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ABSTRACT

In 1995,  an US-R.O.C. collaborative  deep  seismic  imaging experiment
was conducted offshore the Taiwan Island. Thus across the northern part of the
Manila Trench, 6 OBS stations were deployed and an east-west combined seismic
reflection-refraction profile,  180 km in length,  was acquired.  In this  study, we
present  the  preliminary  results  of  the  seismic  reflection  and  the  4  component
wide-angle data analysis at the 3 ocean-ward OBS stations, with respect to the
presence of gas hydrates and free gas within the accretionary wedge sediments.
Estimates  of  the  compressional  velocities  along  Ew9509-33 seismic  reflection
profile are provided by a series of pre-stack depth migrations in a layer stripping
streamlined Deregowski loop. A strong BSR is imaged over most of the reflection
profile while low velocity zones are imaged bellow the BSR at several locations.
Ray tracing  of  the  acoustic  arrivals  with  a  model  derived  from the  migration
velocities generally fits the 3 OBS vertical and hydrophone records. In order to
estimate the Poisson Ratios in the shallow sediments at the vicinity of the OBSs,
we analyze the mode-converted arrivals in the wide-angle horizontal component.
P-S  reflections  and  P-S  transmission  at  the  sea  floor,  then  S  reflected,  are
observed,  while  P-S  transmissions  across  the  BSR  are  not  clearly  identified.
Given  the  complexity  of  the  structures  bellow  OBS  44  and  45,  our  velocity
models poorly account  for  the significant  asymmetry present in the wide-angle
seismic data. Furthermore, discrepancies between P-S and S-S reflection  travel-
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times suggest that the compressional velocity model is not sufficiently accurate at
this stage. Thus, we infer larger compressional velocity pull-down in the sediment
bellow the  BSR likely  to  bear  free  gas.  When  compared  to  predicted  Poisson
Ratio by mechanical models,  the values proposed for the 3 OBS stations yield
rough estimates of gas hydrate saturation in the range of 0 to 20% in the layers
above the BSR and of free gas saturation in the range of 0 to 2% just bellow the
BSR.

INTRODUCTION

In the last decade, vast areas of sediments bearing gas hydrates and free
gas have been discovered offshore southwestern Taiwan. Reed et al. (1992) first
recognized the occurrence of a BSR in the vicinity of Taiwan. Then in 1998, Chi
et  al.  published  a  comprehensive  map  of  the  distribution  of  BSR  offshore
southern  Taiwan  and  concluded  that  at  least  70,000  km2 of  the  Manila
accretionary prism, in water depths ranging from 500 to 2000 m, is covered by
BSRs. The highest concentration of BSR is located in the northwestern part of the
Manila Trench, where rapid deposited terrigenous sediments may have relatively
high amounts of organic carbon, thereby providing a source for the methane. Until
samples  of  these  hydrates  can  be  recovered,  much  of  our  ability  to  propose
estimates the amounts of gas hydrate and free gas contents in this area relies on
the analysis of seismic data (Schnurle et al., 1999; Schnurle and Hsiuan, 2000). In
the summer of 1995, an US-R.O.C. collaborative geophysical study of the arc-arc
Taiwan collision zone has been conducted. (Liu et al., 1996; Shih et al., 1998;
Wang and Chiang, 1998; McIntosh and Nakamura, 1998; Hetland and Wu, 1998;
Yang  and  Wang,  1998;  Nakamura  et  al.,  1998;  Chen  and  Nakamura,  1998;
Hetland and Wu, 2001, Wang and Pan, 2001). Along the 12o12'N parallel 7 OBS
stations were deployed, and an east west combined seismic reflection-refraction
profile, 180 km in length, was acquired across the northern part of the Manila
Trench. Analysis of these OBS vertical components reveal the complex margin
wedge  structures  at  depth  immediate  west  and  underneath  the  Hengchun
Peninsula  (Nakamura  et  al.,  1998).  In  this  study,  we  present  the  preliminary
results of the seismic reflection and refraction data analysis at the 3 ocean-ward
OBS stations, and focus on the identification of gas hydrates and free gas within
the accretionary wedge sediments.

