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In order to find the “sweet spots” of unconventional oil and gas from the Pinghu Formation in the Pinghu Tectonic Belt, we are
committed to clarifying the development and distribution rules of coal-measure source rocks and tight reservoirs as well as the
controlling factors. Using 3D seismic and logging data, combined with logging constraints of target lithology and pyrolysis
experiments of source rock, "source and reservoir" research of uncoventional oil and gas was carried out in the Pinghu
Tectonic Belt. The results show that two stages of regression and one stage of transgression occurred in the Pinghu Formation,
resulting in river-controlled and wave-controlled delta-neritic facies dominated by sedimentary facies, source rocks developed
in interdistributary bay and swamp microfacies, and tight sandstones in point bar and distributary channel microfacies are
developed. The accumulation of coalbed methane and shale gas is controlled by the sedimentary facies and the degree of
thermal evolution under the factors of burial depth. The accumulation of tight sandstone is closely related to the dominantly
sedimentary facies and diagenetic modification of physical properties and faults. It is concluded that the structural type, type
and distribution of faults, and depositional environment of the Pinghu Tectonic Belt in the Xihu Sag are the key factors
controlling the development and accumulation of coal-measure source rocks and tight sandstone reservoirs. This
understanding provides a clear direction for the deep exploration of unconventional oil and gas in the sag and provides a
reference for finding reservoir “sweet spots.”

1. Introduction

Since the 21st century, the successful exploration and exploi-
tation of shale gas represents the rapid development of
unconventional oil and gas, and the world’s oil and gas
development has shifted from conventional oil and gas to
unconventional oil and gas. China’s tight oil and gas, shale
oil and gas, coalbed methane and other unconventional oil,
and gas resources are abundant and widely distributed [1],
but China’s unconventional oil and gas is still in the develop-

ment stage. In recent years, some unconventional explora-
tion achievements have been mainly concentrated on land,
such as the Middle Permian tight sandstone gas reservoir
in the Sulige Gas Field of the Ordos Basin [2] and the Perm-
ian Lucaogou Formation tight sandstone oil reservoir in the
Junggar Basin. The exploration and development of offshore
unconventional oil and gas are relatively weak, and the main
exploration is concentrated in the Mesozoic tight oil reser-
voirs in the North Yellow Sea Basin, the Upper Paleozoic
tight gas reservoirs in the South Yellow Sea Basin [3], and
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the tight sandstone gas reservoirs in the Xihu Sag of the East
China Sea [4]. The Xihu Sag is the largest hydrocarbon-rich
sag in the offshore China, and its oil and gas reservoirs have
great economic value. The discovered low permeability-tight
sandstone reservoirs are rich in natural gas and condensate
oil and gas [5], and coalbed methane and shale gas are also
widely derived from coal-measure source rocks in the Pin-
ghu Formation [6].

In China, sandstone reservoirs with porosity less than
12% and permeability less than 5mD [7] are defined as tight
sandstone reservoirs. The physical properties of the main
reservoir as the Pinghu Formation in the Xihu Sag fully sat-
isfy the standard of tight reservoir, and the oil and gas
mainly accumulate in the overpressure surface, which is in
line with the characteristics of tight sandstone oil and gas
reservoirs [8]. These characteristics indicate that there are
abundant tight oil and gas resources in the Xihu Sag. At
the same time, coal-measure source rocks are widely devel-
oped and distributed in the Pinghu Formation, which can
be divided into three types: carbonaceous mudstone, coal
seam, and dark mudstone according to their hydrocarbon
generation potential. According to organic geochemical
analysis, it is believed that the kerogen types are mainly type
II and type III, and most of them are in the mature stage.
The average TOC distribution of dark mudstone is about
1%, the average TOC of carbonaceous mudstone is about
10%, and the TOC of coal seam in the Pinghu Formation
is about 40% [9], of which has high abundance of organic
matter, great possibility of hydrocarbon generation, and
high economic development value. In spite of this, the cur-
rent oil and gas exploration and development in the Xihu
Sag are still dominated by conventional oil and gas, and
unconventional oil and gas are still in the research stage.
The slow progress in the exploration of three types uncon-
ventional oil and gas reservoirs, including coalbed methane,
shale gas, and tight sandstone oil and gas, is mainly due to
the key scientific issues that have not been effectively
resolved, such as “sweet spot distribution” and “reservoir
controlling factors.” The conventional low permeability-
tight composite strong heterogeneous physical properties
in the sandstone reservoirs of the Pinghu Formation result
in a distinct distribution of reservoir quality differences
[10, 11], which restricts the search for “sweet spots” in
high-quality reservoirs. Different scholars have explored
the main controlling factors of low permeability-tight sand-
stone based on the depositional environment, diagenesis,
and tectonic evolution. Many tight oil and gas accumulation
studies believe that sediment provenance and dominant sed-
imentary facies are the primary factors determining the for-
mation of high-quality reservoir “sweet spots” in the later
stage; abnormal high pressure, oil and gas charging, and dia-
genesis play a role in the heterogeneity of reservoir quality.
Therefore, for low permeability-tight sandstone reservoirs
with large burial depth and quality differences in different
layers, the exact distribution of its “sweet spots” needs to
be studied in detail. As the main hydrocarbon-generating
strata, the Pinghu Formation has the potential to generate
coalbed methane and shale gas in theory. However, the hor-
izontal and vertical distribution law of carbonaceous mud-

stone, coal seam, and dark mudstone and the controlling
factors affecting their development and preservation are
not yet clear, especially whether the sedimentary facies, tec-
tonic faults, and paleo-topography have an impact on their
distribution, and quantity variation depends on the above
three is still to be resolved.

