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Abstract. Offshore exploration commonly uses geochemical sniffer technologies to detect hydrocarbon seepage.
Advancements in sniffer technology have seen the development of submersible in-situ methane sensors. By integrating
a Franatech laser methane sensor onto an autonomous underwater glider platform, geochemical survey durations can be
increased, and associated exploration costs reduced. This paper analyses the effectiveness of methane detection using the
integrated system and assesses its practical application to offshore hydrocarbon seep detection methods. Blue Ocean
Monitoring surveyed the Yampi Shelf, an area with known oil and gas accumulations, and observed hydrocarbon seeps
on the North West Shelf of Australia. Results from the survey showed a background dissolved methane concentration of
3 to 4 volumes per million (vpm). A distinct plume of methane between 30 to 84 vpm measured over 24 km2 was detected
early in the survey. Three smaller plumes were also identified. Within a small plume, the highest concentration of methane
was detected at 160 vpm. Methane above background levels was observed within 8 km of previously identified seeps;
however, these seeps were unable to be pinpointed. Comparisons with data from previous surveys suggest similar
oceanographic influences on the behaviour of the seeps, including tidal variations and the position of the thermocline.
The results demonstrated that the integrated system may be used to effectively ground truth remote sensing interpretations
and survey areas of interest over long durations, providing methane presence or absence results. To this effect, the
integrated system may be implemented as a supporting technology for assessing the risks of further funding hydrocarbon
detection surveys and focusing the area of interest before the deployment of vessel-based surveys.
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Introduction

Offshore exploration for oil and gas is an expensive and high-risk
process with many investigations failing to identify economic
hydrocarbon accumulations. Technologies that increase certainty
in hydrocarbon accumulation identification and interpretation
have the potential to reduce exploration risks. A study by
Berge (2013) concluded that hydrocarbon seepage detection
can initially indicate at least a partially functioning petroleum
system. The study also suggests zero risk can be assumed for
source presence, maturity and migration if an active seep is
confirmed near a prospect, significantly reducing the overall
risk of exploration. Numerous technologies exist to aid in the
detection of seeps, and advancements in seep detection

technology continue to evolve as the global demand for oil
and gas pushes exploration efforts into deeper and more
remote frontier basins.

Hydrocarbon seeps occur on the seafloor surface, producing
variable mixtures of gases, liquids, solids, water, brine and
mud (Berge 2013; Kinnaman et al. 2010; Sauter et al. 2006).
The complex plumbing system of seeps, as described by
Talukder (2012), have altering conduit systems that result in
transient fluid flows that vary spatially and temporally. These
seeps can be described as active or inactive, episodic or
continuous (Abrams 2005). Hydrocarbon seepage can modify
seafloor bathymetry, geochemistry and biology, often producing
identifiable signatures such as carbonate crusts, hydrocarbon
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related diagenetic zones (HRDZ) and pockmarks (Hovland and
Judd 1988).

The subsurface geology dictates the overall nature of the seep;
however, seepage rates are also influenced by the sedimentary
environment of the seabed, near-surface sediments, major
direction of bulk flow, flux rate, concentration and the physical
properties of the extruded material (Talukder 2012; and
references therein). Short-term seepage expression and rates
are also influenced by external factors that alter pore pressure
and current direction, such as atmospheric pressure systems,
storm surges, ocean swell, tides and bottom currents, which
have been observed during seep surveys (e.g. Boles et al.
2001; Di et al. 2014; Stalvies et al. 2017).

Natural gases found at seep sites can be produced from
biogenic or thermogenic origins, often surfacing as a combination
of both (Schoell 1983, 1988). Traditional methods of
determining the origin of natural gases require the use of gas
chromatography (GC) and mass spectroscopy to calculate the
bulk isotopic compositions of hydrogen and carbon, and
proportions of methane to other hydrocarbons (Schoell 1980).
Distinguishing between thermogenic and biogenic hydrocarbons
is important in determining the probable source, where
thermogenic methane is largely associated with the presence of
mature oil and gas accumulations (Rice 1993).

