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Abstract: The Dongsha Island (DS) is located in the mid-northern South China Sea continental margin.
The waters around it are underlain by the Chaoshan Depression, a relict Mesozoic sedimentary basin,
blanketed by thin Cenozoic sediments but populated with numerous submarine hills with yet less-
known nature. A large hill, H110, 300 m high, 10 km wide, appearing in the southeast to the Dongsha
Island, is crossed by an ocean bottom seismic and multiple channel seismic surveying lines. The
first arrival tomography, using ocean bottom seismic data, showed two obvious phenomena below
it: (1) a low-velocity (3.3 to 4 km/s) zone, with size of 20 x 3 km?, centering at ~4.5 km depth and
(2) an underlying high-velocity (5.5 to 6.3 km/s) zone of comparable size at ~7 km depth. MCS
profiles show much-fragmented Cenozoic sequences, covering a wide chaotic reflection zone within
the Mesozoic strata below hill H110. The low-velocity zone corresponds to the chaotic reflection
zone and can be interpreted as of highly-fractured and fluid-rich Mesozoic layers. Samples dredged
from H110 comprised of illite-bearing authigenic carbonate nodules and rich, deep-water organisms
are indicative of hydrocarbon seepage from deep source. Therefore, H110 can be inferred as a
mud volcano. The high-velocity zone is interpreted as of magma intrusion, considering that young
magmatism was found enhanced over the southern CSD. Furthermore, the origin of H110 can
be speculated as thermodynamically driven, i.e., magma from the depths intrudes into the thick
Mesozoic strata and promotes petroleum generation, thus, driving mud volcanism. Mud volcanism
at H110 and the occurrence of a low-velocity zone below it likely indicates the existence of Mesozoic
hydrocarbon reservoir, which is in favor of the petroleum exploration.

Keywords: Dongsha Waters in the northern South China Sea margin; velocity inversion; mud volcano;
magma intrusion; Mesozoic hydrocarbon

1. Introduction

Generally, a mud volcano is formed by eruption of mud, gas, and fluid, often con-
taining hydrocarbon, water, and so on; thus, it is an indicator of petroleum leakage from
deep [1]. Because of rich fluid filling within porous sediments, seismic wave velocity in a
mud volcano is low [2], and reflection from it becomes chaotic or blank [3]. The erupted
mud may contain petroleum-associated mineral assemblage from the source layer in the
depths [4]. The leaked methane can feed methanotrophic and deep-water organisms, pro-
ducing authigenic carbonates on the seabed. Mud volcanism can be triggered by plate
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compression [5], gravitational instability [6], and thermodynamic drive [7]. Submarine mud
volcanoes have been widely found over the world, e.g., in the Gulf of Mexico, the Caspian
Sea [8], and the onshore and offshore Southwest Taiwan Island [5], where petroleum or gas
hydrate are rich.

The Dongsha Island (DS) is located in the mid northern South China Sea (SCS) conti-
nental margin (Figure 1), where the Chaoshan Depression, a Mesozoic basin, relicts [9]. It is
considered an exploration target area for Mesozoic hydrocarbon [10,11]. The waters are rich
with young submarine hills. Some hills, e.g., MV3, MV8, southwest of the DS (Figure 2),
were found in recent studies as mud volcanoes featuring chaotic or blank reflection zones
on multichannel seismic (MCS) profiles, gas plume on CHIRP (Compressed High-Intensity
Radiated Pulse) sub-bottom profiles, and abundant authigenic carbonate and deep-water
organisms in dredged samples from the seabed [12]. However, their dynamic origins
remain unknown, due to lack of deeper imaging.

