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ABSTRACT. Discriminating geological discontinuities is important for reservoir management because they
influence storage capacity and fluid flow. Structural heterogeneities, such as faults and fractures, significantly
impact the compartmentalization of the reservoir facies and affect the flow of hydrocarbons. These structures
can act as the pore space for fluid storage, flow-control conduits, or barriers that allow the accumulation of ex-
ploitable volumes of oil and gas. Understanding the spatial and temporal development of these structures can
significantly impact hydrocarbon exploration. Reservoir characterization is a critical process in the oil and gas
industry that aims to comprehensively understand reservoir rocks and their fluid content and distribution. It
is a multidisciplinary approach that combines geological, geophysical, and engineering datasets through statis-
tical and deterministic mathematical models. Seismic datasets play a crucial role in reservoir characterization.
Interpreters can use seismic data processing and imaging to interpret geological horizons and map faults, build-
ing complex geological models. Seismic inversion is also employed to estimate acoustic impedance and other
petrophysical properties. The mapping of faults and fractures integrates highly relevant themes in reservoir
characterization. Identifying subtle faults and fractures is essential in specifying hydrocarbon migration paths
and identifying bypassed oil accumulations. However, traditional seismic amplitude data interpretation should
consider these structures more. In this study, we apply a high-resolution fault mapping workflow to map the
subtle fault system in the Marlim field in the offshore portion of the Campos Basin. As an outcome, we imaged
two separate fault trends inside and outside the Marlim reservoir.

Keywords: subtle fault mapping, seismic attributes, relative acoustic impedance, Marlim turbidites

INTRODUCTION Reservoir characterization is one of the leading pro-
cesses in the oil and gas industry for delivering a com-
prehensive scenery of reservoir rocks and their fluid

Determining geological discontinuities is critical for content and distribution. It is a multidisciplinary

reservoir management, as they control storage space
and fluid flow. Structural heterogeneities, such as
faults and fractures, greatly modify the compartmen-
talization of the reservoir’s facies, impacting the flow
of hydrocarbons in a given reservoir. Such structures
can act as the pore space for storing fluids, as flow-
control conduits, and as barriers that allow the ac-
cumulation of exploitable volumes of oil and gas. In
this way, understanding the spatial and temporal de-
velopment of these structures can significantly impact
hydrocarbon exploration.

procedure merging geological, geophysical and engi-
neering datasets via statistical and/or deterministic
mathematical models (Grana et al., 2021).

Seismic datasets are essential to reservoir charac-
terization. Interpreters can interpret geological hori-
zons and map faults through seismic data process-
ing and imaging to build complex geological models.
And, by employing seismic inversion, it is possible to
calculate acoustic impedance and other petrophysical
properties (Carvalho and Menezes, 2017; Lupinacci
et al., 2020).
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2 FAULT INTERPRETATION WORKFLOW

The mapping of faults and fractures integrates
themes of huge relevance in reservoir characterization.
Identifying subtle faults, i.e., those with small offsets
close to or below the seismic tuning thicknesses, and
fractures plays an important role in specifying hydro-
carbon migration paths and bypassed oil accumula-
tions (Hussein et al., 2021). Yet, it can be skipped in
the traditional interpretation of the seismic amplitude
data. Consequently, several interpretation workflows
were developed using fault-enhancement attributes
(Mora et al., 2022; Perico et al., 2023).

In the present work, we apply a high-resolution
fault mapping workflow to map the subtle fault sys-
tem at the Marlim field in the offshore portion of
the Campos Basin (Figure 1). The proposed work-
flow comprises four main steps: data precondition-
ing, well-to-seismic tie, inversion for relative acoustic
impedance estimation and advanced fault attribute
applications. As a result, we imaged two distinct fault
distributions inside and outside the main reservoir.

GEOLOGICAL SETTING

Like all other basins on the Brazilian eastern mar-
gin, the Campos Basin was formed due to the disten-
sion process that began in the Middle Jurassic during
the fragmentation of the supercontinent Gondwana.
The rifting process resulted in the formation of an-
tithetic and synthetic normal faults, accommodation
zones and transfer faults. This fault system config-
ured the compartmentalization of the Precambrian
basement into a series of horsts and graben, with a
structural pattern of rotated blocks, informally known
as domino style. The Rifting events began in the Eoc-
retaceous, more precisely in the Hauterivian, as evi-
denced by the 135-124 Ma basalts of the Cabitnas
Formation (Mizusaki et al., 1992).

