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A B S T R A C T   

The Middle Jurassic Yan’an Formation in the Ordos Basin (North China) is an important coal-bearing succession. 
Twenty coal samples and four samples of silty mudstones were collected from Coal Seam 2 of the Yan’an For
mation in order to determine major, trace and rare earth elements; moreover, the geochemistry of the rare earth 
elements, and in particular yttrium, was investigated. The major elements investigation reveals that Si, Al, Na, K, 
and Ti are primarily found in clay minerals. Calcium is primarily found in calcite and iron is largely controlled by 
sulfur. The average REE (rare earth element) contents in the coals and silty mudstones are 15.17 μg/g and 
210.57 μg/g, respectively. The Upper Continental Crust-normalized distribution patterns of the REE in the coals 
and silty mudstones show no obvious fractionation; however, they show negative Eu anomalies and negligible Ce 
anomalies. Correlations between the REE and the major elements indicate that the REE in the coals and silty 
mudstones are both derived from eroded rocks in the hinterland and mainly controlled by the presence of detrital 
minerals. We investigated some diagrams of major element, trace element, and REE from the coal seam to 
comprehend its provenance and tectonic setting. The findings indicate that they are mainly derived from felsic 
and intermediate rocks in a continental island arc setting. The REE analysis shows that various provenance areas 
supplied clastics when coal developed in the Yan’an Formation. The findings imply that provenance analysis 
should be taken into account when studying the sedimentary environments of coal-bearing successions.   

1. Introduction 

Analyses of the sedimentary environment of coal-bearing successions 
have been found to profit from the analysis of rare earth elements (REE) 
in both the coals themselves and the clastic sediments in between 
(Bhattacharjee et al., 2018; Zhao et al., 2019; Tatar and Alipour-Asll, 
2020). Moreover, they provide insight into the post-depositional his
tory of coal deposits because of their coherent behavior during different 
geochemical processes and their predictable fractionation patterns (Bau 
et al., 2014; Dai et al., 2016). This is because their mobility and con
trolling factors reflect certain geological and physical–chemical prop
erties (Van der Weijden and Van der Weijden, 1995). Numerous 
geochemical studies of REE related to coal, mudstone, black shale, 

volcanic rock, and metal ores thus elucidated their provenance, tectonic 
setting, paleo-environment and other conditions related to their depo
sition (Piper, 1974; Eskenazy, 1987; Schatzel and Stewart, 2003; Qi 
et al., 2007; Dai et al., 2013, 2015; Arbuzov et al., 2019). 

Analysis of rare earth elements, and particularly of yttrium, is also of 
economic interest because they play an ever more important role in the 
world economy of the 21st century (Kato et al., 2011; Balaram, 2019; 
Dushyantha et al., 2020). Although the primary sources of REE are 
carbonatites, alkaline igneous systems, ion-adsorbing clay deposits, and 
monazite/xenotime-bearing placer deposits (USGS (United States 
Geological Survey), 2021), coal deposits have become an important 
alternative source for REE (Seredin and Dai, 2012; Hower et al., 2015, 
2016; Dai et al., 2016). REE are, however, not the only interesting 
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parameter that gives insight into the characteristics of the coal, the 
responsible processes and the various conditions of their setting. The 
source areas of the coal can be traced on the basis of the lithology, 
mineralogy and geochemistry of the clastic components, and this implies 
that also in this context the analysis of evenly distributed REE in the coal 
is important (Van der Flier-Keller, 1993). Local and temporal changes in 
REE are related to the nature of the parent rock and the tectonic back
ground of the provenance area as shown in numerous studies (e.g., 
Piper, 1974; Eskenazy, 1987; Van der Flier-Keller, 1993; Dai et al., 2013; 
Bai et al., 2015). 

The Ordos Basin was one of the world’s largest continental basins 
during the Jurassic. Numerous coal beds dating from the early Middle 
Jurassic occur in the Yan’an Formation (Johnson et al., 1989; Wang 
et al., 2012; Wang et al., 2018; Zhang et al., 2021). The depositional 
environments of this formation have been studied extensively (Johnson 
et al., 1989; Guo et al., 2018; Zhang et al., 2021; Wang et al., 2012; Lei 
et al., 2017). Moreover, several studies have investigated the distribu
tion of these coals (Wang et al., 2012), their sequence stratigraphy 
(Wang et al., 2012; Lv et al., 2020), and climatic circumstances (Tanner 
et al., 2012; Lei et al., 2017). Studies dealing with provenance and 
tectonic setting of these coals are fairly rare, however. We fill this gap in 
knowledge here by analyzing the inorganic geochemical characteristics 
of these coals on the basis of the occurrence patterns of major, trace and 
rare earth elements, and by tracing the provenance areas, and recon
structing the tectonic setting. 

