
ulating the TEM response of frozen ground. This choice was
motivated by the following considerations: (i) a large amount
of data on the dielectric spectroscopy of frozen sands is avail-
able in the literature; (ii) these data correlate well (unlike those
on rocks with a high clay content); (iii) the amount of unfrozen
water in sands is small, making it possible to avoid consider-
ing the strong polarization effects arising due to the migration
of ions.

As a basis for modelling the TEM response of frozen uncon-
solidated ground, we used the laboratory data measured and
reviewed by Frolov (1998). Most of our forward calculations
were carried out with ¢, = 86 and £, = 4. In most cases, calcu-
lations were made for T = 10 us (‘warm permafrost’), 30 us
(‘permafrost’) and 100 us (‘cold permafrost’). This allowed
us to account for the dispersion in the experimental estimates
of this parameter, and to obtain an idea of how its change
(for example, in dependence on temperature) affects the TEM
response of frozen ground.

The conductivity o*(w) of a rock with frequency-
independent (ohmic) conductivity o and complex dielectric
permittivity described by the Debye formula (3) is given by

o*() = o + jwey <soo + ‘j:}.f:;) . (5)
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Figure 3 Frequency dependence of the parameters, Re o*(w),
Im o*(w), and |o*(w)|, of frozen ground. The conductivity o of the
ground in independent of frequency, whereas its dielectric permittiv-
ity is frequency-dependent according to the Debye model of dielectric
relaxation.

Separating o* into real o’ and imaginary ¢ parts, results in
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The frequency dependence of 67, 0" and the modulus |o*| =
[(6)? + (6")?]"/? is illustrated in Fig. 3. In these calculations,
the following model parameters, typical of wet frozen sand at
temperatures just below freezing, were used: o = 10~* Sm/m,
g = 100, e5o = 3, T = 30 us. The time constant of 30 us
corresponds to the frequency of the Debye relaxation of about
5 kHz. At this frequency, the graph of ¢’ versus w exhibits an
inflection, and o” reaches its local maximum. At frequencies
below 100 kHz, we have o’ (w) < o'(w), so we can assume
o* = o', and (5) may be rewritten as

@’e0T (& — £xc)

ollw) =0 1+ w?1?

(6)

Figure 3 shows that at frequencies lower than 100 kHz,
|o*(w)|and o'(w) are practically coincident. Since the upper
frequency limit in the signal spectra measured in inductive
prospecting methods does not normally exceed a few tens of
kHz, the frequencies above 100 kHz can be considered as
practically infinitely high for determining o .

/ o
0.01 //
0.001 /

T T T TTTTT T T T TITTT T T T TTTTT T T T T

1E+005 1E+006

\
\

o
-
!
\_\
[=]
o
\

Chargeability

1E+002 1E+003 1E+004

Resistivity [ohm-m]

Figure 4 Chargeability versus resistivity plots for frozen ground with
dielectric permittivity described by the Debye dielectric relaxation
model.

From (6), we obtain 0y = 0, 0o = 0 + €0(8s—&50)/T.
Substituting the above expressions for oy and s, into (2) gives
the formula for the chargeability of geological materials with
frequency-independent conductivity o and dielectric permit-
tivity described by the Debye relaxation model:

-1
m:[H—‘” } . (7)
£0(&s — &o0)

According to (7), m is a function of the dimensionless parame-
ter B = o t/(e9A¢), combining the ohmic conductivity o, time
constant of dielectric re laxation t, and the difference between
low- and high-frequency dielectric permittivities As = g,—&4,:
m=1/(1+ B).

Figure 4 illustrates the dependence of 7 on the ohmic resis-
tivity p = 1/o. The graphs of m versus p suggest that there is
a range of p (for the model under consideration it varies from
very low resistivities up to 10* Qm) where the chargeability
m is directly proportional to p and Ae. Hence the earth with
a constant dielectric permittivity may exhibit effective charge-
ability that will change according to spatial variations in p.
This means that during a combined resistivity and IP survey in
a high-resistivity frozen environment, the apparent-resistivity
and chargeability anomalies will correlate spatially.

Figure 4 also illustrates that for values of A¢ and 7, typi-
cal for frozen sands and other coarse-grained unconsolidated
rocks, the Debye polarization can in practice only be mea-
sured if the rocks are resistive. For Ae = 100, 7 is only about
2% if p = 10> Qm, and it does not reach 10% until p be-
comes as high as (3—5) x 10° Qm. If p does not exceed a few
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Figure 5 Circles, diamonds and triangles represent the frequency of the dielectric response of frozen sand for different gravimetric ice contents.

