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ABSTRACT KEYWORDS
Fractures play a significant role in the development and pro- Fracture density map;
duction phases of carbonate reservoirs. Quantitative interpret-  Seismic-based discontinuity

attribute; dip and azimuth
attributes; stress regime
analysis; pre-salt
carbonate rocks

ation of fractures not only enhances reservoir models but also
reduces the drilling risk and optimizes well design. In this
study, we attempt to predict the fracture density map by inte-
grating well and seismic data along with maximum horizontal
stress identification. To this end, we propose a workflow with
a set of machine learning approaches. First, 3D seismic data is
conditioned after the migration processing sequence and the
main faults and horizons are interpreted. Next, a number of
curvature and coherence attributes are created for a super-
vised neural network technique to generate new seismic-
based discontinuity attribute. Using a geostatistical method to
incorporate the interpreted dip and azimuth attributes from
well image logs and 3D seismic discontinuity attribute, the
fracture density map is predicted and the results validated
with a blind well. Finally, we evaluate the strike azimuth of
possible open fractures based on the stress regime analysis,
from which two distinctive zones are identified. There are,
however, some limitations in this study. The predicted fracture
density map can be employed to build a discrete fracture net-
work, update dual porosity and permeability estimation, and
identify sweet spots.

1. Introduction

The Brazilian pre-salt carbonate rocks of the rift and post-rift stages in the
Santos Basin were deposited during the Barremian and Aptian ages. These
rocks are associated with regional uplift, erosion and unconformity events,
and fault activation. During this period, grabens and horsts were formed
via normal and strike-slip faults within the extensional tectonic setting.

CONTACT Amir Abbas Babasafari @ a.babasafari@yahoo.com @ Universidade Estadual de Campinas, Center for
Petroleum Studies, Campinas, 13083-872 Brazil.

© 2022 Taylor & Francis Group, LLC
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This process culminated in the distinct paleo-environmental depositional
conditions resulting in a diversity of carbonate deposits, as observed in the
Itapema and Barra Velha formations. These carbonate rocks exhibit a var-
iety of pore types and a wide range of heterogeneity along with depositio-
nal and diagenetic features (Chinelatto et al. 2020).

Porosity patterns in carbonate rocks are mostly controlled by factors,
such as mineral composition, biological depositional environment, and dia-
genetic process (Herlinger, Zambonato, and De Ros 2017). A diversity of
pore types, might be the consequences of the stress regime and diagenetic
process (Talebi et al. 2018). Calcite shrubstone and spherulites replace mag-
nesium and clay minerals in the Barra Velha formation of the Santos
Basin, followed by compaction, dolomitization, and dissolution, which can
alter pore types such as developing fractures.

(Wright and Rodriguez 2018; Martyushev 2020). Hence, the geometry
evaluation of pore types is a crucial part of reservoir characterization in
carbonate fields. The importance and advantages of fracture study can be
summarized as follows:

e Dual porosity estimation and updating reservoir models.

e Prediction of fluid flow and permeability, which enhance reservoir simula-
tion models and history matching.

e Better analysis of hydrodynamic and stress regimes of fault systems and
also diagenesis evaluation.

e Enhanced well planning, mud weight, and casing design to reduce the
drilling risks.

The novelty of this study is to identify the distribution of faults/large
fractures as the main discontinuities using the supervised neural network
application and then integrate them with interpreted image logs. The bore-
hole image tools are powerful devices for structural, sedimentological, and
petrophysical evaluation that are broadly used in the oil and gas industry.
These tools allow the geoscientists to obtain important geological informa-
tion from the field, such as the dip and azimuths of faults, fractures, and
beddings, as well as the lithological texture variation of rocks in the bore-
hole wall and identification of vuggy zones. In addition, the acoustic and
resistive borehole image logs are useful for indicating borehole breakout
and drilling-induced fractures in order to analyze the regional stress regime
and in-situ stress. The minimum and maximum horizontal stress orienta-
tion can be identified based on the strike azimuth of borehole breakouts
and drilling-induced fractures (Talebi et al. 2018).

