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This study reports the mineralogy and geochemistry of the Late Permian C1 Coal from Bole and Laibin mines in
eastern Yunnan, Southwestern China (C1 Coal in Laibin mine is composed of three layers termed B1, B2, and B3).
The coals are characterized by medium-high ash yields and very low sulfur contents. Compared with average
values of trace element concentrations in hard coals worldwide, the Bole and Laibin coals are enriched in V, Co,
Cu, Zn, and Se, which were mainly derived from the sediment-source region of the Kangdian Upland. Major
minerals in the coal samples and roof and floor strata include quartz, interstratified berthierine/chamosite (B/C), as
well as kaolinite, mixed layer illite/smectite, calcite, pyrite, and anatase. Unlike a pure chamosite, the 7 A peak of
interstratified B/C is sharp and narrow, while the 14 A peak is broad and weak, or absent in some coal samples.
Interstratified B/C was largely precipitated from low-temperature Fe-rich and Mg-rich hydrothermal fluids or, in
some cases, is an alteration product of kaolinite. Secondary phases of quartz, calcite, pyrite, kaolinite, chalcopyrite,
gypsum, and REE-phosphates in the coal samples are the dominant authigenic minerals formed at syngenetic and
early diagenetic stages. Four intra-seam partings in C1 Coal, B1, and B3 layers are identified as tonsteins derived
from felsic volcanic ashes. These tonsteins consist mainly of cryptocrystalline kaolinite with graupen and vermicular
textures, and minor amounts of high-temperature quartz, zircon, apatite, monazite, and anatase. The floor of the
C1l Coal in the Bole mine is a tuffaceous claystone and consists of altered high-Ti basalt volcaniclastics,
characterized by high concentrations of Zr, Nb, V, Co, Cu, and Zn, low Al,O5/TiO, ratio (~4.62), high Ti/Y ratio
(~900), enrichment of middle rare earth elements, and positive Eu anomalies.

Late Permian coals minerals in coal elements in coal interstratified berthierine/chamosite

tonsteins Eastern Yunnan

| 1. Introduction

As with the organic matter in coal, mineral matter is also an important component that significantly influences coal
quality WE2E! The abundance, modes of occurrence, and assemblage of mineral matter in coal can provide useful
information not only on the conditions of peat deposition, subsequent diagenetic and epigenetic processes, and the

regional tectonic history I3l but also on assessing the environmental and health impacts of coal processing and
utilization [EIEIE],

Mineral matter in coal is formed by a range of different processes 219 including detrital input from the sediment
source region [L12113] accumulation of biogenic components 24! precipitation from solutions 22!, deposition of

volcanic ashes 2817 and diagenetic and epigenetic alteration. The former two processes are universal in coal
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deposits worldwide, while volcanic-influenced coals and intra-seam partings of volcanic origin (i.e., tonstein) have
also been observed in many coal deposits 19118l The altered volcanic ash layers have been used in some areas
as stratigraphic markers or for radiometric age determination if suitable primary minerals (such as sanidine, zircon,
and monazite) are present. The mineral matter in altered volcanic ashes can also be used to explain the geologic
history and mass extinction events 1929 practically, volcanic ashes in coal may lower the quality of the coal but
alkali volcanic ashes may be the cause of significantly enriched critical elements such as Nb, Ta, Zr, Hf, Y, and rare
earth elements in coal [2[29][21]

