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Abstract

Fine-grained gas hydrate (GH) reservoirs are extensively studied worldwide, among which the Shenhu

Area (located on the northern slope of the South China Sea) is a world-class GH exploration area. However,

the lithology, physical properties, and depositional origins of the fine-grained GH reservoirs are not well

known. Understanding how sediment grain-size parameters affect the fine-grained GH reservoir quality could

provide and important breakthrough for reservoir evaluation. Eight cores, recovered from various expeditions

of the Guangzhou Marine Geological Survey, can be combined with 2D/3D seismic data to provide a rare

opportunity to systematically investigate the grain-size characteristics of the GH reservoir, as well as the

surrounding sediments.

A combination of lithology, grain size characteristics (mean size, sorting, skewness, kurtosis), high-

resolution seismic features, and associated bivariate and cluster analysis results support the identification of

two distinct intervals of fine-grained sediments that were deposited by different sedimentary processes. There

is a relatively higher content of coarser silt in the lower interval than in the upper interval, and their boundary

depths are highly consistent with those of the GH-bearing layer and the overlying non-GH-bearing layer.

With respect to the unconsolidated GH-bearing sediments from Well G, both the porosity (52%—-64%) and

sorting coefficient (1.68—2.2) have limited variation, while high GH saturation (>30%) occurs at the top layer.

The positive correlation between saturation and the coarsest one-percentile grain size (R=0.55) reveals that

an increase in the coarse fraction/particle size favours the development of a larger pore throat diameter and

improves the initial permeability and reservoir properties.

The seismic features and cross-plots of the coarsest one-percentile and median values indicate that the

lower thin-bedded fine-grained sediments with hydrate may be fine-grained turbidite complexes, including

channels/levees/lobes and mass transport deposits. If this is the case, then it may be inferred that turbidite
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sediments provide good reservoir physical properties, favourable for GH formation and accumulation. These

insights into the relationship between the Quaternary fine-grained turbidites and GH saturation may promote

a clearer understanding of the characteristics and development of fine-grained GH reservoirs globally,

including in the Shenhu Area of the South China Sea.

Key words: Fine-grained gas hydrate reservoir; Grain-size pattern; Shenhu Area; South China Sea

1. Introduction

Gas hydrate (GH), also known as methane hydrate, is an ice-like crystalline solid in which gas (mostly

methane) is trapped within a water cage under high-pressure and low-temperature conditions (Kvenvolden,

1993). Regarded as a potential clean energy source, GH is characterised by its high energy efficiency,

environmental friendliness, and excellent potential for energy storage. For example, one volume of GH

decomposition releases 150—180 volumes of methane gas (Sloan and Koh, 2008). GH-bearing deposits, such

as those in the Gulf of Mexico, the Nankai Trough, the Cascadia subduction zone, the Bay of Bengal, the

Ulleung Basin, and the Shenhu Area in the northern South China Sea (SCS), are attracting increased attention

from academia and industry (Abegg et al., 2007; Pohlman et al., 2009; Fujii et al., 2015; Li et al., 2018; Yi

et al., 2018; Boswell et al., 2019; Collett et al., 2019; Yamamoto et al., 2019; Portnov et al., 2020). Similar

to the ‘Petroleum System’, the concept of the ‘Gas Hydrate Petroleum System’ (proposed by Collett, 2009)

is used to describe the formation of GH in marine and permafrost environments, including GH stability

conditions, gas sources, water availability, gas-bearing fluid migration, sedimentary conditions (reservoir

rocks, traps, and seals), and timing. Recent scientific ocean drilling programs and hydrate explorations are

documenting several types of deep-water sediments that can serve as hydrate hosts, such as turbidites (Torres
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et al., 2008; Noguchi et al., 2011; Riedel et al., 2011; Boswell et al., 2012; Su et al., 2016), mass transport

deposits (MTDs, containing with debrites) (Tréhu et al., 2003; Riedel et al., 2012), contourites (Paull et al.,

1996), and volcanic ash (He et al., 2012; Kars and Kodama, 2015).

Based on laboratory and field analyses, highly saturated GH is more likely to accumulate in coarse-

grained sediments (i.e. sandy; mean >63 um) because the increasing particle size and coarse-grained fraction

(sand content) could significantly increase the reservoir quality (Colwell et al., 2004; Heeschen et al., 2016;

Ito et al., 2015; Sun et al., 2014; Zhang et al., 2018). Although GH naturally favours sand-dominated

sediments for accumulation, especially over the continental permafrost, GH reservoirs hosted by coarse-

grained sediments are estimated to account for a small portion of the GH in marine environments (Collett,

2009). Marine GH-bearing sand reservoirs are reported so far in the Nankai Trough (Tsuji et al., 2004, 2009;

Kurihaa et al., 2010; Fujii, et al., 2015) and the Alaminos Canyon region (for a small reservoir) of the Gulf

of Mexico (Boswell et al., 2009; 2012). However, according to existing reports, most of the GH within marine

environments is preserved in fine-grained deep-water sediments (i.e. muddy and silty; mean <63 um), as

observed in the Cascadia subduction zone, the Bay of Bengal, the Ulleung Basin, the northern SCS, and the

Hikurangi Margin of New Zealand (Pohlman et al., 2009; Li et al., 2018; Yiet al., 2018; Boswell et al., 2019;

Portnov et al., 2020; Kroeger et al., 2019). Very recently, China successfully conducted a second GH

exploitation test within fine-grained sediments (Ye et al., 2020). To fully explore the occurrence mechanism

of highly saturated GH within fine-grained sediments is of crucial significance; this includes, but is not

limited to, the locations of such resources, their volumes, and their favoured host sediment types and

associated reservoir physical properties.

According to detailed analyses of geological, geochemical, and geophysical data from the Guangzhou

Marine Geological Survey (GMGS) (Zhang et al., 2002; Wang et al., 2003; Guo et al., 2004; Jiang et al.,
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2004, 2005; Wang et al., 2005; Yao, 2005), the Shenhu Area, on the northern continental slope of the SCS,

is the chosen location for conducting marine GH exploratory drilling in China (Fig. la). A series of

exploratory drilling expeditions are reported to have been completed by the GMGS in 2007, 2015, 2016, and

2018 (and are referred to as GMGS1, GMGS3, GMGS4, and GMGSS, respectively), as well as two GH

production tests (successfully conducted in 2017 and 2020). Unlike the coarse-grained sand-rich reservoirs

in the Nankai Trough (Noguchi et al., 2011) and the Gulf of Mexico (Boswell et al., 2012), both the gas

hydrate-bearing sediments (GHBS) and overlying non-gas hydrate-bearing sediments (NGHBS) found in the

core samples recovered from GMGS]1 contribute to the fine-grained clayey silt and silty clay (Chen et al.,

2011; Liu et al., 2012). Given their similar mineral and grain size compositions, these two fine-grained

sedimentary layers were suggested to have originated from similar sedimentary environments and to have

experienced similar depositional processes (Chen et al., 2013). Later studies, based on the pseudo-3D seismic

data and C-M patterns (i.e. cross-plots of the coarsest one-percentile and median values obtained via grain-

size analysis) from GMGSI at the site of Well D (Fig. 1b), suggest that possible thin-bedded fine-grained

turbidites may be identified as the hydrate-host layer, which most likely have distinct depositional processes

from those of the overlying NGHBS in the Shenhu Area (Su et al., 2016; 2019). These GHBS- and NGHBS-

associated fine-grained sediments possess representative research significance for a clearer understanding of

the occurrence mechanism of highly saturated GH within fine-grained sediments; therefore, a comprehensive

analysis of the 2D/3D seismic data and newly obtained core data will be beneficial. Specifically, an

exploration of the mechanism of how sediment grain-size parameters affect the (fine-grained) GH reservoir

quality could lead to an important breakthrough for reservoir evaluations (e.g., Siddiqui et al., 2016). The

effect of grain-size parameters on the physical reservoir properties of GHBS remains unclear, although Ito et

al. (2015) preliminarily investigated and suggested that sediment grain-size parameters (i.e. the sand content,



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

median grain size, skewness, sorting, and kurtosis) have a certain correlation with the GH saturation from
the marine GH-bearing sand reservoirs in the Nankai Trough.

