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Abstract

For the first time in Australia, active present-day hydrocarbon seepage has been imaged—on the tropical carbonate Yampi Shelf, in 50 and 90 m
water depth. Seepage is evidenced by gas plumes in the water column that are associated with seabed features, such as clusters of reflective blocks,
hard-grounds, pockmark fields, and mounds. Seepage activity and intensity seems to vary with changes in pressure related to macro-tidal cycles.
The seabed features coincide with sub-surface features such as areas of seismic signal attenuation under high amplitude reflectors, seismic
discontinuities and bright spots. Hydrocarbon migration-seepage pathways appear to be controlled by the reactivation of pre-existing fractures and
dykes within the basement. The types of seabed features and their preservation on a tropical carbonate shelf are strongly influenced by the coarse
bioclastic nature of sediments and the high energy of macro-tidal currents and storm reworking.
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1. Introduction

1.1. Active seeps detection—a tool for hydrocarbon
exploration

The presence of hydrocarbon seeps in either near-surface
sediments, on the seabed, or within the water column, may
provide strong evidence of an active petroleum system. Indeed,
the detection of seepage has been used in offshore oil and gas
exploration since the 1930s (Abrams and Segall, 2001).
However, the complexity of hydrocarbon leakage and seepage
in a particular marine setting requires understanding substrate
features and geochemical processes (Abrams and Segall,
2001). During the past decade, a renewed interest has
developed in geochemical seepage exploration assisted by
the development of new analytical and interpretative methods
(Schumacher, 2000; Abrams and Segall, 2001).

The North West Shelf (NWS) of Australia (Fig. 1) is a world
class gas province with significant oil sweet spots (Longley
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et al., 2002). In the northern part of the NWS, on the Yampi
Shelf and Timor Sea region (Fig. 1), extensive palaeo-
hydrocarbon leakage and present-day hydrocarbon seepage
have been inferred from seismic attribute analysis, remote
sensing data sets (Synthetic Aperture Radar—SAR, Airborne
Laser Fluoro-sensor—ALF), and water column geochemical
sniffer (Jones et al., 2005a; O’Brien and Woods, 1995; O’Brien
et al., 2000, 2001, 2002a,b, 2003a).

This study investigated the nature of the inferred seepage on
the Yampi Shelf (Fig. 1) during Geoscience Australia marine
survey S267 (Logan, 2004; Jones et al., 2005a). The survey was
undertaken to test a combination of tools and techniques in an
area of inferred seepage prior to the deployment of tools for
seepage detection in more poorly understood areas and frontier
basins.

1.2. Hydrocarbon seepage in shallow marine environments

Fluid seepage from the seafloor has been reported in
many locations around the world in different water depths,
from 10 to 3000 m. In shallow and moderate water depths,
between 10 and 500 m, the fluids involved in seepage can be
of various origins (groundwater, biogenic or thermogenic),
with different intensity (macro- vs micro-seepage), and
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Study area showing areas surveyed in detail

Fig. 1. Regional setting of the study area on the Yampi Shelf. White lines indicate geological province boundaries; background 1 km bathymetry map is derived from
swath, predicted satellite, levelled survey track data and hydrographic charts. Wells drilled in the study areas are indicated. The seismic line YST-165-09 is located
north of the Cornea oil and gas field and is shown in Fig. 2.
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Table 1
Location, depth, environment and tectonic setting of key features related to seepage in shallow-moderate water depths around the world
Location Water depth Environment and tectonic setting Features related to seepage References
Eastern 20-80 m Siliciclastic (silt, sandy-silt), Gas bubbles, pockmarks and acoustic Hasiotis et al. (1996);
Mediterranean sub-tropical, compressive system anomalies Christodoulou et al.
(2003); Garcia-Garcia
et al. (2004)
Western Indian mar- 20-260 m Siliciclastic (silt, clay, sand), tropi- Gas plumes, pockmarks and acoustic mask- Karisiddaiah and
gin cal, passive margin ing Veerayya (2002)
Timor Sea Region, 40-500 m Carbonate, tropical, passive Remote sensing (SAR and ALF) and 2D/3D  Bishop and O’Brien
Northwest Australia margin—early collisional margin seismic anomalies combined with high- (1998) and O’Brien
resolution bathymetry features et al. (2002a,b, 2003a)
Yellow Sea, East 80-100 m Siliciclastic (palimpsest sand), sub-  Gas plumes, craters with rare pockmarks and ~ Jeong et al. (2004)
China tropical, inverted extensional basin  diapirs associated with seismic wipeout
North Sea, UK sector <100-250 m Siliciclastic (silty marine clays, Gas plumes and/or sediment clouds sus- Hovland and Judd
glaciomarine silts), temperate, Sag pended in the water column, pockmarks, (1988); Judd (2001);
margin with inversion and salt authigenic carbonates and bacterial mats Judd et al. (2002);
movement Loseth et al. (2003)
East China Sea <100-1000 m Siliciclastic (mud), sub-tropical, Mud volcanoes, large pockmarks, bright Yin et al. (2003)
back-arc basin spots, phase inversion and other seismic
anomalies
Lake Baikal <100-1500 m Siliciclastic (coarse sandy turbi- Methane seeps, mud cones, low relief craters ~ Van Rensbergen et al.
dites), desertic, rift system. and gas hydrates (2003)
Black Sea < 100-2000 m Siliciclastic, sub-tropical, com- Gas plumes, gas-saturated-sediments, gas Ergiin et al. (2002);
pressional setting hydrates, mud volcanoes and pockmarks Kruglyakova et al.
(2004)
Offshore Canning <100-3000 m Carbonate, tropical, passive margin ~ Remote sensing (SAR and ALF) and 2D O’Brien et al. (2003b)
Basin, Northwest seismic anomalies
Australia
Bering Sea <200 m Siliciclastic, polar, convergent Gas bubbles in the water column, pock- Abrams (1992)
margin marks, and seismic wipeout zone related to
gas
East Atlantic (Gulf of 300-400 m Siliciclastic (mud), sub-tropical, Gas plumes, ancient and modern pockmarks, Casas et al. (2003)
Cadiz) compressional system acoustic turbidity and blanking, bright spots
and bottom simulating reflector
Caspian Sea <400-1000 m Siliciclastic (mud), sub-tropical, Mud volcanoes Yusifov and Rabino-
compressional system witz (2004)
West African margin <400-3000 m Siliciclastic (sand/silt), tropical, Pockmarks Hovland et al. (1997);

passive margin

Gay et al. (2003)

observed in a variety of sedimentary, climatic and tectonic
settings (Table 1).

