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Reservoir characteristics analysis
and favorable area prediction of
Zhuhai Formation, Wenchang A
oilfield, South China Sea

Jianning Liu*

Guizhou communications polytechnic, Guizhou, China

Wenchang A oilfield is a recently discovered low-permeability oilfield in the
western South China Sea. The exploration target is the Zhuhai Formation,
which reservoir lithology changes significantly, and the distribution of favorable
reservoirs is unclear. In this study, the reservoir characteristics of the Zhuhai
Formation in the Wenchang A oilfield, South China Sea, were analyzed through
core identification, thin section identification, physical property testing, pre-
stack geostatistical inversion, and frequency-based AVO inversion. Pre-stack
geostatistical inversion is based on geostatistics and combines the seismic
inversion algorithm with the stochastic sequential simulation algorithm. While
the frequency-varying AVO inversionmethod is an extension of the conventional
AVO inversionmethod, with its core technology being spectrumdecomposition.
After frequency division, multiple data sets directly participate in the calculation,
which enhances the stability and accuracy of inversion.We also predict the
favorable reservoir areas of six small layers in the Zhuhai Formation. The results
show that 1) the reservoir lithology of the Zhuhai Formation mainly consists
of feldspar quartz sandstone and feldspar quartz sandstone, indicating high
compositional maturity. The porosity of the reservoir ranges from 14.0% to
19.0%, with an average value of 16.3%. The permeability of the reservoir ranges
from 3.1 mD to 126.1 mD, with an average value of 22.4 mD, indicating a
medium porosity and low permeability reservoir. The supporting structure of
a sandstone reservoir is particle-supported, with the main contact being the
“point-line” contact between particles. The main types of pores in sandstone are
primary intergranular pores and secondary intergranular dissolved pores. Some
pores are feldspar-dissolved pores, and occasionally there are hetero-based
micropore. 2) The diagenesis of the Zhuhai Formation reservoir mainly includes
compaction, cementation, and dissolution. Cementation and dissolution have
minimal impact on the physical properties of reservoirs. The porosity loss
of the reservoir after compaction ranges between 16.0% and 27.9%, and the
compaction rate ranges between 40.0% and 69.8%, indicating a medium
compaction diagenetic facies. 3) The favorable areas of each layer of the
Zhuhai Formation are mainly concentrated in the southwest of the study area.
The upper layer of ZH1I, the upper layer of ZH1II and the lower layer of
ZH1II exhibit the best physical properties, the thickest favorable sand body,
the strongest oil and gas display, the widest range of favorable areas, and the
greatest exploration potential. The favorable exploration potential of layer 1 in
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the lower part of ZH1I and layer 2 in the upper part of ZH1II is moderate. The
second layer in the lower part of ZH1II has the poorest properties and lower
exploration potential. The main factors affecting the favorable area include
physical properties, oil and gas display, sand body thickness, etc.

KEYWORDS

reservoir characteristics, Zhuhai Formation, prestack geostatistical inversion,
frequency-varying AVO inversion, favorable reservoir area

Introduction

Seismic wave frequency-varying AVO is a new technique
developed with the deepening of petrophysical research. The
core of this technique lies in the petrophysical interpretation
of the phenomenon of AVO response varying with frequency
(Pang et al., 2018; Li et al., 2023; Li et al., 2024). The frequency-
varying amplitude versus offset (AVO) inversion technique is
used to quantitatively characterize the velocity dispersion of P-
waves, construct fluid factors, and predict reservoir properties.
Wilson. (2010) replaced the reflection coefficient in the AVO
approximation formula with an amplitude spectrum of various
frequencies (Wilson, 2010). Sun et al. (2012) used frequency-
varying AVO inversion technology to identify the gas-bearing
properties of carbonate reservoirs. The frequency-varying AVO
inversion technology reduced the ambiguity of the prediction
results and improved the prediction accuracy. Geostatistical
inversion technique was proposed by Bortoli in 1992 and later
improved by Hass, Dubrule et al. Geostatistical inversion, which
integrates model-based inversion with Markov chain and Monte
Carlo simulation algorithms, is a crucial tool for addressing
reservoir complexity and heterogeneity (Hass and Dubrule, 1994;
Dubrule et al., 1998; Qian et al., 2013).

Wenchang A oilfield is a recently discovered oilfield in the
western South China Sea in recent years. At present, the field is
in the early stage of exploration and the level of development is
low (Jiang et al., 2021). In this region, the geological conditions
for petroleum are favorable, with well-developed combinations of
source reservoirs and caps. However, the distribution of oil and
gas is not concentrated, and the physical properties of reservoirs
vary (Wu et al., 2019; Yang et al., 2019). The Zhuhai Formation is
a significant oil-bearing stratum in the study area and a crucial
layer for exploration (Quan et al., 2015;Wu et al., 2019; Zhang et al.,
2023). Thin interlayers of sand-mudstone are mainly developed
in the Zhuhai Formation. The distribution of thin interlayers of
sand-mudstone exhibits a specific structural regularity in space and
random uncertainty in local areas (Chen, 2021).The reservoir of the
Zhuhai Formation exhibits characteristics such as small thickness of
individual sand bodies and rapid evolution of features. Conventional
constrained sparse pulse inversion is limited by seismic frequency
bands, making it difficult to accurately characterize thin reservoirs
(Xu and Gui, 2006; Wu and Li, 2009).