Based on the complex and diverse geological conditions
of the Xihu Sag, in order to achieve the exploration goal of
finding the “sweet spots” of high-quality reservoirs, it is
impossible to effectively predict these unconventional oil
and gas sweet spots by only relying on a single method.
Therefore, the author studies the sedimentary facies and
source rocks of the Pinghu Formation in the Pinghu Tec-
tonic Belt. The combination of seismic, logging, and organic
geochemistry research methods is used to clarify the main
controlling factors of the delta facies and sedimentary evolu-
tion model of the Pinghu Formation, the logging response
characteristics of coal-measure source rocks, and the level
of organic matter content. In this way, the distribution law
and controlling factors of source rocks can be clarified, and
then, the distribution “sweet spots” of shale gas, coalbed
methane, and tight sandstone reservoirs can be effectively
predicted, and the favorable areas for unconventional oil
and gas exploration in the Pinghu Formation of the slope
belt are verified by combining the gas-bearing attenuation
method. In this paper, the distribution thickness of coal-
measure source rock is quantitatively calculated based on
the logging response of coal measures, and the unconven-
tional reservoir sweet spots are predicted by thickness inver-
sion of sand reservoir and gas detection method based on
seismic wave attenuation, which has certain innovation
and practical value.

2. Geological Setting

The Xihu Sag is the largest Cenozoic hydrocarbon-bearing
sag in the East China Sea shelf basin, with a total area of
about 52,000 km2, surrounded by many depressions and
uplifts. Its tectonic formation and evolution were affected
by the several geological movements of the Chinese conti-
nental plate, the Philippine plate, and the Pacific plate and
experienced extensional rifting, fault-depression transfor-
mation, and tectonic inversion [12]. The tectonic frame-
work is mainly characterized by “banded shape from east
to west, block distribution from north to south,” and from
west to east is the Western Slope Belts, the Central Anticli-
nal Belts, and the Eastern Slope belts [13]. The study area is
located in the Pinghu Tectonic Belt [14–16] in the west of
the Xihu Sag (Figure 1(a)), which can be further divided
into four structural units: the Pingbei gentle slope belt, the
Pingzhong steep slope belt, the Pingnan gentle slope belt,
and two transition belts. The seismic response reflects that
the characteristics of the rifted basins are different. The
basins under the large faults in the central and southern
regions have more intense sedimentary sags, and there are
obvious cliff-like sedimentary collapses. At the same time,
the development of faults is complex, the faults are dense
and deep, and they are basically broken from the basement
to T30 (Figures 1(c)–1(f)).
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The main target layers for oil and gas exploration in the
study area are the Oligocene Huagang Formation and the
Eocene Pinghu Formation, and the depositional develop-
ment of the two is mainly tide-controlled, river-controlled,
and wave-controlled delta facies in the coastal-neritic envi-
ronment. The lithologic composition is dominated by inter-
beds of gray-black mudstone and sandstone, among which
coal seams are mixed, and the cumulative thickness of the
coal seams is about 500m (Figure 1(b)). It is a good
hydrocarbon-generating and hydrocarbon-storing interval

with the characteristics of “self-generation and self-
accumulation.” At present, the oil and gas production in
the Xihu Sag mainly derives from conventional oil and
gas, and the accumulation types include anticline, faulted
anticline, and fault block oil and gas reservoirs.

3. Samples and Methods

3.1. Sample Collection and Experimentation. The source
rocks used in the source rock pyrolysis experiment for the
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Figure 1: Tectonic development and stratigraphic columnar section of Pinghu Tectonic Belt in Xihu Sag (modified after Jiang et al. [17]):
(a) study area and surrounding tectonic units; (b) stratigraphic age and lithology; (c) structural section and fault development in North
Pinghu area; (d, e) structural section and fault development in Middle Pinghu area; (f) structural section and fault development in
South Pinghu area.
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analysis of organic geochemical indicators in this study
include gray-black carbonaceous mudstone and dark mud-
stone, all of which were obtained from offshore drilling cores
from the core library of Sinopec Shanghai Oil and Gas
Branch. The pyrolysis experiments were completed in the
State Key Laboratory of Continental Dynamics, Northwest
University, and 27 samples were evaluated for organic mat-
ter abundance.

3.2. Seismic and Logging Data Interpretation. The 3D seismic
and logging data in the study area are all from Sinopec
Shanghai Oil and Gas Branch. The Landmark software is
used for 3D seismic data interpretation, and the ResForm
software is used for logging data interpretation. 3D seismic
data are mainly used to determine the distribution charac-
teristics and evolution of sedimentary facies, analyze the fac-
tors that control the development and distribution of coal-
measure source rocks, and verify whether the reservoir con-
tains hydrocarbons. The Landmark software can directly
obtain the RMS amplitude, inversion distribution of uncon-
ventional reservoirs, and gas prediction based on seismic
wave attenuation by calculating the 3D seismic volume.
And well logs are used to differentiate between dark mud-
stone, carbonaceous mudstone, and coal seams, to calculate
the percentage of each stratum and the porosity of the sand-
stone reservoir.

