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2-D Geological Modeling in the Vicinity of Horizontal Wells — Case Study Integrating
Borehole Images and Openhole logs
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Abstract: Dip data obtained from dipmeters and openhole logs. This paper addresses the
imaging tools are not usually integrated with relationship between these two types of data and

uses a horizontal well to illustrate a new
* Schlumberger Overseas, Oman. methodology that produces a two-dimensional (2-
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D) geological model based on borehole images
and openhole logs.

Images provide valuable information about
the borehole wall and can be easily extended
fo the borehole vicinity Dy using softwares to
construct a structural cross-section. Although
the software used in this study is devoted for
dip data and cannot integrate openhole logs
into the constructed cross-section, the log data
were integrated by populating the lithofacies
obtained from the logs along the bed
boundaries previously identified using other
software programs.

The generated model did not always reflect
the true structures surrounding the well.
Accuracy depended on the direction of the
cross-section, and the section was not always
perpendicular to the structure. However,
computing and displaying the different
structural zones resolved this issue.

In the case study, 2-D seismic data showed
a graben and horst system with only one
structural trend, oriented NE-SW. Three-
dimensional (3-D) seismic data were being
processed at the time of logging and were used
later to validate the model. During drilling of
the 1,820-ft horizontal section, which included
260 ft of cap rock, a logging-while-drilling
(LWD) gamma ray log was obtained. The
Cretaceous carbonate reserveir section was
directly beneath the cap rock, which was
composed of a thick layer of calcareous shales.

To resolve the issue of drilling through the
calcareous shales and to understand the
structure and geology of the reservoir, borehole
images and openhole logs were acquired.

The model constructed from the images and
logs identified six different structural zones
(including a fold) and seven reverse faults. It
also defined a structural trap with potential for
further development. The newly processed 3-D
seismic survey showed four reverse faults in
addition to the trap, confirming the 2-D model.

This case study illustrates that a 2-D
geological model is critical for accurate
structural and geological definition of the
wellbore environment, especially during the
early exploration stages when data are limited
and uncertainties are high. The procedures
developed and applied in this paper are not
restricted to horizontal wells; they can also be
applied to vertical and deviated wells.

INTRODUCTION

High-resolution imaging tools deliver huge
amounts of data, and much of this data is not
convenient to use or is not fully used. The main goal
of this paper is to illustrate a methodology to
sumimarize borehole image data and lithological
evaluation derived from openhole logs in one
geological model (cross-section). In analogy with
problems in structural geology, one might first think
of cross-sections in terms of assessing a geological
model (Anxionnaz and Delhomme, 1998).

The model in this article is presented as a
workbench on which to refine and interpret all
available well data. Nevertheless, producing such a
model from raw dip data provides the geologist with
insights for reservoir analysis, especially during early
field appraisal. An example of these insights is
illustrated in Figure 1 and leads to a better
understanding of the reservoir structure.

From a geological point of view, two types of
information can be used to define the reservoir
geometry: seismic data and borehole images/logs.
The resolution of seismic data is improving, but if
structures are too small (less than 50 m), the average
dip is too high, or the velocity contrast is too low,
significant structures may be missed on seismic
sections. In each of these cases, seismic techniques
are insufficient to achieve an accurate structural
description of the reservoir (Etchecopar and
Bonnetain, 1992). Meanwhile, geologists,
petrophysicists, and geophysicists use borehole
images, dipmeters and log data in a wide range of
applications to reduce the uncertainties.

The model in this paper follows the technique of
Etchecopar and Bonnetain (1992), in which they
introduced a computer method to produce structural
cross-sections from dipmeter and imaging data. The
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Fig. 1. The faults on this model were interpreted before acquisition
of borehole images. The images confirm the fault but clearly
show a 175-ft offset from one of the previous (seismic)
interpretation.
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constructed cross-section is based on a similar fold
model (Ramsay, 1967) used to describe folds, faults,
and even rollovers.

The interpretation of dipmeter data is not new.
Authors such as Busk (1929), Gilreath and Maricelli
(1964), Vincent et al. (1979), and Suppe (1985) have
proposed methods to extract the information by
pattern recognition. Others, such as Bengston (1981),
proposed new projection methods to make the
interpretation of dipmeter results easier.

Although the referenced techniques have greatly
improved the structural and geological interpretation
of dip data, they do not address the main goal of the
geologist, which is integrating all openhole log data
into one model in a short time frame.

METHODOLOGY

Our modeling is based on the technique introduced
by Etchecopar and Bonnetain (1992), who based their
method on two fundamental behaviors of strata during
deformation: similar folding and parallel folding. There
is a main constraint on the produced model, where
they have to be strictly consistent with the dips
measured in the well. Even with this constraint, it is
often possible to interpret a single dataset as a fold
or as a fault, with consistent results in both cases.