Solid lines show the dielectric response calculated using the Debye formula. A comparison between measured and calculated data suggests that,
as a first approximation, the Debye formula is adequate for modelling dielectric relaxation in frozen ground: (a) s = 86, e0o =4, T = 3 us; (b)

es=24,600 =4, 7 =350 us.

hundred Qm, the chargeability 7 is too small to be measured
accurately and dielectric relaxation effects become ‘invisible’
for the IP method.

As shown above, in the time and frequency ranges in which
induction methods usually operate, using the Debye model
with parameters o, &, €4, T is equivalent to using the Cole-
Cole formula (1) with 0y =0, c =1, 7, and m = 1/(1 + B).
In the general case, the assumption ¢ = 1 is somewhat too
restrictive. However, in the case of frozen rocks this choice is
justified (see discussion below).

Figure 5 shows the real part ¢’ of the measured dielectric
permittivity of frozen sand as a function of frequency Frolov
(1998). Measurements were made at temperatures of —1.8°C
(Fig. 5a) and —15.5°C (Fig. 5b). The total weight water con-
tent W in the sand samples was 1, 9.5 and 19.5%. Along with
the measured data shown by dots, Fig. 5 shows values of ¢’
calculated using the Debye formula (3). It is noticeable that
both measured and modelled data exhibit similar behaviour
of ¢ as a function of frequency, showing a monotonous de-
crease from ¢ to €. By lowering the temperature a better fit
between the measured and calculated data is obtained. Figure
§ also indicates that the model parameters (¢, = 86,6, =4, T
= 10-10? us), which were accepted as the basic parameters in
our investigations, have proved to be reasonable in modelling
dielectric relaxation in frozen unconsolidated rocks.

The validity of applying the Debye formula to simulating
dielectric relaxation in frozen rocks is also based on a very
specific aspect of the TEM response in frozen ground. In
most cases, TEM signals are ‘distorted’ by a sharp local de-
crease, which may result in double sign reversals. Kormiltsev,

Levchenko and Mesentsev (1990) investigated how the ex-

ponent c in the Cole-Cole equation (1) affects TEM signals
measured over a homogeneous half-space using central-loop
or coincident-loop configurations. It has been found that ¢ >
0.5 results in transient signals with a local minimum, includ-
ing a double sign reversal. In the case of ¢ < 0.5, only one sign
reversal occurs. Both modelling and experimental TEM re-
sults obtained by Krylov and Bobrov (1995) and Krylov et al.
(1995, 1998) show that the exponent ¢ approaches 1 in a
frozen environment. Similar results based on the TEM mea-
surements were obtained by Walker and Kawasaki (1988).

CHARACTERIZATION OF GEOELECTRICAL
MODELS

The aim of the modelling experiment was to get an initial in-
dication of the response of an ungrounded horizontal loop to
frozen unconsolidated rock. We therefore focused on simulat-
ing the transient response of the following simple models only:
(i) a homogeneous frozen half-space (ii) a two-layered earth
with the upper layer frozen, and (iii) a two-layered earth with
the upper layer unfrozen.

The first model, represented by a homogeneous low-
conductivity half-space with dielectric permittivity described
by the Debye formula (3), is a basic one. Using this model we
were able to study the influence of the half-space parameters
(€65 £00> T, p) and the loop size on TEM signals. This model
simulates the permafrost in northern regions, as well as any
volume of frozen ground with dimensions substantially larger
than those of the loop.

The two other models investigated were represented by a

two-layered earth with either the upper layer or the basement
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being frozen. With a thick upper frozen layer, the first model
approximates the permafrost in northern regions. If the frozen
upper layer is thin, then the model represents a seasonally
frozen layer underlain by unfrozen rocks. The second model
may represent degrading permafrost or a seasonally thawed
layer underlain by frozen rocks. For both two-layered models,

it was assumed that only frozen rocks were polarizable.

FORWARD-MODELLING DATA, RESULTS
AND DISCUSSION

The transient response of frozen ground was calculated us-
ing the SIROTEST computer program, made available to us
by its author, Prof P. Weidelt of the Technical University of
Braunschweig, Germany. This program calculates the fre-
quency response and converts it, through an inverse Fourier
transform, to a transient response. The program calculates
the TEM response of an ungrounded loop placed at height H
above a horizontally layered ground. For our calculation, H =
0. The resistivity of the layers does not exhibit any frequency
dispersion, whereas their dielectric permittivity is described by
the Debye formula (3).

