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Abstract: The vague understanding of the coupling relationship among natural gas charging, reser-
voir densification, and pressure evolution restricted the tight gas exploration in the Lower Shihezi
Formation of the Hangjinqi area, north Ordos Basin. In this study, the quantitative porosity evolu-
tion model, the pressure evolution process, and the natural gas charging history of tight sandstone
reservoirs were constructed by integrated investigation of the reservoir property, the thin section,
SEM and cathode luminescence observations, the fluid inclusion analysis and the 1D basin modeling.
The results show that the compaction and cementation reduced the primary porosity by 21.79%
and 12.41%, respectively. The densification of the reservoir occurred at circa 230 Ma, which was
before the natural gas charging time from 192 to 132 Ma. The paleo-overpressure within the tight
reservoirs occurred since the Middle Jurassic with the pressure coefficients between 1.1 and 1.55. The
continuous uplifting since the Late Cretaceous resulted in the under- and normal-pressure of the
Lower Shihezi Formation with the pressure coefficients ranging from 0.67 to 1.05. The results indicate
that the densification of the reservoirs was conducive to the formation of paleo-pressure produced by
gas generating. The gas predominantly migrated vertically, driven by gas expansion force rather than
buoyance and displaced the pore water in the reservoirs near source rocks.

Keywords: tight gas reservoirs; reservoir densification; pressure evolution; gas accumulation;
Hangjinqi area; Ordos Basin

1. Introduction

The tight sandstone gas is an important unconventional hydrocarbon resource with
widespread distribution and considerable potential over the world [1–5]. In recent years, the
exploration and development of tight sandstone gas have made significant achievements
in the Upper Paleozoic strata of the central and north Ordos Basin, accompanied by the
discoveries of a lot of big gas fields with proven reserves over 100 × 109 m3 [6–9]. As more
attentions were paid to margins of the basin, a large quantity of tight gas with geological
reserves more than 700 × 109 m3 was found in the Upper Paleozoic coal-bearing successions
in the Hangjinqi area [10].

It has been widely believed that the tight sandstone reservoirs in the Ordos Basin
have been subjected to deep burial and complex diagenetic modifications, resulting in
tiny pores and throats, strong heterogeneity, and poor physical properties with porosity
and air permeability generally less than 10% and 1 mD [11–14]. Different relationship
between reservoir densification and gas charging time would imply different types of tight
sandstone reservoirs, accumulation mechanisms, and exploration strategies of the tight
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sandstone gas [15,16]. The continuous or quasi-continuous gas accumulations tended to
be formed when the reservoir densification occurred before gas charging, which were
generally characterized by extensive distribution without distinct boundaries, complicated
gas-water contacts and abnormal original reservoir pressure [2,11,16]. It is very difficult
for the gas to migrate over long distance due to the great capillary resistance and strong
heterogeneity in this type of tight reservoir [17]. In contrast, if the gas charging was prior
to the sandstone densification, the gas was prone to migrating over long distance and
accumulating in the structural highs because of the good reservoir properties, which is
analogous to the conventional gas accumulations [15]. Afterwards, the reservoir became
tight and the gas was generally still located near where the gas reservoirs were previously
formed [16]. Although some researchers have studied the reservoir quality and its con-
trolling factors [18,19], the porosity evolution and densification time of the Permian tight
sandstone reservoirs are still unclear in the Hangjinqi area. The hydrocarbon charging time
and accumulation process have been demonstrated by previous works [20,21], but their
relationship with reservoir densification was not properly constrained in the research area.
The types of tight sandstone reservoirs and gas accumulation mechanisms remained poorly
understood, which restricted the further tight gas exploration in the Hangjinqi area.

In this study, the quantitative porosity evolution model of tight sandstone reservoirs
in the Lower Shihezi Fm. was established by using the porosity data and petrography
analysis methods. The pressure evolution history of tight reservoir was reconstructed by
the combined analyses of inclusion thermodynamics simulation and 1D basin modeling.
The coupling relationship among natural gas charging, reservoir densification, and pressure
evolution were further analyzed. The results of our study can reveal the tight sandstone
gas accumulation process in the Hangjinqi area, and may provide guidance and strategies
for gas exploration in the Ordos Basin and other basins with similar geological conditions
over the world.

2. Geological Settings

The Ordos Basin is a large intraplate remnant cratonic basin developed on the base-
ment of the Archean and Proterozoic continental crust [22–24]. It is located in the west-
ern part of the North China Platform with low dip angle strata and relatively stable
tectonics [24–26]. The basin consists of six structural units including the Yimeng Uplift,
Weibei Uplift, Western Fold-Thrust Belt, Tianhuan Depression, Jinxi Flexural-Fold Belt, and
Shanbei Slope (Figure 1B). The Hangjinqi area lies in the Yimeng Uplift of the northern
Ordos Basin. Three big faults are developed in the middle of this region, with two nearly
west-east-trending and one northeast-southwest-trending (Figure 1C).

