Marine Geophysical Research (2023) 44:17
https://doi.org/10.1007/s11001-023-09523-2

ORIGINAL RESEARCH PAPER q

Check for
updates

3D reflection seismic imaging of natural gas/fluid escape features
in the deep-water Orange Basin of South Africa

N. G. Maduna' - M. S. D. Manzi' - J. E. Bourdeau?? - Z. Jinnah'

Received: 17 December 2022 / Accepted: 2 May 2023 / Published online: 25 May 2023
© The Author(s) 2023

Abstract

Many features indicative of natural gas and oil leakage are delineated in the deep-water Orange Basin offshore South
Africa using 3D reflection seismic data. These features are influenced by the translational and compressional domains of an
underlying Upper Cretaceous deep-water fold-and-thrust belt (DWFTB) system detaching Turonian shales. The origin of
hydrocarbons is postulated to be from both: (a) thermogenic sources stemming from the speculative Turonian and proven
Aptian source rocks at depth; and (b) biogenic sources from organic-rich sediments in the Cenozoic attributed to the Ben-
guela Current upwelling system. The late Campanian surface has a dense population of > 950 pockmarks classified into
three groups based on their variable shapes and diameter: giant (> 1500 m), crater (~700-900 m) and simple (<500 m)
pockmarks. A total of 85 simple pockmarks are observed on the present-day seafloor in the same area as those imaged on
the late Campanian surface found together with mass wasting. A major slump scar in the north surrounds a~4200 m long,
tectonically controlled mud volcano. The vent of the elongated mud volcano is near-vertical and situated along the axis
of a large anticline marking the intersection of the translational and compressional domains. Along the same fold further
south, the greatest accumulation of hydrocarbons is indicated by a positive high amplitude anomaly (PHAA) within a late
Campanian anticline. Vast economical hydrocarbon reservoirs have yet to be exploited from the deep-water Orange Basin,
as evidenced by the widespread occurrence of natural gas/fluid escape features imaged in this study.

Keywords Deep-water Orange Basin - 3D reflection seismic data - Gas/fluid escape feature - Pockmarks - Mud volcano -
PHAA anticline

Introduction

The southwest African passive margin has received much
interest pertaining to the economical hydrocarbon sys-
tems found within the Orange and more southern Out-
eniqua basins (e.g., van der Spuy and Sayidini 2022).
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Deep-sea technological advances made by the petroleum
industry since the 1970s have allowed the more distal
regions of sedimentary basins to be explored. This has
promoted interest in the study of complex geological
structures known to either host or are indicative of gas/
fluid migration. The expression of fluid and gas migration
through the sedimentary column is shown by a variety
of features such as: gravity collapse structures, mounds,
mud volcanoes, surface and buried pockmarks, diapirs,
cold seeps and polygonal faulting (Cartwright et al. 2007,
Hartwig et al. 2012; Ho et al. 2012). These features are
often associated with seismic anomalies such as positive
high amplitude anomalies (PHAAs), bottom simulating
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reflectors (BSRs), and pipe and chimney venting struc-
tures (Lgseth et al. 2011; Gay et al. 2003; Cartwright et al.
2007; Hustoft et al. 2010; Ho et al. 2012). Natural gas/
fluid escape features identified offshore South Africa and
Namibia in the shallow Orange Basin include seafloor and
buried pockmarks (Hartwig et al. 2012), seismic chimneys
(Ben-Avraham et al. 2002; Paton et al. 2007; Kuhlmann
et al. 2010; Boyd et al. 2011), mud diapers and volcanoes
(Ben-Avraham et al. 2002; Viola et al. 2005), reflecting
the basin’s underlying hydrocarbon system. Economical
hydrocarbon reserves are proven in the Orange Basin, both
in the shallow and deep-water environments (Boyd et al.
2011; Isiaka et al. 2017; van der Spuy and Sayidini 2022).
This is reflected by the Namibian Kudu and South African
Ibubhesi gas fields which are in production along the shelf,
and the recent deep-water hydrocarbon finds in Namibia
from the Graaf-1 appraisal and Venus-1X wildcat wells
which are directly adjacent to this study (Fig. 1). Since
the deep-water discoveries in Namibia are in proximity to
this study, and the two regions are similar in geology, the
potential for proliferous hydrocarbon finds in the distal
Orange Basin of South Africa is high.

The deep-water study area sits within a region of
well-preserved Upper Cretaceous gravitational collapse
structures, referred to as deep-water fold-and-thrust belts
(DWFTBs) (Fig. 1; de Vera et al. 2010; Rowan et al. 2004;
Nemcok et al. 2005; Paton et al. 2007). Key elements in
the evolution of the Orange Basin have been constrained
through various studies mostly using early 2D reflection
seismic data, well logs, then much later 3D reflection seis-
mic data (e.g., Light et al. 1993; Clemson et al. 1997; de
Vera et al. 2010; Hartwig et al. 2012; Dalton et al. 2015,
2017; Collier et al. 2017; Baby et al. 2018; Mahlalela et al.
2021; Maduna et al. 2022). These studies describe events
within the late stages of continental breakup, including
the stratigraphy, structure and formation of gravitational
collapse structures together with the hydrocarbon poten-
tial of the basin. The observations are however limited
in South Africa since few studies have integrated the
known hydrocarbon system with the natural fluid/gas fea-
tures observed in relation to the underlying structure and
stratigraphy of the passive margin, and even more so in
the distal deep-water environments (e.g., Kuhlman et al.
2010; Mahlalela et al. 2021). Furthermore, in contrast to
the Namibian extent, the deep-water Orange Basin remains
underexplored in South Africa due to the sparsity of wells
and limited 3D reflection seismic data coverage (Fig. 1;
PASA 2017; van der Spuy and Sayidini 2022). The main
aim of basin analysis is in understanding the basin’s evo-
lution which is centred around the tectonic setting under
which the basin formed, its depositional environment, and
the presence, accumulation, and extent of hydrocarbons.
In this study we attempt to better constrain these elements
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in the deep-water Orange Basin offshore South Africa.
We use seismic attributes to resolve numerous natural
gas/fluid escape features and describe their relationship
to the underlying DWFTB system described in Maduna
et al. (2022).

Regional setting

The study area is located in the deep-water Orange Basin
offshore SW Africa between 1000 and 2000 m water depths
(Fig. 1). The basin covers an overall area of ~ 160 000 km?
with the southern and central extents located offshore west-
ern South Africa and the northern extent located offshore
Namibia. The Cretaceous to present-day infill of the Orange
Basin is derived from the South African Plateau (SAP) (or
hinterland) with sediment transported by the Orange and
Olifants rivers and their proto-equivalents since the Lower
Cretaceous (Maslanyj et al. 1992; De Vera et al. 2010). The
sedimentary succession is comprised of syn-rift sequences
related to the break-up of Gondwana during the Late Juras-
sic, followed by drift (post-rift) sequences with the open-
ing of the South Atlantic (Fig. 2; Light et al. 1993). In the
southern Orange Basin, the maximum depositional thickness
is ~3 km, while in the north, the sedimentary succession
reaches ~7 km (Kuhlmann et al. 2010). The structural and
stratigraphic evolution of the SW African margin has been
analysed mostly using seismic data and well logs, includ-
ing the study of sediment accumulation rates, solid phase
volumes and thermo-chronometric datasets (e.g., Light et al.
1993; de Vera et al. 2010; Hirsch et al. 2010; Baby et al.
2018, 2020; Maduna et al. 2022).

Offshore structural framework

The pre-rift basement offshore SW Africa is comparable
to the complex onshore Proterozoic to Early Paleozoic Pan
African Gariep Belt (Clemson 1997; Frimmel et al. 2011;
Mohammed et al. 2017). A 30 km wide, N-S orientated
zone of pronounced flexure, known as the ‘hinge line’, has
separated regions of uplift and subsidence since the Meso-
zoic in the pre-rift basement (Light et al. 1993; Clemson
et al. 1997; Mohammed et al. 2017; Baby et al. 2018).
The hinge line forms a critical boundary separating the
margin’s offshore and onshore morphologies (Light et al.
1993; Clemson et al. 1997; Aizawa et al. 2000) and its
flexure reflects its progressive landward migration (Baby
et al. 2018). The hinge line is offset by several NE-SW
fracture zones (segment boundaries) which partitioned
rifting during the break-up of Gondwana between the Mid-
dle to Late Jurassic (160 to 130 Ma) (Clemson et al. 1997).
Seaward dipping reflectors (SDRs) observed in the upper
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Fig. 1 Map of the SW African
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Fig.2 Chronostratigraphy and sequence stratigraphy of the Orange Basin throughout the evolution of the margin using the stratigraphic nomen-
clature developed by PetroSA (previously Soeker) (Brown et al. 1995; PASA 2017)
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basement lithologies of the SW African margin reflect the
volcanic evolution of the passive margin during rifting
(Clemson et al. 1997; Menzies et al. 2002; Séranne and
Anka 2005). The SDRs form a thick > 3 km package com-
parable in age to the Parana-Etendeka Large Igneous Prov-
ince at~ 135 Ma (Koopman et al. 2016; Baby et al. 2018).

