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ABSTRACT
DISTRIBUTION OF THE BOTTOM-SIMULATING REFLECTOR IN THE
OFFSHORE TAIWAN COLLISION ZONE: IMPLICATIONS
FOR FLUID MIGRATION
by Wu-Cheng Chi
The distribution and sub-bottom depth of the bottom-simulating reflector (BSR) in the
offshore Taiwan accretionary prism were mapped using migrated 6-channel reflection
profiles. The BSR sub-bottom depth (two-way traveltime) increases with increasing water
depth, suggesting that the BSR marks the base of the methane hydrate stability field. A
“flat spot” was found under the BSR, suggesting that the hydrate-filled pore-space causes
lower permeability, therefore enhancing the entrapment of free gas. The BSR is located
in sediments derived from the Taiwan orogen and offscraped strata of the Chinese
continental margin, which may have high amounts of organic carbon, and therefore may
be the source of the methane. The BSR sub-bottom depth decreases near several fault
zones and beneath mud volcanoes, possibly due to variations in heat flow related to
focused fluid flow. The BSR sub-bottom depth was used to estimate geothermal gradient,
ranging from 17 to 160 °C/km and increasing toward the toe of the prism. These
observations may be related to extensive sediment dewatering, fluid migration and

sediment blanketing.
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INTRODUCTION

A bottom-simulating reflector, or BSR (Fig. 1), is a seismic reflector subparallel to
the topography of the sea floor, and in some places it cuts across reflectors generated by
sediment layers (Shipley and others, 1979). BSRs commonly are observed in continental
slope sediments, particularly those associated with accretionary prisms (Hyndman and
Davis, 1992). These seismic reflectors are generated by the acoustic impedance contrast
at the base of a sediment layer containing methane hydrate (Shipley and others, 1979;
Miller and others, 1991).

Methane hydrates are "ice-like" clathrate structures in which methane molecules are
enclosed within a solid lattice of water moiecules. Hydrates have been found in deep
ocean sediments where there is a sufficient supply of methane and where pressure and
temperature ranges between 0.2-5 MPa and 0-25 °C, respectively. 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. The temperature at the BSR can be inferred from hydrate phase
equilibria (Fig. 2) and estimated in-situ pressures. By converting the two-way traveltime
of the BSR to depth and assuming a temperature at the sea floor, the regional geothermal

gradient and heat flow can be estimated using the equation:
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Figure 2. Hydrate stability data compiled from labortory data and field observation
(redrawn from Hydman and others, 1992).



Q = -k dt/dz

Where Q: Heat flow, in mW/m?
k: sediment thermal conductivity, in W/mK
dt/dz: geothermal gradient , in °C/km
t: temperature, in °C

z: sub-bottom depth, in km

This technique has been used to estimate heat flow in several accretionary
prism settings (e.g., Hyndman and others, 1992; Yamono and others, 1992; Ashi and
Taira, 1993; Zwart and Moore, 1993).

The distribution of the BSR in the offshore Taiwan accretionary prism was studied
using migrated 6-channel reflection profiles. The BSR is widespread in the region of the
collision zone. Water depths and the BSR sub-bottom depths were compiled across the
accretionary prism, both in the region of subduction and that of collision. Using velocity-
depth relations published in Hamilton (1980), travel-time measurements were converted
to depth in meters. Variations in geothermal gradient, as inferred from variations in BSR
sub-bottom depth, were used to study the thermal structures of the offshore Taiwan
accretionary prism and were inferred as indicators of fluid flow during sediment

dewatering with sediment offscraping.



PREVIOUS STUDIES OF GAS HYDRATES AND BSRS

Properties of Gas Hydrates

Methane hydrate-bearing sediments have physical and chemical properties different
from either water- or gas-saturated sediments. Drilling and submersible diving studies
have shown that methane hydrate can occur as a solid mass, fracture-filling vein, thin lens
in sediment, or as a lobed mound (Rowe and Gettrust, 1993; Guinasso and others, 1994).

Methane in ocean sediment is biogenic or thermogenic origin; these sources can be
differentiated by the CH,/C,H, ratio (Gamo and others, 1992). Higher CH,/C,H ratios
indicate a biogenic source related to bacterial reduction of organic carbon, which may be
the common case in accretionary prisms (e.g., Gamo and others, 1992; Hyndman and
Davis, 1993; Kvenvolden, 1993). Consequently, two-component (methane and water)
phase equilibria (Fig. 2) have been used to estimate P-T conditions at the base of the
methane hydrate zone.

