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Abstract

The severe slagging caused by high-alkali coals restricts the utilization of Xinjiang coal
resources in China. This study investigates the mineral composition, geochemical charac-
teristics, modes of occurrence, and controlling factors of alkali and alkaline earth metals in
high-alkali coals from the Dananhu Coalfield, Turpan-Hami Basin. The investigated coals
are classified as lignite, characterized by low ash yield, extra low sulfur, and medium-high
alkali contents. Quartz and kaolinite are dominant, with accessory calcite, K-feldspar,
pyrite, gypsum, siderite, celestite, and Ba-bearing celestite. Compared to average Chinese
coals, Na, Mg, Ca, and Cl are enriched, with the shallowest No. 3 coal seam showing
the highest enrichment. Based on the correlation analysis, K is likely associated with
K-bearing aluminosilicates (e.g., K-feldspar and illite), while Ca, Mg, and Na probably
exhibit both organic and inorganic affinities. Sequential extraction results indicate that
Na is predominantly water-soluble and ion-exchangeable, whereas Ca and Mg are largely
ion-exchangeable and HCl-soluble. The abundant cell cavities and oxygen-containing
functional groups in lignite provide both binding sites and accommodation space for Ca,
Mg, and Na. Despite a continental freshwater depositional setting, tectonic isolation and
persistent arid conditions potentially promoted epigenetic enrichment of Na, Mg, and
Ca. Closed hydrogeological units formed by tectonic movements restricted leaching and
enhanced evaporation, concentrating these elements in the coal seams. Future research
should focus on implementing economically feasible dealkalization pretreatment processes
for the clean utilization of high-alkali coals.

Keywords: coal geochemistry; high-alkali coal; mode of occurrence; removal of alkali
metals; genetic mechanism

1. Introduction

Coal remains one of the most pivotal energy resources in the world, playing an impor-
tant role in power generation, coal gasification, and the steel industry [1,2]. The K, Ca, Na,
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and Mg, known as part of alkali and alkaline earth metals (AAEMSs), carried by coal are
of particular interest. Their release during coal utilization frequently induces operational
issues, such as boiler slagging and gasifier outlet blockage [3—6]. This consequently ren-
ders their geochemical behavior a research focus for both industrial practitioners and the
academic community.

High-alkali coal is widely distributed across China, Turkey, Ukraine, Germany, Aus-
tralia, and other countries worldwide, and its formation is mainly attributed to marine
transgression-influenced peatlands, volcanic clastic input, or the impact of highly mineral-
ized groundwater [7-11]. Coal ash from Victoria, Australia, can contain up to 20.55% Na,O
and 6.95% CaO, which is related to marine transgression [7]. The Zhundong Coalfield in
the Xinjiang Uygur Autonomous Region, China, stands out as a representative high-alkali
coal-producing area with enormous reserves. The Na,O content in the Zhundong coal
ash exceeds 2%, with some samples surpassing 10% [12,13]. For the Zhunnan Coalfield
in Xinjiang, the average NayO content in coal ash is 10.91% (max. 13.26%), whereas the
average CaO content in coal ash reaches 10.91% (max. 13.28%) [14].

The modes of occurrence of AAEMs govern their migration behavior during coal
combustion, pyrolysis, and gasification [12,15-17]. Various approaches, including statistics,
density and size fractionation, selective leaching techniques, in situ microanalyses, and X-
ray powder diffraction (XRD), have been employed to characterize the modes of occurrence
of K, Ca, Na, and Mg in low-rank coal [10,15,16,18-22]. A significant proportion of Ca is
found in electron microprobe studies of coal macerals of Australian low-rank coal and
in Philippi peat (NE Greece) surrounded by carbonate basement, indicating that Ca has
an affinity for organic matter [18,23]. Syngenetic and epigenetic mineralization in coal,
particularly the formation of carbonates such as calcite, has been extensively documented
by Karayigit and co-workers in Turkish coal basins [24,25]. The Na and Ca in the coals
of the Beypazari Basin, Turkey, are mainly attributed to interactions between Ca/Na-rich
fluids and volcanic tuffs contained in the coals [26]. Benson classified AAEMs in coal into
four types: water-soluble, NHyAc-soluble, HCl-soluble, and insoluble residues [27]. On
this basis, some researchers investigated the occurrence and removal of AAEMs in Chinese
high-alkali coal. It was found that Na mainly exists as water-soluble inorganic Na and
organic Na, with only a minor proportion present as insoluble phases in the Zhundong
coal and its different macerals, suggesting a potential epigenetic origin [12,21,28]. Na
and K in Inner Mongolia lignite coals exhibit different occurrence modes, with the former
being almost entirely extracted through water, NH4Ac, and HCI, and the latter primarily
existing in an insoluble form [29]. Coal washing can remove up to 80% of Na from Sha’erhu
coal [30]. The Ca and Mg in Zhundong coals mainly exist as NHyAc-soluble and HCI-
soluble, with K in coal being mainly associated with insoluble residues [12]. In addition, a
recent advance in cryo-scanning electron microscopy has revealed that water-soluble NaCl,
normally undetectable by conventional SEM due to dehydration effects, can be induced to
crystallize as halite upon freezing and thus directly imaged [31].

Previous studies have previously focused on Na in Chinese coals, with special em-
phasis on the Zhundong Coalfield. These studies covered topics including concentration,
distribution, modes of occurrence, and enrichment mechanisms. Although several studies
on coal from the Turpan-Hami Basin have focused on the Na content and cleaning charac-
teristics of individual samples, the vertical variations, modes of occurrence in different coal
seams, and geological controls of AAEMs in multiple coal seams within specific coal mines
remain unexplained. It is unclear how Na, Ca, and Mg can be strongly enriched in coals
formed in freshwater environments.

In this paper, we combine geochemical profiling, mineralogy, and sequential extraction
to investigate the vertical distribution, modes of occurrence, and possible enrichment
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mechanisms of K, Ca, Na, Mg in coals from a single borehole in the Dananhu Coalfield
exploration area, Xinjiang, China. Our results establish a genetic model linking AAEM
enrichment to structural and climatic controls, providing a scientific basis for predicting
high-alkali coal distribution and designing dealkalization strategies.

2. Geological Setting

The Turpan—-Hami Basin is situated in eastern Xinjiang, China, bounded by the Tarim,
Siberian, and Kazakhstan plates (Figure 1a) [31,32]. The topography of the basin is charac-
terized by elevated terrain in the north, reduced elevation in the south, elevated terrain in
the east, and reduced elevation in the west. The basin is bordered to the south by the Juelu-
otage Mountains and to the north by the Tianshan Mountains [33-35]. The Turpan-Hami
Basin is a syncline with thrust tectonics and can be divided into five Class I tectonic units
and several Class II tectonic units. The Class I units are the Turpan Depression, the Liaodun
Uplift, the Sha’erhu Uplift, the Southern Uplift, and the Hami Depression (Figure 1b) [35].
The Dananhu Shallow Sag is a secondary sag within the Southern Uplift. The study area is
in the eastern part of the shallow sag, southwest of Hami City.
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Figure 1. Geological background of Turpan-Hami Basin and SF1 exploration area: (a) location of
Turpan-Hami Basin, Xinjiang, China; (b) regional tectonic setting (redrawn from [32,35]); (c) structural
outline map of the study area and location of borehole (internal exploration data); (d) stratigraphic
sequence of the study area.

