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A B S T R A C T   

Coals are highly enriched in critical elements (rare earth elements, etc.), containing much information of 
paleoenvironmental and paleoclimatic during deposition. The Jurassic period is a significant coal-forming period 
in the world. The Yan’an Formation in the Ordos Basin in north China is among the largest Middle Jurassic coal 
fields of the world. The purpose of this study is to investigate the geochemical characteristics of Middle Jurassic 
Aalenian coals of Ordos Basin and their paleoclimate significance. Sixty-two coal samples were collected from 
two coal mines in the Dongsheng area in the northeast Ordos Basin. The major and trace elements in the coal 
samples were analyzed using X-ray fluorescence (XRF) and inductively coupled plasma-mass spectrometry (ICP- 
MS). The main oxides in the Yan’an coals are SiO2 and CaO. In comparison with average values for China, the 
coals from the Ordos Basin have a slight enrichment of CaO and MgO. Strontium and Mo values are also slightly 
enriched. Yttrium and rare earth elements are depleted in the coals, with a range of 8–269 μg/g (average = 48.5 
μg/g; on an ash basis). The coals in the Yan’an Formation have a negative Eu anomaly, suggesting that the peat 
bog had a stable terrigenous material supply during the coal-forming period. The continental saline water system 
and oxygen-suboxygenic environment were inferred from the Sr/Ba, U/Th, Ni/Co, Sr/Cu. The Sr/Cu and Sr/Ba 
data of Yan’an Formation coal seams in the Ordos Basin also indicate climate change from a relatively arid 
condition to a more humid climate, which is consistent with change of marine environment during the Aalenian. 
Global cooling during the Aalenian may have triggered strengthened moisture transport by westerlies in mid- 
latitude inland Asia, and therefore a humid climate in the Ordos Basin.   

1. Introduction 

Coal is a significant mineral and economic resource in many coun-
tries globally (Scott et al., 2007; Dai and Finkelman, 2018; Dai et al., 
2020). It is the major source and material for power generation, energy- 
intensive industries (steel, cement, etc.), and residential and commercial 
heating (Chang et al., 2016). In addition, coals are highly enriched in 
critical elements, including Ge, Ga, U, V, Se, rare earth elements and Y 
(REY or REE if Y is not included), Sc, Y, Au, and Ag, as well as base 
metals, such as Al and Mg (Dai and Finkelman, 2018). Coal and coal 
byproducts are substantially enhanced with trace metals and have been 
proposed as a promising source recovery option of REEs in recent years 

(Liu et al., 2019; Eterigho-Ikelegbe et al., 2021). Coal utilization is 
mostly based on its chemical properties (Dai et al., 2020). Trace ele-
ments such as Hg, As, and Se present in coal are known to be of concern 
for public health (Bhangare et al., 2011). In addition, coal is a major 
source of greenhouse gases (GHGs) and air pollutants (Chang et al., 
2016). Therefore, it is vital to identify the enrichment and distribution of 
coal elements. 

Coal records significant paleoenvironment and paleoclimate infor-
mation during geological and historical periods (Ferm et al., 1979; 
Hautevelle et al., 2006; Dai et al., 2020; Mathews et al., 2020). Many of 
the elements in coals were formed during the sedimentary stages, 
reflecting the paleoenvironments and paleoclimate (Lv et al., 2019; Dai 
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et al., 2020; Gayer et al., 1999). The physical and chemical properties of 
coal are also mostly determined by the depositional environment after 
the peat was formed (Dai et al., 2020). Therefore, it is significant to 
study the coal geochemical composition and enrichment of major and 
trace elements to understand the mechanisms of coal formation and 
paleoclimate change. 

The Ordos Basin is one of the most prominent Chinese inland coal- 
accumulating basins in the Jurassic period (Wang et al., 1996). The 
Middle-Lower Jurassic Yan’an Formation has many coal seams, which 
can be tracked through the whole basin (Wang et al., 1996). Several 
studies have been carried out on sedimentary facies and coal accumu-
lation rules (Zhang et al., 1995; Wang and Zhang, 1999). There are also 
some studies which focused on petrology and element geochemistry of 
coal in the Ordos Basin (Liu et al., 2007; Qin et al., 2015; Wang et al., 
2011), but little information is available on the variation of sedimentary 
environments during coal formation and accumulation. 

The primary aim of this study is to probe into the geochemical 
characteristics and paleoenvironment for the coal seams based on broad 
research on element geochemistry of coals from the Dongsheng area in 
the northwest Ordos Basin. A recent study by Zhang et al. (2021) sug-
gests that the depositional period of the Yan’an Formation in the Ordos 
Basin may have been in the cooling period after the Toarcian Oceanic 
Anoxic Event. Some researchers also pointed out that the short-term 
rapid cooling event in the early Aalenian stage may have a particular 
impact on the enrichment of terrestrial organic carbon (Dromart et al., 
2003; Rogov and Zakharov, 2010; Dera et al., 2011). Thus, it is signif-
icant to study the influence of the cooling events on the coal seams 
development of the Yan’an Formation in the Ordos Basin to reveal the 

early and middle Jurassic land paleoclimate changes in Eastern Asia. 

2. Geological setting 

The Ordos Basin, with an area of 250,000 km2, is the second-largest 
sedimentary basin in China. Located in central and western China and 
the western part of the North China Craton (Fig. 1A), it covers three 
provinces and two autonomous regions. It is surrounded by mountain 
belts and fault (rift) basins: Qinling Mountain/Weifen Basin to the south, 
Liupan and Helan Mountains/Yinchuan Basin to the west, and Daqing 
and Lvliang Mountains/Yuncheng Basin to the east (Yin et al., 1990). 

The Ordos Basin is famous for its vast energy resources (coal, oil, and 
gas), and the widely distributed Jurassic coal accounts for a large part of 
the total coal in the Ordos Basin (Ao et al., 2012; . The sedimentary cap 
layer in the Ordos Basin began to develop from the Cambrian period. 
The crystalline substrate is the most stable structural unit in Craton, 
North China. The intra-cratonic Ordos Basin is filled with middle upper 
Proterozoic to Cenozoic sediments underlain by an Archean to lower 
Proterozoic basement (Akhtar et al., 2017). The formation and evolution 
of the Ordos Basin is also closely related to the tectonic development of 
craton in North China, influenced by the Late Triassic Indochina 
orogeny, Jurassic Yanshan orogeny, and the late Cenozoic Himalayan 
orogeny (Johnson et al., 1989). 

The study area is located in the coal mine in the Dongsheng District 
(Ordos City, Inner Mongolia). The Yan’an Formation, with an exposed 
area of ca. 2000 km2, is well developed in the Dongsheng coalfield un-
conformably overlies the the Triassic (and older) strata in most outcrops 
(Zhang et al., 2021). Overall, the Dongsheng area is a stable 

Fig. 1. Geological settings and strata of the study area. (A) The location of the Ordos Basin. (B) Geologic map of the study area showing the position of the studied 
mining area. GXG is Gaoxigou; NY is Nayuan. (C) Stratigraphic column of the Yan’an Formation (Zhang et al., 2021). 
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southeastern-dipping homocline. 
There are many Jurassic outcrops in the Dongsheng and Zhungeer 

areas on the northeastern margin of the Ordos Basin (Li et al., 1995). 
However, the coal seams in the Yan’an Formation of the Middle Jurassic 
are the main target layers of this study. The lithology of the Yan’an 
Formation is composed of gray sandstone and coal seams (Fig. 1C), with 

a few interlayers of mudstone and silt. The Yan’an Formation is well 
developed in the Dongsheng area with a thickness of 133–279 m. 
Therefore, it is a suitable locality for analyzing the variations in coal 
seams’ geochemical characteristics in response to the sedimentary en-
vironment’s evolution. 

Table 1 
Major element oxides of coal samples in Yan’an Formation (%; on whole coal/rock basis).  

