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Abstract: Determining the process of densification and tectonic evolution of tight sandstone can help to understand the distribution 

of the reservoir and find relatively high permeability areas. Based on integrated approaches of thin section, scanning electron 

microscopy (SEM), cathode luminescence (CL), nuclear magnetic resonance (NMR), X-ray Diffraction (XRD), N2 porosity and 

permeability, micro-resistivity imaging log (MIL) and three-dimensional seismic data analysis, the reservoir characteristics were 

determined, the factors affecting reservoir quality have been discussed, and the formation mechanism of relatively high permeability 

areas was revealed. The results show that the He 8 sandstones in Linxing area are mainly composed of feldspathic litharenites, and 

are typical tight sandstones (with porosity < 10% and permeability < 1 mD accounting for 80.3% of the total samples). Rapid burial 

is the main reason for reservoir densification, which resulted in 61% loss of the primary porosity. In this process, the quartz protected 

the original porosity by resisting compaction. The cementation (including carbonate, clay mineral and siliceous cementation) further 

densified the sandstone reservoirs, reducing the primary porosity with an average value of 28%. The calcite formed in the 

eodiagenesis occupied intergranular pores and affected the formation of the secondary pores by preventing the later fluid intrusion, 

and the Fe-calcite formed in the mesodiagenetic stage densified the sandstone further by filling the residual intergranular pores. The 

clay minerals show negative effects on reservoir quality, however, the chlorite coating protected the original porosity by preventing 

the overgrowth of quartz. The dissolution of feldspar provides extensive intergranular pores which constitute the main pore types, and 

improves the reservoir quality. The tectonic movements play an important role in improving the reservoir quality. The current 

tectonic traces of the study area are mainly controlled by the Himalayan movement, and the high permeability reservoirs are mainly 

distributed in the anticline areas. Additionally, the improvement degree (by tectonic movement) of reservoir quality is partly 

controlled by the original composition of the sandstones. Thus, the selection of potential tight gas well locations in the study area 

should be focused on the anticline areas with relatively good original reservoir quality. And the phenomena can be referenced for 

other fluvial tight sandstones basins worldwide. 
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1 Introduction 
 

Tight gas, which is considered as an effective supplement to conventional oil and gas, has received worldwide 
attention in recent years (Higgs et al., 2007; Zou et al., 2012; EIA, 2016; Su et al., 2018). The Ordos Basin is rich in 
tight gas resources, which exceed two-thirds of total natural gas resources of the basin (Yang et al., 2012). The He 8 
sandstones, at the bottom of the Xiashihezi Formation, are one of the most important production layers of tight gas in 
the Ordos Basin (Ren et al., 2014; Sheng et al., 2018 Xu et al., 2017a). The tight sandstone reservoirs are distinguished 
from conventional oil and gas reservoirs by low porosity, low permeability, and strong heterogeneity (Zhu et al., 2009a; 
Dai et al., 2012; Zou et al., 2018). The densification process of the reservoirs and the key control factors for reservoir 
quality are two important aspects of tight sandstone reservoir research (Chen et al., 2016). 

The factors affecting reservoir quality can be divided into pre-deposition, deposition and post-deposition actions (Lai 
et al, 2015; Lan et al., 2016). The pre-deposition and deposition actions influence reservoir quality by controlling the 
original composition of sandstone (including the composition of detrital grains and fillings) and the texture of detrital 
grains (including the size, roundness, sphericity, and sorting of grain, etc.) (Lan et al., 2016; Liu et al; 2016a). The 
post-deposition actions, which are closely related to the reservoir quality of sandstones, mainly refer to diagenesis 
(including compaction, cementation, replacement, dissolution, etc.) and tectonism (Zhu et al., 2009b; Liu et al., 2016b; 
Yue et al., 2018). Tectonism has significant effects on reservoir quality. On the one hand, it usually controls the buried 
history of the reservoir, which is accompanied by diagenesis (Shou et al., 2009). On the other hand, it determines the 
deformation degree of the reservoir and affects the development degree of the fractures, which are crucial to the 
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reservoir quality (Zeng et al., 2010; Zhu et al., 2015). 
Although the research idea for the evaluation of reservoir is clear, there are still problems: First, the diagenesis is 

closely related to the burial history. The study area experienced rapid burial after the deposition of the He 8 sandstones 
(Ding et al., 2016). The diagenesis under the rapid burial background and its influences on reservoir quality are not well 
understood. Second, the strata formed during the Carboniferous to Permian in North China experienced multi-stage 
tectonic movements after the deposition, including the Indosinian, Yanshanian and Himalayan movements (Santosh and 
Somerville, 2013). The effects of multi-stage tectonic movements on the reservoir evolution of tight sandstones are 
rarely included in previous studies. Finally, the distribution of the relatively high permeability reservoirs under the joint 
controls of the diagenesis and tectonic movements is unclear. 

In view of the above problems, based on a large number of observations and measurements, this paper investigated 
the composition, texture, pore types, porosity and permeability of tight sandstones, discussed their effects on reservoir 
quality, and analyzed the formation mechanism of relatively high permeability areas. This study aims to deepen the 
understanding of the diagenesis under the rapid burial background, to reveal the key factors controlling reservoir quality, 
and to guide the exploration and development of tight gas. 
 
2 Geological Background 

 
The Ordos Basin, which is a typical Mesozoic-Cenozoic continental basin, is located in central northern China (Fig. 

1a), and its tectonic position belongs to the western part of the North China Platform (Xu et al., 2017b; Yang et al., 
2017). According to the structural features, the Ordos Basin can be roughly divided into six tectonic units, including the 
Yimeng Uplift, Weibei Uplift, Jinxi Fold Belt, Yishan Slope, Tianhuan Depression and Western Thrusted Zone (Fig. 1b) 
(Li et al., 2014a; Dou et al., 2017). The basin vertically consists of two parts: a unified, stable, and crystalline basement 
and a thick sedimentary cover (Yang et al., 2005; Li et al., 2017). With the Indosinian movement as the boundary, the 
formation process of sedimentary cover can be mainly divided into two stages (Liu et al., 2009). The first stage was 
before the Indosinian movement, which was the synchronous development stage of the Ordos Basin and the North 
China platform, because the Ordos Basin was a part of the North China Craton Basin. The sedimentary environment of 
the basin evolved from marine facies to marine-continent transitional facies to fluvial facies (Yang et al., 2008). After 
the Indosinian movement, it was the stage of independent development of the Ordos Basin, because of the splitting of 
the North China platform, which started the lacustrine deposits of the Ordos Basin (Li et al., 2008). After the formation 
of the Ordos Basin, the study area mainly experienced Yanshanian and Himalayan movements (Hou et al., 2010; Li et 
al., 2014b). Influenced by the Yanshan movement, the study area began to uplift after the maximum burial depth in the 
Late Cretaceous. Influenced by the Himalayan movement, the study area inherited the uplift and was subjected to 
erosion, accompanied by the development of folds and faults (Di et al., 2003; Lai et al., 2016). 