Due to complex geological conditions, limited drilling data,
and the low quality and processing level of seismic data in the
study area, two main issues exist in the current research on the
Zhuhai Formation in Wenchang A oilfield: 1) The description of
reservoir characteristics lacks precision, and the primary controlling
factors are unclear. 2) The distribution of favorable reservoirs in

each layer of the Zhuhai Formation in the study area is unclear.
To elucidate the reservoir characteristics of the Zhuhai Formation
in the study area, an analysis and discussion of the reservoir
characteristics andmain controlling factors of the Zhuhai Formation
are conducted using drilling, logging, and seismic data. This study
combines geostatistical inversion with frequency-varying AVO
inversion technology, which can fully utilize the characteristics of
wide seismic lateral coverage, high resolution, and intensive logging
longitudinal sampling (Zhang et al., 2015; Shen et al., 2017). By
utilizing the above techniques, we can predict the physical properties
of the reservoir, sand thickness, and oil and gas-bearing properties
of six small layers in the Zhuhai Formation. This enables us to
accurately forecast three types of favorable exploration areas.

1) Highlights: In this study, a thin sand reservoir prediction
method has been developed for offshore environments with few
wells, complex formation conditions, and a small range. 2) The
results and methods of this study can provide theoretical and data
support for the subsequent exploration and development of oil and
gas reservoirs in the SouthChina Sea. 3) It is of scientific significance
and practical value to promote the exploration and development of
low permeability oil field resources and to practice the sustainable
development strategy of oil and gas industry.

Geological background

Wenchang A oilfield is a Cenozoic sedimentary rock series, with
the Enping Formation, Zhuhai Formation and Zhujiang Formation
developing from bottom to top. The Zhuhai Formation (23–30 Ma)
is a transitional marine facies formation that formed during the
fault depression stage. The sedimentary environment shifted from
a closed lake basin to a semi-closed coastal tidal flat. It is in
unconformable contact with the underlying Enping Formation and
overlain by the Neogene Zhujiang Formation (Wang et al., 2023).
During the deposition period of the Zhuhai Formation, the study
area underwent gradual seawater intrusion and multiple changes
in seawater and elevation levels. During this period, the influence
of tidal action on sedimentation in the depression intensified, the
distribution of tidal flats expanded, and tidal flat mud was widely
distributed, becoming a regional cover layer (Deng et al., 2020;
Xu et al., 2023).

The Zhuhai Formation can be divided into 3member, 2 member
and 1 member from bottom to top (Figure 1). The Zhu3 Member
is a semi-enclosed coastal deposit consisting of light gray fine
sandstone and argillaceous sandstone sandwiched between thin
layers of gray sandstone.The second Zhujiangmember is dominated
by mudstone with fine lithology and has a certain capacity for
generating hydrocarbons. The Zhu1 member is a semi-enclosed
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FIGURE 1
Lithologic column diagram of the study area.

shallow sea deposit, and the lithology mainly consists of sand-
mudstone interlayers. In general, the sedimentary cycle consists
of coarse sediment at the bottom and fine sediment at the top.
The lower sandstone is well-developed, exhibiting good physical
properties, and is in direct contact with the source rock. It is an
important reservoir in the Wenchang A oilfield.

Materials and methods

In light of the characteristics of the tidal flat sedimentary
environment in the study area, such as thin thickness, significant
lateral overlap of sand bodies, unclear connectivity, rapid lateral

changes, complex lithology, and small wave impedance differences,
the conventional deterministic inversion method struggles to
accurately depict these features due to the limitations of seismic
time-frequency inversion. Post-stack inversion based on phased
geostatistics can enhance resolution and accuracy in reservoir
prediction. It can also effectively illustrate the overlapping
relationships of sub-sand bodies at different intervals, thereby
controlling the multi-solution of seismic data. Compared with
other types of inversion, geostatistical poststack inversion offers
at least five technical advantages: 1) it can generate lithologic data,
such as sandstone and mudstone; 2) improves the resolution of
conventional inversion results; 3) provides fine-scale interpolation
between small well spacing; 4) combines high-resolution well data
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FIGURE 2
(A) Rock triangle diagram of the main oil-bearing interval of Zhuhai Formation, Wenchang A oilfield; (B) Feathery cross-bedding.

with low-resolution seismic data; 5) estimates porosity based on
lithology and wave impedance.