The exploration area exhibits a triangular shape. The coal seams within the area
are generally steep in the northeast and southwest, and in the middle of the exploration
area, there is a syncline with secondary folds. Most of the faults in the area are NE-
and NNE-oriented (Figure 1c). The strata of the study area are, in the order of oldest to
newest, middle-upper Carboniferous (C,.3), middle Jurassic Xishanyao Formation (J»y),
middle Jurassic Toutunhe Formation (J»t), and the Quaternary strata. The middle Jurassic
Xishanyao Formation was deposited directly on top of the Carboniferous strata, with the
Sangonghe Formation and the Badaowan Formation lacking (Figure 1d).
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The depositional environment of the Xishanyao Formation in the Dananhu Shallow
Sag was an alluvial fan—pre-fan floodplain wetland on the deltaic plain, with multiple coal
seams deposited [36,37]. The lithological composition of the middle section of the Xis-
hanyao Formation is characterized by the presence of gray, light gray, dark gray mudstone,
siltstone, fine-grained sandstone, carbonaceous mudstone, and coal seams, with a lesser
abundance of medium-grained sandstone and glutenite (Figure 2).
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Figure 2. Stratigraphic column of the middle section (yellow part of Figure 1d) of the Xishanyao
Formation and sample information. Thickness of Section: the thickness range of this interval in the
study area; Samples and Thickness: coal seams sampled and corresponding sample thickness.

The sedimentary evolution and coal accumulation within the Dananhu Shallow Sag were
critically controlled by the tectonic activities of its surrounding mountain belts and internal
basement uplifts. Therefore, characterizing the composition and uplift history of these tectonic
units is essential for understanding the isolated burial history of the study area. The Jueluo-
tage Mountains to the south belong to the Late Paleozoic Island arc fold belt of the Eastern
Tianshan, an active continental margin of the Tarim Plate. These mountains functioned as
a primary sediment source area. Extending basinward from this orogenic belt, the Liaodun
Uplift and Sha’erhu Uplift are basement paleo-uplifts that acted as a key tectonic-geomorphic
barrier within the southern Turpan-Hami Basin (Figure 1b). To the north, the Bogda-Harlike
Mountains remained as gentle paleo-uplifts during the Early-Middle Jurassic, but experi-
enced intensified uplift from the late Middle Jurassic through the Cretaceous. This tectonic
configuration, particularly the Sha’erhu Uplift, impeded sedimentary connectivity between
the Dananhu Shallow Sag and the Hami Depression, resulting in a relatively independent
sedimentary and burial evolutionary history of the Dananhu Shallow Sag [37,38].
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3. Materials and Methods

A series of 44 coal samples belonging to 19 coal seams were collected from a single
borehole of the Dananhu Coalfield exploration area (borehole position is shown in Figure 1c).
The sampling of coal seams strictly follows lithology boundary constraint and uniform
thickness control principles. For thick coal seams (single coal layer thickness > 3 m), stratified
sampling was carried out with a single sample thickness of 0.8-2.9 m; thin coal seams (<3 m)
were sampled as a whole layer. For each lithological split interval of core, 10 cm thick core
segments were separately collected from the top, middle and bottom parts of the interval.
The three subsamples were fully homogenized, split down by coning and quartering, and
immediately sealed in airtight bags to mitigate oxidation. Each sample label was annotated
with its corresponding core interval, and the matching relationship between sample numbers
and stratigraphic intervals is presented in Figure 2.

Prior to analysis, the samples were spread in a thin layer and allowed to equilibrate
with laboratory atmosphere until a stable weight was attained. Subsequently, the dried
samples were thoroughly ground into powder using an agate mortar and preserved for
future use. The samples were screened to a size of 1840 mesh (0.38-0.85 mm) for maceral
analysis, <80 mesh (<180 pum) for proximate analysis, <200 mesh (<71 pm) for trace element
analysis, and <325 mesh (<44 um) for X-ray powder diffraction analysis.

The mean random reflectance of huminite/vitrinite (Ro ran) was determined using a
microscope equipped with a spectrophotometer according to ASTM D2798-21 [39]. Before
reflectance analysis, the 18—40 mesh (0.38-0.85 mm) coal particles were embedded in a
cold-mounting epoxy resin (MDS-003, Midisha, Zhongshan, China; refractive index of ap-
proximately 1.50) mixed with curing agents, and then ground and polished for subsequent
analysis. The maceral of coals was observed and identified by the oil-immersed microscope
according to the ICCP System-1994 (classifications of vitrinite, huminite, liptinite, and
inertinite) [40—43].

The mineralogy of bulk coal samples was determined by X-ray powder diffraction
(XRD). XRD analysis was performed on a D8 Advance powder diffractometer with Ni-
filtered Cu-Ka radiation and a scintillation detector. The XRD pattern was recorded over
a 20 interval of 10-80°, with a step size of 0.02°. A scanning electron microscope in
conjunction with an energy-dispersive X-ray spectrometer (SEM-EDS) was used to study
the morphology and microstructure of minerals, and to determine the distribution of
some elements in coal samples. SEM observations of coal samples were performed on a
Zeiss scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany) at 18 kV and a
working distance of 9.6 mm.

Proximate analysis (including the moisture, ash yield, and volatile matter content)
was performed following ASTM D3173/D3173M-17a, D3174-12, and D3175-18 [44-46],
respectively. The total sulfur content (S;4) was determined according to ASTM D4239-
18el [47]. The transmittance of coal samples was conducted following the Chinese Standard
Method GB/T 2566-2010 [48]. The major element oxides (including SiO,, TiO,, Al,O3,
Fe;O3, MnO,, MgO, CaO, NayO, K;0O, and P»0s) in coal ash (815 °C) were determined
by X-ray fluorescence (XRF) spectrometry [49], and the loss on ignition (LOI) was also
determined at this temperature.

The determination of chlorine in coal is based on ASTM D4208-19 [50]. The ion-
selective electrode method was used to determine fluorine concentration in samples accord-
ing to ASTM D5987-96 [51]. Boron in samples was determined by emission spectrometry
with vertical electrodes on a meter plane grating spectrograph (WP-1). Inductively coupled
plasma optical emission spectroscopy (ICP-OES) was used to determine trace elements
(including V, Cr, Co, Ni, Cu, Zn, and Sr) in coal samples. Approximately 50 mg of each coal
sample powder (<71 um) was weighed and digested in a microwave digestion system using
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a HNO;3;-HF-H;0; acid mixture. After complete digestion, the solution was evaporated
to near-dryness on a hot plate, re-dissolved in 2% (v/v) dilute HNOj to a final volume of
25 mL, and then analyzed by ICP-OES. The procedure follows the general principles of EPA
Method 3052 (SW-846): Microwave Assisted Acid Digestion of Siliceous and Organically
Based Matrices [52]. Trace element concentrations are presented as whole numbers (ug/g)
in accordance with the practical quantification limits of the ICP-OES method employed.

The sequential chemical extraction procedure (SCEP) was used to determine the occur-
rence modes of K, Ca, Na, and Mg in coal samples by analyzing their contents in different
extraction liquid products. In this study, a four-step SCEP was carried out following the
previously established methodologies [12,27]. The SCEP analysis was performed on four
raw coal powder samples (<71 pm), designated as No. 3-01, No. 8-01, No. 16-01, and
No. 25-03, which were collected from four different coal seams, respectively. The forms
of AAEMs in the four SCEP products were defined as the following forms: water-soluble,
NH4Ac-soluble, HCl-soluble, and insoluble. A detailed flowchart of the procedure is shown
in Figure 3. The dried coal samples (1.5 g), ground to <0.18 mm, were extracted in se-
quence with deionized water (18.2 M(Q)-cm at 25 °C, ~0.055 uS/cm), NH4Ac (1 mol/L), HCI
(1 mol/L), and mixed digestion acid (HNOs3: HF: HCIO, = 2:6:1). To avoid the AAEM ions
contained in residues influencing the following extraction, the centrifuged products were
washed with 10 mL deionized water and centrifuged three times. Then, all supernatant,
including washing solution and centrifuged solution, was placed in a constant volume
bottle, with deionized water added to attain a final volume of 100 mL. The residues (I, II,
and IIT) were dried in an oven for two hours (105 °C) to avoid agglomeration that would
cause problems in the following extraction. In addition, all four SCEP extracts were diluted
to a final volume of 100 mL. Finally, the concentrations of ions in the four products were
tested by ICP-OES.

