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Key Points:
An ocean bottom seismometer consisting of three orthogonal geophones and a hydrophone was used to monitor the sub-seafloor
fluid process in a cold seep area.

●

These data are analyzed in this first report of short duration events that are linked with sub-seafloor fluid migration in the South China
Sea.

●

A better understanding of the activity of the Haima cold seep is achieved.●
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Abstract: The use of ocean bottom seismometers provides an effective means of studying the process and the dynamic of cold seeps by
continuously recording micro-events produced by sub-seafloor fluid migration. We deployed a four-component Ocean Bottom
Seismometer (OBS) at an active site of the Haima cold seep from 6 November to 19 November in 2021. Here, we present the results of this
short-term OBS monitoring. We first examine the OBS record manually to distinguish (by their distinctive seismographic signatures) four
types of events: shipping noises, vibrations from our remotely operated vehicle (ROV) operations, local earthquakes, and short duration
events (SDEs). Only the SDEs are further discussed in this work. Such SDEs are similar to those observed in other sea areas and are
interpreted to be correlated with sub-seafloor fluid migration. In the OBS data collected during the 14-day monitoring period. We identify
five SDEs. Compared to the SDE occurrence rate observed in other cold seep regions, five events is rather low, from which it could be
inferred that fluid migration, and subsequent gas seepage, is not very active at the Haima site. This conclusion agrees with multi-beam
and chemical observations at that site. Our observations thus provide further constraint on the seepage activity in this location. This is the
first time that cold seep-related SDEs have been identified in the South China Sea, expanding the list of sea areas where SDEs are now
linked to cold seep fluid migration.
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 1.  Introduction
Methane  seepage  from  sub-seafloor  sediments  into  the  water

column is very common in the ocean (Judd, 2003). Areas of ocean

floor where methane seepage occurs are termed cold seeps.  The

released methane may cause ocean acidification (Suess,  2014).  A

rough  estimation  has  concluded  shown  that  6.6−19.5  Tg  of

methane  per  year  are  released  into  the  atmosphere  from  the

marine  environment  (Judd  et  al.,  2002).  Because  methane  is  a

more  potent  greenhouse  gas  than  CO2, some  researchers  have

been  concerned  that  this  source  of  methane  may  accelerate

global  climate  warming  (Marín-Moreno  et  al.,  2013; Myhre  et  al.

2016).  From  the  perspective  of  resource  exploration,  methane

seepage  often  is  connected  to  gas  hydrates,  which  have  great

potential as a novel energy source. In summary, methane seepage
attracts  considerable  attention  in  both  scientific  and  industrial
communities.

The  process  of  methane  seepage  has  been  studied  using  a  wide
variety  of  approaches,  including  hydro-acoustic,  geo-chemical,
and  geophysical  techniques.  Cold  seeps  are  often  found  by
hydroacoustic methods, such as analyzing high-frequency acoustic
water  column  data  to  spot  anomalies  that  frequently  take  the
form of flares (Greinert et al., 2006; Westbrook et al., 2009; Brothers
et al., 2014; Römer et al., 2014). The geochemical method is widely
used  to  study  the  life  cycle  and  the  origin  of  the  methane  by
analyzing the chemo-synthetic biotics, authigenic carbonate, and
pore fluid  associated with  cold  seeps  (Bayon et  al.,  2015; Feng D
and Chen DF, 2015; Chen F et al., 2016; Crémière et al., 2016; Li N
et al., 2016; Franchi et al., 2017; Liang QY et al., 2017). Geophysical
methods  are  used  to  study  the  subsurface  structures  beneath
seepage  sites.  2D/3D  multi-channel  seismic  methods  provide
images  of  subsurface  structures  beneath  cold  seeps  from  the
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deep  to  the  shallow  (Riedel  et  al.,  2002, 2006; He  T  et  al.,  2009;
Crutchley  et  al.,  2010; Sarkar  et  al.,  2012; Hsu  et  al.,  2018; Liu  B
et  al.,  2021a).  High-frequency  sub-bottom  profilers  provide  very
detailed  images  of  near-seafloor  structures  (Riedel  et  al.,  2002,
2006).  Recently,  the  controlled  source  electromagnetics  (CSEM)
method  has  been  used  to  study  the  internal  structure  of  cold
seeps  (Goswami  et  al.,  2015, 2016; Attias  et  al.,  2016).  Based  on
subsurface  structure  images,  the  location  of  a  methane  source
and how its methane migrates from the deep to the seafloor can
be inferred.

