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Abstract: The Qiongdongnan Basin (QDNB), located in the north of the South China Sea, is a
Cenozoic rift basin with abundant oil and gas resources. Large flake hydrates have been found in
the core fractures of Quaternary formations in the deep-water depression of the QDNB. In order
to understand the spatial distribution patterns of these fractures, their geneses in sedimentary
basins, and their influences on gas migration and accumulation, such fractures have been observed
using high-resolution 3D seismic images and visualization techniques. Four types of fractures and
their combinations have been identified, namely bed-bounded fractures/microfaults, unbounded
fractures, fracture bunches, and fracture clusters. Bed-bounded fractures/microfaults are mainly
short and possess high density; they have developed in mass transport depositions (MTDs) or
Meishan and Sanya Formations. The unbounded fractures/microfaults that occur in Miocene—
Pliocene formations are mainly long and discrete, and are dominantly caused by strong tectonic
movements, the concentration of stress, and sustained intense overpressure. The fracture bunches
and fracture clusters that occur in Oligocene—Early Miocene formations have commonly developed
with the accumulation of large numbers of fractures and may be related to the release of pressure,
diapirs, and basement fault blocks (228.9 + 1 Ma). In this study, six fluid charging or leakage models
are proposed based on distinct fracture types, assuming the uniform conductivity of each fracture. In
a 3D space view, a vertical decrease in the fracture scale (number or density) will more likely result in
gas supply than dispersion, thus promoting the accumulation of gas in the reservoirs. Nevertheless,
the fractures above the Bottom Simulating Reflect (BSR)/seismic anomaly are excessively developed,
and bed-bounded fractures within a particular layer, such as MTDs, can easily cause seabed leakage.
These results are useful for explaining the vertical migration of gas/fluids in areas and formations
with less developed gas chimneys, faults, diapirs, and other structures, particularly in post-rifting
basins.

Keywords: northern South China Sea; deep-water basin; hydrates; fracture distribution; leakage
conditions

1. Introduction

Fractures/microfaults in petroliferous basins are fluid transport systems that are
easily overlooked in contrast to faults with major displacement, diapir structures [1,2], gas
chimneys, and slump structures [3]; this is because the displacement of a single fracture or
microfault is usually smaller than that of a fault, and cannot provide sufficient oil and gas
charging efficiency for conventional reservoirs.

However, in recent years, multiple studies have shown that fractures/microfaults
are important pathways for fluid migration and accumulation regarding the formation
of shallow gas reservoirs and hydrates [3-7]. In deep-water basins, the transport of gas
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into and through the Gas Hydrate Stability Zone (GHSZ) via fractures has been observed
through drilling in fine-grained successions, and is widely considered useful as a model
with which to explain the leakage of fluids [5,8]. In recent years, numerous nodular and
sheet-like hydrates that cause fractured reservoirs have been found in the north of the
South China Sea [9]; thus, their characteristics, including their composition, distribution,
spacing, density, and length, are of great interest to many scholars [10].

In the past, a large number of field outcrop descriptions have revealed the existence of
fractures in secondary structures near the main fault and under the influence of regional
tectonic stresses [11]. Research has confirmed that, in some cases, secondary fractures
can link originally unconnected faults. Verified using the fracture networks observed
in a natural outcrop, models able to describe the key information pertaining to complex
fractures, such as the fracture center, length, and orientation distributions, have been
proposed [12]. Based on the field outcrop, the fracture-aperture-sized frequency, spatial
distribution, and growth processes in bed-bounded and unbounded fractures have been
observed and quantitatively studied [13]. This work provides a good reference for the
classification of complex fracture systems; however, due to the lack of effective geological
outcrops, this work cannot be applied to deep-sea basins. Moreover, fractures in the field
are mainly caused by tectonic stress, while fractures in deep-sea basins can be caused by
overpressure and other factors.

With the development of extensive offshore drilling [14,15], computer techniques [16]
and the acquisition of high-resolution seismic data [17], the spatial distribution struc-
ture of fractures/microfaults can be studied via core drilling, computer modeling, and
seismic imaging.

It is far from sufficient to determine the fracture characteristics of the exploration
area via drilling and neural network simulation. Because the core drilling emphasizes the
fracture structure of a single point, it cannot replace the fracture distribution in the whole
basin. The simulation of discontinuous discrete fractures using a computer neural network
is constrained by the regional tectonic stress field and fault system, and the geological
body is assumed to be homogeneous. This creates significant uncertainty in the simulation
results [18,19]. In fact, due to the heterogeneity of geological bodies, fractures/microfaults
are not uniformly distributed in the geological space. In other words, the generation of
fractures is related to special geological processes, and specific patterns of fractures or
fracture combinations are generated in specific geological formations and have their own
unique geological origin. Some fractures are isolated, some are clustered, and some are
only distributed in specific strata.

In recent decades, seismic data combined with core and optical televiewer images
have been used to analyze the structure and degree of development of fractures in sedi-
mentary basins [17,20]. When studying the effect of fractures in lower Tertiary sandstone
on the leakage of fluid in the North Sea Basin, Loseth et al. [21-23] identified the vertical
discontinuity zone in seismic sections and discussed its relationship with seismic anomalies.
However, the authors did not create a classification system or study the genetic environ-
ment. Navalpakam et al. [24] took this work a step further, and found that relatively weak
Bottom Simulating Reflectors (BSRs) on the Hikurangi margin are related to the nature of
the gas distribution within the pores and fractures of the sediments. Rubin [25] also found
that tensile fracture occurs when the rock is confined at a high pressure. All these results
have linked seismic imaging with the geological interpretation well.