Coal seam Sample SiO2 Al2O3 Fe3O2 MgO CaO Na2O K2O MnO TiO2 P2O5 

2–2 2–1  6.59  2.77  0.79  0.43  2.66  0.07  0.06  0.02  0.27  0.01 
2–2  6.15  3.92  0.90  0.40  2.29  0.03  0.03  0.02  0.36  0.02 

3–1 3–1  4.64  5.25  0.76  0.64  2.71  0.05  0.06  0.01  0.31  0.02 
3–2  1.18  0.46  0.88  0.50  2.36  0.05  0.03  0.01  0.03  0.01 
3–3  4.52  1.04  0.23  0.60  3.17  0.05  0.04  0.01  0.08  0.01 
3–4  1.22  0.53  0.68  0.55  2.60  0.07  0.02  0.01  0.04  0.01 
3–5  2.22  0.59  0.21  0.58  3.30  0.12  0.06  0.01  0.06  0.01 
3–6  1.48  0.58  0.58  0.42  2.04  0.06  0.03  0.01  0.05  0.01 
3–7  1.40  0.48  0.27  0.42  2.13  0.05  0.02  0.03  0.04  0.01 
3–8  2.82  1.16  1.77  0.53  2.06  0.11  0.06  0.02  0.05  0.01 
3–9  3.21  5.11  1.03  0.56  2.09  0.09  0.05  0.03  0.33  0.03 
3–10  5.16  14.01  1.68  0.58  1.98  0.09  0.14  0.04  0.66  0.07 
3–11  8.32  1.14  1.95  0.36  1.93  0.07  0.02  0.02  0.10  0.01 
3–12  3.86  0.85  0.30  0.36  1.72  0.06  0.02  0.02  0.05  0.01 
3–13  0.55  0.72  0.47  0.42  1.88  0.06  0.02  0.01  0.08  0.01 
3–14  1.14  1.16  0.93  0.43  2.20  0.04  0.02  0.01  0.03  0.01 
3–15  1.51  1.42  0.72  0.38  1.69  0.07  0.04  0.01  0.06  0.01 

4–1 4–1  0.57  0.79  0.95  0.26  1.73  0.28  0.03  0.01  0.02  0.01 
4–2  17.81  7.37  2.32  0.70  1.94  0.26  0.84  0.02  0.31  0.04 
4–3  4.01  1.06  0.66  0.30  2.13  0.15  0.08  0.01  0.11  0.01 
4–4  5.18  2.39  1.66  0.31  2.06  0.18  0.09  0.02  0.18  0.02 
4–5  2.28  0.62  0.50  0.35  2.67  0.14  0.05  0.02  0.08  0.01 
4–6  10.18  4.19  0.81  0.39  1.64  0.19  0.45  0.01  0.24  0.03 
4–7  1.50  0.81  0.54  0.30  2.09  0.16  0.05  0.02  0.05  0.01 
4–8  1.73  0.73  0.45  0.33  2.31  0.14  0.04  0.01  0.05  0.01 
4–9  2.81  1.13  0.55  0.37  2.40  0.14  0.07  0.02  0.08  0.04 

5–1 5–1  1.83  0.79  1.13  0.35  2.16  0.12  0.02  0.01  0.04  0.01 
5–2  9.29  3.49  0.32  0.38  2.06  0.11  0.17  0.01  0.17  0.01 
5–3  0.95  0.74  0.94  0.32  1.67  0.13  0.02  0.01  0.04  0.01 
5–4  0.97  0.55  0.55  0.38  2.20  0.09  0.03  0.02  0.03  0.04 
5–5  1.40  0.65  0.76  0.38  1.96  0.12  0.02  0.01  0.05  0.01 
5–6  2.10  0.65  0.86  0.40  2.22  0.12  0.05  0.02  0.05  0.01 
5–7  4.83  1.00  0.28  0.39  2.66  0.11  0.02  0.01  0.10  0.01 
5–8  1.47  0.72  0.63  0.38  1.76  0.12  0.03  0.01  0.05  0.01 
5–9  2.40  1.02  0.28  0.38  2.27  0.10  0.02  0.01  0.09  0.01 
5–10  1.34  1.66  0.39  0.38  1.83  0.13  0.02  0.02  0.08  0.01 
5–11  2.35  1.98  0.13  0.38  1.94  0.10  0.02  0.01  0.09  0.01 
5–12  0.97  1.03  0.17  0.36  1.92  0.09  0.01  0.02  0.06  0.01 
5–13  0.67  0.60  0.19  0.34  1.90  0.09  0.01  0.02  0.04  0.01 
5–14  1.26  0.33  0.75  0.30  1.87  0.09  0.01  0.02  0.04  0.01 
5–15  1.34  0.51  1.64  0.28  1.65  0.11  0.01  0.02  0.02  0.01 
5–16  3.84  1.04  0.70  0.30  1.53  0.11  0.03  0.01  0.06  0.01 

6-2z 6z-1  4.52  1.43  0.21  0.54  2.76  0.06  0.01  0.01  0.07  0.01 
6z-2  4.44  2.16  0.20  0.54  2.70  0.07  0.01  0.01  0.20  0.01 
6z-3  2.15  0.57  1.65  0.50  2.76  0.08  0.02  0.01  0.04  0.09 
6z-4  0.94  0.46  3.31  0.41  2.37  0.06  0.01  0.01  0.02  0.20 
6z-5  1.86  1.16  0.56  0.51  2.55  0.06  0.02  0.01  0.04  0.06 
6z-6  2.19  0.84  0.42  0.54  2.82  0.07  0.02  0.01  0.04  0.03 
6z-7  1.45  0.57  0.34  0.48  2.48  0.06  0.01  0.01  0.03  0.04 
6z-8  1.98  0.55  1.42  0.44  2.25  0.06  0.01  0.01  0.04  0.02 
6z-9  1.08  0.40  0.42  0.46  2.36  0.07  0.01  0.01  0.02  0.01 
6z-10  1.65  1.08  0.93  0.53  2.98  0.07  0.01  0.01  0.03  0.01 

6-2x 6x-1  4.32  1.93  0.38  0.50  2.66  0.06  0.01  0.01  0.10  0.01 
6x-2  2.85  1.26  0.20  0.53  2.94  0.06  0.01  0.01  0.05  0.01 
6x-3  2.11  1.24  0.31  0.57  3.22  0.07  0.02  0.01  0.04  0.01 
6x-4  1.64  1.12  0.21  0.53  2.67  0.06  0.02  0.01  0.04  0.05 
6x-5  1.51  1.04  0.75  0.48  7.48  0.05  0.02  0.15  0.06  0.16 
6x-6  4.61  3.63  0.36  0.58  3.64  0.08  0.02  0.02  0.04  0.02 
6x-7  2.72  1.75  0.49  0.55  3.02  0.09  0.02  0.01  0.06  0.31 
6x-8  2.38  1.69  0.38  0.57  3.65  0.07  0.02  0.01  0.06  0.27 
6x-9  2.86  2.17  1.40  0.52  5.97  0.12  0.04  0.01  0.05  2.27 
6x-10  21.68  14.70  1.87  0.48  3.09  0.05  0.07  0.01  0.29  0.04  
GM  11.06  1.93  0.77  0.44  2.48  0.09  0.05  0.02  0.10  0.07  
CWA   8.47  5.98  4.85  0.22  1.23  0.16  0.19  0.02  0.33  0.09 

GM: Geometric average content CWA: Average values for China coals (Dai et al., 2012). 
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Table 2 
Trace elements of coal samples in Yan’an Formation (μg/g).  

Coal seam Sample Li Be Sc V Cr Co Ni Cu Zn Ga Rb Sr Mo Cd In 

2–1 2–1 5.40 0.42 4.01 34.40 17.10 4.15 21.80 48.70 18.70 3.18 1.80 117.00 0.94 0.07 0.03 
2–2 8.27 0.68 5.24 49.60 19.50 3.68 8.22 10.40 12.60 6.98 1.05 115.00 1.76 0.09 0.02 

3–1 3–1 26.90 10.90 4.79 97.20 25.30 3.00 7.61 6.87 10.20 6.94 1.37 732.00 0.39 0.03 0.02 
3–2 1.19 0.86 0.32 61.30 7.34 6.89 5.68 3.06 5.25 2.38 0.72 508.00 4.16 0.06 0.01 
3–3 3.34 0.16 0.52 66.80 7.69 2.10 3.59 15.70 9.01 1.05 0.94 787.00 0.27 0.03 0.01 
3–4 1.43 0.11 0.40 42.50 5.18 7.22 23.80 25.10 11.50 1.00 0.48 543.00 0.74 0.05 0.01 
3–5 2.12 0.14 0.78 95.50 8.93 2.42 4.07 5.57 11.10 1.25 2.52 819.00 0.41 0.04 0.02 
3–6 1.18 0.08 0.36 62.80 4.94 5.15 10.60 4.76 8.09 1.31 1.08 460.00 1.67 0.02 0.01 
3–7 1.58 0.07 0.39 90.90 6.45 0.53 4.87 3.01 3.65 0.98 0.48 478.00 0.87 0.01 0.01 
3–8 2.92 0.14 0.80 79.90 6.34 2.14 4.33 4.72 8.63 1.34 1.34 410.00 2.85 0.05 0.01 
3–9 21.30 1.30 7.51 107.00 34.90 1.98 10.10 30.10 27.70 11.20 3.61 568.00 3.52 0.08 0.03 
3–10 12.90 0.43 1.94 91.20 20.50 1.13 5.40 5.63 10.20 5.47 1.14 488.00 1.19 0.03 0.02 
3–11 6.75 0.11 0.91 96.60 10.10 0.75 3.79 4.08 3.87 1.40 0.44 429.00 2.55 0.05 0.01 
3–12 4.86 0.13 0.60 48.10 5.58 0.50 3.87 2.01 3.08 1.11 0.60 397.00 1.06 0.01 0.01 
3–13 1.37 0.14 0.48 61.90 7.67 1.01 9.05 17.80 9.83 2.24 0.29 422.00 0.52 0.02 0.02 
3–14 1.93 2.43 0.74 48.70 4.59 4.69 7.47 3.33 2.68 2.07 0.41 443.00 0.33 0.02 0.01 
3–15 2.05 5.74 2.76 45.40 9.60 3.53 8.14 23.20 2.65 13.10 1.10 396.00 0.45 0.02 0.02 

