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Gas hydrates distribution in the Shenhu area, northern South 
China Sea: comparisons between the eight drilling sites with gas-

hydrate petroleum system

The results of the first marine gas hydrate drilling expedition of Guangzhou Marine Geological Survey (GMGS-1) 
in northern continental slope of the South China Sea revealed a variable distribution of gas hydrates in the Shenhu 
area. In this study, comparisons between the eight sites with gas-hydrate petroleum system were used to analyze 
and re-examine hydrate potential. In the Shenhu gas hydrate drilling area, all the sites were located in a suitable 
low-temperature, high-pressure environment. Biogenic and thermogenic gases contributed to the formation of 
hydrates. Gas chimneys and some small-scale faults (or micro-scale fractures) compose the migration pathways 
for gas-bearing fluids. Between these sites, there are three key differences: the seafloor temperatures and pressures; 
geothermal gradient and sedimentary conditions. Variations of seafloor temperatures and pressures related to water 
depths and geothermal gradient would lead to changes in the thickness of gas hydrate stability zones. Although the 
lithology and grain size of the sediments were similar, two distinct sedimentary units were identified for the first 
time through seismic interpretation, analysis of deep-water sedimentary processes, and the Cm pattern (plotted 
one-percentile and median values from grain-size analyses), implying the heterogeneous sedimentary conditions 
above Bottom Simulating Reflectors (BSRs). Based on the analyses of forming mechanisms and sedimentary 
processes, these two fine-grained sedimentary units have different physical properties. Fine-grained turbidites 
(Unit I) with thin-bedded chaotic reflectors at the bottom acted as the host rocks for hydrates; whereas, fine-
grained sediments related to soft-sediment deformation (Unit II) characterized by thick continuous reflectors at 
the top would serve as regional homogeneous caprocks. Low-flux methane that migrated upwards along chimneys 
could be enriched preferentially in fine-grained turbidites, resulting in the formation of hydrates within Unit I. 
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INTRODUCTION

Gas hydrates are naturally occurring ice-like crystalline 
substances that consist of water and natural gases (e.g., 
methane, ethane, and carbon dioxide) stable under low-
temperature and high-pressure conditions (Kvenvolden, 
1993; Sloan and Koh, 2008). They are widespread in 
permafrost regions and in sedimentary layers of the 
semi-deep to deep water environment (>300m depth) 
(Kvenvolden, 1998; Collett, 2002). Gas hydrates have 
recently been the subject of considerable attention due to 
their potential impacts on the global economy, society, and 
environment, particularly in relation to energy alternatives, 
global climate changes, and submarine geohazards 
(Dickens et al., 1995; Dickens, 2003; Hesse, 2003; Klauda 
and Sandler, 2005; Maslin et al., 2004; Milkov, 2004; 
Sultan et al., 2004; Wallmann et al., 2012).

Recently, some exploration activities involving marine 
gas hydrates have indicated that the distributions of gas 
hydrates are markedly variable. For examples, hydrates 
recovered in Nankai Trough were primarily trapped in 
turbidites known as the hydrate accumulation zones 
(Colwell et al., 2004; Noguchi et al., 2011; Tsuji et al., 
2004); the drilling sites located at Walker Ridge 313, 
Green canyon 955, and Alaminos canyon 21 during the 
Gulf of Mexico Gas Hydrate Joint Industry Project Leg II 
illustrated that the occurrences of hydrates were controlled 
by salt diapirs, faults, and sand-rich turbidites (Lee and 
Collett, 2012; Boswell et al., 2012a, 2012b; Miller et al., 
2012); and drilling results in Ulleung Basin documented 
that hydrates accumulated within Mass Transport Complex 
(MTC) and fractures in gas chimneys (Chun et al., 2011; 
Riedel et al., 2012; Scholz et al., 2012). The investigations 
of gas hydrates in India (the India National Gas Hydrate 
Program, INGHP) also showed spatially variable 
distributions, as no hydrates were recovered from the sites 
NGHP-01-02 and NGHP-01-03 with obvious Bottom 
Simulating Reflectors (BSRs) (Sain and Gupta, 2012). On 
the basis of summarization the occurrences of global gas 
hydrates, the concept of gas-hydrate petroleum system was 
proposed and used to understand the formation of hydrates 
in both permafrost regions and marine environments 

(Collett, 2009). Highlighting physical/chemical conditions 
(temperature, pressure, gas composition, and availability of 
water) and geological settings (gas-bearing fluid migration 
and sedimentary condition), gas-hydrate petroleum system 
could be seen as a systematical method to assess the gas 
hydrate potential and outline the controlling factors of its 
occurrence (Rajan et al., 2013; Riedel et al., 2013a).

In this study, we use a case study to illustrate the 
variability in distribution of gas hydrates in the Shenhu 
area, northern continental slope of the South China 
Sea (Fig. 1), where the first marine gas hydrate drilling 
expedition (GMGS-1) organized by Guangzhou Marine 
Geological Survey (GMGS) was conducted from 18 April 
to 11 June 2007. Hydrate-bearing samples during GMGS-
1 were recovered at only SH2, SH3 and SH7 of the eight 
drilling sites (Fig. 2) (Wu et al., 2008; Yang et al., 2008). 
Log data showed that such gas-hydrates were present in 
thin-bedded sand-rich sedimentary packages (Wang et 
al., 2014a). Previously, a number of geological models 
have been proposed to explain this variability of gas 
hydrate distribution in the Shenhu area. One model used, 
heat flow values, measured by a Dorado-I Multichannel 
Heat Flux Probe and a Fugro Pore Water Sampler System, 
to describe the formation of a late-stage mud diapir to 
develop at site SH5, causing the complete dissociation 
of hydrates and leading to the absence of hydrates at this 
site (Li et al., 2010; Wang et al., 2010; Xu et al., 2012). 
Chen et al. (2011) developed a relationship between 
the saturation of gas hydrates and sedimentary grain 
size at sites SH2 and SH7. Furthermore, the presence 
of abundant foraminifera could increase the porosity of 
fine-grained sediments, thus exerting a strong influence 
on the accumulation of hydrates (Chen et al., 2013b). 
Sun et al. (2012a, b), (Chen et al., 2013a) and Yang et 
al. (2015) proposed that gas chimneys from seismic 
data at site SH2 could provide a migration pathway for 
gases/fluids and create a network fractures allowing the 
formation of hydrates in fine-grained sediments. Wang 
et al. (2014b) integrated seismic data, well logs, and 
cores of all the eight sites, concluding that thermogenic 
source and upward migration of gases/fluids from the 
deeper sediment layers were reasons for the occurrence 
of hydrates in the Shenhu area. However, most previous 

