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The fault system is one of the structural carrier systems of gas hydrate accumulation, which plays a vital role in controlling the
distribution of natural gas hydrate (NGH) accumulation. The previous studies mainly focus on summarizing the vertical
migration mode of high flux fluid along the fault with obvious geophysical response characteristics on the seismic profile, such
as “fault with gas chimney,” “fault with mud diapir,” and “fault with submarine collapse”, but lack of evaluation methods for
the fault carrier system. We use the X sag in the deep-water continental margin slope area of the northern South China Sea as
an example to study the fault systems closely related to NGH. This paper puts to use attribute technologies, such as coherence,
curvature, and fusion, to analyze the characteristics and combination of the fault systems. We discussed migration patterns and
evaluation methods of dominant fault carrier systems. This research proves that the strike-slip fault system in the platform area
can directly connect the gas source bed with high-quality hydrocarbon generation to the gas hydrate stability zone (GHSZ). The
activity of this fault system is more conducive to the accumulation of hydrocarbon in the GHSZ. This area has a good site for
pore-filling gas hydrate prospecting and a preferential favorable fault carrier system. The composite fault system, consisting of a
normal dip-slip fault system and a polygonal fault system, in the slope area can jointly communicate the biogenic gas-rich
reservoir. Its activity and well-migration performance are the main reasons for the submarine gas leakage and collapse. It is a
secondary favorable fault carrier system in the study area. There may be massive and vein natural gas hydrate formation in
fractures in the leakage passage, and pore-filled gas hydrate may exist in the submarine nonleakage area. In this work, a three-
factor evaluation method of the fault carrier system is proposed for the first time. This method is of great significance for the
evaluation and exploration of NGH reservoirs in the continental margin slope area of the northern South China Sea.

1. Introduction

Natural gas hydrates (NGH) are solid minerals formed by
low molecular weight gases such as methane and water mol-
ecules under high-pressure and low-temperature environ-
ments. It mainly developed inland permafrost and marine
sediments with a water depth of more than 300m [1, 2].
The research on NGH is of great significance to the economy

and environmental protection. China began to systemati-
cally investigate and research gas hydrate in the South China
Sea in the late 1990s. Qiongdongnan Basin and its adjacent
areas have always been the key areas. Guangzhou Marine
Geological Survey (GMGS) has carried out much research
on geological, geophysical, and geochemical in the basin
[3–5]. Two rounds of trial production were successfully con-
ducted [6–9], which confirmed the considerable exploration
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potential of NGH in the continental margin slope area of the
northern South China Sea [10–14].

Fault, diapir structure, gas chimney, and high permeabil-
ity layer are generally considered as the main channels for
hydrocarbon fluid migration, while the fault is generally
considered as the most fundamental channel for accumula-
tion fluid migration [15, 16]. NGH exploration research
found that faults, as channels with high permeability, play
a crucial role in the upward migration of deep hydrocarbon
fluids to form hydrate reservoirs, and to a large extent, deter-
mine the distribution of hydrate [17–27]. The previous stud-
ies mainly focus on summarizing the vertical migration
mode of high flux fluid along the fault with obvious geo-
physical response characteristics on the seismic profile, such
as “fault with gas chimney,” “fault with mud diapir,” “fault
with submarine collapse,” and lack of research on hydrate
transport conductor system with only fault development
and evaluation methods for fault carrier system. In this
paper, we use the X sag in the deep-water continental mar-
gin slope area of the northern South China Sea as an exam-
ple to study the fault systems closely related to NGH.
Attribute technologies, such as coherence, curvature, and
fusion, were put to use for analyzing characteristics, classifi-
cations, and combinations of the fault system. We discussed
migration patterns and evaluation methods of fault carrier
systems. Finally, favorable exploration zones are predicted.

2. Geologic Setting

The study area is located at the continental margin slope
area in the deep-water of the northern South China Sea
(Figure 1). The area is affected by the interaction of the
Pacific plate, the India-Australia plate, the Eurasian plate,
and the expansion of the South China Sea [28–34]. Previous
studies have shown that three tectonic events controlled the
formation and evolution of the area since the Cenozoic
(Figure 2): the continental margin cracking at the end of
the Mesozoic, the South China Sea expansion in the late Oli-
gocene, and the plate wedging event at the end of mid-
Miocene [35–37]. At the end of the Mesozoic, the Pacific
plate was subducted from the east to the Eurasian plate
and then retreated. The upper mantle material arched up,
resulting in the cracking of the continental margin, forming
a NE-SW Cenozoic-faulted basin in the north of the South
China Sea. Since then, the northern basin of the South China
Sea has entered the rifting stage (Tg-T51). From east to west,
Taixinan Basin, Pearl River Mouth Basin, Beibuwan Basin,
Qiongdongnan Basin, and Yinggehai Basin are developed
[38–41]. During the rifting stage, the fault arrays are trended
in NE, controlling the strike of main structural units and the
deposition of the strata in this area. The sedimentary sag
shows strong separation, and two dustpan-like depressions
and a low uplift structural unit are developed. In the late Oli-
gocene, the India-Australia plate collided with the Eurasian
plate, and the mantle flows slowly dispersed and accumu-
lated to the southeast [42–44], resulting in large-scale exten-
sional activities on the continental margin of South China.
The continental crust gradually thinned and ruptured, form-
ing the South China Sea oceanic crust, and the South China

