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Abstract Dissolved methane and high resolution bathym-
etry surveys were conducted over the Rock Garden region
of Ritchie Ridge, along the Hikurangi margin, eastern New
Zealand. Multibeam bathymetry reveals two prominent,
northeast trending ridges, parallel to subduction along the
margin, that are steep sided and extensively slumped. Elevated
concentrations of methane (up to 10 nM, 10× background)
within the water column are associated with a slump structure
at the southern end of Eastern Rock Garden. The anomalous
methane concentrations were detected by a methane sensor
(METS) attached to a conductivity-temperature-depth-optical
backscatter device (CTDO) and are associated with elevated
light scattering and flare-shaped backscatter signals revealed
by the ship's echo sounder. Increased particulate matter in the
water column, possibly related to the seepage and/or higher

G06014; Online publication date 30 November 2006
Received 16 June 2006; accepted 24 November 2006

rates of erosion near slump structures, is considered to be the
cause of the increased light scattering, rather than bubbles in
the water column. Methane concentrations calculated from the
METS are in good agreement with concentrations measured
by gas chromatography in water samples collected at the same
time. However, there is a c. 20 min (c. 900 m) delay in the
METS signal reaching maximum CH4 concentrations. The
maximum methane concentration occurs near the plateau of
Eastern Rock Garden close to the edge of a slump, at 610 m
below sea level (mbsl). This is close to the depth (c. 630 mbsl)
where a bottom simulating reflector (BSR) pinches out at the
seafloor. Fluctuating water temperatures observed in previ-
ous studies indicate that the stability zone for pure methane
hydrate in the ocean varies between 630 and 710 mbsl. How-
ever, based on calculations of the geothermal gradients from
BSRs, we suggest gas hydrate in the study area to be more
stable than hydrate from pure methane in sea water, moving
the phase boundary in the ocean upward. Small fractions of
additional higher order hydrocarbon gases are the most likely
cause for increased hydrate stability. Relatively high methane
concentrations have been measured down to c. 1000 mbsl,
most likely in response to sediment slumping caused by gas
hydrate destabilisation of the sediments and/or marking seep-
age through the gas hydrate zone.

Keywords Hikurangi margin; Ritchie Ridge; methane;
hydrate; multibeam bathymetry; slumping

INTRODUCTION

Anoxic marine sediments are a major source of methane
(CH4) produced by bacteria that in the marine environment
consume hydrogen and carbon dioxide (Whiticar 1999). Up-
ward migrating pore water transports CH4-rich fluids which
are expelled at cold seeps. Cold seeps are common in sedi-
ments deposited at polar continental shelves and active and
passive continental margins (Kvenvolden 1988; Jørgensen
1992; Paull et al. 1995; Orpin 1997; Suess et al. 1999, Naudts
et al. 2006). In addition, methane enrichment in sea water, to-
gether with heat, Fe, Mn, and 3He enrichment, are well known
indicators for seafloor hydrothermal activity, because hydro-
thermal fluids are highly enriched in these compounds relative
to background sea water (Lilley et al. 1995). Geochemical
surveying of CH4 in the water column is a common method
for locating active seep or vent sites and for monitoring fluid
activity. However, CH4 is diluted very rapidly, distributed by
currents, and is actively consumed in oxygenated sea water.
Thus, elevated CH4 concentrations around seeps are usually
only a temporal "snapshot", as shown by water sampling at
the same site within a few hours that can produce very dif-
ferent results (e.g., Heeschen et al. 2005). Even if the flow of
CH4 from deeper sediment horizons increases, the CH4 into
the water column may not similarly follow, as the anaerobic
oxidation of CH4 via sulfate reduction (AOM, e.g., Boetius et
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al. 2000) builds a very efficient filter for CH4 discharge into
the water column (Sommer et al. 2006) by inducing carbonate
precipitation (Kulm et al. 1986; Ritger et al. 1987; Greinert et
al. 2001) and enhancing the microbial turnover rate (Nauhaus
et al. 2002; Treude et al. 2003). Approximately 90% of the
CH4 is recycled through bacterially driven anaerobic oxidation
processes such that marine environments contribute only 2%
of the annual CH4 flux to the atmosphere (Reeburgh 1996).

Studies of cold seeps over the past two decades have shown
that high CH4 concentrations are often associated with gas
hydrate deposits (e.g., Borowski et al. 1997; Suess et al. 1999,
Bohrmann et al. 2003; Milkov 2005). Gas hydrates are solid
clathrate compounds with a crystalline structure hosting low
molecular weight gases, such as CH4, within cubic or hex-
agonal water cages. Hydrates form at low temperature and
high pressure in seafloor sediments if the CH4 concentration
is sufficiently high (above or close to saturation) for nuclea-
tion (Kvenvolden 1988,1998). Gas hydrates are increasingly
important because they represent both a potentially major
exploitable energy source (Kvenvolden 1988, 1993; Col-
lett & Kuuskraa 1998) and have implications for the global
carbon-cycle (Buffett & Archer 2004). These factors, and the
potential of gas hydrates as a geo-hazard (the linkage between
gas hydrate decomposition and weakening of seafloor stabil-
ity), is the driving force behind gas hydrate research.