Gas hydrate. Variable distribution. Gas-hydrate petroleum system. Shenhu area. Northern South China Sea.KEYWORDS

However, overlying fine-grained sediments related to soft-sediment deformation would hinder the further migration 
of gases/fluids, causing the extremely low methane concentration in Unit I. Three of the eight sites with hydrates 
from recovered core samples were located within sedimentary Unit I, and the other five sites were not. Because, 
the most significant difference between the eight sites is the nature and type of sedimentary deposits above the 
BSRs, it is suggested therefore that sedimentary conditions are the crucial factor controlling the formation and 
occurrence of gas hydrates in the Shenhu gas hydrate drilling area, northern South China Sea.
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studies have focused on a single drilling site, especially 
the sites with hydrates (SH2 or SH7). Little attention 
has been given to the comparison between the eight 
sites, particularly those sites from which gas-hydrates 

were absent, which may result in some negligence of the 
regional outlook, and exaggeration the effect of the given 
factor on the formation and distribution of hydrates in this 
area.
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FIGURE 1. A) Shaded relief map of south China, showing the seafloor bathymetry of the northern continental slope of the South China Sea, and 
the locations of the Pearl River Mouth Basin (black dotted line) and the Shenhu area (black rectangle).Industrial boreholes used to analyze the 
contribution of thermogenic methane were displayed as green solid stars. B) Locations of the 2D seismic lines and 3D seismic survey used in this 
study. The violet rectangle highlighted the Shenhu gas hydrate drilling area, with the drill sites shown (circles). The nearby deep-water borehole LW3-
1-1 (blue star) was also highlighted. Large-scale faults were shown in red. Yellow arrows marked the supposed sediment supplies from the North.
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Therefore, the purposes of this study were: i) to 
characterize the variable distribution of gas hydrates 
which we have observed in the Shenhu area; ii) to describe 
the gas-hydrate petroleum system; iii) to reveal and 
document the distinctions between the eight sites through 
comparison and iv) to discuss impacts of the differences 
between the sites together with re-evaluation of previously 
proposed models. We integrated these results to better 
delineate the key factors that influence the accumulation 

and distribution of gas hydrates, which will improve our 
understanding of gas hydrate formation mechanisms in 
the Shenhu area, northern continental slope of the South 
China Sea.

GEOLOGICAL SETTING

The South China Sea (SCS) is one of the largest 
marginal seas in the western Pacific, located at the 
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FIGURE 2. Topographic map of the gas hydrate drilling area showing the locations of the eight sites (pink rectangle). The distributions of BSRs, 
enhanced reflectors, blank zones and gas chimneys were illustrated. The orange dotted line marked the inferred sedimentary boundary of Unit I in 
the south. BSRs: bottom-simulating reflectors.
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intersection of the Eurasian, Indian-Australian, and Pacific 
plates. The northern continental slope of the SCS deepens 
to the southeast, with water depths increasing from 200m 
to 3000m into the Northwest Sub-basin (Fig. 1A). A series 
of gas hydrate investigations along the northern continental 
slope of the SCS have been carried out by GMGS since 
1999. Many geological, geochemical, and geophysical 
characteristics associated with gas hydrates have been 
identified in the Qiongdongnan Basin, the Xisha Trough, 
the Pearl River Mouth Basin, and the Taixinan Basin, 
exhibiting a strong potential across the region (Guo et al., 
2004; Wang et al., 2010; Wu et al., 2005, 2007; Zhang et 
al., 2002).

The Shenhu gas hydrate drilling area is located on the 
lower slope of the Baiyun Sag, Pearl River Mouth Basin, 
where abundant submarine canyons were developed 
(Fig. 2). The tectonic evolution of the Pearl River Mouth 
Basin conducted by Ru and Pigott (1986) suggested that 
the study area had undergone large tectonic subsidence 
since the Middle Miocene, probably related to the 
Dongsha and Taiwan tectonic activities (Yu et al., 2012). 
Regional analyses shows the Baiyun Sag in particular had 
favourable geological conditions (water depths of 1000–
1400m; seafloor pressures greater than 10MPa and seafloor 
temperatures below 4ºC) for gas hydrate formation (Zhang 
et al., 2007). Lacustrine mudstones deposited during the 
Eocene were considered to be the thermogenic gas source 
(Huang et al., 2003). Diapirs and faults served as migration 
pathways for gases/fluids (Chen et al., 2013a; Qiao et al., 
2014; Su et al., 2014a; Sun et al., 2012a, b; Wu et al., 2009) 
abyssal deposits in the shallow strata, such as turbidite 
channels, MTC, submarine fans, and contourites (Su et al., 
2013; Wang et al., 2009). 

MATERIALS

The high-resolution 2D and 3D seismic data analyzed 
in this study were collected by the ‘‘FENDOU SI HAO’’ 
of the GMGS between 2005 and 2006. The seismic data 
acquisition system consists of a 3-km, 240-channel 
streamer with 12.5m group spacing and a 160 cubic inch 
airgun array at a depth of 3m, giving full fold of 60. Sample 
rate is 1ms and record length is 6s. The dominant frequency 
of the data varies with depth but is approximately 60Hz 
at 1500m. 2D seismic lines were collected parallel or 
perpendicular to the shelf break in water depth from 200 to 
3000m, covering the whole Shenhu area (Fig. 1B), helping 
to reveal the regional tectonic and sedimentary features.

The logging data as natural gamma-ray, gamma density, 
resistivity, and sonic velocity were acquired during the 
expedition. All the logging data at the eight sites have been 
reported by Wang et al. (2014b) to indicate the occurrences 

of hydrates in the Shenhu area. During GMGS-1, core 
samples were collected at SH1, SH2, SH3, SH5 and SH7 
(Chen et al., 2011, 2013b; Liu et al., 2012; Wu et al., 2008; 
Yang et al., 2008) and illustrated the characteristics of 
grain size of the core samples. In this study, 116 samples, 
provided from GMGS, were collected at SH7 over depths 
from 0.1 to 176.7mbsf (meters below the seafloor) were 
used to generate Cm pattern (plotted one-percentile and 
median values from grain-size analyses), which could be 
used as evidence to identify the sedimentary units with 
different forming mechanisms proposed by Passega (1964).