METHANE HYDRATE PROPERTIES

Gas hydrates are ice-like non-stoichiometric crystalline solid composed of
a  hydrogen  bonded  water  lattice  entrapping  low-molecular  weighted  gas
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molecules commonly of methane. Gas hydrate form under specific conditions of
relative high pressure and low temperature, when the gas concentration exceeds
those  which  can  be  held  in  solution,  both  in  marine  and  on-land  permafrost
sediments (Sloan, 1998). Commonly, the gas hydrates occupy more than 1% of
the bulk sediment  volume,  resulting in 5 to  15% saturation of the pore space
depending on the porosity (e.g. Paull et al., 1996; Dickens, et al., 1997; Guerin et
al.,  1999). A thick stratum bearing free gas often underlies the hydrated layer.
These methane stored within and beneath natural gas hydrates may in the future
provide a major energy resource (Kvenvolden, 1993). Release of methane into the
atmosphere is also an important factor in global warming and the green house
effect  (Mac  Donald,  1990).  Gas  hydrates  may also  play a  significant  role  in
drilling safety and sea floor stability (Booth et al., 1994; Bouriak et al., 2000).

Gas hydrates have been recovered at  numerous locations,  from shallow
cores as well as on-land (permafrost) and offshore drill sites (Booth et al., 1996;
1998).  Gas  hydrate  often  occur  as  segregates  bodies  in  the  form  of  lenses,
nodules, pellets,  or sheets  where the hosts  sediments  are fine grains (clay and
silts),  and  only display an  interstitial  or  cementing  feature  in  coarser  grained
lithologies. Geochemical, physical properties of the core recovery and down-hole
logging data allow to constrain the gas hydrate saturation at several site. At the
Cascadia margin,  on ODP leg 141, sites 889, 890 and 892 penetrated the gas
hydrate stability zone and an underlying free gas layer (MacKay et  al.,  1994).
While small pellets and occasionally massive pieces of hydrates were recovered
in the shallow silt clays, gas hydrate appeared concentrated at several horizons,
often characterized by coarser grained sediments, within the tectonized strata of
the accretionary wedge (Kastner et al., 1996). During ODP Leg 161, at the Blake
Ridge, small crystals of gas hydrates dispersed in the sediments, mainly silt clays
and calcareous oozes, were sampled. Between 200 and the base of the gas hydrate
stability zone (BGHSZ=520 mbsf), around 1.5 to 6% gas hydrate saturation of the
pore space was inferred. In zones where cavities in the microfossil shells increase
the pore space, gas hydrate concentration reached 10%. The base of the hydrate-
saturated zone is generally sharp, but does not coincide with the occurrence and
strength of the BSR. On one hand, a strong BSR was observed at 4.25 s twt at site
997, where PCS sample taken immediately below the BSR indicate a free gas
phase fraction of 12% (Dickens et al., 1997), and underlain by 100 ms of high
amplitude  reflections.  On  the  other  hand,  probably  no  more  than  1%  gas
saturation characterized sites 995 and 994 where a weak BSR at 460 mbsf and no
BSR were respectively observed. Therefore at the Blake Ridge, some form of gas
hydrate coexists with the free gas (over 70 m at site 995) bellow the BSR (Guerin
et al., 1999). Finally, during ODP Leg 170, at site 1041 offshore Costa-Rica, gas
hydrates were encountered between 120 and 280 mbsf, in water depths of 3300 m
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(Kimura  et  al.,  1998).  Massive  hydrates  were  recovered  within  horizons  of
fractured claystones and siltstones, and several ash layers strongly cemented by
hydrates were observed. 

