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ABSTRACT

Methane hydrates are considered a major potential source of hydro-
carbon energy and could be important in meeting natural gas demand in
the future. To study the feasibility of recovering methane from the offshore
southern Taiwan region and its impact on many geological processes, it is
necessary to know the total amount of hydrate in the region; something
that is still unclear. Here we take the first step using a bottom-simulating
reflector (BSR) to estimate the total volume of the stability field that can
hold hydrates in the sediments offshore of southern Taiwan. We used a
dense grid of 6-channel and 120-channel reflection profiles to study the
distribution and sub-bottom depth of a BSR. BSRs are marked by a re-
versed polarity reflector that increases in sub-bottom depth with increas-
ing water depth, suggesting that BSRs mark the base of methane hydrate
stability zones. For offshore Taiwan a BSR is located in offscraped sedi-
ments derived from the Taiwan orogen and the Chinese continental margin.
These sediments may have high amounts of organic carbon, thereby pro-
viding a source for the methane. We document the areal extent and sub-
bottom depth of BSRs covering a 45000 km*-wide region. The BSRs were
classified into three categories based on how well they fit the seismic char-
acteristics of the BSR associated with hydrates. Q1 BSR fits with all the
expected seismic attributes to be found at the base of a hydrate boundary,
while Q2 and Q3 BSRs are possible and probable reflectors resulting from
such a boundary. We then estimate the volume of the hydrate stability zone
bounded between the seafloor and the mapped BSRs in the offshore region.
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At least 1023 km® of the hydrate stability field is underlain by the highest
quality BSRs while as much as 11522 km® is underlain by all mapped BSRs.
We then speculated on the total amount of hydrate stored in the region
using published regional porosity-depth relations and assuming a range of
saturation values of hydrates in the pore spaces. Hydrate storage can be
better estimated once additional porosity and saturation information be-
comes available.

(Key words: Bottom-simulating reflector, Methane hydrate, Taiwan)

1. INTRODUCTION

Methane hydrates are ice-like crystalline solids formed from a mixture of water and meth-
ane molecules. Most hydrates have been found in deep ocean sediments where there is a suffi-
cient supply of methane and where pressure and temperature ranges between 0.2 - 5 MPa and
0 - 25°C, respectively, as per Kvenvolden and McMenamin (1980). World storage of the
hydrates has been estimated to range from 10" to 10" g (e.g., Milkov 2004; Kvenvolden 1988).
One volume of hydrate can contain up to 164 volumes of free gas (Kvenvolden 1993), there-
fore is a very condensed form of gas. The hydrates and any free gas trapped below the hydrate
stability field may provide a significant hydrocarbon resource in the future (Kvenvolden and
McMenamin 1980; Kvenvolden 1993).

Methane hydrates also influence a number of important submarine processes (Kvenvolden
1993). Development of the offshore seabed may be influenced by seafloor instability and mass
wasting, both of which are potentially affected by hydrate formation and decomposition. Meth-
ane hydrate in marine sediments may form a significant global sink of methane, a gas that is
about 20 times more effective as a greenhouse gas than carbon dioxide. Variations in water-
bottom temperature or the position of the sea level may influence the stability of hydrate, and
in some cases, could result in the release of additional methane into the atmosphere and poten-
tially influence climate (Kvenvolden and McMenamin 1980; Kvenvolden 1993). In addition,
as the submarine accretionary prism grows or even emerges from the sea, some hydrates will
decompose into gases and get released into the atmosphere. The volume of the hydrate stabil-
ity zone needs to be calculated before scientists can estimate the amount of gas which could be
potentially released into the atmosphere through this process.

Recently some engineering projects have been proposed to use deep-sea sediments to
safely store man-made carbon dioxide (House et al. 2006). These projects will use hydrates to
seal liquid-phase carbon dioxide that is denser than its surrounding water. Other proposals
include storing methane in deep-sea sediments to reduce the risk of storing it in on-land tanks.
Evaluation of such projects would benefit from a better understanding of the regional scale
hydrate stability field.