In this study, multiple methods are used to analyse the grain-size parameters of the core sediments (Table
1) recovered from the Shenhu Area and to identify the differences between the GHBS and overlying NGHBS.
We utilise an integrated dataset based on eight long sediment cores and 2D/3D seismic data (collected during
various GH expeditions conducted by the GMGS) to systematically investigate the lithology, grain-size
patterns, and depositional origins of the recovered sediments. The specific objectives of this study are to (1)
compare and analyse the seismic facies, lithology, and physical properties of the GHBS and NGHBS from
the sediment cores recovered from the northern continental slope of the SCS; (2) evaluate the quantitative
correlation between grain-size parameters and GH saturation within the GHBS and explain their influencing
mechanisms on the quality of fine-grained GH reservoirs; and (3) reveal the possible origins of the GHBS
and associated depositional processes. The results will deepen our understanding of the nature of fine-grained

GH reservoirs, not only in the Shenhu Area of the northern SCS, but also worldwide.

2. Materials and methods
2.1 Study area geology

Located on the central part of the northern continental slope of the SCS (Fig. 1a), the Pearl River Mouth
Basin forms an essential part of the sediment routing system between the Pearl River and the northwest sub-
basin (Su et al., 2019). Between the shelf edge and the earl River Mouth Basin, the seafloor topography has
an average slope gradient of approximately 2° (Qiao et al., 2015) and features a relatively rough bathymetry
because of 17 SSE-oriented slope-confined submarine canyons (Ding et al., 2013; Li et al., 2016; Su et al.,

2019) and widespread mass-wasting events (He et al., 2014; Wang et al., 2014; Qiao et al., 2015).
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Tectonically, the Shenhu Area belongs to the Baiyun Sag (Fig. 1a), the largest hydrocarbon-rich

depression within the Pearl River Mouth Basin. The Baiyun Sag is a compound graben that has accumulated

sediments with a thickness of over 12,000 m during its long-term depression since the Palacocene. From the

bottom up, its stratigraphic sequences are ordered as the Shenhu, Wenchang, Enping, Zhuhai, Zhujiang,

Hanjiang, Yuehai, and Wanshan Formations (Pang et al., 2007). The tectonic evolution of the area can be

divided into two main phases by an unconformity at approximately 32 Ma related to the Nanhai tectonic

event (Zhou et al., 2009). The first phase is associated with several rifting events from the Palacocene to the

Early Oligocene, and the second phase is defined as post-rift subsidence from the Late Oligocene to the

present. Since the Late Miocene (circa 11.6 Ma), strongly influenced by the Dongsha and Taiwan tectonic

movements, the rate of tectonic subsidence has suddenly increased, and a deep-water environment became

prevalent (Sun et al., 2012; Ding et al., 2013; Yu et al., 2014).

Our study targets a region of approximately 850 km? within the Shenhu Area, which contains newly

available 3D seismic data collected by the GMGS (Fig. 1b). Regional analyses show that within the Shenhu

Area, regions with water depths of approximately 500 to 2000 m, seafloor temperatures ranging from 2 to

4 °C, and a geothermal gradient of approximately 44 to 67 °C/km are favourable in the formation of GH

(Zhang et al., 2018). A previous study demonstrates that the Wenchang and Enping Formations (47.8-33.9

Ma) are the main source rocks for the Baiyun Sag and are characterised by high organic matter content and

maturity (Zhu et al., 2009). The thick organic-rich matter of the upper stratigraphic units (i.e. the Yuehai and

Wanshan Formations, 10-2.59 Ma) allows them to produce a large amount of biogenetic gas (Su et al., 2018).

The gas-bearing fluid migration pathways in the Shenhu Area comprise regional large-scale faults, gas

chimneys, small-scale normal faults, and Quaternary detachment faults (Sun et al., 2012; Yang et al., 2015;

Su et al., 2017a). The bottom-simulating reflection (BSR) visible in the high-resolution 3D seismic data
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roughly corresponds to the stratigraphic boundary of T1 (i.e. ~2.6 Ma as the Quaternary bottom boundary)

(Su et al., 2019) (Fig. 2). All these geological conditions indicate that the study area is promising for GH

formation and accumulation, which is also confirmed by a series of GH drilling expeditions conducted since

2007.

2.2 Data and methods

The core samples we investigate in this study are from the GMGS from eight hydrate drilling sites in

the Shenhu Area. Cores from Wells A, B, C, and D (collected in 2007; GMGS1) along with cores from Wells

E and F (collected in 2015; GMGS3) are from inter-canyon areas, while cores from Wells G and H (collected

in 2015; GMGS3) are from within slope-confined submarine canyons (Figs. 1b—Ic). Detailed information

with respect to these eight sampling sites is shown in Table 1.

All eight sites are investigated using newly available high-resolution 3D seismic data collected by the

GMGS. The seismic surveys cover an area of approximately 850 km? (Fig. 1b) with a bin spacing of 6.25 m

x 12.5 m and a vertical range of 0 to 8000 ms of two-way travel-time (TWTT). The seismic data are analysed

using GeoFrame software, which is based on seismic reflection features to promote better recognition of the

sedimentary facies of the hydrate-host sediments (Fig. 2). Time-depth conversions are already applied for

GMGS1 (Wang et al., 2011) and GMGS3 (Qian et al., 2018; Jin et al., 2020; Wang et al., 2020).

Samples are initially treated in pure water for approximately 12 h, and then sodium hexametaphosphate

(0.5 mol/L) is added as a dispersant to prevent the fine particles from aggregating. After 12 h, the treated

samples are fully disparate through ultrasonic vibration and high-speed centrifugation; they are finally sent

to the GMGS for grain-size measurement with a laser granularity analyser (model MS2000, Malvern

Panalytical Ltd, UK). The error range of the results is less than 3%, according to duplicate analyses (Chen et
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al., 2011). The grain-size parameters are calculated utilizing the logarithmic (original) Folk and Ward (1957)

graphical measures as follows:

P16+ Ps0 + Pgs

(1) Mean size = 3

Pgs — P16 P95 — @Ps
4 + 6.6

(2) Sorting =

@84+ @16 — 25 n @95 + 5 — 2¢50
2(@gs — P16) 2(@95 — @s)

(3) Skewness =

P95 — @Ps

(4) Kurtosis = 55—

where @ is the phi-scale grain size (o= —logy D, D is the grain diameter in um) plotted on the x-axis, and
the subscripts refer to the specific cumulative percentage (y-axis) and where they intercept the cumulative
frequency curve (Wentworth, 1929). The sorting coefficient (Eq. 2) is a measure of the standard deviation of
a dataset, which represents the spread of the grain-size distribution. Skewness (Eq. 3) is a measure of the
asymmetry of a dataset compared with that of a normal distribution. Kurtosis (Eq. 4) measures the extent to
which the central part of a grain-size distribution departs from the normal distribution (i.e. whether it is flatter
or more peaked than the normal distribution). The recovery rate of drilling sediment cores is relatively low
(i.e., around 40% according to Su et al., 2019), and the grain-size measurements of the fine-grained sediments
are discontinuously conducted at depth intervals of approximately 0.5 m for as far as possible (Figs. 3 and
4). Therefore, the number of measurement points in each core is different, as shown in Table 1. The results
of the grain-size analysis of the fine-grained sediments are shown in Figs. 3—12.

