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The Paleocene coals of the Salt Range in the Punjab Province of Pakistan have great economic potential;
however, their trace element and stable isotopic characteristics have not been studied in detail except for
a few sporadic samples. In this study, a total of 59 coal samples of which 14 are obtained from open cast
mines have been investigated for elemental composition and d13C-d15N isotopic signatures. Average con-
tents of trace elements such as Co, Cr, Cu, Pb, Sr, Th, U, V, and Zn are 7.4, 41.7, 11.2, 12.5, 90.2, 4.0, 1.9, 128,
and 31.1 mg/kg, respectively. These values, when compared with the World Coal Clarke values, were rel-
atively higher in low-rank coals in comparison with Clarke values for brown coals. Likewise, As (20.4 mg/
kg), Co (6.6 mg/kg), Cr (22.4 mg/kg), Cu (13.3 mg/kg), Pb (19.2 mg/kg), Sr (154.7 mg/kg), Th (2.5 mg/kg), V
(47.8 mg/kg), and Zn (75.1 mg/kg) were significantly higher in the sub-bituminous to bituminous coals of
the Salt Range. Mineralogical analysis, based on X-ray diffraction and energy dispersive X-ray spec-
troscopy, revealed that the studied samples contain illite, kaolinite calcite, gypsum, pyrite, and quartz.
Elemental affinity with organic and inorganic phases of coals calculated by an indirect statistical
approach indicated a positive association of ash content with Ag, Al, Co, Cr, Cs, Cu, Mn, P, Rb, Pb, Th, U,
and V, suggesting the presence of inorganic components in studied coals. However, As, Fe, Sr, and Zn exhi-
bit negative correlations that imply their association with the organic fraction. The d13C and d15N isotopic
range and average values for 12 coal samples were � 24.94‰ to � 25.86‰ (�25.41‰) and � 2.77‰ to
3.22‰ (0.96‰), respectively, reflecting 3C type modern terrestrial vegetation were common in the
palaeomires of studied coal seams. In addition, the trivial variations of 0.92‰ and 0.45‰ among 13C
and 15N values can be attributed to water level fluctuations and plant assemblies.
� 2022 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Coal deposits are a promising source of energy as well as an
alternative source for many valuable chemical products [1–4].
Their utilization in the development and energy sector is linked
with their intrinsic properties [5]. Coal characterization for its eco-
nomical valorization is based on its chemical and petrographic
analysis. As, Cd, Cr, Cu, Fe, Mn, Pb, Hg, Th, V, U, Se, Sn, Zn, and F�

are environmentally sensitive that could cause serious environ-
mental pollution [6–10]. The elemental composition of coal is
mainly characterized by different trace and major elements
[5,11], among them As, Cd, Mo, Pb, Hg, B, Se, and Sn are priority
pollutants and are found in higher concentrations in coal than
the average value for the Earth’s crust [12–15]. Based on the degree
of volatilization, the potentially toxic trace elements within coals
are classified into two groups (G1 and G2), e.g., [16]. Easily volati-
lized trace elements including As, Cd, Pb, Cu, and Zn are catego-
rized as G1 while less volatilized elements such as Co, Cr, Mn,
and V are consigned to G2 [16]. Other trace elements, such as Ni,
are less abundant in coal; however, their significant enrichment
in coal could cause emission problems during combustion as feed-
ing coal or self-ignition in open cast mines [12–15,17]. As upon
combustion, the volatile nature of these elements most likely con-
centrate their enrichment in the atmosphere and could cause sev-
ere As and Pb poisoning, for instance, black lung disease [18,19].
Major and trace elements in coal are mainly associated with car-
bonate, silicate, and sulfide minerals which can be liberated during
s of the

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ijmst.2022.03.007
http://creativecommons.org/licenses/by/4.0/
mailto:afarooqi@qau.edu.pk
https://doi.org/10.1016/j.ijmst.2022.03.007
http://www.sciencedirect.com/science/journal/20952686
http://www.elsevier.com/locate/ijmst
https://doi.org/10.1016/j.ijmst.2022.03.007


N. Masood, T. Zafar, K.A. Hudson-Edwards et al. International Journal of Mining Science and Technology xxx (xxxx) xxx
coal combustion and/or surface weathering via surface water (e.g.,
acid mine drainage); thus, these toxic elements could cause serious
human health concerns [20–23]. The enrichment patterns of toxic
elements principally occur during peat accumulation and coalifica-
tion processes [24], which provide unique signatures to be used as
geochemical indicators for their source interpretation, chemical
cycling, and depositional environmental characteristics [25,26].

Stable isotopic (d13C and d15N) signatures can be used to infer
the composition of vegetation as well as changes that occur during
early diageneses and coalification. For instance, d13C isotopic anal-
ysis of coals has been widely used to reconstruct the depositional
environment such as environmental provenance, paleoclimate
conditions, and atmospheric variations, and to determine the coal
maceral’s composition and origin [27,28]. In addition, isotope data
can also address water level fluctuations during peat accumulation
[28]. Moreover, d13C isotopic analysis reflects the common peat-
forming vegetation within the palaeomires. Generally, d13C values
for most coals mainly range between � 20‰ to � 29‰, relative to
VPDB (Vienna Pee Dee Belemnite) standard values, which is in line
with the range for modern 3C vegetation values of � 23‰
to � 34‰ [29]. The depositional environment greatly affects 13C
variations among the different plant tissues. For instance, the study
of Grocke [30] revealed that lignin is less enriched in 13C than cel-
lulose [27,28]. Similarly, inertinite-rich coals show more negative
13C values than vitrinite-rich coals [31]. Environmental changes
occurring during peat accumulation such as air temperature,
humidity, soil moisture, and precipitation rate can be detected
using 13C signatures. By contrast, the 15N isotope signatures are
mainly used to infer the organic matter sources and the peat-
forming vegetation [28,32,33].