Conceptual models (e.g. Matthew and Buffet, 2001), based on capillarity
for instance (Clennell et al., 2000; Henry et al.,  2000), have been presented in
order  to  comprehend  the  growth  of  the  gas  hydrate  in  marine  sediments.
Furthermore,  to  detect  and  quantify  the  amount  of  free  gas  and  gas  hydrate
present in sediments using remote sensing methods (e.g. seismic techniques), a
predictive models of the elastic properties of the sediments is required, where the
porosity, water saturation, and gas hydrate or free gas saturation are accounted
for. Thus, the elastic moduli for gas hydrate saturated sediments depend largely
on  the  microscopic  distribution  of  gas  hydrates  in  the  host  sediments  and
sediment pore water. Three principle models involving the cementation between
grains, replacement of the matrix, and dissemination ("floating") in the pore space
have been proposed (e.g. Helgerud et al., 1999), resulting in major differences in
the predicted seismic velocities. The cementation model is appropriate only for
high porosity (36 to 40%) granular sediments (i.e. sands), while a load-bearing
sediment  frame components  or  pore-fluid  component  are  appropriate  for  both
sands and clay-rich ocean bottom sediments (Helgerud, 2001).

Hence,  samples  recovered  from the  Mallik  2L-38 gas  hydrate research
well  reveal that  the dominant effect  of the gas hydrate-bearing sediments  is  a
pore-filling constituent in northwestern Canada (Lee and Collet,  2001). At this
site,  most  recovered  gas  hydrate  samples  are  very small,  occurring  mostly  in
intergranular  pores  of  sandstone  units;  Occasionally  larger  pieces  of  2  cm in
diameters  occur  as  clasts  and  fill  intergranular  porosity,  while  some  visible
hydrate occurs as pore filling or as coatings on granules (Uchida et  al., 1998).
Furthermore, Helgerud (2001) reports measurements of compressional and shear
wave speed in laboratory synthesized methane hydrates as a function of pressure
and temperature.  This  author  also  analyses data  from hydrate bearing onshore
sands in the Arctic (Northwest Eileen Well#2) and hydrate-bearing, high porosity,
clay-rich ocean bottom sediments from offshore of the southeastern United States
(ODP site 995). His modeling results show that the methane hydrate does not act
as a grain contact cement at Northwest Eileen Sate Well#2, but founds not enough
independent data to choose between a pore fluid and sediment frame component
behavior.  At  ODP  site  995,the  methane  hydrate  acts  as  a  sediment  frame
component, about 2 to 4% of the sediments (by volume) from 200 to 450 mbfs,
with peak concentration of 8 to 9 %. Thus, in the vast majority of gas hydrate
bearing samples that have been recovered, the observed and predicted P and S
wave velocities increase gradually, not dramatically, as the hydrates concentration
increases. 
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SEISMIC REFLECTION/REFRACTION DATA ANALYSIS.
The  data  reported  in  this  study were  acquired  using  the  ocean-bottom

seismographs (OBS) of the Institute for Geophysics, University of Texas (UTIG),
and National Taiwan Ocean University (NTOU). The instruments were deployed
along each seismic line from R/V Ocean Researcher I ahead of shooting with a
large air-gun array of the R/V Maurice Ewing, and were retrieved after shooting.
Thus, 5 OBS (4-component stations except 3-component OBS45), with a 25-km
average spacing, recorded the shots of EW9509-33 multi-channel seismic profile
(Figure 1).

Figure 1: Bathymetric shaded view of the surveyed area. Ship-track of Ew9509 are marked in orange and
annotated with shot numbers. OBS locations are marked in red.
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The seismic  source used was a  20-airgun array with a  total  volume of
8420 in3 fired at 20-second intervals. For the seismic reflection data, 16 seconds
were  recorded  by  a  160-channel  digital  streamer  4000  meters  in  length.
Navigation was provided by differential GPS, using data received simultaneous
onboard the R/V Maurice Ewing and at the base station at the National Taiwan
University, respectively, to obtain the most accurate ship positioning data. The
reflection  profile  was  processed  on  a  Sun-Sparc  workstation  with  the  Omega
processing package (Western Geophysical). Seismic geometry was assigned based
on  a  12.5-m  common-mid-point  (CMP)  interval.  Instrument  designature  and
spiking  predictive  deconvolution  have  been  applied.  Stacking  velocities  were
interactively analyzed at every 25th CMP based on maximum semblance of a 5-
CMP  super-gather.  Horizon  velocity  analyses  were  performed  in  order  to
optimize the stacking velocity field above, at and bellow the BSR. Based on the
stacking  velocity  field,  true  amplitude  recovery  was  applied  to  correct  for
spherical divergence attenuation. Frequency analysis revealed a frequency content
centered around 35 Hz with -6 dB offset below 15 Hz and -18 dB offset above 90
Hz.  Since  the  BSR  is  located  above  the  sea  floor  multiple,  no  multiples
attenuation was necessary this study.