For the identification of faults and fractures away from the wells, 3D
seismic attributes are widely used to highlight the discontinuities (Chopra
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and Marfurt 2017). Many seismic attributes have been developed in the
past years. The variance, chaos, semblance, similarity, curvature, and ant-
tracking attributes are among the most conventional seismic attributes.
These attributes search for similarity or dissimilarity of a limited number
of adjacent traces in order to identify lineaments. The lineaments might be
classified into faults/fractures/discontinuities, stratigraphic feature’s edge,
e.g., channel, or even seismic noises. Considering seismic-to-well correl-
ation, the seismic attribute (which provides the best match with 1D bore-
hole fracture data) is nominated for fault/fracture delineation (Boersma
et al. 2020). The controversial issue is the fracture size and displacement,
which are below the seismic data resolution. However, the average effective
properties and cumulative effects of subsurface variations are captured in
the seismic data (Babasafari et al. 2020).

The application of machine learning presents an advanced and powerful
tool for identifying faults and fractures. In machine learning methods, data
is trained and enables the algorithm to learn and identify the structures.
The unsupervised and supervised classification techniques are applied to
the seismic data to reveal subsurface geological features. Supervised learn-
ing can be utilized to detect geological bodies, discontinuities, and direct
hydrocarbon indicators. In the proposed workflow, a supervised neural net-
work method was used to identify faults and large fractures.

The other point that must be considered is the origin of discontinuities,
such as local folding and regional stress. Our aim is to evaluate the stress
regime-related discontinuities. In this study, we faced a number of chal-
lenges including low signal-to-noise ratio of seismic data in some areas,
poor image logs at several well locations, and non-availability of pre-stack
3D seismic data.

2. Geological setting

The study area is located in the Santos Basin, southeastern Brazil (Figure
1). The main reservoirs are the Itapema and Barra Velha formations. The
Barra Velha formation, a focus area in this study, comprises spherulitic
limestone, wackestones and packstones, carbonate mudstones, and shrub-
dominated framestones associated with reworked elements of the varied
carbonate and volcanic lithofacies. This formation was deposited during the
Aptian age, early Cretaceous, within a lacustrine carbonate platform
(Minzoni et al. 2021). A stratigraphic column of the Santos Basin, an
example of core image, and thin section photomicrograph of fractures are
displayed in Figure 2. The solution-enlarged fractures are filled with silici-
fied breccia, micrite, and bioclastic debris and might be observed in the
Pre-Alagoas unconformity, between the Itapema and Barra Velha
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Figure 1. Santos Basin location map indicating the field of study, adapted from Gas
Compression Magazine (2018).

formations, and the Intra-Alagoas unconformity, within the Barra Velha
formation dividing the unit into upper and lower Barra Velha. These sub-
vertical to sub-horizontal fractures are attributed to karstic fissures. The
quality reservoirs are located in the carbonate mounds where potentially
host karst events occur with greater intensity of fractures. The tectonic set-
ting in the field of study is strike-slip faulting regime with normal compo-
nent, which caused a number of graben and horst at the reservoir interval.

3. Methodology
3.1. Dataset and workflow

We picked a 3D pilot area as field of study in the Santos Basin. In total, 13
vertical wells (W1 to WI13) were included in the selected study area.
However, only eight vertical wells have conventional logs along with image
logs. We employed seven wells in our workflow and one well for the blind
test and validation of our result. The seismic dataset consists of a non-
migrated post-stack 3D seismic volume. According to the signal-to-noise
ratio, seismic data was required to be conditioned after the post-stack time
migration sequence. The polarity of the zero phase seismic data is SEG
normal. In this article, the zone of interest was upper Barra Velha. Check-
shot correction was conducted to tie well markers in depth to seismic
reflectors in the time domain. The proposed workflow for the delineation
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Figure 2. (a) Stratigraphic column of the Santos Basin showing the geological age, formations,
and the Basin evolution, after Minzoni et al. (2021), (b) An example of core image selected
from upper Barra Velha formation in the Santos Basin, the thin-sections photomicrograph illus-
trating (c) closed fracture filled with silicified breccia, and (d) open fracture.

of faults and fractures is displayed in Figure 3. Besides well and seismic
data, the structural geology information for the stress regime analysis was
incorporated in the workflow.

