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Abstract: Investigation of the critical metal elements in coal and coal-bearing strata has
become one of the hottest research topics in coal geology and coal industry. Coal-hosted
Ga-Al-Li-REE deposits have been discovered in the Jungar and Daqingshan Coalfields of
Inner Mongolia, China. Gallium, Al, and Li in the Jungar coals have been successfully
extracted and utilized. This paper reviews the discovery history of coal-hosted Ga-Al-Li-
REE deposits, including contents, modes of occurrence, and enrichment origin of critical
metals in each coal mine, including Heidaigou, Harewusu, and Guanbanwusu Mines in the
Jungar Coalfield and the Adaohai Coal Mine in the Daqingshan Coalfield, as well as the
recently reported Lao Sangou Mine. Gallium and Al in the coals investigated mainly occur
in kaolinite, boehmite, diaspore, and gorceixite; REEs are mainly hosted by gorceixite and
kaolinite; and Li is mainly hosted by cholorite. Gallium, Al, and REEs are mainly derived
from the sediment-source region, i.e., weathered bauxite in the Benxi Formation. In addition,
REE enrichment is also attributed to the intra-seam parting leaching by groundwater.
Lithium enrichment in the coals is of hydrothermal fluid input. The content of Al2O3

and Ga in coal combustions (e.g., fly ash) is higher than 50% and ~100 µg/g, respectively;
concentrations of Li in these coals also reach the cut-off grade for industrial recovery
(for example, Li concentration in the Haerwusu coals is ~116 µg/g). Investigations of
the content, distribution, and mineralization of critical elements in coal not only provide
important references for the potential discovery of similar deposits but also offer significant
coal geochemical and coal mineralogical evidence for revealing the geological genesis of
coal seams, coal seam correlation, the formation and post-depositional modification of coal
basins, regional geological evolution, and geological events. Meanwhile, such investigation
also has an important practical significance for the economic circular development of the
coal industry, environmental protection during coal utilization, and the security of critical
metal resources.
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1. Introduction
Coal is one of the most complicated geological materials [1] and consists of various

minerals and organic components with different chemical structures [2–7]. Coal uses have
caused serious issues related to environmental pollution and human health [8–12]. How-
ever, coal remains a cornerstone of global energy production, currently largely supplying
worldwide electricity [13,14]. Beyond power generation, coal is integral to numerous
industries, including metallurgy, cement production, and chemical manufacturing [1]. Ad-
ditionally, it serves as a critical heat source for sectors such as wallboard, aluminum, and
cement production. Lesser known is coal’s potential as a source of critical metals [15–17].
Many coals contain economically significant concentrations of such metals essential for
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technological advancement, such as Li, Ga, U, Ge, V, rare earth elements (REEs), Y, Sc, Nb,
Zr, Re, Au, Ag, platinum group elements (PGEs), W and Se, and base metals like Al and
Mg [16,18–21]. These metals are indispensable for driving innovations in technology and
energy efficiency [13,22,23], and therefore have attracted many researchers to reveal the
abundance, modes of occurrence, distribution, and mineralization process of these critical
metals in coal and coal ash [18,24–30]. It is commonly considered that coal is now one of
the important sources for critical elements [31–36].

On the other hand, the dwindling supplies and escalating prices of these critical metals
in traditional ore deposits [37,38], coupled with the concentrated control of production
by a limited number of countries, e.g., China, has spurred a global quest for alternative
sources [22,39]. Notably, China dominates the global production of rare earth elements
(85%) and germanium (73%) [40,41]. Coal and its combustion byproducts offer a promising
avenue for extracting these critical elements [34,41]. Some coal deposits and associated
materials exhibit element concentrations comparable to, or even surpassing, those found in
conventional ores [21]. The terms “coal-hosted rare-metal deposit” proposed by Dai and
Finkelman [13] and “metalliferous coal” proposed by Seredin and Finkelman [21] have
emerged to characterize coals rich in economically recoverable critical elements.

While extracting Al, Ga, Ge, U, V, and Se from coal/coal ash has been established for
years [13,15,22,38,42–48], the recovery of Li, REY, Sc, Nb, and Zr represents a new frontier
in coal utilization [29,31,49–52]. Some pilot plants for co-recovering rare earth elements
and other critical materials have been successfully established in the USA. This emerging
field has the potential to redefine coal’s role in the global economy [38].

2. Overview of Coal-Hosted Al-Ga-Li-REE Deposits
The Jungar Coalfield in Inner Mongolia, northern China, was identified as a novel crit-

