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(57) Abstract: A method for imaging a geologic deposit using data collected from a borehole includes: selecting an instrument
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program product and a system are provided.



WO 2009/046193 PCT/US2008/078578

10

15

20

25

30

METHOD AND APPARATUS FOR IMAGING BED BOUNDARIES USING
AZIMUTHAL PROPAGATION RESISTIVITY MEASUREMENTS
Inventors: Xiao M. Tang and Tsili Wang

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The invention is related generally to oil field exploration and in particular to
use of at least one of multi-component induction measurements and propagation

measurements for geosteering and formation evaluation.
2. Description of the Related Art

[0002] In the fields of oil and gas (hydrocarbon) and exploration and production, an
azimuthal propagation resistivity (APR) tool has been used with an orthogonal
transmitter-receiver system to detect the electromagnetic response arising from near-
borehole geologic bed boundaries. The measurements have been very useful for

determining the azimuth of a boundary around borehole.

[0003] With the ability to acquire the azimuth information, real-time detection of
features such as a bedding plane as a function of distance from a well is desired. For
example, real-time application of such information makes it possible to steer a drill bit

to desired locations.

[0004] Accordingly, what are needed are techniques for determining a distance to a

bedding plane using resistivity measurements collected while drilling.

SUMMARY OF THE INVENTION

[0005] In one embodiment, the invention includes a method for imaging a geologic
deposit using data collected from a borehole, the method including: selecting an
instrument for performing electromagnetic (EM) measurements, the instrument
including at least one transmitter and at least one orthogonally oriented receiver;
obtaining EM measurement data from the borehole with the instrument; transforming
the EM measurement data to acoustic data; and estimating at least one of a direction

and a distance from the instrument to the deposit from the acoustic data.

[0006] In another embodiment, the invention includes a computer program product

including machine executable instructions stored on machine readable media for
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obtaining EM measurement data from the borehole with the instrument; transforming
the EM measurement data to acoustic data; and estimating at least one of a direction

and a distance from the instrument to the deposit from the acoustic data.

[0007] In another embodiment, the invention includes a computer program product
including machine executable instructions stored on machine readable media for
identifying a boundary of a geologic feature, the instructions including instructions
for: obtaining electromagnetic (EM) measurement data from a borehole near the
geologic feature with an EM instrument including at least one transmitter and at least
one orthogonally oriented receiver; relating the resulting electromagnetic field to a
pseudo wavefield; estimating at least one component of an associated magnetic field;
and transforming the at least one component to a time domain to obtain an response

for the boundary.

[0008] In a further embodiment, the invention includes a system for steering a drill
string, the system including: an electromagnetic (EM) instrument including at least
one transmitter and at least one orthogonally oriented receiver comprised with the
drill string; at least one processor including machine executable instructions stored on
machine readable media for receiving electromagnetic (EM) measurement data from
the instrument and relating the resulting electromagnetic field to a pseudo wavefield;
estimating at least one component of an associated magnetic field; transforming the at
least one component to a time domain to obtain an response for a boundary of a
geologic feature; and generating steering commands from the response for the
boundary; and a steering system for receiving the steering commands and adjusting a

direction of the drill string.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The foregoing and other aspects of the invention will be best appreciated with
reference to the disclosure which follows, when read in conjunction with the Figures,

herein, where:
[0010] FIG. 1 depicts aspects of a drilling apparatus in a wellbore;

[0011] FIG. 2 depicts aspects of an electromagnetic instrument included within the

drilling apparatus of FIG. 1;
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[0012] FIG. 3A and FIG. 3B, collectively referred to herein as FIG. 3, depict an
earth coordinate system in relation to a formation coordinate system, and the earth

coordinate system in relation to a tool coordinate system;

[0013] FXG. 4 depicts a coil coordinate system in relation to the earth coordinate

system, the formation coordinate system and the tool coordinate system;

[0014] FIGS. 5A, 5B and SC, collectively referred to herein as FIG. 5, depict
simulated response data, where FIG. 5A provides simulated electromagnetic response
from a bed boundary for an orthogonal transmitter-receiver configuration, FIG. 5B
depicts simulated transient signals; and FIG. 5C depicts pseudo waves transformed

from the electromagnetic signals showing an acoustic reflection moveout;

[0015] FIGS. 6A, 6B and 6C, collectively referred to herein as FIG. 6, depict further
aspects of simulation, where FIG. 6A depicts a cross-bed simulation of a logging-
while-drilling (LWD) instrument using exact and asymptotic modeling, FIG. 6B
shows amplitude responses and FIG. 6C shows phase responses produced by methods

provided herein and are provided to demonstrate validity of asymptotic modeling;

[0016] FIG. 7 provides a two-dimensional (2D) grid for mapping a fitness function
fitted to data H; into formation, where near-well bed boundaries are imaged by

tracking a maximum of the fitness function;

[0017] FIGS. 8A, 8B and 8C, collectively referred to herein as FIG. 8, depict aspects
of a test of imaging by using a model provided in FIG. 8A to calculate synthetic data
shown in FIG. 8B, the resulting image of FIG. 8C is compared with a true well-to-

bed distance;

[0018] FIGS. 9A, 9B and 9C, collectively referred to herein as FIG. 9, depict aspects
of a test of imaging by using a two-boundary model provided in FIG. 9A to calculate
synthetic data shown in FIG. 9B, the resulting image of FIG. 9C is compared with a

true well-to-bed distance;