The final decision about which type of structure is to
be used, depends con regional knowledge.

The technique has now evolved into a software
that converts a bunch of loose tadpoles into a
meaningful structural cross-section, Because of its
applicability to different types of structures, it is based
on two hypotheses: similarity and cylindricity. These
hypotheses imply that the position in space of layer
boundaries can be derived from each other by a
simple translation along a translation plane.

The current version of the software is devoted to
dip data and cannot integrate openhole logs into the
constructed cross-section. However, the openhole
logs can be integrated into the structural cross-section
by populating the lithofacies obtained from the logs
along the software-identified bed boundaries using
other computer methods (Figs. 2 and 3).
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Fig. 2. Steps leading to a 2-D geological model in a vertical well.
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Fig. 3. A simple horizontal well structural model. (1) The output result of the computer program. (2) Using other computer programs we
can populate the fithological data on the basis of openhole gamma ray log.
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The field example presented in this paper has two
types of input data: dips (beddings and faults) obtained
from the imaging data (structural model) and the
openhole logs (lithology). These two inputs are used
simultaneously in a computer method to generate a
2-D geological model, which shows the structural and
geological setting of the well.

The ability of the generated model to reflect
true structural dip depends on the orientation of
the cross-section and the complexity of the
structure, because the model is not always
perpendicular to the structure. To avoid this
situation, different structural zones are computed
and plotted beside the cross-section to reflect the
real structural dip magnitude and azimuth direction
in conjunction with the well trajectory.

HORIZONTAL WELL CASE STUDY

The number of horizontal wells is increasing,
and identifying the geological and structural
characterization of the reservoirs targeted by these
wells 1s critical, because of the drastic lateral and
vertical changes that occur both in facies or
structure, It was not so long ago that reservoir
studies were based mainly on cores, openhole logs,
outcrop measurements, and, most importantly,
seismic data.

Seismic surveys give accurate information in low
and simple dip zones, whereas imaging data are more
useful in identifying highly variable, steeply dipping
zones and viewing sub-seismic features. However,
local experience demonstrates that many important
structural features cannot be interpreted from seismic
data, especially at great depths.

In this case study, 2-D seismic data, interpreted
prior to drilling the well, showed a graben and horst
system, and no faults were interpreted along the
well trajectory (Fig. 4). The structural system, as
illustrated, trends to the NE-SW, and there are no
other structural trends. During drilling of the 1,820-
ft horizontal section, which included 260 ft of the
cap rock, a gamma ray log was recorded. After
drilling through the cap rock, composed of a thick
layer of calcareous shales, the Cretaceous
carbonate reservoir section was reached for the
second time (Fig. 4).

Borehole imaging data and openhole logs were
acquired to resolve the issue of drilling through the
calcareous shales and to understand the structure
and geology of the reservoir.

General Description

Calcareous Shales;

Carbonate rock
representing the
resarvalr section

Fig. 4. Schematic drawing of the structural setting of the well
before modeling and the stratigraphic summary of the drilled
section.

BOREHOLE IMAGE INTERPRETATION

The goal of image interpretation is to characterize
formation properties. This information assists
geologists in their studies and assists petroleum
engineers in determining permeability paths and
barriers, calculating net pay, and planning of well
completions such as perforations and hydraulic
fracturing. The interpretation itself is a multi-step
process of observation, description, interpretation, and
implementation or exploitation (Serra, 1989).

There are different types of imaging tools, and
the principle of measurement changes from one tool
to the other. The two main types of measurements
are resistivity and acoustic (Fig. 5). The imaging tool
used in this case study is an acoustic imaging tool.
Acoustic images do not normally give sufficient
resolution for detailed sedimentological studies,
because they are very sensitive to borehole conditions
(Hansen and Fett, 2000). However, in this case the
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Fig. 5. Resistivity and acoustic images, horizontal and vertical,
showing bedding planes.
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images fulfill the objective, which is identifying the
structural and geological setting of the well.

The high-quality image obtained allowed confident
interpretation of bedding, fractures, borehole
breakouts, faults, and vugs. Fractures and bedding
dips are defined, shown as low- and high-amplitude
sinusoidal patterns, respectively. Borehole breakouts
are also recognized, seen as axial low-amplitude (dark)
bands running along the axis of the image. Vugs are
seen as dark spots, randomly distributed or sometimes
aligned with bedding planes, with variable shape and
size. The fault interpretation is based on the observed
termination of bedding planes against the fault plane.
This interpretation also includes the sharp changes
in the image texture across the fault planes. Seven
faults were interpreted on the acoustic images; no
faults were interpreted previously from seismic data
(Fig. 6). The structural dip is computed using the local
curvature technique (Etchecopar and Dubas, 1992).
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Fig. 6. Acoustic image examples along the horizontal section. All
images are oriented top of hole. (After Amer and Abushaala,
2002).