The Upper Paleozoic strata in the study area include the Upper Carboniferous Taiyuan
Formation (Fm.), Lower Permian Shanxi Fm., Middle Permian Lower and Upper Shihezi
Fm., and Upper Permian Shiqianfeng Fm. in ascending order [10,27] (Figure 2). From
the Taiyuan Fm. to the Shiqianfeng Fm., the depositional environment evolved from the
marine facies, the paralic facies, the deltaic facies, and to the fluvial dominated continental
facies [28–30]. Widespread coal seams in the Taiyuan Fm. and Shanxi Fm. are predominant
source rocks with the maximum thickness of more than 30 m, which are mainly distributed
in the south of the Hangjinqi area [20,21]. As the main gas-bearing layer, the Lower Shihezi
Fm. recorded fluvial clastic deposits, which are mainly composed of pebbly sandstone,
sandstone, and mudstone interbedding [18,31]. The Upper Shihezi Fm. and Shiqianfeng
Fm. consist of fluvial and lacustrine deposits, providing an effective sealing for the Permian
tight sandstone gas [17,22] (Figure 2).
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Figure 1. (A) Location map of the Ordos Basin in China; (B) Tectonic units and Upper Paleozoic gas 
fields in the Ordos Basin. Modified from Yang et al. (2015) [24]; (C) Drilling wells and main faults 
in the Hangjinqi area. PF: Porjiang-haizi fault; WF: Wulan-jilinmiao fault; SF: Sanyanjing fault. 

Figure 1. (A) Location map of the Ordos Basin in China; (B) Tectonic units and Upper Paleozoic gas
fields in the Ordos Basin. Modified from Yang et al. (2015) [24]; (C) Drilling wells and main faults in
the Hangjinqi area. PF: Porjiang-haizi fault; WF: Wulan-jilinmiao fault; SF: Sanyanjing fault.
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from Zhao et al. (2014) [32] and Wang et al. (2020) [18].

3. Data and Methods

In this study, the reservoir properties, detrital composition, pore types, and diagenetic
characteristics of the Permian tight sandstones were firstly investigated by petrography
observations. Then, the results obtained from the sandstone compositional analyses were
used to quantitatively calculate the changes in porosity. According to the porosity change
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resulting from different diagenetic processes and diagenetic sequence, the porosity evolu-
tion model was constructed and the reservoir densification process was analyzed. The gas
charging time was determined by homogenization temperatures of fluid inclusions, and the
pressure evolution history was constructed by fluid inclusion thermodynamic simulation
and 1D basin modeling. After that, the relationship between reservoir densification and gas
charging time was analyzed. Combined with the pressure evolution, the gas accumulation
process and mechanism were eventually discussed.

3.1. Reservoir Characterization

Integrated analyses of the reservoir property, petrography, cathode luminescence, and
scanning electron microscopy (SEM) were conducted on the core samples from the Lower
Shihezi Fm.in the Hangjinqi area. More than 1000 core plugs with porosity and permeability
values were collected from the North China Petroleum Bureau, Sinopec, to study the physi-
cal properties of the tight sandstone reservoirs. The porosity was measured with a helium
porosimetry and the permeability was determined by using a pulse-decay permeameter
with helium flowing and that calculated depending on total gas flux measurements.

A total of 250 thin sections were impregnated with alizarin red and potassium ferro-
cyanide for distinguishing the carbonate minerals, and part of them were stained with blue
epoxy resin to sketch the pores. The textural data, detrital mineral composition, and thin
section porosity for each type of pores were determined by counting 300 points on each
sample. SEM and cathode luminescence analysis were combined to investigate the types
and occurrence of different diagenetic minerals. The SEM analysis was carried out by a
Quanta 450 FEG scanning electron microscope equipped with an energy dispersive spec-
trometer (EDS) in the State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences. The cathode luminescence observation was undertaken
by using a CL8200 MK5 detector equipped with a Leica DM2500 optical microscope.

3.2. Porosity Evolution Analyses

The results obtained from the petrography analyses were used to calculate the changes
in porosity resulting from different diagenetic processes. The following parameters were
calculated:

(1) Primary porosity, Φ0 = 20.91 + 22.90/So [33], So = (D25/D75)1/2, where So is the Trask
sorting coefficient, D25 and D75 are the corresponding particle diameter at cumulative
content of 25 and 75%, respectively;

(2) Porosity after compaction, Φ1 = C +ϕpm ×ϕp/ϕt, where C is the total cement content,
ϕpm represents the thin section porosity of the residual intergranular pores, ϕp is the
core measured porosity, ϕt is total thin section porosity;

(3) Porosity reduction by compaction, Φ2 = Φ0 − Φ1;
(4) Porosity reduction by cementation, Φ3 = C;
(5) Porosity increase by authigenic inter-crystalline pores, Φ4 = ϕi × ϕp/ϕt, where ϕi is

the thin section porosity of authigenic inter-crystalline pores;
(6) Porosity after cementation, Φ5 = Φ1 − Φ3 + Φ4;
(7) Porosity increase by dissolution, Φ6 = ϕd × ϕp/ϕt, where ϕd represents the thin

section porosity of dissolution pores.