However,  dynamic  aspects  of  the  cold  seep  process  remain
unclear  due  to  a  lack  of  monitoring.  The  temporal  variation  of  a
seepage  may  be  deduced  using  time-lapse  geophysical  surveys
(Riedel, 2007; Bangs et al., 2011), but that approach is quite costly
and frequently  takes  a  long  time.  Recently,  ocean  bottom  seis-
mometers (OBSs) have been used to study the cold seep process.
An  OBS  is  typically  used  in  marine  settings  to  monitor  natural
earthquakes  and  long  duration  events  related  to  the  volcano
process. More and more experiments show that OBS data provide
effective  additional  ways  to  study  the  sub-seafloor  fluid  process
(Tary et al., 2012; Batsi et al., 2019). OBS data make it possible not
only  to  track  the  temporal  variation  of  a  cold  seep’s  activity  but
also to learn how fluids migrate through the system.

When  an  OBS  is  used  to  monitor  sub-seafloor  fluid  processes,
short  duration events  (SDEs)  are  commonly  recorded (Tary  et  al.,
2012; Tsang-Hin-Sun  et  al.,  2019; Batsi  et  al.,  2019; Domel  et  al.,
2022).  SDEs  are  so-named  because  of  their  abrupt  onset  and
conclusion (usually within < 1 s); they have been reported in many
sea  areas,  such  as  in  the  Marmara  (Tary  et  al.,  2012)  and  in  the
Svalbard (Franek et al., 2017; Domel et al., 2022). SDEs are believed
to  be  strongly  linked  to  fluid  migration  events,  a  potentially
important  advance  in  our  understanding  of  the  fluid  migration
mechanism.

In  this  report,  we  present  the  results  of  our  two-week  ocean
bottom seismometer  monitoring of  an active seepage site  in the
Haima  cold  seep  area,  located  in  the  northwestern  South  China
Sea (Figure 1). Five SDEs have been identified from the continuous
record by visual inspection followed by spectrum analysis, the first
time  that  SDEs  have  been  reported  in  the  South  China  Sea.  The
nature  of  these  SDEs  and  their  implication  for  methane  seepage
are  then  interpreted  by  integrating  the  SDE  data  with  previous
seismic and multi-beam survey results.

 2.  Geological Background and Previous Work
The monitored seepage site  is  located at  the Haima cold seep in
the  Qiongdongnan  Sea  area,  on  the  northwestern  slope  of  the
South China Sea. The Haima cold seep was first discovered in 2015
in data from the “Haima” Remotely Operative Vehicle (ROV; Liang
QY  et  al.,  2017);  in  2016,  four  acoustic  flares  were  observed  in
multi-beam  water  column  data  collected  in  the  same  area  (Liu  B
and  Liu  SX,  2017).  Based  on  these  acoustic  flares,  four  seepage
sites  have been identified (Liu B et  al.,  2021a).  The cold seep site
linked  to  plume  D  is  the  site  we  monitored  with  an  OBS  device
and is the study area of this work (Figure 1).

The  Haima  cold  seep  area  has  been  extensively  studied  using  a
variety  of  techniques,  including  geophysical,  geo-chemical,  and

drilling  techniques.  Seismic  profiles  depict  the  pipe  structures
beneath the active seepage sites (Yang L et  al.,  2018; Liu B et  al.,
2021a).  These  pipe  structures  act  as  fluid  migration  pathways;
some  of  them  extend  from  the  seafloor  to  below  the  Bottom-
Simulating Reflector (BSR). There are many gas pockets within the
pipe  structure  and  near  to  the  seafloor,  according  to  seismic
diffraction research (Liu B et al., 2021b). Moreover, a large blanking
zone exists beneath the studied site from the sub-bottom profile
(Figure 1d); this has been interpreted as a free gas zone (Liu B and
Liu SX, 2017).

