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Active venting sites on the gas-hydrate-bearing 
Hikurangi Margin, Off New Zealand: Diffusive- 
versus bubble-released methane
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Jean-Pierre Henriet, Mare De Batist

Abstract
During th e  'N ew  Vents' S0191 cruise in 2007, the  activ ity  and d is tribu tion  o f seep sites on the  gas- 

hydrate-bearing Hikurangi M argin, o ff northeastern  New Zealand, w ere  subjected to  a h ighly deta iled 
in terd isc ip linary study. Here we repo rt on the  visual observations and in situ m easurem ents o f 
physical properties perform ed w ith  a ROV (rem ote ly  operated vehicle) and o the r video-guided 
p la tfo rm s at tw o  seep sites in th e  Rock Garden area; Faure Site and LM-3. The ROV allowed firs t ever 
visual observations o f bubble-releasing m ethane seeps at th e  Hikurangi M argin. A t Faure Site, bubble 
release was m on ito red  during 4 dives, up to  periods o f 20 m inutes. During th e  firs t dive, th is  resulted 
in the  observation o f six v io len t outbursts, each lasting one m inu te  over a th ree  m inu te  interval. 
These outbursts w ere  accompanied by the  disp lacem ent and resuspension o f sedim ent grains, and 
the  fo rm a tion  o f small depressions, w ith  a m axim um  d iam ete r o f 50 cm and depth  o f 15 cm, showing 
w ha t is possibly an in itia l stage o f pockm ark fo rm a tion . During subsequent dives at th is  bubble site, 
bubble release rates w ere ra ther constant and the  previously observed outbursts could no longer be 
w itnessed. A t LM-3, th e  strongest m anifesta tion o f seep activ ity  was a large p la tfo rm  (100 m 2), 
consisting o f fresh auth igenic carbonates, which was covered by seep fauna (live Bathym odiolus  sp. 
mussels, Calyptogena  sp. shells and live Lam ellibrachia  sp. tubew orm s). Bubble activ ity  near th is 
p la tfo rm  was less p rom inen t than  a t Faure Site. Our observations suggest th a t the  tw o  seep 
environm ents result from  d iffe ren t types o f m ethane release; m ainly by bubble release at Faure Site 
and ra ther d iffusive  at LM-3. W e propose a conceptual m odel w here  th e  d iffe re n t ways o f m ethane 
release and seep environm ents may be explained by the  depth  o f underlying hydrate occurrences and 
d iffe ren t tec ton ic  h istories o f both  seep sites.
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5. Hikurangi Seeps: bubbles versus dissolved methane

5.1. Introduction

Gas seeps, i.e. locations o f bubble release at 
the  seafloor, are w idespread on continen ta l 
margins (Judd, 2003; Judd and Hovland, 2007). 
Their presence is com m only ind icated by 
anomalies th a t are visible on d iffe ren t types o f 
acoustic data, such as seismics, single-beam or 
m ultibeam  echosounder o r side-scan sonar. 
(G re inert e t al., 2006; Klaucke e t al., 2006; 
Naudts e t al., 2006; Gay e t al., 2007; Judd and 
Hovland, 2007; Schneider von Deim ling e t al., 
2007; G reinert, 2008; Naudts e t al., 2008). W hile 
acoustic data are very useful to  iden tify  areas in 
w hich seeps occur, they  usually fa il to  p inpo in t 
the  exact location o f bubble release at the  
seafloor on m eter or sub-m eter scale. Seeps are 
o ften  associated w ith  d is tinc t ecosystems w ith  
chem osynthetic fauna (bacterial mats, clams, 
tubew orm s etc.) (Boetius and Suess, 2004; Judd 
and Hovland, 2007). Furtherm ore, seeps are 
o ften  characterized by the  presence o f 
auth igenic carbonates, w hich are easy to  
iden tify  during near-bo ttom  investigations, even 
w ith o u t bubble release during th e  observations 
(Hovland e t al., 1985; Pauli et al., 1992; 
Peckmann e t al., 2001; G re inert e t al., 2002a; 
Orange e t al., 2002; Judd and Hovland, 2007; 
Naudts e t al., 2008). A very good m ethod to  
observe and study seeps, th e ir  ac tiv ity  and the  
associated ecosystems is by deta iled, visual, 
seafloor observations in possible seep areas 
indicated by acoustic investigations.

Visual seafloor observations can be made w ith  
a tow ed  video sled, a manned subm ersible o r a 
rem ote ly  operated vehicle (ROV). Towed video 
sleds make it possible to  gain a regional 
overview  o f the  seafloor features by criss­
crossing a ta rge t area (G re inert e t al., 2002b; 
Naudts e t al., 2008; Sahling e t al., 2008). 
However, w ith  video sleds it is no t possible to  
stay on position, to  move w ith in  small areas, to  
take samples or to  perform  m easurem ents at a 
certa in position over longer tim e. Manned 
submersibles have the  disadvantage th a t they 
are com m only very large and require a large 
ship and specialized crew. By contrast, ROVs are 
m ore adapted and have been used extensively 
in the  last decade to  study seep areas (Fujikura 
e t al., 1999; Coleman and Ballard, 2001;

Hovland, 2002; Orange e t al., 2002; Ondréas et 
al., 2005; Pauli e t al., 2005; Gay e t al., 2006; 
Sauter e t al., 2006; Jerosch et al., 2007; Judd et 
al., 2007; Olu-Le Roy e t al., 2007; Pauli e t al., 
2007; Nikolovska e t al., 2008).

In th is  paper, we present the  firs t ever visual 
observations o f bubble-releasing seeps at the  
Hikurangi Margin. In 2007, ROV and v ideo­
guided dep loym ents enabled us to  precisely 
locate th e  active m ethane seeps on the  margin, 
and to  perform  deta iled seafloor observations, 
m easurem ents and sampling at and around the  
seeps. M oreover, the  use o f ROV 'GENESIS' 
a llowed us to  investigate short-te rm  tem pora l 
variations in seep activ ity, a lte rna ting  from  
alm ost com plete  inac tiv ity  to  v io len t outbursts, 
and to  estim ate bubble-release rates and 
m ethane flo w  rates.

5.2. Study area

The Hikurangi M argin, on th e  east side o f New 
Zealand's North Island, is an accretionary margin 
related to  th e  oblique subduction o f the  Pacific 
Plate underneath the  Australian Plate (Lewis et 
al., 1998; Barnes e t al., 2010) (Fig. 5.1.). Several 
areas w ith  m ethane seeps and w ith  b o ttom - 
s im ulating reflections (BSRs) visible on seismic 
recordings, possibly ind icating the  presence o f 
gas hydrates, have already been described along 
th is  margin (Katz, 1982; Townend, 1997; Henrys 
e t al., 2003; Pecher e t al., 2004; Pecher e t al., 
2005; Faure e t al., 2006; C rutchley e t al., 2010; 
G re inert e t al., 2010a).

