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CO, and hydrocarbon fluids typically migrate from deeper layers into the shallow crust via large deep faults. Consequently, CO,,
hydrocarbon, and water reservoirs tend to occur in traps near deep and large faults. In this study, we use structural and
stratigraphic data to identify and predict CO, and hydrocarbon gas reservoirs near major deep faults. In order to investigate
how CO, accumulates in the major deep faults of the Ying-Qiong Basin (YQB), we quantify the carbon footprint of this area
by analyzing the No. 1 fault, the No. 2 fault, and the adjacent gas reservoirs. Using 3D seismic data and geochemical data, we
determine how the fault structure affects the ambient CO, enrichment on a given fault. Our results indicate that the LD10 and
BD19 gas reservoirs have high inorganic CO, contents, while the HK29 gas reservoir has a low organic CO, content. Based on
our analyses, we conclude that the gas source, fault activity, and fault structure control the CO, accumulation in subsurface
layers. While mantle-derived volcanic inorganic CO, disperses upward along the main fault when a given fault is independent
(i.e., it lacks secondary faults), the absence of additional vertical migration channels largely prevents the CO, from travelling
upward through thick mudstone cap rocks and collecting in shallow traps. These shallow traps are typically filled by shallow
organic CO, sources. However, parallel forward fault-step structures, such as secondary faults, can transport gas that is
produced at deeper sources (such as CO, generated by basement limestone) to shallower depths. If the hanging wall of a deep
fault has many branching secondary faults, then these intersecting faults act as conduits that enable mantle-derived CO, to
travel vertically into shallow layers.

1. Introduction

CO, gas reservoirs mainly form in or near diapir structures,
[1-5], deep and large faults [6], the upper strata of volcanic
rocks [7-10], and in ultrashallow sedimentary sandstone [11].

One common CO, enrichment area is petroliferous
basins that are cut by large deep faults [12-16]. Because
these large faults can traverse the majority of the lithosphere,
they facilitate the formation of CO, gas reservoirs via the
degassing, rising, and migration of mantle-derived materials
[12]. CO, reservoirs may also form in traps near large deep
faults when carbonate rocks in pre-Cenozoic units decom-
pose at temperatures greater than 550°C [17].

In China, CO, gas reservoirs are typically located in the
rift basins and continental shelf marginal basins of the East-
ern China Sea and the Northern South China Sea [8, 18]. By
investigating the development of faults in shallow layers of
magma and volcanic rock and collecting borehole drilling
data, much work [16, 18, 19] has been done to reduce the
risk of CO, exploration by determining where CO, reser-
voirs are located along major fault zones. In large deep fault
zones, it is possible to make inferences about the type of res-
ervoir(s) (i.e., hydrocarbon and/or a CO, reservoir) and the
migration channels that are present in the fault zone by ana-
lyzing the gas source, the fault activity, and the fault
assemblage.


https://orcid.org/0000-0002-4554-0073
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/9962343

105° 110°

China

Geofluids

115°E

110° 111°

(b) | HK29

19° -

18° -

17° A

Hainan uplift

Basin Sag
boundary ~ boundary

& [

Gas Section
field/pool position

| ]

Fault

Qiongdongnan

F1GURE 1: Map of study area. (a) Geographical location of study area. (b) Structural divisions, sections, and gas fields/pools of the Yinggehai
and Qiondongnan Basins. DF-g: Dongfang gas reservoir, LD-g: Ledong gas reservoir, YCH-g: Yacheng gas reservoir.

We select two large deep faults in the northwestern
South China Sea, the No. 1 fault in the Yinggehai Basin
(YGHB), and the No. 2 fault in the Qiongdongnan Basin
(QDNB), as our study areas. Several CO, gas reservoirs have
been discovered along the hanging walls of these fault zones
[20-23]. The CO, in the BD19 gas reservoir in the eastern
part of the No. 2 fault zone originated in the mantle, while
the gas in the LD10 gas reservoir in the southern part of
the No. 1 fault zone is generated by a mixture of mantle
and crustal sources [20, 21, 23, 24].