Most published studies of seepage are in siliciclastic-
dominated environments and evidence of hydrocarbon seeps is
often associated with mud volcanoes or mud domes (e.g.
several tens of meters high to more than 200 m high in the
Caspian Sea, Yusifov and Rabinowitz, 2004) or pockmarks
(circular or elliptical depressions <0.5-20 m deep and from 1
to 1000 m long in the North Sea, Hovland and Judd, 1988; and
up to 58 m deep in the Gulf of Mexico, Prior et al., 1989). Mud
volcanoes are more common within active accretionary prisms
or other compressional settings where active fluid dynamics,
including de-watering, are important. In contrast, pockmarks
have been widely reported in various tectono-stratigraphic
settings often associated with structural or stratigraphic
discontinuities (unconformities along bedrock, Shaw et al.,
1997; faults and folded anticlines, Eichhubl et al., 2000; salt
diapirs, Taylor et al., 2000; shallow buried channels, Gay et al.,
2003), but are mainly found in unconsolidated fine-grained
siliciclastic sediments (Hovland and Judd, 1988; Judd, 2001).

Methane-derived authigenic carbonates (MDACs) or
hydrocarbon-related diagenetic zones (HRDZs) have been
associated with palaeo- and/or present-day seepage either on
the seabed or within the underlying stratigraphic section
(Hovland and Judd, 1988; O’Brien and Woods, 1995). MDACs
and HRDZs are the result of hydrocarbon leakage and
biogeochemical (microbial) processes in overlying shallow
aquifers (Cowley and O’Brien, 2000) or on the seabed. The
coupling of sulphate reduction with methane oxidation can
produce intense carbonate cementation (Boetius et al., 2000).
The high acoustic impedance produced by this cementation
provides a strong seismic response (Cowley and O’Brien,
2000). Such carbonate-cemented sediments have also been
found inside large pockmarks in the North Sea (Hovland et al.,
1985; Dando et al., 1991). Generally, seabed authigenic
carbonates are rapidly colonised by bacterial mats and
chemosynthetic fauna (Hovland, 1990; Stakes et al., 1999).
These methane-derived carbonates, generally classified as
hard-grounds, form durable substrates. They could represent
the initial phase of bioherm and carbonate reef formation in
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warmer waters, and following burial may also form reservoirs
(Hovland, 1990).

1.3. Inferred hydrocarbon seepage on the tropical carbonate
Yampi Shelf

On the tropical carbonate Yampi Shelf, sea-level change
and reef development in conjunction with powerful hydraulic
forces (storms and swells, tropical cyclones, major ocean
currents and tides) have controlled the modern bathymetry and
sedimentology (O’Brien and Glenn, 2005). In addition,
seaward-flowing saline bottom waters, generated by seasonal
evaporation on the upper shelf, significantly limit modern
benthic carbonate production on most of the middle shelf
(James et al., 2004). Therefore, bioclastic carbonate sediments
on the shelf are deposited with a low or starved sedimentation
rate (Van Andel and Veevers, 1967; Marshall et al., 1994),
which is not favourable for the formation of the large-scale
seepage features (mud volcanoes and mature pockmarks)
observed in fine-grained siliciclastic environments around the
world (Table 1). Instead, possible seepage-related features
observed in the Timor Sea are occasional small pockmarks (2—
5 m in diameter), seabed mounds, carbonate banks, reefs or
shoals (Heyward et al., 1997; Hovland et al., 1994; Lavering
and Jones, 2001; O’Brien and Glenn, 2005).

Late Tertiary collision of the Australian and Eurasian plates
has generated a compressional regime on the NWS and
culminated in a major phase of Late Miocene—Recent foreland
subsidence and widespread extensional reactivation of existing
faults in the Timor Sea area (Etheridge et al., 1991; O’Brienetal.,
1999b; Keep et al., 2002). This recent faulting is considered the
major cause for numerous breached hydrocarbon traps in the
region (O’Brien et al., 1996,1999a,b). It has also been proposed
that many of the carbonate bank systems within the Timor Sea
have developed over active hydrocarbon seeps (Hovland et al.,
1994; Heyward et al., 1997; Lavering and Jones, 2001; Glenn and
O’Brien, 2002; Longley et al., 2002; O’Brien and Glenn, 2005).
In this high-energy tropical carbonate environment, reefs could
rapidly develop on any topographic highs formed by seepage-
related features where authigenic carbonate cementation is
pronounced and where the terrain is swept by strong currents
that supply nutrients and oxygen (Hovland, 1990).

Prolific present-day seepage has been inferred in the Timor
Sea region on the NWS based on synthetic aperture radar
(SAR), airborne laser fluorescence (ALF), geochemical water
column sniffer studies and 2D seismic data (O’Brien and
Woods, 1995; O’Brien et al., 1996, 1999b, 2001, 2002a,b,
2003a; Bishop and O’Brien, 1998) and 3D seismic studies
(Shell Development (Australia) Pty. Ltd., 2000). However,
recent reassessment of the potential origin of SAR slicks in the
area has downgraded the abundance and distribution of
present-day hydrocarbon seepage in favour of alternative
slick origins, such as bathymetrically controlled current flow
and coral spawning (Jones et al., 2005a). Also, palaco- and
present-day hydrocarbon migration and seepage cannot always
be distinguished on seismic data alone. 3D seismic data
indicate that the onset of reef growth in the Timor Sea

coincides with the timing of both Pliocene subsidence and trap
breach (O’Brien and Glenn, 2005). However, present-day
seepage has not been confirmed, apart from a few isolated areas
with elevated methane and ethane concentrations and
‘fluorescence’ in the water column (Edwards and Crawford,
1999; O’Brien et al., 2000). Therefore, seabed imaging and
further field studies are necessary to demonstrate any
unequivocal relationships between seabed features and
present-day active hydrocarbon seepage on the NWS.

The objectives of this paper are: (1) to describe, characterise
and discuss the relevance of using an integrated approach for
the detection of active seepage, (2) to correlate relevant data to
explain seepage and (3) to compare the range of seepage
features on a shallow carbonate shelf with those observed in
siliciclastic environments.

2. Database and methods
2.1. Previously existing data

Four areas on the Yampi Shelf were selected for surveying
in the vicinity of the Cornea oil and gas field (Fig. 1). A range
of previously existing data sets were used to identify areas of
likely active seepage. These included SAR, Landsat and sniffer
surveys together with broad bathymetry, 2D and 3D seismic
surveys and 3.5 kHz sub-bottom profiles. Such data were
assessed for evidence of surface slicks, water column and sub-
surface sediment gas, seafloor pockmarks and mounds, and
seismic expression of hydrocarbon migration, accumulation
and leakage. All data sets were integrated within a geographic
information system (GIS) and four areas of interest were high-
graded for survey and sample collection during GA Survey 267
(Jones et al., 2005b). Each survey area contains multiple lines
of evidence for seepage including:

— Interpreted hydrocarbon-related diagenetic zones (HRDZs)
mapped in the Cornea 3D seismic grid (Shell Development
(Australia) Pty. Ltd., 2000);

— High amplitude of the seafloor reflector extracted from 2D
(Cowley and O’Brien, 2000) and 3D seismic data;

