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High-quality 3D seismic reflection and well data are used to investigate the distribution, evolution history and
significance of tectonic faulting in a salt minibasin offshore Espirito Santo, SE Brazil. Displacement-length (Dmax-
L) plots, displacement-depth (D-Z) plots and structural maps are compiled to understand the growth history of
distinct fault families. Interpreted structures include crestal, corridor, listric and keystone faults. Their geometry,
orientation and relative distribution reveal important differences. In detail, listric faults were formed in the
investigated salt withdrawal basin following a NW to WNW strike, and show multiple bright spots and pockmarks
around them. The strata into which listric faults sole out have similar seismic, lithological and petrophysical
characters to known Cenomanian to Turonian source rocks, which comprise shales and marls with high gamma-
ray values. Low-amplitude to transparent seismic facies further indicate the presence of ductile, highly likely
organic-rich shales and marls. As a result, three evolutionary stages can be identified: a) Stage 1 is characterised
by the formation of NW- or WNW-striking listric faults, keystone faults and the onset of reactive diapirism; b)
Stages 2 and 3 record active diapirism due to a relative increase in sediment loading, documenting the formation
of many crestal, corridor and keystone faults. Importantly, normalised leakage factor analyses reveal keystone
faults to be the most favourable pathways to fluid migrating in the investigated salt minibasin. Conversely, listric
faults are likely to form barriers and baffles to fluid in their lower parts.

1. Introduction

Salt minibasins are small basins, or depressions, surrounded by up-
welling salt whose movement is dependent on the loading of synkine-
matic strata onto relatively thick evaporite successions (Jackson and
Talbot, 1986; Jackson and Hudec, 2017). This forms a feedback loop
between continuous sedimentation in salt minibasins and halokinesis.
Primary and secondary minibasins are two fundamental types of basin
identified in such settings, resting either on autochthonous or
allochthonous salt, or on an equivalent salt weld. Consequently, sec-
ondary minibasins do not contain the oldest suprasalt stratigraphy that
marks the early stages of halokinesis (Pilcher et al., 2011; Jackson and
Hudec, 2017). Distinct fault families may occur around salt minibasins,
with their geometry, orientation and distribution being closely related to
the growth of the minibasin per se (Lopez, 1990; Rowan et al., 1999).
For example, crestal faults are commonly developed above salt
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structures that surround minibasins, and they usually form planar
growth faults rooting into the crests of diapirs, generating symmetric
grabens above the latter (Rowan et al., 1999; Van Den Berg et al., 2004).
In parallel, corridor faults pertain to faults generated above buried salt
pillows, observed to connect discrete, but distant, salt structures.
Corridor faults are often planar and comprise structural corridors that
are preferential pathways for fluid (Mattos and Alves, 2018). Listric
faults are another geometry of faults commonly observed in salt mini-
basins (Lopez, 1990; Diegel et al., 1995; Rowan et al., 1999). Their dip
becomes gentler with depth, a geometry resulting in their characteristic
concave-upwards shape (e.g. Bally et al., 1981; Shelton, 1984; Imber
et al., 2003). The generation of listric faults in salt minibasins is
commonly associated with viscous or ductile layers at depth (Shelton,
1984; Dula Jr, 1991; Imber et al., 2003; Brun and Mauduit, 2008; Bose
and Mitra, 2009) or, instead, overpressure build-up due to abnormal
pore pressure gradients in faulted stratigraphic intervals (Mcneill et al.,
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1997; Mandl, 1999; Hillis, 2003; Suppe, 2014; Yuan et al., 2020).
Sediment compaction also plays an important role in forming listric
faults, as the faults must flatten after they are buried by continued
sedimentation, due to sediment compaction (Davison, 1987; Cartwright
and Lonergan, 1996; Cartwright and Mansfield, 1998; Xiao and Suppe,
1989). The development of these fault families, especially listric faults,
in salt minibasins is significant for hydrocarbon exploration, fluid-flow
characterisation and carbon and energy storage, as they can act as
effective fluid pathways or, instead, can form favourable traps for fluid
(Rowan et al., 1999; Cox et al., 2001; Gartrell et al., 2004).

As a typical salt-bearing basin in SE Brazil, the Espirito Santo Basin
comprises multiple fault families developed in the vicinity of growing
salt structures (Fiduk et al., 2004; Mattos and Alves, 2018). In this same
basin, Demercian et al. (1993) and Fiduk et al. (2004) have related the
largest listric faults to extension accomodated on the proximal parts of
the margin due to gravitational spreading and gliding of overburden
rocks over Aptian salt. Ze and Alves (2016) have shown that relatively
small listric faults accommodate strain and stress on the crests of the salt
structures. Ze and Alves (2021) have revealed the existence of fluid flow
through strata-bound domino faults in vicinity of the study area,
whereas Mattos and Alves (2018) have studied the fault families around
salt diapirs, showing that fault corridors linking adjacent salt structures
are favourable fluid migration pathways. Nevertheless, little is known
about the distribution and evolution history of different fault families in
large areas of SE Brazil, and the South Atlantic as a whole.

The aim of this paper is to investigate the distribution, evolution
history and significance of distinct fault families in a salt minibasin
formed in deep-water sectors of the Espirito Santo Basin (Fig. 3). This
work will also implement stress analyses to the interpreted fault families
in the study area and indicate the potential fluid flow pathways in salt
minibasins. In summary, this paper addresses the following research
questions:

Marine and Petroleum Geology 143 (2022) 105805

a) What is the importance of listric faults and their soling out intervals
as structures signing the presence of rheologically weak, muddy
successions in salt minibasins?

b) What is the chronology of faulting around salt structures when
comparing them to other fault families in the Espirito Santo Basin?

c) Which of the interpreted fault families is more favourable to form
fluid-flow pathways in salt minibasins?