[0019] FIGS. 10A, 10B and 10C, collectively referred to herein as FIG. 10, depict
aspects of a test of imaging by using a two-boundary model, but with a highly
resistive middle layer, where the model is provided in FIG. 10A for calculating
synthetic data shown in FIG. 10B, the resulting image of FIG. 10C indicates a poor

fit of the model in the layer; and
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[0020] FIGS. 11A and 11B, collectively referred to herein as FIG. 11, depict an
imaging application with a LWD data set, as shown in FIG. 11A, while in FIG. 11B
the resulting bed image is compared with a result from inversion (dotted curve), the
variation of the imaged bed boundary is compared with bed azimuth (rose diagrams)

to indicate bed-crossing (left), above (middle), and below (right) situations.

DETAILED DESCRIPTION OF THE INVENTION

[0021] The invention provided herein includes method and apparatus for imaging
geologic bed boundaries near a wellbore using electromagnetic (EM) signals arising
from the boundaries. In some embodiments, the EM signals are generated by an EM
instrument that includes at least one transmitter disposed orthogonally with at least
one receiver. An asymptotic solution for EM responses is derived. A fitness function
is calculated using the solution, and fits both amplitude and phase of the measured
EM data. Imaging processing is accomplished by mapping the fitness function into
the formation surrounding the wellbore. Tracking the maximum of the fitness
function image may be performed to delineate the bed boundary(s) in the formation.
The image quality measures a goodness of fit between the model and the data, and

therefore provides quality control for the image processing.

[0022] Resulting image information may be combined with azimuth information from
measurements, and used for significant improvements to drill steering. That is, the
methods and apparatus provided herein result in fast production of accurate

information useful for locating desired geologic deposits while drilling.

[0023] As discussed herein, the term “bed,” “bedding plane™ and other similar terms
are taken to refer to geologic deposits of interest. Such deposits likely include
hydrocarbon materials. Inherently, such deposits include boundaries with
surrounding formations. As a part of the teachings herein, identification and mapping
of at least a portion of a boundary (such as a boundary near the wellbore 7) is made

possible.

[0024] Refer now to FIG. 1 where aspects of a drill string 3 are shown. In FIG. 1, an
exemplary embodiment of an apparatus for performing logging while drilling is
shown. In this example, a section of earth 1, which includes at least one formation 2,
is penetrated by the drill string 3. The drill string 3 drives a drill bit 4. In this

example, the drill bit 4 also provides a flow of a drilling fluid 5, such as drilling mud.
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That is, the drilling fluid 5 may be pumped downhole through the drilling pipe 8, and
thus resulting in an upward flow of the drilling fluid 5 within a resulting borehole 7

(also referred to as a “wellbore™).

[0025] The drill string 3 may include a plurality of sections of the drill pipe 8. The
drill pipe 8 may include wired pipe providing users with a communications channel.
Included within the drill string 3 may be at least one logging apparatus 9. Exemplary
logging apparatus include devices implementing resistivity, nuclear magnetic
resonance, acoustic, seismic and other such technologies. Generally, included with
the logging apparatus 9 is a package of downhole electronics 12. The downhole
electronics 12 generally provide for collection and/or communication of downhole
data to a package of surface based electronics 11. Included in this drill string 3 is a
electromagnetic (EM) instrument 10 (also referred to herein as a “tool”). The drill

string 3 may also be referred to as “drill stem,” and by other similar terms.

[0026] Collectively, the logging apparatus 9 and the associated electronics 11, 12
provide for such tasks as imaging of the at least one formation 2. In addition, the
logging apparatus 9 and the associated electronics 11, 12 may provide for collection
and/or communication of other information, such as resistivity measurements

collected with the EM instrument 10.

[0027] Generally, the EM instrument 10 operable for performing local measurements
of resistivity, including measurement through the drilling fluid 5 and into the earth 1.
The EM instrument 10 may be powered by at least one of the electronics units 11, 12
and provide a signal to at least one of the electronics units 11, 12. In some
embodiments, and as described herein, each of the electronics unit(s) 11, 12 may,
alone or in combination, provide imaging information that is descriptive of aspects of

the sub-surface materials in the surrounding earth 1.

[0028] The EM instrument 10 generally includes a coil mandrel unit 6 that includes a
set of coils which includes induction transmitter coils and receiver coils. The set of
coils, as will be further explained, are for inducing electromagnetic fields in the
formations 2 and for receiving voltage signals induced by eddy currents flowing in the

formations 2 as a result of the electromagnetic fields induced therein.

[0029] The electronics units 11, 12 may include, for example, a receiver, signal

processing capabilities and telemetry capabilities (not shown). Further included may
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be a signal generator and power amplifiers (not shown), which may be used to cause
alternating currents (AC) of selected frequencies to flow through transmitter coils in

the coil mandrel unit 6.

[0030] In typical embodiments, at least one of the electronics units 11, 12 includes a
receiver circuit (not shown) for detecting voltages induced in receiver coils in the coil
mandrel unit 6, and circuits for processing these received voltages (not shown) into
signals representative of the conductivities of various layers of the formations 2. Asa
matter of convenience, the downhole electronics unit 12 typically includes signal
telemetry to transmit conductivity related signals to the surface of the earth 7 via the
cable 6 for further processing. Alternatively, the downhole electronics unit 12 can
store the conductivity related signals in an appropriate recording device (not shown)

for processing after the instrument 10 is withdrawn from the wellbore 7.

