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Introduction: China is a large country of REE resources and production,
supplying more than 90% of the world’s rare earth consumption market, China’s
traditional REE resources, although rich, but reserves are also declining, in recent
years, scholars have shown that the REEs in the specific geological conditions
in the coals can be enriched, and even reach the industrial grade, the search for
more REE mineral resources will be of great strategic significance.

Methods: The article has selected the Zibo, Taozao, Huainan, Datong, Huozhou,
Jungar, and Weibei coalfields in North China as the research objects. Based
on inductively coupled plasma mass spectrometry (ICP-MS) analyses, the study
provides a detailed analysis of the enrichment rules and distribution patterns of
rare earth elements (REEs) in coal under different geological conditions.

Results: The REE distribution patterns in Late Palaeozoic coals in North China are
characterized by enrichment of LREEs, deficit of HREEs with gentle changes, and
obvious negative anomalies of Eu, the enrichment of REE in coal is controlled by
provenance and volcanism, and is related to distance of transport terrigenous
material and the sedimentary environment. The REEs concentrations in North
China indicates that Late Palaeozoic coals in the mining areas of the north,
northwest, and western parts of North China are significantly enriched in REEs.
In addition, REEs in Late Palaeozoic coals in the southeastern mining areas are
relatively enriched, and the central and eastern regions are significantly depleted.

Discussion: Large coal-type rare earth deposits are expected to be developed in
North China, particularly the Datong coalfield, Jungar coal mine and the Weibei
coal mine in the eastern margin of the Ordos Basin, and the Zibo coalfield.
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1 Introduction

Given the rapid development of high-tech industries and the rapidly increasing demand
for rare earths and other critical metals (Commission, 2017) (e.g., lithium, gallium, etc.), the
search for new critical metals resources has become very urgent. Certain critical metals,
including lithium, aluminium, gallium, germanium, uranium, and rare earth elements
(REEs), can be enriched in coal under specific geological conditions. These elements
may then form mineral resources with mining value (Seredin et al., 2013; Schulz, 2017;
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FIGURE 1
Distribution of major rare earth deposits in the world (left), global annual REO mine production and global REO mine reserves (right); data from U.S.
Geological Survey (2023).

Dai et al., 2020). According to the 2023 reports from China’s
Ministry of Land and Resources and BP World Energy
Statistics, China’s coal resources amount to 207.012 billion tons
(Ministry of Natural Resources, 2023). China’s coal production
accounts for 50.5% of the world’s production and 53.8% of the
energy consumption structure (BP, 2023). The critical metallic
inorganic elements in coal, if studied and exploited, will be of
great strategic significance in ensuring China’s national security
and resource security.

The world’s REE resources are mainly derived from large and
super-large REE deposits (Weng et al., 2015; Survey, 2023), as shown
in Figure 1. For example, the Bayunebo deposit in China, the
Mountain Pass and Bear Lodge deposits in theUnited States, and the
Strange Lake deposit in Canada are the major sources of rare earth
resources worldwide. Based on data from the U.S. Geological Survey
in 2022, China’s proven reserves of rare earth minerals are estimated
to be 44 million tons (Survey, 2023), representing 35% of the world’s
total. In the same year, China produced over 210,000 tons of rare
earthminerals, accounting for 69.8% of global production. As a large
rare earth country, China is rich in rare earth mineral resources,
but the demand for rare earths is increasing and the reserves are
decreasing (Wang et al., 2020; Guo and You, 2023). It is of great
strategic importance to find more rare earth mineral resources.

In recent years, several countries including China, the United
States, Russia, and the United Kingdom have conducted extensive
research on critical metallic inorganic elements in coal, attempted

to extract critical elements from coal ash, and achieved many
important results (Blissett, Smalley, and Rowson, 2014; Hower and
Dai, 2016; Jane and Arnold, 2018; Arbuzov, Chekryzhov, et al.,
2019; Dai et al., 2020). Currently, germanium deposits in coal
have been mined and utilized in Lincang, Yunnan Province
and Wulantuga coalfield, Inner Mongolia, resulting in significant
benefits and demonstration of their potential (Dai, Ren, et al., 2012).
Additionally, many coalfields in northern China, including some
coal seams in Jungar coalfield, exhibit critical metal enrichment,
such as rare earth elements, aluminium, gallium, and lithium,
which are concomitantly enriched (Kang, Kang, and Shan, 2014;
Jiu et al., 2023). Furthermore, Ziemkiewicz (2020) and his team
have elaborated a unique technique for REE recovery from what
was initially thought to be REE-low/moderately-enriched post-coal-
mining waste. The industrial recycling of rare earth elements found
in fly ash can provide significant economic and environmental
benefits (Chowdhury, Deng, and Jin, 2021; Rybak and Rybak, 2021).
Despite the challenges associated with utilizing key factors such
as economic mining technology and addressing environmental
concerns during the recycling process, the potential for industrial
utilization of coal beds is extensive (Franus, Wiatros-Motyka,
and Wdowin, 2015; Dai and Finkelman, 2018; Pan et al., 2018;
Taggart, Hower, and Heileen, 2018). In recent years, scholars from
Russia, the United States, and China, including Seredin (2012),
Hower and Dai (2016), Finkelman, Palmer, and Wang (2018), and
Dai, Zou, et al. (2012), have conducted in depth studies on the
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concentration, state of occurrence, and sources of critical metallic
inorganic elements in coal and fly ash. Finkelman (1994) and
Arbuzov, Finkelman, et al. (2019) found that rare earth elements in
coal primarily occur in phosphate minerals and are derived from
terrigenous clasts, solutions, or colloids. The concentration of rare
earth elements in coal is primarily dependent on the concentration
of inorganic components. REEs in the coals of the Pavlovskoe coal
deposit in Russia are mineral-forming, i.e., they exist as dominant
cations in minerals, e.g., lanthanite-(Nd), kimuraite-(Y), Seredin
(1996) discovered the coexistence of REEs and platinum group
elements in the coal of Cenozoic coal-bearing basins in the Far
East of Russia, He and his team also reported unknown REE
minerals, such as those composed of individual REE (Gd, Dy)
or their compounds with some other metals (Sm-Fe-Co, etc.).
This suggests that the enrichment of rare earth elements in coal
may have some internal relationship with other trace elements.
Dai et al. (2006) concluded that rare earth elements in coal or
coal measures can be enriched through sediment source, volcanic
ash sedimentation, hydrothermal fluid intrusion, groundwater
dripping, and sedimentary environment influenced by seawater.
Based on regional geological conditions, Dai et al. (Dai et al., 2006;
Dai, Graham, and Ward, 2016) proposed that the northern Ordos
Basin in North China has the potential for large coal rare earth
deposits. According to his research, the enrichment of rare earth
elements in coal in North China is influenced by provenance and
volcanism. The research conducted by the authors on the No. 2
and No. 14 coals of the Taozao Shanxi Formation in North China
also supports this point. The provenance properties during the
sedimentary period control the input of rare earth elements, while
the enrichment degree of rare earth elements in local coal seams is
affected by volcanic ash deposition.

The average concentration of flat rare earth elements in world
coal is only 68 μg/g (Ketris M. P. and Yudovich YaE. 2009), which
is lower than the average concentration in the upper continental
crust (168.4 μg/g) (Taylor and McLennan, 1995). However, the
concentration of rare earth oxides in coal ash can reach 485 μg/g
(Seredin and Finkelman, 2008; Ketris MáP. and Yudovich YaE. 2009;
Dai, Graham, andWard, 2016). It is important to note that rare earth
elements are found in Chinese coal at an average concentration of
137.9 μg/g (Dai, Graham, and Ward, 2016). Seredin and Dai (2012)
proposed an industrial utilization standard for rare earth elements in
coal and coal ash, stating that the concentration of rare earth element
oxides in coal ash should be greater than 1,000 μg/g. Additionally, a
“prospect coefficient” was introduced to evaluate the development
and utilization potential of rare earth (Dai et al., 2017). In recent
years, it has been discovered that the coal in the Jungar and the
Daqingshan coalfields of theOrdosBasin inNorthChina is relatively
enriched in rare earth elements. The average concentration of rare
earth elements in the coal of the Jungar Heidaigou coal deposit
can reach 255 μg/g (Dai, Zou, et al., 2012), the concentration of rare
earth elements in the coal of the Jungar Haerwusu coal deposit
is 172 μg/g (Dai et al., 2008), and the concentration of rare earth
elements in the coal of the Daqingshan Hailiushu coal deposit is
194 μg/g (Dai, Li, et al., 2015). However, the previous studies only
cover the shallow parts of individual coal mines. Research on
the geochemical characteristics of REEs in coal seams and their
geological influences is relatively weak or inconsistent. There is a
lack of systematic research on the concentration and distribution

patterns of REEs in coal in North China, which hinders an overall
and regular understanding of their enrichment characteristics and
geological significance. Limited research has been conducted on the
REEs in coal as the main content to reflect the material sources
and past geological conditions; regarding the distribution pattern of
REEs, different scholars have different views on whether seawater
can influence the concentration and distribution pattern of REEs in
coal; the study of the geochemical characteristics of REEs in coals
with different degrees ofmetamorphism inNorth China is still at the
exploratory stage, and the influence of REEs in coals with different
degrees of metamorphism needs to be studied in depth.

This article focuses on the Carboniferous-Permian coal seams
in North China to determine the levels of rare earth elements in
coal and their distribution patterns in the region. Our research and
analysis involved increased sampling of coal seams that have been
reported to exhibit abnormal enrichment of these elements. Our
objective was to explore the distribution and enrichment patterns
of REEs in the Carboniferous-Permian coal of North China.

