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D urin g  th e  ‘N e w  V e n ts ’ SOI 91 cru ise  in  2 0 0 7 , th e  a c tiv ity  an d  d istr ib u tio n  o f  s e e p  s ite s  on  th e  g a s-h y d ra te -  
b e a r in g  H ik u ra n g i M arg in , o f f  n o r th e a s te r n  N e w  Z ea la n d , w e r e  s u b je c te d  to  a h ig h ly  d e ta ile d  
in terd isc ip lin a ry  stu d y . H ere w e  rep ort o n  th e  v isu a l o b se rv a tio n s  an d  in  s itu  m e a su r e m e n ts  o f  p h ysica l 
p ro p erties  p erform ed  w ith  a ROV (r e m o te ly  o p era ted  v e h ic le )  an d  o th e r  v id e o -g u id e d  p la tform s a t tw o  seep  
s ite s  in  th e  R ock G arden  area; Faure S ite  an d  LM -3. The ROV a llo w e d  first e v e r  v isu a l o b se rv a tio n s  o f  b u b b le -  
r e lea s in g  m e th a n e  se e p s  a t  th e  H ikurangi M argin . A t Faure S ite , b u b b le  re lea se  w a s  m o n ito re d  d u r in g  4  
d iv es , u p  to  p er io d s  o f  2 0  m in . D urin g  th e  first d iv e , th is  re su lte d  in  th e  o b se rv a tio n  o f  s ix  v io le n t  ou tb u rsts , 
ea c h  la s tin g  1 m in  o v e r  a th ree  m in u te  in terva l. T h ese  ou tb u rsts  w e r e  a cc o m p a n ie d  b y  th e  d isp la c e m e n t and  
r e su sp e n s io n  o f  se d im e n t  gra ins, an d  th e  form a tio n  o f  sm a ll d ep ress io n s, w ith  a m a x im u m  d ia m ete r  o f  
5 0  cm  an d  d ep th  o f  15 cm , s h o w in g  w h a t is p o ss ib ly  an  in itia l s tage  o f  p ock m ark  form ation . D uring  
su b se q u e n t d iv es  a t th is  b u b b le  s ite , b u b b le  re lea se  ra tes  w e r e  rath er  co n s ta n t an d  th e  p r ev io u s ly  o b se rv ed  
ou tb u rsts  co u ld  n o  lo n g e r  b e  w itn e s se d . A t LM -3, th e  s tr o n g e s t  m a n ife s ta tio n  o f  s e e p  a c tiv ity  w a s  a large  
p la tform  (1 0 0  m 2), co n s is t in g  o f  fresh  a u th ig en ic  carb on ates , w h ic h  w a s  c o v e red  b y  s e e p  fau na  (liv e  
B a th y m o d io lu s  sp. m u sse ls , C a lyp togena  sp . sh e lls  an d  live  L am ellibrach ia  sp . tu b e w o r m s) . B ubble activ ity  
n ear  th is  p la tform  w a s  le ss  p r o m in e n t th an  a t Faure S ite . Our o b se rv a tio n s  su g g e st  th a t th e  tw o  seep  
en v ir o n m e n ts  re su lt  from  d ifferen t ty p e s  o f  m e th a n e  re lease; m a in ly  b y  b u b b le  re lea se  a t  Faure S ite  and  
rath er  d iffu sive  a t  LM -3. W e  p ro p o se  a c o n ce p tu a l m o d e l w h e r e  th e  d ifferen t w a y s  o f  m e th a n e  re lea se  and  
se e p  en v ir o n m e n ts  m a y  b e ex p la in e d  b y  th e  d ep th  o f  u n d er ly in g  h y d ra te  o cc u r ren ces  an d  d ifferen t te c to n ic  
h is to r ie s  o f  b o th  s e e p  s ites .

©  2 0 0 9  E lsev ier B.V. A ll r igh ts  reserved .

1. Introduction

G as seeps, i.e. lo ca tio n s o f  b u b b le  re le a se  a t  th e  sea  floor, a re  
w id e sp re a d  o n  c o n tin e n ta l m a rg in s  (Judd , 2 0 0 3 ; Ju d d  a n d  H ovland , 
2 0 0 7 ) . T h e ir p re se n c e  is c o m m o n ly  in d ic a te d  b y  a n o m a lie s  th a t  a re  
v isib le  o n  d if fe re n t ty p e s  o f  a co u s tic  d a ta , su c h  as se ism ics, s in g le ­
b e a m  o r  m u ltib e a m  e c h o so u n d e r  o r  s id e -scan  so n a r  (G re in e rt e t  al., 
2 0 0 6 ; K laucke e t  al., 2 0 0 6 ; N au d ts  e t  al., 2 0 0 6 ; S ch n e id e r  v o n  
D eim ling  e t  al., 2 0 0 7 ; G ay e t  al., 2 0 0 7 ; Ju d d  a n d  H ovland , 2 007 ; 
N au d ts  e t  al., 2 0 0 8 ; G re in ert, 2 0 0 8 ). W h ile  a co u s tic  d a ta  a re  v e ry  
u se fu l to  id en tify  a re a s  in  w h ic h  se ep s occur, th e y  u su a lly  fail to  
p in p o in t  th e  e x a c t lo ca tio n  o f  b u b b le  re le a se  a t  th e  sea  floor o n  m e te r  
o r  s u b -m e te r  scale. Seeps a re  o f te n  a s so c ia te d  w ith  d is tin c t eco sy s-
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te rn s  w ith  c h e m o sy n th e tic  fau n a  (b ac te ria l m a ts , c lam s, tu b e w o rm s  
e tc .) (B oetiu s a n d  Suess, 2 0 0 4 ; Ju d d  a n d  H ovland , 2 0 0 7 ). F u rth e rm o re , 
se e p s  a re  o fte n  c h a ra c te r iz e d  b y  th e  p re se n c e  o f  a u th ig e n ic  c a rb o ­
n a te s , w h ic h  a re  ea sy  to  id en tify  d u r in g  n e a r -b o tto m  in v es tig a tio n s , 
e v e n  w ith o u t  b u b b le  re le a se  d u r in g  th e  o b se rv a tio n s  (H o v lan d  e t  al., 
1985; Pauli e t  al., 1992; P eck m an n  e t  al., 2 0 0 1 ; O ran g e  e t  al., 200 2 ; 
G re in e r t e t  al., 2 0 0 2 a ; Ju d d  a n d  H ovland , 2 0 0 7 ; N au d ts  e t  al., 2 0 0 8 ). A 
v e ry  goo d  m e th o d  to  o b se rv e  a n d  s tu d y  se ep s, th e ir  ac tiv ity  a n d  th e  
a s so c ia te d  e c o sy s te m s  is b y  d e ta ile d , v isua l, se a -flo o r o b se rv a tio n s  in 
po ss ib le  se ep  a re a s  in d ic a te d  b y  aco u s tic  in v es tig a tio n s .

V isual se a -f lo o r o b se rv a tio n s  can  b e  m a d e  w ith  a  to w e d  v id eo  sled, 
a  m a n n e d  su b m e rs ib le  o r  a  re m o te ly  o p e ra te d  v eh ic le  (ROV). T ow ed 
v id eo  sled s m a k e  it  po ss ib le  to  g a in  a  reg io n a l o v e rv ie w  o f  th e  sea- 
floor fe a tu re s  b y  c riss -c ro ss in g  a  ta rg e t  a re a  (G re in e rt e t  al., 2 0 0 2 b ; 
Sah ling  e t  al., 2 0 0 8 ; N au d ts  e t  al., 2 0 0 8 ). H o w ev er, w ith  v id eo  sled s it 
is n o t  p o ss ib le  to  s ta y  o n  p o sitio n , to  m o v e  w ith in  sm all a reas , to  ta k e  
sa m p le s  o r  to  p e rfo rm  m e a s u re m e n ts  a t  a  c e r ta in  p o s itio n  o v e r  lo n g e r

http://www.elsevier.com/locate/margeo
mailto:Lieven.Naudts@UGent.be


234 L. Naudts e t aí. /  M anne Geology 272 (2010) 233-250

ö

Hawke
Bay

Australian
Plate

w a te r  d e p th  (m )

Fig. 1. Location m ap  o f th e  H ikurangi M argin, ea st o f New Zealand's N orth Island, w ith  acquired  m ultibeam  data  (G reinert e t a l ,  2010-th is issue) and  indication o f th e  area w ith  
observed BSRs (black dashed  line) and  m ajo r tectonic features w ith  the  w h ite  lines indicating  th e  deform ation  fron t (Lewis e t  al., 1998; H enrys e t  al., 2003; Barnes e t al., 2010-this 
issue). O utline for Fig. 2 is also given. Land topography is derived  from  S huttle Radar Topography M ission (SRTM) data. The bathym etry  data  is courtesy  o f NIWA.

tim e . M a n n ed  su b m e rs ib le s  h av e  th e  d isa d v a n ta g e  th a t  th e y  a re  
c o m m o n ly  v e ry  la rg e  a n d  re q u ire  a  la rg e  sh ip  a n d  sp ec ia lized  crew . By 
co n tra s t, ROVs a re  m o re  a d a p te d  a n d  h av e  b e e n  u se d  e x te n s iv e ly  in 
th e  la s t d e c a d e  to  s tu d y  se ep  a re a s  (F u jik u ra  e t  al„ 1999; C o lem an  an d  
B allard, 2 0 0 1 ; H ovland , 2 0 0 2 ; O ran g e  e t  al„ 2 0 0 2 ; O n d réas  e t  al„ 
2 0 0 5 ; Pauli e t  a l., 200 5 ; S au te r  e t  a l.,2 0 0 6 ; G a y e ta l . ,  2 0 0 6 ; Pauli e ta l . ,  
2 0 0 7 ; Je ro sc h  e t  al„ 2 0 0 7 ; O lu-Le Roy e t  al„ 2 0 0 7 ; Ju d d  e t  al„ 2 007 ; 
N iko lovska e t  al„ 2 0 0 8 ).

In th is  p ap e r, w e  p re se n t  th e  firs t e v e r  v isu a l o b se rv a tio n s  o f  
b u b b le -re le a s in g  se e p s  a t  th e  H ikurang i M arg in . In 200 7 , ROV an d  
v id e o -g u id e d  d e p lo y m e n ts  e n a b le d  u s  to  p rec ise ly  lo ca te  th e  ac tiv e  
m e th a n e  se e p s  o n  th e  m arg in , a n d  to  p e r fo rm  d e ta ile d  se a-flo o r 
o b se rv a tio n s , m e a s u re m e n ts  a n d  sa m p lin g  a t  a n d  a ro u n d  th e  seeps. 
M oreover, th e  u se  o f  ROV ‘GENESIS’ a llo w ed  us to  in v e s tig a te  sh o r t ­
te rm  te m p o ra l  v a r ia tio n s  in se ep  activ ity , a lte rn a tin g  fro m  a lm o s t 
c o m p le te  in ac tiv ity  to  v io le n t o u tb u rs ts , a n d  to  e s t im a te  b u b b le -  
re le a se  ra te s  a n d  m e th a n e  flow  ra te s .

2. Study area

T he H ik u ran g i M arg in , o n  th e  e a s t  s id e  o f  N ew  Z ea lan d 's  N orth  
Island , is a n  a c c re tio n a ry  m a rg in  re la te d  to  th e  o b liq u e  su b d u c tio n  o f  
th e  Pacific P la te  u n d e rn e a th  th e  A u s tra lian  P la te  (B arnes e t  al„ 2 0 1 0 - 
th is  issue) (Fig. 1 ). Several a re a s  w ith  m e th a n e  se ep s a n d  w ith  b o tto m - 
sim u la tin g  reflec tio n s (BSRs) v isib le  o n  se ism ic reco rd ings, possib ly  
ind ica tin g  th e  p re se n c e  o f  gas h y d ra tes , h av e  a lread y  b e e n  d escrib ed  
a lo n g  th is  m arg in  (Katz, 1982; T ow n en d , 1997; H enrys e t  al„ 2003 ; 
P echer e t  al„ 2 004 ; P echer e t  al„ 2005; Faure e t  al„ 200 6 ; G re in e rt e t  al„ 
2 0 1 0 -th is  issue; C ru tch ley  e t  al„ 2 0 1 0 -th is  issue).