Pakistan is the seventh-largest coal-producing country globally
and its indigenous coals are characterized by high volatile matter
concentrations, high ash yield, and high sulfur content [34]. The
three economically important coalfields in Pakistan are located in
(1) the Salt Range and Makarwal in the Upper Indus Basin, (2)
the Quetta-Kalat region in the Lower Middle Indus Basin, and (3)
Hyderabad in Southern Sindh in the Lower Indus Basin (Fig. 1a).
Coals in the Salt Range have been reported from three stratigraphic
horizons. One occurs in the Permian Tobra Formation and the other
Fig. 1. Sampling locations of coal mining
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two exist in the Paleocene Hangu and Patala Formations [35]. Per-
mian coal in the Tobra Formation is confined to the western Salt
Range whereas Late Paleocene coal in the Patala Formation occurs
in the eastern and central Salt Range. Early Paleocene coal in the
Hangu Formation is located at Makarwal in the Trans-Indus Salt
Range (Fig. 2) [36,37]. Palynological studies of the Paleocene coals
in the eastern, central, and Trans-Indus Salt Range have reported
dinoflagellate cysts and pollen of the brackish-water palm genus
Spinizonocolpites [38,39]. The coal petrography data show that
the Salt Range coal samples were vitrinite-rich [38]. Likewise, the
Trans-Indus coal seams are also vitrinite-rich [38]. The measured
vitrinite reflectance value of these coals was ranged 0.62–1.0,
which also reflects highly volatile bituminous B and C coal rank
[40]. In addition, these coal beds have been developed under trop-
ical to subtropical paleoclimatic conditions, that possess both dry
and wet cycles [37]. The coal strata lie in Paleocene rocks in the
central and eastern Salt Range and Trans-Indus Salt Range
(Fig. 1b). According to the Geological Survey of Pakistan and the
United States Geological Survey, joint reports (1984–1988), coal
deposits of the main Salt and Trans-Indus Salt ranges were esti-
mated to be 235 million metric tons [35,41]. In 2019, 800 small
semi-mechanized coal mines were functional with an annual rate
of extraction of 0.45 million metric tons.

Energy crises in Pakistan have forced the public/private sector
to increase the utilization of both low and high-rank indigenous
coals [34]. Only limited geochemical data for coals of the Salt
Range, Pakistan are available so far [8,42,43]; however, when coal
is evaluated for combustion, detailed quality analysis is required to
characterize possible potential environmental issues that may
arise during mining and the utilization of these coals. In addition,
geological, chemical, and mineralogical characterization of Salt
Range coals can provide more input on the mechanisms of forma-
tion and sources of trace element contents of the coal as well as
their significance in terms of coal utilization. Therefore, the present
study aims to geochemically characterize the Paleocene coals of
the central and eastern Salt Range and Trans-Indus Salt Range to
understand their trace elemental enrichment patterns, and their
possible sources. The organic matter sources and depositional
sites in Salt Range Punjab Pakistan.



Fig. 2. Stratigraphic columns of Salt Range coal seams.

N. Masood, T. Zafar, K.A. Hudson-Edwards et al. International Journal of Mining Science and Technology xxx (xxxx) xxx
environments of the lignite and sub-bituminous to bituminous
coals are also characterized using d13C and d15N isotopic data.
2. Geological setting

The Salt Range of Punjab is widely exposed at the foothills of the
Himalayas and covers an area of about 250 km2 [45]. It extends
from the east of the Jhelum River to the west of the Indus River
(Fig. 1b). Just beyond the Indus River, the N-S trending Kala Bagh
Fault occurs (Fig. 1b). Here, the Indus River differentiates the
Himalayan mountainous belt into two sections known as the Salt
Range (lying between the Jhelum and Indus Rivers) in the east
and the Trans-Indus Salt Range in the west (Fig. 1b). The Salt Range
acted as a regional decollement for Paleozoic successions thrust
over Neogene sediments of the Jhelum Plain in Pleistocene times.
Within the Salt Range, a thick sedimentary cover, consisting of Pre-
cambrian to recent deposits, unconformably overlies low-grade
metamorphic and igneous rocks [46].

The Paleocene coal seams in the main Salt Range occur in the
Patala Formation that lies above the Ranikot Formation of Upper
Paleocene age, whereas the coal seams at Makarwal occur in the
Hangu Formation that underlies the Lockhart Limestone of Lower
Paleocene age (Fig. 2). Singh et al. [47] reported a warm period fol-
lowed by Paleocene-Eocene Thermal Maximum (PETM) that possi-
bly caused diverse changes in the flora and fauna. Euxinic
conditions, developed during the convergence of tectonic plates
including Indian and Asian plates, blocked the Neotethys (an ocean
that existed at the time) flow and increased the organic matter pro-
duction that led to the peat accumulation [47].

The Patala Formation comprises claystone, siltstone, sandstone,
mudstone, marl, limestone, carbonaceous shale, and coal beds [37].
In the eastern Salt Range, coal occurs in the form of thick lenses
which are intercalated with shales and sandstones [35]. Currently,
a single seam, known as the ‘‘Dandot coal seam” is being mined
from different areas including Basharat, Dalwal, Khajula, Wahali,
Wahula, Pidh, and Dandot (Fig. 1b). Similarly, coal seams of the
central Salt Range are mined from Munarah, Padhrar, Katta Karli,
and Arara (Fig. 1b).