3.3. Sandstone Porosity Calculation. There are few porosity
logging data in the study area, so the distribution of porosity
cannot be calculated directly. However, the data of interval
transit time and density are relatively complete, so the rela-
tionship between density and porosity and the relationship
between interval transit time and density are used to jointly
establish the relationship between porosity and interval transit
time, so as to obtain porosity data by calculating the interval
transit time data (Figures 2(a) and 2(b)). The correlation
between the porosity and the interval transit time of Well B4
is the best, and it is selected as the background formula for
porosity calculation. The relationship between the two is Y
= 0:0036X − 0:1188 (Figure 2(d)). The porosity data obtained
based on this relationship has a high coincidence rate with the
measured porosity after correction (Figure 2(c)). Therefore,
this relationship is used to calculate the porosity data of other
wells, and then, the distribution of sand bodies with different
porosity can be obtained by inversion.

3.4. Gas Detection Based on Seismic Wave Attenuation. Gas
detection by attenuation method is based on the P-wave
energy attenuation that occurs when seismic waves propa-
gate in viscous formations [18, 19]. When the stratum con-
tains hydrocarbons, especially gas, compared with nongas
stratums, the low-frequency energy will be relatively
increased, the high-frequency energy will be relatively
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reduced, and the peak frequency will decrease [19, 20]
(Figure 3). The application of short-time discrete Fourier
transform can effectively identify the existence of anomalous
gas-bearing layers with attenuation. Perform discrete Fou-
rier transform on the 3D seismic data volume with a large
time window (50-100ms); decompose the time domain seis-
mic data into frequency energy volumes of 5Hz, 10Hz,
15Hz, 20Hz, 25Hz, and 30Hz; and calculate the energy dif-
ference between each frequency and its two sides, so as to
identify the attenuation horizon and plane distribution
within the 20-50ms time window. Using this method, a
gas layer with a cumulative thickness of 67.5m was found
in the delta front of the Zhuhai Formation in the Liwan 3-
1 gas field [21] and an abnormal gas-bearing area of 20-
62 km2 in the seafloor fans of the Lower Zhuhai Formation
in the Jieyang Sag [22].

4. Results

4.1. Abundance of Organic Matter in Source Rocks. Select
source rock samples that basically cover the entire study
area, carry out organic matter pyrolysis experiments, and
analyze their geochemical characteristics. The pyrolysis
results of 27 dark mudstone and carbonaceous mudstone
samples (Table 1) show that the TOC distribution of carbo-
naceous mudstone ranges from 1.63 to 3.54, among which
the carbonaceous mudstone reaches 3.54 in the T34 member
of Well C1; the hydrocarbon generation potential is mainly
distributed in the range of 0.15-2.35, up to 12.02; the kero-
gen types are mainly type II and type III, and type I is less.
The organic carbon content of gray-black mudstone is
distributed in the range of 0.4-1.66, which is lower than that
of carbonaceous mudstone. Most of them belong to
medium-grade source rocks, and the others belong to good
source rocks; the distribution range of hydrocarbon genera-

tion potential of gray-black mudstone is 0.15-8.36, and most
samples are greater than 1; carbonaceous mudstone has
higher organic carbon content and hydrocarbon generation
potential than dark mudstone. All samples are basically in
the mature stage, and a few are in the immature stage. On
the whole, the carbonaceous mudstone and dark mudstone
in the study area have reached the mature stage and have
begun to generate or have already expelled hydrocarbons.

4.2. Coal-Measure Source Rock Logging Distinction. Coal-
measure source rocks and sandstones in the Pinghu Forma-
tion can be directly distinguished by logging curves, and the
logging responses of the two are obviously different in low
density, high interval transit time, low interval transit time,
and low natural gamma. This study mainly distinguishes
the coal-measure source rocks, which made up of the three
types lithology including coal seam, carbonaceous mud-
stone, and dark mudstone. Due to the repeatability of the
interval transit time and the natural gamma characteristics
of the three, especially the dark mudstone and carbonaceous
mudstone, all have high natural gamma logging responses,
so it cannot be accurately distinguished only by observing
the logging curves. In this regard, through the quantitative
statistics of coal-measure source rock and sandstone logging
data, it is mainly divided into five regions (Figure 4), and the
lithology constraint formula of different regions can accu-
rately and quantitatively calculate the content of various
lithologies in the formation. The obtained lithologic quanti-
tative constraints basically cover the entire study area, but
there may also be some uncertainty due to incomplete data
by the lack of logging curve in the T34 stratum.

4.3. The Relationship between Amplitude and Lithology. Idea
of the research is to control a single variable, using logging
constraints to correspond to different lithology performances,
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changing logging conditions to achieve changes in corre-
sponding lithology, and then observe the changes in ampli-
tude. High interval transit time and low natural gamma
logging response correspond to high organic-rich shale; low
interval transit time and low natural gamma logging response
correspond to reservoir sandstone. Changing the interval tran-

sit time and natural gamma value of shale and sandstone is to
observe the law of amplitude change.

There are two sections of 8m-thick sandstone and 6m-
thick shale at the depth of 3000ms (T31-T32) in Well A1
(Figure 5(a)), corresponding to medium and strong ampli-
tudes, respectively. When the interval transit time and natu-
ral gamma value of the 8m-thick sandstone are increased, it
becomes mudstone, and the amplitude changes accordingly,
and the medium amplitude weakens (Figure 5(b)); after
reducing the interval transit time and natural gamma value
of 6m thick shale, the amplitude also weakens, and the
strong amplitude weakens (Figure 5(c)). This law is univer-
sal in the study area. Therefore, the relationship between
amplitude and lithology can be summarized as follows: the
amplitude is negatively correlated with silty mudstone or
argillaceous siltstone and positively correlated with sand-
stone and shale with high organic content.

