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(54) ELECTROMAGNETIC SOUNDING METHOD
DERIVATION ON SEVERAL SEPARATIONS
(57)  The invention relates to electromagnetic pros-

pecting and is used for surface and marine electromag-
netic sounding by means of controllable electromagnetic
field sources and is applied in a package oil and gas
prospecting works for searching and outlining oil and gas
fields. The inventive method is based on the selection of
a response from earth materials which are secondary
modified by hydrocarbons migration. Said invention
makes it possible to ensure a set of processing technol-
ogies enabling to layer-by-layer determine an electrical
resistivity and process characteristics of a medium in-
duced polarisation: a polarizability coefficient, atime con-

USING A TRANSIENT FIELD SPATIAL

stant and a relaxation spectrum width. The inventive
method consists in carrying out a measurement by sev-
eral receiving lines, wherein the position of two feeding
lines of a sounding plant is substantially symmetrical with
respect to the receiving lines which are located within a
30° sector from the feeding line extension, in recording
a transient signal by land axial-dipole sounding devices
or by marine sounding devices associated with a contin-
uous signal recording during a ship travel and in calcu-
lating the population of interpretable parameters Py Do,
AUy, P using recorded potential difference curves (AU
(i), A2U(i)) which are preliminary processed, contracted
in the form of time gates and differentiated.
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Description

[0001] The invention relates to electrical exploration. Itis used both in surface and in marine electrical exploration with
controlled sources of the electromagnetic field and employed within a complex of oil and gas exploration works to search
and delineate oil and gas accumulations by separating the response from the secondarily altered rocks affected by
hydrocarbon migration. The invention offers a set of working methods providing layer-by-layer determination of the
electrical resistivity value and the characteristics of medium induced polarization processes, hamely polarizability coef-
ficient, time constant and relaxation spectrum width.

[0002] Prior art geoelectric prospecting methods based on investigation of both artificial and natural fields were de-
signed to determine the layer-by-layer distribution of electrical resistivity, i.e. resistivity methods. The methods of direct
(forexample, VES survey) and alternate (for example, frequency sounding, near-field transient electromagnetic sounding)
current stand out among them. The most common of them is the method of pulsed electric exploration based on a study
oftransientphenomena, i.e. sounding oftransient buildup inthe near-field zone (See "Geoelectric Prospecting. Reference
Book on Geophysics". Moscow, Nedra, 1989, vol. 1-2). A number of problems occur when resistivity methods are used
for detection and delineation of hydrocarbon accumulations. These may be driven both by a wide range of causes
resultinginavariationin lateral conductivity ofthe horizons under study and with minuteness of such variations, particularly
when the accumulations are confined to non-structural traps, where, for example, shale-out or pinch-out of a reservoir
occurs. The latter occurs because often the shale-out or pinch-out of a reservoir does not lead to any visible variation
in lateral conductivity of the horizon under study. In these circumstances, investigation of induced polarization (IP)
processes directly orindirectly associated with the accumulation comes to the fore among non-seismic methods employed
in direct exploration for hydrocarbon accumulations.

[0003] The prior art includes geoelectric prospecting methods used to determine rock mass polarizability. Operations
are conducted both in the time and frequency domain. For example, the IP method (See "Geoelectric prospecting Using
the Induced Polarization Method", V. A. Komarov, L., Nedra, 1980. 390 pp.) and for example, the FS-IP method (See
"Geoelectric prospecting Using the Phase Method of Induced Polarization", A. V. Kulikov, Ye. A. Shemyakin, Moscow,
Nedra, 1978. 160 pp.).

[0004] Most often in this case the IP model, which was proposed by K.S. Cole and R.H. Cole (the Cole-Cole model)
in "Dispersion and Absorption in Dielectrics" (J. Chem. Phys., 1941. v.6.) is employed.

[0005] In this case, to describe the electrical conductivity of a model the following equation is employed:

_ - n
P = 1+ (iot)° ) M

where o, is electrical conductivity at an infinite frequency; n - polarizability coefficient; w - circular frequency; t - time
constant; ¢ - width of relaxation spectrum varying from 0 to 1.

[0006] However, so far the information content of methods for investigating conductive polarizable media has been
inadequate. The existing methods for their investigation are not adequate to derive a set of polarization parameters
throughout the sedimentary section.

[0007] There are numerous examples of applying induced polarization processes for search and exploration of oil and
gas deposits, which are commonly known and described, (See, for example, "Application of the Induced Polarization
Method for Oil and Gas Exploration” in: "Interchange of Experience in the Area of Geophysical and Geochemical Pros-
pecting for Oil and Gas Accumulations", Z.A. Kruglova. Moscow, VIEMS, 1975, pp. 110 - 111); "Effectiveness of Hydro-
carbon Accumulation Forecasting Using the Induced Polarization Method in Western Siberia." V.S. Moiseyev, B.F.
Taratorkin, V.B. Shlepnev. An abstract of report at the International Geophysical Conference, St.Petersburg, 1995;
"Application of Geophysical Methods for Direct Exploration for Oil and Gas", . G. Bazovkina, Yu.S. Korolkov, A.A. Kunarev
et al. ltogi nauki i tekhniki, Moscow, VINITI Publishing House, 1978).

[0008] However, there is considerable controversy involving assessment of the effectiveness of all the above methods
since the obtained geological results show instability as indicated in some publications (See, for example, "Effectiveness
of Direct Exploration for Oil and Gas Accumulations Using Geophysical Techniques”, V.M. Beryozkin, N.A. Gribov, D.B.
Khavkina. Moscow, VIEMS, 1983; "Geological Effectiveness of Geophysical Works in Volga-Urals Oil-and-Gas Province",
G.P. Ovanesov, G.P. Alekseyev, N.I. Belolikov et al. Moscow, Nedra, 1979. This relates to some internal problems of
geoelectrics not easily soluble under the conventional approach.

