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 HIGHLIGHTS 

 A natural gas hydrate system is interpreted to occur on the Exmouth Plateau 

 

 The hydrocarbon plumbing system is controlled by deep tectonic structures 

 

 Both cross-stratal and stratal pathways supply gas to the hydrate stability zone 

 

 The origin of the hydrate-forming gas is interpreted to be thermogenic 

 

 The gas hydrate reservoir is composed of nannofossil and foraminifera-rich oozes 

*Highlights (for review)
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 8 

Abstract 9 

 10 

The identification of natural gas hydrates and shallow free gas in sedimentary basins is critical for 11 

understanding the organic carbon cycle dynamics in the shallow geosphere, as well as for geohazard 12 

studies related to the development of commercial hydrocarbon fields. In this study, we report for the 13 

first time the evidence for the potential occurrence of a natural gas hydrate system along the 14 

continental margin of Australia, on the Exmouth Plateau (NW Shelf). By the use of high-quality 3D 15 

seismic data, calibrated by downhole data from ODP and industry boreholes, we interpret a series of 16 

shallow high-amplitude anomalies, including patchy bottom-simulating reflections, as the seismic 17 

expression of localised accumulations of free gas beneath the base of hydrate stability, and 18 

overlying high-saturation hydrates or authigenic carbonates. The hydrate-bearing reservoir is 19 

constituted by Neogene and Quaternary fine-grained carbonate nannofossil and foraminifera-rich 20 

oozes. The patchy distribution of the shallow free gas and hydrate accumulations, which reflects the 21 

geometry of deeper fault blocks, is hypothesised to result from the leakage of thermogenic gas from 22 

deeper reservoirs. The interpretation of a thermogenic origin for the hydrate-forming gases is 23 

supported by (1) the existence in the study area of several thermogenic gas discoveries within Late 24 

Triassic reservoirs, (2) seismic evidence of cross-stratal and stratal pathways for migrating gases in 25 

the overburden, (3) the presence of free gas accumulations at depths intermediate between the deep 26 

reservoirs and shallow gas hydrate systems, and (4) geochemical and lithological evidence that the 27 

conditions which favour the generation of shallow microbial gas are not present in the area. The 28 

acquisition of downhole log and sample data through the observed seismic amplitude anomalies is 29 

necessary to test the interpretations and hypotheses presented in this manuscript. 30 

 31 

Keywords: gas hydrates; free gas; thermogenic gas; gas reservoir; bottom-simulating reflection; 32 

amplitude anomalies; fluid flow.  33 
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1. Introduction 34 

Natural gas hydrates and shallow free gas are critical components of hydrocarbon plumbing 35 

systems and organic carbon cycle dynamics in a variety of sedimentary basins (Baba and Yamada, 36 

2004; Borowski, 2004; Tréhu et al., 2006; Collett et al., 2009; Bünz et al., 2012). Methane-rich 37 

hydrate-forming gases are supplied through a variety of processes, including short and long-range 38 

diffusion, and advective migration mechanisms, where the source gas is of microbial, mixed or 39 

thermogenic origin (Sassen et al., 1999; Milkov, 2005; Malinverno and Goldberg, 2015). 40 

The bottom-simulating reflection (BSR) is a typical reflection seismic proxy of such systems 41 

and is often assumed to approximate the base of the gas hydrate stability zone (BGHSZ) (Holbrook 42 

et al., 1996). The lateral continuity of BSRs varies as a function of the availability of methane in the 43 

system, lithology, free gas distribution, and seismic acquisition parameters (Shedd et al., 2012; 44 

Hillman et al., 2017). Regardless of the seismic expression of BSRs, it is well agreed that even 45 

small amounts of free gas in the sediment pore space are enough to change the acoustic character of 46 

shallow sediments dramatically and, therefore, generate high amplitude anomalies (Lee, 2004). In 47 

contrast, natural gas hydrates are only seismically visible if they occur at elevated concentrations 48 

along permeable layers or within pockmark and chimney-like features (Boswell et al., 2016; Fuji et 49 

al., 2015; Matsumoto et al., 2017; Marsset et al., 2018). 50 

The characterisation of cross-stratal pathways for hydrocarbon migration is critical for 51 

understanding long-range advective systems fostering hydrate accumulation. Such pathways can 52 

include different type of faults, as well as chimney-like features (Gorman et al., 2002; Hustoft et al., 53 

2007; Crutchley et al., 2013; Simonetti et al., 2013; Li et al., 2017). Identifying these cross-stratal 54 

components of hydrocarbon plumbing systems is also part of the seal risk assessment for deep-55 

seated conventional hydrocarbon traps (Wiprut and Zoback, 2000; Gartrell et al., 2004; Bailey et 56 

al., 2006; Cartwright et al., 2007; Løseth et al., 2009; Hermanrud et al., 2014). Overall, the quality 57 

of a seal depends on its geometry, capacity, and integrity, with the retention of hydrocarbon fluids 58 
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at depths being potentially compromised by seal fracturing, faulting, erosion, or lateral changes in 59 

the seal thickness and physical properties (Downey, 1984; Watts, 1987; Jones and Hillis, 2003; 60 

Underschultz, 2007). Upon seal failure, hydrocarbon fluxes from deep-seated reservoirs migrate 61 

towards the shallow portions of the overburden, the water column, and the atmosphere, actively 62 

contributing to the dynamics of the organic carbon cycle (Judd and Hovland, 2007; Etiope et al., 63 

2008a and b). 64 

The NW Shelf of Australia (or Westralian Superbasin) is a ~800,000 km
2
 wide passive 65 

margin, whose regional state of stress is affected by a complex system of tectonic forces (Hillis et 66 

al., 2008). This area is widely investigated for conventional oil and gas exploration (Longley et al., 67 

2002) and likely contains the vast majority of the conventional hydrocarbon resources of the 68 

country (Leather et al., 2013). Within this region, the presence of seal-bypass systems (cf. 69 

Cartwright et al., 2007) is well-documented, and shallow seismic amplitude anomalies indicative of 70 

hydrocarbon migration have been previously observed (Hovland et al., 1994; Cowley and O'Brien, 71 

2000; Gartrell et al., 2004). The occurrence of natural gas hydrate systems (NGHSs, see Collett et 72 

al., 2009) along the continental margin of Australia has never been reported, although the past 73 

presence of gas hydrates has been inferred by Imbert and Ho (2012), from the observation of 74 

collapse features (Barrow sub-Basin, Northern Carnarvon Basin), interpreted as fossil hydrate-75 

related pockmarks (dated Paleocene to Eocene). 76 

In this study, we present seismic evidence for the potential presence of an NGHS in the NW 77 

Shelf of Australia, specifically in the region of the Exmouth Plateau, in the Northern Carnarvon 78 

Basin (Exon et al., 1992; Boyd et al., 1993) (Fig. 1A). The seismic expression of such system is 79 

inferred to reflect the impact of free gas, hydrates and potentially authigenic minerals on the seismic 80 

reflection amplitude. In this region, characterised by sediment starvation over the entire Tertiary 81 

and Quaternary (Boyd et al., 1993; Tindale et al., 1998), several deeply-rooted hydrocarbon 82 
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accumulations and fault-controlled seepage patterns are suggested to play a critical role in 83 

controlling the development of shallow hydrate and free gas accumulations.   84 
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2. Geological setting 85 

2.1.  TECTONO-STRATIGRAPHIC EVOLUTION 86 

The NW Shelf of Australia has experienced a complex tectonostratigraphic history, which 87 

started with the Gondwana break-up, and is followed by several extensional events, which 88 

ultimately led to the formation of a vast passive margin, influenced in the North by a NE-SW far-89 

field compression (Exon et al., 1992; Gartrell, 2000; Hillis et al., 2008). The Exmouth Plateau is an 90 

extensive (~600 km long and 300-400 km wide) marginal plateau, which is separated from the NW 91 

Shelf of Australia by the Exmouth, Barrow, and Dampier sub-basins to the SE and E, whereas its 92 

SW, NW, and NE margins are limited by three Mesozoic abyssal plains (named Cuvier, Gascoyne 93 

and Argo). The plateau consists of a ~20 km-thick continental crust block, which was subject over 94 

the Phanerozoic to various tectonic events, including a Permo-Carboniferous failed rifting event, 95 

followed by intracratonic sag subsidence, tectonic stretching, rifting, and continental passive margin 96 

subsidence (Exon et al., 1992; Karner and Driscoll, 1999; Eyles et al., 2003).  97 

The Late Paleozoic and Triassic deposits (Locker Shale and Mungaroo Formation (Fm.)) 98 

unconformably overlie older sediments and record a long-living period of intracratonic fluvio-99 

deltaic to shallow marine sedimentation (Exon and Buffler, 1992a and b). The thickness of these 100 

Paleozoic and Triassic deposits is by far larger than that of the more recent Jurassic to present day 101 

stratigraphy. The marine transgression culminated in the Rhaetian with the deposition of the thin, 102 

shallow marine Brigadier Fm. Different phases of tectonic extension characterised the period 103 

spanning from the Late Triassic to the Early Cretaceous (Gartrell et al., 2016). A first rifting event, 104 

which failed to produce a proper break-up and ended in the Callovian/Oxfordian, is expressed by 105 

prominent normal faulting, uplift, and erosion of the Triassic sediments. This extensional event 106 

ultimately caused differential subsidence and the deposition of Mid Jurassic shallow marine 107 

marly/clayey sediments (Athol Fm. and Murat Siltstone), and Late Jurassic restricted shelf fine-108 

grained organic-rich sediments (Dingo Claystone), which are either absent or condensed along the 109 
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Exmouth Plateau (particularly on the structural highs), but well-expressed in the nearby Barrow-110 

Dampier Sub-basin/Kangaroo Trough (Volkman et al., 1983; Exon and Buffler, 1992; Haq et al., 111 

1992). 112 

The second extensional event (Callovian/Oxfordian-Tithonian) was characterised by fault 113 

reactivation during the deposition of the Dingo Claystone, under open marine anoxic conditions. 114 

