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The enrichment law of tight sandstone gas in the Upper Triassic Xujiahe

Formation in the Sichuan Basin has not been fully revealed. In this study, the

controlling effect of source-reservoir assemblage on gas accumulation in the

Xujiahe Formation was systematically investigated. The results show that pores

and fractures are developed in the tight sandstone reservoirs of the Xujiahe

Formation. The main pore types are intragranular dissolved and intergranular

pores. The quality of sandstone reservoirs in the Xujiahe Formation is controlled

by sedimentation, diagenesis and tectonic processes. Underwater distributary

river channels and estuary bars are favorable microfacies for reservoir

development, and chlorite cemented facies and dissolution-kaolinite

cemented facies are the most favorable diagenetic facies. In addition, the

natural gas composition and carbon isotope characteristics of the Xujiahe

Formation are significantly different in different intervals of the same gas

field and the same interval of adjacent gas fields. This shows that the natural

gas has no obvious vertical mixing and lateral migration, and it has the

distribution characteristics of “local enrichment”. Then, the natural gas will

be preferentially charged in the feldspar lithic sandstone and feldspar quartz

sandstonewith large thickness and good physical properties bymeans of short-

rangemigration. According to the research, the hydrocarbon supply capacity of

the single layer in each interval is weak, and it leads to the low filling degree of

the gas reservoir and the insufficient separation of gas and water. On the whole,

four sets of extra-source “lower generation and upper storage” assemblages

and two sets of “self-generation and self-storage” source-reservoir

assemblages are developed in the Xujiahe Formation. The development

scale of natural gas is mainly controlled by the type of source-reservoir

combination, and the areas with close source-reservoir contact and high

hydrocarbon generation intensity are high-quality reservoir development areas.
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1 Introduction

The Upper Triassic Xujiahe Formation in the Sichuan Basin

is rich in natural gas resources (Dai et al., 2005; Hu et al., 2014).

So far, 32 gas fields and gas-bearing structures have been

discovered in the Xujiahe Formation in the Zhongba,

Bajiaochang, Chongxi, Guang’an and Hechuan areas. They are

mainly distributed in the central and western Sichuan Basin.

Therefore, the Xujiahe Formation has become one of the most

important natural gas producing layers in the Sichuan Basin. The

accumulation law of natural gas in the Xujiahe Formation in the

Sichuan Basin has received extensive attention from many

scholars (Dai et al., 2009; Dai et al., 2012; Dai, 2014; Wang

et al., 2020; Li, 2021). The previous believed that the “sandwich”

type reservoir-caprock assemblage of the Xujiahe Formation

provided the basic geological conditions for the large-scale

accumulation of natural gas. Moreover, it has been widely

recognized that “continuous gas reservoirs” are widely

developed in the Xujiahe Formation.

In recent years, with the deepening of exploration and

development, discontinuous gas reservoirs have been

discovered in the Xu 2, Xu 4, and Xu 6 Members, and the

gas-water relationship is very complex. The source of the Xujiahe

Formation is the Xu 1, Xu 3, and Xu 5 Members. Furthermore,

the main controlling factors of hydrocarbon accumulation in

continental tight reservoirs are not well understood (Du et al.,

2007; Yu et al., 2014; Du et al., 2019). Therefore, the study of the

enrichment law of natural gas in the Xujiahe Formation has

become a hotspot. In this study, the characteristics of the source-

reservoir assemblages of the Xujiahe Formation and their

controlling effects on natural gas accumulation were

systematically analyzed. This study can provide technical

support for the efficient exploration and development of the

Xujiahe Formation.

FIGURE 1
Structural location and gas reservoir distribution in the Sichuan Basin.
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2 Geological background

The Sichuan Basin is a large hydrocarbon-bearing

superimposed basin in western China, with an area of

about 18 km2 × 104 km2. The structural units in the

Sichuan Basin are divided into the Western Sichuan

Foreland Depression Area, the Central Sichuan Gentle Fold

Area, the Northern Sichuan Thrust Fold Area, the Eastern

Sichuan High-steep Tectonic Area, the Southern Sichuan

Low-steep Fold Area, and the Southwestern Sichuan Uplift

Area (Figure 1) (Dai et al., 2012).