DISTRIBUTION OF GAS HYDRATES IN THE SHENHU 
AREA

During the pre-drill analysis in the Shenhu area, several 
seismic anomalies were regarded as the indicators to infer 
the presence of hydrates, including BSRs, Enhanced 
Reflectors (ERs) and Blank Zones (BZs). Although some 
observations of BSRs on seismic profiles showed a smaller 
degree of gas hydrate in the sediments above the BSR (Wood 
and Ruppel, 2000; Holbrook et al., 1996; MacKay et al., 
1994), they were still suggested to be the major geophysical 
indicator for the gas-hydrate occurrence (Berndt et al., 
2004; Haacke et al., 2007; Shipley et al., 1979). Across the 
drilling area, BSRs with reversed polarity could easily be 
identified parallel to the seafloor (Fig. 3) at varying depths 
of 170–242mbsf (Table 1), and were wide spread in the 
plane distribution (Fig. 2). Above BSRs, BZs are observed 
and might be caused by a reduction in impedance contrast 
from the hydrate-bearing strata, producing a sharp decrease 
in the seismic reflection amplitude; ERs below BSRs might 
be interpreted as free gas in the sediment pore space, which 
amplifies the energy of the seismic reflectors (Fig. 3). 
This BZ–BSR–ER model was considered to represent the 
typical geophysical pattern to predict the potential hydrates 
in the Shenhu area (Zhang et al., 2012). Using this method, 
the spatial distribution of seismic features highlighted two 
zones with seismic anomalies, located at the ridges of the 
submarine canyons (Fig. 2), providing the reference basis 
for the drill site selection. For instance, BSRs, ERs, and 
BZs are all observed in the seismic profiles across SH2 and 
SH5 (Fig. 3).

However, of the eight drill sites, only SH2, SH3, 
and SH7 yielded hydrates in the recovered core samples 
(Fig. 2), with average saturations of 21.10%, 20.25%, 
and 23.09%, respectively (Wu et al., 2008) (Table 1). 
During the expedition, hydrate-bearing samples were not 
recovered from SH1 and SH5. SH4, SH6, and SH9 were 
not sampled because they were considered to contain 
few or no hydrates according to the log data. Through 
the re-examination of log data at SH4, hydrates were 
inferred in thin-bedded sand-rich sediments with an 
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average saturation of about 20% (Wang et al., 2014a). 
That is to say, the GMGS-1 drilling campaign revealed a 
variable distribution of gas hydrates in the Shenhu area, 
covering an area of 15km2 (Wu et al., 2008). In plan-view, 
hydrates were only revealed at SH2, SH3 and SH7 from 
the recovered core samples, and conjectured through the 

log data at SH4 (Wang et al., 2014a) (Fig. 2). Vertically, 
gas hydrates occurred in fine-grained deposits just above 
the base of Gas Hydrate Stability Zone (GHSZ) with a 
thickness of about 10–43m (Wu et al., 2008; Yang et 
al., 2008), where relatively high resistivity curves were 
also observed (Fig. 4). Taking the discontinuous core 
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samples from SH2 as an example, the hydrate-bearing 
layer consists of silt and silty clays, with a silt content of 
70%–80% and <2% sand (Chen et al., 2011; Liu et al., 
2012). The Bases of Gas Hydrate Zone (BGHZ) were at 
about 229mbsf, 206mbsf, and 184mbsf at SH2, SH3, and 
SH7, respectively (Table 1).

GAS-HYDRATE pETROLEUM SYSTEM

Gas hydrate stability conditions

Regionally, the Baiyun Sag has been regarded as a 
suitable area for gas hydrates because of its water depth 
(1000–1400m), water pressure (>10MPa), and water 
temperature (<4ºC) (Zhang et al., 2007) are favourable. 
These conditions provided further evidence for the drill 
site selection. The Shenhu gas hydrate drilling area is 
located at the lower slope of the Pearl Mouth River Basin 
(Fig. 1), at water depths of 1000–1500m. Furthermore, 
seafloor temperatures and pressures of about 3.38-4.58ºC 
and 10.15-15.17Mpa, respectively, were calculated through 
the temperature–depth relationship of Feng (1996) and the 
pressure–depth formula of Kaul et al. (2000). At all the eight 
sites, the seafloor temperatures and pressures display the 
basic conditions of low temperature and high pressure for 
hydrates (see Table 1). During the GMGS-1 drilling campaign, 
the geothermal gradient in the drilling area was about 43.65–
67.60ºC/km, with the maximum value of 67.60°C/km at SH5 
and the minimum value of 43.65ºC/km at SH7 (Table 1). 
These conditions, along with the observed seismic indicators, 
suggested that all the eight sites were suitable environment for 
the formation of gas hydrates (Table 2).

Gas composition and gas source

The study area is close to the deep-water borehole 
LW3-1-1 (blue solid star in Fig. 1B), the source rocks of 
which are primarily the Eocene Wenchang and Enping 
formations and Oligocene Zhuhai Formation (Zhu et 
al., 2009). Thermogenic gases from a deep source were 
originally thought to be the main contributor of gas 
hydrates in the Shenhu area (Su et al., 2011). However, 
geochemical analyses of pore water from the core 
samples revealed methane content of 96.10%–99.91% 
with small amounts of ethane and propane (Wu et al., 
2008). In particular, δ13CCH4 values of headspace gases 
at SH2, SH3, and SH5 (−74.3‰ to −46.2‰) and the 
methane/ethane ratio above the hydrate-bearing layer 
(>1000) (Table 2) indicated that the methane forming 
gas hydrate was mainly produced biogenically or 
mixed methane dominated by microbial origin with a 
few contribution of thermogenic methane (Wu et al., 
2011; Zhu et al., 2013). Through the C1/C2+ ratios 
from void-gas samples, some features of thermogenic 
methane could be found at the drilling sites (Wang 
et al., 2014b). Also, according to the geochemical 
analyses on industrial boreholes around the periphery 
of the Shenhu area (Hou et al., 2008; Zhu et al., 2009), 
characteristics of thermogenic methane can be found in 
the shallow strata. For instance, in the strata with depths 
of less than 1500m at Boreholes PY30-1-1, LH19-1-1, 
and LH19-3-1 (green solid stars in Fig. 1A), the values 
of δ13CCH4 were higher than −45%, and the values of 
C1/C2+ were much less than 1000 (Fig. 5). Therefore, 
it is difficult to classify the gas sources in the study 
area were originating only from biogenic gases. The 