The study area is located in the north central part of the Jinxi Fold Belt (Fig. 1b). The structure of the study area is 
simple, with the following characteristics: (1) The whole study area appears as a monoclinic structure with NE-SW 
strike and west dip (strata with dip angle of less than 5°) (Li et al., 2016); (2) Broad and gentle folds extend in the NNW 
direction; (3) Almost all of the faults are reverse faults extending in the NNW or NS or NNE direction (Fig. 2). The He 
8 sandstones are developed in the Xiashihezi Formation, which underlies the Shangshihezi Formation and overlies the 
Shanxi Formation. The Xiashihezi Formation is characterized by braided river and meandering river depositions (Jiang 
et al., 2011), which are accompanied by frequent cycles of channel and flood plain caused by the sea level fluctuations. 
The channels mainly develop gray and gray-green sandstones and the flood plains mainly develop gray-brown, 
gray-green and gray mudstones. The Xiashihezi Formation can be subdivided into four members, which are named He 8 
to He 5, from bottom to top (Fig. 1c). The He 8 interval is one of the most important production layers for tight gas in 
the present study area. The burial depth of the He 8 interval varies from 1564 m to 1929 m, with an average of 1671 m. 
The thickness of the He 8 interval varies from 54 m to 92 m, with an average of 69 m. 

 

3 Samples and Methods 
 

The samples analyzed in this paper were sampled from cores of He 8 sandstones in the Linxing area from depths 
ranging from 1564.0 m to 1929.5 m. The thin section observations of 95 samples from 21 wells were aimed to provide 
information about the compositions of the framework grains, cementing features, pores types, and deformation 
characteristics caused by the compaction. The observations were performed with a Leica DMLP 044142 following the 
SY/T 5368–2000. To make it easier to identify carbonates and pores, parts of the samples were stained with Alizarin 
Red S, and parts of the samples were stained with blue epoxy. The CL analysis of samples provides a clear view for 
different minerals because they send different lights in the excited state, and it is performed after the thin section 
observation in general, which can help to identify the minerals that are not certain under the microscope. The CL 
analysis in this paper was implemented at 25°C and 40% humidity by a CL8200 MK5 following the SY/T 5916–1994. 
The SEM observation of the gold-plated samples was performed at 25°C and 50% humidity with the EVO/MA15 15–
16–11 following the SY/T 5162–1997, which was used to identify the clay minerals, confirm their development forms 
and paragenetic relationships, and describe the filling characteristics of the pores. 
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Fig. 1 Geological overview of the Ordos Basin and the study area. 

(a) Location of Ordos Basin (China basemap after China National Bureau of Surveying and Mapping Geographical Information); (b) Tectonic units of Ordos 

Basin and location of the study area; (c) Stratigraphic column of Xiashihezi Formation in the Linxing area. 
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Fig. 2 Structural map of the He 8 sandstones in Linxing Block, Ordos Basin. 
 

The samples used for the XRD analysis of the clay minerals were crushed into particles with grains sizes of less than 
5 mm. They were then soaked in distilled water and dispersed with an ultrasound. The suspension containing clay 
mineral grain sizes of less than 2 µm were sucked out for centrifugation, and clay minerals would be obtained after 
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centrifugation. Finally, the clay mineral samples were dried in an oven with a temperature less than 60°C. Quantitative 
analysis of 62 samples were conducted with a D/max-2500 FD335203 following the SY/T5163–1995 (Li et al., 2019). 
To reflect the carbonate content of sandstones more accurately, the selected samples reacted with dilute hydrochloric 
acid (at a concentration of 10%) after oil removal, crush, and drying. This measurement was carried out with TSY-1 
VS540–02 following the SY/T 6867–2012. The basic operating process is as follows: boot, warm up, cycle, open 
operating software, create a new folder, measure, clean the instrument, and shut down. The samples used for the grain 
size and sorting analysis were sampled from the internal section of the cores and were broken into small pieces with an 
iron mortar. The grain size and sorting analysis of 147 samples were carried out with MS2000 following the SY/T 
5434–2009. The NMR analysis of sandstones was used to reflect the pore size distribution and pore connectivity. Each 
sample was measured both in water-saturated conditions (Sw) and irreducible water conditions (Sir). It was implemented 
by a Recore 3100 following the SY/6490–2007.  

The porosity and permeability data for a total of 755 core samples from 30 wells were collected from China United 
Coalbed Methane Corporation. The attitude analysis (including the strike, dip, dip angle) of natural fractures were 
performed by MIL, referring to the similar methods of Liu and Zhao. (2016). The buried history recovery of the study 
area after the deposition of He 8 sandstones was based on the information of Well L-1. 
 
4 Results 

 
4.1 Composition of sandstone 
4.1.1 Compositions of framework 

The results of the thin section analysis are shown in Table 1. The framework grain content ranges from 64% to 93%, 
with an average of 83%. To reflect the composition of detrital grains in more detail, the detrital grain content of quartz, 
feldspar and rock fragments (including chert and mica) was regarded as 100%, and the composition ternary diagram of 
detrital grains was drawn (Fig. 3a). According to the results of the statistical analysis, the content of each branch is as 
follows: The quartz (Q) content ranges from 24% to 76% with an average of 42%, which indicates that the He 8 
sandstones in the study area are compositionally immature (Fig. 4a). Feldspar (F), including potash feldspar and 
plagioclase, varies in content from 3% to 44%, with an average of 20%. In addition, the content of both potash feldspar 
and plagioclase changes in a wide range. The former ranges from minor to 41%, with an average of 14%, while the 
latter ranges from minor to 39%, with an average of 7%. The rock fragments (RF) of He 8 sandstones are common in 
the study area. The content of the RF ranges from 19 to 56%, with an average of 38%. Further study of the composition 
of the RF shows that the RF are mainly composed of metamorphic rock fragments (MRF), followed by volcanic rock 
fragments (VRF) and a small amount of sedimentary rock fragments (SRF) (Fig. 3b). The content of the MRF, which 
includes quartzite (Fig. 4b), phyllite (Fig. 4c, d), and schist (Fig. 4d), etc., varies from 8% to 40%, with an average of 
24%. The content of the VRF varies from 2% to 27%, with an average of 11%. The VRF mainly consists of acidic rocks 
(Fig. 4e) and some intermediate-acid rocks. The content of the SRF, including the chert (Fig. 4f), varies from minor to 
11%, with an average of 2%. Based on the classification scheme of Folk. (1970), the He 8 sandstones in the study area 
consist of feldspathic litharenites, lithic arkoses and litharenites, and feldspathic litharenites are dominant among these 
three types of sandstones (Fig. 3a). 

