k 'J Open Access

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @
http://pubs.acs.org/journal/acsodf

Mineralogy and Geochemistry of Rare Earth Elements in
Carboniferous-Permian Coals at the Eastern Margin of the Ordos
Basin

Long Wen, Wenhui Huang,* Yuanfu Zhang,* Bo Jiu, Deyu Yan, Ruilin Hao, and Huidi Hao

Cite This: ACS Omega 2024, 9, 32481-32501 I: I Read Online

ACCESS | il Metrics & More | Article Recommendations

Terrigenous matter

Coal seam

ABSTRACT: This article used Carboniferous-Permian coals from the Jungar, Hedong, and Weibei Coalfields in the east of the
Ordos Basin as research samples. Characteristics of coal quality, petrology, mineralogy, and geochemistry were analyzed by
proximate analysis, inductively coupled plasma mass spectrometry, X-ray fluorescence spectroscopy, X-ray diffraction analysis,
scanning electron microscopy-energy spectrum analysis, and incident light microscope. The enrichment regulations, distribution
patterns, and occurrences of REY (rare earth element and yttrium) in coal under different geological conditions were compared.
Geological significance and the influence of REY were then discussed. The average REY of Permian coal in the eastern margin of the
basin is 127.9 ug/g, CC = 1.87, and the average REY of Carboniferous coal is 117.49 ug/g, CC = 1.72, which are within the normal
enrichment range. The inorganic affinity of REYs in the study area is strong and mainly occurs in clay minerals and detrital
phosphates and correlates well with LREY. The Permian coal sedimentary environment is more oxidized than the Taiyuan
formation, and the Carboniferous coal sedimentary environment is noticeably more affected by marine water. With an increasing
degree of coalification, the concentration of rare earth elements (REE) in high-rank coal vitrinite is lower than that in inertinite. In
contrast, the concentration of REEs in low-rank coal is the opposite. This is because the oxygen-containing functional groups that
can combine with REE:s in vitrinite reduce significantly, resulting in the loss of trace elements into other forms. The provenance of
the northern and central regions of the study area is mainly sedimentary rocks, granite, alkaline basalt, and continental tholeiite,
while the southern region is mainly granite and sedimentary rocks.

1. INTRODUCTION 2013 and 2017 but decreased to about 60% from 2018 to 2022
(Figure 1). However, China accounts for 35.2% of global REO
mine reserves in 2023 (Figure 2), and the relationship between
REO reserves and production is somewhat skewed. It is
undeniable that China controls the vast majority of rare earth
production. Although traditional resources are still relatively

China is the world’s largest coal and rare earth element (REE)
producer. Both play important roles in the industrial economy
and society. REEs are an important strategic resource in the
high-tech field and are widely used in aerospace, modern
electronic communications, and new energy fields. In the
future, the industrial world’s dependence on REEs will
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plentiful, reserves are decreasing daily. Finding supplementary
rare earth mineral resources would be of great strategic
significance.

Coal ash contains many beneficial metal elements, such as
germanium, gallium, lithium, uranium, and rare earths. Coal is
used primarily as an energy source; predominantly for
electricity generation, and is used, to a lesser extent, as a
feedstock for chemicals and materials.”® Advanced materials
(such as coal-based products: carbon electrodes) and coal
derivatives may offer attractive avenues for further research and
development and could lay the groundwork for future
manufacturing and processing,” particularly for REY (REE
and yttrium) in coal and coal ash. The REY concentration in
some coals and coal ashes is equal to or higher than that found
within carbonatites, alkaline granites, and weathering
crusts.”™'> If extractable, this could be enormously econom-
ically beneficial. Additionally, the potential reduction of
adverse environmental impacts due to the extraction of
otherwise toxic metals from coal ash,'”'*7'® coal, and coal
combustion byproducts (CCBs; e.g. fly ash, boiler slag) has
been recognized as 2promising alternative sources for these
critical elements.'” ™" Geochemical studies of coal mine
drainage (CMD) show that mine drainage is often enriched
in total REY.”*~*° Recently, there has been increasing research
into coal, coal ash, and CMD for REY recovery.é’lo’ 214,26-28

Many scholars'®**7** have proposed that the northern
Ordos Basin in North China has ideal conditions for the

development of large coal rare earth deposits. They suggest
that REEs are enriched in coal in North China, controlled by
both the material source and volcanic activity. Seredin and
Dai'® studied four genetic types (terrigenous, tuffaceous,
infiltrational, and hydrothermal) of REY enrichment in coal
basins. Montross et al.”’ found that REEs exist in coal ash as
dispersed monomineralic grains, and they are fused with, or
encapsulated within, amorphous aluminosilicate glass particles.
This demonstrates that rare earth minerals from the coal are
incorporated into aluminosilicate glass phases using traditional
coal combustion processes. Lin et al.** used physical separation
methods and step-by-step chemical extraction technology to
maximize the extraction of REEs from coal ash. Additionally,
Ziemkiewicz’* and his team have developed a unique
technique for recovering REE from what was initially thought
to be low to moderately enriched postcoal mining waste.
Several studies have produced reliable experimental
conclusions regarding the concentration of REY in coal
Finkelman>® reported an average concentration of 62.1 ug/g in
US coals. The world average for coal is 68.5 ug/g, while for
coal ash, it is 404 ug/g. According to Dai et al,,*? the estimated
average amount of REY in Chinese coals is 137.9 pug/g, which
is approximately twice the world average for coal. It is worth
noting that slight variations in results may occur due to the use
of different samples in the studies. Zhao and Tang (2002)*
found that the average quantity of REE in Chinese coals was
72.003 pig/g. According to several studies,'”'>*” a minimum

32482 https://doi.org/10.1021/acsomega.4c00546

ACS Omega 2024, 9, 32481-32501


https://pubs.acs.org/doi/10.1021/acsomega.4c00546?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00546?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00546?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00546?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00546?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00546?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00546?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00546?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
18600 18700 19300 19400 19500 TR T ETD TTHET
(A) 108 00' )
N 0 100 km _ N ?
. Yimeng \\ "
45 | Uplift S i
0 10 20Km Zhungeer Ba I. * Heidaigon
I Halwusy .
Vi Uplift Bo| lluungyuchw‘u_ 501
imeng Upli
44 ,'\ o e Hequ
"\ O Hangjingi O Dongsheng i Ly l\_,_ | |__/ ‘/ ‘
\ .\ Rivers Basin boundary Fault Yellow River
= ) ~1(B) ~1 &= [e
43 F — | OEtuokeqi s Tectonle Coean Mining area Fugy
J | / o Tov 1107 [as
n. o
] !/ [T i 1107 00" 1107 48’ [
d1s i ! "
i I S1g ! s ’
. @ ! :
g le 7/ ! E
= | a / ! = E hi
e 2 * Yanchi OJinbian <18 = 1shi a7
2 o (4 1 P - " F
a b ERER i g 3
Py l i ' ‘VishmlSlllpc J =4 F
Ei ! ! g
g | O Huanxian , O Yah’an L  Yellow River
@ . I
3 2
a0 F =1 I S 0 10 20Km
.’ | O Qingyang "W Fuxils - - 3
I i * - 110°]00' 1107 48" 1117 36"
" 2 110 oo 110°]48'
ho - \ ﬁanphuijmb_% dLl|l- b N
. N = == T
Longxiar ® Hejing
—— Bs]  Weibei Uplift aE 3s]
i o' cheng 30
Sample point Fault E Tectonic unit boundary allow Ko
ChenztEen 0 10 20Km
I: Study area E City D C-P coal ngeheng Rl
000" T10°[48" T 361

Figure 3. Tectonic units in the Ordos Basin (A); locations of the Jungar coalfield and sampling site (B); locations of the Hedong coalfield and

sampling site(C); locations of the Weibei coalfield and sampling site (D).

