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Preface to “Mineral Matter and Trace Elements in 
Coal” 

Minerals are highly significant components of coal from both academic and practical perspectives. 

Minerals may react when the coal is burned, either forming an ash residue, or, in many cases, releasing 

volatile components, or as they need to be removed as slag from the blast furnace during metallurgical 

processing. Minerals in coal can also be a source of unwanted abrasion, stickiness, corrosion, or pollution 

associated with  coal  handling  and  use. Minerals  in  coal,  in  some  cases,  are major  carriers  of  highly‐

evaluated  critical metals,  such  as Ga, Al, Nb,  Zr,  and  rare  earth  elements,  and  these  coals  have  the 

potential to be sources of raw material for industrial use. From the genetic point of view, minerals in coal 

are  products  of  the  processes  associated with  peat  accumulation  and  rank  advance,  as well  as  other 

aspects  of  epigenetic  processes,  and,  thus,  the  minerals  in  coal  can  provide  information  on  the 

depositional conditions and geologic history of individual coal beds, coal‐bearing sequences, and regional 

tectonic evolution. 

This  Special  Issue  book  “Mineral  Matter  and  Trace  Elements  in  Coal”  includes  23  chapters, 

providing up‐to‐date research and technological developments  in the nature, origin, and significance of 

the minerals  and  trace  elements  in  coal,  coal‐mining  wastes,  and  various  byproducts  derived  from 

combustion, gasification, and pyrolysis and other related processes. 

Coal and  coal combustion byproducts  can have  significant concentrations of  rare earth elements 

and Y (REY), as well as a number of other critical elements (e.g., Ga, Ge, Nb, Ta, Zr, Hf, etc.). This book 

begins  with  a  comprehensive  review  chapter  by  Hower  et  al.  (2016)  who  discuss  the  origin  and 

enrichment mechanisms  of REY  in  coal  and  associated  strata  in China, US,  and  other  countries.  The 

authors  also  comment  on  classification  systems  used  to  evaluate  the  relative  value  of  the  rare  earth 

concentrations and the distribution of the elements within the coals and coal combustion byproducts. This 

is  followed by a  research  chapter which  investigates  the  clay minerals  in Nb–Zr–REE–Ga mineralized 

beds in southwestern (SW) China (Zhao et al., 2016), and noted that these clay minerals can absorb a large 

amount of critical elements in the studied mineralized beds. 

The book encompasses a series of studies on mineralogy and geochemistry of coals from different 

coal deposits  (Xibo Wang et al., 2015; Yang et al., 2015; Xie et al., 2016; Xibo Wang et al., 2016; Ruixue 

Wang, 2016; Luo and Zheng, 2016). Not only coal, but also host strata and other non‐coal strata can be 

potential sources of critical elements. Zou et al. (2016) studied the geochemistry and mineralogy of a tuff 

from SW China, and found that such tuff is a potential polymetallic ore and discusses the opportunity for 

recovery of these critical elements. 

This is followed by two comprehensive studies on the petrology, palynology, and geochemistry of 

coal from Eastern Kentucky (Hower et al., 2015), and petrology and geochemistry of a number of coals 

from Kentucky, USA (Johnston et al., 2015).  

Several  chapters discuss  abundance  and modes  of occurrence of  trace  elements  in  coals  from 

various  coal deposits  in China  (Zhao  et  al.  2015; Xiao  et  al.,  2016; Yang  et  al.,  2016). The naturally 

occurring  radionuclides  in  coals might  exhibit  high  radioactivity,  and  could  also  be  a  risk  to  the 

surrounding environment due  to coal combustion and other processes. Xin Wang et al.  (2015) assess 

radioactivity  of  natural  nuclides  (40K,  238U,  232Th,  226Ra)  in  coals  from different  areas  in  the Yunnan 

Province, China. 

Following  on  from  these,  are  three  chapters  investigate  compositions  of  coal  combustion 

byproducts. The chapter by Liu et al. 2016, focuses on morphology and compositions of microspheres 

in  fly  ash  from  a  coal‐combustion power plant  in SW China. Some  trace  elements  are of particular 

concern  due  to  their  potential  detrimental  environmental  impact.  Guangmeng Wang  et  al.  (2015) 

investigate the modes of occurrence of fluorine in a coal‐fired power plant in Inner Mongolia, China by 

extraction  and  the  SEM  method.  Liu  et  al.  (2016)  describe  mineralogy  of  ash  and  slag  from 

underground coal gasification. 

The following two chapters are concerned with the potential release and environmental  impact 

of  trace elements on  the environment. Yang et al.  (2016)  investigate  leaching behavior and potential 



 

x 

 

environmental  effects  of  trace  elements  in  coal  gangue  of  an  open‐cast  coal  mine  area  in  Inner 

Mongolia, China. Toxic elements can also be a potential risk to the health of workers and residents in 

coal mining areas. Jia et al. (2015) carry out a human health risk assessment of toxic elements in the soil 

environment of an open‐cast coal mine in China. 

The cement  industry has  the potential  to become a major consumer of  industrial by‐products, 

including coal‐mining wastes. The chapter by Giménez‐García et al. (2016) examines the mineralogical 

transformations  of  coal  waste  across  a  range  of  temperatures,  for  the  establishment  of  optimum 

calcination conditions that yield products with sufficient pozzolanic properties to be used as additives 

in  the  manufacture  of  cements  and  related  materials.  The  chapter  by  Devasahayam  et  al.  (2015) 

evaluates the water absorption potential of super absorbent polymers and low‐rank coal in Australia. 

Pyrolysis  is an  important coal‐cleaning  technology, producing  fuel or basic chemical materials. 

Understanding the behavior of trace elements in this process is also significant from the environment 

point of view. The  final chapter by Dang et al.  (2016)  studies  the behavior of  toxic elements  in coal 

during fast pyrolysis. 

The Guest  Editors  sincerely  thank  all  the  authors who  contributed  chapters  to  this  SI  book, 

including  those whose papers  for various  reasons did not actually proceed  to  the publication  stage. 

Sincere  thanks are also  expressed  to  colleagues who  served as  reviewers  for  the  chapters  that were 

submitted  to  this  book.  These  high‐profile  reviewers  provided  numerous  valuable  comments  and 

constructive suggestions  that helped many of  the authors  improve  the quality of  their chapters, and 

generally reinforced the high standard of the work submitted. 

We  would  also  like  to  thank  the  National  Key  Basic  Research  Program  of  China  (No. 

2014CB238902),  the National Natural  Science  Foundation  of  China  (No.  41420104001),  and  the  “111” 

Project (No. B17042), which financially supported guest editors’ and some authors’ travels for discussion 

on various aspects of this book and, in part, supported a number of papers included in this SI book. 
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Abstract: Coal and coal combustion byproducts can have significant concentrations of lanthanides
(rare earth elements). Rare earths are vital in the production of modern electronics and optics, among
other uses. Enrichment in coals may have been a function of a number of processes, with contributions
from volcanic ash falls being among the most significant mechanisms. In this paper, we discuss some
of the important coal-based deposits in China and the US and critique classification systems used
to evaluate the relative value of the rare earth concentrations and the distribution of the elements
within the coals and coal combustion byproducts.

Keywords: lanthanide; yttrium; critical materials; coal; coal combustion by-products

1. Introduction

Coal is a precious resource, both in the United States and around the world. The United States has
a 250-year supply of coal, and generates between 30%–40% of its electricity through coal combustion.
Approximately 1 Gt of coal has been mined annually in the US, although the 2015 total will likely be
closer to 900 Mt [1]. Most of the coal is burned for power generation, but substantial quantities are also
employed in the manufacture of steel, chemicals, and activated carbons. Coal has a positive impact
upon many industries, including mining, power, rail transportation, manufacturing, chemical, steel,
activated carbon, and fuels. Everything that is in the Earth’s crust is also present within coal to some
extent, and the challenge is always to utilize abundant domestic coal in clean and environmentally
friendly manners. In the case of the rare earth elements, these valuable and extraordinarily useful
elements are present within the abundant coal and coal byproducts produced domestically and
world-wide. These materials include the coals, as well as the combustion by-products such as ashes,
coal preparation wastes, gasification slags, and mining byproducts. All of these materials can be viewed
as potential sources of rare earth elements. Most of the common inorganic lanthanide compounds,
such as the phosphates found in coal, have very high melting, boiling, and thermal decomposition
temperatures, allowing them to concentrate in combustion and gasification by-products. Furthermore,
rare earths have been found in interesting concentrations in the strata above and below certain
coal seams.
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The National Energy Technology Laboratory (NETL) initiated research for the determination and
recovery of rare earths from abundant domestic coal by-products in 2014. The NETL Rare Earth EDX
Database [2] is a resource for rare earth information as related to coal and byproducts. Many other
research organizations have also initiated efforts for the determination and recovery of rare earths
from unconventional sources, such as coal byproducts.

Fifty years ago, the rare earth elements (REE) were little more than an interesting diversion from
the study of more commercially and environmentally important elements. As stated by Gschneidner [3]
“we know what we know about the Fraternal Fifteen [the rare earth elements, REE] essentially because of
scientific curiosity, and this is still one of the most important reasons for studying the rare earths.” While he
did anticipate wider applications of the niche uses at the time of his pamphlet, some applications were
still decades away [4].

Today, numerous technologies and devices rely upon rare earth elements. Important commercial
uses of REEs include automotive catalytic converters, petroleum refining catalysts, metallurgical
additives and alloys, permanent magnets and rechargeable batteries (for hybrid vehicles, wind
turbines, and mobile phones), phosphors (for lighting and flat panel displays), glass polishing and
ceramics, and medical devices [5]. In short, modern society has become increasingly dependent on
the REEs (Figure 1). Due to the growing application of REEs in modern technology (particularly
sustainable energy), many countries are developing strategies to obtain or develop additional sources
of REE materials [5–7]. While traditional mining has typically provided the majority of REEs, current
limitations with developing new mines has resulted in the search for alternative sources, including
coal and coal combustion byproducts [8].

Figure 1. Production of REE oxides from 1950 in USA, China, and other countries.

Within the context of the expanded use of the rare earths and the widening search for economic
sources of the elements, Seredin and Dai [9] made a fundamental theory in understanding of the
origin and distribution of REEs or REE + yttrium (REY) in coal and, by extension, in coal combustion
byproducts such as fly ash and bottom ash. While their paper was developed largely in the context
of Chinese and former Soviet deposits, the background was built on knowledge of occurrences in
Bulgaria [10–18]; Kentucky [19,20]; Utah [21]; Wyoming [22]; the Russian Far East [23]; China [24–29];
and elsewhere.

2. Rare Earth Elements in Coals

Several studies [30–33] have addressed the origin of rare earth elements in coal. Eskenazy [10–16]
discussed the complications of REY enrichment in coals. Dealing primarily with lignites,
Eskenazy [11,15] was able to observe organic associations not nearly as evident in the bituminous
coals studied elsewhere. The loosely bound REE on clays could be desorbed by acidic waters, with
heavy REE (HREE) preferentially desorbed and the subsequent increase in HREE in solution would
lead to enrichment in HREE bound to organics [11,13]. As a supplemental or alternative source, the
high organic-bound HREE could have resulted from high HREE in the waters feeding the swamp [13].
HREE generally have a stronger organic affinity than light REE (LREE) and HREE complexes are
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more stable than LREE complexes. Independent of peat or coal associations, soil studies by Aide and
Aide [34] confirmed that HREE-organic complexes are more stable than LREE-organic complexes.
Decreases in pH cause a decrease in the stability of the REE-organic complexes [35,36]. In testing of
humic acids extracted from a Bulgarian lignite [15], Eskenazy found that Na+, K+, Ca2+, and Mg2+

bound to –COOH and –OH were replaced by REE cations.
Using a suite of bench samples from a Texas lignite strip mine Finkelman [37] demonstrated that

the chondrite-normalized REE distribution pattern changed systematically with the ash yield. The
high-ash bench (77 wt % ash) had a REE distribution pattern similar to those of North American shales
and high-ash bituminous coals. With lower ash yields (3–51 wt %), the patterns were progressively
flatter, indicating a higher proportion of heavier REE elements in the organic-rich benches. He
interpreted this trend to indicate that the heavy REE (Eu to Lu) are preferentially complexed with
the organics. Finkelman [37] estimated that no more than 10% of the total REE in the lignite had an
organic association; the remaining 90% of the REE were associated with REE-bearing minerals.

Finkelman and Palmer (U.S. Geological Survey, unpublished data) used selective leaching on 14
bituminous coals, five subbituminous coals, and one lignite to determine the modes of occurrence
of 37 elements including Y, Ce, La, Lu, Nd, Sm, and Yb. Based on the response of the elements to
ammonium acetate, hydrochloric acid, hydrofluoric acid, and nitric acid leaches they concluded that in
the bituminous samples approximately 70% of the light rare earths (Y, Ce, La, and Nd) were associated
with phosphate minerals, about 20% were associated with clays, and about 10% were in carbonate
minerals. A smaller proportion was organically associated. The heavier rare earths (Sm, Yb) were
primarily associated with phosphates (50%), clays (20%), organics (30%), and carbonates. In contrast,
the light rare earth elements in the lower rank coals were associated with clays (60%), phosphates
(20%), carbonates (20%), and organics. The heavier rare earths were also associated with clays (50%),
phosphates (25%), and carbonates, but had a much larger (25%) proportion associated with organics.

In contrast to Eskenazy’s findings of strong HREE-organic associations [11,13,14], Seredin et al. [38],
in their study of an Eocene subbituminous coal and a Miocene lignite from the Russian Far East, could
not universally verify the association. Consequently, they noted that some high HREE concentrations
in coal could not be explained by the higher sorption capacity or by higher HREE chelate stability, but
rather by elevated HREE in waters which interacted with the organics.

Some Kentucky, Utah, and Wyoming REY occurrences are largely the result of volcanic ash falls.
Crowley et al. [21] noted three enrichment mechanisms:

(1) Leaching of volcanic ash with subsequent concentration by organic matter;
(2) Leaching of volcanic ash with subsequent incorporation into secondary minerals; and
(3) Incorporation of volcanic minerals into the peat.

Hower et al. [19] found that the coal immediately underlying the Fire Clay coal tonstein had
1965–4198 ppm (ash basis) REY, with REE-rich monazite and Y-bearing crandallite as the detectable
REY minerals. The 4198-ppm REY lithotype contains thin lenses of the volcanic ash. They noted that,
while volcanic glass may not have been stable in organic acids, zircons survived in the lithotype, as
indicated by the 4540 ppm Zr (ash basis). Similarly, the Fire Clay-correlative Dean coal section in
southern Knox County, Kentucky, has an REY enrichment (based on comparisons to REE levels in
other coals in the region) but does not contain a tonstein [20], just as Crowley et al. [21] found in their
study of Wyoming coals. In the central Eastern Kentucky Fire Clay coal locations, Hower et al. [19]
noted the following enrichment mechanisms:

(1) The highest LREE/HREE occurs in the tonstein and in the coal or illitic shale immediately
underlying the tonstein;

(2) The other lithotypes, in particular in the basal and uppermost lithotypes, have a lower
LREE/HREE, suggesting concentration in secondary minerals.

Seredin [23] studied a complex assemblage of coals and volcanics in the Russian Far East. The
REY entered the peat in a dissolved form. The bulk of the REY in the low-rank coals was sorbed onto
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the organics. The mineral assemblages included Eu-rich LREE phosphates with no Th or Y; HREE
phosphates deposited on kaolinite; (Ca, Ba, Sr)-bearing aluminophosphates (crandallite) with LREE
deposited on kaolinite; LREE-bearing F and Cl carbonates; REE-carbonates, -oxides, and -hydroxides;
and other unknown REE mineral species. Based on the high concentrations of REY, he encouraged the
recovery of REY from coal combustion by-products, something only considered for U and Ge at that
time. Mardon and Hower [20], examining the path of the REY-enriched Dean coal from the mine to the
boiler to the ash-collection system at a utility power plant, found that the REY were in concentrations
exceeding 1600 ppm in some of the electrostatic-precipitator fly ashes.

The fundamental contributions of Dai and his colleagues [24–26,28,29] were based on deposits
in the Jungar and Daqingshan coalfields, Inner Mongolia, and in host rocks in the Late Permian
coal-bearing strata from Eastern Yunnan [39].

The interest in the Jungar coals has been driven by the prospects for commercial recovery
of gallium, which substitutes for Al in boehmite [24–26], and Al from the coal combustion
byproducts [29,40,41]. The REY is low in the partings and relatively high in the coal [25,26], attributed
to leaching and incorporation in Al-hydrate minerals, goyazite, and organic matter [25,26]. For
example, the REE content of one parting and its underlying coal bench were 231 and 1006 ppm. The
LREE are both occur in Sr- and Ba-bearing minerals and have an organic affinity while the HREE are
enriched in Sc-, Zr-, and Hf-bearing minerals [26]. The relative organic affinity of LREE versus HREE
was found to vary between mines within the Jungar coalfield, perhaps indicative of different REE
sources [28]. Examining the Light REY (LREY; La, Ce, Pr, Nd, and Sm), Medium REY (MREY; Eu,
Gd, Tb, Dy, and Y), and Heavy REY (HREY; Ho, Er, Tm, Yb, and Lu), and the L-type (LaN/LuN > 1),
M-type (LaN/SmN < 1; GdN/LuN > 1), and H-type (LaN/LuN < 1) distributions, Dai et al. [29] found
LREY associations in goyazite and gorceixite, MREY and HREY in boehmite, and some indications of
MREY and HREY associations in accessory minerals. L-type REE distributions are found in the upper
portion of the Pennsylvanian No. 6 coal, Guanbanwusu mine, due to REE-rich colloidal input from
weathered bauxite [29]. The H-type enrichment in the lower portion of the same coal is attributed to
natural water influences. In both cases, mixed influences were evident.

The coal-bearing strata of Late Permian Xuanwei Formation in eastern Yunnan (Southwestern
China) have (Nb, Ta)2O5–(Zr, Hf)O2–(REY)2O3–Ga in 1–10-m-thick alkalic ore beds of pyroclastic
origin [39]. Dai et al. [39] identified four types of ore lithologies: clay altered volcanic ash, tuffaceous
clay, tuff, and volcanic breccia. The minerals associated with the above elevated concentrations of rare
metals (e.g., the most common REY-bearing minerals monazite and xenotime) are rare, suggesting
that the rare elements occur as adsorbed ions. Although the mineralization of (Nb, Ta)2O5–(Zr,
Hf)O2–(REY)2O3–Ga assemblage has been identified in felsic and alkalic tonsteins in many coal
deposits for many years [19,21,42–47], this mineralization anomaly has never caused particular interest
as raw materials for rare metals, owing to the low thickness (from 1–20 cm, mostly 3–6 cm) of the
tonsteins. However, the occurrence of such thin tonsteins provides a basis for predicting the possibility
of thick horizons of Nb–Zr–REY-bearing tuffs outside of coal seams [44]. This forecast has been
successfully realized in China by discovery of such thick alkalic ore beds in Yunnan Province by
Dai et al. [39], and thus, previous skeptical views in relation to this mineralization in coal-bearing
strata should be reconsidered. As pointed out by Spears [46], “Linked to the tonstein studies, Dai et al.
(2010) found a new rare metal deposit comprised of several Nb–Zr–REE–Ga bearing tuffaceous horizons with
thicknesses up to 10 m in Yunnan province,” and to the best of our knowledge, this the first successful
case of the application from the tonstein academic theory to discovery of rare-metal ore deposits.

3. Seredin and Dai Synthesis

Seredin and Dai [9] reinforced some of the basic principles outlined above, as shown in Table 1
(Table 2 as cited in [9]). The introduction of REY into a peat or coal falls into four basic paths. As we
saw above, few coals are likely to have one dominant source of REY. Indeed, the Jungar coals were
noted to have multiple modes of REY emplacement [25,26]. Similarly, while the Dean (Fire Clay) coal
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REY is dominated by the REY-rich tonstein and the enrichment of adjacent coal lithologies through
the leaching of REY from the tonstein, the coal bed had a depositional history prior to and following
the ash fall [19]. In particular, Eastern Kentucky coals typically have TiO2- and Zr-enriched basal
lithologies which can also have REY enrichment [19,20]. For example, a section of the Fire Clay coal
has 1358-ppm-REY (ash basis) basal lithotype, significantly less than the 4251-ppm-REY (ash basis)
lithotype immediately underlying the tonstein, but double the 680-ppm-REY (ash basis) concentration
in the lithotypes between those two portions of the coal [19]. Basically, on a whole-seam basis, and
probably also for most lithotypes, mixed modes of REY emplacement are to be expected but it is also
important to understand the end members in order to fully understand the continuum.

Table 1. The main genetic types of high REY accumulation in coals. After Seredin and Dai [9].

Type REO Content in Ash, % Associated Elements Typical Example

Terrigenous 0.1–0.4 Al, Ga, Ba, Sr, Jungar, China [25,26]
Tuffaceous 0.1–0.5 Zr, Hf, Nb, Ta, Ga Dean, USA [20]

Infiltrational 0.1–1.2 U, Mo, Se, Re Aduunchulun, Mongolia [48]
Hydrothermal 0.1–1.5 As, Sb, Hg, Ag, Au, etc. Rettikhovka, Russia [49]

REO, oxides of rare earth elements and yttrium.

In addition to the classification of light-, medium-, and heavy-REY, as well as the corresponding
enrichment types (L-, M-, and H-types), Seredin and Dai [9] set a criterion of REY concentration
evaluation of REO content ě 1000 ppm in coal ash, or 800–900 ppm in coal ash for coal seams with
thicknesses of > 5 m, as the cut-off grade or beneficial recovery of the REY. The second criterion they set
in their work for the evaluation of coal ash as REY raw materials is the individual composition of the
elements. Seredin and Dai’s [9] Figure 6 (Figure 2 in this paper) is a synthesis of the REY concentration
in coal ashes and non-coal REY-enriched deposits compared to an expression of the current commercial
need as weighted by the availability of the individual elements. The x axis, the outlook coefficient, is
calculated as [9,50]:

Coutl “ ppNd ` Eu ` Tb ` Dy ` Er ` Y{ΣREYq{ppCe ` Ho ` Tm ` Yb ` Luq{ΣREYq

 

Figure 2. Classification of REY-rich coal ashes by outlook for individual REY composition in
comparison with selected deposits of conventional types. 1, REE-rich coal ashes; 2, carbonatite deposits;
3, hydrothermal deposits; and 4, weathered crust elution-deposited (ion-adsorbed) deposits. Clusters of
REE-rich coal ashes distinguished by outlook for REY composition (numerals in figure): I, unpromising;
II, promising; and III, highly promising. From Seredin and Dai [9].
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The y axis (REYdef, rel%) is the percentage of critical REY (Figure 3) in the total REY. Cluster I,
which includes some of the mined REE ores, is not as promising as Cluster II. Seredin and Dai [9]
noted that mining of Cluster I “will neither mitigate the crisis in REY resources nor eliminate the shortage of
the most critical REY, but will only result in overproduction of excessive Ce (p. 75).” Cluster II, with a variety
of L-, M-, and H-type distributions, contains many of the known coal ashes, including the Dean (Fire
Clay) ash. Given concentrations exceeding the economic threshold, a variable, coal ashes in the Cluster
II concentration and Coutl range would be promising resources. Cluster III contains H-type REY’s with
hydrothermal origins. Seredin-Dai’s classification and evaluation criteria of REY in coal deposits have
been adopted and used by a number of researchers ([51–58], among others).

 
Figure 3. Divisions of lanthanides and yttrium into light, medium, and heavy REY; light and heavy
REE; and critical, uncritical, and excessive groups (after Seredin [50] and Seredin and Dai [9]).

Coal scientists have identified coals that were successfully utilized as raw materials for rare-metal
recovery during periods of raw material crises [41]. The first time the coal deposits were used as the
major source of uranium was for the incipient nuclear industries in the former USSR and the United
States following World War II. The second time was that the coal deposits are one of the major Ge
sources for world industry. The third time, Al and Ga extraction was expanded from Jungar coal ashes
of Northern China [41]. It is now time to address the coal-hosted rare earth elements and yttrium from
coal deposits as a byproduct not only because of the REY supply crisis in recent years, but also because
the distinct benefits of REY extraction from coal ash, such as the relatively low cost for the necessary
infrastructure as compared to developing new mining projects, as well as the benefits associated with
recycling of a waste product.

4. Conclusions

Much of the recent research on coal utilization in the United States has focused upon the capture
of pollutants such as acid gases, particulates, and mercury, and the greenhouse gas carbon dioxide.
The possible recovery of rare earth elements from abundant coal and byproducts is an exciting new
research area. Additional data is needed on the rare earth contents of coals and byproducts in order
to determine the most promising potential feed materials for extraction processes. Future work will
likely focus on the characterization of coals and byproducts, as well as on separation methods for rare
earth recovery.
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Abstract: The clay mineralogy of pyroclastic Nb(Ta)-Zr(Hf)-REE-Ga mineralization in Late Permian
coal-bearing strata from eastern Yunnan Province; southwest China was investigated in this study.
Samples from XW and LK drill holes in this area were analyzed using XRD (X-ray diffraction)
and SEM (scanning electronic microscope). Results show that clay minerals in the Nb-Zr-REE-Ga
mineralized samples are composed of mixed layer illite/smectite (I/S); kaolinite and berthierine.
I/S is the major component among the clay assemblages. The source volcanic ashes controlled the
modes of occurrence of the clay minerals. Volcanic ash-originated kaolinite and berthierine occur
as vermicular and angular particles, respectively. I/S is confined to the matrix and is derived from
illitization of smectite which was derived from the original volcanic ashes. Other types of clay
minerals including I/S and berthierine precipitated from hydrothermal solutions were found within
plant cells; and coexisting with angular berthierine and vermicular kaolinite. Inferred from the fact
that most of the I/S is R1 ordered with one case of the R3 I/S; the paleo-diagenetic temperature
could be up to 180 ˝C but mostly 100–160 ˝C. The micro-crystalline quartz grains (<10 μm) closely
associated with I/S were observed under SEM and were most likely the product of desiliconization
during illitization of smectite.

Keywords: coal-hosted Nb-Zr-REE-Ga mineralization; clay minerals; paleotemperature;
microcrystalline quartz

1. Introduction

Polymetallic Nb(Ta)-Zr(Hf)-REE-Ga mineralization within Late Permian coal-bearing strata of
eastern Yunnan Province, southwest China was reported by Dai, et al. [1]. The Nb(Ta)-Zr(Hf)-REE-Ga
mineralization has anomalous response on natural gamma log curves and is widespread at the base of
the Wuchiapingian of Late Permian age (i.e., terrestrial Xuanwei and terrestrial-marine transitional
Longtan Formations) in southwest China [1–3]. The mineralization is believed to be derived from
alkali volcanic ashes and occurs as thick beds (up to 10 m but mostly 2–5 m) interbedded in the
sedimentary rocks of terrigenous origin [1]. In most cases, the Nb-Zr-REE-Ga mineralized horizon
has been argillized, but tuffaceous textures, volcanic breccia, and hematitization can be observed as
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well [1,2]. The Nb-Zr-REE-Ga mineralization occurs within coal-bearing strata and within coal beds
directly [3], and accordingly, this Nb(Ta)-Zr(Hf)-REE-Ga polymetallic mineralization was generalized
as a coal-hosted rare metal deposit [4].

This Nb-Zr-REE-Ga-enriched mineralization is characterized by significant enrichment in Nb,
Ta, Zr, Hf, REE (rare earth elements and Y) and Ga, for example, (Nb,Ta)2O5, 0.0302–0.0627 wt %;
(Zr,Hf)O2, 0.3805–0.8468 wt %; REO (oxides of REE), 0.1216–0.1358 wt %; and Ga, 52.4–81.3 ppm [1,3].
Notably, the content of (Nb,Ta)2O5 is much higher than the required industrial (Nb,Ta)2O5 grade of
weathered crust niobium deposits (0.016–0.02 wt %) [5] while the concentration of Ga is also higher
than the required Ga industrial grade in coal (30 ppm) and in bauxite (20 ppm) [6]. In most cases,
the contents of REO and (Zr,Hf)2O5 have also been up to their corresponding industrial utilization
grades [5,7].

Although the mineralization of Nb(Ta)-Zr(Hf)-REE-Ga in the study area is notably significant,
their hosted minerals such as zircon, pyrochlore, columbite etc. are rarely observed within the
Nb-Zr-REE-Ga mineralized beds under both the microscope and X-ray diffraction (XRD) [1]. While
using scanning electron microscopy (SEM), Dai et al. [2] identified several rare metal-bearing minerals
including REE-bearing minerals (rhabdophane, silico-rhabdophane, florencite, parasite and xenotime),
zircon, and Nb-bearing anatase within the Nb-Zr-REE-Ga mineralization. These rare metal-bearing
minerals mainly occur within pores and cavities of clay minerals as very fine dispersed grains (in most
cases <5 μm) indicating that they are probably of authigenic origin derived from re-deposition of rare
metals leached from the Nb-Zr-REE-Ga-enriched tuff by hydrothermal solutions [2]. However, these
rare-metal bearing minerals are rare to be observed under SEM and not in sufficient concentration
to explain the high contents of rare metals found in the geochemical analyses, for example, zircon
as the only Zr-bearing mineral phase identified by Dai et al. [2] was rarely observed in the samples
which contain up to thousands of ppm zirconium. On the other hand, the amount of zircon within the
Nb(Ta)-Zr(Hf)-REE-Ga-mineralized samples (with Zr in thousands ppm level and Nb in hundreds
ppm level) in the lower Xuanwei Formation (the mineralization-bearing strata) is 10–100 times that of
the pyroclastic tonsteins which only contain hundreds of ppm Zr and tens of ppm Nb from the upper
part of the Xuanwei Formation [8]. Therefore, the majority of rare metals do not occur within discrete
mineral phases such as zircon, Nb-anatase, and REE-phosphate/carbonate, and must therefore be
inferred to occur as absorbed ions within the clay minerals [1,8,9]. In fact, our unpublished results
of leaching experiments showed that the ammonium sulfate solutions could extract a large amount
of rare metals from the Nb-Zr-REE-Ga-mineralized samples (though not the specifically studied
samples) providing indirect evidence for a certain amount of rare metals being absorbed within clay
minerals. Therefore, a detailed study of the clay minerals is required to understand the modes of
occurrence and industrial utilization of these rare metal elements. In this paper, we report on the clay
mineralogy (species, abundances, modes of occurrence, and ordering of mixed layer illite/smectite)
in the Nb-Zr-REE-Ga mineralized beds by an investigation of samples collected from two drill holes
(XW and LK) in eastern Yunnan Province, SW China. This paper also provides an insight into
the paleo-diagenetic temperature and origin of the ultrafine quartz particles (<10 μm) found in the
studied samples.

2. Geological Setting

The ~260 Ma Emeishan Large Igneous Province (ELIP) in SW China is considered to be the result
of mantle plume activity and mainly comprises massive flood basalts and contemporary felsic, mafic
and ultramafic intrusions [10–15]. Basalts as the predominant component of ELIP could be divided
into two groups: high-Ti (Ti/Y > 500) and low-Ti (Ti/Y < 500) basalts [13]. Three ELIP zones including
inner, intermediate, and outer zones were recognized (Figure 1A) based on the extent of erosion of the
pre-ELIP eruption Maokou Formation (with limestone-dominated compositions) of Middle Permian
age in SW China [11].
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Within the inner zone of the ELIP is the Kangdian Oldland comprising a sequence of Emeishan
basalts, which existed until the Middle Triassic [11]. In the eastern ELIP, the Emeishan basalts
unconformably overlie the Maokou Formation of Middle Permian age while the ELIP basalts are, in
turn, overlain by the Late Permian Xuanwei and Longtan formations (Figure 1B) [11]. During the Late
Permian, the ELIP and associated volcanism and hydrothermal activity controlled the development
of coal-bearing strata in SW China, not only in serving the source for the peat-accumulation process,
but also the distribution of peat-mire sites (i.e., peat-mires located in the middle and outer zones of
ELIP) [2].

The Nb(Ta)-Zr(Hf)-REE-Ga polymetallic mineralization is found in the intermediate ELIP zone
and is located in the lowest Xuanwei Formation in eastern Yunnan Province (Figures 1 and 2) [1]. The
Xuanwei Formation is a continental formation containing the major coal-bearing strata of Late Permian
age in eastern Yunnan Province, southwest China [1,16–19] and is mainly derived from erosion of the
Kangdian Oldland in the central ELIP [2,15,20–22].

 

Figure 1. Geological setting during Late Permian in southwest China, showing the location of
Nb-Zr-REE-Ga mineralization. (A) Schematic map showing the inner, intermediate and outer zones of
the Emeishan Large Igneous Province. (B) Paleogeography map showing the distribution of terrestrial
Xuanwei Formation and transitional Longtan Formation during the Wuchiapingian in SW China.
The red spots indicate the localities of the two studied drill holes (XW and LK). Figure 1 is modified
from [20].

3. Samples and Analytical Procedures

A total of 39 samples, corresponding to the high anomalies on natural gamma log curves, were
collected from Nos. XW and LK drill holes in eastern Yunnan Province, SW China. These samples
were identified as X-1 to X-17, and L-1 to L-22 from top to bottom, respectively (Figure 2). The samples
are mainly mudstone, and in a few cases sandstones. Calcite veins, pyrite grains, hematite, and plant
fragments are commonly observed in hand-specimens.

Polished thin-sections and polished block samples were prepared from selected samples for
optical and scanning electron microscopic observations. All samples were then crushed and milled to
pass 200-mesh for bulk X-ray diffraction (XRD) analysis (Rigaku, Tokyo, Japan). Bulk-XRD analysis was
performed using a Rigaku D/max 2500 pc powder diffractometer equipped with Ni-filtered Cu-Kα

radiation and scintillation detector in China University of Mining and Technology (Beijing). Each XRD
pattern was recorded over a 2θ interval of 2.6˝–70˝, with a step size of 0.02˝. Quantitative analysis
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for each mineral phase was carried out by a commercial XRD interpretation software Siroquant™
(Sietronics Pty Ltd., Belconnen, ACT, Australia).

Figure 2. Stratigraphic sections of the XW and LK drill holes. The red areas indicate the
sampling locations.

Modes of occurrence of minerals were investigated using a FEI Quanta™ 650 FEG scanning
electron microscope (SEM, EDAX Inc., Mahwah, NJ, USA) in China University of Mining and
Technology (Beijing), China and a Hitachi S3400-X/I SEM (Hitachi, Tokyo, Japan) at the University of
New South Wales, Australia. The selected polished thin-sections and sample blocks were carbon-coated
before SEM observation. The Quanta SEM worked with a beam voltage of 20.0 kV, working distance
~10 mm, and a spot-size of 5.5 while, for the Hitachi-S3400 X/I, the accelerating voltage was 20 kV,
and the beam current was 40–60 mA during SEM operation.

Sample powders were mixed with water and then settled for approximately 2 h for acquiring
clay-bearing suspensions. Suspended clay particles were concentrated through centrifuging (8 min
at 2500 rpm). The concentrated clay fractions were placed evenly on glass slides. Three XRD runs
were performed on each slide after air-drying, exposure to ethylene-glycol vapor (more than 24 h) and
heating to 400 ˝C for 1 h using a PANalytical Empyrean II XRD (Co-Kα; PANalytical Ltd., Almelo, The
Netherlands) at the University of New South Wales, Australia, with tube voltage of 45 kV and current
of 40 mA.

4. Results

4.1. Mineral Phases and Clay Species in the Studied Sample

Mineralogical compositions based on powder XRD and Siroquant analyses in the studied samples
are given in Table 1. Mineral phases in this study include clay minerals, quartz, anatase, calcite,
siderite, hematite, albite, and florencite (Table 1; Figure 3). Pyrite occurring either as discrete grains or
as veinlets was commonly observed but its content was generally below the detection limit of XRD or
Siroquant techniques.
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Figure 3. XRD of a selected sample (X-16). Abbreviations in the figure indicate the minerals identified,
such as I/S: mixed layer illite/smectite; K: kaolinite; B: berthierine; Q: quartz; A: anatase; Ca: calcite;
and S: siderite.

