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The current study investigates the mineralogical and geochemical characteristics of the Late Triassic coals from
the Coc Sau open-pit mine, Cam Pha Coalfield (Quang Ninh Province, Northeastern Vietnam) using Powder X-ray
diffraction (XRD), field emission-scanning electron microscopy (FE-SEM), inductively coupled plasma atomic-
emission spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS). Coals from
Coc Sau open-pit mine are characterized by medium ash yield (avg. 29.7%), low sulfur content (avg. 0.17%), and
low moisture content (avg. 1.8%). The volatile matter content (avg. 8.4%) indicates a semianthracite rank. The
crystalline phases identified in Coc Sau coals and host rocks (roof, floor, parting) are primarily quartz, kaolinite
and muscovite, with small proportions of ankerite, clinochlore, anatase, calcite, and tobelite. Illite, pyrite, and
siderite were occasionally detected in individual samples. In addition, several minerals below the XRD detection
limit, such as barite, apatite, zircon, xenotime, and florencite were observed by SEM. The low sulfur concen-
trations, low Sr/Ba ratio and relatively high ash yield of these coals indicate a continental lake basin sedimentary
environment with a relatively strong supply of terrigenous detritus. Quartz, kaolinite, and muscovite were most
likely derived from the terrigenous source region surrounding the basin, and the other minerals are mainly of
authigenic origin. Relative to worldwide coals, the Coc Sau coals and host rocks are highly enriched in Rb and Cs,
which can be a potential source for Rb and Cs recovery during coal utilization and combustion. Rubidium and Cs
enriched in the coals are positively correlated with Al and K, indicating that they most likely occur in potassium-
rich clay minerals (e.g., muscovite), and originate from weathered felsic terrigenous detritus.

Province, China and reported that some potential hazardous elements
(e.g., As, S, N, Hg, and Se) emitted during spontaneous coal gangue
combustion may cause environmental problems. Dai et al (2012) studied
the geochemistry of trace elements in Chinese coals and ascribed the

1. Introduction

The study about mineralogy and geochemistry of coal can provide
some useful information for understanding the coal quality and paleo-

environmental conditions, such as depositional conditions, climatic and
hydrological conditions, provenance region, tectonic setting history and
diagenetic and epigenetic process (Brownfield et al., 1995; Dai et al.,
2012, 2020, 2021; Finkelman et al., 2019; Karayigit et al., 2020; Seredin
and Finkelman, 2008; Swaine and Goodarzi, 1995; Ward, 2002). In
addition, the concentrations, and modes of occurrence of hazardous
trace elements in coals are potential detrimental factors for environ-
mental pollution and effects on human health during coal combustion/
utilization (Finkelman et al., 2002; Finkelman and Tian, 2017). For
example, Querol et al (2008) investigated the coal gangue from Shanxi
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high concentration of some toxic elements (As, F, and Se) released to the
air during coal combustion as the main source of endemic diseases
(endemic arsenosis, fluorosis, and selenosis).

On the other hand, coals can be regarded as a promising source for
recovery of several critical elements (e.g., Ge, Ga, U, V, Se, rare earth
elements and Y (REY or REE if Y is not included), Nb, etc.) and base
metals (e.g., Al and Mg) (Dai et al., 2012, 2018, 2021; Dai and Finkel-
man, 2018; Seredin and Dai, 2012; among others). For instance,
germanium has been extracted at industrial scale from coal combustion
products for many years. It is estimated that over half of global industrial
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Fig. 1. Geological location of the studied area and sampling site. A; B: Overview map of Northern part of Vietnam and the location of Quang Ninh Province. C. The
simplified geological map of Cam Pha coalfield (modified from Hung, 1997) and sampling sites.

Ge production are supplied by three coal-hosted high-Ge deposits (Lin-
cang and Wulantuga, China; Spetzugli, Russian, Dai et al., 2014; Seredin
and Finkelman, 2008). Uranium had been once industrially utilized just
after world war II and has also been found significantly enriched in a
number of coals (Seredin and Finkelman, 2008; Dai and Finkelman,
2018; Dai et al., 2015a, 2015b; Hower et al., 2016).

Vietnam is a country with great potential of coal reserves (about
55.59 billion tons in mainland) (Tri and Khuc, 2011), where coal has
been explored and exploited for a long time and has made important
contributions to the development of the national economy as well as
large proportion of coal export. Located in the north-eastern part of
Vietnam, Quang Ninh coal basin is one of the largest regions with sig-
nificant potential for anthracite coal resource, accounting for 89% of
total anthracite amount throughout Vietnam (Chinh et al., 2007). The
coal management and exploitation in this region has been carried out by
Vietnam national coal — mineral industries holding corporation limited
(VINACOMIN) since 1995. According to VINACOMIN, the total
anthracite coal reserves in this region are about 3.5 billion tons (in depth
of —400 m), and the capacity from opencast mines and underground are
approximately 35 million tons per year. In the 1960s and 1970s, several
studies were carried out on coal and coal-bearing series in Quang Ninh
coal basin, most of which has focused on identifying the basic coal
quality, tectonic structural and stratigraphic evolution history (Luong,
1970; Quang, 1971; Tieu, 1971; Tri et al., 1977). The age of coal and
coal-bearing strata, sedimentary facies, and coal rank have also been
discussed (Hien and Binh, 1966a,b; Ich and Chi, 1972; Quang, 1969).

Basic qualities of the Quang Ninh coals, such as moisture content, ash
yield, volatile matter content, sulfur content, and calorific value, have
been demonstrated by a few researches. Ash yield of the Quang Ninh
basin coals generally ranges from 10 to 30%, and sulfur content from 0.5
to 0.7% (Hoang et al., 2001) with the exception that coals in Cam Pha,
Hon Gai, Mao Khe, Trang Bach, and Vang Danh consist of quite high ash
yield (31-39%, Baruya, 2010). Nonetheless, research on the mineralogy
and geochemistry of coals in Quang Ninh coal region or even in the
whole Vietnam has barely been conducted. Therefore, the knowledge
about potential hazardous and critical elements in coals is scarce.
Given the issues discussed above, the present study aims at investi-
gating the mineralogical and geochemical characteristics of coals from
the Coc Sau surface mine, Cam Pha coalfield, Quang Ninh coal basin,
with special emphasis on illustrating the enrichment, modes of occur-
rence and origin of potential elevated trace elements in coals from the
Quang Ninh coal basin. This is the first comprehensive research on the
enrichment of critical elements (Rb and Cs in the present study) in
Vietnamese coals, which will provide significant theoretical guidance
for the integrated and clean utilization of coal resources in Vietnam.

2. Geological setting

Tectonism during the Mesozoic formed many graben depressions
which are filled with coal-bearing terrigenous sediments (e.g., Hon Gai
Formation, Van Lang Formation, Suoi Bang Formation, Dong Do For-
mation) in northeast of Vietnam. These graben depressions were
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Fig. 2. Location of sampling sites and stratigraphic column of the Coc Sau surface mine, Cam Pha coalfield. A, Location of sampling sites; B, Stratigraphic column and

location of coal benches.

primarily composed of conglomerate, sandstone, coaly clay and indus-
trial coal seams, which have been deposited in complex sedimentary
facies such as alluvial, proluvium, delta plain, lakes, swamps, and
dramatically change in both horizontal and vertical direction (Binh,
2005). The coal formation stages may start from the late Triassic and last
to the early Jurassic, but are mostly of the Triassic Norian-Rhaetian
(T3n-rhg) (Tri et al., 2000).