3.2. Faults, fractures, and borehole breakout interpretation

3.2.1. Available borehole image logs

In this work, the borehole image logs were used to interpret some struc-
tural features within the target area in the Santos Basin. The interpretation
was carried out using acoustic images that were acquired with a circumfer-
ential acoustic scanning tool (CAST) from Halliburton and an ultrasonic
borehole imager (UBI) from Schlumberger. Additionally, a microresistive
oil mud reservoir imager (OMRI) from Halliburton and an oil base micro-
imager (OBMI) from Schlumberger were also utilized as complementary
tools to compare the results obtained from the acoustic image logs.

3.2.2. Dip angle and dip azimuth measurements

The structural discontinuity-related features in this study include faults (F),
natural fractures (NF), drilling-induced fractures (DIF), and breakouts (BK)
(Figure 4). The dip angle and dip azimuth of the mentioned structural fea-
tures were measured and the faults and natural fractures were identified in
the acoustic image logs based on their continuous sharp edges as well as
their distinct dip and azimuth values compared to the sedimentary bed-
dings (Figures 4a and 4b). Despite the fact that some classified fractures
were interpreted as open or closed on the image logs, herein both
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Figure 3. Proposed workflow for faults and fractures delineation.

definitions were placed as natural fractures (NF) due to the uncertainty in
clearly identifying the closed fractures in the acoustic image logs.

3.2.3. Maximum and minimum horizontal stress identification

The drilling-induced fractures (DIF) and breakouts (BK) exhibit a particu-
lar distribution with specific dip and azimuth in the borehole acoustic
images, which differs from the natural fractures (Figures 4c and 4d). Both
drilling-induced fractures and breakouts provide essential information
about the horizontal stress of the field. The drilling-induced fractures are
generally generated parallel to the direction of the maximum horizontal
stress of the field (Tingay, Reinecker, and Miiller 2008). In contrast, the
breakouts that are identified inside the greenish zones (Figure 4), with +/-
90° rotation relative to the orientation of drilling-induced fractures, denote
the minimum horizontal stress direction in this study.

3.2.4. Fracture density calculation

The interpreted dip angle and dip azimuth of all faults and natural frac-
tures were graphically and statistically evaluated in all wells. The properties
of interpreted faults, natural fractures, drilling-induced fractures, and
breakouts associated with the conventional well logs at well W6 are shown
in Figure 5. A rose diagram is a helpful tool to show the frequency and
orientation distribution of interpreted lineaments. The strike azimuth of
fractures is measured perpendicular to their dip azimuth.

3.3. Seismic data migration, conditioning, and structural interpretation

The available post-stack 3D seismic data was not migrated. Therefore, in
the first step, post-stack 3D time migration was conducted. The accuracy of
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Figure 4. Interpretation of main structural discontinuity-related features using acoustic image
logs. An example of (a) Fault (F), (b) Natural fractures (NF), (c) Breakouts (BK) and, (d) Drilling-
induced fractures (DIF) and breakout (BK). The white arrows indicating the occurrence of F, NF,
and DIF and the greenish zones showing the occurrence of BK. The scale bar in all examples
corresponds to one meter in the vertical position.

seismic attributes used for faults and fractures delineation depends on the
quality of input seismic data. Hence, immediately after post-stack 3D
migration and before the seismic attribute study, the seismic data was con-
ditioned to improve seismic data quality and enhance edge detection. The
horizon and faults were then interpreted.

3.4. 3D Seismic attribute analysis and supervised classification

In the next step of the proposed workflow, a number of coherence and
curvature attributes were generated. Next, a supervised neural network
technique based on the multilayer perceptron (MLP) was employed to
maximize the seismic attributes. We classified and identified fault/large
fractures using a supervised classification approach by picking proper 3D
seismic attributes. First, a small proportion of the entire data were visually
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Figure 5. Interpreted fractures dip and azimuth together with the conventional well logs at
well W6; (a) Dip angle of faults and natural fractures in tadpole shape, (b) Rose diagram of the
fault and natural fractures showing strike azimuth, (c) Dip angle of breakout and drilling-
induced fractures in tadpole shape, (d) Rose diagram of breakout and drilling-induced fractures
indicating strike azimuth, (e) Gamma-ray log, (f) Density log, (g) P-sonic log, (h) Acoustic
image log.

