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Bottom simulating reflectors (BSRs), high methane flux, shallow sulfide/methane interfaces, fluids vent-
ing from the seafloor, authigenic carbonates within sediments, methane reefs, and self-biomes are com-
mon seafloor features in the area off southwest Taiwan. The geophysical and geochemical signatures of
these features suggest a high potential for gas hydrate (GH) reservoirs in the region. The BSRs are typi-
cally interpreted as the boundary between free gases and solid hydrate, whereas the upper reaches of
the hydrate stability zone and the distribution of gas hydrate in shallow sediments are not well under-

Keywords: stood. This study shows the first results of a marine controlled-source electromagnetic survey, conducted
Gas hydrate . . . . . . e .

EM method in the offshore area of SW Taiwan in 2010. The survey aimed to provide electrical resistivity information
Gas seepage of the shallow sediments. Three target areas were surveyed: (1) an area to the southeast of the Xiaoliu-
Pockmark chiu Island (gas seep G96), (2) an area in the west of the Yung-An Ridge (YAR) and (3) an area in the
SW Taiwan northwest of the Good Weather Ridge (GWR). In total, fourteen survey lines with a total length of

72 km were completed. Our preliminary results show that relatively high resistivity anomalies occur
within pockmarks and at gas seepage sites. The apparent resistivity is estimated to be about 1 Ohm-m
higher than background in G96 and YAR sites, while an anomaly up to 2 Ohm-m is found in the GWR.
At gas seep site G96, the high resistivity anomaly may be due to the existence of authigenic carbonates;
whereas, the high resistivity anomaly in the NW of the GWR site may also be due to the existence of gas
hydrate in the shallow seabed. Based on the resistivity anomaly, the gas hydrate saturation is about 16%
in the shallow sediments below the pockmark area in the northwest side of the GWR site.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

A widespread distribution of bottom simulating reflectors
(BSRs) (Chi et al., 1998; Liu et al., 2006), high methane concentra-
tions in the bottom water (Chuang et al., 2006), a shallow sulfate/
methane interface (Lin et al., 2006), active methane venting from
submarine mud volcanoes (Hsu et al., 2013), mud diapirs and gas
seepages (Chen et al., 2010) in the offshore area of southwest Tai-
wan all suggest a high potential of gas hydrates resources. How-
ever, crystallized methane hydrate (MH) has not yet been
observed in over 60 piston core samples, including 4 giant piston
cores by R/V Marion Dufresne (Liu et al., 2006).

BSRs from marine seismic reflection surveys are generally
linked to the occurrence of MH-bearing formations. The presence
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of BSRs is typically interpreted to correspond to the base of the hy-
drate stability (BGHS) zone, marking a boundary between free
gases and the solid hydrates. Thus, the BSR might be used as an
indicator of a methane hydrate (MH) deposit. As a matter of fact,
the BSR is a better indication of the existence of free gas beneath
the BGHS (Paull and Ussler, 2001).

The upper boundary of the hydrate stability zone is poorly
understood and is greatly influenced by fluid advection (e.g. Xu
and Ruppel, 1999). In convergent margin settings, fluid flux is espe-
cially high as a result of the squeezing of sediments, resulting in
mud volcanoes (Milkov, 2000) and other gas seepage systems.
Important chemical fluxes of methane (e.g. Hovland and Judd,
1988; Hovland et al., 1993) and groundwater in coastal settings
also pass through shallow sediments into the ocean. Thus, the
upper bound of MH in shallow sediments still remains uncertain
in areas where hydrate potential is only based on the location of
a BSR (e.g. Liu et al., 2006).
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Because the gas hydrate is generally associated with high resis-
tivity, marine electromagnetic techniques are considered to be an
effective way to image gas hydrates (GH) in the shallow portion
of the seabed (Edwards, 1997; Evans, 2007; Ellis et al., 2008; Goto
et al., 2008; Schwalenberg et al., 2010; Chiang et al., 2011, 2012;
Weitemeyer et al., 2011). We therefore carried out the first marine
controlled source electromagnetic (MCSEM) survey off southwest
Taiwan in order to better understand the potential gas hydrate in
this region (Fig. 1).