Here, we focus on Rock Garden, which is the  
southern te rm ina tion  o f Ritchie Ridge, as our 
study area on the  Hikurangi M argin, (Figs. 5.1. 
and 5.2.). Rock Garden is an in form al name, 
given by local fisherm en, and refers to  its rocky 
seafloor (Faure e t al., 2006). The orig in  o f Rock 
Garden's fla t-topped  re lie f and its u p lift is still 
under debate. The u p lift may be related to  the  
subduction o f a seam ount or to  m ajor 
subduction-re lated th ru s t faults, perhaps in 
re la tion to  gas hydrate dissociation (Pecher et 
al., 2004; Barnes e t al., 2010; Ellis et al., 2010). 
Gas hydrates are suspected to  be present at 
Rock Garden, even at shallow  subsurface 
depths. This is based on several BSR
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5. Hikurangi Seeps: bubbles versus dissolved methane

observations and a calculated hydrate s tab ility  
zone (HSZ) fo r  pure m ethane hydrates, starting  
at w a te r depths betw een 630 and 710 m 
(Pecher e t al., 2004; Pecher et al., 2005; Faure et 
al., 2006; C rutchley e t al., 2010; El lis e t al., 
2010). However, they  have never been sampled 
in Rock Garden, partia lly  due to  its rocky 
seafloor which makes g ravity  coring highly 
d ifficu lt. Since th e  w a te r depth  at Rock Garden 
ranges from  -579 to  -1100 m, pure m ethane 
hydrates are theo re tica lly  no t stable in the  
shallowest areas, as is also indicated by BSR 
pinch outs tow ards the  ridge crest (Pecher e t al., 
2005; Crutchley et al., 2010). Seismic data 
ind icate the  presence o f shallow  free  gas above 
the  base o f the  gas-hydrate stab ility  zone 
(BGHSZ) (Fig. 5.2.) (Crutchley e t al., 2010). Two

such shallow  gas occurrences in Rock Garden 
are associated w ith  th e  observation on 
echograms o f vertical acoustic anomalies rising 
from  th e  seafloor in to  th e  w a te r column 
(Crutchley e t al., 2010). These anomalies are 
caused by rising gas bubbles and are herea fte r 
re ferred to  as "fla res". These tw o  seep sites, 
here called "Faure Site" and "LM -3", are the  
main targets o f th is study (Lewis and Marshall, 
1996; Faure e t al., 2006; C rutchley e t al., 2010) 
(Fig. 5.2.).

LM-3, re fe rring  to  "seep site 3" as described 
by Lewis and M arshall (1996), is located in the  
northe rn  part o f Rock Garden (Fig. 5.2.). In 1994, 
fisherm en observed a fla re  on a fish -finder 
echosounder the re  and retrieved live bivalves 
(Bathym odiolus  sp.) and a small piece
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Figure 5.1. Location map of the Hikurangi Margin, east of New Zealand's North Island, with acquired 
multibeam data (Greinert et al., 2010a) and indication of the area with observed BSRs (black dashed line) and 
major tectonic features with the white lines indicating the deformation front (Lewis et al., 1998; Henrys et al., 
2003; Barnes et al., 2010). Outline for Fig. 5.2. is also given. Land topography is derived from Shuttle Radar 
Topography Mission (SRTM) data. The bathymetry data is courtesy of NIWA.
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Water depth (m)

Faure

Figure 5.2. Multibeam bathymetry of Rock Garden (30 m grid) w ith indications of the known seep sites, video 
tracks (black lines) and acoustic flare locations (white dots) (see Fig. 5.1. for location) (Greinert et al., 2010a). 
The possible depth limit for the GHSZ is indicated by the -630 m and -710 m isobaths (Faure et al., 2006). A. 
Multibeam bathymetry map of the LM-3 area with indications of ROV (red), TV-G (yellow) and OFOS tracks 
(black), flares (white dots) and the track line of the echosounder and seismic recordings (a-a') (black dashed 
line). Outline for Fig. 5.6. is also indicated. B. Multibeam bathymetry map of the area around Faure Site with 
indications of ROV (red), TV-MUC (yellow) and OFOS video tracks (black), flares (white dots) and the track 
lines of the echosounder (b-b') and seismic recording (c-c') (black dashed lines). Outline for Fig. 5.8. is also 
indicated.
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o f carbonate chim ney. Subsequent sampling 
resulted in the  retrieva l o f chem osynthetic 
fauna (em pty vestim entife ran  tubes, 
Calyptogena  sp. and Bathym odio lus  sp. valves) 
as w ell as the  observation o f an acoustic flare, 
rising 250 m above the  seafloor (Lewis and 
M arshall, 1996).

Faure Site, re fe rring  to  the  seep site 
discovered by Faure e t al. (2006), is located in 
the  w estern part o f Rock Garden (Fig. 5.2.). 
During the  2004 TAN0411 survey, an acoustic 
fla re  and a localized geochemical m ethane 
anom aly in the  w a te r column w ere observed at 
th is  site, near th e  scarp o f a subm arine landslide 
(Pecher et al., 2005; Faure e t al., 2006). Pecher 
e t al. (2005) proposed th a t th e  subm arine 
landslide is caused by gas-hydrate-induced 'fros t 
heave', driven by fluc tua tions  o f b o ttom -w a te r 
tem pera tures and pressures.

In 2006 during th e  subsequent TAN0607 
survey, seismic and single-beam recordings, as 
w ell as w a te r sampling confirm ed LM-3 and 
Faure site as active seep sites (Fig. 5.2.) 
(Crutchley e t al., 2010; Faure e t al., 2010).

5.3. Methods and data

5.3.1. Single-beam seep detection

Due to  th e  high impedance contrast between 
w a te r and free  gas, gas bubbles rising in the  
w a te r colum n can be acoustically detected by 
means o f single-beam echosounder recordings. 
They show up as "acoustic fla res" on echograms 
(G re inert e t al., 2006; Naudts et al., 2006; 
A rtem ov et al., 2007). The seep locations in th is 
study, w ere determ ined from  single-beam 
echosounder records acquired during tw o  
cruises w ith  RV TANGAROA (TAN0607 and 
TAN0616) in 2006 (Fig. 5.2.). For fu rth e r 
in fo rm a tion  see G reinert e t al. (2010).

5.3.2. Multibeam mapping

The m ultibeam  bathym etry  and backscatter 
data w ere  acquired during the  S0191 expedition  
w ith  RV SONNE in January-M arch 2007 (SIMRAD 
EM120; 20 kHz) and during tw o  surveys w ith  RV

TANGAROA (TAN0607 and TAN0616) in 2006 
(SIMRAD EM300; 30 kHz) (Fig. 5.2.). Depending 
on the  size o f the  displayed area, th e  grid sizes 
vary between 150 m to  10 m. Backscatter data 
processing was done w ith  th e  FMGeocoder 
so ftw are  from  IVS3D. For fu rth e r in fo rm a tion  
about the  m ultibeam  m apping see G reinert et 
al. (2010).

5.3.3. Visual observations

ROV 'GENESIS'
During th e  S0191-3 expedition  seven dives 

w ith  ROV 'GENESIS' w ere  carried ou t to  localize, 
to  observe, to  map and to  perform  
m easurem ents at m ethane seeps on the  
Hikurangi Margin. ROV 'GENESIS' is owned and 
operated by RCMG-UGENT (Renard Centre o f 
M arine Geology - Ghent University). The main 
focus was Rock Garden, w ith  tw o  dives at LM-3 
(Lewis and M arshall, 1996) and fo u r dives in the  
v ic in ity  o f Faure Site (Faure e t al., 2006). The 
ROV is a sub-A tlantic CHEROKEE ROV th a t was 
operated in TMS (Tether M anagem ent System) 
mode. The TMS is a metal fram e th a t contains 
the  ROV during the  descent to  the  ocean flo o r 
and a cable o f 200 m (te ther). The ROV was 
equipped w ith  a fo rw ard -look ing  co lor video 
camera, a b lack-and-white  video camera and 
one backward-looking b lack-and-white  video 
camera. For object detection  (e.g. bubbles) a 
fo rw ard -look ing  'Super Seeking Sonar System' 
(325 or 675 kHz) was used. Accurate position ing 
and navigation o f the  ROV was achieved th rough 
the  use o f an USBL (u ltra -short baseline) 
position ing system, consisting o f a ship-
m ounted IXSEA GAPS and a ROV-mounted IXSEA 
transponder. The OFOP (Ocean Floor
Observation Protocol) so ftw are  package was 
used to  navigate the  ROV, store ROV param eters 
and make p re lim inary  seafloor characterization 
in real tim e  (Huetten and G reinert, 2008). OFOP 
was also used fo r  post-cruise navigation 
processing, video replay and seafloor
characterization. A t Faure Site, 1385 m o f ROV 
video tracks w ere recorded during 4 h l8 ' o f 
e ffective  survey tim e . A t LM-3, 2213 m o f ROV 
video tracks w ere recorded in 3h23'.
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OFOS, TV-MUC and TV-G
In add ition  to  the  video records from  th e  ROV, 

