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ABSTRACT

Buried pockmarks are features associated with fluid seepage through ancient seafloors. In this work, high-quality 3D seismic
reflection and well data are used to investigate the geometry, distribution and significance of listric faults and associated pock-
marks in a salt minibasin from offshore Espirito Santo, SE Brazil. The results show that six out of ten pockmarks interpreted in
the study area have crescent, elliptical, or elongated shapes. They occur along the trace of listric faults and on their immediate
hanging-wall blocks, with pockmarks' long axes being nearly parallel to the strike of the faults. The pockmarks are approxi-
mately 1300-6200m long, 600-4000m wide, 30-139m deep, and buried 50 to 500m below the modern seafloor. They can be
divided into fault-strike (type I) and fault hanging-wall (type II) pockmarks based on their spatial relationships. Type I represents
pockmarks developed along the trace of listric faults, which acted as fluid conduits. Type II pockmarks were developed away
from fault traces on their hanging-wall blocks. Their occurrence near listric faults was controlled by multiple factors, including
the relative depth, length, area, and maximum displacement of listric faults. In addition, listric faults below horizon H4—an
Upper Paleogene unconformity—do not show pockmarks around them. Listric faults with greater length, area, and maximum
displacements were more likely to form pockmarks. In conclusion, the studied pockmarks are evidence for local hydrocarbon
escape occurring in the Espirito Santo Basin since the Miocene. The results presented here can be applied to other regions around
the world prone to geohazards and where carbon and hydrogen storage solutions are being proposed.

1 | Introduction and Cartwright 2000), Gulf of Mexico (MacDonald et al. 1990;

Roelofse, Alves, and Gafeira 2020), Gulf of Cadiz (Ercilla 1996;

Pockmarks are seafloor depressions considered as unequiv-
ocal indicators of fluid seepage (King and Maclean 1970;
Hovland and Judd 1988). They were first reported by King
and Maclean (1970) after they found small ‘blips’ on echo-
sounder profiles from the Scotian Shelf, Canada. Since then,
pockmarks have been documented in regions such as the
North Sea (Hovland and Sommerville 1985; Cole, Stewart,

Maestro et al. 2002; Ledn et al. 2010), West Africa (Ondréas
et al. 2005; Gay and Berndt 2007; Pilcher and Argent 2007), and
South China Sea (Sun et al. 2011, 2012, 2013; Chen et al. 2015).
Seabed pockmarks have been systematically studied due to their
relevance to hydrocarbon exploration and production (Hovland
and Sommerville 1985; Heggland 1998; Andresen et al. 2011).
They are also known to impact the bio-, hydro- and atmosphere
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Summary

Crescent, elliptical and elongated pockmarks are
near-parallel to listric faults.

Pockmarks are controlled by the geometry and attrib-
utes of listric faults.

Differing fluid escape processes relate to two types of
pockmarks.

The studied pockmarks are evidence for fluid escape
occurring since the Miocene.

(Hovland and Judd 1988; Hovland et al. 2005; Gay, Lopez,
Ondreas, et al. 2006; Judd and Hovland 2007), and are often
related to local geohazards (Ligtenberg and Connolly 2003;
Judd et al. 2007; Pilcher and Argent 2007; Cathles, Su, and
Chen 2010).

Pockmarks usually occur as seafloor depressions with di-
ameters between 10 and 700m and depths between 1 and
45m (Hovland, Gardner, and Judd 2002) (Figure 1). The
largest pockmarks can reach diameters of >1km, to a max-
imum of 5km and a depth of up to 200m (Cole, Stewart, and
Cartwright 2000; Davy et al. 2010; Marcon et al. 2014). They
can be elongated, crescent, asymmetric, or irregular in shape,
and even organised to form composite patterns such as pock-
mark strings, composite pockmarks, and pockmark groups
(Hovland, Gardner, and Judd 2002; Pilcher and Argent 2007;
Chen et al. 2015) (Figure 1). Differing shapes or patterns in
pockmarks are likely associated with the presence of coalesc-
ing clusters, underlying faults, bottom currents, or authigenic
carbonates (Pilcher and Argent 2007; Andresen, Huuse, and
Clausen 2008; Geldof et al. 2014; Chen et al. 2015). Based on
their diameter, pockmarks are subdivided into unit pock-
marks (typically < 10 m in diameter), normal pockmarks (tens
of meters in diameter), giant pockmarks (hundreds of meters
in diameter), and mega pockmarks with diameters of sev-
eral kilometres (Hovland, Gardner, and Judd 2002; Ondréas
et al. 2005; Gay, Lopez, Ondreas, et al. 2006; Pilcher and
Argent 2007; Sun et al. 2011; Chen et al. 2015).

In terms of their internal shape, pockmarks can be conical
to flat-bottomed, with internal slopes ranging from 6° to 25°
(Fader 1991; Pilcher and Argent 2007; Ledn et al. 2010). Their
differing V- and U-shapes in cross section also reflect differ-
ent stages of pockmark development (Masoumi et al. 2014)
(Figure 1). Typically, V-shaped pockmarks are formed in
the initial stages of fluid seepage from a point source and
can later develop into U-shaped pockmarks via slump-
ing, current scouring or draping by hemipelagic sediment
(Dimitrov and Dontcheva 1994; Betzler et al. 2011; Masoumi
et al. 2014; Roelofse 2020). Large pockmarks can also be ac-
tive for relatively long periods of time, a phenomenon better
confirmed in seismic reflection data (Gay, Lopez, Ondreas,
et al. 2006; Roelofse, Alves, and Gafeira 2020; Cao, Sun, and
Magee 2023). Conversely, pockmarks buried by recent sed-
iment indicate their activity has ceased and have become
palaeo-pockmarks through which only older fluid seepage has
occurred (Cole, Stewart, and Cartwright 2000; Gay, Lopez,

Ondreas, et al. 2006; Andresen et al. 2011; Hartwig, Anka,
and di Primio 2012).

Pockmarks occur either in isolation or form patches with ran-
dom spatial distributions (Judd and Hovland 2007; Cathles,
Su, and Chen 2010; Hovland et al. 2010). Importantly, fluid
forming pockmarks can vary from oil, thermogenic and bio-
genic gas (methane), to pore water (brine) and even fresh water
(Hovland and Sommerville 1985; Hovland and Judd 1988;
Gay, Lopez, Cochonat, et al. 2006; Judd and Hovland 2007;
Andresen, Huuse, and Clausen 2008). The traditional concep-
tual model proposed by Hovland and Judd (1988) illustrates
their formation process as starting via an increase in sediment
pore pressure near the seafloor due to the accumulation of gas.
This process triggers the generation of small domes over which
small tension fractures are formed. In a second stage, gas mi-
grates towards the seafloor through these tension fractures
and expands when rising due to a drop in confining pressure
(Hovland and Judd 1988). Such a gas expansion results in the
fluidisation of surrounding sediment, which is then entrained
by the gas to form a mixed gas-sediment plume that ascends
into the water column, thereby producing a pockmark on the
seafloor (Judd and Hovland 2007, P192-193). An alternative
model has been suggested by Cathles, Su, and Chen (2010); in
such a model, capillary invasion is preferred as a key process
and gas trapped at a capillary seal accumulates to a critical col-
umn height. When this column exceeds a threshold value, the
buoyancy at the top of seal forces gas through the pore throats.
The seal then fails completely, releasing the fluid accumulated
below the seal as an upward-propagating gas chimney. Near
seafloor sediments are suspended by the upward flow and re-
moved by ocean bottom currents, resulting in the formation of
a pockmark (Cathles, Su, and Chen 2010).

