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ARTICLE INFO ABSTRACT

Keywords: The presence of gas hydrates is well known in the marine realm southwest of Taiwan due to the widespread
Gaf hydrate distribution of bottom simulating reflectors in seismic records. To learn more about gas hydrate systems and their
Taiwan dynamics at passive and active margins, we drilled boreholes with MARUM-MeBo0200 seafloor drill rig at areas

Passive and active margin where geophysical indications for gas hydrates have been detected in the past. Several gas hydrate proxies like

negative chloride anomalies in the pore water, cold spots detected by infrared thermal scans on cores, increased
resistivity, and lithological parameters clearly showed the presence of hydrates in the drilled sections. However,
gas hydrate was not recovered by MeBo most likely because of small crystal sizes which dissociated during re-
covery from the seafloor. Three holes were drilled at southern summit of Formosa Ridge down to 126 m below
seafloor (mbsf) and recovered sediments from which in situ hydrate saturation values were estimated between 1
and 10% at 1542 mbsf and even higher values of up to 38% below 100 mbsf. The latter are probably related to
the sealing effect of carbonate precipitation which occur at 85-95 mbsf directly above the hydrate-enriched
layer. Four holes were drilled at Four-Way Closure Ridge where a maximum drilling depth of 143.90 mbsf
was reached. Hydrate presence starts in 65 mbsf continuing down-core with a range of 1-29% gas hydrate
saturation in fine-grained homogenous clay. An abrupt change to higher gas hydrate saturation values of up to
80% occurs below 109 mbsf where silty and sandy turbidite layers are often intercalated. Such high gas hydrate
contents only occur in the sand layers and not in the fine-grained sediments intercalated to the sand deposits.

1. Introduction both methane and water molecules are available in excess. Water mol-
ecules form cages through hydrate bonds, and in each cage, there is

Gas hydrates are crystalline solids, which are well known from ma- space for one gas molecule. In natural hydrates, these so-called guest
rine sediments along the continental margins and from permafrost areas. molecules predominantly consist of methane (CH,), but other gases like
Natural hydrate specimen look like ice, but in contrast to frozen water, ethane (C2Hg), carbon dioxide (CO3), hydrogen sulfide (H»S), and many
methane hydrate is forming cage structures which is only possible when others can be involved [Sloan and Koh, 2008]. The presence of methane
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hydrate is controlled by several factors, among which, temperature, methane, methane hydrates typically occur under the ocean at water
pressure, ionic impurities in the water, and gas abundance and depths >400 m. In the Arctic Ocean, for example, methane hydrates
composition are key parameters. occur in very shallow water depths at low temperatures. In marine
Depending on the bottom water temperature and the availability of sediments the increase in temperature with increasing sediment depth in
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Fig. 1. Bathymetric map of southwest Taiwan showing the main seafloor morphological features and the location of Formosa Ridge at the passive continental margin
and Four-Way Closure Ridge (4WC Ridge) at the active convergent margin (A). The outer deformation front of the accretionary wedge, which separates the Eurasian
Plate in the west from the Philippine Sea Plate in the east, is also indicated [after Lin et al., 2008]. Present position of Penghu Canyon with black dotted line; former
positions of Penghu Canyon west and east of 4WC Ridge are shown by white dotted lines. Bathymetric information are from multi-beam data of R/V SONNE cruises
S0177 and SO266 and GEBCO data. The two black boxes give the positions of the two detail maps B and C. Detailed map from Formosa Ridge (B) showing the
position of the seismic lines and the drilling location. High resolution map of 4WC Ridge (C) showing the location of the drill site close just west of the summit and the
west/east running seismic profile.
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accordance with the geothermal gradient defines a lower limit for
methane hydrates, which varies depending on the depth of the seabed
[Kvenvolden and Lorenson, 2001].

The presence of gas hydrate in sediments alters the physical prop-
erties by replacing parts of the water and gas in the pore space with a
solid substance. Pore space and permeability are thereby reduced, which
increases the acoustic impedance of hydrate bearing sediments. As a
result, marine seismic reflection profiling is highly successful in
detecting gas hydrates in marine sediments, because the lower boundary
of hydrates is frequently shown by a bottom-simulating seismic reflec-
tion (BSR). Such BSRs mark the interface between relatively high
acoustic impedance, hydrate-bearing sediment above and low acoustic
impedance, free gas-bearing deposits, below [Shipley et al., 1979]. Be-
side seismic investigations, ocean drilling expeditions within the Deep
Sea Drilling Project (DSDP), the Ocean Drilling Program (ODP), and the
Integrated Ocean Drilling Program (IODP) have increased our knowl-
edge on formation and distribution of marine gas hydrate deposits to a
large extent [e.g., Kvenvolden, 1988; Paull et al., 2000a; Tréhu et al.,
2003; Bohrmann and Torres, 2006; Riedel et al., 2006].

Since the eighties and nineties of the past century, the amount of
field data led to the broad agreement that gas hydrates are a significant
part of the natural environment with implications for society [Kven-
volden and Lorenson, 2001], and because of hydrate’s global occur-
rences, natural methane hydrates received international attention. A
global assessment suggested that methane hydrates might represent an
important energy resource [Kvenvolden, 1998]. In addition, other
important hydrate questions attracted attention, like the feedback be-
tween hydrate stability in the sediments and climate [Ruppel and Waite,
2020], the role of methane hydrate in the carbon cycle [Dickens, 2003],
and the contribution of hydrate to seafloor stability of continental slopes
and geohazards [Paull et al., 2000a].

The interest of Asian nations in using gas hydrate for energy pro-
duction led to marine gas hydrate drilling programs that were conducted
as part of national programs, like offshore Japan [Fujii et al., 2008],
India [Collett et al., 2008], and South Korea [Kim et al., 2013]. In China,
the northern continental slopes of the South China Sea moved into the
focus of gas hydrate research, and gas hydrate deposits were investi-
gated during several expeditions [e.g., Zhang et al., 2020]. The Shenu
area, in particular, has been researched intensively over the past decade,
and several production tests have been carried out [Li et al., 2018]. In
the northeastern part of the South China Sea, offshore Taiwan, the tec-
tonic regime changes from a passive continental margin in the northwest
to an active margin characterized by compression and subduction in the
East (Fig. 1) [Lin et al., 2008]. Gas hydrate presence and distribution
was extensively investigated with geophysical methods [e.g., Berndt
et al., 2019; Lin et al., 2009; Liu et al., 2006; Schnurle et al., 2004;
Kunath et al., 2020, 2022] and geochemical studies [e.g., Chen et al.,
2017; Chuang et al., 2013].

In 2018 very shallow (5.5 mbsf) gas hydrate samples were recovered
in the core catcher of two piston cores from Good-Weather Ridge and
South Yuan-An East Ridge, both located at the active continental margin
[Huang et al., 2021]. Drilling of gas hydrate deposits was lacking until
2018, when a Taiwanese/German expedition used R/V SONNE (cruise
S$0266) and the mobile drilling system MARUM-MeBo0200 to drill sedi-
ment cores. During the cruise, indications for gas hydrate deposits were
found by drilling in both regions at the passive and active continental
margins of the northern South China Sea. Here, we present new
drilling-derived data related to methane hydrate occurrence from two
drill sites, Formosa Ridge and Four-Way Closure Ridge (Fig. 1) to
illustrate the fundamental difference in gas hydrate dynamics between a
passive and an active margin.