Deionized water 60ml Imol/L 60ml 1mol/L 60ml 6ml HF »
I _ | - 1ml HCIO,
— =|= - N =| = - N =S
Agitation E S Agitation 2 S Agitation glo
12h 60°C 100r/min 'z °g 12h 60°C 100r/min E 02 12h 60°C 100r/min 'E OQ
1 o 1 o 1 %"
Centrifugation Centrifugation Centrifugation Canplf:te
(10min 4000r/min) (10min 4000r/min) — (10min 4000r/min) Digestion
Wash three times Wash three times Wash three times

Water-AAEMs Residue-AAEMs

Figure 3. The flowchart of the four-step sequential chemical extraction procedure.

[NH4AC—AAEMS ] [ HCI-AAEMs ]

4. Results
4.1. Minerals in Coals

XRD and SEM-EDS analysis was performed on coal samples to characterize their
mineral assemblages and crystallinity. The XRD patterns with d-values are plotted in
Figure 4, and these analyzed samples cover 19 coal seams (Figure 4). The diffractograms
(26 range: 10°~80°) reveal a consistent dominant presence of quartz (Qz), whereas kaolinite
(Kln) is identifiable in most samples. Accessory minerals, including pyrite (Py), gypsum
(Gp), and siderite (Sd), varied across different samples. A limitation of the current XRD
analysis is the starting angle of 20 = 10°, which prevents the identification of clay minerals
whose characteristic basal reflections typically occur at lower angles, including illite, mont-
morillonite, and illite/smectite (I/S) mixed-layer clays. Therefore, the presence of these
minerals in the studied samples cannot be ruled out based on the obtained data.
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Figure 4. XRD pattern of part of coal samples with d values.

4.1.1. Clay Minerals

Kaolinite was present in most samples (Figure 4). Three morphological varieties of
kaolinite were identified in coal via SEM-EDS. The first type occurred as aggregated particles
approximately 2 pm across, which occurred as cell-filling materials (Figures 5a,j, and 6a).

The second exhibited a thin-layered structure, tightly intergrown with detrital minerals,
such as K-feldspar, zircon, and quartz (Figure 5c). The third kaolinite occurred as radiating

aggregates, filling the fracture of organic matter (Figure 6e).
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(i) Element Atomic %
(6] 67.96
S 11.32
T Fe 15.25
Na 5.47
Total 100

Kaolinite

Pyrite

100pm 100pm

Figure 5. SEM back-scattering images of minerals in samples. (a) Fracture-filling kaolinite, No. 16-01.
(b) Atomic percentage of elements at spot 1. (c) Mineral detrital cement, No. 16-01. (d) Celestite
and Ba-bearing celestite (Ba-celestite), No. 16-01. (e) Atomic percentage of element at spot 2 and
spot 3. (f) Fracture-filling celestite and calcite, No. 16-01. (g) Fracture-filling pyrite, No. 25-01.
(h) Natrojarosite and pyrite, No. 16-01. (i) The EDS data of spot 4. (j) Cell-filling kaolinite, No. 25-02.
(k) Fracture-filling siderite, No. 22L-02. (1) Cell-filling pyrite, No. 25-02.

Figure 6. SEM back-scattering images of minerals or organic matter in samples. (a) Cell-filling
kaolinite, No. 16-01. (b) Acicular chalcopyrite, No. 18-1. (c) Kaolinite in No. 3-01 coal sample.
(d) Quartz embedded within coal organic matter, No. 5-02. (e) Radiating aggregates of kaolinite,
No. 25-03. (f) Euhedral quartz crystal, No. 30-01.

4.1.2. Quartz

Quartz was observed in all samples and appeared as sharp, intense diffraction peaks.
Samples No. 16-01, No. 25-01, and No. 22L-01 exhibited particularly strong and well-
defined peaks, indicating high crystallinity (Figure 4). Quartz occurred as granular particles
with moderate rounding, embedded within coal fractures or intergrown with other minerals
(Figures 5c,g and 6d). Authigenic quartz was observed as micrometer-scale, subhedral to
euhedral crystals (<2 um, Figure 6f). These crystals displayed well-defined crystal faces
and smooth edges, distinct from the angular morphology of detrital quartz [53].

4.1.3. Accessory Minerals

Pyrite was detected in samples No. 5-01, No. 28-01, and No. 29-01 (Figure 4). Pyrite
mainly occurred as cell-filling and fracture-filling phases (Figure 5g-i). Additionally,
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acicular grains of chalcopyrite were identified (Figure 6b). Gypsum was identified in
samples No. 29-01 and No. 28-01. Siderite was observed filling fractures in sample
No. 22L-01 (Figure 5k). Calcite, celestite, Ba-celestite, and natrojarosite were also identified
within the coal from No. 16-01 coal seams (Figure 5d,fh). Celestite and Ba-celestite
displayed a ~250 pm intergrown aggregate, hosted within a fracture space (Figure 5d). Both
minerals exhibited euhedral to subhedral tabular or short prismatic habits, characteristic of
orthorhombic sulfate minerals. Notably, celestite occupied the larger area and formed the
dominant phase of the aggregate, developing as broad tabular crystals with well-defined
crystal faces. Fracture-filling celestite together with calcite indicated the activity of Sr-rich
fluids (Figure 5f). The co-occurrence of natrojarosite in association with pyrite suggests the
impact of oxidizing events (Figure 5h).

4.2. Coal Chemistry and Maceral Composition

The results of the proximate analysis, total sulfur analysis, fixed carbon, transmittance
(PMm), and vitrinite random reflectance (Ro ran) of samples are shown in Table 1. The moisture
content on an air-dry basis ranges from 9.87% to 21.10%, with an average of 15.04%. The ash
yield on a dry basis ranges from 5.03% to 38.78%, with an average of 14.90%. These coals are
classified as low-ash coal according to Chinese Standard Method GB/T 15224.1-2018 [54].
The volatile matter yield on a dry ash-free basis ranges from 38.78% to 51.77%, with an
average of 43.47%. The fixed carbon content of coals on a dry basis ranges between 29.53%
and 57.71%, with an average of 48.18%. The PM is within the range of 40-74%, with an
average of 54.5%. The total sulfur content on a dry basis ranges from 0.13% to 1.52%, with
an average of 0.42%, belonging to ultra-low-sulfur coal according to Chinese Standard
Method GB/T 15224.2-2021 [55].

Table 1. Proximate analysis, total sulfur content, fixed carbon content, transmittance, huminite
random reflectance (%), and maceral compositions of Dananhu coals (%).

Coal Sample Mad Ad Vdaf FCd St,d PM Ro,ran Hum I L H/1
No. 3-01 11.29 38.76 49.20 31.11 0.78 54.00 0.34 58.00 35.90 6.10 1.62
No. 3-02 11.60 38.78 51.77 29.53 0.68 58.00

No. 5L-01 11.77 14.01 44.14 48.03 0.68 44.00

No. 5L-02 12.80 27.82 44.04 40.39 0.83 40.00 0.35 45.20 42.80 12.00 1.06
No. 5L-03 14.62 20.03 44.55 44.34 0.59 42.00

No. 8-01 19.52 27.04 44.62 40.41 0.35 46.00 0.36 56.80  33.70 9.50 1.69
No. 11-01 18.10 13.36 42.19 50.09 0.28 44.00 0.34 64.9 27.80 7.30 2.33
No. 12-01 16.00 6.60 40.43 55.64 0.24 58.00

No. 12-02 12.54 5.35 42.93 54.02 0.18 58.00 0.34 38.50 48.70 12.80 0.79
No. 12-03 17.74 6.97 41.81 54.13 0.26 46.00

No. 15-01 15.64 10.95 45.34 48.67 0.33 56.00 0.35 4250 4580 11.70 0.93
No. 15-02 13.14 26.78 45.63 39.81 1.25 44.00

No. 15-03 15.96 11.07 42.84 50.83 0.38 44.00 0.35 51.00 37.40 11.60 1.36
No. 15-04 14.60 18.69 44.61 45.04 0.33 52.00

No. 15-05 11.66 21.96 47.20 41.21 0.55 54.00

No. 16-01 13.14 38.13 47.23 32.65 0.73 52.00 0.37 69.30 22.30 8.40 3.11
No. 18-01 20.54 5.74 38.92 57.57 0.24 74.00

No. 18-02 19.64 6.22 40.49 55.81 0.29 46.00 0.34 53.40 34.00 12.60 1.57
No. 18-03 20.95 9.13 40.12 54.41 0.30 48.00

No. 18-04 15.76 27.49 42.99 41.34 0.37 42.00
No. 19U-01 16.47 6.23 40.89 55.43 0.29 48.00 0.37 37.70 53.90 8.40 0.7
No. 19L-01 12.59 23.60 43.95 42.82 0.48 46.00
No. 20U-01 21.10 6.20 38.78 57.42 0.22 54.00 0.36 44.90 43.00 12.10 1.04
No. 20U-02 14.48 2243 38.83 47.45 0.27 58.00
No. 22U-01 13.81 7.26 39.97 55.67 0.29 56.00 0.35 25.60 61.60 12.80 0.42
No. 22U-02 14.16 571 40.94 55.69 0.35 60.00
No. 22L-01 14.70 18.19 42.56 46.99 0.45 56.00
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Table 1. Cont.

