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ABSTRACT

We propose a method of surface and marine electrical
prospecting using controlled-source excitation. The method
is designed to detect hydrocarbon deposits at depths of a few
kilometers and to map their boundaries. The technique is
based on imaging the induced-polarization �IP� parameters
of the geologic formation. We use the fact that, because of the
imaginary part of the electric conductivity, polarized media
support wave propagation processes whose nature is similar
to displacement currents induced by the dielectric permittivi-
ty. However, unlike displacement currents, these processes
reveal themselves at much lower frequencies and, therefore,
at greater depths. It is established that the ratio of the second
and the first differences of the electric potential does not de-
cay after the current turn-off in polarized media, whereas it
decays quickly if the IP effect is absent. Thus, the IP response
can be observed directly and separated from the electromag-
netic �EM� response. We use a vertical focusing of the electric
current to decrease the effect of laterally adjacent formations
to apply a 1D layered model in a 3D environment. This meth-
od obtained promising results in several regions of Russia.

INTRODUCTION

In spite of the progress in seismic prospecting methods for investi-
ating geologic structures associated with oil or gas reservoirs, the
ercentage of productive wells has remained low from year to year.
he mean value of this quantity when using 2D seismic is about
0%. Obtaining additional independent geologic information that
ould help to increase the success rate of oil- and gas-well drilling is
great economical problem.
Some electrical-resistivity prospecting methods use controlled-
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G179
ource excitation. Both frequency- and transient-electromagnetic
EM� soundings �Vanyan, 1965� have been used to determine forma-
ion resistivity. However, general experience has shown that EM

ethods are usually insufficient for direct exploration of oil deposits
ecause in most cases oil-saturated rocks are also saturated with
ineralized groundwater, so the difference between the electrical re-

istivities of oil- and water-bearing rocks is not large enough to be
etected. These methods have rather low spatial resolution and pro-
ide spatially averaged information about the formation.

However, it was established that the electrical conductivity of sed-
mentary rocks depends on the exciting frequency of the EM field, as
result of the induced-polarization �IP� effect. Since the discovery
f the IP effect �Schlumberger, 1920; Allaud and Martin, 1977�, nu-
erous attempts have been made to apply it to electrical surveys

Seigel, 1974; Dey and Morrison, 1973� and resistivity logging
Freedman and Vogiatzis, 1986�. However, the nature of this electro-
hemical phenomenon is rather complicated and not completely un-
erstood.

Fuller and Ward �1970� describe frequency-dependent electrical
roperties in terms of complex conductivity or complex permittivity.
hey suggest three mechanisms for a large polarization effect in

ocks: electrode polarization, membrane polarization, and interfa-
ial polarization.

Three principal types of water-mineral physicochemical reactions
an cause the IP effect �Marshall and Madden, 1959; Olhoeft, 1985�.
he processes resulting from corrosion of metallic minerals such as
yrite or magnetite are well studied by electrochemists and metallur-
ists, and are used widely for revealing ore deposits �Mikhailov et
l., 1973�. Exchange reactions in clay and shaley sands are not so
ell studied �Klein and Sill, 1982; Ulrich and Slater, 2004�. Never-

heless, they are used for hydrogeologic purposes �Komarov, 1980;
later and Glaser, 2003�. The least studied and the most complicated
ase is related to the reactions involving organic materials. Olhoeft
1985� states that organic contamination of rocks shifts the EM-field
hase response to lower frequencies. Kemna et al. �2004� report an

ember 2, 2005; published onlineAugust 8, 2006.
rger, Sugarland Product Center, 110 Schlumberger Drive, MD5 Sugar Land,

Moscow, Russia. E-mail: rykhlinski@mail.ru.
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ncreased imaginary conductivity in the presence of hydrocarbons.
irson �1982� suggests the following explanation of the electro-
hemical phenomena occurring when hydrocarbons are present. He
ssumes that during the migration of hydrocarbons, the mineralized
ater changes its chemical properties and acquires alkaline proper-

ies. Thus, a reduced zone appears in the area of the oil reservoir that
ncreases the intensity of electrochemical reactions.

Many authors have proposed different empirical and phenomeno-
ogical models describing the IP effect: Cole-Cole model, Dias mod-
l, Debye model, Warburg model, Davidson-Cole model, Wait mod-
l, etc. �see detailed reviews by Dias, 2000, and Komarov, 1980�.All
odels imply that complex electric conductivity depends on fre-

uency, particularly at low frequencies from 0.1 to 1000 Hz.
Because of the IP effect, an out-of-phase or quadrature conductiv-

ty appears in saturated sedimentary rocks �Vinegar and Waxman,
984�. This means that an effective dielectric permittivity arises that
an exceed many times the vacuum value. Freedman and Vogiatzis
1986� claim that the effective permittivity can be more than six or-
ers of magnitude greater than the dielectric constant of vacuum.

One electrical-survey method that makes use of the IP effect is the
hase method of induced polarization �Kulikov and Shemyakin,
978�. In this method, phase shift — denoted by �IP, between the
oltages of the transmitter and the receiver — is used for interpreta-
ion. Subtracting signals at two exciting frequencies is used to sup-
ress the EM induction effect. With such an approach, a hydrocar-
on deposit can be visualized as a zone of anomalous �IP. This meth-
d is successful only in the case when some metallic minerals, such
s pyrite, accompany the oil deposit. However, if they are absent, the
bnormality of �IP is generally not large enough, and it provides only
rudely averaged information about the formation. Sometimes the
ignature of the deposit is indirectly mapped into �IP because of halo
iffusion of hydrocarbons in the column of overlying rocks, includ-
ng the near-surface rocks. Rocks exhibiting hydrocarbon diffusion

ay be displaced with respect to the deposit because of migrating
ighter hydrocarbons along faults and other heterogeneities.