In this tectonic context, sediments from the Rift
megasequence were deposited, predominantly alluvial
and deltaic clastics in the proximal areas, with lacus-
trine clay deposits filling the lowest points and bio-
clastic bars covering the highest isolated points (Fig-
ure 2). The subsidence process was intensified from
the Buracica Floor, Upper Barremian (Chang et al.,
1992), forming lower deposition points at greater
depths. Guardado et al. (2000) state that the sed-
imentary environment evolved from a freshwater la-
custrine environment during the Andar Buracica to a
brackish to saline lacustrine environment in the An-
dar Jiquia (Eo-Aptian). The primary hydrocarbon
source rocks of the basin, the Buracica and Jiquia
shales of the Coqueiros Formation, were deposited in
the lowest structural areas of this rift phase. The
highest structural areas were deposition sites, mainly
for coquinas rich in pelecypods and microbial carbon-
ates, where the main pre-salt reservoirs were config-
ured (Dias et al., 1990).

From the Alagoas Floor (Aptian), mechanical sub-
sidence ceased and thermal subsidence began, a pro-
cess that resulted in tectonic quiescence. Subse-
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quently, sediments from the Transitional Sequence
were deposited, significantly contributing to siliciclas-
tic sediments in the proximal areas and the develop-
ment of microbial carbonates in the highest structural
areas. With the development of the oceanic crust, the
environment evolved into a hypersaline gulf system,
which experienced sporadic communication with the
open ocean and generated the deposition of evaporite
rocks, the main seal of the basin. This gulf morphol-
ogy evolved to open-ocean conditions, where a car-
bonate sedimentary environment was established dur-
ing the Albian, with oolitic and oncolite bank align-
ments outlining thin micritic carbonates. An intense
gravitational destabilization of the salt layer (haloki-
nesis) occurred in the Mesoalbian, resulting in its
eastward flow due to the tilt of the basin towards
offshore areas. Halokinesis segmented the original
continuous layer of salt in the nearest area, generat-
ing salt cushions that induced the formation of stripe
faults, generating rollover-type structures, which fa-
vored the growth of thick carbonate banks. Salt dis-
placement dragged overlying carbonate packages in
the distal area, giving rise to raft-like structures mark-
ing a significant tectonic change in the basin (de Cas-
tro and Picolini, 2016).

Haq et al. (1987) describe a global rise in sea
level in the Cenomanian that led to the drowning
of the carbonate shelf, resulting in the deposition of
a succession of calcilutites, shales, and subordinate
sandstones. From the Turonian onwards, open sea
conditions were established, with a depositional pre-
dominance of shale, mudstones and turbidites that
were deposited preferentially during recurrent sea-
level lows. An important sub-alkaline to alkaline mag-
matic event (de Castro and Picolini, 2016) occurred in
the south of the basin between 83 and 45 Ma, result-
ing in diabase intrusive and basaltic extrusive bod-
ies, as well as breccias and hyaloclastite, evidenced
by packages of volcanic rocks proximal to the Cabo
Frio High that decisively interfered in the structuring
of the oil traps.

From the Eocene onwards, there was a significant
increase in sedimentary influx and the consequent
progradation of the proximal depositional environ-
ments towards the interior of the basin (Ribeiro et al.,
2012), caused mainly by the reactivation of the source
area, with the uplift of the Serra do Mar from the
Cretaceous/Paleogene, resulting in the alignment of
the interior grabens of Sao Paulo, Taubaté, Resende
and Baixo Paraiba do Sul, allowing the capture of
greater drainage directed to the Campos Basin, in
addition to humidifying the climate. The deposition
of important turbidite systems with clayey interca-
lations occurs in this context (Bruhn et al., 2003),
especially in the Eocene, Oligocene, and Miocene,
where faults and stratigraphic traps compartmental-
ized these sandstones from the Carapebus formation
to a certain degree, characterized as the primary
source of oil in the Campos Basin. Finally, the de-
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Figure 1: Location map of the Marlim field in Campos Basin. The inset shows the Marlim reservoir outline
(dashed black line), five available wells (black and white circles) and the location of Inline 326 from the seismic

cube (green line).
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Figure 2: Simplified stratigraphic chart of the Campos Basin. Modified from Guardado et al. (2000).
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position of a thick wedge of prograding sediments in
deep waters occurred at the end of the Miocene, con-
ditioned by the action of bottom currents, which al-
tered the morphology of the central part of the basin
to its current form, which allowed the accommodation
of turbidites and generation of contemporary reser-
voirs (de Castro and Picolini, 2016).