ical metal deposit by researchers from China University of Mining and Technology (Beijing)
(CUMTB) in 2006 [53,54]. This discovery is extremely important, as stated by Seredin [19]:
“significant steps forward in production of valuable metals from coal and for development of both
traditional and alternative energy options. Thus, this operation is a good example that coal deposits,
with insight from coal science, can be transformed into clean energy sources”. The findings by
these researchers (i.e., discovery of the ore deposit; the abundance, spatial distribution,
and modes of occurrence of critical elements; the mechanism of mineralization of Al, Ga,
Li, and REEs) [53–55] have laid a solid foundation for recovering Al, Ga, and Li from the
coal combustion byproducts derived from coal power plants. This is also a typical case of
turning coal, a traditional fossil fuel, into a green energy, on the basis of these important
findings. Between 2011 and 2017, the deposit underwent seven successful trial runs for
alumina production, meeting both quality and quantity targets. A 4000 t/y industrial
pilot plant for extracting alumina and gallium from fly ash was successfully constructed
by Shenhua Zhunneng Group in August 2011. In 2013, the first batch of metallic gallium
was produced from the pilot plant. By 2021, a fourth-generation circulating fluidized bed
combustion technology had been developed, utilizing nano-hydrocarbons as fuel for the
high-efficiency extraction of aluminosilicate powder. A circular economy industrial chain
has been formed, encompassing coal, electricity, fly ash, green electrolytic aluminum, and
high-end aluminum products metallic gallium and lithium. The alumina produced exceeds
the national standard for first-grade metallurgical-grade alumina, the metallic gallium
surpasses the 4N purity standard, and the lithium carbonate meets battery-grade standards.
Therefore, a comprehensive review of this deposit not only helps readers to have a full
picture of the discovery history of the ore deposit, the origin of the ore formation, and the
successful extraction of the critical metals, but also is useful for further discovering similar
potential coal-hosted ore deposits in other areas.
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Germanium from coal has been industrially recovered for more than half a cen-
tury [14,19,40]. The recovery of rare earth elements is still on pilot-scale level, and a
number of studies have shown promising extraction technologies [26,31,49,56–61] not
only from coal ashes but also for non-coal rocks in coal-sedimentary sequences [33,62]. Al-
though some studies have investigated the modes of occurrence and enrichment origin of
Li in coal [25,32,33,42,57,63–67], the recovery technologies are still being investigated [52].
Uranium in coal has been industrially utilized [19,38]; however, it seems that U in coal
has not attracted much attention in the last several decades, although some studies have
shown significant enrichment of U in coal [22,34,45,68–74]. Although Sc enrichment has
been found in some Russian coals [24], coals with highly enriched Sc have not been found
in China [27,29,34,75–77] in spite of the varying geological conditions [6,78–80].

3. Geological Setting of the Jungar and Daqingshan Coalfields
The coal-hosted Al-Ga-Li-REE deposits in China were mainly discovered in the Jungar

and Daqingshan Coalfields (Figure 1), which are close to each other. The two coalfields
have similar sedimentary sequences, but the Jungar is situated on the margin of the Ordos
Basin and the Daqingshan Coalfield is located within the Yinshan Orogenic Belt.
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Figure 1. Location of the Jungar and Daqingshan Coalfields (A) and distribution of the Guanbanwusu,
Heidaigou, and Haerwusu Mines in the Jungar Coalfield (B) [49].

3.1. Jungar Coalfield

The Ordos Basin, one of the most famous depositional basins in China, contains abun-
dant resources, including coal, oil, gas, uranium, and other non-metal resources [25,29,36],
and is situated in the west of the Northern China Platform. The Jungar Coalfield lies on the
Ordos Basin’s northeastern margin. Measuring 65 km north–south and 26 km east–west, the
coalfield covers an area of 1700 km2. As one of the Ordos Basin’s most prolific coalfields, its
reserves are estimated at 26.8 gigatons.

The sediments in Junger Coalfield are characterized by a diverse range of sedimentary
environments [81]. A gradual transition from limestone-dominated to predominantly clastic
sediments is evident as limestone deposits thin out within the coalfield from south to north.
Coal-bearing strata in the region comprise the Pennsylvanian Benxi and Taiyuan formations,
as well as the Lower Permian Shanxi Formation, collectively reaching thicknesses between
110 and 160 m [53–55].
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The Benxi Formation, with a thickness ranging from 15 to 35 m, unconformably
overlies the Middle Ordovician Majiagou Formation. The overlying Taiyuan Formation,
varying in thickness from 35 to 70 m, is composed primarily of quartzose sandstone,
mudstone, siltstone, and coal seams intercalated with darker mudstone, siltstone, limestone,
and thin quartzose sandstone layers. Lithological variations within the Taiyuan Formation
are pronounced across the coalfield. In the southern regions, the formation is predominantly
composed of terrigenous, coal-bearing clastic rocks, primarily sandstone, and contains five
unminable coal seams (Nos. 1 to 5).

The upper portion of the Taiyuan Formation is composed of mudstone, sandy mud-
stone, and the No. 6 coal. The No. 6 coal, which has an average thickness of 30 m, is
located at the top of the Taiyuan Formation. It is the major minable coal bed, accounting
for approximately 80% of the total coal reserve in the Jungar Coalfield. The No. 6 coal is
overlain by dark gray mudstone, sandy mudstone, or siltstone and underlain by mudstone.
Superimposed on the coal-bearing sequences are the non-coal-bearing Upper and Lower
Shihezi Formations, the Shiqianfeng Formation, and the Liujiagou Formation.

3.2. Daqingshan Coalfield

The Daqingshan Coalfield is located to the north of the Jungar Coalfield. Encom-
passing an area between 40◦35′ and 40◦44′ north latitude and 110◦07′ and 110◦31′ east
longitude in Inner Mongolia, northern China, the Daqingshan Coalfield has 16 coal mines
distributed across the coalfield [82–84]. Among these, the Adaohai Mine is situated in the
southeastern part of the coalfield. The coal-bearing strata within the Daqingshan Coalfield,
which includes the Pennsylvanian Shuanmazhuang and the Early Permian Zahuaigou
formations [85–89], were deposited in a continental setting.