H ere, w e  focus o n  Rock G arden , w h ic h  is th e  so u th e rn  te rm in a tio n  o f  
R itchie Ridge, as o u r  s tu d y  a re a  on  th e  H ikurangi M argin, (Figs. 1 an d  2). 
Rock G ard en  is a n  in form al n am e, g iven  b y  local f ish erm en , an d  re fe rs  to 
its rocky  sea  floor (Faure e t  al„ 2 0 0 6 ). T he orig in  o f  Rock G ard en 's  flat- 
to p p e d  re lie f  an d  its up lift is still u n d e r  deb a te . T he up lift m ay  b e  re la ted  
to  th e  su b d u c tio n  o f  a  se a m o u n t o r  to  m ajo r su b d u c tio n -re la te d  th ru s t

Fig. 2. Multibeam bathymetry o f  Rock Garden (30 m  grid) w ith  indications o f  the known seep sites, video tracks (black lines) and acoustic flare locations (w hite dots) (see Fig. 1 for 
location) (Greinert e t  al., 2010-this issue). The possible depth lim it for the GHSZ is indicated by the — 630  m  and — 710 m  isobaths (Faure e t  al., 2006). A. Multibeam bathymetry map 
o f the LM-3 area w ith  indications o f  ROV (red), TV-G (yellow ) and OFOS tracks (black), flares (w hite dots) and the track line o f  the echosounder and seism ic recordings (a -a ') (black 
dashed line). Outline for Fig. 6  is also indicated. B. Multibeam bathymetry map o f  the area around Faure Site w ith  indications o f  ROV (red), TV-MUC (yellow ) and OFOS video tracks 
(black), flares (w hite dots) and the track lines o f  the echosounder (b -b ') and seism ic recording (c -c ') (black dashed lines). Outline for Fig. 8  is also indicated.
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faults, p e rh a p s  in re la tio n  to  gas h y d ra te  d issocia tion  (P ech e r e t  al., 
2004; B arnes e t  al„ 2 0 1 0 -th is  issue; Ellis e t  al„ 2 0 1 0 -th is  issue). Gas 
h y d ra te s  a re  su sp ec ted  to  b e  p re se n t a t  Rock G arden , ev en  a t  sha llow  
subsu rface  d ep th s . This is b ased  o n  severa l BSR o b se rv a tio n s  an d  a 
ca lcu la ted  h y d ra te  s tab ility  zo n e  (HSZ) for p u re  m e th a n e  hyd ra tes , 
s ta rtin g  a t  w a te r  d e p th s  b e tw e e n  630  an d  710  m  (P echer e t  al„ 2004; 
Pecher e ta l., 2005; Faure e t  al„ 2006; Ellis e ta l., 2 0 1 0 -th is  issue; C ru tchley  
e t  al„ 2 0 1 0 -th is  issue). H ow ever, th e y  have  nev er b een  sam pled  in  Rock 
G arden, partia lly  d u e  to  its rocky sea floor w h ich  m akes g rav ity  coring  
h ighly  difficult. Since th e  w a te r  d e p th  a t  Rock G arden  ranges from  579  to  
1100 m , p u re  m e th a n e  h y d ra tes  a re  theo re tica lly  n o t stab le  in th e  
sha llo w est areas, as is also ind ica ted  b y  BSR p inch  ou ts  to w a rd s  th e  ridge 
c re s t (P echer e t  al„ 2005 ; C ru tch ley  e t  al„ 2 0 1 0 -th is  issue). Seism ic d a ta  
ind ica te  th e  p resen ce  o f  sha llow  free gas above th e  base  o f  th e  gas- 
h y d ra te  stab ility  zone (BGHSZ) (Fig. 2) (C rutchley  e t  al„ 2 0 1 0 -th is  issue). 
Tw o such  sha llow  gas o ccu rrences in Rock G arden  a re  associa ted  w ith  th e  
o b se rvation  o n  echo g ram s o f  vertical acoustic  ano m alies  rising from  th e  
sea floor in to  th e  w a te r  co lum n  (C rutchley  e t  al„ 2 0 1 0 -th is  issue). These 
anom alies a re  caused  b y  rising  gas bubbles an d  a re  h erea fte r  re fe rred  to  
as “flares". T hese tw o  seep  sites, h e re  called “Faure Site" an d  “LM-3", are  
th e  m ain  ta rg e ts  o f  th is  s tu d y  (Lew is an d  M arshall, 1996; Faure e t  al„ 
2006; C ru tch ley  e t  al„ 2 0 1 0 -th is  issue) (Fig. 2).

LM-3, re fe rr in g  to  “se ep  s ite  3" as d e sc rib e d  b y  Lew is a n d  M arshall 
(1 9 9 6 ), is lo ca ted  in  th e  n o r th e rn  p a r t  o f  Rock G ard en  (Fig. 2 ). In 1994, 
f ish e rm e n  o b se rv e d  a  flare  o n  a  fish -fin d e r e c h o so u n d e r  th e r e  an d  
re tr ie v e d  live b ivalves (B athym odiolus sp .) a n d  a  sm all p iece  o f  
c a rb o n a te  ch im n ey . S u b se q u e n t sa m p lin g  re su lte d  in  th e  re trie v a l o f  
c h e m o sy n th e tic  fa u n a  (e m p ty  v e s tim e n tife ra n  tu b es , Calyptogena  sp. 
a n d  B athym odiolus sp. va lv es) as w ell as th e  o b se rv a tio n  o f  a n  aco u s tic  
flare, ris in g  2 5 0  m  ab o v e  th e  sea  floor (Lew is a n d  M arshall, 1996).

F aure Site, re fe rr in g  to  th e  se ep  site  d isc o v e re d  b y  F aure e t  al. 
(2 0 0 6 ), is lo ca ted  in  th e  w e s te rn  p a r t  o f  Rock G ard en  (Fig. 2 ). D uring  
th e  2 0 0 4  T A N 0411 su rv e y , a n  a c o u s tic  f la re  a n d  a  lo c a liz e d  
g eo ch em ica l m e th a n e  a n o m a ly  in  th e  w a te r  c o lu m n  w e re  o b se rv e d  
a t  th is  site , n e a r  th e  sca rp  o f  a  su b m a rin e  lan d s lid e  (P e c h e r  e t  al„ 
2 0 0 5 ; F aure e t  al„ 2 0 0 6 ) . P ech e r e t  al. (2 0 0 5 ) p ro p o se d  th a t  th e  
su b m a rin e  lan d s lid e  is cau se d  b y  g a s -h y d ra te - in d u c e d  ‘f ro s t h e a v e ’, 
d r iv e n  by  f lu c tu a tio n s  o f  b o tto m -w a te r  te m p e ra tu re s  a n d  p ressu re s .

In 2 0 0 6  d u r in g  th e  su b s e q u e n t TA N 0607 survey , se ism ic  an d  
s in g le -b e a m  reco rd in g s , as w e ll as w a te r  sa m p lin g  c o n firm e d  LM-3 
a n d  F aure  s ite  as ac tiv e  se ep  sites  (Fig. 2 ) (C ru tch ley  e t  al„ 2 0 1 0 -th is  
issue; F aure  e t  al„ 2 0 1 0 - th is  issue).

3. Methods and data

3.1. S ingle-beam  seep detection

D ue to  th e  h ig h  im p e d a n c e  c o n tra s t  b e tw e e n  w a te r  a n d  free  gas, 
gas b u b b le s  r is in g  in th e  w a te r  c o lu m n  can  b e  aco u s tica lly  d e te c te d  by  
m e a n s  o f  s in g le -b e a m  e c h o s o u n d e r  reco rd in g s . T hey  sh o w  u p  as 
“a co u s tic  fla res"  o n  e c h o g ra m s (N au d ts  e t  al„ 2 0 0 6 ; G re in e r t e t  al„ 
2 0 0 6 ; A rtem o v  e t  al„ 2 0 0 7 ). T he se ep  lo ca tio n s in  th is  s tu d y , w e re  
d e te rm in e d  fro m  s in g le -b e a m  e c h o so u n d e r  re c o rd s  a c q u ire d  d u r in g  
tw o  c ru ise s  w ith  RV TANGAROA (TA N 0607 a n d  TA N 0616) in  2 0 0 6  
(Fig. 2 ). For fu r th e r  in fo rm a tio n  se e  G re in e r t e t  al. (2 0 1 0 -th is  issue).

3.2. M ultibeam  m apping

T he m u ltib e a m  b a th y m e try  a n d  b a c k s c a tte r  d a ta  w e re  ac q u ire d  
d u r in g  th e  S 0191  e x p e d itio n  w ith  RV SONNE in Ja n u a ry -M a rc h  200 7  
(SIMRAD EM 120; 2 0  kH z) a n d  d u r in g  tw o  su rv ey s  w ith  RVTANGAROA 
(TA N 0607 a n d  TA N 0616) in  2 0 0 6  (SIMRAD EM 300; 30  kH z) (Fig. 2 ). 
D ep en d in g  o n  th e  size o f  th e  d isp la y e d  area , th e  g rid  sizes v a ry  
b e tw e e n  150  m  a n d  10 m . B ack sca tte r d a ta  p ro cess in g  w as  d o n e  w ith  
th e  FM G eocoder so ftw a re  fro m  IVS3D. For fu r th e r  in fo rm a tio n  a b o u t 
th e  m u ltib e a m  m a p p in g  see  G re in e r t e t  al. (2 0 1 0 -th is  issue).

3.3. Visual observations

3.3.1. ROV ‘GENESIS'
D uring  th e  SOI 91 -3  ex p e d itio n  se v en  d ives w ith  ROV ‘GENESIS’ 

w e re  ca rr ie d  o u t  to  localize, to  observe , to  m ap  a n d  to  p erfo rm  
m e a s u re m e n ts  a t  m e th a n e  se ep s o n  th e  H ikurang i M argin . ROV 
‘GENESIS’ is o w n e d  an d  o p e ra te d  b y  RCMG-UGENT (R enard  C entre  o f  
M arine  G eo logy-G hen t U niversity ). T he m a in  focus w as Rock G arden , 
w ith  tw o  d ives a t  LM-3 (Lew is an d  M arshall, 1996) a n d  four d ives in th e  
v ic in ity  o f  Faure Site (Faure  e t  al„ 2 0 0 6 ). T he ROV is a  sub-A tlan tic  
CHEROKEE ROV th a t  w as  o p e ra te d  in TMS (T e th e r  M a n ag em en t 
System ) m ode. T he TMS is a  m e ta l fram e th a t  co n ta in s th e  ROV d u rin g  
th e  d e sc e n t to  th e  o cean  floor an d  a  cable  o f  2 0 0  m  ( te th e r) . The ROV 
w a s e q u ip p e d  w ith  a  fo rw ard -lo o k in g  co lo r v id eo  cam era , a  b lack -an d - 
w h ite  v ideo  ca m e ra  a n d  o n e  b ack w a rd -lo o k in g  b la c k -a n d -w h ite  v ideo  
cam era . For o b jec t d e te c tio n  (e.g. bubb les) a  fo rw ard -lo o k in g  ‘S uper 
Seeking S onar S ystem ’ (3 2 5  o r  675 kHz) w as  used . A ccura te  p o sitio n in g  
a n d  nav ig a tio n  o f  th e  ROV w as ach iev ed  th ro u g h  th e  u se  o f  a n  USBL 
(u ltra -sh o r t base lin e ) p o sitio n in g  system , co n sistin g  o f  a  sh ip -m o u n te d  
IXSEA GAPS an d  a  R O V -m ounted  IXSEA tra n sp o n d e r . T he OFOP (O cean 
Floor O b servation  P rotocol) so ftw are  package w a s  u se d  to  n av igate  th e  
ROV, sto re  ROV p a ra m e te rs  an d  m ak e  p re lim in a ry  sea-floo r c h a ra c te r­
iza tion  in  real t im e  (H u e tte n  an d  G reinert, 2 0 0 8 ). OFOP w a s also  u se d  for 
p o st-c ru ise  nav ig a tio n  processing , v id eo  rep lay  a n d  sea-floo r c h a rac ­
te riza tio n . A t Faure Site, 1385 m  o f  ROV v id eo  track s w e re  reco rd ed  
d u rin g  4 h l 8 '  o f  effective su rv ey  tim e. A t LM-3, 221 3  m  o f  ROV v ideo  
track s w e re  reco rd ed  in 3 h23 '.