5. Discussion

5.1. Evolution and Main Controlling Factors of Sedimentary
Facies. At present, the sedimentary research on the Pinghu
Formation believes that the transition and semiclosed bays
are the main depositional environments, the northern sedi-
mentary facies are dominated by the tidal-delta system,
and the central and southern parts develop semiclosed bays.
Compared with the delta facies, the tidal flat-lagoon

Table 1: Pyrolysis results of carbonaceous mudstone and dark mudstone.

Sample
number

Well
number

Depth
(m)

Formation Lithology
TOC
(%)

Tmax
(°C)

S1 + S2
(mg/g)

Parent
material

Evolutionary
phase

1 A1 3546 T32 Mudstone 1.19 445 2.99 IIA Mature

2 A1 3568 T32 Mudstone 0.8 445 0.75 IIB Mature

3 A1 3569 T32 Mudstone 0.83 446 0.67 III Mature

4 B1 3494 T31 Mudstone 0.68 437 0.29 III Mature

5 B2 3391 T31 Mudstone 0.6 392 0.23

6 B2 3807 T34 Mudstone 1.41 438 8.36 I Mature

7 B2 3808 T34 Mudstone 1.66 444 2.74 IIB Mature

8 B2 4090 T34 Mudstone 0.98 453 1.23 IIA Mature

9 B2 4061 T34 Mudstone 0.64 457 0.44 IIB High mature

10 B3 3273 T31 Mudstone 1.38 433 1.58 III Mature

11 B3 3398 T34 Mudstone 0.6 405 0.37 III Immature

12 B3 3629 T34 Mudstone 0.4 422 0.17 III Immature

13 B3 3627 T34 Mudstone 0.5 410 0.2 III Immature

14 B4 3652 T32 Mudstone 0.77 437 0.66 III Mature

15 B4 3961 T34 Mudstone 0.72 446 0.74 IIB Mature

16 C1 3156 T32 Mudstone 0.53 463 0.18 III High mature

17 C1 3321 T32
Carbonaceous
mudstone

1.63 444 2.35 IIB Mature

18 C1 3322 T32 Mudstone 0.47 432 0.15 III Mature

19 C1 3635 T34 Mudstone 3.54 446 12.02 IIA Mature

20 D1 4513 T34
Carbonaceous
mudstone

2.06 468 2.77

21 E1 3811 T31 Mudstone 0.53 451 0.43 IIB Mature
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sedimentary system has higher potential for coal develop-
ment [23]. However, the main controlling factors of delta
facies have always been controversial, and different scholars
have different views. Some scholars believe that the sedimen-
tary facies of the Pinghu Formation belong to the tidal-
controlled delta facies, and it develop tidal delta subfacies,
delta-front subfacies, and predelta subfacies [24]; some
scholars believe that the delta facies is dominated by tides
and waves, and the deposition is corresponding to tide-
controlled deltas and wave-controlled deltas [25]; and some
scholars believe that tide is not the main controlling factor,
but delta deposition dominated by river and wave [26]. In
this regard, the author judges its controlling factors based
on the plane shape and scale of the strong earthquake ampli-
tude and believes that the delta facies developed in the Pin-
ghu Formation in the study area are jointly controlled by
braided channels, waves, and tides and are affected by trans-
gression and regression. And it developed braided river delta
facies, wave delta facies, and tidal flat facies.

The sand body shape and scale represented by strong
amplitudes reflect depositional control factors. Wave-

controlled sand bodies are leaf-shaped, river-controlled sand
bodies are bird’s foot-shaped, and tide-controlled sand bod-
ies are bay-shaped [20]. The delta deposition controlled by
different factors directly determines the physical properties
of the reservoir and affects the enrichment of oil and gas
[27, 28]. Scruton classifies deltas into constructive and
destructive based on deposition rates [29]. Fisher and Mcgo-
wen believe that constructive deltas are leaf-shaped and
destructive deltas are beak-shaped [30]. At the same time,
the research on the provenance of the Xihu Sag believes that
there are three main provenance areas in the Xihu Sag, the
northern part is from the Hupi Reef Uplift, and the south-
east is from the Sea Reef Uplift and the Diaoyu Island uplift
[31]. The provenance of the Pinghu Formation in the study
area mostly comes from the western uplift area, and the
Pingbei area is greatly affected by the provenance in the
northwest direction, so the sand bodies are mostly accumu-
lated and developed in the Pingbei-Pingzhong area.

The strong red amplitude reflecting the sand body shows
two forms in the study area: curved narrow-band shape and
flower shape. The sedimentary microfacies determines the
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plane distribution of the sand body. The narrow-band shape
reflects the underwater distributary channel microfacies, and
the flower shape reflects the wave-controlled distributary
river mouth-bar microfacies. And the sand body thicknesses
represented by different frequencies are also different
(Figure 6). According to the change of sand body shape, it
can be seen that the river-controlled delta distributary chan-
nel microfacies, the wave-controlled delta distributary chan-
nel microfacies, and the tide-controlled delta facies
developed alternately from T34 to T31, and the sand bodies

are dominated by each other. According to the moving trend
of sand bodies along the coastline, it is believed that trans-
gression and regression occurred alternately during the
depositional period of the Pinghu Formation. Regression
causes the coastline to move away from the land, and the
decline of sea level causes the development of wave-
controlled and tide-controlled deltas to be restricted. The
sedimentary facies are dominated by river-controlled delta
facies, which are favorable for the growth and development
of strip-shaped sand bodies and higher plants in swamp