Geostatistical inversion first establishes the geological model of
the reservoir in the seismic time domain based on the geological
conditions. In this process, the seismic horizon identifies the layer,
the formation grid necessitates the original wave impedance curve at
the well location, and then the inversion parameters are determined
using the seismic data and the well. This allows for the calculation
of geostatistical inversion. Random inversion technology is utilized
in this reservoir inversion. Random inversion technology in the
seismic inversion software Jason requires input of data following
a normal distribution. Therefore, in addition to determining the
parameters required for conventional seismic inversion, such as the
variance function (also known as the variation function) of the
longitudinal and transverse wave impedance, inversion parameters
determined through statistical analysis, the correlation coefficient
between density, and the parameter distribution histogram, it is also
necessary to utilize a suitable transformation method to convert
the non-normal actual data into normally distributed data. The
variation function is typically characterized by the minimum range,
the maximum range azimuth, the vertical range, and the maximum
range. The variation function is then determined using statistical
methods. According to the characteristics of actual drilling data,
the histogram and intersection diagram of P-wave impedance, P-
wave velocity ratio, and density elastic parameters are analyzed.
On the basis of obtaining multiple groups of lithology bodies with
equal probability, density, and S-wave velocity ratios through pre-
stack geostatistical inversion, if reservoir attributes (such as porosity
bodies, saturation bodies, etc.) are to be further obtained, the
lithology bodies and various attributes obtained are to be utilized
through co-simulation. Based on the relationship between different

geophysical parameters and porosity in geostatistical analysis,
reservoir attributes are calculated.

In this study, the frequency variable AVO oil and gas detection
technology is utilized to predict the presence of oil and gas in each
layer of the Zhuhai Formation in the study area. Fluid identification
by AVO technology is primarily based on the distinct relationship
between pre-stack amplitude and offset for various fluid types
in different media. In other words, the variation in pre-stack
amplitude is influenced by numerous factors. In conventional elastic
medium reservoirs, natural factors such as reservoir thickness,
water saturation, porosity, and the combined relationship of thin
interlayers can influence the change in amplitude energy. For a
reservoir with a dispersive medium, there are numerous influencing
factors, including fracture density, porosity, fluid type, water
saturation, viscosity coefficient, and other variables. These factors
can cause velocity dispersion in the medium, which, in turn, leads
to changes in amplitude energy. In addition to the formation
factors, the amplitude is also affected by pre-stack migration
precision, wavelet deconvolution, quality factor compensation,
dynamic correction, and other processing factors. On the basis of
the classification of reservoir AVO anomalies, the study focuses on
frequency-variable AVO forward modeling, using the third type
of common bright spots with AVO characteristics as an example.
In order to study the effect of dispersive media on AVO response,
three cases of saturated water, saturated air, and saturated oil can be
examined. The variation in P-wave velocity with frequency can be
analyzed.The phase velocity increases with the increase in frequency
in three different fluid cases. When the pore medium contains
different fluids, the shear wave (SV) velocity dispersion frequency
of the pore medium varies between oil and water saturation due to
the distinct viscosity of the fluids. The dispersion frequency is at
a minimum because the viscosity of the oil is the highest, and the
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FIGURE 3
Reservoir porosity and permeability distribution of the first member of Zhuhai Formation (A) the scatter plot of porosity and permeability (B) Porosity
distribution (C) permeability distribution.

FIGURE 4
Core photo of Zhuhai Formation in Wenchang A oilfield (A) primary intergranular pores and intergranular solution pores (well A-2, 2738.88 m); (B)
Feldspar solution hole (Well A-1, 2690.05 m); (C) Hybrid micropores (Well A-1, 2634.75 m).

dispersion frequency of the pore medium is at its peak when the gas
is saturated.

In this paper, a 30 Hz Ricker wavelet with a maximum angle
of 45° was used to conduct forward simulation of the dispersion
velocity model using the one-way wave equation numerical

simulation method. By changing different fluid types, the elastic
model and dispersion model were established using the porous
elastic theory and Chapman’s dispersion medium theory. Two
models of saturated water and saturated air media are simulated
in advance.
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FIGURE 5
(A) Porosity attribute profile from pre-stack geostatistical inversion; (B) Lithology attribute profile from pre-stack geostatistical simulation.

Basic characteristics of reservoir

The physical properties of sandstone reservoirs are often
influenced by sedimentary, diagenetic, and tectonic factors
(Nabawy et al., 2020; Xu et al., 2021; Li et al., 2022). Sedimentation
controls the thickness, scale, and spatial distribution of sand
bodies on a macro level. It directly affects the original porosity
and permeability of reservoirs on a micro level by influencing
the composition and structure of sandstone (Wang et al., 2022;
Zhong et al., 2023). In the long process of reservoir formation,
diagenesis will transform the reservoir’s performance (Jiang et al.,
2023; Nisar et al., 2024). The late transformation during diagenesis
alters the porosity and permeability of sandstone. Diagenetic
evolution determines reservoir quality (Lv and Li, 2021; Wang
et al., 2022).

