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Central Uplift of the South Yellow Sea Basin

Mesozoic-Palaeozoic marine carbonate rocks are crucial hydrocarbon reservoirs in the Central Uplift area
of the South Yellow Sea Basin (SYSB). Due to the scarcity of boreholes and the significant heterogeneity
of carbonate reservoirs, the distribution of porous carbonate reservoirs and their related key controlling
factors remain unclear. In this study, factors affecting the distribution of porous Carboniferous-Early
Permian carbonate reservoirs in the SYSB were investigated through seismic inversion and isotope
analysis. The log-seismic characteristics of porous carbonate reservoirs, sensitive lithology parameters,
and physical property parameters were extracted and analyzed. The pre-stack simultaneous inversion
technique was applied to predict the lithology and physical properties of porous carbonate reservoirs.
Moreover, the sedimentary of carbonate was analyzed using isotopes of carbon, oxygen, and strontium.
The results show that porous carbonate reservoirs are mainly developed in the open platform sediments
with porosities of 3%-5% and are mainly distributed in the paleo-highland (Huanglong Formation and
Chuanshan Formation) and the slope of paleo-highland (Hezhou Formation). The porous carbonate
reservoirs of the Qixia Formation are only locally developed. In addition, the negative 6'>C excursions
indicate a warm and humid tropical climate with three sea-level fluctuations in the study area from the
Carboniferous to Early Permian. The favorable conditions for developing porous carbonate rocks include
the sedimentary environment and diagenetic process. The primary pore tends to form in high-energy
environments of the paleo-highland, and the secondary pore is increased by dissolution during the
syngenetic or quasi-syngenetic period. According to the hydrocarbon potential analysis, the Late
Ordovician Wufeng Formation and Lower Silurian Gaojiabian Formation are the source rocks in the high-
maturity-over-maturity stage, the Carboniferous-Lower Permian carbonate is the good reservoirs, and the
Late Permian Longtan-Dalong Formation is the stable seal, ensuring a huge hydrocarbon accumulation
potential in SYSB. The methods proposed in this study can be applied to other carbonate-dominated strata
worldwide.

©2025 China Geology Editorial Office.
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Carbonate strata contain approximately 70% of the global
hydrocarbon reserves, 50% of the proven recoverable
reserves, and 60% of the hydrocarbon production, making
them essential for the hydrocarbon industry (Luo P et al.,
2008; He ZL et al., 2011; Zhao WZ et al., 2014; Li Y et al.,
2018). The exploration of hydrocarbons in marine carbonate
rocks in China has a history of more than 40 years. Several
large marine gas fields, including the Weiyuan (Wei GQ et
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al., 2008; Zhou Q et al., 2014; Wang H et al., 2019), Puguang
(Zhang XF, 2011; Lu P et al., 2022), Longgang (Qin SF et al.,
2016; Huang CS et al., 2021), and Yuanba (Guo TL, 2018a;
Guo XS et al., 2018b), have been discovered in the Sichuan
Basin on the Upper Yangtze Platform (Ma YS et al., 2005,
2010; Zou CN et al., 2014; Zhao WZ et al., 2020; Yang Y et
al., 2021). As an extension of the Lower Yangtze Platform in
eastern China, the South Yellow Sea Basin (SYSB) is a multi-
cycle superimposed basin on the Pre-Sinian metamorphic
basement (Fig. la). The SYSB has a similar tectonic-
paleogeography background and stratigraphic characteristics
as the petroliferous Upper Yangtze region. However, it is the
last large-scale sedimentary basin offshore China where no
commercial hydrocarbon reservoirs have been discovered
after long-time explorations (Zhao SJ et al., 2017; Lei BH et
al., 2018; Xu M et al., 2019; Chen JW et al., 2020).

The boreholes and reflection seismic data confirmed that
the Mesozoic-Paleozoic marine carbonate rocks were well
developed in the Central Uplift of SYSB (Zhang YG et al.,
2018; Cai LX et al., 2019, 2020). However, the Mesozoic-
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Paleozoic strata in the study area have experienced varying
degrees of denudation and exfoliation due to intense
Indosinian and Yanshan tectonic events (Shinn YJ et al.,
2010; Tong J et al., 2018; Pang YM et al., 2021). In addition,
carbonate reservoirs are highly heterogeneous during
deposition and diagenesis (Bosence D, 2002; Behrooz ED and
Hossain RB, 2009; Wennberg O et al., 2016; Masoud SY et
al., 2019), resulting in complex carbonate reservoirs that are
difficult to be statistically quantified. Therefore, the prediction
of carbonate reservoirs is the key to hydrocarbon exploration
in the SYSB, which needs to be further studied (Wu SY et al.,
20164, 2019; Nooshafarin H et al., 2020).

In predicting pore carbonate reservoirs, many studies
performing petrophysical analysis argued that the matrix of
carbonate rocks is heterogeneous and the pore structure is
variable (Dai SH et al., 2006; Lei FL et al., 2010; Gao G,
2013a; Gao G et al., 2013b; Liu XX et al., 2013; Lei BH et
al., 2018). The AVO forward modeling revealed that
differences in porosity and oil-bearing properties in carbonate
reservoirs could lead to significant AVO anomalies (Bao SH
et al., 2003; Xie F et al., 2004; Ma LW et al., 2013). With the
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b—geographical location and tectonic map of the SYSB (modified from Sheng QH et al., 2016); c—stratigraphic column shows the Carbonifer-
ous- Lower Permian; d—sedimentary facies of Upper Carboniferous Formation.
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development of geophysical technology in recent years,
technical methods, including seismic attributes analysis
(Wang QC et al., 2008; Jiang XD et al., 2014; Liu GP et al.,
2017; Zhao WZ et al., 2018), post-stack impedance inversion
(Ma YS et al., 2005; Wang W et al., 2013; Du HK et al.,
2017; Muhammad ZAD et al., 2021), pre-stack statistical
inversion (Lv QB et al., 2012; Jin XJ et al., 2016; Zhang GR
et al., 2017; Wang QT et al., 2019), pre-stack simultaneous
inversion (Feng K et al, 2006), and phase-controlled
constraints inversion (Ji XW et al., 2012; Chen ZQ et al.,
2015; Li JL et al., 2017), have been effectively applied in the
predication of carbonate reservoirs. In addition, the time-
frequency analysis method has been gradually applied to
carbonate reservoir prediction (Huang HX et al., 2003; Chen
Y et al,, 2013; Sheng QH et al., 2016), and the prediction of
oil and gas bearing of the compound reservoir has been well
verified (Yang ZC et al.,, 2017). The post-stack seismic
attribute analysis and impedance inversion increase the multi-
solution of reservoir prediction, making it more difficult to
identify effective reservoirs. Post-stack seismic technology is
generally based on the analysis of zero-offset channel
stacking seismic data. To obtain the P-wave impedance, S-
wave impedance, and density, pre-stack simultaneous
inversion is performed using logging curves and pre-stack
seismic data, which reflects amplitude change at various
offsets or angles. Due to the heterogeneity of the carbonate
reservoir in the study area, pre-stack inversion is the most
effective technique to achieve accurate reservoir prediction.