[0009] The main problem is associated with uncertainty associated with the nature of the recorded signal. In most oil
and gas fields, the sedimentary mantle has a quite high conductivity, and time ranges AUIP and AUIND for IP fields
(AUIP)and for electromagnetic induction (AUIND) overlap. However, their separation product underthe existing methods
is imperfect. Thus, J. Wait, in "Geoelectromagnetism” (Moscow, Nedra, 1987. 235 pp.) believes that this problem, which
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is one of the core ones, remains unsolved.

[0010] One of well-known techniques involves artificial constraint of time and/or frequency range in investigations.
Therefore, in IP method measurements are made for such times, where electromagnetic induction processes for the
given arrays over the given section can be neglected. However, in the course of investigation of polarizable sections
the number of mapped parameters increases 2.5 times (their polarizability coefficients, time constants and relaxation
spectrum width, if the terminology of the Cole-Cole model is used, are added to specific resistivity and formation thick-
nesses), and the narrowing of time {or frequency) range of the investigations results in inadequate information content.
Therefore, in FS-IP method only one - QIP estimated for the entire sedimentary section - is taken as an interpretable
parameter of polarization. It is not determined layer-by-layer (let alone the mapping of all polarization parameters).
[0011] Basic problems of investigation of polarizable media are associated with the inadequate information content
ofthe existing approaches used for their study and in many waysare caused by the unsolved main issue, that is separation
of electrodynamical and polarization effects over a wide time (or frequency) range.

[0012] Typically, the investigations devoted to this problem focus on field time characteristics such as decay rate and
its variation with time, and, for some arrays, the change of the transition process sign.

[0013] The closest prior art is disclosed in "Method of Geoelectric prospecting ¥, SU patent, No. 2219568 dated
2003.02.18, printed 2003.12.20. IPC G01V3/086, according to which the electromagnetic field inside the medium under
study is excited by applying to it square-wave current pulses with spaces between them. At the end of each current
pulse, instantaneous values of first difference of electric potentials are measured. The instantaneous values of second-
order differences, apart from those of first-order differences, are also measured between the current pulses in spaces
over the entire range. Throughout each space, two instantaneous values of the first-and second-order potential differ-
ences, which are adjacent in terms of time, are separated and their value differences are determined. Using the values
of all the above differences, four normalized electrical parameters are calculated. The inverse problem is solved based
on a differential evanescent wave equation of mathematical physics for dipole source intensity in an electrolytically
polarized conductive medium. Thus, a model for the medium closest, in terms of geometrical structure and electrical
parameters, to the one under study is found. Time sections of this model are plotted using physical parameters contained
in this equation, such as electric conductivity of medium members, induced polarization coefficient and time constant of
the potential drop of induced polarization.

[0014] The above prior art methed has two major disadvantages. The main of them is that the input information
available in the overwhelming majority of actually implemented cases seems to be insufficient to solve the inverse
problem of geocelectrics, i.e. to restore the geoelectric section using the measured data. When the frequency dependence
of electric conductivity is introduced, in addition to the existing types of equivalence between various geoelectric param-
eters of the medium, new ones emerge and the objective modular surface becomes conceptually complicated. The
number of parameters requiring determination becomes too great. In these circumstances, the inverse problem cannot
be introduced in the class of conditionally correct problems by limiting the space of possible solutions involving a priori
geologic-geophysical information. For this case, the concept of conditionally correct problems is defined in "Methods for
Solution of IlI-Defined Problems", A.N. Tikhonov, V. Ya. Arsenin (Moscow, 1974. 223 pp.}). On the one hand, a priori
data on distribution of electrical resistivity in a medium and a priori data of layer thicknesses are normally available from
well log data and seismic surveys. On the other hand, no a priori information on parameter values that characterize
polarizing properties of the medium (n - polarizability coefficient; 1 -~ time constant; ¢ - relaxation spectrum width), is
available. To overcome this hindrance, first, layer-by-layer distribution of electrical resistivity (it would be desirable to
use layer thicknesses with fixed or weakly alternating values) should be determined independently and, secondly, a set
of input data independent from each other and exhibiting high sensitivity to polarization parameters should be involved.
[0015] The other major disadvantage of this method lies in the fact that its theory is believed to be based almost
exceptionally on the wave equation of the electromagnetic field. Field practice and model calculations show that the
input in the cumulative field of the wave component normally does not account for more than a fraction of a percent.
[0016] For the most simple cases analytical modeling, or numerical modeling for more complicated cases, was used
to show that if the decay time in the space after turning the current off increases, eddy currents tend to be distributed
uniformly in the medium. That is because their distribution is described by a diffusion equation. The formed parameter
P, responds to the spatial inhomogeneity of the field, and therefore its variations over time are considered.

[0017] For non-polarizable media, Py with an increase in the decay time will asymptotically tend to zero. Numerical
modeling indicated that this would be true for any medium, including three-dimensional-non-homogenecus ones.
[0018] The distribution pattern of IP currents in a medium and its variations with time will be different in principle. In
this case, only IP processes that are linear relative to the polarizing current are investigated. In most cases, the over-
whelming majority of IP EMF is created by direct voltaic applied current. This results from the fact that its density is much
higher than that of eddy currents, which besides quickly decay with time. Direct current density declines as the distance
from the source grows as 1/r3. Since IP EMF at any time point is proportionate to polarizing current density, itis needless
to say about spatial homogeneity of the IP field (at any decay time). At any space point the IP field monotonously decays
with time from the initial value to zero, where the decay rate depends only on medium properties (in terms of the Cole-
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Cole model: time constant 1) rather than on the relative position hetween the field source and receiver.

[0019] In polarizing sections, P, with time tends to a horizontal asymptote different from zero.

[0020] One of the key problems of any electrical survey method is determination of limits for the equivalence principle
effect. Where they are wide enough, application of the method frequently becomes unpractical. Electrical properties of
each layer are described by four different parameters (using the terminology accepted in the Cole-Cole-model): p, 1, T
and ¢, while the conventional methods of IP investigation usually employ two parameters: p and n. It is obvious that the
increase of the number of parameters introduced for investigation noticeably expands the limits of the equivalence
principle effect.

