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Abstract We utilized reflection seismic and bathymetric
data to infer the canyon-infilling, fold uplift, and gas
hydrate occurrences beneath the frontal fold at the toe of
the accretionary wedge, offshore SW Taiwan. The lateral
migrating paleo-Penghu canyons has cut across the frontal
fold with six distinct canyon/channel incisions marked by
channel infills. The longitudinal bathymetric profile along
the modern canyon course shows a knickpoint of ~300 m
relief at this frontal fold, indicating that the rate of fold
uplift is greater than that of canyon incision. The age for
the initial thrusting of this fontal fold is around 240 kyr
ago, as estimated by using the maximum thickness of
growth strata of this fold divided by the sedimentation rate
obtained from a nearby giant piston core. Bottom simu-
lating reflector (BSR) on seismic sections indicates the
base of gas hydrate stability zone. Beneath the frontal fold,
there is a widespread occurrence of BSRs, suggesting the
highly probable existence of substantial quantities of gas
hydrates. A seismic flat spot and a few push-down
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reflectors below BSR are found lying beneath the anticlinal
axis with bathymetric four-way dip closure. The flat spot,
cutting across a series of dipping reflections beneath BSR,
may indicate the contact between free gas and its under-
lying formation water. The push-down reflectors beneath
BSRs are interpreted to result from abundant free gas
hosted beneath the gas hydrate stability zone. The multiple
paleo-canyon infills seen along and beneath the frontal fold
and above BSRs may provide thick porous sands to host
gas hydrates in the frontal fold.

Keywords Accretionary wedge - Frontal front -
Submarine canyon - Gas hydrate

Introduction

An accretionary wedge forms on a non-subducting tectonic
plate and consists of offscrapped sediments from the sub-
ducting plate in a convergent plate boundary (see Cawood
et al. 2009 for a review). The off scrapped sediments lie
over an arc ward-dipping decollement surface or a plate
interface and consist of a series of folds and thrust slices
such as the case in the Nankai accretionary prism (e.g.,
Moore et al. 2001). The accreted sediments are riddled with
faults, fractures and dipping porous beds. All the above
geological entities may serve as good fluid conduits that tap
upward migrating gas-charged fluids (e.g., Tobin and Saf-
fer 2009). The frontal fold (or first fold) locates at the toe of
the accretionary wedge and at the end of a dipping
decollement surface, a major fluid conduit in accretionary
wedges (Minshull and White 1989; Shipley et al. 1994).
Naturally, the frontal fold is likely to serve as a terminal
structural trap for deep-seated hydrocarbons/fluids charg-
ing especially through the decollement surface. Cooper
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Fig. 1 Topographic and tectonic features offshore SW Taiwan. The
white rectangle marks the study area. The well, FJ-1, in the shelf is
used to derived the sediment velocity function for the study area. The
structure names (R1.1-R9.1) are after Lin et al. (2008). The red filled

(2007) pointed out that the most hydrocarbon-prospective
area of a fold-and-thrust belt is the external foothill belt
between the leading thrust of the internal zone and the limit
of thrusting in the foreland basin, whether emergent or
buried. As a result, there is a stronger possibility of the
frontal thrust creating a giant field than for structures that
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circle shows the location of MD05-2914 which is used to estimate the
sedimentation rate in the study area. PKS and TCS in the index map
are two frontal structures onshore Taiwan

are further back from the thrust front (Cooper 2007). In the
onshore fold-and-thrust belt of Taiwan, an active frontal
fold in NW Taiwan, the Tiechanshan anticline (TCS in the
inset figure of Fig. 1), hosts the largest natural gas reserve
(around 1 trillion cubic feet, Yang et al. 1994) in Taiwan.
This field testifies that a frontal fold may accumulate a
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substantial quantity of hydrocarbon under favorable
conditions.

The frontal fold (or first fold) juxtaposed to the defor-
mation front is the youngest and active anticlinal ridge of
orogenic (or accretionary) wedge offshore SW Taiwan
(Fig. 1). The deformation front is not only an important
tectonic boundary between the compressive orogenic
wedge and the adjacent rifted South China Sea continental
margin, but also a major structural trap that may host a
significant amount of gas at the end and above the arcward-
dipping decollement surface of the orogenic wedge. Off-
shore SW Taiwan, there is a few canyons cutting along and
across the accretionary wedge. The Penghu canyon is one
of those canyons, delivering Taiwan and China-derived
coarse sediments (especially during lowered sea levels)
into the abyssal South China Sea (Chuang and Yu 2002).
The main courses of the recent Penghu submarine canyon
have cut across the middle part of the frontal fold and a few
distinct U- or V-shaped canyon incisions and subsequent
canyon-infills are seen beneath the frontal fold. Since the
Penghu canyon is a major sediment conduit for sediment
gravity flows it is reasonable to speculate that some of the
canyon-infills may be sand prone, serving as good gas
hydrate reservoirs.