Let us quote the opinion of James R. Wait �1982, p.194�:

A final and still unresolved question in transient electromag-
netic sounding of the earth’s crustal layers is the significance
of induced polarization. Even with an ungrounded inductive
system, the frequency dispersion of the complex resistivity of
the constituent media will influence the time-domain re-
sponse. The untangling of the IP and EM responses is a task
that has not yet been completed. Ultimately, the dual role of
these phenomena in any electromagnetic exploration system
should be exploited as a source of rich information about the
environment.

In this paper, we propose a method for the task of direct search and
elineation of hydrocarbon deposits that provides the possibility of
ntangling the EM and IP responses of the formations.

THEORETICAL BACKGROUND

The suggested method �Rykhlinski et al., 2003, 2004a, 2004b,
004c� is based on using current pulse excitation of the electromag-
etic field and a differential-normalized method �DNM� for receiv-
ng and processing the sounding signals.

Consider the frequency-domain equation for the electric field E:
� � � � E�i�� − i���E�i�� + �2��E�i��

= i��j0�i�� . �1�

his can be obtained from the time-domain Maxwell’s equations

� � H = j0�t� + j�t� + �
� E

� t
,

� � E = − �
� H

� t
, �2�

y eliminating the magnetic field H, provided that the exciting cur-
ent density j0�t� � ei�t. Here � is the dielectric permittivity of the
edium, � is its magnetic permeability, and j�t� is the conductivity

urrent density, which obey the following generalized Ohm’s law:

j�t� = �
−�

t

��	�E�t − 	�d	 �3�

Kulikov and Shemyakin, 1978�. Equation 3 shows that, in the form
f a convolution integral, the current density j at moment t is con-
ected with the conductivity and the electric field E at all previous
oments of time. The convolution occurs because of the accumula-

ion of electric charges and creation of electric double layers on liq-
id-mineral interfaces within polarized media. The generalized
hm’s law in the frequency domain has the form

j�i�� = ��i��E�i�� , �4�

ecause the Fourier transform of the convolution of two variables is
he product of their Fourier transforms.

We use an empirical model of the electric conductivity proposed
y Cole and Cole �1941� and applied by Pelton et al. �1978� to the IP
ffect:

��i�� = �0�1 −



1 + �i�	�c� , �5�

here 
 is the IP coefficient �also known as the intrinsic chargeabili-
y of sedimentary rocks�, 	 is the time decay constant of the IP poten-
ial, and c is the relaxation constant. Usually, 0 � c � 1, whereas
he coefficient of sedimentary rocks 
 does not exceed 0.1. The time-
ecay constant 	 varies in the range of seconds and dozens of sec-
nds in the presence of electronic-conductive rocks �ore deposits�;
owever, for ionic-conductive rocks, 	 usually does not exceed a
ew tenths of a second �Komarov, 1980�. Note that the original Cole-
ole formula for resistivity differs from equation 5; however, they
re equivalent �Kormil’tsev and Mezentsev, 1989, 22�.

If 
 � 0, 	 � 0, and c � 0, the conductivity in equations 5 and 1
ecomes complex. This means that equation 1 contains a term pro-
ortional to �2 because of the imaginary part of the conductivity,
ven under the assumption that � = 0 �this is usually assumed at low
requencies when � � ���. We can find the new �2-dependent term
y expanding the conductivity �equation 5� in a Taylor series in pow-
rs of �� − �0�, where �0 can be chosen depending on the excitation
urrent.

Thus, equation 1 no longer can be considered a diffusion equation,
ven at very low frequencies. In other words, because of the IP ef-
ect, the alternating low-frequency electromagnetic field penetrates
he formation not only because of the diffusion currents caused by
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he real part of the conductivity �, but also, because of displacement
urrents caused by the induced polarization of the rocks.

Thus, because of the IP effect, polarized beds behave similarly to
iant capacitors. They accumulate electric potential energy when the
nergizing current is turned on, and then, similarly to capacitors,
lowly release it during the off-time. This is why the electric field de-
ay time after current turn-off is much slower in polarizable than in
npolarizable media �Dey and Morrison, 1973�. When measuring
ertain differential data, as described below, this slow decay time
an be directly observed and associated with the depths and proper-
ies of the responding beds.

Therefore, the ability of an electrical survey to image formation
roperties using a low-frequency pulse current may be greater than
raditionally held. However, this ability can be realized only if the
umber of measured data is at least equal to the number of parame-
ers to be estimated by inversion, and if the data are independent of
ach other.

For IP studies, most authors use conventional apparent resistivity


app = K
�U

I
, �6�

here �U is the potential difference or the voltage in the receiver, I
s the transmitter current, and K is the calibration factor of the tool.
or example, Seigel �1959, 1974� investigated 
app for ungrounded
agnetic dipoles, whereas Dey and Morrison �1973� used grounded

ole-dipole and dipole-dipole systems.
Nevertheless, neither the apparent conductivity nor the phase shift

s able to provide complete information about the electric properties
f the polarizable formations that should be described by at least four
ndependent parameters: �0, 
, 	, and c.

