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Abstract: Mesozoic-Palaeozoic marine carbonate rocks are important hydrocarbon reservoirs in the
Central Uplift area of the South Yellow Sea Basin (SYSB). Due to the lack of boreholes and the great
heterogeneity of carbonate reservoirs, the distribution of porous carbonate reservoirs and their re-
lated key controlling factors remain unclear. Based on seismic inversion and isotope analysis, this
study explores the factors affecting the distribution of porous Carboniferous-Early Permian car-
bonate reservoirs in the SYSB. In this study, the log-seismic characteristics of porous carbonate res-
ervoirs, sensitive lithology parameters, and physical property parameters are extracted and ana-
lyzed. The pre-stack simultaneous inversion technique is applied to predict the lithology properties
and physical properties of the porous carbonate reservoirs. Moreover, the sedimentary of carbonate
is analyzed using isotopes of carbon, oxygen, and strontium. The results indicate that porous car-
bonate reservoirs with porosities of 3%~5% mainly occur at the paleo-highland (Huanglong For-
mation and Chuanshan Formation) and the slope of paleo-highland (Hezhou Formation). The po-
rous carbonate reservoirs of the Qixia Formation are only locally developed. In addition, the study
area was dominated by a warm and humid tropical climate from the Carboniferous to Early Per-
mian, with four sea-level eustatic fluctuation indicated by the negative and positive 83C excursions.
When the sea level fell, the study area was exposed and denuded, and the supply of terrigenous
detrital was dominated, which significantly influenced the carbonate deposit and diagenesis. This
study highlights that sedimentation was a key factor in controlling the quality of Carboniferous-
Early Permian carbonate reservoirs. The methods proposed in this study can be used in other car-
bonate-dominated strata worldwide.

Keywords: Sedimentary; Heterogeneous porous carbonate reservoirs; Isotope analysis; Carbonifer-
ous-Early Permian; Central Uplift of the South Yellow Sea Basin

1. Introduction

Carbonate strata are essential for the hydrocarbon industry, because they contain ap-
proximately 70% of the global hydrocarbon reserve, 50% of the proved recoverable re-
serve, and 60% of the hydrocarbon production [1-4]. Hydrocarbon exploration of marine
carbonate has been conducted in China for more than 40 years, and several large marine
gas fields, including the Weiyuan [5-7], Puguang [8, 9], Longgang [10, 11], and Yuanba
[12, 13] have been discovered in the Sichuan Basin located in the Upper Yangtze Platform
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[14-18]. As an extension of the Lower Yangtze Platform in the eastern area, the South Yel-
low Sea Basin (SYSB) is a multi-cycle superimposed basin on the Pre-Sinian metamorphic
basement (Fig 1a). The SYSB has a similar tectono-paleogeography background and strat-
igraphic characteristics as the petroliferous Upper Yangtze region, whereas it is the last
large-scale sedimentary basin offshore China where no commercial hydrocarbon reser-
voirs have been discovered after long-time explorations [19-22].

The boreholes and reflection seismic data have confirmed that the Mesozoic-Paleo-
zoic marine carbonate rocks were well developed in the Central Uplift of SYSB [23-25].
However, the Mesozoic-Paleozoic strata in the study area have experienced variable ex-
posures and denudations due to intense Indosinian and Yanshan tectonic events [26-28].
In addition, carbonate reservoirs are highly heterogeneous during deposit and diagenesis
[29-31], making them highly complex and challenging to be statistically quantified. There-
fore, carbonate reservoirs prediction is the key to hydrocarbon exploration in the SYSB,
which needs to be further studied [32-34].

In this study, high-quality 3D seismic data and well data are used to explore the con-
trolling factors of Carboniferous-Early Permian carbonate reservoirs properties. This
study aims to: 1) characterize the porous carbonate reservoirs through the well log data
and seismic reflection data; 2) predict the distribution of favorable carbonate reservoirs;
3) analyze the sedimentary through the isotopes of carbon, oxygen, and strontium; 4)
build a model for the distribution of porous carbonate reservoirs. This study will reveal
the distribution and controlling factors of porous carbonate reservoirs, and thus contrib-
utes to hydrocarbon exploration in the basin.

2. Geology background

The SYSB is located in the East Asian continental margin, the basin is the offshore
part of Lower Yangtze Plate, which is located to the north of Qingling-Dabie-Sulu Oro-
genic Zone and the North China Plate (Fig 1a) and to the south of Jiangshao Orogenic Belt
and Yangtze Plate [33, 35, 36]. The SYSB region spans from 121°E to 124°E with an explo-
ration area of ~18x10* km?, the SYSB can be subdivided into five secondary tectonic units,
including the Wunansha Uplift, the South Depression, the Central Uplift, the North De-
pression, and the Qianliyan Uplift from south to north, and they are bounded by regional
NE-strike and EW-strike faults [25, 27, 28, 37, 38]( Fig 1b). The SYSB stratigraphy com-
prises Archean- Proterozoic metamorphic rocks, Paleozoic to Triassic marine sediments
and Mesozoic- Cenozoic terrigenous sediments [39, 40]. The marine sedimentary se-
quences are throughout the whole basin, whereas the Mesozoic-Cenozoic continental sed-
imentary sequences mainly developed within the South Depression and the North De-
pression [41].

The SYSB underwent six main stages of tectonic evolution: 1) Sinian- Early Ordovi-
cian plate expansion (passive continental margin basin) stage; 2) Late Ordovician-Silurian
plate convergence, compression and uplift (foreland basin) stage; 3) Late Devonian - Mid-
dle Triassic stable platform-intraplate rift stage; 4) Jurassic- Early Cretaceous intraconti-
nental uplift and compression (foreland basin) stage; 5) Late Cretaceous- Oligocene in-
tracontinental extension-faulted stage, and 6) Miocene to Quaternary intracontinental oro-
genic (depression basin) stage [20, 42]. The tectonic framework of the East Asian continen-
tal margin was mainly dominated by the West Pacific, Eurasian, and Indian plate during
the Mesozoic- Cenozoic periods [43, 44].