The Daqingshan Coalfield’s primary coal seam, identified as CP2 coal, is situated
in the upper portion of the Shuanmazhuang Formation, varying in thickness from 4.7 to
42.8 m, with an average of 22.3 m. The zoned distribution of coal rank of the CP2 coal
within the coalfield is directly attributed to igneous intrusions that occurred during the
Yanshan Movement [90]. In the eastern part of the coalfield, igneous rocks have intruded
into the coal-bearing strata, resulting in a coal rank gradient that increases from northwest
to southeast, transitioning from high volatile bituminous to medium volatile bituminous
and ultimately to low volatile bituminous. The CP2 coal contains 3 to 42 parting layers
ranging from 0.02 to 3.4 m in thickness. Due to epigenetic tectonic movements, the CP2 coal
has been heavily brecciated and exhibits a dip of approximately 83 degrees. The overlying
roof, primarily consisting of mudstone and sandy mudstone, has a fluctuating thickness. In
certain areas, the CP2 coal directly contacts the overlying sandstone. The floor of the CP2
coal also demonstrates significant variations in thickness and lithology, ranging from 0.2 to
2.0 m and composed of sandy sandstones, medium coarse sandstones, and fine sandstones.

The lower part of the Shuanmazhuang Formation comprises conglomerate, granule
conglomerate, sandy mudstone, siltstone, and thin coal seams. Overlying the Shuan-
mazhuang Formation, the Permian strata consist of the Zahuaigou and Shiyewan forma-
tions. The upper portion of the Zahuaigou Formation is composed of mudstones and
sandstones, while the lower portion features white quartz-pebble conglomerate with locally
intercalated 0.1–0.2 m mudstone beds. The Zahuaigou Formation lacks minable coal beds.
The Shiyewan Formation is primarily composed of thick sandstone layers interbedded
with mudstone. The Cambrian–Ordovician strata underlying the coal-bearing sequences
are dominated by limestone, with intercalated silty mudstone in the lower part.
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4. Discovery of the Jungar Coal-Hosted Ore Deposit of Critical Metals
Coal and metal industries have traditionally operated independently. Yet, notable

exceptions exist, as evidenced by two significant cases [21] that yielded mutual benefits and
economic progress. A pioneering example involves the extraction of U from coals. In the
United States and the former Soviet Union, high-U coals played a crucial role in post-WWII
nuclear development [19]. Subsequently, the discovery of more substantial U reserves
in other types of ore deposits rendered coal-based U extraction less economically viable.
Another notable example is the extraction of Ge from coal [19,38], which commenced in the
late 1950s and remains a significant industrial practice. Coal currently supplies over half
of the global demand for Ge. In a brief commentary by Seredin [19], the author discussed
the groundbreaking discovery made by Chinese coal geologists during 2005–2015, i.e., the
findings of the coal-hosted Ga-Al-Li-REE deposits in Inner Mongolia, China.

Research initiated by CUMTB scientists in the early 2000s within the Heidaigou
surface mine, Jungar Coalfield, Inner Mongolia, unveiled an extraordinary discovery of
highly enriched critical metals in the No. 6 coal seam [19,53,54,91], the deposit’s primary
minable coal, with an average thickness of 30 m, exhibiting anomalous concentrations
of Al2O3 (>50%, ash basis) and gallium (up to 100 µg/g, ash basis); the latter is a metal
typically associated with Al [53]. Intriguingly, the coal’s silica-to-alumina ratio (Si/Al) was
exceptionally low compared to that of global coals, measuring as low as 0.34 [53,54], which
was caused by highly enriched mineral boehmite, a rare mineral in coal composed of 84.9%
alumina [3,4,72]. Boehmite, alongside kaolinite, served as the primary hosts of aluminum
and gallium in these coals [53,54].

Samples of pristine fly ash were collected from the economizer of the Jungar power
plant with a special sampling device, because the flue gas along with fly ash was disposed
through wet ash concentration units [92]. Concentrations of critical elements in combustion
byproducts (e.g., fly ash) confirmed these super-large aluminum and gallium deposits, not
only covering the Heidaigou Mine in the Jungar Coalfield but also covering the Haerwusu
and Guanbanwusu Mines [55,56] in this coalfield.

The recognition of fly ash as a potential source for recovering these metals marked a
significant breakthrough [19]. Comprising approximately 90% of combustion waste, fly ash
offered a substantial resource for recovery of these critical metals [22]. Analysis determined
average aluminum and gallium concentrations in fly ash to be 51% and 92 µg/g [92],
respectively, mirroring those found in conventional bauxite deposits [19]. Additionally,
the concentrations of REY in the fly ash derived from this coal seam were also high and a
potential source for REY recovery [93,94]. This exceptional metal enrichment was due to
neighboring bauxite deposits, which served as the erosional rocks for the peat during the
Late Paleozoic, with aluminum and gallium subsequently accumulating in the peat deposit.

Confirmed reserves totaled 150 million tons of alumina and 49,000 tons of gallium in
the Heidaigou Mine [53,54]. Aluminum and gallium are primarily concentrated in mullite
and glass phases in the fly ash. Laboratory-scale extraction of alumina, silica gel, and
gallium from fly ash proved successful [19]. Based on these findings, a pilot plant with
an annual capacity of 800,000 tons of alumina and approximately 150 tons of gallium was
established in early 2011.

Of significant note is the discovery of similar deposits in the Daqingshan Coal-
field of Inner Mongolia, further confirming the importance of these coal-hosted Ga-Al
deposits [55,82–84,95,96].

