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Gas saturation (Sg) is an important parameter for studying the gas-bearing properties of
tight sandstone; however, there has been limited research on gas-bearing properties
based on sealing coring. This study determines the controlling factors of the gas-bearing
properties of tight sandstone in the Permian He8 Member of the Sulige Gas Field, Ordos
Basin, Northern China, based on sealing coring, logging, drilling, gas testing, and
laboratory analysis. The He8 Member Sg distribution is 17.9–63.8% (main range:
30–45%) and shows a downward trend from bottom to top. The Ro and hydrocarbon
generation intensity of the source rock, reservoir porosity, and permeability tend to control
the Sg in stages. When these parameters are less than 1.8%, 17 × 108 m3/km2, 10%, and
0.5 × 10–3 μm2, respectively, Sg increases significantly. When each parameter is greater
than the aove boundary value, the change in Sg is not obvious. Four types of gas-bearing
patterns of tight sandstone can be observed according to the distribution of reservoir and
source rock conditions: “upper and lower constant,” “upper low–lower high,” “upper
high–medium low–lower high,” and “upper high–lower low”; these patterns are mainly
controlled by high maturity source rocks, reservoir physical properties, reservoir physical
properties and structure, and structure, respectively. The corresponding gas test results
reveal the existence of pure gas, pure gas and gas–water, gas–water, and gas-bearing
water and pure water layers, respectively.
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INTRODUCTION

Tight sandstone gas is the accumulated natural gas in low-permeability sandstone reservoirs
within non-source rocks, with air permeabilities of less than 1 × 10−3 μm2 and porosities lower
than 12% [1]. Inspired by the great success of tight gas exploration in North America, many great
exploration breakthroughs have taken place in Ordos, Sichuan, Bohai Bay, Tarim, and other
petroliferous basins of China [1–4]. Thirteen gas fields with proven reserves of 1,000 × 108 m3 have
been discovered so far in the Ordos Basin, which is the largest tight gas-producing area in China
[4–6], forming the Upper Paleozoic tight sandstone gas field group represented by the Sulige Gas
Field (SGF).
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With the continuous development of tight gas exploration,
gas-bearing properties in different areas of the Upper Paleozoic
tight sandstone gas reservoir in the SGF are easily differentiated
[7–9]. The majority of pure gas layers and lower ratios of
water–gas layers are distributed in the central and southeast
areas of the SGF; the gas saturation (Sg) can reach 75%. In the
western gas field, water-bearing wells account for 56% of the total
number of wells, and the Sg of some wells is less than 45%.
Therefore, the study of the controlling factors of tight sandstone
gas-bearing properties is an urgent problem that requires
investigation. Previous studies have discussed the controlling
factors of gas-bearing distribution in tight sandstone gas
reservoirs from the testing results and have made significant
progress. The Sg is also an important parameter for studying tight
sandstone gas-bearing properties, but little progress has been
made. The Archie formula is the main method for calculating gas
saturation systematically [10]. However, that equation has mostly
been used for conventional reservoirs and has limitations in the
interpretation of tight sandstone gas saturation [11–13]. The
sealing coring technique is an accurate method to obtain Sg,
which provides data for the systematic study of tight sand gas-

bearing properties. Furthermore, previous studies have mainly
focused on the macroscopic analysis of controlling factors of gas
content distribution in tight sandstone of the SGF, whereas there
have been no studies published on the vertical gas content of single
sand bodies. Therefore, this paper summarizes previous research and
establishes the distribution patterns of tight sandstone gas-bearing
properties and its controlling factors in different patterns of the He8
Member in the SGF based on sealing coring data, combined with
logging, gas test, and laboratory data. Our aim here is to enrich the
accumulation theories of tight gas and improve the efficiency of
future exploration and development.