Table 1

Site

Parameters Pre-drill analysis Drilling results

Water 

depth 

(m)

Seafloor 

temperature

(°C)

Seafloor

pressure

(MPa)

Geothermal 

gradient

(°C/km)

Seismic features

Depth of BSRs 

from geophysical 

data (mbsf)

Depth of

the BGHZ

(mbsf)

Average 

saturation of 

hydrates (%)

Depth 

of SMI 

(mbsf)

SH1 1262 5.21 12.78 47.53 BSRs, ER, and BZ 242 — — 27.0

SH2 1230 4.84 12.46 46.95 BSRs, ER, and BZ 209 229 21.10 26.0

SH3 1245 5.53 12.61 49.34 BSRs, ER, and BZ 196 206 20.25 27.0

SH4 1290 — 13.06 — BSRs, ER, and BZ 175 — 20.00 —

SH5 1423 4.72 14.40 67.60 BSRs, ER, and BZ 170 — — 21.0

SH6 1217 — 12.33 — BSRs, ER, and BZ 220 — — —

SH7 1105 6.44 11.20 43.65 BSRs, ER, and BZ 170 184 23.09 17.0

SH9 1265 — 12.81 — BSRs, ER, and BZ 225 — — —

 

TABLE 1. Basic parameters of the eight sites in the Shenhu gas hydrate drilling area. The water depths, seafloor temperatures, geothermal gradients, 
and the depths of base of BGHZ for each site were provided by GMGS. The seafloor pressures at the eight sites were calculated from the empirical 
formula of Kaul et al. (2000). Several seismic anomalies (BSRs, ERs, and BZs) were identified from the seismic profiles, which were used in the pre-
drill analysis. The BSR depths for the eight sites were estimated from the geophysical data in the pre-drill analysis. Data on the average saturation 
of gas hydrates of SH2, SH3, and SH7 and the SMI depths at SH1, SH2, SH3, SH5, and SH7 are from Wu et al. (2011). The parameters at SH4 
were cited from Wang et al. (2014a, 2014b). SMI: Sulfate-Methane Interface; mbsf: meters below sea floor; BSRs: Bottom-Simulating Reflectors; 
ER: Enhanced Reflectors; BZ: Blank Zones; BGHZ: Base of Gas Hydrate Zone
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contribution of thermogenic methane from deep source 
rocks is worth to be concerned. And in this study, we 
suggested that gas sources at all the eight sites might be 
mixed gases with dominated biogenic gases (Table 2).

Gas-bearing fluid migrations

In the Shenhu area, three types of migration pathways 
for gas-bearing fluids have been identified; faults; mud 
diapir and gas chimneys (Su et al., 2014a). Seismic 
profiles (Fig. 6) indicate the development of WE/NE-
trending faults in the northern and eastern Shenhu 
area (Fig. 1B). These faults extended downward to the 
Oligocene and Eocene strata and penetrated upward 
to the base of Late Miocene with some showing strip-
shaped, chaotic reflectors (Fig. 6), implying the vertical 
migration of gases/fluids from deeper strata. However, 

these faults could not be observed in gas hydrate drilling 
area (Fig. 1B).

Through the seismic profiles crossing sites SH2 
and SH5 (Fig. 3), gas chimneys could also be clearly 
identified by relatively steep anomalous reflectors 
potentially caused by the migration of gas-bearing 
fluids. Gas chimneys are commonly associated with 
the occurrence of gas hydrates (Haacke et al., 2009; 
Horozal et al., 2009; Riedel et al., 2002) and thus were 
used along with BSRs for drill site selection (Fig. 2). 
The internal architecture of gas chimneys can be divided 
into three parts: chaotic reflectors at the bottom, a central 
zone of blank reflectors, and high-amplitude reflectors 
at the top (Fig. 3). Amplitude Versus Offset (AVO) 
analysis and instantaneous frequency analysis indicated 
the low-frequency anomaly over the centre of the gas 
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chimneys were caused by high seismic attenuation due 
to the vertical migration of gas-bearing fluids (Yang 
et al., 2015). Gases/fluids might have migrated along 
chimneys upwards and into the GHSZ, causing the 
enrichment of free gas at the top of chimneys displayed 
as high-amplitude reflectors (Fig. 3). A number of small-
scale faults were connected with chimneys, allowing 
the gas-bearing fluids to migrate more freely (Fig. 3). 
Additional micro-scale fractures developed within 
chimneys promoted gas-bearing fluids to migrate into 
GHSZ effectively (Sun et al., 2012a, b; Yang et al., 
2015). Within GHSZ, hydrates may also accumulate 

within faults and fractures, as observed in the Ulleung 
Basin (Chun et al., 2011). Hence, in the Shenhu gas 
hydrate drilling area, gas chimneys together with small-
scale faults (or some micro-scale fractures) acted as the 
migration pathways for gases/fluids (Table 2), which 
were identified at all the eight sites.

Sedimentary conditions

Using the discontinuous recovered core samples, 
Chen et al. (2011) and Liu et al. (2012) reported that 
hydrate-bearing sediments were primarily composed of 

Table 2

Site
Gas-hydrate petroleum system

Gas hydrate stability conditions Gas composition and gas source Gas-bearing fluids migration Sedimentary conditions

SH1

water depth: 1262 m;

seafloor temperature: 5.21 °C;

seafloor pressure: 12.78 MPa;

geothermal gradient: 47.53 °C/km

mixed gases with dominated 

biogenic gases

gas chimneys together with 

small-scale faults;

low methane flux upwards

sedimentary Unit II;

SH2

water depth: 1230 m;

seafloor temperature: 4.84 °C;

seafloor pressure: 12.46 MPa;

geothermal gradient: 46.95 °C/km

CH4: 99.89%;C1/(C2+C3): 