[0031] Referring to FIG. 2, one embodiment of the set of coils includes transmitter
coils and receiver coils as shown. Three transmitter coils 101, 103 and 105, referred
to as the Ty, T,, and T, transmitters are substantially orthogonally oriented (the z-axis
being along the longitudinal axis of the tool, as depicted in the legend). The
transmitter coils 101, 103 and 105 generate magnetic fields for obtaining

measurements in the formations 2 surrounding the wellbore 7.

[0032] Corresponding to the transmitter coils 101, 103 and 105 are receiver coils 107,
109 and 111, referred to as the Ry, R,, and R, receivers, respectively. The receiver
coils 107, 109 and 111 measure aspects of the corresponding magnetic fields, and are
also are substantially orthogonally oriented to each other. Additional receiver coils
113 and 115 may be included and measure two cross-components Hyy, and Hy;, of the
magnetic field (H) produced by the x-component transmitter. One non-limiting
example of the tool 10 is the 3DExplorer™ tool, which is an induction logging
instrument produced by Baker Hughes, Incorporated of Houston, Texas. Further
embodiments of instruments and services may be used, including, for example,
instruments using multi-spacing, multi-frequency propagation instruments. Reference
may be had to another exemplary instrument, such as that used in support of the
AziTrak™ service provided by Baker Hughes, Incorporated, and referred to herein as

an “azimuthal propagation resistivity tool.”
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[0033] Other embodiments of the EM instrument 10 may include those, for example,
with side-by-side transmitter and receiver coils, and those having other arrangements
of transmitters and receivers. Varying number of coils may be used. Therefore, it
should be recognized this FIG. 2 depicts one embodiment of the well logging
instrument 10, and is not limiting thereof. Further, in other embodiments, the
additional coils 113, 115 are not included. Further examples include embodiments

having transmitter coils and receiver coils with other or varying orientations.

[0034] The EM instrument 10 may provide an array of signals that are multiplexed in
at least one of a time domain and a frequency domain. That is, a plurality of
electromagnetic signals may be issued as a sequence of pulses and/or as a sequence of

varying frequencies.

[0035] Generally, the well logging instrument 10 includes adaptations as may be
necessary to provide for operation during drilling. In some embodiments, the
adaptations may be realized for use after a drilling process has been performed. That
is, it is not necessary that the teachings herein be employed strictly in a “while
drilling” manner. Accordingly, wireline and other logging techniques may make use

of aspects of the teachings herein after a drilling sequence has been completed.

[0036] As discussed herein, reference to the instrument 10 and aspects thereof
generally refer to the exemplary and non-limiting embodiment, the 3DExplorer™ tool
10. More information regarding the instrument 10 may be had by turning to the paper
“A new Multicomponent Induction Logging Tool to Resolve Anisotropic Formations”
by Kriegshiuser, et al, SPWLA 41* Annual Logging Symposium, June 4-7, 2000, the

disclosure of which is incorporated by reference herein in its entirety.

[0037] As discussed herein, and for convention, there are four coordinate systems
involved in the processing of multi-component induction logging data. The four
coordinate systems include one for each of the earth 1, the formation 2, the instrument
10 and the coils 6. In typical embodiments, and by convention herein, the earth
coordinate system 20 has a z-axis Z in the direction of gravity, an x-axis X pointing to
the magnetic North, and a y-axis Y in the direction of magnetic East. The other three
coordinate systems are defined relative to the earth coordinate system 20, depicted in

FIG. 3A.
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[0038] Referring to FIG. 3A, the earth coordinate system 20 is shown, with the axes
as described in the preceding paragraph. The formation coordinate system 21 is also
depicted, and shown relative to the earth coordinate system 20. An z-axis Z of the
formation coordinate system 21 is normal to a bedding plane 5, while an x-axis X' and
a y-axis Y' are on the bedding plane, each of the axes (Z', X', Y") being orthogonally
oriented. Two formation angles, depicted as a formation dip angle (6°) and a
formation azimuth angle (®) describe a relationship between the earth coordinate
system 20 and the formation coordinate system 21. Typically, the formation dip angle
(0’) and the formation azimuth angle (®) are determined by use of inversion

processing. A tool coordinate system 22 is depicted in FIG. 3B.

[0039] Referring to FIG. 3B, a z-axis Z' of the tool coordinate system 22 describes
the trajectory of the wellbore 7 and is normal to a tool plane. The x-axis X' and the y-
axis Y' of the tool coordinate system 22 are on the tool plane, each of the axes Z', X,
Y") being orthogonally oriented. The relation of the tool coordinate system 22 to the
earth coordinate system 20 is described by a tool dip angle () and a tool azimuth

angle (I').

[0040] A combination of coordinate systems is depicted in FIG. 4. More specifically,
the formation coordinate system 21, the tool coordinate system 22 and a coil
coordinate system 23 are depicted in relation to each other. Referring to FIG. 4, a dip
plane is also shown. The dip plane is described in the coil coordinate system 23, and
includes an x-axis X°, a y-axis Y* and a z-axis Z°. The z-axis Z° of the coil coordinate
system 23 shares the same z-axis Z' as the tool coordinate system 22, while the y-axis
Y® of the coil coordinate system 23 is offset from the y-axis Y' of the formation
coordinate system 21 by the formation azimuth angle (®). A relative tool rotation
angle (¢) (not shown in FIG. 4) is described by the x-axis X° for the coil coordinate
system 23, with respect to the high side of the wellbore 72.