4–1 4–1 1.07 3.80 1.07 38.50 4.00 3.47 9.19 1.97 2.61 12.00 0.51 411.00 2.32 0.02 0.01 
4–2 9.80 4.77 7.18 89.70 25.60 6.47 22.40 31.30 26.50 8.16 30.70 503.00 1.15 0.19 0.04 
4–3 2.19 1.70 1.36 39.30 6.95 5.71 13.90 19.10 11.70 1.99 2.35 479.00 1.21 0.03 0.01 
4–4 5.19 0.25 1.66 28.00 8.01 7.05 13.20 13.40 10.50 2.29 1.63 445.00 2.01 0.06 0.02 
4–5 1.51 2.24 0.93 64.90 7.33 5.83 15.00 30.50 12.80 1.40 1.10 562.00 0.65 0.06 0.01 
4–6 6.23 1.51 12.00 151.00 74.50 4.43 9.89 27.00 10.40 18.60 20.60 449.00 1.38 0.06 0.05 
4–7 1.07 1.35 1.55 42.30 6.43 8.11 11.80 18.40 11.70 2.80 1.01 464.00 0.86 0.02 0.01 
4–8 0.93 1.24 0.99 17.90 6.13 7.30 8.62 18.50 9.49 1.87 1.26 535.00 0.79 0.02 0.01 
4–9 2.31 1.49 1.32 51.70 9.42 5.47 6.92 18.20 10.60 2.22 2.26 532.00 0.64 0.04 0.01 

5–1 5–1 0.82 5.68 2.85 9.76 3.69 14.20 10.40 2.97 2.57 6.14 0.39 474.00 0.65 0.01 0.02 
5–2 3.10 1.24 2.67 29.70 20.20 7.46 6.52 13.70 6.53 3.63 5.82 521.00 0.39 0.04 0.02 
5–3 0.93 0.26 0.53 28.20 3.32 10.10 7.46 2.65 1.99 1.26 0.51 430.00 1.29 0.01 0.01 
5–4 1.33 0.11 0.39 14.70 3.08 3.37 7.00 17.50 13.70 0.94 0.67 521.00 0.42 0.04 0.01 
5–5 1.45 0.11 0.49 22.40 3.02 2.15 5.47 4.52 3.75 0.77 0.45 462.00 0.25 0.02 0.01 
5–6 1.25 0.07 0.44 19.20 2.91 1.58 5.49 3.73 6.30 0.63 0.61 524.00 0.21 0.03 0.01 
5–7 2.26 0.09 0.49 19.00 3.67 0.72 3.96 4.45 4.59 0.60 0.42 651.00 0.17 0.02 0.01 
5–8 1.79 0.07 0.46 19.40 3.81 0.86 7.46 18.60 15.40 0.83 0.84 396.00 0.58 0.04 0.01 
5–9 2.52 0.15 0.63 23.60 4.41 0.46 3.71 2.63 4.30 0.94 0.33 551.00 0.18 0.02 0.01 
5–10 4.99 0.21 0.97 24.00 5.14 0.66 5.59 6.96 4.69 1.62 0.52 438.00 0.57 0.02 0.01 
5–11 5.50 0.20 1.20 40.20 7.68 0.63 5.03 2.78 4.30 2.81 0.58 470.00 0.19 0.03 0.02 
5–12 1.64 0.17 0.48 35.80 5.74 0.62 7.02 16.20 9.43 1.15 0.39 465.00 0.15 0.03 0.01 
5–13 0.92 0.09 0.34 51.40 5.90 1.13 7.70 2.05 2.25 0.73 0.52 442.00 0.24 0.01 0.01 
5–14 0.63 0.06 0.31 32.40 4.70 2.75 6.24 1.98 2.53 0.44 0.29 454.00 0.46 0.01 0.01 
5–15 1.02 0.27 0.39 29.30 3.58 8.51 8.21 2.29 2.03 0.63 0.31 388.00 0.79 0.01 0.01 
5–16 4.11 2.03 0.62 26.30 4.15 9.40 10.60 2.75 7.47 1.54 2.79 368.00 0.93 0.02 0.01 

6-2z 6z-1 2.61 4.80 1.82 35.10 5.90 6.55 6.77 18.90 15.10 2.10 0.47 581.00 0.30 0.02 0.01 
6z-2 4.00 1.37 1.01 38.90 5.60 5.22 5.98 5.67 6.30 2.24 0.36 600.00 0.11 0.02 0.01 
6z-3 1.28 0.13 0.36 33.80 4.45 5.68 11.40 19.40 23.50 1.01 0.78 557.00 0.50 0.08 0.01 
6z-4 0.83 0.08 0.25 23.00 2.68 7.25 10.00 17.70 13.20 0.85 0.31 454.00 1.24 0.06 0.01 
6z-5 1.93 0.11 0.40 38.00 3.20 3.95 9.27 4.26 4.50 0.78 0.35 559.00 0.28 0.04 0.01 
6z-6 1.84 0.14 0.34 27.20 3.65 2.54 4.54 2.97 4.45 0.48 0.69 607.00 0.35 0.03 0.01 
6z-7 1.09 0.08 0.37 24.50 3.61 6.68 7.82 2.66 4.25 0.57 0.33 535.00 0.41 0.03 0.01 
6z-8 1.32 0.10 0.36 59.30 4.53 8.19 10.40 17.50 11.30 0.79 0.24 489.00 0.90 0.10 0.01 
6z-9 0.72 0.27 0.23 21.40 2.50 7.56 7.13 16.50 10.10 0.53 0.26 449.00 1.17 0.05 0.01 
6z-10 1.87 6.77 1.03 87.00 5.64 8.08 20.30 19.80 11.80 9.42 0.33 629.00 2.47 0.03 0.01 

6-2x 6x-1 3.02 2.95 2.61 37.30 6.33 7.07 5.23 3.24 17.70 7.13 0.44 585.00 344.00 1.43 0.02 
6x-2 2.76 1.55 0.62 14.30 3.51 5.35 5.06 1.75 6.43 2.80 0.26 596.00 15.40 0.09 0.01 
6x-3 3.60 0.45 0.48 33.20 4.63 5.15 4.86 2.34 7.77 1.11 0.40 712.00 2.88 0.05 0.01 
6x-4 3.37 0.27 0.59 22.00 3.28 6.54 5.09 2.06 10.30 2.02 0.33 614.00 2.75 0.06 0.01 
6x-5 2.63 0.35 0.62 43.50 4.49 9.41 7.82 6.82 7.58 3.48 0.39 739.00 5.54 0.04 0.01 
6x-6 5.58 0.99 0.98 25.30 3.59 5.92 5.74 2.38 3.56 3.94 0.58 668.00 1.10 0.02 0.01 
6x-7 6.40 0.82 0.78 55.70 6.27 8.80 15.90 16.70 29.20 9.75 1.06 959.00 2.51 0.07 0.03 
6x-8 7.81 0.71 1.66 42.00 6.05 11.30 13.00 18.50 24.40 6.57 0.74 884.00 1.04 0.06 0.02 
6x-9 6.71 0.76 1.43 27.90 4.87 14.80 12.30 5.05 22.90 16.90 0.76 913.00 1.84 0.03 0.02 
6x-10 23.20 8.21 12.00 76.00 48.30 34.50 154.00 9.76 15.10 9.56 3.38 854.00 2.00 0.11 0.04  
GM 31.80 2.11 1.68 35.10 15.40 7.08 13.70 17.50 41.40 6.55 9.25 140.00 3.08 0.25 0.05  

GWA 4.15 1.42 4.38 46.53 9.32 5.52 11.10 11.34 9.82 3.77 1.75 525.78 6.83 0.06 0.02  

Coal seam Sample Sb Cs Ba W Re Tl Pb Bi Th U Nb Ta Zr Hf 

2–1 2–1  0.25  0.10  32.10  0.83 0.002  0.03  10.80  0.14  5.18  1.11  3.60  0.31  25.50  0.71 
2–2  0.31  0.10  28.90  1.19 0.003  0.08  6.92  0.16  7.44  1.37  4.93  0.43  41.90  1.04 

3–1 3–1  0.34  0.11  35.90  1.29 0.003  0.02  6.44  0.11  6.13  2.93  6.11  0.52  52.50  1.53 
3–2  0.37  0.04  12.90  0.83 0.002  0.18  3.35  0.05  0.44  0.24  0.60  0.05  3.37  0.10 
3–3  0.09  0.04  21.00  0.60 0.003  0.01  1.22  0.05  1.69  0.24  1.07  0.11  11.60  0.28 
3–4  0.18  0.03  24.70  0.83 0.002  0.01  2.20  0.08  0.65  0.36  0.67  0.05  4.84  0.14 
3–5  0.19  0.08  47.50  0.79 0.003  0.02  5.97  0.07  1.60  0.52  1.17  0.11  10.60  0.32 
3–6  0.12  0.07  42.80  1.80 0.002  0.01  1.73  0.04  0.60  0.24  0.65  0.06  5.33  0.15 

(continued on next page) 
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3. Sampling and analytical methods 

The coal samples were from the Gaoxigou and Nayuan coal mines 
(Fig. 1B). Sixty-two coal samples were collected from different levels in 
the Dongsheng area (Fig. 1C). Each sample was cut into small cubes with 
dimensions of 5 cm × 5 cm × 5 cm at 0.25-m intervals. All samples were 
immediately stored in plastic bags to minimize contamination and 
oxidation in the field. In the lab, all samples were crushed to 200 mesh 
for the chemical analyses. 