3.3.2. OFOS, TV-MUC and TV-G
In a d d itio n  to  th e  v id eo  reco rd s from  th e  ROV, v isua l sea-floor 

o b se rv a tio n s  also  w e re  acq u ired  w ith  a n  OFOS (O cean  Floor O bservation  
System ) v id eo  sled, a  TV-MUC (TV -guided m u lti-co re r)  an d  a  TV-G (TV- 
g u id ed  g rab ). T he OFOS w a s e q u ip p e d  w ith  d o w n w a rd -lo o k in g  color 
a n d  m o n o c h ro m e  CCD (ch a rg e -c o u p le d  d ev ice) v id eo  cam eras , a 
4  m egap ixel stills ca m e ra  a n d  a  m e m o ry  CTD (c o n d u c tiv ity - te m p e ra -  
tu r e -d e p th  se n so r). T he scale o f  th e  im ages, as w ell as th e  h e ig h t o f  
OFOS ab o v e  th e  sea  floor, w a s  v isua lly  in d ica ted  b y  a n  a rra y  o f  th re e  red  
lasers. The d is tan c e  b e tw e e n  th e  tw o  o u te r  lasers is 2 0  cm . The TV-MUC 
a n d  TV-G are  se d im e n t sa m p lin g  dev ices th a t  b o th  u se  a  ca m e ra  for rea l­
tim e  se lec tion  o f  sa m p lin g  sites. P osition ing  an d  nav ig a tio n  o f  OFOS, TV- 
MUC an d  TV-G w a s d o n e  b y  e i th e r  a SIMRAD D H T 163 system , o r  o n e  o f  
th e  tw o  IXSEA sy s te m s  (POSIDONIA o r  a  GAPS), d e p e n d in g  o n  
availab ility  d u rin g  th e  cru ise. The OFOP so ftw are  package w as  u se d  in 
a  sim ilar w a y  as for th e  ROV dives. M osaics o f  v id eo  seq u en ces  w e re  
m a d e  w ith  IFREMER's ADELIE so ftw are  package.

3.4. M easurem ents o f  physical p roperties

T he ROV also  w a s  e q u ip p e d  w ith  a  s ta n d -a lo n e  m e m o ry  FSI CTD, a 
NKE THP (T H erm o P ro b e ) te m p e ra tu re  se n so r  a n d  tw o  N isk in  b o ttle s . 
T he CTD w a s  m o u n te d  o n  th e  ROV a t  ca. 50  cm  fro m  th e  b ase  o f  th e  
ROV, w h ile  th e  THP te m p e ra tu re  se n so r  w a s  o p e ra te d  u s in g  th e  
m a n ip u la to r  a rm  in  o rd e r  to  a llo w  p e n e tra t io n  w ith in  th e  se d im e n ts . 
T he te m p e ra tu re s  m e a s u re d  w ith  th e  CTD a n d  th e  THP se n so rs  h av e  
accu rac ies  o f  0 .0 0 2  °C a n d  0 .007  °C, re sp ec tiv e ly . W a te r  sa m p le s  fro m  
th e  N iskin  b o ttle s  w e re  u se d  to  o b ta in  d isso lv ed  m e th a n e  c o n c e n tra ­
tio n s  a n d  ô13CCh4 v a lu es  (F au re  e t  al„ 2 0 1 0 - th is  issue).

4. Observations and results

4.1. Regional sea-floor observations

4.1.1. N orthern Rock Garden: LM-3
D uring  OFOS-2 v id eo  su rvey , th e  n o r th e rn  e x te n t  o f  Rock G ard en  

w a s  su rv e y e d  in  N W -SE  d irec tio n , h e re b y  c ro ss in g  th e  LM-3 site  
(Figs. 2A a n d  3). T he se a  floor is g e n e ra lly  h a rd  a n d  c o v e red  b y  a  th in
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Fig. 3. A. Sea-floor observations along NW-SE orientated  OFOS-2 track over the  no rthe rn  pa rt o f Rock Garden, crossing the  LM-3 site (for location see Fig. 2). B. Zoom o f the  OFOS-2 track 
over the  LM-3 site. C. Video mosaic created w ith  ADELIE softw are from  the  OFOS-2 video sequence over the  LM-3 site. Video m osaic show n in C corresponds to  the  track show n in B.

d ra p e  o f  b io tu rb a te d  h em ip e lag ic  se d im e n ts , a lte rn a tin g  w ith  so ft- 
se d im e n t a reas , b o u ld e rs  a n d  rocky  o u tc ro p s  (Figs. 3 a n d  4 ). T he sea  
floor o n  th e  w e s te rn  flank  o f  th e  N E -SW  tre n d in g  rid g e  is o fte n  
co v e red  b y  d e e p -w a te r  coral ru b b le  (Figs. 2 a n d  4C). T raw l m a rk s  a re  
v isib le  as lin e a r  fe a tu re s  in  a re a s  sh a llo w e r  th a n  9 0 0  m  w a te r  d e p th  
(Fig. 3 ). LM-3, lo ca ted  o n  th e  e a s t  side  o f  th e  ridge , is a  v e ry  sm a ll a rea  
c o n s is tin g  o f  a  p la tfo rm -lik e  s tru c tu re , c o m p o se d  o f  a u th ig e n ic  
c a rb o n a te  rocks, w ith in  a n  a re a  o f  so f te r  s e d im e n ts  c o v e red  b y  she ll 
fra g m e n ts  ( Calyptogena  sp.) (Figs. 3 a n d  4A -B ) (C am p b ell e t  al„ 2 0 1 0 - 
th is  issu e). T he a re a  a ro u n d  th e  p la tfo rm -lik e  s tru c tu re  is th e  on ly  
a re a  in w h ic h  d e n s e  fie lds o f  she ll f ra g m e n ts  ( Calyptogena  sp .) w e re  
o b se rv ed , so m e tim e s  in  a sso c ia tio n  w ith  s c a tte re d  d e a d  b ivalves 
(Bathym odiolus  sp .) a n d /o r  v e s tim e n tife ra n  tu b e w o rm s  (Lamellibra­
chia sp.) (Fig. 3 ). Live Bathym odiolus  sp. b iv a lv es w e re  o n ly  o b se rv e d  
o n  to p  o f  th e  p la tfo rm  (Figs. 3C a n d  4A ). No b u b b le -re le a s in g  se ep s 
w e re  o b se rv e d  d u r in g  OFOS-2 survey .

4.1.2. W estern Rock Garden: Faure Site
D uring  OFOS-1 an d  O FO S-la v id eo  surveys, th e  w e s te rn  e x te n t  o f  

Rock G arden  w a s su rv ey ed  in W -E  a n d  N E-SW  d irec tio n s  respectively , 
th e re b y  c rossing  Faure Site (Figs. 2B an d  5). The sea  floor genera lly  
co n sists  o f  b io tu rb a te d  soft se d im e n ts  a lte rn a tin g  w ith  sm all bu ilt-u p , 
p la tfo rm -lik e  fea tu re s  o r  o u tc ro p s  (F ig s .4 D -F a n d  5). T he e lev a ted  areas 
a re  rock ier w ith  b o u ld e rs  an d  rocky o u tc ro p s, o ften  in assoc ia tio n  w ith  
coral ru b b le  (Figs. 4 F -H  a n d  5). Calyptogena sp. she ll frag m en ts  a re  
w id esp rea d , b u t  no  live d a m s  o r  m u sse ls  w e re  obse rv ed . A t Faure Site, 
th e  sea-floo r m o rp h o lo g y  is re la tiv e ly  u n ifo rm  w ith  large  p la tfo rm -like  
s tru c tu re s  in  th e  w e s te rn  p a r t  o f  th e  in v estig a ted  area . T hese  s tru c tu re s  
a re  asso c ia ted  w ith  v e s tim e n tife ra n  tu b e w o rm s  (Lamellibrachia sp.) a n d  
so m e tim es w ith  g re a t  a m o u n ts  o f  shell frag m en ts  (Calyptogena sp.) 
(Figs. 4E an d  5A). This a re a  fo rm s th e  tra n s itio n  to  a  slide scarp, w ith

rocky o u tc ro p s  an d  o ccu rren ces o f  coral ru b b le  an d  shell frag m en ts  
(Figs. 2, 4H  an d  5A). No b u b b lin g  seep s w e re  o b se rv ed  d u rin g  OFOS-1 
an d  O FO S-la surveys.

4.2. Local sea-floor observations

4.2.1. LM-3
B ased o n  th e  reg ional reco n n a issan ce  d u rin g  OFOS-2 survey , a n  a rea  

w as  se lec ted  for local sea-floo r o b se rv a tio n s  d u rin g  ROV-4 an d  ROV- 
5 d ives, an d  su b se q u e n t sam p lin g  d u rin g  TV-G-17 su rv ey  a t  LM-3 
(Figs. 2 an d  6). T he 10,000  m 2 a rea  su rv ey ed  w ith  th e  ROV gen era lly  
consists o f  b io tu rb a te d  sa n d y  se d im e n ts  covered  b y  shell frag m en ts  
(Calyptogena sp.) su rro u n d in g  th e  p la tfo rm -lik e  s tru c tu re  (Figs. 6 an d  
7). The p la tfo rm  h as an  e x te n t  o f  100 m 2 a n d  consists o f  large blocks, 
w h ich  fo rm  a p a v em en t-lik e  s tru c tu re  w ith  a  d is tin c t positive  re lief 
(Figs. 6B an d  7A-C). The cracks in b e tw e e n  th e  large  b locks a re  filled 
w ith  live Bathym odiolus sp. m ussels, live Lamellibrachia sp. tu b e w o rm s 
an d  so m e  Calyptogena  sp. shells. T he live Bathym odiolus sp. m ussels on ly  
occu r o n  to p  o f  th e  p la tfo rm , w h e re a s  Calyptogena sp. shell h ash es  occur 
in th e  d ep ress io n s  su rro u n d in g  th e  p la tfo rm  (Figs. 6C-E  an d  7A-C 
an d  E). Sm all sp o n g es a n d  so ft-tissu e  corals a lso  cov er th e  to p  o f  th e  
p la tfo rm  (Figs. 6F an d  7A -C). T he m u ltib e a m  b a th y m e try  sh o w s th a t  
th e  p la tfo rm  occurs o n  th e  tra n s itio n  fro m  a  fla t ( ca. 1 %) to  a s te e p e r  ( ca. 
10%) slop ing  sea  floor (Fig. 6A). This tra n s itio n  is asso c ia ted  w ith  o n e  o f 
th e  m ajo r th ru s t  fau lts in  Rock G arden  (Fig. 2) (B arnes e t  al., 2 0 1 0 -th is  
issue). T he p la tfo rm  location  also  c o rre sp o n d s  to  a  p a tch  o f  h igh - 
b ack sca tte r  se en  in th e  m u ltib e a m -b a c k sc a tte r  d a ta  (Figs. 6B -F). D uring  
ROV-4 an d  TV-G-17 surveys b u b b le  re lease  w as o b se rv ed  a t  tw o  sites 
so u th  o f  th is  p la tfo rm , ju s t  a t  th e  b o rd e r  o f  th e  h ig h -b ack sca tte r  a rea  
(Figs. 6B -F  an d  7E -F). B e tw een  th e se  tw o  ac tive  se ep  sites a n d  close to  a 
Calyptogena sp. shell hash , a  pecu lia r sp o tte d  m ic ro m o rp h o lo g y  is
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Fig. 4. Stills taken during the OFOS video tracks show n in Figs. 2, 3 and 5 as a characterization o f  the sea floor in Rock Garden. A. Authigenic carbonate platform w ith  live 
Bathymodiolus sp. m ussels at LM-3. B. Calyptogena sp. shell hash w ith  som e Bathymodiolus  sp. mussels at the LM-3 site. The darker patch referred to as ‘rain drop site’ is an area w ith  
ampharetid polychaetes (Som m er e t  al., 2010-this issue). C. Coral rubble. D. Chemoherm and bioturbated soft sedim ents. E. Presumed carbonate platform w ith  Calyptogena sp. shells 
and a tubeworm  from the area w est o f the Faure Site. F. Semi-indurated outcrops at the Faure Site. G. Boulders H. Rocky outcrop from the slide scarp w est o f  the Faure Site.
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Fig. 5. A  Sea-floor observations along W -E  o rien ta ted  OFOS-1 track  over the  w este rn  p a r t o f Rock G arden, crossing Faure Site (for location see Fig. 2). B. Sea-floor observations along 
NE-SW  o rien ta ted  OFOS-la track  over the  w este rn  p a r t of Rock Garden, crossing Faure Site (for location see Fig. 2). The crossing p o in t o f th e  tw o trades is indicated  in A and  B.