The Makarwal coalfield (marked 14 on Fig. 1b) in the Mianwali
District is in the Trans-Indus Salt Range extends from west of Kala
Bagh to west of Makarwal (Fig. 1b). The estimated coal resources in
3

the Trans-Indus Salt Range are 6.27 Mt, out of a total of 18.87 Mt in
Makarwal. These coal resources form part of the Paleocene Hangu
Formation. The Hangu Formation is composed of sandstones, and a
lesser amount of mudstone, carbonaceous materials, claystone,
coal beds, and limestone [38]. The coal beds are generally bright,
resinous, pyritic, cleated, and gypsum infills cleats. The thickness
of the coal seam varies from 0.5 to 3.5 m [35]. Makarwal coal
seams show a transitional lithological depositional setting where
laterite paleosols formed due to rising groundwater levels that
converted the depositional basin into peatlands [38].
3. Sampling and methodology

Coal samples were collected for this study from three active
(open cast) coal mine areas in the eastern Salt Range (District
Chakwal), central Salt Range (District Khushab), and Trans-Indus
Salt Range (District Mianwali). In total 59 samples (26 from eight
coal mines from the Chakwal District (Basharat, Dalwal, Khajula,
Wahali, Wahula, Pidh, and Dandot), 27 samples from five mines
of Khushab area (including Munarah, Padhrar, Katta Karli, and
Arara), and 6 samples from one mine of Makarwal (Mianwali) were
selected for this study (Fig. 1b). Samples were collected by follow-
ing the American Society for Testing and Materials (ASTM) (ASTM
D6883-04 (2012) method, using a stainless-steel trowel and imme-
diately storing the material in polythene bags to avoid oxidation
and contamination. Before analysis, all samples were air-dried,
milled to < 45 mm.

3.1. Geochemical analysis

For coal characterization, general parameters including mois-
ture, volatile matter (VM), ash (the inorganic/mineral components
of the coal samples), and fixed carbon content (C) on a dry basis
were performed following the protocols of ASTM and the Interna-
tional Organization for Standardization (ISO) [48,49]. Total mois-
ture content was determined using the ASTM D3173-11 method,
and ash yield and volatile matter were determined using the ISO
1171:2010, ISO 562:2010 methods, respectively. Fixed carbon con-
tent (C in %) was calculated by difference [48] and results were
measured as % by weight. Total sulfur (S) was determined using
the Eschka method (ASTM, 2004, E 775–87) [50]. Whereas Hard-
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grove grindability index was measured following the standard test
method (ASTM D-409).

Four major (Al, Fe, Mn, P) and 14 trace elements (Ag, As, Cd, Co,
Cr, Cs, Cu, Pb, Rb, Sr, Th, U, V, and Zn) were analyzed, using induc-
tively coupled plasma mass spectrometry (ICP-MS) at Camborne
School of Mines, University of Exeter, UK. Before analysis, samples
were wet digested using concentrated HNO3. For this process, 1 g
of ground coal sample was digested with 5 mL concentrated
HNO3 for one hour in a heating block at 100 ℃. Samples were then
allowed to cool and volumes were raised to 50 mL with ultra-pure
Mili Q. After filtration with syringe filters (0.45 mm), samples were
diluted 100 times using a 5% HNO3 solution. The certified reference
material STSD-2 used for quality control assurance gives precision
and reproducibility of the instrument within the confidence limit
of 98%.

Based on the World Coal Clarke values, enrichment patterns of
major and trace elements of the studied coals were calculated
using the concentration coefficient by Eq. (1) after [51,52].

CC ¼ Arithmetical means of elements in coal samples
World Clarke value of coal0s trace elements

ð1Þ

CC < 1 indicates no enrichment. The enrichment CC > 1 in coal
samples is further classified into significant enrichment
(CC > 10), moderate enrichment (5 < CC < 10), and slight enrich-
ment (2 < CC < 5). While metals with CC range of 0.5–2 were within
the range of world average hard coal values [53].

Mineralogical compositions of selected bulk coal samples were
determined by X-ray diffraction (XRD) using a Phillips PW 1710.
The ground samples were analyzed using CuKa radiations
(35 kV, 40 mA). Diffractograms were then obtained at the 2-theta
range of 2.6�–70�, and peaks of the investigated samples were
identified using the Bruker EVA1 software [54]. Chemical composi-
tions were determined using an Energy Dispersive X-ray (EDX)
Analyzer on a Scanning Electron Microscope (SEM). Before the
EDX analysis, coal samples were crushed and made into pellets.
These pallets were then coated with gold and examined under
the SEM-EDX (JSM5910, JEOL) at Peshawar University. The acceler-
ating voltage for the EDX was 10 kV, and the beam current was 40–
60 mA during the operation.

3.2. Stable isotope analysis

For isotopic analysis, representative samples were crushed
to < 45 mm. One gram of this material was measured into a pre-
cleaned tin capsule. The stable carbon and nitrogen isotopic signa-
tures of these coal samples were analyzed in an isotope ratio mass
spectrometer coupled with an elemental analyzer (SerCon ’Callisto
CF-IRMS’ system) at the Environment and Sustainability Institute,
University of Exeter, UK. Results were expressed as delta notation
(d) in per mil scale (‰) using a standard equation (Eq. (2)).

dX ¼ Rsample

Rstandard
� 1

� �
� 1000 ð2Þ

where X is 13C or 15N; Rsample for C the 13C/12C ratio; and Rstandard

for C the 13C/12C value of the VPDB standard. For N Rsample is the
14N/15N of samples and Rstandard represents the 14N/15N value of
air as the standard. For isotopic standards and drift correction,
the National Institute of Standards and Technology (NIST) Standard
Reference Material (SRM) 1577 Bovine Liver and two alanine stan-
dards were analyzed. The reproducibility of the results was 0.06‰
for C and 0.1‰ for N isotopic analysis (2 SD) [55].