[0041] In operation, the EM instrument 10 measures co-axial and co-planer
components called main components, and also measures cross-components. These
measurements provide information to determine, among other things, resistivity and
anisotropy of the formation 2. With this information, other salient information may
be obtained or derived. For example, with tool orientation data, the formation dip

angle (8°) and the formation azimuth angle (®) can be obtained.
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[0042] As used herein generation of data in “real-time” is taken to mean generation of
data at a rate that is useful or adequate for making decisions during or concurrent with
processes such as production, experimentation, verification, and other types of
surveys or uses as may be opted for by a user. One non-limiting example includes
information that is collected and provided at a rate that is adequate to aid in
geosteering during a drilling operation, and to make other desired adjustments during
the drilling process. In one embodiment, adjustments are enabled on a continuous
basis (at the rate of drilling), while in another embodiment, adjustments may require
periodic cessation of drilling for assessment of data. Accordingly, it should be
recognized that “real-time” is to be taken in context, and does not necessarily indicate
the instantaneous determination of data, or make any other suggestions about the

temporal frequency of data collection and determination.

[0043] As one embodiment provides for real-time logging applications, an efficient
model is needed to simulate the electromagnetic (EM) response. Accordingly, an
asymptotic solution is provided. A diffusive electromagnetic (EM) field can be
transformed to a pseudo-wavefield using a “g-transform.”  Based on the
transformation, the EM response of a boundary is analogized to acoustic reflection
from the boundary. That is, the solution for the acoustic problem is used to derive a
solution for the EM problem. After validating the EM solution using synthetic
models, the second step is applying the solution to image boundaries of bed near the
wellbore 7 using measured EM data collected while drilling. The validity and
effectiveness of the imaging can be demonstrated using both synthetic and field data

examples.

[0044] In one embodiment, an azimuthal propagation resistivity measurement
instrument for logging-while-drilling (LWD) uses an axially oriented transmitter and
a transversely oriented receiver to detect electromagnetic responses from a near-well
bed boundary. A magnetic field, H, of the source can be estimated by solving a
diffusion equation (i.e., neglecting displacement current) for a vector potential, F, as
provided by Egs. (1). As may be noted, this calls for modeling the transmitter as

-iwt

harmonically varying point dipole source, Me™, where M represents a magnetic

moment of the source.
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[0045] In Egs. (1), 0 represents a Dirac delta function, r represents a vector measured
from the source, o and yu represent electric conductivity and magnetic permeability of
the medium surrounding the source, respectively. (Note that values for free-space are
used, because changes of magnetic permeability, g, in earth are generally small.)
Now, placing the source at distance, z, from a plane boundary of a half space with
electric conductivity o, the magnetic field, H, arising from the boundary due to the
source excitation, may be calculated using two approaches. The first approach uses
the exact solution for two conductive half spaces, which will serve as references. The
second approach is an asymptotic solution to be used for distance-to-bed imaging,

which will be derived later herein using an analogy to the acoustic reflection theory.

[0046] A diffusive electromagnetic field, as represented by Eqgs. (1), can be related to

a pseudo wavefield U using the transformation provided in Eq. (2)

EM(t) =

o 7
J U(q)-qe #dg, (time domain)
0

1
N

EM(w) = I Ulg)- e_‘ﬁEdq , (frequency domain)
0

@

[0047] where g is a pseudo “time” variable for the wavefield. The transform may be
calculated either one of a time domain (EM(r)) and a frequency domain (EM(w)).
Since solving the electromagnetic problem will be performed by an analogy to
acoustic wave reflection, pseudowave characteristics for reflection configurations

have been analyzed.

[0048] Refer now to FIG. 6A for a depiction of aspects of a solution to Eqgs. (1). In
this example, Eqgs. (1) are solved for a horizontally-oriented dipole source at a five (5)
meter (m) distance from a boundary to a geologic deposit of interest (referred to as a
“bed”). In this example, the vertical component of the magnetic field, H, is calculated
for all frequencies and Fourier-transformed to a time domain to get the impulse
response from the boundary. The direct field is cancelled for the orthogonal

transmitter-receiver orientation. The array of electromagnetic signals is then

10
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transformed to the g-domain using the time-domain formula of Egs. (2) to yield
pseudowave signals. Refer to FIG. 6C, which depicts a trace-equalized display.
Apart from some artifacts due to the regularization required for the inverse
transformation, travel time (markers) of the signal and associated moveout closely

follow what would be calculated from acoustic reflection theory, as given by Eq. (3):
Qiravel = %\/ X +4z%, with V=1/Juo (3)

[0049] where x represents a source-receiver offset. This numerical example suggests
that a large part, if not most, of the reflected pseudo-wave field can be modeled using
acoustic reflection theory. A (scalar) pseudowave equation corresponding to Egs. (1)
is given by Eq. (4):

1 o°U -

VU ————==8(r)e ™ 4

V? oq* ) @

[0050] Using wavefront expansion along the reflection ray path, the solution of Eq.

