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Resumo

A Bacia offshore de Santos é uma bacia prolifica com grande potencial para exploracdo de
hidrocarbonetos, em parte devido a sua evolucao tectdnica e estratigrafia associada a carbonatos
lacustres descobertos nas aguas profundas brasileiras embaixo do sal. A alta permeabilidade
nesta bacia é provavelmente controlada por altas intensidades de fratura e dissolucdo de
carbonato, portanto, prever o comportamento de fraturas naturais nesses depositos ajudara a
entender seus efeitos no fluxo de fluido e na produtividade do reservatorio. Este estudo se
concentra na construcdo de um modelo de rede de fratura discreta com base na compreensao da
intensidade, orientacdo e distribui¢do espacial das fraturas, isso foi realizado por meio do uso
de ferramentas como registros de imagem de poco de 4 pocos e sismica 3-D. A partir dessas
ferramentas foi possivel identificar os principais horizontes (topo e base do play do pré-sal),
falhas regionais, interpretacédo das fraturas e do estado de tenséo in situ no play do pré-sal da
Bacia de Santos. Neste trabalho, descobrimos que, de acordo com os breakouts e as fraturas
induzidas por perfuracdo, a tensdo horizontal méaxima (SHmax) tem um azimute NE-SW, que
comparado com a orientagéo e regime de estruturas de grande escala sismica no reservatorio, é
possivel destacar que a area de estudo é influenciada por um padrdo normal de falha e
configuracdo de tensdo extensional. Além disso, de acordo com as fraturas naturais,
identificamos quatro sets, 0s sets 1 e 2 seguem uma direcdo paralela a SHmax NE-SW e os sets
3 e 4 seguem uma direcdo paralela a Shmin. Em relacédo a caracterizagédo das redes de fraturas,
distribuimos os atributos de fratura no grid geoldgica de acordo com parametros como
densidade de fraturas, abertura de fratura, comprimento de fratura e orientagéo de fratura, esses
parametros permitiram quantificar a porosidade e permeabilidade da fratura, destacando assim
regibes com as melhores respostas de permeabilidade de fratura.

Palavras-chave: Bacia de Santos, Secdo pre-sal, Redes de Fratura, Atributos Sismicos,

Interpretacdo Sismica.



Abstract

The offshore Santos Basin is a prolific basin with great potential for exploration of
hydrocarbons, this due in part to its tectonic evolution and stratigraphy associated with
lacustrine carbonates discovered in the Brazilian deep-water underneath the salt. The high
permeability in this basin is likely controlled by high fracture intensities and carbonate
dissolution, therefore, predicting the behavior of natural fractures in these deposits will help to
understand their effects on fluid flow and reservoir productivity. This study focuses on the
construction of a discrete fracture network model based on the understanding of intensity,
orientation, and spatial distribution of the fractures, this was accomplished through the use of
tools such as borehole image logs of 4 wells, and 3-D seismic data. From these tools was
possible to identify the main horizons (top and base of the pre-salt play), regional faults, as well
as allowed the interpretation of fractures and the in-situ stress state in the pre-salt play of the
Santos Basin. In this work, we found that in accordance with the borehole breakouts and
drilling-induced fractures the maximum horizontal stress (SHmax) has an azimuth NE-SW,
which compared with the orientation and regime of large seismic scale structures in the
reservoir, it is possible to highlight that the study area is influenced by a normal fault pattern
and extensional stress configuration. In addition, according to open natural fractures we
identified four sets, of which set 1 and 2 follow a strike parallel to SHmax NE-SW and sets 3
and 4 follow a strike parallel to Shmin. Regarding the characterization of the fracture networks,
we distributed the fracture attributes in the geological grid according to parameters such as
density of fractures, fracture aperture, fracture length, and fracture orientation, these parameters
allowed to quantify the fracture porosity and permeability, thus highlighting regions with the
best fracture permeability responses.

Keywords: Santos Basin, Pre-salt Section, Fracture networks, Seismic attributes, Seismic

interpretation.
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INTRODUCTION

The recent discoveries of vast hydrocarbon accumulations in lacustrine carbonates from Brazil,
Africa, and China have increased the scientific interest for a better understanding of the
formation and evolution of these reservoirs (Herlinger et al., 2017). Moreover, the discovery of
large oil accumulations in the Brazilian deep-water offshore basins underneath the salt, which
contains lacustrine carbonates have opened a new exploratory frontier. The occurrence of this
new play has brought significant economic prosperity for Brazil, translated into reducing its
energy dependence and making the country one of the world's largest producers of oil and gas
(Riccomini et al., 2012).

The Brazilian pre-salt section is located in the SE offshore continental margin of the Campos
and Santos Basins, and is a prominent oil-bearing sequence of carbonate rocks, overlayed by a
thick interval of salt. It consists of Barremian to Aptian lacustrine carbonates with high
permeabilities mainly due to high fracture intensities and carbonate dissolution, confirming
large presence of fractures, karstification, and outstanding reservoir productivity (Correa et al.,
2019). According to Akbar et al., 2001, hydrocarbon reservoirs in carbonate formations
comprise nearly 50% of known economic reserves worldwide and most of them comprising
naturally fractured reservoirs, as it is observed in some Brazilian pre-salt reservoirs (Correa et
al., 2019). Therefore, a detailed knowledge of the fractures in these deposits will give a better

understanding of their production behavior and development.

Open and uncemented or partially mineralized fractures often have a positive effect on oil flow,
these can help to generate secondary porosity allowing communication between reservoir
compartments (Aguilera, 1995; Bratton et al., 2006). In this way, fracture detection and
evaluation (type, frequency, state, and orientation) are important for developing naturally
fractured reservoirs (Khoshbakht et al., 2009; Ju et al., 2018). Moreover, the incorporation of
fractures into reservoir models not only reduce the geological uncertainty for exploration, but

also improve the forecast of production and guide the development plans (Correa et al., 2019).

Different data types can be used to describe fractures, including seismic data and attributes
derived from it, geophysical logs, drill cores, and outcrops (Deng et al., 2015). According to

(Sun et al., 2011), the combination of multiple seismic attributes is important for fault and
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fracture detection since the coherence cube was first developed (Bahorich and Farmer, 1995),
in addition, other algorithms were developed to improve the quality of images of faults and
fractures such us curvature (Roberts, 2001), chaos (Schlumberger, 2009 in Gomez, 2018), and
the “ant tracking algorithm” (Pedersen et al., 2003), the latter is widely used to enhance the
resolution of the faults and fractures. However, despite the recent advances in three-dimensional
seismic reflection techniques and in seismic attribute processing (Dorn, 1998), seismic data
have limited resolution (Maerten L. and Maerten F., 2006). Therefore, the primary specialized
tools for fracture detection are high-resolution image logs (Huapeng Niu et al., 2019), this is
due to their optimal vertical resolution that, with almost full wall coverage of the boreholes, can

assure that no features are missed along the borehole (Veltman et al., 2012).

Therefore, this work uses seismic attributes, as a big-scale tool to detect faults and large
fractures, the method applied to delineate the faults was based on the Variance, Chaos and Ant-
tracking (Appendix 2) volumes as important attributes to enhance discontinuity of seismic
events. On the other hand, the image logs (Appendix 1) are used as a small-scale tool for in-
situ stress determination and fracture detection and characterization; and as the production and
development of a naturally fractured reservoir is highly influenced by the characteristics of the
fracture network which may control the flow direction and volume of the hydrocarbons through
the layers (Valentini et al., 2007), the primary goal of this research is to develop a DFN model
based on the distribution of fractures in a geological grid in the reservoir, through the integration
of image log, seismic attribute analysis, and supervised neural networks, which are the main
tools for fracture mapping (Deng et al., 2015; Huapeng Niu et al., 2019), this models may help
to improve the geological understanding of the Brazilian pre-salt section by providing

information on high permeability regions for the evaluation of oil and gas accumulations.