[0021] A combination of time and space field derivatives of transient buildup applied in the method dramatically in-
creases the information content of the method for investigation of polarizable media. This is associated both with the
narrower limits of the equivalence principle effect and with the high sensitivity of interpreted parameters relative to section
geoelectric characteristics, primarily the polarizing ones.

[0022] It would be most practical to create a tool, with the aid of which evidence can be quantitatively interpreted and
medium parameters and their confidence intervals evaluated for arrays with a prescribed geometry on specific sites.
This role is played by a program of inverse modeling.

[0023] Itis knownthatthe problem of interpretation of electromagnetic sounding over polarizable media in their modern
setting is conceptually ambiguous (See "Polarizability of Rocks and the Phenomencn of High-Resclution Geoelectric
Prospecting " by B.S. Svetov, V.V. Ageyev, N.A. Lebedeva. Geofizika, No. 4, 1996). To attain the unigqueness of solution
it is necessary to obtain additional information, i.e. a combination of time-domain electromagnetic sounding with geo-
metrical sounding, and to use various modes of excitation and field reception and various forms of driving current pulses.
However, this problem has not been solved.

[0024] Inthismethod, additionalinformation is obtained by a jointanalysis of transient buildup curves and its normalized
spatial and time derivatives, as implemented in this method.

[0025] This method of geoelectric prospecting has been designed to sclve the problem of direct exploration for hy-
drocarbon accumulation by investigating induced-polarization anomalies (IP) separating electrodynamical and polari-
zation effects over a wide time range.

[0026] To solve the arising problems the method employs both spatial and time derivatives (in their prescribed com-
binations). Morecver, by the use of time derivatives the sensitivity of the method to variations in geoelectric properties
of the section is significantly enhanced.

[0027] The aim of this method is separation of electrodynamical and polarization effects over a wide time (frequency)
range, that is achieved by regarding the space-time structure of an unsteady electrical field over the polarizing sections
as a unit piece.

[0028] Moreover, the increase of the number of parameters introduced for investigation noticeably expands the limits
of the equivalence principle effect.

[0029] The use of time derivatives significantly enhances the sensitivity of the method to variations in geoelectric
properties of the section.

[0030] A combination of time and spatial derivatives of the transient buildup applied in the method improves the
information content of the method for investigation of polarizable media. This is associated both with the narrower limits
of the equivalence principle effect and with the higher sensitivity of the interpreted parameters to section geoelectric
characteristics, primarily the polarizing ones.

[0031] This method considerably increases sensitivity to variation in the section geoelectric parameters, primarily the
polarizing ones.

[0032] Based on the separate study of electromagnetic induction and induced polarization processes, the method
numerically determines conductivity parameters and induced polarization, constant decay time, and relaxation spectrum
width.

[0033] The method of present invention is implemented in the following way.

[0034] The method of geoelectric prospecting using spatial derivation of the transient buildup across several spacings
involves electromagnetic field excitation in the medium by applying to it a low frequency periodic sequence of sign-
variable square-wave current pulses when the sounding array passes along the survey profile and determining at the
same time the coordinates of all grounding points. With a prescribed time increment in the spaces between current
pulses, throughout the space and after applying the current pulses throughout the pulse duration, instantaneous values
of first and second-order potential differences of the transient phenomena of the electrical field between each pair of the
adjacent receiving electrodes on several receiving lines are measured. The obtained values of AU(t)) and A2U({ti) signal
data sets are processed using known algorithms, for example, via compressing the source array of input data into the
time windows arranged with a logarithmic increment on the time axis, with all first-order and second-order potential
differences numerically differentiated with respect to time. A set of interpreted parameters is derived by calculation.
Based on the calculated parameters, the inverse problem is solved using a differential equation of mathematical physics
for the intensity of a dipole source in a polarizable conductive medium
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AE(?) —#oﬂa(UE) =0,

where:

A - Laplace operator,;

. - magnetic conductivity, a constant magnitude for nonmagnetic media;

o - electrical conductivity, for polarizable media it is assumed to be frequency-dependent in accordance with the
Cole-Cole equation:

_ _ n
Oy = Ol - (ia)—r)c) (2)

where:

o, - electrical conductivity at an infinite frequency;
1M - polarizability coefficient;

o - circular frequency;

T - time constant;

¢ - relaxation spectrum width varying from 0 to 1.

[0035] Inverse modeling yields the medium model the closest, in terms of geometrical structure and electrical param-
eters, to the one under study. In this case taking into consideration all the a priori data, modeling is used only for the
class of geologically interpreted models. Boundary values of the polarizability coefficient for each site are defined,
geoelectric sections of the obtained parameters ¢ (or p), n, 7, ¢ are constructed and areas with anomalous values
corresponding in plan to the location of oil and gas accumulations therein are identified. This method differs from the
prior art by measurements made by several receiving lines, two current lines of the sounding array positioned almost
symmetrical relative to the receiving lines; in this case the receiving lines are located within a sector of 30° from the
continuation of the current lines. Transient signals are recorded either by ground dipole axial sounding arrays with a
flexible geometry or by marine sounding arrays with continuous signal recording while the ship is moving. From recorded
potential difference curves (AU(i) and A2U(i)), a set of interpreted parameters P4, Do, AUy, P, after processing and
compressing into the time windows and differentiating with respect to time is calculated using the equations below:

- for ground investigations:

_AU@), | AUG), AU(L,), N AU(L,), P AU, . AU(t) >

AUn = 1 = 5 :
AU(@t,), AU, AU(t), AU@,), AU@E)w AU() 2
o 0
—AU@E), —ANU(@), 2 2
D(o:(at +at )_(AU(ti)l +AU(ti)2)

0 0
—AU(t, —AU(t,
at (1)1 at (1)2

AUG,),  AUG),

- for offshore investigations:
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0
—ANUt) .o
ot YOAUGR)
_AUW AU L, _8UG) PP T
H AU(tO) ' })1 - AU(t,) Ps - AU(tl)t EAU(t') (1)

where:

+ AU and A2U are respectively first-and second-order potential differences of the electrical field:;

* inferior indexes 1 and 2 correspond to the measurements obtained from the first and second position of the
current line;

* (t; are time windows, in which the signal is recorded after the current in the current line is switched off;

* (tp) corresponds to the time intervals when a current impulse is applied and the electrical field of transient
phenomena virtually does not differ from its steady-state value that corresponds to the direct current;

* upper index * corresponds to the measurements in time windows (t; made when the current is applied,;

* AUy is parameter of the IP method -apparent polarizability n;

[0036] To solve the inverse problem parameters P4 D, AUy, Pg are used, where:

primarily parameter Py is used to derive, layer-by-layer, the values of electrical resistivity p; sequential minimization
of Py, AUy, D, and Pg is performed by using the difference in their objective modular surfaces; and the layer-by-
layer values ofn, t, c are defined; depth distribution is constructed along the value profile of geoelectric parameters
p, M, T, ¢, on the base on which a conclusion is made about the presence of IP anomalies associated with hydrocarbon
accumulations; and oiland gas accumulations are delineated and the quality oftheir saturation is assessed. According
to this method, the obtained values of signal data sets recorded by using an AD converter may be processed with
the aid of u. - the estimator found via the Hampel function - to obtain readings at fixed time delays, and data smoothing
in a two-dimensional running window separating a signal from noise. Moreover, the values of signal data sets
recorded by using an AD converter at every time delay can be processed by an iteration algorithm, which eliminates
the trend by using a high-pass filter, to minimize the impact of the potential gradients of the receiving electrodes,
the influence of telluric currents and outliers. In particular, the obtained values of AU(t;) and A2U(t) signal data sets
can be preprocessed by suppressing commercial repeatable interference by using a differentiating filter.

[0037] The method is illustrated by the following drawings.

Fig. 1 shows a simplified circuit of a ground measuring equipment, where a) is a layout diagram of the receiving
lines of a dipole axial array; b) is a current shape in the current line involving a current pulse with positive polarity,
current space and current pulse with negative polarity; ¢) is input voltage of the AD converter.

Fig. 2 shows sounding curves P,(t) over the non-polarizable (1 - over the model with a screen) and polarizable (2
- over the screen) half-space. Polarizability n over the screen is equal to 0. The index of curves 1, 2, 3 corresponds
to a spacing of 1,000, 3,000, 5,000m, respectively.

Fig. 3 a, b, ¢, d show the manifestation of S, equivalence as offered by the conventional geoelectric prospecting
and the proposed technology for non-polarizable and polarizable (the first layer) section of H-type.

Fig. 4 shows relationship of curves AU(t) and D¢(t) for two models of a homogeneous polarizable space. The diagram
shows model curves AU(t) and Do (t) over two different sections, with lower non-polarizable layers and both non-
polarizable layers, respectively.

Fig. 5 a, b, show model curves AU(t) and Do(t) over two different sections. The first curve is over the 4-layer section
with a conducting layer over the resistive screen. Section parameters are shown in Table 1. The second curve is
over the 2-layer section. Section parameters are shown in Table 2.

Fig. 6 a, b, c compares the characteristics of this method and the conventional geoelectric prospecting in terms of
sensitivity to the variation in medium properties in a two-layer structure. The curve index indicates the thickness of
the first layer (m). Section parameters are shown in Table 3.

Fig. 7 a, b, c show the surface of root-mean-square deviations of P1, Dg and AU when polarizability and resistance
of the geoelectric layer vary (the dotted line marks contour line 0.005 for P4, De and 5% for AU). Table 4.

Fig. 8 a, b, ¢ show a two-dimensional cut of the objective modular surface in the space of parameters n5, 15 for the
modelshown in Table 4. An array of A 800 B 400 M 400 O 400 N was used. The cross shows the solution point. Table 5.
Fig. 9 shows diagrams of P values against the limit values of the polarizability coefficient of all geometric entities
of the medium. The section model and the array employed are shown above (Fig 8, Table 5).
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Fig. 10 a, b, ¢ show the marine data acquisition technique: a) is a simplified circuit of AB-MN marine measuring
equipment with three spacings b) is a current shape in the current line, ¢) input voltage of the AD converter.

Fig. 11 shows a diagram of a non-rectilinear geometry array.

Fig. 12 shows depth section Eta.

[0038] The claimed method, taking into account the justification for the proposed approach, is implemented on the
base of the following data.

[0039] Parameter P1 responds to a spatial inhomogeneity field. Since its variations over time are looked into, they
are described by equation below:

AU(1)-AU, (1) _ AUG)
AU ()+AUL () AUQ)

R)= €)

Where AU, and AU, are potential differences on receiving lines OM and ON for a dipole axial array (See Fig. 1a). Pulse
waveform is shown for positive polarity (1); current space (2); pulse waveform of negative polarity (3) (Fig. 1 b). Input
voltage of the AD converter corresponds to first-order potential differences - AUpd (4); second-order potential differences
- AU 2pd (5); the sum of potential differences AU = AU, + AU, (6); and the difference of potential differences AU = AU,
- AU, (7). (Fig. 1 c).

[0040] For polarizable media with time the left descending arm of curve P becomes linked with the inductive effect,
while the right ascending arm with the polarizing effect. The emergence of the ascending arm of curve is linked with
spatial inhomogeneity of IP fields, which is present at any decay time. (See Fig. 2).