2. Geological setting

The northeastern area of the South China Sea (Fig. 1) is part of the
Taiwan collision zone, where the passive continental margin of China,
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represented by a Cenozoic sediment sequence of the Tainan basin, col-
lides with the northern Luzon island arc [Bowin et al., 1978]. South of
the passive margin, approximately south of 22°N, the lithosphere of the
Eurasian Plate is subducting to the East beneath the Philippine Sea Plate
along the Manila Trench (Fig. 1 [Lin et al., 2009]).

Convergence rates are high and were deduced to be between 7-9 cm/
year [Seno et al., 1993]. North of 22°N latitude, the collision formed a
broad accretionary wedge including a series of accretionary ridges that
gradually change orientation from NE-SW in the North to NW-SE in the
South (Fig. 1). The slope basins between the accretionary ridges are
often affected by sediment gravity flows that get deflected from their
regional down slope direction by ponding against the accretionary
ridges. Some large canyons, which cut through the shelf from the
mouths of the Taiwanese rivers, alternate their direction due to the
rugged slope morphology (Fig. 1). This results in the formation of
canyon segments with relatively steep slopes, nearly perpendicular to
the ridges, and sections with slightly flatter slopes parallel to the elon-
gated accretionary ridges [Hsiung et al., 2014].

In this way, the slope morphology caused by the accretionary wedge
has a considerable influence on the downslope transport of sediment
suspension flows, which might be very frequent due to the seasonal
monsoons. The accretionary wedge has been divided into a backthrust
domain, an upper slope domain, and a lower slope domain [Reed et al.,
1992]. The lower slope domain was subdivided into a rear segment and
a frontal segment based on the tectonic settings [Lin et al., 2009]. The
upper slope domain reveals extensive mud diapirism, mud volcanism,
and associated seafloor seepage [Chen et al., 2014; Chiu et al., 2006],
whereas the lower slope domain is an area of active thrusting, folding
and gas seepage as well [Klaucke et al., 2016; Lin et al., 2009; Liu et al.,
2006(Tseng et al., 2023)].

The southern part of Four-Way Closure Ridge represents a typical
asymmetric anticline structure above a west-verging blind thrust
[Klaucke et al., 2016]. The ridge is about 10 km long and 2-3 km wide
and rises up to 350 m above the surrounding seafloor (Fig. 1). The crest
of the ridge is oriented NNW-SSW and culminates in around 1280 m
water depth. Klaucke et al., [2016] and (Tseng et al., 2023) described
the details in bathymetry and backscatter pattern of the ridge and the
surrounding area. Slump scars of different scales are widely distributed
along both flanks of Four-Way Closure Ridge with a large scar of 4 km
lengths developed along its eastern flank [Klaucke et al., 2016]. A 3-D
seismic data set across the ridge imaged a more complex accretionary
structure than just a simple anticline [Kunath et al., 2020]. The
Four-Way Closure Ridge is the larger anticline of a double anticline
structure (Fig. 2). The west-east seismic profile shows an additional
accretionary ridge west of Four-Way Closure Ridge which was named
Ridge A by Kunath et al. (2020). To the east, the western part of the
adjacent slope basin is well imaged (Fig. 2). The uppermost sediments
beneath the crest show the dipping strata by stratified parallel re-
flections of the eastern flank with onlap structures of the youngest
sediments. The western flank is less well imaged and seems to be of
complex origin including an additional fold structure with thrust faults
(Fig. 2). The BSR subbottom depth is 450 + 25 mbsf underneath the
ridge and gets shallower underneath the slope basin (Kunath et al.,
2020).

The passive continental margin west of the deformation front is
characterized by a series of ENE-trending normal faults on the shelf and
at the margin [Lin et al., 2009]. The seafloor morphology of the slope
shows deeply incised, NW-SE trending canyons perpendicular to the
strike of the slope (Fig. 1). Steep flanks of the canyons start close to shelf
break in 200 m water depth. The canyons are well developed down to
approximately 2000 m water depth . Formosa Ridge (Fig. 1) is one of the
ridges on the passive continental margin that is formed by canyon
incision into the sediment of the slope. Bathymetric mapping imaged
Formosa Ridge as an elongated 45 km-long ridge that extends from the
mid-slope of the continental margin in southeastward direction to the
South China Sea abyssal plain near the Manila Trench [Hsu et al., 2018].
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Fig. 2. West-East running seismic profile crossing Four-Way Closure Ridge, an asymmetric accretionary ridge of the active margin, with interpreted bottom
simulating seismic reflector (BSR) after Kunath et al. (2020). Positions and drilling depths of MeBo drillings are also indicated. The location of the seismic profile is

shown in Fig. 1C.

Two summits exist along its crest, with the northern peak situated at
1088 m water depth and the southern peak positioned at 1125 m water
depth.

A site of active strong gas seepage known from the southern summit
of Formosa Ridge [Liu et al., 2008] became a hot spot for biogeo-
chemical studies [Feng et al., 2018]. Seismic data show that undulating
sedimentary features of the lower slope represent sediment waves and
that truncations of reflectors are caused by formerly incised and now
refilled canyons [Berndt et al., 2019]. Sediments underneath the crest of
the ridge are horizontally stratified (Fig. 3) except the youngest, up-
permost deposits, which overlie a well-defined unconformity. Below the
southern peak, a vertical seismically blank zone rises from the depth of
the BSR and up to the crest, where a seep site is located at the seafloor
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[Berndt et al., 2019]. The vertical structure (Fig. 3) in the seismic data
was interpreted as a fluid conduit representing gas charged deposits
extending from below the BSR in subbottom depth of more than 400
mbsf. The high-resolution 3D seismic data were used to analyze the
seismic character of the conduit in detail and an episodic activity of gas
transport within the conduit to the seafloor was postulated by Kunath
et al. (2022).

3. Data and methods
During R/V SONNE cruise SO266 in 2018, sediment samples were
obtained from Formosa Ridge and Four-Way Closure Ridge by gravity-
and MeBo coring (Tables 1 and 2) [Bohrmann et al., 2019]. For deeper
MeBo-26

0]
20,

Fig. 3. The WNW-ESE striking seismic profile over Formosa Ridge from the passive margin is showing a complex sediment sequence down the BSR. The disrupted
BSR in the center and highly variable amplitudes above were interpreted as a conduit structure which allows for gas ascent from below the BSR to the seabed and
causes excape of methane bubbles into the water column (Berndt et al., 2019). Suspected near-vertical faults are indicated by black lines. Positions and drilling depths
of MeBo drilling are also shown. For location of the profile and the drill site see Fig. 1B.
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Table 1

Locations of gravity cores (GC) and MeBo drilling cores (MeBo) during cruise
S0266; FWCR = Four-Way Closure Ridge, SSFR = Southern Summit Formosa
Ridge. GeoB numbers are internal numbers of the MARUM GeoB Core Re-
pository at the University of Bremen.