Abundant gas hydrates are spread through this region. During the
gas  hydrate  drilling  program  GMGS5,  samples  of  deeply  buried
gas hydrates were obtained. At numerous locations, near-seafloor
gas hydrates have been discovered 4−8 meters below the seafloor
(Yang L  et  al.,  2018).  Our  knowledge of  fluid  movement  patterns
and seepage activities in this regions is constrained by geo-chemi-
cal  analyses  (Guan H et  al.,  2018; Wang J  et  al.,  2018; Hu Y  et  al.,
2019)

Despite  several  comprehensive  assessments  of  the  Haima  cold
seep, the current seepage intensity is not well understood, due to
lack  of  continuous  monitoring.  Acoustic  flares  indicate  that
certain  sites  still  experience  active  seepage.  However,  the
common presence of dead bivalves suggests a decline in seepage
activity over time (Liang QY et al., 2017).

 3.  Data and Methods

 3.1  Data Acquisition
To study potential  micro-events produced by fluid migration,  we
deployed a  Geopro-type  four-component  ocean  bottom  seis-
mometer at plume D site to monitor the seepage process.

The  OBS  was  equipped  with  three  orthogonal  geophones  (X, Y
and Z components, with a corner frequency of 2 Hz);  attached to
the OBS frame was a hydrophone (H component). The four detec-
tors  are  also  called  four  channels.  The  OBS  was  deployed  on  6
November  2021  using  the  “Haima”  ROV  at  a  water  depth  of
1441 m.  It  was recovered on 19 November 2021.  The instrument
recorded data continuously at a sampling rate of 4 ms. This corre-
sponds  to  the  Nyquist  frequency  of  125  Hz.  The  data  cover  the
launch of the OBS, the duration of the deployment, and the recov-
ery of the OBS. The raw data, retrieved from the instrument, were
converted to the SAC format.

 3.2  Event Identification and Analysis
We primarily  use  Matlab for  data  analysis.  The  data  were  initially
transformed  into  two-day-long  mat-format  files.  To  assess  the
general quality of the data and get a rough idea of the events that
may have been detected, we scanned all of the data files. The data
spanning 5/11 to 8/11 are displayed in Figures 2 and 3; data from
9/11 to 18/11 are displayed in the Supplementary Materials. Data
in Figure 2 are from before the OBS was deployed on the seafloor.
Figure 3 presents  data recorded after  OBS deployment.  It  can be
observed that  in  general,  the  hydrophone — see Figures  2a and
3a —  records  many  more  events  than  the  geophone  channels.
This  is  partially  because  many  events  occur  in  the  water  column
that  are  unrelated  to  seafloor  activity,  such  as  shipping,  current-
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induced  events,  and  activity  of  marine  mammals;  hydrophones

are  more  sensitive  to  these  water-column  events  than  are

geophones.

In  this  work,  we  manually  identify  and  pick  events  of  interest  by

visual  inspection.  As mentioned above,  we deployed the OBS for

the purpose of studying potential micro-events produced by fluid

migration;  therefore,  short  duration  events  are  our  top  priority.

But  other  types  of  signal  were  also  picked  and  were  chosen  for

analysis. Once picked, an event was subjected to spectrum analysis

in  order  to  delineate  more  information.  Spectrum  analysis  can

distinguish  signals  at  different  frequency  bands,  which  can  help

determine teach signal’s nature.

 4.  Results
Four  distinct  categories  of  event  caught  our  attention:  ROV-

related signals,  nearby shipping noise,  a  natural  earthquake,  and

SDEs.

 4.1  ROV-related Signals
The red box in Figure 2 indicates the signals linked to operation of

the  ROV,  which  were  identified  by  correlating  them  with  times

when  the  ROV  was  active.  These  ROV-related  signals  are  quite

strong, especially as recorded by the hydrophone (a). Although all

four channels were sensitive to these signals, they exhibit different

characteristics.  As  shown  in Figure  4,  three  stages  of  the  ROV’s

mission can be seen in these data: (1) ROV sailing, (2) ROV launching

the OBS, (3) ROV leaving. Very large and long time-lasting signals

were produced when the ROV sailed underwater, as indicated by

the  black  box  in Figure  4.  The  signal  is  an  order  of  magnitude

weaker when the machinery hand launches the OBS (yellow box).