2. Geological setting

The Espirito Santo Basin is located on the southeast continental
margin of Brazil and covers an area of ~125,000 km?, of which 107,000
km? are located offshore (Fiduk et al., 2004; Gamboa et al., 2010)
(Fig. 1). The basin is bounded to the north by the Abrolhos Plateau, a
volcanic ridge separating the Espirito Santo Basin from the Mucuri and
Cumuruxatiba basins. To the south, it is separated from the Campos
Basin by a largely political boundary, as there is a continuum of rift,
sub-salt and supra-salt units from the Campos to the Espirito Santo ba-
sins (Fiduk et al., 2004; Gamboa et al., 2010; Mattos and Alves, 2018).
The Espirito Santo Basin includes a series of rift basins trending N-S to
NNE-SSW that were formed due to Late Jurassic-Early Cretaceous con-
tinental rifting and subsequent breakup of the supercontinent Gond-
wana (Ojeda, 1982; Chang et al., 1992; Fiduk et al., 2004; Mohriak et al.,
2008; Alves, 2012; Piedade and Alves, 2017). The tectonic evolution of
the Espirito Santo Basin is similar to most rift basins in the South Atlantic
Ocean, and can be divided into four separate stages: rift onset, syn-rift,
transitional, and drift (Chang et al., 1992; Bruhn and Walker, 1997;
Cobbold et al., 2001; Fiduk et al., 2004; Gamboa et al., 2012) (Fig. 2).

2.1. Rift-related evolution of the Espirito Santo Basin

The rift onset stage of the Espirito Santo Basin occurred in the Late
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Fig. 1. a) Location of Fig. 1b) in relation to Brazil and its continental margin. b) Bathymetric map highlighting the location of the Espirito Santo Basin and its
adjacent structural units. Note that the Espirito Santo Basin is bounded by the volcanic Abrolhos Plateau to the north, and it is separated to the Campos Basin to the
south by a political boundary. The red polygon indicates the location of the 3D seismic volume. Topographic map is taken from the National Center for Environ-
mental Information. ¢) Entire 3D seismic volume image showing the location of study area marked by a red polygon and two wells (3-BRSA-1229 and 1-BRSA-1143D)
marked by red crosses in seismic variance time-slice (Z = —3000 ms two-way time). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 2. a) Tectono-stratigraphic chart of the Espirito Santo Basin showing main depositional units and their depositional environments. Four tectonic evolutionary
stages, episodes of magmatism and five megasequences are highlighted in the figure. Figure modified from Mattos and Alves (2018). b) Velocity data profile for well

DSDP 516 for the Rio Grande Rise (Barker et al., 1983).

Jurassic-Early Cretaceous and was characterised by the initiation of
lithospheric extension at a regional scale (Ojeda, 1982; Cainelli and
Mohriak, 1999; Fiduk et al., 2004; Mohriak et al., 2008). Moderate
tectonism and intense volcanism occurred throughout SE Brazil during
this stage, with the Espirito Santo Basin becoming rapidly filled with
coarse-grained fluvial sediment, alluvial fan deposits and localised
evaporites (Ojeda, 1982; Chang et al., 1992; Cainelli and Mohriak, 1999;
Mohriak and Rosendahl, 2003).

The syn-rift stage lasted from late Berriasian/Valanginian to the
early Aptian (Ojeda, 1982; Fiduk et al., 2004; Gamboa, 2011; Qin et al.,
2016). It was marked by intense tectonism due to the enhanced litho-
spheric extension and asthenospheric uplift that accompanied the for-
mation of the Eastern Brazilian Rift (Cainelli and Mohriak, 1999;
Mohriak and Rosendahl, 2003). Syn-rift units comprise lacustrine sedi-
ments in elongated and faulted sub-basins formed between the Santos
and the Sergipe/Alagoas Basins. Three main facies associations were
deposited at this stage: 1) alluvial fan/fan deltas and transitional de-
posits, 2) lacustrine marls and shales, and 3) lacustrine pelecypod
limestones, usually termed coquinas (Ojeda, 1982; Demercian et al.,
1993; Cainelli and Mohriak, 1999).

2.2. Halokinesis and Cenogzoic evolution

The transitional stage occurred from early Aptian to late Aptian/
early Albian, a period of time associated with continental breakup
occurring to the east (i.e. outboard) of the Espirito Santo Basin (Ojeda,
1982; Fiduk et al., 2004; Alves et al., 2020). At this stage, the activity of
large faults became concentrated at the locus of continental breakup to
the east. Lithospheric extension significantly enhanced regional subsi-
dence as recorded by the deposition of shallow water microbial car-
bonates, followed by the precipitation and accumulation of >3000 m of
evaporites on the SE Brazil-West Africa conjugate margin (Davison et al.,
2012). Such a transitional unit reflects a continental-breakup sequence
with a typical regressive-transgressive cycle (Alves and Cunha, 2018;
Alves et al., 2020).

The drift stage spanned from the Albian to present-day and marks the
main phase of ocean spreading between South America and Africa
(Ojeda, 1982; Fiduk et al., 2004; Gamboa, 2011). At this stage, tectonic
activity was chiefly associated with thermal subsidence and marine
deposition predominated in the Espirito Santo Basin (Chang et al., 1992;
Cainelli and Mohriak, 1999). The drift stage comprises two distinct
megasequences: an early drift transgressive megasequence and a late
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Fig. 3. Variance time-slice (Z = —3000 ms two-way time) of the study area highlighting the four fault families and salt structures interpreted in this work. Red, green,
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are shown by thin black lines. Eight representative faults from four fault families, shown with bold lines, were selected for our displacement-depth (D-Z) and
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of this article.)
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drift regressive megasequence (Chang et al., 1992; Cainelli and Mohriak,
1999). The early drift transgressive megasequence records the deposi-
tion of carbonate intervals below muddy and sandy turbidites, repre-
senting shallow water environments that deepened upwards until the
end of the Cretaceous (Ojeda, 1982; Chang et al., 1992; Mohriak et al.,
2008; Qin et al., 2016). The late drift regressive megasequence was
marked by open marine deposition, reflecting the progressive filling of
the Espirito Santo Basin’s continental shelf and slope (Ojeda, 1982;
Chang et al., 1992; Mohriak et al., 2008).

Due to regional extension and continuous subsidence, halokinesis
occurred in the study area in response to differential loading by over-
burden strata, gravity spreading and downslope gravity gliding on top of
evaporite successions (Demercian et al., 1993; Fiduk et al., 2004).
Halokinesis lasted from the Albian to Holocene but peaked during the
Late Cenozoic (Fiduk et al., 2004; Alves, 2012). It divided the basin into
three tectonic domains with different structural styles: proximal
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extensional, transitional and distal compressional (Rouby et al., 2003;
Vendeville, 2005; Gamboa et al., 2010; Mohriak et al., 2012; Qin et al.,
2016). The proximal extensional domain includes salt rollers, salt walls
along conjugate normal faults, turtle anticlines and rafts (Mohriak et al.,
2008). The transitional domain is characterised by salt diapirs, while the
distal compressional domain is dominated by allochthonous salt
(Demercian et al., 1993; Davison, 2007).

