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Abstract (B)

Fluid escape pipes are vertical pathways of focused flow venting from a variety of deep overpressure
sources. These geological features are typical of many sedimentary basins, including proven petroliferous
provinces worldwide, such as the North Sea and the Exmouth Plateau in the Northern Carnarvon Basin,
Northwest Australia. High quality three-dimensional (3D) seismic reflection data from the western Exmouth
Plateau revealed the occurrence of exceptionally well-imaged fluid escape pipes affecting the Jurassic
strata and the Triassic Mungaroo Formation, a key reservoir unit in the basin. A total of 171 fluid escape
pipes, including blowout, seepage and hydrothermal pipes, were mapped, and their geomorphic
characteristics were analysed. In the study area, these features form prominent vertical columns up to 4.5
km long disrupting continuous reflections of the Triassic to Jurassic section. Numerous fluid escape pipes
terminate with paleo-pockmarks affecting at the Upper Jurassic syn-extension strata, providing evidence
for pipe genesis during the early stages of the Late Jurassic rifting in the Exmouth Plateau . Fluid escape
pipes were found rooting from different stratigraphic levels, suggesting multiple fluid sources within the

Triassic sediments. Several fluid flow structures nucleated along or nearby rift-related fault planes within
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the Mungaroo Formation providing further evidence of rifting as a main triggering factor of important fluid
flow in the basin.

In the study area, the presence of fluid escape pipes represents a significant risk for the preservation of
potential hydrocarbons accumulations as when these features form, vertical fluid venting breaches through
stratigraphy compromising the integrity of seal units. This seems supported by the lack of significant

discoveries within the area covered by seismic survey analysed in this research.

Introduction (B)

Fluid escape pipes are key geological features that control fluid flow, including hydrocarbon migration, in
sedimentary basins (Ligtenberg, 2005; Cartwright et al. 2007; Cartwright and Santamaria, 2015). These
have been documented in many rift and passive margin settings such as the North Sea (Underhill, 2009),
the Karoo Basin of South Africa (Svensen et al. 2006), offshore Nigeria (Haskell et al. 1999), in the Congo
Basin (Gay et al. 2003), along the Norwegian margin (Svensen et al. 2004) and in the Exmouth Plateau

(Velayatham et al. 2018; 2019).

These structures result from vertical and sub-vertical uplift of focused fluid flow (e.g. oil, gas, groundwater
and magmatic fluids) venting from a source at depth to the seabed or land surface (Lgseth et al. 2009,
Andresen, 2012). Seismically, fluid escape pipes are defined by columnar zones of highly discontinuous
reflections that terminate in erosive, circular depressions referred as to paleo-pockmarks, which are
commonly associated with amplitude and velocity anomalies (Moss and Cartwright 2010; Cartwright and

Santamaria, 2015; Velayatham et al. 2018; 2019; Omosanya et al. 2020; Foschi and Cartwright 2020).

In rift basins, fluid flow is commonly influenced by extensional faults that may act as conduits or barriers for
fluid flow, depending on their three-dimensional geometry and growth history (Cartwright et al. 2007;
Magee et al. 2015; Roelofse et al. 2020). Subsurface interactions between extensional faults and fluids may

thus affect fluid migration pathways and distributions (Magee et al. 2015).

In the Exmouth Plateau, fluid escape pipes appear to significantly affect the Triassic Mungaroo Formation
(Fig. 1a), the main reservoir in the Northern Carnarvon Basin (Longley et al. 2002; Chongzhi et al. 2013;

Geoscience Australia, 2017; Bilal et al. 2018). This study presents a subsurface evaluation of the western
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Exmouth Plateau and associated fluid escape features affecting the Mesozoic plays in order to provide

insights into the controls on fluid flow history within the basin dynamics.

A total of 171 fluid escape pipes were mapped and analysed in detail using a high-quality 3D seismic
reflection data (Claudius 3D survey) from the western Exmouth Plateau, North West Shelf of Australia (Fig.
1). Velayatham et al. (2018) have published on a similar dataset of fluid escape pipes and focused their
analysis on quantifying the linearity of the distribution of paleo-pockmarks and the possible structural
control. This research represents an advance of this previous work by examining in detail the origin,
distribution and morphological characteristics of the pockmarks and associated pipes. We further
investigate the control on spatial distribution of the pockmarks and analyse and classify their associated

fluid flow pipes.

Several studies have analysed and characterised fluid escape pipes (e.g. Cheng et al. 2020; Cartwright and
Santamarina, 2015). In this study, fluid escape pipes were classified following the subdivision defined by
Cartwright et al. (2007) as blowout, seepage, and hydrothermal pipes. Pipes and associated pockmarks
were carefully evaluated using vertical sections integrated with seismic attributes along key stratigraphic
surfaces. Particular attention was given to understanding the geometric and timing relationships between

pipes and the prominent rift faults observed in the basin (Figs. 1b and c).

Geological setting of the Exmouth Plateau (B)

The Exmouth Plateau is an extensive marginal plateau located within one of world’s most prolific
hydrocarbon basins - the Northern Carnarvon Basin, North West Shelf of Australia (Chongzhi et al. 2013).
The Northern Carnarvon Basin has experienced a multi-phase history of faulting since the Paleozoic
(McCormack and McClay 2013; I'Anson et al. 2019; Deng and McClay 2019). The sedimentary infill of the
basin is formed by ~15 km thick Phanerozoic shallow marine siliciclastics and shelfal carbonates (Fig. 2;

Stagg and Colwell 1994; Rohead-O'brien and Elders 2018).