The clay species were further identified by the analyses of the three XRD runs on air-dried,
Ethylene Glycol (EG)-solvation and heated specimens. Clay minerals identified in the studied samples
comprise mixed layer illite/smectite (I/S), kaolinite, and berthierine (Figures 3 and 4). I/S has been
recognized by comparing the bulk-XRD pattern (and the air-dried patterns) to XRD patterns of the
ethylene-glycol treated and heated specimens. The characteristic broad peaks of mixed layer I/S are
located at 11 Å˘ in the bulk and air-dried oriented patterns, split into two peaks at 12 and 9 Å˘
after EG solvation, and move towards 10 Å for the heated sample (Figures 3 and 4) [23]. Kaolinite is
distinguished by the 7.2 and 3.58 Å peaks in the bulk and air-dried patterns which do not change in
the patterns for the EG specimen while in the heated specimen, these peaks reduce or disappear [23].
Berthierine, which has a similar structure to kaolinite and similar chemical composition to chlorite,
is distinguished by a lack of 14 Å reflections and a 7 Å basal spacing in the XRD patterns [24–26].
In the XRD pattern, the d(001) intensity of berthierine is slightly lower than that of kaolinite (Figure 4).
Kaolinite may mask berthierine in the bulk XRD patterns owing to the proximate (001) and (002)
reflections of these two minerals; however, they can be identified from each other in the air-dried
oriented pattern (Figure 4). The d(001) reflection of berthierine will considerably reduce after being
heated (Figure 4) [27].

I/S in all the studied samples was identified as ordered according to the position of split peaks,
as well as the presence of the basal peak at 27 Å in the EG-solvation specimens [23]. The percentages
of smectite layers of I/S i.e., S (%) in the studied samples were estimated based on the d-spacing
values of I/S in EG-XRD patterns, as listed in Table 1. Apparently, S (%) in samples from XW drill hole
(25%–35%) is higher than those from LK drill hole (15%–20%). I/S in most of the samples are identified
as R1 ordered with only one R3 I/S in L-22 (Table 1; R: Reichweite parameters; [28]).
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(A)

 
(B)

Figure 4. XRD patterns for air-dried, EG-solvation, and heated clay fractions of selected samples (A)
X-2 and (B) L-19. Abbreviations are same as in Figure 3. AD: air-dried; EG: ethylene glycol saturated;
H: heated.

4.2. Modes of Occurrence of Clay Minerals

Clay minerals in this study show various modes of occurrence. Mixed layer illite/smectite mainly
occurs as groundmass for other minerals (not only non-clay minerals, but also kaolinite and berthierine;
Figure 5). In some cases, I/S has a needle-/lath-like shape (Figure 6A) and is also found in plant cells
(Figure 6B) probably indicating an authigenic origin.

Berthierine in this study shows pale red-yellowish discrete particles within I/S matrix under the
microscope (Figure 5A). The berthierine particles are usually sharp-cornered and elongated in shape
and vary in length from 50 μm to more than 300 μm (Figures 5A and 6C,D). Under SEM, berthierine
not only occurs as angular particles (Figure 6C,D), but also colloidal infillings in plant cells coexisting
with I/S or quartz (Figure 6B,E). In a few cases, berthierine precipitated along the cracks of vermicular
kaolinite (Figure 6F). In Figure 6C,D, berthierine grains were eroded with I/S filling within the cavities
or surrounding the remnant berthierine particles.

Vermicular kaolinite is commonly found under both the microscope and SEM. Vermicular kaolinite
shows yellowish color under the cross-polarized light under SEM, and in some cases, kaolinite was
altered to colloidal berthierine along the margins of kaolinite crystal (Figures 5B and 6F).
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Figure 5. Microscopic observations of the studied samples (cross-polarized light). (A) Volcanic
shard-like berthierine particles (X-17); (B) Vermicular kaolinite (L-11).

 

Figure 6. Back-scattered electron images of clay minerals. (A) Authigenic lath-like I/S (X-2);
(B) Berthierine and I/S within plant cell (black areas), and micro-quartz particles (X-1); (C) Berthierine
particles (X-2); (D) I/S surrounding berthierine (L-18); (E) Quartz coexisting with berthierine within
plant cells (L-5); (F) berthierine within fractures of vermicular kaolinite (X-10).
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4.3. Abundances of Clay Minerals

Clay minerals are dominant in almost all the studied samples (total clay: 65.7%–93.5%, mean
80.9% in XW#; 39.2%–93.9%, mean 75.6% in LK#; Table 1), followed by quartz (XW#: 5.2%–32.3%
and LK#: 0.4%–52.2%; Table 1) and anatase. Calcite is commonly found under both micro- and
macro-observations and in a few cases, the content of calcite is up to 12.3% (XW-16; Table 1). Siderite,
albite, and hematite are only rarely found in LK drill holes. Trace REE-bearing phosphate florencite
was also discovered in some samples from LK drill holes.

Regarding the clay minerals, I/S is more abundant than kaolinite and berthierine, for example the
content of I/S in XW drill holes ranges from 15.2% to 78.4%, averaging 50.6% while in LK drill holes,
this value is from 20.6% to 74%, with an average of 54% (Table 1). In general, samples from XW drill
hole contain more kaolinite (1.2%–57.7%; Table 1) than those from LK drill hole (bdl-17.3%; bdl: below
detection limit; Table 1). In contrast, berthierine seems more abundant in LK drill hole (0.4%–51.9%;
Table 1) than in XW drill hole (bdl-22.9%; Table 1).

5. Discussions

5.1. Volcanic Ash Control on Modes of Occurrence of Clay Assemblages

Based on the petrologic, mineralogical, geochemical, and geophysical studies by Dai, et al. [1],
the Nb-Zr-REE-Ga-mineralized horizons represent argillized tuffs originated from alkaline volcanic
ashes. This is mainly because we have found typical tuffaceous instead of sedimentary textures, and
shard-like and euhedral magmatic high-temperature minerals within the Nb-Zr-REE-Ga-mineralized
samples under both the microscope and SEM [1,2]. These high-temperature magmatic mineral
phases (such as beta-quartz, euhedral apatite, and zircon etc.) with high-T cracks, embayments, and
sharp-edged outlines were not hydraulically sorted debris which usually have rounded morphologies.
It is believed that the Nb-Zr-REE-Ga-mineralized samples and the contained elevated rare metals were
derived from alkaline volcanic ash [1]. Natural gamma log data from more than 300 drill holes have
shown that the Nb-Zr-REE-Ga-mineralized beds with high positive natural gamma anomalies have a
continuous lateral extent across the lowest Upper Permian strata of SW China [1,2]. The widespread
Nb-Zr-REE-Ga-mineralized beds with a uniform geochemistry and mineralogy are also indicative of a
volcanic tuff deposition [1,2]. In some cases, the abrupt contact between the Nb-Zr-REE-Ga-mineralized
rocks and the wall rocks may also be caused by the volcanic-ash origin of the former [1]. These
Nb-Zr-REE-Ga-mineralized beds in the lowest Upper Permian strata, have a temporal link to the
~260 Ma Emeishan large igneous province and are the results of waning activity of Emeishan mantle
plume [2,29]. The glass-rich volcanic ashes would be an ideal precursor for the clay minerals [30]. In
this study, the volcanic origin of the studied samples is also reflected by the modes of occurrence of the
clay minerals.

Berthierine is one of the dominant minerals in the Nb(Ta)-Zr(Hf)-REE-Ga ore deposit [1] and has
been found within Paleogene and Late Triassic coals of Japan [31]; however, in the Late Permian coals
from southwest China, berthierine is not widely reported while an Fe-rich chlorite (i.e., chamosite
which is characterized by the 14 Å on XRD pattern; cf. Dai and Chou [32]) is commonly found [32–35].
Berthierine in this study is mainly found occurring as individual angular particles although a small
proportion of authigenetic colloidal berthierine can be observed as well. Such berthierine with various
irregular shapes (cf. Figures 5 and 6) rather than the rounded shape or lumps following the bedding
planes indicates that it had not been sorted by weathering and transportation process but is most
likely to be transformed from the volcanic glass shards transported by air [36]. Under a microscope,
shard-like berthierine occurring discretely within the matrix is also similar to the texture of a volcanic
tuff (Figure 5A).

Kaolinite is a common mineral phase in coals and the intra-seam parting tonstein, generally
a dominant clay species within clay assemblages in coal, probably due to its stability in low-pH
peat mire which contains humic acid released from organic matter at early stage of coal-forming
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process [16,30,37]. Deconinck et al. [38] generated that kaolinite may be derived either from volcanic
ashes or from detrital materials. Additionally, Ward [39] suggested that authigenic kaolinite occurring
in pores and cavities in coal may be precipitated from solutions. The well-crystallized vermicular
texture of kaolinite crystal is believed as volcanic ash-altered product in oxygen-depleted conditions
and would occur in the volcanic horizons within coal-forming peat mires [30,34,40,41] or marine
environments [38]. In this study, the microscopic and SEM observations revealed the presence of
widespread vermicular aggregates of kaolinite is widespread (Figures 5B and 6F), indicating these
kaolinite crystals were of authigenic origin and formed in situ through alteration of volcanic glass [38].

I/S is also a common mineral in coal [39] and in general, I/S is not the dominant minerals [42].
In fact, the clay fractions in this study, especially kaolinite and I/S have been described within
volcanic-ash originated depositions of coal-bearing strata [30]. I/S has been reported in most Mesozoic
bentonites [30], the lower Cretaceous bentonites, British Columbia [43–45], Oxfordian bentonites from
the Subalpine Basin, Turonian bentonites of France [46], and Ordovician Kinnekulle K-bentonites,
France [47]. Furthermore, I/S-enriched Late Permian coals were reported in the Changxing Mine,
eastern Yunnan, southwest China (closely located to the drill holes present in this study) [42]. Volcanic
ashes falling into the peat mire would transform to smectite; I/S was probably derived from illitisation
of volcanic ashes originated smectite during burial diagenesis [30]. Based on the occurrence that I/S
coexists with berthierine within the outline of volcanic glass (Figure 6D), it is inferred that both I/S
and berthierine were derived from alteration of volcanic glass.

In addition to the volcanic ashes, hydrothermal fluids may have also participated in the formation
of clay minerals. The minerals in the plant cells (Figure 6B,E), along with the rare metal-bearing
minerals (including hydrothermal REE-bearing phosphate and carbonate, and Nb-bearing anatase
etc.) occurring within pores and cavities of clay minerals [2] indicate that these minerals are authigenic
origin derived from re-deposition of free-ions leached from volcanic ashes by hydrothermal fluids [2].
Clay minerals may have grown from hydrothermal solutions enriched in Si, Al, Fe, K, etc. by dissolution
of volcanic ashes (including volcanic minerals and glasses).

5.2. Implications for Paleo-Diagenetic Temperature

The clay minerals in this study, particularly I/S, are sensitive to thermal conditions, thus
their characteristics can be used to estimate the paleo-diagenetic temperatures during the burial
process [31,38,48–50]. Factors affecting formation of ordered I/S include temperature, fluid chemistry,
time, source material composition, and permeability of the host rock [48,51,52]. In the present study,
the latter three factors are unlikely to be the main controls on the ordering of I/S because most of the
studied samples are mudstones derived from the same phase of alkaline volcanism with same magma
source in the earliest Late Permian [1,2]. Temperature and fluid chemistry thus should be the dominant
factors that would have influenced the formation of I/S in this study. Many studies have focused
on the diagenetic temperature during the burial process, using the evolution of smectite illitization
(especially the percentages of smectite layers within I/S) [48,50,53–55]. In the XRD patterns for the
EG-saturated clay fractions, as smectite layers decrease in I/S, the peaks at 9 Å, as well as peaks at 5 Å,
become sharp and narrow showing a trend towards illite and indicating a progressive increment in
temperature (Figure 7). It has been suggested that the temperature that reflects the appearance of R1
I/S during the smectite illitization process is generally around 100 ˝C while the transition temperature
from R1 to R3 I/S can be up to ca. 180 ˝C [48,50,53–55]. In this study, most of the studied samples have
the R1 ordered I/S, except for only one sample that has the R3 ordered I/S (Table 1) indicating that the
paleo-diagenetic temperature for the studied samples could have been up to 180 ˝C but for most of the
samples, this value ranges from 100 to 180 ˝C.

Considering the influence of fluids, it is interesting to note that in the samples from XW drill hole,
especially in the lower bed (X-11 to X-16), the contents of kaolinite and berthierine tend to decrease
from X-10 to (X-11 to X-16), and then increase in X-17 (Table 1). In addition to the sharp decrease of
contents of kaolinite and berthierine, the ordering of their structure also starts to become poor (reflected
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by the broad peaks at 7 and 3.5 Å), along with an increase in the contents and ordering of I/S in X-11
to X-16 (Table 1; Figures 3, 4 and 7). The changes in contents and crystal ordering may reflect the
re-forming of clay minerals under conditions that allow for the poorly-ordered kaolinite and berthierine
to form [51]. While in the presence of K released from volcanic ashes, the conversion of well-ordered
kaolinite to disordered kaolinite and I/S would have happened under hydrothermal conditions [51].
The colloidal/infilling minerals which were precipitated from hydrothermal fluids revealed in part 4
and a previous study [2] suggest that hydrothermal fluids influenced the studied samples during
diagenesis. Accordingly, a reaction mechanism that the kaolinite, as well as berthierine (which has a
similar structure to kaolinite [26]) had transformed into I/S under hydrothermal conditions is possible.
Such a transformation was estimated to have occurred in a thermal metamorphism environment at a
temperature around 225–250 ˝C [51]; however, as for this study, if the temperature had reached 225 ˝C,
the corresponding I/S in these samples should be R3 ordered. In contrast, as revealed in Table 1, I/S in
these samples R1 is still ordered with a slight decrease of 5% smectite layers within I/S. Therefore,
such a high temperature seems improbable for the present study.

 
Figure 7. XRD patterns for EG-solvation slides with S (%) = 15, 20, 25, 30, 35, respectively. Blue bars
indicate the synthetic peaks at 7, 3.5 and 3.3 Å. Abbreviations are the same as Figure 3.

Berthierine is another temperature-sensitive mineral which remains stable under a wide range
of temperatures but generally lower than 200 ˝C [56]. Although in some cases, the transformation of
berthierine to chamosite during diagenesis at lower temperatures was reported (below 70 ˝C when
accompanied by organic matter) [31,56,57], that berthierine could have formed at higher temperature
was revealed by Iijima and Matsumoto [31], who suggested the formation temperature of berthierine
in coal to be 65–150 ˝C while the alteration temperature of berthierine higher than 160 ˝C. A similar
crystallization temperature of berthierine (150 ˝C) was also reported by Rivas-Sanchez, et al. [25]. If we
adopt Iijima and Matsumoto’s [31] viewpoint to estimate the paleotemperature of the coal-hosted
Nb-Zr-REE-Ga mineralization, since no traces of berthierine transforming to chamosite were found
(i.e., no 14 Å were found in XRD patterns) in this study, the paleotemperature should be below 160 ˝C.

Overall, temperature should be the primary control on the formation of I/S with in some cases,
the hydrothermal activity as a secondary control. It is reasonable to estimate that the paleo-diagenetic
temperature for the studied samples was 100–160 ˝C, with one case up to 180 ˝C. The distribution
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patterns of rare earth elements (e.g., negative Eu anomalies) in the ore beds also showed that the
temperature is lower than 200 ˝C [58].

5.3. Origin of the Micro-Crystalline Quartz Associated with Mixed Layer I/S

Microcrystalline quartz with sizes generally less than 10 μm (mostly <5 μm; Figure 6B) was
observed in this study. These very fine quartz grains/cements were found isolated and surrounded
by a clay matrix (mainly I/S; Figure 6B). It is unlikely that this micro-quartz formed via mechanical
transportation as quartz of a detrital origin is generally in silt- to sand-size particles [59]. Additionally,
the pyroclastic quartz in the Nb-Zr-REE-Ga mineralization was reported as large angular particles
(>50 μm) [1]. These individual micro-crystalline quartz particles are, therefore, most likely authigenic
rather than detrital or pyroclastic in origin. The authigenic ultrafine quartz grains (around 10 μm)
were also found in Late Permian coal from Xuanwei, east Yunnan Province, SW China [32] and the
Early Cretaceous Wulantuga coal, Inner Mongolia, North China [59].

It has been suggested that illitization of smectite releases Si and involves addition of K [51,60–63].
The excess released Si in solutions (e.g., pore water) may precipitate locally as authigenic micro-crystalline
quartz coexisting with the neoformed I/S [62,63]. A simplified reaction process would be:

Smectite ` K+ Ñ Illite{pI{Sq ` Silica pSO2q ` H2O

Peltonen et al. [62] suggested that the sources of smectite and potassium will govern the amount
of Si released in such a reaction. In this study, as the studied samples are of pyroclastic origin [1],
the smectite in the above equation would be from the alteration of volcanic glasses while volcanic
ash-accompanied K-feldspar could have provided K for the illitization of smectite. Another factor
limiting the precipitation of quartz from Si-solutions is the permeability of the host rocks, for
example, Si-fluids would migrate easier from sandstone (high permeability) than from mudstone (low
permeability) [63]. In this study, the low permeability of the studied samples (i.e., mostly mudstones),
restricting the diffusion of fluids that contain Si released from illitization of smectite, could also have
favored the in situ deposition of quartz.

With all the above in mind, we assume that the illitization of smectite during diagenesis may
have released significant amounts of SiO2 into solutions first; then due to the low permeability of
the studied mudstones, the SiO2-rich solutions resulted in the formation of the micro-crystalline
quartz in situ as grains near the I/S. As the progressive illitization of smectite proceeded during
diagenesis, SiO2 was continuously released to form the high silica saturated solutions favoring the
further continuous crystallization and growth of the micro-quartz to become macro-crystalline quartz
cements or aggregates [63]. Such a process may also be the cause of high quartz contents in the studied
samples (Table 1).

6. Conclusions

(1) The clay minerals in the Nb(Ta)-Zr(Hf)-REE-Ga mineralized beds mainly comprise I/S, kaolinite,
and berthierine. Generally, I/S is the most abundant species among the clay minerals while the
contents of kaolinite and berthierine vary greatly. Angular berthierine particles and vermicular
kaolinite occur within the I/S groundmass, while a small proportion of berthierine occurs as
colloidal infillings coexisting with I/S in plant cells or in the fractures of vermicular kaolinite.

(2) The modes of occurrence of kaolinite and berthierine verify a volcanic origin for the studied
samples. Vermicular kaolinite and the angular berthierine are probably in situ alteration products
of volcanic ashes. I/S is the product of illitization of volcanic-ash originated smectite.

(3) Indicated by the presence of berthierine and the ordering of the I/S, the paleo-diagenetic
temperature reached ca. 180 ˝C, but was generally within 100–160 ˝C.

(4) The authigenic micro-crystalline quartz coexisting with I/S is probably the result of illitization of
smectite during the diagenetic process.
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Abstract: This paper reports the mineralogical and geochemical compositions of the Late Permian
C2, C5a, C5b, C6a, and C6b semianthracite coals from the Mahe mine, northeastern Yunnan, China.
Minerals in the coals are mainly made up of quartz, chamosite, kaolinite, mixed-layer illite/smectite
(I/S), pyrite, and calcite; followed by anatase, dolomite, siderite, illite and marcasite. Similar to the
Late Permian coals from eastern Yunnan, the authigenic quartz and chamosite were precipitated
from the weathering solution of Emeishan basalt, while kaolinite and mixed-layer I/S occurring as
lenses or thin beds were related to the weathering residual detrital of Emeishan basalt. However, the
euhedral quartz and apatite particles in the Mahe coals were attributed to silicic-rock detrital input. It
further indicates that there has been silicic igneous eruption in the northeastern Yunnan. Due to the
silicic rock detrital input, the Eu/Eu* value of the Mahe coals is lower than that of the Late Permian
coals from eastern Yunnan, where the detrital particles were mainly derived from the basalt. The
high contents of Sc, V, Cr, Co, Ni, Cu, Ga, and Sn in the Mahe coals were mainly derived from the
Kangdian Upland.

Keywords: Late Permian coal; minerals; trace elements; Emeishan basalt/silicic rock; Mahe mine

1. Introduction

Late Permian coals from the eastern Yunnan Province have recently attracted much attention,
because of both the high female lung cancer rate caused by the indoor coal burning and the geological
implication of mineral matter in the coals to the origin and evolution of Emeishan mantle plume.
For the first aspect, Tian [1] and Tian et al. [2] found that the lung cancer risk was associated with
crystalline silica released from the indoor coal burning. Dai et al. [3,4], Large et al. [5], and Wang et al. [6]
observed high concentration of authigenic quartz (from nanometer to less than 20 μm in size) in the
Xuanwei coals. For the second aspect, Dai et al. [3,4,7], Zhou et al. [8], and Wang et al. [6] conducted
a systematic mineralogical and geochemical study of the Late Permian coals and tonsteins from the
southwest Chongqing and eastern Yunnan and suggested that, after massive flood basalt eruption,
the magma evolved from mafic to silicic or alkalinity. The previous studies mostly focused on the
coals in the eastern Yunnan, only Dai and Chou investigated mineral compositions in the coals from
the northeastern Yunnan [9]. In this paper, we report the new data on the mineralogy and elemental
geochemistry of the 5 coals in the Mahe mine, Zhaotong coalfield, northeastern Yunnan, China.
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2. Geological Setting

The geological setting of the Late Permian coal basin from eastern Yunnan Province has been
described in detail by several authors [9,10]. The Emeishan mantle plume uplift and extensive flood
basalt eruption resulted in the formation of the Kangdian Upland [11,12]. Due to the existence of
the Qinling sea trench to the north and Songpan basin to the west, the Kangdian Upland is the only
possible source for the Xuanwei and Longtan/Changxing Formations in eastern Yunnan [12].

 
Figure 1. Location of the Mahe mine, Zhaotong coalfield, northeastern Yunnan Province, China, as well
as locations of the Xinde, Xuanwei, Taoshuping, and Changxing mines, eastern Yunnan Province, China.

The Mahe mine from the Zhaotong coalfield is situated in the northeastern Yunnan Province
(Figure 1). The coal-bearing strata are mainly the Changxing Formation and the Longtan Formation of
Late Permian age. The Changxing Formation, with a thickness of 47 m, is mainly made up of clastic
sediments, including sandstone, mudstone, coal or limestone. It was deposited in a continent-marine
transitional environment. There are four coal seams in Changxing Formation, named C1, C2, C3, and
C4 in order from up to bottom, and most of them are too thin to be mined. The Longtan Formation
has a thickness of 197 m and overlies the Middle Permian Xuanwuyan Formation (Figure 2). The
Longtan Formation is comprised of mudstone, sandstone, gravel, and coal seams including C5, C6,
and C7 coals. The No.5 coal is the major minable seam. Due to the less continuity of C6 and C7 coals
in thickness, they could only be locally mined.
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Figure 2. Stratigraphic column of the drill core from the Mahe mine, Zhaotong coalfield, northeastern
Yunnan Province, China.

3. Sample Collection and Methods

The C5 and C6 coals in the Mahe mine are divided into two benches based on a stable parting,
respectively. Thus, they were named as C5a, C5b, C6a, and C6b, respectively. A total of five coal
samples named MhC2 (0.78 m), MhC5a (1.78 m), MhC5b (0.64 m), MhC6a (0.44 m), and MhC6b (1.66 m)
were collected from a drill core from the Mahe mine, northeastern Yunnan, China (Figures 1 and 2;
Table 1). The coal samples were pulverized to <1 mm fractions by hammer for briquette preparation.
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Table 1. Random vitrinite reflectance, proximate analyses, and total sulfur in coals from the Mahe
mine (%).

Samples Mad Ad Vdaf Ro,ran St,d

MhC2 0.97 42.24 14.82 2.21 3.17
MhC5a 0.7 25.75 12.86 2.27 2.31
MhC5b 0.96 33.67 13.83 2.24 3.86
MhC6a 0.7 36.72 16.29 2.45 2.45
MhC6b 0.66 29.62 13.67 2.31 2.49
Average 0.80 33.60 14.29 2.30 2.86

Maximum 0.97 42.24 16.29 2.45 3.86
Minimum 0.66 25.75 12.86 2.21 2.31

Ro,ran, random vitrinite reflectance; M, moisture; A, ash yield; V, volatile matter; St, total sulfur; ad, air-dry basis;
d, dry basis; daf, dry and ash-free basis

Proximate analysis, covering moisture, volatile matter, and ash yield, was measured following
the ASTMD3173-11 [13], ASTM D3175-11 [14], and ASTMD3174-11 [15], respectively. Total sulfur was
determined in accordance with ASTMD 3177-02 [16]. Mean random vitrinite reflectance were measured
using a Leica DM 4500P microscopy (Leica, Wetzlar, Germany) (at a magnification of 500×) equipped
with a Craic QDI 302TM spectrophotometer (Craic, San Dimas, CA, USA). The standard reference for
vitrinite reflectance measurement was gadolinium gallium garnet (Klein and Becker, Idar-Oberstein,
Germany) with a calculated standard reflectance of 1.722% for λ = 546 nm under oil immersion.

Mineral phases were investigated in coal briquette by optical microscopy and by a scanning electron
microscope equipped with an Oxford energy-dispersive X-ray spectrometer (SEM-EDX, Hitachi, Tokyo,
Japan), confirmed by X-ray diffraction (XRD, D/max 2500, Rigaku, Tokyo, Japan) on low-temperature
ashes of coal (LTA). Low-temperature ashes of coal was performed using an EMITECH K1050 Plasma
Asher (Quorum, Lewes, UK). XRD analysis of low temperature ashes was performed on a powder
diffractometer with a Ni-filtered Cu-Kα radiation with a scintillation detector. The XRD pattern was
recorded over a 2θ interval of 2.6◦–70◦, with a step size of 0.02◦, and a 0.3 mm receiving slit. The X-ray
diffractograms of LTAs of five coal samples were subjected to quantitative mineralogical analysis using
Siroquant™ (Sietronics, Mitchell, Australia). Further details demonstrating the use of this technique for
coal-related materials are given by Ward et al. [17,18] and Ruan and Ward [19].

Samples were crushed and ground by a shatterbox to pass 200 mesh for geochemical analysis.
X-ray fluorescence (XRF) spectrometry (ARL Advant’XP+, ThermoFisher, Waltham, MA, USA) was
used to determine the major element oxides including Al2O3, SiO2, Fe2O3, CaO, Na2O, MgO, K2O,
TiO2, P2O5, and MnO as outlined by Dai et al. [20]. Inductively coupled plasma mass spectrometry
(X series II ICP-MS, ThermoFisher) was used to determine elements in coal samples as outlined by
Dai et al. [7], except for Hg and F. Mercury was determined by DMA-80 (Milestone, Sorisole, Italy) in
which samples are heated and the evolved Hg is selectively captured as an amalgam and measured
by atomic absorption spectrophotometry. The detection limit of Hg is 0.005 ng, the relative standard
deviation (RSD) from eleven runs on Hg standard reference is 1.5%, and the linearity of the calibration
is in the range 0–1000 ng [21]. Fluorine was determined by the ion-selective electrode method (ISE)
following the procedures described in ASTM method D5987-96 [22]. For quality control in fluorine
determination, the standard reference materials GBW 11121 and GBW 11123 were analyzed with each
batch of samples.

4. Results

4.1. Coal Chemistry

Table 1 lists the data of chemical analysis (including proximate analysis, and total sulfur),
and random vitrinite reflectance. Based on ASTM standard D388-12 [23], the five Mahe coals are
semianthracite in rank, with an average volatile yield of 14.29% (ranging from 12.86% to 16.29%) on the
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ash free basis and an average random vitrinite reflectance of 2.30% (ranging from 2.21% to 2.45%). The
Mahe coals have moisture of 0.66% to 0.97% (average 0.80%), ash yield of 25.75% to 42.24% (average
33.60%), and total sulfur of 2.31% to 3.86% (average 2.86%).

The C5a and C6b seams are classified as medium-ash coal, the C5b and C6a seams are
medium-high-ash coal, and the C2 seam is high-ash coal according to Chinese Standards GB/T
15224.1-2010 [24]; coals with ash yield 20.01%–30.00% are medium-ash coals, coals with ash yield
30.01%–40.00% are medium-high-ash coals, and coals with 40.01%–50.00% ash are high-ash coals. The
C5a, C6a, and C6b seam are medium-high sulfur (2.01%–3.00%) coals, while the C2 and C5b seams are
high-sulfur (>3.00%) coals according to Chinese Standards GB/T 15224.2-2010 [25].

The rank of Late Permian coal from eastern Yunnan is different from that of northeastern area.
The coals from the northeastern Zhaotong coalfield (155 channel samples) are mainly semiathracite
(Ro,ran = 1.98%–2.52%, mean 2.25%; Vdaf = 7.64%–20.6%, mean 11.9%) [9]. The Mahe coals are
also mainly semianthracite. However, the coals from eastern Yunnan are mainly medium volatile
bituminous, such as the Xinde coals (Ro,ran = 1.21%–1.23%, Vdaf = 25.69%–26.74%) [4], the Xuanwei
coals (Vdaf = 27.1%–32.68%) [3], and the Taoshuping coals (Ro,ran = 0.94%–1.37%, Vdaf = 23%–29.3%) [6].
Different from the most Late Permian coals from eastern Yunnan, the Changxing coals are high in
rank, which is semianthracite (Ro,ran = 2.46%–2.63%, Vdaf = 7%–11.48%) [26]. Metamorphism of the
Late Permian coals in eastern Yunnan is mainly attributed to the burial geothermal gradient. For
example, in the Taoshuping profile the decreasing trend of volatile yield is coupled with random
vitrinite reflectance increasing with increasing depth [6]. However, the elevated rank of the Changxing
coal was related to the thermal alteration induced by the igneous intrusion [26]. No massive igneous
intrusion was observed in the Zhaotong coalfield in the previous study by Dai and Chou [9] and the
present study as discussed below, it is inferred the metamorphism of Zhaotong coals mainly resulted
from a burial geothermal gradient which is higher than that of Taoshuping mine.

4.2. Minerals in the Mahe Coals

Minerals in the Mahe coals were observed by optical microscopy and SEM-EDX, confirmed by
LTA + XRD. The quantitative XRD results from siroquantTM show that minerals in the Mahe coals are
mainly comprised of quartz, chamosite, kaolinite, mixed-layer I/S, pyrite, and calcite, and followed by
anatase, dolomite, siderite, illite and marcasite (Table 2).

Table 2. Mineral compositions of low-temperature ashes (LTA) of the Mahe coals by XRD analysis and
Siroquant (%; on organic matter-free basis).

Samples Qu Ana Cal Dol Sid Py Mar Kao Cha Illite I/S

Mh C2 43.4 - 21 - 1.2 8.2 - - 14.4 6.8 5
Mh C5a 49.2 - 8 1.3 - - - 26.6 12.9 - 2.1
Mh C5b 50.4 4.9 11.1 - - 10.2 - 13.6 2.3 - 7.5
Mh C6a 8.9 4.5 5.1 6.1 0.6 5.5 3.4 54 8.6 - 3.3
Mh C6b 27.8 - 4.9 - 1 10 3.3 36.6 13.8 - 2.7

Qu, quartz; Ana, Anatase; Cal, Calcite; Dol, Dolomite; Sid, Siderite; Py, Pyrite; Mar, Marcasite; Kao, Kaolinite; Cha,
Chamosite; I/S, mixed-layer illite/smectite (I/S).

Quartz is the most common mineral in coal. Its concentration in the LTA of the Mahe coals varies
from 8.9% to 50.4%, with an average of 38.2% (Table 2). Quartz in the Mahe coals has two origins:
(i) authigenic and (ii) terrigenous or silicic volcanic ashes. The authigenic quartz is mainly present
as disseminated irregular particles distributed in collodetrinite (Figure 3A), and is usually less than
20 μm in size. The microscopy observation shows that the authigenic quartz accounts for more than
90% of the total quartz. However, quartz of terrigenous origin, preserving well edges and angles and a
completely euhedral crystal form (Figure 3B), occurs mainly as assemblages or discrete particles. It is
larger in size (100 to 500 μm) than the authigenic quartz (Figure 3A) and the quartz of volcanic origin
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(20 to 100 μm) (Figure 3C). Based on the modes of occurrences, it is suggested that the source area
of the terrigenous quartz is not far from the peat mire, because the frequently collision and friction
suffered from a long distance transport would have resulted in a more rounded shape. β-form quartz is
common in the Late Permian coals from eastern Yunnan, indicating a silicic volcanic ashes input [3,4,6].
This is also the case in the Mahe coal samples. The β-form quartz in the Mahe coals is similar in shape
and size with that in the Xinde and Taoshuping coals [3,6]. It has a typical hexagonal form and a small
size (less than 100 μm), and some of them occur as a doubly terminated bipyramidal form with an
additional prism face (Figure 3C). Compared with common silicic volcanic ashes input indicated by
the β-form quartz in the eastern Yunnan, mafic volcanic ashes input was only identified in the k21b
coal from the Taoshuping mine [6].

Although chlorite is not common in coals [27], it was also observed in some high rank coals and
formed by epigenetic processes [28,29]. Mixed-layer I/S in coal could be altered to chlorite [27,30,31].
Chamosite [Fe3

2+Mg1.5AlFe0.5
3+Si3AlO12(OH)6], a type of chlorite, is common in the Late Permian

coals of eastern Yunnan [3,4,6,9]. Chamosite is also present in all the Mahe coal samples (Figure 4),
with a concentration from 2.3% to 14.4% (average 10.4%) (Table 2). The chamosite occurs mainly
as cell-infillings alone (Figure 3D), sometimes exists with quartz and/or calcite. The coexisting of
authigenic quartz and chamosite in the coals were mainly precipitated from the Fe-Mg-rich siliceous
solution derived from the weathering of basalt, similar to the mechanism reported by Dai et al. [3]
and Wang et al. [6]. Dai and Chou [9] has shown that some chamosite is closely related to quartz and
kaolinite in the Zhaotong coals, and was suggested to be derived from the interaction of kaolinite with
Fe-Mg rich fluids during early diagenesis.

Kaolinite and mixed-layer I/S are common in coal [32,33]. Kaolinite was identified in the LTA
of the samples MhC5a, MhC5b, MhC6a, and MhC6b, with concentrations of 26.6%, 13.6%, 54%, and
36.6%, respectively (Table 2). Kaolinite in the sample MhC2 is below detection limit of XRD and
Siroquant. Mixed-layer I/S is present in all the LTA of the coal samples, ranging from 2.1% to 7.5%
(average 4.1%), and much lower than those of kaolinite and chamosite (Table 2). Illite is only detected
in the MhC2 sample. Kaolinite and mixed-layer I/S in the Mahe coals occur mainly as recrystallization
particles, lenses, and thin beds, indicating a terrigenous origin. The kaolinite and mixed-layer I/S
were derived from the weathering products of basalt from the Kangdian Upland [6,9]. In addition,
kaolinite as infillings of cells or fractures (Figure 3E) is similar to that in the Xinde coals, suggesting a
authigenic origin [4]. Mixed-layer I/S in the Changxing coals occurs not only as lenses or thin beds
but also as infillings of maceral fractures. The mixed-layer infillings of fractures is of epigenetic origin
and precipitated from hydrothermal fluids of a igneous intrusion [6].

