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(57) Abrege/Abstract:

Resistivity In subsurface earth at locations kilometers away from wells In the reservoirs I1Is mapped and monitored. An
electromagnetic source with an electrode (14) is deployed a borehole (16) in the reservoir, and a group of sensors at counter
electrodes (24) Is deployed at a number of other locations radially spaced at some distance from the well. The source transmits a
current which flows to the counter electrodes causing an electromagnetic field which Is sensed at the sensors. The source Is
activated at different depths In the well and ratios of the electromagnetic field sensed with the source at different depths used to
obtain data to map the resistivity. The sensors are capable of sensing electromagnetic fields along two orthogonal axes, and the
measurements at a sensor along these axes used to reduce undesirable effects of noise and other factors on the data
measurements.
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(57) Abstract: Resistivity in subsurface earth at locations kilometers away from wells in the reservoirs 1s mapped and monitored. An
clectromagnetic source with an electrode (14) 1s deployed a borehole (16) mn the reservoir, and a group of sensors at counter elec -
trodes (24) 1s deployed at a number of other locations radially spaced at some distance from the well. The source transmits a current
which tlows to the counter electrodes causing an electromagnetic field which i1s sensed at the sensors. The source 1s activated at dif -
ferent depths 1n the well and ratios of the electromagnetic field sensed with the source at different depths used to obtain data to map
the resistivity. The sensors are capable of sensing electromagnetic fields along two orthogonal axes, and the measurements at a
sensor along these axes used to reduce undesirable effects of noise and other factors on the data measurements.
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MAPPING RESISTIVITY DISTRIBUTION WITHIN THE EARTH

1. Field of the Invention

[0001] The present invention relates to measuring and mapping the electrical resistivity of the
carth’s subsurface with measurements from transmission of electrical energy from wells in

subsurface reservoirs to remote electrodes.

2. Description of the Related Art

[0002] Electromagnetic (EM) soundings probe electrical resistivity (or its inverse, conductivity)
as a function of lateral position and depth in the earth. Resistivity data from EM soundings are
obtamed i surveys over regions of interest and used to obtain information about subsurface
geological structures and/or man-made objects of interest. These include, for example, mineral
deposits, hydrocarbon reservoirs, Enhanced-Oil-Recovery/Improved-Oil-Recovery injected
fluids and in-situ fluids, hydrofracturing injected fluids and slurries, groundwater reservoirs,
fluid fronts, contaminants, permafrost, weathered layers, infrastructure, tunnels, and underground
facilities. Since the resistivities of such objects and the surrounding media are generally quite

dissimilar, they can, in theory, be discriminated by means of measurement of the subsurface

resistivity. Using this methodology, the depth, thickness, and lateral extent of objects of interest
can be determined, depending on the capabilities of naturally occurring EM sources, or

controlled-source EM sources such as a transmitter.

[0003] A number of measurement scenarios for sounding have been employed in the past,
including natural and/or controlled electric and/or magnetic sources with many different source
and/or receiver combinations and/or geometries for surface-based configurations, borehole-to-

surface configurations, surface-to-borehole conﬁgurations, single borehole configurations, and
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- multiple borehole (e.g., cross-borehole) configurations. Recently, the borehole-to-surface
configuration, with a controlled electromagnetic field source at a desired depth in a borehole and
an array of electromagnetic receivers at the ground surface, has been demonstrated to have
adequate sensitivity to map the boundary of a hydrocarbon reservoir to a distance of 2 km — 3 km

from a borehole.