In the Qiongdongnan Basin (QDNB), the overlying Tertiary layer on the Indosinian
granite basement block produces numerous fractures under the action of transverse bending
folding [7]. Since the late Oligocene, the basin has developed high levels of overpressure,
a wide range of fluid activities have pierced the deep strata so as to overlay sediments,
and a large number of fractures have developed [26]. The special geological processes that
occur in shallow layers, such as submarine landslides and differential subsidence, are also
important factors in the production of fractures [27-30].



J. Mar. Sci. Eng. 2024, 12, 37

30f21

4

Therefore, the spatial distribution of fractures within a specific study area can be
observed and classified via seismic means, and their geological genesis can be studied; this
is conducive to the study of the fracture transport and leakage system, the selection and
judgment of advantageous pathways for the migration of hydrocarbons, and the prediction
of natural gas reservoirs and hydrates. At the same time, this spatial distribution can
enable us to understand the effects of fractures on the reservoir behavior and their impact
on the production of hydrocarbons; therefore, numerical simulations considering various
approaches have been carried out. On the basis of a quantitative description of the fracture
parameters, and in combination with the current knowledge of stress, the porosity and
permeability of different assemblages of fractures can be calculated using the Monte Carlo
method [31].

This paper aims to investigate the distribution of seismic data and the genesis of
fractures/microfaults in the QDNB. The reflection characteristics, distribution of seismic
sections, and their role in transporting gas to the reservoirs of various fractures are thus
described. Gas migration and accumulation models concerning the various distribution
characteristics of fractures are proposed.

2. Geological Setting

The QDNB is a Cenozoic sedimentary basin located on the northern continental mar-
gin of the South China Sea (SCS) (Figure 1a,b); it trends NE-SW and has a total area of
approximately 7 x 10* km? [32]. The QDNB has undergone the syn-rift stage (Eocene—
Oligocene) and post-rift stage (Neogene—Quaternary) (Figure 1c) [33]. The rifting stage
presented more fault activity than the post-rifting stage [34], and the post-rifting stage was
mainly characterized by thermal subsidence and rapid subsidence. During this period, no
obvious fault activity developed. Sediments of this period primarily comprise continental
or transcontinental facies [35]. The post-rift sediments mainly comprise marine deposits.
The Sanya and Meishan Formations deposited a set of shallow to neritic mudstones that
host hydrocarbons in the area [35]. The Huangliu and Yinggehai Formations were formed
in shallow to semi-deep environments and mainly developed deltas, turbidite rocks [7,36],
submarine fans, and central channels (Figure 1b). Since the Pliocene, the dominant sedi-
ments have been deep ocean siltstone, argillaceous siltstone, and mudstone [37,38].
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Figure 1. (a) Geological settings and regional topographic map of the northern SCS. (b) Location of
the QDNB and the study blocks and lines. The red boxes show the study scope in Figures 2A and 8,
and the black box shows the study scope in Figure 9. (c) The comprehensive stratigraphic histogram of
the Qiongdongnan Basin shows the stratigraphic relationships, main evolutionary stages, geological
ages, and corresponding seismic interfaces (modified from reference [9]).
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A typical continental shelf, continental slope, and deep-water basin structure char-
acterize the QDNB, which has a maximum water depth exceeding 2500 m [32]. The
BSR/shallow seismic anomaly corresponds to a two-way seismic reflection time of approx-
imately 1.6-3.0 s. Since the deposition of the Huangliu Formation (T30-T40) (Figure 1c),
there has been no basin-controlling fault activity, so terrigenous clastic progradation to the
sea has been the main driver of slope development. This constant movement led to multi-
ple stages of landslides in the Miocene [39]. Furthermore, the basin experienced a period
of post-rift rapid thermal subsidence during the Miocene, generating overpressurization
phenomena [20], diapirs, gas chimneys, and hydraulic fractures. These basin conditions
were favorable for the migration and accumulation of complex oil and gas. The Huangliu
Formation in the deep-water basin has been discovered to contain over 200 billion cubic
meters of natural gas reserves [40]. It has been confirmed that diapirs and fractures that are
formed by the presence of abnormally high pressures at depth are efficient conduits for
fluid migration [41-43].

In 2015, the Haima Cold Seep in the west of the QDNB was discovered by the
Guangzhou Marine Geological Survey (GMGS). In 2018, another drilling project that
aimed to address the bottom simulating reflector (BSR) in the eastern area of the QDNB
was performed [9,44]. The BSR drilled at Site GMGS5-W9-2018 runs perpendicular to the
ocean floor and rises around 4 km above the gas chimney, with numerous fractures present
above and below.

The findings of Liang [9], as well as those confirmed by Wei et al. [45], indicate that
the gas chimney serves as a major and lower pathway for the migration of hydrocarbons.
Meanwhile, fractures at the top of the gas chimney serve as upper leakage systems and
reservoirs for gas hydrates. Furthermore, the high saturation of the hydrates in well W9
corresponds to higher fracture densities and log resistivities, thus suggesting that the degree
of fracture development affects the movement and accumulation of gas.

