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Abstract Single-channel seismic recording was carried
out off the southwestern coast of Taiwan. Six charac-
teristic seismic facies associated with bottom simulating
reflectors (BSRs) and mud diapirs are identified. The
existence of reflections which mimic the seafloor, the
reverse polarity, weak amplitude blocks, and strong
diffraction patterns around the mud diapirs all suggest
that gas hydrates exist in the deep-water regions. The
bases of the hydrate stability zones upturn in the vicinity
of mud volcanoes. The high heat flows of mud volcanoes
provide heat sources which destabilize the gas hydrates
and upturn the BSRs.

Introduction

Deep-sea gas hydrates are ice-like solids (Singh et al.
1993) which are formed from water and naturally
occurring gases, particularly methane species (Hyndman
et al. 1992; Dickens et al. 1997). Gas hydrates usually
occur in open-ocean waters at depths greater than 500 m
in feather-edged, surface-parallel horizons up to 1100 m
thick (Booth et al. 1995).

Hydrates in deep-sea sediments have been sampled by
remotely operated vehicles in the Ocean Drilling Pro-
gram (Brewer et al. 1997; Paull et al. 1998). However,
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the presence of gas hydrates in sediments has usually
been inferred from bottom simulating reflectors (BSRs)
in seismic sections (e.g., Neben et al. 1998). The high
amplitude associated with BSRs indicates seismic char-
acteristics of bright spots in petroleum exploration
(Sheriff 1975; Hutchison et al. 1981).

The analysis of seismic reflection profiles acquired
during cruises 320 and 329 of the R/V Ocean Researcher
I (Fig. 1) indicates the existence not only of gas hydrates
and BSRs, but also of submarine mud volcanoes off-
shore from southwestern Taiwan. This paper describes
in detail (1) the general seismic facies in the vicinity of
BSRs associated with mud diapirs; (2) the characteristics
and existence of BSRs; (3) the relationship between the
BSR burial depth and water depth; (4) the upturning of
BSRs in the vicinity of mud diapirs; and (5) the existence
of pockmarks.

Geological setting

The island of Taiwan was formed by the collision of the
Luzon arc with the Chinese continental margin (Ho
1986; Teng 1990). The geological framework of the
southwestern Taiwan region, including offshore areas,
evolved during the Pliocene—Quaternary (Covey 1984).
The arc-continent collision has resulted in the formation
of a foreland basin filled with orogenic sediments up to
6000 m thick in southwestern Taiwan (Covey 1984).

The area offshore from southwestern Taiwan consists
mainly of a narrow shelf and a deep broad slope (Yu and
Wen 1992). Submarine mud diapiric intrusions and mud
volcanoes are recognized as the most prominent under-
sea features in the deep-water region (>700 m; Sun and
Liu 1993; Chow et al. 1996).

General seismic facies around BSRs

A general interpretation of the seismic profiles pro-
vided essential information on the sedimentary envi-
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Fig. 1 Map showing the loca-
tion of seismic survey lines in
the area offshore from south-
western Taiwan (record of
ship’s track for R/V Ocean
Researcher I during cruises
320 and 329). Shaded areas
Locations of BSRs
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ronments, and thus serves as the basis for further
discussion of the seismic characteristics of BSRs.
These seismic facies units are common features in the
vicinity of BSRs with mud diapirs worldwide. The
following seismic facies can provide a geological
background for geochemical studies dealing with the
relationships between the gas hydrates and mud
diapirs.

Seismic facies S1 appears with parallel, continuous
reflections of high amplitude (Figs. 2, 3). The facies
frequently occurs in the uppermost portion of the sedi-
mentary column in the study area. The facies of some
areas are truncated by gullies or disturbed by submarine
mud volcanoes. A lack of disturbance in these well-

SHIP TRACK of 320 329

stratified sedimentary deposits indicates calm hemipela-
gic sedimentation (Basov et al. 1996).

Seismic facies S2 (Figs. 2, 3) is characterized by
nearly transparent and white shaded reflection patterns.
The distribution of S2 is restricted to local regions of the
deep-water area studied. The geological significance of
this facies will be discussed below.

Seismic facies S3 (Fig. 3) exhibits features associated
with the development of mud diapirs, i.e. it is a pro-
gradational facies of debris which derived from the high
land of mud diapirs, with inclined reflectors deformed
by diapir uplift.

