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Pockmarks are geohazards that can impact offshore developments, and an understanding of their formation
assists in determination of their physical characteristics and in the prediction of their future behaviour. This
study documents how the presence of submarine landslides - either on the seafloor or buried - can favour
pockmark formation through the characterisation of two pockmark fields from the Australian North West Shelf.
Analysis was carried out through an innovative workflow combining full-volume interpretation of exploration 3D
seismic data and semi-automated mapping of seismic horizons. The Gorgon Pockmark Field (GPF) extends over
~125 km2 in water depths ranging from 210 to 480 m. It contains ~500 pockmarks with diameters of ~150–200
m. The pockmark field overlies a submarine landslide and was likely created by the expulsion of fluids and/or
liquefied sediment during or after the formation of the landslide. The Carnarvon Pockmark Field (CPF), located
100 km southwest of the GPF, covers around ~150 km2 in water depth ranging from 680 to 930 m. It contains
~250 pockmarks, each having a diameter of ~250–300 m. The CPF developed on a buried paleo-landslide. While
the seafloor pockmarks and the paleo-landslide are physically disconnected by a sedimentary drape, seafloor
pockmarks are abundant above the paleo-landslide and present a characteristic morphology, then suggesting that
fluids circulating through the paleo-landslide induced the formation of the seafloor pockmarks. Study of the
Gorgon and Carnarvon pockmark fields presents new evidence that submarine landslides - either on the seafloor
or buried - can control the development of pockmarks over huge areas of the seafloor.

1. Introduction
Pockmarks (sensu King and MacLean, 1970) are craterlike seabed
depressions of various morphologies (e.g., circular, elliptical, composite,
asymmetric, elongated; Hovland et al., 2002) and sizes (i.e., <5 m to >1
km, Cole et al., 2000; Hovland et al., 2010; Ingrassia et al., 2015; Judd
and Hovland, 2007). These features have been extensively studied since
their discovery in the North Sea in the 1960s and have now been
observed worldwide in seas, oceans, and even lakes (Hovland et al.,
2002; Judd and Hovland, 2007). Pockmarks are usually interpreted as
being formed by upward fluid (i.e., gas or liquid) migration, originating
primarily from the release of thermogenic gas, microbial methane or
pore water trapped in shallow sediments and deeper economical re
serves (e.g., Brothers et al., 2012; Foschi et al., 2020; Foschi and

Cartwright, 2020; Judd and Hovland, 2007; King and MacLean, 1970;
Krämer et al., 2017; Mazzini et al., 2017; Räss et al., 2018). While gas is
often involved in their formation, pockmarks can also be formed by
submarine groundwater discharge in areas without gas (e.g., Hovland
and Judd, 1988; Stieglitz, 2005). Pockmark-like depressions can also be
created by marine animals, for example by whales (Nelson and Johnson,
1987) or fish (Mueller, 2015). Pockmarks typically occur on shelves
bearing overpressure fluids, and they have been documented in a wide
array of geological settings, including areas prone to earthquake and
submarine landslide formation (Hovland et al., 2002). Interestingly,
buried submarine landslides can control pockmark location on the sea
floor (Riboulot et al., 2013, 2019).
Gas-induced pockmarks are formed in three steeps, namely the: (1)
pressure build-up phase, characterised by the accumulation of gas in
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Fig. 1. Location map of the two pockmark fields, displayed on the regional bathymetry from Geoscience Australia (Whiteway, 2009) and with regional structures
(Commonwealth of Australia, 2020a). GPF: Gorgon Pockmark Field, CPF: Carnarvon Pockmark Field. Note that the Rankin Platform is at the southern end of the
Rankin Trend.

shallow sediment and associated increase in pore-pressure, stretching of
seabed sediment and formation of small fractures; (2) eruption phase,
when a pathway to the seabed is opened, causing a rapid drop in pres
sure, gas expansion, sediment fluidisation and ejection of fluids and
sediments in the water column, then forming a crater on the seafloor;
and (3) post-eruption phase, during which subsequent, less violent fluidescape events may happen through the newly created pathway, or the
pockmark may become dormant or inactive (Hovland, 1989; Judd and
Hovland, 2007; Krämer et al., 2017). Dormant and inactive seafloor
pockmarks may either be filled with sediments or be eroded (Judd and
Hovland, 2007). Pockmarks that have stopped venting can be covered
by sediments and preserved as buried fossil structures (e.g., Cole et al.,
2000; Gay et al., 2007; Long, 1992) often designated as paleo-pockmarks
(e.g., Chenrai and Huuse, 2017; Hartwig et al., 2012). Seafloor pock
marks can be either randomly organised or aligned along discontinuities
in the subsurface that control fluid circulation such as faults, channels,
mud volcanoes and submarine landslides (Riboulot et al., 2013). While
pockmarks are dominantly formed in muddy deposits, such as soft silty
clays and clay-rich sediments (Hovland et al., 2002; Judd and Hovland,
2007; Krämer et al., 2017), they have also been identified in fine
calcareous sediments (Betzler et al., 2011).
Understanding the origin, development and distribution of pock
marks is critical because fluid seepage leads to the development of a
heterogeneous seafloor. In that regard, pockmarks are unique marine
habitats that can sustain peculiar marine ecosystems, such as deep-water
coral reefs (Hovland, 2005) or other highly specialized organisms
(Mazzini et al., 2016; Zeppilli et al., 2012). Pockmarks may also provide
morphological protection and be a marine habitat hosting a more
abundant and diverse fauna than the surrounding seafloor (Webb et al.,
2009). Pockmarks are also geohazards, and their presence may indicate
an incompetent and unstable seabed (Cox et al., 2020). Gas venting
through pockmarks may lead to local lithification of the seafloor and

