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The lower Shihezi Formation in the Sulige gas field is the main gas exploitation target in

the Ordos Basin and is crucial in finding high-quality reservoirs for further exploration.

Using X-ray diffraction, cathodoluminescence (CL), and scanning electron microscope

(SEM) techniques, the eighth member of lower Shihezi Formation (He8) sandstones are

characterized as fine- to coarse-grained quartzarenite and litharenite with good sorting,

which are controlled by different sources and depositional faces. Four types of sand-

stones are recognized according to varied petrographic characteristics, among which

fine-grained sandstones (type I) has the poorest reservoir quality and coarse-grained

sandstones with chlorite coating (type II) are the best reservoirs. The complicated diage-

netic process mainly includes intense compaction, two-stage dissolution, quartz and cal-

cite cementation, which is closely associated with the thermal evolution of coals. The

increased ductile fragments account for low reservoir quality in type I sandstones. Due

to the absence of feldspar, the influence of other detrital components on the reservoir

quality has increased. Sandstones with abundant volcanic fragments (type II) usually

formed grain-coating chlorite, which inhibit tight compaction and quartz cementations.

Quartz overgrowth originated from feldspar dissolution as well as pressure dissolution

of detrital quartz are frequently observed in medium- to coarse-grained quartzarenite

(type III). The high-quality reservoir exits when the ductile grains content is about 4%,

according to the negative relationship between quartz cement and ductile content.

Although there are a lot of dissolution pores in medium- to coarse-grained litharenite

(type IV), the reservoir quality did not improve much due to the diagenetic minerals fill-

ing in the secondary pores.

K E YWORD S

coal-bearing strata, diagenesis, Ordos Basin, petrographic characteristics, quartz cementation,
tight gas reservoir

1 | INTRODUCTION

Tight sandstone reservoirs in coal-bearing strata are gradually receiv-

ing much interest because of their large hydrocarbon reserves

worldwide (Zou et al., 2012). In China, the production of gas in coal

buried strata has reached 902 × 108 m3, accounting for 61.5% of the

total production (Zou et al., 2019). Therefore, it is very significant to

focus on factors affecting production in coal buried tight sandstones.
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Reservoir quality has been proved to be the critical factor during

hydrocarbon exploration in tight sandstone reservoirs (Lai et al., 2018; Li

et al., 2019; Morad, Al-Ramadan, Ketzer, & De Ros, 2010). Meanwhile,

petrographic characteristics have appreciable impact on reservoir quali-

ties, and their variation in space causes reservoir heterogeneity horizon-

tally and vertically (Bjørlykke, 2014; Li, Chang, Yin, Sun, & Song, 2017;

Rahman & Worden, 2016; Tian, Omre, & Xu, 2020; Wang, Chang, Yin,

Li, & Song, 2017). Petrographic characteristics are mainly controlled by

sources and sedimentary facies, and factors like grain size, sorting, and

detrital composition play an important role on compaction, diagenetic

alteration, and dissolution, leading to variations in reservoir qualities

(Bjørlykke, 2014; Chuhan, Kjeldstad, Bjørlykke, & Høeg, 2002, 2003;

Fan, Yang, Li, Zhao, & Van Loon, 2017; Liu, Hu, Cao, Wang, &

Tang, 2018; Wang et al., 2017; Yang & Liu, 2014).

However, unlike other source rocks, thermal evolution of coal is

more complex, with more acid fluid released into sandstone

reservoirs (Hou, Zhu, Chen, Wang, & Liu, 2020; Shuai et al., 2013).

The absence of early calcite cement, as well as large amounts of

feldspar dissolution and quartz cementation, has been typical char-

acteristics of tight sandstones in coal-bearing strata (Hou

et al., 2020; Yu et al., 2019), where the impact of texture and detri-

tal composition on reservoir quality can be very different. Previous

studies have paid much attention on how coal evolution affects dia-

genetic process of sandstones, while the impact of petrographic

characteristics on reservoir quality during the process is not well

understood. The relationships among petrographic characteristics,

diagenesis, and reservoir quality of tight sandstones in coal-bearing

strata are still not clear.

The Sulige gas field is currently the largest and most typical coal-

bearing tight sandstone gas field in China (Zou et al., 2019). In Sulige

gas field, the eighth member of lower Permian Shihezi Formation

(He8) is the main gas productive layer (Fan et al., 2019). Plenty of

F IGURE 1 (a) Location of Sulige gas field and tectonic units in the Ordos Basin; (b) Well locations and sediment source direction of the
study area [Colour figure can be viewed at wileyonlinelibrary.com]
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studies have discussed about the depositional facies, diagenetic alter-

ations, pore evolution, and factors control on reservoir quality in the

Sulige area (Bao, Yang, Wang, & Nan, 2007; Bi et al., 2015; Chen,

Hou, & Zhang, 2015; Fan, Wu, Wang, Zhang, & Guo, 2016; Liu &

Sun, 2002; Yang, Fu, Liu, & Fan, 2012; Zhu, Liu, Zhong, & Han, 2009).

However, little attention has been paid on how petrographic charac-

teristics control reservoir quality of tight sandstones in coal-bearing

strata of Sulige gas fields.

Therefore, the purposes of this paper are mainly focused on:

(1) describing the sandstone composition and texture, (2) identifying

F IGURE 2 Detailed sequence
stratigraphy and lithology section of He8
member in Ordos Basin (modified from
Wang et al., 2011) [Colour figure can be
viewed at wileyonlinelibrary.com]
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the source of various diagenetic minerals; (3) dividing sandstone types

according to various petrographic characteristics, describing different

diagenetic processes and reveal the controlling effect of petrophysics

characteristics on them; (4) discussing the diagenetic evolution pro-

cess and their coupling relationships with porosity evolution; and (5)

unravelling how the process impacts the reservoir quality of tight res-

ervoirs in coal-bearing strata of the four types of sandstones. The

results can shed light on the formation mechanism and controlling fac-

tors of tight sandstones, which is useful for high-quality reservoir pre-

diction in tight sandstone reservoirs.