[0004] Controlled-source EM methods include both frequency-domain and time-domain
measurements of the fields in response to artificially generated EM fields. In time-domain EM
surveys routinely practiced by industry, an antenna measures magnetic fields generated from
subsurface currents induced in the earth. In induced polarization (IP) or spectral induced
polarization (SIP) surveys routinely practiced by industry, an array of receiver electrodes
measures voltage and/or electric fields generated from subsurface currents induced in the earth.
In magnetic induced polarization (MIP) or magnetometric resistivity (MMR) or sub-audio
magnetic (SAM) surveys routinely practiced by industry, an array of receiver electrodes
measures voltage and/or electric fields generated from subsurface currents induced in the earth.
In controlled-source audio-magnetotelluric (CSAMT) or controlled-source magnetotelluric
(CSMT) surveys routinely practiced by industry, an array of receiver electrodes measures
~ voltage and/or electric fields and an array of receiver magnetometers measures magnetic fields
generated from subsurface currents induced in the earth. In all of these methods the currents are
induced in the earth by a time-varying electromagnetic field. When the source is located in a
well borehole and sensors or receivers are at the surface, these types of surveys are known as

borehole to surface electromagnetic or BSEM surveys.

[0005] In BSEM surveys, each EM receiver measures the EM field at the ground surface
produced by the EM source at depth in the borehole. The source field propagates through the
earth 1n a manner that depends on the electrical resistivity distribution within the earth.
Measurements of the EM field at multiple points on the surface can be processed using a number

of conventional methods, known in the art, to produce a three-dimensional map of the resistivity

distribution in the subsurface region covered by the receiver array.
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[0006] Present BSEM surveys employ an array of 1000 or more measurement points. For
electric field receivers, two electrodes placed 10 m to 100 m apart are needed for each axis of
measurement. Installing such electrodes requires accurate geolocation of 2000 or more physical
sites for a single measurement axis, for example the electric field radial to the borehole, and
further geolocation is necessary when additional axes, for example the tangential field, are
desired. Furthermore, conventional electrodes used for electric field surveys require burial at
depths of order 50 cm. For magnetic field receivers only a single unit is needed for each axis of
measurement, but the hole required for bﬁrial 1s 3 to 5 times larger than needed for an electrode
used for electric field sensing. Recently, an electric field sensor that does not require burial, but
can simply be placed on the surface of the ground, has been introduced. However, two sensors

are still required for each axis of measurement, and each sensor requires accurate geolocation.

[0007] Accurate geolocation is required to establish the position of each sensor within the sensor
array and also to ensure correct alignment of the sensor axes. An absolute position accuracy of 1
m results 1n a location error of order 0.1% 1n an array of scale 1 k. However over a 50 m
separation between electrodes, a position error of 1 m results in an angular error of order 5%,

which 1n turn results in an error of order 5% in measuring the electric field.

[0008] A second source of measurement error is a variation in the electrical contact impedance
between the c—:lectro'de and the earth. For example a change of 10 kQ in the contact impedance
results in a change in the measured signal of order 0.1%. A third source of error in measuring the
E-field in the ground is the static shift effect that is due to inhomogeneities in the ground
conductivity that occur very close to the sensor. Fourthly, the signal at the ground surface can be
attected by the local roughness of the ground and variations in elevation. To address these

measurement 1ssues, careful, time consuming installation of the EM sensors is required.

[0009] Even when the best installation methods have been employed, the four sources of error
- associated with the receivers have in general limited the accuracy of the field measured at any
point. In particular, if a BSEM survey is repeated at a later time at the same site, then variations
in installing the sensors are likely to be the limiting factor in the determining if differences in the

subsurface have developed in the time between the two surveys., Permanent installation of
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sensors addresses geolocation and alignment issues, but is still vulnerable to changes in coupling,

static shift and surface features that may occur due to changes in weather conditions.

[0010] The accuracy problems mentioned above have significantly affected the time needed to
install a surface sensor array. A further factor in the time rieeded to complete a BSEM survey is
the local EM interference at the site. This interference, also known as cultural noise, is usually
man-made and is produced by power lines and electrical equipment in the vicinity of the survey

location. The cultural noise can vary across a survey array making it difficult to remove it by

processing 1n the {inal data.

[0011] The installation and interference 1ssues ih part sct the limits of present EM methods in
geophysics. By virtue of the source being located below ground, it becomes possible to consider
applying BSEM to deeper subsurface formations with higher spatial resolution than are targeted
by traditional EM soundings that use a surface source. However, as a result the requirements for

recelver accuracy are increased over those for traditional EM surveys.