2. Data acquisition and processing

In order to image the shallow section of sediment, we use a
towed electromagnetic (EM) system manufactured by Woods Hole
Oceanographic Institution (Evans, 2007). The towed EM system is a
frequency-domain, magnetic dipole-dipole array (Fig. 2). The sys-
tem is composed of 3 receivers and a transmitter forming an array
with a total length of ~40 m on the seafloor. The system is pulled
along the seafloor at speeds of 1-2 knots. The 3 receivers are

BSR mbsf (meters)

South China Sea
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Fig. 1. The BSR distribution off SW Taiwan is superposed on the bathymetry. The red box indicates the study area. mbsf: meters below sea floor. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Schematic configuration of towed EM system (modified from Evans et al., 1999). W: a weight as a depressor unit; Tx: transmitter; ¢: conductivity. Rx1, Rx2 and Rx3

and three different receivers. Up-right panel shows the real instruments.
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spaced at 4 m, 13 m and 40 m behind the transmitter. Each recei-
ver measures the inline component of the magnetic field ampli-
tudes and phases at 3 different frequencies ranging from 200 Hz
to 200 kHz. The system is controlled and powered by a computer
and power-supply on-board ship. Data are telemetered through the
conducting tow cable and logged in real-time. Each cycle of measure-
ment for all the three receivers takes about 20 s to complete data
acquisition. The sampling interval is roughly every 10-20 m along
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the seafloor, while the instrument is continually at 1-2 knots. More
details of the system can be found in Evans (2007).

Our study area is located in the northern end of the Manila sub-
duction zone where the Eurasian Plate is subducting eastward be-
neath the Philippine Sea Plate, and is also located in the junction
area between the Chinese passive continental margin and the ac-
tive accretionary wedge (Sibuet and Hsu, 2004; Liu et al., 2004,
1997) (Fig. 1). In order to obtain electrical parameters of shallow
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Fig. 3. Detailed bathymetry of three study areas. The gray area indicates that BSR is generally observed beneath the gray area. A: gas seepage G96 area. B: an area in the west

of the Yung-An Ridge. C: an area in the northwest of the Good Weather Ridge.
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Fig. 4. Example of a smoothing process along profile A02. (a) The collected raw data and (b) the data has been smoothed with a Butterworth filter.
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sediments to better understand the potential of MH reservoirs,
three target areas were chosen on the basis of the existing geo-
physical data: (1) southeast of the Xialiuchiu Islands (or gas seep-
age, G96), (2) west of the Yung-An Ridge (YAR) and (3) northwest
of the Good Weather Ridge (GWR) (Fig. 3).

Our MCSEM survey was conducted during cruise ORI-931 on
board R/V Ocean Researcher I in June 2010. The total survey length
is about 72 km with 14 profiles collected (Fig. 3). Unfortunately, a
failure of optical fiber connection (modems) occurred and caused a
malfunction of the 4 m and 40 m receivers. Thus, we only have
data from the receiver at 13 m behind the transmitter. Raw data
are displayed as apparent resistivity values. Because we only have
measurements at a single source-receiver offset, we are unable to
constrain vertical gradients in resistivity. Thus, an apparent resis-
tivity is an average over the top ~6.5 m (half the source-receiver

offset) (Evans, 2001). Even so, we can observe the resistivity anom-
alies associated with the gas seep and pockmark features identified
from the sub-bottom profiles and the Simrad EK500 sonar images.

To obtain an apparent porosity related to the apparent resistiv-
ity of the EM data, we use a modified form of the Archie’s empirical
equation (Archie, 1942):

pr=Ap,¢ ", (1)

where ¢ is the sediment apparent porosity; pyis the apparent resis-
tivity of the measured formation; p,, is the resistivity of seawater
and can be derived from a CTD sensor; m is the cementation factor,
and A is a constant. Typically the value m is between 1.4 and 2 for
marine sediment samples (Jackson et al., 1978). Parameter A is the -
fluid saturation. Here, we set A =1 (assuming complete saturation)
and m = 1.8 (Evans et al,, 1999). Typical values of p,, are between
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Fig. 5. Spatial distribution of the apparent resistivities along survey tracks (a) Along-track resistivities in area A, (b) Along-track resistivities in area B, and (c) Along-track
resistivities in area C. A sub-bottom profiler and sidescan sonar images showing the pockmark in profile C12 are plotted in Fig. 6.
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0.28 and 0.33 Ohm-m for normal seawater near the seafloor. The
apparent porosity curve can be treated as a time series. High fre-
quency noise could be due to very short wavelength bathymetric
relief. Thus, we used a band-pass Butterworth filter between 1e-5
and 5Hz to smooth the apparent resistivity curves and remove
the effects of outliers (Butterworth, 1930) (Fig. 4).