The breakup of eastern Gondwana during the Permo-Carboniferous involved a general north-west directed
extension that initiated the formation of the Northern Carnarvon Basin and fundamentally controlled the
later-stage evolution of the Mesozoic rift of the North West Shelf of Australia (Longley et al.2002; Gartrell

2000; Gartrell et al. 2016; Deng and McClay 2019). In the Exmouth Plateau, this resulted in a widespread
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deposition of marine sediments as shown in the stratigraphic chart in Figure 2 (AGSO, 1994; Pryer et al.
2014). Syn-rift basin infill of Early Permian glacio-fluvial sediments is overlain by Late Permian marine clastic
and carbonate deposits (Longley et al. 2002). This was followed by a regional post-rift subsidence that
accommodated the marine transgressive Lower to Middle Triassic Locker Shale that transitioned upwards
into the thick Upper Triassic Mungaroo Formation (Fig. 2) (Longley et al. 2002; Gartrell 2000; Rohrman
2013; Black et al. 2017), where numerous fluid escape pipes are observed (Figs. 2 and 3). The Mungaroo
Formation is composed of claystone, siltstones, sandstone, and coal sediments deposited by mainly fluvio-
deltaic systems. The formation contains the key reservoir intervals (Fig. 2; Longley et al. 2002). Subsequent
Late Triassic to Early Jurassic rapid subsidence resulted in the deposition of the Brigadier Formation and
Murat Siltstone, which form an Early to Mid-Jurassic condensed succession of thinly bedded shelfal

siltstone, claystone and marl (Fig. 2; Gartrell 2000; Longley et al. 2002; Gartrell et al. 2016; Bilal et al. 2018).

During the Middle to Late Jurassic, a major phase of rifting between Greater India and western Australia
occurred in the north of the Northern Carnarvon Basin (Tindale et al. 1998; Stagg et al. 2004; Gartrell 2000).
This phase focused in the eastern inner-board margin of the Exmouth Plateau, with only minor extension
occurred in the plateau (Jitmahantakul and McClay 2013; Bilal et al. 2018). The syn-rift succession
accumulated during this period consists of dominantly fine-grained marine sediments of the Athol
Formation and Dingo Claystone, deposited in a low energy environment and ponding into the hangingwalls
of rift structures (He and Middleton, 2002; Bilal et al. 2018). Jurassic extension was also accompanied by
the emplacement of magmatic sills and dykes intruding the Mungaroo and younger formations (Fig. 1b and
3; Symonds et al. 1998; Stagg et al. 2004; McClay et al. 2013; Rohrman 2013; Black et al. 2017; Magee et al.

2017; 2020).

The Late Jurassic rifting culminated in seafloor spreading, subsequently forming the Argo abyssal plain to
the northeast of the Exmouth Plateau at approximately 155 Ma (Muller et al. 1998; Longley et al. 2002;
Heine and Muller 2005; McClay et al. 2013). Breakup was associated with a regional marine transgression
and drove rapid and large subsidence with the deposition of the Barrow Group (Rohrman 2013) and
influenced crustal extension and thinning of the basin (Barber 1988; Driscoll and Karner 1998; He and

Middleton, 2002).
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The regional Early Cretaceous Valanginian (K20.0_SB) erosional unconformity the marks a late rifting onset
between Greater India and Australia (Figs. 1b, 2 and 3; Longley et al. 2002; Stagg et al. 2004; Black et al.
2017; Bilal et al. 2018) and seafloor spreading. The later lead to the opening of the Gascoyne (135 Ma) and
the Cuvier (133 Ma) abyssal plains to the west and south of the Exmouth Plateau, respectively (Longley et
al. 2002; Heine and Muller 2005; Gibbons et al. 2012; Black et al. 2017). The post-rift succession of the
Muderong Shale, Windalia Radiolarite and Gearle Siltstone represent prograding shelfal and slope
sediments from Late Cretaceous to Cenozoic with Paleogene and recent strata comprised of carbonate

dominated sequences in the basin (Fig. 2; Hocking 1988; He and Middleton 2002).

By the Late Oligocene - Early Miocene, convergence between the Australian and Eurasian plates (Keep et al.
1998; Hall 2012; Cathro and Karner 2006) resulted in shallow extensional faulting across the Northern
Carnarvon Basin causing tilting, inversion, and general widespread reactivation of the larger underlying
Triassic to Early Cretaceous rift structures (Fig. 3; Cathro and Karner 2006; Hall 2013; Longley et al.2002;

Van Tuyl et al. 2018).
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Data and Methodology (B)

Seismic and well data (C)

This study used a time-migrated marine seismic reflection survey acquired in 2010 that covers a total full
fold area of ~3750 km? (Claudius 3D survey; Fig. 1a). The survey is located in the western edge of the
Exmouth Plateau at water depths ranging from 1400-2000m (Fig. 1). It has inline (east-west) and crossline
(north-south) spacing of 12.7m and 18.8m, respectively. The data is zero-phased and processed following
the Society of Exploration Geophysicists (SEG) European polarity convention, whereby a downward
increase in acoustic impedance corresponds to a negative amplitude (black reflection); a decrease in
acoustic impedance corresponds to a positive amplitude (red reflection). A dominant seismic frequency of
50 Hz and a velocity of ~3.3 km s™ (Woodside, 2011b) yield a vertical seismic resolution of a proximately
16.5m at the interval of interest — a two-way time (TWT) of 2.5-4 seconds, which corresponds to the Upper

Triassic to Early Cretaceous successions, where the fluid escape pipes are observed.

