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Abstract. Based on the results of exploration carried out from 2003 to 2017, oil 
shales from different areas of the Permian Lucaogou Formation in the Junggar 
Basin in the northern Bogda Mountains, Northwest China were comparatively 
investigated, their resources were summarized and development potential 
was analyzed. The layer of oil shale in the central region of the study area is 
the thickest, with the greatest cumulative thickness of 198.75 m, while in the 
western and eastern regions the layer is relatively thin, 66.18 m and 130.00 m, 
respectively. The total organic carbon (TOC) content of oil shale is 5–35 wt%, 
whereas the average TOC of oil shale in the central and eastern regions is 
higher than that in the western region. Based on Hydrogen Index (HI)-Tmax 
and Pyrolytic Hydrocarbon (S2)-TOC diagrams, the organic matter type of oil 
shale in the central region is mainly I, and in the western and eastern regions 
mostly II1–II2 and I–II1, respectively. In the plane of the whole northern Bogda 
Mountains, the oil yield of oil shale greatly varies, and the quality of oil shale 
in the central region is the highest. Of all the studied samples, those with an oil 
yield ω > 5 wt% account for 70%. Oil shale resources in the study area total 
55.241 billion tons (identified resources are 3.921 billion tons), while converted 
shale oil resources form 5.293 billion tons. Of the 55.241 billion tons, oil shale 
resources with an oil yield higher than 5 wt% account for 97.26%. Analysis 
shows that the Yaomoshan Mountain mining area has the greatest development 
potential, followed by the Lucaogou and Shanghuangshanjie-Panjiazikou 
mining areas.

Keywords: Lucaogou Formation oil shale, Junggar Basin, identified resources, 
development potential.
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1. Introduction

Oil shale is an organic-rich, high-ash (> 40 wt%), solid, combustible 
sedimentary rock that, upon low-temperature retorting, generally produces 
≥ 3.5 wt% of oil. Its organic matter consists of sapropel, humosapropel or 
sapropel–humus and the calorific value is > 4.18 kJ/g. The lower limit of oil 
shale industrial acceptability (i.e. oil yield and calorific value) can vary as the 
economic conditions and technology for its development may be different [1]. 
Given the global shortage of energy and recovery of international oil prices 
since the beginning of the 21st century, large oil shale resources available 
worldwide have become an important supplementary source of oil and gas 
[2–8].

Oil shale resources in China are widely distributed in 27 provinces and 
autonomous regions and 48 basins, with a total of 81 ore-bearing areas [1].  
The nine major oil shale basins are: Songliao, Ordos, Lunpola, Junggar, 
Qiangtang, Qaidam, Maoming, Dayangshu and Fushun [9]. In 2003–2006, the 
oil shale resources of these basins totaled 719.9 billion tons, being equivalent 
to 47.6 billion tons of shale oil. The Junggar Basin comprised 54.99 billion 
tons of oil shale (45.9 million tons as identified resources), which, converted 
to 5.45 billion tons of shale oil resources, accounted for 11% of the total 
resources. So, the basin’s potential for oil shale development is great.

Oil shale resources in the Junggar Basin are mainly enriched in the 
northern Bogda Mountains. In 2003–2006, the latter was divided into three 
mining areas: Yaomoshan, Lucaogou and Shuimogou, and one predicted area 
[1]. Further exploration over the past 10 years has led to the discovery of 
seven new mining areas in this region, namely Laobagou, Fukanglinchang, 
Shanghuangshanjie-Panjiazikou, Shichanggou, Mutasi, Wujiawan and 
Baiyanghe. Previous studies on oil shale sedimentary facies have established 
that oil shale in the mining areas of Yaomoshan, Lucaogou, Shuimogou, 
Laobagou and Fukanglinchang is deposited in shore-shallow to semi-deep 
lakes. Oil shale in the Shanghuangshanjie-Panjiazikou mining area is deposited 
in the center of a deep lake, while in those of Shichanggou, Mutasi, Wujiawan 
and Baiyanghe it is deposited in a semi-deep lake (Fig. 1a) [10]. Therefore, 
according to the stratum outcropping and sedimentary environment, oil shale 
mining areas in the northern Bogda Mountains are divided into the eastern 
region (Yaomoshan, Lucaogou, Shuimogou, Laobagou, Fukanglinchang, 
the predicted area), the central region (Shanghuangshanjie-Panjiazikou) and 
the western region (Shichanggou, Mutasi, Wujiawan, Baiyanghe). Based 
on collected bulk data, in this study, oil shales from different regions in the 
northern Bogda Mountains are comparatively characterized, their resources 
are summarized and prospects for oil shale development and utilization are 
analyzed.
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2. Geological setting

