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METHOD FOR CALCULATING ELECTROMAGNETIC
FIELDS FROM A SOURCE THAT UTILIZES A
CONDUCTING CASING OF A BOREHOLE

BACKGROUND OF THE INVENTION
[0002] The present invention relates to methods for determining the
subsurface distribution of electrical resistivity or conductivity, via measurements
of an electromagnetic (EM) field at the surface. More particularly, the method
relates to surface EM fields that are generated by an EM source which is
configured such that a significant fraction of the electric current produced by the
source flows along the casing of a borehole.
[0003] The embodiments described herein relate generally to EM soundings
within the earth based upon electric currents and the resulting electric and
magnetic fields produced by those currents. As used herein, “earth” generally
refers to any region of the subsurface or in which a borehole may be located
including, for example, the lithosphere. In addition, measurements in accordance
with the invention can be based on one or more components of the EM field, such
as an electric field component. Furthermore, it should be recognized that the
electric current flows, at least in part, along a casing of the borehole and can also
flow along other conducting elements including, but not limited to, additional
casings, well tubing, push rods, conducting fluids, and the like, associated with the

borehole.
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[0004] EM geophysical soundings probe electrical resistivity in the earth as a
function of depth, where “earth” generally refers to any region in the subsurface,
including, for example, the lithosphere. Typical targets of interest include ore
bodies, hydrocarbons, water, steam, carbon dioxide, proppants, hydraulic fracture
(fracking) fluids, salts, other substances inj ected into the ground to improve the
effectiveness of geophysical soundings, and environmental pollutants. Since the
resistivities of such targets and the surrounding medium may be quite dissimilar, it
is possible to discriminate between them by measuring their subsurface resistivities
when subjected to an electromagnetic field. Using this methodology, the depth,
thickness, and lateral extent of materials of interest can be determined.

[0005] While EM geophysical soundings, or equivalently EM geophysical
surveys, have historically been performed with an EM source on the surface of the
earth, a borehole can provide physical access to the subsurface. Electrically
coupling a geophysical transmitter to the earth via a borehole provides a way to
produce EM ficlds within the earth at desired depths with less attenuation than if
the source fields originated from a source at the surface of the earth.

[0006] A new commercial sounding configuration is the Borehole to Surface
EM (BSEM) method. Figure 1 illustrates the current practice comprising an
electrode at depth within a borehole, termed the source electrode, and an electrode
at the ground surface disposed near to the well that acts as a counter electrode. A
transmitter produces a voltage that induces an electric current to flow between the
source and counter electrodes. However, the direction of current flow is in general
oscillatory, and it is equally true to say the current flows into the ground from the
counter electrodes and out via the source. A surface array of receivers measures
the EM fields induced by the source.

[0007] An advance described in a recently filed International Patent

Application PCT/US12/39010 titled “System and Method to Measure or Generate
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an Electrical Field Downhole” by Hibbs and Glezer, involves locating a number of
counter electrodes at a distance from the well comparable to the depth of the
source electrode, and at least not less than 10% of the borehole depth. As
illustrated in Figure 2 of the present application, the subsurface current is forced to
flow laterally through the ground (i.e., orthogonal to a vertical borehole) by a
distance at least equal to the radial distance between the source and counter
electrodes. This configuration increases the current flowing in the ground at
formation depth and at large lateral offset from the borehole.

[0008] A disadvantage of the BSEM method is that the borehole must be
opened and a wireline is required to lower the source electrode to the desired
depth. With this in mind, it has also been proposed, particularly in International
Patent Application PCT/US2013/058158 titled “System and Method to Induce an
Electromagnetic Field Within the Earth” by Hibbs and Morrison, to not employ a
source electrode within the casing at depth, but rather drive the entire casing of the
borehole at the desired voltage, V, by making an electrical connection at the top of
the casing. Such an arrangement is represented in Figure 3 of the present
application. The top connection can also be implemented by an electrode in the
ground near to the casing so that current flows through the earth from the near
electrode to the top of the casing. For convenience, an EM source configuration
comprised of a conducting well casing and a suite of surface counter electrodes of
this type can be termed a Depth to Surface EM (DSEM) source.