Coal Sample \Y Aq Vdat FCy4 Sta Py Ro,ran Hum I L H/1
No. 25-01 15.72 5.03 39.23 57.71 0.13 64.00
No. 25-02 18.60 10.81 41.21 52.43 0.37 56.00 0.37 38.00 49.10 12.90 0.77
No. 25-03 18.27 9.62 42.20 52.24 0.46 52.00
No. 25-04 17.77 15.65 42.53 48.48 0.33 56.00
No. 25-05 15.32 23.26 46.92 40.73 0.43 56.00
No. 26-01 16.65 6.84 4421 51.97 0.28 56.00
No. 26-02 14.41 5.76 41.74 54.90 0.16 60.00 0.37 36.00 51.80 12.20 0.69
No. 26-03 15.44 5.61 43.92 52.93 0.19 62.00
No. 27-01 13.52 19.98 43.68 45.07 0.43 62.00
No. 28-01 13.11 11.05 45.81 48.20 1.52 62.00
No. 28-02 13.22 7.37 43.37 52.46 0.28 54.00 0.38 42.10 50.30 7.60 0.84
No. 29-01 10.72 26.86 42.11 42.34 0.27 66.00
No. 29-02 9.87 26.43 45.83 39.85 0.22 66.00 0.37 38.70 50.80 10.50 0.76
No. 29-03 12.92 8.93 40.67 54.03 0.37 68.00
No. 29-04 12.90 8.70 45.94 49.36 0.30 58.00
No. 30-01 12.64 8.54 43.00 52.13 0.48 60.00 0.39 57.90 25.80 16.40 2.24
No. 30-02 13.51 10.96 45.63 48.41 0.35 60.00
Wtd mean 15.04 14.9 4347 46.62 0.42 52.98

Abbreviations: M, moisture; A, ash yield; V, volatile matter; S;, total sulfur; Py, mean of transmittance; Rq ran,
huminite/vitrinite random reflectance; 4, dry; ,q, air-dry basis; 4,¢, dry and ash-free basis; Hum, huminite;
I, inertinite; L, liptinite; Wtd mean: weighted average, calculated using sample thickness as the weighting factor.

The maceral composition of the Dananhu coal is primarily composed of huminite and
inertinite. The highest huminite content is found in sample No. 11-01, while the highest
inertinite content is observed in sample No. 22U-01. The average huminite R, ran values of
individual coal intervals range from 0.34% to 0.39%. All reflectance values are below 0.5%,
indicating that the studied coals are low-rank coals and belong to the lignite stage according
to BS ISO 11760-2018 [56]. Maceral compositions of samples are shown in Figure 7.

Figure 7. Maceral compositions of the Dananhu coal samples under oil immersion reflected light (a—f)
and reflected fluorescence (g-i). (a) Ulminite (u) in No. 3-01; (b) corpohuminite (corp) and suberinite
(sub) in No. 5-02; (c) fusinite (f) and detrohuminite (dh) in No. 5-02; (d-i) densinite (ds), semifusinite
(sf), resinite (r), and inertodetrinite (id) in No. 30-01. (d,g), (e,h), and (f,i) are twins.

https://doi.org/10.3390/min16070730


https://doi.org/10.3390/min16070730

Minerals 2026, 16, 730

11 of 25

4.3. Geochemistry
4.3.1. Major Element Oxides in Coal

The contents of major element oxides of coal samples and the corresponding average
values for Chinese coals are given in Table 2 [1]. The samples exhibit highly variable LOI
values (65.62-95.76%), with a weighted mean of 87.34%. The major element oxides in coal
samples on a whole-coal basis are dominated by SiO, and Al,O3, with an average content
of 6.22% and 2.90%, respectively, followed by CaO and Fe;O3, with an average of 1.40%
and 0.70%, respectively. For weighted average, contents of major element oxides in the
samples, except for MnO,, Na,O, MgO, and CaO, were lower than the corresponding values
in Chinese coal. The concentration coefficient (CC, the ratio of element content in investigated
coals vs. average content for Chinese coals) was used to evaluate the enrichment of major
elements [57]. The average Na,O content is slightly enriched (2 < CC <5, CC =4.09). The
contents of SiO,, CaO, MgO, K,O, MnO, and P,Os are close to the average values for
Chinese coals (0.5 < CC < 2). The contents of Al,Os, Fe;O3 and TiO; are depleted (CC < 0.5).

Table 2. Loss on ignition (LOI) and major element compositions in Dananhu coals (%, recalculated
on an air-dry whole-coal basis).