2 Geological tectonic setting

The North China Plate is a stable region within the Paleo-
Tarim-North China Plate, spanning China from west to east and
playing a key role in China’s tectonic framework. The tectonic
evolution of the North China Plate involved the formation
of the Archean-Proterozoic continental core, the splitting and
reassembling of the Paleozoic continents, and the intraplate
deformation of the Mesozoic and Cenozoic, resulting in the present
tectonic pattern (Ge et al., 2009; Dong, Shao, and Mingpei, 2017)
(Figure 2). Coal-bearing clastic deposits of alternating marine and
land facies of Carboniferous- Permian strata in North China are
one of the most important coal-bearing strata in China, with a
total thickness of 326–1,146 m (Li, Yu, and Guo, 2002). Table 1
shows the Carboniferous-Permian strata and their distribution in
North China.

The Zibo mining area is situated in the eastern margin of the
North China Platform and the middle part of the Zibo Syncline
in Shandong Province (Figure 3). The coal seams consist mainly
of early Paleozoic, Middle and Upper Carboniferous marine-
continental coal-bearing strata, as well as Permian and Triassic
continental clastic rock coal-bearing strata (Chen et al., 2011).

TheTaozao coalfield is situated in the southern part of Southwest
NorthChina and the southern region of Shandong Province. It spans
approximately 30 km from east to west and 10 km from north to
south. The coalfield is located in a plain area between the northern
and southernmountains, with themountains stretching from east to
west (Huang et al., 2004).The coal-bearing strata in this area consist
of the Carboniferous-Permian Shanxi Formation and the Taiyuan
Formation, with a thickness of around 280 m (Huang et al., 2004).

The Huainan coalfield is situated in the southeastern margin of
the North China Platform, in the northern part of Anhui Province
and the middle reaches of the Huaihe River. It extends in a NW-
W direction from the Tanlu fault zone in the east to the Hefei
Depression in the south. The coal measure strata contain the
Permian Shihezi Formation, Shanxi Formation, and Carboniferous
Taiyuan Formation (Huang et al., 2001; Tanfu et al., 2015).
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FIGURE 2
Structural Distribution of the North China Continental Block.

The Huozhou mining area is situated in the central and
southern regions of North China. It spans from the Huoshan
in the east to the Luliang Mountain in the west, and from the
Hongdong in the south to the Fenxi in the north (Wang, 2012).
The coal-bearing strata in the Huozhou coalfield are positioned
in the Taiyuan Formation of the Late Carboniferous, the Shanxi
Formation of the Early Permian, and the Shihezi Formation.
The Taiyuan Formation is a deposit that contains coal-bearing
shallow-sea carbonate and clastic rocks. However, it hardly develops
mineable coal seams (Huang et al., 2000). During the early Permian
period, the sedimentary environment changed from marine facies
to terrestrial facies, resulting in the development of thickermineable
coal seams.The late Permian Lower the Shihezi Formation is a delta
plain deposit that is favorable to coal formation and forms the main
coal-accumulating seam in the Huozhou coalfield (Huang et al.,
2000; Song et al., 2018).

The Datong coalfield is situated in the central part of North
China and the northern region of Shanxi Province, with a NE
trend. Structurally, it is an asymmetric syncline with a steep and
narrow eastern wing and a wide and gentle western wing. The east-
west width is approximately 30 km from north to northeast of the
Yungang and south to the Yujing, and the length of the syncline
axis is about 50 km. The Datong coalfield contains coal-bearing
strata, including the Benxi Formation of the Middle Carboniferous,
the Taiyuan Formation of the Upper Carboniferous, and the Lower
Permian Shanxi Formation (Yuan et al., 2011).

The Jungar coalfield is situated in the northeastern part of the
Ordos Basin, spanning the northern slope of Shaanxi and the flexure
fold belt of Western Shanxi. The internal structure is relatively
simple, with only a few small normal faults developed. The coal-
bearing rock series comprises the Benxi Formation of the Upper
Carboniferous, Taiyuan Formation, and the Shanxi Formation of

Frontiers in Earth Science 04 frontiersin.org

https://doi.org/10.3389/feart.2024.1374780
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Wen et al. 10.3389/feart.2024.1374780

TABLE 1 Carboniferous-Permian strata distribution in North China.

System Formation Stratum

Carboniferous

Taiyuan The sedimentary thickness decreases while the
number of limestone beds is more in the south than in
the north

Benxi The lower part consists of variegated shale, while the
upper part is composed of yellow-green shale and
contains 4-5 coal seams

Permian

Shiqianfeng Purple-red mudstone with grayish yellow feldspar
sandstone at the bottom

Upper Shiliezi Yellow-green mudstone, shale

LowerShiliezi Yellow lithic sandstone, coal line, topped by variegated
bauxite

Shanxi Black siltstone and shale, coal seams

Lower Permian (Dai et al., 2008). The Weibei coalfield is situated
in the southeast of the Ordos Basin and the eastern part of the
Weibei uplift. It is oriented in a northeast-southwest direction, with
high-angle normal faults and large folds in its internal structure
(Cai et al., 2014).The Shanxi Formation and the Taiyuan Formation
are the main mineable coal seams (Yao et al., 2009).

3 Samples and method

3.1 Samples

Five mines were selected for sampling work according to
the national standard GB482-2008. These include No. 6 coal of
Heidaigou mine in Jungar Coalfield, No. 5 coal of Haurusu mine,
No. 4 and No. 6 coal of Huangyuchuan mine, and No. 3 and No. 11
coals of Sangshuping mine in Weibei Coalfield, as well as No. 2 and
No. 11 coals of Xiayukou mine. A total of 59 samples were taken.
Furthermore, according to the data of Huang et al. (2000) on coal
mine samples inNorthChina, coalNo. 9 of Zibomine, coalNo. 2, 14,
17, 18 of Taozaomine, coalNo. 11 ofHuainanmine, Anhui province,
coal No. 9 and 10 of Datong, Shanxi province, and coal No. 9 and
10 of Huozhou mine, Shanxi province, a total of 59 samples were
selected as a supplement. The study included a total of 117 samples
(Table 2; Figure 4).

3.2 Analytical methods

Inductively Coupled PlasmaMass Spectrometry (ICP-MS, ICAP
Q series): The ELEMENT XR plasma mass spectrometer produced
by Thermo Science in Germany, was used to identify 44 elements;
including trace elements and rare earth elements (Y,Th, and Sc were
not included in this sample test) in coal from parting, roof, and
floor. The specific steps are as follows: We weighed 0.05 g of the
sample ground to 200 mesh (75 μm) or less and place it in a sample
dissolving bottle filled with polytetrafluoroethylene. Next, we added

6 mL of analytically pure HNO3, 0.5 mL HClO4 (also analytically
pure), and 2 mL HF (electronically pure). Seal and place on a 200°C
hot plate to heat for 48 h. After opening, evaporate the sample in the
bottle until a gel is formed, add 2 mL of aqua regia, seal it, and place
it on a 200°C hot plate to heat for 24 h before digesting with HNO3
(5%) to a sample solution, without precipitation. Finally, dilute to
50 mL for testing. The trace element concentrations of the samples
were measured by inductively coupled plasma mass spectrometry
(ICP-MS, ICAP Q series). The ICP-MS analyses are based on the
procedures outlined by Dai, Yang, et al. (2015) and were carried out
at the State Key Laboratory of Coal Resources and Safe Mining,
China University of Mining and Technology (Beijing). For ICP-
MS analysis, samples underwent digestion using an UltraClave
Microwave High Pressure Reactor (Milestone). The digestion tank
contained 330 mL of distilled H2O, 30 mL of 30% H2O2, and 2 mL
of 98% H2SO4. The initial nitrogen pressure was set at 50 bars, and
the highest temperature was set at 240°C for 75 min. The reagents
used for digesting a 50-mg sample were 5 mL of 40% HF, 2 mL of
65% HNO3, and 1 mL of 30% H2O2. Trace element concentrations
were calibrated using Multi-element standards, including Inorganic
Ventures CCS-1, CCS-4, CCS-5, and CCS-6, NIST 2685b, and the
Chinese standard reference GBW 07114 (Dai et al., 2011).

4 Results

Table 3 shows the results of trace element concentrations
measured by inductively coupled plasma mass spectrometry
(ICP-MS, ICAP Q series). Geochemical parameters of rare earth
elements can reflect the characteristics of rare earth elements.
Some parameters are derived from the normalized values of
rare earth elements. Different reference standards can reflect
different characteristics. Usually, the average values of rare
earth elements in chondrites, North American shales or upper
continental crust are used to standardize rare earth elements in
research samples (Huang et al., 2000; Lin et al., 2017; Bau et al.,
2018). In order to visually show the variation characteristics
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FIGURE 3
Location of mining areas in North China. (1 North China Plate Boundary; 2 I-II Primary Structural Coal; 3 II-III Structural Coal; 4 III-IV Structural Coal; 5
IV-V Structural Coal; 6 Coal Body Structural Strip Boundary).

of REE in different coal samples, the average abundance of
UCC (Taylor and McLennan, 1985) and the Leedy chondrite
concentration (Masuda, Nakamura, and Tanaka, 1973) were used to
normalize REE in coal.