3. Data and methods

This paper uses a high-quality 3D seismic volume acquired in deep-
water Espirito Santo Basin in 2004, covering 360 km? (Fig. 1). It was
shot at a water depth ranging from 1630 to 2050 m. The seismic volume
was acquired with a 6 x 5700 km array of streamers, and it was pre-
stacked time migrated with a 12.5 x 12.5 m grid line spacing. Seismic
data processing included resampling, spherical divergence corrections
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Fig. 4. Well profile correlation for Wells 3-BRSA-1229 and 1-BRSA-1143D located near the study area. Chronostratigraphic framework, lithology, gamma-ray (GR)
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and zero-phase conversions, all undertaken prior to data stacking (Fiduk
et al., 2004; Alves, 2012; Ze and Alves, 2016; Piedade and Alves, 2017).
Data are displayed using the European SEG standard for polarity in
which a change in acoustic impedance from low to high is shown as a red
seismic reflection, and from high to low is shown in black. The seismic
volume was processed in the time domain following a sampling rate of 2
ms, re-sampled at 4 ms, with a dominant frequency of 40 Hz. This
resulted in a minimum vertical resolution (1/4 of the wavelet frequency,
or A/4) ranging from 11 to 19 m at the depth of strata investigated in this
work (Mattos and Alves, 2018). In addition, two wells located in vicinity
of the study area provide gamma-ray, lithology and V,, (p-wave velocity)
data (Biancardi et al., 2020). Well correlations were also completed to
identify lithological variations in the seismic-stratigraphic units inter-
preted in this study, and a chronostratigraphic framework was estab-
lished based on Ze and Alves (2021) (Fig. 4).

The study area comprises a 20-km long, 6-km wide, NE-striking salt
minibasin bounded to the west by two salt diapirs (A and B), and by a
salt wall to the east (Figs. 1 and 3). Eight (8) key seismic-stratigraphic
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reflections, including the seafloor, were interpreted every ten lines
(125 m) in our seismic volume (Figs. 5-8). Three principal stratigraphic
units were defined based on their internal seismic reflection characters,
bounding reflection terminations, and their relationship with main
structural features. Variance time-slices were used to identify relevant
fault families around salt structures (Fig. 3), as they clearly show
important discontinuities on time slices, including faults and fractures
(Brown, 2011).

Five hundred and thirty-four (534) faults were manually interpreted
every two crosslines/inline (25 m). They were classified into four
different fault families based on their geometry, orientation, distribution
and relationship with main salt structures. This procedure guaranteed
high-enough accuracy when recording displacement data for distinct
fault segments, as it complies with the minimum sampling interval
defined in Ze and Alves (2019). The latter authors proposed that mini-
mum throw/displacement sampling intervals are related to the length of
a fault; sampling intervals should be less than 5% of the fault length
when the latter is < 3500 m, or 3% of the fault length when this is >

3.00

TWTT (S)

Fig. 5. Seismic profiles showing representative crestal faults 1 (CF1) and 2 (CF2) in the study area. Red bold and black lines represent faults, while other coloured
lines mark the different seismic-stratigraphic horizons interpreted in the study area. The location of the seismic profile is shown in Fig. 3. SF=Seafloor. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.00

Fig. 6. Seismic profiles showing representative corridor faults 1 (CoF1) and 2 (CoF2) in the study area. Red bold and black lines represent faults, while the other
coloured lines mark the seismic-stratigraphic horizons interpreted in the study area. Bright spots are indicated in the figure. The location of the seismic profile is
shown in Fig. 3. SF=Seafloor. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3500 m. In addition, the rose diagrams and histograms of strike and dip
of each fault family were plotted by using fault-point data on Move, and
the radius value of the rose diagram is plotted as a ratio (Fig. 10). The
fault-point data were received by discretising faults that were inter-
preted on Schlumberger’s Petrel® into facets, and time-depth conver-
sions were implemented for these data on Move®.

Later in our workflow, eight representative faults from the four
interpreted fault families were selected to compile displacement-length
along fault (Dpax-L) and displacement-depth (D-Z) plots, which were
used to evaluate fault growth history in the investigated minibasin
(Figs. 11-14). Fault displacement was calculated using trigonometry
rules to discern the throw and heave for a fault, considering the fault as a
pure dip-slip fault. Listric faults record a large amount of horizontal
offset (heave) and using throw would be a limiting over-simplification in
our analysis.

The relationship between maximum displacement (Dpax) and length
(L) of a fault trace provides insights into the mechanisms of fault initi-
ation, growth and evolution through time (Watterson, 1986; Walsh and

Watterson, 1988; Peacock and Sanderson, 1991; Cowie and Scholz,
1992; Kim and Sanderson, 2005). The relationship between fault
displacement (D) and depth (Z) provides insights into fault reactivation
or nucleation positions (Mansfield and Cartwright, 1996; Cartwright
and Mansfield, 1998; Baudon and Cartwright, 2008a; Baudon and
cartwright, 2008b).

Stress inversions were completed using the Stress Analysis Module
on Move®, which is based on the direct inversion method of Angelier
(1990) by using dip-slip data of the interpreted faults including dip and
dip azimuth. We estimated the orientation and distribution of palaeo-
stress tensors responsible for the formation of each fault family observed
in the study area, with the exception of listric faults. Listric and keystone
faults were formed under the same stress field in the minibasin, sug-
gesting that the palaeostress tensors obtained from keystone faults can
be applied to listric faults.