19

Article 1: FRACTURE CHARACTERIZATION AND IN-SITU STRESS
DETERMINATION USING BOREHOLE IMAGE LOGS AND SEIsMIC DATA:
THE PRE-SALT SECTION OF THE SANTOS BASIN, BRAZIL

ABSTRACT

The giant hydrocarbon accumulations discovered in the Brazilian offshore basins underneath
the salt layer have opened a new exploratory frontier. The reservoir is mainly composed of
naturally fractured lacustrine carbonates. Therefore, the understanding of natural fractures in
these units provide insight of their geomechanical behavior, helping to optimize the potential
and productivity of the reservoirs. One of the most used tools for reservoir characterization is
the integration of the borehole image logs and seismic data. Accordingly, in this work, we used
borehole image logs of 4 wells, and 3D seismic data to describe and interpret fractures and the
in-situ stress State in the pre-salt play of the Santos Basin. The borehole breakouts and drilling-
induced fractures were used as evidence to estimate a maximum horizontal stress (SHmax) with
azimuth NE-SW; further, by comparing with the orientation and regime of large seismic scale
structures in the reservoir, it is possible to highlight that the study area reveals a NE-SW normal
fault pattern influenced by extensional stress configuration. Open natural fractures comprise
four sets, the main sets with a greater abundance of fractures with strike NE-SW and the second
sets of fractures with a lower prevalence in the study area with strike NW-SE. Outputs from
this work can be used to constrain and build discrete fracture network models, which will allow
to rank regions with enhanced fracture porosity and permeability, generating a view of

preferential fluid flow paths in the reservoir.

INTRODUCTION

Understanding and characterizing naturally fractured reservoirs presents significant
opportunities for the petroleum industry because they can be extremely profitable if managed
correctly. This assumption has proved crucial in the development of fractured fields around the
world, where faults and fractured zones have a significant impact on permeability and the
development strategy is based on targeting of the discontinuities (Gutierrez, 2016). Thus,
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predicting optimal flow routes requires a thorough understanding of the discontinuities in terms

of intensity, orientation, and spatial distribution (Meldahl et al., 2001; Ligtenberg 2005).

The pre-salt reservoir of Santos Basin is positioned in the SE offshore continental margin of
Brazil (Figure 1) in a sequence of Barremian to Aptian lacustrine carbonates, with a tectonic
framework consisting of horsts and grabens associated with a faulting regime with normal
component and transfer faults (Ojeda, 1982; Chang et al., 1992; Gomes et al., 2008). This
carbonate sequence present high permeability owing to significant fracture intensities and
carbonate dissolution, demonstrating the occurrence of fractures and karstification (Correa et
al., 2019). In these carbonate reservoirs, fracture control parameters such as type, orientation,
and intensity are essentially structural mechanisms, and they aid in understanding the
complexity and variety of fractured reservoirs (Ghosh and Mitra, 2009); in addition, highlight
fracture connectivity's contribution to flow regulation (Gong and Rossen, 2018).

Accordingly, this study utilizes seismic attributes, dedicated to detect faults and large fractures,
and image logs as a tool for fracture detection, to determine the in-situ stress by interpreting the
Breakouts and Drilling Induced Fracture and perform the fractures characterization by
separating the types of natural fractures, with the goal of providing input for the development
of a DFN model based on fracture distribution in the reservoir in order to better geological

knowledge of the Brazilian pre-salt section.

GEOLOGICAL SETTING

The offshore Santos Basin locates in the Brazilian southeast coast and covers an area of ~
350,000 km2. Tectonically, the Santos Basin is a passive margin, limited to the north by the
Campos Basin, separated by the Cabo Frio structural high, and to the south limited by the
Pelotas Basin, separated by the Florianopolis structural high (Figure 1) (Moreira et al., 2007).

The basin presents a tectonic framework following a NNE-SSW trend, consisting of horsts and
grabens associated with normal and transfer fault structures (Ojeda, 1982; Chang et al., 1992;
Gomes et al., 2008). The tectonic history and evolution of the basin is associated to the rupture

processes of the Gondwana supercontinent in the Jurassic-Cretaceous, which resulted in the
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continental separation between west Africa and South America (Cainelli and Mohriak, 1999;
Milani et al., 2000: Zalan et al., 2004).
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Figure 1. Location map of the study area and the Brazilian pre-salt section, situated in the SE
offshore continental margin of the Santos basins. (Shapefiles taken from the Brazilian National
Agency for Petroleum, Natural Gas and Biofuels, ANP).

The tectonostratigraphic evolution of the Santos Basin can be divided into three main super-
sequences, rift, post-rift, and drift, each of these sequences bounded by regional unconformities
(Pereiray Macedo, 1990; Pereiray Feijd, 1994; Moreira et al., 2007; Davison et al., 2012). This
work is focused on the rift and post-rift super-sequences, for which the sedimentary record
begins in the Hauterivian and extends up to the Aptian (Figure 2).

The rift phase is composed of basaltic flows defined as the Camboriu Formation, which its
upper limit is an unconformity with the Picarras Formation. The Picarras Formation is
composed of alluvial fans made up by conglomerates and sandstones in the proximal portions,
and by lacustrine siltstones and shales in the distal portion. The upper part of the rift phase
corresponds to the Itapema Formation, this is dominated by organic-rich carbonates, recognized

by the abundant presence of rudstone and bivalves. The Itapema Formation is considered the
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main source rock of the pre-salt play and its upper limit is demarcated by the pre-Alagoas
unconformity, which marks the limit between the Itapema and Barra Velha formations (Moreira
et al., 2007).

The post-rift phase includes the sag succession of the Barra Velha and the evaporites of the
Ariri formations, deposited in transitional environments between continental and shallow
marine (Moreira et al., 2007). The Barra Velha Formation is divided into Barra Velha Inferior
and Barra Velha Superior, being these two separated by the Intra-Alagoas unconformity, which
marks the beginning of the Sag phase (Wright and Barnett, 2015). The Barra Velha Formation
is composed mainly of limestone, shales and high-magnesium claystones associated with in situ
carbonates, formed in a hyperalkaline continental-marine transitional system (Moreira et al.,
2007). The upper part of the post-rift phase corresponds to the evaporitic deposits (halite and
anhydrite) of the Ariri Formation, and locally with the presence of soluble salts, such as
tachyhydrite, carnalite and sylvinite (Amaral et al., 2015).

In summary, elements of the pre-salt petroleum system within the Santos Basin comprises a
lacustrine source rock, a widespread and thick carbonate reservoir, and a thick salt interval
acting as seal; the accommodation space for sedimentation was generated from the subsidence

related to the distensible stresses that resulted in the Gondwana rupture (Moreira et al., 2007).
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Figure 2. Lithostratigraphic chart of the rift and post-rift super-sequences of the Santos Basin.
(Extracted from Moreira et al., 2007).
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DATABASE

The data was acquired from the ANP repository (National Agency for Petroleum, Natural Gas
and Biofuels) and comprise a seismic volume along with well information. The volume contains
a 3-D post-stack time migrated seismic of 300 km?, it covers 650 inlines and 700 crosslines
with an interval spacing of 12.5x12.5 m. The recording interval was 8000 ms with a sampling
rate of 4 milliseconds. The well information includes check-shots, formation tops, sonic logs,
density logs and borehole image logs from 4 wells, which include fracture point data such as

dip angle, dip azimuth and fracture type (natural vs induced).

METHODS

Horizons and Faults Interpretation

Prior to seismic interpretation, the seismic volume was preconditioned, involving noise removal
to increase the signal-to-noise ratio and obtain better continuity of the reflectors. In addition,
different seismic attributes were used to emphasize discontinuities and, as a result, highlight

possible faults (Figure 3).