All samples were subjected to elemental geochemical analysis in the 
laboratory of the Analysis and Testing Research Center of the Beijing 
Geological Research Institute of Nuclear Industry. The analysis was 
performed using the test method proposed by Kimura (1998). The pro-
cessed 200-mesh powder sample was placed in a 35-mm-diameter PVC 

plastic mold with a boric acid bottom and then pressed under a pressure 
of 25 tons. The sample was completely digested using the sample 
digestion method proposed by Liu (1996). For every 50 (±1) mg of 
sample to be digested, 2 ml of concentrated nitric acid (HNO3) and 1 ml 
of hydrofluoric acid (HF) should be added. The X-ray fluorescence 
spectrometry (XRF) were used to determine the content of major- 
element oxides (SiO2, A12O3, CaO, K2O, Na2O, Fe2O3, MnO, MgO, 
TiO2, and P2O5). The trace and rare earth elements were determined 
using Inductively-coupled plasma mass spectrometer (ICP-MS). 

Table 2 (continued ) 

Coal seam Sample Sb Cs Ba W Re Tl Pb Bi Th U Nb Ta Zr Hf 

3–7  0.08  0.06  36.10  0.61 <0.002  0.01  1.57  0.03  0.54  0.22  0.61  0.05  4.75  0.14 
3–8  0.11  0.12  65.10  1.22 0.002  0.34  7.33  0.09  1.21  0.78  1.09  0.09  15.20  0.34 
3–9  0.42  0.23  80.40  2.03 0.002  0.04  20.50  0.15  17.70  6.90  16.60  1.37  124.00  3.39 
3–10  0.10  0.08  41.00  0.83 <0.002  0.13  7.84  0.08  4.49  1.38  5.56  0.44  53.40  1.39 
3–11  0.10  0.05  29.10  0.63 0.002  0.43  1.66  0.04  1.37  0.51  1.70  0.14  16.40  0.45 
3–12  0.14  0.06  16.00  0.78 <0.002  0.01  1.12  0.03  1.08  0.41  1.03  0.08  7.96  0.21 
3–13  0.20  0.03  21.90  0.83 0.002  0.01  0.90  0.09  1.67  0.71  1.33  0.11  15.70  0.44 
3–14  0.12  0.04  28.20  1.16 <0.002  0.02  2.31  0.04  1.12  0.28  0.58  0.06  4.32  0.15 
3–15  8.93  0.15  14.20  2.36 <0.002  0.06  7.29  0.11  1.61  0.76  0.87  0.07  11.80  0.37 

4–1 4–1  13.10  0.13  14.30  5.17 0.002  0.11  1.88  0.02  0.35  1.39  0.32  0.04  2.66  0.11 
4–2  1.28  4.35  101.00  0.94 0.002  0.29  11.20  0.39  8.08  3.54  11.00  0.59  86.20  2.11 
4–3  0.26  0.32  23.60  0.96 0.002  0.04  1.95  0.06  1.41  0.62  1.79  0.14  14.80  0.43 
4–4  0.17  0.12  21.50  0.95 <0.002  0.14  4.99  0.07  2.78  1.11  3.05  0.27  27.70  0.75 
4–5  0.17  0.09  24.40  0.53 <0.002  0.02  4.25  0.06  1.27  0.61  0.99  0.09  8.95  0.27 
4–6  2.45  5.91  92.60  1.67 0.002  0.24  5.65  0.32  7.93  3.75  9.34  0.29  35.70  1.03 
4–7  0.27  0.11  21.60  2.36 0.002  0.02  3.53  0.05  0.99  0.51  0.76  0.07  6.70  0.21 
4–8  0.20  0.22  18.90  1.68 0.002  0.02  5.19  0.06  0.76  0.30  0.73  0.06  5.59  0.17 
4–9  0.48  0.22  44.20  1.17 0.002  0.02  3.90  0.12  9.90  0.65  3.18  0.12  10.20  0.33 

5–1 5–1  2.06  0.05  7.55  0.98 0.002  0.06  4.38  0.04  0.88  2.46  1.60  0.07  7.28  0.29 
5–2  0.29  1.18  33.00  0.83 <0.002  0.06  1.92  0.19  3.63  1.03  2.72  0.22  27.30  0.78 
5–3  0.21  0.09  8.89  1.17 <0.002  0.04  2.43  0.03  0.35  0.17  0.42  0.03  2.64  0.10 
5–4  0.21  0.04  31.20  0.33 <0.002  0.01  3.42  0.07  8.87  0.32  2.27  0.07  4.40  0.14 
5–5  0.05  0.03  18.10  0.26 0.002  0.03  1.50  0.03  0.99  0.20  1.02  0.10  7.11  0.20 
5–6  0.08  0.05  12.10  0.38 <0.002  0.01  4.46  0.03  0.77  0.32  0.68  0.06  6.79  0.20 
5–7  0.06  0.03  10.10  0.26 <0.002  0.00  1.62  0.04  1.07  0.28  1.12  0.11  12.90  0.35 
5–8  0.37  0.08  19.10  0.40 0.002  0.01  2.56  0.04  0.51  0.35  0.59  0.05  3.91  0.12 
5–9  0.06  0.03  8.00  0.30 <0.002  0.00  1.25  0.06  1.33  0.39  1.35  0.11  16.10  0.29 
5–10  0.11  0.05  8.06  0.34 <0.002  0.01  1.87  0.06  1.50  0.63  1.54  0.13  12.30  0.36 
5–11  0.15  0.05  7.00  0.39 <0.002  0.01  2.09  0.07  1.88  1.15  2.73  0.15  24.10  0.73 
5–12  0.11  0.03  12.30  0.34 <0.002  0.00  2.12  0.04  1.13  0.49  1.17  0.09  9.98  0.30 
5–13  0.06  0.03  5.66  0.45 <0.002  0.01  0.96  0.05  0.63  0.26  0.69  0.06  5.31  0.16 
5–14  0.06  0.03  7.04  0.37 <0.002  0.10  1.69  0.04  0.48  0.15  0.52  0.04  3.79  0.12 
5–15  0.06  0.05  6.14  0.67 <0.002  0.10  2.28  0.02  0.37  0.11  0.31  0.03  2.47  0.07 
5–16  0.09  0.10  11.90  3.25 <0.002  0.03  14.50  0.08  8.62  0.90  8.19  0.87  21.40  0.66 

6-2z 6z-1  0.27  0.03  17.70  0.41 <0.002  0.00  1.50  0.06  1.08  0.56  0.84  0.08  8.78  0.27 
6z-2  0.09  0.03  8.50  0.32 0.002  0.00  0.63  0.09  3.15  0.47  1.73  0.20  39.30  0.92 
6z-3  0.29  0.05  23.20  0.58 <0.002  0.05  4.93  0.07  2.29  0.58  1.02  0.06  4.95  0.15 
6z-4  0.23  0.03  16.10  0.58 <0.002  0.28  6.30  0.04  1.57  0.20  0.56  0.03  2.75  0.08 
6z-5  0.10  0.04  14.90  0.40 <0.002  0.01  0.99  0.05  0.95  0.41  1.16  0.10  8.39  0.23 
6z-6  0.07  0.06  16.00  0.23 <0.002  0.01  4.22  0.05  0.78  0.33  0.49  0.06  5.09  0.15 
6z-7  0.10  0.02  11.50  0.54 <0.002  0.00  1.24  0.04  0.59  0.25  0.40  0.03  3.33  0.10 
6z-8  0.12  0.02  14.40  0.54 <0.002  0.04  2.31  0.05  0.54  0.18  0.52  0.05  4.67  0.15 
6z-9  0.11  0.02  13.20  0.35 <0.002  0.01  1.35  0.03  0.36  0.18  0.31  0.03  2.89  0.09 
6z-10  0.77  0.03  15.40  1.02 0.002  0.04  2.97  0.08  0.55  0.88  0.36  0.04  2.95  0.13 