Slip tendency and leakage factors were also computed in Move’s®
Stress Analysis Module using the palaeostress azimuths obtained from
stress inversions. For this stage in our analysis, faults and horizons
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Fig. 7. Seismic profiles showing representative listric fault 1 (LF1) and keystone fault 1 (KF1). Red bold and black lines represent faults, while other coloured lines
mark the different seismic-stratigraphic horizons interpreted in the study area. Bright spots and pockmarks are indicated in the figure. The location of the seismic
profile is shown in Fig. 3. SF=Seafloor. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

interpreted in Petrel® were imported into Petroleum Experts Move® as
3D mesh surfaces, and later filtered for edge triangles. Key fault attri-
butes, including true dip, strike and azimuth for each fault vertex, were
created in Move® using the Attribute Analyser Toolbar. In addition,
normalised leakage factors values were also calculated for each fault
family, estimating favourable fluid pathways amongst the four fault
families. As the palaeostress tensors obtained from stress inversion are
not those representing the present-day stress regime, slip tendency and
leakage factor analyses in this work comprise certain limitations, and do
not fully indicate the most favourable fluid pathways in the study area at
present. However, they represent the stresses that generated the faults
interpreted in this work, and highlight any changes in the azimuth of
such stresses in time and space, in the study area.

Slip tendency (T;) indicates the likelihood of a fault to slip, and is
defined as the ratio of resolved shear (1) to normal stress (6,) (Equation
(1); Morris et al., 1996; Lisle and Srivastava, 2004). It has no units and
ranges from O to 1, where higher values indicate a higher likelihood of a
fault to slip. It is dependent on the differential stress ratio and on the

orientation of the fault surface in relation to the orientation of a given
stress field. Therefore, the slip tendency can be expressed as:

T,=1/0, D

Leakage factor (L) is a measure of the fluid transmissivity of faults,
and is defined as the ratio of pore pressure (P}) to the difference between
normal (6,) and shear stresses (t) on a particular fault surface (Equation
(2); Mattos and Alves, 2018; Ze and Alves, 2021). Pore pressure used in
this study is the normal hydrostatic pressure calculated based on the
depth we consider the fault have first nucleated. Leakage factor de-
termines the likelihood of fault-seal failure; the higher the value, the
greater the likelihood of a fault to act as a pathway for fluid. Therefore,
the leakage factor can be written as:

L=Py/(6,—7) (2)
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Fig. 8. Seismic profiles showing representative listric fault 2 (LF2) and keystone fault 2 (KF2). Red bold and black lines represent faults, while other coloured lines
mark the different seismic-stratigraphic horizons interpreted in the study area. Bright spots and pockmarks are also indicated in the figure. The location of the seismic
profile is shown in Fig. 3. SF=Seafloor. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4. Seismic stratigraphy
4.1. Unit 1 (horizons HO to H3)

Unit 1 is the primary seismic interval of interest, comprising a
package of low amplitude to transparent seismic reflections somewhat
similar to its underlying suprasalt strata (Figs. 5-8). The base of Unit 1 is
marked by horizon HO, a low-to moderate-amplitude negative reflection
tied to the base of Paleocene strata, whereas its top is bounded by a high-
amplitude negative reflection defined as horizon H3 (Figs. 5-8). Be-
tween horizons HO and H3, we mapped two other horizons (H1 and H2)
with moderate-amplitude positive reflections (Figs. 5-8). These two
horizons (H1 and H2) divide Unit 1 into three different sub-units,
respectively named Unit 1a, 1b and 1c (Figs. 5-8). The amplitude of
internal reflections in Unit 1a is slightly higher than in Unit 1b and 1c
(Figs. 5-8). Faulting is common inside Unit 1, but most faults do not
propagate below its lower boundary (horizon HO). This is likely due to
the relatively higher ductility of strata in Unit 1 when compared to the

intervals above and below, a character resulting in faults terminating at
this level. Unit 1 is up to 600 ms thick in the salt minibasin of interest,
but this value decreases slightly towards the flanks of adjacent salt
structures (Fig. 9).

Unit 1 is composed of shale in its upper part (Unit 1b and 1c) and
marl in its lower part (Unit 1a), with varying thickness and relative
proportions of shale vs. marl at various locations (Fig. 4). Thin mudstone
layers occur as intercalations in the essentially marly Unit 1a. Due to
lithological changes, gamma-ray values reveal significant variations at
depth. Unit 1b and 1c record high gamma-ray values, especially Unit 1c,
but they gradually decrease towards the base of Unit 1b. Importantly,
there is an increase in gamma-ray values from Unit 1a to 1b, and this
increase correlates with the boundary between shale to marl in well data
(e.g., well 1-BRSA-1143D; Fig. 4). Unit 1a presents higher gamma-ray
values than Units 1b and 1c above, indicating Unit la contains a
higher volume of shale than these former. In addition, gamma-ray values
continue to increase below horizon HO towards the top of the Aptian
salt, although values in Unit 1 are similar to the underlying suprasalt
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Fig. 9. TWT structural and isochron maps for representative horizons and intervals in the study area. a), c), and e€) TWT structure of horizons H4, H3, and HO,
respectively. b), d), and f) Isochron maps for intervals between the SF (seafloor) and horizon H4, between horizons H4 and H3, and between horizons H3 and HO.

strata (Fig. 4).

4.2. Unit 2 (horizons H3 to H4)

Unit 2 is bounded at its base by horizon H3, and at the top by horizon
H4, a moderate-to high-amplitude positive reflection (Figs. 5-8). At the
middle of Unit 2 there is one high-amplitude negative reflection that
correlates with the base of Eocene strata (Figs. 5-8). This unit comprises
a 200-500 ms thick package, which is the thickest (~500 ms) in the
studied salt minibasin (Fig. 9). Unit 2 is the thinnest (~200 ms) above
the salt diapirs (Fig. 9). The unit shows low-amplitude to transparent
seismic reflections in its lower part, but its upper part is marked by
moderate-to high-amplitude seismic reflections. Faulting is common,
with most faults propagating upwards and downwards into Unit 2.

10

The lithology of Unit 2 is very similar to the interval between horizon
H1 and H3 (Unit 1b and 1c), as both are composed of shale. However,
Unit 2 does not show marked changes in lithology and gamma-ray
curves remain high and relatively constant (Fig. 4).