The base of the methane hydrate zone represents the "phase boundary" that
separates sediment with hydrate above from the sediment with gas or fluid below (Fig.
3). The higher rigidity of frozen hydrated sediment produces higher velocities ranging
from 1.6 to 3.8 km/s, which are higher than velocities of sediment without hydrate
(Shipley and Didyk, 1982; Rowe and Gettrust, 1993). The contrast in velocities at this
boundary creates a reflector that commonly cuts across bedding plane reflections.

5
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Characteristics of BSRs

According to Hyndman and Spence (1992), BSRs have the following seismic

reflection characteristics (Fig. 1):

(1) The reflection polarity is reversed relative to the seafloor reflection, showing a
decrease in acoustic impedance (product of velocity and density) across
the boundary.
(2) The reflection coefficients are large, up to 50% of that of the sea floor, where:
R =(d,V,-d;V, )(d,V,+4d,V))
R: reflection coefficient
d,, d, : densities of the upper and lower media, respectively, in g/cm®
V,,V, : velocities of the upper and lower media, respectively, in m/sec.

(3) The BSR reflection usually is a single symmetrical pulse characteristic of a simple

interface.

In addition, BSRs usually are several hundred meters beneath the sea floor and

marked by a topography-parallel reflection, hence the designation "bottom-simulating

reflector."”

Seismic Modeling of BSRs

Many seismic modeling studies have suggested the presence of free gas below BSRs



8
(Miller and others, 1991; Bangs and others, 1993; Singh and others, 1993). The hydrate

infilling of pore space of surface sediments can elevate seismic velocities, although
vertical seismic profiles (VSPs) in Cascadia accretionary prism show only a slight
velocity anomaly, suggesting that less than 10% of the pore space is filled with hydrate
(MacKay and others, 1994). In addition, a layer of lower-than-expected sediment velocity
below the BSR implies the presence of a few percent (by volume) free gas, which may
dramatically reduce the seismic velocity of sediments. In other words, the velocity
decrease due to gas below the hydrate could be the main factor contributing to the high
seismic amplitude typical of BSRs. Miller and others (1991) analyzed seismic data from
offshore Peru and suggested that high-amplitude BSRs are underlain by a layer more than
5.5 m thick of sediment and free gas, whereas the low-amplitude BSRs in their data are

associated with a sediment-gas layer less than 5.5 m thick.

Results of Deep Sea Drilling Project and Ocean Drilling Program
The Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) have

provided valuable evidence for the presence of methane hydrate in marine sediments and
have shown good agreement between the BSR sub-bottom depth and phase boundary
conditions of methane hydrate. DSDP Leg 66 sampled sediments with very high gas/water
ratios, strongly suggesting the decomposition of methane hydrate along offshore Mexico
and Guatemala (Shipley and Didyk, 1982). A similar observation was made during Leg

84 offshore of Costa Rica (Kvenvolden and McDonald, 1983). Leg 76 on the Blake Outer
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Ridge confirmed the presence of methane hydrates along eastern U.S. continental slope
(Kvenvolden and Barnard, 1983). The latter two studies showed that methane in these
areas is biogenic in origin (Kvenvolden and Barnard, 1983; Kvenvolden and McDonald,
1983).

A recent study during ODP Leg 131 on the Nankai accretionary prism showed that
the sub-bottom temperatures estimated from the BSR depth correspond closely to the
temperature and pressure for the decomposition of pure water-pure methane hydrate
system under laboratory conditions (Hyndman and others, 1992). Pore-water geochemical
studies on ODP Leg 141 suggested that hydrate occupies only a small fraction of the
available pore space above the BSR (Froelich and others, 1993). ODP Leg 146 at the
Cascade margin recovered methane hydrate and provided important evidence of free gas

existing below the depth of the BSR (ODP Leg 146 Scientific Party, 1993).



