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Abstract: The Songliao Basin is one of the most important petroliferous basins in northern China. With a recent 

gradual decline in conventional oil production in the basin, the exploration and development of unconventional 

resources are becoming increasingly urgent. The Qingshankou Formation consists of typical Upper Cretaceous 

continental strata, and represents a promising and practical replacement resource for shale oil in the Songliao Basin. 

Previous studies have shown that low-mature to mature Qingshankou shale mainly preserves type I and type II1 

organic matter, with relatively high total organic carbon (TOC) content. It is estimated that there is a great potential 

to explore for shale oil resources in the Qingshankou Formation in this basin. However, not enough systematic 

research has been conducted on pore characteristics and their main controlling factors in this lacustrine shale 

reservoir. In this study, 19 Qingshankou shales from two wells drilled in the study area were tested and analyzed 

for mineral composition, pore distribution and feature evolution using X-ray diffraction (XRD), scanning electron 

microscopy (SEM), low-pressure nitrogen gas adsorption (N2-GA), and thermal simulation experiments. The XRD 

results show that clay, quartz, and feldspar are the dominant mineral constituents of Qingshankou shale. The clay 

minerals are mostly illite/smectite mixed layers with a mean content of 83.5%, followed by illite, chlorite, and 

kaolinite. There are abundant deposits of clay-rich shale in the Qingshankou Formation in the study area, within 

which many mineral and organic matter pores were observed using SEM. Mineral pores contribute the most to 

shale porosity; specifically, clay mineral pores and carbonate pores comprise most of the mineral pores in the shale. 

Among the three types of organic matter pores, type B is more dominant the other two. Pores with diameters 

greater than 10 nm supply the main pore volume; most are half-open slits and wedge-shaped pores. The total pore 

volume had no obvious linear relationship with TOC content, but had some degree of positive correlation with the 

content of quartz + feldspar and clay minerals respectively. However, it was negatively correlated with carbonate 

mineral content. The specific surface area of the pores is negatively related to TOC content, average pore diameter, 

and carbonate mineral content. Moreover, it had a somewhat positive correlation with clay mineral content and no 

clear linear relationship with the content of quartz + feldspar. With increases in maturity, there was also an increase 

in the number of carbonate mineral dissolution pores and organic matter pores, average pore diameter, and pore 

volume, whereas there was a decrease in specific surface area of the pores. Generally, the Qingshankou shale is at 

a low-mature to mature stage with a TOC content of more than 1.0%, and could be as thick as 250 m in the study 
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area. Pores with diameters of more than 10 nm are well-developed in the shale. This research illustrates that there 

are favorable conditions for shale oil occurrence and enrichment in the Qingshankou shale in the study area. 
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1 Introduction 

 

In recent years, unconventional resources such as shale oil and gas have changed the structure of the 
global energy economy. These resources are also being developed in China, especially with the 
commercial development of shale gas in the Sichuan Province (Liu et al., 2012; Bahadur et al., 2014; 
Zhang et al., 2015; Zhang et al., 2015a; Xue et al., 2016; Yang et al., 2016; Hao et al., 2017). 
Undoubtedly, pore characteristics play important roles in shale oil and gas exploration as well as 
development (Guo et al., 2015; Yang et al., 2015b; Zhang et al., 2015b; Wang et al., 2016a; Wang et al., 
2014, 2016b; Chen et al., 2017). Much research has been published on fracture and micropore types, 
distribution, and morphology, as well as the factors that control shale development (Huang et al., 2013a, 
b; Chen et al., 2015; Chen et al., 2016; Cao et al., 2016; Clarkson et al., 2016; Ran et al., 2016; Wang et 
al., 2017). Slatt and O’Brien (2011) defined and identified porous floccules, organopores, fecal pellets, 
fossil fragments, intraparticle pores, microchannels, and microfractures present in the Barnett and 
Woodford shales. In addition to microfractures and organoporosity, clay flocculation has the greatest 
potential to create porosity. Pores in shale were classified as intraparticle, interparticle, intercrystal, and 
organic pores according to their relationship with the mineral matrix and organic matter (Loucks et al., 
2012; Jiang et al., 2014; Zhang et al., 2015a). 