Petrological characteristics

During the depositional period of the Zhuhai Formation,
the study area was a transitional marine facies deposit in the
fault-depression transition stage as a whole. The lithology was
influenced by the main provenance, source area structure, climate
setting, sedimentary processes, and sedimentary environment
(Ekwenye et al., 2015). The core data from the main oil and gas
display wells A-1 and A-2 of the Zhuhai Formation in Wenchang A
oilfield are analyzed in this study. The statistical results show that
the quartz content of most samples from well A-1 of the Zhuhai
Formation is more than 50%, with some samples reaching as high
as 90%. The feldspar content ranges from 5% to 25%, while the
cuttings content is typically between 10% and 25%. The quartz
content of well A-2 in the Zhuhai Formation ranges from 50% to
75%, while the content of feldspar and debris ranges between 10%
and 25%. This indicates that the lithology of the target reservoir
in the study area is mainly composed of lithic feldspar quartz
sandstone and feldspar quartz sandstone (Figure 2A). The clastic
rock particles are characterized by a high quartz volume fraction and
high compositional maturity, indicating greater sediment maturity,
longer transport distance, and stronger hydrodynamic conditions
(Mette et al., 2022; Zakir et al., 2024).

The sandstone in this study is mainly terrigenous clastic
particles, including fine sandstone and medium sandstone. The

clastic particles are rounded into sub-rounded shapes, with medium
sorting. The predominant colors are gray and brown, and thin
mudstone interlayers are common.These characteristics suggest that
the sedimentary environment during the deposition period was
primarily characterized by a weak oxidation environment. Typical
tide-flat sedimentary structures, such as feathery cross-bedding, can
be observed in the core (Figure 2B).

Porosity and Permeability

In this study, the physical characteristics of the core samples
of Zhuhai Group were analyzed by the change of log curve data,
and the log curve data of porosity and permeability were extracted
into text format, so as to obtain the scatter plot of porosity and
permeability (Figure 3A).it was found that the porosity of samples
from the Zhuhai Formation inWenchangA oilfield ranges from14%
to 19.0%, with an average value of 16.3% (Figure 3A). Among them,
samples with a porosity of 16%–18% accounted for more than 90%
(Figure 3B).The permeability values of the samples ranged from 3.1
mD to 126.1 mD, with an average of 22.4 mD (Figure 3A). Among
them, samples with permeability values ranging from 16 mD to
32 mD accounted for more than 50% (Figure 3C). In general, the
Zhuhai Formation in the study area is classified as a reservoir with
medium porosity and low permeability.

Porosity and Permeability is also affected by diagenesis
Compaction is the main diagenetic process. After the compaction
transformation, the intergranular porosity of the reservoir sandstone
is significantly reduced. The porosity lost due to compaction is
greater overall compared to that lost due to cementation (Xia et al.,
2020).The porosity loss after compaction ranges between 16.0%
and 27.9%, while the compaction rate falls between 40.0% and
69.8%, indicating a medium compaction diagenetic facies. The
carbonate cement in the main area of Wenchang A oil field
mainly consists of iron calcite, along with iron dolomite, siderite,
glauconite, pyrite, and other minerals. Ferrodolomite is powdery,
and siderite is micrite rhomboid. The cement fills the pores,
blocking the passageways and reducing the porosity of the reservoir.
The porosity loss after cementation of each well in the Zhuhai
Formation ranges from 1% to 10.5%. The cementation rate falls
between 6.5% and 75.0%, with the degree of cementation primarily
classified as medium.
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FIGURE 6
Physical property prediction plan of each layer sandstone of Zhuhai Formation in Wenchang A Oilfield (A) ZH1I upper layer; (B) layer 1 in the lower part
of ZH1I; (C) layer 1 in the upper part of ZH1II; (D) layer 2 in the upper part of ZH1II; (E) layer 1 in the lower part of ZH1II; (F) layer 2 in the lower part of
ZH1II.

Pore structure characteristics

According to the genesis, the pores of clastic rocks can be
divided into primary pores and secondary pores (Dou et al., 2017;
Ko, et al., 2018;Meng et al., 2020). By observing the core slices under
a microscope, it was found that the reservoir support structure of
the Zhuhai Formation inWenchangAOilfield is particle-supported.
The main contact among particles is point-line contact, followed by

line contact. The pore types of sandstone mainly consist of primary
intergranular pores and secondary intergranular dissolved pores,
with an average mass fraction of 30% (Figure 4A). A small amount
of feldspar pore is present, with an average mass fraction of 17%
(Figure 4B). Hetero-based micropore were found occasionally, with
an average mass fraction of 12% (Figure 4C). The shale content of
the sandstone reservoir is low, with an overall apparent porosity of
10.8%, and large pore throats.
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FIGURE 7
Prediction plan of sandstone thickness of each layer of Zhuhai Formation in Wenchang A Oilfield. (A) ZH1I upper layer; (B) layer 1 in the lower part of
ZH1I; (C) layer 1 in the upper part of ZH1II; (D) layer 2 in the upper part of ZH1II; (E) layer 1 in the lower part of ZH1II; (F) layer 2 in the lower part of ZH1II.