Previous studies have revealed tectonic features of the
accretionary wedge off SW Taiwan using seismic images
(Reed et al. 1992; Liu et al. 1997; Lin et al. 2008, 2009a)
whilst the detail sedimentary and structural features of this
frontal fold are not given. Though the very likely occur-
rences of gas hydrates offshore SW Taiwan have also been
reported in many studies (e.g., Chi et al. 2006; Liu et al.
2006; Lin et al. 2009b; Wang et al. 2009), those studies do
not specifically discuss the gas hydrate occurrences and
canyon-fillings in the frontal fold. Therefore it is desirable
to characterize the gas hydrate occurrences, canyon-infill-
ing, and the structural features for the frontal fold off SW
Taiwan, which are never discussed in previous publica-
tions. The frontal fold is an elongate and gentle anticlinal
ridge with four-way-dip bathymetric closures in some
places. Seismic data reveal prevalent and continuous bot-
tom simulating reflectors (BSR) beneath the frontal fold,
suggesting the presence of gas hydrates. Our results not
only lead to assess the occurrence of gas hydrates as well as
canyon incision along the frontal fold but also give insights
on the interplay between gas hydrate formation and fluid
migration in the frontal part of submarine accretionary
wedge, in general.

Materials and methods

Seismic reflection data, high resolution bathymetry, and
long piston core data are employed in this study. Seven
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Fig. 2 Shaded relief bathymetric map and major structures of the
study area. Also shown are multichannel seismic profiles used in this
study. Deformation front is delineated as a barbed red line. Axes of
anticlines are marked by double-headed orange arrows. The arrows
indicate directions of plunging folds

seismic surveys were used to map the tectonic features,
paleo-canyons, and BSR distribution in the frontal fold of
orogenic wedge (Fig. 2). The 24-channel reflection seismic
grids of MCS579 (MCS stands for Multi-Channel Seis-
mics; the number 579 indicates the number of research
cruise of R/V Ocean Researcher I), MCS716, MCS719,
MCS754 and the 48-channel reflection seismic sections of
MCS681 were acquired during 5 cruises onboard R/V
Ocean Researcher I during 2000-2005. The 6-channel
reflection seismic sections of MW9006 were collected
onboard R/V Moana Wave in 1990. A long-offset,
468-channel seismic line, MGL0905-03, acquired on board
R/V Marcus G. Langseth in 2009 is also used in this study.

The seismic-data recording settings of the R/V Ocean
Researcher 1 are as follows. The channel spacing is of
12.5 m and the seismic source is a 3-airgun-array with a
total volume of 475 cubic inch, which is fired at 10-s
interval. The seismic signals are recorded up to 5 s. The
streamer is towed at a nominal ship speed of 4.86 knots,
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Table 1 Results of C-14 age dating and corresponding sedimentation
rate for core MD05-2914
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Fig. 3 Tectonic and bathymetric features along with BSR distribu-
tion in the frontal fold (R1.1) and adjacent areas. Notice that the six
canyon incision are marked by circled numbers, 1-6. Paleo-canyons 2
and 3 exhibit relict channel morphology on the bathymetric map.
Letters A, B, C are knickpoints of the modern Penghu canyon. The
longitudinal bathymetric profile along the canyon floor is shown in
Fig. 8. Three seismic profiles of MCS719-16, 716-02, and 719-09
running across the anticlinal axis of the frontal fold are shown in
Figs. 7, 9, and 11, respectively. The seismic profile MCS754-18 and
MGLO0905-03 along strike of R1.1 structure is shown in Fig. 4. The
MDO05-2914 site is used to calculate the possible sedimentation rate
from '“C age dating

yielding a 12-fold coverage for 48-channel data and sixfold
coverage for 24-channel data, respectively. The seismic
recording settings for MW9006 data sets are of 25 m
channel spacing and a 2-airgun-array seismic source of 420
cubic inch. The seismic signals are recorded up to 5 s and
the streamer is towed at a nominal ship speed of 3.65 m/s.
The seismic data recording settings of the R/V Langseth
are as follows. The seismic source is a 40-airgun-array with
total volume of 6,600 cubic inch. The channel spacing is
12.5 m and the maximum offset is over 6 km, yielding a
60-fold coverage for a 468-channel seismic profile.
Multi-channel seismic data of MCS579, MCS716,
MCS719, MCS754 and MCS681 were processed at the
Institute of Oceanography, National Taiwan University
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Depth  Age Error  Depth Age Sed. Events
(cm) (year (year) interval interval rate

BP) (cm) (year) (mm/

year)

592 1,975 71 592 1,975 3.0 Interglacial
1,267 6,464 56 675 4,489 1.5
1,690 11,192 44 423 4,728 0.9 Deglacial
1,800 13,928 73 200 2,736 0.7
1,990 14,468 199 100 540 1.9 Glacial
2,115 15473 167 125 1,005 1.2
2,690 16,765 59 575 1,292 4.5
3,475 19,316 113 785 2,551 3.1

The events of glacial, deglacial, and interglacial are adapted from
Dansgaard et al. (1993), Lowe et al. (1994), and Turney et al. (1998),
respectively. See Fig. 1 for core location

using ProMAX and SIOSEIS seismic data processing
systems. Data set of MW9006 was processed at University
of California, Santa Cruz and San Jose State University
using the SIOSEIS processing software (Reed et al. 1992).
Seismic data of MGL0905-03 was processed using Para-
digm’s software of Focus and Geodepth.