The Quang Ninh coal basin is a coal-bearing graben depression,
which consists of two main coal-bearing structures (the northern
structure is Bao Dai — Yen Tu and southern structure is the Hon Gai). The
coal in Quang Ninh was formed in a complex geological structure with
many faults and folds. There are mainly two groups of sediments in this
area, viz. continental sediments and transitional sediments from conti-
nental to marine. The continental sediments are more common and
account for approximately 80% of total sediments (Hien and Binh,
19664a,b).

Cam Pha coalfield is situated in the southeast of Quang Ninh coal
basin, and the Coc Sau surface mine is located in the eastern part of the
Cam Pha coalfield. As a result of many different phases of regional
deformation, the geological structure of Cam Pha coalfield is very
complex with intense folding and faulting, dividing this coalfield into

many small blocks (Fig. 1) (Hung, 1997). The late Trassic Hon Gai for-
mation is the main coal-bearing stratum in this area and unconformably
underlies the lower-middle Jurassic Ha Coi formation, which is mainly
composed of conglomerate, gritstone, quartz sandstone, siltstone, shale,
lenses of limestone, and overlies the Carboniferous-Permian Bac Son
formation which is mainly made up of thick-bedded to massive grey to
light grey limestone, oolitic limestone, marl, cherty limestone.

Base on the lithological characteristics, the Hon Gai formation
formed mostly under continental environment and is divided into three
sections from bottom to top: the lower, middle, and upper sections,
respectively (Fig. 2) (Hung, 1997). The lower section (average thickness
about 300 m) is primarily made up of conglomerates, gritstones, sand-
stones, siltstones, and interbedded by thin lenses of coaly clays and clay
flints. The middle section has the greatest thickness ranging from 1400
to 1950 m, which increases from south to north and from west to east.
The middle section is mainly made up of conglomerates, sandstones,
siltstones, claystones, coaly clays and consists of three main workable
coal seams in the middle section, namely GII, GIII, and GIV from bottom
to top, respectively. The upper section is composed of conglomerates,
quartz siltstone, and interbedded by sandstone, thin layers of claystone,
thin coal seams or coaly clay.
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Table 1
Proximate analysis results of coals and non-coal rocks in the Coc Sau surface
mine.
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3. Methodology

A total of thirty-two channel samples (including one roof, one floor,

Sample Thickness (m) Mad And Vo three parting, and twenty-seventh coal samples, numbered with prefix
Day-25 10 B 6.5 B Day) were collected using channel profile sampling method from the GII
Day-24 1.0 1.98 32.0 9.7 coal seam in the Coc Sau surface mine, Cam Pha coalfield, Quang Ninh
Day-23 1.0 1.55 30.6 8.5 Province (Fig. 2). These samples were homogenized by using quartering
Day-22 1.0 1.44 25.0 8.0 and coning method, crushed, and milled to pass through 80-mesh sieves
gzy'ié i'g f'?s ;'? z'z for proximate analysis and pass through 200-mesh sieves for geochem-
Day-33 08 B 84.3 B ical and mln.eralogmal analyses. '
Day-32 1.0 2.73 48.1 115 The proximate analyses of coal and host rock (parting, roof and floor)
Day-31 1.0 2.74 45.2 11.5 samples were carried out following the ASTM Standard D3173-11
gaygg 12 1’;";‘ 2;2 133 (2011), D3174-11 (2011), and D3175-11 (2011). The mineralogical
D:§:28 1' o 2'9 11'8 6'5 analyses were conducted using Powder X-ray diffraction (XRD) equip-
Day-27 1.0 1.75 15.3 7.0 ped with a Bruker D5005 diffractometer and monochromatic Cu Ko
Day-26 1.0 1.54 29.1 8.3 radiation. Scanning was done over the 20 range of 4-60°, with a step size
Day-18 0.75 56.6 11.3- of 0.05° and counting time of 3 s/step. The semi-quantitative XRD an-
Day-17 075 5.92- 57.8 3.0- alyses were estimated using the Reference Internal Standard Method
Day-16 0.75 1.3- 54.1 13.5- ct 1974). Th hol d modes of ¢ tvpical
Day-15 0.75 112 20.0 10.0 ( .mng, ). The morphology and modes .o occurrence (.) typica
Day-14 0.75 1.23 30.4 7.9 minerals were observed by means of scanning electron microscope
Day-13 0.75 1.49 21.2 7.3 equipped with energy dispersive X-ray spectrometer (SEM-EDX).
Day-12 0.75 1.45 13.1 6.1 Prior to geochemical analyses, the coal and host rock samples were
Day-11 0.75 1.5 12.3 6.2 . . s ]
Day-10 075 - 014 - first subjected to a two-step acid digestion proposed by Querol et al.
Day-9 1.0 1.69 28.0 7.4 (1997). Whereafter, concentrations of major and trace elements were
Day-8 1.0 1.41 26.0 6.7 respectively analyzed by inductively coupled plasma atomic-emission
Day-7 0.3 - 89.2 - spectrometer (ICP-AES) and inductively coupled plasma mass spec-
gay-g 1'3 1';3' ?5; 1§'§" trometer (ICP-MS). The accuracy of the analytical methods was checked
ay- . A B . s .
Day-4 1.0 2.06 6.5 55 by the Certified Reference mate'rlal (SARM:19) ’and bla’nk samplgs. Nf)te
Day-3 1.0 1.65 37.6 8.7 that due to the formation of highly volatile SiF6 during the digestion
Day-2 1.0 0.99- 54.8 10.7- process and the consequent Si loss, Si concentrations were calculated
Day-1 1.0 - 794 - through a mass balance method, combining the mineralogical and
geochemical data, using Al as a reference (Li et al., 2012). The accuracy
of this method was evaluated by the correlation of calculated Al
Table 2
Compositions and contents (%) of mineral matter of coal and non-coal rocks from Coc Sau surface mine.
Sample Muscovite Illite Kaolinite Clinochlore Quartz Ankerite Calcite Siderite Pyrite Tobellite Anatase
Day-25 6.24 <dl 23.37 <dl 35.94 0.91 <dl <dl <dl <dl 0.02
Day-24 2.85 <dl 12.62 <dl 12.22 0.71 <dl <dl <dl 3.56 <dl
Day-23 2.12 <dl 9.89 <dl 14.28 0.72 <dl <dl <dl 3.61 <dl
Day-22 1.52 <dl 5.32 1.01 14.19 0.81 <dl <dl <dl 2.03 0.14
Day-21 0.03 <dl 3.12 <dl 1.79 1.13 1.79 <dl <dl <dl <dl
Day-20 0.36 <dl 2.86 <dl 2.62 1.70 0.69 <dl <dl 0.87 <dl
Day-33 2.94 1.36 16.69 <dl 62.97 <dl <dl <dl <dl <dl 0.31
Day-32 4.38 <dl 9.70 2.02 30.32 1.35 <dl <dl <dl <dl 0.36
Day-31 4.06 <dl 19.39 <dl 21.36 0.27 <dl <dl <dl <dl 0.11
Day-30 2.93 <dl 15.52 <dl 11.73 0.75 0.24 <dl <dl <dl <dl
Day-29 1.87 <dl 1.04 3.46 10.39 2.56 <dl 3.74 0.69 3.88 0.27
Day-28 0.96 <dl 5.13 <dl 4.82 0.87 <dl <dl <dl <dl <dl
Day-27 1.43 <dl 3.20 1.00 6.77 0.57 0.25 <dl <dl 2.00 0.06
Day-26 3.36 <dl 6.37 <dl 12.57 0.58 <dl <dl <dl 6.20 <dl
Day-18 12.02 3.21 7.69 <dl 33.66 <dl <dl <dl <dl <dl <dl
Day-17 6.75 <dl 12.83 <dl 38.26 <dl <dl <dl <dl <dl <dl
Day-16 5.38 <dl 6.88 1.43 34.41 <dl <dl <dl <dl 5.74 0.22
Day-15 2.24 <dl 3.17 1.27 7.83 0.13 0.19 <dl <dl 5.08 0.08
Day-14 3.59 <dl 5.38 1.22 13.05 <dl <dl <dl <dl 7.01 0.12
Day-13 1.62 <dl 3.89 0.46 10.92 1.16 0.62 <dl <dl 2.50 <dl
Day-12 <dl <dl 8.10 2.14 0.93 0.47 1.26 <dl <dl <dl 0.21
Day-11 0.92 <dl 2.77 <dl 6.15 0.65 0.51 <dl <dl 1.30 <dl
Day-10 9.50 <dl <dl 1.61 57.38 1.08 <dl <dl <dl 21.87 <dl
Day-9 2,97 <dl 7.42 <dl 12.56 0.08 <dl <dl <dl 4.95 <dl
Day-8 2.44 <dl 5.15 0.90 16.71 0.63 <dl <dl <dl <dl 0.11
Day-7 6.78 <dl <dl 1.82 65.15 <dl <dl <dl <dl 15.18 0.27
Day-6 6.19 <dl 6.55 1.60 30.57 <dl 0.33 <dl <dl 7.28 0.15
Day-5 0.81 <dl 6.30 1.79 6.55 0.14 0.53 <dl <dl 1.68 0.08
Day-4 <dl <dl 3.70 1.00 0.20 0.37 1.20 <dl <dl <dl <dl
Day-3 2.47 <dl 23.16 1.03 9.42 0.72 0.46 <dl <dl <dl 0.34
Day-2 7.46 <dl 4.97 <dl 42.29 <dl <dl <dl <dl <dl 0.07
Day-1 11.34 <dl 15.24 <dl 52.62 <dl <dl <dl <dl <dl 0.19

