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Abstract We present multi-element data on the super-high-
organic-sulfur (SHOS; 5.19 % on average) coals of Late
Permian age from Guiding, in Guizhou Province, China.
The coals, formed on restricted carbonate platforms, are all
highly enriched in S, U, Se, Mo, Re, V, and Cr, and, to a lesser
extent, Niand Cd. Although the Guiding coals were subjected
to seawater influence, boron is very low and mainly occurs in
tourmaline and mixed-layer illite/smectite. Uranium, Mo, and
V in the coal are mainly associated with the organic matter. In
addition, a small proportion of the U occurs in coffinite and
brannerite. The major carrier of Se is pyrite rather than mar-
casite. Rhenium probably occurs in secondary sulfate and
carbonate minerals. The U-bearing coal deposits have the
following characteristics: the formation age is limited to Late
Permian; concentrations of sulfur and rare metals (U, Se, Mo,
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Re, V, and in some cases, rare earth elements and Y) are highly
elevated; the U-bearing coal beds are intercalated with marine
carbonate rocks; organic sulfur and rare metals are uniformly
distributed within the coal seams; and the combustion prod-
ucts (e.g., fly and bottom ash) derived from the coal deposits
may have potential economic significance for rare metals: U,
Se, Mo, Re, V, rare earth elements, and Y.
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Venrichment model - Late Permian coals - Marine carbonate
succession - Hydrothermal fluids

Introduction

Coals preserved within marine carbonate successions have
been found in the Guiding (Guizhou Province), Yanshan
(Yunnan Province), Heshan (Guangxi Province), and Chenxi
(Hunan Province) coalfields in southern China (Fig. 1a). The
coals are intercalated with marine carbonate rocks (Hou et al.
1995; Lei et al. 1994; Shao et al. 2003; Zeng et al. 2005) and
most of them are classified as super-high-organic-sulfur
(SHOS) coals; these are a special class of coal that is remark-
ably enriched in organic sulfur, usually in the range of 4 to
11 % (Chou 1997a, 2012). Such SHOS coals are not very
common, but have both practical and academic research sig-
nificance. From a practical perspective, SHOS coals usually
contain highly elevated concentrations of several elements,
including U, Se, Mo, V, Re, and, in some cases, rare earth
elements and Y (REY, or REE if Y is not included), which
could potentially be utilized from the coal combustion by-
products, e.g., fly ash (Dai et al. 2013a; Seredin and
Finkelman 2008). From an academic perspective, the mecha-
nism of SHOS coal formation and the enrichment of trace
elements and minerals in such coals could enhance the
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understanding of the paleoenvironmental evolution and re-
gional tectonic evolution (Greb 2013).

Previous studies have investigated the depositional envi-
ronment of the Heshan Coalfield (Chen 1987; Huang et al.
1994; Jin and Li 1987); the geochemistry of organic sulfur in
the Guiding Coalfield (Chou 1997a, 2004; Hou et al. 1995;
Lei et al. 1994); and the mineralogy and trace-element geo-
chemistry in the Yanshan, Heshan, Fusui, and Chenxi coal-
fields (Dai et al. 2008, 2013a; Li and Tang 2013; Li et al.
2013; Shao et al. 2003; Zeng et al. 2005), and made prelim-
inary estimations of the potential for utilization of rare earth
elements and yttrium in SHOS coals of the Heshan and Fusui
coalfields (Dai et al. 2013a, b). These studies have variously
attributed the highly elevated sulfur and U-Se-Mo—Re-V
concentrations to a marine transgressive environment (Shao
et al. 2003; Li and Tang 2013; Li et al. 2013), hydrothermal
fluids (including those of submarine exhalation; Dai et al.
2008, 2013a,b), and the formation of soil horizons prior to
peat accumulation (Zeng et al. 2005).

Although studies have been carried out on the geochemis-
try of the organic sulfur in the coal (Lei et al. 1994), the trace
element abundances and mineral compositions of the Guiding
SHOS coals have not previously been investigated. In this
paper, we report an investigation of the geological factors that
may have influenced the geochemical and mineralogical
anomalies observed in the Guiding coals. In addition to com-
bining previously reported trace element data on SHOS coals
from the Yanshan, Heshan, and Chenxi coalfields, the general

occurrence of this U-bearing deposit body and the geochem-
ical characteristics of the U-Se-Mo—Re—V enrichment assem-
blage are discussed.

Geological setting

The Guiding Coalfield is located in the middle of Guizhou
Province, southwestern China (Fig. 1a). The sedimentary
sequences in the coalfield (Fig. 2) include the Lower
Permian Maokou Formation, Upper Permian Wujiaping
Formation, Lower Triassic Daye Formation, and Quaternary
deposits.

The Maokou Formation is made up of thick, gray lime-
stone layers containing algal fossil debris. The coal-bearing
unit in the Guiding Coalfield is the Wujiaping Formation,
overlying the limestones of the Maokou Formation with an
unconformable contact. The Wujiaping Formation is mainly
composed of flint-bearing limestones interlayered with coal
and thin layers of mudstone and siliceous rock layers.
Three different parts can be identified in the vertical section
of the Wujiaping Formation. The lower part, with an aver-
age thickness of 60 m, is composed of medium-thick flint-
bearing limestone interlayered with silty mudstone. The
middle part has an average thickness of 80 m and is
dominated by interbedded thin siliceous rocks and thin silty
mudstones. The M3 seam, the major workable seam, with
an average thickness of 0.9 m, is located in the upper
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Fig. 1 Paleoenvironment and location of the Guiding, Yanshan, Heshan, Fusui, and Chenxi coalfields in southwestern China (a) and the sampling
locations in Guiding county (b). JU, Jiangnan Upland. GZ, Guizhou Province; GX, Guangxi Province; YN, Yunnan Province; HN, Hunan Province
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Fig.2 Sedimentary sequences in the Guiding Coalfield. O, Quarternary;
Fm., Formation

portion of this middle part. The upper part of the
Wujiaping Formation, with an average thickness of
160 m, largely consists of flint-bearing limestone. The M1
seam, with an average thickness of 20 cm, is located in the
uppermost portion of this interval.

The roof and floor strata of the M1 and M3 seams are
variable in nature. The roof and floor of the M1 seam both
consist of silicified or flint-bearing limestone, although, in
some cases, the floor stratum is composed of siliceous rock
(chert). The roof stratum of the M3 seam consists of silicified
limestone or siliceous rock, and the floor is dominated by
siliceous rock.

The overlying Daye Formation can also be divided into
three parts based on lithologic composition. The lower part,
with an average thickness of 30 m, consists of grayish yellow
or brownish yellow mudstone. The middle part has an average
thickness of 70 m and is made up of alternating thin limestone
and mudstone layers. The upper part has an average thickness
greater than 200 m and consists of gray limestone.

The sediment-source region for the Guiding Coalfield was
the Kangdian Upland (China National Administration of Coal
Geology 1996), which supplied terrigenous materials to most
of the Late Permian coal-bearing areas in southwestern China.

Like the Guiding coals, the coals of the Yanshan Coalfield
in Yunnan Province (Dai et al. 2008), the Heshan Coalfield in
Guangxi Province (Lei et al. 1994; Shao et al. 2003; Zeng
etal. 2005), and the Chenxi Coalfield in Hunan Province were
formed in tidal flat environments on a restricted carbonate
platform (Fig. 1a), and thus were preserved within marine
carbonate successions. However, the coal-bearing strata of
the Fusui Coalfield, which is located close to the Heshan
Coalfield (Fig. 1a), were formed in a lagoonal environment
on an open carbonate platform with relatively low-energy
hydrodynamics (Dai et al. 2013b; Feng et al. 1994).
Although all these coal-bearing strata have different strati-
graphic names (e.g., Heshan Formation for the Fusui and
Heshan coalfields; Wujiaping Formation for the Yanshan,
Guiding, and Chenxi coalfields), they are all of Late
Permian age. The roof strata of all the coals have a
limestone-dominated composition (limestone, silicified lime-
stone, flint-containing limestone, or bioclastic limestone). In
some cases, thin layers of siliceous rock (chert) or mudstone
are interlayered between the coal and the limestone-
dominated roof strata. The lithologic composition of the floor
strata, however, is variable, mostly consisting of limestone,
but in some cases of siliceous rock (chert), marl, or mudstone.

Samples and analytical procedures

Samples of coal and non-coal roof and floor strata were
collected from three mines in the Guiding Coalfield of
Guizhou Province: the Guanchong (GC), Laoheidong
(LHD), and Heishentian (HST) mines (Fig. 1b).