Seismic profiles have been extensively used in hydrate research. Surface seismic data can
image hydrate formations through the presence of a bottom-simulating reflector, or BSR that
is sub-parallel to the topography of the sea floor (Shipley et al. 1979). These seismic reflectors
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are generated by the acoustic impedance contrast at the base of a sediment layer containing
methane hydrate (Shipley et al. 1979) and usually are at a sub-bottom depth of several hundred
meters. The increase in temperature with depth below the seafloor causes methane hydrate to
become unstable and decompose, despite increasing pressure. As a result, the base of the
methane hydrate defines a “phase boundary” that separates the stable gas hydrate above from
a field of instability below. Because they are not structural reflectors, they can sometimes cut
across reflectors generated by sediment layers (Tucholke et al. 1977; Shipley et al. 1979).

To estimate the total hydrate storage in this region, one needs the following information: (1)
total volume of the hydrate stability zone between the seafloor and the mapped BSRs; (2) the pore
space percentage in the sediments within the stability zone: and (3) the saturation value of the
hydrates in the pore space. Here we are interested in the stability field between the seafloor and the
BSR. We study the distribution of the BSR south of Taiwan using migrated 6-channel and
160-channel reflection profiles. This region is characterized by a large accretionary prism
formed along the boundary between the Eurasian and Philippine Sea plates. BSR sub-bottom
depths were compiled in the region of subduction and that of collision. We use a velocity-depth
relation published in Hamilton (1980) to convert travel-time measurements to depth in meters.
We then estimate the total volume of the hydrate stability zone using the distribution of the
BSR and its associated sub-bottom depth.

Furthermore, we have estimated the hydrate storage in this region based on an average
depth-dependant porosity function, and a range of reasonable hydrate saturation values. The
precise values of porosity and hydrate saturation might vary spatially in this region. And this
preliminary hydrate storage estimate can be modified when additional information on the re-
gional porosity and saturation become available.

2. GEOLOGICAL SETTING OF TAIWAN COLLISION

The offshore Taiwan accretionary prism (Fig. 1) is located on the boundary between the
Eurasian plate and Philippine Sea plate where oceanic lithosphere of the South China Sea is
subducting eastward beneath the Philippine Sea plate (Bowin et al. 1978; Ho 1986). The prism
is bounded on the west by the Manila Trench, and the forearc basin of the North Luzon Trough
to the east. Near Taiwan, subduction changes into an arc-continent collision where the Chi-
nese continental margin enters the subduction zone (Suppe 1981). East of the trench, the sub-
marine prism contains three distinct structural domains (Reed et al. 1992; Fig. 1): (1) a lower
slope domain composed of mostly west-vergent ramp anticlines; (2) an upper slope domain
with highly discontinuous reflections, suggesting intense deformation, and, possibly, out-of-
sequence thrusting and underplating; and (3) a backthrust domain located along the rear of the
prism. The North Luzon Trough, a forearc basin, is truncated by the juxtaposition of the rear of
the prism and the volcanic arc along backthrusts in the region of collision.

3. DATA ANALYSIS

This study is based on data acquired during marine geophysical surveys (Fig. 2) con-
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ducted in 1990 aboard the R/V Moana Wave of the University of Hawaii and the 160-channel
seismic reflection survey in 1995 aboard R/V Maurice Ewing of Columbia University as part
of the onshore-offshore seismic experiment known as TAICRUST. The 6-channel data were
processed at UC Santa Cruz and San Jose State University using the SIOSEIS processing
software with the following sequence: debias correction, resample to 4 msec, spectral analysis,
quality control, near trace gather, shot gathers, trace editing, geometry, auto-gain control, spiking
deconvolution, normal-moveout, stack, filter, predictive deconvolution, water-bottom mute, trace
weighting, filter, auto-gain control, 4-fold stack section plot, F-K time migration at 1500 m sec™,