[0041] The fundamental concept of the approach applied here is as follows. The relation of parameter P4 with con-
ventionally used parameters p, and n, can be described in the following way:

AEgn/ Egmad Inn +d Inpy +d In 1/k, (4)

where K is array factor. If parameter AAEgy/ A Egy (Where A, denotes finite difference in time) is formed, then for it in
a similar manner can be written:

A AEBn/ Ay Eand Ay lnnk +d Inpk +d In 1/k, (5)

[0042] For differences (4) and (3) (let us denote it as D) we obtain:

Do=din2 (6)
yp

[0043] The physical meaning of D¢ becomes clear, if to take into account that the transient characteristic can be made
corresponding to the real part, and its derivative with time - to the imaginary part of the frequency characteristic (See
V.A. Komarov "Geoelectric prospecting Using Induced Polarization Method". L., Nedra, 1980. 390 pp.). D, can be
regarded as a differentially normalized analog ofthe phase performance of polarizable bodies. When resistance frequency
dispersion is taken into consideration, the limits of equivalence significantly widen. So, for H-type sections, where equiv-
alence in S, is observed, if the polarizability of the first layer (n=2 %) for the dipole axial electrical array is introduced,
they expand more than twice. This is because the recorded field now contains not only the electrodynamical component,
but the polarizing one as well, and the proportion of that part of eddy currents that reflects the properties of the second
layer in the general data flow will be less. The employed parameters are constructed so that the input inductive and
polarizing components of the total field are manifested in them differently. In this case, the result is that the limits of
equivalence for polarizable and non-polarizable sections, when the proposed approach is applied, virtually do notchange
(See Fig.3). For example, equivalence characterizes percentage of deviation between the curves. Provided that meas-
urements are made with an array of A400 B400 M200 0200 N type, the sections are characterized in the following way
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for:

curve 1-p/p=0.05 h=1/8
curve2-p/fp=0.1; h=1/4
curve 3-p/p=0.2,h=11/2
curve4-pip=04,h=1

[0044] So, the deviation between the curves under the conventional method of geoelectric prospecting for a non-
polarizable cut (Fig. 3 a) is:

curves 1 and 2 - 9%
curves 1 and 3 - 28%
curves 1 and 4 - 57%

and for a polarizable cut, where n= 2%; T= 0.5 sec; ¢ =0.5 (Fig. 3 b):

curves 1 and 2 - 4 %,
curves 1 and 3 - 12%,
curves 1 and 4 - 27 %

[0045] The deviation between curves in this method is:
for a non-polarizable cut (Fig. 3 c):

curves 1 and 2 - 0.4%
curves 1 and 3-1.1%
curves 1 and 4 - 3.1%

and for a polarizable cut, where n= 2%; 7= 0.5 sec, ¢=0.5 (Fig. 3 d):

curves 1and2-0.7 %
curvesland3-1.7%
curves 1and 4 -32%

[0046] Moreover, 2 new kinds of equivalence develop for polarizable media. Equivalence of the first kind is linked with
polarization parameters of specific formations (in terms of the Cole-Cole model: 1,7 and ). With a sufficiently small ratio
between IP and electrodynamics, it will manifest itself even in a homogeneous half-space. A number of models can be
selected that virtually do not differ in terms of specific resistivity, but have distinctly different polarizing parameters, in
which the difference in decay rate curves AU(t) will not exceed single-digit percent. In our case, the equivalence of such
kind is also present, but its effect limits are several times less (See Fig. 4).

[0047] The diagram depicts the relationship of curves AU() and Do(t) for two models of a homogeneous polarizable
space. Measurements were made with an array of AB=800 m, OHM=0N=400 m type with a spacing of 2,400 m.

Curve 1 characterizes a section with parameters: p=100 Ohm, n1=1%, t=1.0 sec, ¢=0.5.
Curve 2 characterizes a section with parameters: p=97,8 Ohm, n1=1.8%, 7=0.189 sec, ¢ =0.381.

[0048] For AU, root-mean-square deviation between curves 1 and 2 is 4% (Fig. 4 a)

[0049] For Do(t), root-mean-square deviation between curves 1 and 2 is 2% (Fig. 4 b).

[0050] Another type of equivalence emerges between polarizing characteristics (1, T and c¢) and specific resistivity p
(or conductivity S=H/p) of specific layers. A threshold case is proximity of curves AU(t) over the sections that include
polarizable formations. Where the proposed parameters are used, in most cases the manifestations of such equivalence
are virtually imperceptible (See Fig.5).

[0051] Calculation is made for an array of A 1000 B 5000 M 500 O 500 N for a time range of 1 msec to 10 sec. Decay
rate curves AU(t) and Do (t) are shown in Fig. 5, "a" and 5, "b" respectively. Index 1 denctes sounding curves for the
model shown in Table 1. Index 2 denotes curves AU(t) and Dog(t) for a two-layer section (po > p4), in which both layers

are polarizable (Table 2).
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Table 1.
Layer | p,Chmm | 1, % | T, sec c h, m
1 50 2 0.5 05 | 200
2 1000 0 - - 500
3 20 0 - - 200
4 1000 0 - - oo
Table 2.
Layer | p,Ohmm | n,% | T, sec c h, m
1 50 2 05 05 | 200
2 300 2 0.1 0.85 oo

[0052] Thus, equivalence of the second kind originates.

[0053] An important advantage of the new approach is high sensitivity to variation in section geoelectric parameters,
primarily the polarizing ones. Results of the modeling over a number of multilayer sections suggested that the accuracy
oftheiridentification is 3 - 8times higher as compared with AU(t) provided that observationsfeature comparable accuracies
(See Fig. 6). Section parameters are shown in Table 3.

Table 3.
Layer | p,Ohmm | 1n, % T, SEC c h, m
1 50 2 05 0.5 | 1)200
2) 400
3) 800
2 200 8 1 0.5 a0

[0054] The information content of the method is defined by its capability to map geoelectric section parameters and
depends primarily on the ranges of equivalence manifestations and sensitivity to the parameters under study. It is
extremely difficult to calculate in advance the limits of equivalence for different polarizable sections (even the mosttypical
ones) and appears to be hardly feasible due to both a dramatic increase in the number of parameters (2.5 times), and
problematical one-to-one comparison of measurements made with arrays having various geometries. This is primarily
related to the fact that parameter P, does not obey the superposition principle by virtue of nonlinearity of division by AU.
[0055] Inverse modeling in the method is presented as extremum seeking in a multidimensional space of parameters.
An objective modular surface being complicated enough even for non-polarizable sections, with the introduction of
frequency-dependent resistance becomes further complicated as new gullies and crests with depressions add to the
existing ones and, what is more critical, local minimums develop. Taking into account that a null approximation may be
located far enough from the solution point, there is a real danger of being "stuck" in them.

