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The marine Mesozoic is widely distributed in the northeastern waters of the South
China Sea and is an important field for oil-gas exploration in the South China Sea.
The Chaoshan Depression is the largest residual depression in this sea. At a
previous well, LF35-1-1, no oil and gas have been discovered with then pre-
drilling prediction techniques. Post-drill analysis shows that the physical properties
of the Mesozoic reservoir are not favorable there. So, in accurate prediction of the
oil-gas reservoirs is necessary. Since the drilling at the LF35-1-1, extensive surveys
and studies have been carried out which shows a number of favorable trapping
structures. In the middle low bulge of the Chaoshan Depression, the DS-A
structures found with potential reservoirs, complete trap structures, and dual
source hydrocarbon supply on both sides, making it the most favorable zone for
oil-gas accumulation. We apply the state of art prediction techniques for it using
pre-stack seismic raw gather. The sensitivity analysis results of reservoir physical
properties indicate that the difference in P- wave velocity between sand and
mudstone is 500m/s, the difference in density is 0.02 g/cm3, and the Poisson’s
ratio ranges between 0.11 and 0.33. The Mesozoic sandstone reservoirs in the
Chaoshan Depression have characteristics of high velocity and low Poisson’s ratio,
and the P-wave velocity, density, and Poisson’s ratio are the main sensitive
parameters for predicting reservoir and its oil-gas bearing properties. The
density inversion, P-wave impedance inversion, and S-wave impedance
inversion jointly characterize the “wedge-shaped” sand body in the DS-A
structural area, with a maximum thickness of over 400m and an area of
~130 km2. The overlap of the sand body contour map and Poisson’s ratio
inversion results indicates that the “wedge-shaped” sand body is an oil-gas
bearing sand body. It can be concluded that pre-stack elastic parameter
inversion is an effective method for reservoir prediction in deep-sea no-well
exploration areas. It has the characteristics of high signal-to-noise ratio, strong
stability and reliability, and high accuracy, which is conducive to reduce the non-
uniqueness and uncertainty of seismic inversion. The inversion results predict that
the DS-A structure is an oil-gas bearing structure.
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1 Introduction

The distribution area of Mesozoic in the northern of South
China Sea (SCS) is more than 10×104 km2, several residual
depressions have developed, among which the Chaoshan
Depression is the largest one, it has good potential for oil-gas
exploration, but oil and gas have not been discovered through
drilling. The physical properties of the Mesozoic reservoir are
complex, the seismic response is weak, the mechanism of oil-gas
accumulation is unclear, and the pre drilling prediction does not
match the actual drilling results (Wang et al., 2000; Hao et al., 2001;
Hao et al., 2004; Yang et al., 2008; Hao et al., 2009; Wang et al., 2009;
Yao et al., 2011; Duan et al., 2012; Zhang et al., 2012; Ji et al., 2014;
Zhang et al., 2014; Hu et al., 2022; Guo et al., 2022; Yang et al., 2022;
Zhong et al., 2022a; Zhao et al., 2023;). In recent years, a large
number of oil-gas exploration investigations and studies have been
conducted in this area, and organic-rich marine Mesozoic and trap
structures have been discovered. The middle low bulge, especially
the DS-A structural area, has developed reservoirs, complete trap
structures, and dual source hydrocarbon supply on both sides,
making it the most favorable area for oil-gas accumulation.
Effective identification and prediction of reservoir oil-gas bearing
properties are the key to successful exploration.