In September 2004, a multibeam and geochemical survey
of the water column was undertaken in the Rock Garden
area of Ritchie Ridge, along the Hikurangi margin, on the
east coast of New Zealand's North Island (Fig. 1). It was the
first geochemical gas hydrate survey of the water column
undertaken in New Zealand waters. The Hikurangi margin
is known for the occurrence of a widespread, strong bottom
simulating reflection (BSR) seen in seismic data (e.g., Henrys
et al. 2003) and indications of active CH4 seepage (Lewis
& Marshall 1996). The aims of the survey were: (1) to get
detailed morphological information of the seafloor; (2) to
confirm the existence of a hydroacoustic plume in the water
column in the Rock Garden region as reported by Lewis &
Marshall (1996); (3) to map the CH4 distribution by CTDO-
tows with discrete water sampling and continuous data log-
ging of a METS methane sensor; and (4) to evaluate whether
there is a relationship between submarine slump structures
and the gas hydrate stability zone that could be a possible
cause of methane release.

STUDY AREA

The Hikurangi margin forms as a compressional accretionary
prism with oblique subduction of the Pacific plate beneath the
Australian plate (Fig. 1 inset). Subduction started at c. 21 Ma,
forming a large accretionary prism that is partially exposed
onshore (Field et al. 1997). The study area, informally named
the Rock Garden by local fisherman, is the southern termina-
tion of Ritchie Ridge (Fig. 1). The origin of Rock Garden's
uplift is not well understood, although it may be caused by
either thrusting associated with subduction or subduction of a
seamount (Pecher et al. 2003). Based on crustal seismic data,
it is interpreted that older material of unknown age is being
exhumed at Rock Garden's crests (Pecher et al. 2005).

The first reports of active, or relatively recent, fluid seep-
age of CH4 and H2S-rich fluids from Rock Garden were
made in 1994 by fishermen who obtained live specimens
of seep-associated fauna from the New Zealand region—a

Bathymodiolus-like mussel. They also observed a "plume"
in the water column with a single beam echo sounder (Lewis
& Marshall 1996; vent site number LM-3, Fig. 2). Although
Lewis and Marshall did not explicitly conclude that this
"plume" is caused by rising (methane) bubbles, this is the
most likely explanation. Here, we will refer to hydroacoustic
"plumes" as flares (Greinert et al. 2006; Naudts et al. 2006)
to distinguish them from geochemical plumes. Subsequent
sampling of the site obtained clams of the genus Calyptogena
and again detected a flare rising 250 m above the seabed that
mushroomed out within the water column at 650 mbsl (Lewis
& Marshall 1996). Dredge sampling recovered carbonates
associated with the chemoautotrophic fauna. Carbon isotope
values of the calcitic and dolomitic carbonate cement indicate
a thermogenic CH4 source for the carbonate (Lewis & Marshall
1996). Two other flares were observed by fishermen and dur-
ing high-resolution seismic surveys—LM-9 at 1140 mbsl and
LM-10 at 725 mbsl (see Fig. 1)—but dredging at both sites
failed to retrieve any seep-associated fauna (Lewis & Mar-
shall 1996). The four seep-related sites (LM-1, LM-3, LM-9,
LM-10; Fig. 1) distributed over a length of 260 km along the
Hikurangi margin indicate that CH4-rich seeps may be more
common than presently known, especially if the widespread
presence of BSR along the Hikurangi margin (Katz 1982;
Townend 1997; Henrys et al. 2003) is accepted. Before this
study, gas hydrate or CH4-venting related geochemical data
had not been acquired in New Zealand. Thus, the verification
of the presence of gas hydrates and their gas composition, as
well as the composition of the hydroacoustically observed
bubbles and expelling fluids, still has to be addressed.

In the Rock Garden region, where the seafloor is relatively
flat (575-790 mbsl), gas hydrate is predicted to be stable along
much of the ridge, dependent on temperature and composition
of the gas (Pecher et al. 2004). Seismic data across the eastern
Rock Garden indicate that submarine erosion is occurring near
the top of gas hydrate stability, as marked by BSR pinchouts
(c. 600 mbsl) at the edge of a plateau-like crest (Fig. 3).
Pecher et al. (2005) interpret that seafloor erosion above the
gas hydrate stability zone results from a combination of two
mechanisms. Firstly, depressurisation during uplift results
in an upward movement of the base of gas hydrate stability
relative to the seafloor, leading to gas hydrate dissociation,
net pore volume expansion, and subsequently overpressure at
the base of the gas hydrate stability zone. This overpressure
is predicted to cause slumps close to the top of gas hydrate
stability, as observed in seismic (Fig. 3) and bathymetric data.
Secondly, temperature fluctuations of at least 0.9°C (Pecher
et al. 2005) may lead to repeated formation and dissociation
of gas hydrates close to the seafloor, leading to repeated pore
volume expansion and contraction, weakening the seafloor
in a frost-heave-like mechanism. The focusing of upward
migrating fluids results in a sufficient supply of CH4 to form
a free gas phase, and thereby initiates gas hydrate formation.
The seismic reflection data presented by Pecher et al. (2004),
which show conduit-like zones supplying gas towards the
seafloor, supports this contention.