3.3. Fluid Inclusions Analysis

Microscopy, fluorescence spectroscopy, and micro-thermometry were conducted on
the 19 sandstone samples of the Lower Shihezi Fm. from four wells (J62, J107, J91, and J77).
The samples were doubly polished to thin sections with the thickness of approximately
100 µm. The fluid inclusions petrography, including inclusion type, occurrence, and fluo-
rescence color, were observed by using a Nikon 80I dual-channel fluorescence microscope
equipped with both transmitted and ultraviolet light sources, with the ultraviolet excitation
wavelength of 365 nm. The measurement of homogenization temperature (HT) was under-
taken by using a LinkamTHMS600 heating–freezing stage with the temperature precision
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of ±0.1 ◦C. The heating rate was initially 10 ◦C/min and adjusted to 2 ◦C/min when the
inclusions were close to a uniform state.

Petroleum inclusion thermodynamic modeling (PVTx) was used to estimate the pres-
sure trapped within fluid inclusions in this study. The molar percentage of C7+ in the oil
inclusion is closely correlated to the degree of bubble filling (Fv), and can be calculated by
the following formula [34,35]:

C7+ = aFv
b × 100% (1)

where a and b, dimensionless, are the coefficients as a function of homogenization tempera-
ture of oil inclusion given by following formulas:

a = −1.81674 × 10−8Th
4 + 7.49047 × 10−6Th

3 − 9.20595 × 10−4Th
2 + 6.52266×10−2Th − 9.89904 × 10−1 (2)

b = 7.56250 × 10−6Th
4 − 4.45141 × 10−3Th − 4.12191 × 10−1 (3)

where Th is homogenization temperature, ◦C. Then, the C1 molar percent can be determined
based on the C7+ molar percent of a single petroleum inclusion, as follows:

C1 = −1.434 × 10−7C7+
5 + 4.065 × 10−5C7+

4 − 4.240 × 10−3C7+
3 + 2.051 × 10−1C7+

2 − 5.509 × C7+
1 + 1.080 × 10−2 (4)

Based on the C1 molar percent and Th value, the isochore equation of the single oil
inclusion can be established by the methodology of Ping et al., 2013 [34]. By combining the
homogenization temperature of coeval aqueous inclusions with burial-thermal history, the
trapping pressure values and corresponding timings when oil inclusions were captured
can be determined.

3.4. 1D Basin Modeling

Burial, thermal, and pressure evolution histories were reconstructed by using the
PetroMod 1D software (V. 2016). The stratum thickness and lithology were obtained from
the cutting and logging data. Except for the source rock layers, each layer was mixed by the
lithology mixing module of the software based on the lithology composition (Table 1). The
Carboniferous-Permian source rock layers were set by pure lithology in order to simulate
hydrocarbon generation pressure. The ages of depositional and erosional events were
constrained by using the Chinese Stratigraphic Table (2014 edition) combined with the
established local chronostratigraphic frameworks [24,32], and the erosion thickness was
referenced from the results of Chen et al. (2006) [36]. The values of paleo-heat flow (PHF)
in the Ordos Basin were mainly obtained from the works of Ren et al. (2017) [37]. The
paleo-heat flow was relatively low in the Upper Paleozoic and increased drastically and
reached its maximum as a result of a tectonic thermal event in the Late Jurassic and Early
Cretaceous. Afterwards, the heat flow gradually decreased in the Cenozoic period. The
sediment–water-interface temperature (SWIT) was calculated by an integrated PetroMod
module based on the suggestion of Wygrala (1989) [38] (Table 1). The Easy% Ro model
of Sweeney and Burnham (1990) [39] was used to calculate the organic matter maturity
history. The thermal model was calibrated against the measured vitrinite reflectance (Ro)
values and bottom-hole flow temperatures. The geochemical data of the coal seams were
obtained from the North China Company, Sinopec. The average values of total organic
carbon (TOC) and hydrogen index (HI) are 64.4% and 184.3 mg/g, while the average TOC
and HI values of mudstones are 3.2% and 86.8 mg/g, respectively [40] (Table 1). The kinetic
model of the Upper Paleozoic coal seams, called the Ordos Coal (2015), was established by
laboratory pyrolysis experiments using a sealed gold tube system by Liu et al. (2016) [41].
The Pepper and Corvi (1995) _TIIIH (DE) kinetics was chosen for the mudstone (Table 1),
because the Type III kerogen contains some high plants. Finally, the pressure evolution
model was constrained by pressure via inclusion thermodynamic simulation and drill-stem
test (DST). The DST data of the Upper Paleozoic strata were collected from the North China
Company, Sinopec.
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Table 1. Input parameters for 1D basin modeling. SWIT: Sediment-water-interface temperatures. PHF: Paleo-heat flow. HI: Hydrogen index. The “Ordos coal (2015)”
kinetics was referenced from Liu et al. (2016) [41].