Seismic inversion is the most widely used technology for
predicting oil-gas reservoirs today. Seismic inversion of elastic
properties is one of the important seismic inversion methods, it
uses Pre-stack CRP gather data, velocity data, and well data to invert
various elastic parameters related to lithology and oil-gas properties,
and is further used to predict rock physical properties and their oil-
gas bearing properties, it has good stability and high accuracy
(Gardner et al., 1974; Gray D.1999; Han et al., 2018; Hamed
et al., 2018; Heidari et al., 2013; Ji et al., 2014; Kelly et al., 2001;
Liu et al., 2016; Ojha et al., 2021; Pan et al., 2016; Pedro et al., 2018;
Sena et al., 2011; Smith et al., 1987; Son et al., 2018; Subhashis
M.2001; Ursin et al., 1996; Zong et al., 2012). This paper is
based on the physical intersection analysis of sandstone rocks in
well LF35-1-1, searches for reservoir and hydrocarbon sensitive
elastic parameters, and then describes the gas bearing reservoir
morphology and internal structure to achieve accurate prediction of
gas bearing properties of sandstone reservoirs.

2 Geological setting and research
status of seismic inversion in study area

Marine Mesozoic rocks in the northern of SCS have been found
by a large number of geophysical surveys and drilling data. For
example, many wells (CFC-1, A-1B, etc.) in the southwestern
Taiwan basin reveal the Lower Cretaceous (Zhou et al., 2002; He
et al., 2006; Zhong et al., 2007), and the well LF35-1-1 in the
Chaoshan depression reveals the Middle and Upper Jurassic
organic-rich marine strata (Shao et al., 2007; Wu et al., 2007).
After experiencing multiple stages of basin formation and
deformation, a large superimposed basin formed (Zhong et al.,
2011). The Chaoshan depression is the largest Mesozoic residual
depression in the northern SCS, with an area of more than 3.7 ×
104 km2 and a water depth of 300 m–3000 m. Six secondary tectonic
units can be divided as the eastern sag, western sag, middle-low

bulge, northern slope, central slope, and western slope. Based on the
latest survey data, it is found that there is a large trap structure
(structure-A) in the low bulge in the central Chaoshan Depression,

FIGURE 1
Location of chaoshan depression.

FIGURE 2
Stratigraphic column map.
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bounded by antithetic and synthetic faults, which may provide
favorable conditions for the formation of oil–gas (Figure 1). Its
underlying structural layer is Mesozoic marine deposits, with a
maximum deposition thickness of approximately 6,000 m. The
Mesozoic strata in Chaoshan depression comprises of T3-J1, J2, J3
and K (Figure 2) (Zhong et al., 2022b).

Well LF35-1-1 confirmed that the Chaoshan depression was
filled with Cretaceous continental deposits and Middle - Late
Jurassic marine deposits, of which the Middle - Late Jurassic
marine deposits had good petroleum geological conditions (Hao
et al., 2001), and revealed two beds of hydrocarbon source rocks in
1940 m–2022 m and 2,100 m–2412 m well section. Table 1 shows its
geochemical indicators. The 1940 m–2022 m hydrocarbon source
rock is poor to medium hydrocarbon source rock, and the
2,100 m–2400 m hydrocarbon source rock is medium to good
hydrocarbon source rock (Yang et al., 2008). The organic matter
types of these two hydrocarbon source rocks are mainly type III and
a small amount of type II2, which are distributed in the marine strata
of the Middle and Upper Jurassic and are stable over a large scale.
The minimum thickness of the single layer of the source rock is 6 m,
the maximum is more than 40 m, and the average thickness is

approximately 20 m. The average thickness of a single layer of the
lower source rock is greater than that of the upper source rock.

From the interpretation of seismic data in the Chaoshan
depression based on calibration of well LF35-1-1 (Figure 3),
three sets of source rocks are developed in the Mesozoic, of
which the Upper Triassic-Lower Jurassic source rocks are
dominated by bathyal-shallow marine facies, the Middle
Jurassic source rocks are dominated by shallow marine facies,
and the Upper Jurassic source rocks are dominated by bathyal-
shallow marine facies.