All seismic reflection data used in this study are pro-
cessed with trace editing, spiking noise removal, water
column mute, geometry, amplitude compensation, predic-
tive de-convolution, band-pass filtering, velocity analyses
for large offset MCS data (more than 700 m channel off-
set), normal move-out (NMO) corrections for short offset
MCS data (less than 700 m channel offset), stacking, and
F-K time migration with constant velocity (1,500 m/s).
The velocities of NMO are based on a velocity versus sub-
bottom depth function shown in Hamilton (1980).

Long piston core was recovered at site MD05-2914
during Leg 2 of MD147/MARCO POLO 1/IMAGES XII
cruise of R/V Marion Dufresne in May and June, 2005.
Sediments at site MDO05-2914 is of ~35.14 m-long and
situates at a synclinal trough of the same accretionary
wedge and ~ 30 km to the east of the frontal fold in a water
depth of 1,635 m (Figs. 1, 3). Ages for MD05-2914 sedi-
ments are dated by radiocarbon C-14 dating, and those ages
are used to calculate and to infer the sedimentation rate in
the study area. In order to establish the chronology of core
MDO05-2914, '“C dating was performed on planktonic
foraminifera of the cored sediments. More than 200 spec-
imens of Neogloboquadrina dutertrei or Pulleniatina
obliquiloculata (>250 um in size) were picked from 8§
levels and treated with CH30OH and NaOCI to remove the
contamination and organic matters on the foraminiferal
shells. The specimens were then transformed into CO, gas
and dated with an accelerator mass spectrometer in the
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Rafter Radiocarbon Laboratory, New Zealand. All of the
14C ages were calibrated using CALIB '*C program (http://
calib.qub.ac.uk/calib/) and presented here in calendar year
BP (Table 1).

The compilation of Digital Elevation Model (DEM)
offshore SW Taiwan was published in Liu et al. (1998) and
is briefly described here. Compiled datasets consist mostly
of swath bathymetry collected during three research cruises
of (1) the 1996 ACT cruise of the R/V L’ Atalante acquired
using Dual EM12 system (Lallemand et al. 1997), (2) the
1995 EW9509 cruise of the R/V Maurice Ewing acquired
using Hydrosweep system, (3) the 1990 MW9006 cruise of
the R/V Mona Wave acquired using SeaMARC II system.
The study area (i.e. the accretionary wedge offshore SW
Taiwan), is almost fully covered by the ACT swath
bathymetric data (see Sibuet et al. 2002 for data coverage)
and therefore it attains a high spatial resolution. For other
areas not covered by swath bathymetry (e.g., the northern
margin of the South China Sea), underway depth sounding
data (from single-beam echo sounders), and other pub-
lished bathymetry datasets are used to generate the DEM
(see Liu et al. 1998 for details).

Tectonic and geological setting

The area offshore SW Taiwan is in an initial stage of
oblique arc-continent collision between the Luzon volcanic
arc and the Eurasian plate (Huang et al. 1997; Lacombe
et al. 2001). The offshore orogenic wedge in the incipient
collision zone has obliquely impinged westward on the
South China Sea (SCS) continental slope delineated by the
deformation front and the Manila trench (Lin et al. 2008,
Fig. 1). Fold-and-thrust structures of the convergent zone
are predominant tectonic features of the orogenic wedge,
whilst tectonic feature in the SCS slope is characterized by
normal faults (Liu et al. 1997, 2004a, b). The orogenic
wedge off SW Taiwan consists of upper-slope and lower-
slope domains, which are separated by a significant mor-
phologic break, probably related to the onset of multiple
out-of-sequence thrusts (OOSTs) or termed splay faults in
the upper-slope domain (Reed et al. 1992; Lin et al. 2009a).
A series of west-vergent fold-and-thrust belts developed in
the lower-slope orogenic wedge, which can be further
divided into frontal and rear segments (Lin et al. 2008).
The frontal segment of the lower-slope wedge is charac-
terized by a series of elongated anticlinal ridges cored by
blind thrusts, which only uplifted the strata but not break to
the seafloor. By contrast, many emergent and imbricate
thrusts tilted the hangingwall strata to the east as homo-
clinal ridges in the rear segment. The westernmost emer-
gent thrusts and their lateral continuations are considered
as the boundary separating the frontal and rear segments of

the lower wedge (such as structures named R6.1, RS5.1,
R5.2 emergent thrusts shown in Fig. 1). In the present
study, we follow the names of structures defined in Lin
et al. (2008).