REO concentration of 800—900 pug/g in coal ash is required
for the beneficial retrieval of REE from coal. Zhang et al.
(2015)*” estimated the cutoff grade of REE in coal to be 115—
130 p1g/g on the coal basis and 677—762 ug/g on the ash basis.
In recent years, there has been significant progress in
innovative theoretical research on REEs in coal, particularly
in the areas of abundance, material source, and mode of
occurrence in the coal.

Seredin and Dai'’ created a convenient way of describing
REY distribution in coals, by classifying the REY in coal into
light (LREY—La, Ce, Pr, Nd, and Sm), medium (MREY—Eu,
Gd, Tb, Dy, and Y), and heavy (HREY—Ho, Er, Tm, Yb, and
Lu) groups. In order to show the variation characteristics of
REEs in different coal samples, the study used a “three division
method” to divide REEs, and Y was included with the REE.
Normally, the average values of REY in chondrites, North
American shales, or the upper continental crust (UCC)*® are
used to standardize the REY in research samples. This study
aims to determine the average abundance and distribution of
REEs in the majority of coal within the eastern margin of the
Ordos Basin by selecting and analyzing samples from local coal
mines. We also compare the enrichment factors, distribution
patterns, and occurrence of REY in coal under different

geological conditions and discuss the geological significance
and influencing factor of REY.

2. GEOLOGICAL SETTING

The study area is located on the eastern edge of the Ordos
Basin. The Jungar, Hedong, and Weibei coalfields were
selected as research targets (Figure 3). The Jungar coalfield
is located in the northeastern part of the Basin, spanning the
northern slope of Shaanxi Province and the flexure fold belt of
Western Shanxi Province. The internal structure is relatively
simple, and only a few faults have developed. The coal-bearing
rock series includes the Upper Carboniferous Benxi Taiyuan
formations and the Lower Permian Shanxi formation,” The
Taiyuan formation is a series of fluvial-delta-barrier coastal
deposits. The thickness of the strata varies from 15 to 120 m,
and the coal bearing capacity is high. There are 3—9 coal seams
(Figure 4), of which no. 6 coal and no. 9 coal are the main coal
seams with large thickness and stable development. The Shanxi
formation is a set of terrigenous fluvial alluvial plain
depositions. The thickness of strata varies from 40 to 110 m,
with a gradual thickening trend from north to south, with 2—7
developed layers of coal (nos. 1—5 coal, Figure 4).

The Hedong coalfield is a large-scale coalfield from the late
Paleozoic Carboniferous-Permian. It has an approximate
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Figure 4. Distribution of Carboniferous-Permian sedimentary sequence, coal seams, and sampling positions in the eastern margin of the Ordos

Basin.

north—south trend and a narrow strip distribution. The main
coal-bearing strata include the Carboniferous Benxi formation,
Taiyuan formation, and Permian Shanxi formation. The
Taiyuan formation is a set of surface sea carbonate platform-
barrier coast deposits. This group has a strata thickness that
varies from 40 to 125 m, and it contains 3—7 coal seams of coal
(nos. 6—10, Figure 4). The no. 8—9 coals are the exploitable
coal seams with a thickness of more than 2 m, which were
formed in the mudflat environment after regression, as
reported by Zhao, Sun and Li.*’ Other coal seams may not
have any industrial value or may be only locally recoverable.
The Shanxi formation consists of fluvial-lacustrine-delta
deposits, also described by Zhao et al.** The formation
thickness varies from 25 to 90 m, with 2—7 developed layers of
coal (nos. 1—S5 coal). The main coal seams in this area are the
no. 4 and no. 5 coals. The no. 3 coal can be locally mined.

The Weibei coalfield is situated southeast of the town of
Ordos and within the eastern part of the Weibei uplift. It has a
NE-SW zonal distribution, is approximately 190 km long from
east to west, and is 25—50 km wide from north to south. The
main coal-bearing rock series are the Carboniferous Taiyuan
formation and the Permian Shanxi formation. The Taiyuan
formation comprises clastic shore-delta sedimentary environ-
ments. The strata thickness ranges from 5 to 95 m, with 3—10
coal layers (no. 6 coal—no. 11 coal) developed. The no. 11 coal
seam is the primary recoverable coal seam (Figure 4).

32484

3. SAMPLES AND METHOD

3.1. Samples. This study selected eight mining areas from
the Jungar, Hedong, and Weibei coalfields (Figure 3) and
conducted channel sampling layer by layer from top to bottom,
in accordance with ASTM Standard D2797/D2797M-11a
(2011).*" The 30 cm weathering layer on the channel surface
was removed during sampling. The sample size was 10 X 10 X
10 cm (length X width X depth). A total of 59 samples were
collected, consisting of 37 coal samples and 22 roof, floor, and
parting samples. The samples included no. 6 coal from the
Heidaigou mining area and no. S coal from the Haerwusu
coalfield. Additionally, we collected samples from no. 8 coal in
the Hongsheng—Antai coalfield, no. 3 coal from the Hexi and
Sangshuping mining areas, and no. 11 coal from the
Sangshuping coalfield (Table 1 and Figure 4). After the
samples were collected, they were immediately placed in plastic
bags to prevent contamination, oxidation, and water loss.

3.2. Methods. The following sample preparation proce-
dures were used.

Low-temperature ashing (LTA) and X-ray diffraction
analysis (XRD): The British EMITECH K1050X low-temper-
ature plasma ashing instrument (power: 70 W, temperature:
less than 180°) was used to conduct LTA to remove organic
matter from the coal samples. The X'Pert PRO MPD
automatic powder X-ray diffractometer produced by PAN-
alytical in the Netherlands (voltage: 40 kV, current: 40 mA, X-
ray target: Cu, measuring angle range: 5—70° and angle
measurement accuracy: + 0.003°) was used to analyze the type
and content of minerals following LTA.

https://doi.org/10.1021/acsomega.4c00546
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Table 1. Sampling Information of Carboniferous-Permian
Coal Seams in North China

roof, floor,
coalfield mine coal  and parting remarks
Jungar Hedaigou 7 S no. 6 Taiyuan
formation coal
Haerwusu S 7 no. 5 Shanxi
formation coal
Hedong  Hongsheng—Antai 9 2 no. 8 Taiyuan
formation coal
Hexi S 3 no. 3 Shanxi
formation coal
Weibei Sangshuping 6 3 no. 3 Shanxi
formation coal
Sangshuping N 2 no. 11 Taiyuan

formation coal

Microscope observation; the mineralogy of the samples was
examined using Leica DM4500 P and Nikon ECLIPSE
LV100POL polarized light microscopy.

Scanning electron microscopy-energy spectrum analysis
(SEM—EDX): After the coal samples were coated with gold,
the S-4800 cold field emission scanning electron microscope,
produced by Japan’s HITACHI company, and the Czech
TESCAN-VEGA\\LSH thermal field emission scanning
electron microscope were used to observe the microscopic
morphology and determine the constituent elements.

X-ray fluorescence spectroscopy: AxiosmAX X-ray fluores-
cence spectrometer produced by PANalytical in The Nether-
lands (voltage: 60 kV, current: 160 mA, power: 4.0 kW, SST-
mAX type X-ray tube, accuracy: + 0.0001°) was used to
determine the major elements (SiO,, Al,O;, Fe,0;, TiO,, K,0,
Na, 0, CaO, MgO, P,0;) in coal from parting, roof, and floor.