Two channel samples from each of the M1 (GC-1C, LHD-
1C) and M3 seams (GC-3C, HST-3C), five coal bench sam-
ples of the M3 seam from the Guanchong Mine (GC-3-1 to
GC-3-5), and three coal bench samples of the M3 seam from
the Heishentian Mine (HST-3-0 to HST-3-4), respectively,
were taken from the mined fresh coal faces (Table 1). The
sample of the M1 seam from the Laoheidong Mine (LHD-1C)
was collected from the coal outcrop. Each channel and coal
bench sample was cut over an area 10-cm wide and 10-cm
deep. The non-coal roof and floor strata samples have suffixes
R and F, respectively (see Electronic Supplementary File).
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Table 1 Coal seam/bench thickness (cm), proximate and ultimate analyses (%), sulfur (%), calorific values (MJ/kg), and vitrinite random reflectance

(%) of the Guiding coals

Sample Thickness (cm)  Myq Vaag Aqg Caar Hyar Nar Ograd Stia Sp.a Sea So.d R,

Channel GC-1C 20 1.29 21.7 233 84.9 5.06 0.79 26.2 6.55 0.82 0.37 5.37 1.34
LHD-1C 20 1.56 26.1 16.9 83.9 5.73 0.63 29.2 6.61 0.23 0.69 5.69 1.10
GC-3C 101 1.33 22.7 23.8 84.9 5.76 0.78 25.8 6.70 0.55 0.5 5.65 1.37
HST-3C 65 1.90 30.0 235 80.2 6.17 0.73 25.8 6.27 1.36 0.39 452 0.86

Bench GC-3-1 5 0.94 36.4 48.2 89.9 5.08 0.96 18.6 473 1.15 0.12 3.47 nd
GC-3-2 20 1.31 22.7 21.0 84.5 5.24 0.79 27.9 6.54 0.36 0.38 5.79 nd
GC-3-3 20 1.51 20.6 15.1 81.4 435 0.72 294 6.53 0.07 0.62 5.84 nd
GC-34 20 1.52 20.3 16.3 86.9 6.10 0.76 29.3 7.05 0.10 0.56 6.39 nd
GC-3-5 36 1.64 18.9 13.9 80.6 3.95 0.69 294 7.46 0.14 0.70 6.62 nd
GC-3B-Av 101 1.49 21.1 17.7 83.2 4.77 0.74 28.6 6.88 0.21 0.56 6.10 nd
HST-3-0 20 1.90 27.2 433 nd nd nd nd 5.84 3.15 0.27 242 nd
HST-3-1 10 1.25 29.1 242 79.1 6.28 0.72 25.8 6.11 1.71 0.12 4.27 0.81
HST-3-2 38 1.17 28.9 14.2 81.5 5.13 0.73 30.0 6.36 0.72 0.23 542 0.92
HST-3-3 17 2.95 30.3 30.1 74.9 5.17 0.74 22.6 6.40 1.57 0.84 4.00 0.79
HST-3-4 18 2.30 29.7 50.2 nd nd nd nd 5.39 2.62 0.22 2.55 nd
HST-3B-Av 103 1.81 29.0 29.7 78.5 5.53 0.73 26.1 6.07 1.76 0.33 3.99 0.84

Average GC-3 101 1.41 219 20.8 84.1 5.26 0.76 27.2 6.79 0.38 0.53 5.87 1.37
HST-3 84 1.85 294 273 79.2 5.78 0.73 26.0 6.15 1.61 0.35 4.20 0.85
All 1.58 25.1 23.1 82.3 5.48 0.74 26.8 6.51 0.86 0.46 5.19 0.96

M moisture, ¥ volatile matter, 4 ash yield, C carbon, H hydrogen, N nitrogen, Q.4 gross calorific value, on air-dried basis, S; total sulfur, S, sulfate
sulfur, S, sulfide sulfur, S, organic sulfur, ad air-dry basis, d dry basis, daf dry and ash-free basis, R,. vitrinite random reflectance (%), 3B-4v weighted
average of the bench sample of the M3 seam (weighted by thickness of sample interval), C channel, nd not detected, GC-3 average of M3 seam in

Guanchong Mine, HST-3 average of M3 seam in Heishentian Mine, GC Guanchong Mine, LHD Laoheidong Mine, HST Heishentian Mine

Proximate analysis, covering the determination of mois-
ture, volatile matter, and ash yield, was conducted using
American Society for Testing and Materials (ASTM)
Standards D3173-11 (2011), D3175-11 (2011), and D3174-11
(2011). Total sulfur and forms of sulfur were determined fol-
lowing ASTM Standards D3177-02 (2002) and D2492-02
(2002), respectively. Samples were prepared for microscopic
analysis in reflected light following ASTM Standard D2797/
D2797M-11a (2011). Mean random reflectance of vitrinite
(percent R,) was determined using a Leica DM-4500P micro-
scope (at a magnification of % 500) equipped with a Craic QDI
302™ gpectrophotometer.

Concentrations of major element oxides in the sam-
ples (on an ash basis; 815 °C ashing temperature) were
determined by X-ray fluorescence spectrometry. Mercury
was determined using a Milestone DMA-80 Hg analyz-
er. Fluorine was determined by pyrohydrolysis with an
ion-selective electrode, following the methods described
in ASTM Standard D5987-96 (2002). Inductively
coupled plasma mass spectrometry (ICP-MS) was used
to determine other trace elements in the coal and rock
samples. For ICP-MS analysis, the samples were
digested using an UltraClave Microwave High Pressure
Reactor. More details for these coal-related sample
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digestion and ICP-MS analysis techniques are given by
Dai et al. (2013a, b). In order to significantly reduce
argon-based interference at mass to charge ratios (m/z)
75 (*°Ar’>Cl) and 78 (*°Ar’®Ar), arsenic and Se were
determined by collision/reaction cell technology (CCT)
ICP-MS, based on the method outlined by (Li et al.
2014b). For boron determination by ICP-MS, addition
of H;PO,4 to the HNO; and HF was used to reduce
boron volatilization during the acid-drying process after
sample digestion, and 2 % ammonia was used as rinse
solution to eliminate the memory effect of boron.
Low-temperature (oxygen-plasma) ashing (Gluskoter
1965) was carried out to remove the organic matter
from the coal, using an EMITECH KI1050X plasma
asher. The low-temperature ash (LTA) residues of this
process, and also the (untreated) non-coal rock samples,
were analyzed by X-ray diffraction (XRD) using a
D/max-2500/PC powder diffractometer with Ni-filtered
Cu-K« radiation and a scintillation detector. The XRD
patterns were recorded over a 20 interval of 2.6 to 70°,
with a step size of 0.01°. X-ray diffractograms were
interpreted using the Siroquant software system (Taylor
1991), based on the principles developed by Rietveld
(1969). Background was removed, a calibration function
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applied to allow for the geometry of the diffraction
system, and a synthetic XRD trace produced for each
sample based on the minerals present. The structure of
each phase making up the synthetic pattern was inter-
actively refined until the best possible fit had been
obtained between the synthetic pattern and the observed
XRD trace, and the percentages of each phase indicated
by the software recorded as a fraction of the sample
concerned.

As well as the LTA residues, samples of the raw (i.e., un-
ashed) coals were also analyzed by the same XRD techniques.
The broad diffraction “hump” produced by the organic matter
in these samples was removed (cf. Ward et al. 2001), so that
the mineral percentages determined for those samples repre-
sent proportions of the total crystalline material in the coal
concerned. Differences between the diffractograms for the raw
coal and LTA of the same sample were used to identify any
changes in the mineral matter induced by the low-temperature
ashing process.

The chemical composition of the (high-temperature)
coal ash expected to be derived from the mineral as-
semblage indicated by the XRD and Siroquant analyses
of each coal or rock sample was calculated, using
methodology described by (Ward et al. 1999). This
process included calculations to allow for the loss of
hydroxyl water from the clay minerals and CO, from
the carbonates, at the temperatures associated with high-
temperature (815 °C) ashing and combustion processes.
Chemical data for the samples were recalculated to
provide normalized percentages of the major element
oxides in the inorganic fraction (loss-on-ignition free
basis). These were taken to represent the chemical com-
position of the (high-temperature) ash derived from each
sample. The inferred percentages of major element ox-
ides in the coals and partings, as calculated from the
XRD data, were then compared to the normalized per-
centages of the same oxides in the SOj-free ash as
calculated from the geochemical data obtained by sepa-
rate XRF analysis.

A Field Emission-Scanning Electron Microscope (FE-
SEM, FEI Quanta™ 650 FEG), in conjunction with an
EDAX energy dispersive X-ray spectrometer (Genesis
Apex 4), was used to study morphology and microstruc-
ture, and also to determine the distribution of some
elements in the coal and rock samples. Samples were
made into pellets, polished, coated with carbon using a
Quorum QI150T ES sputtering coater, and then mounted
on standard aluminum SEM stubs using sticky electron-
conductive carbon tabs. The working distance of the
FE-SEM-EDS was 10 mm, beam voltage 20.0 kV, ap-
erture 6, and spot size 5-6. Images were captured via a
retractable solid state backscatter electron detector or a
secondary electron detector.

Results
Coal chemistry and vitrinite reflectance

The vitrinite random reflectance (R;) and volatile matter yields
(V4ap dry and ash-free basis) (Table 1) indicate that the rank of
the Guiding coals varies from high (HST-3), through medium
(LHD-1), to low volatile bituminous (GC-1 and GC-3), ac-
cording to the ASTM classification (ASTM Standard D388—
12 2012). Due to the presence of high calcite percentages in
the coal, bench samples GC-3-1, GC-3-2, and GC-3C have
higher volatile matter yields than the other coal benches (GC-
3-3 and GC-3-4).

For comparison, the coals from Yanshan (R,=1.81 %; Dai
et al. 2008), Heshan (R,=1.74—1.92 %; Dai et al. 2013a; Shao
et al. 2003), and Fusui (R,=1.41-1.56 %; Dai et al. 2013b) are
all low volatile bituminous in rank. The average volatile
matter yield of the Chenxi coals, however, is 42.11 % (Li
and Tang 2013; Li et al. 2013), indicating a high volatile
bituminous rank.

The Guiding coals have high organic sulfur contents, vary-
ing from 2.42 to 6.62 %, with an average of 5.19 %, but are
characteristically low in pyritic sulfur (0.10-3.15 %; 0.86 %
on average). These coals are classified as SHOS coals. In
addition to the above-mentioned Late Permian SHOS coals
of southern China, SHOS coals have also been reported from
other areas, e.g., coals of Tertiary age along the on-shore
margin of the Gippsland Basin, Victoria, Australia (Smith
and Batts 1974); the Permian Tangorin coal seam of the
Cranky Corner Basin, eastern Australia (Marshall and
Draycott 1954; Ward et al. 2007); and the Upper Palacocene
Rasa coal from Istria (Slovenia), which contains up to 11 %
organic sulfur (Damste et al. 1999).