Seismic Data
Preconditioning

Original Seismic Horizons Interpretation

Horizons and Faults .
Interpretation Ant Tracking

Figure 3. Workflow used to highlight faults and discontinuities from seismic attributes. Results
illustrate the interpreted horizons and intersections with faults.
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The preconditioning of the seismic volume was based upon applying filters to eliminate seismic
anomalies, such as acquisition footprints or multiples. Initially, a semi-automated geostatistical
filter (Destriping Filter) was applied, which once the parameters (noise orientation, the
noise/signal variability, and the noise distribution) have been established, factorial kriging
filters out the noise using local noise and signal characteristics (Magneron et al., 2009).
Subsequently, the structure-oriented filter (SOF) is executed, which removes the random noise
by aligning the seismic reflector using the dip-steering principle, thus improving the structural
and stratigraphic characteristics of the data (Chopra and Marfurt, 2008). Lastly the Dip Steered
Median Filter (DSMF) is applied which adjusts the diffuse terminations of the reflectors closer
to the fault zones with a pre-computed geometry attribute, which identifies the dissimilar

seismic traces and improves the edge of the reflectors (Jaglan and Qayyum, 2015) (Figure 4).

Time (ms TWT)

Time (ms TWT)

Figure 4. Seismic cross-section showing the noise-reduction filter. (A) Original seismic. (B)
After dip steered median filter (DSMF).
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Following the application of noise-reduction filters to improve the data's structural and
stratigraphic features, two main horizons were interpreted, including the base of the salt
(representing the top of the pre-salt play) and the base of the pre-salt play (representing the top
of the Camboriu Formation) that are identified as a high positive impedance using the

correlation between the seismic and the well markers.

Post data conditioning, multiple seismic attributes such as variance, chaos and ant tracking were
executed to highlight discontinuities and consequently identify possible faults. Variance
attribute is a measure of the similarity between the seismic traces. Geologically, high coherence
waveforms indicate lateral lithological continuity, while abrupt coherence changes can suggest
faults and large fractures. Its main utility is the ability to enhance discontinuities, allowing the
precise interpretation of fault lineaments (Chopra & Marfurt, 2007). The Chaos attribute is an
edge detection method and computes the local chaos — measure of the ‘lack of organization’ in
the dip and azimuth estimation method. It can also be used to enhance faults and discontinuities
(Schlumberger, 2009 in Gomez, 2018). The Ant Tracking algorithm is part of an innovative
workflow that introduces a new paradigm in fault interpretation, this emulates the behavior of
ant colonies in nature and how they use pheromones to mark their paths in order to optimize
the search for food. Similarly, virtual ants are put as ‘seeds’ on a seismic discontinuity volume
to look for fault zones. Virtual pheromones deployed by the ants capture information related to
the fault zones in the volume. The result is an attribute volume that shows very sharp and
detailed fault zones, since it better enhances horizon discontinuities when compared to other
traditional edge enhancing attributes (Chaos, Variance) (Silva et al., 2005) (Figure 5).

From the application of the seismic attributes and filters aforementioned, which are dedicated
to enhancing the discontinuities, the interpretation of main faults of the pre-salt play was
possible consisted of locating the fault planes in different seismic sections, taking into account

the interruption or change of continuity of the reflectors or seismic horizons already interpreted.
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Figure 5. Seismic attributes executed to highlight discontinuities. (A) Variance. (B) Ant
tracking. (C) Ant tracking overlaid with original seismic.

Borehole Image Logs

Borehole images are a powerful tool for structural and sedimentological interpretation that
allows the obtention of dip and azimuths of faults, fractures and sedimentary structures from
borehole wall (Haller and Porturas, 1998; Khoshbakht et al., 2012; Kingdon et al., 2016; Brekke
etal., 2017; Lai et al., 2019). In this work, the data was loaded and interpreted according to the
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available tool from each well and calibrated according to magnetic declination and
accelerometer to provide the true orientation of interpreted structures. The interpretations were
carried out by acoustic tools acquired from Circumferential Acoustic Scanning (CAST tool of
Halliburton) or Ultrasonic Borehole Imager (UBI tool of Schlumberger). Both tools are capable
to generate a 360° image of the borehole wall and provides good image resolution for the
interpretation of natural and drilling induced fractures as well as the breakouts of borehole wall
(Abdideh and Amanipoor, 2012; Kingdon et al., 2016). The differences between Natural
Fracture (NF) and Drilling Induced Fracture (DIF) are associated with their origin, the first
occur in subsurface as a result of geological process and the latter is a result of a regional stress
of the field concentered around of borehole wall during drilling. Both fractures can be
distinguished in acoustic borehole images according their geometries and trace. In case of
vertical or sub-vertical wells, like our dataset, the DIF exhibit a sub-parallel or slight inclined
orientation to the borehole axis, developed closely to the maximum stress orientation.
Generally, they do not fully cross the wellbore and exhibit an asymmetrical distribution,
whereas the NF have a consistent orientation and are often symmetrically along the full

wellbore section (Figure 6).

—m Fractures E DIF and Breakout

Static Image

_Static Image : Dynamic Image

Dynamic Image
\ N i

Figure 6. Visualization of natural fractures, drilling induced fractures and breakouts in acoustic
borehole images. A) Occurrences of open and enlarged natural fracture pointed by the white
arrow and B) Irregular and vertical drilling induced fractures pointed by the blue arrow and
breakouts highlighted in green area. Note that natural fractures have lateral continuity while
DIF are irregular and vertically arranged, furthermore the DIF are arranged 90° of the
orientation of breakouts.
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For the in-situ stress analysis it is necessary to take into account that the in situ stress is the sum
of all natural stress contributions and natural processes that influence the rock stress state at a
given point; it also refers to the current natural stress related to the tectonic and gravitational
forces; assuming that the vertical stress (Sv) is a principal stress at depth, the orientation of the
maximum (SHmax) and minimum (Shmin) horizontal stress are the other two principal stresses
of the stress tensor (Heidbach et al., 2016) (Figure 7A) and these can be determined from
breakouts and drilling-induced fractures, where the SHmax is approximately perpendicular to
the breakouts, and parallel to drilling-induced fractures (Plumb and Hickman, 1985) (Figure
7B).
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Figure 7. A) In-situ stress state is defined by: vertical stress (Sv), maximum principal horizontal
stress (SHmax) and minimum principal horizontal stress (Shmin) (Extracted from Huapeng Niu
et al., 2019). B) Typical borehole breakout and drilling-induced fractures. The SHmax is
approximately perpendicular to the breakouts, and parallel to drilling-induced fractures
(Extracted from H. Talebi et al., 2018).

Finally, all dips and azimuths were plotted in rose diagrams to display breakout and fracture
data, through which the maximum/minimum horizontal in-situ stress are determined; as well as

the definition of main fracture sets (Figure 8).
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Figure 8. Workflow used to fracture characterization from borehole image logs.

RESULTS AND DISCUSSION

Seismic Interpretation (Horizons and Faults)

The seismic interpretation was focused on the identification of the main horizons (top and base
of the pre-salt play) and regional faults of the study area. Figure 9 and Figure 10 shows the
identified horizons (Barra Velha and Camboriu formations tops) and the regional structural
configuration. The top of the pre-salt play was mainly observed as a continuous reflector, it
presents a strong change between the sediments of the Barra Velha Formation and the salt of
the Ariri Formation, which presents some distortions or chaotic patterns due to the effects of
the salt, allowing an enhancement of its base reflector making it easy to identify (Figure 9C and
Figure 10C). The Camboriu Formation top was mainly identified by the typical chaotic
reflections of the basement, which generate a strong change between the basalts and the
sedimentary rocks of the pre-salt play (Figure 9C and Figure 10C). This strong change is also
seen in the well logs, mainly in the sonic log, which is one of the best indicators due to the
drastic contrast in transit times between the pre-salt play with the salt and the basement (Figure
9D and Figure 10D).
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Figure 9. A) 2D map of the Barra Velha Formation top surface. Showing the seismic cross
section (A-A") on the yellow line. B) Seismic cross section (A-A") before interpretation. C)
Interpreted seismic section (A-A’) of the main horizons (top and base of the pre-salt play, green
and yellow lines respectively) and regional faults (black lines) of the study area. D) Zooming
in on the intersection of the sonic log (Well D) with the seismic, showing the strong change
between the interpreted horizons, the salt and the basement.
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Figure 10. A) 2D map of the Camboriu Formation top surface. Showing the seismic cross
section (B-B') on the yellow line. B) Seismic cross section (B-B') before interpretation. C)
Interpreted seismic section (B-B’) of the main horizons (top and base of the pre-salt play, green
and yellow lines respectively) and regional faults (black lines) of the study area. D) Zooming
in on the intersection of the sonic log (Well A) with the seismic, showing the strong change
between the interpreted horizons, the salt and the basement.