For pore distribution and the factors controlling its development in shale reservoirs, published 
experimental and observational studies have indicated that these phenomena are related to the 
sedimentary environment, mineral composition, content as well as types of organic matter, maturity, 
diagenesis, and preservation (Locks et al., 2007, 2012; Slatt and O’Brien, 2011; Jiang et al., 2014; 
Suárez-Ruiz et al., 2016). Loucks et al. (2007) suggested that a deep-water, euxinic foreland basin well 
below storm-wave base is suitable for preserving organic matter, creating rich source rock, and along 
with abundant framboidal pyrite. Pore morphologies and pore sizes are clearly related to the mineral 
fabric, and moreover, large pores with internal faceted crystal morphology exist in recrystallized calcite 
clasts, and pores in the clay-rich matrix and nannofossils are smaller (Klaver et al., 2012). 

Many published reports suggest that organic matter maturity corresponds with pore development in 
shale (Loucks et al., 2012; Huang et al., 2013a; Jiang et al., 2014). For an average total organic carbon 
(TOC) content of 6.41 wt.% (mass), the volume percent of TOC is about 12.7 vol.%, and 
approximately 4.3 vol.% porosity is created from immaturity to the dry-gas window because of the 
decomposition of organic matter (Jarvie et al., 2007). Mastalerz et al. (2012) demonstrated that micro- 
and mesopore volumes are correlated with organic matter content in the early mature Upper Devonian–
Mississippian shale. With increasing thermal evolution, more pores are generated in organic matter and 
some mineral pores are created by organic acid dissolution (Huang et al., 2013a; Jiang et al., 2014). 
Bahadur et al. (2015) established that total porosity decreases with maturity whereas it increases 
somewhat in post-mature samples. However, there are also some other considerations. Factors such as 
the composition of the organic matter, development of complex porosity, and preservation, not only 
thermal maturity alone, need to be considered in predicting porosity in organic matter (Curtis et al., 
2012). Organic pores with similar sizes and shapes have been identified in both immature and mature 
organic-rich mudstones and were not likely related to thermogenic hydrocarbon generation (Fishman et 
al., 2012). Organic and mineral pores both play important roles in various shales. For organic-poor and 
clay-rich shale, water-accessible sheet-like pores within clay aggregates provide dominantly nano-sized 
pores. Nevertheless, bubble-like organophilic pores in kerogen dominate organic-rich samples (Gu et 
al., 2015). In addition, organic and mineral pores contribute in various ways to porosity and specific 
surface area. King et al. (2015) reported pores of a broad power law distribution with inter/intragrain 
mineral porosity, and small (< 3 nm) pores housed in the organic matrix that constitute about one-third 
of the total porosity in gas shale reservoir rocks. Bahadur et al. (2014) showed that the porosity and 
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specific surface area of Cretaceous shale are dominated by the contributions of meso- and micropores. 
There is no correlation between total porosity and mineral components. Zhang et al. (2015c) revealed 
that shale porosity has no correlation with quartz and clay ratios, but correlates well with TOC content. 
Microporous organic matter in high-maturity shale provides a large internal surface area. 

Recently, there has been insufficient research on shale gas and shale oil within lacustrine shale 
(Wang et al., 2015; Han et al., 2018). The Songliao Basin is one of the most important petroliferous 
basins in China, and several high-quality oil shale mines have been developed in its southeastern uplift 
unit (Liu et al., 2014a). With a gradual decline in conventional oil production, the exploration and 
development of unconventional resources, especially shale oil and gas, in the basin are becoming 
increasingly important. The Qingshankou Formation consists of typical Upper Cretaceous continental 
sedimentary strata and includes very thick shale depositions in the study area. The Qingshankou shale 
mostly preserves type I or type II1 organic matter with high TOC content; the organic matter is at a 
low-mature to mature stage (Liu et al., 2014a；Liu et al., 2014b；Li et al., 2015). Although the Songliao 
Basin has great potential for shale oil and gas exploration, there is still not enough systematic research 
on shale reservoir characteristics and the controlling factors of the shale reservoir (Bechtel et al., 2012; 
Huang et al., 2014; Liu et al., 2014a; Dong et al., 2015). Therefore, research related to the features of 
the Qingshankou shale reservoir are sorely needed for shale oil exploration and development in the 
future.  

 

2 Geological Settings 

 

The Songliao Basin, a typical large Mesozoic–Cenozoic sedimentary basin in northeastern China, is 
characterized by a dual structure of faults and depressions (Shu et al., 2003). It is divided into six 
tectonic units: the southwestern, southeastern, and northeastern uplifts, central depression, western 
slope, and northern pitching (Wang et al., 2015) (Fig. 1). It underwent four major tectonic evolution 
events: thermal doming, rifting, depression, and structural inversion. Paleozoic metamorphic, volcanic, 
and magmatic rocks formed the basement of the basin, which is overlain by Jurassic, Cretaceous, and 
Cenozoic sedimentary rocks (Wang et al., 2013). Guo et al. (2012) divided the Cretaceous strata into 
two different filling sequences, of which the upper segment contains abundant hydrocarbon and oil 
shale deposits.  