Despite the progress made in this field, the exact nature
of the production and accumulation mechanisms of CO,
near different deep fault structures is not well constrained.
Furthermore, many factors affect these processes, including
the possibility of complex gas sources (i.e., mantle source
vs. shell source and inorganic vs. organic source), the fault
activity history, and the fault structure. To address this

uncertainty, we use gas composition data, carbon isotope
data, and fault characteristics to determine the CO, enrich-
ment of the No. 1 strike-slip in the YGHB and the eastern
section of No. 2 fault in the QDNB.

2. Geological Background

2.1. Structural Configuration. The YGHB (area of 11.3 x
10* km?) is a Cenozoic strike-slip extensional basin located
in the passive continental margin of the northwestern South
China Sea (Figure 1(a)) [25]. The secondary tectonic units
include the Yingdong slope, the Yingxi slope, the Lingao
uplift, and the central depression (Figure 1(b)). The No. 1
fault, which is an extension of the Red River fault system,
is a large fault that controls the strike-slip movement of
the YGHB [26-28]. Previous work indicates that the largest
left-hand strike-slip movement on this fault occurred at
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FIGURE 2: Seismic sections in the Ying-Qiong Basin. Basin locations are shown in Figure 1.

~30-20 Ma. After ~15Ma, this fault transitioned into a right-
lateral strike-slip fault; throughout its history, this fault has
experienced 500km of strike-slip motion [26, 29]. From
15Ma to the present, the No. 1 fault controlled the develop-
ment of the Yinggehai Sag. A typical half-graben structure
formed in the northern part of the YGHB, resulting in the
development of a significant fault throw on the hanging wall
of the No. 1 fault (Figure 2). Tensile and torsional action
near the No. 1 fault created an extensional fault-step struc-
ture in the southern part of the basin.

The QDNB is a typical Cenozoic extensional basin that is
located next to the YGHB [14]. The main secondary struc-
tural units in the basin include the northern depression,
the central depression, and the southern uplift [30]. The cen-
tral depression zone includes five sags (Figure 1(b)): the
Ledong Sag, the Lingshui Sag, the Songnan Sag, the Baodao
Sag, and the Changchang Sag. The No. 2 fault is a large base-
ment decollement-type normal fault that controls the devel-
opment of the central depression zone (Figure 2). Its
hanging wall is in deep water with a water depth of 1000-
2600 m [31]. Due to the growth of the South China Sea block
[27, 32], the crust thinned rapidly [33] as the No. 2 fault
depression continued to propagate. Gravity and velocity data
show that the No. 2 fault extends into the lower crust
(Figure 2) [12, 34-36].

2.2. Formation, Source, and Reservoir Cap Assemblages. The
YQB contains the complete suite of Cenozoic sediments
(Figure 3): Eocene sediments, the Paleogene Yacheng and

Lingshui Formations; the Miocene Sanya, Meishan, Huan-
gliu, and Yinggehai Formations; and the corresponding
Quaternary and Neogene formations [37]. However, the
pre-Cenozoic basement of the YGHB represents the suture
between the Indo-China plate and the Eurasian plate. A
marine carbonate formation is deposited on the metamor-
phic basement rock [38]; the CO, generated by this carbon-
ate formation has damaged the hydrocarbon gas reservoirs
near the diapir s to varying degrees [35, 36]. The two main
sets of hydrocarbon source rocks in the YQB are the
medium-deep Eocene lacustrine mudstones and the shallow
marine calcareous mudstones and siltstones of the Sanya
Formation. There are also several sets of reservoir cap
assemblages in the Oligocene Lingshui Formation, the Sanya
Formation, Member 1 of the Meishan Formation, the Huan-
gliu Formation, the Yinggehai Formation, and the Quater-
nary Ledong Formation (Figure 3).

2.3. Gas Reservoirs. Eight large- to medium-scale gas fields
have been discovered in the Ying-Qiong Basin, with a total
proven natural gas reserve of more than 600 billion cubic
meters [27, 39-41]. In this study, we discuss the HK29 gas
reservoir (in the Sanya Formation), the LD10 gas reservoir
(in the Huangliu and Meishan Formations) in the hanging
wall of the No. 1 fault, and the BD19 gas reservoir (in the
Lingshui Formation) in the hanging wall of the No. 2 fault.
These gas reservoirs are excellent natural laboratories in
which to study how the main fault zone affects the CO,
accumulation in these reservoirs.
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F1GURE 3: Generalized stratigraphic column of the Yinggehai and
Qiongdongnan Basins [21].