The background CH4 concentrations for the water col-
umn are unknown because no dissolved CH4 data exist for
Rock Garden or anywhere else in New Zealand. In this
case, the Rock Garden CH4 profiles are compared with CH4

concentrations determined from three casts, deployed some
distance from known seep sites, during the same expedition
along the Kermadec arc, c. 800 km to the north. These are
the only comparative data from the New Zealand region at
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Fig. 1 Bathymetric map of the east coast margin of New Zealand showing the
locality of Rock Garden and of flares (LM1,3,9 and 10—white dots) described
by Lewis & Marshall (1996). Inset: The position of the study area within the
Hikurangi margin and the locality of three background CTD casts along the
Kermadec arc (red dots).

a distance from hydrothermal vent sources (see Fig. 1 for
cast locations). In our survey, a vertical cast (V04D-01)
was deployed c. 10 km southeast of Rock Garden to obtain
a CH4 background profile (Fig. 2). Two horizontal CTDO-
tows (T04D-01 and T04D-02) were undertaken to survey
the plateau and the northeast and southwest edges of the

western and eastern Rock Garden, respectively. One of the
tows (T04D-02) crossed the locality of the flare described by
Lewis & Marshall (1996; LM-3 in Fig. 2). A second vertical
cast (V04D-02) on the eastern Rock Garden was undertaken
after high CH4 concentrations were detected by the METS
sensor in tow T04D-02 (Fig. 2).
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Fig. 2 Bathymetric map of the Rock Garden region showing the location of CTD tow deployments (T04D-01 and T04D-02) and vertical
CTD casts (V04D-01 and V04D-02). Tow directions are shown and hourly time lapses indicated on tow lines. Line 1 (red) is the approxi-
mate position of the seismic profile shown in Fig. 3. Detailed bathymetry within blocks A, B, C and D is shown in Fig. 4.
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Fig. 3 Seismic profile from Eastern Rock Garden (after Pecher et al. 2005)—see Fig. 2. The location of clearly identified BSR reflections
is shown, as well as where the BSR appears to pinch out at the edges of plateau. The BSRpinchout occurs at 0.84 ± 0.02 s corresponding to
630 ± 20 m, using a water velocity from seismic velocity analysis of 1500 ± 10 m/s. The approximate depth calculated for gas hydrate stabil-
ity ranges between 630 and 710 mbsl, assuming pure methane in sea water, compared to 570 and 645 using the gas composition in Pecher
et al. (2005) (see text). The location of the Common Depth Point numbers (CDP no.) are indicated in the bottom left hand corner.

METHODS

Multibeam mapping was undertaken with an EM300 system
(30 kHz) installed on the RV Tangaroa. The ship speed was 5
knots and the swath width set to produce a consistent coverage
of the seafloor with slightly overlapping edges. The data were
processed with the multibeam system software package MB-
System 5.0.7, taking the actual sound velocity profile gained
from the CTDO casts into account. Exported xyz data were
edited with Fledermaus software (Version 6.1.4b) and plotted
with GMT (Wessel & Smith 1991).

Physical parameters, such as light scattering, temperature
and salinity, as well as CH4 data measured by a METS CH4

sensor, were collected by the CTDO casts using a Seabird 911
plus system. The CTDO was deployed in two ways: in verti-
cal casts (i.e., V04D-01) and in tow cast (i.e., T04D-01). In
tow casts the CTDO is pulled c. 50 m above the seafloor at a
speed of 1.5 knots. Water samples were concurrently collected
in 10 litre Niskin bottles using real-time light scattering data
and monitoring the voltage signal of the METS CH4 sensor
as an indication of possible higher CH4 concentrations. The
METS is a solid state sensor based on semiconductor tech-
nology and membrane separation of CH4 (and other gases)
from the water column. The sensor reacts fast (<1 min) when
encountering increased CH4 concentrations, but there is a
lag-time in reaching the voltage level that represents the
actual CH4 concentrations, because gas exchange with the
water column is diffusion driven. Thus, rapid changes can-
not be quantitatively measured with the sensor version used
in this study. As resistivity of the semiconductor depends on
temperature as well, the voltage values of the CH4 detector
cannot be directly related to CH4 concentrations, but have
to be calculated using the voltage signal of the temperature
detector within the METS. The final CH4 concentrations were
calculated using the calibration equation provided by the
manufacturer. The METS was calibrated before the cruise,
because the semiconductor drifts over time, and was kept on
power 1 week before commencement of the cruise.

For gas chromatography (GC)-based CH4 analysis, 100 ml
of sea water were collected in 140 ml syringes directly from
the Niskin bottles after the rosette was brought onboard.

The syringes were placed in a water bath at room temperature
for at least 30 min. Forty millilitres of He were added to the
100 ml of sea water and vigorously agitated for c. 2 min to
reach an equilibrium between the CH4 concentration in the
water and in the gas phase. Experiments undertaken onboard
and onshore determined that this method has an extraction
efficiency of 88% for a 100:40 H2O:He mixture, compared
with 87% determined for a similar system at the University
of Washington (unpubl. data).