6-2x 6x-1  0.30  0.03  10.40  0.44 0.002  0.31  5.33  0.08  1.54  1.57  2.22  0.15  15.00  0.43 
6x-2  0.07  0.02  16.70  0.20 <0.002  0.03  1.14  0.05  0.93  0.51  0.73  0.07  6.98  0.21 
6x-3  0.07  0.03  13.20  0.19 <0.002  0.01  1.49  0.06  0.84  0.38  0.65  0.05  4.81  0.16 
6x-4  0.08  0.03  30.70  0.24 <0.002  0.00  1.16  0.05  0.69  0.47  0.73  0.05  6.05  0.15 
6x-5  0.12  0.04  249.00  0.56 <0.002  0.02  2.94  0.05  0.87  0.49  0.90  0.08  7.99  0.24 
6x-6  0.15  0.08  94.20  0.18 <0.002  0.01  5.17  0.07  0.82  1.98  0.54  0.06  7.65  0.24 
6x-7  0.39  0.05  153.00  0.49 0.002  0.01  8.37  0.06  3.10  1.83  3.15  0.32  12.60  0.41 
6x-8  0.35  0.03  92.70  0.29 <0.002  0.01  5.44  0.08  2.92  0.75  2.86  0.27  13.90  0.43 
6x-9  1.25  0.04  136.00  0.54 <0.002  0.01  10.10  0.10  2.45  3.54  2.95  0.18  8.60  0.33 
6x-10  1.66  0.36  30.40  0.65 <0.002  0.40  58.70  0.28  12.80  2.32  7.45  0.83  68.70  2.07  
GM  0.66  0.25  34.44  0.86 <0.002  0.07  4.95  0.08  2.58  0.94  2.19  0.17  16.30  0.46  
GWA  0.84  1.13  159.00  1.08 ——  0.47  15.10  0.79  5.84  2.43  9.44  0.62  89.50  3.71 

GM: Geometric average content CWA: Average values for China coals (Dai et al., 2012) 
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4. Results 

4.1. Major elements 

The major element oxides in Yan’an Formation coal are SiO2 and 

CaO. The remaining major element oxides have values lower than the 
corresponding averages for Chinese coals (Table 1). This result is similar 
to the result obtained by Wang et al. (2011) from Jurassic coals in the 
Dongsheng area of the Ordos Basin. The major elements, mainly Na2O, 
MnO, and P2O5, are enriched (5 < CC < 10, CC = ratio of element 

Fig. 2. Concentration coefficients (CC) of major elements in the Yan’an coals. Normalized to average for Chinese coals (Dai et al., 2012).  

Fig. 3. Concentration coefficients (CC) of trace elements in the Yan’an coals. Normalized to average for Chinese coals (Dai et al., 2012).  
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Fig. 4. Variations of MgO, CaO, V, Sr and Mo (μg/g) in Yan’an Formation.  
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concentration in investigated coals vs. averages for Chinese coals); CaO 
and MgO are slightly enriched (2 < CC < 5) compared to the average for 
Chinese coals (Dai et al., 2012); and SiO2, Fe2O3, A12O3, K2O, and TiO2 
are depleted (CC < 0.5). 

4.2. Trace elements 

The trace contents in the coal of the Yan’an Formation are listed in 

Table 2. Compared with the average values for Chinese coals (Dai et al., 
2012), only Sr and Mo are slightly enriched (2 < CC < 5). The highest 
enrichment element is Sr, with a value of 3.76. The concentrations of the 
remaining trace elements are close to the average values for Chinese 
coals (0.5 < CC < 2), the enrichment coefficient of V element is 1.33 
(Fig. 3, A). Thus, the contents of Sr, Mo, and V in each layer have been 
studied (Fig. 4), showing that the contents of Mo and V in each layer did 
not have significant variation. However, the content of Sr decreased 

Table 3 
Yttrium and rare earth elements of coal samples in Yan’an Formation (μg/g).  

Coal seam Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 

2–1 2–1 10.80 22.70 2.32 8.56 1.34 0.26 1.28 0.19 1.05 6.39 0.21 0.57 0.10 0.61 0.09 
2–2 11.00 22.00 2.34 8.47 1.42 0.29 1.28 0.20 1.05 5.81 0.23 0.57 0.11 0.67 0.10 

3–1 3–1 19.60 35.60 4.17 17.00 3.66 0.89 3.41 0.71 4.21 30.80 0.98 2.48 0.47 2.71 0.39 
3–2 3.59 6.55 0.79 3.36 0.75 0.20 0.78 0.15 0.92 9.61 0.23 0.55 0.10 0.48 0.07 
3–3 4.25 7.30 0.79 3.52 0.51 0.09 0.52 0.08 0.37 4.15 0.08 0.21 0.04 0.21 0.03 
3–4 3.68 6.43 0.69 2.65 0.42 0.08 0.43 0.05 0.28 2.15 0.06 0.15 0.03 0.16 0.02 
3–5 3.55 5.95 0.59 2.23 0.37 0.06 0.34 0.06 0.30 1.74 0.06 0.16 0.03 0.19 0.03 
3–6 2.32 4.02 0.44 1.76 0.34 0.07 0.30 0.05 0.26 1.57 0.06 0.15 0.03 0.16 0.02 
3–7 2.11 3.13 0.35 1.31 0.22 0.05 0.20 0.03 0.18 0.95 0.04 0.09 0.02 0.11 0.02 
3–8 2.84 5.43 0.60 2.45 0.44 0.08 0.39 0.06 0.33 2.00 0.08 0.20 0.04 0.26 0.04 
3–9 49.00 98.20 11.70 47.10 8.98 1.65 7.81 1.28 6.50 27.90 1.24 2.95 0.54 3.26 0.45 
3–10 9.03 17.20 1.77 6.52 1.15 0.23 1.09 0.18 0.94 4.69 0.20 0.51 0.10 0.62 0.08 
3–11 4.69 7.48 0.84 2.86 0.51 0.09 0.46 0.07 0.37 1.96 0.08 0.22 0.04 0.28 0.04 
3–12 3.50 6.15 0.67 2.34 0.36 0.06 0.35 0.05 0.25 1.34 0.05 0.14 0.02 0.17 0.02 
3–13 3.35 5.97 0.67 2.42 0.34 0.05 0.33 0.05 0.25 1.41 0.05 0.12 0.02 0.12 0.02 
3–14 6.32 15.00 1.94 8.14 1.77 0.43 1.70 0.33 1.81 15.70 0.38 0.92 0.14 0.71 0.09 
3–15 4.77 11.00 1.65 7.60 2.13 0.60 2.06 0.50 2.95 21.30 0.72 1.72 0.30 1.82 0.25 

4–1 4–1 2.81 6.69 1.02 4.95 1.62 0.45 1.56 0.43 2.77 18.30 0.69 1.80 0.36 2.11 0.30 
4–2 17.40 36.90 4.43 16.90 3.50 0.75 3.09 0.57 3.03 20.10 0.71 1.79 0.34 2.11 0.27 
4–3 5.87 12.50 1.59 6.61 1.46 0.32 1.42 0.27 1.47 12.40 0.34 0.75 0.13 0.73 0.10 
4–4 8.95 17.00 1.91 7.46 1.23 0.20 1.17 0.17 0.79 5.56 0.17 0.44 0.08 0.51 0.07 
4–5 5.17 10.20 1.19 4.66 1.02 0.24 0.95 0.18 1.06 8.88 0.25 0.64 0.12 0.70 0.10 
4–6 29.60 70.20 7.68 29.10 5.24 1.12 4.77 0.87 4.72 24.40 1.03 2.62 0.50 2.90 0.43 
4–7 4.19 9.14 1.11 5.01 1.07 0.28 1.08 0.23 1.40 12.00 0.36 0.94 0.19 1.17 0.16 
4–8 4.69 10.10 1.20 5.04 0.98 0.27 1.04 0.19 1.09 10.90 0.26 0.63 0.11 0.58 0.08 
4–9 23.70 53.60 6.07 21.00 2.77 0.58 3.08 0.41 1.86 11.90 0.34 0.86 0.13 0.69 0.10 

5–1 5–1 4.32 11.00 1.39 6.39 1.79 0.50 1.92 0.51 3.47 26.60 0.91 2.14 0.44 2.65 0.39 
5–2 8.00 18.40 2.04 8.06 1.63 0.36 1.48 0.28 1.50 11.90 0.36 0.86 0.15 0.93 0.13 
5–3 2.46 5.38 0.63 2.57 0.51 0.10 0.43 0.08 0.41 2.99 0.09 0.21 0.04 0.23 0.03 
5–4 20.70 47.80 5.52 17.40 1.85 0.32 2.18 0.22 0.86 2.27 0.11 0.32 0.03 0.17 0.02 
5–5 1.94 3.63 0.40 1.52 0.26 0.05 0.26 0.05 0.26 1.52 0.06 0.14 0.03 0.15 0.02 
5–6 2.17 3.91 0.44 1.62 0.27 0.05 0.26 0.04 0.23 1.38 0.05 0.13 0.03 0.15 0.02 
5–7 2.41 4.20 0.46 1.66 0.29 0.06 0.26 0.04 0.25 1.45 0.06 0.15 0.03 0.19 0.03 
5–8 1.98 3.90 0.47 1.72 0.31 0.06 0.29 0.05 0.23 1.30 0.05 0.13 0.03 0.14 0.02 
5–9 3.16 5.96 0.72 2.49 0.43 0.08 0.39 0.06 0.30 1.55 0.06 0.16 0.03 0.21 0.03 
5–10 4.25 8.57 0.96 3.36 0.56 0.10 0.53 0.08 0.43 2.26 0.09 0.24 0.04 0.26 0.04 
5–11 4.00 8.78 0.98 3.54 0.65 0.09 0.53 0.09 0.50 2.48 0.10 0.27 0.06 0.37 0.05 
5–12 4.15 8.04 1.00 3.49 0.62 0.10 0.51 0.08 0.39 2.03 0.09 0.23 0.05 0.30 0.04 
5–13 2.68 4.92 0.57 2.08 0.35 0.06 0.29 0.05 0.23 1.45 0.05 0.12 0.02 0.15 0.02 
5–14 1.89 3.04 0.33 1.16 0.17 0.03 0.17 0.03 0.13 0.77 0.03 0.07 0.01 0.09 0.01 
5–15 2.85 4.76 0.48 1.74 0.24 0.05 0.27 0.04 0.18 1.43 0.04 0.08 0.01 0.09 0.01 
5–16 12.30 23.80 2.39 8.15 1.49 0.19 1.49 0.27 1.47 9.77 0.33 0.75 0.12 0.61 0.08 