3. Data and Methods

Our dataset comprises geochemical data from nine wells and
3D seismic data collected in the Yingdong slope and the
Baodao Sag. The geochemical data from three gas reservoirs
are shown in Table 1; this geochemical dataset, which
includes the three years of drilling data from the LD10 gas
field and early drilling data from the HK29 and BD19 gas
reservoirs, is a combination of published data [22] and
new data.

The gas samples were analyzed using an HP 5890 II gas
chromatograph. We conducted stable carbon isotopic analy-
ses similar to those reported by Schoell [42] and Wen and
Shen [43] for methane, C,, gaseous hydrocarbons, and
CO,. The 8"C values are expressed in units of per mil
(%). Based on the PDB standard, our analysis accuracy is +
0.02%o [21].

Isotope analyses of the gas samples determined whether
the CO, source is organic or inorganic in nature. The seis-
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mic data provide valuable information about the structure
and stratigraphy of the three different gas-bearing tectonic
areas. By analyzing both the seismic data and the geochem-
ical data, we determine how the CO, accumulation is
impacted by the reservoir charging periods, the fault activity,
and other tectonic and reservoir features.

We observed and recorded fluid inclusions using a Ger-
man Leica DM 4500P polarizing and fluorescence micro-
scope; the temperature of these inclusions was measured
with a LINKAM THMS-G600 microcooling and heating
platform that is controlled by the LINKAM Scientific
LINKSYS 32 software package. In our analyses, the temper-
ature was increased or decreased at a rate of 0.1-15°C/min.
Once the inclusion thin slices were polished inclusions, we
selected gas-liquid two-phase brine fluid inclusion and
organic inclusion samples for homogenization temperature
measurements. Typically, more than 15 inclusions were
measured in each sample.

The seismic data are displayed in terms of the two-way
travel time in seconds. The frequency of the time migrated
volume in the Yingdong slope ranges from 10 Hz to 40 Hz,
and the estimated vertical resolution for this data is ~15-
50 m. The frequency of the time migrated volume in the
BD19 reservoir ranges from 20Hz to 60Hz, and the esti-
mated vertical resolution for this data is ~10-45m. Using
the GeoFrame software package, we performed the seismic
data interpretation, calculated the vertical fault displace-
ments, and determined the relevant fault combination pat-
terns. The fault activity rate (FAR), which reflects the
seismic activity intensity in a given area, was calculated using
the vertical fault throw. Based on the observation that the
stratigraphic sedimentation intervals provide independent
constraints on the periods of high fault activity, we conclude
that the two basins experienced continuous subsidence with-
out tectonic inversion.

4. Results

4.1. CO, Content in Natural Gas. As shown in Table 2, the
HK29 gas reservoir located in the northern slope zone of
the YGHB mainly consists of hydrocarbon gas, with CO,
contents of 3.09-8.86% and N, contents of 4.08-17.04%.
The CO, content of the LD10 gas field is less consistent than
the values found in the HK29 reservoir; here, the CO, con-
tent ranges from 0.52% to 62.17%. These CO, values are
consistent with those of Yang [22]. In the LD10 gas reser-
voir, the CO, content of the Huangliu Formation (0.52-
22.43%) is relatively low, while the CO, content in the
Meishan Formation almost always exceeds 47.36%. As such,
the bulk of the CO, in the LD10 gas reservoir is produced by
the Meishan Formation. Similarly, the CO, content of the
natural gas in the BD19 gas reservoir exceeds 80%; in this
reservoir, a previous study found that that the maximum
CO, content reached 97.6% [20].

4.2. Isotopic Composition and Origin of the CO, Gas. The
source of a given CO, sample can be identified by examining
the carbon isotopic composition. Generally, the degree of
light carbon isotope enrichment is greater in organic CO,
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TaBLE 1: Sampling location and characterization of inclusions in the three gas reservoirs.