The seismic profile shows (Figure 4A) that there is a set of
submarine fan sandstones advancing from SE to NW is developed at
the top of the Upper Jurassic. This article focuses on this set of
submarine fan sandstones (Figure 4B), the root of the fan (inner fan
natural embankment deposits (Figure 4C)) is located in the
southeast of the profile, while the middle of the fan is located in
the middle and northwest of the profile. Among them, the middle
part is mainly middle fan channel deposits, and the sandstone
reservoir at this location has the best physical properties. Middle
fan front deposits are mainly developed in the northwest. On the
plane, the seismic facies analysis results show that the submarine fan

TABLE 1 Geochemical characteristics of dark mudstone in well LF35-1-1

Well
section (m)

Horizon
strata

Litdology Pale strata Effective source
rock tdickness

TOC(%) Evaluation

Min-
max

Average (number
of samples)

977–1369 K Dark mudstone 0 0 0.05–0.54 0.10 (25) non

1369–1698 K Tuff 33 0 0.06–0.30 0.15 (6) non

Dark sandy
mudstone

45.5 0 0.06–0.11 0.08 (15) non

Tuff 215 0 0.14–0.63 0.27 (28) non

1698–2,412 J2+3 Dark sandy
mudstone

529.38 (tuff and
sandstone removed)

82.87 0.5–1.15 0.70 (36) Poor-medium
source rock

46.16 1–1.48 1.32 (11) Medium-good
source rock

FIGURE 3
Interpreted seismic profile of line (a–a’) (see Figure 1 for location).
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is distributed in the SE‒NW direction, and the target structure is
located in the braided channel area of the middle fan and the non-
water channel area of the middle fan, which are both high-quality
sandstone reservoir development areas.

Shore-shallow marine facies and semi-deep sea facies mudstones
with the thicknesses of more than 200 m, which are widely distributed
throughout the region in the late Oligocene and after, are relatively pure
in texture, have good capping ability, and can form a regional capping

FIGURE 4
Reservoir characterization of DS-A structure (see Figure 1 for location).

FIGURE 5
AVO index characteristic profile line (d–d’) (see Figure 1 for location).
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layer. According to the drilling data of the well LF35-1-1, the single layer
of multiple sets of mudstone encountered in this well is large, with a
maximum thickness of more than 40 m. It should have good sealing
capacity and be an important local cap rock in this area.

In reservoirs with a high oil-gas accumulation, the seismic wave
velocity and strata density will decrease, “dark spots” reflections will
appear at the top interface of the reservoir, and “bright spots”
reflections will appear at the bottom interface of the reservoir.
Oil-gas discovery will be achieved in many domestic oilfields
using “dark spot” and “bright spots” technology (Zhang et al.,
2009; Yin et al., 2014). In oil-gas exploration, the most
conventional method of predicting hydrocarbons by “bright
spots” or traditional AVO anomalies has been formed, but this
method has encountered challenges in the practice of deep-water
exploration in SCS (Figures 5A, B). It is found that “bright spots” or
traditional AVO anomaly does not necessarily mean that the
reservoir contains highly saturated hydrocarbons, and water, low
saturation gas and even no reservoir may cause superimposed
amplitude “bright spots” or AVO anomaly. Sometimes gas-
bearing sandstones may not be “bright spots” of amplitude.

From the results of AVO analysis in the Chaoshan Depression, it
can be observed that the AVO index generally presents certain
anomalies at well LF35-1-1 (blue ellipse), while the actual drilling of
LF35-1-1 has not found any oil-gas. That means the AVO anomaly
does not have a very good prediction effect on Mesozoic oil-gas in
the Chaoshan Depression.

To solve this problem of deep-water oil-gas exploration, it is
necessary to use other effective geophysical prediction methods to
reduce the risk of oil-gas exploration. In view of the low elastic

property of gas-bearing reservoirs, the sensitive elastic parameters
obtained from pre-stack (elastic) inversion, such as S-wave velocity,
density and Poisson’s ratio, can be used to predict hydrocarbons and
compensate for the lack of AVO attribute analysis. Elastic parameter
inversion has achieved good results in predicting “bright spots” or
“sweet spots” (Pan et al., 2016; Zhang et al., 2017; Han et al., 2018).