4.3. Unit 3 (horizon H4 to the seafloor)

Unit 3 is bounded at its base by horizon H4, whereas its top coincides
with the seafloor. Its thickness ranges from 400 to 800 ms, and shows
low-amplitude to transparent internal reflections incised by submarine
channels in some areas (Figs. 5-8). Two other horizons H5 and H6 were
interpreted in this unit. Horizon H5 is a high-amplitude positive seismic
reflection tied to the base of the Miocene, which is located two re-
flections above horizon H4 (Figs. 5-8). Horizon H6 is a high-amplitude
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Fig. 10. Rose diagrams and histograms of strike and dip for each fault family in the study area plotted by using fault-point data. Crestal faults are predominantly
NNE-striking and their dips range from 22.63° to 58.67°. Corridor faults are NE-striking and their dips vary from 23.77° to 58.21°. Listric faults are mainly NW-
striking, but their dips range from 2.3° to 22.88°. Keystone faults are NW-striking with dips varying from 29.71° to 63.97°.
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lines c-j in the D-L plots above indicate the location of the D-Z plots shown below. The dashed lines mark the seismic-stratigraphic horizons interpreted in this study.
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positive reflection under another prominent high-amplitude negative
reflection (Figs. 5-8). Most faults in the study area offset horizons H4 to
H6, and many are truncated on their upper tips by mass-transport de-
posits (MTDs), which mark the remobilization of seafloor strata due to

the influence of gravity forces.

Unit 3 is mainly composed of clay and shows high, relative constant
gamma-ray values in its lower part, especially between horizons H4 and
H6 (Fig. 4). Its top part comprises a large volume of turbidites, which
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present relative low gamma-ray values.

5. Fault families around salt structures

Faults developed in the study area comprise four (4) fault families
based on their geometry, orientation, distribution and relationship with
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main salt structures: a) crestal faults, b) corridor faults, c) listric faults,
and d) keystone faults (Figs. 3 and 10). Crestal faults include radial and
concentric faults developed above salt structures due to halokinesis.
Corridor faults pertain to faults connecting different salt structures,
forming structural corridors that are preferential pathways for fluid
(Mattos and Alves, 2018). Keystone and listric faults were developed in
salt minibasins, but their geometries and periods of activity showed
significant differences. In this section, we select eight (8) representative
faults from the four fault families to compile displacement-length
(Dmax-L) and displacement-depth (D-Z) plots (Figs. 11-14). These data
are used to evaluate the growth history of faults.

5.1. Crestal faults

A total of 239 crestal faults were manually mapped over salt diapir A,
which is located in the northern part of the study area (Fig. 3). Crestal
faults are well developed above this diapir, offsetting horizons H4 to H6
upwards to a depth just below a near-seafloor MTD (Figs. 3 and 5).
Downwards, they terminate in Unit 1 to form graben structures above
diapir A (Fig. 5). Crestal faults strike towards the NNE and have dips
over 42° (Figs. 9 and 10).

Crestal faults 1 (CF1) and 2 (CF2) are respectively 1.5 km and 1.8 km
long, N-striking, but show opposite dips; CF1 dips to the east, while CF2
dips to the west (Fig. 5). Their maximum displacement reaches 135 m
and 153 m, respectively (Fig. 11). Crestal fault CF1 grew by the lateral
linkage of distinct segments, as shown by the rugged profile of its Dyax-L
plot. A prominent linkage point is located around the position of profile
e (Fig. 11). It is also clear from our D-Z data that the maximum
displacement of CF1 occurs around horizon H3, with a decrease in
displacement occurring between horizons H3 and H4 (Fig. 11). This
suggests fault reactivation during the deposition of Unit 2.

Crestal fault CF2 is an isolated fault revealing a rugged ‘C’ type in
Dmax-L data (Fig. 11b). However, similarly to CF1, it shows multiple
displacement minima values, implying that it was formed by dip linkage.
The maximum displacement of CF2 occurs below horizon H3, showing
that it first nucleated at this depth (Fig. 11). Interestingly, there are
marked drops in displacement around horizon H3, especially around the
position of profile g (Fig. 11g), suggesting that fault reactivation
occurred at this level.

5.2. Corridor faults

Forty-five (45) corridor faults were recognised in the region between
salt diapirs A and B, in the northwest part of the study area (Fig. 3).
Corridor faults are NE-striking, with dips over 39°, and offset strata
between horizons H1 to H6 (Figs. 6 and 10). Some large corridor faults
also offset strata at horizon HO and below (Fig. 6). They strike in a
similar direction to the radial faults formed between diapirs A and B
(Figs. 3 and 9).

Corridor faults 1 (CoF1) and 2 (CoF2) were chosen as representative
corridor faults in the study area (Fig. 3). They are 2.5 km and 2.2 km
long and dip to the northwest, with displacement maxima of 97 m and
99 m, respectively (Fig. 12). CoF1 offsets strata between H1 and ter-
minates below the near-seafloor MTDs, while CoF2 offsets strata be-
tween HO and H6. Both faults are single, isolated faults, as they have
typical ‘C-type’ profiles in Dyax-L plots (Fig. 12). Their displacement
maxima occur around horizon H3, indicating they nucleate around ho-
rizon H3. In addition, both faults record a decrease in displacement
between horizons H3 and H4 (Fig. 12). This suggests that fault reac-
tivation occurred at the level of Unit 2.

5.3. Listric faults
Ten (10) listric faults were mapped as NW- to WNW-striking struc-

tures dipping to the northeast (Figs. 3 and 7-9). In plan-view, listric
faults are curved, show variable lengths, and are cross-cut by adjacent
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faults (Figs. 3 and 9). On vertical seismic profiles, they are steep in their
upper part but gradually sole out into Unit 1 (Figs. 7 and 8). Their dip
ranges from 2° to 23° (Fig. 10), as they are gentler than the other fault
families. Most listric faults are growth faults, i.e. they show thickening in
strata adjacent to hanging-wall depocenters, a character that can be used
to indicate their relative ages (Childs et al., 2003, 2017). Listric faults
also reveal larger displacements when compared to the other fault
families; they can be interpreted as structures accommodating extension
along a NE-SW direction (Figs. 9 and 13).

Representative listric faults 1 (LF1) and 2 (LF2) are 2.4 km and 3.2
km long, with displacement maxima of 1254 m and 717 m, respectively
(Figs. 9 and 13). They offset strata between horizons H4 and H6, soling
out in the uppermost part of Unit 1 (Figs. 7, 8 and 13). Both listric faults
are offset by other faults, especially LF1, indicating they were formed
earlier than the faults that offset them. Because of these offsetting faults,
LF1 and LF2 show rugged shapes in their Dpax-L plots (Fig. 13). For
instance, the marked displacement minima recorded between horizons
H3 and H4 in D-Z profiles were also caused by younger faults offsetting
them (Fig. 13). Displacement maxima in both LF1 and LF2 are recorded
between horizons H3 and H4, implying the two faults nucleated at this
depth (Fig. 13). Interestingly, the positions of displacement maxima are
recorded close to the listric faults’ lower tips (Figs. 7, 8 and 13), indi-
cating they were not formed by the linkage between a steeply dipping
fault and a gently dipping detachment. They nucleated around their
lower tips, and propagated upwards (with minor downward propaga-
tion) to generate their present-day curvature.