Gas Sample Depth/

field  number m Type Describe
Saline inclusions The inclusions are oval in shape and generally 3-9 ym in size. These inclusions are
LD10 LD_1010 4238 - mainly distributed in the fractures of quartz particles, accounting for about 5% of the
containing CO,
sample.
HK29 HK29 1 3590 Saline inclusions It is nearly round, 4-15 ym in size, colorless, and often associated with saline

containing CO,

inclusions.

Irregular shape, crescent shape, nearly round, and ellipse. They are 2-10 ym in size,

BD19 B]2)21 3 - 5155 Gasbi?r?: il;lycclllrl(s)ic;;ls)on and 2-5 ym are mostly small inclusions. The inclusions are mainly gaseous
hydrocarbon brine inclusions are 50-60%, with a small amount of CO, inclusions.
TaBLE 2: Chemical and carbon isotopic compositions of natural gas generated in three gas reservoirs.
Gas Gas pool and sample Formation Depth/ Composition of gas/% Average 13°C/%o Data
field no. m C1 c2 3 N2 CO, CO% C1 C2 CO, source
LDO01_11 Huangliu 3982 81.77 298 06 676 745 -32.36 -23.28 -11.83 Y
LDO01_51 Huangliu 3995 7282 151 012 3.1 22.43 -33.79 -25.88 -1.88 Y
LD02_11 Huangliu 3711 7771 262 044 487 14.12 -40.71 -27.12 -7.20 Y
LD02_12 Huangliu 3856 8537 39 141 753 0.2 -34.04 -27.27 -18.08 Y
LD02_13 Meishan 4158 33.08 0.64 0.1 6.99 58.98 -30.8 -23.47 -1.57 Y
LD02_14 Meishan 4062 33.17 035 0.04 754 5884 -28.79 -23.78 -2.61 Y
LD10 LD03_11 Meishan 4106 47.15 0.11 0.01 531 4736 36.6 -284 -20.26 -1.10 Y
LDO03_12 Meishan 4151 58.88 134 036 559 333 ) -28.67 -22.63 -3.63 Y
LD03_48 Huangliu 4151 4456 0.11 001 3.79 5142 -28.48 -21.14 -1.52 N
LD13_01 Huangliu i019155- 61.64 437 126 745 2214 -34.11 -21.53 0.71 N
. 4095-
LD13_04 Huangliu 4115 68.72 527 131 816 13.96 -33.67 -20.77 2.60 N
. 4095-
LD13_08 Huangliu 4115 67.65 511 127 103 1235 -34.34 -21.84 -2.89 N
HK29_1 Sanya 3603.2 73.115 3.204 0.679 15.741 3.094 -34.42 -21.98 -25.01 N
HK29 HK29_2 Sanya :;660285- 81.28 2.315 0.272 554  8.86 7.5 -34.42 -219 -16.26 N
HK29_3 Sanya 36285 78.67 494 119 4.08 8.6 -37.87 -22.32 -13.67 N
BD19_01 Lingshui ~ 4059.8 1.468 0.042 0.02 8.164 88.772 -35.7 -21.44 -5.03 N
BD19 BD19_18 Lingshui  3388.05 2.242 0.084 2.822 94267 745 -42.79 -28.84 -3.85 N
BD19_20 Lingshui 2.607 0.111 0.055 93.757 -43.85 -29.53 -5.06 N

Y: cited from reference [22]; N: newly added data (for the formation relationship, see Figure 3). LDO1, LD02, LD03, and LD13 are all gas pools in the LD10 gas

field.

than it is in inorganic CO,. Additionally, there are noticeable
differences in the typical 8"°C values for organic CO,
(—=30%o to —10%o) and inorganic CO, (-8%o to 3%o) [8,
42-44]. If the 8"°C values fall in the range of —10%o to
—8%o, then the CO, has a mixed origin.