Station GeoB Location Latitude N Longitude E Water

Number Number Depth [m]

GC-3 23205-1 FWCR 22°02.891  119°48.098' 1322

MeBo- 23204-1 FWCR 22°02.916’ 119°48.091’ 1322
20

MeBo- 23216-1 FWCR 22°02.919°  119°48.089' 1322
23

MeBo- 23231-1 FWCR 22°02.919 119°48.083' 1342
27

MeBo- 23240-1 FWCR 22°02.926'  119°48.075' 1324
30

GC-7 23226-1 SSFR 22°06.887'  119°17.134" 1142

west

MeBo- 23212-1 SSFR 22°06.888’ 119°17.130 1142
21 west

MeBo- 23213-1 SSFR 22°06.886' 119°17.136' 1142
22 west

MeBo- 23227-1 SSFR 22°06.886 119°17.137’ 1142
25 west

MeBo- 23230-1 SSFR 22°06.887"  119°17.147" 1141
26 east

drilling, we used the seafloor drill rig MARUM-MeB0200 (https://www.
marum.de/en/Infrastructure/Sea-floor-drill-rig-MARUM-MeB0200.
html), a robotic drill that is deployed on the seafloor and remotely
controlled from the vessel in order to sample the seabed by rotary core
drilling. MeBo200 is a further development of MeBo70 which is also
managed and deployed by MARUM at the University of Bremen [Freu-
denthal and Wefer, 2013]. MeBo cores were mostly taken from the
seafloor by pushing a core barrel downwards into soft sediments. When
sediments became more indurate we changed to a rotary drilling
method. Sediment cores from push coring have diameters of 55 mm
whereas rotary cores are 61 mm in diameter. A water pump provides sea
water for flushing the drill string, for cooling of the drill bit and for
removing the drill cuttings.

On Four-Way Closure Ridge we recovered sediment cores from three
holes, MeBo-20, -23, and -30 (Table 2) at 1322, 1324, and 1342 m water
depths, respectively [Bohrmann et al., 2019]. In these we sampled
sediments by drilling to a maximum depth of 124.53 mbsf (Table 2).
Sediment recovery rate was between 74.5 and 92.3% (Table 2). A fourth
hole, MeBo-27, was drilled to 140.4 mbsf without coring and a Spectrum
Gamma Ray (SGR) log was measured to the surface (Table 2). On For-
mosa Ridge we drilled four holes (MeBo-21, -22, -25, and -26) in water
depths of 1141 and 1142 m and reached a maximum depth of 126.40
mbsf in Hole MeBo-25 (Table 2). Sediment recoveries ranged between
63.2 and 91.5% (Table 2).

The borehole logging tools that were used with the MeBo200 drilling
system are autonomous slim hole tools. They are equipped with a

Table 2
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memory logger containing batteries and data loggers for measuring the
physical formation properties in the borehole autonomously. When the
maximum coring depth was reached the inner core barrel was replaced
by the respective logging tools. The tools are placed below the drill bit
and are pulled up the borehole together with the drill pipe during re-
covery of the drill string (logging while tripping; Freudenthal and Wefer,
2013; Kiick et al., 2021). We used a Spectrum Gamma Ray (SGR) probe
in combination with either a Dual Induction (DI) tool (MeBo-25) or a
Memory Acoustic Tool (MAT; MeBo-22 and -27). Data of the MAT will
be analyzed in another study. The SGR consists of a 250 mm-long
caesium iodide crystal, 38 mm in diameter, connected to a
photo-multiplier. Light impulses that are generated by gamma ray
collision with the scintillation crystal are counted and analyzed across
the energy spectrum. Sediment resistivity was calculated from electrical
conductivity which was measured with the DI tool. The tool provides
two measurements, and for this work we only used the medium induc-
tion sensor with a 100 kHz drive signal and a depth range of 0.65 m
(horizontal into the formation). The resistivity range is 0.5-100 Qm, the
vertical resolution is about 0.8 m [Bohrmann et al., 2019].

Since the uppermost sediments in MeBo boreholes are very often
disturbed during landing of the MeBo and initial construction of the drill
string, we also collected gravity cores (max. 10 m) at each site to sample
the topmost seabed with better quality (Table 1). Sampling of the gravity
and MeBo cores followed the standard procedure of the MARUM GeoB
Core Repository. This means, MeBo cores are 3.5 m-long sections and
after the plastic core liners are retrieved from the core barrel, temper-
ature was continuously measured by scanning the core liners with an
infrared (IR) camera for detecting potential gas hydrate dissociation in
the liner. For the IR data, a ThermaCam SC 640 from FLIR Systems was
used. It measures temperature in a range from —40 °C to 120 °C with a
precision of 0.1 °C and an accuracy of +2 °C. During the measurements
the camera was fixed on a tripod. IR images were taken with a focal
distance of 150 cm between lens and surface of the liner. Each image
covered approximately 60 cm of core length. Images were taken every
50 cm to guarantee an overlap for the following stitching process using
an external scale with temperature tick marks. This method was devel-
oped in the frame of ODP to obtain a continuous record of a proxy for the
spatial distribution of gas hydrates, and has been used in many drilling
campaigns [e.g., Tréhu et al., 2003; Weinberger et al., 2005].

After lengthwise splitting of the cores into archive and working
halves, the working halves were sampled for pore water, physical
properties and sedimentology. Archive halves were digitally imaged
with a Line Scanner, and used for sediment analysis and core description
[Bohrmann et al., 2019]. For pore water analysis, 5 cm-thick slices were
taken in approximately 20-40 cm intervals from the gravity cores (GC).
Slices of 25 cm were taken from the MeBo cores from homogenous
fine-grained sediments at intervals of approx. 1 m. In the case of litho-
logical changes, the sampling distances were significantly shorter and
smaller sample slices were taken with a thickness of 3-4 cm. Sampling of
the core rim was avoided in order to minimize sampling of pore water

List of MeBo drilling location, depth, core length, recovery and tools taken during cruise SO266 (SGR = Spectrum Gamma Ray probe; DI = Dual Induction tool; MAT =

Memory Acoustic Tool).

Station no. Area Drilling depth [m] Coring length [m] Recovery [m] Recovery (%) Logging tools
GeoB no.
MeBo-20 GeoB23204-1 FWCR 21.40 14.00 13.01 92.9 -
MeBo-23 GeoB23216-1 FWCR 126.35 104.85 88.43 85.5 -
MeBo-27 GeoB23231-1 FWCR 143.90 No coring - - SGR, MAT
MeBo-30 GeoB23240-1 FWCR 126.35 10.45 7.78 74.5 -
MeBo-21 GeoB23212-1 SSFR west 14.40 14.40 5.97 85.3 -
MeBo-22 SSFR west 108.98 99.01 90.60 91.5 SGR,

GeoB23213-1 MAT
MeBo-25 GeoB23227-1 SSFR west 126.40 21.90 14.59 66.6 SGR,

DI

MeBo-26 GeoB23237-1 SSFR east 23.93 20.08 12.68 63.2 -
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that has potentially been contaminated with bottom water that was
filling the space between the liner and the core.