Prediction of favorable reservoir area

Pre-stack geostatistical inversion

The stochastic inversion technique is adopted in this reservoir
inversion, which is based on geostatistics and combines the seismic
inversion algorithm with the stochastic sequential simulation
algorithm (Haas and Dubrule, 1994; Dubrule O, et al., 1998).

The random inversion technique of seismic inversion software
Jason requires the input of data following a normal distribution
(Liao et al., 2002). Therefore, it is essential to establish the
parameters needed for conventional seismic inversion.This includes
determining the variance function of longitudinal and transverse
wave impedance, as well as the inversion parameters identified
through statistical analysis. Additionally, it involves examining
the correlation coefficient between density and the histogram of
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FIGURE 8
P wave dispersion attribute and S wave dispersion attribute obtained by frequency inversion of (20–60 Hz) (A) p-wave dispersion attribute; (B) Shear
wave dispersion attribute; (C) P-wave dispersion attribute (over A-1, A-2).

parameter distribution. It is also necessary to use appropriate
transformation methods to convert non-normally distributed
actual data into normally distributed data (Shu et al., 2022). The
variation function is typically characterized by the minimum
range, the maximum range azimuth, the vertical range, and the
maximum range. The variation function is then determined using
statistical methods.

We calculated and predicted the porosity and lithology
properties of the cross A-1 and A-2 well profiles using pre-stack
geostatistical inversion techniques (Figure 5). The curve used for
porosity inversion is a natural gamma curve. From the comparison
between the verification well and the inversion profile, it is evident
that the comparison effect is positive, and the reliability is high
(Figure 5A). Fine rock analysis indicates that when the density value
is less than or equal to 2.5 g/cc, the formation lithology is sandstone;
when the density value exceeds 2.5 g/cc, the formation lithology

is mudstone (Gao and Yuan, 2024). Taking the density value of
2.5 g/cc as the threshold value, the density attribute obtained by
geostatistical inversion is converted into the sand and mudstone
filling profile (Figure 5B). According to the comparison between
the sandstone and mudstone profiles obtained through conversion
and the lithology interpreted from actual drilling, the sandstone and
mudstone profiles align well with the drilling results.

Prediction of sandstone physical properties
On the basis of completing geostatistical inversion, the pre-

stack geostatistical co-simulation technology is applied to obtain
the effective porosity and thickness of each small layer through
cloud transformation (Qian et al., 2013), combining the relationship
between lithology and pre-stack elastic parameter data and each
attribute (Dubrule et al., 1998; Yang et al., 2017). By analyzing the
petrophysical parameters and combining them with the inversion
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FIGURE 9
AVO attributes of each layer of Zhuhai Formation in Wenchang A oilfield. (A) ZH1I upper layer; (B) layer 1 in the lower part of ZH1I; (C) layer 1 in the
upper part of ZH1II; (D) layer 2 in the upper part of ZH1II; (E) layer 1 in the lower part of ZH1II; (F) layer 2 in the lower part of ZH1II.

results of the porosity attribute profile, the high porosity region in
the study area is characterized. The map depicting the prediction of
porosity planes in the sandstone reservoir attributes in this area can
be depicted (Figure 7).

The upper layer of ZH1I of the Zhuhai Formation exhibits good
overall physical properties, with the red area primarily concentrated
in the northern and southern parts of the study area (in close
proximity to well A-1 and well A-2). The central, western, and

southeastern parts of the study area are predominantly blue,
indicating poor physical properties (Figure 6A). The area with good
physical properties in the lower part of layer 1 of ZH1I gradually
dispersed to the four sides. The red areas decreased in the south
and north of the study area, while they increased in the southeast,
mainly concentrated in the vicinity of well A-2 (Figure 6B). The
physical properties of the upper layer of ZH1II are inferior to
those of the lower layer of ZH1I, and the physical properties of
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FIGURE 10
Planar distribution of sedimentary facies of each small layer in the first member of Zhuhai Formation (A) ZH1I upper layer; (B) layer 1 in the lower part of
ZH1I; (C) layer 1 in the upper part of ZH1II; (D) layer 2 in the upper part of ZH1II; (E) layer 1 in the lower part of ZH1II; (F) layer 2 in the lower part of ZH1II.

the sandstone reservoirs in the north of ZH1II are particularly
prominent. The first layer of ZH1II with good physical properties
mainly concentrated on both sides of the fault (Figure 6C). The
physical properties of the second reservoir in the upper part of ZH1II
do not change significantly compared to the upper one, and the area
with better physical properties of the reservoir shifts to the west as
a whole (Figure 6D). The physical properties of the initial reservoir
in the lower section of ZH1II gradually improved, and the region
with higher physical properties of the reservoir continued to shift
westward (Figure 6E). The overall physical properties of layer 2 in
the lower part of ZH1II suddenly deteriorated, with only sporadic

red spots near small faults (areas of higher physical properties)
(Figure 6F).