Inductively coupled plasma mass spectrometry (ICP—MS):
The ELEMENT XR plasma mass spectrometer produced by
Thermo Science in Germany, was used to identify 44 elements;
including trace elements and REEs + yttrium (REY) 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 ym)

Table 2. Proximate Analysis and Total S and Micro—Component Content of Carboniferous and Permian Coals in the Eastern

Margin of the Ordos Basin®

sample Mad/% Ad/% Vdaf/% St,d/%

Z-HDG-3 5.79 2293 379 0.47
Z-HDG-5 5.63 19.92 35.6 0.31
Z-HDG-7 5.51 16.37 42.39 0.5

Z-HDG-8 6.19 29.31 24.2 1.21
Z-HDG-10 6.23 2543 40.1 0.52
Z-HDG-11 591 21.8 39.3 0.67
Z-HDG-12 5.79 129 319 0.43
Z-HR-3 5.05 16.8 35.8 0.31
Z-HR-S 5.47 12.31 322 0.29
Z-HR-7 4.29 22.4 27.6 1.16
Z-HR-8 5.31 17.29 35.2 0.52
7Z-HR-9 4.16 20.31 28.96 0.43
H-HS-1 0.95 25.12 16.15 3.97
H-HS-2 1.03 1791 12.39 2.16
H-HS-3 0.72 15.75 2541 3.0
H-HS-5 0.65 15.81 21.29 2.26
H-HS-6 0.99 17.38 18.26 4.32
H-HS-7 0.83 15.11 17.63 2.61
H-HS-9 1.31 22.92 15.97 1.73
H-HS-10 1.25 19.55 27.59 3.09
H-HS-11 2.21 16.03 29.05 1.97
H-HX-2 1.19 9.3 23.59 0.66
H-HX-3 1.35 11.18 19.22 0.62
H-HX-4 1.07 12.4 16.7 0.51
H-HX-7 1.56 18.02 22.08 0.41
H-HX-9 0.92 19.22 20.75 0.47
‘W-SSP-3 0.2 23.06 12.1 0.59
‘W-SSP-4 0.26 22.38 10.98 0.79
‘W-SSP-5 0.22 25.19 11.56 1.67
‘W-SSP-7 0.25 23.28 15.37 1.92
‘W-SSP-9 0.37 22.01 10.09 0.83
‘W-SSP-10 0.39 19.92 17.22 1.25
‘W-SSP-11 0.62 21.47 13.21 3.36
‘W-SSP-12 0.55 20.31 11.29 2.59
‘W-SSP-14 0.48 21.28 15.66 4.13
‘W-SSP-15 0.43 20.7 12.9 2.59
‘W-SSP-17 0.59 21.79 13.12 1.67

vitrinite/% inertinite/% liptinite/% mineral/%

52.7 20.1 3.6 23.6
45.6 29.3 2.2 229
36.1 42.5 4.3 17.1
39.2 37.6 9.2 14

32.8 42.2 8.1 16.9
30.3 36.9 7.8 25

25.9 37.3 7.2 29.6
59.2 258.3 5.9 9.6
52.8 29.7 6.3 11.2
51.7 28.8 4.8 14.7
47.3 339 8.2 10.6
62.6 21.6 6 9.8
521 25.9 12.7 9.3
47.3 333 3.8 15.6
66.2 27.2 0 6.6
62.8 25.8 0.7 10.7
58.8 23.6 10.2 7.4
60.6 254 10.2 3.8
61.2 16.8 8.8 13.2
65.2 12.6 0 222
77.2 13.9 1.4 7.5
45.6 47.7 0.2 6.5
S1.1 39.5 0.4 9

63.2 9.3 0 27.5
65.2 30.2 0 4.6
72 19.6 0 8.4
75.1 17.2 0 7.7
78.2 15.1 0.5 6.2
81.5 12.1 0.5 59
79.6 10.3 0 10.1
78.7 13.1 0.7 7.5
76.3 10.2 0.3 13.2
72.6 13.9 0 13.5
61.2 22.1 0.6 16.1
67.5 16.3 0.3 159
79.2 11.5 0.2 9.1
75.1 15.2 0 9.7

“M, moisture; A, ash; V, volatile matter; St, total sulfur of coal samples; ad, air-dry basis; d, dry basis; daf, dry and ash-free basis.
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Figure S. Distribution of the maceral content in Carboniferous-Permian coals.

Figure 6. Microscopic characteristics of macerals in Carboniferous Permian coal in eastern Ordos Basin (500 times, immersion observation). (A)
Heidaigou (Jungar coalfield), no. 6 Taiyuan formation coal, with strip collotelinite (C1); (B) Liulin area of Hedong coalfield, no. 3 Shanxi
formation coal, collodetrinite (C2) and vitrodetrinite (Vd); (C) Haerwusu (Jungar coalfield), no. S Shanxi formation coal, funginite (Fg); (D)
Liulin area of Hedong coalfield, no. S Shanxi formation coal, fusinite (F); (E) no. 6 Taiyuan formation coal Heidaigou (Jungar coalfield),
megaspore (Spl); (F) Hancheng (Weibei coalfield), no. 3 Shanxi formation, resinite (Re).

or less and placed it in a sample dissolving bottle filled with
polytetrafluoroethylene. Next, we added 6 mL of analytically
pure HNO;, 0.5 mL HCIO, (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 HNO; (5%) to a sample solution, without precipitation.
Finally, dilute to SO mL for testing.

A heavy liquid centrifugal separation method is commonly
used to separate macerals. The experimental process is as
follows: grind coal samples of above 200 mesh in heavy liquid
(ZnCl,, 1.3 g/cm®), heated evenly, and rest for 1S min to
remove suspended solids and sediments. Then the residual
liquid was uniformly poured into six centrifugal cups, and the
rotation speed was controlled at 8000—10,000 rpm for 30 min.
After centrifugation, the separated samples were put into an
electrothermal dryer for drying (100° 1 h) to separate the
vitrinite from the inertinite. As only 2 g of sample was used for
each separation, and the subsequent series of experiments
generally required tens of grams of sample content, only Jungar
no. S (low-rank coal) and Weibei no. 3 (high-rank coal) were
separated in this experiment, and the proportions of vitrinite
and inerinite after separation were in accordance with Table 2.
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Finally, the REE concentrations of the separated vitrinite and
inertinite was tested by ICP—MS.

4. RESULTS

4.1. Macerals. The macerals found in Permian coal within
the study area are mainly vitrinite. The macerals in the
northern, central, and southern areas are 54.72, 56.54, and
78.23% vitrinite, respectively, and inertinite accounts for 27.86,
25.86, and 13.00%, respectively. The liptinite content within
the whole area is low (<6%), and mineral content is about
10%. The percentages of vitrinite and inertinite in northern
Carboniferous coals are similar; accounting for more than 70%,
and the mineral content is also higher at 21.3%. The
Carboniferous coals in the southern region are dominated by
vitrinite (61.27, 71.12%), while inertinite accounts for 22.72
and 15.8%, respectively. The liptinite content is low (<6%),
and the mineral content is about 10% (Table 2, Figure S).