Subsequently, the pore water was extracted in the ship’s cold room
(4 °C) using centrifugation for GC samples and a low pressure-squeezer
(argon at 3-5 bar, occasionally up to 7 bar) for MeBo200 samples. While
squeezing, the pore water was filtered through 0.2 pm cellulose acetate
Whatman filters and collected in recipient vessels. Aliquots of the
extracted pore water were subsampled for various onboard and further
shore-based analyses. Pore water chloride concentrations were deter-
mined onboard by ion chromatography [Bohrmann et al., 2019], which
was also used as a proxy for the presence of gas hydrate [Tréhu et al.,
2004]. Sediment samples for bulk carbonate measurements were taken
in approx. 2 m intervals. Particulate organic carbon and calcium car-
bonate were measured onshore by combustion with a Vario EL III
elemental analyzer in the CN mode. Total carbonate was determined by
subtracting organic carbon (pre-treatment with 2 N HCl) from total
carbon.

4. Results
4.1. Lithologies and physical properties of drilled deposits

The seafloor sediments drilled at Formosa Ridge and Four-Way
Closure Ridge consist predominantly of fine-grained terrigenous-
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dominated deposits. Drilling provided, however, a wealth of informa-
tion on changes in the depositional environment, and how the sediments
were overprinted by fluid migration and post-depositional gas hydrate
formation and dissociation.

4.1.1. Drilling at southern summit of Formosa Ridge

At Formosa Ridge (Figure 1 and 3) we sampled the subsurface at
Holes MeBo-21, -22, and —25 along with Gravity Core GC-7. The drilled
holes are less than 30 m away from each other. Further information is
available from well-log data measured in Hole MeBo-22. By combining
those data, a more or less continuous sediment sequence to 126.40 mbsf
(Fig. 4) was achieved. The deepest borehole is MeBo-25. It reached a
drilling depth of 126.40 mbsf and both resistivity and spectrum gamma
radiation were logged at this site (Figs. 4 and 7; Table 2). The lithology
of the cored sediments is dominated by homogeneous dark gray clay
with scattered occurrences of foraminifers, small shells of gastropods
visually detected on the surface of the core. Several intervals show
spotted black aggregates of iron sulfides. An ash layer was found at a
depth interval of 72.04-72.10 mbsf. In Hole MeBo-22, there are light
gray and dry patches of a few centimeters in diameter from 84.40 mbsf
(Core 23P) to 97.27 mbsf (Core 27P).

Authigenic carbonate precipitation represented by higher carbonate
values and nodules are present from 87.22 mbsf to 93.80 mbsf (Fig. 4).
They correlate with increased gamma ray values including a distinct

Four-Way Closure Ridge
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high peak at 92 mbsf. In general, carbonate contents of the sediment
vary between 5 and 10%. They decrease downwards to near 5% and
increase with depth in the lowermost 25 m of drilled sediments (Fig. 4).
Within the interval with carbonate nodules the carbonate contents
scatter, but are mainly higher than 10%. This increase together with the
carbonate nodules suggests authigenic carbonate formation in this
interval.

Carbonate precipitation seems widespread in Hole MeBo-22 cores
23P-27R (Fig. 5) and correlates with a change from push coring in
MeBo-25 to rotary drilling in MeBo-26. For both MeBo-22 and MeBo-25
at Formosa Ridge, scattered mousse-like sediment textures (Fig. 4) occur
from 98.30 mbsf at MeBo-22 to 124 mbsf at MeBo-25. Some of the
sediment intervals with mousse-like textures at both MeBo-22 and
MeBo-25 Holes were also associated with soupy sediments. An ash layer
found by visual inspection at Core 19P 25-35 cm (72.10 mbsf) was also
associated with high magnetic susceptibility.

4.1.2. Drilling at Four-Way Closure Ridge

At Four-Way Closure Ridge (Figs. 1 and 2) MeBo200 was deployed
four times (MeBo-20, -23, -27 and -30) in water depths ranging from
1322 m to 1342 m. The drilled and cored holes are less than 70 m away
from each other. Together with Gravity Core GC-3, all sediment infor-
mation was combined with the gamma ray log and carbonate contents
(Fig. 4). Sediment cores at Holes MeBo-23 and MeBo-30 were collected
down to 124.38 mbsf and 124.53 mbsf, respectively. The lithology of the
cored sediments is dominated by homogeneous dark gray clay with
scattered presence of foraminifera, small shells of bivalves or gastro-
pods. A few intervals show spotted black aggregates of iron sulfides. Silt/
sand patches and thin sorted silt and sand layers start to appear from 85
to 120 mbsf, while distinct sand layers become more frequent and
thicker downward from around 120 to 125 mbsf. These are up to 30 cm-
thick for individual sand horizons (Figs. 4 and 6) which often showed a
fining upwards trend.

With the exception of the uppermost sediments in Gravity Core GC-3,
carbonate contents are less than 10% and very often around 5% (Fig. 4).
Spectrum gamma radiation increases with depth. However, the data
show variability. Distinctly lower values such as those between 65 and
72 mbsf, cannot be attributed to observed lithological changes in the

MeBo-22, 23P, Sec3 MeBo-22, 26P, Sec2
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Fig. 5. Close-ups of sediment features in MeBo Hole-22 drilled at southern
summit of Formosa Ridge. Cm-sized carbonate concretion bordered by
molluscan shells (left). Elongated vertical authigenic carbonate nodules in
sediments of higher carbonate content (right).
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cores. An exception is the lowermost interval between 120 and 125
mbsf, where distinctly lower gamma ray values clearly correlate with
the presence of thick sand layers (Fig. 4). There are a few soupy layers
and intervals with mousse-like sediment textures, especially in MeBo-23
Core 28P (Fig. 6).

4.2. Pore water chloride concentrations and gas hydrates

Apart from other geochemical parameters, chloride concentrations
of the pore water from the cored sediments were measured in order to
document the occurrence of gas hydrates and the gas hydrate saturation
in the available pore space. During core recovery, dissociation of hy-
drate releases fresh water into the ambient pore water and leads to a
reduction of the pore water chlorinity by dilution, as has been reported
for many gas hydrate-bearing marine sediment sequences [Kim et al.,
2013; Paull et al., 2000b; Tréhu et al., 2006; Ussler, 2001; Hong et al.,
2021].

Chloride concentrations less than background values in most cases
represent past gas hydrate that has dissociated during core recovery.
Defining the background profile in chlorinity of a sediment core is
critical, because other diagenetic processes may have influenced the
pore water chloride concentration profile as well. Specifically, dehy-
dration of hydrous minerals, as it occurs during smectite to illite trans-
formation, can cause freshening and low Cl~ fluids which have been
observed in many continental margins [Kastner et al., 1991; Torres
et al., 2004]. Since release of freshwater from diagenetic mineral re-
actions affects longer depth intervals and does not cause abrupt changes
in pore water profiles between low and high Cl~ concentrations, it is
assumed that the background curves of Cl™ at both sites are not or very
slightly influenced by fresh water released from diagenetic mineral
reactions.

At Formosa Ridge, dissolved chloride has a typical background
concentration of around 560 mM. There are two well-defined intervals
at 13-39 mbsf and at 98-120 mbsf (Fig. 7) with anomalously low
chloride concentrations. The upper interval with its lowest ClI~ con-
centration of 511 mM occurs in Cores 2P 9P of MeBo-22 and in Core 3P
of MeBo-21 (Fig. 7). The deeper interval that is characterized by nega-
tive chloride concentration anomalies is between 98 and 120 mbsf
corresponding to Cores 29P 32R of MeBo-22 and Cores 16R-20R of
MeBo-25 (Fig. 7). Here, Cl™ concentrations range between 430 and 500
mM with a minimum of 388 mM in Core 18R of MeBo-25.