Samples LOI 5102 Ti02 A1203 F8203 MI‘IOZ MgO CaO NazO K20 P205 Si02/A1203
No. 3-01 65.62 13.74 0.29 5.81 1.51 0.048 1.66 3.82 3.61 022  0.076 2.36
No. 3-02 65.72 13.43 0.36 6.52 1.88 0.055 1.85 4.16 3.07 020  0.075 2.06
No. 5L-01 87.64 4.84 0.07 224 0.84 0.017 0.46 1.73 0.79 0.09  0.004 2.17
No. 5L-02 75.74 13.87 0.30 6.09 1.21 0.017 0.55 0.80 1.06 045 0.012 2.28
No. 5L-03 82.90 8.05 0.13 4.75 0.87 0.017 0.55 1.75 0.65 0.10  0.015 1.69
No. 8-01 78.24 11.42 0.27 6.26 1.73 0.022 0.44 0.90 0.94 0.16  0.026 1.82
No. 11-01 89.06 4.63 0.12 2.63 0.61 0.012 0.40 1.15 0.86 0.08 0.013 1.76
No. 12-01 94.46 1.04 0.04 0.73 0.26 0.007 0.37 1.27 0.82 0.03  0.001 1.44
No. 12-02 95.32 0.82 0.02 0.66 0.29 0.005 0.42 1.49 0.44 0.02  0.001 1.23
No. 12-03 94.27 1.57 0.05 1.20 0.36 0.006 0.35 1.17 0.51 0.03  0.005 1.30
No. 15-01 90.76 1.59 0.03 0.52 0.35 0.055 0.36 5.40 0.33 0.02 0.027 3.08
No. 15-02 76.74 12.28 0.18 3.95 1.33 0.042 0.41 2.35 0.77 022  0.012 3.11
No. 15-03 90.70 3.87 0.08 2.03 0.47 0.012 0.31 091 0.66 0.06 0.013 1.91
No. 15-04 84.04 7.87 0.18 3.37 0.81 0.037 0.39 2.10 0.54 0.17  0.024 2.34
No. 15-05 80.60 7.29 0.15 2.85 0.74 0.078 0.47 6.67 0.55 0.13  0.012 2.56
No. 16-01 66.88 20.26 0.39 8.56 1.34 0.017 0.67 0.73 0.90 0.61  0.050 2.37
No. 18-01 95.44 1.20 0.02 0.92 0.23 0.005 0.33 1.07 0.33 0.03  0.004 1.31
No. 18-02 95.00 1.41 0.03 1.11 0.24 0.004 0.31 0.96 0.38 0.03  0.002 1.28
No. 18-03 92.78 2.58 0.05 1.92 0.21 0.006 0.31 0.84 0.61 0.03  0.008 1.35
No. 18-04 76.84 14.08 0.25 6.00 0.67 0.012 0.52 0.72 0.76 044  0.007 2.35
No. 19U-01 94.80 1.47 0.02 1.16 0.26 0.006 0.33 1.12 0.36 0.03  0.002 1.27
No. 19L-01 79.37 11.21 0.27 6.27 0.77 0.010 0.41 0.73 0.69 0.17  0.023 1.79
No. 20U-01 95.11 1.53 0.03 0.92 0.31 0.005 0.29 1.02 0.33 0.03  0.002 1.66
No. 20U-02 80.82 14.44 0.09 1.83 0.45 0.015 0.37 0.89 0.54 0.11  0.004 7.89
No. 22U-01 93.74 247 0.04 1.33 0.25 0.006 0.34 0.98 0.36 0.05 0.005 1.86
No. 22U-02 95.10 1.35 0.02 1.09 0.21 0.004 0.34 1.21 0.23 0.03  0.004 1.24
No. 22L-01 84.48 8.57 0.20 4.13 0.51 0.009 0.43 0.86 0.58 023 0.009 2.07
No. 25-01 95.76 1.00 0.02 0.84 0.54 0.009 0.25 1.02 0.16 0.03  0.036 1.19
No. 25-02 91.20 4.02 0.09 1.97 0.96 0.015 0.35 0.64 0.30 0.08  0.018 2.04
No. 25-03 92.14 3.42 0.08 2.16 0.31 0.006 0.23 0.68 0.39 0.05 0.007 1.58
No. 25-04 87.13 6.61 0.18 3.80 0.38 0.006 0.25 0.78 0.38 0.07  0.014 1.74
No. 25-05 80.30 10.34 0.30 5.91 0.95 0.026 0.37 0.68 0.44 0.16  0.032 1.75
No. 26-01 94.30 2.06 0.04 1.58 0.37 0.009 0.22 0.83 0.26 0.03  0.005 1.30
No. 26-02 95.07 1.02 0.02 0.80 1.21 0.020 0.27 1.10 0.15 0.02  0.006 1.27
No. 26-03 95.26 0.87 0.03 0.71 1.32 0.021 0.26 0.97 0.16 0.02  0.010 1.22
No. 27-01 82.72 9.12 0.17 4.53 0.56 0.019 0.47 1.26 0.68 0.17  0.021 2.01
No. 28-01 90.40 2.10 0.05 1.24 1.81 0.012 0.35 1.06 0.69 0.05 0.003 1.69
No. 28-02 93.60 1.74 0.04 1.01 0.42 0.006 0.34 1.23 0.63 0.05  0.002 1.72
No. 29-01 76.02 16.08 0.30 4.87 0.62 0.019 0.29 0.68 0.44 0.47  0.007 3.30
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Table 2. Cont.
Samples LOI SiO; TiO; Al,O3 Fe;O3 MnO; MgO CaO NaO KO P05 SiOy/Al03
No. 29-02 76.18 14.67 0.30 5.87 0.86 0.024 0.37 0.61 0.38 051 0.014 2.50
No. 29-03 92.22 3.73 0.07 1.96 0.39 0.009 0.21 0.62 0.36 0.10 0.027 1.91
No. 29-04 92.42 2.53 0.07 1.21 0.41 0.009 0.40 1.53 0.65 0.06  0.002 2.09
No. 30-01 92.54 3.01 0.08 1.64 0.34 0.007 0.29 0.80 0.56 0.07  0.004 1.84
No. 30-02 90.52 4.50 0.11 2.49 0.33 0.007 0.26 0.73 0.49 0.10  0.009 1.80
Wtd mean 87.34 6.22 0.13 2.90 0.69 0.02 0.43 1.41 0.66 013  0.015
China @ 847 033 598 48 0015 022 123 016 019  0.092
CcC 0.73 0.39 0.48 0.14 1.14 1.94 1.15 4.09 0.69 0.16
2: Average content of major element oxides in Chinese coals [1]; Wtd mean: weighted average, calculated using
sample thickness as the weighting factor; the relative content of major element oxides was calculated using the
following conversion formula: w(element oxide) ., = w(element oxide)cpa) ash % (100-LOI).
Figure 8 shows pronounced vertical differentiation in the major element oxides among
the studied coal seams (based on the weighted mean of the coal seam). 5iO,, Al,O3 and
TiO, generally display similar variation trends, with the most distinct enrichment occurring
in the No. 16 coal seam and variable increases also observed in the No. 3, No. 8, No. 19L,
No. 22L, No. 27, and No. 29 seams. The pattern indicates that these seams were strongly
influenced by terrigenous detrital input. The pronounced peak of K;O in the No. 16
seam may be related to K-bearing aluminosilicate minerals. CaO, MgO, and Na,O show
relatively minor variations in most seams, but are markedly elevated in the No. 3 seam,
indicating the influence of carbonate minerals, Na-bearing minerals, or saline fluids. MnO,
exhibits localized enrichments in the No. 3 and No. 15 seams, which may be associated
with Mn-rich carbonate minerals or diagenetic fluid activity.
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Figure 8. Vertical distribution of major element oxides in different coal seams (%, whole-coal basis,
weighted mean of each coal seam).

https://doi.org/10.3390/min16070730


https://doi.org/10.3390/min16070730

Minerals 2026, 16, 730

13 of 25

According to Chinese national standard MT/T 1074-2008 (Classification for Alkali
Metal (Potassium and Sodium) Content in Coal), coal is classified by the total dry-basis
mass fraction of K and Na (w(K + Na)): super low-alkali coal (SLAM) (<0.10%), low-alkali
coal (LAM) (0.10%—-0.30%), medium-alkali coal (MAM) (0.30%-0.50%), and high-alkali
coal (HAM) (>0.50%, requiring special treatment) [58]. In the study, the total air-dry basis
mass fraction of K and Na was used to evaluate the content of alkali metal in coal samples
(Figure 9). For the 44 tested coal samples, Na content ranged from 0.11% to 2.68%, K
from 0.018% to 0.503%, and total w(K + Na) varied widely (0.128%-2.863%). The average
w(K + Na) was 0.595%, exceeding the HAM threshold of 0.50%. Statistically, 63.6% of
samples are HAM (>0.50%), 25.0% are MAM (0.30%—0.50%), 11.4% are LAM (0.10%-0.30%),
and no SLAM samples exist. The coal samples are generally classified as HAM according
to MT/T 1074-2008. Featuring sodium-dominated alkali enrichment and large content
variation, they pose risks of slagging, fouling and high-temperature corrosion during
combustion, requiring special utilization measures.
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Figure 9. Comprehensive evaluation of alkali metal content in coal samples.