[0012] In addition to the time needed to install the receivers at the surface, there is the time
needed to install the source within the borehole. This is a particular concern for a borehole that is
utilized as part of a producing well, because accessing such a well requires that it'be removed
from production for the duration of a conventional BSEM survey. In addition, because electrical
power is applied into the borehole, a safety analysis 1s required to control the risk of fire and

other safety hazards. Such a safety analysis can require several months to obtain approval.

[0013] Briefly, the present invention provides a new and improved mecthod for mapping the
'resistivity distribution of subsurface portions within the ecarth. According to the present
invention, an electromagnetic source 1s deployed in a borchole, and an array of electric field
sensors 18 deployed adjacent to the surface of the earth aligned radially to the borehole. An
clectromagnetic field is transmitted from the source at a first depth in the borehole, and an
clectromagnetic field i1s transmitted from the source at a second depth in the borehole. The

transmitted electromagnetic fields from the source at the first depth and the second depth are



measured with the deployed electromagnetic field sensors, and a ratio ol the measured
electromagnetic fields from the sensors obtained for source transmissions at the first and
second depths. A measure of the resistivity at the sensors is then obtained based on the
obtained ratio of measured electromagnetic fields from the sensors; and the resistivity

distribution of the subsurface mapped from the obtained measures of resistivity at the

SCNSOTS.

[0014] The present invention also provides a new and improved method for mapping
the resistivity distribution within the earth. According to the method an electromagnetic
source is deployed in a borehole, and an array of surface electric field sensors deployed
radially with respect to the borehole. The sensors having sensors for sensing two axes of
an electromagnetic field and positioned to measure electromagnetic fields along
orthogonal axes. An electromagnetic field is transmitted from the electromagnetic source,
and the transmitted electromagnetic field sensed with the surface field sensors of the
deployed array. A measurc of radial and tangential components of the sensed
electromagnetic field at the surface field sensors 1s obtained along a tangential axis along
which the sensed electromagnetic signal 1s minimal, and along a radial axis at a position
orthogonal to the tangential axis. A measure of the resistivity at the sensors based on the
based on the obtained measure of radial and tangential components of the sensed
electromagnetic field at the surface field sensors i1s then obtained, and the resistivity
distribution of the subsurface mapped from the obtained measures of resistivity at the

SCINSOTS.

[0014A] The present invention also provides a method for mapping the resistivity
distribution within the earth with correction for alignment errors of surface
electromagnetic field sensors used to obtain electromagnetic survey data, comprising the
steps of: (1) deploying an electromagnetic source in a borehole, (2) deploying an array of
the surface electromagnetic field sensors adjacent the surface of the carth radially around
the borehole, the surface electromagnetic sensors having sensors for sensing an
clectromagnetic field along two orthogonal axes adjacent the earth's surface and
positioned at a known orientation to measure electromagnetic fields along the orthogonal

axes, (3) transmitting an electromagnetic field from the electromagnetic source, the

CA 2921817 2018-10-31



transmitted electromagnetic field having a transmitted radial component and no
transmitted tangential component, (4) sensing the transmitted electromagnetic field along
the orthogonal axes of the sensors at the earth surface with the surface field sensors of the
deployed array, (5) obtaining a measure of the sensed electromagnetic field along the
orthogonal axes at the surface field sensors, (6) forming a measure of a ratio between the
sensed electromagnetic fields along the orthogonal axes, (7) synthesizing a radial
component of the transmitted clectromagnetic field based on the ratio between the sensed
clectromagnetic field along the orthogonal axes to correct for alignment crrors ot the
deployed surface electromagnetic field sensors, (8) obtaining a measure of the resistivity
at the sensors based on the synthesized radial component of the sensed electromagnetic
field at the surface field sensors, and (9) mapping the resistivity distribution of the
subsurface with correction for alignment errors of the surface electromagnetic fields

sensors from the obtained measures of resistivity at the sensors.

