











Fast 3D Imaging from a Single Borehole using Tensor Induction Logging Data

strate that the LQL inversion can correctly determine the
asymmetrical location of the resistive formation on one side
of the borehole. The synthetic magnetic data for this model
were computed using the integral equation forward model-
ing code INTEM3D developed by CEMI consortium
(Hursan and Zhdanov, 2002). The data were contaminated
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FIG. 1 Tri-axial induction instrument with one transmitter ori-
ented along a borehole axis and two triples of mutually orthogo-
nal receivers located at the distances 0.33 m and 1 m from the
transmitter respectively.
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FIG. 2 Model 1 of a resistive layer located on one side of the
borehole. The transmitter locations are shown by the stars.
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by 2% random noise. The solid lines in Figure 3 present the
vertical profiles of the real parts of the x, y, and z magnetic
components computed in the receivers. Figure 4 shows the
imaginary parts of the same components (solid lines).

For the inversion we chose a volume of 5 x 5 x 10 m sym-
metrical around the borehole axis, from -2.5 to 2.5 m in the
x direction, from -2.5 to 2.5 m in the y direction, and from 0
to 10 m in the vertical direction. This volume is subdivided
into 10 cells in each direction for a total of 1000 cells. The
size of one cell is 0.5 x 0.5 x 1 m. Figure 5 presents the
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FiG. 3 The vertical profiles of the real parts of the x, y, and z
magnetic components recorded by the three-component receiv-
ers for Model 1.
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FIG. 4 The vertical profiles of the imaginary parts of the x, ,
and z magnetic components recorded by the three-component
receivers for Model 1.
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smooth inversion result for Model 1. This figure shows the
correct depth of the resistive layer. However, the resistive
structure is seen on both sides of the reservoir, which does
not agree with the true model. At the same time, the image is
diffused and unclear, which corresponds well to the smooth
nature of this inversion.

We apply now the LQL inversion with focusing to the
same tri-axial instrument data. Figure 6 presents the inver-
sion result. The gray area shows the resistive layer obtained
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FIG.5 The result of the smooth inversion of the tri-axial induc-
tion instrument data (with one vertical transmitter dipole) for
Model 1. The gray area shows the resistive layer obtained by
the LQL inversion.
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FIG. 6 The result of the tri-axial induction instrument data
inversion for Model 1. The gray area shows the resistive layer
obtained by the LQL inversion with image focusing.
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by the LQL inversion with image focusing. The value of the
anomalous conductivity is close to the true value, and the
shape and location of the layer are recovered reasonably
well. In particular, close to the borehole, we reconstruct
exactly the true thickness of the resistive formation, while
further away from the borehole the thickness of the recov-
ered image increases, which can be explained by the
decreasing sensitivity of the logging data to the structures at
some distance from the borehole. Note that the dashed lines
in Figures 3 and 4 indicate the fields predicted by the
inverse model. One can see that the observed and predicted
data fit extremely well. Therefore, the observed differences
in geometry of the true model (Figure 2) and of its image
(Figure 6) are caused by the limits in resolution power of
the considered tri-axial induction instrument. We notice
however that these differences are very small and the
inverse model provides an adequate representation of the
true resistive structure.

The inversion of the tri-axial induction tool data for this
model required approximately 1.5 minutes of CPU time on
a 1 GHz PC for smooth inversion and approximately 4 min-
utes for the LQL inversion with image focusing.

For comparison, we also show in Figure 7 the results of
inversion of z-component data only, observed for the same
model. In other words, we assume that we use the conven-
tional induction logging instrument with only z-oriented
receivers. One can see in this figure that the model gener-
ated as the result of inversion represents a ring-type struc-
ture, symmetrical with respect to the borehole axis. This
result demonstrates once again that the conventional induc-
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FIG.7 The result of inversion of the data measured by the con-
ventional induction sonde with z-oriented transmitter and receiv-
ers for Model 1. The gray area shows the resistive ring-type
structure obtained by LQL inversion with image focusing.
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tion logging instrument, with only z-directed transmitters
and receivers, does not have directional sensitivity. The
conventional logging data “see” the rock formations only as
an axial-symmetric structure, which is not always the case
in reservoir studies.

In the second set of numerical experiments we consider
an instrument that comprises three mutually orthogonal
transmitter coils located at one point and similar receiver
coils located at another point (Figure 8). This instrument
responds to three mutually orthogonal components of the
magnetic fields excited by each of three mutually orthogo-
nal transmitters, the responses comprising a nine-compo-
nent induction tensor (Zhdanov et al., 2000a, b),

H: W H:
H=|H: H, H:|,
H: H H:

where superscripts refer to the transmitter components and
subscripts refer to the receiver components.

Figure 9 shows Model 2 with two conductive layers
located at a distance of 0.5 m from the borehole. The back-
ground conductivity is of 0.025 S/m and the anomalous
conductivity is of 0.075 S/m. The instrument is moving in
the vertical direction with observation points located every
1 m. The operating frequencies are 1, 10, and 100 KHz.