EXPERIMENTAL SETUP

Two grounded dipole current transmitters oriented along the hori-
ontal x-axis, as depicted in Figure 1a, excite an electromagnetic
eld inside the formation. The moments of the dipoles are opposite

o each other. The distance between them can vary from 1 to 10 km.
he dipole lengths vary from 200 m to 2 km. A receiver consisting
f three equidistant grounded electrodes is placed at the midpoint be-
ween the transmitters so that the first and second spatial differences
f the electric potential can be measured. Obviously, if U is the po-
ential of the electric field, then the voltmeter depicted in Figure 1a

easures the voltage �U1 − 2U2 + U3�/2, which is the second po-
ential difference between electrodes 1, 2, and 3 �numbered in a con-
equent order� divided by two. Thus, the depicted receiver is, in ef-
ect, a quadrupole having two negative �internal� poles colocated.
igure 1b and c show the dc distribution in a homogeneous half-
pace for the transmitters and the receiver, respectively.4

It is easy to see that the axial current, which is strong in the vicinity
f each transmitter, can be negligibly small in the area of the receiver
o that the vertical current prevails in the formation below the receiv-
ng electrodes. Moreover, the second potential difference �x

2U mea-
ured by the receiver is proportional to the total vertical current be-
ow it. Zhdanov and Keller �1994, 369, equation 7.104� show that in
he case of transient processes in a homogeneous half-space, the
-component of the current density jy is equal to 0 after the current
urn-off, not only on the dipole axis x �i.e., at y = 0�, but in every
oint on the earth’s surface. Unlike jx, the y-component jy contains

4Scott Urquhart furnished the current patterns for the present paper.
nly a geometrical factor and Heaviside step function as the only
ime-dependent factor. We have found that, even in most 3D forma-
ions, the component jy may be neglected on the axis of the transmit-
ing dipoles �at the receiver location� after the current turnoff. Then,
ince div j = 0, we can apply Gauss’s theorem �j · ds = 0 to the
rea from x to x + �x along the x-axis and from 0 to some �z along z,
s follows:

igure 1. �a� The experimental setup with grounded electrodes �the
arth is gray�; �b� the dc current pattern for the transmitters and �c�
he receiver; �d� the logging through casing prototype setup scheme.
rrows indicate directions of current flow. Both setups provide �a�
ertical or �d� radial current focusing.
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�x
2U = �xU�x + �x� − �xU�x� � �Jx�x + �x� − Jx�x�	�z

= − �
x

x+�x

Jz�x�dx , �7�

here Jx and Jz are the linear current densities along the x- and
-directions, respectively. In other words, the quantity �x

2U is sensi-
ive to the vertical current directed downward, from the receiver area
o deep structures. In this way, the vertical current can be focused.
elow, we will detail two different ways to accomplish such focus-

ng using two transmitters. We will show that measuring �x
2U with

wo transmitters eliminates the effect of near-surface inhomogene-
ties and laterally adjacent formations, which are generally large for
onventional resistivity methods.

Also note that, because of the Jz-sensitivity of �x
2U, our measure-

ents are more sensitive to vertical conductivity, rather than hori-
ontal conductivity. This is a useful system property for vertically
nisotropic rocks. Indeed, it is known that it is mainly the vertical
onductivity that reflects hydrocarbon saturation �Klein et al., 1997�.

The first difference �xU that is commonly used to compute con-
entional apparent resistivity 
app �equation 6� is mainly sensitive to
he current density Jx propagating along the earth in near-surface
tructures and hence, to the horizontal conductivity.

The �x
2U measurement with a single transmitter has an essential

rawback: It is sensitive to local variations of resistivity. We show in
ppendix A how we overcome this drawback.
The ideas of vertical focusing and eliminating the influence of the

xial current originated in logging resistivity through steel casing
Rykhlinski, 1972�. Figure 1d depicts a scheme of the setup used for
ogging through casing, which was a prototype for our setup. The
hree-electrode receiver �also measuring �2U� is placed between the
wo transmitters. They can be either single poles or dipoles. At each
ogging point, the currents in the transmitters are automatically ad-
usted by feedback so that the axial current at the receiver location is
ero. In this way, only the radial current directed into the formation is
resent at the receiver location. The measured signal �2U is related
o this radial current �by analogy with equation 7� that is obviously
roportional to the formation radial conductivity.

The method of measuring �2U for logging through casing was
atented by Alpin �1939�, and the use of two transmitters to elimi-
ate the axial current at the receiver was patented by Rykhlinski �see
is French patent, 1970; and its Russian counter part, 1972�. Howev-
r, it was difficult to utilize these ideas because they required very
recise measurements, which were not available at that time. Indeed,
he axial current in the steel casing can exceed by millions of times
he radial current leakage into the formation. So, even though the
roposed scheme suppresses the axial current, the precise cancella-
ions required for success are not so easily accomplished. Nonethe-
ess, recently such a tool was built successfully in Russia �Kashik et
l., 2001, 2004�.

Widely used in Laterolog tools, the automatic current focusing
ystem decreases the effects of the mud column and shoulder beds
Doll, 1951; Suau et al., 1972�. Kaufman �1989� also exploits similar
deas for logging through casing.