picked on the sections and time slices of 3D seismic attributes, e.g., semb-
lance. The samples were assigned class labels; Classes 1 and 0 represent the
most probable faults/fractures and non-fracture zones, respectively. Next,
the chosen points were trained based on the selected attributes and finally
enabled the system to learn. For this purpose, a number of 3D seismic
attributes were selected as input data based on the least correlation coeffi-
cient among them to avoid bias in results via a linear classification.
Eventually, the obtained non-linear relationship was applied to all samples
and a 3D supervised discontinuity attribute was predicted. The discrete vol-
ume includes two labeled classes which can represent the most probable
faults/fractures and non-fracture zones with space and time variations.

3.5. Calibrating seismic fracture density map with well data

FracPaQ was used in this study for the quantification of fracture patterns.
The FracPaQ toolbox consists of MATLAB scripts for the analysis of frac-
ture attributes including orientations, lengths, intensity, density and con-
nectivity from 2D digital images, e.g., thin section photomicrographs,
geological maps, aerial or satellite images (Healy et al. 2017). The trace
length map, strike map, and estimated density map are some of the outputs
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Table 1. The borehole image tools, depth of investigation, and the calculated fracture density
at reservoir interval for each well.

Total depth of P10 (Number of
Well Borehole image tool investigation (m) fractures per KM)
W1 UBI 600 60
W2 CAST + OMRI 400 310
w3 CAST + OMRI 350 120
w4 CAST 4 OMRI 350 100
W5 UBI 330 50
W6 UBI+ OBMI 500 80
w7 CAST + OMRI 450 80

of the mentioned toolbox to quantify faults and fractures. The fracture
density map at the reservoir top was produced by incorporating the calcu-
lated fracture density at well locations as the primary variable and the esti-
mated fracture density map using supervised discontinuity attribute as the
secondary variable through geostatistical approach.

4, Application and discussion

The available borehole image tools for 7 wells and the total depth of inves-
tigation for dip and azimuth interpretations are illustrated in Table 1. The
UBI and CAST are ultrasonic tools capable of creating a 360° image of the
borehole. Both provide good resolution images for structural and dip ana-
lysis, fracture identification, the borehole wall texture, and a reliable tool
for breakout delineation. The OMRI and OBMI provide a microresistivity
imaging in the environment of nonconductive invert emulsion mud sys-
tems. Unlike acoustic tools, the OMRI and OBMI do not provide a 360°
coverage of the well. They do, however, operate in any oil or synthetic-base
mud and produce high-resolution and oriented formation image. All
images were processed and calibrated based on the tool characteristics,
magnetic declination, and accelerometer to provide the corrected orienta-
tion of measurements.

Fractures are quantified with specific terms, such as fracture density,
intensity, and porosity. Fracture density is the number of fractures per unit
length, area, and volume known as P10, P20, and P30, respectively. The
length of fractures per unit area is known as P21 and is referred to as the
fracture intensity. The fracture density at reservoir interval was calculated
for each well (Table 1). The fracture density incrementally increases toward
the south and southwest study area.

In the seismic migration sequence, the seismic events are moved to their
actual subsurface locations. In the area of complex geometry, such as faults
and salts, the migration process helps obtain more geologically consistent
images. The bow-tie features after migration sequence in seismic data proc-
essing, particularly in salt formation, were converted to syncline, as is



PETROLEUM SCIENCE AND TECHNOLOGY 1501

e

..... It polygon
o @ Faul
Zpad ) Well location with
Foon K interpreted image log
[ r Well location without
o interpreted image log

N

[ R
1:88805 '
NW inline 2500 inline 406 Inline 326 Iniine 216 SE
d Inline 2600 Inline 406 Inline 326 Inline 1730
L 1 571 411 3. 2!
XL 231 231
v |
TWT
(ms)
-4400
-4600—
&
-4800-

Figure 6. (a) Interpreted two-way time map of reservoir top (Barra Velha) together with the
main faults polygons and location of 12 wells in the pilot study area. The seismic cross-section
corresponds to the red line (b) before and (c) after dip steered median filter (DSMF). The black
ellipse illustrating the reservoir interval in this study. (d) Interpreted reservoir horizon and faults
shown on the seismic cross-section.

expected. The anticline and syncline-like features after migration become
narrower and wider, respectively. In addition, the diffractions were col-
lapsed after migration which can potentially mislead fault and fracture
interpretation (Figures 7a and 7b).