The study area is at the frontal fold, lying to the east of
the deformation front of the accretionary wedge offshore
SW Taiwan (R1.1 structure in Fig. 1). The R1.1 structure is
a gentle and elongated anticlinal ridge stretching over
70 km in an NNW-SSE direction, and it diminishes its
height northward toward the SCS continental slope. A main
N-S-trending submarine canyon system, the Penghu can-
yon, also develops in the lower-slope domain. This canyon
is divided into an upper-reach segment and a lower-reach
segment by Yu and Chang (2002). The upper reach of
Penghu canyon shows multiple tributaries joining into the
main course as a fan-shaped system. Most of the upper-
reach tributary canyon courses are confined by anticlinal
ridges, with canyon showing V-shaped cross sections.
These tributaries finally join into the main course in the
lower-reach of the Penghu canyon, cutting across a series
of anticlinal ridges (R1.1 and R2.2 structures, Lin et al.
2008), and turning southward and merging into the Manila
trench. However, tectonic control still plays an important
role for the direction of the course and shifting of the
Penghu canyon (Yu and Hong 2006).

Results

Seismic and topographic features of modern Penghu
canyon and paleo-canyons

The R1.1 structure is an anticlinal ridge uplifted by the
youngest thrusting of orogenic wedge. Modern Penghu
submarine canyon cuts across the middle part of RI.1
structure in an NE-SW direction and then turns to the south
direction. Bathymetric data also shows a few abandoned
paleo-channels which can be identified by peaks of
v-shaped bathymetric contours pointing to an upslope
direction near or above the R1.1 structure. These aban-
doned canyons showing relict linear depressions, correlat-
able to seismic sections, can be found along paleo-canyons
marked as numbers 1, 2, 3, 6 shown in Fig. 3; paleo-can-
yons numbered as 4 and 5, respectively, are buried features
without bathymetric expressions. Seismic facies of cut-
and-fills are present beneath the paleo-canyon courses and
along the frontal fold as evidenced by many seismic sec-
tions. For example, seismic profile of MCS754-18, locating
along-strike the R1.1 structure, shows a series of paleo-
canyon infills developed on upper part of the anticline
(middle and lower figures of Fig. 4). Similar characteristics
of channel cut-and-fills also can be clearly seen on the
seismic profile of MGL0905-03, which is very close and
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Fig. 4 Uninterpreted seismic profiles MGL0905-03 (a), MCS754-18
(b), and interpreted profile (¢) of MCS754-18. The two seismic lines
run along-strike the axis of frontal fold (R1.1) as shown in Fig. 3. A
series of paleo-canyon infills is found along the upper part of anticline
(enlarged sections showing canyon infills are shown in Figs. 5, 6).
Note that continuous BSRs exist below the channel infills. The lower

perpendicular to seismic line MCS754-18 (upper figure of
Fig. 4). Figures 5 and 6 are enlarged sections of canyon
infills for paleo-canyon 3 to paleo-canyon 6.
Paleo-canyon 3 (Figs. 4, 6) is characterized by a broad
and U-shaped canyon profile with outward-dipping reflec-
tors interpreted as levee deposits on both sides of the
canyon, indicating an aggradational channel. An aggrada-
tional channel is developed by turbidity currents of low
energy due to reduction in flow size, density, or an increase
in sediment grain-size (e.g., Kneller 2003). Turbidity cur-
rents in an aggradational channel system deposit sediments
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parts of channel infills are inferred to be sand-rich sediments,
favorable to host an appreciable amount of gas hydrates. The push-
down reflectors are interpreted to result from gas-charged sands below
BSRs. The seismic profile MCS716-02, running perpendicular to the
R1.1 anticline is shown in Fig. 9

both in the channel axis and overbank areas in the levees
(Kneller 2003). The channel infills for paleo-canyon 3 are
interpreted to be sand-prone especially in the lower part.
From Fig. 6, one finds that a cluster of strong reflections
exists exclusively beneath the BSR and above the canyon
incision marked by a blue dashed line. This feature indi-
cates that paleo-canyon 3 incises into mud-prone sediments
showing no strong stratal reflections beneath BSR; while
the canyon itself is filled by permeable sediments in the
lower part as evidenced by gas charged sediment pocket
(and hence strong reflections) beneath the BSR. Figure 6
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Fig. 5 Seismic profile, 12051

MCS754-18, showing paleo-
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also shows that there is a series of strong reflections
existing in the northern levee of paleo-canyon 3. A BSR
cuts across these north-dipping strong reflections. Above
the BSR, the strong reflections are parallel in character and
becoming push-down reflectors beneath the BSR. This
feature is likely to indicate that strong reflections are highly
permeable beds with gas-charged layers (and hence push-
down reflectors) beneath the BSR, suggesting that the levee
deposits of paleo-canyon 3 contain some permeable beds.