The GH saturation data for the hydrate host layers of the eight sample sites (Table 1) are already
compiled by Chen et al. (2011) and Zhang et al. (2020). The GH saturation is estimated from resistivity logs
through an analysis utilizing a modified Archie equation for both GMGS1 and GMGS3 (Chen et al., 2011;
Zhang et al., 2020), while the precise saturations at Well G are calculated based on elemental capture

spectroscopy logging (Kang et al., 2018). The estimated saturation levels from Cl-anomalies in the pore
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waters of Well G correspond well with the saturations calculated from logging; however, the depth of the
saturation that is derived from Cl-anomalies cannot be compared with that of the sediment sample from Well
G. Therefore, the precise saturation at Well G that we use to investigate the relationship between the GH
saturation and grain-size parameters in this study are from the results reported by Kang et al. (2018) (Table

2).

3. Results
3.1 Seismic facies, lithological features, and grain-size composition
3.1.1 Seismic facies

The seismic reflection features above the BSR (roughly corresponding to the stratigraphic boundary of
T1=2.6 Ma) are easily observed in the newly released high-resolution 3D seismic data. In sections which are
drawn from Wells B-D (Fig. 2a) and G-H (Fig. 2b), two seismic units are identified, namely, Unit I (UI) and
Unit II (UID).

In its lower layers, Ul mainly comprises three seismic facies with distinct features. The first has short
(< 0.5 km) high-amplitude reflectors with concave geometries which truncate in the underlying layers at
incision depths of approximately 50 ms TWTT (see incisions in Fig. 2). The second has discontinuous to
chaotic reflectors, with moderate to low amplitudes or semi-transparent reflections. Its reflector boundaries
are fuzzy to unrecognisable, and they mostly occur within or overlie the concave reflectors from the first
group. The third has continuous (sub-)parallel reflectors with moderate to high amplitudes. Their lenticular
continuities commonly extend over 1 km with two-directional overlap features; however, they are
occasionally broken by small-scale incisions (0.1-0.5 km in width within an incision depth of 10 ms TWTT).

The inter-canyon areas containing Wells B-D are mainly associated with the first two seismic facies (Figs.
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lc and 2a), while the intra-canyon areas containing Wells G-H are associated with the third seismic facies

(Figs. 1c and 2b). However, low amplitudes and semi-transparent chaotic packages are also sporadically

distributed in the latter area.

In the upper layers, UII contains layers of undulating sediments demonstrating (sub-)continuous and

(sub-)parallel reflectors with moderate to low amplitudes. In the area containing Wells B-D (Fig. 2a), the

undulations consist of crests or ridges that are separated by depressions or troughs with asymmetrical

wavelengths of approximately 1 km. The troughs are also symmetrical, as their up-slope flanks are steeper

than their downslope flanks. The height of the undulations is approximately 40 m above the seafloor. The

seismic reflections crossing the troughs are not continuous and are displaced over 150 ms TWTT by listric

faults. With respect to the undulations (Fig. 2b), the seismic reflections crossing the troughs are continuous

and undulate much more gently than those shown in Fig. 2a, and no obvious faults are observed. The height

of the undulations varies within 10 m above the seafloor, with mostly symmetrical wavelengths of

approximately 1 km.

3.1.2 Lithological features and grain size composition

The lithology and grain size compositions of the GHBS of the eight cores are shaded in grey in the

columns of Figs. 3-5. Fig. 3 shows the cores collected from GMGSI1, whereas Fig. 4 shows the cores

collected from GMGS3. The lithologies of both the GHBS and NGHBS at the eight sites are dominated by

silt, clayey silt, and silty clay, according to results reported by Chen et al. (2011), Liu et al. (2012), Sun et al.

(2017), and Li et al. (2018). Throughout these eight cores, the results of the grain size composition analysis

indicate that the sand content is less than 15%, the silt content ranges from 50% to 80%, and the mud content

ranges from 15% to 45% (Fig. 5); thus, fine-grained (< 63 pm) sediments account for over 95% of the total

content. Consistent with previous studies concerning GMGS1 (Chen et al., 2011; Liu et al., 2012), no clear
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vertical variations in lithology and grain size composition are observed within each site under the present

sampling intervals.

3.2 Depth profiles of grain-size parameters and C-M patterns

Figs. 3 and 4 show the depth profiles of the grain-size parameters with respect to the mean grain size,
the 8-63 pm silt fraction (sortable silt (SS), which refers to the 10-63 um silt fraction proposed by McCave
et al. (1999)), the sorting coefficient, the skewness, and the kurtosis of the eight cores from GMGS1 and
GMGS3. All eight core samples demonstrate very similar and narrow mean grain sizes ranging from 6 to 8
¢ with no significant vertical or spatial variations (Figs. 3 and 4), where subtle differences of the mean (over
0.2) between NGHBS and GHBS appear in wells B, E and H (Table 3). Available data for SS values from
wells B, D, E and H vary roughly from 30% to 70%, and subtle differences of the mean (over 5%) between
NGHBS and GHBS appear in wells D, G and H (Table 3). Nearly all the calculated sorting coefficient values
fall within the range of 1.4 to 2.2 (Figs. 3 and 4; Table 3); thus, the fine-grained sediments in the Shenhu
Area can be classified as poorly sorted sediments, according to Folk and Ward (1957) and Ito et al. (2015)
(i.e. values of <0.71 for well-sorted sediments, 0.71-1.00 for moderately sorted sediments, and >1.00 for
poorly sorted sediments). The calculated skewness values for the samples range from 0 to 0.4, a positive
skewness according to Folk and Ward (1957), except for the sites of wells C and D that have negative values
(Fig. 3c—3d). Subtle differences of the mean (over 0.05) between NGHBS and GHBS appear in wells B, D,
E, G and H (Table 3). The grain size of the samples follows a mesokurtic distribution (near-normal grain-
size distribution), as most of the kurtosis values range from 0.8 to 1.2 (Figs. 3 and 4). Subtle differences of
the mean (over 0.05) between NGHBS and GHBS appear in wells B and E (Table 3).

Fig.6 shows the C-M patterns of the eight cores from GMGS1 and GMGS3. All eight cores show a
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similar and narrow range of the M value (4-20 pm) between the GHBS and NGHBS; however, they show
a certain variation in the C value. Most C values of the GHBS in these cores range from 50 to 120 pum, while
these values range from 40 to 600 pm in the GMGSI1 cores and 40 to 200 pm in the GMGS3 cores. Most
of the points of the GHBS samples gather in a small area and form a trend line parallel to the C=M baseline
(Fig. 6b, 6d, and 6e—6h), while there are still a few points that deviate from the trend line. On the other hand,
the value points of the NGHBS samples are dispersed in a wider area, and their primary trend line forms
mostly across with the C=M baseline at a significant angle (Fig. 6). In summary, the C and M values and

their distribution trends reveal a certain difference between the GHBS and NGHBS.