T34 T33 T32 T31

(b)

T34 T33 T32 T31

(c)

Narrow–band shape

Flower shape
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T34 T33 T32 T31

(a)
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Figure 6: Shape distribution of strong earthquake amplitudes corresponding to sand bodies with different thicknesses.
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environments, as well as the development of reservoirs and
coal seams. The transgression is just the opposite, the coast-
line advances to the continental slope belt, and the sedi-
mentary development of sand body is affected by the
wave-controlled and tide-controlled delta facies. The cause
of deposition of large sets of thick sand bodies also changed
from delta distributary channel microfacies to wave-
controlled river mouth-bar microfacies. The deeper under-
water environment also provides a more stable reducing
environment, which is conducive to the development of
carbonaceous mudstone and dark mudstone. The sedimen-
tary evolution model of the Pinghu Formation in the study
area can be summarized as follows: starting from T34,
affected by two stages of regression and one stage of trans-
gression, the sedimentary facies has undergone a transfor-
mation process, from transitional facies (delta front-pre-

delta-shallow sea), underwater delta plain subfacies to dis-
tributary channel subfacies, delta front subfacies to delta
plain subfacies (Figure 7).

5.2. Controlling Factors of the Coal-Measure Source
Rock’s Distribution

5.2.1. Control of Sedimentary Facies. The development of
source rocks is affected by specific sedimentary facies. Stud-
ies have shown that the high organic matter of surface
water and the anoxic preservation conditions of bottom
water are very important when source rocks are formed
[32]. The high productivity of organic matter is conducive
to the formation of coal-measure source rocks, and the sta-
ble water in anoxic environment is conducive to the preser-
vation of organic carbon. Marine source rocks of China are
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mainly developed in terrigenous bay facies, gentle slope
facies, lacustrine swamp facies and predelta, etc. [33]. The
coal-measure source rocks in the study area satisfy the
development conditions of gentle slope facies and delta
facies at the same time. The gentle slope facies are related
to the structure, and this chapter discusses the influence
of the wave-controlled delta facies in NE banded shape on
the formation and preservation of source rocks under trans-
gressive and regressive environments.

The source rocks in the study area are affected by the
delta plain subfacies, the delta front subfacies, and the pre-
delta subfacies. The thicknesses of source rocks and sand-
stones are counted, and it is considered that transgression
and regression are the dominant factors affecting their thick-
ness variations (Figure 8). The predelta subfacies was domi-
nated during the T34 period, but the source rocks and
sandstones of the plain subfacies and delta front subfacies
were thicker. The T33 period is dominated by the delta plain
subfacies, and the thickness of development from large to
small is the plain subfacies, the front subfacies, and the pre-
delta subfacies. The T32 period is dominated by the delta
front subfacies, which is more developed than the plain
and predelta subfacies. In general, the sand-mudstone depo-
sition in the study area is controlled by the delta plain sub-

facies and the delta front subfacies, and the predelta
subfacies is relatively weak. Coal-measure source rocks are
controlled by interdistributary bay and swamp deposits in
the plain subfacies, and the sequence from top to bottom is
predelta mudstone and organic swamp. The delta front sub-
facies and the predelta subfacies are mostly sandstone
deposits, and a small amount of organic mudstone may be
deposited by the water impact from upriver plain to the off-
shore area.

Sandstone deposition depends on the microfacies such
as distributary channel and mouth bar controlled by the
plain subfacies and front subfacies during the period of
T32 and T33. During the deposition period of T34, the pre-
delta subfacies was the main sedimentary facies, and the
accumulation of sand body should mainly depend on the
estuarine bars. However, the statistical results show that
the control ability of the plain subfacies and the front subfa-
cies to sand bodies is much greater than that of the predelta
subfacies (Figure 9). In this regard, it is reasonable to think
that the waves were the main controlling factor of the delta
deposition at that time, and the impact intensity on the land
was very strong, which belonged to the destructive delta
deposition under the wave control. The strong impact on
the mouth bar sand bodies resulted in the loss of sand bodies
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and the ineffective accumulation of sand bodies, so the
development of sand bodies in the predelta subfacies was
low, and it also confirmed that there was indeed a transgres-
sion during the period of T34. Moreover, the source rocks in
the P Well area were hardly developed during the period of
T34, indicating that they were also inhibited by ocean waves.
The high-reducing environment of short term caused by it
inhibits the formation of organic carbon, and the preserva-
tion conditions are also damaged by the impact of waves.

Therefore, the more stable plain subfacies and front subfa-
cies are more conducive to the development and preserva-
tion of coal-measure source rocks and sandstone reservoirs.

5.2.2. Control of Terrain. Some studies believe that the devel-
opment of source rocks on the slope of the Pinghu Tectonic
Belt is different from that near the inner side of the sag. The
source rock in the slope belt is thicker and has great poten-
tial of hydrocarbon generation; there are also studies that
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suggest that the slope angle of the Pinghu Tectonic Belt is
approximately 0.23-3.2. The coal seam and carbonaceous
mudstone have higher content in the calm-water area with
larger slope angle and lower water level. The dark mudstone
has higher content in the deep-water area with smaller slope
angle [13]. Therefore, whether the slope is steep or gentle,
and the structural feature will have a greater impact on the
development and distribution of source rocks.