Methane is commonly used to indicate the presence of
hydrocarbon seeps because it is the main constituent in natural
gas. The process by which methane fluxes from a seabed
seep towards the atmosphere is largely unpredictable. The
dissolution, microbial anaerobic oxidation and formation of
methane hydrates, combined with oceanographic processes
such as currents, upwelling and stratification, complicate the
propagation and influence the overall residence time of the
seep plume (Boetius et al. 2000; Kvenvolden 1995; Mau et al.
2007). To increase the likelihood of detecting seeps, technology
that can maximise the temporal and spatial extent of an
exploration survey is needed.

Hydrocarbon detection methods

Many petroleum reservoirs will have near surface hydrocarbon
indicators, but not all survey methods are appropriate to detect
them (Abrams 2005). Once a potential seep has been identified,
three survey procedures are used to determine if hydrocarbon
seepage is present in the subsurface or water column before
exploratory drilling:

1) Remote sensing (airborne andspaceborne, active andpassive).
2) Vessel-based geophysical survey (echo-sounder, multi-

beam bathymetry, seismic profiling, side-scan sonar and
sub-bottom profiler).

3) Vessel-based sampling (cameras, fluorometers, geochemical
sniffers, remotely operated vehicles and sediment grabs).

Seep exploration commonly involves integrated studies
using multiple survey methods to maximise the likelihood of
detecting and correctly identifying a seep (e.g. Carragher et al.
2013; Hood et al. 2002). Remote sensing is often a cost-effective
way to identify initial indicators of seepage in an area; however,
results can often lead to false positives and require ground
truthing (Fingas and Brown 2014; Logan et al. 2008). While

vessel-based surveys are more effective in seep detection,
they require coverage of large areas to target comparably small
seeps, which can be inefficient and incur sizable survey costs.
Autonomous systems that can be deployed before vessel-
based surveys have the potential to confirm the presence of
hydrocarbons in the water column, ground truth remote
sensing interpretations and identify priority sampling areas,
thus reducing vessel costs.

Geochemical sniffers

Where seeps are actively emitting hydrocarbons into the
water column, geochemical sensors have the capability to
detect relevant compounds. Traditionally, GC has been used
to determine concentrations of gases in the water column by
analysing water from a rosette sampler, or through pumping
sea water from a towed fish to a laboratory onboard the vessel
(Sigalove and Pearlman 1975). GC is still considered the superior
method of hydrocarbon analysis because it provides high
sensitivity and a range of measurements. However, it is also
limited in its capabilities because the process can result in
sampling artefacts and errors, and there are significant
operational costs due to personnel and vessel resource
requirements (Kamieniak et al. 2015).

The development of compact submersible membrane inlet
mass spectrometers has resulted in sensors that provide
detailed analysis of numerous dissolved gases in situ at high
frequency and resolution (Chua et al. 2016). The system has had
success in detection of hydrocarbons in the water column (e.g.
Schlüter and Gentz 2008; Camilli and Duryea 2009), and can
be integrated onto mobile and autonomous platforms (e.g.
Camilli and Hemond 2004; Camilli et al. 2015); however, the
weight, power requirements, availability and complexity of
these sensors are still significant, and at the time of writing
cannot be reasonably considered for long-term autonomous
survey techniques.

The Franatech Aquaculture GmbH (Germany) lasermethane
sensor (LMS) has been developed using the principles of
tunable diode laser absorption spectroscopy (TDLAS). In
the past, TDLAS had been widely used for measuring
atmospheric gas concentrations (e.g. Hovde et al. 1995;
Wienhold et al. 1994). This submersible geochemical sensor
measures dissolved methane concentrations, and provides
higher resolution, sensitivity, accuracy and detection times
(as outlined in Table 1) than comparable submersible
methane sensors (Kamieniak et al. 2015). Comparable
sensors such as the Franatech METS sensor (e.g. Bussell
et al. 1999; Gasperini et al. 2012) may also experience
erroneous readings as other gases can interfere with the
instrument (Boulart et al. 2010). The lower power restrictions
and lighter weight (Table 1) than the available membrane inlet
mass spectrometers at the time of writing make the LMS
the most suitable technology for long duration hydrocarbon
surveys. The most significant issue with the LMS is that
it cannot distinguish between biogenic and thermogenic
methane, potentially resulting in false positives when applied
to exploration. It is also limited in its capability to provide
detailed analysis of any existing hydrocarbons because it is
limited to the detection of methane concentration only.
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Slocum Glider as a sniffer platform