3.3 Bivariate and cluster analysis results of grain-size parameters
3.3.1 Bivariate analysis result

Two typical sites (Wells D and H) are chosen for bivariate grain-size parameter analysis, and bivariate
plots are created for the following grain-size parameter pairs: mean size vs. sorting coefficient, mean size vs.
skewness, mean size vs. kurtosis, sorting coefficient vs. skewness, sorting coefficient vs. kurtosis, and
kurtosis vs. skewness (Figs. 7 and 8). Based on this analysis, the samples at each site are divided into two
groups (GHBS and NGHBS) according to the occurrence of GH. At the site of Well D, the first group (GHBS)
yields a mean grain size of 6.18 to 6.79 ¢ (fine silt), sorting coefficient of 1.54 to 1.86 (poorly sorted),
skewness of 0.16 to 0.34 (positively to very positively skewed), and kurtosis of 0.91 to 1.06 (mesokurtic).
On the other hand, the second group (NGHBS) yields a mean grain size of 6.31 to 6.97 ¢ (fine silt), sorting
coefficient of 1.82 to 2.28 (mostly very poorly sorted), skewness of —0.17 to 0.15 (mostly nearly symmetrical
to negative skewness), and kurtosis of 0.83 to 1.05 (platykurtic to mesokurtic; mostly mesokurtic) (Fig. 7).

Similarly, the differences between the GHBS and NGHBS at the site of Well H are apparent in the bivariate
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plots, with some exceptions related to mean size vs. sorting coefficient and sorting coefficient vs. kurtosis
(Figs. 8a and 8e). The fine-grained sediments with hydrate are characterised by a mean grain size of 6.22 to
7.48 @ (fine to very fine silt), sorting coefficient of 1.56 to 2.02 (poorly to very poorly sorted), skewness of
0.20 to 0.41 (positively to very positively skewed), and kurtosis of 0.9 to 1.12 (mostly mesokurtic). The
sediments without hydrate show a mean grain size of 6.14 to 7.97 ¢ (fine to very fine silt), sorting
coefficient of 1.36 to 2.14 (mostly poorly sorted), skewness of 0 to 0.19 (near symmetrical to slightly
positively skewed), and kurtosis of 0.85 to 1.1 (platykurtic to mesokurtic) (Fig. 8).
3.3.2 Cluster analysis results

At Wells D and E, all grain-size parameters (i.e. mean size, sorting coefficient, skewness, and kurtosis)
are employed for an ordered clustering analysis (Fisher Optimal Division), a clustering analysis method in
which the samples are clustered without disorganising their sequences by calculating the differences in
parameters and rendering the intergroup variation the smallest and the between-group the largest. The cluster
analysis results show there are two groups (categories 1 and 2) within the samples; for Wells D and E, the
boundaries between the categories occur at approximately 155.45 m and 120.6 m below the seafloor (mbsf),
respectively (Fig. 9). These are highly consistent with the GHBS depths at the two sites, which are
approximately 155177 mbsf and 116.5-192.5 mbsf, respectively (Table 1), as indicated by the grey shading
in Fig. 9.
3.4 Correlation analysis results between saturation (porosity) and grain-size parameters
within GHBS
3.4.1 Saturation and porosity

According to the available data, a correlation analysis between the saturation (porosity) and the grain-

size parameters within the GHBS is only reported to have been conducted for Well G. At this site, a very
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good (with slight variability) porosity range of 53% to 63% is estimated in the unconsolidated GHBS (Kang

et al., 2018; Table 2). The GH saturation is estimated to be highly variable with a range from 0% to 60% of

the pore volume (Kang et al., 2018; Table 2). Higher saturation and porosity occur in the upper layer of the

GHBS, while lower saturation and porosity occur in the lower layer (Table 2).

3.4.2 Saturation and coarsest one-percentile grain size (C), skewness, kurtosis, sorting coefficient

The saturation and C, skewness, kurtosis, sorting coefficient of Well G are plotted in cross-plots to

analyse their correlation (Figs. 10a, 10c—10d and 11a). The C of the GHBS in Well G ranges from 60 to 120

um (Fig. 10a). The GH saturation and C plotting in a cross-plot reveal a positive correlation between

saturation and C with a correlation coefficient of R=0.55. The GHBS layer of this site yields the skewness

values of 0.05 to 0.40 (positively to very positively skewed), kurtosis values of 0.85 to 1.10 (platykurtic to

mesokurtic; mostly mesokurtic) and sorting coefficient values of 1.68 to 2.2 (poorly sorted) (Figs. 10c—10d

an 11a; Table 3). The results of the correlation analysis reveal that the saturation is positively correlated with

the sorting coefficient with a correlation coefficient of R=0.68 (Fig. 11a); however, it is negatively correlated

with respect to skewness and kurtosis (R=—0.64 and —0.52, respectively) (Fig. 10c—10d).

Four typical samples (two with high GH saturation from the top layer and two with relatively low

saturation from the lower layer) are chosen to investigate the correlation between the shape and parameters

of the grain-size distribution curve and GH saturation (Fig. 12). Two samples with saturation >53% yield a

saddle-shaped grain-size distribution curve with skewness values of 0.09 and 0.13 (slightly positive skewed),

and kurtosis values of 0.87 and 0.93 (platykurtic to mesokurtic) (Figs. 12a—12b). Two samples with saturation

<12% yield a unimodal-shaped grain-size distribution curve with skewness values of 0.30 and 0.27

(positively skewed), and kurtosis values of 1.06 and 1.10 (mesokurtic) (Figs. 12c—12d).



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

4. Discussion

4.1 GHBS vs. NGHBS units

As being documented by Chen et al. (2011), Liu et al. (2012), Sun et al. (2017), and Li et al. (2018), the

lithologies of the GHBS and NGHBS at the eight sites across the Shenhu Area are dominated by silt, clayey

silt, and silty clay sediments (Fig. 5). Considering the similar lithologies and grain size compositions at each

site, Chen et al. (2013) suggests that the GHBS and overlying NGHBS are homogeneous sediment units

formed under continuous sedimentary processes. However, a comprehensive investigation of seismic

reflections, vertical variations in grain-size parameters, as well as bivariate plots of grain-size parameters of

the eight cores from GMGS1 and GMGS3, reveals two distinguishable sets of fine-grained sediments

corresponding to layers with or without GH (Figs. 2—4 and 6-9). Although the sorting coefficient fail to

present significant vertical changes, the SS, mean size, skewness, and kurtosis parameters, as plotted in Figs.

3 and 4, show that there is a higher content of coarser silt in the lower layer of the GHBS than that of the

upper layer of the NGHBS (especially with over 5% of differences in the mean SS in wells D, G and H; Table

3). Meanwhile, the cluster analysis results of Wells D and E (Fig. 9) show that the optimal partition

boundaries (approximately 155.45 mbsf and 120.6 mbsf, respectively) are the same as those of the boundaries

between the sedimentary layers with or without GH (approximately 155 mbsf and 116.5 mbsf for Wells D

and E, respectively) (Table 1). Such consistency in the boundary depths yet again indicates that there are

most certainly differences in the origins or sedimentary processes (e.g. Donato et al., 2009; Kim et al., 2013;

Ordoiieza et al., 2016) between the GHBS and NHGBS.