The Guiding coals are classified as medium-ash coals
according to Chinese Standard GB/T 15224.1-2004 (2004);
coals with ash yields of 16.01 to 29 % are medium-ash coals
and those with ash >29.00 % are high-ash coals.

Major and trace elements

Table 2 lists the concentrations of major element oxides and
trace elements in the samples from the Guiding Coalfield.
Compared to average values for Chinese coals (Table 2; Dai
et al. 2012b), K,O and MgO, and to a lesser extent, SiO,, are
enriched in the Guiding coal. The remaining major element
oxides are either lower than or close to the average values for
Chinese coals (Table 2; Dai et al. 2012b).

Trace elements in the four different coal seams show sim-
ilar abundances (Table 2; Fig. 3). Compared to average values
for world hard coals (Ketris and Yudovich 2009), uranium,
Re, and Mo are unusually enriched in the Guiding coals, with
a concentration coefficient >100 (CC = ratio of element con-
centration in investigated coals vs. world hard coals); elements
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Fig. 3 Concentration coefficients (CC) of trace elements in the Guiding coals. Normalized to average trace-element concentrations in world hard coals
(Ketris and Yudovich 2009)

such as F, V, Cr, Se, and Cd are significantly enriched (10 <  Zr, and in some cases, Nb and Ta are slightly enriched (2 <CC
CC < 100); Ni and Tl are enriched (5 < CC < 10); Cl, Cu, Zn, <5). However, P, Mn, Ba, and Bi are depleted (CC <0.5). The
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remaining elements (0.5 < CC < 2) are close to the average
values for world hard coals (Ketris and Yudovich 2009).

The B concentration in the Guiding coals (37.9 ug/g on
average) is slightly lower than the average value for world
hard coals (47 ng/g; Ketris and Yudovich 2009). It is not as
high as might be expected when compared to the indices
developed by Goodarzi and Swaine (1994), who placed the
fresh/brackish and brackish/marine boundaries at 50 and
110 pg/g B, respectively. The B concentration in the
Guiding coals is much lower than that in coals (>110 ug/g)
reported to have formed under heavy marine influence
(Goodarzi and Swaine 1994; Eskenazy et al. 1994; Chen
et al. 2011).

Like the Guiding coals, the coals formed on restricted
carbonate platforms in the Heshan (Dai et al. 2013a),

Yanshan (Dai et al. 2008), and Chenxi (Li et al. 2013) coal-
fields have similar trace element (U, Se, Mo, Re, and V)
enrichment assemblages (Fig. 4a—c). Although the coals of
the Fusui Coalfield were formed on an open carbonate plat-
form, as compared with the averages for world hard coals
(Ketris and Yudovich 2009) they also have elevated concen-
trations of U, Se, and Mo, but not to the extent of those in the
Guiding, Heshan, and Yanshan coals (Fig. 4d).

Rare earth elements and yttrium

Three enrichment types for REY are used in this study, based
on the classification of Seredin and Dai (2012). The average
concentration (weighted by thickness of sample interval) of
total REY in both the channel and bench samples of the

1000
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Q
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1 -
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Li Be B F P Cl Sc V CrMnCo Ni CuZn Ga Ge As Se Rb Sr Y Zr NoMo Cd In Sn Sb Cs Ba La Yb Hf Ta W Hg Tl Pb Bi Th U
100
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Q
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Li Be Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Zr Nb Mo Cd In Sn Sb Cs Ba La Yo Hf Ta W Tl Pb Bi Th U
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Li Be B F P Cl S¢ V Cr Mn Co Ni Cu Zn Ga Ge As Se Rb Sr Y Zr Nb Mo Cd In Sn Sb Cs Ba La Yb Hf Ta W Hg Tl Pb Bi Th U

CC<0.5 0.5<CC<2 2<CC<5

10<CC<100 CC>100

Fig. 4 Concentration coefficients (CC) of trace elements in the Yanshan (Dai et al. 2008), Heshan (Dai et al. 2013a), Chenxi (Li and Tang 2013; Li et al.
2013), and Fusui coals (Dai et al. 2013b). Normalized to average trace element concentrations in world hard coals (Ketris and Yudovich 2009)
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Guiding coal is 63.6 pg/g (Table 3), which is close to the
average value for world hard coals (68.6 pg/g; Ketris and
Yudovich 2009). The REY enrichment in all the Guiding coals
is characterized by the H-REY type (Lay/Luy < 1; Fig. 5),
similar to those of coals from the Yanshan, Heshan, Fusui, and
Chenxi coalfields (Fig. 6).

The REY distribution patterns in the Guiding coals are
characterized by very weak Eu and Ce anomalies, either
positive or negative (Fig. 5), similar to those of the Late
Permian coals containing sediment derived from the basaltic
Kangdian Upland regions (Dai et al. 2014a; Fig. 1a).
However, the coals from the Yanshan, Heshan, and Fusui
coalfields are characterized by weak Ce and distinct negative
Eu anomalies; the Chenxi coals do not show an Eu anomaly
(Fig. 6). Samples GC-3 and LHD-1C, and, to a lesser extent,
HST-3, have a positive Y anomaly (Fig. 5a—d), similar to the
Yanshan coals (Fig. 6). The GC-1C section does not show a
distinct Y anomaly (Fig. 5d), similar to the Heshan and Fusui
coals (Fig. 6).

The distinct negative Eu anomaly in the Yanshan, Heshan,
and Fusui coals suggests that the terrigenous materials admixed
with these coals were different from those found in most of the
Late Permian coals of southwestern China (including the
Guiding coals), whose sediment-source region was the basaltic
Kangdian Upland (Fig. 1a). The sediment-source region for the
Yanshan coals was the felsic rhyolite-dominated Northern
Vietnam Upland (Fig. 1a; Li and Xu 2000; Chen et al. 2003),

while the sediment source for the Heshan and Fusui coals was
the Yunkai Upland (Fig. 1a), which formed at an early stage of
the Late Permian and is mainly composed of felsic Permo-
Carboniferous rocks (Feng et al. 1994).

Modes of occurrence of some trace elements in the Guiding
coals

1. Uranium, Mo, V, and Re

Uranium and Mo are negatively correlated with ash
yield (Table 4; Fig. 7), indicating that U and Mo are
mainly associated with the coals’ organic matter.
Additionally, a small proportion of U occurs in
mineral form (e.g., coffinite and brannerite) as de-
scribed below. The correlation coefficient between U
and Mo is 0.85 (Table 4; Fig. 7), indicating that U
and Mo have similar geochemical behavior in the
coal.

The correlation coefficient between V and ash
yield is —0.05 (Fig. 7), indicating a mixture of both
organic and inorganic modes of occurrence. As in-
dicated by the correlation coefficient of V with
jarosite (r=0.45), jarosite may be the mineral
carrier for a proportion of the V in the coal.

Seredin and Finkelman (2008) also showed that
U in worldwide U-bearing coal deposits is mainly
associated with organic matter, and that only a small

Table 3 Concentration of rare earth elements and yttrium in the coal samples from the Guiding Coalfield (j1g/g; on a coal basis)

Sample no. La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu REY
GC-1C 439 882 113 49 121 025 125 023 1.54 807 033 113 018 12 0.19 349
LHD-1C 526 123 1.60 7.09 154 033 1.67 024 164 113 032 108 0.14 103 0.14 457
GC-3C 736 152 188 796 1.68 035 186 028 199 152 042 145 020 143 021 575
GC-3-1 10.6 205 240 973 172 034 1.8 0.25 1.75 134 037 135 019 141 021 660
GC-3-2 4.04 835 1.08 483 113 024 127 021 1.56 126 035 126 018 131 019 386
GC-3-3 552 121 1.55 693 1.53 033 .72 026 193 147 040 140 019 138 020 501
GC-3-4 6.95 148 183 793 1.71 036 191 028 199 159 040 138 018 130 018 571
GC-3-5 6.57 126 1.63 722 164 035 1.85 028 207 145 043 148 020 148 021 525
GC-3B-Av 648 136 159 673 140 03 .65 025 180 154 039 130 0.18 129 022 526
HST-3C 107 245 290 124 247 054 256 034 222 135 042 137 018 127 018 756
HST-3-0 151 274 291 11.2 186 037 19 027 187 993 037 130 0.19 140 020 763
HST-3-1 6.93 148 170 722 158 036 174 026 180 11.0 036 120 017 121 0.17 505
HST-3-2 6.66 16.1 196 859 180 038 192 02 169 119 033 107 013 097 0.3 539
HST-3-3 141 316 375 161 323 072 324 043 276 155 051 1.62 021 148 020 955
HST-3-4 188 461 492 210 413 094 399 05 306 141 056 178 023 .66 022 122
HST-3B-Av 138 296 324 133 243 055 259 035 219 140 043 135 018 128 021 856
All Guiding coals 894 194 218 9.07 177 038 198 0.28 190 144 040 128 017 124 021 636
World* 11 23 34 12 22 043 27 031 21 8.2 057 1.00 030 1.0 020  68.6

3B-Av weighted average for coal benches of M3 seam (weighted by thickness of sample interval), C channel, A/l Guiding coals the average concentration

for all coals from Guiding Coalfield

#World hard coals, data from Ketris and Yudovich (2009)
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Table 4 Element affinities de-
duced from the calculation of
Pearson correlation coefficients
between the concentrations of
each element in coal and ash yield
or selected major elements