The zipper-like south to north opening of the South Atlan-
tic Ocean occurred through right-lateral strike-slip motion
along the NE-SW fracture zones (Light et al. 1993). Viola
et al. (2012) places the opening of the South Atlantic Ocean
at~ 134 Ma, following ENE-WSW extension and rifting. The
spreading oceanic ridge marks the onset of drift; the second
major phase of margin evolution following the break-up of
Gondwana (Séranne and Anka 2005; Granado et al. 2009).
The spreading centre propagated northwards over a 40 my
rift-drift transition period (Viola et al. 2012), with drift sub-
dividing the margin into well-defined shelf, slope and basinal
environmental settings (Light et al. 1993). The oldest evi-
dence of mid-oceanic ridge activity and the transition to oce-
anic crust occurs at the M3 magnetic anomaly, between the
Hauterivian and Barremian sequences at 127 Ma (Séranne and
Anka 2005). The Orange, Liideritz and Walvis basins formed
in zones of greatest subsidence between the Rio Grande Frac-
ture Zone to the north and Aghulhas-Falkland Fracture Zone
to the south (Light et al. 1993; Clemson et al. 1997; Séranne
and Anka 2005). The smaller Cape and Outeniqua basins also
formed south of the Orange Basin. The predominant struc-
tural grain and trend of all structural lineaments is NW-SE to
NNW-SSE, following the regional foliation of the SW Afri-
can margin (Light et al. 1993; Wildman et al. 2015).

Offshore stratigraphy

The presence of SDRs together with rotated and eroded
extensional fault blocks in the syn-rift sequence are evidence
of the tectonic control on sedimentation along the SW Afri-
can margin during this time (Maslanyj et al. 1992; Light et al.
1993; Granado et al. 2009). The syn-rift sequence is com-
prised of isolated half-grabens infilled with interbedded Late
Jurassic to Lower Cretaceous (late Hauterivian) siliciclastic
and volcaniclastic sediments (Fig. 2; Jungslager 1999; Paton
et al. 2008). The onset of drift began with the deposition of
Lower Cretaceous to present-day post-rift clastic sediments
above the Hauterivian break-up unconformity (Fig. 2; Light
et al. 1993; Menzies et al. 2002; Granado et al. 2009; de Vera
et al. 2010). Early drift sediments correspond to black shales
and claystones, while late drift sediments are interbedded
heterolithic shales and claystones (Dalton et al. 2017).
Sedimentation in the Upper Cretaceous was primarily
driven by tectonics with climate and oceanic circulation
playing little to no role as the difference in pole and equa-
tor temperatures were low (Maslanyj et al. 1992; Light et al.
1993; Granado et al. 2009; Uenzelmann-Neben et al. 2017).

In the Cenozoic sedimentation and facies distribution were
strongly affected by oceanographic processes and climatic
changes (Light et al. 1993; Weigelt and Uenzelmann-Neben
2004). The early Oligocene opening of the Drake Passage
in the south created the cooler Antarctic Circumpolar Cur-
rent and Atlantic meridional overturning circulation currents
leading to the subsequent development of thermally stratified
bottom and deep-water currents in the Miocene (Weigelt and
Uenzelmann-Neben 2004; Uenzelmann-Neben et al. 2017).
Southern-sourced bottom and deep-water currents responsible
for depositional changes observed since the Miocene offshore
SW Africa include the Antarctic Intermediate Water current,
North Atlantic Deep Water, and deep Antarctic Bottom Water
currents, together with the Benguela Coastal Current (Weigelt
and Uenzelmann-Neben 2004). These thermally stratified
countercurrents led to cold water upwelling of the Benguela
Current in the Miocene intensifying at~ 11 Ma (Diester-Haass
et al. 2004; Rommerskirchen et al. 2011).

The post-rift stratigraphy of the Orange Basin has been
well-described and subdivided in terms of several strati-
graphic units/sequences separated by key stratigraphic mark-
ers/bounding surfaces (e.g., Emery et al. 1975; Bolli et al.
1978; Brown et al. 1995; Holtar and Forsberg 2000; Paton
et al. 2008; Granado et al. 2009; De Vera et al. 2010; Kuhl-
mann et al. 2010; Dalton et al. 2017; Baby et al. 2018; Maduna
et al. 2022). Several phases of uplift and denudation in the
post-rift succession have enhanced gravitational processes
within the basin, responsible for both crustal thinning and the
inversion of extensional faults (e.g., Granado et al. 2009; De
Vera et al. 2010; Hirsch et al. 2010; Brown et al. 2014; Wild-
man et al. 2015). Periods of elevated sedimentation rates are
recorded mostly in the Upper Cretaceous (93.5-66 Ma), then
later in the Oligocene (~30-25 Ma) successions (Baby et al.
2020). Elevated sedimentary flux in the Upper Cretaceous
corresponds to a major uplift of the South African Plateau
(De Vera et al. 2010; Hirsch et al. 2010), caused either by a
dynamic topography as the African plate moved over the Afri-
can Superplume found in the lower mantle, or via lithospheric
delamination/metasomatism (Baby et al. 2020). Gravitational
collapse structures (DWFTB systems) found in the Orange
Basin (Fig. 3) formed in response to this major margin uplift
together with seaward tilting, significantly eroding the inner
margin (Paton et al. 2008; Granado et al. 2009; Hirsch et al.
2010; De Vera et al. 2010; Kuhlmann et al. 2010).

Aptian-, Turonian- and Cenomanian-aged maximum
flooding surfaces are seaward-dipping, over-pressured shale
detachments upon which gravitational sliding of DWFTB
systems occur in the Orange Basin (Brown et al. 1995; Mor-
ley et al. 2011; Dalton et al. 2015; Baby et al. 2018; Maduna
et al. 2022). A full system consists of a linked: (1) up-dip
extensional domain with listric normal faults separating
convex-upward growth strata; (2) central transional (or trans-
lational) domain with complex overprinted extensional and
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compressional tectonics; and (3) down-dip compressional ~ The study of DWFTB systems has grown because of their
domain where folds and thrust faults occur (Fig. 3; Rowan  association with economic hydrocarbon reserves in the dis-
et al. 2004; Bilotti and Shaw 2005; Morley et al. 2011). Toe tal folds of anticlines (compressional domain); for example,
thrusting and folding occurs within an approximately 3 km  the northern Orange Basin in Namibia (van der Spuy and
thick section extending for up to 60 km in the direction of  Sayidini 2022) and the Niger Delta (Bilotti and Shaw 2005;
transport in the compressional domain (Morley et al. 2011).  Corredor et al. 2005; Krueger and Gilbert 2009).
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Hydrocarbon system

Exploration in the shallow shelf environments of the Orange
Basin has confirmed several petroleum systems sourced from
Barremian to Albian, and possibly Turonian shales (Aldrich
et al. 2003; van der Spuy 2003). The two commercial hydro-
carbon plays in the shallow proximal settings of the South
African basin are the Ibhubesi gas field (Fig. 1) and A-J
oil syn-rift system (van der Spuy and Sayidini 2022). The
Ibhubesi gas field is sourced from the lower Aptian source
shales located in the depocentre of the Orange Basin with res-
ervoirs stratigraphically trapped in fluvial channel-fill sand-
stones (PASA 2017). A similar gas play in the shallow shelf
regions is the Kudu gas field, offshore southern Namibia
(Fig. 1). The Kudu gas field is sourced from Barremian shales
with reservoirs stratigraphically trapped within aeolian sand-
stones (PASA 2017). These plays both have the potential of
multi-TCF (trillion cubic feet) natural gas reserves. The only
oil system found in the shallow shelf region occurs within
the isolated A-J half-graben sourced from rich Hauteriv-
ian lacustrine shales (Jungslager 1999). Oil reservoirs are
stratigraphically trapped within lake shoreline sandstones
interbedded within the source rocks (PASA 2017). Results
from the DSDP 361 borehole and a possible Turonian oil
source rock imaged the Bredasdorp Basin, indicates that the
Orange Basin becomes increasing oil-prone distally (Fig. 1;
van der Spuy 2003; PASA 2017). This is proven in Namibia
as recent significant light oil discoveries were made from
Shell’s Graff-1 appraisal well and TotalEnergies’ Venus-
1X wildcat well drilled between 2 and 3 km water depths
with reservoirs speculated to be located in the significantly
older Aptian to lower Albian sediments (Fig. 1; Heins 2022;
van der Spuy and Sayidini 2022). Currently, South Africa’s
largest deep-water prospect is found within the southern Out-
eniqua Basin’s Brulpadda blocks, hosting an average of one
billion BOE (barrel of oil equivalent) of natural gas conden-
sate (Feder 2019). Due to the harsh conditions imposed by
the setting of the strong Agulhas current, however, not much
progress has been made in drilling (L’Arvor et al. 2020).