In the waters southeast of the DS, there are also several submarine hills (Figure 2).
Whether they are volcano or mud volcano is unknown, due to less investigation, but
important for exploration of Mesozoic petroleum. A topographically large one, H110,
~300 m high and ~10 km wide, is crossed by an OBS/MCS (Ocean Bottom Seismic/Multiple-
Channel Seismic) coincident survey line L2016-2, which can be helpful for revealing the
deep geologic structures and, therefore, understanding its nature and origin.
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Figure 1. Locations of the Dongsha Island (DS), tectonic division [9], and seismic lines in the
northeastern South China Sea. PRMB = Pearl River Mouth Basin; CSD = Chaoshan Depression;
SWTB = Southwest Taiwan Basin; the box is the study area (also shown in Figure 2), and the black
circle denotes the OBS station.
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Figure 2. Bathymetry map of the DS waters (topographic data in 15” x 15” were downloaded from
ftp:/ /topex.ucsd.edu/pub/srtm15_plus/topol5.grd (accessed on 1 October 2014)). Hill MV3 and
Hill MV8 were previously recognized mud volcanoes [12].

2. Geological Setting

The northern continental margin of the South China Sea has developed via magma-
poor rifting [13] of the Mesozoic margin of South China, since the latest Mesozoic Era with
a couple of major sedimentary basins formed [14] (Figure 1). The Chaoshan Depression
(CSD) is neighbored by two major Cenozoic rift basins, the Pearl River Mouth Basin (PRMB)
to the west and Southwest Taiwan Basin (SWTB) to the east, respectively. The PRMB is
filled with thick Cenozoic sediments [15,16] and has become a major petroleum and gas
production region. In the SWTB, many gas-seeping mud volcanoes are found along the
northernmost accretion-subduction zone of the Manila Trench, due to convergence of the
Philippine Sea Plate and the South China Sea [5].

Different from the PRMB and SWTB, where the crust has been highly faulted, de-
tached, and depressed [15,16], the CSD remains, for the most part, less rifted and sub-
sided [10]. It has developed with thin (~1 km) Cenozoic and thick (~5 km or more) Mesozoic
Erathem [9-11]. In the northwestern CSD, a drilling well, LF35-1-1, penetrated the Early
Cretaceous terrestrial and into Jurassic marine sequences, under thin Cenozoic cover [10].
Although the Early Cretaceous terrestrial contains a dense red bed, which features a seismic
wave velocity of 4.0-5.5 km/s [9], a couple of interlayers in the underlying Jurassic marine
strata were found with rich organic carbon [10]. In the southeast CSD, bottom simulating
reflectors (BSR) were found and interpreted as originated from petroleum leakage from
thick Mesozoic in the deep [11]. The Mesozoic basin seems to be an ample source and
awaits the discovery of petroleum [12].

On the whole, the northern margin of South China Sea is magma-poor, but there are
enhanced young magmatism locally, particularly around the southern CSD, in expressions
of volcanoes, shallow intrusive, and lower crust underplating, featuring high-velocity
(7.0-7.5 km/s) [13,17,18]. However, the impact of magmatism on the petroleum system in
the CSD is less known.
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The seismic survey line L2016-2 was initially designed to explore the magmatism over
the DS water. Wan, et al. [18] has used the OBS data to construct forward and inversion
velocity models and found two lower crust high-velocity (7.0-7.5 km/s) zones beneath the
middle and lower slope, in the southeast, close to the CSD. Both zones were interpreted
as formed by magma underplating. Their study focused on the crust but ignored the
submarine hills, as well the effect of magmatic intrusion on the sedimentary sequences in
the CSD.

3. Seismic Data

A seismic survey was conducted, onboard the RV Shiyan II of the South China Sea
Institute of Oceanology (SCSIO), Chinese Academy of Sciences, along the Line L2016-2,
in 2016. It crosses the northeast waters of the Dongsha Island and the lower continental
slope to its southeast, totaling 320 km long. The source of three BOLT airguns, with a total
volume of 4500 in3, were shot 1572 times, spacing 200 m, in 10 m water depth. Data were
simultaneously recorded using 14 ocean-bottom-seismometers (OBS) and a MCS streamer.