Formation
Deposition Age Erosion Age

Lithology PSE SWIT (◦C)
PHF

(Mw/m2) TOC (%) Kinetics
HI

(mg/gTOC)From (Ma) To (Ma) From (Ma) To (Ma)

N-Q 7.4 0 Shale (organic
lean, sandy) Overburden 15.33 53

K 145 96 96 7.4 Sandstone & Shale Overburden 25 70

J2 175 161 161 145 Sandstone & Shale Overburden 20 62

J1 195 179 179 175 Sandstone & Shale Overburden 19.02 59

T 251 206 206 195 Sandstone & Shale Overburden 21.37 57

P3s 260 251 Shale & Sandstone Cap rock 20 56

P2s 272 260 Shale & Sandstone Cap rock 17.16 55

P2x 280 272 Sandstone & Shale Reservoir 17.48 54

P1s 288 280 Sandstone (clay rich) Reservoir 18.24 53

C3-P1_Coal 291 288 Coal (pure) Source rock 19 53 64.4 Ordos Coal
(2015) 184.3

C3-P1_Mud 304 291 Shale (organic rich,
3% TOC) Source rock 21.26 52 3.2

Pepper & Corvi
(1995) _TIIIH

(DE)
86.8
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4. Results
4.1. Characteristics of the Tight Reservoirs

The 1208 tight sandstone samples from the Lower Shihezi Fm. show poor reservoir
quality. The porosity ranges from 0.69% to 19.6% with an average of 9.58%, while the
permeability varies between 0.006 mD and 10.3 mD, averaging 0.95 mD (Figure 3). The
averaged porosity and permeability are less than 10% and 1 mD, respectively, suggesting
that the sandstones are typical tight reservoirs (Zou et al., 2012; Dai et al., 2012) [3,8].
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Figure 3. Histogram of the porosity (A) and permeability (B) of the sandstone in the Lower Shihezi
Fm., Hangjinqi area.

The sandstones of the Lower Shihezi Fm. are mainly composed of litharenite, sub-
litharenite, and a small amount of feldspathic litharenite (Figure 4). In the detrital com-
ponents, the contents of quartz, rock fragment, and feldspar range from 50% to 92% (avg.
69.09%), 8% to 48% (avg. 28.04%), and 0 to 15% (avg. 2.23%), respectively. The rock
fragments mainly consist of metamorphic rock fragments (avg. 22.36%), followed by a
small quantity of igneous rock fragments (avg. 3.56%) and sedimentary rock fragments
(avg. 2.12%). The cements are dominated by authigenic clay minerals and carbonates,
with an average content of 12.41%. The sandstones are predominantly medium- and
coarse-grained with moderately sorting and sub-angular rounding, reflecting a medium
structural maturity.

The pore types of the sandstones in Lower Shihezi Fm. are dominated by dissolution
pores (intergranular and intragranular pores), intercrystalline pores, and microfractures,
with rare residual intergranular pores. Dissolution pores are mainly formed by partial
to complete dissolution of the feldspar grains and rock fragments as a result of organic
acid-rich fluids (Figure 5A–C). Intercrystalline pores mainly exist in the authigenic kaolinite,
which is usually the transformation byproduct of the feldspar dissolution [42] (Figure 5E).
The microfractures are predominantly composed of structural microfractures and diagenetic
microfractures (Figure 5D), in which the latter usually occur along the grain edge or within
the rigid grains (Figure 5B,C,F).

4.2. Quantitative Characteristics of Porosity Evolution

The sorting coefficients of tight sandstones in the Lower Shihezi Fm. range from 1.57
to 1.93 with an averaged value of 1.72, and therefore, the primary porosity ranges from
32.77% to 35.49% with the average of 34.21%. The calculated porosity of the sandstones
after compaction ranges from 2% to 29% with an average of 12.42%, showing that the
compactional porosity loss is approximately 21.79%. the porosity after cementation varies
between 0 to 0.48%, averaging 0.01%, demonstrating that the cementational porosity loss is
12.41%. Additionally, porosity increasing through dissolution ranges from 1.57% to 9.58%
with an averaged value of 8.56%, which accounts for 25% of the primary porosity. The
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average value of porosity that provided by microfractures and intercrystalline pores is
0.16% and 0.85%, respectively.
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Figure 5. Microscopy and SEM observation showing the types of sandstone reservoir space in the
Lower Shihezi Fm. (A) Well J103, 3096.57 m, medium-grained sandstone; (B) Well J103, 3081.06 m,
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3018.72 m, medium-grained sandstone; (E) Well J89, 3082.34 m, fine-grained sandstone; (F) Well J92,
3061.25 m, medium-grained sandstone. Q: quartz; RF: rock fragment; KF: K-feldspar; Kao: kaolinite.