REFLECTION DATA ANALYSIS

Special  efforts  have  been made to  derive the best  velocity information
from the seismic reflection data. Therefore, a series of Kirchhoff pre-stack depth
migrations of the common-offset  panels  was implemented  in a layer stripping
streamlined Deregowski (1990) loop. In order to account for the 2D complexity of
the surveyed area, about 15 iterations were necessary. Figure 2 presents the depth
section of Ew9509 and the migration interval velocity field. During each iteration,
residual moveout in the image gathers were analyzed and the migration velocity
field  was  updated  from  the  resulting  depth/depth-error.  During  the  early
iterations,  manual picking of the depth-error at  100 Common Reflection Point
(CRP)  spacing  was  necessary,  in  order  to  constrain  the  velocity  updates  by
integrating a-priori knowledge from our structural interpretation, and stabilize the
inversion process by keeping a smooth migration velocity field. The migration
velocity field above the BSR converged rapidly. However, the flattening of the
CRPs for reflection from within low velocity zones appeared more tedious, since
their width and the amount of velocity pull-down have to be adjusted together. In
the later stages, a spatially continuous automatic picking has proven efficient for
the refinement of the velocity model: performing cross-correlation of each CRP
generated a depth/depth error and depth/semblance map. Picks at all depths were
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then gathered into horizons when semblance was significant and the depth-error
values  were  similar  within  5  adjacent  CRP.  The migration  velocity field  was
subsequently updated. Figure 3 shows the resulting depth-error horizon map for
the  final  depth  migration.  During  the  last  few  iterations,  depth-errors  were
generally small down to depth of 750 to 1000m bellow the sea-floor, particularly
in the areas where the sediments are less severely deformed. However, due to the
3-dimentional roughness of the sea-floor at the transition between the lower and
middle  slope (between CMP6100 and 6400),  where a  narrow canyon cuts the
accreted units (Figure 1), the seismic imaging is relatively poor and the migration
velocity field weakly constrained. Furthermore, while strata of the accreted units
with dips up to 40 o are well imaged, steeper dips (greater than 60o) are locally
observed,  as  for  instance  across  the  elevated  ridge  (Figure  1)  that  marks  the
transition between the middle and upper slope (between CMP4600 and 4900). At
these locations, the complexity of the structures greatly compromises the velocity
inversion.

Since, the data has been processed with a "black box" processing package
for which we do not know precisely the programming algorithm, and given the
great variety of structures surveyed by this profile, an assessment of the accuracy
of the final migration velocity field is difficult  to propose. Figure 4 shows the
CRPs and interval velocity filed from our inversion, at the vertical of the 3 OBS
stations analyzed in this paper.

OBS ACOUSTIC DATA ANALYSIS.

The OBS pre-processing sequence consisted of: compute precise location
and orientation of each instrument on the ocean floor using water-wave arrivals,
merging  with  the  navigation  data,  and  rotating  horizontal  axes  to  radial  and
tangential  directions.  Then,  source  signature,  spiking  predictive  deconvolution
and band-pass filtering were applied. 