GEOLOGIC SETTING OF TAIWAN COLLISION

Taiwan (Fig. 4) is located on the boundary between the Eurasian plate and Philippine
Sea plate. Oceanic lithosphere of the South China Sea is subducting eastward beneath the
Philippine Sea plate, resulting in the formation of the Manila Trench, the offshore Taiwan
accretionary prism, forearc basin of the North Luzon Trough, and the Luzon volcanic arc
(Fig. 5). Oceanic crust in the South China Sea in this area may be as old as 32 Ma, as
inferred from marine magnetic anomalies (Tayor and Hayes, 1980). To the north,
subduction changes into an arc-continent collision where the Chinese continental margin
enters the subduction zone (Suppe, 1981). Although the timing of initial collision is still
under debate, it probably began in the late middle Miocene (Teng, 1990) and is currently
propagating southward (Suppe, 1984).

The submarine accretionary prism contains three distinct structural domains (Reed and
others, 1992, Fig. 6): (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.

10



11
120°E 125°€

CHINA
MAINLAND

25°N

EURASIAN

.'.. o
\4
ol
910
T PHILIPPINE -120°N
“olZ
313 SEA PLATE
N
)
-~

Figure 4. Taiwan location map (after Ho, 1986).



12

220

e .q...r.. . .......... cwsoh.m. uoz .u.w_?oz

.
e o
. . .

a

South China Se

Figure 5. Tectonic framework of offshore southern Taiwan (after Reed and others

1992). COB: Continent-ocean boundary.



13

'S M1y uo UMOYS SUONoaS Jo suoneo0T ‘(661

‘S190 pue paoy Jaye) wsnd Amuopjamnoe usmre], jo suogoas §501) "9 amSiy

[1]]
! < [1]]
L I iy B ;
; - 8
. AW
’ N\ .' e 8 9
; SR
. S TRpop do v
1S 92
T a8papy adojs sadd, o i ;
e ! ._ e m wdois saddp) ury of K
sam [
Ot-pL sul
s ! 3|

J3S Ava-{




METHODS AND RESULTS

This study is based on data acquired during a marine geophysical survey (Fig. 7)
conducted in 1990 aboard the R/V Moana Wave of the University of Hawaii. More than
8000 kilometers of seismic reflection profiles were examined covering a region of 45,000
km®. The BSR was measured at nearly 1,500 locations along the survey lines. These data
were converted into methane hydrate distribution maps showing varying degrees of
confidence in the accuracy of BSR identification (Fig. 8a, 8b, 8c). These maps show
widespread occurrence of BSRs within the collision zone and the lower slope domain,
where sediments derived from the Chinese continental margin and Taiwan orogen are
offscraped along the deformation front. BSRs were commonly observed in hinge zones
of anticlines, but were conspicuously absent beneath submarine canyons in the region.

The BSR sub-bottom depth generally increases with increasing water depth (Fig. 9).
However, BSR depths decrease locally at several fault zones (Fig. 10) and beneath mud
volcanoes (Fig. 11). In addition, a two-way traveltime contour map of the BSR
sub-bottom depth(Fig. 12) shows a general shallowing of the BSR toward the toe of the
accretionary prism, despite the increasing water depth. BSR sub-bottom depth also
decreases where the Chinese continent enters the subduction zone, although water depths
decrease in the region as well.

Several water depth vs. BSR sub-bottom depth plots were constructed (Fig. 13). The

14
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reflectors that fit all the seismic characteristics of the BSR are assigned highest quality
(Q1); Q2 was assigned to the probable BSRs; Q3 was assigned to the possible BSRs. For .
the highest quality (Q1) BSR depths, BSR sub-bottom depth generally increases with
increasing water depth (Fig. 13a). On the other hand, points are scattered on the
intermediate quality (Q2) BSR plot, which includes Q1 points (Fig. 13b). In order to
obtain a general trend of water depth vs. BSR sub-bottom depth in this region, a

regression technique was employed to Q2 data to define the following equation:

Dysg=0.470+0.008%Dyprre

Dpsg: BSR sub-bottom depth in seconds (two-way traveltime)

Dw.arer: Water depth in seconds (two-way traveltime)