911.7;δ13C1: -56.7%, PDB;

mixed gases with dominated 

biogenic gases

gas chimneys together with 

small-scale faults;

low methane flux upwards

sedimentary Unit II;

sedimentary Unit I

SH3

water depth: 1245 m;

seafloor temperature: 5.53 °C;

seafloor pressure: 12.61 MPa;

geothermal gradient: 49.34 °C/km

CH4: 99.92%;C1/(C2+C3): 

1373.5;δ13C1: -61.6%, PDB

mixed gases with dominated 

biogenic gases

gas chimneys together with 

small-scale faults;

low methane flux upwards

sedimentary Unit II;

sedimentary Unit I

SH4
water depth: 1290 m;

seafloor pressure: 13.06 MPa;

mixed gases with dominated 

biogenic gases

gas chimneys together with 

small-scale faults;

low methane flux upwards

sedimentary Unit II

SH5

water depth: 1423 m;

seafloor temperature: 4.72 °C;

seafloor pressure: 14.40 MPa;

geothermal gradient: 67.60 °C/km

CH4: 99.96%;C1/(C2+C3): 

2447.0;δ13C1: -54.1%, PDB

mixed gases with dominated 

biogenic gases

gas chimneys together with 

small-scale faults;

low methane flux upwards

sedimentary Unit II

SH6
water depth: 1217 m;

seafloor pressure: 12.33 MPa;

mixed gases with dominated 

biogenic gases

gas chimneys together with 

small-scale faults;

low methane flux upwards

sedimentary Unit II

SH7

water depth: 1105 m;

seafloor temperature: 6.44 °C;

seafloor pressure: 11.20 MPa;

geothermal gradient: 43.65 °C/km

CH4: 98.90%;C1/(C2+C3): 

4200.6mixed gases with dominated

biogenic gases

gas chimneys together with 

small-scale faults;

low methane flux upwards

sedimentary Unit II;

sedimentary Unit I

SH9
water depth: 1265 m;

seafloor pressure: 12.81 MPa;

mixed gases with dominated 

biogenic gases

gas chimneys together with 

small-scale faults;

low methane flux upwards

sedimentary Unit II

 

TABLE 2. Characteristics of the gas-hydrate petroleum system in the Shenhu drilling area highlighting the distinct differences between the eight sites. 
The geochemical results for SH2, SH3, SH5, and SH7 are adopted from Wu et al. (2011) and Zhu et al. (2013)
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fine-grained silt and silty clay predominated, which were 
similar to the surrounding sediments. However, in this 
study, we suggested for the first time two fine-grained 
sedimentary units with different forming mechanisms 
could be identified in the drilling area.

Unit I, fine-grained turbidites

Through the seismic profiles across the drilling 
sites, thin-bedded chaotic reflectors with lenticular/
irregularly shaped geometries above BSRs could be 
observed (Fig. 7), located at the northern edge of the 
submarine canyon (Fig. 2). On the basis of sequence 
stratigraphic correlation and analyses of deep-water 
sedimentation (Su et al., 2014b; also can see Fig. 8A 
in this report), sedimentary Unit I was proposed to 
be associated with small-scale deep-water channels 
developed in the North of the Shenhu area (Fig. 8). 
These small-scale deep-water channels showing 
U-shaped morphologies and obvious bases with widths 
of about 2–6km are visible on NEE-trending seismic 
profiles (Fig. 8B-D). The termination of the reflectors 
against the sides of such channels suggests that they 
were at some point erosional. The eroded materials 
(the underlying strata) were down-slope transported 
southwards, and re-deposited at the lower slope, at the 
hydrate drilling area.

From the Cm pattern at SH7 (Fig. 9), some distinct 
features could be found, helping the identification of the 
sedimentary Unit I. At site SH7, a total of 116 samples 
above the base of GHSZ (180mbsf in Table 1) at depths 
of about 0.1–176.7mbsf were collected to generate a 
reliable Cm pattern. 14 samples were taken at the depths 
between 155–176.7mbsf where hydrates were recovered, 
and the rest of the 102 samples ranged from depths of 
about 0.1–155mbsf. Graphing the Cm pattern revealed 
two groups of the samples. The first group (Group I), 
composed by the 13 samples, grouped together in a 
linear pattern parallel to the C=M baseline (Fig. 9). 
These samples where recognized as turbidites based on 
Passega (1964) classification system. By contrast, the 
other group (Group II) containing 102 samples showed 
different characteristics (Fig. 9). 

Based on the grain size, seismic features, deep-
water sedimentation analyses, and Cm pattern at 
SH7, the sedimentary Unit I at the bottom was 
interpreted as fine-grained turbidites. Chaotic 
reflectors associated with sedimentary Unit I could 
be interpreted and traced on seismic lines, at sites 
located in the North of the western and eastern ridges 
of the submarine canyon (such as SH3 and SH7 in 
Fig. 7A) suggesting that this unit extended right 
across the area around these sites as well as between 
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them. Site SH2 (located in the North of the ridge in 
Fig. 2) was also speculated to be located within the 
distribution of sedimentary Unit I, due to its close 
proximity to SH3 (300m, Fig. 2). As for the other 
sites, no evidence could be seen for the presence of 
sedimentary Unit I at sites SH1 and SH4 (Fig. 7A) at 
SH5, SH6, and SH9 (Fig. 7B).

Unit II, fine-grained sediments related to soft-sediment 
deformation

In the drilling area, the most common seismic 
characteristics above BSRs are continuous, moderate/
high amplitude reflectors with spoon-shaped 
morphologies. These are widely developed on the both 
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seismic profiles were marked on Figure 1B.
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ridges of the submarine canyons (Figs. 3; 7). Along 
with similar log data patterns observed at SH5 and SH7 
(Fig. 4) and fine-grained lithologies (Chen et al., 2011; 
Liu et al., 2012), these characteristics were described 
as another sedimentary unit, named herein sedimentary 
Unit II (Fig.7).