During the Indosinian Movement in the late Triassic, the

continuous uplift of the periphery of the Sichuan Basin

transformed the basin into an inland lake basin (Dai.,

2014). The strata of the Upper Triassic Xujiahe Formation

were deposited with huge thick sand and mudstone. The

deposition of the Xujiahe Formation is controlled by

factors such as multiple provenances, multiple periods of

tectonic movements, paleo-erosion surfaces and foreland

basins (Du et al., 2019). The sedimentary thickness of the

Xujiahe Formation in the western part of the basin is relatively

large, up to more than 3,000 m, while that in the northern,

eastern and western parts is relatively small, generally about

200 m–300 m. From bottom to top, the Xujiahe Formation is

divided into Xu 1–Xu 6 Members (Figure 2). Among them, the

Xu 1, Xu 3, and Xu 5 Members are mainly gray-black

mudstone, carbonaceous mudstone interbeded with

siltstone and thin coal seams; while the Xu 2, Xu 4, and Xu

6 Members are mainly gray-white, gray fine-medium-grained

sandstone interbeded with a small amount of black mudstone

and thin coal seams (Liao et al., 2014).

3 Experiments and methods

In this study, all natural gas samples were taken from the

Xujiahe Formation of the Bajiaochang, Chongxi, Nanchong

and Guang’an Gas Fields. Also, these samples were taken from

the double valve cylinder at the outlet of the wellhead pressure

gauge. In order to exclude the influence of external factors on

natural gas samples, the samples were taken from normal

production wells with a long production time and no chemical

reagents have been added recently. A HP6890 gas

chromatograph was used for chemical composition analysis,

and individual hydrocarbon gas components were separated

by capillary column (Plot Al2O3 50*0.53 mm). The gas

chromatograph oven temperature was first set at 30°C and

held for 10 min, then increased to 180°C at a rate of 10°C/min.

In addition, the carbon isotope analysis was performed using a

Delta S GC/C/IRMS isotope mass spectrometer. The gas

components were separated by a gas chromatograph and

then converted into CO2 and injected into the mass

spectrometer. The individual alkane gas components (C1-

C5) and CO2 were separated by column chromatography

(Plot Q 30 m). The column ramp was ramped from 35°C to

80°C (8°C/min ramp rate) to 260°C (5°C/min ramp rate), and

the oven temperature was maintained for 10 min at the final

temperature. Each sample was analyzed 3 times, and its

analytical precision was ± 0.5‰.

The rock thin sections were polished on both sides to a

thickness of 0.03 mm. Further, thin sections were identified

using a Zeiss Axio Scope A1 polarizing microscope. The cores

were cut into cubes of about 1 cm3 for scanning electron

microscope observation. An FEI Quanta 450 FEG was used

for environmental SEM observations. Its maximum

magnification is 1 million times, the working voltage is

20 kV, and the electron beam incident beam current is 4 ×

10−10 A.

FIGURE 2
Source-reservoir assemblages of the Upper Triassic Xujiahe
Formation in the Sichuan Basin.
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4 Results

4.1 Source-reservoir combination of
extra-source “lower generation and upper
storage”

The source rocks of the Upper Triassic Xujiahe Formation in

the Sichuan Basin are the black shales and thin coal seams in the

Xu 1, Xu 3, and Xu 5 Members. Thin mudstone and thin coal

beds are also developed in the middle and lower parts of the Xu

2 and Xu 4 Members and the middle and upper parts of the Xu

6 Member. The Xujiahe Formation source rocks in the western

Sichuan Basin are thicker, up to 1,000 m, while those in the

northeastern and southern Sichuan Basin are thinner, generally

less than 50 m–100 m. The organic carbon content of the Xujiahe

Formation source rocks generally ranges from 0.5% to 9.7%, with

an average of 1.95%. Moreover, the types of organic matter are

mainly Type II2 and Type III. The microscopic composition of

kerogen is mainly vitrinite, while the content of inertite and

chitinite is low, and saprolite is basically absent (Figure 3). The

source rocks of the Xu 1, Xu 3, and Xu 5 Members are

superimposed with the reservoirs of the Xu 1 (middle part),

Xu 2, Xu 4, and Xu 6 Members, and four sets of good source-

reservoir assemblages of extra-source “lower generation and

upper storage” have been formed. The 4 sets of source-

reservoir assemblages include: lower source rock (A1) and

middle Xu 1 Member (A2) assemblage, upper Xu 1 Member

source rock (A3) and Xu 2 Member reservoir (B1) assemblage,

Xu 3 Member hydrocarbons source rock (B2) and Xu 4 Member

reservoir (C1) assemblage, Xu 5 Member source rock (C2) and

Xu 6 Member reservoir (C3) assemblage (Figure 2).