The observed BSR sub-bottom depth was compared to the BSR sub-bottom depth
predicted from the regression equation. Maps of distribution of BSRs associated with
either shallower- or deeper-than-expected sub-bottom depth are displayed in Figures 14a
and 14b, respectively. BSRs with shallower-than-expected sub-bottom depth are mostly
located in the collision zone and the lower slope domain near the collision zone, whereas
BSRs with deeper than predicted sub-bottom depths are located in the upper slope

domain, in the southern part of the lower slope domain, and near the lower-upper slope

domain boundary in the collision zone.
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Figure 14a. Distribution of all BSRs with shallow-than-expected
sub-bottom depth.
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DISCUSSION

Sediment Types and the Distribution of BSRs

The concentration of BSRs is highest in the northwest region of the study area
(Fig. 8a, 8b). The sediments in this region are composed of offscraped terrigenous detritus
derived from the Chinese continental margin and uplifted Taiwan orogen. The fine-
grained fraction of rapidly deposited terrigenous sediments commonly has relatively high
amounts of organic carbon, compared to pelagic sediment of the ocean basin (Selley,
1983). The organic carbon contained in offshore Taiwan strata may be the source of
methane in the region, which has contributed to the formation of the hydrate layer. Many
BSRs may be related to possible updip gas migration underneath the methane hydrate
layer, implied by their location in the crests of anticlines.

Many studies have suggested that free gas is trapped beneath the BSRs in other
regions (Miller and others, 1991; Singh and others, 1993; Bangs and others, 1993; ODP
Leg 146 Scientific Party, 1993; Singh and others, 1993; MacKay and others, 1994). Direct
hydrocarbon indicators (Fig. 15), in the form of high amplitude "flat spots" are found
underneath the BSRs in several regions of the Taiwan accretionary prism (Chi and others,
1993), implying that the reduced permeability in hydrate-filled pore space may trap gas

underneath the methane hydrate layer.

29
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Implications of BSR Sub-bottom Depth

As shown on figure 12, 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 second and therefore significantly less than the range of BSR measurements.
Sub-bottom depths of BSRs in two-way traveltime can be influenced by a number of
factors, including: (1) lateral variations in sediment velocity above the BSR, (2) variable
chemical composition of gas hydrate and changes in methane supply, and (3) spatial and
temporal changes in P-T conditions.

Currently, few data have been acquired on offshore sediment velocities around
southern Taiwan; likewise the chemical composition of gas hydrate in the region is
unknown. However, studies elsewhere have found little velocity variation ( <8% )
between surface sediments that contain gas hydrate and those that do not, such as in the
accretionary prism off Oregon and Washington (Hyndman and others, 1992; Mackay and
others, 1994). BSR depth variations associated with the relative proportions of methane,
ethane, and propane contained in gas hydrate also appear to be minor (Kvenvolden,
personal commun., 1994). Consequently, variations in BSR sub-bottom depths,
particularly along the surface of modern accretionary prisms, are commonly attributed to
changing P-T conditions beneath the seafloor. Bodnar and others (1994) have shown that
gas hydrate stability responds rapidly to changes in P-T conditions, so that BSR depths

reflect the modern P-T regime.

The two most prominent effects on P-T conditions in near-surface sediments are
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water depth and geothermal gradient. The BSR sub-bottom depth around southern Taiwan
generally increases with increasing water depth, implying suppression of the hydrate
stability field due to increasing hydrostatic pressure and decreasing bottom water
(seafloor) temperature.

The variation in the general trend of BSR depths in the Q1 plot (Fig. 13a) is
mainly due to its occurrence in regions of folded strata. Figure 16 shows that the
curvature of the BSR is slightly less than that of the sea floor topography. A similar
pattern is shown in seismic profiles from the western North Atlantic (Tucholke and others,
1977). This observation may relate to the fact that the shortest distances between seafloor
and isotherms are not vertical; as a result, the direction of heat flow near the crest of an
anticline is deflected limbward, causing more heat transfer near the limbs compared with
less heat transfer near the crests of anticlines. Therefore, BSR sub-bottom depth increases
toward the crests of anticlines and the summits of mud volcanoes in several regions,
despite the decreasing water depth. A second factor contributing to the scattering in the
plot of BSR depths vs. water depths might be variations in geothermal gradients.

Scattering of data points in the Q2 plot (Fig. 13b) strongly suggests spatial
variations in geothermal gradient. The Q2 plot is similar to that compiled in another study
of the Blake Outer Ridge (figure 7 of Tucholke and others, 1977). The line drawn in
figure 13b may represent the BSRs with lowest regional geothermal gradient.