The onset of the extension in the Berriasian within the Gascoyne and Cuvier rifts was followed by 115 

the deposition of a thick clastic wedge (i.e. the Barrow Group) across a subsiding Exmouth Plateau, 116 

owing to a prominent rift-shoulder uplift occurring in the SE (Exon et al., 1992; Boyd et al., 1993; 117 

Black et al., 2017). Break-up along the Gascoyne and Cuvier rifts (Hauterivian) also coincided with 118 

the termination of a clastic source from the continent, and by the subsequent deposition, above the 119 

break-up unconformity, of transgressive marine claystones (Muderong Shale), deepwater 120 

radiolarites, (Windalia Radiolarite) (Hauterivian-Aptian), and hemipelagic calcareous claystones, 121 

equivalent to the Gearle Siltstone (Albian-Cenomanian/Coniacian?). The deposition of these 122 

sediments was coeval with a sea-level rise, related to thermal reequilibration of the lithosphere (post 123 

break-up thermal subsidence) and tectonic-related climate changes (Exon and Buffler, 1992; Haq et 124 

al., 1992; Karner and Driscoll, 1999) . 125 

The Late Cretaceous was dominated by the deposition of marly chalks and nannofossil chalks 126 

(equivalent to the Toolonga Calcilutite and Miria Marl/Withnell Fm.), which mark the onset of 127 

passive margin depositional conditions with deepwater carbonate sedimentation (Haq et al., 1992; 128 

Black et al., 2017). This trend, characterised by the deposition of nannofossil and foraminifera-rich 129 

chalks and oozes (equivalent to the Cape Range Group to Dockrell Fm. and Delambre Fm.), 130 

continued throughout the Cenozoic, up to present-day, with a major hiatus in the Middle Miocene 131 

(Haq et al., 1990; Exon et al., 1992; Haq et al., 1992). From the Middle Miocene, the influence of 132 

far-field tectonic stresses is further considered to have caused fault reactivation, inversion, and 133 

folding along the margin (Hillis et al., 2008; Müller et al., 2012). At present, the stress field in the 134 
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area of the Exmouth Plateau is interpreted to range from normal to strike-slip, with an 135 

approximately E-W maximum horizontal stress in the latter scenario (Bailey et al., 2016b, a).  136 

2.2.  PETROLEUM SYSTEM AND EVIDENCE OF HYDROCARBON SEEPAGE 137 

The petroleum system of the Exmouth Plateau is characterised by a dominant gas-prone type-138 

III coaly Triassic source rock, within the Mungaroo Fm, and possible subsidiary gas-prone source 139 

rocks of Lower Jurassic and Early Triassic Locker Shale (Cook et al., 1985; Geoscience Australia, 140 

2012, 2014; Chongzhi et al., 2013). The Upper Jurassic shales and Early Cretaceous siltstones are 141 

considered too immature to generate thermogenic hydrocarbons in this area, and the significant 142 

amounts of methane-dominated gases dissolved in the pore-waters and detected during ODP 143 

Expedition 122 (Sites 762 and 763) are interpreted to be mainly sourced by deeper and mature 144 

Triassic or older type-III source rocks (Snowdon and Meyers, 1992). 145 

Along the Exmouth Plateau, the major reservoirs are represented by sand-prone facies of the 146 

Triassic Mungaroo Fm. and the Early Cretaceous Barrow Group, with further potential reservoirs 147 

present in Upper Triassic carbonate build-ups (Exon and Willcox, 1980; Chongzhi et al., 2013; 148 

Geoscience Australia, 2014; Velayatham et al., 2018). The Muderong Shale constitutes the regional 149 

top seal of the study area, although intra-formational and local seals are recognised at the top of the 150 

Mungaroo Fm. (transgressive clay-rich sediments), in the Brigadier Fm., and the shale-rich Late 151 

Triassic and Jurassic sediments (Exon and Willcox, 1980; Chongzhi et al., 2013; Geoscience 152 

Australia, 2014). 153 

Cowley and O'Brien (2000) and  Jablonski et al. (2013) reported the occurrence of different 154 

trap styles in the region of the Exmouth Plateau, including tilted fault-blocks with upper Triassic 155 

gas reservoirs (e.g. the Jupiter, Eendracht, Brederode and Thebe gas discoveries),  and gentle 156 

anticline-shaped structures (e.g. the Scarborough gas discovery) (Geoscience Australia, 2012, 157 

2014), thought to have formed as a response to both Mesozoic rifting events and the Neogene to 158 
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present-day tectonic deformation (Hillis et al., 2008; Hengesh et al., 2011; Jablonski et al., 2013; 159 

Williams, 2018). Evidence of hydrocarbon seepage (or leakage) from deep reservoirs up to the 160 

shallow subsurface is widely reported along the NW Shelf, including the region of the Exmouth 161 

Plateau (e.g. Jupiter and Scarborough structures, see Cowley and O'Brien, 2000; Jablonski et al., 162 

2013). 163 

3. Methods 164 

We used the Petrel E & P Software Platform to interpret a post-stack 3D seismic survey, 165 

named Bonaventure, acquired by WesternGeco (commissioned by Chevron Australia Pty Ltd) in a 166 

time-migrated converted format. The 3D seismic data is processed to 0° phase (N. American 167 

polarity), with inline (~E-W) and crossline (~N-S) spacing of 18.75 and 12.50 m, respectively, 4 ms 168 

vertical sample interval, and covers an area of 4144 km
2 

(Fig. 1). Considering an interval velocity of 169 

~1700 m/s for the first ~200-300 ms TWT of overburden, in line with existing well-to-seismic ties 170 

(e.g. Haq et al., 1990; Chevron Australia Pty Ltd, 2011b), and a 45-50 Hz dominant frequency, we 171 

obtain a maximum vertical separable resolution of ~8-10 m. The lateral resolution ranges between 172 

~12.50 and ~40 m, taken as intermediate between the bin spacing and the dominant wavelength 173 

(Cartwright and Huuse, 2005). The seismic data has been stratigraphically calibrated with results 174 

from ODP drilling (Leg 122, Site 762), which took advantage of pre-existent industrial borehole 175 

information (Haq et al., 1992; Boyd et al., 1993), as well as with well-to-seismic ties in completion 176 

reports of the wells Eendrach-1, Brederode-1, Arnhem-1, Kentish-Knock-1, Guardian-1 (a sidetrack 177 

well from Kentish Knock-1), Kentish-Knock South-1, and Thebe-1 (Esso Australia Ltd, 1981b; 178 

BHP Billiton Petroleum Pty Ltd, 2008; Chevron Australia Pty Ltd, 2010b, c, 2013b, 2014). These 179 

wells were drilled within the area covered by the Bonaventure survey, with Thebe-1 located 180 

immediately outside its NE margin (Fig. 1B). 181 
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We interpreted the seismic data with the primary aim of detecting amplitude anomalies 182 

potentially indicative of the presence of NGHSs (cf. Boswell et al., 2016) in the Late Paleogene to 183 

the present day stratigraphy, where conditions for gas hydrate stability are present and could 184 

influence the hydrocarbon plumbing system. These anomalies include enhanced reflections with 185 

polarity both opposite (soft reflections) and equal (hard reflections) to that of the seafloor, where 186 

such anomalous reflections are considered to indicate, respectively, a decrease and an increase in 187 

the acoustic impedance. In NGHSs, enhanced soft reflections may indicate shallow accumulations 188 

of free gas, while enhanced hard reflections may indicate hydrate-bearing sediments at elevated 189 

concentrations, as well as methanogenic carbonates (Paull et al., 2008b; Boswell et al., 2016). Other 190 

typical elements of NGHSs include hydrate pingoes and hydrate-related pockmarks, which 191 

represent, respectively, the positive and negative bathymetric expressions of areas of concentrated 192 

hydrate accumulation and gas-rich fluid fluxes (Serié et al., 2012; Riboulot et al., 2016). 193 

The seismic interpretation was assisted by the computation of theoretical ‘bulk conditions’ 194 

BGHSZ surfaces that were integrated within the 3D seismic cube. These BGHSZ surfaces were 195 

calculated using the CSMHyd software (Sloan Jr and Koh, 2007), for different geothermal 196 

gradients, a seafloor temperature of 5°C, a porewater salinity of 3.55% (De Carlo, 1992; Swift et 197 

al., 1992), and a gas composition consisting of pure methane. The depths of the BGHSZ were 198 

incorporated into the time-migrated seismic data by applying a velocity of 1700 m/s. 199 

To relate the occurrence of gas hydrates and shallow free gas to the whole hydrocarbon 200 

plumbing system, we mapped the lateral extent of deep direct hydrocarbon indicators (DHIs) 201 

present in the Mesozoic stratigraphic intervals (mostly in the Upper Triassic Mungaroo Fm.). The 202 

observed DHIs include enhanced soft reflections conformable to structure, and flat spots (i.e. 203 

hydrocarbon-water contacts). These DHIs are confidently interpreted as deep thermogenic gas 204 

accumulations, on the basis of drilling results (BHP Billiton Petroleum Pty Ltd, 2008; Chevron 205 

Australia Pty Ltd, 2010b, c, 2011b, 2013b, 2014). These observations have been integrated with the 206 
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seismic detection of potential fluid-flow pathways such as gas chimneys and faults (cf. Løseth et al., 207 

2009; Andresen, 2012; Jablonski et al., 2013). Given that the study area is characterised by 208 

pervasive rift-related normal faults (Exon et al., 1992), we image their distribution and evaluate 209 

their role in impacting hydrocarbon migration, by generating seismic attribute maps of key 210 

stratigraphic horizons and measuring their dominant strike (see https://www.seismar.net/downloads/ 211 

for more information on the code used to extrapolate the fault strikes). We also use seismic 212 

attributes to image a widespread polygonal fault system (Cartwright and Lonergan, 1996; 213 

Cartwright and Dewhurst, 1998). 214 

An additional element evaluated in this study was the total TWT vertical thickness of the 215 

interpreted sealing units for the hydrocarbon reservoirs trapped in the Upper Triassic sediments. 216 