— High concentrations of methane (300 ppm, 75-100 times
background values) and ethane (>2 ppm) in the water
column (O’Brien et al., 2000, 2001);

— ALF anomalies (Cowley and O’Brien, 2000);

— SAR slicks (O’Brien et al., 2003a; Jones et al., 2005a);

— Landsat slicks (Cook, 2000);

— ARGUS hyperspectral slicks (Fugro Airborne Surveys Pty
Ltd., 2001);

2.2. New data on the Yampi Shelf

Geoscience Australia marine survey S267 was carried out over
the Yampi Shelf to test and validate a range of techniques for seep
detection in March 2004 (Fig. 1). It used a combination of tools
including side-scan sonar (Klein 540 dual frequency with 100 and
500 kHz transducers recorded digitally), echo-sounders (screen
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images of two 200 kHz units located near the bow and stern,
approximately 10 m apart, were captured with a digital camera),
multi-beam bathymetric mapping (two LSE-296 transducer
arrays connected to a SEE-30 Transmit/Receive Unit operating
at 180 kHz) and a sea-surface fluorescence device. A sampling
program was then carried out over areas of interest to collect
sediment and water samples for sedimentological, geochemical
and biological analysis. The survey was undertaken on the vessel
Parmelia K, a pearling boat that forms part of the Broome Pearls
fleet. This vessel was positioned using standard GPS satellite
navigation. The average survey speed was 5-6 knots with the
sonar towfish situated between 130 and 240 m behind the ship,
approximately 40 m above the seabed. Side-scan sonar mosaics
were generated over the areas incorporating layback correction
giving an accuracy of several meters for the location of the sonar
towfish. Full details of the survey are presented in the post cruise
report (Jones et al., 2005b).

During Survey 267, approximately 158 km? of multi-beam
swath bathymetry data, 770 km of side-scan sonar data, 16 grab
samples, 12 dredge samples and 3 gravity cores were collected.
Echo-sounder data were also examined throughout the survey.
Existing 2D and 3D seismic data were examined before the
survey and were subsequently correlated with the newly
acquired data.

Core material was difficult to obtain in the sandy and locally
cemented sediments using 2 and 4 m gravity cores. Sampling

44— Caswell Sub-basin

using a Smith—Maclntyre grab and dredges was highly
successful, with samples taken within the immediate vicinity
of active seeps. Detailed analysis of sediment samples
collected during the survey is beyond the scope of this paper.
The sampling revealed that grabs generally returned light
olive-grey, bioclastic carbonate muddy sand, while dredges
retrieved coarser sediment and hard-ground fragments (with
fines winnowed in the water column during sample retrieval).
A selection of light and dark coloured carbonate samples
(shells, worm tubes, crusts and pebble-sized aggregates) were
analysed for their mineralogy (by Laser Raman microprobe)
and for carbonate isotopes. Stable isotope ratios were measured
at Monash University using a Finnigan MAT 252 mass
spectrometer (I. Cartwright, pers. comm., 2005).

3. Regional geology

The NWS is a proven hydrocarbon province but no
production has yet been undertaken on the Yampi Shelf
despite the discoveries of hydrocarbons. The Yampi Shelf
forms the eastern flank of the northern Browse Basin and
adjoins the Caswell Sub-basin depocentre to the west (Fig. 1).
The basinward limit of the shelf is characterised by normal
faulting. The shelf is an area of shallow, gently basinward
dipping Proterozoic basement (Fig. 2). This basement is mainly
igneous (rhyolite, rhyodacite, gabbro, granite) with local
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Fig. 2. 2D seismic GA line YST-165-09 showing interpreted stratigraphy from the Caswell Sub-basin to the Yampi Shelf (location in Fig. 1). The location of Tear-1

well is indicated here and in Fig. 1.
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quartzite and is highly eroded with rugose palaeo-topographic
relief. It is overlain by a 40 m thick basal conglomerate which
consists of igneous pebbles in a very fine pyritic groundmass
and is interbedded with arkosic sandstones. Proterozoic
basement is onlapped by Permian to Mesozoic sediments.
The Palaeozoic sediments have been uplifted, progressively
eroded and overlain by an easterly onlapping and thinning
wedge of Late Jurassic, Cretaceous and Tertiary sediments
(Struckmeyer et al., 1998). Total sediment thickness on the
shelf is less than 1000 m.

The Late Cretaceous—Cainozoic section records a major
progradational (regressive) cycle in which the shelf edge
migrated northwestwards from the Yampi Shelf to the outer
limits of the Caswell Sub-basin. In the Oligocene, mild uplift
and erosion occurred over much of the shelf, and accelerated
subsidence of the outer shelf led to the deposition of a thick
prograding carbonate wedge and establishment of the present
morphology of the shelf and slope (Willis, 1988). Inversion of
some Palaeozoic—Jurassic faults commenced in the Middle to
Late Miocene as a result of convergence and collision of the
Australian and Eurasian plates (Struckmeyer et al., 1998).

Biodegraded oil and gas discoveries at Gwydion (Spry and
Ward, 1997) and Cornea (Ingram et al., 2000), currently
considered uneconomic, have validated the existence of a
petroleum system sourced in the Early Cretaceous, and indicate
that the Yampi Shelf is favourably situated to receive charge
from the mature source rocks within the adjacent Caswell Sub-
basin (Blevin et al., 1998). This depocentre contains in excess
of 15 km of Late Palacozoic—Mesozoic strata, but the regional
northwesterly dip on the Yampi Shelf limits the potential for
structural hydrocarbon traps (Spry and Ward, 1997).

The Yampi Shelf lies at water depths of 40 to 100 m and was
exposed at the Last Glacial Maximum [Pleistocene, approxi-
mately 19,000 (calendar) yrs BP; Yokoyama et al., 2000].

4. Evidence for seepage
4.1. Plumes in the water column

The echo-sounder and side-scan sonar datasets are very
significant as they represent the first direct imaging of seepage
in the region, which has previously only been interpreted
indirectly. A subsequent survey (SS06/05) on MRV Southern
Surveyor during June 2005 directly sampled the plumes within
the survey area discussed in this manuscript (Brunskill, 2005,
http://www.marine.csiro.au/nationalfacility/voyagedocs/index.
htm). The plumes have been shown to be mostly composed of
methane with minor amounts of ethane (K. Burns, Australian
Institute of Marine Science, pers. comm. 2005).