Previous studies suggest that four regional source rocks are developed in the Meso-
zoic- Paleozoic periods in the SYSB, including the Early Cambrian Hetang Formation, Late
Ordovician Wufeng Formation, Early Silurian Gaojiabian Formation, and Late Permian
Longtan- Dalong formations [45-47]. 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 [32, 48, 49]. Three complete source-
reservoir- caprock assemblages are developed in the SYSB. The first assemblage is com-
posed of the Hetang Formation as the source rock, Late Sinian Dengying Formation and
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Ordovician limestones as the reservoirs, and the Late Ordovician Wufeng Formation-Si-
lurian Gaojiabian Formation as the seals [50]. The second assemblage is composed of the
Late Ordovician Wufeng Formation- Early Silurian Gaojiabian Formation as the source
rocks, Middle-Late Silurian-Late Devonian Wutong Formation and Carboniferous-Early
Permian Qixia formation as the reservoirs, Late Permian Longtan-Dalong Formation as
the seal [51]. The third assemblage is composed of the Late Permian Longtan-Dalong For-
mation as the source rock, Early Triassic Qinglong Formation as the reservoir, and the
Mesozoic Formation as the seal [52]. Only four wells (CZ35-2-1, CZ12-1-1, WX13-3-1, and
CSDP-2) had drilled through the Carboniferous-Early Permian strata [8, 32, 53, 54]. More-
over, some hydrocarbon discoveries were observed in the core samples of the Carbonifer-
ous-Early Permian strata from the recent borehole CSDP-2, indicating that the SYSB in
this target layer has oil and gas potential [.55_57]' .
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Figure 1. (a) Geographical location and tectonic map of the Yangtze block, South China (modified
by [22]); (b) Geographical location and tectonic map of the SYSB (modified by [58]).

The Carboniferous-Early Permian strata include the Carboniferous Hezhou For-
mation, Carboniferous Huanglong Formation, Carboniferous Chuanshan Formation, and
Permian Qixia Formation (Fig 2a). The SYSB was mainly marine deposition deposited in
this period, with limestone and dolomitic limestone lithology (Fig 2b).
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Figure 2. (a) Composite bar chart. (b) Sedimentary facies of Carbonate Formation.

3. Materials

High-quality 3D seismic data covering an area of 685 km? and consisting of 857 in-
lines and 2814 crosslines is used in this study. The bin spacings are 25 m and 37.5 m in the
inline and crossline directions, respectively. The seismic data was acquired using a 6390
cubic inch air gun located at a water depth of 10 m and fired at every 37.5 m. Frequency
ranges from 0 Hz to 80 Hz, the dominant frequency is ~35 Hz, P-velocity ranges from 5000
m/s to 6000 m/s. The high-resolution and high-fidelity seismic processing workflow (i.e.,
statics correction, multiple removal, pre-stack noise suppression, deconvolution) has been
adopted to obtain the pre-stack time migration data used in this study.

Two wells (CSDP-2 and CZ12-1-1) were used in this study. Borehole CSDP-2 sampled
the continuous coring of 2843.18 m and drilled through the Neogene, Triassic, Permian,
Carboniferous, and Devonian strata. Borehole CZ12-1-1 has a total depth of 3511 m, drill-
ing through the Neogene and Carboniferous strata (Figs 1b, 2b). The well logs of P-wave
velocity, S-wave velocity, and density are used in this study. The sedimentary structure,
texture, color and oil bearing property were described on the CSDP-2 borehole, thirty-six
(36) core samples of carbon and oxygen isotopes and 18 core samples for the strontium
isotope from the CSDP-2 borehole are tested for the sedimentary analysis. samples from
bioclastic, secondary fissures, calcite veins, recrystallization, and secondary transfor-
mation are excluded in this study, and only pure limestones are tested.

4. Methods

4.1. Porous carbonate prediction
4.1.1. Log-seismic characteristic analysis

The well CZ12-1-1 is used to make the log-seismic characteristic analysis (Fig 3). It
was drilled in the Chuanshan Formation from 2069 m to 2212 m, with a thickness of 137
m. The Chuanshan Formation is mainly composed of bioclastic limestone. The P-wave
velocity ranges from 5000 m/s to 6000 m/s in this formation, and its density ranges from
2.3 g/cm?® to 2.6 g/cm®. The P-wave impedance is between 16000 g/cm3m/s and 17000
g/cm3m/s. The strata (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/cm? - 2.4 g/cm?.
Its P-wave impedance ranges from 7000 g/cm3-m/s to 8000 g/cm3m/s. The P-wave velocity,
P-wave impedance, and density of the clastic Sanduo Formation are much lower than
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those of the bioclastic limestone of the Chuanshan Formation. The limestone is character-
ized by low-medium frequency, weak amplitude, and semi-continuous-continuous seis-
mic reflections.
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Figure 3. Log characteristic and seismic reflection of bioclastic limestone in well CZ12-1-1

4.1.2. Sensitive parameter extraction

Extract the sensitive parameter of the porous carbonate rock, a total of 15 core sam-
ples were taken from the Early Permian to Carboniferous strata (depths from 1647 m to
1960 m) for petrophysical parameter testing. The lithologies of all samples are mainly bi-
oclastic limestone, pure limestone, sandstone, and mudstone, which were analyzed by the
MTS815 spectrometer. The facility is equipped with high-precision pressure, displace-
ment, volume change, temperature sensor, and ultrasonic transducers. P-wave velocity
and S-wave velocity are tested under strata pressure state, and the test conditions and
data collection are controlled by a program of transmission method for measurement,
which provides advanced experimental conditions for the test.

From the petrophysical parameter tests, the P-wave velocity, S-wave velocity, and
saturated water density were obtained (Table 1; Fig 4). P-wave velocity value ranges be-
tween 5075 m/s and 6568 m/s, S-wave velocity value ranges between 2551 m/s and 3432
m/s, and saturated water density value ranges between 2.582 g/cm? and 2.761 g/cm?, re-
spectively. The comparison of the P-velocity of well logging (green dotted line) with that
from the petrophysical parameter test (black red bar) shows a good fit between them (Fig
4a), which indicates the accuracy of the test result.

Table 1. P-wave velocity, S-wave velocity, and density of borehole CSDP-2 from petrophysical parameter tested.