Note that we have carefully checked the polarity of
waveforms for both seafloor and BSR using both Petrel and
Kingdom seismic interpretation software and found that the
polarity is reversed to each other.

Paleo-canyons 4, 5, 6 (lying to the north of paleo-canyon
3) are V-shaped canyon-incisions without levees (Fig. 5).
Paleo-canyon 4 (Fig. 5) shows that a second canyon re-
incised the original canyon infills, indicating a lateral-
migration of the thalwegs from SE to NW. There is also a

@ Springer
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Fig. 7 Seismic profile, 6500
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modern Penghu submarine
canyon. The V-shaped canyon
profile indicates that the rate of
fold uplift is greater than that of
canyon incision. See Fig. 3 for
profile location
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tendency that the width and depth of canyon incision
decrease from south to north along the hinge line of frontal
fold. Figure 4 shows this feature for paleo-canyon 3 to
paleo-canyon 6. These V-shaped canyons (i.e., paleo-can-
yons 4, 5, 6, Fig. 5) are characteristic erosional canyons,
resulting from base level falls, caused, most likely, by
uplift of the frontal fold and accretionary wedge. Base level
in a turbidite system is determined by gravity base, the
lowest point that turbidity currents can flow to (Pirmez
et al. 2000; Kneller 2003). Falling of base level leads to an
increased gradient of canyon and therefore an increased
rate of down-cutting by turbidity currents (Flood and Piper
1997). Erosional canyons may be also resulted from higher
density and greater thickness of turbidity currents (Kneller
2003). These erosional canyons will not form levees
because of no aggradation occurred. However, erosive
canyons often host thin tractional lag deposits at the bottom
part of canyon infills. The tractional deposits are mostly
coarse sediments, like the lower part of canyon infills of
paleo-canyon 4 shown in Fig. 5. The upper and most part
of erosive canyon-infills are often characterized by hemi-
pelagic sediments.

The modern courses of Penghu submarine canyon are
mostly confined in bathymetric lows between tectonic
ridges. The lower reach of the canyon generally cuts across
tectonic ridges, however, such as structures/ridges of R1.1,
R2.2, and R3.3 as shown in Fig. 3. Seismic profile
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MCS719-16 shows that the frontal fold has been cut by
modern Penghu submarine canyon, showing a narrow and
V-shaped canyon profile (Fig. 7). The longitudinal bathy-
metric profile along the modern Penghu submarine canyon
course also shows three knickpoints (A, B, C) of bathy-
metric relieves as shown in Figs. 3 and 8. The three
knickpoints correspond to the positions of three inferred
active folds (i.e., structures R1.1, R2.2 (backthrust), and
R3.3). These bathymetric anomalies along Penghu canyon
course indicate that the rate of fold uplift is greater than
rates of erosion along the canyon path, which is similar to
knickpoints observed along canyons in the Barbados
accretionary wedge (e.g., Huyghe et al. 2004) and in other
prisms (e.g., Pirmez et al. 2000; Mitchell 2006; Mouchot
et al. 2010). The observation that the amount of offset at
knickpoint A is greater than that at knickpoints B and C
suggests the rate of uplift at fontal fold is greater than that
at structures R2.2 and R3.3 (Fig. 8). The significant
bathymetric break (~300 m) at knickpoint A suggests a
very active tectonic uplift of the frontal fold.

BSR occurrences and underlying free-gas indicators

A bottom simulating reflector (BSR) is a phase-reversed
reflection event, indicating the base of gas hydrate stability
zone (Shipley et al. 1979; Yuan et al. 1996) as evidenced
by many scientific boreholes (e.g., boreholes in the
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Fig. 8 The longitudinal 0
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Fig. 9 Uninterpreted seismic profile (a) and interpreted profile (b) of
MCS716-02 showing the continuous BSR (blue line) and underlying
flat spot. The flat spot is a horizontal and enhanced reflector, cutting
across a few dipping reflectors, interpreted as a gas—water contact
(GWCQ). Three seismic wavelets at CDPs 4990-4992 are displayed on

northern Gulf of Mexico, Boswell et al. 2012). The BSR
referred here is defined as strong reflections running
approximately parallel to the seafloor and cross-cutting
stratigraphy though BSRs may be defined differently in
other study areas (see Mosher (2011), for example). The
widespread occurrence of BSRs beneath the frontal fold
suggests the likely existence of gas hydrates (Fig. 3).
Seismic data also reveal several lines of evidence for the
prevalent existence of free gas beneath BSRs. For exam-
ples, a few enhanced reflectors exist below BSRs inter-
preted as free gas-charged sediments beneath the gas
hydrate stability zone (Fig. 4). Some of the enhanced
reflectors show “push-down” characteristics due, most

fluids (gas-water ©° °°

contact)