4.1.1. Echo-sounder

Active seepage over Cornea areas 1 and 2 was initially
imaged using echo-sounders. Echo-sounder images of seepage
varied considerably—from vertical to inclined plumes aligned
with tidal currents (Fig. 3). The active plumes rise to 30-50 m
above the sea floor and appear to ‘plateau-out’ along a sub-
horizontal layer, in 40-60 m water depth (Fig. 3), possibly
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Fig. 3. Echo-sounder screen photos imaging gas plumes in the water column.
(a) Shows a discontinuous plume, (b) illustrates several plumes and acoustic
layering between 60 and 40 m depth, (c) images a direct grab sampling of a
seep.

following an iso-density surface in the water column (most
likely a stable thermocline) or an oceanic methane layer
formed when particles lifted by bubbles are abandoned when
the bubbles dissolve, which often happens at the thermocline
(Leifer and Judd, 2002). Because temperature and salinity data,
at and beneath this layer, were not obtained during the survey,
the nature of the layer (thermocline and/or halocline) could not
be defined during the survey. However, a recent study
undertaken on the NWS (James et al., 2004) shows that during
summer (close to the time at which the data were acquired) the
waters in the region are well stratified, with a shelf thermocline
between 30 and 60 m water depth, which is consistent with the
observations made during the survey. This layering in the water
column was not visible over all the survey area and may have
been accentuated on the echo-sounder where gas bubbles were
trapped along the thermocline.
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The echo-sounder was also used extensively to position the
survey vessel for accurate sampling of seepage areas, since it
was possible to simultaneously observe the plumes rising from
the sea-floor and the sample tools as they were lowered to the
seabed (Fig. 3).

4.1.2. Side-scan sonar

Side-scan sonar data were also critical for the detection of
hydrocarbon seeps on the Yampi Shelf. The side-scan sonar
was able to image plumes of high back-scatter material
streaming from active seeps in Cornea areas 1 and 2 (Fig. 4).
The side-scan data were presented and stored as ‘normal’ side-
scan images, that is, high backscatter appears as dark on the
record. Active seeps were particularly well imaged by the
100 kHz transducer on the starboard side; the port transducer
data were of poorer quality. These plumes show a high
backscatter which could be interpreted as mainly gas (De
Beukelaer et al., 2003). During our survey, gas bubbles reached
the sea surface at one location, where they had an estimated
1 cm diameter and burst with a very thin oily film.

In the side-scan sonar data, bubble plumes appear as
multiple streams of bubbles sloping upward in the direction of
the tidal current or as overlapping hyperbolic streams (Fig. 4),
which appear to arch up through the water column and then dip
downwards. Similar hyperbolic responses have been recog-
nised in sonar records of seepage plumes in the Gulf of
California (Merewether et al., 1985). These arched anomalies
may result from a combination of: (1) bubble plumes streaming
away from the vertical plane traced by the side-scan fish; (2)
plumes streaming through the horizontal plane traced by the
fish; (3) a curved plume that streams vertically from the seabed
and then horizontally along an iso-density surface, as observed
in the echo-sounder data. The relatively straight responses are
the result of plumes streaming perpendicular to, parallel to, or
towards the vertical plane traced by the side-scan fish, but
which do not rise above the depth of the fish’s horizontal track.

4.2. Seabed features related to active seepage

Side-scan data also provided information on the seabed
expression of these seeps, which was often highly variable
(Figs. 4 and 5). The side-scan data, as well as the multi-beam
bathymetry, were collected along parallel lines about 300 m
apart. The line spacing allowed an overlap of swaths for the
multi-beam bathymetry. The side-scan sonar swath width is
generally half that of the multi-beam bathymetry, so side-scan
sonar mosaics do not show a full coverage of the surveyed
areas. Nevertheless, geo-referenced side-scan sonar mosaics
allow direct correlation among the different sets of data in the
surveyed areas.

4.2.1. Side-scan sonar seabed features

Various seabed features are associated with gas seeps in
Cornea areas 1 and 2 (Fig. 5). The most common features are
clusters of hard, reflective blocks (each block is roughly 1-m in
diameter) which are often arranged in a circular ring, possibly
around the vent (Fig. 5a—c). They are associated with observed
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Fig. 4. Side-scan sonar data illustrating gas plumes into the water column. (a—c)
Linear plumes are sloping upward in the direction of the tidal current, up to a
layer between 60 and 40 m depth, which was observed on the ships’ echo-
sounder (d,e) hyperbolic-shaped plumes are reaching up to 20 m above the
seafloor.

plumes of material in the water column (Fig. 4). The nature of
these strong reflective blocks is not proven although dredges
taken over seepage areas often retrieved fragments of crusts of
cemented bioclastic material. Other common features are
larger, hard, reflective hard-grounds and mounds of varying
size and shape that appear as bright irregular patches on
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Fig. 5. Side-scan sonar images (starboard only) of seabed features related to seepage in Cornea areas 1, 2 and 4. (a,b) Clusters of strong reflective blocks aligned on a
linear trend, (c) clusters of strong reflective blocks and a cemented mound, (d) a reflective hardground, (e) a pockmark field, (f) ripples on the seabed suggesting

recent seabed current activity.

the 100 kHz records (Fig. 5d). Pockmarks are also present and
some are associated with seeps (Fig. 5e). The pockmarks are
roughly circular and vary from 1-2 m across and up to 1 m
deep to larger features 10 m across and 2 m deep. Sand waves
(<1 m) occur between the reflective blocks, hard mounds and
pockmarks, indicating sediment transport by waves and
currents (Fig. 5f).

The variety of features, from well-defined pockmarks to
reflective blocks arranged around the vent areas, seems to be
related to the same process of seepage, but with a different
degree of erosion. Water current and/or seepage erosion have
probably modified the shape and size of the seabed features
related to seepage, exposing the carbonate-cemented sedi-
ments. In Cornea areas 1 and 2 (Fig. 6a,b), clusters of reflective
blocks are the most common feature in Cornea area 2, with
more pockmarks in Cornea area 1. Above the Cornea oil and
gas field, clusters of reflective blocks, larger hard-grounds and
some pockmarks are clearly visible on the seafloor. In Cornea
area 2 (Fig. 6b), more hard-grounds and mounds are observed.

In the North Sea, the conjunction of highly reflective seabed
with shallow gas has been regarded as evidence of methane-
derived authigenic carbonate (MDAC) (Judd, 2001). Similarly,
in the Gulf of Mexico, strong seabed signal reflections were
correlated to near-seafloor sediments with hard-grounds or
crusts associated with hydrocarbon seep evolution (Sager et al.,
2003; Sager et al., 2004).

In Cornea area 4, active seepage was not observed but the
side-scan data imaged pockmark fields (identified previously
by O’Brien et al., 2002a) and small mounds (up to 3 m high)
between NW-SE trending channels and narrow hard-grounds
(Fig. 7a). The process responsible for these pockmarks must
have been active since the Holocene transgression, and be
sufficiently active today to maintain their morphology against
reworking by tidal currents, storm activity and cyclones

(K. Glenn, pers. comm., 2004). The channels have high
reflectivity shoulders on the side-scan sonar (Fig. 7b),
suggesting that the channel margins are well lithified and
resistant to erosion, but have a thin lag of sediment in the
middle. These channels are aligned with the NNW-SSE tidal
current direction in this region (Jones et al., 2005a) and also
with the regional bathymetric slope. Thick Quaternary
sediment accumulations have not been observed (Glenn,
2004), suggesting a lack of sediment supply onto the shelf
and/or movement of sediment off the shelf.