Seismic facies S4 (Figs. 3, 4) usually underlies S2 and
S3. The appearance of S4 is a subparallel reflection

Fig. 2 V-shaped pockmarks
(P) and acoustic disturbances of
narrow vertical column below
pockmarks. S7 and S2 are
seismic facies units. The loca-
tion of this seismic survey line is
shown in Fig. 1
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Fig. 3 Bottom simulating
reflectors (BSRs) generally S
mimic the seafloor topography
in the area offshore from
southwestern Taiwan. Weak

reflection blocks are normally
found above BSRs. S1, S2, S3,
S4, and S5 are seismic facies
units. The location of this
seismic survey line is shown in
Fig. 1. HSZ Hydrate stability
zone; M D mud diapir
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Fig. 4 Reversed enlarged detail
of the boxed area in Fig. 3.
BSRs Bottom simulating re-
flectors; HSZ hydrate stability
zone; M D mud diapir

pattern of high amplitude. The seismic facies S4 is
almost parallel to the seafloor at a sub-bottom depth of
200-500 ms two-way time (TWT), forming bottom
simulating reflectors which frequently intersect the
sedimentary layer reflectors. This facies will also be
described in detail below.

Seismic facies S5 (Fig. 3) is recognized as a mud-
diapir facies of gentle anticlinal outline and internal
chaotic reflectors. This facies usually punctured the
surrounding sedimentary beds when the mud diapirs
extruded. The axial parts of the diapir facies are

Accoustic
Blanking

frequently linked together with the nearby mud diapirs
or the submarine mud volcanoes.

The whole external appearance of seismic facies S6
(Fig. 5) is a mud-volcano facies of triangular shape
with two sides forming a steep slope. The mud-diapir
facies S5 and the mud-volcano facies S6 are about
5 km wide with heights of about 0.5-1.0 s (TWT). The
difference is that the mud-volcano facies, surrounded
by BSRs, often rises hundreds of meters from the sea
bottom but the mud-diapir facies is located under the
seafloor.



Existence and characteristics of gas hydrates

Single-channel seismic reflection profiles (500 in® airgun)
from the deep-water area studied show that some seismic
reflections generally mimic the seafloor topography. In
Fig. 4, one of these events at about 1.9 s (TWT) parallels
the seabed, and is superimposed across the inclined
sedimentary beds above mud diapirs. The sea-bottom
depth of the seismic section is about 1.5 s (TWT), so a
1.9-s reflection cannot be a multiple reflection of the
seabed since this would occur at about 3.0 s (TWT).
These BSRs are the physical zones whose depths are
determined by ambient pressures and temperatures
(Max and Lowrie 1996; Willoughby and Edwards 1997).
They are neither lithological nor stratigraphical inter-
faces.

Furthermore, Fig. 6 (an enlarged detail of Fig. 4)
clearly shows the reverse polarity of this reflection, i.e.
from the peak-trough-peak of the sea-bottom reflection
waveform to the trough-peak-trough of the BSR
reflection. The phase shift of 180° is caused by a decrease
in the interval velocity below the BSR which also forms
a strong acoustic impedance. The impedance contrast is
caused by the presence of methane in the pore space of
marine sediments (Ecker et al. 1998). A level of free gas
of only a few percent in the pore space can still cause the
P-wave velocity to decrease markedly (Pecher et al.
1996). The amplitudes below the BSR decay rapidly.
The decaying effect of high attenuation is probably due
to the presence of dispersed free gas (Lee et al. 1994).
BSRs of reverse polarity can also be observed in many
parts of the seismic profiles made in the deep-water
region studied (Fig. 1). The shaded areas in Fig. 1 show

the distribution of the BSRs. The reasons why BSRs do
not exist in some areas will be discussed below.

The seismic profiles also show that the stratigraphic
reflections above some BSRs are much weaker than
those beneath them (S2 in Figs. 3 and 4). The facies S2
has acoustic blanking characteristics. This acoustic
blanking (Holbrook et al. 1996) indicates the absence of
any signal because of increased transmission and oblit-
eration of sediment impedance structures owing to the
general replacement of pore water by hydrate (Schmuck
and Paull 1993). Therefore, the zone with the acoustic
blanking characteristics is also referred to as the hydrate
stability zone (HSZ; Sad et al. 1998) which is defined as
the sedimentary package which contains the gas
hydrates (Fig. 3). Some of the blanking is not obvious.
Because the acoustic blanking is related to the hydrate
cementation in the sediments, the degree of blanking is
proportional to the amount of hydrate in the pore space
(Lee et al. 1994). The amount of hydrate varies in the
deep-water region studied.