the left of the uninterpreted seismic profile. Notice that the phase of
BSR waveform is reversed to that of the seafloor and GWC. Straight
and wiggled arrows indicate possible gas-charged fluid migration
pathways by advection and diffusion processes, respectively. Profile
location is shown in Fig. 3

likely, to lowered velocity caused by a higher concentra-
tion of free gas in sediments, for examples, beneath CDPs
around 14,050 and 15,550 of MCS754-18 shown in Fig. 4.
Seismic profile MCS716-02, running perpendicular to the
frontal fold, shows continuous BSR and “flat spot” below
BSR (Fig. 9a). The flat spot is a horizontal and strong
reflector lying beneath the east limb of the anticline and
cross-cutting a few east-dipping reflectors. A flat spot is
conventionally interpreted as a gas—water contact (Brown
2004; Lgseth et al. 2009). Three example seismic wavelets
in Fig. 9a show that the phase of BSR waveform is
reversed to that of the seafloor and the flat spot. The phase
of wavelets of seafloor and the flat spot are the same
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| Fig. 11 Seismic profile, MCS719-09, showing the northernmost of
R1.1 anticlinal structure. The growth strata marked on the left
between R1.1 and continental slope is used to estimate the initial age
of uplift for this frontal fold. The blue dashed line marks the base of
| growth strata that onlap the deformed strata. BSRs are marked by
21%0 inverted triangles
| correspond to the extent of topographic closures (i.e. rel-
ative higher areas lying above the deepest and closed
H bathymetric isobath) or the locations of paleo-canyons
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Fig. 10 Distribution of BSRs and underlying enhanced reflectors,
push-down reflectors, and flat spots in the study area. Notice that
distribution of BSRs, enhanced reflectors, and push down reflectors
correspond especially to the topographic closure in the southern part
of R1.1 structure

because their seismic waves propagate from lower-velocity
medium above (water for the seafloor and gas-charged
sands for the flat spot) to higher-velocity medium below
(water-bearing sediments both beneath the seafloor and the
flat spot). By contrast, the wave propagation across BSR is
from high- to low-velocity mediums (i.e., hydrated sedi-
ments above to gas-charged sediments below). The pre-
sence of the flat spot suggests the existence of natural gas
in reservoirs. We therefore interpret that the flat spot is a
gas—water contact (GWC, Fig. 9b).

All the above seismic anomalies related to the presence
of gas hydrates or free gas in the frontal fold (i.e., BSR,
enhanced reflections beneath BSR, push-down reflectors
beneath BSR, flat spot beneath BSR) are mapped out as
shown in Fig. 10. Most of the distributions of BSRs,
enhanced reflectors, push-down reflectors, and flat spot
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along the hinge of frontal fold, especially on the southern
part of the frontal fold. We therefore conclude that favor-
able conditions for forming thick gas hydrates and under-
lying free gas exist beneath the frontal fold.

Timing for the initial uplift of frontal fold

The initial thrusting age for the frontal fold can be esti-
mated by the thickness and sedimentation rate of the
growth strata between the frontal fold and the South China
continental slope (Fig. 11). Seismic profile, MCS719-09,
shows the northernmost structure of the R1.1 anticline. The
growth strata can be identified as a divergent sediment
wedge delimited by an onlapping surface at its base on the
west flank of the fold. Beneath this onlapping surface,
seismic reflectors are parallel in character with constant
thickness beneath the frontal fold and its adjacent trough
areas, indicating those sediments were deposited before
folding of R1.1 structure. The growth strata were formed
by continuous deposition during the growth of frontal fold.
Similar growth strata related to folding or thrusting are
commonly found in modern accretionary wedge (e.g.,
Grando and McClay 2007) or in deformed foreland suc-
cessions (e.g. Burbank and Verges 1994). The maximum
thickness of the growth strata is believed to record the
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complete and continuous sequence of strata since the initial
thrusting of frontal fold. There is, however, a little uncer-
tainty for the exact position for the basal growth strata at
the synclinal trough as it coincides with BSR and enhanced
reflections on the profile (Fig. 11).

The age for the basal growth strata indicate the age of
initial thrusting of the frontal fold. This age can be
approximated by the maximum thickness of the growth
strata divided by the sedimentation rate in this area. For
obtaining sediment thickness from seismic sections, one
needs to convert seismic travel times into depths using a
reasonable sediment velocity function. The sedimentation
rate and the sediment velocity function are therefore two
important parameters for performing this calculation. Ide-
ally these two parameters would be obtained directly from
the growth strata. Because there is no deep borehole
penetrating into this growth strata, we use the sedimenta-
tion rate obtained from a nearby giant piston core, MDO05-
2914, locating at an adjacent slope basin (Fig. 1), and a
sediment velocity function obtained from the FJ-1 well,
drilled in the adjacent shelf. We note that our calculation
for the initial thrusting age for the frontal fold may not be
an exact solution but an approximation because these two
parameters are derived from nearby areas and not directly
from the growth strata.