Ray tracing of the acoustic as well  as the converted wave arrivals  was
performed  with  the  RayInvr  software  (Zelt  and  Smith,  1992).  An  initial
compressional velocity model was constructed from the migration velocity field
obtained during the reflection data analysis. Thus in addition to the sea-floor and
BSR, we have picked 3 layers within the sediments above the BSR, and 2 layers
bellow the  BSR corresponding to  reflection  from the  free  gas zone.  We then
added 2 additional layers, generally unrelated to the structures but consistent with
the interval velocity contours in the deeper part of the model. Velocity nodes at
the top and bottom of each layer, with 414 m horizontal regular spacing, were
assigned  based  on  the  interval  migration  velocities  5  m  above  and  bellow
interfaces respectively.
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Figure 2: a) Pre-stack depth migrated section of Ew9509-33 and migration interval velocity field in the
Manila Trench and lower slope of the accretionary wedge.
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Figure 2: b) Pre-stack depth migrated section of Ew9509-33 and migration interval velocity field in the
middle and upper slopes of the accretionary wedge.
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Figure 3: Depth-error horizon map processed from the final pre-stack depth migration. Horizons with
nearly zero depth-error values are marked in red, in order to discriminate these horizons from the
white background.
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Figure 4 a): Local velocity filed and super-gather of 20 CRPs from the final pre-stack depth migration at
the vicinity of the OBS station 42.
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Figure 4 b): Local velocity filed and super-gather of 20 CRPs from the final pre-stack depth migration at
the vicinity of the OBS station 43.
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Figure 4 c): Local velocity filed and super-gather of 20 CRPs from the final pre-stack depth migration at
the vicinity of the OBS station  44.
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Figure 4 d): Local velocity filed and super-gather of 20 CRPs from the final pre-stack depth migration at
the vicinity of the OBS station 45
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Figure 5: Acoustic ray-tracing at OBS43. a) Compressional velocity model. b) Refracted acoustic wave,
reflections  and  head-waves  from the  model  interfaces.  c)  Travel-times  from ray tracing  and
picked from the OBS data (with a 2 km/s reduction velocity).
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Figure 6: Acoustic ray tracing at OBS44. a) Compressional velocity model. b) Refracted acoustic wave,
reflections  and  head-waves  from the  model  interfaces.  c)  Travel-times  from ray tracing  and
picked from the OBS data (with a 2 km/s reduction velocity).



SCHNURLE & HSIUAN. - GAS HYDRATE AND FREE GAS 17

Figure 7: Acoustic ray tracing at OBS45. a) Compressional velocity model. b) Refracted acoustic wave,
reflections  and  head-waves  from the  model  interfaces.  c)  Travel-times  from ray tracing  and
picked from the OBS data (with a 2 km/s reduction velocity).



18 史菲利 第一台灣西南海域甲烷水合物

Figure 8: Vertical component and hydrophone seismic data recorded at OBS43 (with a 2 km/s reduction
velocity). Travel times from ray tracing are overlain.
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Figure 9: Vertical component and hydrophone seismic data recorded at OBS44 (with a 2 km/s reduction
velocity). Travel times from ray tracing are overlain.
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Figure 10: Vertical component recorded at OBS 45 (with a 2 km/s reduction velocity). Travel times from
ray tracing are overlain.
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For each OBS station, we then performed tomographic ray tracing of the
refracted  acoustic  waves.  Additionally,  we  computed  arrival  times  from  the
reflections arising at the model interfaces as well as head-waves that travel along
these interfaces. These arrival times are then compared to time picks from the
seismic data of the OBS stations. Figure 4, 5, and 6 present the compressional
velocity models,  refracted acoustic waves,  reflections and headwaves from the
model interfaces, and the travel-times from the ray-tracing and picked from the
OBS  stations  43,  44,  and  45  respectively.  RMS  travel-time  residuals  and
normalized  chi-square  values  for  these  forward  models  range  from 0.0012  to
0.0017 and 387 to 625 respectively, with better fitting for OBS43 (Figure 5) and
OBS44 (Figure 6) when compared to OBS45 (Figure 7). A damped least-square
to  the  linearized  inverse  problem  (Zelt  and  Smith,  1992),  using  the  partial
derivatives of the travel times with respect to the model parameters and the travel
time residuals could further constrain the acoustic velocities in the survey area.
Unfortunately,  the  velocity  pull-down  at  the  BSR  makes  such  inversion
numerically unstable.