In order to show the characteristics of REE in different coal
samples, this study has adopted a “dichotomy” classification scheme
for REE. Rare earth elements are divided into light rare earth
elements (LREEs) and heavy rare earth elements (HREEs). The
specific methods of classification are as follows: LREE includes
La, Ce, Pr, Nd, Pm, Sm, Eu, HREE includes Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu, and Y. The total concentration of each element
is ∑REE. L/H represents the ratio of ∑LREE and ∑HREE, which
can reflect the distribution difference between Light and Heavy
Rare Earth Elements. The larger the L/H value, the more enriched
the light rare earth element (LREE) type centration; on the
contrary, themore concentrated the rare earth element (HREE) type
concentration.

δEu reflects the degree of Eu anomaly, which is useful
for identifying provenance, verifying diagenetic conditions, and
classifying rocks (Dai et al., 2014). Sedimentary rocks inherit
rare earth elements from their parent rocks, and positive and
negative Eu anomalies are often determined by the parent
rock. Consequently, δEu can effectively identify likely sources of

constituents.

δEu = Eu
Eu∗
= 2EuN
SmN +GdN

(1)

Where EuN, SmN, GdN, are the values of Eu, Sm, Gd
normalized to the UCC. Research shows that when Ba/Eu > 1,000,
the Eu value of the ICP-MS laboratory will be interfered by BaO
and BaOH, and the Eu value will be higher (Loges et al., 2012;
Dai, Graham, and Ward, 2016). The Ba/Eu distribution in this
study was between 10.7 and 460, with an average of 105.1, so the
results of Eu anomalies were credible. Most of the δEu values Eq.
1 show negative anomaly characteristics (δEu < 1). These patterns
are similar to those found in the upper continental crust. Therefore,
it can be inferred that the rare earth elements in Carboniferous-
Permian coals in North China mainly originate from the upper
continental crust. Coal seams No. 2 and No. 14 of the Shanxi
Formation in the Taozao coalfield (samples: ZT2-4, 5, 11; ZT14-1, 2,
6, 7) showed significant positive anomaly characteristics (δEu > 1).
There are slight negative Eu anomalies and even some samples have
positive Eu anomalies, suggesting that the source of the material has
changed significantly during different epochs. It is possible that deep
material from the lower crust or material from the Mantle source
was added during the coal formation process in the Zibo, Taozao,
and Jungar, resulting in a significant change in provenance.
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TABLE 2 Sampling information of carboniferous-Permian coal seams in North China.

Coalfield Mine Coal Roof, floor,
and parting

Remarks

Zibo - 2 1 No. 9 Coal, Taiyuan Formation

Taozao - 12 13
No. 2, 14 Coal, Shanxi Formation

No. 14, 17 and 18 Coal, Taiyuan Formation

Huainan - 11 2 No. 11 Coal, Xiashiliezi Formation

Huozhou - 8 1 No. 9, 10 Coal, Taiyuan Formation

Datong - 5 3 No. 9, 10 Coal, Taiyuan Formation

Jungar

Hedaigou 7 5 No. 6 Coal, Taiyuan Formation

Haunisu 5 7 No. 5 coal, Shanxi Formation

Huangyuchun 7 2
No. 4 coal, Shanxi Formation

No. 6 Coal, Taiyuan Formation

Weibei

Sangshuping 11 5
No. 3 Coal, Shanxi Formation

No. 11 Coal, Taiyuan Formation

Xiayukou 8 2
No. 2 Coal, Shanxi Formation

No. 11 Coal of Taiyuan Formation

FIGURE 4
The distribution of Carboniferous-Permian sedimentary sequence, coal seams and sampling positions in North China.
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TABLE 3 Rare earth element concentrations in Carboniferous-Permian coal seams of the North China.

Sample1 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

China coal2 22.50 46.70 6.42 22.30 4.07 0.84 4.65 0.62 3.74 0.96 1.79 0.64 2.08 0.38

World coal3 11.00 23.00 3.40 12.00 2.00 0.43 2.70 0.32 2.10 0.57 1.00 0.30 1.00 0.20

Roof Z-HDG-1 45.90 40.60 10.50 39.60 6.46 1.02 5.20 0.68 3.09 0.59 1.45 0.23 1.29 0.21

Roof Z-HDG-2 88.10 163.00 16.90 61.30 9.69 1.37 6.29 1.01 5.11 0.99 2.56 0.45 2.94 0.51

Coal Z-HDG-3 15.80 35.60 4.62 19.70 4.68 0.77 5.04 0.94 6.68 1.40 3.84 0.69 4.35 0.71

Parting Z-HDG-4 0.82 2.98 0.56 3.05 1.04 0.22 1.46 0.16 1.53 0.25 0.86 0.14 0.86 0.20

Coal Z-HDG-5 25.50 47.16 6.12 22.76 5.63 0.59 5.09 0.61 2.53 0.72 1.98 0.22 2.97 0.25

Parting Z-HDG-6 3.60 5.69 0.52 1.70 0.18 0.04 0.22 0.05 0.25 0.06 0.13 0.02 0.19 0.04

Coal Z-HDG-7 18.50 33.20 3.40 11.10 1.61 0.30 1.56 0.25 1.38 0.23 0.75 0.16 0.82 0.11

Coal Z-HDG-8 29.50 62.00 6.97 26.80 6.32 1.27 6.33 1.32 7.54 1.27 3.48 0.54 3.21 0.42

Parting Z-HDG-9 3.12 6.05 0.68 2.71 1.00 0.28 1.64 0.36 2.99 0.57 1.41 0.36 2.02 0.27

Coal Z-HDG-10 31.22 59.13 6.56 25.31 6.21 0.71 5.37 0.67 1.98 0.63 2.01 0.68 3.82 0.21

Coal Z-HDG-11 8.22 16.00 1.91 8.05 2.16 0.41 2.51 0.55 3.97 0.83 2.69 0.37 2.81 0.39

Coal Z-HDG-12 44.20 67.80 5.96 16.60 2.04 0.36 2.04 0.36 1.81 0.36 0.93 0.18 1.20 0.20

Parting Z-HR-1 62.80 116.00 11.80 42.10 6.36 1.26 5.07 0.66 3.90 0.58 2.09 0.30 2.41 0.37

Parting Z-HR-2 54.60 109.00 11.80 42.80 6.94 0.91 6.26 0.93 5.66 1.00 2.67 0.44 2.93 0.43

Coal Z-HR-3 22.48 34.84 6.12 12.66 5.76 0.76 5.18 0.89 5.21 0.99 2.09 0.41 2.78 0.53

Parting Z-HR-4 13.80 28.80 3.81 14.70 4.56 0.96 5.01 1.30 7.37 1.34 3.77 0.54 3.98 0.64

Coal Z-HR-5 3.35 5.60 0.65 2.50 0.61 0.13 0.88 0.23 1.85 0.39 1.57 0.28 2.43 0.37

Parting Z-HR-6 38.90 73.20 7.59 27.00 5.92 1.21 6.36 1.27 8.05 1.52 3.72 0.68 3.70 0.54

Coal Z-HR-7 1.10 1.18 0.22 0.86 0.20 0.05 0.20 0.05 0.47 0.11 0.29 0.10 0.61 0.11

Coal Z-HR-8 27.50 18.05 2.89 7.38 1.76 0.25 1.74 0.35 3.06 0.92 2.93 0.51 2.58 0.40

Coal Z-HR-9 25.12 30.80 3.49 12.80 2.33 0.33 2.41 0.56 4.86 0.59 4.32 0.78 5.58 1.01

Floor Z-HR-10 75.10 119.00 12.90 43.00 6.91 0.84 5.82 0.93 6.30 1.06 3.41 0.51 3.45 0.55

Floor Z-HR-11 38.00 60.90 6.25 20.30 3.33 0.38 3.01 0.70 3.78 0.72 2.40 0.30 2.79 0.50

Floor Z-HR-12 105.00 178.00 22.70 78.20 12.60 1.15 10.70 1.55 9.22 1.27 4.68 0.79 4.92 0.76

Floor Z-HY-1 26.00 27.50 3.04 8.99 2.57 0.29 1.89 0.35 3.60 0.75 2.43 0.52 2.68 0.82

Coal Z-HY-2 47.21 76.22 7.72 19.82 5.73 0.55 3.94 0.67 4.03 0.71 3.19 0.36 2.01 0.27

Coal Z-HY-3 21.90 35.60 3.93 14.40 2.46 0.47 2.33 0.36 2.16 0.42 0.93 0.15 0.89 0.19

Parting Z-HY-4 23.60 45.60 5.29 22.00 5.42 1.28 7.11 1.30 6.53 1.14 3.20 0.43 2.48 0.38

Coal Z-HY-5 38.88 69.23 7.37 21.65 6.17 0.72 4.19 0.71 2.93 0.75 2.02 0.21 2.31 0.16

Coal Z-HY-6 2.29 4.58 0.55 2.18 0.82 0.23 0.89 0.20 1.22 0.23 0.71 0.13 0.92 0.12

Coal Z-HY-7 42.20 79.80 8.06 18.60 4.04 0.56 2.62 0.56 2.81 0.56 0.83 0.28 1.90 0.20

(Continued on the following page)

Frontiers in Earth Science 08 frontiersin.org

https://doi.org/10.3389/feart.2024.1374780
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Wen et al. 10.3389/feart.2024.1374780

TABLE 3 (Continued) Rare earth element concentrations in Carboniferous-Permian coal seams of the North China.