visual seafloor observations also w ere acquired 
w ith  an OFOS (Ocean Floor O bservation System) 
video sled, a TV-MUC (TV-guided m ulti-corer) 
and a TV-G (TV-guided grab). The OFOS was 
equipped w ith  dow nw ard-looking  co lor and 
m onochrom e CCD (charge-coupled device) 
video cameras, a 4 megapixel stills camera and a 
m em ory CTD (conductiv ity -tem pera tu re -depth  
sensor). The scale o f the  images, as w ell as the  
height o f OFOS above the  seafloor, was visually 
indicated by an array o f th ree  red lasers. The 
distance betw een th e  tw o  ou te r lasers is 20 cm. 
The TV-MUC and TV-G are sedim ent sampling 
devices th a t both use a camera fo r  rea l-tim e 
selection o f sampling sites. Positioning and 
navigation o f OFOS, TV-MUC and TV-G was done 
by e ithe r a SIMRAD DHT 163 system, or one o f 
the  tw o  IXSEA systems (POSIDONIA or a GAPS), 
depending on availab ility  during the  cruise. The 
OFOP softw are  package was used in a sim ilar 
w ay as fo r  the  ROV dives. Mosaics o f video 
sequences w ere  made w ith  IFREMER's ADELIE 
softw are  package.

5.3.4. Measurements of physical 
properties

The ROV also was equipped w ith  a stand­
alone m em ory FSI CTD, a NKE THP 
(THermoProbe) tem pera tu re  sensor and tw o  
Niskin bottles. The CTD was m ounted on the  
ROV at ca. 50 cm from  the  base o f the  ROV, 
w h ile  the  THP tem pera tu re  sensor was operated 
using the  m an ipu la to r arm in o rder to  a llow  
penetra tion  w ith in  the  sediments. The 
tem pera tures measured w ith  the  CTD and the  
THP sensors have accuracies o f 0.002°C and 
0.007°C, respectively. W a te r samples from  the  
Niskin bo ttles w ere used to  obta in  dissolved 
m ethane concentra tions and 6 13Cch values 

(Faure e t al., 2010).

5.4. Observations and results

5.4.1. Regional seafloor observations

5.4.1.1. Northern Rock Garden: LM-3
During OFOS-2 video survey, th e  northern  

exten t o f Rock Garden was surveyed in NW-SE 
d irection , hereby crossing the  LM-3 site (Figs.
5.2.A. and 5.3.). The seafloor is generally hard 
and covered by a th in  drape o f b io tu rbated  
hem ipelagic sediments, a lte rna ting  w ith  soft- 
sedim ent areas, boulders and rocky outcrops 
(Figs. 5.3. and 5.4.). The seafloor on th e  western 
flank o f th e  NE-SW trend ing  ridge is o ften 
covered by deep-w ater coral rubble (Figs. 5.2. 
and 5.4.C.). Trawl marks are visible as linear 
features in areas shallow er than  -900 m w ate r 
depth  (Fig. 5.3.). LM-3, located on the  east side 
o f the  ridge, is a very small area consisting o f a 
p la tfo rm -like  structure, composed o f authigenic 
carbonate rocks, w ith in  an area o f so fte r 
sediments covered by shell fragm ents 
(Calyptogena  sp.) (Figs. 5.3. and 5.4.A.-B.) 
(Campbell e t al., 2010). The area around the  
p la tfo rm -like  s tructure  is th e  only area in which 
dense fie lds o f shell fragm ents (Calyptogena  sp.) 
w ere observed, som etim es in association w ith  
scattered dead bivalves (Bathym odiolus  sp.) 
a nd /o r vestim entife ran  tubew orm s
(Lamellibrachia  sp.) (Fig. 5.3.). Live 
Bathym odiolus  sp. bivalves w ere  only observed 
on to p  o f the  p la tfo rm  (Figs. 5.3.C. and 5.4.A.). 
No bubble-releasing seeps w ere observed 
during OFOS-2 survey.

5.4.1.2. Western Rock Garden: Faure Site
During OFOS-1 and OFOS-la video surveys, 

the  w estern  exten t o f Rock Garden was 
surveyed in W-E and NE-SW d irections 
respectively, the reby crossing Faure Site (Figs.
5 .2.B. and 5.5.). The seafloor generally consists 
o f b io tu rba ted  so ft sediments a lte rna ting  w ith  
small buildup, p la tfo rm -like  features or outcrops 
(Figs. 5.4D-F and 5.5.). The elevated areas are 
rockier w ith  boulders and rocky outcrops, o ften 
in association w ith  coral rubble  (Figs. 5.4.F.-H. 
and 5.5.). Calyptogena  sp. shell fragm ents are 
w idespread, bu t no live clams o r mussels w ere 
observed. A t Faure Site, the  seafloor 
m orphology is re la tive ly  un ifo rm  w ith  large 
p la tfo rm -like  structures in the  w estern  part o f 
the  investigated area. These structures are 
associated w ith  vestim entife ran  tubew orm s
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Figure 5.3. A. Seafloor observations along NW-SE orientated OFOS-2 track over the northern part of Rock Garden, 
crossing the LM-3 site (for location see Fig. 5.2.). B. Zoom of the OFOS-2 track over the LM-3 site. C. Video mosaic 
created with ADELIE software from the OFOS-2 video sequence over the LM-3 site. Video mosaic shown in C 
corresponds to the track shown in B.

(Lam ellibrachia sp.) and som etim es w ith  great 
am ounts o f shell fragm ents (Calyptogena sp.) 
(Figs. 5 .4.E. and 5.5.A.). This area fo rm s the  
trans ition  to  a slide scarp, w ith  rocky outcrops 
and occurrences o f coral rubble  and shell 
fragm ents (Figs. 5.2., 5.4.H. and 5.5.A.). No 
bubbling seeps w ere observed during OFOS-1 
and OFOS-la surveys.

5.4.2. Local seafloor observations

5.4.2.1. LM-3
Based on th e  regional reconnaissance during 

OFOS-2 survey, an area was selected fo r  local 
seafloor observations during ROV-4 and ROV-5 
dives, and subsequent sampling during TV-G-17 
survey at LM-3 (Figs. 5.2. and 5.6.). The 10,000 
m 2 area surveyed w ith  the  ROV generally

consists o f b io tu rba ted  sandy sediments 
covered by shell fragm ents (Calyptogena  sp.) 
surrounding the  p la tfo rm -like  s tructure  (Figs.
5.6. and 5.7.). The p la tfo rm  has an exten t o f 100 
m 2 and consists o f large blocks, which fo rm  a 
pavem ent-like s tructure  w ith  a d is tinc t positive 
re lie f (Figs. 5 .6 .B. and 5.7.A.-C.). The cracks in 
between the  large blocks are filled  w ith  live 
Bathym odiolus  sp. mussels, live Lam ellibrachia  
sp. tubew orm s and some Calyptogena  sp. shells. 
The live Bathym odiolus  sp. mussels only occur 
on to p  o f the  p la tfo rm , whereas Calyptogena  sp. 
shell hashes occur in th e  depressions 
surrounding the  p la tfo rm  (Figs. 5.6.C.-E. and
5.7.A.-C. and 5 .7 .E.). Small sponges and soft- 
tissue corals also cover the  to p  o f the  p la tfo rm  
(Figs. 5 .6 .F. and 5.7.A.-C.). The m ultibeam  
bathym etry  shows th a t th e  p la tfo rm  occurs on 
the  trans ition  from  a f la t (ca. 1 %) to  a steeper 
(ca. 10 %) sloping seafloor (Fig. 5.6.A.). This
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Figure 5.4. Stills taken during the OFOS video tracks shown in Figs. 5.2., 5.3. and 5.5. as a characterization of 
the seafloor in Rock Garden. A. Authigenic carbonate platform with live Bathymodiolus sp. mussels at LM-3. B. 
Calyptogena sp. shell hash with some Bathymodiolus sp. mussels at the LM-3 site. The darker patch referred 
to as 'rain drop site' is an area with ampheretid polychaetes (Sommer et al., 2010). C. Coral rubble. D. 
Chemoherm and bioturbated soft sediments. E. Presumed carbonate platform with Calyptogena sp. shells and 
a tubeworm from the area west of the Faure Site. F. Semi-indurated outcrops at the Faure Site. G. Boulders 
H. Rocky outcrop from the slide scarp west of the Faure Site.
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Figure 5.5. A. Seafloor observations along W-E orientated OFOS-1 track over the western part of Rock 
Garden, crossing Faure Site (for location see Fig. 5.2.). B. Seafloor observations along NE-SW orientated 
OFOS-la track over the western part of Rock Garden, crossing Faure Site (for location see Fig. 5.2.). The 
crossing point of the two tracks is indicated in A and B.