Overview of natural gas/fluid escape
features

The most well-known seafloor (or palaeo-seafloor) expres-
sions of vertically focussed fluid flow in hydrocarbon sys-
tems include mud volcano systems and pockmarks. These
surface expressions are linked to subsurface processes such
as pipes and chimneys, formed within fracture zones, reflect-
ing the focussed movement of gas, fluids and large sedi-
mentary masses in the case of mud volcanoes (Mazzini and
Etiope 2017).

Surface expression of natural gas/fluid flow

Mud volcanoes, first recognised and described in the
1970s, are unstable topographical features formed by
rapid rates of relative methane expulsion, with rates high
enough to remobilize sediment and fluids to the surface
(Roberts et al. 2006; Judd and Hovland 2007; Andresen
2012). Mud volcanoes episodically vent a mixture of gas
(large amounts of hydrocarbon gas and methane, and lesser
amounts of CO,, N, and He), oil, water, mud and rock
fragments (constituents forming the mud breccia) in a
process termed ‘sedimentary volcanism’ (Dimitriv 2002;
Judd and Hovland 2007; Mazzini and Etiope 2017). Sedi-
mentary volcanism is driven by the gravitative instabil-
ity of buoyant shales and fluid overpressures, leading to
hydrofracturing and the subsequent flow of fluids along
permeable fractures (Mazzini and Etiope 2017). The most
extensive mud volcanoes systems are found in the offshore
environment since water-saturated conditions yield low
viscosity flows (Mazzini and Etiope 2017). In compres-
sional margins Judd and Hovland (2007) note that there is
a relationship between earthquakes and mud volcanoes; a
major earthquake may be triggered sedimentary volcan-
ism, which may in turn trigger minor earthquakes. From
satellite imagery and field observations, the distribution of
mud volcanoes is shown to be often structurally controlled
as they occur with normal faults, strike-slip faults, fault-
related folds and along the axis of anticlines (Mazzini
et al. 2009; Mazzini and Etiope 2017).

Pockmarks are elliptical or cone-shaped depressions
in fine-grained sediment (Hovland and Judd 1988), and
were first documented by King and MacLean (1970) on
the Scotian shelf. Unlike the large vent feeding a mud vol-
cano, the flux of gas-saturated mud in blowout pipes is
moderate, and therefore insufficient to form a large edifice
on the seafloor resulting in the formation of smaller pock-
marks (Roberts et al. 2006; Cartwright 2007). The escape
of fluids erupting to the surface is envisaged to be quite
violent durring the initial formation of pockmarks then
followed by smaller seepages along the same migration
pathway (Judd and Hovland 2007). The size of pockmarks
varies depending on the grain size of sediments they are
hosted in (Judd and Hovland 2007), and type and size of
the underlying conduit. Numerous pockmarks have been
described both in the shallow (Jungslager 1999; Kuhlman
et al. 2010; Hartwig et al. 2012; Isiaka et al. 2017; Palan
et al. 2020) and deep-water reaches (Mahlalela et al. 2021)
of the Orange Basin on the palaeo-Cenozoic and current
seafloors. In the shallow water reaches of the basin, sea-
floor pockmarks are associated with active faults (e.g.,
Jungslager 1999; Hartwig et al. 2012).
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Subsurface expression of natural gas/fluid flow

The gas and fluid pathways responsible for the surface
expression of gas/fluid escape features are created by discon-
tinuities and unconformities primarily in the form of faults,
faulted anticlines, salt diapirs and structural surfaces along
the bedrock (Gay et al. 2003). A type of faulting system
above hydrocarbon reservoirs in fine-grained sediment are
polygonal faults describing a honeycombed hydraulic frac-
turing pattern in planform (Henriet et al. 1991; Cartwright
1994, 2007). Polygonal faults are often linked to pockmark
formation acting as fluid migration pathways (Cartwright
et al. 2003; Gay et al. 2006, 2007). Polygonal faults are
attributed to mechanisms such as differential compaction
and dewatering, overpressures, density inversion and disso-
lution-induced shear failure (Cartwright et al. 2003; Cart-
wright 2007, 2011).

Seismic chimneys and pipes are the most common subsur-
face processes reflecting the vertical movement of gas/fluids
through fracture systems to the surface (Lgseth et al. 2011;
Gay et al. 2006, 2007; Cartwright et al. 2007). Chimneys
indicate slow methane expulsion rates, while smaller pipes
which lead to surface pockmarks are indicative of moderate
methane expulsion rates (Roberts et al. 2006). According to
Andresen (2012), a chimney is defined as a wide (sometimes
narrow) vertical zone of focussed fluid flow characterised by
low amplitude, disrupted or chaotic reflectors; and a pipe is
defined as a narrow (< 300 m) vertical zone of focussed fluid
flow mainly characterised by stacked, high amplitude anom-
alous reflectors. There are many hypotheses when it comes
to the formation of seismic pipes and chimneys, discussed
in detail by Cartwright and Santamarina (2015). Hypoth-
eses include hydraulic fracturing and erosive fluidization
(Brown 1990; Lgseth et al. 2009, 2011; Cartwright et al.
2007), capillary invasion (Cathles et al. 2010), localized sub-
surface volume loss similar to the formation of mud volcano
pathways (Roberts et al. 2006) and syn-sedimentary forma-
tion (Cartwright and Santamarina 2015). The most popular
hypothesis of pipe and chimney formations is hydraulic frac-
turing caused by the combined effects of elevated pore fluid
pressures with fluid-driven erosion (Cartwright 2007). Other
subsurface processes include mud intrusions and mounds,
domes, dewatering pipes, domes, diapirs and diatremes; all
of which are referred to as piercement structures by Mazzini
and Etiope (2017).

Data and methods
Seismic acquisition, processing, and interpretation

Three deep-water 3D seismic surveys have been conducted
in the deep-water extents of the South African Orange
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Basin (van der Spuy and Sayidini 2022). The first acquired
in 2002 exhibited low signal-to-noise ratio; then, between
2012 and 2014, two large, higher-resolution 3D seismic
surveys were conducted. This present study uses a por-
tion of the northern-most 3D seismic dataset bordering
the Namibian maritime licensing region (Fig. 1). Shell
Global Solutions International commissioned the present
study’s high-resolution 3D seismic survey between 2012
and 2013 (Kramer and Heck 2014). The survey was con-
ducted in a~NNW to SSE orientation, covering a total
area of ~ 8200 km? (Fig. 1b). However, in this study, we
interpret the northernmost~ 1800 km? portion of the full
seismic dataset bordering Namibia.

Seismic acquisition was conducted onboard the Dolphin
Geophysical Polar Duchess using the UTM Zone 33S,
central meridian 15° map projection. The source used was
an array of dual airguns 15 m in length with a separation
of 100 m, volume of 4100 cubic inches, 25 m shot point
interval (flip/flop) towed at 8 m depths. The group inter-
val and group length for the 7950 m long streamers were
both 12.5 m, with each of the 8 streamers being 7950 m
in length, separated by 200 m. The data were recorded in
SEG-D format with a record length of 7186 ms, sampled
at a rate of 2 ms using a low-cut and high-cut frequency
of 4.4 Hz at a 12 db/Oct slope and 214 Hz at a 341 db/Oct
slope, respectively. Following pre-processing involving
data conversion from SEG-D to SEG-Y output onboard the
Dolphin Geophysical Polar Duchess, full seismic process-
ing was carried out by the Netherlands Global Processing
team using Shell’s proprietary SIPMAP software. Process-
ing was done at 4 ms from SEGY field tape data through
surface-related multiple elimination (SRME) using 3D
SRME and anisotropic Kirchhoff pre-stack depth migra-
tion (PSDM). The original acquisition grid for the inline
and crossline was 6.25 m X 50 m, respectively. Following
PSDM migration, the final crossline and inline cell size
output is given as 25 X 25 m according to Shell’s report for
the study area (Kramer and Heck 2014). The full acquisi-
tion and step-by-step processing parameters are added as
tables in the supplementary material.