In the seismic data conditioning step, a number of amplitude-preserved
attributes were employed to clean up original seismic data. First, dip
steered median filter (DSMF) was implemented after parameter optimiza-
tion. Second, dip steered diffusion filter (DSDF) was performed in the
same way. The first and second seismic attributes were employed to
enhance signal-to-noise ratio and to highlight faults, fractures, and disconti-
nuities on the seismic section, respectively. After check-shot correction at
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Figure 7. The seismic section corresponds to the yellow line (a) Before migration and after
DSMF, (b) After migration and after DSMF, and the time slice of variance attribute applied to
the seismic data (c) Before migration, (d) After migration. The black ellipse highlighting faults,
fractures, and discontinuities within reservoir interval on seismic data and variance attribute
after migration sequence.

well locations, the top of the upper Barra Velha was identified on the seis-
mic reflectors. The horizon and faults were interpreted on the DSMF vol-
ume in the field of study. A total of six major fault planes were dominantly
identified in the NE-SW direction. The interpreted two-way time map of
reservoir top and location of 12 wells in the pilot study area are displayed
in Figure 6a. The seismic data before and after applying DSMF are shown
in Figures 6b and 6c, respectively. The seismic structural interpretation is
illustrated in Figure 6d. The faults and discontinuities are better delineated
on the seismic variance attribute after migration sequence (Figure 7).

Variance, chaos, curvature, ant-tracking, and semblance attributes were
created and their ability to highlight faults, fractures, and discontinuities
was evaluated. The seismic attributes were produced to reveal faults and
fractures in this study (Figure 8). According to the results, the semblance
attribute was selected as the most appropriate for the research objective.
However, faults and fractures interpretation based on only one seismic
attribute might neglect important information. Therefore, a supervised
neural network technique was used. As can be seen in Figure 9a, a total of
five seismic attributes were incorporated into the training model, including
semblance, seismic amplitude, instantaneous frequency, curvature (most
negative), and instantaneous phase. The number of seismic attributes were
selected based on the least correlation coefficient among them. The super-
vised discontinuity attribute map and section within the reservoir interval
associated with the semblance attribute are displayed in Figure 9.
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Figure 8. (a) Interpreted two-way time map of reservoir top, (b) The seismic amplitude section
corresponds to the red line, and the seismic attribute sections: (c) Chaos, (d) Variance, (e) Most
negative curvature, (f) Ant-tracking, (g) Semblance, (h) Seismic amplitude overlaid with semb-
lance attribute. The black color horizon represents the Barra Velha top formation and the blue
ellipse indicating faults, fractures, and discontinuities.

The fracture traces at the reservoir top were extracted from Figure 10b
using the FracPaQ toolbox. After delineation of faults/fractures over the
map of the Barra Velha top, some of them were excluded as they were
attributed to the remaining diffractions on the seismic data. The red arrows
in Figures 10a and 10b indicate the diffraction effect and chaotic zone due
to poor seismic data quality on the margin of the area studied. The hand-
picked lineaments were interpreted over the discontinuity attribute map
that is shown in blue traces in Figure 10c. The most probable fault/fracture
traces were considered in the fracture density estimation (Figure 10d). As
discussed in the methodology section, the fracture density map extracted
from seismic data was calibrated with fracture density values at well loca-
tions. Figure 11c shows the final map, in which the fracture density values
were obtained from wells and the distribution trend of fracture density
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away from the wells was adapted from seismic data. The result was vali-
dated with the blind well W13 shown in Figure 11c. The actual and pre-
dicted fracture density are 170 and 193, respectively. The calculated error is
13.5%. In order to estimate the fracture density map, assumptions and
approximations were taken into account. Hence, the same number of frac-
tures calculated for P10 was considered for scaling the P20 map by assum-
ing a regular distribution of fractures per unit area.