MEASURED, DIFFERENTIALLY
NORMALIZED DATA

The two transmitters generate a sequence of rectangular alternat-
ng-sign low-frequency pulses with pauses between them. The dura-
ions of the pulses and the pauses should be long enough. Usually the
ulses are 2, 4, or 8 s; however, they may be even longer in the ma-
ine version if the sea-water depth exceeds 100 m. Transient pro-
esses in the investigated formation should finish for these periods of
ime. During the off-time, at the time moments t = t0 + �t, t0 + 2�t,

0 + 4�t, etc., the following four quantities are measured at the re-
eiver:



AB

�xU�t�
�xU�t0�

, 

AB

�x
2U�t�

�xU�t�
, 


AB

�t�x
2U�t�

�xU�t�
, 


AB

�t�x
2U�t�

�t�xU�t�
.

�8�

y summation over A and B, we mean either the sum �first expres-
ion 8� or the difference �second–fourth expressions 8� between the
wo separate measurements with transmitter A or B activated �Figure
a�. We denote all expressions 8 by the sum sign. Because of the op-
osite signs of the transmitting currents in transmitters A and B, both
erms in each expression have the same sign. So, in a 1D horizontally
ayered medium this is just the sum of two identical measurements.
y t0, we mean the time of the current turn-off; �xU�t� and �x

2U�t�
re the instantaneous values of the first and second spatial potential
ifferences; and the following time differences are measured:

�t�xU�t� = �xU�t + �t� − �xU�t� , �9�

�t�x
2U�t� = �x

2U�t + �t� − �x
2U�t� . �10�

When processing the data indicated by expressions 8, normaliza-
ion is done by placing the potential differences in the denominator,
ather than the current I, as in conventional resistivity methods �see
quation 6 for the apparent resistivity�. This is an important feature
f our method, proposed by Rykhlinski et al. �1986a, 1986b, 1987�.
mitriev and Davydycheva �1989� and Legeido et al. �1997� show

hat with this method it is possible to reduce drastically the influence
f both near-surface inhomogeneities and the grounded-electrodes
ontact impedance, and therefore obtain detailed information about
eeper structures.

In our present setup, we do not use an automatic system to adjust
he currents in the transmitters, as is done in logging tools �Doll,
951; Rykhlinski, 1970, 1972; Suau et al., 1972�. Because we use
nly the ratios in expressions 8, rather than absolute voltages, the
alues of the currents in the transmitters A and B are not important
nd do not need to be adjusted by any feedback loop. Instead, the
ummation of these two measurements �over A and B� eliminates the
nfluence of local near-surface structures in the same way as the
eedback loop of logging tools eliminates the influence of borehole
nhomogeneities. We call this element-by-element recording �see
ppendix A�.
Let us illustrate this using a 3D modeling example �responses are

omputed using the finite-difference code by Druskin and Knizhner-
an, 1988, 1994�. Figure 2 shows the dc response of a 1 ohm-m for-
ation including a parallelepiped block of 500-ohm-m resistivity

ituated at a depth of 3 km. There are also three small resistive
10 ohm-m� inclusions at a depth of 200 m, each 100 � 100

100 m. The formation is excited using the setup described above.
he spacing �the distance between the receiver and each transmitter�

s 6 km; the lengths of the transmitters are 2 km each, whereas the
istances between receiving electrodes vary.
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When the transmitters A and B are activated separately, it is easy
o see that the quantity �x

2U/�xU �it does not depend on t in the dc
ase� measured on the surface of the formation �the upper plot� is
trongly distorted by the small inclusions. However, when summing
hese two responses �the lower plot�, the distorting influence of small
nclusions is partly canceled, especially if the distance between the
eceiving electrodes is sufficiently large. Then the response of the
eeper structure — a decreased signal above it — is clearly seen.

Figure 3 shows the same effect observed on field measurements.
n the upper plot, we see two very distorted curves with the trans-
itters A and B activated separately, taken 0.5 s after the current

urn-off. However, when summing the A and B responses, we obtain
fairly smooth curve that is suitable for interpreting, which is ex-
lained below.

All the examples below �especially the last one� illustrate the high
ateral resolution of the method resulting from vertical focusing,
hich reduces the effect of lateral heterogeneities, though we used

imple 1D modeling in complex 3D environments.
In Appendix A, we present a rigorous proof that element-by-ele-
ent recording eliminates the impact of lateral variations of the con-

uctivity in the near-surface layer, to which the second potential dif-
erence is usually very sensitive.

The subtraction of the data measured at different times, as in equa-
ions 9 and 10, contributes also to reducing the influence of near-sur-
ace inhomogeneities because the latter gets partially canceled dur-
ng subtraction. Dmitriev and Davydycheva �1989, 1991� investi-
ate a similar effect on �x

2U/�xU for frequency sounding of a con-
uctive 2D formation �IP effect is absent�. They show that it is
ossible to drastically decrease the distorting influence of near-sur-
ace 2D inhomogeneities by subtracting data taken at two different
requencies.