The stratigraphic framework adopted in this research was constrained using bio-stratigraphic markers from
Eendracht-1 (Esso Australia 1981) and Alaric-1 (Woodside 2011a) wells (Fig. 1a). Nomenclature of key time
surfaces is based on the work of Marshall and Lang (2013) on the regional stratigraphy of the North West

Shelf of Australia.

Morphological analysis of fluid escape pipes (C)

As shown in the structural map of the Rhaetian TR30.1_TS, fluid escape pipes are mainly located on the
eastern part of the survey, which is the focus of this research (Figs. 4 and 5). Fluid escape pipes are
seismically interpreted as vertical to sub-vertical zones of disrupted reflections cutting through the stratal
succession (Figs. 4b and c). Hence, lateral and vertical boundaries of fluid escape pipes were identified by
the extent of such seismic disturbance of reflections (Fig. 4c). Seismic interpretation of pipes was mainly
carried out using standard amplitude volumes. However, a coherency attribute was also used to aid the

identification of pipes (e.g. Fig. 7) as it highlights discontinuous reflections (e.g. Li 2014).

In the study area, fluid escape pipes of variable sizes typically exhibit circular depression of disrupted

seismic packages along the Rhaetian TR30.1_TS and Oxfordian J40.0_SB horizons (Fig. 4c). These erosive
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features were interpreted as pockmarks connected to a source at depth via the fluid escape pipes (Fig. 4).
The pockmarks are exceptionally well-imaged at the Rhaetian TR30.1_TS level where they display clearer
pipe openings than those observed at the Oxfordian J40.0_SB level. This is because the majority of fluid
escape pipes affected TR30.1_TS and terminated at the J40.0_SB unconformity or slightly below. Thus,

horizon TR30.1_TS was used to map the spatial distribution of fluid escape pipes in the survey area (Fig. 4a).

Once the location of the pipe openings was defined and mapped, vertical seismic sections were taken
through these features in order to analyse the morphologies of associated fluid escape pipes. The following

measurements were recorded (Fig. 4c):

e Pipe conduit bottom (PiB): |dentified as the pipe root zone where the pipe bottom conduit
reflections terminated (measured in TWT depth). This mesurement provides a proxi for the
stratigraphic units where the interpreted pipes are sourced.

e Pipe top (PiT): Commonly, pipes terminate upwards with pockmarks (e.g. Fig. 4c). This measurement
is the depth (TWT) of the top of such pockmarks. This measurement is important as it gives indication
of the stratigraphic level where pipes terminated upwards, hence this provides constraints on the
timing of formation of fluid escape pipes (Cartwright and Santamarina , 2015).

e Pipe conduit length (PiL): this was derived from the subtraction of the pipe top (PiT) and the pipe
conduit bottom (PiB) to obtain a total length (TWT) of the pipes. These measurements were depth
converted to meters using checkshot survey of Alaric-1 well (Woodside, 2011b). An average velocity of
3300m/s was considered for the upper section of the Mungaroo Formation where fluid escape pipes
are observed.

e Pipe diameter (PiD): this is the maximum pipe column diameter. It was typically taken near the upper
end of each pipe conduit since most pipes exhibited to be wider in their respective upper zones.
Together with PiL (Pipe conduit length), this is a key measurement that provide constraints for the

morphology of the fluid escape pipes analysed in the study area.
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Seismic stratigraphy (B)

The stratigraphy of the research area ranges from Triassic to recent. However, the study focuses on the
Upper Triassic to Early Cretaceous succession where the fluid escape pipes are observed. This succession
can be divided into three major tectono-stratigraphic megasequences and further subdivided into six units

(Figs. 2 and 3; Table 1).

Pre-rift megasequence (155 Ma-250 Ma) (C)

Lower Norian and older (lower -Mungaroo Formation) (D)

Is the deepest in the area and mainly forms the lower part of the Mungaroo Formation (Fig. 2 and Table 1).
The unit is bounded to the top by the TR22.4 seismic horizon which has variable continuity due to poor
seismic imaging and extends to the bottom of the survey at 6s (TWT). The Eendracht-1 Well Report (1981)
indicates that a third of the unit is composed of thick grey sandstones, and the rest by argillaceous

siltstones with dark grey claystones identified as the deltaic sediments of the Mungaroo Formation.

These sediments are seismically imaged as low to high amplitude and continuous parallel reflections (Figs. 2

and 3). Several fluid escape pipes are rooted within this unit.

High amplitude reflections that transgress stratigraphy and show evidence of abrupt terminations are
interpreted as igneous intrusions, including sills and local dykes. Sills occur mainly at depth of 5.9s (TWT)
and extends ~5 km from west to east (Fig. 1). A number of fluid escape pipes are located above the sill

indicating their hydrothermal genesis.

Middle to Upper Norian (upper Mungaroo Formation) (D)

This unit represents the upper part of the Mungaroo Formation and incorporates two regional high
amplitude and continuous markers: TR26.1_TS in the middle section (above TR22.4_MFS), and the Intra-
Triassic TR27.2_MFS maximum flooding surface which bounds this unit to the top(Figs. 2 and 3; Woodside
a, 2011).

The section below the TR26.1_TS marker, displays parallel reflections with predominantly low amplitude
responses representing the siltstones, calcareous claystones and minor sandstone (Esso Australia, 1981) of

the Mungaroo Formation. Coarser material from this unit could be reflected in the few isolated medium
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amplitude reflections displayed in the seismic within Mungaroo Formation. The upper section of this unit
(above TR26.1_TS) exhibits high-amplitude parallel reflections, potentially suggesting the presence of

coarser material in the succession.