Calcite is common carbonate in the Late Permian coals from eastern Yunnan. It occurs mainly
as fracture/pores infillings, indicating an epigenetic origin of hydrothermal fluids [3,4,9]. Although
detrital calcite is very rare in coal because calcite can be easily-decomposed under acid conditions in
the peat bog; however, syngenetic deposition of calcite (aragonite) is possible if a sediment source
region mainly made up of carbonate rocks is located close to the peat mire [34,35]. Detrital calcite was
identified in the Taoshuping coals [6]. The detrital calcite was probably blown by winds to the peat mire
from the limestone of Middle Permian Maokou Formation [6], which underlies below the Xuanwuyan
Formation. The content of calcite in the LTA of the Mahe coals varies from 4.9% to 21% (average 10%)
(Table 2). It is mainly present as veins in macerals and display twin-striation characteristics under
crossed polarized light (Figure 3F). In some cases, calcite fills the cells with quartz and/or chamosite.

Pyrite in the Mahe coals is dominated by disseminated fine or framboidal particles in macerals, and
followed by massive particles of several micrometers in size (Figure 3G). Their modes of occurrences
suggest a syngenetic origin [36].

Due to its low concentration, apatite was below the detection limit of XRD technique. It was only
observed in the sample MhC2 under SEM-EDX. The apatite preserved distinct edges and angles, and
has a big size of 220 μm in length and 60 μm in width (Figure 3H). However, apatite of silicic volcanic
ashes origin in the Taoshuping coals is less than 5 μm in size [6].
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Figure 3. Minerals in the Mahe coals. (A) Disseminated irregular quartz particles in collodetrinite
in the sample MhC2 (reflected light); (B) euhedral quartz in the sample MhC2 (reflected light);
(C) β-form quartz of silicic volcanic ashes origin in the sample MhC2 (SEM, secondary electron image);
(D) chamosite as cell-infillings in the sample MhC2 (SEM, secondary electron image); (E) kaolinite as
cell-infillings in the sample MhC5a (SEM, secondary electron image); (F) calcite veins in the fractures
of collotelinite with the twin-striation characteristics under crossed polarized light in the sample
MhC2 (reflected light, oil immersion); (G) pyrite as disseminated or framboidal particles in the sample
MhC2 (SEM, secondary electron image); (H) euhedral apatite in the sample MhC2 (SEM, secondary
electron image).
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Figure 4. Identification of minerals in the XRD pattern of the low temperature ashes (LTA) of the MhC2.

4.3. Major and Trace Elements

4.3.1. Major Elements

As compared with Chinese average coals [37], the mean concentrations of major element oxides
including SiO2 (17.31%), Al2O3 (8.26%), CaO (1.57%), K2O (0.32%), MnO (0.03%), and TiO2 (0.50%)
are enriched with concentration coefficients (CC, the ratio of the average elements concentration of
the Mahe coals to that of Chinese average coals) of 2.04, 1.38, 1.28, 1.68, 1.50, and 1.52, respectively
(Table 3). However, the mean concentrations of Fe2O3 (3.4%), MgO (0.21%), Na2O (0.14%), and P2O5

(0.07%) are lower than or close to that of Chinese average coals [37].
The ratio of SiO2/Al2O3 in the Mahe mine ranges from 1.57 to 4.49, with an average of 2.24. It

is much higher than that of Chinese average coals 1.42 [37] and the theoretic value of kaolinite (1.18).
The higher value of SiO2/Al2O3 is attributed to the presence of abundant authigenic quartz. The CaO
has a content of 0.61% to 3.14%, and the MnO has a content of 0.01% to 0.07%. CaO in the coals is
mainly related to veins of calcite (Figure 3F). The significant relation coefficient between CaO and MnO
(0.88) supports that they have a similar mode of occurrence. The concentration of Fe2O3 varies from
2.3% to 5.37%, with an average of 3.4%. The low positive relation coefficient between Fe2O3 and Sp,d
(rFe2O3−Sp,d = 0.61) suggest that Fe is not only associated with pyrite, but also associated with chamosite.
The average contents of K2O and Na2O are 0.32% and 0.14%, respectively. K2O and Na2O are probably
attributed to mixed-layer I/S, and illite. Anatase is primarily responsible for TiO2 in the Mahe coals.

4.3.2. Trace Elements

As compared with Chinese average coals [37], the Mahe coals are high in Sc (4.38 μg/g), V
(105 μg/g), Cr (45.7 μg/g), Co (19.0 μg/g), Ni (29.8 μg/g), Cu (70.4 μg/g), Ga (14.9 μg/g), and Sn
(4.75 μg/g), with a concentration coefficient (CC) higher than 2 (Table 3). This is similar to the Late
Permian coals from Taoshuping [6], Xinde [4], and Changxing [27], Xuanwei [3] mines, eastern Yunnan.
The high concentrations of Sc, V, Cr, Co, and Ni in the Mahe coals are mainly attributed to the Emeishan
basalt from Kangdian Upland, which is located to west of the basin and is the only source region of
the Late Permian coals in eastern Yunnan [10]. The Emeishan basalt is high in Sc (29.8 μg/g), V (317
μg/g), Cr (176 μg/g), Co (43.1 μg/g), and Ni (104 μg/g) [38].

Although the average contents of potentially toxic elements F and Hg are lower than that of
Chinese average coals [37], they are enriched in some coal samples. The MhC2 has a 246 μg/g fluorine,
which is probably related to the P-bearing mineral apatite (Figure 3H). Fluorine in the Taoshuping
coals also shows a significant positive relationship with phosphorous [6]. Mercury in the Mahe coals
varies from 254 to 320 ng/g (average 277 ng/g), which is much higher than that of the Xinde coals
(average 44 ng/g). Because mercury in coal is usually related to sulfur-bearing minerals [39–41], the
high total sulfur of Mahe coals (St,d = 2.86%, Table 1) is probably responsible for the elevated Hg, while
the total sulfur of Xinde coal is only 0.16% [4].
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4.3.3. Rare Earth Elements and Yttrium (REY)

A three-fold classification of rare earth elements and yttrium (REY) was used for this study:
light (LREY: La, Ce, Pr, Nd, and Sm), medium (MREY: Eu, Gd, Tb, Dy, and Y), and heavy (HREY:
Ho, Er, Tm, Yb, and Lu) [42]. After the normalization to the Upper Continental Crust (UCC) [43],
three distribution types are identified: L-type (light-REY; LaN/LuN > 1), M-type (medium-REY;
LaN/SmN < 1, GdN/LuN > 1), and H-type (heavy REY; LaN/LuN < 1) [42].

The REY contents of the Mahe coals range from 100 μg/g to 336 μg/g as whole coal basis, with
an average of 233 μg/g (Table 4). The Eu/Eu* value is from 0.78 to 1.02, with an average of 0.91
(Table 4). Three distribution types of REY are also present in the Mahe coal samples: L-type of MhC6a,
M-type of McC2 and Mc5b, and H-type of MhC5a, respectively (Figure 5). The MhC6a shows an
M-H type REY distribution pattern. In coal, L-type REY pattern is of terrigenous origin; M-type REY
pattern is probably attributed to REY supply by hydrothermal solutions; and H-type REY pattern
was resulted from the circulation of HREE-bearing natural water and finally adsorbed by organic
matter [42]. The L-type REY pattern of the sample MhC6a is also attributed to the terrigenous detrital
input. Among the LTAs of the five coal samples, the McC6a has the highest content of kaolinite
and mixed-layer I/S (illite) (57.3%), following by Mh6b (39.3%), Mh5a (28.7%), Mh5b (21.1%), and
MhC2 (11.8%) (Table 2). Kaolinite and mixed-layer I/S as lenses and thin beds were derived from the
weathering products of the basalt from the Kangdian Upland [6]. The higher content of kaolinite and
mixed-layer I/S (or illite) means that more terrigenous detrital input were received by the MhC6 coal
during the peat mire accumulation than other coal seams. However, the lowest content of the kaolinite
and mixed-layer I/S (illite) in McC2 suggests that the terrigenous detrital input has a less contribution
to the mineral matter than the hydrothermal solution precipitation indicated by authigenic quartz
and chamosite. Thus, the M-type REY pattern of MhC2 is mainly associated with the precipitation of
the weathering Fe-Mg-rich solution of basalt. This is the similar situation for the sample MhC5a. The
H-type REY pattern of MhC5a is attributed to its high content of organic matter (indicated by lowest
ash yield 25.75%, Table 1). Because organic matter in coal favors HREE brought by the circulation of
natural water [44].

Figure 5. Distribution patterns of REY in the Mahe coal samples. REY are normalized by Upper
Continental Crust (UCC) [43].
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Table 4. Rare earth elements and yttrium (REY) concentrations and parameters in the Mahe coals,
normalized to Upper Continental Crust [43].

Samples REY (μg/g) LaN/LuN LaN/SmN GdN/LuN Ce/Ce* Eu/Eu*

MhC2 212 1.04 0.67 1.70 0.89 1.02
MhC5a 100 0.54 0.85 0.73 0.93 0.86
MhC5b 128 1.06 0.97 1.27 0.94 0.78
MhC6a 358 1.10 1.13 0.97 0.91 0.94
MhC6b 366 0.87 0.92 1.06 0.93 0.95

Ce/Ce* = 2CeN/(LaN + PrN); Eu/Eu* = 2EuN/(SmN + GdN).

5. Discussion: The Sources of Minerals in the Mahe Coals

For the Late Permian coals from the eastern Yunnan (Figure 1) including the Xuanwei [3], Xinde [4],
Taoshuping [6], and Changxing [26] mines, four mineral sources were identified: (i) Emeishan basalt
(the weathering detrital residues or the weathering Fe-Mg-rich silicon solution); (ii) silicic/mafic
volcanic ashes; (iii) Maokou limestone; and (iii) hydrothermal fluids/igneous invasion.

However, in the northeastern Yunnan (Figure 1), mineral sources of the Mahe coals are attributed
to not only (i) Emeishan basalt; (ii) silicic volcanic ashes; and (iii) hydrothermal fluids, but also
Emeishan silicic rock. The kaolinite and mixed-layer I/S occurring as lenses and thin beds were
derived from the weathering detrital residues of the basalt. It is also supported by the elevated
concentrations of Sc, V, Cr, Co, and Ni in the Mahe coals, because Emeishan basalt are high in these
elements [38]. The abundant authigenic quartz and chamosite were precipitated from the weathering
Fe-Mg-rich silicon solution of Emeishan basalt [6,45]. The presence of β-form quartz in the Mahe coals
suggests an input of silicic volcanic ashes during the peat mire formation. However, calcite as veins in
the Mahe coals may have been precipitated by circulation of Ca-bearing meteoric fluids [46].

The euhedral quartz (Figure 3B) and apatite (Figure 3H) in the Mahe coals could not be attributed
to the three sources discussed above. Firstly, quartz and apatite could not be the terrigenous detrital
input of the weathering basalt residues. Because no quartz and apatite exists in the Emeishan basalt
of the Kangdian Upland, which is mainly comprised of clinopyroxene, olivine, plagioclase, basaltic
glasses or microlite, and magnetite [47]. Secondly, the euhedral quartz is not precipitated by the
weathering Fe-Mg-rich silicon solution of the basalt. The authigenic quartz is irregular in shape rather
than a euhedral form. In addition, the authigenic quartz is smaller in size than the euhedral quartz
(Figure 3A,B). Thirdly, the euhedral quartz and apatite are not attributed to the silicic volcanic ashes
input. β-form quartz and apatite induced by the silicic volcanic ashes in the Late Permian coal from
eastern Yunnan are much smaller in size (about 20–100 μm and less than 5 μm, respectively) [3,4,6] than
that of the euhedral quartz and apatite in the Mahe coals (100–500 μm and 220 um in size, respectively)
(Figure 3C,H).

In the Binchuan from the western Yunnan, the silicic rock occurring at the uppermost part of the
basalt sequence means there were also small scale silicic igneous eruption after massive flood basalt
eruption [48]. Since quartz and apatite are common in silicic rock rather than basalt, it is inferred
that euhedral quartz and apatite in the Mahe coals are probably related to the Emeishan silicic rock.
However, the silicic sources of the Mahe coals is close to the peat mire in the eastern Yunnan rather
than the faraway Binchuan area (more than 400 km between Binchuan and Mahe mine) from western
Yunnan. Because the frequent collision and friction suffered from the the long-distance transport
from western Yunnan would have resulted in more rounded shape of quartz and apatite. Thus, the
euhedral quartz and apatite indicate there was silicic rock input during the Mahe coal accumulation.
This further implies that there has been silicic igneous eruption in eastern Yunnan Province.
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Implication of Eu/Eu* value also supports a silicic rock detrital input in the Mahe coals. As
shown in Table 5, the Mahe coals show a slight negative Eu/Eu* anomaly, whereas other coals from
the Xinde, Xuanwei, and Taoshuping mines have no or slight positive Eu/Eu* anomaly. The Eu/Eu*
anomaly in coal, which is usually inherited from the parent rocks, is frequently used as an indicator
of the terrigenous detrital sources [44,49]. The Emeishan silicic rock has a strong negative Eu/Eu*
anomaly with the value of 0.56, whereas the basalt shows a positive Eu/Eu* anomaly with the value of
1.41 (Table 5). The detrital particles of silicic rock input in the Mahe coals resulted in a lower Eu/Eu*
value (0.91) of the Mahe coals than that of other Late Permian coals (1.04 of the Xinde coals, 0.99 of the
Xuanwei coals, and 1.06 of the Taoshuping coals), in which the terrigenous detrital input was mainly
derived from the weathering residue of basalt [3,4,6].

Table 5. Eu/Eu* value, normalized to Upper Continental Crust (UCC) [43], in Late Permian coals from
eastern Yunnan, and the Emeishan silicic rock and basalt.

Eu/Eu* Mahe Xinde* Xuanwei* Taoshuping* Silicic Rock* Basalt*

Range 0.78–1.92 0.80–1.19 0.73–1.27 0.77–1.25 - -
Average 0.91 1.04 0.99 1.06 0.56 1.41

Number * 5 9 6 17 - -

* Xinde from Dai et al. [4]; Xuanwei from Dai et al. [3]; Taoshuping from Wang et al. [6]; Silicic rock is rhyolite from
Xu et al. [48]; basalt from Xiao et al. [38]. Number, sample number.

6. Conclusions

The Late Permian C2, C5a, C5b, C6a, and C6b coals from the Mahe mine are semianthracite with
medium to high-ash yield and medium-high- to high-sulfur content. Minerals in the coals are mainly
made up of quartz, chamosite, kaolinite, mixed-layer I/S, pyrite, and calcite, followed by anatase,
dolomite, siderite, illite and marcasite. Compared with the Chinese average coals, the Mahe coals are
high in Sc (4.38 μg/g), V (105 μg/g), Cr (45.7 μg/g), Co (19.0 μg/g), Ni (29.8 μg/g), Cu (70.4 μg/g),
Ga (14.9 μg/g), and Sn (4.75 μg/g). The mineralogical and geochemical characteristics of the Mahe
coals are attributed to four factors including Emeishan basalt, Emeishan silicic rock, silicic volcanic
ashes, and hydrothermal fluid. The euhedral quartz and apatite particles in the Mahe coals mean that
they were derived from silicic rocks. In addition, this further implies that there has been silicic igneous
eruption in the northeast of Yunnan.
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Abstract: This paper reports the mineralogy and geochemistry of the Early Permian No. 5 coal from the
Chuancaogedan Mine, Junger Coalfield, China, using optical microscopy, scanning electron microscopy
(SEM), Low-temperature ashing X-ray diffraction (LTA-XRD) in combination with Siroquant software,
X-ray fluorescence (XRF), and inductively coupled plasma mass spectrometry (ICP-MS). The minerals
in the No. 5 coal from the Chuancaogedan Mine dominantly consist of kaolinite, with minor amounts
of quartz, pyrite, magnetite, gypsum, calcite, jarosite and mixed-layer illite/smectite (I/S). The most
abundant species within high-temperature plasma-derived coals were SiO2 (averaging 16.90%), Al2O3

(13.87%), TiO2 (0.55%) and P2O5 (0.05%). Notable minor and trace elements of the coal include
Zr (245.89 mg/kg), Li (78.54 mg/kg), Hg (65.42 mg/kg), Pb (38.95 mg/kg), U (7.85 mg/kg) and
Se (6.69 mg/kg). The coal has an ultra-low sulfur content (0.40%). Lithium, Ga, Se, Zr and Hf
present strongly positive correlation with ash yield, Si and Al, suggesting they are associated with
aluminosilicate minerals in the No. 5 coal. Arsenic is only weakly associated with mineral matter and
Ge in the No. 5 coals might be of organic and/or sulfide affinity.

Keywords: early Permian coals; minerals; trace elements; Junger Coalfield

1. Introduction

Coal is responsible for about 65% of electricity generation in China. The large abundance of coal
makes it a reliable, long-term fuel source for both in China and in other coal-rich countries like Australia,
Turkey and South Africa. With the increasing use of coal, a large amount of pollutants are produced,
not only gas emissions (SOx, NOx and CO2) but also ash residues. Environmental impact of coal and
coal combustion are generally associated with the minerals and the trace elements in coal. Studies on
the mineralogy and geochemistry of coal are the basic work for researching environmental impact
of coal and coal combustion. Dai et al. [1,2], Gürdal [3], Yang [4] Wang [5], Kolker [6], Finkelman [7]
and Tang et al. [8] have done much research on mineralogical and geochemical characteristics of the
coal in many areas. The Ordos basin is the most important energy base in China. Late Paleozoic coals
from the Ordos basin have attracted much attention. Dai et al. [9–11], and Wang et al. [12] have studied
the geochemistry and mineralogy of the coal and its coal combustion products from the Heidaigou,
Guanbanwusu, and Haerwusu Surface Mines in the Junger Coalfield. The previous studies mostly
focused on the No. 6 coals in Junger Coalfield. In this paper, we report the data on the mineralogy and
elemental geochemistry of the No. 5 Coals in the Chuancaogedan mine, Junger coalfield, China.

2. Geological Setting

The Junger Coalfield is located on the northeastern margin of the Ordos Basin. The coalfield is
65-km long (N–S) and 26-km wide (W–E), with a total area of 1700 km2. The geological setting of

Minerals 2015, 5, 788–800 41 www.mdpi.com/journal/minerals
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the area has been described in detail by Dai et al. [9]. The Chuancaogedan Mine is situated in the
southeastern part of the Junger Coalfield (Figure 1).

Figure 1. Location of the Chuancaogedan Mine in the Junger Coalfield, northern China (modified after
Dai et al. [10]).

The coal-bearing sequences include Benxi Formation and Taiyuan Formation (both Pennsylvanian)
and the Shanxi Formation (Lower Permian) with a collective thickness of 134 m; 110–150 m of which is
mainly the Taiyuan and Shanxi formation (Figure 2). The Taiyuan Formation, with a thickness of 52 m,
is mainly made up of sandstone, mudstone and coals. In the Shanxi Formation, which has a thickness
of 67 m, there are five coal seams, named No. 1, No. 2, No. 3, No. 4 and No. 5 Coals in order from top
to bottom.

3. Samples and Analytical Procedures

Fifteen bench samples of the No. 5 Coal were collected from the Chuancaogedan Mine, Junger
Coalfield following the Chinese Standard Method GB 482-2008 [13], the cumulative thickness of the
No. 5 Coal is about 4.0 m. From bottom to top, the fifteen bench samples are ZG501 to ZG517. All
samples were air-dried, sealed in polyethylene bags to prevent oxidation, and parts of them were
ground to pass 200 mesh, and stored in brown glass bottles for chemical analyses.

Proximate analyses were measured in accordance with ASTM standards (ASTM D3173-11 [14],
ASTM D3175-11 [15], and ASTM D3174-11 [16], respectively). Total sulfur was determined following
the ASTMD 3177-02 [17].

Mineralogical analyses of the coal samples were performed by means of Powder X-ray diffraction
(XRD), optical microscopy and scanning electron microscopy (SEM).

Low-temperature ashing of the powdered coal samples was carried out using an EMITECH K1050X
plasma asher (Quorum, Lewes, UK) prior to XRD analysis. XRD analysis of the low-temperature ashes was
performed on a D/max-2500/PC powder diffractometer (Rigaku, Tokyo, Japan) with Ni-filtered Cu-Kα

radiation and a scintillation detector. Each XRD pattern was recorded over a 2θ interval of 2.6◦–70◦, with
a step size of 0.01◦. X-ray diffractograms of the Low-temperature ashings (LTAs) and non-coal samples
were subjected to quantitative mineralogical analysis using the Siroquant™ interpretation software system
(Sietronics, Mitchell, Australia). More analytical details are given by Dai et al. [18,19] and Wang et al. [20].
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X-ray fluorescence (XRF) spectrometry (ARL ADVANT’XP+, ThermoFisher, Waltham, MA, USA)
was used to determine the major element oxides in high-temperature ashed coal samples, including
SiO2, Al2O3, CaO, K2O, Na2O, Fe2O3, MnO, MgO, TiO2 and P2O5. Trace elements within acid-digested
ashed coal samples, except for As, Se, Hg and F, were determined by conventional inductively coupled
plasma mass spectrometry (ICP-MS). For its analysis, samples were digested using an UltraClave
Microwave High Pressure Reactor (Milestone, Sorisole, Italy). The basic load for the digestion tank
was composed of 330-mL distilled H2O, 30-mL 30% H2O2, and 2-mL 98% H2SO4. Initial nitrogen
pressure was set at 50 bars and the highest temperature was set at 240 ◦C that lasted for 75 min.
The reagents for 50-mg sample digestion were 5 mL 40% HF, 2 mL 65% HNO3 and 1 mL 30% H2O2.
Multi-element standards were used for calibration of trace element concentrations. More details
are given by Dai et al. [21] Arsenic and Sewere analyzed by more advanced ICP-MS which utilized
collision/reaction cell technology (ICP-CCT-MS) as outlined by Li et al. [22]. Fluorine was determined
by an ion-selective electrode (ISE) method. Mercury was determined using a Milestone DMA-80 Hg
analyzer (Milestone, Sorisole, Italy).

The quantitative analysis of minerals and determinations of elements were completed at the State
Key Laboratory of Coal Resources and Safe Mining of China University of Mining and Technology
(Beijing, China).

 

Figure 2. Stratigraphic sequence of the Junger Coalfield [9].
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4. Results and Discussion

4.1. Coal Chemistry

The results of the total sulfur and proximate analysis of samples from the No. 5 coal are presented
in Table 1. Ash yields of the Chuancaogedan No. 5 coal range from 5.95% to 60.70% (Figure 3),
with an average of 32.69%, indicating a high ash coal according to Chinese National Standard (GB/T
15224.1-2004, 10.01% to 16.00% for low ash coal, 16.01% to 29.00% for medium ash coal, and >29.00%
for high ash coal) [23]. The ash yields tend to increase from the bottom to the top in the coal seam.

The contents of volatile matter of the No. 5 coal varies from 32.57% to 50.30% through the
coal-seam section (Figure 3), with a mean of 37.22%, suggesting that the Chuancaogedan coals are
medium-high volatile bituminous coals based on MT/T 849-2000 (28.01% to 37.00% for medium-high
volatile coal, 37.01% to 50.00% for high volatile coal and >29.00% for super high volatile coal) [24].

The No. 5 coals have a moisture content of 2.22% to 5.61% (Figure 3), with an average of 3.81%,
indicating a low-medium rank coal in accordance of MT/T 850-2000 (≤5% for low moisture coal, 5%
to 15% for medium moisture coal, and >15% for high moisture coal) [25].

The total sulfur of No. 5 coals changes from 0.12% to 0.83% (Figure 3), averaging 0.40%, which
corresponds to ultra-low-sulfur coal according to Chinese National Standard (GB/T 15224.2-2010)
(<0.5% for super low sulfur coal, 0.51% to 0.9% for low sulfur coal and 0.9% to 1.50% for medium
sulfur coal) [26].

Figure 3. Variation of total sulfur and proximate analysis through the No. 5 Coal section.

44



Minerals 2015, 5, 788–800

Table 1. Proximate analysis and total sulfur in the No. 5 Coal (%).

Sample
Proximate Analysis

St,d

Mad Vdaf Ad

ZG517 2.78 50.3 60.7 0.12
ZG515 3.19 35.52 38.9 0.18
ZG514 3.91 34.3 21.38 0.40
ZG513 4.14 36.9 30.46 0.61
ZG512 3.86 35.59 32.79 0.35
ZG511 3.64 37.39 41.16 0.30
ZG509 3.82 32.57 23.9 0.47
ZG508 2.22 40.84 51.02 0.21
ZG507 3.54 32.91 37.88 0.36
ZG506 2.94 37.23 36.66 0.36
ZG505 4.39 37.61 29.17 0.64
ZG504 2.42 35.75 40.04 0.29
ZG503 5.61 37.47 17.41 0.83
ZG502 5.2 38.63 22.89 0.46
ZG501 5.52 35.29 5.95 0.48

Average 3.81 37.22 32.69 0.40

M, moisture; V, volatile matter; A, ash yield; St, total sulfur; ad, air-dry basis; d, dry basis; daf, dry and ash-free basis.

4.2. Minerals in the No. 5 Coal

The mineral phase percentages were calculated to a coal ash basis from the XRD results obtained
on the low temperature ashes and are reported in Table 2. The results show that minerals in the No.
5 coal are mainly made up of kaolinite, followed by gypsum (averaging 0.99%), magnetite (0.85%),
calcite (0.33%), quartz (0.31%), pyrite (0.26%) and mixed-layer I/S (0.01%).

Table 2. Mineral contents in coal samples from the Chuancaogedan Mine measured by
Low-temperature ashing X-ray diffraction (LTA-XRD) (%).

Samples Kaolinite Quartz Magnetite Pyrite Gypsum Calcite Jarosite I/S

ZG517 55.42 0.97 4.31 - - - - -
ZG515 38.32 - 0.58 - - - - -
ZG514 21.38 - - - - - - -
ZG513 30.46 - - - - - - -
ZG512 32.79 - - - - - - -
ZG511 41.16 - - - - - - -
ZG509 23.57 0.07 - 0.26 - - - -
ZG508 50.76 - 0.26 - - - - -
ZG507 37.77 0.11 - - - - -
ZG506 36.22 - 0.44 - - - - -
ZG505 29.11 - 0.06 - - - - -
ZG504 39.72 0.08 0.24 - - - - -
ZG503 15.32 - - - 1.15 0.33 0.61 -
ZG502 22.07 - - - 0.82 - - -
ZG501 5.89 - 0.05 - - - - 0.01

I/S: mixed-layer illite/smectite.

Kaolinite is common in coal [27,28]. As presented in Table 2, kaolinite is the most abundant
mineral in the Chuancaogedan coal seam, with abundance within the ash varying from 5.89% to
55.42% (average 32.00%). Kaolinite occurs as infillings of cells or fractures (Figure 4A–C). In addition,
kaolinite presents as thin-layered or flocculent forms (Figure 5A,B) in the No. 5 Coal.

Pyrite is only observed in ZG509 (0.26 wt %) (Figure 6), occurring as fracture-fillings (Figure 4D)
or as pyrite aggregates (Figure 5C).
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Magnetite presents in seven samples; the content varies from 0.05% to 4.31%. Other minerals,
such as quartz, calcite, jarosite, mixed-layer illite/smectite (I/S) and gypsum, are only present in a few
samples. Gypsum occurs in columnar form as shown by SEM scans (Figure 5D).

0 50 100 m 0 50 100 m

 

0 50 100 m 100 m500

Figure 4. Minerals in the No. 5 Coal (reflected light): (A) kaolinite in dispersed form; (B) kaolinite
in-filling cells; (C) kaolinite with organic matter; and (D) pyrite in vitrinite.

  

  

Figure 5. Minerals in the No. 5 Coal (SEM, secondary electron images): (A) kaolinite as thin-layered
forms; (B) flocculent kaolinite; (C) pyrite aggregates; and (D) columnar gypsum.
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2 (°)

Figure 6. X-ray diffraction (XRD) patterns of coal samples (ZG509).

4.3. Geochemistry of the No. 5 Coals

4.3.1. Major Elements

The major elements in coals from the Chuancaogedan Mine are dominated by SiO2, Al2O3, and
Fe2O3 (Table 3), which conform to major mineral compositions of the coals (kaolinite, magnetite
and pyrite). Average values for high-temperature plasma No. 5 coal samples are as follows: SiO2

(16.90 wt %), Al2O3 (13.87 wt %), Fe2O3 (0.70 wt %), TiO2 (0.55 wt %), CaO (0.26 wt %), K2O (0.06 wt %),
MgO (0.04 wt %), Na2O (0.02 wt %), and P2O5 (0.05 wt %). Coals from Chuancaogedan Mine contain
higher proportions of SiO2, Al2O3, TiO2, P2O5, and lower proportions of Fe2O3, Na2O than the average
values for Chinese coals reported by Dai et al. [29].

The SiO2/Al2O3 ratios range from 1.17 to 1.27, with an average of 1.22 for the No.5 coal. This is
higher than those of other Chinese coals (1.42) [29] and also higher than the theoretical SiO2/Al2O3

ratio of kaolinite (1.18), suggesting quartz or amorphous silica occurs in the mineral matter portion of
the coal. The ash has a TiO2 content of 0.88% to 2.93%, much higher than the proportion within ash of
other Chinese coals, and this is mainly affiliated with magnetite in No. 5 coal. Iron may be isomorphic
replaced by Ti in magnetite (Fe3O4). The average contents of K2O and Na2O are 0.18% and 0.05%,
respectively. K2O and Na2O are probably attributed to mixed-layer I/S. The concentration of Fe2O3

varies from 0.27% to 1.66%, with an average of 0.70%. The positive relation coefficient between Fe2O3

and St,d (rFe2O3-St,d = 0.66) suggest that Fe is mainly associated with sulfide (pyrite).

4.3.2. Trace Elements

In contrast with the common Chinese coals [29], the No. 5 coals are slightly enriched in Li
(averaging 78.54 mg/kg), Se (6.69 mg/kg), Zr (245.89 mg/kg), Hg (65.42 mg/kg), Pb (38.95 mg/kg),
and U (7.85 mg/kg), with CC between 2 and 5 (CC, concentration coefficient, is the ratio of element
concentration in investigated coals vs. Chinese coals or world hard coals [30]), while As (averaging
0.28 mg/kg), Co (3.44 mg/kg), Sr (93.10 mg/kg), Sb (0.36 mg/kg), and Tl (0.16 mg/kg) are depleted
(with CC lower than 0.5), and the remaining elements (CC are between 0.5 and 2) are close to the
average values for Chinese coals [29].

As stated above, elements including Li, Se, Zr and Hf are higher than that for Chinese average
coals [29], and F and Ga are close to the average values. The correlation coefficients between F,
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Ga and ash are 0.81 and 0.78, respectively, and the main mineral in coals is kaolinite, so they are
probably related to the kaolinite (Figures 4 and 5). The high trace elements and boehmite in the No. 6
coals were derived from the weathered and oxidized bauxite in the exposed crust of the older Benxi
Formation (Missisippian) situated to the northeast of the coal basin [11]. Benxi Formation bauxite; was
an important terrigenous source for most Late Paleozoic coals in Junger coalfield, China [9]. During
peat accumulation, the Junger Coalfield was in the low lying area between the Yinshan Oldland to the
N and W and the upwarped Benxi Formation to the N and E. The paleo rivers ran dominantly in the N
and E directions from these sediment-source regions to the Junger Coalfield [31].

4.3.3. Evaluated Li, Ga, Se, Zr, Hf, As, and Ge in the No. 5 Coal

Lithium: The content of Li in the No. 5 coals varies from 17.76 to 157.83 mg/kg (average
78.54 mg/kg), which is much higher than that of the No. 6 coals (average 37.80 mg/kg) [9] and
Chinese coals (average 14 mg/kg) [29]. Lithium in coal samples is positively correlated with ash yield,
Si, and Al, with correlation coefficients of 0.88, 0.69 and 0.62, respectively (Table 4), suggesting that Li
is associated with aluminosilicate minerals.

Gallium: The Chuancaogedan coals have a Ga content close to the Chinese coal average [26],
ranging from 6.34 to 27.10 mg/kg, with an average of 13.98 mg/kg. Gallium is generally related to
clay minerals in coal [1,32]. The correlation coefficient between Ga and ash yield, Si and Al are 0.78,
0.51 and 0.24, respectively (Table 4). This strongly suggests that kaolinite may contain (but is not high
in) Ga, and Ga mainly occurs in inorganic association.

Selenium: The concentration of Se in the No. 5 coals ranges from 2.02 to 19.07 mg/kg, with a mean
of 6.69 mg/kg. The correlation between Se and ash yield, Si, and Al (correlation coefficient = 0.60, 0.37,
0.11 (Table 4)) suggest that only part of total Se exists in minerals.

Zirconium and Hafnium: Zr and Hf are enriched in the No. 5 coals, with average concentration
of 245.89 mg/kg and 6.93 mg/kg, respectively. The correlation coefficient of Zr-Hf is 0.99 (Table 4),
showing that they have similar occurrence. They are both positively correlated with ash yield, Si, and
Al (rZr-ash = 0.76, rZr-Si = 0.59, rZr-Al = 0.62, rHf-ash = 0.81, rHf-Si = 0.64, rHf-Al = 0.67 (Table 4)),
identifying the occurrence of Zr and Hf in association with aluminosilicate minerals. Zircon is the
most common zirconium mineral, therefore the Zr is believed to be at least partly due to the probable
presence of this heavy mineral these samples [10].

Arsenic: The content of As in the No. 5 coals was below the ICP-MS detection limit for three
samples, but otherwise varies from 0.15 up to 0.64 mg/kg (average 0.28 mg/kg), which is lower than
that of both the No. 6 coals (average 0.56 mg/kg) [9] and Chinese coals (average 5.00 mg/kg) [29].
A wide variety of As-bearing phases has been observed in high-As coals from southwestern Guizhou;
for example: pyrite; Fe–As oxide; K–Fe sulfate; and As-bearing clays [33,34]. Occurrences of organically
associated As have also been reported in Guizhou coal [34]. Arsenic in the Chongqing coal correlates
with Fe2O3, suggesting a pyrite affinity [35]. The correlation coefficient between As and ash yield,
Si, and Al in Chuancaogedan coals are 0.34, 0.54 and 0.22, respectively, which indicates that only a
small part of the total As occurs in minerals. Arsenic has a negative correlation with Fe2O3 (correlation
coefficient of −0.36), which suggests that As may not be affiliated with pyrite occurrence in the No.
5 coals.

Germanium: The Chuancaogedan coals have a Ge content of close to the average for Chinese
coals [29], ranging from 0.35 to 4.21 mg/kg, with an average of 1.74 mg/kg. In the Tongda coal mine,
Yimin coalfield, Ge occurs with major organic affinity, and partial sulfide affinity was observed also.
As, Fe, and S show similar trends to Ge, though with a markedly higher sulfide affinity (mainly in
pyrite) [36]. The correlation coefficients of Ge and ash yield, major elements and selected trace elements
in the No. 5 coals range from −0.53 to 0.40, which means Ge may presents organic and/or sulfide
affinity in these coals.
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5. Conclusions

Based on mineralogical and geochemical investigation of the No. 5 coal from Chuancaogedan
Mine, Junger Coalfield, the conclusions are summarized below.

The No. 5 coal at the Chuancaogedan Mine has a high-ash yield (averages of 32.69%) and an
ultra-low-sulfur content (0.40%), while the mean contents of volatile matter and moisture are 37.22%
and 3.81%, respectively.

The mineral component of the No. 5 coal mainly consists of kaolinite, followed by magnetite,
quartz, gypsum, mixed-layer I/S, pyrite, and calcite. Kaolinite is characteristically abundant and
may have been derived from the weathered surface of the Benxi Formation bauxite during peat
accumulation in the coal swamp.

Compared with common Chinese coals, the No. 5 coal is slightly enriched in SiO2 (averaging
16.90%), Al2O3 (13.87%), TiO2 (0.55%), P2O5 (0.55%), Li (78.54 mg/kg), Se (6.69 mg/kg), Zr (245.89
mg/kg), Hg (65.42 mg/kg), Pb (38.95 mg/kg) and U (7.85 mg/kg), and has a lower concentration
of Fe2O3, Na2O, As, Co, Sr, Sb and Tl, while others are close to averages for Chinese coals. The
SiO2/Al2O3 ratios (average of 1.22) are higher than that of the Chinese coals (1.42) and the theoretical
SiO2/Al2O3 ratio of kaolinite (1.18), suggesting quartz occurs in the mineral matter.