4.2.2. Multi-beam bathymetry

The multi-beam bathymetry identified numerous features
including some observed previously on 3D seismic data that
were not resolved on hydrographic charts (Figs. 7 and 8). The
features include: relatively small rises or hollows, less than
100 m across, relatively large mounds and palaeo-drainage
channels likely to be associated with the Last Glacial
Maximum. The resolution of the multi-beam bathymetry
(around 5 m) was close to the diameter of pockmarks, and of
small clusters of reflective blocks identified on the side-scan
sonar, so it did not allow identification of fine-scale seabed
features associated with seepage observed in Cornea areas 1
and 2. However, individual hard mounds and pockmark fields
are usually located over subtle rises of less than 1 m high, or
occasionally over mounds 3—-6 m high (Fig. 8). Over Cornea
area 2, a large 6 m high mound (82-88 m water depth),
trending northwest, 1.6 km long and 0.7 km wide, is
surrounded by low relief channels (Fig. 8). Active seeps have
been observed on the eastern and northeastern side of this
mound and are correlated with small-scale bathymetric rises
(half a metre high). The elliptical shape of the 6 m high hard
carbonate mound, was probably shaped by the strong NW-SE
tidal current observed in the area. We interpret the mound as
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a surface expression of an HRDZ, formed by increased
carbonate cementation caused by the oxidation of seeping
methane.

Over Cornea areas 2 and 4, some pockmarks and small clusters
of reflective blocks are found on the edge of channels. These
channels are upto3 mdeepin Corneaarea2,upto 11 mdeepover
Cornea area 4, and up to 20 m deep further east of Cornea area 4.
These channels have been shown to influence surface water flows,
even in areas up to 80 m deep (Jones et al., 2005a). This influence
has been observed in SAR studies which identify areas of
flattened sea surface (‘slicks’) and was also observed from the
survey vessel. Jones et al. (2005a)) demonstrated that the
multibeam data are invaluable ground-truth SAR anomalies
previously interpreted as oil slicks in the region.

4.2.3. Seabed sedimentology

4.2.3.1. At seeps. Close to seep areas (0-60 m distance), dredge
and grab samples (Fig. 8) included coarse fractions composed
of thick black cemented crust, mud pellets, Sabelariid worm
tubes (some of which were covered with black encrusted
material), coral fragments, shells and shell fragments
(bryozoan, echinoids), but only minor living biota (Carsten
Wolff, Australian Institute of Marine Science, pers. comm.

2004). A high proportion of the specimens are quite small
(<1 cm) and relict. It is uncertain whether the sediment size is
an artefact of the collection method, or representative of the
seepage site. Several samples taken directly from seeps
included small dark greyish carbonate blocks, some of which
had a very strong smell of H,S and contained particularly
abundant dark encrusted material. The strong smell of H,S
indicates that sulphate reduction is active very close to the
sediment—water interface at active seep sites, and is most likely
associated with anaerobic methane oxidation.

4.2.3.2. Away from seeps. Grabs and dredges taken away from
seepage areas also comprise bioclastic carbonate muddy sand,
but with very little macro-biota or black encrusted material
compared with seep site samples. The only intact shells are
spinose gastropods, furthermore, Sabelariid worm tubes are
absent. In Cornea area 2 (Fig. 8), above the centre of an HRDZ
and away from the active seepage at the eastern edge, no coarse
sediments were recovered during dredging and only minor
shells or shell fragments were found, in contrast to abundant
fauna/fragments at the active vent areas.

4.2.3.3. Carbonate mineralogy and isotope analysis. The light
carbonates are aragonite of normal marine sediment origin,
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whereas the greyish and dark encrusted materials are The carbon-13 and oxygen-18 isotope values were 3'°C —1.3—
rhodochrosite (MnCO5;) which may be secondary carbonate 1.9% vs PDB and 3'%0 27.3-29.7%0 vs SMOW, indicating that
related to seepage. However, the carbonate isotope analyses the source of the bulk of the carbonate is from sea water
did not reveal any evidence of a hydrocarbon related origin. bicarbonate. In contrast, hydrocarbon-derived carbonates have
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a distinctively light carbon-13 signature, unlike the carbonates
analysed in this study. These results suggest that the
geochemical signal of MDAC on an active tropical carbonate
shelf may be swamped by abundant marine carbonates. This
may be an important distinction in characterising MDAC in
carbonate vs siliciclastic environments.

4.2.4. Subsurface features

2D and 3D seismic data were used to detect depressions and
bumps on the seabed reflector, which were correlated with
pockmarks and small encrusted mounds observed on the side-
scan sonar imagery. Amplitude anomalies and interpreted
HRDZs could also be detected in the 2D seismic data but were
much better defined in the 3D data. The 3D data provide better
coverage to image subtle features related to seepage.

4.2.5. Zones of seismic signal starvation and pull-up

In the 2D and 3D seismic data, acoustic layering is well-
developed on the Yampi Shelf with no major fault
disruptions. On the 3D seismic data, sub-circular high
amplitude features with underlying attenuated seismic signal,
or high velocity pull-up on the edges are probably related to
cementation associated with HRDZs (Shell Development
(Australia) Pty. Ltd., 2000). Numerous zones of acoustic
signal attenuation are observed over Cornea areas 1 and 2,
with abrupt lateral and vertical terminations (Fig. 9). In many
cases the seafloor horizon exhibits high amplitudes above the
interpreted HRDZs, and all of the observed active seeps are
located on the edge of seafloor high amplitude zones (Figs. 8
and 9).

Based on our field observations and seismic analysis we
support the interpretation of the sub-circular high amplitude
features with attenuated seismic signal or pull-up on all
horizons as HRDZs, but there is no carbonate isotope data to
confirm this interpretation.

On the seismic cross-section from Cornea area 2 (Fig. 9b),
small-scale undulations on the seabed reflector and above
HRDZs are correlated with plumes in the water column, small
clusters of reflective blocks, hard-grounds and pockmarks in
the side-scan sonar data. In the subsurface, a zone of disturbed
seismic facies (Figs. 8b and 9b) occurs under the 6 m high
mound observed on the seabed (Fig. 8a).

This zone is characterised by the following features
(described from NW to SE on Fig. 8b):

(1) A bright spot is observed in a horizon draping a basement
high, and could represent a gas pocket.

(2) Small-scale seismic discontinuities with pull-ups on the
sides suggest either the presence of local HRDZs and/or
micro-discontinuities in the sediments, associated with
vertical hydrocarbon migration through the sediment layers.

(3) A zone of seismic signal attenuation associated with
possible HRDZs present in the shallow sediment layers
(high amplitude reflectors between 160 ms TWT and the
seafloor), a probable buried mound or HRDZ and a 6 m high
mound on the seabed, both with a high seafloor amplitude.