5. Abundance and Modes of Occurrence of Critical Elements in Coals
The coal seams labeled as No. 6 and No. CP2 in the Jungar and Daqingshan Coalfields,

respectively, were highly enriched in Al, Ga, Li, and REEs and were widely distributed in
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the two coalfields. Although the two coal seams are labeled as different identities, they
are the same coal seam [97]. The coals with highly evaluated Al, Ga, Li, and REEs in the
Jungar coals are mainly distributed in the Heidaigou, Haerwusu, and Guanbanwusu Coal
Mines. Recently, a new highly mineralized Al, Ga, Li, and REE coal seam was discovered in
the Laosangou Coal Mine [98], which is located close to the Heidaigou Mine in the Jungar
Coalfield. The coals with highly evaluated Al, Ga, Li, and REEs in the Daqingshan Coalfield
are mainly distributed in the Adaohai, Datanhao, and Hailiushu coals.

There have been no cut-off standards for Al, Ga, Li, and REEs that are globally accepted
for critical metals in coal, although some researchers have proposed some suggested cut-off
grades for selected metals in coal. Considering the high concentrations of Al2O3, Ga, Li, and
REEs in the Jungar and Daqingshan coals, establishing appropriate cut-off grades for these
critical elements in coal combustion byproducts is essential. In 1980s, a Chinese standard
recommendation of 30–50 µg/g for Ga in coal (whole coal basis) was proposed CONMR
(1987). However, other factors, as pointed out by Dai et al. [55] and Dai and Finkelman [13],
including resources, thickness of coal seam, ash yields of raw coals, other associated critical
elements, the possibility of beneficiation, market demand and supply, recovery technology,
and environmental effects, must also be evaluated. Based on studies on Al2O3 and Ga
recovery technology, the chemistry and mineralogy of coal combustion products (e.g., fly
ash and bottom ash), the thickness of coal seams, mineralogical and elemental associations,
and pilot and industrial plants’ experience in recovery of these metals from the Jungar
coals [55], it is suggested that CCB with Ga concentrations exceeding 50 µg/g, a ratio of
SiO2/Al2O3 less than 1 (or Al2O3 greater than 40% in CCB), and a coal thickness of the
coal seam of at least 5 m (allowing for selective mining) could be suitable for Al2O3 and Ga
recovery from CCB [13,55].

The factors mentioned above should also be considered for rare earth elements (REY)
and lithium. Experimental data on REY extraction from coal combustion byproducts (CCB)
suggests a cut-off grade of 1000 µg/g REO (oxides of rare earth elements plus Y) in ash for
profitable recovery from low-rank coals [99]. However, if the REY prices become higher,
this cut-off grade could be adjusted for any coals with any coal rank. Importantly, this
cut-off grade could be adjusted to 800 to 900 µg/g for coal seams with thicknesses greater
than 5 m, from which relatively thick coal benches with REO higher than 1000 µg/g (on
an ash basis) are suitable for selective mining. The individual REY composition is another
crucial factor. An ideal REY ore deposit should contain a diverse range of critical REY
and minimize excessive elements. To assess ore quality, Seredin and Dai [20] proposed the
“outlook coefficient” (Coutl), which calculates the ratio of critical REY (Nd, Eu, Te, Dy, Y,
Er) to excessive REY (Ce, Ho, Tm Yb, Lu). A higher Coutl indicates a more promising REY
ore deposit from an industrial perspective [20]. The outlook coefficient has been widely
adopted and applied to the evaluation of coal-hosted REY deposits [26,60,61,100–106].

Lithium in coal has only recently been considered a recoverable metal. It began to
garner significant attention and research interest in 2008 [107]. When the lithium content
in coal exceeds a certain threshold, it can form a lithium deposit co-occurring with coal,
categorized as a sedimentary lithium deposit. However, due to lithium’s low atomic
number and diverse modes of occurrence, it is one of the most challenging elements to
study in coal [57,64,65,108,109]. Based on previous research and the characteristics of
coal-associated metal deposits, a cut-off grade of 800 µg/g (Li2O, on a high-temperature
ash basis) was proposed by Zhao et al. [107] as a lithium cut-off grade for recovery. In
China, coal-associated lithium deposits are primarily distributed in the Carboniferous-
Permian strata of North China (e.g., Jungar and Qinshui basins [18,42,66,110,111]), with
a smaller portion found in the southern regions of China (e.g., Caotang Coal Mine
in Sichuan Basin [112]); on the other hand, a large proportion of coals in China have
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concentrations [27,41,104,113–115] that are close to those in the common coals worldwide,
as proposed by Ketris and Yudovich [116].

A number of researchers have investigated the petrology, mineralogy, and geochem-
istry of the No. 6 coal and No. CP2 Coal from the Jungar and Daqingshan Coalfields,
respectively, in Inner Mongolia [25,35,36,53–56,82,83,95–97,117–120]. The Jungar Coalfield
includes the representative coal mines of Heidaigou, Haerwusu, and Guanbanwusu; the
Daqingshan Coalfield includes Hailiushu, Datanhao, and Adaohai Mines.

5.1. Critical Metals in the Coals from the Heidaigou Mine, Jungar Coalfield

Petrologically, vitrinite reflectance from the No. 6 coal (0.58% Rr) indicates a high
volatile C bituminous coal rank based on ASTM standard D388-12 (2012) [121]. Dai
et al. [53,54] conducted a detailed investigation on the macerals of this coal. The inertinite
and liptinite average contents are 37.4% and 7.1%, respectively. Vitrinites in this coal are
primarily collodetrinite and collotelinite, although corpogelinite may predominate (up to
22.9%) in certain instances [53]. Semifusinite and inertodetrinite are the primary inertinites,
with macrinite content sometimes being higher and distributed within collodetrinite. The
liptinite content ranges from 2.3% to 10.8%, and liptinites are primarily sporinite and
cutinite. Macrosporinite usually clusters, and microsporinite is primarily found within
collodetrinite. Cutinite is predominantly thick-walled, but thin-walled cutinite is also
present, primarily lining the vitrinite borders [54].