formation of methane-derived authigenic carbonate (MDAC; Forsberg
et al., 2007; Gontharet et al., 2007; Hovland et al., 1985; Jørgensen,
1992; Judd et al., 2020; Mazzini et al., 2016). MDAC located within
pockmarks can take diverse forms, such as thin indurated crusts, slabs
and lumps (Gontharet et al., 2007; Hovland et al., 1985; Judd and
Hovland, 2007). Where forming competent blocks, MDAC can impact
the installation of offshore infrastructures such as submarine cables
(Comrie et al., 2002). Presence of seafloor pockmarks may indicate the
presence of hydrocarbon seepages, and hence of buried hydrocarbon
reservoirs, and their identification can support hydrocarbon exploration
(e.g., Judd and Hovland, 2007; Logan et al., 2010) Seafloor pockmarks
may also indicate the presence of shallow gas, and hence a potential risk
of shallow gas blowout (Judd and Hovland, 2007) and of unusual soil
behaviour, with impact on offshore foundation design (Judd and Hov
land, 2007; Sills and Gonzalez, 2001).
This study focuses on two areas of the Australian North West Shelf
(NWS) that are covered with a high density of large pockmarks (i.e.,
diameter >100 m; Fig. 1). Those areas, designated here as the Gorgon
Pockmark Field (GPF) and the Carnarvon Pockmark Field (CPF), are
respectively located on top of a submarine landslide and on a buried
paleo-landslide. The scientific objective of this study is to describe those
pockmark fields within their stratigraphic settings and to unravel the
processes that led to their formation. More specifically, the influence of
buried geological structures and the potential relationship between
submarine landslide initiation and pockmark formation are investi
gated. 3D seismic data, which are extensively available in the study area
(Paumard et al., 2019b), allow for basin-scale subsurface studies (e.g.,
Magee and Jackson, 2020; McCormack and McClay, 2013; Paumard,
2018) and high-resolution imaging of seafloor features (e.g., O’Leary
et al., 2020). Thus, for both pockmark fields, 3D seismic data allow to:
(1) describe their evolution through time and space; (2) characterise
them quantitatively along the seafloor and paleo-seafloor at high
2
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continental margin located along the north-western border of Australia,
between ~11◦ S and ~22◦ S. It was formed through multiple rifting and
aborted rifting events during the fragmentation of Gondwana and then
Pangea, between the Cambrian and the Early Cretaceous (Keep et al.,
2007; Purcell and Purcell, 1988; Yeates et al., 1987). The Northern
Carnarvon Basin (NCB), located in the southernmost part of the NWS, is
Australia’s premier hydrocarbon producing basin (Commonwealth of
Australia, 2020a), and is partitioned into geological provinces, including
the: Exmouth Sub-basin, Barrow Sub-basin, Dampier Sub-basin,
Exmouth Plateau and Rankin Platform (Commonwealth of Australia,
2020a; Hocking, 1988; Marshall and Lang, 2013). Oil and gas reservoirs
from the Northern Carnarvon Basin, whose fluids could be linked to the
formation of seafloor pockmarks (Hengesh et al., 2013), are dominantly
Triassic to Cretaceous fluvial-deltaic and marginal marine sandstones.
Those reservoirs are located beneath the Cretaceous marine claystone of
the Muderong Shale that forms the regional seal (Longley et al., 2002;
Marshall and Lang, 2013, Fig. 2).
Rifting of the NWS ended during the early Cretaceous (~135 Ma),
following the final break-up between Australia and Greater India
(Longley et al., 2002; Marshall and Lang, 2013; Müller et al., 1998;
Paumard et al., 2018). Since this event, the NWS evolved as a passive
margin (Romine et al., 1997; Tindale et al., 1998). Sediments accumu
lated after the final break-up are dominantly shales, marls and shelfal
carbonates locally interbedded with sandstones (Apthorpe, 1988;
Longley et al., 2002; Romine et al., 1997). Localized structural inversion
events occurred during the late Cretaceous (i.e., concurrent with the
break-up between Australia and Antarctica; Cathro and Karner, 2006;
Direen et al., 2007) and from ~25 Ma to present, with an apex during
the late Miocene (i.e., concomitant with the collision between the
Australian Plate and the Banda Arc; Cathro et al., 2003; Keep et al.,
2007; Keep and Haig, 2010; Malcolm et al., 1991; Saqab et al., 2017).
The Gorgon Pockmark Field overlies the Gorgon Platform, a Triassic
horst structure at the southwestern end of the Rankin Trend that con
tains the Gorgon Gas Field (Clegg et al., 1992; Grose, 2002; McCormack
and McClay, 2013, Fig. 1). The geological structures around the Car
narvon Pockmark Field include the Resolution Arch and the Novara
Arch, which developed during a late Cretaceous to Oligo-Miocene
phases of compressional tectonic (Cathro and Karner, 2006; Driscoll
and Karner, 1998; Tindale et al., 1998), and the Kangaroo Syncline,
which formed in response to the uplift of the Resolution Arch (Tindale
et al., 1998, Fig. 1).
2.2. Hydrocarbon seepages and pockmarks along the NWS
While the NWS is a major hydrocarbon province, proven active
offshore natural hydrocarbon seeps are only documented at one loca
tion, the Yampi Shelf (Timor Sea; Logan et al., 2010; O’Brien et al.,
2000), >1000 km northeast of the pockmark fields investigated here.
There are, however, multiple indirect indications of the existence of gas
seeps. Those indirect markers - identified through geochemistry, remote
sensing, seismic interpretation and core description - were observed in
the northern and southern part of the NWS (Logan et al., 2010),
including, from North to South: (1) the Bonaparte Basin (Bishop et al.,
1992); (2) the Browse Basin (O’Brien et al., 2005); and (3) the Northern
Carnarvon Basin (Cowley, 2001; Paganoni et al., 2019). However, it is
unknown if those seepages are active (i.e., driven by faulting) or passive
(i.e., microseepage).
The absence of observation of active natural gas seeps along the NWS
suggests they may be limited when compared to other major hydro
carbon provinces worldwide (e.g., the Gulf of Mexico; Logan et al.,
2010). As no hydrocarbon traps are perfectly leak-proof, microseepages
are often occurring in hydrocarbon provinces (Williams and Lawrence,
2002), and low concentrations of hydrocarbons could be seeping along
the NWS (Logan et al., 2010). In addition, hydrocarbon related diage
netic zones (HRDZs), interpreted as indicators of paleo-seeps, were
identified in Eocene and late Miocene/early Pliocene strata of the NWS

Fig. 2. Simplified chronostratigraphic column of the Rankin Platform and
Exmouth Sub-basin, where the Gorgon Pockmark Field and Carnarvon Pock
mark Field are respectively located (modified from Commonwealth of
Australia, 2020a). All regional horizons follow the chronostratigraphic
nomenclature proposed of by Marshall and Lang (2013), except T37.0 SB that
follows McCormack and McClay (2013). Note the presence of oil and gas dis
coveries in both the Exmouth Sub-basin and Rankin Platform.