MARLIM FIELD DATASET

The Marlim field, located offshore in the northeastern
portion of the Campos Basin, was one of the largest
oil field discoveries in 1985, with oil production com-
mencing in 1991, when it became Brazil’s largest pro-
ducing field, with a daily production of 610,000 bar-
rels (Johann et al., 2009).

The field comprises an Oligocene /Miocene deepwa-
ter turbidite system, forming the Marlim sandstone, a
series of amalgamated sandstone bodies (Peres, 1993).
A regional northwest-southeast transfer fault system
influenced the turbidite sedimentation. This regional
system was reactivated in the Tertiary, providing the
pathway for the turbidite sedimentation in the Cam-
pos Basin (Cobbold and Meis, 2001). The Marlim
trap is stratigraphic in the western, northern and
southern regions. The trap is structural to the east,
where the accumulation ends against a normal listric
fault linked to the moving salt underneath. According
to Mello et al. (1994) apud Nascimento et al. (2014),
this fault is the primary route for oil migration from
the pre-salt source rocks to the turbidite reservoir.

Geco-Prakla acquired for Petrobras the 3D seismic
data analyzed in this project in 1997 (Johann et al.,
2009). The acquisition parameters are shown in Table
1. This dataset became public in 2003 when

Table 1: Seismic acquisition parameters at Marlim
field.

Marlim 3D acquisition

Number of cables 6
Channels/cable 288
Shot point interval(m) 25
Receiver interval (m)  12.5
Cable interval (m) 50
Sample rate (ms) 1

Bin size (m) 12.5x25
Cable depth (m) 9
Inlines Azimuth (°) 123
Nominal fold 73
Traces/km? 230400
Survey area (km?) 720

the National Agency of Petroleum, Natural Gas and
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Biofuels (ANP) delivered a post-stack time-migrated,
3D seismic amplitude volume. ANP also provided
data from five wells (Figure 1), including check shots,
lithology, stratigraphic markers and composite well
logs — density (p), sonic (DT), porosity (¢), and
gamma-ray (GR) — in the Log ASCII Standard (LAS)

format.

FAULT MAPPING WORKFLOW

Figure 3 shows the four-step workflow used to inter-
pret the Marlim seismic data, namely, by (1) data
preconditioning, (2) well-to-seismic tie, (3) relative
impedance estimation and (4) fault likelihood at-
tributes applied to the inverted data.

Data
Preconditioning
eJ

{Well-to-Seismic Ti

Relative Acoustic
Impedance

&
Thinned-Fault
Likelihood

s

Figure 3: Schematic diagram of the presented four-
step workflow.
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In the first step, called data preconditioning, our
goal is to reduce the random noise present in the
dataset to prevent the noise from being enhanced
during the acoustic inversion process. The second
step, called well-to-seismic tie, links the information
from the well-log to the interpreted seismic reflections,
making it possible to identify specific horizons accu-
rately. Additionally, this step estimates the seismic
wavelet used in the acoustic impedance inversion uti-
lized in the third step. Finally, the fourth step in-
volves using modern seismic attributes to the relative
impedance data to improve interpretation by identi-
fying faults and fault zones.

Data preconditioning
Seismic Data

Seismic inversion methods depend on the seismic data
quality and resolution (da Cunha et al., 2019). Often,
even a small amount of noise spoiling the amplitude
data can disguise subtle reflections. Hence, data fil-
tering is required to reduce noise and enhance the
seismic data signal-to-noise ratio.

