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HIGH RESOLUTION RESISTIVITY MEASUREMENTS ON CORE
PLUGS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present document is based on and claims priority to U.S. Non-Provisional
Application Serial No.: 14/990689, filed 07 January 2016, which is incorporated herein by

reference in its entirety.

Background

[0002] Resistivity of core plugs is routinely measured in the laboratory. The standard
method of performing this measurement is the so-called “four-electrode measurement” in which
electrical current is injected along the axis of the cylindrical core plug and the voltage drop along
the length is measured. Figure 1 shows a schematic drawing of this technique. The core plug
(sample) 110 is sandwiched between two current electrodes 120a and 120b causing current to
flow axially along the cylinder. Two ring or point (voltage) electrodes 140a and 140b, separated
by 1 inch (2.54 cm), are used to measure the voltage drop along the length of the sample. As
drawn, the voltage electrodes are rings of conductive wire wrapped around the circumference of
the core plug 110. An LCR meter 160 (i.e., inductance L, capacitance C, resistance R
measurement device) provides current to the electrodes 120a and 120b and measures the voltage
across electrodes 140a and 140b. The resistance of the sample is calculated using Ohm’s law:

R=-
I

(D
Given the geometry (e.g., length, cross-sectional area) of the core sample 110, the resistivity of

the core material can be determined from the resistance.

[0003] The four electrode measurement is the technique of choice for most applications
because it is not affected by the contact impedance between the current electrodes 120a and 120b
with the rock sample 110. In a variation of the technique called the “two-electrode
measurement”, current electrodes 120a, 120b are also used to measure the voltage drop along the
entire length of the sample. However, this method cannot account for the contact impedance

inherently present between the metal electrodes 120a, 120b and solid rock end surfaces. In yet



WO 2017/119960 PCT/US2016/063437

another approach called “three-electrode measurement”, the sample is energized as in Figure 1,
but the voltage is measured between one of the current electrodes 120a, 120b and one of the

voltage electrodes 140a, 140b.

[0004] In the four electrode measurement, the resistance determined from the measured
voltages and currents is not the resistance of the entire core plug 110. Rather it is the resistance
of the part of the rock located between the two voltage electrodes 140a, 140b (which is typically
1 inch (2.54 cm)). Again, the resistivity of the material can be determined using the determined
resistance and the known geometric parameters of the sample. With this arrangement the depth
of investigation of the measurement is sufficient to sample the entire cross-section of the core
sample 110. However, the axial resolution of the measurement is approximately 1 inch (2.54
cm), which is often too coarse. That is, a rock inhomogeneity along the length and within the
cross-section of core may be overlooked. Due to the heterogeneous nature of the rock, in some
applications it is desirable to know the resistivity at higher axial resolution such as 0.1 in (0.254
cm) or 0.25 in (0.635 cm), for example. In addition, it is desirable to know the resistivity of the

sample at such high resolutions along the entire length of the core sample.
Summary

[0005] A tool having two current electrodes, three or more voltage electrodes, and a
measurement device capable of making electrical measurements is provided, along with a
sample. With electrical connectivity to the sample, one current electrode is disposed at one
location on the sample while the other current electrode is disposed at another location on the
sample, and the three or more voltage electrodes are disposed on the sample intermediate the two
current electrodes. An electric current is passed through the sample. The measurement device is
used to make a first set of electrical measurements that involve a first pair of voltage electrodes
and to make a second set of electrical measurements that involve a second pair of voltage
electrodes. The first set of electrical measurements is compared to the second set of electrical
measurements. It is inferred whether the sample has heterogeneous electrical properties using

the compared electrical measurements.