2. Geological setting 

The Ordos Basin is located on the western margin of the North China 
Plate, covering an area of about 250,000 km2 (Wang et al., 2014) 
(Fig. 1A). It is the second largest continental basin in China (Ao et al., 
2012). It is built mainly of a Precambrian metamorphic basement upon 
which Cambrian through Middle Ordovician carbonate rocks were 
deposited. The Lower Paleozoic is, due to the Caledonian Orogeny, 
directly overlain by alternatingly marine and continental Late Carbon
iferous to Middle Triassic sediments. After the Late Triassic, a period of 
exclusively continental deposition started, interrupted by several un
conformities due to the Indosinian and Yanshan orogenies. The Ordos 
Basin owes its final shape to the Late Cenozoic Himalayan Orogeny 
(Johnson et al., 1989). 

The present study was carried out in the Jinjitan Coal Mine 
(109◦49′15.30′′ E, 38◦30′25.19′′ N), which is located in the northeastern 

margin of the Ordos Basin (Fig. 1B). The Yan’ an Formation represents 
the maximum lacustrine expansion across the Ordos Basin concomitant 
with tectonic uplift along the western flanks of the basin (Li et al., 
1995b). The predominantly coarse-grained fluvial to floodplain deposits 
of the Middle Jurassic Zhiluo Formation fill the paleovalleys that formed 
in the underlying Yan an Formation with only minor coal relative to the 
latter (Li et al., 1995b; Ao et al., 2012). The mega-sequence ends with 
the purplish-red and variegated sediments (sandstone, mudstone, and 
marl) of the Anding Formation, which were deposited in a lacustrine 
setting under semi-arid climate conditions (Zhang et al., 2021). A vari
ety of plant, sporopollen, and freshwater bivalve fossils suggest Early to 
Middle Jurassic ages for the Fuxian, Yan’ an, and Zhiluo Formations (Li 
et al., 1995a; Wang, 1996; Zhang et al., 1998). 

The Yan’an Formation contains five coal seams in the Jinjitan Coal 
Mine, among which Coal Seam 2 (CB2) is the principal mineable coal 
seam. This seam is about 8 m thick, and is divided by a thin silty- 
mudstone layer (~8 cm thick) into a lower and an upper unit (Fig. 2). 

3. Material and methods 

A total of 24 unweathered samples were collected from CB2, of 
which 20 coal samples and four samples of silty mudstone samples. The 
later were from above, in between, and below CB2. The coal samples 
were collected at intervals of 40 cm and named CB-1 to CB-20 from top 
to bottom on working face. The silty-mudstone samples were labeled as 
MS-1 to MS-4 from top to bottom (Fig. 2). 

A preliminary analysis of the coal samples was carried out using the 
2011 ASTM Standards D3173-11, D3175-11, and D3174-11. The various 
forms of sulfur and the total sulfur content were determined (Table S1) 
following the 2002 ASTM Standards D2492-02 and D3177-02, respec
tively. The mean random reflectance of vitrinite was determined at the 
Shandong Provincial Key Laboratory of Depositional Mineralization & 
Sedimentary Minerals using a Zeiss Axio Scope A1 reflected-light mi
croscope equipped with an MSP UV–VIS2000 spectrophotometer. 

The concentrations of major-element oxides (SiO2, TiO2, Al2O3, 
Fe2O3, MnO, MgO, CaO, Na2O, K2O, and P2O5) in the samples were 
measured (on ash basis; 960 ℃ ashing temperature) by elemental 
analysis using a wavelength dispersive X-ray fluorescence spectrometer 
(XRF-1800). The concentrations of the trace elements in the samples 
were determined using a high-resolution inductively coupled plasma 
mass spectrometer (HR-ICP-MS, Element XR) following Dai et al. (2011). 
The samples were crushed and ground to<200 mesh, and then subjected 

Fig. 1. Location maps. A: Schematic tectonic map of China with location of the Ordos Basin (modified from Darby and Ritts, 2002). B: The Ordos Basin (modified 
from Liu et al., 2021) with the position of the Jinjitan Coal Mine. 
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for 48 h to digestion in an oven at 190 ◦C, using mixed acid reagents 
consisting of 1.5 ml HNO3 and 1.5 ml HF. The solution was at ~ 140 ℃ 
to dryness followed by adding 1 ml HNO3 and evaporating to the second 
round of dryness, and then redissolved by ~ 3 ml of 30 % HNO3 and 
resealed and heated in the bomb at ~ 190 ℃ for 12–24 h. The final 
solution was diluted to about 100 g using a mixture of 2 % HNO3 for ICP- 
MS analysis. The elemental analyses of the samples were completed in 
the Analytical Laboratory of the Beijing Research Institute of Uranium 
Geology. 