We use the same discretization of the region for inver-
sion, as in the case of the single component transmitter, con-
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FIG. 8 Tensor induction instrument with three mutually
orthogonal transmitters and a triple of mutually orthogonal
receivers located at a distance of 1 m from the transmitters.
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sidered above. Figure 10 presents the result of the smooth
inversion of the tensor induction instrument data. The gray
areas show the conductive layers obtained by the LQL
inversion. The layers obtained as the result of inversion
appear to be at the right location. However, the image is
unfocused and the edges of the layers are diffused, as one
should expect from the smooth inversion. Figure 11 shows
the result obtained by the LQL inversion with image focus-
ing. The layers obtained as the result of inversion have the
same thickness and appear to be at the same distance from
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FIG.9 Model 2 of two conductive layers located at a distance of
0.5 m from the borehole. The transmitter locations are shown by
the stars.
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FIG. 10 The result of the smooth inversion of the tensor induc-
tion instrument data for Model 2. The gray areas show the con-
ductive layers obtained by the LQL inversion.
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the borehole as in the true model. The value of the anoma-
lous conductivity is recovered perfectly (0.075 S/m). How-
ever, the extent of the layers is slightly smaller than in the
true model (Figure 9).

Note that the LQL inversion of the tensor induction tool
data for this model required approximately 3 minutes of
CPU time on a 1 GHz PC for smooth inversion and approxi-
mately 10 minutes for the LQL inversion with image
focusing.

Figure 12 shows Model 3 of one resistive layer with a
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FIG. 11 The result of the tri-axial induction tool data inversion
for Model 2. The gray areas show the conductive layers
obtained by the LQL inversion with image focusing.
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FIG. 12 Model 3 of one resistive and one conductive layer
located at a distance of 0.5 m on one side of the borehole. The
transmitter locations are shown by the stars.
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conductivity of 0.01 S/m and one conductive layer with a
conductivity of 0.1 S/m located on one side of the borehole.
The background conductivity is 0.05 S/m. The anomalous
conductivity is of -0.04 S/m for the resistive layer and of
0.05 S/m for the conductive layer.

The result of the LQL inversion for this model with
image focusing is shown in Figure 13. The conductive and
resistive layers have the correct thickness and appear in the
right positions in this image. The recovered anomalous con-
ductivity is close to the true conductivity of both the resis-
tive and the conductive formations. This example illustrates
that the developed imaging technique does not have any
specific preference in reconstructing either resistive or con-
ductive targets, and can be applied to the study of rock for-
mations with varying electrical properties.

Model 4 represents two resistive zones with a resistivity
of 100 Ohm-m in a layered formation located on one side of
the borehole. The background model is formed by a
sequence of layers with the different resistivities and thick-
nesses as shown in Figure 14. The background resistivity of
the layers containing the resistive formations is 20 Ohm-m,
so that the anomalous conductivity is of -0.04 S/m. We con-
sider this model to demonstrate that our imaging method is
not restricted to a homogeneous background only. Actually,
this technique can be used to image a 3D formation with an
arbitrary layered background conductivity.

As in the previous models, the tensor induction instru-
ment is moving in the vertical direction with the observa-
tion points located every 1 m. The operating frequencies are
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FiG. 13 A 3D view of the focused inversion result for Model 3
with the volume rendering. The cut-off level for this image is
equal to 0.02 S/m for the conductive layer and to -0.016 S/m for
the resistive layer. This means that only those cells with a value
of anomalous conductivity greater then 0.02 S/m and less than
-0.016 S/m are displayed.
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the same as for Models 2 and 3. The synthetic magnetic data
for this model were also computed using the integral equa-
tion forward modeling code INTEM3D and were contami-
nated by 2% random noise.

The result of the LQL inversion for this model with
image focusing is shown in Figure 15. Note that in this case
we have constrained the thickness of the resistive forma-
tions by the known thickness of the background layers host-
ing these formations. We present in Figure 15 a 3D distribu-
tion of the anomalous conductivity only. The anomalous
conductivity, depth, horizontal extend, and thickness of the
resistive zones are recovered quite well in this image. This
example shows that using a priori constraints on the model
parameters improves the resolution of the method.

In conclusion of this section, we should note that the
models considered above may look simple and unrealistic
in comparison with the real complex structure of geological
formations encountered by practical well logging. How-
ever, the reader should keep in mind that this is just the first
step on the difficult transition from conventional 1D inter-
pretation models to more realistic 3D models. Our goal is to
prove that the emerging new technology of tensor induction
well logging could add a completely new dimension to well
logging data analysis. To underscore the importance and
utility of this new technique, we present in the following
section a more realistic example of a practical application
of the developed technology.