4.3. Fluid Inclusions

The fluid inclusions in the Lower Shihezi Fm. are very abundant and dominated by
aqueous inclusions and hydrocarbon-bearing aqueous inclusions, with a small number
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of hydrocarbon inclusions. The inclusions are mostly observed in the healed crack of
quartz grain as groups of beads or bands and in shapes of near circle, elliptical, or irreg-
ular, with few in the quartz overgrowth and calcite cement. The aqueous inclusions and
hydrocarbon-bearing aqueous inclusions, accounting for 80~90% of the total, are color-
less and transparent under transmitted light and no fluorescence under ultraviolet light.
The diameters of these inclusions are generally smaller than 20 µm with the main peak
values of 5~15 µm. The gas-liquid ratio is mainly 2~8% and generally less than 10%. The
hydrocarbon inclusions make up 10~20% of the total, including oil inclusions and gas
inclusions. The oil inclusions are mainly brown or light brown under transmitted light
and show blue or blue-green fluorescence under ultraviolet light (Figure 6A,B), reflecting a
medium-high thermal maturity of organic matter [43]. The diameters and gas–liquid ratios
of oil inclusions are mostly 6~12 µm and 4~12%, respectively. The gas inclusions are mainly
gas-only phase and gas-liquid two-phase, and show dark or dark grey color under trans-
mitted light and no fluorescence under ultraviolet light (Figure 6C,D). The homogenization
temperatures of aqueous inclusions coexisting with hydrocarbon inclusions from wells
J62, J107, J91, and J77 range from 70 ◦C to 160 ◦C, with the main peak values of 90~120 ◦C
(Figure 7). The characteristics of hydrocarbon inclusions and homogenization temperatures
of coeval aqueous inclusions from typical samples are partially listed in Table 2.
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Figure 6. Photomicrographs of the hydrocarbon inclusions from the Lower Shihezi Fm. in the
Hangjinqi area, north Ordos Basin. (A) Oil inclusions with blue fluorescence under ultraviolet light,
Well J77, 2698.75 m; (B) Oil inclusions with blue-green fluorescence under ultraviolet light, Well
J77, 2698.75 m; (C) Gas inclusions with dark grey color under transmitted light, Well J77, 2709.65 m;
(D) Gas inclusion and coeval aqueous inclusion under transmitted light, Well J62, 3468.78 m.
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Table 2. Characteristics of the hydrocarbon inclusions from the Lower Shihezi Fm. in the Hangjinqi
area, north Ordos Basin. GI: gas inclusion; OI: oil inclusion; AI: aqueous inclusion.

Well Depth
(m) Type of HI Location Size (µm) Fluorescence

Color HT of AI (◦C)

J62 3468.78 GI Crack across quartz 5 – 113.8

J62 3468.78 GI Crack across quartz 6 – 112.9

J62 3468.78 GI Crack within quartz 10 – 106.9

J62 3468.78 OI Crack within quartz 7 blue 105.3

J62 3468.78 OI Crack within quartz 12 blue 103.9

J62 3468.29 GI Crack within quartz 8 – 133.5

J62 3468.29 GI Crack within quartz 10 – 116.5

J107 3196.31 OI Crack within quartz 9 blue 96

J107 3196.31 OI Crack within quartz 7 blue 100.8

J107 3200.69 GI Crack within quartz 16 – 99.3

J107 3200.69 GI Crack within quartz 13 – 117.5

J107 3200.69 GI Crack within quartz 12 – 109.3

J91 2978.06 GI Crack within quartz 16 – 111.5

J91 2978.06 GI Crack within quartz 5 – 118.1

J91 2978.06 GI Crack within quartz 8 – 115.9

J91 2989.95 OI Crack within quartz 7 blue 101.8

J91 2989.95 OI Crack within quartz 6 blue 90.1
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Table 2. Cont.

Well Depth
(m) Type of HI Location Size (µm) Fluorescence

Color HT of AI (◦C)

J77 2706.62 OI Crack within quartz 7 blue 101.9

J77 2706.62 OI Crack within quartz 13 blue 132.9

J77 2713.3 OI Crack within quartz 11 blue-green 83.3

J77 2713.3 OI Crack within quartz 7 blue-green 81.9

J77 2713.3 GI Crack within quartz 8 – 105.1

J77 2713.3 GI Crack across quartz 12 – 90.3

4.4. Pressure Evolution History

Based on the 105 DST pressure values, the pore pressures of the Upper Paleozoic
sandstones in the Hangjinqi area range from 13.8 Ma to 33.04 Ma, with the pressure
coefficient (defined as the ratio of the pore pressure to hydrostatic pressure) ranging from
0.67 to 1.05 (avg. 0.87) (Figure 8). In this study, the formation with a pressure coefficient
of more than 0.96 but less than 1.06 is considered as normal pressure [44]. Therefore, the
Upper Paleozoic reservoirs mainly display an underpressure (91.43%) and some areas
with normal pressure (8.57%). The pore pressures show a gentle decreasing trend with
increasing depth, and different successions have a similar pressure gradient (Figure 8).
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The trapping pressure of oil inclusions could be determined based on the Fv, Thoil,
Thaqu, and C7+ and C1 molar percentages. The inclusions information, paleo-pressure
calculation parameters and results from the well J77 were listed in Table 3. Restrained
by these paleo-pressure values and currently measured pressure data, the pressure evo-
lution history of the well J77 was reconstructed by numerical modeling (Figure 9). The
result shows that the sandstone reservoirs of the Lower Shihezi Fm. began to develop
overpressure during the Middle Jurassic. The pore pressure decreased during the Late
Jurassic as a result of the uplifting event. During the Early Cretaceous (ca. 143–121 Ma),
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the pore pressure continued to increase from approximately 27.53 to 37.28 MPa, with the
corresponding pressure coefficients ranging from 1.1 to 1.33. The pore pressure increased
to a maximum value at about 49.5 MPa with the pressure coefficient of 1.55 at the end of the
Early Cretaceous (ca. 96 Ma). Afterwards, the pressure decreased sharply for a long period
due to sustained uplift and reached a low value of 23.2 Ma in the present day according to
the DST data, with the approximately pressure coefficient at 0.84 (Figure 9).