3 Data and methods

Guangzhou Marine Geological Survey (GMGS) has conducted
long-array 2D and quasi-3D seismic surveys. Seismic wave was
recorded using a 480-channel streamer at group interval of 12.5 m.
The shooting spacing is 37.5 m using a source capacity of 5080 cubic
inches. The coverage is up to 80-fold.

The seismic data used in our inversion are pre-stack time
migration CRP gather data. Overall, there is no acquisition
footprint or abnormal amplitude band. The maximum offset is
more than 4000 m, and the maximum incidence angle is
approximately 30°. Therefore, the seismic data can fully meet the
needs of pre-stack inversion research (Figures 6, 7).

Similar to conventional logging data (such as GR and resistivity) to
identify lithology and fluid, petro-physical data (such as Poisson’s ratio
and density) can also discriminate lithology and fluid, and Poisson’s
ratio curve and GR curve are very similar. The difference between the
two is that rock physical parameters can be obtained from pre-stack
seismic data inversion, while logging parameters such as GR and
resistivity cannot be obtained from seismic data, this provides a
solution for determining rock physical properties with few wells.

FIGURE 6
CRP gather denoising.
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Seismic inversion of elastic properties can be divided into well-
constrained and well-free- constrained inversion.Well-free-constrained
inversion technology refers to the direct inversion of different elastic
parameter using the CRP gather data and velocity data of pre-stack time
migration. In this inversion process, “calculate the angle, but do not
divide the angle” (Zoeppritz et al., 1919; Aki et al., 1980; Shuey R T,
1985; Zong et al., 2012). Since the well LF35-1-1 is not in the area of
structure-A, this study adopts well-free-constrained inversion. Based on
the relationship between P-wave velocity and elastic parameters in well
LF35-1-1 and taking seismic velocity as a link, a sensitive elastic
parameter inversion model in a no-well area is established. The
most indicative hydrocarbon prediction elastic parameters are
selected, a hydrocarbon elastic identification model is established,
and a complete elastic prediction is formed.

Elastic parameters including P-wave impedance (Ip), S-wave
impedance (Is), bulk modulus (K), shear modulus (µ),
compression modulus (Lame coefficient λ), density (ρ), Young’s
modulus (E) and Poisson’s ratio (s) (Fatti J L, 1994; Gray D, 1999)

can be obtained by inversion. These elastic parameters can indicate the
physical properties of rocks. In addition to S-wave impedance (Is), the
other seven elastic parameters can also indicate the fluid properties in
rocks. The inversion results are characterized by a high signal-to-noise
ratio, strong stability and reliability, and high accuracy, which are very
suitable for new exploration areas or no-well area.

The elastic parameters in this study refer to the parameters
extracted from pre-stack seismic data, including P-wave velocity,
S-wave velocity, density, Poisson’s ratio, etc. The “sweet spot” of the
reservoir is related to a variety of elastic parameters and seismic
attributes. As a kind of energy, the seismic wave will generate stress
on the rock when it propagates underground, and the rock will
generate strain accordingly. Because the stress changes relatively
fast, the rock response is close to elasticity, and the rock can be
regarded as an elastic body. In the elastic deformation zone of the
elastomer, the ratio of stress to strain is defined as the elastic
modulus. The elastic modulus is a constant, which indicates the
difficulty of rock strain under stress. According to different stress

FIGURE 7
Stack profile of line (c–c’) (see Figure 1 for profile location).

FIGURE 8
Crossplot of the lithology sensitivity of the Jurassic sandstone of well LF35-1-1.
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and strain conditions, it can be divided into the tensile modulus of
elasticity (Young’s modulus E), shear modulus of elasticity (shear
modulus μ), bulk modulus of elasticity (bulk modulus k), and
commonly used Lame coefficient, which is sensitive to
hydrocarbons λ. Pre-stack elastic inversion is carried out for
P-wave velocity, S-wave velocity, P-wave impedance, S-wave
impedance, density, Poisson’s ratio and Young’s modulus.