 

Table 1 Petrologic data of the He 8 sandstones achieved by observing thin sections in the Linxing area 

Well 

number 

Depth 

(m) 

Detrital grains (%) Cements (%) 
Matrix 

(%) Quartz Plagioclase 
Potash 

feldspar 
SRF VRF MRF Mica Sum Carbonate Clay Quartz Sum 

L-4 1541.6 30 6 6 
 

2 30 1 74 17 1 2 20 3 

L-4 1542.7 34 5 3 3 4 30 1 80 5 3  8 7 

L-3 1477.2 34 13 3 2 9 23 2 85 1 2  3 12 

L-3 1482.6 39 8 1 4 5 26 2 84 6 2  8 8 

L-3 1483.8 35 5 
 

5 4 24 2 75 3 4 1 8 9 

L-3 1514.4 35 4 
 

1 4 27 
 

70 7 4  11 6 

L-3 1515.5 36 2 2 
 

3 23 
 

66 8 3 2 13 8 

L-3 1516.8 32 1 3 3 5 20 
 

64 7 4 2 13 9 

L-3 1517.9 42 4 4 2 5 25 2 84 3 2  5 11 

L-3 1519.8 37 6 9 1 8 25 2 87 4 1  5 8 

L-3 1520.7 36 1 7 
 

4 26 
 

74 8 3  11 4 

L-24 1701.9 34 2 10 1 4 20 
 

72 
 

5 2 7 7 

L-24 1702.7 34 3 9 2 6 18 
 

73 
 

3 2 5 8 

L-24 1703.2 33 2 9 1 7 21 
 

74 2 3 1 6 6 

L-24 1704.6 29 2 9 1 7 18 
 

66 3 4 1 8 11 
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L-23 1657.5 33 9 15 
 

20 15 
 

92 1 2 
 

3 5 

L-21 1683.3 39 12 5 2 6 25 2 91 
 

3 
 

3 5 

L-21 1684.4 34 8 9 2 5 25 
 

84 1 3 
 

4 6 

L-20 1521.7 31 7 12 
 

23 17 
 

90 4 
  

4 6 

L-20 1524.9 33 5 11 
 

23 18 2 92 3 
  

3 5 

L-20 1527.7 31 5 10 
 

25 20 1 91 2 
  

2 7 

L-20 1528.4 32 7 11 
 

23 18 
 

90 5 
  

5 5 

L-20 1531.5 34 7 10 
 

22 17 2 93 1 
  

1 6 

L-20 1532.8 33 8 11 
 

22 17 
 

91 4 
  

4 5 

L-20 1536.2 32 7 11 1 22 18 
 

90 3 
  

3 5 

L-20 1537.1 34 8 10 1 25 10 4 92 3 
  

3 5 

L-20 1539.1 33 8 10 2 22 14  89 4   4 4 

L-20 1552.6 31 7 10  22 16  86 8   8 6 

L-20 1555.4 34 7 12 
 

22 17 
 

93 2 
 

 2 5 

L-20 1557.3 32 7 12 
 

22 15 
 

89 6 
 

 6 5 

L-20 1559.0 33 7 11 
 

22 15 
 

88 5 
 

 5 5 

L-20 1561.0 35 7 11 
 

22 14 
 

89 6 
 

1 7 4 

L-20 1573.9 33 7 10 
 

22 17 
 

88 7 1  8 4 

L-20 1577.8 33 7 11 
 

21 16 
 

88 7 
 

 7 5 

L-19 1675.6 41 11 16 
 

4 19 1 92 
  

 0 8 

L-19 1677.1 40 7 21 
 

4 18 1 90 
 

3  3 7 

L-19 1678.3 44 6 15 
 

2 18 
 

85 
  

 0 13 

L-19 1680.7 40 11 16 
 

4 18 
 

89 2 
 

 2 8 

L-18 1764.1 41 2 4 2 2 31 
 

81 3 2  5 12 

L-18 1784.0 33 13 3 
 

17 7 13 84 
 

8  8 8 

L-18 1784.4 37 14 4 1 4 20 
 

80 4 5  9 8 

L-18 1785.9 42 12 2 2 4 16 1 79 8 4  12 5 

L-17 1479.9 33 11 6 3 8 21 
 

82 
  

 0 7 

L-16 1773.8 40 2 6 
 

6 25 1 79 1 5 1 7 5 

L-16 1781.5 44 2 6 
 

5 23 
 

81 1 
 

 1 12 

L-16 1783.0 42 3 5 
 

7 27 
 

83 2 
 

 2 8 

L-16 1809.6 48 2 5 2 5 21 1 83 
 

1  1 12 

L-16 1824.0 40 2 6 3 9 17 1 79 
 

5  5 5 

L-16 1825.8 36 6 6 2 4 17 1 72 7 2  9 5 

L-15 1804.5 47 2 3 1 3 30 
 

85 
 

4 2 6 6 

L-15 1806.4 35 2 6 2 8 25 3 81 
 

4 1 5 9 

L-15 1807.9 61 
 

4 2 2 11 
 

80 
 

5 2 7 4 

L-15 1809.5 57 1 2 2 2 19 
 

82 
 

4 1 5 9 

L-15 1811.1 45 1 3 2 6 21 
 

78 1 4 1 6 8 

L-14 1752.6 41 4 16 1 3 23 3 90 2   2 8 

L-14 1754.4 34 3 11 3 2 27 1 81 4 2 1 7 8 

L-14 1755.5 44 2 8 2 3 24 
 

83 1 3 1 5 8 

L-14 1756.3 39 1 9 1 2 25 
 

77 10 2 1 13 5 

L-14 1757.2 44 3 9 2 3 25 
 

85 1 1 
 

2 6 

L-14 1757.8 43 3 8 2 2 29 
 

86 2 2 
 

4 7 

L-14 1758.8 46 4 9 3 3 21 
 

86 5 2 
 

7 7 

L-22 1735.5 33 4 13 2 7 22 1 83 2 1 
 

3 2 

L-22 1741.5 47 7 5 1 2 21 
 

83 3 3 2 8 4 

L-22 1743.0 34 12 7 2 6 19 9 89 
   

0 11 

L-13 1709.6 44 11 7 
 

8 18 1 88 1 2 
 

3 9 

L-12 1718.4 33 4 15 7 3 24 
 

86 8 2 
 

10 3 
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L-12 1720.2 33 9 14 10 2 23 
 