To date, the prediction of carbonate reservoir in the
SYSB, previous studies applied petrophysical analysis (Wu
SY et al., 2016a, 2016b), seismic attribute analysis (Cao Q et
al., 2008; Wu SY et al., 2011; Yuan Y et al., 2016), pre-stack
inversion technique (Liu J et al., 2018; Wu SY et al., 2019)
and time-frequency analysis (Wang JQ et al., 2016; Zhang
XH et al., 2017). However, few studies have focused on the
prediction of the pore carbonate reservoir in this area,
especially in the Carboniferous- Lower Permian Formation.
The mechanisms of the depositional environment also remain
unclear. In this study, high-quality 3D seismic data and well
data are used to explore the factors controlling the properties
of Carboniferous-Early Permian carbonate reservoirs. The
objectives of this study include: (1) Characterizing the porous
carbonate reservoirs and predicting the distribution of
favorable carbonate reservoirs; (2) analyzing the
sedimentation through the "% 0, 6C, and ¥'Sr/®Sr ratio;
(3) modeling the distribution of porous carbonate reservoirs;
(4) discussing the hydrocarbon potential of the Late Paleozoic
assemblage. The results reveal the distribution and controlling
factors of porous carbonate reservoirs, contributing to
hydrocarbon exploration in the basin.

2. Geological setting

The SYSB is located in the continental margin of East
Asia, and the basin is the offshore part of the Lower Yangtze
Plate, bordered by the Qingling-Dabie-Sulu Orogenic Zone
and the North China Plate to the north and the Jiangshao
Orogenic Belt and Yangtze Plate to the south (Fig. l1a; Li WY
et al., 2014; Shinn YJ, 2015; Wu SY et al., 2019). The SYSB

region spans from 121°E to 124°E with an exploration area of
about 180x10° km?. Based on the size of the Mesozoic-
Cenozoic sedimentary basin, the SYSB can be subdivided into
five sub-tectonic units, including the Wunansha Uplift, the
South Depression, the Central Uplift, the North Depression,
and the Qianliyan Uplift from south to north, bounded by
regional NE-strike and EW-strike faults (Fig. 1b; Liang J et
al., 2017; Tong J et al., 2018; Pang YM et al., 2021; Cai LX et
al., 2020; Duan SM et al., 2020). The SYSB stratigraphy
consists of Archean-Proterozoic metamorphic  rocks,
Paleozoic to Triassic marine sediments, and Mesozoic-
Cenozoic terrigenous sediments (Yao YJ et al., 2010; Liu J et
al., 2018). The marine sedimentary sequences are spread
across the entire basin, whereas the Mesozoic-Cenozoic
continental sedimentary sequences are mainly developed in
the South Depression and the North Depression areas (Pang
YM et al., 2021).

The SYSB underwent six major stages of tectonic
evolution: (1) Sinian-Early Ordovician plate expansion
(passive continental margin basin) stage; (2) Late Ordovician-
Silurian plate convergence, compression, and uplift (foreland
basin) stage; (3) Late Devonian-Middle Triassic stable
platform-intraplate rift stage; (4) Middle Triassic-Jurassic
intracontinental uplift and compression (foreland basin) stage;
(5) Cretaceous-Oligocene intracontinental extension-faulted
stage; (6) Miocene to Quaternary intracontinental orogenic
(depression basin) stage (Zhu WL et al., 2015; Lei BH et al.,
2018). During the Mesozoic- Cenozoic, the tectonic
framework of the East Asian continental margin was
dominated by the West Pacific, Eurasian, and Indian plates
(Zhang XH et al., 2019; Xu M et al., 2019).

Previous studies suggested that four regional source rocks
were developed in the SYSB during the Mesozoic-Paleozoic
period, including the Early Cambrian Hetang Formation, Late
Ordovician Wufeng Formation, Early Silurian Gaojiabian
Formation, and Late Permian Longtan-Dalong Formation
(Zhu WL et al., 2020). The marine-facies reservoir was the
main reservoir in the SYSB, including the Late Sinian
Dengying Formation, Carboniferous-Late Permian Qixia
Formation, and Early Triassic Qinglong Formation (Liang J et
al., 2011; Wu SY et al., 2016a; Zhang YG et al., 2016). Three
complete source-reservoir-caprock assemblages have been
formed in the SYSB. Among the main assemblages, the Late
Ordovician Wufeng Formation-Early Silurian Gaojiabian
Formation is the source rock, the Middle-Late Silurian-Late
Devonian Wutong Formation and Carboniferous-Early
Permian Qixia Formation are the reservoirs, and the Late
Permian Longtan-Dalong Formation is the caprock (Chen JW
et al., 2019; Liang J, 2019). Only four wells (CZ35-2-1,
CZ12-1-1, WX13-3-1, and CSDP-2) have been drilled
through the Carboniferous-Early Permian strata (Chen JW et
al.,, 2019; Guo XW et al., 2019; Zhang XH et al., 2019).
Moreover, some hydrocarbons were identified in the core
samples of the Carboniferous-Early Permian strata from the
recent borehole CSDP-2, indicating the hydrocarbon potential
of SYSB in the target layer (Feng ZQ et al., 2002; Hu F,
2010; Chen JW et al., 2018).

The Carboniferous-Early Permian strata include the
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Carboniferous Hezhou Formation, Huanglong Formation,
Chuanshan Formation, and Permian Qixia Formation. During
this period, the SYSB was mainly marine deposition, with
lithologies of limestone and dolomitic limestone (Fig. 1c).
The Carboniferous-Early Permian strata are a set of reflection
layers between T;, and T;; in the seismic profiles (Fig. 1d).
T is the top surface with moderate-low frequency and high-
amplitude positive reflections, and T;; is the bottom surface
with moderate-low frequency and high-amplitude negative
reflections. The internal seismic reflection of the
Carboniferous-Early Permian strata is parallel-subparallel,
characterized by continuous-moderate continuous frequency
and moderate-amplitude seismic reflections. The overall strata
thickness was relatively stable, ranging from 200 ms to 260
ms in time and 500 m to 715 m in depth. Due to the influence
of the Late Indosinian tectonic movement, local highlands in
the Carboniferous-Early Permian were denuded.