Chinese

Passive
1

Fig. 1. Offshore tectonic frame-
work map (after Reed et al.
1992). The basemap shows
bathymetry of this region.
We have plotted the lower
slope domain, upper slope
domain, and backthrust
domain. COB: Continent-
Ocean Boundary.
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Fig. 2. Tracks of 1990 6-channel seismic data (small circles) collected during
the R/V Moana Wave cruise (after Reed et al. 1992) and 160-channel

seismic data associated with the 1995 TAICRUST experiment (large
circles).

filter, AGC, and finally, migrated section plot (Reed et al. 1992). The 160-channel reflection
data were processed at University of Hawaii using ProMAX. This dataset, with large source-
receiver offset and detailed interactive velocity analysis (0.6 - 1.2 km spacing) after DMO,
provides good velocity information in this region, especially at shallow sub-bottom depths
where BSRs are located. More than 8000 kilometers of seismic reflection profiles were exam-
ined covering a region of 45000 km?.

We have made a determined effort throughout the study to separate reflectors associated
with water-bottom reverberations from BSR identifications. In some cases, BSRs located near
predicted water-bottom reverberation time were discarded. The reverberation usually shows
strong over-migration artifacts and is easy to identify. The characteristics of the BSR in this
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region were discussed in details in Chi et al. (1998). The BSR (Fig. 3) was identified along
survey lines and each pick was assigned to one of three categories according to the confidence
level of the identification (Q1, Q2, or Q3). Q1 represents a clear BSR, Q2 a probable BSR, and
Q3 apossible BSR. The Q1 category includes BSRs with the following reflector characteristics:
(1) subparallel to the seafloor in shallow sub-bottom depths; (2) reverse polarity with a single
symmetrical pulse; and (3) a strong coherent reflection that cuts across bedding. The Q2 cat-
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Fig. 3. (a) An example of Q1 class BSR. (b) Examples of Q2 and Q3 BSRs. The
locations of these two profiles are marked at the top of the figures and
also in Fig. 4.



Chietal. 835

b Latitude:22°10° N
(b) Longitude:120°E

3km

L
BSR(

WV, I) F o eh L T !
,ﬁﬁgyn.};&.ﬁ: L

J

(OWI} [9ABI} ABM OM]) SPUODOS

Fig. 3. (Continued)

egory or probable BSR identifications show similar characteristics to the Q1 picks except that
the reflections are either segmented into pieces or may not cut bedding. The segment lengths
of the Q2 reflectors are usually longer than the gaps between segments. The Q3 category,
containing possible BSR picks, exhibits very weak and segmented reflections that are sub-
parallel to the seafloor. BSRs in the Q3 group can be traced from adjacent Q1 or Q2 categories
without abrupt changes in the sub-bottom depth. These data were converted into methane
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hydrate distribution maps (Fig. 4). The highest quality (Q1) BSRs are concentrated in the
lower domain in the collision zone. The Q2 BSRs are mostly located in the lower slope domain.
But some Q2 BSRs are also found in the upper slope domain. The Q3 BSRs can be identified
through out the offshore Taiwan accretionary prism and other forearc regions.

The BSR sub-bottom depth ranges from 300 to 600 meters (Fig. 4), which is among the
deepest in the world, compared with about 224 m in northern Cascadia continental slope
(Yuan et al. 1996), 100 - 200 m in offshore Oregon (Shipboard Scientific Party 2003) and
many other published works in Blake Ridge and other places. In general, the BSR sub-bottom
depth in Taiwan shallows toward the toe of the accretionary prism, despite the increasing
water depth, implying a high geothermal gradient along the toe of the accretionary prism. BSR
sub-bottom depth also becomes shallower where the Chinese continent enters the subduction
zone, even though the water depth decreases. The BSR sub-bottom depth increases from the
lower slope domain to the upper slope domain, despite the decreasing water depth.