Sea ocean basin began to expand in the north-south direc-
tion [36, 37]; then, an NW-trending strike-slip fault array
occurred in this area. After this event, the crust in the west
of the South China Sea continued to thin under the action
of strike-slip action and tension. However, the tectonic activ-
ity weakened, the faults were less developed, and the area
entered the transition stage (T51-T3). In transition stage,
the influence of deep faults on the tectonic units and
sedimentation gradually weakened. At the end of the mid-
Miocene, the force of the Pacific plate on the Eurasian plate
gradually strengthened, and the India-Australia plate con-
tinued to wedge northward [45]. Then, the South China
block squeezed eastward, and the Indosinian block rotated
clockwise, resulting in the Dongsha movement [45, 46].
The Dongsha movement is in the north of the South China
Sea, and the Wan’an movement is in the south of the South
China Sea [32]; the NW-trending strike-slip faults were still
active. After this event, the expansion of the South China Sea
ocean stopped, the faults were undeveloped, and the area
entered the regional subsidence stage (T3-T0). At the end
of the late Miocene (near T2), the Indosinian block wedged
into the Eurasian plate and is in a relatively stable state.
Meanwhile, the Indosinian block has strengthened its influ-
ence on the South China block, resulting in the overall east-
ward extrusion of the South China block. The activity of the
Indosinian block changed the strike-slip activity of the
Honghe-Yinggehai fault in the west of the South China Sea
from left to right [47–49], resulting in the tectonic uplift in
this area. Tectonic uplift is the reason for the formation of
geomorphic units in regional strata, such as platform, slope,
and trough. Tectonic uplift and strike-slip activities make
the region form normal dip-slip faults and strike-slip faults.

The Yacheng group and the Lingshui group were filled in
rifting period, which is a set of clastic rock mudstone
deposits of shore facies shallow sea shelf facies. In the tran-
sition period, the Lingshui I and II group, the Sanya group,
and the Meishan group were filled, which is a set of shallow
sea bathyal facies mudstone intercalated with calcareous
mudstone deposits. During the regional subsidence period,
the Huangliu group, the Yinggehai group, and the Ledong
group were filled, which is a set of mudstone deposits of
bathyal facies [50, 51].

Four sets of gas source beds were developed in the study
area (Figure 2). By calculation, the Yacheng group (T6-T52)
has the highest organic matter abundance and high matu-
rity. With generating biogas at about 25Ma, it quickly
entered into the peak of hydrocarbon generation from
15Ma and generating biogas slowly now [52–54]. The
cumulative hydrocarbon generation of this set of gas source
beds is significant, but it is far away from the gas hydrate sta-
bility zone (GHSZ). With few communication faults, we
considered that it has little contribution to the gas source
of NGH accumulation. The organic matter abundance of
the Lingshui III group (T52-T51) is good. It started to gener-
ate biogas at about 15Ma, entered the peak hydrocarbon
generation at about 8Ma, and stopped generating biogas at
about 5Ma. It has enormous hydrocarbon generation and
is the primary gas source bed [55, 56]. The vertical layer
from the Lingshui I and II group to the Meishan group
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(T51-T3) has a good abundance of organic matter. Biogas
generation started at about 10Ma and peaked at about
5Ma. After that, the hydrocarbon generation intensity
decreased. However, it continues to generate biogas now. It
has an enormous hydrocarbon generation intensity and is
the primary gas source bed. The organic matter abundance
of the Huangliu group (T3-T2) is poor. It began to generate
biogas at about 10Ma and entered the peak hydrocarbon
generation at about 4Ma. However, the hydrocarbon gener-

ation intensity of this set of gas source beds is low, which
may have little contribution to the gas source of NGH
accumulation.

3. Data and Method

Data used in this study consist of the following: (1) about
1560km2 of full offset, poststack time migrated (PSTM) seis-
mic data, and has a total trace length of 7 s TWT. Processing
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Figure 1: Location of the study area and distribution of Honghe-Yinggehai strike-slip fault. (a) The figure describes the characteristics of
basin types and distribution in the northern slope area of the South China Sea, the distribution of the Honghe-Yinggehai strike-slip fault,
and the oceanic crust and its expansion center [30, 33]. (b) The base map is from Google Earth, and the red line in the figure shows the
Honghe strike-slip fault, and the red-dotted line shows the extension of the Honghe strike-slip fault in the South China Sea [36, 37]).
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steps included signal noise reduction and corrections and
velocity analysis using Kirchhoff PSTM; (2) time-depth
charts complied from the wells previously drilled in the
basin to calculate fault characteristic data like fault offset,
dip angle, and extension length; (3) seabed temperature, for-
mation pressure, and geothermal gradient data were used for
modeling the thickness of the GHSZ in the study area.

Seismic interpretation and attributes were chosen to
visualize as follows: (1) signs of fault activity, such as (a)
traction deformation in attribute fusion and (b) geomorpho-
logical marks of the submarine failures on the seafloor; (2)
sedimentary sequence; (3) seismic indicators of gas hydrate
and associated gas/fluids, such as (a) BSR, (b) buried col-
lapses that do not reach the seafloor, and (c) gas seep form-
ing collapses on the seafloor.