However, probably the most compelling feature of the quantities
n expressions 8 comes from their ability to disentangle the EM and
P responses of the formation. Consider, for example, the second
uantity �x

2U�t�/�xU�t�. While both numerator and denominator ob-
iously decay after the current turnoff, their ratio
emains fixed over a homogeneous polarizable
alf-space. Indeed, Kulikov and Shem-
akin �1978� showed that the electric field on the
urface of a homogeneous polarizable half-space
s given by the following expression �the Cole-
ole model of the conductivity with c = 0.5 is as-

umed�:

Ex�t� =
P

x3��erf�u� −
2u

�

e−u2�
+ 
en2/u2�1 − erf�n

u
��

+ 
�erf�u� −
2nu

�

�e−u2

+ 
en2/u2
e2n�1 − erf�n

u
+ u��

��1 − 2n + 2n2�� , �11� Figure 2. 3D m
shallow resist
torting influen
here P is the exciting dipole moment; x is the spacing; erf�u� is the
rror function, u and n are dimensionless parameters: u
0.5x
�0�/t and n = 0.5x
�0�/	. It is not difficult to differentiate

x�t� in equation 11 with respect to x �the derivative expression for
Ex�t�/�x is given by Legeido et al., 1990�.
Figure 4 shows the ratio �x � Ex�t�/�x	/

3Ex�t�	, which is the continuous analog of the discrete quantity
x
2U�t�/�xU�t�, as a function of time t. It is easy to see that it decays

oon after the current turnoff and then, after passing some minimum
alue, increases to some asymptotic late-time value. This happens
arlier for higher values of the IP parameter 
 of the half-space. This
symptotic value is zero when 
 = 0.

The early time decaying branch of these curves reflects mainly the
M response of the half-space, which is almost independent of the IP
arameters. However, the late-time increasing branch reflects the IP
esponse of the half-space.

Figure 5 shows 1D modeling of the second quantity of expres-
ions 8 denoted for brevity as Px. This quantity is calculated on the
urface of a five-layered medium, including a 50-m thick layer of
alty water, a 950-m thick resistive layer, and a 100-m thick polariz-
ble layer below it. The length of the transmitting dipoles is 1000 m,
he length of the receiver is 250 m, and the spacing is 1500 m. The
ime dependence of Px shows that the polarizable layer reveals itself
tarting from time t = 1 s. In the absence of the IP effect �red curve�

Px is practically equal to 0 for t � 2 s, whereas it approaches a nega-
ive late-time asymptotic value �green curve� if the IP effect is
resent.

Our practical measurements �see Figure 6 and Legeido et al.,
990� show that curves having nonzero late-time asymptotic are ob-
erved in several kinds of sedimentary rocks. They clearly indicate
he presence of apparent polarizable structures. The depth, size, and
P parameters of the structures determine the shape of these curves,
heir extremum values, their late-time asymptotic values, and the
ime when the asymptotic is reached.

The data from expressions 8 are filtered from occasional exterior

g of the dc response of the formation, including one deep and three
ctures. The summation over transmitters A and B reduces the dis-
e shallow inclusions.
odelin
ive stru
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lectrical noise by means of median filtering of multiple measure-
ents from repetitions of the current pulses. Measurement accuracy
ust be high enough to reveal the particular features of the transient

urves that are associated with the induced polarization. For this pur-
ose, 24-bit analog-to-digital converters are used for the measure-
ents. We use a power source of 10–20 kW in the surface version,

nd 500–700 kW in the marine version.
The data given by expressions 8 are measured at different mo-
ents of time t, corresponding to different penetration depths of the
eld.
The inverse problem of computing the IP parameters �0, 
, 	, and

in equation 5 is solved for a 1D horizontally layered model of the

igure 3. Field measurements taken on Verkhnechonskoe oil deposit
east Siberia�. The summation over two transmitters reduces the dis-
orting influence of the shallow inhomogeneities. Lower schematic
icture shows an oil-saturated bed at x � 15 km at 1600 m deep.

igure 4. Time dependence of the dimensionless quantity �x � Ex

t�/�x	/�3Ex�t�	 on the surface of the homogeneous polarizable half-
pace after the current turn-off, for different IP coefficients 
 �indi-
ated on the plot in %�. The other Cole-Cole model parameters are
he following: �0 = 0.01 S/m, 	 = 0.1 s, and c = 0.5. The spacing
= 1.6 km.
edium. Such a model admits a quasi-analytical solution of problem
.At each point of the profile along the x-axis, the inverse problem is
olved independently. This is possible even in complicated 3D envi-
onments because of the vertical focusing of the current. In such a
ay, we get a stitched-together 2D or 3D image.
The thicknesses of the layers are computed also during the inver-

ion. However, some a priori known parameters �for example, the
hicknesses� may be specified.

The inverse algorithm minimizes the misfit functional using the
avine method �Yanovskaya and Porokhova, 1983�.At the bottom of
ravine, the convergence of iterations may become slow. The ravine
ethod allows movement along a ravine to a minimum. A descrip-

ion of the ravine method applied to the discussed problem can be
ound in Mandelbaum et al. �2002�. However, other methods of the
inimization of the misfit, functional for parametric inversion, also

an be used: for example, the standard Gauss-Newton method using
rechet derivatives with respect to the inverted parameters.

PRACTICAL RESULTS

The first stage of our technique development �late 1980s–early
990s� did not involve any rigorous inversion of the Cole-Cole mod-
l parameters. We investigated mainly the quantity �x

2U/�xU and an-
lyzed its behavior in both frequency and time domains. We showed
hat after current turn-off, �x

2U/�xU did not decay in all types of sed-
mentary rocks, but demonstrated the behavior shown in Figures 4

igure 5. 1D modeling on the surface of a five-layered medium. The
olarizable layer reveals itself in a few seconds after the current turn-
ff. In the presence of the IPeffect, the dimensionsess quantity Px ap-
roaches a negative late-time asymptotic value.
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nd 5. We found a correlation between hydrocarbon presence and the
xtremum value and the late-time asymptotic value.