We then used the distribution of the BSRs and their corresponding BSR sub-bottom depth
to estimate the total volume of the hydrate stability field (cf. Table 1). We gridded the offshore
region into cells of 0.1°, translating to a size of 10.3 km by 11.1 km (Fig. 5). The length of the
cell is a bit longer than the spacing of the parallel seismic profiles to avoid a situation where a
BSR is present but there are no seismic profiles to sample it. The cells without BSRs were
discarded. For the remaining cells, the mapped BSR sub-bottom depths in each cell were
averaged before multiplying 114.33 km? (the surface area for each cell) to derive the volume
of the hydrate stability for that particular cell. The numbers of cells containing Q1, Q1 + Q2,
and all BSRs are 21, 109, and 215, respectively. The areas covered by Q1, Q1 + Q2, and all
BSRs are 2401, 12462, and 24581 km?, respectively. The total volume of the stability field
associated with Q1, Q1 + Q2, and all BSRs are 1023, 5517, and 11522 km?, respectively.

4. DISCUSSION

Reed et al. (1992) first identified the BSR in this region and interpreted that it is associ-
ated with hydrates. Chi et al. (1998) have discussed additional evidence to argue that the BSR
around southern Taiwan represents the base of a methane hydrate stability field. The BSR is
widespread throughout the accretionary prism, which is composed of offscraped sediments of
the Chinese continental margin. It is also widespread in the area of the Taiwan orogen, which
may reflect high amounts of organic carbon in rapidly deposited terrigenous sediments. These
organic materials may produce either thermogenic or biogenic methane, and other gases, which
migrate into anticlines and form gas hydrates.

The gas hydrates are stable below the seafloor when the pressure from the overburden is
high. However, once the ridge of the Taiwan accretionary prism gets uplifted or even emerged
from the sea due to tectonic movements, the in-situ pressure at the BSR will decrease, and the
temperature will increase. As a result, the hydrates will decompose into gases, some of them
are likely to escape into the atmosphere. Due to the rapid tectonic deformation in this region
and the huge hydrate reservoir estimated from this study, there might have been large amounts
of green house gases like methane released into the atmosphere through this mechanism in the
last couple of million years (T. F. Yang, personal communication 2006).
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Fig. 4. Distribution of BSR identifications. Large circles indicate Q1 class or
highest confidence in BSR identification. Medium circles indicate Q2
class, or probable BSR identification. Small circles indicate Q3 class, or
possible BSR identification. The color code shows the BSR sub-bottom
depth. The open solid and dashed line rectangles show the locations of
the profiles in Figs. 3a and b, respectively.
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Table 1. Volume of the hydrate stability field of offshore southern Taiwan.

Area of Volume of Volume of Remarks
Hydrate Hydrate Pore Space in
Stability Stability field | the Hydrate
field (km”) Stability Field
(km®) (km’)
Q1 2401 1023 475 Mostly in the
(clear BSR) lower slope
domain in

collision zone

Q1+Q2 12462 5517 2549 Mostly in the
(clear and probable lower slope
BSRs) domain

Q1 +Q2+Q3 24581 11522 5284 Wide-spread
(clear, probable, in the

and possible accretionary
BSRs) prism

BSR sub-bottom depths differ from place to place. Uncertainties in measuring the two-
way traveltime of the seafloor and the BSR are less than 0.05 s and therefore significantly less
than the range of BSR measurements. There might be additional errors when converting time
intervals to depth intervals. Sub-bottom depths of BSRs in two-way traveltime can be influ-
enced by a number of factors like lateral variations in sediment velocity above the BSR and
spatial and temporal changes in P-T conditions. The BSR sub-bottom depth in this region
ranges from 300 to 600 meters, deeper than many reported elsewhere around the world. This is
probably due to the lower regional geothermal gradient, thus the thicker hydrate stability field.
As a result, there might be more hydrates per unit area in Taiwan compared with other regions,
even though some of the hydrate is located at greater depths and could be difficult to recover.