Uppermost Norian to Lower Rhaetian (Uppermost-Mungaroo Formation) (D)

This unit represents the uppermost part of the Mungaroo Formation and it is composed predominantly of
siltstones and calcareous claystones with minor amounts of sandstone deposited in a shallow marine
environment (Marshall and Lang, 2013). The transition to dominant marine sediments is displayed by
parallel and continuous reflections with low amplitude at the bottom of the section and with variable
amplitudes at the top (Fig. 3). The Mungaroo Formation is bounded to the top by the TR30.1_TS
transgressive surface, which is displayed as a continuous, strong amplitude reflection across the survey
area. Apart from the extensive fields of pockmarks analysed in this study, this surface also shows isolated
carbonate mounds to the west of the survey area (Fig. 4a). These are seismically characterised by dome-

shaped features and represent an Upper Triassic carbonate system (Grain et al. 2013).

Rhaetian to Oxfordian (D)

This unit is formed by packages of parallel reflections bounded by the Rhaetian TR30.1_TS transgressive
surface at the bottom and by the Oxfordian J40.0_SB unconformity at the top (Fig. 3). The strata consist of
thick dark grey claystones and marls of the Brigadier, Murat and Athol formations and lower Dingo

Claystone (Marshall and Lang 2013). This unit is where most of the fluid escape pipes seem to terminate.

Syn-rift megasequence (155 Ma-140 Ma) (C)

Oxfordian to Valanginian (D)

The unit shows strongly wedging and fanning growth strata of the syn-rift megasequence with variable
amplitudes. Overall, the unit thicken in the hangingwalls of the N-S to NNE-SSW extensional faults and
extend from the J40.0_SB Oxfordian unconformity to the K20.0_SB Valanginian unconformity. It consists of

the Dingo Claystone and Barrow Group (Figs. 2 and 3).

Post-rift megasequence (140 Ma — present) (C)

Valanginian to Cenozoic (D)
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Dominant carbonate and minor clastics characterise this succession. The unit is bounded by the Valanginian
K20.0_SB unconformity at the bottom and by the seabed at the top (Fig. 3). The lower section exhibits
parallel and continuous reflections with low to medium amplitude responses heavily affected by polygonal

faults (Fig. 3).

Main structures (B)

The pre and syn-rift megasequences (Table. 1) where fluid escape pipes were interpreted, are affected by a
series of well-developed, N-S to NNE-SSW-oriented planar extensional fault arrays with associated growth
strata in their hanging-wall basins (Fig. 3). Major faults are affected by footwall-scarp degradation and
exhibit complex linkage pattern along both strike and dip (Figs. 3 and 4). Hanging-wall basins are underfilled
and segmented along strike (Fig. 4). Most of the faults terminate below the Valanginian K20.0_SB
unconformity. Extensive polygonal faults occur in the carbonate dominated sediments of the Valanginian to
recent post-extension sequences. Polygonal faults and reactivated extensional faults appear to be the

youngest structural element as they are restricted to the post-extension sequence (Fig. 3).

Half-graben array (C)

The structural style of the research area is typically characterised by domino-style, planar extensional faults
that form half-grabens up to 10 km width with an overall NNE-SSW trend (mean strike trend 022; Figs. 5a
and 5b). Within the half-grabens, fanning strata geometries representing syn-rift growth strata are
observed (Fig. 3). The age of the growth strata is interpreted to be Oxfordian to Valanginian, indicating a
major phase of extension in the area from the Late Jurassic to Early Cretaceous (Fig. 3). The upper tip of
half-grabens bounding faults terminates predominately below the Valanginian K20.0_SB unconformity
while the lower tip extends beyond the bottom limit of seismic data. Some of the bounding faults
propagate upwards, refract within the Cenozoic strata and, in places, links vertically with the polygonal
faults (Fig. 3). This evidence indicates that the half-graben-bounding fault array was reactivated in the

Cenozoic.
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Minor intra-graben array (C)

A series of dominantly east dipping, domino-style planar extensional faults form minor intra graben faults
with a dominant NNW-SSE trend (mean strike trend 338°; Figs. 3, 5a and 5b). These faults exhibit complex
early linkage structures and their NNW-SSE trend is consistent with the spatial alignment of the pockmarks
interpreted in this study (Fig. 5). The upper tip of the faults terminates within the upper Jurassic syn-

extension strata while the lower tip terminates within the uppermost Triassic strata.

Characterisation of fluid escape pipes (B)

Classification (C)

In this research, a total of 171 fluid escape pipes were identified and classified into blowout (140), seepage
(26) and hydrothermal (5) pipes. Blowout pipes are the most common type, contributing 82% of the total
pipes (Fig. 6a). Whereas 15% of fluid escape pipes were identified as seepage being scattered in the study
area and commonly found together with blowout pipes (Fig. 5a and 6a). Hydrothermal fluid escape pipes
comprise only 3% of the pipes, making these the least common type of pipes in the study area (Fig. 6a).
These pipes are spatially related to igneous sills at depth, with the root zone of hydrothermal pipes within

the Lower Norian and older unit (Fig. 1).

Spatial analysis and relation to fault arrays (C)

All three types of fluid escape pipes were widely distributed across the study area (Fig. 5a). Typically, fluid
escape pipes were found in clusters aligned parallel to sub-parallel to the minor NNW-SSE-trending intra-
graben fault array in trails up to 39 km long arranged in an overall NNW-SSE (338°) trend (Fig. 5 a and 5b).

Few pipes, however, were found as isolated features, unrelated to the fault arrays (Fig. 5c).