Based on these known §'*C ranges, we conclude that the
CO, in the HK29 gas reservoir, which has 8'°C values of
—25.01%0 to —13.67%o, has an organic origin (Figure 4).
The natural gas samples from the Huangliu Formation in
the LD10 reservoir (natural gas CO, volume of 0.5%-
7.5%), which have CO,8"°C values of -11.83%o to
—18.08%o, are also generated by an organic source [37]

(Figure 4). However, for the LD10 samples with natural
gas CO, volumes greater than 10%, the §'°C CO, values
(=7.20%o to —0.71%o) indicate that the CO, in these samples
were generated by an inorganic source (Figure 4).

With §"°C CO, values ranging from —5.06%o to —3.85%o,
we infer that the CO, from the Lingshui Formation in the
BD19 gas reservoir also has an inorganic source. He et al.
[45] suggested that most of the CO, near the large deep
faults in the QDNB was produced by an inorganic source,
while the CO, that was found far from the deep faults in
the basin was characterized by relatively light CO, carbon
isotopes that represent a mixed organic-inorganic source.
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4.3. Filling History of CO,. Because CO, is one of the major
volatiles found in geological fluids, the formation of CO, res-
ervoirs is somewhat dependent on the nature of the fluids
themselves [46]. The CO, charging age can be estimated
using the homogenization temperature and the burial time
of saline inclusions; these saline inclusions act as proxies
for CO, inclusions in the CO, reservoir [47]. As a result,
changes in the CO, formation homogenization temperatures
over time speak to the charging history of those CO,
samples.

As shown in Figures 5 and 6, the homogenization tem-
peratures of the CO, inclusions in the Meishan Formation
of the LD10 gas reservoir fall between 150°C and 160°C
(Figure 5(a)), which correspond to a burial date/charge date
of ~1.2Ma (Figure 6(a)). A significant amount of hydrocar-
bon gas was also charged in this time period. The inclusions
in the Sanya Formation in the HK29 gas reservoir are rela-
tively developed, with CO, inclusion homogenization tem-
peratures that range from 140°C to 150°C (Figure 5(b)).
Based on the burial history and the thermal history of the
Sanya Formation, we conclude that the charging time was
just prior to 2.0 Ma (Figure 6(b)). The homogenization tem-
peratures of the inorganic CO, inclusions in the Lingshui
Formation sandstone in the BD19 gas reservoir fall in the
range of 165°C-190°C, while the hydrocarbon gas homoge-
nization temperatures of the saline inclusions in this unit
are slightly cooler (130°C-150°C). These temperatures corre-
spond to a CO, gas charge time of 5Ma and a hydrocarbon
gas charge time of 17.5-13 Ma.

4.4. Fault Structures. Faults are important pathways that
facilitate fluid flow. As we will demonstrate, the fault struc-
tures dictate the pattern of fluid flow near the HK29,
LD10, and BD19 gas reservoirs.

Geofluids

4.4.1. Independent Fault Structure. The NE cross-section that
samples the HK29 gas reservoir is shown in Figure 7. The
most important feature revealed by this cross-section is that
the No. 1 fault, as a regional strike-slip fault, cuts into the
basement vertically. The No. 1 fault is an independent fault
structure; no branch faults have developed in the hanging
wall of this large fault zone.

4.4.2. Forward Fault-Step Structure. Unlike the fault struc-
ture found near the HK29 gas reservoir, the part of the No.
1 fault that is located close to the LD10 gas reservoir has a
forward fault-step structure (Figure 8). At the LD10 reser-
voir, the No. 1 fault bifurcates, forming two basin-
controlled faults that dictate the structure of and the sedi-
ment deposition in the hanging wall. In this section of the
hanging wall, there are many secondary faults oriented par-
allel to the main fault; overall, this network of faults creates a
forward fault step structure. While our 3D seismic data do
not extend past 7S, from the characteristics and age of the
No. 1 fault in this location, we infer that the secondary faults
extend into the basement material. The secondary faults and
the main fault, both of which formed during the initial rift-
ing period, control the development of Paleogene fault
blocks in the depression basin.

