
ORIGINAL

Fluid expulsion features associated with sand waves
on Australia’s central North West Shelf

A. T. Jones & J. M. Kennard & G. A. Logan &

E. Grosjean & J. Marshall

Received: 2 November 2008 /Accepted: 30 March 2009 /Published online: 23 April 2009
# Springer-Verlag 2009

Abstract Multibeam swath bathymetric data collected in
95–120 m water depth on Australia’s North West Shelf
revealed two distinct populations of sand waves: a laterally
extensive, low-amplitude composite form comprising super-
imposed dunes and ripples, and a laterally restricted form
which has unusually high bedform heights and slopes. These
large subaqueous sand waves comprise bioclastic ooid/peloid
sand. Significantly, evidence of seabed fluid flow was
detected in association with the high-amplitude sand waves.
This evidence includes seabed pockmarks approximately 2–
15 m in diameter imaged with side-scan sonar, tubular and
massive carbonate concretions dredged from the seabed, and
potential active venting of a fluid plume from the seabed
observed during an underwater camera tow. Molecular and
isotopic analyses of carbonate concretions collected from
within pockmarks associated with the high-amplitude sand
waves indicate that the fluids from which they precipitated
comprise modern seawater and are not related to thermo-
genic fluids or microbial gases. The fluid flow is interpreted
to be driven by macrotidal currents flowing over the
relatively steep slopes of the high-amplitude sand waves.
Pockmarks and carbonate concretions then develop where
the interstitial flows are confined and focused by subsurface
‘mounds’ in a shallow seismic reflector.

Introduction

The central portion of Australia’s North West Shelf (NWS) is
a vast and relatively poorly understood carbonate province

offshore Western Australia. The modern marine geology of
the NWS has been documented by Jones (1973) and James
et al. (2004), with both studies focusing on the surficial
sediments. The seafloor across the mid-shelf environment is
relatively flat but has dramatic relief in the form of large
subaqueous sand waves (James et al. 2004). These sand
waves are interpreted to be stranded coastal or shallow tidal
structures, or the result of sediment transport and deposition
associated with internal tides (James et al. 2004).

A recent marine survey to the central NWS aimed to
contribute to the understanding of seabed environments
over a restricted area of the shelf in approximately 100 m
water depth (Fig. 1), as part of a broader study of potential
natural hydrocarbon seepage (Jones et al. 2007). Active
thermogenic hydrocarbon seepage has previously been
identified on the northern NWS as bubble plumes and
acoustic flares rising from pockmark fields and hard
grounds (Brunskill et al. 2005; Jones et al. 2005a, b; Rollet
et al. 2006). The intensity of fluid seepage was found to be
tide related, the strongest periods of fluid release being
correlated with low tides.

Pockmarks are shallow seabed depressions, typically up
to several tens of metres across and less than 10 m deep,
which are formed by the removal or erosion of sediment
(Hovland and Judd 1988; Judd and Hovland 2007). They
occur in a wide variety of environmental settings, usually in
relatively fine-grained sediments. Pockmarks probably form
through a variety of mechanisms, but they are typically
interpreted to be the result of buoyant fluids (predominantly
gases) rising through shallow strata with sufficient rates to
mobilise the sediment on the seabed (Paull et al. 2002; Judd
and Hovland 2007).

In this paper, we (1) describe the nature of the sand
waves in the study area on the basis of multibeam swath
and side-scan sonar data, (2) describe evidence for seabed
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fluid expulsion detected in acoustic data and seabed
samples which were acquired during the marine survey,
(3) assess the nature of the seeping fluid using geochemical
and petrographic criteria and (4) discuss models for seabed
fluid flow within the context of the modern sedimentary
environment of the study area.

Physical setting

The central NWS covers approximately 165,000 km2 offshore
Broome, Western Australia (16–20°S and 118–122°E;
Fig. 1). The central portion of the shelf is an ocean-facing
carbonate ramp situated in a warm-water tropical setting
adjacent to an arid hinterland of moderate to low relief
(James et al. 2004). It is characterised by a gentle bathymetric
ramp, ~250 km across at its widest point to the 200 m isobath
(Fig. 1). The continental slope declines gradually from 200–
1,000 m water depth over a distance of 60–100 km.

The NWS is a macrotidal shelf, where tidal ranges are
above 4 m and attain 11.8 m in nearby King Sound (Fig. 1).

Nearshore, the flood tide runs parallel to the shore but,
further out towards the shelf edge, the ebb and flood tides
run transverse to the shelf (James et al. 2004). Underway
acoustic Doppler current profiler (ADCP) data acquired
during the survey show that the tidal currents were flowing
northwest-southeast in the study area (Fig. 1). Measured
tidal current velocities during the flood phase reached
79 cm s−1 at 31 m water depth (~69 m above seabed) and
65 cm s−1 at 79 m water depth (~21 m above seabed). The
maximum tidal current velocity during the ebb phase was
67 cm s−1 at both depths (Jones et al. 2007).