90 2 
  

2 8 

L-12 1721.7 34 9 16 8 2 20 
 

89 3 
  

3 8 

L-12 1722.7 33 9 15 10 2 23 
 

91 1 
  

1 8 

L-12 1723.9 37 2 22 2 4 22 
 

89 1 
  

1 2 

L-12 1760.6 34 9 14 8 3 19 
 

86 1 3 
 

4 8 

L-12 1762.8 32 4 15 7 8 17 
 

83 8 3 
 

11 5 

L-12 1769.2 29 8 12 9 2 20 
 

79 15 1 
 

16 5 

L-11 1688.7 24 3 26 
 

9 22 
 

85 
 

5 
 

5 3 

L-11 1676.9 20 3 17 
 

8 18 
 

65 28 
  

28 3 

L-11 1716.9 25 3 19 
 

6 19 
 

72 26 
  

26 2 

L-8 1915.5 27 2 33 
 

7 17 2 87 
 

3 
 

3 6 

L-8 1917.3 29 2 35 
 

9 15 
 

90 
 

2 
 

2 5 

L-6 1875.4 34 9 11 3 7 22 1 86 3 
 

1 4 10 

L-6 1877.8 34 9 9 4 9 20 2 86 1 2 1 4 10 

L-6 1882.7 21 17 
  

14 34 
 

86 4 3 
 

7 2 

L-6 1887.1 25  19  11 28  83  3  3 14 

L-6 1889.5 23  16  9 29  78 3 8  11 2 

L-2 1500.1 29 3 23 
 

7 14 2 78 
 

5  5 6 

L-2 1503.1 26 33 
  

9 17 
 

85 
 

2 
 

2 5 

L-29 1786.7 29 3 21 
 

16 10 
 

79 
 

3 2 5 6 

L-29 1787.3 30 2 25 1 6 16 
 

80 5 
  

5 3 

L-29 1797.0 28 5 18 1 20 17 
 

89 1 
  

1 3 

L-29 1807.1 29 3 19 
 

13 16 
 

81 16 
  

16 2 

L-29 1811.3 24 4 17 
 

12 18 
 

75 12 
 

3 15 2 

L-29 1817.0 30 4 20 1 9 15 
 

78 7 
  

7 10 

L-29 1819.0 31 4 22 
 

10 15 
 

82 8 
 

2 10 3 

L-28 1819.2 26 2 30 1 7 17 2 83 7 4 
 

11 6 

L-28 1825.4 24 2 32 
 

6 13 1 79 3 5 
 

8 13 

L-28 1858.1 31 3 25 
 

18 11 1 88 4 3 
 

7 3 

Note: The blank spaces indicate that the content is less than 1% 

 

 

Fig. 3 Framework compositions of He 8 sandstones in the Linxing area. 

(a) Ternary diagram of the framework compositions based on the classification scheme of Folk et al. (1970); (b) Ternary diagram illustrating the rock fragment 

compositions. 
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Fig. 4 Photomicrographs of cast thin-sections (CTS) showing the compositions of He 8 sandstones, cross-polarized light (+). 

(a) Typical sample of He 8 sandstone displaying the compositions of rock fragments, including Q, F, and RF (Well L-15 1804.5 m); (b) RF characterized by 

quartzites (Well L-3 1477.2 m); (c) RF characterized by phyllite and mica (Well L-14 1755.5 m); (d) RF characterized by schist (Well L-14 175.6 m); (e) RF 

characterized by granite (Well L-24 1704.6 m); (f) RF characterized by chert (Well L-14 1752.6 m. 
 

4.1.2 Composition of cements 
The cements of the He 8 sandstones primarily consist of carbonate minerals and clay minerals as well as a few 

siliceous minerals (Table 1). The carbonate cements include calcite (Fig. 5a), Fe-calcite (Fig. 5b), dolomite and siderite. 
The Fe-calcite is dominant among these carbonate cements. The quantitative test results of the carbonate content are 
shown in Table 2. The carbonate content varies from 0.5% to 19.5% with an average of 4.25%, which is close to the 
results of thin section observations (with an average of 3.93%). The clay minerals are common in the pores between 
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detrital grains (Fig .5c, d). To clarify the specific composition of the clay minerals, XRD experiments were carried out, 
and the results are shown in Table 3. The clay mineral content order from high to low is as follows: Illite, chlorite, 
kaolinite, illite/smectite (I/S), and chlorite/ smectite (C/S). Regarding the content of the above five clay minerals as 
100%, the content of illite ranges from 6% to 79%, with an average of 38%. The content of chlorite ranges from 4% to 
48%, with an average of 29%. The content of kaolinite ranges from 8% to 76%, with an average of 23%. The content of 
I/S ranges from minor to 29%, with an average of 9%, and the smectite accounts for 10% of the mixed layer of illite and 
smectite. The content of C/S ranges from minor to 14%, with an average of 1%. The siliceous cement, with the content 
ranging from minor to 3%, generally exists in the form of quartz overgrowths (Fig. 5e) and euhedral quartz crystals (Fig. 
5f). 

 

Fig. 5 Photographs of CTS and SEM showing the cements of He 8 sandstones. 

(a) Calcite (C), (+) (Well L-19 1728.8 m); (b) Intergranular pores filled by Fe-calcite (FC) and F replaced by the FC, (+) (Well L-18 1785.9 m); (c) 
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Intergranular pores filled by clay minerals, (+) (Well L-3 1515.5 m); (d) Intergranular pores filled by clay minerals, SEM (Well L-24 1701.9 m); (e) Secondary 

overgrowth of quartz, (+) (Well L-29 1786.8 m); (f) Intergranular pores filled by euhedral quartz crystals, SEM (Well L-25 1568.10 m). 

 

Table 2 Quantitative test results of carbonate content in the Linxing area 

Well 

number 

Depth 

(m) 

Carbonate 

content (%) 

Well 

number 

Depth 

(m) 

Carbonate 

content (%) 

Well 

number 

Depth 

(m) 

Carbonate 

content (%) 

L-9 1730.86 8.50 L-15 1811.06 2.90 L-20 1577.76 4.50 

L-9 1731.66 7.60 L-17 1479.85 4.50 L-21 1683.28 1.40 

L-9 1733.37 5.00 L-18 1784.37 5.60 L-21 1684.38 3.60 

L-9 1735.39 19.50 L-19 1675.75 2.11 L-22 1720.60 8.50 

L-12 1760.61 4.30 L-20 1521.67 1.70 L-22 1721.50 2.70 

L-12 1762.81 4.80 L-20 1524.90 1.30 L-22 1722.53 0.50 

L-13 1709.58 1.80 L-20 1527.71 2.50 L-22 1723.51 14.50 

L-13 1791.79 6.80 L-20 1528.43 2.50 L-22 1724.46 1.60 

L-13 1810.15 3.00 L-20 1532.84 3.40 L-22 1725.43 0.60 

L-13 1813.67 5.60 L-20 1536.19 2.50 L-22 1726.49 2.50 

L-14 1753.14 1.90 L-20 1539.10 1.60 L-22 1727.39 4.50 

L-14 1755.46 1.90 L-20 1540.55 1.30 L-23 1657.45 0.60 

L-14 1758.77 1.90 L-20 1549.24 9.50 L-24 1702.67 0.50 

L-15 1804.48 1.60 L-20 1552.60 17.80 L-24 1703.18 0.60 

L-15 1806.40 2.10 L-20 1555.42 1.30 L-24 1704.58 3.90 

L-15 1807.93 1.30 L-20 1558.96 1.80 L-3 1519.80 1.50 

L-15 1809.49 2.00 L-20 1573.90 6.60 L-4 1541.62 16.10 

 

Table 3 Clay mineral content of He 8 sandstones in the Lining area measured by XRD 

Well 

number 

Depth 

(m) 

Illite 

(%) 

Kaolinite 

(%) 

Chlorite 

(%) 

I/S 

(%) 

C/S 

(%) 

I/S (%) C/S (%) 

Smectite 

(%) 

Illite 

(%) 

Smectite 

(%) 

Chlorite 

(%) 

L-1 1859.44 50 20 20 6 4 15 85 39 61 

L-4 1541.62 12 44 38 6  15 85   

L-6 1875.42 46 16 9 29  5 95   

L-6 1877.77 54 17 11 18  5 95   

L-7 1926.69 40 27 31 2  5 95   

L-8 1915.45 34 35 31 
 

     