The Bogda Mountains are located in the eastern Tianshan Mountains along the 
southern edge of the Junggar Basin. This large foreland basin contains organic-
rich sediments [11–13]. A thick sequence of organic-rich oil shales deposited 
in a lacustrine setting is present in the basin [14]. Carroll et al. [15] identified 
three organic-rich oil shale formations in the Junggar Basin, from oldest to 
youngest: Jingjingzigou, Lucaogou and Hongyanchi, while the Lucaogou 
Formation oil shale is besides oil-prone (Fig. 1b). The strata in the study area 
are dominated by Upper Permian, Triassic, Early Jurassic and Cenozoic rocks 
[16–18]. Oil shale mainly occurs in the Upper Permian Lucaogou Formation, 
which comprises medium-to-fine sandstone, interbedded sandy shale and 
dolomitic limestone in addition. Based on lithological variability, there have 
been identified four lithologic sections, oil shale is mostly found in the second, 
third and fourth sections [9].

3. Characteristics of oil shale

3.1. Physical characteristics

The Lucaogou Formation oil shale in the Junggar Basin is predominantly 
gray, gray-brown, gray-black or black in colour. Oil shale with increased oil 
yield tends to be of lighter colour [9]. Oil shale with an oil yield > 10 wt% 
is gray-brown, and that with an oil yield of 3.5–5 wt% is gray-black [19].  
The thickness of the oil shale layer in the western region of the northern  
Bogda Mountains ranges from 24.73 to 66.18 m and its density is between 
2.10 and 2.16 t/m3. The oil shale layer thickness in the central region is 17.60–
198.76 m and the density is 2.12–2.23 t/m3. In the eastern region of the northern 
Bogda Mountains the oil shale layer is 20.53–130.00 m thick and the density 
is 2.10–2.16 t/m3. So, there are huge, thick (198.76 m) oil shale deposits 
in the central region of the Junggar Basin, while in its eastern and western 
regions the deposits are of relatively small thickness (Table 1). However, the 
density of oil shale in the Bogda Mountains has remained largely unchanged  
(Table 1).

3.2. Organic geochemistry

Oil shale is a fine-grained sedimentary rock that is rich in organic matter and 
is mainly composed of C, H, O, N, and S, as well as some minor elements. 
The total organic carbon (TOC) of oil shale in the northern Bogda Mountains 
is 5–34.75 wt%, in the western region it is 5–19.7 wt% (average 9.4 wt%)  
and in the central and eastern regions respectively 5.86–32.23 wt% (average 
11.80 wt%) and 5.78–34.75 wt% (average 9.8 wt%). The vitrinite reflectance 
(Ro) of 0.6–1.13% and Tmax of 433–454 °C indicate that oil shale in the study 
area is low-maturity to mature [22].

Characteristics of Upper Permian oil shale and analysis of the resource development potential ...
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Statistical analysis shows the Hydrogen Index (HI) of oil shale in the 
western region of the northern Bogda Mountains to be 260–527 mg/g and 
pyrolytic hydrocarbon (S2) 47.84–106.85 mg/g, while these parameter values 
of oil shale in the central region are respectively 491–830 mg/g and 26.45–
167.63 mg/g, and in the eastern region 215–859 mg/g and 12.43–145.23 mg/g, 
respectively. According to HI-Tmax and S2-TOC diagrams, the organic matter 
type of oil shale in the central, eastern and western regions is respectively 
II1–II2, I and I–II1 (Fig. 2a, 2b).