We applied a dip steering median (DSM) filter
(Qayyum and de Groot, 2012) to attenuate the high-
frequency random noise from the seismic amplitude
data. The main advantage of the proposed approach
is that the median operator removes outliers in the
data and retains steps in data values as encountered
in nearby faults. Hence, the filtering procedure main-
tains the amplitudes and edges of the traces and
enhances them as continuous events (Qayyum and
de Groot, 2012). Therefore, it simplifies structural in-
terpretation by enabling more accurate horizon auto-
tracking and permitting the interpreter to extract
more detail from the seismic data.

Figure 4 shows the comparison between the orig-
inal seismic amplitude data (upper panel) and the
DSM-filtered data (lower Panel). In the filtered data,
it is possible to observe an overall improvement asso-
ciated with the high-frequency noise content reduc-
tion. As a result, we obtain a sharper subsurface
image. An important aspect of the filtered data is
the better definition of small amplitude reflections be-
tween the major horizons. The enhancement of the
lateral continuity of these small reflections is neces-
sary for a precise structural horizon interpretation.
According to Brouwer et al. (2012), using smoothed
dip fields is preferable because they are more contin-
uous than amplitude fields and less noise-prone.

After filtering the data, we significantly improved
the seismic image by reducing high-frequency noise
content, evidenced by their amplitude spectrum, as
shown in Figure 4. In the filtered data, frequencies
higher than 70 Hz are attenuated considerably in the
DMS-filtered data, resulting in a clearer subsurface
image (see the lower panel of Figure 4).
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Figure 4: Noise attenuation results shown zoomed
at the central portion of the Inline 326 (location in
Figure 1) with corresponding spectra. Upper panel -
The original amplitude data. Lower panel — Seismic
dataset after the Dip Steered filter.

Well Data

The well data were uploaded into the seismic inter-
pretation platform, and the logs were edited using the
following steps:

1. Data Quality Check: This step involves con-
firming the integrity of the log data files to
ensure completeness and removing artifacts or
anomalies.

2. Log Splicing and Merging: Data from distinct
runs or different logging tools were merged to
create a continuous log profile for each well, de-
scribing subsurface properties without gaps or
discontinuities in the logged interval.

3. Depth Alignment: This step ensured all logs
were appropriately aligned at the same depth
references, such as the total depth or specific
depth markers of the well. This alignment en-
abled accurate correlation and comparison of
the logs across different wells or intervals.

4. Data Cleaning: In this step, the log data were
checked for noticeable errors, spikes, or outliers.
These points were identified and removed.

Braz. J. Geophys., 42, 1, 2024
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Well-to-Seismic-tie (WST)

Synthetic  seismograms generated from  well
logs(WST) best relate the seismic response to rock
properties (Figure 5). It is widely used for seismic
interpretation as they allow the correct labeling of
picked seismic reflections and optimizes the correla-
tion between an acoustic impedance model and the
seismic data. A successful inversion strategy begins
with wavelet estimation via WTS at all appropriate
wells. After that, the estimated wavelet is cross-
correlated and validated to invert the seismic data.
Usually, the correlation rate of the WTS relies on the
quality of the logs and seismic data and the time-to-
depth relationship at a given well (Nascimento et al.,
2014).

Vp (m/s) RHOB (g/cm~3) Al (kg/s m~2)/1000
2250 3000 3750 4500 18 20 2‘2 24 7‘5 4500 76]50 9000 11250
£ g g
£
8
Synthetic Seismic
RUTIATNY
E [GRER \)
H IR )
§ IRERS RN E 1
sb;{lb) }Jb('l(’b}
7 _ > > /
- ARESES: ) )j ) )
S et
) \\L\}
: \PSSSSYLEESEE
AN
_— shbb QN
S g [T 111 rrrrT

Figure 5: Well-tie correlation panel for the 1-RJS-
0219 well. Upper panel - Vp Sonic (blue curve), den-
sity logs (green curve) and acoustic impedance log
(red curve). Lower right panel - extracted wavelet and
its frequency content. The lower left panel compares
the synthetic and acquired seismic with the mark-
ers overlaid. TM is the top of the Marlim reservoir
marker; BM is the bottom of the Marlim reservoir
marker.

The well-to-seismic tie is a valuable method for
connecting seismic response to rock properties us-
ing synthetic seismograms generated from well logs.
This technique is widely used in interpretation be-
cause it accurately identifies mapped seismic reflec-
tions and optimizes the correlation between the acous-
tic impedance model and seismic data. A compre-
hensive review of the well-to-seismic good practices is
found in the tutorial of White and Simm (2003).