Depth Formation P-wave S-wave Saturated water
Stratum Lithology
(m) pressure (MPa)  velocity (m/s)  velocity (m/s)  density (g/cm?3)
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1647.5  Argillaceous limestone 37 6568.8 3372.1 2.761
1667.5 Micrite limestone 37 5864 3257.8 2.677

Qixia Fm
1684.1 Mudstone 38 5075.1 2551.7 2.624
17134  Mudstone 38 6270.5 3217.8 2.756
1733.3 Bioclastic limestone 39 6171 3028.5 2.597
Chuanshan 17674 Bioclastic limestone 39 6303.1 3368.5 2.656
Fm 1801.68  Crystallite limestone 40 5931 2947.9 2.596
1816.5 Crystallite limestone 41 6261.3 3000.6 2.671
1830.18  Micrite limestone 41 6511.4 3160.3 2.617
Huanglong 1844.9 Micrite limestone 41 5939.2 3431.1 2.603
Fm 1867.1 Micrite limestone 42 6100 32234 2.711
1908.3 Limestone 43 6201.3 3411.8 2.644
Hezhou 1935.8  Limestone 43 5701.7 3341.7 2.618
1939.85 Clot limestone 43 5628.1 2802.5 2.644
fm 1958.08  Greyish fine sandstone 44 5183.6 2877.9 2.582

* Fm: formation

Based on the core test data of the well CSDP-2 (Table 1) and the intersection of P-
wave impedance and S-wave impedance (Fig 4b), we observe that the P-wave impedance
can distinguish the lithology of bioclastic limestone, pure limestone, and clastic rock. P-
wave impedance of clastic rock value ranges between 10000 g/cm®*m/s and 14500
g/cm3-m/s. While pure limestone value ranges between 13800 g/cm3-m/s and 16300
g/cm3m/s, which is general higher than that of clastic rock. The bioclastic limestone has
the maximum values that vary from 16300 g/cm3m/s to 17500 g/cm®m/s. Therefore, P-
wave impedance is a sensitive lithology parameter.
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Fig 4. (a) P-wave velocites from CSDP-2 well logs and petrophysical parameter test, and S-wave
velocity from petrophysical parameter tests; (b) Analysis of lithology sensitive parameters in the
well CSDP-2.

In order to obtain the physical property-sensitive elastic parameters of the reservoir,
the limestone porosity measured from the well CSDP-2 was divided into different equal
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sections. According to the petrophysical equations, elastic parameters were calculated
from P-wave velocity, S-wave velocity, and density. Afterward, the sensitive elastic pa-
rameters of physical properties were screened, providing a reference for further reservoir
prediction. The intersection analysis showed that as the porosity increases, the Lamet con-
stant (A), Poisson ratio (v) (Fig 5a), P-wave impedance, bulk modulus (K) (Fig 5b), shear
modulus (), and P-wave velocity (Fig 5¢c) decrease. However, the differentiation of prop-
erties by these elastic parameters alone can result in a certain degree of overlap. The lime-
stone with low Lamme constant *density (Ag) and shear modulus *density (1) have good
physical properties (Fig 5d). The Ag can clearly distinguish good and poor reservoirs,
which was selected to determine the physical properties of the reservoirs. It was inter-
sected with the porosity of limestone in the targeted formation (Fig 5e), obtaining the lin-
ear relationship ¢ = Apx10? + 1.3052.
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Fig 5. Property sensitive parameters from well CSDP-2. (a) Intersection of lamet constant versus
passion ratio; (b) Intersection of P-wave impedance versus bulk modulus; (c) intersection of P-wave
velocity versus shear modulus; (d) Intersection of shear modulusxdensity (po) versus lametxdensity
(AQ); (e) Intersection of lametxdensity (Ag) versus porosity of bioclastic limestone of the Carbonifer-
ous-Early Permian strata from the well CSDP-2.

4.1.3. Wavelets extraction

The seismic inversion is based on the convolution model. The synthetic trace can be
generated from the convolution of seismic reflectivity series with the desired wavelet:

St)=W({)*R+N (1)

Where W (t) is the extracted statistical wavelet; R is the reflection coefficient (RC)

series; N is the random noise. Based on the log curves of the well CSDP-2 and seismic
profile (Fig 6), the well-seismic data is calibrated with the following procedure: (a) cali-
brating the seismic-well using Ricker wavelet, (b) extracting the minimum phase wavelet
and the zero-phase wavelet, according to the synthetic records. Seismic frequencies range
from 8 Hz to 50 Hz, with a dominant frequency of 25 Hz. Through a large number of
synthetic records, the non-zero phase wavelet extracted from a nearby seismic well is
found to be the best one. As shown in Fig 6a, the synthetic record of the well CSDP-2

d0i:10.20944/preprints202209.0258.v1
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matches the seismic trace, indicating that the extracted wavelet is useful, and thus deter-
mining the time-depth relationship of the well. On this basis, the near-middle-far angle
gathers are partially superimposed. After well-seismic calibration with three superim-
posed angle gathers (Fig 6b), the near-middle-far angle wavelets are extracted (Fig 6c¢).

a Density Partial Seismic Partial Seismic Partial Seismic GR  Vp/Vs
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Fig 6. The synthetic seismogram and extracted wavelets of the well CSDP-2. (a) Synthetic records
from full angle superimposed gathers; (b) Synthetic records from the near-middle-far angle super-
imposed gathers; (c) Wavelets extracted from the near-middle-far angle superimposed gathers after
well-seismic calibration.

4.1.4. Low-frequency model establishment

Two terms are used to define acoustic impedance: relative acoustic impedance and
absolute acoustic impedance [59, 60]. Relative acoustic impedance does not involve the
generation of a low-frequency model for its calculation. It is the property of the relative
layer for qualitative interpretation. In contrast, absolute acoustic impedance is an absolute
layer property used for qualitative and quantitative interpretations [61]. However, marine
seismic data in the study area generally lacks frequency information below 8 Hz. There-
fore, absolute acoustic impedance can be obtained when a proper low-frequency compo-
nent (approximately 0-10 Hz) is incorporated in inversion algorithms. In a pre-stack sim-
ultaneous inversion, low frequencies are added as part of the inversion algorithm, includ-
ing low models of P-wave impedance, S-wave impedance, and density. The processes are
as follows:

1. The strata framework is established, and the P-wave velocity log curves are spatially
interpolated to obtain the initial P-wave velocity low-frequency model;

2. P-wave velocity tomographic inversion is applied, and a P-wave velocity low-fre-
quency model is added;

3. According to the correlation between P-wave velocity, S-wave velocity, and density
in the well, the P-wave velocity low-frequency model is converted to the S-wave ve-
locity and the density low-frequency model.