(4) for the reflection boundary, Fourier transformed over o, is given by Eq. (5):

n=1

Ulq) :4_2)‘{5((]—D/V)+u(q—D/V)':ian(q_D/V)n—l}} 5)

[0051] where R represents a reflection coefficient at the boundary; D represents the
travel distance to and from the boundary along the ray path; u represents a Heaviside
step function, and the a terms represent an expansion coefficient for higher order (n
>1) terms. For the application to be described, only the leading term of the above
expansion is considered. This term, in language of acoustics, is called “wide-angle
reflection,” which models acoustic reflection phenomenon quite well. To model
frequency-domain EM data measured by the logging-while-drilling resistivity
instrument 10, the leading term is substituted into the second equation of Egs. (2) to
derive the vector potential of Eqs. (1). Assuming that the magnetic dipole source, M,
is oriented in the sagittal plane containing vertical () and horizontal (%) directions,

ie, M=Mz+MX. Then the vector potential, F(w), is a result of combing two

scalar potentials, as provided in Eq. (6):

11
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T

[0052] One potential has the reflection coefficient R corresponding to the vertical

magnetic dipole M,, while another has the reflection coefficient R, corresponding to
the horizontal dipole My. The two reflection coefficients are about the same for small
to medium incident angles, and, in the cases of large conductivity contrast, may be

described by Eq. (7):

1, o<<o'
R ~R,~ (7)

-1, o>>0'

[0053] For the imaging application to be described, it is important to image major
geologic boundaries (e.g., water-oil or sand-shale contact). For those boundaries, the
conductivity/resistivity contrast is large, or moderately large, and the condition
expressed in Eq. (7) approximately holds. Accordingly, Egs. (1), (6), and (7), plus the
orthogonal source-receiver orientation condition (where H * M = 0), are combined to

give Eq. (8):

1 e—\[iEED
H=t—VV| M~ 8)
T

[0054] where the “+” and the “-* sign corresponds to 6<<c’ and >>¢’, respectively.
The resulting magnetic field, A, is in a plane transverse to the tool axis. The
azimuthal variation of the magnetic field, H, in this plane is used to determine a bed-
boundary azimuth. The imaging application to be described uses the component of
the magnetic field, A, in the sagittal plane along the tool axis. This component may

be derived as provided in the following.

[0055] In order to provide the imaging application, a two-dimensional (2D) Cartesian
coordinated x — z centered at the source is defined in the sagittal plane, with x along
the tool axis and z normal to the axis. Reference may be had to FIG. 6A. Assume
that a bed plane near the wellbore 7 makes an angle a with the tool axis and the
distance from source to the bed intersection point is X. For this situation, the travel
distance D from source to the received position x, as follows from Snell’s law for

acoustic reflection, is given by Eq. (9):

12
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[0056] Equation (9) suggests the use of an equivalent bed-to-tool distance as a new

variable, as given by:

z, :\/X(X—x)sinza

[0057] In fact, Z, represents the geometric average of the source-to-bed and receiver-
to-bed distances and should therefore be equivalent to the distance from bed to central
part of the tool 10 between source and receiver. Using the equivalent distance is
particularly advantageous in the imaging application where the distance to a local bed
in the vicinity of the tool is imaged, regardless of its angle with the tool. Connecting
the distance for various positions of the tool 10 delineates the bed angle. Using x and
Z. as independent variables in Eq. (8), the magnetic field component in the sagittal

plane, now denoted by a scalar function H, is obtained as

iia)uO'M z he_ oo D (10)

[0058] where % represents the source-receiver offset, replacing x after the operation in
Eq. (8) and M represents source magnetic moment magnitude. In deriving Eq. (10),
only the leading term of Eq. (8) is considered in order to follow the asymptotic order
from the leading term in Eq. (5). The asymptotic solution will later be used for

imaging application.

[0059] Before applying the above asymptotic EM solution for imaging, validation of
the solution is provided in comparison to the exact solution. For validation purposes,
the measurement of the azimuthal propagation resistivity (APR) tool 10 is simulated
as crossing a bed boundary at 15° angle or 85° relative dip angle, as described by
FIG. 6A. The actual transmitter-receiver configuration of the tool 10 may be of the
type described in U.S. Patent No. 7,057,392 to Wang et al., entitled “Method and
Apparatus for Directional Resistivity Measurement While Drilling,” which patent is
hereby incorporated by reference herein in its entirety. Other embodiments of the tool
10 may be used. For the model in FIG. 6A, the bed conductivities are 1 and 0.1 S/M,
respectively. The simulation respectively uses the asymptotic solution in Eq. (10) and

an exact method that was used to model the tool response.
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[0060] FIG. 6 compares the calculated responses for the magnetic field, H, using two
methods. There are moderate differences on both amplitude (FIG. 6B, using a
logarithmic scale) and (unwrapped) phase (FIG. 6C, shown in radians) responses
between the two results, especially close to the boundary. Note that the
approximately 1-m phase change across the boundary, as seen from both solution
results, reflects the sign change in the reflection coefficient (e.g., see the “+” sign in
Eq. (10)). Away from the boundary, the asymptotic solution closely simulates the
amplitude decay and phase of the exact solution. This result indicates that the

asymptotic solution correctly models the far-field diffusion process of the EM wave.