[0014B] The present invention also provides a method for mapping the resistivity
distribution within the earth with correction for alignment errors of surface
electromagnetic field sensors used to obtain electromagnetic survey data, comprising the
steps of: (1) deploying an electromagnetic source in a borchole, (2) deploying a radial
array of the surface electromagnetic field sensors at the surface of the earth around the
borehole, the surface electromagnetic sensors having sensors for sensing an
electromagnetic field along two orthogonal axes in a horizontal plane at the earth's surface
and positioned at a known orientation to measure electromagnetic fields along the
orthogonal axes, (3) transmitting an electromagnetic field from the electromagnetic
source, the transmitted electromagnetic field having a transmitted component radial to the
borehole and no transmitted tangential component, (4) sensing the transmitted
electromagnetic field along the orthogonal axes of the sensors at the earth surface with
the surface field sensors of the deployed array, (5) obtaining a measure of the sensed
electromagnetic field along the orthogonal axes at the surface field sensors, (6) forming
a measure of a ratio between the sensed electromagnetic fields along the orthogonal axes,
(7) synthesizing a radial component of the transmitted electromagnetic field based on the
rat10 between the sensed electromagnetic fields along the orthogonal axes to correct for

alignment errors of the deployed surface electromagnetic field sensors, (8) obtaining a

- 5A -
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measure of the resistivity at the sensors based on the synthesized radial component of the
sensed electromagnetic field at the surface field sensors, and (9) mapping the resistivity
distribution of the subsurface with correction for alignment errors of the surface

electromagnetic fields sensors from the obtained measures of resistivity at the sensors.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Figure 1 is a schematic diagram of a prior art borehole to surface

clectromagnetic survey (or BSEM) survey being performed.

[0016] Figurc 2 is a plan view of deployment of a number of electromagnetic sensors
deployed in a radial array at spaced locations from a wellbore tor performing a BSEM

survey.

[0017] Figure 3 is a schematic diagram of a BSEM survey being performed in

accordance with the present invention.

_5R -
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[0018] Figure 4 1s a schematic diagram of measurements of an electromagnetic field along and
x-y axis and subsequent generation of radial and tangential electromagnetic fields according to

the present invention.

[0019] Figure 5 is a schematic diagram illustrating the process of mapping resistivity distribution

within the earth according to the present invention.

[0020] Figure 6 1s a graphical plot of data comparing surface E-l[ields for different survey

methods.

[0021] By way of further background, Figure 1 illustrates an example of a type of conventional
prior art BSEM survey. In Figure 1, a source 10 is a powerful electromagnetic energy

transmitter at the surface that generates an electric current in the earth of a desired waveform, for

example a square wave of well defined fundamental frequency. The transmitter or source 10 is
connected by a cable 12 to a source electrode 14 located at a depth of interest inside a borehole
16 extending into the subsurface containing formations or features of possible interest. The

circuit for the flow of current from the transmitter 12 is completed by a counter electrode 18 at

the surface near to the borehole 16.

[0022] Electric current flows as indicated schematically at 20 from the source electrode 14,

through the earth and back through the counter electrode 18. If the borehole 16 has a conducting
casing such as shown at 22, then the casing 22 acts as an electrical resistance in parallel with the

resistivity of the earth between electrodes 14 and 18, and part of the source current flows along

the casing 22.

[0023] As will be set forth, the present invention measures electric fields adjacent to the surface
of the earth with sensors oriented in a specified relationship to a source placed in a borehole. The
present invention enables the orientation of the electric field sensors to be effectively adjusted
based upon the signal they receive from the borehole source, rather than requiring installation
with respect to the coordinate system of the earth. In addition the present invention provides a

channel of information that can be used to separate cultural interference from the primary

-6 —
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measurement channel. The quality of the data is improved in this manner, and thus the present
invention allows the source to be operated at lower power, thereby alleviating a perceived risk of

accessing the borehole for survey purposes.

[0024] In Figure 2, another form of BSEM survey 1s illustrated. A number of sensing electrodes
24 are arranged radially about the borechole 16. Sensors used for the purposes of the present
inventions may be cither the type which are buried, or of the type which may simply be placed
on the surface. The electrodes 24 measure the surface electric field transmitted from the
borehole 16 by a source like that shown in Figure 1 in order to measure the radial component of
the BSEM electric field. The individual electrodes 24 are positioned by reference to the global
positioning system (GPS) in absolute reference to the GPS location of the borehole. The

clectrodes are buried in holes excavated to approximate depth without modifying the local

surrounding terrain.