Prediction of sandstone thickness
In order to improve the alignment of quantitative evaluation

results with actual drilling data in the working area, sandstone
thickness prediction in each layer of the Zhuhai Formation
can be enhanced by utilizing co-simulation technology. This
involves pre-stack geological statistics based on lithology body and
pre-stack elastic parameter data (Figure 7) (Dubrule et al., 1998;
Yang et al., 2017).
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FIGURE 11
Compaction characteristics of the Zhuhai Formation in the Zhusan Depression (Zhong et al., 2023) (A)containing glauconitic (medium) coarse-grained
feldspar quartz sandstone, point contact; (B)feldspar lithic quartz fine-coarse sandstone, line contact; (C)quartz medium sandstone, line contact;
(D)feldspar lithic quartz coarse sandstone, line contact; (E)feldspar lithic quartz medium sandstone, convex and convex contact; (F)glauconite-feldspar
quartz medium-fine sandstone, convex contact.

FIGURE 12
Evaluation of the relative importance of the influence of cementation
on porosity.

The upper layer of ZH1I sandstone has a wide distribution
range, and the sandstone is relatively thin, with thickness mostly
concentrated between 3 and 5 m (Figure 7A). The sandstone in the
lower part of ZH1I is more widely distributed compared to the
upper part, with a greater thickness concentrated between 8 and

11 m (Figure 7B). The second layer in the lower part of ZH1I is
dominated by silty mudstone andmudstone deposits. No significant
sand bodies have been identified, thus the thickness distribution of
sand bodies has not been estimated. The sand body thickness of the
first layer in the upper part of ZH1II is relatively thick overall, but its
distribution range is small, mainly concentrated near the fault. The
sand body thickness on the descending wall of the fault is larger than
that on the ascending wall (Figure 7C). The sandstone deposition
thickness of the second layer in the upper part of ZH1II is thin,
and the thick layer area is small, mainly concentrated in the fault
downslope (Figure 7D). The first layer at the lower part of ZH1II is
the main oil-producing stratum in the current working area. The
thick sandstone is distributed over A wide area, primarily in the
vicinity of well A-1. The thickness of the sand body is greater than
12 m, and the sand body plane exhibits a continuous distribution
trend. The sand body has a high probability of forming a reservoir
(Figure 7E). The second layer of sandstones in the lower part of
ZH1II has a wide distribution range, but most of them consist of
thin layers with a thickness of 3–6 m. Sand bodies with relatively
large thickness are small in scale and scattered throughout the
working area (Figure 7F).

In general, the prestack geostatistical inversion of prior
geological information shows good consistency with the prestack
joint inversion in the lateral trend. The inversion results align
with the sedimentary law on a macro level, respect the actual
drilling data at the well point, and reflect the sedimentary
characteristics of the reservoir more objectively and accurately.
Pre-stack geostatistical inversion effectively integrates high-
frequency logging information, greatly improves the vertical
identification ability, and the inversion results can accurately
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FIGURE 13
Cementation and dissolution characteristics of Zhuhai Formation in Zhusan Depression (Zhong et al., 2023). (A) feldspar lithic quartz medium
sandstone, dissolution; (B) feldspar lithic quartz coarse medium sandstone, dissolution; (C). Medium coarse-grained sandstone, corrosion.

FIGURE 14
Prediction method of favorable area of Zhuhai Formation in Wenchang A oilfield (A) Prediction map of sandstone thickness of Zhuhai Formation; (B)
Reservoir physical property prediction map of Zhuhai Formation; (C) Hydrocarbon display and prediction map of Zhuhai Formation; (D) Forecast map
of favorable area distribution in Zhuhai Formation.

depict the spatial distribution of oil-bearing sand bodies. From
the actual inversion effect, the lateral contrast of the profile,
the transition between wells is more natural, and the spatial
distribution characteristics of sand bodies conform to the
sedimentary law.

Frequency-varying AVO inversion

The frequency-varyingAVO inversionmethod is an extension of
the conventional AVO inversion method, with its core technology
being spectrum decomposition. After frequency division, multiple
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FIGURE 15
Prediction of favorable exploration areas of each layer of Zhuhai Formation in Wenchang A oilfield (A) ZH1I upper reservoir favorable area; (B) Favorable
reservoir area of the first formation in lower ZH1I; (C) ZH1II upper reservoir favorable area; (D) Favorable area of upper 2 reservoirs of ZH1II; (E) Favorable
reservoir area of the first formation in the lower part of ZH1II; (F) Favorable reservoir area of the second layer in lower ZH1II.

data sets directly participate in the calculation, which enhances
the stability and accuracy of inversion (Zhong, 2018). The main
principle of fluid identification using AVO technology is that the
relationship between pre-stack amplitude and offset of different fluid
types in different media varies. In other words, the change in pre-
stack amplitude is influenced by various factors (Ren et al., 2009;
Wilson, 2010). In conventional elastic medium reservoirs, natural
factors such as reservoir thickness, water saturation, porosity, and
the combination relationship of thin interlayers can influence the

change in amplitude energy. The frequency-varying AVO inversion
method can quantitatively characterize the velocity dispersion of P-
waves and construct fluid factors to predict reservoirs (Wilson, 2010;
Sun et al., 2012).