The process of this research is as follows:

(i) Extracting the dip and azimuth, coherent, and cur-
vature attributes. Dip angle and azimuth volume
are the basis for extracting attribute volumes of cur-
vature, coherence, and structure-oriented filtering.
In 3D seismic data interpretation, an accurate
time-depth conversion relationship is usually not
available. Through the multiwindow scanning tech-
nology, the window with the largest similarity can
be obtained as the dip and azimuth estimation win-
dow of the analysis point, which can improve the
calculation accuracy and the stability of the calcula-
tion results. Directional filtering is carried out along
layers by using dip and azimuth volumes to improve
the signal-to-noise ratio of seismic data, make the
continuity and discontinuity of seismic data more
obvious, and improve the reliability of horizon
tracking. Coherence is one of the most useful attri-
butes for seismic fault and fracture detection at
present. Its technical principle is to calculate the
data coherence in the time window for each time
window in the migrated 3D seismic data and assign
this result to the central sample point of the time
window and finally form 3D data representing the

coherence. The similarity of the local seismic wave-
form is compared through 3D data, and the points
with low coherence values are related to the discon-
tinuity of the reflected wave shape. Based on the
high signal-to-noise ratio of seismic data and the
characteristics of target layers, this work selected
the 9-point algorithm of eigenvalue is selected to
calculate the coherence cube. This method can
obtain more important characteristic parameters
such as faults and fractures and then improve the
lateral resolution of faults. The curvature attribute
can reflect the bending degree of the stratum. The
greater the curvature value is, the higher the bend-
ing degree. The curvature is in direct proportion
to the degree of fracture development to a certain
extent. In this study, curvature attribute volume is
mainly used to calculate the fault rose map and
observe the degree of seabed deformation.

(ii) Attribute fusion. In this study, seismic data and
coherence attribute are fused through a certain
proportion to obtain a new attribute fusion data.
The data contains the characteristic information of
the coherence attribute and seismic information.
Because the fusion data contains fault and strata
characteristic information, it can reduce the uncer-
tainty caused by using one data in interpretation.
This method can obtain rich stratigraphic informa-
tion and outstanding geological meaning, provide a
basis for artificial identification of faults, and improve
the interpretation reliability.

(iii) Construct steering filter. Directional filtering is car-
ried out along layers by using dip and azimuth bod-
ies to improve the signal-to-noise ratio of seismic
data. It makes the continuity and discontinuity of
seismic event more obvious and improves the reli-
ability of horizon tracking.

(iv) Fault interpretation and property analysis. We inter-
preted faults by the fusion attribute and completed
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the fault combination on the plane. Through the
analysis of regional stress, sedimentary and tectonic
stages of the area, the characteristics of fault activity,
element parameters, and distribution rules are
determined. We discussed the origin and timing of
the fault, providing a basis for the evaluation of
the fault system.

4. Result

4.1. Bottom Simulating Reflector (BSR) and Gas Hydrate
Stability Zone (GHSZ). BSR is one of the most critical geo-
physical identification marks of marine NGH, which refers
to the reflection interface approximately parallel to the
seabed on the seismic profile (Figure 3). The reflection
interface is caused by the wave impedance difference
between the hydrate-bearing sediments and the underlying
sediments. BSR is basically parallel to the seabed, with
opposite polarity and obvious layer crossing phenomenon.
Most BSRs are approximately parallel to the strata or obli-
que at a small angle, with stable horizontal distribution
and well continuity.

The zone where NGH is stable at temperature and pres-
sure conditions beneath the sea floor can be termed as the
GHSZ (Figure 3). The bottom depths of the GHSZ were pre-
viously calculated by five hydrate-drilled stations in the
Shenhu area. The geothermal gradient was measured in situ
at 45-67.7°C/km [59]. The suitable geothermal gradient cre-
ates favorable physical conditions for NGH accumulation.
The BSR burial depth of four stations is in good agreement
with the bottom boundary of the methane hydrate stability
zone calculated by the equations of Miles (1995) [60, 61].
We infer the Miles methane hydrate phase curve equation
is suitable for the calculation of methane hydrate stability
region in the northern South China Sea. In this study, the
GHSZ was calculated by the equations of Miles for hydraulic
pressure property equilibrium using the following: (1) water
depth data 900-1300m, (2) data of bottom water tempera-
tures 3-5.0°C and formation pressure measured over the
area, and (3) constant geographical gradient values taken
from a nearby site [62–65]. Through calculation, the geo-
thermal gradient in the study area is about 53°C/km, which
has stable conditions for NGH accumulation and enrich-

ment. The bottom of the GHSZ is 140m to 220m below
the seabed.

4.2. The Characteristics and Genesis of the Fault System. We
completed the well-seismic calibration according to the dril-
ling data in the adjacent area. We establish the stratigraphic
sequence framework of the study area by analyzing seismic
wave reflection characteristics of regional good sections.
On this basis, the directional filtering and fine stratigraphic
interpretation are carried out by extracting the dip and azi-
muth attributes, thus improving the signal-to-noise ratio of
seismic data and the reliability of horizon tracking. Then,
the fusion attribute data is put to use interpreting the faults.
Finally, combined with the regional stress field and sedimen-
tation and tectonic evolution in this area, this paper analyzes
the fault characteristics of activity, element parameters, and
distribution. We explain the genesis and timing to provide
a basis for evaluating the fault system. We divided the fault
arrays in the transition period and regional subsidence
period into three fault systems: polygonal, gravity sliding,
and strike-slip fault systems.

4.2.1. The Polygonal Fault System. The term polygonal refers
to an extensional fault system developed in fine-grained sed-
iments. It has the characteristics of layer-limited, nonstruc-
tural origin, slight fault offset, large dip angle, high density,
variable plane strike, and intersecting in polygonal combina-
tion. It is also often called a layer-limited fault system
[66–70]. The polygonal fault system in this area appears in
the vertical layer, which formed during the transition period.