The reservoir rock types are mainly fine-medium-coarse-

grained lithic feldspar sandstone, feldspar lithic sandstone, and

lithic sandstone, followed by lithic quartz sandstone and feldspar

quartz sandstone (Figure 4). Among them, the Xu 2 Member

mainly develops feldspar quartz sandstone and lithic feldspar

sandstone; the Xu 4 Member mainly develops lithic feldspar

sandstone and feldspar lithic sandstone, followed by feldspar or

lithic quartz sandstone; the Xu 6 Member mainly develops

feldspar lithic sandstone, lithic sandstone, and lithic feldspar

sandstone. The Xujiahe Formation reservoir rocks have the

characteristics of low compositional maturity and high

structural maturity, and the compositional maturity index

(quartz/feldspar + debris) is generally between 1.5 and 4.0.

FIGURE 3
Microcomponents of kerogen in source rocks of Xujiahe Formation. (A) Jinhe Profile, Xu 1Member; (B) Zhanggongling Profile, Xu 5Member; (C)
and (D) Well Jin 31, 3,017.92 m.
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The difference of maturity is mainly caused by the difference of

surrounding provenance. In addition, the compositional

maturity of the Xujiahe Formation reservoir rocks shows a

downward trend from the Xu 2 to the Xu 6 Members.

However, on the plane, the maturity of the reservoir rocks in

the central Sichuan area is relatively high, while that in the

peripheral areas is relatively low.

4.2 In-source “self-generation and self-
storage” source-reservoir combination

For a long time, the natural gas exploration of the Upper

Triassic Xujiahe Formation in the Sichuan Basin has always

regarded the Xu 1, Xu 3, and Xu 5 Members as source rocks, and

the Xu 2, Xu 4, and Xu 6 Members as reservoirs. However, there

FIGURE 4
Microstructure characteristics of tight sandstones of Xujiahe Formation in the study area. (A) Well Hechuan 7, 2,191.18 m, detrital feldspar
sandstone with developed intergranular pores; (B) Well Guang’an 101, 2080.15 m, detrital feldspar sandstone; (C) Well Penglai 11, 2,360.54 m,
feldspar detrital sandstone; (D)Well Songhua 2, 3,595.19 m, detrital sandstone; (E)Well Guang’an 128, 2,337.45 m, detrital quartz sandstone; (F)Well
Tong 6, 2,449.1 m, feldspar quartz sandstone.
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are few summaries on the distribution law of natural gas in the

self-generation and self-storage combination within the source.

Through the review of old wells, it is found that there are frequent

oil and gas shows in the Xu 3 and Xu 5 members during the

drilling process. At present, high-yield gas flows have been

obtained in the Xu 3 and Xu 5 Members of many wells in the

Jiulongshan, Zhongtaishan and Qiulin areas. In the source rocks

of the Xu 3 and Xu 5 Members, not only mudstone and coal

seams are developed, but sandstones are also extremely

developed, and the sand bodies are widely distributed.

Especially in the source rock areas in the western Sichuan

Basin, the average sandstoned ratio is more than 30%. It was

found that the in-source sandstones in these areas have large

thickness, continuous lateral distribution and good physical

properties. Therefore, the sandstones distributed in the source

rock series are more likely to form large-scale accumulation of

natural gas than the Xu 2, Xu 4, and Xu 6 Members.

4.2.1 Source-reservoir combination within the
source of the Xu 3 Member

The Xu 3 Member is distributed in the whole basin and

belongs to shallow lake deposits. Lacustrine sand bars are locally

developed in the central Sichuan area. Alluvial fans and delta

deposits are mainly developed in the northwest part of the basin,

and delta deposits are mainly developed in the northeast and

southeast parts of the basin. Distributary channels and sheet

sands are the main microfacies types. Statistics show that the

thickness of a single sand layer ranges from 5 m to 10 m, the

maximum can reach 40 m, and its cumulative thickness can

reach more than 150 m. The reservoir spaces of the tight

sandstones are mainly intergranular dissolved pores,

intragranular dissolved pores and microfractures. The average

porosity is 4.28%, and the average permeability is 0.13 μm2 ×

10−3 μm2. These reservoirs are distributed in a thin-layered or

lenticular form, and they constitute a good source-reservoir

assemblage with the mudstones developed in the Xu

3 Member (Figure 5).

4.2.2 Source-reservoir combination within the
source of the Xu 5 Member

The sedimentary environment of the Xu 5 Member is similar

to the Xu 3 Member. However, due to the uplift and denudation

in the northwest part of the basin, the direction of the main water

system has changed, and the main water system is mainly

injected into the basin along the northeast and south

directions. Delta deposits are mainly developed in the

northern, northeastern and southern areas of the basin.