The Leeuwin Current dominates water circulation in this
region (James et al. 2004). This is a warm (28–30°C), low-
salinity (34–35‰) surface (<200 m deep) current which
flows from the eastern part of the Indonesian Archipelago,
around the western Australian coast to reach the Great
Australian Bight in the Southern Ocean (Martínez et al.
1999). This tropical region is also characterised by periodic
cyclone-generated storm winds, waves and currents.

The seafloor is strongly affected by the oceanographic
factors listed above, resulting in preferentially accumulating

Fig. 1 Location of the study area, overlain on the bathymetry of the
central North West Shelf. Tidal current orientation measured with an
acoustic Doppler current profiler. Tidal magnitudes for the Broome

tidal station calculated with XTide tidal prediction software. Orienta-
tion of the Leeuwin Current from Martínez et al. (1999)
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coarse-grained sediments (James et al. 2004). Previous
research describes the sediments in the study area as mainly
ooids and peloids (70–80%) with a few biofragments and
20–30% relict intraclasts (James et al. 2004). James et al.
(2004) described the peloids from this region as faecal
pellets, fillings of planktic foraminifers which were released
by fracturing of the test, and rounded lithoclasts. The ooids
from this region are described as commonly comprising a
surficial coating on a peloid core, with only an occasional
well-developed cortex. Radiocarbon dating of the ooids
suggests that they formed over a narrow timeframe (15.4–
12.7 ka), with incremental dating of the cortex indicating
growth over ~2,000 years (James et al. 2004; Dix et al.
2005). Therefore, the ooids are interpreted to be ‘relict’ and
to have formed on a shallow evaporative shelf during the
transgression which followed the last glacial maximum
(LGM), with formation arrested by the initiation of the less
saline waters of the southward-flowing Leeuwin Current at
approximately 12 ka (James et al. 2004). The continued
exposure (i.e. lack of burial) of these relict ooids on the
seabed, and the fragmented and reworked nature of the
bioclasts, suggests that this area is a relatively high-energy
environment with very low sediment input.

Materials and methods

The vessel used for the marine survey of the study area in
June 2006 was the Australian National Facility Research
Vessel Southern Surveyor. Surveying of the study area
involved two primary operational components, a geophys-
ical data acquisition component and a sampling component.

Geophysical data were acquired along nine parallel
profiles oriented north-northwest, one perpendicular tie-
line and two oblique intersecting lines, which map a
seafloor coverage of approximately 4.6×9.1 km (Fig. 2).
The data acquired were:

– swath bathymetric data collected by means of a
Kongsberg Simrad EM 300 multibeam echo-sounder
using 1° beamwidth and a nominal sonar frequency of
30 kHz, with a resulting lateral footprint between
1.75 m (inner beams) and 2.35 m (outer beams).
Processed swath grids, tidally corrected using the
record for Broome, provided a 3 m spatial resolution
and <1 m vertical resolution of bathymetry;

– sub-bottom profile data collected using a Topas PU98
Parametric Sub-bottom Profiler, with a Ricker pulse at
1.5 kHz frequency and a ping interval of 450 ms;

– side-scan sonar data collected with an EdgeTech
4200-FS 120/410 kHz dual-frequency side-scan sys-
tem. Generally, the sonar fish was operated at a
frequency of 120 kHz in high-speed mode, at a speed

of around 6 knots, and approximately 25–30 m above
the seabed;

– single-beam echo-sounder data collected with a Simrad
EK 500 system at 12 and 120 kHz frequencies.

The study area was sampled at four stations: four Smith-
McIntyre sediment grabs, four rock dredges, and one deep
underwater video camera tow (Jones et al. 2007). Between
0.5–1 kg of sediment from the Smith-McIntyre Grab was
snap-frozen at −20°C for geochemical analysis; representa-
tive rock samples from each dredge were stored at 4°C.
Gravity coring was attempted at three sites with a 6-m and
then a 2-m core barrel; all were unsuccessful, due to the
sandy nature of the substrate.

A selection of sub-samples from the dredges were
examined petrographically and by means of X-ray diffraction
(XRD) and scanning electron microscope (SEM) to investi-
gate specific aspects of the sedimentology of the study area. A
number of these samples were also analysed geochemically
for their lipid composition to identify biomarkers related to
potential natural hydrocarbon seepage.

The oxygen and carbon isotopic signatures of samples of
aragonite cement and bulk ooid grainstone were measured
using a Finnigan MAT 251 isotope ratio mass spectrometer
equipped with a Kiel Carbonate Device. Individual ooids
were disaggregated from the cemented grainstone with a
stainless steel needle. The acicular aragonite cement was
then mechanically separated from the ooid grains through
agitation in a water suspension with a magnetic stirrer.

Results

Sand waves

The most striking feature from the multibeam swath
bathymetry of the study area is the distribution of sand
waves over the seabed (Fig. 2a). The sand wave crests are
orientated roughly perpendicular to the local tidal currents
(Fig. 1).