[0006] This summary is provided to introduce a selection of concepts that are further

described below in the detailed description. This summary is not intended to identify key or
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essential features of the claimed subject matter, nor is it intended to be used as an aid in limiting

the scope of the claimed subject matter.
Brief Description of the Drawings

[0007] The present disclosure is understood from the following detailed description when
read with the accompanying figures. It is emphasized that, in accordance with the standard
practice in the industry, various features are not drawn to scale. In fact, the dimensions of the
various features may be arbitrarily increased or reduced for clarity of discussion. Embodiments
are described with reference to the following figures. The same numbers are generally used

throughout the figures to reference like features and components.
[0008] Figure 1 is a schematic drawing of a prior art four electrode measurement system;

[0009] Figure 2 is a schematic drawing of a measurement system having a plurality of

voltage electrodes, in accordance with the present disclosure;

[0010] Figure 3 is a schematic drawing showing how the depth of investigation (DOI) of the
measurement is reduced as the voltage electrodes get closer to each other, in accordance with the

present disclosure;

[0011] Figure 4 is a schematic drawing of an electrical anomaly embedded in the interior of a

core plug, in accordance with the present disclosure;

[0012] Figure 5 is a cross-sectional view of core plug along the axis of cylindrical plug with
voltage electrode pairs wrapped around the perimeter of the core, in accordance with the present

disclosure;

[0013] Figure 6 is a plot of expected measurements for each measurement pair of the

embodiment of Figure 5, in accordance with the present disclosure;

[0014] Figure 7 is a schematic drawing of an embodiment using a distal voltage electrode as

a pair member common to all voltage electrode pairs, in accordance with the present disclosure;
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[0015] Figure 8 is a schematic drawing of an embodiment in which a sample having current
electrodes on each end has been covered along its length with nine voltage electrodes, in

accordance with the present disclosure;

[0016] Figure 9 is a flowchart for using a measurement system to infer whether a sample has
heterogeneous electrical properties using compared electrical measurements, in accordance with

the present disclosure; and

[0017] Figure 10 is a schematic drawing of a computer system suitable for use with

embodiments described herein, in accordance with the present disclosure.
Detailed Description

[0018] It is to be understood that the following disclosure provides many different
embodiments, or examples, for implementing different features of various embodiments.
Specific examples of components and arrangements are described below to simplify the present
disclosure. These are, of course, merely examples and are not intended to be limiting. In
addition, the present disclosure may repeat reference numerals and/or letters in the various
examples. This repetition is for the purpose of simplicity and clarity and does not in itself dictate
a relationship between the various embodiments and/or configurations discussed. Moreover, the
formation of a first feature over or on a second feature in the description that follows may
include embodiments in which the first and second features are formed in direct contact, and may
also include embodiments in which additional features may be formed interposing the first and

second features, such that the first and second features may not be in direct contact.

[0019] Some embodiments will now be described with reference to the figures. Like
elements in the various figures may be referenced with like numbers for consistency. In the
following description, numerous details are set forth to provide an understanding of various
embodiments and/or features. However, it will be understood by those skilled in the art that
some embodiments may be practiced without many of these details and that numerous variations

or modifications from the described embodiments are possible. As used here, the terms “above”

2%
2

29 LC 2%

and “below”, “up” and “down”, “upper” and “lower”, “upwardly” and “downwardly”, and other

like terms indicating relative positions above or below a given point or element are used in this
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description to more clearly describe certain embodiments. However, when applied to equipment
and methods for use in wells that are deviated or horizontal, such terms may refer to a left to
right, right to left, or diagonal relationship, as appropriate. It will also be understood that,
although the terms first, second, etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms are only used to distinguish one

element from another.

[0020] The terminology used in the description herein is for the purpose of describing
particular embodiments only and is not intended to be limiting. As used in the description and
the appended claims, the singular forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise. It will also be understood that the
term "and/or" as used herein refers to and encompasses any and all possible combinations of one
or more of the associated listed items. It will be further understood that the terms "includes,"

"including," "comprises," and/or "comprising," when used in this specification, specify the
presence of stated features, integers, steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other features, integers, steps, operations,

elements, components, and/or groups thereof.

[0021] As used herein, the term "if" may be construed to mean

when" or "upon" or "in
response to determining" or "in response to detecting," depending on the context. Similarly, the
phrase "if it is determined" or "if [a stated condition or event] is detected" may be construed to

mean "upon determining" or "in response to determining" or

'upon detecting [the stated
condition or event]" or "in response to detecting [the stated condition or event]," depending on

the context.