The syringe head-space gas was injected directly into the
GC via a drierite column to remove excess moisture. The
He carrier and head-space gas used was ultra-pure grade (5
nines), and high purity was further assured by passing the
He through a Valco Instruments He purifier. The sample
gases were separated using a 15 m, 0.53 mm ID, 0.5 µm
VP-Molesieve column and measured using a flame ionisa-
tion detector. Methane calibrations were undertaken using a
range of CH4 concentrations (0.05-5 ppm) prepared from a
certified 100 ppm CH4 standard (Scott Specialty Gases) and
He (as dilutant). Measured CH4 concentrations were corrected
for extraction efficiency. A combined analytical and sampling
error of c. 8% was calculated from replicate samples. Methane
concentrations are reported in nanomoles per litre (nM), cor-
rected for temperature and atmospheric pressure at the time of
measurement. The lower limit of determination for dissolved
CH4 is 0.5 nM.

The hydrocarbon composition of the gas hydrate is still
unknown. Pecher et al. (2004, 2005) assumed compositions
to be similar to those from warm onshore seep sites (Giggen-
bach et al. 1993). Here, we tested to ascertain whether a pure
CH4 or mixed CH4 and higher order hydrocarbon hydrate was
more likely to be stable at Rock Garden. We calculated the
geothermal gradient using the BSR depth recorded in seismic
data along Line 1 across the western slope, where the BSR
is clearly visible (between Common Depth Point numbers
1275 and 1375—see Fig. 3). We performed a seismic veloc-
ity analysis, determined the depth of the BSR, and calculated
the pressure at the BSR, assuming hydrostatic pressure in
sea water. Temperature at the BSR was predicted from gas
hydrate phase boundaries using various gas compositions
and the CSMHYD program (Sloan 1998). We calculated
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Fig. 4 Detailed bathymetry from locations marked on Fig. 2. A, Southern part of Western Rock Garden showing slumping structures at
c. 650 mbsl. B, Northern part of Western Rock Garden showing slumping structures at c. 700 mbsl. C, Scarps with rotating strike, possibly
related to the subduction of a seamount. LM-3 is the locality where a flare was observed by Lewis & Marshall (1996), close to the tow
line in this study. D, Large slump structure in the southern part of Eastern Rock Garden; slump a with an upper edge depth at c. 700 mbsl
is relatively older than slump b at c. 720 mbsl, which has re-sedimented debris at its foot.

geothermal gradients from an average temperature profile
with depth shown in Pecher et al. (2005). The error margins
were estimated from assuming one-quarter of a wavelength as
picking error, corresponding to c. ±10 m in depth. Since the
depth intervals between seafloor and BSR are relatively small
(46-240 m), these picking errors are dominant compared to
errors from seismic velocities. The calculated geothermal
gradients were evaluated to ascertain whether a pure methane
hydrate could be stable at Rock Garden.

RESULTS

New swath bathymetry
High resolution bathymetry mapping shows that Rock Gar-
den is dominated by two prominent northeast striking ridges,
called here "Eastern" and "Western" Rock Garden (Fig. 2).
Western Rock Garden has a length of 17 km, width of 4.5 km
and steep flanks (c. 24°) on the eastern side. The shallow-
est water depth (440 m) occurs on a ridge crest situated on
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Temperature (°C) Salinity (psu) Light scattering (V) Density (sigma theta)
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— • c
Fig. 5 Physical properties of the water column at Rock Garden (black lines) compared with the Kermadec arc (grey lines—see Fig. 1
inset). A, Temperature profiles: gas hydrate stability depths have been calculated for minimum (c red) and maximum (c red) water tem-
peratures as reported by Pecher et al. (2005). Phase boundaries are calculated using CSMHYD (Sloan 1998) for pure CH4 in sea water
(green line a) and for 96.3% CH4, 2.6% CO2 and 1.1% ethane mole fractions (blue line b). B, Salinity profiles. C, Light scattering. D,
Density profiles.

Fig. 6 A, Concentration of dis-
solved CH4 in water samples
analysed by GC. The two vertical
casts (V04D-01 andV04D-02)and
two tows (T04D-01 andT04D-02)
from Rock Garden are compared
with those from three CTD casts
along the Kermadec arc. The cal-
culated sea water CH4 equilibrium
concentrations with atmospheric
methane are also plotted (Calc.
equilibrium conc.). B, Dissolved
oxygen data (black dots = av.
values) from the entire east coast
of New Zealand's North Island
(NO AA 2005).
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a plateau at c. 580 mbsl. Several smaller but steep scarps
between 10 and 30 m in height can be seen on this plateau,
and three large slump structures are identified on the western
side of the ridge, north of the highest summit (Fig. 2,4A,B).
Eastern Rock Garden is separated from Western Rock Garden
by a 2-5 km wide valley that widens towards the northeast.
The valley has a northeast-striking central ridge of up to
130 m in elevation. Eastern Rock Garden is overall slightly
deeper (575-790 mbsl) and flatter than Western Rock Gar-
den, and consists of several smaller northeast-striking ridges.