3. Data and Methods

This work was performed at the location in which hydrates were discovered by the
GMGS (Figure 1b). The drill results obtained from GMGS5-W9-2018 and the 3D seismic
datasets were used for this work. The strata on top of the Huangliu Formation (T40) have a
vertical resolution of approximately 30-35 Hz and a horizontal resolution of 12.5 m (track
pitch) for seismic activity (Figure 2B). In Table 1, the detailed parameters of the seismic and
well data are listed.

According to the vertical velocity of the seismic waves in this area, calculated to be
2600-2800 m/s, and the main frequency of 30 Hz, the minimum layer thickness able to
recognized by seismic waves is A/4, i.e., h = V/4f. Regarding the density and gas in the
pore space, a negative reflection in the BSR is observed on the seafloor, implying that the
seafloor’s density should be positively relative to seawater. The BSR range (Figure 2A)
was implemented according to the BSR observed in well W9 and the polarity reversal
of the seabed reflection (Figure 2B). Hydrate samples were also obtained at GMGS5-W9-
2018 (Figure 2C-E); therefore, due to the relationship between fractures and the BSR, the
migration of gas to the reservoir via fractures can be observed.

Some seismic anomalies can be attributed to the presence of sand bodies, hydrates,
and gas reservoirs near the BSR range, and the fluid charging processes are likely the same.
Therefore, a horizontal seismic section close to the BSR is selected as a reference surface
to expand the range of the BSR and explore the relationship between fractures and these
seismic anomalies. Prior to the detection of fractures, two reference surfaces were selected,
and the corresponding seismic depths were moved down by 10 ms and up by 10 ms along
the top surface of the BSR in Figure 2B, respectively. These are only reference planes that
follow the BSR or the anomaly, and their planal positions are referred to in Figure 1b.
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Figure 6b

Figure 3

Figure 2. Section position and drilling overview of the GMGS5-W9-2018. (A) Seismic sections
showing well (W9) location and BSR extension (green dashed line) in the study area, and the scope of
the red box is shown in Figure 1b; (B) BSR characteristic in the section; (C) nodular hydrate in fractures;
(D,E) flake hydrate in fractures. Notes: (C) is from reference [45]; (D,E) are from reference [9].

Table 1. Seismic and well parameters.

Seismic Data Parameters Well Data Parameters
Seismic 3D Name GMGS5-W9-2018
Acquisition time 2013 Water depth 1722 m
Resolut{o n above .the 30-35 Hz Bottom depth 189 m from the seafloor
Huangliu formation
Acquisition track Spacing 12.5m Log type LWD
Vertical sampling rate 1ms Log depth 97 m from sea floor
Coherent volume Extracted in 3 x 3 steps Sample Lithology Grey clay
Hydrates Filled in fractures

The approach utilized for the fracture detection employs a collection of directive,
multi-trace seismic properties, as well as a supervised neural network [18], which has been
tested on large data sets from the Central North Sea, Persian Gulf, and Taranaki basin,
and recently in the QDNB [27,46,47]. Two-way travel time (TWT) seismic data are used
in this study, because although depth data can more accurately reflect the true shape of a
structure, it has limited influence on the distribution type, density, and relative size of the
fracture. The coherent volume was extracted in 3 x 3 steps for the characterization fractures.
After the volume was loaded and hollowed out, the surrounding coherence information
was filtered out before the volume element transparency was adjusted and corrected to
obtain the final dataset. In cases in which fractures have developed on a large scale, have a
characteristic distribution pattern, and cut through the BSR range, it is unlikely that gas
migrates and accumulates along them.
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4. Spatial Distribution of Geological Fractures
4.1. Definitions of Fractures/Microfaults of Different Patterns in Seismic Sections

Based on the distribution patterns in the seismic images of fractures and the intersec-
tional relationships between fractures and strata, four types of fractures were identified:
bed-bounded fractures/microfaults, unbounded fractures, fracture bunches, and fracture
clusters. These fractures/microfaults have corresponding response characteristics in the
seismic data (Figures 3-7).
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Figure 3. A small number of short fractures/microfaults are distinct from each other, with the
individual fractures mostly disappearing in the mudstone layer, even if chaotic sediments are present.
See Figure 2A for the location of the section.
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Figure 4. Polygonal faults and short fractures in the shallow layer form the petroleum transmission
system, which causes the BSR or seismic anomaly in the shallow bed layers to form a continuity
relationship with the fractures. See Figure 1a for the location of the section.



J. Mar. Sci. Eng. 2024, 12, 37 7 of 21

seismic _ = :
anomaly | /'/;
=i —unbounded
S~ fractures

Figure 5. Unbounded (long) fractures (partially faults) are located below the shallow seismic anomaly
body; see Figure 2A for the location of the section.
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Figure 6. (a) The seismic profile appears as a chaotic zone or gas chimney in the vertical direction
due to the large amount of fluid in the fracture bunch, and (b) shows a fractured bunch with a small
amount of fluid. See Figure 2A for the location of the section. Note: the dashed lines in (a) represent
the outlines of the gas chimney and the channel in the seismic profile; the dashed lines in (b) represent
the outlines of different fracture bunches in the seismic profile.
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Figure 7. The fracture cluster and the fractures in the upper strata constitute the transmission system,
which makes the BSR or seismic anomaly form a continuity relationship with a fracture in space. The
section location is shown in Figure 2A.