Correlation with ash yield
Fash=0.7-1.0
S, (0.80), SiO, (0.95), TiO, (0.82), Al,03 (0.95), Fe,05 (0.77), MgO (0.95), K,0 (0.93), Li (0.84),
B (0.90), F (0.88), P (0.70), Sc (0.91), Mn (0.83), Cu (0.92), Ga (0.86), Se (0.86), Rb (0.89),

St (0.71), Zr (0.96), Nb (0.86), In (0.76), Sn (0.77), Sb (0.87), Ba (0.80), Hf (0.94), Ta (0.88),
W (0.76), Hg (0.75), Th (0.84), REY (0.76)

7ash=0.40-0.69

Na,O (0.57), Cr (0.48), Co (0.62), Ni (0.45), Zn (0.40), As (0.53), Cs (0.64), Re (0.42), Pb (0.58)

Fash: from —0.29 to 0.35

Ca0 (0.35), Be (0.30), Y (0.27), T1 (0.32), Bi (0.21), Cd (0.35), V (~0.05)

Fash: from —1.0 to —0.3

S, (0.86), S, (—0.91), C1 (~0.37), Ge (—0.30), Mo (0.86), U (~0.63)

Correlation coefficients between selected pairs of elements

U-Mo=0.85

F-B=0.88, F-Na,0=0.65, F-Mg0=0.94, F-A1,05=0.94, F-Si0,=0.88, F-K,0=0.92,
F-Mn=0.94, F-Fe,05=0.94, F-Cr=0.22
M,4-C1=-0.22, C1-Na,0=0.17, CI-Al,03=—0.32, CI-SiO,=—0.45, B-MgO=0.88; B-K,0=0.85

proportion usually occurs in the minerals. However,
the mode of occurrence of Mo in the present study
is different from that described by Seredin and
Finkelman (2008), who showed that Mo mainly
occurs as molybdenite in U-bearing coal deposits.
A combination of SEM-EDX analysis and sequential
solvent extraction by Dai et al. (2008) showed that
U, Mo, and V, as well as Cr and Ni, in the Yanshan
SHOS coal occur not only in silicate minerals but
also in the organic matter.

Rhenium is positively correlated with ash yield
(r=0.42), suggesting an inorganic association in the

(derived from sulfide oxidation) and carbonate minerals.
Since the concentration of Re is usually very low in coal
(<0.001 pg/g; Finkelman 1993), it is difficult to directly
identify Re-bearing minerals in coal samples. However,
Yossifova (2014) identified Re-bearing inorganic phases
in the dry residues obtained from water leachates derived
from coal slurries and raw coals, possibly representing
oxides and/or hydroxides, altered sulfides, carbonates,
and chlorides. These Re-bearing phases were either orig-
inally present in the coal or were the altered/neoformed
products during oxidation and dehydration process
(Yossifova 2014).

Guiding coals. Rhenium is positively correlated with 2. Selenium, Hg, As, Tl, and Cd
jarosite (r=0.56) and calcite (#=0.92) (Fig. 7), indi- Selenium, Hg, and As are all positively correlated with
cating that Re probably occurs in secondary sulfates ash yield (Table 4), having correlation coefficients of
Ash-U Ash-Mo Mo-U
350 500 Py 350 085
300 r=-0.63 r=-0.86 300 r=0.
o o 400 s o o °
250 o _ LR 4 250 o
200 * k 3 - 2 300 L ¢ B 200 *® ‘..
=3 ob
150 . * 2 20 ¢ s ] * v
100 * 100 *
50 * 100 s *
0 0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 100 200 300 400 500
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Fig. 7 Relation of ash yield-U, ash yield-Mo, Mo-U, ash yield-V, Re-calcite, and Re-jarosite
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0.86, 0.75, and 0.53, respectively; these indicate mainly
inorganic associations. In addition, Se, Hg, and As are
positively correlated with pyrite, having correlation coef-
ficients of 0.71, 0.75, and 0.89, respectively; however,
these three elements are negatively correlated with mar-
casite (correlation coefficients of —0.82, —0.76, and —0.71,
respectively; Fig. 8), suggesting that Se, Hg, and As
mainly occur in pyrite rather than in marcasite. Selenium
in the Fusui coals is mainly distributed in marcasite,
although both pyrite and marcasite occur as contempora-
neous phases in the same coal (Dai et al. 2013b).

A number of modes of Se occurrence have been
identified in high-Se coals; these include native Se,
ferroselite (FeSe,), sulfide minerals containing Se as an
isomorphic admixture (pyrite, arsenopyrite, chalcopyrite,
galena, etc.) (Maksimova and Shmariovich 1993;
Kislyakov and Shchetochkin 2000; Fu et al. 2013),
and clausthalite (Finkelman 1980; Hower and
Robertson 2003). A portion of the Se may also occur
in the organic matter of high-Se coals (Yudovich and
Ketris 2005).

Thallium is positively correlated with marcasite (r=
0.86) but weakly correlated with pyrite (¥=—0.09), sug-
gesting an association with marcasite. The correlation
coefficients for Cd-illite, Cd-illite/smectite (I/S), and Cd-
illite + I/S are —0.07, 0.56, and —0.12, respectively, and
those of Cd-Mg, Cd-Na, and Cd-K are 0.35, 0.63, and
0.37, respectively, suggesting that Cd is mainly associ-
ated with mixed-layer illite/smectite rather than illite.
Fluorine and Cl

Previous studies have shown that fluorine in coal gen-
erally occurs in minerals such as clays and fluorapatite,
and less commonly in tourmaline, topaz, amphiboles, and
micas (Finkelman 1995; Godbeer and Swaine 1987;
Swaine 1990); in addition, fluorine may also have an
organic affinity (Bouska et al. 2000; McIntyre et al.

1985; Wang et al. 2011). The high concentration of F
(up to 3362 pg/g) in the Heshan coals mainly occurs in
epigenetic fluorite, and a very small proportion of F- and
REY-bearing CaMgCO;(F) was also detected in those
coals (Dai et al. 2013D).

The correlation coefficient between fluorine and ash is
high (»=0.88; Fig. 9), suggesting an inorganic association.
Moreover, the positive correlation coefficients between F
and several other components, including B, Na,O, MgO,
AL O3, SiO,, K,0, Ca0, V, Mn, Fe,0;, and Cr (Table 4),
suggests that the F in the Guiding coals probably occurs in
tourmaline that is mainly composed of the above F-
positively correlated components. However, tourmaline
was not observed by XRD or by SEM-EDS and optical
microscopy due to its low concentration in the coal.

The Cl in coal has been extensively investigated
(Skipsey 1975; Daybell and Pringle 1958; Caswell
1981; Caswell et al. 1984; Hower et al. 1991; Huggins
and Huffman 1995; Ward et al. 1999; Vassilev et al.
2000; Spears 2005) and some possible modes of occur-
rence have been proposed, for example, as organic com-
pounds, as impurity components in the crystalline and
amorphous inorganic constituents, as discrete minerals
(Vassilev et al. 2000), and associated with the coal mois-
ture (Spears 2005). However, as discussed by Dai et al.
(2012a), it is not possible for CI to occur as organic
phases and as HCI, based on the molecular (Cl,) free
radical reaction mechanism (Liang, 2001). In the present
study, the mode of occurrence of Cl as NaCl is also
discounted because of the low correlation coefficient
between Na,O and Cl (0.17; Table 4).

With the exception of organic sulfur, almost all the
elements are weakly or negatively correlated with Cl. The
low correlation coefficients for Cl-ALO5; (»=-0.32), Cl-
SiO, (r=—0.45), and CI-K,O (#=—0.37) indicate that Cl
does not occur in the clay minerals (kaolinite, illite,
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mixed-layer I/S). It seems that Cl is unrelated to any
other element groups in the coal. In addition, the corre-
lation coefficient between Cl and moisture content is
—0.22, indicating that Cl is not moisture-associated.
Thus, it is reasonable that CI could be adsorbed as Cl°
ions on to the coal’s organic matter in the Guiding coals.
The same mode of CI occurrence was observed in the
coals of the Gunnedah Basin, Australia (Ward et al. 1999).
Boron

Although the concentration of B is low in the Guiding
coals (Table 2), the investigation of B in coal is significant
because it is considered as a good paleosalinity indicator
for the coal-forming environment (Goodarzi and Swaine
1994). Three modes of occurrence of B in coal are
commonly recognized: bound to the organic matter,
associated with some of the clay minerals (mainly illite),
and bound within the crystal lattice of tourmaline (Ward
1980; Eskenazy et al. 1994; Finkelman 1995; Querol
et al. 1995, 1999; Boyd 2002; Oliveira et al. 2013).
Although illite and tourmaline may be locally important
modes of occurrence, the organically bound mode is
generally considered to be the most common (Ward
1980; Swaine 1990; Boyd 2002; Riley et al. 2012; Li

60

80 100 0 10 20 40 50 60

30
Ash (%)

et al. 2014a, b).

Boron in the present study is positively correlated with
ash yield (»=0.90; Fig. 9), K,O (»=0.88), MgO (r=0.85),
mixed-layer I/S (#=0.55), and F (»=0.88; F mainly occurs
in tourmaline as mentioned above), but negatively corre-
lated with illite (=—0.41), possibly indicating that the B
is mainly associated with mixed-layer I/S and tourmaline
rather than illite or organic matter. Because of its low
concentration and its association with mixed-layer I/S
and tourmaline, the B in the Guiding coals is thought to
be of terrigenous region, rather than a derivation from
marine or hydrothermal processes. Finkelman (1982) and
Ren et al. (2006) have indicated that B of terrigenous
origin is mainly associated with clay minerals.