3.3. Industrial quality characteristics

3.3.1. Oil yield

Based on oil yield (ω), oil shale in the Junggar Basin was divided into three 
types: low-quality (3.5 wt% ≤ ω ≤ 5.0 wt%), medium-quality (5 wt% < ω ≤ 
10 wt%) and high-quality (ω > 10 wt%) [1]. Oil shale in the basin’s western 
region is mainly of medium quality, accounting for 71%; high- and low-
quality oil shales are less common, accounting for 19% and 10%, respectively. 
Oil shale in the central area is chiefly of high or medium quality, accounting 
for 39% and 54%, respectively, whereas low-quality oil shale accounts for 
only 7%. The quality of oil shale in the eastern region is similar to that in the 
central region, high-, medium- and low-quality oil shales forming 32%, 58% 
and 10%, respectively (Fig. 3). The above description is based on the analysis 
of data obtained from Xinjiang Baoming Mining Company.

Fig. 3. Histogram of the oil yield from oil shale from the western, central and eastern 
regions in the Lucaogou Formation.

Characteristics of Upper Permian oil shale and analysis of the resource development potential ...
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3.3.2. Calorific value

Calorific value is an important index for evaluating the industrial quality 
and utilization of oil shale. The calorific value of oil shale in the western 
region of the Junggar Basin ranges from 3.94 to 6.07 MJ/kg, in the central 
and eastern regions it varies between 3.56 and 7.85 MJ/kg and from 4.52 to  
6.94 MJ/kg, respectively. These values imply that the Junggar Basin oil shale 
is medium- or low-calorific. Its oil yield is positively correlated with calorific 
value, the correlation coefficient is 0.75 (Fig. 4a).

Fig. 4. Correlation plots of oil shale in the Lucaogou Formation: a) oil yield vs 
calorific value; b) oil yield vs ash.
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3.3.3. Ash content

Ash content is a key index to distinguish oil shale from coal and can be used 
to determine the quality of oil shale. Low-ash oil shale contains more organic 
matter. The ash content of oil shale in the Junggar Basin’s western region is 
77.35–87.20 wt% (average 79.45 wt%), in the central region 73.91–86.17 wt% 
(average 77.32 wt%) and in the eastern region 70.04–88.11 wt% (average 
80.61 wt%). This indicates that oil shale in the study area is medium- or high-
ash. Its oil yield is negatively correlated with ash content, the correlation 
coefficient is 0.61 (Fig. 4b).

4. Resource evaluation and analysis of the development potential of 
the Junggar Basin

From 2003 to 2006, oil shale resources in the Junggar Basin were evaluated for 
the first time in China. The evaluation area covered mainly the western region 
of the northern Bogda Mountains (Yaomoshan, Shuimogou and Lucaogou 
mining areas and the predicted area). The total evaluation area was 157.91 km2, 
of which the predicted area was 151.88 km2 and the exploration area was 
6.03 km2. The assessment was based on China’s classification criteria for solid 
mineral resources and reserves GB/T17766-1999 [23] and followed the coal 
resources assessment criteria [24]. The main resource evaluation methods 
used were the traditional volume method and geological analogy [25, 26]. 
The boundary evaluation parameters were: oil yield ω ≥ 3.5 wt%, burial depth  
< 1000 m and oil shale thickness > 0.7 m.

Since 2006, there has been carried out extensive oil shale exploration work 
in the Junggar Basin, which has led to a significant re-estimation of resources. 
From 2006 to 2012, Xinjiang Baoming Mining Company carried out oil shale 
exploration in the eastern region of the northern Bogda Mountains. Four 
mining areas, namely Shichanggou, Mutasi, Wujiawan and Baiyanghe, were 
discovered and their resources were evaluated. In 2016, the 11th Geological 
Brigade of the Xinjiang Geological and Mineral Bureau carried out oil 
shale exploration in the central region of the northern Bogda Mountains and 
discovered the Shanghuangshanjie-Panjiazikou mining area. The results of 
new exploration work as well as evaluation data give evidence of that oil shale 
resources in the Junggar Basin are abundant and of good quality.