presen t, re fe rred  to  as ‘ra in  d ro p  s ite ’ ( Figs. 4B an d  6C -F ). T he n a m e  ‘ra in  
d ro p  s i te ’ re fe rs  to  th e  c h a ra c te r is tic  se a -f lo o r a p p e a ra n c e  o f  a 
p o ly ch ae te  b ed  (S o m m er e t  al„ 2 0 1 0 -th is  issue). S am pling  sh o w s th a t  
th e  sea-floo r se d im e n ts  fro m  th is  a rea  a re  d e n se ly  p o p u la te d  by  
a m p h a re tid  p o ly ch ae tes w h ich  fo rm  sm all, c ra te r-lik e  d ep ress io n s  in 
th e  sea  floor. The bu b b le -re lea s in g  seep  site  ob se rv ed  d u rin g  ROV-4 dive 
is located  c lo sest to  th e  p la tfo rm , in b e tw e e n  Calyptogena  sp. shell 
h ashes, an d  consists o f  a  single b u b b le -re lea s in g  o u tle t  (Figs. 6 a n d  7E). 
T he seep  site  o b se rv ed  d u rin g  TV-G-17 su rv ey  is located  fu rth e r  aw a y  
fro m  th e  p la tfo rm  a n d  co n sists  o f  5 d iffe ren t b u b b le -re lea s in g  ou tle ts. 
H ere b u b b les a re  re lease d  from  san d y  se d im e n ts  co v ered  b y  a  sm all 
a m o u n t o f  shell frag m en ts  (Figs. 6 a n d  7F). T hese  o b se rv a tio n s  ag ree  
w ith  th e  g en e ra l p e rcep tio n  th a t  th e  sea  floor fu rth e r  aw a y  from  th e  
p la tfo rm  is covered  w ith  sm a lle r a m o u n ts  o f  shell frag m en ts  ( Calypto­
gena  sp .). A t a b o u t 100 m  from  th e  p la tfo rm , th e  sea  floor also ch anges 
fro m  soft an d  sa n d y  to  h a rd  an d  se d im e n t-s ta rv ed . W ith in  th e  soft sandy  
area , severa l large d ep ress io n s  occur (d m -sca le ), w h ich  clearly  differ 
fro m  th e  sm all ho les (cm -sca le ) g en era lly  a ttr ib u te d  to  b io tu rb a tio n  (see  
d ifference  b e tw e e n  Figs. 4D a n d  7D). T hese large d ep ress io n s  a re  o ften  
acco m p an ied  b y  sm all hills, g iv ing  a  h u m m o ck y  a p p e a ra n c e  to  th e  sea 
floor. No b u b b le  re lease  w as  o b se rv ed  fro m  th e se  d ep ress io n s  a t  LM-3.

4.2.2. Faure Site
Based o n  Faure e t  al. (2 0 0 6 ) an d  th e  s in g le -b eam  se ep  d e te c tio n  

p e rfo rm ed  d u rin g  th e  TAN0607 cru ise  in  2006 , th e  Faure Site w as 
s tu d ie d  d u rin g  th e  ROV-2, ROV-3, ROV-6 a n d  ROV-7 dives. T he firs t d ive

(ROV-2) re su lted  in th e  firs t e v e r  v isual o b se rv a tio n  o fb u b b le -re le a s in g  
seep s a t  th e  H ikurangi M argin  an d  in th e  su b se q u e n t ROV, TV-MUC an d  
lan d e r d ep lo y m e n ts  (Figs. 8 an d  9). The 2 0 ,000  m 2 a rea  su rv ey ed  w ith  
th e  ROV g en era lly  co n sists  o f  b io tu rb a te d  sa n d y  se d im e n ts  a lte rn a tin g  
w ith  stro n g ly  e ro d e d  o u tc ro p s  (Figs. 8B a n d  9A -C ). T hese  o u tc ro p s  
sta n d  a  co u p le  o f  d e c im e te rs  in re lie f an d  a re  se m i-in d u ra ted , w h ich  
m ad e  it im possib le  to  sa m p le  th e m  w ith  th e  ROV's d a w , an d  to 
d e te rm in e  th e ir  n a tu re  (Figs. 9A -B ). Shallow  su bsu rface  p re sen c e  o f  th e  
rock fo rm atio n s w as co n firm ed  b y  th e  ob se rv a tio n s  m a d e  d u rin g  ROV-6, 
w h ich  sh o w ed  th a t  th e  se d im e n t c h am b ers  fro m  b o th  lan d e rs  w e re  on ly  
ab le  to  p e n e tra te  11 cm  in to  th e  se d im e n t causing  b o th  lan d ers  to  be  
tilte d  (Fig. 9D) (Linke e ta l . ,  2 0 1 0 -th is  issue). B ut aga in  no  rock  sam p les 
cou ld  b e  ta k e n  for analysis. T he d ep re ss io n -a n d -h ill m orpho logy , as 
seen  a t  LM-3, is also  v e ry  co m m o n  a t  Faure Site (Fig. 9A -C). Shell 
frag m en ts  (Calyptogena  sp.) a re  n o t w id e sp re a d  b u t a re  a b u n d a n t 
a ro u n d  th e  ac tive  seep  sites ( re d  d o ts  in Fig. 8) an d  in  th e  a rea  w e s t  o f 
th is  site  (Fig. 8C). Sessile fau n a  (corals, sp o n g es) a re  a b u n d a n t ju s t  e a s t 
o f  th e  seep  sites, a t  locations w ith  b o u ld e rs  o r  rock  debris. D uring  all 
th re e  ROV d ives, b u b b le -re lea s in g  se ep s w e re  o b se rv ed  a t  Faure Site. 
The tw o  m a in  seep  areas , ca. 2 0  m  ap a rt, w e re  ch arac te rized  b y  th e  
o ccu rren ce  o f  a m p h a re tid  p o ly ch ae tes ( ‘ra in  d ro p  s ite s’) a n d  Calypto­
gena  sp. shell frag m en ts  (Figs. 8 C a n d  9D -F ). B ubble re lease  occurs from  
d iffe ren tly  sized  d e p re ss io n s  w h ic h  a re  o fte n  a lig n ed  in N W -SE 
d irec tio n ; th e  la rg est d ep ress io n  obse rv ed , w as  50  c m  in d ia m e te r  an d  
15 c m  d e e p  (Figs. 10C -D ). O b servations m a d e  d u rin g  ROV-2 an d  ROV-7 
d e a r ly  sh o w  th a t  th e s e  d ep ress io n s  a re  fo rm ed  b y  th e  o ften  v io len t
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Fig. 6. Sea-floor observation  m aps a t the  LM-3 site. A. M ultibeam  bathym etry  m ap  w ith  th e  ROV, OFOS and TV-G tracks. B. S ed im ent-type d istribution . C. Bathymodiolus  sp. 
d istribution  w ith in  the  fauna d istribu tion  D. Calyptogena sp. shell hash  d istribu tion  w ith in  th e  fauna distribution . E. Lamellibrachia sp. d is tribution  w ith in  th e  fauna distribution .
F. D istribution o f sponges and  soft tissue corals w ith in  th e  fauna d istribution . B-F have m ultibeam  backscatter as background.

re lease  o f  bubb les. T hese  bu b b les e n tra in  se d im e n t partic les, w h ich  th e n  
g e t ca rried  aw a y  b y  th e  w a te r  cu rre n ts , c rea tin g  th e  d ep ress io n s  an d  a 
se d im e n t outfall aw a y  fro m  th e  v e n tin g  ho les (Figs. 9E a n d  10C -D ). No 
ac tive seep s w e re  o b se rv ed  d u rin g  th e  ROV-3 d ive  w ith in  th e  a re a  n ea r  
th e  to p  o f  th e  slide scarp  w h e re  a b u n d a n t flares w e re  o b se rv ed  on  
e c h o so u n d e r  reco rd in g s o b ta in e d  d u rin g  th e  TAN0616 cru ise  in 20 0 6  
(Fig. 2B). N evertheless, th e  sea  floor in  th is  a re a  is ch a rac te rized  b y  th e  
w id e sp re a d  o ccu rren ce  o f  p la tfo rm -lik e  s tru c tu re s  o r  o u tc ro p s  o f

p re su m ab ly  ca rb o n a te  rocks, w h ic h  a re  so m e tim es co v ered  b y  Calyp­
togena  sp. shell frag m en ts  an d  Lamellibrachia sp. tu b e w o rm s (Fig. 4E).