Minerals present in coal and non-coal strata

The mineral percentages in the LTAs of the coal samples and
in the non-coal rocks (roof and floor strata) are presented in
Table 5 and the Electronic Supplementary File, respectively.
Similar data, based on the crystalline fractions for the raw
coals, are given in Table 6.

Table 5 Mineralogical compositions of coal LTA samples by XRD and Siroquant (wt%)

Sample LTA Quartz Kaolinite Illite /S Calcite Dolomite Bassanite Anhydrite Pyrite Marcasite Jarosite
GC-1C 27.0 39 49 66.0 18.3 0.0 1.4 3.7

GC-3-1 52.0 7.1 56.3 31.2 1.4 3.1

GC-3-2 24.9 42 66.7 21.2 0.8 3.0 2.8 14

GC-3-3 16.5 1.5 22 83.3 37 9.3

GC-3-4 30.7 2.8 3.8 78.1 4.6 10.7

GC-3-5 22.3 22 6.2 75.3 3.1 11.7 1.5
GC-3C 30.6 4.0 2.5 73.4 9.3 39 5.7 1.2

HST-3-0 54.3 2.5 3.0 80.8 0.1 1.7 11.9

HST-3-1 35.7 0.8 5.8 81.6 0.3 0.3 49 6.4

HST-3-2 19.3 39 4.8 82.9 0.5 22 4.6 1.0
HST-3-3 50.7 73 6.1 77.9 0.1 1.4 6.2 1.0
HST-34 65.5 28.2 1.8 22.4 36.3 0.2 1.2 9.6 0.4

HST-3C 38.9 3.8 4.8 80.6 0.1 1.4 5.6 2.4 1.3
LHD-1C 18.4 39 9.5 61.2 11.9 0.8 6.4 52 1.1

1/S mixed-layer illite/smectite
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Table 6 Mineralogical compositions of crystalline fraction in raw coal samples by XRD and Siroquant (wt%o)

Sample Quartz Kaolinite Illite IS Calcite Gypsum Pyrite Marcasite Jarosite Anatase
GC-1C 5.7 4.8 67.7 12.6 5.6 3.6

GC-3-1 94 1.4 54.9 28.3 2.1 3.7 0.2
GC-3-2 11.2 2.6 55.8 17.5 11.2 1.7

GC-3-3 0.9 45 75.5 19.1

GC-3-4 24 1.6 74.5 20.8 0.7

GC-3-5 2.1 2.9 68.1 24.0 2.9

GC-3C 6.1 1.8 67.0 7.3 15.7 2.1

HST-3-1 1.3 32 32.0 48.8 0.5 5.4 8.9

HST-3-2 5.8 9.5 44.1 26.0 1.7 3.0 6.8 3.0

HST-3-3 10.2 34 17.2 52.5 24 7.4 1.6 43 0.9
HST-3C 5.9 3.1 30.3 42.7 3.7 7.4 34 35

LHD-1C 7.8 6.4 30.5 31.0 54 14.5 44

C channel sample, //S mixed-layer illite/smectite

With the exception of the HST-3 floor samples, HST-3 F(1)
and HST-3 F(2), the samples of the roof and floor strata are
dominated by calcite, or, in some instances, dominated by
quartz (e.g., GC-3 F, HST-3R2, and LHD-1 F1), further indi-
cating that the roof and the roof strata are limestones or
siliceous rocks. A trace of dolomite also occurs in some of
the calcite-rich host rocks and coal LTAs.

The mineral matter in the LTA of most of the coal samples,
however, is dominated by illite, with significant proportions of
calcite, pyrite, and/or marcasite in some samples. Small pro-
portions of bassanite and/or anhydrite are also present in most
of the LTA residues.

The illite in the LTAs of the coals, and also in the raw coal
of the GC seams, has a single XRD peak at around 10.3 A.
The illite in the raw coals from the HST and LHD mines, and
also in the LTA of the HST floor samples, however, also has a
second broad XRD peak at approximately 10.9 A, which is
taken to represent a separate I/S phase. The apparent absence
of I/S from the LTA residues, despite its presence in the raw
coals derived from the same samples, may reflect removal of
interlayer water and collapse of the I/S with heating during the
low-temperature ashing process.

Pyrite is present as a minor component in the mineral
matter of the GC and LHD coals. However, it is abundant,
along in some cases with marcasite, in the HST coal samples
(e.g., HST-3-1, HST-3-2, and HST-3C), as well as in the HST
floor materials. Jarosite, which is probably an oxidation prod-
uct of pyrite and/or marcasite, is also present in some of the
samples, especially the pyrite-rich materials from the HST
mine.

Gypsum is present in most of the raw coals, especially in
the GC-3 and LHD-1 samples (Table 6). The LTAs of the
same samples, however, contain anhydrite, and in some cases
bassanite, rather than gypsum. Although bassanite is com-
monly regarded as an artefact of plasma ashing, derived from

@ Springer

interaction between organically associated Ca and S during
maceral oxidation (Frazer and Belcher 1973), the bassanite
and anhydrite in this instance at least partly represent dehy-
dration products of gypsum already present in the coal sam-
ples from the study area.

A small proportion (4.6 %) of feldspar occurs in HST floor
sample HST-3 F(2) (see Electronic Supplementary File). The
XRD pattern of this material suggests that it has an albite
structure. The normalized chemical analysis data for this
particular sample also has the highest proportion of Na,O in
the sample series, consistent with the albite identification.

Comparison between chemical and XRD data

The relationship of the percentages of major element oxides
(SO;3-free basis) inferred from the XRD analysis to the per-
centages of the same oxides (normalised, SO5-free) derived
from direct chemical analysis data are indicated in Fig. 10.
The comparative data are presented as X-Y plots, with a
diagonal line on each plot indicating where the points would
fall if the estimates from the two different techniques were
equal. The points for SiO, and CaO plot close to the equality
line, suggesting that the inferred percentages of these elements
from the XRD results are generally compatible with the chem-
ical analysis data.

The points for Al,O5 lie close to the equality line at low
concentrations, but at high concentrations the XRD indicates
higher percentages of Al,O3 than those observed from the
chemical analysis data. By contrast, while many of the points
for Fe,O5 plot close to the equality line, a number of points fall
well below that line, indicating an underestimation of Fe,O3
from the XRD data. This may in part reflect replacement of Al
by Fe in the illite and interstratified I/S of the coal samples,
which was not allowed for in calculating the inferred ash
chemistry from the XRD data. A plot showing the relationship
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SOs-free) obtained by XRF analysis

between the sum of Al,O3 and Fe,05 in the samples (Fig. 10)
shows quite good agreement between the observed and in-
ferred percentages, suggesting that the low inferred values for
Fe,03 are balanced by high inferred values in the same
samples for Al,Os, and hence that some of the Al has been
replaced by Fe in the illite and/or I/S components.

The plot for K,O shows good agreement between observed
and inferred percentages for the samples with K,O percent-
ages less than 4 % (left-hand side of the plot). These represent
the un-ashed non-coal samples, in which illite and I/S could be
recognized as separate phases from the XRD patterns.
However, most of the data points for the LTA samples from
the coal, which correspond the points with higher K,O per-
centages (>4 %), plot somewhat above that line. The illite

composition used in calculation of the inferred chemistry was
based on an illite with K™ ions in the interlayer positions, and
hence this observation suggests that ions other than K are
also present in the illite for those particular coal samples.

However, as indicated above, the material identified as
illite in the LTAs, especially those of the coals from the HST
and LHD mines, may in fact represent a combination of illite
and I/S, with the I/S having collapsed to produce a more
simple illite structure due to heating in the low-temperature
ashing process. A deficiency of K* ions would be expected in
the mixed-layer I/S, relative to that of a stoichiometric illite,
and the fact that I/S was present but not allowed for in the
calculations could explain the difference between the inferred
and observed percentages of K,O for these materials.
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Figure 11 shows a plot of the combined percentage of pyrite
and marcasite, expressed as a fraction of the original coal
sample, against the percentage of pyritic sulphur for the same
samples as determined by conventional analysis methods. A
line showing the expected relationship between these two
parameters, based on mineral stoichiometry, is also shown on
the figure. The plot shows a relatively good correlation be-
tween the percentages of pyrite and pyritic sulfur in the coals
but suggests that the percentage of sulfide minerals may have
been slightly overestimated by the XRD technique. As indi-
cated by Ward et al. (2001), however, determination of pyrite
and other Fe-rich phases by Rietveld-based XRD methods,
where the analysis is based on Cu-K« radiation, may be
influenced by mass absorption effects. Compensation was
made for such effects as part of the Siroquant processing, but
variation in the Brindley particle size parameter for the mate-
rials studied may have affected the XRD results.