3. Apparent resistivity and porosity anomalies at gas seep and
pockmark areas

The measured apparent resistivity distribution along the survey
tracks is shown in Fig. 5a-c. In survey area A, the CSEM profiles
crossed gas seep site G96 (Fig. 5a). As shown by the sub-bottom
profiler and side-scan sonar image, CSEM profile C12 passed
through a pockmark near the convergent thrust at the western foot
of the GWR (Fig. 6). Taking into account the seawater resistivity,
the survey area A has generally the lowest apparent porosities
(Fig. 7). Furthermore, the apparent resistivity at gas seep site G96
is ~0.1 Ohm-m higher than the surrounding area (Fig. 8), which
corresponds to ~4% lower apparent porosity than the surrounding
area. Relatively high resistivity anomalies also appear at gas seep
site G96 along profiles A04, A06 or AO8 (Figs. 5a and 8). Further-
more, apparent resistivities at crossing points of the profiles are
coherent thus giving weight to the repeatability and confidence
in the measurement. This shows that the measurements are
repeatable and credible. In area A, the relatively high resistivity
values are generally distributed in the southeast (Fig. 5a). Because
area A is generally at a seawater depth not favorable for gas hy-
drate formation (Fig. 3), free methane migrates upward through
gas seep site G96. Thus, the relatively high apparent resistivity at
gas seep site G96 may be due to the existence of the authigenic car-
bonates beneath the shallow sediments or due to a larger quantity
of free gas. In area B, a large resistivity anomaly occurs in the mid-
dle of profile BO9 where a drilling site KP-4 N was proposed on the
basis of seismic reflection profiles (Figs. 5b and 9a) (Liu et al.,
2006). There is no significant resistivity anomaly along profiles
B10 and B11. The reason for the resistivity anomaly needs to be

NW

examined in the future. In area C, an obvious resistivity anomaly
of ~0.2 Ohm-m appears in the middle of profile C12, corresponding
to a pockmark area (Figs. 5c, 6 and 10a). In contrast, there is only a
slightly higher resistivity at the location close to the pockmark in
profile C13 (Figs. 5¢c and 10b). However, the high resistivity anom-
aly in profile C12 does not appear exactly above the pockmark. In-
stead, it appears at the flank of the pockmark. One possibility is
that the main gas hydrate is distributed beneath the flank rather
than beneath the central pockmark depression.

The statistics of all the calculated apparent porosities in our study
areas are shownin Fig. 7e-h. The apparent porosities range from 51%
to 73%. For the profiles in area A, the apparent porosities range from
about 51% to 68%, for the profiles in area B the apparent porosities
range from 61% to 73%, and for the profiles in area C the apparent
porosities range from 52% to 65%. The average of the apparent poros-
ities is lowest in area A (Fig. 7e-h). Both the geologic setting and the
salinity of seawater are important factors for estimating the porosity
values (e.g. Hoefel and Evans, 2001; Evans and Lizarralde, 2011). In
our case, the lower seawater resistivity in area A has derived a lower
apparent porosity (cf. Fig. 7d and h). In real data samples, some sed-
iment cores near N22°13.57' and E119°57.07’ at water depth around
570 m show the sediment porosities between 35% and 55% (Jiang
et al., 2006). If that is similar to our study area, our estimation of
the apparent porosities is about 20% larger than the calculation from
the core samples of Jiang et al. (2006). In that case, the parameter m
in Eq. (1) may be 1.9 for the area off SW Taiwan.