The interpretation of main faults in the pre-salt play was carried using results from seismic
attributes such as chaos, variance and ant tracking, all of which enhancing discontinuities and
allowing visualization of the regional structures. According to this interpretation, the regional
structural framework of the pre-salt play in the study area is characterized by normal faulting,
and the general orientation of the interpreted faults follow a main strike NE-SW (Figure 11),
this most likely related to the rupture of the Gondwana supercontinent in the Jurassic-
Cretaceous period and the continental separation between Africa and South America (Ojeda,
1982; Chang et al., 1992; Cainelli and Mohriak, 1999; Milani et al., 2000; Zalan et al., 2004).
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Figure 11. Regional structural framework of the pre-salt play in the study area characterized
by high-angle normal faulting.

Interpretation and analysis of breakouts and drilling-induced fractures (In-situ stress
analysis)

The analysis of the breakouts and drilling-induced fractures was performed jointly for the four
wells. According to the interpretation, 41 breakouts and 25 drilling-induced fractures in the pre-

salt play were identified covering the information from 4 wells.

Based on the expressed in the methodology, the breakouts are represented by continuous dark
zones where the borehole wall was collapsed following the minimum horizontal stress (Shmin)
and the DIF exhibit a sub-parallel or slight inclined orientation to the borehole axis, developed
closely to the maximum horizontal stress (SHmax) therefore, with what is observed in Figure
12, the average trend of breakouts develops through the NW-SE direction of the borehole,
which can be considered as the Shmin direction, and drilling-induced fractures are through the
NE-SW direction, suggesting the SHmax follows that direction. Thus, the present-day

maximum in-situ stress has a direction of NE-SW in the pre-salt play of the study area.
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Figure 12. The orientation of the minimum horizontal stress (Shmin) and the maximum
horizontal stress (SHmax) determined from the borehole breakout and drilling-induced
fractures.

The analysis of breakouts and drilling-induced fractures obtained from the borehole image logs
allowed the estimation of present-day maximum and minimum in situ stress directions of the
pre-salt play in the study area, which are determined by a strike NE-SW for the SHmax
(orthogonal to the breakouts) and NW-SE for the Shmin (parallel to the breakouts) (Figure
13A). Comparing this result of the present tectonic regime with the orientation and regime of
the interpreted faults, it is possible to highlight that the study area is influenced by a normal
stress configuration, defined by the relation Sv>SHmax>Shmin (Figure 13B), this according to
the classification to describe a fault’s movement at different stress states outlined by Anderson
(1905), where a fault will slip normally when Sv>SH>Sh, and such a stress regime is considered
"normal”. Similarly, stress regimes that allow strike-slip fault movement SH>SV>Sh and
reverse (or thrust) fault movement SH>Sh>SV (Shen et al., 2018) (Figure 13 B).
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Figure 13. Maximum and minimum horizontal stress analysis. A) Demonstration of the
structural configuration of the study area based on breakouts and drilling-induced fractures. B)
Model that the study area is influenced by a normal stress configuration, defined by the relation
Sv>SHmax>Shmin, according to normal fault stress regime (Anderson, 1905).

Interpretation and analysis of well fractures data

This analysis was based on the information of the dip angle and dip azimuth of the fractures
interpreted in the well images. From results of interpreted fractures, it was possible to identify
that the fractures in all wells show a dominant strike direction NE-SW with a preferential
average dip inclination of 40 degrees, however, in wells B, C and D it is possible to identify a
second less prominent strike direction NW-SE (Table 1, Figure 14 and Figure 15).

Table 1. Results of natural fractures identified in wells A, B, C and D.

WELL A
Formation Barra Velha Itapema
Main Strike direction N49E-S49W N41E-S41W
Average dip inclination 40° 43°
WELL B
Formation Barra Velha Itapema
Main Strike direction NSOE-S3OW N29E-S29W
N42W-S42E
Average dip inclination 36° 39°
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WELL C
Formation Barra Velha Itapema
. . N N46E-S46W
Main Strike direction N37E-S37W
N42W-S42E
Average dip inclination 35° 46°
WELL D
Formation Barra Velha ltapema
i i L N28W-S28E
Main Strike direction N45E-S45W
N38E-S38W
Average dip inclination 45° 53°
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Figure 14. Fractures expressions and fracture intensity log of well A and Well B.
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Figure 15. Fractures expressions and fracture intensity log of well C and Well D.

Results of the fractures observed for each well reveal two main sets of natural fractures
dominating in all wells with a strike direction NE-SW and dip directions NW and SE (Figure
14 and Figure 15), this orientation correlates with the fault and large fracture patches extracted
from the ant tracking attribute (Figure 16A), which were plotted in stereo net diagram and
showed a prominent strike NE-SW (Figure 16B) and dip azimuths NW and SE (Figure 16BC).
The analysis of breakouts and the natural fractures shows that the most abundant sets of natural
fractures in the pre-salt play are approximately parallel to SHmax, suggesting for these fractures
an open state (open fractures) and good connectivity, similar to observations by Huapeng Niu

et al., 2019 in the Dongying Formation of the Bohay bay basin of China.
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Dip azimuth s

Figure 16. A) Fault and large fracture patches extracted by ant tracking algorithm, B)
illustrating the prominent strike direction NE-SW on stereo net diagram. C) illustrating dip
directions NW and SE.

Further, given the high connectivity that open fractures could represent at predicting the
trajectory of reservoir fluid flow, a joint analysis of open fractures for the 4 wells was carried
out, in order to evaluate potential intervals/zones for hydrocarbon production. According to this
joint analysis (Figure 17 and Figure 18), four sets of fractures are recognized, two main sets
with a greater abundance of fractures with a strike NE-SW (F1 and F2 follow a strike parallel
to SHmax) and an average dip inclination of 45 and 37 degrees respectively, and the others two
sets of fractures with a lower prevalence in the study area with a strike NW-SE (F3 and F4
follow a strike orthogonal to SHmax) with an average dip inclination of 53 and 43 degrees

respectively.
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Figure 17. Evaluation of open and closed natural fractures. A) Illustrating four sets in the pre-
salt play. stereo net diagram representing the Dip azimuth. B) Stereo net diagram highlighting
the two main sets with a strike NE-SW parallel to SHmax. C) Stereo net diagram highlighting
the two sets with a lower prevalence with a strike NW-SE orthogonal to SHmax.
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Figure 18. Summary plot of the main fracture sets identified in the pre-salt play from borehole
image logs.

The set of fractures with a strike NE-SW develops in the same direction as the regional
configuration of the study area, for which it is suggested that they are predominantly related to

extensional faults and thus likely be formed by slight changes in the movements during the
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hyper-extensive stage in the rifting process (Oliveira et al., 2019). And according to the
fractures set with strike NW-SE, which has a less prominent and more local distribution in the
study area, according to Morley et al., 1990, these fractures can be considered as parts of

transference zones or accommaodation zones between the faulted blocks.

CONCLUSIONS

With the mapping of the breakouts and drilling-induced fractures, it was possible to estimate
the present maximum and minimum in situ stress directions of the pre-salt play in the study
area, these directions are recognized by a strike NE-SW for the SHmax and NW-SE for the

Shmin, influenced these two by a normal stress configuration.

Regarding the analysis of borehole image logs, the orientation of open fractures reveals the
presences of four sets of fractures, two main sets with a greater abundance of fractures with a
strike NE-SW that runs parallel to SHmax and two second sets of fractures with a lower
prevalence with a strike NW-SE.

The seismic interpretation of the main horizons (top and base of the pre-salt play) and the
regional faults of the study area is characterized by normal stress configuration that corroborate

the present in-situ stress regime.