resolution; and (3) discuss the controls on their initiation, development
and distribution. Such analyses are supplemented by the interpretation
of high-resolution 2D sub-bottom profile (SBP) lines and the integration
of georeferenced published lithological information.
2. Geological setting
2.1. Formation and structuration of the North West Shelf
The North West Shelf (Purcell and Purcell, 1988) is a ~2400 km long
3
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Fig. 3. Scatter plot displaying the pockmark’s
roundness coefficient as a function of the surface
area; dot’s size indicates the pockmark depth. Note
that pockmarks from the Gorgon Pockmark Field
(GPF) and Carnarvon Pockmark Field (CPF) have
distinct morphologies which differentiate them from
other seafloor pockmarks; in contrast, there are
strong similarities between pockmarks from the Car
narvon Pockmark Field and paleo-pockmarks from
the Carnarvon Paleo-Pockmark Field (CPPF). Pock
marks smaller than 8000 m2 were not analysed as the
resolution of the re-sampled bathymetry grids is 20
m × 20 m, and those features are then represented by
only 20 pixels or less.

(Cowley and O’Brien, 2000; O’Brien and Woods, 1995). Jurassic
paleo-pockmarks are documented in the Exmouth Plateau (Ruge et al.,
2021; Velayatham et al., 2018), and Paleocene to Eocene
paleo-pockmarks may also be present in the Barrow Sub-basin (Imbert
and Ho, 2012), hence suggesting local occurrence of fluid flows along
the NWS during the Mesozoic, and possibly during the Cenozoic. The
presence of ~220,000 relatively small seafloor pockmarks (i.e., diam
eter 10–30 m) is documented in the northern part of the NWS; they may
have formed by decomposition of organic matter in the shallow sub
surface (Picard et al., 2018). Seafloor pockmarks are also documented in
the NCB, whereas a significant part of the smaller shallow depressions (i.
e., diameter ~5 m, depth ~1 m, water depth <45 m) present on the
seafloor may be created by the action of fish, and not by fluid seeps
(Mueller, 2015). Larger pockmarks, locally associated with submarine
landslides, are present in the Kangaroo Syncline and in the Exmouth
Plateau. They were interpreted as possible indicators of fluid seeps
(Dirstein et al., 2013; Hengesh, 2019). The identification of pockmark
fields on top of submarine landslides was previously interpreted as ev
idence of a link between sediment destabilisation and pockmark for
mation (Dirstein et al., 2013; Hengesh et al., 2012, 2013; Scarselli et al.,
2013). It was also noted that the GPF is located above the Gorgon Gas
Field, and fluids venting from the reservoir to the seafloor may have
promoted the formation of pockmarks (Dirstein and Fallon, 2011;
Hengesh et al., 2012).

vertical sampling rate of 3 ms (Carnarvon 3D) to 4 ms (Gorgon 3D and
Minden 3D). Range of dominant frequencies (~10–50 Hz for Gorgon 3D
and Minden 3D; ~20–70 Hz for Carnarvon 3D), interval velocities at the
seafloor (~1500 m/s; Lebrec et al., 2021; Li and Hewett, 2016) and
interval velocities in the shallow subsurface of the study area (~2000
m/s; Riera et al., 2019) indicate a vertical resolution ranging from 5 m
(small beds) to 37.5 m (thicker structures) at the seafloor, and from 7 m
to 50 m in the subsurface.
The 3D seismic surveys were interpreted using PaleoScan™, a
seismic interpretation software allowing the semi-automatic interpre
tation of entire 3D seismic volumes. Based on the workflow described by
Paumard et al. (2019a), hundreds of seismic horizons (i.e., chro
nostratigraphic surfaces; sensu Mitchum et al., 1977; Vail et al., 1977)
were extracted in the interval of interest for each seismic volume. Four
key regional stratigraphic surfaces, based on the sequence stratigraphic
framework of Marshall and Lang (2013), were then extracted, namely
the: (1) Barremian K30.2 MFS; (2) Aptian K40.0 SB; (3) base Cenozoic
T10.0 SB; and (4) seafloor (Fig. 2). Those horizons were selected to
facilitate comparison with other published studies (e.g., McCormack and
McClay, 2013).
Those four seismic horizons were then exported as xyz Grids, gridded
in Global Mapper® 21.0 and imported in ArcMap® 10.7.1 as raster Grids
with a resolution of 20 × 20 m. Note that this resampling aimed at
producing a uniform pixel size throughout the study area, to allow an
automated analysis independent from the in-line/cross-line bin size of
the 3D seismic volume. As only features with a surface larger than 20
pixels (i.e., 8000 m2) were analysed, the impact of this resampling on
feature resolution is considered negligible. Grids were analysed in Arc
Map® with the fine scale Bathymetric Position Index (BPI) tool of the
Benthic Terrain Modeler toolbox (BTM, Walbridge et al., 2018). This
tool builds on the Topographic Position Index of Weiss (2001) and al
lows the discrimination of topographic depressions and/or topographic
highs in a selected search area. Analysis was performed with a search
area of 200 m around each pixel (i.e., outer radius of 10 pixels, each

3. Data and methods
This study is based on the analysis of three 3D seismic surveys and 12
sub-bottom profile (SBP) lines made available from Geoscience Australia
upon data request (lines SLF0901140142 to SLF0901132310). The 3D
seismic surveys analysed, namely Gorgon 3D, Minden 3D and Carnarvon
3D, cover an area of 1385 km2, 1215 km2 and 2845 km2 respectively.
The in-line/cross-line bin size (i.e., horizontal resolution) are respec
tively 20 m × 25 m, 18.75 m × 12.5 m, and 28 m × 12.5 m, with a
4
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Fig. 4. A. Bathymetry derived from 3D seismic data around the Gorgon Pockmark Field (GPF) with locations of high-resolution bathymetry survey, 2D SBP lines,
cores and seafloor samples; B. Bathymetry hillshade close-up on the Gorgon Pockmark Field with mapping of seafloor pockmarks as well as paleo-pockmarks and
buried faults projected on the modern seafloor; break in slope, slope gullies and basin are indicated by numbers (respectively 1, 2 and 3); C, D. Clusters of pockmarks
from the GPF; E. Zone of the GPF with scattered pockmarks; F. Pockmarks in-between slope gullies, outside the GPF; G. Basin pockmarks. Note that pockmarks from
the GPF have a distinct morphology, that differentiates them from pockmarks located outside the GPF (i.e., between gullies and in basin). Bathymetry derived from
3D seismic dataset is in ms (TWT) below sea level.