Thus, we generated a TWT isochore map for the interval separating the top of the Muderong Shale 217 

(regional seal) from the top of the Mungaroo Fm. To this end, we further examined each shallow 218 

anomaly and deep DHI with respect to the nature of the sealing units (top and fault seals), the 219 

presence of erosion on the footwall blocks, and lack of deposition of sealing units.  220 

Finally, a suite of temperature and geochemical data was used to constrain the controlling 221 

factors on the stability and occurrence of gas hydrates. This data includes (1) ODP (Leg 122, Sites 222 

762 and 763) and industry borehole temperature measurements, (2) at ODP Site 762, geochemical 223 

information on porewater sulphate and chloride contents, the amount of carbonate and total organic 224 

carbon (TOC) in the sediment, and headspace methane gas concentrations (see Haq et al., 1990; De 225 

Carlo, 1992; Snowdon and Meyers, 1992), and (3) the molecular and isotopic compositions of 226 

reservoir gas samples recovered in different commercial boreholes in the study area (see BHP 227 

Billiton Petroleum Pty Ltd, 2008; Chevron Australia Pty Ltd, 2010b, c, 2011b, 2013b, 2014).  228 
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4. Observations and Interpretations 229 

4.1. MAIN GEOLOGICAL AND STRUCTURAL ELEMENTS OF THE STUDY AREA 230 

The Bonaventure 3D survey covers an area located immediately west of the Exmouth Plateau 231 

Arch (Scarselli et al., 2013; Bailey et al., 2016b). Following the stratigraphic calibration provided 232 

by industry and ODP boreholes in the study area, nine seismic units have been defined (Figs. 2, 3). 233 

The main structural features observed in seismic sections are represented by NNE-SSW to N-S 234 

trending normal faults, formed during the early stages Mesozoic rifting and imaged in the TWT and 235 

variance extractions of the top Mungaroo Fm.-base Brigadier Fm. (i.e. top of Unit 1-base of Unit 2) 236 

(Figs. 3, 4). The most prominent of these faults are characterised by hundreds of milliseconds (ms) 237 

TWT of displacement, and considerable curvature, as well as variations of throw along strike. We 238 

observed that the most significant throw variations and strike curvature are focused in the presence 239 

of oblique fault linkage zones and relay ramps, which are interpreted to act as stress and strain 240 

transfer zones (Fig. 4A) (Fossen and Rotevatn, 2016). Thirteen footwall blocks show evidence of 241 

erosion, in the form of fault scarps, which principally impacts the uppermost portions of the 242 

Mungaroo Fm. (Unit 1) and Brigadier Fm. (Unit 2) (Figs 3, 4B). 243 

The Jurassic sediments (Unit 3) are seismically reflective but spatially discontinuous across 244 

the study area. This stratigraphic interval is in fact extremely thin to absent at the footwall crests of 245 

the fault blocks and reaches its maximum thickness in the hanging-wall depocentres (Fig. 3). The 246 

Barrow Group (Unit 4) is a westward-dipping seismically blank wedge, exhibiting a thickness 247 

reduction in the same direction, but with a three-dimensional geometry which is impacted by the 248 

underlying structural highs and lows, and by internal faulting in the SE portion of the study area. 249 

The overlying Aptian to Cenomanian interval (Muderong Shale, Windalia Radiolarite, and Lower 250 

Gearle Siltstone equivalents, i.e. Units 5-6, see Fig. 5A, B), is instead relatively continuous, in 251 

terms of overall thickness and seismic character. However, a possible combination of differential 252 

compaction and fault reactivation resulted in the inheritance of the main structural trends defined by 253 
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the underlying fault blocks. Evidence of differential compaction and possible tectonic fault 254 

reactivation is visible throughout the entire Late Triassic-Cretaceous section, although with less 255 

significant displacements than in the older stratigraphy (Fig. 3).  256 

The geometry of the Late Cretaceous to Mid Miocene reflections (Units 7-8) is still impacted 257 

by the underlying rift-related structures. Across this interval, the reflections are polygonally faulted 258 

in many sectors of the study area (Fig. 3). The polygonal fault pattern is nicely shown by the 259 

blended TWT-variance map of the Top Maastrichtian horizon (top Unit 7-base Unit 8) and by an 260 

intra-Palaeocene reflector named ‘P’ (Fig. 5C, D). Where the impact of underlying structures on the 261 

reflection geometry is less pronounced, the fault strike directions are oriented in two preferential 262 

perpendicular directions (~NNE-SSW and WNW-ESE, Fig. 5C, D). The reflections interpreted to 263 

indicate Oligocene to Mid-Miocene sediments locally display mounded and moat-like geometries 264 

(Fig. 3), suggesting the impact of bottom currents on the depositional architecture (cf. Rebesco et 265 

al., 2014). 266 

The stratigraphy comprised between the Mid-Miocene unconformity and the seafloor is 267 

characterised by relatively flat reflections, conformable over the majority of the study area, with 268 

some exceptions, where mass-transport deposits (MTDs) and erosion have impacted stratigraphic 269 

continuity (e.g. Fig. 3C, see also  Scarselli et al., 2013). The interpreted Mid-Miocene 270 

unconformity, in the northeastern sector of the survey, represents the regional upper tier boundary 271 

of the polygonally faulted interval (Fig. 3). This surface mimics the underlying tectonic features, 272 

especially in the NW sector of the study area (Fig. 5E). However, from the Mid-Miocene upwards, 273 

the reflections have an overall dip direction towards the NW, in line with that of the present 274 

seafloor. The seafloor is further characterised by clear evidence of slope instability, in the form of 275 

steep headscarps and SE-NW trending flow corridors, expressions of MTDs that have been 276 

identified within the Oligocene to present day succession (e.g. the Bonaventure complexes, see 277 

Scarselli et al., 2013) (Fig. 1B). The margins of the flow corridors are punctuated by circular 278 
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depressions (Fig. 1B), which do not appear to relate to deep tectonic features or seismic anomalies 279 

indicative of cross-stratal fluid pathways and could be the product of gravity/load instabilities 280 

induced by the most recent debris flows. 281 

4.2. SHALLOW AMPLITUDE ANOMALIES: POSSIBLE EVIDENCE OF A NATURAL 282 

GAS HYDRATE SYSTEM 283 

Within the 3D seismic volume, we detected nine main areas (areas I-IX), characterised by 284 

enhanced amplitude reflections in the Late Oligocene to present day succession covering a total 285 

extent of 59 km
2
 (Figs. 1, 4). The main characteristics of each area are summarised in Table 1. 286 

These areas are composed of either a single patch, or separate km-sized patches, of enhanced 287 

amplitude reflections (‘soft’, ‘hard’, or both). 288 

In five cases (areas I, III, IV, VII, IX see Figs. 6, 7, and Tab. 1), the geometry of the upper 289 

portion of these high amplitude anomalies exhibits a bottom-simulating character, with a polarity 290 

that appears opposite to that of the seabed, occasionally cross-cutting stratigraphic reflections (Fig. 291 

6C). These BSRs are underlain by intervals of stacked enhanced reflections ~20-150 ms TWT in 292 

thickness (Figs. 6, 7). These characteristics allow us to interpret these patchy BSRs as the BGHSZ, 293 

with the underlying enhanced reflections being the free gas zone. Assuming bulk stability 294 

conditions and a pure methane hydrate-forming gas, the depth of the BGHSZs would reflect 295 

geothermal gradients comprised 45 and 60°C/km (Fig. 6). Data from industry wells in the study 296 

area and nearby regions suggest geothermal gradients ranging from approximately 32 to 45°C/km 297 

(taking 5°C as an average seafloor temperature, Fig. 8), whereas shallow temperature measurements 298 

at ODP Sites 762 and 763 suggest higher gradients for the first ~150 m of sediment (~55-65°C/km, 299 

assuming linear gradients, and the temperature data reported in Swift et al., 1992; Fig. 8). The 300 

choice of a pure methane hydrate-forming gas and possible causes for this discrepancy between the 301 

geothermal gradient predicted by the position of the interpreted BGSHZ and that extrapolated from 302 

in-situ data are discussed below (section 5.3). 303 
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We further observed enhanced ‘hard’ reflections above the interpreted BSRs (Fig. 6), which 304 

often occur along irregular and/or mounded horizons (Figs. 6, 9). These amplitude anomalies can be 305 

either limited to a few stratigraphic reflections (e.g. Fig. 6A), or vertically stacked over depths of 306 

more than 200 ms TWT with high amplitude patches separated by stratigraphic reflections with 307 

background amplitude (e.g. Figs. 9A, B). The lateral distribution of such anomalies is similar to that 308 

of the deeper ‘soft’ reflections interpreted as free-gas bearing sediments (see Figs. 4, 5). In some 309 

cases, we identified undisturbed stratigraphic intervals separating these amplitude anomalies (e.g. 310 

Figs. 6A, 9A), whereas elsewhere these ‘soft’ and ‘hard’ enhanced reflection meet at the interpreted 311 

BGHSZ (e.g. Fig. 6C). The enhanced ‘hard’ reflections are interpreted as evidence either of hydrate 312 

accumulations at elevated concentrations, or of deposits of authigenic carbonate minerals. The 313 

irregular/mounded morphology of the stratigraphic reflections that accompanies the increase in 314 

amplitude could indicate volume expansion related to hydrate formation. This effect has been 315 

observed in other gas hydrate provinces associated with localised leakage of hydrocarbons (cf. Paull 316 

et al., 2008a; Riboulot et al., 2016; Marsset et al., 2018). However, a deformed seafloor owing to 317 

sedimentary processes in areas affected by MTDs (cf. Scarselli et al., 2013) could account for the 318 

morphology of these anomalies without the need to invoke volume expansion. In some places, the 319 

shallow amplitude anomalies lack a proper BSR-like character, and only a series of discontinuous 320 