In this study, the data are geologically interpreted using
Schlumberger’s Petrel software. The seismic data has a
dominant frequency of 20 Hz and an average velocity of
2400 m/s (see Kuhlman et al. 2010). With a wavelength of
120 m, the vertical seismic resolution is calculated to be
either 60 or 30 m based on the %2 and %4 wavelength crite-
ria, respectively (Yilmaz 2001). The horizontal resolution
for migrated seismic data is defined by %2 the wavelength
(i.e., 60 m for these data) (Herron 2011). However, this
resolution is also dependent on the quality of the data, bin
size or trace spacing and geometry of the survey (Lebe-
deva-Ivanova et al. 2018).
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Application of seismic attributes

Seismic attributes were applied to the seismic data to
image features below the vertical and horizontal resolution
limits as in Manzi et al. (2013) and Sehoole et al. (2020).
Volumetric attributes applied to the full seismic dataset
prior to seismic interpretation include variance, general-
ized spectral decomposition (GSD), envelope, sweetness
and the iterative root mean square (RMS) amplitude. Since
seismic attributes are sensitive to noise, structural smooth-
ing was first applied to the full seismic volume to pre-
condition the data and enhance the signal-to-noise (S/N)
ratio (Randen et al. 2000). Variance was then applied to
the structurally smoothed dataset. Variance is an attribute
that highlights discontinuities by measuring local devia-
tions in the seismic signal through a coherency analysis
(Silva et al. 2005; Maselli et al. 2019). Envelope is the
most popular trace attribute used to detect hydrocarbons
as it highlights acoustic impedance contrasts in sandstone
reservoirs as bright spots (Koson et al. 2014). The RMS
amplitude (iterative) and sweetness attributes are highly
correlated to envelope and are therefore also used to detect
‘bright spots’ (i.e., possible hydrocarbon reservoirs). The
RMS amplitude (iterative) is a smoother, scaled estimate
of the trace envelope (Koson et al. 2014). It computes the
root mean square (RMS) iteratively on instantaneous trace
samples over a user-specified vertical window. The sweet-
ness attribute, defined as envelope divided by the square
root of instantaneous frequency, is often used to image
coarse-grained sandstone reservoirs. GSD uses the concept
of unravelling the seismic waveform back to its pre-com-
puted waveforms and constituent frequencies (Chopra and
Marfut 2005; Koson et al. 2014). Tuning the seismic data
to specific frequencies allows subtle changes in lithology
or flow barriers to be detected (Chopra and Marfut 2005).
The GSD attribute is also used as a direct hydrocarbon
indicator, known to show gas charged reservoirs (Burnett
et al. 2003; Naseer et al. 2017). Horizon-based attributes
were applied once sufficient seismic interpretation had
taken place on surfaces of interest. These include the edge
detection, and influential data attributes; structural opera-
tions applied to the seafloor and late Campanian surfaces
to highlight 3D geometric variations introduced by fault
displacements and gas/fluid escape features. Edge detec-
tion extracts an edge model to enhance discontinuities by
combining the dip and dip azimuth properties and normal-
izing these to the local noise of the surface (Randen et al.
2000; Manzi et al. 2012). Influential data is essential to
ensuring sensible geometric form as it enhances areas of
rapid 3D geometric variation. Prior to edge detection and
surface smoothing, however, surface smoothing was first
applied to filter out anomalous peaks and noise on each
surface.

Seismic interpretation strategy

The seismic stratigraphy is described using Mitchum et al.
(1977)’s classical approach whereby stratal termination
patterns (downlap, onlap, toplap erosional truncation and
concordance) separate the sedimentary succession into
seismic facies or sequences with distinct internal reflection
geometries (e.g., parallel, subparallel, divergent, prograding,
chaotic, sigmoid, hummocky). The surfaces that separate
these sequences are erosional or conformable stratigraphic
markers created through the interaction of sedimentation and
sea-level fluctuations as depositional regimes change (Catu-
neanu 2006). The stratigraphic markers used in this study
were chosen because of their dominant high amplitudes and
lateral continuity observed throughout the seismic volume.
Since no wells are present in the deep-water region, a direct
well tie could not be performed on the dataset to calibrate
the geological ages to the stratigraphy. Geological ages were
assigned based on the comparison of previous Orange Basin
studies with seismic data and well logs (e.g., Brown et al.
1995; de Vera et al. 2010; Kuhlmann et al. 2010; Hirsch
et al. 2010; Baby et al. 2018). The stratigraphic markers
identified in the Cretaceous are the Albian, Turonian, San-
tonian, early Campanian, late Campanian and Maastrichtian
surfaces (Fig. 3b). According to the offshore stratigraphic
nomenclature developed by PetroSA the stratigraphic mark-
ers in this study correspond to the 14Atl, 15Atl, possibly
16Dt, 17At] and 22At] unconformities, respectively (Fig. 2;
Brown et al. 1995). In the Cenozoic succession we identi-
fied the Miocene and Oligocene erosional unconformities
(Fig. 3b), which were also recognised by Baby et al. (2018).
The sedimentary succession is subdivided into four megas-
equences (A-D) reflecting the three major phases of margin
evolution early drift (A), late drift (B1-C3) and Cenozoic
(D1-D3) (Fig. 3b) as in Dalton et al. (2017).

Results and interpretations

This study’s seismic volume images the up-dip transitional
and down-dip compressional domains of a Upper Cretaceous
DWFTB system and the overlying Cenozoic succession
between 1000 and 2000 m below sea level (mbsl) (Figs. 1,
3b and 4). The evidence for fluid and natural gas seepage in
the seismic volume includes polygonal faults, pockmarks,
a HPAA anticline and a mud volcano, well imaged on the
late Campanian surface (Fig. 4). The structural framework
associated with all these gas/fluid escape features include a
combination of thrust faults, normal faults and oblique-slip
faults associated with the Upper Cretaceous DWFTB system
(Fig. 3b). Influential data (using two different colour tables)
and edge detection were two key horizon-based attributes
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occurring in the S (bottom left). Other features highlighted include
polygonal faults in the E and SE, and an elongated mud volcano with
few pockmarks surrounding it in the NW. Vertical exaggeration=>5

applied to better enhance all these features, together with
the variance volumetric attribute enhancing discontinuities.

Late Campanian pockmarks

There are over 950 well-preserved, elliptical-shaped
depressions characteristic of pockmarks on the late
Campanian surface (Fig. 4). The most efficient hori-
zon-based attribute used to image these pockmarks
clearly on the whole surface was influential data using
a white—grey—black colour table (see Fig. 4). Late Cam-
panian pockmark formation is strongly associated with
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polygonal faulting in the eastern and southeastern sec-
tions of the study area, as many pockmarks of the surface
are bound within them (Figs. 4, 5 and 6a). The variance
time slice placed just above the translational domain of
the Upper Cretaceous DWFTB system in Fig. 5 (south
eastern portion of Fig. 4) displays the honey-combed pat-
tern of polygonal faulting. Faults dip 45°, on average, and
have variable dip directions accounting for the polygo-
nal pattern seen in planform. Individual fault throws are
30-50 m and the distance between each fault (the size
of each closed polygon cell) ranges from ~ 800 to 1200 m
(Fig. 5). Most faults in the study area initiate from the
Turonian shale detachment surface at depth and terminate
around the late Campanian surface (Fig. 3b). Some of the
faults in the eastern section of the study area, however, ter-
minate at the Oligocene or Miocene surfaces (Cenozoic).

Pockmarks on the late Campanian surface were catego-
rized into three different groups based primarily on their
size and shape as: giant (8), crater (~20) and simple (> 900)
pockmarks. Giant pockmarks are greater than 1500 m in
diameter with a~ 1:16 depth-to-diameter ratio (Figs. 6 and
7). Crater pockmarks, named so because of their resem-
blance to simple crater meteorite impact structures, are
mostly ~800 m in diameter with a 1:7 depth-to-diameter
ratio. Crater pockmarks are linked to polygonal faults in the
eastern section of the study area (Figs. 4, 5 and 6). Simple
pockmarks are regular elliptical-shaped depressions with the
smallest sizes (> 500 m diameter and metre-scale deep). All
the different types of pockmarks observed on the late Cam-
panian surface are shown in Fig. 6 (a zoomed in portion of
Fig. 4 in the SE). Figure 6a shows the association of different
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types of pockmarks to surrounding faults and fractures, and
Fig. 6b is a close-up using the edge detection attribute.
Giant pockmarks are the largest pockmarks identified
in the study, being 1500-2000 m in diameter (Figs. 6 and
7) and~ 120 ms TWT (c. 114 m) deep (TWT-depth con-
version using velocities of 1900 m/s + 10%; cf. Kuhlmann
et al. 2010). There are a few (8) of these large, cone-shaped
depressions throughout the study area (e.g., Fig. 6) often
linked to wide chimneys at depth (Fig. 7a). An example of
a giant pockmark is shown in Fig. 7. The inline in Fig. 7a

shows a large, dome-shaped anomaly of convex upwards
deformed sediments leading up to the feature. This 1800 m
wide zone of disrupted reflectors is a seismic chimney. The
giant pockmark is bound between normal faults terminating
above the Maastrichtian surface. Figure 7b, a crossline sec-
tion, shows the pockmark’s direct underlying stratigraphy is
disrupted by normal faults. Smaller, simple pockmarks may
occur within giant pockmarks as seen in Fig. 7b and the 3D
image in Fig. 7c.