When representing and interpreting the model data, we en-
countered a problem with correlating heterogeneous data.
Voltage and time ranges characteristic of transient signals,
even if they are not influenced by IP, may vary over many
orders of magnitude depending on the earth’s resistivity and
the loop size. The voltage TEM responses are usually trans-
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formed to apparent-resistivity curves, which reflect predomi-
nately the electrical structure of the earth rather than the ge-
ometry of the TEM array. However, converting the voltage
response to apparent resistivities in order to represent TEM
data for a polarizable earth is senseless, because the use of
apparent resistivities is based on an earth model with non-
dispersive electrical properties; suffice it to say that in the case
of polarizable earth, the coincident-loop TEM voltage may
exhibit polarity changes which cannot be interpreted in terms
of a non-polarizable earth model (Weidelt 1983).

The problem was solved by using special normalization of
the model data (Nikiforov, Kozhevnikov and Artyomenko
1999; Kozhevnikov and Artyomenko 2004). We tested var-
ious methods of normalization and decided on one, which we
call ‘normalizing to a non-polarizable model’. In this method,
the TEM response of a frozen polarizable earth (U/I)p, was
normalized to that of a non-polarizable earth (U/I)y, having
the same structure and resistivities but with zero chargeability.
So, instead of the transient response of a polarizable model, a

normalized response Y(¢) was used, where

[U(0)/ Tl
Y(t) = ——. 8
" =001, (8)

Figure 6(a) represents transient voltage-decay curves calcu-
lated for coincident square loops with side lengths of 50 m,
100 m and 200 m. The loops are laid down on the homoge-
nous half-space with p = 10° Qm, &, = 86, £, =4, 7 =10 us.
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Figure 6 The transient response of a polarizable half-space with p = 103 Qm, and © = 10 us, &, = 86, £, = 4: (a) represented as graphs of
U/I versus time, and (b) normalized to the transient response of a non-polarizable half-space. It is difficult, using conventional presentation, to
estimate the IP effect on the TEM response. On the normalized TEM response graphs, even weak IP effects become clearly defined.
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Comparison of the voltage decay curves (Fig. 6a) with the
normalized transient responses (Fig. 6b) reveals that the lat-
ter show the effect of dielectric relaxation much more clearer
than the former. It is also significant that normalization has
made the TEM modelling data much more suitable for use in
comparison studies.

Instead of inverting the field TEM data, we decided to inves-
tigate some characteristic features of the normalized transient
response, namely the abscissa ¢, and the ordinate Y, of
its minimum. These parameters turned out to be particularly
useful in the overall estimation of the influence of dielectric
relaxation of frozen ground on the TEM response.

Homogeneous half-space

In most cases, the transient response of coincident square-
loop arrays was calculated for typical loop sizes of 50 m by
50 m, 100 m by 100 m and 200 m by 200 m, commonly used
in TEM surveys in Yakutiya and other northern regions of
Russia (Vanchugov and Kozhevnikov 1998). It was assumed
in all calculations that ¢, = 86, &,, = 4. In order to study
the influence of temperature changes on the TEM signals, the
value of t was varied in the range from 10 to 100 us. The
earth resistivity p was varied from 10? to 10* Qm.

As an example, Fig. 7(a) represents the calculated Yy, ver-
sus p data for the 100 m by 100 m loop. Examination of the
calculated data shows that the contribution of dielectric relax-
ation to the total TEM signal is most pronounced for small
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loops, short 7 and resistive ground. It has been found for the
above coincident-loop configuration that the Y, versus p

dependence may be represented as
Yoin = do + a1p + a2p%, 9)

where the coefficients @y, a; and a; are found by the least-
squares method. Examination of (8) shows that dielectric re-
laxation in a conductive earth has no appreciable effect on
the total transient response. As p increases, the contribution
of the dielectric relaxation increases, first proportionally to
o and then as the square of p. Thus, increasing p results in
a progressively stronger effect of dielectric relaxation on the
TEM signal.

Significant results have been obtained by studying the rela-
tionship between #,,;, and p (Fig. 7b). It has been found for
loop sizes, 100 m by 100 m and 200 m by 200 m, that ¢,
is slightly dependent on the half-space resistivity if it does not
exceed approximately 500 Q@m. For higher resistivities, #y;, is
practically independent of p. Within the limits of 10% error,

fmin is equal to three times the relaxation time constant, i.e.

Imin = 3T. (10)

The relationship (10) may have some potential for in-situ es-
timation of the temperature of frozen rocks, which is known
to affect significantly the time constant of dielectric relaxation
in frozen unconsolidated rocks.