The modes of occurrence of Li, Ga, Se, Zr, Hf, As and Ge in the No. 5 coal were preliminarily
investigated by correlation analysis. The correlation coefficients of Li, Ga, Se, Zr and Hf and ash yield
are 0.88, 0.78, 0.60, 0.76 and 0.81, respectively, suggesting they occur in inorganic association. Li, Zr
and Hf present positive correlation with Si and Al (rLi-Si = 0.69, rLi-Al = 0.62, rZr-Si = 0.59, rZr-Al =
0.62, rHf-Si = 0.64, rHf-Al = 0.67), indicating they are associated with aluminosilicate minerals in the
No. 5 coal. Arsenic may be associated with organic and/or inorganic components of the tested coal
samples, given that it is only moderately correlated with ash yield, Si, Al, and Fe2O3. Germanium may
have organic and/or sulfide affinity in the No. 5 coals.
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Abstract: This paper reports the mineralogical compositions of super-low-sulfur (Yueliangtian
6-upper (YLT6U)) and high-sulfur (Yueliangtian 6-lower (YLT6L)) coals of the Late Permian No. 6
coal seam from the Yueliangtian coal mine, Guizhou, southwestern China. The mineral assemblages
and morphology were detected and observed by X-ray diffractogram (XRD), optical microscopy
and field-emission scanning electron microscope (FE-SEM) in conjunction with an energy-dispersive
X-ray spectrometer. Major minerals in the coal samples, partings and host rocks (roof and floor strata)
include calcite, quartz, kaolinite, mixed-layer illite/smectite, chlorite and pyrite and, to a lesser extent,
chamosite, anatase and apatite. The Emeishan basalt and silicic rocks in the Kangdian Upland are the
sediment source for the Yueliangtian coals. It was found that there are several modes of chamosite
occurrence, and precursor minerals, such as anatase, had been corroded by Ti-rich hydrothermal
solutions. The modes of occurrence of minerals present in the coal were controlled by the injection of
different types of hydrothermal fluids during different deposition stages. The presence of abundant
pyrite and extremely high total sulfur contents in the YLT6L coal are in sharp contrast to those in the
YLT6U coal, suggesting that seawater invaded the peat swamp of the YLT6L coal and terminated
at the YLT6U-9p sampling interval. High-temperature quartz, vermicular kaolinite and chloritized
biotite were observed in the partings and roof strata. The three partings and floor strata of the
No. 6 coal seam from the Yueliangtian coal mine appear to have been derived from felsic volcanic
ash. Four factors, including sediment-source region, multi-stage injections of hydrothermal fluids,
seawater influence and volcanic ash input, were responsible for the mineralogical characteristics of
the Yueliangtian coals.

Keywords: minerals; coal; hydrothermal fluids; seawater influence; tonstein

1. Introduction

Guizhou province in southwestern (SW) China contains abundant coal resources. The Late
Permian coals from western Guizhou province have attracted much attention [1–5], not only because
of the coal-hosted rare-metal ore deposits found in this area [6–8], but also due to their mineralogical
and geochemical indications for the reginal geology evolution, such as the mantle plume formation
located to the west of the coal basin [1,3]. Practically, although Panxian county is closely located to
the high-incidence area of the endemic arsenosis and fluorosis in SW China, the relation between
mineralogical compositions of the coals in this area and the endemic disease occurring in the
surrounding areas is unknown. The Yueliangtian coal mine in Panxian county provides large-scale
energy resources for its region, and the coals are directly used for combustion, despite high mineral
contents in these coals, as described below. Thus, it is necessary to determine the contents and modes
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of occurrence of minerals in coals for the environmental issues caused by coal combustion in the area.
Theoretically, mineral matter in coal may indicate depositional environments during peat accumulation,
as well as geological processes during diagenetic and epigenetic stages [9]. Although the coals in
Panxian county of southwestern Guizhou province have been reported by a few researchers [4,5],
geochemical characteristics, modes of mineral occurrence and their controlling geological factors
in these coals, however, have not been well addressed. In this paper, we report the mineralogical
characteristics of the Late Permian coals from the No. 6 coal seam at the Yueliangtian coal mine,
Guizhou, SW China.

2. Geological Setting

The Yueliangtian coal mine is located in Panxian county, western Guizhou, southwestern China,
covering a total area of around 15 km2, 6 km N–S long and 2.5 km W–E wide (Figure 1). Tectonically, the
Yueliangtian deposit belongs to a monocline structure with an approximate east dip [6]. It is limited by
well-developed normal faults within the epsilon-type structure in the Puan tectonic zone [6,10], covering
the area between latitudes 25˝54122” and 25˝57144” N and longitudes 104˝30136” and 104˝31159” E. The
Kangdian Upland is the dominant sediment-source region for this coal deposit in western Guizhou [11].

The sedimentary sequences in the Yueliangtian coal mine are the Late Permian and Early Triassic
(Figure 2) strata. The Late Permian strata, with major coal resources in the area, consist of the Longtan
and Emeishan Basalt Formations. The upper and lower portions of the Emeishan Basalt Formation are
dominated by grey-lilac tuffs and grey-dark basalts, respectively, similar to those in the surrounding
areas such as the Zhijing Coalfiled in western Guizhou [12].

 

Figure 1. Location of the Yueliangtian coal mine. (a) China map and the location of study area;
(b) Depositional environments during the Late Permian in Guizhou province, China. I, Kangdian
Upland. II, Northern Vietnam Upland. (b) The enlargement of the red area in (a), modified from
Dai et al. [15].

The Longtan Formation (P2l) is the major coal-bearing strata of the coal mine. The sedimentary
environment of the Longtan Formation varies greatly from lower delta plains, through tidal flats, to
carbonate subtidal flats [11–14]. As shown in Figure 2, the upper portion of the Longtan Formation
(81.97 m) is made up of siltstone, siderite layers and twelve coal seams. Its middle portion (89.75 m),
intercalated with siderite layers and coal beds, is mainly composed of siltstone and silty mudstone.
A total of 16 coal beds occur in the middle portion. The lower portion is composed of siltstone,
silty mudstone, pelitic siltstone, siderite and ten coal seams. The Yueliangtian 6-upper (YLT6U) and
6-lower (YLT6L) coals, separated by a gray siltstone (2.94 m) that contains siderite layers and plenty
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of plant-root fossils, occur in the upper portion of the Longtan Formation. Currently, the YLT6U coal
seam is the only mineable seam in this area (Figure 2).

 

Figure 2. Sedimentary sequences and coal seams (red area) in the Yueliangtian coal mine.
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3. Sample Collection and Analytical Procedures

According to Chinese Standard Method GB/T 482-2008 [16], a total of nineteen bench samples
were collected from the No. 6 coal seam (YLT6) in the underground workings of the Yueliangtian coal
mine in Panxian county, western Guizhou. The floor of the YLT6U coal and the roof of the YLT6L coal
are unavailable, due to the complex structure, as well as limited capacity in sample collection. From
top to bottom, the roof strata (with suffix-r), coal benches, partings (with suffix-p) and floor-stratum
samples (with suffix-f) are identified, with the coal seams numbered in increasing order from top to
bottom (Figure 3). Each bench sample was immediately stored in a clean and uncontaminated plastic
bag, to ensure as little contamination and oxidation as possible. The thickness of each sample is given
in Table 1.

 

Figure 3. Lithologic column sections of the Yueliangtian 6-upper (YLT6U) and 6-lower (YLT6L)
coal seams.

The samples were crushed and ground to pass the 75-μm sieve prior to analysis. In accordance
with ASTM Standards D3173-11, D3175-11 and D3174-11 [17–19], proximate analysis, covering
moisture and volatile matter percentages and ash yield, was conducted. Total sulfur was determined
based on ASTM Standard D3177-02 [20]. The percentages of C, H and N in the coals were determined
by an elemental analyzer (vario MACRO). Coarse-crushed samples of each coal were prepared as
grain mounts and examined with 50ˆ oil immersion for microscopic analysis. Following ASTM
Standards D2797/D2797M-11a and D2798M-11a [21,22], vitrinite random reflectance (Rr, %) was
determined using a Leica DM-4500P microscope (at a magnification of 500ˆ) equipped with a Craic
QDI 302™ spectrophotometer (Leica Inc., Wetzlar, Germany). An X-ray diffractogram (XRD) was
used to determine the mineralogical compositions. Prior to XRD analysis, the low-temperature ashing
(LTA) of coal was performed using an EMITECH K1050X plasma asher (Quorum Inc., Lewes, UK).
A commercial interpretation software Siroquant™ [23,24] was used to obtain mineral contents in the
LTAs and non-coal samples based on XRD. More information illustrating the use of this technique
for coal-related materials was given by Ward et al. [25,26], Ruan and Ward [27] and Dai et al. [28,29].
Following the procedures described by Dai et al. [15,30], a field-emission scanning electron microscope
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(FE-SEM) in conjunction with an energy-dispersive X-ray spectrometer (EDAX Inc., Mahwah, NJ,
USA) was used to observe modes of mineral occurrence, and also to determine the distribution of
some selected elements. Samples were carbon-coated using a Quorum Q150T ES sputtering coater
(Quorum Inc.) or were not coated for low-vacuum SEM working conditions (60 bar). The working
distance, beam voltage, aperture and spot size of the FE-SEM-EDS was 10 mm, 20.0 kV, 6 and 4.5–5.0,
respectively. The images were captured by a back-scattered electron detector (BSE).

Table 1. Coal bench thickness (cm), proximate and ultimate analyses (%), and vitrinite random
reflectance (%) of the No. 6 coals in the Yueliangtian coal mine, Guizhou, China.

Sample
Thickness

(cm)

Proximate Analyses (%) Ultimate Analyses (%) Reflectance

Mad Ad Vdaf St,d Cdaf Hdaf Ndaf Rr

YLT6U Coal Seam

YLT6U-1 20 0.57 36.62 41.59 0.65 83.38 5.06 1.56 1.01
YLT6U-3u 12.5 1.45 42.36 39.87 0.28 82.91 5.52 1.68 1.02
YLT6U-3l 12.5 0.72 18.71 34.63 0.61 88.37 5.35 1.76 0.95
YLT6U-4u 7.5 0.87 34.14 34.1 0.35 87.82 7.3 1.74 0.96
YLT6U-4l 7.5 1.02 10.97 35.75 0.27 87.73 4.71 1.87 0.91
YLT6U-5u 9 0.69 16 35.53 0.23 86.21 4.93 1.49 0.94
YLT6U-5l 9 0.83 10.6 36.43 0.33 86.55 4.95 1.71 0.91
YLT6U-6 19 0.7 19.09 36.19 0.36 86.42 4.17 1.44 0.91
YLT6U-7 19 0.59 26.88 37.96 0.75 92.54 4.39 1.48 0.94
YLT6U-8 24 0.84 10.07 36.29 0.49 87.93 4.78 1.77 0.8

Wa 140 * 0.79 22.78 37.24 0.48 87.04 4.97 1.61 0.93

YLT6L Coal Seam

YLT6L-1 20 0.89 40.6 44.15 13.34 58.71 5.19 1.11 0.77
YLT6L-2 21 1.01 27.75 37.85 8.99 80.9 4.47 1.39 0.77
YLT6L-5 30 0.45 36.37 35.44 3.61 86.15 4.54 1.24 0.75

Wa 71 * 0.74 35.01 38.61 7.94 76.87 4.7 1.25 0.76

M, moisture; A, ash yield; V, volatile matter; St, total sulfur; C, carbon; H, hydrogen; N, nitrogen; ad, air-dried
basis; d, dry basis; daf, dry and ash-free basis; Rr, random reflectance of vitrinite; Wa, weighted average for
bench sample (weighted by thickness of sample interval); * total thickness.

The clay (<2 μm) fraction of rock samples was conducted based on the Chinese Industry
Standard Method [31]. The sample was dissolved in 80 mL ultrapure water and isolated by ultrasonic
dispersion. After 4h standing, the natural-oriented aggregate was analyzed in an air-dried state. The
glycol-saturated (50 ˝C, 8 h) and heated (450 ˝C, 2.5 h) oriented aggregates were analyzed subsequently.
The mineralogy of this fraction was also analyzed by XRD.

4. Result

4.1. Coal Chemistry and Vitrinite Reflectance

The vitrinite random reflectance values and the volatile matter yields of the YLT6U and YLT6L
coals (Table 1) indicate a high volatile A bituminous coal in rank [32]. The ash yield of the YLT6U coal
samples varies from 10.07%–42.36%, with the weighted average much lower than that of the YLT6L
coal. Total sulfur contents vary greatly between the YLT6U and YLT6L coal seams (Table 1). As shown
in Tables 1 and 2 the high-sulfur samples also have high percentages of pyrite (described in more
detail below). Based on Chinese Standards GB/T 15224.1/2-2010 [33], the YLT6U coal is classified as a
medium-ash and super-low-sulfur coal; the YLT6L coal, with its total sulfur content higher than other
coals in Guizhou province [14,34], is a medium-high-ash and high-sulfur coal.
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4.2. Minerals in the No. 6 Coals in the Yueliangtian Coal Mine

4.2.1. Minerals in Coal Benches

The proportions of each crystalline phase in the coal-LTA and non-coal samples identified from
XRD and Siroquant are given in Table 2. The vertical concentration (%) variations of minerals, and
low-temperature ash yields (%) through the No. 6 coals in the Yueliangtian coal mine are described
in Figure 4. Like other Late Permian coals in western Guizhou described by Dai et al. [14,34,35] and
Zhuang et al. [36], the major minerals of the YLT6U coal LTAs are mainly calcite, kaolinite and quartz,
with trace amounts of chlorite and anatase. Various contents of illite, mixed-layer illite/smectite, pyrite,
bassanite and ankerite also occur in a few coal benches (Table 2). The minerals in the LTA of the YLT6L
coal are mainly represented by calcite, quartz and pyrite, with a lesser proportion of kaolinite, chlorite,
rutile and bassanite. The LTA of sample YLT6L-2 also contains a small proportion of xenotime.

Figure 4. Concentration (%) variations of minerals and coal LTAs (%) through the No. 6 coal seam
sections in the Yueliangtian coal mine. (a) YLT6U coal; (b) YLT6L coal.

Quartz in the YLT6U and YLT6L coals occurs in three forms: (1) as cell-fillings of structured
inertinite macerals, suggesting an authigenic origin (Figure 5A); (2) as discrete particles embedded in
collodetrinite (Figure 5B,C); and (3) coexisting with clay minerals (Figure 5D). Quartz with the latter
two forms was probably derived from detrital materials of terrigenous origin.

As shown in Table 2 and Figure 4, the host rocks (roof and floor strata) and partings (YLT6U-9p
and YLT6L-4p) of the YLT6U and YLT6L coals contain minor calcite. By contrast, the YLT6U coal
contains abundant calcite, accounting for 76.8% of the total minerals in the LTA sample. Calcite layering
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has been macroscopically observed in sample YLT6U-5l during sampling in the field. Microscopically,
it occurs mainly as cell-fillings (Figure 6A), as isolated particles with various forms (Figure 6B,C) and
as vein-fillings in the vitrinite (Figure 6D). A platy calcite (Figure 6B) with a large size up to 570 μm in
length and 100 μm in width has distinct edges and angles.

 

Figure 5. Quartz in the YLT6 coal (reflected white light microscopy). (A) Fusinite- and semifusinite-cell
filling quartz in sample YLT6U-4u; (B) Quartz distributed along the bedding planes of sample YLT6U-4l;
(C) Quartz embedded in collodetrinite in sample YLT6L-2; (D) Quartz coexisting with clay minerals in
sample YLT6U-4u. Qua, quartz; Clay, clay minerals.

 

Figure 6. Calcite in the YLT6U coal (reflected white light microscope). (A) Cell-filling calcite in sample
YLT6U-6; (B) calcite embedded in collodetrinite in sample YLT6U-4u; (C) calcite occurring as irregular
shapes in sample YLT6U-1; (D) calcite as fracture-filling in vitrinite of sample YLT6U-1.

Kaolinite in the YLT6 coal has two modes of occurrence: as cell fillings (Figure 7A,B) and as detrital
particles (Figure 5D). The former is of authigenic origin, and the latter is probably of terrigenous origin.
In contrast to the minerals described above, pyrite is distributed completely differently between the
YLT6U and YLT6L coals. Although below the detection limit of the XRD technique, cell-filling pyrite
was observed under the optical microscope in sample YLT6U-8 (Figure 8A). Pyrites of framboidal
(Figure 8B), cell-fillings (Figures 7A,B and 8C), cubic (Figure 8D) and nodular (Figure 8E) forms occur
in the YLT6L coal. It is probably of syngenetic or early diagenetic origin [37–41]. Pyrite also occurs
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as cleat- and fracture-fillings (Figures 7A and 8C), suggesting an epigenetic origin of hydrothermal
solutions with a formation temperature around 150–200 ˝C [5,41,42]. Fe-S compounds with different
levels of brightness (Figure 8F) deserve a special note: the atomic ratios of Fe against S of Spots 1 and
2 (Figure 8G,H) are 1:2.4 and 1:2, respectively, probably suggesting an oxidation product of pyrite
in Spot 1.

 

Figure 7. SEM back-scattered electron images and selected Energy Dispersive X-ray Spectroscopy
(EDS) spectra of kaolinite and pyrite in YLT6L-1 coal. (A) Cell- and cleat-filling kaolinite and pyrite;
(B) kaolinite and pyrite; (C) EDS spectrum of kaolinite; (D) EDS spectrum of pyrite. Kao, kaolinite;
Py, pyrite.

 

Figure 8. Cont.
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Figure 8. Reflected white light optical microscope, SEM back-scattered electron images and selected
EDS data in YLT6U and YLT6L coals. (A) Fusinite- and semifusinite-cell filling pyrite in sample YLT6U-8
(optical microscope); (B) framboidal pyrite in sample YLT6L-2 (optical microscope, oil immersion);
(C) cell- and fracture-filling pyrite in sample YLT6L-1; (D) cubic pyrite in sample YLT6L-1; (E) nodular
pyrite in sample YLT6L-1; (F) cell-filling pyrite in sample YLT6L-1; (G,H) EDS spectra. Py, pyrite.

4.2.2. Minerals in the Partings

In comparison with the mineral matter in the coal benches, the four partings (YLT6U-2p,
YLT6U-9p, YLT6L-3p and YLT6L-4p) have lower calcite and higher kaolinite and mixed-layer
illite/smectite contents. In addition, the partings within the YLT6U coal have higher anatase and lower
quartz contents. The partings within the YLT6L coal have higher chlorite and lower pyrite contents
relative to those in the respective coal benches (Table 2, Figure 4). XRD analysis of the fractions of the
partings shows relatively more abundant kaolinite and I/S, with small proportion of quartz, chamosite
and berthierine in the clay mineral assemblage (Figure 9A–D). The chamosite is represented by a peak
at 14.4 Å under air-dried conditions in sample YLT6L-4p, and its peak of 7.1 Å appears on heating
(Figure 9D). Authigenic kaolinite and mixed-layer illite/smectite in the partings occur as fusinite- and
semifusinite-cell fillings (Figure 10A), as vermicular form (Figure 10B,C) and as a matrix (Figure 10D).
Kaolinite and mixed-layer illite/smectite (I/S) also occur as discrete particles (Figure 10E,F) and, in
some cases, are distributed along bedding planes (Figure 10G).

Chlorite in the partings occurs generally as a cryptocrystalline matrix coexisting with anatase and
pyrite (Figure 11A,C). Anatase provides Ti peaks in some of the chlorite EDS spectrum (Figure 10K).
A small proportion of epigenetic chlorite occurs as fracture-filling in sample YLT6L-4p (Figure 11B).
Chlorite with sub-angular forms (Figure 10F,J) formed because earlier formed apatite was chloritized
by Fe-Mg fluids.
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Figure 9. X-ray diffractogram (XRD) patterns of clay-fractions. (A) Sample YLT6U-2p; (B) sample
YLT6U-9p; (C) sample YLT6L-3p; (D) sample YLT6L-4p; (E) sample YLT6U-r; (F) sample YLT6L-f. K,
kaolinite; I/S, mixed-layer illite/smectite; C, chamosite; B, berthierine; Q, quartz. Natural-oriented
(top trace), glycol-saturated (middle trace) and heated (bottom trace). Numbers represent d-spacings
in Ångstrom units.

 

Figure 10. Cont.
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Figure 10. Reflected white light optical microscope, SEM back-scattered electron images and selected
EDS data in YLT6U and YLT6L partings. (A) Fusinite- and semifusinite-cell filling kaolinite and
pyrite in sample YLT6L-4p; (B) Vermicular kaolinite in sample YLT6U-9p; (C) Vermicular kaolinite in
sample YLT6U-2p (optical microscope); (D) Anatase, I/S, pyrite and monazite in sample YLT6L-4p;
(E) Kaolinite and chloritized biotite in sample YLT6L-4p; (F) I/S, Kaolinite, anatase, sphalerite and
chlorite in sample YLT6L-4p; (G) Mixed-layer I/S distributed along the bedding planes in sample
YLT6U-9p. Sample YLT6L-4p is carbon coated, and sample YLT6U-9p is detected under low vacuum
without coating. (H–L) EDS spectra of Spots 1–5. Kao, kaolinite; Py, pyrite; Ana, anatase; Chlo, chlorite;
Flo, florencite; Spha, sphalerite.

Anatase in the partings occurs as coarse-crystalline (Figure 11A,B) and beaded form
(Figures 10D and 11D). They were closely associated with clay minerals and were probably precipitated
from Ti-rich fluids with Ti leaching from volcanic ash as described below. The blocky and framboidal
pyrite, associated with some fragments of organic matter in sample YLT6U-9p (Figure 10G), suggests
that the pyrite is a syngenetic sedimentary material rather than a derivation of volcanic ash. Euhedral
pyrite of syngenetic origin also occurs as cubes and octahedrons (Figure 11E). Cell- and cavity-filling
pyrite (Figures 10A and 11F) in the YLT6L coal is of authigenic origin.

A number of accessory minerals have also been found in the partings. Epigenetic barite occurs as
fracture fillings (Figure 11G), and in some cases, it also coexists with mixed-layer I/S (Figure 11H).
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Lathlike sphalerite is embedded in mixed-layer I/S (Figure 11I), suggestive of epigenetic origin.
Monazites are present in YLT6L-4p and YLT6U-9p samples (Figure 10B,D). The Energy Dispersive
X-ray Spectroscopy (EDS) spectra of minerals in Figure 11 are shown in Figure 12.

 

Figure 11. SEM back-scattered electron images in YLT6U and YLT6L partings. (A) Chlorite in sample
YLT6L-4p; (B) fracture- and cavity-filling chlorite in sample YLT6L-4p; (C) chlorite in sample YLT6L-4p;
(D) beaded anatase in sample YLT6L-4p; (E) euhedral pyrite in sample YLT6U-9p; (F) framboidal and
cavity-filling pyrite in sample YLT6L-4p; (G) fracture-filling barite in sample YLT6U-9p; (H) barite
coexisting with I/S in sample YLT6U-9p; (I) sphalerite in sample YLT6U-9p. Py, pyrite; Ana, anatase;
Chlo, chlorite; Cha, chamosite; Ba, barite; Spha, sphalerite.

The roof of the YLT6U coal (YLT6U-r) and the floor of the YLT6L coal (YLT6L-f) are macroscopically
and microscopically different. Macroscopically, sample YLT6L-f shows a well-developed bedding plane
compared to sample YLT6U-r. Microscopically, samples YLT6U-r and YLT6L-f are mainly composed
of mixed-layer illite/smectite and quartz, with a lesser proportion of chlorite, anatase and calcite
(Table 2, Figure 4). Siderite and muscovite are also present in sample YLT6U-r, and kaolinite, pyrite
and apatite are present in the floor of the YLT6L coal. The clay minerals identified in the host rocks by
the clay-fraction studies are kaolinite, chamosite and mixed-layer I/S (Figure 9E,F). The mixed-layer
I/S in sample YLT6L-f has a peak of 11.0 Å on the natural-oriented aggregate. The sharp peak of 10.1 Å
in sample YLT6L-f indicates the presence of illite on heated aggregate (Figure 9F).
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Figure 12. EDS spectra of Spots 1–6 in Figure 11.

Quartz in the host rocks occurs mainly as discrete particles with irregular forms (Figure 13A,B).
Kaolinite in sample YLT6L-f occurs as discrete particles (Figure 13B,C), and some kaolinite has
flocculent shapes (Figure 13D,E). Authigenic anatase in the host rocks is ring shaped (Figure 13A)
or occurs as discrete particles (Figure 13B), coarse-crystalline (Figure 13D), platy (Figure 13E), linear
(Figure 13F) and fracture-infilling (Figure 13G,H) forms. In addition, some anatases coexist with
stripped apatite (Figure 13H). Chamosite coexisting with kaolinite in flocculent forms (Figure 13D,E,H)
occurs in the roof strata. Euhedral pyrite is present in the floor (Figure 13I), suggestive of syngenetic
origin.

 

Figure 13. Cont.
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Figure 13. SEM back-scattered electron images in the host rocks (under low vacuum). (A) Quartz, I/S,
chamosite and ring-shaped anatase in sample YLT6U-r; (B) Quartz, kaolinite, anatase and chamosite in
sample YLT6L-f; (C) Kaolinite and anatase in sample YLT6L-f; (D) Flocculent kaolinite, anatase and
chamosite in sample YLT6L-f; (E) Kaolinite and chamosite in sample YLT6L-f; (F) Anatase and pyrite in
sample YLT6L-f; (G) Fracture-filling anatase and pyrite in sample YLT6L-f; (H) Anatase, chamosite
and apatite in sample YLT6L-f; (I) Euhedral pyrite in sample YLT6L-f. Kao, kaolinite; Py, pyrite; Ana,
anatase; Cha, chamosite; Qua, quartz; Apa, apatite.

5. Discussion

The assemblage of minerals in the No. 6 coal seam of the Yueliangtian coals and associated
non-coal samples is attributed to four factors, including sediment-source region, multi-stage injections
of hydrothermal fluids, seawater influence and volcanic ash input.

5.1. Sediment-Source Region Influence

Similar to other Late Permian coals from southwestern China [36,43–45], the Kangdian Upland
(Figure 1) is the sediment-source region for the YLT6 coal [11]. Not only the Emeishan mafic basalts,
but also the overlying felsic-intermediate rocks could have been the terrigenous source materials for
the Late Permian coals present in this study [46]. Quartz in the YLT6 coal is slightly higher than that
in coals from the Dafang (0.8%–11.4% on average) [14] and Zhijin (0.5%–9.4% on average) mines [35]
(Figure 1), consistent with Dai et al. [15] and indicating that the closer the coals are located to the
sediment-source Kangdian Upland region, the higher the quartz in the coal. The abundant authigenic
quartz (Figure 5A) is precipitated from the silica-bearing solutions from the weathering of basalt in the
Kangdian Upland [15,47,48].

Although the thick lava sequence from the Emeishan large igneous province in southwestern
China is basalt, silicic rocks also occur in the uppermost part of the Kangdian upland [47]. There is
no quartz and apatite in Emeishan basalt of the Kangdian Upland [49]; the abundant detrital quartz
(Figure 5B–D) and authigenic apatite (Figure 13H) probably indicate that the parent rock is also granite
or other silicic rocks [47].
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5.2. Multi-Stage Injections of Hydrothermal Fluids

Hydrothermal fluids play an important role in the enrichment of minerals and trace elements
in the coals of Guizhou province [5,12,14,41]. Multi-stage hydrothermal fluids also influenced the
mineralogical characteristics of the Yueliangtian coals, partings, roof and floor.

The cell-filling kaolinite (Figure 7A,B) suggests an authigenic origin in coal. Al- and Si-bearing
solutions from the sediment-source Kangdian Upland region precipitated in the cells of coal-forming
plants during coal formation. Although chlorite (e.g., chamosite) is rare in coals, if present, it is usually
observed in high-rank coals or in coals influenced by epigenetic hydrothermal solutions [44,50,51].
Chamosite is present in the YLT6 coal and coexists with kaolinite and quartz (Figure 13D,E) in the roof
strata. As suggested by Equation (1), the earlier-precipitated kaolinite was invaded by Fe-Mg-rich
hydrothermal fluids and generated kaolinite and chamosite during early diagenesis at temperatures
around 165–200 ˝C [52]. Then, kaolinite and chamosite desilicated and generated quartz, as suggested
by Equation (2). Dispersed chamosite (Figure 13B) independent of kaolinite and quartz may have
precipitated from Fe-rich hydrothermal solutions, with Fe probably coming from siderite layers in the
sedimentary sequence (Figure 2) [53].

Kaolinite ` Fe ` Mg Ñ Kaolinite ` Chamosite p165 ´ 200 ˝Cq (1)

Kaolinite ` Chamosite Ñ Chamosite ` Quartz pDesilicationq (2)

The abundant authigenic quartz (Figure 5A) is probably precipitated from the silicious solution of
the weathering product of Emeishan basalt from the Kangdian Upland [47,54]. Epigenetic vein-like
calcite (Figure 6D) is probably precipitated by the circulation of Ca-bearing meteoric fluids or by
Ca-rich solutions during the coal-formation process [55]. The average formation temperature of vein
calcite is about 190 ˝C [14].

The crystal-shaped cavities commonly occurred in the samples YLT6L-4p (Figures 10D,E
and 11C,D) and YLT6L-f (Figure 13E), suggesting that the earlier formed mineral crystals were corroded
by hydrothermal solutions [15].

The modes of occurrence of coarse-crystalized anatase (YLT6L-4p; Figure 11A,B), cell-filling calcite
(YLT6U-6; Figure 6A), fracture-filling barite (YLT6U-9p; Figure 11G) and cell- or fracture-filling pyrite
(YLT6L-4p; Figures 10A and 11F) also suggest solution deposition during different stages of the coal
formation [15,41].

5.3. Seawater Influence

Although the vertical distance between the floor of the YLT6U and the roof of the YLT6L coals is
only 2.94 m, the deposit environments of the two coals are strikingly different.

The total sulfur contents (ranging from 3.61%–13.34%) in the YLT6L coal are higher than those in
the YLT6U coal (0.27%–0.75%). Except for the YLT6U-8 and YLT6U-9p samples, no pyrite was present
in the YLT6U coal. However, pyrite of syngenetic origin is common in the YLT6L coal, non-coal partings
and floor strata (Figure 8B,D,E, Figures 10G, 11E and 13I). It can be inferred that seawater provided a
sulfur source both during peat forming and in the diagenetic process of the YLT6L coal. The abundant
calcite and mixed-layer I/S in the YLT6L coal also signifies the alkaline, medium environment of
seawater (Table 2), which are also beneficial for calcite formation and the transformation from kaolinite
to mixed-layer I/S [4]. The paleoenvironment of the Longtan Formation varies from lagoons and
tidal flats [11–14]. Thus, seawater had a tremendous influence on YLT6L coal and terminated at the
YLT6U-9p sampling interval.

69



Minerals 2016, 6, 29

5.4. Volcanic Ash Input

As described by Spears [56,57], Dai et al. [58,59], Zhou et al. [60] and Zhao et al. [43], “tonsteins”
are partings derived from air-borne material of pyroclastic origin in the peat-forming environment.
They have been found in some coal seams of SW China [15,43,58–60].

The three partings (samples YLT6U-2p, YLT6U-9p and YLT6L-4p) have a lateral continuity within
the Yueliangtian coal mine. As shown in Table 2, the mineralogy of the three non-coal partings is
dominated by kaolinite and mixed-layer I/S, accounting for 80%–89.1% of the mineral compositions of
the respective parting. The mixed-layer I/S in the partings mostly occurs as cryptocrystalline matrix
(Figures 10D and 11H,I). Kaolinite in samples YLT6U-2p and YLT6U-9p occurs as large crystals with a
well-developed vermicular texture (Figure 10B,C). Vermicular kaolinite is thought to indicate air-fall
volcanic ash layers altered and deposited in a non-marine, coal-forming environment [61]. Biotite
pseudomorphs with chlorite laminae occur in the sample YLT6L-4p (Figure 10E). Such an occurrence
of chloritized biotite suggests an in situ crystallized origin [15].

High-temperature quartz has been identified in the sample YLT6L-f. The β-quartz (Figure 13B)
present in this study shows triangle and irregular forms and is considered to have originated from
autochthonous syngenetic felsic to intermediate volcanic ashes. Dai et al. [59] and Zhou et al. [60]
suggested that tonsteins in the lower and upper portions of the Late Permian were mainly of alkali
and felsic composition, respectively. The No. 6 coal seam in the present study is located in the upper
portion of the Late Permian strata (Figure 2).

The modes of anatase occurrence in the partings (Figure 11D) and floor strata (Figure 13A,F)
suggest that it probably either was altered by pyroxene crystals in the original volcanic ash or
reprecipitated after labile components was chemically leached in the original volcanic ash [15].

Zircon was not observed by optical microscope or SEM in the tonsteins of the present study,
probably either because the relevant volcanic ashes did not contain this mineral phases or because
multi-stage hydrothermal fluids as mentioned above altered it.

The mineral assemblages and occurrences of mineral of partings and roof strata in the No. 6 coal
seam of the Yueliangtian coal mine suggest that the three partings (samples YLT6U-2p, YLT6U-9p and
YLT6L-4p) and roof strata appear to have been derived from felsic volcanic ash.

6. Conclusions

(1) The major mineral phases in the YLT6U and YLT6L coals are calcite, quartz, kaolinite and pyrite
and, to a lesser extent, chlorite, anatase, illite, mixed-layer illite/smectite, rutile, bassanite and
ankerite. The Emeishan basalt and silicic rocks in the Kangdian Upland are the parent rocks of
the Yueliangtian coals.

(2) Different modes of occurrence of chamosite are present in the YLT6 coal. This, accompanied
with cell-filling quartz, pyrite, and calcite veins, suggests that multi-stage hydrothermal fluids
influenced the Yueliangtian coals.

(3) The sedimentary environment is different between the YLT6U and YLT6L coals. Seawater had a
tremendous influence on the YLT6L coal and terminated at the YLT6U-9p sampling interval.

(4) Three tonstein (samples YLT6U-2p, YLT6U-9p and YLT6L-4p) layers identified in the coal are
probably derived from felsic volcanic ash. These tonsteins are characterized by the occurrence of
vermicular kaolinite and chloritized biotite. The roof strata of the YLT6L coal also appear to have
been derived from felsic volcanic ash.
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Abstract: The Upper No. 3 coal of the Early Permian age is a major workable seam in the southwestern
Shandong coalfield, which is located in the eastern part of North China. From Early Jurassic to Neogene,
the coalfield was subjected to intensive tectonic processes, leading to a significant rearrangement in
depth of coal seams. In this paper, three Upper No. 3 coals occurring at ´228, ´670 and ´938 m in the
Luxi, Liangbaosi, and Tangkou mines, respectively, were collected to investigate their mineralogical
and geochemical characteristics, with emphasis on modes of occurrence and origin of epigenetic
minerals. The three coal seams are similar in vitrinite reflectance, volatile matter yield, and maceral
components, suggesting insignificant influence from the tectonic activities on coal rank. Terrigenous
minerals (e.g., kaolinite and quartz) are comparable in both types and distribution patterns in the three
coals. The presence of siderite and pyrite of syngenetic or penecontemporaneous origin indicate they
were emplaced during peat accumulation. The distribution of epigenetic minerals (e.g., calcite, ankerite,
and dolomite) are associated with the underground water activities, which were Ca (Mg, Fe)-bearing.