pixel being 20 m square). Resulting raster files were filtered in order to
only display topographic depressions. The rasters were subsequently
converted to polygon files, which were then classified as geological
features (e.g., pockmarks, faults, headwall scarps, gullies) based on their
morphology. The quality of the automated mapping was also visually
assessed, and features interpreted as noise were filtered out. As no major
artefacts disturbing the mapping were observed, results of the auto
mated mapping were kept as such (i.e., there was no need for manual
corrections of the mapping in this study). Pockmark’s maximum depth,
surface area and roundness (i.e., calculated from the normalised ratio
between perimeter and surface) were quantitatively analysed with box
and whisker charts in Microsoft Excel, and with matplotlib in Python™
3.8 (Fig. 3). Due to the uncertainties regarding the vertical resolution of
the 3D seismic volumes, and because the analysis was carried out on

seismic volumes in time-domain (i.e., ms TWT), pockmark’s depth must
be considered as indicative only. Depth of buried features such as
paleo-pockmark must be considered even more carefully. Indeed,
because the analysis was carried out in time-domain, those objects may
be distorted compared to seafloor features.
Seafloor maps (James et al., 2004) and descriptions of sediment
collected during the Franklin Cruise 4 (Commonwealth of Australia,
2020b) were georeferenced in ArcMap® to be compared with other in
terpretations. An IHS™ Kingdom® 2020 project was subsequently
created, including the: (1) 3D seismic volumes Gorgon 3D, Minden 3D
and Carnarvon 3D; (2) composite 2D sub-bottom profile line created
through the compilation of the 12 SBP lines (i.e., SLF0901140142 to
SLF0901132310); (3) published description of IODP wells U1461 (Gal
lagher et al., 2017); and (4) four regional seismic horizons (i.e., seafloor,
5
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Table 1
Results of the semi-automated analysis showing the number, surface, depth and density of the pockmarks and paleo-pockmarks observed at different locations.
Pockmark specificity:
Location:

Type of pockmark

Number of
pockmarks

Gorgon Pockmark Field (GPF)
Carnarvon Pockmark Field (CPF)
In-between slope gullies
Basin
Carnarvon Paleo-Pockmarks Field
(CPPF)

Seafloor pockmark
Seafloor pockmark
Seafloor pockmark
Seafloor pockmark
Paleo-pockmark
(buried)

484
249
66
29
625

Surface area of individual
pockmarks (m2)

Depth of individual pockmarks
(ms TWT)

Mean

Median

Maximum

Mean

Median

Maximum

29,335
55,738
56,786
26,370
51,654

21,715
44,240
37,785
19,530
35,130

167,500
346,200
222,100
123,200
432,400

9
11
19
11
6

8
8
14
10
5

37
35
63
36
70

Pockmarks per
km2
3.9
1.7
0.7
0.2
1.3

Fig. 5. A. Composite sub-bottom profile (SBP) correlated with the IODP well U1461A (see Gallagher et al., 2017); B, C. Un-interpreted (B) and interpreted (C)
close-up view of the composite SBP highlighting the stratigraphy of the Gorgon Submarine Landslide and pockmarks. Location of the SBP is indicated in Fig. 4A.

T10.0 SB, K40.0 SB, K30.2 MFS). Additional stratigraphic surfaces, such
as T37.0 SB, J40.0 SB and TR20.0 SB, were also identified in Gorgon 3D
based on the work from McCormack and McClay (2013; Fig. 2).

(i.e., ~20 km long, ~8 km wide; Fig. 4). A total of 484 pockmarks were
identified on the seafloor (Fig. 4B; Table 1), at water depths ranging
from 210 to 480 m (Fig. 1). Those pockmarks have a relatively homo
geneous morphology, they are large (i.e., mean surface or 29,335 m2)
but relatively shallow (i.e., mean depth of 9 ms TWT ≈ 6.75 m; Table 1).
Their organisation appears random, and, on average, the density of
seafloor pockmarks within the GPF is high (i.e., ~4 pockmarks per km2,
with each pockmark having a diameter of ~200 m) but variable. Indeed,
pockmarks locally form clusters (Fig. 4C and D) while they are absent or
scarce in some parts of the GPF (Fig. 4E). Pockmarks are locally
organised in chains that form elongated depressions with multiple

4. Results
4.1. Gorgon Pockmark Field
4.1.1. Pockmarks
The Gorgon Pockmark Field extends over the entire surface of the
Gorgon Submarine Landslide (GSL), and has an elongated morphology
6
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Fig. 6. A. Interpreted dip-oriented line showing the relationship between Gorgon horst, that hosts the Gorgon Gas Field, the un-faulted late Cretaceous-Cenozoic
overburden and the Gorgon Pockmark Field. B and C. Un-interpreted (B) and interpreted (C) close-ups (see location on A) showing the relationship between the
overburden and the surficial Gorgon Submarine Landslide (base highlighted in red). The Gorgon Submarine Landslide is covered with pockmarks from the Gorgon
Pockmark Field (indicated by red arrows). Location of the line is shown on Fig. 4. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

craters on the seafloor (surface area >150,000 m2, roundness coefficient
>8; Fig. 3). To the East, the GPF is bounded by the headwall scarp of the
Gorgon Submarine Landslide, that forms a distinct linear depression on
the seafloor, as it is not filled by sedimentary drape (Fig. 5). To the West,
the GPF is bounded by the break in slope, that is relatively smooth in the
North and is interspersed with slope gullies in the South. the GPF is
bounded by depressed lateral scarps to the North and South. Seafloor
pockmarks are also present outside the GPF, while rarer. Those pock
marks form two groups: (1) the 66 pockmarks present in-between slope
gullies (Fig. 4F); and (2) the 29 pockmarks located in the basin (Fig. 4G).
Pockmarks present in-between slope gullies are larger (i.e., mean surface
of 56,786 m2) and deeper (i.e., mean depth of 19 ms TWT ≈ 14.25 m)
than the GPF pockmarks. It must be noted that those pockmarks are
slightly elongated (i.e., mean roundness coefficient of 3.3), but they
never form chains of pockmarks. Pockmarks present in the basin have a
similar size to those of the GPF (i.e., mean surface of 26,370 m2), but
they are rounder (i.e., mean roundness coefficient of 2.2), deeper (i.e.,
mean depth of 11 ms TWT ≈ 8.25 m; Fig. 3, Table 1) and never organised
in chain of pockmarks.