[0022] A system and method to determine the resistivity, at high resolution, along the length
of a core sample is disclosed. The number of voltage electrodes used may be increased (relative
to existing tools) and arranged so as to be closer to each other (i.e., decreased voltage electrode
spacing). Such arrangements lead to more resistivity measurements along the length of the core
sample. Different combinations of voltage electrodes can be used to make resistance
measurements with varying depths of investigation and axial resolution. Thus, different

combinations of these measurements can be used to obtain axial resistivities with high resolution
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and deep depths of investigation. Some combinations allow relatively small resistivity

anomalies buried within the body of the core sample to be detected.

[0023] In the embodiment of Figure 2, n+1 voltage electrodes are wrapped around the
circumference of the core plug at some desired, small offset distance from each other. Figure 2
shows the core plug 110 with the wrapped voltage electrodes 240a, 240b, ... 240w+1). Note there
will be a slight dead zone 260 at the each end of the core plug 110. If the voltage electrodes are
evenly spaced, the distance between any two adjacent electrodes is L/n, where L is the physical
length of the core plug 110 minus the length of the two dead zones 260. A typical core length is
50 mm and, disposing nine electrodes on the sample, for example, and assuming dead zones of 1
mm on each side, the distance between any pair of adjacent voltage electrodes is 48/8 or 6 mm,

which is a measure of the axial resolution of the resistivity measurement.

[0024] As the voltage electrodes get closer to each other, the depth of investigation (DOI) of
the measurement suffers. This is demonstrated in Figure 3 where a small portion of the core plug
110 with two voltage electrodes 240x and 240x+1) are shown. The two voltage electrodes are
separated by a distance d and, as the electric field lines 320 demonstrate, the maximum
penetration depth of the electric field radially into the core plug 110 is approximately the same as
d. Thus, in the example embodiment above, the voltage measurements by electrodes that are 6
mm apart will be sensitive to about 6 mm into the core plug 110. Since core plugs are typically
38 mm (1.5 inch) in diameter, the measurement will be insensitive to any resistivity anomaly that
is deeper than 6 mm from the surface of the core plug 110. This issue is better illustrated in
Figure 4. Core plug 110 is shown in an end view cross-section with an anomaly 440 close to the
center of the plug 110. Since the DOI extends only to the circle 430 and is not as large as the
radius of the core plug, the measurement will not be sensitive to the anomaly 440. This serves to
demonstrate that one cannot increase the resolution and the DOI of measurements at the same

time, at least not by simply reducing the offset distance between measurement electrodes.

[0025] That said, measurements between electrodes at different offset distances provide
measurements at different DOIs that can detect an otherwise undetected anomaly inside the core
plug 110. Figure 5 shows a cross-sectional view of core plug 110 along the axis of cylindrical

plug. The voltage measuring electrode pair’s 510a-510b, 520a-520b, 530a-530b, and 540a-540b
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are wrapped around the perimeter of the core and are also shown in cross-sectional view.
Voltage measurements are made between each electrode pair. As was discussed and illustrated
in Figure 3, the DOI of measurements from each of these measurement pairs is roughly
proportional to the distance between the two electrodes comprising the pair. For convenience of
illustration, a symbolic rectangular field line (i.e., a “block™) 510c is drawn to demonstrate the
approximate DOI of measurements from the 510 electrode pair. Similar blocks are drawn for the
remaining electrode measurement pairs, demonstrating the DOI and the corresponding electrode
measurement pair spacing increases progressively for measurements from the 510 to 540
electrode pairs. There are similar blocks originating from the lower (with respect to Figure 5)

portions of the electrode pairs 510 to 540, but, for clarity, those are not drawn.

[0026] If a rock sample is homogeneous, or at least the resistivity does not change
dramatically with respect to DOI, the four electrode pairs of this embodiment should yield
approximately the same resistivity. However, if there is an inhomogeneity 550 with different
resistivity present somewhere in the core, it will affect the measurements differently. The
inhomogeneity 550 will only affect the measurements with DOI greater than or equal to the
distance from the core face (cylindrical surface) to the inhomogeneity. In the example of Figure
5, the inhomogeneity 550 is drawn to fall outside the DOI of the 510, 520, and 530 electrode
pairs, but is within the DOI of the 540 electrode pair. For this case the resistivity determined
from the first three electrode pairs will be the same, while the resistivity determined from the 540
electrode pair will be higher/(lower) if the resistivity of inhomogeneity 550 is higher/(lower)

than that of the surrounding material.