‘soft’ and ‘hard’ reflections, intersected by small-offset faults, are observed (Fig. 9). The seafloor 321 

morphology above areas characterised by shallow amplitude anomalies is relatively rough and 322 

punctuated by depressions interpreted as pockmarks (Figs. 6, 7B, 9). 323 

It is important to mention that the occurrence of carbonate platforms and reefs is well-324 

documented in the Mid Miocene along the NW Shelf of Australia and the Timor Sea, also in 325 

association with hydrocarbon seepage from deep reservoirs (Hovland et al., 1994; Bailey et al., 326 

2006; Logan et al., 2010). These carbonate structures can result in enhanced seismic reflections 327 

(Feary and James, 1995; Ryan et al., 2009; Goktas et al., 2016). However, the Exmouth Plateau, in 328 
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contrast with the shelf area, was characterised by pelagic deposition rather than carbonate platform 329 

and reef environments throughout the Miocene (Exon et al., 1992), and therefore was an unlikely 330 

location for a shallow-water carbonate platform. Nevertheless, we do not exclude that paleo- to 331 

present-day deep-water coral (azooxanthellate) mounds could be an alternate explanation for the 332 

observed enhanced ‘hard’ amplitude reflections in this region (cf. De Mol et al., 2002; Roberts et 333 

al., 2006a). Such a hypothesis does not preclude the presence of a present-day natural gas hydrate 334 

system in the area. 335 

4.3. DEEP ACCUMULATIONS OF HYDROCARBONS 336 

At least fifteen groups of DHIs within the upper portion of the Mungaroo Fm. (Unit 1) have 337 

been detected and mapped in the study area (Figs. 1b, 4). These DHIs are seismically expressed as 338 

enhanced ‘soft’ reflections, characterised by a basal amplitude shut-off contact, and a geometry 339 

which occasionally visibly conforms to the structure, suggesting an internal connection of the 340 

hydrocarbon phase (e.g. Figs. 3A, B, 9A). These enhanced reflections are frequently stacked over 341 

depths of hundreds of ms TWT within the Late Triassic Mungaroo Fm. (Unit 1) in footwall blocks, 342 

indicating the occurrence of stacked hydrocarbon-bearing units, as confirmed by drilling (e.g. 343 

Eendracht-1 and Brederode-1, Esso Australia Ltd, 1981b; Chevron Australia Pty Ltd, 2011b, Fig. 344 

3A, B). In other cases, we observed clear hydrocarbon-water contacts, expressed as a flat or slightly 345 

dipping reflection, having polarity equal to that of the seafloor, and cross-cutting the stratigraphy 346 

(e.g. the Thebe, Kentish Knock, and Kentish Knock South discoveries; BHP Billiton Petroleum Pty 347 

Ltd, 2008; Chevron Australia Pty Ltd, 2010b; Chevron Australia Pty Ltd, 2014, Figs. 3C, D, 7).  348 

The genesis of the traps associated with these DHIs is related to the geometries of the Upper 349 

Triassic extensional faults, capable of producing three-dimensional horst-like and footwall block 350 

structures (Figs. 3, 7, 9A). The observed DHIs are similar to those reported in other portions of the 351 

NW Shelf of Australia, including the nearby Exmouth Sub-Basin and Rankin Trend  (see Cowley 352 

and O'Brien, 2000; Longley et al., 2002; Bailey et al., 2006), as well as in other basins characterised 353 
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by rifting and normal faulting (e.g. the North Sea and the Barents Sea, Spencer and Larsen, 1990; 354 

Hermanrud et al., 2014). 355 

The top sealing interval for these hydrocarbon accumulations is constituted by the uppermost 356 

deposits of the Mungaroo Fm. (Unit 1) and by the Brigadier Fm. (Unit 2), which are dominated by 357 

transgressive marine calcareous claystones and fine-grained calcilutites that drape the underlying 358 

fluviodeltaic depositional system. This interval is punctuated by circular depressions, which are 359 

focused along the footwall of the major tectonic faults and are interpreted as paleo-pockmarks 360 

(Figs. 4A, B, 9A). The distal deposits of the Barrow Group (Unit 4) and, where present, the 361 

condensed Jurassic sequence (Athol Fm. and Dingo Claystone, Unit 3) constitute additional seals. 362 

Intra-seal units further exist between stacked gas-bearing reservoirs within the Mungaroo Fm (Unit 363 

1). The Early Cretaceous Muderong Shale (Unit 5) represents the regional top seal. The lateral seals 364 

are constituted by different units, depending on the juxtaposition relationships along the bounding 365 

faults and, potentially, by the fault zones themselves. In the case that reservoir intervals are 366 

juxtaposed on the two sides of a fault, this may limit the capacity of a trap (e.g., Kentish Knock 367 

South) (BHP Billiton Petroleum Pty Ltd, 2008; Chevron Australia Pty Ltd, 2010b, 2011b, 2013c, 368 

2014). The main seismic characteristics of the traps associated with these DHIs, as well as their 369 

associated petroleum system and leakage evidence, are summarised in Table 2.   370 

In the NW portion of the study area, the top of the Mungaroo Fm. (Unit 1) is further 371 

characterised by enhanced reflectivity (Fig. 9D, E). The mapped horizon (top of Unit 1, 372 

approximating the boundary between the Mungaroo Fm. and the Brigadier Fm.) is characterised, at 373 

the crest of a prominent fault block with extensive erosion of the footwall, by increased amplitudes 374 

(cf. Fig. 9D, E, with 10A). It is difficult to establish the nature of this amplitude anomaly (i.e. 375 

lithological or owing to hydrocarbon fluids), given that it is stratigraphically confined to a single 376 

reflection, and its lateral extension does not appear to conform to the structure. The amplitude of 377 
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this horizon is similarly enhanced along other footwall blocks, although with lesser contrast (Fig. 378 

9A). 379 

4.4. SEISMIC BLANKING AND ENHANCED REFLECTIONS BETWEEN THE UPPER 380 

TRIASSIC AND THE UPPER OLIGOCENE 381 

The stratigraphic reflections in the interval between the Upper Triassic fault blocks and the 382 

shallow amplitude anomalies described earlier (see sections 4.2, 4.3) are, in some places, 383 

characterised by vertical zones of seismic attenuation and reduced frequency content, as well as 384 

evidence of reflection disruption, and up-bending of the adjacent reflections (Figs. 6B, C, 9A, B). 385 

The lowermost boundary of these vertical zones of seismic ‘blanking’ coincides with the crestal (i.e. 386 

the structurally highest) portions of the footwall blocks, at the top of or within the Mungaroo Fm. 387 

(Unit 1). The presence of free gas in the sediment pore space is well-known to cause an overall loss 388 

of seismic data quality observed effect on seismic data, and the vertical migration of fluids has often 389 

been associated with the disruption of stratal continuity (see Arntsen et al., 2007; Cartwright et al., 390 

2007; Løseth et al., 2009; Plaza-Faverola et al., 2011; Andresen, 2012). Therefore, these vertical 391 

blanking zones are interpreted to indicate sediment volumes affected by the cross-stratal migration 392 

of hydrocarbons. However, we cannot exclude that the shallow amplitude anomalies themselves, 393 

could have contributed to the underlying seismic signal degradation, by creating scattering, 394 

attenuation, reflection distortion, and transmission artefacts (see Cartwright and Santamarina, 395 

2015).  396 

In addition, enhanced stratigraphic reflections have been identified at stratigraphic positions 397 

comprised between the base of the Muderong Shale (Unit 5, Early Cretaceous) and the top of the 398 

Miria Marl equivalent (Unit 7, Late Cretaceous), or the lower portion the Dockrell Fm. (Unit 8, 399 

Paleocene-Early Eocene) (Fig. 6A, 9). These amplitude anomalies can be organised as (1) 400 

continuously stacked enhanced reflections, (2) multiple clusters of reflections connected by faults 401 

but stratigraphically separated by low-reflectivity layers, or (3) individual pairs of enhanced 402 
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reflections (cf. Foschi et al., 2014 and 2017). The polarity of these enhanced reflections suggests a 403 

decrease in acoustic impedance and, therefore, are interpreted as accumulations of free gas. These 404 

amplitude anomalies extend up-dip in the SE portion of the study area, where they partly overlie 405 

three separate structural highs showing evidence of deeper DHIs and underlie three areas with 406 

shallow anomalies (cf. Figs. 4B, 5). The thickness of the interval comprised between the top of the 407 

Mungaroo Fm. (Unit 1) and the top of Unit the Muderong Shale (Unit 5) increases to more than 500 408 

ms TWT (~550-600 m) towards the SE, with no evidence of deep DHIs at the crests of the Upper 409 

Triassic fault blocks (Fig. 7). 410 

4.5. CONTROLLING FACTORS ON THE DISTRIBUTION OF SHALLOW ANOMALIES 411 

4.4.1. Structural features and deep DHIs distribution 412 

The shallow amplitude anomalies interpreted as indicative of free gas and hydrate-bearing 413 

sediments are always located above the topographically higher portion of the footwalls of the rift-414 

related normal faults and, in some cases but not exclusively, directly above the zones of fault 415 

linkage in the vicinity of Upper Triassic relay ramps (Fig. 4A, B). The reflections indicative of free 416 

gas within the broadest shallow amplitude anomaly (areas III and IV, Fig. 6B, C) have a down-dip 417 

limit which appears to be controlled by the location of the structurally highest areas of the 418 

underlying Upper Triassic footwall blocks. In contrast, these reflections extend up-dip along a 419 

gradient which seems to be defined by the three-phase boundary, i.e. the BGHSZ. 420 