4.1.5. Inversion steps

Due to the diagenesis and tectonism, the Carboniferous-Early Permian SYSB sedi-
mentary facies are diverse in lateral distribution with different physical properties of car-
bonate rocks. According to the physical characteristics of carbonate rocks in the study
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area, an appropriate inversion method was applied to predict the distribution of the fa-

vorable reservoirs. In general, the factors affecting inversion results are mainly geological

conditions and methods. However, the key factors of methods mainly include the quality

of seismic data, wavelet extraction, low-frequency model establishment, and the inversion

parameters. Based on petrophysical analysis (lithological and property sensitive elastic

parameters), the pre-stack simultaneous inversion method is used to predict Carbonifer-

ous-Early Permian carbonate reservoirs. The steps to perform pre-stack simultaneous in-

version are as follows:

1.  The well-seismic data is calibrated according to near-middle-far angle superimposed
gathers to obtain the near-middle-far seismic wavelets;

2. A low-frequency model is established to combine the velocity model of wellpoint
spatial interpolation with the high precision tomographic velocity inversion results;

3. Based on the optimized near-middle-far gathers, the pre-stack simultaneous inversion
method is applied to predict the lithology properties and physical properties of Carbonif-
erous-Early Permian carbonate reservoirs;

4. The favorable distribution characteristic of porous carbonate reservoirs is obtained
in the study area.

4.2. Carbon, oxygen, and strontium isotope analysis
4.2.1. Isotope measurement

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 with the phosphoric acid method
was used. Afterward, strontium isotope analysis was conducted using Triton Plus ther-
moelectric ionization isotope mass spectrometer.

4.2.2. Validation of stable isotope data

The preservation status of bulk carbonate samples was verified by the correlation
between their 580 and d*C values. Since a strong correlation (R >0.5) suggests diagenetic
changes, bulk samples with R >0.5 were altered. The bulk carbonate samples from all in-
vestigated sections indicate no significant correlation between 580 and dC (R = 0.24;
Fig8). Furthermore, the 5'80 value significantly decreased after diagenesis by the interac-
tion of atmospheric fresh water and hydrothermal fluid. When 8'8 O <-5%., the carbonate
rocks underwent diagenetic alteration, but their carbon and oxygen isotopic compositions
still represented the seawater at that period. When 08 O<-10%., the rocks underwent a
strong diagenetic transformation, and the sample values of carbon and oxygen isotopes
are no longer available. From the Early Permian to Carboniferous strata, 0'*0 values
ranges between -10.55%o and -5.65%o0, with a mean value of -7.4%o. Except for the values
of two samples 880 <-10%o (at the depth of 1723.73 m and 1948.5 m), all the other values
range from -9.75%o to -5.65%o (Fig 7). This indicates that though the oxygen isotopes are
affected by diagenesis, they can still represent the original sedimentary.
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Fig 7. The intersection of 5'%0 and 8'3C in the Carboniferous-Early Permian strata.

4.2.3. Paleosalinity

Previous studies have shown that 5'3C and 880 generally increased with the pale-
osalinity [62]. Keith and Weber [63] proposed a calculation formula based on the relation-
ship between the stable isotope and paleosalinity:

Z = 2.048(5"C +50) +0.498(5"0 +50) (PDB standard) @)

where Z represents the paleosalinity (Table 2). When Z>120%., it indicates the sea-
water-dominated sedimentary; when Z<120%., it indicates the meteoric water-dominated
sedimentary [64-66].

4.2.4. Paleotemperature

Paleotemperature is one of the important factors controlling the stable isotopic com-
position of carbonate. It can be effectively measured using 5'¥0 in the following formula
[67]:

T = 169 - 4'2(§1SOCaC03corroct +022)+013 ( 5180Ca€03c0rrcct + 022)2 (3)

In the Paleozoic strata, it is necessary to correct the 88O “dating effect”. In general,
the 880 value was calibrated from the average 5'80 of the Quaternary carbonate data
(the value is -1.2%o) in Table 2. The average of 8180 of the Early Permian-Carboniferous
strata is -7.7%o, and the difference between them Ad8O = 6.5%o, 0180cacoscorrec= measured
value - Ad®O. The paleotemperature of seawater can be calculated according to formula

3)-
Table 2. Carbon, oxygen isotopic and paleosalinity and paleotemperature
013CrpB 0180rpB Paleosalinity = Paleotemperature
Stratum Depth(m) Lithology
(%0) (%0) (%0) (C)
1654.35 Argillaceous limestone -3.16 -8.78 116.46 16.53
1658 Argillaceous limestone 1.22 -8.3 125.67 16.30
Qixia Fm
1663.03 Argillaceous limestone -1.55 -8.31 119.99 16.30
1723.73 Argillaceous limestone 2.03 -10.32 126.32 17.66

17271 Limestone 4.17 -7.35 132.18 16.03


https://doi.org/10.20944/preprints202209.0258.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 September 2022 doi:10.20944/preprints202209.0258.v1

11 of 28

1728.3 Grey black limestone 4.26 -6.89 132.59 15.98

1730.4 Grey limestone 4.28 -7.22 132.47 16.01

1733.3 Dark grey limestone 4.19 -6.97 132.41 15.98

1746.35 Grey limestone 4.39 -7.39 132.61 16.03

1747.68 Dark grey limestone 433 -6.58 132.89 15.98

1749.18 Dark grey limestone 3.13 -9.42 129.02 16.92

Chuanshan  1754.8 Dark grey limestone 3.69 -6.2 131.77 16.01
Fm 1757.03 Limestone 3.25 -6.75 130.59 15.98
1762.28 Grey black limestone 3.12 -6.52 130.44 15.98