Within this unit, some offsets of seismic reflectors 
could be observed with general retention of the bedding 
identity (Figs. 3; 7), which had been interpreted as the 
submarine landslides (also called as slope failures) by 
He et al. (2014). Submarine landslides are the deposits 
of the down-slope movement of underconsolidated 

sediments as the result of gravitational forces, which 
usually result in the soft-sediment deformation of the 
transported material (Bull et al., 2009; Hampton et al., 
1996; McAdoo et al., 2000; Mills, 1983; Moscardelli 
and Wood, 2008). They are important processes on most 
continental margins and are one of the most important 
deep-water geomorphologic and depositional features in 
modern and ancient submarine successions (Hampton 
et al., 1996; McAdoo et al., 2000). Due to this method 
of transportation and deposition, coherent sections of 
material are commonly observed (e.g. Bull et al., 2009), 
and are often referred to as blocks or slabs (Hüneke and 
Mulder, 2011).
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Another interpretation of these continuous reflectors 
was sediment waves (Qiao et al., 2015; Wang et al., 
2007; Wang et al., 2014b), due to their asymmetric wavy 
characters and apparent upslope-wards migration of 
the internal architectures (Fig. 7). When present at the 
seafloor they procedure a relatively rough topographic 
character (Fig. 2). Many processes can produce wave-like 
structures, including bottom currents, turbidity currents 
and soft-sediment deformation (Wynn and Stow, 2002). 
In this study, these wavy structures were suggested to be 
the results of soft-sediment deformation. Firstly, sediment 
influx for the study area was sourced from the Pearl River 
drainage system in the North (Li et al., 2003), due to its 
proximity and drainage catchment to the shelf and slope. 
Influenced by climate changes on erosion rates (Zhang 
et al., 2001), exceptionally high sedimentation rates 
of Quaternary (10-30Km/Ky, Huang and Wang, 2006) 
observed in the Pearl River Mouth Basin might result in 
a sudden increase in under-consolidated sediments. The 
prograding features revealed through the SEE-trending 
profile (Fig. 8A) illustrate the high sediment inputs from 
the North (as yellow arrows in Fig. 1B). Secondly, the 
steeply dipping slopes in the Senhu area were described 
by Qiao et al. (2015) with slope of about 2º in average. 
Calculations of seafloor inclination on the riges of the 
submarine canyon (using acoustic velocity in seawater of 
about 1500m/s) show that dips at the North are 1.7º–5.9º 
and in the South are 1.7º–4.3º (Fig. 7). Such dips may 
increase the likely hood of soft-sediment deformation and 
slope failures. What is more, as reported by Wang et al. 
(2007), only the up slope-wards migrating features could 
be observed on the bathymetric map (Fig. 2) and seismic 
profiles (Fig. 7) in the study area, instead of evidences for 
lateral migrations.

Therefore, in the study area, whether the submarine 
landslides considered by He et al. (2014) wave-like 
structures suggested from Qiao et al. (2015), Wang et al. 
(2007) and Wang et al. (2014b) were underwent the same 
sedimentary process of soft-sediment deformation triggered 
by gravitational forces. In this report, the sedimentary Unit 
II at the top above BSRs with continuous reflectors was 
interpreted as the fine-grained sediments related to soft-
sediment deformation.

DIFFERENCES BETwEEN THE EIGHT SITES THROUGH 
THE COMpARISONS

As described above on gas-hydrate petroleum system, 
the differences between the eight drilling sites in the Shenhu 
area are summarised in the comparisons table (Table 2) and 
concluded as three parts, including the seafloor temperatures 
and pressures related to the water depths, the geothermal 
gradient and the sedimentary conditions.

All the eight sites are located at a suitable temperatures 
(low) and pressures (high) for gas hydrates with minor 
variations in seafloor temperatures and pressures due to 
different water depths (Table 1). Geothermal gradients, 
determined during the GMGS-1, documented a locally 
higher geothermal gradient with a value of 67.6ºC/km at 
SH5, comparing to other sites with values of about 43.65–
49.34ºC/km (Table 1).

Though the lithological characteristics of the 
discontinuous core samples were similar consisting of 
silt and silty clay (Fig. 4), two distinct sedimentary units 
above BSRs were identified. Fine-grained turbidites 
(Unit I) at the bottom and fine-grained sediments 
related to soft-sedimentary deformation (Unit II) at the 
top (Fig. 7). From the interpretations based on seismic 
profiles, sedimentary Unit I was only recovered at SH2, 
SH3 and SH7 (Fig. 7).

DISCUSSIONS: CONTROLLING FACTORS ON GAS 
HYDRATES OCCURRENCES AND DISTRIBUTIONS

Seafloor temperatures and pressures related to the water 
depths

Even though the water depths at the eight drill sites 
are different (from 1105m at SH7 to 1423m at SH5), 
which may lead to variations in the seafloor temperatures 
and pressures (Table 1), these conditions still provided a 
suitable environment (low temperature and high pressure) 
for the formation of hydrates. Using sites SH2 (with gas 
hydrates, water depth of 1230m, geothermal gradient of 
46.95ºC/km), SH5 (without gas hydrates, water depth of 
1423m, geothermal gradient of 67.60ºC/km), and SH7 
(with gas hydrates, water depth of 1105m, geothermal 
gradient of 43.65ºC/km), along with the parameters cited 
from Su et al. (2012), the depths of the base of GHSZ at 
each site could be calculated from the methane-hydrate 
phase equilibrium curve (Sloan and Koh, 2008), yielding 
values of 221mbsf, 179mbsf, and 168mbsf, respectively 
(Fig. 10). These results could help to understand how 
variations in the thickness of the GHSZ at different sites 
correspond to water depths. However, only the changes in 
seafloor temperatures and pressures related to the water 
depths could not explain why hydrates were recovered at 
SH2 and SH7, rather than SH5.

Locally higher geothermal gradient

The northern continental margin of SCS was 
characterized as the relatively high heat flow values (He et 
al., 2001; Shi et al., 2003). In the Bainyun Sag, the heat 
flow values ranged 59–79mW/m2 (Nissen et al., 1995). 
Close to the drilling area, the measured result of the 



M .  S u  e t  a l . 

G e o l o g i c a  A c t a ,  1 4 ( 2 ) ,  7 9 - 1 0 0  ( 2 0 1 6 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 1 6 . 1 4 . 2 . 1

Gas hydrates distribution in the Shenhu area

92

industrial Borehole LW3-1-1 (blue solid star in Fig. 1B) 
was about 92mW/m2 (Yuan et al., 2009). In-suit heat flow 
measurements in the deep-water area of the northern slope 
of SCS showed the values in the Shenhu area were about 
56–101mW/m2 (Li et al., 2010). During GMGS-1, the heat 
flow values at SH1, SH2, SH3, SH4 and SH7 in the western 
ridge were less than 76mW/m2, whereas, the values at SH5, 
SH6 and SH9 in the eastern ridge were more than 80mW/
m2 (Wang et al., 2010). 