[0025] This method of locating the electrodes by burying them at fixed locations can result in

inaccuracies in measuring the true radial E-field due to the following adverse effects:
1. Errors in aligning the sensor axis to the true radial direction.

2. Dastortion (attenuation or amplification) and rotation of the ficld at the sensors due to

static shift effects.
3. Dastortion of the potential at one or both measurement points due to errors in height.

4. Distortion of the field in the ground due to local surface roughness such as

depressions.

5. In addition, a fifth cause of distortion arises because the electric potential coupled
from the electrodes into the first stage of amplification in the measurement system is

subject to variations in the buried electrode contact impedance to the earth.

[0026] These five types of measurement distortion are present at varying levels at each sensing
location. The net effect 1s that the electric field, Ey,, that is measured at each point (i.e., the value

that is recorded by the data collection system) is a multiple, k, of the true radial electric field, E..
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The value of k varies over a range from approximately 0.95 to 1.05 depending on how the Sensor
location is determined and the local variations in ground electrical properties. As a result, E,
can Vary by up to 10% between sensing locations, even if the true value of the field at the

locations 1s actually the same.

[0027] In current BSEM practice, the measurement errors introduced by the effects described
above and resulting in variations in the value of k have, so far as is known, been addressed by
taking the difference between measured electric field values resulting from currents supplied
from the source positioned at two different well depths. For example, in reservoir surveys, the

standard practice 1s to take the difference of E,, values for the source positioned at borehole

depths above and below the oil reservoir.

[0028] The reasoning has been that the five causes of measurement error do not change when the
source 1s moved and so the difference value is more reliable. Furthermore, the effect of taking
the difference of surface readings for the source at different depths is as if a single source dipole
of length equal to the difference in depths, and located at the average of the two depths, were
used. Such a dipole source is far below the sensor array, leading to a belief that static shift
effects are small, However, the net effect of taking the difference of two méasured fields, Emi

and Egmp, 1s that their difference still contains the surface measurement error multiplier, k.

Specifically:

Emi “Emi = kEy1 —kEw = k (Ey1 — Ei) (1)

Thus, the variation 1n the Ly, difference across measurement sites is actually the same as that for

the fields themselves.

[0029] With the present invention, an improved methodology is provided to correct for surface
related measurement errors and thus improve the measuring and mapping the electrical resistivity
of the earth’s subsurface. With the present invention, it has been found that by obtaining a ratio

of the measured electromagnetic fields from the sensor locations of counter electrodes for source

transmissions at two different source depths, specifically:

Emi/Eme = kBEgi/kEpy = Eqi/Em (2)

-8 _
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the eftect of measured distortion on the E-field readings, which cumulatively indicated by the

value of the variable k, can be removed from the E-field data of interest.

[0030] Further, it has been found that variations in the value of k can also be taken into account
in another feature of the present invention, which is to obtain measures of two components of the
surface electric field. This feature does not require, but can still be utilized in conjunction with'
operation of the source at multiple depths, as described above. The methodology of this feature
of the present invention is takes advantage of the physical principle that in an isotropic uniform
earth, the field produced by a borehole source is entirely radial to the source, and has no
tangential component. Two nominally orthogonal components of the electric field are measured
along axes Ey and Ey, as indicated in F iguré 4. For convenience these axes can be oriented to the
cardinal directions of the earth, i.c., north-south, and east-west, but this is not necessary, and
other suitable pairs of orthogonal directions can be used. Also the orthogonality of the axes need

not pertect, but may be assumed to be within acceptable'limits of alignment accuracy discussed

above.