The fault array in the transition sedimentary strata has
prominent layer-limited properties. Generally, in the process
of the tectonic evolution of the basin, the tectonic stress in
the transition stage is weaker than in the rift stage, and fault
activities are less [71]. However, the fault density of the tran-
sition strata is much higher than that of the rift strata. The
layer-limited fault has been formed in the whole area
(Figure 4(a)). The seismic profile shows that most faults
are limited to the transition strata (T51-T3), and their distri-
bution is irrelevant to the structural units of rift strata. Most
of them are not formed by the extension of faults in the rift
stage (Figure 5). The vertical extension length of faults is
controlled by the thickness of the transition strata. With
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Figure 3: The characteristic of BSR and GHSZ. (a) The seismic profile. (b) The interpretation of BSR and GHSZ. The orange lines indicate
BSR. and the yellow line indicates the bottom of GHSZ.
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the strata in the northwest being thin, the vertical exten-
sion of the fault is short. With the strata in the southeast
thick, the vertical extension of the fault is long (Figure 5).
In addition, the density of the fault is large, the fault offset
is slight (3m to 15m), the dip angle of the fault plane is
high (50° to 90°), and the fault plane is flat. They are nor-
mal faults with a similar or opposite inclination. The top
of the transition strata was cut by faults, showing wavy
reflection characteristics in seismic profiles (Figures 5
and 6). On the plane, the fault strike is random, intersec-
tant, and irregular (Figure 4(b)), in line with the general
characteristics of polygonal faults [72].

The polygonal fault system originated from density
inversion in the study area. A polygonal fault system in the
Hope Lake region of South Australia originated from density
inversion. It appeared in the mudstone sequence from the

Cadna-owie formation to the Mackunda formation [72–74].
(a) The Cadna-owie formation developed a 35m thickness
and low-density mudstone. (b) The overlying mudstone of
the Cadna-owie formation rapidly deposits, which hinders
the dehydration and compaction of the low-density mud-
stone layer, and the low-density mudstone layer is gradu-
ally under compacted. (c) With the gradual strengthening
of compaction, extensive overpressure occurs in the hori-
zontal direction of the low-density mudstone layer. After
exceeding the critical value, hydraulic cracks and faults
were generated at the top of the overpressured layer. Then,
overpressure was released gradually to form a polygonal
system. (d) When the polygonal faults are forming, the
pore water in the mudstone layer is mainly drained. Then,
the pressure decreases, the volume of the mudstone layer
gradually shrinks to the minimum, and the polygonal
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Figure 5: Attribute fusion data of conventional seismic data and coherent attribute data on AA’s profile (location on Figure 6).
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Figure 4: Distribution characteristics of polygonal fault system in the study area. (a) The plane distribution characteristics of the polygonal
fault system are shown by the slice along the layer of coherence attribute volume T3, and the lower right corner is a typical polygonal fault.
(b) The enlargement of the field of view of the dashed box in (a), which is also a typical polygon fracture.
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faults closed and stop developing. As the deep fluid
migrates upward, the pressure in the polygonal fault array
accumulates again, and a new polygonal fault array is
formed in the mudstone formation. Furthermore, the
polygonal fault system is formed from the Cadna-owie for-
mation to the Mackunda formation. (e) This process will
cause the collapse at the top of the overpressure layer,
which results in wavy seismic reflection at the top of the
overpressure layer. The polygonal fault array geometry
characteristics in the study area are similar to those in
the Hope Lake area, South Australia; the top of the Ling-
shui I and II group is argillaceous limestone containing a
thin layer of limestone, and the top of the Meishan group
is developed with a thin layer of carbonate rock, resulting
in a relatively low-density bathyal mudstone between the
Lingshui I and II group to Meishan group; a polygonal
fault array is developed from the Lingshui I and II group
to the bottom of Meishan group, and the top of the fault
array cuts the wavy seismic reflection. Therefore, we spec-
ulated that the polygonal fault system in the study area is
of density inversion origin.

4.2.2. The Normal Dip-Slip Fault. The normal dip-slip fault
refers to a fault system formed by the sliding of the rock stra-
tum, which is controlled and influenced by gravity. The nor-
mal dip-slip fault system in this area appears in the regional
subsidence strata at the slope area (Figures 7 and 8).

At the end of the late Miocene, the strike-slip activity of
the Honghe-Yinggehai fault system in the western South
China Sea [47–49] caused the tectonic uplift. It formed geo-
morphic units of platforms and slopes in this area. It leads to
forming normal dip-slip faults in the slope area, which
belongs to the tensile fault. The seismic profile shows that
the fault array has the properties of positive dislocation. It
breaks through the Huangliu group upward and reaches
the Meishan group downward. Some can extend downward
to the Sanya group. The fault array has the following charac-
teristics such as low density (3 pieces/km to 5 pieces/km),
large distance (5m to 20m), and high dip angle (34° to
70°). There is no apparent difference in the thickness of the

two walls with the same fault. The fault system trends the
NW-SE on the plane.

4.2.3. The Strike-Slip Fault System. The strike-slip fault sys-
tem mainly appears in the platform area and is relatively less
occurs in trough areas and slope areas (Figures 7 and 8).