2 | GEOLOGICAL SETTINGS

2.1 | Tectonic evolution and stratigraphy

The Ordos Basin is a multicycle craton located in western China which

covers an area of 25 × 104 km2 (Carroll, Graham, & Smith, 2010). It

was filled with more than 10,000 m thickness of sediments (Carroll

et al., 2010; Zhu et al., 2009). Six primary tectonic units were identi-

fied within the basin, namely, Yimeng Uplift, Thrust Belt, West Mar-

ginal Foreland, Tianhuan Depression, Jinxi Fault-fold Belt, Yishan

Slope, and Weibei Uplift (Figure 1a) (Yang, Fan, Han, & Wang, 2012;

Yang, Jin, Van Loon, Han, & Fan, 2017; Yang & Liu, 2014). The eastern

part of the basin was rapidly uplifted and formed the westward-

dipping monocline due to the Yanshan movement. There are few

faults and folds developed in Yishan Slope, which is the main tectonic

unit (Zhao, Zhang, Li, Cao, & Fan, 2014; Zhu et al., 2009). During the

Caledonian movement in late Early Palaeozoic, the North China Block

was uplifted, and erosion widely developed across the basin, thus

leading to the loss of strata from Upper Ordovician to Lower Carbon-

iferous (Li, Zhao, Yang, Fan, & Li, 2010; Yang et al., 2017). The upper

Carboniferous strata contain Benxi Formation, while the Permian

strata in the North China Block is represented by the Taiyuan Forma-

tion (P1t), Shanxi Formation (P2s), Shihezi Formation (P2h), and

Shiqianfeng Formation (P3q) (Wang et al., 2011; Zhao et al., 2014).

The Sulige gas field is situated in the northwest of Yishan Slope,

with few faults developed (Fan et al., 2019). The target layer is the

Lower Shihezi Formation, which is 220–280 m in thickness and the

He8 member (also the main reservoir) is 90–120 m thick, divided into

four layers and 12 single layers (Figure 2). Meanwhile, the main gas-

producing coal layers in the Shanxi and Taiyuan formations, have a

thickness of 80–90 m and 25–30 m, respectively (Zhao et al., 2014).

2.2 | Depositional facies

The depositional facies of He8 member in the Ordos Basin have been

well documented in many researches (Fic & Pedersen, 2013; Guo, Jia,

He, Tang, & Liu, 2016; Li et al., 2010; Yang, Fu, Wei, & Liu, 2008; Yang &

Liu, 2014). It is documented that the depositional environments of the

He8 member in Sulige area are recognized as braided river (Guo

et al., 2016). The facies can be characterized as braided channel, channel

bar, flood plain, and overbank. The coal layers are widespread in flood

plain in the Shanxi Formation, of which the main types are coking coal

and gas coal, with a Ro value of 0.6% ~ 1% (Nie et al., 2017).

Provenance analysis shows that there are mixed sources in the

study area from northeast and western area of the Hangjin Banner

(Li et al., 2010; Xi, Wang, & Qin, 2002) (Figure 1b). The basement

rocks in the northeast area mainly includes Archean chromite, granite,

and purple granulite with a low quartz content (about 25%–60%).

While the western area is dominated by meta-sedimentary rocks, con-

taining reddish-white grey quartz, quartz sandstone, and dark-grey

slate (Li et al., 2010). Quartz is the main component (volume 70–90%).

Under the combined influence of source direction and sedimentary

facies, the sedimentary composition and texture of He8 sandstones

become very complicated.

3 | DATA AND METHODS

All the data are from 13 wells, including cores, conventional logging, and

cutting samples. More than 200 samples covering different depositional

facies in two source directions were chosen for analysis in order to get a

credible conclusion. All experiment data about porosity and permeabil-

ity, grain size, petrophysical property, XRD, and SEM were provided by

Petro China Sulige gas field research center, Changqing Oilfield.

Porosity and permeability were measured from YRD-FKS-2

instrument after the samples were cut to 25× 50 mm columnar ones

(Table 1). In order to determine the components as well as pore struc-

ture, more than 300 thin sections were used for point counts. All sec-

tions were impregnated with blue-dyed resin and a solution of Alizarin

Red-S and potassium ferricyanide to highlight pores and carbonate

minerals.

F IGURE 3 Triangular diagram of rock composition in He8
member sandstones [Colour figure can be viewed at
wileyonlinelibrary.com]
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Scanning electron microscope (SEM) and cathodoluminescence

(CL) were both used to identify pore structure and different diagenetic

minerals together with their characteristics and relative timing. A

JEOL JSM-T330 scanning electron microscope was used for SEM

analysis with 80 samples covered by a layer of gold. While 60 sections

were applied for CL analysis with a Technosyn cold

F IGURE 4 Compaction and quartz cement characteristics in He8 sandstone reservoir. (a) Compaction in fine-grained sandstone, well
SN0030-2, 3,539.47 m; (b) Deformation of ductile grains, well SN0030-2, 3,728.02 m; (c) Fracture of detrital quartz, well Su147, 3,573.74 m;

(d) Microscopic stylolites between detrital quartz, well SN114-05, 3,547.8 m; (e) Quartz overgrowth, well Su147, 3,573.74 m; (f) Two phases of
quartz overgrowth (I and II), well Su147, 3,584.84 m; (g) Microscopic stylolites and quartz authigene in secondary pores, well SN114-05,
3,548.44 m; (h) Quartz authigene with kaolinite in secondary pores, well SN114-05, 3,544.38 m; (i) CL micrograph image show detrital quartz and
quartz overgrowth, well Su147, 3,584.84 m; (j) SEM image show authigenic quartz filling in pores, well Su157, 3,609.15 m, (k) SEM image show
quartz overgrowth around detrital quartz, well Su157, 3,617.52 m; (l) I/S mixed layers and authigenic quartz, well SN0030-2, 3,705.15 m. QD,
detrital quartz grains; QA, authigenic quartz; P, pores; I/S, illite /smectite mixed layers; MS, microscopic stylolites; Ca, calcium [Colour figure can
be viewed at wileyonlinelibrary.com]
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cathodeluminoscope, of which the acceleration voltage was 0–20 kV

with current of 200–400 mA.