[0031] When the source is active, a nominally radial electric field is produced in the earth. For
simplicity, consider a case where the deviation from ideal radial orientation is due to
inhomogeneities in the surface conductivity (i.e. static shift) and in the bulk conductivity of the
deeper subsurface. In accordance with the present invention, the radial, E,, and tangential, £,
components of the field at the sensing location are synthesized from the components E, and E,
measured at the sensors by defining E; and E; as the orthogonal set for which the tangential axis
BSEM signal 1s minimum. Specifically the direction of E; relative to the axes defined by E, and
Ey, that is the angle o between E; and the axis Ey, is given by the arctangent of the ratio Ey/Ey, i.e.
tan a = Ey/Ey. The four vectors Ey, Ey, E,, and E; are illustrated in Figure 4. Note at the BSEM

frequency, the length of the vector E; is defined to be zero, or at least to have its minimum value.

[0032] The effect of synthesizing E, by measurement of the source field instead of measuring E;

by a sensor nominally aligned in a radial direction is to remove the effect of errors due to
alignment (category 1 above). Alignment errors are likely to dominate the accuracy of the

measurement and trying to obtain alignment accuracy to even + 2° is time consuming. By this

_0_
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method the sensor axes, Ex and E,, can be emplaced quickly with nominal orientation achieved
by a handheld compass, and the spacing between sensors determined quickly and accurately by a

simple tape measure or light based distance finder.

[0033] A further benefit of synthesizing measurement axes E, and E; is that by definition E;
contains no BSEM signal, and so can serve as an interference and noise cancelling channel. This
method 1s particularly powerful because the interference, E; and noise fields, E,, are not aligned
with either E; or E;, but arc present in both channels in a coherent manner. Thus a standard
coherency based cancellation algorithm can be used to reduce noise and interference in the

BSEM measurement channel, E,, based on the information content represented by the data E..

[0034] A benefit of reducing noise and/or interference in the primary measurement channel E; is
that the power that is transmitted by the source can be reduced. It is expected that the voltage -
applied in order to transmit the field at depth may be no more than 100 volts, and in some
instances no more than 50 volts, and even no more than 30 volts. Reducing the power has the
benefit that the cost of the transmitter is reduced, and furthermore that the peak voltage that is
applied in the borehole is reduced. Reducing the peak voltage mitigates safety concerns

associated with operating the source in the borehole and thereby reduces the setup cost of the

SUrvey.

[00335] Figure 5 illustrates the methodology or process of mapping resistivity distribution within
the earth according to the present invention. As shown at step 100, the electromagnetic source
electrode 14 1s deployed in borehole 16, and at step 102 the array of electric field sensors 24 are
deployed adjacent to the surface of the earth and aligned radially to the borehole16 as shown in

Figure 2. During step 104, an eclectromagnetic field is transmitted from the source electrode 14
at a first depth in the borehole 16. The source electrode 14 is then moved to a second depth in
the borehole and an electromagnetic field from the source electrode 14 at the second depth in the
borchole. As indicated at step 106, the transmitted clectromagnetic fields from the source
electrode 14 at the first depth and the second depth in the borehole 16 are mecasured with the

deployed electromagnetic field sensors 24.
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[0036] The field data measured during step 106 are then processed during step 108. One of the
types of processing during step 108 is obtaining a ratio E;,1/Enp of the measured electromagnetic
fields from the sensors for source transmissions at the first and second depths, as discussed above

with relation to Equation (1).

[0037] Another type of processing during step 108 is obtaining as discussed above with relation
to Equation (2), a measure of radial and tangential components E, and Ly, respectively, of the
sensed electromagnetic fields at the surface field sensors along a tangential axis, along which the

sensed electromagnetic signal 1s minimal, and along a radial axis at a position orthogonal to the

tangential axis.

[0038] During step 108 the a measure of the resistivity at the sensors is obtained based on the
based on the data obtained based on fields measured electromagnetic from the deployed sensors
24. For the electric field, the local electric potential E; measured between the sensor and the E
field measured at wellbore 16 are determined. The difference between these measurements
divided by the separatidn distance between the sensing locations indicates a measure of
resistivity along the line of separation. During step 110, the resistivity distribution of the
subsurface from the obtained measures of resistivity at the sensors is then mapped or displayed

on a suitable computer display.