<dl, below detection limit of XRD.
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Fig. 3. Vertical variations of minerals in GII coal seam from Coc Sau surface mine.

concentration with that determined by ICP-AES.

The SPSS statistical program was used to perform statistical analyses
of the geochemical data. The elemental affinities were evaluated by
means of the Pearson’s correlation analysis between trace element
concentrations and ash yields as well as some major element (Al, Si, Fe,
S, Ca, Mg) concentrations representative of different mineral phases. In
the current research, with a statistical sample number of 32, the Pear-
son’s correlation coefficients are significant at a level of 0.01 (p < 0.01).

4. Results
4.1. Coal characterization

The proximate analysis results of the studied samples from the Coc
Sau mine are given in Table 1. The moisture contents and ash yields of
Coc Sau coals respectively range from 1.0% to 5.9% (on air dry basis,
avg. 1.8%) and from 6.5% to 57.8% (on dry basis, avg. 29.7%). The
volatile matter content of the coal samples vary between 3.0% and
13.5% (on dry and ash-free basis), with an average of 8.4%, indicating
that the late Triassic coals in Coc Sau mine reached semianthracite rank
(ASTM D388 -12, 2012).

4.2. Coal mineralogy

4.2.1. Mineral composition

The composition and semi-quantitative contents of minerals in the
Coc Sau coals and non-coals (roof, floor and parting) are shown in
Table 2. The mineralogy of the coal benches is dominantly composed of
quartz (avg. 15.1%), kaolinite (7.5%), with minor proportions of
muscovite (3.0%) and tobelite (2.1%). Ankerite, anatase, clinochlore,
and calcite were also detected with minor and trace amounts in some
samples. Siderite and pyrite were identified in only one sample (Day-
29).

The main mineral assemblages present in roof, floor, and parting
samples are similar to those in the coals, dominated by quartz (55.4% on
average), kaolinite (10.0%), and to lesser extent, muscovite (6.4%),
along with minor proportions of tobelite, ankerite, illite and anatase.

4.2.2. Distribution and occurrence of minerals

4.2.2.1. Aluminosilicate minerals. Kaolinite is a relative abundant min-
eral widely distributed in the whole GII coal seam except in the gangue
samples (Day7 and Day10) in the lower coal seam where kaolinite was
not detected by XRD (Fig. 3). Kaolinite is mainly distributed as laminar
layers in coal matrix (Fig. 4a), or occurs as fracture-infillings in coals or
roof of the coals (Fig. 4b, Fig. 5¢), which respectively indicates a detrital
and authigenic origin, and both are most likely derived from terrigenous
fine-grained clasts. A small amount of authigenic vermicular kaolinite
(Fig. 5a, b) was observed in the floor rock sample (Day1), which may be
related to the epigenetic genesis of hydrothermal alteration and
recrystallization of volcanic ash (Dai et al., 2017a).

Muscovite is also abundant in the studied coals and widely distrib-
uted in the whole GII coal seam with the exception of two coal samples
(Day4 and Day12) in the lower coal section (Fig. 3). Muscovite is found
distributed in the form of matrix-infillings (Fig. 4c-e) or fragments
(Fig. 6a, e) in coal. The contents of muscovite in non-coal rocks (roof/
floor/parting) are much higher than in the coal samples (Table 2). Both
muscovite and kaolinite have similar vertical distribution with ash yield
(Fig. 3), suggesting the occurrence of these minerals are influenced by
the similar terrigenous sources and geological environmental condition
(Hien and Binh, 1966a,b).

Illite was only detected in samples of parting (Day-33) and high-ash
coal (Day-18) by XRD (Fig. 7). The mixed layer of illite and muscovite
was observed under SEM (Fig. 6a), which indicates an authigenic origin
weathering from muscovite.