[0056] The understanding of the physical meaning of the problem is helpful for its solving. It has been shown that AU
field and its normalized derivatives show a different ratio between IP and electrodynamics. (See P.Yu. Legeido "The
Theory and Technologies of Differentially Normalized Geoelectric Prospecting for Investigating Polarizable Sections in
Qil and Gas Geophysics." A Thesis for a Doctoral Degree in Geology and Mineralogy, Irkutsk, 1998). Difference is
manifested almost throughout the entire time interval, and is most noticeable at relatively great decay times. The result
is that the weight input of different section parameters in AU, in Py and in Dy is noticeably different. This results in a
different objective modular surface and, in most cases, in spacing of their local minimums (See Fig.7). Thus, when
entering a local minimum it is possible to switch from one minimized function to ancther and continue iterating. Minimums
of objectives AU, P, and Do will normally coincide only near the solution point (according to the statement of the problem).
Fig. 7 shows two-dimensional cuts of the objectives in the space of parameters p and ) for the 2nd layer.

[0057] The objective modular surface for Dfi near the solution point is isometric. There is no equivalence. (See Fig. 7 h).
[0058] The gully on the objective medular surface indicates equivalence of the electrical resistivity and coefficient.
(See Fig. 7 ¢).

10
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[0059] Forthe model shown in Table 4 and used to construct Fig.7, the parameters of the 2nd layer are changed, i.e.
the resistance is changed from 10 to 90 Ohm.m, the polarizability from 1 to 30%.

Table 4
Layer | p, Ohm-m | n,% | T, msec c h, m
1 50 2 100 0.5 | 500
2 50 5 100 0.5 | 300
3 50 2 100 0.5 o0

[0060] Calculations are done for an array of A 500 B 500 M 500 O 500 N for a time range of 3.5 msec to 1.5 sec.
[0061] At the same time the objective modular surface in the space of polarization parameters (1, T, ¢) is much more
dissected, especially with shifted estimates of the electrical resistivity (See Fig. 8, Table 5). Hence, it is clear why it is
necessary to obtain independent estimation of p values.

Table 5.

Layer | p, Ohm'm n, % T, Msec c h, m
1 10.9 0.12 0.01 0.59 50
2 93 0.105 0.01 053 | 300
3 8.7 0.09 0.01 0.5 100
4 279 0.06 0.01 0.4 200
5 31 0 0.01 0.5 500
6 87 0 0.01 0.5 | 1000
7 1000 0 0.01 0.5 | 2150

[0062] The cross in the diagram shows solution point. (See Fig. 8).

[0063] For that purpose, parameter conditionally hamed P, is applied. The fundamental concept lying behind its
formation is a weak dependence on polarization parameters where sufficient sensitivity to electrical resistivity is main-
tained. Results of the modeling demonstrated that for the above it is enough to use parameter P, recorded when the
current is switched on. Indeed, with sufficiently small decay times, the ratio between IP and electrodynamics is small,
and this parameter is only slightly affected by the polarizing parameters of a medium. Yet with relatively great decay
times, AU,p values usually do not exceed single-digit percent as compared with AUappL. This is illustrated in Fig. 9,
which shows Ps variations less than 0.006, when polarization parameters vary over a virtually realizable range (n from
0 to 20%). That enables p values to be determined independently.

[0064] The section model and the array employed for the diagram in Fig. 9 are shown in Fig. 8 and in Table 5.
[0065] Thus, atthe first stage of the inverse modeling, values of the electrical resistivity and their probable spread are
defined layer-by-layer by minimizing the functional of P variances for maximum and minimum polarizability variation
limits. Normally, the dispersion of estimates p in this case does not exceed 20%.

[0066] Further, when p variances are allowed within the above limits, parameter values of the medium polarizability
are selected through sequentially minimizing the functionals of P, AU and D variances. However, normally an objective
modular surface is so complicated that frequently it becomes problematical to derive a solution {search of the bare
minimum of the objective). In this case, the method of observation with multiple spacings, where the following parameters
that characterize the electromagnetic field are simultaneously recorded, is applied:

AUpgcay 10 AU pq1, Pq. D@ and P That allows the mediumin the observed field to be restored virtually for all types
of the geoclogic section that are typical for oil and gas bearing regions.

[0067] In this case, during offshore operations, for example, the following array shown in Fig. 10 is employed.
[0068] The method is implemented in the following manner.

[0069] An example. An array consisting of two grounded current lines positioned on either side from several receiving
lines is placed on the ground surface along the profile line {(See Fig. 11). In this case, the receiving lines do not cross
the sector boundary, in which the signs of electrodynamical processes and |IP processes coincide. For axially symmetric
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media, the boundary lines will run along the segment constructed from the grounding points at an angle of 45° to the
continuation of the current lines. In practice, the condition of placing the receiving lines within the sector limited by an
angle of 30° is observed. The position of the receiving and current electrodes is defined by using satellite GPS receivers.
[0070] The medium under study is excited by the current lines one at a time with square-wave bipolar current pulses
with an on-off time of 2 followed by a space after each of them. In each period of that pattern, the first-order potential
differences of the electrical field are recorded at the observation points between all adjacent receiving electrodes and
the second-order potential differences between each pair of the adjacent receiving electrodes:

* When the current is switched on;
* When the current is applied;
* In the spaces between the current pulses.

[0071] Recordingis made at a prescribed constanttime interval of 0.25 msec by using a 24-bit AD converter of Crysrall
concurrently for all receiving lines.