BSRs are not always easy to identify in the deep-water
area offshore from Taiwan’s southwest coast. For ex-
ample, sometimes the amplitude of the BSRs are low or
the signals may be disturbed by other reflections. How-
ever, even in the absence of BSRs, the acoustic blanking
blocks are usually found in the seismic sections of the
deep-water region. This suggests that gas hydrates are
distributed widely in the deep-water regions of the study
area. The attenuation and disappearance of the BSRs
does not necessarily mean that the gas hydrates have also
thinned and disappeared, but rather that not enough gas
(if any at all) is confined under the gas hydrates to de-
crease P-wave velocity markedly and give rise to the
BSRs (Schmuck and Paull 1993; Lee et al. 1994). In the

Fig. 5 Strong diffraction phe-
nomenon above a mud diapir W
(MD), possibly due to gas-filled
sediments of different thicknesses
under gas hydrates (enlarged
detail of boxed area in Fig. 5).
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Fig. 6 Enlarged detail of the two boxed areas in Fig. 4, showing
reverse polarity of the bottom simulating reflectors (BSRs), i.e. from
the peak-trough-peak of the sea-bottom reflection waveform to the
trough-peak-trough of the BSR reflection. S.B. Sea bottom; P peak;
T trough

deep-water regions off southwestern Taiwan, the many
submarine mud volcanoes which have extruded from the
deep sedimentary beds through to the seafloor provide
numerous conduits through which gas might flow out to
the seafloor (Prior et al. 1989; Roberts and Neurauter
1990), and these would result in the disappearance of
BSRs in some areas. Thus, even in the absence of obvious
BSRs, we nonetheless take the existence of weak reflec-
tion blocks in the seismic profiles to indicate the possible
existence of gas hydrates in the sediments.

Numerous diffractions are associated with the sea-
floor shown in Fig. 4. Diffractions are also observed in
the block between the BSRs and the seabed. The dif-
fractions associated with the seafloor are caused by
three-dimensional seafloor features. The scatterings or
sideswipes from the three-dimensional seafloor features
interact constructively or destructively. Some of the
diffractions in the hydrate stability zone (Fig. 4) are
possibly due to diffraction by many large nodules of gas
hydrates.

A few seismic sections show another strong diffraction
phenomenon below the acoustic blanking zone (Fig. 7).
This may be due to gas-filled sediments of highly variable
thicknesses under gas-hydrate sediments. The highly
variable sedimentary formation could generate pointed
pinch-out edges. After the pinch-out edges are filled with
gas, the low-velocity point edges could act as point
sources to reflect the incoming seismic energy. The re-
flections at the point sources would then create strong
outward diffractions. Therefore, although there are no
identifiable BSRs in Fig. 7, the strong diffraction pattern
may possibly indicate the presence of gas hydrates.
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Fig. 7 The submarine mud volcanoes (MV) in the deep-water region.
It is worth noting that the bottom simulating reflectors (BSRs) always
upturn in the vicinity of submarine mud volcanoes. S6 is a seismic
facies unit. The location of this seismic survey line is shown in Fig. 1.
HSZ Hydrate stability zone; MD mud diapir

BSR burial depth and water depth

The bases of hydrate stability zones usually mimic the
shape of the seafloor in the study area. However, as
shown in profile 320-34 (Fig. 5), the BSRs change in
depth around the mud volcanoes. In Fig. 8 we have
plotted the subbottom reflection time of BSRs versus the
water depth (the values were chosen every ten shot points
along the seismic sections, or about every 400 m). For
convenience in mapping the distribution patterns, we
have subdivided the BSRs into two classes based on
whether they have been flipped by the mud diapirs or not.
Thus, class A BSRs have been flipped by mud diapirs
(Fig. 5), those of class B have not (Fig. 3). Although
there is considerable scatter in the subbottom reflection
time of the BSRs (Fig. 8), it is clear that the BSR depth
for class B increases with increasing seafloor depth. This
is attributed to the following two factors. Firstly, the
bottom-water temperature decreases with increasing
seafloor depth and, therefore, gas hydrates are stable
deeper in the sediments along a given thermal gradient.
Secondly, increased hydrostatic pressure gives rise to
stability in deeper gas hydrates (Kvenvolden 1993).