The Qingshankou Formation (K2qn) consists of Upper Cretaceous continental layers representative 
of those in the Songliao Basin. They were deposited when the Songliao paleo-lake expanded 
continuously with an increasing sedimentary area; the Qingshankou Formation is in conformable and 
disconformable contact with the underlying Quantou Formation and can be divided into three members 
from bottom to top (Zhai and Ding, 1993). During the sedimentary period of the first member (K2qn1), 
the paleo-lake reached its greatest extent; this is when a set of dark mudstones and shales with high 
TOC content and abundant ostracod fossils was deposited in the Qingshankou Formation. Moreover, 
because of the semi-deep-lake and deep-lake paleoenvironment, the dark mudstone that was deposited 
in the central and southern Songliao Basin were more than 100 m thick. The sedimentation of the 
second and third members of the Qingshankou Formation (K2qn2 and K2qn3) occurred as the paleo-lake 
began to shrink, and most deposits were mudstone, siltstone, argillaceous siltstone, and silty mudstone. 
The mudstone, mostly gray, celadon, and dark gray in color, contains large quantities of ostracods, 
conchostracans, and plant debris; some mudstones even formed fossil-rich layers ranging from 2 to 30 
cm thick. At the time of deposition, the central and southern parts of the Songliao Basin existed in a 
shore-shallow lake and prodelta sedimentary environment, corresponding with dark gray mudstone 
more than 500 m thick, with several calcareous siltstone and ostracod layers (Zhuo et al., 2007). 
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Fig. 1. The tectonic elements of the Songliao Basin and shale distribution of the Qingshankou Formation in the 

southeastern uplift. A comprehensive stratigraphic column and the TOC and mineral content of the shales were 

measured from well ZK-36 drilled in the southeastern uplift. F = Formation; T = Thickness. Some of the units and 

shale characteristics were modified by Shu et al. (2003) and Wang et al. (2015). 

During the deposition of K2qn1, redox conditions in the bottom water fluctuated from oxic–dysoxic 
to euxinic–anoxic and oxic–dysoxic again; the latter was the most important factor in the formation of 
hydrocarbon source rocks in the Songliao Basin (Wang et al., 2013). Huang et al. (2013a, b) presented 
five types of pores in Qingshankou shale from the Songliao Basin, including matrix intercrystal, 
organic, dissolution, intergranular, and intracrystal pores, and micron- to nano-sized microfissures. The 
organic matter, illite, and pyrite content in the shale have positive correlations with pore volume; an 
increase of these contents would also lead to the increase of the amount and size of pores. However, the 
chlorite, quartz, calcite, and anorthose contents show negative correlations with pore volume. The 
micropores in source rocks are not affected by kaolinite. Huo et al. (2012) suggested that the 
hydrocarbons that remained in the source rocks, which belong to the first member of the Qingshankou 
Formation in the northern Songliao Basin, was mainly absorbed by organic matter and stored in pores. 
Source rocks with high organic matter content are more favorable for petroleum expulsion, and require 
relatively lower maturity to generate hydrocarbons than source rocks with low TOC contents. 
Nevertheless, when TOC content is lower than 0.4%, petroleum expulsion cannot occur. Wang et al. 
(2015) suggested that most pores are mesopores or micropores less than 50 nm in diameter in the first 
member of the Cretaceous Qingshankou Formation (K2qn

1
) in the northern part of the Songliao Basin. 

Pore volume has no apparent correlation with clay content. A weak negative correlation is presented 
between total pore volume and carbonate content. Nano-sized pores are well-developed in the shales, 
with Ro more than 1.0%, and are positively correlated with TOC content. However, when the organic 
matter maturity is less than 1.0%, pores are poorly developed and the pore volume is not correlated 
with maturity or TOC content. In addition, the degree of the development of pores showed no obvious 
relationship with clay or carbonate contents. The statistics on S1 content and pore volumes with 
different pore sizes showed that shale oil mainly existed in pores with diameters greater than 40 nm.  

Overall, Upper Cretaceous Qingshankou shale is widely developed in the Songliao Basin, and 
thickness and maturity increase from the periphery to the center of the basin. As the southernmost 
location of the Songliao Basin, the southeastern uplift has great shale oil resource potential; the 
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Qingshankou shale it could exceed 250 m in thickness, with low-mature to mature maturity. In addition, 
the TOC content of the shale is generally over 1.0% (Fig. 1). 