4.2.3. M ethane bubble-release rates
B ased o n  ROV v id eo  obse rv a tio n s , w e  e s tim a te  th e  a m o u n t o f  

m e th a n e  re lease d  b y  b u b b les a t  th e  d iffe ren t seep  sites. A t LM-3, th e  
o b se rv a tio n  t im e  w a s to o  sh o r t to  a p p ro x im a te  th e  size an d  th e  a m o u n t 
o f  th e  re lease d  bubb les. A t Faure Site, 39  d iffe ren t b u b b lin g  se e p s /o u tle ts
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b u b b le s

b u b b le s

Fig. 7. Stills taken  from  ROV-4, ROV-5 and TV-G-17 deploym ents a t  LM-3. A. Side view  of th e  au th igenic carbonate p la tform  surrounded  by a Calyptogena sp. hash. B. Top o f the  
carbonate p la tform  w ith  live Bathymodiolus sp. m ussels. C. Side view  o f th e  ca rbona te  p la tform  w ith  ab u n d an t Lamellibrachia sp. tubew orm s. D. One o f th e  m ultip le depressions/ 
b io turbations observed  a t LM-3. E. Bubbling seep  observed in -be tw een  shell hashes during  ROV-4. F. Bubbling seep  observed  during  TV-G-17.

cou ld  b e  o b se rv ed  in deta il for u p  to  2 0  m in /o b serv a tio n . T hese  seeps 
a re  a rra n g ed  in  th re e  m a in  seep  c lu s te rs  located  in  tw o  seep  a reas  2 0  m  
a p a r t  (red  d o ts  in Figs. 8B-C a n d  10E). D uring  ROV-2 dive, b u bb le  
re lease  w a s ob se rv ed  fro m  13 o u tle ts  in five d e p re ss io n s  ov er a  p erio d  o f  
2 0 '3 9 "  (Fig. 10). D uring  th is  period , b u b b le -re lea se  ra te s  an d  b u bb le  
sizes w e re  h igh ly  variab le  o v e r tim e  an d  space, w ith  p eriods o f  low  
activ ity  (i.e. 16 b u b b les /s  for b u b b les  o f  6 m m  d ia m e te r) , a lte rn a tin g  
w ith  p erio d s o f  v io le n t o u tb u rs t (i.e. u p  to  190 b u b b le s /s  for b u b b les o f  
9  m m  d ia m e te r)  (Fig. 10). In to ta l, six o u tb u rs ts  w e re  obse rv ed , each  
s ta rtin g  v io len tly  an d  d im in ish in g  a fte r  4 3  to  89  s (Fig. 10). Periods 
b e tw e e n  th e  o u tb u rs ts  v a ried  fro m  125 to  159 s. D uring  o n e  o f  th e  
o u tb u rs ts  se en  in  th e  ROV-2 d ive  ( la s tin g  4 3  s w ith  b u b b les  o f  9  m m  
d ia m e te r ) ,  a n  in  s i tu  flo w  ra te  o f  2 .4 2 4 1/m in w a s  e s t im a te d , 
c o rre sp o n d in g  to  a  m o le  flow  ra te  o f  7 .019 m ol o f  m e th a n e /m in , for in 
s itu  co n d itio n s o f  7 °C an d  67.45 b a r  (Fig. 10). D uring  th e  fo llow ing 
p erio d  o f  low  activ ity  (6  m m  bu b b le ), th e  flow  ra te  w as 0 .163 1/min, 
c o rre sp o n d in g  to  0 .473 m ol o f  m e th a n e /m in . D uring  th e  ROV-6 dive, th e

la tte r  seep  c lu s te r  a t  Faure Site w as  rev isited , i.e. so u th e rn  seep  a re a  n e a r  
FLUFO-4 (Figs. 8 a n d  9 ). H ow ever, no  o u tb u rs ts  w e re  o b se rv ed  d u rin g  
th is  d ive, on ly  ch an g es  in b u b b le -re lea se  ra te s  a n d  p a tte rn s  o v e r a 
p erio d  o f  1 6 '54" (Fig. 10 ROV-6B an d  ROV-6B'). W ith in  th is  period , 
b u b b le  ra te s  w e re  c o n s ta n t for a t  lea s t 9 '2 6 "  a t  ca. 5 Hz ( tw o  o u tle ts), 
ch an g in g  to  ca. 22  Hz for 6 '1 4 "  ( th re e  o u tle ts ) , b e fo re  re tu rn in g  to  5 Hz 
(o n e  o u tle t) . W ith in  th e  so u th e rn  seep  a rea  a  n e w  seep  cluster, 
consistin g  o f  th re e  o u tle ts , w as found  5 m  n o r th  o f  th e  p rev io u s c lu s te r 
w h ich  w as  bub b lin g  co n s ta n tly  d u rin g  th e  2 2 '5 7 "  o f  o b se rv a tio n  (Figs. 8, 
9D an d  10 ROV-6A). D uring  ROV-7, m o re  th a n  23  bub b lin g  se ep s w e re  
o b se rv ed  in o n e  seep  clu s te r, w h ic h  c o n s titu te d  a  n e w  seep  a re a  2 0  m  to 
th e  n o r th  o f  th e  seep  a re a  o b se rv ed  d u rin g  ROV-2 an d  ROV-6 (Fig. 10E). 
D uring  a  THP s e d im e n t- te m p e ra tu re  m e a su re m e n t a t  a  ‘ra in  d ro p  s ite ’, 
no  b u b b le s  w e re  o b se rv ed  d u rin g  5 '24". H ereafte r b u b b le  re lease  s ta rte d  
an d  in ten sified  from  o n e  o u tle t to  o v e r 23  o u tle ts  w ith  increasin g  b u b b le  
ra te s  an d  sizes (Figs. 9E-F, 10 ROV-7A an d  ROV-7A'). O verall b u b b le  
re lease  from  sing le  o u tle ts  d isp lay ed  a  v a rie ty  o f  p a tte rn s , fro m  co n s ta n t
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Fig. 8. Sea-floor observation maps at Faure Site w ith  multibeam bathymetry (A and C) or backscatter (B) as background. A. Overview o f  the BIGO-04 and FLUFO-04 lander positions 
and ROV, OFOS and TV-MUC tracks. B. Sedim ent-type distribution. C. Fauna distribution.
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b u b b l e s

S e d im e n t  outfall

Fig. 9. Stills taken  from  ROV deploym ents a t Faure Site. A  Side view  of a s trongly  eroded  outcrop. B. C lose-up o f th e  transition  b etw een  th e  b io tu rbated  sandy sed im ents and  the  
ou tc rop  show n in panel A. C. B ioturbated sandy sed im ents w ith  depression-h ill m orphology. D. BIGO-04 lan d er visited during  ROV-6 dive w ith  in  fron t bubble-releasing  seeps. 
E. A lignm ent o f bubble-releasing  ou tlets  a t a 'ra in  drop  site ’. F. B ottom -w ater sam pling  a t one o f th e  active seeps seen  in pane l E.

sin g le -b u b b le  tra in s  o v e r d u a l o r  tr ip le  b u b b le  release , to  m u ltip le  
b u b b le  re lease  d u rin g  o u tb u rs ts . T he b u b b le  p a tte rn s  n o t on ly  ch an g ed  
d u rin g  th e  p erio d  o f  o b se rv a tio n , b u t  cou ld  b e  d iffe ren t for tw o  o u tle ts  in 
th e  sa m e  c lu s te r, e v e n  if th e  o u tle ts  w e re  on ly  a  few  c e n tim e te rs  apart.

4.3. Thermal m easurem ents

B o tto m -w a te r  a n d  s e d im e n t te m p e ra tu re  m e a s u re m e n ts  w e re  
perfo rm ed  w ith  a  R O V -m ounted CTD an d  THP senso r du ring  th e  ROV-5, 
ROV-6 an d  ROV-7 dives. A t Faure Site, d u rin g  ROV-6 an d  ROV-7, 
te m p e ra tu re s  a t  th e  sea floor fluc tuated  b e tw e e n  6 .814 °C an d  6 .909 °C 
a n d  b e tw e e n  7.170 °C an d  7.120 °C, respectively, for w a te r  d e p th s  o f  ca. 
663 m  (ROV d e p th  a t  th e  sea floor). A t LM-3, te m p e ra tu re s  ranged  from  
6.437 °C to  6.598 °C a tc a .9 1 5  m  w a te r  d e p th  (ROV d e p th  a t  th e  sea floor). 
T hese te m p e ra tu re  fluctuations w e re  lo n g -te rm  (i.e. 0 .5 -1 .5 h )  and  
ap p eared  to  b e  u n re la ted  to  th e  location  a n d /o r  m o v em en t o f  th e  ROV 
(Fig. 11). M oreover, th e re  w as little o r  no d ifference b e tw e e n  th e  b o tto m -

w a te r  te m p e ra tu re s  m easu red  w ith  th e  CTD an d  th e  se d im e n t te m p e ra ­
tu re s  m easu red  w ith  th e  THP senso r (Fig. 11). It w as on ly  du ring  ROV-5 
dive, a t  a  ‘ra in  d ro p  site ’ a t  LM-3, th a t  a  negative se d im e n t-te m p e ra tu re  
an o m aly  o f ca. 0.05 °C w as m easu red  in com parison  w ith  n ea r-b o tto m  
w a te r  te m p e ra tu re  reco rded  w ith  th e  CTD (Fig. 11). This difference in 
te m p e ra tu re  is m u ch  larger th a n  th e  CTD's an d  THP's accuracies, 0.002 °C 
an d  0.007 °C respectively.

5. Discussion

5.1. Differences in seep  environm ent: diffusive versus bubble-released  
m ethane

B ased o n  o u r  v isu a l o b se rv a tio n s , F aure  S ite a n d  LM-3 se e m  to  
p o r tra y  d if fe re n t se ep  e n v iro n m e n ts  an d  d is tin c t p a s t /c u r re n t  seep  
ac tiv ity ; n e v e r th e le s s  th e y  also  b e a r  so m e  re se m b la n c e s . B oth seep  
a re a s  a re  local fea tu re s , w h e re  b u b b le  re le a se  o ccu rs in b io tu rb a te d
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Fig. 10. A. Bubble-release ra tes  a t  Faure Site observed  during  th e  diffe ren t ROV dives. H ie  assum ed  bubble size is also ind icated  be tw een  brackets. B. Flow rates and  m ole flow  rates 
e s tim ated  for m e th an e  bubbles and  based  on bubble sizes an d  release ra tes  given in  pane l A. Flow ra te  an d  m ole flow  ra te  (fo r m e thane) based  on th e  bubble sizes an d  re lease  rates 
g iven in  A. D uring ROV-2 dive, bubbles sizes w ere  ca. 9  m m  an d  6 m m , during  th e  ou tbu rs ts  and  th e  regu lar periods respectively. C. Still from  ROV-2 during  an  o u tb u rs t  D. Still from  
ROV-2 during  a  regu lar period . E. Schem atic m ap  show ing  th e  dive tracks, seep  locations (red  do ts) an d  th e  locations o f  seep  observation.

sa n d y  se d im e n ts  co v e red  by  d e a d  Calyptogena  sp . she lls , a n d  b o th  a re  th e  LM-3 s tro n g ly  d iffers fro m  th e  rocky  e n v iro n m e n t g en e ra lly
a sso c ia te d  w ith  a m p h a re tid  p o ly c h a e te s  n e a r  th e  b u b b le -re le a s in g  o b se rv e d  in th e  N o rth e rn  Rock G ard en  a rea , w h e re a s  F aure S ite ra th e r
lo ca tio n s (S o m m e r e t  al., 2 0 1 0 - th is  issu e) (Figs. 3 - 1 1 ). T he seaflo o r a t  b le n d s  in w ith  th e  W e s te rn  Rock G ard en  su r ro u n d in g s  (Figs. 3 a n d  5 ).



L. Naudts e t al. /  Marine Geology 272  (2010) 233 -250 245

THP-temperature: in sedim ent
THP-temperature: in water
CTD-temperature
ROV-depth
CTD'depth

Fig. 11. B ottom -w ater and  sed im en t tem p era tu re  m easured  during  ROV-5 a t LM-3. Stills A to F show  th e  d ifferent locations w here  sed im en t tem pera tu res  w ere  m easured  w ith  the  
ROV-m ounted TF1P sensor. A-A'. Top o f th e  platform , in a live Bathymodiolus sp.bed. B. Sandy sea floor w ith  Calyptogena sp. shell fragm ents. C. D epression w ith  a dep th  o f ca. 20 cm. 
D. Dark reduced  sed im en t on a hill feature. E. Calyptogena sp. shell hash  F. A ‘Rain d rop  site ’ w ith  am phare tid  polychaetes (Som m er e t a l , 2010-th is issue). This location was 
characterized  by a negative sed im en t-tem p era tu re  anom aly (see g raph  Fig. 11 ).