6-2z 6z-1 10.20 20.90 2.35 8.44 1.52 0.37 1.60 0.29 1.66 15.10 0.41 0.98 0.20 1.07 0.16 
6z-2 2.61 5.63 0.70 2.92 0.64 0.15 0.61 0.11 0.64 6.54 0.16 0.39 0.07 0.38 0.05 
6z-3 7.39 16.30 1.82 6.58 0.86 0.15 0.89 0.12 0.52 3.23 0.09 0.24 0.03 0.21 0.03 
6z-4 6.86 14.50 1.62 5.60 0.73 0.14 0.78 0.10 0.42 2.25 0.07 0.17 0.02 0.13 0.02 
6z-5 3.50 4.49 0.48 1.62 0.27 0.05 0.24 0.04 0.20 1.21 0.05 0.11 0.02 0.13 0.02 
6z-6 2.98 3.99 0.40 1.37 0.18 0.04 0.22 0.03 0.18 1.07 0.04 0.11 0.02 0.13 0.02 
6z-7 2.78 4.11 0.44 1.51 0.23 0.05 0.23 0.03 0.20 1.08 0.04 0.10 0.02 0.13 0.02 
6z-8 1.66 2.88 0.33 1.20 0.21 0.05 0.20 0.03 0.17 1.26 0.04 0.10 0.02 0.12 0.02 
6z-9 2.05 3.57 0.42 1.53 0.26 0.05 0.25 0.04 0.19 1.60 0.04 0.09 0.02 0.10 0.01 
6z-10 8.46 17.10 2.34 9.68 2.16 0.62 2.19 0.45 2.54 25.30 0.62 1.36 0.21 1.10 0.16 

6-2x 6x-1 3.70 8.91 1.06 4.75 1.09 0.28 1.14 0.27 1.71 16.30 0.44 1.13 0.21 1.24 0.18 
6x-2 2.77 6.63 0.82 3.51 0.81 0.18 0.79 0.18 1.05 10.40 0.25 0.62 0.12 0.62 0.09 
6x-3 4.02 7.23 0.82 3.19 0.63 0.11 0.57 0.11 0.58 5.79 0.13 0.32 0.06 0.33 0.04 
6x-4 11.80 15.00 1.23 3.67 0.58 0.09 0.67 0.09 0.49 4.23 0.11 0.29 0.05 0.33 0.05 
6x-5 18.90 28.10 2.80 9.56 1.38 0.17 1.28 0.18 0.84 4.85 0.16 0.42 0.07 0.42 0.06 
6x-6 2.01 5.49 0.81 3.38 0.87 0.13 0.64 0.13 0.74 4.76 0.17 0.45 0.09 0.59 0.09 
6x-7 56.10 86.40 7.96 21.90 2.49 0.31 3.22 0.34 1.67 7.08 0.27 0.77 0.12 0.78 0.11 
6x-8 9.12 19.60 2.19 7.91 1.38 0.21 1.27 0.21 1.06 7.93 0.22 0.55 0.10 0.60 0.08 
6x-9 27.20 68.80 9.35 40.70 8.13 1.52 6.76 1.14 5.24 44.80 1.01 2.32 0.29 1.57 0.19 
6x-10 9.03 22.40 2.46 9.32 2.21 0.42 1.92 0.43 2.49 16.40 0.56 1.32 0.25 1.43 0.21  
UCC 16.00 33.00 3.90 16.00 3.50 1.10 3.30 0.60 3.70 20.00 0.78 2.20 0.32 2.20 0.30 

UCC: Upper Continental Crust (Taylor and McLennan, 1985). 
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during coal deposition. 

5. Discussion 

5.1. Geochemical characteristics 

The major element oxides representing the terrestrial clastic material 
components in coal are SiO2, as seen in the quartz (Han, 1996). Because 
most of the quartz in coal is terrigenous, carried by geological forces 
such as water or wind into peat bogs and preserved in coal seams. The 
content of major elements in the coal seams in the study area is domi-
nated by SiO2, which indicates that the material source may be mainly 
terrigenous debris. Huang et al. (2009) also found that the whole basin 
had a stable deposition provenance in the late Paleozoic. 

Each layer is summarized and compared with the enrichment co-
efficients (Fig. 2B-G). CaO and MgO are slightly enriched in every layer. 
However, the enrichment coefficient in the 6-2x coal is higher, which is 
shown as mild enrichment. Compared to the other coal seams, only P2O5 
in the 6-2x coal seam is slightly concentrated. Meanwhile, the content of 
CaO and MgO with high concentration elements in each layer was 
studied (Fig. 4). It can be concluded that the contents of CaO and MgO 
contents in each layer have no noticeable change (Fig. 4). However, the 
contents of CaO and MgO in the 6-2x coal seam are relatively unstable 
(Fig. 4). 

The enrichment characteristics of coal trace elements (Fig. 3, B-G) 
demonstrated that the V content at the top of the coal seam is slightly 
higher than at the bottom. It indicates that the enrichment coefficient of 
elements Th, Sc, V, Cr, Ni, and Cu is high in the 2–1 coal seam and the 
enrichment coefficient of Sr element is low. However, the Sr element 
enrichment coefficient in the coal seams except the 2–1 coal seam is high 
(Fig. 3, B-G). 

Wang et al. (2018) also found that most trace elements in coals of the 
Yan’an Formation are depleted. The concentration is close to the cor-
responding average of the world’s low coal grade coal. This is also 
consistent with our conclusion from this study. 

Rare earth elements and Yttrium (REY) are often discussed together 
because of their similar geochemical properties (Seredin and Dai, 2012). 
Therefore, a three-fold geochemical classification of rare earth elements 
and Yttrium was used in this study: light (LREY: La, Ce, Pr, Nd, and Sm), 
medium (MREY: Eu, Gd, Tb, Dy, and Y), and heavy (HREY: Ho, Er, Tm, 
Yb, and Lu) REYs (Seredin and Dai, 2012). 

The REY concentrations from average values for Chinese coals and 
their comparison with the Yan’an Formation coal samples are listed in 
Table 3. The concentration of REY in Yan’an coal is 7.92 ~ 268.56 μg/g 
(Table 3). The average concentration of total REY in Yan’an Formation 
coal is 48.49 μg/g, close to the average value for world low-rank coals 
(65.3 μg/g; Ketris and Yudovich, 2009), lower than the average value for 
China coals (135.89 μg/g; Dai et al., 2012). The enrichment of REY in 
Yan’an Coal is 0.62, and all elements except Yttrium are<1 (Fig. 3A). 
REY enrichment in each coal seam is relatively low, except for La, Ce, 
and Y in the 6-2X coal seam (Fig. 3, B-G). Europium in all the coals shows 
apparent negative anomalies (Fig. 5A). Dai et al. (2016) noted that Eu 
anomalies could be caused by the interference from BaO and/or BaOH 
during the ICP-MS analysis. However, the weak relation between Ba and 
Eu concentrations (R = 0.024; Fig. 5B) in the investigated samples 
suggests that the interference of Ba does not cause the Eu anomalies in 
Yan’an Formation coals. Excluding the interference of Ba, it is generally 
believed that the Eu anomaly of the source rock caused the Eu anomaly 
of the element in coal (Birk and White, 1991; Dai et al., 2014; Eskenazy, 
1987), as shown by the strong correlation between rare earth elements 
in Yan’an Formation coal and land-based debris rock. 