3. Data and methods

This study used high-quality 3D seismic data covering an
area of 685 km?, including 857 inlines and 2814 crosslines.
The bin spacings were 25 m and 37.5 m in the inline and
crossline directions, respectively. The seismic data was
acquired using a 6390 cubic inch airgun in a water depth of 10 m
and fired at 37.5 m intervals. The frequency range was 0 Hz
to 80 Hz, the dominant frequency was about 35 Hz, and the P-
velocity range was 5000 m/s to 6000 m/s. A high-resolution
and high-fidelity seismic processing workflow (including
statics correction, pre-stack noise suppression, deconvolution)
was adopted to obtain the pre-stack time migration data.

Two wells (CSDP-2 and CZI12-1-1) were used in this
study (Fig. 1b). The borehole CSDP-2 sampled 2843.18 m of
continuous drilling through the Neogene, Triassic, Permian,
Carboniferous, and Devonian strata. The borehole CZ12-1-1
was drilled to a total depth of 3511 m and penetrated through
the Neogene, Permian, and Carboniferous strata (Fig. 1c). In
order to extract sensitive parameters of the porous carbonate
rock, a total of 15 core samples were collected from the Early
Permian to Carboniferous strata (from a depth of 1647 m to
1960 m) of the borehole CSDP-2 for petrophysical parameter
testing. The lithologies of all samples are mainly bioclastic
limestone, pure limestone, sandstone, and mudstone, which
were analyzed by the MTS815 spectrometer. It was equipped
with high-precision pressure, displacement, volume change,
temperature sensors, and ultrasonic transducers. P-wave
velocity and S-wave velocity were tested under stratigraphic
pressures, and the test conditions and data collection were
controlled by a program of transmission method for
measurement. According to the petrophysical equations,
elastic parameters were calculated from P-wave velocity, S-
wave velocity, and density. Subsequently, sensitive elastic
parameters of physical properties were selected for further
reservoir prediction.

Thirty-six (36) core samples of carbon and oxygen
isotopes and 18 core samples of the strontium isotope from
the borehole CSDP-2 were tested for sedimentary analysis. In
order to avoid the diagenetic influences, samples from

bioclastic, secondary fissures, calcite veins, recrystallization,
and secondary transformation were excluded, and only pure
limestones were tested. Carbon and oxygen isotopes were
tested at the State Key Laboratory of Oil and Gas Reservoir
Geology and Exploration (Chengdu University of
Technology). A Thermo Fisher Stable Gas Isotope Mass
Spectrometer MAT 253 was used with the phosphoric acid
method. Afterward, strontium isotope analysis was conducted
using a Triton Plus thermoelectric ionization isotope mass
spectrometer.

3.1. Seismic inversion steps

According to the physical characteristics of carbonate
rocks in the study area, an appropriate inversion method was
selected to predict the distribution of the favorable reservoirs.
The main factors affecting inversion results are geological
conditions and methods, and the key factors of methods
mainly include the quality of seismic data, wavelet extraction,
low-frequency model establishment, and inversion
parameters. Based on petrophysical analysis (lithological and
property-sensitive  elastic  parameters), the pre-stack
simultaneous inversion method was used to predict
Carboniferous-Early Permian carbonate reservoirs. The steps
of the pre-stack simultaneous inversion are as follows:

(i) The well-seismic data was calibrated according to near-
middle-far angle superimposed gathers to obtain the near-
middle-far seismic wavelets;

(il)) A low-frequency model was established to combine
the velocity model from spatial interpolation of well points
with the inversion results of high-precision tomographic
velocity;

(ii1) Based on the optimized near-middle-far gathers, the
pre-stack simultaneous inversion method was employed to
predict the lithology and physical properties of Carboniferous-
Early Permian carbonate reservoirs;

(iv) Favorable distribution characteristics of porous
carbonate reservoirs in the study area were obtained.

3.2. Calculation of paleosalinity and paleotemperature

Previous studies have shown that 5'*C and 5'30 generally
increased with the paleosalinity (Clayton RN and Epstein S,
1958). Keith ML and Weber JN (1964) proposed a formula
based on the relationship between the stable isotope §'°C and
o1%0:

Z = 2.048(5"C + 50) + 0.498(5'30 + 50)(PDB standard) (1)

where Z represents the paleosalinity, with Z >120%o
indicating the seawater-dominated sedimentary and Z <120%o
indicating the meteoric water-dominated sedimentary (Pekar
SF et al., 2004; Sampei Y et al., 2005; Lécuyer C et al., 2012).

Paleotemperature is one of the important factors
controlling the stable isotopic composition of carbonates. It
can be effectively measured using 8180 (Craig H, 1957):

T =16.9—4.2(6" Ocucoscorrect0-22+0.135" O cucorcorree + 0.22
2
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In the Paleozoic strata, a correction for the 0'*0 “dating
effect” is necessary. In general, the 6'%0 value was calibrated
from the average 0'°0 of the Quaternary carbonate data
(1.2%0). The average of 6'®0 of the Early Permian-
Carboniferous strata is —7.4%o, and the difference between
them can be expressed as: A0 = 6.5%o, 630 cucoscome™=
measured value - AS'80. The paleotemperature of seawater
can be calculated according to formula (2).

4. Results
4.1. Lithology and sedimentary environment

The lithology of the lower part of the Hezhou Formation
is magenta bioclastic micritic limestone (Fig. 2a). The upper
part is dominated by fine grey sandstone, and the topmost is
medium-coarse lithic quartz sandstone with calcareous.
Moreover, the medium-coarse quartz sandstone is supported
by a grain structure with the main particle sizes ranging from
0.25 mm to 1 mm, with a high degree of roundness and good
sorting. It contains crinoids, brachiopods, ostracoda, sea
urchins, mollusks., etc., as well as more muddy cement.
Therefore, the sedimentation was carried out from deep water
to relatively shallow water, and the depositional environment
was tidal flat with an open carbonate platform, consistent with
the Chaohu area in Anhui Province (Li SY et al., 2015).