[0072] The obtained values of AU(t;) and A2U(t;) signal data sets are processed both by using known algorithms
(including those with the aid of p - the estimator found by using the Hampel function - to obtain readings for fixed time
delays arranged at a logarithmic increment on the time axis; data smoothing in a two-dimensional running window;
impulse interference elimination) and proprietary programs (reduction of cultural 50-Hz noise by using a differentiating
filter). For further processing, the obtained instantaneous values of the first-and second-order potential differences are
integrated into the time windows.

[0073] The values of the first-and second-order potential differences defined for each position of the current dipole
relative to the receiver one are summarized, and thus the following interpretable parameters, which are the input of the
inversion program, are derived:

L AU@) | 8U@),  , _NUE), AU, , _ AU@)T AU
AU, AU@,), OAUR), AU@E), T AU@E) T AUR)

d 0
—AU@), =AU, 2 2
_ ot i/l ot i/2 _ AU(t,)l A U(t1)2
Dy =(7 5 ) (AU(t,.), " AU(ti)z)

_“AU(ti)l E;AU(ti)z

ot (7

[0074] Here,

« AU and A2U are first-and second-order potential differences of the electrical field, respectively;

* inferiorindexes 1 and 2 correspond to measurements obtained from the first and second position ofthe current line;
* (t;) are time windows, in which the signal is recorded after the current is switched off in the current line;

* (tp) corresponds to the time intervals when a current impulse is applied, where the electrical field of transient
phenomena virtually does not differ from its steady-state value that corresponds to the direct current;

 upper index * corresponds to measurements in time windows (ti), made when the current is applied;

* AUy, are normalized values of first-order potential differences, a complete analog of the known parameter of the
IP method - apparent polarizability ny; parameters P, D¢ and Pg are defined above.

[0075] Numerical differentiation operation with respect to time is performed using a second-order approximation pol-
ynomial by determining its coefficient in the sliding time window. The approximation is performed by the least-squares
method.

[0076] When summing the measurements from two transmitter coils, the correspondence rule for positioning the
receiving lines symmetrically relative to the centre of the array is observed.

[0077] During marine operations, receiving and current lines are towed behind the ship during its movement. In this
case, since the first layer is spatially homogeneous (sea water), measurements are taken with one position ofthe current
line relative to the receiving electrodes.

[0078] The following parameters are defined:

12



]

15

20

25

30

35

40

45

50

55

EP 1876 473 A1

0 2
AU - Uy Do 5 KUw) AU
AUp=——""= P = AU) P = AUGE) )‘ EAU(L) AU(,)
AU(,) ’ AU(t) , AU(;) ’ o ! (8)

[0079] Recording and postprocessing of the signals during offshore operations are similar to those performed during
the land data acquisition; marine data acquisition is distinguished by the following:

* Receiving electrodes are made of weakly polarizable metal wire, for example, lead. Their linear dimensions exceed
the cross section of the floating line not less than one hundred times. This design of the electrodes reduces noise
generated during the movement of the receiving electrodes more than by an order.

* The current electrode, closest to the ship, is kept from the stern at a distance of about 50 m. That allows the
influence of the ship on the distortion of transient phenomena to be neglected, since the ship acts as a contrasting
three-dimensional polarizable conductive body.

* Geometrical parameters of the array are recorded using navigational satellite facilities.

* Processing is performed using robust procedures for hydrographical information, which is reduced to a single time
grid that corresponds to the measuring instants of transient phenomena.

* Spatial averaging of profile data in terms of U and A2U is performed within one virtual stake to obtain interpretation
parameters. The length of a profile segment that correlates with one stake is chosen based on the number of recorded
samples required to achieve the needed accuracy.

[0080] Further, using values of these four parameters and a differential equation of mathematical physics for the
electric field intensity in a conductive medium with frequency dispersion of conductivity:

AB(O) - 2 (o) =, o

where:

A is Laplace operator,
w is magnetic conductivity, a constant magnitude for nonmagnetic media;
ois electrical conductivity, for polarizable media it is assumed to be frequency-dependentin accordance with equation

(1).

[0081] The inverse problem of geoelectrics is solved and the following set of geoelectric parameters is defined layer-
by-layer: electrical resistivity p (orthe inverse value, i.e. electrical conductivity o), polarizability coefficientn, time constant
T, width of relaxation spectrum c. In this case, first, using Ps, p values and their dispersion are determined layer-by-
layer. Further, m, t, ¢ are calculated using all four interpretation parameters.

[0082] The method has been tested across a wide range of geological and geophysical conditions, including during
exploration for accumulations beneath a poorly conducting halogen carbonate layer, under the conditions of widespread
trappean magmatism, in the areas of old and young platforms, continental depressions, fore deeps and continental shelf.
Results of the method do not depend on trap types (structural, structural tectonic, structural lithological and others) or
reservoirs (terrigenous, carbonate).

[0083] The method may be used in exploration for accumulations located at depths of from 200m to Skm.

[0084] Total elimination of distortions from local objects found in some ¢ - vicinity of the measuring array without
attenuation and distortion of the response from of the deep part of the section can also be demonstrated.

[0085] Results obtained using this method are illustrated by one of profiles in the Bratsk gas condensate field of the
Siberian Platform (the Irkutsk Region) (See Fig. 12).

[0086] The horizontal axis represents profile staking-out, the vertical axis denotes depths. Color highlights the values
of geoelectric parameters: polarizability coefficient n and electrical resistivity p obtained through inverse modeling. The
depth section p shows a number of layers distinguished by specific resistivity; in the central part of the profile, a tectonic
disturbance is distinctly manifested. In the lower part of the section, an area with high values of electrical resistivity
coinciding in plan with the position of a gas accumulation can be identified. Above it, an IP anomaly is found up the
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section, which is associated with the response from the rocks secondarily altered under the influence of hydrocarbon
migration.

[0087] Thus, this method coupled with seismic survey can dramatically increase confidence in forecast in oil-and-gas
exploration geology. This method is useful in identifying and delineating hydrocarbon accumulations as it involves much
fewer costly deep wells. The method is distinguished by mobility, high geological and economic effectiveness, lower
costs. This method, in terms of the above parameters, substantially exceeds the conventional methods applied in direct
exploration for hydrocarbon accumulations. This method for IP investigation seems to be rather prospective and its field
of use extends beyond oil-and-gas geophysics. Estimates indicate that this method can be successfully applied in the
search for ore bodies, delineation of kimberlite pipes and in solving any other geological problems.