Keywords: coal; tectonic processes; minerals; elements; Early Permian

1. Introduction

Coal mainly consists of organic matter (macerals) and mineral matter (including discrete minerals
and inorganic elements) [1,2]. The abundance and modes of occurrences of mineral matter are resulted
from processes associated with peat accumulation and rank advance, the interaction of the organic
matter with basinal fluids, sediment diagenesis, and in some cases, synsedimentary volcanic inputs [3–7].
Thus minerals in coals provide information about the depositional conditions, geologic history of
coal-bearing sequences, and regional tectonic evolution [8–10].

The southwestern Shandong coalfield is located in the eastern part of North China (Figure 1). After
the Carboniferous-Permian periods, the southwestern Shandong area was subjected to four episodes
of tectonic processes: (1) crustal uplift to Jurassic; (2) fold extrusion deformation during Jurassic and
Early Cretaceous; (3) extensional deformation during the Early Cretaceous and Oligocene periods, a
stage that can further be separated into the North-South rift stage (Jurassic to Paleocene) and West-East
rift stage (Eocene to Oligocene); and (4) post-Neogene subsidence [11]. After the third tectonic activity,
graben and horst structure developed in the study area, which resulted in rearrangement of the
coal-bearing strata at specific depths [11] (e.g., the Upper No. 3 coals in the Luxi, Liangbaosi, and
Tangkou mines occur at various depths of ´228, ´670 and ´938 m, respectively, Figure 1).
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Figure 1. Location of the southwestern Shandong coalfield and the three studied Upper No. 3 coals at
various depths.

Differences among maceral, mineral and elemental components between the Carboniferous and
Permian coals of the southwestern Shandong coalfield were investigated by Zeng et al. [12] and
Liu et al. [13,14]. Distributions and modes of occurrences of As, Se, and Hg in the coal from the
Xinglongzhuang mine of the coalfield were also discussed in detail [15]. However, few publications
have compared the differing mineralogical and geochemical characteristics of the Upper No. 3 coal at
various depths. In the current study, new data on the petrology, mineralogy and geochemistry of the
Upper No. 3 coal from the Luxi, Liangbaosi, and Tangkou Mines at various depths were investigate to
ascertain the coal characteristics, such as minerals, in addition to major and trace elements.

2. Geological Setting

The Carboniferous-Permian coal deposits mainly occur in North China as shown in Figure 1.
The southwestern Shandong coalfield is located in the eastern part of North China. Deposition of
the Late Paleozoic coal in North China began with the Benxi Formation of the Late Carboniferous
age, and continued into Late Carboniferous to Early Permian Taiyuan, the Shanxi and lower Shihezi
Formations, and the upper Shihezi Formation of early Late Permian age. This sequence terminated
with non-coal-bearing red clastic strata of the Late Permian Shiqianfeng Formation. The coal-bearing
strata of the southwestern Shandong coalfield contain the Taiyuan and Shanxi Formations. The Taiyuan
Formation represents a sequence of shallow marine environments, while the Shanxi Formation is
of fluvial plain origin. In the study area, the Taiyuan Formation has a thickness of 120–160 m, and
consists of siltstone, mudstone, limestone, and coal. The coal in the Taiyuan Formation occurs in up
to 18 seams, in which the No. 16 and 17 coals are mineable. The Shanxi Formation has a thickness of
70–100 m, with 2–3 coal seams. The No. 3 coal was divided into upper and lower coal benches by a
stable parting, and both benches are workable.
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3. Sampling and Methods

The Upper No. 3 coal samples were collected from the Luxi, Liangbaosi and Tangkou mines in
the southwestern Shangdong coalfield, China. Due to the rearrangement by tectonic process after
coal formation, the burying depth of the No. 3 upper coals in these three mines varies significantly.
The coal occurs at ´228 m in the Luxi mine, ´670 m in the Liangbaosi mine and ´938 m in the
Tangkou mine, respectively. A total of 43 coal bench samples were collected from the three mines,
representing 14 samples from the Luxi mine, 13 from the Liangbaosi mine, and 16 from the Tangkou
mine, respectively (Table 1).

Table 1. Moisture, ash yield, volatile matter yield, and total sulfur content (%) in the Upper No. 3 coals
from the Luxi, Liangbaosi, and Tangkou mines, southwestern Shandong, China.

Sample Thickness (cm) Mad Ad Vdaf Sd

LX3U-1 20 1.76 10.57 36.24 0.78
LX3U-2 20 1.8 19.43 39.60 1.22
LX3U-4 14 1.91 16.94 35.19 0.72
LX3U-5 30 1.92 9.89 36.46 0.63
LX3U-6 10 2 7.65 38.46 0.82
LX3U-7 17 1.89 10.3 32.24 0.55
LX3U-8 23 1.91 12.99 37.02 0.6
LX3U-10 30 1.69 14.05 35.68 0.5
LX3U-11 15 1.78 10.61 34.77 0.68
LX3U-12 22 1.85 12.32 36.51 0.66
LX3U-13 20 1.86 11.82 34.28 0.86
LX3U-14 40 1.68 11.48 37.00 0.73
LX3U-15 20 1.9 18.54 38.35 0.79
LX3U-16 15 1.92 38.38 45.01 0.9

Luxi * - 1.83 14.11 36.79 0.73

LBS3U-1 30 1.87 41.39 37.58 1.17
LBS3U-2 20 2.39 8.64 37.19 0.69
LBS3U-3 20 2.02 19.39 37.20 1.17
LBS3U-4 20 2.1 9.04 38.55 0.54
LBS3U-5 20 1.89 6.86 40.12 0.45
LBS3U-6 20 2.05 11.42 35.96 0.32
LBS3U-7 20 2.15 8.45 35.75 0.27
LBS3U-8 20 2.19 8.21 38.22 0.46
LBS3U-9 20 2.05 16.65 38.01 0.37
LBS3U-10 20 2.03 17.52 37.19 0.34
LBS3U-11 30 1.99 10.48 36.85 0.38
LBS3U-12 20 2.13 9.03 33.43 0.43
LBS3U-13 20 1.9 26.03 35.07 0.42

Liangbaosi * - 2.05 15.65 36.90 0.56

TK3U-1 25 2.07 9 41.63 0.34
TK3U-2 10 2 9.51 36.62 0.51
TK3U-3 20 1.9 7.95 40.01 0.34
TK3U-4 20 2.07 6.42 39.06 0.36
TK3U-5 20 1.97 22.05 34.97 0.26
TK3U-6 20 1.91 14.06 36.17 0.07
TK3U-7 20 1.94 6.95 36.13 0.1
TK3U-8 20 1.87 7.93 36.99 0.25
TK3U-9 20 1.8 9.02 33.25 0.04
TK3U-10 20 2.02 7.39 30.63 0.41
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Table 1. Cont.

Sample Thickness (cm) Mad Ad Vdaf Sd

TK3U-11 20 2.06 8.76 34.40 0.18
TK3U-12 20 1.94 18.83 34.56 0.26
TK3U-13 20 1.86 10.63 43.83 0.28
TK3U-14 20 2.02 10.03 41.63 0.14
TK3U-15 20 2.09 8.26 36.62 0.36
TK3U-16 20 1.98 7.73 40.01 0.28

Tangkou * - 1.97 10.29 36.88 0.25

* Average value; M, moisture; A, ash yield; V, volatile matter yield; S, total sulfur content; ad, air dry basis;
d, dry basis; daf, air dry and ash free basis.

Proximate analysis for the determination of moisture, volatile matter, and ash yield was performed
in accordance with ASTM Standards D3173-11 [16], D3175-11 [17], and D3174-11 [18], respectively. Total
sulfur content was determined following the ASTM standard D3177-02 [19]. The reference for vitrinite
reflectance determination was an yttrium-aluminum garnet standard (manufacturer Klein and Becker,
Idar-Oberstein, Germany) with a certified reflectance of 0.90% for λ = 546 nm under oil immersion.
Macerals were identified using white-light reflectance microscopy under oil immersion and more than
500 particles were counted for each polished pellet. The maceral classification and terminology applied
in the current study are based on Taylor et al. [20] and the ICCP System (International Committee for
Coal and Organic Petrology), 1994 and 2001 [21,22].

Mineral phases were identified from polished pellets using optical microscopy (Leica DM4500P,
Leica Microsystems, Wetzlar, Germany), and by X-ray diffraction (XRD). XRD analysis was performed
on a Rigaku D/max 2500pc powder diffractometer (Rigaku, Tokyo, Japan) with Ni-filtered Cu-Kα

radiation and a scintillation detector. The diffractogram of the powdered sample was recorded over a
2θ interval of 2.6˝–70˝, with a step size of 0.02˝ and 0.3 mm receiving silt.

Samples were crushed and ground to pass 200 mesh (75 μm) for geochemical analysis. Oxides of
major elements such as SiO2, TiO2, Al2O3, Fe2O3, Na2O, K2O, MgO, CaO, MnO and P2O5 in coal ash
were determined by X-ray fluorescence (XRF) spectrometry (Thermofisher ARL Advant’XP+, Thermo
Fisher Scientific, Waltham, MA, USA). Standard references including ASTM2689, ASTM 2690, and
ASTM 2691 were used for calibration of major elements. XRF has an accuracy and precision which
deviate by less than 1% from the standard reference values. More details of XRF analysis has been
described by Dai et al. [23]. Inductively coupled plasma mass spectrometry (ICP-MS, Thermofisher
X series II, Thermo Fisher Scientific), in pulse counting mode (three points per peak), was used to
determine trace element concentrations in the samples, except for Hg and F. The ICP-MS analysis and
sample microwave digestion program are outlined by Dai et al. [24]. Arsenic and Se were determined
by ICP-MS using collision cell technology (CCT) in order to avoid disturbance of polyatomic ions [25].
For ICP-MS analysis, samples were digested using an UltraClave Microwave High Pressure Reactor
(Milestone Inc., Shelton, CT, USA). Multi-element standards (Inorganic Ventures: CCS-1, CCS-4, CCS-5,
and CCS-6; NIST 2685b and Chinese Standard reference GBW 07114 were used for calibration of
trace element concentrations. ICP-MS parameters have an accuracy and precision which deviate by
less than 5% from the reference standard values. More details of ICP-MS analysis and its method
detection limits for various trace elements were described by Dai et al. [23,24] and Li et al. [25]. Mercury
was determined using a Milestone DMA-80 analyzer. Samples are heated to make the evolved Hg
selectively captured as an amalgam and then measured by Hg analyzer. The detection limit of Hg is
0.005 μg/g and the relative standard deviation 1.5% [23]. Fluorine was determined by pyro-hydrolysis
in conjunction with an ion-selective electrode, following the ASTM method D5987-96 [26]. The
detection limit is 10 μg/g. The results of two consecutive determinations carried out in the same
laboratory by the same operator using the same apparatus do not differ by more than either 15 μg/g
(total fluorine concentration of coal is less than 150 μg/g) or 10% (relative; total fluorine concentration
of coal is more than 150 μg/g) [27].
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4. Results

4.1. Coal Chemistry

Table 1 shows the proximate analysis and total sulfur content data for the Upper No. 3 coals
from the Luxi, Liangbaosi, and Tangkou mines. Being comparable among the three coals, moisture
contents are 1.83%, 2.05% and 1.97% (on an air dry basis), respectively. Similarly, volatile matter yield
does not show distinct differences among the coals from the three mines, being 36.79%, 36.90% and
36.88% (on a dry ash free basis), respectively. Likewise, vitrinite random reflectances of the three coals
are 0.77%, 0.76% and 0.75%, respectively. The maximum ash yield is 15.65% in the Upper No. 3 coal
from the Liangbaosi mine, followed by 14.11% in the Luxi Upper No. 3 coal and 10.29% in the Tangkou
Upper No. 3 coal. However, total sulfur contents are quite different among these three coals. Samples
from the Luxi, Liangbaosi, and Tangkou mines have a total sulfur content of 0.73%, 0.56%, and 0.25%,
respectively. Through the three seam sections, the maximum total sulfur value occurs in the bench
closest to the roof and the lowest sulfur content is located in the middle bench (Figure 2).

 

Figure 2. Variations of total sulfur content, the SiO2/Al2O3 ratio, the Al2O3/TiO2 ratio, and the
CaO/Al2O3 ratio in the profiles of the three Upper No. 3 coals from Luxi (LX), Liangbaosi (LBS), and
Tangkou (TK) mines.

4.2. Maceral Compositions

As listed in Table 2, maceral compositions of these three coals are similar, mainly represented
by vitrinite, followed by inertinite and liptinite. Total vitrinite contents are 57.9%, 54.7% and
49.5% respectively, which are mainly dominated by collodetrinite (Figure 3A–C,E) and collotelinite
(Figure 3C). Total inertinite contents are 29.4%, 32.9% and 35.7%, respectively, and are represented
by semifusinite (Figure 3D,F) and macrinite (Figure 3G,H). The inertinite contents of the three Upper
No. 3 coals from southwestern Shandong coalfield are higher than those of other Late Paleozoic coal
in northern China (generally less than 25% [28]). Nevertheless, the inertinite content in coal present
in this study are lower than the inertinite content of the No.6 coal in Jungar Coalfield (including
Guanbanwusu [29], Haerwusu [30] and Heidaigou [31] mines), in the northern Ordos Basin in northern
China, in which inertinite contents are 56.7%, 53.7%, 37.4%, respectively. The Carboniferous-Permian
coals of the Daqingshan coalfield have an inertinite content of 35.3% [32] (Figure 4). Liptinite contents
in the three coals present in this study are 12.8%, 11.4% and 14.9%, respectively, and is dominated by
sporinite (Figure 5), minor cutinite (Figure 5C,D) and resinite (Figure 5E,F) (Table 2).
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Figure 3. Maceral and minerals in the Upper No. 3 coals. (A) Collodetrinite, macrinite, and sporinite
(LBS3U-13); (B) Kaolinite, micrinite in collodetrinite (LBS3U-8); (C) Kaolinite in collotelinite (LBS3U-9);
(D) detrial quartz grains in macerals (LBS3U-4); (E) Pyrite in vitrinite (LBS3U-1); (F) Semifusinite;
(G) Macrinite, Sporinite, and colloderitine (LBS3U-3); (H) Macrinite (LBS3U-10). (A,C–H) is under oil
reflectance white light; (B) is under white reflectance light.
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Figure 4. Maceral proportions of the three Upper No. 3 coals from the Luxi, Liangbaosi, and
Tangkou mines, as well as the coals from the Guanbanwusu [29], Haerwusu [30], Heidaigou [31],
and Adaohai [32] mines.

 

Figure 5. Cont.
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Figure 5. Macerals in the Upper No. 3 coals. (A) Sporinite, corpogelinite, inertodetrinite, and
colledetrinite (LBS3U-4); (B) Sporinite under fluorescent light (LBS3U-4); (C) Cutinite, sporinite, and
colledetrinite (LBS3U-13); (D) Cutinite and sporinte under fluorescent light (LBS3U-13); (E) Resinite,
inertodetrinite, sporinite, semifusinite and colledetrinte (LBS3U-6); (F) Resinite and sporinite under
fluorescent light (LBS3U-6); (G) Secretinite, sporinite, collodetrinite (LBS3U-4); (H) Sporinite under
fluorescent light (LBS3U-4). A, C, E, and G are under oil reflectance white light.

4.3. Minerals

Minerals identified by XRD in the Upper No. 3 coals are listed in Figure 6. Kaolinite is the most
common mineral, with its occurrence observed in each sample present in this study. Mixed layer I/S is
prone to occur in the samples close to roof or floor, with exception of the TK3U-12 in Tangkou mine.
Chlorite is only detected at the bottom two benches of the Luxi Upper No. 3 coal. The distribution of
quartz is similar to that of the mixed layer I/S and is usually most abundant in the samples close to the
roof or floor strata. The distribution patterns of siderite and pyrite show a reverse trend through the
coal sections. The presence of siderite is much less in the Luxi Upper No. 3 coal than that in Liangbaosi
and Tangkou mines. Comparatively, pyrite is common in the Luxi coal and only occurs in the samples
close to the roof strata in the Liangbaosi and Tangkou mines. Carbonate minerals including calcite,
ankerite, and dolomite are absent in the Luxi coal, but they are present in the Liangbaosi coal. Calcite
and ankerite are present in the Tangkou coal samples. Kaolinite occurs as micro beddings (Figure 3B)
or lentoid mixed with maceral (Figure 3C). XRD analysis shows that kaolinite in the benches close to
the roof or floor is poorly ordered, while kaolinite in the middle benches is well ordered. Other studies
reported a similar phenomenon in some coals from the Sydney Basin [33]. Quartz in the Upper No. 3
coals mainly occurs as irregular particles (Figure 3D) within the organic matrix (macerals). Pyrite in
the Upper No. 3 coals is present mainly as disseminated fine particles (Figure 3E) or as framboids.
Calcite, ankerite, and dolomite are mainly present as fracture-infillings among various macerals.
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Figure 6. Mineral distributions through the three Upper No. 3 coal sections. I/S, mixed layer
illite/smectite.

4.4. Major and Trace Elements

The major element-oxides in the Upper No. 3 coals are SiO2 and Al2O3, followed by CaO, TiO2,
MgO, Fe2O3, Na2O and K2O (Table 3). Because quartz is absent in most of the Upper No. 3 coal
benches, the kaolinite is the major carrier of Si in the coals. In addition to a small proportion of Al in
mixed layer I/S, aluminum mainly occurs in the kaolinite. The weight average SiO2/Al2O3 ratios for
the Upper No. 3 coals from Luxi, Liangbaosi, and Tangkou mines (1.26, 1.30 and 1.25, respectively) are
slightly higher than the theoretical value for kaolinite (1.18) but lower than that for common Chinese
coal (1.42), as reported by Dai et al. [34]. The SiO2/Al2O3 ratio distribution patterns through the coal
seam sections in the three mines are similar. Particularly, it is lower in the middle portion than in
the top or bottom portions. The content of CaO in the Luxi coal (0.2%) is lower than those in the
Liangbaosi (0.49%) and Tangkou (0.5%) coals. The positive correlation coefficient between CaO and
P2O5 (0.98) suggests that CaO is probably associated with apatite in the Luxi coal, although the apatite
is too low in content to be detected by XRD technique. The relatively abundant CaO content in the
Liangbaosi and Tangkou coals is probably attributed to the epigenetic carbonates (calcite, ankerite,
and/or dolomite) deposited from more active underground water.
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Compared to average values for world hard coals reported by Ketris and Yodovich [35], most
trace elements are lower in the Upper No. 3 coal, with the exception of Se, Zr, and Hf which are slightly
higher (Table 4, Figure 7). The elevated concentrations of Se, Zr, and Hf have a positive correlation
with ash yields, suggesting they were probably associated with the clay mineral (e.g., kaolinite). The
enriched Li in the Luxi and Liangbaosi coals may also have similar modes of occurrences. Although
the potential hazardous elements As and Hg are overall low in content, they are enriched in some
benches. For example, samples LBS3U-1 and LBS3U-3 have high contents of As and Hg, 15.54 μg/g
vs. 5.20 μg/g and 651 ng/g vs. 718 ng/g, respectively (Table 4). This is probably a result of their
higher total sulfur content of 1.17% and 1.17% (Table 1). The weighted average REY (rare earth
elements plus ytrrium [7]) content of the Upper No. 3 coal from the Luxi, Liangbaosi, and Tangkou
mines is 88, 102 and 61 μg/g, respectively, close to and lower than the averages for world hard coals
(69 μg/g) [35] and Chinese coals (136 μg/g), respectively [34].

Figure 7. Concentration coefficients (CC) of the trace elements in the three Upper No. 3 coals vs. the
world hard coal. Data of world hard coals are from Ketris and Yodovich [35]. (A) the Luxi Upper No. 3
coal; (B) the Luxi Upper No. 3 coal; (C) the Tangkou Upper No. 3 coal.

89



Minerals 2016, 6, 58

5. Discussion

5.1. Correlation of the Three Upper No. 3 Coals

The tectonic processes rearranged the Upper No. 3 coal at shallow, middle, and deep depths
in the Luxi (´228 m), Liangbaosi (´670 m), and Tangkou (´938 m) mines, respectively. Although
the studied areas have been subjected to drastic multi-stage tectonic activities, the processes have
no or little significant impact on rank, or maceral compositions as described above. Firstly, the three
Upper No. 3 coals are comparable in thickness, e.g., 3.03, 2.8 and 3.15 m, respectively. Secondly, the
three coals are similar in rank, which is supported by their volatile matter yield (36.79%, 36.90% and
36.88%, respectively) (Table 1) and vitrinite random reflectance (0.77%, 0.76% and 0.75%, respectively),
indicating a coal rank of high volatile bituminous (ASTM D388 [36]). Additionally, the maceral
components and proportions have no significant differences (Figures 3 and 5).

5.2. Differentiation of Minerals

Minerals in the three Upper No. 3 coals are of terrigenous, authigenic, and epigenetic
origins. Terrigenous minerals (e.g., kaolinite and quartz) were attributed to the detrital source
during peat accumulating [37]. Authigenic minerals (e.g., pyrite and siderite) were associated
with their sedimentary environment during the syngenetic or penecontemporaneous stage of coal
formation [38,39]. However, epigenetic minerals (e.g., calcite, ankerite, and dolomite) are related to
fluid activities after coalification [37,40].

5.2.1. Terrigenous Minerals

Terrigenous minerals, mainly kaolinite and quartz, share the same distribution patterns through
the three coal seam sections, i.e., kaolinite occurs in all the benches and quartz is only present in the
benches close to the roof and floor strata. During peat accumulation, the vegetation in and around the
mire acted as a filter, preventing quartz particles from penetrating into the mire, while kaolinite is fine
enough to be carried into and preserved in the peat mire [37,41]. In the beginning and ending of peat
accumulation of the No. 3 coal, the vegetation prevention was weak, thereby allowing quartz particles
to be moved into and deposited within the benches close to the floor or roof strata. This explains why
the SiO2/Al2O3 ratio is comparable to the theoretical ratio of kaolinite (1.18) in the middle benches but
is higher in the upper or bottom benches of the three seam sections (Table 3, Figure 2).

The Al2O3/TiO2 ratio is a valuable provenance indicator of sedimentary rocks [28,29], because the
ratio of Al2O3 versus TiO2 in mudstones/sandstones to the same ratio in their parent rocks [42]. The
Al2O3/TiO2 ratios is also applied as a provenance indicator for coal and coal-bearing strata [2,40,43–46].
The Al2O3/TiO2 ratios of the Upper No. 3 coals from the Luxi, Liangbaosi, and Tangkou mines are
similar in average value (19.66, 21.05, and 20.22, respectively). This is close to the lower end of felsic
igneous rocks (21–70) [42]. During Late Carboniferous and Early Permian, the terrigenous source of the
coal-bearing basin in North China was dominantly from the northern Yinshan Upland, which is mainly
made up of alkaline granite [28]. This is also the case for the Upper No. 3 coal in the southwestern
Shandong coalfield, which is supported by the Al2O3/TiO2 ratio.

5.2.2. Authigenic Minerals

Pyrite and siderite are of authigenic origin and they formed syngenetically during peat
accumulation [37]. The presence of siderite and pyrite was controlled by the sedimentary environment,
where sulfur supply is important because iron in solution would otherwise combine with bacterially
produced H2S instead of reacting with dissolved CO2, released by fermentation of organic
matter [37,47]. The elevated sulfur content (0.73%) is attributed to the common pyrite in the Luxi
Upper No. 3 coals, while the lower sulfur content (0.56% and 0.25%) is consistent with a lack of pyrite
and frequent presence of siderite in the Liangbaosi and Tangkou coals (Figure 4).
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For low sulfur coal (<1% S), sulfur is derived primarily from parent plant material [48]. In medium
(1% to <3% S) to high sulfur (ě3% S) coals, the sulfur is partly inherited from plant and largely from
sulfate in seawater that flooded into peat [38,48]. Although the average sulfur content is lower than
1%, the elevated sulfur in the upper benches of the three profiles suggests a seawater influence during
the end of the peat accumulation of the Upper No. 3 coal. Chen has reported that the bottom section
of Shanxi Formation was subjected to seawater influence [49]. In addition, the variations of sulfur
content among the three coals suggest that the seawater influence on the coal-forming peat mire
decreases by location, from the Luxi, to the Liangbaosi, and to the Tangkou mine. This is supported
by the Sr/Ba ratio in the three coals, 1.31, 0.83 and 0.59, respectively. Because the solubility of Ba
compounds is lower than that of Sr, once Ba is precipitated as BaSO4, this compound is difficult to
dissolve when sulfate exists in the water [50]. Thus, Sr can move farther seaward than Ba. Therefore,
the Sr/Ba ratio is a useful indicator of marine and terrigenous environments, where the ratio increases
from terrigenous, paralic, and marine lithofacies [50–52]. The three coals in the present work are
different from the Upper No. 3 coal at the Xinglongzhuang mine, southwestern Shandong coalfield.
The Xinglongzhuang Upper No. 3 coal has an average sulfur content of 1.49%, with the maximum
value occurring in the middle section (3.75%). Pyrite in the coal from the Xinglongzhuang mine occurs
mainly as cell or fracture-infillings, with a small proportion of pyrite as disseminated fine particles or
framboidal crystals; the sulfur content in the coal from this coalfield is thus attributed to epigenetic
invasion as opposed to seawater influence of early diagenesis [15].

5.2.3. Epigenetic Minerals

Calcite in coal is mainly epigenetic origin and occurs as fracture- or cleat-fillings [37]. Detrital
calcite is rare in coal because calcite can easily be decomposed under the acidic conditions [53,54].
Occurring as fracture-infillings, carbonate minerals including calcite, ankerite, and/or dolomite in the
Upper No. 3 coal are therefore suggestive of an epigenetic origin. They were probably precipitated by
circulation of Ca (Mg, Fe)-bearing underground water precipitation [55]. No carbonate minerals are
detected in the Luxi coal. However, calcite and ankerite are present in the Liangbaosi and Tangkou
coals; dolomite is only present in the Liangbaosi coal (Figure 6). The increase in epigenetic fluids with
depth invasion significantly increased the calcium input in the coal. The Luxi coal has a CaO/Al2O3

ratio of 0.035, while the same ratio in the Liangbaosi and Tangkou coals is more than double, e.g.,
0.083 in the Liangbaosi coal and 0.125 in the Tangkou coal (Table 3, Figure 2). The epigenetic carbonate
minerals in coal can be formed in different stages [55–58]. The distribution differences between
dolomite and calcite/ankerite suggest that they were not precipitated simultaneously and were
probably derived from various fluids with different compositions. Calcite and ankerite were also not
from in the same period. For example, the TK3U-1, 2, 3 bench samples in the Tangkou mine have
ankerite and no calcite, whereas the sample LBS3U-2 in the Liangbaosi mine has calcite but no ankerite.
The current data support that calcite, ankerite, and dolomite in the Liangbaosi coal were derived from
various fluids with different compositions and there were at least three stages for epigenetic carbonate
mineral precipitation.

6. Conclusions

Due to the tectonic activities after Jurassic, the positions of the Early Permian Upper No. 3
coals were significantly rearranged in depth in the Luxi, Liangbaosi, and Tangkou mines. The
three Upper No. 3 coals are similar in rank and maceral compositions, suggesting that there were
no significant influences from the tectonic processes. Although the Upper No. 3 coals are low in
sulfur, they may still have derived from marine influence. Terrigenous minerals are comparable in
both types and distribution patterns among the three coal seam sections; siderite and pyrite signify
minerals of syngenetic or penecontemporaneous precipitation origin rather than an epigenetic origin.
Epigenetic minerals (e.g., calcite, ankerite, and dolomite) were attributed to invasion by Ca, Mg or
Fe-bearing fluids.
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Abstract: This paper discusses the content, distribution, modes of occurrence, and enrichment
mechanism of mineral matter and trace elements of an Early Permian coal from Songshao
(Yunnan Province, China) by means of coal-petrological, mineralogical, and geochemical techniques.
The results show that the Songshao coal is characterized by high total and organic sulfur contents
(3.61% and 3.87%, respectively). Lithium (170.39 μg/g) and Zr (184.55 μg/g) are significantly enriched
in the Songshao coal, and, to a lesser extent, elements such as Hg, La, Ce, Nd, Th, Sr, Nb, Sn, Hf, V, and
Cr are also enriched. In addition to Hg and Se that are enriched in the roof and floor strata of the coal
seam, Li, La, Ce, Pr, Nd, Sm, Gd, Y, Cd, and Sb are slightly enriched in these host rocks. Compared to
the upper continental crust, rare earth elements and yttrium in the host rocks and coal samples are
characterized by a light-REE enrichment type and have negative Eu, positive Ce and Gd anomalies.
Major minerals in the samples of coal, roof, and floor are boehmite, clay minerals (kaolinite, illite,
and mixed layer illite-smectite), pyrite, and anatase. Geochemical and mineralogical anomalies of the
Songshao coal are attributed to hydrothermal fluids, seawater, and sediment-source rocks.

Keywords: coal; mineral; elements; Early Permian; genetic types

1. Introduction

Yunnan is one of the most coal-rich provinces in Southern China. Coal resources are mainly
concentrated in the east and south of Yunnan. The Songshao Mine is located in the eastern part of
Yunnan Province (Figure 1). Previous studies have focused on geologic structure, coal-bearing sequences,
and coal quality of the Songshao Mine [1]. This paper aims to discuss geological controls on mineralogy
and geochemistry of Early Permian coal from the Songshao Mine. Studies on mineral matter in coal
are important because the process of coal formation, including peat accumulation, the interaction of
the organic matter with basinal fluids, sediment diagenesis, and sometimes synsedimentary volcanic
inputs, may result in enrichment of mineral matter in coal. Therefore, investigations on the mineral
matter in coal could help to better understand the process of coal formation [2–4]. From an economic
perspective, mineral matter in coal can serve as carriers for some valuable elements (e.g., Ga, Al, rare
earth elements and yttrium) that have been recovered, or have such potential, from coal combustion
wastes [5–8]. Geochemical anomalies in coals from Eastern Yunnan have previously been reported; for
instance, Zhou et al. [9] reported trace-element geochemistry of altered volcanic ash layers (tonsteins) in
Late Permian coal-bearing sequences in Eastern Yunnan and Western Guizhou Provinces; Dai et al. [10]
described modes of occurrence and origin of quartz and chamosite in Xuanwei coals. Dai et al. [11]
found a new type of Nb(Ta)–Zr(Hf)–REE–Ga polymetallic deposit of volcanic origin in the Late
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Permian coal-bearing strata of Eastern Yunnan; Dai et al. [12] reported on the mineralogical and
geochemical compositions of Late Permian C2 and C3 coals (both medium-volatile bituminous)
from the Xinde Mine in Xuanwei, Eastern Yunnan. Geological factors controlling these geochemical
and mineralogical anomalies have previously been analyzed [3,13–16]. For example, Dai et al. [13]
documented mineralogical and geochemical anomalies of Late Permian coals from the Fusui coalfield,
which were caused by influences from terrigenous materials and hydrothermal fluids.

 

Figure 1. Location and sedimentary sequence of the Songshao Mine, Eastern Yunnan Province, China.
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In the present study, new data on the Early Permian Coal from Songshao are reported with
the aim to: (1) investigate geochemical and mineralogical compositions and modes of occurrence
of elements and minerals; and (2) discuss the geological factors influencing mineralogical and
geochemical anomalies.

2. Geological Setting

The sedimentary sequences in the Songshao Mine include Upper Carboniferous strata, Lower
Permian Liangshan Formation, Lower Permian Qixia Formation, and the Quaternary system (Figure 1).

The Liangshan Formation comprises the coal-bearing seam, which underlies limestone of the
Qixia Formation, and conformably overlies Carboniferous limestone. The lower part of the Liangshan
Formation consists of coarse quartzose sandstones; the middle part is mainly composed of mudstones,
interlayered with coal seams; and the upper part of the formation consists mainly of mudstones
interbedded with quartzose sandstones. The thickness of the Liangshan Formation is about 131 m,
and the coal seams are numbered 1 to 4. Only the No. 4 coal seam is minable and contains several
gritty mudstone partings. The thickness of the No. 4 coal varies from 2 to 6 m. Samples, taken from
No. 4 coal bed were numbered as SS-R, SS-1C, SS-2C, SS-3P, SS-4C, SS-5C, SS-6C, SS-7C, SS-8C, SS-9C,
SS-F1 and SS-F2 (SS-R is roof; SS-3P is parting, SS-F1 and SS-F2 are floors and others are coals).

The roof of No. 4 coal is made up of grey black carbonaceous mudstone, and the floor consists
of quartzose sandstones. The Upper Carboniferous Formation is made up of dolomite limestone.
The Qixia Formation consists of medium-thick and thick limestone. The Quaternary system is
composed of colluvial deposits.

3. Samples and Analytical Procedures

The samples selected for this study were collected from the faces of the mined coal seams in the
Songshao Mine (No. 4 coal; Figure 1). All collected samples were immediately stored in plastic bags to
minimize contamination and oxidation.

All the analyses were conducted at the State Key Laboratory of Coal Resources and Safe Mining
(China University of Mining and Technology, Beijing, China). Proximate analysis was performed
according to Chinese Standard GB/T 212-2008 [17]. The total sulfur and forms of sulfur were conducted
following Chinese Standard GB/T 214-2007 [18] and GB/T 215-2003 [19], respectively. Mean random
vitrinite reflectance (Rr) and maceral composition followed ISO 7404-5: 2009 [20]. Percentages of
major-element oxides were determined by X-ray fluorescence (XRF) spectrometry (Thermofisher
ARL Advant’XP+, ThermoFisher Scientific, Waltham, MA, USA). Trace-element concentrations were
determined by inductively coupled plasma mass spectrometry (ICP-MS, Thermofisher X series II,
Thermo Fisher Scientific), with exception of Hg and F. Mercury was determined using a Milestone
DMA-80 Hg analyzer (Milestone, Sorisole, Italy), with a detection limit of 0.005-ng Hg, 1.5% relative
standard deviation (RSD), and 0–1000 ng linearity for the calibration [21]. Fluorine was determined
by pyrohydrolysis in conjunction with an ion-selective electrode, following the method described in
Chinese National Standard GB/T 4633-1997 (1997) [22]. The mineralogy was determined by X-ray
powder diffraction (XRD, Rigaku, Tokyo, Japan) plus Siroquant™ (Sietronics Pty Ltd, Canberra,
Australia), optical microscopic observation, and a Field Emission-Scanning Electron Microscope
(FE-SEM, FEI QuantaTM 650 FEG, Hillsboro, OR, USA), in conjunction with an energy-dispersive X-Ray
spectrometer(EDS, Genesis Apex 4, EDAX Inc., Mahwah, NJ, USA), and these analytical procedures
were described by Dai et al. [13].

4. Results

4.1. Ultimate and Proximate Analyses and Coal Rank

The vitrinite reflectance (1.24%) and volatile matter (30.91 wt %, daf) of the coal bench samples
(Table 1) indicate a middle- to high-volatile bituminous rank, according to the ASTM classification
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(ASTM D388-12, 2012) [23]. The coal is a medium-ash and high-sulfur coal according to Chinese
Standards GB/T 15224.1-2004 [24] (coals with ash yield 20.01%–30.00% are high-ash coal) and GB/T
15224.2-2004 [25] (coals with total sulfur content >3% are high-sulfur coal). Organic sulfur accounts for
most of the otal sulfur (Table 1). However, sample SS-1C has a higher content of pyrite sulfur than
other coal benches.

Table 1. Proximate and ultimate analyses (wt %), and forms of sulfur (wt %) in Songshao coal.