[0061] The asymptotic solution in Eq. (10), due to its simplicity, can be used to
perform fast modeling of logging-while-drilling electromagnetic data in an
inversion/imaging process. Instead of using it to directly calculate the bed-to-well
distance, an imaging procedure has been formulated to visualize both bed-boundary

location and goodness of fit between model and data.

[0062] In the imaging procedure, the formation is discretized into a two-dimensional
(2D) grid (refer to FIG. 7). One dimension is along the radial direction from the
wellbore 7, parameterized by the tool-to-bed distance, Z,. Another dimension is along
a trajectory for the wellbore 7, parameterized by the tool position X, where the
magnetic field data H; is measured. To model the magnetic field data, H; using the
function of Eq. (10), the magnetic dipole moment and the source-receiver spacing / of
the tool are obtained from the tool used. The formation conductivity o(X) at the tool
position X is also known, as is usually measured from another resistivity device in the
drill string 3. With these descriptions and Eq. (9), it is understood that H may now be

expressed as a function of the grid variables Z, and X.

[0063] By fitting the H function with the magnetic field data, Hy, the fitness function

2 2
j+(arg{(—l)n—£i(?)D i
(11)

[0064] where ||...|| denotes taking the amplitude of the quantity inside; arg denotes

provided in Eq. (11) may be realized:

2 X'+L/2
Fitness(x', z,) = Zexp 1 J' log” Hy(x)
n=1 L. in H(x,z,)

taking the phase of the quantity. The amplitude and phase terms are averaged over an

interval of length L with x’ being the center point. This averaging suppresses noises
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in data. The function consists of the summation of two terms, which are related to the

“+” and “-* sign of the solution in Eq. (10), respectively.

[0065] The structure of the fitness function, Fitness(X, Ze), and the role in the
imaging is now described in greater detail. In general, the fitness function compares
the amplitude ratio and phase difference between the magnetic field data, H,, and the
calculated magnetic field, 4. When the calculated magnetic field H fits the magnetic
field data, H, the argument of the exponential function approaches zero and the
fitness function approaches a maximum value of unity. On the other hand, when the
misfit between the magnetic field data, H,, and the calculated magnetic field, H, is
large, the fitness function approaches zero. Thus the fitness function is a measure of
goodness of fit between the magnetic field data, Hj and the calculated magnetic field,

H, and has the property of:
0 < Fitness < 1.

[0066] Fitting both magnitude and phase of the magnetic field data, Hj is
advantageous. The comparison of FIG. 6 shows that the phase of the asymptotic
solution is more accurate than the amplitude, especially away from the boundary.
Thus, phase fitting may alleviate the amplitude inaccuracy of the solution. The phase
function, however, my suffer a 2n uncertainly in addition to the = uncertainly related
to the “+” sign in the uncertainties. Fitting the amplitude helps resolve the
uncertainties. For example, for a false distance that produces a 2x difference relative
to the phase of a correct distance, the large amplitude misfit will render an almost zero

function value for the incorrect distance.

[0067] For the & -uncertainty issue, the phase difference of the first summation term
in Eq. (11) differs from that of the second term by =, corresponding to whether the
reflecting boundary has a higher or lower conductivity relative to incident medium.
The conductivity value ¢ of the medium (formation surrounding the tool 10), as used
in calculating the fitness function, appropriately dictates the correct distance to fit
both amplitude and phase of one of the terms. When one term is fit or maximized
(~1), the remaining term almost vanishes (~0). Thus, the two-term structure enables
finding the correct distance regardless whether the approaching bed boundary is more

resistive (¢ >0 ) or conductive than the formation surrounding the tool 10.
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[0068] From the above, it can be seen that the fitness function attains maximum at an
appropriate boundary position X, Z, mapped by the travel distance, D. As a result,
the high-values region of the fitness function effectively images the bed-boundary
position over the 2D grid. Good imaging quality corresponds to high function values
with sharp, continuous features, while poor image is reflected by low-value features
with large spread or smearing. Thus the image and its visualization indicate both bed-

boundary location and goodness of fit between model and data.

[0069] To test the accuracy and applicability of the developed imaging procedure, we
use it to process some synthetic data sets and, after the synthetic testing, apply it to a
field data set. FIG. 8A shows the well path penetrating a horizontal bed. The
resistivity for the upper and lower formations is 1 and 10 ohm-m, respectively.
Displayed in FIG. 8B are the amplitude (logarithmic scale) and (wrapped) phase of
the synthetic data Hy calculated for the model using exact modeling. The data are
input to the imaging procedure. The resulting image shown in FIG. 8C is overlain
with the true distance to bed (solid curve) used in the model. The peak value of the

image coincides with the distance curve quite well, validating the imaging result.