The Late Permian coals from Eastern Yunnan, Southwestern China, have attracted much attention not only
because they contain useful records of contemporaneous volcanism during peat deposition and the evolution of the
Emeishan mantle plume [121291121122]123124](25] Kyt also the mineral matter concentrated in the coals (e.g., nano-
quartz 28127 or Fe-rich aluminosilicates 28] in coal in Xuanwei), which is released during coal indoor combustion,
leading to the highest female lung cancer mortality rate in the world (2812728 Nanoquartz in the Xuanwei coals
was once considered the carcinogen responsible for the high lung cancer rates in the area 28271, Although some
studies have already found abundant Fe-rich aluminosilicates (e.g., chamosite) in the coals from Xuanwei and
adjacent areas 22939 it has just been recognized that chamosite is the newly suspected carcinogen, which
plays a significant role in the carcinogenesis pathway by activating inflammatory reactions [28. There are a number
of coal seams in this area. However, not all coals but just C1 Coal is considered the source responsible for lung
cancer [ |t is interesting that abundant Fe-rich aluminosilicate, i.e., interstratified berthierine/chamosite (B/C),
was identified in this coal seam in this study but has rarely been previously reported elsewhere B, However, it is a
common mineral in modern sediments and sedimentary rocks, particularly ironstones [BL32E3I34135] - Additionally,
chlorite is present in coals with different forms such as chamosite [Fe?*g(Fe2*,,Al,)[Sig,Al,)O050](OH)16], cookeite
[Al4(Liy,Al))[Sig,Aly)O40](OH)16], pennantite [Mn2*g(Mn2*,,Al,)[Sig,Al5)O,0](OH)16], and clinochlore [MgsAI(AISiz040)
(OH)g] . Different forms of chlorite in coal not only have various chemical compositions but also have formed
under different conditions in various stages of coal formation. Precise identification of different forms of chlorite is
critical to understand the sources of minerals in coal and the geological processes to which coal has been
subjected, and, more importantly, to help with identifying the source responsible for the lung cancer. Therefore, the
purpose of this study is to investigate the mineral matter in the C1 Coal and in associated altered volcanic ash
layers (including four tonsteins and one floor stratum) from the Bole and Laibin mines (eastern Yunnan,

Southwestern China), with special emphasis focusing on the high B/C content in the coal samples.

| 2. Discussion
2.1. Input of Altered Volcanic Ashes in the Coal-Bearing Strata

Volcanogenic claystones in the coal seams are referred to as tonsteins, bentonites, or K-bentonites, respectively,
when kaolinite, smectite, or mixed-layer 1/S exceed 50% of the clay mineral assemblages, respectively [18I36],
Southwest China is one of the areas of the world with the most frequent and largest eruptions of volcanic ash

during the Late Permian (2227, The Late Permian tonsteins, including as many as 30-60 layers in the Xuanwei and
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Longtan formations, are widely distributed over areas up to 67,000 km? in Western Guizhou and Eastern Yunnan

provinces of Southwestern China 28],

The C1 (B1, B2, and B3) coal seam of this study from both the Bole and Laibin mines contains four partings, all of
which have been derived from felsic volcanic ash and, therefore, are identified as tonsteins based on the following

evidence.

« (1) The partings are all thin (5—6 cm) but laterally continuous throughout the Laibin and Bole coal
mines and have a sharp contact with the enclosing coal seam, in which both have general
macroscopic characteristics of tonsteins LZ[18],

e (2) Due to the high proportions of kaolinite (>50%) and its mode of occurrence, the partings are referred to as
tonsteins rather than K-bentonites even though sample B1-3p contains a high proportion of mixed layer I/S. The
sample B3-5p can be further classified as a Graupen-tonstein due to the spheroidal aggregates of fine-grained
kaolinite (Figure 1D,E). Kaolinite found as vermicular (Eigure 1A,E) or tabular (Figure 1C) shape may be formed
by alteration of volcanic glass. The vermicular kaolinite is generally considered as evidence for a volcanic origin
of claystone within coal seams [1218I39]140[41] | addition, the kaolinite-chlorite pseudomorphs after biotite

resulted from alteration in the peat swamp [2QI[18](42]

e (3) High-temperature quartz in the form of angular grains (Figure 2A—C) and corroded quartz crystals with
jagged edges or cavities (Eigure 1B and Figure 2D) are direct evidence for its derivation from felsic or felsic-

intermediate volcanic ashes 12171, Angular grains of quartz (Figure 2A) may also be considered as magmatic in
origin (28],

» (4) Anatase is generally considered a secondary mineral in tonsteins and is likely derived from the break-down
of volcanic ash material 49431441 Anatase crystals with embayments or replacing volcanic glasses (Figure 3A—

C) appear to represent alteration products of Ti-rich volcanic glass.