Pockmarks displaying a “crater-like” morphology in
plan and cross-section (Figs. 6 and 8) are classified as crater
pockmarks in this study. Crater pockmarks are 700900 m
in diameter (Fig. 6) and are approximately 120 ms TWT
(c. 114 m) deep (TWT-depth conversion using velocities
of 1900 m/s + 10%; cf. Kuhlmann et al. 2010). They have
slightly raised wing-shaped rims giving them their distinc-
tive “simple crater-like” morphology (Fig. 8b, ¢). Compared
to giant pockmarks (Fig. 7) they are more circular in plan
view (Fig. 6b) and symmetrical in cross-section (Fig. 8a, b).
Crater pockmarks are confined to the SE region of polygonal
faulting above the transitional domain (Fig. 6). The crater
pockmarks are situated directly in the centre of polygonal
fault cells (Figs. 6a and 8b). Intriguingly, these pockmarks
are not associated with large zones of disrupted reflectors
directly beneath them but appear to be related to faults and
fracture zones (Fig. 8).

Simple pockmarks are much smaller in size, most are
metre-scale in depth and less than 300 m in diameter, dis-
playing elliptical- to cone-shaped morphologies (Figs. 7a, b
and 9a). Furthermore, they lack the outer wing-shaped rims
and are distributed throughout the late Campanian surface,
unlike crater pockmarks which are confined to polygonal
faulted areas above the translational domain (Figs. 4, 6 and
9a). Many simple pockmarks occur along faults (Fig. 6a),
and others occur either randomly in between faults or follow
a trend in seemingly un-faulted regions indicating possible
microfractures (Fig. 9a). While giant pockmarks are linked
to seismic chimneys at depth (Fig. 7), both crater and simple
pockmarks are linked to faults at depth which are often dif-
ficult to distinguish (Figs. 8 and 9c, d). Pockmarks do not
appear to be linked to any pipes at depth (Fig. 8a), however,
this may be due to possible pipe widths being below the
seismic resolution limit.

Seafloor pockmarks and mass wasting

There are 85 pockmarks imaged on the seafloor with the
greatest concentration occurring in the central and southern
region of the study in the down-dip direction above compres-
sional domain (Fig. 10). Seafloor pockmarks are similar to
the late Campanian’s simple pockmarks, although slightly
larger in size, with most being ~400 m in diameter and less
than 120 ms TWT (c. 114 m) deep (TWT-depth conversion

@ Springer



17 Page 12 0f 28

Marine Geophysical Research (2023) 44:17

inline 16508

xline 11504 vl 11640 11824

TWT
(ms)
‘Maastrichtian
i late
Campanian
2500 - early
Campanian
xline 11640
inline
TWT
(ms)
2200
Santonian
3000 2400
— — —
g 1000 FO
xline 11640 interpretation
inline 16?68 16?52 16?32
TWT T
(ms) INE \Q\SW
\ /
Sy
2200—4————\\ /\\M""—
<l e
3500 Y| T
Nv‘N// —/. Ca—|
) - - —A ]
Turonian 2400 /_\/’_\ \\\/\\__\_/ l‘/—\\\
I \/\~I/ —\_
1000 2000m
- (b)
Albian —_— —_— —— —_—
horizon  fault simple giant
pockmark  pockmark
4000 a)
3D giant pockmark Influential
data (ms)

Simple
pockmark

z-axis

6621000

6622000

y-axis

(c)

@ Springer



Marine Geophysical Research (2023) 44:17

Page 130f28 17

«Fig.7 Example of a giant pockmark with a smaller, simple pockmark
enclosed within it; a inline section showing a chimney leading up to
the giant pockmark, b crossline section and interpretation of the giant
and simple pockmark, ¢ 3D influential data view of the giant and sim-
ple pockmark using the standard red-grey-blue colour scale. Vertical
exaggeration=>5

using velocities of 1900 m/s + 10%; cf. Kuhlmann et al.
2010). Seafloor pockmarks are strongly influenced by the
underlying stratigraphy with most occurring directly above
those imaged on the late Campanian surface or following the
same trend. An example of this is shown in Fig. 9a and b;
fewer, larger pockmarks occur on the seafloor following the
same NE-SW trend of those on the late Campanian surface.
A conjoined simple pockmark pair on the late Campanian
surface is shown to correspond to one large pockmark on
the seafloor in the NW region of Fig. 9a and b. No other
pockmarks are observed in the stratigraphy between the two
surfaces, nor are there clearly distinguishable faults, pipes
or chimneys leading up from the late Campanian to seafloor
surfaces.

The only notable features observed between the late Cam-
panian and seafloor surfaces, following the trend of both
surfaces’ pockmarks, are normal faults with some forming
the sidewalls (gliding planes) of slides (Fig. 9c and d). The
slides are coherent masses of sediment with little internal
deformation. They are ~2—4 km in diameter with rotational
slip occurring along the Miocene and Oligocene surfaces.
In Fig. 9d original bedding planes are shown to have been
rotated by the gliding plane of the slide. Some seafloor pock-
marks are found within slides in the centre of the study area
in the region directly above a late Campanian PHAA anti-
cline (Fig.), and in the south (Figs. 9b, d and 10). Pockmarks
associated with slides are larger in size (up to~ 1500 m in
diameter) and irregular in shape. The greatest mass wasting
feature is seen in the NW; a large >26 X 19 km slump scar
characterised by low amplitude, internally deformed reflec-
tors (Figs. 10, 11b and 12a, b). The slump scar is not asso-
ciated with any pockmarks on the seafloor but with a mud
volcano detailed in the following section (Figs. 11 and 12).

Mud volcano

A NW-SE orientated topographical feature is found in
the NW of the study area, with a positive relief of 50 ms
TWT (c. 48 m) (TWT-depth conversion using velocities
of 1900 m/s + 10%; cf. Kuhlmann et al. 2010), a length
of ~4200 m, and width of ~400 m (Figs. 11 and 12). This

feature is interpreted as an elongated mud volcano. The
mud volcano is located within the centre of a large, 7400 m
wide anticline from the Upper Cretaceous DWFTB system
(Fig. 11b, c¢). The anticline marks the intersection between
the DWFTB system’s compressional and translational
domains. The mud volcano conduit roots from the Turonian
surface as a wide ~ 1800 m zone displaying chaotic internal
reflections which then narrows into an internally chaotic vent
(Figs. 11b, c and 12). Deformation into convex-downwards
layers, defining the positive relief of the mud volcano, starts
just below the crest of the anticline in Santonian sediments
(Fig. 11c¢).

On the late Campanian surface, the influential data sur-
face attribute reveals a few simple pockmarks surrounding
the mud volcano (Fig. 11a) which are not as densely popu-
lated as those found in the south of the study area (Figs. 4,
6 and 9a). The mud volcano is situated within a large,
slumped region on the seafloor (Fig. 10). Within here, an
even deeper depression (slumping within a slump) occurs
to the SE, adjacent to the length of the mud volcano charac-
terized by chaotic internal reflections from the Miocene to
seafloor surfaces (Fig. 12a, b). Very few faults surround the
mud volcano (Fig. 11a). Perpendicularly orientated fractures
appear to feed into the mud volcano vent using the influen-
tial data surface attribute on the late Campanian surface, as
presented in Fig. 11a. Figure 12 is an inline section that cuts
through the length of the mud volcano. Reflections within
the elongate vent are acoustically dampened and show low
amplitudes compared to its surroundings in the envelope
attribute (Fig. 12b).