Among the coal macerals in the study area, collodetrinite
and collotelinite are most common in the central and northern
regions (Figure 6A,B). The vitrinite in the southern region is
dominated by telinite and collodetrinite. Most cell structures
are relatively intact, and the cell cavities are mainly filled with
clay, calcite, pyrite, and other minerals. The whole region has
the lowest corpocollinite content. It reflects the rapid
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Figure 7. Microscopic characteristics of Carboniferous-Permian coal, eastern margin of the Ordos Basin. (A) no. 6 coal, filled in fractured clay
minerals, 5050X, SEM (B) no. 5 coal, layered clay mineral, 13,640%X, SEM (C) no. 3 coal, clay minerals filled in cellular, 6190X, SEM (D) no. 11
coal, boehmite, 20,000x, SEM—EDX. (E) no. 6 coal, anatase, 20,000X, SEM—EDX, (F) no. 3 coal, quartz, S000X, SEM—EDX. (G) no. $ coal,
plate calcite, 1500, SEM—EDX. (H) no. 11 coal, pyrite, 10,000X, SEM—EDX. (I) no. 3 coal, phosphate, 1420X, SEM—EDX.

sedimentary environment, indicating that the peatification
process underwent strong gelatinization. Fusinite and semi-
fusinite are the most common inertinites (Figure 6D). The cell
structure of the fusinite is relatively clear; under oil immersion,
it is white and yellow-white. The cell cavities are often filled
with clay, calcite, pyrite, and other minerals, and occasionally
funginite and inertodetrinite (Figure 6C). Microspores and
megaspores are commonly found in the liptinite in the
northern section of the study area (Figure 7E), microspores
being the more numerous, and resinites are also occasionally
present. The liptinite content in the southern area is low, and
microspores are sometimes found. It was rare to find liptinites
within the study area (<0.33%), with only a small amount of
microspores and resinite found (Figure 6F).

4.2. Mineral Composition. Coal contains crystalline
mineral particles, inorganic elements adsorbed or complexed
by organic matter, and salts dissolved in pore water.”” Most
minerals in coal are detrital particles, either spherical,
lenticular, band, or layer. Epigenetic minerals can fill fusinite
and semifusinite cell cavities and internal cracks within the
coal. Coal commonly contains mineral components such as
aluminosilicates, carbonates, sulfides, phosphates, sulfates,
chlorides, and other minerals, which include minerals that
may be present in trace amounts or only detectable in trace
amounts in various suites of coals.”” Various methods,
including optical microscopy, SEM—EDX, and LTA-XRD,
have been used to observe and analyze the mineral
composition of coal. The study area coal is primarily composed
of aluminosilicate minerals such as kaolinite and Illite (Figure
7A—C), hydroxide minerals like boehmite (Figure 7D),
carbonate minerals including calcite and high-mg calcite
(Figure 7G), sulfide minerals such as pyrite (Figure 7H),

oxide minerals such as quartz (Figure 7F) and anatase (Figure
7E), and detrital phosphates distributed on clay minerals in
dense blocks (Figure 7I).

The mineral types and contents of the coal samples were
determined by XRD after LTA. The results, shown in Table 3,
indicate that the most abundant mineral in coal in the Ordos
Basin study area is kaolinite, with the content ranging from
48.1 to 98.2% of total minerals, with a mean of 82.6%. Illite
content varied from 10.2 to 45.2% with a mean of 25.4% of the
total minerals. Boehmite was only found in two coalfields in
the north and south source areas, and the content distribution
range is 2.6 to 20.2%, and an average of 9.3% of total minerals.
However, no boehmite was detected in the central region coal,
which may be directly related to the absence of Al-bearing
parent rock. Calcite content ranges from 1.2 to 7.6%, with an
average of 3.1% of total minerals. The distribution range of
pyrite was 0.3—5.3% of total minerals, with an average of 2.4%.
The quartz content varies from 0.5 to 5.2% of total minerals,
with an average of 2.0%. Siderite, anatase, and other mineral
incidences are low, including sylvite, which is only visible in a
few layers throughout the whole region.

4.3. REY Concentration in Coal. ICP—MS was used to
analyze REEs and yttrium in Carboniferous-Permian coal from
the eastern margin of the Ordos Basin. The concentration of
the REEs and yttrium in coals was grouped into six categories
using the CC index (Concentration Coefficient), as defined by
Dai et al.** and presented in Table 4. CC > 100 (Unusually
enriched), 10 < CC < 100 (significantly enriched), S < CC <
10 (Enriched), 2 < CC < S (slightly enriched), 0.5< CC < 2
(normal) and CC < 0.5 (depleted). In this study area, CC was
mainly distributed in the range of 1.2—2.5, with an average
value of 1.8, indicating normal enrichment. Relatively few areas
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Table 3. Mineral Content of Carboniferous-Permian Coals in the Eastern Margin of Ordos Basin

sample kaolinite/% boehmite/% illite/%
Z-HDG-3 83 8.3
Z-HDG-S 94.4 5.6
Z-HDG-7 77.6 16.7
Z-HDG-8 78.8 12.1
Z-HDG-10 93.1 6.9
Z-HDG-11 74.9 20.2
Z-HDG-12 77.8 17.3
Z-HR-3 85.3 10.1
Z-HR-5 93
Z-HR-7 94.1
Z-HR-8 79.9 15.2
Z-HR-9 79.5 18
H-Z-1 93.1
H-X-1 98.7
H-HS-1 89.6
H-HS-2 772 15.6
H-HS-3 88.3
H-HS-S 81.1 8.1
H-HS-6 87.8
H-HS-7 80.2 10.2
H-HS-9 94.7
H-HS-10 78.6 12.3
H-HS-11 93.1
H-HX-2 93.7
H-HX-3 78 159
H-HX-4 90.7
H-HX-7 75.8 20.1
H-HX-9 98.2
W-SSP-3 52 44.6
W-SSP-4 96.2
W-SSP-§ 94.4
W-SSP-7 54.1 39.8
W-SSP-9 94.4
W-SSP-10 52.8 42.7
W-SSP-11 SS 40.2
‘W-SSP-12 95.4
W-SSP-14 93.3
W-SSP-15 48.1 45.2
W-SSP-17 89.9

calcite/% pyrite/% siderite/% quartz/% anatase/%

3.3 0.9 4.5

3.1 1.9 0.7

2.9 3.2 2.2 0.8
13 3.6

1.8 0.8 11 12

12 0.9 2.5

4.3 2.7

32 2.7
0.3 0.5 4.1

2.5

3.6 0.8 1.9 0.6

32 1.1

4.4 3.5 1.6 0.9

5.3 1.9

7.1 2.6 0.9 1.1

7.6 2.1 1.1

6.5 3.8 13 0.6

5.3 2.3 0.9 1.1

3.1 LS 0.7

5.9 32

4.2 2 0.7

2.8 13 LS 0.7

5.3 0.8

6.6 1.9 0.8

32 0.9

1.8

1.6 1.2 0.6

1.9 0.6 1.3

2.1 1.7 1.1 0.7

2.4 LS 2.2

2.8 12 1.6

3.6 0.9

1.7 2.5 0.6

1.3 2.8 0.5

12 3.6 1.9

2.7 3.2 0.8

39 53 0.9

showed lower enrichment in coal samples (no. 3 Shanxi
formation coal in Sangshuping and no. 6 Taiyuan formation
coal in Heidaigou).

Results show that the distribution of REY in no. 6 Taiyuan
formation coal in the Jungar coalfield is 71.46 to 199.37 ug/g,
with an average of 138.45 ug/g, which is higher than the
average of REEs in world coal (68.42 ug/g) (Figure 8), CC =
2.1, The data shows that the enrichment level is more than
double that of the world coal average but the same as the
Chinese coal average. The distribution of REY in no. 5 Shanxi
formation coal in the Jungar coalfield ranges from 8.30 to
131.47 pg/g, with an average of 77.52 pg/g. This is lower than
the average of REY in Chinese coal (Figure 8), CC = 1.13,
indicating normal enrichment. The distribution of REY in no.
8 Taiyuan formation coal in the Liulin area of the Hedong
coalfield is 66.18—143.87 ug/g, with an average of 112.62 ug/
g, CC = 1.6; no. 3 Shanxi formation coal is 71.33—161.24 ug/
g, with an average of 116.53 ug/g, CC = 1.7. Both are lower
than the REEs average in Chinese coal but higher than the
world REEs average, indicating normal enrichment. REY in no.
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11 Taiyuan formation coal in Hancheng (Weibei coalfield)
ranges from 79.86—122.99 ug/g, with an average value of
101.41 pg/g, which is lower than the average value of REE in
Chinese coal but higher than the average REE in world coal,
CC = 1.48, indicating normal enrichment. The distribution of
REY in no. 3 Shanxi formation coal is 121.56—165.73 ug/g,
with an average of 148.20 ug/g, which is higher than the REEs
average in Chinese coal, CC = 2.17, indicating slight
enrichment.