Tobelite is widely distributed in the coal seam and has a relatively
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high content in two partings (Day-7 and Day-10) in lower coal seams and
absent in in roof and floor samples (Fig. 3). Tobelite have previously
been found in some coals in Chongqing (Dai et al., 2017b) and Shaanxi
(Li et al., 2020) in China, as well as in South Walker, Australia (Permana
etal., 2013). It was reported that tobelite in coal is formed by interaction
between kaolinite and NH;" released from organic matter under
high-temperature conditions (>200 °C) during rank advance or during
hydrothermal alteration (Boudou et al., 2008; Permana et al., 2013; Dai
etal., 2017b). In addition, clinochlore is widely distributed in the middle
and lower portion of coal seam, but was not detected in the roof and
floor samples (Fig. 3). Clinochlore occurs in the form of fracture infill-
ings (Fig. 4b, ¢) in the coal samples, which indicates that clinochlore was
formed during epigenetic hydrothermal alteration.

4.2.2.2. Oxide minerals. Quartz is the most abundant mineral in the
coal and non-coal samples and widely distributed in the whole GII coal
seam (Fig. 3). Quartz was found occurring as discrete fine-grained sili-
ceous particles and quartz grains in the coals (Fig. 4a, c, d). In the non-
coal rock of the GII coal seam, quartz occurs as a fracture-infilling form
(Fig. 5d), representing an authigenic and epigenetic origin. Further-
more, the vertical distribution of quartz is very similar to that of
muscovite in the coal seam (Fig. 3), indicating the similar terrigenous
sources with muscovite.

Anatase is widely distributed in coal seams and occurs as anhedral
crystals (Fig. 4d, e; Fig. 5a, c, f) in both coals and non-coal rocks, indi-
cating an authigenic process for formation of anatase.

4.2.2.3. Carbonate minerals. Ankerite is widely distributed in coal
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seams and occurs with higher proportions in most coal bench samples
relative to the host rocks and high ash coals (Fig. 3). Calcite is inter-
mittently distributed in coal seams and absent in the host rocks (Fig. 3),
occurring as fracture-infilling veins in some coals (Fig. 6d), indicating its
epigenetic origin. It was precipitated from Ca-rich solutions infiltrated
the coal seam through extensive cleat/fracture system but could not
penetrate into non-coal rocks due to low permeability after late
diagenesis. Siderite occasionally occurs as anhedral crystals in Coc Sau
coals (Fig. 4d), reflecting an authigenic origin.

4.2.2.4. Other minerals. Although not detected by XRD, euhedral zircon
grain was found occurring in the Coc Sau coals by SEM-EDX observation
(Fig. 6b, c, e), and was partially corroded (Fig. 6¢), which most likely

derived from a detrital origin. Furthermore, trace amounts of rare earth
element-bearing minerals such as xenotime (Fig. 4e, f) and florencite
(Fig. 6e, f), also occur as discrete fine grains, indicating a detrital origin
as well. In addition, minor proportions of barite and apatite were
sporadically observed by SEM-EDX in the non-coal rocks, occurring as
subhedral crystals or assemblages (Fig. 5a-b, d-e), representing an
authigenic origin.

4.3. Coal geochemistry
4.3.1. Major and trace element concentrations

The concentrations of major and trace elements in the coal and non-
coal rock samples, together with the average values of world coals
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reported by Ketris and Yudovich (2009) are listed in Table 3.

The major element concentrations in Coc Sau coal are dominated by
Si (avg. 9.94%) and Al (3.59%) and to a lesser extent of K and Fe.
Aluminum, Si, K, Mg, and Na have significant correlations with ash yield
(r = 0.77-0.89), which indicates that these elements occur primarily in
mineral matter, such as clay minerals.

According to the concentration coefficient (CC, the ratio of trace
element concentration in the studied coal versus the corresponding
average value of world hard coals) proposed by Dai et al. (2015a,b,c), Cs
(9.4 mg/kg) and Rb (89.2 mg/kg) are highly enriched (5 < CC < 10) in
the Coc Sau coal. Elements including V (51.2 mg/kg), Cr (39.0 mg/kg),
Pb (24.6 mg/kg), and Th (9.6 mg/kg) are slightly enriched (with 2 < CC
< 5), while the remaining elements in the Coc Sau coal are similar or
depleted relative to the averages of world hard coals (Ketris and

Yudovich, 2009, Fig. 8).

The total REY concentrations of Coc Sau coals are from 32.0 to 204
mg/kg (avg. 99.3 mg/kg, Table 3), which are higher than the average
REY concentration of world hard coals (67.9 mg/kg, Ketris and Yudo-
vich, 2009). According to the three fold classification of REY, REY in the
Coc Sau coal and host rock samples are characterized by high LREY
concentrations, pointing to a LREY enrichment pattern (Seredin and Dai,
2012).

4.3.2. Modes of occurrence of trace elements

1) Aluminosilicate affinity. Most of trace elements including Li, Be,
B, Sc, Ti, V, Cr, Ga, Ge, Rb, Sr, Y, Nb, Sn, Cs, Ba, Ta, W, Tl, Th, and U in
the investigated coals have positive correlation coefficients with Al (r =
0.67-0.98) and ash yield (r = 0.74-0.96), pointing to an aluminosilicate
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Fig. 7. XRD spectrum of illite, muscovite and other minerals in the coal parting sample (Day 33) of the Coc Sau coals.

affinity for these elements, which are most likely associated with clay
minerals such as kaolinite, and muscovite in Coc Sau coals (Fig. 9). Hf,
Nb, Th, and Ta are remarkably positively correlated with Zr (r =
0.92-0.99) and Ti (r = 0.91-0.97), indicating that they probably occur
in zircon. REY is also highly correlated with ash yield (r = 0.89), Al (r =
0.96), and Si content (r = 0.89), inferring that REY in this studied coal
are largely characterized by inorganic affinity, mainly associated with
clay minerals, and to some extent occur in REY-bearing minerals, e.g.,
xenotime and florencite as aforementioned.

2) Phosphate affinity. The positive correlation between P and Sr (r =
0.76), P and Ba (r = 0.60), as well as P and Ce (r = 0.64), suggests a
phosphate affinity. Strontium, Ba, and Ce may occur in apatite in the
studied coals, which agrees with previous research (Ward, 2002; Yang
et al., 2016).

3) Carbonate affinity. The obviously positive correlation between Mn
and Fe (r = 0.91) indicates that Mn probably occurs in carbonate min-
erals such as siderite and ankerite, which were detected in the investi-
gated coals.

4) Organic affinity. Arsenic is highly correlated with sulfur (r = 0.72)
and partially negatively correlated with ash yield (r = —0.48) in the
studied coals, suggesting that As is organically associated in the Coc Sau
coal. In addition, the negative correlation of Co with Al (r = —0.76) and
ash yield (r = —0.79) suggests that Co is probably associated with
organic matter in the Coc Sau coal, which is consistent with previous
studies (Dai et al., 2013a,b; Swaine, 1990).