4. Results 

The various analyses were aimed at obtaining information that could 
help interpret the depositional environment(s) and related factors under 
which the coals were formed. These analyses included (1) the coal 
chemistry and the vitrinite reflectance, (2) the concentration of major 
elements in the collected samples, and (3) the concentrations in the 
samples of REE. 

4.1. Coal chemistry and vitrinite reflectance 

The results of the chemical analyses of the coal samples of CB2 are 
presented in Table S1. The ash yield (dry basis, Ad) ranges from 2.40 % 
to 14.02 %, with an average of 8.38 %. The coals samples thus are low- 
ash coals according to the 2004 Chinese coal-quality classification (GB/ 
T15224.1). The weighted average vitrinite reflectance (0.56 %) and 
volatile matter (33.28 %, dry and ash-free basis) of the coal samples 
indicates a high volatile bituminous rank coal according to the 2015 
ASTM classification (ASTM D388-15). The total sulfur content in the 
coal ranges from 0.08 % to 1.94 %, with an average of 0.48 %, indicating 
low-sulfur coal (<1 for low-sulfur coal and 1–3 % for medium-sulfur 
coal: Chou, 2012). 

4.2. Concentrations of major elements 

SiO2 and Al2O3 are the oxides of the most abundant major elements; 
to a lesser extent, Fe2O3 and CaO are present (Table S2). The contents of 
Na2O, K2O, and MgO are higher than those in most Chinese coals re
ported by Dai et al. (2012b). The other major-element oxides are either 
lower or close to those in typical Chinese coals. The SiO2/Al2O3 ratio of 
the coal (1.76 on average) is higher than that of other Chinese coals 
(1.42) (Dai et al., 2012b) and also than the theoretical ratio for kaolinite 
(1.18, Mücke et al., 1999; Burger et al., 2002; Ojo et al., 2017), thus 
indicating free SiO2 in the coal (Li et al., 2019). 

4.3. Concentrations of trace elements 

Compared to the average for world hard coals (Ketris and Yudovich, 
2009), a few trace elements are enriched in CB2 (Table S3; Fig. 3). The 
trace elements with a concentration coefficient (CC = ratio of element 
concentration in CB2 vs world hard coals) of 5 < CC < 10 only include 
Ba. Trace elements with a CC of 2–5 include Mn. Most trace elements, 
including Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Y, Zr, Nb, Mo, Sn, Cs, Hf, Ta, 
Pb, Th, U and total REE, are depleted in CB2 (CC < 0.5). The concen
trations of Be and Sr are close to the average for world hard coals (0.5 <
CC < 2). 

4.4. Concentrations of rare earth elements 

Three types of REE distributions can be distinguished, viz. light (L- 
type), medium (M− type), and heavy (H-type) distributions. The 
distinction refers to comparison with the Upper Continental Crust (UCC) 
(Seredin and Dai, 2012). This geochemical classification of the REE is 
also used in the present study. The light REE (LREE) comprise La, Ce, Pr, 
Nd, and Sm; the medium type (MREE) comprises Eu, Gd, Tb, Dy, and Y; 
and the heavy REE (HREE) comprise Ho, Er, Tm, Yb, and Lu (cf. Seredin 
and Dai, 2012). Accordingly, three enrichment types are identified, L- 
type (LaN/LuN > 1), M− type (LaN/SmN < 1, GdN/LuN > 1), and H-type 
(LaN/LuN < 1), in comparison with the UCC (Seredin and Dai, 2012). 

The concentrations and distribution of the REE are different for the 
coal and the silty mudstone. The concentration of REE in CB2 is 15.17 
μg/g (Table S4), which is lower than that of the average value for hard 
coals worldwide (68.41 μg/g; Ketris and Yudovich, 2009). The REE 
enrichment pattern in CB2 is of the M− type. The silty mudstones have 
high REE concentrations 154.07 μg/g in the overlying silty mudstones 
and 136.56 μg/g in the underlying ones, without a significant difference 

Fig. 2. Simplified sedimentary succession in the Jinjitan Coal Mine showing 
the position of Coal Seam 2 (CB2) of the Yan’an Formation and stratigraphic 
levels from which samples were collected from CB2 and its underlying, inter
calated and overlying silty mudstones. 
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in REE distribution. 