Table 3. Parameters and calculated results of the oil inclusion trapping pressures for the sandstones
in the Lower Shihezi Fm. from the well J77 in the Hangjinqi area. Fv: Degree of bubble filling, Pt:
Trapping pressure, PC: Pressure coefficient.

Fluorescence
Color Position Thoil

(◦C)
Fv

(%)
Thaqu
(◦C)

C7+ Molar
Percent

(%)

C1 Molar
Percent

(%)
Pt

(MPa)
Time
(Ma)

Paleo-Depth
(m) PC

bule crack within quartz 83.1 6 102.7 40.7 33.1 26.67 168 2358 1.1

bule crack within quartz 91.9 6 134.3 44.9 29.1 37.29 121 2769 1.32

bule crack within quartz 84.5 6.2 110.3 40.4 33.4 30.33 138 2495 1.19

bule crack across quartz 78.4 4.8 103.1 45.2 28.9 27.53 142 2414 1.11

blue-green crack within quartz 74.4 5 81.9 41.9 32 18.78 219 1774 1.03

bule crack within quartz 72.6 4 87.3 47.8 26.4 20.3 213 1944 1.01

bule crack within quartz 85.3 6.8 106.7 38.2 35.3 28.94 140 2455 1.15

bule crack within quartz 88.6 7.3 99.6 37.6 35.8 23.46 185 2210 1.03

bule crack within quartz 92.4 10 118.7 30.7 41.7 35.33 132 2590 1.33
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Figure 9. Pressure evolution of the well J77 via inclusion thermodynamic simulation and 1D
basin modeling.

5. Discussion
5.1. The Densification of Sandstone Reservoir

The homogenization temperatures of aqueous inclusions coexisting with hydrocarbon
inclusions in the sandstones of Lower Shihezi Fm. range from 70 ◦C to 160 ◦C (Figure 7). The
source rocks in the study area recorded a medium-high maturation with Ro values ranging
from 1.07% to 1.36%, and have temperature peaks of rock pyrolysis varying between 455 ◦C
to 486 ◦C [21]. Additionally, the smectite content constitutes 15 to 26% of the mixed-layer
illite/smectite (I/S) in the sandstones of Lower Shihezi Fm. in the Hangjinqi area [18]. All
the above information indicates that the reservoirs have evolved into the mesodiagenetic B
stage [45,46]. By combining the porosity evolution analysis with the diagenetic sequence,
the densification process of the sandstone reservoirs in the Lower Shihezi Fm. can be
revealed (Figure 10).
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Figure 10. Comprehensive diagram showing the densification process, pressure evolution, and gas
accumulation of the sandstone reservoir in the Lower Shihezi Fm., Hangjinqi area.

The eodiagenesis A stage corresponds to the burial depth of approximately 0–1250 m,
in which the predominant diagenetic modification is mechanical compaction. The porosity
was rapidly reduced in this period, characterized by grains line contacts, rearrangement and
repacking of detrital grains, and pseudoplastic deformation of soft rock fragments [47,48]
(Figures 5B and 11A). The intensity of mechanical compaction is closely related to the
detrital composition [49,50]. The ductile debris, such as phyllite, killas, and mudstone
debris constitute 43% of the rock fragments [51], leading to strong mechanical compaction
in the sandstones of the Lower Shihezi Fm. (Figure 11A). The reservoirs evolved into the eo-
diagenesis B stage at a depth of approximately 1250–1920 m, in which the early cementation
(mainly calcite and early quartz overgrowth) and chemical compaction played a profound
role on porosity reduction. The calcite cements commonly fill in large intergranular spaces
in the form of a poikilitic texture and display bright orange-red and yellow luminescence
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patterns under the cathode luminescence [48] (Figure 11B). The chemical compaction is
mainly indicative of concave-convex contacts between quartz grains, which can probably
provide some sources of silica for the quartz overgrowth [52] (Figures 5A and 11E). By the
end of this stage, the reservoir quality of the Lower Shihezi Fm. was severely deteriorated
with the porosity reducing from 34.21 to 6%, and the densification of the reservoir occurred
in the Late Triassic (ca. 230 Ma). When the reservoirs entered into the mesodiagenetic A
stage, the coal-bearing source rocks matured and released massive organic acidic fluid,
resulting in the dissolution of feldspar and unstable components in the rock fragments. The
physical properties of the reservoir were prominently approved by dissolution with the
porosity enhancement of approximately 8.56%. Nevertheless, the dissolution of feldspar
would produce large amounts of kaolinite [42], which commonly occurred as pore-filling
cements (Figure 11C). Additionally, the other late-stage cements including ferro-calcite,
authigenic quartz, and authigenic illite further filled in the residual primary pores and
secondary pores, causing the porosity degradation of approximately 6% (Figure 11D–F).
The intercrystalline pores related to the authigenic clay minerals (especially kaolinite) and
fractures produced after the Late Cretaceous have limited contribution to the porosity
increase. As the strata uplifted and temperature decreased, the late cementation became
weak and the porosity gradually evolved to 9.58%.
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Figure 11. Photomicrographs recording the diagenesis of the Lower Shihezi reservoirs in the
Hangjinqi area, north Ordos Basin. (A) Pseudoplastic deformation of soft rock fragments, well
J103, 2696.86 m, plane-polarized light; (B) Calcite cements filling in the large pores with poikilitic tex-
ture, well J103, 3081.33 m, CL; (C) Feldspar dissolution and pore-filling kaolinite, well J103, 2987.21 m,
CL; (D) Ferrocalcite cements filling in the relatively small pores, well J62, 3455.94 m, CL; (E) Quartz
overgrowth and micro quartz, well J89, 3164.48 m, SEM. (F) Illite and kaolinite filling in the pores, well
J92, 3066.1 m, SEM. Q = Quartz; RF = Rock fragments; Cal = Calcite; F = Feldspar; Kao = Kaolinite;
Fc = Ferrocalcite; QG = Quartz overgrowth; MQ = Micro quartz.