X-ray diffraction (XRD) analysis was mainly used for determining spe-

cies and volume of clay minerals as well as the ratio of I/Smixed layers. The

fluid inclusions were measured on 25 samples through a LINKAM THMS-

G600 heating-freezing stage. The rate of temperature change is 5�C/min

and the temperatureswere recordedwhen the bubbles disappeared.

4 | RESULTS

4.1 | Petrographic characteristics

Petrographic characteristics (sandstone composition, texture, etc.)

play an important role in controlling diagenetic evolution

(Lai et al., 2018; Morad et al., 2010). The main sandstones in He8 tight

reservoirs are predominantly fine- to coarse-grained with moderate to

well-sorting. Sandstones with different grain sizes can be identified as

coarse-grained (over 0.5 mm) (commonly with conglomerate),

medium-grained (0.25–0.5 mm), and fine-grained (0.1–0.25 mm). The

main grain shapes vary from subangular to subrounded, with linear

contacts and concavo-convex contacts among them. Furthermore,

stylolites can also be found between grains indicating the tight

compaction.

The analysis of petrology reveals that the detrital components

comprise 14.00–84.5 0% quartz (average 60.97%), 0.00%–3.00% feld-

spars (average 0.05%), and 2.00–58% rock fragments (average

19.23%) (Table 1), showing that most of the sandstones are quar-

tzarenite and sublitharenite with some litharenite, according to the

classification scheme of Folk (1980) (Figure 3). Detrital quartz is the

F IGURE 5 The characteristics of clay minerals in He8 sandstone reservoir. (a) Thin section image shows grain-coating chlorite around detrital
quartz, well SN114-05, 3,531.1 m; (b) SEM image shows grain-coating chlorite and authigenic quartz, well SN114-05, 3,542.79 m; (c) Authigenic
chlorite filling in pores, well Su47, 3,590.8 m; (d) Mixed-layer of illite/smectite and illite, well SN0030-2, 3,681.51 m; (e) Illite filling in pores, well
Su47, 3,617.52 m; (f) Illitization of rock fragments, well SN114-05, 3,611.5 m; (g) SEM photo shows kaolinite, well SN114-05, 3,620.5 m; (h) SEM
image shows illitization of kaolinite, well SN114-05, 3,555.92 m; (i) SEM image shows authigenic quartz along with kaolinite and illite, well
SN114-05, 3,551.56 m. QD, detrital quartz grains; QA, authigenic quartz; P, pores; I/S, illite /smectite mixed layers; Ch, chlorite; K, kaolinite; I,
illite [Colour figure can be viewed at wileyonlinelibrary.com]
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dominant grain in He8 sandstones, of which most are monocrystalline.

Lithic fragments mainly comprise metamorphic fragments (include chert,

quartzite, schistose, average 14.9%), volcanic fragments (mainly igneous,

average 1.01%), sedimentary fragments (including shale and sandstone,

average 1.18%), and mica (average 0.89%). Of these lithic fragments,

large amounts of ductile fragments can be identified in He8 sandstones

comprising volcanic fragments, mudstone fragments, and some meta-

morphic clasts. Based on data of thin section analysis, ductile fragments

account for 0 to 26% (average 5.1%) of the volume of He8 sandstones.

According to varied petrographic characteristics (mainly grain size

and detrital composition), six types of sandstone reservoirs can be dis-

tinguished, including: fine-grained litharenite, fine-grained quartzarenite,

medium-grained litharenite, medium-grained quartzarenite, coarse-

grained litharenite, and coarse-grained quartzarenite. Meanwhile, con-

sidering the important role that volcanic fragments play on reservoir

quality (Zhu et al., 2009), each type of sandstone reservoir can be

divided into two types: sandstones with abundant volcanic fragments

(over 3%) and sandstones with few volcanic fragments (lower than 3%),

resulting in a total of 12 types of sandstone reservoirs.

4.2 | Diagenetic mineralogy

Compaction, feldspar dissolution, quartz cementation, and clay trans-

formations are important diagenetic events in He8 sandstones, lead-

ing to primary pores loss and plenty of diagenetic mineralogy.

4.2.1 | Quartz cement

The studies in thin section, SEM, and cathodoluminescence (CL) of He8

tight sandstones reveal that authigenic quartz is one of the main cements.

It values range between 0.00 and 24.75% with an average of 5.35%

(Figure 4a–f). Two kinds of quartz cementation modes, including quartz

F IGURE 6 Photomicrographs showing calcite cement and K-feldspar dissolution pores. (a) Calcite filling in pores in tightly packed sandstones,
well Su147, 3,784.84 m; (b) Calcite replaced rock fragment, well Su147, 3,573.74 m; (c) Dissolution pores of K-feldspar with authigenic quartz
filling, well SN114-05, 3,572.34 m; (d) Dissolution pores of K-feldspar with authigenic quartz and kaolinite filling, well SN114-05, 3,567.9 m. QD,
detrital quartz grains; QA, authigenic quartz; P, pores; K, kaolinite; Ca, calcium;RF, rock fragments [Colour figure can be viewed at
wileyonlinelibrary.com]
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overgrowth (Figure 4e,f), and pore-filling authigenic quartz (Figure 4g,h),

can be discerned with the help of the microscope, CL, and SEM identifica-

tion. The dust rims indicate quartz overgrowth from the detrital grains

clearly under the microscope. Moreover, pore-filling authigenic quartz can

be recognized by using CL and SEM study. For example, the boundaries

are always shown clearly in CL images due to the brightly luminescent

detrital grain and the darkly non-luminescent authigenic quartz (Figure 4i).

The pore-filling quartz cements always occlude the primary pores and

lead to significant reduction of the porosity. The diameters of the aggre-

gates are between 30–100 μm as shown in Figure 4j. Furthermore,

authigenic quartz is often accompanied with some clay minerals, such as

illite, kaolinite, and chlorite (Figure 4l), while few quartz overgrowths exist

where coated chlorite is present (Figure 5a,b).