The relatively high resolution of the side-scan sonar data
shows that the sand waves take on two forms (Fig. 3). Type I
sand waves are composite features, comprising a series of
smaller superimposed bedforms (Fig. 3a, c), which tend to be
laterally extensive and of relatively low amplitude (Fig. 2a).
In contrast, type II sand waves are smooth features, devoid
of smaller-scale bedforms (Fig. 3b, d, e), and tend to be
laterally discrete and of relatively high amplitude (Fig. 2a).
Footage from the camera tow undertaken in the study area
suggests that the type II sand waves are truly devoid of
small-scale bedforms (Fig. 4a), not covered by bedforms
below the resolution of the side-scan sonar. Small-scale
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gravity flows were visible at the crest of the type II sand
waves (Fig. 4b).

A slope map derived from the multibeam bathymetry
(Fig. 2b) displays the spatial distribution of the sand
waves forms, with the laterally restricted type II sand
waves characterised by higher slopes (~12°, corresponds
to red and pink tones) relative to the more laterally
extensive type I sand waves (~5°, corresponds to green
and yellow tones).

The morphological elements of 20 examples of each
sand wave type were measured to quantify the differ-
ences between these two populations (Table 1). A graph
of sand wave slopes, providing evidence of two discrete
populations of sand waves, is shown in Fig. 5a. In
Fig. 5b, the sand wave length and height are also
compared with a ‘global’ population of flow-transverse
bedforms (Flemming 1988).

Key results from the morphological element analysis
include:

– The type I sand waves are of significantly lower amplitude
than the type II sand waves (Fig. 5b). The maximum
height of a type I sand wave is 4.3 m, which is less than
half the maximum height of a type II sand wave (9.2 m).

– The type I sand wave slopes (max. 6.3°) are significantly
less than the type II sand wave slopes (max. 16.5°; Fig.
5a). Both sand wave types have steeper northwest-facing
slopes relatively to southeast-facing slopes. The average
modified symmetry index (stoss-side length/lee-side
length-1; Allen 1980) for the type 1 sand waves is
0.66, and that for the average type II is 0.42.

– The height and length of the type I sand waves are in
the vicinity of the global relationship as defined by
Flemming (1988), whereas the type II sand waves plot

Fig. 2 a Multibeam swath bathymetry of the study area showing two
types of sand waves; a low-amplitude laterally extensive form (type I)
and a high-amplitude laterally restricted form (type II). b Slope map

derived from the multibeam swath bathymetry. Type I sand waves are
characterised by gentle slopes (~5°, green and yellow tones) relative to
type II sand waves (~12°, red and pink tones)
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around and above the typically observed limit of the
upper height limit relationship (Fig. 5b).

– The average vertical form index (VFI: wavelength/
height; Bucher 1919) for the type I sand waves is 43.8

(range 31.5–59.0), whereas that for the average type II
is 13.5 (range 10.0–21.9).

These key results show that the two sand wave forms are
distinctly discrete populations, with type II sand waves
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Fig. 3 a Side-scan sonar mosaic
showing type I sand waves. b
Side-scan sonar mosaic showing
predominantly type II sand
waves. Location of mosaics
shown in Fig. 2. c Side-scan
sonar track showing the com-
posite nature of a type I sand
wave, which comprises multiple
smaller bedforms. d Side-scan
sonar track showing type II sand
waves devoid of smaller
bedforms, and some moderate-
confidence pockmarks. e Side-
scan sonar track showing a type
II sand wave and high-
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pockmarks penetrating the sand
wave. Dark areas are high
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being significantly higher and steeper than type I sand
waves.

Figure 6 shows profiles through type I and type II sand
waves extracted from the multibeam bathymetry, and
Fig. 7 shows sub-bottom seismic sections through the
sand waves in the study area. These profiles show that the
majority of sand waves are asymmetrical with a lee side to
the northwest, but this asymmetry is amplified by the
vertical exaggeration of the profiles. There is no obvious
consistent cross-stratification within these sand waves
based on the sub-bottom profile data. This indicates that

the sand waves are devoid of coherent internal structure,
or that sedimentary structures within the sand waves are
below the resolution of the sub-bottom profiler system.
The stratigraphy underlying the sand waves is character-
ised by a relatively continuous near-surface reflector
(Fig. 7).

Pockmarks

Side-scan sonar data from the study area reveal seabed
features which are roughly circular in shape and approxi-
mately 2–15 m in diameter, with higher backscatter in the
far range and lower backscatter in the near range indicating
that they have negative relief (Fig. 3e). These depressions
on the seabed occur with a semi-regular spacing in sub-
circular clusters. Footage from the camera tow, which
traversed the cluster of crater-like features in Fig. 3e,
showed that the depressions are constructed in unconsoli-
dated sand but that some are lined with carbonate
concretions (Fig. 4c).