Figure 8(a) shows the normalized coincident-loop transient
response of a frozen half-space with resistivity p =2 x10° Qm.

b)
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Figure 7 Plots showing the coordinates (Y min, min) of @ minimum of the normalized TEM response versus resistivity p of a frozen half-space
(100 m by 100 m coincident-loop configuration, e; = 86, ¢ = 4). Data on the upper (¢nin —p) plot are scattered because for T = 100 us the

minimum on the normalized TEM response is smooth and its abscissa cannot be found with the same accuracy as in the case of smaller t (see

Figure 9a).
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Figure 8 Normalized transient responses of a 100 m by 100 m coincident-loop configuration to frozen ground with p = 2 x 10° Qm, r =

30 ps, Ae in the range 20-1000 (a), and Y in versus Ag(b).
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Figure 9 The normalized TEM response as a function of the dielectric-relaxation time constant: (a) normalized transient response of 100 m by
100 m coincident-loop configuration to the frozen half-space with p = 2 x 103 Qm, £, = 86, £, = 4; (b) graph of ¢, versus t, indicating that
the abscissa of the minimum is directly proportional to the relaxation time constant.

The TEM response was calculated for T = 30 us and Ae =
&s — €00 With 6o, = 4 and & varying between 24 and 1004.
It can be seen that, independently of Ag, #,;, = 85-90 us.
Thus, the relationship (10) holds for a wide range of Ae.

Figure 8(b) illustrates how the amplitude of the minimum
Y imin is affected by Ae. The graph of Y, versus Ae is a straight
line. Thus Y, can be used to estimate Ae. Since normally
£0o K &5, we can assume that Ae & g,. This suggests, on the
basis of (4), that TEM data can be used for in-situ estimation
of the ice content in frozen sand and other coarse-grained
unconsolidated rocks.

Figure 9 illustrates the effect of the dielectric-relaxation time
constant on the TEM response. Figure 9(a) shows the normal-
ized TEM response of a frozen half-space (100 m by 100 m

coincident loop configuration, p = 2 x 10° Qm, &, = 86,
£o = 4) for T varying between 1 and 10% us. As T increases,
Y min decreases as 1/,/7. Figure 9(b) shows that the graph of
min versus T is almost linear within the entire range of t con-
sidered: tpi, = 37 — 11.7, where both #,;, and T are in us.

Figure 10 shows the influence of the side / of the coincident
loops on the TEM response to the frozen half-space (p = 2 x
10° Qm, e, = 86, £o, = 4, T = 30 us). The length of the loop
side varied from 20 to 1000 m. As it can be seen, the modulus
of Yuin decreases with increasing /. Additionally, increasing [
results in shifting #,;, towards values larger than 37, but for
the loop dimensions that are used in TEM surveys in northern
regions of Russia (20 m </ < 200 m), the relationship (10) is
fairly accurate (+ 10%).
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Figure 10 Dependence of the coordinates of the minimum on the loop side length I: (a) as may be inferred from the graph of [(U/I)1p/(U/)g]
versus [, the dielectric relaxation effect on the transient response of the coincident-loop configuration is inversely proportional to its size; (b) the
abscissa of the minimum increases directly with , but for the loops more frequently used (i.e. [ = 20-200 m), ¢y is still equal to 37, within the

limit of 10% error.

a)
1.0
0.8 T [us]:
e- 10
0.6 =- 30 4
+- 100
£
E 04
>
0.2
0.0 1
-02 ——rrrr g
1 10 100 1000
H; [m]

b)

T [us]:
- 10 »

Ila-230 w
- 100

_E'—'\—-'—.——ﬁ\‘\\/*\

10 —
1 10

tmln [HS]

IR
100
H; [m]

1000

Figure 11 Characteristic features of a 100 m by 100 m coincident-loop transient response of the two-layered ground with the upper layer frozen:
(a) Ymin versus Hy; (b) tmin versus Hy. The model parameters are: p; =2 x 10% Qm, g4; = 86, €001 = 4, p2 = 10> Qm.

Two-layered earth with the upper layer frozen

Figure 11(a) shows the ordinate Y, of the minimum of the
normalized TEM response versus the frozen layer thickness
H,. The response was calculated for a 100 m by 100 m
coincident-loop configuration on the two-layered earth with
p1=2x 10° Qm, ey = 86, 601 = 4, T1 = 10, 30, 100 pus,
and p, = 10> Qm.

Figure 11(a) shows that dielectric relaxation in the frozen
layer has no appreciable effect on the transient response un-
til H exceeds some minimum value. This threshold thickness
can be defined as the thickness that results in, for example,
a 20% decrease in the TEM signal as compared to that of a
non-polarizable earth. Depending on 7, this threshold thick-
ness varies from 80 to 300 m. If H; does not exceed the thresh-
old value, the transient response is essentially the same as that
which would be measured in a non-polarizable two-layered

earth with p; = 2 x 10°> Qm and p, = 10> Q@m. This sug-
gests that seasonal freezing of the ground should not have
an appreciable effect on the inductively induced IP response.
With increasing Hy, the effect of the dielectric relaxation on
the transient response becomes more pronounced, reaching a
maximum in the range of H; between 300 m and 700 m, and
then it normally decreases. When H; is large, the transient
response is essentially the same as it would be measured on a
polarizable half-space with a resistivity of 2000 Qm.