4 Results

4.1 Reservoir sensitivity analysis

Through the intersection analysis of rock physical
parameters, appropriate sensitive parameters and threshold
values can be selected from a large number of elastic
parameters (Zhang et al., 2009). Figure 8 shows the
lithological sensitivity crossplot of the Jurassic sand-mudstone
section of well LF35-1-1. The red sample points represent
sandstone, and the blue sample points represent mudstone.
From the crossplot of interval transit time (Figure 8A),
P-wave velocity (Figure 8B), density, wave impedance
(Figure 8C) and gamma rays (Figure 8D) of the Jurassic
sandstone mudstone section, it can be seen that the sandstone
velocity of this section is higher than that of mudstone, but there
are still some parts interwoven together. The density of sandstone
is slightly lower than that of mudstone, and most of them are
scattered and interwoven. The wave impedance of sandstone is
slightly higher than that of mudstone, and there are still some
scattered points.

According to the analyzing results of interval transit time
(Figure 9A), P-wave velocity (Figure 9B), density (Figure 9C) and
P-wave impedance (Figure 9D) in the sand-mudstone histogram
(Figure 9), the main value of sandstone velocity in the Jurassic sand-
mudstone section of well LF35-1-1 in the Chaoshan Depression is

5150 m/s, the main value of mudstone velocity is 4650 m/s, and the
sandstone velocity is 500 m/s higher than that of mudstone
(Figure 9C). The main value of sandstone density is 2.65 g/cm3,
the main value of mudstone density is 2.67 g/cm3, and the density of
sandstone is 0.02 g/cm3 lower than that of mudstone (Figure 9B).
Due to the high velocity and low density of sandstone relative to
mudstone, the wave impedance value is relatively close. The main
value of sandstone wave impedance is 13,800 g/cm3 * m/s, and the
main value of mudstone wave impedance is 12,500 g/cm3 * m/s
(Figure 9D).

4.2 Hydrocarbon sensitivity analysis

Due to the lack of drilling data in the northern of SCS and
similar basin filling patterns, the results of hydrocarbon sensitivity
analysis of Mesozoic strata in the North Yellow Sea can be used for
reference. Liu Jinping found that oil-bearing sandstones have
obvious characteristics of low Poisson’s ratio and can be
identified by Poisson’s ratio parameters. The threshold value of
Poisson’s ratio is 0.21 (Liu et al., 2015).

4.3 Oil-gas reservoirs prediction

Figure 10 shows the line-cc’ linear density inversion profile (see
Figure 1 for the location). Multiple sets of low-density anomalies
appear at the “wedge” on the stack profile (Figure 10A). The low-
density anomalies can reflect the shape of the fan body and the
development of the sand body as a whole (Figure 10B). Combined
with the analysis of sedimentary facies, this is a deep-water fan.
However, other elastic parameters, such as P-wave impedance
inversion (Figure 10C) and S-wave impedance inversion
(Figure 10D), are similar to the stacking results and do not
reflect the development status of sediments and reservoirs.

FIGURE 9
Histogram of the lithology sensitivity of the Jurassic sandstone of well LF35-1-1.
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FIGURE 10
Inversion profile of line (c–c’).

FIGURE 11
Isopach (A) and RMS amplitude map (B) of upper Jurassic sandstone.

FIGURE 12
Poisson’s ratio inversion profile of line-(cc’).
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Combined with petro-physical characteristics, pre-stack density
inversion can better predict Mesozoic reservoirs.

Figure 11 is the time thickness map of the Upper Jurassic
sandstone in the study area (one-way travel time) converted by
the density inversion results (Figures 11A, B). The average velocity is
5000 m/s. The thickness of the sand body in the western part of the
study area is more than 300 m, and the maximum thickness can
reach approximately 400 m. The thickness of sandstone in the
middle area is slightly thin, and the range is relatively small,
approximately 150 m overall. It also corresponds well with the
Root-Mean-Square (RMS) amplitude anomaly map.