5. Interpretation and discussion 

We present here our interpretations of the results in the same order 
as in Section 4. Because the same geochemical data are frequently 
interpreted differently in different studies, we discuss our in
terpretations also in this section, in order to facilitate understanding. 

5.1. Major-element geochemistry 

Major elements are significant components of the inorganic minerals 
in the coals. Typically, the elements Si, Al, and Ti are related to detrital 
minerals such as quartz and clays minerals (Spears and Zheng, 1999; 
Vassilev and Vassileva, 2007; Fu et al., 2010). The good correlations 
between the major elements are presented in Fig. 4 and Table S5, 
indicating that Si, Al, and Ti mainly are present in the mixture of the 
various clay minerals. 

The Na2O content in the coal samples shows a positive correlation 
with K2O (R2 = 0.913), suggesting that they come from the same source 
(cf. Querol et al., 1997). Na2O is correlated with SiO2 and Al2O3 (R2 of 
0.5 and 0.53, respectively; Table S5), indicating that the Na is present 
mainly in clay minerals, rather than in pore water; clay minerals are 
commonly considered an important Na source in sedimentary rocks (Bai 
et al., 2015). 

CaO is probably present in the inorganic sediment. Moreover, Ca 
may be present only as CaO in mudstone and coal (Mukhopadhyay et al., 
1998). Ning et al. (2022) found that there are many fissure fillings and 
other calcite crystals in the coals from the northern margin of the Ordos 
Basin. Therefore, the CaO values likely reflect the presence of calcite, as 
does MgO, which is highly correlated with CaO (R2 = 0.45). Fe2O3 
correlates negatively with the total concentrations of Na2O, K2O, and 
TiO2, but shows a slightly positive correlation with the total sulfur 
content (R2 = 0.39) (Table S5). The correlation between Fe2O3 and Std 
in this study is up to 0.39. At the location, pyrite was discovered. These 
suggest that sulfur has promoted the formation of iron sulfide, and that 
the sulfur content mainly controls the Fe content. 

5.2. Trace-element mode of occurrence 

The trace elements in coals are commonly believed to be derived 
from aquatic settings (e.g., a river or delta plain), which promoted 
material exchange between rock and coal (Shao et al., 2003; Zhang 

et al., 2004). 
Trace elements in coals can mode part of minerals, be bound by 

organic matter, and be soluted in pore water. Minerals are the primary 
carrier of trace elements in coals (Gluskoter, 1977; Xu et al., 2004; 
Raðenoviæ, 2006; Dai et al., 2014; Senior et al., 2020). Correlation 
analysis is an indirect statistical method to study in which elements 
occur in coal. After a correlation coefficient has been obtained, the de
gree of closeness between the two can be determined to measure the 
genetic relationship between the various trace elements in coals 
(Mukherjee et al., 1988; Sun et al., 2016; Lin et al., 2017). 

According to the correlation coefficient between trace elements and 
the ash yield (Ad), the trace elements in the coal samples under study 
here can be divided into two groups (Table S6). Group 1 comprises Sc, 
Mn, Co, Ni, Zn, Sr, Y, Zr, Nb, Hf, Ta, Pb, Th, and U; they show a low 
correlation with Ad, suggesting that these elements have a weak inor
ganic affinity but are related to clay minerals. Group 2 comprises B, V, 
Cr, Cu, Ga, Rb, Mo, Sn, Cs, and Ba; they have a negative correlation with 
Ad, indicating that the form in which they occur in coal is poorly 
correlated with inorganic material, and thus these elements may have a 
strong organic affinity. 

5.3. Distribution and origin of the REE 

The REE distribution patterns may help elucidate the genesis and 
development of sedimentary rocks. Dai et al. (2016) recommended (cf. 
Taylor and McLennan, 1981) the average composition of the upper 
continental crust (UCC) as the normalization standard. This is important 
for coal analysis because material from the UCC is introduced in peat 
during its formation. The REE distribution patterns in the coal samples 
are shown in Fig. 5A. The mean UCC values are taken in the present 
study as the normalization standard reference. 

The REE distribution curve (Fig. 5A) is relatively flat, indicating that 
the internal REE fractionation degree is low. Coal with weak or no dif
ferentiation is considered to have a normal enrichment, which is more 
common in coals with a low REE content than in coals with a high REE 
content (Dai et al., 2015). 