Statistics show that the thickness of a single sand layer ranges

from 10 m to 15 m, the maximum can reach 30 m, and the

cumulative thickness can reach more than 100 m. Intergranular

dissolved pores, intragranular dissolved pores andmicrofractures

are the main types of pores. The average porosity is 4.48%, and

FIGURE 5
Well-connected profile of the source-reservoir assemblage within the source of the Xu 3 Member (the plane position is shown in Figure 8).
Yellow represents sandstone and grey represents mudstone.
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FIGURE 6
Well-connected profile of the source-reservoir assemblage within the source of the Xu 5 Member (the plane position is shown in Figure 8).
Yellow represents sandstone and grey represents mudstone.

TABLE 1 Carbon isotopic characteristics of natural gas in typical gas fields of the Upper Triassic Xujiahe Formation in the Central Sichuan Basin.

Gas field Interval Natural gas
composition (%)

Drying factor Natural gas carbon isotope
(δ13C‰)

CH4 C2H6 CH4 C2H6

Bajiaochang T3x6 88.97~90.99/ 5.01~5.33/ 0.916~0.926/ -40.86~-40.23/ -26.17~-25.92/

89.98 (2) 5.17 (2) 0.921 (2) -40.55 (2) -26.06 (2)

T3x4 86.14~91.94/ 4.48~7.94/ 0.898~0.942/ -39.32~-37.60/ -26.26~-25.10/

90.00 (16) 5.67 (16) 0.925 (16) -38.66 (3) -25.67 (3)

T3x2 91.32~95.92/ 2.71~5.77/ 0.928~0.966/ -41.00~-37.62/ -26.73~-24.80/

93.16 (4) 4.55 (4) 0.944 (4) -39.54 (3) -25.51 (3)

Xiongxi T3x4 68.08~90.18/ 3.88~7.58/ 0.873~0.942/ -43.80~-40.40/ -28.30~-26.32/

84.80 (16) 6.26 (16) 0.906 (16) -41.79 (7) -27.30 (7)

T3x2 88.09~91.82/ 3.07~6.63/ 0.902~0.940/ -42.80~-42.03/ -28.20~-27.65/

89.78 (6) 5.20 (6) 0.919 (6) -42.48 (3) -27.95 (3)

Nanchong T3x4 84.64~88.50/ 6.47~8.14/ 0.893~0.920/ -41.12~-39.70/ -26.50~-26.00/

86.43 (5) 7.63 (5) 0.902 (5) -40.44 (3) -26.30 (3)

T3x2 89.95~91.49/ 3.89~4.83/ 0.917~0.932/ -40.50~-40.44/ -27.10~-26.51/

90.65 (3) 4.49 (3) 0.923 (3) -40.47 (2) -26.81 (2)

Guangan T3x6 85.98~95.86/ 2.03~7.59/ 0.895~0.942/ -42.49~-37.09/ -27.98~-25.52/

89.58 (26) 6.17 (26) 0.919 (26) -39.50 (17) -26.90 (17)

T3x4 70.93~94.71/ 3.18~5.43/ 0.934~0.961/ -43.02~-36.91/ -25.95~-23.63

91.51 (19) 4.43 (6) 0.946 (6) -39.04 (16) /-24.75 (16)

Notes: Min~Max/Average (Number of Samples).
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the average permeability is 0.35 μm2 × 10−3 μm2. Thin-layered or

lenticular tight sandstones and widely developed mudstones in

the Xu 5 Member constitute a good source-reservoir assemblage

(Figure 6). The surface porosity of micro-fractures in the

reservoir is usually only 0.5%–1%, but their existence plays an

important role in improving the seepage capacity of the reservoir.

5 Discussion

5.1 Controlling effect of independent
source-reservoir combination on natural
gas distribution

5.1.1 Differences in natural gas characteristics in
different layers of the same gas field

The natural gas in the Xujiahe Formation in the Sichuan

Basin is dominated by hydrocarbon gas, and the total

hydrocarbon volume coefficient is more than 95%. Among the

hydrocarbon components, CH4 dominates, while the non-

hydrocarbon gases have lower contents of CO2 and N2, and

most areas do not contain H2S. It can be seen from Table 1 that

the methane content and drying coefficient of the natural gas in

some typical gas fields of the Xujiahe Formation in the central

Sichuan area show a decreasing trend from the Xu 2 to Xu 4, and

to Xu 6 Members. It shows that the natural gas sources of each

interval are different.