The lithology of the Huanglong Formation is dominated
by gray-brown and light grey bioclastic micritic limestone
(Fig. 2a). The bioclastic limestone consists of fusulinida,
cephalopods, and brachiopods, with a light flesh-red
limestone at the bottom and minor gravel limestone and
oolitic limestone. The lithology of the lower part is composed
of micritic calcite (Fig. 2a), with numerous silty clastic
particles in the micritic calcite crystal aggregates. The
sediments are confined to the platform lagoon environment.
The lithology of the upper part is spheroidal with bio-fossils.
The spherulitic micritic limestone is filled with sparry calcite
crystals, and the depositional environment is a shallow open
platform beach with high energy turbulence.

The lithology of the Chuanshan Formation is a black-grey
and dark-grey bioclastic micritic limestone with abundant
nucleate stones (Fig. 2a). The limestone consists of many bio-
fossil fragments filled with micro calcite crystals, with well-
developed microfractures between bio-fossil fragments. The
lithology is almost micrite or micrystallinne with pane fabric
or bird’s eye structures, and the depositional environment is
an open platform tidal flat.

The lower part of the Qixia Formation consists of fine-
grained clastic rocks, characterized by black mudstone
intermixed with grey calcareous silt-fine sandstone and thin
black coal seams (Fig. 2a). The middle part consists of
swinestone (a black bituminous argillaceous limestone), and
the upper part is dark-grey limestone (Fig. 2a). This formation
developed fossil spindles, fossil corals, foraminifera, and a
considerable amount of biological debris, indicating relatively
stable water energy and normal salinity for biological growth.
The depositional environment was a shallow-water carbonate

platform.
4.2. Types of reservoir space

The Lower Permian-Carboniferous Formation is
dominated by micritic limestone, with the reservoir space
consisting of intergranular pores, dissolution pores, karst
caves, sutures, and fractures.

Intergranular pores mainly exist in carbonate grains.
According to grain types, the pores can be categorized into
inter-oolitic pores, sand pores, and inter-clastic pores. After
diagenesis, most of the pores are filled with biodetritus (Figs.
2b and k) and sparite calcite (Fig. 2I) due to cementation.
Under single polarized light, the grain appears dark orange
light, with only a few residual intergranular pores (Figs. 2b, k, 1).

The bioclastic limestone and micrite limestone contained
dissolution pores, which were formed by atmospheric water
leaching based on primary pores. The pores were connected
by dissolution fractures, ranging in size from 40 pm to 100
pm, and most of the dissolution pores were unfilled (Figs. 2e
and s).

The study area is rich in karst caves with various
morphologies and shapes. Most caves are isolated, some are
filled with calcite or bioclastic limestone (Figs. 2d and h), and
others are unfilled (Figs. 2c, n, p).

Suture lines form predominantly in the micritic limestones
with abundant bioclasts. Most suture lines are residual gaps
formed by pressure dissolution (Figs. 2r and u), and some of
them are filled with mud. The gaps can be used as
hydrocarbon migration channels.

Fractures developed in the intergranular, suture lines, and
fissures are fully filled (Figs. 2g, h, j, o) or semi-filled (Fig.
2q) with micritic calcite, while some fractures are not filled
(Figs. 2f, 1, m, n, t). Unfilled fractures can connect pores and
increase the permeability of the rocks.

4.3. Reservoir physical property

The borehole CZ12-1-1 is used for the log-seismic
characteristic analysis (Fig. 3). The Chuanshan Formation was
drilled to a depth of 2069 m to 2212 m, with a thickness of
137 m, mainly composed of bioclastic limestone. The P-wave
velocity in this formation ranges from 5000 m/s to 6000 m/s,
and the density ranges from 2.3 g/cm® to 2.6 g/cm’. The P-
wave impedance is between 16000 g/cm® m/s and 17000
g/em® m/s. The Sanduo Formation above the Chuanshan
Formation comprises clastic rocks with a P-velocity of 3000
m/s—4000 m/s and a density of 2.2 g/em®-2.4 g/em®. Its P-
wave impedance ranges from 7000 g/cm’m/s to 8000
g/lem®* m/s. The P-wave velocity, P-wave impedance, and
density of the clastic rocks in the Sanduo Formation are much
lower than those of the bioclastic limestone in the Chuanshan
Formation. The limestone is characterized by low-medium
frequency, weak amplitude, and semi-continuous/continuous
seismic reflections.

The P-wave velocity, S-wave velocity, and saturated water
density were obtained through the petrophysical parameter
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clastic micritic limestone, structural fracture developed, sparry calcite in raw debris at 1749.18 m of Chuanshan Formation (single polarized
light); h-bioclastic micritic limestone, sparry calcite in bioclasts, the large grain size of raw debris, karst cave developed and partially filled with
sparry calcite at 1777.83 m of Chuanshan Formation (single polarized light); i—bioclastic micritic limestone, fracture developed at 1802.3 m of
Chuanshan Formation (single polarized light); j—bioclastic micritic limestone, fractures filled with calcite, visible argillaceous bands at 1802.3
m of Chuanshan Formation (single polarized light); k—bioclastic micritic limestone, fracture developed, bioclastic coelom pores filled with
sparry calcite at 1810.85 m of Chuanshan Formation (single polarized light); l-oolitic limestone, sparite calcite filled in the pores with dark or-
ange light at 1810.85 m of Chuanshan Formation (single polarized light); m—endoclastic micritic limestone, fracture developed at 1822.7 m of
Huanglong Formation (single polarized light); n—endoclastic micritic limestone, fracture partially filled with argillaceous material, micritic cal-
cite as main interstitial material, dissolution pores developed at 1822.7 m of Huanglong Formation (single polarized light); o—micrite limestone,
multiple fractures developed, filled with calcite and mud at 1854 m of Huanglong Formation, (single polarized light); p—micrite limestone, de-
veloped crinoids and foraminifera fossil and dissolved pore at 1854 m of Huanglong Formation (orthographic photograph); g—bioclastic micrit-
ic limestone, fracture developed and filled with sparry calcite at 1863.7 m of Huanglong Formation (single polarized light); r—bioclastic micrit-
ic limestone, suture lines developed, partially filled with mud at 1863.7 m of Huanglong Formation (single polarized light); s—micrite limestone,
dissolution pores developed, cathode luminescence at 1881.75 m of Huanglong Formation; t-bioclastic sparry limestone, bioclastic rich and
fracture developed, fracture partially filled with sparry calcite and mud at 1901.85 m of Huanglong Formation (single polarized light); u—bio-
clastic micritic limestone, suture lines developed, biodetritus and sutures cut by late structural fractures at 1962.38 m of Hezhou Formation
(single polarized light).

tests (Table. 1; Fig. 4). The P-wave velocity ranges from 5075 petrophysical parameter test (black red bar) shows a good fit
m/s to 6568 m/s, S-wave velocity ranges from 2551 m/s to (Fig. 4a), indicating that the test results are accurate.