The OBS is  positioned on the  ocean floor  at  14:23;  the  ROV then
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Figure 1.   The area monitored by our ocean bottom seismometer. (a) Background setting of the monitored site. (b) Multi-beam bathymetric map

of the area around the site. (c) Gas bubbles plume in the multi-beam water-column data (Liu B and Liu SX, 2017). (d) Sub-bottom profiler data

passing through the site. The profile was acquired in 2013 using Parasound P70. The frequency range is 1000−3000 Hz (Liu B and Liu SX, 2017).

(e) 2D multi-channel seismic profile that crosses plume D.
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leaves  the  OBS.  The  recorded  signal  becomes  weaker  when  the

ROV departs the OBS (red box). Since the ROV-related disturbance

at  this  stage  occurs  in  the  water  column,  only  the  hydrophone

channel records significant signal (Figure 4a).

 4.2  Shipping Noise
Undersea noise generated by ships is very common. The propeller

is  the  dominant  source  of  noise  from  nearby  passing  ships;  it  is

easily  identified  on  both  the  waveform  and  the  time-frequency
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spectrograms (McKenna et al., 2013; Niu HQ et al., 2017). Figure 5

shows  an  example  of  ship  noise  and  its  spectrogram.  The  ship

noise lasts for nearly half  an hour over a broad-band component

(20−100  Hz).  Only  the  hydrophone  (Figures  5d and 5c)  records
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Figure 5.   An example of shipping noise. (a−d) show the waveforms of the shipping noise on the geophones and the hydrophone. (e) is the

spectrogram of (a). The spectrogram was computed with the matlab function pspectrum.
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ship noise; the other three channels, the geophones, do not. They

record only background noise, as can be seen from Figures 5a−c.

 4.3  Local Earthquake
Land  seismometers  are  often  too  far  away  to  reliably  detect  an

earthquake  that  occurs  in  the  remote  ocean.  A  hydrophone  can

occasionally  record  an  earthquake,  though,  because  when  an

earthquake  hits  the  ocean  bottom,  an  acoustic  wave  may  be  set

off at the water-sediment contact. An ocean bottom seismometer,

however, can reliably capture local earthquakes. By visual inspec-

tion,  we  identified  a  possible  local  earthquake  in  data  from  our

OBS (Figure 6). It lasts for about 6 seconds. It was recorded on all

four  channels  of  the  OBS  —  the  three  geophones  and  the

attached  hydrophone.  However,  data  on  the  different  channels

exhibit differences in frequency content.

 4.4  SDEs
When an OBS is used to monitor the sub-seafloor fluid process, it

frequently records signals that are distinct from local earthquakes

in  that  they  are  characterized  by  a  short  duration  (usually  <  1  s)

and a single pulse with no P and S phase.  Only very strong SDEs

can be captured on all channels, as numerous earlier studies have

shown (Domel et al. 2022), hence we focus our search on the verti-

cal  channel  (Z-component)  of  the  OBS.  Once  a  possible  SDE  was

identified  in  the Z-channel,  the  waveforms  on  the  other  three

channel  were  checked. Figure  7 shows  an  example  of  an  SDE.

(a)−(d) show the waveform of the SDE on each channel. The dura-

tion  time  is  less  than  1  s.  This  SDE  was  recorded  by  all  the  four

channels; as expected, a larger amplitude appeared on the vertical

channel. To better delineate a probable SDE, we next apply spec-

trum analysis. As reported in previous studies, SDEs are character-

ized by a relatively high frequencies (4−30 Hz). Therefore, spectrum

analysis  helps  us  further  confirm  the  data  as  characteristic  of  an

SDE.

Figures  7e−h show  the  spectral  contents  of Figures  7a−d.  We

observe  a  large  difference  between  the  spectrum  content  of  the

hydrophone data  (Figure  7e)  and data  from the  three  geophone

components  (Figures  7f−h).  The X, Y and Z components  peak  at
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Figure 6.   A possible local earthquake. (a) and (e) show the hydrophone data and its spectrum. (b) and (f) show the X component data and its

spectrum. (c) and (g) show the Y component data and its spectrum. (d) and (h) show the Z component data and its spectrum.
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10−20  Hz,  while  the  hydrophone  component  has  very  strong

energy over 100 Hz. One possible explanation is that hydrophone

data are contaminated by much more high frequency background

noise.  High frequency background noise on the hydrophone can

also be identified in its amplitude waveform (Figure 7a).