 

3 Samples and Methods 

 

The samples of the Qingshankou shale used in this research were collected from wells ZK-01 and 
ZK-36 in the southeastern uplift of the Songliao Basin (Fig 1). The TOC and mineral contents and pore 
size distribution and morphology were investigated to describe the present characteristics of the shale 
in the study area. Some samples of low maturity shale were artificially heated to 380 ℃ and 460 ℃ to 
allow observation of the pore morphology and testing of the pore size distribution, which could be 
helpful to study the evolution of pore characteristics as the shale went from low-maturity to maturity. 
The mineral content of 19 samples were tested using an X-ray diffraction (XRD) instrument (Lab 
XRD-6000), and data on their intensity in the 2θ range from −183° to −6° was collected at 0.002° 
intervals. We tested the TOC content of 16 samples using a carbon and sulfur analyzer (CS230HC) on 
80−mesh samples, following the State Standard of the People’s Republic of China (GB/T 19145-2003). 
Thermal simulation was completed utilizing a high temperature and pressure instrument (RML-1). Two 
samples were ground to powder and vacuumed in the instrument to be heated to 380 ℃ and 460 ℃ in 3 
h. The temperature remained constant for 48 h after the setting temperature was reached. The mineral 
and pore morphologies were observed using scanning electron microscopy (SEM) (Quanta200F). The 
pore size distribution and structure of 15 samples were confirmed using a low pressure nitrogen gas 
adsorption instrument of (Micrometrics Tristar Ⅱ 3020). They were fitted into a 110 ℃ vacuum 
container to degas for approximately 14 h to remove moisture and other objects attached to the samples. 
The pore size distribution and specific surface area of the samples were computed using the 
Barrett−Joyner−Halenda (BJH) method and Brunauer−Emmett−Teller (BET) model, respectively. 
These tests were conducted at the State Key Laboratory of Petroleum Resource and Prospecting, China 
University of Petroleum (Beijing). 

 

4 Results 

 

4.1 Pore structure and distribution 

 

4.1.1 Pore size distribution 

Based on the pore classification scheme in Brunauer et al. (1940), the low−pressure nitrogen gas 
adsorption (N2-GA) isotherms of 11 samples of the Qingshankou shale were categorized as type Ⅱ. At 
relatively low pressure, the adsorption curve rises slowly because of the filled micropores and fine 
mesopores. When the relative pressure is near P/P0 = 1, the curve rises rapidly because of the 
adsorption of large meso- and macropores (Labani et al., 2013). Based on the adsorption curves with 
hysteresis loops classified by De Boer (Labani et al., 2013; Zhang et al., 2015a), the curves of the 
Qingshankou shale can be described as types B and C. These findings illustrate that the pores are 
mainly semi-open, e.g., slit- and wedge-shaped, pores because the hysteresis loop is relatively narrow 
at a relative pressure from 0.5 to 1.0 (Fig. 2). They also show that shales with similar mineral 
compositions have similar adsorption–desorption isotherm curves (Table 1, Fig. 2). The mineral 
content has an important influence on pore development in the shale. The relationship between pore 
volume and diameter is similar; pores with diameters of more than 10 nm contribute most to the pore 
volume (Fig. 3).  
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Fig. 2. Adsorption–desorption isotherms of the Qingshankou shales using N2-GA. 

 

Fig. 3. Relationships between pore diameter and incremental pore volume of the Qingshankou shales by N2-GA. 

 

4.1.2 Pore volume and surface area 

By using N2-GA, the total pore volume and surface area of the shale samples were measured. The 
average BET surface area of 11 shale samples was 30.2 m

2
/g, with range from 16.6 to 53.4 m

2
/g. The 

total pore volume of the shale ranged from 0.038 to 0.087 cm
3
/g, with an average of 0.063 cm

3
/g (Table 

2).  

 

4.2 Pore morphology  

 

4.2.1 Mineral pores 

Based on the observation of mineral and pore morphology in the shale using SEM, intraparticle and 
interparticle pores were mainly identified in the clay, carbonate minerals, siliceous minerals, and pyrite. 
A large number of intraparticle pores with narrow wedge, triangular, and honeycomb shapes developed 
in the clay matrix, and their diameters varied from dozens to hundreds of nanometers (Fig. 4b, h, i, o). 
Some intraparticle and interparticle pores were related to carbonate minerals, such as calcite and 
dolomite. Jagged and oval intraparticle pores with diameters of dozens to hundreds of nanometers were 
observed in calcite, and most of them were formed by dissolution (Fig. 4a, e, g, n, p). The interparticle 
pores showed slit patterns with diameters of several hundreds to thousands of nanometers, and 
commonly developed at the edges of carbonate grains (Fig. 4d, i, l, m, n, p). In addition, there were 
some oval intraparticle pores in quartz (Fig. 4f) and jagged ones in feldspar (Fig. 4k). Pyrite framboids 
with many intraparticle pores generally developed in the shale (Fig. 4f), and some interparticle pores 
with diameters of several hundreds of nanometers occurred at the edges of pyrite (Fig. 4c, i, m, n). 