[0009] In the BSEM and DSEM source configurations shown in Figures 1 -3,
a significant fraction of the total transmitted current flows in the casing. However,
even for a uniform casing, the amount of electric current in the casing is not
constant along its length. In the configuration shown in Figure 1, electric current is
emitted from the casing into the earth at the bottom of the casing, where the

internal source electrode is located, and also emitted into the earth along the entire
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length of the casing. In the configuration shown in Figure 2, electric current flows
into the earth at the bottom of the casing and also from along the entire length of
the casing. When contact is made to the top of the casing or near the top of the
casing as in Figure 3, current flows from the earth into the casing along its entire
length, causing the total current in the casing to increase along the casing towards
the current collection point.

[0010] Historically, the presence of conducting casings in boreholes has been
considered a problem for surface EM surveys (for which all equipment is deployed
at the ground surface), and such surveys have been arranged to avoid placing
sources or receivers close to casings. For the recently introduced BSEM method
illustrated in Figure 1, the majority of commercial surveys have been conducted in
uncased wells, thereby eliminating the question of current flow in the casing.
However, the great majority of boreholes are completed with electrically
conducting casing. Furthermore, the DSEM configuration shown in Figure 3
requires a conducting casing. Therefore, it is of significant practical and
commercial benefit to be able to utilize EM data collected via a source that utilizes
a cased well.

[0011] For the arrangements of Figures 1 - 3, the current flow along the
casing varies with depth due to the competing paths of a current flowing along the

casing and current leaking radially off the casing. Analysis shows that, for uniform

-
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earth, the variation current along the casing is exponential of the form e/
Here z is the distance along the casing (e.g. the depth), pris the formation

resistivity and S, is a kind of casing conductance given by Se=mDIC, where D, 1

and ¢ are the diameter, thickness and conductivity respectively of the casing.

The distance at which the current leaving the casing has fallen to 1/e its value at
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the surface is given by ZENPY S . In other words, ~63% of the current has leaked

into the formation at a distance z.; where z;, =/ psS, . For convenience, we term

7., the conduction length. As an example, the plot of Figure 4 shows the
conduction length or depth vs. formation resistivity for three standard steel casings.
In practice, the formation resistivity o varies within the earth, and so the
conductance length itself varies with depth.

[0012] EM soundings are used to detect electrical resistivity (or equivalently
electrical conductivity anomalies) in the subsurface. The underlying physics are
that a change in the resistivity of a region compared to the background causes a
change in the path of subsurface current flow. This change in subsurface current
results in a change in the distribution of EM fields at the earth's surface.
Calculating the change in field is complicated by the interaction between electric
and magnetic fields. In general, an inhomogeneity, represented by an object of
finite volume with a different resistivity from that of the background medium, is
situated in the medium in the presence of the primary field produced by the source.
There are two effects produced, i.e., a changing magnetic field induces currents in
the object that are in addition to the primary field current, and the primary field
currents in the medium are channeled into the object if it is more conductive than
the background and diverge around it if it is more resistive. These induced and
channeled currents then act as sources of secondary or anomalous magnetic and
electric fields that are detected as anomalous fields at the receivers. For a given
source configuration, the secondary EM fields depend on the induction number

(17) of the inhomogeneity, which is given by the product of the conductivity (o)

frequency (f) and the square of a characteristic dimension (n ~o fR*). Atlow

induction numbers the secondary induced field is small whereas, at high induction
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numbers, there may be strong induced fields, although they decay very quickly
away from the source due to skin depth effects.

[0013] For these reasons, calculating the field change due to an electrical
inhomogeneity in the earth requires very substantial computational time and
resources. Furthermore, there is no unique transformation connecting a given
distribution of measured EM fields at the earth's surface to a specific distribution of
subsurface inhomogeneities. In practice, the best that can be done is to iteratively
calculate the subsurface resistivity distribution that best matches the expected
geology and measured surface field distribution. This lack of a unique inverse
solution considerably increases the computational requirements.