Figure 11(b) shows #.;, versus Hy: these graphs exhibit
smooth minima located at H; ~ 100 m (t = 10 us), Hy ~
200 m (z = 30 us) and Hy ~ 300 m (t = 100 us). The aver-
age tmin/T ratios are 2.9, 2.5 and 2.5 for T = 10, 30 and 100 us,
respectively. These ratio values are similar to those found in
the above case of a frozen half-space. For most of the #i,
versus H graphs, relationship (10) still holds, whereas in the
minima ¢y, ~ 1.57.
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Figure 12 Characteristic features of a 100 m by 100 m coincident-loop transient response of the two-layered ground with the basement frozen:

(a) Ypmin versus H1; (b) £, versus H1. The model parameters are: p = 102 Qm, g5 = 86, €002 = 4, p2 = 2:10% Qm.

Two-layered earth with the upper layer thawed

Although the Y i, versus Hy graphs shown in Fig. 12(a) could
not be approximated by a simple equation, they are very sim-
ple in shape: as H; increases, a smooth transition of Y, from
the left-hand side asymptotic values to the common right-
hand side asymptote takes place. Starting from H; ~10 m,
this model is equivalent to a two-layer non-polarizable earth.
According to the approximate convolution approach (Smith et
al. 1988), a conductive thawed layer will attenuate and smooth
the vortex electrical field impulse in the frozen basement. This
will result in attenuation of the polarization currents which
are caused by the vortex electrical field impulse. Thus, due
to seasonal thawing of the top layer, the underlying frozen
basement may become practically undetectable by the TEM
method.

Figure 12(b) shows the ¢, versus H; graphs, which can be
closely approximated by the exponential relationship,

tmin = to exp (Hy/d) (11)

where # is the #,;, value for a half-space, and d ranges from
27 m (t = 10 us) through 37 m (r = 30 us) to 69 m (r =
100 ws). According to (11), increasing H; results in an expo-
nential increase of t,,;,. However, if the thickness of the thawed
layer is small (H; < 10 m), #,;, does not depend on H being
approximately equal to 37. It should be noted that for these
values of H, the dielectric relaxation of the frozen basement
becomes detectable by the TEM method.

FIELD DATA INVERSION EXAMPLE

Figure 13 illustrates the inversion results for the TEM data
measured along the 50-54-58 survey line on the Nakyn kim-

berlite field in Western Yakutiya. The site geology is repre-
sented by a thin layer of Quaternary unconsolidated sediments
covering Jurassic sand and clay that are underlain by Lower
Palaeozoic terrigenous-carbonate sedimentary rocks.

The TEM survey consisted of 25 central-loop soundings
arranged on the 5 km long surveying line. 200 m by 200 m
transmitter loops and 100 m by 100 m receiver loops were
used in this survey. A commercial instrument, Tzicl-Micro,
was used to produce and measure transients. The distance
between the soundings was 200 m.

All TEM signals measured on this survey line were influ-
enced by the fast-decaying IP (Figs 1a and 13a.b). Inversion
of these data in terms of the Cole-Cole conductivity model (1)
was carried out with a computer program developed at the
Institute of Geophysics of SB RAS, Novosibirsk. The program
computes the forward response using a digital filtering tech-
nique to carry out the Hankel and Fourier transforms. The
inversion process uses the modified simplex method (Nelder
and Mead 1965). Testing the inversion algorithm on synthetic
data has shown its high effectiveness in recovering the complex
multiparameter models (Yeltsov, Epov and Antonov 2002).

Open circles in the top of Fig. 13 indicate the measured
TEM signals and the solid line shows the 1D inversion results,
which were then assembled into a cross-section (Fig. 13c).
Geoelectrically, the earth here is represented by a four-layer
model with only the top layer polarizable. The thickness of this
layer varies from 10 to 50 m, and the Cole-Cole parameters
are: p = 20-80 Qm, m = 0.2-0.46, t = 35-100 us, c = 1. The
fact that ¢ = 1 allowed (7) to be used to calculate Ae, which
was found to be in the range 1.5 x 10*—2 x 10°.