Sample1 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Parting Z-HY-8 35.50 62.50 6.73 23.80 3.71 0.63 3.11 0.60 3.19 0.44 1.67 0.25 1.89 0.29

Coal Z-HY-9 41.96 72.74 8.31 25.53 5.66 0.72 4.01 0.61 2.05 0.79 1.15 0.33 2.07 0.29

Roof W-SSP-1 58.90 115.00 12.70 47.90 8.24 1.65 7.09 1.19 6.39 1.15 3.71 0.49 3.90 0.47

Coal W-SSP-3 29.30 52.10 5.77 20.70 3.07 0.51 2.21 0.25 1.71 0.30 0.87 0.14 0.85 0.12

Coal W-SSP-4 36.15 61.25 6.79 23.89 4.78 0.58 2.35 0.47 3.05 0.53 1.52 0.21 1.76 0.21

Coal W-SSP-5 31.78 59.17 6.05 18.47 3.67 0.61 1.68 0.38 2.76 0.47 1.06 0.16 1.19 0.17

Parting W-SSP-6 42.40 34.30 9.42 35.60 6.15 1.06 4.62 0.72 3.64 0.63 1.80 0.27 1.45 0.22

Coal W-SSP-7 33.23 58.92 7.19 23.76 3.93 0.55 2.29 0.53 2.58 0.59 0.85 0.22 1.12 0.19

Parting W-SSP-8 43.21 75.38 8.11 28.56 6.19 0.75 3.12 0.68 3.28 0.69 1.13 0.39 1.97 0.32

Coal W-SSP-9 39.65 65.29 7.47 27.18 4.36 0.59 2.87 0.41 1.93 0.76 0.97 0.52 1.39 0.35

Coal W-SSP-10 26.12 47.25 5.96 19.21 3.57 0.56 2.03 0.32 1.69 0.38 0.87 0.31 0.67 0.33

Coal W-SSP-11 19.10 24.10 2.27 7.91 1.74 0.37 2.04 0.51 2.69 0.54 1.45 0.24 1.33 0.27

Coal W-SSP-12 21.39 37.23 3.64 8.28 2.56 0.43 2.96 0.68 3.07 0.78 1.92 0.28 2.19 0.25

Parting W-SSP-13 49.96 92.23 9.66 32.19 5.02 1.12 5.32 1.02 6.05 1.02 3.16 0.39 2.98 0.36

Coal W-SSP-14 25.24 41.96 3.69 12.88 4.99 0.57 3.29 0.67 3.97 0.75 1.98 0.21 1.65 0.12

Coal W-SSP-15 20.05 31.28 2.41 7.71 2.93 0.49 2.42 0.52 2.87 0.49 1.57 0.15 1.63 0.17

Parting W-SSP-16 52.00 101.00 10.50 36.40 6.07 1.20 5.43 1.00 6.14 1.08 3.33 0.46 3.22 0.43

Coal W-SSP-17 21.76 39.68 4.34 7.19 2.03 0.56 3.15 0.65 4.17 0.64 1.53 0.32 1.39 0.45

Coal W-XYK-1 19.60 25.70 5.57 9.15 1.94 0.41 1.52 0.43 2.24 0.44 1.47 0.26 1.54 0.29

Coal W-XYK-2 21.36 35.67 3.98 11.53 2.44 0.51 1.92 0.51 1.95 0.66 1.21 0.29 1.69 0.27

Coal W-XYK-3 22.93 39.18 2.12 9.88 1.95 0.41 1.74 0.56 2.06 0.55 2.16 0.31 1.83 0.29

Parting W-XYK-4 36.80 72.10 7.98 30.20 4.88 1.05 3.76 0.53 2.96 0.58 1.68 0.27 1.63 0.29

Coal W-XYK-5 25.52 46.39 5.26 16.67 3.49 0.55 2.12 0.55 2.19 0.38 1.29 0.22 1.58 0.26

Coal W-XYK-6 8.59 17.60 2.04 7.77 1.65 0.30 1.95 0.28 1.78 0.34 0.92 0.16 1.37 0.20

Coal W-XYK-7 10.22 19.14 2.15 9.47 1.98 0.51 2.29 0.37 2.13 0.45 1.12 0.32 1.66 0.41

Parting W-XYK-8 63.60 126.00 14.10 55.10 9.80 2.04 9.14 1.45 7.64 1.49 3.77 0.59 4.11 0.64

Coal W-XYK-9 16.82 29.35 3.06 15.66 3.71 0.65 3.26 0.68 3.02 0.61 1.03 0.53 2.72 0.47

Coal W-XYK-10 11.08 20.36 2.56 9.23 1.89 0.39 2.43 0.39 2.56 0.47 1.12 0.29 1.69 0.28

Roof HN11-1 52.40 102.00 10.45 41.90 7.47 1.13 6.96 1.11 6.58 1.48 4.08 0.61 3.38 0.53

Roof HN11-2 48.00 88.90 8.89 34.80 5.96 1.01 6.35 1.00 5.78 1.27 3.41 0.50 2.68 0.41

Coal HN11-3 6.82 15.10 1.71 7.54 1.83 0.34 2.14 0.37 2.21 0.50 1.39 0.21 1.16 0.17

Coal HN11-4 13.10 26.80 2.96 12.80 2.53 0.51 2.90 0.48 2.67 0.57 1.48 0.21 1.09 0.17

Coal HN11-5 10.50 22.70 2.50 10.80 2.38 0.50 2.85 0.54 3.03 0.65 1.69 0.24 1.26 0.20
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TABLE 3 (Continued) Rare earth element concentrations in Carboniferous-Permian coal seams of the North China.

Sample1 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Coal HN11-6 12.10 25.20 2.96 13.60 2.82 0.54 3.17 0.59 3.31 0.71 1.84 0.26 1.37 0.21

Coal HN11-7 16.40 33.50 3.66 15.70 3.09 0.60 3.59 0.62 3.88 0.92 2.65 0.42 2.42 0.38

Coal HN11-8 10.70 24.10 2.77 12.50 3.05 0.52 3.39 0.62 3.75 0.86 2.42 0.37 2.08 0.32

Coal B6-2 13.50 27.20 3.25 15.20 2.67 0.48 2.93 0.48 3.02 0.71 2.07 0.33 1.89 0.28

Coal B6-3 4.44 10.80 1.32 6.35 1.33 0.26 1.58 0.30 1.89 0.45 1.31 0.21 1.22 0.19

Coal B6-4 6.55 14.30 1.70 7.95 1.58 0.33 2.95 0.48 3.24 0.83 2.59 0.44 2.76 0.65

Coal B7 19.00 37.00 4.29 19.50 3.49 0.58 2.88 0.61 3.25 0.75 2.10 0.32 1.82 0.28

Coal B8 16.30 31.70 3.52 15.30 2.58 0.53 2.85 0.49 3.00 0.71 2.02 0.32 1.82 0.27

Coal ZS9-5 19.20 33.70 3.91 17.80 3.56 0.83 3.85 0.66 4.06 0.95 2.71 0.42 2.42 0.36

Reef ZS9-b 111.00 218.00 22.89 94.10 17.00 3.28 11.00 1.56 8.53 1.77 4.49 0.62 3.16 0.48

Reef ZS9-c 1.89 4.72 0.64 3.35 1.06 0.15 1.30 0.23 1.36 0.30 0.81 0.12 0.65 0.10

Coal ZT2-4 9.45 18.20 2.03 8.85 1.36 0.36 1.39 0.19 1.13 0.26 0.72 0.11 0.61 0.10

Coal ZT2-5 18.70 32.80 3.18 12.10 1.92 0.42 1.91 0.28 1.64 0.36 0.97 0.14 0.77 0.12

Reef ZT2-11 4.59 8.55 0.90 3.68 0.70 0.31 0.93 0.18 1.11 0.26 0.72 0.11 0.63 0.10

Pyrite nodules ZT14-1 4.36 8.54 0.99 4.46 0.64 0.18 0.46 0.62 2.28 0.32 0.55 0.05 0.18 0.02

Pyrite nodules ZT14-2 6.64 13.30 1.40 5.80 1.12 0.29 0.86 0.14 0.75 0.16 0.40 0.06 0.29 0.04

Pyrite nodules ZT14-6 16.20 30.10 2.89 10.90 1.79 0.36 1.08 0.11 0.66 0.15 0.44 0.07 0.39 0.06

Pyrite nodules ZT14-7 11.90 21.50 2.05 7.62 1.16 0.24 0.70 0.10 0.59 0.13 0.38 0.06 0.32 0.05

Floor ZZ13-4 1.98 5.52 0.79 4.42 1.59 0.51 2.22 0.46 2.97 0.73 2.19 0.36 2.15 0.40

Floor ZZ14-1 39.50 75.80 8.05 33.50 5.48 1.32 6.10 0.72 4.34 0.99 2.76 0.42 2.34 0.36

Coal ZZ14-2 3.59 5.43 0.82 4.82 1.17 0.31 1.49 0.26 1.64 0.39 1.12 0.18 1.02 0.15

Coal ZZ14-4 5.27 10.50 1.20 5.40 1.05 0.24 1.00 0.16 0.97 0.23 0.66 0.10 0.60 0.09

Coal ZZ14-7 9.11 18.00 1.93 8.09 1.56 0.36 1.40 0.24 1.43 0.33 0.94 0.14 0.82 0.13

Coal ZZ14-9 7.48 15.80 1.74 7.46 1.50 0.43 1.98 0.38 2.28 0.52 1.42 0.22 1.19 0.18

Coal ZZ17-3 2.23 4.96 0.61 2.91 0.69 0.12 0.89 0.17 1.04 0.25 0.72 0.12 0.67 0.11