» (5) A small proportion of zircon, apatite, and monazite have been identified in the partings under the SEM. Their

preserved subhedral to euhedral crystals (Eigure 1G, Figure 3A,F, and Figure 4A-D) are indicative of volcanic

input [LOIL7]1421[45]146] ' Njonazite, if observed in tonsteins, is usually igneous in origin and generally derived from

felsic volcanic ashes 19,

e (6) The concentrations of Sc, Ti, V, Cr, Co, Ni, Cu, and Zn are not enriched in the studied partings but are
generally elevated in the Late Permian coals of Southwestern China and their roof and floor strata. This
indicates that these elements in the four partings have a different (volcanic) origin and have not resulted from
erosion of the Kangdian Upland, which is the major sediment source for most of the Late Permian coals in the

region 44,
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Figure 1. SEM back-scattered electron images of clay minerals in tonsteins and EDS data of selected point. (A)
Vermicular kaolinite in sample B1-3p. (B) Cryptocrystalline kaolinite with quartz and pyrite in sample C1-1t. (C)
Tabular kaolinite in sample C1-8p, possibly a pseudomorph after biotite or muscovite. (D) Elongated pellets and
guartz in sample B3-5p. (E) Graupen and vermicular kaolinite in sample B3-5p. (F) Chlorite intergrown with
kaolinite in sample B1-3p. (G) Mixed layer I/S and apatite in sample B1-3p. (H) EDS spectrum of point in (G). Kao:
kaolinite. Qtz: quartz. Py: pyrite. Ap: apatite.
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Figure 2. SEM back-scattered electron images of quartz in tonsteins. (A—C) Sharp-edged quartz in samples B3-5p,

B1-3p, and C1-8p. (D) Corroded quartz and pyrite veinlets in C1-1t. Qtz: quartz. Py: pyrite.
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Figure 3. SEM back-scattered electron images of accessory minerals in tonsteins. (A) Anatase, zircon, and
monazite in B3-5p. (B) Anatase possibly replacing glass spherules in C1-1t. (D) Fracture-filling anatase and pyrite
in B3-5p. (C,E) are the enlargement of rectangles in (B,D). (F) Zircon in C1-8p. Mon: monazite. Ana: anatase. Zir:

zircon. Fe-sulp: Fe-bearing sulfate mineral. Py: pyrite. Kao: kaolinite.

Figure 4. SEM back-scattered electron images of minerals in tonsteins. (A) Apatite and zircon in B1-3p. (B,C)
Apatite crystals disseminated in the kaolinite matrix in B1-3p. (D) Monazite in B3-5p. (E) Fracture-filling pyrite and
iron-sulfate mineral in B3-5p. (F) Euhedral gypsum in B3-5p. Zir: zircon. Ap: apatite. Mon: monazite. Py: pyrite.

Gyp: gypsum.

The Al,O3/TiO,, ratio is relatively stable during surficial weathering, hydrothermal alteration, and volcanic processes
[48]491150] and, therefore, it can be used as a useful provenance indicator for sedimentary rocks (including coal), and
for classification of altered volcanic ash 9B, Typical Al,O4/TiO, ratios for sediments or tonsteins derived from
mafic, intermediate, and felsic igneous rocks are 3-8, 8-21, and 21-70, respectively 1951 The Al,04/TiO, ratios

of the four studied partings range from 54.8 to 179 (Eigure 5), which, along with the distinct negative Eu anomaly of
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the REY distribution patterns (Figure 6A), indicates a felsic origin. These tonsteins may be correlated with other
Upper Permian volcaniclastic rocks of South China, for which their origin is still uncertain 5253154],
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Figure 5. Plot of TiO, vs. Al,O4 for coal plies, partings, roof, and floor samples from the Bole and Laibin Mines.
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Figure 6. REY distribution patterns in the roof, floor, and parting strata of B1, B2, B3, and C1 coals. REY are
normalized to an Upper Continental Crust (UCC) 22, (A), parting samples in C1 Coal and B1 and B3 layers. (B),
Floor samples of C1 Coal and B1, B2, and B3 layers. (C), Roof samples of B1 and B3 layers. (D), Roof samples of
the B2 layer. (E,F), Roof samples of C1 Coal.