Pockmarks can appear spatially organised, with their forma-
tion relating to buried geological features such as faults, pa-
laeochannels, palaeocanyons, and diapirs or, instead, to the
local remobilisation of seafloor sediment (Cartwright, Huuse,
and Aplin 2007; Gay et al. 2007; Judd and Hovland 2007;
Pilcher and Argent 2007; de Mahiques et al. 2017; Velayatham,
Holford, and Bunch 2018). In fact, phenomena that reduce
local lithostatic pressure are capable of initiating and lo-
calising pockmarks in nature (Gay et al. 2007; Pilcher and
Argent 2007). The presence of faults usually plays an import-
ant role in pockmark formation (e.g., Hovland and Judd 1988;
Soter 1999; Sun et al. 2011; Chen et al. 2015; Velayatham,
Holford, and Bunch 2018). For instance, Soter (1999) used
sidescan sonar data to report a pockmark chain along the
trace of the Aigion Fault (Greece). In the Ebro Delta, NE
Spain, Maestro et al. (2002) observed large pockmarks on the
hanging-walls of listric faults, and also overlying their foot-
wall cutoffs, to infer that the seeping fluid was biogenic gas
produced from organic-rich units. Geochemical analyses of
sediment samples from the Lower Congo Basin allowed Gay,
Lopez, Cochonat, et al. (2006) to document pockmarks seep-
ing thermogenic gas and oil. They suggested the Lower Congo
pockmarks to be associated with fluid migration along verti-
cally stacked turbidite channels and polygonally faulted inter-
vals (Gay, Lopez, Cochonat, et al. 2006). In parallel, Pilcher
and Argent (2007) described spatially organised pockmarks
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Profile view

Types Plan view Morphological character
V-shaped U-shaped P 9
. A A'B B’| A A’B B’| circular pockmarks are circular in plan view with their deepest part at the
Circular centre of the depression. They are usually symmetric in profile view
pockmarks P! : Y uafy:eyl P
showing similar internal slopes at both sides of the depression.
. A A’ B Bl A A’ B B’ Elliptical pockmarks are elliptical in plan view with minor and major axes.
Elliptical Their deepest part is located at the centre of the depression. they are
pockmarks \'/ \'/ \'/ usually symmetrical in profile and their internal slopes are usually steeper
along the minor axis.
A’ B B’ A’ B B’|Elongated pockmarks are similar to elliptical pockmarks in plan view but
Elongated v L, N 7 Vi with one axis significantly longer than the other. Their deepest part is located
pockmarks V V near the centre of the depression. Their profile is often symmetric with steep
internal slopes aligned with the minor axis.
3 B N B Crescent pockmarks are curved and crescent-shaped in plan view. Their
Crescent / ! deepest part is nearly always where the maximum curvature is observed
pockmarks (Chen etal., 2015). Their profile is usually asymmetric with internal slopes
that are usually steeper near the area of maximum curvature.
In plan view, asymmetric/comet pockmarks show ‘heads’ that are curved
Asymmetric/ A " B | A B ‘| and lengthy 'tails’ aligned in one direction. Their deepest part occurs at the
comet v \ \'/ - centre of its curved ‘head’ (Judd and Hovland, 2007: Chen et al., 2015)
pockmarks "’
Their profile is usually asymmetric and the steeper internal slopes are
observed along their ‘heads’ and/or 'tails’
A "B Bl A i B’ In plan view, these pockmarks have irregular geometries when compared
Irregular \ with the other types (Chen et al., 2015). Their deepest part occurs randomly
pockmarks \v/ u within the pockmarks. Their profile is usually asymmetric regardless if their
internal slopes are steep or gentle
Pockmark strings, or trains, consist of multiple pockmarks arranged
Pockmark A A'B | A A'B " in curvilinear strings or chains, forming pockmark gullies or crescent
A i ! 3
strings/ yvvvxﬁvwvw 'S vavu strings (Hovland et al., 2002; Pilcher and Argent, 2007; Chen et al., 2015).
trains In profile view, they are mostly asymmetric. Multiple depressions with wavy
9 geometries can be observed along the strike of strings or trains.
3
'8 A A'B 8| A A'B B’ Composite pockmarks include multiple pockmarks that are merged
g". Composite| T;" VVV v vy ';f V":, v v L4 A4 (Hovland et al., 2007). Their plan view is usually irregular, denoting multiple
® | pockmarks depression centres. Their profile is usually irregular, asymmetric, and they
=]
[ may merge with adjacent pockmarks to form wavy geometries.
3
=
= A A'B ' A ‘B Pockmark groups consist of multiple pockmarks organised in groups or
Pockmark ‘;’ W v V ‘g b S v "J densely distributed (Chen et al., 2015). Their plan view is irregular with
groups multiple depression centres. Their profile is asymmetric and multiple
depression occur as isolated features.

FIGURE1 | Diagram summarising the geometry of different pockmark types in plan and profile view. Pockmarks with V- and U-shapes in profile

view are plotted separately. The classification of different pockmark types is
and Chen et al. (2015).

near faults on the West African continental margin and classi-
fied them based on the spatial relationships observed. Finally,
Velayatham, Holford, and Bunch (2018) studied three linear
pockmark trains in the Northern Carnarvon Basin, Australia,
the largest being over 72km long and parallel to an array of
linked normal faults. This character led them to suggest that
faults act as spatial controls for fluid migration.

Pockmarks have been first investigated in the Espirito Santo
Basin by Tao and Alves (2021), who classified them as ran-
dom and non-random. They interpreted random pockmarks
as being formed due to the rapid burial of continental slope
strata, while non-random pockmarks relate to the presence of
underlying strata-bound domino-style faults. Later, Tao and
Alves (2023) described two dissolution pockmarks over salt
structures in the Espirito Santo Basin, relating their pres-
ence to localised (dissolution-related) upward migration of
salt-saturated fluid. Still in the Espirito Santo Basin, Zhang,
Alves, and Martins-Ferreira (2022) recorded large pockmarks

based on Hovland, Gardner, and Judd (2002), Pilcher and Argent (2007)

near the upper part of listric faults, demonstrating the impor-
tance of fluid flow along these structures. Notwithstanding
such work, detailed quantifications of the relationship be-
tween pockmarks and adjacent listric faults are scarce in the
Espirito Santo Basin, and also in the published literature, im-
posing limitations to our understanding of how pockmarks
are formed in the submarine environment. Thus, the aim of
this work is to investigate the geometry, distribution and sig-
nificance of buried pockmarks, analysing their relationship
to the listric faults from which they stem. In summary, this
paper addresses the following research questions:

a. What is the potential relationship between buried pock-
marks and adjacent listric faults?

b. How did buried pockmarks form in the investigated salt
minibasin from SE Brazil?

c. What is their importance to seal-competence analyses
when found in salt minibasins across the world?
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2 | Geological Setting

The Espirito Santo Basin is located on the continental mar-
gin of SE Brazil and covers an area of ~125,000km?, of which
107,000km? are located offshore (Fiduk et al. 2004; Gamboa
et al. 2010). The basin is bounded to the north by the Abrolhos
Plateau, a volcanic ridge separating the Espirito Santo Basin
from the Cumuruxatiba Basin (Figure 2). To the south, it is sep-
arated from the Campos Basin by a largely political boundary
as there is effectively a continuum of rift, sub-salt, and supra-
salt units in SE Brazil when one moves from the Santos to the
Espirito Santo basins (Figure 2b; Fiduk et al. 2004; Gamboa
et al. 2010; Alves 2012; Mattos and Alves 2018).