1777.83 Grey black limestone 0.8 -5.65 126.12 16.12

1786.18 Dark grey limestone 2.21 -5.77 128.95 16.09

1802.3 Grey black limestone 2.16 -7.52 127.98 16.06

1810.85 Grey limestone 1.17 -7.98 125.72 16.18

1814.5 Grey limestone 1.65 -7.02 127.18 15.99

1815.9 Grey black limestone 1.83 -7.13 127.50 16.00

1822.7 Brown grey limestone 3 -7.82 129.55 16.13

1833.65 Grey limestone -6.24 -7.08 110.99 15.99

1839.5 Light grey limestone -0.61 -6.99 122.57 15.99

1843.45 Grey limestone 0.88 -6.48 125.88 15.98

Huanglong 1854 Grey limestone 1.84 -7.11 127.53 16.00
1868.53 Grey limestone -55 -6.96 112.57 15.98

Fm 1874.18 Grey limestone -1.91 -6.88 119.96 15.98
1881.75 Grey limestone -4.28 -6.37 115.36 15.99

1884.58 Grey limestone -2.28 -5.94 119.67 16.06

1901.85 Grey black limestone -5.43 -5.92 113.23 16.06

1916.45 Grey limestone -3.93 -5.85 116.34 16.07

1935.7 Light grey limestone -5.23 -8.35 112.43 16.32

1942.95 Light grey limestone -4.92 -9.75 112.37 17.17

Hezhou Fm  1948.5 Light grey limestone -4.58 -10.55 112.67 17.88
1968.53 Limestone 0.3 -8.16 123.85 16.25

2203.38 Grey limestone -2.56 -8.91 117.62 16.60

*Fm: formation
5. Results

5.1. Seismic characteristics

The Carboniferous-Early Permian strata is a set of reflection layers between T and
T11 in the seismic profiles (Fig 8). Surface Tio is the top surface, presenting as moderate-
low frequency, high-amplitude positive reflectors. Surface Tu is the bottom surface, pre-
senting as moderate-low frequency, high-amplitude negative reflector (Fig 8). The inter-
nal seismic reflection of the Carboniferous-Early Permian strata is parallel-subparallel,
characterized by moderate-continuous frequency, and moderate-amplitude seismic re-
flection. The overall formation thickness was relatively stable with a time thickness of 200
ms to 260 ms and a depth thickness of 500 m to 715 m. Due to the influence of the Late
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Indosinian tectonic movement, local highlands in the Carboniferous-Early Permian were
denuded.
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Figure 8. Seismic sequence stratrigratphy and seismic characteristics in the study area.

5.2. Lithological and Petrophysical characteristics
5.2.1. Lithology

Lithology of the lower part of the Hezhou Formation is magenta bioclastic micritic
limestone (Fig 9a); 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 has high roundness and good sorting. It is supported by a grain struc-
ture with the main particle sizes ranging from 0.25 mm to 1 mm. The sedimentary was
tidal flat of an open carbonate platform.

Lithology of Huanglong Formation is mainly gray-brown and light grey bioclastic
micritic limestone (Fig 9a and Table 3). Bioclastic limestone consists of fusulinida, cepha-
lopods, and brachiopods, with a light flesh-red limestone at the bottom and a small
amount of gravel limestone and oolitic limestone. Lithology of lower part is dominantly
micritic calcite (Fig 9a). Many silty clastic particles are observed in the micritic calcite crys-
tal aggregates, and the sediments are confined to the platform lagoon environment. Li-
thology of upper part are characterized by a spherulitic texture with biological fossils. The
spherulitic micritic limestone is filled with sparry calcite crystals, and the sedimentary
was an open platform shallow beach with high energy turbulence.

Lithology of the Chuanshan Formation is black-grey and dark-grey bioclastic micritic
limestone with abundant nucleate stones (Fig 9a and Table 3). The limestone consists of
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many bio-fossil fragments filled with micro calcite crystals, the microfracture is well de-
veloped between bio-fossil fragments, and the sedimentary was an open platform tidal
flat.

Lithology of the lower part of the Qixia Formation is fine-grained clastic rock, with
black mudstone intermixed with grey calcareous silt-fine sandstone and thin black coal
seams (Fig 9a). The middle part is swinestone, a black bituminous argillaceous limestone,
and the upper part is dark-grey limestone (Fig 9a and Table 3). This formation develops
fossil spindles and corals, foraminifera, and the sedimentary was a shallow-water car-
bonate open platform.

Table 3. Strontium isotope of the Carboniferous-Early Permian strata

Stratum Depth (m) Lithology 87Sr/86Sy
1654.35 Argillaceous limestone 0.70870838
Qixia Fm 1663.03 Argillaceous limestone 0.70841205
1723.73 Calcareous mudstone 0.72988313
1726.5 Ash black limestone 0.70809662
1730.4 Grey limestone 0.70797393
1749.18 Dark grey limestone 0.70812883
1777.83 Ash black bioclastic limestone 0.70877675
Chuanshan 1791 Dark grey bioclastic limestone 0.70836629
Fm 1802.3 Grey bioclastic limestone 0.70858171
1810.85 Grey bioclastic limestone 0.70867148
1814.5 Grey bioclastic limestone 0.70855557
1814.5 Grey bioclastic limestone 0.70863066
1815.9 Ash black bioclastic limestone 0.70877197
1822.7 Brown grey limestone 0.70860973
Huanglong 1833.65 Grey limestone 0.7273574
Fin 1854 Grey limestone 0.70858373
1874.18 Grey limestone 0.70841281
1901.85 Ash black limestone 0.70854751

* Fm: formation

5.2.2. Types of reservoir space

The Lower Permian-Carboniferous strata are dominated by micritic limestone, and
the reservoir space is mainly composed of intergranular porosity, dissolved porosity,
stylolite, and fracture.