The coal’s mineralogical composition can be divided into four distinct parts from
bottom to top [54]. The lowest part primarily contains kaolinite, comprising approximately
21 vol.% of the mineral content (on a maceral-free basis). The second part is predominantly
kaolinite (11.4%), with smaller amounts of boehmite (3.3%), pyrite, and a trace of goethite
(Figure 2). The EDS data of boehmite show that Al and O contents are 49.2–57.5% and
44.4–49.7%, respectively (six test points on each photo). Boehmite is significantly enriched
in the middle part, reaching an average content of ~12 vol.% (Figure 2). This high boehmite
concentration is unique, as such high levels have not been observed in other coals world-
wide. Kaolinite is the second most abundant mineral in this part, with an average of 4.1%.
The uppermost part of the seam is characterized by a high quartz content, reaching 16.4%,
and the modes of occurrence of quartz indicate that it likely originated from eroded areas
of the coal basin [113,122–126].
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Although the average of gallium in the entire coal seam of the Heidaigou Mine is
44.8 µg/g, the average gallium concentration in the major minable benches of the No.
6 coal is 51.9 µg/g, exceeding both Chinese industrial standards (30 µg/g, whole coal
basis) and the cut-off grade (50 µg/g, ash basis) proposed by Dai et al. [55]. The major
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minable benches account for a significant portion of the coal bed, representing 81.9% of
the total thickness. The No. 6 coal’s Ga concentration is significantly higher than that of
common Chinese, US, Turkish, UK, and most global coals, as reported by Dai et al. [9],
Finkelman [127], Palmer [128], and Ketris and Yudovich [116], respectively. The presence
of such high gallium in such a super-thick coal bed is rare globally [53,54]. Gallium is
enriched in the high-temperature (550 ◦C) ashes of the coal benches in the Heidaigou
Mine [54]. The average Ga concentration in high-temperature ashes of the main workable
benches reaches 89.2 µg/g, and 81.8 µg/g in ashes from the entire coal seam. In some ashes,
gallium enrichment is significant enriched, reaching up to 178 µg/g [54]. Dai et al. [92]
reported gallium concentrations of 99.1 µg/g in fly ash and 28.7 µg/g in bottom ash from
the Jungar Power Plant. The estimated fly ash to bottom ash yield ratio from this plant is
approximately 9:1 [92]. The high gallium content in No. 6 coal is primarily attributed to the
significant enrichment of boehmite, which contains an average gallium concentration of
900 µg/g. Boehmite constitutes an average of 6.1 vol. % of the entire coal seam and 7.5% in
the main minable benches [53] in the Heidaigou mine. It originated from bauxite in the
weathered crust of the Benxi Formation, which was exposed to the north coal basin during
peat deposition. An estimation by Dai et al. [54] shows that No. 6 coal in the Heidaigou
Mine holds ensured gallium reserves of up to 63,000 tons, making it a super-large Al-
Ga ore deposit. The unique paleogeography of the Jungar Coalfield (thick coal seams,
sediment-source regions, sedimentary environments, as described by Dai et al. [53,56])
and the unusual gallium host (mainly boehmite) in the coal indicate that this deposit is
unparalleled globally [21]. Additionally, rare earth elements are also found in large amounts
in raw coals and their high-temperature ashes in the laboratory. The concentration of total
REEs is 255 µg/g and 830 µg/g in the main minable raw coal benches and their laboratory
high-temperature ashes, respectively [54]. Given that Al is the dominant component of
boehmite, aluminum and REEs in No.6 Coal are also available and valuable resources and
should be co-recovered with Ga [54].

5.2. Critical Metals in the Coals from the Haerwusu Mine, Jungar Coalfield

The average vitrinite reflectance of the Haerwusu No. 6 coal is 0.57%, similar to that
of the Heidaigou coals and also indicating a high volatile bituminous coal according to the
ASTM Standard D388-12 [121]. The Haerwusu coal exhibits a lower vitrinite content (34%)
and is significantly enriched in inertinite (46%) [56] compared to those in the Heidaigou
coals in the Jungar Coalfield. Semifusinite, inertodetrinite, and macrinite are the primary
inertinite macerals (Figure 3), while collodetrinite, telinite, and collotelinite dominate the
vitrinite component. The liptinite macerals, including sporinite, cutinite, resinite, suberinite,
and liptodetrinite (in trace amounts), are present in both coals [53,56]. As with the No. 6
coal in the Heidaigou mine, the No. 6 coal in Haerwusu mainly contains boehmite and
kaolinite (Figure 4B) and traces of pyrite (Figure 4B), with the first being the dominant
mineral in the middle part of coal seam [56]. Boehmite was also derived from bauxite in
the weathered surface (Benxi Formation) in the sediment-source region.