We illustrate this using an example from Verkhnechonskoye oil
eposit in the Irkutsk region of east Siberia. The site is located
0°20� N and 109° E. The area of this irregularly shaped deposit is
bout 2000 km2. The deposit is multistratified, gas-condensate-oil,
ith a structural and lithological trap, involving tectonic and litho-

ogic sealing. Sediments consisting of carbonates and evaporites are
bout 2 km thick, and their total horizontal conductance, to the ba-
alt basement, varies from 30 to 90 S. This complex structure in-
ludes multiple rock-salt layers at depths up to 1 km, and basalt in-
rusions, sometimes located on or close to the earth’s surface. The

ain oil and gas pay zone is located in the basal-terrigeneous Lower-
ambrian sandstones at 1600–1700 m depth. Traditional methods,

ncluding seismic, failed to detect the deposit. Its boundary was
apped only by using the suggested method and by drilling. More

han 4500 km of profiles of this area were processed using our tech-
ique, with more than 13,000 measuring stations on these profiles.

Figure 3 shows the dependence of �x
2U/�xU on x along a profile at

ime t = 0.5 s after current turnoff. This quantity is severely distort-
d �mainly by the influence of near-surface inhomogeneities, be-
ause the random oscillations have high spatial frequency�. Howev-
r, the second plot — the sum of those two distorted measure-
ents — is smooth and suitable for interpretation. It shows in-

reased values of this quantity at x � 15 km and suggests the pres-
nce of oil under this profile at x � 15 km. Indeed, the drilling data
Figure 3, bottom schematic picture� confirmed our conclusion.

Figure 6 shows an example of qualitative interpretation using the
ime differentiation 10. At the bottom of Figure 6, the lower part of
he depicted geologic section was obtained independently from geo-
ogic, drilling, and logging data. It contains a claystone layer �argil-
ites� and an oil-bearing sandstone under it. The upper part of the sec-
ion is not shown. It contains multiple rock-salt layers and basalt in-
rusions.

Figure 6a shows the data 
AB�x
2U/�xU at t = 0.0625 s after the

urrent turn-off. Because the time is too short, this plot does not re-
ect any response from the deep oil-bearing bed. The second plot
hows the same data at t = 0.5 s. We can see that 
AB�x

2U/�xU in-
reases noticeably, as compared to t = 0.0625 s, especially above
he oil-bearing sandstone �shaded region�. This occurs because of
he IP time-increase effect shown Figure 4. The third plot shows the
ime difference, or the difference between curves a and b. It is easy to
ee the correlation with the presence of oil. The data were confirmed
y cased well 89, drilled prior to our survey. The steel casing made
eliable measurements impossible, because the measured data are
ery sensitive to the vertical current, according to equation 7, and
herefore, to such vertical conductive structures as the casing that
upports a strong vertical current. This is why we can see bad mea-
urements and a gap in the plots about 3 km from the well. Wells 85
nd 104 were drilled after our survey and confirmed our interpreta-
ion.

Figure 6d shows the time-decay curves of the measured data along
he profile from 0.0625 to 0.5 s. They are the time-increase curves
escribed in Figure 4. They show just a slight increase of time in the
rea of the dry well and a strong increase above the oil reservoir.

The prediction using our method on the Verkhnechonskoye oil de-
osit was confirmed by the results of 64 drilled boreholes. Only two
f them, placed too close to the deposit boundary, did not confirm the
redicted result. Maps and more detail of this deposit can be found in
egeido et al. �1990 and 1997�.
Presently, we are conducting rigorous 1D inversion to image the
P parameters using the four DNM data in expressions 8. Figure 7
hows an example of IP imaging along a profile in another site on the
b Estuary �west Siberia�, crossing it perpendicularly at the mid-
oint. Images of the resistivity 1/�0, the IP parameter 
, and the
ime-decay constant 	 are shown. The horizontal axis indicates the
-coordinate of the profile, whereas the vertical axis is depth z. The
wo ellipses indicate two zones of higher 
 and 	, which correlate
ith the hydrocarbon presence.Aborehole was drilled at x = 25 km,

nd an upper commercial gas reservoir and a lower noncommercial
il reservoir were revealed at depths 1150 m and 1900 m, respec-
ively. The thickness of the gas-bearing sandstone is about 40 m,
hereas the thickness of the lower oil-bearing bed does not exceed
0 m, according to logging data. Both reservoirs were detected us-
ng only the suggested method.

The resistivity image in Figure 7 does not have such a clear anom-
ly in the area of the oil deposits, as 
 and 	. However, the resistivity
mage still demonstrates high spatial resolution. The green color cor-
esponds to the resistive, very fresh water of the Ob River and under-
ying rocks. The two red areas of higher resistivity, up to 900 ohm-

, are located from 2 to 6.5 km and from 26.5 to 33 km along x, at
epths from 0 to 0.4 km. They correspond to the two coastal perma-
rost zones of the Ob Estuary.

It is possible to see an area of low resistivity at a depth of about
km �dark blue color�. This corresponds to the location of the oil

nd mineralized water trap. As logging data showed, the oil satura-
ion in the lower deposit is not of commercial value. This agrees with
ur imaging results. In the area of the second ellipse at deeper depth,
e see even slightly decreased resistivity, probably resulting from

alty water, though the other IP parameters are increased.
The parameter c �relaxation constant in equation 5� for this exam-

le was inverted also. However, it is not shown because it did not re-

igure 6. Qualitative interpretation of geologic data from the Verkh-
echonskoe oil deposit: �a� The measurements taken at 0.0625 s af-
er the current turnoff; �b� the same, at 0.5 s; �c� the difference of
hose two measurements; �d� the time-decay curves on the interval
rom 0.0625 to 0.5 s. �e� Oil-bearing sandstone �shaded�; �f� erosion
one of the basalt basement; �g� argillites; �h� basalt basement. The
roductive cased well is 89, the productive uncased well is 85, and
04 indicates the water-bearing well. Shading indicates the oil.
epths are given from sea level; earth’s surface is at 400 m above it.
pacings: 800 m.
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eal, in this case, any clear correlation with the real geologic struc-
ures. According to our investigations, it usually varies in the range
f 0.1 to 0.9 and hardly reflects hydrocarbon saturation.