3.3. Geo-statistical analysis

Trace elements were statistically analyzed to infer their enrich-
ment patterns using MS Excel (Microsoft Office 365 ProPlus). The
4

modes of occurrence of the trace elements in the coal samples
were determined based on coefficient correlation using a multi-
variate statistical program (MVSP).
4. Results

4.1. Standard coal characteristics and rank

The results of the analysis of the general parameters of the coals
are shown in Table 1. All the coals have low moisture content, i.e.,
0.4%–1% (Table 1). Apart from the Katta Karli coal (No. 12 in Fig. 1b)
in the central Salt Range, all other samples are classified as lower to
medium ash coals. Higher ash contents (range 28%–51% by weight
for central, 19.7%–39.8% by weight for the eastern part) in coals of
Salt Range is mainly coincident with the complex coal seam com-
position that includes shale, sandstone, and siltstone partings pre-
sent with the coal beds (Table 1) [56]. Coals of the Paleocene Patala
Formation in the eastern and the central Salt Range have relatively
higher contents of ash compared to the coals of the Hangu Forma-
tion in the Trans-Indus Salt Range, which most likely suggests an
increase in the sediment influx during the peat accumulation per-
iod [37]. Compared with the Baluchistan and Sindh Province, coals
of the Punjab Province have lower moisture and ash contents, and
thus have more economic value (Fig. 3). Volatile matter and carbon
content range from 16.7% to 39.6% by weight and 20% to 63% by
weight for the eastern Range, 23.6% to 38.7% by weight and 9.2%
to 44.8% by weight for the central Range, and 19% to 57% by weight
and 10.1% to 61.1% by weight for coals of the Trans-Indus Salt
Range, respectively. The sulfur values of eastern and Trans-Indus
coals were lower than the central Salt Range coals. If we compare
between the lignite and sub-bituminous type coals, then bitumi-
nous coals have higher S as opposed to that of lignite coals. The
HGI values of lignite samples ranged between 35 and 50 that is fol-
lowing the HGI of lignite figured by Alpan [57,58]. However, sub-
bituminous samples with more grindability showed higher HGI
values [49]. The results of HGI analysis indicated that central Salt
Range coals are hard whereas eastern and Trans-Indus Salt Range
coals are relatively softer (Table 1).

Based on the proximate analysis, and gross calorific values (ob-
tained from the ASTM D 38890; [36,49,58]), we could designate
rank as lignite for the samples collected at Basharat (marked point
1, 2 in Fig. 1b), Dalwal (3), Wahali (5), and Wahula (6) mines, and
bituminous from those at Pidh (7). Coal from the mines in the Dan-
dot (marked 8 in Fig. 1b) and Khajula (4) areas in the eastern Salt
Range were classified as sub-bituminous. Apart from Katta Karli
(point 12 on Fig. 1b) (i.e., lignite type coal), the remaining coal
samples in the central Salt Range were also classified as sub-
bituminous. Based on these results, coals of the Patala Formation
in the eastern and central Salt Range are ranked as lignite and high
volatile bituminous. Similarly, coal from the Trans-Indus Salt
Range, due to its high volatile content, is categorized as sub-
bituminous. Hence, based on the ASTM (D 38,890 ranking), the
low-grade indigenous coal of the Salt Range, Punjab, with low
moisture and high carbon and ash content could be blended with
high-quality imported coals to improve their energy efficiency
(Table 1), as suggested earlier by Rehman et al. [36].
4.2. Occurrence and enrichment of major, trace elements and their
interpretations

A comparison of concentrations of trace elements measured in
lignite (N = 21) and sub-bituminous to bituminous coals (N = 38)
against the World Coal Clarke values [52] is given in Table 2.
Among the 14 analyzed trace elements in the coal of the Paleocene
Patala Formation, average concentrations of As, Co, Cr, Pb, Sr, Th, U,



Table 1
Concentrations of general/proximate parameters, Hardgrove grindability index (HGI), and coal classification.

Location Mine site N Moisture (%) VM (%) Ash (%) C (%) Total S value (kcal/kg) HGI Rank

Eastern Salt Range Pidh 2 0.7 16.7 19. 7 63.0 3.8 73 Bituminous
Basharat 6 0.9 39.6 39.6 20.0 5.7 48 Lignite
Dandot 3 0. 6 30.3 34.8 34.4 3.9 76 Sub-bituminous
Khajula 4 0.4 32.0 30.3 37.3 3.7 74 Sub-bituminous
Dalwal 6 0.8 38.6 39.8 20.8 5.9 44 Lignite
Wahali 3 0.8 38.6 39.8 20.8 5.6 47 Lignite
Wahula 2 1.0 36.0 36.5 26.5 5.3 49 Lignite

Central Salt Range Padhrar 12 0.9 23.6 34.8 40.7 8.24 57 Sub-bituminous
Munarah 6 0.9 26.2 34.3 38. 6 6.8 63 Sub-bituminous
Katta Karli 3 0.8 38. 7 51.3 9.2 5.1 49 Lignite
Arara 6 0.9 26.5 28.0 44.8 6.9 61 Sub-bituminous

Trans-indus Salt Range Makarwal 6 1.0 28.8 28.0 48.1 4.5 92 Sub-bituminous

Note: N is the sample number.

Fig. 3. Comparison of proximate analysis of present study area with other local coal
[59]. *Error bars depict the precision of the calculations.

N. Masood, T. Zafar, K.A. Hudson-Edwards et al. International Journal of Mining Science and Technology xxx (xxxx) xxx
V, and Zn were significantly higher in lignite of the eastern Salt
Range compared to those in the other areas (Table 2). Lignite sam-
Table 2
Average major and trace element concentrations (in mg/kg) and the World Clarke values

Mine site N* Ag Al As

ESR Pidh 2 0.1 847 5.4
Basharat 1 2 0.0 729 3.4
Basharat 2 4 0.0 707 2.0
Wahali 3 0.0 957 4.2
Wahula 2 0.0 631 19.0
Khajula 4 0.1 1167 5.3
Dandot 3 0.0 550 4.3
Dalwal 6 0.0 870 6.4

CSR Padhrar 1 6 2.3 742 20.2
Padhrar 2 6 0.6 1808 33.9
Munarah 6 0.0 1697 49.9
Katta Karli 3 0.2 1742 4.2
Arara 6 0.0 1085 3.8