Intergranular porosity are mainly present in carbonate grains. According to grain
types, the porosity can be divided into inter-oolitic porosity, sand porosity, and inter-
clastic porosity. After diagenesis, most of these porosity were filled due to cementation,
with bioclast (Figs 9b, k) and spartie calcite (Fig 91) filling the porosity. Under the single
polarized light, the grain shows dark orange light, with only a few residual intergranular
porosity observed (Figs 9b, k, 1). Some of porosity are filled with calcite or bioclastic

limestone (Figs 9d, h), and the others are unfilled (Figs 9¢c, n, p).
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Dissolved porosity are developed in the bioclastic limestone and micrite limestone,
which were formed by atmospheric water leaching on the basis of primary porosity. The
sizes of porosity vary between 40 um and 100 pum, and the porosity are connected by
dissolution fractures, with most of the dissolution porosity being unfilled (Figs e, s).

Stylolite are mainly developed in the micritic limestones with abundant bioclasts.
Most stylolite are formed by pressure dissolution and are residual gaps (Figs 9r, u), and
some of them are filled with mud. The gaps can be used as hydrocarbon migration
channels.

Fractures are developed in the intergranular, stylolite, and fissures. Some fractures
are fully filled (Figs 9g, h, j, o) or semi-filled (Fig 9q) with micritic calcite. Moreover, some
of them are not filled (Figs 9f, |, m, n, t). The unfilled fractures can be the connection of

porosity to increase the permeability of the rock.
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Fig 9. Lithologic column and photos of different types of porosity in the Lower-Permian-Carbonif-
erous strata. (a) Lithologic column and logging curve section of the well CSDP-2. Arrows indicate
the sample points; (b) Bioclastic micritic limestone, shuttle alga fossil at 1730.4 m of Chuanshan
Formation (single polarized light); (c) Bioclastic micritic limestone, sparry calcite partially filled in
the porosity at 1730.4 m of Chuanshan Formation (single polarized light); (d) Micrite limestone,
sparry calcite partially filled in the porosity at 1746.35 m of Chuanshan Formation (single polarized
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light); (e) Bioclastic limestone, intergranular dissolution porosity at 1746.35 m of Chuanshan For-
mation (single polarized light); (f) Bioclastic micritic limestone, clay rocks filled in the fracture, clos-
tridium fossils at 1749.18 m of Chuanshan Formation (single polarized light); (g) Bioclastic 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 devel-
oped 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 porosity
filled with sparry calcite at 1810.85 m of Chuanshan Formation (single polarized light); (1) Olitic
limestone, sparite calcite filled in the porosity with dark orange light at 1810.85 m of Chuanshan
Formation (single polarized light); (m) Clastic 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 calcite as main interstitial material, dissolution porosity
developed at 1822.7 m of Huanglong Formation (single polarized light); (o) Micrite limestone, mul-
tiple fractures developed, filled with calcite and mud at 1854 m of Huanglong Formation, (single
polarized light); (p) Micrite limestone, developed crinoids and foraminifera fossil and dissolved
pore at 1854 m of Huanglong Formation (orthographic photograph); (q) Bioclastic micritic lime-
stone, fracture developed and filled with sparry calcite at 1863.7 m of Huanglong Formation (single
polarized light); (r) Bioclastic micritic limestone, stylolite developed, partially filled with mud at
1863.7 m of Huanglong Formation (single polarized light); (s) Micrite limestone, dissolution poros-
ity 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) Bioclastic micritic limestone,
stoylolite developed, bioclast and stylolite cut by late structural fractures at 1962.38 m of Hezhou
Formation (single polarized light).

5.2.3. Reservoir physical property

Based on the core test of 10 samples from the well CSDP-2, the porosities of the Car-
boniferous strata range between 0.89% and 4.36%, with a mean porosity value of 2.05%,
in addition, the permeability ranges between 6.53x102 mD and 3.80x10? mD, with a mean
permeability of 1.38x10 mD (Table 4). These petrophysical tests indicate that the reservoir
of the Carboniferous strata has low porosity and permeability. Bioclastic micritic lime-
stone in the Chuanshan Formation and Huanglong Formation has high porosities (1.51%-
4.36%), while the porosities (0.89%) are low in the Hezhou Formation (Table 4).

Table 4. Petrophysical properties of the Carboniferous Formation.

Stratum Depth (m) Lithology Porosity (%) Permeability (mD)

1802.48 Sparite bioclastic limestone 1.51 0.69x10
Chuanshan 1807.38 Sparite bioclastic limestone 1.53 0.78x10?
Fm 1809.65 Bioclastic micritic limestone 2.87 0.65x103
1812.48 Bioclastic microcrystalline limestone 4.36 1.40x103
1868.62 Argillaceous microcrystalline limestone 1.49 1.20x103
Huanglong 1892.9 Microcrystalline limestone 1.81 3.8010°
1894.08 Bioclastic micritic limestone 1.70 0.15x103
Fm 1899.6 Bioclastic micritic limestone 2.99 1.25x103
1904.88 Micritic microcrystalline limestone 1.33 1.16x103

Hezhou Fm 1962.38 Bioclastic micritic limestone 0.89

* Fm: formation

5.3. Porous carbonate distribution
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The ultimate goal of seismic inversion is to predict the distribution and physical
properties of carbonate reservoirs quantitatively and semi-quantitatively. Base 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 apply the pre-stack simultane-
ous inversion, and thus obtains the lithology property and physical property of elastic
parameters data (Figs 10a, b).
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Figure 10. Carboniferous-Early Permian porous carbonate reservoirs prediction. (a) P-wave imped-
ance profile showing the lithologic distribution; (b) Ag profile showing the physical properties; (c)
Physical propertie characteristics of Carboniferous-Lower Chuanshan Formation; (d) Porosity pro-
file; (e) Oil traces in the Grey-brown bioclastic limestone at the depth of 1765.18m of borehole CSDP-
2; (f) Oil trace in the dark grey bioclastic limestone at the depth of 1779.18m of borehole CSDP-2; (g)
Oil immersion in the grey-black bioclastic limestone; (h) Oil traces in the grey-black micritic lime-
stone at the depth of 1821.48m of borehole CSDP-2.