The Espirito Santo Basin includes a series of basins trending N-S to
NNE-SSW thatwere formed during Late Jurassic-Early Cretaceous
rifting and subsequent continental breakup of the supercontinent
Gondwana (Ojeda 1982; Chang et al. 1992; Fiduk et al. 2004;
Mohriak, Nemcok, and Enciso 2008; Alves 2012; Piedade and
Alves 2017). In fact, the tectonic evolution of the Espirito Santo
Basin is similar to most rift basins in the South Atlantic Ocean.
Its evolution can therefore be divided into four separate stages: rift
onset, syn-rift, transitional, and drift (Chang et al. 1992; Bruhn
and Walker 1997; Cobbold, Meisling, and Mount 2001; Fiduk
et al. 2004; Gamboa, Alves, and Cartwright 2012) (Figure 3).

2.1 | Rift-Related Evolution of the Espirito
Santo Basin

Continental rifting occurred in the Espirito Santo Basin in
the Late Jurassic and Early Cretaceous (Ojeda 1982; Cainelli
and Mohriak 1999; Fiduk et al. 2004; Mohriak, Nemcok, and
Enciso 2008). Moderate tectonism and intense volcanism
were recorded throughout SE Brazil during this first rift-onset
stage, and the Espirito Santo Basin was rapidly filled with
coarse-grained fluvial sediments, alluvial fan deposits and lo-
calised evaporites (Ojeda 1982; Chang et al. 1992; Cainelli and
Mohriak 1999; Mohriak and Rosendahl 2003).

The syn-rift stage lasted from late Berriasian/Valanginian
(earliest Cretaceous) 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 lithospheric extension
and asthenospheric uplift that accompanied the formation of
the Eastern Brazilian Rift (Cainelli and Mohriak 1999; Mohriak
and Rosendahl 2003). Resultant syn-rift units comprise lacus-
trine sediments deposited 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 deposits, 2) lacus-
trine marls and shales, and 3) lacustrine pelecypod limestones,
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FIGURE2 | (a)Location of the study area in relation to Brazil and its continental margin. (b) Map highlighting the location of the Espirito Santo
Basin and its adjacent structural units. The Espirito Santo Basin is bounded by the volcanic Abrolhos Plateau to the north and is separated from the

Campos Basin to the south by a political boundary shown as a black dashed line. The red polygon indicates the location of the 3D seismic volume in

(). (c) Variance time-slice (Z=-3000ms two-way travel time) of the entire 3D seismic volume showing the location of study area as a red polygon.
Two exploration wells (3-BRSA-1229 and 1-BRSA-1143D) are marked as red crosses. (b) modified from Alves (2012).
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FIGURE3 | (a)Tectono-stratigraphic chart of the Espirito Santo Basin showing main stratigraphic units and corresponding depositional environ-
ments. Four tectonic evolutionary stages, two 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, Buffler, and Gamboa 1983). See Figure 2b for

the location of DSDP Site 516.

usually termed coquinas by the Brazilian geological community
(Ojeda 1982; Demercian, Szatmari, and Cobbold 1993; Cainelli
and Mohriak 1999) (Figure 4).

2.2 | Basinwide Halokinesis and Its Relationship
to SE Brazil's Cenozoic Evolution

The transitional stage occurred from Early Aptian to Late
Aptian/Early Albian, a period of time associated with continen-
tal 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 was concentrated near
the loci of continental breakup. Significant lithospheric exten-
sion enhanced regional subsidence as recorded by the precipi-
tation and accumulation of >3000m of evaporites during the
Aptian-Early Albian above shallow-water microbial carbonates
(Davison, Anderson, and Nuttall 2012) (Figure 4). These transi-
tional strata thus reflect a continental-breakup sequence with a

typical regressive-transgressive trend (Alves and Cunha 2018;
Alves et al. 2020).

The drift stage occurred from the Albian to present-day and
marks the phase of ocean spreading between South America
and Africa (Ojeda 1982; Fiduk et al. 2004; Gamboa 2011).
Tectonic activity during the drift stage was chiefly associated
with thermal subsidence and resulted in widespread depo-
sition of marine strata in the Espirito Santo Basin (Chang
et al. 1992; Cainelli and Mohriak 1999). The drift stage com-
prises two distinct megasequences: early-drift transgressive
and late-drift regressive (Chang et al. 1992; Cainelli and
Mohriak 1999). The early-drift (transgressive) megasequence
records the deposition of carbonate intervals below muddy
and sandy turbidites, reflecting shallow-water environments
that progressively deepened until the end of the Cretaceous
(Ojeda 1982; Chang et al. 1992; Mohriak, Nemcok, and
Enciso 2008; Qin et al. 2016) (Figure 4). The late-drift (regres-
sive) megasequence is marked by open marine deposition and
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shown. The red polygon indicates the location of study area relative to the three structural domains. Figure modified from Gamboa (2011) and Fiduk

et al. (2004).

the progressive filling of the Espirito Santo Basin's continen-
tal shelf and slope (Ojeda 1982; Chang et al. 1992; Mohriak,
Nemcok, and Enciso 2008) (Figure 4).

Accompanying regional extension and continuous subsidence,
halokinesis occurred in the Espirito Santo Basin in response
to differential loading by overburden strata, gravity spreading
and downslope gravity gliding on top of evaporite successions
(Demercian, Szatmari, and Cobbold 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 also
divided the basin into three tectonic domains with different
structural styles: proximal extensional, transitional, and distal
compressional (Rouby et al. 2003; Vendeville 2005; Gamboa
et al. 2010; Mohriak, Szatmari, and Anjos 2012; Qin et al. 2016)
(Figure 4). The proximal extensional domain includes salt roll-
ers, salt walls along conjugate normal faults, turtle anticlines
and rafts (Mohriak, Nemcok, and Enciso 2008). The transi-
tional domain is characterised by the predominance of salt di-
apirs, whereas the distal compressional domain is dominated
by allochthonous salt (Demercian, Szatmari, and Cobbold 1993;
Davison 2007). The study area is situated between the transi-
tional and distal compressional domains of the basin and, con-
sequently, several salt diapirs and a single salt wall are observed
in seismic data (Figures 4 and 5).

3 | Data and Methods

This study uses a high-quality 3D seismic volume acquired
in deep-water Espirito Santo Basin during 2004, covering

360km? of the SE Brazilian margin (Figure 2c). The seismic
volume was shot at a water depth ranging from 1630 to 2050 m.
It was acquired with a 6 X 5700 m array of streamers following
a 12.5x12.5m grid-line spacing. Seismic data processing in-
cluded resampling, spherical divergence corrections and zero-
phase conversions, undertaken prior to data stacking. The
seismic data are displayed using European SEG polarity, in
which an increase in acoustic impedance is shown as a red
seismic reflector. The seismic volume was pre-stacked time
migrated following a sampling rate of 2ms, and re-sampled
at 4ms 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 the strata in-
vestigated in this work as verified by correlating seismic re-
flection with the available borehole data. Two wells located in
vicinity of the study area provided gamma-ray, lithology, v,
(P-wave velocity) and check-shot data (see Biancardi, Alves,
and Martins-Ferreira 2020).

The study area comprises a 20km long, 6km wide, NE-striking
salt minibasin. This minibasin is bounded to the west by salt
diapirs A and B, and to the east by a salt wall (Figure 5). Eight
key seismic-stratigraphic markers, including the seafloor,
were interpreted and tied to known well stratigraphic markers
(Figures 7-10). Amongst such markers, horizon HO correlates
with the top of Cretaceous strata in the study area. Paleogene
strata above HO are primarily composed of marl in the lower part
and shale in the upper part of the sequence (Figure 5). In seismic
data, horizon HO is expressed as a laterally continuous, parallel
reflection of low to moderate amplitude (Figures 8-10). Horizon
HS5 correlates with the top of Paleogene strata (Figure 5). Above
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FIGURE 5 | Variance time-slice (Z=-3000ms two-way time) across the study area highlighting the distribution of listric faults, pockmarks and
salt structures. Interpreted seismic profiles and the pockmark fields shown in Figures 8-10 are respectively indicated as blue lines and black dashed

polygons. LF, Listric fault; PoM, Pockmark.