Outputs and observations from this work can be used to build discrete fracture network models,
which will further allow to represent regions with high fracture porosity and permeability.
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Article 2: DiscReTE FRACTURE NETWORK MODELING BASED ON
FRACTURE INTENSITY DERIVED FROM BOREHOLE IMAGE LOGS AND
SEISMIC ATTRIBUTES BY INCORPORATING SUPERVISED NEURAL
NETWORKS: THE PRE-SALT SECTION OF THE SANTOS BASIN, BRAZIL

ABSTRACT

Due to similarities in tectonic evolution, stratigraphy, and analogous petroleum systems with
the prolific Campos Basin, the Santos Basin is equally considered a prolific basin with great
potential for exploration of hydrocarbons. The pre-salt play is mainly comprised of lacustrine
carbonates with high permeabilities. The permeability is primarily controlled by high fracture
intensities and carbonate dissolution, therefore predicting the behavior of natural fractures allow
to enhance the productivity of the reservoir which is highly influenced by the characteristics of
the fractures in terms of intensity, orientation and spatial distribution, identified in the
development of the discrete fracture network modeling. In this work, the fracture model is based
on open fractures interpreted from UBI image logs which allowed the definition of four sets of
fractures. Sets 1 and 2 follow a strike parallel to SHmax NE-SW and Sets 3 and 4 follow a
strike parallel to Shmin; additionally, the parameters used to build the fracture model include
the intensity, length, aperture, orientation, and geometry of the fractures. The fracture intensity
was distributed in the geological grid according to the density of fractures per unit Area/\Volume
(P32) and, because fracture intensity is limited to the wellbore and its distribution is highly
uncertain in regions away from the well, a supervised neural network technique was used, for
which several seismic attributes such as curvature, chaos, variance, and ant tracking dedicated
to the identification of faults and large fractures were generated, which were used as drivers to
distribute the intensity, guided or supervised by the already known fracture intensity. Further,
the ant-tracking attribute is used for estimating fracture length. The aperture is measured
directly from the image logs, the orientation was based in the defined fracture sets and the
geometry for the model is approximately rectangular. As the intensity of fractures is limited to
the wellbore and its distribution is somewhat uncertain for regions far from the wellbore,
attributes such as curvature, chaos, variance and ant-tracking were integrated as proxies for the
distribution of fracture intensities. Finally, with the DFN model the fracture properties, such as
permeability in three directions (I, J and K) and porosity are upscaled to a 3D geological grid

based on the Oda method; through this method, it was possible to infer a permeability behavior
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expressed by Kj > Ki > KKk, highlighting that the Kj direction contains the best permeability
responses, and further suggesting a good connectivity for the fractures of the main structural
systems F1 and F2 parallel to the SHmax direction. Outputs from this work can be used to
construct geomechanical reservoir models that allow a better understanding of matrix-fracture

relationships.

INTRODUCTION

Recent studies have revealed that the Santos Basin can be considered a prolific basin of vast
potential for hydrocarbon exploration, this due in large part to the strong similarity with the
prolific Campos Basin, which has similar tectonic evolution, stratigraphy, and petroleum
systems. (Pereira and Macedo, 1990; Mello et al., 2002). Moreover, the large oil discoveries by
Petrobras in Santos Basin have opened new horizons for oil exploration in the pre-salt section,
located at depths greater than 6,500m just below a thick layer of evaporites in ultra-deep waters
depths greater than 2,500m. The estimated reserves for this pre-salt section represent an

important hydrocarbon potential and a new exploration frontier. (Chang et al., 2008).

The Santos Basin consists of a sequence of Barremian to Aptian lacustrine carbonates with high
permeabilities expressed in excellent reservoir productivity. The permeability of these
carbonates is primarily controlled by high fracture intensities and carbonate dissolution (e.qg.,
karstification) (Correa et al., 2019; De Jesus et al., 2016; Duarte et al., 2018). Because
discontinuities such as faults and fractures can play a critical role in creating regions with high
reservoir porosity and permeability, they must be considered for reservoir modeling (Meldahl
et al., 2001; Ligtenberg 2005). The incorporation of fractures into reservoir models not only
reduce the geological uncertainty for exploration, but also improve the forecast of production
and guide the development plans (Correa et al., 2019).

The production and development of a naturally fractured reservoir is highly influenced by the
characteristics of the fracture network which may control the flow direction and volume of the
hydrocarbons through the layers (Valentini et al., 2007). Having a robust knowledge of fracture
characteristics in terms of intensity, orientation, and spatial distribution allows the prediction
of preferential flow paths (Meldahl et al., 2001; Ligtenberg 2005), therefore, it is possible that

the fracture networks are controlling the distribution of the petrophysical properties (Correia et
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al., 2017). Thus, commonly discrete geological models considering the fractures (DFN —
Discrete Fracture Networks) are built to understand the relationship between the networks, the

porosity and permeability of the reservoir (Bourbiaux et al., 2002).

Hence, the major purpose of this research is to create a DFN model based on the distribution of
fractures in a geological grid in the pre-salt reservoir of the Santos Basin, Brazil. This
distribution was created by the integration of image log, seismic attribute analysis, and
supervised neural networks, which are the main techniques for fracture mapping (Deng et al.,
2015; Huapeng Niu et al., 2019). Furthermore, the DFN model can be used to create a
geomechanical model that provides information on the regions with high porosity, permeability,

and high-density of fracturing of the reservoir.

GEOLOGICAL SETTING

The Santos Basin is located in offshore southeastern Brazil (Figure 1); its tectonic evolution is
associated to the rupture processes between west Africa and South America during the late
Jurassic and early Cretaceous (Cainelli and Mohriak, 1999; Milani et al., 2000; Zalan, 2004),
resulting in a tectonic framework consisting of horsts and grabens associated with a faulting
regime with normal component and transfer faults (Ojeda, 1982; Chang et al., 1992; Gomes et
al., 2008).

The study interval focuses on the pre-salt play that corresponds to the rift and post-rift super-
sequences derived from the tectonostratigraphic evolution of the Santos Basin; each of these
sequences is bounded by regional unconformities and the sedimentary record begins in the
Hauterivian and extends up to the Aptian (Pereira y Macedo, 1990; Pereira y Feijo, 1994;
Moreira et al., 2007; Davison et al., 2012) (Figure 2).

The economic basement of basin is represented by Camboriu Formation, a sequence of basalts
that were deposited during the initial stage of Gondwana breakup. The lower part of syn-rift
deposits corresponds to Picarras Formation and comprise conglomerates and sandstones in the
proximal portions, and lacustrine siltstones and shales in the distal portion; the upper part
corresponds to the Itapema Formation dominated by organic-rich carbonates, recognized by the

abundant presence of rudstones and grainstones of bivalves interbed with sandstones and
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laminated mudrocks (Moreira et al., 2007). The post-rift phase includes the Barra Velha
Formation, it is composed mainly of limestone, shales, and magnesium-rich claystones
associated with in situ carbonates, formed in a hyperalkaline continental-marine transitional
system (Moreira et al., 2007). Finally, the upper part of the post-rift phase corresponds to the
evaporitic deposits of the Ariri Formation which acts as a regional seal (Moreira et al., 2007;
Amaral et al., 2015).
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Figure 19. Location map of the study area and the Brazilian pre-salt section, situated in the SE
offshore continental margin of the Santos basins. (Shapefiles taken from the Brazilian National
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Figure 20. Lithostratigraphic chart of the rift and post-rift super-sequences of the Santos Basin.
(Extracted from Moreira et al., 2007).

DATABASE AND METHODS

The input data for the DFN model was generated from four wells and includes check-shots
(time-depth model), formation tops, sonic logs, density logs, and borehole image with
interpretation of fracture point data such as dip angle, dip azimuth and fracture type (natural vs
induced). In addition, we used a 3-D post-stack time migrated seismic survey covering an
approximate area of 300 km2. The seismic volume contains 650 inlines and 700 crosslines with
an interval spacing of 12.5x12.5 m, and the recording interval was 8000 ms with a sampling
rate of 4 milliseconds. To creating the inputs, the seismic volume was preconditioned, which
involved noise removal by applying filters to eliminate seismic anomalies such as acquisition
footprints or multiples in order to improve the signal-to-noise ratio and therefore the reflector

continuity.