Braz. J. Geophys., 42, 1, 2024

The first step to creating a successful inversion
scheme is determining the wavelet for a well-to-
seismic tie at all appropriate wells. Once generated,
cross-correlation and validation can be used to select
the best wavelet for inverting the seismic data. The
correlation rate for the seismic-to-well tie typically de-
pends on the quality of the well and seismic data, as
well as the time/depth relationship. We applied the
process to all five wells; Figure 5 shows the results at
the 1-RJS-0219 well (location in Figure 1).

We calculated the acoustic impedance (AI) log us-
ing the following relationship: Al = pV, the P-wave
velocity log computed from the sonic log (V=1/DT).
Next, we established the well-to-seismic tie in time
by extracting a statistical wavelet from the data. The
goal was to estimate a wavelet to increase the correla-
tion between the synthetics and the seismic data. We
extracted the wavelet utilizing a 500 ms window cen-
tered at 2650 ms. We then convolved the impedance
log with the extracted wavelet to compute the syn-
thetic data. The correlation between the synthetic
and actual seismic data was 83%, consistent across
all five wells in the study area (Figure 5).

According to Nascimento et al. (2014), two geologic
factors can explain the 17% mismatch between the
seismic and synthetic data. We have a dipping sili-
ciclastic sequence above the top of the Marlim reser-
voir horizon(TM), which is a 2D situation, whereas
the convolutional model is essentially 1D. Below the
Marlim reservoir base (BM), heterogeneous carbon-
ate units occur that can lead to a lower correlation
between the signals.

S3-Relative Impedance Inversion

The seismic inversion process involves retrieving the
subsurface impedance model or other elastic proper-
ties from seismic data (Nascimento et al., 2014). One
method commonly used is formulating a solution by
minimizing an objective function that defines the dif-
ference between the observed and modeled seismic
data (da Cunha et al., 2019). However, the station-
ary convolution model fails to consider propagation
effects like absorption and dispersion on actual seis-
mic data.

We adopted the continuous wavelet transform
(CWT) inversion scheme that Braga (2011) developed
to compute the relative acoustic impedance, which
has arbitrary amplitudes that show depth-dependent
variations equivalent to those exhibited by log data.
The inversion scheme herein adopted brings the ben-
efit of the ability of the continuous wavelet transform
(CWT) to represent a nonstationary phenomenon
(Appendix A). Figure 6 shows an example of the in-
verted data.
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High-Resolution Fault Mapping

Identifying the natural faults and fracture systems
within hydrocarbon reservoirs can positively impact
production and avoid geohazard problems during
drilling operations (Coelho et al., 2021; Rocha et al.,
2022; Perico et al., 2023). Geoscientists have ded-
icated substantial effort to designing seismic at-
tributes to better map faults for several decades
(Hussein et al., 2021; Ferreira and Porsani, 2023).
One of the first was the development of coherence at-
tributes that quantify lateral changes in the seismic
amplitude and/or waveform (Bahorich and Farmer,
1995). Spectral decomposition is another technique
used for fault identification by emphasizing the spec-
tral phase components (Partyka et al., 1999) or us-
ing a red-green-blue blending of the spectral magni-
tudes (Henderson et al., 2008). Geometric attributes,
like dip and curvature, have been developed to il-
luminate small faults and fractures (Roberts, 2001).
Hale (2013) proposed an efficient algorithm to calcu-
late, from seismic volumes, images of fault likelihood,
strikes and dips.

Time (ms)

Cross-Line

Figure 6: Inline 326. Relative acoustic impedance at-
tribute.

We applied the Fault Likelihood (FL) and its
derivative Thinned Fault Likelihood attributes (Hale,
2013) to improve fault mapping efforts to the rela-
tive acoustic impedance volume. Fault attributes are
typically determined using semblance, coherence, or
discontinuity analysis, which assumes that faults may
exist in areas of low continuity in seismic reflections
or high discontinuity. The FL attribute is designed
to identify and outline faults and fractures in seis-
mic data, providing a probability of their occurrence.
The TFL is calculated using semblance power directly
applied to the seismic dataset (Wu and Hale, 2016).
We applied a localized Velocity Fan filter to attenu-
ate and remove artifacts from FL and TFL attributes.
This 3D f-k filter smooths the input at every sample
position by filtering along velocity lines (van Hout,
2022). The final results are shown in Figures 7 and 8.