trans ition  is associated w ith  one o f the  m ajor 
th ru s t fau lts  in Rock Garden (Fig. 5.2.) (Barnes et 
al., 2010). The p la tfo rm  location also 
corresponds to  a patch o f high-backscatter seen 
in the  m ultibeam -backscatter data (Figs. 5.6.B.- 
F.). During ROV-4 and TV-G-17 surveys bubble 
release was observed at tw o  sites south o f th is 
p la tfo rm , jus t at the  border o f the  high- 
backscatter area (Figs. 5.6.B.-F. and 5.7.E.-F.). 
Between these tw o  active seep sites and close 
to  a Calyptogena sp. shell hash, a peculiar 
spotted m icrom orpho logy is present, re fe rred  to  
as 'ra in  drop site ' (Figs. 5.4.B. and 5.6.C.-F.). The 
name 'ra in  d rop  site ' refers to  the  characteristic 
seafloor appearance o f a polychaete bed 
(Sommer e t al., 2010). Sampling shows th a t the  
seafloor sediments from  th is area are densely 
populated by am phere tid  polychaetes which

fo rm  small, crater-like  depressions in the  
seafloor. The bubble-releasing seep site 
observed during ROV-4 dive is located closest to  
the  p la tfo rm , in between Calyptogena  sp. shell 
hashes, and consists o f a single bubble-releasing 
o u tle t (Figs. 5.6. and 5 .7.E.). The seep site 
observed during TV-G-17 survey is located 
fu rth e r away from  the  p la tfo rm  and consists o f 5 
d iffe ren t bubble-releasing outle ts. Here bubbles 
are released from  sandy sediments covered by a 
small am ount o f shell fragm ents (Figs. 5.6. and
5.7.F.). These observations agree w ith  the  
general perception th a t the  seafloor fu rth e r 
away from  the  p la tfo rm  is covered w ith  sm aller 
am ounts o f shell fragm ents (Calyptogena  sp.). 
A t about 100 m from  the  p la tfo rm , the  seafloor 
also changes from  so ft and sandy to  hard and 
sedim ent-starved. W ith in  the  so ft sandy area,
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Figure 5.6. Seafloor observation maps at the LM-3 site. A. Multibeam bathymetry map with the ROV, OFOS 
and TV-G tracks. B. Sediment-type distribution. C. Bathymodiolus sp. distribution within the fauna distribution
D. Calyptogena sp. shell hash distribution within the fauna distribution. E. Lamellibrachia sp. distribution 
within the fauna distribution. F. Distribution of sponges and soft tissue corals within the fauna distribution. B- 
F have multibeam backscatter as background.

several large depressions occur (dm-scale), 
which clearly d iffe r from  the  small holes (cm- 
scale) generally a ttr ib u ted  to  b io tu rba tion  (see 
d ifference betw een Figs. 5.4.D. and 5 .7.D.). 
These large depressions are o ften  accompanied 
by small hills, giving a hum m ocky appearance to  
the  seafloor. No bubble release was observed 
from  these depressions at LM-3.

5.4.2.2. Faure Site
Based on Faure e t al. (2006) and the  single­

beam seep detection  perform ed during the  
TAN0607 cruise in 2006, the  Faure Site was 
studied during th e  ROV-2, ROV-3, ROV-6 and 
ROV-7 dives. The firs t d ive (ROV-2) resulted in 
the  firs t ever visual observation o f bubble- 
releasing seeps at the  Hikurangi M argin and in

126



5. Hikurangi Seeps: bubbles versus dissolved methane

the  subsequent ROV, TV-MUC and lander 
dep loym ents (Figs. 5.8. and 5.9.). The 20,000 m 2 
area surveyed w ith  th e  ROV generally consists o f 
b io tu rba ted  sandy sediments a lte rna ting  w ith  
s trongly eroded outcrops (Figs. 5.8.B. and 5.9.A.- 
C.). These outcrops stand a couple o f decim eters

in re lie f and are sem i-indurated, w hich made it 
impossible to  sample them  w ith  the  ROV's claw, 
and to  de te rm ine  th e ir  nature  (Figs. 5.9.A.-B.). 
Shallow subsurface presence o f the  rock 
fo rm a tions was confirm ed by the  observations 
made during ROV-6, w hich showed th a t the

C

bubbles

venting  hole

Figure 5.7. Stills taken from ROV-4, ROV-5 and TV-G-17 deployments at LM-3. A. Side view of the authigenic 
carbonate platform surrounded by a Calyptogena sp. hash. B. Top of the carbonate platform with live 
Bathymodiolus sp. mussels. C. Side view of the carbonate platform with abundant Lamellibrachia sp. 
tubeworms. D. One of the multiple depressions/bioturbations observed at LM-3. E. Bubbling seep observed in- 
between shell hashes during ROV-4. F. Bubbling seep observed during TV-G-17.

bubbl

bubbles
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Figure 5.8. Seafloor observation maps at Faure Site with multibeam bathymetry (A and C) or backscatter (B) as 
background. A. Overview of the BIGO-04 and FLUFO-04 lander positions and ROV, OFOS and TV-MUC tracks. B. 
Sediment-type distribution. C. Fauna distribution.
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FLUFO-04

bubbles

venting hole

sediment outfall

Figure 5.9. Stills taken from ROV deployments at Faure Site. A. Side view of a strongly eroded outcrop. B. 
Close-up of the transition between the bioturbated sandy sediments and the outcrop shown in Fig. 5.9A. C. 
Bioturbated sandy sediments w ith depression-hill morphology. D. BIGO-04 lander visited during ROV-6 dive 
with in front bubble-releasing seeps. E. Alignment of bubble-releasing outlets at a 'rain drop site'. F. Bottom- 
water sampling at one of the active seeps seen in Fig. 5.9.E.

sedim ent chambers from  both  landers w ere 
only able to  penetra te  11 cm in to  th e  sedim ent 
causing both  landers to  be tilte d  (Fig. 5 .9.D.) 
(Linke e t al., 2010). But again no rock samples 
could be taken fo r  analysis. The depression-and- 
hill m orphology, as seen at LM-3, is also very

com m on at Faure Site (Figs. 5.9.A.-C.). Shell 
fragm ents (Calyptogena  sp.) are no t w idespread 
bu t are abundant around the  active seep sites 
(red dots in Fig. 5.8.) and in the  area w est o f th is 
site (Fig. 5.8.C.). Sessile fauna (corals, sponges) 
are abundant jus t east o f the  seep sites, at
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locations w ith  boulders or rock debris. During all 
th ree  ROV dives, bubble-releasing seeps were 
observed at Faure Site. The tw o  main seep 
areas, ca. 20 m apart, w ere  characterized by the  
occurrence o f am phere tid  polychaetes ('rain  
drop sites') and Calyptogena  sp. shell fragm ents 
(Figs. 5.8.C. and 5.9.D.-F.). Bubble release occurs 
from  d iffe ren tly  sized depressions w hich are 
o ften  aligned in NW-SE d irection ; the  largest 
depression observed, was 50 cm in d iam eter 
and 15 cm deep (Figs. 5.10.C.-D.). Observations 
made during ROV-2 and ROV-7 clearly show th a t 
these depressions are fo rm ed by th e  o ften  
v io len t release o f bubbles. These bubbles 
entra in  sedim ent particles, which then  get 
carried away by the  w a te r currents, creating the  
depressions and a sedim ent o u tfa ll away from  
the  venting holes (Figs. 5.9.E. and 5.10.C.-D.). No 
active seeps w ere observed during th e  ROV-3 
dive w ith in  th e  area near th e  to p  o f th e  slide 
scarp w here abundant flares w ere observed on 
echosounder recordings obta ined during the  
TAN0616 cruise in 2006 (Fig. 5.2.B.).
Nevertheless, th e  seafloor in th is  area is
characterized by th e  w idespread occurrence o f 
p la tfo rm -like  structures o r outcrops o f
presum ably carbonate rocks, w hich are
sometimes covered by Calyptogena  sp. shell 
fragm ents and Lam ellibrachia  sp. tubew orm s

(Fig. 5.4.E.).