[0027] The expected measurements for each measurement pair are plotted in Figure 6 and
demonstrate the possibility of comparing measurements from electrode pairs with different DOIs
to learn about an unknown anomaly buried within the structure of the rock. The results of Figure
6 can be further improved using more accurate calculations of the DOIs for the electrode pairs.
With a more precise quantitative model, it is possible to more precisely calculate the resistivity

of the anomaly 550.

[0028] In the example of Figure 5, the electrodes are used symmetrically so that the center of

measurements is along the line 560. In that embodiment, the number of measurements and DOIs
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is 4. In other embodiments the electrodes can be combined as demonstrated in Figure 7. Unlike
the embodiment of Figure 5, in this embodiment one of the electrodes, say 540a, is paired with
every other electrode, increasing the number of measurements to 7 and also increasing the
maximum DOI The extra information obtained from this embodiment can be used to locate an
anomaly with better precision and resolution. Combining the electrode pairs is not limited to
these two scenarios; any other pairing of electrodes or combinations of electrode pairs can be
used, leading to a wealth of measurements and corresponding information about the resistivity

variation within the rock core.

[0029] The above discussion teaches how different combinations of the electrodes can be
used to produce many measurements with various DOIs. In this manner detailed information
about the heterogeneity of the rock is obtained. In addition, finite element models (FEMs) can
use the many measurements to obtain an image of the heterogeneities that may exist in the rock.
To do that, the rock is modelled as comprising many small voxels (volume elements) with
initially assumed or assigned resistivities. Given the known electrode locations, expected
resistivities for the various combinations of electrodes are calculated. For a particular voxel for
which measurement data are available, the difference between the resistivity determined from
measurements and the resistivity computed by the FEM is calculated and the resistivity value for
that voxel is varied so as to minimize that difference. That is done for all such voxels. A plot of
the voxels with corresponding resistivities highlights the locations of heterogeneities in the rock

sample.

[0030] As was mentioned above, the standard four electrode measurement places the voltage
electrodes 1 inch (2.54 ¢cm) apart, leading to a resolution of 1 inch (2.54 cm) and the number of
measurements is one. In one or more embodiments disclosed herein, the electrodes are paired in
various combinations to determine the resistivity of individual thin slices along the length of the
core plug. Figure 8 shows an example wherein current electrodes 120a and 120b are present and
the core has been covered along its length with nine voltage electrodes, labelled 1 through 9.
Further, the slice of rock between any two adjacent electrodes is assumed to have a constant
resistivity ri, with i ranging from 1 to 10. Electrodes 1 and 2, for example, can be paired for a
resistivity measurement, but as mentioned before, this measurement will have a rather shallow

DOI and will not sample the entire slice of the rock. Assuming electrodes 1 to 9 are wound such
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that the distances between two adjacent electrodes are the same, it may be assumed a
measurement pairing electrodes 1 and 4 has a sufficiently deep DOI to sample the entire rock
cross-section, albeit at lower axial resolution. In this case the measurement R;, measures a sum

of resistivities from the three slices that lie between electrodes 1 and 4. That is (see Figure 8):
R14_ = T'z + T'3 + T‘4 (2)

Electrode 1 may also be paired with electrode 5, leading to a new measurement:

R15=7‘2 +T'3 +T'4_+T'5 (3)

Subtracting Eq. (2) from Eq. (3) yields r5 which is the resistivity of a single rock slice but at a
DOI that is deep enough to cover the entire rock cross-section. This process can be continued to
the end, leading to high resolution resistivities for slices 5 through 9. To determine r1, 12, and 13,
it suffices to choose a second electrode such as 7 and vary the first electrode from 1 to 4. Again,
the shortest distance between electrodes is 4 to 7 which was assumed to be large enough to

provide a measurement with sufficient DOIL In this case:

R4_7 =T + Te + T (4)
Ryw =14 +715 +14 +77 (5)

so the difference between Eq. (4) and Eq. (5) yields rs. Repeating with electrodes 2 and 1, r3 and

7 are obtained.