Ladeira and Price (1981) demonstrated a direct experimental relationship
between formation thickness and fracture spacing. However, if the thick-
ness remains constant, fracture spacing varies as lithology changes. In this
study, the comparison of Figures 11d and 1le shows that the increase in
reservoir interval thickness in the north and northeast study area is associ-
ated with the lower number of fractures per unit area. Meanwhile, the high
fracture density zones were dominantly seen in high structural locations
indicated toward the south and southwest study area (Figure 1le). The
strike azimuth of natural fractures at each well location is shown in
Figure 12a.

Due to the poor quality of some image logs, the separation of open and
closed fractures could not be implemented with a high level of confidence
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Figure 10. (a) Semblance attribute map extracted at reservoir top associated with the main
faults polygons, (b) Supervised discontinuity attribute map extracted at reservoir top. Red
arrows illustrating diffraction and poor signal-to-noise ratio effects. (c) The extracted fault/frac-
ture traces at reservoir top, and (d) the estimated fracture density using FracPaQ toolbox.

(see section 3.2.2). To investigate the in-situ stress of the field with less
uncertainty, borehole breakout and drilling-induced fractures were inter-
preted and evaluated at all seven wells. The rose diagram plot of inter-
preted dip angle and dip azimuth lineaments is shown in Figure 12b. Based
on the strike azimuth of borehole breakout and drilling-induced fractures,
the dominant minimum and maximum horizontal stress were determined
in the NE-SW and NW-SE directions, respectively. The graphical represen-
tation of the strike azimuth for borehole breakout and drilling-induced
fractures in this case study is illustrated in Figure 12c. The result of the
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Figure 11. Fracture density map (P20) at reservoir top (a) Interpreted borehole image logs
using Table 1, (b) Supervised discontinuity attribute showing in Figure 10d, and (c) Integrating
Figures 11a and 11b through the geostatistical approach. The color scale is based on the frac-
ture number per square kilometer. Well W13 used as a blind test which is indicated in Figure
11c (d) the thickness map between Barra Velha top and Itapema top formations. Interpolation
is based on the well data, (e) Fracture density map (P20) at reservoir top (Figure 11c) superim-
posed on the structure contour map to show structural high and low in the study area. See the
lower thickness corresponds to the higher fracture density indicated toward the south and
southwest study area.

stress regime (Figure 12d) is consistent with the regional maximum stress
direction of southern Brazil (Passarelli et al. 2011).

The main difference between the natural fractures and drilling-induced
fractures is associated with their origin. The natural fractures usually occur
as a result of geological process that impose stress throughout the rock,
whereas drilling-induced fractures created by the regional stress of the field
concentrated around a borehole and leads to the development of fractures
in borehole wall while drilling. The borehole images demonstrate different
traces and geometries for natural fractures and drilling-induced fractures.
In image logs of vertical wells, the drilling-induced fractures exhibit sub-
parallel or slightly inclined traces to the borehole axis, which are developed
closely in the maximum horizontal stress direction. Moreover, when break-
outs are present in the borehole images, they can help for identification of
drilling-induced fractures as the breakouts are frequently generated with
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Figure 12. (a) The semblance attribute map extracted at the reservoir top associated with the
main faults polygons. Rose diagrams indicate the strike azimuth of natural fractures based on
the interpreted image logs at each well location and also based on the supervised discontinuity
attribute map using seismic data at top of the figure, (b) Rose diagram showing dip azimuth of
breakout and drilling-induced fractures based on the interpreted image logs, (c) Schematic rep-
resentation of the strike azimuth for borehole breakout and drilling-induced fractures, the max-
imum and minimum horizontal stress is identified, after Tingay, Reinecker, and Miiller (2008),
(d) Fracture density map (P20) at reservoir top illustrating maximum and minimum horizontal
stress in the field of study.