4.3.2. Trace Elements in Coal

The trace element content of samples and the corresponding average trace element
content in Chinese coals are shown in Table 3. Chlorine in coals is significantly enriched
compared with the value for Chinese coals, with a CC value of 14.10. In contrast, the
average contents of B in the coals are depleted with CC < 0.5, and the remaining trace
elements are close to the Chinese coals (0.5 < CC < 2). The elements with CC greater than
2.00 include Cu (CC = 2.14) and Zn (CC = 2.12). Coal seam No. 3 is identified as the
most prominent anomalous enrichment horizon in the study borehole. Specifically, CI
concentrations range from 7300 to 7440 ug/g, which are 28.6~29.2 times the average value
of Chinese coal (255 ug/g). F contents vary between 165 and 538 ug/g, about 3.6~4.1 times
that of Chinese coal. In addition, Cu, Zn, and Sr contents are over 5 times than that of
Chinese coal. Coal seam No. 3 exhibits higher concentrations of Cl and Sr than the other
coal seams. In comparison with the world coal averages compiled by Judovich and Ketris
(2009) [59], the trace elements Cl, V, Cu, and Zn in the studied coal samples are enriched.
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Table 3. Average contents of Cl and trace elements (ug/g; on a whole-coal basis).
Samples B F Cl Vv Cr Co Ni Cu Zn Sr
No. 3-01 24 465 7300 79 49 14 44 138 216 865
No. 3-02 24 538 7440 104 59 26 103 239 519 913
No. 5L-01 11 65 2150 33 10 4 6 14 15 285
No. 5L-02 23 182 1856 162 26 28 43 49 679 56
No. 5L-03 18 79 2008 49 30 5 10 48 39 188
No. 8-01 16 164 4000 69 20 6 11 50 44 84
No. 11-01 8 77 4620 74 13 5 6 19 30 152
No. 12-01 6 35 5400 67 5 2 3 5 44 173
No. 12-02 3 36 4940 12 4 2 3 9 156 162
No. 12-03 5 44 5280 16 5 3 4 12 20 155
No. 15-01 7 41 3370 10 8 2 5 7 50 233
No. 15-02 19 102 4020 100 26 11 20 57 59 138
No. 15-03 9 69 4090 39 11 5 6 36 24 129
No. 15-04 12 93 3680 48 18 5 8 15 17 181
No. 15-05 14 88 3770 66 16 10 18 17 21 203
No. 16-01 21 242 3450 170 31 15 23 117 95 109
No. 18-01 4 35 4590 13 4 2 3 9 5 150
No. 18-02 4 34 4930 25 5 4 4 11 5 143
No. 18-03 6 47 4870 41 5 6 5 40 7 183
No. 18-04 11 165 3750 137 26 11 14 61 47 108
No. 19U-01 4 38 4240 20 6 3 6 9 25 146
No. 19L-01 16 151 3390 174 23 6 12 60 59 73
No. 20U-01 5 46 2990 19 5 3 6 12 9 155
No. 20U-02 19 69 2670 26 9 4 6 19 14 113
No. 22U-01 6 50 3400 22 5 4 4 9 17 149
No. 22U-02 4 34 3330 20 3 4 5 10 18 150
No. 221-01 13 110 2780 46 11 6 10 35 27 82
No. 25-01 2 34 1610 6 4 1 3 6 23 210
No. 25-02 6 70 1380 60 16 5 12 18 30 314
No. 25-03 5 66 1910 54 8 5 9 39 86 211
No. 25-04 13 86 1610 62 10 6 6 23 99 108
No. 25-05 15 152 1580 151 30 9 15 83 40 112
No. 26-01 4 42 1340 29 6 3 6 25 320 135
No. 26-02 4 35 1360 12 8 2 5 9 143 181
No. 26-03 3 34 1320 13 13 1 7 11 106 176
No. 27-01 15 92 4860 78 19 5 7 59 109 157
No. 28-01 9 46 6100 33 17 3 10 30 19 152
No. 28-02 6 39 7210 27 39 3 44 11 58 173
No. 29-01 27 81 1400 45 23 10 14 19 91 124
No. 29-02 24 104 1130 45 33 6 12 27 109 144
No. 29-03 7 79 2430 65 13 4 9 23 129 99
No. 29-04 7 70 6980 89 10 3 5 16 22 211
No. 30-01 6 46 5060 53 9 6 9 36 25 128
No. 30-02 7 74 3240 69 12 5 10 55 46 80
Wtd mean 11.6 99.7 3596 60 16.3 6.3 13.4 37.4 87.9 179.8
China ? 53 130 255 35.1 154 7.08 13.7 17.5 414 140
CC 0.22 0.77 14.10 1.71 1.06 0.89 0.98 2.14 2.12 1.28
World P 52 88 180 25 16 51 13 16 23 110

Wtd mean: weighted mean weighted by sample thickness; ?: average content of trace elements in Chinese coals [1];

b

: average content of trace elements in world coal [59].
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4.4. Occurrence and Extraction of AAEMs in Coal
4.4.1. Correlation and SEM-EDS Analysis

The ash yield of coal indicates its mineral matter content, and a stronger correlation
between an element and ash yield reflects greater inorganic affinity. The non-mineral
inorganic elements may make up an indispensable portion of the mineral matter in lignite
and subbituminous coal, except for the mineral phases [19,60,61]. The relationships between
5i0,, other major element oxides, and ash yield were investigated via scatter plots and
linear regression analysis (Figure 10).
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Figure 10. Correlations between major element oxides in coal and ash yield. (a) TiO,-5iO; on
coal basis; (b) Al,O3-Si0O, on coal basis; (¢) KoO-SiO; on coal basisl; (d) NayO-SiO; on coal basis;
(e) SiOy-A4 on coal basis; (f) Ca-Ay4 on coal basis; (g) NayO-Aq4 on coal basis; (h) MgO-A4 on coal
basis; (i) K,O-Aq4 on coal basis.

As shown in Figure 10a—c, SiO, exhibits strong positive correlations with TiO, (R? = 0.86),
ALO3 (R? = 0.83), and K,O (R? = 0.77), indicating synchronous enrichment of these elements
during deposition. In contrast, Na,O shows a very weak correlation with SiO, (R? = 0.21,
Figure 10d), suggesting its occurrence is largely decoupled from detrital silica input. Regarding
ash yield (Aq), an extremely strong positive correlation is observed between A4 and SiO,
(R? = 0.90, Figure 10e), confirming that silicate minerals are the primary contributor to coal
ash content. Moderate positive correlations are also found between A4 and NayO (R? = 0.44,
Figure 10g), MgO (R% = 046, Figure 10h), and K,O (R% = 0.63, Figure 10i), indicating these
elements are partially associated with ash-forming minerals. CaO displays no significant
correlation with A4 (R? = 0.074, Figure 10f), reflecting its independent enrichment mechanism.

Additionally, the SEM-EDS analysis of raw coal particles is shown in Figure 11. Com-
pared with the homogeneous coal macerals, the fusinite cell cavities provide a larger surface
area, which implies greater mineral accommodation space and contact area (Figure 11a).
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Among the organic components of coal, Na, Mg, and Ca were detected, along with a small
amount of Cl, suggesting that these elements may be organically bound or associated with
finely dispersed inorganic phases within the coal matrix (Figure 11a,b). In contrast, in the
mineral mixture filling the cell cavities (identified as a mixture of clay minerals and quartz
based on atomic ratio analysis), 0.02% K was detected, and Na, Mg, and Ca were also found
(Figure 11d).
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Figure 11. SEM-EDS analysis of bulk coal (local region of raw coal). (a) the cell cavities of fusinite for
raw coal; (b,c) element components of organic matter based on SEM-EDS; (d) element components of
minerals based on SEM-EDS.

4.4.2. Sequential Chemical Extraction Procedure

The coal samples from the study area were crushed and subjected to an extraction
experiment. The occurrence modes of K, Ca, Na, and Mg in four representative coal samples
were characterized by SCEP (Table 4 and Figure 12). SCEP enables the stepwise extraction
of alkali and alkaline earth metals (AAEMSs) existing in different forms, as elements with
varying occurrence states are likely to be released at distinct stages of the process. For
example, sodium carbonate dissolves completely in water, whereas calcium carbonate is
entirely extracted by hydrochloric acid.

Ca in coal is predominantly present in NHsAc-soluble (45%-56%) and HCl-soluble
(43%-54%) forms, indicating its association with exchangeable sites and carbonate or sul-
phate minerals (e.g., calcite or gypsum). K in coal exhibits distinct sample-specific behavior:
in No. 16-01, 86% of K is retained in the residual fraction, suggesting an affinity to clay
or feldspar minerals (e.g., K-feldspar), while in other samples it is mainly distributed in
NHjAc-soluble (47%—-66%) and water-soluble (18%-25%) forms. Mg occurs mostly as
NH4Ac-soluble (64%-70%) and HCl-soluble (27%-34%), with negligible water-soluble and
residual contributions. Na is characterized by high proportions of water-soluble (44%-56%)
and NHyAc-soluble (36%-51%) forms, reflecting its high mobility and exchangeability. No-
tably, sample No. 3-01 shows elevated water-soluble K (21%) and exchangeable Mg (66%).
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Table 4. Concentration of AAEMs in SCEP liquid products (mg/L).