The REY concentrations in coals have been normalized to chondrite 

Fig. 5. Distribution patterns of REY in the samples. (A) REY are normalized by Upper Continental Crust (UCC) (Taylor and McLennan, 1985). (B) Diagram of the 
relationship between δ Eu and ω(Ba) of samples. 
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in some investigations of REY distribution patterns (Wang et al., 1997; 
Wang and Yang, 2008; Zhao et al., 2012). However, this is not advisable 
as the normalization standard should have been affected by similar 
fractionation processes to the samples being normalized (Dai et al., 
2016). Therefore, the REY in coal is normalized to the Upper Continental 
Crust in this study (upper continental crust; Taylor and McLennan, 

1985). The distribution patterns of REY in Yan’an Formation coal show 
the V-shaped pattern, indicating negative Eu anomalies (Fig. 5A). This 
suggests that the peat bog had a stable terrigenous material supply 
during the coal-forming period (Birk and White, 1991; Dai et al., 2020). 

Compared with REY concentration in the UCC (upper continental 
crust; Taylor and McLennan, 1985), three enrichment types are 

Table 4 
Geochemistry parameters of rare earth elements of coal samples in Yan’an Formation.  

Coal seam Sample 
∑

REY LaN/LuN LaN/SmN GdN/LuN δEu δCe Enrichment type 

2–1 2–1 56.47 2.28 0.18 1.31 0.64 1.09 L 
2–2 55.54 2.15 0.17 1.21 0.70 1.05 L 

3–1 3–1 127.07 0.93 0.12 0.79 0.74 0.92 H 
3–2 28.12 0.96 0.11 1.02 0.82 0.90 H 
3–3 22.15 2.85 0.18 1.68 0.59 0.88 L 
3–4 17.27 3.29 0.19 1.87 0.70 0.93 L 
3–5 15.65 2.38 0.21 1.11 0.49 0.93 L 
3–6 11.54 2.07 0.15 1.29 0.64 0.91 L 
3–7 8.79 2.47 0.21 1.13 0.69 0.82 L 
3–8 15.23 1.52 0.14 1.01 0.62 0.97 L 
3–9 268.56 2.03 0.12 1.57 0.62 0.98 L 
3–10 44.30 2.17 0.17 1.27 0.66 1.02 L 
3–11 19.97 2.25 0.20 1.07 0.58 0.89 L 
3–12 15.47 3.13 0.21 1.50 0.59 0.96 L 
3–13 15.16 3.49 0.21 1.67 0.54 0.95 L 
3–14 55.39 1.27 0.08 1.66 0.76 1.05 L 
3–15 59.37 0.35 0.05 0.74 0.81 0.94 H 

4–1 4–1 45.85 0.18 0.04 0.48 0.74 0.92 H 
4–2 111.89 1.20 0.11 1.03 0.69 1.04 L 
4–3 45.96 1.07 0.09 1.25 0.69 0.99 L 
4–4 45.69 2.47 0.16 1.56 0.55 0.97 L 
4–5 35.37 0.99 0.11 0.88 0.74 0.99 H 
4–6 185.18 1.30 0.12 1.02 0.69 1.16 L 
4–7 38.33 0.48 0.09 0.60 0.75 0.99 H 
4–8 37.15 1.16 0.10 1.24 0.82 1.02 L 
4–9 127.08 4.63 0.19 2.92 0.70 1.14 L 

5–1 5–1 64.43 0.21 0.05 0.44 0.73 1.07 H 
5–2 56.08 1.15 0.11 1.03 0.70 1.11 L 
5–3 16.16 1.54 0.11 1.32 0.61 1.04 L 
5–4 99.78 18.48 0.24 9.44 0.61 1.18 L 
5–5 10.27 1.82 0.16 1.16 0.59 0.98 L 
5–6 10.75 1.77 0.17 1.02 0.62 0.95 L 
5–7 11.54 1.81 0.18 0.95 0.67 0.94 L 
5–8 10.67 1.95 0.14 1.40 0.66 1.00 L 
5–9 15.61 2.19 0.16 1.30 0.63 0.98 L 
5–10 21.76 2.15 0.17 1.29 0.58 1.05 L 
5–11 22.49 1.56 0.14 1.00 0.49 1.11 L 
5–12 21.10 1.85 0.15 1.10 0.55 0.99 L 
5–13 13.05 2.28 0.17 1.20 0.57 0.96 L 
5–14 7.92 2.73 0.25 1.20 0.64 0.89 L 
5–15 12.27 4.11 0.26 1.87 0.72 0.93 L 
5–16 63.20 3.00 0.18 1.76 0.39 1.06 L 

6-2z 6z-1 65.24 1.21 0.15 0.92 0.73 1.05 L 
6z-2 21.59 0.91 0.09 1.02 0.72 1.01 H 
6z-3 38.46 4.95 0.19 2.88 0.60 1.11 L 
6z-4 33.41 7.15 0.20 3.94 0.64 1.09 L 
6z-5 12.43 3.65 0.28 1.23 0.59 0.76 L 
6z-6 10.77 2.94 0.36 1.04 0.62 0.79 L 
6z-7 10.96 2.74 0.26 1.11 0.69 0.84 L 
6z-8 8.29 1.95 0.17 1.16 0.71 0.93 L 
6z-9 10.21 2.75 0.17 1.61 0.66 0.92 L 
6z-10 74.29 0.97 0.09 1.21 0.85 0.94 H 

6-2x 6x-1 42.42 0.38 0.07 0.56 0.72 1.07 H 
6x-2 28.84 0.58 0.08 0.80 0.66 1.07 H 
6x-3 23.93 1.84 0.14 1.27 0.55 0.94 L 
6x-4 38.69 4.43 0.44 1.22 0.50 0.80 L 
6x-5 69.19 5.81 0.30 1.91 0.43 0.86 L 
6x-6 20.34 0.44 0.05 0.67 0.49 1.08 H 
6x-7 189.51 9.48 0.49 2.64 0.42 0.93 L 
6x-8 52.43 2.04 0.14 1.37 0.49 1.09 L 
6x-9 219.02 2.73 0.07 3.29 0.63 1.05 L 
6x-10 70.84 0.81 0.09 0.84 0.57 1.19 H  
Average 48.49 2.51 0.16 1.47 0.64 0.99  

Note. Alternation: 
∑

REY = La + Ce + Pr + Nd + Sm + Eu + Gd + Tb + Dy + Y + Ho + Er + Tm + Yb + Lu; δEu = EuN/EuN* = EuN/[(SmN × 0.67)+ (TbN × 0.33)], δCe 
= CeN/CeN* = CeN/[(LaN × 0.67 + NdN × 0.33)] (Bau and Dulski, 1996); SmN, EuN, GdN, TbN, LaN, LuN, CeN, and NdN are the normalized ratio of rare earth elements in 
the Upper Continental Crust (Taylor and McLennan, 1985). 
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identified: L-type (LaN/LuN > 1), M-type (LaN/SmN < 1, GdN/LuN > 1), 
and H-type (LaN/LuN < 1). The LaN/LuN of coal in the Yan’an Formation 
ranges from 0.18 to 18.48, with an average of 2.51 (Table 4). The REY in 
Yan’an coal are low in concentrations and characterized by the distinct 
L-type enrichment. The concentrations of the remaining trace elements 
are close to the average values for Chinese coals (0.5 < CC < 2). The 
content of rare earth elements is generally low in Yan’an Formation (Liu 
et al., 2007). 

5.2. The paleoenvironmental significance of peat deposition 

The environmental settings affect the trace element concentrations 
in sediments (Boucot and Gray, 2001; Chermak and Schreiber, 2014). In 
coals, trace elements and REY contain important geological information, 
so the occurrence state and composition of trace elements in coal have 
been extensively studied (Dai et al., 2015, 2016, 2017, 2018). In modern 
sediments, some sensitive element indicators are successfully applied to 

reconstruct paleoclimate (Gan et al., 2018; Mathews et al., 2020). There 
are few studies on paleoclimates using element indicators in ancient 
deposits (e.g., Jurassic). Some trace element ratios in sediments are used 
to paleo-redox conditions, such as Ni/Co, U/Th, and V/(V + Ni) (Jones 
and Manning, 1994). The ratios of trace elements such as Rb/Sr can also 
be used to determine salinity (Lerman et al., 1995). The elements Sr and 
Cu ratio are often used to analyze the paleoclimate characteristics 
(Lerman et al., 1995). Ratios of Ni/Co, U/Th, Sr/Ba, and Sr/Cu are 
reliable indicators of paleoenvironment. The ratios of Ni/Co and U/Th 
are used to investigate the paleoenvironment, while the ratios of Sr/Ba 
and Sr/Cu indicate paleosalinity and paleoclimate, respectively. 

5.2.1. Paleosalinity 
Strontium and Ba have different geochemical behavior in sedimen-

tary environments (Liu et al., 1984). Therefore, values and ratios of trace 
elements (e.g., B, Ba, and Sr) can be used to determine salinity (Lerman 
et al., 1995). The Sr/Ba ratio is one of the most widely used indicators 

Fig. 6. Trace element ratios distributions in samples of different coal seams. (A) The Plot showing variation of the ratios calculated from the trace element 
composition in the samples. (B) Relationship between the Strontium/Barium (Sr/Ba) and Strontium/Copper (Sr/Cu) ratios. (C) Relationship between Nickel/Cobalt 
(Ni/Co) and Uranium/Thorium (U/Th) ratios. 
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for sedimentary rocks and coals (Dai et al., 2020). High Sr/Ba value 
represents high salinity, while low Sr/Ba value represents low salinity 
(Deng and Qian, 1993). 