[0039] F igure 6 is a graphical plot of data comparing surface E-fields for different survey
methods. In Figure 6, a data plot or curve 60 illustrates a surface E-field as a function of radial
distance from a source wellbore according to the present invention, while a data plot or curve 62
illustrates propagation with conventional BSEM surveying. The plot 62 shows that the field
measured at the surface degrades with distance from the source electrode well. The plot 60
shows an even and uniform propagation of the field. The present invention thus allows reduced
transmission power as mentioned, and increasing the depth Of investigation. The present
invention also allows a selective orientation of the transmitted field in the reservoir. Burying the

counter electrodes in specific directions, or even in a nearby well.
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[0040] As discussed above, a deviation from ideal radial orientation with respect to the borehole
can be considered to be caused by a combination of inhomogeneities in the surface conductivity
(i.e. static shift), and inhomogeneities in the bulk conductivity of the deeper subsurface. Of these
two, the static shift has the greater effect because it is closer to the sensors, and in addition can
vary due to weather and infrastructure modifications between surveys. A method to assess
whether a significant static shift is occurring is to produce a field from a second borehole. If
static shift or deeper inhomogeneities are not present, then the angle between the two synthesized
radial E-lield directions should equal the physical angle subtended from the sensor location to
the two boreholes. If the angles differ, then the magnitude of the difference gives a measure of

the amount of distortion occurring at the sensor location.

[0041] In accordance with the present invention, the present invention employs one or more of

the controlled source EM methods described above, enabled by one or more EM sources located
in one or more boreholes with an array of EM receivers adjacent to the ground surface, and is

termed a borehole-to-surface electromagnetic (BSEM) survey.

[0042] From the foregoing, it can be seen that the present invention provides an improved

BSEM method that enables an accurate array to be installed more quickly than previous
approaches. The present invention also helps mitigate cultural EM interference, and alleviates

the present concerns about operating a source inside a borchole. It is expected that the present

and 1ncreasing the area that could be covered.

[0043] Applications of significant commercial and research interest for the present invention
exist in a number of areas, including, for example: mapping hydrocarbon distribution in
reservolrs undergoing gas or water injection, observing hydrofracture injection of fluids and
slurries, monitoring fresh water storage and the geological integrity of reservoirs used for CO;
sequestration, and extending conventional EM geophysical capabilities in mineral production

from in-situ mining, acid mine drainage, contaminants, and groundwater assessment.
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[0044] The invention has been sufficiently described so that a person with average knowledge in
the matter may reproduce and obtain the results mentioned in the invention herein Nonetheless,
any skilled person in the field of technique, subject of the invention herein, may carry out
modifications not described in the request herein, to apply these modifications to a determined
structure, or in the manufacturing process of the same, requires the claimed matter in the

following claims; such structures shall be covered within the scope of the invention.

[0045] It should be noted and understood that there can be improvements and modifications

made of the present invention described in detail above without departing from the spirit or

scope of the invention as set forth in the accompanying claims.
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What is claimed is:

L. A method for mapping the resistivity distribution within the earth with
correction for alignment errors of surface electromagnetic field sensors used to obtain

clectromagnetic survey data, comprising the steps of:
deploying an electromagnetic source 1n a borehole;

deploying an array of the surface electromagnetic field sensors adjacent the
surface of the earth radially around the borehole, the surface electromagnetic sensors
having sensors for sensing an electromagnetic field along two orthogonal axes adjacent
the earth's surface and positioned at a known orientation to measure electromagnetic

fields along the orthogonal axes;

transmitting an electromagnetic field from the electromagnetic source, the
transmitted electromagnetic field having a transmitted radial component and no

transmitted tangential component;

sensing the transmitted electromagnetic field along the orthogonal axes of the

sensors at the earth surface with the surface field sensors of the deployed array;

obtaining a measure of the sensed electromagnetic field along the orthogonal

axes at the surface field sensors;

forming a measure of a ratio between the sensed electromagnetic fields along

the orthogonal axes;

synthesizing a radial component of the transmitted electromagnetic field based
on the ratio between the sensed electromagnetic field along the orthogonal axes to correct

for alignment errors of the deployed surface electromagnetic field sensors;

obtaining a measure of the resistivity at the sensors based on the synthesized

radial component of the sensed electromagnetic field at the surface field sensors; and

- 14 -
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mapping a resistivity distribution of the subsurface with correction for alignment
errors of the surface electromagnetic fields sensors from the obtained measures of

resistivity at the sensors.