3432 m/s, and saturated water density ranges from 2.582 Based on the core test data of the borehole CSDP-2
g/em® to 2.761 g/em’. The comparison of the P-velocity of (Table. 1) and the intersection of P-wave impedance and S-
well logging (green dotted line) with that from the wave impedance (Fig. 4b), the authors observed that the P-
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Table 1. P-wave velocity, S-wave velocity, and density of borehole CSDP-2 based on petrophysical parameter testing.

Stratum Depth /m Lithology Formation pressure P-wave velocity S-wave velocity Saturated water
/MPa /(m/s) /(m/s) density /(g/em®)
Qixia Fm 1647.5 Argillaceous 37 6568.8 3372.1 2.761
limestone
Qixia Fm 1667.5 Micrite limestone 37 5864 3257.8 2.677
Qixia Fm 1684.1 Mudstone 38 5075.1 2551.7 2.624
Qixia Fm 1713.4 Mudstone 38 6270.5 3217.8 2.756
Chuanshan Fm 1733.3 Bioclastic limestone 39 6171 3028.5 2.597
Chuanshan Fm 1767.4 Bioclastic limestone 39 6303.1 3368.5 2.656
Chuanshan Fm 1801.68 Crystallite limestone 40 5931 2947.9 2.596
Chuanshan Fm 1816.5 Crystallite limestone 41 6261.3 3000.6 2.671
Huanglong Fm 1830.18 Micrite limestone 41 6511.4 3160.3 2.617
Huanglong Fm 1844.9 Micrite limestone 41 5939.2 3431.1 2.603
Huanglong Fm 1867.1 Micrite limestone 42 6100 32234 2.711
Huanglong Fm 1908.3 Limestone 43 6201.3 3411.8 2.644
Hezhou Fm 1935.8 Limestone 43 5701.7 3341.7 2.618
Hezhou Fm 1939.85 Clot limestone 43 5628.1 2802.5 2.644
Hezhou Fm 1958.08 Greyish fine 44 5183.6 2877.9 2.582
sandstone

Note: Fm: Formation

wave impedance can distinguish the lithology of bioclastic
limestone, pure limestone, and clastic rock. The P-wave
impedance of clastic rock value ranges from 10000 g/cm*-m/s
to 14500 g/cm®'m/s, while the impedance values of pure
limestone are much higher than those of clastic rocks, ranging

from 13800 g/cm® m/s to 16300 g/cm® m/s. The maximum
values of bioclastic limestone range from 16300 g/cm®-m/s to
17500 g/cm’-m/s. Based on the above results, P-wave
impedance is a sensitive lithology parameter.

The intersection analysis shows that as the porosity
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Fig. 4.

a—P-wave velocities from CSDP-2 well logs and petrophysical parameter test, and S-wave velocities from petrophysical parameter

tests; b—Analysis of lithology sensitive parameters in the borehole CSDP-2.

increases, the Lamet constant (1), Poisson ratio (v) (Fig. 5a),
P-wave impedance, bulk modulus (K) (Fig. 5b), shear
modulus (u), and P-wave velocity (Fig. 5c) decrease.
However, relying solely on these elastic parameters for
property differentiation may lead to a certain degree of
overlap. The limestone with low Lamet constant xdensity (4p)
and shear modulusxdensity (up) has good physical properties
(Fig. 5d). Since Ap allows a clear distinction between good
and poor reservoirs, it was selected to determine the physical
properties of the reservoirs through its intersection with the
porosity of limestone in the targeted formation (Fig. 5¢). The
obtained linear relationship is ¢ = px10~% + 1.3052.

Based on the core samples from the borehole CSDP-2, the
porosities of the Carboniferous Formation range from 0.89%
to 4.36%, with an average porosity of 2.05%. In addition, the
permeability ranges from 0.15x107° mD to 3.80x10° mD,
with an average permeability of 1.38x107> mD (Table. 2).
These petrophysical test results indicate a low porosity and
permeability of the Carboniferous Formation reservoirs.
Bioclastic micritic limestone in the Chuanshan Formation and
Huanglong Formation has a high porosity (1.51%—4.36%),
while the porosity (0.89%) of the Hezhou Formation is low
(Table. 2).

4.4. Porous carbonate distribution

The ultimate goal of seismic inversion is to predict the
distribution and physical properties of carbonate reservoirs
quantitatively and semi-quantitatively. Based on the pre-stack
seismic data at different angle gathers, low-frequency models
of P-wave impedance, S-wave impedance, and density are

used to constrain and implement the pre-stack simultaneous
inversion. The elastic parameter data for the lithologic and
physical properties are obtained (Figs. 6a and b).

According to the results of petrophysical analysis, the
threshold of P-wave impedance (13500 g/cm®-m/s) is used to
distinguish clastic rocks from limestone, and the threshold of
P-wave impedance (16300 g/cm®-m/s) is used to distinguish
bioclastic limestone from pure limestone. The results show
that the bioclastic limestone reservoirs of the Carboniferous-
Early Permian Formation are well developed, mainly in the
Hezhou Formation and the Chuanshan Formation, partly in
the Qixia Formation (Fig. 6a).

As shown in Fig. 5d, the physical properties 4p between
30x10° (kgz/m2~s) to 70x10° (kgz/mz-s) represent the
favorable reservoirs in the limestone. Red and yellow
represent optimal physical properties, and green and blue
indicate poor physical properties (Fig. 6). According to the P-
wave impedance threshold, the impedance ranges of clastic
rock and pure limestone are excluded, and the relationship
between Ap and porosity is obtained from petrophysical
analysis (Fig. 5e). Finally, the porosity data of bioclastic
limestone reservoirs are obtained (Fig. 6¢). The
Carboniferous-Early Permian porous carbonate reservoirs
exhibit strong spatial heterogeneity. For vertical distribution,
good reservoirs are mainly developed on the slope of the
Hezhou Formation, the paleo-highland of the Huanglong
Formation, and the Chuanshan Formation (Fig. 6d). In lateral
distribution, the carbonate reservoirs with good physical
properties are located around the NE-oriented paleo-highland
(Fig. 6¢), with porosity ranging from 3% to 5%.