The structures of secondary uplift and depression in the
study area are influenced by the tensile-compressive stress of
the plate and are formed based on the basement. Secondary
structures directly affect the growth and development of
coal-measure source rocks. The oxidation and reduction
environment on which the source rock development
depends is controlled by the water level, and the structural
height directly determines the developmental environment
of source rock. The oxidation environment with shallow
water formed by the secondary uplift is favorable for the
development of coal seams, and the anaerobic reduction
environment formed by the secondary depression is favor-
able for the development of dark mudstone. The source rock
content in Well Block A reflects this law (Figure 10). Wells
A5 (0.53%) and A4 (0.42%) are located at the local high
points of the secondary uplifts, with relatively flat terrain
and relatively lower water level. The oxygen-rich environ-
ment is conducive to growth of higher plant. Compared with
the slope where Well A2 (0.26%) is located, the growth and
preservation of coal seam are better. The oxygen-rich envi-
ronment is not conducive to the development of dark mud-
stone, and the percentage of dark mudstone is lower than

that of the slope. The slope zone is in a transitional environ-
ment of high oxygen and low oxygen, and the organic matter
content changes from high to low. The content of carbona-
ceous mudstone is as high as 32.54%, which is better than
that of secondary uplift.

5.2.3. Control of Hanging Wall and Footwall Faults. During
the development period of coal measure source rocks in
the Pinghu Formation, the Xihu Sag was in the transition
period of fault-depression. Fault-terrace assemblages are
developed, which have a controlling effect on stratigraphic
deposition and have a significant impact on the development
of source rocks [34]. The essential effect of the upfaulted and
down-faulted control on the source rocks is whether the oxi-
dative and reducing environment caused by the rise or fall of
the water level is conducive to the growth of organic plant.
The hanging wall causes the stratum to rise locally. Even if
the sea level rises due to transgression, the vegetation will
not be completely submerged. The hanging wall provides a
stable oxidation environment for coal seams and carbona-
ceous mudstone; in contrast to the footwall, the stratum
descends locally, and the reduction environment of stable
deep-water is conducive to the formation and preservation
of dark mudstones. During the depositional period of the
Pinghu Formation in the study area, the faults were highly
developed and distributed in a north-south banded shape
on the plane. The strata controlled by them were located in
different depositional environments, resulting in different
degrees of development of source rocks. Wells K3 (0.15%)
and K4 (0.32%) were deposited on the footwall of the fault,
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respectively (Figure 11). The stratum descends to form a
larger sedimentary space, and the water depth increases to
provide an anaerobic environment, which is conducive to
the development and preservation of dark mudstone and
carbonaceous mudstone; the well K5 (0.72%) is located on
the hanging wall of the fault. The rise of the stratum causes
sea level to decrease relative to the stratum, providing an
oxygen-rich oxidation environment, which is conducive to
the development of coal seams, and the storage conditions
of dark mudstone and carbonaceous mudstone are poor.

5.3. Distribution of “Sweet Spots” for Coalbed Methane and
Shale Gas and Their Controlling Factors. The formation
and preservation of coalbed methane is related to the evolu-
tion of the basin, stress field, multiple structures, and water
conditions [35, 36], and its enrichment models can be sum-
marized as the model of hydrodynamic-controlled accumu-
lation, the model of syncline-controlled reservoir, the model
of accumulation for relatively high structure, and the model
of enrichment for slope zone. The structural form of the
study area plays a key role in the preservation of coalbed
methane. Generally speaking, the overlying stratum on the
syncline is in a state of extruding stress on both sides of
the fold, and faults and fissures are not developed, which is
conducive to the preservation of coalbed methane; the anti-
clinal strata are subject to tensile stress, and the tension is
prone to fracture and cracks, which is not conducive to the
preservation of coalbed methane. The Pinghu Tectonic Belt
is located in the footwall of the faulted basin, and the sedi-
mentary strata are mainly developed in the sag, and the
extruding stress is conducive to the preservation of coalbed
methane. The development and preservation of shale gas
are mainly affected by the depositional environment, and
its types of reservoirs are generally divided into organic
pores of marine shale, diagenetic microfractures of transi-

tional shale, and bedding fractures of continental shale.
The sedimentary environment of the study area is domi-
nated by marine-continent transitional facies and marine
facies, and the shale of marine-continent transitional facies
and marine facies is widely developed. Both gas-generating
conditions and storage conditions of gas greatly endow pos-
sibilities for shale gas accumulation in the study area [37].

The thickness distribution of coal-measure source rock
caculated quantitatively according to the logging constraints
in Figure 12. There are roughly 3-5 hydrocarbon-generating
depressions in the coal-measure source rocks during the
period of T31 and T32 in the study area, which are distrib-
uted like a pearl in NE direction. Compared with coal seam
and dark mudstone, carbonaceous mudstone has the thick-
est development. The maximum thickness can be up to
80m, the thickness of dark mudstone is up to 40m, and
the coal seam is relatively thin. Coal seams, carbonaceous
mudstone, and dark mudstone are all developed and distrib-
uted in these hydrocarbon-generating depressions. Affected
by the water depth caused by the depositional environment,
the distribution range of coal seams is small, and the distri-
bution range of carbonaceous mudstone and dark mudstone
is relatively large. Overall, distribution of “sweet spot” in ver-
tical shows that the degree of development and preservation
of coalbed methane and shale gas in the T32 formation is
better than that in the T31 formation. It is related to the
change of sedimentary environment caused by transgression
and regression during the depositional period, and the
decrease of reservoir porosity and the increased degree of
thermal evolution caused by burial depth. The decrease of
reservoir porosity directly leads to the decrease of reservoir
permeability. According to the existing exploration and
development experience of coalbed methane, it is believed
that low permeability is the key condition for coalbed meth-
ane accumulation. The permeability value of sandstone
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reservoir in the Pinghu Formation is generally low,
which can satisfy the accumulation of coalbed methane.
The degree of thermal evolution is positively correlated
with the burial depth. The vitrinite reflectance (Ro),
which reflects the degree of thermal evolution, increases
with the increase of burial depth of the stratum. [38].
The analysis shows that the paleotemperature of T32
stratum in the Pinghu Tectonic Belt is 163°C, and the
vitrinite reflectance reaches 1.26%; the paleotemperature
of the overlying T31 stratum is 134°C, and the vitrinite

