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Bottom simulating reflectors (BSRs) observed on seismic sections are often considered as indicators for
the existence of free gas, delineating the base of the gas hydrate stability zone. Abundant BSRs seen on
seismic sections acquired off the SW coast of Taiwan indicate the likely and prevalent existence of gas
hydrates in the study area. This study aims to characterize the occurrence of BSRs off SW Taiwan and to
understand their relationship to topography, tectonic activity, and possible migration paths of gas-
bearing fluids in this area.
The tectonic setting off SW Taiwan is during the initial stage of arc-continent collision between the Luzon
arc and the northeastern continental margin of the South China Sea. A series of west-vergent, imbricated
folds and emergent thrusts develop in the accretionary wedge. Each fold-and-thrust sequence corre-
sponds to an elongated submarine ridge if its crest is not buried by flat-lying sediments. By contrast,
normal faulting prevails in the northeastern margin of the South China Sea.
A correlation between distribution of BSRs, topography, and tectonic features can be observed. Four
major occurrences of BSR types of ridge type, basin type, submarine-canyon type, and continental slope
type, are recognized on the basis of the relationship of BSRs to topographic and structural features. Main
characteristics of BSRs in the study area can be described as: (1) they occur mostly beneath topographic
highs; (2) a discordant relationship between surfaces of the seafloor and underlying strata where BSRs
are present; (3) BSRs are prevalent especially beneath the crest and flank of the upthrusting, large and
inclined slope basins; and (4) in general, a series of high-amplitude dipping reflectors beneath BSRs can
be found. These features indicate that gas hydrate may accumulate preferably beneath topographic
ridges especially underneath four-way-dip topographic closures. This effect may exist because the
buoyancy-driven, gas-bearing fluids tend to migrate upward and laterally toward structural highs and
their corresponding topographic ridges.
The distribution of BSRs indicates that gas hydrates occur more commonly in the accretionary wedge
than in the South China continental margin. We suggest that the more widespread occurrence of gas
hydrates in the accretionary wedge is due to the existence of multiple fault zones, which may help to tap
more deep-seated gas-bearing fluids, in addition to the shallow biogenic gas, in this region.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Bottom simulating reflectors (BSRs) seen on seismic reflection
profiles are conventionally interpreted as indicators for the base of
gas hydrate stability zone (GHSZ) and hence indicate the possible
presence of gas hydrate and free gas beneath the seafloor (Dillon
and Paull, 1983; Miller et al., 1991). Gas hydrates and their
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associated BSRs have been retrieved or recognized either in
accretionary wedges (e.g., Riedel et al., 2006; Ashi et al., 2002;
Colwell et al., 2004) or in rifted continental margins (e.g., Holbrook
et al., 1996; Paull et al., 1998). These two drastic different tectonic
settings seldom exist in close proximity. Offshore southwest Tai-
wan (Fig. 1), an accretionary wedge has obliquely overridden the
rifted South China continental margin (Liu et al., 1997). A few
studies have documented the prevalent existence of BSRs off
southwest Taiwan both in the accretionary wedge (e.g., Reed et al.,
1992; Lundberg et al., 1992; Chi et al., 1998, 2006; Shyu et al., 1998;
Schnurle et al., 1999; Chow et al., 2000; Liu et al., 2006) and in the
South China continental slope (e.g., Chi et al., 1998; McDonnell
n BSR occurrences in the incipient arc-continent collision zone off
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Fig. 1. Bathymetric map (data from Liu et al., 1998) and tectonic features off southwest Taiwan. White rectangle shows the area of interest. Stratal geometry and geological
structures across the South China Sea slope and the lower -slope of the accretionary wedge can be found along line AA0 (marked in blue), which is shown in Fig. 3. Inset shows the
location map of the study area. Barbed red line shows the front of compressive structures (deformation front).
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et al., 2000; Liu et al., 2006). The juxtaposition of an accretionary
wedge on top of a rifted continental margin, such as the case off SW
Taiwan, offers us a rare opportunity to compare and contrast the
BSR occurrences in the above two tectonic settings.