Since the late Oligocene, the strike-slip faults have had
properties of early tension and late compression. From the
rift stage to the early regional subsidence stage, the strike-
slip fault array is tensile in a nearly E-W trend (Figures 9(a)
and 9(b)). The time slice profile of the attribute fusion data
in the rift period shows that the strata on the north side of
the fault have an NWW trend traction deformation (shown
by the black arrow in Figure 10(a)). The stratum on the
south side of the fault has a high degree of damage, indicat-
ing that the fault wall on the south side is relatively active.
We speculate it is a sinistral left connecting fault with ten-
sile and torsional properties. The strike-slip fault array is
compressional in the NWW-SEE trend in the late regional
subsidence strata. The profile of coherent attribute slices
along a layer in the regional subsidence period shows that
the derived faults are near the S-N trend (Figure 9(c)).
The direction of the sharp-included angle indicates that
the fault array is dextral. The associated secondary faults
are on the northeast of principal strike-slip fault planes
(Figure 11), illustrating that the fault wall on the northeast
side is relatively active. We speculate that it is a left con-
necting dextral fault with compressive properties. The study
area is on the offshore extension zone of the Honghe strike-
slip fault system [47, 48]. We consider that the strike-slip
fault system in this area has the same development and
evolution characteristics as Honghe strike-slip fault system
[47, 75]. The fault array shows positive dislocation on the
seismic profile, which breaks through the Huangliu group
upward and reaches the Lingshui III group downward,
and some even go down through the basement (Figure 9).
Most fault planes are gentle upward and steep downward.
The main faults and associated secondary faults are com-
bined into a negative flower shape or Y shape. The fault
array in the regional subsidence period has the following
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Figure 6: Enlarged profile of attribute fusion data (location on a dotted box of Figure 5).
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characteristics such as low density (3 pieces/km to 5 pieces/
km), small distance (12m to 13m), and low dip angle (38°

to 57°).
The polygonal fault system is mainly affected by lithol-

ogy, while the normal dip-slip fault system and the strike-
slip fault system are mainly affected by regional strike-slip
activities. Laterally, the polygonal fault system has the largest
distribution area and the most significant fault density. The
normal dip-slip fault system and the strike-slip fault system
are distributed in different positions as belts, and their distri-
bution area and fault density are the same (from a layer
between T3 and T2). The polygonal fault system is vertically
distributed in the middle strata with the smallest extension
distance. The normal dip-slip fault system is distributed in
the shallowest strata with a medium extension distance.
The strike-slip fault system is distributed with the largest
extension distance from bottom to top. The polygonal fault
system has a minor fault offset in the space of fault activity,

however, with a higher fault dip angle. The normal dip-slip
fault system has the largest fault offset and high fault dip
angle. The strike-slip fault system has a minor fault offset
and a smaller dip angle.

5. Discussion

5.1. The Relationship between “Source to Zone” and Fault
Carrier Systems. There are three types of fault systems in
the study area. Different fault systems are located at different
positions in the sequence framework and play different roles
in the process of hydrocarbon migration.

The polygonal fault system connects the gas source
bed of the Lingshui I and II group, the Sanya group,
and the Meishan group (T51-T3), with a wide distribution
(Figures 4 and 12). It can become a practical path for lat-
eral and large-scale diffusive migration of hydrocarbons.

0 6 km

B'

B

A'

A

Platform area

Trough area

Strike-slip fault system

Normal dip-slip fault system

Boundary of geomorphic units

Figure 7: Distribution characteristics of normal dip-slip fault system and strike-slip fault system of a layer between T3-T2 in the study area;
the trough area in the figure is in NW-SE trend, and most of it is distributed outside the study area.

8 Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2022/9049312/5744488/9049312.pdf
by guest
on 16 December 2022



6 km

NW SE

1500

2000

2500

3000

(a) (b)

TW
T 

(m
s)

6 km

NW SE

1500

2000

2500

3000

TW
T 

(m
s)

Figure 8: (a) The characteristics of normal dip-slip fault array and strike-slip fault array in seismic profile. (b) The interpretation of normal
dip-slip fault and strike-slip fault. The red lines indicate a strike-slip fault array, and the green lines indicate a normal dip-slip fault array.
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Figure 9: Combination characteristics of strike-slip faults in platform area (purple lines represent strike-slip faults). (a) The coherence
attribute slice of the T51 stratum (the bottom of the Lingshui I and II group). (b) The coherence attribute slice of the T3 stratum (the
bottom of the Huangliu group). (c) The coherence attribute slice of the T2 stratum (the bottom of the Yinggehai group). (d) The
inclination attribute slice of the T0 stratum (submarine).
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The normal dip-slip fault system connects the gas source
bed of the Lingshui I and II group, the Sanya group, and the
Meishan group (T51-T3) with the GHSZ in the slope area
(Figures 7 and 12). It can become a suitable carrier for the
vertical migration of hydrocarbons.

The strike-slip fault carrier system connects the two sets
of gas source beds with GHSZ in the platform area (Figures 7
and 13). The two sets of gas source beds are the Lingshui III

group (T52-T51) and the Lingshui I and II group to the
Meishan group (T51-T3). It can become a suitable carrier
for the vertical migration of hydrocarbons.

Generally, the three types of fault systems can play a role
in hydrocarbon migration and transportation. However,
there are differences in the gas source beds that can be con-
nected and their distribution positions. The polygonal fault
system and normal dip-slip fault system are combined to

2.5 km

Platform area

(a) (b)

Platform area

2.5 km

Figure 10: The characteristics of strike-slip faults during the rift period on the plane. The yellow-dotted line is the geomorphic units’
boundary. (a) The profile of 2200ms time slice from attribute fusion data; black lines indicating faults and fractures, red fillings
indicating seismic amplitude troughs, and blue fillings indicating seismic amplitude peaks. (b) The profile of 2200ms time slice from
coherence attribute data; black lines indicating faults and fractures.

TW
T 

(m
s)

1500

2000

2500

3000

SW NE

3500 3 km

Platform

T2

T3

T5

T51

Figure 11: The characteristics of strike-slip faults in attribute fusion data on BB’s profile (location on Figure 7).
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form a composite fault carrier system, which jointly under-
takes the vertical migration of hydrocarbons in a gas source
bed in the slope area. The strike-slip fault system mainly
undertakes the vertical migration of hydrocarbons in two
gas source beds in the platform area.