The No. 6 coal is rich in Al2O3 (8.89%), Li (116 µg/g), Ga (18 µg/g), Zr (268 µg/g), and
REEs (172 µg/g); moreover, this coal is rich in toxic elements F (286 µg/g), Se (6.1 µg/g),
Pb (30 µg/g), and Th (17 µg/g) [56]. Aluminum dominantly occurs in boehmite, and to a
lesser extent, kaolinite. Statistical analysis, e.g., high correlation coefficients of the Li–ash,
Li–Al2O3, and Li–SiO2 pairs, indicate that Li mainly occurs in aluminosilicates in the No.
6 coal. Gallium mainly occurs in boehmite based on XRD and SEM-EDS analyses [58].
Based on sequential chemical extraction, the method that has successfully been applied
to the investigations of modes of occurrence of elements in coal [124,129,130], an unusual
occurrence is the presence of fluorine within the organic matter [56]. Typically, fluorine in
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coal, which has attracted much attention due to its toxicity to human health [8,10,131,132],
is linked to silicates and, to a lesser extent, phosphates, carbonates, and fluorite [45,69,133].
Selenium and lead are primarily found in epigenetic clausthalite, appearing as fracture
fillings, similar to those reported by several researchers [21,68,134–136]. As investigated
by Dai et al. [56], the abundant REEs in No. 6 Coal are believed to have originated from
bauxite of the Benxi Formation and from adjacent partings within the coal seam through
groundwater leaching during the late stage of peat accumulation or the diagenetic stage.
Relative to heavy REEs, light REEs are more susceptible to leaching from partings and
subsequent incorporation into the organic matter, resulting in a higher LREE-to-HREE ratio
in coal benches than in their corresponding overlying partings. A similar phenomenon has
also been observed in the Late Permian coals in the Fusui Coalfield, Guangxi Province [72],
and the Late Permian coals in the Huayingshan Coalfield, Sichuan Province [137], both
in southern China. However, elevated concentrations of REEs in some coals or non-
coal horizons in coal-bearing sequences were derived from volcanic ashes, which were
subsequently subjected to hydrothermal solutions [138–145].
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5.3. Critical Metals in the Coals from the Guanbanwusu Mine, Jungar Coalfield

The Guanbanwusu Mine is situated to the north of the Heidaigou Mine. The No.
6 Coal within the Guanbanwusu Mine exhibits a low rank (Rr = 0.56%), comparable to
that found in the Heidaigou and Haerwusu Mines. Petrologically, the coal’s inertinite
content (56.7%) surpasses its vitrinite content (31.0%) [55]. The coal’s mineral composition
is predominantly represented by kaolinite, boehmite, and chlorite, with varying propor-
tions of calcite, ankerite, siderite, and goyazite. Boehmite, goyazite, and a portion of the
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kaolinite originated from the bauxite present in the weathered surface of the erosional
region, as evidenced by their modes of occurrence, which are similar to those found in
the Heidaigou and Haerwusu coals [53,56]. Like many other coals [18,33,64,77,96,146–150],
carbonate minerals, including ankerite, calcite, and siderite, in the Guanbanwusu coals are
of authigenic origin, as evidenced by their mode of occurrence as fracture fillings.

Chlorite is not uncommon in coal and is usually found in a relatively high rank
coals [32,57,133,138,151–153]. Chemically, the chlorite composition is unique in the Guan-
banwusu coals because it has a composition between cookeite and chamosite [55]. The
modes of occurrence of chlorite primarily occur as cell fillings, further suggesting an authi-
genic formation, likely formed from hydrothermal solutions [55]. However, chlorite has
not been reported in the Haerwusu and Heidaigou coals [53,56].

When compared with other Chinese and worldwide hard coals, the Guanbanwusu coal
is significantly enriched in Al2O3, P2O5, Li, Ga, and Sr, with respective concentrations of
9.34%, 0.126%, 175 µg/g, 13 µg/g, and 700 µg/g (whole coal basis) [55]. The notably lower
SiO2/Al2O3 ratio of 0.74 is a direct consequence of the higher abundances of boehmite and
goyazite in the coal. Goyazite acts as the primary mineral hosting P2O5 and Sr. Lithium in this
coal is primarily associated with chlorite (exhibiting similarities to cookeite), kaolinite, and
potentially, to a lesser extent, illite. Some studies also showed that Li in coal mainly occurs
in clay minerals, i.e., chlorite and kaolinite [25,32,42,52,57,64,67,103,108,109,112]. Gallium in
the coal is predominantly concentrated within goyazite. Rare earth elements and yttrium
(REY) exhibit a dual affinity, associating with both organic and inorganic components. They
are primarily concentrated within goyazite-group minerals, with additional occurrences in
boehmite and organic matter [55]. Most coal seams and partings exhibit either L-type or
H-type REY enrichment patterns, directly attributable to the weathered bauxite source region
or groundwater leaching, respectively. The abundance of Al2O3, Ga, REY, and potentially
Li in the Guanbanwusu coals, mirroring those found in the Jungar and Daqingshan Coal-
fields, signifies their potential as industrially valuable metals that are recoverable from coal
combustion residues.