Sample Element Water-AAEMs  NHyAc-AAEMs HCI-AAEMs R-AAEMs
No. 3-01 Ca 0.11 88.82 107.40 0.84
No. 3-01 K 0.19 0.56 0.16 0.03
No. 3-01 Mg 0.09 31.85 16.28 0.33
No. 3-01 Na 33.40 27.23 1.97 0.32
No. 8-01 Ca 0.08 74.13 56.16 1.35
No. 8-01 K 0.24 0.48 0.21 0.04
No. 8-01 Mg 0.06 21.72 9.01 0.45
No. 8-01 Na 28.28 22.18 1.94 0.32
No. 16-01 Ca 0.26 69.45 57.89 1.14
No. 16-01 K 0.91 1.08 0.85 16.92
No. 16-01 Mg 0.31 24.56 10.31 2.99
No. 16-01 Na 20.51 13.01 1.78 1.06
No. 25-03 Ca 0.08 84.74 86.84 0.87
No. 25-03 K 0.13 0.34 0.18 0.07
No. 25-03 Mg 0.04 2425 12.88 0.22
No. 25-03 Na 21.60 2542 2.09 0.47
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Figure 12. Percentage of different occurrence modes of AAEMs in coal samples. (a) sample No. 3-01;
(b) sample No. 8-01; (c) sample No. 16-01; (d) sample No. 25-03.

5. Discussion
5.1. Influencing Factors of AAEM Occurrence in Coal

K exhibits a significant positive correlation with silicon and aluminum (Figure 10). In
the typical high-alkali coals from Shenhua, Sha’erhu, and Tianchi Coalfields, K predom-
inantly occurs in a silica-aluminate bound state [16]. However, with sample No. 16-01
excluded, K in the other samples is predominantly present in the NHyAc-soluble form,
followed by the HCl-soluble and water-soluble forms in that order. This may be associated
with the highest content of SiO, and Al,Oj3 in coal. In the coal-bearing strata of low-rank
coal, Ca?* ions in the groundwater tend to bind to carboxyl functional groups in coal, or
precipitate from the solution to form minerals such as calcite and gypsum [18,19]. The
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proportion of Mg present in NHyAc-soluble forms is higher than that of Ca, suggesting that
Mg is probably preferentially bound to organic functional groups rather than occurring in
minerals such as carbonates. The occurrence of Mg in coal appears to be like that of Ca,
which may be related to their similar electronic layer structure, and may form a stable struc-
ture with organic matter or homogeneously exist in Ca-bearing minerals. In low-rank coals,
Na is mainly combined with carboxyl groups in organic matter in an ion-exchangeable state
or dissolves in pore water [7,13]. This behavior probably arises from the stronger binding
affinity of Ca and Mg to organic matter compared with Na*, coupled with the presence of
sparingly soluble, stable minerals such as calcite and gypsum [61,62]. The binding strength
of AAEM cations to oxygen-containing functional groups (e.g., carboxyl and hydroxyl
groups) in coal organic matter is governed by ionic potential, which results in an overall
binding strength order of Mg?* > Ca?* > K* > Na* for these four cations with the organic
functional groups in coal [63]. The weak correlations of Nay,O, CaO, and Mg with A4 may
suggest that these components mainly have an authigenic origin, instead of being derived
from terrigenous mineral detrital input.

5.2. Evidence from Mineralogy for AAEM Enrichment

The Al,O3 and TiO; contents in sedimentary rocks are stable and serve as reliable
indicators for determining the source debris [10,34,64]. Typical Al,O3/TiO, ratios of
sediments derived from mafic, intermediate, and felsic igneous rocks are 3-8, 8-21, and
21-70, respectively [65]. The Al,O3/TiO; ratios in the Dananhu Coalfield range from 12.25
to 61.18%, with an average of 27.61% (Figure 13). This finding suggests that the source
rock of the Dananhu Coalfield was likely intermediate-felsic igneous rock. TiO, and P05
exhibit similar secondary enrichments in the No. 16, No. 19L, No. 22L, No. 27, and No. 29
coal seams, coinciding with elevated SiO, and Al,Os. This covariation suggests a common
detrital source for these elements, most likely felsic igneous rocks, with enhanced sediment
supply to the basin.
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Figure 13. Scatter diagram of Al,O3-TiO, [65].

The consistent dominance of quartz and kaolinite implies a stable siliciclastic prove-
nance and prolonged chemical weathering. The well-resolved kaolinite peaks indicate
minimal mixed-layer clay minerals, possibly reflecting an acidic, leaching-dominated de-
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positional or diagenetic environment. Both cell-filling and fracture-filling kaolinite are
interpreted as authigenic phases precipitated from acidic, leach-dominated diagenetic flu-
ids. Fracture-filling kaolinite records the migration of Si- and Al-rich fluids along structural
fractures, further possibly indicating widespread acidic diagenetic conditions during burial
(Figures 5a,j and 6e) [53]. K-feldspar intergrown with kaolinite, zircon, and quartz, is of
detrital origin (Figure 5c) [35]. However, due to the limited XRD scanning range (starting
at 20 = 10°), the presence of other clay minerals (e.g., illite and illite/smectite mixed-layer
clays) cannot be ruled out.

Minor minerals present in certain samples may record signatures of local deposi-
tional conditions and fluid-rock interactions. Pyrite mainly occurs as cell-filling and
fracture-filling phases, which probably correspond to syngenetic and diagenetic, respec-
tively (Figure 5g-i) [66]. Siderite probably indicates reducing conditions during sedimenta-
tion (Figure 5k). Gypsum in coal probably records potential oxidation of sulfide minerals
during coal formation or post-depositional alteration. Celestite can be used to describe
the degree of evaporation in epicontinental basins [67]. The co-occurrence of celestite and
calcite suggests two episodes of distinct fluid activities during coal diagenesis (Figure 5f).
This may reveal an evolutionary process from an early stage dominated by carbonate
precipitation to a late stage dominated by Sr- and SO,?~-rich fluids. Pyrite and siderite
probably indicate a reductive, neutral, and weakly alkaline (7 < pH < 7.8) formation en-
vironment during deposition and early diagenesis [68]. Ba-celestite and celestite record
fluid activity and salinity variations during the late diagenetic stage, possibly revealing the
infiltration of Sr- and Ba-rich groundwater during the late diagenetic period. Natrojarosite
provides evidence that is consistent with post-depositional oxidative weathering [69]. The
occurrence of natrojarosite is strictly confined to fracture surfaces and shows a distinct
zonation with unaltered pyrite cores, indicating that it probably formed via infiltration of
oxidizing fluids along pre-existing fractures after deep burial.

5.3. Paleoclimate and Paleoenvironment

Element ratios serve as sensitive paleoclimate and paleoenvironment proxies [70,71].
The average Sr/Cu ratio in the coal seams ranges from 0.93 to 21.90, with an average
of 6.98, probably suggesting a semi-arid climate during the deposition of the Xishanyao
Formation [70,72]. Especially in the No. 12, No. 19U, and No. 22U coal seams, the Sr/Cu
ratio shows higher values (Sr/Cu > 15), likely indicating an arid climate; however, the alkali
metal content in the corresponding layers does not exhibit enrichment. The enrichments
of Ca, Mg, and Na in shallow coal seams appear to have no direct relationship with the
arid paleoclimate, but probably rather result from the infiltration of high-salinity surface
water. Boron content signals paleo-salinity, with low B contents (<40 pg/g) in the coal
seams studied suggesting freshwater sedimentation [73].