L-8 1917.27 27 39 30 4  5 95   

L-9 1728.81 76 19 5       

L-9 1734.53 42 33 12 13  5 95   

L-9 1735.39 79 17 4       

L-12 1760.61 18 18 40 24  5 95   

L-12 1762.81 28 21 37 14  5 95   

L-14 1755.94 32 16 31 21  10 90   

L-18 1784.37 6 32 46 16  10 90   

L-19 1673.30 54 18 17 11  20 80   

L-19 1675.55 51 9 31 6 3 10 90 5 95 

L-19 1677.10 39 10 31 18 2 40 60 5 95 

L-19 1678.31 43 13 33 11  10 90   

L-19 1680.67 30 24 37 9  10 90   

L-20 1521.67 54 11 26 9  10 90   

L-20 1524.90 52 9 31 8  10 90   
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L-20 1527.71 55 9 31 5  5 95   

L-20 1528.43 53 8 32 7  5 95   

L-20 1531.49 60 10 20 10  5 95   

L-20 1532.84 36 12 38 14  5 95   

L-20 1535.17 38 9 42 11  5 95   

L-20 1536.19 45 12 37 6  5 95   

L-20 1537.09 49 23 19 9  5 95   

L-20 1539.10 36 17 38 9  5 95   

L-20 1540.55 35 13 44 8  10 90   

L-20 1546.13 29 34 28 9  5 95   

L-20 1549.24 45 16 33 6  5 95   

L-20 1552.60 63 8 20 9  5 95   

L-20 1555.02 45 12 35 8  5 95   

L-20 1557.32 49 16 31 4  5 95   

L-20 1559.0 51 14 32 3  5 95   

L-20 1573.90 31 22 36 11  5 95   

L-20 1577.76 37 27 28 8  5 95   

L-21 1683.28 34 24 28 14  20 80   

L-21 1684.38 22 18 40 20  20 80   

L-22 1720.60 23 21 29 27  10 90   

L-22 1721.10 37 21 29 13  10 90   

L-22 1722.53 55 19 20 6  10 90   

L-22 1723.51 30 19 41 10  10 90   

L-22 1724.46 57 20 23    
 

  

L-23 1657.45 33 24 40 3  20 80   

L-24 1701.87 15 39 33 13  10 90   

L-24 1702.67 26 33 29 12  10 90   

L-24 1703.18 34 20 40  6   5 95 

L-24 1704.58 20 28 48  4   5 95 

L-25 1593.8 7 52 25 2 14 20 80 37 63 

L-25 1600.0 59 12 16 6 7 15 85 31 69 

L-26 1615.2 11 60 21 2 5 
  

  

L-26 1615.9 11 50 37 3  
  

  

L-27 1646.42 49 20 20 11  20 80   

L-27 1647.57 8 76 14 2  20 80   

L-28 1802.16 15 42 31 12  15 85   

L-28 1819.20 28 31 15 26  15 85   

L-28 1825.42 26 28 36 10  15 85   

L-29 1789.20 63 15 17 5  5 95   

L-29 1792.22 23 32 45       

L-29 1795.47 56 17 27       

Note: The blank spaces indicate that the content is less than 1% 
 

4.2 Texture of detrital grains 
The grain size and sorting are two most important texture parameters of detrital grains (Edwards, 2001). The analysis 

of the grain size reveals that the median grain size (Md) of He 8 sandstones in the study area varies from 0.07 mm to 
0.93 mm, with an average of 0.29 mm, which is mainly distributed in 0.25 ~ 0.50 mm, followed by 0.125 ~ 0.250 mm 
(Fig. 6a). Thus, the He 8 sandstones in the study area are dominated by medium sandstones and fine sandstones. The 
sorting coefficient (S0) of sandstones varies from 2.0 to 20.0, with an average of 6.3. Most of the sorting coefficients are 
more than 4 (Fig. 6b), which indicates that the He 8 sandstones in the study area are poorly sorted. The thin section 
observations show that the detrital grains are subangular to subrounded (Figs. 4, 5). 
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Fig. 6 Grain size characteristics of the detrital grains. 

(a) Distribution of the median grain size; (b) Sorting coefficient of grains. 
 

4.3 Pore types and texture 
The pores of the sandstones can be divided into two types according to the formation mechanism: primary pores 

(formed during the deposition stage) and secondary pores (formed during the diagenesis) (Rahman and Worden, 2016). 
The pores of the He 8 sandstones in the study area are poorly developed. Based on the observation of thin sections, the 
total porosity of the sandstones ranges from minor to 15%, with an average value of 4.2% (Table 1). The primary pores 
are mainly shown as residual intergranular pores after compaction and cementation (Fig. 7a). The porosity of the 
primary pores varies from minor to 8%, with an average of 1.3%. The secondary pores include intragranular pores 
(caused by partial dissolution of detrital grains) (Fig. 7c), moldic pores (caused by complete dissolution of detrital 
grains) (Fig. 7d), dissolved intergranular pores (caused by dissolution enlargement of primary pores, or dissolution of 
the detrital grain edge, or dissolution of cements or matrixes) (Fig. 7a, b, e) and micro-fractures (caused by diagenesis 
or tectonic effect). The micro-fractures formed in the diagenetic process show as curves and usually bypass rigid 
particles (Fig. 7f). The porosity of the secondary pores ranges from minor to 15%, with an average of 3.3%. In summary, 
the pores of the He 8 sandstones in the study area are dominated by secondary pores. 
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Fig. 7 Pore types of He 8 sandstones in the Linxing area, plane-polarized light (-). 

(a) Residual intergranular pores (indicated by red arrows) and intergranular pores (indicated by yellow arrows) caused by the dissolution enlargement of the 

primary pores (Well L-24 1703.18 m); (b) Intergranular pores caused by the dissolution of the detrital grain edge (Well L-3 1516.77 m); (c) Intragranular pores 

caused by partial dissolution of the detrital grains (Well L-29 1797.5 m); (d) Moldic pores caused by complete dissolution of the detrital grains (Well L-18 

1785.87 m); (e) Intergranular pores caused by the dissolution of cements (Well L-18 1764.11 m); (f) Micro-fractures caused by diagenesis (Well L-18 1784.39 

m) 
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To investigate the pore texture and water mobility capability of the He 8 sandstones in the study area, samples with 
different permeability were tested by the NMR method (Table 4). The results show that the permeability is 
exponentially related to NMR porosity (Fig. 8). The T2 spectras of NMR are characterized by bimodal distribution. One 
of the peaks is located at the place ranging from 10 ~ 100 ms, and the other one, which is also the main peak, is located 
at the place ranging from 0 ~ 10 ms (Fig. 9a~f). This indicates that the pores of the He 8 sandstones are dominated by 
micropores (Xiao et al., 2017). With the increase of the permeability, the amplitudes of the entire interval increase, and 
the peaks distributed in the 10 ~ 100 ms range increase obviously, which indicates that this portion of the pores plays a 
decisive role in the permeability of tight sandstones. 

 

Table 4 Measurement results by NMR of He 8 sandstones. 