5.2. The Fitting Analysis of Faulting and Source Timing

5.2.1. The Fault Timing. We speculate that the polygonal
fault system is formed in the sedimentation period of

Huangliu by its origin mechanism, i.e., 10.5-5.5Ma. The
top of the Lingshui I and II strata is argillaceous limestone
sediment with thin layers of limestone. The Sanya strata
are mainly bathyal mudstone sediment. The Meishan strata
are interbedded sediment with different thicknesses of cal-
careous mudstone and argillaceous limestone. At the early
burial stage, the pore water at the top of the Lingshui I and
II strata and the Meishan strata is discharged to the adjacent
strata preferentially, which forming an impermeable sealing
layer at the top of the Lingshui I and II strata, also at the top
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Figure 12: Profile of normal dip-slip fault and polygonal fault carrier system in the slope area. The green filling is the biogas source bed of
the Lingshui group I and II to Meishan group (T51-T3).
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Figure 13: Profile of strike-slip fault carrier system in the platform area. The green filling is the biogas source bed of the Lingshui group I
and II to the Meishan group (T51-T3). Another biogas source bed of the Lingshui III group (T52-T51) is the orange filling. The maturity
threshold interface is the red-dotted line. The pyrolysis gas source bed is the red filling.
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of the Meishan strata. With the depositing of the Huangliu
strata, the pore water in the Sanya and the Meishan strata
is blocked in the pores, and the strata are undercompacted.
As there is more pore water in the Sanya and the Meishan
strata, the density is less than that of the overlying strata.
The pore water blocked in the strata is in an overpressure
state with the deposit continuously. Hydraulic fractures
and faults are generated at the top of the overpressure layer
to release the pressure, forming a phase polygonal fault lim-
ited from the Lingshui I and II group to the Meishan group.
The deep hydrocarbon fluid continues to migrate upward
with the overlaying strata depositing, causing the overpres-
sure accumulation inside the polygonal fault array again
and then forming a new polygonal fault array in the Meishan
group. The study area shows that the density of the polygo-
nal fault array increases upward.

It is speculated that the normal dip-slip fault system was
formed in the sedimentation period of Huangliu, i.e., 8.2-
5.5Ma. The growth strata are deposited in the ridge and
flank of the anticline during the tectonic deformation period.
It belongs to the sedimentation during the syntectonic
period and records the characteristics of tectonic activities,
such as the deformation style, deformation time, and defor-
mation mechanism of the structure [76–78]. As a result of
uplift activity, the slope area is stretched, causing the hang-
ing wall slides. The accommodation space generated by the
downward propagation of faults is filled by the growth
strata, which is shown as downward thickening characteris-
tics (Figure 14). The upper part of the Huangliu group
(yellow- and red-filled strata) has the characteristics of
downward thickening, while the lower part of the Huangliu
group (pink-filled strata) has no obvious thickness change,
which is shown as the characteristic of pregrowth strata
[79]. The lower part of the Yinggehai group (green-filled
strata) has no obvious thickness change, which is shown as
the characteristics of postgrowth strata. Therefore, we con-
sidered that the normal dip-slip fault was formed in the late
stage of the Huangliu sedimentation.

The strike-slip faults started to move from the late
Oligocene, with episodic activity characteristics. This paper
focuses on the activity time analysis in the regional subsi-
dence period. The late compression property of the strike-
slip fault has led to local fold deformation in the study area.
The thickness of the growth strata is thinner towards the
anticline ridge in the Yinggehai group (Figure 15). The tip
of the growth strata wedge points to the anticline ridge. Angu-
lar unconformity hosts in the growth strata, and its surface
develops on the flank close to the anticline ridge. The angle
unconformity gradually becomes conformity as is far away
from the anticline ridge. Taking the activity period of the
Honghe strike-slip fault system into consideration [47–49,
75], the fault array occurred once in the early sedimentation
stage of the Yinggehai group, i.e., 5.5-3Ma. At present, the
seabed with the characteristics of sediment drapes indicates
that the strike-slip activity is still continuous (Figure 8(d)).

5.2.2. The Fitting Analysis of Faulting and Hydrocarbon
Generating. The composite fault carrier system, which is
composed of a polygonal fault system (10.5-5.5Ma) and a
normal dip-slip fault system (8.2-5.5Ma), was active before
the peak hydrocarbon generation (5Ma) which is the forma-
tion time of the Lingshui I and II group to the Huangliu
group. That is, during the period of massive hydrocarbon
expulsion from the strata, the polygonal fault has been
formed and has increased the vertical and lateral connectiv-
ity of transition strata. In situ hydrocarbons had accumu-
lated in the polygonal fault system. At the same time,
hydrocarbons in the rifting strata migrate upward through
deep faults to the polygonal fault system. This behavior
makes the transition strata become gas-rich strata, which
reserves sufficient gas sources for NGH accumulation in
the overlying Yinggehai group. The normal dip-slip fault
system migrated hydrocarbons enriched in the transition
strata and the Huangliu group to the GHSZ.

The strike-slip fault carrier system has been active once
in the early stage (5.5-3Ma) of Yinggehai sedimentation
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Figure 14: (a) Profile of the normal dip-slip fault system in the slope area. (b) The interpretation of growth strata. The yellow- and red-filled
strata are characterized by downward thickening. The downward thickening rate of the yellow-filled strata is greater than that of red-filled
formation strata. The green- and pink-filled strata have no obvious change in thickness. It indicates that the fault activity occurred after the
deposition of the pink formation and before the deposition of the green formation, that is, the Huangliu II group.
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and is still weakly active now. The strike-slip activity
occurred after the peak hydrocarbon generation of the
Lingshui group to the Meishan group formation time (at
about 8-5Ma). The hydrocarbons that have accumulated in
the rift strata and transition strata can migrate to the GHSZ
along with this fault system. The thinness of the Lingshui I
and II group to the Meishan group is too thin to contribute
valuable gas in the platform area, while the Lingshui III
group contributes more.