The Sr/Ba ratio of the samples in the Yan’an Formation are all higher 
than 1, indicating the paleosalinity is generally high. The samples’ 
relatively high Sr/Ba ratio at the bottom of the coal seam indicates a 
relatively high salinity during deposition of this portion of the coal. The 
Sr/Ba ratio decreases upward of the coal seam, reflecting decreasing 
salinity (Fig. 6A). The decrease in salinity from the bottom to the top of 
the seam may have been due to a decrease in the evaporation of water; 
the lesser concentration of water may indicate that the ancient tem-
perature slowly decreased during the stage of Yan’an Formation 
deposition. 

Generally, Sr/Ba values > 1 and < 1 indicate arid and humid climatic 
conditions, respectively (Dai et al., 2020). Therefore, the paleoclimate 
trends of the Yan’an Formation may indicate an intensification of humid 
conditions in this region. 

5.2.2. Depositional environment 
In addition to U, Mo, and V are also considered to be redox-sensitive, 

and several studies have utilized trace element ratios to evaluate paleo- 
redox conditions in sedimentary rocks (Dai et al., 2020). Generally, 
element ratios indicate environmental change (Mathews et al., 2020; 
Dai et al., 2020). Several authors have used the Ni/Co and U/Th ratios to 
indicate paleo-redox conditions (Rimmer, 2004). 

Higher Ni/Co and U/Th ratios represent oxidizing conditions, 
whereas lower ratios suggest reducing conditions. Ni/Co > 7, Ni/Co = 5 
~ 7, Ni/Co < 5, respectively, indicate oxidizing, suboxic, and reducing 
environments (Dypvik, 1984). Jones et al. (1994) suggested that U/Th 
ratios of > 1.25, 0.75 ~ 1.25, and < 0.75 indicate dysoxic, suboxic, and 
oxidizing conditions, respectively. 

The Ni/Co ratios in the study samples of the Yan’an Formation are 

mostly lower than 7 (Fig. 6A), suggesting that the paleo-redox in this 
area is oxidic and suboxic. There are two Ni/Co mutation values at the 
top of 4–1 coal and 5–1 coal. There is no change of trend between the 
two anomalies and therefore discussed in this study. The U/Th ratio in 
the samples of the Yan’an Formation is all lower than 1.25 (Fig. 6A), 
indicating the paleo-redox in this area is oxidic. The interaction between 
Ni/Co and U/Th can infer that most samples were deposited in oxygen- 
rich or suboxidated redox environments (Fig. 6C). 

5.2.3. Paleoclimate 
The Sr/Cu ratio is susceptible to climate change (Xiong and Xiao, 

2011). For example, Lerman et al. (1995) proposed that the Sr/Cu ratio 
of 1.3 ~ 5.0 indicates warm and humid climate, and over 5.0 reflects 
drought conditions. 

Rubidium has high stability during weathering, whereas Sr has low 
stability (Chen et al., 2000). During a warm climate with high precipi-
tation, intense weathering can lead to a decreased trend in Sr content. 
Most of the Sr/Cu ratios of the Yan’an Formation coal samples are > 5. 
The vertical evolution of the Sr/Cu ratio indicates that the higher part of 
the seam was formed in a relatively warm and humid climate. The 
decrease of Sr/Cu ratio from lower Yan’an Formation to higher Yan’an 
Formation indicates even warmer and wetter weather conditions during 
deposition (Fig. 6A). The interaction between Sr/Cu and Sr/Ba can be 
used to infer that samples became warm and humid during deposition 
(Fig. 6B). 

According to Zhang et al. (2016), the paleoclimate of the Yan’an 
Formation is interpreted to have been warm and humid from mudstone 
element indicators of the Yan’an Formation. Duan et al. (2013) and 
Jiang and Wang (2002) also determined that the sedimentary environ-
ment of the Yan’an Formation was warm and humid from the palyno-
logical assemblage. The trend of vertical climate change is evident in 
this study. This trend is consistent with the Sr/Ba indicators, which 

Fig. 7. Comparison of elementary proxies in the Yan’an Formation with other paleoenvironment records. (A) Stratigraphic column of the Yan’an Formation (Zhang 
et al., 2021). (B) Sr/Ba of the samples. (C) Sr/Cu of the samples. (D) Hygrophytic/Xerophytic (H/X) ratios of plant spores in Yan’an Formation (Sun et al., 2017). (E) 
Pliensbachian to Aalenian oxygen-isotope record plotted against subzone numbers. Shading behind the oxygen-isotope data highlights warm (red) and cool (blue) 
paleotemperature (Korte et al., 2015). (F) 1, 2, and 3 are contents of Cassopolis pollen from Western and Middle Siberia, southern regions of the former USSR, and the 
North fringe of the Asiatic part of the former USSR, respectively. 4, 5, 6, and 7 are, respectively, contents of thermophilous plants in China from North Xinjiang, 
Northwest China, Jingyuan, Gansu, and Qaidam basin (Deng et al., 2017b). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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further proves the accuracy of the result. The present study demon-
strates that warmer and wetter conditions existed during the Yan’an 
Formation coal-bearing sequence deposition. 

5.3. Relation between coal accumulation and early Aalenian global 
climate cooling event 

The Jurassic world was long considered a warm and equable 
greenhouse climate, however, many rapid cooling events and even 
icehouse episodes have been identified (Dromart et al., 2003; Dera et al., 
2011; Rogov and Zakharov, 2010), such as a drastic change in compiled 
δ18O database (from well-dated bivalves and belemnites) for the Jurassic 
appears with calculated temperature variation exceeding 8 ◦C during the 
Toarcian-Aalenian transition (Dera et al., 2011). Recently, the Aalenian 
is considered to have been a Cool Mode during the Jurassic, with an 
abrupt mid-latitude cooling of seawater by as much as 10 ◦C; this is 
proposed to have been caused by the uplift of the North Sea Dome that 
impeded northward oceanic heat transport (Korte et al., 2015, and ref-
erences therein) (Fig. 7E). However, the percentage changes of Class-
opollis pollen and thermophilous plants from Middle Jurassic deposits of 
the former USSR (Vakhrameev, 1991) and North China (Deng et al., 
2017b) show that cooling and humid climate change occurred in the 
terrestrial area at that time (Fig. 7F). Consistent with this paleobotanical 
evidence, our Sr/Cu and Sr/Ba data of Yan’an Formation coal seams in 
the Ordos Basin also indicate climate change from a relatively arid 
condition to a more humid climate during the Aalenian (Fig. 7B-C), with 
more hygrophytic plants occurring in the upper Yan’an Formation (Sun 
et al., 2017) (Fig. 7D). Hence, the climate change in the mid-latitude 
terrestrial ecosystem could be the response to the significant change of 
marine environment during the Aalenian (Deng et al., 2017a). During 
cooling in an overall greenhouse state, the westerlies would be 
strengthened in mid-latitude Asia. As a result, global cooling during the 
Aalenian may have triggered strengthened moisture transport by west-
erlies in mid-latitude inland Asia, and therefore a humid climate in the 
Ordos Basin (Gao et al., 2015, 2021) 

6. Conclusions 

Based on the major and trace element analysis of the Middle Jurassic 
Yan’an coals of Ordos Basin, China, the following conclusions were 
drawn from our study:  

1) The major element oxides in Yan’an coals are SiO2 and CaO. In 
comparison with average values for China, the coals from the Ordos 
Basin have a slight enrichment of CaO and MgO. Sr and Mo are 
slightly higher than the average values for China. Yttrium and rare 
earth elements are depleted in the coals, and the distribution ranges 
between 7.92 μg/g to 268.56 μg/g with an average of 48.49 μg/g. A 
specific feature is the negative Eu anomaly in the Yan’an Formation 
coals which suggests that peat bog had stable terrigenous material 
supply during the coal-forming period.  

2) It can be concluded that the paleoclimate was hot and dry with land- 
phase saltwater bodies and the oxygen-suboxygenic environment 
from the ratios of Sr/Ba, U/Th, Ni/Co, and Sr/Cu. However, the 
paleoclimate during the period of the Yan’an Formation was not a 
constant hot and arid climate. Instead, this study shows that the 
climate changed from arid to humid during the Aalenian of the 
Yan’an coal seam.  

3) The Sr/Cu and Sr/Ba data of Yan’an Formation coal seams in the 
Ordos Basin indicate the climate change from a relatively arid con-
dition to a more humid climate during Aalenian. Therefore, the 
climate change in the mid-latitude terrestrial ecosystem (e.g., Ordos 
Basin, North China) could be the response to the significant change 
of marine environment during the Aalenian. Global cooling during 
the Aalenian may have triggered strengthened moisture transport by 

westerlies in mid-latitude inland Asia, and therefore a humid climate 
in the Ordos Basin. 
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