Generally, from north to south in the eastern margin of the
Ordos Basin, the concentration of REEs (REY) in Shanxi
formation coal gradually increased and the REY in Taiyuan
formation coal gradually decreased. The average REY of the
Shanxi formation coal in the eastern margin of the basin is
127.9 pg/g, CC = 1.87, and the average REY of Taiyuan
formation coal is 117.49 ug/g, CC = 1.72. There is little
difference between them, and they show a lower than the
Chinese coal REE average but higher than the REE world
average.
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Figure 8. Comparison of REY concentrations of Carboniferous-
Permian coals in the eastern Ordos Basin; interquartile range (IQR):
the difference between the third quartile (Q3) and first quartile (Q1)
is known as the IQR. (i.e.) IQR = Q3—-Ql.

4.4. Geochemical Parameters of REY. 4.4.1. L/M, M/H,
L/H. The parameters L/M, M/H, and L/H represent the ratios
of YLREY/YMREY, YMREY/YHREY, and YLREY/
Y HREY, respectively. These ratios reflect the degree of
differentiation among LREY, MREY, and HREY. A greater
ratio value indicates an increased enrichment of certain REEs.
Overall, the REEs in Carboniferous-Permian coals in the
eastern margin of the Ordos Basin show the characteristics of
YLREY > YMREY > Y HREY, indicating that light REEs are
more enriched than the medium and heavy REE. The L/M
(3.5) and L/H (19.45) ratios of the Taiyuan formation coal are
smaller than those of the Shanxi formation (3.78, 23.09), and
the M/H (5.90) ratio is slightly greater than that of the Shanxi
formation (5.74). The difference is not significant. From north
to south, the L/M and L/H in Taiyuan formation coal
gradually decreased, indicating that the differentiation between
LREY and MREY, and the differentiation between LREY and
HREY also gradually decreased. M/H in coal shows an
increasing trend, indicating that the differentiation between
medium rare earth and heavy rare earth is gradually increasing.
The L/M, M/H, and L/H in the Shanxi formation coals, from
north to south, gradually increased, indicating that the
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Figure 9. Vertical variations of ) REE, (La/Lu)y, (La/Sm)y, (Gd/Lu)y, 6Eu, and Ce about Carboniferous - Permian coals in the eastern margin
of the Ordos Basin. (P)- Permian, (C)- Carboniferous. Standardized by UCC.
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differentiation among light rare earths, medium rare earths, and
heavy rare earths also gradually increased.

4.4.2. Lay/Luy, Lay/Smy, Gdy/Luy. To compare the average
concentrations of REY in coals with UCC data, as per Lay/
Luy, Lay/Smy, and Gdy /Luy, REE enrichment types can be
split into three types: Light rare earth enrichment type
(LREY): Lay/Luy > 1; Medium rare earth enrichment type
(MREY): Lay/Smy < 1, and Gdy/Luy > 1; and Heavy rare
earth enrichment type (HREY): Lay/Luy < 1.">*® Figure 9
shows the REE types in the Carboniferous-Permian coal over
the entire study area. Only a small part of the MREY
enrichment type is present in Carboniferous no. 6 Taiyuan
formation coals in Heidaigou (Figure 9B), or the M
enrichment type appears in the column for the heavy
enrichment type. There are two reasons for the M-enriched
type: first, the MREEs are more easily adsorbed by humus
adsorption than the LREEs, and second, the supply of acidic
fluid in the basin.*”** Zhou et al.*’ and Dai et al.” point out
that the M-enriched type is typical of acidic groundwater
circulating in the basin. In some cases, acidic hydrothermal
fluids can supply MREE to coal, such as in the Pavlovka
coalfield®® in the Russian Far East and the Songzao coalfield*’
in southwest China. The Harwusu no. 5 coal of the Shanxi
formation is mostly the HREY enrichment type, with M-type
occurring in the Floor (Figure 9A), and the Sangshuping no. 3
coal of the Shanxi formation is mostly the LREY enrichment
type (Figure 9E). The remaining samples of Shanxi formation
no. 3 (Figure 9C), Hongshen Antai Taiyuan formation no. 8
(Figure 9D) and Sangshuping Taiyuan formation no. 11
(Figure 9F) are of mixed enrichment types. This may be
because the coal-forming swamps during the Carboniferous
Taiyuan period were mainly located in coastal zones and were
repeatedly flooded with marine water.”> The REEs of coal in
the Shanxi formation are mainly the LREY enrichment type.
This is due to tectonic activity within the Permian Shanxi
period and the large input of terrestrial materials.””>* The L-
enriched type is typical of Chinese Palaeozoic high rank coals,
where the REEs have a terrestrial source of detrital and
volcanic ash genesis and were imported during the peat
accumulation phase.'® Dai and Finkelman®® and Nechaev et
al.* suggest that epigenetic acid leaching of many rare metals,
including HREY, may lead to their redeposition and
enrichment at the geochemical barrier of coal-bearing profiles.
The geochemical barrier is represented by carbonate-rich coals
and associated rocks, and the pH conditions of the
depositional environments of the deposits are interpreted by
using La/Y and Lay/Yby ratios as geochemical parameters.
La/Y ratios >1 and <1 are associated with alkaline and acidic
environments.””*® For the La/Y ratio in the no. 5 coal of the
Jungar Mountain West formation, most of the samples are
greater than 1, with an average value of 1.7, except for Z-HR-5
(La/Y = 0.28) and Z-HR-7 (La/Y = 0.40), which have very
low REE concentrations. Thus, the no. 5 coal of the Jungar
Shanxi formation forms a very localized alkaline environment
favorable for HREY deposition.

4.4.3. 6Eu. 6Eu reflects the variation of Eu concentrations,
which is useful in identifying provenance properties, reviewing
diagenetic conditions, and in rock classification.”” Sedimentary
rock inherits REEs from its parent rock, and 6Eu can effectively
identify likely constituent sources and is, therefore, a valuable
tool.

SEu = 2Euy/(Smy + Gdy) (1)

where Euy, Smy, Gdy, are the values of Eu, Sm, Gd normalized
to the UCC. Positive anomalies are represented by 6Eu > 1,
negative anomalies by 6Eu < 1, and no anomalies by 6Eu ~ 1.
Several studies have demonstrated that Ba interferes with the
assessment of Eu anomalies.”®”°! If Ba/Eu > 1000, the Eu
value of the ICP—MS laboratory will be affected by BaO and
BaOH, resulting in a higher Eu value.” The distribution of Ba/
Eu in this study ranged from 10.68 to 603.33, with an average
of 110.31, indicating credible results for Eu anomalies.