Bed-bounded fractures/microfaults are commonly discrete short fractures that appear
in a certain stratum, as fractures do not cross from one given bed to another [48,49]. While
they can be dispersed in thick strata, according to Figure 3, they can also develop in thin
sedimentary layers; for instance, these short fractures are usually densely developed in
sedimentary layers [9]. However, each fracture usually cuts through only 5-6 seismic
events and cannot connect the source rock with reservoirs. The actual layer thickness of a
single seismic event is approximately 21-23 m according to the calculated vertical velocity
of seismic waves and the main frequency in this area [27]. Therefore, the vertical lengths of
short fractures within the formation are generally less than 100 m, and may only be a few
dozen meters or less.

Unbounded (non-bed bounded) fractures are commonly much longer than bed-
bounded fractures/microfaults, and cross from one given bed to another [14,48]. For
example, these fractures cut vertically through the entire strata of the Huangliu forma-
tion and even extend deep into the Meishan and Sanya formations” hydrocarbon source
rocks (Figure 1c), with an extended length of hundreds or even thousands of meters
(Figures 4 and 5).

Fracture bunches are composed of fractures of a similar size that are bundled in a
regular, condensed manner. These fractures increase the size of the fracture aggregate
and form a bundle-like structure (Figure 6). Because tubular fracture bunches have a
greater width than a long independent fracture, they are more conducive to the transport
of gas-hydrate fluids.

A fracture cluster combines long and short fractures or fracture bunches with irregular
contours, usually including cone, mushroom, and spindle shapes. Figure 8 shows that
fracture clusters most often develop in deep stratigraphic space. On a seismic profile,
a fracture cluster mainly presents as a fuzzy zone, with disorderly and discontinuous
reflection features; these are the internal responses of the fracture-intensive area (Figure 7).
In addition to the fluid that affects the seismic pull-down, Liang et al. [9] note that the
occurrence of reflection events in gas chimneys can also be the result of faults or fractures
that are difficult to observe. In proximity to the gas anomaly, some normal faults are
usually observed.



J. Mar. Sci. Eng. 2024, 12, 37 9 of 21

Figure 8. BSR and fracture distribution in 3D space. For this location, see Figure 1b (red box). The

seismic slice moves down 10 ms along the top surface of the BSR in Figure 2B. The blue range
represents the BSR (Figure 2B). CCTD: concentrated; DSPD: dispersed. (a) Bed-bounded fractures
above the BSR, which are predominantly short. (b) The fractures below the BSR show that they are in
different patterns. nbbf: unbounded fractures; fb: fracture bunch; fc: fracture cluster.

4.2. Observation and Description of Fractures in the Seismic Section
4.2.1. Bed-Bounded Fractures/Microfaults

Figure 3 shows that in the shallow layers, the seismic phases have the characteristics
of a continuous strong amplitude reflection and chaotic reflection, which alternate with
each other. The chaotic seismic reflection layers are considered mass transport depositions
(MTDs) by Liang et al. [9], and are divided into three segments (Figures 2B and 3). A
magnified seismic profile is visible in these sediments, and many fractures are evident.
Weak seismic reflection phases in deeper layers and local continuous seismic phases with
medium-high amplitudes can also be observed. Small and few short fractures/microfaults
(Figure 3) are discrete and disappear abruptly in some weak seismic reflection phases.
Moreover, no seismic reflection characteristic resembles a small gas chimney near the
fracture or in the strata.
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Another type of bed-bounded fractures/microfaults are polygonal faults, which occur
in the Miocene strata (Figure 4). Most of these short fractures develop in the Miocene
Meishan and Sanya formations (T40-T60), with NW- and NE-dipping directions and angles
of approximately 60-75°. These faults are interconnected via a few long fractures/faults
in the Paleogene strata and fractures in the Pliocene strata (above T30), thus forming a
complex fault—fracture system.

4.2.2. Unbounded Fractures/Faults

Figure 6 shows fractures/faults with a large vertical scale that can cut through the
thick, weak, and continuous (partially discontinuous as faults) seismic phases of different
formations upward and even extend to the seabed. These fractures also extend directly
upward to the seismic anomaly. In the Yinggehai Basin, long fractures on the wings of
diapir structures represent a common pattern, and gas fields are primarily formed in
association with these fractures [27,50,51]. In Figure 5, a number of smaller fractures can be
observed near unbounded fractures, which indicates that there are widespread fractures of
different scales that develop continuously in a certain geological body (Figures 2 and 7).

4.2.3. Fracture Bunch

A fragmented bunch that is packed with significant quantities of fluid is shown
spatially in Figure 6a, where the seismic reflection characteristics are fuzzy zones and gas
chimneys are formed in the vertical direction; meanwhile, Figure 6b shows a case in which
there are only traces of a fracture. These occur in Miocene-Pliocene formations, where the
range in the two-way reflection time of the seismic wave velocity is approximately 2.4-3.2 S.
In the seismic section, fracture bunches with no chimney present neither chaotic reflections
nor shaking phenomena in the strata, but show more discontinuous characteristics than the
adjacent areas. Loseth et al. [24] defined this area as a vertical discontinuity zone, whereas
Andresen [30] describes it as a pipe-like zone in which there are vertically elongated
features [3] that are visible more than 1000 m below some craters; these are shown on time
slices as a circularly deformed seismic zone. Deposit surface reflections often bend around
the pipes in a narrow anticline.