TSR Makarwal 6 0.1 1342 17.3
World Coal Clarke value** 0.1 82300*** 8.3

Mine Site N* Mn P Pb
ESR Pidh 2 23.8 0.0 15.2

Basharat 1 2 37.8 0.0 7.6
Basharat 2 4 21.5 0.0 5.4
Wahali 3 48.6 0.0 13.3
Wahula 2 72.6 0.0 18.7
Khajula 4 58.2 0.0 14.2
Dandot 3 42.3 0.0 16.6
Dalwal 6 25.0 0.0 16.4

CSR Padhrar 1 6 104 16.4 23.7
Padhrar 2 6 77.4 10.4 32.4
Munarah 6 106 2.7 31.3
Katta Karli 3 64.2 0.0 15.7
Arara 6 35.5 0.0 7.5

TSR Makarwal 6 22.3 0.0 7.3
World Coal Clarke value 86.0 230 7.8

Notes: *N: sample number; **World Clarke value source [52]; ***Values extracted from [6
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ples in the Patala Formation of the central Salt Range have rela-
tively high concentrations of Mn (64.2 mg/kg). Sub-bituminous
to bituminous samples of the same Formation in the central Salt
Range are enriched in Co, Cr, Pb, Sr, Th, V, and Zn, whereas the
high-volatile bituminous C-type samples of the Hangu Formation
in the Trans-Indus Salt Range (at Makarwal) display elevated con-
centrations of As, Cd, Cr, Cu, Pb, Th, V, and Zn. These elevated con-
centrations suggest an association of the elements with the
inorganic affinity (as will be discussed in Sections 5.1 and 5.2).
Arsenic, Cd, Cu, Pb, and Zn were likely associated with sulfides
[54], Cr and Co with siderophile elements, and Th, U, and V with
other lithophile elements in the coal [60]. Average contents of Cs,
P, and Rb in both lignite and sub-bituminous to bituminous sam-
ples were much lower than the World Coal Clarke values (Table 2).

The calculated concentration coefficient for the major and trace
elements shows that Al, Cs, P, Rb, and U (except Dalwal) in all the
selected samples were < 1 indicating no enrichment for these ele-
of the studied samples.

Cd Co Cr Cs Cu Fe

0.1 5.4 34.1 0.1 10.1 26,260
0.1 4.1 21.9 0.2 15.7 25,113
0.1 2.8 20.2 0.4 14.0 14,933
0.1 8.3 27.8 0.1 9.9 49,725
0.1 15.7 26.5 0.1 9.7 48,695
0.1 7.7 23.1 0.2 13.7 37,969
0.2 4.6 24.5 0.1 15.3 35,636
0.1 8.5 74.8 0.1 9.1 21,299
0.2 6.2 16.5 0.1 13.0 82,391
0.3 9.9 29.2 0.1 12.8 111,485
0.7 12.0 23.0 0.1 9.5 79,888
0.1 2.9 30.5 0.1 10.0 17,013
0.1 3.1 15.0 0.1 9.8 16,059
0.1 2.4 23.1 0.2 21.2 30,566
0.2 5.1 16.0 1.0 16.0 56000***
Rb Sr Th U V Zn
0.4 199 5.7 1.3 85.1 27.8
1.1 79.0 3.7 1.8 42.9 30.5
1.7 96.2 3.5 1.0 25.4 22.9
0.7 57.1 3.5 1.9 39.8 30.7
0.5 73.8 3.4 1.3 69.6 34.4
1.5 187 3.7 1.7 40.4 28.5
0.7 90.9 3.1 1.2 49.6 90.1
0.4 112 4.9 2.7 289 35.8
0.6 143 2.6 1.2 49.9 46.2
0.6 171 1.6 1.3 70.9 65.0
0.6 287 1.8 1.1 60.3 171
1.6 145 2.9 1.1 46.8 40.4
0.6 115 1.5 0.8 23.4 65.9
1.4 53.5 2.9 1.3 25.9 66.9
14.0 110.0 3.3 2.4 25.0 23.0

4]; ESR - eastern Salt Range; CSR - central Salt Range; and TSR - Trans-Indus Salt Ran.
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ments (Fig. 4). However, coals of the eastern Salt Range were
enriched in Co (except Basharat and Dandot), Cr, V, Pb, Th, and
Zn. In comparison, coals of Dalwal displayed significant V enrich-
ment and those of Wahula showed slight enrichment in As and
Co, all of which could be of environmental concern [61], as these
elements are identified as hazardous air pollutants (HAPS) by U.S.
Environmental Protection Agency (US-EPA), 1990 [62]. Coals of
the central Salt Range are enriched in Co, Cr, Fe, Mn, Sr, V, and
Zn and considerably enriched in As, Cd, and Pb. In addition, the
coals of Padhrar were significantly enriched in Ag (CC = 15), and
those from Munarah were significantly enriched in As (CC = 6)
and Zn (CC = 7.4). Trans-Indus Salt Range coals were moderately
enriched in Cr, Cu, V, and Zn. Overall, the studied samples from
the Salt Range show relatively high enrichment in Ag, As, Cr, Pb,
V, and Zn (Fig. 4). These environmentally toxic elements pose
potential risks and may cause serious environmental and health
concerns (e.g., mutagenic, carcinogenic, and teratogenic effects)
[20,63].
5. Discussions