seismic facies of the lower unit were not observed outside the GSL. A
shallower, smaller submarine landslide is present landward of the GSL.
It is not covered with pockmarks (Fig. 5).
Correlation with IODP well U1461A (Fig. 5A) indicates that strata
forming the GSL are no older than the base of subunit IIa (i.e., LateMiddle Pleistocene; Gallagher et al., 2017). This subunit IIa – that is
an unlithified mudstones to wackestones with glauconite, small benthic
foraminifers, bivalves, gastropods, scaphopods, pteropods, echino
derms, bryozoans, solitary corals and peloids (Gallagher et al., 2017) – is
partially time-equivalent to the lower, disturbed unit of the GSL. The
subunit I appears to be eroding within the subunit IIa (Fig. 5A), and this
unit is not observed at the location of the GSL. Hence, composition of the
upper unit of the GSL is unknown, as time-equivalent facies are eroded
in U1461A (Fig. 5A). Analysis of seafloor sediments along the GSL
headwall scarp (i.e., grab sample FR04/99/104; Fig. 4A) reveals the
seafloor is composed of a poorly sorted carbonate-rich sandy gravel with
fragmented and entire carbonate bioclasts, such as bivalves, benthic and
planktonic foraminifers, gastropods, solitary corals and pteropods (Dr.
Tony Nicholas, personal communication, 2020). The fine fraction is then
minimal on the seafloor, in contrast with the mud-rich layers
time-equivalent to the lower unit of the GSL.

4.1.2. Gorgon Submarine Landslide
Dip-oriented sections show that the Gorgon Submarine Landslide,
which holds the Gorgon Pockmark Field, is a surficial feature up to
~100 ms TWT thick (≈75–100 m; Fig. 6). The GSL is composed of two
sub-horizontal units observed from the high-resolution 2D sub-bottom
profile (Fig. 5B and C): (1) an upper unit with a wavy to subhorizontal seismic facies represented by high-amplitude seismic re
flections; and (2) a lower unit represented by transparent seismic facies,
with relatively higher amplitudes below the pockmarks. Local vertical
suppressions of seismic signal right below the pockmarks are interpreted
as seismic blanking. Because data quality decreases with depth, the total
vertical extent of the blanking is unknown, but it seems to disappear at
or just below the base of the landslide. The blanking is not resolved on
exploration 3D seismic data (Fig. 6). Both the lower and the upper units
of the GSL pinch-out and disappear at the shelf break, toward the southwest. They are time-equivalent to sub-horizontal and continuous seismic
reflections outside the GSL, toward the North-East. The transparent

4.1.3. Deep structures
Seismic interpretation confirms that the Gorgon Pockmark Field is
located above the horst structure that holds the Gorgon Gas Field in the
pre-rift Triassic strata (TR20 play interval, Clegg et al., 1992; McCor
mack and McClay, 2013, Figs. 6A and 7). The main faults that form the
Gorgon horst propagate to the uppermost Cretaceous strata, just below
T10.0 SB (Figs. 6A, 7C-D). Those faults displace the regional seal, as
indicated by the faults visible along K40.0 SB (Fig. 7E and F). The
southern part of the Gorgon horst is covered with 354 depressions that
may be paleo-pockmarks present along K30.2 MFS (Fig. 7G–H, G’). As
these depressions are at the limit of the seismic resolution, it was not
possible to perform a quantitative analysis of their morphology. Creta
ceous and Cenozoic sediments - deposited as northwest prograding cli
noforms - have buried the Gorgon horst, whose morphology is not visible
on the seafloor (Figs. 6, 7 A-D). However, there is a higher density of
7
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Fig. 7. Un-interpreted and interpreted seismic unconformities extracted around the GPF, at different stratigraphic levels. A. Time-structure map of the seafloor; B.
Main geological features displayed on seafloor hillshade; C, D. Time-structure map and hillshade of T10.0 SB; E, F. Time-structure map and hillshade of K 40 SB; G,
H. Time-structure map and hillshade of K30.2 MFS. Depth is in ms (TWT) below sea level. G’. Close-up view of the possible paleo-pockmark field.

seafloor pockmarks above the deeply buried faults that cross-cut the
stratigraphic horizons K30.2 MFS and K40 SB and form the Gorgon horst
(Figs. 4B, 7 A-B, 7 E-H).

4.2. Carnarvon Pockmark Field
4.2.1. Pockmarks
The Carnarvon Pockmark Field lies in the central part of the Car
narvon Submarine Landslide (CSL; Fig. 8), in water depths ranging from
8
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Fig. 8. A, B. Time-structure map of the seafloor around the Carnarvon Pockmark Field, derived from the Carnarvon 3D seismic survey, with location of cross-sections
and close-ups; circled numbers indicate the different zones of the Carnarvon Submarine Landslide, including the Carnarvon Pockmark Field (1), smooth area (2) and
marginal eroded areas (3, 4 and 5). C. Deep seafloor pockmarks randomly organised; D. Lined-up deep seafloor pockmarks; E. Shallow, scarce seafloor pockmarks; F.
Deep seafloor pockmark with a mound at its centre; G. Seismic cross-section across the pockmark with mound. Note that colour scale is in ms (TWT) below sea level.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

density on the seafloor is high (i.e., on average 1.66 pockmarks per km2,
with each pockmark having an average diameter of ~250–300 m).
Seafloor pockmarks are more abundant and deeper in the western part of
the CPF, where they are either randomly arranged (Fig. 8C) or, more
occasionally, lined-up (Fig. 8D). In rare cases, these deeper pockmarks
contain a mound at their centre, that can reach an apparent height of 75
ms TWT (≈56.25 m; Fig. 8F and G). In contrast, seafloor pockmarks
located in the western part of the CPF are shallower and scattered

680 to 930 m (Fig. 1). Total extent of the seafloor landslide was not
observed, but it occupies at least 675 km2. In contrast, the CPF only
covers an area of ~150 km2. Pockmarks present in the CPF are larger (i.
e., mean surface of 55,738 m2) and on average more circular (i.e., mean
roundness coefficient of 2.9) than pockmarks from the Gorgon Pock
mark Field (Fig. 8C–F). Their depth is more variable, with mean and
median depths of respectively 11 ms TWT (≈8.25 m) and 8 ms TWT (≈6
m; Table 1), and maximum depth of 35 ms TWT (≈26.25 m). Pockmark
9
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Fig. 9. A. Dip-oriented seismic line across the Carnarvon Pockmark Field (CPF) area showing the regional stratigraphy; B, C. Close-up views of an un-interpreted (B)
and interpreted (C) section showing the Carnarvon Paleo-Submarine Landslide (CPSL), buried below the CPF. Seismic lines locations are indicated on Fig. 8A.