 

7 

 

Fig. 4. Overview of mineral pores of the Qingshankou shale from the southeastern uplift in the Songliao Basin.  

The samples of picture a - d were collected from well ZK-01. a = 307 m; b, c = 318 m; d = 349 m. The samples of picture e - p were 

collected from well ZK-36. e, f = 686 m; g, h = 736 m; i, j, k, l = 775 m; m, n = 787 m; o, p = 797 m. Interp P = interparticle pores, Intra P 

= intraparticle pores. 

 

4.2.2 Organic matter pores 

Based on the classification and identification of organic matter pores by Loucks et al. (2012), 
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Fishman et al. (2012), and Klaver et al. (2015), three types organic pores were observed and identified 
using SEM. 

(1) Type A: The organic matter is irregular and scattered and mixed with inorganic minerals such as 
clay and calcite. Few pores are developed within the organic matter and most of the serrated pores are 
on the edges of the organic matter (Fig. 5a, b, c, d). 

 

Fig. 5. Three types of organic pores in the Qingshankou shale from the southeastern uplift in the Songliao Basin.  

The samples of picture a - c, f - h, j - l were collected from well ZK-36. a, h = 686 m; b, f, k = 736 m; c, g = 797 m; j = 775 m; l = 787 m. 

Other samples were collected from well ZK-36. d, e = 318 m; i = 349 m. 

(2) Type B: The organic matter has intact bent strips or massive patterns and is mostly embedded in 
the matrix. The particles are always dozens of microns in size and contain abundant round, serrated, 
and honeycomb-shaped pores are developed with diameters of several dozens to hundreds of 
nanometers (Fig. 5e, f, g, h). Some interparticle pores are also developed on the edges of the organic 
matter. 

 (3) Type C: The organic matter is embedded in the matrix but has no obvious internal structure and 
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contains almost no porosity. Some interparticle pores are developed at the interfaces between organic 
matter and minerals such as clay and calcite (Fig. 5i, j, k, l). The organic matter is mainly bent strips 
and has large length–width ratios with sizes of dozens of microns. Some interparticle pores exist on the 
edges of organic matter. 

Based on systematic observation of the morphology of the minerals, organic matter, and pores using 
SEM, clay pores, carbonate pores, organic pores, and pyrite pores were identified in the samples. Of 
these, the porosity of clay and carbonate contributed the most to total porosity, and few organic matter 
pores were developed (Fig. 4). Many pores formed within and on the edges of organic matter; therefore, 
type A and B organic matter had relatively high porosity (Fig. 5).  

 

4.3 TOC content and mineral composition 

The tested samples of shale were at a low-mature stage, and their average TOC content was 2.44%, 
with a minimum of 1.23% and a maximum of 4.82% (Table 2). According to the results of the XRD 
test, the main minerals in Qingshankou shale from the study area are clay, quartz, and feldspar. The 
average clay content of the shale is 51.9% with a minimum of 22.4% and a maximum of 73.1%. The 
contents of quartz + feldspar range from 9.3% to 41.0% with an average of 26.8% (Table 1). The 
contents of carbonate minerals such as calcite and dolomite have big differences between the samples; 
the maximum reached 59.7%. Compared with typical gas shale in North America (Chalmers et al., 
2012), lacustrine shales of the 7

th
 member of the Upper Triassic Yangchang Formation in the Ordos 

Basin (Yang et al., 2015a), and the mature to over-mature lower Silurian Longmaxi shale in southern 
China (Tian et al., 2013; Yang et al., 2015b; Zhang et al., 2015a), the low-maturity to mature 
Qingshankou shale contains more clay and less siliceous minerals in the study area, which makes it 
clay-rich (Fig 6). The main clay mineral is illite/smectite mixed layers, the content of which ranges 
from 62% to 95% with an average of 83.5%; and the mixed-layer ratio ranges from 33% to 40%. The 
illite content follows that of the mixed layer, and is between 5% and 29% with a mean of 13.4%; 
whereas the kaolinite and chlorite contents are rather small (Fig 7).  