Taking the Guang’an Gas Field as an example, the differences

in the methane content and drying coefficient of the natural gas

in the Xu 6 and Xu 4 Members of the Xujiahe Formation are

obvious. The methane content of the natural gas in the Xu

6 Member of the Guang’an Gas Field is between 85.98% and

95.86%, with an average of 89.58%; and the drying coefficient is

distributed between 0.895 and 0.942, with an average of 0.919.

However, the content of methane in the natural gas of the Xu

4 Member ranges from 70.93% to 94.71%, with an average of

91.51; the drying coefficient is distributed between 0.934 and

0.961, with an average of 0.946. From bottom to top, the methane

content and drying coefficient of the Xujiahe Formation gas

gradually decreased, indicating that the natural gas in the Xu

4 and Xu 6 Members may have different sources.

The carbon isotope value of ethane in the natural gas of the

Xu 6 Member of the Guang’an Gas Field ranges from −27.98‰

to −25.52‰, with an average of −26.90‰; while the ethane

carbon isotope value of the natural gas in the Xu 4 Member

ranges from −25.95‰ to −23.63‰, with an average of −24.75‰.

The ethane carbon isotope value of natural gas in the Xu

4 Member is significantly higher than that in the Xu

6 Member (Figure 7). Therefore, the sources of natural gas in

each interval of the Xujiahe Formation are obviously different.

There is no mixing of source rock products in different intervals.

In addition, the drying coefficient of the natural gas in the Xu

4 Member is significantly higher than that in the Xu 6 Member

(Table 1). This shows that the maturity of the source rock

supplying the natural gas of the Xu 4 Member is higher than

that of the source rock supplying the natural gas of the Xu

6 Member. The natural gas in the Xu 4 Member did not migrate

to the Xu 6 Member. Therefore, there is no obvious vertical

mixing of the natural gas in the Xu 4 and Xu 6 gas reservoirs in

the Guang’an Gas Field, and they are most likely to come from

the Xu 3 and Xu 5 source rocks in the lower part of the gas

reservoir, respectively.

5.1.2 Differences in natural gas properties in the
same interval of adjacent gas fields

For a long time, it has been controversial whether the natural

gas has obvious lateral migration in the same interval of adjacent

gas fields. In this study, we compared the geochemical

characteristics of natural gas in the Xu 4 Member in the

Guang’an and Nanchong Gas Fields of the central Sichuan

Basin (Table 1). For the Xu 4 Member of the Guang’an Gas

Field, the average methane content of natural gas is 91.51%, the

average drying coefficient is 0.946, the average carbon isotope of

methane is −24.75‰, and the average carbon isotope of ethane

is −24.75‰. However, for the Xu 4Member of the Nanchong Gas

Field, the average methane content of natural gas is 86.43%, the

average drying coefficient is 0.902, the average methane carbon

isotope is −40.44‰, and the average ethane carbon isotope

is −26.30‰. The differences in natural gas composition and

carbon isotope values indicate that the gas sources of the Xu

4 Member are different in the Guang’an and Nanqiang Gas

Fields. In addition, the drying coefficient of natural gas in the Xu

4 Member of the Guang’an Gas Field is also significantly higher

than that in the Nanchong Gas Field. This is because the maturity

of the source rocks supplied by the natural gas in the Xu

4 Member of the Guang’an Gas Field is higher than that of

FIGURE 7
Relationship between methane and ethane carbon isotopes
in the Xu 4 and Xu 6 Members of Guang’an Gas Field.
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the Nanchong Gas Field, and this phenomenon is not caused by

the component fractionation caused by the lateral migration of

natural gas. If the high drying coefficient of natural gas in the Xu

4 Member of the Guang’an Gas Field is caused by migration and

fractionation, then its methane carbon isotope should not be

higher than that of the Xu 4 Member of the Nanchong Gas Field.

Therefore, the difference in the geochemical characteristics of

natural gas in the same interval of adjacent gas fields is caused by

the different maturity of the source rocks supplying

hydrocarbons in the gas reservoir, rather than by the lateral

migration and fractionation of natural gas (Xiao et al., 2008; Luo

et al., 2019; Wang et al., 2020).