5.3. Migration Performance of the Fault Carrier System. The
comprehensive migration performance of the two fault car-
rier systems in the study area is mainly affected by four fac-
tors: fault zone width, extension length, distance, and
density. In this study, the fault migration coefficient R is cal-
culated according to the four factor parameters to compare
the two fault carrier systems [80–84].

R = 1
S
〠
n

j=1
DjHj sin θ: ð1Þ

In the formula, R is the transport coefficient of the fault
carrier system; Hj is the fault distance, km; Dj is the hydrau-
lic radius, Dj = Aj ÷ Cj, km; Aj is the cross-section area of
hydrocarbon passing through the fault zone, Aj = T jLj,
km2; Cj is the perimeter of the section, Cj = 2ðT j + LjÞ, km;
T j is the width of the fault zone, T j = 0:62Hj

0:875 [85], km;
Lj is the fracture extension length, km; θ is the fault dip
angle, °; S is the plane distribution range of the study area,
km2; n is the number of fractures connecting the gas layer.
The structural dip angle (θ) and fault distance (Hj) can be
obtained from the structural plane; the extension length (Lj),
the number of fractures (n), and the distribution range of
the study area (S) can be obtained from the coherent attribute
data by using the system parameter tools. By the statistical
samples of the faults that can reach the bottom of the GHSZ,

we calculated the migration coefficients of the two types of
dominant fault carrier systems (Table 1).

The calculation results show that the migration perfor-
mance of the composite fault carrier system is better than
that of the strike-slip fault carrier system.

5.4. The Evaluation of Fault Carrier Systems. The evaluation
of fault carrier systems and the prediction of favorable zones
are the ultimate goal of studying the carrier systems. We can
accurately predict favorable exploration zones by determin-
ing the dominant fault carrier systems by considering the geo-
logical characteristics of hydrate accumulation in the basin.
Based on the above three factors, (a) it connects the gas source
bed and the GHSZ. (b) Its activity time is well consistent with
the peak hydrocarbon generation of the gas source bed. And
these hydrocarbons can be accumulated and deposited. (c)
During the hydrocarbon migration period, the migration
capacity is good [86, 87], and we evaluated the role of the fault
carrier system in the hydrocarbon migration and NGH accu-
mulation, then established fault carrier patterns and finally
predicted favorable zones.

5.4.1. The Role of Fault Carrier Systems in Hydrocarbon
Migration and NGH Accumulation

(1) The Pattern of the Composite Fault Carrier System. The
composite fault carrier system (polygonal and normal dip-

Table 1: Evaluation of carrier system migration performance in the
study area.

Parameters
Composite fault
carrier system

Strike-slip fault
carrier system

Dip angle (°) 34~70 38~57
Density (pieces/km) 1.6~ 2.9 1.2 ~ 1.8
Distance (m) 7~ 18 12~13
Extension length (km) 0.2~ 0.9 0.5 ~ 3.5
R () 14.55 10.07
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Figure 15: (a) Profile of strike-slip fault system in the trough area. (b) The interpretation of growth strata related to the strike-slip fault. The
red lines indicate the strike-slip faults, and the green lines are the growth strata. Green-dotted lines are the internal interpretation of growth
strata, which is characterized by onlap.
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slip fault carrier system) pattern leads to hydrocarbon leak-
age or accumulation. The polygonal fault system with a high
fault density has many hydrocarbon migration paths, result-
ing in fast fluid flowing and strong fault transportation abil-
ity. The normal dip-slip fault system has a large fault
distance, a higher degree of a fracture network in the fault
zone, and provides an adequate migration space for vertical
hydrocarbon migration. So the hydrocarbon migration flux
per unit of time is considerable, illustrating the migration
capacity of these faults is strong. The activity period of the
composite fault carrier system is well consistent with the
peak hydrocarbon generation of the Lingshui group to
the Meishan group, which makes hydrocarbons accumulated
in the transition strata migrate upward rapidly. An extensive
fluid migration is the main reason for ancient collapse struc-
tures at the bottom of the Yinggehai group in the slope area
(Figure 12). Most of these paleocollapse structures are
arranged in the NW-SE trend to form a collapsed chain

(Figure 16(a)). The strike of the collapsed chain is consistent
with that of the normal dip-slip fault system, indicating that
this fault carrier system has an intense migration capacity at
that time. After the fault activity stopped (after 5.5Ma), the
overlying mudstone caprock of the bathyal sediment gradu-
ally deposited, and the gas source bed enters the high hydro-
carbon generation stage. Hydrocarbons can migrate upward
along the fault to the GHSZ zone and accumulated in reser-
voirs (Figures 17(a) and 17(b)). The current strike-slip activ-
ity will reactivate the polygonal and normal dip-slip fault
system, causing hydrocarbon to migrate upward along these
faults, and resulting in seabed fluid flowing. The current sea-
bed collapse structures are easy to occur at the intersection of
the strike-slip fault system and normal dip-slip fault system
(Figures 16(b) and 18), indicating that the composite fault
carrier system still maintains intense transport capacity.
Unfortunately, hydrocarbons preferentially escape to the sea-
bed, which will destroy the formed gas hydrate deposits. It

(a) (b)