 

Fig. 6. Ternary diagram of mineral composition in the Qingshankou shale compared with other typical gas shales. 
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Fig. 7. Clay mineral contents of the Qingshankou shale collected from well ZK-01 in the southeastern uplift of the 

Songliao Basin. 

5 Discussions 

5.1 Factors influencing pore development  

Vertically, with increasing depth, the TOC content and Ro of the samples increase, the carbonate 
minerals and clay mineral contents increase, and the content of quartz plus feldspar decreases in well 
ZK-36. For the samples, the average pore diameter increases, whereas the total pore volume and BET 
surface area have a downward trend (Fig. 8). Specifically, the contents of TOC and minerals as well as 
organic matter maturity play important roles in pore formation in the shale, which further influence 
hydrocarbon enrichment and preservation in the shale. 
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Fig. 8. Comprehensive stratigraphic column and the TOC, Ro, and mineral contents of the samples, and the pore 

characteristics for the Qingshankou Formation measured in well ZK-36. 

Q + F = quartz plus feldspar. CA = carbonate minerals. CL = clay. APD = average pore diameter. TPV = total pore volume. BSA = BET 

surface area. 

We further found that the TOC content of the samples had no clear relationship with total pore 
volume, but had a certain negative correlation with pore BET surface area (Fig. 9). Large pore volume 
is widely distributed in different scales of pores in the shale; however, pore surface area has an obvious 
negative linear correlation with average pore diameter (Fig. 10). Total pore volume development has 
some positive correlation with the contents of quartz + feldspar and clay; however, it has an apparent 
negative correlation with carbonate content. Pore surface area has a certain positive linear relationship 
with clay content and a negative correlation with carbonate content, whereas it has no prominent 
correlation with the content of quartz + feldspar (Fig. 11). 
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Fig. 9. Relationships of TOC content with total pore volume (left) and pore surface area (right) for the 

Qingshankou shale. 

 

Fig. 10. Relationships of average pore diameter with total pore volume (left) and pore surface area (right) for the 

Qingshankou shale. 

 

Fig. 11. Relationships of mineral contents with total pore volume (left) and pore surface area (right) for the 

Qingshankou shale. 

 

5.2 Pore evolution  

To observe the pore evolution characteristics with increasing maturity, we chose to heat samples 
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ZK-55 and ZK-68 at 380 ℃ and 460 ℃, respectively, for 48 hours. The two shale samples both have 
type Ⅰ organic matter and similar mineral compositions and maturity but different TOC contents of 
1.25% and 2.78%, respectively. The results of the thermal simulation, shown in Table 3, indicate that 
the pore BET surface area decreased initially and then increased with increasing temperature. 
Relatively high-mature shale has lower pore surface area and greater total pore volume than the 
original low-mature shale (Fig. 12a, b). As the organic matter is gradually consumed, the average pore 
diameter obviously increases with increasing maturity (Fig. 12c). Relatively large pores contribute 
more to pore volume and inhibit the formation of pore surface areas. This case may represent a possible 
theory to explain the small increase in pore volume and decreasing surface area in the heated samples. 
Compared with the original shale, pores with diameters of less than 10 nm obviously decrease in the 
heated samples, but those with diameters of more than 10 nm contribute more to pore volume, and 
could comprise as much as 85% of the total pore volume (Fig. 13a, b, c). For the original shale with 
less micropore volume, like sample ZK-68, pores with diameters of less than 5 nm almost disappear in 
the heated samples, whereas pores with diameters of more than 10 nm contribute more than 90% of the 
total pore volume (Fig. 13d, e, f). What is interesting about the volume of pores with diameter of more 
than 10 nm is that it obviously increased during the preliminary heating stage, but decreased under 
relatively high temperature (Fig. 13). The N2-GA adsorption–desorption isotherms of the samples all 
have narrow hysteresis loops, which are even narrower for the heated samples (Fig. 14). The pores in 
the heated samples present open shapes such as cylinders and are well connected. Compared with the 
original shale, which has fewer micropores (Fig. 15a, g, h), more carbonate mineral dissolution pores 
(Fig. 15b, d, e, i, j, k, l) and organic matter pores (Fig. 15c, f, i) were observed commonly in the heated 
samples. This result indicates that with the increasing maturity of the Qingshankou shale, many 
relatively large pores form in the organic matter, and the carbonate mineral pores become larger 
because of dissolution by organic acid, which makes the pores larger, more open, and more connected. 