Autonomous underwater vehicles (AUVs) can move passively
using buoyancy or be actively propelled using a thruster. Passive
AUVs have significantly lower energy requirements and, hence,
have greater endurance than propelled vehicles. Actively
propelled vehicles have previously been used to combine
sampling and geophysical technology to increase efficiency
and resolution in seep detection surveys, and have successfully
integrated geochemical sensors into their payloads (e.g. Newman
et al. 2008). However, the short duration (hours to days)
and the operational expenses associated with the actively
propelled AUVs, including vessel support, limit their
applications to detect seeps by constraining the survey area
and increasing project costs. Passive vehicles have longer
endurance (weeks to months), and only require a vessel for
deployment and recovery.

The Slocum G2 Glider (Glider) is a passively propelled AUV
that operates on buoyancy principles. Originally proposed by
Henry Stommel (Stommel 1989), further developments byWebb
Research and Teledyne Webb Research have advanced Gliders
into a diverse oceanographic survey platform. The Glider is
manoeuvred through the water column by altering the internal
volume, changing the buoyancy. It then acquires forward
momentum due to two wings, producing a sawtooth shape
profile through the water column. The Glider can also utilise
a small thruster to produce variable dive profiles. The Glider uses
dead reckoning to follow undulating trajectories set by a pilot
based onshore, which are communicated to the Glider through
Iridium satellite telemetry when on the surface.

Yampi Shelf survey site

The survey site on the Yampi Shelf was selected because it is
one of few known seep fields in Australia with identified and
measurable seepage (Logan et al. 2008). The Yampi Shelf is
located within the Browse Basin on Australia’s North-West
Shelf (Fig. 1). Interest in the area began after the Gwydion-1
well (Spry and Ward 1997) and the Cornea Field (Ingram et al.
2000) proved that oil and gas accumulations were present. The
Yampi Shelf has since been established as an active thermogenic
seepage location, with multiple surveys confirming the presence
of hydrocarbons.

Seismic acquisition and a geochemical survey gave initial
evidence of active seepage on the shelf. Subsequently, a wide
array of technologies were tested at this site to determine their
detection capabilities. Six surveys over the Yampi Shelf have
provided evidence of seeps over the area. The most notable
datasets include:

* 1995: 2D Seismic data obtained in the Yampi Shelf Tie 2D
Survey 165 (YST 165) by Australian Geological Survey
Organisation (AGSO, now Geoscience Australia (GA)) (see
O’Brien et al. 1996).

* 1996: GC data, including coverage of an area over the Yampi
Shelf from the AGSO Marine Survey 176 (S176) (Wilson
2000).

* 2004: GA Survey 267 (S267), which provided a range of
detection and identification instruments (see Jones et al. 2005).

S267 in 2004 trialled various technologies that are commonly
used by oil and gas industry to detect seeps. These technologies
included echo sounder, multi-beam swath bathymetry, towed
fluorometer, acoustic Doppler profiler, underwater camera,
submersible data logger, sediment cores, side-scan sonar, sub-
bottom profiler and water samples. The geophysical data
collected during YST 165 has also proven particularly important
because it was required as supporting evidence of seepage
measured by the other detection methods (Logan et al. 2008).

Logan et al. (2008) included a review of the main surveys
and their techniques. Each technique was assessed and the
abilities of each technology to detect seeps were analysed. All
previously observed and imaged active seeps and HRDZ that are
considered accurately identified by Logan et al. are summarised
in Fig. 2. The locations of the active seeps identified were the
basis of the sampling plan for this study.