The inversion of the frequency spectrum is performed with
30 Hz as the reference frequency, and the results are shown in
Figure 8. Different media due to its different water content (gas)
lead to the degree of frequency dispersion is different by Figure 8,
full gas is 2 times the degree of frequency dispersion of water
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dispersion (Figure 8A), and can be seen from Figure 8B transverse
wave frequency dispersion degree, order of magnitude is obviously
one over ten of the degree of longitudinal wave dispersion, the
transverse wave attribute is insensitive to fluid (Luo et al., 2022;
Fang et al., 2023), in the actual operation and application can ignore
transverse wave dispersion properties, only calculate longitudinal
wave frequency dispersion properties.According to the frequency-
varying AVO inversion principle, the P-wave dispersion attribute is
calculated on the optimized pre-stack CRP channel set. The results
indicate that the probability of oil and gas bearing in the fault’s
hanging wall is higher than that in the footwall (Figure 8C).

Based on the P-wave dispersion attribute (Figure 8C) and an
isochronous stratigraphic framework, the oil-bearing prediction plane
foreachlayerof theZhuhaiFormationisdeterminedbycreatingstratum
slices (Figure 9). It is found that the oil and gas reservoirs in each
thin layer of the Zhuhai Formation in the study area are primarily
concentrated in the southern region. The upper ZH1I layer, the lower
ZH1I layer, the upper ZH1II layer, and the lower ZH1II layer of the
Zhuhai Formationhave a highprobability of containing oil and gas, and
the reservoir has a certain scale (Figures 9A–C, E). However, the upper
ZH1II layer 2 and lower ZH1II layer 2 of the Zhuhai Formation show
less hydrocarbon content (Figures 9D, F).

In order to verify the accuracy of prediction results using the
frequency-varying AVO technique, the planar distribution map of
sedimentary facies for each small layer was compared with the
frequency-varying AVO attribute map for each small layer (Figure 10).
Theresults indicate that the areas exhibiting agoodoil andgasdisplay in
the frequency-varyingAVOattributemaparehighly correlatedwith the
tidalchannelmicrofacies in thesedimentary faciesmap.Themicrofacies
ofmud flat andmixed flat in the sedimentary faciesmap show a higher
coincidence with the areas of low oil content in the AVO attributemap.
This result corresponds to the conventional law of more oil in sand
reservoirs and less oil inmud reservoirs. It can be shown that the results
of frequency-varying AVO technique can be effectively validated by
sedimentary facies maps.

Discussion

The effect of diagenesis on reservoir

Based on the study of experimental data, such as thin sections
of rock casts, it is concluded that three diagenetic processes have
significant effects on the clastic rock reservoir in Wenchang A
oilfield: compaction, cementation, and dissolution.

1) The reservoir compaction in the study area is primarily due to
mechanical forces. When the compaction strength is average,
the particles are in point contact with each other, indicating
mica cleavage bending (Figure 11A). When compaction is
intense, rigid particles develop cracks and micropores, leading
to linear contact between particles (Figures 11B–D). When
compaction is very intense, the porosity of the rock decreases
significantly, and the contact between the particles becomes
concave and convex (Figures 11E, F).

2) Cementation: The cementation content influences the
development of pores, which in turn affects the petrophysical
properties of reservoirs (Heald and Anderegg, 1960;

Janssen et al., 2023). According to the relative importance
evaluation diagram of the effects of compaction and
cementation on porosity (Figure 12), compaction is identified
as a more significant factor than cementation in reducing
porosity in the Zhuhai Formation.

3) Calcite dissolution and feldspar dissolution pores are leading
to the formation of numerous secondary pores, such as hybrid
micropores, intergranular pores (Figures 13A, B), and cleavage
fractures (Figure 13C). Dissolution can enhance the pore space
within the reservoir to a certain extent, thereby improving
connectivity and the physical properties of the reservoir
(Zhu et al., 2012; Wen et al., 2022).