In the eastern part of Cornea area 1, pockmarks and clusters
of reflective blocks lie north of the NE-SW elongate HRDZ,
above the known oil and gas field area (Fig. 6a). Thus, seepage
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is interpreted to occur above the oil and gas accumulation, but
was not observed during the survey. However, the present
location of hard-grounds and pockmark fields does not always
correspond with the location of HRDZs. This suggests that
hydrocarbon migration pathways to the seafloor may have
shifted over time (Hovland, 2002).

4.2.6. Seismic amplitude

The correlation between the amplitude of the seafloor
reflector and the location of seabed features imaged by side-
scan sonar data over Cornea areas 1 and 2 (Fig. 6c¢,d)
demonstrates that high amplitudes correspond with hard-
grounds, clusters of reflective blocks or rough surfaces.
Conversely, low amplitudes appear to correlate with soft
sediments and channels.

In some cases, the highest seafloor amplitudes are centred
above buried HRDZs, as in Cornea area 2 (Fig. 6d). This
suggests that this particular HRDZ has been active for a long
period of time. This is supported by the existence of a 6 m
high mound observed on the seafloor above a buried mound
and/or HRDZ (Fig. 8, at 160 ms TWT). In Cornea areas 1 and
2, the presence of active seeps on the edge of HRDZs suggests
that the present-day migration pathway to the seabed has been
impeded by the development of a carbonate cemented ‘cap’
above the seep conduit. Such correlation between seepage and
seafloor mounds and high backscatter has also been observed
on the upper continental slope of the northern Gulf of Mexico
(Roberts, 2001; Sager et al., 1999, 2004).

The seafloor reflector is commonly of low amplitude around
the margins of the HRDZs, where channels are visible on
multi-beam bathymetry (Fig. 7a and 8a), and where side-scan
data show very shallow depressions on the seabed (Fig. 7b and
8c). The different reflectivity observed on the side-scan sonar
data between the centre and the shoulders of the channels
reveals that the shoulders are cemented compared to the soft
sediments which are probably mobile bed load in the axis of the
channels.

4.3. Relation between seeps and tidal cycles

Observation of variable seepage rate at the same locations
at Cornea areas 1 and 2 during different times of the tidal
cycles indicates that there is a direct correlation between the
tide height and the rate of seepage. The North West Shelf is
known as one of the largest macro-tidal shelf environment
(Harris, 1994) and the tidal difference on the Yampi Shelf can
be up to 5 m during the spring tide (Flinders Institute for
Atmospheric and Marine Sciences, 1997; Flater and Pentch-
eff, 2004). Active seepage was observed both on side-scan
and echo-sounder data during low tide and most strongly on
the ebb tide, less than two hours before low tide. During ebb
tides, the height of the water column decreases several metres
(~5-10%) and the consequent reduction in total water
pressure generates a difference of interstitial pore pressure
allowing the expulsion of gas from the sediments into the
water column forming plumes. In Fig. 10, side-scan sonar
images are from the same area but at different times of the
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Fig. 10. Side-scan sonar data imaging gas plumes in the water column at
different phases of the tidal cycle (situated approximately at the same location
in Cornea area 2. (a) and (c) show gas plumes during ebb tide, while (b) shows
no plume during flood tide.

semi-diurnal tidal cycle. Images recorded on ebb tide
(Fig. 10a,c), show gas plumes in the water column above
clusters of reflective blocks on the seabed. Fig. 10b shows the
same cluster of reflective blocks one and a half hours after
low tide, but no plumes were observed in the water column
during this flood tide. Plumes were also more active during
the low spring tidal cycles (5 m tides) compared to low neep
tides (2 m tides). Above the Coal Oil Point seep field in
California, strong evidence for temporal variability in seepage
rates is also observed, responding to diurnal tidal forcing and
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a longer period (a few months) of unknown origin (Boles
et al., 2001; Leifer, 2003; Clark, 2004).

Elsewhere in the world, correlation between seepage and
tidal cycles (see above), earthquakes (Hasiotis et al., 1996),
storms or rig/platform emplacements (Judd, 2001), shows that
seepage can be triggered by a variety of external events.
Although tropical cyclones Evan and Fay cut short the survey
program on the Yampi Shelf, the effects of these cyclonic low
atmospheric pressures, immediately before and after the
survey, respectively, may have contributed to seep behaviours.

These observations suggest that if hydrocarbon migration
pathways exist on the shelf, seepage could be more easily
triggered on the upper and middle shelf (Iess than 100 m water
depth) where the macro-tidal influence and tropical cyclones
have their biggest effect.

4.4. Possible relict seepage features over Cornea area 4

Although no active seepage was observed in Cornea area 4,
35 km E-SE of the Cornea oil and gas field, some evidence of
recent seepage is inferred by the presence of pockmark fields
(O’Brien et al., 2002a; this study) and hard-grounds between
11 m deep channels. These channels show closed bathymetric
contours (Fig. 7a) and are located on a palaeo-headland
between a palaeo-shallow lagoon inboard and a deeper mid-
shelf outboard (Jones et al., 2005a). Their shape and location
suggest that they may have been formed at a sea-level lowstand
by tidal current flow within inlets between barrier islands
(Jones et al., 2005a). The presence of sand-waves immediately
adjacent to the channel margins, and crescent-shaped mounds
between 58 and 60 m depth (Fig. 7a), indicate that strong near-
bed currents are still active. Also a strong near-bed tidal current
(~1.5 knots) was recorded in one of these channels over
Cornea area 4 on an Acoustic Doppler Current Profiler (ADCP)
deployed during the survey (Fig. 7a) (Jones et al., 2005a).

Numerous 2—4 m high mounds are observed between the
tidal-scour channels (Fig. 7a). The larger ones have an oval
shape and are about 150-300 m long and 30-60 m wide. A
series of smaller circular mounds (30 m in diameter; Fig. 7a),
have also been mapped by the multi-beam bathymetry on the
flanks of the four 11 m-deep-channels aligned with tidal flow
along the bathymetric headland. Pockmark fields are observed
either on the top or on the side of these mounds. The mounds

Table 2

appear to coalesce to form a 2-3 m high terrace (at 56-57 m
depth) that presumably records a previous sea-level lowstand
(Fig. 7c).

The origin of these mounds and pockmarks is not certain.
Dredge samples from the two southernmost pockmark fields
(Fig. 7a) are associated with two elongated mounds (>300 m
long and 3 m high) and coral fragments covered by a coralline
algae crust which includes bivalves, small serpulid worm tubes
(<1 mm in diameter), bryozoans, foraminifera, pteropods and
heteropods. These dredge recoveries do not include Sabelariid
worm tubes, dark coloured encrusted materials or any smell of
H,S, like those recovered from present-day active seep sites, in
Cornea areas 1 and 2. Because of the lack of direct evidence for
seepage in Cornea area 4, we cannot exclude the possibility
that the features in this area may be formed through karst
processes during sea level lowstand.