In the southwest portion of Eastern Rock Garden there is
a 2 km wide valley which has several large slumps (e.g.,
Fig. 4D). The dominant slump structures there consist of a
large, relatively older structure c. 500 m northwest of the tow
line (location a) and a smaller, relatively younger sediment
slump feature (location b) that has debris at the foot of the
slump scarp. The dominant northeast strike of ridges and
structures parallel to the Hikurangi margin reflects the influ-
ence of subduction along the margin (Fig. 1). Immediately
to the north of Eastern Rock Garden, curved and step-like
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Fig. 7 Profiles of T04D-01 across Western Rock Garden. A, Seafloor depth (grey line) calculated from the CTD depth plus the altimeter
distance and digitised depth data (open circles) from the bathymetry. B, Light scattering. C, Methane concentrations measured by METS,
and GC of water samples (closed circles) collected in Niskin bottles. Combined sampling and analytical CH4 errors for GC measurements
is equal to the width of the filled circles.

structures indicate a further complicated tectonic history in
this area (Fig. 4C).

Physical properties and oxygen content
of the water column

Physical properties of sea water from the two vertical CTDO
casts in Rock Garden and the reference stations from the
Kermadec arc are shown in Fig. 5. Waters overlying Rock
Garden are warmer, more saline, and slightly less dense below
300 mbsl than the Kermadec arc waters. The most obvious
differences are in the near-surface waters (<300 mbsl), where
the Rock Garden waters are colder and less saline, forming
a well mixed upper water layer. Light scattering in the near-
surface (<350 mbsl) waters is significantly higher, possibly
indicating higher input of detritus from land and/or higher
primary production in the study area (Fig. 5C). Sea water at
depths >400 m at Rock Garden becomes increasingly more
dense with depth (Fig. 5D). The density gradient will inhibit
vertical mixing.

Dissolved oxygen data were not collected in this survey,
but data from the entire east coast of the North Island of New
Zealand (NOAA 2005) show no distinct oxygen minimum
zone above 900 mbsl that may result in higher CH4 concen-
trations (Fig. 6B).

Methane concentrations in the water column
Methane concentrations of sea water in cast V04D-01,
c. 10 km southeast of Rock Garden (Fig. 2), are higher by
1-2 nM between 900 and 200 mbsl, compared with the
background CH4 casts obtained from the Kermadec arc at
similar depths (Table 1, Fig. 6A). Below 900 mbsl and above
200 mbsl the concentrations are in good agreement with those
of the Kermadec arc reference sites. V04D-02, deployed
close to the area where high CH4 concentrations had been
identified during T04D-02, verifies the relatively high CH4

concentrations between 200 and 900 mbsl. In addition, the
data show increasing concentrations of CH4 up to 5 nM with
decreasing depth (Fig. 6A). Methane concentrations in the
tow along Western Rock Garden (T04D-01) are similar to
those obtained in the two vertical casts of the Rock Garden
area, but show a variation of c. 2 nM which can not be linked
to depth variations. By contrast, a clear indication for active
seeping is given by four samples in T04D-02 which have
concentrations up to 10 nM (Fig. 6A).

The depth profiles of the CTDO tows are shown in Fig. 7 A,
8A. The seafloor depths calculated from the CTDO depth plus
the altimeter distances are in good agreement with multibeam
data, indicating that the CTDO-tow tracks are accurately
positioned (Fig. 2). The CH4 concentrations measured by
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Table 1 Salinity, temperature, and CH4 results from water column casts in the Rock Garden region of Ritchie Ridge. The calculated
concentrations of CH4 in equilibrium with atmosphere (1.8 ppm) are presented (equilibrium solubilities of methane from Wiesenburg &
Guinasso 1979) and the percent saturation calculated.

Depth (m)

V04D-01:
52
101
298
494
699
884
1096
1291
1501
1700

V04D-02:
102
149
200
250
300
350
401
449
498
549
600
651
692

T04D-01:
797
683
649
631
662
654
630
593
574
613
594
566
553
528
524
517
534
583
612

T04D-02:
956
922
845
849
842
828
783
643
614
585
493
504
579
587
611
614
780
922
1039

Salinity (psu) Temperature (°C)

40°5.680 S-178°17.158 E
35.29
35.29
35.26
34.76
34.55
34.46
34.44
34.49
34.54
34.60

40°2.283 S-178°9.831 E
35.29
35.29
35.27
35.24
35.25
35.06
34.96
34.86
34.73
34.69
34.67
34.65
34.61

13.43
13.42
13.30
10.17
8.23
7.15
5.86
4.01
3.25
2.76

13.47
13.45
13.26
13.10
13.10
12.27
11.61
10.86
9.85
9.50
9.24
9.08
8.76

39°54.945 S-178°10.057 E to 40°0.809 S-178°5
34.50
34.53
34.54
34.57
34.55
34.57
34.57
34.60
34.64
34.61
34.65
34.64
34.65
34.70
34.71
34.70
34.72
34.62
34.62

7.19
7.56
7.65
8.10
7.76
8.01
8.05
8.45
8.85
8.57
8.83
8.77
8.80
9.32
9.35
9.45
9.59
8.50
8.53