The seismic data conditioning was based on the evaluation of data mostly through amplitude
maps and amplitude spectra. In this step the Dip Steered Median Filter (DSMF) is used, which
changes the diffuse terminations of the reflectors closer to the fault zones with a pre-computed
geometry feature, which recognizes the dissimilar seismic traces and improves the reflectors'

edge (Jaglan and Qayyum, 2015).

Interpretation of fractures in image logs
The input for the fracture model relied on the interpreted open fractures of the acoustic borehole
image logs. For all wells, Ultrasonic Borehole Imager tool (UBI — Schlumberger) were

available for structural interpretation. The UBI tool’s produces high-resolution images that
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covers 360° of borehole wall and is operable in heavy water and oil-based muds (Schlumberger,
2002). The dataset was loaded and processed in Interactive Petrophysics software. The main
processing involves the adjust of accelerometer acquisition and the influence of magnetic field
(inclination and declination), thus it was possible to obtain the true dip and azimuth of
interpreted faults and fractures on borehole images. Three structural features were interpreted
in this study: Natural fractures, breakouts and drilling induced fractures. The fractures were
mapped according to their sharp and continuous edges in borehole images, showing distinct dip
and azimuth from sedimentary bedding planes. In vertical wells, the Breakouts and drilling
induce fractures are shown as vertical structures resulting from maximum and minimum
horizontal stress of the field. The breakouts are represented by continuous dark zones where the
borehole wall was collapsed following the minimum horizontal stress while the drilling induced
fractures occurs at vertical orientation following the maximum horizontal stress of the field
(Figure 21).
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Figure 21. Acoustic image logs. A) Occurrences of natural fracture. B) Breakouts highlighted
in green area. C) Representative breakout and drilling-induced fractures. The SHmax is
approximately perpendicular to the breakouts, and parallel to drilling-induced fractures.

Fracture Modeling (Discrete Fracture Network — DFN)
The input for the fracture model relied on the interpreted open fractures of the UBI image logs,

from which sets were defined with the structural analysis in rosettes and pole diagrams.

The main parameters for constructing the fracture model comprise the Intensity, Length,
Aperture, Orientation, and Geometry of the fractures (for the model are approximated as
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rectangular). The fracture intensity is the most important input to distribute the fracture in the
DFN, this is because it describes the density of fractures per unit length/area/volume, therefore
the intensity is the count of intersected fractures per length in 1-dimension 1D (P10), per area
in 2-dimensions 2D (P22) or per volume in three-dimensions 3D (P32) (Dershowitz and Herda,
1992); thus, the fractures were distributed into the geological grid by Area/\VVolume (P32).

Fracture length is a difficult parameter to obtain. Although for this model, the seismic attribute
ant-tracking was used, to estimate an approximate value of fracture length. The average length
was 600 meters. In addition, sensitivity tests were carried out with slightly higher and lower

values than the estimated by the attribute ant-tracking.

According to sensitivity tests, it was observed that the aperture is a parameter that has a high
influence on the model, however it has the advantage that it can be measured in the image logs.
From direct measurements, the resultant range is from 0,3 to 0,5 millimeters (mm), therefore

this was the value used for the model.

Supervised Artificial Neural Networks for DFN

Artificial neural networks, which are built by artificial neurons coupled to one another to
convey signals through machine learning, are computer models based on the activity seen in
the human brain. Each neuron is linked to the others by connections that involve weighted
processing that transforms input data subjecting it to different operations to learn and generate
other output data (Jafari et al., 2012).

In this studio a supervised neural network technique was used to improve the fracture intensity
(P32) distribution in the 3D grid, this is because the fracture intensity is limited to the wellbore
and its distribution is highly uncertain for the regions away from the well (Figure 22).
Therefore, several seismic attributes such as curvature, chaos, variance, and ant-tracking
dedicated to the identification of fault and large fractures were generated to be used as inputs
to distribute the fracture intensity, guided or supervised by previously obtained fracture
intensity from acoustic borehole image logs. To be aware of, the settings of the neural network
algorithm were set at 150 for a maximum number of interactions, 10% for error limit, and 50%

for cross-validation. These parameters were utilized to keep the process error rate within
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acceptable bounds and avoid overtraining according to the architecture (Figure 23). Finally, the

neural net fracture intensity was used to generate the DFN model.

Intensity

|Well B

Figure 22. Schematic example: zones without information to obtain a good distribution of the
fracture intensity. The fracture intensity is limited to the wellbore and its distribution is highly
uncertain for the regions away from the well.

Information

Input layer

Hidden layer

Output layer

Seismic
attributes

7 Fracture
density

Figure 23. Global system of neural network processing used in this study.
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Model Upscaling

With the previously generated fracture model, the fracture properties such as permeability in
three directions (I, J, and K) and porosity are upscaled to a geological 3D grid generated from
the seismic interpretation (Horizons and Faults). The upscaling was based on the Oda method
(Oda, 1985); According to Derhowitz (2007), the Oda method is a fast-upscaling statistical
method that estimates properties based on the total area of discrete fractures in each cell since
these properties depend on the intensity, interconnectivity, and transmissivity of the fractures.

In addition, it performs a numerical integration for the implicit fractures.

RESULTS AND DISCUSSION

Fracture Modeling (Discrete Fracture Network — DFN)

From the interpreted open fractures of the UBI image logs and the structural analysis in rosettes
and pole diagrams, four sets of fractures were defined, the resultant fracture sets have the
following preferential orientations: Sets 1 and 2 (F1 and F2 follow a strike parallel to SHmax
NE-SW with average dip of 45° and 37° respectively), and Sets 3 and 4 (F3 and F4 follow a
strike orthogonal to SHmax NW-SE with average dip of 53°and 43° respectively) (Figure 24).

Fracture sets = F1 & F2 E y P SHmax

Fracture sets = F3 & F4

* Dip azi .

Figure 24. Summary plot of the main fracture sets identified in the pre-salt play from borehole
image logs. A) The borehole breakout and drilling-induced fractures determined the orientation
of the minimum horizontal stress (Shmin) and maximum horizontal stress (SHmax). B) Four
fractur sets in pre-salt play are illustrated. The Dip azimuth is represented by a stereo net
diagram. C) Illustrating the two main sets with a strike NE-SW parallel to SHmax. D)
[llustrating the two sets with a lower prevalence with a strike NW-SE orthogonal to SHmax. E)
Representative plot of the fracture sets identified in the pre-salt play from borehole image logs.
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According to the available computational capacity, a geological model was defined from the
interpreted horizons (Barra Velha and Camboriu formations tops) and regional faults in the pre-
salt play (Figure 25). The grid was built based on the structural framework (SF) algorithm, it is
defined by 322x347x385 cells spaced by a horizontal increment of approximately 50x50 m and
a vertical increment of 2.5 m, resulting in a grid with approximately 43 million-cell (Figure 26).
Based on the SGS algorithm (Sequential Gaussian simulation), the geological grid was

statistically populated with properties, such as the fracture intensity (P32). (Figure 27).

Time (ms TWT)

Time (ms TWT)
. 5 .
8

1000 2000  3000m

Figure 25. A) Seismic cross section (A-A") before interpretation. B) Interpreted seismic section
(A-A’) of the main horizons (top and base of the pre-salt play, green and yellow lines
respectively) and regional faults (black lines).
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GEOGRID RESOLUTION ‘
Cells IX) | JY) | K@ |
Dimension 50 50 25 ‘
Number 322 347 385 ‘
[Fots 43.017.590
number
Description Value
Average Xinc 50.00000000
Average Yinc 50.00000000
Average Zinc (along pillar) 250774461
Description Value
Gnid cells (nl x nJ x nK) 322 x 347x 385
Grid nodes {nl x nJ x nK) 323x 348x 386
Total number of grid cells 43017590

Figure 26. 3D geological grid highlighting its dimensions for upscaling fracture properties.