3.1. OBS Data
3.1.1. Collection, Pre-Processing, Phase Picks, and Analysis

The OBSs were developed by the Institute of Geology and Geophysics, China Academy
of Sciences. Each OBS contains one hydrophone, as well as one vertical and two horizontal
geophones. Fifteen OBSs were deployed, while fourteen of them were recovered, with OBS
six lost. Location and clock time, during the deployment and recovery of the OBSs, were
recorded in the log files.

In pre-processing, the raw OBS data were converted to SEGY format with UTIG’s
software OBSTOOL [19]. Bathymetry is constrained by the coincident MCS profile. Clock
drift is calculated by the readouts from the log files and used to correct the time of the OBS
data. The direct waves, in a 4 km window, centering on OBS deployment position, were
used to relocate the OBS falls on the sea bottom. As results, the space drifts were calculated
as 84 m (OBS 1), 194 m (OBS 2), 235 m (OBS 3), 1377 m (OBS 4), 757 m (OBS 5), 262 m
(OBS 7), 307 m (OBS 8), 228 m (OBS 9), 210 m (OBS 10), 127 m (OBS 11), 173 m (OBS 12),
176 m (OBS 13), 248 m (OBS 14), and 102 m (OBS 15), respectively. Offsets were recalculated
with the relocated OBS positions. A 5-15 Hz band-pass filter was tested and well applied
to suppress high frequency noise.

Each OBS record was displayed with a reduction velocity of 8 km/s. Depending on
the signal-to-noise ratio, either hydrophone or vertical components were selected to pick
the first arrivals. The first arrivals were picked for all OBS records. Records of OBS 1-OBS 5,
which are close to H110, were selected to be illustrated in Figure 3. According to phase
velocity, the picks include direct waves, labelled as Pw (1.5 km/s), and refracted waves,
in primitive recognition, from sedimentary layers (1.6-5.5 km/s), crystalline basement
(6~7 km/s), and Mantle (>7 km/s), i.e., Psed, Pg, and Pn, respectively (Figure 3). OBS 1
and 2 sat on the two sides of H110 (Figure 3), their records show that the first arrival waves
were clear in near offset (<30 km), with high signal-to-noise ratio (S/N), and visible in
middle and far range (offset >30 km), with low S/N. Three sedimentary layer-refracted
phase drops are found, with time jump from 2.25 s to 2.5 s at 12 km offset of OBS 1, 1.5 s
to 1.75 s at —5 km, and 2.25 s to 2.75 s at 10 km of OBS 2. These drops complicate the first
arrival phase curves, implicating complex velocity structure. OBS 3-5 also recorded rich
phases through H110. OBS 3 records show regular linear noises, likely due to a machine
problem, but the first arrivals are still legible. For the OBS 7-15 records, the first arrivals
are generally well recognizable to large offset.
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Figure 3. OBS 1-5 records. Dotted colour lines denote picks of the first arrivals.

3.1.2. Velocity Inversion

Velocity inversion requires an initial model. It is established in the following steps.
Firstly, a 320 km x 30 km blank model is constructed using cell space 0.25 x 0.25 km.
Secondary, it is endowed with bathymetry, converted from MCS time data, with a sea
water velocity of 1.5 km/s. Thirdly, the geometry of Moho discontinuity is assumed, with a
curve of three line sections. Fourthly, velocity is assigned by linear increase from 1.5 km/s
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to 8 km/s, with depth from seabed to Moho, and kept at 1.5 km/s in water and 8 km/s
beneath Moho (Figure 4a). OBS locations are projected onto the profile of L2016-2.

According to the S/N ratio, uncertainty of the first arrival time picks is assigned as
0.02 s for offset <30 km and 0.1 s for offset >30 km, respectively. To run velocity inversion,
the initial velocity model (Figure 4a), time picks of the first arrivals, location of OBS, and
bathymetry were input together into FAST program [20]. The number of iterations and
trade-off parameters (regularization factor) were tested to 20 and 5, respectively. To the
20th run, the root-mean-square misfit between the calculated and observed arrivals was
46.79 ms and normalized chi-square value (misfit of traveltimes to uncertainty of picks)
was 1.546 ms, both of which are usually regarded as satisfactory [21]. The observed (black
dot) and calculated (red dot) first arrivals for the initial (Figure 4b) and finial (Figure 4e)
velocity model were plotted to show the inversion process. The initial and final ray paths
are shown in Figure 4c,f.