Most of the Carboniferous-Permian coals within the Ordos
Basin eastern margin show Eu negative anomalies. The 6Eu of
no. 6 coal of the Carboniferous Taiyuan formation in the
Jungar coalfield varies from 0.27 to 0.89 with an average of
0.60, and the OEu of no. 5 coal of the Permian Shanxi
formation in the Jungar coalfield varies from 0.43 to 1.38 with
an average of 0.68. The JEu of no. 8 coal from Taiyuan
formation in the Hedong coalfield varies from 0.17 to 1.21
(average 0.77), and that of no. 3 coal from Shanxi formation
varies from 0.59 to 1.50 (average 1.08). The 6Eu of no. 2 and
no. 3 Permian Shanxi formation coals in the Weibei coalfield
varies from 0.61 to 1.33 (0.86 on average), and that of no. 11
Taiyuan formation coals varies from 0.44 to 1.08 (0.73 on
average). The Eu in the Shanxi formation coal in the central
and southern regions, and the Taiyuan formation has positive
anomalies (Figure 9). SEu generally fluctuates only within its
range of positive or negative anomalies. The phenomenon of
alternating positive and negative anomalies is very rare.
Research suggests that the provenance of the southern and
central parts of the Ordos Basin have multiple Source area.’>**

4.4.4. 6Ce. 6Ce reflects the variation in Ce concentrations.
Under a certain pH, in oxygen-rich sedimentary water, Ce®"
can be oxidized to Ce*', which separates from other REEs. If
the water is oxygen-poor, Ce** maintains its original valence
state.”* "% Therefore, 5Ce is important in determining whether
oxidation or reduction occurred within the sedimentary
environment. Equally, Ce negative anomalies are important
indicators of a marine sedimentary environment for
sedimentary rocks.

5Ce = 2Cey/(Lay + Pry) (2)

where Cey, Lay, and Pry are the values of Ce, La, and Pr
normalized to the UCC. 5Ce > 1 represents positive anomalies,
0Ce < 1 negative anomalies, and 6Ce = 1 no anomalies. The
0Ce < 1 of most samples in Carboniferous-Permian coals in
the eastern margin of the Ordos Basin (Figure 9) mainly
displays the characteristics of weak negative anomalies,
suggesting that the overall sedimentary environment is
somewhere between reduction and weak oxidation. Berry
and Wilde®” believed that water depth had an effect on the
degree of redox in the formation water. Chen et al.”® proposed
that the typical 5Ce values are <0.5 in oxic marine water, ~
0.6—0.9 in suboxic marine water, and ~0.9—1.0 in anoxic
marine water. The water body in the Taiyuan formation coal
seam is relatively deep in the central part of the eastern margin
of the basin, and the sedimentary environment is significantly
affected by marine water. The water bodies near the origin in
the north and south are relatively shallow, and the sedimentary
environment is weak oxidation. Much of the coal seam dCe in
the Shanxi formation contains weak negative anomalies,
indicating that the overall water depth during the coal-forming
period was shallower than in the Taiyuan formation. Some coal
seams have Ce negative anomalies, which may be associated
with marine water intrusion.
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Dai et al.®® investigated the REY in Paleozoic coals in North
China. The results indicated that a §Ce/SEu value of less than
1 reflected an oxidizing environment, while a value greater than
1 indicated an acidic reducing environment during coal
formation. In the diagram of §Ce/SEu and XREE (Figure
10A), most of the Taiyuan formation coal samples have 5Ce/
OFu values greater than 1, while those of the Shanxi formation
are less than 1. The REE values of both coal groups are
concentrated between 100 and 200 pg/g, indicating a relatively
stable coal-forming environment affected by marine water and
low supply of terrigenous debris. However, the environment of
the Shanxi formation is more oxidized than that of the Taiyuan
formation, which is consistent with previous discussions.®>*’
The La/Lu-ZREY graph (Figure 10B) shows that the Taiyuan
formation coals were affected by marine water, while HREY
and LREY were retained in coal-forming swamps. Most of the
coal in the Shanxi formation is relatively enriched with LREY,
which concurs with the findings of Liu 1987’ and Dai et al.
2003.°° LREE is more enriched than HREE in continental
freshwater environments. LREY and HREY in Shanxi
formation no. S coal are enriched, which is believed to be
related to the influence of groundwater leaching.

4.5. Distribution Patterns of REY in Coals. To reduce
the influence of the “Oddo—Harkins” effect of REEs on the
curve, the x-axis represents the number of protons of REE and
the y-axis displays the normalized concentrations on a
logarithmic scale (Figure 11). Distribution patterns of REEs
in Carboniferous-Permian coals within the study area generally
have uniform width, slight inclination, low differentiation of
light rare earth, medium rare earth and heavy rare earth, and
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slight negative anomalies of §Eu and 6Ce. This is also the
common distribution pattern of REEs in marine-continental
transitional facies coals.”’

From north to south, the distribution pattern curves of REE
in Taiyuan formation coal are mostly low on the left and high
on the right (Figure 11), and Ce is typically slightly negative
anomaly, reflecting that the coal-forming environment within
the central region is the most reduced. Eu generally shows
negative anomalies, and gradually changes to slightly negative
anomalies toward the southern end. The differentiation of
MREY is not obvious, and there is almost no difference
between the north and south (Figure 11A). In the Shanxi
formation coal REY distribution pattern curves, most of them
are high on the left and low on the right, except for no. 5 coal
(Figure 11B). Most of Ce shows weak negative anomalies,
indicating that the overall sedimentary environment is
dominated by weak reduction. Most of Eu has negative
anomalies, with a gradual change from negative to positive
southwards, which is related to the change in north—south
provenance. The differentiation of MREY is not obvious, and
there is minimal difference between north and south, which is
consistent with the variation of the Taiyuan formation.

5. DISCUSSION

5.1. Mode of Occurrence of REE in Coal. The mode of
occurrence of REEs in coals is complex, the types of modes of
occurrence are defined by Dai et al. (2020),”> who divided it
into inorganic/ mineral, intimate organic and organic associa-
tions. Inorganic/mineral combinations are defined as elements
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Figure 12. Relations of ash yield-REY(A), (SiO, + Al,05)/%-REY(B), and (P,0;)/%-Y LREY(C); plot of Sr concentration versus LREE
concentration (D); Th concentration versus MREE and HREE (E); and Ga concentration versus HREE concentration (F).

present in macroscopically and microscopically visible mineral
or noncrystalline mineraloids. Finkelman et al. (2019)”* have
found more than 200 minerals in coal and its low-temperature
ash. Minerals constitute the primary source of the majority of
the elements in coal. Scholars'”'*”*”* have discovered that
REEs in coal are primarily found in clay minerals, aluminum
phosphate, sulfates of the alunite supergroup, water-bearing
phosphates, and carbonate. REEs can also occur on the surface
or between layers of clay minerals and mica minerals in an ion-
adsorbed state;”*””’ Intimate organic associations comprise
micron-, submicron-, and nanoscale- minerals, elements
adsorbed on the surface of organic matter, and elements
dissolved in the pore water of coal or hosted in very fine-
grained minerals.””*" Many studies have shown that different
coal sources exhibit varying organic affinities for LREE and
HREE.’>*'~* The ionic radius determines that LREY is more
likely to be enriched in Sr- and Ba-bearing minerals, while
HREY is more likely to be enriched in Sc-, Hf-, and Zr-bearing
minerals, which are extremely rare in coal; Organic association
refers to the chemical bonding of organic matter, including
carboxylates in low rank coal, with its constituent elements:
carbon (C), hydrogen (H), oxygen (O), nitrogen (N), and
sulfur (S). The present study investigates the mode of
occurrence of REEs in Late Palaeozoic coals from the eastern
margin of the Ordos Basin in minerals and macerals (including
vitrinite and inertinite).

5.1.1. Minerals. Studies have shown a positive correlation
between REYs concentrations in coal and ash yield.'****>%*
This suggests that minerals play a crucial role in carrying REYs
in coal. Many scholars™*””**>%® have found that REEs in coal
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are primarily present in phosphate minerals, which mostly
originate as detrital minerals derived from the surrounding
source rocks. Finkelman (1995)%° and Dai et al. (2008)*
demonstrated a positive correlation between REEs and ash
yield, with clay minerals and phosphate minerals being the host
minerals. This study found a positive correlation between
REEs in Carboniferous-Permian coals and the coal ash yield
(Figure 12A), with correlation indices of 0.74 and 0.75. This
suggests that REEs in the coal of the study area may have an
affinity with clay minerals and phosphate minerals.