4.2.2 | Clay minerals

The value of the total clay content, which ranges between 2 and 3%,

with an average of 6.2%, is provided by XRD measurement. Also, four

types of clay minerals are identified according to the XRD data, which

include kaolinite (0 to 17.56%, average 2.87%), mixed-layer illite/smec-

tite (trace to 4.45%, average 1.06%), chlorite (0 to 15.56%, average

2.25%), and illite (trace to 14%, average 5.27%). In addition, the mixed

illite/smectite layers contain 75 to 90% illite, which are well-ordered.

Pore-filling and grain coating cements are two forms of chlorite

cements. The pore-filling chlorites are always found in the pore space

as a rose or flocculus habit (Figure 5c) when the grain coating chlorites

usually grow close to and cover the grains (Figure 5a,b). The abun-

dance of grain-coating chlorites plays a strong role in protecting pri-

mary pores from compaction (Ajdukiewicz & Lander, 2010; Lai, Wang,

Ran, & Zhou, 2015; Nguyen et al., 2013). While, only 11 of 205 sam-

ples contain grain-coating chlorites, which explains why quartz

cementations are generally developed in He8 sandstones.

As the thin section and SEM analysis showed, illite and I/S are

found in two forms: (1) pore-filling cement and (2) grain replacement.

Mixed layer of I/S occurs as honeycomb, while flaky and pore-filling

illite show fibrous or flaky crystal in primary pores and in secondary

pores blocking pore throats or bridging pores (Figure 5d,e). Illite forms

as grain replacement are always observed as flaky or honeycombed

morphology, accompanied with kaolinite and sometimes authigenic

quartz (Figure 5f).

Kaolinite often occurs as a replacement of rock fragments or feld-

spars showing disordered booklets or vermicular aggregates

(Figure 5g). Generally, kaolinite always exists together with fibrous

illite within intergranular pores and minor amounts of microcrystalline

authigenic quartz sometimes (Figure 5g–i).

4.2.3 | Carbonate cement

The routinely observed carbonate is a kind of minor component in

He8 sandstone reservoirs, whose dominant cements are calcite and

ferro-calcite. The calcite and ferro-calcite cements, which range from

F IGURE 7 Characteristics of aqueous inclusions in quartz cements in He8 sandstones. QD, detrital quartz grains [Colour figure can be viewed
at wileyonlinelibrary.com]

F IGURE 8 Homogenization temperature distribution of aqueous
inclusions in quartz cements in He8 sandstone reservoirs [Colour
figure can be viewed at wileyonlinelibrary.com]
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trace amounts to 11% and from 0 to 18%, respectively, have mean

values of 1.89 and 0.86%. Calcite usually displays microcrystalline or

coarsely crystalline habit when they fill the intergranular pores. It

resulted in the propensity destruction (Figure 6a). Also, some calcite

and ferro-calcite cements will replace framework grains such as rock

fragments (Figure 6b). Late-diagenetic carbonate cements are clearly

on CL images characterized by bright orange luminescence (Figure 5i),

where early-diagenetic carbonate is absent due to the acid flow pro-

duced by coals during eodiagenesis.

4.2.4 | Feldspars

Through microscopic analysis, it is obvious that feldspars in He8 sand-

stones experienced strong dissolution and alteration. Few feldspars

can be seen in thin section, CL and SEM, but some remaining pores

due to feldspar dissolution, which have been recognized in many stud-

ies (Fan et al., 2016, 2019; Liu, Wu, Wei, Xiao, & Zhang, 2017). Plenty

of kaolinite and authigenic quartz can been observed in dissolution

pores of K-feldspars (Figure 6c,d).

4.3 | Fluid inclusions

The temperature of mineral precipitation can be predicted by the

information from the aqueous inclusions (Robinson & Gluyas, 1992;

Walderhaug, 1994). There are many aqueous inclusions in quartz

overgrowths (Figure 7). The corresponding diameters range from 3.45

to 9.25 μm. At room temperature, most aqueous inclusions are two

phases with gas bubbles. We found in total 96 aqueous inclusions

located in the quartz overgrowths and pore-filling authigenic quartz

and measured the homogenization temperatures (Th) (Figure 8).

They range from about 70 to 155�C, and mainly centre on the range

of 100–140�C, suggesting continuous quartz cementation process.

4.4 | Porosity and permeability

According to core plug analysis, the porosities of He8 sandstones

range from 1.63 to 16.38% (average 7.02%) and the corresponding

horizon permeabilities vary from 0.002 to 7.78 mD (average 0.36 mD).

The range of porosity and permeability of different types of sand-

stones are quite different, as it is shown in the histogram (Figure 9).

It is obvious that some types of sandstones have similar reservoir

quality. Putting them together, four categories can be observed:

(1) fine-grained sandstones (Type I), including fine-grained quar-

tzarenite and litharenite, whatever the content of volcanic fragments

F IGURE 9 Histogram of (a) porosity and (b) permeability of different types of tight sandstones [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 10 Plot show the volume of quartz cement versus the
distance to contact surface between sandstones and muds
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is; (2) medium- to coarse-grained sandstones with abundant volcanic

fragments (Type II), including medium- to coarse-grained quartzarenite

and litharenite with high amounts of volcanic fragments; (3) medium-

to coarse-grained quartzarenite (Type III), including medium- to

coarse-grained quartzarenite with low content of volcanic fragments;

and (4) medium- to coarse-grained litharenite (Type IV), including

medium- to coarse-grained litharenite with low content of volcanic

fragments. As the main characteristics shown in Table 2, type II sand-

stones have the highest porosity and permeability (average 11% and

0.42 mD), followed by type III and type IV sandstones (average 8.2%

and 0.38 mD; average 7.2% and 0.33 mD). While type I sandstones

show the lowest properties (average 5.4% and 0.07 mD).