Based on the above description and analysis, we infer that in the initial stage of heating, the pores in 
the shale were dominated by original pores from organic matter and minerals, and micropores in the 
organic matter and clays contributed most to pore surface area. However, as maturity increased, 
carbonate minerals were continuously dissolved by organic acid from hydrocarbon generation, and 
many relatively large dissolution pores formed in the shale. When the illite/smectite mixed layer 
transformed to illite, the number of micropores in the layer decreased. Meanwhile, when the organic 
matter was continuously consumed, the TOC content of the shale decreased considerably, and many 
micropores formed within the organic matter. 

 

Fig. 12. Comparative results of pore surface area (a), total pore volume (b), and average pore diameter (c) of the 

Qingshankou shale. 
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Fig. 13. Pore volume distribution and cumulative proportion of the Qingshankou shale and heated samples using 

N2-GA. 
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Fig. 14. Adsorption–desorption isotherms of the Qingshankou shale and heated samples using N2-GA. 

 

Fig. 15. Images of minerals and pores in the original and heated Qingshankou shale.  

(a) ZK-55, original; (b) - (c) ZK-55-1, 380 ℃; (d) - (f) ZK-55-2, 460 ℃; (g) - (h) ZK-68, original; (i) - (j) ZK-68-1, 380 ℃; (k) - (l) 

ZK-68-2, 460 ℃. 

 

6 Conclusions 

 

(1) Mineral pores, especially clay and carbonate pores, contribute most to the porosity of the typical 
lacustrine Qingshankou shale. The organic matter pores are divided into types A, B, and C, among 
which the type B generates relatively high porosity in the shales. 

(2) Pores with diameters of more than 10 nm account for the main component of pore volume in the 
shales, and most of the pores have half-open slit and wedge shapes. The total pore volume has no 
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obvious linear relationship with TOC content, but it has positive correlations with the contents of 
quartz + feldspar and clays, and a negative correlation with carbonate mineral content. The specific 
surface area of the pores has negative correlations with TOC content, average pore diameter, and 
carbonate mineral content, respectively; however, a positive correlation was found with clay content, 
and no clear linear relationship was found with quartz + feldspar content. 

(3) The thermal simulation results show that carbonate mineral dissolution pores, organic matter 
pores, average pore diameter, and total pore volume increase with the increase of maturity in the 
lacustrine shales, but in contrast, the pore surface area decreases.  
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Table 1 Mineral contents of the Upper Cretaceous Qingshankou mudstone and shale in the southeastern uplift of the Songliao Basin. 

Sample number Depth (m) 

Mineral content (%) 
a
 Clay mineral relative contents (%) 

Qua Pla Cal Pyr Ana Bar Gyp Pyr Dol Ank Sid Hem Cla Q+F CA Others I/S I K C Ratio 

Well 

ZK-01 

SL-10 273.7 29.9 11.1 0.0 0.0 7.8 8.7 0.0 0.0 0.0 0.0 0.0 0.0 42.5 41.0 0.0 16.5 62.0 29.0 4.0 5.0 33 

SL-9 295.0 27.1 6.2 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 60.6 33.3 6.0 0.1 78.0 18.0 2.0 2.0 35 

SL-8 297.0 20.1 6.5 3.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 70.2 26.6 3.2 0.0 71.0 22.0 3.0 4.0 40 

SL-6 307.5 9.3 0 50.7 7.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.0 9.3 50.7 7.0 92.0 5.0 1.0 2.0 40 

SL-5 317.6 13.5 7.7 6.0 5.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 67.6 21.2 6.0 5.2 89.0 11.0 0.0 0.0 35 

SL-4 339.9 23.7 7.3 4.8 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 63.2 31.0 4.8 1.0 NA NA NA NA NA 

SL-3 348.3 18.0 6.8 0.0 2.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 73.1 24.8 0.0 2.1 90.0 10.0 0.0 0.0 33 

SL-2 349.0 15.7 2.2 0.0 0.0 0.0 0.0 0.0 0.0 59.7 0.0 0.0 0.0 22.4 17.9 59.7 0.0 95.0 5.0 0.0 0.0 33 

SL-1 352.0 23.0 7.1 0.0 0.0 0.0 0.0 0.0 6.2 0.0 0.0 0.0 0.0 63.7 30.1 0.0 6.2 91.0 7.0 1.0 1.0 40 

Well 

ZK-36 

ZK-49 675.7 26.7 10.7 3.7 0.0 22.4 0.0 0.0 0.0 0.0 0.0 2.3 3.5 30.7 37.4 6.0 25.9 NA NA NA NA NA 

ZK-50 685.7 16.2 8.8 0.0 3.2 17.3 0.0 0.0 4.6 0.0 12.6 2.3 3.2 31.7 25.0 14.9 28.4 NA NA NA NA NA 

ZK-53 706.7 24.2 12.1 3.9 3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 56.3 36.3 3.9 3.5 NA NA NA NA NA 