Sample Rr Mad Ad VMdaf St,d Ss,d Sp,d So,daf Ndaf Cdaf Hdaf

SS-R nd nd 79.88 nd 5.35 nd nd nd nd nd nd
SS-1C 1.35 1.40 33.35 29.84 13.03 0.31 8.06 6.99 0.70 75.50 4.04
SS-2C 1.21 0.64 19.22 30.68 3.85 0.05 0.71 3.83 1.10 85.25 4.84
SS-3P 1.17 0.47 47.19 77.10 1.68 0.20 0.04 2.72 0.62 64.71 3.16
SS-4C 1.26 0.63 9.67 27.66 3.78 bdl 0.11 4.09 1.16 87.57 4.73
SS-5C 1.29 0.59 26.35 28.84 2.86 bdl 0.05 3.84 1.21 84.75 4.98
SS-6C 1.23 0.52 24.20 29.81 2.83 bdl 0.07 3.68 1.11 84.97 4.93
SS-7C 1.41 0.44 17.84 28.31 3.26 0.01 0.10 3.83 0.98 86.05 4.82
SS-8C 1.22 0.58 32.77 31.62 2.81 bdl 0.47 3.55 1.11 83.36 5.18
SS-9C 1.24 0.52 29.85 29.87 3.16 0.07 0.25 4.04 1.01 83.63 4.97
SS-F1 nd nd 50.33 nd 1.53 nd nd nd nd nd nd
SS-F2 nd nd 80.78 nd 0.45 nd nd nd nd nd nd
WA 1.24 0.60 23.80 30.91 3.61 0.04 0.62 3.87 1.07 84.32 4.88

M, moisture; A, ash yield; VM, volatile matter; C, carbon; H, hydrogen; N, nitrogen; St, total sulfur; Ss,
sulfate sulfur; Sp, pyrite sulfur; So, organic sulfur; ad, air-dry basis; d, dry basis; daf, dry and ash-free
basis; WA, weighted average for coals (weighted by thickness of sample interval); bdl, below detection limit;
nd, not detected.

4.2. Geochemical Composition

4.2.1. Major Element Oxides

The major-element oxides are mainly represented by SiO2 and Al2O3 (Table 2). When considered
on a whole-coal basis, Songshao coal contains higher proportions of Al2O3, SiO2, and, to a lesser
extent, MgO, TiO2, and K2O, than the average values for Chinese coals reported by Dai et al. [26]; other
major element oxides, however, are either lower than, or close to, corresponding average values for
Chinese coals. The SiO2/Al2O3 ratios for the coals are much lower than those of common Chinese
coals (1.42) [26] and the theoretical SiO2/Al2O3 ratio of kaolinite (1.18).

Table 2. Percentages of major-element oxides in the Songshao coal, parting, roof and floor rocks.

Sample Th (cm) LOI SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SiO2/Al2O3

SS-R 10 20.12 40.27 0.86 28.27 6.41 0.01 1.03 0.35 0.05 2.15 0.06 1.42
SS-1C 8 66.65 9.08 0.2 8.73 13.83 0.01 0.13 0.14 0.04 0.11 0.2 1.04
SS-2C 192 80.78 8.35 0.46 8.07 0.9 0 0.14 0.37 0.03 0.1 0.12 1.03
SS-3P 5 52.81 0.76 0.02 1.6 0.59 0.08 0.26 36.97 0.02 0 0.01 0.48
SS-4C 4 90.33 3.07 0.13 4.8 0.2 0 0.18 0.41 0.19 0.03 0.03 0.64
SS-5C 22 73.65 11.55 0.44 13.08 0.19 0 0.36 0.1 0.04 0.19 0.03 0.88
SS-6C 29 75.8 10.36 0.42 12.28 0.22 0 0.3 0.07 0.02 0.19 0.02 0.84
SS-7C 23 82.16 7.72 0.29 8.86 0.13 0 0.27 0.1 0.02 0.13 0.03 0.87
SS-8C 50 67.23 14.57 0.57 15.75 0.61 0 0.4 0.11 0.03 0.33 0.06 0.93
SS-9C 60 70.15 13.72 0.54 13.74 0.66 0 0.31 0.08 0.02 0.42 0.03 1
SS-F1 10 49.67 25.24 1.12 22.83 0.19 0 0.21 0.07 0.01 0.39 0.03 1.11
SS-F2 25 19.22 39.79 1.65 37.45 0.46 0 0.31 0.05 0.01 0.64 0.06 1.06

SS Coal - 76.5 10.24 0.46 10.56 0.95 0 0.23 0.23 0.03 0.19 0.08 0.97

Chinese
Coal a n.d. n.d. 8.47 0.33 5.98 4.85 0.02 0.22 1.23 0.16 0.19 0.09 1.42

CC n.d. n.d. 1.21 1.4 1.77 0.2 0.15 1.06 0.19 0.18 1.01 0.88 0.68

Th, thickness; LOI, loss on ignition; CC, weighted average for coal samples; a From Reference [26]; n.d., no data.
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The content of Fe2O3 is significantly higher in the roof and sample SS-1C than in other samples.
The content of CaO in the parting SS-3P is particularly high. Based on the variation in concentrations
through the seam section, two groups of major element oxides can be classified:

Group 1 includes SiO2, TiO2, Al2O3, and K2O, all of which show a saw-like distribution, similar
to the ash yield variation through the seam section. These oxides are enriched in the host rocks (roof
and floor), but are at a low level in the coal benches and parting (Figure 2).

Group 2 consists of Na2O, MgO, P2O5, MnO, and Fe2O3. The concentrations of these oxides do
not show distinct variation through the seam section.

 

Figure 2. Variations of SiO2, TiO2, Al2O3 and K2O through the seam section.

4.2.2. Trace Elements

The trace-element contents of Songshao coal are listed in Table 3. Compared to the averages
for world hard coals [27], and based on the enrichment classification of trace elements in coal by
Dai et al. [28], a number of trace elements are enriched in Songshao coal. Lithium has a concentration
coefficient (CC: ratio of element concentration in Songshao coals vs. world hard coals) >10. Zirconium
displays CC values between 5 and 10. Elements, including Hg, Sr, Nb, Sn, Hf, V, Cr, Se, Th, and some
light rare earth elements (La, Ce, and Nd), are slightly enriched in the coal (CC = 2–5). However, Rb,
Ba, Bi, Mo, and Sb, are depleted in the coal (CC < 0.5). The concentrations of the remaining elements
(0.5 < CC < 2) are close to the corresponding averages for world hard coals [27].

Particularly, a number of trace elements are enriched in sample SS-1C. Trace elements with
a concentration coefficient >10 include Hg (CC = 19.73) and V (CC = 13.69); trace elements with a CC
of 5–10 include Sc, La, Ce, Pr, Sm, Eu, Th, Li, Sr, Se, Zr, Cr, and Tl.

Trace elements in the roof and floor rocks with a concentration coefficient (CC = ratio of element
concentration in Songshao coal vs. UCC) higher than 10 include Hg and Se. Lithium shows a CC of
5–10. Lanthanum, Ce, Pr, Nd, Sm, Gd, Y, Cd, and Sb are slightly enriched in the roof and floor samples
(CC = 2–5).

The anomalous geochemical composition of Songshao coal is represented by ratios of some trace
elements. On average, Songshao coal has higher Nb/Ta, Zr/Hf, and especially Li/Rb values, as well
as lower values of Ba/Sr and Rb/Cs than the averages for the world hard coals. From top (roof) to
bottom (floor), the ratios of Ba/Sr and Nb/Ta show similar distribution patterns, which gradually
increase; the ratio of Rb/Cs, however, shows an adverse trend.
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4.2.3. Rare Earth Elements

Rare earth elements (REE) in coal are generally associated with minerals, especially clay minerals
and phosphate, which are generally associated with ash yield [29]; in some cases, heavy rare earth
elements are associated with the organic matter in coal [30]. A threefold classification of REE was
used for this study: Light (LREE: La, Ce, Pr, Nd, and Sm), medium (MREE: Eu, Gd, Tb, Dy, and Y),
and heavy (HREE: Ho, Er, Tm, Yb, and Lu) REE [31]. Accordingly, in comparison with the upper
continental crust [32], three enrichment types are identified [31]: L-type (light-REE; LaN/LuN > 1),
M-type (medium-REE; LaN/SmN < 1 and GdN/LuN > 1), and H-type (heavy REE; LaN/LuN < 1).

With the exception of sample SS-9C, the REE patterns in the coal benches are characterized by
L-REE enrichment, Eu negative anomalies, and Gd-maximum (Gd reaches to the peak of the patterns)
(Figure 3). In particular, sample SS-1C has the highest REE concentration relative to other coal samples
and does not show an Eu anomaly.

Figure 3. Distribution patterns of rare earth elements (REE) of samples in the Songshao coal mine.
(A) Plots for the Songshao coal in comparison with C3-4c from the Xinde Mine. (B) Plots of SS-1C, roof
and floor, and parting from the Songshao Coal Mine. REE are normalized by upper continental crust
(Taylor and McLennan [32]).

The lower REE abundance of the parting is attributed to its lithological composition, which is
represented by 97% calcite (Table 4). According to previous studies, the content of REE in limestone
is lower in comparison with other lithology, such as clay and oil shale [33,34]. The REE distribution
pattern for the parting is characterized by an M-REE enrichment type and almost no Eu anomalies.

Table 4. Low temperature ash (LTA) yields of coal samples and mineral compositions (%) of LTAs,
parting, roof and floor determined by XRD and Siroquant. “-“means below the detection limit of
Siroquant analysis.

Sample LTA Kaolinite Illite I/S Marcasite Pyrite Calcite Anatase Boehmite Diaspore Brucite

SS-R - 54.5 39.2 - - 5.1 - 1.2 - - -
SS-1C 47.2 41.3 - - 12.7 44.6 - 0.9 - - -
SS-2C 22.9 55.2 17.9 - - - 6.1 1.3 3.4 14.9 1.1
SS-3P 73.8 - - - - - 97.7 - 2.1 0.1 0
SS-4C 11.0 22.6 17.3 14.7 - - 4.7 1.7 34.3 4.3 0.4
SS-5C 31.9 50.8 9.1 14.6 - - - 0.6 24.9 - -
SS-6C 23.7 60.5 6.7 1.7 - - - 0.9 30.3 - -
SS-7C 20.7 51.8 6.1 - - - - 0.1 34.2 7.6 0.3
SS-8C 39.0 53.7 14.8 - - - - 0.4 25.3 5.1 0.7
SS-9C 35.1 63.6 14.7 - - - - - 20.9 - 0.4
SS-F1 - 83.6 6.3 - - - - 0.7 9.4 - -
SS-F2 - 78.5 7.7 - - - - 1.0 12.9 - -

In addition, the floor and roof samples have similar REE distribution patterns, with weak negative
Eu anomalies, and L- and M-REE enrichment types.
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REE in all the samples are characterized by a Gd-maximum. The distribution patterns of REE in
Songshao coal are similar to that in sample C3-4c from the Xinde Mine in Eastern Yunnan, China [12].
Sample C3-4c is characterized by M-type REE spectra with a Gd-maximum (Figure 3); such patterns in
coal are typical of a great deal of acid water, including high pCO2-waters in coal basins [35,36].

4.3. Mineralogical Composition

4.3.1. Mineral Phases

The proportions of each crystalline phase, identified from the X-ray diffractograms of the coal
LTA (low temperature ash), parting, roof, and floor samples, are given in Table 4. The phases identified
in the coal LTAs include kaolinite, illite, I/S (mixed layer of illite and smectite), marcasite, pyrite,
calcite, anatase, boehmite, diaspore, and a trace amount of brucite. Additionally, stannite, fluorapatite,
apatite, zircon, halotrichite, and some REE-bearing minerals, including xenotime, florencite, and
silicorhabdophane, are also identified in sample SS-7C by SEM-EDS analysis.

Calcite is the dominant mineral in parting. Other minerals including boehmite and diaspore are
also identified from parting LTA.

Minerals in the roof sample (SS-R) include kaolinite, illite, pyrite, and small proportions of anatase,
quartz, and gypsum. The floors samples (SS-F1 and SS-F2) are composed of kaolinite, illite, anatase,
and boehmite.

4.3.2. Comparison between Mineralogical and Chemical Compositions

The chemical composition of the (high-temperature) coal ash calculated from the XRD and
Siroquant analyses of each LTA or roof and floor samples are listed in Table 4. The two data sets,
derived respectively from the XRD and the XRF data, have been compared and are presented as
X–Y plots (Figure 4), 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 SiO2, and Al2O3 in Figure 4 plot
close to the equality line, suggesting that the XRD results are generally compatible with the chemical
analysis data.

 

Figure 4. Comparison of observed normalized Si and Al oxide percentages from chemical analysis
(X-axis) to oxide percentages for sample ash inferred from XRD analysis data (Y-axis). The diagonal
line in each plot indicates equality.

4.3.3. Modes of Mineral Occurrence

Clay Minerals

Clay minerals, including kaolinite, I/S (mixed-layer illite-smectite), illite, and smectite, are
identified using XRD and SEM-EDS. They normally occur in the matrix of organic matter of the coal
(Figure 5A). Kaolinite is the dominant mineral both in the coals and the roof and floor strata. In some
cases, kaolinite distributes along the bedding (Figure 5B), and sometimes it occurs in detrital forms.
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Other modes of occurrence of kaolinite include fracture- and cell-fillings (Figure 5C) of authigenic
origin [37]. I/S, illite, and smectite distribute along the bedding planes (Figure 5B); occur as cell-fillings
(Figure 5D,E); or distribute around boehmite (Figure 5F).

Figure 5. Cont.
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Figure 5. Minerals in the Songshao coal. (A) clay minerals in SS-9C; (B) kaolinite, illite, boehmite
and florencite in SS-7C; (C) cell-filling kaolinite and boehmite in SS-7C; (D) cell-filling boehmite,
illite, and anatase in SS-7C; (E) cell-filling boehmite, ditrital zircon, anatase, pyrite and stannite in
SS-7C; (F) boehmite occurs small lumps and bead-like block embedded in the clay minerals and ditrital
anatase in SS-7C; (G) boehmite in SS-9C; (H) framboidial pyrite in SS-1C; (I) plate, block and radial form
marcasite in SS-1C; (J) vein-filling calcite in SS-3P; (K) cell-filling calcite in SS-3P; (L) fracture-filling
florencite in SS-7C. B-F, H, I, L, SEM and back-scattered electron images; (A), (G), (J), (K), reflected light.
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Boehmite, Disapore, Brucite

Oxyhydroxide minerals, such as boehmite, disapore, and brucite, were identified in Songshao coal.
High boehmite content (mean 4.33%) was identified in Songshao coal, occurring as fracture-fillings
(Figure 5B), small lumps (Figure 5F), cell-fillings (Figure 5D,E), and bead-like block embedded in the
clay minerals (Figure 5F). The lumps show different shapes and variable sizes, from a few to one
hundred micrometers. The surface of the boehmite in the coal is much smoother than that of the clay
minerals (Figure 5F) and the relief of boehmite is higher under the polarizing microscope (Figure 5G).
Minerals associated with the boehmite in the coal include goyazite, rutile, zircon, and Pb-bearing
minerals (galena, clausthalite, and selenio-galena) [38]. Additionally, zircon is also identified in
Songshao coal.

Pyrite and Marcasite

Pyrite is only detected in samples SS-R and SS-1C using the XRD technique. A trace amount of
pyrite is also detected in sample SS-7C using SEM-EDS. Pyrite in sample SS-1C occurs as framboidal
massive (Figure 5H) and euhedral crystal forms (Figure 5H), or distributes along the bedding
(Figure 5E). Marcasite is only detected in sample SS-1C and coexists with pyrite, occurring as plate,
block and radial forms (Figure 5I). This kind of marcasite may be of a syngenetic origin.

Calcite

Calcite is detected in samples SS-2C, SS-3P, and SS-4C using XRD and it accounts for 72.1% in
the parting (SS-3P). Calcite occurs as vein- (Figure 5J), fracture- or cells-fillings (Figure 5K), indicating
an epigenetic origin.

Antase and Zircon

Antase occurs as discrete particles in clay minerals (Figure 5E,F) or as cell-fillings (Figure 5D).
Zircon occurs as detrital particles of terrigenous origin (Figure 5E).

The mode of occurrence of zircon indicates a detrital material of terrigenous origin. Zircon may
be a pyroclastic mineral in some tonsteins [4,39] or it may occur as detrital material derived from the
sediment source region.

Apatite, Halotrichite, and Stannite

Apatite in coal is classified as fluorapatite and zwiesellite. Fluorapatite is a common mineral in
coal. It looks like bamboo leaves filling in the fracture (Figure 5L), indicating an epigenetic chemical
deposition. A spot of halotrichite was also observed in sample SS-7C. The copiapite-group of minerals
is one of the most common Fe-sulfates reported from many coals, such as coals from the Jaintia Hills
coalfield in Meghalaya, India [40]. A trace of stannite was detected using SEM-EDS (Figure 5E).

REE-Bearing Minerals

REE-bearing minerals are at a low concentrations, below the detection limit of the XRD and
Siroquant analysis, but were observed under SEM-EDS in sample SS-7C. These minerals are Xenotime,
florencite, rhabdophane, and silicorhabdophane.

Phosphate minerals, such as apatite, monazite, and, in some cases, xenotime, zircon, and some
clay minerals, are usually the carriers of thorium in coal [41]. In this study, thorium was not detected,
but Dy was detected in xenotime.

Florencite occurs as fracture-fillings, coexisting with kaolinite (Figure 5B). However, the small
size of these particles makes it difficult to obtain a representative EDS spectrum.

5. Factors Controlling Enrichment of Trace Elements and Minerals in Songshao Coal

It has been reported that seven factors control the enrichment of elements and minerals in
Chinese coals: The sediment-source rocks, low-temperature hydrothermal fluids, marine environments,
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volcanic ash, magmatic fluids, submarine exhalation, and groundwater [3]. The first three factors are
likely to be responsible for the geochemical and mineralogical anomalies of Songshao coal.

5.1. Input from Sediment-Source Region

As described above, Songshao coal is enriched in Al, Si, Ti, Li, Zr, Hf, Th, Sr, and V. Aluminum
and Si are largely contained in clay minerals. Two modes of kaolinite occurrence in Songshao coal
were identified: Detrital kaolinite of terrigenous origin and cell-filling kaolinite of authigenic origin.
Anatase, which occurs as discrete particles in the clay mineral matrix, is the host of Ti and was probably
derived from sediment-source sources. Lithium generally occurs in minerals, or can be absorbed by
bauxite minerals, which can then be named as a Li deposit [42] if Li is highly concentrated. Moreover,
Li may occur in silicate minerals, because it tends to be absorbed by clay minerals, which are formed
during a weathering process [43]. It was reported that the Langdaisa Li-bearing claystone of the
Permian Liangshan Formation contains 0.12%–0.74% Li [44,45]. Langdaisa is located in the Liuzhi
District of Guizhou and Liuzhi is situated to the northeast of the Songshao Mine, indicating the same
sediment source for the Langdaisa Li-bearing claystone and Songshao coal. Thorium is not easily
altered by the processes of weathering and transportation, and, thus, it can serve as an effective
indicator for deducing the source region. Thorium is generally absorbed by clay and more likely occurs
in bauxite [43]. In addition, thorium can occur in apatite, xenotime, or zircon in coal [41]. In this study,
minerals including apatite, xenotime, and zircon have been identified in sample SS-7C by SEM-EDX;
however, thorium was not found to occur in these minerals. The correlation coefficients of Zr-Th and
Zr-Hf are 0.814 and 0.974, respectively (Figure 6). Zircon is the carrier of Zr and also contains Th and
Hf. The mode of zircon occurrence indicates a detrital material of terrigenous origin. Elements Hf,
Zr, and Li show a similar variation tendency through the seam section, suggesting a same source
(Figure 6).

Figure 6. Variations of Li, Hf, and Zr through the seam section.

Seredin and Dai [31] suggested that the L-type distribution of REE in coal are attributed to
terrigenous or tuffaceous origins during peat accumulation stage. In the first case, the REE may be
transported as colloidal and ionic forms from uplift containing magmatic rocks enriched in light
REE, such as granite and carbonatite [31]. The light REE enrichment type in Songshao coal indicates
a terrigenous origin. A similar instance occurred in the No. 6 Coal seam in the Jungar deposit in
Inner Mongolia, China [46]. REE are present in Songshao coal as REE-rich minerals, such as xenotime
and florencite.
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5.2. Hydrothermal Fluid Influences

Hydrothermal fluid is another critical factor responsible for the trace-element and mineral
anomalies in the Songshao coal, parting, and roof and floor rocks. The hydrothermal fluid includes
syngenetic hydrothermal solutions injected into the peat mire during peat accumulation. Mineralogical
evidence of hydrothermal influence on Songshao coal includes:

(1) Pyrite and calcite occur as micro-veinlets (Figure 5H,J). Multi-generation pyrite occurs in
sample SS-1C. Framboidal pyrite is of an early diagenetic origin [47]. It occurs as lenses and spheres
and the aggregates are composed of microcrystalline paticles. The framboids are commonly coated by
late-formed sulfides. Meanwhile, sample SS-1C is enriched in As, Se, and Hg. According to previous
research [48–51], some trace elements, for instance, arsenic and mercury, are concentrated in the late
stage of hydrothermal fluids. In some cases, arsenic was syngenetically derived from hydrothermal
solutions [6]. Particularly, the enrichment of arsenic was associated with late-stage pyrite that coats
early framboids and with microscale faulting. This phenomenon also occurred in the West Virginia
coals from the Appalachian region, USA [52]. Therefore, hydrothermal fluid may be responsible for
the enrichment of trace elements in sample SS-1C.

(2) Clay minerals, boehmite and calcite occur as cell-fillings (Figure 5B,C,K). Under favorable
conditions, solutions that contained soluble Al and Si entered the coal basin, filled and then were
deposited in the cells during peat accumulation.

(3) High boehmite content (mean 4.33%) in Songshao coal is not commonly observed; the content
of boehmite in the coal present in this study is close to that (mean 6.1%) in the No. 6 Coal from the
Jungar Coalfield [46] and from some mines of the Daqingshan Coalfield [53]. In addition, boehmite may
be the result of low-temperature hydrothermal fluids, generally associated with zeolites [54]. However,
zeolites have not been observed in the present study. The occurrence mode of boehmite in Songshao
coal is similar to that in the No. 6 Coal in the Jungar Coalfield [46] and the Daqingshan Coalfield [53].
The boehmite in Jungar coals is the major carrier of Ga and Th, which are significantly enriched in the
coal (44.8 μg/g Ga; 17.8 μg/g Th; on a whole coal basis). However, trace elements were not enriched
with boehmite in Songshao coal. The difference in element abundance between boehmites in the coals
from the different coalfields was probably due to different origins of boehmite. An explanation for
high boehmite content is that in the humid–warm climatic conditions, rock in sediment source suffered
from weathering and erosion, which can cause Al to be concentrated in weathering crust. Colloidal
solution containing Al removed from the crust flowed into the peat mire, and boehmite was formed by
compaction and dehydration of Al colloidal solution during peat accumulation and early diagenesis.

(4) The presence and mode of occurrence of xenotime, florencite, rhabdophane and
silicorhabdophane in the coal present in this study indicate that these minerals were deposited
from hydrothermal fluids at syngenetic or early diagenetic stages. Rhabdophane, florencite, and
silicorhabdophane are the major carriers of light rare earth elements in the samples of the present
study. These minerals in coal are generally derived from hydrothermal fluids, and they are also the
major REE carriers in some other REE-rich coals as well [31,54–60].

(5) S positively correlates with Hg and Fe, with correlation coefficients rS-Hg = 0.85 and rS-Fe = 0.88
(Figure 7), respectively. Fluorine is slightly enriched in Songshao coal with CC = 1.88. Syngenetic
hydrothermal solutions may be rich in Hg and F, and this could lead to enrichment of Hg in upper
and lower portions of the coal seam and high F concentrations throughout the whole seam section.
Hydrothermal fluids leading to enrichment of Hg and F has also been reported in some coals from
other coalfields [61–64]. Fluorine-bearing fluorapatite was found to occur as fracture-fillings in sample
SS-7C. Epigenetic hydrothermal fluids led to the enrichment of F, Fe, Se and S in the roof rock.
Owing to the injection of epigenetic hydrothermal fluids into the coal seam, the concentrations of
epithermal-associated elements (e.g., F, Se, S, and Hg) are highly elevated near the contact between the
coal bench and roof strata.
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Figure 7. Correlation coefficients between two elements.

5.3. Marine Environments

Because Songshao is located in the area of arenaceous and argillaceous facies in litoral zone
(Figure 8), the peat swamp of the coal had been subjected to a marine environment, as indicated by the
following evidence:

(1) A number of researches showed that coals formed in marine-influenced environment are
generally enriched in some elements, including S, B, V, Br, Rb, Sr, Mo, and U [65–69], because these
elements are enriched in seawater in comparison with fresh water. Songshao coal, as described above,
is enriched in V and Sr.

(2) Songshao coal is a high-sulfur coal with average total sulfur and organic sulfur contents 3.61%
and 3.87%, respectively. Previous work showed that sulfate in seawater that flooded peat swamps is
the major sources of sulfur for medium- and high-sulfur coals [70]. Some studies also indicated that
submarine exhalation can also lead to sulfur enrichment in coal [71]. The elevated content of sulfur in
Songshao coal is attributed to seawater that injected into the peat swamp during peat accumulation.
Sulfates in the seawater were reduced by anaerobic sulfate-reducing bacteria. Various forms of sulfur,
which decrease in interstitial water, react with iron ions and organic matters. Then, sulfur-bearing
minerals (pyrite mostly) and organic sulfide formed [72].
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Figure 8. Sketch map of lithological facies and paleogeography in the study area during the Liangshan
Stage. Modified from [73,74].

6. Conclusions

Songshao coal is medium- to high-volatile bituminous in rank, with high total and organic sulfur
contents. Major-element oxides are mainly represented by SiO2 and Al2O3. Trace elements, including
Li, Zr, Hg, Sr, Nb, Sn, Hf, V, Cr, Se, Th, and some light REE, are enriched. The REE enrichment patterns
in the coal seam are L-types (light REE enrich) and are characterized by negative Eu anomalies and
a Gd-maximum. The mineral phases identified in the coal LTAs include kaolinite, illite, I/S (mixed
layer illite-smectite), pyrite, calcite, anatase, boehmite, diaspore, and some REE-bearing minerals.
Clay minerals occur in the matrix of organic matter. Boehmite in the coal occurs as fracture-fillings,
small lumps, as cell-fillings, or as bead-like blocks embedded in the clay minerals. Pyrite occurs as
framboidal forms; calcite occurs as fracture-fillings or cell-fillings. Other minerals occur as debris in
the samples.

High total and organic sulfur contents and the enrichment Sr and V are attributed to a marine
influence. Hydrothermal fluids are responsible for the high boehmite content (mean 4.33%) and
its modes of occurrence; the presence and modes of REE-bearing minerals, pyrite and calcite; the
enrichment of Hg and F in the coal, roof and floor strata rocks. Songshao coal and the roof and floor
strata rocks are also enriched in SiO2, Al2O3, Li, Zr, and light rare earth elements, which were derived
from the sediment source.
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Abstract: Volcanic layers in coal seams in southwestern China coalfields have received much attention
given their significance in coal geology studies and their potential economic value. In this study, the
mineralogical and geochemical compositions of C19 and C25 coal seams were examined, and the
following findings were obtained. (1) Clay minerals in sample C19-r are argillized, and sedimentary
layering is not observed. The acicular idiomorphic crystals of apatite and the phenocrysts of Ti-augite
coexisting with magnetite in roof sample C19-r are common minerals in basaltic rock. The rare earth
elements (REE) distribution pattern of C19-r, which is characterized by positive Eu anomalies and
M-REE enrichment, is the same as that of high-Ti basalt. The concentrations of Ti, V, Co, Cr, Ni,
Cu, Zn, Nb, Ta, Zr, and Hf in C19-r are closer to those of high-Ti basalt. In conclusion, roof sample
C19-r consists of tuffaceous clay, probably with a high-Ti mafic magma source. (2) The geochemical
characteristics of the C25 coals are same as those reported for coal affected by alkali volcanic ash,
enrichment in Nb, Ta, Zr, Hf, and REE, causing the C25 minable coal seams to have higher potential
value. Such a vertical study of coals and host rocks could provide more information for coal-forming
depositional environment analysis, for identification of volcanic eruption time and magma intrusion,
and for facilitating stratigraphic subdivision and correlation.

Keywords: southeastern Sichuan; Late Permian; Shiping mine; volcanic layers in coal seams;
high-Ti basalt

1. Introduction

Volcanic ash ejected from volcanoes falls into peat swamps and subsequently can form a thin
and stable stratum in coal seams, which is usually “tonstein” and in some cases, occurs as roof and
floor strata of coal seams [1,2]. These volcanic layers in coal seams get much attention as they can
help to identify times of volcanic eruption and magma intrusion in this area, assess the coal-forming
environments, and facilitate stratigraphic subdivision and correlation [1–8]. Moreover, some volcanic
layers in the coal seams may contain valuable trace elements (such as rare earth elements, Nb, Ta, Zr,
Hf, and Ga) that could increase the potential value of the coal [4,5]. Consequently, host rocks (tonsteins,
floor and roof) in coal seams related to volcanic ash are of great importance in coal geology [2,3,6,7].

Volcanic activity frequently occurred in the Late Permian age in southwestern China [1,2,9–13],
and volcanic ashes deposited in the peat-forming environment have been found in some coal seams
in this area [1–5]. These volcanic layers found in southwest China can be divided into four types:
felsic [2,14], alkali [2,4,5,15,16], mafic [1,3], and dacitic [3]. It was reported that felsic and dacitic
volcanic layers are common in Late Permian coal seams in southwestern China [1,2,6,7]. Alkali
volcanic layer in the coal seams in southwestern China have attracted much attention given that coal
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seams affected by alkali volcanic ash are enriched in Nb, Ta, Zr, Hf, and REE [2,4,5,15,16]. However,
because mafic eruptions generally do not form tuffs, mafic volcanic layers occur rarely in coal-bearing
strata around the world and only a few have been found in the Late Permian coals from southwestern
China [1,3].

More attention has been paid to tonsteins in coal seams [5,16]; however, research on the roof
and floor strata with a volcanic source was scarcely reported [3]. In this paper, geochemical and
mineralogical characteristics of the roof sample in the C19 coal seam with a high-Ti mafic magma
source were investigated. Variation in the element geochemistry and mineralogy of the C19 and C25
coals and floor sample in Late Permian from the Shiping mine, Sichuan, southwestern China was
also described, with an emphasis on elements and minerals of volcanic origin in these coals and hosts
rocks. Such a vertical study of coals and host rocks could provide more information for coal-forming
depositional environments analysis, for identification of volcanic eruption time and magma intrusion,
and for facilitating stratigraphic subdivision and correlation.

2. Materials and Methods

The Shiping mine is located in the southeastern part of Sichuan Province, southwestern China
(Figure 1).

 

Figure 1. Distribution of Late Permian Emeishan basalts in southwestern China [13].

The sedimentary sequences in the Shiping mine include the Quaternary, Upper Triassic Xujiahe
Formation, Middle Triassic Leikoupo Formation, Lower Triassic Jialingjiang and Feixianguan
Formations, Upper Permian Changxing and Longtan Formations, Middle Permian Maokou and
Xixia Formation, Lower Permian Liangshan Formation, and Silurian.

The coal-bearing sequence of the Shiping mine is the Late Permian Longtan Formation, which
is composed mainly of mudstone, siltstone, sandstone, flint-bearing limestone, muddy sandstone,
claystone, and six coal seams (Figure 2).

The Longtan Formation contains two major minable coal seams, namely the C19 and the
C25. The C25 coal is the lowermost coal seam in the Late Permian strata of southwestern China.
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The thickness of the C25 coal seam is 0.80–1.30 m. The C19 coal, with a thickness of 1.50–2.00 m, is the
lower-middle coal seam in the Late Permian strata of southwestern China.

Figure 2. The sedimentary sequences of the Shiping mine.

3. Samples and Analytical Procedures

Six samples, including four coal bench samples (C19-1, C25-1, C25-2, and C25-3), one roof sample
(C19-r), and one floor sample (C25-f), were taken from C19 and C25 coal seams mined at the coal
working face of the Shiping mine (Figure 2). The identifications of all samples were shown in Figure 2.
Each sample was cut over an area 10 cm wide and 10 cm deep. All samples were stored immediately
in plastic bags to minimize contamination and oxidation.

Proximate analysis was conducted with ASTM Standards D3173-11 [17], D3174-11 [18], and
D3175-11 [19]. Total sulfur and forms of sulfur were determined under ASTM Standards D3177-02 [20]
and D2492-02 [21], respectively. Petrographic examination of the coals was performed under
optical microscope following ASTM Standard D2797/D2797M-11a [22]. Mean random reflectance of
vitrinite (percent Ro,ran) was determined by using a Leica DM-4500P microscope (Leica Camera
AG, Wetzlar, Germany). Maceral constituents were identified under white-light reflectance oil
immersion microscopy.

A field emission-scanning electron microscope (FE-SEM, FEI Quanta™ 650 FEG, FEI, Hillsboro,
OR, USA), in conjunction with an EDAX energy-dispersive X-ray spectrometer (Genesis Apex 4, EDAX
Inc., Mahwah, NJ, USA), was used to study morphology and microstructure and also to determine the
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distribution of some elements in the coal and rock samples. Low-temperature (oxygen-plasma) ashing
(LTA) was performed, using an Emitech K1050X plasma asher (Quorum Inc., Lewes, UK), to remove
organic matter in the coal prior to XRD analysis. The residues of this process were then analyzed
by X-ray diffraction (XRD) using a D/max-2500/PC powder diffractometer (Rigaku, Tokyo, Japan)
with Ni-filtered Cu-Kα radiation and a scintillation detector. The XRD pattern was recorded over a 2θ
interval of 2.6˝–70˝, with a step size of 0.01˝.

Concentrations of major element oxides in the samples (on ash basis; ashing temperature of 815 ˝C)
were obtained by X-ray fluorescence (XRF) spectrometry. Mercury was determined by a Milestone
DMA-80 Hg analyzer (Milestone, Sorisole, Italy). Fluorine analysis was conducted using ASTM
Standard D5987-96 [23]. Inductively coupled plasma mass spectrometry (Thermo Fisher, Edmonton,
AB, Canada, X series II ICP-MS) was used to determine the trace elements in the samples. All samples
were digested using an UltraClave Microwave High Pressure Reactor (Milestone Inc., Shelton, CT,
USA). Details for these coal-related sample digestion and ICP-MS analysis techniques are given by
Dai et al. [1]. Arsenic and selenium were determined by ICP-MS, using collision cell technology (CCT),
in order to avoid disturbance of polyatomic ions [24].

4. Results

4.1. Coal Chemistry and Coal Petrology

The vitrinite random reflectance (Ro,ran average 2.21%) and the weighted average volatile matter
(Vdaf average 15.98%) of the coal bench samples (Table 1) indicate a bituminous coal according to
the ASTM classification D388-12, 2012 [25]. The total sulfur content varies considerably between the
C19 (0.59%) and C25 (average 3.52%) coals, and the coals can be classified as low-sulfur coal and
high-sulfur coal, respectively, according to Chinese standard GB 15224.1-2004 [26].

Table 1. Bench thickness (cm), proximate analysis (%), vitrinite random reflectance (%), and gross
calorific values (MJ/kg) of coal benches from the Shiping mine.

Samples Thickness Mad Ad Vdaf St,d Ss,d Sp,d So,d Ro,ran Qgr,d

C19-1 50 1.75 17.42 9.14 0.59 nd nd nd 2.30 29.35
C25-1 40 2.70 16.52 13.90 6.53 2.11 3.58 0.84 2.21 28.13
C25-2 40 1.32 16.66 13.04 1.45 0.33 1.08 0.05 2.23 28.99
C25-3 50 1.58 44.54 27.84 2.59 0.81 1.40 0.38 2.10 15.45

M, moisture; A, ash yield; V, volatile matter; St, total sulfur; ad, air-dry basis; d, dry basis; daf, dry and ash-free
basis; Ro,ran, random reflectance; Qgr,d, gross calorific value, on a dry basis; nd, not detected.