5.2 Controlling effect of closely contacted
source-reservoir assemblages on natural
gas enrichment

5.2.1 Control of source rock on filling degree of
hydrocarbons

Due to the dramatic changes in the plane depositional

environment of the Xujiahe Formation, the distribution of

source rocks is extremely uneven. The dark mudstone in the

Xujiahe Formation has a large thickness. It gradually thins from

the northwest to the southeast of the basin. In contrast, coal

seams and carbonaceous mudstones are relatively thin in

thickness and vary greatly on the plane. The thickness center

of the Xujiahe Formation source rocks is distributed in the

western Sichuan area, with an average thickness of

100 m–400 m, while that in the central Sichuan area is

generally 20 m–60 m. Moreover, the source rocks in the

Xujiahe Formation are basically in the early and middle stages

of massive gas generation. The degree of thermal evolution

decreased gradually from the Xu 1 Member (Ro is between

1.1% and 2.2%) to the Xu 3 Member (Ro is between 1.0% and

1.8%) and Xu 5 Member (Ro is between 0.8% and 1.4%). The

thermal evolution degree of the Xujiahe Formation in the western

Sichuan Basin is the highest (Ro is between 0.9% and 2.2%),

followed by the northeastern Sichuan Basin (Ro is between 0.8%

and 1.6%), and that in te central and southern Sichuan Basin are

the lowest (Ro is less than 1.2%). The cumulative gas generation

intensity of the Xujiahe Formation source rocks is between

10 m3/km2 and 100 m3/km2 × 108 m3/km2. Among them, the

gas generation intensity in the western Sichuan region is

relatively high (generally greater than 20 m3/km2 × 108 m3/

km2), while that in the central and southern Sichuan regions

is relatively small (10~20 m3/km2 ×108 m3/km2).

It is difficult for the natural gas generated from the source

rocks of the Xujiahe Formation to migrate laterally on a large

scale after entering the highly heterogeneous reservoir. Short-

range migration is the main migration mode of hydrocarbons

(Jiu et al., 2013; Liao et al., 2014; Lan et al., 2021; Zhang et al.,

2021). For the Xujiahe Formation in the central Sichuan area, the

source rocks have a large cumulative thickness, a wide

distribution range, and a high cumulative hydrocarbon

generation intensity, but the gas generation intensity of each

layer of source rocks is relatively small. For example, the average

gas generation intensity of the Xu 1, Xu 3, and Xu 5 Members are

2.06 m3/km2 × 108 m3/km2, 3.75 m3/km2 × 108 m3/km2, and

6.29 m3/km2 × 108 m3/km2, respectively. Due to the near-

source accumulation of hydrocarbons, the natural gas

generated by the source rocks of the Xu 1, Xu 3, and Xu

5 Members will be preferentially charged from the sandstones

with good physical properties, and then supplied to the Xu 2, Xu

4, and Xu 6Members, respectively. The single-layer hydrocarbon

supply capacity of each interval is weak. The amount of natural

gas generated is far less than the storage space of sandstone.

Therefore, the charging of natural gas is insufficient, the gas

reservoirs are independent of each other and the separation of gas

and water is insufficient (Ni et al., 2011; Zhou et al., 2019;

Morozov et al., 2021). It can be seen from Figure 8 that the

high-yield wells are mainly distributed in the regions with gas

saturation greater than 57.5%. In addition, the gas saturation has

a good positive correlation with the hydrocarbon generation

intensity of the source rocks. Areas with hydrocarbon generation

intensity greater than 4 m3/km2 × 108 m3/km2 have higher gas

saturation and natural gas productivity.

5.2.2 Control of reservoir performance on
production capacity of natural gas

The Xujiahe Formation is a set of coal-measure strata, and

the developed tight sandstone reservoirs contain pores and

fractures. Pores are the main reservoir space, and the types of

pores include intragranular dissolved pores, intergranular pores,

intragranular pores, intergranular dissolved pores, mold pores,

matrix dissolved pores, and intercrystalline micropores of clay

minerals (Figure 9). Among them, intragranular dissolved pores

and intergranular pores are the main types of pores. The pore

types have obvious regional distribution differences.

Intergranular pores are mainly developed in the depression

areas of the northwestern Sichuan Basin, while dissolution

pores are not developed. Dissolution pores are mainly

developed in the southwestern Sichuan Basin, especially the

feldspar intragranular dissolved pores and intergranular

dissolved pores, while the intergranular pores are rare. For the

central, eastern and central-south transition zones of the Sichuan

Basin, intergranular pores and intragranular dissolved pores are

well developed. The pores in the southern Sichuan area are

generally underdeveloped, and dissolved pores are the main

pore type.