5. Discussion
5.1. Depositional environment

Boron and S are the two elements that are widely used for specific
coal-forming environments (Dai et al., 2015a,b,c; Goodarzi and Gentzis,
1987; Goodarzi and Swaine, 1994). Coals formed in fresh water envi-
ronments are generally characterized by low pyrite contents, high
kaolinite, and low total sulfur (<0.6%) content (Banerjee and Goodarzi,
1990). The sulfur contents in the studied coals are very low (from 0.01%
to 0.28%, except that in Day-29 sample of 0.71%, Fig. 10). Furthermore,
pyrite content is also low in the Coc Sau coals, occurring with trace

amount (0.68%) in only one sample (Day-29, Table 3). The low pyrite
and low total sulfur contents indicate that the studied coals were formed
mostly under continental environment (Banerjee and Goodarzi, 1990;
Hung, 1997).

Boron concentration in coal is unaffected by age and coal rank and
would be used to define the degree of marine influence during the early
stages of coalification. The values of B content less than 50 mg/kg
indicate the fresh water-influenced environments, while B content be-
tween 50 and 110 mg/kg points to the mildly brackish-water influenced
environment, and B content higher than 110 mg/kg is indicative of
brackish-water influenced environment (Goodarzi and Swaine, 1994).
With exception of the parting samples (Day-10 and Day-33) and two coal
samples (Day-2 and Day-3) adjacent to the roof of which B concentra-
tions are higher than 110 mg/kg, B concentrations in the remaining coal
samples are largely lower than 50 mg/kg or at least lower than 110 mg/
kg (Fig. 10). The average B content in this investigated coal is about
18.03 mg/kg and indicates fresh water-influenced coal-forming envi-
ronments. The higher concentration of boron in the aforementioned coal
and parting samples than in other coal samples may be due to the slight
change of pH, Eh or depositional environment conditions (Goodarzi and
Swaine, 1994).

In addition, Sr/Ba ratio ratio is widely used as an indicator for
ambient water, in terms of seawater and freshwater and their mixtures
(Schmitz et al., 1991; Arai and Hirata, 2006), and consequently is
indicative of a seawater/freshwater effect in coal and coal host rocks
(Chen et al., 2015; Dai et al., 2013a,b; Spiro et al., 2019; Yan et al.,
2019). Spiro et al. (2019) reported a general negative correlation be-
tween Sr/Ba ratio and ash yield in coal, and clarified that the boundary
at Sr/Ba = 1.0 provides a criterion as a marine/freshwater indicator. In
this study, all of coal and non-coal samples have Sr/Ba ratio less than 1
(Fig. 10, varying from 0.06 to 0.92 in coal and from 0.08 to 0.19 in
non-coal rocks, respectively), indicating the fresh water-influenced en-
vironments during coal formation. The relatively higher Sr/Ba ratio is
vertically in accordance with the higher B concentration, which is also
probably ascribed to changes of pH, Eh or depositional environment
conditions (Goodarzi and Swaine, 1994).

Based on the valuation and distribution of boron and sulfur contents
as well as the ratio of Sr/Ba, it is obvious that the Coc Sau coals were
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Table 3
The contents of major elements and trace elements in coal and non-coal rocks from Coc Sau coal mine compared to worldwide coals (on whole-coal basis).
Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- World®
25 24 23 22 21 20 33 32 31 30 29 28 27 26 18 17
Si* 23.23 9.89 10.12 8.73 1.52 2.13 34.08 17.52 15.08 9.49 6.87 3.57 4.77 9.41 20.78 22.13

Al* 9.12 4.17 3.79 3.21 1.08 1.49 11.20 3.45 5.22 4.70 2.19 1.50 211 4.22 9.04 8.43
Ca* 0.33 0.37 0.25 0.27 0.68 0.49 0.10 0.49 0.24 0.39 0.60 0.26 0.27 0.35 0.10 0.13
Fe* 0.89 0.66 0.44 0.66 0.25 0.33 0.65 0.74 0.74 0.61 3.46 0.58 0.68 0.66 0.62 0.72
K* 1.63 0.98 0.75 0.60 0.12 0.23 2.37 0.93 1.18 1.09 0.58 0.31 0.45 1.02 3.09 2.45
Mg*  0.32 0.26 0.18 0.14 0.10 0.15 0.41 0.28 0.27 0.25 0.39 0.14 0.17 0.27 0.44 0.38
Na* 0.06 0.03 0.03 0.03 0.01 0.02 0.09 0.03 0.04 0.03 0.01 0.01 0.01 0.03 0.12 0.60

S* 0.08 0.18 0.23 0.23 0.28 0.27 0.04 0.08 0.13 0.19 0.71 0.25 0.23 0.24 0.12 0.13

Li 74.4 31.0 27.9 26.6 11.8 9.9 113.1 36.7 44.0 31.2 12.2 6.4 9.5 13.4 14.2 36.5 12

Be 3.0 1.7 1.3 1.3 <dl <dl 3.8 1.6 2.8 1.8 0.8 <dl <dl 1.6 3.4 2.3 1.6
B 31.8 10.2 49.5 36.0 20.1 35.6 144.9 50.2 52.5 54.8 36.3 10.9 33.2 70.5 25.7 18.6 52

P 319 194 201 288 32 79 203 176 184 403 84 89 50 76 318 224 231
Sc 17.1 8.6 7.0 5.8 <dl <dl 28.4 5.1 13.9 9.4 <dl 2.3 4.7 9.4 19 18 3.9
Ti 3270 2038 1649 1231 286 533 6640 1790 2330 1717 1196 648 869 1756 3615 3266 798
\ 98.9 54.2 59.2 59.0 19.8 21.2 130.4 53.6 82.6 61.8 29.7 34.3 36.4 51.0 114 112 25

Cr 72.1 47.3 42.8 35.0 13.7 15.2 116.2 38.0 60.0 48.6 25.1 25.7 29.7 45.4 84.6 80.8 16
Mn 48.1 40.3 20.4 25.7 25.4 27.6 19.8 37.4 46.8 33.5 226.0 33.1 39.2 48.1 27.2 36.8 85