H5, Miocene strata are essentially clayey. Horizon H5 is a con-
tinuous and parallel reflection of high amplitude (Figures 8-10).
Between horizons HO and H5 there are four other stratigraphic
boundaries separating particular seismic packages in Paleocene
and Eocene strata (Figure 6).

As all investigated pockmarks and listric faults occur within
Cenozoic strata, no seismic horizons were interpreted below
horizon HO, except for the Top Salt marker. Nevertheless, time-
depth conversions were completed for the interpreted seismic
survey by using multiple check-shot data provided by the two
available boreholes. The Vp data gathered from these two wells
reveal an average velocity of 3.0km/s between horizons HO and
H3, 2.6km/s between horizons H3 and H6, and 2.0km/s for the
strata occurring between horizon H6 and the seafloor (Figure 6).

Variance time-slices and two-way travel time (TWTT) maps
were used to identify buried pockmarks and faults (Figures 5
and 7). Buried pockmarks were identified in the study area and
mapped every two crosslines/inlines (25m) (Figure 7). Detailed
3D structural maps, combined with seismic profiles, revealed
the pockmarks' spatial position and distribution (Figures 8-10).
The length, width, depth, internal slope, and area of pockmarks
were measured to investigate their geometry and relationship
with listric faults (Table 1). The internal slope of pockmarks was
measured along their short axes and included information on
their steep and gentle internal slopes. Hence, pockmark length,
width, and depth comprise, in this work, detailed measurements
of the pockmarks' long axis length, short axis length and vertical
drop from the rim of the depression to their deepest point. The
area of pockmarks corresponds to the plan-view size of pock-
marks measured in TWTT structural maps.

Ten (10) listric faults were interpreted every two crosslines and
inlines (25m) to guarantee an accurate record of fault attribute
data. We measured the strike, dip, length, maximum displace-
ment, throw, heave and area of these 10 listric faults. Fault dis-
placement was calculated using trigonometry rules to determine
the throw and heave values for each fault. This was done be-
cause listric faults record significant horizontal offsets (heave)
when compared to planar, high-angle faults. Measuring throw
alone would oversimplify our structural analysis.

Displacement-length (D, -L) and displacement-depth (D-Z)
plots were compiled for all listric faults following the criteria of
Tao and Alves (2019). The latter authors have shown that the
minimum sampling intervals needed for accurate throw/dis-
placement measurements are related to the length of a fault.
Hence, sampling intervals should be less than 5% for those faults
shorter than 3500m, and 3% for faults that are 3500m and lon-
ger. It should be noted that the dip and area of listric faults were
automatically measured by fault-point data processed on Move.
These fault-point data were uploaded on Move by discretising
into facets the listric faults that were originally interpreted on
Schlumberger's Petrel. Time-depth conversions were imple-
mented on all the faults analysed on Move.

Leakage Factor analyses were completed for the listric faults
using Move's Stress Analysis Module and the stress inversion
data in Zhang, Alves, and Martins-Ferreira (2022). We assumed
that the stress tensors in the area where listric faults occur are,
at present, similar to the palaeostress tensors estimated (in-
verted) by Zhang, Alves, and Martins-Ferreira (2022) for the
Late Cenozoic, as there were no significant changes in the tec-
tonic setting of the Espirito Santo Basin since then (Ojeda 1982;
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FIGURE 6 | Correlation panel for wells 3-BRSA-1229 and 1-BRSA-1143D drilled near the study area. See location of the two wells in Figure 2c.
Chronostratigraphic framework, lithology, gamma-ray (GR) and V,, (P-wave velocity) wireline curves are all shown in the figure.

Fiduk et al. 2004; Gamboa 2011). This assumption is further
supported by the fact that the interpreted listric faults have
propagated as pure dip-slip faults and almost reach the modern
seafloor (Figures 8-10). In addition, Zhang, Alves, and Martins-
Ferreira (2022) have shown that listric faults in the study area
were formed under a sub-vertical o, plunging —89.4° along an
N88.64° azimuth a sub-horizontal ¢, plunging 0.42° along an
N133.64° azimuth and a sub-horizontal o, plunging 0.42° along
an N43.63° azimuth. These values were calculated without con-
sidering any local stress variations resulting from the rotation of
the listric faults.

Fault leakage factors were also calculated using Move, a parame-
ter that considers the ratio of pore pressure (Pp) to the difference
between normal (o, ) and shear stresses (t) on a particular fault
surface. Leakage factor is a measure of the fluid transmissiv-
ity in faults and determines the likelihood of fault-seal failure.

The higher the leakage factor, the greater is the likelihood of a
fault to act as a pathway for fluid. In parallel, the relationship
between pockmarks and their adjacent listric faults was anal-
ysed by correlating pockmarks' geometry with fault attribute
data. Pockmarks were measured along their long axes using the
same spacing (25m) adopted for the fault mapping and for the
compilation of faults’ D -L plots.

4 | Results

4.1 | Morphology and Spatial Distribution
of Buried Pockmarks

A total of ten (10) buried pockmarks were identified in the study
area (Figures 7-10). Six (6) of these pockmarks were developed
on the immediate hanging-wall and along the trace of listric
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FIGURE 7 | TWTT structural and variance maps for four (4) key seismic-stratigraphic horizons highlighting the spatial distribution of listric
faults, pockmarks and salt structures. (a), (c), (¢) and (g) TWTT structural maps for horizons H6, H4, H3 and H2. (b), (d), (f) and (h) Variance maps for
horizons H6, H4, H3 and H2. Seismic profiles and pockmark positions shown in Figures 8-10 are indicated by blue lines and black dashed polygons,
respectively. Horizons H2 and H3 are between the base of Paleocene and Eocene strata, and horizon H6 is between the base of Eocene and Miocene

strata. Horizon 6 is above the base of the Miocene strata. LF, Listric fault; PoM, Pockmark.
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FIGURE 8 | Seismic profiles and TWTT structural maps showing the geometry and spatial distribution of pockmarks 1, 2, 4 and 5. (a) and (d)
Seismic profiles across some of the pockmarks interpreted in this work. (b), (c), (¢) and (f) 3D visualisation of interpreted pockmarks as bounded by
black dash polygons and their corresponding listric faults. The black lines shown in (b), (c), (¢) and (f) indicate the seismic reflections marked by
the labelled bold black lines in (a) and (d). The location of seismic profiles and pockmarks are shown in Figures 5 and 7. See uninterpreted seismic

profiles in Supporting Information File S1.

TABLE1 | Statistical data for the studied pockmarks.