Coal ZZ17-4 0.82 1.18 0.17 0.99 0.24 0.08 0.32 0.06 0.38 0.09 0.26 0.04 0.23 0.04

Coal ZZ17-5 2.25 5.31 0.66 3.22 0.81 0.34 1.47 0.35 2.22 0.54 1.62 0.26 1.58 0.26

Floor ZZ17-7 52.00 106.00 10.71 42.40 7.12 1.32 6.41 1.07 6.11 1.33 3.52 0.51 2.70 0.42

Floor ZZ18s-1 61.10 113.40 10.18 35.80 5.07 0.88 4.31 0.66 4.17 1.00 2.91 0.46 2.71 0.42

Coal ZZ18s-3 22.80 44.10 4.72 19.80 3.38 0.84 3.58 0.59 3.65 0.85 2.42 0.38 2.15 0.32

Parting ZZ18s-4 46.40 85.10 8.86 36.10 6.27 1.33 4.46 0.76 4.73 1.12 3.26 0.52 3.01 0.47

Floor ZZ18s-5 44.70 89.30 8.96 35.20 6.47 1.16 5.84 0.85 5.23 1.22 3.48 0.54 3.10 0.47

Floor ZZ18x-1 36.40 72.70 7.78 32.60 5.68 0.98 4.22 0.73 4.39 1.01 2.83 0.43 2.43 0.35
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TABLE 3 (Continued) Rare earth element concentrations in Carboniferous-Permian coal seams of the North China.

Sample1 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Coal ZZ18x-3 17.40 33.80 3.43 13.60 2.52 0.59 2.96 0.45 2.68 0.61 1.70 0.26 1.43 0.22

Coal ZZ18x-4 16.70 33.30 3.64 15.60 3.31 0.58 3.09 0.45 2.80 0.66 1.90 0.30 1.72 0.27

Floor ZZ18x-5 33.20 66.60 7.05 29.20 5.81 1.34 6.99 1.25 7.70 1.80 5.16 0.81 4.61 0.70

Floor H9-2 1.85 4.10 0.52 2.54 0.61 0.13 0.72 0.11 0.70 0.16 0.46 0.07 0.41 0.06

Coal H9-3 2.25 5.57 0.63 2.75 0.75 0.20 1.54 0.30 1.87 0.44 1.29 0.20 1.18 0.18

Coal H10-2 2.73 6.22 0.81 4.12 1.02 0.21 1.49 0.31 2.13 0.55 1.76 0.31 1.95 0.33

Coal H10-3 1.33 3.17 0.38 1.79 0.41 0.11 0.78 0.16 1.10 0.28 0.88 0.15 0.95 0.16

Coal H10-4 10.50 23.60 2.63 11.50 1.91 0.26 1.58 0.25 1.44 0.31 0.83 0.12 0.64 0.79

Coal H10-5 6.86 14.70 1.71 7.78 1.28 0.20 1.05 0.17 1.06 0.25 0.70 0.11 0.61 0.08

Parting H10-7 36.80 68.00 7.02 28.40 5.34 1.00 4.50 0.76 4.46 0.99 2.69 0.40 2.17 0.30

Coal H10-9s 12.70 23.40 2.61 11.40 1.97 0.41 2.22 0.36 2.13 0.48 1.31 0.20 1.07 0.15

Coal H10-9x 27.50 57.70 6.59 29.50 4.89 1.03 4.66 0.76 4.55 1.04 2.90 0.44 2.47 0.36

Coal D8-1 13.50 23.60 2.61 11.30 1.82 0.43 2.25 0.42 2.42 0.53 1.41 0.21 1.10 0.16

Coal D8-4 21.30 46.10 4.85 20.00 3.92 0.79 5.05 0.96 5.74 1.31 3.63 0.55 3.07 0.46

Parting D8-7 51.40 77.60 7.38 27.50 4.93 1.04 5.18 0.78 4.18 0.85 2.11 0.29 1.42 0.20

Coal D8-10 2.35 6.51 0.85 4.30 1.22 0.25 1.37 0.25 1.48 0.34 0.94 0.14 0.80 0.11

Coal w5-2 57.20 108.00 11.70 49.60 8.04 1.63 8.06 1.15 6.72 1.49 4.05 0.60 3.26 0.51

Coal w5-3 33.50 63.00 6.82 28.90 5.84 1.31 6.16 0.91 5.42 1.22 3.36 0.51 2.78 0.41

Parting w5-10 59.20 122.00 13.75 60.70 8.13 1.04 8.33 1.26 7.52 1.71 4.72 0.71 3.96 0.59

Floor w5-15 60.60 115.00 13.10 58.40 8.57 1.60 6.13 0.97 5.70 1.28 3.49 0.52 2.85 0.44

Average4 Jungar 32.08 54.06 6.19 20.90 4.25 0.63 3.76 0.65 3.79 0.73 2.15 0.37 2.43 32.08

Average4 Weibei 30.26 52.60 5.95 20.48 3.96 0.71 3.19 0.61 3.25 0.65 1.67 0.31 1.87 30.26

Average4 Huainan 17.68 35.33 3.84 16.46 3.14 0.56 3.43 0.59 3.51 0.80 2.23 0.34 1.92 0.31

Average4 Zibo 44.03 85.47 9.15 38.42 7.21 1.42 5.38 0.82 4.65 1.01 2.67 0.39 2.08 0.31

Average4 Taozao 18.99 36.79 3.79 15.38 2.74 0.60 2.64 0.45 2.68 0.61 1.72 0.27 1.51 0.23

Average4 Huozhou 11.39 22.94 2.54 11.09 2.02 0.39 2.06 0.35 2.16 0.50 1.42 0.22 1.27 0.27

Average4 Datong 37.38 70.23 7.63 32.59 5.31 1.01 5.32 0.84 4.90 1.09 2.96 0.44 2.41 0.36

1Whole rock base, μg/g. 2Data from Taylor and McLennan, 1995. 3Data from Ketris and Yudovich, 2009. Red font: Maximum contents. 4The average (geometric mean) of each coalfield
(including coals, partings and roof and floor).

δCe indicates the degree of Ce anomaly. Ce3+ in oxygen-
rich sedimentary water can be oxidised to Ce4+ and separated
from other REE. If the sedimentary water is anoxic, Ce3+

retains its original valence state (Hower, Ruppert, and Eble,
1999; Dai et al., 2013). The Ce negative anomaly is an
important symbol of the marine sedimentary environment of

sedimentary rocks.

δCe = Ce
Ce∗
= 2CeN
LaN ×PrN

(2)

where CeN, LaN, PrN are the values of Ce, La, Pr normalized to the
UCC. Most of the δCe values Eq. 2 range from 0.8 to 1.03, and the

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2024.1374780
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Wen et al. 10.3389/feart.2024.1374780

δCe values of No. 5 Shanxi Formation coal (sample: Z-HR- 3, 7, 8,
9) in the Jungar coalfield and No. 14 and 17 Taiyuan formation coal
(ZZ14-4, ZZ17-4) in the TaozaoMining Area are obviously negative
anomalies (<0.7).

5 Discussion

5.1 Distribution pattern of rare earth
elements

The normalised distribution patterns of REE to chondrites
(Masuda, Nakamura, and Tanaka, 1973) show the characteristics
of light REE enrichment, heavy REE depletion, but a slight variation
in the heavy REE range, and Eu is mostly characterised by negative
anomalies and most samples show a clear lanthanide prevailence in
the whole REE profile (Figures 5A1, B1, C1 and Figures 6A1, B1,
C1), indicating that there is a relatively stable supply of terrestrial
materials during the Late Paleozoic Carboniferous-Permian coal
formation period in North China. The L/H of Late Paleozoic
Carboniferous-Permian coal in North China is generally between 2
and 12, which is more than 12 in roof and floor, and the highest in
pyrite nodules, reaching 21.03 (sample: ZT14-6); the peat swamps
affected by marine facies is relatively rich in HREE (Wang et al.,
2008). Except that the L/H value of No. 5 coal in the Jungar Shanxi
Formation is 1.86 (sample: Z-HR-7), the L/H ratio of the Taiyuan
Formation coal is generally lower than that of the Shanxi Formation
coal. After testing the concentrations of rare earth elements in 58
samples of Carboniferous-Permian coal samples, roof and floor and
parting in North China(Huang, Jiu, and Li, 2019), Huang found that
the L/H ratio of high-sulphur and low-ash coal in the Huozhou and
Zaozhuang mining areas reached the lowest value (samples: H9-2,
H9-2, H10-2, and H10-3), but the L/H of calcareous pyrite nodules
in high-sulphur coal of Taiyuan formation reached the maximum
value in all samples.

Upon analysing the data presented in Table 3, it is evident that
the average values of L/H in the Zibo, Taozao, Datong, Jungar and
Weibei coalfields in Shandong Province are higher than those in
other areas of China. Conversely, in the Huainan mining area of
Anhui Province, the average value of L/H in the Huozhou coalfield
is significantly lower than that in other areas of China and slightly
lower than the global average. The distribution patterns of rare
earth elements vary even within different layers of the same coal
seam. In the Taozao, Huainan, Datong and Jungar Heidaigou coal
seams (Figures 5B, C, 6B, C), the graphic curves tend to form a
“V” shape, but the concentration of rare earth elements differs
significantly, as shown in the distribution pattern diagram. The
distribution curve is not coincident, but rather exhibits a certain
interval arrangement. This is consistent with the work done by
many academics (Dai, Graham, and Ward, 2016; Dai et al., 2020),
which shows that the distribution pattern of rare earth elements in
coal indicates the inhomogeneity of these elements within the coal
seam. It also reflects significant changes in the microenvironment
of the same coal seam during coal formation.