Comprehensive evaluation of favorable
reservoir areas

In this study, sandstone thickness predictionmaps (Figure 14A),
reservoir physical property prediction maps (Figure 14B) and
sandstone oil and gas display prediction maps (Figure 14C) of each
small layer of the Zhuhai Formation in the study area were used to
conduct a comprehensive evaluation of favorable exploration areas
(Figure 14D). The prediction maps of favorable exploration areas in
each layer of the Zhuhai Formation are obtained (Figure 15). No
favorable sand body was found in the second small layer at the lower
part of ZH1I, hence no research has been conducted. Comprehensive
physical characteristics, sandstone thickness, and oil and gas display
divide favorable divisions into three categories.Class I favorable
areas are characterized by superior physical properties, significant
sand thickness, and the presence of both oil and gas displays. Type
II favorable areas are: 1) areas with good physical properties that
coincide with thicker sand; 2) areas where good physical properties
overlap with oil and gas displays; 3) areas where oil and gas displays
coincide with the thickness of the sand. Type III favorable areas are:
1) areas with good physical properties, but not coexisting with oil
and gas display areas or thicker sand body areas; 2) areas with thick
sand bodies, but not coinciding with good physical properties or oil
and gas display areas; 3) oil and gas display areas, but not with good
physical properties or thicker sandstone areas.

The favorable exploration area of the upper layer of the Zhuhai
Formation (ZH1I) is concentrated, widely distributed in the study
area, and covers a large area. The favorable areas of Class I were
mainly distributed in the northeast and south of the study area
(Figure 15A). The favorable exploration areas of layer 1 in the
lower part of ZH1I are mainly distributed in the north and south
of the study area. Among these, the favorable areas of typeⅠare
predominantly located around well A-1 and well A-2 (Figure 15B).
The favorable exploration areas of the first layer in the upper part
of ZH1II are mainly concentrated in the central and southern parts
of the study area. Among these areas, the favorable Class I areas are
large and concentrated between well A-1 and well A-2 (Figure 15C).
The favorable exploration area of the second layer in the upper
part of ZH1II is small and mainly distributed in the northeast and
southwest of the study area. Among these, the favorable area of class
I is primarily located on the west side of well A-1 (Figure 15D). The
favorable exploration area of layer 1 in the lower part of ZH1II is
similar to that of layer 2 in the upper part of ZH1II. It is mainly
distributed in the southwest part of the study area but also scattered
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in themiddle andnortheast parts of the study area, with an expanded
scope. Among them, Type I favorable areas are mainly distributed
around Well A-1 (Figure 15E). The second favorable exploration
area in the lower part of ZH1II has the smallest area and the
poorest physical properties, including sand thickness and oil and gas
presence. Favorable areas are mainly concentrated in the southern
and northern parts of the country. Among these, Class I favorable
areas are only scattered on the southern side ofwell A-1 (Figure 15F).

According to the prediction maps of favorable exploration areas
in the six sub-formations of the Zhuhai Formation, the upper layer of
ZH1I, the upper layer of ZH1II, and the lower layer of ZH1II exhibit
the best physical properties, the thickest favorable sand body, the
strongest oil and gas display, the widest range of favorable areas, and
the greatest exploration potential. The exploration potential of the
lower 1 layer of ZH1I and the upper 2 layers of ZH1II is slightly
weaker. The second layer in the lower part of ZH1II has the worst
properties and the smallest exploration potential.

Conclusion

(1) The Zhuhai Formation in the study area is dominated by
lithic feldspar quartz sandstone and feldspar quartz sandstone,
exhibiting high compositional maturity. The porosity ranges
from 14.0% to 19.0%, with an average of 16.3%. The
permeability ranges from 3.1 mD to 126.1 mD, with an
average of 22.4 mD, and belongs to the medium-porosity,
low-permeability reservoir. The reservoir support structure
consists of particle support, with the main contact being the
“point-line” contact between particles. The main pore types
of sandstone are primary intergranular pores and secondary
intergranular dissolved pores. A few are feldspar dissolved
pores, and occasionally there are hetero-based micropore
micropores.

(2) The diagenesis of the Zhuhai Formation reservoir in the study
area mainly includes three types: compaction, cementation
and dissolution.The degree of cementation is medium, mainly
iron calcite cementation. The main dissolution processes are
calcite dissolution and feldspar pore dissolution. The effect
of cementation and dissolution on the physical properties
of the reservoir is small, and the porosity loss of the target
reservoir after compaction is between 16.0% and 27.9%, and
the compaction rate is between 40.0% and 69.8%, which is a
medium compaction diagenetic facies.

(3) The favorable areas of each layer in the study area are mainly
concentrated around Well A-1 and Well A-2, with a higher
concentration of favorable areas in the southwest. The upper
layer of ZH1I, the upper layer of ZH1II, and the lower layer
of ZH1II exhibit the best physical properties, the thickest

favorable sand body, the strongest oil and gas display, the
widest range of favorable areas, and the greatest exploration
potential.The exploration potential of the lower 1 layer of ZH1I
and the upper 2 layers of ZH1II is slightly weaker. The second
layer in the lower part of ZH1II exhibits the poorest properties
and the lowest exploration potential.
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