Three different types of pores can be identified according to the

petrographic microscopy and SEM analysis, which are (1) primary

intergranular porosity, (2) secondary porosity, and (3) micro-porosity

(especially in clay minerals). Dissolution of unstable components such

as feldspar (K-feldspar and plagioclase) and rock fragments (volcanic

fragments) results in the formation of secondary pores. Also, it is not

easy to identify the secondary pores along the granular boundaries

from the primary pores. Generally, microfractures are not common in

the studied sandstones.

5 | DISCUSSION

5.1 | Sources of quartz cement

Many studies have revealed the source of quartz cementation in tight

sandstone reservoirs (Fan et al., 2019; Xi et al., 2015). However, the ori-

gins of silica may be different in tight sandstones in coal-bearing strata.

There are various ways to provide sources of quartz cementation in

sandstones, which can be detailed as clay mineral diagenesis, volcanic

rock fragments reactions, detrital quartz grains dissolution and biogenic

silica (Bjørlykke & Egeberg, 1993; Worden & Morad, 2000; Xi, Cao,

et al., 2015). However, external source of silica is not under consideration

although present in open-system diagenesis. Due to the low solubility of

SiO2 and Al3+, it is hard to explain the long-distance transfer of a large

amount of SiO2 in theory (Bjørlykke, 2011; Bjørlykke, Mo, & Palm, 1988;

Xi, Cao, et al., 2015). Also, the volume of quartz cement does not show

significant relationship with the distance to the contact surface between

sandstones andmuds, which indicates that quartz cement is independent

from outside sources (Figure 10).

Biogenic silica dissolution such as siliceous sponge spicules is also a

likely source of silica (Aase & Walderhaug, 2005; Xi, Cao, et al., 2015).

However, there is no evidence showing biogenic silica materials exist

either under the microscope or in previous studies. Thus, biogenic silica

may not be a source of quartz cement in He8 sandstones.

Smectite transformation into illite through I/S mixed layers may

produce silica for quartz cement with the increasing temperature in

many research studies (Bjørlykke, 2011; Lynch, Mack, & Land, 1997;

Xi, Cao, et al., 2015). In general, smectite is easily transformed from

volcanic fragments during early diagenesis (Hodder, Naish, &

Nelson, 1993; Lai, Wang, Ran, Zhou, & Cui, 2016; Shoval, 2004;T
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Wang & Mou, 2013; Yang, Yang, Shi, & Yin, 2007), which are abun-

dant in He8 sandstones as described in the petrologic analysis. Then

smectite would transform to order I/S mixed layers with enough

potassium as the temperature increases (Bjørlykke, 2014). When the

silicas are precipitated, the reaction will continue as:

1:5Al2Si4O10 OHð Þ2 Smectiteð Þ+K+ =KAl3Si3O10 OHð Þ2 Illiteð Þ+3SiO2 +H
+

ð1Þ

It has been discussed that the transformation of smectite occurs

at around 70�C and enough supply of K+ is required for the reaction

to proceed (Metwally & Chesnokov, 2012; Peltonen, Marcussen, &

Jahren, 2009; Thyberg et al., 2010). In He8 sandstones, K-feldspar dis-

solution can be a source of potassium due to the commonly observed

dissolution pores by electron microscopy (Figure 6c,d). However, reac-

tion (1) can be limited because the dissolution of K-feldspars will not

be much until the temperature is over 120�C (Nguyen et al., 2013;

Yuan et al., 2015). What is more, the homogenization temperature

distribution of inclusions in quartz overgrowth shows a similar result.

Although the distribution starts from 60–80�C, which meets the tem-

perature of reaction (1), only two of 96 study samples show a homog-

enization temperature between 60–80�C, indicating the source of

silica produced by reaction (1) may not be the major source (Figure 8).

A possible source of quartz cement may also come from

K-feldspar dissolution and transformation of volcanic rock fragments

(Giles & De Boer, 1990; Xi, Cao, et al., 2015). Both can produce an

amount of smectites which can be a source for quartz cementation.

Dissolution of K-feldspars can be expressed by reaction (2):

2KAlSi3O8 K−feldsparð Þ+2H+ +H2O

=Al2Si2O5 OHð Þ4 Kaoliniteð Þ+4SiO2 +2K
+ ð2Þ

Leaching by meteoric water during shallow open-system diagene-

sis may cause this reaction (Bjørlykke & Jahren, 2012). However, the

dissolution of K-feldspars can be limited because of the increasing

concentration of K+ and stability of K-feldspars. When the depth

increases and the temperature is over 120�C, the coal will release

large amounts of organic acid and CO2, resulting in an amount of dis-

solution of K-feldspars accompanied by quartz cementation. Some

amounts of microcrystalline quartz observed in secondary pores

formed by feldspar dissolution are good supporting evidence.

When the temperature reaches 130�C as the buried depth

increases, kaolinite and K-feldspar will not coexist stably

(Bjørlykke, 2014; Dutton & Loucks, 2010; Lanson et al., 2002;

Srodon, 1999), and the reaction between them can be simplified as:

Al2Si2O5 OHð Þ4 Kaoliniteð Þ+KAlSi3O8 K−feldsparð Þ!

KAlSi3O10 OHð Þ2 Illiteð Þ+2SiO2 +H2O ð3Þ

In this process, K-feldspar reacts with kaolinite and produces illite

and quartz. It is evident that the illite can replace the kaolinite accom-

panied by authigenic quartz (Figure 5h,i). What is more, the

homogenization temperature above 130�C (Figure 8) and the negative

correlation relationship of illite and kaolinite both reveal this reaction

(Figure 11). Generally, all the K-feldspar have transformed either to

kaolinite or illite for there is little K-feldspar that can be seen in thin

section.