The spatial distribution of the depressions was mapped
on the basis of the side-scan sonar data (Fig. 2). Two
interpreted confidence levels were mapped: high-
confidence features (Fig. 3e) for which the negative-relief,
crater-like morphology was clearly evident, and moderate-
confidence features which were more ambiguous (Fig. 3d).
The mapped spatial distribution in Fig. 2b shows that in
every case the features are found in association with type II
sand waves. Additionally, sub-bottom profile data indicate
that, in at least some parts of the study area, the depressions

Table 1 Average bedform crest length (B), wavelength (L), height
(H), vertical form index (VFI), horizontal form index (HFI), stoss-side
length (A), lee-side length (B), modified symmetry index (MSI),
maximum stoss-side slope (X), and maximum lee-side slope (Y) for
measured sand waves (n=20 for each sand wave type)

Type 1 sand waves Type II sand waves

B (m) 1,306 402

L (m) 133 90

H (m) 3.1 6.7

VFI 43.8 13.5

HFI 10.2 4.7

A (m) 80.2 47.4

B (m) 53.2 42.2

MSI 0.66 0.42

X (°) 3.0 8.8

Y (°) 5.0 12.3

07-2554-4

fluid plume

a b

dc

gravity flow

Fig. 4 Seabed photographs
showing a the side of a sand
wave which is devoid of small-
scale bedforms; b the crest of a
sand wave with small-scale
gravity flows; c a small pock-
mark with a lining of carbonate
concretions; d what appears to
be a fluid plume, potentially
formed through active venting at
the seabed. Seabed photographs
taken in the vicinity of the type
II sand waves in Fig. 3e. Laser
points 25 cm apart
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are located adjacent to type II sand waves which overlie
subsurface ‘mounds’ in the near-surface reflector. Figure 7a
and the southern end of Fig. 7b show the location of
depressions in the vicinity of type II sand waves which are
over a mound in the reflector, but no depressions are

situated near the type II sand wave towards the centre of
Fig. 7b, where the reflector is relatively deep.

Fluid plume

The camera tow showed what appears to be a vertical
plume of fluid extending from the seabed (Fig. 4d), which
persisted from the time that it appeared in the field of
view until it was bypassed by the camera (ca. 5 s). In
Fig. 4d, the plume is 2-3 m from the camera and appears
to be >1 m in height. The fluid plume is interpreted to
have formed through active venting at the seabed, i.e. the
same process leading to the development of pockmarks.
The fluid plume is unlikely to have represented an or-
ganism such as a worm or clam ‘blowing’ out of a burrow,
as it was too large and persistent in time. The camera did
not impact the seabed during this section of the traverse;
therefore, it does not represent flow induced by impact
pressure. The plume superficially resembles a current
eddy; however, the discrete nature of the feature and the
lack of a correspondingly discrete seabed bathymetric
feature adjacent to the plume suggest that it is not a
current eddy.

Seabed sediments

The seabed sampling program was part of a regional
reconnaissance study of natural hydrocarbon seepage on
the broader central North West Shelf; therefore, only four
grab samples were collected in the study area. The sediment
recovered from the grabs comprised bioclastic ooid/peloid
sand. The sand contents exceeded 82% of the bulk
sediments, and the carbonate contents were approximately
equal to or greater than 90%. In addition to the dominant
ooid/peloid component, there was a minor but diverse
biogenic component which was moderately fragmented and
reworked.
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Figure 8 shows a detailed grain-size distribution of the
sand fraction, determined through laser grain-size analy-
sis. Three of the grab samples, collected from troughs
between the sand waves, display a very similar distribu-
tion with a dominant mode at approximately 500 µm and a
lesser mode at approximately 125 µm (the coarse- to
medium-grained sand and fine- to very fine-grained sand
fractions represent biogenic components and ooids/peloids
respectively). The remaining grab sample, recovered from
a type II sand wave, displays the same modes but the
125 µm mode is dominant. Therefore, the type II sand
waves appear to be composed of finer sand than the ‘inter-
dune’ areas where the other grabs were taken, with a
corresponding higher proportion of ooids and peloids
relative to biogenic debris. A similar relationship has been

observed for sand waves in the Irish and North seas, with
finer material on the crests relative to the troughs (Harvey
1966; Terwindt 1971).

Carbonate concretions

A number of dredges returned a variety of ooid grainstones,
which are interpreted to be similar to the carbonate con-
cretions seen lining the pockmark in Fig. 4c. Tubular con-
cretions were recovered from the dredges. These tubes
varied between very simple forms (Fig. 9a) to complex
irregular tubes with openings up to 4 cm in diameter
(Fig. 9c, d). Irregular, massive carbonate concretions, an
example of which is shown in Fig. 9b, were also recovered
from the dredges.
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Petrographic analyses of the tubes and massive con-
cretions show that they comprise grainstone with ooids and
pellets making up the majority of the sample. The ooids
range from 150–750 µm in diameter; most are made up of
the pellet or skeletal nucleus with the cortex generally
forming a surficial layer of only 10–20 µm (Fig. 10). Some
of the ooids have a thicker cortex, up to about 200 µm thick
(e.g. top left ooid in Fig. 10a), where the concentric
layering is more obvious. The pellets and surficial ooids
have been cemented by acicular aragonite cement which
forms an isopachous fringe <10–50 µm thick (Fig. 10).

SEM analysis shows the pellets and ooid nuclei to
comprise (sub)microcrystalline carbonate (Fig. 10b, c). The
concentric layers in the ooid cortex consist of randomly

oriented equi-dimensional crystals (Fig. 10c). In contrast,
the fringing cement comprises acicular crystals orientated
perpendicular to the ooid cortex/nucleus surface (Fig. 10c).