Fig. 12 Comparison of sonic 18’ ne nr 118 119

The sediment velocity profile from FJ-1 well is located
at a water depth of 87 m and drilled by CPC Corporation,
Taiwan (Figs. 1, 12). Sediments of FJ-1 well are dominated
by Plio-Pleistocene mudstone (Lin et al. 2003), and similar
lithology is expected to be found in the growth strata west
of the frontal fold as both locations lie in the same shelf
and slope setting. One may argue that the deep water
growth strata related to frontal fold and shelf sediments
drilled in the FJ-1 well may show very different sediment
velocity profiles as they were accumulated in very different
water depths (around 2,000 m water depth for growth strata
versus less than 200 m water depth for shelf sediments
drilled at FJ-1 well). In order to clarify the arguments that
sediment velocity functions may vary with water depths,
we chose a sediment velocity profile from ODP Site 1,148
(Cheng et al. 2004), which is drilled at a water depth of
3,294 m, for comparison. The dominant lithology at Site
1148A is Oligocene-Recent mudstone (Li et al. 2004) and
is similar to FJ-1. Therefore we are comparing sediment
velocity profiles for similar lithology but lies at shelf and
deep water settings. Figure 12 shows two superimposed
sediment velocity profiles lined up at the seafloor depth.
The sonic velocities from both boreholes correspond well
to each other regardless the large difference in water depth.
Only the sonic velocity in 400-500 m depth of Site 1148A
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is anomalously large owing to the existence of gas hydrates
as suggested by Wu et al. (2007). Similar velocity func-
tions at both shallow and deep water depths indicate that
the increase of sediment velocity with increasing depths is
due mainly to sediment compaction for mudstone. We
conclude, from this comparison, that sediment compaction
curves at both wells are similar because of similar lithology
even though a large difference in water depths; and the
sediment velocity function for the deep-water growth strata
related to the studied frontal fold can be approximated by
FJ-1 well from the adjacent shelf. The velocity trend (black
line in Fig. 12) that best describes the sonic log profile of
FJ-1 can be expressed as:

V, = 0.861Z + 1563.4

where Z is the sub-bottom depth of sediment, V,, the sonic
velocity at depth Z. Comparing above formula to that of
Reilly (1993):

V,=Vo+KZ

where V is the sonic velocity of sediments at seabed, K is
the rate of increasing sediment velocity with increasing
sub-bottom depth, and therefore V, corresponds to
1,563.4 m/s and K to 0.861. These two parameters and
the thickness of growth strata obtained from seismic profile
in seismic one-way-travel time (t) can be substituted into
the time-depth conversion formula of Smallwood (2002):

Kt
th = ? (e — 1)
where Zy, (in m) is the thickness of growth strata. Finally,
the thickest growth strata can be calculated to be around
430 m in thickness.

For the parameter of sedimentation rate, a giant piston
core of MD05-2914 (~35.14 m long) located at a syn-
clinal trough lying in between anticlinal ridges of R3.3.1
and RS5.2 structures is used to derive the sedimentation
rate for calculating the initial thrusting age of the frontal
fold. The sediments are dated from '*C datings on forams
as detailed in Sect. 2. Table 1 shows the dating results
from MDO05-2914. The sedimentation rate for each
stratigraphic level can be calculated from depth interval
divided by corresponding age interval (Table 1). The
result shows that the sedimentation rates vary in a range
of 0.7-4.5 mm/year.

We notice that low sedimentation rates occur in depths
between 1,267-1,690 cm and 1,690-1,890 cm. Ages of
these depth intervals range from around 6,464—13,928 year
BP, corresponding to the most recent rise of global sea-level
(e.g., Liu et al. 2004a, b; Martinson et al. 1987; Chappell
et al. 1996). The last eustatic rise occurred during the most
recent deglacial from the last glacial maximum (LGM) to
the Holocene (Jansen et al. 2007). Higher sedimentation
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rates are found during glacial (~19,316-14,468 year BP)
and interglacial (since ~6,464 year BP) periods. The
maximum and minimum depositional ages for the 430-m
thick growth strata can be calculated by using the lowest
and the highest sedimentation rates (i.e., 0.7 and 4.5 mm/
year, respectively, Table 1) and this practice yields a
maximum and minimum ages of 614 and 96 kyr, respec-
tively. The result suggests that the 430-m thick growth
strata must have been accumulated during several cycles of
eustatic sea-level changes and using one particular sedi-
mentation rate obtained from one segment of a full sea-level
cycle will not be an inappropriate approach. We therefore
apply an averaged sedimentation rate obtained from MDO05-
2914 (i.e., 1.8 mm/year) for calculating the oldest age, a
proxy for age of initial thrusting, for the growth strata. With
known sediment thickness (i.e., 430 m thick) and inferred
average sedimentation rate (i.e. 1.8 mm/year), the initial
age of uplifting for the frontal fold is calculated to be around
0.24 Ma.