[0070] The second example, provided in FIG. 9 has the same well path as that of
FIG. 8 penetrating a 20-ft (6. 1-m) thick formation layer between two formations.
The resistivity of the upper, middle, and lower formation is 1, 10, and 2 ohm-m,
respectively. The calculated synthetic data are displayed in FIG. 9B. The imaged
bed distance (peak image region in FIG. 9C) agrees with the true distance (curve)
reasonably well, considering that the (synthetic) data inside the formation layer
contains the effects from upper and lower bed boundaries. Three sharp changes in the
image occur around the electrical midpoints where the APR response crosses zero. In
this situation, the responses from the upper and lower boundaries tend to cancel the
amplitude of the total response data Hy. Consequently, a large distance value is
assumed in the H function in order to fit the data, resulting in the sharp increase
distance. This jump to large distance occurrence is adjacent to a low-value region, as
indicated by a discontinuous, smeared feature at the locations. Away from the three
equal-distance locations, the imaged distance corresponds to the distance nearer (of
the upper or lower) bed. Besides demonstrating the validity of the imaging even for
the layered model, this example shows that the image quality provides an assessment

of the goodness of fit between data and model.
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[0071] The third example (FIG. 10) has the same model geometry of FIG. 9, with
resistivity of the upper, middle, and lower formation being 10, 100, and 2 ohmm,
respectively. Note that the middle layer is highly resistive. As a result, the match
between true and imaged bed distances inside the layer degrades, especially near the
bed. The three discontinuous image features similar to those in FIG. 9B also exist.
Because the upper shoulder bed, the electrical midpoints move closer to the upper
shoulder bed. Also, because of the high resistivity of the middie layer, the EM field
inside the layer has larger contributions from the two shoulder beds, making it
difficult to fit the single-boundary solution (Eq. (10)) to the data. Despite a poor fit,
the image still delineates a rough trend of the bed to signal the presence of near-well
beds. For geosteering applications, the awareness of an approaching near-well

boundary is useful information for decision making purposes.

[0072] The example of FIG. 11 is an APR data set in a North Sea well. FIG. 11A
shows the amplitude and phase responses of the APR data, which provide the needed
magnetic field data, Hy, for the imaging. A 400 kHz attenuation resistivity curve is
also shown, which provides the formation conductivity data for the imaging. FIG.
11B shows the imaged near-well bed position, along with the bed-distance curve. The
inversion constructs a layered conductivity contrast between layers, neglects the
effects of moderate contrast. Despite the possible effect of moderate conductivity
contrast that may be present in data, the imaging result based on the asymptotic model
agrees reasonably well with that of the model-based inversion. This again, as shown
in the comparison of FIG. 6, shows that the diffusion effect is the first order effect in
the near-boundary EM response, which is captured by the asymptotic solution in Eq.

(10).

[0073] The bed-boundary image can be combined with the bed azimuth information
determined from multiple azimuth measurements. This combination provides more
complete information about the configuration of a near-well bed. The azimuth
information also provides a consistency check for the imaged bed-distance
information. The azimuth information can be displayed using a rose diagram,
indicating the azimuthal distribution of the beds over a measurement interval. The
well section of FIG. 11B is divided into three intervals with their respective azimuthal
distributions. The left interval, from 8,100 to 8,400 ft, shows that the bed azimuths

are almost equally distributed above the and below the well. Correspondingly, the
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bed image shows several features that collocate with the well path, as indicated by
arrows. They indicate the locations where the well crosses a bed. For this bed-
crossing situation, the image features closely resemble those of the synthetic multiple

layered model examples (see FIGS. 9 and 10).

[0074] From 8,400 to 8,700 ft, the image shows a major continuous feature at a
distance of about 3 ft to about 5 ft away from the well, which is similar to the single-
layer model example in FIG. 8. The rose diagram for this interval shows that the bed
is right above the well. The well penetrates the bed around 8,700 ft, where the
imaged feature merges with well path, as indicated by an arrow. The rose diagram for
the last section beyond 8,700 ft shows that the bed is right below the well. The image
result is thus consistent with azimuth information. Combining the two results will

therefore significantly enhance geosteering capability using the LWD data.

[0075] From the foregoing description of a preferred embodiment of the invention, it
will be apparent to those of ordinary skill in the art that the APR response from a
planar bed boundary is mostly controlled by the diffusion process to and from the
boundary. Because of this, in accordance with one aspect of the invention, the
pseudowave analogy of the EM field can be used to derive an asymptotic solution
from acoustic reflection theory. This solution is validated using synthetic and field
data ecxamples. Because of its effectiveness and efficiency, the asymptotic solution
can be applied to obtain real-time images of near-well geologic bed boundaries.
Accordingly, a procedure is provided which includes a fitness function for
simultaneously fitting both the amplitude and phase of the EM data using the solution.

The resulting image has also been validated through application to field data.

[0076] Accordingly, provided herein is an effective and efficient electromagnetic
imaging method to obtain well-to-bed distance of near-well geologic bed boundaries
from a logging-while-drilling (LWD) azimuthal propagation resistivity (APR) tool.
The distance information, combined with the azimuth information from APR
measurement, can significantly enhance geo-steering capability. In accordance with
one aspect of the invention, the approach utilizes the analogy of acoustic reflection to
the EM problem and derives a fast and reasonably accurate formula to model the APR
data. allowing for constructing a fitness function to fit the data with the modeling.
The imaging processing of the data is accomplished by mapping the fitness function

into the formation surrounding the well bore. The fast modeling method, together
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with the imaging processing, can be implemented and integrated with current APR

processing to provide real-time information for well-bore placement.

[0077] Having described methods and apparatus related to this invention, it should be
recognized that various aspects may be governed by at least one of the electronics
units 11, 12, which may include aspects such as processing and machine readable and
machine executable instructions stored therein, or provided thereto. For example, the
EM instrument 10 may provide data to at least one of the electronics unit(s) 11, 12.
The instructions provide for receiving the EM data, estimating a travel time for at
least one pseudo wave reflected from a geologic feature (e.g., a bedding plane), and
estimating at least one of a direction and a distance to the bedding plane. The
instructions may then be translated to commands for adjusting steering apparatus of
the drill string 3, such that the drill string 3 is steered in an appropriate direction.
Further, image processing and quality control may be achieved by comparison of

actual data to calculated data, as well as by use of other information collected.