39°58.089 S-178°14.859 E to 40°3.406 S-178°8
34.48
34.50
34.51
34.50
34.51
34.52
34.52
34.58
34.58
34.62
34.71
34.73
34.64
34.63
34.63
34.62
34.55
34.50
34.46

6.66
7.01
7.39
7.03
7.19
7.25
7.54
8.38
8.33
8.69
9.65
9.88
9.06
9.00
8.73
8.66
7.72
7.05
5.44

Methane (nM)
measured

3.2
3.0
3.4
3.8
2.5
1.1
1.2
1.2
1.3
1.9

4.7
4.8
4.9
3.8
4.2
3.8
3.9
3.9
3.7
3.6
3.5
3.8
3.0

.167 E
3.6
2.0
3.1
2.7
3.0
3.3
2.1
2.7
3.1
2.6
3.5
2.8
3.9
3.6
3.3
3.8
3.1
4.1
4.3

AiTE
2.4
2.6
2.0
2.9
2.2
2.3
2.8
3.2
2.4
3.7
3.0
3.2
3.4
3.2
9.8
9.4
8.3
4.0
5.4

Methane (nM) in
equilibrium with atmosphere

2.51
2.51
2.52
2.72
2.85
2.93
3.03
3.19
3.25
3.30

2.51
2.51
2.52
2.53
2.53
2.59
2.62
2.67
2.74
2.76
2.78
2.79
2.81

2.93
2.91
2.89
2.86
2.89
2.87
2.86
2.84
2.81
2.83
2.81
2.81
2.81
2.77
2.77
2.76
2.76
2.83
2.83

2.97
2.94
2.91
2.94
2.93
2.92
2.90
2.84
2.84
2.82
2.75
2.74
2.79
2.80
2.82
2.82
2.89
2.94
3.07

Methane saturation
(%)

127
118
134
141
89
37
39
37
41
56

189
190
193
149
167
148
149
145
135
130
124
135
107

122
68

107
95

103
115
75
94

110
92

123
99

139
131
120
139
113
143
153

80
88
68

100
75
78
96

112
85

130
110
115
121
114
348
333
287
137
177
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-40° 1' -40°0' -39°59' N
400

Fig. 8 Profiles of T04D-02 across Eastern Rock Garden. A, Seafloor depth (grey line) calculated from the CTD depth plus the altimeter
distance and digitised depth data (open circles) from the bathymetry. B, Light scattering. C, Methane concentrations measured by METS,
and GC of water samples (closed circles) collected in Niskin bottles. Combined sampling and analytical CH4 errors for GC measurements
are equal to the width of the filled circles.

the METS sensor are in good agreement overall with those
measured by GC in discrete sea water samples (Fig. 7C, 8C).
A small but perceptible increase in CH4 concentration from
north to south along both ridges is indicated. In the tow along
Eastern Rock Garden (T04D-02), the METS detected elevated
concentrations of CH4 near the southwest edge of the ridge,
corroborated by CH4 analysis in the discrete water samples
(Fig. 8C). However, there is an c. 20 min delay (equivalent
to c. 900 m) in the METS signal, because of the time-lag
for the sensor to reach its final voltage level. Nevertheless,
the beginning of the CH4 increase determined by the METS
started c. 1 min before the discrete water samples with the
highest CH4 concentrations were collected. In addition, the
increase in CH4 concentration measured by the METS and
the two highest CH4 values measured in the water samples
correspond to the start of elevated light scattering (Fig. 8B).
The significantly higher CH4 concentrations (between 5 and

10 nM) correspond to sea water depths between 610 and
c. 1000 mbsl (Fig. 8A,C).

Flare occurrence
CTDO-tow T02D-02 was cast close to flare location LM-
3 (Fig. 2) (Lewis & Marshall 1996): no geochemical or
hydroacoustic indication for CH4 release was found at the
time of the survey. In contrast, a flare was observed at the
location of the highest CH4 concentrations, confirming the
release of bubbles (between 40°01.980 S/178°10.018 E and
40°2.485 S/178°9.341 E). Unfortunately, the data were not
recorded, and a more detailed survey could not be under-
taken.

Inference of gas hydrate composition from heat flow
We have used an indirect approach to evaluate the gas hydrate
composition by determining geothermal gradients from seismic
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Fig. 9 The thermal gradient
required to destabilise hydrates
of different composition based on
depths determined for BSR along
seismic Line 1 (Fig. 3), western
edge of Eastern Rock Garden.
The gradients are calculated from
phase boundaries (Sloan 1998) for
gas compositions: 1. 96.0% CH4,
2.6% CO2, 1.1% ethane, 0.3%
propane, 3.5% NaCl (Structure-II
hydrate)—average of 21 onshore
vents (Giggenbach et al. 1993);
2. same as 1 above, but without
propane (Structure-I hydrate); and
3. methane hydrate. Errors assume
one-quarter wavelength picking
error. CDP no. = Common Depth
Point number.