Fluid escape pipes appeared to cross-cut pre-existing fault planes as they extended upward from their root

zone with blowout pipes displayed this occurrence the most. The pipes nucleate at or near fault planes with
pockmarks at or near Late Jurassic Oxfordian J40.0_SB unconformity. More than half of the pipe population
was identified rooting from graben bounding faults and from the minor intra-graben fault arrays (Fig. 5¢

and 7).
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Morphological analysis (C)

The pipe population exhibit an average diameter of 115 m (Fig. 6b). Hydrothermal pipes have the largest
diameters (> 200m) followed by blowout pipes and seepage pipes with average diameter of ~100m (Fig.
6b). Strikingly, most of the pipe population was found to have their top terminus at narrow depth interval
of 3-3.2s (TWT; Fig. 6b). This depth is regionally correlated to J40.0_SB Oxfordian horizon (Fig. 8). In
contrast, the root zone of the blowout, seepage and hydrothermal pipes was found at different depths
indicating multiple fluid sources at different stratigraphic levels in the Triassic and older strata, typically at
depth interval from 3.4s to 6s (TWT) (Figs. 6e and 7). Within this depth range, distinct frequency maxima
can be identified (Fig. 6e) - one in the Upper Norian at 3.8s (TWT), and three in the Lower Norian and older
at 4.2s (TWT), 4.6s (TWT), and 5.6s (TWT). Figure 7 displays examples of blowout pipes rooting at these

different stratigraphic levels.

Pipe length (D)

Fluid escape pipes displayed a wide range of lengths, thus, they were categorised into short (<1500 m),
medium (<3000 m), and long (=3000 m) pipes. Over 50% of the pipe population length was found to be
short, with the shortest being a seepage pipe ~80 m long. 35% of pipes were medium and just over 10%
was categorised as long pipes. The longest pipe is a hydrothermal pipe exceeding 4.5 km in length (Fig. 6d).
Overall, seepage pipes are prominently short, blowout pipes tend to be short to medium, and

hydrothermal pipes were found to be the longest (Fig. 6d).

Discussion (B)

Fluid escape pipes, Jurassic extension and magmatism (c)

The wedge-shaped growth strata found in the hanging-walls of the half-graben array in the study area is
interpreted to form a syn-rift sequence that is constrained between the J40.0_SB Oxfordian and K20.0_SB
Valanginian unconformities (Fig. 3). This implies that the main extension in the western Exmouth Plateau
occurred at that time (Fig. 8). The extensional event well conforms with studies of Heine and Miiller (2005),
Longley et al. (2002) and Marshall and Lang (2013) who proposed a Late Jurassic rift that culminated with

the initiation of the Argo seafloor spreading at ~155 Ma.
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Since the J40.0_SB Oxfordian unconformity represents the onset of rifting and also is where the top
terminus of the pipe population was found (Fig. 5a, 7b and 10), it is proposed that fluid escape pipes
formed at the beginning of the main rifting phase in the Late Jurassic, subsequent to the formation of the
Oxfordian unconformity (J40.0_SB) and prior to the development of the Valanginian unconformity
(K20.0_SB). Thus, the timing of pockmarks formation is roughly constrained between Oxfordian and
Berriasian, slightly earlier than the interpretation of Velayatham et al. (2018) (Fig. 9). The different direction
of the two rift fault arrays (i.e NNW-SSE-trending minor intra-graben and NNE-SSW-trending half-graben
array) indicates that these two trends have possibly formed at different times (Fig. 5b and 9). Pockmarks
and underlying pipes are interpreted to have no relation to the NNE-SSW trending, dominantly west-
dipping major extensional faults. However, they are strongly aligned with a series of low displacement,
NNW-SSE-trending intra-graben faults (Fig. 5). Fluid flow features in the Exmouth Plateau are commonly
interpreted to form linear trends that are parallel to the low displacement intra-rift faults that trend to

both NNE-SSW and NNW-SSE (e.g. Velayatham et al. 2018; 2019; Bilal 2019).

Fluid escape pipes displayed a wide range of lengths, with blowout and hydrothermal pipes associated to
the deep overpressured layers, where fluid pressure was likely the highest. According to Leduc et al. (2013)
fluid escape pipes found in the Niger Delta were also identified with several lengths and diameters which
genesis involved hydraulic fracturing of the overburden. The authors noted that fluid escape pipe genesis
involved lateral pressure transfer from channel complexes rooting from the crest of anticlines. In the study,
area of this research the pipe population was found rooting from different stratigraphic sources within the
Mungaroo Formation (Figs. 6e, 8 and 9). Thus, we infer that faulting associated with the NNW-SSE-trending
intra-graben array resulted in the breach of multiple overpressured layers that were present at different
stratigraphic levels within this formation. Extensional tensile stresses, developed during rifting, may have
also increased buoyancy in the overpressured layers of the Mungaroo Formation inducing hydraulic
fracturing in the root zone of fluid escape pipes. This led to vertical fluid migration resulting in genesis of
fluid escape pipes towards the J40.0_SB paleo-seabed prior deposition of the Dingo Claystone and Barrow
Group sediments (Fig. 2). We propose that in the Exmouth Plateau soon after breaching, pipes became
inactive as fluid pressure was released as shown by the lack of pipes in the strata immediately above the

Oxfordian unconformity (Fig. 9).
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Hydrothermal pipes result from the intrusion of sills into porous sedimentary rocks and release of pore-
waters and magmatic fluids (Figs. 9 and 10; Holford et al. 2013). In the study area, since these pipes were
also found terminating at the J40.0_SB horizon, we suggest that magmatic activity here coincided with the
Late Jurassic extensional phase (Figs. 9 and 10). These findings are in a agreement with Rohrman (2013),
Holford et al. (2013) and Bilal (2019) who proposed that, in the Exmouth Plateau, igneous intrusions were
emplaced during the Late Jurassic to the Early Cretaceous. Our study suggests that igneous activity was
short-lived and constrained within the Late Jurassic as indicated by the termination of hydrothermal pipes

at the Oxfordian unconformity.