The C19 and C25 coals contain abundant vitrinite (Table 2), with collodetrinite (Figure 3A) being
the most abundant maceral, followed by collotelinite (Figure 3A), along with small proportions of
telinite (Figure 3B) and vitrodetrinite (Figure 3C).

Inertinite macerals occur in lesser proportions (Table 2) and are dominated by semifusinite
(Figure 3A), followed by macrinite (Figure 3D) and inertodetrinite (Figure 3A), with trace amounts of
micrinite (Figure 3E) and fusinite (Figure 3F). The cell structures of the semifusinite and fusinite are
better preserved and have swelled and deformed form (Figure 3A,F).

Table 2. Maceral composition (vol. %; on mineral-free basis) of the Shiping coals.

Samples Cd Ct T Cg Vd T-V F Sf Ma Mi Sc Id T-I

C19-1 47.9 32.7 0.4 bdl 2.7 83.7 0.4 8.6 1.6 0.4 bdl 5.4 16.3
C25-1 54.5 21.8 bdl bdl 2.3 78.6 bdl 14.4 4.3 bdl bdl 2.7 21.4
C25-2 60.8 25.2 0.4 bdl 0.7 87.1 bdl 7.2 2.9 bdl bdl 2.9 12.9
C25-3 51.1 19.6 0.9 bdl 2.3 74.0 bdl 10.0 8.7 0.5 bdl 6.8 26.0

Cd, collodetrinite; Ct, collotelinite; T, telinite; Cg, corpogelinite; Vd, vitrodetrinite; T-V, total vitrinite; F, fusinite;
Sf, semifusinite; Ma, macrinite; Mi, micrinite; Id, inertodetrinite; T-I, total inertinite. bdl, below detection limit.
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Figure 3. Macerals in the coal samples, reflected light, and oil immersion. (A) collodetrinite, collotelinite,
semifusinite, and inertodetrinite in sample C25-1; (B) telinite in sample C25-2; (C) vitrodetrinite
in sample C25-1; (D) fusinite with swelling cells in sample C25-3; (E) micrinite in sample C25-3;
(F) macrinite in sample C25-3.

4.2. Modes of Occurrence of Minerals

The mineral compositions of the C19 and C25 coal low-temperature ashes (LTA), roof, and floor
samples, as determined by XRD and Siroquant software, are listed in Table 3.

All samples contain clay minerals and pyrite (Table 3). The clay minerals in the C19 coal seams
are mainly kaolinite, followed by illite and illite-smectite mixed layer clays. Kaolinite is the only clay
mineral in the C25 coal seams. Kaolinite in the coals occurs as discrete particles (Figure 4A), cell-fillings
(Figure 4B), and fracture-fillings (Figure 4A). Pyrite occurs as discrete particle aggregates (Figure 5A)
and as cell fillings (Figure 5B), but it is present mainly as framboidal (Figure 5C) and needle-like forms
together with marcasite (Figure 5D).

119



Minerals 2016, 6, 74

Table 3. LTA yields of coal samples and mineral compositions (%) of coal LTAs, partings, roofs, and
floors determined by XRD and Siroquant.

Minerals C19-r C19-1 C25-1 C25-2 C25-3 C25-f

LTAs - 17.58 24.94 20.21 49.35 -
Kaolinite 34.5 34.8 51.2 27.6 65.5 80.3

Illite 9.8 15.5 - - - -
I/S mixed-layer 26.6 1.6 - - - -

Quartz 19.8 26.6 1.4 - - -
Pyrite 0.4 7.4 27.9 3 3.4 5.4

Marcasite - 10.3 - - - -
Anatase 4.9 - 3.1 - - -
Rutile - - 6.8 - - -
Calcite 0.4 - 7.3 66 28.4 4.1
Siderite 3 - - - - -
Jarosite 0.6 - - - - 2

Bassanite - 3.7 2.2 3.4 2.7 -
Gypsum - - - - - 8.2

Figure 4. SEM back-scattered electron images of discrete particles and fracture-filling kaolinite in
sample C19-1 (A); and cell-filling kaolinite and quartz in sample C25-2 (B).

 

Figure 5. Cont.
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Figure 5. Pyrite in the C25 coal. (A) Particles of pyrite in sample C25-2; (B) cell-filling pyrite in sample
C25-3; (C) framboidal pyrite in sample C25-3; (D) needle-like forms combined with marcasite in sample
C25-3. Optical microscope, reflected light.

Quartz and marcasite are mainly contained in the C19 coal (Table 3). Quartz in coals occurs as
discrete particles (Figure 6A), cell-fillings (Figure 4B), and fracture-fillings (Figure 6B), and marcasite
occurs as needle-like forms together with pyrite (Figure 5D).

 

Figure 6. Quartz in sample C19-1. (A) Particles of quartz; (B) fracture-filling quartz. Optical microscope,
reflected light.

Calcite, Ti-oxide minerals, and fluocerite are mainly contained in the C25 coals. The calcite in the
C25 coals occurs as fracture fillings (Figure 7). As observed by SEM-EDS analysis of C25 coals, anatase,
rutile (Figure 8A), and fluocerite (Figure 8B) are distributed in the kaolinite matrix.

 

Figure 7. Calcite in C25-2. Optical microscope, reflected light. (A) Fracture-filling calcite and;
(B) Fracture-filling calcite.
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Figure 8. Back-scattered electron images of (A) Ti-oxide and (B) fluocerite in C25-3.

Chalcopyrite, titaniferous magnetite, apatite, and Ti-augite are present only in roof sample C19-r.
Chalcopyrite occurs as fracture fillings (Figure 9A). Barite occurs in the form of discrete particles
(Figure 9B). Titaniferous magnetite occurs as irregular granular. Apatite occurs as acicular idiomorphic
crystals (Figure 9C). Ti-augite and rare magnetite occur as phenocrysts (Figure 9D). Marcasite was
observed by SEM-EDS analysis in sample C25-f (Figure 10).

 

 

Figure 9. SEM back-scattered electron images of (A) fracture-filling chalcopyrite; (B) irregular granular
of titaniferous magnetite and a vermicular texture in the kaolinite; (C) acicular idiomorphic crystals of
apatite; and (D) phenocrysts of Ti-augite in C19-r.
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Figure 10. SEM back-scattered electron images of marcasite in C25-f. (A) Marcasite and claystone;
(B) Marcasite.

4.3. Concentration and Distribution of Major and Trace Elements

4.3.1. Major Element Oxides

The element compositions of the C19 and C25 coals, roof, and floor are listed in Table 4.

Table 4. Bench thickness (cm), major element oxides (%), loss on ignition (%), and trace elements (μg/g)
in the Shiping coals and host rocks.

Elements C19-r C19-1 C25-1 C25-2 C25-3 C25-f

Thickness - 50 40 40 50 -
SiO2 43.4 13.5 4.75 4.20 16.1 25.5
TiO2 3.88 0.279 0.291 0.229 0.482 0.934

Al2O3 22.5 1.88 4.51 4.12 14.5 22.4
Fe2O3 1.90 0.337 5.50 1.40 2.70 4.49
MnO 0.007 0.003 0.004 0.037 0.017 0.004
MgO 0.363 0.096 0.066 0.064 0.176 0.192
CaO 0.708 0.426 0.389 3.78 5.75 2.63

Na2O 0.480 0.053 0.050 0.022 0.055 0.057
K2O 1.15 0.017 0.066 0.031 0.122 0.228
P2O5 0.403 0.007 0.009 0.006 0.016 0.026
LOI 24.6 82.9 83.9 83.6 56.2 39.8

SiO2/Al2O3 1.93 7.19 1.05 1.02 1.11 1.14
Li 49.1 9.97 21.7 33.2 178 343
Be 3.38 2.89 7.73 16.2 9.47 9.29
F 787 36.8 77.2 52.4 342 480
Sc 22.6 5.00 6.79 4.07 8.96 15.3
V 331 38.5 61.0 26.3 646 2904
Cr 118 12.7 24.1 13.8 282 1837
Co 16.2 17.9 2.61 2.35 3.83 20.0
Ni 36.9 34.6 14.8 9.65 46.2 166
Cu 278 20.6 14.8 9.42 29.2 95.8
Zn 300 13.9 20.4 14.7 80.6 71.5
Ga 38.0 4.06 12.8 9.01 36.5 75.3
Ge 2.47 0.93 3.79 8.62 10.3 4.80
As 11.4 1.66 3.29 2.67 7.98 25.2
Se 22.2 4.02 5.09 4.09 22.8 63.2
Rb 33.7 0.496 1.53 0.554 3.43 6.02
Sr 759 77.9 164 325 301 177
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Table 4. Cont.

Elements C19-r C19-1 C25-1 C25-2 C25-3 C25-f

Y 69.2 10.6 20.2 17.1 197 137
Zr 613 82.7 228 125 1744 1648
Nb 91.3 11.4 17.0 19.1 192 131
Mo 20.0 0.868 1.31 0.707 3.82 24.2
Cd 1.63 0.210 0.666 0.432 14.6 17.9
In 0.183 0.046 0.020 0.045 0.226 0.563
Sn 4.88 0.831 1.12 1.18 7.89 12.6
Sb 1.26 0.097 0.251 0.177 0.966 7.63
Cs 4.07 0.071 0.206 0.069 1.06 1.82
Ba 223 13.5 18.3 9.47 46.3 78.0

REE 703 40.7 73.8 124 1037 1323
La 127 5.48 11.4 25.4 173 221
Ce 274 11.7 19.5 44.3 322 533
Pr 29.8 1.29 2.13 5.21 42.5 54.6
Nd 117 4.72 7.72 18.1 159 224
Sm 26.0 1.08 1.77 3.15 30.6 39.8
Eu 6.45 0.254 0.416 0.436 2.82 3.26
Gd 22.5 1.34 2.32 3.44 32.2 36.5
Tb 2.76 0.222 0.438 0.493 4.87 5.07
Dy 13.1 1.39 2.97 2.67 28.6 27.3
Ho 2.46 0.313 0.636 0.535 6.01 5.58
Er 6.35 0.969 1.92 1.46 17.5 15.6
Tm 0.878 0.149 0.282 0.203 2.50 2.37
Yb 5.48 0.994 1.85 1.26 16.1 15.6
Lu 0.804 0.159 0.280 0.189 2.35 2.39
Hf 13.7 1.78 3.51 3.01 38.2 28.0
Ta 5.43 0.619 0.835 0.930 5.16 5.93

Hg (ppb) 59.8 19.5 396 197 372 621
Tl 0.077 0.004 0.188 0.045 0.083 0.115
Pb 66.6 6.18 12.5 2.19 12.6 29.1
Bi 0.164 0.212 0.146 0.205 0.427 0.598
Th 17.8 3.20 4.19 4.61 16.9 28.0
U 4.34 0.753 2.33 1.30 155 505

The percentages of Al2O3 and CaO in the C19 coal (C19-1) are lower than those in the more normal
Chinese coals reported by Dai et al. [27]. The SiO2/Al2O3 ratio of sample C19-1 (7.19 on average) is
much higher than that of other Chinese coals (1.42) [27] and also than the theoretical ratio for kaolinite
(1.18), indicating free SiO2 in the coal. The percentages of other major element oxides, however, are
either lower than or close to those in common Chinese coals.

The percentages of Al2O3 and CaO in the C25 coals are higher than those in the more normal
Chinese coals reported by Dai et al. [27]. The percentages of other major element oxides, however, are
either lower than or close to those in common Chinese coals. The SiO2/Al2O3 ratio of the C25 coals
(1.06 on average) is lower than that of other Chinese coals (1.42) [27], and also than the theoretical ratio
for kaolinite (1.18), indicating no free SiO2 in the coal.

It should be noted that the percentages of TiO2 are high in roof sample C19-r (3.88%) but low in
the C19 coal, C25 coals, and the floor sample (sample C25-f) (0.23–0.93%). Oxides SiO2, TiO2, Al2O3,
MgO, Na2O, K2O, and P2O5 show a pattern of vertical variation the same as that of the ash yield
through the seam section (Figure 11).
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Figure 11. Variations of ash yield and selected major elements (%) through the roof, coal seam, and
floor section of the Shiping C19 and C25 coal.

4.3.2. Trace Elements

Trace elements in most of the coal samples of this study are lower than or close to those of hard
coals of the world [28]. However, a large number of trace elements are enriched in sample C25-3
(Figure 12).

Compared to the average for hard coals of the world [28] and based on the trace-element
enrichment classification [29], a large number of trace elements are depleted in samples C19-1, C25-1,
and C25-2. The trace elements with a concentration coefficient (CC = ratio of element concentration in
Shiping coals/concentration hard coals of the world [28]) <0.5 include As, Rb, Sb, Cs, Ba, Tl, and Bi.
Only Zr in sample C25-1 (5 < CC < 10) and Be in sample C25-2 (5 < CC < 10) are enriched.

Compared to the average for hard coals of the world [28], a large number of trace elements,
including Li, V, Cr, Se, Zr, Nb, Cd, REE, Hf, Ta, and U, are enriched in C25-3 (CC > 10). Trace elements
with a CC of 5–10 include Ga, In, Sn, and Th. Many other elements, including Be, F, Sc, Ni, Zn, Ge, Sr,
and Hg, are slightly enriched (CC = 2–5) in the coal. The concentrations of the remaining elements are
depleted or close to the average for hard coals of the world [28].
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Figure 12. Concentration coefficients (CCs) of trace elements in the Shiping coals, normalized by
average trace element concentrations in hard coals of the world [28] and based on the trace-element
enrichment classification [29].

Compared to the average for the world clay [30] (Figure 13), trace elements Se and Mo are enriched
in roof sample C19-r (CC > 10). Trace elements with a CC of 5–10 include Cu, Nb, and Eu. Many other
elements, including Rb, Cs, Ba, Tl, and Bi are depleted (CC < 0.5) in C19-r. The concentrations of the
remaining elements are slightly enriched (CC = 2–5) or close to (CC= 0.5–2) the average for world
clay [30].

Compared to the average for the world clay [30] (Figure 13), a large number of trace elements,
including V, Cr, Se, Nb, Mo, Cd, and U, are enriched in floor sample C25-f (CC > 10). Trace elements
with a CC of 5–10 include Li, Zr, In, Sb, REE, Hf, Ta, and Hg. Some elements, including Rb, Cs, Ba, and
Tl, are depleted (CC < 0.5) in sample C25-f. The concentrations of the remaining elements are slightly
enriched (CC = 2–5) or close to (CC = 0.5–2) the average for world clay [30].
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Figure 13. Concentration coefficients (CCs) of trace elements in the Shiping roof and floor samples,
normalized by average trace element concentrations in clay of the world [30].

4.3.3. Rare Earth Elements

A threefold classification of rare earth elements [31] was used in this study. By comparison with the
upper continental crust (UCC), three enrichment types were identified: L-REE (light REE; LaN/LuN > 1),
M-REE (medium REE; LaN/SmN < 1, GdN/LuN > 1), and H-REE (heavy REE; LaN/LuN < 1) [31].

The REE enrichment patterns in the C19-1 and C25-1 coal benches are characterized by weak Eu
anomalies and H- and M-REE enrichment (Figure 14A). The REE enrichment patterns in sample C25-2
and C25-3 coal benches are characterized by strong negative Eu anomalies and M-REE enrichment
(Figure 14B,C).

 

 
Figure 14. Distribution patterns of REE in the coal samples from the Shiping mine. REE are normalized
by Upper Continental Crust (UCC) [32]. (A) Distribution patterns of REE in sample C19-1 and C25-1;
(B) Distribution patterns of REE in sample C25-2; (C) Distribution patterns of REE in sample C25-3.

127



Minerals 2016, 6, 74

The REE enrichment patterns in the roof sample C19-r (Figure 15A) are characterized by
positive Eu anomalies and M-REE enrichment. Floor sample C25-f has the same REE enrichment
patterns as the C25 coals (Figure 15B), which are characterized by strong negative Eu anomalies and
M-REE enrichment.

 

Figure 15. Distribution patterns of REE in the roof and floor samples from the Shiping mine. REE are
normalized by Upper Continental Crust (UCC) [32]. (A) Distribution patterns of REE in sample C19-r;
(B) Distribution patterns of REE in sample C25-f.

5. Discussion

A number of volcanic layers [33–35] and dispersed volcanic ashes in organic matter of coal
seams [36–40] have been observed in the southwestern China coalfield, and these volcanic layers can
be divided into four types: felsic, alkali, mafic, and dacitic [1,2,10]. In this paper, we have discussed
the characteristics of the elements and minerals in the C19 and C25 coal seams, which are affected by
different types of volcanic activity.

5.1. C19 Coal Seam and Basalt

The petrological characteristics of roof sample C19-r are different from those of other normal roof
deposits. The clay minerals in C19-r are argillized (Figure 9A,D), and sedimentary layering is not
observed (Figure 16), indicating that roof sample C19-r probably is a tuffaceous clay.

The contents of kaolinite, Illite, I/S, etc. are the same as in the floors of the C2 and C3 Coals in
Xinde Mine, Xuanwei, eastern Yunnan, China [3]. These floor strata are identified as fully argillized,
fine-grained, tuffaceous clays with high-Ti mafic magma source [3].

A vermicular texture in the kaolinite of roof sample C19-r (Figure 9B) is often used as an indicator
of a volcanic origin [2,3,41–43]. The acicular idiomorphic crystals of apatite and the phenocrysts of
Ti-augite coexisting with magnetite in roof sample C19-r (Figure 9C,D) are common minerals in basaltic
rock [2,12,44–46]. Irregular granular titaniferous magnetite in C19-r (Figure 9B) is a typical mineral
in basalt [47–50]. All the crystal modes of minerals indicate that roof sample C19-r has a high-Ti
basalt origin.

The major elements TiO2/Al2O3 ratio can indicate the acidic/basic/intermediate property of
deposits, including normal sedimentary rocks, coal seam, and tonsteins [5,6,14,51–60]. The TiO2/Al2O3

ratios are >0.08 for mafic, 0.08–0.02 for intermediate, and <0.02 for silicic rocks [1–3]. The TiO2/Al2O3

ratio for C19-r is 0.17, indicating a mafic origin. Trace elements, including V, Co, Cr, Ni, Cu, Zn, Nb, Ta,
Zr, Hf, and TiO2 in C19-r, are closer to those of mafic tuff rather than alkalic and silicic tuff [1].

The concentration of TiO2 in C19-r is high (3.88%). Concentrations of TiO2 in basalt higher than
2.8% are indicative of high-Ti basalt [10,11]. The concentrations of trace elements, including V, Co,
Cr, Ni, Cu, Zn, Nb, Ta, Zr, and Hf, in sample C19-r are closer to those of high-Ti basalt than to those
of low-Ti basalt (Table 5). The elemental compositions indicate that roof sample C19-r has a high-Ti
basaltic volcanic source.

The REE distribution patterns of C19-r are characterized by positive Eu anomalies and M-REE-type
enrichment. This is different from those of normal deposits of Late Permian clay rocks in the Emeishan
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large igneous province, which are generally characterized by weakly negative or no Eu anomalies [1,51],
and are the same as those of high-Ti [10] (Figure 17A). To summarize, roof sample C19-r consists of
tuffaceous clays and probably has a high-Ti mafic magma source.

 

Figure 16. Images of C19-r and C25-f samples collected from the Shiping mine.

Figure 17. Distribution patterns of REE in the (A) high-Ti basalts [10] and C19-r; and (B) the coal in
Lvshuidong [5] and C25-3. REE are normalized by Upper Continental Crust (UCC) [32].

Table 5. The trace element (μg/g) in sample C19-r compared with high/low Ti basalts [10].

Samples V Cr Co Ni Cu Zn Ga Zr Nb Hf Ta

C19-r 331 118 16.2 36.9 278 300 38.0 613 91.3 13.7 5.43
High-Ti Basalt 374 71.0 40.3 63.5 248 131 23.9 391 48.5 8.51 2.97
Low-Ti Basalt 289 230 44.5 124 109 90.7 19.9 129 13.4 3.05 0.773

Coal sample C19-1 has trace element and REE distribution patterns similar to those of normal
coal deposits derived from the Kangdian Upland source region [6,7], indicating that sample C19-r is
a normal sedimentary rock.

5.2. C25 Coals and Volcanic Ashes of Alkali Rhyolites

In the early part of the Late Permian, the volcanic ash had mainly alkalic composition [1,2].
The C25 coals examined in this study are the lowermost coal seam of the Late Permian strata, and
these coals are in the same layer as other coals that were affected by alkali volcanics in southwestern
China [4,5,33]. Moreover, the Shiping mine is within the area of alkali tonstein distribution [16].

High field strength elements, including Nb, Ta, Zr, Hf, and REE, are significantly enriched in C25
coals, and other elements such as Sc, Ti, V, Cr, Co, Ni, Cu, and Zn are depleted in C25 coals [4,13].
This characteristic is the same as that of alkali tonsteins and other coals affected by alkali volcanics in
southwestern China [4,5,61]. This indicates that the C25 coal in the Shiping mine had been subjected
to alkalic volcanic ash.

The REE distribution patterns of the C25 coals are characterized by strongly negative Eu anomalies
and M-REE-type enrichment, the same as some Chinese alkali granites [62,63], some alkali tonsteins [1]
reported in the south of China, and some coals affected by alkali volcanics [5] (Figure 17B). Overall,
the C25 coals have high concentrations of Nb, Ta, Zr, Hf, and REE, which came mainly from alkali
volcanics. The origin of these rare metals in the C25 coal present in this study is similar to those in the
coals or coal-bearing sedimentary sequences in the surrounding areas [63–67].
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The floor sample (C25-f) has high concentrations of Nb, Ta, Zr, Hf, and REE and has an REE
distribution pattern similar to that of the C25 coal. It is the same as some alkali tonsteins reported in the
south of China [1]. These results indicate that floor sample C25-f probably has alkali volcanic origin.

6. Conclusions

Sample C19-r does not have distinct stratification, indicating that the roof stratum is not a normal
rock. The acicular idiomorphic crystals of apatite and the phenocrysts of Ti-augite coexisting with
magnetite in roof sample C19-r are common minerals in basaltic volcanic rock. The REE distribution
patterns of C19-r are characterized by positive Eu anomalies and M-REE-type enrichment. All of the
above indicates that the roof sample C19-r probably has a basaltic origin.

The concentration of TiO2 in C19-r is high (3.88%). Concentrations of TiO2 in basalt higher than
2.8% are indicative of high-Ti basalt. The concentrations of trace elements, including V, Co, Cr, Ni, Cu,
Zn, Nb, Ta, Zr, and Hf, in C19-r are closer to those of high-Ti basalt instead of those of low-Ti basalt.
To summarize, roof sample C19-r probably has a high-Ti basaltic origin.

Nb, Ta, Zr, Hf, and REE are significantly enriched in C25 coals, and other elements such as Sc, Ti,
V, Cr, Co, Ni, Cu, and Zn are depleted in C25 coals. The REE distribution patterns of the C25 coals are
characterized by strongly negative Eu anomalies and M-REE-type enrichment. This indicates that the
C25 coals in the Shiping mine were probably affected by alkalic volcanic ashes.
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Abstract: Coal-bearing strata that host rare metal deposits are currently a hot issue in the field of
coal geology. The purpose of this paper is to illustrate the mineralogy, geochemistry, and potential
economic significance of rare metals in the late Permian tuff in Zhongliangshan mine, Chongqing,
southwestern China. The methods applied in this study are X-ray fluorescence spectrometry (XRF),
inductively coupled mass spectrometry (ICP-MS), X-ray diffraction analysis (XRD) plus Siroquant,
and scanning electron microscopy in conjunction with an energy-dispersive X-ray spectrometry
(SEM-EDX). The results indicate that some trace elements including Li, Be, Sc, V, Cr, Co, Ni, Cu,
Zn, Ga, Zr, Nb, Cd, Sb, REE, Hf, Ta, Re, Th, and U are enriched in the tuff from Zhongliangshan
mine. The minerals in the tuff mainly include kaolinite, illite, pyrite, anatase, calcite, gypsum, quartz,
and traces of minerals such as zircon, florencite, jarosite, and barite. The tuff is of mafic volcanic
origin with features of alkali basalt. Some minerals including florencite, gypsum, barite and a
portion of anatase and zircon have been derived from hydrothermal solutions. It is suggested that
Zhongliangshan tuff is a potential polymetallic ore and the recovery of these valuable elements needs
to be further investigated.

Keywords: geochemistry; mineralogy; origin; tuff; Chongqing

1. Introduction

With the depletion of traditional rare metal deposits, coal deposits as promising alternative
sources for rare metals have attracted much attention in recent years [1–9]. At present, germanium
is the most successful rare metal element that has been extracted from coal ash [4,8,9]. The three
well-known coal-bearing strata hosted Ge deposits include Lincang (Yunnan Province) and Wulantuga
(Inner Mongolia) of China, and Spetzugli of Russia, are the main sources for the industrial Ge at
present and for the foreseeable future [1,4,8,9]. The super-large coal-bearing strata hosted gallium
deposit in the Jungar Coalfield (Inner Mongolia), China, is another typical example discovered in
2006 [10], which was considered as the third and the most outstanding discovery after the coal-bearing
strata hosted uranium and germanium deposits [2,10]. Moreover, aluminum is also enriched in Jungar
coalfield [1,10]. In 2010, another new type of coal-bearing strata hosted Nb (Ta)-Zr (Hf)-REE-Ga
polymetallic deposit of volcanic origin was discovered in the late Permian coal-bearing strata of
eastern Yunnan, southwestern China [11]. Similar polymetallic deposits have since been discovered
in some coalfields from southern China [1,3]. Similar to most typical areas enriched in rare metals
in coal-bearing strata, the tectonic controls on the localization of the metalliferous coal deposits and
the mechanisms of rare-metal mineralization in south China and south Primorye of Russia have been

Minerals 2016, 6, 47 134 www.mdpi.com/journal/minerals



Minerals 2016, 6, 47

studied comparatively in detail [3]. The possible recovery of rare earth elements from coal and its
combustion products such as fly ash is an exciting new research area [2,12–16], because coal and its
combustion derivation (fly ash) may have elevated concentrations of these rare metals.

The purpose of this paper is to discuss the mineralogical and geochemical compositions of tuff
layer in late Permian coal-bearing strata of Zhongliangshan mine, Chongqing, southwestern China. It
also contributes to the discussion on the origin and potential prospects of rare metals mineralization of
the tuff.

2. Geological Setting

The Zhongliangshan mine is located in the urban area of Chongqing, southwestern China
(Figure 1). The coal-bearing sequence is the late Permian Longtan Formation (P3l), which is composed
of the light gray, gray, dark gray mudstone, sandy mudstone, siltstone, sandstone and coal seams.
This formation is enriched in brachiopods, fern, cephalopods, bivalves, trilobite and other fossils.
The Longtan Formation was deposited in a continental–marine transitional environment and has
a thickness varying from 26.5 to 105.02 m, with an average of 71.08 m. It contains 10 coal seams,
which are identified as K1 to K10 from top to bottom. The Changxin Formation conformably overlies
the Longtan Formation and is mainly composed of thick layers of brown-gray, dark gray limestone
intercalated with thin layers of mudstone and flint nodules. Some fossils including brachiopods,
spindle dragonflies, sponges, corals, and trilobites are enriched in the Changxin Formation. The
Maokou Formation disconformably underlies the Longtan Formation, which consists of thick layers of
light gray to dark gray bioclastic limestone.

The tuff layer, with a thickness mostly of 2–5 m, light-gray or light-gray–white in color, and a
conchoidal fracture and a soapy feel, is located at the lowermost Longtan Formation. The K10 coal
seam conformably overlies the tuff layer, which has a disconformable contact with the underlying
Maokou Formation (middle Permian) (Figure 2). The tuff is enriched in pyrite and shows massive
bedding structure. The tuff was derived from the basalt eruption and deposited directly on the
weathered surface of the Maokou Formation limestone, and then was subjected to weathering, leaching,
and eluviation [17,18]. It is usually described as bauxite or bauxitic mudstone during core sample
identification or field lithological description [17,18].

3. Samples and Analytical Procedures

A total of 21 bench samples were taken from the tuff layer in the Zhongliangshan mine, following
the Chinese Standard GB/T 482-2008 [19]. Each tuff bench sample was cut over an area 10-cm wide,
10-cm deep and 10-cm thick. All collected samples were immediately stored in plastic bags to minimize
contamination and oxidation. Large chips were selected at random from each sample for preparation
of polished sections and also kept for later reference if required. The remainder of each sample was
crushed and ground to pass through the 200-mesh sieve for analysis.

The loss of ignition (LOI) of each sample was determined according to ASTM standard D3174 [20].
All samples were analyzed by X-ray diffraction (XRD) using a D8 advance powder diffractmeter with
Ni-filtered Cu-Kα radiation and a scintillation detector. The XRD pattern was recorded over a 2θ
interval of 2.6˝–70˝, with a step size of 0.02˝. X-ray diffractograms of the tuff samples were subjected to
quantitative mineralogical analysis using Siroquant™ of China University of Mining and Technology
(Beijing), a commercial interpretation software developed by Taylor [21] based on the principles for
diffractogram profiling set out by Rietveld [22]. Further details indicating the use of this technique
for coal-related materials are given by Ward et al. [23,24] and Ruan and Ward [25]. A Scanning
Electron Microscope in conjunction with an energy-dispersive X-ray spectrometer (SEM-EDX, JEOL
JSM-6610LV+OXFORD X-max, Tokyo, Japan), with an accelerating voltage of 20 kV, was used to study
morphology and microstructure of minerals, and also to determine the distribution of some elements
in tuff samples under a high vacuum mode in Chongqing Institute of Geology and Mineral Resources.
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Figure 2. Generalized sedimentary sequence at the Zhongliangshan Mine, Chongqing.

Percentages of major element oxides including SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO,
Na2O, K2O, and P2O5 in the tuff samples were determined by X-ray fluorescence spectrometry
(XRF) in Chongqing Institute of Geology and Mineral Resources. The contents of trace elements
were determined by inductively coupled mass spectrometry (Thermo X series II ICP-MS, Thermo
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Fisher Scientific, Waltham, MA, USA) in Chongqing Institute of Geology and Mineral Resources.
The procedures of ICP-MS were: weigh 0.25 g sample in a 50 mL Teflon beaker; add 20 mL
HNO3-HClO4-HF (volume ratio of 4:1:5) and 2 mL H2SO4; place on a temperature controlled heating
plate and heat to 230 ˝C until like wet salt; then heat to 280 ˝C and evaporate to dryness; turn off the
heating plate to cool the sample for 3 min; add 8 mL concentrated aqua regia; incubate for 10 min;
transfer the solution to a 25 mL plastic flask; mix and volume; take 5 mL of solution to a 25 mL
volumetric flask and dilute to the mark; and study using high resolution inductively coupled plasma
mass spectrometry.

4. Results

4.1. Minerals

The proportion of each crystalline phase of the tuff identified by X-ray diffractometry plus
Siroquant is given in Table 1. The minerals in Zhongliangshan tuff mainly include kaolinite, illite,
pyrite, anatase, calcite, gypsum, and quartz. Some trace minerals such as zircon, florencite, jarosite,
and barite, are observed under SEM-EDX.

Table 1. Mineral compositions of Tuff by XRD analysis and Siroquant (%).

Sample Kaolinite Illite Pyrite Anatase Calcite Quartz Gypsum

S140SE7-1 83.2 - 13.6 2.7 - 0.5 -
S140SE7-2 85.1 - 9.3 3.5 - 2.1 -
S140SE7-3 65.4 - 11.6 8.2 - 14.8 -
S140SE7-4 69.9 - 20.2 6.7 - 3.3 -
S140SE7-5 53.7 - 38.2 2.8 - - 5.3
S140SE7-6 61.4 - 30.8 3.2 - - 4.6
S140SE7-7 61.9 - 19.8 4.1 - - 14.2
S140SE7-8 78.7 - 14.8 3.3 - 0.1 3.1
S140SE7-9 80 - 10.6 7.5 - 0.3 1.7
S140SE7-10 65.8 - 26.5 4.7 - 0.3 2.7
S140SE7-11 72.4 - 16.1 8.8 - 0.3 2.5
S140SE7-12 73.4 6.7 2.8 14.3 - 0.4 2.4
S140SE7-13 49.9 18.6 10.6 9.7 6.1 0.3 4.8
S140SE7-14 11.4 3.8 28.8 0.8 45 - 10.3
S140SE7-15 52.9 21 3.1 8.4 10.7 0.5 3.5
S140SE7-16 81.5 4.4 1.4 6.9 3.8 0.1 1.8
S140SE7-17 86.4 4.4 1.1 6.9 - - 1.2
S140SE7-18 80.7 6 2.4 7.2 0.4 0.4 2.8
S140SE7-19 34.5 31.3 1.9 3.6 24.7 0.3 3.7
S140SE7-20 67.2 18.6 1 10.5 0.1 0.5 2.2
S140SE7-21 56 35.3 0.4 7.2 0.3 - 0.7

Average 65.30 15.01 12.62 6.24 11.39 1.61 3.97

4.1.1. Kaolinite and Illite

Kaolinite is the dominant mineral of the tuff in Zhongliangshan (Figure 3). The average content
of kaolinite is up to 65.3%, and all the samples are richer than 50% except for samples S140SE7-13,
S140SE7-14, and S140SE7-19. Kaolinite occurs mainly as matrix material (Figure 4A), and to a lesser
extent, as vermicular (Figure 4B) and individual massive (Figure 4C). Illite occurs at the lower part of
the profile (Figure 3).
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Figure 4. Back scattered images of minerals in the Zhongliangshan tuff: (A) kaolinite, pyrite and
anatase in sample S140SE7-1; (B) kaolinite and anatase in sample S140SE7-8; (C) kaolinite and anatase
in sample S140SE7-1; (D) pyrite in sample S140SE7-4; (E) pyrite and kaolinite in sample S140SE7-6; and
(F) jarosite and barite in sample S140SE7-18.

4.1.2. Pyrite, Jarosite and Barite

Pyrite distributes widely in the tuff samples and its content varies from 0.4% to 38.2% (12.6% on
average). Its content is gradually decreasing from top to bottom (Figure 3), suggesting that the upper
portion has been more subjected to seawater. Pyrite mainly occurs as discrete particles (Figure 4A,D),
lumps (Figure 4D), and in some cases, as cubic crystal and pentagonal dodecahedron (Figure 4E).
Jarosite occurs as fracture-fillings (Figure 4F), indicating a weathering product of pyrite. Barite is
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located on the edge of jarosite (Figure 4F), which may be formed by the reaction of jarosite with the
hydrothermal solution containing Ba.

4.1.3. Anatase

Anatase is present evenly in the tuff samples and varies from 0.8% to 14.3% with an average of
6.2%. The content of Nb in the anatase is up to 0.18% determined by SEM-EDX. Anatase occurs mainly
as irregular fine particles (Figure 4B,C) or as colloidal (Figures 4A and 5A) in the kaolinite matrix.

 

Figure 5. Back scattered images of minerals in the Zhongliangshan tuff: (A) kaolinite and anatase
in sample S140SE7-4; (B) gypsum, pyrite, and kaolinite in sample S140SE7-10; (C) zircon in sample
S140SE7-15; (D) zircon in the sample S140SE7-15; (E) florencite in sample S140SE7-21; and (F) florencite
in sample S140SE7-4.

4.1.4. Calcite and Gypsum

Calcite distributes at the lower portion of the profile (Table 1, Figure 3), similar to that of illite.
Gypsum occurs as radiating forms in the tuff and is present on the edge of fractures (Figure 5B),
indicating an epigenetic origin.
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4.1.5. Zircon and Florencite

Although zircon and florencite are at concentration below the detection limit of the XRD and
Siroquant analysis, they have been observed under SEM-EDX in the tuff samples of the present study.
Zircon occurs as subhedral (Figure 5C) and long axis (Figure 5D) in the kaolinite matrix. Florencite
occurs as ellipsoidal form in kaolinite; however, minerals containing medium (M-REE) and heavy-rare
earth elements (H-REE) have not been observed (M-REE include Eu, Gd, Tb, Dy, and Y; and H-REE
include Ho, Er, Tm, Yb, and Lu [7]).