At site SH5, the relatively higher heat flow value was 
coincident with the locally higher geothermal gradient of 
about 67.60ºC/km (Table 1). Wang et al. (2010) suggested 
the seismic anomalies (gas chimney shown in this report) 
below BSRs on profile crossing SH5 (Fig. 3B) might be 
represent the intrusion of late-stage mud diapir, leading 
to the relatively higher geothermal gradient and heat 
flow. At this site, hydrates were thought to be dissociated 
completely, which may be the reason why no gas hydrates 
have been recovered (Li et al., 2010; Wang et al., 2010; Xu 
et al., 2012).

Obviously, locally anomalous heat flow and geothermal 
gradient would have great effects on changing the thickness 
of GHSZ (Ganguly et al., 2000; Kaul et al., 2000; Shankar 
and Riedel, 2010; Shedd et al., 2012), as shown in 
Figure 10. However, it is hard to clarify that no hydrates 

recovered at SH5 were attributed to entire dissociation 
due to a possible mud diaper (Fig. 3B). Until now, very 
few pieces of evidences through bathymetric and seismic 
data (Fig. 2; 3B; 7B) could be used to directly support this 
hypothesis, such as venting, pockmarks, local stratigraphic 
disturbance, collapses and so on.

Two distinct sedimentary units above BSRs

Porosity and permeability are two major parameters 
that can be used to characterize the physical property of 
sediments. Usually, porosity can be determined through 
the analyses of log data or measured directly from core 
samples. Grain size and sorting can also be used as 
an indicator of porosity, however it is largely indirect 
as for a given grain-size and sorting the associated 
porosity is also dependent on compaction and 
diagenesis during burial. In the Shenhu drilling area, 
the grain sizes were measured from the collected core 
samples at SH2, SH3, SH5 and SH7 (Chen et al., 2011; 
Liu et al., 2012), and were composed of fine-grained 
silt and silty clay. Permeability from core samples was 
not measured nor reported in literature. Despite grain 
sizes and lithological features for core samples with 
or without hydrates appeared to be similar, it does not 
mean the sediments of two distinct units above BSRs 
are homogeneousness.
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In the deep-water setting, the physical property of 
sediments (or reservoir quality) would be dependent on 
large variety of factors, including grain size, depositional 
process, depositional environment, sediment source 
and maturity (Shanmugam, 2006). Due to the lack of 
analyses on permeability of core samples, in this report, 
a preliminary discussion on the physical properties of the 
two sedimentary units on the basis of different forming 
mechanisms and sedimentary processes was given only.

Deep-water turbidites are attractive reservoirs in 
deep-water oil/gas explorations due to their relatively 
good reservoir qualities (Walker, 1978; Hüneke and 
Mulder, 2011; Khain and Polyakova, 2004; Stow and 
Mayall, 2000; Weimer and Roger, 2004). For marine gas 
hydrates, turbidites have been reported as the good host 
rocks, especially the buried channels and levee systems, as 
documented in the northern Cascadia (Torres et al., 2008), 
the Krishna–Godavari Basin (Riedel et al., 2011), the Gulf 
of Mexico (Boswell et al., 2012a, 2012b), the Nankai 
Trough (Noguchi et al., 2011; Ito et al., 2015), the Ulleung 
Basin (Riedel et al., 2013a, 2013b), the offshore of Taiwan 
(Lin et al., 2014), and the northern South China Sea (Yu et 
al., 2014).

In contrast, underconsolidated fine-grained sediments 
in the deep-water environment would maximize the 
occurrence of deformation especially when associated 
with areas or times of high depositional rate, low 
permeability, and low shear strength of grains (Mills, 
1983; Van Loon and Brodzikowski, 1987). That is 
to say, relative sea level changes, erosional gravity 
flows, seafloor topographic features, tectonic activities, 

earthquake, bioturbation, gas expulsion, and other 
factors might lead to soft-sediment deformation on the 
continental slopes. The primary mechanisms responsible 
for soft-sediment deformation include liquefaction or 
fluidization, reverse density gradation, gravitational 
slump, and shear stress (Mills, 1983). Commonly, all 
these four processes could exist during the development 
of soft-sediment deformation. Due to the flow of liquefied 
sediments, the content of mud matrix would be increased 
as reported in the eastern side of the Monterey Canyon 
(Normark et al., 1985). Moreover, creep would be a 
long-term deformation process of sediments submitted 
to a constant load on slope with relatively low velocity 
of deformation (Shanmugam, 2006; Hüneke and Mulder, 
2011; Mulder and Cochonat, 1996), which also result in 
the enhancement of contact degree between particles. 
Thus, fine-grained soft-sediment deformation generally 
is not considered to be good reservoirs (Shanmugam, 
2006).

Compared to the fine-grained turbidites identified at the 
bottom (Fig. 7), the higher content of mud in the matrix 
and relatively high contact degree between particles might 
have occurred in the fine-grained sediments related to soft-
sediment deformation. As a consequence, in this report, 
we proposed that, although the lithology and grain size of 
the hydrate-bearing sediments were similar to the other 
sediments, as silt and silty clay predominated (Chen et al., 
2011; Liu et al., 2012), the distinct two units associated 
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with different formation mechanisms and sedimentary 
processes implied sedimentary conditions above BSRs 
in the drilling area varied over time and space (Figs. 2; 
3; 7). As for the physical properties of sediments, fine-
grained turbidites were preferred to be better host rocks 
than fine-grained deformed sediments. So, sedimentary 
Unit I characterised by thin-bedded chaotic reflectors are 
proposed as host rocks for hydrates; whereas the overlying 
unit, sedimentary Unit II characterised by thick continuous 
reflectors, would serve as regional homogeneous caprocks.