2. The method of claim 1 wherein the known orientation of the axes of the

orthogonal field sensors is determined by a magnetic compass.

3. The method of claim 1 wherein the orthogonal sensor axes of the field sensors

are oriented 1n north-south and east-west directions.

4, The method of claim 1 wherein the separation between the electromagnetic field

sensors 1s determined by a tape measure or optical distance measurement.

5. The method of claim 1 wherein the electromagnetic ficld sensors are installed at

sensing locations before the source 1s inserted into the borehole.

6. The method of claim 1 wherein the borehole casing is driven at a chosen electric
potential in order to confirm adequate operation of the sensors before the source 1S

inserted into the borehole.

7. The method of claim 1 wherein a voltage applied in order to transmit the field at

depth 1s no more than 100 V.

8. The method of claim 1 wherein a voltage applied in order to transmit the field at

depth 1s no more than 50 V.

9. The method of claim 1 wherein a voltage applied in order to transmit the field at

depth 1s no more than 30 V.
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10. The method of claim 1 wherein information in tangential axis components of the
sensed electromagnetic field is used to cancel electromagnetic noise and or interference

in the measured radial electric field.

11. The method of claim 1 wherein the step of deploying comprises the step of
deploying a first electromagnetic source 1n a first borehole and a second electromagnetic
source 1s located in a different borehole than the first borehole and further including the

steps of:

a) transmitting an electromagnetic field from the second electromagnetic source
the transmitted electromagnetic field from the second electromagnetic source having a

transmitted radial component and no transmitted tangential component;

b) obtaining a measure of a radial component of the sensed electromagnetic field
from the second clectromagnetic source along the orthogonal axes at the surface tield

SeNnsors;

c) forming a measure of a ratio between the sensed electromagnetic field from

the second electromagnetic source along the orthogonal axes;

d) synthesizing a radial component of the transmitted electromagnetic field from
the second electromagnetic source based on the ratio between the sensed electromagnetic

field along the orthogonal axes to correct for alignment errors of the deployed surface

electromagnetic field sensors; and

e) comparing the synthesized radial component of the transmitted
electromagnetic field from the first and second electromagnetic sources in order to

measure distortion at a sensor location.

12. A method for mapping a resistivity distribution within the earth with correction
for alignment errors of surface electromagnetic field sensors used to obtain

clectromagnetic survey data, comprising the steps of:

- 16 -
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deploying an electromagnetic source in a borehole;

deploying a radial array of the surface electromagnetic field sensors at the
surface of the earth around the borehole, the surface electromagnetic sensors having
sensors for sensing an electromagnetic field along two orthogonal axes in a horizontal
plane at the earth's surface and positioned at a known orientation to measure

electromagnetic fields along the orthogonal axes;

transmitting an electromagnetic field from the electromagnetic source, the
transmitted electromagnetic field having a transmitted component radial to the borehole

and no transmitted tangential component;

sensing the transmitted electromagnetic field along the orthogonal axes of the

sensors at the earth surface with the surface field sensors of the deployed array;

obtaining a measure of the sensed electromagnetic field along the orthogonal

axes at the surface field sensors;

forming a measure of a ratio between the sensed electromagnetic fields along

the orthogonal axes;

synthesizing a radial component of the transmitted electromagnetic field based
on the ratio between the sensed electromagnetic fields along the orthogonal axes to correct

tfor alignment errors of the deployed surface electromagnetic field sensors:

obtaining a measure of the resistivity at the sensors based on the synthesized

radial component of the sensed electromagnetic field at the surface field sensors; and

mapping the resistivity distribution of the subsurface with correction for
alignment errors of the surface electromagnetic fields sensors from the obtained measures

of resistivity at the sensors.

- 17 -
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