GEOLOGICAL BACKGROUND

The Ordos Basin, located in northern China, is structurally divided
into six first-order structural zones (Figure 1A), covering an area of
approximately 2.5 × 104 km2. The SGF is located northwest of the
Yishan slope in the central Ordos Basin region (Figure 1A), and its
primary gas-producing stratum are the He8 Member of the Lower
Shihezi Formation and the Shan1 Member of the Shanxi Formation,

FIGURE 1 | (A) Location of SGF (blue box), with tectonic units of Ordos Basin shown. Yellow areas mark Upper Paleozoic gas fields, and brown marks Lower
Paleozoic gas fields. (B) Contour map of well maximum sandstone gas saturation of Permian He8 Member, where green line is isoline of Ro (%) and blue is boundary of
gas-bearing pattern type as shown in Table 1.
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with a reserve area of approximately 4 × 104 km2 (Figure 1B). The
SGF generally has a stable structure, with an east-dipping slope
structure and a complete stratum set because of the stable
sedimentary period from the Carboniferous to Cretaceous
geological periods. The present west-dipping monoclinal structure
is caused by the differential uplift of Yanshanian and Himalayan
movement, with the absence of Paleogene and Neogene periods and
the thinness of the Quaternary period.

The He8 Member of the Permian Lower Shihezi Formation is the
primary subject of this research. Its thickness ranges from 55 to 73m,
and it is subdivided into an upper (He8u) and a lower section (He8l),
from bottom to top. Large areas of lenticular sand bodies in the He8
Member are superimposed on each other, mainly consisting of fluvial
facies, channel framework sandstone, delta facies plain distributary
channel sandstone, and underwater distributary channel sandstones of
front sub-facies [14]. The reservoir lithology is gray-green medium-
coarse lithic quartz sandstone, lithic sandstone, and quartz sandstone.
The reservoir is a tight sandstone reservoir with a porosity of 8.8% and
permeability of 0.38 × 10–3 μm2. Specifically, the He8 Member gas
reservoir is a lenticular tight sandstone type with quasi-continuous
distribution characteristics, including horizontal contiguous and
vertical multilayer superposition [1, 9, 15]. There is no obvious
edge or bottom water in the gas reservoir, and formation water is
mostly stored and produced together with natural gas or distributed as
an isolated lens body.

DATABASES

Gas saturation (Sg), porosity (Φ), and permeability (K) based on
sealing corings from 10,252 samples of 23 wells were obtained.

Core observations were recorded at 284.1 m from 15 wells. Thin
sections and scanning electron microscopy data were collected
from 152 images of 19 wells. The content of total organic carbon
(TOC) of the source rocks from 25 wells was obtained. The
vitrinite reflectance (Ro) of the source rocks was obtained from 46
samples in 16 wells. Gas test results were collected from 75 layers
of 50 wells, whereas logging and well drillings were obtained from
50 wells. All of the collected data discussed earlier were obtained
from the Research Institute of Exploration and Development of
the Changqing Oilfield Company, PetroChina. The hydrocarbon
generation intensity (HGI) of source rocks was calculated using
previously established equations [15].

RESULTS AND DISCUSSION

Distribution of Sg in the He8 Member
Longitudinal Distribution
The Sg in the single sand body (N = 52) ranges from 17.9 to 63.8%,
with an average of 41.9%. The main range is 30–45%, accounting
for 45.1% of the total number of Sg (Figure 2). The Sg of the sand
body gradually decreases from bottom to top (N = 52). The Sg in
the lower section of the He8 Member ranges from 17.9 to 63.8%
(N = 32), with an average of 42.4%. For the upper section, the Sg
ranges from 27.8 to 58% (N = 20), with an average of 41.7%.
Through the analysis vertically of single well (Figure 2), Sg data
from two sets of sand body cores were obtained for 16 of the 23
wells, and the remaining seven wells were tested using single sand
body cores. Of these 16 wells, 62.5% of them have sand bodies in
which Sg increases as depth increases, whereas 25% have sand
bodies in which Sg decreases as depth increases. The final 12.5%
have sand bodies in which Sg does not change with depth.

Planar Distribution
The Sg of the He8 Member gradually decreases from southeast to
west and north (Figure 1B). The Sg in the southeast, near wells
A13 and A14, is the largest at more than 60%. Meanwhile, in the
southwest, near Well A22, the Sg is less than 45%. In the northern
area, near wells A4, A21, A17, and A18, the Sg is less than 35%.

Controlling Factors of Sg Distribution in the
He8 Member
The Ro and HGI of the source rock, reservoir porosity, and
permeability all control the Sg in stages. When the Ro, HGI,
reservoir porosity, and permeability are less than 1.8%, 17 ×
108 m3/km2, 10%, and 0.5 × 10–3 μm2, respectively, Sg increases
significantly. When each parameter is greater than the above
boundary value, the increase of Sg is not obvious.