reflectance can reach 1.14%. In contrast, the vitrinite
reflectance of the gas generation threshold in the Xihu
Sag is 0.80% [39]. It shows that the coal seam of T32
stratum is more likely to reach the gas generation
threshold first, and the thermal evolution degree of the
T32 stratum with a greater burial depth is higher than
that of the T31 stratum, and it is more likely to gener-
ate coalbed methane. The “sweet spots” of the reservoir
are better in the south than in the north on the plane.
The reason for this distribution may lie in the period of
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T31, the provenance area is mainly in the south, and the lack
of sediment sources in the north leads to the lack of shale
development. In addition, from the North Pinghu area to
South Pinghu area, the slope of the marginal faulted basin
from gentle to steep (Figures 1(c)–1(f)). The large height dif-
ference produced by the steep slope and the fracture works
together, which is conducive to the formation of the depres-
sion. The extruding stress necessary to form the depression
can create a closed space, which is not conducive to the
escape of gas.

5.4. Accumulation Analysis of Tight Sandstone Oil and Gas.
The Xihu Sag is affected by diagenesis, and the target layer
is buried deeper than 3000m, which is generally a tight res-
ervoir. The Pinghu Formation is the focus of research on
tight reservoirs in the Xihu Sag. According to the calculated
data of sandstone porosity and its seismic inversion, the
porosity of sand bodies in the Pinghu Formation can be
divided into three grades (Figure 13): 15%-20%, 5%-15%,
and <5%. The formation of sand bodies with porosity < 5%
is affected by wave-controlled deltas; the formation of sand
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Figure 13: The relationship between the “sweet spots” of tight oil and gas reservoirs and the distribution of different faults: (a) tight
reservoir distribution and prediction of gas-bearing traps in T31 period; (b) tight reservoir distribution and prediction of gas-bearing
traps in T32 period.
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bodies with a porosity of 5%-15% is affected by river-
controlled and wave-controlled deltas; sand bodies with
porosity > 15% are mainly distributed on the west side of
the slope belt near the terrestrial sources, close to the delta
plain. The formation of sand bodies is controlled by distrib-
utary channel microfacies of the delta and may also include
some tidal pores and wave-controlled point sand bars.
Among the proven oil and gas reservoirs, the vast majority
of the reservoirs are tight sand bodies with a porosity of
5%-10%. And most of the sand bodies are narrow-banded,
indicating that the distributary channel facies of the delta
easily form tight sand body reservoirs.

Some research has been carried out on the reasons for
the densification of the reservoirs and the accumulation con-
ditions of the tight reservoirs [40, 41]. It is believed that the
tight reservoirs in the Pinghu Formation are mainly com-
posed of arkose and quartzose arkose, cemented calcite,
and dolomite. The porosity of the middle and lower mem-
bers of the Pinghu Formation is concentrated between 2%
and 20%, with an average porosity of 10%. The formation
of tight sandstone reservoirs is closely related to sedimentary
facies. The study of facies control shows that sedimentary
facies is dominated by river-controlled and wave-controlled
underwater distributary channels of the delta, with flower-
shaped delta front sand bodies and mouth bar sand bodies
developed in the Pingbei-Pingzhong area. The sedimentary
system of delta sand body and barrier coast-tidal developed
by tide control are second. Because the wave-controlled delta
and tidal sediments are mainly composed of medium sand-
stones and fine sandstones, the overall grain size is relatively
coarse, the maturity is high, and the grain sorting is good.
Therefore, the single-layer thickness of the tight sandstone
reservoir is between 5 and 30m, the sand-formation ratio
is between 20% and 40%, and the porosity is between 5%
and 15%, which provides good reservoir conditions for tight
oil and gas accumulation. The porosity of tight reservoirs in
Xihu Sag is greatly affected by later diagenesis, including
compaction, cementation, and dissolution [42]. The com-
paction produced by the deep sandstone of the Pinghu For-
mation is affected by the large burial depth and the greater

effect of temperature and pressure, and the intensity of phys-
ical and chemical compaction is stronger than that of the
overlying sandstone. Cementation plays an important role
in the quality improvement of deep reservoir sandstone.
There are two types of calcite cementation: early stage and
late stage. In the early stage, most of them are basement-
type contiguous cementation, and in the late stage, veins
of coarse crystal are mainly filled in the fractures. It is ana-
lyzed that it is related to the Longjing Movement [43]. Early
calcite cementation is most developed at the mud-sand
interface [44], but it is affected by the superposition of res-
ervoir sand bodies and channel erosion. Calcite cementation
is only distributed at the mud-sand interface and has a lim-
ited range, so it has little effect on the modification of reser-
voir porosity. The difference in dissolution in the study area
depends on the intrusion of corrosive fluid and the changes
in the opening and closing of the diagenetic system and is
related to whether the acid-bearing body of organic matter
can enter the reservoir smoothly [45]. The dissolution of
the Pinghu Formation reservoirs is related to the Huagang
Movement and the Longjing Movement [46]. Under the
action of the Huagang Movement, when the oil and gas
began to charge into the reservoir in the early stage, the
organic acid fluid began to enter the reservoir. During the
Longjing Movement, the charging movement was still in
progress, which was accompanied by a large-scale reforma-
tion of reservoir porosity.