[0031] This technique works well for measuring the resistivity of all slices except the first
and last (r1 and rio in Figure 8). However, these two resistivities can be measured using the
three-electrode approach. For the configuration shown in Figure 8, current is injected using
electrodes 120a and 120b and the voltage can be measured between 120a and a third electrode
such as electrode 1, for example. In this case r1 is determined. In an approach similar to what is
described for the four electrode measurement (equations 2 and 3), electrode 1 can be replaced by
other electrodes such as 2, 3, etc., and more accurate values for r1 determined. With this
approach, r, 13, etc., from the three electrode approach are side products and can be compared to
measurements using the two electrode approach to estimate the error, if any, that was introduced

by using one of the current electrodes for the voltage measurement. Resistivity rio can be



WO 2017/119960 PCT/US2016/063437

determined in the same manner as r1 using the other current electrode 120b paired with one of

the nearby voltage electrodes.

[0032] Figure 9 is a flowchart for one embodiment to infer whether a sample has
heterogeneous electrical properties. A tool having two current electrodes, three or more voltage
electrodes, and a measurement device capable of making electrical measurements is provided,
along with a sample (902). With electrical connectivity with respect to the sample, one of the
current electrodes is disposed at one location on the sample while the other current electrode is
disposed at another location on the sample, and the three or more voltage electrodes are disposed
on the sample intermediate the two current electrodes (904). An electric current is passed
through the sample (906). The measurement device is used to make a first set of electrical
measurements that involve a first pair of voltage electrodes (908) and to make a second set of
electrical measurements that involve a second pair of voltage electrodes (910). The first set of
electrical measurements is compared to the second set of electrical measurements (912). It is
inferred whether the sample has heterogeneous electrical properties using the compared electrical

measurements (914).

[0033] Embodiments of the method/process described above can be performed by a
processor. The term “processor” should not be construed to limit the embodiments disclosed
herein to any particular device type or system. A processor may be part of a computer system
100. That is, the computer system 100 may include a computer processor 104 (e.g., a
microprocessor, microcontroller, digital signal processor, or general purpose computer) for

executing any of the embodiments described above.

[0034] The computer system may further include a memory 106 such as a semiconductor
memory device (e.g., a RAM, ROM, PROM, EEPROM, or Flash-Programmable RAM), a
magnetic memory device (e.g., a diskette or fixed disk), an optical memory device (e.g., a CD-

ROM), a PC card (e.g., PCMCIA card), or other memory device.

[0035] Some of the embodiments described above can be implemented as computer program
logic or analysis module(s) 102 for use with the computer processor 104. The computer program
logic 102 may be embodied in various forms, including a source code form or a computer

executable form. Source code may include a series of computer program instructions in a variety

10
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of programming languages (e.g., an object code, an assembly language, or a high-level language
such as C, C++, or JAVA). Such computer instructions can be stored in a non-transitory
computer readable medium (e.g., memory) and executed by the computer processor 104. The
computer instructions may be distributed in any form as a removable storage medium with
accompanying printed or electronic documentation (e.g., shrink wrapped software), preloaded
with a computer system (e.g., on system ROM or fixed disk), or distributed from a server or
electronic bulletin board over a communication system (e.g., the Internet or World Wide Web).
Computer system 100 may include a network interface 108 to link a local computer unit 101A
with other computer systems such as the internet 112 or remote computer units 101B, 101C,

101D, for example.

[0036] Alternatively or additionally, the processor may include discrete electronic
components coupled to a printed circuit board, integrated circuitry (e.g., Application Specific
Integrated Circuits (ASIC)), and/or programmable logic devices (e.g., a Field Programmable
Gate Arrays (FPGA)). Any of the embodiments described above can be implemented using such

logic devices.