4.2.4. Fracture Cluster

Finally, a large range of fractures with high fracture densities and different lengths
are developed at the bottom of the leakage system (Figure 8); these fractures mainly occur
in Oligocene—Early Miocene formations, and the range in the two-way reflection time of
the seismic wave velocity is approximately 3.2-4.5 S. Because the primary seismic strata
are almost destroyed and long and short fractures intensely develop, the characteristics
of these fractures are consistent with those of a fracture cluster. As can be observed from
the seismic image, compared with the seismic reflection characteristics of the surrounding
rock, the strata inside the fracture cluster show a discontinuous and chaotic reflection. It is
random scattering that occurs within the fracture cluster, and there is significant anisotropy
at the reflection interface. For seismic sections in which the stratigraphic reflections have
deteriorated, these features make the area either absent or weak, and it comes to resemble a
vertical wipe-out zone [52]. The external geological body morphology and seismic reflection
characteristics of the fracture cluster are similar to those of mud diapirs or basement fault
blocks, featuring a cone shape but irregular contours.

4.3. Spatial Distribution of Fractures

Figure 8 shows the complex fracture structure, which forms an excellent fluid-charging
relationship with the BSR area, as Yu et al. [27] discussed. The key characteristics are
described in the following;:

(1) It can be observed that a large number of fractures are dispersed throughout the strati-
graphic space of the research area, which differs from the observations of the seismic
section. Figure 8a presents the distribution of spatial fractures above the horizontal
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slice, while Figure 8b presents the distribution of spatial fractures below the horizontal
slice. The number of fractures is significantly higher below the horizontal slice, and
the size of the fractures diminishes in the vertical direction. Laterally, the fractures
within the delineated BSR area are much more developed than those far from the BSR.
Therefore, the fracture system and BSR constitute a good coupling relationship.
Observations of the distribution structure of fractures below the BSR (or slice) show
that the fractures are well dispersed (DSPD) but also exhibit local concentration
(CCTD). Among the dispersed fractures, the number of fractures observed across the
BSR/slice is exceedingly small; hence, the dispersed fractures appear independent or
few and are challenging to observe in this interval. However, the dispersal form of
the fractures is far more widespread than that above the BSR/slice (Figure 8b). As
stated above, two fracture clusters are observed in this area, and most fractures have
stub or cone-shaped fracture outlines. Furthermore, the dense fracture assemblage in
the deeper formation space gradually decreases upward, eventually forming many
bunched fracture assemblages that cut through the BSR/slice (Figure 8b).

The observations also show that the short fractures in the MDTs above the slice
(seismic anomaly) are moderately developed (Figure 9a), with similar scales and a
uniform distribution (Figure 9); in addition, fewer fractures are observed below the
slice than above (Figure 9b).

short fractures_'_
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|0:25°70 0.251“,
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Figure 9. Bed-bounded fractures developed in the MTDs above the BSR. The seismic slice moves up
10 ms along the top surface of the BSR in Figure 2B, and the location is shown in Figure 1b (black

box).

(a) Show the bed-bounded short fractures in the MDTs above the slice (seismic anomaly) are

moderately developed. (b) Show fewer fractures are observed below the slice than above (the slice).
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5. Discussion
5.1. Possible Geneses of Different Kinds of Fractures

The distribution patterns of fractures, such as DSPD and CCTD features, are closely
related to specific geological geneses. The fractures observed in Figures 3-7 reveal the
various genetic conditions that form these bed-bounded fractures, unbounded fractures,
fracture bunches, and fracture clusters.

(1) Bed-bounded fractures

There are two types of bed-bounded fractures here: polygonal fractures in the Meishan
and Sanya formations, and high-density small fractures in the ultra-shallow MTDs.

Polygonal faults are present in neither ultra-shallow layers nor in the deep basin,
but rather in certain layers beneath the seismic anomaly (Figure 4). Although many
theories have been put forth in order to explain how polygonal faults form, including
density inversion [53], syneresis [54-56], a low coefficient of friction [57] (Goulty and
Swarbrick, 2005), gravity sliding [58], or a genetically shear failure [59], their formation
in this area is largely related to the syneresis that results from gravitational spreading
and the overpressure of hydrofracture [60]. In geneses, firstly, the main fault in deeper
formations partially controls these polygonal faults, and the continuous activity of the
main fault causes the differential subsidence of its down wall (Figure 4), which leads to
the inhomogeneous compaction of the sedimentary layers. Li et al. [60] also found that,
because sandstone is less fluid-confined than mudstone, their capacity for dehydration
differs, which leads to a difference in the extent of polygon development. For example, the
polygonal fault scale near the sandstone in this region is smaller than that in the mudstone,
that is, the large-grained sandstone inhibits the formation of a polygonal fault because it
has a superior effect regarding pressure relief.

In addition to polygonal faults, the causes of the formation of high-density fractures
are relatively clear. Su et al. [61] found that the submarine landslide mechanism in the
QDNB might produce such MTDs, and pointed out that the activity of unstable MTDs
might result in shear fractures. However, except for high-density short fractures that are
unevenly distributed close to the seabed, no notable faults or leakage channels were found
in the three sets of MTDs (Figure 3). The numerous fractures were only visible when the
seismic profile was enlarged (Figure 3) [9]. Loseth’s [24] sedimentary compaction drainage
mechanism presents a plausible justification for the formation of large-scale fractures in
MTDs. Due to the rapid and almost instantaneous occurrence of MTDs, they contain
considerable volumes of seawater. As sedimentary layers are buried, the water in MTDs is
rapidly discharged upward, resulting in the formation of many fractures due to hydraulic
action. Moreover, we also observed an abundance of pockmarks on the seafloor, which
indicate that water drains along these fractures.