0.06 -I

I
. 0.04 -

0.02 -
\ i r

1275 1300 1325 1350 1375

CDP no.

data as described above in the Methods section. Geothermal
gradients from BSR depths (CDP 1275 and 1300) away from
the ridge crest are c. 0.03 K/m, with values only slightly af-
fected by the selected gas compositions (Fig. 9). Assuming
pure methane hydrate (curve 3 in Fig. 9), the thermal gradient
decreases towards the ridge crest. This decrease in geothermal
gradient and hence heat flow towards BSR pinchouts and the
ridge crest seems unrealistic. Gas hydrates are assumed to
decrease sediment permeability (Kleinberg et al. 2003). Fluid
flow and hence advective heat flow would be expected to be
focused along the base of gas hydrates towards BSR pinchouts
(i.e., towards the ridge crest). This would explain the slight
increase of the thermal gradient towards the ridge crest using
the phase boundary for Structure-I hydrates (CH4-CO2-C2H6;
curve 2) as supposed by Pecher et al. (2005). The significantly
higher geothermal gradients needed to destabilise hydrates
which incorporate propane (curve 1) towards the ridge crest
is caused by more stable Structure-II hydrate that will form
if 0.3% propane is part of the hydrate gas composition. A de-
crease of thermal gradient and hence heat flow towards BSR
pinchouts and the ridge crest, calculated for a pure methane
hydrate (curve 3), seems unrealistic.

DISCUSSION

One of the foremost problems in studying geological, biogeo-
chemical, and ecological processes at cold seeps is locating
the active sites. Many cold seeps can be correlated with mor-
phological structures on the seafloor, such as mud volcanoes,
pockmarks, slumps, or carbonate chemoherms that form small
mounds or even pinnacle-like structures (Trehu et al. 1999).
The use of backscatter and side scan information obtained
during multibeam surveys can locate carbonate or gas hydrate
cemented areas, even though there may not be any particular
morphological expression (Johnson et al. 2003; Klaucke et al.
2005; Naudts et al. 2006). Geochemical information of CH4

anomalies and hydroacoustic data from the water column
(that can detect bubbles) are the ideal combined method for
locating active methane seeps at the seafloor.

Comparison of the CH4 concentrations measured in Rock
Garden with other New Zealand studies is difficult. Gas data
are available from the high-temperature Calypso vent field
(c. 200°C), near the volcanically active White Island, but for

comparative purposes these are inappropriate because the
water column has been infiltrated by CH4 that has a volcanic
source (Botz et al. 2002). The only comparison possible is
with results from CTDO casts made during our expedition
farther north along the Kermadec arc, in casts that were
distant from known seep or high-temperature vent sites. The
Kermadec arc reference sites show that, between 200 and
900 mbsl, the CH4 concentrations are higher at Rock Garden
by 1-2 nM (Fig. 6). This small but discernible increase may
be due to differences in the CH4microbial processes because
of different physical properties of the water and/or the proxim-
ity of the Rock Garden area to land (Fig. 1). But, it may also
reflect a higher background CH4 concentration because of
widespread focused or diffuse CH4 seepage. This possibility is
supported by the observed increase from north to south along
both tows over Western and Eastern Rock Garden (Fig. 7C,
8C, 10). However, more detailed research is required to con-
firm whether this is a local phenomenon linked to seepage
or whether it reflects the typical CH4 distribution along the
Hikurangi margin caused by unknown processes.

Calculated CH4 values of sea water in equilibrium with air
(c. 1.8 ppm CH4) at various depths are presented in Table 1
and plotted on Fig. 6A. The CH4 concentration of the water
above c. 600 m is typically oversaturated (mostly 120-150%)
and undersaturated below this depth (down to 35%). Deeper
mid-water column samples usually are undersaturated due to
microbial oxidation and mixing with older deeper water that
last equilibrated at the sea surface with an atmosphere that
had lower CH4 concentrations. Samples collected in T04D-02
(1050-600 m) clearly have surplus CH4 (up 350% of atmos-
phere equilibrated sea water) that can not be accounted for by
normal oceanographic processes (Table 1, Fig. 6A). The two
water samples with the highest CH4 values (>8 nM; Fig. 8) in
T04D-02 indicate a localised methane source at the edge of
the Eastern Rock Garden plateau at 660 mbsl, near the head-
wall of the slump structures and the location of the observed
flare. The two water samples were collected because of the
distinct increase of light scattering which, in hydrothermal
surveys, is commonly used as an indicator of active venting.
In hydrothermal systems, elevated light scattering is caused
by mineral precipitates in the water column, which is unlikely
to be the case at Rock Garden. However, fluids and/or bubbles
may transport fine-grained sediment in the water column, or
simple erosion may be taking place at the edge of the plateau
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Fig. 10 Schematic diagram
showing the CH4 concentrations
measured in discrete water samples
in T04D-02 along Eastern Rock
Garden. The locality of the seep
position and possible distribution
of CH4 in the water column is based
on data and observations. Green
dots <4 nM, red dots c. 10 nM,
orange dot c. 8 nM, and yellow
dot c. 6 nM.

and particulate matter is transported into the water column. It
may be that the erosion is higher because of weakening of the
sediments due to fluid seepage which enhances sediment ero-
sion. The possibility that the light scattering sensor detected
bubbles is unlikely, or just coincidental, as the METS sensor
showed increasing CH4 values c. 4 min before the increase
in light scattering (Fig. 8B,C).