However, it appears from a correlation with the subsurface
that the tidal scours coincide with basement highs (Fig. 7d).
Seismic discontinuities and high amplitude reflectors are also
observed beneath these channels, suggesting possible leakage
and the presence of hydrocarbons in the underlying section
(Fig. 7d). Although active seepage was not observed in this
area, even at low tide, the presence of pockmark fields and
hard-grounds on the margins of the tidal scours suggests that
fluid has recently escaped to the seafloor.

4.5. Summary of seepage features

The various geophysical techniques used during this survey
show different seepage-related features depending on the scale
or degree of resolution and nature of the data (Table 2):

1. Echo-sounder data revealed plumes of bubbles in the water
column from the seafloor, which are direct evidence of
seepage. These rarely reached the sea surface, instead being
trapped in a layer at 40-60 m depth. This layer is possibly
an iso-density surface, or an oceanic methane layer formed
when particles lifted by bubbles are abandoned when the
bubbles dissolve (Leifer and Judd, 2002).

2. Side-scan sonar data also show these plumes in the water
column, and features on the seabed from which they
emanate. These features include clusters of reflective
blocks, hard-grounds, mounds and small pockmarks.

Range of scale and relevance of the various geophysical data used during this study for seepage detection and characterisation

Equipment type Scale

Relevance/application

Echo-sounder (200 kHz) Image the water column with <50 cm resolution

Side-scan sonar (100 and Image the water column and the seabed with

500 kHz) different backscatters with <1 m resolution

Multi-beam bathymetry Image the seabed with approximately 5 m

(180 kHz) resolution

Seismic 2D Image the seabed and underlying layers with 12.5 m
resolution along the line

Seismic 3D Image the seabed and underlying layers with 12.5 m

resolution in 3D

Essential for seep detection, visualisation of gas plumes in the water column.
Very useful tool for positioning ship over the vents

Essential for seep detection and mapping geo-referenced locations of related
seabed features

Important for integrating the small scale hydrocarbon-related features with
the surrounding environment

Important for correlating seabed features related to seepage with underlying
geology and hydrocarbon migration pathways

Important for correlating high resolution seabed features related to seepage
with underlying geology and hydrocarbon migration pathways. Also
important to get total 3D view of features and not just a cross-section
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3. Multi-beam bathymetry data identified small-scale rises,
between 0.5 and 3 m high, in close proximity to seepage
areas. Encrusted carbonate mounds are found above long-
lived HRDZs, such as the 6 m high mound observed in
Cornea 2 study area. Erosion around them and/or active
carbonate precipitation due to methane derived authigenic
carbonate may have enhanced their morphology.

4. Sediment samples indicate a more diverse biota, including
abundant Sabelariid worm tubes, and greater cementation
at, and near, seeps than in non-seep areas.

5. Seismic data, especially the 3D dataset, indicate HRDZs on
the seabed and in the shallow sediment layers. These data
also show undulations on the seabed above HRDZs that
correlate with clusters of reflective blocks, hard-grounds
and pockmark fields.

6. Seepage activity is directly controlled by tidal cycles and is
most active at low ebb tides.

5. Regional correlation of seepage features
5.1. Aeromagnetic anomalies

Aeromagnetic data were acquired in 1996, by World
Geoscience Corporation Ltd, along 400 m-spaced N-S traverse
lines and 1200 m-spaced E-W tie lines, with a survey flying
height of 80 m (Nash and Belford, 1996). Magnetic anomalies

Geoscience Australia marine
survey 267 study areas

Channels Cornea

reveal prominent lineations (1-2 km wide and 80-100 km
long) along two perpendicular trends, NW-SE and NE-SW
(Fig. 11). The depth of these magnetic anomalies, between 500
and 800 m (M. Morse, Geoscience Australia, pers. comm.,
2004), indicates that the lineations are related to basement
structures. Regional lineaments, on the North West Shelf, with
similar trends, were also identified as corridors approximately
100 km in width and often exceeding 1000 km in length (Elliott
et al., 1996). Active seepage in Cornea area 1 is located along
the NE trending positive magnetic anomalies, whereas active
seepage in Cornea area 2 is located close to where the NW
trending positive magnetic anomalies are off-set and cross-cut
by the conjugate NE trending positive magnetic anomalies
(Fig. 11). Comparison of these magnetic lineations with the
seismic, bathymetry, side-scan sonar and echo-sounder data
indicates that areas of active seepage and seafloor channels
occur along the magnetic lineations and close to their
orthogonal intersections.

Tertiary fault activity is not apparent on seismic data on the
Yampi Shelf, but faults may be present with throws less than
seismic resolution [approximately 10 m; Shell Development
(Australia) Pty. Ltd., 2000]. However, within the basement, a
conjugate Proterozoic dyke-filled fracture system extends out
from the onshore Kimberley Block (Etheridge and Wall, 1994;
O’Brien et al., 1996). These fracture systems have controlled
present-day topography in the onshore Kimberley Ranges
(Gunn and Meixner, 1998). They are imaged as a conjugate

HRDZ qn Active seep

Fig. 11. Aeromagnetic anomaly grid of the first vertical derivative reduced to the pole shows magnetic lineations over the study areas. Lower resolution data are on
the western side of the map. Active seepage and related features (pockmarks, clusters of hard blocks and hard-grounds) are preferentially located in areas where the
NW trending positive magnetic anomalies are off-set and cross-cut by the conjugate NE trending magnetic anomalies.



160 N. Rollet et al. / Marine and Petroleum Geology 23 (2006) 145—-164

series of linear magnetic anomalies onshore (Gunn et al.,
1995), and are also interpreted to extend offshore to the Yampi
Shelf (O’Brien et al., 1996), including the present survey area
(Cornea areas 1, 2, 3 and 4). Active seepage is observed in this
area where the NW trending positive magnetic anomalies,
interpreted as fractures in-filled with dolerite dykes, are off-set
and cross-cut by the conjugate NE trending positive magnetic
anomalies (Fig. 11).

5.2. Structural control on seepage

Focussed fluid migration along faults, discontinuities or
unconformities is much more effective than non-focussed
seepage through a sedimentary column (Abrams, 1992; Brown,
2000).

Along the North West Shelf, NE-SW extensional faults
have been reactivated several times since the early Triassic,
especially during the Late Miocene—Early Pliocene conver-
gence of the Australian and Eurasian plates (O’Brien et al.,
1999b; Keep and Moss, 2000; Keep et al., 2002). The pre-
existing, conjugate dyke-filled fracture system in the basement
rocks may also have been reactivated at this time. A second
mechanism that may have initiated leakage and fracture/fault
reactivation was basin tilting in the Miocene. This resulted in
the tilting of traps along the eastern Browse Basin margin,
causing oil to remigrate and spill updip (Keall and Smith,
2000). The oil that migrated into traps around the Gwydion and
Cornea fields during the Miocene could be currently seeping
following more recent reactivation of fracture zones. A third
and more subtle mechanism that may have caused reactivation
of pre-existing fractures was the rebound after tilting of the
continental margin caused by the Holocene sea-level rise
(Nakada and Lambeck, 1989).