HPAA anticline

An anticline occurs along the late Campanian surface,
appearing as an approximately 3.5 km (Fig. 13) by 4.2 km
(Fig. 14) PHAA. The inline section presented in Fig. 13
shows the anticline is bound by faults dipping away from
each other, depicting a horst structure. Four volume-based
attributes known to detect the presence of hydrocarbons
were used; iterative RMS, sweetness, generalized spec-
tral decomposition (GSD) and envelope (Fig. 13a—d). The
envelope attribute (Fig. 13d) best illustrated the presence
of hydrocarbons with minimal loss in distinguishing strong
reflections (surfaces and faults). Figure 14 shows the inter-
secting crossline section both normally (a) and using the
envelope attribute (b) detecting the PHAA of the anticline
and the overall interpretation (c). The outer edge from the
crest of the anticline is likely the hydrocarbon spoil point
which is bound by a fault (Fig. 14).
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Like the previously described mud volcano (Fig. 11), the
anticline located further S occurs at the intersection of the
translational and compressional domains of an underlying
Upper Cretaceous DWFTB system (Fig. 14). In the region
directly above the anticline, large pockmarks and slumps
occur on the seafloor, as shown in Fig. 10. Pockmarks also
occur along Campanian surface along the anticline but are
difficult to see as they are highly irregular in shape (Fig. 4),
deviating from the regular elliptical shape. PHAAs are also
found within the Turonian to Santonian sediments in the
region immediately below the anticline (Figs. 13 and 14).
Up-dip of the anticline in the NE section of the study, the
seismic character of the late Campanian to Maastrichtian
sediments becomes progressively higher in amplitude,
resulting in another PHAA above the translational domain
as shown in Fig. 14b.

Most faults initiate from the Turonian surface in the com-
pressional domain which often merges with the Albian sur-
face in the translational domain (Fig. 14c). Thrust faults in
the compressional domain terminate at the early Campanian
to late Campanian surfaces, while many normal and oblique
slip faults from the translational domain terminate along the
stratigraphically younger Maastrichtian, Oligocene and Mio-
cene sequence boundaries (Fig. 14c). Many smaller faults
begin within early Campanian to late Campanian sediments
in the translational domain and terminate in Cenozoic sedi-
ments (Fig. 14c).

Discussion

The study of natural gas/fluid flow features is an underuti-
lized tool in basin analysis that may explain various aspects
of basin evolution including the timing of formation, main
driving and trigger mechanisms, fluid source and migration
pathways (Andresen 2012). Since the sedimentary suc-
cession is undisrupted by salt tectonics, the accumulation
and distribution of hydrocarbons in the deep-water Orange
Basin can be investigated. Gas/fluid escape features have
been classified in several ways according to their geometry,
lithology, surrounding geological impact, cause of forma-
tion or methane flux intensity (Roberts et al. 2006; Cart-
wright et al. 2007; Lgseth et al. 2009; Huuse et al. 2010;
Andresen 2012). The natural gas/fluid migration features
observed in the study area include fluid migration conduits
of faults and chimneys, and their surface expression as pock-
marks, and a mud volcano on the late Campanian and sea-
floor surfaces. All these features are strongly controlled by

a Upper Cretaceous DWFTB system above or within which
they occur (Maduna et al. 2022). The processes responsible
for forming these gas/fluid escape features are based on the
same common principles with one feature forming instead
of another due to minor or major differences in influential
factors such as the stress environment, sediment and fluid
type, fluid concentration, or the influence of external triggers
(Judd and Hovland 2007).

Upper Cretaceous DWFTB system

Only the up-dip translational and down-dip compres-
sional domains are imaged in the seismic dataset, with
gravitational sliding having occurred along a main over-
pressurized Turonian shale detachment surface (Fig. 3b).
The compressional domain is characterized by fold and
thrust belts recognized throughout the Orange Basin
(Figs. 1 and 3) along the continental slope in many stud-
ies (e.g., Paton et al. 2008; de Vera et al. 2010; Scar-
selli et al. 2016; Mahlalela et al. 2021). The previously
ill-defined translational domain is characterized by
overprinted extensional (listric normal faults) and com-
pressional (thrust faults) tectonics with the downslope
translation of sediment accommodated by extensive
oblique-slip faults segmenting thrust sheets along strike
(Maduna et al. 2022). Known and postulated source rock
intervals of the Orange Basin include the Hauterivian,
Barremian, Aptian and Turonian shales (Fig. 2). The
Turonian shale detachment surface is the youngest and
most speculative source rock interval estimated to have
reached oil and gas maturation between 85 and 16 Ma
with temperatures ranging between 100 and 140 °C along
the shelf (Hirsch et al. 2010). Results from well logs and
basin modelling suggest oil maturation in the deep water
where sediment is thickest (Aldrich et al. 2003; van der
Spuy 2003; Paton et al. 2008; Hirsch et al. 2010; van der
Spuy and Sayidini 2022). The widespread occurrence of
subsurface and surface gas/fluid escape features serves
as indirect evidence of elevated pore fluid pressures in
the Upper Cretaceous. Fluid overpressures are mainly
formed by the combined effects of volumetric expansion
involved in hydrocarbon generation and maturation, tec-
tonic stresses and disequilibrium compaction (Rowan
et al. 2004; Bilotti and Shaw 2005). Other mechanisms
include mechanical compaction (due to sudden mass
movement events or gradual burial), dehydration reac-
tions and the thermal effect of increasing temperature
gradients in pore fluids (Mazzini and Etiope 2017).
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«Fig. 9 Comparison of the a late Campanian and b seafloor surface’s
simple pockmarks using the influential data attribute. In ¢ an inline
section is shown cutting through a pair of conjoined pockmarks on
the late Campanian surface corresponding to a single pockmark on
the seafloor. In d) an arbitrary seismic line following the linear trend
of the late Campanian and seafloor pockmarks is imaged, showing the
structure between the two surfaces and the underlying DWFTBs in
the compressional domain. Abbreviations: Al Albian, Tu Turonian, Sa
Santonian, Ma Maastrichtian, e. Ca early Campanian, /. Ca late Cam-
panian, Oli Oligocene, Mio Miocene, and sf seafloor. Vertical exag-
geration=5

The distribution of all subsurface and surface gas/fluid
escape features in this study are strongly influenced by
the underling tectonics of the Upper Cretaceous DWFTB
system. Most of the fluid migration pathways linked to
pockmarks on the late Campanian surface originate from
the Turonian shale detachment surface (Figs. 7, 8, 9 and
12). Polygonal faults and crater pockmarks on the late
Campanian surface are confined in the SW region above
the translational domain (Figs. 4, 5 and 6). Simple pock-
marks on the late Campanian and seafloor surfaces are
concentrated above the compressional domain (Figs. 4, 9
and 10). At the intersection of the translational and com-
pressional domains, a late Campanian PHAA anticline is
found in the center of the study together with irregular
seafloor pockmarks in the area directly above it (Figs. 10,
13 and 14). The orientation and location of the elongated
mud volcano in the NW also occurs at the intersection of
the two domains (Fig. 13b).

Surface gas/fluid escape features
Pockmarks

According to Judd and Hovland (2007), the density of pock-
marks is dependent on the thickness, strength and perme-
ability of the surrounding sediments. The overall distribution
of pockmarks in the N of the study area are not as dense
as those in the S for both the late Campanian and seafloor
surfaces (Figs. 4 and 10). This implies low permeabilities,
meaning fewer migration pathways resulting in the sparse
distribution of pockmarks in the north compared to the south
of the study area. Pockmarks in the deep-water study have
been influenced by faults and chimneys leading up to the
late Campanian and seafloor surfaces. On the late Campa-
nian surface, wide chimneys are linked to giant pockmarks
(Fig. 7a), and faults are linked to simple and crater pock-
marks (Figs. 8a and 9c, d). All pockmarks are associated
with bright(er) spots within the already high amplitude
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«Fig. 11 Mud volcano system. The location of the elongated mud vol-
cano is shown on the late Campanian surface in (a) surrounded by
simple pockmarks (red solid line=xline position shown in b and c;
red stippled line =inline position shown in Fig. 12). The cross-section
width of the mud volcano is shown in (b) situated in the centre of the
largest anticline around the intersection of the translational and com-
pressional domains. The interpretation of the mud volcano plumbing
system along its width is shown in (c)

Normal seismic

inline 13772
20560

TWT  xline 21760

21 1|560 20?60

20]60

late Campanian and seafloor surfaces they are found along.
Although the cross sections in Fig. 9c and d do not show a
distinct association between the two pockmarked surfaces,
the fact that seafloor pockmarks occur in the same area or
follow the same trend as those of the late Campanian mean
that there is a relationship. A possible explanation is that a
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Fig. 12 Mud volcano system and slump scar. The cross-section length
of an elongated mud volcano is shown in (a) situated in the centre
of the largest anticline with a major slump scar adjacent to it. The
envelope attribute in (b) shows acoustically dampened and disrupted