BSRs are shallower than expected at fault zones and beneath mud volcanoes within

the lower slope domain and the collision zone, and show high relief over short distances.
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The measured relief on the BSRs is too large to be related solely to velocity anomalies.
Moreover, there is no evidence of a velocity pull-up of the stratigraphy below BSRs,

implying that the high relief of the BSR is associated with changes in P-T conditions.

BSR Depth as Evidence of Fluid Migration

Heat-flow variation probably is the main factor causing the shallowing of the BSR
at fault zones and beneath mud volcanoes, although pressure variation could also
contribute to part of the variations in BSR sub-bottom depth. Rowe and Gettrust (1993)
studied offsets of the BSR of up to 20m across faults in the Blake Outer Ridge and
interpreted these offsets as a result of 0.2 MPa pressure changes across the fault zone.
However, the magnitude of variations in BSR sub-bottom depths near fault zones around
southern Taiwan requires at least 10 MPa pressure difference (or 8°C temperature
difference), if geothermal gradients are consistent in the region; there is no evidence of
such great pressure difference across fault zones. Indeed, the seismic profiles show no
sharp "offset” of BSRs across these fault zones in this region. Therefore, lateral
temperature variations on the order of 8°C, as inferred from the BSR relief and the
hydrate phase equilibria, are the most likely factor controlling the shallowing of BSRs at
fault zones. Such temperature variations may indicate active fluid migration from depth
along fault zones, which may also account for the fault plane reflections, implying high

fluid pressures along the fault zones (Reed and others, 1991). )
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A Model of Geothermal Gradient in Offshore Taiwan Accretionary Prism

Assuming the BSR sub-bottom depths accurately reflect P-T conditions beneath the
seafloor around southern Taiwan, a thermal model is derived that can be tested with
future ocean drilling in the region. In order to calculate the geothermal gradient from
BSRs, one needs (1) the BSR sub-bottom depth in meters, (2) temperature at the BSR,
and (3) temperature at seafloor. Unfortunately, there is no drilling dataset available to get
all of this information. However, the following calculation is based on available data from
accretionary prisms elsewhere in the world.

Two-way traveltime of BSR sub-bottom depth was converted into BSR sub-

bottom depth in meters by using velocity-depth relations published by Hamilton (1980):

Hpep=VaveXt

=[1511+(1041xt) - (372xt2)] x¢t

Hysr: BSR sub-bottom depth, in m
V.vg: Average velocity of sediments above BSR, in m/sec

t. One-way traveltime of BSR sub-bottom depth, in sec

This empirical equation does not consider velocity increases due to pore-filled
hydrate. However, regions of hydrate in the Cascadia accretionary prism exhibit a velocity

anomaly of less than 100 m/s (c.f. MacKay and others, 1994). Velocity variations of this
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magnitude around southern Taiwan would result in a difference of less than 50 m in the

sub-bottom depth conversion.

The two-way traveltime to the seafloor was divided by two and converted into
water depth in meters (Hy xrg) by assuming 1500 m/sec as the seismic velocity of water.

An empirical equation was derived to reproduce the methane hydrate phase boundary data

published by Hyndman and Davis (1992):

Tper=2.03x [1og (H prpptHpsp) 21 X9 .75-4

Tpsg: Temperature at BSRs, in °C

Another equation was derived to represent the sea floor temperature by using the

data from Kvenvolden and McMenamin (1980):

= 4-(water depth-1500)/600 for 1500m < Hy sy < 3300m
=1 for Hyarg > 3300m

Tsg: Temperature at sae floor, in °C

These two quantities were combined to determine geothermal gradient according to

following equation:
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Geothermal gradient = (Tysg - Tsp) / Hygp

Geothermal data were next compiled into a geothermal gradient contour map (Fig.
17). The regional geothermal gradient ranges from 17 to 160°C/km, with most values
between 20 and 40 °C/km. An uncertainty of 30% in this estimate (c.f. Ashi and Taira,
1993) would cause only 6-12 °C/km difference. Uncertainties in the estimates here should
be systematic. Consequently I direct this analysis towards relative variations in geothermal

gradient not the absolute value.