This indicates that beyond the lithological features, grain size composition, and sorting coefficient, the

parameters of the SS, mean grain size, skewness, and kurtosis may carry more information for 1) indicating

different sedimentary processes and 2) revealing the mechanism of how sediment grain-size parameters affect
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the (fine-grained) GH reservoir quality. A discussion with respect to the influencing mechanism on reservoir

quality, as well as possible differences in the sedimentary processes will be elaborated in later subsections of

4.2.1 and 4.3.3, respectively.

4.2 Dominant constraint mechanism for GH saturation

4.2.1 GH-bearing fine grained reservoir

As mentioned above in Section 4.1, the grain-size parameters reveal a higher content of coarse silt in

the lower layer of the GHBS than the upper layer of the NGHBS. With respect to the GHBS, both the grain-

size parameters and GH saturation (all available data from Well G) present vertical heterogeneity (Figs. 10

and 11; Table 2). High GH saturation (>30%) occurs in the top layer of the GHBS (Table 2). Here, we find

a possible correlation between the GH saturation distribution and the grain-size features and associated GH

occurrence mechanism within fine-grained reservoirs. Within the hydrate-host layer, the distribution of GH

is heterogeneously related to the physical properties of the reservoirs (i.e. porosity and permeability), which

are mainly constrained by a range of depositional and diagenetic parameters (Ajdukiewicz and Lander, 2010;

Lai et al., 2018; Morad et al., 2010). Porosity is the ratio of the sum volume of all pore spaces in a rock to

the rock volume. The interconnected pores in reservoirs not only store hydrocarbons but also allow oil and

gas to pass through (i.e. effective porosity) (Abou-Kassem et al., 2006). The permeability refers to the fluid

migration ability, and its level is closely related to the porosity, pore geometry, particle grain size, and pore

distribution (Ajdukiewicz and Lander, 2010). The porosity, which determines the storage space capacity, and

the permeability, which determines whether gas and liquid can efficiently pass through the pore throat

directly, determine the physical properties of GH reservoirs.

The GH-host sediments in this study are still in an unconsolidated state, and all available data from Well
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G show that the porosity for GHBS is greater than 50% (52% to 64%, Table 2) with rather limited variation.

The traditional oil and gas reservoir evaluation system takes 30% as the lower limit of the very high porosity

level; thus, limited variation above this threshold has little influence on indicating the storage space

conditions. Meanwhile, available permeability data are calculated from the logging results after the methane

gas charging and hydrate consolidation (McKinley et al., 2011; Johnson et al., 2011; Dai et al., 2019), failing

to truly reflect the initial permeability properties. Thus, depositional parameters, which include grain size,

sorting, shape, rigid grain content, and matrix content, are suggested as the primary parameters controlling

the reservoir properties (Ajdukiewicz and Lander, 2010).

This study uses existing data from Well G with respect to the GH saturation, C, kurtosis, skewness and

sorting. In traditional oil and gas resource evaluations, the porosity of the reservoir is closely related to the

sorting degree of the sediment particles (indicated by the sorting coefficient) (McKinley et al., 2011). The

porosity of a well to moderately sorted degree (i.e. with a lower sorting coefficient such as <1) should be

higher than that of a poorly sorted degree (Beard and Weyl, 1973; Bell et al., 2018). In this study, however,

the sorting coefficient of the sediment grain size of the GHBS in Well G ranges from 1.68-2.2 (Table 3),

within the poorly sorted interval (Folk and Ward, 1957; Ito et al., 2015). Using the further division into three

sub-intervals of poorly (1 to 1.6), very poorly (1.6 to 2.4) and extremely poorly (>2.4) sorted, the sorting

degree of the GHBS in Well G is within the very poorly sorted interval (Figs. 11a and 13). We suggest that

such limited variation fails to have a decisive effect on where high saturations concentrate. As the GH-host

sediments in this study are unconsolidated, and the porosity is very high throughout (over 50% here, Table

2). When the overall oil and gas storage space is very high with limited variation, the ability to allow gas and

liquid to pass through (i.e. pore structure which includes pore size and pore throat; Lai et al., 2018) is what

should primarily control the reservoir properties.
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The pore size and pore throat cannot be directly tested in unconsolidated sediments; fortunately, the

alternative proxy parameters of grain shape, rigid grain content, grain size, and matrix content can help in

determining the primary parameters controlling the reservoir properties (Ajdukiewicz and Lander, 2010). As

discussed in the above paragraph, the sorting (porosity space) plays a minor role. The grain shape we suggest

here does not affect the pore structure because the origin and transport distance of the GHBS remain

unchanged (Su et al., 2016, 2019, 2020), resulting in the same grain shape in the vertical profile. The role of

rigid grain content on pore structure is that it mainly becomes resistant to compaction when buried, but not

for this shallow unconsolidated and thin-bedded GHBS. We aim to obtain the grain size and matrix content

information through the correlation analysis results between saturation and C. When both sorting and porosity

are little changed, as the size of the sediment particles increases, the pore throat diameter becomes larger and

the permeability increases (e.g. Beard and Weyl, 1973; Bell et al., 2018). An investigation of the relationship

between the GH saturation and C (Fig. 11a) reveals that there is an obvious positive correlation (with a

correlation coefficient of R=0.55) between the storage capacity (indicated by saturation) and the pore throat

diameter (indicated by the particle grain size, C). The correlation coefficient between the GH saturation and

C indicates that the enhancement/increase in the coarse fraction favours the GH storage capacity (Figs. 11a

and 13). Within the same interval of sorting and porosity conditions, the addition of a coarse fraction and an

increase in particle grain size can lead to a larger pore throat diameter, which favours the initial permeability

and reservoir properties (Beard and Weyl, 1973; Bell et al., 2018). Thus, the permeability, affected by the

size of the pore throat diameter, plays a key role in the migration of gas-bearing fluids in the reservoir, which

predominantly controls the GH saturation distribution in the fine-grained GHBS in this study.

4.2.2 Silty vs. sandy reservoirs

Worldwide, there are not many published data with respect to the grain-size parameters for fine-grained
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sediments of GH reservoirs. With respect to the collected data, we find that the majority of fine-grained

sediments of GH-hosts are silty reservoirs, and similarly, they are very poorly sorted and share limited

variation in the sorting coefficient (1.5-2.0, Bahk et al., 2011, 2013). We surmise that the dominant control

of permeability on reservoir physical properties can be universal for GH silty reservoirs (Fig. 13).

The investigation by Ito et al. (2015) with respect to detailed grain-size parameters within sandy

reservoirs is the only available reference of this sort to date. From their study, we find that the GH saturation

has a very good correlation with the sand content and (median) grain size (Fig. 10b), which agrees with the

indication of the increase in the coarse-grained content, pore throat diameter, and initial permeability.

Moreover, the addition of coarser particles is suggested to contribute to the GH saturation variation in the

GH-bearing layer, which is consistent with the laboratory finding that highly saturated GH is more likely to

accumulate in coarse-grained sediments (Colwell et al., 2004; Sun et al., 2014; Heeschen et al., 2016; Ito et

al., 2015; Zhang et al., 2018a).