The Central Geological Survey of Taiwan initiated a research
program in 2004 to explore the gas hydrates offshore southwestern
Taiwan. In this program, several geophysical methods were
employed to explore the distribution and physical properties of gas
hydrate-bearing sediments. The geophysical approaches include
multichannel seismic (MCS) reflection profiling (e.g. Liu et al.,
2006), chirp-sonar sub-bottom imaging (e.g. Chiu et al., 2006),
refraction seismic studies (e.g. Cheng et al., 2006; Schnurle et al.,
2006), heat-flow measurements (e.g. Shyu et al., 2006), gravity and
magnetic surveys. Among the above studies, over 10,000 line-km of
MCS profiles at a line spacing of w1.86 km (1 arc min) have been
collected. On the basis of this MCS dataset, Liu et al. (2006) mapped
out the BSR distribution both in the accretionary wedge and in the
South China Sea continental slope in a water depth ranging from
500 to over 3000 m. They also pointed out that BSRs are present on
nearly 50% of the collected seismic lines. In parallel to the
geophysical studies, a suite of geological/geochemical studies
Please cite this article in press as: Lin, C.-C., et al., Geological controls o
southwest Taiwan, Marine and Petroleum Geology (2008), doi:10.1016/j.
funded by the Central Geological Survey of Taiwan has been carried
out in the same region to investigate the anomalous features near
the seabed that may serve as proxies for the existence of gas
hydrates beneath the seafloor.

All the above studies have pointed to a likely wide occurrence of
gas hydrates both in the accretionary wedge and in the South China
continental margin. In this paper, we analyzed the w10,000 line-
km MCS data, and categorize the occurrence of BSRs according to
their characteristics and their relationships to topographic and
tectonic features. For the detailed descriptions of geological struc-
tures, interested readers may refer to a companion paper of Lin
et al. (2008).

In this paper, we start by describing the major occurrences of
BSRs and their associated topographic and geological features in
the study area. On the basis of these BSR occurrences and available
geochemical/geophysical studies, we then address the possible
sources of gas that may form the gas hydrates, the gas source areas,
and the migration paths for gas-bearing fluids. Our results have
implications for gas hydrate systems in a rifted continental margin
being overridden by an accretionary wedge such as the case
offshore SW Taiwan.
n BSR occurrences in the incipient arc-continent collision zone off
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2. Data

We examined BSRs in the areas of accretionary wedge and South
China Sea continental slope off SW Taiwan using 115 MCS profiles
shown in Fig. 2. Seismic grids of MCS647, MCS681 are recorded
using 48 channels and seismic grids of MCS716, MCS719, MCS754,
and MCS764 are recorded using 24 channels, respectively. All the
seismic data were collected onboard R/V Ocean Researcher I during
2002 w 2005.

The channel spacing is 12.5 m and the seismic source was a 3-
airgun-array with a total volume of 475 in3, which was fired at 10-s
interval. The seismic signals were recorded up to 5 s. The streamer
was towed at an average ship speed of 4.86 knots, yielding 12-fold
coverage for 48 channel profiles and 6-fold coverage for 24 channel
profiles, respectively. All the seismic data were stacked and
migrated. Liu et al. (2006) presented the details of seismic data
processing and hence these procedures are not reproduced in this
study.

3. Tectonic setting

The tectonic setting off southwestern Taiwan is in the initial
stage of arc-continent collision (Liu et al., 1997; Huang et al., 2000)
between the Luzon volcanic arc and the northern continental
margin of the South China Sea (Fig. 1). The transition from plate
subduction to arc-continent collision is located at about 22�N (Liu
et al., 1992; Reed et al., 1992; Kao et al., 2000). South of 22�N, the
South China Sea oceanic lithosphere is subducting eastward
beneath the Philippine Sea plate along the Manila trench. However,
the Luzon arc collides with the southeastern Eurasian continental
margin north of 22�N, forming a broad orogenic wedge that
includes the Taiwan orogen.
Fig. 2. Bathymetric map and distribution of analyzed seismic profiles off southwest Taiwan.
meter.

Please cite this article in press as: Lin, C.-C., et al., Geological controls o
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A series of west-vergent and imbricated folds and emergent
thrusts develops in the accretionary wedge (Figs. 1 and 3). Reed
et al. (1992) divided the accretionary wedge into upper-slope and
lower-slope domains. A series of mud diapirs is found in the upper-
slope domain near the coast of SW Taiwan (Fig. 1, Sun and Liu, 1993;
Chiang et al., 2004). The diapiric structures strike in a NE– SW
direction. They can be traced to adjacent onshore structures in the
fold-and-thrust belts. The presence of mud volcanoes both offshore
(Chiu et al., 2006) and onland Taiwan (Yang et al., 2004, Fig. 1)
indicates active fluid expulsion in the accretionary wedge. Gas
analysis for onshore mud volcanoes (Yang et al., 2004) suggests that
most of the gas originates from deeper crust.

In the lower-slope domain, each fold-and-thrust corresponds to
an elongated submarine ridge if its crest is not buried by flat-lying
sediments. Based on the structural characteristics, the lower-slope
domain can be further divided into frontal and rear segments (Lin
et al., 2008, Fig. 1). The frontal segment lies in the region between
the deformation front and the western limit of a series of emergent
thrusts. Several blind thrusts have uplifted the strata and formed
a series of thrust-cored anticlines in this area. Several tributaries of
the Penghu submarine- canyon develop along the synclines and in
some places cut across the topographic ridges cored by anticlines.
The rear segment lies in between the westernmost emergent
thrusts in the west and the Kaoping Canyon in the east. West-
vergent emergent thrusts and anticlines prevail in this area. Several
homoclinal ridges are formed as a result of the tilting and uplifting
of the eastward-dipping hangingwall strata of emergent thrusts. On
top of each thrust sheet has been developed a slope basin.