Figures 8, 9, and 10 show the vertical component and hydrophone seismic
data recorded at OBS43, 44, and 45 respectively. Travel times from ray tracing
are overlain. Reflections from the BSR (p1) and from the base of the free gas
layers (p2) are annotated.

As a matter of facts, arrivals are far better identified on the hydrophone
data  when  compared  to  the  horizontal  component  of  the  OBS  stations.
Furthermore,  while  the  compression  of  the  seismic  wavelet  with  the  source
designature  is  faire,  ringing  is  prominent  on  the  horizontal  component  data
(particularly  at  the  near  offsets),  and  source  ghosts  (180  ms  apart)  are  only
partially  removed  by  the  predictive  deconvolution  on  the  hydrophone  data.
Arrivals from the BSR are generally weaker then suggested by the reflection data
analysis

OBS CONVERTED WAVE DATA ANALYSIS

On one hand, our estimates of the compressional velocities are relatively
accurate because our models rely mainly on a-priori knowledge from the velocity
analysis and pre-stack depth migration of the seismic reflection data. On the other
hand, the conversion modes of the recorded horizontal arrivals at the OBSs must
first be established before estimates of shear wave velocities and Poisson Ratios
can be gained. As a matter of facts, the conversions from acoustic to shear waves
along specific horizons in the stratigraphy may occur in numerous fashions (e. g.
Schnurle and Hsiuan, 2000). Thus in a simple four layered media (water, hydrate
bearing, free gas bearing, and normal sediments), we distinguish two primary
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acoustic reflections p1 (H/G reflection) and p2 (G/N reflection), and six mode
conversions: Two conversion modes associated with the H/G interface s1 and s2,
and four conversion modes associated with the G/N interface s3, s4, s5, and s6.
Two converted waves are related to reflections at the hydrate to free gas bearing
layers interface: (s1) the water to hydrate transmitted P then mode converted
reflected S at the hydrate to free gas interface (denoted H/G reflected S), and (s2)
the water to hydrate converted transmitted S then reflected at the hydrate to free
gas interface (denoted W/H transmitted S + H/G reflected S). In a similar fashion
and ordered by their zero-offset arrival times, four converted waves are related to
reflections at the free gas bearing to normal sediments interface: (s3) the G/N
reflected P, then H/G transmitted S, closely followed by (s4) the G/N reflected S
(then H/G transmitted S), (s5) H/G transmitted S then G/N reflected S, and finally
(s6) W/H transmitted S then G/N reflected S. At each encountered interface, the
strength of P-P, P-S, S-S, and S-P reflections and transmissions depends on the
acoustic and shear wave impedance at the boundary.

Based on full elastic synthetic data representative of gas hydrate and free
gas bearing sediments, Schnurle and Hsiuan (2000) estimate that P-S reflections
(s1 and s4) are dominant conversion modes that are likely to be recorded by the
horizontal components of our OBS stations. Furthermore, the strong shear wave
impedance  between  the  seawater  and  shallow  sediments  should  induce  non-
negligible  P-S  transmitted  waves  at  the  sea  floor.  Therefore,  these  authors
propose that S-S reflections (s2 and s6) are the secondary conversion modes that
are likely to be observed. Finally, the upward (s3) and downward (s5) transmitted
S waves across the BSR require an unlikely strong shear wave impedance at the
BSR Figure 11 presents the shear wave ray tracing for the OBS station 43. Figure
12  shows  the  horizontal  inline  and  cross-line  components  of  OBS station  43
where the travel times from the shear wave ray tracing are overlain.