(Fig. 8E). One single pockmark was observed outside the CPF.

pockmarks from the Carnarvon Pockmark Field, that are respectively
55,738 m2 and 2.9 (Fig. 3, Table 1). Paleo-pockmarks are on average 6
ms TWT (≈4.5–6 m) deep, but this value cannot easily be compared with
the depth of seafloor pockmarks, as paleo-pockmarks are buried, and
their vertical resolution may be distorted compared to seafloor features.
Paleo-pockmarks are preferentially located above depressed areas inbetween remnant blocks from the buried landslide. Correlation with
published regional seismic horizons from Riera (2020) suggests that the
buried landslide reworks strata of late Miocene or younger age. The
paleo-pockmark field is partially buried by a sedimentary drape. Anal
ysis of time-thickness maps (i.e., isochron) of this drape indicates that
the drape is thicker toward the east, and thinner toward the west
(Fig. 11). The drape is particularly thin at the location of the Carnarvon
Pockmark Field, and the vast majority of the CPF seafloor pockmarks
prove to be developed on top of the CPPF paleo-pockmarks, that were
not buried underneath the drape (Fig. 11). Hence, seafloor pockmarks
are mainly present where the drape overlying the CPPF is thinner than
~30–50 ms TWT (≈22.5–50 m; Fig. 11). The composition of the buried
landslide and overlying drape is unknown, as shallow cuttings were not
collected in surrounding exploration wells such as Beg 1 (ApacheEnergy,
2008).

4.2.2. Carnarvon Submarine Landslide
The Carnarvon Submarine Landslide is a composite feature, that
includes a central part, either smooth (zone 2 on Fig. 8B) or covered with
pockmarks (i.e., Carnarvon Pockmark Field; zone 1). The landslide is
bordered by three marginal eroded zones (zones 3, 4 and 5). The eroded
zones are recognisable by their uneven seafloor texture and the presence
of three distinct headwall scarps, which suggests they were created by
three distinct smaller and younger submarine landslides eroding around
the central submarine landslide. The failed sediment and drape holding
the Carnarvon Pockmark Field are unsampled, however the seafloor
around the Carnarvon Submarine Landslide is composed of calcareous
sandy silts, with possibly layers of sand (Tri-SurvGeomatics, 2007).
4.2.3. Buried landslides and paleo-pockmarks
Dip-oriented sections show that the Carnarvon Pockmark Field
overlies a buried landslide, the Carnarvon Paleo-Submarine Landslide
(CPSL; Figs. 8B and 9C). The CPSL is smaller than the Carnarvon Sub
marine Landslide, as it only covers a surface of ~500 km2. In diporiented sections, the CPSL displays a chaotic seismic facies (Fig. 9B).
Its top surface is irregular, and it contains remnant blocks in its eastern
part (Fig. 10E and F). There are 625 buried paleo-pockmarks above the
paleo-landslide, along the horizon Intra-drape (Figs. 9 and 10C-D).
Those paleo-pockmarks are evenly distributed within the buried land
slide, except in the parts of the buried landslide that are now eroded and
where they are absent (i.e., northern and southern parts; Fig. 10C and
D). Quantitative analysis of those paleo-pockmarks reveals that their
mean surface area is 51,654 m2 and their average roundness coefficient
is 2.8. Those values are similar to those of the modern seafloor

4.2.4. Deep structures
The Carnarvon Pockmark Field is overlying the Resolution Arch, in
an area where the Cenozoic cover is thin to absent (i.e., strata between
T10.0 SB and seafloor; Fig. 9). Unlike the Gorgon Pockmark Field, the
Carnarvon Pockmark Field does not overlie a known hydrocarbon
accumulation. However, there is a proven petroleum system in the
Exmouth Sub-basin (Fig. 2), with Triassic-Cretaceous reservoir intervals.
Additionally, pre-Cenozoic strata, which include the Cretaceous
10
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Fig. 10. Un-interpreted and interpreted seismic horizons extracted in the Carnarvon Pockmark Field (CPF) area. A. Time-structure map of the seafloor; B. Hillshade
display of the seafloor horizon showing the CPF and the Carnarvon Submarine Landslide (CSL); C, D. Time-structure map and hillshade of the intra-drape horizon,
showing the buried Carnarvon Paleo-Pockmark Field (CPPF); E, F. Time-structure map and hillshade of the stratigraphic horizon Top CPSL, representing the top
surface of the Carnarvon Paleo-Submarine Landslide (CPSL). Depths are in ms (TWT) below sea level.

overburden as well as the seals and reservoirs, are faulted (Fig. 9A).

unit at the base of the landslide and initiation of a pressure build-up phase
(sensu Hovland, 1989) may have been promoted by the reworking of
sedimentary layers during the landslide formation. Freed interstitial
fluids may have subsequently pierced the upper, well stratified unit of
the GSL, during an eruption phase concurrent or posterior to the landslide
formation. It is unknown if pockmarks from the GPF are still active
today, however, as they are still present on the seafloor - neither buried
nor eroded – they could well be active, in a post-eruption phase, with
possibly fluid escape events still happening.