T he m a jo r  d iffe ren ces  b e tw e e n  b o th  se ep  e n v iro n m e n ts  a re :

— th e  p re se n c e  o f  a  re la tiv e ly  larg e  (1 0 0  m 2) p la tfo rm -lik e  s tru c tu re  
co m p o se d  o f  m e th a n e -d e r iv e d  c a rb o n a te  (C am p b ell e t  al., 2 0 1 0 - 
th is  is su e )  a s so c ia te d  w ith  live m e th a n e - re la te d  m e g a fa u n a  
(Bathym odiolus  sp. m u sse ls  a n d  Lamellibrachia sp. tu b e w o rm s)  
a n d  se e m in g ly  m a rg in a l b u b b le  re le a se  a t  LM-3 (Figs. 3, 6 a n d  7);

— a  v e ry  p ro m in e n t b u b b le  re lease , th e  a b se n c e  o f  live m e th a n e -  
re la te d  m e g a fa u n a  a n d  th e  p re se n c e  o f  s e m i- in d u ra te d  a n d  
s tro n g ly  b io tu rb a te d /e ro d e d  o u tc ro p s  a t  F aure  Site (Figs. 5, 8 a n d  
9).

Based o n  th e s e  o b se rv a tio n s , w e  su g g e s t th a t  th e  d iffe ren ces  
o b se rv e d  b e tw e e n  th e  tw o  se ep  e n v iro n m e n ts  re su lt  fro m  d iffe re n t 
m e th a n e  re le a se  m e c h a n ism s: d iffusive a t  LM-3 a n d  m a in ly  by  b u b b le  
re le a se  a t  F aure  Site.

The strong  diffusive m e th a n e  su pp ly  a t  LM-3 is c lear from  th e  
p resen ce  o f  Bathymodiolus sp. m ussels an d  Lamellibrachia sp. tu b ew o rm s, 
w h ich  a re  sym b io n t-b earin g  m egafauna th a t  s trong ly  d e p e n d  o n  a  supp ly  
o f  d isso lved  m e th a n e  o r  re la ted  su lfide (Brooks e t  al., 1987; Cary e t  al., 
1988; V an D over e t  al., 2003; Olu-Le Roy e t  al„ 2004; G ay e t  al„ 2006; 
T h u rb er e t  al„ 2 0 1 0 -th is  issue). As th is  m egafauna is located  on  a 
p latfo rm -like stru c tu re  o f  m e th an e -d e riv e d  carbonate , w h ich  resu lts 
from  anaero b ic  ox idation  o f  d issolved m e th a n e  (AOM) (Cam pbell e t  al„ 
201 0 -th is  issue), a  long-te rm , strong, diffusive in p u t o f  m e th a n e  in to  th e  
sea-floor se d im e n ts  a t  LM-3 can  be  in ferred  ( H ovland e t  al„ 1985 ; Pauli e t  
al„ 1992; P eckm ann  e t  al„ 2001 ; O range e t  al„ 2002; G re in ert e t  al„ 2002a; 
Jo h n so n  e t  al„ 2003; Pape e t  al„ 2005; M azzini e t  al„ 2006; Ju d d  an d  
H ovland, 2007). This in ference  is su s ta in ed  by  th e  v e ry  h igh  m e th a n e  
co n cen tra tio n s o f  16,542 nM, m easu red  in w a te r  sam ples co llected  by  th e  
ROV ca. 50 cm  above a  field o f  live Bathymodiolus sp. m ussels a t  th e  to p  o f 
th e  ca rb o n a te  p la tfo rm  (Faure e t  al„ 2 0 1 0 -th is  issue). The concen tric
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a rra n g e m e n t o f  th e  d iffe ren t hab ita ts  in th is  seep  site, w ith  h igh  m e th an e  
co n c e n tra tio n  a n d  m e th a n e -d e p e n d in g  m eg afau n a  su rro u n d e d  by  
su lf ide-depend ing  m egafauna, is v e ry  sim ilar to  seep  areas o b served  in 
e.g. th e  Low er Congo Basin (Fig. 6) (G ay e t  al., 2006).

A t F aure Site, v isu a l o b se rv a tio n s  hav e  sh o w n  th a t  b u b b le  re lease  
is th e  d o m in a n t, a lb e it  h ig h ly  v a riab le , m e th a n e - re le a s in g  p rocess. 
T he a b se n c e  o f  fre sh  a u th ig e n ic  c a rb o n a te  s tru c tu re s  w ith  live, 
m e th a n e - re la te d  m e g a fa u n a  also  p o in ts  to  a  b u b b le -re le a se -c o n -  
tro lle d  flu id  sy s te m  w ith  v e ry  lim ite d  d iffusive  m e th a n e  v e n tin g . The 
d o m in a n c e  o f  th e  b u b b le - tra n s p o r t  m e c h a n is m  is fu r th e r  su s ta in e d  by  
h ig h  d isso lv ed  m e th a n e  c o n c e n tra tio n s  (u p  to  3 5 0 0  nM ) ta k e n  a t  ca. 
10 m  ab o v e  th e  sea floor (F a u re  e t  al., 2 0 1 0 - th is  issu e). T h ese  a re  th e  
h ig h e s t c o n c e n tra tio n s  for all w a te r  sa m p le s  ta k e n  fro m  CTD cas ts  a t  
th e  H iku rang i M arg in . T hese  h ig h  m e th a n e  c o n c e n tra tio n s  so h ig h  in 
th e  w a te r  c o lu m n  can  o n ly  b e  ach ie v e d  th ro u g h  m e th a n e  b u b b le  
re lease , as d isso lv ed  m e th a n e  w o u ld  m o s t like ly  b e  c o n su m e d  v e ry  
effec tiv e ly  in  th e  sh a llo w  se a -f lo o r se d im e n ts  a n d  b o tto m  w a te rs  by  
a n a e ro b ic  a n d  a e ro b ic  o x id a tio n  (B oetiu s e t  al., 2 0 0 0 ; B oe tiu s an d  
Suess, 2 0 0 4 ; S o m m e r e t  al., 2 0 0 6  a n d  2 0 1 0 - th is  issu e).

The p resen ce  o f  such  a  ‘b en th ic  filte r’ for th e  tran sfe r  o f  d isso lved 
m e th a n e  from  th e  se d im e n ts  a n d  b o tto m  w a te rs  to  th e  w a te r  co lu m n  is 
v e ry  clear a t  LM-3. It exp la ins th e  d isc rep an cy  b e tw e e n  th e  v e ry  h igh  
m e th a n e  co n cen tra tio n s  o f  16,542 nM, o b ta in ed  from  w a te r  sam ples 
co llected  b y  th e  ROV ju s t  above th e  sea  floor an d  th e  ‘lo w ’ m e th a n e  
co n cen tra tio n  o f  m ax im u m  9 0  nM , m easu red  in w a te r  sam ples tak en  
d u rin g  CTD casts on ly  a  few  m e te rs  above th e  sea  floor ( Faure e t  al., 2010- 
th is  issue). This p a tte rn  again  ind ica tes th a t  m e th a n e  re lease  a t  LM-3 is 
m ain ly  diffusive a n d  re lease  o f  m e th a n e  by  b ubb les is ra th e r  insignificant.

T he d iscussed  d ifference  in ty p e  o f  m e th a n e  re lease  b e tw e e n  LM-3 
an d  Faure Site, diffusive- v e rsu s  b u b b le -re lea sed  m e th a n e  respectively, 
does n o t se em  to  in fluence  th e  p resen c e  o f  am p h a re tid  po lychaetes ( ‘rain  
d ro p  sites’) an d  su b e ritid  sponges, w h ich  a re  live, se ep -re la ted  fauna 
found  a t  b o th  seep  sites (C am pbell e t  al., 2 0 1 0 -th is  issue; S om m er e t  al., 
2 0 1 0 -th is  issue; T h u rb er e t  al., 2 0 1 0 -th is  issue). The h e te ro tro p h ic  
po lychaetes m ain ly  d e p e n d  o n  aerob ic  o x id a tio n  o f  m e th a n e  (AeOM) 
an d  do  n o t se em  to  d e p e n d  o n  s tro n g  AOM. The a m p h a re tid  po lychaete  
bed s to g e th e r  w ith  th e  su b e ritid  sponges se em  to  ac t as eco sy stem  
eng ineers, w h ich  facilita te th e  tran s itio n  from  a  so ft s e d im e n t e n v iro n ­
m e n t w ith  m ain ly  b ubb le  re lease  to  a  h a rd  su b s tra te  seep  e n v iro n m e n t 
w ith  associa ted  fauna w h e re  AOM an d  diffusive m e th a n e  tra n sp o r t 
prevail (S o m m er e t  al., 2 0 1 0 -th is  issue; T h u rb er e t  al., 2 0 1 0 -th is  issue).

T he tr a n sp o r t  b y  large a m o u n ts  o f  d e e p -d e r iv e d  flu ids seem s 
neglig ib le  a t  b o th  sites since th e  se d im e n t te m p e ra tu re s  m e a su re m e n ts  
w e re  a lw ay s co m p arab le  w ith  th e  n e a r -b o tto m  w a te r  te m p e ra tu re s . At 
o n e  ‘ra in  d ro p  s ite ’ a t  LM-3, a  neg a tiv e  se d im e n t te m p e ra tu re  a n o m aly  
w as m easu red . C older se d im e n t te m p e ra tu re  in co m p ariso n  w ith  th e  
n e a r -b o tto m  w a te r  te m p e ra tu re  is o p p o site  to  w h a t is e x p ec ted  a t  
seep ag e  sites. T he n eg a tiv e  te m p e ra tu re  an o m aly  can  b e  ex p la in ed  as a 
r e m n a n t o f  cold w a te r  in filtra tio n  in d u ced  b y  ea rlie r  gas b u b b le  re lease  
th ro u g h  a  p rocess o f  recharge , as d iscu ssed  b y  P o o rt e t  al. (2 0 0 7 ). This 
could  b e  p lausib le, since  n e a r -b o tto m  w a te r  te m p e ra tu re s  w e re  in d eed  
sim ilar o r  co lder in co m p ariso n  to  th e  an o m alo u s  se d im e n t te m p e ra tu re  
m e a s u re m e n ts ,  ca. 4 0  m in  b e fo re  th e  a n o m a lo u s  m e a s u re m e n t  
(Fig. 11). The fact th a t  th is  te m p e ra tu re  an o m aly  w as o b se rv ed  a t  a 
‘ra in  d ro p  s ite ’ (a n d  n o t in  n e a rb y  m e a su re m e n ts )  suggests a  re la tio n  
w ith  th is  specific h a b ita t (Fig. 11) (S o m m er e t  al., 2 0 1 0 -th is  issue). 
H ow ever, no  te m p e ra tu re  an o m alie s  w e re  o b se rv ed  a t  o th e r  ‘ra in  d ro p  
s ite s’ a t  Faure Site d u rin g  ROV-6 an d  ROV-7. It is u n c le a r  w h e th e r  th e  
ab sen ce  o f  such  a  neg a tiv e  s e d im e n t- te m p e ra tu re  an o m aly  a t  th e  ‘rain  
d ro p  s ite s’ a t  Faure Site cou ld  be  re la te d  to  d ifferences in  bu b b le -re lea se  
ra te s  in co m p ariso n  w ith  LM-3.