In order to identify correctly arrivals from the OBS records, reasonable
ranges of shear wave velocity need to be established.  Unfortunately given the
large discrepancies in velocity predictions from to the theoretical models, little a-
priori knowledge is available to us (see the following discussion). Since the P-S
reflection ray paths hardly extend laterally further than 100 m in the shallow part
and 400 m at the deepest layer of our model (Figure 11), we assume a constant
Poisson Ratio  within each layer. We have then performed a series of forward
modeling of the shear wave arrivals with a set of Poisson Ratio variations for each
layer. Figure 11 and 12 correspond to our favored model, although we are aware
that this model is highly non-unique.

The  seismic  signal  recorded  by  the  horizontal  instruments  of  OBS43
(figure 12), when compared to the vertical and hydrophone components are of
much better readability. We observed a good fit of the P-S reflected arrivals on 
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Figure 11: Converted wave ray tracing at OBS43. a) Shear wave velocity model. b) PS transmitted at the
sea floor and S reflected (in green) as well as PS converted reflections (in red) from the model
interfaces. P wave paths are marked with lines and S wave paths with dashed lines. c) Arrival
times (with a 2 km/s reduction velocity).
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Figure  12:  Horizontal  inline  (a)  and  cross-line  (b)  components  recorded  at  OBS 43  (with a 2  km/s
reduction velocity). Travel times from ray tracing are overlain in thin blue lines. a) Travel times
for P-S reflections are also marked with red dashed lines and magenta lines for P-S head-waves.
b) Travel times for S-S reflections are also marked with green dashed lines.
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Figure 13: Converted wave ray tracing at OBS44. a) Shear wave velocity model.



26 史菲利 第一台灣西南海域甲烷水合物

Figure 13 b-c): Horizontal inline (b) and cross-line (c) components recorded at OBS 44 (with a 2 km/s
reduction velocity). Travel times from ray tracing are overlain in thin blue lines. b) Travel times
for P-S reflections are also marked with red dashed lines and magenta lines for P-S head-waves.
c) Travel times for S-S reflections are also marked with green dashed lines.
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Figure 14: Converted wave ray tracing at OBS45. a) Shear wave velocity model.
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Figure 14 b-c): Horizontal inline (b) and cross-line (c) components recorded at OBS 45 (with a 2 km/s
reduction velocity). Travel times from ray tracing are overlain in thin blue lines. b) Travel times
for P-S reflections are also marked with red dashed lines and magenta lines for P-S head-waves.
c) Travel times for S-S reflections are also marked with green dashed lines.
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both inline and cross-line components, in the offset range of 3 km. The (sea floor
converted  then)  S  reflected  arrivals  are  also  identified,  particularly for  offsets
greater than 2-km. Head-waves upward converted (marked in magenta in figure
12)  are  not  observed.  In  the  shallow  part  of  our  model  (layer  1  and  2)
differentiating P-S from S reflections is nearly impossible since modeled travel
times and lateral extension of the ray paths are nearly similar. However, as the
move-out curvature between these two conversion modes become significantly
different at depth, P-S and S reflections can be identified.

Ray tracing for OBS44 and 45 has been performed in a similar fashion and
are presented in figure 13 and 14 respectively.

The fit of shear wave arrival times to the seismic signal recorded by the
horizontal instruments of OBS44 (figure 13) is generally poorer than for OBS43.
As a matter of facts, the miss-fit noted at the acoustic modeling stage, particularly
bellow the BSR, suggest that our migration velocity field is not accurate at this
location. A relatively complex structure lies landward and beneath OBS44 (figure
2b), with eastward dipping strata that our layered model does not render. Thus,
the velocity model weekly accounts for the significant asymmetry present in the
wide-angle seismic data.  Hence, we are able to produce a good fit  of the P-S
reflected arrivals on the seaward portion of the seismograms in the offset range of
-1 to 3 km. A relatively good fit of the S reflected arrivals down to the BSR can
be noticed.