XRD records from these samples are dominated by
aragonite (75–89%), with only minor proportions of Mg-
calcite (9–21%) and calcite (1–4%); the latter are contributed
mainly by benthic foraminifers and echinoids (Mg-calcite)
and planktonic foraminifers (calcite).

Geochemistry

The oxygen and carbon isotopic signatures of aragonite
cement and bulk ooid grainstone from one of the carbonate
concretions were examined in order to determine potential
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sources of diagenetic fluid which may have cemented the
sediment. The average δ13C isotope values for the bulk
grainstone and acicular aragonite crystals were 4.01 and
3.46‰ respectively. The average δ18O isotope values for
the bulk grainstone and acicular aragonite crystals were
0.52 and 0.13‰ respectively (all values are normalised to
Vienna-Pee Dee Belemnite (V-PDB) scale and duplicates
were within ±0.03‰ maximum).

Very distinct biomarker assemblages are commonly
found in methane-derived carbonate build-ups and provide
evidence for anaerobic oxidation of methane (AOM)
processes and, hence, for methane seepage. Examples of
typical compounds are dialkyl glycerol diethers, archaeol
and hydroxyarchaeols, as well as irregular isoprenoids
crocetane and 2-, 6-, 10-, 15-, 19-pentamethylicosane
(PMI), all reflecting the presence and metabolic activity of
methanotrophic archaea involved in AOM (Elvert et al.
2000; Thiel et al. 2001; Aloisi et al. 2002; Pape et al. 2005;
Reitner et al. 2005). However, biomarkers related to AOM
were not found within the carbonate concretions. Addition-
ally, high-molecular weight petrogenic hydrocarbons or any

unresolved complex mixture related to their biodegradation
were not detected within any of the concretions.

Discussion

Sand waves

The sand wave crests are orientated roughly perpendicular
to the local tidal currents, which is typical for sand waves;
the orientation of the wave crest tends to be within 10° of
perpendicular to the principal tidal current direction (Van
Veen 1935; McCave 1971; Hulscher 1996; Németh et al.
2002). This suggests that their formation is associated
primarily with tidal currents across this part of the shelf,
with relict sediments worked back and forth and producing
little net movement, and that these sand waves are unlikely
to represent stranded coastal or shallow tidal structures (cf.
James et al. 2004).

The absence of small-scale bedforms indicates either that
no current-driven sediment movement is occurring on the

c100 µm200 µm0 0 50 µm0

07-2554-9

a b

Fig. 10 Photomicrograph (a) and SEM images (b, c) of ooid grainstone showing surficial ooids and pellets which have been cemented by fine
fringes of acicular aragonite cement
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Fig. 9 Carbonate concretions
recovered from dredges in the
study area. a Relatively small,
simple tube. The shrimp in the
inset was recovered from the
tube. b Irregular massive con-
cretion. c, d Tubular concretions
which have formed from fluid
expulsion near the seabed
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faces of type II sand waves, or that sediment movement is
in the plane bed phase. Small-scale gravity flows were
visible at the crest of the type II sand waves (Fig. 4b).
These sand waves may therefore be somewhat anomalous
in this context, as the low slopes of typical sand waves
generally confine sediment avalanching to superimposed
smaller-scale bedforms (Allen 1982). The anomalous nature
of the sand waves is highlighted in that:

1. Allen (1982, p. 457) states: “We cannot emphasize too
strongly that sand waves possess low to mild slopes ...
the sides of the waves rarely dip more steeply than 10°
overall and can slope as little as 1°”. The average type
II sand wave slope is approximately 10°; therefore, the
slopes of sand waves are steeper than those generally
associated with this bedform (Harris et al. 1986; Ashley
et al. 1990).

2. The VFI of sand waves is generally between 20 and
100 (Allen 1982; Ashley et al. 1990; Hulscher and Van
den Brink 2001; Németh et al. 2004, 2007). The
average VFI of the type I sand waves is mid-way
through the ‘typical’ range but the average VFI of the
type II sand waves is below the low range value, and
lower than the values for the giant sand wave field in
Long Island Sound (Fenster et al. 2006).

3. The heights of most of the type II sand waves plot
above the typically observed limit (relative to length)
for flow-transverse bedforms based on the observations
of Flemming (1988) and the review of Ashley et al.
(1990).

Only four seabed samples were collected in the study
area and none in the vicinity of type I sand waves.
Differences in sediment grain size may account for the
presence of two sand wave populations, but more detailed
seabed sampling is required in order to address this
potential hypothesis.

Pockmarks

The size, frequency, semi-regular spacing and clustering of
the seabed depressions, and the remoteness of the study
area from population centres, suggest that they formed
through a physical, rather than biological or anthropogenic
process. The crater-like nature of the depressions strongly
suggests that they are erosional features; therefore, they are
likely to represent sinkholes or pockmarks. Underwater
video observations of the seabed (Fig. 4), physical samples
collected with the grab (Fig. 8), and the generally low
backscatter response in side-scan sonar data (Fig. 3)
showed the erosional features to occur within unconsoli-
dated sediments. The depressions are therefore interpreted
as pockmarks, which form when buoyant fluids migrate
upwards through shallow strata with sufficient rates to

mobilise the unconsolidated sediment on the seabed (Judd
and Hovland 2007).