Length: Steep Gentle
Plan-view Length Width width Depth internal internal Area Relative
Name shape (m) (m) ratio (m) slope slope (km?) position
Pockmark 1 Elongated 2339 551 4.2 33 7 6 1.2 Along the trace
of listric fault 1
Pockmark 2 Crescent 2283 1150 2.0 104 9 7 2.5 Along the trace
of listric fault 2
Pockmark 3 Elliptical 1674 1177 1.4 61 6 4 1.9 On the
hanging-wall
of listric fault 2
Pockmark 4 Elliptical 1288 739 1.7 75 12 11 0.7 Along the trace
of listric fault 4
Pockmark 5 Circular 1125 1027 1.1 76 10 8 0.9 On the
hanging-wall
of crestal fault
Pockmark 6 Elliptical 6238 3986 1.6 94 6 2 15.8 Along the trace
of listric fault 8
Pockmark 7 Elliptical 1362 884 1.5 139 20 20 1.1 Along the trace
of listric fault 9
Pockmark 8 Circular 1100 1061 1.0 138 9 8 0.9 Along the flank
of salt wall
Pockmark 9 Elliptical 485 322 1.5 85 23 17 0.1 Along the flank
of salt wall
Pockmark 10 Elliptical 426 228 1.9 23 23 20 0.1 Along the flank
of salt wall

Note: Steep and gentle internal slopes were measured along the short axes of pockmarks. The location of the pockmarks is shown in Figures 7-10.

faults (Figures 8-10). The other four (4) pockmarks occur near
the crestal faults of salt diapirs and along the flank of the salt
wall (Figures 8-10). Based on these observations, we name the
former pockmarks as Type I, associated with listric faults, and
the latter crestal/salt wall pockmarks as Type II (Figures 7-10).

4.1.1 | TypeIPockmarks

Type I pockmarks are crescent, elliptical or elongated in plan
view, 1288 to 6238 m long, 551 to 3986 m wide and 33 to 139m
deep (Figures 8-10; Table 1). Their steep internal slopes vary be-
tween 6° and 20°, while their gentle internal slopes are between
2° and 19°. Their plan-view area varies from 0.7 to 15.8km?.
Type I pockmarks occur above horizon H5—the Top Paleogene
unconformity—except for pockmark 7, which occurs between
horizons H3 and H4. This character shows Type I pockmarks
were formed after the Paleogene (Figures 8-10).

Type I pockmarks are found on the hanging-wall of listric
faults or along their traces. In cross section, the pockmarks
are U-shaped or tabular, with onlapping infills sensu Mitchum
Jr., Vail, and Sangree (1977) and Andresen, Huuse, and
Clausen (2008). This onlapping sediment has low amplitude, is
chaotic in places, and contrasts markedly with the higher am-
plitude (undeformed) slope strata (Figures 8a,d, 9a-e, and 10a).
Sediment filling pockmarks 3 and 6 is locally eroded near the
seafloor by a mass transport complex (MTC), resulting in local
strata thinning (Figures 8a and 9a—e). This MTC is bounded by a
high-amplitude negative reflection at its base, and contains low-
amplitude chaotic reflections in its interior (Figures 7-10).

Type I pockmarks have long axes that are parallel to the strike of
listric faults, i.e. NW-SE to WNW-ESE (Figures 7-10). Based on
the classification proposed by Pilcher and Argent (2007), they are
separated into fault-strike and fault hanging-wall pockmarks.
Fault-strike pockmarks are developed along the trace of faults,

11 of 26

85U80]7 SUOWIWIOD BAEa.D 3|qeo(dde au Aq peusenob afe sejone VO ‘8sn Jo sejn. Joj Areiq1T8ulUO A3 UO (SUONIPUOD-PLUe-5LLBY/LID" A3 IM A leIq 1 Bul UO//:SANY) SUONIPUOD Pue swie 1 8y} 88S *[6202/20/90] Uo AriqiTauljuo A8 |IM IewiuRA0D A|quisssy UsPM AQ STO0.2J0/TTTT OT/I0P/W00 A8 | IM AIq pul|uo//Sdny Wouy pepeojumod ‘T ‘SZ0Z ‘L TTZS9ET



(sw) Limi

(sw) LIML

(sw) LimL

FIGURE 9

Legend on next page.

(sw) 11mL

(sw) LimL

00s¢-

€
(sw) Limi

(e)

(sw) 1ML

00sz-

000¢-

(sw) LamL

000%-

Listric
fault 8

(f)

BS=Bright spot; LF=Listric fault; MTC=Mass transport
complex; P=Pipe; PoM=Pockmark; RA=Rollover
anticline; HO=Top Cretaceous; H5=Top Paleogene

12 of 26

Basin Research, 2025

51017 SUOWILIOD BA IO 3|01 ddle aU) A PoLLIBAOB 22 SOOILE YO ‘88N J0 SN O AICI1T BUIIUO 43I L0 (SLONIPUOD-PLE-SLLBIWOY" A3 1M AIRIq1 PUIIUO//SAIY) SUONIPUCD PUE SWLB 1 34} 39S *[5202/20/90] UO AXRIIT8UIIUO /BIIM ‘IBWILIBA0D AJGWRSSY USPA AQ STO0L 2I0/TTTT OT/I0p/LICO" 8| ARe.q 1IBU1UO//SNY LIS pOpeojumoq T 'SZ02 ‘L TTZG9ET



FIGURE9 | Seismic profiles and TWTT structural map highlighting the geometry and spatial distribution of pockmark 6. (a-e) Seismic profiles
across pockmark 6. (f) 3D visualisation of pockmark 6, which is bounded in the figure by black dash polygons and listric fault 8. The black lines in
(f) indicate the seismic reflection marked by the bold black lines in (a—e). The location of seismic profiles and pockmark 6 is shown in Figures 5 and 7.
See also the uninterpreted seismic profiles in Supporting Information File S1.
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SBDF=Strata-bound domino fault; RA=Rollover anticline; HO=Top Cretaceous; H5=Top Paleogene

FIGURE 10 | Seismic profiles and TWTT structural maps highlighting the geometry and spatial distribution of pockmarks 7, 8, 9 and 10. (a-c)
Seismic profiles across pockmarks interpreted in this work. (d-g) 3D visualisation of interpreted pockmarks, which are bounded by black dash poly-
gons and adjacent listric faults. The black lines shown in (d-g) denote the seismic reflection in (a-c) marked by bold black lines. The location of seis-
mic profiles and pockmarks is shown in Figures 5 and 7. Uninterpreted seismic profiles are also shown in Supporting Information File S1.

with these acting as fluid conduits. In contrast, fault hanging- and 7 are fault-strike pockmarks, whereas pockmarks 1 and 3
wall pockmarks are developed away from the faults’ traces, on are fault hanging-wall pockmarks (Figures 8-10). Fault-strike
their immediate hanging-wall blocks. Hence, pockmarks 2, 4 pockmarks (pockmarks 2, 4 and 7) are 1288 to 2283 m long,
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739 to 1150m wide and 75 to 139 m deep (Figures 8a,d and 10a;
Table 2). In comparison, fault hanging-wall pockmarks (pock-
marks 1 and 3) are 1674 to 2339 m long, 551 and 1177m wide
and 33 and 61m deep (Figure 8a; Table 1). It is worth noting
that pockmark 6 is a composite one, i.e. it is formed by multiple
small pockmarks of the fault-strike and fault hanging-wall types
(Figure 9).

Fault-strike pockmarks are deeper than fault hanging-wall
pockmarks, though their length and width are similar.
Moreover, fault-strike pockmarks show steeper internal slopes
when compared to fault hanging-wall pockmarks (Table 1). This
is because fault-strike pockmarks are bounded by the upper tips
of listric faults, which are relatively steep. Additionally, fault-
strike and fault hanging-wall pockmarks can develop as stacked
pockmarks around the same listric fault, as demonstrated along
listric fault 2 by the presence of pockmarks 2 and 3 (Figure 8a).
This character suggests there were at least two periods of fo-
cused fluid seepage associated with listric fault 2, justifying the
presence of stacked pockmarks around it.