0 6 km 0 6 km

Figure 16: Slices of curvature attribute data along with a layer: (a) the curvature attribute slice of T2 (the bottom of the Yinggehai group); (b)
the curvature attribute slice of T0 (submarine). The black fillings in the profile are a positive curvature value, the red fillings are a negative
curvature value, and the white fillings are a 0 value. The edge of the collapse structure is a positive curvature value. The interior of the
collapse structure is a negative curvature value. The blue-dotted line is the boundary of the geomorphic units in regional subsidence strata.
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caused the discontinuous distribution of BSR in the slope
area (Figures 17(b) and 18). Hydrocarbons preferentially
escape to the seabed in the vicinity of the leakage channel,
which will lead to the formation of massive and vein NGH
in fractures (Figure 17(b)). The composite fault carrier sys-
tem in the nonleakage area is the dominant fault carrier sys-
tem, which will lead to the accumulation of pore-filling NGH
in the GHSZ. BSR in slope area and its overlying seismic
event show stronger amplitude than that in platform area,
which may represent higher gas hydrate saturation in this
area (Figure 17(a)).

(2) The Pattern of the Strike-Slip Fault Carrier System. The
pattern of the strike-slip fault carrier system completes the

long-distance and large-scale hydrocarbon migration, which
is conducive to the accumulation and deposition of NGH.
Although the gas source bed of the Lingshui III group is
far from the GHSZ, the strike-slip fault system has charac-
terized by staged activity and well-vertical connectivity.
The gas production intensity of the Lingshui III group is
the largest, which is conducive to the long-distance migra-
tion of hydrocarbons. The strike-slip fault carrier system
has a significant extension length in trend, which makes
the fracture network in the fault zone wide and the hydro-
carbon migration flux large. The strike-slip fault carrier sys-
tem moved after the peak hydrocarbon generation of the
Lingshui III group and has been active until now. Neverthe-
less, the compressive properties of the fault array are not
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Strike- slip fault system

Normal dip-slip fault system

BSR

Figure 18: Distribution characteristics of BSR and two types of fault carrier systems through GHSZ in the study area.
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conducive to the rapid migration of hydrocarbons to seabed
leakage (diapirs mainly cause the collapse structures in the
platform area) (Figure 17(b)). Hydrocarbons can slowly
migrate into the GHSZ and stably accumulate to form
NGH reservoirs (Figure 16(b)). As a result, pore-filling gas
NGH may be formed. The strike-slip fault carrier system is
the dominant fault carrier system in the study area. The dis-
tribution of the BSR (Figure 17) clearly shows its widespread
occurrence throughout the study area, with the most contin-
uous BSR occurring within the platform area.

5.4.2. Prediction for Favorable Exploration Zones. Based on
the above, there are apparent differences between the two
types of fault carrier systems in the “source to the zone” sys-
tem, distribution position, migration performance, and car-
rier pattern. The strike-slip fault carrier system shows a
reservoir forming mode of remote and vertical, a single type
of mineral deposit, and effective transport. The composite
fault carrier system shows the near-source and vertical reser-
voir forming mode, multiple types of mineral deposits, and
efficient transportation. Their distribution location, trans-
port patterns, and migration performance have affected the
reservoir forming behavior of NGH.

The strike-slip fault carrier system is formed under the
background of regional strike-slip activities, and it can con-
nect long-distance and high-quality gas source beds in a ver-
tical direction. This type of fault carrier system can complete
the effective reservoir formation of long-distance migration,
large-area accumulation, and single-filling type hydrocar-
bons. Hydrocarbons migrate vertically along the compres-
sive active faults to the GHSZ and fill in the sediment
pores of the reservoir, and its distribution area is a preferen-
tial zone of the fault carrier system in the study area.

The composite fault carrier system is influenced by the
tectonic uplift caused by regional strike-slip activities. It
can connect the main gas source layer at a short distance
vertically. Hydrocarbons migrate vertically along the exten-
sional active fault to the GHSZ and fill in the pores of the
reservoir or the fractures of the leakage channel. This kind
of fault carrier system can complete the highly efficient accu-
mulation of NGH in short-distance migration, scattered
accumulation, and multifilling types. The leakage passage is
the priority path of hydrocarbon migration, which will affect
the total amount of hydrocarbon accumulation. So the dis-
tribution area of the composite fault carrier system is a sec-
ond favorable zone of the fault carrier system in the study
area.

6. Conclusion

(i) Two fault carrier systems are formed in the study
area. The composite fault carrier system is com-
posed of “density inversion” polygonal faults host
in transition strata and normal dip-slip faults host
in regional subsidence strata. The strike-slip fault
carrier system comprises strike-slip faults that have
been active for a long time since the rift stage. The
formation of the two types of fault systems is closely

related to the activity of the Honghe-Yinggehai
strike-slip fault in the western South China Sea

(ii) The strike-slip fault carrier system is a reservoir
forming mode with a far source, vertical migration,
a single type of mineral deposition, and adequate
transportation, which is a preferential fault carrier
system. The composite fault carrier system shows
a reservoir forming mode of near-source, vertical
migration, multiple types of mineral deposition,
and efficient transportation, which is a second
favorable fault carrier system

(iii) In this paper, a new evaluation method for the NGH
fault carrier system is proposed, including the con-
nection between fault and “source to zone”, the
coincidence between faulting time and the peak
hydrocarbon generation, and the fault migration
performance. This work uses this evaluation
method to establish a migration model and predict
favorable zones. This research provides ideas and
sample support for establishing evaluation criteria
of fault carrier systems in the NGH occurrence area
of the northern South China Sea and has guiding
significance for the NGH favorable exploration
areas
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