A sinkhole interpretation is not favoured for these
features, despite the carbonate environmental setting in
the study area being consistent with karstic processes:

– The study area depressions would represent small-scale
sinkholes distributed in close proximity to one another
(cf. Land and Paull 2000). If the features had formed
through carbonate dissolution, then at least some would
be expected to have coalesced into large-scale collapse
structures similar to the sinkholes in the Straits of
Florida, which are hundreds of metres in diameter and at
least 30 m deep (Land et al. 1995; Land and Paull 2000).

– Sand waves in the study area record a history of
sediment mobilisation and accumulation. It is unlikely
that the depressions formed as sinkholes during the
LGM lowstand, as they would have been infilled by
sediment during the Holocene.

– In some cases the depressions occur in the unconsol-
idated sand waves (Fig. 3e). It is unlikely that the
depressions existed prior to sand wave development (as
they would have been infilled with sediment) and it is
similarly improbable that formation of sinkholes in a
consolidated karstic surface beneath an existing sand
wave would lead to a series of individual depressions
on the face of the bedform.

Carbonate concretions

The process of carbonate cement formation is not clear,
based only on concretion morphology. Some of the simple
tubes are likely to have been formed by marine inverte-
brates (Fig. 9a), as indicated by the presence of biota within
the sampled concretions. The irregular massive concretions
and the larger complex tubes closely resemble authigenic
carbonate tubes and slabs formed through seabed fluid
venting in the Gulf of Cadiz and the North Sea (Díaz-del-
Río et al. 2003; Judd and Hovland 2007). Based on the
interpretation of fluid expulsion pockmarks in the study
area, the sampled concretions may have also formed
through this mechanism. If this is the case, then it is
possible that the massive concretions recovered from the
study area are an evolution of the tubular structures in
Fig. 9c, d; as the tubes develop and grow, the openings fill
with cement and massive concretions are formed (cf. Judd
and Hovland 2007).

The petrography and mineralogy of the ooid grainstone
cements from the study area are similar to those of
aragonitic submarine cements comprising isopachous
fringes of acicular crystals recovered from approximately
2 m below the surface of bioclastic sand dunes in Torres
Strait (Keene and Harris 1995).
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The nature of the seeping fluid

A diverse range of fluids create expulsion features as they
flow through the seabed. Examples include hydrothermal
fluids (Fyfe 1994; Butterfield 2000), submarine groundwa-
ter discharge (Taniguchi et al. 2002; Burnett et al. 2003)
and expelled basinal porewaters (Dugan and Flemings
2000, 2002), but the most widely documented seeping
fluids are rich in biogenically or thermogenically generated
hydrocarbons, which are in general dominated by methane
(Hovland and Judd 1988; Judd and Hovland 2007).

Methane seepage is typically detected through the
analysis of headspace gas in seabed sediments from core
samples. It was not possible to analyse the nature of the
seeping fluids in the study area using this method, due to
the lack of recovery in deployed seabed cores. Seepage of
methane through shallow substrata can be detected as
amplitude anomalies, acoustic blanking or turbidity in
sub-bottom profiler data (Hovland and Judd 1988; Judd
and Hovland 2007). However, no evidence of shallow gas
was identified in the 1.5-kHz Topas data (Fig. 7), as was
the case in the Arafura Sea where pockmarks were
discovered in association with anomalies in sub-bottom
profile data (Rollet et al. 2009). Similarly, bubbles were
not acoustically identified in the water column with the
side-scan sonar or single-beam echo-sounder, as detected
above hydrocarbon seepage sites on the northern NWS
(Rollet et al. 2006). The absence of water column flares
could be explained by the episodic nature of seepage,
although acoustic surveying of the pockmark sites was
undertaken at low tide to maximise the probability of
detecting active seepage. The absence of gas seepage
indicators in the acoustic datasets is consistent with the
lack of AOM biomarkers and high-molecular weight
hydrocarbons in the carbonate concretions.

Petrographic identification of isopachous acicular arago-
nite cement in the carbonate concretions suggests that the
seabed fluid flow in the study area is not the result of
submarine discharge of freshwater from aquifers accessing
the remote onshore Western Australia, or brines expelled
from the porewaters of offshore sedimentary basins. If this
were the case, then the cementing carbonate phase would
be expected to comprise dolomite or calcite respectively.
The results of the isotope analyses show a distinct but
minor shift between the bulk (δ13C=4.01‰, δ18O=0.52‰)
and cement (δ13C=3.46‰, δ18O=0.13‰) samples, with
both sets of values plotting within the ‘modern seawater’
field on a stable isotope field diagram (cf. Campbell 2006).
The slight difference between the isotopic values of the
bulk and cement samples is interpreted to reflect differing
ocean chemistry during the Pleistocene, when the oolites
formed (James et al. 2004; Dix et al. 2005), relative to the
Holocene, when the cement formed.