The floor (sample C1-2f) of the Bole mine is identified as a tuffaceous claystone derived from altered mafic volcanic
ash rather than water-borne detritus from terrigenous regions, as evidenced by the cryptocrystalline kaolinite with
no sedimentary layering observed (Figure 7A) and the large amount of anatase debris disseminated in the matrix
(Eigure 7B—F). The anatase may have been derived from volcanic ashes, as evidenced by well-developed crystals
or the crystals with high-temperature cracks and embayments 21, Meanwhile some anatase grains show the
skeletal/colloidal structure, suggesting intense alteration even though anatase is usually found unaltered in mafic
volcanic ash (22921 The REY enrichment pattern of sample C1-2f, characterized by M-type and H-type
enrichment and weak positive Eu anomaly (Eigure 6B), differs slightly from those of low-Ti basalts and are more
similar to the spidergrams of high-Ti basalts (Eigure 8) 8. The enrichment of heavy REY in the sample C1-2f was
likely due to the influx of hydrothermal solutions . The lower Eu anomaly in sample C1-2f sample may be
explained by clay alteration of feldspar, which is commonly the main carrier of Eu in magmatic rocks. A very high
Ti/Y ratio (about 900) for sample C1-2f claystone indicates a high-Ti basalt as the source rock as well B8, Such a
basaltic origin is also supported by higher concentrations of Zr, Nb, V, Co, Cu, Zn, and a low Al,O3/TiO, value
(4.62) for the sample.
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Figure 7. SEM back-scattered electron images of minerals in C1-2f. (A) Microcrystalline kaolinite matrix and
anatase crystals. (B) Euhedral anatase crystal. (C—E) Altered anatase framework. (F) Anatase with high

temperature cracks and embayments. Ana: anatase. Kao: kaolinite.
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Figure 8. REY distribution patterns normalized to the Upper Continental Crust (UCC) 53 for the C1-2f sample and
high-Ti and low-Ti alkali basalts of the Emeishan Province (data from Xiao et al. (28],

The interpretation of the C1-2f claystone as tuffaceous is not contradictory with the high-Ti basalts, which were
mainly erupted in the Emeishan Province some 257—-260 Ma ago BZ38] pecause the former was deposited closer
to the P-T boundary than the latter. Zhu et al. B2 found a very thick (~100 m) tuff layer from which zircons gave a
laser ablation ICP-MS U-Pb age of 251 + 1 Ma, close to the suggested depositional age for the studied rocks.
These data confirm the suggestion that volcanic activity of the Emeishan Province was continuing throughout the
Late Permian (4869

The chemical compositions in the tuffaceous floor and tonsteins present in this study are similar to those reported
by Dai et al. 1248 and Zhou et al. 2223l Daj et al. 48 have identified three types of tonsteins (silicic, mafic, and
alkali) in the Late Permian coal seams in Southwestern China. The alkali and silicic tonsteins are mainly distributed
in the early and late stages of the Late Permian, respectively. The mafic tonsteins and tuffs are distributed
throughout the late Permian 48, The three types of tonsteins have different assemblage of elevated trace
elements. The mafic tonsteins and tuffs are enriched in Sc, V, Cr, Co, and Ni, and the alkali tonsteins are
characterized by high contents of Nb, Ta, Zr, Hf, REY, and Ga. The silicic tonsteins contain the lowest amount of
REY but have the highest fractionation between light REE and heavy REY. As suggested by Dai et al. 48, tonsteins
in the Late Permian coal seams in Southwestern China may be at the periphery of the Emeishan Large Igneous
Province and likely resulted from a waning activity of the plume. The three types of tonsteins were derived from
different mantle sources that have been subjected to low-degree partial melting, fluid fractionation, and
contamination by a lithospheric mantle 48,

2.2. Origin of Interstratified Berthierine/Chamosite
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Berthierine is a common mineral in modern sediments and sedimentary rocks, and is considered to be typical of
marine sediments due to the reducing environment of the seabed and the presence of abundant iron ions B132133]
83 However, berthierine has also been observed in non-marine low-temperature metamorphic and
hydrothermally-altered rocks 162631 and in coal-bearing strata in Japan and China [2U2L6465] | the |atter
cases, berthierine may replace pre-existing minerals (e.g., kaolinite, siderite, and other Fe-rich phases) [62168167]
directly precipitating from some Fe-bearing and Mg-bearing solutions [E8I8A7A or results from the dissolution of
volcanic fragments when Fe and Mg are liberated during recrystallization 2772l The coexistence of B/C with
guartz or calcite (Figure 9B—E) does not necessarily indicate their genetic relations. However, the intergrowth of
B/C and kaolinite (Figure 10A,B) indicates that B/C was derived from the kaolinite and Fe-rich and Mg-rich
hydrothermal solutions, and that the formation mechanism of B/C is similar to that of chamosite reported by Dai et
al. 22 and Wang et al. [24]. The relations between B/C and kaolinite in the floor sample (B3-f) also indicates the

substitution of the former for the latter (Eigure 11C,D).