5.4.2.3. Methane bubble-release rates
Based on ROV video observations, we

estim ate th e  am ount o f m ethane released by 
bubbles at the  d iffe ren t seep sites. A t LM-3, the  
observation tim e  was to o  short to  approxim ate 
the  size and th e  am ount o f the  released
bubbles. A t Faure Site, 39 d iffe ren t bubbling 
seeps/outle ts could be observed in deta il fo r  up 
to  20 m inutes per observation. These seeps are 
arranged in th ree  main seep clusters located in 
tw o  seep areas 20 m apart (red dots in Figs.
5.8.B.-C. and 5 .10 .E.). During ROV-2 dive, bubble 
release was observed from  13 outle ts in five  
depressions over a period o f 20 '39" (Fig. 5.10.). 
During th is  period, bubble-release rates and 
bubble sizes w ere highly variab le over tim e  and 
space, w ith  periods o f low  activ ity  (i.e. 16 
bubbles per second fo r  bubbles o f 6 mm 
d iam eter), a lte rna ting  w ith  periods o f v io len t

ou tburs t (i.e. up to  190 bubbles per second fo r 
bubbles o f 9 mm d iam eter) (Fig. 5.10.). In to ta l, 
six outbursts w ere  observed, each starting  
v io len tly  and d im inish ing a fte r 43 to  89 seconds 
(Fig. 5.10.). Periods between the  outbursts 
varied from  125 to  159 seconds. During one o f 
the  outbursts seen in the  ROV-2 dive (lasting 43 
seconds w ith  bubbles o f 9 mm d iam eter), an in 
situ flo w  rate o f 2.424 lite r per m inute  was 
estim ated, corresponding to  a m ole flo w  rate o f
7.019 mol o f m ethane per m inute, fo r  in situ 
cond itions o f 7°C and 67.45 bar (Fig. 5.10.). 
During the  fo llow ing  period o f low  activ ity  (6 
mm bubble), th e  flo w  rate was 0.163 lite r per 
m inute, corresponding to  0.473 mol o f m ethane 
per m inute. During the  ROV-6 dive, the  la tte r 
seep cluster at Faure Site was revisited, i.e. 
southern seep area near FLUFO-4 (Figs. 5.8. and
5.9.). However, no outbursts w ere observed 
during th is  dive, on ly changes in bubble-release 
rates and patterns over a period o f 16 '54" (Figs.
5.10. ROV-6B and ROV-6B'). W ith in  th is period, 
bubble rates w ere  constant fo r  at least 9 '26" at 
ca. 5 Hz (tw o outle ts), changing to  ca. 22 Hz fo r 
6 '14" (three outle ts), before  re tu rn ing  to  5 Hz 
(one ou tle t). W ith in  th e  southern seep area a 
new seep cluster, consisting o f th ree  outle ts, 
was found  5 m north  o f th e  previous cluster 
which was bubbling constantly during the  22 '57" 
o f observation (Figs. 5.8., 5 .9.D. and 5.10. ROV- 
6A). During ROV-7, m ore than  23 bubbling seeps 
w ere  observed in one seep cluster, which 
constitu ted  a new seep area 20 m to  th e  north  
o f th e  seep area observed during ROV-2 and 
ROV-6 (Fig. 5 .10 .E.). During a THP sedim ent- 
tem pera tu re  m easurem ent at a 'ra in  drop site ', 
no bubbles w ere observed during 5 '24". 
Hereafter bubble release started and intensified 
from  one o u tle t to  over 23 outle ts  w ith  
increasing bubble rates and sizes (Figs. 5.9.E.-F., 
Figs. 5.10. ROV-7 A and ROV-7 A'). Overall bubble 
release from  single ou tle ts  displayed a va rie ty  o f 
patterns, from  constant single-bubble tra ins 
over dual o r tr ip le  bubble release, to  m u ltip le  
bubble release during outbursts. The bubble 
patterns no t only changed during th e  period o f 
observation, bu t could be d iffe ren t fo r  tw o  
outle ts  in the  same cluster, even if the  outle ts 
w ere only a fe w  centim eters apart.
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Figure 5.10. A. Bubble-release rates at Faure Site observed during the different ROV dives. The assumed 
bubble size is also indicated between brackets. B. Flow rates and mole flow rates estimated for methane 
bubbles and based on bubble sizes and release rates given in Fig. 5.10A. Flow rate and mole flow rate (for 
methane) based on the bubble sizes and release rates given in A. During ROV-2 dive, bubbles sizes were ca. 9 
mm and 6 mm, during the outbursts and the regular periods respectively. C. Still from ROV-2 during an 
outburst. D. Still from ROV-2 during a regular period. E. Schematic map showing the dive tracks, seep locations 
(red dots) and the locations of seep observation.
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Figure 5.11. Bottom-water and sediment temperature measured during ROV-5 at LM-3. Stills A to F show the 
different locations where sediment temperatures were measured with the ROV-mounted THP sensor. A-A'. 
Top of the platform, in a live Bathymodiolus sp. bed. B. Sandy seafloor with Calyptogena sp. shell fragments. 
C. Depression with a depth of ca. 20 cm. D. Dark reduced sediment on a hill feature. E. Calyptogena sp. shell 
hash F. A 'Rain drop site' with ampheretid polychaetes (Sommer et al., 2010). This location was characterized 
by a negative sediment-temperature anomaly (see graph Fig. 5.11.).

5.4.3. Thermal measurements

B o ttom -w ate r and sedim ent tem pera tu re  
m easurem ents w ere  perform ed w ith  a ROV- 
m ounted CTD and THP sensor during the  ROV-5, 
ROV-6 and ROV-7 dives. A t Faure Site, during 
ROV-6 and ROV-7, tem pera tures at the  seafloor 
fluc tua ted  betw een 6.814°C and 6.909°C and 
betw een 7.170°C and 7.120°C, respectively, fo r

w a te r depths o f ca. -663 m (ROV depth at the  
seafloor). A t LM-3, tem pera tures ranged from  
6.437°C to  6.598°C at ca. -915 m w a te r depth 
(ROV depth  at th e  seafloor). These tem pera tu re  
fluc tua tions w ere long-term  (i.e. 0.5-1.5 hour) 
and appeared to  be unrelated to  th e  location 
a nd /o r m ovem ent o f the  ROV (Fig. 5.11.). 
M oreover, the re  was litt le  or no d ifference 
between the  b o ttom -w a te r tem pera tures 
measured w ith  the  CTD and the  sedim ent
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tem pera tures measured w ith  the  THP sensor 
(Fig. 5.11.). It was only during ROV-5 dive, at a 
'ra in  d rop  site ' at LM-3, th a t a negative 
sed im ent-tem pera tu re  anom aly o f ca. 0.05°C 
was measured in com parison w ith  near-bo ttom  
w a te r tem pera tu re  recorded w ith  th e  CTD (Fig.
5.11.). This d iffe rence in tem pera tu re  is much 
larger than the  CTD's and THP's accuracies, 
0.002°C and 0.007°C respectively.