5. Discussion
5.1. Submarine landslide as a driver of pockmark formation
While pockmarks often occur in areas where submarine landslides
are present (Hovland et al., 2002; Lastras et al., 2004; McAdoo et al.,
2000; Urgeles and Camerlenghi, 2013), the connection between pock
mark and landslide formation is not well understood. Riboulot et al.
(2019) demonstrated that the formation of pockmarks can induce the
development of landslides. The analyses of the Gorgon Pockmark Field
suggests that the opposite mechanism is also possible, with the forma
tion of a submarine landslide causing the development of pockmarks.
Indeed, density of seafloor pockmarks is much higher within the limits of
the Gorgon Submarine Landslide than on the surrounding seafloor.
Hence the formation of the submarine landslide has likely led to the
development of the pockmarks. Additionally, the morphology of the
pockmarks from the GPF is distinct from the morphology of pockmarks
observed outside the submarine landslide (Figs. 3 and 4). Seismic
blanking present below the seafloor pockmarks does not go very deep,
which suggests that fluids that created the pockmarks were sourced from
sediment destabilised by the submarine landslide, or from fluids
released from strata just below the base of the landslide. This interpre
tation further supports that the formation of the pockmarks from the
GPF is linked to the development of the Gorgon Submarine Landslide
(Fig. 12A–C). Circulation of interstitial fluids within the lower, disturbed

5.2. Buried submarine landslides controlling the distribution of seafloor
pockmarks
It has been postulated that the presence of buried submarine land
slides can create stratigraphic discontinuities, and, as such, modify fluid
migration pathways and indirectly control pockmark organisation
(Riboulot et al., 2013). Observations made on the Carnarvon Pockmark
Field support this hypothesis, as the extent of the pockmark field seems
controlled by the location of the buried Carnarvon Paleo-Submarine
Landslide, while both geological features are physically disconnected
by a sedimentary drape (Fig. 9). Indeed, the vast majority of seafloor
pockmarks from the CPF are developed on buried paleo-pockmarks from
the CPPF, and the CPPF is itself covering the surface of the buried Car
narvon Paleo-Submarine Landslide (Figs. 8B and 11B). Fluid circulations
that formed the paleo-pockmark field were likely constrained by the
buried paleo-submarine landslide, as paleo-pockmarks were only
observed above the paleo-landslide (Fig. 10D). Moreover, pockmarks
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Fig. 11. A. Un-interpreted isochron (time interval map) calculated between the seafloor and the intra-drape horizon, representing the thickness of drape accu
mulated on top of the Carnarvon Paleo-Pockmark Field. B. Same isochron with mapping of seafloor (yellow) and buried (blue) pockmarks projected on it. Note that
most seafloor pockmarks from the Carnarvon Pockmark Field (CPF) are developed on top of older paleo-pockmarks from the Carnarvon Paleo-Pockmark Field
(CPPF). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

and paleo-pockmarks from the Carnarvon Pockmark Field and Carnar
von Paleo-Pockmark Field form a distinct group in term of morphology,
with large and rounded shapes, that differ in morphology from pock
marks not overlying the buried Carnarvon Paleo-Submarine Landslide
(Fig. 3). Based on those observations, it is proposed that the formation of
paleo-pockmarks from the CPPF was controlled by fluids circulating
through the disturbed sedimentary layers of the CPSL (Fig. 12D and E).
The more landward part of the CPPF was subsequently buried by the
sedimentary drape, while pockmarks located in the more distal part –
where little drape was accumulating – remained active and were able to
maintain themselves on the seafloor by piercing the thin drape
(Fig. 12F). Pockmarks which remained active – that nowadays form the
vast majority of pockmarks from the Carnarvon Pockmark Field (CPF) may have been preserved in a post-eruption phase (sensu Hovland, 1989)
up to present. Some rare seafloor pockmarks from the Carnarvon
Pockmark Field are not developed above paleo-pockmarks, but those
pockmarks still remain above the buried landslide, and their presence
does not compromise the above interpretation. The central part of the
more recent Carnarvon Submarine Landslide, formed within the drape
overlying the paleo-landslide, appears to be formed by a minimal
displacement of the sedimentary drape overlying the paleo-landslide,
and this seafloor feature in itself has no direct impact on the extent of
the pockmark and paleo-pockmark fields. The marginal parts of the
Carnarvon Submarine Landslide, that appear to be formed by recent
erosive features, may have eroded the marginal parts of the
paleo-pockmark field, and hence may have suppressed the
paleo-pockmarks in those areas, and then indirectly shaped the modern
pockmark field, by restricting their lateral extension (i.e., no pockmarks
are present above the eroded area; Fig. 12G).

1970). Presence of shallow gas within the sediment may also promote
the development of submarine landslides (e.g., Bunz et al., 2005;
Chapron et al., 2004; Cobbold et al., 2004). Thus, it would be no surprise
if pockmarks and landslides described here happened in sediment
holding thermogenic and/or biogenic gas, particularly as the NWS is a
major hydrocarbon province (Fig. 2; Commonwealth of Australia,
2020a). Formation of pockmarks by fluid expulsion is further supported
by the pockmark size (i.e., ~150–300 m); as pockmarks from the Gorgon
Pockmark Field and Carnarvon Pockmark Field are much larger than
pockmarks created by fish elsewhere along the NWS (i.e., typically 5 m
large; Mueller, 2015). In addition, giant and mega pockmarks with di
ameters of hundreds to thousands of meters and depths of tens to hun
dreds of meters are extensively documented in areas with thermogenic
fluid seeps (e.g., Anka et al., 2014; Foschi et al., 2020; Judd et al., 1994;
Ostanin et al., 2013; Wenau et al., 2017; Zhang et al., 2020) and
biogenic gas (e.g., Kelley et al., 1994). Note that groundwater discharge
can also occasionally maintain giant pockmarks with diameters >100 m
and depths of tens of meters active (Reusch et al., 2015). In the GPF,
pockmarks could have formed by expulsion of gas, water or liquified
sediment - possibly gas-charged - during or shortly after landslide for
mation. Fluid expulsion could have been driven by disruption of sedi
mentary layers (i.e., creation of migration pathways) and sediment
compaction (i.e., associated with increased pore pressure) subsequent to
landslide formation. Indeed, density of seafloor pockmarks is higher
above the deeply buried faults that hold the Gorgon horst (Fig. 4B). This
supports a link between those buried faults and the seafloor pockmarks,
and gives new evidence that formation of the GPF may have been pro
moted by seepages from the Gorgon Gas Field (Dirstein and Fallon,
2011; Hengesh et al., 2012). The cause and timing of fluid seepage is
unknown, but, in comparison, episodes of Late Jurassic and Paleogene
paleo-fluid escape are documented in the Northern Carnarvon Basin
(Imbert and Ho, 2012; Ruge et al., 2021; Velayatham et al., 2019). The
presence of gas in the sediment may have promoted the formation of the
Gorgon Submarine Landslide, for example by increasing the liquefaction
potential of the sediment (Bunz et al., 2005). As no seismic blanking was