According to borehole CSDP-2, oil traces were observed
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Table 2. Petrophysical properties of the Carboniferous Formation.

Stratum Depth/m Lithology Porosity/% Permeability /mD
Chuanshan Fm 1802.48 Sparite bioclastic limestone 1.51 0.69x1073
Chuanshan Fm 1807.38 Sparite bioclastic limestone 1.53 0.78x107
Chuanshan Fm 1809.65 Bioclastic micritic limestone 2.87 0.65x107
Chuanshan Fm 1812.48 Bioclastic microcrystalline limestone 4.36 1.40x107
Huanglong Fm 1868.62 Argillaceous microcrystalline limestone 1.49 1.20x107°
Huanglong Fm 1892.90 Microcrystalline limestone 1.81 3.80x107
Huanglong Fm 1894.08 Bioclastic micritic limestone 1.70 0.15x1073
Huanglong Fm 1899.60 Bioclastic micritic limestone 2.99 1.25x1073
Huanglong Fm 1904.88 Micritic microcrystalline limestone 1.33 1.16x1073
Hezhou Fm 1962.38 Bioclastic micritic limestone 0.89 /

in the fissures, the middle of grey-brown bioclastic limestone
(Fig. 6e), and the bottom of dark grey bioclastic limestone
(Fig. 6f). Oil immersion was also detected in the grey-black
bioclastic limestone with siliceous bands at the top of the
Huanglong Formation and in the algal limestone at the middle
(Fig. 6g). Furthermore, oil traces were found in the grey-black
micritic limestone at the top of the Hezhou Formation, with
the emergence of numerous fractures (Fig. 6h). The drilling
results are consistent with the reservoir predictions.

4.5. Isotope results

The preservation status of bulk carbonate samples was
verified by the correlation between 6'30 and 6'3C. Since
R>0.5 suggests diagenetic changes, bulk samples with R>0.5
were altered. The bulk carbonate samples from all
investigated sections indicate no significant correlation

between 6'%0 and 6'°C (R = 0.24; Fig. 7). Furthermore, the
0130 value significantly decreased after diagenesis in response
to atmospheric fresh water and hydrothermal fluids. When
080 <—5%o, the carbonate rocks underwent diagenetic
alteration, but their carbon and oxygen isotopic compositions
still represented the seawater at that period. When o'
0<-10%o, the rocks underwent a strong diagenetic
transformation without sample values of carbon and oxygen
isotopes. From the Early Permian to Carboniferous
Formation, §'%0 ranges between —10.55%o and —5.65%o, with
a mean value of —7.4%.. Except for two samples with §'%0
<=10%o (at a depth of 1723.73 m and 1948.5 m), all other
samples have 5180 values between—9.75%o and —5.65%o (Fig. 7).
This result indicates that though the oxygen isotopes can still
represent the original sedimentary despite the influence of
diagenesis.

In the Carboniferous-Early Permian Formation, the
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paleosalinity is between 110%o and 132%o, with a mean value
of 124%o; the paleotemperatures vary between 13.74°C and
36.46°C, with a mean value of 21.44°C (Fig. 8); the 6'°C is
between —6.24%o0 and 4.39%o, with a mean value of 0.158%o0
(Fig. 9). The ratio of ’Sr/%Sr is between 0.71 and 0.73, with
a mean value of 0.71 (Fig. 8). Overall, the 87S1/%Sr ratio of

test samples is significantly higher than that derived from the
mantle, which has a mean value of 0.70. The high %7Sr/%6Sr
ratio may indicate the influence of terrigenous diagenetic
fluids and clastic types of cement with a higher 8’Sr/%Sr ratio
on carbonate (Armstrong-Altrin JS et al., 2009).

The paleotemperature of the Hezhou Formation increased
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from 24.6°C to 36.46°C and then decreased from 36.46°C to
25.49°C with paleosanity <120%o, which is continuously
affected by terrigenous sources. 0'%0 is between —10.55%o
and —8.16%o, with two negative 6'°C excursion values
exhibited accompanied by the last sea level falling (Fig. 8).
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Fig. 7. Intersection of §'%0 and ¢'C in the Carboniferous-Early
Permian Formation from borehole CSDP-2.

The paleotemperature of the Huanglong Formation was
relatively stable, ranging from 14.55°C to 23.03°C, with
paleosanity fluctuating around 120%o (a value ranging from
110.9%0 to 129.5%0), corresponding to sea-level fluctuations
(Li SY et al, 2015). The 6'%0 is between —7.82%o and
—5.94%o, with two negative 6"3C excursion values, and the
last sea-level regression exhibits a high 87Sr/%6Sr ratio (Fig. 8).

The paleosanity during the whole Chuanshan period is
greater than 120%o, indicating the existence of marine
sediments (Fig. 8). During the Early-Middle Chuanshan
period, paleotemperature is between 15.98°C and 23.77°C,
580 ranges from —5.65%o to —7.98%o, and §'°C is relatively
stable (Fig. 8). At the end of the Chuanshan period, the
paleotemperature reaches two peaks (30.67°C and 35.26°C),
along with the highest sea level. 6'%0 experiences an
abnormally negative shift, accompanied by a high ¥’Sr/%Sr
ratio.

The paleotemperature of the Qixia period is between
25.3°C and 27.54°C, and the paleosanity fluctuates around
120%o (between 116.46%o and 125.67%o). 'O ranges from
—8.3%0 to —8.78%o (Fig. 8). At the beginning of this period,
the 0'0 value gradually increases, and the paleosalinity and
paleotemperature decreases, accompanied by the falling of the
sea level (Ross CA and Ross JRP, 1987, 1995). During the
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late period, the 5'30 value decreases and the paleosalinity and
paleotemperature increases (Fig. 8).

5. Discussion
5.1. Sedimentation analysis and porosity discussion

The Yangtze Plate is located near the equator in the
southern hemisphere, at the eastern edge of the
Carboniferous-Early Permian Paleotethys Ocean, with a
latitude ranging from 1.6°S to 2.4°N (Mcelhinny MW, 1985;
Shi GR and Chen ZQ, 2006; Zhao MY and Zheng YF, 2014;
Wu YW etal., 2021).