The micro-stylolites commonly observed between detrital quartz

grains indicate that pressure solution is also a main source of silica in

He8 sandstones (Figure 4d,g). It has been discussed that pressure

solution can be induced and promoted when there are rich clay min-

erals (Molenaar, Cyziene, & Sliaupa, 2007). Thus, it can provide plenty

of silica due to the abundant clay minerals, as it is shown in the petrol-

ogy. The silica forms at the contact surface of grains or along the

micro-stylolites as a result of pressure solution. Then it spreads to the

grain surfaces or pores and precipitates as quartz cementation

(Bjørlykke & Jahren, 2012; Hyodo, Kozdon, Pollington, &

Valley, 2014). Furthermore, silica produced by chemical compaction

exists during the burial process, which is in accordance with the con-

tinuous distribution of the homogenization temperature.

5.2 | Petrographic characteristics control on
diagenesis

Petrographic characteristics including grain size, sorting, and detrital

composition have been proved having significant impact on diagenetic

process, especially on compaction and cementation (Bjørlykke, 2014;

Lai et al., 2016, 2017; Li et al., 2017). However, the impact of petro-

graphic characteristics on diagenesis of tight sandstone reservoir in

coal-bearing strata can be much different due to the feldspar dissolu-

tion caused by evolution of coal (Wang & Mou, 2013). The absence of

feldspar enlarged the impact of other detrital compositions such as

quartz and fragments on diagenesis. Furthermore, the different distri-

bution of tuffaceous matrix also greatly affects the diagenetic alter-

ation (Zhu et al., 2009).

Mechanical compaction is the main reason that made the He8

sandstones tight by losing porosity immediately after deposition

(Figure 12). Meanwhile, grain size and detrital composition are factors

F IGURE 11 Plot showing kaolinite content versus illite content
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affecting mechanical compaction as the sandstones in He8 member are

of moderately to well-sorted. Previous studies have showed that fine-

grained sandstones may suffer dense compaction (Li et al., 2017). Also,

large amounts of ductile grains, such as clays and certain volcanic rock

fragments, may lead to a greater degree of compaction (Li, Guo, Li, &

Wang, 2020; Rahman & Worden, 2016; Worden & Morad, 2000)

(Figure 12). As is shown in Figure 13, IGV decreases with the increase

of the content of ductile fragments. Moreover, there tend to be less

ductile fragments in coarser grained sandstones while more in finer

grained sandstones (Figure 14). Both can cause different levels of com-

paction in coarse- and fine-grained sandstones. In addition, the high

degree of compaction is attributed to the lack of early cements. The

amount of acidic fluid that flows into the reservoir in early diagenesis

because of the organic matter of coal layers (Fan et al., 2019; Wang &

Mou, 2013; Zhu et al., 2009), inhibits the formation of eogenetic calcium

cements, thus resulting in greater compaction.

Quartz cementation is also influenced greatly by grain size and

detrital composition in He8 tight sandstone reservoirs. Coarse-grained

F IGURE 12 Content of cements
versus intergranular volume (IGV)

F IGURE 13 Intergranular volume (IGV) versus content of detrital
ductiles

F IGURE 14 Content of detrital ductiles versus average detrital
grain size
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sandstones with abundant volcanic rock fragment and tuffaceous

lithics would form grain-coating chlorite associating to the sufficient

Fe2+ and Mg2+, which were released by alteration of volcanics

(Storvoll, Bjørlykke, Karlsen, & Saigal, 2002; Zhu et al., 2009). The

presence of grain-coating chlorites is very important on inhibiting the

formation of quartz overgrowth during burial, as has been explained

in many researches (Ajdukiewicz & Lander, 2010). Well-developed

grain-coating chlorite will cover the detrital quartz surface thus reduc-

ing the nucleation of siliceous grains (Ajdukiewicz & Lander, 2010;

Ajdukiewicz & Larese, 2012; Heald & Renton, 1966; Lander, Larese, &

Bonnell, 2008). Although grain-coating chlorites are not commonly

found in He8 sandstones, there is still a negative correlation between

the volume of chlorite coating and quartz overgrowth (Figure 15a).

The content of detrital quartz is also an important factor for sand-

stones with similar grain size according to Figure 15b. More detrital

quartz means more contact areas between clastic grains. Thus, more

silica is released due to microstylolites formed by chemical compac-

tion. What is more, sufficient surface area in quartz-rich sandstones is

beneficial to the nucleation of silica.

The amount of quartz cementation also shows a significant trend, with

the amounts of ductile fragments (volcanic, mudstone, and somemetamor-

phic) (Figure 15c). As discussed before, the volcanic rock fragments can

provide some silica for quartz cementation by turning to smectite during

eodiagenesis. If more volcanic rock fragments are preserved, the content

of silica for quartz cementation will be insufficient, resulting in the negative

correlation between quartz cementation content and volcanic content

(Figure 15d). Furthermore, sandstones with remaining volcanic and other

ductile fragments will experience more intense compaction, resulting in

deformation of fragments or filling in pores as pseudomatrix. These

deformed volcanic or ductile fragments contact tightly to detrital quartz

and cover most of the surface area, thus reducing the nucleation of silica.

5.3 | Diagenetic phases and its evolution sequence

Due to complex thermal evolution of coal layers, diagenetic process

could be much different in tight sandstone reservoirs in coal-bearing

strata. According to the characteristics, distributions, and spatial rela-

tionships of different diagenetic minerals in thin section, CL, and SEM

observations, a paragenetic sequence has been constructed. In gen-

eral, the diagenetic process can be divided into three stages:

eodiagenesis (commonly 0–2 km depth, <80�C and smectite content

over 50% in the I/S), early meso-diagenesis (commonly 2–3 km depth,

80–130�C and smectite content 50 to 15% in the I/S), and late meso-

F IGURE 15 Relationship between (a) grain-coating chlorites, (b) detrital quartz content, (c) ductile grain content, (d) volcanic content and
volume of quartz cements [Colour figure can be viewed at wileyonlinelibrary.com]
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diagenesis (commonly >3 km depth, >130�C and smectite content less

than 15% in the I/S). However, it is impossible to accurately define

the timing and duration of all diagenetic events as a result of the com-

plicated burial history.