[0078] In support of the teachings herein, various analysis components may be used,
including digital and/or analog systems. The system may have components such as a
processor, storage media, memory, input, output, communications link (wired,
wireless, pulsed mud, optical or other), user interfaces, software programs, signal
processors (digital or analog) and other such components (such as resistors,
capacitors, inductors and others) to provide for operation and analyses of the
apparatus and methods disclosed herein in any of several manners well-appreciated in
the art. It is considered that these teachings may be, but need not be, implemented in
conjunction with a set of computer executable instructions stored on a computer
readable medium, including memory (ROMs, RAMSs), optical (CD-ROMs), or
magnctic (disks, hard drives), or any other type that when executed causes a computer
to implement the method of the present invention. These instructions may provide for
equipment operation, control, data collection and analysis and other functions deemed
relevant by a system designer, owner, user or other such personnel, in addition to the

functions described in this disclosure.

[0079] One skilled in the art will recognize that the various components or
technologies may provide certain necessary or beneficial functionality or features.

Accordingly, these functions and features as may be needed in support of the
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as a part of the teachings herein and a part of the invention disclosed.

[0080] Further, it should be recognized that certain aspects provided herein, such as
those involving geometric orientation, are merely illustrative of the invention and are
not limiting. That is, such aspects may be performed in additional or other

dimensions.

[0081] While the invention has been described with reference to exemplary
embodiments, it will be understood by those skilled in the art that various changes
may be made and equivalents may be substituted for elements thereof without
departing from the scope of the invention. In addition, many modifications will be
appreciated by those skilled in the art to adapt a particular instrument, situation or
material to the teachings of the invention without departing from the essential scope
thereof. Therefore, it is intended that the invention not be limited to the particular
embodiment disclosed as the best mode contemplated for carrying out this invention,
but that the invention will include all embodiments falling within the scope of the

appended claims.
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CLAIMS

What is claimed is:

1.

A method for imaging a geologic deposit using data collected from a borehole,

the method comprising:

(a) selecting an instrument for performing electromagnetic (EM)
measurements, the instrument comprising at least one transmitter and
at least one orthogonally oriented receiver;

(b) obtaining EM measurement data from the borehole with the
instrument;

(c) transforming the EM measurement data to acoustic data; and

(d) estimating at least one of a direction and a distance from the instrument

to the deposit from the acoustic data.

The method as in claim 1, wherein the acoustic data comprises a pseudo-

wavefield.

The method as in claim 2, wherein the estimating comprises estimating a

travel time for the wavetfield.

The method as in claim 1, wherein the obtaining comprises issuing a plurality
of electromagnetic signals that are varied in at least one of a time domain and

a frequency domain.

The method as in claim 1, further comprising estimating at least one of a
vertical component and a horizontal component of a magnetic field associated

with the electromagnetic measurements.

The method as in claim 5, further comprising performing the estimating for a

plurality of frequencies.

The method as in claim 6, wherein the transforming comprises obtaining an

impulse response in a time domain from the plurality of frequencies.

The method as in claim 1, further comprising modeling a wide-angle reflection

from the electromagnetic measurement data.
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9.

10.

11.

12.

13.

14.

The method as in claim 1, further comprising determining a fitness function to

estimate a quality of the imaging.

A computer program product comprising machine executable instructions
stored on machine readable media for identifying a boundary of a geologic
feature, the instructions comprising instructions for:

(a) obtaining electromagnetic (EM) measurement data from a borehole
near the geologic feature with an EM instrument comprising at least
one transmitter and at least one orthogonally oriented receiver;

(b) relating the resulting electromagnetic field to a pseudo wavefield;

© estimating at least one component of an associated magnetic field; and

(d) transforming the at least one component to a time domain to obtain an

response for the boundary.

The computer program product as in claim 10, further comprising instructions

for providing steering commands derived from the response for the boundary.

The computer program product as in claim 10, wherein the steering commands

provide for steering a drill string in relation to the boundary.

The computer program product as in claim 10, further comprising instructions

for computing a fitness function.

The computer program product as in claim 13, wherein the fitness function

provides a tool-to-bed distance, Z,, and a parameterized tool position, X.

22



WO 2009/046193

S O o 0 A WL A W N —

e S T T -
WA W N =

15.

16.

PCT/US2008/078578

A system for steering a drill string, the system comprising:

(a)

(b)

(c)
(d)

(e)

(c)

an electromagnetic (EM) instrument comprising at least one transmitter
and at least one orthogonally oriented receiver comprised with the drill
string;

at least one processor comprising machine executable instructions
stored on machine readable media for receiving electromagnetic (EM)
measurement data from the instrument and relating the resulting
electromagnetic field to a pseudo wavefield;

estimating at least one component of an associated magnetic field;
transforming the at least one component to a time domain to obtain an
response for a boundary of a geologic feature;

and generating steering commands from the response for the boundary;
and

a steering system for receiving the steering commands and adjusting a

direction of the drill string.

The system as in claim 15, wherein the adjusting is performed in real time.
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