The final velocity model (Figures 4d and 5) displays 2 remarkable features relating
to H110. One is that the velocity generally increases from 1.5 km/s to 5.5 km/s to 7 km
deep with an enclosed low-velocity zone 3 km thick, 20 km wide in depth of 3-5.5 km.
Velocity in the zone decreased from 4 km/s (periphery) to 3.3 km/s at core. Another is two
high-velocity (>5.5 km/s) zones. The west high-velocity zone (HVZ1) appears at 7-9 km
and underlies slightly to east of the low-velocity zone below H110. The east one (HVZ2)
centers at a model distance of 130 km, 3 km below the seabed.

Depth (km)

T-D/8 km/s

(b) (e)

Depth (km)
=

o
(=]

(c) (f)
0 ‘ 100 ‘ 200 300 0 100 ' 200 300
Distance {(km) Distance (km)

30

Figure 4. Velocity by iterative inversion. (a) an initial velocity model; (b) the observed (black dot) and
calculated (red line) first arrivals for (a); (c) ray paths for (a); (d) inversed model in the 20th iteration;
(e) observed and calculated first arrivals for (d); (f) ray paths for (d). The box around H110 in (d) is
shown in Figure 5.
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Figure 5. Zoomed velocity profile around the hill H110, showing a large low-velocity (LVZ,
3.3-4 km/s) zone, followed by a high-velocity (HVZ1, 5.5-6.3 km/s) zone at different levels be-
low H110. Another high-velocity one (HVZ2, 5.5-6.3 km/s) appears to its east.

3.1.3. Checkerboard and Resolvability

To assess the resolution of the velocity inversion, the checkerboard method [21] was
used. Synthetic perturbations of the inversed velocity were set in the range of —5% to
5%. Four checkerboard models, using sizes of 10 x 2.5 km, 20 x 5 km, 40 x 10 km,
and 80 x 20 km, were tested (Figure 6). The resolvability was calculated with the Zelt
(1998) [21] formulae of starting and recovered velocities. For the low-velocity zone (depth
of 1-7 km) and the underlying high-velocity zone (depth of 7-9 km) beneath H110, the
velocity resolvabilities were partly greater than 0.7 for 10 km cell size and universally
higher for 20, 40, and 80 km cell sizes (Figure 7). The deeper part is less resolvable, due to
fewer arrival picks and sparser ray paths.

It is noteworthy that below H110, the 20 x 3 km low-velocity (3.3-4 km/s) zone,
appearing at 4.5 km depth and 30 x 3 km high-velocity (5.5-6.3 km/s) zone at 7 km depth
(Figure 5), are basically well-recovered, with a confident resolvability of 0.7 in disturbance
cell sizes of 10 x 2.5 km and 20 x 5 km, respectively (Figures 6 and 7).

3.2. Multichannel Seismic Data Processing and Reflection Characteristics

A multichannel seismic streamer, model Seal 428 (Sercel Corp, Nantes, France), 1.5 km
long, with 120 channels, spacing at 12.5 m, was deployed 12 m deep in the water, with a
minimum offset of 200 m, concurring with the OBS survey. The record time length was 14 s,
and the sample interval is 2 ms.

To reveal the reflection structure of H110, MCS data of the northern section of 1L.2016-2
were processed using the CGG-GeoVation (CGG, West Perthm, Australia). The routine
procedures include amplitude compensation, bandpass filtering, CDP sorting, velocity
analysis, NMO correction, stacking, and migrating. The migrated profile fairly clearly
shows imaged structures before multiple waves, which smear the later portion, due to poor
suppression with low coverage (only 4 folds).