It is worth noting that the saturation shows a negative correlation (R=—0.26) with the sorting

coefficient from Ito et al. (2015), while the sorting coefficient itself varies from 0.98 to 2.8 (Fig. 11b). As

discussed in Section 4.2.1, although basically within the same poorly sorted interval, the sorting degree within

this GH sandy reservoir can be further divided into three sub-intervals (Figs. 11b and 13). The generally

poorly sorted sediments (i.e. sorting coefficient between 1 to 1.6) can have the highest porosity which best

favours the reservoir properties (Figs. 11b and 13). Likewise, the very poorly sorted interval (i.e. sorting

coefficient of 1.6 to 2.4) will be relatively better than that of the extremely poorly sorted interval (i.e. sorting

coefficient >2.4) (Figs. 11b and 13). If we focus only on the interval with a sorting coefficient from 1.6 to

2.4, the trend of relevance will be lost (Fig. 11b). Using the data from Well G in this study, although the

saturation seems to have a positive correlation (R=0.68) with the sorting coefficient, the sorting coefficient
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varies from 1.68 to 2.2 within the same very poorly sorted interval (Fig. 11a). We suggest that this positive
correlation could be an illusion, possibly due to the limited number of test data. This may further imply that
it is very risky to deviate from the sorting coefficient classification or to hastily apply its correlation with

saturation to evaluate the porosity and reservoir properties.

4.3 Potential origins of the GHBS as fine-grained turbidites
4.3.1 Seismic indicators

Based on the pseudo-3D seismic reflections, two seismic units (Ul and UII) are identified above the
BSR (~2.6 Ma) (Su et al., 2016; 2019) over both the inter- and intra-canyon areas in the study region (Figs.
Ic and 2). Utilizing the seismic criteria used to identify architectural elements for various deep-water
depositional systems (Stow and Mayall, 2000; Hubbard et al., 2009; Macauley and Hubbard, 2013) and silty-
clay lithologies (Figs. 2-5), UI is more likely to be fine-grained turbidites rather than bottom-current-
dominated or hemipelagites. The short high-amplitude reflectors with concave geometries most likely
represent minor erosional channels or turbidity-flow channels. Discontinuous to chaotic reflectors with
moderate to low amplitudes or semi-transparent reflections may represent channel-filling sediments, such as
MTDs interbedded with or without turbidites and hemipelagites. The moderate to high amplitude continuous
(sub-)parallel reflectors showing an onlap/downlap relationship with underlying layers (e.g. BSR) may
represent turbidite lobes. The small-scale incisions and patches of low amplitudes to semi-transparent chaotic
packages can be interpreted as small-scale channels over the lobes and MTDs infilling the channels or
interlayered with the lobes. UII is described as sediment waves by Wang et al. (2014a), and it shares
significant similarities with the undulated sediments offshore of the Dongsha Islands as reported by Li et al.

(2016) (especially sediment types A and C) and interpreted as gravity-driven or slope-creep deformations.
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Nevertheless, UlI fails to present typical seismic reflection features for classic turbidite depositional systems

(e.g. complexes of channels/levees/lobes and MTDs) (Fig. 2).

4.3.2 Indicators of C-M patterns

Seismic Ul corresponds to the hydrate-bearing layer at six sites. We can attempt to infer the sedimentary

processes responsible for the deposition of GHBS by considering the C-M bivariate cross-plots (Fig. 6). C is

the particle size corresponding to 1% of the cumulative grain-size distribution curve, representing the

maximum hydrodynamic competence of the current involved in its deposition; the M value is the median

particle size, representing the average hydrodynamic energy and current carrying capacity (Passega, 1964).

Using this fundamental theory and a large number of samples, Passega (1957; 1964) successfully applied this

method to differentiate between the sediments deposited in different environments, such as rivers and tractive

current deposits, turbidites, quiet water deposits, and beach deposits. This approach is widely accepted and

used within academia and industry (Morales et al., 2006; Cagatay et al., 2012; Szczucinski et al., 2012;

Dhivert et al., 2015).

In the GMGSI cores, the trend lines of the C-M patterns of the GHBS samples in each core are parallel

to the C=M baseline, while those from the NGHBS samples are oblique relative to the baseline (Fig. 6a—6d).

Likewise, in the GMGS3 cores, the trend lines of the GHBS samples are parallel or subparallel to the C=M

baseline (Fig. 6e—6f). A few values of the GHBS samples are observed to be outside of the primary ranges

of the trend lines, such as those from the sites of Wells G and H (Figs. 6g—6h). These samples are from the

top 1 to 2 m of the hydrate-bearing layers. We infer that such deviations might be related to the locations of

the samples, which are from thin-bedded transitional zones between the GHBS and NGHBS. However, it is

notable that the overall GHBS trend lines of samples from the Shenhu Area are parallel to the C=M baseline,

independent of whether the samples are drawn from the inter-canyon (Figs. 1c and 6b—6¢) or intra-canyon
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(Figs. 1c and 6e—6h) areas. Thus, based on the classifications of Passega (1957; 1964), it is possible that the

fine-grained GHBS in the Shenhu Area may be interpreted as turbidites, an interpretation that is consistent

with the explanation from the seismic sections in Fig. 2.

4.3.3 Sedimentary process implications

A clear distinction in deep-water sedimentation is not always possible based on seismic/sedimentary

characteristics alone and uncertainties should be reserved in any interpretation (Stow and Smillie, 2020).

With existing data, we propose that Ul is most likely a fine-grained turbidite complex. If this is true, we may

obtain further sedimentary process implications as follows.

(1) These turbidites exhibit distinct reflection groups for the two sections shown in Fig. 2, and these

groups may be associated with different sedimentary processes in the Shenhu Area. The turbidite channels

and infillings in the inter-canyon area (Figs. 1c¢ and 2a) may be fed by or are connected to small-scale channels

in the northern Shenhu Area (beyond our study area, but are described by Su et al., 2016; 2019). The turbidite

lobes with onlapping geometries and small-scale channels in the intra-canyon area (Fig. 1c and 2b) may

represent major basin-fill sediments from axial transportation processes within submarine canyons (Su et al.,

2017b; 2020).

(2) Both the skewness and kurtosis from Well G (in the inter-canyon) show a negative correlation with

the GH saturation with R values of —0.64 and —0.52, respectively (Fig. 10c—10d). For the middle-lower layer

of the GHBS with low saturation, the skewness curve is over-steepened with respect to coarse components

but gentle with respect to fine components and the kurtosis is high (Figs. 4c and 12). It represents an

environment that lacks the deposition of coarse silty grains where the sediment grains may experience a

relatively low-energy sedimentary environment (Visher, 1969; McLaren and Bowles, 1985; McManus, 1988).

Such conditions may be matched with distal or overspilling sediments or fringe lobes under final turbidity
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processes with low energy (Hansen et al., 2015). In many cases, they may be interbedded with hemipelagites.

For the top layer of the GHBS in Well G with high saturation (over 30%), the skewness curve is saddle-

shaped (with both coarse and fine grains) and the kurtosis is low (Figs. 4c and 12). These indicate that the

increase in coarse silty content is consistent with that of the GH saturation, where sediment grains may

experience a relatively high-energy sedimentary environment in continuous periods and the deposition of

coarser silty grains would be allowed (e.g., Stow and Smillie, 2020). Such conditions may be matched on the

channel terrace or proximal levee where pulses of turbidity processes with continuously higher energy are

common (Hansen et al. 2015). Turbidite channel sands, levee-over bank sands, and sheeted sands are known

as favourable hydrocarbon reservoirs with heterogeneity facilitating fluid flow (Peakall et al. 2000; Rozman,

2000).