UPSCALE THE INTENSITY POPULATE THE INTENSITY PROPERTY IN 3D
LOG

Figure 27. The upscaled fracture Intensity property is populated throughout the 3D grid.

Table 2 and Figure 28 summarize the permeability results (unscaled) obtained for each test
varying the apertures of the fractures. Overall, it is observed that the fracture aperture is the
property that has greatest impact on the permeability. Variations in aperture include the range
of values measured in the image logs which vary between 0,3 to 0,5 mm, with values close to
0.3 occurring primarily in NW-SE strike fractures and apertures close to 0.5 occurring in NE-
SW strike fractures. When comparing the results of the models with 0,3 and 0,5 mm, a large

difference in permeability is observed; therefore, to have a better control in the aperture of the
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fractures, the stress configuration of the pre-salt play in the study area was taken as a criterion,
this assuming that the sets F1 and F2 that follow a strike parallel to SHmax NE-SW will have
higher apertures (0,5 mm), whereas the sets F3 and F4 that follow a strike parallel to Shmin
NW-SE will have lower values (0,3 mm) (Figure 24), correlating with what was stated by
Correia et al., 2019, where assumes: "every fracture set in the direction of the SHmax would
have greater aperture values, whereas fractures set in the direction of the Shmin would have
lower aperture values”, and with Huapeng Niu et al., 2019, in Dongying Formation of the Bohay

Bay Basin of China.

Table 2. Summary of permeability results (unscaled) obtained for each test varying the
apertures of the fractures (0,5 mm, 0,4 mm and 0,3 mm).

PERMEABILITY mD
Min Max Mean
Test - apertures of fracture 0,5 (mm)| 163656,2 276823,7 208506,7
Test - apertures of fracture 0,4 (mm)| 98582,6 190152,9 133509,9
Test - apertures of fracture 0,3 (mm)| 50117,2 120305,8 75179,7

DFN MODEL

Fracture Aperture 0,5 (mm) Fracture Aperture 0,4 (mm) Fracture Aperture 0,3 (mm)
% ‘4 ‘B l12 ‘16 ?0?4 % 2 4 6 8 10 12 14 16 18 20 22 % 2 4 6 8 10 12 14 16 18 2

C W= - 1] | L [0

04
180000 210000 240000 270000 175000 200000
Permeabiltty Permeabilty Permeabity

|
mlSEENENNEN

Figure 28. Permeability distribution (unscaled) obtained for each test varying the apertures of
the fractures (0,5 mm, 0,4 mm and 0,3 mm).

Supervised Artificial Neural Networks for DFN

As stated in the methodology, the fracture intensity (P32) is limited to the wellbore and its
distribution is highly uncertain for the regions away from the well, therefore the attributes such
as curvature, chaos, variance, and ant-tracking were generated, considering that are algorithms
dedicated to highlight fault and large fractures zones (Figure 29B), therefore they were
considered as a second property to distribute the fractures. The correlation analysis between the
different attributes according to the Figure 29A emphasizes that the ant-tracking attribute best

shows the correspondence with fracture intensity. However, for the supervised neural network
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all the attributes were preserved to explore relationships between the multiple parameters of
each one, integrating a significant amount of information to have a more complete result and
not losing important evidence of fractures. Finally, a distributed fracture intensity is obtained

with the attributes derived from the seismic.

A) Curvature Chaos Variance Ant tracking Intensity
Curvature 1.0000 0.5147 0.4493 0.4826 0.0805
Chaos 0.5147 1.0000 0.4229 0.1974 0.0335
Variance 0.4493 0.4229 1.0000 0.3478 0.0532
Ant tracking 0.4826 0.1974 0.3478 1.0000 0.2172
Total 0.6614 0.5658 0.5283 0.5141 0.2607

=)
Curvature

Variance

Figure 29. A) Results of the correlation analysis between the seismic attributes selected as input
data for training in the supervised technique. B) Seismic attributes selected considering that are
algorithms dedicated to highlight fault and large fractures zones.
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The correlation coefficients between the intensity of fractures and the seismic attributes have
questionable values, this may partly be due to the scarcity of well data in some areas of the
study area and secondarily due to the low quality of the seismic volume. Despite that, it can be
observed a good distribution of the fractures, for which the DFN model of this analysis was
used to distribute the porosity and permeability of the fractures throughout the previously built
3D grid. Further, it should be noted that the results of these properties developed from the DFN

must be calibrated with well tests.

Figure 30 shows the stochastic DFN model built using the Fracture Intensity derived from the
supervised neural network and it is based on input thresholds of the previously calculated
length, aperture, geometry and orientation parameters. Figure 31 represents the main structural
systems of orientation NE-SW (Sets 1 and 2), and the lower order systems corresponding to the
NW-SE orientation (Sets 3 and 4).

Discrete Fractures
Fracture Set

— Fracture Set 1

' Fracture Set 2

%~— Fracture Set 3

T B
' Fracture Set 4 4 \~ h\ 3
>

Figure 30. Stochastic DFN model built using the Fracture Intensity derived from the supervised
neural network and the orientation interval for four fracture sets.
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Fracture Set 1 ‘ Fracture Set 2

O ¢ Yo
Fracture Set 3 Fracture Set 4 “{i

Figure 31. DFN fracture models for each fracture sets: Set 1 and 2 follow a strike NE-SW with
average dip of 45° and 37° respectively; Set 3 and 4 follow a strike NW-SE with average dip
of 53°and 43° respectively.

Model Upscaling

The DFN model built in the pre-salt play based on the four identified fracture sets is upscaled
to the 3D grid using the Oda method discussed previously in the methodology, from which the
following properties were obtained: permeability (I, J, and K directions) and porosity. The
contribution of the fracture porosity in the pre-salt play is close to 0.01% and the permeability
is in the range from 1,3 to 9,5 mD for direction i, 2,0 to 13,8 mD for direction j and 1,0 to 4,7
mD for direction K (Figure 32). Results according to the fracture aperture of 0,5 mm for the
main structural system of NE-SW orientation (F1 and F2) and 0,3 mm for the lower order
system corresponding to the NW-SE orientation (F3 and F4).
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Permeability Ki Well A Well B 50.0000 FracModel_Ki
f Permeability | (mD)

10.0000

1.0000 .

Permeability Kj 50.0000 FracModel_Kj

Well D Permeability J (mD)
: ; N 10.0000
: A 1.0000 '

Permeability Kk 50.0000 FracModel_Kk
Well D Permeability K (mD)

10.0000

Figure 32. Fracture permeability (I, J, and K directions) for the grid DFN.

Wrapping up the understanding of the fractures in the pre-salt play with the results of the

upscaled DFN model, it was possible to infer some behavior patterns of permeability that are
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mainly developed with the orientation and structural position of the fractures within the

paleotopographic highs of the study area, this is presented as follows:

Horizontal permeability results indicate that the Kj direction contains the highest permeabilities
with values up to 13,8 mD, suggesting that in general terms the behavior of the study area is Kj
> Ki. This indicates that the abundance of fractures of the main structural systems F1 and F2
(strike NE/SW) correspond to the higher permeabilities throughout the field. In addition, this is
associated with the SHmax direction and the regional configuration of the study area,
suggesting good connectivity for these fractures (Figure 33). Our results from the Santos Basin
shows good correlation with observations from the Dongying Formation of the Bohay Bay
Basin of China (Huapeng Niu et al., 2019), where fractures parallel to SHmax exhibit the open

state and the highest connectivity between each other (see article 1).

|

Figure 33. 2D view showing the grid direction (Ki and Kj) and the demonstration of the
structural configuration of the study area.

In addition, the results of the high intensity of fractures in the direction of the maximum

horizontal stress and in the paleotopographic highs suggest these zones of structural highs as
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zones of interest for hydrocarbon accumulations, this due to their possible good permeability

and fracture connectivity (Figure 34).