5.1. Mineral assemblages

The identified minerals by XRD and SEM-EDX in coals of the
central and eastern Salt Range are silicates (quartz, kaolinite, feld-
spar, and illite), carbonates (main calcite), and sulfides (pyrite)
(Fig. 5). The XRD analysis confirmed quartz as the most abundant
mineral phase in the samples from all parts of the Salt Range. This
Fig. 4. Enrichment coefficients of environmentally sensitive trace elements of coals of Sal
WIC - Wahali, WAC - Wahula, KHC - Khajula, DTC - Dandot, DLC - Dalwal, PC - Padhrar
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likely reflects the quartz-rich sandstone as a dominant sediment
source in the Salt Range because it is interbedded with coals
[35]. Kaolinite was the second most abundant mineral in the stud-
ied coal samples of the Patala Formation in eastern Salt and central
Salt Ranges, whereas pyrite was the secondmost abundant mineral
after quartz in the Hangu Formation of the Trans-Indus Salt Range
(Fig. 5). Furthermore, carbonate minerals, and sulfides mainly pyr-
ite, were likely the major sources of the inorganic content of the
coals in the central and eastern Salt Range (Tables 1 and 2)
[65,66]. It is widely reported that the gypsum most likely forms
as a result of the reaction of sulfuric acid (product of pyrite oxida-
tion) with Ca2+ [24], evaporation of porewater [14,67], or by pre-
cipitation of calcium and sulfate during peat deposition and
epigenetic stage [68]. Therefore, the presence of gypsum in the
TSR site of this study most likely developed owing to the reaction
of sulfuric acid with Ca2+ [24] or mainly can be attributed to pre-
cipitation of calcium and sulfate during the phase of peat accumu-
lation or early diagenetic stages (Fig. 5).
5.2. Controlling factors on elemental compositions

To understand the occurrence of minerals in host coals and to
support the XRD results, EDX analysis was also performed. The
EDX spectra of the studied coal samples show contrasting peaks
of C, Al, S, Si, Fe, S, O, and traces of K and Mg (Fig. 6). Iron and S
mainly show their association and sole source from pyrite, whereas
sources of Si and Al in the studied coals can be attributed to alumi-
nosilicate minerals such as kaolinite and illite. Silica also reflects
t Range relative to the World Coal Clarke values [52]. PIC - Pidh coal, BTC - Basharat,
, MC - Munarah, KC - Katta Karli, AC - Arara, and MKC - Makarwal coal.



Fig. 5. XRD patterns of the studied coal samples. ESR indicates eastern Salt Range; CSR indicates central Salt Range; and TSR indicates Trans-Indus Salt Range.

Fig. 6. Back-scattered electron with energy dispersive X-ray spectroscopy (BSE-EDX) patterns and elemental composition (%) of constituent minerals in samples of eastern
Salt Range (ESR), central Salt Range (CSR), and Trans-Indus Salt Range (TSR) coal samples. Circles with numbers in representative samples indicate the analyzed spots for main
minerals: 1 - gypsum; 2 - pyrite; 3 - calcite; 4 - quartz; 5 - alumino-silicate (clays); and 6 - feldspar.
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the signatures of quartz. Calcium in the investigated coals is mainly
derived from carbonates and sulfates specifically calcite and gyp-
sum, respectively. These results are in good agreement with the
XRD analysis (Fig. 5), where the most common minerals observed
7

in the studied coal samples are quartz, illite, kaolinite, feldspar,
gypsum, pyrite, and calcite that are mainly comprised of Al, Si,
Fe, S and Ca (Fig. 6).



Table 3
Correlation coefficient (r) of trace elements and Ash content of coals of the studies
coal samples.

r Ash content

0.7 < r < 1.0 Mn vs P, As vs Pb, Cr vs V & U, Zn vs Cd, U vs V, Rb vs Cs
0.5 < r < 0.7 As vs Fe & Zn, Fe vs Pb, Sr vs Al, Co vs Pb & Co, Th vs Cr, U, &V
0 < r < 0.5 Ash vs Mn, P, & U, As vs Cd & Co

N. Masood, T. Zafar, K.A. Hudson-Edwards et al. International Journal of Mining Science and Technology xxx (xxxx) xxx
Statistical tools such as correlation coefficients can also reveal
the geochemical affinities of the different trace elements with each
other and with their respective mineralogy. The correlation coeffi-
cient between trace elements and ash contents also reflects their
organic and inorganic affinities (Fig. 7). Positive correlations
between trace elements including Ag, Al, Co, Cr, Cs, Cu, Mn, P, Rb,
Pb, Th, U, and V and ash contents suggest that they were largely
hosted in the inorganic fractions of the coal (Fig. 7) [11,69,70]. By
contrast, As, Fe, Sr, and Zn exhibit weak negative relationships with
ash contents, suggesting their affinity with the organic compo-
nents of the coal (Fig. 7) [20,71]; however, Fe-bearing minerals
were considered the main source of various elements. Positive cor-
relations between Fe and Pb, As, and Mn revealed that these ele-
ments were most probably related with sulphides, particularly
pyrite grains in the studied samples (Table 3) [72]. Arsenic signif-
icantly positively correlated with Fe, Pb, and Zn, and a weak posi-
tive correlation with other toxic metals such as Cd, Co, and Mn
suggested that it may have been derived from the same source
i.e., sulfide (Table 3) [73]. Similarly, a strong positive correlation
of Cr with Th, U, and V, Th with U and V, Rb with Cs, and Mn with
P, Al suggests that aluminosilicates were the major host of Rb, Cr,
and Th, U, Cs, and V (Table 3) [14].
5.3. d13C and d15N isotopic compositions