Vertical fluid pipes are observed below Type I pockmarks, par-
ticular below fault-hanging pockmarks (Figures 8a and 9a-d).
These pipes highlight the fluid flow pathways responsible for
their formation (Cartwright 2007; Loseth et al. 2011; Cartwright
and Santamarina 2015; Maestrelli et al. 2017). They are charac-
terised by their low-amplitude, chaotic internal reflections with
typical concave-upwards drag folds. In places, bright spots and
other high-amplitude anomalies are also observed (Figure 9a-e).
The boundary between pipes and surrounding strata is marked
by the abrupt downward bending and dimming of seismic re-
flections, and seldom as clear offsets in seismic data (Figures 8a
and 9a-9d).

Fluid pipes follow the orientation of overlying pockmarks and
reveal elliptical or elongated shapes in plan view. They gradu-
ally widen upwards near the base of the pockmarks, recording
a height of up to 200ms (around 225m). Fluid pipes terminate
downwards in low-amplitude chaotic reflections around listric
faults, and even on their planes (Figures 8a and 9). Moreover,
bright spots are found below these fluid escape pipes in strata
offset by listric faults, implying that fluids migrating upwards
from these faults generated the pockmarks on the seafloor.
Bright spots around listric faults and their surrounding strata
are negative high-amplitude anomalies (Figures 6, 8a and 9a-d),
likely due to the presence of gas. This gas can induce negative
impedance contrasts in strata and dim their internal reflections
(Cox, Newton, and Huuse 2020).

4.1.2 | Type Il Pockmarks

Type II pockmarks are circular or elliptical in plan view, 426
to 1125m long, 228 to 1061 m wide, and 23 to 138m deep
(Figures 8 and 10; Table 1). Their steep internal slopes of Type
IT pockmarks vary between 9° and 23°, while gentler internal
slopes reach 8° to 20°. Type II pockmarks occupy an area be-
tween 0.1 to 0.9km? and are found either in the hanging-wall
of crestal faults or along the flanks of a salt wall (Figures 7, 8
and 10). Similarly to Type I, these Type II pockmarks occur
above horizons H5 and H6, indicating that they were formed

after the Paleogene. They are V-shaped in cross section and re-
veal onlapping fills (Figures 8d and 10a-c). Infilling sediment
has low amplitude and is often chaotic (Figures 8d and 10b,c).
The flank of the salt wall shows no fluid pipes below the pock-
marks (Figures 8d and 9). As a result, it is hard to understand
what fluid migration paths were responsible for the pockmarks.
However, fluid escape pipes occur below these latter in the
hanging-wall of crestal faults (Figure 10b,c).

Pockmarks 8, 9 and 10 were formed along the flank of a salt
wall, while pockmark 5 occurs on the hanging-wall of cr-
estal faults. A fluid pipe that is 461 ms (around 504 m) tall is
found below pockmark 5 (Figure 8d). This pipe shows low- to
middle-amplitude reflections with concave-upward reflec-
tions and brightened strata in its lower part. Internal reflec-
tions have much lower amplitude than surrounding strata,
clearly defining its boundary. Furthermore, the pipe termi-
nates downwards into a distinct bright spot that is preserved
on the footwall of a crestal fault (Figure 8d), implying that the
pipe is likely sourced from the unit offset by this fault. Such
bright spots are of negative polarity, meaning that the mi-
grating fluid is mainly gas. The presence of pockmark 5 near
horizon H6 thus suggests the episodic eruption of gas around
crestal faults.

4.2 | Geometry, Spatial Distribution,
and Fluid-Flow Potential of Listric Faults

Listric faults are curved in plan view, striking NW-SE and
WNW-ESE (Figure 7). They are 1019 to 7211 m long, dipping
1° to 26° and showing maximum displacements of 386 to
1658 m. They dip to the NE and NNE, and sole out at depth
(Figures 8-10). The interpreted listric faults occur in a salt
minibasin and are deeper in the south when compared to their
counterparts to the north. Most listric faults in the study area
are also growth faults offset by surrounding crestal and key-
stone faults (see Zhang, Alves, and Martins-Ferreira 2022),
suggesting that listric faults were formed relatively early
(Figures 8-10). Crestal faults are of the radial and concentric
types and were developed above salt structures, while key-
stone faults were formed in the lower parts of the salt mini-
basin as antithetic arrays delimiting symmetric extensional
grabens (Figures 8-10). Rollover anticlines are also observed
on the hanging-wall of listric faults 1, 2, 6 and 8 (Figures 8a
and 9b-d). A buckle fold occurs in the lower part of listric fault
1 (Figure 8a), indicating the presence of compressive defor-
mation resulting from the horizontal movement (heave) of
the latter structure. Several bright spots are observed in strata
offset by listric faults (Figures 8-10), meaning that fluids mi-
grated through them.

Interpreted listric faults grew as isolated structures, except for
listric fault 8, though some listric faults present rugged curves
in their D, -L plots that resemble the profiles of coherent fault
families (Figure 11). These rugged profiles occur because listric
faults were offset by younger (salt-related) faults, resulting in
spurious displacement variations. It is worth noting that listric
fault 2 extends beyond the limit of the seismic volume, and its
D_. -L curve is truncated (Figures 7 and 11b). The formation

max
of these listric faults has been discussed by Zhang, Alves, and
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FIGURE11l | Displacement-length (D

max

-L) plots along the ten listric faults interpreted in this work. LF1, LF2, LF4, LF8 and LF9 are listric faults

with pockmarks and their length and displacement are usually larger than those listric faults without pockmarks, i.e. LF3, LF5, LF6, LF7 and LF10.
Listric faults with pockmarks are shown as red lines, whereas listric faults without pockmarks are marked by blue lines. The position of pockmarks
relative to their adjacent listric faults is indicated in the figure. The short vertical lines 12a—12j in D_, -L plots indicate the location of the D-Z plots

in Figure 12.
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FIGURE 12 | Displacement-depth (D-Z) plots for the ten listric faults interpreted in this work. LF1, LF2, LF4, LF8 and LF9 are listric faults with
pockmarks, and marked as red lines. In contrast, LF3, LF5, LF6, LF7 and L10 are buried below horizon 4 with no pockmarks. They are marked by
blue lines in the figure. The location of these D-Z plots is shown by short vertical lines in Figure 11.

Martins-Ferreira (2022), which suggested it to be related to local
overpressure build-up. Listric faults 1, 2 and 4 were formed in
strata deposited between horizons H3 and H4, offsetting hori-
zons H4 to H6 (Figure 8a,d). Listric fault 8 was formed by dip
linkage, offsetting horizons H2 to H6 (Figure 9). Listric faults
3,5,6,7,9, and 10 were formed before horizon H4 (Figure 10a).

Five listric faults show pockmarks developed above them, or in
their hanging-walls (Figures 8-10). Thus, we can classify lis-
tric faults into those with and without pockmarks. Listric faults
with pockmarks includes faults 1, 2, 4, 8, and 9, whereas those
without pockmarks include faults 3, 5, 6, 7, and 10 (Figures 8-10;
Table 1). Listric faults with pockmarks show dips ranging from
1° to 23°, lengths ranging from 2342 to 7211m, and a maximum
displacement from 716 to 1658 m (Table 2). In comparison, lis-
tric faults without pockmarks dip 6° to 26°, are 1019 to 4900 m
long, and show maximum displacements from 386 to 1300 m.
Listric faults with pockmarks are usually broader, between 5.6

and 26.1km? against 1.8-17.9km? in faults without pockmarks.
Interestingly, all listric faults with pockmarks offset horizons H4
to H6, except for listric fault 9. In contrast, listric faults without
pockmarks occur below horizon H4 (Upper Eocene) at an aver-
age depth of 3020ms (c. 2267 m) (Figures 8-10, 12 and 13). The
relative depth of listric faults appears to be an important factor
determining whether pockmarks are formed near listric faults.