Additional outcomes of these studies demonstrated the nature
of the seeps on the Yampi Shelf and the external effects on
seepage rates. Methane gas plumes in the water column were
observed by echo-sounder and side-scan sonar. Plumes appear to
rise 30 to 40m from the seabed and are trapped at 40 to 60mwater
depths along a stable thermocline (Rollet et al. 2006). The same
study also showed the expression of the plumes is heavily
influenced by high velocity currents and macro tidal cycles in
the area. Plumes are also often associated with seafloor features
such as pockmarks, HRDZ and mounds identified by swath
bathymetry. The methane contour map produced from S176
also determined the spatial extent of dissolved methane on the
Yampi Shelf (see Wilson 2000).

Given the cost and time advantages of long endurance
autonomous systems used in exploration, the Glider is proposed
as an effective platform to integrate a hydrocarbon detection
sensor. The lighter weight, smaller power consumption and
higher sensitivity of the LMS determined it as the most
appropriate sensor to integrate onto the Glider. By conducting
the survey in an area with prior evidence of methane seepage,
the ability of the integrated system to successfully operate and
detect methane can be determined. If effective, the Glider can
provide a new long duration survey technique to detect the

Table 1. Franatech laser methane sensor specifications

Parameter Range Accuracy Reaction times Depth rating Power consumption Weight (in air)

Dissolved methane 2–10000 vpmA ± 0.9 vpm
(range <150 vpm)

± 2.7% (range�150 vpm)

5 s
10 s (T90 time)
120 s (T99 time)

4000m 5W 10.6 kg

AVolumes per million.
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presence ofmethane concentrations abovebackground. From this
trial, the applications of this technology in commercial oil and gas
industry can be assessed.

Methods

LMS integration
The LMS was electronically integrated into the Glider science
bay and mounted on the underside of the hull (Fig. 3).
A bracket was designed by Blue Ocean Monitoring Ltd
(Blue Ocean) to hold the LMS parallel to the body of the
Glider. A hemispherical nose cone was also mounted to the
front of the LMS to improve hydrodynamics of the system.
Collectively, the LMS, nose cone and mounting bracket
weighed 12.34 kg in air. Due to the weight of the sensor, an
extended bay section was included to create additional
buoyancy. The additional weight and energy requirements
of the LMS reduced the battery life, limiting the Glider
survey to 17 operational days. The Glider was ballasted to
target conditions on the Yampi Shelf estimated at 26.5�C, 34.6
PSU, and 1022.35 kgm–3.

The LMS was calibrated by the manufacturer four months
before deployment. Calibration values are outlined in Table 1.
No internal modifications were made during integration of
the LMS, ensuring the sensor remained in calibration.

Glider configuration
Additional sensors were installed into the Glider payload to
determine the full capabilities of the integrated system in

the detection of oil and gas seepage. These sensors included
the LMS, Sea-Bird Electronics Glider Payload CTD, WET
Laboratories SeaOWL UV-A fluorometer, Turner C3 fluorometer
and the Aanderaa Oxygen Optode 4385. Detailed interpretations
between methane concentrations and dissolved oxygen,
fluorescence and salinity are beyond the scope of this
article but may potentially have implications in future Glider
geochemical studies.

The Glider used a standard G2 shallow 200m buoyancy
engine pump, enabling a maximum depth of 200m, and
lithium DD battery packs to maximise the Glider’s endurance.
The Glider was also equipped with an altimeter, tri-axial
magnetic compass, pressure sensor, satellite global positioning
system (GPS) and hybrid thruster. The compass and GPS are
used to give WGS84-referenced latitude and longitude, pitch,
roll and heading.Measurements of the Glider’s heading, velocity
and pitch were used to calculate a dead reckoned position
while subsea. Depth averaged currents were inferred from the
dead reckoned positions and surface GPS. Surface currents
were estimated from multiple GPS fixes during surface drifts.
The altimeter and pressure gauge were used to measure the
water depth and depth of the Glider. A thruster was installed
for additional propulsion in anticipation of high velocity currents
on the shelf.