Energies 2022, 15, 195 8of17

Input Checkboard Model Recovered Checkboard Model
Size 10 km * Size 2.5 km

Depth/ km

I A 0 ST T 0, N
100 150 200 250 300

0
10 4" -
£
2
£
) 20 i
a
30 -
1 I I 1 I 1
0 50 100 150 200 250 300
Size 40km * Size 10 km
0 PR B T M| NNV BT Y WY Wl NS VONT NI N K N SO TN U (N TONT T PO U OO O N YO V) [ 0 | |
f0nn
10 ; ; 10 "
c | I
=
£ 20+ | - 20 -
[
¢ WONR0NE
: 30 - -
A- 1 I I I I 1
0 50 100 150 200 250 300
Size 80km * Size 20 km
0 TR e T I W N G et IO R Ol N MG TV Sk S B A o i A 0 L
x 7 ——
g “"‘ Q #
- 10— \ 3 ' L
. *;‘;_/f.:“ ¥ »« AR
* "WF\ Jn' ‘_\u
2 s 20 \\n\,,/* o u«*v' fkr@f m,f g
[o)] ‘.mf/
a
B 30 B
‘ 5 L T . L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Model Offset, km ———— Model Offset, km
-5.0 0 50
Perturbation (%)

Figure 6. Four checkerboard models for velocity perturbation, using 10 x 2.5, 20 x 5,40 x 10, and
80 x 20 km cell sizes. The left suites display starting models and the right ones show recovered models.
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Figure 7. Model resolvability at four different disturbance cell sizes. When resolvability is greater or

equal to 0.7, the velocity model is deemed recoverable. H110 is basically resolvable for perturbation,

using cell size 20 km, and completely resolvable to ~9 km deep for coarser cell size 20, 40, and 80 km.

Two vintage MCS lines (NHD224, DS1776) crossing our research area were resorted to,
in order supplement the study of H110 (Figures 1 and 2). The MCS acquisition parameters
are listed in Table 1. Line NHD224 (Figure 8) runs north close to H110 and intersects with
Line L2016-2, and Line DS1776 (Figure 9) coincides with it for the most part. Both them
feature a clearer image with higher coverage.

Table 1. Acquisition parameter of MCS.

Line Name L2016-2 NHD224-S NHD224-N DS1776
Channels 120 480 480 564
Channel spacing (m) 12.5 12.5 12.5 12.5
Coverage 4 60 120 141
Shot spacing (m) 200 50 25 25
Minimum offset (m) 200 250 250 200
Sample interval (ms) 2 2 2 1
Record time length (s) 14 12 9 8
Source 3BOLT airguns 32 BOLT airguns 32 BOLT airguns 40 BOLT airguns
Airguns Volume (in®) 4500 5080 5080 4100
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Figure 8. A MCS profile of NHD224 (a) that ran by a drilling well, LF35-1-1, and interpretation (b).
Tg is the unconformity separating the Cenozoic (Cz) from the Mesozoic (Mz) Erathem; Th separates
the Cretaceous (K1) from the Jurassic system (J); Tm separates the Middle and Higher (J2-J3) from the
Lower Jurassic (J1) series; T? is likely Triassic; red lines denote faults. Interpretation is referred to
by [9,11].

Line NHD224 starts from the vicinity of well LF35-1-1, where 1.6 km thick Mesozoic
strata were drilled. The profile clearly shows several major reflectors, Tg, Th, and Tm,
to depth (Figure 8). According to [11] Tg, featuring the strongest amplitude and highest
continuity, is recognized as the base of the Cenozoic Erathem. Th and Tm, featuring high
amplitude reflections, are the base of the Cretaceous and top of the early Jurassic (J1),
respectively. The Mesozoic strata become thicker toward the southeast. In the range of
shot point 3200-3778, the Cenozoic layers are cut by frequent faults, while the underlying
Mesozoic Erathem appears too chaotic to specify any interface or major fault. In terms
of the dips of the deep reflectors, this range sits a paleo-depocenter. On both sides of the
chaotic zone, reflectors are visible deep to ~3 s and ~4 s, respectively, implying 4 and 6 km
thick Mesozoic strata, using a velocity of 4 km/s. Hence, the thickness of the pristine
Mesozoic sediment within the chaotic zone is maybe at least 5 km.