Modes of occurrence of minerals in the Guiding coals

1. Quartz
Quartz occurs as individual particles in the
collodetrinite, with a size generally less than 20 um
(Fig. 12a—c). The modes of occurrence of quartz indicate
that it is either of authigenic or detrital origin. Authigenic
quartz has commonly been observed in the Late Permian
coals from eastern Yunnan and western Guizhou (Ren
1996; Wang et al. 2012). It was previously thought that
the quartz was deposited from silica-containing solutions
that originated from weathering of basaltic rocks in the
Kangdian Upland (e.g., Ren 1996). A small proportion of
the quartz also occurs as fracture-fillings (Fig. 12d), indi-
cating an epigenetic origin.
2. Clay minerals
Three modes of occurrence of clay minerals can be
identified (Fig. 13a—d): a large proportion of the mixed-
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Fig. 11 Plot showing relationship of pyrite plus marcasite as a fraction of
the host coal compared to the percentage of pyritic sulfur in the same coal
samples
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layer 1I/S is distributed along the bedding planes
(Fig. 13a, d); kaolinite, illite, and 1I/S also occur as cell-
fillings (Fig. 13b), or as lath- and needle-shaped forms in
the collodetrinite (Fig. 13a, c). The bedding-plane and
cell-filling modes of occurrence of the clay minerals indi-
cate a terrigenous and an authigenic origin, respectively,
but the lath- and needle-shaped forms suggest detrital
material of terrigenous origin. Fine-grained lath- or
needle-like particles of illite have been observed in the
coal benches and partings of the Heshan Coalfield, and
are also thought to represent detrital minerals of terrige-
nous origin (Dai et al. 2013a). No fracture-filling epige-
netic clay minerals were observed in the Guiding coals.
Carbonate minerals

Two modes of occurrence of calcite were observed in
the Guiding coals. (1) Intraclasts in collodetrinite. Mixed-
layer illite/smectite derived from the sediment-source re-
gion is distributed along the edges of the calcite particles
(Fig. 13d), suggesting a syngenetic (pre-compaction of
peat) origin and formation as an intraclast from the
sediment that formed the associated limestones. Shao
et al. (1998) also identified terrigenous dolomite in the
Heshan coals. (2) As fracture-fillings. Dolomite and cal-
cite fill in fractures within the macerals, indicating an
epigenetic origin (Fig. 13e).

Sulfide and sulfate minerals

Sulfide minerals in the Guiding coal include marcasite,
pyrite, and a very small proportion of sphalerite.
Marcasite occurs as radial aggregates and, in some cases,
shows a superimposed layer structure (Fig. 13f). Pyrite
occurs as fine-grained crystals in collodetrinite (Figs. 12b,
14a). Some pyrites are corroded and replaced by sulfate
minerals (Fig. 14a—d). Sphalerite, with a trace amount
of Cd, was also identified in the coal by SEM-EDS
techniques.

Sulfate minerals detected in the Guiding coal samples
by XRD and SEM-EDX include jarosite, crystalline
FeSO4(OH) (Fig. 14a, b), and water-bearing Fe(Si)-
oxysulfate (Fig. 14b—d). The FeSO4(OH) is generally
distributed along the edge of corroded pyrite crystals
(Fig. 14a, b) and was probably derived from pyrite oxi-
dation. Water-bearing Fe-oxysulfate is distributed both in
collodetrinite and in the cavities of corroded pyrite
(Fig. l4c, d). The modes of occurrence of the water-
bearing Fe(Si)-oxysulfate suggest its derivation from re-
actions between pyrite oxidation products and Si-bearing
solutions.

Jarosite (KFe*"3(OH)4(SO4),) was identified by XRD
studies in some of the coal samples (Fig. 14e). This
mineral may have been derived from the oxidation of iron
sulfides, as found in previous studies (cf. Rao and
Gluskoter 1973). It occurs as lath-like or as irregular-
shaped masses in collodetrinite, or is more evenly
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Fig. 12 Optical photomicrographs of quartz and pyrite in the Guiding coals, reflected light. a Quartz in sample GC-3C; b quartz and pyrite in sample
HST-3-1; ¢ quartz in sample LHD-1C; d quartz filling in fractures of sample GC-3C. Mac, macrinite; CD, collodetrinite; F, fusinite

distributed within the collodetrinite (Fig. 14e, f).

Gypsum occurs as a fracture filling in the samples
(Fig. 15), and was possibly produced by reactions be-
tween calcite and the sulfuric acid produced by oxidation
of pyrite in the coal (cf. Rao and Gluskoter 1973; Pearson
and Kwong 1979; Ward 2002). In some low-rank coals,
however, gypsum is thought to have formed by evapora-
tion of pore water in fractures and on exposed coal sur-
faces (Kemezys and Taylor 1964; Ward 2002).

5. Uranium-bearing minerals

Small proportions of some U-bearing minerals,
coffinite (U(SiO4);-«(OH)4,) and brannerite (UTi,Oy),
were identified by SEM studies in the Guiding coals
(Fig. 16). They are mainly distributed in the organic
matter or in the clay minerals (Fig. 16) and probably have
an epigenetic origin. It is suggested that U-bearing solu-
tions leached from the coal by hydrothermal activity
reacted with Si-bearing hydrothermal solutions, or with
Ti-bearing solutions derived from the breakdown of labile
Ti-bearing minerals in the coal, to form these U-bearing
minerals. Coffinite has been reported in some coals (Van
Der Flier and Fyfe 1985; Seredin and Finkelman
2008); however, brannerite has never been reported
in coal. The U in the Heshan, Yanshan, and Fusui

coals mainly show an organic association, and no
U-bearing minerals have been identified in those
deposits (Dai et al. 2008, 2013a, b).

Discussion

Previous studies suggest that SHOS coals preserved within
marine carbonate successions were significantly influenced by
seawater (Lei et al. 1994; Shao et al. 2003; Zeng et al. 2005),
and thus marine conditions may have had a significant influ-
ence on the geochemical anomalies found in such coals (Chou
2012). Recent geochemical and mineralogical studies by Dai
etal. (2008, 2013a) have shown that, in addition to seawater, a
large proportion of the organic sulfur, as well as much of the
U, Se, Mo, V, and Re in the Yanshan and Heshan coals, may
have been derived from hydrothermal fluids, possibly includ-
ing fluids of submarine exhalative origin.

Origin of high sulfur content

The syngenetic incorporation of sulfur into coal is linked to
the paleosalinity of the original peat-forming environment. In
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Fig. 13 SEM back-scattered images of clay, carbonate, sulfide, and
quartz in the Guiding coal. a Kaolinite, mixed-layer illite/smectite (I/S),
and quartz in sample GC-1C; b cell-filling illite and fracture-filling quartz
in sample GC-1C; ¢ mixed-layer I/S in collodetrinite in sample GC-1C; d
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most cases, low-sulfur coals were formed in fluvial environ-
ments and high-sulfur coals were deposited in seawater-
influenced environments, reflecting a greater availability of
seawater sulfate under marine conditions (Chou 1997a, b,
2012; Ward et al. 2007). For example, based on observations
in the Herrin coal bed in the Illinois Basin, Chou (1990)
concluded that the elevated concentrations of sulfur, as well
as B, Mo, and U, were probably derived from seawater that
flooded the swamp and terminated peat accumulation (Chou
1984, 1997a, b).

Super-high organic sulfur coals are generally considered to
have been formed in a clastic-starved basin with accumulation
of algae and significant seawater influence (Chou 2012). A
number of studies have also indicated that the Late Permian
coals preserved within marine carbonate successions at
Heshan and Guiding were deposited in restricted marine-
influenced environments (Shao et al. 1998, 2003; Zeng et al.
2005).

However, there are also examples of high-sulfur coals that
were not subjected to seawater influence. For example, the
high-sulfur Miocene lignites (up to 8.2 % total sulfur) in the
Cayirhan coalfield, Beypazari Basin, Central Anatolia,
Turkey, were deposited in a non-marine environment; sources
of sulfur in those coals have been attributed to volcanoclastic
or clastic materials and basinal fluids (Whateley and Tuncali
1995a, b). Sulfur enrichment (0.4-12.2 %) in the Miocene
lignite of the Can Basin, northwestern Turkey, was attributed
to regional volcanic activity and sulfide mineralization
(Guirdal 2011; Giirdal and Bozcu 2011). These high-sulfur
Turkish lignites formed in freshwater environments, with the
sulfur derived from sources other than seawater.

It is possible that a proportion of the organic sulfur in the
Guiding coals in this study was derived from seawater. The
Guiding coals were formed on a restricted carbonate platform,
as described above; if fresh seawater was not replenished, it
could result in a limited system for sulfur formation.
Moreover, the concentration of SO4*~ in paleo-seawater is
within a certain range. For example, the SO427 content of
Phanerozoic seawater was in the range of 5 to 27.6 mmol/kg
(Lowenstein et al. 2003; Strauss 2004). Seawater might have
significantly contributed to the sulfur content of the coal. The
5**S values for organic and pyritic sulfur are from —7.4 to +
7.7%0 and from —28.2 to —30.6%o, respectively (Lei et al.
1994), indicating a euxinic environment and bacterial reduc-
tion under sulfate limitation, i.e., a partly closed basin with
cyclic supply of seawater sulfate (Turner and Richardson
2004; Elswick et al. 2007; Jiang et al. 2008; Chou 2012).

The 5°*S values of organic sulfur in other high-sulfur coals,
where total sulfur content is greater than 1 %, are also variable
and typically have more depleted values. For example, these
values were found to range —8 to +15%o in the coals from
[llinois Basin, USA (Price and Shieh 1979); the SHOS coals
of Tertiary age along the on-shore margin of the Gippsland

Basin (Victoria, Australia) have an organic sulfur content
between 5.2 and 7.4 %, 5>*S values of organic sulfur between
+2.9 and +24.4 %o (Smith and Batts 1974); and 5**S values are
from —12.3 to +5.8 %o in coals from Inner Mongolia, China
(Dai et al. 2002). These &°*S values of organic sulfur also
suggest a significant contribution from bacteriogenic process-
es during biochemical alteration of plant debris.

Boron in the coal

Boron concentration in coal can be used as a paleosalinity
indicator for the original sedimentary environment (Goodarzi
and Swaine 1994; Eskenazy et al. 1994; Cairncross et al.
1990). For example, Goodarzi and Swaine (1994) placed the
fresh/brackish and brackish/marine boundaries at 50 and
110 pg/g B as indices of coal-forming sedimentary environ-
ments. Those values have been widely used by others
(Alastuey et al. 2001; Hower et al. 2002; Kalkreuth et al.
2010). However, the use of B as a paleosalinity indicator
remains controversial (Eskenazy et al. 1994; Lyons et al.
1989). For example, an elevated concentration of B in coal
may also be derived from hydrothermal activity (Lyons et al.
1989), volcanic activity (Bouska and Pesek 1983, Karayigit
et al. 2000), and climatic variations (Bouska and Pesek 1983).