5.3.1 | Eodiagenesis

The types and degrees of diagenesis during eodiagenesis play a signifi-

cant role in subsequent alterations and reservoir evolution

(Li et al., 2020; Mansurbeg et al., 2008; Wang & Mou, 2013). The main

diagenetic events are as follows: (1) mechanical compaction; (2) early

dissolution of acid water and feldspar alteration to kaolinite; (3) chlo-

rite coating around grains, and (4) cementation of quartz.

During the early stage of coal evolution, large amounts of acid

was released leading to the dissolution of early calcite cements, which

is much more than that in non-coal-bearing strata (Shuai et al., 2013;

Zhen & Feng, 1997). Few early cements promoted the heavy compac-

tion, leading to deformation of micas and ductile grains as well as frac-

tures in rigid grains (Figure 4c). The frequently observed planar and

concavo-convex grain contacts also show the results of pressure dis-

solution (Figure 4a,b). In other aspects, the acid fluids resulted in dis-

solution of feldspars and lithic fragments in He8 sandstone reservoirs.

Plagioclase tended to dissolve first rather than K-feldspars because of

its instabilities and pore-filling kaolinite usually precipitates where dis-

solution happened. Meanwhile, the presence of quartz cement is

another result of feldspar dissolution. Chlorite usually formed on the

clean detrital quartz with Fe2+ and Mg2+ after the alteration of

F IGURE 16 Diagenesis sequence of different types of sandstone reservoirs in Sulige gas field [Colour figure can be viewed at
wileyonlinelibrary.com]
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volcanic fragments and tuffaceous matrix (Zhu et al., 2009). Smectite

was another product of the alteration of volcanic fragments, some of

which transformed into honeycomb-like illite.

Among the four types of sandstones, type I sandstones suffered

the tightest compaction due to the high ductile contents and the dis-

solution was limited because of the rapid loss of pores despite many

instable fragments such as volcanic fragments. Chlorite coating in type

II sandstone prevented it from dense compaction and quartz cement.

Although more dissolution would happen in type III and type IV sand-

stones, diagenetic minerals such as quartz overgrowth and kaolinite

were still very little. This is because of the limited dissolution of feld-

spar at a temperature under 80�C.

5.3.2 | Early meso-diagenesis

Diagenetic events in early meso-diagenesis mainly included (1) pro-

gressive burial and mechanical compaction, (2) large amounts of qua-

rtz cementation, and (3) dissolution of feldspars.

During early meso-diagenesis, mechanical compaction continued

to increase and further reduce primary pores in He8 sandstones.

When the burial depth and temperature increased, large amounts of

organic acid and CO2 will be released by coals during pyrolysis,

resulting in the dissolution of feldspars and rock fragments. The disso-

lution produced large number of secondary pores, which can be fre-

quently observed through microscopy as honeycomb porosity

(Figure 5e). Feldspars can be altered into kaolinite and quartz, as

shown in Reaction (1), especially when the temperature is over 120�C

(Higgs, Zwingmann, Reyes, Funnell, & Higgs, 2007; Yuan et al., 2015),

which is one of the main sources of quartz cements.

Among the four types of sandstones, type I sandstones continued

suffering dense compaction, resulting in more loss of porosity. Type II

sandstones underwent a weaker compaction as well as quartz cemen-

tation, thanks to the grain-coating chlorite. Quartz cementation in

type II sandstones is mainly in the form of microquartz, rather than

quartz overgrowth, with an average of 0.3% in intergranular pores. In

contrast, there are large amounts of quartz overgrowth in type III

sandstones, with an average of 4.5%, occupying most of the inter-

granular pores (Figure 16). Type IV sandstones preferred a lot of

pseudomatrix formed by compaction, which limited large amounts of

quartz overgrowth, as discussed in Section 5.2. Also, secondary pores

in lithic fragments are also commonly observed, which contribute

much to porosity in type IV sandstones.

5.3.3 | Late meso-diagenesis

When it comes to a great depth, the temperature was more than

130�C. The following diagenetic events were important: (1) the

cementation of calcite and ferrous calcite, (2) the filling of chlorite,

and (3) the formation of illite.

When the temperature was over 130�C, the organic matter

became over-mature and the rate of organic acid production

decreased. As a result, pore water changed from acid to weakly alka-

line, which promoted the cementation by calcite and ferro-calcite.

Ferro-calcite always exists when there are abundant volcanic frag-

ments forming large amounts of remaining Fe2+ through dissolution.

In deeply buried sandstones, kaolinite would transform to illite when

it was over 130�C with enough potassium from K-feldspar dissolution

as shown in reaction (2) (Bjørlykke, 2014). When there was enough

Fe2+, Mg2+, kaolinite can also turn to chlorite (Wang & Mou, 2013),

filling the secondary pores. Consequently, almost all illite-smectite

mixed-layer had transformed to illite layers during late meso-diagene-

sis, leaving the clay minerals of He8 sandstones dominated by illite

and chlorite, with kaolinite absent.

Among the four types of sandstones, type IV sandstones usually

have the most calcite and ferro-calcite cementation (average 1.6%)

due to sufficient space formed during dissolution, followed by type II

sandstones (average 0.8%). As a comparison, type III sandstone con-

tents only 0.6% calcite cementation on average for quartz overgrowth

have occupied most space. What is more, illite is frequently observed

in type IV sandstones, which formed from kaolinite produced during

dissolution (Figure 16).

5.4 | Controls on reservoir quality

5.4.1 | Control of diagenesis on reservoir quality

Diagenetic events including compaction, cementation, and dissolution

play an important role on reservoir quality (Kim, Lee, & Hisada, 2007;

Walderhaug, 2000; Worden, Mayall, & Evans, 2000; Xi, Liu, &

Meng, 2015; Yang, Fan, Van Loon, Han, & Wang, 2014). Mechanical

compaction is the main reason for the low reservoir quality in He8

sandstones, where porosity reduced by compaction can be up to

15–38% according to porosity evolution analysis. Also, the plot of

total intergranular volume versus total cements (Figure 12), estimating

the original porosity ranging from 38 to 40% (Beard & Weyl, 1973),

shows that more loss of primary porosity is caused by compaction but

not cementation.