4.4.3. Branching Fault Structures (“Y” Pattern). As shown in
Figure 9, the No. 2 fault system of the BD19 gas reservoir in
the QDNB is characterized by many branch faults. The No. 2
fault extends deeply into the basement and controls the
development of the hanging wall structure and sedimenta-
tion. Here, the secondary branching faults, including the
No. 2-1 fault, are all located close to the No. 2 fault.

5. Discussion

The fluid charging mode of a given reservoir is largely dic-
tated by the fluid source, the fault activity, and the fault
structural patterns. When filling traps, fluid migrates along
the path of least resistance [48], rather than diffusing slowly
through low-permeability strata. Because active faults often
act as the most efficient pathways for deep fluid migration
[49, 50], strong fault activity facilitates fluid movement;
when a fault is inactive, fluid flow stagnates.

5.1. The Diverse Origin CO, Gas. As summarized in Table 1
and Figure 4, the HK29 gas field contains gas from an
organic source. Furthermore, the burial history suggests that
the organic CO, in this reservoir is likely generated by the
pyrolysis of the source rock of in the Sanya Formation.
The carbon isotope values of the samples from the LD10
gas field indicate that the gas in this reservoir has a mixed
organic-inorganic source. We determined the *He/*He ratio
of the helium associated with the natural gas that has a high
CO, content. Because this *He/*He ratio (7.78 x107%) is
much lower than that of air (1.4 x 107°), we conclude that
the helium in this reservoir was created by a crustal source
[37]. As such, we infer that the large amount of CO, in this
reservoir was created by the fast thermal decomposition of
the deep calcareous mudstones and basement carbonates of
the Meishan and Sanya Formations.
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Based on the *He/*He values of 34.6 - 87.5 x 1077 and
the R/Ra values of 2.47 to 6.25, we infer that the inorganic
CO, in the BD19 gas field was generated in volcanic mantle
material [24, 44]. By analyzing the contact relationships
between the volcanic material and the surrounding strata
(i.e., the T30 unconformity interface), Xu et al. [23] found
that there was volcanic activity in the Baodao Depression
in the eastern QDNB at ~5.5Ma. Because volcanic rocks
are not in the geological succession below the CO, gas reser-
voir, it is likely that the CO, in this reservoir was initially
generated in volcanic magma and was then transported to
the trap along the deep fault.

5.2. The Relationship between Fault Activity, Fault
Structures, and CO, Charging Patterns. Based on the calcu-
lated activity rates of the No. 1 fault and the No. 2 fault,
we conclude that the most intense fault activity occurred
between 32 Ma and 30 Ma (Figure 10); outside of this time
period, the fault activity was relatively weak.

With an activity rate of 98 m/Ma on the HK 29 segment
of the No. 1 fault at 30-23 Ma, it was possible for deep inor-
ganic CO, to still migrate upward along the fault. However,

due to a declining fault activity rate (17 m/Ma) during the
deposition of the Sanya Formation (23-15.5Ma), the fluid
migration stopped at ~10.5 Ma (Figures 2 and 10). This tim-
ing is not consistent with the CO, charging time of 2.0 Ma
that we estimated using the inclusion homogenization
temperature-burial history. This indicates that the deep
inorganic CO, did not migrate laterally along the fault zone
into the HK29 gas reservoir. The HK29 gas reservoir con-
tains organic CO, because the Sanya Formation in the
YGHB contains calcareous mudstone and calcareous silt-
stone. These rocks produced hydrocarbon gas and small
amounts of organic CO, during the mature to highly mature
stages. Therefore, some of the organic CO, did not originate
from a deep source and did not have to migrate far to accu-
mulate into reservoirs in the Sanya Formation sand body.
During the Meishan Formation deposition period (15.5-
10.5Ma), the activity rate of the No. 1 fault near the LD10
gas reservoir was less than 10 m/Ma; by 5.5 Ma, the activity
had stopped entirely (Figures 8 and 10). While the F5 fault
stopped at 15.5-10.5Ma, the faults in the overlying strata
of the F5 fault continued to be active until 5.5Ma, which
provided a pathway for the vertical migration of deep
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HK-pl HK-p2