Anomalies in the concentration of several rare earth elements pro
vide specific information about the source and deposition of coals. 
Particularly noteworthy among them are yttrium, europium, and 
cerium. 

5.3.1. Cerium anomalies in the coal 
Several factors, among which the rock geochemistry of the source 

Fig. 3. Concentration coefficients (CC) of trace elements in CB2 of the Yan’an Formation, normalized for the average trace-element concentrations in the world’s 
hard coals (Ketris and Yudovich, 2009). 
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area, groundwater or hydrothermal leaching, and diagenetic minerali
zation, may control the Ce characteristics in coal (Leybourne et al., 
2000; Zhang et al., 2012; Dai et al., 2016). 

The coal samples under study here show slightly negative or no 
anomalies at all. Coals formed in a marine-influenced environment tend 
to show negative Ce anomalies (Dai et al., 2016). However, seawater or 
mineralization cannot have influenced the Ce anomalies of our samples 
(cf. Kuhn et al., 1998; Dai et al., 2016). Therefore, the geochemical 
composition of the source area of the clastics within the coals must be an 
important factor in controlling the Ce anomalies in the studied coal. 

5.3.2. Europium anomalies in the coal 
Several factors can induce Eu anomalies. Strong positive Eu anom

alies can, however, also be artificial: they can be caused by high con
centrations of Ba caused by interference from BaO and/or BaOH during 
ICP-MS analysis (Hower et al., 1999; Zhao et al. 2012; Dai et al., 2015, 
2016). Positive Eu anomalies should consequently be considered with 
great caution in Ba-rich coals (Dai et al., 2016). In our study, the Eu 
concentration in some samples (MS-4, CB-8, CB-11–18 and CB-20) 
shows such a strong positive anomaly (Fig. 5A), but the presence of 
barite may explain this anomaly (Fig. 6A). 

The positive correlation between the Ba and Eu concentrations in the 
coals (Fig. 6B) indicates that Ba has interfered with Eu. The Ba/Eu ratios 

Fig. 4. Vertical variations in CB2 of the major elements and REE.  
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in the coal samples vary from 13.98 to 6728.49, averaging 2111.37. 
Because this ratio is significantly higher than the interference threshold 
of 1000 proposed by Dai et al. (2016) and Yan et al. (2019), the strongly 
positive Eu anomaly is probably an artefact, not representing the actual 
value (ef. MS-1, CB-1, CB-8, CB-9, CB-11 to CB-15, CB-17, CB-18, CB-20, 
MS-4). 

Some anomalies in other samples (CB-2 to CB-7, MS-2, MS-3, CB-10, 
CB-16, CB-19, and CB-19) below the interference threshold of 1000 Ba/ 
Eu ratio may have been caused by weathering of the sediment in the 
source area or during transport from the source area to the peat swamp; 

moreover, these anomalies may have been inherited from rocks within 
the source area (e.g., Eskenazy, 1987; Qi et al., 2007; Yossifova et al., 
2011; Dai et al., 2015), or positive Eu animalies may have been caused 
by exposure to high-temperature hydrothermal fluids (e.g., Michard and 
Albarède, 1986; Bau, 1991; Bau et al., 2014; Dai et al., 2016). High 
apatite contents of the coals may also result in positive Eu anomalies 
(mostly EuN/EuN*>1) (Dai et al., 2016). 

On the other hand, distinctly negative Eu anomalies (Fig. 5A, C, E) 
may have been caused by interference with tonsteins derived from air- 
borne pyroclastics from alkali rhyolites (Zhang et al, 2021, 2022), 

Fig. 5. A: Distribution of the rare earth elements in CB2. B: REE concentrations in the silty mudstones under- and overlying the coals of CB2. C: REE concentrations in 
the silty-mudstone intercalation of CB2. D: REE concentrations in the upper part of CB2. E: concentrations in the lower part of CB2. REE concentration in CB2 
normalized for the Upper Continental Crust (UCC) (Taylor and Mclennan, 1985). 
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volcanogenic hydrothermal solutions, or felsic or felsic/intermediate 
continental material (Dai et al., 2016). Additionally, the source area has 
various rock types (such as igneous and pyroclastic rocks with carbonate 
layers) that have the possibility of causing Eu negative anomalies (Min 

et al., 2005; Dai et al., 2016). 

5.3.3. Yttrium anomalies in the coal 
Yttrium shows slightly positive or no anomalies at all in the coal 

Fig. 6. A: SEM backscattered electron image of barite showing the well-developed crystal morphology. B: Relationship between Eu and Ba in the samples.  