5.2. Tem poral variations in bubble-release activ ity

P rev io u s s tu d ie s  o f  b u b b le -re le a se  ac tiv ity  in  se e p  a re a s  hav e  
sh o w n  th a t  b u b b le  re le a se  is h ig h ly  v a riab le , b o th  in  sp a ce  a n d  in  tim e

(T able 1) (G re in e rt e t  al., in  rev iew ; T o rres e t  al., 2 0 0 2 ; Leifer a n d  
M acD onald , 2 0 0 3 ; S a u te r  e t  al., 2 0 0 6 ; G re in e r t e t  al., 2 0 0 6 ; N ikolovska 
e t  al., 2 0 0 8 ). O ur ROV o b se rv a tio n s  a t  th e  H iku rang i M arg in  co n firm  
th is  g e n e ra l o b se rv a tio n . D uring  th e  th re e  ROV d iv es a t  F aure  Site, 
b u b b le  re le a se  fro m  th re e  se ep  c lu s te rs  w a s  v isu a lly  m o n ito re d  o v e r  a 
to ta l t im e  o f  8 0 '3 1  ", E stim a ted  b u b b le  ra te s  fro m  sin g le  o u tle ts  ra n g e d  
fro m  5 to  190  b u b b le s /s  w ith  b u b b le  sizes ra n g in g  fro m  5 m m  to  o v e r 
15 m m . This re su lts  in  a v e ra g e  flow  ra te s  o f  0 .0 1 8  to  2 .4241  o f  
m e th a n e /m in , w h ic h  c o rre sp o n d s  to  m o le  flow  ra te s  o f  0 .053  to
7 .0 1 9  m o l/m in  a t  in  s itu  c o n d itio n s  o f  7 °C a n d  67.45 b a r  (Table 1). 
T h ese  v a lu es  a re  c o m p a ra b le  to  p u b lish e d  d a ta  fro m  o th e r  se ep s 
a ro u n d  th e  w o rld  (T ab le 1), a lth o u g h  o u r  b u b b le -s iz e  e s tim a tio n s  
w e re  o n ly  b a se d  o n  ROV v id eo  foo tage . C o m p ared  to  th e s e  o th e r  sites, 
th e  v e n t  s ite  m o n ito re d  d u r in g  ROV-2, ROV-6B a n d  ROV-6B' d iv es a t  
F aure  S ite can  b e  re g a rd e d  as th e  m o s t  v a r ia b le  o n e , p o r tra y in g  fluxes 
th a t  d iffe r u p  to  tw o  o rd e rs  o f  m a g n itu d e . T he d iffe ren ces  in  seep  
ac tiv ity  fo r se ep  sites  e lse w h e re , as sh o w n  in  T able 1 , a re  re la te d  to  
o b se rv a tio n s  o f  se v e ra l se ep  c lu s te rs /s ite s  o r  a re  e s tim a tio n  b o u n d ­
aries . T he ch a n g in g  b u b b le -re le a se  ac tiv ity  se e n  d u r in g  ROV-2 d ive  
c a n  b e  a t tr ib u te d  to  d if fe re n t c o n tro ls  o v e r d if fe re n t t im e  scales, fro m  
se co n d s  to  days. W e suggest, t h a t  th e  lo n g - te rm  ch an g es  in  b u b b le -  
re le a se  activ ity , i.e. f ro m  p e r io d s  w ith o u t  o u tb u rs t  (e.g. ROV-6B an d  
ROV-6B') to  p e r io d s  w ith  o u tb u rs ts  (ROV-2 d iv e ) , a re  p ro b ab ly  
re la te d  to  e x te rn a l p re s s u re  c h a n g e s  (e.g. tid e s  a n d  c h a n g e s  in c u r re n t  
d ire c tio n s)  (L inke e t  al., 2 0 1 0 - th is  issue; Boles e t  al., 2 001 ; T o rres e t  
al., 2 0 0 2 ; N ew m a n  e t  al., 2 0 0 8 ). L inke e t  al. (2 0 1 0 -th is  issue) co n firm s 
th e  c o rre la tio n  b e tw e e n  flare  o b se rv a tio n s  a n d  tid e s  a t  th e  H ikurang i 
M arg in . For th e  s h o r t - te rm  c h a n g e s  (e .g . a l te rn a t io n  b e tw e e n  
o u tb u rs t  a n d  lo w  ac tiv ity  as se e n  d u r in g  th e  ROV-2 d iv e) w e  su g g e st 
a n  re la tio n sh ip  to  in te rn a l p re s s u re  c h a n g e s  d u r in g  th e  filling o f  a 
sh a llo w  su b su rfa c e  re se rv o ir  th a t  c re a te s  a n  o v e rp re ssu re  s itu a tio n  
lead in g  to  th e  o b se rv e d  o u tb u rs ts  (Leifer e t  al., 2 0 0 4 ). T he o u tb u rs ts  
d e p re ss u riz e  th e  se ep  sy s tem , so th e  p re ss u re /re s e rv o ir  ca n  bu ild /fill 
u p  again . T he re g u la rity  o f  th e  o u tb u rs ts /b u b b le  re le a se  in d ica te s  th a t  
o v e r  a  c e r ta in  t im e  th e  se ep  sy s te m  ( in te rn a l c o n fig u ra tio n , e x te rn a l 
p re s s u re  a n d  gas su p p ly )  d o es  n o t ch an g e . C hanges in  b u b b le -re le a se  
r a te s  (R O V -6B to  ROV-6B') a n d  b u b b le  sizes (R O V -7A to ROV-7A') a re  
p ro b a b ly  cau se d  b y  c h a n g e s  in  gas supp ly , ra th e r  th a n  p re ssu re  
c h a n g e s  (Leifer e t  al., 2 0 0 4 ). B ased o n  o u r  o b se rv a tio n s , w e  co u ld  n o t 
su b s ta n tia te  w h e th e r  th e  th re e  se ep  c lu s te rs  o b se rv e d  a t  Faure Site 
b e lo n g  to  o n e  gas re se rv o ir  o r  a re  tw o  o r  th r e e  se p a ra te d  sy s tem s. 
C h a n g e s  in  th e  o u t le t  g e o m e try , like  th e  o b s e rv e d  p o c k m a rk  
fo rm a tio n , cou ld  also  a ffe c t b u b b le  sizes a n d  re le a se  ra te s , b u t  th is  
co u ld  n o t  b e  c o n firm e d  o r  d isp ro v e d  b y  o u r  o b se rv a tio n s . W h e th e r  
th e  d e p re ss io n -a n d -h ill  m o rp h o lo g y , as se e n  a t  b o th  Faure S ite a n d  
LM-3, re su lts  in  all cases fro m  b u b b le  re le a se  is d o u b tfu l (Figs. 7D 
a n d  9C). In m o s t  cases, th e y  a re  p ro b a b ly  b u r ro w s  m a d e  b y  c rab s o r 
fish  (G erino  e t  al., 1995).

5.3. An in tegrative seep  m odel

T he d if fe re n t a sp e c ts  o f  F aure  Site a n d  LM-3 p ro b ab ly  re su lts  fro m  
d if fe re n t m e th a n e  re le a se  m e c h a n ism s; b u b b les  v e rsu s  d iffusive  fluid 
flow  re sp e c tiv e ly  (se e  S ection  5 .1). To e x p la in  w h a t  c au ses  th e s e  
d iffe ren ces  in  gas re lease , w e  p ro p o se  a n  in te g ra tiv e  m odel, tak in g  
in to  a c c o u n t th e  w a te r  d e p th , th e  d e p th  o f  th e  BGHSZ a n d  th e  
o b se rv e d  se a -f lo o r fe a tu re s  (m o rp h o lo g y , fauna, a u th ig e n ic  c a rb o ­
n a te s , b u b b le  re lease , e tc .) (Fig. 12).

T he s tro n g  b u b b le  re le a se  a n d  th e  o b se rv e d  se ep  e n v iro n m e n t a t  
F aure  Site is a  re su lt  o f  w a te r  d e p th  (6 5 9  m ) a n d  th e  re la te d  sh a llo w  
su b su rface  d e p th  o f  th e  BGHSZ/BSR ( < 3 5  m ) (Fig. 2 c - c ') .  H igh gas 
c o n c e n tra tio n s  p re s e n t  b e lo w  th e  sh a llo w  BGHSZ a llo w  gas (free  a n d  
d isso lv ed ) to  m ig ra te  to w a rd s  th e  se a -f lo o r su rface  ra th e r  easily , 
re su ltin g  in  th e  o b se rv e d  gas v e n tin g  (Figs. 2 c - c ' a n d  12). C ru tch ley  
e t  al. (2 0 1 0 -th is  issu e) su g g e sts  th a t  gas m ig ra te s  a lo n g  re la tiv e ly  
p e rm e a b le  s e d im e n ta ry  lay e rs  (Fig. 12). F ree gas is a s su m e d  to  b e  ab le
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Table 1
Overview o f average bubble-release rates, flow rates and m ole flow rates (CH4) o f seeps observed at Rock Garden (this study) in comparison with published data from seeps around 
the world. Values in betw een brackets are calculated based on provided data and where needed, the SiBu-GUI was used to calculate (m ole) flow rates (Greinert and McGinnis, 2009).

Location Seep cluster Bubble-release rate Bubble size Flow rate per outlet Mole flow  rate per outlet Outlets

(Hz) (m m ) (1/min) (m ol/m in)

Pacific Ocean 
Rock Garden 
Faure Site

ROV-2 24 6 0.163 0.473 7

Pacific Ocean 
Rock Garden 
Faure Site

ROV-2 106 9 2.424 7.019 13

Pacific Ocean 
Rock Garden 
Faure Site

ROV-6A 20 5 0.078 0.227 3

Pacific Ocean 
Rock Garden 
Faure Site

ROV-6B 5 5 0.018 0.053 1

Pacific Ocean 
Rock Garden 
Faure Site

ROV-6B' 22 5 0.084 0.242 2

Pacific Ocean 
Rock Garden 
Faure Site

ROV-7A 32 5 0.125 0.361 > 2 3

Pacific Ocean 
Rock Garden 
Faure Site

ROV-7A' 20 15 2.152 6.232 > 2 3

Black Sea,
Dnepr paleo delta  
(Greinert e t  al., in review)

Shelf 36 2 -1 6 0 .033-0 .0864 0.03 2709

Black Sea,
Kobuleti Ridge 
(Nikolovska et al., 2008)

Batumi seep Not stated 2 -5 0.01-5 .5 0 .037-20 .5 10

Gulf o f  Mexico 
(Leifer and MacDonald, 2003)

Bush Hill Not stated 1 -2 0 0.213-1 .32 0 .453-3 .192 2

Atlantic Ocean 
Hákon M osby Mud Volcano 
(Sauter e t  al., 2006)

North o f  Center (558) 1 -1 0 (0 .64-2 .85) 4 .8 -21 .6 3

Pacific Ocean 
Hydrate Ridge 
(Torres et al., 2002)

Northern sum m it Not stated N ot stated 1 -5 (2 .616-13 .079) 10

to  m ig ra te  in th e  GHSZ a lo n g  g a s -h y d ra te -c o a te d  v e in s  th a t  p re v e n t  
a d d itio n a l h y d ra te  fo rm a tio n  d u e  to  lim ita tio n  o f  w a te r  av a ilab ility  
(P e c h e r  e t  al„ 2 0 1 0 - th is  issu e ). T he m ig ra tio n  o f  w a rm e r  o r  sa lin e  
flu id s w ill a lso  favor free  gas t r a n s p o r t  w ith in  th e  GHSZ (G in sb u rg  a n d  
Soloviev, 1997; W o o d  e t  al„ 2 0 0 2 ; Liu a n d  F lem ings, 2 0 0 6 ). H ow ever, 
o u r  o b se rv a tio n s  a n d  m e a s u re m e n ts  (CTD a n d  THP) d o  n o t p o in t to  
m ig ra tio n  o f  w a rm e r  o r  sa lin e  flu ids to  th e  sea  floor. F u rth e rm o re , sa lt 
lay ers  in  th e  su b su rface  o f  Rock G ard en  a re  un like ly .