The strike of the deformation front and fold-and-thrust structures
trends in an NE–SW direction in the north and turns into an N–S
direction toward the south while the number of emergent thrusts
decreases. By contrast, the structural fabric of the Tainan basin to the
Numbers correspond to figures showing seismic sections. Bathymetric contours are in

n BSR occurrences in the incipient arc-continent collision zone off
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Fig. 3. Uninterpreted seismic reflection profile (above) and interpreted profile (below) showing structural styles and BSR (marked in blue in the lower panel) distributions in the
accretionary wedge and continental slope. Profile location is shown in Figs. 1 and 2. PCt indicates the tributary of Penghu submarine -canyon and the number indicates the name of
tributary used in this study. Abbreviations: CDP: common depth points. TWT: two-way travel time (seconds) of seismic waves.

Fig. 4. A portion of the seismic profile, MCS647-7, in the study area, showing BSR and its associated blanking zone above, along with high -amplitude reflections below. The left box
shows the amplitude scale with blue color representing positive reflection coefficient and red color indicating negative reflection coefficient. The minimum-phase wavelets on the
right show example seismic amplitudes and their interpretation. Note that the phase of waveform of BSR is reverse to that of the seafloor.
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west of deformation front is characterized by a series of ENE-trending
normal faults (Fig.1, Yang et al.,1991; Liu et al.,1997). A major growth
normal fault exists in the northern margin of the South China Sea
near the shelf break (Fig.1; Lin et al., 2003). The faulting has tilted the
Fig. 5. Schematic illustrations (a, c, e, g) and uninterpreted seismic profiles (b, d, f, h) of the
migrating gas-bearing fluids. Black dots indicate possible conduits for focused fluid migrat
profile locations. The red-to-blue scale denotes the seismic amplitude.

Please cite this article in press as: Lin, C.-C., et al., Geological controls o
southwest Taiwan, Marine and Petroleum Geology (2008), doi:10.1016/j.
hangingwall strata to the NW direction and has resulted in the stratal
truncation beneath the slope (Fig. 3). This normal faulting dies out to
the southwest, and sediments there show a prograding and aggrad-
ing wedge beneath the outer shelf and upper -slope. The seafloor
four sub-types of ridge-type BSR. Black arrows indicate possible paths and directions of
ion. Vertical wiggles headed by arrows indicate vertical diffusion of gas. See Fig. 2 for

n BSR occurrences in the incipient arc-continent collision zone off
marpetgeo.2008.11.002



C.-C. Lin et al. / Marine and Petroleum Geology xxx (2008) 1–146

ARTICLE IN PRESS
physiography in the slope area is dominated by small erosional
gullies perpendicular to the strike of slope.
4. BSR distribution patterns in the accretionary wedge and
continental slope

Fig. 4 shows, for example, a characteristic BSR and its associated
features in the study area. The characteristic BSR is sub-parallel to the
seafloor and often cuts across primary stratal reflections. There is
commonly a blanking zone (i.e., low amplitude reflections) above the
BSR probably because of the presence of gas hydrates (e.g., Dillon
et al., 1993; Lee and Dillon, 2001). The reflection polarity of BSR is
reverse to that of the seabed (e.g., Hyndman et al., 2001); this is
because seismic waves pass through the gas hydrate layer of rela-
tively high velocity above the BSR to a relatively low-velocity layer
below, which contains free gas (e.g. Yuan et al., 1999; Ecker et al.,
1998). By comparison, seismic waves transmit from low-velocity
seawater to relatively higher velocity sediment across the seafloor.
Generally, there exists a series of high-amplitude dipping reflectors
beneath BSRs. Accumulation of free gas below the gas hydrate-
bearing sediments is frequently invoked to explain the high-ampli-
tude anomalous reflectors beneath BSRs (e.g., Bryan, 1974).

We categorized BSRs according to their relationship to topog-
raphy, structural features, and relative positions to geological
elements (e.g., basin margins, basin centers, etc.) into four BSR
types: ridge type, basin type, submarine-canyon type, and conti-
nental slope type, respectively (Figs. 5–9). The former three occur
mainly in the accretionary wedge (Fig. 11), and the latter lies in the
South China Sea continental slope in the study area (Figs. 11 and
12). Similar BSR classifications can be found in the Nankai accre-
tionary prism of Japan (Baba and Yamada, 2004).
4.1. Ridge-type BSR

Ridge-type BSR (Fig. 5) indicates that the BSR develops within
a compressional structure cored by anticlines or thrust faults. This
Fig. 6. Schematic illustrations (a, c) and uninterpreted seismic profiles (b, d) of the two
explanations.