5.4. Keystone faults

Two-hundred and forty (240) keystone faults were mapped in the
salt minibasin of interest and they offset variable strata spanning hori-
zons HO to H6 (Figs. 7 and 8). Keystone faults are mainly NW-striking,
relatively steep (>46.8°), with a few NE-striking faults occurring in
the southern part of the minibasin (Figs. 3 and 8).

Keystone faults 1 (KF1) and 2 (KF2) were chosen as representative
faults in this work. They are 1.4 km and 3.1 km long, with displacement
maxima of 114 m and 110 m, respectively (Fig. 14). Both faults strike to
the NW and dip to the southwest; they are also relatively steep and offset
strata between horizons H1 to H6 (Figs. 7 and 8). KF1 records a
displacement maximum around horizon H3 (Fig. 14), indicating that it
first nucleated at this level. There is also significant displacement
minima below horizon H4 (Fig. 14f), suggesting KF1 might have expe-
rienced some degree of reactivation at this level. KF2 is formed by lateral
segment linkage as there is significant displacement minima along its
striking direction, which correlate with the linkage points observed in
variance time-slices (Fig. 3). The maximum displacement value for KF2
occurs near horizon H2 (Fig. 14), showing it nucleated at this level.

6. 3D visualisation of listric faults and investigated relationship
with specific shale units

Listric faults are well developed in the investigated salt minibasin
and their lengths vary from 1.8 km to 4.9 km. They are also observed at
different depths in the study area (Figs. 7-9 and 15). It is clear that listric
faults developed in the south of the minibasin are deeper when
compared to similar faults to the north (Figs. 7-9 and 15). In addition,
growth strata reveal that listric faults in the south were formed earlier
than those in the north. Two listric faults in the south of the minibasin
were developed in Unit 1, with strata thickening in their hanging-wall
depocenters (Fig. 15). In contrast, in the north of the minibasin, LF1
and LF2 sole out at the top interval of Unit 1 (Figs. 7 and 8), and growth
strata indicate they were formed after the deposition of Unit 1.

A key characteristic is that all listric faults analysed in this work sole
out at the level of Unit 1, a package of low amplitude to transparent
seismic reflections (Figs. 7, 8 and 15). Furthermore, borehole data show
that Unit 1 is composed of shale and marl with high gamma-ray values
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(Fig. 4). Overpressure in Unit 1 is suggested by the existence of large
pockmarks close to the upper tips of listric faults rooting at depth in this
unit (Figs. 7 and 8). In fact, large-scale pockmarks have been previously
considered to indicate the episodic loss of fluid due to overpressure
build-up in underlying strata (Miiller et al., 2018). Additionally, listric
faults in the study area sole out into Unit 1, but they have not offset its
lower boundary.

We interpret the formation of listric faults as related to local over-
pressure based on the mechanism proposed by Yuan et al. (2020). This
may also explain the fact that listric faults in the south of minibasin
formed earlier and deeper than those in the north, since Unit 1 is
deepening to the south and local overpressures were putatively reached
earlier in this part of the investigated salt minibasin when compared to
its northern part.

7. Fluid-flow potential in distinct fault families

To understand the orientation and distribution of the principal
palaeostress tensors in the study area, stress inversions were completed
for all interpreted fault families. Stress inversion results for the 534
faults interpreted in the study area show a stress tensor with a sub-
vertical o; plunging 86.78° along an N39.21° azimuth. A sub-
horizontal 6, plunges —2.07° along an N349.32° azimuth, accompa-
nied by o3 plunging —2.46° along an N79.41° azimuth. However, as
there are more than two preferential strike directions for faults in the
study area due to halokinesis, we completed stress inversions separately
for each fault family to obtain their own principal palaeostress tensors
except listric faults (Table 1). Listric faults and keystone faults were
formed under the same stress field in minibasin, and most listric faults
were offset by keystone faults, suggesting that the palaeostress tensors
obtained from keystone faults can be applied to listric faults. We thus
used the stress inversions results described above to complement slip
tendency and leakage factor analyses for each fault family (Figs. 16 and
17).

Slip tendency models reveal marked differences among the four
interpreted fault families (Fig. 16). Keystone faults record the largest
average slip tendency (0.65), with values varying from 0.38 to 0.95
(Fig. 16e). In addition, NW-striking keystone faults record significantly
higher slip tendency values than NE-striking keystone faults, meaning
that the former (keystone) faults have the highest probability to slip.
Corridor faults show the second largest average slip tendency (0.63),
with ranges in slip tendency similar to keystone faults, from 0.38 to 0.9
(Fig. 16c). Crestal faults have lower average slip tendency than corridor
faults (0.55), and values range from 0.3 to 0.83 (Fig. 16b). Listric faults
become the lowest average slip tendency (0.15), with values ranging
from 0.06 to 0.25 (Fig. 16d). These observations suggest that listric
faults have the lowest tendency to slip.

Normalised leakage factors were also calculated based on the stress
tensor considered for each fault family, and they show similar trends to
slip tendency (Fig. 17). The normalised leakage factor values for
keystone faults mainly range from 0.45 to 0.95 with an average value of
0.72 (Fig. 17e), showing that these faults have the highest probability of
conducting fluid among the four fault families. Corridor faults and
crestal faults record similar average normalised leakage factor (0.71 and
0.66), with values ranging from 0.45 to 0.94 and 0.33 to 0.91,

Table 1
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respectively (Fig. 17b and c). Listric faults show the lowest average
normalised leakage factor (0.3), with values ranging from 0.11 to 0.56.

According to the data described above, we find that keystone faults
record the highest values for slip tendency and normalised leakage
factors, and NW-striking keystone faults show larger values than other
directions of keystone faults. Corridor and crestal faults have similar
values for slip tendency and leakage factor. Conversely, listric faults
show the lowest values in both slip tendency and leakage factors.
Importantly, the dip and depth of faults significantly influences the
calculated slip tendency and leakage factor values, as high-angle and
shallow faults record higher values for both parameters than low angle
and deep faults.