Co 3.6 6.8 8.9 5.3 6.4 6.7 3.8 5.5 7.2 10.2 8.9 8.7 7.0 7.7 5.1 4.0 5.1
Ni 16.1 15.7 17.0 13.4 11.4 13.3 23.5 11.9 20.7 18.1 14.8 16.7 15.8 34.1 15.6 28.2 13
Cu 24.0 15.8 26.0 39.8 24.1 7.8 66.0 25.6 50.9 37.8 19.9 9.8 16.6 13.8 1.3 17.0 16
Zn 27.5 23.3 25.8 25.2 36.7 32.2 26.9 19.7 63.4 27.6 25.4 19.8 33.8 72.3 22.2 400.7 23
Ga 24.9 14.4 11.8 9.8 2.9 3.8 38.4 11.4 17.0 13.5 6.8 4.2 7.3 11.8 23.7 22.3 5.8
Ge 2.3 1.6 1.4 1.2 <dl <dl 3.3 1.0 1.7 1.3 <dl <dl <dl 1.3 2.1 2.1 2.2
As 5.1 13.6 13.6 10.0 10.4 10.3 7.5 6.8 7.2 13.4 18.2 10.0 8.4 10.8 6.8 3.7 8.3
Se <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl 2.5 2.9 1.3
Rb 162 112 83.9 78.1 15.7 25.7 259 95.5 125 111 57.2 27.0 54.2 114 275.4 181.0 14
Sr 68.3 37.1 22.0 21.3 8.3 8.2 62.6 24.8 33.2 33.5 13.0 18.4 14.0 23.0 43 41 110
Y 21.4 13.7 13.6 12.2 6.3 6.3 31.3 121 221 14.9 7.7 9.1 7.9 11.4 27.3 24.1 8.4
Zr 87.5 55.1 45.2 33.6 8.8 12.0 174.7 49.6 69.1 41.8 23.2 13.4 19.2 41.7 77.9 113.4 36
Nb 15.9 9.3 7.3 5.4 1.5 2.1 29.6 8.2 11.1 7.8 4.2 2.1 3.8 7.1 11.1 10.4 3.7
Mo 1.1 <dl 1.5 1.5 1.2 <dl <dl <dl 1.2 1.9 <dl 1.0 0.9 <dl <dl 1.1 2.2
Sn 5.6 2.5 2.1 1.7 0.6 0.5 7.6 2.2 3.4 2.7 1.1 0.9 0.8 1.9 4.6 4.2 1.1
Sb 2.0 1.3 2.4 1.6 2.0 1.3 3.3 1.0 4.4 3.1 3.7 0.9 1.9 1.6 0.8 1.9 0.92
Cs 30.9 17.0 13.3 11.2 2.3 3.7 68.1 16.0 22.6 13.8 7.1 2.8 5.4 10.7 23.1 14.4 1
Ba 368 226 191 163 51 81 591 207 280 295 134 74 113 226 737.6 541.0 150
La 37.4 25.3 20.0 17.6 4.9 7.1 56.7 22.1 29.0 23.5 12.2 12.0 9.1 19.4 34 34 11
Ce 78.8 45.9 37.6 36.5 10.9 15.7 111.3 38.1 53.9 46.7 18.0 20.4 18.0 40.7 69.8 63.5 23
Pr 8.1 5.2 4.2 3.6 1.2 1.6 11.2 4.6 6.0 4.7 2.4 1.8 1.8 4.1 8.0 7.2 3.5
Nd 29.5 20.2 16.1 13.3 4.7 6.5 40.0 16.9 21.9 16.9 8.9 5.8 6.7 15.4 28.2 26.0 12
Sm 6.8 4.7 3.8 3.3 1.4 1.6 7.7 3.9 5.5 3.7 2.2 1.9 1.9 3.8 5.0 4.8 2
Eu 0.9 <dl <dl <dl <dl <dl 1.1 <dl 0.8 <dl <dl <dl <dl <dl 1.0 1.0 0.47
Gd 5.4 3.7 3.2 3.2 1.3 1.6 6.1 3.1 4.8 3.6 1.9 2.1 1.7 3.0 4.7 4.4 2.7
Tb <dl <dl <dl <dl <dl <dl 0.9 <dl <dl <dl <dl <dl <dl <dl <dl <dl 0.32
Dy 4.2 2.6 2.6 2.5 1.2 1.3 5.7 2.3 4.2 2.8 1.5 2.0 1.6 2.1 4.3 4.3 2.1
Ho 0.8 <dl <dl <dl <dl <dl 1.1 <dl <dl <dl <dl <dl <dl <dl 0.9 0.9 0.54
Er 2.5 1.6 1.5 1.4 <dl <dl 3.7 1.4 2.5 1.6 0.9 1.0 0.9 1.3 2.6 2.5 0.93
Yb 2.4 1.5 1.6 1.3 <dl <dl 3.8 1.4 2.3 1.6 0.8 1.0 0.9 1.3 2.5 2.4 1.0
Hf 3.6 2.2 1.8 1.4 <dl <dl 6.8 2.0 2.8 1.7 0.9 0.0 0.8 1.6 2.0 2.8 1.2
Ta 1.5 <dl <dl <dl <dl <dl 2.8 <dl 0.9 0.0 0.0 0.0 0.0 0.0 1.0 0.9 0.28
w 5.5 1.9 2.2 1.6 <dl <dl 7.0 2.1 3.1 2.2 0.8 0.0 0.8 1.3 2.2 1.9 1.1
Tl <dl <dl <dl <dl <dl <dl 1.4 <dl <dl <dl <dl <dl <dl <dl 1.2 0.8 0.63
Pb 36.1 39.3 24.9 25.1 49.4 25.0 12.6 34.6 44.0 29.8 30.2 22.7 28.9 35.8 3.6 47.3 7.8
Bi 1.0 <dl <dl <dl <dl <dl 0.9 <dl <dl <dl <dl <dl <dl <dl <dl 1.3 0.97
Th 249 13.6 11.9 10.1 4.7 4.3 35.4 111 15.2 16.9 5.9 6.7 8.1 11.3 10.6 13.8 3.3
U 6.4 3.2 3.2 2.7 1.0 0.9 7.8 2.8 4.4 4.4 1.3 1.2 1.7 2.3 2.5 3.4 2.4
Sample  Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day-2 Day-
16 15 14 13 12 11 10 9 8 7 6 5 4 3 1
Si* 20.26 6.17 9.82 6.94 2.51 3.97 34.12 9.26 9.59 35.67 18.94 5.25 1.04 10.13 22.45 30.34
Al* 6.57 2.72 3.67 2.40 1.10 1.81 10.39 3.21 3.22 8.46 6.57 2.47 1.00 0.99 6.67 8.94
Ca* 0.16 0.19 0.21 0.45 0.48 0.35 0.15 0.18 0.28 0.13 0.31 0.30 0.41 0.36 0.14 0.24
Fe* 0.84 0.47 0.65 0.48 0.49 0.39 1.66 0.51 0.62 1.33 1.27 0.67 0.48 0.38 0.62 1.37
K* 2.04 0.78 1.00 0.58 0.12 0.35 3.04 0.97 0.97 2.94 2.01 0.47 0.11 0.11 2.34 2.71
Mg* 0.31 0.08 0.19 0.19 0.09 0.13 0.44 0.18 0.12 0.43 0.35 0.13 0.09 0.08 0.33 0.44
Na* 0.06 0.02 0.03 0.02 <dl 0.02 0.07 0.02 0.02 0.06 0.05 0.01 0.001 0.01 0.08 0.07
S* 0.11 0.17 0.16 0.17 0.21 0.20 0.01 0.13 0.16 0.02 0.11 0.16 0.23 0.21 0.13 0.07
Li 22.6 10.7 15.6 13.1 12.6 11.1 35.4 14.1 13.5 37.7 29.9 185 10.1 10.5 23.5 41.2
Be 2.2 1.2 1.4 1.0 <dl 0.9 3.7 1.6 1.1 3.0 2.2 <dl <dl <dl 2.2 3.1
B 51.2 43.1 58.1 51.6 30.7 47.1 176.4 6.1 4.8 79.5 27.7 57.0 <dl 179.4 411.9 79.9
P 422 111 140 92 331 113 451 205 158 385 411 252 270 269 188 301
Sc 9.8 4.8 8.6 3.7 <dl 2.6 221 4.3 4.1 19.1 12.5 2.2 3 3 14 21.7
Ti 2991 1037 1569 1043 340 695 5530 1551 1584 4995 3088 1034 335.3 3229 3574.2 3730
\Y% 86.4 43.4 51.6 32.8 18.1 24.0 111.0 51.4 48.9 108.0 86.6 33.3 17 16 83 107.1