[0037] The foregoing outlines features of several embodiments so that those skilled in the art
may better understand the aspects of the present disclosure. Those skilled in the art should
appreciate that they may readily use the present disclosure as a basis for designing or modifying
other processes and structures for carrying out the same purposes and/or achieving the same
advantages of the embodiments introduced herein. Those skilled in the art should also realize
that such equivalent constructions do not depart from the scope of the present disclosure, and that
they may make various changes, substitutions, and alterations herein without departing from the

scope of the present disclosure.

[0038] The Abstract at the end of this disclosure is provided to comply with 37 C.FR.
§1.72(b) to allow the reader to quickly ascertain the nature of the technical disclosure. It is
submitted with the understanding that it will not be used to interpret or limit the scope or

meaning of the claims.

[0039] While only certain embodiments have been set forth, alternatives and modifications

will be apparent from the above description to those skilled in the art. These and other

11
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alternatives are considered equivalents and within the scope of this disclosure and the appended
claims. Although only a few example embodiments have been described in detail above, those
skilled in the art will readily appreciate that many modifications are possible in the example
embodiments without materially departing from this invention. Accordingly, all such
modifications are intended to be included within the scope of this disclosure as defined in the
following claims. In the claims, means-plus-function clauses are intended to cover the structures
described herein as performing the recited function and not only structural equivalents, but also
equivalent structures. Thus, although a nail and a screw may not be structural equivalents in that
a nail employs a cylindrical surface to secure wooden parts together, whereas a screw employs a
helical surface, in the environment of fastening wooden parts, a nail and a screw may be
equivalent structures. It is the express intention of the applicant not to invoke 35 U.S.C. § 112,
paragraph 6 for any limitations of any of the claims herein, except for those in which the claim

expressly uses the words ‘means for’ together with an associated function.

12
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Claims

What is claimed is:

1.

3.

A method, comprising:

providing a tool having two current electrodes, three or more voltage electrodes,

and a measurement device capable of making electrical measurements;
providing a sample;

disposing with electrical connectivity with respect to the sample one of the current
electrodes at one location on the sample, the other current electrode at another location on
the sample, and the three or more voltage electrodes on the sample intermediate the two

current electrodes;
passing an electric current through the sample;

using the measurement device to make a first set of electrical measurements that

involve a first pair of voltage electrodes;

using the measurement device to make a second set of electrical measurements

that involve a second pair of voltage electrodes;

comparing the first set of electrical measurements to the second set of electrical

measurements; and

inferring whether the sample has heterogeneous electrical properties using the

compared electrical measurements.
The method of claim 1, wherein the sample was obtained from a subsurface formation.

The method of claim 1, wherein the heterogeneous electrical properties of the sample are

selected from the group consisting of: resistivity, conductivity, resistance, impedance,

capacitance, and inductance.

4.

The method of claim 1, wherein the three or more voltage electrodes are spaced to

provide various depths of investigation into the interior of the sample and high resolution

measurements of the sample.

13
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5. The method of claim 4, wherein any two voltage electrodes comprise a measurement pair
and a plurality of voltage electrode measurement pairs are used to obtain the high resolution

measurements and the various depths of investigation.

6. The method of claim 1, further comprising detecting a resistivity anomaly within the

interior of the sample.

7. The method of claim 1, wherein any two voltage electrodes comprise a measurement pair
only if the center of measurement between those two voltage electrodes substantially lies on a

line on which all other centers of measurement of all other measurement pairs substantially lie.

8. The method of claim 1, wherein any two voltage electrodes comprise a measurement pair

only if the most distal voltage electrode comprises one pair member of each measurement pair.
0. The method of claim 1, further comprising:

using a finite element model (FEM) to approximate heterogeneous electrical property
values, comparing the FEM approximate values to corresponding heterogeneous electrical
property values determined from voltage electrode measurements, and adjusting the FEM
approximate values to minimize the difference between the FEM approximate values and the

values determined from voltage electrode measurements.
10. The method of claim 1, further comprising:

combining measurements from particular voltage electrode pairs to form a first combined
value, combining measurements from those particular voltage electrode pairs and an adjacent
voltage electrode pair to form a second combined value, and determining a difference between

the first combined value and the second combined value.
1. The method of claim 1, further comprising:

making a measurement of a dead zone in the sample using a current electrode as both a

current electrode and a voltage electrode.