Based on our data and observations we suggest that the
significant CH4 anomaly at the southwest plateau edge of
Eastern Rock Garden is driven by the release of dissolved
as well as free CH4. The sea water has a density gradient at
depths below 400 m (Fig. 5D), so it is likely that most of
the dissolved methane released at seep sites, or as diffuse
flux from large areas, is horizontally distributed by currents
(Fig. 10). Seep fluids, which may be slightly less dense than
the bottom water in which they are released, could be later-
ally distributed slightly higher up in the water column where
the density is the same as that of the fluid. Methane from a
diffuse source is probably transported along the same depth
interval as the source itself. Gas bubbles are expected to
rise rapidly in the water column (c. 25 cm/s for millimetre
sized bubbles) and undergo a relatively rapid dissolution
and gas stripping into the surrounding water (e.g., Leifer &
Patro 2002). Bubble-released methane will form a vertical
plume-shaped methane distribution, with the highest methane
concentrations close to the seafloor, which is then distributed
horizontally by currents (Fig. 10). It is highly possible that
a vertical injection of methane into the water column was
occurring at Eastern Rock Garden at the time of sampling
because bubbles were detected by the ship's echosounder.
The detection of a flare and its coincidence with the highest
methane measurements most probably suggests that the two
highest methane concentrations are caused as a consequence
of dissolution of bubble-transported methane. Two samples
collected before the one with the highest CH4 concentrations
(10 nM) were obtained in similar water depths (c. 600 m)
but had CH4 concentrations of c. 3 nM. This means that a
focused methane source exists, which, as indicated by the
observed flare, released methane bubbles that dissolved and
were distributed by southward-directed currents (Chiswell
2005) (Fig. 10). High CH4 concentrations have been detected
down to c. 1000 mbsl during tow T04D-02. The elevated CH4

concentrations at the southern end of this tow may reflect ad-
ditional localised seepage within the slump areas or a more
widespread CH4 release from CH4-rich sediments that have
been exhumed due to the slumping process, releasing dif-
fuse methane into the water column. Because of the density

gradient, it is unrealistic that methane released at c. 670 mbsl
is distributed downward to this depth.

The lack of a methane anomaly at the vent site (LM3)
described by Lewis & Marshall (1996) may be explained by
the ephemeral nature of seep activity (Heeschen et al. 2005;
Greinert et al. 2006). Alternatively, in the past decade, supply
of methane through gas conduits into the seep site, as imaged
by seismic data (Pecher et al. 2004), might have changed and
the gas is being released to the seafloor elsewhere.

The seafloor depth in the area of highest methane con-
centrations (c. 670 mbsl) is very close to the depth of BSR
pinchouts at c. 630 mbsl (Fig. 3). This roughly marks the
long-term (longer than water temperature fluctuations) top of
gas hydrate stability at Rock Garden (note: this observation
is independent of the assumed phase boundary). Despite the
uncertainty of the gas hydrate composition, we speculate that
methane release is strongly linked to gas hydrate zone pinch
outs, either because of decomposing gas hydrate or due to free
gas that migrates beneath the base of a lower permeability
hydrate zone towards the seafloor.

The top of the headwall of the slumps (Fig. 4D) coincides
roughly with the top of the gas hydrate stability zone, similar
to that observed in seismic data (Pecher et al. 2005). Our
bathymetric data therefore support the proposed model of
slumping following depressurisation during uplift leading to
dissociation of gas hydrate at the base of gas hydrate stability,
generation of free gas, pore volume expansion, overpressure,
and sediment weakening. After slumping, gas would be ex-
pected to be released from the base of gas hydrate stability.
Whether gas hydrate decomposition directly causes higher
CH4 concentration and subsequent seafloor slumping is pres-
ently unproven. Nevertheless, because of the prominent BSR
structures in the Rock Garden area, we infer that gas hydrates
are a significant, if not a controlling factor for seepage and
seafloor stability along the Hikurangi margin.

SUMMARY

A multibeam survey of the Rock Garden region has shown
that it consists of two prominent, northeast-trending ridges
and that slumping is common along the slopes of the ridges.
The ridges and large-scale structures are parallel to subduction
along the Hikurangi margin. A survey of the Rock Garden
site shows relatively elevated concentrations of CH4 (up to
10× background) in the water column. The anomalous CH4

concentrations are associated with a comparatively young
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slump structure in the southern end of the Eastern Rock
Garden ridge. The depth (610 mbsl) of maximum CH4 con-
centration and the plateau itself are close to the depth where
BSR's pinch out at the seafloor surface. Relatively high CH4

concentrations are measured down to depths of 1000 mbsl,
most likely as a consequence of sediment slumping induced
by gas hydrate destabilisation and/or marking seepage through
the gas hydrate zone. Methane concentrations calculated from
data collected by a METS sensor attached to a CTDO, and
concentrations measured by GC in sea water samples, are
in good agreement and indicate focused CH4 release. No el-
evated CH4 concentrations were measured in the northern part
of Eastern Rock Garden where a flare, visible on fish finding
sonar, was previously described by Lewis & Marshall (1996),
underlining the ephemeral nature of CH4 seeps in general.
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