Please cite this article in press as: Lin, C.-C., et al., Geological controls o
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BSR type can be further divided into four categories: anticlinal-
ridge type, buried-anticline type, thrusted-ridge type, and thrus-
ted-footwall type (Fig. 5). Anticlinal-ridge type BSR indicates that
the BSR develops beneath the crest of an active anticlinal ridge
(Fig. 5a,b). The areal extent of this BSR type is far more widespread
than other ridge-type BSRs. Buried-anticline type BSR is found
beneath inactive anticlinal structures, which are covered by more
or less horizontal strata and show no geomorphic surface expres-
sion (Fig. 5c,d). Thus, the BSR cuts across the strata in both inclined
limbs of inactive anticlines because the BSR is sub-parallel to the
overlying and flat seabed. Thrusted-ridge type BSR develops in
the hangingwall of the thrust fault that forms a bathymetric ridge
(Fig. 5e,f). In contrast, thrusted-footwall type BSR appears in the
footwall strata of the thrust fault (Fig. 5g,h).
4.2. Basin-type BSR

Basin-type BSR (Fig. 6) is formed along the margins of slope
basins on the hangingwall of thrusts. Sometimes, the BSR also
exists in the interior of basins. We therefore divided the basin-type
BSR into the basin-margin type and the intra-basin type (Fig. 6a–d).

The dip angle of inclined beds in the margins of slope basins is
often higher than that in the interior of basins. It is therefore difficult
to distinguish the presence of a BSR from strata in the interior of
basins because the stratal reflections are often parallel to the seabed.
Still, many continuous BSRs are found in the interior of basins in the
rear segment of accretionary wedge where the seafloor and under-
lying stratal reflections are sub-parallel, such as the case shown in
Fig. 6d. We therefore distinguish BSRs from stratal reflections based
on features that BSRs are parallel to the seabed but cut across stratal
reflections. This type of BSR is called intra-basin type BSR (Fig. 6c,d).
4.3. Submarine-canyon type BSR

Submarine-canyon type BSR (Fig. 7) is rarely found, and is
recognized in the margins or channel floors beneath submarine
sub-types of basin-type BSR. See Fig. 2 for profile locations and Fig. 5 for symbol

n BSR occurrences in the incipient arc-continent collision zone off
marpetgeo.2008.11.002



Fig. 7. Schematic illustrations (a, c) and uninterpreted seismic profiles (b, d) of the two sub-types of submarine-canyon type BSR. See Fig. 2 for profile locations and Fig. 5 for symbol
explanations.
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-canyons, so that the submarine-canyon type BSR can be divided
into canyon-floor (Fig. 7a,b) and canyon-margin (Fig. 7c,d) types of
BSR. Canyon-floor type BSR is the rarest of all types. They appear
beneath canyons where the seafloor and underlying stratal reflec-
tions are discordant. One example is shown in Fig. 7a,b. There is an
‘‘apparent syncline’’ formed beneath an uplifted and abandoned
channel. The apparent syncline is formed because the water
velocity of seismic waves in the abandoned channel is lower than
the sediment velocity in adjacent channel walls. Tucker and Yor-
ston (1973) coined the lateral velocity variation due to channeling
processes as ‘‘velocity anomaly’’, which often produces ‘‘apparent
synclines’’ beneath channels. For this reason, the arrangement of
these stratal reflections on the seismic section looks like a syncline;
in fact, these strata may be parallel or even in an anticlinal form
(Fig. 7a,b).

Canyon-margin type BSRs are mainly developed in the west
bank of Kaoping canyon (Fig. 11). The strata, where this type of BSR
is observed, are dipping away from the canyon axis (Fig. 7c,d).
4.4. Continental slope type BSR

Continental slope type BSRs (Figs. 8 and 9) occur in the South
China Sea continental slope to the west of the deformation front.
This BSR type is often located under erosional remnant ridges, but
many BSRs are even found beneath erosional gullies especially in
the NE corner of the slope. Based on the locations of BSRs, we divide
continental slope type BSR into five sub-types: slope-ridge type,
slope-trough type, frontal slope-front-fill type in the NE half of the
slope (Fig. 8a–f) as well as erosional-ridge type and distal-slope
type in the SW half of the slope (Fig. 9a–d).