[0014] In the real world, the distribution of subsurface resistivity is not
uniform, but varies, specifically with depth. For some applications, the variation
of formation resistivity is known at discrete points, via well logs for example. In
other scenarios, the background resistivity variation must be estimated {rom other
geologic data. To incorporate such variation into a mathematical model, it is
necessary to divide the subsurface region of the model into a large number of
discrete subvolumes (voxels) connected via their boundaries. The resistivity of
cach voxel is then set corresponding to its location and whether it is assigned to
represent the background medium or is part of an inhomogeneity. EM problems
have now been modeled with up to approximately 1 billion voxels. The current
distribution within the voxels is solved via integral or differential equations
constrained by the voxel boundaries using methods known to those skilled in the
art.

[0015] A considerable practical challenge in using voxel based methods is to
limit the total number of voxels while being able to represent effects occurring
over small length scales. For example, modeling a region of extent 5 km x 5 km x

2 km with voxels of 10 m requires 50 million voxels, but the model is unable to
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represent features that vary on scales smaller than 10 m. For EM problems for
which the shape of boundaries affects the secondary fields that are produced, this
limitation on spatial resolution can have a significant effect on the calculated
fields.

[0016] The thickness of a typical casing is approximately 1 cm, which is
much smaller than the smallest voxel used in a conventional EM model of the
subsurface. One way to try to address this disparity in length scales between the
dimension of a casing (e.g., 1 cm) and the scale of the subsurface model (e.g.,
500,000 cm) is to vary the voxel size so that it is smaller within the casing, as well
as in the region around the casing, and larger elsewhere. This approach of course
increases the number of voxels required. Dividing a 10 m radius volume around a
2000 m long casing into 1 cm voxels adds approximately 6 billion voxels to the
subsurface model. A further challenge is that the current density in the casing is
still 1 million to 1 billion times higher than in the earth, no matter how big the
voxels are made.

[0017] Accordingly, there is a need to develop a practical method to compute
the subsurface current flow and resulting EM fields produced in the earth by a
casing that is either used as part of an EM source or even just transmit current from
a source based on interference with the EM fields. This method should be
applicable regardless of the particular arrangement of source and counter
electrodes (e.g., the arrangements of Figures 1 - 3) and should not, by itself, limit

the extent of the subsurface region that can be modeled.

SUMMARY OF THE INVENTION
[0018] The invention provides for a method for efficiently calculating a
subsurface distribution of an electrical parameter, particularly resistivity or

conductivity, generated by an electromagnetic (EM) source wherein a significant
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fraction of an electric current produced by the source flows along a casing of'a
borehole. The method is essentially comprised of two steps: first calculating EM
fields produced by the casing in the background lithology; and, second, calculating
EM fields caused by a resistivity anomaly in the presence of an EM field produced,
at least in part, by the casing within a survey model that does not include the
casing.

[0019] In a preferred embodiment, the method for calculating the subsurface
distribution relies on electromagnetic fields from a source that utilizes a conducting
well casing located below an earth surface and includes: calculating a primary
electromagnetic field produced by the well casing (with the primary
electromagnetic field possibly being created between multiple well casings);
representing the well casing within a subsurface model with an equivalent
electromagnetic source embedded in the subsurface model; and calculating the
electromagnetic fields produced by the equivalent electromagnetic source at
locations where the electromagnetic fields are measured. The well casing is
removed from the subsurface model, and the equivalent electromagnetic source is
located where the casing was located. An anomaly (e.g., a hydrocarbon reservoir,
produced by a process of hydraulic fracturing or established by an injected fluid or
gas such as at a depth of greater than 1 km, preferably greater than 1.5 km and
most preferably greater than 2 km) is present within the subsurface model. The
primary electromagnetic field can be created between multiple well casings and is
represented as an electric field, particularly a DC field and the equivalent
electromagnetic source is one or more current dipoles or a series of potential
values, preferably distributed along an axis where the well casing was located. The