Next we estimated the total pore space in the stability zone. We use the porosity-depth
relation derived at a nearby site FJ1 (cf. Fig. 13 of Lin et al. 2003) that is well-constrained by
sonic log data. We converted these interval porosity values at different depths into an average
porosity for each BSR. We average the porosities within each cell. The derived average poros-
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Fig. 5. The circles are the distribution of the BSRs mapped in this study. We
gridded this region using a cell size of 0.1° by 0.1° (10.3 km by 11.1 km)
before averaging the BSR sub-bottom depths in the cell. Each color circle
represents one cell. The color code shows the average BSR sub-bottom
depth of that particular cell. We then calculate the total volume of the
hydrate stability field in this region that is associated with mapped BSRs.
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ity ranges between 43 to 50%. We then calculated the total pore space volume in the sediments
of the hydrate stability field (Table 1).

We plotted the estimated hydrate storage in the offshore region by multiplying the esti-
mated total pore space volume by a range of hydrate saturation values (Fig. 6). Recently high
resolution geophysical and geochemical studies have been conducted at locations near 22.2°N
and 119.6°E. The preliminary results give a hydrate saturation value of about 0 - 10% of the
pore space in the sediments (e.g., Schniirle et al. 2004), translating to up to 47.5 km? of hydrate
if we only count Q1 BSR. It can be as high as 528 km’?, if we include all the three types of
BSRs. Recent studies elsewhere in the world show that the saturation value of the hydrates in
the sediments might vary spatially (Trehu et al. 2003). As a result, even though the stability

550
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200 - X@) -
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Fig. 6. A hydrate saturation versus volume of hydrate plot. The three lines rep-
resent the Q1 BSR, Q1 + Q2 BSR, and all the Q1 + Q2 + Q3 BSRs.
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field estimate from this study should be robust, the estimate for hydrates is preliminary and
can be modified once we have a better understanding of the overall regional saturation value.
In addition, some BSRs probably were enhanced by the gases underneath the stability field
and hydrate concentration probably is highest just above the BSR. In this case, we can also use
the area of the hydrate stability field derived from this study to estimate the reservoir more
accurately in the future if we have new information about the thickness of the hydrate layer
above the BSR and the possible gases below it.

S. CONCLUSION

At least 2400 km? of the Taiwan accretionary prism is covered by a BSR, which is identi-
fied as a reflector sub-parallel to the seafloor with reversed polarity. Reversed polarity, in-
creasing sub-bottom depth with increasing water depth, the distribution of the BSR, and meth-
ane emitted on land in the nearby region strongly suggests that this feature marks the base of
the methane hydrate stability field.

We have classified the BSRs into three categories based on our confidence in identifying
the BSR. About 2401 km? of the sea floor is underlain by the highest (Q1) BSR. If we include
all the BSRs (Q1 + Q2 + Q3) we have identified in this region, the total area underlain by the
BSRs can be as high as 24581 km?.

Possibly due to a low geothermal gradient in this region and deeper bathymetry, the BSR
sub-bottom depth here ranges from 300 to 600 meters, which is deeper than most of the other
BSR sub-bottom depths around the world. This means that the hydrate stability field offshore
Taiwan is thick and if hydrate saturation is similar to other gas hydrate regions, the larger
hydrate volume may mean it is more economical to recover the hydrates in this region.

Using the BSR distribution and its sub-bottom depth, we estimated the total volume of the
hydrate stability field of offshore southern Taiwan associated with 1) Q1 BSR, 2) Q1 + Q2
BSRs, and 3) all the BSRs to be 1023, 5517, and 11522 km’, respectively. In addition, we have
also estimated the total pore space in the sediments of the hydrate stability field to be 475 km?
for Q1 BSR, 2549 km? for Q1 + Q2 BSR, and 5284 km? for all BSR. These estimates can be
used to derive the total hydrate storage in the Taiwan region once we have better understand-
ings of the regional porosity-depth pattern and saturation values of the hydrates in the sedi-
ments offshore of southern Taiwan.
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