In  the  entire  dataset,  we  identified  five  SDEs  through  visual
inspection. Their waveforms, captured on the vertical channel, are
shown in Figure 8, along with their frequency spectrums, derived
using FFT. All five SDEs lasted for roughly 1 s. They exhibit a regular
amplitude reduction in  the  coda and no secondary  arrivals.  With
the exception of SDE 5, which includes an additional peak at 7 Hz,
these signals all  peak at 10 Hz. These characteristics of waveform
and spectrum have already been reported in many other settings,
for example, in drilling operations (Ugalde et al., 2019), at the Gali-
cia  Margin  (Díaz  et  al.,  2007),  in  the  Sea  of  Marmara  (Tary  et  al.,
2012; Tsang-Hin-Sun et al., 2019), in the western Ionian Sea (Sgroi
et al., 2021) and in the western Svalbard shelf (Franek et al., 2017).

Though  different  kinds  of  signals  have  been  identified  in  past

studies,  in  this  work  we  are  mainly  focused  on  the  SDEs.  Other

types of signals will not be further discussed in this report.

 5.  Discussion

 5.1  The Nature of Short Duration Events
Though SDEs have been reported in  many sea areas,  their  origin

remains unclear. Several causal mechanisms have been proposed:

(1) biological entities striking the instruments (Buskirk et al., 1981),

(2)  resonances  from  fluid-filled  cracks  (Díaz  et  al.,  2007);

(3) hydraulic fracturing (Bowman and Wilcock et al., 2014) and (4)

fluid migration (Tary et al.,  2012; Franek et al.,  2017; Domel et al.,

2022).  In  cold  seep  areas,  gas  migration  is  the  most  widely

accepted source of  SDEs.  This  interpretation has been supported

by long-term monitoring experiments and very detailed analysis.

For example, in the Western Svalbard shelf, an OBS was deployed

to record data over a continuous 297-day period. After ruling out

other sources as unlikely, the possibilities were narrowed down to

gas seepage and sub-seafloor fluid migration (Franek et al., 2017).
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Figure 7.   An example of a short duration event (SDE) recorded on all the four channels. (a) and (e) show the hydrophone data and its spectrum.

(b) and (f) show the X component data and its spectrum. (c) and (g) show the Y component data and its spectrum. (d) and (h) show the Z
component data and its spectrum.

588 Earth and Planetary Physics       doi: 10.26464/epp2023073

 

 
Liu B et al.: Ocean bottom seismometer monitoring of cold seep

 



This  interpretation  is  also  supported  by  laboratory  experiments
(Batsi  et  al.,  2019)  and  numerical-modeling  experiments  (Tary
et al., 2012).

Our  observations  are  being  conducted  at  the  well-known  Haima
cold seep area. Specifically, the OBS is deployed at a gas seepage
site  (plume  D)  where  a  gas  bubble  plume  was  observed  in  2016
(Liu  B  and  Liu  SX,  2017).  As  shown  in  the  sub-bottom  profile
(Figure  1d),  beneath  the  OBS  site  is  an  acoustic  blanking  zone
approximately 200 m wide. This acoustic blanking zone in the sub-
bottom  profile  indicates  the  presence  of  free  gas  in  the  shallow
sub-seafloor  beneath  the  OBS  site.  In  addition,  several  faults  can

be traced from below the free gas zone to the seafloor. Therefore,

our  monitored  site  is  similar  to  other  environments  where  SDEs

have  previously  been  reported,  and  interpreted  to  be  caused  by

fluid migration.

Within  our  14-day-long  dataset,  we  have  identified  five  SDEs.  As

was  already  indicated,  these  SDEs  resemble,  both  in  terms  of

waveform  and  spectral  features,  SDEs  that  have  been  seen  in

other environments.

The above two facts lead us to attribute the SDEs to a fluid migra-

tion  process  beneath  plume  D.  However,  our  currently  available
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Figure 8.   All five SDEs observed in the two-week observation period. (a−e) show the hydrophone waveform data of the five SDEs and (f−j) show

their corresponding spectrums.
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data are not sufficient to rule out other mechanisms.