Well 

number 

Depth 

(m) 

PNMR 

(%) 

IWS 

(%) 

MWS 

(%) 

L-16 1775.60 12.0 58 42 

L-3 1514.93 11.7 61 39 

L-24 1703.18 11.8 66 34 

L-16 1811.50 7.7 78 22 

L-2 1547.75 5.6 76 24 

L-12 1762.81 4.4 62 38 

Notes: PNMR - porosity of NMR; IWS - irreducible water saturation; MWS - movable water saturation 

 

 

 

Fig. 8 Relationship between permeability and NMR porosity 
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Fig. 9 NMR measurements of He 8 sandstones with different permeability values. 

(a) Sample with permeability = 1.92 mD (Well L-16 1775.60 m); (b) Sample with permeability = 1.08 mD (Well L-3 1514.93 m); (c) Sample with permeability 

= 0.71 mD (Well L-24 1703.18 m); (d) Sample with permeability = 0.42 mD (Well L-16 1811.50 m); (e) Sample with permeability = 0.22 mD (Well L-2 

1547.75 m); (f) Sample with permeability = 0.08 mD (Well L-12 1762.84 m 
 

4.4 Porosity and permeability 
Based on the analysis of 755 cylindrical core plugs sampled from the He 8 sandstones, it can be concluded that the 

porosity of the sandstones in the study area varies from 1.0%~15.2%, with an average value of 7.0%. The porosity 
mainly varies from 3% to 9%, and the samples with the porosity distributed in this range account for 68% of the total 
(Fig. 10a). The samples with porosity percentages more than 10% only accounts for 16% of the total. The permeability 
of the sandstones, which ranges from 0.001 mD to 2.85 mD, mainly ranges from 0.1 mD to 0.5 mD, with an average 
0.39 mD. The samples with permeability values more than 1 mD only account for 9% of the total (Fig. 10b). Porosity 
correlates with permeability positively. Approximately 58% of samples with permeability values greater than 1 mD 
have porosity greater than 10% (Fig. 10c). The test data of porosity and permeability show that the He 8 sandstones in 
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Linxing area are typical tight reservoirs with low porosity and permeability. 

 
Fig. 10 Porosity and permeability of He 8 sandstones in the Linxing area. 

(a) Porosity distribution; (b) Permeability distribution; (c) Relationship between porosity and permeability 
 

5. Discussion 
 

5.1 Effects of diagenesis on reservoir quality 
5.1.1 Compaction 

The compaction of He 8 sandstones, which is very obvious in the study area, shows the following characteristics: (1) 
Linear or concave-convex or suture contact of detrital grains (Fig. 11a); (2) Bending deformation of plastic grains, such 
as mica (Fig. 11b); (3) Orientational arrangement of components, especially the flake or columnar minerals (Fig. 11c); 
and (4) Rupture of rigid particles (Fig. 11d). The compaction can be divided into mechanical compaction and chemical 
compaction (Wang et al., 2017), and they occurred in different burial stages.  

 

Fig. 11 Compaction characteristics of He 8 sandstones in the Linxing area. 

(a) Contact relationship of detrital grains including linear contact (pointed by yellow arrows), concave-convex contact (pointed by red arrows), and suture 
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contact (pointed by blue arrows) (Well L-27 1671.6 m); (b) Deformation of mica particle due to compaction (Well L-14 1752. 64 m); (c) Orientational 

arrangement of plastic components, such as mica and the mud matrix (Well L-15 1805.48 m); (d) Rupture of quartz due to compaction (Well L-29 1797.00 m) 

The He 8 sandstones in the study area experienced two stages of rapid burial after the He 8 sandstones deposition 
(Fig. 12a). The burial depth reached approximately 2200 m after the first stage of rapid burial, which was mainly 
characterized by mechanical compaction during the early stage. As mechanical compaction proceeds, detrital grains 
were rearranged and contacted closely (evolving from disperse or point contact to line contact), which led to a great loss 
of primary porosity, and the water carrying ions was produced from the original sediments. Then, some precipitates 
were formed in the intergranular pores. With the increase of the burial depth (corresponding to the second stage of rapid 
burial) (Fig. 12a), the detrital grains were more tightly contacted, but the detrital grains were difficult to compact due to 
the supporting effect of the rigid particles and cements. However, the solubility of the grains at the contact point 
increased with the increase of the temperature and pressure (Bjørlykke, 2014). Then, the contact forms of the detrital 
grains evolved from line contact to concave-convex or suture contact, which was characterized by the chemical 
compaction and worsened the connectivity of the pores. It is worth mentioning that although the rapid burial caused 
great loss of the primary porosity of the sandstones, it also led to a lack of compaction, which mitigated the damage of 
the compaction to the reservoir to some extent (Fig. 12b). 

 

 

Fig. 12 Burial history and diagenetic sequence of He 8 sandstones in the Linxing area. 

(a) Burial history accompanied by diagenetic processes; (b) Relationship between interval transit time of thick mudstones (with thickness > 5 m) and burial 

depth, based on the information of Well L-24 
 
To quantify the impact of compaction on the reservoir quality of He 8 sandstones, the cross plot of compaction and 

cement was drawn according to the methodology of Ehrenberg (1989) (Fig. 13). The Fig. 13 shows that the porosity 
reduced by the compaction ranges from 16% ~ 85%, with an average of 61% (Fig. 13), which indicates that the 
compaction is one of the major factors leading to the densification of He 8 sandstones in the study area. The damage 
degree caused by compaction to the reservoir quality is determined by the burial history, on the one hand, and the 
composition of the sandstones, on the other hand. The sandstones with different framework compositions show a 
difference in the resistance to compaction. With the increase of plastic components, the ability of sandstone to resist 
compaction is weakened (Fawad et al., 2010). The porosity destroyed by the compaction of lithic arkose accounts for 57% 
of the original porosity, while the feldspar litharenites and litharenites are 61% and 70%, respectively (Fig. 13). 
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Fig. 13 Plot of intergranular volume and cement illustrating the effect of compaction and cementation on the reduction of porosity in 

He 8 sandstones in the Linxing area (Ehrenberg, 1989) 
 

5.1.2 Cementation 
Fig. 13 also shows that the porosity reduced by the cementation ranges from 7% ~ 72%, with an average of 28%, 

which indicates that the cementation is another important factor that results in the densification of He 8 sandstones in 
the study area. The He 8 sandstones are mainly cemented with carbonate cement, clay minerals cement and siliceous 
cement (Fig. 5). 

Carbonate cementation is very common in the study area (Table 1). With the increase of the carbonate cement content, 
both the porosity and permeability of the sandstones decrease. The permeability is more sensitive to the carbonate 
content than the porosity (Fig. 14a, b). The carbonate cements can be formed in different diagenetic stages. The calcite 
formed in the early diagenetic stage was developed in freshwater environments with lower ion concentration (Zhang et 
al., 2017). The calcite cemented detrital grains in the form of a basement, and the cemented detrital grains lacked quartz 
overgrowths and chlorite coatings (Wang et al., 2017) (Fig. 5a, 15a, b). The dense cementation effectively resisted 
compaction and prevented the intrusion of late fluids at the same time, which was detrimental to the original seepage 
capacity of sandstones and the formation of secondary pores. With the progress of diagenesis, the calcite formed in the 
mesodiagenesis filled intergranular pores after compaction (pointed by yellow arrows in Fig. 5b), and replaced the 
feldspar along the cleavage surface (Mansurbeg et al., 2008) (pointed by red arrows in Fig. 5b), and directly covered the 
chlorite coatings (Fig. 15d). As the diagenetic environment changes from an oxidizing environment to a reducing 
environment, the Fe-calcite is more developed under this condition (Zhang et al., 2017). In summary, sandstones with 
high carbonate cements have low porosity and poor permeability. 