14
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12. A method, comprising:

providing a tool having a plurality of voltage electrodes in electrical contact with
a sample and a pair of current electrodes in electrical contact with the sample, wherein

the voltage electrodes are disposed on the sample intermediate the current electrodes;

providing desired depths of investigation and levels of resolution by configuring

the spacing of the voltage electrodes;
passing an electric current through the sample;

using a measurement device to make electrical measurements between various

electrode pairs;
comparing the electrical measurements from the various electrode pairs; and
inferring whether the sample has heterogeneous electrical properties using the
compared electrical measurements.

13. The method of claim 12, wherein the sample was obtained from a subsurface formation.

14. The method of claim 12, wherein the heterogeneous electrical properties of the sample
are selected from the group consisting of: resistivity, conductivity, resistance, impedance,

capacitance, and inductance.

15. The method of claim 12, wherein any particular electrode pair of the various electrode

pairs comprises two voltage electrodes or a voltage electrode and a current electrode.

16.  The method of claim 12, further comprising detecting a resistivity anomaly within the

interior of the sample.

17. The method of claim 12, wherein one particular voltage electrode is one pair member of

each of the various electrode pairs.

18. A system, comprising;

a tool having two current electrodes, three or more voltage electrodes, and a

measurement device capable of making electrical measurements;

15
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a sample with electrical connectivity to one of the current electrodes at one
location on the sample, the other current electrode at another location on the sample, and

the three or more voltage electrodes disposed intermediate the two current electrodes; and
a processor capable of:
passing an electric current through the sample;

using the measurement device to make a first set of electrical

measurements that involve a first pair of voltage electrodes;

using the measurement device to make a second set of electrical

measurements that involve a second pair of voltage electrodes;

comparing the first set of electrical measurements to the second set of

electrical measurements; and

inferring whether the sample has heterogeneous electrical properties using

the compared electrical measurements.

The method of claim 18, wherein the heterogeneous electrical properties of the sample

are selected from the group consisting of: resistivity, conductivity, resistance, impedance,

capacitance, and inductance.

20.

The method of claim 18, wherein the three or more voltage electrodes are spaced to

provide various depths of investigation into the interior of the sample and high resolution

measurements of the sample.
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PROVIDE A TOOL HAVING TWO CURRENT ELECTRODES, THREE OR MORE
VOLTAGE ELECTRODES, AND A MEASUREMENT DEVICE CAPABLE OF
MAKING ELECTRICAL MEASUREMENTS, ALONG WITH A SAMPLE

902

WITH ELECTRICAL CONNECTMTY WITH RESPECT TO THE SAMPLE, ONE OF
THE CURRENT ELECTRODES IS DISPOSED AT ONE LOCATION ON THE SAMPLE
WHILE THE OTHER CURRENT ELECTRODE IS DISPOSED AT ANOTHER LOCATION

ON THE SAMPLE, AND THE THREE OR MORE VOLTAGE ELECTRODES ARE
DISPOSED ON THE SAMPLE INTERMEDIATE THE TWO CURRENT ELECTRODES

904

PASS AN ELECTRIC CURRENT THROUGH THE SAMPLE

906

USE THE MEASUREMENT DEVICE TO MAKE A FIRST SET OF ELECTRICAL
MEASUREMENTS THAT INVOLVE A FIRST PAIR OF VOLTAGE ELECTRODES

908

USE THE MEASUREMENT DEVICE TO MAKE A SECOND SET OF ELECTRICAL
MEASUREMENTS THAT INVOLVE A SECOND PAIR OF VOLTAGE ELECTRODES

910

COMPARE THE FIRST SET OF ELECTRICAL MEASUREMENTS TO THE SECOND
SET OF ELECTRICAL MEASUREMENTS

912

INFER WHETHER THE SAMPLE HAS HETEROGENEOUS ELECTRICAL PROPERTIES
USING THE COMPARED ELECTRICAL MEASUREMENTS

914

FIG.9
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