DISCUSSION

According to Bruhn et al. (2003), oil accumulations
in turbidite reservoirs occur predominantly through
structural control of faults, concentrated in the un-
derlying upper Aptian evaporites or linked to the Pre-
cambrian basement. The role of faults is fundamen-
tal to the compartmentalization of reservoirs and pro-
viding conduits for the migration of petroleum from
the underlying rift phase source rocks. Most of these
reservoirs also have a certain degree of stratigraphic
control, either by the clamping of the reservoir and/or
the partial erosion of the reservoir by younger, mud-
filled channels.

Figure 7 shows the FL attribute superimposed on
the relative acoustic impedance along Inline 326. We
can observe two salt domes that are central elements
of the salt movement process, which functioned as
central elements of the mass movement process, re-
sulting in the basin accommodation process that re-
sulted in the generation of two main synthetic faults
generated by adiastrophic tectonics that acted in the
compartmentalization of the Marlim reservoir, one to
the west and the other to the east of the reservoir, po-
sitioned precisely above the fault region. The faults
were followed by an accommodation sequence gen-
erating synthetic and antithetic secondary faults on
both sides and always east of the main fault.

Time (ms)

1650
Cross-Line

Figure 7: Inline 326. The fault likelihood attribute is
superimposed on the relative acoustic impedance at-
tribute.

Figure 8a shows the original seismic amplitude as
provided by ANP. This is the starting point of our
workflow. Some major faults outside the Marlim
reservoir are visible in the original data, but inside
the reservoir, the responses of the faults are masked
within the reservoir amplitudes.

Figures 8b and 8c display the FL and TFL at-
tributes extracted on the top of the Oligocene Hori-
zon, which encompasses the Marlim turbidites. The
seismic attribute revealed several subtle faults not ob-
served in the seismic amplitude attribute. Moreover,
the resulting images indicate that the Oligocene hori-
zon can be divided into two regions with distinct fault
trend characteristics, inside and outside the reser-
voir, confirmed by the rose diagrams of Figure 9.

Braz. J. Geophys., 42, 1, 2024
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Figure 8: Seismic attributes extracted on the top of the Marlim Oligocene horizon. (a) Original seismic am-
plitude attribute; (b) Fault likelihood attribute; (¢) Thinned-fault likelihood attribute. The Marlim reservoir

outline is the purple line.

Outside the reservoir, the large faults trend to an
average north-south direction. In contrast, the sub-
tle faults and fractures in the reservoir present aver-
age east-west directions with a slight azimuthal in-
clination to the northwest. The interpreted fractures
coincide with the higher porosity zones, above 30%,
defined by Nascimento et al. (2014), indicating the
importance of these fractures in the reservoir facies
distribution.

The two fault patterns present behaviors that are
approximately orthogonal to each other. This aspect
may be related to the distinct rheological behavior in
these domains, as it is likely to have been conditioned
by the movement of the underlying salt, which gener-
ated a different stress regime within the reservoir to
its envelope.

Braz. J. Geophys., 42, 1, 2024

By analyzing this result, we can infer that the pres-
ence and movement of salt and faults influenced the
fault distribution at the Marlim reservoir. Addition-
ally, the burial of recent layers played an important
role in controlling the direction of subtle faults and
fractures within the reservoir.

CONCLUSION

This paper presents a seismic interpretation workflow
to improve reservoir characterization by mapping sub-
tle faults and fractures in a given area. The proposed
workflow includes dip-steered spatial filtering, Well-
to-seismic ties, relative acoustic impedance estima-
tion and specialized fault attribute extraction applied
to the relative acoustic impedance attribute.
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(a)

(b)

Figure 9: Rose diagrams generated from the Thinned Fault Likelihood attribute on the top of the Oligocene
Horizons. (a) Fractures inside the Marlim reservoir; (b) Faults and fractures outside the Marlim reservoir.