4.1. Oil shale resources evaluation

Oil shale in the Junggar Basin is concentrated in 11 mining areas located in the 
northern Bogda Mountains (Fig. 1b). Today the basin’s oil shale resources are 
55.24 billion tons, which is 441 million tons more than the amount evaluated 
in 2003–2006 (Table 2). The 55.24 billion tons include 4.36 billion tons of 
identified resources, which is 3.92 billion tons more than the amount estimated 

Characteristics of Upper Permian oil shale and analysis of the resource development potential ...
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in 2003–2006, as well as the predicted 50.87 billion tons, which is 3.463 
billion tons less than the amount predicted in 2003–2006. Shale oil resources 
are 5.29 billion tons, which is 159 million tons less than the quantity evaluated 
in 2003–2006 (Table 2). This is due to the low accuracy of exploration in 
the Junggar Basin during that period. With increasing accuracy of oil shale 
exploration in recent years, part of the predicted area has become an identified 
area (Table 3), while the surface of the former has decreased from 151.88 to 
140.88 km2. Thus, the basin’s oil shale resources have decreased, as has the 
average oil yield of oil shale, namely from 10.07 to 7.10 wt% (Fig. 5). Although 
the degree of exploration has increased lately, the overall exploration level in 
the Junggar Basin is still very low, with only 7.90% of oil shale resources 
explored. In view of the great potential of oil shale resources in the study area, 
further exploration work is highly needed.

Oil shale resources in the northern Bogda Mountains are primarily 
distributed in the western and central regions. The western region’s resources 
are 50.57 billion tons, which account for 91.56% of the total resources, 499 
million tons are identified resources and 50.79 billion tons are predicted 
resources (Fig. 5). Oil shale resources in the central region are 3.376 billion 
tons and in the eastern region 12.87 million tons, making 6.11% and 2.33% of 
the total resources, respectively (Fig. 5).

Table 3. Grade distribution of oil shale resources in the northern Bogda 
Mountains

Period
Oil shale, 108 t Shale oil, 108.t

3.5–5 wt% 5–10 wt% > 10 wt% 3.5–5 wt% 5–10 wt% > 10 wt%

2017–2019 35.78 72.74 443.89 1.45 4.61 46.87

Table 2. Distribution of oil shale resources in the northern Bogda Mountains

Region
Oil shale, 108 t Shale oil, 108 t

Estimated 
total

Discovered
resources

Potential
resources

Estimated 
total

Discovered
resources

Potential
resources

Western 505.78 4.99 500.80 50.20 0.35 49.85

Central 33.76 25.78 7.97 1.93 1.53 0.40

Eastern 12.87 12.87 0 0.80 0.80 0

Total 552.41 43.64 508.77 52.93 2.68 50.25

2003–2006 547.99 4.59 543.40 54.52 0.32 54.20
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4.2. Oil shale resources of different grades

The classification of oil shale resources by oil yield is a useful basis for the 
rock development and utilization. In the Junggar Basin resources with an oil 
yield of 3.5–5 wt% form 3.57 billion tons, with 145 million tons of shale oil 
(converted from oil shale resources), accounting for 6.47% and 2.74% of the 
total resources, respectively. Resources with an oil yield of 5–10 wt% are 
7.27 billion tons, with 461 million tons of shale oil, accounting for 13.16% 
and 8.71% of the total resources, respectively. 44.39 billion tons of oil shale 
resources, with an oil yield more than 10 wt%, and 4.68 billion tons of shale 
oil account respectively for 80.37% and 88.55%. In total, oil shale resources 
with an oil yield higher than 5 wt% account for 97.26% of the total oil shale 
resources in the Junggar Basin. These figures indicate that the basin’s oil shale 
is of medium or high quality.