The distribution patterns of rare earth elements in
Carboniferous-Permian coals in North China (as shown in
Figures 5, 6) are characterized by enrichment of LREE, deficit
of HREE with gentle changes, and obvious negative anomalies

of Eu. These patterns are similar to those found in the upper
continental crust. Therefore, it can be inferred that the rare
earth elements in Carboniferous-Permian coals in North China
mainly originate from the upper continental crust. The upper
continental crust contains a significantly higher concentration of
LILE (Large Ion Lithophile Elements) compared to the primitive
mantle. This leads to an enrichment of LREEs and a deficiency of
HREE (Tatsumi, Hamilton, and Nesbitt, 1986; Shu et al., 2023). The
deficiency of HREEs fractionation in the upper continental crust
results in a deficiency of HREEs differentiation (Zhao, Wang, and
Zhao, 2021; Teng et al., 2023), and the Eu negative anomalies are
attributed to the deficiencies of Eu in the upper continental crust
due to elemental differentiation (Rudnick, 1992).

When the distribution pattern of REE normalized to chondrites
is similar, the REE normalized to Upper Continental Crust diagram
can be used to distinguish different forms of differentiation and
further identify the characteristics of the source rocks (Gallet et al.,
1998; Awadh et al., 2023). The UCC standardized diagram of
rare earth elements in Carboniferous-Permian coals in North
China (Figures 5, 6) shows that the Zibo (Figure 5A2), Taozao
(Figure 5B2), and Jungar (Figure 6C2) coals differ from the other
groups. They exhibit deficits in light rare earths and relatively
enriched heavy rare earths. Additionally, there are slight negative
Eu anomalies and even some samples have positive Eu anomalies,
suggesting that the source of the material has changed significantly
during different epochs. It is possible that deep material from the
lower crust or material from the Mantle source was added during
the coal formation process in the Zibo, Taozao and Jungar, resulting
in a significant change in provenance.

The distribution pattern of rare earth elements in coal seams
affected by magmatic contact metamorphism has significantly
changed (Li et al., 2018; Sutcu et al., 2021; Moroeng, Murathi, and
Wagner, 2024). For instance, taking No. 2 and No. 14 coal of
Shanxi Formation in the Taozao coalfield (Figure 7), the influence
of seawater during the formation of coal seam is not apparent,
and the trace elements in coal are mainly controlled by terrigenous
debris (Huang et al., 2001; Zhang et al., 2022). The concentration
of associated elements in nodular pyrite in mudstone of the coal
seam roof is significantly higher than that in layered pyrite in the
coal seam. This difference may be due to the original concentration
of trace elements in the metallogenic material and the different
coal-forming and mudstone swamp microenvironments (Liu, Yang,
and Tang, 2000; Hao et al., 2023). Additionally, the coal seam
is affected by magmatic contact metamorphism. In the contact
zone between the magmatic intrusion and the coal seam, and
in the coal seam close to the magmatic intrusion, there is no
significant loss of europium, and the distribution pattern of rare
earth elements tends to follow that of the magmatic parent rock.
As a result, the typical right-leaning “V” shape of the rare earth
distribution pattern is no longer present, and instead, it has an
approximate linear shape (Figure 7A). However, in coal seams
distant from magmatic intrusions, the distribution pattern of rare
earth elements exhibits a V-shaped feature that leans to the right
(Figure 5B1).

Some elements—particularly the HREE group—are
characterised by behaving somewhat differently in terms of
maximum content. For example, the maximum contents of Lu
and Yb occur in the 2-HR-9 (coal) sample, while the maximum
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FIGURE 5
The REE distribution pattern of Carboniferous-Permian coals in North China, normalized to UCC (Taylor and McLennan, 1995) and Chondrite
(Masuda, Nakamura, and Tanaka, 1973): (A1) The Zibo coal, normalized to Chondrite; (A2) The Zibo coal, normalized to UCC; (B1) The Taozao coal,
normalized to Chondrite; (B2) The Taozao coal, normalized to UCC; (C1) The Huainan coal, normalized to Chondrite; (C2) The Huainan coal,
normalized to UCC.

contents of Ho, Er and Yb occur in the ZZ18x-5 (floor) sample;
and the maximum contents of Gd and Tb occur in the ZS9-b
(reef) sample. This may be related to the well-known tetrad effect.
REE geochemical studies conducted by scholars on various natural
materials have shown that the tetrad effect of REEs generally exists
(Masuda et al., 1987; Jolliff et al., 1989; Sami et al., 2020), which
is helpful in understanding the genesis of mineral deposits and
revealing rock-specific genesis mechanisms (Monecke et al., 2002;
Zaharescu et al., 2017; Abedini, Azizi, and Dill, 2020). Meanwhile,
the (La/Yb) N ratio as a geochemical factor can be used to evaluate
the acidic and alkaline conditions of the depositional environment,
and Abedini, Calagari, and Azizi (2018) found that the (La/Yb)
N values are lower under acidic conditions and higher under
alkaline conditions. The (La/Yb) N of samples Z-HR-9, ZZ18x-
5, and ZS9-b are 3.04, 4.86 and 23.68, respectively, from which it
can be concluded that samples Z-HR-9 from the Jungar coalfield
and ZZ18x-5 from the Taozao coalfield under acidic conditions and
sample ZS9-b from the Zibo coalfield under alkaline conditions
have higher (La/Yb) N ratios. It can be inferred that as the stability
of these complexes increases with atomic number, the HREEs are
preferentially associatedwith someminerals in coal in solution, such
as in the form of carbonate complexes (Cantrell and Byrne, 1987;
Abedini, Calagari, and Azizi, 2018). Furthermore, the occurrence
of the tetrad effect in the normalised REE distribution pattern may
be due to the presence of various ligands in the aqueous system and
the stability of the REE complexes (Feng et al., 2014; Abedini, Azizi,
and Dill, 2020). This implies that acid mine drainage promotes the

precipitation of REE-bearing minerals, especially the HREE group.
This may explain the increase in HREEs in these samples.

Seawater is enriched in both LREE and HREE. Additionally,
rare earth element distribution in seawater exhibits a significant
deficiency of Ce, i.e., La > Ce, and Ce is a negative anomaly(Fleet,
1984; Floback andMoffett, 2021; Liu et al., 2022), which is obviously
different from the distribution pattern of trace elements in river
water and other geological bodies (Wang et al., 2000).The deficiency
of Ce may be due to oxidation of Ce3+ to Ce4+ and precipitation
from solution as CeO2 under marine conditions, while other rare
earth elements still retain the valence state of +3 (Liu, Yang, and
Tang, 2000; Huang et al., 2001; Li et al., 2008). Huang et al. (2000)
studied the REE characteristics of Late Palaeozoic coals in the
Huozhou Coalfield, concluded that the REE content of seawater-
influenced high-sulphur coals was lower than that of terrestrial
facies low-sulphur coals; Zhao, Tang, and Li (2000) studied the REE
characteristics of coal from theHuainanCoalfield and found that the
REE concentrations of coals from the Huainan Coalfield increased
when the seawater influence was weakened; Wang et al. (2008)
analysed the REE characteristics of coals from Jinbei. He concluded
that the enrichment and loss of REEs in seawater-influenced
coals were related to the paleogeography of coal-forming swamps.
Dai, Ren, and Li (2003) concluded that seawater exhibits significant
δCe-negative anomalies and very low REE concentrations. The
distribution pattern diagram of No. 5 coal in Shanxi Formation of
the Jungar coalfield exhibits a negative Ce anomaly and significant
Eu deficiency (Figure 7B), while the distribution of rare earth
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FIGURE 6
The REE distribution pattern of Carboniferous-Permian coals in North China, normalized to UCC (Taylor and McLennan, 1995) and Chondrite
(Masuda, Nakamura, and Tanaka, 1973): (A1) The Huozhou coal, normalized to Chondrite; (A2) The Huozhou coal, normalized to UCC; (B1) The
Daotong coal, normalized to Chondrite; (B2) The Datong coal, normalized to UCC; (C1) The Jungar coal, normalized to Chondrite; (C2) The Jungar
coal, normalized to UCC.

FIGURE 7
The REE distribution pattern of Carboniferous-Permian coals in North China, normalized to Chondrite (Masuda, Nakamura, and Tanaka, 1973): (A) The
Taozao coal and pyrite nodules (ZT14-2∼7), No obvious Eu anomalies and no typical right-skewed “V” shape of the REEs distribution patterns, it has an
approximately linear shape; (B) The Jungar coal of Shanxi Formation, significant negative Ce anomalies and Eu deficiency.

elements in seawater shows significant Ce deficiency. This indicates
that the No. 5 coal of Shanxi Formation in the Jungar coalfield
was also influenced by seawater during coal formation. The REE
concentrations in the seawater-affected coals are generally low (Z-
HR-3, 7, 8, and 9). The negative δCe anomalies of the No. 5 Shanxi

Formation in Jungar are more pronounced, indicating a deepening
of the peat swampwater body after the seawater intrusion, increased
reducibility and depletion of Ce sources. The distribution pattern
of the coals in the No. 5 Shanxi Formation shows no significant
differentiation between the LREE and HREE sections (Figure 7B),
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FIGURE 8
Characteristics of rare earth element average concentrations in Carboniferous-Permian coals from North China: (A) Bar-graphs of light and heavy rare
earth elements average concentrations in Carboniferous-Permian coals from North China; (B) Box-plots of ∑LREE/∑HREE in Carboniferous-Permian
coals in North China.

indicating a stable source of provenance supply. The intrusion of
seawater does not increase the concentration of REEs. However,
it can deepen the water body of peat swamps and create a more
reducing depositional environment, which affects the distribution
pattern of REEs. This is evident in the negative anomaly at Ce.