Multiple lines of evidence from isotopic, geochemical
and petrographic analyses and acoustic datasets are consis-
tent in effectively discounting any influence of methane or
meteoric or basinal waters in the formation of the seabed
fluid expulsion features. Furthermore, the isotopic results
and presence of acicular aragonite as the cementing phase
in the concretions suggest that the seeping fluids are normal
marine seawater.

Assuming the seawater in the study area has normal
saturation values for CaCO3, the cementation of the
concretions would have been dependent on the flux of
seawater through the sediments, with each pore volume of
seawater depositing a fraction of carbonate cement due to
minor differences in the bicarbonate and calcium ion
contents of the pore and bottom waters (Scholle and Halley
1985). Cementation is facilitated in areas where sediments
are both porous and permeable, in high-energy settings, and
in areas of low or restricted sedimentation rate (Shinn 1969;
Moore 1989). The apparent porous and permeable nature of
the oolitic sediment sampled in the grabs, the shallow
macrotidal environment, and the age of the oolites (15.4–
12.7 ka; James et al. 2004; Dix et al. 2005) suggest that
these conditions exist in the study area, and that concretion
formation may be linked to high rates of seawater flow
across the sediment-water interface.

Model of pockmark development

This study has effectively demonstrated a spatial relation-
ship between fluid expulsion pockmarks and a population
of ‘anomalous’ (type II) sand waves. Sand waves which
have unusual height-slope-length relationships (‘freak’ sand
waves) have been suggested to be indicators of fluid
seepage at a site in the southern North Sea (Fig. 11a;
Hovland 1993; Judd and Hovland 2007). The ‘anomalous’
nature of the North Sea sand waves has been attributed to
upwelling gas eroding sediment from adjacent to the sand
waves. Despite the obvious morphological similarities
between the North Sea sand waves and the sand waves in
this study (Fig. 11), the processes linking the bedforms and
fluid flow are interpreted to be entirely different. In this
study, the ‘anomalous’ (type II) sand waves are more
widely distributed than the evidence of fluid expulsion
(pockmarks), which suggests that the nature of the bed-
forms may be a key contributing, but not the sole defining,
factor in the development of the seabed fluid flow, rather
than the anomalous bedforms being formed by fluid
seepage. This is supported by indications that in the study
area the fluid is seawater, not basinal fluids driven by
geological processes as is the case in the North Sea
(Hovland 1993; Judd and Hovland 2007).

There are two possibilities for the origin of the marine
waters flowing from the seabed to form the pockmarks. The
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first is dewatering of near-surface sediments through rapid
deposition of the type II sand waves, and the second is flow
through the near surface driven by pressure gradients over
the type II sand waves.

Harrington (1985) suggested that pockmarks in the
central North Sea, of a scale similar to that of the
pockmarks in the study area, were formed by porewater
expulsion from compacting sediments. The initial phase of
the dewatering mechanism for the North Sea pockmarks
required build-up of porewater pressure in soft cohesive
sediment (silt or clay). The very fine- to coarse-grained
oolitic sands in the present study area would preclude this
process, with relatively large pore throats enabling the
release of porewater pressure through capillary flow. If the
study area pockmarks formed through sediment compaction
and porewater expulsion, then the initial phase of the
dewatering mechanism may be associated with loading of
near-surface sediments through rapid construction of the
high-amplitude type II sand waves. However, fluid flow in
the study area is unlikely to be due solely to an expulsion
‘event’ associated with rapid sediment loading, as this is
not consistent with concretion formation, which requires
significant flux of seawater through the pore spaces for
cementation.

Seabed fluid flow in the study area may be driven by
pressure gradients in the near surface. High-amplitude
macrotides on this part of the shelf are the most likely
mechanism for initiating a pressure differential at the
seabed (i.e. tidal pumping), although atmospheric low-
pressure systems and adjacent longshore oceanic currents
are potential alternatives. In all submarine environments,
water currents flowing near the sediment-water interface are
deflected by seabed topography (Fig. 12). Flow obstruction
by positive-relief seabed features causes a pressure increase
over the slopes opposing the flow, and pressure decrease
where the flow accelerates as it passes over the elevated

structure (i.e. the Bernoulli principle; Batchelor 1967;
Schlichting 1987). In permeable, unconsolidated sediments
the resulting pressure gradients produce interstitial fluid
flow through the near-surface sediments and across the
sediment-water interface (Huettel and Gust 1992; Huettel et
al. 1996). Tidal pumping over sand waves in Torres Strait
has been demonstrated to drive seawater along connected
permeability pathways in seabed sediments and form
carbonate cements (Keene and Harris 1995), but this
process has not previously been linked to fluid expulsion
features.