The homogenization temperatures of the aqueous inclusions coexisting with hydro-
carbon inclusions in the Lower Shihezi Fm. from four wells mainly range from 90 ◦C to
120 ◦C (Figure 7). Combined with burial-thermal history, the hydrocarbon accumulation
was a continuous long-term process from the Early Jurassic to the Early Cretaceous (ca.
192 Ma–132 Ma) in the Hangjinqi area. The porosity of the sandstones in the Lower Shihezi
Fm. was significantly below 10% during the Late Triassic (ca. 230 Ma), indicating that the
reservoirs had already been sufficiently tight before the hydrocarbon charging.
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5.2. Origin of the Abnormal Pressure

The disequilibrium compaction, tectonic compression, and fluid expansion have been
considered as the major overpressure generation mechanisms in sedimentary basins [53].
The fluid expansion overpressure is mainly originated from hydrocarbon generation, ther-
mal cracking of oil to gas, and aquathermal expansion [54]. The paleo-pressure in the
Upper Paleozoic shales of the Ordos Basin has been identified to be derived from the fluid
expansion based on multiple logging data [54,55]. Additionally, the low sedimentation
rate of the Upper Paleozoic strata with an average value of less than 30 m/Ma was un-
favorable to the formation of disequilibrium compaction overpressure in the study area
(Figure 10) [55–57]. Frequent interbedding of mudstones and sandstones is not conducive
to the formation of disequilibrium compaction overpressure (Figure 2). The grains in tight
sandstone of the Lower Shihezi Fm. are dominant by line and concave-convex contacts,
indicating that the mechanical compaction was strong and the disequilibrium compaction
did not occur. The coal-bearing source rocks entered into the threshold of generating gas
with the Ro more than 0.7% during the Early Jurassic (Figure 10). The paleo-overpressure
in the Lower Shihezi Fm. occurred in the Middle Jurassic, whose formation time was
consistent with the gas generation, suggesting that the gas generating by III-type kerogen
probably played a significant role on the formation of paleo-overpressure [58]. The highest
paleo-temperature of the formations in the study area was lower than the oil-cracking start
temperature of 160 ◦C (Figure 10) [59], indicating that the cracking of oil contributes little to
the overpressure generation. Additionally, the pressurization resulting from aquathermal
expansion is generally mild and negligible [60]. The overpressure in the Lower Shihezi
Fm was obviously derived from the pressure that were transferred from the underlying
sources rocks.

The Ordos Basin continued to uplift as a result of the subduction of the paleo-Pacific
Plate and Indian Plate since the Late Cretaceous [24]. It is widely accepted that the current
underpressure and normal pressure in the Upper Paleozoic strata were the results of
large-scale tectonic uplifting and denudation [16,55,61,62]. The temperature decrease, pore
rebound, and natural gas dissipation during the uplifting stage were the main causes
of the depressurization [55,63]. The pore fluid contracts more than the rock skeleton
with the temperature decreasing, thus resulting in the reduction of the pore pressure [64].
The stratum uplifting and denudation can lead to unloading of overburden pressure,
which will increase the pore space and reduce the pore pressure [65]. Therefore, the
depressurization resulting from pore rebound was closely related to the erosion thickness
of the stratum [62,63]. The pore pressure in the sandstones decreased more intensively than
that in the mudstones due to pore rebound, forming a pressure difference between source
rock layers and reservoirs to promote gas expulsion and charging during the uplifting
stage [61]. The natural gas dissipation caused by gas expansion and diffusion played
a significant role on the pressure reduction and gas adjustment and re-accumulation in
the uplifting stage since the Late Cretaceous [55]. The formation of the Upper Permian
secondary gas reservoirs was regarded as the result of gas expansion during the late-stage
uplifting period in the northeast Ordos Basin [55,66].