(b)

reflections within the mud volcano system and the slump deposit
compared to their surroundings. The interpretation of the mud vol-
cano plumbing system along its length is shown in (c)

@ Springer



17 Page200f28 Marine Geophysical Research (2023) 44:17
RMS amplitude (iterative) Sweetness
inline 14364 inline 14364
xline 15924 15?6%” 15792 16{500 xline 15924 15?6%,(, 15792 16?00
TWT [SE .NW,
(ms)
2000+
= =
2500 e ==
3000
p———" s ~
" -~
——
3500
LEneinaal b ¥ s S —
MR Bhand it M o aatil -l ¥ ' [Sweetness
Pff. ,11”]"_-4 ¥ e o - amplitude
&“,‘. ERLL | ‘ﬁﬁ_& (x10%)
o b A 4000- 20
e 5T P T ) 15
' ! W 10
5
) i Ko, J 0
(i 1000 2000 3000 4000 5000m (a) (i 1000 2000 3000 4000 5000m (b)
GSD Envelope
inline 14364 inline 14364
xline 15024 15,66de/ 15792 16300 xline 15?24 15?6%)(, 15792 16300
TWT |SE —NW
—— ==
(ms) ﬁ;__ e = -—"'ﬂl}_q
- e
2000 Pl TS e ==
—— .. _anticline

(i 1000 2000 3000 4000 5000m

@ Springer

Envelope
amplitude
(x103)

20

(i 1000 2000 3000 4000 5000m



Marine Geophysical Research (2023) 44:17

Page210f28 17

«Fig. 13 Inline section of an anticline located within a horst structure
shown using the: a RMS (iterative), b sweetness, ¢ GSD and d enve-
lope volumetric attributes. Although all volumetric attributes used
indicate the presence and accumulation of hydrocarbons along the
high amplitude feature, the envelope volumetric attribute in (d) high-
lights the anticline well without distorting the stratigraphy and struc-
ture of its surroundings compared to other volumetric attributes

fracture system is at play, with displacements being below
the smallest vertical resolution limit of 30 m between the
two surfaces and below the late Campanian. A few giant
pockmarks have also identified in the Barents Sea associ-
ated with melting ice, and three in the North Sea with one
being the approximate size of a football field (900 m wide
and 450 m deep) (Judd et al. 1994; Judd and Hovland 2007).
Judd and Hovland (2007) attribute the formation of these
giant pockmarks to the process of explosive decompression,
whereby high fluid overpressures penetrate the surface in
extreme cases such as the elongated Lokbatan-type mud
volcanoes. Since giant pockmarks indicate rapid rates of
methane expulsion (Roberts et al. 2006; Judd and Hovland
2007), so are their connected subsurface chimneys (Fig. 7).
Crater pockmarks are confined to the SE, located cen-
trally within cells of polygonal faults (Figs. 4 and 6). Polygo-
nal faults are found between the Santonian to Miocene sedi-
ments, have variable strike orientations, small fault throws
and lateral extensions, and high densities (Figs. 4, 5 and
6). The variable strike orientations indicate that they do not
have a principal stress direction (Fig. 5) and were thus not
formed by regional compressional or extensional tectonics,
but rather hydraulic fracturing (Cartwright 2007). Andresen
and Huuse (2011) informally termed pockmarks associated
with polygonal faulting as ‘bulls-eye’ pockmarks because
of their central location within the faults. These ‘bulls-eye’
pockmarks are found within Plio-Pleistocene sediments of
the Lower Congo Basin and have large size ranges, meas-
uring between 70 and 500 m in diameter and 20-50 m in
depth. In contrast to the ones observed on the Late Campa-
nian surface in this study, those of the Congo Basin occur
as a stacked succession in the stratigraphy. The concentric
arrangement of pockmarks within, rather than above, polyg-
onal faults strongly suggests that crater pockmark formation
predates polygonal faulting (Andresen and Huuse 2011).
On the late Campanian surface, simple pockmarks domi-
nate in the SW to NW compressional domain region, occur-
ring along faults, in linear belts unrelated to visible faults
and conjoined composite clusters (Fig. 9a), within giant
pockmarks (Figs. 6, 7b and 11a), and otherwise random
distributions (Fig. 4). The few pockmarks observed on the
seafloor have a strong spatial relationship to those on the late
Campanian surface with most displaying a simple circular
morphology in plan view (Figs. 9a, b and 10). Directly south
of the present study, Mahlalela et al. (2021) describe a few
simple pockmarks on the seafloor that are 700—1100 m in

diameter with depressions 75—103 m deep. These pockmarks
represent the same pockmark field observed on the seafloor
surface in this study.

Mud volcano

The morphology of mud volcanoes is controlled by several
dynamic and mechanical factors, including: the frequency
and vigour of volcanism, width of the conduit, pre-exist-
ing local topography, erosion type (e.g., bottom currents,
wind, rain), rate of basin subsidence and the thickness and
character of the affected strata (Mazzini and Etiope 2017).
Cone-shaped mud volcanoes, the most common morphol-
ogy, are observed in the shallow reaches of the Orange
Basin following a N/NNW trend which is strongly associ-
ated with active, near-vertical strike-slip faults, thus reflect-
ing neo-tectonic activity (Ben-Avraham et al. 2002; Viola
et al. 2005). According to Viola et al. (2005) the mud vol-
canoes are the offshore structural expression of the same
stress field observed onshore Namaqualand, South Africa
and central Namibia, where recent faulting created N/NNW
and NW orientated lineaments. Both offshore and onshore
structures follow the present-day stress field of SW Africa
and are thus postulated to be attributed to the Wegener stress
anomaly (since the greatest horizontal compressive stress is
NW/NNW). The mud volcano observed in this deep-water
study also trends NW, however, unlike those observed in the
proximal Orange Basin, it is elongated in morphology. An
onshore example of an elongated mud volcano is the Lok-
batan located in Azerbaijan (Planke et al. 2003; Mazzini and
Etiope 2017). The Lokbatan has provided the basis of what
is known of elongated mud volcanoes worldwide since it is
easily accessible. This elongated mud volcano is character-
ised by extremely explosive eruptions with the last recorded
in 2001 ejecting mud breccia after a large initial burst of
hot methane (Planke et al. 2003; Mazzini and Etiope 2017).
The volume of the Lokbatan mud volcano is affected by the
deflation of the underlying shallow chamber following each
eruption (Planke et al. 2003).

In like manner as the Lokbatan mud volcano coincid-
ing with the trend of an anticline axis (Mazzini and Etiope
2017), the elongated mud volcano in this study is also situ-
ated along the axis of a deep-seated anticline (Fig. 11b, c)
and is therefore tectonically controlled. The anticline forms
part of a Upper Cretaceous fold and thrust belt marking the
intersection of the translational and down-dip compres-
sional domains. Sedimentary volcanism is postulated to
have begun in the Santonian (8683 Ma) since deformation
shown by convex pull-up reflectors starts within these sedi-
ments (Figs. 11 and 12). This age coincides with the start of
the oil and gas maturation window at 85 Ma estimated by
Hirsch et al. (2010) for the Turonian shale detachment sur-
face from which the mud volcano roots from (Figs. 11 and
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Fig. 14 Crossline section
showing the stratigraphy and
structure of the margin from
an Upper Cretaceous DWFTB
system underneath younger
Cenozoic successions. The
uninterpreted seismic section
is shown in (a). The envelope
volumetric attribute shown in
(b) highlights the greatest accu-
mulation of hydrocarbons as a
PHAA defining an anticline,
and c is the overall combined
interpretation of the inline
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12). The mud volcano gradually increased in height shown
by stratigraphic surfaces leading up to the seafloor which
could possibly indicate intense eruptions.