Trace element ratios have been utilized to evaluate paleo-redox conditions in sed-
imentary rocks in several studies [70]. Cu/Zn ratios range from 0.08 to 2.07, with an
average of 0.75, probably indicating that the paleo-redox in this area is weakly oxidizing
and oxidizing; and V/Cr ratios vary from 1.04 to 8.10, with an average of 4.30, likely
pointing to a redox-transitional environment with fluctuating water levels [74-77]. Shallow
subaqueous swamps on alluvial fan—pre-fan floodplain wetlands can steadily develop coal
seams. Vitrinite and inertinite characteristics in coals from the Dananhu Coalfield seem to
suggest that the paleo-peat swamp was characterized by a weakly reducing-to-oxidizing
depositional environment [11]. In this study, the huminite/inertinite (Hum/I) ratios range
from 0.41 to 3.11, with an average of 1.29, probably indicating a reduction environment.
Hum/I ratios between 1 and 4 are considered to indicate a reducing environment, while
ratios between 0.25 and 1 indicate a weakly oxidizing-reducing environment. Coal seams
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with Hum /I ratios below 1 correspond to those with high Sr/Cu ratios. The Hum/I ratio
of the No. 3 coal seam suggests a reducing environment; therefore, the enrichment of alkali
metals in this coal seam is probably of epigenetic origin.

5.4. Groundwater Conditions

The Cretaceous, Paleogene, and Neogene strata are missing in the Dananhu mining
area, with Quaternary loose sediments directly overlying the Toutunhe and Xishanyao
Formations. This likely indicates that the Dananhu Sag experienced a regional uplift and
subsequent erosion during the late Mesozoic to Cenozoic eras. The Yanshanian Movement
is generally considered the primary cause for the absence of the Cretaceous strata, while the
Himalayan Movement ultimately appears to have determined the confined hydrogeological
framework of the Dananhu Sag, characterized by the uplift of the Jueluotage Mountains in
the south and the Sha’erhu Uplift in the north (Figure 14) [78]. The Turpan—-Hami Basin
exhibits a typical temperate continental arid climate, with an average annual precipitation
of approximately 15 mm alongside currently exceptionally high evaporation rates. The
Jueluotage Mountains lie within a water-scarce region, whereas the Sha’erhu Uplift to
the north is characterized by both water scarcity and limited water availability (see in
Figure 1b). These conditions are likely to promote strong evaporation and concentration of
surface water and phreatic groundwater [79,80].
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Figure 14. The sketch map of the secondary hydrogeological unit profile in the Hami basin.

Studies on chlorine-enriched coal in the Sha’erhu Coalfield have suggested that its
elevated chlorine content probably originated from the evaporation and concentration of
atmospheric precipitation, followed by subsequent infiltration into the coal seams [35].
Due to tectonic activities during the Yanshanian and Himalayan Movements, the coal-
bearing strata of the Xishanyao Formation in the study area were exposed and eroded.
Coupled with faults acting as water-conducting channels, this likely allowed evaporatively
concentrated groundwater to infiltrate into the coal-bearing strata. As shown in Table S1,
the data of which came from a geological survey report, hydro-chemical analyses indicate
that Na* is the dominant cation in groundwater, followed by Ca?* and Mg?*. The major
anions are ClI~ and SO42~. Groundwater in the study area is classified as highly saline
based on total dissolved solids. The coal samples investigated are predominantly medium-
and high-alkali coals, and the No. 3 seam shows the most significant Na enrichment.
This distribution is probably attributed to the evaporation, concentration, and subsequent
infiltration of surface water [10,32]. Specifically, limited precipitation probably results in
insufficient infiltration kinetic energy, likely leading to the accumulation of Na, Ca, and Mg
in shallow coal seams (Figure 7). Conversely, the alkali metal concentrations in deep coal
seams are likely controlled by a dynamic water—coal equilibrium related to groundwater

https://doi.org/10.3390/min16070730


https://doi.org/10.3390/min16070730

Minerals 2026, 16, 730

21 of 25

ion concentrations. Despite the absence of halite and mirabilite in the XRD and SEM results
presented above, the dominance of Na*, C1~, and SO42~ in the water analysis suggests that
halite or mirabilite crystals likely exist in certain coal samples.

5.5. Dealkalization of Hami High-Alkali Coal

The occurrence of AAEMs in coal exerts a significant influence on their migration
behavior during combustion. Circulating fluidized bed experiments conducted at 950 °C
showed that the release rate of Na in Sha’erhu lignite was approximately 24.2%; additionally,
fly ash was the only solid-phase ash fraction in which NaCl was detected [9]. The Na in the
fly ash of Zhundong coal is dominated by water-soluble and NHAc-soluble sodium with
NaCl as the primary chemical form [16]. The high proportion of non-mineral inorganic
forms of AAEMs in low-rank coal makes them more prone to being released as highly
reactive atomic species during coal combustion and gasification than their mineral-bound
counterparts [61]. Therefore, pre-combustion alkali removal treatment appears to be
necessary for Dananhu coal.

Common alkali removal technologies for high-alkali coal include water washing and
leaching, acid leaching removal, maceral separation, directional alkali fixation by thermal
pretreatment, and in-furnace alkali capture with additives [7,12,13,21,28,81]. The effects of
0.01 mol/L AcOH and HCI on the removal of sodium in coal from the Zhundong Coalfield
were investigated [21]. For Dananhu coal, water washing can remove approximately 50%
of sodium, but exhibits a very poor removal effect on calcium and magnesium. After
treatment with NH4Ac solution, the removal rates of sodium, calcium and magnesium
reach nearly 50%, 65% and 90%, respectively, and a certain removal effect is also achieved
for potassium with a relatively low content in the coal.

Although the occurrence modes of AAEMs in Dananhu coal have been clarified,
the optimal concentration of dealkalization reagents remains to be further optimized. In
addition, the groundwater in the study area is characterized by high salinity, so direct water
washing cannot achieve efficient alkali removal. Accordingly, effective dealkalization of
Dananhu coal can be realized by first performing desalination pretreatment on groundwater,
followed by staged leaching with ammonium acetate and hydrochloric acid.

6. Conclusions

(1) Quartz and kaolinite are the main mineral phases in the coal samples analyzed in this
study, with pyrite, chalcopyrite, gypsum, siderite, calcite, celestite, Ba-celestite, and na-
trojarosite occurring as accessory phases, potentially recording variable groundwater
redox conditions, fluid acidity, and water—rock interactions.

(2) The studied lignite is characterized by low-ash yield, high volatile matter, extra low
sulfur, and medium-high alkali contents. These coals are enriched in Na and Cl
compared with the average concentrations in Chinese coals. In the shallowest No. 3
coal seam, Na, Mg, Ca, Cl, E, Cu, Zn, and Sr are enriched, showing the highest content
from a vertical direction.

(3) Potassium is likely to be associated with inorganic aluminosilicate minerals, while
Ca, Mg, and Na exhibit both organic and inorganic affinities according to the cor-
relation analysis. Sequential extraction reveals Na is mainly water-soluble and ion-
exchangeable, Ca and Mg are largely ion-exchangeable and HClI-soluble. The abun-
dant cell cavities and oxygen-containing functional groups in lignite provide both
binding sites and accommodation space for Ca, Mg, and Na. The clean utilization of
Dananhu coal can be achieved by using appropriate concentrations of dealkalization
reagents (e.g., NHsAc and HCI).
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(4) The Dananhu Coalfield is characterized by continental freshwater sedimentation, and
the short-term arid climate during the sedimentary period had a relatively minor im-
pact on the alkali metal content of the coal. However, the closed hydrogeological units
formed by tectonic movements (from the Late Paleozoic to the Cenozoic), combined
with the modern arid climate and low precipitation, have played a critical role in alkali
metal enrichment. On one hand, insufficient infiltration resulted in weak leaching,
preventing the removal of alkali metals from the shallow coal seams. On the other
hand, evaporative concentration increased the salinity of the groundwater, leading
to the elevated background levels of alkali metals observed in the coal samples. The
enrichment of alkali metals in the study area is likely of epigenetic origin.
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