In the NE half of the continental slope and near the accretionary
wedge, we differentiated the slope-ridge type and slope-trough
type BSR more easily as the seismic lines run obliquely across the
Please cite this article in press as: Lin, C.-C., et al., Geological controls o
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ridges/gullies (Fig. 8a,c). For seismic profiles that are parallel to the
axes of ridges/gullies, both of these two BSR types share similar
characteristics, i.e., inclined strata being truncated beneath the
slope. The stratal truncation beneath the seafloor is associated with
the oceanward-dipping normal fault near the shelf break, which
cuts through Oligocene to recent sediments and tilted hangingwall
strata shelfward. The slope-trough type BSR in the section
perpendicular to the gully is similar to canyon-floor type BSR (Figs.
7b and 8d), but their origins are different as we mentioned above
(Figs. 7a and 8c). In addition, frontal slope-front-fill type BSR is
situated between the area of slope front fill and continental slope
(Fig. 8e,f).

In the southwest Tainan slope, BSRs occur mainly beneath
remnant erosional ridges (Fig. 9a,b). Deeper BSRs are present
beneath the distal slope near the South China Sea abyssal plain
(Fig. 9c,d).
4.5. Blanking without BSR

In some parts of studied seismic profiles, a BSR is not observed, but
zones of low seismic amplitude (blanking zone) beneath the seafloor
and above the possible depth if BSRs are observed (Fig.10). A blanking
zone is a zone of reduced seismic amplitude caused by the reduction
of acoustic impedance between sediment layers. The blanking zone
may result from two causes, namely the presence of gas hydrates
(e.g., Shipley et al., 1979; Lee and Dillon, 2001), and the homogeneity
of sediments (e.g., Holbrook et al., 1996). The following two reasons
prompt us to believe that the blanking zones may be due to the
presence of gas hydrates. First, the base of blanking zones is generally
close to the potential base of GHSZ as shown in Fig. 10, for example.
Second, same reflectors, which cut across the potential base of GHSZ
(see Fig. 10), often exhibit reduced amplitude above the potential
base of GHSZ, and strong amplitude below.
n BSR occurrences in the incipient arc-continent collision zone off
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Fig. 8. Schematic illustrations (a, c, e) and uninterpreted seismic profiles (b, d, f) of the three sub-types of continental slope type BSR in the NE corner of continental slope. See Fig. 2
for profile locations and Fig. 5 for symbol explanations. Figures a and c are three dimensional representations of the subsurface stratal geometry and its relationship to BSRs. The
gray-shaded portions are shown in figures b and d, respectively.
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Hydrate-bearing sediments may exist without a BSR if no free
gas is trapped underneath it, similar to cases shown in the Blake
Ridge (Tinivella and Lodolo, 2000; Holbrook, 2001) and in the Peru
margin (Kvenvolden and Kastner, 1990). It is generally believed (e.g.
Holbrook, 2001; Hyndman et al., 2001) that the impedance contrast
responsible for the BSR is due to the presence of free gas below the
base of hydrate stability zone instead of hydrate above. In the
accretionary wedge, free gas is mainly produced by hydrate recy-
cling mechanism (Paull et al., 1994; Pecher et al., 1996; VonHuene
and Pecher, 1999). The lack of free gas beneath the GHSZ may be
due to that the upward flow of under-saturated fluid depletes free
gas faster than gas is produced by hydrate recycling as suggested to
occur in the Svalbard continental slope (Haacke et al., 2008).
Please cite this article in press as: Lin, C.-C., et al., Geological controls o
southwest Taiwan, Marine and Petroleum Geology (2008), doi:10.1016/j.
5. Discussion

5.1. The nature of BSR in the study area

We have shown above the BSR types in the study area. However,
one type of BSR is not related to the gas hydrate stability zone. This
type of BSR is reported to result from diagenetic transition of silica
from opal A to opal C/T phase in silica-rich sediments (e.g., Kastner
et al., 1977; Hein et al., 1978; Berndt et al., 2004). The positive
acoustic impedance contrast between the transition from opal A
above to opal CT below yields the same BSR polarity as the seafloor
reflection. The above diagenetic transformation is likely to occur in
siliceous sediments of biogenic origin (e.g., oozes, Kastner et al.,
n BSR occurrences in the incipient arc-continent collision zone off
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Fig. 9. Schematic illustrations (a, c) and uninterpreted seismic profiles (b, d) of the two sub-types of continental slope type BSR in the SW area of continental slope. See Fig. 2 for
profile locations and Fig. 5 for symbol explanations.
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1977) and therefore this type of BSR is reported to exist in passive
continental margins with slow rate of sedimentation (e.g., Berndt
et al., 2004; Lee et al., 2003). The study area off SW Taiwan is
characterized by rapid sedimentation with large amounts of
orogenic detritus (Yen and Lundberg, 2006) derived from the
rapidly denudating Taiwan island (Dadson et al., 2003) and
Fig. 10. Seismic section showing blanking zone (indicated by the double headed
arrow) without BSR occurrence. Dashed line indicates the possible base of gas hydrate
stability zone (GHSZ). See Fig. 2 for profile location.