Fig. 7. Cluster analysis of the trace elements, including REE, in CB2.  
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samples from CB2. Two factors might be responsible: (1) the input of 
eroded basaltic or felsic/intermediate material; and (2) supply of Y- 
bearing phosphates from the source area (Dai et al., 2016). 

5.3.4. Sources of the REE 
REE have unique geochemical characteristics, but similar chemical 

properties, and low solubility (Middelburg et al., 1988; Šmuc et al., 
2012; Khan et al., 2017). Moreover, they remain stable during weath
ering, erosion, transport, deposition, and early diagenesis. Therefore, 
the REE are very effective in tracing the source rocks of clastic sediments 
and thus also in revealing the source area (Munksgaard et al., 2003; 
Ferrat et al., 2011; Wu et al., 2019). The Ce anomaly (CeN/CeN*) can 
often be used as a signature of seawater (Murray et al., 1990). In addi
tion, LREE and HREE are enriched in seawater, but the total REE con
centration is relatively low (Birk and White, 1991). The coal and silty- 
mudstone samples under study show no distinct Ce anomaly or LREE 
nor HREE enrichment. This implies that seawater can be excluded as the 
source of the REE in the succession under study here. 

In order to verify this finding, a cluster analysis of REE with conti
nental and non-continental elements has been prepared, with corre
sponding high field strength elements and large-ion lithophile elements, 
respectively (Fig. 7). The high field strength elements (Sc, Ti, Y, Zr, Nb, 
Hf, and Ta) and part of the large-ion lithophile elements (e.g., Rb, Ga, 
Cs) are inactive during weathering, so that they become adsorbed or 
combined into particles, then transported and deposited with them 
(Taylor and McLennan, 1981; Singh and Rajamani, 2001). The REE of 
the coals show a closer affinity with the high field strength elements (e. 
g., Sc, Y, Nb, Ta, Th) and a significant affinity with large-ion lithophile 
elements (e.g., Rb, Ga, Cs, Pb) as well as with elements from eroded 
rocks (e.g., Li, Co, Zn, Tl, Cr). In contrast, the correlation between REE 
and elements with another origin (e.g., Mo, Cd, Sr, Sb, Ni) is less strong. 
This implies that the REE in the coals are derived from eroded rocks in 
the hinterland. 

5.4. Distribution and occurrence of the REE 

The REE in the coal samples range from 3.47 to 44.4 μg/g, with an 
average of 15.17 μg/g, which is far lower than the world average (68.41 
μg/g: Ketris and Yudovich, 2009). The vertical distribution of the REE is 
shown in Fig. 4. Overall, the REE content of the upper part of CB2 is 
higher than that of the lower part. In non-coal samples, the middle has a 
larger concentration of REEs than the roof and floor. The REE occur 
mainly in fine-grained minerals and organic matter. Therefore, the REE 
increase in the upper part of CB2 must be ascribed to such components. 
The increase in REE from CB-9 to CB-4 corresponds to the increasing 
concentrations of Na2O, Al2O3, SiO2, K2O, and TiO2, from eroded clastic 
rocks. However, the lower part of CB2 (with samples CB-20 to CB-10) 
shows fluctuations without distinct regularities of Na2O, Al2O3, SiO2, 
K2O, and TiO2, suggesting that the type of sediment in the various layers 
controls this uneven distribution. 

Comparison of the REE and the major elements shows that the REE in 
the coal samples are positively correlated with Na2O, Al2O3, SiO2, K2O, 
and TiO2 (Table S5). HREE is more closely related to Na2O, Al2O3, SiO2, 
K2O, and TiO2 than LREE. Na2O, Al2O3, SiO2, K2O, and TiO2 were 
mainly supplied from eroded source rocks during peat accumulation. 
REEs in coal can be found in diagenetic or late diagenetic stage authi
genic minerals like phosphate or sulfate minerals (Seredin and Dai, 
2012). However, CB2 of the Yan’ an Formation is mainly in the early 
diagenesis stage (see Section 5.4). As a result, the enrichment of LREE 
and reduction of HREE in coals must be attributed mostly to clay 
minerals. 

5.5. Geological implications 

Seredin and Dai (2012) proposed four genetic types of REE accu
mulation in coal: (1) a continental type, with REE input by surface 

water, influenced by the composition of the rocks in the source area, 
during peat formation; (2) a tuffaceous type, connected with settling and 
leaching of acid and alkaline volcanic ash, influenced by the composi
tion of the volcanic type, during peat formation; (3) a type driven by 
infiltration or meteoric groundwater; and (4) a hydrothermal type, 
related to ascending flows of thermal mineral water and other deep 
fluids. Just like the major oxides, minor and other trace elements, the 
REE occurrences must therefore be considered to reflect the provenance 
area, the depositional environment, and the diagenetic history. 