The relationship between REY and the SiO,+Al,O; content
shows that the two are positively correlated (Figure 12B). It
implies that the REEs in coals associated with clay minerals or
the detrital phosphates, chiefly due to weathering and
denudation of parent rock. It was found in the study area
that the detrital phosphate minerals in coal were mainly
present in dense clumps within cell cavities or fractures, were
often coincident with clay minerals (Figure 7I), and were
mostly postgenetic. And by comparing the correlation analysis
between REEs and P,Og in Carboniferous-Permian coals, it
was discovered that the concentration of LREY in Permian
coal was positively correlated with P,05 (R* = 0.7S, Figure
12C). Additionally, Sr, Th, and LREE in coals showed
significant positive correlations (R 0.68 and 0.82,
respectively; Figure 12D,F). This suggests that Permian REY
also existed in detrital phosphate minerals. These findings are
consistent with those of Wang and Dai et al. in the Late
Permian 6 coals of the Harusu Coalfield in Inner Mongolia.””
In Carboniferous coals, there is a strong positive correlation
between Ga and HREE (R* = 0.73, Figure 12E). Additionally,
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HREE shows a strong correlation with Li and AL,O; (0.81 and
0.52, respectively). It is hypothesized that part of HREE in
coals is related to Li due to the presence of the same carrier,
clay minerals, or detrital phosphate minerals.

The Haerwusu no.5 (Figure 13A), Hexi coal mine no. 3
(Figure 13B), Sangshuping no. 3 (Figure 13E), and
Sangshuping no. 11 coals (Figure 13F) demonstrate that
REY in roofs, floors, and partings are higher than that in coals.
Similarly, AL, O, SiO,, K,0, Na,O, TiO, and P,0; show the
same variable concentration, and most of these oxides are
strongly affected by terrestrial material. It shows that the REE
are derived from the detrital input and that they will correlate
with ash yield. REY in roof rocks is higher (mean: 277.37 ug/
g) and is lower in parting (mean: 25.39 pg/g). REY and major
compounds AL, O;, SiO,, K,0, and Na,O showed similar
changes and correlated highly, and the REY concentration in
parting is low. It is speculated that the low REE concentration
in the parting is due to groundwater circulation, which brings
REEs in parting into the underlying coal seam only in the form
of leachate.*>*® In addition, the sum of the percentages of
these oxides, SiO,, Al,O; Fe,0; MgO, CaO Na,O, K,O,
MnO, TiO,, and P,0Os, shows that the percentages of roof and
parting are 91.8 and 84.4, respectively, and the difference is not
significant. It indicates that the content of Al,O;, SiO,, K,O,
and Na,O in roof and parting did not show deficiency. It is
assumed that groundwater circulation only transports REY into
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parting in the underlying coal seam, by leaching.”*””° Crowley,

Stanton and Ryer’' and Hower, Ruppert and Eble®* studied
the geochemical characteristics of REEs in coal containing
volcanic ash and its alteration minerals in the United States.
They found that the coal seam located in the lower part of the
volcanic ash parting has REE concentrations several to tens of
times higher than the overlying parting. The analysis shows
that the enrichment of REEs in the coal seam is caused by
groundwater leaching. In the no. 6 coal of the Jungar Coalfield
located in the northern eastern edge of the Ordos Basin, the
concentrations of REE in the partings are significantly lower
than those in the underlying coal seams. This is believed to be
due to leaching by groundwater.*>”*"

The concentration of REY in Hongsheng-Antai no.8 coal
parting is low, and the concentrations of Al,O;, SiO,, K,O,
Na,O, TiO,, and P,Oj are also found to be generally depleted.
The concentrations of Na,O, K,0O, TiO,, and P,O4 were high
in some samples (H-HS-9, H-HS-10, with ash yields of 22.92
and 19.55%, respectively), but still very low compared to other
coal samples. This indicates that there is less terrigenous
material compared to that of other coal samples. In addition,
the amount of Fe,03, MgO, CaO, and MnO in partings is
significantly higher than coal samples (Figure 13D). The
formation of parting is caused by marine water flow, and the
REY in marine environments is not enriched.***®** This is
another reason for the low REY concentration in parting.
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The REY in the roof and parting of the Sangshuping no. 3
coal seam is higher than coal, and the REY shows the same
variation with major oxides Al,O;, SiO,, K,0, Na,O, and TiO,.
However, correlation between REY in the coal and these major
compounds is not clear. The contents of MgO, CaO, and MnO
are also high (Figure 13E). It is believed that REEs are not
only a terrestrial material, but the concentration of REY may
also have been affected by other factors, such as marine water.
Seawater is enriched in both LREE and HREE. Additionally,
REE distribution in seawater exhibits a significant deficiency of
Ce. The deficiency of Ce may be due to oxidation of Ce®" to
Ce*" and precipitation from solution as CeO, under marine
conditions, while other REEs still retain the valence state of
+3.7577 Figure 9A,D,E demonstrate that the no. 5 coal of
Shanxi formation in Haerwusu Coalfield, the no. 8 coal of
Taiyuan formation in Hongshen Antai Coalfield and the no. 3
coal of Shanxi formation in Sangshuping Coalfield exhibit
obvious Ce-negative anomalies, suggesting that these samples
were affected by seawater during the coal formation process.
REY in no. 11 coal seam partings is higher than that in coal.
REY in coal and parting is positively correlated with major
compounds Al,O;, SiO,, K,0, Na,O, TiO,, and P,O;, and
negatively correlated with Fe,O;, CaO, and MnO. It shows
that the formation of parting and the source of REYs are
mainly initiated by terrigenous matter. The partings in the no.
11 coal seam are primarily composed of claystone and can be
divided into two sections. The upper section is unevenly
distributed and has a thickness of approximately 0.1 m, while
the lower section is a kaolinite layer with a consistent thickness
of 02 m.>* This is consistent with the characteristics of
“tonstein” volcanic sediments, which is a type of parting in coal
formed by volcanic ash.”"”" In addition. The no. 11 coal seam
is situated in the lower section of the Taiyuan formation and
was deposited in a delta sedimentary system.”* The negative
Ce anomaly is not obvious or slightly positive, indicating that
there is less seawater influence and no leaching, so the REE
concentrations in the partings of Sangshuping mining area
(sample W-SSP-13, W-SSP-13, mean value: 246.2 pug/g) are
significantly higher than that in the coal (mean value: 101.4
Hg/g)-

5.1.2. Macerals. With the aid of a high-speed centrifuge, the
macerals with a density greater than that of the heavy liquid
(ZnCl,, 1.3 g/cm’®) sink under centrifugal force to obtain the
inertinite, which consists mainly of fusinite, semifusinite,
funginite, and secretinite; the macerals with a density less
than that of the heavy liquid float up to obtain the vitrinite,
which consists mainly of telinite, collodetrinite, and
collotelinite. As only 2 g of sample was used for each
separation, and the subsequent series of experiments generally
required tens of grams of sample content, only Jungar no. §
(low-rank coal) and Weibei no. 3 (high-rank coal) were
separated in this experiment, and the proportions of vitrinite
and inerinite after separation were in accordance with Table 2.
Finally, the REE concentrations of the separated vitrinite and
inertinite was tested by ICP—MS (Table S).