Figure 9. SEM back-scattered electron images of cell-filling minerals in coal samples and EDS data of a selected
point. (A) Interstratified berthierine/chamosite as cell-infillings in sample C1-5. (B) Quartz coated with interstratified

berthierine/chamosite as cell-infillings in sample B3-4. (C—E) Cell-filing interstratified berthierine/chamosite, quartz,
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calcite, and pyrite in samples B2-2 (C), sample C1-5 (D), and B3-4 (E). (F) EDS spectrum of point 1 in (B). Qtz:

quartz. B/C: interstratified berthierine/chamosite. Py: pyrite. Ca: calcite.

Figure 10. SEM back-scattered electron images of clay minerals in coal sample B3-4. (A) Cell-filling interstratified
berthierine/chamosite, kaolinite, and pyrite. (B) Enlargement of rectangle in (A). B/C: interstratified

berthierine/chamosite. Kao: kaolinite. Py: pyrite.
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Figure 11. SEM back-scattered electron images of minerals in B3-f. (A) Clay minerals as matrix with abundant
plant residues. (B) Kaolinite, authigenic quartz, and highly altered anatase with network texture. (C) Cell-filling
kaolinite and B/C. (D) Vermicular B/C and authigenic quartz. (E) Small grains (<1 ym) of rhabdophane. (F)
Rhabdophane and associated B/C. B/C: interstratified berthierine/chamosite. Kao: kaolinite. Qtz: quartz. Ana:

anatase. I/S: mixed layer illite/smectite. Chal: chalcopyrite. Rha: rhabdophane.

Berthierine is generally considered relatively stable in low-temperature (<200 °C) reduced environments [621[63](64]
(671731 As the temperature increases, it can be transformed into chamosite or occur as an interstratification phase
in a certain temperature range. lijima and Matsumoto 84! proposed that the formation temperature of berthierine in
the Paleogene and Late Triassic coals of Japan is 65—150 °C, and its transformation to chamosite occurred at 160
°C. A similar crystallization temperature for berthierine (150 °C) was also reported by Rivas-Sanchez et al. [3],
Based on the ratio of mixed layer I/S and the occurrence of berthierine, Zhao et al. /4 inferred that the diagenesis
temperature of polymetallic mineralized beds in Eastern Yunnan is 100-160 °C, sometimes reaching 180 °C. Ryan
and Hillier 8 showed that interstratified berthierine/chamosite was stable in the range of temperatures between 90
and 200 °C in Late Jurassic sandstones, U.S. Gulf Coast. Therefore, the formation of B/C in the samples

investigated in this study was most likely under a low-temperature regime (i.e., <200 °C).
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Moreover, the REE-phosphates (rhabdophane and florencite) observed in the coals and non-coal samples of the
present study (Figure 12C,D, and Figure 11F) may also be related to low-temperature solutions 28I |t should
be mentioned, however, that the suggested temperature of authigenic mineralization corresponds to both
ascending-hydrothermal and heated-meteoric solutions, for which the transitional field is between 25-50 °C and
200 °C 8l Therefore, this study does not answer the question regarding the sources of the studied authigenic
mineralization regarding whether they were from a deeper source or related to weathering and other near-surface
processes. It is most likely that both deep and near-surface processes have complexly influenced the Late Permian

coal basins of SW China, as suggested by Dai et al. 2],

Figure 12. SEM back-scattered electron images of minerals in coal samples. (A) Cell-filling pyrite, iron-sulphate
mineral, and quartz in sample B3-1. (B) Enlargement of rectangle in (A). (C) Rhabdophane and cell-filling
chalcopyrite, quartz, and interstratified berthierine/chamosite in sample B3-1. (D) Cell-filling florencite and
interstratified berthierine/chamosite in sample B3-4. B/C: interstratified berthierine/chamosite. Qtz: quartz. Py:
pyrite. Fe-sulp: Fe-sulfate mineral. Rha: rhabdophane. Chal: chalcopyrite. Flo: florencite. B/C: interstratified

berthierine/chamosite.