(continued on next page)
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Table 3 (continued)

Sample  Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day- Day-2 Day-
16 15 14 13 12 11 10 9 8 7 6 5 4 3 1

Cr 68.0 29.6 42.5 27.2 13.4 18.6 86.5 38.9 36.5 85.1 66.9 25.2 12.6 14.4 66.3 81.4
Mn 34.0 23.5 33.4 40.3 51.1 39.8 84.7 26.1 54.9 35.6 66.6 38.1 47.8 35.8 32.0 132.5
Co 7.1 7.1 7.3 6.7 8.4 6.9 1.9 6.0 7.5 2.8 5.2 8.6 8.4 7.5 3.7 3.7
Ni 21.2 12.9 16.7 13.3 13.9 12.7 10.3 12.3 22.5 15.1 15.6 14.6 14.3 145 26.3 24.6
Cu 21.4 14.1 18.6 12.7 3.7 12.3 16.3 16.7 15.2 23.6 28.3 9.5 9.9 14.9 44.7 29.1
Zn 39.4 17.6 20.4 12.6 13.9 18.8 23.2 18.2 18.1 26.3 25.1 17.2 28.8 39.5 56.8 30.5
Ga 15.2 8.4 10.9 6.9 3.0 5.0 28.3 10.5 8.5 26.2 19.4 7.1 3.0 3.0 18.9 24.3
Ge 1.1 <dl 0.8 <dl <dl <dl 2.6 0.9 <dl 2.3 1.7 <dl <dl <dl 1.7 1.9
As 7.6 10.3 10.1 8.2 6.2 9.1 5.5 7.1 8.6 5.5 7.1 8.9 5.7 5.5 2.5 4.7
Se <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl 1.1 1.0 2.4 <dl
Rb 153 75.9 90.3 60.1 13.3 429 266 93.6 82.9 244 197 46.0 10.3 10.3 175.9 263
Sr 46.8 13.6 23.9 16.3 38.3 20.4 62.5 25.4 32.2 53.5 46.9 27.5 31 32 53 72.2
Y 22.6 8.2 14.0 9.6 7.3 7.5 28.6 11.8 11.3 25.5 17.5 8.4 7.7 7.4 19.8 23.8
Zr 67.3 17.7 36.7 26.0 9.5 14.6 129.2 325 36.6 117.0 61.1 21.9 9.9 13.0 78.6 83.0
Nb 10.5 3.8 6.4 4.4 1.6 2.9 20.9 6.3 5.4 19.3 11.5 4.2 1.8 1.4 11.0 14.9
Mo 0.9 1.1 <dl <dl 1.2 0.9 <dl 1.0 <dl <dl <dl 1.2 1.3 1.2 0.8 0.0
Sn 3.6 1.1 1.7 1.0 <dl 0.8 5.1 1.8 1.9 4.9 3.3 1.2 0.9 0.8 3.6 4.6
Sb 2.4 <dl 1.2 1.2 <dl 4.4 0.9 1.2 1.1 0.9 1.7 <dl 1.1 <dl 1.1 1.1
Cs 11.9 6.4 7.9 5.6 1.2 4.1 21.7 8.7 6.9 17.2 17.6 3.9 0.8 0.8 14.0 23.7
Ba 431 183 261 146 45 100 708 227 193 668 443 128 345 34.4 510.3 589
La 41.6 11.6 22.8 14.2 8.6 10.6 66.4 20.3 19.7 56.2 37.7 12.7 7 8 32 44.0
Ce 75.0 23.0 45.3 28.5 19.4 22.7 130.6 34.7 36.0 106.3 74.8 26.6 16.0 17.0 60.3 87.4
Pr 8.6 2.5 4.5 2.9 2.0 2.4 14.1 4.3 4.0 12.0 8.1 2.8 1.7 1.9 6.9 8.9
Nd 31.4 9.8 16.9 11.1 8.1 9.3 52.7 16.4 14.9 44.5 29.9 10.5 7.0 7.4 25.0 32.4
Sm 6.9 2.3 4.1 2.7 2.0 2.4 10.7 4.1 3.1 9.8 7.0 2.6 1.6 1.6 4.5 7.4
Eu 1.3 <dl <dl <dl <dl <dl 1.5 <dl <dl 1.5 1.1 <dl <dl <dl 0.9 1.2
Gd 6.0 2.0 3.7 2.4 2.1 2.1 8.0 3.3 2.8 7.3 5.5 2.3 1.7 1.7 3.9 6.1
Tb 0.8 <dl <dl <dl <dl <dl <dl <dl <dl 1.0 <dl <dl <dl <dl <dl 0.9
Dy 4.6 1.6 2.8 1.9 1.5 1.5 5.3 2.3 2.4 5.1 3.6 1.7 1.4 1.4 3.4 4.5
Ho 0.9 <dl <dl <dl <dl <dl 1.0 <dl <dl <dl <dl <dl <dl <dl <dl <dl
Er 2.3 0.9 1.6 1.1 <dl 0.8 3.1 1.3 1.2 2.9 2.0 0.9 <dl <dl 2.0 2.6
Yb 2.2 0.9 1.5 1.0 <dl <dl 3.1 1.3 1.2 2.9 1.9 0.9 <dl <dl 2.0 2.5
Hf 2.0 <dl 1.5 1.0 <dl <dl 5.0 1.3 1.1 4.7 2.4 0.9 <dl <dl 2.1 3.6
Ta 1.2 <dl <dl <dl <dl <dl 1.7 <dl <dl 1.6 1.0 <dl <dl <dl 1.2 1.3
w 2.4 <dl 1.1 0.8 <dl <dl 3.1 1.2 1.3 2.8 1.9 0.8 <dl <dl 1.8 2.5
Tl 0.0 <dl <dl <dl <dl <dl 1.2 <dl <dl 1.1 <dl <dl <dl <dl 0.7 1.0
Pb 26.4 13.8 16.1 19.9 15.0 8.8 5.2 12.9 14.6 7.9 13.3 14.4 44.9 9.8 13.4 27.3
Bi <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl
Th 16.2 7.2 11.9 8.0 4.7 5.9 26.1 9.0 9.2 24.0 16.6 5.8 4.6 4.5 12.3 185
0) 3.5 1.6 2.5 1.8 1.0 1.3 5.5 2.1 2.1 5.1 3.5 1.8 <dl <dl 2.5 4.5

*Contents of Al, Si, Ca, Fe, K, Mg, Na, S, and P are in %, and those of remaining trace elements are in mg/kg. < dl, below detection limit; a: average of Worldwide coals
from Ketris and Yudovich (2009).
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Fig. 9. Correlation of Al, P and ash yields with some selected trace elements in Coc Sau coal.

deposited under fresh water-influenced environments, which is also
consistent with previous studies on coal-forming environments in this
area (Hien and Binh, 1966a,b; Hung and Huu, 1996; Tien, 1969; Tri
et al., 1977). Consequently, the mineral matters and trace elements in
coals were to a large extent influenced by the terrigenous input as dis-
cussed below.