Field trial

The Glider was deployed on 23 July 2017 in the centre of the
eastern active seeps where high methane concentrations were

a

Fig. 1. Location of the active seeps and the Yampi Shelf respective to the Browse Basin on the Australian North-West Shelf. Geological provinces from
Geoscience Australia (2017).
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expected. The Glider was recovered 50 km south-west of the
deployment locationon5August 2017, 17days after deployment.
The weather during this survey was typical for the north-west
Australian dry season with no large-scale climate features
effecting the area. Tidal information for the site was inferred
from predicted tidal data supplied by the Australian Government
Bureau of Meteorology (2017) for Heywood Shoals. Tidal range
was expected to vary between 2 and 5m.

During the survey, the Glider positioning and navigation
were governed by locations of the active seeps, and local
oceanographic conditions. A transect describes the Glider
profiles and area between surfacing events. Sawtooth shape
profiles are referred to individually as a yo. Bathtubs refer to
profiles where the Glider is maintained at a predetermined depth
over the entire transect. During the survey, yos were generally
set to dive from 5 to 85mwater depth or 12m above the seafloor,
each taking ~15 to 20min to complete. Bathtubs completed
over the survey were maintained at a depth of ~85m for 1.5 to
2.5 h, covering ~1.5 km. Battery position, thruster power, pitch
and the pitch motor were adjusted throughout the survey to
produce consistent profiles.

Waypoints were determined by the Glider pilots, based on
potential seep locations and analysis of the depth-averaged
currents measured by the Glider. The velocity of the depth-
averaged currents ranged up to 0.5m/s–1 or 1 kn throughout the
survey. These currents were mostly tidally driven, switching
from a south-east to north-west direction on a semi-diurnal
basis. The Glider path was significantly influenced by the
currents and an ideal ‘lawnmower’ survey pattern could not be
obtained under these conditions. Instead, Glider paths were set
to transect the general area of previously observed seeps.
Limited time was dedicated to the sampling of the two
western seep sites, allocating more time to investigate the
higher density eastern seeps. Waypoints were set to manoeuvre
the Glider up to 26 km south-west of the seeps to obtain
background readings.

Data analysis
To quality control these data, a seventh order median filter was
applied to the processed data to remove any spikes. Time series
and profile plots were used to inspect the filtered data for

Fig. 2. Glider track over the Yampi Shelf showing methane concentration bins below 60m water depth and locations of Area 1 and Area 2. HRDZ and
active seeps from previous surveys have been summarised by Logan et al. (2008) and were provided by Geoscience Australia. Background concentrations
occurred sporadically throughout the survey with little spatial correlation, but higher values are more localised near previously observed seeps. Inset
map A shows greater detail of the Glider track around the previously observed seep sites. Inset map B shows a magnified area over the 160 vpm anomaly
and 1 km proximity to the HRDZ.
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overall data quality, suspect data and sensor faults, including
sensor drift.

A time lag adjustment was also applied to these data to offset
the time the sensor takes to output the equilibrated value.
A correction of 90 s was applied because it produced the most
probable methane concentration profile during the transects.

Results

Using an arbitrary classification system, we describe high
methane concentrations as more than 80 vpm, moderate as
more than 30 vpm, and low as less than 30 vpm. The methane
concentrations above 60m were generally at background
levels, so any discussion of methane concentrations are
assumed as describing below 60m depth unless stated. The
methane values stated are excluding the sensor error margins
outlined in Table 1.

Water column measurements taken 10 to 26 km to the south
of the previously observed seeps ranged between 1 and 4 vpm.
This confirmed that values below 4 vpm can reasonably be
considered background concentrations in the area. These
values are supported by S176 as background levels of 3 to
5 vpm were recorded in a similar location (Wilson 2000).

Over the 17-day survey, the Glider completed 637 yos and 12
bathtub profiles over 106 transects and collected over 400 km of
transect data. Methane concentrations were detected between
0 and 160 vpm (Fig. 2). Where moderate to high concentrations
were observed, therewere very rarely background concentrations
within the same transect.