Stable carbon and nitrogen isotope data (N = 12) ranged
from � 24.94‰ to � 25.86‰ for 13C and � 2.77‰ to 3.22‰ for
15N respectively (Fig. 8). Plant sources, coalification, and peatifica-
tion processes were the likely factors that influenced the stable iso-
tope signatures [74,75]. Coal samples having higher d13C values
indicate peat-forming vegetation mainly comprises cellulose and
carbohydrates, whereas relatively lower d13C values suggest the
involvement of lignin and lipids [30]. Organic matter (OM) derived
from the terrestrial woody vegetation comprises a considerable
amount of carbon-containing lignocellulose compounds; hence,
these compounds are depleted in algal and planktonic sources
[76]. The d13C range of � 24.94‰ to � 25.86‰ for the studied coal
samples is comparable to that of the modern terrestrial land vege-
tation i.e. woody plants (�23‰ to � 34‰) [27]. Likewise, the d15N
values of � 2.77‰ to 3.22‰ also lie within the range of modern
terrestrial plants (i.e., 0‰–2‰) [76,77]. Thus, stable isotopic signa-
tures of the lignite and sub-bituminous to bituminous coals sam-
ples indicate higher terrestrial plants were the possible source of
the coal OM (Fig. 8). The d13C concentrations of the OM derived
from C3 vascular plants and C3 aquatic plants range
between � 22‰ to � 33‰, and � 13‰ to � 27‰ respectively
[78]. Upon plotting 13C values of the studied coal against C3 terres-
trial plants and C3 aquatic plants, the studied samples fall under
the terrestrial plant range (Fig. 8).

Data obtained from the studied samples showed a negligible
shift in 13C enrichment (Fig. 8) falling within the range of the Cal-
vin/C3 cycle of photosynthesis (�33‰ to � 22‰). Similarly, OM
Fig. 7. Correlation coefficients of trace elemen
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contents obtained from the terrestrial vegetation exhibited lower
nitrogen enrichment (0‰–2‰), whereas planktonic sources usu-
ally yield a value of + 8‰ [76]. Hence, the d13C and the d15N signa-
tures of the studied samples did not show significant variation
with increasing rank (Fig. 8).

The reported stable isotopic values are also very with gym-
nosperm plants (average d13C value is � 25.41‰) [28,79,80]. The
slight fluctuations in the 13C isotopic values of the studied coals
(i.e., �24.94‰ to � 25.86‰) probably reflect transient climatic
conditions during the formation of the OM (Fig. 8) [29]. Tropical
to subtropical and warm climates characterize the Paleocene
[37,38], and show that peat-forming C3 type vegetation grew under
a shallow marine (e.g., mangrove) and deltaic depositional envi-
ronment. The peatland formation along the margins of the Tethys
Sea experienced regressive and subsequent transgressive phases
during the Paleocene time when water level fluctuations possibly
caused wet and drier cycles. These changes in the environmental
conditions are indicated by variation in carbon isotopes (Fig. 8).
Such marine sediments are characterized by the high concentra-
tions of As, U, and other trace elements [81]. Furthermore, the del-
taic coals, particularly coals related with pleiomeric deposited
under lower delta plain conditions, could display higher ash yields
and concentrations of aluminosilicate affiliated elements due to
high detrital input. Higher concentrations of As, Co, Cr, Cu, Pb, Sr,
Th, U, V, and Zn traced in the present study coals also showed
the same evidence (Table 2). Similarly, declines in the N enrich-
ment can be associated with the increase in average precipitation
[76]. Such higher rainfall and subsequent changes in water levels
most likely caused the higher fractionation of the lighter N isotope
(14N) relative to the heavier 15N (Fig. 8) [32,82]. Therefore, d13C and
d15N signatures of the studied coal samples suggest that tropical to
subtropical and warm climate and sea-level fluctuations may have
developed the peat mire. This depositional environment could
have also caused the abundance of either inertinite or vitrinite
macerals that induced the 13C variability in the studied coals
[28,31].

Coal facies analysis (maceral compositions) can further indicate
the environmental conditions of the peatification process [73]. For
instance, the abundant vitrinite (79% and 71%), and the inertinite
contents of 11% and 18% in the Patala and Hangu formations,
respectively further signify the presence of woody tissues repre-
senting wet climatic conditions in the Salt Range coals during their
formation [37,38,83,84]. In addition, the vitrinite enrichments sug-
ts with ash yield for the studied samples.



Fig. 8. Stable isotope signature and vegetation sources of organic matter.
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gested by the d13C signatures of the studied coals imply the wet
and anoxic environment for peatification existed [78]. Based on
these observations the stable isotopic composition of the investi-
gated coal samples may have been regulated by water table level
fluctuations which in turn influenced maceral composition and
C3 plant type.

6. Conclusions

Based on information obtained from the elemental contents and
stable isotope values from the studied coal samples the following
conclusions can be made:

(1) The studied coal seams in the Salt Range and the Trans-Indus
Salt range are lignite and sub-bituminous to bituminous
types.

(2) Average concentrations of Co, Cr, Cu, Pb, Sr, Th, U, V, and Zn
in lignite and As, Co, Cr, Cu, Pb, Sr, Th, V, and Zn in the sub-
bituminous to bituminous coals of the Salt Range were sig-
nificantly higher than the World Clarke values. Arsenic Cd,
Cr, Cu, Pb, Th, V, and Zn of the Trans-Indus Salt Range coals
are also higher than the World Clarke values. The elevated
levels of environmentally sensitive trace elements could
cause human health concerns that need to be addressed.

(3) Mineral assemblages are characterized by silicates (quartz,
feldspar, and other clay minerals), carbonates (calcite), sul-
fates (gypsum), and sulfides (pyrite). The carbonate, sulfide,
and sulfate mainly host the potentially toxic elements.

(4) The occurrence of major/trace elements in lignite and hard
coals has been studied using indirect evidence. Positive cor-
relation coefficients of trace elements with ash yields sug-
gest inorganic affiliations for the trace elements. The
continuous use of these coals in the industry most likely
enriches the environment with relatively high concentra-
tions of potentially toxic elements.

(5) Stable d13C (�24.94‰ to � 25.86‰) and d15N (�2.77‰ to
3.22‰) isotopic signatures suggest that C3 type plants grew
under restricted marine and deltaic depositional environ-
ments and were responsible for peat formation. The small
variations among these isotopic values were likely due to
water level fluctuations and plant communities as well as
maceral compositions.