Figure 9a is a composite MCS profile, comprising of the northwestern section of Line
1L2016-2 (4 folds) and DS1776 (120 folds). It intersects with NHD224, in the mid-east of
the CSD (Figure 2), where the Mesozoic strata are ~5 km or thicker, while the reflections
are chaotic and weak. It reveals that there are several submarine hills, the highest one
is H110, which is a well conic edifice in 2D view, featuring eruptive structure. Over
H110, the overlying Cenozoic reflections are segmented by steep faults, while the deep
reflections become chaotic, excepting only few localities, where highly folded layers are
visible southeast of it. Given the thick Mesozoic layer around, the chaotic reflection zone
below H110 is interpreted as comprising of highly fractured Mesozoic strata (Figure 9b).
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Figure 9. A composite MCS profile of L2016-2 and DS1776 (a) and interpretation (b). There shows
several outcrop hills in the upper slope and buried ones in the lower slope. Because of multiples, the
section below 1.8 s in the L2016-2 profile is not shown.

4. Discussion
4.1. Phase Drop and Low-Velocity Zone

Three sediment-related phase drops are visible in the records of the OBSs near H110
(Figure 3). Generally, phase drops can be caused by a major fault, steep interface, or low-
velocity zone. The MCS profile (Figure 9a) shows neither major faults nor steep interface
underlying H110 that would result in the phase drops, so they should have arisen from
certain low-velocity variations, being consistent with the inversed low-velocity structure
(Figure 5).

4.2. Velocity Structure and Sedimentary Layer Division

In CSD, the Mesozoic and Cenozoic strata feature much different velocity [9]. The
Cenozoic strata comprise of the Neogene and Quaternary which are thin (totally <1 km)
and shortly lithified, thus giving very low-velocity, while the Mesozoic layers remain great
thickness (>5 km), despite high uplift and erosion. The Mesozoic strata includes Cretaceous
red beds, which are of high-velocity (up to 5.5 km/s). A case profile shows velocity jumps to
4.5-5.0 km/s, for the Mesozoic from 1.8-2.4 km /s, for the mid-Miocene [9]. Over the CSD,
the sedimentary column can be simplistically subdivided by seismic velocity as Cenozoic
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(1.5 km/s to 3.5 km/s) and Mesozoic (3.5 km/s to 5.5 km/s). Applying such a rule of
thumb to the velocity profile L2016-2 (Figure 6), the Cenozoic and Mesozoic strata beneath
H110 can be roughly estimated as ~1.5 and 5.5 km thick, respectively, which is roughly
comparable to the MCS interpretation (Figure 9).

4.3. Analysis of the Hill H110 and the Low-Velocity Zone

The submarine hill H110 features typical eruptive structure. An eruptive hill can be
formed by magma volcanism, in most cases, or by mud volcanism, in other cases. Whether
the hill is a magmatic volcano or mud volcano is discussed here.

The low-velocity zone below H110 centers at 4.5 km deep, a depth of the Mesozoic
layers. It can be caused by geofluid or melt. Suppose the low-velocity (3.3—4 km/s) zone
to be a melt-rich magma chamber, its appearance in shallow level (3-6 km, Figure 5) per
magma should have given rise to intense magmatism upward with a great energy, most
likely eruption as hill H110. If so, it would have cooled rapidly, making it hard to retain
low-velocity in the long term. Yet, the cooled magma would have generated a high-velocity
zone which, however, has not been resolved in our case nor in other reports [18]. Though
not improbably, it is less likely an active magma chamber.

Additionally, the samples [22] dredged from top of H110 contain no igneous rocks
from young volcanism. In fact, the samples (Figure 10) are rich of deep-water organisms
and authigenic carbonate nodules, which are always generated by biological methane
oxidation [23]. In terms of the X-ray diffraction (XRD) composition analysis (Table 2),
beside calcite and high-magnesian calcite, the carbonate nodules contain abundant illite,
kaolinite, and chlorite, which are usually sourced from buried and warmed deep strata [24].
The coeval mineral assemblage [25] and rich organisms can be deemed proxies of oil and
gas leakage.