5.5.1. Provenance 
Rare earth elements have a strong inheritance and can more accu

rately reflect the provenance composition (Bhatia and Crook, 1986). 
Rare earth elements in coal have special geochemical characteristics, 
such as a high degree of homogenization and stable chemical properties, 
and they are not easily affected by metamorphism, diagenesis, and 
alteration, which can more accurately reflect the provenance composi
tion and play an important role in determining the tectonic environment 
of the source rocks (Taylor and McLennan, 1985; McLennan, 2018). The 
elemental enrichment of coal during peat accumulation and coalifica
tion is controlled by multiple factors (Dai et al., 2012a). According to 
Wang (1996), the composition of the source tocks in the source area of 
the clastic components is the main factor that controlled the enrichment 
and distribution of trace elements in the coal of the Yan’an Formation. 

The Al2O3/TiO2 ratio can be used to trace the source area (He et al., 
2010). This has been shown, for instance, for the source of volcanic-ash 
particles in coal and coal-bearing successions (Dai et al., 2016). The 
Al2O3/TiO2 ratios in sedimentary rock are typically 3–8, 8–21, and 
21–70 for source areas consisting of mafic, intermediate, and felsic 
igneous rocks, respectively (Dai et al., 2016). The Yan’an coal samples 
have Al2O3/TiO2 ratios ranging from 4.32 to 73, with three samples 
range 3–8, nine samples range 8–21 and others range 21–70, indicating 
that the source areas were mostly felsic igneous rocks and intermediate 
rocks (Fig. 8A), which is also supported by the TiO2/Zr ratios (Fig. 8B). 
The lower part is primarily felsic and intermediate rocks. In the upper 
part, there are more mafic rocks mixed in. Overall, the clastic in the coal 
of the Yan’an Formation appears to derive mostly from felsic rocks and 
intermediate rocks with minor amounts of mafic rocks. 

5.5.2. Tectonic setting 
The Zr/Sc and Th/Sc ratios are considered to reflect the composition, 

sorting, and heavy-mineral content in sediments (McLennan et al., 1993; 
Das et al., 2006; Nagarajan et al., 2015) (Fig. 9A). The Zr/Sc vs Th/Sc 
ratios in this figure show that the sediments of the Yan’an Formation are 
mainly derived from felsic rocks, and that most sediments did not 
experience significant recycling. Therefore, the geochemical data of 
these sediments can be used to analyze the tectonic setting of the source 
area. 

Stable elements can effectively help to trace the provenance area on 
the basis of the REE concentrations and ratios (McLennan et al., 1993; 
Kasanzu et al., 2008). The relationships of La/Th–Hf (Floyd and Lever
idge, 1987), La/Sc–Co/Th (Wronkiewicz and Condie, 1987), and La/Yb- 
REE (Allegre and Minster, 1978) are used to analyze the source rocks 
(Bai et al., 2015). Comprehensive analysis shows that the Yan’an For
mation is mainly composed of the felsic volcanic rocks and granite, 
mixed with small amounts of intermediate and mafic igneous rocks and 
sedimentary rocks (Fig. 9B-D). The maximally slightly negative Ce 
anomalies support this conclusion (Fig. 5A-B) because weakly negative 
Ce anomalies characterize source areas dominated by felsic or felsic/ 
intermediate rocks and weak or no Y anomalies (Dai et al., 2016). 

Some trace elements are inactive during transport and deposition, 
reflecting the tectonic setting better (Bhatia, 1985; Lv et al., 2019; Mirza 
et al., 2021). Diagrams of La-Th-Sc, Th-Sc-Zr/10, and Th-Co-Zr/10 
(Bhatia and Crook, 1986) show that most samples are located on a 
continental island arc, whereas few samples present active continental 
margin setting (Fig. 9E–G). 
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5.5.3. Influence of provenance and tectonic setting on coal formation 
Provenance can be reflected by the REE in coals (Dai et al., 2012b; 

Seredin and Dai, 2012). The source area of clastic deposits of the Yan’an 
Formation in the northern and eastern parts of the Ordos Basin has thus 

been investigated, suggesting that the source rocks of the clastic deposits 
of the Yan’an Formation there were Archean and Early Proterozoic 
granites and granite-gneisses in the Yinshan Mountains, Lvliang Moun
tains, and in an area around Alxa in the north of the Ordos Basin (Huang 