In addition to minerals in coal, organic matter can also be
enriched in REEs. This study shows that the REY in the
vitrinite of low-rank coal is greater than that in inertinite
(Table S, Figure 14), and the opposite phenomenon occurs in
high-rank coal. Senesi and Adriano” divided trace element and
organic matter binding states into two complex types;
covalently bonded internal complex compounds of metal
ions and organic molecules, and electrostatically attracted

Table 5. REE Characteristics of Vitrinite and Inertinite in
Carboniferous-Permian Coal in the Eastern Ordos Basin

Z-HR-O3 Z-HR-O2 W-SSP-O1 W-SSP-O1
(low-rank (low-rank (high-rank (high-rank
sample coal) coal) coal) coal)
macerals vitrinite inertinite vitrinite inertinite
REY 63.31 47.5S 80.66 93.52
LREY 45.15 28.46 55.64 64.72
MREY 14.63 14.67 20.74 24.92
HREY 3.24 4.3 3.92 3.46
(La/Lu)y 0.77 03 0.8 0.74
(La/Sm)y 1.46 1.44 1.76 121
(Gd/Lu)y 0.75 023 0.67 0.8
AEu 0.8 0.78 0.89 0.85
ACe 0.75 0.83 0.8 0.94
La 15.39 9.35 20.1 17.6
Ce 17.13 13.7 23.67 29.7
Pr 1.78 1.51 227 292
Nd 9.3 5.29 7.89 12.31
Sm 1.58 0.903 1.71 2.19
Eu 0.3 0.191 0.36 0.41
Gd 1.89 0.89 2.12 2.39
Tb 0.27 023 0.5 0.45
Dy 1.41 1.79 2.67 2.58
Y 11.06 11.76 15.45 19.5
Ho 0.24 0.36 0.55 0.55
Er 0.8 1.53 122 131
Tm 0.17 0.27 0.25 0.29
Yb 1.82 1.82 1.63 1.06
Lu 0.21 0.33 0.27 0.25
1.8 5
i ®  7-HR-O3 (Low-rank coal) (vitrinite)
®  /-HR-O2 (Low-rank coal) (inettinite)
1.4 4 A W-SSP-O1 (high-rank coal) (vitrinite)
v W-SSP-O1 (high-rank coal) (inertinite)
O 1.2
8 1.0 - g
b 4
=08+ A g i :¢
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Figure 14. REY Distribution patterns of macerals in Carboniferous-
Permian coal, eastern margin of the Ordos Basin.

unstable, easily dissociated external complexes. In coals with
low coalification, trace elements ionically bound to hydroxyl
(—OH), carboxyl (—COOH), sulthydryl (-SH) and amino
(—NH) groups.”” It is surmised that during the early
coalification process, REY and organic matter combined
simultaneously with the two complexes. In high-rank coals,
an increase of the coalification degree and temperature causes
the aromatic structure of vitrinite to chemically change, losing
large numbers of oxygen-containing functional groups. As a
result, the REYs that are bound by electrostatic attraction are
then lost but REYs in the form of internal complexes are
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preserved. The internal complex is inherited mainly from low
rank coal,’”” but the inertinites are relatively stable during this
process. Therefore, the REY in high-rank coal vitrinite is lower
than that in inertinite, which is the opposite to low-rank coal.

There are three possible causes of enrichment of REEs, by
organic matter, in coal: OREEs can be absorbed by coal-
forming plants and accumulate and enrich, but the enrichment
mode is very limited, and the concentration of absorbed REEs
is very small. @Peat swamp is an acidic environment, and each
part of the plant has a strong adsorption capacity in the
gelation process, which can adsorb some REEs dissociated
from clastic minerals. ®When the coal seam is formed, the
REEs in the overlying rock can be adsorbed by coal organic
matter under acidic conditions through leaching,

The (La/Lu)y < 1 of vitrinite and inertinite, and the REY
distribution pattern curves of organic macerals in coal (Figure
14) are mostly low on the left and high on the right, indicating
that HREY is the enrichment type, and that low rank coal is
easier to enrich. HREY, 0Eu, and 6Ce are negative anomalies,
and the 6Ce of inertinite is greater than that of vitrinite. It also
shows that the water depth of the inertinite formation is
shallow and the oxidation condition is stronger than vitrinite.

5.2. Provenance Analysis. The Ordos Basin during the
Late Paleozoic had a paleogeographic pattern of north—south
uplift and central depression. The Carboniferous-Permian
terrigenous material in the northern Ordos Basin mainly comes
from Yinshan ancient land on the northern side, while the
terrigenous material in the southern Ordos Basin comes from
the North Qinling orogenic belt.'*

The chondrite average value®® was used for standardization
to show the provenance characteristics of parent rocks.
Comparison of REE distribution patterns in coal after
standardization is shown in Figure 15. The Permian and
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+ Permian (C)
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—
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=
T

Sample/Chondrite

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

Figure 1S. Chondrite-normalized plot-REEs in Carboniferous-
Permian coals of the Ordos Basin.

Carboniferous coal seams in the northern, central, and
southern parts are consistent. Comparison shows that the
LREY segment strike is basically the same, and the difference
between the MREY and HREY segments becomes more
evident. The Eu anomalies in the northern and central coals
are clearly negative, while Eu anomalies in the southern coals
are slightly negative anomalies and positive anomalies. There
were also significant differences at Tm and Yb, indicating that
the distribution patterns of REEs in different sources after
standardization are inconsistent.

Allégre and Minster'*' proposed the use of @(La)/w(Yb) —
@(YREE) diagrams to identify rock genesis, before analyzing
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the source of sediments and parent rock properties origin. We
used the same method to identify the origin, nature, and
change of features within the study area (Figure 16). Most of

1000 ¢
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Figure 16. Crossplot of @w(La)/w(Yb) — @w(XREE) of Carbon-
iferous-Permian coals.

the coal samples are located in the sedimentary rock area of the
crossplot, and most of the roof and floor samples are located in
the sedimentary rock, granite, alkaline basalt and continental
tholeiite areas of the crossplot. The parting samples are
scattered in the crossplot, and some are outside the diagram
lithology (Figure 16), possibly due to groundwater leaching,
which would remove REY. The diagram supports that the
similarity of provenance in each mining area is very high, and
they mainly have the combined characteristics of mixed

lithology.
6. CONCLUSIONS

(1) The average REY in the Permian coal in the eastern
margin of the basin is 127.9 ug/g, CC = 1.87, and the
average in Carboniferous coal is 11749 ug/g, CC =
1.72, which fall within the normal enrichment range.
The mineability of rare earth ore is fairly low and is
lower than the ) REE average in Chinese coal, but
higher than the ) REE average in world coal. M-REY
enrichment only appears in Heidaigou Carboniferous
no. 6 coals, Haerwusu Permian no. 5 coals show H-REY
enrichment, and Sangshuping Permian no. 3 coal is of
the L-REY enrichment type, and the rest are mixed
enrichment.

REYs in coals in the study area have a strong inorganic
affinity and mainly occur in clay minerals and detrital
phosphates. The ability of pyrite and calcite to enrich
REYs is low. In addition to inorganic minerals in coal,
organic matter can also be enriched in REYs. Results
show that the REY in low-rank coal vitrinite is greater
than in inertinite, with the opposite phenomenon
occurring in high-rank coal. This is because as the
coalification degree increases, the increase in temper-
ature triggers the disappearance of oxygen-containing
functional groups that can combine with REYs in

()
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vitrinite. This leads to the loss of REYs. The (La/Lu)y <
1 of vitrinite and inertinite indicates that the REYs in
organic matter are mainly of the H-REY enrichment
type. OEu and 6Ce show negative anomalies, and most of
the 6Ce in inertinite is larger than in vitrinite.

(3) distance from the source mainly determines the coal
REY concentration in the study area, and a change of
source will affect the normalized distribution pattern. In
general, marine water intrusion affects the REYs
distribution pattern, making the negative anomaly at
Ce significantly larger, while the leaching of acidic
formation water may increase coal REYs concentration.
The provenance in the northern and central regions of
the study area is mainly from sedimentary rocks, granite,
alkaline basalt, and continental tholeiite areas, while the
southern region provenance is mainly from granite and
sedimentary rock areas.
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