(2) Unbounded fractures

Unbounded fractures are the most common phenomenon in rifted basins and are
mainly caused by strong tectonic movements, such as extensional tectonism and its associ-
ated fault displacement, stress concentration, and intense sustained overpressure [62].

Gillespie et al. [49] found that unbounded fractures are caused by the occurrence
of fractures in an effectively homogeneous medium, in which fractures are positioned
without regard to bed boundaries; this is because, in homogeneous media, the formation
boundary cannot effectively constrain the development of fractures. This result also occurs
in inhomogeneous media when the tectonic stress is greater than the binding effect that the
formation interface has on fracture development. As described by [63] and influenced by
the extensional tectonics of the normal faulting of the Late Pliocene—Early Pleistocene to
present day, moderately fractured rocks present fractures that are confined to a single layer,
while intensely fractured rocks present fractures that appear across layers.

However, the formation of unbounded fractures/faults in Figure 5 should have no
correlation with major fault activity; however, due to the rapid differential subsidence that
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occurs during the post-rift stage and because there was little fault activity in the post-rift
period, these fractures could not have existed as a result of major fault activity.

Some of the unbounded long fractures in Figure 7 were generated by the fluid penetrat-
ing the formation under continuous overpressure [27]. Overpressure fractures refer to the
many fractures that are caused by the overpressure induced by the fluid front penetrating
the overlying strata, and fluids occupying these fractures to form a dynamic equilibrium
system in which fracture groups and sand bodies coexist [47]. Hao et al. [63] noted that,
when the fluid pressure of the deep formation is greater than 85% of the water purification
pressure in the overlying formation, a piercing effect will occur, resulting in the fracture of
the overlaying formations.

(3) Fracture bunches

Generally, fracture bunches are smaller in scale (fracture density or abundance) than
fracture clusters and tend to develop in the mud diapir wing, within the gas chimney (Figure 7),
and at the top of the diapir in the overpressure-normal transition zone. The development
of this fracture on the diapir wings is primarily a result of the structural deformation of the
surrounding rock strata, which is caused by diapir tectonic activity that results in local fluid
having piercing effects; this is therefore associated with the diapir structure joint. Overpressure—
normal transition zones are typically found near diapirs (or gas chimneys), while formation
penetration occurs in the pressure transition zone of the strata beneath.

(4) Fracture clusters

The fracture scale in the deeper formation gradually decreases upward, thus indicating
either stronger tectonic activity during the rifting stage than during the post-rifting stage, or
greater deformation in the deep stratum due to overpressure or fluid piercing during the post-
rifting event. The local CCTD distribution of fractures may be related to the overpressure sac,
stress concentration zones, and basement fault blocks. The QDNB developed overpressure,
which was caused by the generation of hydrocarbons and hydrothermal processes [62]; in
addition, the pressure coefficient of the hydrocarbon-generating center can be up to 2.3
(Figure 10). When pressure is transmitted to the sand-bearing sediments nearby, due to the
sealing effect of the surrounding rock, an overpressure sac is formed. When the fluid pressure
in the overpressure sac is greater than the bonding force of the particles in the sand-bearing
sediments, the sediments will be destroyed and a fracture cluster with an outline similar to
that of the sand-bearing sediments will be formed (Figures 7 and 8). In addition, the magma
activity of the Triassic period formed a large area of granite basement (228.9 & 1 Ma) [64].
During the Eocene period, the basin began to rift and a large number of basement fault
blocks were produced. The tertiary overlying layer on the Indosinian granite basement block
produced many fractures under the action of the transverse bending and folding [65].

Coefficient of pressure

Figure 10. Pressure profile of the Lingshui Sag and Songnan Low uplift. For the location, see Figure 1.
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5.2. Relationship between the BSR and Fracture System and Its Implications for Fluid Transport

The pattern of fracture development can be used to evaluate the capacity for heteroge-
neous fluid flow [66], as fractures control the fluid transport pathway and accumulation
efficiency. High-density and long fractures are likely to cause gas transport, whereas
low-density and short fractures are not.

Hydrates arise in thin sands and fractures due to the migration of diffusive methane
or the short migration of microbially produced methane from marine mud units, as
Hillman et al. [67] discussed. Here, microbial methane accumulation is emphasized, where
both fractures and thin sand beds are developed in thick source units. This case provides a
reasonable model for investigating how natural gas accumulates and migrates from deep
gas sources to shallow reservoirs.

In this region, fractures have been confirmed to act as the upper leakage system
and reservoir of the gas hydrate above the gas chimney [9], indicating that long-distance
migration and accumulation largely depend on fractures. Therefore, a new model in which
deep gas is transported to shallow reservoirs through fracture systems is worth exploring.