possible model

Besides suitable hydrate stability conditions (low 
temperatures and high pressures) and potential gas 
sources (biogenic and thermogenic origins), some 
workers have pointed out that the migration of gas-
bearing fluids and the occurrence of favourable sediments 
would play important roles in the formation and presence 
of marine gas hydrates (Collett et al., 2009; Tréhu et al., 
2006; Yu et al., 2014). In the Shenhu gas hydrate drilling 
area, all the eight sites were located in an environment 
of suitable seafloor temperatures and pressures of 
about 3.38–4.58ºC and 10.15–15.17MPa (Table 1). The 
variations of seafloor temperatures and pressures related 
to water depths and geothermal gradients between the 
eight sites would lead to the changes in the thickness 
of GHSZ (Fig. 10). Biogenic and thermogenic gases 
were contributed to formation of hydrates in the study 
area (Table 2). Gas chimneys together with faults (or 
some micro-scale fractures) composed the migrating 
pathways for gas-bearing fluids (Table 2), which the 
chimney structures could be observed at all the eight 
sites (Figs. 3; 7). The relatively deep Sulfate-Methane 
Interface (SMI) varying from 17mbsf to 27mbsf at SH1, 
SH2, SH3, SH5 and SH7 (Table 1), as an indicator 
for methane flux (Borowski et al., 1996), implied the 
regional relatively low upward methane flux (Wu et al., 

2011). Between the sites with hydrates and the sites 
without hydrates, development and distribution of the 
two sedimentary units above BSRs (Fig. 7; Table 2) 
should be paid more attentions.

Herein, the proposed model suggests that the 
depositional processes of the sedimentary units are the 
crucial controlling factor for formation and occurrence of 
hydrates in the Shenhu drilling area. Low-flux methane 
could have migrated upwards through gas chimneys 
and entered into sedimentary Unit I (fine-grained 
turbidites) within GHSZ, causing the concentration of 
methane to exceed its solubility and thereby resulting 
in the formation of hydrates (Fig. 11). The overlying 
sedimentary Unit II (fine-grained sediments related 
to soft-sediment deformation) would be regarded as 
a compact layer with continuous reflectors hindered 
the further vertical migrations of gas-bearing fluids, 
sealing hydrates in the underlying sedimentary Unit I 
(Fig. 11). Also, the occurrences of hydrates within fine-
grained turbidites (Unit I) would impede the upwards 
migrating of gases/fluids. The reason that no hydrates 
were recovered in Unit II within GHSZ was probably 
due to the extremely low methane concentration in this 
sedimentary unit.

This possible model could be used to explain the 
variable distribution of hydrates in the drilling area. 
Vertically, gas hydrates might only occur within fine-
grained turbidites which would explain why hydrates 
were recovered within the sediments just above the base 
of GHSZ (Fig. 4), such as about 10–40m thick hydrate-
bearing layers at SH2, SH3, and SH7(Wu et al., 2008; 
Yang et al., 2008). Through the seismic profiles (Fig. 7), 
the sedimentary boundary of fine-grained turbidites in the 
south could be traced on the bathymetric map (orange 
dotted line in Fig. 2), indicating is varying distribution. All 
the sites with hydrates from the recovered core samples 
(SH2, SH3 and SH7) were located within the area of 
sedimentary Unit I (Figs. 2; 7A), whereas, sites SH1, SH4, 
SH5, SH6 and SH9 absent of hydrates were located in 
the area with only fine-grained sediments related to soft-
sediment deformation (sedimentary Unit II) (Figs. 2; 7B). 

Additionally, about 17 submarine canyons were 
developed in Shenhu area as previously reported by Ding 
et al. (2013), Gong et al. (2013), Li et al. (2013); Lv et 
al. (2012) and Zhu et al. (2010). At the present day, the 
fine-grained turbidites (Unit I) might be only preserved 
as patches in the North of the canyon ridges (Fig. 2), 
where the hydrate-bearing sites SH2, SH3, and SH7 are 
located. The erosion and sedimentation of submarine 
canyons might cause the dissociation of hydrates as 
reported in the Mauritanian continental slope (Davies 
et al., 2012).

gas h
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t n (

   Unit II: fine-grained sediments related to 
soft sediment deformation (caprocks)

seafloor
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gas hydrate
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SSE

FIGURE 11. Cartoon of the possible model for the formation and 
occurrence of hydrates in the Shenhu drilling area, northern 
continental slope of the South China Sea. Around gas chimney, the 
small-scale faults and micro-scale fractures were represented as 
the red and magenta lines, respectively. BSRs: Bottom-Simulating 
Reflectors.
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CONCLUSIONS

We used a joint analysis of the seismic features revealed 
during the pre-drill analysis and the drilling results of the 
GMGS-1 in 2007 to characterize the variable distribution 
of gas hydrates in the Shenhu area, northern continental 
slope of the SCS. The factors of gas-hydrate petroleum 
system have been described in the study area and the 
distinct differences between the eight sites have been 
revealed. The conclusions are as follows:

i) During the pre-drill analysis, two zones of seismic 
anomalies (BSRs, ERs, and BZs) could be identified, which 
are located along the ridges of the submarine canyon. 
However, the drilling results revealed that gas hydrates 
were only present along western ridge, accumulating in 
fine-grained deposits with thicknesses of about 10m to 
40m above the base of GHSZ, highlighting a variable gas 
hydrate distribution.

ii) The water depths, seafloor temperatures and seafloor 
pressures in the study area are favourable for gas hydrate 
formation. The methane content is about 96.10%–99.91%, 
with a small amount of ethane, which was thought to be 
mixed-sources gas. Gas chimneys and small-scale faults 
provide the migration pathways for the gas-bearing fluids 
with low upwards flux. Though the sediments above 
BSRs are similar in grain size and lithological feature, 
two sedimentary units could be identified; fine-grained 
turbidites at the bottom and fine-grained sediments related 
to soft-sediment deformation overlying at the top. On the 
basis of the analyses focused on sedimentary processes and 
sedimentary environments, these two fine-grained units 
were suggested to be different in the physical properties, 
fine-grained turbidites were preferred to be better than fine-
grained sediments related to soft-sediment deformation.

iii) By comparing the eight sites, the sedimentary 
conditions are proposed to be the critical controlling factor 
for the accumulation and distribution of hydrates in the 
study area. Sedimentary Unit I with chaotic reflectors 
interpreted as fine-grained turbidites could serve as the 
host rocks for hydrates, whereas sedimentary Unit II, fine-
grained sediments related to soft-sediment deformation, 
with continuous reflectors might act as a regional caprocks 
hindering the migration of gas-bearing fluids. The 
distribution of sedimentary Unit I might be the pivotal issue 
for the variable distribution of gas hydrates in the Shenhu 
drilling area, northern continental slope of the SCS.
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