Fig. 8. Probable type of source rocks of the clastic material in CB2 as indicated by elemental ratios. A: Al2O3 versus TiO2. B: TiO2 versus Zr. Black and red solid squares 
represent coal and silty-mudstone samples, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Fig. 9. Possible source rocks and tectonic setting of the source area as indicated by geochemical parameters. Base map source for Figure A: McLennan et al. (1993); 
for Figure B: Floyd and Leveridge (1987); for Figure C: Wronkiewicz and Condie (1987); for Figure D: Allegre and Minster (1978); for Figures E, F, and G: Bhatia and 
Crook (1986). 
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et al., 2009; Lei et al., 2017; Zhang et al., 2022). This finding seems also 
applicable to the study area, as indicated by a comparison of the REE in 
the silty mudstones with the study by Huang et al. (2009) (Fig. 10A). 

There is still an unsolved problem, however: it is not yet well 
established whether the source areas remained the same during the 
entire time-span of coal formation. In order to solve this problem, we 
compared the REE occurrences in the coals with those of the silty 
mudstones. This analysis revealed differences in type and concentrations 
of the various REE specimens. We also found that the REE contents in 
our coal samples differ from those in the coals from the northern margin 
of the Ordos Basin that were investigated by Wang et al. (2022). 

The REE in the northern Ordos Basin show enrichment of the LREE 
(La, Ce, Pr, Nd, and Sm), whereas our coal samples show enrichment of 
the MREE (Eu, Gd, Tb, Dy, and Y, see Section 4.4, Table S4). This sug
gests a source area that was not same as that the Yan’an Fm. in the 
northern Ordos Basin. This implies that different provenances areas 
should be considered when studying the depositional environments of 
coal-bearing successions that extend over a wide area. 

The diagram of trace and rare earth elements (Fig. 10B) shows that 
the tectonic setting was mainly an active continental margin associated 
with continental island arcs. This indicates that the Yan’an Formation 
has probably several source areas. It has been hypothesized that the 
increasing weathering induced by climate change resulted in more 
source rocks, which influenced the coal quality (Zhang et al., 2021). 
Climate change may thus be one of the main geological factors that 
controlled the weathering of the source area. 

5.6. Diagenesis 

Shields and Stille (2001) suggested that diagenesis can change the Ce 
anomaly and lead to a stronger positive correlation between Ce/Ce*N 
and Eu/Eu*N, as well as between Ce/Ce*N and REE, and to a negative 
correlation between Ce/Ce*N and DyN/SmN. The coals thus have a 
relatively poor correlation between Ce/Ce and Eu/Eu*N (R2 = 0.14) and 
between Ce/Ce*N and the REE (R2 = 0.05), which shows weak diagen
esis (Table S4). The V/Cr ratio lower than 2.0 reflects, however, that the 

sediments have experienced a certain degree of diagenesis (Trueman 
and Tuross, 2002). Combination of these findings indicates that the coals 
of CB2 have undergone early diagenesis. 

6. Conclusions 

The main findings of the present study can be summarized in the 
following five conclusions concerning CB2 of the Yan’an Formation in 
the study area. 

Major-elements are primarily from the mixuture of various clay 
minerals. Ca occurs mainly in calcite. The iron distribution is controlled 
mainly by sulfur due to the better correlation between Fe2O3 and Std. 
The trace elements are, except for Mn, Ba, B, and Sr, all below the 
average world values for coal. 

The REE content of the upper part of CB2 is higher than that of the 
lower part, which may be due to increased input of eroded clastic ma
terial. REE distribution pattern is relatively flat. LREE is slightly 
enriched, which is a normal situation. Eu shows anomalies; the negative 
anomalies can be attributed to the input of felsic or felsic/intermediate 
eroded material, whereas positive anomalies may be due to the presence 
of barite or apatite. The Y no anomalies may be induced by input of 
erosion products with TiO2 minerals, phosphates, and zircon. The clus
ter analysis between REE and trace elements shows that the input of 
eroded material must be the source of the REE in the coals. 

With only a minor number of mafic rocks and sedimentary rocks, the 
clastic particles in CB2 are primarily produced from felsic volcanic rocks 
and intermediate rocks. The source rocks are primarily situated in the 
tectonic setting of a continental inland arc. 

The provenance of the studied succession of the Yan’an Formation 
was predominantly the northern margin of the Ordos Basin, but there 
were several other source areas. Climate change seems to have been the 
main geological factor controlling the peat accumulation. 
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