On the other hand, although the B concentration is more
than 400 times higher in seawater than in river water (Li
1982), some studies have shown that coals preserved within
carbonate successions or coals significantly influenced by
seawater are not necessarily enriched in B. For example, some
Late Permian coals from Fusui (Dai et al. 2013b) and Heshan
(Dai et al. 2013a), as well as the Guiding coals in this study
(Table 2), have a low B concentrations. The nos. 9 and 10
coals from the Wuda Coalfield (Inner Mongolia, China),
which were subjected to significant marine influence (Peng
and Zhang 1995; Dai et al. 2002), have extraordinarily low B
concentrations, from below the ICP-MS detection limit to
10.4 pg/g, with an average of 4.26 ug/g. Dai et al. (2013b)
attributed the low B in coals preserved within such carbonate
successions to the impermeable interlayered mudstone or
siliceous rocks between the coal and limestone roof strata,
which prevented the infiltration of the seawater into the coal
seam. However, the reasons for the low B concentration in the
coals with immediate roof strata of limestone as seen in this
study, or in coals without limestone roof strata but significant-
ly influenced by seawater (e.g., Wuda coals in Inner
Mongolia; Dai et al. 2002; Peng and Zhang 1995), still remain
unclear.

Moreover, it is not sure whether the high B concentration in
the coals preserved within such carbonate successions (e.g.,
323 ng/g B in the Yanshan coals, Ren et al. 2006; 135 pg/g B
in the Heshan coals, Dai et al. 2013a) was derived from
seawater because those coals were also significantly influ-
enced by hydrothermal fluids (Dai et al. 2008, 2013a), which
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could have provided a source for the B in the coal (Lyons et al.
1989).

Indications of other elements in coal

In addition to B, elements such as Cl, Li, Mg, Ca, Na, F, Sr,
and Rb, which are two to four orders-of-magnitude more
abundant in seawater than in freshwater (Cairncross et al.
1990; Reimann and de Caritat 1998), would be expected to
be enriched in coals influenced by seawater. Numerous studies
showed that peats and coals formed in a marine-influenced
environment are enriched in these elements (e.g., Raymond Jr
et al. 1990; Eskenazy et al. 1994, 2013; Hickmott and
Baldridge 1995; Chou 1997a, b; Liu et al. 2004, 2006; Tang
and Huang 2004; Song et al. 2007; Yossifova 2014), not only
because seawater contains higher contents of these elements
than freshwater but also because plankton in marine water are
enriched in these elements and can also change the pH, Eh,
and H,S content, leading to a favorable environment for
enrichment of trace elements (Ren et al. 2006; Wang et al.
2007; Tang and Huang 2004). Note that the role of the element
solubility in the enrichment of elements in coals influenced by
a marine environment needs further investigation. However,
some SHOS coals are not rich in these elements (Figs. 3, 4).
For example, the concentrations of Li, Rb, Sr, and Cl in the
Yanshan coals; Rb and Sr in the Chenxi coals; and CI, Rb, and
Sr in the Fusui coals, are close to or even lower than their
averages in world hard coals (Ketris and Yudovich 2009).

Relatively low concentrations of elements (e.g., Li, B,
F, Cl, Sr, and Rb) expected to be enriched in some SHOS
coals (e.g., Yanshan, Chengxi, Fusui) suggest that the high
organic sulfur in the coal is due to hydrothermal fluids
(Dai et al. 2008, 2013b). However, the absence or very
weak influence of seawater on the chemical composition
of some Fusui SHOS coals may be due to the screening
by an impermeable clay or siliceous layer immediately
overlying the coal seam, insulating it from seawater ef-
fects during accumulation of the overlying limestone
strata.

Significant seawater influence on some Heshan SHOS
coals is supported by the high concentration of some elements
(e.g., B, Mg, K, Sr, Rb) (Dai et al. 2013a). The higher ratio of
Sr/Ba through the seam section than the average for world
coals (0.67) may, for example, indicate a significant seawater
influence. As indicated by Dai et al. (2013a), high concentra-
tions of S, V, Mo, and U that occur through coal seam sections
were probably largely derived from hydrothermal solutions
during peat accumulation or in the early diagenetic stages,
although a proportion of these elements may have derived
from seawater.

The HREY enrichment observed in the coal seams (Fig. 5)
may be attributed to hydrothermal solutions (Michard and
Albaréde 1986; Seredin and Dai 2012). Some studies have
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shown that natural solutions that may circulate in coal basins
(Seredin 2001), including those of alkaline terrestrial waters
(Johanneson and Zhou 1997), some high pCO, cold mineral
waters (Shand et al. 2005), some low-temperature (130 °C)
alkaline hydrothermal solutions (Michard and Albaréde
1986), and high-temperature (>500 °C) volcanogenic fluids
(Rybin et al. 2003), are enriched in HREY. However, the REY
in coals dominantly derived from sediment-source region
(e.g., granite-, carbonatite-, or bauxite-dominated terrigenous
regions) are usually characterized by an L-REY enrichment
type (Seredin and Dai 2012; Dai et al. 2014a). For example,
the REY in the Late Permian coals from the Xinde mine,
Xuanwei, eastern Yunnan Province, were derived from the
basaltic Kangdian Upland (Fig. 1a) and are characterized by
L- and M-REY enrichments (Dai et al. 2014a). In addition, the
REY in the Heshan and Yanshan coals that were derived from
the northern Vietnam Upland and Yunkai Upland (both
mainly composed of felsic rocks; Li and Xu 2000; Chen
et al. 2003; Feng et al. 1994) would be expected to have a
L-REY enrichment type, but are characterized by H-REY
enrichment, due to the influence of hydrothermal fluids (Dai
et al. 2008, 2013a).

Although the H-type REY distribution pattern as an indi-
cator of hydrothermal solution injection, the high U/Th ratio in
the Guiding coals in this study (75.0 for GC-3 seam, 68.5 for
HST-3 seam, and 120 for LHD-1C), as well as in coals from
Heshan (3.9 on average, Dai et al. 2013a), Yanshan (16.9 on
average; Dai et al. 2008), and Chenxi (16.9 on average; Li and
Tang 2013), suggest an euxinic environment (Bostrom et al.
1973; Bostrom 1983; Dai et al. 2008). However, the U/Th
ratio for world hard coals is only 0.6 on average (Ketris
and Yudovich 2009). The concentration of authigenic
uranium can be also considered as an indicator of sedi-
mentary environment (Wignall 1994). The concentration
of authigenic uranium (U,) is calculated as U,=Urou—
Th/3. The U, values for samples LHD-1C (228 ng/g),
GC-1C (286 pg/g), GC-3 (198 pg/g), and HST-3
(201 pg/g) indicate that the Guiding coals were deposited
in a euxinic environment in which uranium was remark-
ably enriched. Similarly, the concentrations of authigenic
uranium in the Heshan (42.3 ug/g on average; Dai et al.
2013a), Yanshan (150 pg/g on average; Dai et al. 2008),
and Chenxi (73.7 pg/g on average; Li and Tang 2013)
coals are also high. The average U, for the world hard
coals is only 0.83 pg/g (Ketris and Yudovich 2009).

General characteristics of U-bearing SHOS coals

The enrichment of trace elements in coal is usually attributed
to a combination of geological processes during peat accumu-
lation and subsequent diagenetic and epigenetic activities.
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Seredin and Finkelman (2008) described two types of U
enrichment in coal, as well as the accompanying enrichment
of Se, Mo, Re, and V:

1.

Epigenetic infiltration type. The enrichment of these trace
elements is attributed to epigenetic infiltration solution
circulation in the coal basin at the lignite to subbituminous
stage, which usually leads to large U deposit formation. In
addition to Mo, Se, V, and Re, which normally accompa-
ny the U and are enriched in the U-bearing coals, other
lithophile, chalcophile, and siderophile elements (e.g., Co,
Cu, Zn, Ge, Se, Y, Ag, Th, Be, REE, Zr, and TIl) are
generally enriched as well. The coal basins are surrounded
by rocks significantly enriched in U, and the climate was
arid during the epigenetic infiltration process. The optimal
hydrologic condition for enrichment of coal by these
elements involves a high proportion of coarse sediments
serving as channels for migration of the U-bearing
solutions.

Syngenetic or early diagenetic infiltration and exfiltration
types. This kind of U-bearing coal deposit is usually
much smaller than the typical epigenetic infiltration
type. The coal beds usually are interlayered between
impermeable clays, which prevent injection of the
epigenetic solutions into the coal seam. The coal
deposits are located in the marginal parts of coal
basins. The enrichment of U in the syngenetic or
early diagenetic exfiltration type is characterized by
structural control for the coal deposits, metasomatic
alteration in the basement rocks, high (up to 3—6 m)
thickness of the U-rich layers, small areas for the
deposits, and location of U mineralization in several
beds lying at different vertical levels and in adjacent
non-coal rocks. Coals of this deposit type usually
contain W, which is normally absent from the infil-
tration type of uranium deposits.

The U-bearing coals from the Guiding, Heshan,

Chenxi, and Yanshan coalfields that are preserved with-
in carbonate successions are also enriched in Se, Mo,
Re, and V. However, the origin of these elevated trace-
element concentrations and the general characteristics of
these coal deposits are different from those of the two
types of U-bearing coal deposits described by Seredin
and Finkelman (2008). The coals from the Guiding,
Heshan, Chenxi, and Yanshan coalfields have the fol-
lowing characteristics:

1.