0

Figure 10. (a) A slice of authigenic carbonate nodule, sampled from the surface of H110 (processed
and analyzed in SCISO). Along with calcite, the constituent minerals of the nodule contain illite,
kaolinite, and chlorite, reflecting sources from deep substrates; (b) a microscopic thin section view
of (a), showing rich biological fossils, which are unidentified.

The low-velocity zone in Figure 5 corresponds spatially to the fractured zone in
Figure 9. The velocity value, 3.3—4 km/s, is slightly less than that of the surrounding
Mesozoic strata (3.5-5.5 km/s) and can be correlated to high saturation porosity, 10-30%
(Figure 11), according to the Mavko, et al. [26] review on reservoir rocks. Thus, it is most
likely for rich geofluid to remain in the low-velocity zone below H110. According to the
aforementioned interpretation of the MCS profile (Figure 9), the fractured zone lies within
thick Mesozoic strata, mainly Cretaceous and Jurassic. As Jurassic interlayers were found
with a high content of organic carbon (~1.5%) in Well LF35-1-1, and tend to be thicker
southeastward [11]; it is reasonable that the low-velocity zone be rich of hydrocarbon
(Figure 5). In terms of these features and the hydrocarbon leakage, hinted by the surface
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samples, H110 can be judged as a hydrocarbon-related mud volcano, rather than an igneous
volcano.

Table 2. Minerals of representative samples (Figure 10a) from H110, analyzed using X-ray diffraction.

Mineral Ratio

illite 14.50%
high-magnesian calcite 36.00%
calcite 31.80%
kaolinite 3.10%
chlorite 5.10%

quartz 6.40%
iron-bearing dolomite 3.00%

6 ‘
o Consolidated SS
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o Uncemented SS
5 Famy
Q)
£ 4l
s Low-velocity zone
> below H110
3 i a
o
S ”E@%@Eﬂﬁ
2 1 L 1
0 0.1 0.2 0.3 0.4

Porosity

Figure 11. Projection of the low-velocity range below H110 onto the classical statistics [26] of
velocity versus porosity in water-saturated sandstones. Curves I and II are based on equations for
unconsolidated [27] and consolidated sandstones [28], while III is for quartz-calcite rocks [29].

4.4. Analysis of the High-Velocity Zone HVZ1

The west high-velocity (5.5-6.3 km/s) zone HVZ1 appears at 7-9 km deep, following
the low-velocity zone below H110 (Figure 5). Its depth corresponds to the base of the Meso-
zoic strata, as well as the top upper crust. As the CSD is a relict Mesozoic Basin, suffering
less crustal extension than those Cenozoic Basins, basement relief seems smooth within
it, though usually ambiguous [9,17]. Thus, HVZ1 is less likely a protruding crustal block.
Generally, the seismic velocity of igneous and metamorphic rocks is higher (>5.5 km/s) [29].
Ruled out as sedimentary rocks, HVZ1 can be interpreted as a thick batholith, caused by
magma intrusion from deep crust (Figure 12), with considerations of enhanced, though
limited, young magmatism around the southern CSD. For example, the east one (HVZ2,
Figure 5) coincides spatially with the magmatic intrusive body at around SP 4000 of the
MCS profile DS1776 (Figure 9). South of the CSD, magmatic underplating has been sug-
gested in the lower crust by some workers [17,18], with discoveries of a high-velocity
(>7 km/s) zone. Furthermore, a volcano-patched band, with high gravity anomalies,
were found along the continental-ocean transition south of the CSD [13], within which
IODP 368/369 penetrated basalts on a couple of sea mounts [30]. Additionally, a few
post-spreading sills within the shallow sedimentary sequences were also recognized [31] in
a few localities in the southern PRMB, which are close to the CSD. Its intrusion may follow
the paleo-depocenter, where weak zone was inherited.
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Considering that HVZ1 succeeds the low-velocity zone below H110, they must have
a close three-party relationship, in terms of their origins, from which a scenario can be
figured out as follows. As the post-spreading magma intruded the thick Mesozoic strata
and solidified, the high-velocity zone HVZ1 formed at the base. When the thick host
strata absorbed heat lastingly, the organic matter was promoted to transform into rich
hydrocarbon. With accumulation of hydrothermal flow and petroleum, the geo-pressure
was increased to produce a hydro-fracture in the host strata. As a result, the low-velocity
zone was formed via a fractured zone filled with geofluid. As a comparison, the HVZ2 in
the southeast is covered with considerably thinner sediments, where no heat-absorbing,
low-velocity zone or mud volcanism appeared.