equivalent electromagnetic source can have a time dependent component.
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[0020] Additional objects, features and advantages of the invention will
become more readily apparent from the following detailed description and the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0021] Figure 1 is a known configuration of a borehole to surface
electromagnetic configuration with a source electrode at depth within a borehole
and counter electrodes at the earth’s surface adjacent to the borehole, with
exemplary paths of current flow in the earth and casing being shown.
[0022] Figure 2 represents another known borehole configuration including a
source electrode at depth in a borehole and multiple counter electrodes located at a
significant lateral offset distance along the earth’s surface.
[0023] Figure 3 illustrates a known depth to surface source configuration
wherein an electrical connection is made at or near a top of a casing of a borehole
and multiple counter electrodes are located at a significant lateral offset distance
along the earth’s surface.
[0024] Figure 4 is a graph showing casing conduction length vs. formation
resistivity for three standard steel casings in a homogenous half space, with casing
diameters (OD) and thickness (thk) given in millimeters, and casing conductance
being 1 x 10° S/m.
[0025] Figure 5 illustrates a conducting casing carrying an electric current
(left) as a series of equivalent current dipoles in the host medium (right). The
current in the casing is shown by the black arrows and varies along the length of
the casing due to current flow from the casing into the medium which is illustrated
by white horizontal arrows. On the right side, the current flowing in the medium

for one of the equivalent dipoles is illustrated by the black curved lines.
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DETAILED DESCRIPTION OF THE INVENTION
[0026] In a typical electromagnetic (EM) survey, such as used in BSEM and
DSEM, the EM field produced at the surface by the EM source is measured by an
array of receivers typically separated by 50 to 100 m and generally distributed over
an area of 0.5 km” to 10 km®. To prevent the source from saturating the receivers,
the receivers are rarely deployed closer than 50 m from the casing. To model the
effect of a casing, an approximation is made in accordance with the invention in
which, because of the large conductivity difference between natural formations
within the earth and the conductivity of the casing, the secondary field produced by
an anomaly at distance from the casing produces a negligible effect on the current
distribution in the casing. This approximation is equivalent to saying the primary
field produced by a casing at a resistivity anomaly within the earth does not depend
on the nature of that anomaly.
[0027] By means of this approximation, a casing can be modeled first as an
isolated conductor in a resistive medium, without including electrical anomalies
that may be present within the earth. The earth is modeled using the known
distribution of electrical resistivity, or a representative approximation of the
electrical resistivity distribution derived from current or historical data. This is
termed the background or subsurface model.
[0028] The combination of the source electrodes, casing and background
mode] are used to illuminate the subsurface resistivity anomaly, or anomalies. The
conditions and solution that lead to the calculation of the primary field is referred
to as the casing model. The primary EM field can be represented as an electric
field, with electric currents and magnetic fields produced by that field determined
by electromagnetic relationships known to those skilled in the art; as a magnetic

field, with the associated electric fields and electric currents being derived by
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established methods; or as any equivalent electromagnetic field variable, such as
the vector potential.

[0029] Generally, the subsurface anomaly is the feature targeted by the EM
sounding. For example, targeted anomalies could include a body of bypassed or
undiscovered oil, the distribution of the oil to water contact in an oil reservoir, a
plume of injected CO; or steam, a boundary of gas and oil in a formation, or the
penetration of water, brine or proppants into a hydraulic fracture, or the injection of
conductive tracers or markers. However, the anomaly could also be an unexpected
feature that is identified by the EM survey, for example, a region of hydrocarbons
at an unexpected location within the survey volume or an unexpected escape of an
injected fluid. In general, an anomaly is thus a distinct region of the subsurface
having a different resistivity from the background geology.