OBS45 lies in a similar setting to OBS44: This station has landed on a narrow
flat along the 14o-dipping slope near the deformation front of the Manila Trench. It is
rather difficult to assess the validity of our acoustic velocity field based on the vertical
component  of  this  station.  However,  the  pre-stack  depth  migration  provides  a  much
better imaging of the structures beneath OBS45 than beneath OBS44. The shear wave
modeling partly renders the asymmetry present in wide-angle seismic data. Fitting of the
P-S reflections is achieved on the seaward portion, down to the base of our model, but
only to the BSR on the landward side. This is mostly due to the fact that a structural
contact  is  imaged  below the BSR on the  reflection data,  and the strong lateral
variations in the elastic properties of the 2 units are tedious to invert.

DISCUSSION

Still the layered-based forward modeling is advantageous, as is allows us
to identify the conversion modes, and predict their offset range on the horizontal
components  of  the  OBSs.  Finally,  The  S-S  reflection  travel  times  are  solely
dependent  on the shear velocity. Therefore, the analysis of these arrivals yield
measurements of the shear velocities regardless of errors in the estimates of the
compressional velocities
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Table 1 presents the Poisson Ratio values we estimated at the vicinity of the 3
OBS stations analyzed in this study. 

Station Layer1 Layer2 Layer3 Layer4 BSR Layer4 Layer5 Layer6

OBS43 0.43-0.45 0.40-0.42 0.40-0.42 0.39-0.40 / 0.30-0.34 0.32-0.34 0.39-0.42

OBS44 0.44-0.45 0.40-0.42 0.40-0.41 0.39-0.41 / 0.30-0.32 0.32-0.34 0.39-0.41

OBS45 0.43-0.44 0.42-0.43 0.40-0.41 0.40-0.41 / 0.30-0.33 0.32-0.34 0.39-0.42

CONCLUSION

Combined  reflection  and  refraction  seismic  experiments  prove  to  be
appropriated  for  the  characterization  of  gas  hydrate  and  free  gas  bearing
sediments (e.g. Mienert and Posewang, 1999; Tinivella and Accaino, 2000; Theru
and  Flueh,  2001).  The  layer  stripping  streamlined  Deregowski  (1990)  loop
coupled with the horizon based depth error automatic picking implemented in this
study allows us to propose fair estimates of the compressional velocities along the
seismic  reflection  profile.  Large  variations  in  the  pre-stack  depth  migrations
velocities are observed,  and several  low velocity zones are imaged bellow the
BSR. Forward modeling of the acoustic arrivals with a model derived from the
migration velocities generally fits the data at the 3 OBS stations analyzed in this
study. A damped least-square to the linearized inverse problem (Zelt and Smith,
1992), using the partial derivatives of the travel times with respect to the model
parameters and the travel time residuals will help better constrain the acoustic
velocities  in  the  vicinity  of  the  OBSs.  Forward  modeling  of  the  shear  wave
arrivals shows the preponderance of reflection P-S conversion. P-S transmission
at the sea floor, then S reflected, characterized by slow move-out and large offset
range, are also identified on the horizontal components of the OBS stations. P-S
transmissions across the BSR, characterized by faster move-out when compared
to P-S and S-S reflections, are not clearly identified. Given the complexity of the
structures bellow OBS 44 and 45, our velocity model weekly accounts for the
significant  asymmetry  present  in  the  wide-angle  seismic  data.  Finally,  the
discrepancies  between  P-S  and  S-S  reflection  travel  times  suggest  that  the
compressional velocity model is not sufficiently accurate at this stage. Thus, the
unreasonable shear wave decrease across the BSR should be replaced by a larger
compressional velocity pull-down in the sediments likely to bear free gas.

In  this  study,  we  then  derive  estimates  of  gas  hydrate  and  free  gas
saturation  from  the  elastic  properties  of  sediments,  in  accordance  with  the
theoretical  models.  The Poisson Ratios  proposed for the 3 OBS stations yield
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rough estimates of gas hydrate saturation in the range of 0 to 20% in the layers
above the BSR and of free gas saturation in the range of 0 to 2% just bellow the
BSR. Once sufficient accuracy has been gained from the travel time inversions of
the 4 component OBS data, the separate analysis of the compressional and shear
wave velocities will greatly reduce the uncertainties in the theoretical predictions.
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