5.4. Critical Metals in the Coals from the Laosangou Mine, Jungar Coalfield

The Laosangou Mine is located to the west of the Heidaigou, Haerwusu, and Guan-
banwusu Mines of the Jungar Coalfield. Highly enriched Al, Ga, Li, and REEs in the coals
from the Laosangou Mine was recently reported by [98]. The coals in the Taiyuan and
Shanxi formations in the Laosangou area exhibit a notable co-enrichment of Al-Li-Ga and
Nb-Ta-Zr-Hf assemblages [98]. Notably, Li, Ga, and Zr concentrations throughout the coal
seam as well as Nb and Ta concentrations in specific sections of the main recoverable No. 6
coal seam reach levels suitable for industrial utilization. This highlights their significant
metallogenic potential and economic value. The average ash-based content of Al2O3 in the
coal is 48.7%, significantly exceeding the industrial recovery standard of 40% for Al2O3,
as proposed by [55]. The average ash-based content of Li2O in the entire No. 6 coal seam
is 0.13%, surpassing the cut-off grade of 0.08% for Li recovery from coal, as proposed by
Zhao et al. [107]. Moreover, the ash-based content range of Li2O in the lower volcanic ash
tuff section of the No. 6 coal seam, approximately 5 m thick (583–588 cm), is 0.24–0.33%,
with an average of 0.28% [98], exceeding the industrial recovery standard of 0.2% for
associated lithium oxide (Li2O) specified in the “Geological Exploration Code for Rare
Metal Minerals”. The average ash-based content of Ga in the entire No. 6 coal seam is
139 µg/g, and that of ZrO2 is 2041 µg/g [98], both meeting their respective industrial
recovery standards. In some specific layers of the No. 6 coal seam, the ash-based content of
Nb2O5 reaches 315 µg/g, meeting its industrial recovery standard. The carrier minerals
for aluminum are boehmite and kaolinite. Lithium is hosted in kaolinite and chlorite in
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the coal, while kaolinite and boehmite are the major carriers of gallium in the coal of the
study area.

The enrichment of Al, Ga, and Li in the coal-bearing Taiyuan and Shanxi formations is
a product of complex geological processes [98]. Initially, the weathering and denudation
of Mesoproterozoic moyite in the Yinshan Oldland provided a primary source for Al, Ga,
and Li. Terrigenous detritus originating from this source was initially enriched in the
weathering crust of the Upper Carboniferous Benxi Formation, situated in the northeastern
part of the basin, serving as a direct material source for Al, Ga, and Li enrichment in the
coal-bearing sequences. Subsequently, fluid activity and water/rock interactions played a
pivotal role. Al, Ga, and Li migrated alongside groundwater, eventually being deposited
and enriched within the coal-bearing sequence. Finally, the introduction of Li, Ga, Nb,
and Ta-rich intermediate-felsic alkaline volcanic ash, in conjunction with the migration of
hydrothermal fluids, led to secondary enrichment of these elements in the studied coals
during the coalification process [98].

5.5. Critical Metals in the Coals from the Adaohai Mine, Daqingshan Coalfield

The CP2 coal seam, the primary target for mining at the Adaohai Mine in the Daqing-
shan Coalfield of Inner Mongolia, exhibits a higher rank (Ro = 1.58%) than those in the
same coals in neighboring mines in the Daqingshan Coalfield [84,95,97]. This elevated rank
is a result of igneous intrusions that occurred during the late Jurassic to early Cretaceous
ages. Elevated coal ranks caused by igneous intrusions have also been reported in a num-
ber of other areas around the world [75,78,154,155], but it seems that concentrations of
critical elements in these hydrothermally altered coals were not highly enough to be recov-
ered [113,156,157]. The CP2 coal contains a higher inertinite content, i.e., 35.3%. Compared
with the common Chinese and world coals, the CP2 coal is enriched in Al2O3 (10.75%,
whole coal basis), Ga (16.3 µg/g), and Zr (446 µg/g) and has a lower SiO2/Al2O3 ratio
(0.93) due to the higher proportions of diaspore, boehmite, and gorceixite in the coal [97].
The average ash yield of the coal seam is 25.1%. The average concentration of Al2O3 and
Ga in the coal ash is 42.8% and 65 µg/g, respectively, reaching their cut-off grade (40%
and 50 µg/g, respectively). The major hosts of Ga are diaspore and kaolinite. The coals
exhibit an enrichment in light rare earth elements (LREEs) and a significant fractionation
of LREEs and HREEs, with an average (La/Yb)N value of 8.71. Heavy REEs in the coals
demonstrate a stronger organic affinity compared to LREEs. The mineral assemblage of
the CP2 coal includes hydrodioxides (e.g., boehmite and diaspore), phosphate minerals
(e.g., gorceixite), carbonate minerals (e.g., dolomite, calcite, and siderite), and clay minerals
(e.g., kaolinite and ammonian-illite) [96,111,112]. The hydrodioxides and phosphate min-
erals as mentioned above originated from oxidized bauxite in the erosional areas during
peat deposition. In contrast to diaspore, which originated from gibbsite dehydrated by
the heat of igneous intrusions, gorceixite may have formed at an earlier stage [158–160].
Ammonian illite likely formed at a relatively high temperature through the interaction of
kaolinite with N released from the organic matter of the coal during the metamorphism
induced by the igneous intrusion [82,96,161]. Calcite and dolomite, occurring as epigenetic
cell and fracture fillings, probably derived from igneous fluids [96].

The Adaohai Mine is situated approximately 50 km southwest of the intrusion. The
Datanhao Mine is located between the Hailiushu and Adaohai Mines; the latter two mines
are separated by a distance of about 10 km [82]. As proximity to the intrusion increases, so
does vitrinite reflectance (from 0.84% to 1.17% to 1.58%), but volatile matter yield decreases
(from 44.57% to 31.31% to 19.60%) in the three coal mines mentioned above [83,84,95,97].
The coals in the Hailiushu mine, which is located at the westernmost area of the coalfield,
exhibits the most negative δ13C values for organic matter (from −24.8‰ to −23.5‰, mean of
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−24.3‰). Conversely, as distance from the intrusion diminishes, the carbon isotope values of
the organic matter of coals from the Datanhao Mine vary from −24.8‰ to −23.5‰ (mean of
−24.2‰). The easternmost Adaohai coals in the Daqingshan Coalfield display δ13C values of
organic matter between −23.8‰ and −22.8‰ (mean of −23.3‰), approximately 1‰ more
positive than those found in the coals from the Datanhao and Hailiushu Mines. The variation
in δ13C values of organic matter is not solely attributed to macerals but also to the loss of
volatiles that are rich in 12C, resulting from the heat generated by the igneous intrusions in
the coalfield. As previously reported by other researchers [6,162–165], the δ13C variation of
organic matter in coal is caused by several reasons, such as coal-forming plants, sedimentary
environments, paleoclimate, and rank advance.