(6) Based on the geochemistry and enrichment pattern of trace
elements in the tested coals, detailed studies regarding
leaching experiments and elemental compositions of differ-
9

ent grain sizes are highly recommended to understand coal
beneficiation as well as possible negative environmental
aspects.
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[61] Karayiğit AI, Bircan C, Mastalerz M, Oskay RG, Querol X, Lieberman NR, et al.
Coal characteristics, elemental composition and modes of occurrence of some
elements in the _Isaalan coal (Balıkesir, NW Turkey). Int J Coal Geol
2017;172:43–59.

[62] Ribeiro J, Flores D. Occurrence, leaching, and mobility of major and trace
elements in a coal mining waste dump: The case of Douro Coalfield. Portugal
Energy Geosci 2021;2(2):121–8.

[63] Hussain R, Luo K, Chao Z, Xiaofeng Z. Trace elements concentration and
distributions in coal and coal mining wastes and their environmental and
health impacts in Shaanxi. China Environ Sci Pollut Res Int 2018;25
(20):19566–84.

[64] Song D, Qin Y, Zhang J, Wang W, Zheng C. Concentration and distribution of
trace elements in some coals from Northern China. Int J Coal Geol 2007;69
(3):179–91.

[65] Behera SK, Meena H, Chakraborty S, Meikap BC. Application of response
surface methodology (RSM) for optimization of leaching parameters for ash
reduction from low-grade coal. Int J Min Sci Technol 2018;28(4):621–9.

[66] Drew LJ, Grunsky EC, Schuenemeyer JH. Investigation of the Structure of
Geological Process Through Multivariate Statistical Analysis—The Creation of a
Coal. In: Proceedings of Progress in Geomathematics. Berlin, Heidelberg:
Springer; 2008. p. 53–77.

[67] Oskay RG, Christanis K, Inaner H, Salman M, Taka M. Palaeoenvironmental
reconstruction of the eastern part of the Karapınar-Ayrancı coal deposit
(Central Turkey). Int J Coal Geol 2016;163:100–11.

http://refhub.elsevier.com/S2095-2686(22)00032-5/h0050
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0050
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0055
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0055
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0055
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0060
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0060
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0060
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0065
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0065
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0065
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0070
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0070
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0075
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0075
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0075
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0085
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0085
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0085
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0085
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0090
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0090
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0090
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0095
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0095
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0095
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0100
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0100
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0100
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0100
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0105
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0105
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0105
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0110
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0110
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0110
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0115
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0115
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0120
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0120
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0120
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0125
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0125
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0125
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0130
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0130
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0130
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0130
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0135
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0135
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0135
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0135
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0140
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0140
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0140
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0145
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0145
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0145
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0145
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0150
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0150
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0150
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0150
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0150
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0155
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0155
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0155
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0155
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0155
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0160
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0160
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0160
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0165
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0165
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0165
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0170
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0170
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0170
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0175
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0175
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0175
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0180
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0180
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0180
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0185
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0185
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0185
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0190
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0190
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0195
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0195
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0195
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0200
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0200
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0205
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0205
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0205
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0205
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0210
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0210
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0210
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0210
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0215
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0215
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0220
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0220
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0220
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0225
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0225
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0225
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0230
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0230
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0230
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0240
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0240
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0240
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0245
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0245
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0245
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0250
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0250
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0250
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0250
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0255
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0255
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0255
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0260
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0260
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0265
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0265
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0265
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0265
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0265
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0265
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0270
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0270
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0270
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0275
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0275
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0275
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0280
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0280
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0280
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0285
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0285
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0290
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0290
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0290
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0295
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0295
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0295
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0295
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0300
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0300
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0300
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0300
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0300
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0300
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0305
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0305
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0305
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0310
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0310
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0310
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0310
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0315
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0315
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0315
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0320
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0320
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0320
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0330
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0330
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0330
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0330
http://refhub.elsevier.com/S2095-2686(22)00032-5/h0330


N. Masood, T. Zafar, K.A. Hudson-Edwards et al. International Journal of Mining Science and Technology xxx (xxxx) xxx
[68] Liu JJ, Spiro BF, Dai SF, French D, Graham IT, Wang XB, et al. Strontium isotopes
in high- and low-Ge coals from the Shengli Coalfield, Inner Mongolia, Northern
China: New indicators for Ge source. Int J Coal Geol 2021;233:103642.

[69] Wu YY, Qin Y, Wang AK, Shen J. Geochemical anomaly and the causes of
transition metal accumulations in late Permian coal from the eastern Yunnan-
western Guizhou region. Int J Min Sci Technol 2013;23(1):105–11.

[70] Xu N, Peng MM, Li Q, Xu CP. Towards consistent interpretations of coal
geochemistry data on whole-coal versus ash bases through machine learning.
Minerals 2020;10(4):328.

[71] Xu N, Finkelman RB, Xu CP, Dai SF. What do coal geochemistry statistics really
mean? Fuel 2020;267:117084.

[72] Diehl SF, Goldhaber MB, Koenig AE, Lowers HA, Ruppert LF. Distribution of
arsenic, selenium, and other trace elements in high pyrite Appalachian coals:
evidence for multiple episodes of pyrite formation. Int J Coal Geol
2012;94:238–49.

[73] Çelik Y, Karayigit AI, Oskay RG, Kayseri-Özer MS, Christanis K, Hower JC, et al.
A multidisciplinary study and palaeoenvironmental interpretation of middle
Miocene Keles lignite (Harmancık Basin, NW Turkey), with emphasis on
syngenetic zeolite formation. Int J Coal Geol 2021;237:103691.

[74] Ding DS, Liu GJ, Sun XH, Sun RY. Response of carbon isotopic compositions of
Early-Middle Permian coals in North China to palaeo-climate change. J Asian
Earth Sci 2018;151:190–6.
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