5.5. Discussion

5.5.1. Differences in seep 
environment: diffusive versus
bubbie-reieased methane

Based on our visual observations, Faure Site 
and LM-3 seem to  portray d iffe ren t seep 
environm ents and d is tinc t pas t/cu rren t seep 
activ ity; nevertheless they  also bear some 
resemblances. Both seep areas are local 
features, w here  bubble release occurs in 
b io tu rba ted  sandy sediments covered by dead 
Calyptogena  sp. shells, and both are associated 
w ith  am phere tid  polychaetes near the  bubble- 
releasing locations (Sommer et al., 2010) (Figs.
5.3.-5.11.). The seafloor at the  LM-3 strongly 
d iffe rs from  the  rocky env ironm ent generally 
observed in the  N orthern Rock Garden area, 
whereas Faure Site ra ther blends in w ith  the  
W estern Rock Garden surroundings (Figs. 5.3. 
and 5.5.).

The m ajor d ifferences betw een both  seep 
environm ents are:

the  presence o f a re la tive ly  large (100 
m 2) p la tfo rm -like  s tructure  composed o f 
m ethane-derived carbonate (Campbell 
e t al., 2010) associated w ith  live 
m ethane-re la ted megafauna
(Bathym odiolus  sp. mussels and 
Lam ellibrachia  sp. tubew orm s) and 
seem ingly m arginal bubble release at 
LM-3 (Figs. 5.3., 5.6. and 5.7.); 
a very p rom inen t bubble release, the  

absence o f live m ethane-re la ted 
megafauna and the  presence o f sem i­
indurated and strongly
b io tu rba ted /e roded  outcrops at Faure 
Site (Figs. 5.5., 5.8. and 5.9.).

Based on these observations, w e suggest th a t 
the  differences observed betw een the  tw o  seep 
environm ents resu lt from  d iffe re n t m ethane 
release mechanisms: d iffusive  at LM-3 and 
m ainly by bubble release at Faure Site.

The strong d iffusive  m ethane supply at LM-3 is 
clear from  th e  presence o f Bathym odiolus  sp. 
mussels and Lam ellibrachia  sp. tubew orm s, 
which are sym biont-bearing megafauna th a t 
strongly depend on a supply o f dissolved 
m ethane or related sulfide (Brooks e t al., 1987; 
Cary et al., 1988; Van Dover et al., 2003; Olu-Le 
Roy e t al., 2004; Gay et al., 2006; Thurber e t al., 
2010). As th is  megafauna is located on a 
p la tfo rm -like  s tructu re  o f m ethane-derived 
carbonate, w hich results from  anaerobic 
oxidation o f dissolved m ethane (AOM) 
(Campbell e t al., 2010), a long-term , strong, 
d iffusive  inpu t o f m ethane in to  th e  seafloor 
sediments at LM-3 can be in ferred  (Hovland et 
al., 1985; Pauli et al., 1992; Peckmann et al., 
2001; G re inert e t al., 2002a; Orange e t al., 2002; 
Johnson e t al., 2003; Pape et al., 2005; Mazzini 
e t al., 2006; Judd and Hovland, 2007). This 
inference is sustained by th e  very high m ethane 
concentra tions o f 16542 nM, measured in w ater 
samples collected by the  ROV ca. 50 cm above a 
fie ld  o f live Bathym odiolus  sp. mussels at the  
to p  o f the  carbonate p la tfo rm  (Faure e t al., 
2010). The concentric a rrangem ent o f the  
d iffe ren t habitats in th is  seep site, w ith  high 
m ethane concentra tion  and m ethane- 
depending megafauna surrounded by sulfide- 
depending megafauna, is very s im ilar to  seep 
areas observed in e.g. the  Lower Congo Basin 
(Fig. 5.6) (G a ye ta l., 2006).

A t Faure Site, visual observations have shown 
th a t bubble release is the  dom inant, a lbe it 
highly variable, m ethane-releasing process. The 
absence o f fresh authigenic carbonate 
structures w ith  live, m ethane-re la ted 
megafauna also points to  a bubble-release- 
contro lled  flu id  system w ith  very lim ited  
d iffusive  m ethane venting. The dom inance o f 
the  bubb le-transport mechanism is fu rth e r 
sustained by high dissolved m ethane 
concentra tions (up to  3500 nM ) taken at ca. 10 
m above the  seafloor (Faure e t al., 2010). These 
are the  highest concentra tions fo r  all w a te r 
samples taken from  CTD casts at th e  Hikurangi 
M argin. These high m ethane concentra tions so
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high in the  w a te r column can only be achieved 
th rough  m ethane bubble release, as dissolved 
m ethane w ou ld  m ost likely be consumed very 
e ffective ly  in the  shallow  seafloor sediments and 
b o ttom  w aters by anaerobic and aerobic 
oxidation (Boetius et al., 2000; Boetius and 
Suess, 2004; Sommer e t al., 2006).

The presence o f such a 'ben th ic  f i lte r ' fo r  the  
trans fe r o f dissolved m ethane from  the  
sediments and bo ttom  waters to  the  w a te r 
column is very clear at LM-3. It explains the  
discrepancy betw een th e  very high m ethane 
concentra tions o f 16542 nM, obta ined from  
w a te r samples collected by th e  ROV jus t above 
the  seafloor and the  'lo w ' m ethane 
concentra tion  o f m axim um  90 nM, measured in 
w a te r samples taken during CTD casts only a few  
m eters above the  seafloor (Faure e t al., 2010). 
This pattern  again indicates th a t m ethane 
release at LM-3 is m ainly d iffusive and release o f 
m ethane by bubbles is ra ther insignificant.

The discussed d ifference in type  o f m ethane 
release between LM-3 and Faure Site, d iffusive- 
versus bubble-released m ethane respectively, 
does no t seem to  influence the  presence o f 
am phere tid  polychaetes ('ra in  drop sites') and 
suberitid  sponges, w hich are live, seep-related 
fauna found  at both seep sites (Campbell e t al., 
2010; Sommer e t al., 2010; Thurber e t al., 2010). 
The he te ro troph ic  polychaetes m ainly depend 
on aerobic oxidation o f m ethane (AeOM) and do 
no t seem to  depend on strong AOM. The 
am phere tid  polychaete beds toge the r w ith  the  
suberitid  sponges seem to  act as ecosystem 
engineers, which fac ilita te  the  trans ition  from  a 
so ft sedim ent env ironm ent w ith  m ainly bubble 
release to  a hard substrate seep environm ent 
w ith  associated fauna w here  AOM and d iffusive 
m ethane tran spo rt prevail (Sommer et al., 2010; 
Thurber et al., 2010).

The tran spo rt by large am ounts o f deep- 
derived flu ids seems negligible at both  sites 
since the  sedim ent tem pera tures m easurem ents 
w ere  always com parable w ith  the  near-bo ttom  
w a te r tem pera tures. A t one 'ra in  d rop  site ' at 
LM-3, a negative sedim ent tem pera tu re  
anom aly was measured. Colder sedim ent 
tem pera tu re  in com parison w ith  the  near­
b o ttom  w a te r tem pera tu re  is opposite  to  w ha t 
is expected at seepage sites. The negative 
tem pera tu re  anom aly can be explained as a

rem nant o f cold w a te r in filtra tio n  induced by 
earlie r gas bubble release th rough  a process o f 
recharge, as discussed by Poort e t al. (2007). 
This could be plausible, since near-bo ttom  w ate r 
tem pera tures w ere  indeed sim ilar or colder in 
com parison to  the  anomalous sedim ent 
tem pera tu re  measurem ents, ca. 40 m inutes 
before  th e  anomalous m easurem ent (Fig. 5.11.). 
The fac t th a t th is  tem pera tu re  anom aly was 
observed at a 'ra in  drop site ' (and no t in nearby 
m easurem ents) suggests a re lation w ith  th is 
specific hab ita t (Fig. 5.11.) (Sommer et al., 
2010). However, no tem pera tu re  anomalies 
w ere  observed at o the r 'ra in  drop  sites' at Faure 
Site during ROV-6 and ROV-7. It is unclear 
w he the r th e  absence o f such a negative 
sed im en t-tem pera tu re  anom aly at the  'ra in 
drop sites' at Faure Site could be related to  
d ifferences in bubble-release rates in 
com parison w ith  LM-3.