4.3.4 Turbidites as favourable GH-host sediments

In marine environments, GH preferentially accumulates in rapidly deposited deep-water sediments, such

as turbidites, MTDs, and contourites, owing to the preservation of sufficient organic material for generating

methane (Claypool and Kaplan, 1974) and forming favourable fluid migration conduits (Dillon et al., 1998).

GHBS in the Shenhu Area are preferentially interpreted as fine-grained turbidites in both the inter- and intra-

canyon areas, according to the combined seismic and grain-size data. In worldwide field explorations,

turbidites are widely reported to host GH in marine environments, such as those in the Nankai Trough,

Krishna-Godavari Basin of offshore India, Gulf of Mexico, Hikurangi Margin of New Zealand, and Shenhu

Area (Noguchi et al., 2011; Riedel et al., 2011; Boswell et al., 2012; Su et al., 2016). GH preserved in MTDs

and contourites have been reported in a few regions, such as the Hydrate Ridge, Ulleung Basin, and Blake

Ridge (Tréhu et al., 2003; Riedel et al., 2012; Paull et al., 1996).

In theory, seafloor instability triggers soft sediment redeposition as MTDs, and if the redeposition is
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fully developed, they ultimately may evolve into turbidity flow (Shan et al., 2019). Compared with MTDs,

turbidites are distributed more broadly within marine environments, and this is more likely to control the

distribution of GH, as indicated by field exploration findings. Unlike MTDs, in which their thin basal shear

zone serves preferentially as a reservoir (Sun et al., 2020), (coarse-grained) turbidites are usually regarded as

good reservoirs because of their thick (sandy) beds and good porosity and permeability physical properties

(Kneller, 1995; Dutton, 2008; Yoneda et al., 2015). GH that is preserved in contourites is reportedly located

in the Blake Ridge drift, according to the Ocean Drilling Program 164 (Paull et al., 1996). Furthermore,

according to the Shipboard Scientific Party, fine-grained contourites serve as the GH-host sediments, with

GH saturation maxima from approximately 7% and 8.4% at sites 994 and 995, respectively, to approximately

13.6% at site 997. Such relatively low GH saturation, however, may indicate that fine-grained contourites

are not the best host sediments for GH. Coarse-grained contourites, on the other hand, may serve as better

host sediments for GH accumulation because of their potential as hydrocarbon reservoirs (Yu et al., 2020).

Other deep-water sediment facies, such as pelagites, hemipelagites, and authigenic (bio)chemical deposits,

are not yet reported in GH field explorations. Taking the results from global field explorations and our

findings in the Shenhu Area, we suggest that fine-grained turbidites are the most favourable host sediments

for GH accumulation, and such GH deposits will become more exploitable in the near future.

5. Conclusions

(1) A comprehensive analysis of sediment cores from eight GH wells reveals that although their

lithology is dominated by fine-grained sediments, two intervals can be further distinguished. There is a higher

content of coarse silt in the lower interval than in the upper interval, and their boundary depths are highly

consistent with those that are between the GHBS and overlying NGHBS.
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(2) Under similar sorting and porosity conditions (using available data from Well G), the positive
correlation (R=0.55) between saturation and C (the coarsest one-percentile grain size) reveals that the
addition of a coarse fraction and an increase in particle grain size can lead to the development of a larger pore
throat diameter, which favours the initial permeability and reservoir properties. The permeability (which is
affected by the size of the pore throat) plays a key role in the migration of gas-bearing fluids in the reservoir,
which primarily controls the GH saturation distribution in the fine-grained GHBS in this study.

(3) Taking all existing data into account, we propose that the GHBS are most likely fine-grained turbidite
complexes with channels/levees/lobes and MTDs. If this is the case, turbidite as the favourable reservoir also
applies to the GH system. The stronger hydrodynamic turbidity flow can transport and deposit sediments
with a coarse fraction and larger particle size, thereby providing better reservoir physical properties and

making it favourable for GH formation and accumulation.
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Figure and table captions

Figure 1. Topographic map showing the location of gas hydrate drilled sites in the Shenhu Area (a) as well
as the location of seismic sections used in this study (b). (c): The geomorphic (inter-canyon and intra-canyon
areas) evolution of T1 (the base of Quaternary, bottom simulating reflection roughly distributed along this
interface, ~2.6 Ma) to TO (present-day). The capital letters A, B, C, D, E, F, G, and H in the inset figure (c)

refer to the gas hydrate drilled sites Well A, B, C, D, E, F, G, and H, respectively.

Figure 2. (a) and (b): Seismic profile and sketch drawing across Well B-D, and Well G-H, respectively. Two
seismic reflection unit are distinguished in both inter-canyon area (a) and intra-canyon area (b); Unit I (gas
hydrate-bearing) are preferentially interpreted as fine-grained turbidite complex with channel/levee/lobe and
MTD, Unit II were interpreted as sediment waves or seafloor failure deformations (Wang et al., 2014a; Li et
al., 2016). BSR (bottom simulating reflection, refer to the base of gas hydrate-bearing sediment) are
recognized in both profiles and marked as green dash lines, matching with T1 (~2.6 Ma) as the base of

Quaternary.

Figure 3. Depth profile of sediment grain size distribution parameters and lithology in GMGS1 samples. The
lithology of these sediment composed by silt (show as orange in lithology column) and clayey silt (show as
yellow in lithology column). The parameters show in these figures include mean size in ¢ (¢ =-log, D,
D is grain diameter in mm), 8-63 pm fraction (sortable silt SS, refer to MaCave et al., 1995), sorting
coefficient, skewness, and kurtosis. The gas hydrate-bearing interval are shown as gray shade, samples in

these intervals are highlighting as red dots. (a), (b), (c), and (d) refer to Well A, B, C and D, respectively.
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Figure 4. Depth profile of sediment grain size distribution parameters and lithology in GMGS3 samples. The

lithology of these sediment composed by silt (show as orange in lithology column) and clayey silt (show as

yellow in lithology column). The parameters show in these figures include mean size in ¢ (¢ =-log, D,

D is grain diameter in mm), 8-63 pm fraction (sortable silt SS, refer to MaCave et al., 1995), sorting

coefficient, skewness, and kurtosis. The gas hydrate-bearing interval are shown as gray shade, samples in

these intervals are highlighting as red dots. (a), (b), (c), and (d) refer to Well E, F, G and H, respectively.

Figure 5. Grain size compositional fractions (the average component measured) for sediment samples in the

non-gas hydrate-bearing interval and the gas hydrate-bearing interval from wells A to H.

Figure 6. C-M patterns (the coarsest one percentile grain-size and median grain-size values from grain-size

analyses) for GMGS1&3 sites. C and M values are draw in the cross plots. The distribution trend lines of the

gas hydrate-bearing sediment (GHBS) samples are marked as red solid lines, and for the gas hydrate-free

sediment samples are marked as blue dash lines. The value points of GHBS samples run parallel to the C=M

baseline, except few abnormal points; The value points of gas hydrate-free sediment samples run intersecting

with the C=M baseline. (a), (b), (c), (d), (e), (f), (g), and (h) refer to Well A, B, C, D, E, F, G and H,

respectively.