At Formosa Ridge, a linear background curve was considered with
Cl™ concentrations ranging from 560 mM at the top of the sediments to
570 mM at the bottom of the boreholes. Based on measured Cl~ con-
centrations and estimated background concentrations, we calculated the
gas hydrate saturation of the pore space using equations given by Ussler,
2001. Hydrate saturation calculated this way is shown in Fig. 7.
Calculated hydrate saturation below 1% is not shown in the diagram,
because of the resolution of the data. In general, the calculated hydrate
saturation in the upper interval (13-39 mbsf) ranges between 1% and
10% and is significantly higher with saturations between 10 and nearly
40% in the lower interval (98-120 mbsf) (Fig. 7).

In the sediments drilled at Hole MeBo-23 at Four-Way Closure Ridge,
pore water Cl~ concentrations deviating from background values start at
depth of Core 15P in 65 mbsf and occur downward with varying con-
centrations (Fig. 8). The chloride background concentration was
assumed as a linear trend between 550 mM at the seafloor and 570 mM
at the bottom of the cored sediment sequence in 124 mbsf. Negative
chloride concentration anomalies between 65 and 120 mbsf vary be-
tween 500 mM and the background concentration with few exceptions
in Core 28P of MeBo-23, where the lowest Cl~ concentration of 429 mM
was also measured (Fig. 8).

The highest fluctuation in Cl~ concentrations was measured in Cores
32P and 33R of MeBo-23 and Cores 7R and 8R in MeBo-30. According to
these negative chloride concentration anomalies, gas hydrate saturation
below 65 mbsf is mostly less than 20% of the pore space, and often less
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Fig. 6. Photographs of core MeBo-23 from Four-Way Closure Ridge. Mousse-like, partly soupy sediment texture in the core are representing decomposed hydrate
(left), two thin fine-grained sand turbidites in otherwise homogenous silty clay (middle), sand turbidite showing fining upwards sequence (right).

than 10% of the pore space. However, there are two exceptions: Gas
hydrate saturation in a few samples in Core 28R reached 23% and 29%,
and the chloride data suggest a distinct peak in gas saturation of up to
nearly 80% of the pore space for the deepest sediments below 120 mbsf
(Fig. 8).

In Core 7R of MeBo-30 we took pore water samples in closer spacing
because many sand layers are intercalated (Fig. 9). Temperature
anomalies were measured with the IR camera over the entire core and
documented gas hydrate-bearing layers by cold spots. This is well shown
by the IR images and quantitatively by the plot of the AT values (Fig. 9).
Cold spots are well documented from other hydrate provinces where
they are caused by endothermic hydrate dissociation when sediment
cores leave the gas hydrate stability zone [Tréhu et al., 2003; Tréhu
et al., 2004]. A total of six horizons with clear temperature anomalies
were detected during the IR temperature measurements. All of these
coincide with sand layers. The pore water samples in Core 7R were taken
from different lithologies. Four of the pore water analyzes, which
sampled sand layers show clear negative chloride anomalies, while the
six analyzes of the intercalated clay layers show the background chloride
concentrations or slightly positive anomalies (Fig. 9).

5. Discussion and interpretation

Seismic investigations revealed that a gas hydrate-related bottom
simulating seismic reflector is present throughout vast areas southwest
of Taiwan [Chi et al., 1998; Liu et al., 2006; Schniirle et al., 2011]. This
observation is unequivocal evidence that gas hydrates exist both in the
passive continental margin of the South China Sea and in the active
accretionary wedge. Geochemical investigations on methane produc-
tion, migration and seepage in the area southwest of Taiwan indicate
that seafloor seepage exists both in the active margin and in the passive
margin, but is more frequent in the active margin [Chen et al., 2017;
Chuang et al., 2010]. Composition of light hydrocarbons and isotope
analyses revealed a predominance of microbial methane in the sedi-
ments of the passive margin, whereas thermogenic methane was partly
more found in deposits of the active margin especially at the upper slope
and onshore mud volcanoes [Chen et al., 2017]. Up to R/V SONNE cruise
S0266 in 2018 no boreholes were drilled in this hydrate province, and

thus the new drilling results provide unprecedented constraints on hy-
drate presence and distribution within the uppermost 126 mbsf of the
gas hydrate stability zone.

MeBo drillings in both areas on Formosa Ridge and Four-Way
Closure Ridge were unable to recover methane hydrates as solid mat-
ter. Nevertheless, several methane hydrate proxies, such as geochemical,
physical and lithological indicators, and sediment texture confirm the
presence of methane hydrates in various intervals of the sediment for-
mations. While massive methane hydrate layers have been drilled and
recovered successfully with MeBo in several other geological settings
[Himmler et al., 2019; Pape et al., 2020a, b], the absence of intact hy-
drates in the core material obtained during SO266 suggests that massive
gas hydrate were not penetrated.

Instead, it is inferred that the methane hydrates drilled here, pri-
marily forms fine crystals disseminated in the sediment or that they exist
in very thin veins, allowing them to decompose during the long process
of retrieving the MeBo drill rig through the water column, and the re-
covery of the core barrels on deck until opening the sediment-filled
liners. The process of MeBo recovery until the time the core liner are
accessible takes much longer time than gravity coring, and typically
results in a greater portion of dissociated hydrates. Dissociation pre-
sumably begins immediately when the hydrate leaves the gas hydrate
stability zone, which is controlled by the pressure and temperature
structure in the water column. Given the oceanographic regime off
Taiwan this corresponds to approximately 630 m depth below the sea
surface.

The dissociation of small hydrate particles is relatively fast due to
their large surface area to volume ratio, while massive methane hydrate
layers have a lower surface area to volume ratio, and a self-preservation
effect is retaining the hydrate [Sloan and Koh, 2008]. This
self-preservation effect of hydrate is thought to be linked to the endo-
thermic nature of hydrate dissociation, which can form a layer of water
ice on the hydrate surface. Such an ice coating may seal the interior
hydrate, thus preventing it from further dissociation [Takeya et al.,
2005].

Therefore, we suggest that most of the cores sampled contained only
disseminated pore filling methane hydrate that decomposed and
released fresh water and methane during the recovery of the cores. This
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Fig. 7. Results of MeBo cores from the southern summit of Formosa Ridge. From left to right: Cores labeled (P = push core, R = rotary core) and sediment recoveries
(shown by a black box in each core) related to depth, summary of lithological findings in the cores, resistivity data from borehole logging of Hole MeBo-25, pore
water chloride concentrations and related gas hydrate saturation estimations derived from chlorinity.

would explain the soupy texture in sediment core intervals with pore
water chloride anomalies (Figs. 6 and 8). This is also corroborated by IR
temperature anomalies and resistivity data from borehole logging which
were measured in-situ, when hydrates still existed in the deposits. From
all measured gas samples of the MeBo cores, methane is the dominant
gas phase with more than 99.8 mol-% of light hydrocarbons (T. Pape
personal communication) and we, therefore expect that hydrate

structure I was the prevailing structure of the hydrates (Sloan and Koh,
2008).
5.1. Gas hydrates at Formosa Ridge

The geochemical, sedimentological, and borehole logging data sug-
gest that gas hydrates were present in the sediments of the three holes,
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Fig. 8. Results of MeBo cores from the Four-Way Closure Ridge. From left to right: Core recoveries related to depth, summary of lithological findings in the cores,
pore water chloride concentrations and some related gas hydrate saturation estimations derived from chlorinity.