In four cases, the DHIs observed in the Mungaroo Fm. (Unit 1) are directly overlain by 421 

shallow amplitude anomalies, which occur above the structurally highest portion of the interpreted 422 

hydrocarbon accumulations (e.g. the Brederode and Kentish Knock South traps, see Tab. 2). In 423 

other cases, the seismic blanking zones underlying the shallow anomalies pervasively extend down 424 

within the Triassic fault blocks (Fig. 6B, C), precluding a confident identification of deeply rooted 425 

amplitude anomalies indicative of free gas accumulations. 426 
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The presence of stacked enhanced reflections along deep tectonic faults within the Cretaceous 427 

to Early Paleogene stratigraphy (Units 5-8) suggests that some faults acted as pathways for the 428 

migration of hydrocarbon gases (Figs. 6A, 8). However, there is not a clear relationship between the 429 

occurrence of shallow amplitude anomalies and the areas of maximum displacement of the 430 

underlying Upper Triassic fault blocks. Although the faults associated with the most extensive 431 

shallow amplitude anomalies are those with the most significant displacements (in excess of 600 ms 432 

TWT at the Top Triassic interval), slightly smaller displacements (up to ~500 ms TWT at the Top 433 

Triassic interval) are observed in the eastern side of the study area, where numerous deep DHIs are 434 

detected (including the DHI indicating the Thebe accumulation), without clear evidence of shallow 435 

amplitude anomalies (cf. Figs. 3D, 6B, C). In contrast, the other DHIs (e.g. those related to the 436 

Brederode and Kentish Knock South accumulations), as well as the other shallow amplitude 437 

anomalies are associated with smaller displacements (Figs. 3A, 7).  438 

4.4.2. Thickness of sealing units for deep hydrocarbon accumulations 439 

The vertical thickness of the sediment package between the top of the Mungaroo Fm. (Unit 1) 440 

and the top of the Muderong Shale (Unit 5) (Fig. 10B) varies from 0 to 1200 ms TWT, and appears 441 

a critical controlling factor, but not the only one, for the distribution of the interpreted distribution 442 

of shallow free gas and gas hydrates. Areas where this interval is either absent or extremely thin 443 

(i.e. less than ~50 ms TWT) are in fact commonly associated with the occurrence of shallow 444 

anomalies.  In the NW portion of the study area, at the crest of the Upper Triassic fault blocks, this 445 

sequence is completed eroded, and the Mungaroo Fm. can directly underlie Paleogene sediments 446 

(Fig. 9C-E). 447 

Shallow anomalies have been observed in the case of both reservoir-fault and reservoir-448 

unconformity juxtapositions (Figs. 6A, 7, 9A and Tabs. 1, 2). Therefore, the presence of an 449 

erosional unconformity, expressed by numerous footwall scarps, at the top of possible reservoir 450 
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intervals in the Upper Triassic, or the occurrence of reservoir-reservoir juxtapositions across a fault 451 

surface, could also control the presence and distribution of shallow anomalies.  452 

4.6. GEOCHEMICAL EVIDENCE 453 

Geochemical data acquired at ODP Site 762 includes porewater values of sulphate, chloride, 454 

the total carbonate content of the sediment, as well as the TOC and headspace methane gas 455 

concentrations (Fig. 11) (see Haq et al., 1990; De Carlo, 1992; Snowdon and Meyers, 1992). No 456 

seismic amplitude anomalies were penetrated during drilling at this site (Fig. 11F). The values of 457 

sulphate in pore waters indicate a ~75% reduction at ~370 mbsf and nearly zero sulphate at ~550-458 

600 mbsf (Fig. 11A). Chloride values slightly decrease with depth, down to approximately 800-830 459 

mbsf, at the lithological boundary between the Muderong Shale and the Windalia Radiolarite/Lower 460 

Gearle Siltstone (Units 5-6), which marks a transition from carbonate-dominated (Unit 6 and 461 

younger) to siliciclastic (Unit 5 and older) sediments (De Carlo, 1992) (Fig. 11B). Therefore, a 462 

sharp upward increase in sediment carbonate, but also a decrease of the TOC, are observed from 463 

Unit 5 to Unit 6 (Fig. 11C, D) (Haq et al., 1990; Snowdon and Meyers, 1992). Headspace methane 464 

concentration abruptly increase to values of over 10
3
 ppm below depths of ~370-400 mbsf, and 465 

values higher than 10
4
 ppm occur at ~500-800 mbsf (Fig. 11E). Compositionally, the headspace gas 466 

is dominated by methane (>99%), with small amounts of C2+ hydrocarbons increasing with depths 467 

(Snowdon and Meyers, 1992). 468 

Gas compositions in the drilled Upper Mungaroo reservoirs in the study area are characterised 469 

by carbon isotopic values indicative of both a thermogenic origin (δ
13

CCH4 and δDCH4 of -47.6‰ to -470 

39.8‰ and of -215‰ to -182‰, respectively) and potential biodegradation (positive δ
13

CCO2 471 

values) (Fig. 12). Furthermore, the amount of methane in these reservoir gases increases up to 472 

>99%, relative to C2+ hydrocarbons, towards the top of the Upper Mungaroo reservoir intervals 473 

(BHP Billiton Petroleum Pty Ltd, 2008; Chevron Australia Pty Ltd, 2010b, 2011b, 2013b, 2014), 474 
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approaching compositions resembling those measured within shallower stratigraphic units at ODP 475 

Site 762.  476 
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5. Discussion: a natural gas hydrate system on the Exmouth Plateau 477 

5.1. SOURCE 478 

The shallow seismic amplitude anomalies interpreted to reflect an NGHS are discontinuously 479 

distributed in the study area (e.g. Figs. 1B, 4B). The shallow depth, polarity, and lateral extent of 480 

these amplitude anomalies (e.g. Fig. 6) suggest the occurrence across the Exmouth Plateau of km-481 

sized patches of free gas trapped beneath the base of gas hydrate stability, and potential hydrate 482 

accumulations above this boundary. The discontinuous distribution of the shallow amplitude 483 

anomalies indicates that the presence of hydrate-forming gases exceeding their saturation in the 484 

pore waters is not ubiquitous within the study area, but instead heterogeneous within and 485 

immediately beneath the BGHSZ. The low methane concentrations in the pore waters and the low 486 

TOC of the shallow (<~400 m) sediments at ODP Site 762 further support this interpretation, by 487 

showing lack of favourable conditions for hydrate formation away from zones characterised by 488 

shallow seismic amplitude anomalies (Fig. 11D, E).  489 

Thus, the available geochemical data suggest that the first hundreds of metres of sediment do 490 

not host a ubiquitous and effectively producing microbial methane pool. This interpretation fits well 491 

with the stratigraphic history of the study area, which has been characterised by low sedimentation 492 

rates and lack of a terrigenous input from the continent since the Late Cretaceous, resulting in a 493 

deepwater carbonate-dominated stratigraphic section in the last ~100 million years (Fig. 11C). 494 

These two factors have discouraged the accumulation and preservation of organic matter in the 495 

shallow sediments (cf. Müller and Suess, 1979; Wallmann et al., 2006).  496 

The occurrence of amplitude anomalies related to shallow free gas and hydrates right above 497 

deeper structural highs (Figs. 6, 7, 9) suggests that the increased concentration of hydrocarbon 498 

gases within and immediately beneath the GHSZ is controlled by structural elements. Some of the 499 

structural highs further constitute effective traps for thermogenic dry and biodegraded gas (BHP 500 
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Billiton Petroleum Pty Ltd, 2008; Chevron Australia Pty Ltd, 2010b, 2011b, 2013b, 2014), likely 501 

sourced by coaly source rocks of Mid to Upper Triassic age (Longley et al., 2002) (Fig. 12). Thus, 502 

in the absence of effective sealing lithologies for the Upper Mungaroo gas accumulations (i.e. 503 

within Unit 1), it is possible that an NGHS can form at shallow depth due to the focused leakage of 504 

thermogenic gases from deeply-seated structural focal areas. In this scenario, the migrating 505 

thermogenic gases, before entering the GHSZ, could be temporarily stored in a series of reservoirs, 506 

including Upper Triassic and Cretaceous sediments, as well as within the free gas zone directly 507 

underneath the BGSHZ. In the last 15-20 years, NGHSs sourced by thermogenically-generated 508 

hydrocarbons, including systems characterised by deep leaky traps, have been observed in different 509 

basins, including the Northern Gulf of Mexico, the North Alaskan permafrost, the Barents Sea, the 510 

Niger Delta, the Lower Congo Basin, and the NW Borneo (Sassen et al., 2001; Collett et al., 2011; 511 

Ostanin et al., 2013; De Prunelé et al., 2017; Paganoni et al., 2018), highlighting the fact that 512 

thermogenic petroleum systems may play a critical role in natural gas hydrate formation in a variety 513 

of geological settings. 514 

However, it is not possible to exclude a contribution of biogenic gas to the formation of the 515 

observed shallow amplitude anomalies, with this gas being potentially generated from diagenesis of 516 

the organic matter present in the Barrow Group, the Muderong Shale, and the Gearle Siltstone 517 

equivalent (Units 4-6, see the increase in TOC with depth in Fig. 11D). Note also that extremely 518 

elevated TOC values (9-15%) have been measured in nearby ODP Site 763 within a thin 519 

stratigraphic interval marking the Cenomanian-Turonian event (Snowdon and Meyers, 1992). A 520 

further potential source for biogenic gas in the study area could be constituted by the Jurassic Dingo 521 

Claystone (Unit 3), which is a mature source rock in the nearby Exmouth sub-basin (BHP Billiton 522 

Petroleum Pty Ltd, 2010).  523 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

24 

 

5.2. RESERVOIR 524 

The interpreted hydrate-bearing sediments in this area occur in the first ~150-200 m of 525 

overburden and belong to Unit 9 and the uppermost part of Unit 8 defined in this study. These units 526 

partly correlate with Units I and II described at ODP Site 762. Hence, these sediments, which range 527 

in age from the Late Eocene-Early Oligocene to the present day, are represented by pelagic 528 

foraminifera, and nannofossil-rich carbonate oozes, which become more consolidated with depth 529 