5.3. Influence of gas on landslide and pockmark formation
It is well documented that fluids (e.g., thermogenic and biogenic gas,
pore water) escaping from the subsurface to the seafloor can cause the
formation of pockmarks (Judd and Hovland, 2007; King and MacLean,
12
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Fig. 12. Cartoon illustrating the formation of the Gorgon Pockmark Field (GPF, A-C) and Carnarvon Pockmark Fields (CPF, D-G). A. Rankin platform before the
formation of the Gorgon Submarine Landslide (GSL), note the presence of short lineaments along strike (i.e., incipient GSL) and of slope gullies; B. An external force
(e.g., earthquake, sediment self-loading, sea-level change) triggers the formation of the GSL, the stratigraphically lower part of the landslide is possibly disturbed and
sediments and/or released fluids piece the upper unit and are expelled to the seafloor, hence creating the GPF; C. After this event, the GSL comes to a standstill, with
the GPF remaining visible on its surface in a post-eruption phase; D. The Carnarvon Paleo-Submarine Landslide (CPSL) forms, it is composed of a mix of disturbed
sediment and remnant blocks; E. The CPSL is buried by a sedimentary drape, fluids escaping from the CPSL form the Carnarvon Paleo-Pockmark Field (CPPF) on the
surface of the drape; F. Drape accumulation continues, thicker drape is accumulated at shallower water depths and buries part of the CPPF; and G. A new landslide,
the Carnarvon Submarine Landslide (CSL) forms on the seafloor, pockmarks from the Carnarvon Pockmark Field (CPF) develop where paleo-pockmarks from the
CPPF are still active; three smaller landslides are subsequently formed, eroding the marginal parts of the CSL and CPF.

observed in depth below the pockmarks from the GPF and as the faults
holding the Gorgon horst do not propagate through the Cenozoic
(Fig. 6), it is expected that, if those gas seeps do exist, they may prop
agate through microseepage (i.e., not visible from seismic data). It
should be noted that methane with an inferred biogenic origin was
identified in well U1461 (Gallagher et al., 2017), then suggesting that
shallow, biogenic methane may have also participated in pockmark and
submarine landslide formation in Gorgon area. Additionally, in the
deeper Carnarvon area (i.e., water depth of 680 m–930 m), an influence
of gas hydrate cannot be totally excluded, as a natural gas hydrate sys
tem is reported at slightly deeper water depth in the adjacent Exmouth
Plateau (Paganoni et al., 2019). This study, however, has found no
specific indication of the presence of gas hydrates in the Carnarvon
Pockmark Field area.
Natural fluid seeps could also have favoured the formation of the
Carnarvon Pockmark Field and Carnarvon Paleo-Pockmark Field.
Hence, both the Triassic-Cretaceous strata bearing thermogenic hydro
carbons and the Cretaceous overburden present below the CPF and CPPF
are faulted (Fig. 9A). In addition, those pockmark fields are in an area
where the Cenozoic overburden, which is not faulted, is very thin to
absent, and then where faults reach the base of the Carnarvon PaleoSubmarine Landslide (Fig. 9C). Based on these observations, it is pro
posed that the sediments forming the paleo-landslide were charged with
small amount of thermogenic hydrocarbons that were slowly released
after sediments were reworked. A prolonged existence of paleo-fluid
circulation, possibly through faults, is supported by the local presence
of mounds up to 75 ms TWT (≈56.25 m) high within pockmarks (Fig. 8F
and G). Such morphologies are known from areas with inferred hydro
carbon seeps, and those mounds could be methane-derived authigenic
carbonate (MDAC) mounds (e.g., relief of up to 250 m reported by León
et al., 2006), deep-water coral reefs (e.g., Lophelia mounds over 100 m
high described by Hovland et al., 1994 and Lane, 2005) or mud domes
(e.g., fluid-releasing domes up to 60 m high noted by Gontharet et al.,
2007). Interestingly, the Lophelia deep-water coral reefs and the MDAC
carbonate mounds reported by Hovland et al. (1994) and León et al.
(2006) are in water depths of respectively 650–1000 m and 800–1000
m, which is precisely the depth range of the CPF (i.e., 680–930 m;
Fig. 1).

landslide, hence suggesting that formation of the paleo-pockmarks was
controlled by the buried landslide. The later overlies faulted Triassic to
Cretaceous strata holding thermogenic hydrocarbon. Paleo-pockmarks
were possibly formed by fluid leaking through the paleo-landslide,
and modern pockmarks are possibly maintained on the seafloor by
sustained fluid circulations. This hypothesis is supported by the local
presence of mounds – that could be methane-derived authigenic car
bonate or deep-water coral reefs – within seafloor pockmarks. Overall,
this study provides evidence that pockmark fields can develop on sub
marine landslides present on the seafloor and buried. It is proposed that
the formation of a submarine landslide can trigger the development of
seafloor pockmarks over the surface of the landslide. This investigation
also highlights how a buried paleo-submarine landslide can control the
organisation of pockmarks on the seafloor, hence illustrating the need to
understand the stratigraphy of the subsurface when studying modern
offshore geohazards.
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6. Conclusions
Two areas of the seafloor with a high density of seafloor pockmarks
with diameter ranging from ~150 to 300 m are present in the Northern
Carnarvon Basin. Those pockmark fields, namely the Gorgon Pockmark
Field and Carnarvon Pockmark Field, are specifically located above a
submarine landslide and a buried submarine paleo-landslide respec
tively. The pockmarks of the GPF (water depth 210–480 m) could have
been created by fluid and/or liquefied sediment that escaped from the
underlying submarine landslide during its formation. The presence of
small amount of gas in the destabilised sediment may have facilitated its
liquefaction during landslide formation. While there is no direct evi
dence of the presence of gas, this study shows that most pockmarks from
the GPF are present above the faults which border the Gorgon Gas Field.
The Carnarvon Pockmark Field (water depth 680–930 m) is devel
oped on a partially buried paleo-pockmark field. The paleo-pockmark
field extends all over the surface of a buried paleo-submarine
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