5.2 Enrichment characteristics of rare earth
elements

5.2.1 Enrichment characteristics of HREE in North
China

Upon analysing the data presented in Table 3, it is evident that
the average values of ∑LREE/∑HREE in the Zibo, Taozao, Datong,
Jungar and Weibei coalfields in Shandong Province are higher than
those in other areas of China. Conversely, in the Huainan mining
area of Anhui Province, the average value of ∑LREE/∑HREE in the
Huozhou coalfield is significantly lower than that in other areas of
China and slightly lower than the global average (refer to Figure 8A).

As can be seen from Figure 8B, the average L/H value of coal
seam, roof, floor and parting in the Zibo mining area of Shandong
Province is about 3.99–14.75, and the average value is 7.95, which
indicates in the Zibo mining area in Shandong province, light rare
earth elements are enriched more than heavy rare earth elements;
The L/H distribution in the coal seam, roof, floor and parting of the
Taozaomining area ranged from 1.29 to 21.03, with an average value
of 7.93, indicating the light rare earth elements are more enriched
than heavy rare earth elements in the Taozao mining area; The L/H
distribution in coal seam, roof, floor and parting of the Huainan
mining area in Anhui Province ranges from 2.32 to 8.76, with an
average value of 5.41, indicating that light rare earth elements are
enriched in heavy rare earth elements in the Huainan mining area
of Anhui; The L/H distribution in coal seam, roof, floor and parting
of the Huozhou coalfield is 1.61–9.01, with an average value of 5.36,
indicating that light rare earth elements are enriched in theHuozhou

coalfield compared to heavy rare earth elements;The distribution of
L/H in coal seam, roof, floor and parting in the Datong mining area
is about 4.67–12.03, with an average value of 7.77, which indicates
that light rare earth elements are more abundant than heavy rare
earth elements in the Datong mining area; The distribution of L/H
in coal seam, roof, floor and parting in the Jungar coalfield is about
1.64–19.34, with an average of 8.27, which indicates that light rare
earth elements are enriched in the Jungar coalfield compared to
heavy rare earth elements; The distribution of L/H in the coal seam,
roof, floor and parting of the Weibei coalfield ranges from 4.93
to 17.28, with an average of 9.86, indicating that light rare earth
elements are more enriched than heavy rare earth elements in the
Weibei coalfield.

Among them, the average ΣHREE in Datong coalfield in Shanxi,
Zibo coalfield in Shandong and Jungar coalfield in Ordos are all
greater than 14 μg/g and HREE is highly enriched; The average
ΣHREE in Anhui Huainan coalfield, Ordos Weibei coalfield and
Shandong Taozao coalfield are all greater than 10 μg/g and HREE
is relatively enriched; The average value of ΣHREE in the Huozhou
coalfield in Shanxi is relatively low (<8 μg/g), and HREE is relatively
deficient. In summary, the northern part of North China is gener-
ally rich in heavy rare earth elements; The southern part of North
China is relatively enriched in heavy rare earth elements; Although
the heavy rare earth elements in the central part of North China are
lower than the average of China coal, they are still higher than that of
world coal. The heavy rare earth elements show a significant deficit
compared to other regions in China (Figure 8A).

5.2.2 Enrichment characteristics of rare earth
elements in coal in North China

China’s large-scale coal production bases are mainly located
in the north, especially in the northern Ordos Basin, and some
coal seams with unusually high REE concentrations have been
found. For example, the rare element concentration of carboniferous
coal seams in Daqingshan, Inner Mongolia, reached 721 μg/g,
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FIGURE 9
Concentration characteristics of rare earth elements in late Paleozoic coal samples from various mining areas in North China.

FIGURE 10
Vertical distribution of geochemical parameters of rare earth elements. (La/Lu) N, (La/Sm) N, (Gd/Lu) N, (La/Yb) N are the normalized ratios of rare earth
elements to the UCC [67]. 2EuN/(SmN + GdN), δCe = Ce/Ce∗ = 2CeN/ (LaN × PrN), where EuN, SmN, GdN, CeN, LaN, and PrN are the values of Eu,
Sm, Gd, Ce, La, Pr normalized to the UCC.
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FIGURE 11
Rare earth enrichment zone of late palaeozoic coals and its partings, roofs and floors in North China. (1 North China Plate Boundary; 2 I-II Primary
Structural Coal; 3 II-III Structural Coal; 4 III-IV Structural Coal; 5 IV-V Structural Coal; 6 Coal Body Structural Strip Boundary).

and the rare element concentration of No. 6 coal seams in
Heidaigou and Haerwusu, Inner Mongolia, reached 1,031 μg/g
and 1,347 μg/g, respectively (Huang, Jiu, and Li, 2019). The world
REE concentration in coal calculated by Valcovic is 46.3 μg/g
(Valkovic, 1983), the total REE concentration in US coal calculated
by Finkleman is 62.1 μg/g (Finkelman, 1993), and the REE
concentration in Chinese coal calculated by Ren is 105.57 μg/g
(Ren et al., 1999). Ketris M. P. and Yudovich YaE. (2009) give an
average of 68.5 μg/g in coal, which is much lower than 168.4 μg/g
in the upper continental crust (Taylor and McLennan, 1995). It is
evident that the average concentration of rare earth elements in
Chinese coal is higher than in the US. In 2012, Dai et al. (2014)
reported that the concentration of rare earth elements in Chinese
coal was 137.9 μg/g. Rare earth elements in raw coal are typically
enriched to a certain degree (300 μg/g or more) before they can
be enriched to close to or exceed industrial grade in coal ash
(Huang, Jiu, and Li, 2019). Generally, the concentration of rare
earth elements in coal is low and difficult to use directly. However,
after combustion, rare earth elements in coal are enriched again,
resulting in a much higher concentration of rare earth elements in
coal ash compared to coal. Seredin, Dai, and Chekryzhov (2012)
report that the average REE concentration in coal ash in the
world is 404 μg/g, and in the US. it is 513 μg/g (Seredin, Dai, and

Chekryzhov, 2012; Huang, Jiu, and Li, 2019). These data show that
the REE concentrations in coal ash can be 6 to 9 times higher than
in raw coal.

Finkelman (1993) calculated the concentrations of REE in coal
and coal ash in the United States and found that if the REE in coal
could be extracted from existing coal production, more than half of
the domestic demand for REE could be met. Dai et al. also found
that the coal seam enriched with rare earth elements is significantly
enriched with rare earth elements in coal ash. For instance, the
coal ash from Hedaigou coal mine has an average REO (i.e., REE
oxides) of 0.15%, Harwusu coal mine has an average REO of 0.14%,
Guanbanusu coal mine has an average REO of 0.11%, and Adaohai
coal mine has an average REO of 0.98% (Dai et al., 2006). This
indicates that rare earth elements are significantly enriched in coal
ash and can reach or exceed industrial grade, thus having potential
for industrial development. Seredin, Dai, and Chekryzhov (2012)
suggested that the industrial grade of REE in coal ash is REO >0.1%.

North China is abundant in coal resources, with a focus on
developing Carboniferous and Permian coal seams. Studies have
shown that the rare earth concentrations in coal seams in North
China are generally high, and the average value can be as high as
3 times that of US coal (Huang et al., 2000). By analysing the data
in Table 3, it is evident that the total concentration of rare earth
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elements in the Taiyuan Formation coal in the Zibo Mining Area
varies widely, ranging from 16.68 μg/g to 497.98 μg/g, as shown
in Figure 9. The average value of ∑REE is 56 μg/g, slightly lower
than that of world coal of 68.42 μg/g, which is about one third of
the average value of China coal of 135.89 μg/g, and compared with
most China coals, the concentration of rare earth elements shows a
significant deficit. However, the coke mixed sample (sample: ZS9-
b) on the floor had a concentration of 497.9 μg/g, showing obvious
enrichment characteristics. The total REE concentrations in coal
from the Shanxi and Taiyuan formations in the Taozao mining area
tend to be stable, ranging from 4.90 μg/g to 243.06 μg/g. Most of the
coal samples have ∑REE ranging from 30 μg/g to 70 μg/g, with an
average value of 88.44 μg/g. Most coal samples have ∑REE values
ranging from 30 μg/g to 70 μg/g, with an average value of 88.44 μg/g.
This value is higher than the world coal’s ∑REE value of 68.42 μg/g,
but only about half of the average value of Chinese coal, which
is 135.89 μg/g. Compared to most coal in China, this coal has a
significant deficit in rare earth element concentration.