The last example shown in Figures 8 and 9 also demonstrates high
ateral and vertical resolution of the suggested method. Figure 8
hows a map of the Bratsk gas-condensate deposit, Irkutsk Region,

igure 8. Map of Bratsk gas-condensate deposit with DNM profiles
n the Bratsk Sea water surface.

igure 9. Image of the resistivity 1/�0 in linear scale, in ohm-m,
long profile 5. A basalt basement, a gas reservoir, three resistive
ock-salt layers, and a vertical fault can be distinguished in the im-
ge. Spacings: 800 m.
igure 7. The images of �a� the resistivity 1/�0 in logarithmic scale,
n ohm-m, �b� the IP parameter 
, in %, and �c� the time-decay con-
tant 	 in tenths of a second. The color in �a� shows ln�1/�0�. The
rown-red color �up to 300 ohm-m in the picture� corresponds to the
ermafrost zones under the coasts of the Ob estuary. The dark blue
olor �a few ohm-m� corresponds to the oil-water trap. Spacings:
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ast Siberia �55° N and 102.5° E�. The deposit is embedded within
he basal Lower Cambrian horizon of terrigeneous sediments. At a
epth of 3400 m, the horizon contains a sandstone layer, about 15 m
hick. The layer has a low resistivity �a few ohm-m� in its water-bear-
ng part and is more resistive �tens of ohm-m� in its productive part.
elow it, starting from a depth 3400 m, is a highly resistive basalt
asement. This description is based on drilling and logging of four
as-bearing wells �8, 13, 14, and 16 on the map� and seven water-
earing wells �9, 10, 11, 15, 17, 18, and 19�. The thick line shows the
ontour of the deposit. The thin straight line shows a geologic fault,
hich was revealed by logging data of wells 9 and 11. Multiple near-

y straight lines with circles, on the Bratsk Sea water surface, signify
rofiles of the survey with measuring stations.

Figure 9 shows the image of the resistivity 1/�0 under profile 5. It
grees with the drilling and logging data partly presented on the map.
t is easy to distinguish the high-resistive basalt foundation �red� and
he gas reservoir �light blue color from x = 6.4 km to x = 10 km,
ompared to the darker blue region indicating the absence of gas�.
he reservoir is located in the basal sandstone at a depth of 3400 m
elow sea level, or 3800 m from the earth’s surface. This is con-
rmed by drilling and logging data of wells 18 �at x = 5 km, water-
earing�, 16 �at x = 8 km, gas-bearing�, and 9 �at x = 11 km, water-
earing�. Unfortunately, the survey was performed only from the
ater surface because of very thick forest on the remaining surface

rea above the reservoir.
Dark- and lighter-blue horizontal stripes can also be seen in Fig-

re 9. They correspond to water-saturated sandstone embedded with
ultiple rock-salt layers mixed with dolomites, revealed by drilling

t depths from 900 to 1100 m, from 1700 to 2000 m, and from 2400
o 2600 m. Moreover, the vertical fault at x = 11 km also can be
een from a depth of 1400 to 3800 m. Such a high lateral resolution
s achieved by vertical focusing of the electric current and the elimi-
ation of the effect of laterally adjacent formations �known in the
ogging community as the shoulder effect�.

Other IP parameters for this example were inverted, too. Howev-
r, in this case, they did not contrast in the gas reservoir area, unlike
esistivity.Apossible explanation could be related to the dependence
f the IP parameters of the type and saturation of hydrocarbons. We
uggest that oil saturated rocks may have larger IP parameters 
 and
, compared to gas-saturated rocks.

Although the last example supports the IP method because of the
ow contrast of the IP parameters, we would not be able to provide
he resistivity image without taking all of them into account. In this
ase, we also observed the V-type curves of the measured data whose
ature is related to the IP effect.

DISCUSSION

As noted in the introduction, organic electrochemistry is not well
tudied, compared to other types of reactions that cause the IP effect.
lhoeft �1985� suggests that it is unlikely that the full nature of such

eactions will ever be known. Still, there is insufficient study of how
he IP parameters correlate with hydrocarbon saturation.

Vinegar and Waxman �1984� claim that the complex conductivity
both real and imaginary� of oil-bearing rocks is less than the con-
uctivity of water-bearing rocks. This is quite obvious for the real
art of conductivity. However, the behavior of its imaginary part,
hich indicates the IP effect, may be more complicated.
lhoeft �1985� states that organic contamination of rocks shifts the

ow-frequency phase response to a lower frequency. This statement
grees with our observations: We revealed that hydrocarbon-saturat-
d rocks have a greater time-decay constant 	 �see Figure 7� that cor-
esponds to the lower frequencies of the conductivity spectrum.

Kemna et al. �2004� also report progress in using the IP effect for
ydrocarbon-contaminant mapping and imaging. They detected an
ncreased imaginary conductivity and especially an increased phase
hift of the complex conductivity in the area of the former jet-fuel
epot near the Strasbourg-Entzheim Airport in France, where the
oil is contaminated with kerosene.