Source Rocks Conditions
The lithology of the source rocks in the SGF is coal seams and
dark mudstones from the Carboniferous Benxi Formation, the
Permian Taiyuan Formation, to the Shan2 Member of the Shanxi
Formation [9, 16, 17]. The cumulative thickness of the coal seams
ranges from 0.4 to 27 m, with an average thickness of 8.8 m. The
content of TOC ranges from 32.7 to 92.6%, with an average of

FIGURE 2 | Distribution of gas saturation of sealing coring with depth in
He8 Member of SGF.
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62.4%. The cumulative thickness of the dark mudstone is
5.2–99.4 m, with an average thickness of 34.9 m, and the
content of TOC ranges from 0.85 to 12.68%, with an average
of 3.69%. The macerals of the source rocks are mainly vitrinite,
and the organic matter type belongs to type Ⅲ kerogen. The Ro

ranges from 0.8 to 2.7%, with the main range of 1.1–2.2%. In the
plane, it has the characteristics of high evolution degree in the east
and south (over 2.2%) and low evolution degree in the north and
west (less than 1.4%) (Figure 1B). The HGI of the source rocks
ranges from 2 to 47 × 108 m3/km2, with an average of 16 × 108 m3/
km2, with the primary distribution between 10×108 and 26 ×
108 m3/km2.

According to the relationships between the maximum Sg and
Ro (Figure 3A), the Sg of the sand body increases as Ro increases,
indicating that the Ro of the source rock controls the Sg. However,
the controlling effect of the Ro is staged. The Sg increases
significantly when Ro is less than 1.8%, and the controlling
effect is significantly weakened when Ro is greater than 1.8%.
According to the relationships between the maximum Sg andHGI
(Figure 3B), the Sg of the sand body shows an increasing trend as
the HGI increases, indicating that the HGI of the source rock
controls the sandstone Sg. The Sg increases obviously when Ro is
less than 17 × 108 m3/km2, and the controlling effect is obviously
weakened when Ro is greater than 17 × 108 m3/km2.

Reservoir Conditions
The reservoir porosity of the He8 Member ranges from 2.9 to
12.96%, with an average porosity of 7.3%. The median
permeability of the sand bodies ranges from 0.01 × 10–3 to
13.05 × 10–3 μm2, with an average of 0.86 × 10–3 μm2.
According to the relationships between sand body porosity
and Sg (Figure 3C), the Sg increases as porosity increases. The
controlling effect of the porosity is staged. The Sg increases

significantly when the porosity is less than 10%; meanwhile,
the Sg decreases as the porosity increases when the porosity is
greater than 10%. According to the relationships between
permeability and the Sg of the sand body (Figure 3D), the Sg
increases significantly when the permeability is less than 0.5 ×
10–3 μm2.

Gas-Bearing Distribution Patterns of Gas
Reservoir in the He8 Member
Four types of gas-bearing patterns can be established according to
the distribution of Sg, reservoir porosity, and permeability of 29
series of sandstone from the 23 wells: “upper and lower constant,”
“upper low–lower high,” “upper high–medium low–lower high,”
and “upper high–lower low” (Table 1). The selected sandstone
data contain over 30 points.

Upper and Lower Constant Type (Type Ⅰ)
The upper and lower constant type gas-bearing pattern
indicates that a sand bodies’ Sg is basically vertically
constant and does not change with depth, porosity, or
permeability (Table 1-I). This pattern is distributed in the
southeast part of the SGF (Figure 1B), and its Sg is relatively
high, with a distribution range of 35.6–63.8% (accounting for
24.1% of the total number of Sg) and an average of 53.1%. This
pattern is primarily affected by the gas source charge intensity.
Gas generated from high Ro and HGI of the source rocks is
strongly charged in the tight sandstone. The formation water
in the sandstone is displaced or evaporated under the
temperature and pressure conditions, leaving only bound
water, which results in a near-constant Sg. The gas layers
corresponding to this gas-bearing pattern were mostly pure
gas-producing layers. For example, the gas test of Well A14 is a

FIGURE 3 | Cross-plots of Sg and (A) Ro, (B) HGI of source rocks, (C) porosity, and (D) permeability of reservoir of He8 Member in SGF.
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pure gas-producing layer (Table 1A); the same is true for wells
A13, A20, and A6.