Listric faults with pockmarks have relatively higher maximum
and average leakage factors, revealing a greater probability of
conducting fluids (Figure 14; Table 2). Listric faults with pock-
marks record maximum leakage factors of 10.0 to 21.3, for an
average value of 4.7. Listric faults without pockmarks have max-
imum leakage factors varying from 4.1 to 13.0, for an average
value of 2.8. Importantly, listric faults record higher leakage
factor values near their upper tips, when compared with their
deeper parts, suggesting they are more likely to act as fluid
migration paths. This agrees with the multiple bright spots
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FIGURE 13

| Diagram illustrating the relationship between listric faults and pockmarks. (a) Length of listric faults; (b) Maximum displacement

of listric faults; (c) Area of listric faults. The burial depth of each listric fault, relative to the interpreted horizons, is plotted based on the data in

Figure 12. LF, Listric fault.

observed in the lower parts of listric faults, while Type I pock-
marks are found around their upper tips (Figures 8-10).

5 | Discussion

5.1 | Relationship Between Buried Pockmarks
and Adjacent Listric Faults

Several factors explain how listric faults control the formation
of Type I pockmarks, including the relative depth, length, maxi-
mum displacement and area of the faults (Figure 13). As all listric

faults without pockmarks occur below the Upper Paleogene
horizon H4 (Figures 8-10, 12, and 13), there is a strong sugges-
tion from our data that the depth of listric faults is a crucial fac-
tor determining whether pockmarks are formed. In other words,
the deeper listric faults are subjected to higher overburden pres-
sures and require the build-up of relatively high fluid overpres-
sures to form any pockmarks. This is an interpretation that is
consistent with our Leakage Factor analyses as the upper parts
of listric faults, especially those listric faults with pockmarks,
have a much higher probability of conducting fluids than their
lower parts (Figure 14). The depth of listric faults is also associ-
ated with the timing of fluid migration and listric faults activity.
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FIGURE14 | (a)Leakage factor analysis for the ten interpreted listric faults using the palaeostress tensor obtained from stress inversion results in
Zhang, Alves, and Martins-Ferreira (2022). The fault points obtained from ten interpreted listric faults are plotted as poles in the stereogram, reveal-

ing these listric faults dip to the NE with low angles. (b) and (c) Leakage factor analysis for listric faults with and without pockmarks. LF, Listric fault.

In the study area, focused fluid flow mainly occurred after the
Paleogene; listric faults without pockmarks are only observed
below horizon H4, and comprise Upper Eocene growth strata in
adjacent hanging-wall depocentres (Figure 10a). Their growth
ceased before the Miocene, so they did not act as favourable
fluid flow pathways, the exception being listric fault 9—a struc-
ture buried below horizon H4 with a single pockmark 7 above
it (Figure 10). Bright spots and strata-bounded domino faults
are also observed around pockmark 7, hinting at local strata
overpressure.

Listric faults with pockmarks are longer and broader than those
without pockmarks, except for listric fault 5 identified below
horizon H4 (Figure 13a,c). Hence, the length and area of listric
faults may also be important factors controlling the formation of
pockmarks. With increasing length and area, there is a greater
chance for fluid to migrate through listric faults. As for faults'
maximum displacement, it appears to control the formation of

pockmarks such in the case of listric fault 9. However, no obvi-
ous differences occur when comparing the maximum displace-
ments of listric faults with pockmarks against those without
pockmarks (Figure 13b).

In order to quantify the relationship between pockmarks and
their adjacent listric faults, we measured the displacement,
vertical distance between listric faults and pockmarks, the dip
of upper portion of listric faults, pockmark width, and pock-
mark depth in 79 profiles taken along the long axis of Type I
pockmarks (Figure 15). Note that pockmark 6 is a composite
feature consisting of multiple smaller pockmarks, so it is sig-
nificantly wider than the other five pockmarks. This explains
why pockmark 6 is considered an outlier in Figure 15b,d,f, and
was discarded when generating the trendlines in these graphs.
The data show that pockmark depth and width have a weak
correlation with fault displacement, as their correlation co-
efficient values are merely 0.05 and 0.04 (Figure 15a,b). This
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Plots illustrating the relationship between pockmarks and adjacent listric faults. (a) Displacement of listric faults vs. pockmark

depth; (b) Displacement of listric faults vs. pockmark width; (c) Vertical distance between listric faults and pockmarks vs. pockmark depth; (d)

Vertical distance between listric faults and pockmarks vs. pockmark width; (e) Dip of the upper portion of listric faults vs. pockmark depth; (f) Dip

of the upper portion of listric faults vs. pockmark width. Pockmark depth and width show a weak correlation with fault displacement, but a negative

correlation with vertical distance between listric faults and pockmarks, and also with the dip of upper portion of listric faults. Note trendlines were

generated without considering pockmark 6, which is a composite feature.

observation indicates that fault displacement had no effect
on pockmark depth and width, though these pockmarks usu-
ally occur near the centre of listric faults, i.e. where relatively
large displacements are recorded (Figure 11). Comparatively,
pockmark depth and width show a negative correlation with
the vertical distance between listric faults and the pockmarks
themselves (Figure 15c,d). This suggests that fault-strike
pockmarks are usually deeper than fault hanging-wall pock-
marks, though they have similar lengths and widths. Such an
observation is likely related to the continuing activity of lis-
tric growth faults, as the depth of fault-strike pockmarks can
increase due hanging-wall subsidence during fault growth.
Pockmark depth and width show a negative correlation with
the dip of the upper portion of listric faults, but their correla-
tion coefficient values are relatively low (Figure 15e,f). This
justifies why listric faults with gentler upper portions show
deeper and wider pockmarks above, a phenomenon likely
related to the higher overpressures required to cause fluid

escape from the gently dipping portion of listric faults when
compared to their steepest parts.

5.2 | Formation of Buried Pockmarks in
the Investigated Salt Minibasin

5.2.1 | TypeIPockmarks

Six (6) Type I pockmarks occur above five (5) interpreted listric
faults, revealing that listric faults acted as conduits for migrat-
ing fluid, though they are more likely to be fluid barriers, or
baffles, in their lower parts (Figure 14). According to Zhang,
Alves, and Martins-Ferreira (2022), the intervals in which these
listric faults sole out are potential source rocks that reached
thermal maturity, due to a Eocene thermal episode recognised
on well data. This thermal pulse correlates with the emplace-
ment of the Abrolhos volcanic Plateau (Cobbold, Meisling,
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and Mount 2001; Meisling, Cobbold, and Mount 2001; Gibbs,
Brush, and Fiduk 2003; Fiduk et al. 2004; Maia et al. 2022).
In addition, potential source rock intervals were deposited
in Cretaceous intervals that overlie the Aptian salt unit, and
this salt was capable of maturing any local source rocks due
to their high thermal conductivity (Jensen 1983, 1990; Wilson
and Ruppel 2007; Canova et al. 2018; Zhang and Alves 2024).
Bright spots observed around listric faults are thus likely to
be hydrocarbons, especially thermogenic gas, as the intervals
into which listric faults sole out have generated hydrocarbons
and resulting fluid overpressure within them. This is an in-
terpretation that is also supported by presence of many bright
spots around salt-related faults that propagated into the inter-
vals detached by listric faults. Hydrocarbon migrating along
listric faults is likely to be trapped in the deeper, lower angle
parts of listric faults, while migrating towards the surface near
their upper tips, thus forming bright spots and pockmarks in

Formation of a fault-strike pockmark

Miocene and younger strata. If the hydrocarbon escapes from
the upper tip of a listric fault, it will form pockmarks along the
strike of this fault regardless of their distance from the fault
trace (Figure 16a), as documented by pockmarks 2, 4, and 7
(Figures 8a, 8b and 10a). In contrast, if hydrocarbons migrate
out of a fault plane before reaching its upper tip, they will
form pockmarks along the strike of the fault, but revealing a
variable distance to the fault trace (Figure 16¢), as shown by
pockmarks 1 and 3 (Figure 8a). This phenomenon results in
fluid migrating out of listric faults when the fluid overpressure
exceeds overburden pressure, explaining the formation of fault
hanging-wall pockmarks (Figure 16c).