Geologically, the top layer consists of frozen Quaternary
unconsolidated sediments and underlying them is the upper
part of the Jurassic sedimentary rocks. The frozen Quaternary
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Figure 13 Inversion of TEM data measured on the Nakyn kimberlite field in Western Yakutiya, Russia. (a) Measured and modelled TEM signals
exhibiting distortion in the monotony without polarity change; (b) measured and modelled TEM signals exhibiting double polarity change;
(c) resistivity and dielectric permittivity cross-section assembled from 1D inversion results. Open circles and diamonds in (a) and (b) indicate
positive and negative measured data, respectively, and the solid line indicates the inversion data.

sediments have a thickness of up to 10 m and are known to
have a very high (up to 55% and more) ice content (Klimovsky
and Gotovtsev 1994). The high ice content and the electri-
cal heterogeneity of these sediments may result in significant
low-frequency dispersion of electrical properties, due to the di-
electric relaxation in ice and the Maxwell-Wagner effect. The
upper part of the Jurassic sedimentary rocks is also known
to be fairly inhomogeneous. Due to the significant amount of
clay, this part of the Jurassic rocks may exhibit a very high
low-frequency dielectric constant (Olhoeft 1977; Bittelli et al.
2004), consisting of the Ae values obtained from the inver-
sion of the TEM data. The time constant t found from the
inversion is typical of dielectric relaxation in frozen porous
materials.

It has been found from the inversion data that the t./7
ratio varies in the range 1.1-3.9, averaging 2.25. This ¢/t
ratio is 25% less than that predicted by (10). It should be
noted that the real geoelectrical structure of the Nakyn kim-
berlite field is more complicated than that of the models used in
the forward calculations. Also, significant equivalence would
be expected when inverting TEM data in terms of a multi-
parameter polarizable model. Taking the above factors into
consideration, the inverted results agree satisfactorily with the
forward-calculations data.

The other geoelectrical layers were found to be non-
polarizable. Geologically, these layers are represented (with
the exception of the upper part of the second layer con-
sisting of the lower part of a Jurassic sequence) by the
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terrigenous-carbonate rocks of Lower Palaeozoic age. The low
resistivities (11-30 Qm) of the third layer are due to it being
saturated with saline water, which remains unfrozen, despite
the fact that the permafrost base is situated here at a depth of
about 400 m (Kozhevnikov and Vanchugov 1998).

CONCLUSIONS

1 To simulate rapidly decaying IP processes in frozen ground,
it was assumed that its conductivity is not dispersive whereas
its dielectric permittivity is described by the Debye formula.
This approach allowed the use of corresponding laboratory
experimental results, obtained from dielectric spectroscopy of
frozen rocks, as a basis for modelling the TEM response.

2 The proposed normalization of the TEM response due to a
polarizable frozen earth by that of a non-polarizable ground
provided an efficient method of presentation and comparative
analysis of the calculated data. It was shown that the most
informative parameters characterizing the normalized TEM
response are the abscissa (¢;,) and the ordinate (Y ;) of its
minimum.

3 In the case of a frozen homogeneous half-space, the effect of
the dielectric relaxation on the TEM response is directly pro-
portional to the difference between static (¢,) and dynamic
(600) dielectric permittivities, inversely proportional to the re-
laxation time constant (t), directly proportional to the square
of the earth’s resistivity (p), and inversely proportional to the
loop side (/). If the loop size does not exceed 200 m by 200 m,
tmin i equal to three times the relaxation time constant.
Increasing the loop side above 200 m results in shifting # .,
towards later times.

4 The above features are also characteristic of the two-layered
earth. Dielectric relaxation of a frozen layer underlain by a
thawed half-space has an appreciable effect on the TEM re-
sponse only when the frozen layer is more than approximately
100 m thick. Vice versa, even a thin (H; ~10 m) thawed layer
overlying a frozen half-space results in a significant reduction
of dielectric relaxation effects.

5 Forward calculations and inversion of the field TEM data
show that the dielectric relaxation of frozen unconsolidated
rocks may significantly affect the transient response of a hori-
zontal loop laid on the ground. Taking this phenomenon into
account can improve the reliability and accuracy of the TEM

measurements.

ACKNOWLEDGEMENTS

N.K. thanks G. Vakhromeev for providing research facilities
at the Department of Geophysics, Irkutsk Technical Univer-

sity, S. Nikiforov for organization assistance, V. Elizarov for
help in carrying out galvanic early time IP measurements, 1.
Artyomenko for performing PC simulation, A. Frolov and S.
Krylov for discussions, and the German Academic Exchange
Service for financial support. The software for 1D modelling
the TEM response of the earth with frequency-dependent di-
electric permittivity was kindly granted by P. Weidelt. The crit-
ical reviews and comments by the editor and anonymous re-
viewers greatly improved both the general structure and the
style of our paper.