Source of hydrocarbons

Since pockmarks and mud volcanoes are found in a wide
variety of settings, from passive to active margin settings,
in compressional zones such as accretionary prisms, fold
and thrust belt systems, deltaic settings and deep sedi-
mentary basins related to active plate margins (e.g., Judd
and Hovland 1988; Gay et al. 2003, 2006, 2007; Loncke
et al. 2004; Hustoft et al. 2010; Andresen and Huuse 2011;
Ho et al. 2012; Hartwig et al. 2012; Anka et al. 2014), the
source of their hydrocarbon system varies greatly. From the
synthesis of past studies in the shallow Orange Basin (Jun-
gslager 1999; Ben-Avraham et al. 2002; Kuhlmann et al.
2010; Hartwig et al. 2012), we postulate the source of hydro-
carbons in this study to also be of both thermogenic and
biogenic (or microbial) origin. According to van der Spuy
(2003) and Paton et al. (2007), thermogenic gas originates
from the deep, thermally mature Aptian source shales which
become progressively oil-prone distally (Jungslager 1999).
Since the Turonian shale detachment surface is also a specu-
lated source rock interval, thermogenic hydrocarbons may
have been sourced from both the deep-seated Aptian (unob-
served in this study) and Turonian shales in this study. Fluid
migration pathways stemming from the Turonian surface,
together with late Campanian pockmarks linked to them,
may therefore consist of thermogenic hydrocarbons. Bio-
genic gas is believed to originate from younger, organic-rich
sediments involved in the upwelling of the Benguela Current
in the Cenozoic (Kuhlmann et al. 2010).

An increase in biogenic activity attributed to the Benguela
current upwelling system is recorded in the late Miocene
to early Pliocene sediments offshore SW Africa (Diester-
Haass et al. 2004; Rommerskirchen et al. 2011). This period
of upwelling coincides with the development of thermally
stratified bottom and deep-water currents offshore SW Africa
resulting in major depositional changes observed in the Mio-
cene (Weigelt and Uenzelmann-Neben 2004; Maduna et al.
2022). Seafloor pockmarks in this study are postulated to
consist of a mixture of both thermogenic and biogenic hydro-
carbons since the faults feeding them initiate from within the
Cenozoic sediments; at the Oligocene and Miocene surfaces
(Fig. 9c, d). The dissociation of gas hydrates is another possi-
ble origin for the source of hydrocarbons. Ben-Avraham et al.
(2002) related their mud volcanoes in the shallower extents
of the Orange Basin to a gas hydrate stability zone (GHSTZ)
at depth. There is no evidence to support this hypothesis in
the present deep-water study since no bottom-simulating
reflectors (BSR) or other definitive gas hydrate indicators
are observed in the seismic volume.

Migration and accumulation of hydrocarbons

The distribution of surface and subsurface gas/fluid escape
features shows the overall intensification of methane flux
increases from the SE to the NW. In the SE, crater pock-
marks on the late Campanian surface are associated with
faults (moderate methane flux) (Figs. 4 and 6). In the NW,
an elongated mud volcano (high methane flux) is found sur-
rounded by a large slump scar on the seafloor (Figs. 4 and
10). Unlike the heavily faulted E, SE and central areas of the
study, the NW has very few faults (Fig. 4). Consequently,
instead of fluid flow pressures being distributed along many
faults, one near-vertical fault-turned-vent took all the pres-
sure, erupting gas, fluids and sediment to the palaeo- and
current seafloors through an elongated mud volcano. Gas
and fluids are postulated to have been escaping to the ocean/
atmosphere since the Santonian when sedimentary volcan-
ism began which may account for the lack of PHA As within
or surrounding the mud volcano (Figs. 11b and 12b). PHAAs
are mostly found in the central and SW regions of the study
(Figs. 5, 13 and 14). In addition to migrating upwards
along fault surfaces, over-pressurized fluids may also travel
through the permeable beds (e.g., Gay et al. 2006). This
is seen in the centre of the study area where an anticline
on the late Campanian surface displays a PHAA using the
envelope attribute in Fig. 14b. The PHAA anticline is situ-
ated directly above the intersection of the compressional and
translational domains and is bound within a horst structure
(Figs. 13 and 14). Hydrocarbons are therefore both structur-
ally (anticline and horst structure) and stratigraphically (late
Campanian surface) trapped. As sedimentation progressed,
hydrocarbons migrated upwards through the stratigraphy to
the seafloor when later faults formed. Irregular pockmarks
on the seafloor, directly above the PHAA anticline, may be
explained by this continued seep of hydrocarbons disrupt-
ing their normal elliptical/cone-shaped depressions (Figs. 10
and 14).

Mass wasting features

Slides are observed in the S and centre of the study area,
and a major slump scar is observed in the NW on the pre-
sent-day seafloor (Fig. 10). Slides are known to be coherent
masses with minor internal deformation as shown in this
study (Fig. 9d), while slumps (a mass flow that is a mag-
nitude higher in flow velocity) are characterised by more
internal deformation as seen from the seafloor sediments in
Figs. 11b and 12 (Posamentier and Martinsen 2011). These
mass wasting features are closely related to gas/fluid escape
features found on the seafloor; an elongated mud volcano is
found in the centre of the slump scar in the NW (Figs. 10,
11 and 12) and pockmarks are found together with slides in
the S (Figs. 9b, d and 10). Both mass wasting features occur
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in the distal down-dip region where the slope dips steepest.
Possible triggers for mass wasting on the seafloor and the
underlying Upper Cretaceous DWFTB system (a different
type of mass transport) include seismicity, rapid sedimen-
tation rates upon a dipping slope, high internal pore fluid
pressures and downslope undercutting (Séranne and Anka
2005; Rogers and Rau 2006; Kuhlmann et al. 2010). Another
trigger mechanism for mass wasting in the Cenozoic is the
interaction of opposite-flowing ocean currents along the SW
African margin (Weigelt and Uenzelmann-Neben 2004).

High methane expulsion rates associated with sedimen-
tary volcanism (Roberts et al. 2006) destabilized sediments
surrounding the elongated mud volcano. This led to major
slumping on the seafloor. The size of the slump scar is an
indication of how much sediment was (and possibly still
is) being remobilized in the underlying stratigraphy- greater
than 26 X 19 km. Pockmarks formed under moderate hydro-
carbon expulsion rates (Roberts et al. 2006) and conse-
quently, instead of one large slump feature, they are associ-
ated with smaller slides which reflect lower flow velocities
(Fig. 10). Slope instability leading to these mass wasting
features along a dipping slope arise from discontinuities in
the subsurface. These discontinuities are faults between the
Oligocene to seafloor surfaces leading to pockmark forma-
tion and are the gliding planes of some slumps (Figs. 9c and
d). Large and irregular seafloor pockmarks in association
with slides (Fig. 10) reflect the progressive downslope flow
of sediment in mass wasting, i.e., pockmarks grow in size
as slides continue downslope along a gliding plane as seen
in Fig. 9d. On the seafloor this implies that Cenozoic faults
first led to pockmark formation, and some of these very
same faults became gliding planes for mass sediment flows
(slides). Cenozoic mass wasting features are also observed in
the shallower regions of the Orange Basin caused by margin
instability and gravity faulting as old, underlying faults were
rejuvenated in the outer margin (e.g., Hirsch et al. 2010;
Palan et al. 2020).

Conclusions

The 3D seismic data helped to view natural gas and fluid
escape features which would previously have been missed
or not fully resolved in a regular 2D survey. This study
describes the occurrence of widespread natural gas/fluid
escape features in relation to an underlying Upper Creta-
ceous DWFTB system in the deep-water Orange Basin.
Together with the shallow water hydrocarbon systems in
play, and encouraging deep-water discoveries in Namibia,
the numerous gas/fluid escape features observed in this study
point to a proliferous hydrocarbon system in the deep-water
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South African basin that is yet to be exploited. The following
conclusions can be drawn with regards to the origin, distri-
bution and occurrence of gas/fluid escape features, and its
implications on the deep-water basin’s hydrocarbon system:

e Hydrocarbons are biogenic and mostly thermogenic and
in origin, sourced from nutrient-rich Cenozoic sediments
and the speculated Turonian source rock, respectively, in
addition to the thermogenic Aptian source shales.

e Methane expulsion rates increase from the SE to NW
having culminated in an elongated mud volcano situated
within an anticline axis of a Upper Cretaceous thrust belt
marking the intersection of the translational and com-
pressional domains. The tectonically controlled mud vol-
cano is indicative of extreme overpressures, and thus,
rapid rates of methane flux.

e On the seafloor, sediment instability resulted in major
slumping in the NW due to sediment remobilization
associated with mud volcanism, and smaller slides in
the S associated with pockmarks.

e Hydrocarbons migrated in a NW direction following
the underlying trend of a Upper Cretaceous thrust belt
located at the intersection of the translational and com-
pressional domains.

e The largest accumulation of hydrocarbons, and hence
most favourable place to drill is in the region directly
above the late Campanian anticline based on it appear-
ing as a PHAA, and the presence of seafloor pockmarks
directly above the area.

We recommend drilling to ground truth the observa-
tions made to get the exact stratigraphy, ages, depths, rates
of gas expulsion and nature of the sediments. This will
ultimately determine the economic viability of the deep-
water Orange Basin’s hydrocarbon system.
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