MeBo-21, -22 and -25 at Formosa Ridge at different depth intervals
(Fig. 7). The pore water sulfate concentration profiles indicate the
sulfate-methane interface (SMI) is near 10 mbsf [Bohrmann et al.,
2019], which means that no methane hydrates are stable within the
uppermost 10 m of the sediments due to methane consumption by the
anaerobic oxidation of methane [Boetius et al., 2000]. Gas hydrates will
not exist well below the SMI since methane concentration needs to in-
crease downwards first until it reaches solubility.

First indications for the presence of methane hydrates are slightly
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lower pore water chloride concentrations compared to background
concentrations from about 13 mbsf downwards. This upper interval
showing hydrate saturations between 1 and 10% of pore space extends
to a depth of 39 mbsf (Fig. 7). Between 39 and 98 mbsf, pore water
chloride concentrations deviate only insignificantly from the back-
ground concentrations, indicating the absence of detectable gas hydrates
in this depth range. Below 98 mbsf to around 120 mbsf, fluctuations in
the chloride concentrations show variable gas hydrate saturations, but
with a range of 10-40% the saturation values are significantly higher
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than those in the upper section.

The semi-quantitative estimates of hydrate saturation are supported
by the resistivity data of the logging measurements. The electrical re-
sistivity of gas hydrate-bearing sediments is higher than that of water-
saturated sediments [Tréhu et al., 2003]. In the upper depth interval
(13-39 mbsf), the background values of electrical resistivity increase
from 1 to 2 Qm to a maximum of 8 Qm. In the lower interval with higher
methane hydrate saturation, a maximum resistivity of 15 Qm was
reached, and variations of the resistivity curve (Fig. 7) likely reflect
fluctuating gas hydrate saturations. Gas hydrate saturation values of
1-10% of the pore space are too low to leave macroscopic traces in the
texture of soft carbonate-bearing clay, since the small amount of water
released during gas hydrate dissociation does not give a soupy appear-
ance (Fig. 7). It is therefore understandable that no traces of low gas
hydrate concentrations can be found in the soft clay lithology (Fig. 7).
This is different in the deep gas hydrate-bearing interval with higher
hydrate concentrations, where mousse-like and partly soupy textures
occur in all sediment cores due to the release of water and free gas
during the gas hydrate dissociation (Fig. 7).

Methane concentrations above saturation in pore water are neces-
sary for gas hydrate formation. Biogenic methane is formed by meth-
anogenic archaea from the organic carbon in the sediments, whereby the
quality and quantity of the organic matter are key parameters beside
sedimentation rate and microbiological activity rates [Davie and Buffett,
2003]. A central question at Formosa Ridge is, why hydrates occur in
two specific depth intervals and why there is no evidence for hydrate in
the sediments between 39 and 98 mbsf. This observation and the low
organic carbon content of 0.3-0.4 wt-% (T. Pape personal communica-
tion) in the sediments of Formosa Ridge suggest that the rate of biogenic
methane formation was too low to produce significant amounts of hy-
drate over the entire lengths of the core. Hence, the observed hydrate
enrichments may be induced by long-range migration of methane from
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the surrounding area and below rather than in-situ methane production.

Comparison with reflection seismic data and seafloor observations at
the southern summit of Formosa Ridge are important to understand the
dynamics and the relationship of free gas and gas hydrate formation in
this setting. 60 m north of the boreholes on top of the ridge, where the
seafloor is 17 m higher than at the MeBo drill site, gas bubbles are dis-
charged from the seafloor at an individual seepage area (Figs. 1B and
10). Constant emission of free gas was observed by acoustic anomalies in
the water column during the drilling. The seepage area is well known
since 2007, when it was visited during a Taiwanese-Japanese collabo-
rative cruise with the remotely operated vehicle (ROV) Hyper-Dolphin
[Liu et al., 2008]. The seep site is heavily paved by methane-derived
carbonates [Feng and Chen, 2015] and in parts densely populated by
mytilid bivalves, bacterial mats [Liu et al., 2008] and squat lobsters [Lin
et al.,, 2013; Yang et al, 2016] showing all characteristics of a
long-ongoing active seafloor seepage site.

This so-called Formosa Cold Seep, occasionally also called Site F
[Feng et al., 2018] is fed through a subsurface fluid conduit, i.e. a
complex vertical seismic structure, which is characterized by a disrupted
BSR, strong reflectors just above and blanking further up in the vertical
extension. This conduit was well imaged during several different seismic
surveys (Fig. 3) [Berndt et al., 2019; Hsu et al., 2018; Kunath et al.,
2022].

The conduit appears as a vertical zone reaching from several hun-
dreds of meters below the BSR trough the highest point of the BSR
[Berndt et al., 2019] allowing free gas to travel several hundreds of
meters upwards to the summit, where the Formosa Seep is located. Such
conduits are well known from other gas hydrate areas like Vestnesa
Ridge [Petersen et al., 2010] and Hydrate Ridge [Crutchley et al., 2013],
where increasing pore pressure leads to subsequent hydro-fracturing
and vertical fluid flow within the conduit structure [Clennell et al.,
2000]. Comprehensive geological and geophysical studies suggest that



G. Bohrmann et al.

MeBo-21
MeBo-22
MeBo-25

1-10.% hydrate
saturation

Interval of carbonate
precipitation

1-40 % hydrate
saturation

Marine and Petroleum Geology 153 (2023) 106253

[]
! Ebullition of methane
1 at the summit

%9 60 m to the north

Fig. 10. Main findings in MeBo drillings of gas hydrate distribution at Formosa Ridge and additional information like suspected vertical faults (black lines) and gas

bubble ebullition from the summit.

large amounts of free methane can travel upwards in a conduit structure
because these systems tend to be out of thermodynamic equilibrium
[Crutchley et al., 2013; Smith et al., 2014; Tréhu et al., 20041].

The conduit below Formosa Seep was recently investigated by using
high resolution 3D seismic data (Kunath et al., 2022). Episodic venting
of gas was postulated from the base of the gas hydrate stability zone
below the BSR where gas accumulated up to a critical thickness, causing
hydraulic fracturing and propagation of a vertical conduit was inter-
preted [Kunath et al., 2022]. Methane can form methane hydrate when
reaching the hydrate stability zone above the BSR. Former geophysical
investigations at Formosa Ridge using controlled source electromagnetic
imaging (CSEM) and Ocean-Bottom Seismometer (OBS) measurements
implied in general low hydrate saturation ranging between 5% and 10%
of the pore space in sediments below Formosa Ridge [Berndt et al.,
2019]. Higher saturation values were interpreted at the conduit struc-
ture, where electrical resistivity values derived from CSEM are much
higher than background values. MeBo drilling on Formosa Ridge near
the conduit structure did not reach deeper sediments close to the BSR
where the geophysical data predict the highest hydrate saturations.

Nevertheless, the new drilling information of the uppermost 126
mbsf in the vicinity of the conduit are consistent with a highly variable
and in some intervals hydrate-bearing setting that would be expected for
a conduit structure which is fed by free methane from underneath
(Fig. 10). Therefore, it is plausible that the upper interval of gas hydrate-
bearing sediments formed due to lateral methane transport from the
conduit. High seismic amplitudes are observed between 25 and 40 mbsf
in the high-resolution 3D seismic data in the area of the conduit
structure.