[0030] One or more properties of the subsurface anomaly may be known in
advance, such as the range of its value of electrical resistivity or some aspect of its
spatial extent. For example, it may be confined within a certain range of depths.
The goal of the sounding is to acquire more information about the anomaly,
typically its precise physical location, lateral extent or resistivity. The anomaly
may be spatially complex, such as the distribution of oil water contact in a
reservoir where "fingering" has taken place. With this in mind, an anomaly could
be considered to be the sum of multiple individual anomalies. Alternatively, there
may be multiple anomalies present within a given survey volume. Further,
anomalies may be anticipated and/or discovered as a result of the sounding. There
may be cases where a sounding is done with the expectation of no anomalies and
no anomalies are found, thereby confirming the integrity of subsurface
infrastructure for example.

[0031] For the purposes of this invention, an anomaly can be considered as a

subsurface feature that requires a model containing a substantial number of voxels
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in order to calculate its effect on the primary field at certain measurement
locations. For example, a small or complex volume at depth within a simple
background model, or a larger volume present in a complex background model
comprised of many layers. In each case, a large number of voxels, more than
20,000, and generally more than 1,000,000, are needed to render the anomaly
within the background model. In general, the background or survey model has at
least more than 10,000 voxels, preferably more than 200,000 voxels, and even
greater than 10,000,000 voxels.

[0032] Regardless of the specific nature of the anomaly, or anomalies, that
may be present in range of the fields produced by the casing, the primary field,
which is the EM field produced by the casing, is calculated in isolation of the
anomalies. Once this is done, the primary field is used as the input to a model that
includes the features that the sounding seeks to illuminate. This model is termed
the survey model. The survey model thus includes the background model and the
anomaly, but does not include the casing.

[0033] A particular way of representing the casing found to be of significant
utility in performing calculations of practical complexity is to represent the
primary field produced by the casing by a series of current dipoles. Specifically,
the region of the model where the casing is present in reality is rendered as a
region of the natural formation that would be there in the absence of the borehole
and casing, but containing a series of current dipoles, oriented along the axis of the
casing, which are equal in magnitude to the current that was present in the casing.
This is illustrated in Figure 5.

[0034] A particular way to apply the equivalent current dipoles within the
survey model is to run the survey model with only a single equivalent current
dipole present and run the survey model once for each equivalent current dipole,

each time calculating the EM fields at the locations of interest resulting from that
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dipole, and then sum the surface fields for each equivalent dipole to determine the
total field. By this method of equivalent current dipoles, the primary field
produced by an EM source that utilizes a casing of a borehole can be rapidly
calculated. As noted, the high conductivity of the casing means that the secondary
fields produced by subsurface anomalies have negligible effect on the current
distribution within the casing. Thus, the primary fields produced by the source in
the earth where the casing is located can be decoupled from the unknown details of
the subsurface. This decoupling allows the overall inversion process to be faster
and less expensive.

[0035] In accordance with another embodiment, instead of calculating the
current dipoles, the voltage distribution along the casing and tangentially from the
casing into the earth can be calculated and used as part of the starting conditions
for the process that calculates the measured fields of the electrical anomaly. If
desired, a combination of both current and voltage can be provided by the casing
solution and passed to the anomaly solution.

[0036] This method of representing the current flowing in a casing is valid
regardless of the specific orientation of the borehole. Thus, the invention is not
restricted to either straight or vertical boreholes, but can be implemented in any
borehole including angled or horizontal boreholes and variants of horizontal
boreholes such as “fish bone” configurations or any combination thereof. The
specific geometry of the borehole can be accommodated in an inversion model
used to relate the surface fields to the subsurface resistivity distribution.

[0037] In addition, the solution of the background model and survey model
can be further separated. It is found that, for most natural lithologies, the
distribution of current or voltage along the casing is determined by the conduction
length, with little correction for non-zero frequency at the range of frequencies

used in practical soundings. Thus, the EM solution for this sounding model can be