According to the results of petrophysical analysis, the threshold of P-wave imped-
ance (13500 g/cm®m/s) is used to distinguish clastic rock from limestone, and the threshold
of P-wave impedance (16300 g/cm®m/s) is used to distinguish bioclastic limestone from
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pure limestone. It can be observed that the bioclastic limestone reservoirs of the Carbon-
iferous-Early Permian strata are well developed, mainly in the Hezhou Formation and the
Chuanshan Formation, partly in the Qixia Formation (Fig 10a).

From Fig 5d, the physical properties Ag ranging between 3x107 (kg?/m?-s) and 7x107
(kg¥/m2s) are the favorable reservoirs in the limestone. Red and yellow colors represent
optimal physical properties, and green and blue colors indicate poor physical properties
(Fig 10b). According to the P-wave impedance threshold, the impedance range of clastic
rock and pure limestone is excluded, and the relationship between Ag and porosity is ob-
tained based on the results of petrophysical analysis (Fig 5e). Finally, the porosity data of
bioclastic limestone reservoirs are obtained (Fig 10c). The result shows that the Carbonif-
erous-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 Chuanshan Formation
(Fig 10d). In lateral distribution, the carbonate reservoirs with good physical properties is
located around the NE-oriented paleo-highland (Fig 10c), with porosity values ranging
from 3% to 5%.

According to CSDP-2 borehole, oil traces were observed in the fissures, the middle
of grey-brown bioclastic limestone (Fig 10e), and the bottom of dark grey bioclastic lime-
stone (Fig 10f). Oil immersion was also found in the grey-black bioclastic limestone with
siliceous bands at the top of the Huanglong Formation. It was also detected in the algal
limestone in the middle of the Huanglong Formation (Fig 10g). Furthermore, oil traces
were found in the grey-black micritic limestone at the top of the Hezhou Formation, where
numerous fractures were developed (Fig 10h). The drilling results are consistent with the
reservoir prediction.

5.4. Sedimentary analysis

Carbon isotope ranges between -7 %o and 5%, with a mean value of 0.158%o; the pale-
osalinity ranges between 110%o to 132%., with a mean value of 124%.. Whilst the pale-
otemperature vary between 15 C and 18 C, with a mean value of 16.0 'C (Fig 11; Table
2). Therefore, the sedimentary of SYSB was mainly in a warm and humid subtropical cli-
mate [68]. Oxygen isotope are almost representative of the primary sedimentary, with
87Sr/86Sr ratios ranging between 0.71 and 0.73 and a mean value of 0.71 (Fig 11; Table 4).
Overall, the #5r/%¢Sr ratios of test samples are significantly higher than the mantle-derived
87Sr/%6Sr ratio with an average value of 0.70. The high 8Sr/%Sr ratio may indicate the influ-
ence of terrigenous diagenetic fluids and clastic types of cement with higher 8Sr/%Sr ratio
on carbonate [69].

The paleotemperature of the Hezhou Formation increased from 16.2 C to17.8 C at
first and then decreased from 17.8 C to 16.3 C. Two negative d3C excursion values ac-
company the decline and rise of the two paleosalinities of the ocean and the last one along
with sea level falling [58]. In general, it was a warm and humid climate, mainly in atmos-
pheric water digenetic environment (Fig 12), which is hypoxic in the early stages and ox-
ygen-rich in the late stages [70].

The paleotemperature of the Huanglong Formation is stable and ranged from 15.9
T to 16.1 C, the oxygen isotopes ranges from -7.82%o to -5.94%., indicating the whole
marine deposition remained warm and oxygen-rich (Fig 11). In a atmospheric water di-
genetic environment, two negative and positive values of 5'3C were exhibited (Fig 12),
accompanied by paleosalinity variations in the marine phase (a value ranging from
110.9%o to 129.5%o), responding to sea-level eustatic [71]. A set of black and grey limestone
was deposited during the last transgression after regression (Fig 11), and the Huanglong
Formation mainly deposited tight limestone, including micritic limestone and sparite
limestone. Remarkably, the last sea-level regression had a high 87Sr/8Sr ratio (Table 4).

During the Chuanshan period, the sea level continuously rose [23] with a paleosanity
>120%o (Fig 11), indicating the occurrence of marine sediments. During the Middle-Late
Chuanshan period, paleotemperature rapidly decreased. The sea level began to rise in the
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next stage, and the whole marine strata were in an oxygen-rich environment. At the end
of the Chuanshan period, the sea level reached its maximum, and the d'80 experienced an
abnormally negative shift, accompanied by a high 8 5r/$Sr ratio.

At the beginning of the Qixia period, the sea level started to fall [72, 73], accompanied
by a decrease in paleosalinity and paleotemperature. Due to limited samples, the sequence
stratigraphy is not well controlled. However, the '80 value was generally negative (Table
2; Fig 11), and the whole Qixia Formation was in a marine and continental inter sedimen-
tary under an anoxic state [74], where most marine organisms became extinct, and the
lithology mainly consisted of black mudstone and limestone (Fig 9a), with the increase of
0180 value and d13C value in the late period, marine organism gradually recovered.
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Figure 11. Carbon, oxygen, and strontium isotope compositions of the Carboniferous-Early Permian
strata
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Figure 12. The intersection of carbonate versus paleosalinity of the Carboniferous - Early Permian
strata.

6. Discussion

Yangtze Plate is located near the equator in the southern hemisphere, on the eastern
edge of the Paleotetheyan ocean during the Carboniferous - Early Permian, with the lati-
tude ranging from 1.6°S to 2.4°N [68, 75-77]. In the Early Carboniferous global transect,
the Lower Yangtze Plate and Cathaysia Plate were joined as a large carbonate platform
until the end period of the Chuanshan Formation. The tropical climate was warm and
humid with abundant atmospheric precipitation, conductive to carbonate deposition [74,
78, 79]. Previous studies of lower latitude Carboniferous-Early Permian sedimentary
squences of South China [80-82], North America [83-85] and Euramerica [86] indicated
that the sequence architecture and implied eustatic fluctuations of the lower latitude re-
gions (e.g. South China and southwestern USA) correspond well with the Late Palaeozoic
Gondwanan glaciation.