 

 

Fig. 14 Effects of carbonate cement on the reservoir quality of He 8 sandstones in the Linxing area. 

(a) Effect on porosity; (b) Effect on permeability 
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Fig. 15 Cement characteristic of He 8 sandstone in the Linxing area. 

(a) Detrital grains densely cemented by calcite (glowing bright orange red light) (Well L-11 1677.43 m); (b) Potash feldspar (glowing bright blue light) 

cemented by calcite (Well L-20 1552.6 m); (c) Potash feldspar cemented by the mud matrix (kaolinite glows azure blue light, other mud matrix does not shine) 

(Well L-27 1646.68 m); (d) Chlorite coating (Chl) directly covered by the Fe-calcite (Well L-18 1785.87 m) 

 
The analysis of XRD, SEM, and thin sections indicate that the clay mineral cementation is also common in the study 

area. Different clay minerals show different effects on the reservoir quality of sandstones, which is mainly related to the 
development forms of clay minerals. The illite usually attaches to the surface of the detrital grains as fibrous or flake 
like, which provides many intercrystal pores (Fig. 16a). Due to the occupation of intergranular pores, the porosity of the 
sandstones decreases with the increase of the illite content (Fig. 17a), while the permeability is barely affected by the 
illite content when the illite content is low. When the illite content is high, the permeability decreases obviously because 
the crystal form of illite easily plugs the pore throat. Thus, the permeability shows a decreasing trend only when the 
illite content is high (Fig. 17d). Meanwhile, it can be observed that illite fills in the dissolution pores of feldspars as 
reticular like (Fig. 16b), which indicates that the formation of some illite is related to the dissolution of feldspar. This is 
one of the reasons for the high illite content of sandstones in the study area. The chlorite is generally produced as 
coatings of detrital grains, which has been widely proven to be able to retain more interparticle pores by preventing the 
overgrowth of quartz (Fig. 16c) (Zhu et al., 2017; Cao et al., 2018). The porosity and permeability of sandstones 
increase with the increase of chlorite content (Fig 17b, e). However, some scholars believe that it is not the higher the 
quartz content, the better the reservoir quality (Pittman et al., 1992; Zhou et al., 2017; Liu et al., 2018). When the 
thickness of the chlorite rims is too large, the pore throats will be blocked (Fig. 16d). The kaolinite is generally 
produced as the vermicular or book-sheet like and densely fills the Intergranular pores of debris particles (Fig. 16e). 
Thus, the porosity and permeability decrease with the increase of the kaolinite content (Fig. 17c, f). 
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Fig. 16 SEM microphotographs of the He 8 sandstones in the Linxing area. 

(a) Intergranular pores filled by fibrous illite (Well L-24 1702.67 m); (b) Dissolution pores of feldspar filled by reticular illite (Well L-21 1684.38 m); (c) 

Residual intergranular pore with chlorite coating existing (Well L-25 1570.3 m); (d) The thick chlorite coatings attaching to the surface of the detrital grains 

blocked the pore throats (Well L-20 1539.10 m); (e) Interparticle pores densely packed by kaolinite (Well L-27 1647.02 m); (f) Intergranular pores fully filled 

by secondary quartz (Well L-20 1537.09 m); (g) Intergranular pores produced by the dissolution of the feldspar (well L-20 1558.96 m); (h) The dissolution 

pores of feldspar filled by the illite and calcite (Well L-22 1727.39 m); (i) The pores due to quartz dissolution (Well L-29 1636.7 m) 
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Fig. 17 Effects of clay mineral content on the reservoir quality of He 8 sandstones. 

(a) Illite content versus porosity; (b) Chlorite content versus porosity; (c)Kaolinite versus porosity; (d) I/S content versus porosity; (e) Illite content versus 

permeability; (f) Chlorite content versus permeability; (g) Kaolinite content versus permeability; (h) I/S content versus permeability 
 
Although the content of siliceous cement is small, the effect of siliceous cementation on reservoir quality cannot be 

ignored. First, the secondary enlargement of quartz caused by the strong chemical compaction generally occurs at or 
near the contact places of quartz grains (Lai et al., 2017), which easily blocks the pore throats (Fig. 5e). Second, 
siliceous cement precipitated in intergranular pores partially or completely occupies the intergranular space (Fig. 5f, 
16f). Overall, siliceous cement is not good for the reservoir quality. 

 
5.1.3 Dissolution 

After intense compaction and cementation, few original intergranular pores in the sandstone were left. Thus, the 
secondary pores caused by dissolution are the main pore type in the study area (Fig. 7). The dissolution is dominated by 
feldspar dissolution, and the dissolution of quartz and fillings is occasionally visible (Fig. 7e, 16i). Feldspar is very 
unstable and easily dissolved along the cleavage surface (Fig. 7c, 16b, g, h), and 80–120℃ is generally considered to 
be the optimum dissolution temperature of feldspar (Xu et al., 2013; Kang et al., 2016). The thermal history and organic 
matter maturity indicate that the hydrocarbon degradation has already taken place, which means the production of 
organic acids. Thus, the dissolution of feldspar was widely developed and the dissolution degrees of feldspar at different 
locations are different (Fig 7c, d), which produced many secondary pores and resulted in a differential distribution of 
porosity to some extent. Although, the quartz is very stable, the organic acids can increase its erosion rate (Bennett, 
1991; Guo et al., 2003). Thus, the sporadic dissolution of quartz can be observed in the study area. 

 
5.2 Effects of composition and grain texture of sandstones on reservoir quality 

The correlation analysis of each component content and reservoir quality was performed after the statistics of the data 
in Table 1 according to the well number. The effects of the sandstone compositions on reservoir quality are usually 
reflected by the response to diagenetic processes. The quartz, which exists in the form of rock fragments in sandstones, 
can resist compaction effectively because of its high hardness, especially in the early diagenetic stage (Zhao et al; 
2016a). The original intergranular pores will be preserved with the increase of the quartz content (Fig .7a). Thus, the 
porosity and permeability of sandstones increase with the increase of quartz content (Fig. 18a, e). Feldspar is unstable 
due to easily being dissolved (Yuan et al; 2015b). The sandstones with high feldspar content in the study area have two 
characteristics: dense cementation of carbonates in the early diagenetic stage (Fig. 15b) and high mud matrix 
development (Fig. 15c). Carbonate cementation in the early diagenetic stage prevented the feldspars from being 
transformed by later fluids, which means less secondary pore development. Yuan et al. (2015a) also pointed that leached 
feldspars were generally absent from early carbonate cemented tight sandstones. High mud matrix development 
indicates the rapid burial and poor sorting, which means few primary pores and bad pore connectivity. Thus, the 
porosity and permeability of the sandstones decrease with the increase of the feldspar content (Fig. 18b, f). In other 
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words, the fewer the feldspars remaining today, the greater the degree of reservoir reconstruction, and the better the 
reservoir quality. Meanwhile, the above characteristics are also the main reason for the wide range of the feldspar 
content. The rock fragments are also an important component of sandstone particles, but the composition of the rock 
fragments is complex. Among them, there are some rock fragments with weaker compaction resistance (such as mica, 
mudstone, slate, schist, phyllite), and some rock fragments with higher hardness (such as chert, granite and quartzite) 
(Fig. 4a~f). Thus, there is no obvious relationship between rock fragment content and reservoir quality (Fig. 18c, g). 
The matrix occupies the intergranular pores as the fillers. As a plastic component, it is easy to block the pore tunnels 
due to extrusion deformation (Zhong et al., 2012), especially under the rapid burial background. In addition, the higher 
the matrix content, the poorer the sandstone sorting. Thus, the porosity and permeability of sandstones decrease with the 
increase of the matrix content (Fig. 18d, h). 