4.3. Analysis of oil shale development potential

Based on the data systematically collected from 10 mining areas (excluding the 
predicted mining area), the development sequence of these areas is optimized 
by further combining their topographic features, burial depth, cumulative 
thickness of ore layers, average oil yield, mining methods, and the reserves 
parameter scoring method (Table 4). The scoring parameters and criteria are 
preliminarily determined as follows:

Topography and landform: type I – plain, Loess Plateau (weight distribution 
(hereinafter wd) 1.00); type II – low mountains, hills, Gobi (wd 0.66); type 
III – desert, mountain, plateau (wd 0.33).

Burial depth of ore layer: type I – shallow (0–100 m; wd 1.00); type II – 
medium (100–500 m; wd 0.66); type III – great (500–1000 m; wd 0.33).

Accumulative thickness of ore layer: oil shale ore layers are divided by 
thickness into thin (0.7–5 m; wd 0.25), medium-thick (5–10 m; wd 0.50), 
thick (10–50 m; wd 0.75) and super-thick (more than 50 m; wd 1.00).

Average oil yield: according to oil yield, oil shale resources are divided into 
three grades: low-, medium- and high-grade with the respective distribution 
ranges of 3.5–5 wt% (wd 0.33), 5–10 wt% (wd 0.66) and > 10 wt% (wd 1.00).

Mining methods: open-pit mining (wd 1.00) and underground tunnel 
mining (wd 0.50).

Reserves: according to the classification standard of solid mineral resources 
and reserves [23], resources of an oil shale mining area are divided into large 
(> 2 billion tons; wd 1.00); medium (> 2 billion tons; wd 0.66) and small  
(< 200 million tons; wd 0.33).

Environment: within the protected area (wd 0.00); outside the protected 
area (wd 1.00).

Based on the above parameters and the corresponding weight distributions, 
parameters of 10 mining areas are assigned and multiplied. As the multiplication 
result is too small, it is enlarged by 10,000 and sorted according to the obtained 
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values. The results of assignment presented in Table 5 show the development 
potential of the Yaomoshan mining area to be the highest, followed by the 
Lucaogou and Shanghuangshanjie-Panjiazikou mining areas, while that of the 
remaining six mining areas is low. Due to environmental requirements, the 
Fukanglinchang mining area was rejected by one vote.

5. Conclusions

Based on the analysis of physical characteristics, organic matter type, industrial 
quality and resource development potential of oil shale in the northern Bogda 
Mountains, the following conclusions are drawn:

1. Oil shale in the Lucaogou Formation is mainly gray, gray-brown, gray-
black or black in colour. The oil shale layer is very thick, especially in 
the central region where it may reach 198.75 m. At the same time, in the 
western and eastern regions it is relatively thin, 66.18 m and 130.00 m, 
respectively. The density of oil shale varies slightly, from 2.10 to 2.16 t/m3.

2. The total organic carbon content of oil shale ranges from 5 to 34.75 wt%. 
In the central and eastern regions the total organic carbon content is 
5–34.75 wt%, in the western region 519.7 wt%. The organic matter type of 
oil shale in the central, eastern and western regions is mainly II1–II2, I and  
I–II1, respectively.

3. The oil yield of oil shale in the study area varies greatly by region. Oil 
shale in the central region is of the highest quality, with 70% of the samples 
having an oil yield ω > 5 wt%. The ash content of oil shale is between 
70.04 and 88.11 wt% and its calorific value is 3.56–7.85 MJ/kg. It belongs 
to medium-low calorific and medium-high ash oil shales.

4. Based on the latest exploration results, oil shale resources in the study 
area are 5.54 billion tons (3.92 billion tons as identified resources) and 
resources converted into synthetic shale oil resources are 5.29 billion tons. 
Oil shale resources with an oil yield higher than 5 wt% account for 97.26% 
of the total resources, which indicates that oil shale in the Junggar Basin is 
of medium or high quality.

5. Analysis shows the Yaomoshan mining area in the northern Bogda 
Mountains to have the greatest development potential, followed by the 
Lucaogou and Shanghuangshanjie-Panjiazikou mining areas. Due to 
environmental requirements, the Fukanglinchang mining area was rejected 
by one vote.
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