5.5.2. Temporal variations in bubble- 
release activity

Previous studies o f bubble-release activ ity  in 
seep areas have shown th a t bubble release is 
h ighly variable, both in space and in tim e  (Table 
5.1) (Torres e t al., 2002; Leifer and MacDonald, 
2003; G re inert e t al., 2006; Sauter e t al., 2006; 
Nikolovska et al., 2008; G re inert e t al., 2010b). 
Our ROV observations at the  Hikurangi M argin 
confirm  th is  general observation. During the  
th ree  ROV dives at Faure Site, bubble release 
from  th ree  seep clusters was visually m on itored  
over a to ta l tim e  o f 80 '31". Estimated bubble 
rates from  single ou tle ts  ranged from  5 to  190 
bubbles per second w ith  bubble sizes ranging 
from  5 mm to  over 15 mm. This results in 
average flo w  rates o f 0.018 to  2.424 lite r o f 
m ethane per m inute, w hich corresponds to  
m ole flo w  rates o f 0.053 to  7.019 mol per 
m inute  at in situ conditions o f 7°C and 67.45 bar 
(Table 5.1.). These values are com parable to  
published data from  o the r seeps around the  
w orld  (Table 5.1.), a lthough our bubble-size 
estim ations w ere  only based on ROV video 
footage. Compared to  these o the r sites, the  vent 
site m on ito red  during ROV-2, ROV-6B and ROV- 
6B' dives at Faure Site can be regarded
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Location Seep cluster
Bubble-release rate 

(Hz)
Bubble size 

(mm)
Flow rate per outlet 

(l/minute)
Mole flow rate per outlet 

(mol/minute) Outlets

Pacific Ocean 
Rock Garden ROV-2 24 6 0.163 0.473 7
Faure Site

Pacific Ocean 
Rock Garden ROV-2 106 9 2.424 7.019 13
Faure Site

Pacific Ocean 
Rock Garden ROV-6A 20 5 0.078 0.227 3
Faure Site

Pacific Ocean 
Rock Garden ROV-6B 5 5 0.018 0.053 1
Faure Site

Pacific Ocean 
Rock Garden ROV-6B' 22 5 0.084 0.242 2
Faure Site

Pacific Ocean 
Rock Garden ROV-7A 32 5 0.125 0.361 >23
Faure Site

Pacific Ocean 
Rock Garden ROV-7 A' 20 15 2.152 6.232 >23
Faure Site

Black Sea,
Dnepr paleo delta shelf 36 2-16 0.033-0.0864 0.03 2709
(G reinert e t al., 2010b)

Black Sea,
Kobuleti Ridge Batum i seep N o t stated 2-5 0.01-5.5 0.037-20.5 10
(Nikolovska e t al., 2008) 

G ulf o f Mexico
Bush Hill N o t stated 1-20 0.213-1.32 0.453-3.192 2

(Leifer and M acDonald, 2003)

Atlan tic  Ocean
Hâkon M osby M ud Volcano north  o f center (558) 1-10 (0.64-2.85) 4.8-21.6 3
(Sauter e t al., 2006)

Pacific Ocean 
Hydrate Ridge northern  sum m it N o t stated N o t stated 1-5 (2 .616- 13.079) 10
(Torres e t al., 2002)

Table 5.1.
Overview of average bubble-release rates, flow rates and mole flow rates (CH4) of seeps observed at Rock Garden 
(this study) in comparison with published data from seeps around the world. Values in between brackets are 
calculated based on provided data and where needed, the SiBu-GUI was used to calculate (mole) flow rates 
(Greinert and McGinnis, 2009).

as th e  m ost variable one, portray ing  fluxes th a t 
d iffe r up to  tw o  orders o f m agnitude. The 
d ifferences in seep activ ity  fo r  seep sites 
e lsewhere, as shown in Table 1, are related to  
observations o f several seep clusters/sites o r are 
estim ation  boundaries. The changing bubble- 
release activ ity  seen during ROV-2 dive can be 
a ttr ibu ted  to  d iffe ren t contro ls over d iffe ren t 
tim e  scales, from  seconds to  days. W e suggest, 
th a t the  long-term  changes in bubble-release 
activ ity, i.e. from  periods w ith o u t o u tbu rs t (e.g. 
ROV-6B and ROV-6B') to  periods w ith  outbursts 
(ROV-2 dive), are probably re lated to  external 
pressure changes (e.g. tides and changes in 
cu rren t d irections) (Boles e t al., 2001; Torres et 
al., 2002; Newman e t al., 2008; Linke e t al., 
2010). Linke e t al. (2010) confirm s the

corre la tion  betw een fla re  observations and tides 
at the  Hikurangi M argin. For th e  short-te rm  
changes (e.g. a lte rna tion  between ou tburs t and 
low  activ ity  as seen during th e  ROV-2 dive) we 
suggest an re la tionship  to  in terna l pressure 
changes during the  fillin g  o f a shallow  
subsurface reservo ir th a t creates an 
overpressure s ituation  leading to  the  observed 
outbursts (Leifer e t al., 2004). The outbursts 
depressurize the  seep system, so the  
pressure/reservoir can b u ild /f ill up again. The 
regu la rity  o f the  ou tburs ts /bubb le  release 
indicates th a t over a certa in tim e  the  seep 
system (in ternal configura tion, external pressure 
and gas supply) does no t change. Changes in 
bubble-release rates (ROV-6B to  ROV-6B') and 
bubble sizes (ROV-7A to  ROV-7A') are probably
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caused by changes in gas supply, ra the r than  
pressure changes (Leifer e t al., 2004). Based on 
our observations, w e could no t substantia te 
w he the r th e  th ree  seep clusters observed at 
Faure Site belong to  one gas reservoir or are tw o  
or th ree  separated systems. Changes in the  
o u tle t geom etry, like the  observed pockm ark 
fo rm a tion , could also a ffect bubble sizes and 
release rates, bu t th is  could no t be confirm ed or 
disproved by our observations. W he the r the  
depression-and-hill m orphology, as seen at both 
Faure Site and LM-3, results in all cases from  
bubble release is d oub tfu l (Figs. 5.7.D. and
5.9.C.). In m ost cases, they  are probably 
burrow s made by crabs or fish (Gerino et al., 
1995).

5.5.3. An integrative seep model

The d iffe ren t aspects o f Faure Site and LM-3 
probably results from  d iffe ren t m ethane release 
mechanisms; bubbles versus d iffusive flu id  flo w  
respectively (see 5.5.1.). To explain w ha t causes 
these differences in gas release, we propose an 
in tegrative  model, taking in to  account th e  w a te r 
depth, the  depth  o f th e  BGHSZ and the  observed 
seafloor features (m orphology, fauna, 
auth igenic carbonates, bubble release, etc.) (Fig.
5.12.).