Figure 7. Sediment grain-size parameter bivariate plots for Well D. Gas hydrate-bearing sediment samples

are marked as Red pentacle, and gas hydrate-free sediment samples marked as green circle. (a): sorting
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coefficient vs. mean size; (b): skewness vs. mean size; (c): kurtosis vs. mean size; (d): skewness vs. sorting

coefficient; (e): kurtosis vs. sorting coefficient; (f): kurtosis vs. skewness.

Figure 8. Sediment grain-size parameter bivariate plots for Well H drilling site. Gas hydrate-bearing sediment

samples are marked as Red pentacle, and gas hydrate-free sediment samples marked as green circle. (a):

sorting coefficient vs. mean size; (b): skewness vs. mean size; (c): kurtosis vs. mean size; (d): skewness vs.

sorting coefficient; (e): kurtosis vs. sorting coefficient; (f): kurtosis vs. skewness. The figures show that these

value points divided into two set respond to gas hydrate-bearing or not, except (a) and (e).

Figure 9. The ordered clustering (Fisher Optimal Division) analysis results of four grain-size parameters

(mean size, sorting coefficient, skewness, and kurtosis) for Well D (the left one) and Well E (the right one)

sediment cores. The results yield an optimal partition boundary of 155.45 mbsfin Well D, and of 120.6 mbsf

in Well E, respectively. Gas hydrate-bearing interval in these two Well are marked as gray shadow.

Figure 10. Relationship between grain-size parameters and gas hydrate saturation for the gas hydrate-bearing

sediments from Well G. (a): The coarsest one percentile grain-size (C) vs. gas hydrate saturation; (b):

median grain-size vs. gas hydrate saturation (after Ito et al., 2015); (c): skewness vs. gas hydrate saturation;

(d): kurtosis vs. gas hydrate saturation. The C and median grain-size (after Ito et al., 2015) are positive

correlated with gas hydrate saturation with correlation coefficient R 0.55, 0.72, respectively. Kurtosis and

skewness are negative with saturation with correlation coefficient R -0.52, -0.55, respectively.

Figure 11. Relationship between the sorting coefficient and gas hydrate saturation for the gas hydrate-bearing
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sediments from (a) Well G in this studyand from (b) the Nankai trough, published by Ito et al., 2015.

Figure 12. Grain-size distribution curves of the representative samples corresponding to high (a and b) and

low (c and d) gas hydrate saturation from the gay hydrate-bearing sediments of Well G. (a) and (b): The

curves show saddle shapes. (c) and (d): The curves show single asymmetric peak shapes. Sh=Sorting

coefficient, Sk=skewness, Ku=Kurtosis, Sh=Gas hydrate saturation.

Figure 13. Model for how difference grain-size parameters effect GH saturation in silty and sandy GH

reservoirs

Table 1. Core sample information from eight Guangzhou Marine Geological Survey gas hydrate drilling sites

in the Shenhu Area.

Table 2. Gas hydrate saturation and sediment porosity data for Well G, obtained from Kang et al.,2018. For

comparable with cored sediment grain-size parameters, we read these data according to the depth of sediment

samples.

Table 3. Value comparison of grain-size parameters between the gas hydrate-bearing sediments and non-gas

hydrate-bearing sediments from wells B, D, E, F, G, H.
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975  Table 1. Core sample information from eight Guangzhou Marine Geological Survey gas hydrate drilling sites

976 in the Shenhu Area.

Sampling depth  GH-bearing Number of GH saturation ~ GH saturation
Drilling sites

(mbsf) layer (mbsf) samples (ave) (max)
GMGS1
Well A 0-261.86 - 210 - -
Well B 20-238.2 191-225 48 25% 47%
Well C 0-175.17 - 164 - -
Well D 0-194.18 155-177 126 - 44%
GMGS3
Well E 12211 116.5-192.5 136 34% 53%
Well F 50-267 209-265 157 33% 76%
Well G 50-174 147-172 71 25% 63%

Well H 52-168 138.3-157.6 106 45% 1%




977  Note: GH: gas hydrate; GMGS: Guangzhou Marine Geological Survey; GMGSI1 data edited by Chen et al.,

978 2011 and GMGS3 edited by Zhang et al., 2020.

979
980
Table 2. Gas hydrate saturation and sediemnt porosity data for Well G, obtained from Kang et al.,2018. For
ccomparable with cored sediment grain-size parameters, we read these data according to the depth of sediment
samples.
Depth(mbsf) GH saturation(%) porosity(%)
147.1 55.848 62.922
147.6 54.184 61.013
148.1 46.791 61.364
148.6 48.627 60.571
149.1 55.194 61.195
149.6 54.728 62.946
150.1 44.853 61.477
150.6 40.306 60.36
151.1 28.81 61.152
151.77 44.711 60.915
160.34 36.251 55.582
162.6 13.073 54.931
163.1 24.788 56.896
164.71 17.34 56.471
165.11 5.354 55.453
165.6 23.484 53.72
166.1 9.537 55.04
166.6 17.623 57916
167.1 32.076 58.267
168.14 15.185 56.796
168.6 18.302 56.062
169.1 10.503 56.762
169.6 4.686 55.384
170.1 4.484 55.726
171.1 19.76 56.173
171.35 16.373 56.554
981
982

Table 3. Value comparison of grain-size parameters between the gas hydrate-bearing sediments and non-gas hydrate-bearin
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Sorting distingui- | Mean grain size distingui- distingui-
Well No. sortable silt (SS) % Skewness
coefficient shable ) shable shable
NGHBS 1.53-1.66 6.24-7.09 (6.58) J 29.76-70.5 (53.06) 0.21-0.38 (0.25)
X
GHBS 1.61-1.74 6.60-7.31 (6.97) 45.09-61.84 (54.86) 0.12-0.22 (0.17)
GMGS1
NGHBS 1.71-2.45 6.05-6.97 6.59) 31-57-63.34 (44.59) *-0.17-0.15 (0.01)
X X
GHBS 1.54-2.03 6.13-6.79 (6.41) 60.41-70.55 (64.63) 0.16-0.34 (0.26)
NGHBS 1.16-1.88 6.12-7.71 (6.5) 0-0.43 (0.26)
E X N no data availiable
GHBS 1.42-2.16 6.62-7.91 (7.21) *-0.02-0.35 (0.19)
NGHBS 1.48-2.78 6.17-7.71 (7.10) 0.02-0.36 (0.21)
F x x no data availiable
GHBS 1.43-1.8 6.91-7.88 (7.30) 0-0.28 (0.17)
NGHBS 1.54-2.37 5.82-7.58 (6.84) 39.54-58.77 (48.71) 0-0.24 (0.1)
GMGS3
X X
GHBS 1.68-2.2 6.31-7.2 (6.74) 41.29-67.32 (56.69) 0.06-0.38 (0.25)
NGHBS 1.36-2.14 6.14-7.97 (7.23) 29.12-61.29 (43.83) 0-0.39 (0.10)
H x
GHBS 1.56-2.02 6.22-7.63 (6.84) 36.33-69.93 (57.92) 0-0.41 (0.26)
>1; poorly sorted value range (mean) value range (mean) value range (mean)
Highlights

e Distinct grain size characteristics of fine-grained gas/non-gas hydrate-bearing sediments are documented

e Correlation between grain-size parameters and gas hydrate saturation is presented

e Increased coarse fraction/particle size favours reservoir property by improving initial permeability

e Seismic and C-M patterns indicate fine-grained turbidites as potential favored host for gas hydrate