LM-3 is lo ca ted  a t  a  g re a te r  d e p th  o f  9 0 8  m . T o g e th e r  w ith  th e  
p rev a ilin g  te m p e ra tu re , th is  s itu a tio n  re su lts  in a  d e e p e r  su b su rface  
d e p th  o f  th e  BGH SZ/BSRofca. 3 0 0  m  (Figs. 2 a - a ' a n d  12) (C ru tch ley  e t  
al„ 2 0 1 0 - th is  issu e). T h e re fo re  a  se e m in g ly  d ire c t  su p p ly  o f  free  gas 
fro m  b e n e a th  th e  BGHSZ to w a rd s  th e  sea  floor, as su g g e ste d  fo r Faure 
Site, is s ig n ifican tly  less likely. T he free  gas c lo se  to  th e  sea  floor w a s  
se ism ica lly  d e te c te d  in  th e  GHSZ a n d  is im ag ed  as b e in g  ‘sp re a d  o u t ’ 
(C ru tch ley  e t  al„ 2 0 1 0 - th is  issu e). This p a t te rn  p o in ts  to  a  le sse r  a n d  
n o t so in te n se  focusing  o f  th e  g a s -c h a rg e d  fluids, a n d  th u s  re su lts  in  a 
m o re  d iffu s iv e  m e th a n e  re le a se  a t  th e  se a b e d  a s so c ia te d  w ith  
a u th ig e n ic  c a rb o n a te s , s e e p -re la te d  fau n a  a n d  m o d e s t  b u b b le  re lease  
a t  LM-3. T he m o d e s t b u b b le  re le a se  a t  LM-3 d o es  n o t  c o u n te r  th is  
p ro p o se d  m odel. T he e n h a n c e d  p re c ip ita tio n  o f  m e th a n e -d e r iv e d  
c a rb o n a te s  a s so c ia te d  w ith  AOM lead s to  b o th  se lf-sea lin g  o f  th e  LM-3 
se ep  s ite  a n d  to  m e th a n e  a c c u m u la tio n  u n d e rn e a th . W h e n  gas 
c o n c e n tra t io n s  in c re a se  a n d  re a c h  s u p e rs a tu ra tio n , b u b b le s  can  
fo rm  a n d  b e  re le a se d  in to  th e  w a te r  c o lu m n  (B o u d re a u  e t  al„ 2 0 0 1 ). 
T he m e th a n e -d r iv e n  c a rb o n a te  c e m e n ta tio n  a t  th e  seaflo o r cau ses 
re lo c a tio n  o f  th e  a c tu a l b u b b le -re le a s in g  sites  (H ov lan d , 2 0 0 2 ; N au d ts  
e t  al„ 2 0 0 8 ). This is in d ic a te d  b y  th e  o b se rv e d  lo ca tio n s  o f  th e  b u b b le

re le a se  fro m  sa n d y  se d im e n ts  a w a y  fro m  th e  c a rb o n a te  p la tfo rm , ju s t  
a t  th e  b o rd e r  o f  th e  h ig h -b a c k sc a tte r  a re a  (Fig. 6 ). T he se lf-sea lin g  
p ro cess  is n o t  c o m p le te , sin ce  a  live m e th a n e - re la te d  m e g a fa u n a  is 
still p re se n t  o n  th e  c a rb o n a te  p la tfo rm , a n d  h ig h  m e th a n e  c o n c e n tra ­
tio n s  w e re  m e a su re d  ju s t  a b o v e  th is  s ite . N ev e rth e le ss , th e  se lf­
sea lin g  is a lre a d y  a t  a n  a d v a n c e d  stage , e x p la in in g  th e  a b se n c e  o f  live 
Calyptogena  sp. T he larg e  a m o u n t  o f  d isa rtic u la te d  Calyptogena  sp. 
sh e lls  a n d  th e  fo rm a tio n  o f  th e  e x te n s iv e  c a rb o n a te  p la tfo rm  
(1 0 0  m 2), h o w ev er, do  in d ica te  th a t  d isso lv ed  m e th a n e  su p p ly  w as 
h ig h  in th e  p a s t a n d  AOM w a s im p o r ta n t  d u r in g  a n  e a r ly  s ta g e  o f  th e  
se lf-sea lin g  p ro cess . W e  co n c lu d e  th a t  th e  se ep  s ite  a t  LM-3, w h ic h  is 
m a in ly  d iffusive  a t  p re se n t, is re la tiv e ly  o ld  in  co m p a riso n  w ith  th e  
se ep  s ite  a t  F aure Site.

T he “e v o lu tio n "  o f  Faure Site se e m s to  b e  m o re  co m p lic a te d  an d  
th e re fo re  im p lie s  m o re  sp e c u la tio n  in  o u r  in te rp re ta t io n . A t p re se n t, 
b u b b le  re le a se  is c e r ta in ly  th e  m ain , b u t  p ro b a b ly  a  re la tiv e ly  recen t, 
m e th a n e - re le a s in g  m e c h a n ism  (se e  S ection  5 .1 ). T he p re se n c e  o f  
d isa rtic u la te d  Calyptogena  sp. she lls  in d ic a te s  th a t  d iffusive m e th a n e  
su p p ly  w as  m o re  im p o r ta n t  in  th e  past. This is a lso  in d ic a te d  b y  th e  
p re se n c e  o f  p o ss ib le  m e th a n e -d e r iv e d  c a rb o n a te s  a n d  d e a d  seep  
fau n a  in  th e  a re a  w e s t  o f  F aure Site, n e a r  th e  scarp  o f  th e  su b m a rin e  
lan d s lid e  (Figs. 2, 4E a n d  5A). W e  sp e c u la te  th a t  th is  ch a n g e  in 
m e th a n e -re le a se  m e c h a n is m  ca n  b e  e x p la in e d  in th e  c o n te x t  o f  th e  
te c to n ic  u p lift o f  Rock G ard en  as th e  re su lt  o f  a  su b d u c tin g  se a m o u n t 
( P ech er e t  al„ 2 0 0 5 ; B arnes e t  al„ 2 0 1 0 - th is  issue; Ellis e t  al„ 2 0 1 0 -th is  
issu e). T he u p lift o f  Rock G ard en  m o d ified  th e  d e p th  o f  th e  GHSZ 
re su ltin g  in  1) a  sh a llo w e r  BGHSZ a n d  2) m o re  focused  m e th a n e  
fluxes a n d  3) e n h a n c e d  se a -f lo o r d e s ta b iliz a tio n  (Ellis e t  al„ 2 0 1 0 - th is
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(659 m w ater depth) High diss. [CHJ
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Fig. 12. Proposed seep  m odel for Faure Site and  LM-3 to  explain  th e  differences in m ethane-re leasing  m echan ism  (bubble versus diffusive) and resu lting  seep  env ironm ents based  on 
difference in dep th , subsurface dep th  of th e  BGFISZ/BSR and  observed sea-floor features.

issu e). T he la t te r  is re flec te d  in th e  la rg e  su b m a rin e  lan d s lid e  n e a r  
Faure Site (Fig. 2 ) (P e ch e r e t  al., 2 0 0 5 ; F aure e t  al., 2 0 0 6 ). The 
a s so c ia te d  o c c u rre n c e  o f  su b m a rin e  lan d s lid es , sh a llo w  gas a n d  seeps, 
w h e th e r  o r  n o t in  re la tio n  w ith  gas h y d ra te s , is a  c o m m o n  fe a tu re  a t

c o n tin e n ta l m a rg in s  w o rld w id e  (O ran g e  a n d  B reen , 1992 ; O range 
e t  al„ 1997; B ouriak  e t  al„ 2 0 0 0 ; E ichhubl e t  al„ 2 0 0 0 ; Bunz e t  al„ 
2 0 0 5 ; N au d ts  e t  al„ 2 0 0 6 ). T he c lose re la tio n  b e tw e e n  se e p s  a n d  
sc a rp s o f  su b m a rin e  lan d s lid es  c a n  b e  e x p la in e d  b y  s te e p e n e d  p o re -
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p re s s u re  g r a d ie n ts  a d ja c e n t  to  s c a rp s  d u e  to  s u d d e n  e ro s io n  
a s so c ia te d  w ith  s lu m p in g , a n d  th e  re su ltin g  focusing  o f  flu ids to w a rd s  
th e  scarp  a re a s  (O ran g e  e t  al., 1997; N au d ts  e t  al., 2 0 0 6 ) . The 
co m b in a tio n  o f  te c to n ic  u p lif t  im p ly in g  a  sh a llo w e r  BGHSZ w ith  a 
su b m a rin e  lan d s lid e  m ig h t h av e  ca u se d  th e  ch a n g e  in  m e th a n e  
re le a se  m e c h a n ism  a t  F aure  Site, fro m  m o re  d iffusive  in  th e  p a s t to  
b u b b le -re le a se  d o m in a te d  a t  p re se n t.

6. Conclusions

ROV o b se rv a tio n s  a t  Rock G ard en  a llo w e d  th e  firs t e v e r  v isua l 
o b se rv a tio n  o f  b u b b le -re le a s in g  se e p s  a t  th e  H ikurang i M arg in , a n d  
th is  a t  tw o  sites ; Faure Site a n d  LM-3. T he tw o  se ep  a re a s  p o r tra y  
d if fe r e n t  se e p  e n v iro n m e n ts  re s u l t in g  f ro m  d if fe r e n t  ty p e s  o f  
m e th a n e  re lease ; m a in ly  b y  b u b b le  re le a se  a t  F aure Site a n d  by  
d iffusive  re le a se  a t  LM-3. A t F aure  Site, b u b b le  sizes ( 5 -1 5  m m ) a n d  
b u b b le -re le a se  ra te s  (5 -1 9 0  Hz) v a r ie d  w ith in  m in u te s  to  h o u rs, 
lead in g  to  v a r ia tio n s  in  a v e ra g e  m o le  flow  ra te s  p e r  o u tle t  o f  0 .0 1 8 -
7 .0 1 9  m ol o f  m e th a n e /m in . This is c o m p a ra b le  w ith  p u b lish e d  d a ta  
fro m  b u b b le -re le a s in g  se e p s  a ro u n d  th e  w o rld . A m p h a re tid  p o ly ­
c h a e te s  a n d  su b e ritid  sp o n g e s  w e re  th e  o n ly  live m e th a n e - re la te d  
fa u n a  o b se rv e d  a t  F au re  S ite. T h ese  o rg a n ism s  a re  e c o s y s te m  
e n g in e e rs  fac ilita tin g  th e  tra n s it io n  fro m  a so ft s e d im e n t e n v iro n m e n t 
w ith  m a in ly  b u b b le  re le a se  to  a  h a rd  su b s tra te  se ep  e n v iro n m e n t w ith  
a s so c ia te d  fa u n a  w h e re  AOM a n d  d iffusive m e th a n e  t r a n s p o r t  p revail 
(S o m m e r e t  al., 2 0 1 0 - th is  issue; T h u rb e r  e t  al., 2 0 1 0 - th is  issue).

A t LM-3, se ep  ac tiv ity  w a s  c o n firm e d  b y  th e  o cc u rre n c e  o f  a  la rge  
m e th a n e -d e r iv e d  c a rb o n a te  p la tfo rm  (1 0 0  m 2) c o v e red  w ith  live 
se e p -re la te d  m e g a  fau n a  (Bathym odiolus sp. m u sse ls  a n d  Lamellibra­
chia sp. tu b e w o rm s) . B ubble re le a se  a t  LM-3 w a s  ra th e r  m o d es t, b u t  
w a s  also  a s so c ia te d  w ith  s im ila r  e c o s y s te m -e n g in e e r in g  fau n a  as 
o b se rv e d  a t  F aure  Site. B ased o n  th e  in te g ra tio n  o f  all o b se rv a tio n s , a 
c o n c e p tu a l se ep  m o d e l is p ro p o se d  th a t  e x p la in s  th e  d iffe ren ces  in 
m e th a n e - re le a s in g  m e c h a n ism s  a n d  re su ltin g  se ep  e n v iro n m e n ts  
b a se d  o n  d iffe ren ces in th e  d e p th  o f  th e  BGHSZ a n d  th e  d if fe re n t 
te c to n ic  h is to rie s  o f  th e  se ep  areas .
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