Morphology and genesis of fluid escape pipes (C)

It is proposed that high levels of overpressures sustained the propagation of blowout pipes since these are
rooting from deeper stratigraphic levels of the Mungaroo Formation and also displayed wider and larger
conduits (Fig. 6b, 6d and 6e). Uplift of fluids under conditions of high pressure in blowout pipes is
supported by the fact that commonly these pipes exhibit prominent pockmarks at the upper terminus,
which might indicate explosive release of fluids at the paleo-seabed. Blowout pieps have also been
identified in the North Sea (Maestrelli et al. 2017) and several other studies including Palan et al.(2020),
Loseth et a/.(2011) and Traynor and Sladen (1997) who have given evidence and supported the explosive
genesis of associated pockmarks. Since blowout dominate the study area, this implies that Triassic sources
of fluids in the Exmouth Plateau must have been highly overpressured.

Seepage pipes terminate in mounds lacking a violent outburst of fluid to generate pockmarks as Cartwright
et al. (2007) proposed. It is argued that seepage pipes form under relatively less pressure than blowout
pipes which outlines their major difference. This is supported by morphological results of our study
displaying seepage pipes being narrower with shorter lengths and sourcing from shallower root zones (Fig.
6b, 6d and 6e).

Hydrothermal pipes are the longest and wider pipes in the study area (Fig. 6b and 6d). We propose that
magmatic activity in the Late Jurassic syn-extension lead to an increase of lithostatic pressure due to the
emplacement of igneous sills at depth. Such resulted in a large and greater vertical outburst of magmatic
fluid flux and fracture of the pore network. Therefore, the genesis of these pipes involves greater pressure

changes and higher fluid outburst.
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Controls on fluid escape pipe occurrence and overpressure (c)

Pipe-fault spatial relation (D)

The NNW-SSE-oriented intra-graben minor faults and fluid flow features interpreted in this research have a
strong spatial relationship (Fig. 4). Pockmarks and their underlying fluid escape pipes have been interpreted
to lie within highly linear NNW-SSE pockmarks trains, which are parallel to sub-parallel to the NNW-SSE-
oriented minor intra-graben extensional faults (Fig. 5a and 5b). These faults have been interpreted to have
formed during the Late Jurassic (Oxfordian) to Early Cretaceous (Valanginian) rifting of the Exmouth
Plateau. Breaching of one, or multiple overpressured source layers within the pre-rift Mungaroo Formation
during rifting by the formation of the intra-graben faults not only triggered the formation of fluid escape
pipes, but also caused the extraordinary long (39 km) and linear trains of the pockmarks observed at the

Rhaetian (TR30.1 SB) and Oxfordian (J40.0 SB) levels (Figs. 5a, 5¢, 9. and 10).

Depending on the local mechanical characteristic of fault damage zones, fluids may or may have not used
faults as migration pathways prior vertical propagation towards the paleoseabed (Fig. 10 and 11). Similar
relations of fluid escape pipes have been observed in the North Sea, where these were described as
‘channel-like features’ resulting from hydrothermal venting of their magmatic fluids during intrusion
(Underhill 2009). Structural control of faults on pockmarks distribution and focused fluid flow has also been
documented in the northern Gulf of Mexico (Roelofse et al. 2019), offshore Angola (Maia et al. 2016) and

South China (Wang et al, 2019).

In this research, the isolated blowout and seepage pipes (Figs. 5a, 10 and 11), and respective root zones,
were not found related to the fault arrays. It is envisaged that minor faults and fractures (below the seismic
resolution of ~16.5m) may have initiated these isolated pipes. Alternatively, they might have been

originated by sills at depths, not imaged by the 3D seismic survey (Fig. 10).

Hydrothermal activity (D)

Hydrothermal pipes were found rooting at great depths from sills and possible dykes (i.e. Magee et al.
2020) in the Lower Norian unit and showing the longest conduits (Fig. 7). Some pipes extend beyond the
lower boundary of the seismic dataset, suggesting deeper sources, potentially from deep sills. It is known

that hydrothermal fluids are derived from devolatilization of magma and from the host sediments by
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localised heating and metamorphism (Cartwright et al. 2007; Cartwright and Santamarina 2015). These are
likely the sources of fluids related with the hydrothermal pipes mapped in the area. Igneous intrusion-
induced hydrothermal vents have also been recognised in other parts of the Exmouth Plateau (e.g. Bilal
2019; Magee et al. 2020) where fluid was released from the sills, ascended through the overlying Triassic

and Jurassic strata, before being expelled in the Late Jurassic, post the Oxfordian J40.0 SB unconformity.

Hydrocarbon generation and formation of overpressure (D)

Models of overpressuring by gas generation have supported an increase in volume of pore pressure leading
to generation of overpressure in closed systems (Hansom and Lee, 2014). Fluid migration is related to the
release of overpressure due to hydrocarbon expulsion from source rocks (Judd and Hovland 2007; Cheng et
al. 2020). Therefore, hydrocarbon release and volume expansion can lead to the excess overpressure and
would favour fluid escape pipe genesis (Fig. 11a and 11b). Formation of overpressured layers due to
hydrocarbon generation have been documented in the Niger Delta (Cobbold et al. 2004) and in the Baram
Delta (Tingay et al.2009). In the Exmouth Plateau, overpressure might have been produced from the
generation and maturation of abundant organic matter within the Triassic Mungaroo Formation shales (Fig.
11a; Barber, 1988; Swarbrick, 2002). Heat flow models calibrated to well data from Jarvis and Mckenzie
(1980) and He and Middletone (2002) indicate that a main phase of hydrocarbon generation and
accumulation took place in the Triassic Mungaroo Formation during the main rifting event in the Oxfordian
(Fig. 9). Thermal modelling by Barber (1988) and vitrinite reflectance measurements by Cook et al. (1985)
suggests that the hydrocarbon generation began in the Late Triassic to Early Jurassic, through the Tertiary.
This studies above might support that hydrocarbon-bearing overpressured layers were being charged since
the Late Triassic (Fig. 9) and were subsequently beached by Late Jurassic rift fault resulting in the formation

of fluid escape pipes (Fig. 11).