In the Carboniferous period, the southwest and the
southeast of the Yangtze Plate were significantly influenced
by the Paleotethys tectonic domain. During the Carboniferous
period, there were three regional sea-level fluctuations on the
Yangtze Plate, which was a cycle of gradual uplift (Fig. &;
Wang XD et al., 2019). In the Early Carboniferous global
transect period, the Lower Yangtze Plate and Cathaysia Plate
were connected into a large carbonate platform until the end
of the Chuanshan period. The SYSB began to subside in the
early period of the Carboniferous (Chen HC et al., 1979;
Wang CS et al., 1999). The warm and humid tropical climate
with abundant atmospheric precipitation facilitated carbonate
deposition (Feng ZZ et al., 1993; Li SY and Jin FQ, 1994; Shi
et al., 2006). Previous studies of Carboniferous-Early Permian
sedimentary sequences at low latitudes in South China (Li RF
et al., 1997; Qie WK et al., 2011; Wu SY et al., 2016a), North
America (Heckel PH, 1986; Smith JLB and Read JF, 2000;
Feldman HR et al., 2005) and Euramerica (Veevers JJ and
Powell CM, 1987) have shown that the sequence architecture
and implied eustatic fluctuations of the lower latitude regions
(e.g. South China and Southwestern USA) correspond well to
the Late Palacozoic Gondwanan glaciation.

The Central Uplift of SYSB was considered a paleo-uplift
after the Caledonian period, and the borehole CSDP-2
identified shoal-reef facies developed in local highlands
(Chen JW et al., 2016; Gao XH et al., 2020). However, the
sea level of the lower Yangtze Plate was deeper than the
upper Yangtze Plate during the Carboniferous period (Chen
JW et al., 2016). Therefore, shoal reef facies of porous
reservoirs were mainly developed at the edge of the SYSB
platform uplift, enclosed by an open shelf.

Seawater intruded from east and west of the SYSB during
the late Early Carboniferous (from 323.2+04 Ma to
330.9+0.Ma; Sheng QY et al., 2013; Hong HL et al., 2014),
with a typical hot and humid weather (temperatures between
24.6°C and 36.46°C). During the Hezhou period, the SYSB
was in a shallow shelf and tidal-flat environment with an
NNE trend, forming delta facies near the shore (Fig. 10a).
Two small amplitude negative 5'°C excursions indicate two
brief glaciations, resulting in lower sea level and lower
salinity (Fig. 8). With a decreasing sea level, sedimentary
paleo-uplift were susceptible to superimposed syngenetic and
quasi-syngenetic exposures (Fig. 6h; Zhao MY and Zheng
YF, 2014). It was subjected to diagenetic alteration and
affected by leaching and dissolution of the freshwater, leading
to the increase of pore space (Fig. 2u; Wang CS et al., 1999).
Considering more accumulation space in the southwestern
slope zone, the shoals began to superimpose and continued to
migrate seaward, with good development and distribution of
shoal reservoirs in the slope zone (Fig. 6d).

A big transgression occurred in South China during the
Late Carboniferous (from 307+0.1 Ma to 323.2+0.4Ma), and
the Yangtze Sea and the Paleo-South China Sea were almost
connected (Li SY et al., 2015; Li N et al., 2021) with a warm
weather (14.55°C to 23.03°C). The SYSB was in a platform
margin, restricted platform, and tidal-flat environment (Fig.
10b). The lithology of Huanglong Formation is mainly pure
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limestone during the last regression (Fig. 8). Two negative
01C excursions reflect two regressions and transgressions in
this period, resulting the alternation of an open platform and
restricted platform (Fig. 8; Zhao MY and Zheng YF, 2014).
At the end of the Huanglong Formation, the regression and
denudation of the Late Pennsylvanian subperiod continental
uplift were capped by a karst weathering crust (Fig. 2a; Li SY
et al., 2015). As a result, the Huanglong Formation and the
overlying formation were in pseudo-conformity contact,
which can also be observed in the Chaohu area (Lin CM et al.,
2002; Gao XH et al., 2020). In the last regression, the ratio of
87S1/%8Sr was higher, indicating that more terrigenous organic
matter was carried into the seawater (Fig. 8). This result may
be due to the changes in ocean circulation associated with the
closure of the western end of the Paleotethys during the
formation of Pangaea (Vai GB, 2003; Li N et al., 2021). In the
high-frequency oscillatory environment of the marine
deposition, the paleo-highland was characterized by high
wave agitation energy. The intergranular pores were well-
developed due to the leaching and dissolution of the late
atmospheric precipitation, leading to a higher porosity in the
paleo-highland. In contrast, in the lowlands below the sea
level, the tight lithology was deposited over time (Figs. 2o, p,
g, 1). These areas were less susceptible to dissolution by
meteoric water, with low development of primary pore space
(Fig. 6d).

During the Late Carboniferous Chuanshan period (from
298.94+0.15 Ma to 307+0.1 Ma), the weather was hot and
humid (15.98°C-35.26°C), with seawater intrusion and
migration of sediments to the southeast. The SYSB was in a
restricted platform and tidal-flat environment from east to
west, with organic reef shoal sub-facies developed in local
highlands (Fig. 10c). In this period, a large amount of
bioclastic limestone was deposited due to the low sea level
(Figs. 2b, ¢, f). The primary sedimentary conditions were
good and barely affected by diagenesis, with largely preserved
primary sedimentary pores (Fig. 9). The reservoir was
partially good in the highlands (Fig. 6d). The end of the
Chuanshan period indicates that an anoxic event occurred
during the Carboniferous-Permian transition as a result of
increased temperatures (Fig. 8; Tabor NJ and Poulsen CJ,
2008).

The Asselian-Early Sakmarian environment of South
China was a massive epicontinental sea, representing a
regionally stable carbonate platform (Wang CS et al., 1999;
Wang Y and Jin YG, 2000). In the Qixia period (from 290.1+
0.26 Ma to 298.9+0.15 Ma) with warm weather (25.3°C to
27.54°C), the SYSB was in a paralic sedimentary (Fig. 10d),
and the lithology was dominated by black mudstones and
limestones (Fig. 2a and Fig. 8). The Early Permian was the
largest transgression period in this area (Ross CA and Ross
JRP, 1987, 1995), with the deposition of extensive bioclastic
limestones rich in fusulinida, corals, foraminifera, and
calcareous algae (Fig. 2a and Fig. 8). As a result, stable
lithofacies and thick carbonate rocks were formed (Hu F,
2010). In the late Qixia period, the Lower Yangtze Plate
began to retreat, and most of the Lower Yangtze region

became deltas and lagoons-bay facies, indicating the end of
the marine sedimentary history (Fig. 10d). With the regression
of sea level, the reservoir of Qixia Formation exhibited
limited development (Fig. 6d), and the large set of black
mudstone mainly served as source rocks (Cai LX et al., 2021).