A number of aspects of the marine geology and
oceanography in the study area contribute to this site being
a prime candidate for the development of relatively
powerful fluid flow across the sediment-water interface
and through the pores of near-surface sediments. The slopes
of type II sand waves are unusually steep. The average type
II sand wave slope is approximately 10° (maximum of
16.5°), whereas sand waves generally possess slopes of less
than 10° and can slope as little as 1° (Allen 1982; Harris et
al. 1986; Ashley et al. 1990). Interstitial flow increases
considerably with increasing bedform slope, due to higher
Bernoulli pressures (Shum and Sundby 1996); therefore,
these steep sand waves would be more prone to inducing
porewater flow (Fig. 12). Additionally, the seabed sedi-
ments are relict and appear to lack internal cross-
stratification, which suggest that there is little overall net
migration of the bedforms. Given this prolonged stability of
the seafloor sediments, the porewater flows may have
developed preferential migration pathways. Therefore, the
interaction of the macrotidal currents and the high-
amplitude type II sand waves may be contributing to
relatively high pressure differentials adjacent to the sand
waves, and consequent fluid flow development.

This hypothetical model is somewhat incongruous with
the observation that pockmarks are not associated with all

07-2554-1007-2554-10

a b

Fig. 11 a A sand wave with unusually high bedform height (‘freak’
sand wave) in the North Sea (Hovland 1993; Judd and Hovland 2007;
image courtesy of A. Judd). Field of view facing approximately west.
Red and dark blue tones correspond to 30 and 43 m water depth
respectively. Spatial extent of scour around the sand wave approxi-
mately 400 m long and 100 m wide. b A type II sand wave from the

present study area, appearing very similar to the North Sea sand wave.
Field of view facing approximately southwest. Red and dark blue
tones correspond to 100 and 116 m water depth respectively. Spatial
extent of scour around the sand wave approximately 400 m long and
150 m wide
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type II sand waves (Figs. 2, 3), given that tidal currents
would be relatively uniform over such a small area of the
shelf and would be expected to generate porewater flows at
all steep, high sand waves. Sub-bottom profile data indicate
that pockmarks may be spatially linked to type II sand
waves which are located over ‘mounds’ in a shallow (near-
surface) seismic reflector (Fig. 7). The depth of this
reflector relative to the present sea level (~120 m) equates
closely to the interpreted 120 m sea-level lowstand
associated with the last glacial maximum (Chappell and
Shackleton 1986). Therefore, this reflector may represent a
palaeo-subaerial exposure surface, with exposure resulting
in cementation and associated high amplitude. The topog-
raphy on the reflector likely formed through deposition and
erosion in a coastal system during the LGM lowstand. The
spatial relationship between pockmarks, type II sand waves
and subsurface reflector ‘mounds’ suggests that, while
interstitial flows are generated through macrotidal currents
flowing over type II sand waves, the confining and

focusing of the porewater flows through this subsurface
control may be required for fluid expulsion features to form
(Fig. 12).

Testing of this hypothesis requires the acquisition of
oceanographic and seabed acoustic data in the study area
over time periods sufficient to capture the variability in
sediment/current interactions and other influences such as
storm and cyclone events.

Conclusions

This study represents the first documented evidence of
seabed fluid flow in the central North West Shelf. This
evidence includes seabed pockmarks which are roughly
circular in shape and approximately 2–15 m in diameter,
tubular and massive carbonate concretions, some of which
line the surface of the pockmarks, and potential active
venting of a fluid plume from the seabed.

The fluid which is flowing from the seabed is interpreted
to be normal marine seawater, as indicated by oxygen and
carbon isotope values for the bulk carbonate concretions
and a sub-sample of acicular aragonite cement. This is
supported by the isopachous acicular aragonite cement of
the carbonate concretions, and the absence of vertical
migration pathways and shallow gas indicators in the
near-surface strata. Additionally, high-molecular weight
petrogenic hydrocarbons and biomarker assemblages com-
monly found in methane-derived authigenic carbonate were
not detected within any of the concretions.

The fluid flow features are located in association with
type II sand waves which have atypical height-slope-length
relationships. Seabed fluid flow across the sediment-water
interface is interpreted to be the result of macrotidal currents
flowing over the relatively steep slopes of the type II sand
waves. Pockmarks and carbonate concretions develop where
the interstitial flows are confined and focused by subsurface
‘mounds’ in a shallow seismic reflector.

The model developed in this study, describing the
formation of fluid expulsion features through interactions
between currents, bedforms and subsurface topography, is
not endemic to Australia’s North West Shelf, and could
potentially be applied to other shallow sandy shelves with
significant current flow. The model also has implications
for future natural hydrocarbon seepage research. The
identification of shallow gas signatures and fluid expulsion
features in acoustic datasets (e.g. multibeam bathymetry
and side-scan sonar) and visual observations (e.g. under-
water video tows) are powerful tools for natural hydrocar-
bon seep exploration, but differentiating features as
hydrocarbon- or non-hydrocarbon-related seeps requires
judicial analysis and is most effective when supported by
geochemical analysis.
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Fig. 12 Schematic conceptual model for porewater flows and seabed
fluid expulsion features developed through interaction between
currents and seabed topography. a Flow obstruction causes a pressure
increase over the slopes opposing the flow, and the resulting pressure
gradients produce interstitial fluid flow through the near-surface
sediments. b High-amplitude sand waves contribute to relatively high
pressure differentials, and fluid expulsion features form where the
consequent fluid flow is confined and focused through a subsurface
control
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