8. Discussion
8.1. Significance of listric faults and their soling out intervals

One of the key questions arising from our study concerns the sig-
nificance of listric faults in salt minibasins. As previously mentioned in
this work, listric faults sole out in Unit 1, which is composed of shale and
marl with high gamma-ray values, as documented in borehole data
(Fig. 4). In addition, multiple bright spots, one known indicator of hy-
drocarbons, are observed in the lower part of listric faults (Figs. 7, 8 and
15), showing that the lower part of listric faults acts as a barrier or seal to
hydrocarbons and other fluids. Large pockmarks are also observed close
to the upper tip of listric faults, indicating the existence of local strata
overpressures.

The strata in which listric faults sole out overlies the thick salt rocks,
indicating that potential overpressure occurs in suprasalt strata. These
overpressures may be caused by dehydration at smectite-illite transition
depths, or by the generation of hydrocarbons from source rocks, both
occurring after reaching specific threshold temperatures (Bruce, 1984).
The suprasalt strata below Unit 1 were deposited in the early drift-stage,
correlating with upper Cretaceous intervals in the Lower Urucutuca
Formation (Fig. 2). They comprise Cenomanian to Turonian trans-
gressive marine deposits with type III kerogen, capable of producing
high-API oils and gas (Mello and Maxwell, 1990; Fiduk et al., 2004). This
kerogen should have reached thermal maturity - though buried at a
relative shallow depth of around 1300-2000m - because a major thermal
pulse in the early to middle Eocene has been recognised on multiple well
data from the continental shelf. This thermal pulse is associated with the
emplacement of the Abrolhos volcanic Plateau (Meisling et al., 2001;
Cobbold et al., 2001; Gibbs et al., 2003; Fiduk et al., 2004). Due to the
presence of bright spots in the lower part of listric faults, we suggest that
overpressure in the study area was caused by the cracking of hydro-
carbons in Cenomanian to Turonian strata, which was locally heated due
to the high thermal conductivity of underlying salt.

The lower Urucutuca formation is composed of shale and marl, and
shows the highest gamma-ray values in the study area (Fig. 4). At the
same time, it comprises low amplitude to transparent seismic reflections
in seismic data (Figs. 5-8 and 15). The interval into which listric faults
sole out have similar seismic, lithological and petrophysical characters
to Lower Urucutuca strata (Figs. 5-8 and 15). In parallel, the interval in
question was deposited in an evolving salt minibasin, in which strata is
potentially rich in organic carbon due to its restricted ocean circulation

Stress inversion values obtained considering the total number of faults and each fault family separately. Results from palaeostress inversions suggest a sub-vertical 6;

and sub-horizontal o3,

Faults

Number of faults 21 [ 03
Plunge Azimuth Plunge Azimuth Plunge Azimuth
Total faults (Including listric faults) 534 86.78 39.21 -2.07 349.32 —2.46 79.41
Crestal faults 239 88.84 55.97 —-0.83 11.51 —-0.81 101.53
Corridor faults 45 88.87 78.43 -0.92 42.95 —0.66 132.97
Keystone faults 240 —89.4 88.64 0.42 133.64 0.42 43.63
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Fig. 16. a) Slip tendency analysis for the four fault families in this article considering the palaeostress tensor obtained separately from each family. b)-e) Slip
tendency analysis for crestal, corridor, listric, and keystone faults.
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Normalised leakage factor analysis for crestal, corridor, listric, and keystone faults.
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(Dow, 1984; Lopez, 1990). Thus, it is highly likely that listric fault sole
out in ductile, potentially organic-rich shales and marls, though drilled
wells crossing such horizon did not provide total organic carbon (TOC)
data. The soling out intervals directly overlie Lower Urucutuca
source-rock intervals deposited in the Cenomanian-Turonian (Cobbold
et al., 2001; Gibbs et al., 2003; Fiduk et al., 2004), suggesting these
intervals may be added to the known source-rock potential of the
Espirito Santo Basin.

8.2. Faults as markers of distinct stages of halokinesis

Tectonic faults are one of the most common brittle structures in
sedimentary basins and provide important information about the evo-
lution of a sedimentary basin. As part of a typical salt-bearing basin, the
formation and evolution of faults in the study area have been strongly
influenced by halokinesis. We have identified three evolutionary stages
between horizon HO and the seafloor in the study area, correlating to the
drift stage of the Espirito Santo Basin (Fig. 18).

Stage 1 (Paleocene), between seismic horizons HO and H3, is char-
acterised by the formation of a few NW- or WNW-striking listric faults,
keystone faults, and marks the onset of reactive diapirism in the study
area. Several WNW-striking listric faults revealing significant strata
thickening in their hanging walls were formed during this stage (Figs. 9
and 15), and accommodated displacement along a NE-SW direction. At
this same time, NW- to WNW-striking keystone faults were also devel-
oped, implying the establishment of a NE-SW direction of extension.
However, the activity of salt diapirs and walls was minor during Stage 1,
as only few crestal faults and corridor faults were formed around these
same structures. Corroborating this interpretation, the thickness of
strata between horizons HO and H3 is relatively constant in the study
area (Fig. 10), and no significant erosion occurred on top of salt struc-
tures (Fig. 18a). The relatively weak halokinesis can be explained by the
absence of significant sediment loading and, as a result, NE-SW exten-
sion predominated in the study area during Stage 1.

Stage 2 (Late Paleocene-Early Oligocene), marked by strata depos-
ited between horizons H3 and H4, records active diapirism as a conse-
quence of enhanced sediment loading over the salt, and lead to the
development of crestal and NE-striking corridor faults (Fig. 18b). A few
NE- and NW-striking keystone faults, plus NW-striking listric faults,
were also developed during this stage. Halokinesis was intensified with
increasing sediment loads, with salt diapirs and walls developing by
active diapirism. NE-striking corridor faults started to form at this stage,
synchronously with crestal faults. In contrast to Stage 1, strata are
thicker in salt minibasins (up to 450 m) compared to the units accu-
mulated on top of salt structures (less than 200 m), proving that sig-
nificant erosion, or non-deposition, occurred above the latter.
Importantly, the development of several NW-striking listric faults and
multiple NW-striking keystone faults still denote a predominant NE-SW
direction of extension in the investigated salt minibasin.