As shown by the above-described examples (Figures 3-9), a single short fracture
cannot provide the transport system necessary for the formation of a hydrate reservoir.
Natural fractures often exist in other transportation systems, such as sand bodies and
faults [68,69]. Hence, in the study area, the relationship between the BSR and fracture
system and the implications for gas leakage are proposed in six models (Figure 11):

(1) There are only several discrete long fractures below the BSR that extend deep into
the gas source, while many fractures above the BSR cut through thin sediments to the
seabed and form a complete seepage system (Figures 3 and 11a). Pockmarks are considered
to be developed on the seabed of the seepage system [9]. Despite not being observed, this
phenomenon is very likely to exist in the deep-water region due to the collapse of the
continental slope and the impact of loose sediments on drainage. Therefore, it is equally
important to study the charging of shallow reservoirs and the accumulation of fluids in the
deep-water area.

During the opening of fractures, gas fluids can migrate from the gas source to the
shallow reservoir via the long fracture system. However, because of the large number of
fractures above the reservoir that connect directly with the seabed, and considering that
the gas charge exceeds the quantity of gas escaping from the hydrate reservoir, gas cannot
accumulate in the reservoir and reach the saturation necessary for the formation of the
hydrate crystal cage. Thus, hydrates cannot be formed [70,71].

(2) In this condition, unbounded and discrete short fractures develop below the BSR;
however, some thin sand layers also exist (Figure 11b). This phenomenon usually occurs in
sedimentary areas with weak tectonic and fluid activity. The fractures appear discrete and
disappear abruptly in some weak seismic reflection phases, which may be interpreted to
have mainly developed in some thick mudstones. In contrast, the fractures that disappear
in medium-high amplitude seismic phases may be considered to cut through the thin sand
layer in some intervals and even intersect with the BSR. Overall, the number and vertical
scales of the fractures are small, thus leading to short extension distances, and the fractures
cannot connect.

Therefore, the appearance of discrete short fractures indicates that the gas source,
fractures, deep and thin sand body, and BSR at the shallow layer cannot constitute a
complete transport and seepage system. Gas from the deep strata cannot be transported
through these short fractures and accumulate in the reservoir in which the BSR is located;
the occurrence of a seismic anomaly may be the response to a sand body.
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BSR/hydrate
sand
B crush strata

Figure 11. The several means by which fluids are transported to hydrate deposits through fractures.
(a) The number of bed-bounded fractures above the BSR is larger than that in the underlying strata,
leading to sea bottom leakage. (b) There are mainly unbounded, discrete short fractures below the
BSR, but some thin sand layers also exist; the sand layer and fractures cannot form an effective
transport system. (c) There are mainly unbounded, discrete long fractures below the BSR, which
can act as a source and effectively supply fluid gas to the BSR even with no thin sand layer. (d) A
few unbounded long fractures below the BSR are connected with the hydrocarbon source rock and
polygonal faulted stratum. (e) In the fracture bunch, in the stratigraphic unit with a thin sand layer,
most of the fractures are dispersed, and the large and small fractures are not connected, but fracture
bundles are formed locally. (f) In fracture clusters, a large range of fractures are developed in the deep
strata, with high fracture densities and different lengths, and a small number of fractures around it.

(3) In some cases, unbounded long fractures develop below the BSR. In Figure 11c,
unbounded fractures have developed at a low density with a dispersed pattern; these are
able to cut through more than 5-6 seismic phases vertically, reaching hundreds or even
thousands of meters. Therefore, some long fractures are developed only in thick mudstone
segment intervals, while others cut through the extremely thick mudstone layer to connect
the gas source with the BSR (Figure 11c). However, there is no evidence in the data that
these faults reach the bottom or that they are connected to the current seafloor pockmarks.

Unbounded long fractures commonly appear near secondary faults in rifted basins [72],
strike-slip zones in strike-slip basins, late-deposited strata around strike-slip faults [73],
and in the wings of diapir structures [50,74]. Due to their inability to form focused fluid
migration pathways such as fracture tubes, discrete long fractures should not be suitable for
the migration and accumulation of gas. To date, fractures of this form have been associated
with few hydrates. This may be because there is not sufficient gas and pore space available
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for the formation of gas hydrates [75], which could explain why the well (well 7) reported
by Deng [66] above the gas chimneys in this area did not encounter significant hydrates.

(4) In the fourth case, as shown in Figure 11d, unbounded long fractures, bed-bounded
fractures, and thin sand layers develop below the BSR.

The polygonal fault systems are formed by long and short fractures developed in
the Sanya and Meishan formations, which contain thin sand layers. Under the influence
of fault activities, some polygonal faults are further developed, and some faults extend
upward to the Meishan, Huangliu, and Yinggehai formations (Figure 4).

The seepage system mainly controls the migration and accumulation of fluids from the
Yacheng formation to the shallow strata. The reactivation of major faults and the subsequent
migration of fluid along fault planes may determine the fluid flow characteristics [76,77].
Gas produced by the Yacheng formation first migrated to the shallow layer through the
main fault and then diffused laterally between the small faults and sand bodies of the
Sanya formation and Meishan formation. Polygonal fault systems are considered high-
permeability systems and major fluid sources, and are capable of expelling up to sixty
percent of their capacity in water [78,79]. Because the highly permeable strata include
brittle fractures with tectonic action [80], polygonal faults, and thin sand layers, the strata
are fragmented [81,82], and the fractured layer at the top, together with shallow fractures,
forms a unified and efficient leakage system for the migration of gas. Finally, the gas
continues to migrate along the shallow longer fractures to the trap, forming a deposit of
gas hydrates.