[0088] The method coupledwith seismicsurvey can be successfully applied for solving oil and gas exploration problems
atanumberofsites ofthe Siberian Platform(terrigenous and carbonate Riphean and Vendian-Lower Cambrian productive
complexes), Eastern European Platform, terrigenous Cambrian reservoirs, where the size oftraps is single-digit hundred
meters, the Western Siberian Platform, on terrigenous Mesozoic deposits, the Scythian Platform, the Timano-Pechora
oil and gas bearing province, fields in the Northern Caspian and Volga Region, the Dagan field, karst and porous and
reef carbonate formations, the Selenga Depression, deltaic deposits, in the Amur and Piam basins, on continental
terrigenous sediments, on the continental shelf of the Caspian, Kara and Azov seas in exploration for accumulations
located at depths of from 200m to 5km.

Claims

1. The method of geoelectric prospecting using spatial derivation of the transient buildup across several spacings,
wherein the electromagnetic field is excited in the medium by applying to it a low frequency periodic sequence of
sign-variable square-wave current pulses when the sounding array passes along the survey profile determining at
the same time the coordinates of all grounding points; with a prescribed time increment in the spaces between
current pulses, throughout the space and after applying the current pulses throughout the pulse duration, instanta-
neous values of first and second-order potential differences transient phenomena of the electrical field between
each pair of the adjacent receiving electrodes on several receiving lines are measured; the obtained values of AU
() and A2U(t)) signal data sets are processed using known algorithms, for example, via compressing the source
array of input data into the time windows arranged with a logarithmic increment on the time axis, with all first-order
and second-order potential differences numerically differentiated with respectto time; a set of interpreted parameters
is derived by calculation; based on the calculated parameters, the inverse problem is solved using a differential
equation of mathematical physics for the strength of a dipole source in a polarizable conductive medium according
to equation

d
AE(t)—#oua(aE) =0,

where:

A is Laplace operator,

w is magnetic conductivity, a constant magnitude for nonmagnetic media;

o is electrical conductivity for polarizable media, which is assumed to be frequency-dependent in accordance
with the Cole-Cole equation:

n

Oy = Oy (l ————
@ = e 1+ (iw7)*

where:
o.. is electrical conductivity at an infinite frequency;

1 is polarizability coefficient;
o is circular frequency;,
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T is time constant;
cis relaxation spectrum width varying from 0 to 1,

with the inverse modeling yielding the medium model the closest, in terms of geometrical structure and electrical
parameters, to the one under study; where, taking into consideration all a priori data, modeling is used only for the
class of geologically interpreted models; boundary values of the polarizability coefficient for each site are defined,
geoelectric sections of the obtained parameters o (or p), n, 1, ¢ are constructed and areas with anomalous values
corresponding in plan to the location of oil and gas accumulations therein are identified, wherein measurements are
made by several receiving lines; two current lines of the sounding array are positioned almost symmetrical relative
to the receiving lines; the receiving lines are located within a sector of 30° from the continuation of the current lines;
transient signals are recorded either by ground dipole axial sounding arrays with a flexible geometry or marine
sounding arrays with continuous signal recording while the ship is moving; from recorded potential difference curves
(AU(i) and A2U(i)), a set of interpreted parameters P. D AUy, Py after processing and compressing into the time
windows and differentiating with respect to time is calculated using the equations below:

for ground investigations:

_AUQ),  AUw),  , _NUE), U@, ,  AUW) AUG):

AUH ) 1 [ s = * * )
AU, AUG,), AU, AU, AU AU,
) 2 -
— AU, —AU(,) 2 2
_ ot oo AU, | AU,
be=C5 "o e, T e,

—AU(), —AUG,
5 AU S AUW),

for offshore investigations:

9 .
AU, _NUG) , RUG) o at o Kuw)
AU AUt AU v= QAU(L) AUG,)
at 1

where:

« AU and A2U are respectively first-and second-order potential differences of the electrical field;

* inferior indexes 1 and 2 correspond to the measurements obtained from the first and second position of
the current line;

* (t;) are time windows, in which the signal is recorded after the current in the current line is switched off;

* (t) corresponds to the time intervals when a current impulse is applied and the electrical field of transient
phenomena virtually does not differ from its steady-state value that corresponds to the direct current;

* upper index * corresponds to the measurements in time windows (t;) made when the current is applied;
» AUy is parameter of the IP method - apparent polarizability 1,

parameters P, Do, AUy, Py are used to solve the inverse problem, where primarily parameter Py is used to
derive, layer-by-layer, the values of electrical resistivity p; sequential minimization P,. AUy, D¢ and Py is per-
formed by using the difference in their objective modular surfaces; and the layer-by-layer values of n, t, c are
defined; depth distribution is constructed along the value profile of geoelectric parameters p, m, 7, ¢, on the base
on which a conclusion is made about the presence of induced polarization anomalies associated with hydro-
carbon accumulations; and oil and gas accumulations are delineated and the quality of their saturation is as-
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sessed.

The method of geoelectric prospecting of claim 1, wherein the obtained values of signal data sets recorded by using
an AD converter are processed with the aid of . - the estimator found via the Hampel function - to obtain readings
at fixed time delays - and data smoothing in a two-dimensional running window separating a signal from noise.

The method of geoelectric prospecting of claim 1 or claim 2, wherein the said values of sighal data sets recorded
by using a said AD converter at every time delay are processed by an iteration algorithm, which eliminates the trend
by using a high-pass filter, to minimize the impact of the potential gradients of the receiving electrodes, the influence
of telluric currents and outliers.

The methad of geoelectric prospecting of claim 1, wherein the said obtained values of AU() and A2U(t) signal data
sets are be preprocessed by suppressing commercial repeatable interference by using a differentiating filter.
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