Dewatering near the Toe of the Accretionary Prism

The contour map in figure 17 shows an increase in geothermal gradient toward the
toe of the accretionary prism, as has been observed in the Nankai and Oregon
accretionary prisms (Yamano and others, 1992; Zwart and Moore, 1993). This increase
could be due to (1) higher fluid flux due to sediment dewatering near the frontal thrust,
and (2) a decrease in the "thermal blanketing effect" due to thinning of sediment thickness
towards the toe of the accretionary prism.

Several studies have shown that sediment dewatering and presumably fluid flow
are most extensive along the toe of accretionary prisms (Bray and Karig, 1985). Fluids
are also released by dehydration reactions within sediments. These fluids are forced to
migrate upwards, advecting heat. Large geothermal gradient anomalies are confined to the

regions of mud volcanoes and fault zones. Other evidence of overpressures and fluid
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migration within the lower slope domain, especially in the collision zone, includes bright
spots beneath BSRs and fault zones, the presence of mud volcanos, and the small taper
angle of the prism (Reed, unpublished data).

A second factor causing the variations in geothermal gradient is the blanketing
effect of sediment above the oceanic crust. The thicker section of upper slope sediments
acts as an insulator, thereby reducing the geothermal gradient near the seafloor, whereas
thinner sediment accumulations along the lower slope have a lower insulating capacity,
producing a higher geothermal gradient.

Contours of geothermal gradient are parallel to the structural trends (c.f. Fig. 17,
18). If geothermal gradient variations are mainly controlled by tectonically-induced
sediment dewatering and blanketing, this parallelism suggests that the dewatering and
blanketing effects are structurally controlled by the growth of the accretionary prism.
Also, from south to the north, the calculated geothermal gradients (Fig. 14a, 17) increase
where the structural lineations change orientation from north-south in the region of
subduction to NW-SE in the collision zone, and where the width of accretionary prism
increases dramatically, due to the accretion of Chinese continental margin strata and

sediments of the Taiwan orogen (Fig. 18).

Low Geothermal Gradient near the Boundary of Upper and Lower Slope Domains

Geothermal gradients are particularly low near the boundary of upper and lower

slope domains (Fig. 14b). A similar thermal pattern near the frontal thrust on land in
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northern Taiwan was interpreted by Hwang and Wang (1993) as the result of stacking of
cold sediment layers by thrusting. If this is the case in the study area, it implies that
intensely deformed and less porous upper slope sediments have been thrust on top of the
lower slope strata, thereby thickening the sediment layer over the subducting crust. The
low geothermal gradient also could be a result of decreased fluid migration, because most
porosity reduction usually occurs within a few tens of kilometers landward of the

deformation front in accretionary prisms (Bray and Karig, 1985, Breen and Orange, 1992).

Possible Heat Flow Value Range

Assuming a thermal conductivity of 0.882 W/mK for terrigenous sediments (Stein
and Abbott, 1991), heat flow values were estimated at 15-141 mW/m> However, most
of the study area has heat flow values ranging between 20-40 mW/m>. The age of the
subducting oceanic crust implies a heat flow of 84 mW/m?, according to the age-heat flow
equation of Parsons and Scalter (1977). The lower observed heat flow values estimated
in the offshore Taiwan accretionary prism may be due to the blanketing effect of cold
sediments on top of the subducting crust, as is observed in many accretionary prisms

(Yamano and Others, 1992; Zwart and Moore, 1993).



CONCLUSIONS

The BSR around southern Taiwan represents the base of a methane hydrate layer.
The BSR has a reversed polarity and increases in sub-bottom depth with increasing water
depth. The BSR is widespread in areas of the accretionary prism composed of offscraped
sediments of the Chinese continental margin and 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. Bright spots located underneath the BSR
suggest fluid migration and possible gas entrapment below the hydrate layer.

Geothermal gradient was estimated by using BSR sub-bottom depth, methane
hydrate phase equilibria, and seafloor temperature data. Regional geothermal gradient
ranges from 17 to 160 °C/km with most values between 20-40 °C/km . The variations of
geothermal gradient may be due to sediment dewatering during offscraping and the
blanketing effect of sediment on top of the subducting oceanic crust. Local deviations in
geothermal gradient were found at fault zones and underneath mud volcanoes, implying
focused fluid flow. Geothermal gradient increases towards the toe of the accretionary

prism, implying less blanketing effect and possible diffuse flow in that region.
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