Using the gas detection method by seismic attenuation,
it is believed that there exist red positive attenuation anom-
alies that may represent hydrocarbons in the strata of T32
and T33 (Figure 14). The red attenuation area is a regional
hydrocarbon-bearing reflection, which is the performance
of different calculation between the frequency division of
the hydrocarbon-bearing layer and that of the upper and
lower strata. In order to verify whether the red attenuation
area reflects the real gas content, the red attenuation area
of the T33 stratum corresponds to the depth-domain fre-
quency division. Red-yellow area of the cross section is obvi-
ously different from the blue-green area, showing abnormal
energy of hydrocarbon-containing. It can be seen that the

T31 T32 T33 T34 Abnormal attenuation
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Figure 14: Prediction of gas-bearing traps by seismic wave attenuation method in Pinghu Formation.
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anomaly area of red attenuation is indeed consistent with the
hydrocarbon-bearing anomaly area (Figure 10).

In connection with the distribution of tight sand bodies
(Figure 15), gas-bearing anomalies are mainly concentrated
in the areas with reservoir porosity of 5%-15%, including a
few sandstones less than 5%. However, sandstone reservoirs
with porosity > 15% contain less gas, indicating that the
hydrocarbon-bearing types of the strata in the T32 and
T33 members are mainly tight oil and gas reservoirs. At
the same time, the accumulation of tight reservoirs in this
area is directly related to the lateral and vertical sealing
capacity of faults [17]. The upper member of the Pinghu
Formation has a large sand-formation ratio, and large sets
of sandstones are connected laterally, so oil and gas are easy
to dissipate, and traps are not easily formed; however, the
sand-formation ratio of the lower member is about 20%,
which is easy to form fault-block oil and gas reservoirs
(Figure 13). A small fault displacement is conducive to the
vertical sealing of fault-block oil and gas reservoirs, while a
large one is conducive to the lateral sealing of fault-block
oil and gas reservoirs. The fault-block oil and gas reservoirs
in the Pingbei area mainly rely on faults with a fault dis-
placement greater than 30ms to accumulate. The accumula-
tion of oil and gas reservoirs in a few fault blocks in the
south is related to the faults with a fault displacement of 0-
30ms. This shows that large fault displacements are more
likely to be laterally plugged to form fault-block oil and gas
reservoirs. Moreover, because the accumulation of such
traps is related to large faults, they often have sufficient
sources of oil and gas. The top surface of its oil and gas res-
ervoirs often has abnormally high-pressure interfaces, which
can also be used as a way to find such tight traps.

6. Conclusions

Combining three-dimensional seismic data, logging data,
and source rock geochemical pyrolysis experiments of
source rock in the study area, the author analyzed the distri-
bution of coal-measure source rock and sedimentary facies
evolution in the Pinghu Tectonic Belt of Xihu Sag. We have
the following conclusions by research results and analysis:

(1) The coal-measure source rock of Pinghu Formation
is the main source rock in the Xihu Sag, with high
content of organic matter, high maturity, great
potential of hydrocarbon generation, and potential
for exploration and development of coalbed methane
and shale oil and gas. The development and preser-
vation of coal-measure source rock are mainly
affected by the depth of water environment, so its
distribution law is controlled by terrain, hanging wall
and footwall of faults, and sedimentary environment

(2) The sedimentary facies of the Pinghu Tectonic Belt
are dominated by wave-controlled delta facies, and
river-controlled marine-land transition facies are
rare. During the depositional period from the T34
member to the T31 member, there were two stages
of regression and one stage of transgression. The
sedimentary subfacies experienced four stages: delta
front-pre-delta-neritic subfacies, underwater delta
plain subfacies, delta front-neritic subfacies, and
delta plain subfacies

(3) The accumulation of coalbed methane in the Pin-
ghu Tectonic Belt is controlled by the factors of
structure and burial depth, and its sag structure
and higher maturity of thermal evolution are con-
ducive to the generation and preservation of
coalbed methane. Shale gas develops fractured res-
ervoirs that are more conducive to the preservation
of shale gas due to marine-continental transition
facies and deposition factors of marine shale. The
development of tight reservoirs is affected by
wave-controlled and tide-controlled deltas, and the
sandstone has good physical properties. Under the
diagenesis including cementation, compaction, and
dissolution, the filling and reconstruction of pores,
cavities, and fractures can be ensured, so that the
porosity of the reservoir is basically maintained at
about 5%-15%. Under the action of oil and gas
transportation and sealing by large and small faults,
tight reservoirs can form a type of accumulation
mainly composed of fault-block traps and supple-
mented by lithologic traps
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Figure 15: Coincidence verification between prediction of gas-bearing traps and high-frequency gas layer in T32 period: (a) distribution of
gas trap in plane; (b) longitudinal distribution of high-frequency gas-bearing formations.
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