Dias �2000� analyzes several models of conductivity expressed as
function of frequency. He compares the behavior of the amplitude
nd phase shift of the IP potential as a function of frequency using
xperimental laboratory measurements on synthetic samples of sed-
mentary rock. He reports that only two models — the Dias model �a
unction of frequency and seven independent parameters� and the
ulti-Cole-Cole model �five independent parameters� — can fit the

xperimental data. He claims that all other models, including Cole-
ole �four independent parameters�, fail to describe the phase-shift
ata.

However, increasing the number of the independent parameters
eally complicates the inversion of the rock electrical properties.
ome additional measured data are needed to invert more than four
arameters. Thus, a reasonable compromise should be found be-
ween model complexity and data density.

We believe that the Cole-Cole model provides such a compro-
ise. Unfortunately, as far as we know, there is a lack of published

ata showing how the parameters of the Cole-Cole model �or other
uantitative models� reflect the presence of hydrocarbons. But the
eld tests presented here reveal correlation between IP parameters
nd the presence of hydrocarbons.

There remain many unsolved problems related to the IP effect that
equire more research. Special electrochemical investigations are
eeded to explain the complex nature of the IP. Rigorous 3D inver-
ion of the IP parameters of geologic formations should be done.

However, the IP-prospecting technology proposed in this paper is
nexpensive. The method can provide interesting data about the for-

ation and does not require expensive well drilling. We believe that
t will enable us to complete the challenging and complicated task,
uggested by J. R. Wait, of exploiting the IP effect as a rich source of
ata about formations.

CONCLUSION

Based on the suggested method, the investigation of a large num-
er of hydrocarbon deposits has established that when hydrocarbon-
earing rocks are present, the IP parameters image the formation.
hey reflect anomalies at the correct depth, regardless of the trap

ype and its geometry. Different IP parameters show different sensi-
ivities to inferred hydrocarbon type and saturation.

Thus, we report significant progress in geophysical prospecting of
il and gas deposits. In all regions investigated, our method demon-
trates high resolution and allows detecting boundaries of hydrocar-
on-bearing beds in both lateral and vertical directions. We revealed
hat neither high-resistive permafrost zones, low-resistive salty wa-
er, nor multiple rock-salt beds are obstacles for the wave-propaga-
ion processes excited in the presence of the IPeffect. This occurs be-
ause of the huge, effective dielectric constant of oil-saturated rocks
nd the consequent generation of displacement currents.
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APPENDIX A

ELEMENT-BY-ELEMENT RECORDING
IN 3D MEDIA

Let us consider the behavior of the differential analog of the quan-

ity 
AB
�x

2U

�xU
on the earth’s surface. We assume fully 3D resistivity

�x,y,z� at z � 0. We excited the medium by the left dipole A �see
igure 1a� and apply Ohm’s law to the volume element �x � �y

�z adjacent to the earth’s surface. Then we get

�xU�A� = Ix�A�
�x,y,z��x/��z�y� , �A-1�

here Ix�A� is the x-directed current from the transmitter A. Then,
ssuming �x is small enough, we get the following:

dU�A�
dx

= Ix�A�

�x,y,z�
�z�y

. �A-2�

ifferentiating equation A-2 with respect to x, we arrive at the ex-
ression

d2U�A�
dx2 = jz�A�


�x,y,z�
�z

+
� 
�x,y,z�

� x

Ix�A�
�z�y

, �A-3�

ecause, according to Gauss’s theorem,

xIx�A� = jz�A��x�y Þ dIx�A�/dx = jz�A��y . �A-4�

ere we have neglected the y-directed current on the earth’s surface
uring the off-time �Zhdanov and Keller, 1994, p. 369�.

It is easy to see from equation A-3 that the second derivative of the
lectric potential may be very sensitive to lateral variations of the re-
istivity.

Dividing equation A-3 by equation A-2 we arrive at the following
quation:

d2U�A�/dx2

dU�A�/dx
=

jz�A�
dU�A�/dx


�x,y,z�
�z

+
1


�x,y,z�
� 
�x,y,z�

� x
.

�A-5�

Now, excite the medium by the dipole B. By analogy with equa-
ion A-5, we obtain:

d2U�B�/dx2

dU�B�/dx
=

jz�B�
dU�B�/dx


�x,y,z�
�z

+
1


�x,y,z�
� 
�x,y,z�

� x
.

�A-6�

aking a difference of expressions A-5 and A-6, we arrive at the fol-
owing:


AB

d2U/dx2

dU/dx
= � jz�A�

dU�A�/dx
−

jz�B�
dU�B�/dx

�
�x,y,z�
�z

.

�A-7�

s mentioned, we call it a sum, because both terms have the same
ign as a result of the opposite directions of the currents from the di-
oles A and B.
It is easy to see that expression A-7 does not contain the derivative


�x,y,z�/�x, as do expressions A-5 and A-6. Thus, the effect of the
orizontal current is completely canceled, and the effect of the verti-
al current is duplicated �because the voltages dU�A�/dx and
U�B�/dx have opposite signs between the transmitters�. With this
ethod, we manage to get rid of the sensitivity to the lateral varia-

ions of the resistivity in the near-surface layer and to image clearly
he deeper structures. This allows us to simple 1D modeling, even in
omplicated 3D environments. Figures 2 and 3 illustrate this princi-
le.
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