13



CA 02940113 2016-08-18

WO 2015/127211 PCT/US2015/016831

calculated by using a casing model calculated at DC, and then modeling the
primary field using the DC amplitudes from the casing model with a time variation
as used in the actual survey. This separation of the problem into a DC casing
model and an AC survey model further reduces the processing time and expense.
[0038] Although described with reference to the preferred embodiments of
the invention, it should be readily understood that various changes and/or
modifications can be made to the invention without departing from the spirit
thereof. For instance, although the invention has been described in connection
with only a single borehole, it is within the scope of the invention to use other
casings as part of the source current path. In addition, other casings can be present
in the earth but not used as part of the source. When such other casings are
present, their effect on the subsurface fields can be modeled by methods known to
those skilled in the art. Furthermore, as mentioned above, the casing of concern
need not be part of the current source but rather transmit current based on
interference with generated EM fields. Finally, as indicated above, the electric
current does not need to flow solely along a casing of the borehole but can
additionally flow along other conducting elements including, but not limited to,
additional casings, tubing, push rods, conducting fluids, and the like, associated

with the borehole.
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CLAIMS:

1. A method for conducting an electromagnetic survey of subsurface targets of interest
by calculating AC electromagnetic fields below an earth surface comprising:

modeling the earth below the earth surface using a known distribution of electrical
resistivity, or a representative approximation of the electrical resistivity distribution derived
from current or historical data, to form a subsurface model;

transmitting current from a source, at least in part, along a conducting casing of a
borehole to produce a primary electromagnetic field, said field being a DC electric field;

calculating the primary electromagnetic field produced by the casing to determine a
casing model and then create an equivalent electromagnetic source based on the casing model;

representing the casing within the subsurface model with the equivalent
electromagnetic source embedded in the subsurface model, wherein the casing is removed
from the subsurface model and the equivalent electromagnetic source is located where the
casing was located;

calculating the AC electromagnetic fields produced by the equivalent electromagnetic
source; and

determining a depth, thickness or lateral extent of the target of interest based on the

AC electromagnetic fields produced by the equivalent electromagnetic source.

2. The method of claim 1, wherein the electromagnetic fields are calculated at, or near to,

the earth surface.

3. The method of claim 1 or 2, wherein the electromagnetic fields include at least one

horizontal electric field radial to the casing.

4. The method of claim 1 or 2, wherein the equivalent electromagnetic source is one or

more current dipoles.
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5. The method of claim 4, wherein the equivalent electromagnetic source is a series of

current dipoles distributed along an axis where the casing was located.

6. The method of claim 1 or 2, wherein the equivalent electromagnetic source is a series

of potential values.

7. The method of claim 1 or 2, wherein the equivalent electromagnetic source is a series

of potentials distributed along an axis where the casing was located.

8. The method of claim 1 or 2, wherein the equivalent electromagnetic source is a series

of current dipoles distributed orthogonal to an axis where the casing was located.

9. The method of any one of claims 1 to 8, wherein the primary electromagnetic field is a

DC field and the equivalent electromagnetic source has a time dependent component.

10.  The method of any one of claims 1 to 8, wherein the primary electromagnetic field is a
DC field, and the equivalent electromagnetic source is a current dipole having an amplitude
determined from the DC field and a time dependent component determined by a waveform of

the equivalent electromagnetic source.

11.  The method of any one of claims 1 to 10, further comprising: establishing the primary

electromagnetic field between two well casings.

12. The method of any one of claims 1 to 11, further comprising: including a resistivity

anomaly which is a feature of the targets of interest within the subsurface model.
13.  The method of claim 12, wherein the targets of interest include a hydrocarbon
reservoir produced by a process of hydraulic fracturing or established by an injected fluid,

gas, proppant, tracer or marker.
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14.  The method of claim 12, wherein the resistivity anomaly is at a depth of greater than 1
km.

15.  The method of claim 12, wherein the resistivity anomaly is at a depth of greater than
1.5 km.

16.  The method of claim 12, wherein the resistivity anomaly is at a depth of greater than 2
km.

17. The method of any one of claims 1 to 16, wherein the subsurface model has more than
10,000 voxels.

18. The method of any one of claims 1 to 16, wherein the subsurface model has more than
200,000 voxels.

19.  The method of any one of claims 1 to 16, wherein the subsurface model is greater than
10,00,000 voxels.

20.  The method of any one of claims 1 to 19, wherein the equivalent electromagnetic
source is a series of current dipoles each at a respective measurement location and , further
comprising: individually calculating an effect of each current dipole in a survey model and
totaling the electromagnetic field at each measurement location by summing the effects of all

of the current dipoles.