Elevated methane concentrations generally occurred across
multiple subsequent yos and covered large spatial extents, rather
than sudden spikes (Fig. 4). This pattern was not observed at the
thermocline; instead, a sharp change in methane concentration
was observed at the thermocline, situated between 40 and 60m
(Fig. 5). An example of this trend is also observed in Fig. 4.

Area 1

The eastern seeps are covered by Area 1, as illustrated in Fig. 2.
A range of concentrations were observed, from background
to high level concentration. For 91 of the yos, moderate to
high concentrations of methane were recorded; 14 of these yos
detected methane concentrations above 60 vpm, and 2 above
80 vpm. These concentrations were measured within a 6.5 km
radius of the seeps. All but one of the yos with concentrations
of methane above 60 vpm occur to the south of the seeps.

The Glider passed within 250m of the previously observed
seeps during six transects (Inset A in Fig. 2). Concentrations
recorded among the seeps varied between background and
moderate levels. The two high concentration anomalies do not
appear to be directly associated with these seeps, occurring
3.5 km and 4.8 km to the south-west.

Fig. 3. Photograph of the Glider integrated with the LMS before
deployment. The LMS is located inside the red outline.

Fig. 4. An example of a transect showing the gradual changes inmethane detection, and a comparatively abrupt change inmethane concentration at 60m depth.
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Analysis of the yos within the 6.5 km radius of the previously
observed seeps showed a reduction in the detection of methane
over time. Of the 91 yos exhibiting moderate concentrations of
methane, 74 were observed within the first 60 h of the survey.
Measurements after this time show only 4% of yos recorded

moderate concentrations, ofwhich all were identified over 3 short
periods.

Over a 17-h period on 23 and 24 July, the Glider
circumnavigated the previously observed seep area within a 2
to 5 km radius, covering 26 km, and recorded peak methane

Fig. 5. Temperature depth data collected by the onboard CTD over the survey period. The temperature measurements confirm the depth of the thermocline at
~40 to 60m. The period over which Fig. 4, and Fig. 9 is measured is also identified to illustrate the thermal environment of the yos.

Fig. 6. The location of the plume track in relation to the previously observed seeps. The plume track includes values below 60m where the maximum values
ofmethane detectedwere consistently above 30 vpm for each yo. Also included are yos that were all obtainedwithin the same area at the highest value (160 vpm),
labelled in ascending time order. The inset shows the location of the yos in greater detail.
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concentrations of at least 30 vpm during each yo (see Fig. 6 and
Fig. 7a). The second highest methane concentration for the
survey was recorded 3.5 km to the south-west, at 84 vpm.

The highest concentration of 160 vpm (Fig. 8) was measured
5 km to the south-west of the previously observed seeps (Fig. 2).
The high was recorded continuously for 20 s around 70m depth.
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Fig. 7. (a) Three-dimensional view of the plume track. (b) Glider profile showing Yos 1 to 4 in a three-dimensional view. The highest methane concentration
of 160 vpm is shown along Yo 3. Yo 2a and 2b measure maximum values of 25 vpm. Background values are seen on Yo 1, 4a and 4b.
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This value was confined to one single ascent on the last yo of
the transect and occurred 1 km north-west of a HRDZ observed
during S267 (see Inset B in Fig. 2).

Three transects were completed near the 160 vpm anomaly
within 24 h, with data from these transects illustrated in the
inset in Fig. 6, and Fig. 7b. Background concentrations were
observed during Yo 1, 4a and 4b, which were 300m and 600m
away from the anomaly respectively. Both Yo 2a and 2b crossed
the location of the anomaly at a shallower depth. Readings
of 25 vpm were measured at the same depth of the anomaly
100m to the north-west and 100m to the south-east.

Area 2

Area 2 included the previously observed western seeps, as
illustrated in Fig. 2. In general, the data showed slightly elevated
concentrations of methane between 4 and 10 vpm. Higher values
of 10 to 30 vpm were recorded over 3 yos within 2 km of the
seeps. Limited ground was covered in the area.

It is worth noting that the concentrations of methane
recorded during the transit between Area 1 and Area 2 were at
background levels.