The apparent resistivity values of profiles A02 and A06 in area A
are compared to the corresponding sub-bottom profiles and EK500
sonar images (Fig. 8). The relatively high resistivity anomaly at the
G96 seepage structure is consistent with the gas plume feature in
the seawater column. Because the G96 site is located at a place
where no BSR is observed (Fig. 3), the high resistivity anomaly at
shallow depth of the seabed may be ascribed to the focused gas
in the sediments. In area B, a significant high resistivity anomaly
exists near site KP-4 N in profile B09. The core KP-4 N is located
at the footwall of a convergent thrust fault to the west of the
YAR anticline and is mainly composed of mud (Lin, 2010). Although
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Fig. 6. A deep-tow sub-bottom profile (above panel) and side-scan sonar image (lower panel) collected along a profile that cuts across the pockmark shown in Fig. 5¢c. GWR:
Good Weather Ridge. The bright yellow color in the side-scan image represents a strong backscatter intensity. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 7. The statistics of the apparent resistivities (in panels a, b and c), apparent porosities (in panels e, f and g) and seawater resistivities (in panel i, j and k) in survey areas A,
B and C, respectively. Panels d, h and | show the Gaussian distributions of the apparent resistivities, apparent porosities and seawater resistivities of the three different areas.

there is no corresponding gas plume feature in the seawater, there
is a depressed seabed feature. The most interesting feature related
to gas hydrates appears in area C and is associated with a pock-
mark structure (Figs. 5, 6 and 10). The tectonic contexts for profile
C12 and BO09 are quite similar and both are located near a conver-
gent thrust (Fig. 2). The resistivity anomaly is about 0.25 Ohm-m in
profile C12, which is about a 33% increase with respect to the back-
ground resistivity.

4. Estimation of the gas-hydrate saturation beneath the
pockmark area in the NW of the Good Weather Ridge

Based on ambient pressure-temperature conditions and the
presence of a BSR indicator (Fig. 3) (Liu et al., 2006), the location
of the lowest apparent porosity (~52%) in the middle of profile
C12 very likely contains gas hydrate (Fig. 10). If gas hydrate is pres-
ent, Eq. (1) can be generalized to
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pr=Ap,S,) ¢ (2) 2002; Hyndman et al., 1999; Lee and Collett, 2008; Lu and McMe-

chan, 2002; Reister, 2003; Riedel et al., 2006; Weitemeyer et al.,

where S,, is the pore water saturation factor, n is the saturation
coefficient and is often equal to m. S,=(1—S,,) is the fractional
gas hydrate concentration (Schwalenberg et al., 2010). Values of
parameter m from 1.76 to 2 are generally used in continental mar-
gins (e.g. Edwards, 1997; Ghosh et al., 2006; Guerin and Goldberg,

2006). The value of the parameter n depends somewhat on sedi-
ment grain size and the gas hydrate saturation (Spangenberg, 2001).

As shown in Fig. 10, the background apparent porosity is ~62%
around the pockmark in profile C12. However, the apparent poros-
ity is down to ~52% near the pockmark. If we use m (=n) = 1.8, the
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10% porosity anomaly may be due to the gas hydrate replacement.
That is, the gas hydrate saturation is about 16% in the shallow sed-
iments below the pockmark. However, if the location of profile C12
does not meet the pressure-temperature condition for the forma-
tion of gas hydrate, the explanation of the porosity anomaly could
be also due to carbonates, similar to in region A.

5. Conclusions

We have conducted the first survey of the seabed resistivity off
SW Taiwan. The results show that the marine resistivity survey is a
promising technique to describe seafloor characteristics. Our
MCSEM results show high resistivity anomaly at gas seep site
G96 (area A), at the pockmark in area C. At gas seep site G96, the
high resistivity anomaly may be due to the existence of authigenic
carbonates, because it may be difficult to form the crystallized gas
hydrates in the shallow water in area A. In contrast, the high resis-
tivity anomaly at the pockmark in area C may suggest the existence
of gas hydrate in the shallow seabed. Overall, there is suitable con-
dition of high pressure and low temperature in areas B and C for
crystallized gas hydrate. If we ascribe the resistivity anomaly to
the existence of gas hydrates below the pockmark in profile C12,
the gas hydrate saturation is about 16% in the shallow sediments.
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