The Central Uplift of SYSB was considered a paleo-uplift after the Caledonian period,
and the well CSDP-2 revealed a shoal-reef facies developed in local highlands [87, 88](Fig
2b). However, the sea level of the Lower Yangtze Plate in Carboniferous was deeper than
that of the Upper Yangtze Plate [87]. Therefore, shoal reef facies of porous reservoirs were
mainly developed in the margin of platform uplift in the SYSB, which was enclosed by an
open shelf.

The SYSB began to subside in the early period of Carboniferous [89]. During the late
of Early Carboniferous, seawater intruded from the east and west sides of the basin. The
SYSB was a shallow shelf and tidal-flat environment with an NNE trend during the
Hezhou Formation [90]. During the marine sedimentary, delta sedimentary facies were
formed nearby the shore (Fig 13a). According to the lithology analysis, terrigenous detrital
rocks and carbonate rocks are deposited interbedded in the marine sedimentary. As sea
level decreases, sedimentary paleo-uplift were susceptible to superimposed syngenetic
and quasi-syngenetic exposures [91](Fig 11h). It was subjected to diagenetic alteration and
affected by leaching and dissolution of the freshwater, leading to the increase of pore
space [30, 92-97]. Considering there was more accumulation space in the SW slope zone,
the shoals began to superimpose and continuously migrate seawards, and shoal reservoirs
were well developed and distributed in the slope zone (Fig 10d).

The scale of transgression was the largest in the Huanglong period, and the Yangtze
Sea and the Paleo-South China Sea were almost connected, which was a neritic carbonate
sedimentary [98] . The open platform, platform margin, restricted platform, and tidal-flat
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facies were developed in the SYSB (Fig 13b). Three regression and transgression happened
in this period [91], and thus the SYSB periodically exposed, and some of the strata suffered
different degrees of denudation. At the end of the Huanglong Formation, the strata suf-
fered from enduring denudation, and its top was a karst weathering crust [98]. As a result,
the Huanglong Formation and the overlying strata were in pseudo conformity contact [88,
99]. The high ratio of #Sr/%Sr in the last regression indicated more terrigenous organic
matter was carried into the sea water, which resulted in a large negative d°C excursions
at the sea surface and deep marine. This result may be due to changes in ocean circulation
associated with the closure of the western end of the Paleotenthy during the formation of
Pangaea [100, 101]. In the high-frequency oscillation environment of the marine deposi-
tion, the paleo-highland was characterized by high wave agitation energy. The intergran-
ular porosity were well-developed through leaching and dissolution by the atmospheric
precipitation in the late period, leading to a higher porosity in the paleo-highland. In con-
trast, in the lowlands below the sea level for a long time, the tight lithology was deposited.
These areas were not susceptible to dissolution by meteoric water, resulting in a low de-
velopment of primary pore space (Fig 10d).

During the Late Carboniferous Chuanshan period, seawater intrusion and sediment
migration to the SE formed a NE-trending tectonic pattern. From eastern to western part
of the basin, open platforms, restricted platforms, and tidal-flat facies are deposited, with
organic reef shoal sub-facies developing in local highlands (Fig 13c). In this period, a large
amount of bioclastic limestone was deposited due to the low sea level. The primary sedi-
mentary conditions were good, with little diagenesis influence and largely preserved pri-
mary sedimentary porosity (Fig 9). The reservoir was partially good in the highlands (Fig
10d). The end of the Chanshan period indicates an anoxic event due to temperature rising
at the Carboniferous-Permian transition [102].

The Asselian- Early Sakmarian environment of the South China was a massive epi-
continental sea, as a regionally stable carbonate platform [103], The Early Permian was the
largest transgression period in SYSB [72, 73], depositing extensive bioclastic limestone rich
in fusulinida, corals, foraminifera, and calcareous algae (Figs 9, 10). It formed stable litho-
facies and thick carbonate rocks (Hu, 2010). In the late period of the Early Permian, the
Lower Yangtze Plate began to retreat, and most of the Lower Yangtze region turned into
deltas and lagoons-bay facies, indicating the end of the marine sedimentary history (Fig
13d). With the regression of sea level, the reservoir of Qixia Formation was not well de-
veloped (Fig 11d), and the large set of black mudstone mainly served as source rock [104].

As mentioned above, the Central Uplift was an inherited paleo-uplift from the Cale-
donian movement, with a warm and humid tropical climate and abundant atmospheric
precipitation at that time. The favorable conditions for developing porous carbonate rocks
are as follows. Firstly, shoal carbonate facies were mainly developed in the paleo-high-
land. The primary porosity were intergranular, biologic cavity, and biologic skeleton po-
rosity, which formed in a high-energy environment. Secondly, during the syngenetic to
quasi-syngenetic period, dissolution occurred after the deposition of the shoal facies. The
influence of meteoric water on the diagenetic process was mainly in the early diagenetic
and epigenetic periods (terrestrial detrital and the meteoric water in the syngenetic stage).
Secondary porosity after the exposure of highlights, mainly composed of dissolved po-
rosity, intergranular porosity, and intragranular porosity, which were more conducive to
the preservation of porosity.
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7. Conclusions

1. According to the petrophysical analysis, P-wave impedance is a sensitive elastic pa-
rameter that can distinguish bioclastic limestone from pure limestone and clastic
rock. In addition, Ag is a physically sensitive elastic parameter, which decreases with
increasing porosity;

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

3. 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. From
the Hezhou Formation to the Huanglong Formation, there were four negative and
positive 813C excursions, indicating that the carbonate strata was exposed for a long
time and suffered from intense denudation. Terrigenous detrital was brought into
the seawater in the early Hezhou Formation and at the end of the Huanglong For-
mation, affecting the carbonate diagenesis.

4. The good physical properties (reservoirs) of porous carbonate in the study area are
mainly related: a) the Central Uplift was a successor paleo-uplift after the Caledonian
movement, which formed a shoal facies in the paleo-highland; b) due to the fluctuant
sea level, the carbonate strata was leached and dissolved by meteoric water during
the syngenetic to quasi-syngenetic period. The secondary porosity were enlarged,
leading to the development of high-quality reservoirs in local strata. Therefore, leach-
ing and dissolution in the diagenetic period are important factors for good reservoirs.

8. Patents

This section is not mandatory but may be added if there are patents resulting from
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