(Haq et al., 1990). Sediment remobilisation due to submarine slope failures in this area (Scarselli et 530 

al., 2013) could have further modified the nature of the gas hydrate-bearing sediments, in particular 531 

impacting their consolidation and permeability. 532 

It is possible that in fine-grained lithologies hydrates occur with grain-displacing 533 

morphologies (see Cook et al., 2008, 2014). However, the presence of foraminifers could favour the 534 

precipitation, within their chambers, of hydrates with pore-filling habits (Li et al., 2016). Regardless 535 

of this uncertainty, if the enhanced ‘hard’ reflections within the GHSZ represent hydrate-bearing 536 

sediments (Figs. 6, 7, 9), they would indicate that hydrates occur at concentrations capable of 537 

impacting the reflectivity of the stratigraphy and, possibly, enhancing its volume (Paull et al., 538 

2008a; Boswell et al., 2016). To reduce these uncertainties and better understand the distribution of 539 

hydrates within these sediments, the acquisition of shallow core and well-log data is necessary. 540 

5.3. STABILITY CONDITIONS 541 

The choice of a pure methane hydrate structure I phase boundary to model the BGHSZ in the 542 

study area is justified by the presence of methane-dominated gas in the deep Upper Triassic 543 

reservoirs (C1~95-99%, see section 4.5 and Fig. 12A), with gas compositions approaching pure 544 

methane towards the top of the Mungaroo Fm. (Unit 1), as indicated by mud gas log, isotubes and 545 

Modular Dynamic Formation Tester (MDT) data  (BHP Billiton Petroleum Pty Ltd, 2008; Chevron 546 

Australia Pty Ltd, 2010b, 2011b, 2013b, 2014). A progressive enrichment of methane over ethane 547 
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towards shallower depths was also observed within more recent sediments at ODP Sites 762 and 548 

763 (Snowdon and Meyers, 1992; Meyers and Snowdon, 1993). 549 

The depth of the interpreted BSRs, taken as the base of gas hydrate stability, suggests 550 

relatively high geothermal gradients in this area (~45-60°C/km) (Fig. 6). The temperatures 551 

measured down to ~150 m at ODP Sites 762 and 763 (Swift et al., 1992) suggest shallow 552 

geothermal gradients of ~55-65°C/km (assuming linear gradients), which partly align with those 553 

extrapolated from BSRs depths. However, our results do not match the gradients (~32-45°C/km) 554 

estimated from in-situ temperature data acquired at ~850-3980 mbsf within several industry 555 

boreholes across the Exmouth Plateau (Fig. 8). The difference between geothermal gradients from 556 

the extrapolated depths of BSRs, ODP and industry data may simply reflect the variation in the 557 

thermal conductivity of the shallower vs deeper sediments, which ultimately impact the temperature 558 

gradients (Stranne and O’Regan, 2016). 559 

Nevertheless, it is also possible that the rapid expulsion of relatively warm hydrocarbon fluids 560 

from deep reservoirs could contribute in creating high geothermal gradients, and shifting the 561 

BGHSZ upward, as inferred in areas of active fluid advection (Taylor et al., 2000; Pecher et al., 562 

2010; Laird and Morley, 2011; Crutchley et al., 2014).  Alternatively, if the pelagic carbonate oozes 563 

within the GHSZ have pores tens to hundreds of nanometres wide, the BGHSZ could shift upward 564 

owing to the Gibbs-Thomson effect (i.e. the change of methane solubility and stability conditions 565 

within narrow pore networks with respect to bulk conditions, cf. Clennell et al., 1999; Henry et al., 566 

1999; Uchida et al., 2002; Anderson et al., 2003). The validation of these hypotheses would require 567 

the acquisition of shallow temperature and heat flow data, as well as the recovery of shallow cores. 568 

More generally, the entire kinetics of hydrate nucleation and growth, as well as the capillary effects 569 

on both the hydrate and free gas phases, need to be evaluated to assess the thermodynamic nature of 570 

the three-phase boundary. 571 
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The seismic velocity used to plot the theoretical depths of the BGHSZ in the TWT seismic 572 

data constitutes a further source of uncertainty. The presence of high-velocity hydrate-rich layers 573 

within the GHSZ, for example, could result in an underestimation of the effective depth of the 574 

BGHSZ. 575 

5.4. HYDROCARBON PLUMBING SYSTEM 576 

The interpretation of the seismic data suggests a relationship between deep structures and the 577 

distribution of the shallow amplitude anomalies (Fig. 4B). The fact that the units supposed to seal 578 

the deeply-generated thermogenic gases within Upper Triassic reservoirs (Unit 1) are condensed or 579 

absent beneath the most prominent shallow amplitude anomalies (Figs. 6B, C, 9B-E) supports the 580 

interpretation of a system where thermogenic fluids leak towards the shallow portions of the basin 581 

to feed the GHSZ. In these cases, significant erosion and non-deposition of Upper Triassic and 582 

Jurassic sediments at the footwall blocks is proposed to have resulted in a less effective top seal for 583 

any hydrocarbons stored within the Mungaroo Fm. In other cases, we envisage a combination of 584 

potentially leaky faults and stratal pathways between the Upper Triassic and the shallow amplitude 585 

anomalies (Figs. 6A, 7). The nature of juxtaposing lithologies along a fault, as well as the 586 

permeability of fault zones and carrier beds, represent the critical elements to evaluate for each 587 

structure. Thus, the occurrence of ineffective sealing lithologies, conductive faults, and permeable 588 

stratal pathways in the stratigraphy comprised between the Upper Triassic and the Tertiary are 589 

interpreted as critical elements for the formation of gas hydrates and shallow free gas in the study 590 

area. The polygonal fault system identified between the Upper Cretaceous and the Mid Miocene 591 

(Units 7-8, Figs. 3, 5C-E) could have played a role in favouring the cross-stratal migration of 592 

hydrocarbons towards the BGHSZ (cf. Dirstein et al., 2013). However, we did not observe any 593 

amplitude anomaly associated explicitly with such faults. 594 

Surprisingly, a spectrum of high-amplitude anomalies indicative of free gas-bearing sediment 595 

is observed in the Lower to Upper Cretaceous sediments (Units 5-7, Fig. 7), which are known to be 596 
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fine-grained in this area. In particular, the Muderong Shale is considered a good-quality sealing 597 

formation (Dewhurst et al., 2002). However, the occurrence of amplitude anomalies within it may 598 

indicate the presence of significant variations in its fluid flow properties, which may compromise its 599 

integrity as a regional seal. Another factor that can compromise the extent to which the fine-grained 600 

sediments in the study area act as seals for underlying hydrocarbon accumulations is the presence of 601 

pre-existent fractures and faults (Dewhurst and Hennig, 2003). Moreover, the Windalia Radiolarite, 602 

which stratigraphically overlies the Muderong Shale, is inferred to be a ‘thief zone’ by Bailey et al. 603 

(2006) and could represent another interval which favours the leakage of hydrocarbons in the area. 604 

In the deepwater portions of the Northern Carnarvon Basin, the potential formation of 605 

hydrates within the GHSZ can partly buffer the seepage of gas to the seafloor. Therefore, the release 606 

of hydrocarbons to the water column could be modulated by processes such as hydrate recycling, 607 

dissociation and dissolution, although elevated rates of seepage from deeper leaky reservoirs could 608 

allow gases to enter the water column without complete conversion into hydrate (Chen and Cathles, 609 

2003; Smith et al., 2014; Andreassen et al., 2017). The observation of pockmarks above the shallow 610 

amplitude anomalies supports an ongoing migration of gas towards the seafloor and the water 611 

column (Figs. 6B, C, 9). Similarly,  the nearby Scarborough and Jupiter gas accumulations are 612 

overlain by shallow anomalies and seafloor morphological evidence of recent gas seepage (Cowley 613 

and O'Brien, 2000). 614 

The interpretation of an NGHS fed by hydrocarbon leakage from deeper sources implies the 615 

involvement of one or multiple mechanisms capable of allowing hydrocarbons to by-pass the post-616 

Triassic sedimentary sequence, up to the BGSHZ. These mechanisms may include (1) capillary 617 

invasion through the primary pore space, (2) advection along a fracture network, and (3) advection 618 

along faults. These processes can occur, respectively, where the top of a hydrocarbon-bearing unit 619 

is overlain by relatively permeable stratigraphic, fracture-, and fault-related pathways. The third 620 

mechanism implies that the hydrocarbon-bearing unit is adjacent to a permeable fault, which would 621 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

28 

 

limit the maximum thickness of a hydrocarbon column, and the lateral extension of a gas reservoir 622 

(cf. Hermanrud et al., 2014). The observation in seismic data of (1) seismically degraded 623 

stratigraphic reflections separating the shallow anomalies from the deep fault blocks (Figs. 6B, C, 624 

9A, B), (2) stacked enhanced reflections surrounding tectonic faults (Figs. 6A, 7), (3) small-offset 625 

discontinuities associated with shallow anomalies (Fig. 9C-E), and (4) enhanced reflections 626 

extending for kilometres along the same stratigraphic horizons (Fig. 7), suggests that all three of 627 

these processes occur in the study area, with a capillary invasion mechanism throughout the primary 628 

pore space being controlled by the intrinsic physical properties of the sediments. The other 629 

mechanisms would instead be favoured by the development of syn/post-depositional discontinuities 630 

(i.e. faults and fractures). The occurrence of shallow anomalies immediately overlying fault 631 

intersections and relay ramps in the Upper Triassic stratigraphy (Fig. 4A, B) also highlights the 632 

potential role of these zones as focusing points for hydrocarbon migration, compromising the 633 

integrity of hydrocarbon-bearing reservoirs, a phenomena widely observed further north on the NW 634 

Shelf of Australia, in the Timor Sea (e.g. Gartrell et al., 2004). 635 

Based on the above discussion and the observations presented in this study, we suggest a 636 

conceptual model (Fig. 13) where thermogenic hydrocarbons leak towards the GHSZ through a 637 

combination of faults, fracture, and stratal pathways. Depending on the interplay between the 638 

reservoir and sealing units, hydrocarbons may be trapped at different levels during the process of 639 

migration from their source rock(s), including in the potentially commercial accumulations drilled 640 

in the study area. 641 

The presence of amplitude anomalies indicative of an NGHS in the study area, in conjunction 642 

with the deeper evidence of free gas, the seafloor expressions of gas seepage, and the occurrence of 643 

seismic blanking zones terminating immediately beneath the interpreted NGHS, further indicate that 644 

the hydrocarbon plumbing system is currently active in the study area, with methane fluxes being 645 

high enough to result in the formation of seismically visible hydrates or authigenic carbonates, 646 
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pockmarks, and BSR-like amplitude anomalies. This interpretation, in conjunction with the recent 647 

discovery of Upper Triassic-Late Jurassic paleo-pockmarks in this area (Dirstein et al., 2013; 648 