Dip-steered spatial filtering notably decreases
the seismic data noise, permitting relative acoustic
impedance inversion with greater accuracy and de-
creasing noise to a reasonable level. Using the fault
likelihood and the thinned-fault likelihood attributes
in the relative acoustic impedance data allowed the
identification of the fault trends in the studied area.

The workflow was applied to Marlim, a mature
field in the Campos basin. As a result, we imaged the
fault distribution along the Oligocene horizon, sep-
arating it into two main regions with distinct fault
densities and directions outside the reservoir charac-
terized by large fault zones trending NNE-SSW and
minor fractures inside the reservoir with an ENW-
WSE trend.

Finally, we can suppose that the fault distribu-
tion of the Marlim reservoir was directly related to
the presence and movement of salt, together with the
burial of the most recent layers, in a way that also
controlled the direction of subtle faults and fractures
within the reservoir.

APPENDIX A. CWT INVERSION

Braga (2011) proposed a method that uses a series of
filters in the wavelet domain to implement trace oper-
ations efficiently. In this method, a seismic trace s(t)
is considered a function of time and its Fourier trans-
form $(f) is a complex function of frequency f. The
convolutional model represents the seismic trace as
the convolution of the reflectivity series and a wavelet
function. The proposed method aims to develop a de-

convolution filter in the wavelet domain. The Morlet
wavelet is a suitable choice for the spectral decompo-
sition of the seismic signal and it can be expressed
analytically in the time and frequency domains as a
pair of Fourier transforms:

1 . 2
B(t) = e o p(f) =
Ty (A1)
i \/56—1/2(27#—27#0)2,
T

where fj is a fixed parameter representing the wavelet
center frequency. The wavelet transform of the seis-
mic trace 5(7, ) = Wy (7, «) is a complex function of
time 7 and a scale « characterized by o = f/fo. The
continuous wavelet transform (CWT) can be defined
as th/e\ inverse Fourier transform of the product of §
and ¢* (Addison, 2017):

s(ra)=va [ T S(f)Ptac g, (A2)

where s and QZ* are the Fourier transform of the in-
put seismic trace s(t) and the complex conjugate of
the Morlet wavelet, respectively.

Braga (2011) defines the nonstationary filter
G(f,t), function of time and frequency, to designate
the relationship between the representation of the
CWT and the nonstationary filters. An example is
a nonstationary wavelet operating in a reflectivity se-
ries expressed by s(T). Assuming 5y (t) as the Fourier
transform of the reflectivity series and by using the
nonstationary filter G and the inverse Fourier trans-
form, we get
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o0
st) = [ SOGEHT . (A3)
—00

We can use the inverse filter G™! = ©(7, a) in the
wavelet domain to recover the original reflectivity se-
ries so(t). Then, we can obtain the expected output
s0(t) without the effect of a transient wavelet through
the inverse wavelet transform Addison (2017):

1 =N drda
solt) = [ [ 50 veatTs, (A1

where ¢ is the normalization constant to counterbal-
ance the wavelet energy. In practice, the spectral rep-
resentation is redundant in time and frequency be-
cause the CWT is nonorthogonal. This redundancy
allows inverse transform computation by summing the

real part at all frequencies (Torrence and Compo,
1998).

=
=

% 1 T | T I T T
E ; -
g0 . =
E 0 I TR I i
b)% 1 T T i T T
2 - ]
= 9 Vi fl fi
) v i W 1}
E 1 I I TR B 1 i
©) o 100 T
PtpEy JEREs
B I
g -1l I [ I I
0 02 04 06 08 1 1.2 14 16 18 2
Time (s)
Figure Al: Retrieving of a reflectivity series via

wavelet transform. (a) original reflectivity series; (b)
seismic trace produced by the convolution of the orig-
inal series of Figure 6a with a 40-Hz wavelet; and
(c) recovered reflectivity series after using the inverse
wavelet transform. Modified from Braga (2011).

The wavelet transform process through deconvolu-
tion is depicted in Figure A1, which shows an accu-
rate recovery of the original reflectivity series, which
can be confirmed by comparing the original (Figure
Ala) with the retrieved one (Figure Alc). Once the
reflectivity is recovered, the impedances can be easily
calculated by integrating the trace (Braga, 2011).
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