The strong bubble release and the  observed 
seep env ironm ent at Faure Site is a result o f 
w a te r depth  (-659 m) and the  re lated shallow 
subsurface depth  o f the  BGHSZ/BSR (<35 m) 
(Fig. 5.2.C-C').  High gas concentra tions present 
below  the  shallow  BGHSZ a llow  gas (free and 
dissolved) to  m igrate tow ards the  seafloor 
surface ra ther easily, resulting in the  observed 
gas venting (Fig. 5.2.c-c' and 5.12.). Crutchley et 
al. (2010) suggests th a t gas m igrates along 
re la tive ly perm eable sedim entary layers (Fig.
5.12.). Free gas is assumed to  be able to  m igrate 
in the  GHSZ along gas-hydrate-coated veins th a t 
p revent add itiona l hydrate fo rm a tion  due to  
lim ita tion  o f w a te r availab ility  (Pecher et al., 
2010). The m igration  o f w arm er or saline flu ids 
w ill also favor free  gas tran spo rt w ith in  the  
GHSZ (Ginsburg and Soloviev, 1997; W ood e t al., 
2002; Liu and Flemings, 2006). However, our 
observations and m easurem ents (CTD and THP) 
do no t p o in t to  m igration o f w arm er o r saline

flu ids to  the  seafloor. Furtherm ore, salt layers in 
the  subsurface o f Rock Garden are unlikely.
LM-3 is located at a greater depth  o f -908 m. 
Together w ith  th e  prevailing tem pera tu re , th is 
s ituation results in a deeper subsurface depth  o f 
the  BGHSZ/BSR o f ca. 300 m (Fig. 5.2. a-a' and
5.12.) (Crutchley et al., 2010). Therefore  a 
seem ingly d irect supply o f free  gas from  
beneath the  BGHSZ tow ards the  seafloor, as 
suggested fo r  Faure Site, is s ign ificantly less 
likely. The free  gas close to  the  seafloor was 
seismically detected in th e  GHSZ and is imaged 
as being 'spread o u t' . This pa ttern  points to  a 
lesser and no t so intense focusing o f the  gas- 
charged flu ids, and thus results in a m ore 
d iffusive  m ethane release at the  seabed 
associated w ith  auth igenic carbonates, seep- 
related fauna and m odest bubble release at LM- 
3. The m odest bubble release at LM-3 does not 
counter th is  proposed m odel. The enhanced 
prec ip ita tion  o f m ethane-derived carbonates 
associated w ith  AOM leads to  both  self-sealing 
o f th e  LM-3 seep site and to  m ethane 
accum ulation underneath. W hen gas 
concentra tions increase and reach 
supersaturation, bubbles can fo rm  and be 
released in to  th e  w a te r colum n (Boudreau e t al., 
2001). The m ethane-driven carbonate 
cem entation at the  seafloor causes re location o f 
the  actual bubble-releasing sites (Hovland, 2002; 
Naudts e t al., 2008). This is indicated by the  
observed locations o f the  bubble release from  
sandy sediments away from  the  carbonate 
p la tfo rm , jus t at the  border o f the  high- 
backscatter area (Fig. 5.6.). The self-sealing 
process is no t com plete, since a live m ethane- 
related megafauna is still present on the  
carbonate p la tfo rm , and high m ethane 
concentra tions w ere measured jus t above th is 
site. Nevertheless, th e  self-sealing is a lready at 
an advanced stage, explaining the  absence o f 
live Calyptogena  sp. The large am ount o f 
d isarticu lated Calyptogena  sp. shells and the  
fo rm a tion  o f the  extensive carbonate p la tfo rm  
(100 m 2), however, do indicate th a t dissolved 
m ethane supply was high in th e  past and AOM 
was im p o rta n t during an early stage o f the  self­
sealing process. W e conclude th a t the  seep site 
at LM-3, which is m ainly d iffusive  at present, is 
re la tive ly  old in com parison w ith  the  seep site at 
Faure Site.
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Faults

migration 
along layers.

A. Faure Site
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Figure 5.12. Proposed seep model for Faure Site and LM-3 to explain the differences in methane-releasing 
mechanism (bubble versus diffusive) and resulting seep environments based on difference in depth, 
subsurface depth of the BGHSZ/BSR and observed seafloor features.
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The "e vo lu tion " o f Faure Site seems to  be 
m ore com plicated and th e re fo re  im plies m ore 
speculation in our in te rp re ta tion . A t present, 
bubble release is certa in ly th e  main, but 
probably a re la tive ly recent, m ethane-releasing 
mechanism (see 5.5.1). The presence o f 
d isarticu lated Calyptogena  sp. shells indicates 
th a t d iffusive  m ethane supply was m ore 
im p o rta n t in the  past. This is also indicated by 
the  presence o f possible m ethane-derived 
carbonates and dead seep fauna in th e  area 
w est o f Faure Site, near the  scarp o f the  
subm arine landslide (Figs. 5.2., 5.4.E. and
5.5.A.). W e speculate th a t th is  change in 
m ethane-release mechanism can be explained 
in the  context o f the  tec ton ic  u p lift o f Rock 
Garden as th e  result o f a subducting seam ount 
(Pecher e t al., 2005; Barnes e t al., 2010; Ellis et 
al., 2010). The u p lift o f Rock Garden m odified  
the  depth  o f the  GHSZ resulting in 1) a shallower 
BGHSZ and 2) m ore focused m ethane fluxes and 
3) enhanced seafloor destabilization (Ellis e t al., 
2010). The la tte r is re flected in th e  large 
subm arine landslide near Faure Site (Fig. 5.2.) 
(Pecher e t al., 2005; Faure e t al., 2006). The 
associated occurrence o f subm arine landslides, 
shallow  gas and seeps, w he ther or no t in 
re la tion w ith  gas hydrates, is a com m on fea ture  
at continen ta l margins w orldw ide  (Orange and 
Breen, 1992; Orange e t al., 1997; Bouriak e t al., 
2000; EichhubI e t al., 2000; Bünz e t al., 2005; 
Naudts e t al., 2006). The close re la tion between 
seeps and scarps o f subm arine landslides can be 
explained by steepened pore-pressure gradients 
adjacent to  scarps due to  sudden erosion 
associated w ith  slumping, and the  resulting 
focusing o f flu ids tow ards the  scarp areas 
(Orange e t al., 1997; Naudts e t al., 2006). The 
com bina tion  o f tec ton ic  u p lift im plying a 
shallow er BGHSZ w ith  a subm arine landslide 
m ight have caused th e  change in m ethane 
release mechanism at Faure Site, from  m ore 
d iffusive  in the  past to  bubble-release 
dom inated at present.

5.6. Conclusions

ROV observations at Rock Garden a llowed the  
firs t ever visual observation o f bubble-releasing 
seeps at th e  Hikurangi M argin, and th is  at tw o

sites; Faure Site and LM-3. The tw o  seep areas 
portray d iffe re n t seep environm ents resulting 
from  d iffe re n t types o f m ethane release; m ainly 
by bubble release at Faure Site and by d iffusive 
release at LM-3. A t Faure Site, bubble sizes (5-15 
mm) and bubble-release rates (5-190 Hz) varied 
w ith in  m inutes to  hours, leading to  variations in 
average m ole flo w  rates per o u tle t o f 0.018-
7.019 mol o f m ethane per m inute. This is 
com parable w ith  published data from  bubble- 
releasing seeps around the  w orld . Am phere tid  
polychaetes and suberitid  sponges w ere the  
only live m ethane-re la ted fauna observed at 
Faure Site. These organisms are ecosystem 
engineers fac ilita ting  the  trans ition  from  a soft 
sedim ent env ironm ent w ith  m ainly bubble 
release to  a hard substrate seep environm ent 
w ith  associated fauna w here  AOM and d iffusive 
m ethane transpo rt prevail (Sommer e t al., 2010; 
Thurber e t al., 2010).

A t LM-3, seep activ ity  was confirm ed by the  
occurrence o f a large m ethane-derived 
carbonate p la tfo rm  (100 m 2) covered w ith  live 
seep-related mega fauna (Bathym odiolus  sp. 
mussels and Lam ellibrachia  sp. tubew orm s). 
Bubble release at LM-3 was ra ther m odest, but 
was also associated w ith  s im ilar ecosystem- 
engineering fauna as observed at Faure Site. 
Based on the  in tegra tion  o f all observations, a 
conceptual seep m odel is proposed th a t explains 
the  differences in m ethane-releasing 
mechanisms and resulting seep environm ents 
based on differences in th e  depth o f the  BGHSZ 
and th e  d iffe ren t tec ton ic  h istories o f th e  seep 
areas.
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