21. The method of any one of claims 1 to 20, further comprising: employing a borehole to

surface electromagnetic sounding configuration.

22.  The method of any one of claims 1 to 20, further comprising: employing an electrode
at depth within the borehole and distant counter electrodes at the earth surface as a sounding

configuration.
17
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23.  The method of any one of claims to 20, further comprising: employing a connection
at or near a top of the borehole and distant counter electrodes at the earth surface as a

sounding configuration.

24.  The method of any one of claims 1 to 23, wherein calculating the primary
electromagnetic field produced by the casing includes calculating an electric current

distribution along an axis of the casing.

25.  The method of claim 20, wherein representing the casing within the subsurface model
by the equivalent electromagnetic source includes representing the casing within the
subsurface model by a set of equivalent current dipoles embedded at a location where the

casing was located.

26.  The method of claim 21, further comprising, prior to calculating the electromagnetic
fields produced by the equivalent electromagnetic source, calculating a current flow caused by
the set of equivalent current dipoles in the subsurface model considering a presence of

subsurface inhomogeneities.

27.  The method of claim 22, wherein calculating the electromagnetic fields produced by
the equivalent electromagnetic source includes calculating the electromagnetic field at the
surface that is caused by the current flow in the subsurface model including the presence of

the subsurface inhomogeneities.

28. The method of any one of claims 1 to 23, wherein the equivalent electromagnetic
source is series of potential values each at a respective measurement location and further
comprising: individually calculating an effect of each potential value in a survey model and
totaling the electromagnetic field at each measurement location by summing the effects of all

of the potential values.

18

CA 2940113 2019-04-08



WO 2015/127211

Transmitter

CA 02940113 2016-08-18

PCT/US2015/016831

1/5

Counter
electrode at
¥ the surface

Borehole with
casing

Current flow up
the casing

Path of electric
current flow
within the
Earth {typ.)

Source
- .. glectrode at
depth

Figure 1 (PRIOR ART)



CA 02940113 2016-08-18

WO 2015/127211 PCT/US2015/016831

2/5

Counter
electrode
Counter
electrode
e
V)
»
]

/

Current flow up Path of current

the casing flow
~\,ﬁ~ ‘ ///
Source
electrode at
depth

Figure 2 (PRIOR ART)



CA 02940113 2016-08-18

WO 2015/127211 PCT/US2015/016831

3/5
Distant Transmitter
counter connected directly to Distant
electrode the borehole casing counter

electrode

D ‘ |

Current flow up

The rasing

Paths of
electric
current flow
within the
Earth (typ.)

Figure 3 (PRIOR ART)



4/5

Conduction Length for Varlous Casing Dimensions

Model OD/thk RPN 7 ; s -
€000 | _@— 177/8.1 S C S e e . o
7000 | . @— 2281127 : | : |

6000 | —@-- 4061126 : | b

5000 " : . ; ; i

4000

00 PRIOR
ART

2000

1000
600
700
600
800

Conduction Length (m)

400

300

1 ? k) 4 5§ 6 7 8910 20 30 40 80 &0 TO 8¢ 100 200 300 400 500 100 1000
Formation Resistivity (Q-m}

FIGURE 4

CA 2940113 2019-04-08



CA 02940113 2016-08-18

WO 2015/127211 PCT/US2015/016831

5/5

FIGURE 5






	Page 1 - COVER_PAGE
	Page 2 - COVER_PAGE
	Page 3 - ABSTRACT
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - CLAIMS
	Page 19 - CLAIMS
	Page 20 - CLAIMS
	Page 21 - CLAIMS
	Page 22 - DRAWINGS
	Page 23 - DRAWINGS
	Page 24 - DRAWINGS
	Page 25 - DRAWINGS
	Page 26 - DRAWINGS
	Page 27 - REPRESENTATIVE_DRAWING