REFERENCES

Artyomenko LV. and Kozhevnikov N.O. 1999. Modelling the
Maxwell-Wagner effect in frozen unconsolidated rocks (in Rus-
sian). Earth’s Cryosphere Il (N1), 60-68.

Bittelli M., Flury M. and Roth K. 2004. Use of dielectric spectroscopy
to estimate ice content in frozen porous media. Water Resource
Research 40, W04212 (1-11), doi: 10.1029/2003WR002343.

Chelidze T.L. and Gueguen Y. 1999. Electrical spectroscopy of porous
rocks: a review — 1. Theoretical models. Geophysical Journal Inter-
national 137, 1-15.

Chelidze T.L., Gueguen Y. and Ruffet R. 1999. Electrical spectroscopy
of porous rocks: a review — 2. Experimental results and interpreta-
tion. Geophysical Journal International 137, 16-34.

Descloitres M., Guérin R., Albouy Y., Tabbagh A. and Ritz M. 2000.
Improvement in TDEM sounding interpretation in presence of in-
duced polarization. A case study in resistive rocks of the Fogo
volcano, Cape Verde Islands. Journal of Applied Geophysics 45,
1-18.

El-Kaliouby H.M., Hussan S.A., El-Divany E.A., Hussain S.A.,
Hashish E.A. and Bayomy A.R. 1997. Optimum negative response
of a coincident-loop electromagnetic system above a polarizable
half-space. Geophysics 62, 75-79.

Frolov A.D. 1998. Electric and Elastic Properties of Frozen Earth
Materials (in Russian). Pushchino, ONTI PSC RAS, ISBN 5-201-
14362-8.

Karasyov A.P., Shesternjov D.M., Olenchenko V.V. and Juditskih E.
Ju. 2004. Simulation of fast electrochemical transient processes in
frozen ground (in Russian). Earth’s Cryosphere VIII (N1), 40-46.

King R.W.P. and Smith G.S. 1981. Antennas in Matter: Fundamen-
tals, Theory, and Applications. MIT Press, Cambridge, Mass. ISBN.
0262110741.

King M.S., Zimmerman R.W. and Corwin R.E. 1988. Seismic and
electrical properties of unconsolidated permafrost. Geophysical
Prospecting 36, 349-364.

Klimovsky I.V. and Gotovtsev S.P. 1994. Cryolithosphere of the Yaku-
tia Diamond Province (in Russian). Nauka, Novosibirsk. ISBN 5-
02-030806-4.

Kormiltsev V.V., Levchenko A.V. and Mesentsev A.N. 1990. Estimat-
ing effect of induced polarization on the TEM response (in Russian).
In: Electromagnetic Induction Within the Upper Earth’s Crust (eds
F. M. Kamenetsky and B. S. Svetov), pp. 86-87. Nauka, Moscow.
ISBN 5-020007274-5.

© 2006 European Association of Geoscientists & Engineers, Geophysical Prospecting, 54, 383-397



Kozhevnikov N.O. 1991. The Effect of Frequency-Depending Dielec-
tric Permittivity on the TEM Data (in Russian). Irkutsk. Polytechnic
Institute, Irkutsk.

Kozhevnikov N.O. and Artyomenko I.V. 2004. Modelling the effect of
dielectric relaxation in frozen ground on the results of transient elec-
tromagnetic measurements (in Russian). Earth’s Cryosphere VIII
(N2), 30-39.

Kozhevnikov N.O., Nikiforov S.P. and Snopkov S.V. 1995. Field stud-
ies of fast-decaying induced polarization in frozen rocks (in Rus-
sian). Geoecology 2, 118-126.

Kozhevnikov N.O. and Vanchugov V.A. 1998. TEM sounding
method in the search for kimberlites in Western Yakutiya, Russia.
60th EAGE Conference, Leipzig, Germany, Extended Abstracts,
P147.

Krylov S.S. and Bobrov N.Yu. 1995. Electromagnetic methods in solu-
tion of the engineer-geology problems in the permafrost regions (in
Russian). In: Geopbhysical Investigations of Cryolithozone, N1 (ed.
A. D. Frolov), pp. 124-135. Scientific Council on Earth Cryology
of RAS, Moscow. ISBN 5-201-14267-2.

Krylov S.S. and Bobrov N.Yu. 1996. Anomalous electric polarizabil-
ity and fractal models of frozen soils (in Russian). In: Geophysical
Investigations of Cryolithozone, N2 (ed. A. D. Frolov), pp. 123-
135. Scientific Council on Earth Cryology of RAS, Moscow. ISBN
5-201-14330-x.