Please cite this article in press as: Lin, C.-C., et al., Geological controls o
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systematic analyses of seafloor sediments found no siliceous ooze
(Jiang et al., 2006) in both regions of the accretionary wedge and
adjacent South China Sea continental slope. For this reason we
believe that the observed BSRs reported in this study are caused by
free gas at the base of the GHSZ rather than diagenetic-related
BSRs. In addition, where data permitted we also checked the
polarity of the BSR and found that the polarity of BSR is reverse to
that of the seafloor reflections, indicating that these BSRs are free
gas (or gas hydrate) related features. Therefore, we believe that the
BSR in the study area marks the base of GHSZ.

There are additional indicators that point to the BSRs as free gas
or gas hydrate related features: (1) there exist enhanced reflections
beneath BSRs, indicating the presence of free gas trapped beneath
the GHSZ; (2) the experiments of ocean bottom seismometers in
the areas, where BSRs are revealed both in the accretionary wedge
(Cheng et al., 2006; Schnurle et al., 2006) and in the continental
slope (Wang et al., 2006), show an increase of P-wave velocity
above the BSR and a decrease of velocity underneath, suggesting
the presence of free gas beneath BSR; and (3) in a few locations, the
presence of BSRs is associated with methane-venting features seen
at the seafloor. For instance, a series of studies has found
geochemical anomalies, such as extremely high methane concen-
tration in the sediment pore water and bottom water (Chuang et al.,
2006), shallow sulfate/methane interface and rapid decrease of
sulfate in pore water (Lin et al., 2006), the existence of authigenic
carbonates at the seafloor (e.g., Lin et al., 2006) and in sediment
cores (e.g., Huang et al., 2006), and the occurrences of greigite
(Horng and Chen, 2006), pyrite (Huang et al., 2006; Jiang et al.,
2006) along with tubeworms of Pogonophora (Huang et al., 2006).
The locations of these findings are consistent with our mapped
BSRs distribution, suggesting the likely existence of gas hydrates
beneath the seafloor of the study area.
n BSR occurrences in the incipient arc-continent collision zone off
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Fig. 11. Distribution map of all BSR types and geological structures in the accretionary wedge off SW Taiwan. The lower panel shows the legends of BSR types and geological
structures. The topographic highs with closed contours are shaded in translucent pink color. The thermogenic gas field beneath the shelf, F-structure, is color-coded in yellow.
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5.2. Spatial variability of BSR

Our results show that the BSRs are widespread in the accre-
tionary wedge and continental slope, which is consistent with the
results of Liu et al. (2006) based on the same dataset. However, this
study differs from Liu et al. (2006)’s results in a few aspects. First,
the BSRs reported in this study only covered about 30% of the
studied seismic lines in the accretionary wedge and 20% in the
continental slope. The BSR coverage is therefore much less than 50%
as suggested by Liu et al. (2006). More precisely, in the accretionary
Please cite this article in press as: Lin, C.-C., et al., Geological controls o
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wedge, BSRs cover about 35% of the studied seismic lines in the rear
segment and w28% in the frontal segment. We calculated the area
with the BSR occurrence within the seismic data coverage, which is
around w12,000 km2, according to the percentage of BSR observed
along seismic lines. Our calculations show that BSRs may occupy an
area of w1152 km2 in the rear segment, w880 km2 in the frontal
segment, and w1110 km2 in the rifted continental margin. Those
numbers are important parameters for evaluating gas hydrate
reserves in the study area in the future. Second, the upper limit of
water depth for BSR existence is almost exclusively around 1000 m,
n BSR occurrences in the incipient arc-continent collision zone off
marpetgeo.2008.11.002