Although it is not possible to determine the polarity of these arrivals
unambiguously due to superposition of several events, the limited
lateral extent and the high amplitude suggest that sharp acoustic
impedance reduction of free gas causes these reflectors [Berndt et al.,
2019]. Free gas was encountered in Hole MeBo-26, 20 m further east of
MeBo-21, -22, and -25 and closer to the conduit structure (Fig. 10). Upon
reaching a drilling depth of 24 mbsf, ebullition of free gas was so strong
that the MeBo drilling system had to be recovered from the borehole
(Fig. 10, Table 2). The emanating free gas may have been accumulated
in the zone of the seismic anomaly or it may have ascended into the
borehole from a greater depth through the conduit structure. Both sce-
narios seem possible. If free gas is the cause for the high amplitude re-
flections and is therefore stored in this depth range, then pathways for
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water must be cut off by gas hydrate formation, because the free gas
would form gas hydrate otherwise as the whole system is far inside the
gas hydrate stability zone. This suggests that there is a mixture of
methane hydrate and free gas in the upper part of Formosa Ridge. This
would be similar to the subsurface structures at other cold seep areas, e.
g. in pockmarks from the Vestnesa Ridge [Pape et al., 2020a,b] and the
Niger deep sea fan [Sultan et al., 2014].

A direct transport of free methane gas from greater depths to the
shallow borehole is also conceivable, and would lead to the rapid for-
mation of methane hydrate, at least in the area of the seismic anomaly.
Direct ascent of free gas through the gas hydrate stability zone is still
enigmatic as it should form hydrate upon encountering free water.
Several mechanisms have been proposed to explain this widespread
phenomenon ranging from thermodynamic disequilibria to local tem-
perature or salinity anomalies [e.g., Smith et al., 2014], methane gas
supply exceeding its consumption by hydrate formation in a high gas
flux regime [Liu et al., 2019] to gas hydrate coating the path of the gas
ascent, as was observed in the Congo fan region [Pape and Bohrmann,
2022]. In the Congo fan region, numerous gas hydrate tubes were
sampled which demonstrate the protective function of gas hydrate rims
that separate pore water outside the tube from free gas inside the tube
allowing a continuous upward flux of bubble-forming free gas in the
interior of the tubes.

Since active free gas transport is occurring in the conduit at least
temporarily, the hydrate occurrences encountered in both depth in-
tervals of the Formosa Ridge could be fed by lateral intrusion of light
hydrocarbons derived from the conduit. The deeper interval below 98
mbsf with gas hydrate saturation of up to nearly 40% is not accompanied
by high amplitude seismic reflections. Intermediate amplitude seismic
reflections occur laterally around the conduit structure and approxi-
mately 100 m to the Southwest (Fig. 10). Higher amplitude seismic re-
flections clearly exist above the deep interval of hydrate presence and
are correlated with the authigenic carbonate nodules encountered dur-
ing drilling between 87 and 94 mbsf (Figs. 7 and 10). The seismic re-
flectors of high amplitudes are continuing horizontally, so that the
presence of authigenic carbonates represents a horizontal layer which
probably reacts partly as a seal for upwards migrating gas. This seal must
have eventually been overcome as now methane is found above this
interval and at the seafloor.

However, it can be assumed that the passage of gas through the
conduit was at least temporarily blocked for rising free gas at this level.
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Gas accumulation below this high reflectivity layers occurred and
1-40% gas hydrate saturation was reached (Fig. 10). The seismic re-
flections of intermediate amplitudes below 105 mbsf are partially
interrupted (Fig. 10), which can be explained by variable gas hydrate
concentrations ranging between 1 and 40% of the pore space, meaning
that gas hydrates may not form continuous layers. This pattern of
distributed small hydrate accumulations, for example along focused
fluid flow pathways in sediment deposits was postulated by widespread
geophysical investigation of Formosa Ridge in comparison with other
hydrate-bearing areas [Berndt et al., 2019] and is consistent with the
new drilling results.

The presence of small gas hydrate deposits above the BSR at Formosa
Ridge have been postulated based on geophysical investigations [Berndt
etal., 2019; Hsu et al., 2018]. Berndt et al., [2019] attribute the chaotic
internal sedimentary structures of the ridge to numerous incised and
refilled canyons in its northern part and sediment waves in the southern
part of the ridge. These sedimentary architectures make it impossible to
trace individual layers over large distances. This pattern seems to be
typical for other places of the passive margin in the eastern South China
Sea. Within a collaborative effort from China, scientists have investi-
gated gas hydrates at several locations of the pasive continental margin,
which are part of the Pearl River Mouth Basin [Zhang et al., 2015; Zhang
et al., 2020]. Thirteen sites were drilled at the deep slope of the East of
Pearl River Mouth Basin in the Horseshoe Ridge and Jiulong Ridge areas
[Zhang et al., 2015], 40 and 60 km west of the MeBo drill site on For-
mosa Ridge (Fig. 1).

Similar to Formosa Ridge, seismic investigations of the Horseshoe
and Jiulong Ridges showed widespread high amplitude seismic anom-
alies, discontinuous BSRs and blanking zones [Zhang et al., 2015]. In
addition to disseminated hydrate found at 9-23 mbsf, some massive
hydrate samples have been recovered and represent the fracture-filled
type of hydrates. In the Formosa Ridge area, gas hydrates at those
sites are dominantly composed of biogenic methane. A second area of
gas hydrate drilling activities in the South China Sea is the Shenhu area,
which is located farther west in the south of the central Pearl River
Mouth Basin [Zhang et al., 2020]. Since 2017, the area has become the
focus of the offshore gas-hydrate production test, where methane was
produced successfully from hydrate reservoirs. This favorable target for
large-scale development of gas hydrates was found after extensive
exploration during several expeditions in the last decade [Zhang et al.,
2020]. In contrast to methane hydrates from Formosa Ridge, Jiulong
Ridge and Horseshoe Ridge, higher amounts of thermogenic methane
are present in the Shenhu area.

5.2. Gas hydrates at Four-Way Closure Ridge

Gas hydrates are absent from the uppermost 65 m of Holes MeBo-20
and -23 on Four-Way Closure Ridge (Fig. 8). Gas hydrate saturations
must be so low that they do not leave any detectable trace in the sedi-
ments. This is shown by the very uniform chloride concentrations, which
increase continuously from 550 mM near the sediment surface to 570
mM at 65 mbsf, and no anomaly was recognizable (Fig. 8). Between 65
mbsf and 120 mbsf hydrate occurrence is clearly documented by lower
chloride concentrations resulting in hydrate saturations ranging be-
tween 1 and 20% of pore space (Fig. 8). The sediments are homogeneous
clays throughout and there is no change in the sediment composition at a
depth of 65 mbsf, i.e. where the change from gas hydrate-free sediments
above to gas hydrate-bearing sediments below occurs.