Implications for hydrocarbon exploration (C)

Hydrocarbon charge across the Exmouth Plateau is sourced from organic-rich shales and the coal-rich beds
of the Triassic Mungaroo Formation. The main reservoir units are the sand-prone facies of the Triassic
Mungaroo Formation, the Upper Triassic carbonate buildups of the Brigadier Formation and the Early

Cretaceous Barrow Group (Grain et al. 2013; Chongzhi 2013; Marshall and Lang 2013; Geoscience Australia,
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2017). Although the Mungaroo Formation constitutes intra-formational seals, the Early Cretaceous marine

Shale acts as a regional seal in the area (e.g. Chongzhi et al. 2013).

Fluid escape pipes are important for hydrocarbon exploration as they provide insights into reservoir
location, play a critical role in fluid migration pathways, and constitute risks for seal integrity (e.g.
Andresen, 2012). It is therefore fundamental in hydrocarbon exploration to understand the effect that fluid
escape pipes might have in a basin. Pockmarks are also commonly used to evidence the occurrence or
leakage of deeper petroleum systems (Hovland and Judd, 1988; Andresen et al. 2011), hence, fluid escape

pipes can be used as indicators of hydrocarbon presence (e.g. Heggland 2005; Andresen 2012).

In the study area, the occurrence of numerous fluid escape pipes (Fig. 5a) might suggest expulsion of
potential hydrocarbons sourced from the Mungaroo Formation into the Jurassic strata (Fig. 10, 11b and
11c). Furthermore, fluid escape pipes represent a risk for the seal integrity for the Mungaroo Formation
and migration pathways to Jurassic and Early Cretaceous plays. Evidence of hydrocarbon seepage from
deep reservoirs is widely reported across the Exmouth Plateau (e.g. Jablonski et al. 2013; Paganoni et al.
2019). The potential presence of igheous features and related structures (i.e. Magee et al. 2020) within the
Mungaroo Formation helps to better assess the stability in the area and analyse these structures as

potential geohazards for exploration in the western Exmouth Plateau.

Petroleum exploration in the area (Fig. 1a) displayed variable hydrocarbon levels: Alaric-1 discovered a
185m gas column (Woodside, 2011a), Eenchdrach-1 a net section of 25m, Cadwallon-1 a 27m gross
hydrocarbon column (Woodside, 2011), and Tiberius-1 and Genseric-1 appeared dry (Geoscience Australia,
2017). Geoscience Australia (2017) has concluded that the lack of hydrocarbons found is due to the eroded
Jurassic strata that could not provide a suitable seal for the system. Nonetheless, it is suggested that
hydrocarbons not only migrated during the early hydrocarbon generative phase in the Late Triassic (Barber,
1982), but also potential uplift of hydrocarbons through fluid escape pipes occurred in the early stage of
rift, when traps were likely not fully formed (Fig. 9). Hydrocarbon accumulation is also likely to have been
impacted by the multiphase tectonic history of the area that might have resulted in episodic charging and

seal breach.
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Alaric-1, Eenchdrach-1 and Cadwallon-1 have found gas discoveries in the study area, therefore, we argue
that hydrocarbon maturation continued during the Late Jurassic rifting, potentially aided by fluid escape
pipes that acted as conduits from breached sourced hydrocarbon layers leading to migration and trapping
within the tilted Mesozoic fault blocks. This would encourage exploration in the area around pipes

surrounding viable trapping structures.
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Conclusions (B)

The Triassic and Jurassic successions of the Mungaroo Formation in the western Exmouth Plateau is heavily
affected by fluid escape pipes and related pockmarks. Analyses of high-quality seismic data revealed three
types of fluid escape pipes: blowout are the most common pipes found, followed by seepage pipes and
hydrothermal pipes. All fluid escape pipes have possibly formed at the same time during the early stages of
rifting in the Late Jurassic. Analysis of fault-pipes timing relationships suggests that a main Late Jurassic rift-
related extensional event caused breaching of overpressured layers in the basin. Consequent hydraulic
fracturing produced vertical outburst of fluid towards the J40.0_SB Oxfordian unconformity, thus, creating
NNW-SSE-trending clustered fluid escape pipes aligned parallel to sub-parallel to the intra-graben rift
structures. The NNE-SSW major faults are interpreted to have no relation to the formation of the

pockmarks and fluid escape pipes.