FIGURE 7: The NE-oriented seismic section (L1) of the HK29 gas reservoir reveals that the No. 1 fault is an independent fault structure that
contains no branching faults on the hanging wall. The section location is shown in Figure 1. Our 3D seismic data extend as deep as 7S.

organic and inorganic CO, into shallower depths [23]. The
results from our inclusion homogenization temperature-
burial history projection method indicate that the CO,

charging time of the LD10 gas reservoir was 1.2 Ma. Previous
work by Yang et al. [22] indicates that the inorganic CO,
formed in the Lingshui Formation at ~15.5Ma and then
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FIGURE 9: The SW-oriented seismic section (L3) of the BD19 gas reservoir reveals that the No. 2 fault is characterized by a branching
structure in the BD19 area. There are many secondary faults in the hanging wall close to the main section of the No. 2 fault. The section
location is shown in Figure 1. Our 3D seismic data extend as deep as 7S.

migrated to the traps of the Meishan and Huangliu Forma-
tions at 1.2Ma. The organic CO, generated by the Sanya
Formation migrated to the same traps, possibly along fluid
pathways in opening faults created by overpressure [22].
Unlike the two previous faults, the No. 2 fault activity
of the section close to the BD19 gas reservoir stopped at
30 Ma. The No. 2-1 fault was continuously active until the
Quaternary (Figure 9). During the deposition of the Ling-
shui Formation, the fault activity rate was ~90 m/Ma; the
activity rate decreased to 2-11 m/Ma between 10.5Ma and
1.6 Ma. This timeline is consistent with our estimation of
the CO, charging time of the BD19 gas reservoir via the

inclusion homogenization temperature-burial history pro-
jection method.

Fault patterns play a significant role in the fluid migra-
tion process in general and the vertical migration of
mantle-derived CO, specifically [16]. The differences in the
three fault structures shown in Figures 7-9 affect the CO,
charging times of the three reservoirs (Figure 11).

Our analysis of the CO, contents, carbon isotope values,
and tectonic structures of the HK29 gas reservoir indicates
that this reservoir contains abundant hydrocarbon gas and
a small amount of organic CO,. We found that this CO,,
which was generated in the Sanya Formation, was
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transported directly to the sand body of this layer. Because
the basement limestone is overburdened by the thick mud-
stones of the Eocene and Yacheng formations, the inorganic
CO, generated by the basement limestones and volcanic
activity cannot be transported to the Sanya Formation in
the absence of secondary faults. Because the Sanya Forma-
tion in this section of the HK29 gas reservoir is inclined
upward toward the No. 1 fault (Figure 7), we conclude that
the CO, migrates upward along the No. 1 fault
(Figure 11(a)).

The abundance of mantle-derived inorganic CO, in the
Lingshui Formation of the BD19 gas reservoir is also related
to its fault properties and structure. The many secondary
faults on the hanging wall of the No. 2 fault create a “Y”
shape in the seismic section [16] (Figure 9) that has proven
to be an efficient means of facilitating the migration of deep
fluids to shallower depths (Figure 11(c)). Hence, branch
faults act as secondary conduits for the vertical migration
of deeply sourced fluids such as CO,. Branch faults enhance
the fluid delivery capacity of faults; the partial flow caused by
these faults also facilitates the horizontal distribution of
fluids.

As discussed previously, the LD10 gas reservoir is char-
acterized by a forward fault-step structure that consists of
multiple deep basement fault systems (Figure 11(b)). Based
on the length scale of the No. 1 fault in this region, we con-
clude that both main faults and the secondary faults could
cut through the whole lower crust in order to enter the deep
mantle and the limestone layer in the pre-Cenozoic
basement.

5.3. The Possible Gas Seepage in the Vicinity of Large Faults.
These three fault structures produce three different gas seep-
age patterns in the vicinity of the large faults in this area.