Velayatham et al., 2018, see also Figs. 4A, B, 9A), and the potential identification of a paleo-649 

NGHS in the Paleocene-Eocene sediments of the nearby Barrow sub-Basin (Imbert and Ho, 2012), 650 

suggests that the Exmouth Plateau is a region with a long-term history of hydrocarbon generation 651 

and expulsion events, where the onset of generation from Mungaroo Fm. source rocks is predicted 652 

to be in the Late Triassic-Early Jurassic from geochemical analysis (Cook et al., 1985), and peak 653 

generation expected at present day at ~5000 mbsf (Geoscience Australia, 2014). 654 

Regardless of the exact source of the hydrate-forming gases, the observed distribution of 655 

shallow amplitude anomalies (including BSRs) controlled by deep structures, and occurring within 656 

a lithologically homogeneous stratigraphy, provides evidence for a potential NGHS sourced by gas 657 

generated below the BGHSZ. A similarly ‘patchy’ structurally-controlled distribution of shallow 658 

gas anomalies has been observed in the Barents Sea, where a thermogenically-sourced natural gas 659 

hydrate system overlies deep hydrocarbon traps analogous to those described in this study (cf. 660 

Ostanin et al., 2013). Likewise, other hydrocarbon provinces with different structural styles, such as 661 

the fold-and-thrust belt offshore Sabah (Paganoni et al., 2018), as well as the Green Canyon and 662 

Mississippi Canyon areas in the Northern Gulf of Mexico (Sassen et al., 2001; Roberts et al., 663 

2006b; Simonetti et al., 2013), display isolated patches of shallow amplitude anomalies overlying 664 

deeper hydrocarbon reservoirs. 665 

The data and results presented here are relevant to the study of the petroleum system in the 666 

NW Shelf, in terms of charge and migration history. Future detailed geometric analyses on the 667 

faults associated with amplitude anomalies in this area could provide better insights into the role of 668 

the present-day state of stress on fluid flow (Bailey et al., 2016b). The ultimate triggers for 669 

hydrocarbon migration towards the GHSZ could encompass many mechanisms, all capable of 670 

critically pressuring deep hydrocarbon reservoir, up to a point that would result in seal failure. 671 
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These mechanisms need to be analysed in detail in future work and include (1) an active 672 

hydrocarbon charge from source rocks resulting in a valve-like behaviour of the sealing lithologies 673 

and faults, (2) fault reactivation, (3) vertical and lateral overpressure transfer, and potentially (4) 674 

generation overpressures in the reservoirs caused by sea-level falls (see Clennell et al., 2000; 675 

Wiprut and Zoback, 2000; Yardley and Swarbrick, 2000; Cartwright et al., 2007; Tingay et al., 676 

2007; Langhi et al., 2010; Hermanrud et al., 2013).  677 

6. Conclusions 678 

This study has documented the potential occurrence of a natural gas hydrate system in the 679 

Exmouth Plateau, on the NW Shelf of Australia. This system is characterised by the presence, in 3D 680 

seismic reflection data, of high amplitude anomalies indicative of shallow free gas accumulations 681 

beneath the base of the gas hydrate stability zone, in conjunction with amplitude anomalies within 682 

the stability zone that suggest the presence either of hydrates at elevated saturations or of authigenic 683 

carbonates. The interpreted gas hydrate-bearing sediments are constituted by deepwater carbonate 684 

nannofossil, and foraminifera oozes. 685 

Based on the distribution of the observed amplitude anomalies with respect to the deeper 686 

structures, and considering geochemical evidence indicating the absence of a shallow microbial gas 687 

source in the study area, the hydrate-sourcing gas is interpreted to be of thermogenic origin, most 688 

likely generated within the Mungaroo Fm. The same gas sources several seismically visible deep 689 

gas reservoirs, some of them successfully drilled by exploration boreholes. 690 

The thermogenic hydrate-forming gas is interpreted to have migrated from Upper Triassic 691 

fault blocks through a combination of cross-stratal and stratal pathways. Seismic evidence for this is 692 

provided by stacked high amplitude anomalies, in some cases intersected by tectonic faults, and 693 

blank zones within the stratigraphic intervals underlying shallow high amplitude anomalies. 694 
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The potential presence of a natural gas hydrate system in the NW Shelf of Australia adds a 695 

further element to this hydrocarbon province, which will need to be considered, particularly for 696 

geohazard evaluations and the future development of gas reservoirs in deep waters. 697 
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Figure captions 705 
 706 

Figure 1. A) Simplified bathymetric map of the Exmouth Plateau and surrounding areas (modified after Exon et al., 1992). 707 
Bathymetry is expressed in kilometres below the sea level; F.Z.= fracture zone. The blue polygon represents the perimeter of the 708 
Bonaventure 3D survey. The location of the hydrocarbon exploration wells used in this study and of the ODP Sites 762 and 763 (Leg 709 
122) are also indicated. The inset map at the top-left portion indicates the location of the study area along the NW Shelf of Australia 710 
(WA= Western Australia; NT= Northern Territory; SA= South Australia; QLD= Queensland; NSW= New South Wales; VIC= 711 
Victoria; TAS= Tasmania). B) Blended TWT and variance seafloor map of the area investigated by the Bonaventure 3D survey. 712 
Exploration wells and ODP Site 762 are indicated (Ee= Eendracht-1; Br= Brederode-1; Ar= Arnhem-1; KK= Kentish Knock-1; 713 
KKS= Kentish Knock South-1; Th1= Thebe-1). The map also shows the projections at the seafloor of interpreted shallow anomalies 714 
(gas hydrates/authigenic carbonates and shallow free gas), as well as the deep DHIs identified in the Mungaroo Fm and the lateral 715 
extent of the stacked enhanced reflections between Units 5 and 7 in the SE portion of the study area. The projected location of the 716 
Scarborough accumulation (reservoir in the Barrow Group) is also shown in the SE part of the figure. HS= headwall scarp related to 717 
the occurrence of seafloor mass-transport deposits (MTDs). The black arrows indicate circular seafloor depressions at the margins of 718 
the MTDs. 719 

 720 

Figure 2. Composite stratigraphic column for the study area (modified after Exon et al., 1992; Black et al., 2017). Both the main 721 
tectonic and petroleum system elements are shown. FGZ= free gas zone (i.e. shallow free gas reservoir); GHSZ= gas hydrate stability 722 
zone; C-T OAE= Cenomanian-Turonian Oceanic Anoxic Event. The numbers from 1 to 9 indicate the stratigraphic units defined in 723 
the seismic data for this study. All the free gas accumulations identified between Unit 5 and the top of Unit 8 are referred to as 724 
‘intermediate gas reservoirs’.  725 

 726 

Figure 3. A-D) Interpreted seismic sections passing through exploration wells in the study area. The inset map in (A) shows the 727 
location of the sections. The definition of stratigraphic units 1-9 is based on well calibration. Note the extremely thin Jurassic 728 
stratigraphy, as well as the significant changes in thickness of the Brigadier Fm.-Muderong Shale interval (Units 2-5) between 729 
structural highs and lows. The blue arrows indicate DHIs in the Mungaroo Fm., interpreted as accumulations of free gas, as 730 
confirmed by drilling. Faults are highlighted by red lines: PFS= polygonal fault system; TF= tectonic faults (rift-related extension). 731 
The stratigraphic position of the horizon shown in Fig. 5D (P), interpreted to be Paleocene in age (Dockrell Fm.), is shown in the 732 
simplified stratigraphic column on the right of each section. 733 

 734 

Figure 4. A) Blended TWT and variance map of the top of Unit 1 (top Mungaroo Fm-base Brigadier Fm., Late Triassic). Note the 735 
prominent NNE-SSW trending fault blocks, as well as the numerous fault linkage and relay ramp structures. The red circles and 736 
ellipses indicate the approximate location of the areas showing seismic evidence of shallow leakage of hydrocarbons. B) Variance 737 
map of the top of Unit 1 (top Mungaroo Fm-base Brigadier Fm.). This map shows the projected locations of areas characterised by 738 
shallow leakage of hydrocarbons (I-IX), those of the deep DHIs in the Mungaroo Fm. (1-15), and that of the enhanced reflections 739 
stacked between Unit 5 and Unit 7 (Muderong Shale-Miria Marl equivalents) (cf. Figs. 3, 6, 7, 9). The projected location of the 740 
Scarborough accumulation (reservoir in the Barrow Group) is also shown in the SE part of the figure. The paleo-pockmark 741 
observable in Fig. 9A is shown in the blow-up at the bottom of (B) (see black arrow). Other paleo-pockmarks are identified as small 742 
circular depression, with high variance.  C) Rose diagrams illustrating the azimuths of preferred fault plane strikes for a total of 727 743 
faults mapped at the top of Unit 1 (cf. with A and B). The diagram on the left is non-weighted and does not consider the length of 744 
each mapped fault. The diagram on the right takes into account the linear distance between the northernmost and the southernmost 745 
point of each mapped fault, as an approximation of its length. Each fault segment is divided by the length of the smallest segment 746 
observed in the area, which is ~0.5 km. Both diagrams show a dominant NNE-SSE strike direction (see 747 
https://www.seismar.net/downloads/ for more information on the code used to extrapolate the faults strikes). 748 