The hypothesis proposed by Dai et al. [97], i.e., the coal was subjected to igneous
intrusion, was corroborated by Rock-Eval analysis of the organic matter [96], which revealed
an increase in the average Tmax value in the order of Hailiushu, Datanhao, and Adaohai
coals. Additionally, fracture-filling and/or cleat-filling carbonate minerals were more
commonly prevalent in the coals of Adaohai than those of the Datanhao Mine. The δ13CPDB

values (ranging from −14.2‰ to −1.7‰) and δ18OPDB (ranging from −16.9‰ to −7.0‰)
of these veined carbonate minerals collectively suggest a precipitation of hydrothermal
solutions [96], which originated from the igneous intrusion and were implied by the high
87Sr/86Sr values (varying from 0.711392 to 0.717643) of carbonates within the hydrothermal
solution-affected coals [96]. 87Sr/86Sr values have also been successfully used as indicators
for depositional environments [47,166] and sources of critical element Ge in coal [47].

6. Benefits of Recovery of Critical Metals from Coal Combustion
By-Products

The ensured coal reserves in the Jungar Coalfield are estimated at 58.2 billion tons.
High-aluminum coal reserves, accounting for 26.7 billion tons, are recoverable from this
region, with an annual mining capacity of approximately 100 million tons. Consequently,
the annual coal combustion byproduct from this mining activity is estimated at 2 million
tons. Therefore, extracting critical elements from the Jungar coal ash offers a number of
important advantages. First, it can ensure a possible stable supply of critical elements of
Al, Ga, Li, rare earth elements, and possibly Zr and Nb, bolstering national security and
economic development. Second, it may mitigate the challenges associated with developing
new conventional metalliferous mines by utilizing an existing coal combustion byproduct
that is highly rich in these critical metals [167], thereby significantly reducing infrastructure
and mining costs. Third, the energy-intensive grinding process is bypassed, as fly ash is
already finely particulate. Forth, traditional coal mining and utilization’s environmental
consequences, including dust emissions and the risk of slurry impoundment breaches,
could be minimized. For example, the leaching of toxic elements (e.g., F, Pb, Hg, and
As) from fly ash into ground water, a common issue with tailings [168,169], could be
prevented. Finally, the financial and environmental burdens of coal combustion product
disposal are alleviated through the co-recovery of several critical elements. These economic
and environmental benefits make Jungar and possibly Daqingshan coals and their coal
combustion byproducts an attractive source of critical elements, particularly for China, a
country with substantial coal consumption [170].

7. Conclusions
Overall, compared with conventional critical metal deposits, coal-hosted Al-Ga-Li-

REE deposits have the following characteristics: (1) they were discovered, explored, and
developed relatively late, belonging to a new type of critical metal deposit; (2) these deposits
have huge resources/reserves, often forming large or super-large critical metal deposits;



Minerals 2025, 15, 74 13 of 21

(3) these deposits are characterized by the co-enrichment of multiple metals, providing
conditions for the co-recovery of various metals; (4) the stratigraphic position of these
deposits is stable in both thickness and space, and the coal structure is relatively simple,
making exploration and development relatively easy and cost-effective.

To better develop and utilize these deposits, the following work should be emphasized
and carried out in the future: (1) Work should focus on the joint exploration and develop-
ment of coal resources and critical metal resources to reduce the cost of exploration and
development of coal-hosted critical metals and shorten the exploration and development
cycle. (2) Since REEs are highly enriched in these deposits but have not been developed and
utilized, in addition to gallium, aluminum, and lithium, the development and utilization
of REEs in coal and fly ash should also be strengthened to improve resource utilization
efficiency and reduce the cost of critical metal development. (3) Toxic elements such as
fluorine and lead are enriched in these deposits, and their harm to the environment and
health should be considered during the extraction and development of critical metals,
particularly their concentrations, modes of occurrence, and migration during critical metal
extraction from coal ashes. A high-efficiency technology for controlling their adverse effects
on environments should be developed. (4) Further research should be conducted on the
mineralization theory of critical elements in order to provide basic data on coal geochem-
istry and coal mineralogy for regional geological evolution but also provide references and
directions for the search and development of similar ore deposits in other areas.
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Miocene coal seams from the Alpu coalfield (Eskişehir, Central Türkiye): Insights from syngenetic zeolite formation. Int. J. Coal
Geol. 2024, 282, 104408. [CrossRef]

148. Pearce, J.K.; Blach, T.; Dawson, G.K.W.; Southam, G.; Paterson, D.J.; Golding, S.D.; Bahadur, J.; Melnichenko, Y.B.; Rudolph, V.
Cooper Basin REM gas shales after CO2 storage or acid reactions: Metal mobilisation and methane accessible pore changes. Int. J.
Coal Geol. 2023, 273, 104271. [CrossRef]

149. Shen, M.L.; Dai, S.F.; French, D.; Graham, I.T.; Spiro, B.F.; Wang, N.; Tian, X. Geochemical and mineralogical evidence for the
formation of siderite in Late Permian coal-bearing strata from western Guizhou, SW China. Chem. Geol. 2023, 637, 121675.
[CrossRef]
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