5.3. Coupling among the Reservoir Densification, Pressure Evolution, and Natural
Gas Accumulation

The porosity of the sandstone reservoirs in the Lower Shihezi Fm. was reduced
below 10% by intensive compaction and early cementation during the Late Triassic (ca.
230 Ma) (Figure 10). The tightness of the reservoirs was conducive to the formation of
paleo-overpressure produced by gas generating, because large amounts of natural gas
was difficult to migrate over long distances and could be retained in the earlier formed
tight reservoir [16]. The gas predominantly migrated vertically through the microfractures
driven by gas expansion force from the source rocks and displaced the pore water in
the near source rock reservoir [67]. Therefore, the hydrocarbon generation intensity and
effective assemblages of source rocks and reservoirs are crucial for the gas accumulation of
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tight reservoirs [17]. Additionally, the consequent dissolution of feldspars and rock frag-
ments greatly approved the reservoir properties, providing available spaces and favorable
migration paths for natural gas (Figure 10). The large-scaled charging of natural gas from
the Early Jurassic to the Early Cretaceous (192–132 Ma) probably changed the formation
water composition and inhibit the diagenesis of the sandstone reservoirs [68], such that the
formation efficiency of fluid inclusions was slowed down [69]. Therefore, the proportion of
fluid inclusions with the high homogeneous temperature (>120 ◦C) is relatively low in the
Lower Shihezi Fm. (Figure 7).

The continuous tectonic uplifting since the Late Cretaceous had a profound influence
on the gas accumulation and re-enrichment in the north Ordos Basin [55,66]. The uplifting
and erosion of the Ordos Basin resulted in large-scaled natural gas loss and formation
pressure release. Although the porosity of the sandstone reservoirs in the Lower Shihezi
Fm. had been reduced again by late-stage cementation, a large number of structural
fractures were formed due to uplifting and beneficial to the gas migration [61] (Figure 12).
The gas charging from source rock to the reservoir was limited because of the decreasing
temperature and weak hydrocarbon generating, but adjustment and re-accumulation of the
primary gas reservoirs were dominant during this period in the north Ordos Basin. Divided
by the Porjianghaizi fault, the strata in the northern part of the study area was uplifted
and eroded more intensively than the southern part [21], forming a pressure difference
between northern and southern part. The primary gas reservoirs in the southern part
were destroyed and migrated laterally to the north, driven by the gas expansion force and
buoyance [21]. Additionally, the intense collision of the Indian and Eurasian Plate during
the Middle to Late Eocene resulted in large-scale strike-slip movement in the Ordos Basin
and reactivated the faults in the study area [24]. The NS-trending superimposed sandy
bodies in the Shanxi and Lower Shihezi Fms. and laterally connected areas of Porjianghaizi
fault provided migration pathways for natural gas [26]. Part of the natural gas eventually
accumulated in the low amplitude anticlinal structure through small-scaled faults in the
northern part [21].
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6. Conclusions

(1) The sandstone reservoirs of the Lower Shihezi Fm. are generally tight with average
porosity and permeability of 9.56% and 0.95 mD, respectively. The pore spaces are
mainly composed of dissolution and intercrystalline pores within authigenic kaolinite,
rare primary pores, and a small amount of microfractures. The compaction and
cementation, respectively, resulted in the porosity loss at 21.8 and 12.41%, while the
dissolution increased the porosity by 8.56%. The reservoir was significantly tightened
by strong mechanical compaction and early cementation during the Late Triassic
(ca. 230 Ma), which was prior to the large-scale gas charging since the Early Jurassic
(ca. 192 Ma).

(2) The sandstone reservoir of the Lower Shihezi Fm. began to develop overpressure
during the Middle Jurassic, which originated from the fluid expansion caused by
gas generating. The gas expansion force was the main driving force for gas charging
during the Early Jurassic to the Early Cretaceous (ca. 192–132 Ma). The continuous
tectonic uplifting since the Late Cretaceous resulted in the underpressure and normal
pressure of the Lower Shihezi Fm. The temperature decrease, gas expulsion, and pore
rebound during the uplifting stage were the main causes for the depressurization.
The gas expulsion during this period played a significant role in the gas charging and
re-accumulation in the northern Ordos Basin.

(3) The reservoir densification occurred before the hydrocarbon charging, implying that
the gas accumulation in the study area is continuous or quasi-continuous. The densifi-
cation of the reservoir was conducive to the formation of the paleo-pressure caused by
gas generation during the main gas charging stage. The gas predominantly migrated
vertically driven by gas expansion force rather than buoyance and displaced the pore
water in the reservoirs near source rocks. Therefore, the hydrocarbon generation
intensity and effective assemblages of source rock and reservoir are crucial for the gas
accumulation and exploration of this type of tight reservoirs.
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