Fig. 12. Distribution map of BSR types and geological structures in the area of Tainan continental slope off SW Taiwan. Different types of BSR are shown in different colors as seen in
the legend. The topographic highs with closed contours are shaded in orange color. The thermogenic gas field, F-structure, is shaded in yellow color.
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which is deeper than 500 m as suggested by Liu et al. (2006). At
a few places in the accretionary wedge near Taiwan, BSRs exist at
shallower depths (up to 800 m). Third, our BSR distribution is
similar to the distribution of classes A and B BSRs, reported in Liu
et al. (2006). The classes A and B BSRs show high-amplitude
reflections that cut across stratal reflections and parallel to the
seafloor reflection (Liu et al., 2006). They also reported that these
two classes of BSRs usually reveal under the anticlinal ridges and
their adjacent slope basins in the accretionary wedge as well as
beneath the slope ridges in the rifted continental margin. These
observations are consistent with our study for BSR classifications of
ridge type, basin type, and continental slope type. More impor-
tantly, the BSRs of classes C and D of Liu et al. (2006) are generally
not considered as BSRs in this study. The class C BSRs appears to be
subparallel to the seabed, making it difficult to differentiate BSRs
from stratal reflections. The class D BSRs of Liu et al. (2006) exhibit
week reflections and still subparallel to the sea bed. In addition,
most of the class D BSRs are found beneath the upper -slope shal-
lower than 1000 m, or beneath the distal slope of the South China
continental margin (Liu et al., 2006). Because of the large uncer-
tainties of the BSR identification for classes C and D of Liu et al.
(2006), we therefore do not consider the above two classes of BSRs
as true BSR reflections.
Please cite this article in press as: Lin, C.-C., et al., Geological controls o
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We plot the distribution of BSR types on the structure map (Figs.
11 and 12). The BSRs are more continuous and widespread in the
accretionary wedge than in the South China Sea continental slope
(see Figs. 11 and 12). Fig. 11 shows that abundant BSRs develop
especially in the rear segment of accretionary wedge. Many
continuous BSRs exist beneath either topographic or structural
highs or beneath synclines and slope basins in this region, with
many BSR types. Among them, ridge type and basin type are the
major ones. Canyon-margin type BSRs are present in the west bank
of Kaoping canyon, but only limited canyon-floor type BSRs are
found along the courses of canyons (Fig. 11).

The amount of BSRs is reduced in the reach of the Penghu canyon
and its tributaries in the frontal segment. The BSR types in the frontal
segment are mainly anticlinal-ridge type and canyon-floor type
(Fig. 11), but the latter type is only located near the axes of anticline
under the canyon. We rarely found basin-type or buried-anticline
types BSR in this area, perhaps due to the channeling or erosional
process. However, the BSRs are widespread again to the south of
Penghu canyon in the frontal segment. In the NE half of the Tainan
slope adjacent to the deformation front, continuous BSRs exist both
beneath the topographic ridges and gullies (Fig. 11). However, in the
SW half of the Tainan slope (Fig.12), BSRs are sparse and only present
beneath topographic highs, such as remnant erosional ridges.
n BSR occurrences in the incipient arc-continent collision zone off
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5.3. Fluid migration pathways

The formation of gas hydrates is associated with the upward
migration of fluids containing mostly methane gas. The source of
methane gas, which forms gas hydrate, is mostly derived from
microbial degradation of organic matters in shallow sediments as
evidenced from studies at other gas hydrate-bearing geo-provinces
(e.g., Marchesi et al., 2001; Colwell et al., 2004). There are still some
contributions of thermogenic gas from deeper-seated sediments,
such as the case in the Gulf of Mexico (Brooks et al., 1984; Sassen
et al., 1999). Offshore southwest Taiwan, geochemical studies on
seafloor sediments in the accretionary wedge indicate that
methane gas is mostly of biogenic origin (Chuang et al., 2006) with
minor amount of thermogenic gas contribution (Oung et al., 2006).
In the Tainan basin, there exists a thermogenic gas field, the F-
structure (Figs. 11 and 12; Hu et al., 1999). The thermogenic gas may
therefore contribute to the formation of gas hydrate, especially
beneath the Tainan slope, under favorable conditions.

As methane gas dissolves in sediment pore water, the gas-
bearing fluids may migrate upward along dipping permeable
sediments (e.g., sand layers) to the GHSZ and form gas hydrates
(Hyndman and Davis, 1992). Damaged brittle fault zones are also
good migration conduits for deep-seated, gas-bearing fluids (Caine
et al., 1996). For example, studies in the Barbados accretionary
wedge have shown clear evidence for migration of fluid flows along
fault zones and especially along the decollement (Gieskes et al.,
1990; Langseth and Moore, 1990; Shipley et al., 1995). Similar
conditions for fluids migrating along fault zones and decollements
have been suggested in the Nankai accretionary wedge (Moore
et al., 1990), the Costa Rica accretionary wedge (Shipley et al., 1990),
and the Cascadia accretionary wedge (MacKay et al., 1994). There-
fore, in the accretionary wedge of southwest Taiwan, an array of
thrust fault zones may help to tap more deep-seated biogenic/
thermogenic gas for the development of gas hydrates at shallow
sub-bottom depths. Gas-bearing fluids may also migrate from
zones of higher pressure to zones of lower pressure through
diffusional processes (e.g. Mason et al., 1967). The inferred diffusion
process is represented by vertical wiggles with arrow heads as
shown in Figs. 5–9.