Different overpressure magnitudes likely controlled the morphology of fluid escape pipes. Deep, highly
overpressured sources originated long and wide explosive pipes with well-developed pockmarks at their
upper end - e.g. hydrothermal and blowout pipes. Shallow rooting pipes with limited pressure drive
resulted in short seepage pipes terminating in mounds. Pipes rooting at different depths indicate the
presence of overpressured layers at different stratigraphic levels in the Mungaroo Formation. Such
overpressures were likely developed from hydrocarbon generation during the Triassic (blowout and
seepage pipes) and by emplacement of igneous intrusions at the time of rifting (hydrothermal pipes). These
features can operate as conduits for potential reservoir charge of the shallow reservoirs in the upper part
of the Triassic Mungaroo Formation. This encourage exploration around fluid escape pipes intercepting

viable rift-related traps.
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Figure captions

Figure 1. Claudius 3D survey location and regional overview. (a) Regional framework of the Northern
Carnarvon Basin, offshore Western Australia. Navy blue block represents the Claudius 3D survey in the
Exmouth Plateau and the purple line indicates the location of the regional seismic section displayed in Fig.
1b. The top Triassic TR30.1_TS surface map is superimposed to bathymetric contours in blue and constrains
the location of five wells used in this research. (b) Uninterpreted and (c) interpreted 2D regional seismic
cross-section showing the key tectonostratigraphic sequences and structural architectures of the Exmouth
Plateau. The Triassic and older strata is affected by domino-style extensional faults. Large igheous intrusions

are present in this respective unit.

Figure 2. Seismo-chronostratigraphy chart of the Exmouth Plateau. Figure comprises simplified stratigraphy
of the research area and tectonic events based on growth strata documented in the Claudius 3D survey and
following Longley et al.(2002). The sequence stratigraphy nomenclature folllows Exon et al.(1992) and

Marshall and Lang (2013).

Figure 3. Uninterpreted and interpreted seismic section highlighting details of the tectono-stratigraphic
megasequences of the western Exmouth Plateau. Key interpreted horizons and their ages are also shown.
The giant Mungaroo Formation is significantly affected by domino-style extensional faults with thin Late
Jurassic to Early Cretaceous growth strata in their hangingwalls, suggesting fault activity during this time.

Line location is shown in Figure 1a.

Figure 4. Characterisation of fluid escape pipes in the Claudius 3D survey. (a) Time structure map of the
Upper Triassic Rhaetian (TR30.1_TS) surface showing the main NNE-and NNW-trending extensional faults of
the research area. The study area is focused on the eastern part of the Claudius survey where most fluid
escape pipes occur as shown by the yellow polygon. Additionally, several mounds located towards the west
of the survey area characterise the Uppermost Triassic carbonate reef system in the Claudius 3D survey. (b)
Detailed image showing the NNW-trending pockmark trains at the Rhaetian level. (c) Vertical seismic section

illustrates details of a fluid escape pipe recorded measurements to analyse their morphology.
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Table 1. Stratigraphic units and seismic horizons characteristics. Table summarises the three main regional
tectonostratigraphic megasequences and their respective sequences identified from the Claudius 3D survey,

displaying independent selected horizons, their age, and seismic polarity.

Figure 5. Spatial distribution of fluid escape pipes and main structures (a) TR30.1_TS surface map of the
research area showing the three types of fluid escape pipes identified in this study; blowout pipes (blue),
seepage (yellow) and hydrothermal (orange). Aligned clusters in blue represent the common distribution of
fluid escape pipes. (b) Rose diagram displaying a strong spatial relationship between fluid escape pipes, and
the minor intra-graben fault arrays with a dominant NNW direction. Note the NNE dominant trending of the
half-graben bounding faults. and the half-graben-bounding fault array with a NNE direction. (c) Detail map of
the Rhaetian showing the spatial distribution of clustered and isolated pipes within the minor array in the

TR30.1 map surface.

Figure 6. Statistical morphological results. (a) Numerical proportion of blowout, seepage and hydrothermal
pipes in the research area. (b) Variation of the calculated average pipe column diameter encountered in fluid
escape pipes. (c) Variation of pipe top terminus depth where most pipes end between 3-3.2 TWT. Such
depth correlates with the Jurassic J40.0 SB regional horizon. (d) Length of fluid escape pipes where pipes
being <1500m long are classified as small, <3000m long are medium and >3000 are considered long. (e) The
root zone variation analysis shows the pipe bottom depth and respective maximus for blowout, seepage and

hydrothermal pipes.

Figure 7. Detailed seismic cross section displayed as (a) normal amplitude and (b) ESP coherency extraction
(dark colour reflections represent low coherency and light colours high coherency) displaying fluid escape

pipes (P1-P5) conduit bottom and root zone in different stratigraphic levels.
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Figure 8. Uninterpreted and interpreted seismic sections displaying fluid escape pipes top conduit terminus
in the same J40.0 SB stratigraphic level with no signs of reactivation of further propagation above this

horizon.

Figure 9. Schematic evolution of the western Exmouth Plateau. Rapid sedimentation and hydrocarbon
maturation occurred during the Late Triassic extending to the Early Jurassic. Late Jurassic syn-rift developed

the half graben array and emplaced igneous intrusions leading to the triggering of fluid escape pipes.

Figure 10. Schematic 3D diagram showing the occurrence of the three types of fluid escape pipes identified
in this study and how these are related to the structures. Note how the pipes are sourced from different
stratigraphic levels and their trend is parallel to minor fault strike. Pipes may nucleate at or along the fault

planes.

Figure 11. 2D models showing the evolution of fluid escape pipes in the western Exmouth Plateau. (a) Rapid
sedimentation of the Mungaroo Formation and hydrocarbon generation induce overpressure; (b) Formation
of NNE- and NNW-trending extensional faults during rift development together with sills emplacement
induce excess of overpressure and fluid escape pipe formation; (c) During the main syn-rift, major faults
propagation and linkages, release of overpressure and expulsion of the escape fluid at the Oxfordian level;
(d) End of rifting and cessation of fault activity, burial of paleo-pockmarks by Early Cretaceous strata; (e)
During passive margin stage, major extensional faults were reactivated together with the development of

extensive polygonal faults.
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