Figure 12 shows the Poisson’s ratio inversion profile of line-
cc’. It can be seen from the figure that there are multiple sets of
low Poisson’s ratio anomalies on the Poisson’s ratio inversion
profile and a “wedge” on the profile. The low Poisson’s ratio
anomaly can reflect the hydrocarbon accumulation in the sand
body as a whole and has a good matching relationship with the
density inversion results (Figures 13A, B).

Based on the understanding of petrophysical analysis and pre-stack
Poisson’s ratio inversion quality analysis, the hydrocarbon distribution
with low Poisson’s ratio anomalies in the Chaoshan depression is
predicted.

FIGURE 13
Hydrocarbon distribution map of the upper Jurassic.

FIGURE 14
Geochemical anomaly along the survey line (e-e’) (see Figure 1 for location).
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The sandstone reservoir in this area is large, the total thickness
exceeds 400 m, and the plane distribution of the sand body is stable.
Hydrocarbon detection shows obvious hydrocarbon anomalies in this
area. In terms of structure, this area is located at the local structural
high point, and the overall structural conditions are favorable.

5 Discussion

The poor physical properties of the reservoir encountered
during the drilling of well LF35-1-1 are related to the baking of
igneous rock. At the same time, the post stack inversion also has
multiple solutions, leading to the inconsistency between the
reservoir prediction and the actual drilling. The DS-A
structure is far away from the igneous rock activity area, and
the reservoir physical property is relatively good. The high
P-wave velocity of its reservoir should be related to the burial
depth of Mesozoic. The pre-stack inversion uses gather data with
high signal-to-noise ratio and strong stability, and its inversion
results are highly reliable.

The Mesozoic sandstone in the North Yellow Sea Basin and the
Chaoshan Depression both have similar geological background with
deep burial and multiple uplifts, and have similar physical
conditions. The Poisson’s ratio threshold value of 0.21of the
North Yellow Sea Basin can be used as the threshold for
determining oil-gas in the Chaoshan Depression.

Before new drilling, there is no new well data to verify the
predicted results, but some of phenomenon of oil-gas leakage is
indirect evidence, such as geochemical anomaly (Figure 14), mud
volcanoes and hydrates (yan et al., 2022; zhong et al., 2022a). There
are some differences between the prediction reliability of the two
types of parameters adopted this time and the accuracy and
reliability of the predecessors, this can be seen from AVO
inversion near well LF35-1-1, the inversion results basing on
elastic properties are highly reliable.

6 Conclusion

Reservoir sensitivity analysis and hydrocarbon sensitivity
analysis results show that the Mesozoic sandstone reservoir in
the Chaoshan depression has obvious low-density and low
Poisson’s ratio characteristics, but the density and Poisson’s
ratio of other lithology are relatively high, which can be used to
identify sandstone reservoirs based on the density parameter
and to predict the oil-gas potential based on Poisson’s ratio.
Oil-gas reservoirs prediction results show the high possibility of
hydrocarbon accumulation of DS-A structure. The sandstone
reservoir in the area of DS-A structure is highly developed, with
good lateral stability and relatively favorable structural
conditions. The hydrocarbon detection Poisson’s ratio
anomaly can respond better the hydrocarbon accumulation
in the sand body as a whole and has a good matching
relationship with the density inversion results. Pre-stack
elastic wave impedance inversion is an effective method for
the next step of oil-gas exploration in the Chaoshan Depression.

The method of predicting oil and gas based on elastic parameter
seismic inversion is effective. (Zhao et al., 2012).

1. The inversion of density, P-wave impedance, S-wave impedance,
and Poisson’s ratio based on pre-stack seismic data is an effective
method for predicting reservoirs and oil-gas in the Chaoshan
Depression.

2. The DS-A structure is an oil-gas bearing structure with developed
“wedge-shaped” sand bodies, with a maximum thickness of
400 m and an area of 130 km2.
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