(5) Figure 11e presents the relationships among the fracture bunches, the BSR, and the
migration and accumulation of fluid. In contrast to discrete faults and fractures, fracture
bunches show the concentrated development of multiple fractures. As they commonly
contain much fluid, seismic reflections exhibit fuzzy zones or gas chimneys in the vertical
direction. The discontinuous and fuzzy seismic reflection characteristics within a fractured
bunch reveal that the concentrated generation of fractures breaks the strata between them
(Figure 6), thus forming a spatial network structure within the bunch; this is similar to
the concept of fracture pipes proposed by Leseth et al. [22]. Thus, the transport system
is developed in diapirs, gas chimneys, or local shear fracture zones. In the shallower
strata, such fracture aggregates often connect downward to diapirs and gas chimneys, thus
extending upward to the BSR in the ultra-shallow layers.

Fracture bunches can be considered an effective fluid transport system, and compared
with those of discrete fractures, the scale of fracture bunches is larger, and their fluid
permeability is higher. The root of the fracture bunch usually starts at the overpressure
source (such as the gas source rock), and the spatial network structure of the fracture
bunch provides an essential path for the migration of gas to the shallow GHSZ and its
accumulation there.

(6) In the last situation, as shown in Figure 11f, a wide range of fractures are present
below the BSR; these fractures possess a high fracture density and different lengths, thus
forming a transport system with a small number of fractures above it. In most cases,
the fracture cluster develops in a structure such as a gas chimney or mud diapir, so
the characteristics of the fuzzy zone, blank reflection zone, and chaotic reflection are
often presented in the seismic section. The existence of fracture clusters is often a sign of
the development of a transport system, in which nearby long and short fractures often
accompany these clusters. Therefore, seismic anomalous bodies or BSRs are commonly
identified in the shallow layer.

According to the six models of fluid transport to the hydrate reservoir along fractures,
fluid accumulation in the reservoir mainly occurs via models d, e, and f, while models a, b,
and c are not conducive to fluid accumulation in the reservoir.

The spatial distribution and structure of short fractures, long fractures, fracture
bunches, and fracture clusters can determine whether fluids are transported to and accumu-
lated in hydrate reservoirs. However, the leakage system of pyrolysis gas is controlled by
faults, diapirs, and other deep structures. For example, the charging period of overpressure-
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related fractures is subjected to the generation and development of overpressure [83], and
the formation of structural fractures is controlled by tectonic activities [4,84]; meanwhile,
polygonal fractures are related to the mechanism implicated in the formation of local frac-
tures [81]. Therefore, spatial configuration models of fractures and traditional transport
systems, such as diapirs, fractures, sand bodies, and hydrate reservoirs, are significant in
the evaluation of seepage systems.

6. Conclusions

Investigating the spatial distribution and characteristics of fractures/microfaults pro-
vides a broader view of the thermogenic migration and accumulation of gas in leakage
systems in deep-water basins and enables a more systematic analysis of fluid migration
pathways to be conducted. The following conclusions may be derived:

(1) Compared with observing the field outcrop and core drilling, observing seismic
images and the hollowed out coherent volume is more convenient when aiming to
analyze the detailed fracture distribution structure in deep-water basins.

(2) Based on the distribution patterns in the seismic images of fractures and the intersec-
tional relationships between fractures and strata, four types of fractures were identi-
fied: bed-bounded fractures/microfaults, unbounded fractures, fracture bunches, and
fracture clusters. These types of fractures represent the most important existing forms
of fractures in sedimentary basins.

(3) Bed-bounded fractures/microfaults are mainly short, have high density, and de-
velop in MTDs of ultra-shallow layer or Meishan and Sanya formations. Unbounded
fractures/microfaults are mainly long, discrete, and occur in Miocene-Pliocene forma-
tions; they also connect hydrocarbon source rock with reservoirs. Fracture bunches
and fracture clusters commonly develop with the accumulation of large numbers of
fractures, and occur in Oligocene—Early Miocene formations.

(4) The differences in scale (length, density, etc.), development intervals, and combination
form of the various types of fractures are closely related to their respective geolog-
ical origin. Bed-bounded fractures/microfaults and polygonal faults are formed
via drainage mechanisms and dehydration shrinkage in the MTDs. Unbounded
fractures are mainly caused by strong tectonic movements, differential subsidence,
and sustained overpressure. The release of gas chimney pressure in the diapir top
overpressure-normal transition zone tends to form fracture bunches. These fracture
clusters may be related to diapirs and transverse bending and folding over basement
fault blocks.

(5) Inthe 3D space view, the fractures above the anomaly are substantially less numerous
than those below it. This pattern generates an acceptable supply of fluid /gas with
limited dispersion during the hydrate accumulation process, making this pattern
a generally suitable indicator of hydrate deposits and valuable when checking for
fluid/ gas leakage.

(6) The pattern of fracture development can be used to evaluate the capacity for het-
erogeneous fluid flow. According to the spatial distribution and seismic reflection
characteristics of fractures, there are at least six main routes for the transmission and
accumulation of fluid/ gas; these involve assemblages of fractures, thin sand layers,
and hydrate reservoirs. They can effectively connect hydrocarbon sources to hydrate
reservoirs in shallow layers, thus rendering them beneficial to the accumulation of
fluid/ gas. This model can explain the migration and accumulation characteristics of
deeply sourced pyrolysis gas, as well as the vertical charging mode of medium and
shallow biogenic gas reservoirs.
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