Discussion

There is a clear link between the presence of BSRs and the
frontal fold. BSRs are prevalent beneath the highline of the
frontal fold and cluster especially beneath topographic
highs. In addition, flat spots, enhanced reflectors and push-
down reflectors beneath BSRs, exist especially beneath
topographic four-way dip closure. This indicates that
topographic closures exert a second-order control on gas
hydrate distribution. This patchy occurrence of gas
hydrates and free gas-related features may also indicate
nearby efficient conduits, and therefore gas escape, among
others. Stratigraphic controls on gas hydrate occurrences
are also evident on canyon-incisions. The multiple paleo-
canyon infills developed along the southern part of this fold
may provide thick and porous sands to host a large amount
of gas hydrates and underlying free gas beneath the fold.
Several wide topographic closures in the southern part of
the fold may also help to trap abundant free gas beneath the
four-way-dip closures.

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 gas hydrate
stability zone and form gas hydrates (Hyndman and Davis
1992). Brittle fault zones are also good migration conduits
for deep-seated, gas-bearing fluids (Caine et al. 1996).
Previous studies (e.g., Moore et al. 2001) indicate that the
decollement surface in the accretionary wedges is the
major fluid migration conduits. The frontal fold situates at
the top and end of an east-dipping decollement surface, a
major migration pathway for gas-bearing fluids; and this
fold is also the most distal and final structural traps for
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upward migrating gas. It is reasonable to infer that the
above two factors make the frontal fold as the final site of
upward-migrating gas. In addition, a series of canyon cut-
and-fills presumably sand-prone in the lower part existed
along the frontal fold, together with the fold/structural trap
has been formed since ~0.24 Ma, a relatively old thrust-
initiation age comparing to its onshore counterpart of the
Tiechanshan (TCS) gas field (see below), these two factors
may further lead to the prevalent existence of gas hydrates
and free gas beneath the frontal fold.

An analytical fold model suggests the initial thrusting
age for the Pakuashan anticline (PKS in the index figure of
Fig. 1), the frontal fold in onshore central Taiwan, to be
around 0.06 Ma (Simoes et al. 2007), which is much
younger than that of the frontal fold in the study area (i.e.
0.24 Ma). Forty kilometers northward along the PKS
anticline, there exists the Tiechanshan anticline (TCS in the
index figure of Fig. 1) that marks the same frontal fold. The
TCS is the largest gas field in Taiwan with around 1
Trillion Cubic Feet (TCF) of recoverable thermogenic gas
(Yang et al. 1994). Given the close proximity of the PKS
and the TCS anticlines, the age of initial folding for the
TCS gas field is regarded as comparable to that of the PKS
anticline (i.e. 0.06 Ma). Note that the relatively short
duration for the existence of the TCS structural trap, it still
traps an appreciable amount of natural gases. The frontal
fold (or R1.1 structure) in the study area is formed since
0.24 Ma, which is much older than the TCS anticline. We
speculate that, given the longer time span than its onshore
counterpart, the frontal fold off SW Taiwan may host even
larger amount of hydrocarbons than the TCS gas field if
favorable conditions exist. The exact amount of gas-in-
place beneath the R1.1 structure warrants a detail assess-
ment and this is beyond the scope of this study. However,
an array of geophysical evidences (e.g., BSRs, enhanced
reflections, push-down reflections, flat spots) tend to sug-
gest gas hydrates and free gas are likely to exist widely
beneath the frontal fold.

Conclusions

We recognize anticlinal features, paleo-canyons and sev-
eral indicators for the existence of gas hydrates and their
associated underlying free gas in the frontal fold of
accretionary wedge off SW Taiwan. There are six distinct
canyon/channel infills around the frontal fold. The uplift of
the frontal fold results in a significant knickpoint of
~300 m relief on the bathymetry along the thalweg of the
modern Penghu canyon. The initial uplift age for the
frontal fold is around 0.24 Ma, estimated using the thick-
ness of the growth strata in the west flank of the frontal fold

and sedimentation rate determined from MD05-2914 core
samples in a nearby area.

A widespread occurrence of BSRs has been recognized
from seismic images beneath the frontal fold, suggesting a
prevalent existence of gas hydrates in the study area. A few
gas indicators such as enhanced reflectors, push-down
reflectors, and flat-spots shown on seismic sections also
indicate a substantial quantity of free gas is likely to
present beneath the gas hydrate stability zone. We suggest
that the multiple paleo-canyon infills beneath the frontal
fold may provide porous sands to host a large amount of
gas hydrates above BSRs and free gas below BSRs. Several
areas of topographic closures in the southern part of the
frontal fold may help to trap free gas beneath the structure.
Our results indicate that the toe of accretionary wedge
offshore SW Taiwan is a dynamic hydrogeologic envi-
ronment, which is likely to trap substantial amounts of
hydrocarbons under favorable conditions.
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