 749 

Figure 5. Blended TWT and variance maps of the top of (A) Units 5 (Muderong Shale), (B) 6 (Lower Gearle Siltstone), (C) 7 (Miria 750 
Marl), (D) an intra-Unit 8 reflection (calibrated to be Palaeocene in age, and named P, Dockrell Fm.), and (E) the top of Unit 8 (Mid-751 
Miocene unconformity, within the Cape Range Group)  (cf. with Figs. 2 and 3). The projected locations of the shallow and deep 752 
amplitude anomalies are shown in all the maps, as well as the locations of the stacked enhanced reflections observed in the SE sector 753 
of the study area between the Muderong Shale, and Miria Marl equivalents. The polygonal fault system is well imaged at the top of 754 
Unit 7 and within the Paleocene (C, D), but it extends up to the top of unit 8 (i.e. the Mid-Miocene unconformity) (E), where it is 755 
most visible in the NE side of the study area. 756 

 757 

Figure 6. Seismic sections, showing possible evidence of a natural gas hydrate system. The location of the sections is shown in the 758 
inset map at bottom-left. The column on the right of each section indicates the boundaries of each stratigraphic unit. The BGHSZ is 759 
interpreted as the top of a series of enhanced ‘soft’ reflections (pink triangles). There is a BSR-like character in the examples shown 760 
here. The overlying amplitude anomalies could represent either gas hydrates or authigenic carbonates (grey triangles). A) Seismic 761 
section passing through Area I (see Tab. 2), which overlies the Brederode accumulation (blue arrows). Note the stacked enhanced 762 
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reflections (ERs, yellow ellipse) around a fault offsetting the Cretaceous to Early Paleogene succession. B) Seismic section passing 763 
through the Area III (Tab. 2). C) Seismic section passing through the Area IV (see Tab. 2). In (B) and (C), note the area of seismic 764 
blanking and reflection distortion (black arrows) above the Upper Triassic succession. The arrows at the seafloor indicate depressions 765 
interpreted as pockmarks. Note the prominent rift-related extensional faults, as well as the polygonal fault system, both highlighted 766 
by black lines. MTD= mass-transport deposit. D, E, F) Blow-ups of selected portions of the seismic sections shown in (A), (B), and 767 
(C), respectively (red dashed rectangles), with wavelet extraction and superimposition of the modelled BGHSZs at bulk conditions 768 
(see text). 769 

 770 

Figure 7. Composite seismic sections, showing different types of amplitude anomaly in the SE sector of the study area, including 771 
Areas VII (A, B) and IX (B), which include a bottom-simulating character. Both the sections pass through the Kentish Knock South 772 
accumulation (a dashed black line indicates the projection of the borehole Kentish Knock South-1). The blue arrows indicate the base 773 
of the Kentish Knock South accumulation (in this case a flat spot, which indicates the gas-water contact). Note also the stacked 774 
enhanced reflections (ERs), as well as the shallow anomalies, in both (A) and (B). The pink triangles indicate interpreted shallow free 775 
gas accumulations while the grey triangles indicate interpreted hydrate/authigenic carbonate accumulations. The ERs are distributed 776 
around a major extensional fault that offsets the Cretaceous succession above the Kentish Knock South accumulation. In (B), it is 777 
possible to see how the ERs also extend updip (as indicated by the yellow arrows), principally within Unit 5 (i.e. the Muderong 778 
Shale). MTD= mass-transport deposit. 779 

 780 

Figure 8. Downhole temperature measurements at ODP Sites 762 and 763 (Leg 122, Swift et al., 1992) and industry wells (corrected 781 
bottom hole measurements, Esso Australia Ltd, 1980, 1981a, b, 1997; Phillips Australian Oil Company, 1980; BHP Billiton 782 
Petroleum Pty Ltd, 2005, 2006a, b, 2008, 2009; Chevron Australia Pty Ltd, 2010b, c, 2011b, 2013c, 2014; Woodside Energy Ltd, 783 
2011, 2012). The purple arrow indicates the measurements at Sites 762 and 763, which indicate relatively high temperature at 784 
shallow depths at both sites. The Chevron well completion reports (Brederode-1, Arnhem-1, Kentish Knock-1, Guardian-1, and 785 
Kentish Knock South-1) provide a maximum, a minimum, and an intermediate formation temperature value, depending on the 786 
applied correction method. All these values are reported in the figure. The inset map at bottom-right indicates the location of the 787 
boreholes (762= ODP Site 762; 763= ODP Site 763; Ee= Eendracht-1; Br= Brederode-1; Ar= Arnhem-1; KK, G= Kentish Knock-1 788 
and Guardian-1; KKS= Kentish Knock South-1; Th1,2= Thebe-1, 2; Ju= Jupiter-1; S1-5= Scarborough-1-5; Al= Alaric-1; Ca= 789 
Cadwallon-1; Vi= Vinck-1), as well as the perimeter of the Bonaventure 3D seismic survey. 790 

 791 

Figure 9. Seismic sections, showing shallow amplitude anomalies, potentially indicating a natural gas hydrate system. The location 792 
of the sections is shown in the inset map at mid-right. These sections pass through Areas II (A), IV (B), V (C), and VI (D, E) (see 793 
Tab. 2 and Fig. 4B). The column on the right of each section indicates the boundaries of the stratigraphic units defined in this study. 794 
A BSR-like character is not observed in the examples shown here, and the pink triangles indicate shallow ‘soft’ anomalies interpreted 795 
as free gas. The grey triangles are ‘hard anomalies’ interpreted as either gas hydrates or authigenic carbonates. Area II is located 796 
above a fault block, west to the Arnhem accumulation. The blue arrows indicate amplitude anomalies within the Mungaroo Fm. (Unit 797 
1), and interpreted as possible DHIs. The black dotted ellipse in (A) indicates a paleo-pockmark in the Late Triassic. The white 798 
arrows in (D) and (E) indicate a reflective top of Unit 1-base of Unit 2. The black arrows at the seafloor indicate depressions 799 
interpreted as pockmarks. Faults are highlighted by black lines. Note the presence of small-offset discontinuities associated with 800 
shallow amplitude anomalies in (C), (D), and (E). ERs= stacked enhanced reflections; MTD= mass-transport deposit. 801 

 802 

Figure 10. A) RMS Amplitude extraction of the stratigraphic horizon marking the top of the Mungaroo Fm (Unit 1). Note that the 803 
amplitude of this horizon increases in the NW sector of the study area (white arrow). There is no drilling data in that area to constrain 804 
the origin of the amplitude increase (cf. with Fig. 6D, E). B) TWT isochore map of the stratigraphic interval comprised between the 805 
top of the Mungaroo Fm. (Unit 1), and the top of the Muderong Shale (Unit 5). Note how thickness decreases on the Late Triassic 806 
structural highs (cf. with Fig. 4A), particularly in the NW sector of the study area. The projected locations of the shallow amplitude 807 
anomalies, the DHIs in the Mungaroo Fm., and the stacked enhanced reflections observed in the SE sector of the study area between 808 
the Muderong Shale, and Miria Marl equivalents are shown in Both (A) and (B). 809 

 810 

Figure 11. Geochemical data from ODP Site 762 (Leg 122, modified after Haq et al., 1990; De Carlo, 1992; Snowdon and Meyers, 811 
1992) (A-E) and correlation with the Bonaventure 3D seismic survey (F), considering the stratigraphic units defined in this study (cf. 812 
with Fig. 2). The data includes porewater values of sulphate (A), chloride (B), total carbonate content of the sediment (C), total 813 
organic carbon (TOC) (D), and headspace methane gas (E). The DHIs indicating the Eendracht accumulations are indicated by blue 814 
arrows in (F).  815 

 816 

Figure 12. Genetic diagrams (modified after Milkov, 2011) of natural gases showing the molecular and isotopic gas composition of 817 
the gas hosted within the Mungaroo Fm. in the study area. The plotted data is based on Modular Dynamic Formation Tester (MDT) 818 
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analyses on gas samples recovered from boreholes Brederode-1, Arnhem-1, Kentish Knock-1, Guardian-1, Kentish Knock South-1, 819 
and Thebe-1 (BHP Billiton Petroleum Pty Ltd, 2008; Chevron Australia Pty Ltd, 2009, 2010b, 2011a, 2013a, b) 820 

 821 

Figure 13. Schematic summaries of the interpreted hydrocarbon plumbing system, including a natural gas hydrate system, on the 822 
Exmouth Plateau. The cartoons are based on Figs. 6C and 7A. A) A hydrocarbon plumbing system where a deep source rock 823 
provides gas to a Late Triassic reservoir in the Mungaroo Fm. Leakage towards the GHSZ occurs via a cross-stratal advection 824 
process (through a fracture network?) from a gas reservoir at the crest of the footwall fault block. Free gas is trapped at the BGHSZ 825 
and may migrate updip along the three-phase boundary. Gas hydrates precipitate within the GHSZ. Where free gas is able to migrate 826 
to the seafloor, it leads to the formation of pockmarks. B) A case where free gas trapped within the Mungaroo Fm leaks into the 827 
shallower succession with a combination of cross-stratal advection through faults and stratal migration along preferential carrier 828 
beds. The shallowest free gas reservoir is the free gas zone. The semi-transparent red arrows indicate the possible gas migration 829 
direction. SR= source rock; FG RES. = free gas reservoir; FGZ= free gas zone; BGHSZ= base of the gas hydrate stability zone; 830 
GHBS= gas hydrate-bearing sediments; MTD= mass-transport deposit; P= pockmark; TF= tectonic fault; PFS= polygonal fault 831 
system. A simplified stratigraphic column is shown on the right of each cartoon. 832 

 833 

Table captions 834 
 835 

Table 1. Summary of the main characteristics of the areas of shallow hydrocarbon leakage (i.e. potentially related to a natural gas 836 
hydrate system) identified in the study area, in terms of seismic character and relation with deeper anomalies (see Fig. 4B for 837 
location). 838 

Table 2. Summary resume of the main characteristics of gas accumulations identified in the study area, in terms of seismic character, 839 
petroleum system, and evidence of leakage (see Fig. 4B for location). The throw of the trap-bounding faults was measured at the top 840 
of the Mungaroo Fm. (Unit 1). Fault zones themselves could constitute additional seals for the gas accumulations.  841 
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