The two processes above explain why Type I pockmarks
formed at different stratigraphic levels, and different times.
Hydrocarbon leakage from listric faults depends on the ratio
between overpressure build-up around listric faults and the

Formation of stacked pockmarks above listric fault

Sea level
Fluid escape

Formation of a fault hanging-wall pockmark

Sea level
gg Fluid escape
£ Fault hanging-wall pockmark
8 /

— " _ -
Fault-strike paleo-pockmark
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Formation of a composite pockmark above listric fault
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FIGURE 16 | Schematic illustrating the formation of pockmarks above a listric fault. (a) Hydrocarbon generated from a potential source rock mi-
grates upwards along a listric fault and escapes from its upper tip, forming a fault-strike pockmark on the seafloor. (b) A new pockmark associated

with hydrocarbon escape from a listric fault stacks above the previous pockmark, forming stacked pockmarks above a listric fault. (c) Hydrocarbon

accumulates in faulted strata with the upwards migration of hydrocarbons along a listric fault, generating local overpressures in strata—this causes

hydrocarbon migration from the listric fault when the overpressure is high enough to overcome overburden pressure. (d) Multiple pockmarks asso-

ciated with hydrocarbon escape from a listric fault developed on its hanging-wall, generating a composite pockmark.
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overburden pressure. The two processes can occur around listric
faults at different times and locations. For example, pockmarks
2 and 3 are found above listric fault 2, where they appear as
stacked in seismic data (Figure 8a). Pockmark 2 is a fault-strike
pockmark, whereas pockmark 3 is a fault hanging-wall pock-
mark. Pockmark 2 was formed earlier than pockmark 3, and by
a different process (Figure 16b). Another example is pockmark
6, a composite feature comprising multiple small pockmarks
(Figure 9). These small pockmarks include fault-strike and fault
hanging-wall pockmarks that were formed at a similar time
above the same seismic reflection (Figure 16d).

5.2.2 | Type II Pockmarks

Type II pockmarks with circular or elliptical shapes were formed
along the flank of a salt wall or near crestal faults (Figures 7,
8, and 10). Pockmark 5 is located around crestal faults that
show a fluid escape pipe below, hinting at episodic fluid migra-
tion (Figure 8). This fluid escape pipe overlies a distinct bright
spot observed on the footwall of a crestal fault. As this crestal
fault offsets horizons HI1-H3—delimiting potential source
rocks—the fluids responsible for the formation of pockmark
5 are again likely to be hydrocarbons, especially thermogenic
gas. Pockmarks 8, 9, and 10 were developed along the flank of
salt wall (Figure 10), but are similar to those overlying its crest
(Figure 10b,c). Pockmarks on the crest of this salt wall were
documented in Tao and Alves (2023), who suggested they are
formed due to salt seal failure. This type of pockmark has also
been studied on the continental slope of the Santos Basin by de
Mabhiques et al. (2017); here, they form linear, network, concen-
tric and radial pockmarks above large salt diapirs. De Mahiques
et al. (2017) suggest that the formation of these pockmarks is
associated with the development of underlying diapirs and their
related faults, and speculated that these pockmarks extend fur-
ther across the Campos and Espirito Santo Basins.

5.3 | Significance of Buried Pockmarks in Salt
Minibasins

Although the six (6) Type I pockmarks were formed at different
depths and times, most were developed above horizon H5—the
Top Paleogene unconformity—after a major thermal pulse af-
fecting the Espirito Santo Basin in the early to middle Eocene
(Cobbold, Meisling, and Mount 2001; Meisling, Cobbold, and
Mount 2001; Gibbs, Brush, and Fiduk 2003; Fiduk et al. 2004;
Maia et al. 2022). Fluid migrating through Type I pockmarks
was likely thermogenic gas produced from source rocks into
which listric faults sole out. As for the other four Type II pock-
marks, their formation is associated with fluid seeping from
crestal faults or the salt structures per se due to salt seal fail-
ure. This implies that their generation accompanied the growth
of underlying salt diapirs and related faults as documented by
de Mahiques et al. (2017) and Tao and Alves (2023). Type II
pockmarks are also developed above horizon HS5, indicating
that they post-date the Paleogene. In parallel, their formation
partly correlates with the timing of the buried pockmark fields
investigated by de Mahiques et al. (2017), and thus suggests that
these pockmarks extend from the Campos and Santos Basins to-
wards the Espirito Santo Basin. The study area is located near a

region of anomalous heat flows where temperature gradients are
higher than 30°C/km and the heat flow is in excess of 70 mW/
m? (Hamza, Vieira, and Silva 2018), again implying that ther-
mogenic fluids were likely generated from local source rocks.
Moreover, leakage factor analyses show that listric faults, es-
pecially the upper parts of listric faults with pockmarks, have
a higher probability to act as conduits for fluid (Figure 14).
Therefore, they should be given particular attention in geohaz-
ard assessments offshore SE Brazil.

6 | Conclusions

This work aimed at understanding the geometry, distribution,
formation, and significance of buried pockmarks and analysing
its relationship with adjacent listric faults in a salt minibasin off-
shore Espirito Santo, SE Brazil. Main conclusions can be sum-
marised as follows:

a. Six buried pockmarks associated with listric faults are
interpreted based on seismic data and show crescent, el-
liptical or elongated shapes, with their long axes being
near-parallel to the strike of their adjacent listric faults.
These pockmarks are approximately 1300-6200m long,
600-4000m wide, and 30-139m deep, and are buried
between 50 and 500m below the modern seafloor. They
can be subdivided into fault-strike (Type I) and fault
hanging-wall (Type II) pockmarks based on their spatial
relationships.

b. The relative depth, length, area, and maximum displace-
ment of listric faults are factors controlling whether pock-
marks develop around them. Listric faults occurring below
horizon H4—an Upper Paleogene unconformity—are
unlikely to have pockmarks developed around them, as
the timing of fluid flow in the study area occurred after
the Paleogene. Listric faults with greater length, area, and
maximum displacement were more likely to cause the for-
mation of pockmarks. Moreover, pockmarks depth and
width show a negative correlation with the dip of upper
portions of listric faults, and also with the vertical distance
between listric faults and pockmarks.

c. The formation of fault-strike and fault hanging-wall pock-
marks is determined by two different fluid escape pro-
cesses along listric faults. The fluids responsible for their
formation are hydrocarbons, especially thermogenic gas,
produced from the intervals into which listric faults sole
out. Comparatively, pockmarks associated with crestal
faults or salt structures are formed due to salt seal failure,
and their formation also occurred after the Paleogene.

d. The presence of pockmarks associated with listric faults
is clear evidence for local hydrocarbon escape occurring
since the Miocene in the study area. Comparatively, the
presence of pockmarks associated with crestal faults or salt
structures reflects the growth of underlying salt diapirs
and their related faults.

e. Listric faults, especially the upper parts of listric faults with
pockmarks, have a higher probability to act as conduits for
fluid leakage and should be given attention in future geo-
hazard assessments offshore SE Brazil.
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