 

 

Fig. 18 Relationship between the compositions and physical properties of He 8 sandstones in the Linxing area. 

(a) Porosity versus quartz cement; (b) Porosity versus feldspar cement; (c) Porosity versus rock fragment cement; (d) Porosity versus matrix cement; (e) 

Permeability versus quartz cement; (f) Permeability versus feldspar cement; (g) Permeability versus fragment cement; (h) Permeability versus matrix cemen 
 
The median grain size reflects the overall trend of the grain size distribution. The sorting coefficient of detrital grains 

indicates the uniformity of the grain sizes around a certain grain size (Das, 2016). The smaller the S0, the more uniform 
the grain sizes (Mckinley et al., 2011). The He 8 sandstones are mainly developed in the braided channels (Xu et al, 
2017a) (Fig. 1c), which is the main reason for the large grain sizes, poor grain sorting and low compositional maturity 
of sandstones. Additionally, the larger the grain size and the smaller the S0, the more the intergranular pores develop. 
Thus, the porosity and permeability increase with the increase of grain size (Fig. 19a, b) and decrease with the increase 
of the sorting coefficient (Fig. 19c, d).  

 

 

Fig. 19 Relationship between the texture of detrital grains and the physical properties of He 8 sandstones in the Linxing area. 

(a) Porosity versus median size; (b) Permeability versus median size; (c) Porosity versus sorting coefficient; (d) Permeability versus sorting coefficient 
 

5.3 Effects of tectonic movements on reservoir quality 
The composition, texture and diagenesis of tight sandstones have effects on the reservoir quality. However, the tight 

sandstones with high permeability (> 1mD) are weakly related to the above factors (pointed by the ellipses in Fig 14, 17, 
18, 19), which indicates that the relatively high permeability reservoirs are controlled by other factors. The average 
permeability of each well was calculated and then was placed on the floor contour map of He 8 sandstones (Fig. 2). It 
can be seen very clearly that the relatively high permeability areas are distributed in the anticline areas.  

The study area was mainly affected by the Yanshan movement (characterized by the North-West extrusion stress) and 
the Himalayan movement (characterized by North-East extrusion stress) after the deposition of the He 8 sandstones 
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(Chen, 2010; Zhao et al., 2016b). The results of natural fracture statistics observed by MIL show that there are two 
groups of dominant fracture strikes exist in the study area. Based on the staging of the natural fractures, it can be 
concluded that the study area was subjected to compressive stress in the NWW direction during the Yanshanian period 
and was subjected to compressive stress in the NEE direction during the Himalayan period (Fig. 20). The results are 
similar to the conclusions drawn by Xu et al., (2006). It can be inferred that the present folds extending in the NNW 
direction formed in the Himalayan period (Gao et al., 2018). That is to say, the tectonic traces of the study area are 
mainly controlled by the Himalayan movement. The reverse faults also indicate that the study area was mainly 
subjected to compressive stress. Thus, the anticline areas caused by compressive stress mean that there is a relatively 
shallow burial depth and a relatively small overburden pressure. The anticline areas were subjected to a relatively 
tensile stress, which resulted in a better opening degree of the pores and more development of the microfractures. This 
is why the anticline area has a relatively high permeability. In addition, the folds in the study area with small 
fluctuations are broad and gentle, and the faults have small fault displacements and short extensions (Fig .2, 21). All 
these indicate that the tectonic deformation degree is low, that is, the tectonic movement plays a role in improving the 
reservoir quality, but this effect is limited. There is no area with a particularly high permeability in the study area. It is 
worth mentioning that the improvement degree of tectonic movements on reservoir quality is controlled by the original 
characteristics of the reservoir. For example, Well L-3, Well L-4 and Well L-11 are all located in the anticline areas, but 
the permeability has not been significantly improved, which is because of the high carbonate content for Well L-4 and 
Well L-11, and the high matrix content for Well L-3. In other words, if the sandstone itself is dense, the improvement of 
the reservoir quality by the late tectonic activities is also limited. Thus, the good reservoir quality (relatively high 
permeability reservoir) should be the joint controls of high quartz content, low carbonate cement content, better 
development of feldspar dissolution and relatively tensile stress environment. The potential tight gas wells should be 
located around the Well 13, Well 14, Well 18, and Well 37. 

 

Fig. 20 Natural fractures observed by imaging log. 

(a) Attitude observation of natural fractures by MIL; (b) Strikes of natural fractures illustrating the directions of different tectonic periods 
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Fig. 21 Seismic section of the EW direction in the study area 
 

6 Conclusions 
 
In this paper, integrated approaches were used to analyze the reservoir characteristics, and the factors affecting 

reservoir quality and the formation mechanism of relatively high permeability areas were discussed. This paper 
contributes to the evaluation of tight sandstone reservoirs and the well deployment of tight gas. The conclusions can be 
summarized as follows: 

(1) The He 8 sandstones are typically tight reservoirs with low porosity and permeability. They are characterized by 
feldspathic litharenites (with an average framework composition of Q42F20RF38) and are dominated by medium 
sandstones with poor sorting. 

(2) Compaction and cementation are the two main factors leading to the densification of sandstones. The porosity 
reduction caused by compaction reached 61% of the original porosity, while the porosity reduction caused by 
cementation reached 28% of the original porosity. 

(3) The negative effects on reservoir quality include that the calcite formed in the eodiagenesis occupied intergranular 
pores and affected the formation of the secondary pores by preventing the later fluid intrusion, and the Fe-calcite 
formed in the mesodiagenetic stage densified the sandstone further by filling the residual intergranular pores and 
dissolution pores.  

(4) The positive effects on reservoir quality include that the quartz protected the original porosity by resisting 
compaction, and the chlorite coating prevented the overgrowth of quartz. The dissolution of feldspar provides extensive 
intergranular pores which are the main pore types, and improves the reservoir quality to some extent.  

(5) The current tectonic traces of the study area are mainly controlled by the Himalayan movement, and the relative 
tensile stress environment in anticline areas is the main reason for the formation of the relatively high permeability 
areas. The selection of potential tight gas well location should be focused on the anticline areas with relatively good 
original reservoir quality. 
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