In addition, we shaded topographic highs with closed contours
in pink and orange colors as shown in Figs. 11 and 12. If gas hydrates
are present beneath those topographic highs, the base of gas
Fig. 13. Schematic representations of three BSR-occurrence models in the accretionary wed
migration paths of gas-bearing fluids related to various structural styles. See Fig. 5 for sym
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hydrate stability zone is likely to form closed areas that mimic
seafloor topography above. If these situations do occur, the less
permeable gas hydrate-bearing layers may act as cap rocks which
may seal free gas underneath, a situation similar to a conventional
gas field featuring a four-way dip closure. We compared BSR
distribution with these closure areas (Figs. 11 and 12) and found
that BSRs exist in most of the closure areas, suggesting the trapping
of free gas underneath the closed topographic highs. Similar situ-
ations also occur in the buried-anticlines, where the flat-lying
strata that drape over the dipping strata may help to seal free gas
underneath GHSZ.

In the rear segment of the lower accretionary wedge, a series of
thrust faults tilts the hangingwall strata, forming monoclinal ridges
or anticlinal ridges. Biogas produced from shallow marine sedi-
ments of slope basins and deep-seated gas-bearing fluids (ther-
mogas) may migrate upward through permeable, dipping sandy
layers of the hangingwall strata or brittle thrust fault zones toward
the ridge crests. As a result, the source area for biogenic gas (i.e. gas
kitchen) in the rear segment is relatively large, and numerous fluid
migration paths may help to tap both shallow- and deep-seated
gases. Therefore, we suggest that gas hydrates may occur widely
and in many structural setting in the rear segment, as evidenced by
the widespread distribution of BSRs in the rear segment (Fig. 13).

In the frontal segment, the strata are gently-dipping or flat-
lying, leading to a limited areal extent of gas kitchen. In addition,
many tributaries of Penghu submarine -canyon cut across this area,
and the biogas generated from shallow sediments may leak
through the erosional gullies. Furthermore, most of thrust faults do
not break the seafloor, and therefore deep-seated natural gas may
not migrate upward to reach GHSZ. For these reasons, the gas
source for forming gas hydrates in the frontal segment may be
dominated by in situ biogenic gas sourced from synclinal areas, so
that most BSRs only exist beneath ridge crests (i.e. ridge type).

In the South China Sea continental slope, the BSR is more
abundant in the NE half than in the SW half of slope. A major listric
normal fault located in the NE half of the slope cuts across deep
strata and tilts them shelfward. Lin et al. (1993) reported that,
beneath the shelf and slope, there exists a thermogenic gas kitchen
supplying gas to the F-structure gas field in the north. The tilted
beds and deep brittle fault zones may serve as conduits for tapping
thermogenic gas sourced from this deep-seated gas kitchen. The
gas-bearing fluids may migrate upward beneath the slope, forming
ge (A) and continental slope (B, C) showing existence of all kinds of BSR types and the
bol explanations.

n BSR occurrences in the incipient arc-continent collision zone off
marpetgeo.2008.11.002



C.-C. Lin et al. / Marine and Petroleum Geology xxx (2008) 1–14 13

ARTICLE IN PRESS
gas hydrates under favorable conditions and resulting in many BSRs
that even exist beneath gullies and not only in topographic highs as
is usually the case. By comparison, in the SW half of the slope, gas
migration may be dominated by uphill, lateral migrating and
buoyancy-driven flows as no deep cutting faults were found in this
region, and BSRs are found preferentially beneath topographic
highs.
6. Conclusions

We recognized a large number of BSRs in the lower-slope
domain of the Taiwan accretionary wedge and its adjacent South
China Sea continental slope. There is a correlation between distri-
bution of BSRs, seafloor topography, and tectonic features. Four
major occurrences of BSR types (ridge type, basin type, submarine-
canyon type, and continental slope type) are recognized on the
basis of the relationship of BSRs to topographic and structural
features.

Abundant BSRs exist in the rear segment of the accretionary
wedge and the NE portion of the South China Sea continental slope.
The brittle thrust fault zones in the rear segment of accretionary
wedge may provide gas conduits for deep gas-bearing fluids to
migrate upward toward GHSZ. However, fewer BSRs are found in
the frontal segment of accretionary wedge, and this is interpreted
to result from limited gas-source area and the lack of deep-seated
faults that cut through the GHSZ.

In the NE portion of the continental slope adjacent to the
deformation front, a major normal fault develops in the upper
-slope with rotated strata in the hangingwall. These rotated beds
together with the normal fault zone may provide conduits for
upward movement of fluids. On the other hand, the sediments
show a prograding wedge in the SW half of the studied continental
slope. BSRs are sparse there and they occur mainly beneath
remnant erosional ridges. Gas migration may be dominated by
buoyancy-driven flows that migrate in an uphill direction and
perpendicular to bathymetric contours.
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