 5.2  Seepage Intensity of the Haima Cold Seep
Knowledge of how seepage can vary is very important for assessing
the potential  impact of  a cold seep.  The geo-chemical  method is
widely used to infer seepage variability. For instance, in the Haima
cold  seep  area,  a  major  episode  of  carbonate  precipitation
between 6.1 ka and 5.1 ka BP (Liang QY et al.,  2017) is suggested
by  the  carbon  isotopic  analysis.  However,  chemical  analysis  can
provide only  long-term  and  large-scale  information  about  seep-
age, and very little detail, if any, about how it has varied and may
vary  in  the  future.  Moreover,  the  chemical  method  can  tell  little
about  the current  stage.  Both limitations  make chemical  analysis
insufficient.  Time-lapse  geophysical  surveys  can  provide  short-
term  and  small-scale  information,  and  are  thus  sometimes  used
to  infer  seepage  variability.  For  instance,  4D  time-lapse  seismic
surveys  are  conducted  at  the  Bullseye  vent,  northern  Cascadia
margin,  to  monitor  the  seepage  process  there,  and  have
identified a change of seepage channel (Riedel, 2007); in the Gulf
of  Mexico,  repeat  observations  suggest  order-of-magnitude  gas
flow  variability  over  times  as  short  as  hours  (Jerram  et  al.,  2015);
however, time-lapse geophysical surveys are very expensive.

Recently,  ocean  bottom  seismometers  have  been  deployed  to
monitor  the  cold  seep process  by  continuously  recording events
associated  with  known  fluid  migration.  The  seepage  activity  and
its mechanism(s) may be inferred by analyzing such data records.
For  instance,  in  the  Sea  of  Marmara,  the  high  daily  rate  of  SDE
observations  in  the  whole  experiment  suggests  a  highly  active
seepage (Tsang-Hin-Sun et al., 2019).

In our work,  the SDEs we observed have been attributed to fluid
migration beneath the plume D. Therefore, it can be inferred that
fluid migration is still  active at this monitored site. However, only
five  SDEs  were  observed  during  the  14-day  long  observation
period — an occurrence rate that is much lower than observed in
other  cold  seep  areas.  For  example,  the  daily  number  of  SDEs
exceeds 100 in most of the monitoring time in the Sea of Marmar
(Tsang-Hin-Sun  et  al.,  2019).  In  the  Western  Svalbard  shelf,  over
220,000 SDEs were detected during over a 297-day period, yielding
a  mean  rate  of  32  events  per  hour  (Franek  et  al.,  2017).  This
contrast leads one to surmise that fluid migration is not occurring
very actively at the plume D monitored site. As fluid migration is a
necessary  condition  for  seepage  process,  the  seepage  activity
therefore is expected to be limited.

A  previous  study  reported  that  dead  bivalves  were  frequently
found  in  the  Haima  cold  seep  location,  suggesting  that  seepage
activity  has  been declining over  time (Liang QY et  al.,  2017).  Our
SDE observations seems to support the decline in seepage activity.
However,  in  this  monitoring  experiment,  the  observation  period
was relatively short (only 14 days) compared to the 297-day-long
experiment in the Western Svalbard shelf (Franek et al., 2017) and
the four-month-long experiment in the Sea of Marama (Tary et al.,
2012).  Furthermore,  only  one  monitoring  station  was  deployed.
To better understand the seepage process of the Haima cold seep,
a longer observation period with more stations is required.

 6.  Conclusions
One of  the seepage sites  in  the Haima cold seep area was moni-

tored with an ocean bottom seismometer for the short period of
14 days. Several different types of signals were identified by visual
inspection  of  the  data,  including  ROV-related  signals,  shipping
noises, a local earthquake, and SDEs. Five SDEs were found. All five
exhibit a distinct frequency peak of about 10 Hz and durations of
less  than  1  s.  Due  to  the  proximity  of  the  OBS  to  a  known  cold
seepage location and the fact that these SDEs resemble the SDEs
recorded in other cold seep situations with different types of OBSs,
we link these SDEs to the fluid migration process. Our detection of
SDEs  indicates  an  on-going  fluid  migration  beneath  the  site.  But
the low SDE occurrence rate that we observed may indicate that
the  fluid  migration  process  in  this  location  is  not  very  active,
which is consistent with a decline in the seepage activity previously
observed  from  chemical  analysis.  Our  results  represent  the  first
discovery  of  micro-events  linked  to  the  cold  seep  process  in  the
South China Sea and provide additional constraints on the activity
of the cold seep process.
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Figure S1.   Four-component OBS data of 9/11−10/11. H is the data from hydrophone, and X, Y, Z are data from the three geophones.
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Figure S2.   Four-component OBS data of 11/11−12/11. H is the data from hydrophone, and X, Y, Z are data from the three geophones.