As mentioned above, the Central Uplift of SYSB was an
inherited paleo-uplift from the Caledonian movement. During
that time, it experiences a warm and humid tropical climate
with abundant atmospheric precipitation. The favorable
conditions for developing porous carbonate rocks are as
follows. Firstly, shoal carbonate facies were mainly developed
in the paleo-highland. The primary pores were intergranular
pores, biologic cavities, and biologic skeleton pores formed in
a high-energy environment. Secondly, dissolution occurred
after the deposition of the shoal facies during the syngenetic
or quasi-syngenetic period. The influence of meteoric water
on the diagenetic process primarily occurred during the early
diagenetic and epigenetic periods (terrestrial detrital and
meteoric water in the syngenetic stage). The secondary pores
that appeared after the exposure of highlights were mainly
composed of dissolved pores, intergranular pores, and
intragranular pores, which were more conducive to the
preservation of pores.

5.2. Hydrocarbon potential discussion

According to fluid inclusion analysis, the Mesozoic-
Paleozoic source rocks of the Lower Yangtze are good, and
large-scale natural gas accumulated in the Ordovician and
Silurian Formation (Chen JW et al., 2018; Zhang YG et al.,
2018; Liang J et al., 2019). The lithology of the source rock is
mainly black graptolite shales, with organic matter ranging
from 1.0% to 4.0% and a predominance of type I and type II
kerogen (Hu F et al., 2010). TOC content ranges from 1.2% to
4%. The content of (S;+S,) and the asphalt chloroform “A” is
quite low in the source rock. The equivalent vitrinite
reflectance ranges from 1.19% to 2.6%, with a high degree of
thermal evolution. It belongs to the high mature/over-mature
stage, characterized by dry gas and wet gas. In addition to
burial, the high maturity in this region may be related to
shallow lithospheric burial and large geothermal gradient, and
extensive magmatism in the Meso-Cenozoic may also have a
great influence.

Based on the biomarker analysis of saturated hydrocarbon
and oil and gas inclusions analysis, the hydrocarbon sources
in the Carboniferous-Lower Permian reservoir are mainly
from the Late Ordovician Wufeng Formation and Lower
Silurian Gaojiabian Formation, partly from the Lower
Permian Qixia Formation (Zhang YG et al., 2018; Liang J et
al., 2019). The source rocks of the Ordovician Wufeng
Formation and Lower Silurian Gaojiabian Formation are of
medium to high quality. The oil generation stage is mostly in
the Late Devonian to Permian, while the peak of the gas
generation is in the Late Triassic. The trap was mainly formed
in the Indosinian period (T-J,), with the oil generation stage
preceding the trap formation. The gas generation peak of the
source rock is well-matched with the formation time of the
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trap. The generated gas migrated upward along the faults
formed by the Indosinian movement and subsequently entered
Carboniferous-Lower Permian carbonate reservoirs (Fig. 11).
The Indosinian and Yanshanian movements caused the uplift
and deformation of the formation, forming structural fractures
and karst caves that enhance reservoir conditions. Meanwhile,
the locally formed gas reservoir exhibits adjustment and
reconstruction effects, representing a primary weak
reconstruction-type model for reservoir formation. According
to the lithology thickness statistics of borehole CSDP-2, the
Upper Permian Longtan Formation shows thick mudstone
with a cumulative thickness of 399 m and a displacement
pressure of 18 Mpa—25 Mpa. Based on the seismic reflection,
the Longtan Formation is characterized by parallel and
continuous reflection, indicating that the cap rock is
continuously distributed and relatively stable (Fig. 1d; Liang J
et al.,, 2017). With Late Ordovician Wufeng Formation and
Lower Silurian Gaojiabian Formation as source rocks, the
Carboniferous-Lower Permian carbonate as the good
reservoirs, Late Permian Longtan-Dalong Formation as the
seal, the SYSB has a great potential for hydrocarbon
accumulation.

6. Conclusions

(i) According to the petrophysical analysis, P-wave
impedance is a sensitive elastic parameter that distinguishes
bioclastic limestone from pure limestone and clastic rock. In
addition, Ap is a physically sensitive elastic parameter, which
decreases with increasing porosity;

(ii)) The pre-stack simultaneous inversion method
effectively predicts the porous carbonate reservoirs. The
results show that the Carboniferous-Early Permian bioclastic
limestone was well developed in the Central Uplift of the
SYSB, such as the slope of the Hezhou Formation, paleo-
highlands of the Huanglong Formation, and the Chuanshan
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Formation. Moreover, locally developed bioclastic limestone
with 3%-5% porosities was also present in the Qixia
Formation around the paleo-highland;

(iii) According to carbon, oxygen, and strontium isotope
analysis, the Carboniferous-Early Permian period was
characterized by a warm and humid tropical climate, abundant
atmospheric precipitation, and alternating oxygen-rich and
hypoxia. Four negative and positive §'>C excursions occurred
from the Hezhou Formation to the Huanglong Formation,
indicating a long-time exposure of the carbonate formation
and intense denudation. Terrigenous detrital was brought into
the seawater in the early stage of the Hezhou Formation and
the late stage of the Huanglong Formation, affecting the
carbonate diagenesis.

(iv) The good physical properties (reservoirs) of porous
carbonate in the study area are mainly related to the following
factors: a) the Central Uplift was a succeeding paleo-uplift
zone after the Caledonian movement, which formed a shoal
facies in the paleo-highland; b) the carbonate formation was
subjected to meteoric water leaching and dissolution during
the syngenetic to quasi-syngenetic period due to fluctuations
in the sea level. The secondary pores were enlarged, leading
to the development of high-quality reservoirs in local
formation. Therefore, leaching and dissolution during
diagenesis are important factors for good reservoirs.

(v) Large-scale natural gas accumulation was developed in
the Ordovician Wufeng Formation and Lower Silurian
Formation, with source rocks in the high-mature/over-mature
stage, characterized by dry gas and wet gas. With Late
Ordovician Wufeng Formation and Lower Silurian Gaojiabian
Formation as the high-mature/over-mature stage source rocks,
the Carboniferious-Lower Permian carbonate as good
reservoirs, and Late Permian Longtan-Dalong formation as
the stable seal, the SYSB has a great potential for
hydrocarbon accumulation.
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