Discussion

During the trial of the system, the Glider was successfully
piloted to survey the seep areas and collect high resolution
data. Although periods of challenging oceanographic conditions
were experienced, the Glider demonstrated the ability to operate
efficiently with a sizeable external sensor payload attached.

Moderate concentrations measured in Area 1 over 23 to 24
July coincide with an area of moderate methane concentration
observed through GC analysis during S176. The GC survey
identified an area of ~310 km2 with methane concentrations
above 30 vpm, suggesting the presence of a significant seep
plume. Because current directions were predominately

north-west and south-east, it is likely that any dissolved
methane plumes would be travelling further in these directions,
resulting in an elliptical north-west and south-east trending
plume. As the Glider survey was limited in the north-west and
south-east directions, the extent of the plume may not have been
fully surveyed. Further transects in these directions would have
potentially mapped the full propagation of the plume, similar
to that mapped during S176.

A correlation between higher methane concentration below
the thermocline (Fig. 5) and lower concentrations above (e.g.
Fig. 4) is consistent with the findings from Rollet et al. (2006).
It is suggested that the thermocline may affect the concentrations
by constraining themethane below this depth (Rollet et al. 2006).
An exception occurred from 25 to 27 July, where the water
column appears to have been warmer and well mixed, possibly
a dense shelf water cascade (Pattiaratchi et al. 2011). This feature
also coincided with a similar period of elevated methane
concentration, suggesting the mixing event could have some
influence on seepage expression. However, over this period
the methane still appears to show the same concentration
pattern. The presence of an oceanic methane layer, formed as
bubbles dissolved at a certain depth (Leifer and Judd 2002), may
provide an alternative explanation to this phenomenon, and was
similarly proposed in the 2006 study by Rollet et al.

The peak 160 vpm measurement may indicate a new seep in
the area, pinpointed by the integrated system. The typical seep
profile observed over this anomalous high (Fig. 8) and relative
proximity to a HRDZ (Fig. 2) suggests the data is not erroneous.
However, due to a 3-h surface interval between themeasured high
(Yo 3) and the following yo, which resulted in a surface drift of
3 km, the quantity of data for interpretation of the peak
measurement is limited. Further survey information is required
to determine if it is a significant anomaly.

Focusing on the area surveyed within an 8 km radius of the
previously observed eastern seeps, the general trend showed

Fig. 8. Glider profile showing the three-dimensional view of the transect that intercepted the 160 vpm concentration.
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a decrease in the occurrence of elevated methane concentrations
with time. This trend may be attributed to spring and neap tidal
cycles, as the Glider was deployed just before the peak in
the spring tide and recovered on the subsequent neap tide.
During S267, methane plumes were identified as more active
during spring tides and weakened during neaps, and a similar
pattern was observed during the Glider survey. It is worth noting
that a sampling bias towards the first 60 h of the survey may
have affected the interpretation of these data. In this period, 147
yos were recorded within an 8 km radius of the eastern seeps,
whereas only 293 yos and 10 bathtub profiles were recorded in
the area over the next 348 h.

Four transects were acquired near the 160 vpm peak methane
concentration, seen in Fig. 6 and Fig. 7b. Variations in methane
measured in this area may be explained by various factors
influencing seep expression. Tidal variations that significantly
affect hydrostatic pressure are commonly attributed to changes
in seep activity (e.g. Boles et al. 2001), and were previously
attributed to seeps on the Yampi Shelf (Rollet et al. 2006) and
regionally (Stalvies et al. 2017). Analysis of predicted tidal
data suggests there is not a strong correlation between tidal
changes and methane variation over this area (Fig. 9). This
suggests tidal forcing alone is not responsible for methane
venting from the sub-surface on the Shelf.

From examination of the Glider results, it is concluded that
the previously observed seeps were not specifically identified.
Moderate to high concentration of methane was observed
during the Glider survey; however, these observations were
not recorded above the location of the expected seeps. Given
the complexity of the conduit systems and morphology of seeps,
there are numerous explanations as to why the Glider may have
been unsuccessful in detecting previously observed seeps.