All the SHOS coals of southern China with elevated
concentrations of U, Se, Mo, Re, and V are of Late
Permian age. However, the other U-bearing coal deposits
of epigenetic infiltration type are of Paleozoic, Mesozoic,
and Cenozoic age (Seredin and Finkelman 2008).

The elements S, U, Se, Mo, Re, and V were largely
derived from exfiltrational hydrothermal solutions during
peat accumulation (e.g., Yanshan and Heshan coals as
reported by Dai et al. 2008, 2013a, respectively) or were
deposited in an euxinic environment (e.g., Guiding coals
in the present study).

All the SHOS coals are intercalated with marine
carbonate rocks. In most cases, the roof strata are
limestones (or siliceous and bioclast-rich lime-
stones), and, in some instances, a thin impermeable
mudstone or siliceous layer is located between the
coal and the roof limestone. The floor strata of the
SHOS coals are limestones or mudstones.

The thickness of the SHOS coal beds is generally less than
2 m. The thickness of the U-bearing portion of the other
coal beds, as described by Seredin and Finkelman (2008),
is 0.1-0.5 m in most cases and rarely exceeds 1-2 m.
The sediment-source regions for the SHOS coals of
individual coalfields are different. For example, the
northern Vietnam Upland was the terrigenous sedi-
ment source for the Yanshan coals (Dai et al. 2008),
the Yunkai Upland for the Heshan and Fusui coals
(Dai et al. 2013a, b), and the Jiangnan Upland for
the Chenxi coals (Li and Tang 2014) (Fig. 1la).
These sediment-source regions have different litho-
logical compositions, e.g., the northern Vietnam
Upland is mainly composed of rhyolite (Li and Xu
2000; Chen et al. 2003) and the Yunkai Upland is
dominated by felsic Permo-Carboniferous rocks
(Feng et al. 1994). The basaltic Kangdian Upland
(Fig. la) provided the sediment source region for
the Late Permian Guiding coals (China National
Administration of Coal Geology 1996).

The trace elements with elevated concentrations (U, Mo,
and V) have a mixed mode of occurrence, but mainly
occur in the organic matter. The concentration of U in the
SHOS coal beds varies from several tens of microgram
per gram to ~200 pg/g. However, the host rocks (roof and
floor strata) are not enriched in these trace elements (see
Electronic Supplementary File). The U resources of
SHOS coals may be less than those of the epigenetic
infiltration deposits reported by Seredin and Finkelman
(2008).

The distributions of U, Se, Mo, Re, and V through
the vertical section are more even (as shown in
Table 2 and data from Dai et al. 2013a) than in
the epigenetic infiltration type of deposit (Seredin
and Finkelman 2008). Uranium in the coal beds of
the epigenetic infiltration deposits varies significant-
ly through the vertical section, with the highest
concentrations occurring in the upper portions at
the contacts with oxidized roof strata (Seredin and
Finkelman 2008).
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Potential economic significance of the rare metals
in SHOS coals

As mentioned above, rare metals, including U, Se, Mo, Re, V,
and, in some cases, rare earth elements and yttrium, are
significantly enriched in the SHOS coals (Table 7), with
concentrations up to several hundred times higher than the
average values in world coals, and thus the economic signif-
icance of their combustion products (e.g., fly and bottom ash)
are worthy of further attention. With the exception of V, Se,
Mo, and U in the Fusui coals, REY in the Guiding coals, and
V in the Heshan coals (Table 7), other rare metals in these
SHOS coals, especially REY, Re, and U, may have potential
economic significance.

Molybdenum, U, and V are not classified as volatile ele-
ments during coal combustion (Clarke and Sloss 1992), and

thus would not be expected to be significantly fractionated
between fly and bottom ashes. However, some studies have
shown that these elements are significantly enriched in fly
ash compared to bottom ash (e.g., for V partitioning: Dai
et al. 2014b; for Mo partitioning: Qi et al. 2011), which
may be due to their organic mode of occurrence in the feed
coal (Dai et al. 2014b). Owing to the high volatility of Se
and its capture from the gas phase on ash particles, the Se
concentration in fly ash may be 20 to 100 times higher than
that in the raw feed coals (Seredin et al. 2013; Swanson
et al. 2013). However, REY do not show significant frac-
tionation between fly and bottom ashes, although REY
tend to be enriched in the finer fly ashes among the size-
fractioned fly ashes (Hower et al. 2013), and thus both fly
ash and bottom ash should be considered as potential REY
sources.

Table 7 Concentration of rare metals, Cr, Ni, and Cd in coal ash (pg/g unless indicated as %)

Sample No. \% Se Mo Re REO U Sum-RM (%) Cr Ni Cd
GC-1C 4,948 127 2,026 3.26 181 1,236 0.83 1,979 575 28.7
GC-3-1 2,880 160 436 4.85 197 326 0.38 2,270 486 9.19
GC-3-2 5,367 142 1,724 4.67 235 1,300 0.85 3,223 833 19.8
GC-3-3 6,212 180 2,563 0.33 411 1,166 1.01 2,384 345 14.9
GC-3-4 4,939 182 2,442 0.55 441 1,184 0.87 2,245 353 15.3
GC-3-5 3,446 197 2,302 0.43 453 1,058 0.70 1,468 253 11.2
GC-3B-Av 4,559 174 1,984 2.03 358 1,057 0.78 2,284 451 14.3
GC-3C 4,256 179 1,466 2.27 305 887 0.68 2,303 462 13.8
HST-3-0 1,778 231 536 0.28 241 220 0.28 1,346 284 10.1
HST-3-1 6,806 121 1,599 1.24 272 1,161 0.97 2,012 628 16.2
HST-3-2 6,352 98 3,028 0.49 477 1,894 1.14 1,669 663 20.1
HST-3-3 2,143 150 1,066 0.30 394 658 0.40 807 316 12.5
HST-34 727 114 347 0.12 365 135 0.13 490 142 5.90
HST-3B-Av 2,732 151 1,092 0.35 347 638 0.46 1,113 341 11.5
HST-3C 3,566 138 1,570 0.55 404 949 0.62 1,140 413 14.0
LHD-1C 4,941 84 2,479 0.83 336 1,355 0.89 1,456 525 183
GC-3 4,408 176 1,725 2.15 332 972 0.73 2,293 456 14.1
HST-3 3,055 146 1,277 0.43 369 758 0.52 1,124 369 12.5
All Guiding coals 3,998 152 1,652 1.49 337 950 0.68 1,754 440 15.1
Yanshan coal” 2,061 91.6 742 1.1 941 556 0.44 1,196 269 7.50
Fusui coal” 147 22.9 27.3 nd 1170 21.0 0.12 107 35.6 2.77
Heshan coal® 381 355 125 nd 767 126 0.14 205 48.0 2.20
Chenxi coal® 2,120 na 166 nd 1349 539 0.42 2,923 244 359
World coal ash® 170 10.0 14 nd 534 15 0.074 120 100 1.20

nd no data, C channel sample, Av weighted average (weighted by thickness of sample interval), REO sum of oxides of rare earth elements and yttrium,
Sum-RM sum of V, Se, Mo, Re, REO, and U, GC-3 average of M3 seam in Guanchong Mine, HST-3 average of M3 seam in Heishentian Mine, 3B-4v
weighted average for coal benches of M3 seam (weighted by thickness of sample interval)

#From Dai et al. (2008)
® From Dai et al. (2013b)
€ From Dai et al. (2013a)

4 From Li and Tang (2013) and Li et al. (2013)
¢ From Ketris and Yudovich (2009)
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Conclusions

In contrast to other super-high-organic sulfur coals in southern
China, the basaltic Kangdian Upland provided the sediment
source region for the Guiding Late Permian coals. The
Northern Vietnam, Yunkai, and Jiangnan Uplands were the
dominant epiclastic source regions for the Yanshan, Heshan/
Fusui, and Chenxi coals, respectively.

Like other SHOS coals in southern China, the Guiding
coals are highly enriched in S, U, Se, Mo, Re, and V.
Uranium, Mo, and V in the Guiding coals are mainly
associated with the organic matter. In addition, a small
proportion of the U and V occur in coffinite/brannerite
and jarosite, respectively. The major carriers of Se are
pyrite rather than marcasite. Fluorine and Cl mainly occur
in tourmaline and as Cl ions adsorbed on the coal’s
organic matter, respectively. Boron occurs in tourmaline
and mixed-layer I/S rather than in illite and organic mat-
ter. Rhenium probably occurs in the secondary sulfate and
carbonate minerals. Although the Guiding coals were
subjected to seawater influence, the concentration of B
is very low; the B mainly occurs in mixed-layer illite/
smectite and tourmaline, and was probably derived from
the sediment-source region.

The U-bearing coal deposits preserved within the car-
bonate platform sequence in southern China, including the
Guiding Coalfield, are different to those of previously
reported deposits (epigenetic infiltration type, syngenetic
or carly diagenetic infiltration and exfiltration type). The
general characteristics of such U-bearing deposits include
the following: formation age limited to the Late Permian,
sulfur and rare metals (U, Se, Mo, Re, V, and REY)
appearing to be largely derived from exfiltrational hydro-
thermal solutions (e.g., Yanshan and Heshan coals) or to
be associated with an euxinic environment (e.g. Guiding
coal in the present study), coal beds intercalated with
marine carbonate rocks, and laterally and vertically uni-
form distributions of rare metals in the coal seams.

Rare metals, including U, Se, Mo, Re, V, and, in some
cases, rare earth elements and yttrium, are significantly
enriched in the SHOS coals preserved within the carbon-
ate platform successions, and their combustion products
(e.g., fly and bottom ash) may have potential economic
significance.
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