30

40

Cenozoic Erathem

Fluid-Rich

Zone

50

Magmatic
Intrusion
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Distance/km

Figure 12. The geological interpretation alone Line L2016-2.

4.5. The Mechanism of Mud Volcano H110

With these arguments, a thermodynamic origin model (Figure 13) can be inferred
from mud volcanism at H110, i.e., magma derived from deep crust promoted petroleum
production before overpressure was achieved, and gas-bearing fluid were pressed upward
along fractures and erupted to, finally, form a mud volcano (Figure 13). Similarly, a small
magma intrusion in the depths has also been suggested to have stirred the catastrophic
Lusi mud volcanism in Indonesia [2]. H110 represents a thermodynamic driving mud
volcanism, different from those mud volcanoes in the Southwest Taiwan Basin, which were
caused by plate collision [5]. It may apply to that of mud volcanos in the southwest of DS
waters [12], in terms of their same geologic setting.

4.6. Mud Volcanism and Petroleum Exploration in the CSD

A mud volcano is always indicative of hydrocarbon leakage [8], often with methane
hydrate forming, when in deep sea. In the southeastern CSD, the Cenozoic layers appear
fragmented, often faulted to the seabed, reflecting recent activity. The existence of the large,
low-velocity zone below H110 may imply that there is still abundant oil and gas remaining
here, hopefully even as reservoirs in some anticlines (Figure 9). In a previous study,
numerous mud volcanos were found, likely active, in the southwestern CSD [12,22]. These
discoveries should be a favorable clue, in regard to Mesozoic hydrocarbon exploration
there. Because the depth of H110 ranges from 300 to 600 m below sea level, it is also possible
that gas hydrate accumulates in the deeper part.
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Figure 13. A schematic mud volcanism, driven by magma intrusion at the hill H110.

5. Conclusions

Both OBS and MCS data, acquired along seismic survey line L2016-2, were processed,
with a focus on the submarine hill H110. The velocity tomography using the first arrivals
of OBS data images a few large velocity structures under it with fairly high resolvability.
Collaborating coincident OBS/MCS results and geochemical analysis of samples dredged
from the seabed, three conclusions can be drawn, as follows.

(1) Alarge, low-velocity (3.3-4 km/s) zone, found below the conic hill H110, corresponds
spatially to the fractured zone of Mesozoic strata in the MCS profile, likely a fluid-rich
fractured zone. Dredged samples from the H110 surface, containing rich organisms,
as well clay minerals, such as illite, kaolinite, and chlorite, are indicative hydrocarbon
seepage. Therefore, the conic hill H110, featuring an eruptive structure, can be inferred
as a mud volcano.

(2) Ahigh-velocity (5.5-6.3 km/s) zone, which appears 7 km deep, under the low-velocity
zone, is ascribed to magma intrusion. Thus, the mud volcanism at H110 may be
thermodynamically driven by magma intrusion into the Mesozoic sedimentary layers,
rich in organic matter.

(3) The mud volcanism and remains of the large low-velocity zone, associated with the
Mesozoic basin, implies an abundant hydrocarbon source and potential reservoir,
thus a likely favorable clue for Mesozoic petroleum exploration.
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