At the Skua oil field in the Timor Sea, 126 km north of the
study area, fault intersections have been identified as efficient
and long-lived fluid conduits (Cowley and O’Brien, 2000;
Gartrell et al., 2002, 2003, 2004). A similar scenario could be
applicable to Cornea areas 1 and 2, where both present-day (gas
plumes) and palaeo-seepage HRDZs indicators are observed
above fracture intersections in the basement. Fluids other than
hydrocarbons could also benefit from these micro-fracturing
pathways to the seafloor. The Cornea oil accumulation is
heavily biodegraded (Boreham et al., 1997; Blevin et al., 1998;
Edwards et al., 2003), and thus meteoric fluids moving along
these basement fractures could have been one mechanism for
the biodegradation of the Cornea oils.

5.3. Palaeo- and present-day channels

On the Yampi Shelf, present-day channels are observed on
the seabed on the multi-beam bathymetry data (Figs. 7 and 8),
and numerous palaeo-channels are also observed in the
Pliocene/Pleistocene in the 3D seismic data (typically between
180 and 250 ms TWT depth; Fig. 12). These present-day and
palaeo-channels are orientated perpendicular to the shelf,
parallel to the tidal current and also parallel to the NW set of
magnetic lineaments (Fig. 10). Active seeps and seepage

related features (cemented mounds and pockmarks) are mainly
located on the edges of these modern channels or above
the margins of Pliocene/Pleistocene palaeo-channels (Figs. 7
and 8). In the channels on the shelf, the sediment type changes
away from their banks. The channel bottom mostly consists of
low backscatter bioclastic and maybe siliciclastic sediments
and could act as local fluid reservoirs. The close spatial
association of seeps to subsurface and seabed channels
suggests that these channels may be acting as conduits for
migrating, shallow gas. Major lineaments related to dykes/
faults may also provide horizontal conduits for seeping fluids in
Cornea areas 1 and 2, as suggested by the relationship with
active seeps, seabed related features and channels (as discussed
in Section 5.2). In Cornea area 4, the nature of the fluid is not
proven. However, the potential hydrocarbon migration path-
way is along permeable conglomeratic layers sitting on the
basement. In this scenario, seepage above basement highs
could occur and be modified by the shallow channels so that
channel edges become sites of sea floor seepage.

Palaeo-channels recorded on the lower slope of the Congo
Basin, West African margin, provide preferential conduits for
horizontal hydrocarbon migration and can trigger vertical
leakage at an early stage of their burial history (sediment cover
thickness between 130 and 240 m; Gay et al., 2003). The burial
of channels induces a fluid flow caused by a longitudinal
pressure gradient along the palaeo-channel. The resulting
pressure of hydrocarbon migration from deeper over-pressured
reservoirs could contribute to the pore fluid pressure in the
shallow subsurface sediments. Therefore, seepage is enhanced
over channels where fluids are trapped at intermediate
reservoirs (Gay et al., 2003).

6. Preservation and characterisation of seepage features on
the Yampi tropical macro-tidal carbonate shelf

The detection and differentiation of present-day seepage vs
palaeo-seepage are particularly difficult on a tropical carbonate
shelf where the overall modern sedimentation rate is low,
resulting in a veneer of mixed old and new sandy carbonate
sediments and indurated seabed features.

Seepage related features on the Yampi Shelf are mostly
small (reflective blocks, hard-grounds, mounds and pock-
marks, <10 m in diameter and less than 10 m high or deep).
These features are located mainly on the upper and middle
shelf in warm water (23-28 °C; James et al., 2004) where the
sedimentation is storm-dominated and where macro-tidal
fluctuations have significant impact on sediment movement.
High-energy conditions prevail along the whole North West
Shelf where sediments are strongly mixed and eroded by the
action of strong internal tides, between approximately 50 and
100 m water depth (James et al., 2004). Furthermore, sea-level
changes have modified the shelf morphology and sedimentol-
ogy. Large-scale seepage features (e.g. big pockmarks) are
unlikely to form in these sandy sediments, and smaller scale
seepage features (small pockmarks) are unlikely to be
preserved unless the seepage is active today.
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Fig. 12. 3D seismic section showing the development of a palaeo-channel (Plio-Pleistocene?) on the edge of a HRDZ in Cornea area 2. The high amplitude on the
seafloor causes acoustic signal attenuation underneath and is located directly above a basement high. Micro-fracturing is also observed from the top of the basement

and into the above sedimentary layers.

The small size of the seepage related features may also
relate to the tectonic stress regime on the North West Shelf.
Typically large seepage features develop in compressional
settings (Table 1). Although the Yampi Shelf did have some
compressional reactivation, the change in tectonic setting at
this location on the North West Shelf from a passive to a
collisional margin did not allow the establishment of a strong
compressional stress regime where large seepage-related
features would be generally observed (Table 1). The main
compression is located along the Timor Trough, approxi-
mately 300 km north of the Yampi Shelf. Therefore, the
Yampi Shelf has a fluid migration regime more like a passive
margin.

7. Conclusion

Active hydrocarbon seepage has been observed and
characterised on the Yampi Shelf using a range of data,
which provide different levels of resolution. The echo-sounder
and side-scan sonar data were essential for the detection of
active seepage in the water column and to observe the seepage
activity, which appears to be strongly influenced by pressure
changes associated with macro-tidal cycles, and possibly
atmospheric cyclonic lows. Side-scan sonar data identified
specific seabed features at active plume vents (clusters of
reflective blocks, hard-grounds, and pockmark fields).

Multibeam bathymetry data identified small-scale rises (0.5—
3 m high) in close proximity to seepage areas. Larger encrusted
mounds are found above long-lived hydrocarbon-related
diagenetic zones (HRDZs). Erosion around these mounds
and/or active build-up from the seafloor may have enhanced
their morphology. Correlation with 2D and 3D seismic profiles
allows the identification of seepage features within the
subsurface stratigraphic section (modern and palaco-HRDZs,
channels, seismic discontinuities and bright spots).

The integration of these datasets with aeromagnetic data
helped to identify potential migration-seepage pathways.
Magnetic anomalies reveal lineations related to basement
structures, fracture zones and dykes. These structures can be
correlated to areas of active seepage and palaco- and modern
channels on the seabed. The close spatial relationship of
reactivated basement fractures and palaeco- and modern
channels appears to have generated migration pathways for
hydrocarbon seepage on the Yampi Shelf.

A significant characteristic of seepage features on the
tropical carbonate Yampi Shelf is their small scale (<10 m in
diameter and less than 10 m high or deep) compared to
seepage features observed in siliciclastic and/or deeper water
environments. The coarse-grained carbonate sediments and
high-energy macro-tidal environment on this shaved shelf
prevent the formation and preservation of larger scale seepage
features.
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