From a depth of 85 mbsf, the fraction of silt/sand increases slightly
downward, but even this subtle lithological change does not seem to
have a direct effect on the gas hydrate saturation. In Core MeBo-23-28P
(approx. 106-109 mbsf), a few pore water samples showing low chloride
concentrations suggest an increased hydrate saturation of up to 29%.
This is consistent with mousse-like sediment textures at the surface of
the core halves (Figs. 6 and 8). None of these weak changes in gas hy-
drate saturation can be recognized by amplitude changes in the 3D
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seismic data at the drilling location (Fig. 11).

The pattern is very different for the lowermost 5 m below 120 mbsf.
In this lowermost section of Holes MeBo-23 and -30, sand and silt layers
are very common, alternating with clay layers. Here, mean gas hydrate
saturation values of around 50-60% of pore space sporadically maxi-
mizing at up to 80% are observed and correlate with high amplitude
reflectors in the 3D seismic data (Fig. 11). Cold spots identified with the
IR temperature measurements in MeBo-30 Core 7R (Fig. 9) indicated
that all gas hydrate-bearing layers were correlated with sand layers.
Unfortunately, not all sand layers were sampled for pore water analysis.
On the other hand, all lower chloride concentrations representing gas
hydrate occurrence are from sand layers.

The chloride concentrations of the intermediate clay layers range
between 578 and 655 mM which are higher than the background con-
centrations. Enrichment of chlorinity by salt exclusion during hydrate
formation in the nearby pore space has been demonstrated in sediments
on southern Hydrate Ridge [Haeckel et al., 2004; Torres et al., 2004].
The wide variation in positive concentration anomalies indicates a
highly dynamic gas hydrate system and inhibition of rapid diffusive
equalization by lithological changes (Fig. 9). The negative chloride
anomalies show that the gas hydrate deposits in this depth range are
clearly associated with the sand layers, while the clay layers in between
do not bear gas hydrates. Sand has a larger pore volume between the
sand grains and a higher permeability. This allows gas hydrate crystals
to precipitate between the grains and replace water in the inter-granular
space of the sand [Weinberger et al., 2005].

Seismic records of Four-Way Closure Ridge show the drilled sand
layers with prominent reflections. These are horizontal in the vicinity of
the drill site and dip more steeply further east following the plunge of
the ridge flank (Fig. 11). Here, the seismic amplitudes are less strong.
This change of seismic amplitude may be the result of thinner sand
layers or it may in fact represent smaller amounts of gas hydrate at the
ridge flank compared to those at the apex of the anticline structure.
Methane very likely ascended bedding-parallel along permeable sand
layers along the eastern limb and led to the gas hydrate accumulation in
the apex area of the anticline. Normal faults from depths underneath the
anticlinal ridge may also act as pathways for methane ascent and may
have supported the gas hydrate accumulation.

5.3. Sand deposits and its implication for gas hydrate presence

The discovery of sand layers at Four-Way Closure Ridge seems to be
highly important for the exploitability of gas hydrate reservoirs in the
accretionary wedge. In comparison to hemipelagic mud, such sand
layers represent porous reservoirs in which hydrate can concentrate. It
has already been proposed that sand layers are more widespread in the
accretionary wedge than along the passive continental margin (Fig. 12).
This is due to the proximity to the Taiwanese land mass and the existing
transport routes [Lin et al., 2014]. The mountain regions of Taiwanese
landmasses have very high erosion rates and some of the mountain
debris is transported via rivers to the southwest over the continental
slope into the deep sea. The main transport is via turbidity-current
transport through numerous deeply incised submarine canyons, like
Penghu Canyon, Fangliao Canyon, and Kaoping Canyon [Hsiung et al.,
2014]. The canyons are formed by the erosive effect of the turbidity
currents directed down the slope, whereby there is a clear interaction
with the tectonically formed anticlinal ridges in the area of the accre-
tionary wedge. As shown by the bathymetric maps (Fig. 1), the plate
tectonic convergence and the subduction geometry cause the formation
of accretionary ridges, which are developed roughly parallel to the
active margin southwest of Taiwan [e.g., Lin et al., 2008]. Such
slope-parallel anticlinal structures form barriers for the turbidity cur-
rents directed downhill, whereby they are very often deviated in the
direction of the elongated morphological basins between the
slope-parallel accretionary ridges and lead to the deposition of sand
layers [Hsiung et al., 2014].
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Fig. 11. Hydrate saturation at different depth intervals at MeBo drill sites on Four-Way Closure Ridge (4WC Ridge) and the correlation with seismic data. Suspected

vertical faults [Kunath et al., 2022] are shown by black lines.
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Fig. 12. Tectonic map of the northeastern part of the South China Sea showing the distribution of gas hydrate deposits based on geophysical exploration (Lin et al.,
2009; Schniirle et al., 2004] and the occurrence of major sand deposits [Lin et al., 2014]. Positions of both drilling locations, Formosa Ridge at the passive margin and
Four-Way Closure Ridge (4WC Ridge) at the accretionary margin SW of Taiwan, are indicated.

The Penghu Canyon is one of those canyons that delivered coarse
sediment material downslope to the abyssal plain of the South China
Sea, especially during glacial times when the sea level was lower [Lin
et al., 2014]. Due to the interaction of the down-slope material transport
with the active tectonic evolution of the wedge, the Penghu Canyon has
changed its course several times [Lin et al., 2008; Lin et al., 2014] and
earlier transport routes led along the eastern and western flanks of the
Four-Way Closure Ridge (Fig. 1). The drilled sand layers are result of
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such a transport in the slope basin between two accretionary anticlinal
structures (Fig. 12). The 3D-seismic data for the eastern flank of the
Four-Way Closure Ridge (Fig. 2) show a clear unconformity that sepa-
rates the folded deposits within the ridge from propagating sediments
that are filling the slope basin [Kunath et al., 2020].

Layers of coarser clastic sediment components from turbidites are
probably well presented in some of the slope valleys as it is shown in
Fig. 12. The findings of coarser clastic sediment layers at the base of the
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MeBo borehole on Four-Way Closure Ridge show that these sand layers
are perfect reservoirs of significant amounts of gas hydrates. Based on
the combined analysis of our drilling results with seismic data we
postulate large occurrences of gas hydrates within most of the accre-
tionary wedge off Taiwan, which should be confirmed by future drilling.

6. Summary and conclusions

Drilling of the uppermost 136 m sediment deposits both at Formosa
Ridge and Four-Way Closure Ridge corroborated to a large extent the
inferences that were made based on the analysis of geophysical data.
Massive hydrates have not been recovered, but several proxies docu-
ment the presence and the saturation of gas hydrates offshore southwest
of Taiwan. Higher hydrate saturations were more frequently encoun-
tered in the active margin at Four-Way Closure Ridge than in the passive
margin at Formosa Ridge. In general, hydrate saturations in the shallow
subsurface were low, but the drilling data reveal several small-scale gas
and gas hydrate occurrences that are beyond the resolution of
geophysical data.

Drilling revealed the importance of lithological variations for hy-
drate saturation. The highest saturations were encountered in sandy
turbidites at Four-Way Closure Ridge which is possibly typical for the
entire gas hydrate stability zone of the accretionary wedge. The fact,
that pore water chlorinity in the clayey interbeds between the sand
layers was partly higher than background values suggests that the sys-
tem is dynamic and at least partly out of thermodynamic equilibrium.
This may explain why gas can migrate for considerable distances into the
gas hydrate stability zone before forming gas hydrate.
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