90° rotation relative to the orientation of drilling-induced fractures. The
direction of open fractures originated from the stress regime of the field is
expected to be in the same direction of maximum horizontal stress. Two
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Figure 13. (a) Possible fracture traces at reservoir top. The color scale is based on the calcu-
lated strike azimuth. Two distinctive fracture zones might be caused by maximum horizontal
stress of the field which can be considered as a potential area of the open fractures, (b) Figure
11e superimposed on the possible fracture traces at the reservoir top.

distinctive fracture zones following the direction of maximum horizontal
stress were identified, which could potentially be the sweet spots for open
fracture zones (Figure 13).

5. Uncertainties

Even though the result demonstrates an appropriate prediction of fracture
density, there have been several limitations in this case study that brings
uncertainties to the outcomes.

Apart from the seismic data and quality of image logs, the available seis-
mic data was limited to post-stack narrow azimuth marine data. Therefore,
the fracture azimuth study was not properly feasible. The strike azimuth of
some wells is in compliance with the calculated strike azimuth of the super-
vised discontinuity attribute map, while a few wells seem to contradict the
seismic strike azimuth trend (Figure 12a). The change in the elastic proper-
ties of seismic waves as a function of propagation direction is called seismic
anisotropy. The azimuthal anisotropy can be caused by a system of frac-
tures. Generally, for seismic fracture orientation study, the wide azimuth
marine seismic data acquired by ocean-bottom seismometers (OBS) is
required. In such a dataset, a particular seismic data processing is con-
ducted to classify data into the common offset - common azimuth volumes
for amplitude variation with angle and azimuth study (AVAZ) after
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anisotropic velocity analysis. Furthermore, shear wave splitting analysis
using multi-component seismic data is another approach for fracture azi-
muth study. It is worth noting that both above-mentioned techniques are
not applicable in this study because the particular data is not available.
Hence, the seismic anisotropy analysis was not performed.

Besides the uncertainty of the fracture azimuth study, the fracture dip
interpretation must be conducted in the depth domain. The slope of faults
and fractures extracted from the original seismic data is in the time domain
denoted by millisecond per seismic traces distance instead of degree.
Therefore, a velocity model should be built in order to convert the seismic
data from time to depth domain. There is also a chance of misinterpreting
some sedimentary bedding interfaces with lower slope fracture planes (less
than 30 degrees) due to the quality of the image logs.

6. Conclusion

A practical workflow was conducted to predict fracture density map (P20)
at reservoir top by integrating the interpreted image logs and supervised
classification of seismic-based discontinuity attributes. Based on the results
and stress regime analysis, the possible sweet spots for open fracture zones
were identified. Two distinctive zones are located on the high fracture
density and structural high toward the west and southwest study area,
together with the strike azimuth orientation of interpreted lineaments,
which are the same as the maximum horizontal stress orientation (N'W-
SE). The 3D supervised discontinuity attribute can represent the faults and
natural fractures at the reservoir. However, there is uncertainty in the dif-
ferentiation of open and closed fractures based on the quality of the image
logs. In addition, seismic data is contaminated by amplitude attenuation
and frequency absorption along with diffraction effects within the reservoir
interval, whose adverse effects are inevitable on the interpreted results.
Despite the limitations, the workflow can be used for other reservoir inter-
vals. The findings of this study can potentially enhance discrete fracture
network model (DFN) and dual porosity estimation in the reservoir model.
Needless to say, the pore space relationship between the fracture network
and karstification should be considered in the field of study. The outcomes
might also be included in the geomechanical evaluation of the field for
wellbore stability and mud weight design.
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Nomenclature

2D Two Dimensional

3D Three Dimensional

AVAZ  Amplitude Variation with Angle and Azimuth
BK Breakouts

CAST  Circumferential Acoustic Scanning Tool
DSDF  Dip Steered Diffusion Filter

DSMF  Dip Steered Median Filter

DFN Discrete Fracture Network

DIF Drilling-Induced Fractures
F Fault

MLP Multi-Layer Perceptron
NF Natural Fractures

NW-SE Northwestern-Southeastern

OBMI  Oil Base Micro Imager

OBS Ocean-Bottom Seismometers

OMRI  Oil Mud Reservoir Imager

SEG Society of Exploration Geophysicists
UBI Ultrasonic Borehole Imager

w Well
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