As can be seen in Figure 9, the ∑REE concentration of coal
samples from the Taiyuan Formation in the Huainan mining area
is the lowest, averaging 18 μg/g. The average REE concentration
of coal samples from the Shanxi Formation is also not high,
averaging 63 μg/g (Huang et al., 2000). The Xiashihezi Formation
coal in the Huainan mining area of Anhui Province exhibits a
wide variation in total rare earth element concentrations, ranging
from 31.66 μg/g to 240.27 μg/g. The total rare earth element
concentrations of coal samples from the Xiashihezi Formation and
Shangshihezi Formation are significantly higher, with the former
averaging 160.361 μg/g and the latter 191.243 μg/g (Huang et al.,
2000).The coal’s REE concentration increases in the order of Taiyuan
Formation, Shanxi Formation and Xiashihezi Formation. This
characteristic is related to the transportation distance of terrigenous
materials and the control of the sedimentary environment on rare
earth elements. The concentration of rare earth elements in coal
is higher when closer to the terrigenous source due to the greater
influence of terrigenous supply. Conversely, the concentration of
rare earth elements in coal is lower when further away from
the terrestrial source due to the greater influence of seawater
and marine biological debris. The Taiyuan Formation coal in the
Zaozhuang mining area was formed in a swamp environment that
was influenced by an epicontinental sea. In contrast, the Taiyuan
Formation coal in Datong, Shanxi Province was formed in a delta
plain environment, with the coal-forming swamp located near the
terrigenous area. This resulted in less seawater influence and no
leaching. The mudstone parting of Datong mining area (samples
w5-10, w5-15, mean: 286.2 μg/g) contains a significantly higher
concentration of rare earth elements than the coal. The total
rare earth element concentrations in the coal and parting of the
Datong mining area in Shanxi Province vary widely, ranging from
20.92 μg/g to 293.62 μg/g,Themajority of coal samples have a ∑REE
value ranging from 118 μg/g to 228 μg/g, with an average value of
172.46 μg/g. The concentration of rare earth elements (ZZ14-2, 4,
7, 9) in low-medium ash high-sulfur coal of Taiyuan Formation
in Zaozhuang coalfield of Shandong Province is lower than that of
Taiyuan Formation coal of Datong in Shanxi Province (D8-4, w5-2)
and Shihezi Formation coal of Huainan coalfield in Anhui Province
(HN11-3∼B8), with a difference of 2–15 times. FromFigure 9, it can
be seen that the concentrations of REE in coals from the Huozhou

coalfield in Shanxi Province vary widely, ranging from 11.64 μg/g
to 162.83 μg/g. These values are significantly lower than the average
concentration of rare earth elements in coal found in China. The
majority of coal samples have a ∑REE value ranging from 20 μg/g
to 50 μg/g, with an average value of 58.64 μg/g.

The total REE concentration in the coal of the Junge coalfield
varies widely, ranging from 13.99 μg/g to 473.74 μg/g. The ∑REE
value of most coal samples ranges from 118 μg/g to 228 μg/g, and
the average value is 155.71 μg/g (Figure 9), which shows obvious
enrichment compared to most coals in China. The average REE
concentration of coal from the Shanxi Formation on the eastern
margin of the Ordos Basin is 120. 90 μg/g, which is very close
to the average REE concentration of 120. 72 μg/g in the Taiyuan
Formation coal, and the value of ∑REY in the Shanxi Formation
coal first decreases and then increases, while the value of ∑REY
in the Taiyuan Formation coal gradually decreases from north to
south. Crowley, Stanton, and Ryer (1989); Hower, Ruppert, and
Eble (1999) study the geochemical characteristics of REEs in coal
containing volcanic ash and its alteration minerals in the United
States, found that the coal seam located in the lower part of the
parting of volcanic ash causes, its REE concentrations than the
overlying parting several times to tens of times higher, The analysis
shows that it is the enrichment of rare earth elements in the coal
seam caused by groundwater leachate. In the No. 6 coal of the
Jungar Coal Field in the north of the eastern edge of the Ordos
Basin, the REE concentrations in the partings are much lower than
those in the underlying coal seams, and the cause is also considered
to be leached by groundwater (Dai et al., 2008; Shi et al., 2014).
The REE-rich leachate precipitated as authigenic mineral phases in
the underlying coal (Hower, Ruppert, and Eble, 1999). As shown
in Figure 10, the concentration of REE in the roof of the No. 6
coal seam in the Hedaiigou mining area is higher than that in the
coal, reaching 360.2 μg/g, with an average value of 277.37 μg/g,
while the concentration of REE in the parting is lower, with an
average value of only 25.39 μg/g. It is speculated that the low REE
concentration in the parting is due to groundwater circulation,
which brings rare earth elements in parting into the underlying
coal seam only in the form of leachate (Kang et al., 2014; Sun et al.,
2014). In addition, in the No. 6 coal seam sample of the Hedaigou
mining area, the concentration of rare earth elements in the coal
sample is significantly higher than that in the parting sample, and
the δCe in the coal seam overlying the parting is generally less than
1 (Figure 10). It is speculated that the formation of the partings is
related to the influence of seawater, and the rare earth elements are
not enriched in seawater (Piepgras and Jacobsen, 1992; Dai, Ren,
and Li, 2003), which is one of the reasons for the low concentration
of rare earth elements in partings.

The concentration of REE in the Weibei coalfield varies widely
(Figure 9), ranging from 55.44 μg/g to 340.87 μg/g. The ∑REE value
of most coal samples ranges from 55 μg/g to 140 μg/g, and the
average value is 145.20 μg/g, which shows obvious enrichment
compared to most coals in China.

From a macro perspective (Figures 9, 11), the average
concentration of rare earth elements in the coal of the Datong
mining area in Shanxi Province, North China is 172.46 μg/g, and
the concentration in parting is as high as 293.6 μg/g. The average
concentration of rare earth elements in the coal of the Jungarmining
area in Ordos Basin is 155.71 μg/g, and the concentration of rare
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earth elements in floor is 431.5 μg/g. The average concentration
of rare earth elements in the Weibei coalfield is 145.20 μg/g, and
the concentration in parting is as high as 299.5 μg/g. These three
mining areas show obvious characteristics of REE enrichment
and have certain industrial exploitation prospects. The average
concentration of rare earth elements in the coal of Taozao mining
area is 88.44 μg/g, and the highest value is 243.1 μg/g in floor. The
average concentration of rare earth elements in the coal of the
Huainanmine inAnhui Province is 80.27 μg/g, and the highest value
is 240.08 μg/g in roof. These two mining areas are characterised
by a slight enrichment. The average concentration of rare earth
elements in coal in the Huozhou mining area of Shanxi Province
was 58.64 μg/g, and the highest value was 162.8 μg/g in parting.The
average concentration of REE in coal in the Zibo mining area is
56.00 μg/g, which shows obvious depletion and has no significant
mining value. However, the concentration in the mixed sample
of coking rock and coal in floor (sample: ZS9-b) was as high as
497.9 μg/g. It is worthy of further investigation and exploitation.

In general, as shown in Figure 11, the concentrations of REE
in the carboniferous Permian coals in the northern, northwestern
and western mining areas of North China are high and show
obvious enrichment characteristics.The southeasternmining area of
North China also has a relatively high concentration of REE in the
carboniferous Permian coal, which is slightly lower than the average
REE concentration of coal in China, showing a slight enrichment.
The concentration of rare earth elements in Carboniferous coals in
the central and eastern parts of North China is low, showing an
obvious deficit.

6 Conclusion

The present study examined the REE-enriched coal samples
from seven coal mines in North China. The concentration,
distribution pattern and geological influences of REEs in coals,
roofs, floors and partings were investigated, such informations are
crucial for future mining planning. Further study of the occurrence
mode of REE in coal in North China, as well as the provenance
characteristics and sedimentation rates, will deepen and improve
the understanding of REEs enrichment and mineralisation in coals
in North China, and at the same time provide a reliable geological
basis for the metallogenic mechanism of a variety of critical metal
minerals (REEs-rich, Li-rich, Ga-rich minerals, etc.,) in coal seams.

(1) TheREEdistribution patterns in Late Palaeozoic coals inNorth
China show that theHREEs are very rich in the north, relatively
rich in the south and obviously deficient in the central part of
North China. It can be concluded that with favourable HREEs
in Late Palaeozoic coals in North China are distributed in the
Datong, Jungar, Weibei and the Huainan Coalfields.

(2) The REEs concentration in Late Paleozoic coals in North
China generally showed high enrichment characteristics in
the northern, northwestern and western mining areas, far
exceeding the average REEs concentration in most other coals
in China. Some samples, including coals, roofs, floors, and
partings, have concentrations above 300 μg/g, which is close to
or exceeds the industrial grade.TheREEs concentration in Late
Paleozoic coal in the southeastern coalfields of North China is

slightly lower than the average of the China coal, but higher
than the average of the World coal. In the central and eastern
parts ofNorthChina, the REEs concentration in Late Paleozoic
coals is low and shows obvious depletion. However, the REEs
concentration in the partings of the Zibo Coalfield is higher
(more than 400 μg/g). It can be concluded that the favourable
areas for REEs in Late Paleozoic coals in North China are the
Datong Coalfield, the Jungar and Weibei coal mines in the
eastern margin of the Ordos Basin, and the Zibo Coalfield.

(3) North China, especially the northern part of the Ordos
Basin, has the conditions for the development of large
coal-type REE deposits. The REEs enrichment in coals is
controlled by provenance and volcanism, and is related
to the distance of transport terrigenous material and the
sedimentary environment. The closer to the terrestrial source,
the greater the influence of terrestrial supply, the higher the
REE concentration in the coal; the further from the terrestrial
source, the greater the influence of seawater and marine
biological debris, the lower the REE concentration in the coal.
Magmatic contact metamorphism and volcanic ash deposition
influence the degree of rare earth element distribution patterns
and enrichment in local coal seams. Additionally, due to
groundwater circulation, only the REEs in partings are
transported into the underlying coal seam in the form of
leachate, resulting in a low concentration of REEs in partings.
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