ZK-55 718.3 16.8 7.7 3.5 3.4 9.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 57.9 24.5 3.5 14.1 NA NA NA NA NA 

ZK-57 725.7 18.4 9.3 3.4 2.8 5.0 0.0 0.0 0.0 0.0 9.3 0.0 0.0 51.7 27.7 12.7 7.9 NA NA NA NA NA 

ZK-60 736.0 20.8 10.3 3.6 3.6 0.0 0.0 0.0 0.0 0.0 10.4 0.0 0.0 51.4 31.1 14.0 3.5 NA NA NA NA NA 

ZK-62 748.7 23.2 7.6 11.4 3.8 0.0 0.0 0.0 0.0 0.0 0.0 3.4 0.0 50.6 30.8 14.8 3.8 NA NA NA NA NA 

ZK-66 775.5 12.4 4.4 0.0 0.0 0.0 0.0 0.0 0.0 38.7 0.0 0.0 0.0 44.5 16.8 38.7 0.0 NA NA NA NA NA 

ZK-68 786.9 18.3 6.7 0.0 0.0 0.0 0.0 0.0 0.0 15.4 0.0 3.6 0.0 56.0 25.0 19.0 0.0 NA NA NA NA NA 
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ZK-70 796.6 13.7 6.2 6.0 0.0 0.0 0.0 0.0 0.0 14.5 0.0 0.0 0.0 59.6 19.9 20.5 0.0 NA NA NA NA NA 

a 
Tested by using X-ray diffraction, Qua = quartz, Pla = plagioclase, Cal = calcite, Pyr = pyrite, Ana = analcite, Bar = barite, Gyp = gypsum, Pyr = pyroxene, Dol = dolomite, Ank = ankerite, Sid = siderite, Hem = hematite, Cla = clay, 

Q + F = quartz + feldspar, CA = carbonate, I/S = illite/smectite mixed layer, I = illite, K = kaolinite, C = chlorite, Ratio = illite/smectite mixed layer ratio (S%). 
b
 Illite + Kaolinite + Chlorite + mixed Illitite/smectite layer = clay 

minerals 100%. 
c 
NA = not applicable. 
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Table 2 Minerals content, TOC content, vitrinite reflectance, and pore characteristics of the Qingshankou 

shale in the study area.  

Sample number 

Main mineral contents (%) 

TOC 

(%) 

Ro 

(%) 

N2-GA 

Quartz+

feldspar 
Carbonate Clay 

BET surface 

area(m
2
/g) 

Average pore 

diameter(nm) 

Total pore 

volume(cm
3
/g) 

well 

ZK-01 

SL-2 17.9 59.7 22.4 1.23 0.68 16.7 12.3 0.038 

SL-5 21.2 6.0 67.6 1.24 0.57 53.4 8.6 0.068 

SL-6 9.3 50.7 33.0 2.08 0.69 21.8 11.6 0.042 

SL-9 33.3 6.0 60.6 1.49 0.83 50.6 9.5 0.073 

well 

ZK-36 

ZK-50 25.0 14.9 31.7 2.79 0.51 24.8 12.0 0.075 

ZK-53 36.3 3.9 56.3 1.60 NA 
a
 32.7 9.9 0.081 

ZK-55 24.5 3.5 57.9 1.25 0.54 51.3 9.3 0.087 

ZK-60 31.1 14.0 51.4 4.38 0.64 21.1 12.1 0.064 

ZK-66 16.8 38.7 44.5 3.14 0.61 16.6 12.4 0.051 

ZK-68 25.0 19.0 56.0 2.78 0.59 25.2 11.5 0.060 

ZK-70 19.9 20.5 59.6 4.82 NA 18.1 12.5 0.056 

a 
NA = not applicable. 

 

Table 3 Thermal evolution results for the Qingshankou shale in the Songliao Basin. 

Sample 

number 
Formation 

Temperature 

(time) 

N2-GA 

BET surface area 

(m²/g) 

BJH total pore 

volume (cm³/g) 
Average pore diameter (nm) 

ZK-55 

Qingshankou 

(K2qn) 

Original rock 51.3 0.087 9.3 

ZK-55-1 380℃ (48h) 20.5 0.090 17.4 

ZK-55-2 460℃ (48h) 29.6 0.089 11.2 

ZK-68 Original rock 25.2 0.060 11.5 

ZK-68-1 380℃ (48h) 9.8 0.059 26.0 

ZK-68-2 460℃ (48h) 13.7 0.066 21.9 

 