5.2. Sedimentary source rocks

The Aly,03/TiO; ratio is commonly used to indicate an initial sedi-
ment source of clastic sedimentary rocks (Hayashi et al., 1997), and coal
seams (Dai et al., 2015a,b,c, 2017b, 2017c¢). The variation of Al;03/TiO4
ratio of 3-8, 8-21, 21-70 respectively represents mafic, intermediate,
and felsic rocks (Hayashi et al., 1997). With the exception in sample
Day-7 (19.2) and Day-33 (19.1), the Al,03/TiO, ratio of the other coal
and host samples varies from 21.3 to 42.6 (Fig. 11), inferring that
sediment provenance of the peat swamp was mostly of felsic rocks.

In addition, L-type REY enrichment pattern in coal bearing sequences
is indicative of a terrigenous origin (Dai et al., 2016). As aforemen-
tioned, most of the coal and host rock samples in the Coc Sau mine are

12

characterized by L-type REY enrichment patterns, which is consequently
inherited from the felsic sediment-source region. Furthermore, weak
negative Ce and distinct negative Eu anomalies are indicative of felsic or
felsic-intermediate source origins (Dai et al., 2016). The Coc Sau coals
mostly display negative Eu and weak or no negative Ce anomalies,
which further indicate that the terrigenous inputs of coal-forming peat
swamp were derived from felsic sediments source region, which is
further evidenced by the felsic sediment source rocks of the Paleozoic
and Mesozoic dominantly from the north of the Hon Gai graben, which is
mainly composed of sandstone, siltstone, tuffaceous sandstone, in-
terbeds of gritstone, sericite schist, quartz-schist and siltstone of the Tan
Mai formation (Ordovician-Silurian) and the porphyritic rhyolite and
dacite, conglomerate, tuffaceous sandstone, tuffaceous siltstone, felsite
and rhyolite of the Binh Lieu formation (Middle Triassic, Anisian)
(Luong, 1970; Sao, 1973; Tien; 1969).

5.3. Enrichment of Rb and Cs in the Coc Sau coals

Seredin (2003) has found that Rb and Cs presents significant eco-
nomic value in the Spetzugli Ge-bearing brown coal, which could be
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exploited as a byproduct. As mentioned above, Rb and Cs are highly
enriched in the Coc Sau coals. The average content of Rb is 89.2 mg/kg
in coals, and 239 mg/kg in non-coal rocks (roof/floor/parting), while
the average content of Cs is 9.4 mg/kg in coals and 32.3 mg/kg in non-
coal rocks, much higher than those in world hard coals reported by
Ketris and Yudovich (2009). The elevated Rb and Cs in coal can be a
potential source for Rb and Cs recovery from the studied coals during
coal utilization and combustion.

Ward et al. (1999) reported that Rb is remarkably correlated with K
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in Permian coals. Fig. 12 illustrates the vertical variation of Rb, Al, K,
and ash yield in the studied coal samples, and it is obvious that Rb has a
similar distribution trend with Al, K, and ash yield. In addition, Rb
concentration is also positively correlated to Al (r = 0.97) and K (r =
0.98) content as well as ash yield (r = 0.92, Fig. 13), pointing to an
inorganic affinity of Rb. In addition, the correlation coefficient of Rb
with K is higher than that with Al, indicating Rb is closely associated
with K and most likely occurs in K-rich clay minerals (e.g., muscovite
and to a lesser extent illite) in the present study.
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With respect to cesium, it probably occurs in K-bearing clay minerals
(e.g., illite and smectite), or is adsorbed by organic matter in coal
(Swaine, 1990). In the present research, cesium not only has the similar
vertical variation with Al K, and ash yield (Fig. 12), but also is obviously
correlated with Al (r = 0.82), K (r = 0.64), ash yield (r = 0.73, Fig. 13),
indicating that Cs is predominantly associated with inorganic minerals,
especially K-rich clay minerals (e.g., muscovite in the studied coals),
which are the main carriers of Cs. Because rubidium has the same mo-
lecular radius as potassium and cesium has a larger molecular radius
than potassium, thus the correlation coefficient between Rb and K is
much higher than the correlation between Cs and K (Fig. 13).

Previous studies have also shown that Rb and Cs largely occurs in
illite and mixed-layer clays substituting for K in these minerals (Seredin,
2003; Zhao et al., 2017; Finkelman et al., 2018). Therefore, all of the
results discussed above indicate that K-rich clay minerals, such as
muscovite and to a lesser extent illite, are the major carrier of both Rb
and Cs enrichment in the late Triassic GII coals from the Coc Sau mine.

With respect to the origin of the elevated Rb and Cs, Seredin (2003)
ascribed the anomalous enrichment of Rb in the Spetsugli Germanium
deposits to its high content in volcanogenic Ge-bearing solutions
circulating in rocks of the coal-bearing molasse. Xiao et al. (2018)
attributed the enrichment of W, Rb, and Cs in Late Permian Meitian
coals in Southern China to magmatic hydrothermal activity. As afore-
mentioned, the enrichment of Rb and Cs in the current study occurs not
only in coal but also in non-coal rock, indicating that sedimentary source
rocks of the Coc Sau coal mine during the late Triassic period are po-
tential source of anomalous Rb and Cs. The terrigenous source sediments
of Hon Gai graben are most likely derived from the parent felsic rocks
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from surrounding regions which is rich in feldspar and mica and trans-
ported into the coal basin by the weathering process during the sedi-
mentation stage.

6. Conclusion

The late Triassic coals from the Coc Sau surface mine, Cam Pha
coalfiled, Quang Ninh coal basin, Vietnam are characterized by low
moisture and sulfur content, high ash yield, and low volatile matter
content, pointing to semianthracite rank. Minerals occurring in the Coc
Sau coals are predominantly composed of quartz, kaolinite, muscovite,
with minor proportions of anatase, ankerite and calcite, and trace
amount of clinochlore. With the exception of the carbonate minerals, eg.
calcite and ankerite in the Coc Sau coals that were primarily formed
during epigenesis, most of the other mineral phases in the studied coals
are dominantly of authigenic origin, and originated from the terrigenous
sediments.

In comparison to worldwide hard coals, the late Triassic Coc Sau
coals are enriched in Rb and Cs, and to a lesser extent, V, Cr, Pb, and Th.
The elevated Rb and Cs largely occurs in clay minerals, especially K-rich
clay minerals, such as muscovite in the Coc Sau coals.

The late Triassic Coc Sau coals are deposited in a limnic environment
with high terrigenous input, as indicated by low sulfur content and Sr/
Ba, high ash yields and high abundance of kaolinite in the coals. The
elevated Rb and Cs in the Coc Sau coals are also originated from the
terrigenous source region surrounding the basin, and can be a potential
source for Rb and Cs recovery from the Coc Sau coals.
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