The impact of cements on the reservoir quality is complicated.

Quartz cement will occupy the pores and lead to significant porosity

and permeability reduction (Figure 17a). However, unlike the rapid

decrease in other types of sandstones, the permeability of type III

sandstones only decreases when the volume of quartz cementation is

over 6% (Figure 17b). The reason is that the main form of quartz

cement in type III sandstone is quartz overgrowth, which will first pre-

cipitate at the margin of the grains, thus having little effect on perme-

ability. As it increased, the enlargement will contact and finally block

the pores, resulting in low permeability.

Another important diagenetic mineral that affects much on the

reservoir quality of He8 sandstones is chlorite. It is well known that

grain-coating chlorites can prevent sandstones from quartz cementa-

tion and preserve primary pores, while the reservoir quality may also

be poor, if the thickness of chlorite increases too much, thus filling

pores and throats (Wang, Chang, et al., 2017). However, it shows a
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positive correlation between grain-coating chlorites and reservoir

quality in type II sandstones, indicating that the thickness of chlorite

coating is not enough for blocking pores (Figure 17c,d). In contrast,

when the chlorites develop as pore-filling, the porosity and permeabil-

ity will decrease as the content of chlorites increase in other types of

sandstones.

F IGURE 17 Relationships between diagenetic minerals (quartz and chlorite) and porosity (a and c) and permeability (b and d) of different
types of sandstones [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 18 Relationship between dissolution pores and porosity (a) and permeability (b) in He8 sandstones [Colour figure can be viewed at
wileyonlinelibrary.com]
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Dissolution is thought to be an important factor enhancing reser-

voir quality in coal-bearing strata (Li et al., 2017). However, the poros-

ity and permeability do not show too much positive relationship with

dissolution pores in He8 sandstone reservoirs (Figure 18a). This may

be because the dissolution occurred mainly in the early meso-

diagenesis stage, after which the pores will continue to be destroyed

in late compaction. What is more, the secondary pores may be occu-

pied by cementation such as quartz and calcite (Figure 6c,d). As dis-

cussed in previous studies, the dissolution in a closed system can only

increase the porosity by about 0.7% (Li et al., 2017). Therefore, the

dissolution can hardly improve reservoir quality in coal-bearing strata,

unless the dissolution pores is over 3%, at this time the porosity and

permeability can be improved slightly (Figure 18b).

5.4.2 | Control of petrographic characteristics on
reservoir quality

The relationships between petrological characteristics and reservoir

quality are the reflection of diagenesis on reservoir quality, which vary

with the types of lithofacies. In general, fine-grained sandstones have

lower reservoir qualities due to the tense mechanical compaction

(Figure 9; Table 2). The content of detrital quartz shows significant

correlation with reservoir quality in all types of sandstones, except

type III (Figure 19a,b). For type III sandstones, more detrital quartz

lead to more quartz overgrowth, which is the reason why porosity is

greatly reduced and permeability changes little.

The relationships of ductile grains and reservoir quality also vary

with the types of sandstones. As the ductile content increases, the

porosity and permeability of all types of sandstones decrease, except

type III (Figure 19c,d). Meanwhile, the reservoir quality of type IV

sandstones does not decrease as fast as those in type I and type II

sandstones. This is because the ductile grains can also produce an

amount of dissolution pores, which contribute to the porosity and

permeability. However, it shows in Figure 19c,d that when there are

more ductile fragments, the porosity and permeability of type III sand-

stones increase first and then decrease, with a turning point at about

4%. This is because when the total content is under 4%, more ductile

fragments lead to rapid decrease of quartz cementation (Figure 15c),

thus increasing reservoir quality. When the total ductile content is

over 4%, compaction will dominate during the burial process and more

ductile fragments result in stronger compaction and lower porosity.

F IGURE 19 Relationships between components (detrital quartz and ductile grains) and porosity (a and c) and permeability (b and d) of
different types of sandstones [Colour figure can be viewed at wileyonlinelibrary.com]
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Although the inflection point of 4% may be different in other

research areas, which may depend on the grain size, sorting, surface

area of grains, and matrix contents, it is clear that how the ductile

grains affect reservoir quality does not stay the same. Finding the

quantitative and mutual relationship will help much in further explora-

tion in tight sandstones in coal-bearing strata.

6 | CONCLUSIONS

1. Four types of sandstones according to various petrographic char-

acteristics can be distinguished in Sulige area, including fine-

grained sandstones (Type I), medium- to coarse-grained sand-

stones with abundant volcanic fragments (Type II), medium- to

coarse-grained quartzarenite (Type III), and medium- to coarse-

grained litharenite (Type IV). Type II sandstones are believed to be

the best reservoirs for weaker compaction and less quartz cements

during the diagenetic process.

2. Major sources of quartz cements are dissolution of feldspar and

volcanic fragments, especially when the temperature is over 120�C

and pressure solution at microstylolites, which are associated to

the evolution of coals. The smectite to illite reaction only provides

a little silica for early quartz cementation. The silica did not trans-

port long distance and most precipitate in situ.

3. Petrographic characteristics control on the diagenesis of tight sand-

stones in coal-bearing strata: grain size together with detrital duc-

tile account for the different degrees of compaction; more quartz

grains can promote quartz cementation by providing more surface

area as well as silica origin; volcanic grains and ductile fragments

will inhibit quartz cement by reducing the nucleation of silica.

4. Compaction is the main reason for the porosity reduction after

deposition, followed by quartz cement. The intense compaction is

promoted by the dissolution of early calcite cements caused by

coal evolution. The second-stage dissolution does not improve

the reservoir quality much, due to the filling of diagenetic

minerals.

5. The absence of feldspar enlarges the influence of quartz and rock

fragment contents on reservoir quality in coal-bearing strata. For

type III sandstones, the reservoir quality increase first and then

decrease as the ductile content increase, which depends on the

negative relationship of quartz cement and ductile contents. The

turning point of 4% may change in other research areas, while

the relationship can be helpful for further exploration.
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