Krylov S.S., Bobrov N. Yu and Soroka LV. 1995. Electric polar-
ization of cryogenic soils and its influence on the electromag-
netic sounding curves (in Russian). In: Geophysical Investigations
of Cryolithozone, N1 (ed. A. D. Frolov), pp. 112-123. Scien-
tific Council on Earth Cryology of RAS, Moscow. ISBN 5-201-
14267-2.

Krylov S.S., Bobrov N. and Wachter B. 1998. Induced polarization ef-
fects in frequency and time domain electromagnetic soundings. 60th
EAGE Conference, Leipzig, Germany, Extended Abstracts, Session
10-02.

Lee T. 1981. Transient response of a polarizable ground. Geophysics
46, 1037-1041.

Molchanov A., Sidorov V., Nikolayev Y. and Yakhin A. 1984. New
types of transient processes in electromagnetic sounding. Izvestiya
Earth Physics 20, 76-79.

Nelder J.A. and Mead R. 1965. A simplex method for function mini-
mization. Computer Journal of 7,308-313.

Nikiforov S.P.,, Kozhevnikov N.O. and Artyomenko LV. 1999.
Modelling TEM response of permafrost with regard to dielec-
tric relaxation in frozen ground. 61st EAGE Conference, Helsinki,
Finland, Extended Abstracts, P161.

Olhoeft G. 1977. Electrical properties of natural clay permafrost.
Canadian Journal of Earth Science 14, 16-24.

IP in frozen unconsolidated rocks 397

Raiche A.P. 1983. Negative transient voltage and magnetic field re-
sponse for a half-space with a Cole-Cole impedance. Geophysics
48, 790-791.

Raiche A.P., Bennett L.A., Clark R.J. and Smith R.J. 1985. The use
of Cole-Cole impedance to interpret the TEM response of layered
earth. Exploration Geophysics 16,271-273.

Reynolds J.M. 1997. An Introduction to Applied and Environmental
Geopbysics. John Wiley & Sons, Inc, ISBN. 0471968021.

Scott W.J., Sellmann P.V. and Hunter J.A. 1997. Geophysics in the
study of permafrost. In: Geotechnical and Environmental Geo-
physics, 1 (ed. S. H. Ward), pp. 355-384. Society Exploration Geo-
physicists, Tulsa. ISBN 0-931830-99-0 (set).

Seguin M.K. and Frydecki J. 1990. Geophysical detection and possible
estimation of ice content in permafrost in northern Quebec. The
Leading Edge of Exploration 9 (10), 25-29.

Sidorov V.A. 1987. On the electrical polarizabilty of heterogeneous
rocks. Izvestiya Akad Nauk USSR, Earth Physics N10, 58-64.

Smith R.S. and Klein J. 1996. A special circumstance of airborne in-
duced polarization measurements. Geophysics 61, 66-73.

Smith R.S., Walker P.W., Polzer B.D. and West G.E. 1988. The time-
domain electromagnetic response of polarizable bodies: an approx-
imate convolution algorithm. Geophysical Prospecting 36, 772—
785.

Smith R.S. and West G.E. 1989. Field examples of negative coincident-
loop transient electromagnetic responses modeled with polarizable
half-planes. Geophysics 54, 1491-1498.

Spies B.R. 1980. A field occurrence of sign reversals with the transient
electromagnetic method. Geophysical Prospecting 28, 620-632.
Spies B.R. and Frischknecht EC. 1991. Electromagnetic sounding.
In: Electromagnetic Methods in Applied Geophysics, 2: Applica-
tions. (ed. M. N. Nabighian), pp. 285-425. Society Exploration

Geophysicists, Tulsa, ISBN 1-56080-22-4.

Vanchugov V.A. and Kozhevnikov N.O. 1998. Investigating the
geoelectrical structure of the Nakyn kimberlite field in Western
Yakutiya with the TEM method (in Russian). In: Geology and Ex-
ploration of the Ore Deposits (ed. M. S. Uchitel), pp. 164-176.
Technical University of Irkutsk. ISBN 5-8038-0062-7.

Wait J.R. 1982. Geo-Electromagnetism. Academic Press, Inc. ISBN
0127308806.

Walker G.G. and Kawasaki K.K. 1988. Observation of double sign
reversals in transient electromagnetic central induction soundings.
Geoexploration 25, 245-254.

Weidelt P. 1983. Response characteristics of coincident loop transient
electromagnetic systems. Geophysics 48, 1325-1330.

Yeltsov I.N., Epov M.I. and Antonov E.Yu. 2002. Reconstruction of
Cole-Cole parameters from IP induction sounding data. Journal of
the Balkan Geophysical Society 5 (1), 15-20.

© 2006 European Association of Geoscientists & Engineers, Geophysical Prospecting, 54, 383-397