2.3. Origin of Quartz and Other Minerals
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Quartz of authigenic origin is common in the Late Permian coals of Southwestern China, especially Eastern
Yunnan Province. It is considered that the quartz was derived from silica-containing solutions originating from the
weathering of volcanic rocks in the Kangdian Upland or from post-depositional silica-rich fluids 12129 The
occurrence modes of quartz (Figure 13) in the studied coal samples indicates that the silica-rich fluid input was
either from the sediment-source region or from fluid sources during peat accumulation or before peat compaction.
The authigenic quartz in the samples may also be derived from desilicification of the volcanic ashes. Soluble Si
from the volcanic ashes may then have re-precipitated in the pores of the underlying peat L2, Desilicification of
the volcanic ashes in the peat swamp has been commonly observed in many coalfields 1918 However, it is not
necessary for hydrothermal solutions to take part in the desilicification process as the process can occur during the

syngentic (peat deposition) or diagentic (rank advance) stages.

l'—
£7%;

Figure 13. Quartz in the coal samples. (A) Authigenic quartz and fracture-filling pyrite in sample B1-2. (B,C) Fine-
grained quartz in collodetrinite in sample B3-1. (D) Small quartz particles and framboidal pyrite along the lamination
planes in sample B1-1. (E) Detrital quartz in sample B2-1. (F) Hexagonal bipyramid quartz rimmed by epigenetic
pyrite in sample B3-1. (A,B), Back-scattered electron images. (C—F), Optical microscope, reflected light in air. Qtz:

quartz. Py: pyrite.
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The modes of occurrence of framboidal pyrite within collodetrinite (Figure 13) show that the mineral was formed at
syngenetic and/or early diagenetic stages during or shortly after the peat accumulation. Other authigenic minerals,
including fracture-filling pyrite (or iron-sulphate minerals) and calcite (Figure 13 and Figure 4), euhedral gypsum in
the tonstein (B3-5p) (Figure 4) and rhabdophane in the floor sample (B3-f) (Eigure 11) suggest epigenetic

deposition.

| 3. Conclusions

The coals from the No. C1 (B1, B2, and B3) coal seam of the Bole and Laibin mines, Eastern Yunnan, are mainly
medium-high ash, low-sulphur bituminous coal. The minerals in the coals are mainly dominated by quartz and
interstratified berthierine/chamosite, along with varying proportions of kaolinite, mixed layer I/S, calcite, anatase,
pyrite, bassanite, chalcopyrite, and REE-phosphates. Low-temperature solutions are a very important factor
responsible for the mineralogical compositions during the diagenetic process. Abundant authigenic quartz is the
result of silica-rich solution inputs during peat accumulation or before peat compaction. The coexisting calcite as
cell-infillings may have been leached from the Maokou limestones. Interstratified berthierine/chamosite in the coals
is largely formed from direct precipitation of Fe-Mg-rich hydrothermal fluids, likely after the formation of quartz.
However, berthierine (B/C) in the floor strata were derived from the interaction of kaolinite with the hydrothermal
fluids. In addition, minor minerals including pyrite, anatase, REE-phosphates, chalcopyrite, and gypsum are also
derived from multi-stage hydrothermal fluids as indicated by the presence of berthierine (B/C) and REE-
phosphates. The diagenetic environment for the formation of the coal seams is suggested to be of a low
temperature (<200 °C).

The multi-stage volcanic ash deposition plays another key role in coal formation. Four thin intra-seam claystones
(partings) within the coal seams are identified as tonstein layers, mainly evidenced by cryptocrystalline and
vermicular kaolinite, along with minor proportions of high-temperature quartz, volcanic zircon, apatite, monazite,
and anatase. The tonsteins are likely derived from felsic volcanic ash, which are characterized by high

Al,O3/TiO, values (51.6-179) and negative Eu anomalies.

Based on the modes of occurrence of its minerals, higher concentrations of Zr, Nb, V, Co, Cu, Zn, low
Al,O5/TiO, (4.62), and high Ti/Y value, as well as the M-type distribution pattern of rare earth elements and the
positive Eu anomaly, the floor sample of the Bole mine (C1-2f) is identified as a tuffaceous claystone consisting of
altered mafic volcanic (high-Ti basalt of the Emeishan large igneous province) rather than detrital materials from

sediment source regions.
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