The independent No. 1 fault that runs close to the HK29
reservoir became inactive at ~10.5 Ma (Figure 7). As a result,
with the exception of the HK29 segment of the No. 1 fault,
the deep natural gas cannot migrate through the extremely
thick cap rock into shallower reservoirs in most areas of
the hanging wall part of the fault; therefore, no fluid leakage
occurs here. In the vicinity of HK29 section of the No. 1
fault, however, the leakage pattern in Figure 11(a) shows that
a small amount of hydrocarbon gas and a large amount of
CO,, which are generated by processes in pre-Paleogene
limestones and the mantle, migrates to shallower depths.
The gas phase is not conducive to the formation of high-
purity methane hydrate. Moreover, the main fault ceased
to be active at about 10.5 Ma; as such, there is no fluid path-
way through which the fluid could seep into the seafloor.

The forward fault step structure of the No. 1 fault near
the LD10 reservoir produces many secondary faults that
are inclined toward the basin and parallel to the strike of
the main fault (Figure 8). Above the secondary faults, many
local tension fractures that were created by the sinistral
strike-slip process formed before 10.5 Ma. These fractures
were reactivated and elongated by late stage fluid overpres-
sure. The local tension fractures, which connect to layer-
bound faults in shallower strata [51, 52], serve as the pri-
mary vertical hydrocarbon seepage paths in the slope area
of basin [51].

The ongoing seismic activity experienced by the
branching fault structures of the No. 2 fault system near
the BD19 reservoir (Figure 9) results in fractures and gas
chimneys in the basin; vertically elongated faults or frac-
tures often develop above these earlier faults [53]. Above
the gas chimneys, many fractures cut through thin sedi-
ment layers. Mass transport deposits (MTDs), which are
characterized by low amplitudes, discontinuous and chaotic
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reflections, and pockmarks, often develop on the seabed of
seepage systems [54]. Between 2016 and 2019, the Guang-
zhou Marine Geological Survey drilled into the Baodao
Sag and collected many hydrate samples [51]. After careful
analysis and evaluation of these drilling samples and of
additional geological and geophysical data, workers discov-
ered a large hydrate deposit nearby. This work confirmed
that the fractures, gas chimneys, deep faults, fault blocks,
and buried-hill structures are closely related to gas sources
near the BD19 deep fault; overall, these features form a
complete leakage system.

6. Conclusions

Based on our work, we have arrived at the following
conclusions:

(1) CO, fluid migration is active near the No. 1 and No.

2 deep and large faults in the Ying-Qiong Basin. We
focused on three CO, reservoirs: the HK29 reservoir,
the LD10 reservoir, and the BD19 reservoir. These
three CO, gas reservoirs are quite different from
one another. There is very little CO, in the HK29
gas reservoir. The organic CO, generated by the
Sanya Formation fills the trap at approximately
2.0 Ma. The LD10 and BD19 gas reservoirs both have
very high CO, contents. The LD10 gas reservoir,
which contains a mixture of organic and inorganic
CO,, was charged at ~1.2 Ma. The CO, in this reser-
voir is mainly sourced from the thermal decomposi-
tion of calcareous mudstones and carbonates in the
deep basement. The BD19 gas reservoir, which con-
tains inorganic CO, that is derived from volcanic
mantle material, charged at ~5.5 Ma
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(2) The accumulation of CO, in a given reservoir is dic-
tated by the gas source, the fault activity, and the
fault structure. In the absence of secondary faults, it
is difficult for deep organic CO, to migrate vertically
through basement limestone covered by thick mud-
stone cap rock. However, it is possible for inorganic
CO, to disperse along the main fault; therefore, only
shallowly sourced CO, can be transported into
nearby traps. The forward fault-step structure pro-
duces many secondary branching faults that are
capable of transporting deep gases, such as CO, gen-
erated by limestone, to shallow traps. Large deep
faults mainly transport the mantle-derived CO,
upward along the fault. If branching faults have
developed on the hanging wall of the main fault,
these faults intersect the deep main fault in a “Y”
shape. The main and branching faults all act as con-
duits that allow mantle-derived CO, to flow verti-
cally into shallow layers

(3) In addition to the three fault structures described
throughout this study, there are many faults and
stratigraphic combinations that can facilitate fluid
flow and the development of hydrocarbon reservoirs.
A deeper review of the structural and stratigraphic
controls on CO, reservoirs will help workers to
reduce the exploration risks by successfully predict-
ing the location of hydrocarbon reservoirs
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