Elevation time [ms]
-X430.00

2D Map Barra Velha Top

. A—Imax

Fracture Set 1

Fracture Set 2

Fracture Set 3

Fracture Set4 3

-X510.00

u 5000m []

1:115769

Figure 34. Three fracture zones (red circles) belonging to Sets 1 and 2, highlighting the large
number of fractures in the "Kj" direction and corresponding to the structural highs, suggesting
areas with possible good permeability and fracture connectivity.

CONCLUSIONS

Regarding the methodology, the main tool to build the DFN model is derived from information
of UBI image logs; however, information from other sources such as seismic attributes
(curvature, chaos, variance, and ant-tracking) was important to correlate and define parameters

of the DFN, as well as to improve the distribution of the intensity of fractures in the 3D grid.

According to the performed study, it was possible to observe that the determining parameters
of the permeability of the fractures based on the DFN are the Intensity, Length, Aperture,

Orientation, and Geometry of the fractures. Of all these parameters, the aperture has the greatest
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influence in the permeability, therefore for our analysis we measure the aperture of the fractures
in the image logs and assume that the sets with a strike parallel to SHmax will have higher
apertures and the sets that follow a strike parallel to Shmin will have lower values. In addition,
it was observed that the fracture length parameter is a property that does not greatly impact the
results, this possibly because the spaces not occupied by large fractures would be occupied by

shorter ones.

With the results of the upscaled DFN model, it was possible to find or infer a behavior of the
patterns of permeability, developed with the following configuration Kj > Ki > Kk. According
to the horizontal permeability, the Kj direction contains the highest permeability responses, thus
suggesting good connectivity for the fractures belonging to the main structural systems F1 and
F2 associated with the SHmax direction and the regional tectonic configuration of the study

area.

Outputs and observations from this work can be used to create geomechanical earth models,

which will further allow a better understanding of matrix-fracture relationships.
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CONCLUSIONS

The pre-salt play is primarily composed of lacustrine carbonates with high permeability
controlled by fracture intensities and carbonate dissolution, with this was possible to create a
discrete fracture network (DFN) model that captures the intensity, orientation, and spatial
distribution of fractures, allowing estimates of permeability and secondary porosity. The
constructed model can be used in future reservoir simulation studies to better understand and

improve reservoir productivity.

The use of seismic attributes and borehole image logs allowed for the main inputs of the
DFN to be identified. These inputs include the interpretation of natural fractures, the definition
of the in-situ stress state in the pre-salt play, and the interpretation of the pre-salt play horizons,
which comprise the top and base of the model (Barra Velha and Camboriu formations), and
regional faults. Based on the findings, we conclude that, consistent with borehole breakouts and
drilling-induced fractures, the maximum horizontal stress (SHmax) has an azimuth of NE-SW,
indicating that the study area is influenced by a normal fault pattern and extensional stress
configuration when compared to the orientation and regime of large structures of seismic scale
in the reservoir. Moreover, we identified four sets of natural fractures, of which F1 and F2 sets
strike parallel to SHmax NE-SW and had the maximum permeability responses in the same
direction, suggesting good connection for the fractures belonging to these two structural

systems.

It is worth noting that the results of permeability and porosity developed from the DFN
require calibration with well tests, and the outputs from this work can be utilized to build
geomechanical reservoir models that help comprehend matrix-fracture relationships for

wellbore stability.
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APPENDIX 1 - INTERPRETATION OF NATURAL FRACTURES, BREAKOUTS
AND DRILLING INDUCED FRACTURES

The interpretation of fractures in this thesis was based on Borehole images logs by acoustic
tools acquired from Circumferential Acoustic Scanning UBI (Ultrasonic Borehole Imager). The
data was loaded, calibrated according to magnetic declination and accelerometer to provide the

true orientation and the structures were interpreted.

Natural fractures were primarily observed as structures with a consistent orientation and are
often symmetrically distributed along the entire wellbore section; breakouts are represented by
continuous dark zones where the borehole wall was collapsed; and drilling-induced fractures
have a sub-parallel or slightly inclined orientation to the borehole axis, do not fully cross the

wellbore, and have an asymmetrical distribution.
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Static Image Dynamic Image Dip angle Frequency Plot Dip angle Frequency Plot
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18 45"

Figure 35. Interpreted natural fractures, breakouts and drilling induced fractures at well A. A)
Static image log. B) Dynamic Image log. C) Dip angle of natural fractures in tadpole. D) Rose
diagram of the natural fractures showing strike azimuth. E) Dip angle of breakouts and drilling
induced fractures in tadpole. F) Rose diagram of breakouts and drilling induced fractures
showing strike.
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Figure 36. Interpreted natural fractures, breakouts and drilling induced fractures at well B. A)
Static image log. B) Dynamic Image log. C) Dip angle of natural fractures in tadpole. D) Rose
diagram of the natural fractures showing strike azimuth. E) Dip angle of breakouts and drilling
induced fractures in tadpole. F) Rose diagram of breakouts and drilling induced fractures

showing strike.
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Figure 37. Interpreted natural fractures, breakouts and drilling induced fractures at well C. A)
Static image log. B) Dynamic Image log. C) Dip angle of natural fractures in tadpole. D) Rose
diagram of the natural fractures showing strike azimuth. E) Dip angle of breakouts and drilling
induced fractures in tadpole. F) Rose diagram of breakouts and drilling induced fractures

showing strike.
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Figure 38. Interpreted natural fractures, breakouts and drilling induced fractures at well D. A)
Static image log. B) Dynamic Image log. C) Dip angle of natural fractures in tadpole. D) Rose
diagram of the natural fractures showing strike azimuth. E) Dip angle of breakouts and drilling
induced fractures in tadpole. F) Rose diagram of breakouts and drilling induced fractures

showing strike.
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APPENDIX 2 - ANT TRACKING WORKFLOW

Schlumberger created the Ant Tracking algorithm. This algorithm mimics how ant colonies in
nature use pheromones to mark their paths in order to optimize their search for food. Similarly,
virtual ants are used as 'seeds' on a seismic discontinuity volume to detect fault zones. The ants
use virtual pheromones to collect information about the fault zones in the volume. Because it
enhances horizon discontinuities, the result is an attribute volume with very sharp and detailed

fault zones. (Silva and colleagues, 2005).

The following ant-tracking workflow was used in this thesis: the first process is preconditioning
the seismic volume, which involves noise removal to improve the signal-to-noise ratio and
obtain better reflector continuity, allowing the ants to isolate discontinuous zones more easily;
next, an attribute such as variance or chaos is required to highlight discontinuities, and this is

the input to finally generate the ant tracking volume, in order to obtain the fault patches

ANT TRACKING WORKFLOW

Oriinal Seismic Seismic Data Conditioning

Original Seismic

2

Seismic Data Conditioning

‘ Ant Tracking

Edge Attribute: Variance or
Chaos

4

Ant Tracking

3

Automatic Fault Extraction

Figure 39. Ant-Tracking Workflow.
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APPENDIX 3 - SEISMIC DATA CONDITIONING

In this thesis, the seismic volume was preconditioned by applying filters to eliminate seismic
anomalies such as acquisition footprints or multiples; the process was based on the evaluation

of 3D seismic data mostly through amplitude maps and amplitude spectra.

At first, a semi-automated geostatistical filter (Destriping Filter) was used, which used factorial
kriging to filter out noise using local noise and signal characteristics. Following that, the
structure-oriented filter (SOF) is used to remove random noise from the data by aligning the
seismic reflector using the dip-steering technique, thus increasing the structural and
stratigraphic properties (Chopra and Marfurt, 2008). Finally, the Dip Steered Median Filter
(DSMF) is used, which changes the diffuse terminations of the reflectors closer to the fault
zones with a pre-computed geometry feature, which recognizes the dissimilar seismic traces

and improves the reflectors' edge (Jaglan and Qayyum, 2015)

_ Original Seismic

Time (ms TWT)

Time (ms TWT)

Figure 40. Comparison amplitude spectra. A) Original seismic. B) Dip-Steered Median Filter
(DSMF).
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