This technique allows the user to subdivide the
study interval into different structural zones or sub
zones based on major changes in the structural dip
magnitude and/or azimuth (Fig. 7). The bedding
azimuthal vector plot shows the intra-formation
variations of bedding orientation in the uphole
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Fig. 7. Structural zonation and a Schmidt plot illustrating the
local curvature axis computed over Zone 4.

direction. The bedding azimuth on the vector plot
shows SW, S, and SE azimuthal trends (arc shape).
These directions coincide oppositely with the well
azimuth, indicating the well was drilled in the up dip
direction for most of the section (Fig. 8). This up dip
drilling is also observed on the geological cross-
section, which is discussed in the following section.
The vector plot also shows a zone of disturbance
where the azimuths are changing drastically. This
change outlines a fold, which is confirmed by the
acoustic image and the structural dip zonation. These
changes in the vector plot are due to the fact that we
moved through the axis of the fold, from one limb of
the fold to the other.
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Fig. 8. Well trajectory map view and total bedding vector plot,
showing the relationship between the drilling direction and
beddings. «

2-D MODELING

The integration of borehole images with all other
available formation evaluation data is critical for
accurate structural and geological assessment,
especially during early exploration stages. The
integration of this dataset clearly illustrates that the
first entry of the well trajectory into the calcareous
shales is marked by a vertical gradational change in



56 Aimen Amer

lithology (Figs. 4 and 9). This gradation indicates that
the contact between these two units is poorly defined,
which made it difficult to identify by only using LWD

gamma ray data. This transition zone is marked on
the ultrasonic images (Fig. 10). The presence of ENE-
WSW trending fault resulted in the well trajectory
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Fig. 9. A part of the well interval that crosses the cap rock. Note the smooth transition in the shale content at Point (1} resulting from the
gradational change in facies and the sharp break at Point (2) caused by a fault.

reentering the reservoir zone for a second time. This
reentry is very clear on both the acoustic image and
openhole logs (Fig. 10).

After analyzing both the borehole images and
openhole logs, the cross-section can be computed
along a SE-NW, S-N, and a SW-NE line to fit the
arc-shaped well trajectory. During cross-section
generation, different structural models were used to
determine the best fit to the complex structural setting:
monocline, anticline, and reverse fault models. The
fault displacements on the final model are not to scale,
and the relative movement of these faunlts (reverse
movement) are based only on the relationship
between the borehole images and openhole logs.

The reverse faulting was unexpected,
because this field is known to have a normal
fault system. An interpretation of the processed
3-D seismic data confirmed the model with four
reverse faults and a structural trap between
Zones 3 and 4 (Fig. 10).

The structural dip computed using the local
curvature axis technique was plotted beside the
cross-section to give the true structural picture.
The display revealed a domal structure (fold), a
NE-SW striking axis between the two structural
zones, Zones 1 and 2. Although this fold is not
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Fig. 10. 2-D geological model and structural zonation and azimuthal
plots. The map view shows the direction of the cross-section.
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observed on the model because the cross-section
direction is not perpendicular to the structure, it is
clear from the structural zones, bedding azimuth,
and vector plots.

DISCUSSION

The high-quality acoustic image allowed
confident interpretation of different geological
features (e.g., bedding, fractures, borehole
breakouts, faults, and vugs). These interpreted
structural and/or sedimentological features added
value to the reservoir characterization and
increased the resolution of the geological,
petrophysical, and seismic models.

The interpreted bed boundaries and fault planes
gave a clear picture of the well’s surrounding
structure and fault systems (Fig. 10). The fractures
and vugs were used to calculate the secondary
porosity, which has a direct impact on production.
The breakouts and borehole chipping analysis will be
used to alleviate or avoid future drilling problems (Fig.
6). The fault identification has been used to update
the available seismic maps and increase their
resolution and accuracy (Fig. 11).

Fig. T1. Schematic drawing of the structural setting of the well
before and after updating the map with the modeling data.

CONCLUSIONS

The 2-D geological model, based essentially on
borehole images, illustrated a high degree of resolution
when the images were integrated with available
openhole log data.

The bedding analysis subdivided the logged
interval into six structural zones. These zones mark
the major changes within the structural dips and

include a fold with a NE-SW striking axis. The
interpretation also revealed seven reverse faults, and
indicates that drilling was in the up dip direction.

The 2-D geological model, which has the same
0.2-in. resolution as the imaging tools, shows a great
level of detail and accuracy. The production of such
a model from dip data computed from borehole
images provides the geologist with insights for
reservoir analysis, especially during early field
appraisal, when data are limited and uncertainties are
high. In addition, this model can be integrated with
seismic data for static modeling purposes. The
technique is not restricted to horizontal wells; it can
also be applied to vertical and deviated wells.
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