The regional differences in pore types are closely related to

the reservoir rock types and diagenesis (Fan et al., 2005; Hao

et al., 2016; Nicula1 et al., 2021; Saein and Riahi., 2017).When the

feldspar and chlorite contents are high, the pores are relatively

developed (Hu and Xie., 1997; Hu et al., 2012; Wan et al., 2012).

The development scale of tight reservoirs in the Xujiahe
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Formation is mainly controlled by sedimentation, diagenesis and

tectonic processes. Sedimentary facies, especially microfacies, are

the basis for reservoir development (Yin et al., 2019; Mondal

et al., 2021; Li., 2022). Distributary channels and estuary bars are

favorable microfacies for reservoir development, while reservoirs

in fluvial and lacustrine facies have poor physical properties.

Compaction, dissolution and annular chlorite cementation are

the main diagenetic processes that affect the development and

evolution of reservoirs (Zhao et al., 2013; Yin et al., 2018; Zhao

et al., 2020). Chlorite cemented facies and dissolution-kaolinite

cemented facies are the most favorable diagenetic facies, while

siliceous cemented facies and strong compaction facies are

unfavorable diagenetic facies. The fractures formed by the

Himalayan Movement can significantly improve the

permeability of tight reservoirs.

Reservoir performance has obvious control effect on the

filling degree of natural gas and the productivity of a single

well (Montgomery et al., 2005; Lai et al., 2018; Hower and

Groppo, 2021). Generally, the cumulative productivity of a

single well exhibits a positive correlation with both reservoir

thickness and porosity (Wu et al., 2015; Wu et al., 2016; Yang

et al., 2021). The energy storage coefficient of high-yield wells is

usually greater than 0.8, and the reservoir thickness is greater

than 10 m. Under the background of low hydrocarbon

generation intensity, natural gas will preferentially charge into

sand bodies with good reservoir physical properties and relatively

large pore diameters (0.1 μm–10 μm). Therefore, sand bodies

with relatively high porosity and high permeability are the

preferred targets for the preferential charging of natural gas.

According to the experimental analysis results of porosity,

permeability and saturation of multiple sample points in the Xu

6Member ofWell GA108, the physical properties of the reservoir

are positively correlated with gas saturations. In the

1931.00 m–1951.00 m interval, the average porosity of the

FIGURE 8
Coupling relationship between the gas saturation of the Xu 2Member and the hydrocarbon generation intensity of the underlying Xu 1 Member
in the central and western Sichuan areas.
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FIGURE 9
Microscopic characteristics of sandstone reservoirs in Xujiahe Formation. (A) Well Yu 1, 4,379.55 m, residual intergranular pores and
intergranular dissolved pores; (B) Well Jinhua 3, 3,298.00 m, intergranular dissolved pores; (C) Well W6, 1,127.80 m, intergranular pores and
intragranular dissolved pores; (D) Well Ma 14, 1,317.10 m, microfractures; (E) Well Qiulin 7, 3298 m, secondary dissolved pores; (F) Well Jiao 41,
3,076.0 m, needle-like and leaf-like chlorite; (G) Well Baoqian 001–16, 1,585.5 m, coniferous chlorite; (H) Well Guan 2, 3,665.85 m, open
microfractures with dissolved surface.
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reservoir is 8.73%, the average permeability is 0.236 μm2 ×

10−3 μm2, and the average gas saturation is 60.73%. Obviously,

good reservoir physical properties correspond to high gas

saturations. However, in the 1926.22 m–1931.00 m well

interval, the average porosity of the reservoir is 5.18%, the

average permeability is 0.057 μm2 ×10−3 μm2, and the average

gas saturation is only 39.68%. In addition, rock type and fractures

also significantly affect the gas-bearing properties of the

reservoir. The lithology of the Xujiahe Formation is mainly

composed of detrital feldspar sandstone, feldspar detrital

sandstone, detrital quartz sandstone and feldspar quartz

sandstone. According to the observation results of 11 wells in

the Guang’an Gas Field, the reservoir lithology in the wells with

output greater than 2 m3/d × 104 m3/d is mainly feldspar detrital

sandstone and feldspar quartz sandstone. When the Xujiahe

Formation reservoir is relatively tight, only the effective

combination of pores and fractures can form a high-efficiency

reservoir. For example, the productivity of gas layers drilling

fractures of Well Y104 in the Anyue Gas Field is usually greater

than 15 m3/d × 104 m3/d.