APPLICATION OF SINGLE-HOLE
ELECTROMAGNETIC IMAGING
TO RESERVOIR MONITORING

A potential application of borehole EM imaging is reser-
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FiIG. 14 Model 4 of two resistive zones in the layered formation
located at a distance of 0.5 m on one side of the borehole. The
background model is formed by a sequence of layers with differ-
ent resistivities and thicknesses.
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voir monitoring. Reservoir monitoring has recently
emerged as a separate and important area in reservoir geo-
physics, as one that integrates different geophysical meth-
ods (Charara et al., 2001). Of particular interest is oil-water
contact monitoring below horizontal wells, so as to ade-
quately optimize drainage. For this purpose, for example,
permanent sensors, such as electrodes (Kleefet al.,2001) or
induction coils, have to be installed downhole. We will
demonstrate in this section that a similar task can be per-
formed by tensor induction well logging (TIWL) in the
horizontal well.

Figure 16 shows a model typical for reservoir monitor-
ing. The model consists of three conductive layers formed
by the shale with a resistivity of 10 ohm-m, pay zone with a
resistivity of 100 ohm-m, and the water-containing reser-
voir with a resistivity of 1 ohm-m, respectively. The water-
front has an uplifted part shown in the center of the model.
We simulate a horizontally oriented (along a horizontal
borehole axis) magnetic dipole transmitter, and two triples
of mutually orthogonal receivers located at the distances
0.33 mand 1 m from the transmitter respectively. The oper-
ating frequencies are 1, 10, and 100 kHz. The instrument is
moving in the horizontal direction with the observation
points located every 1 m. We use the integral equation for-
ward modeling code INTEM3D to simulate induction data
collected along the horizontal well. We invert this synthetic
data to recover the geometry of the 3D waterfront distribu-
tion.

This model is very challenging because the resistivity
background is not homogeneous but layered; the induced
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Fig. 15 A 3D view of the focused inversion result for Model 4
with the volume rendering. The cut-off level for this image is
equal to -0.03 S/m for the resistive layer. This means that only
those cells with a value of anomalous conductivity less than
-0.03 S/m are displayed.
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currents in the formation cut across layer interfaces due to
the source orientation, and the 3D anomaly is located quite
close to the transmitters. The area of inversion was 14 x 10
x 10m® and it was divided into cubic cells with 1 m sides.

Figure 17 shows a 3D image of the uplifted part of the
waterfront for the true model (upper panel), and an image of
the corresponding inversion result (lower panel). We can
successfully locate the approaching waterfront and we
approximately recover its 3D shape, although its resistivity
is overestimated. This example demonstrates that 3D imag-
ing from a single borehole provides a unique possibility to
remotely detect an approaching waterfront in a petroleum
reservoir. This is just one possible example of the practical
application of the developed method.

DISCUSSION AND CONCLUSION

The tri-axial induction instrument was originally intro-
duced to resolve anisotropic properties of the formation
(Kriegshauser et al., 2000). However, this tool may find
another important application. The tensor (tri-axial) induc-
tion instrument has a directional sensitivity which allows
finding the correct location of 3D resistive or conductive
targets from single-hole data. It can be used for the direc-
tional probing of the rock formations surrounding the bore-
hole. This application may be extremely important in reser-
voir evaluation and monitoring of the oil/water contact. The
conventional induction logging instrument (with the trans-
mitter and receiver oriented along the borehole) usually
provides an image of the resistivity distribution which is
axially symmetric with respect to the borehole axis.

We have developed a rapid technique for 3D inversion of
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FiG. 16 A typical model for reservoir monitoring. The model
consists of three conductive layers formed by the shale with a
resistivity of 10 ohm-m, pay zone with a resistivity of 100
ohm-m, and the water-containing reservoir with a resistivity of 1
ohm-m, respectively. The waterfront has an uplifted part shown
in the center of the model. A tri-axial induction logging instru-
ment is run in the horizontal well passing at an elevation of 17
meters above the waterfront base.
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the tensor induction tool data based on the novel localized
quasi-linear (LQL) approximation of the electromagnetic
field. Our study demonstrates that the LQL approximation
can be effectively used for 3D imaging from a single bore-
hole. The main advantage of this technique is that the LQL
approximation makes it possible to run inversion simulta-
neously for all transmitter and receiver positions. As a
result, the LQL inversion is extremely fast and can be done
in near-real time (within a few minutes), which is important
for practical well logging applications. This demonstrates
that the method can be used as the basis for a fast 3D
imaging from a single borehole.

We have selected a set of simple models of local
inhomogeneities located in the vicinity of the borehole to
illustrate the developed imaging technique. Note that at this
early stage of the development of the new imaging technol-
ogy, we did not try to represent the real complex
petrophysical models of a petroleum reservoir. Neverthe-
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FiG. 17 A 3D image of the uplifted part of the waterfront for the
true model (upper panel). An image of the inversion result
obtained for the uplifted part of the waterfront (lower panel).
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less, our simple model study demonstrates that the tri-axial
(tensor) induction instrument can be effectively used for 3D
imaging from a single borehole. Future research will be
focused on a more intensive study of this emerging new
technology for 3D reservoir characterization.
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