594 Earth and Planetary Physics       doi: 10.26464/epp2023073

 

 
Liu B et al.: Ocean bottom seismometer monitoring of cold seep

 



　

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00 27:00 30:00 33:00 36:00 39:00 42:00 45:00 48:00
Local Time

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00 27:00 30:00 33:00 36:00 39:00 42:00 45:00 48:00
Local Time

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00 27:00 30:00 33:00 36:00 39:00 42:00 45:00 48:00
Local Time

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00 27:00 30:00 33:00 36:00 39:00 42:00 45:00 48:00
Local Time

−2

−1

0

1

2

A
m

pl
itu

de

×108

×107

×107

×107

−1.0

−0.5

0

0.5

1.0

A
m

pl
itu

de

−1.0

−0.5

0

0.5

1.0

A
m

pl
itu

de

−1.0

−0.5

0

0.5

1.0

A
m

pl
itu

de

P

X

Y

Z

2021 11 13−14

 
Figure S3.   Four-component OBS data of 13/11−14/11. H is the data from hydrophone, and X, Y, Z are data from the three geophones.
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Figure S4.   Four-component OBS data of 15/11−16/11. H is the data from hydrophone, and X, Y, Z are data from the three geophones.
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Figure S5.   Four-component OBS data of 17/11−18/11. H is the data from hydrophone, and X, Y, Z are data from the three geophones.
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Figure S6.   SDE1. (a) and (e) show the hydrophone data and its spectrum. (b) and (f) show the X component data and its spectrum. (c) and (g)

show the Y component data and its spectrum. (d) and (h) show the Z component data and its spectrum.

598 Earth and Planetary Physics       doi: 10.26464/epp2023073

 

 
Liu B et al.: Ocean bottom seismometer monitoring of cold seep

 



　

0 20 40 60 80 100 120 140
f (Hz)

0

0.5

1.0

1.5

2.0

A
m

pl
itu

de

×106

0 2 4 6
Times (s)

−2

−1

0

1

2

A
m

pl
itu

de

×108

P

SDE2 (2021 11 11 01:03:00)(a) (e)

0 20 40 60 80 100 120 140
f (Hz)

×104

0

5

10

15

A
m

pl
itu

de

0 2 4 6
Times (s)

−1.0

−0.5

0

0.5

1.0

A
m

pl
itu

de

×107

X

(b) (f )

0 20 40 60 80 100 120 140
f (Hz)

×105

0

1

2

3
A

m
pl

itu
de

0 2 4 6
Times (s)

−1.0

−0.5

0

0.5

1.0

A
m

pl
itu

de

×107

Y

(c) (g)

0 20 40 60 80 100 120 140
f (Hz)

×105

0

1

2

3

4

A
m

pl
itu

de

0 2 4 6
Times (s)

×107

−2

−1

0

1

2

A
m

pl
itu

de

Z

(d) (h)

 
Figure S7.   SDE2. (a) and (e) show the hydrophone data and its spectrum. (b) and (f) show the X component data and its spectrum. (c) and (g)

show the Y component data and its spectrum. (d) and (h) show the Z component data and its spectrum.
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Figure S8.   SDE3. (a) and (e) show the hydrophone data and its spectrum. (b) and (f) show the X component data and its spectrum. (c) and (g)

show the Y component data and its spectrum. (d) and (h) show the Z component data and its spectrum.
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Figure S9.   SDE4. (a) and (e) show the hydrophone data and its spectrum. (b) and (f) show the X component data and its spectrum. (c) and (g)

show the Y component data and its spectrum. (d) and (h) show the Z component data and its spectrum.
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Figure S10.   SDE5. (a) and (e) show the hydrophone data and its spectrum. (b) and (f) show the X component data and its spectrum. (c) and (g)

show the Y component data and its spectrum. (d) and (h) show the Z component data and its spectrum.
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