With continuing halokinesis, the salt underlying the minibasins was
withdrawn to feed the surrounding salt diapirs and walls, promoting
moderate extension along a NW-SE direction (Fig. 18b). This eventually
formed NE-striking faults, which intersected the NW-striking keystone
and listric faults. Such a cross-cutting relationship is obvious in the
southern part of the main salt minibasin as large volumes of salt were
withdrawn in this region. Conversely, in the northern half of the mini-
basin there is only one small salt diapir below horizon H3, leading to the
generation of crestal faults with different strikes (Fig. 18b).

Stage 3 (Late Oligocene-Recent), spanning strata between horizon
H4 and the seafloor, is characterised by more intense (active) diapirism
due to increased sediment loading, a process resulting in the formation
of multiple crestal faults around salt structures, NE-striking corridor
faults, NW-striking keystone faults and NE-striking keystone faults.
These faults present variable geometries, although the main salt mini-
basin was still controlled by a NE-SW direction of extension, as NW-
striking keystone faults were developed during this stage. There was
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preted in the study area. a) Stage 1 (Paleocene); b) Stage 2 (Late Paleocene-
Early Oligocene); c) Stage 3 (Late Oligocene-Recent).
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also NW-SE extension in the southern part of the salt minibasin, which
led to the generation of the NE-striking faults that intersect NW-striking
keystone faults (Fig. 18c). In addition, these same keystone faults were
formed after the listric faults considered in this work, and they offset the
latter in the study area. Later in the evolution of the salt minibasin, a
large mass-transport deposit (MTD) was accumulated near the seafloor
due to widespread gravity spreading and downslope sediment move-
ment (Figss. 4-7). In fact, MTDs exhibit a high variability in size and
internal character in the study area (Biancardi et al., 2020), and truncate
the upper tip of several faults, especially crestal faults developed above
salt diapirs (Fig. 5).

8.3. Implications for the establishment of favourable fluid pathways

Faults can act as effective conduits for fluid in sedimentary basins
but, conversely, they can also locally act as barriers to fluid along fault
zones (Cox et al., 2001; Gartrell et al., 2004). In practice, it is commonly
difficult to determine whether a fault acts as conduit or barrier to fluid
flow, as its sealing competence is influenced by multiple factors such as
the lithology of the strata crossed by the fault, its displacement,
fault-gouge geometry, fault geometry in relation to local stress fields,
post-deformation cementation, interactions between fluids and host
rock, etc. (Caine et al., 1996; Fisher and Knipe, 2001; Koledoye et al.,
2003; Manzocchi et al., 2010). In the study area, four (4) fault families
are developed around salt structures, and it is of great importance to
identify and model the favourable pathways for fluid migrating from
deeper strata (e.g. Gartrell et al., 2004; Hovland, 2007; Davison, 2009;
Andresen et al., 2011). Fault and fluid flow mapping can also be helpful
to predict geohazards associated with fluid flow and seafloor leakage
such as submarine slope instability, or the sudden formation of pock-
marks and near-seafloor fluid pipes (Elger et al., 2018; Cartwright et al.,
2021). In this study, a normalised leakage factor was estimated for each
of the four fault families to provide information about which is the most
favourable fluid pathways.

Normalised leakage factors are the highest for keystone faults,
ranging from 0.45 to 0.95 for an average value of 0.73 (Fig. 15e).
Keystone faults are thus highly likely to act as conduits for fluid. In
addition, keystone faults were active during all three evolution stages
considered in this work, propagating into Unit 1 - regarded as a po-
tential source interval. This means keystone faults are more likely to
contribute to the migration of fluid from deeply-buried source rocks to
shallow reservoirs. Corridor and crestal faults show leakage factor
values varying from 0.45 to 0.94 and 0.37 to 0.91, respectively, with
average values of 0.71 and 0.66 (Fig. 17). The leakage factor values for
corridor and crestal faults are similar to those of keystone faults, sug-
gesting they are also likely to act as pathways for fluid. Most of these
faults were formed during Stages 2 and 3 under the effect of active
diapirism and have propagated at different depths, including into Unit 1.
They were also developed on top of salt diapirs where hydrocarbon
tends to accumulate, so the reservoirs close to the upper part of crestal
faults and corridor faults are possible exploration targets.

Listric faults have the lowest normalised leakage factor value ranging
from 0.11 to 0.56, with an average of 0.4, indicating that they are more
likely to act as barriers and baffles to fluid. This character explains the
multiple bright spots encountered in the lower part of listric faults.
However, listric faults are usually growth faults in the study area, and
were mainly formed during Stages 1 and 2. They continued to be active
for a long period, promoting the leakage of fluid in their upper parts, and
generating large pockmarks above their upper tips. Therefore, based on
our leakage factor data, we propose that keystone faults constitute the
most favourable fluid pathways in the study area. Corridor and crestal
faults also show potential to form pathways for fluid flow, but listric
faults are likely barriers to fluid, particularly in their lower parts.
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9. Conclusions

This work aimed at understanding the distribution, evolution history
and significance of different fault families in a salt minibasin, and any
favourable fluid pathways offshore Espirito Santo Basin (SE Brazil). The
main conclusions of this work can be summarised as follows:

a) Four fault families are identified based on their geometry, orienta-
tion, distribution and relationship with main salt structures. Crestal
faults were formed around salt structures together with radial and
concentric faults. Corridor faults were developed among discrete salt
diapirs, linking them through long corridors of oriented, conjugate
fault families. Listric and keystone faults were formed in salt mini-
basins and were related to important extensional stresses.

The development of listric faults can indicate the existence of sub-
surface overpressure in strata. Moreover, the intervals into which
listric faults sole out comprise soft and ductile strata, which is high
likely associated with source rocks. These intervals may be added to
the known source-rock potential of a given basin, identifying their
depth and relative thickness.

Three fault evolution stages are identified in the study area. Stage 1
records the formation of a few NW- and WNW-striking listric and
keystone faults in response to the onset of reactive diapirism. Stages
2 and 3 mark a shift to active diapirism in the study area promoted by
increasing sediment loading, and lead to the formation of crestal,
corridor and keystone faults.

Normalised leakage factors show that keystone faults are the most
favourable fluid pathways in the study area. Corridor and crestal
faults also show potential as pathways for fluid. Conversely, listric
faults are likely barriers and baffles to fluid, particularly in their
lower parts.
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