Upper Low–Lower High Type (Type Ⅱ)
The upper low–lower high type gas-bearing pattern indicates that
the Sg at the top of a sand body is low and gradually increases with
depth (Table 1-II). This pattern is distributed in the central and
southern regions of the SGF (Figure 1B), where the Sg ranges
from 24.5 to 49.9%, accounting for 20.7% of the total, with an
average of 38.6%. It is primarily affected by reservoir porosity and
permeability. The Sg, porosity, and permeability all show the same
amount of change, indicating that physical characteristics have a
positive correlation to control the Sg. The HGI and Ro of the
source rocks are moderate, which could displace free-flowing
water. The formation water is mostly capillary water (Wang et al.,
2012). The gas tests are mostly the gas–water layer and pure gas-
producing layer. This can be seen in wells A5 (Table 1-II), A9,
and A16.

Upper High–Medium Low–Lower High Type (Type Ⅲ)
The upper high–medium low–lower high type gas-bearing
pattern indicates a high Sg at the top of a sand body. It first

decreases, then increases as depth increases (Table 1-III). This
pattern is also distributed in the southern and western regions of
the SGF (Figure 1B), with Sg ranging from 25.1 to 50.9%,
averaging 36.4%, and accounting for 24.1% of the total sand
bodies. It should be noted that the boundary of the distribution
area for this type is not clear in relation to type II. The variation
trend of porosity and permeability is similar to that of Sg, and has
a positive correlation control effect on Sg. The high Sg at the top of
the pattern may be related to free water migration affected by the
tectonic position. The HGI and Ro of the source rocks are
moderate, which can help to displace some of the free water.
The formation water type is mainly capillary water and free water,
and the gas tests are mostly of the gas–water co-producing layer.
This can be seen in wells A8 (Table 1-III) and A11.

Upper High–Lower Low Type (Type Ⅳ)
The upper high–lower low type gas-bearing pattern indicates that
the Sg at the top of a sand body is high and gradually decreases
(Table 1-IV). This pattern is distributed sporadically in the
northern regions of the SGF (Figure 1B). The Sg ranges from
24.6 to 61.5%, averages 40.4%, and accounts for 31% of the total.
Porosity and permeability both increase as depth increases, which

TABLE 1 | Gas-bearing distribution patterns of tight sandstone of He8 Member in SGF.
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is contrary to the trend of the Sg, indicating that porosity and
permeability have negative correlations with Sg. The weaker HGI
and Ro of the source rocks result in a lower gas charging power,
thus displacing only a small amount of the free water. Under the
buoyancy of free water in relatively good physical properties, the
natural gas will migrate to the top, forming gas at the top and water
at the bottom. The formation water type is mainly free water, and
the gas tests are mostly water and gas-bearing water layers. For
example, the Sg of the He8 Member from well A15 shows a
significant downward trend from the top to bottom (Table 1-
IV), whereas the sand bodies have good homogeneity, the porosity
is between 4 and 16%, the permeability is between 0.05 × 10–3 and
3 × 10–3 μm2, and the Ro is approximately 1.45%. The perforated
gas test in the middle of the sand body is the pure water layer.

CONCLUSION

The conclusions of this study are as follows:

1) The Sg increases with increasing Ro and HGI of the source
rocks, reservoir porosity, and permeability. Moreover, the Ro

and HGI of the source rocks, reservoir porosity, and
permeability all control the Sg in stages. When Ro, HGI,
reservoir porosity, and permeability are less than 1.8%,
17 × 108 m3/km2, 10%, and 0.5 × 10–3 μm2, respectively,
Sg increases significantly. When each parameter is greater
than the above boundary value, the change of Sg is not
obvious.

2) Four types of gas-bearing patterns of tight sandstone can be
observed according to the distribution of reservoir and source
rock conditions: “upper and lower constant,” “upper
low–lower high,” “upper high–medium low–lower low,”
and “upper high–lower low.” The first type is mainly
controlled by high maturity source rocks, the second by

reservoir physical properties, the third by reservoir physical
properties and structure, and the last by structure only. The
corresponding gas test results are the pure gas, pure gas and
gas–water, gas–water, and gas-bearing water and pure water
layers, respectively.
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