The migration pathways of the seeps may have changed
significantly over the 12 years since previously observed, and
may be emanating further afield (Talukder 2012). The coarse-
grained carbonate sediment features associated with the original
seeps were relatively small because they were reworked by the

high energy of the macrotidal environment (Rollet et al. 2006),
suggesting possibly transient seeps in the area. It is also possible
they have since been partially or fully blocked by reworking or
microbial carbonate precipitation (Hovland 2002). The different
climatic conditions, such as cyclonic low-pressure systems
encountered during S176 and seasonal differences, may have
also had a short-term influence on the expression of the seeps.
Short-term temporal variations may have resulted in the Glider
not passing previously observed seeps at the ideal time for
observation, or alternatively the Glider may simply not have
been positioned in enough proximity to the seeps tomeasure high
values. Without reoccurring observations of higher methane
concentrations in the locality of previously observed seeps,
the ability of the Glider to pinpoint individual seeps cannot be
guaranteed.

To this extent, future validations of the Glider system should
use an area where seeps have more recently been identified and
large tidal variations or current velocities are not present because
piloting the Glider perfectly over a small seep is particularly
challenging under these conditions. Using smaller yos at greater
depths andmore bathtub profilesmay enhance theGlider’s ability
to pinpoint seeps and should be a main consideration in future
seep survey plans. Some larger yos should still be incorporated
into the survey plan because they were useful in validating the
system and showing interesting seep characteristics that smaller
yos may have missed.

Implications

The results of the survey suggest that the LMS-integrated Glider
can be utilised to detect large dissolved methane plumes to
determine the presence of active hydrocarbon seeps. The
additional sensor payload enables the simultaneous collection
of other relevant data. Because the LMS cannot differentiate
between thermogenic or biogenic methane, there is no way to
identify the original source of methane from these data alone. To
this affect, the LMS-integrated Glider can be useful in studies

Fig. 9. Tidal estimates forHeywoodShoal over the survey duration (AustralianGovernmentBureau ofMeteorology2017). The approximate timings of each yo
(outlined in Fig. 6) in relation to the tidal height show methane concentrations relative to the cycle. Inverse relationships between tidal height and methane
concentration are observed in Yo 2 and Yo 3; however, Yo 1 and Yo 4 do not appear to follow this trend.
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investigating seep environments if further analysis or imaging
of hydrocarbons is planned as a secondary method of identifying
the presence of methane.

Given the low running costs of this platform, low health,
safety and environmental risks, and real-time data collection,
there is potential for this technology to be used specifically in oil
and gas exploration. However, because it has not demonstrated
a definitive ability to pinpoint seeps, we suggest the technology
should be used to give a presence or absence methane survey to
ground truth remote sensing data and focus the area of interest
before deploying a research vessel utilising geophysical and
geotechnical instrumentation. Deploying additional Gliders to
operate in a ‘swarm’would increase the likelihood of identifying
a seep and improve the ability to track and image plumes in
space (Petillo and Schmidt 2012).

Due to the large mass and power requirements of the LMS,
the Glider’s survey duration was not typical of a traditional
Glider oceanographic survey and future improvements in
system integration and battery life will allow for enhanced
mission duration in seep survey applications.

Conclusion

The integrated LMS Glider system was used to survey the
Yampi Shelf over the intended period and detected methane
concentrations above background readings. The system was
not able to identify the seeps observed in prior surveys;
however, results showed elevated levels of methane within an
8 km radius of the observed seeps. The observations display
evidence of physical oceanographic parameters acting on the
methane plumes in a similar manner to those observed in
a previous GA survey. Two anomalies measured by the Glider
could indicate the presence of seeps not previously identified;
however, without further supporting evidence this cannot be
confirmed.

From the results of this survey, we conclude that the LMS
Glider is a valid technology to aid in hydrocarbon detection,
specifically oil and gas exploration. The system has proven
capable of giving a methane presence or absence result; however,
the full capability to locate seeps with precision is uncertain,
and further testing over recently observed and consistent seeps
is recommended. Advancements in Glider and sensor technology
will further enhance capability to detect and map seeps,
including the accuracy and resolution of captured data.
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