5.2.3 Control of close-contact source-reservoir
combination on large-scale enrichment of
natural gas

The closely contacted source-reservoir assemblage has a

significant controlling effect on the enrichment of natural gas

in the Xujiahe Formation. Judging from the source-reservoir

combination of the Xu 3 Member (Figure 10), the commercial

gas wells that have been discovered so far are mainly

distributed in areas with a sandstone ratio of more than

25%, while no commercial gas wells have been found in

areas with a sandstone ratio of less than 25%. This is

because areas with a sandstone ratio lower than 25% are

usually pre-delta or lacustrine deposits, and the thickness

of a single layer of sandstone is thin (1 m~3 m). Moreover,

due to the large thickness of the mudstone around the

sandstone, the compaction and cementation exerted on the

sandstone are very strong, and the physical properties of the

sandstone become very poor (Huang et al., 1996; Holt et al.,

2015; Zhai et al., 2017). Therefore, the natural gas enrichment

areas of the “self-generation and self-storage” source-reservoir

FIGURE 10
Superposition of source rock thickness and sandstone ratio of Xujiahe Formation in the Sichuan Basin.
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combination in the Xu 3 Member are mainly distributed in the

northwestern Sichuan area where the source and reservoir are

in close contact and the sandstone ratio is greater than 25%.

The average organic carbon content of dark mudstone in

the Xujiahe Formation is 1.95%, while that in the

carbonaceous mudstone is generally more than 10%, and

that in the coal seams is as high as 60%. The average

hydrocarbon generation potentials of coal seams,

carbonaceous mudstone, and dark mudstone in the Xujiahe

Formation are: 97 mg/g, 15 mg/g, and 2.4 mg/g, respectively.

Therefore, carbonaceous mudstone and coal seams with high

organic carbon content and hydrocarbon generation potential

are the main source rocks of the Xujiahe Formation. The

reservoir thickness and physical properties of the Xu

4 Member gas reservoir in the Guang’an Gas Field are

roughly the same as those of the Xu 6 Member. However,

the movable water content of the XuMember is generally high,

and the gas production per well is very low. Then, the

development of natural gas reserves in the Xu 4 Member is

difficult. This is because the source rocks of the Xu 5 Member

below the gas reservoir of the Xu 6 Member are a set of coal

seams with an average thickness of more than 10 m. This set of

coal seams is continuously distributed and the gas generation

intensity is high (10 m3/km2 × 108 m3/km2). However, the

source rocks of the Xu 3 Member below the Xu 4 Member

are mainly mudstone, and the thickness of the coal seam is

relatively thin, basically 3 m–5 m, and the gas generation

intensity of the source rock is low. It can be seen from

Figure 11 that the discovered gas reservoirs and gas-bearing

structures in the Xu 4 Member in the central Sichuan Basin are

mainly distributed in areas where carbonaceous mudstone

and coal seams are relatively developed in the Xu 3 Member

and the areas where the reservoir thickness of the Xu

4 Member is greater than 20 m. This fully shows that the

natural gas enrichment areas of the source-reservoir

combination of extra-source “lower generation and upper

storage” are mainly distributed in the overlying reservoirs

of the source rock development areas with close source-

FIGURE 11
Relationship between the thickness of carbonaceous mudstone and coal seam in the Xu 3 Member and the reservoir thickness and natural gas
distribution of the Xu 4 Member in the central and western Sichuan Basin.
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reservoir contact and strong hydrocarbon generation intensity

(Wang., 1994; Qin et al., 2019; Zhao et al., 2021).

6 Conclusion

1) The main pore types of tight sandstones in the Xujiahe

Formation are intragranular dissolved pores and intergranular

pores. The quality of sandstone reservoirs is controlled by

sedimentation, diagenesis and tectonic processes. Underwater

distributary channels and estuary bars are favorable microfacies

for reservoir development. Moreover, chlorite cemented facies

and dissolution-kaolinite cemented facies are the most favorable

diagenetic facies.

2) The natural gas composition and carbon isotope

characteristics of the Xujiahe Formation are significantly

different in different intervals of the same gas field and the

same interval of adjacent gas fields. This shows that the

natural gas has no obvious vertical mixing and lateral

migration, and it has the distribution characteristics of

“local enrichment”. Natural gas is preferentially charged in

the feldspar lithic sandstones and feldspar quartz sandstones

with large thickness and good physical properties by means of

short-range migration.

3) On the whole, four sets of extra-source “lower

generation and upper storage” assemblages and two sets of

“self-generation and self-storage” source-reservoir

assemblages are developed in the Xujiahe Formation. The

areas with close source-reservoir contact and high

hydrocarbon generation intensity are high-quality reservoir

development areas.
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