For a more complete picture of the worldwide dis-
tribution of BSRs in a diagram of seafloor depth versus
BSR burial depth, in Fig. 8 we have also plotted data for
the Gulf of Mexico, Alaska, California, Nicaragua,
Costa Rica, Mexico, Panama, the Indian Ocean, the
Blake Outer Ridge area, the southeastern USA and
India (data extracted from Tucholke etal. 1977;
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Fig. 8 BSR sub-bottom depth (two-way time) versus seafloor depth
for class A and class B BSRs in the present study (triangles class A,
i.e. BSRs flipped by mud diapirs; filled circles class B, i.e. BSRs not
flipped by mud diapirs), and values for India (squares data extracted
from Veerayya et al. 1998) as well as for the Blake Outer Ridge
(B.O.R.) and the continental rise (C.R.) off the southeastern coast of
the USA (striped area data extracted from Tucholke et al. 1977).
Open circles and dashed lines Ranges in BSRs for other regions (cf.
text for more details; data extracted from Kvenvolden and Barnard
1983; Kvenvolden 1993; Veerayya et al. 1998)

Kvenvolden and Barnard 1983; Kvenvolden 1993;
Veerayya et al. 1998). This plot indicates that there is an
affinity between the class B BSRs in the present study
area and those in the other areas mentioned above. This
affinity is illustrated in the form of a shaded fan in
Fig. 8. The scatter of data in this shaded fan may reflect
data resolution as well as variability of gas types, ther-
mal gradients and/or other geological factors.

Upturning of BSRs

As shown in Fig. 5, the class A BSRs vary in depth
dramatically, and their trajectories turn upwards next to
mud volcanoes. The hydrostatic pressure of areas of
similar depth cannot change sufficiently to result in the
significant upturning of the BSR. Rather, temperature
seems to be the principal controlling factor. Submarine
mud volcanoes are common in the area studied, and
several submarine volcanoes were crossed along the
seismic profiles (Fig. 5). Excluding the tectonically active
zone, the average heat flow for the Taiwan southwestern
offshore area is about 62 MW/m? (Shyu et al. 1998).
However, anomalously high heat flows of ca. 110—

170 MW /m? were measured over the mud volcanoes, the
highest value being nearly three times the mean heat-
flow value of this offshore area. The high heat-flow
values over the mud volcanoes indicate recent mud ex-
trusion, and continuing seepage of hot mud and water.
The high mud volcanic activity can lead to local heat
anomalies, providing heat sources which change the
thermal gradient, thereby destabilizing the gas hydrates
and upturning the BSRs around the mud volcanoes.

Pockmarks

On the outer shelf and upper slope, mostly at water
depths of 250-510 ms TWT between 180 and 380 m,
seismic profiles showed V-shaped depressions resem-
bling pockmarks in some places (Fig. 2; MacDonald
et al. 1990). These depressions may have been formed as
a result of the removal of seafloor sediments by escaping
gas. Some pockmarks, located at water depths greater
than 260 m, are underlain by acoustic blankings
(Fig. 2). The acoustic blanking zones below the pock-
marks are probably related to the source of the gas. One
can observe acoustic disturbances in a narrow vertical
column below almost every pockmark. These distur-
bances may indicate the paths of the upward migration
of gas and associated pore fluids.

Summary

Six seismic facies units are recognized in the area stud-
ied. These seismic facies are also the general character-



istics in the areas of BSRs associated with mud diapirs
worldwide.

The ubiquitous BSRs and weak reflection blocks
provide strong evidence that gas hydrates are distributed
widely in the deep-water region off southwestern Tai-
wan. The evidence is that (1) reflections are parallel to
the seabed and cut across inclined sedimentary bed
reflections; (2) BSRs have reverse polarity; (3) weak
reflection blocks are seen above the strong BSR reflec-
tors; (4) strong diffraction patterns are seen under weak
reflection blocks; and (5) even in the absence of BSRs,
the weak reflection blocks are found in many places of
the deep-water region.

The depth of the HSZ base increases with increasing
seafloor depth if the BSRs are not flipped around the
mud volcanoes. The high heat flow of mud volcanoes can
result in local temperature anomalies which destabilize
the gas hydrates and then upturn the base of the HSZ
towards the mud volcanoes. Some pockmarks with nar-
row vertical migration of gas and fluids are also revealed
in the seismic facies study of BSRs around mud diapirs.
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