4.2. Major Elements

The loss of ignition of the tuff samples varies from 13.94% to 23.56%, with an average of 17.7%.
The major element oxides are mainly represented by SiO2 (35.3% on average) and Al2O3 (29.23%),
followed by Fe2O3 (10.95%) and TiO2 (3.82%) (Table 2). The ratio of SiO2/Al2O3 is from 1.16 to 1.26
and averages 1.21, higher than the theoretical value of kaolinite (1.18). The ratio of TiO2/Al2O3 is from
0.09 to 0.15, with an average of 0.13.

4.3. Trace Elements

Compared with the average concentration of the Upper Continental Crust (UCC) [26], some trace
elements are enriched in the tuff samples from Zhongliangshan mine (Table 2). The concentration
coefficients (CC, the ratio of the trace-element concentrations in investigated samples vs. UCC) of trace
elements higher than 10 include Li, Cr, Cu, Cd, Sb and Re; whereas the elements with CC between
5 and 10 include V, Ni, Zr, Hf, and U. Elements Be, Sc, Co, Zn, Ga, Nb, REE, Ta, and Th, have a CC
between 2 and 5. Elements Rb, Sr, Ba, and Tl are depleted, with a CC < 0.5. Other trace elements have
concentrations close to the UCC, with CC between 0.5 and 2.

4.3.1. Scandium

The average content of Sc in tuff samples is 30.1 μg/g, which is close to these of the tuffs
from Songzao (29.8 μg/g), Nanchuan (26.3 μg/g) and the mafic rocks (29 μg/g, 1060 samples) [27].
Scandium is immobile during weathering and alteration and thus can be used as a reliable indicator
for the source of tonsteins in coal-bearing strata system [28,29].

4.3.2. Vanadium, Cr, Co and Ni

The average contents of V, Cr, Co and Ni in the investigated samples are 576, 360, 39.8, and
114 μg/g, respectively, close to the tuff from Songzao (V, Cr, Co, and Ni being 576, 549, 37.9, and
164 μg/g, respectively) [1,3] and the normal detrital sediments (888 samples) in the south of Sichuan
Province surrounding Chongqing (V, Cr, Co, and Ni being 442, 206, 31, and 61 μg/g, respectively) [30].
The contents of V and Cr have the same variations through the seam section, gradually increasing from
top to bottom (Figure 6). However, the contents of Co and Ni are higher in the middle relative to the
upper and lower portions (Figure 6). The terrigenous source of the inorganic matter in the late Permian
coals and normal sediments in southwestern China is the Emeishan Basalt of the Kangdian Upland,
which is enriched in V, Cr, Co, and Ni [31,32]. The values of tuff samples in the Zhongliangshan mine
are close to those in normal sediments, indicating the normal sediments in southwestern China and
tuff in Zhongliangshan have the same magmatic sources (the Emeishan basalt magma enriched in
V, Cr, Co, and Ni). Dai et al. [1,3,18] suggested that some dark minerals such as basic plagioclase
and pyroxene in the basalt rocks could be easily decomposed under weathering conditions and then
transported into coal-bearing basin as complex anions.
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4.3.3. Niobium, Ta, Zr and Hf

The average contents of Nb, Ta, Zr, and Hf of tuff in Zhongliangshan mine are 123, 8.67, 1361, and
35.2 μg/g, respectively, being close to those of the tuff from Songzao (Nb, Ta, Zr and Hf being 118, 9.46,
1377, and 41.5 μg/g, respectively). The Nb and Zr display a similar trend, both gradually decreasing
from top to bottom (Figure 6).

The concentration of (Nb, Ta)2O5 of tuff in Zhongliangshan mine varies from 47 to 324 μg/g
and averages 186 μg/g, lower than the concentration of the late Permian “Nb (Ta)-Zr (Hf)-Ga-REE”
polymetallic deposit discovered in eastern Yunnan, southwestern China [11]. (Zr, Hf)O2 varies from
551 to 2632 μg/g and averages 1880 μg/g, which does not meet the minimum industrial grade of the
weathering crust type deposit (8000 μg/g) [33].

The common Nb-, Zr-, REE-, and Ga-bearing minerals have rarely been observed in the tuff, and
thus it is suggested that these rare metals probably occur as absorbed ions [11,29]. However, Nb may
occur as isomorph in the Ti-bearing minerals (Figure 4B,C) and Zr occurs as zircon (Figure 5C,D) in
studied samples.

4.3.4. Gallium

The concentration of Ga in Zhongliangshan tuff varies from 19 to 68.7 μg/g and averages
38.2 μg/g, higher than the minimum industrial grade in bauxite (20 μg/g) and coal (30 μg/g) [34],
but lower than the concentration of the late Permian “Nb(Ta)-Zr(Hf)-Ga-REE” polymetallic deposit
in eastern Yunnan, southwestern China [11]. From top to bottom, the concentration of Ga gradually
decreases, consistent with those of the Nb and Zr. Because the geochemical nature of Ga is similar to
Al [1,8], it may occur as isomorph in Al-bearing minerals (e.g., kaolinite).

4.4. Rare Earth Elements (REE)

In this study, REE is used to specifically represent the elemental suite La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Y, Ho, Er, Tm, Yb, and Lu [35]. The abundances and geochemical parameters of REE in the tuff
samples are listed in Tables 3 and 4 respectively. The concentration of REE varies from 234 to 1189 μg/g,
with an average of 548 μg/g. The concentration of REE gradually decreases from top to bottom,
similar to that of Nb and Zr. Yttrium is closely associated with lanthanides in nature, because its ionic
radius is very similar and its ionic charge is equal to that of Ho [7]. For this reason, yttrium is generally
placed between Dy and Ho in normalized REE patterns [36]. Based on Seredin-Dai’s classification [7],
a three-fold geochemical classification of REE was used in the present study, including light (L-REE:
La, Ce, Pr, Nd, and Sm), medium (M-REE: Eu, Gd, Tb, Dy, and Y), and heavy (H-REE: Ho, Er, Tm, Yb, and Lu)
REE [7]. Accordingly, three enrichment types are identified, L-type (light REE; LaN/LuN > 1), M-type
(medium REE; LaN/SmN < 1, GdN/LuN > 1), and H-type (heavy REE: LaN/LuN < 1), in comparison with the
upper continental crust [7]. This classification has been widely adopted and used in recent years [2].

Table 4 and Figure 7 illustrate that the tuff in the Zhongliangshan mine is mainly enriched in
heavy REE. Only samples S140SE7-1, S140SE7-3, S140SE7-4, S140SE7-6, and S140SE7-8 are enriched
in light REE; and samples S140SE7-2, S140SE7-10, and 140SE7-14 are enriched in medium REE. From top to
bottom, the light REE enrichment only occurs in the upper portion of the profile, while the lower portion is
enriched in heavy REE and the medium REE enrichment occasionally occurs in the middle portion.

The Ce-anomaly (expressed as δCe) values vary from 0.70 to 1.77, with an average of 1.41,
indicating a well-pronounced Ce positive anomaly. The REE distribution patterns of the tuff display
positive Ce anomalies, owing to the in-situ precipitation of Ce4+ in the process of weathering, leaching,
and eluviation [35]. The Eu-anomaly (δEu) values varying from 0.76 to 1.51, with an average of
1.06, show a slight Eu positive anomaly, indicating the tuff and the Emeishan basalt have the same
origin [35]. From top to bottom, δCe and δEu markedly increase. The distribution of REE of the tuff in
the Zhongliangshan mine appears as a sawtooth shape, the portions of La-Sm and Gd-Lu occurring
gentle and small slope, which indicates that the fractionation of REE is low.
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Figure 7. Distribution patterns of REE in the tuff samples from Zhongliangshan mine. REE are
normalized by Upper Continental Crust [26].

Two reasons may be responsible for the H-REE enrichment of the tuff samples in the
Zhongliangshan mine. First, L-REE can be easily leached by groundwater than H-REE; Second,
L-REE can be easily adsorbed on the organic matter than the H-REE [37], which may be adsorbed
by the coal seam overlying the tuff. The REE enrichment mode in the Zhongliangshan tuff is similar
to that of Songzao Coalfield. Some studies have shown that L-REE are more easily to be leached by
groundwater and are more apt to be adsorbed by organic matter [38–42].

5. Discussion

5.1. Origin of Tuff

In the late Permian Age, the Dongwu movement, one of the most important tectonic events in
southern China, caused the upper Yangtze basin uplifting and the subsequent sea regression, which
led to an extensive erosion in the area. The upper part of Maokou limestone of Sichuan Basin had been
subjected to a serious erosion, resulting in the formation of a vast weathering residual plain, where
peat subsequently accumulated. Meanwhile, the Emeishan basalt volcano began erupting and reached
a climax in the early stage of late Permian, leading to a tuff layer overlying the Maokou limestone [17].

Al2O3 and TiO2 are both stable components in the rock and would be little altered during
alteration, so the ratio of TiO2/Al2O3 (KAT) would be kept constant and can frequently be used to
study the origin of volcanic ash [29,42]. It is suggested that KAT values for silicic volcanic ash are <0.02,
and those for mafic and alkali volcanic ashes are >0.08 and between 0.02 and 0.08, respectively [43,44].
The KAT ratios of the tuff in the Zhongliangshan mine are >0.08 (Figure 8), suggesting a mafic volcanic
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origin. In addition, the tuff samples fall in the area basalt to alkali basalt from the La/Yb-REE diagram
(Figure 9), indicating a feature of alkali basalt.

 

Figure 8. Plot for TiO2 vs. Al2O3 of tuff samples in the Zhongliangshan mine, Chongqing.

 

Figure 9. Relation between REE and La/Yb of tuff samples in the Zhongliangshan mine, Chongqing.

5.2. Hydrothermal Solution

Some researchers have shown that there have been activities of low-temperature hydrothermal
solutions in the late Permian Age in southwestern China, which resulted in enrichment of trace
elements and minerals in some coal [1,45–51]. Similarly, some minerals of tuff in Zhongliangshan are
formed owing to the influence of hydrothermal solution.

In addition to the derivation from volcanic ash, anatase and zircon might have been derived from
hydrothermal alteration in the Zhongliangshan tuffs. Anatase of various particle sizes is distributed in
the kaolinite matrix (Figure 4B,C). Figures 4A and 5A illustrate that part of anatase could be formed by
hydrothermal alteration. Zircon from Figure 5D displays long axis and could be formed by the effect
of hydrothermal alteration. Zircon in Figure 5D exclusively contains Zr, Si and O determined by the
SEM-EDX. Finkelman [52] has demonstrated that Hf, Th, U, Y and HREE occur in the volcanogenic
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zircon, but were not identified in authigenic ziron, in accordance with the results of the Zhongliangshan
tuff samples.

Florencite, the main carrier of REE in the Zhongliangshan tuff samples, occurs as ellipsoidal in
the kaolinite matrix (Figure 5E,F), indicating a syngenetic or early diagenetic hydrothermal origin.
Dai et al. [14] have also demonstrated that florencite is one of the important carriers of REE in the late
Permian coals in southwestern China [3].

Gypsum (Figure 5B) and barite (Figure 4F) occur as crack-fillings, the former occurring as radiating
and the latter on the edge of jarosite, indicating an epigenetic hydrothermal origin.

5.3. Preliminary Evaluation of Rare Metals

Coal and coal-bearing strata have recently become alternative sources for recovery of rare
metals [2,3,7,8]. The U.S. Department of Energy’s National Energy Technology Laboratory has selected
10 projects to receive funding for research in support of the lab’s program on recovery of rare earth
elements from coal and coal byproducts since 2015 [2,53].

Based on the Chinese industry standards [33], the required (Nb,Ta)2O5 concentrations for marginal
and industrial grade Nb(Ta) ore deposits of weathered crust type are 80–100 and 160–200 μg/g,
respectively; equivalent concentrations are 40–60 and 100–120 μg/g for Nb(Ta) ore deposits of
river placer type. The concentration of (Nb,Ta)2O5 varies from 47 to 324 μg/g, with an average
of 186 μg/g, higher than the marginal and industrial grade for weathered crust and placer deposit
types. Concentration of TiO2 varies from 1.55% to 5.28% and averages 3.82%, higher than the industrial
grade of Chinese industry standard [54]. The average concentration of Ga (38.2 μg/g) is also up to the
standards for industrial utilization in bauxite (20 μg/g) and coal mining (30 μg/g) [34]. In addition,
the concentrations of REE vary from 234 to 1189 μg/g and averages 548 μg/g, higher than the cut-off
grade of Chinese weathering crust ion adsorption type rare earth elements deposits (500 μg/g) [55].

The Nb, Ti, Ga, and REE all exceed their respective industrial grade of China in the tuff of the
Zhongliangshan mine. It is considered that the Zhongliangshan tuff is a potential polymetallic ore
worth in-depth study.

6. Conclusions

Compared with the Upper Continental Crust, some trace elements including Li, Be, Sc, V, Cr, Co,
Ni, Cu, Zn, Ga, Zr, Nb, Cd, Sb, REE, Hf, Ta, Re, Th, and U are enriched in tuff from Zhongliangshan
mine, Chongqing, southwestern China. The minerals mainly include kaolinite, illite, pyrite, anatase,
calcite, gypsum, quartz, and traces of minerals such as zircon, florencite, jarosite, and barite. The tuff is
of mafic volcanic origin with features of alkali basalt. The H-REE enriched in the tuff due to L-REE
being leached easier by groundwater and adsorbed in the organic matter of the coal seam overlying
the tuff. Some minerals including florencite, gypsum, barite, and a portion of anatase and zircon
are precipitated from hydrothermal solution. It is suggested that Zhongliangshan tuff is a potential
polymetallic ore and the opportunity for recovery of these valuable elements needs to be studied
in depth.
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Abstract: This study presents recently collected data examining the organic petrology, palynology,
mineralogy and geochemistry of the Gray Hawk coal bed. From the Early Pennsylvanian, Langsettian
substage, Gray Hawk coal has been mined near the western edge of the eastern Kentucky portion
of the Central Appalachian coalfield. While the coal is thin, rarely more than 0.5-m thick, it has
a low-ash yield and a low-S content, making it an important local resource. The Gray Hawk coal
palynology is dominated by Lycospora spp., and contains a diverse spectrum of small lycopods, tree
ferns, small ferns, calamites, and gymnosperms. The maceral assemblages show an abundance of
collotelinite, telinite, vitrodetrinite, fusinite, and semifusinite. Fecal pellet-derived macrinite, albeit
with more compaction than is typically seen in younger coals, was observed in the Gray Hawk coal.
The minerals in the coal are dominated by clay minerals (e.g., kaolinite, mixed-layer illite/smectite,
illite), and to a lesser extent, pyrite, quartz, and iron III hydroxyl-sulfate, along with traces of chlorite,
and in some cases, jarosite, szomolnokite, anatase, and calcite. The clay minerals are of authigenic
and detrital origins. The occurrence of anatase as cell-fillings also indicates an authigenic origin.
With the exception of Ge and As, which are slightly enriched in the coals, the concentrations of other
trace elements are either close to or much lower than the averages for world hard coals. Arsenic
and Hg are also enriched in the top bench of the coal and probably occur in pyrite. The elemental
associations (e.g., Al2O3/TiO2, Cr/Th-Sc/Th) indicate a sediment-source region with intermediate
and felsic compositions. Rare metals, including Ga, rare earth elements and Ge, are highly enriched
in the coal ashes, and the Gray Hawk coals have a great potential for industrial use of these metals.
The rare earth elements in the samples are weakly fractionated or are characterized by heavy-REE
enrichment, indicating an input of natural waters or probably epithermal solutions.

Keywords: trace elements in coal; minerals in coal; epiphyllous fungi; macrinite; Gray Hawk coal
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1. Introduction

The Lower Pennsylvanian Langsettian-substage Gray Hawk coal bed (Figure 1) has been mined
in a small area in the western part of the Kentucky portion of the Central Appalachian coalfield; the
samples considered here are from five 7 1

2 -minute quadrangles in three counties (Figure 2). The Gray
Hawk coal is one of the uppermost Langsettian (late Westphalian A) coals in the region, with the
overlying Lily/Manchester/River Gem (also known by at least 18 other names) coal being the oldest
truly widespread coal in eastern Kentucky [1]. Despite its restricted geographic range, the thin coal
(with most sites having coal <45.7 cm (<18 inches) thick) has been a valuable local resource owing
to its relatively low-ash yield and low-S content, allowing it to be shipped as a run-of-mine coal.
(This observation is based on observations by Hower and Eble in their several decades of experience
with the Kentucky coal mining industry; for example, one mine, bidding for a university contract
requiring “washed” (implying beneficiated) coal, sprayed the mined coal with water (represented here
as samples 5048–5050 in Table 1)).

In this study, we briefly summarize historical data from Kentucky Geological Survey, U.S.
Geological Survey, and University of Kentucky Center for Applied Energy Research (CAER) sampling,
with the emphasis on the addition of more detailed results from a 2007 sampling of the coal.
Geochemistry and mineralogy of the latter samples are discussed in this work. In addition, examples
of the inertinite-maceral macrinite in the Gray Hawk were discussed by Hower et al. [2], and are further
discussed here in light of their implications for our understanding of the role of insects and other
arthropods in the development of coal macerals [2,3].

Figure 1. A portion of the Langsettian (Pennsylvanian) geologic section from the Parrot 7.5’
quadrangle [4]. The position of the Gray Hawk coal relative to the Lily and correlative coals is
based on the section from the map of the McKee 7.5’ quadrangle [5]. Coal thicknesses are in inches
(1 inch = 2.54 cm) and the interval thicknesses are in feet (1 foot = 0.3048 m).
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Figure 2. Map of a portion of southeastern Kentucky showing the location of the 7.5’ quadrangles
noted on Table 1 and the location of the site of samples 5508–5510 in the Parrot 7.5’ quadrangle.

2. Geological Setting

While broad, basin-wide studies have been made of eastern Kentucky coals [6], no specific studies
of the Gray Hawk coal precede this effort. Considering the low-S, and low-ash nature of the coal,
perhaps we can draw the low-ash and low-sulfur analogies to the Blue Gem coal [7] and the low-S,
low-ash portions of the Blue Gem-correlative Pond Creek coal [8–10]. The implications for the Gray
Hawk coal are discussed in Section 4.1, below. Having said that, we observe that Crowder [4] noted
occasional black shale above what is probably the Gray Hawk coal.

3. Methods

As noted above, 1980s vintage collections (Table 1) were supplemented by fresh sampling of Gray
Hawk coal in a surface mine in the Parrot 7 1

2 ’ quadrangle (samples 5508, 5509 and 5510; 37.319369◦ N
latitude/84.030483◦ W longitude, Jackson County, Kentucky, USA). The three samples were collected
as benches/lithotypes from the full thickness of the mined coal.

Proximate analysis was performed following ASTM (American Society for Testing and Materials)
Standards D3173-11 [11], D3175-11 [12] and D3174-11 [13]. Total sulfur and forms of sulfur were
determined following ASTM Standards D3177-02 [14] and D2492-02 [15], respectively. Ultimate
analysis and heating value determinations were performed based on ASTM Standards D3176-15 [16]
and D5865-13 [17], respectively. Oxides of major elements were determined on a Philips PW2404
X-ray Spectrometer (X-ray fluorescence, Philips, Amsterdam, The Netherlands) following procedures
outlined by Hower and Bland [8].

157



Minerals 2015, 5, 592–622

Table 1. Location and thickness of 1980s vintage collections.

Sample Quadrangle County N Latitude W Longitude Thickness (cm)

5139 McKee Jackson 37.39278 83.95139 32.00
5028 McKee Jackson 37.48361 83.89389 40.13
5091 Parrot Jackson 37.28833 84.07111 32.00
5023 Beattyville Lee 37.58444 83.70028 35.05
5029 Heidelberg Lee 37.50972 83.79500 40.64
5048 Sturgeon Lee 37.49972 83.82389 37.49
5049 Sturgeon Lee 37.49917 83.82417 42.98
5050 Sturgeon Lee 37.49889 83.82361 42.67
5185 Sturgeon Owsley 37.44417 83.78111 45.72

- Sturgeon Owsley 37.44432 83.78113 45.01

Inductively coupled plasma mass spectrometry (X series II ICP-MS) (ThermoFisher, Waltham,
MA, USA), in pulse counting mode (three points per peak), was used to determine trace elements in
the coal samples. For ICP-MS analysis, samples were digested using an UltraClave Microwave High
Pressure Reactor (Milestone, Milano, Italy) [18]. Arsenic and Se were determined by ICP-MS using
collision cell technology (CCT) in order to avoid disturbance of polyatomic ions [19]. Multi-element
standards (Inorganic Ventures: CCS-1, CCS-4, CCS-5 and CCS-6; NIST 2685b and Chinese standard
reference GBW 07114) were used for calibration of trace element concentrations. The method detection
limit (MDL) for each of the trace elements, calculated as three times the standard deviation of the
average from the blank samples (n = 10), is listed in Table 2.

Table 2. Method detection limit (MDL; μg/L) of trace elements for ICP-MS analysis.

Trace Elements MDL Trace Elements MDL Trace Elements MDL Trace Elements MDL

Li 0.008 Se 0.151 Ba 0.0207 Tm 0.0058
Be 0.0034 Rb 0.3376 La 0.0063 Yb 0.0055
Sc 0.0406 Sr 0.0122 Ce 0.0067 Lu 0.0055
V 0.0131 Y 0.008 Pr 0.007 Hf 0.0121
Cr 0.0215 Zr 0.024 Nd 0.011 Ta 0.0347
Co 0.0067 Nb 0.0455 Sm 0.0067 W 0.1349
Ni 0.1031 Mo 0.1124 Eu 0.0077 Tl 0.0843
Cu 0.0104 Cd 0.0048 Gd 0.003 Pb 0.0143
Zn 0.1542 Sn 0.0486 Tb 0.0064 Bi 0.0362
Ga 0.0015 Sb 0.0152 Dy 0.0091 Th 0.0713
Ge 0.0168 In 0.0024 Ho 0.0052 U 0.001
As 0.0955 Cs 0.0084 Er 0.0009

Mercury was determined using a Milestone DMA-80 analyzer (Milestone, Milan, Italy). Solid
coal samples are directly (without digestion) heated and the evolved Hg is selectively captured as an
amalgam and measured by atomic absorption spectrophotometry. The detection limit of Hg is 0.005 ng,
the relative standard deviation (RSD) from 11 runs on Hg standard reference is 1.5%, and the linearity
of the calibration is in the range 0–1000 ng.

A field emission-SEM (FEI Quanta™ 650 FEG (FEI, Hillsboro, OR, USA), in conjunction with
an EDAX energy-dispersive X-ray spectrometer (Genesis Apex 4) (EDAX Inc., Mahwah, NJ, USA),
was used to study the modes of occurrence of the minerals, and also to determine the occurrence of
selected elements. Samples were carbon-coated using a Quorum Q150T ES sputtering coater (Quorum
Technologies Ltd., Lewes, UK), and were then mounted on standard aluminum SEM stubs using sticky
conductive carbon tabs. The working distance of the FE-SEM-EDS was 10 mm, beam voltage 20.0 kV,
aperture 6, and spot size 5.0. The images were captured via a retractable solid state back-scattered
electron detector.
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The mineral compositions were determined by X-ray powder diffraction (XRD) (Rigaku, Tokyo,
Japan) of low-temperature (oxygen-plasma) ashes of the powdered samples, supplemented by
SEM-EDS (FEI, Hillsboro, OR, USA and EDAX Inc., Mahwah, NJ, USA) analysis of the coals in
polished section (see below). Low-temperature ashing was carried out using an EMITECH K1050X
plasma asher prior to XRD analysis. XRD analysis of the low-temperature ashes was performed
on a D/max-2500/PC powder diffractometer with Ni-filtered Cu-Kα radiation and a scintillation
detector. Each XRD pattern was recorded over a 2θ interval of 2.6◦–70◦, with a step size of 0.01◦. X-ray
diffractograms of the LTAs were subjected to quantitative mineralogical analysis using Siroquant™,
commercial interpretation software developed by Taylor [20] based on the principles for diffractogram
profiling set out by Rietveld [21]. Further details indicating the use of this technique for coal-related
materials are given by Ward et al. [22,23] and Ruan and Ward [24].

Petrology was determined on 2.54-cm-diameter epoxy-bound particulate pellets prepared to a
final 0.05-μm alumina polish on Leitz Orthoplan microscopes equipped with a 50× reflected-light,
oil-immersion objective. Vitrinite reflectance was measured with the incoming light polarized
at 45◦ and the reflected light passing through a 546-nm bandwidth filter on the path to the
photomultiplier. The photomultiplier was standardized using glass standards of known reflectance.
Maceral identification was based on nomenclature from the International Committee for Coal and
Organic Petrology [25,26]. One pellet each of samples 5508, 5509 and 5510 was etched in an acidified
saturated solution of potassium permanganate (KMnO4) in order to show details of vitrinite macerals
(procedures after Eble et al.) [27].

Palynomorphs were liberated by first oxidizing 2–3 g of < 20 mesh coal with Schulze’s Solution
(concentrated nitric acid saturated with potassium chlorate). Following oxidation, the samples were
digested with 5% potassium hydroxide, repeatedly washed with distilled water, and concentrated with
zinc chloride (specific gravity 1.9). Amorphous organic matter (AOM) was removed from the residues
using ethylene glycol monoethyl ether (2-ethoxyethanol), ultrasonic vibration, and a short period of
centrifugation. Samples were strew-mounted onto 25-mm square cover glasses with polyvinyl alcohol,
and fixed to 75 × 25-mm microscope slides with acrylic resin. Spore and pollen abundances are based
on a count of 250 palynomorphs for each sample.

4. Results and Discussion

4.1. Chemistry

The basic coal chemistry and coal petrology data for the previously collected Gray Hawk coal
samples are shown in Table 3. With one exception, sample 5028 in the McKee 7 1

2 ’ quadrangle (St

= 3.98%), the coal has a low-ash yield and low-S content, mostly varying from 1.68%–5.79% and
0.55%–0.65%, respectively.

Table 4 lists the basic coal chemistry data for the newly-collected Gray Hawk coal samples
(samples 5508, 5509 and 5510). These samples exhibit low-ash yields and low-sulfur contents, a
characteristic of ombrotrophic peat-forming systems. Such settings have been noted for many coals in
the region, including the low-ash, low-S Blue Gem coal [7] and portions of the correlative Pond Creek
coal [9,10]. As a consequence of the collapse of the peat dome, leading to a rheotrophic ecosystem,
and a brackish or marine incursion, the uppermost coal bench has a medium-sulfur content (1.55%)
dominated by pyritic sulfur (0.99%). High-S content has been observed at the top of the coal bed in
other eastern Kentucky coals [28–30] as well as coals from other areas (e.g., Chou [31]).

4.2. Petrology

The coal at the Parrott 7 1
2 ’-quadrangle site is high volatile A bituminous, with a maximum

vitrinite reflectance in the 0.8%–0.9% Rmax range (Table 5). This is generally higher than the rank
of the previously studied samples (Table 3). The current study location is further to the southeast
and closer to the locus of the high-rank region on the northwest side of the Pine Mountain thrust
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fault [29,32]. Maceral assemblages are dominated by collotelinite, telinite and vitrodetrinite; fusinite
and semifusinite with lesser amounts of micrinite and macrinite; and sporinite with lesser amounts of
cutinite (Table 5).

Table 3. As-determined moisture, ash and forms of sulfur; mineral-free-basis maceral groups, and
maximum vitrinite reflectance of Gray Hawk coal samples from early 1980s Kentucky Geological
Survey and Center for Applied Energy Research collections.

Sample
Proximate Analysis (%) Sulfur and Forms of Sulfur (%)

HV (MJ/kg)
Maceral (vol %)

Ro,max

M Ash St Spy Ssulf Sorg V I L

5139 6.00 2.20 0.60 0.14 0.01 0.45 32.05 82.6 11.0 6.4 0.73
5028 4.69 5.79 3.98 2.07 0.01 1.90 30.77 73.1 17.9 9.0 0.73
5091 5.28 1.88 0.65 0.10 0.01 0.54 31.89 79.8 11.5 8.7 0.77
5023 4.11 3.44 0.60 0.08 0.00 0.52 30.87 81.1 11.9 7.0 0.72
5029 5.22 1.68 0.63 0.35 0.01 0.27 31.87 77.3 12.2 10.5 0.81
5048 6.15 1.99 0.55 0.23 0.00 0.32 31.66 79.5 13.2 7.3 0.78
5049 5.47 2.28 0.58 0.30 0.00 0.28 31.70 77.1 11.9 11.0 0.78
5050 5.61 2.74 1.09 0.30 0.01 0.78 31.35 70.4 21.7 7.9 0.75
5185 5.90 1.74 0.64 0.01 0.02 0.61 32.15 78.3 14.9 6.8 0.83

M, Moisture. Ash, ash yield. St, total sulfur. Spy, pyrite sulfur. Ssulf, sulfate sulfur. Sorg, organic sulfur. HV, heat
value. V, vitrinite. I, inertinite. L, liptinite. Ro,max, maximum vitrinite reflectance.

Table 4. As-determined proximate and ultimate analyses; forms of sulfur, as-determined heating value
of Gray Hawk benches. Unit for moisture, ash yield, volatile matter, fixed carbon, C, H, N, O, and
sulfur content, is wt %. Unit for heating value is MJ/kg.

Sample Bench Thick (cm) M Ash VM FC C H N O St Spy Ssulf Sorg HV

5508 1 of 3 (top) 12.2 2.77 3.04 38.49 55.69 79.63 5.71 1.64 8.43 1.55 0.99 0.02 0.54 32.93
5509 2 of 3 11.8 3.25 1.42 39.03 56.29 80.46 5.76 1.66 9.98 0.72 0.10 0.01 0.61 33.41
5510 3 of 3 8.5 2.76 4.07 40.44 52.73 78.77 5.78 1.61 9.08 0.69 0.08 0.01 0.60 32.84

M, Moisture. Ash, ash yield. VM, volatile matter. St, total sulfur. Spy, pyrite sulfur. Ssulf, sulfate sulfur. Sorg,
organic sulfur. HV, heating value.

Table 5. Petrological compositions and vitrinite maximum reflectance of samples 5508, 5509 and
5510 (%).

Sample T CT VD CG T-V F SF Mic Mac ID T-I Sp Cut Res LipD T-L Ro,max

5508 12.6 42.9 6.7 0.8 63.0 14.0 8.1 2.6 1.4 0.4 26.5 7.7 2.6 0.0 0.2 10.5 0.89
5509 14.0 56.5 6.6 0.6 77.8 2.2 4.8 1.6 1.6 0.2 10.4 10.6 1.2 0.0 0.0 11.8 0.86
5510 12.8 38.5 12.2 3.2 66.7 9.8 5.0 1.2 0.8 0.2 17.0 14.2 1.0 0.4 0.6 16.2 0.82

T, telinite; CT, collotelinite; VD, vitrodetrinite; CG, corpogelinite; T-V, total vitrinite; F, fusinite; SF, semifusinite; Mic,
micrinite; Mac, macrinite; ID, inertodetrinite; T-I, total inertinite; Sp, sporinite; Cut, cutinite; Res, resinite; LipD,
liptodetrinite; T-L, total liptinite; Ro,max, random vitrinite maximum reflectance.

Cutinite was noted to occur in association with possible epiphyllous fungi (funginite) (Figure 3).
While such forms are not well known before the Cretaceous, Taylor et al. [33] and Burlington [34] did
note epiphyllous fungi in association with Stephanian pteridosperms. Verrucosporites, not observed
in the palynomorph counts, was noted in the bottom bench during petrography studies (sample
5510) (Figure 4A,B). The megaspore Triletes globosus (Figure 4C,D) would have been excluded from
the miospore slides due to the screening step during processing. Thin vitrinertoliptite cannel bands
were noted in the bottom bench (sample 5510) (Figure 5). Without oriented block samples, we cannot
establish the location of the cannel within the bench.
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Figure 3. Cutinite in sample 5510. Epiphyllous fungi (fu) growing on cutinite (c). (A) Reflected light,
oil immersion; (B) Blue-light.

Figure 4. Sporinite in sample 5510. (A,B) Verrucosporites (larger ornamented spore in lower center)
with smaller Lycospora in mixed maceral matrix. (C,D) megaspore, probably Triletes globosus. (A,C)
reflected light, oil immersion. (B) and (D) blue-light.

Fusinite and semifusinite occur as both primary, direct fire-derived varieties and forms which
were degraded and then charred. The primary, fire-derived origin of fusinite has long been
established [35,36], with more recent advocacy on the part of Scott and his co-workers, among
others [37–48]. Certain inertinite macerals with a fusinite and semifusinite reflectance took a more
convoluted path, undergoing varying degrees of degradation prior to charring [49,50], and likely
charring at a range of temperatures [47,48,51].
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Figure 5. Cannel in sample 5510. (A) cannel; (B,C) cannel with vitrinite bands and inertinite fragments;
(A,C) blue-light; (B) reflected light, oil immersion.

A variety of primary fusinite (such as in Figure 6A,B) and fusinite- and semifusinite-levels
of reflectances occur in inertinites subjected to charring after degradation (Figure 6A,C,D). Both
the fusinite- and semifusinite-reflectance macerals in Figure 6C and, in particular, the semifusinite-
reflectance maceral in Figure 6D have swollen cell walls typically associated with fungal or bacterial
degradation [52,53].

Macrinite, at least in part, is a product of the ingestion and excretion of woody material with
possible (or likely) successive cycles of fungal and bacterial colonization and/or coprophagous
recycling [49,50,54–57]. In part, the complexity of macrinite structure, particularly the inclusion of
fusinite and liptinite within the macrinite, underwent significant changes from the Devonian [58–60]
to the Pennsylvanian [4,61,62], the Cretaceous and later [5,49,54,63]. Much of this was due to the
expansion and evolution of insects and other arthropods. Raymond et al. [64] note that, while the three
extant digestive schemes employed by modern detritivores (external rumen, facultative mutualism
and symbiosis) existed in the Pennsylvanian, the faunal participants were different. This difference is
exemplified in the difficulty of assigning fossil arthropod coprolites to their producers [58,59,65–68].
Further, the rate of fungal, bacterial, and detritivore decomposition was slower in the Pennsylvanian
compared to younger settings [64]. In the latter context, the inclusions in the macrinite on the right side
of Figure 7A demonstrate that non-discriminating feeding activity was part of the Langsettian ecosystem.
Much more common in Pennsylvanian coals is relatively inclusion-free macrinite (Figure 7A,B,F,G and
the macrinite across the center of Figure 7H). Fecal pellet-derived macrinite (Figure 7C–E,H), common
in younger coals [49], was previously noted in a survey of Pennsylvanian macrinite [4]. This should
not be a surprise; if something was ingesting the wood, excretion would be a necessary function. The
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Cretaceous forms are dominated by individual pellets while the Gray Hawk forms appear to be merged
into larger masses, consistent with Type 1 coprolites as defined by Taylor and Scott [62], albeit with
some indication that the origin was from individual pellets. The compaction and merger may be a
function of the moisture content of the original pellets, the vegetal composition of the diet and the
subsequent fecal pellet, the wet vs. dry nature of the depositional (and subsequent) environment, or
a combination of all of the above plus coalification and other unaccounted for influences. Given the
small size of the individual pellets forming the coprolite masses, collembola or perhaps an extinct
group of herbivores or detritovores, may have produced them [49].

Figure 6. Fusinite and semifusinite in the coal. (A) mix of primary (p) and degraded (d) fusinite and
semifusinite; (B) primary fusinite; (C) degraded fusinite and semifusinite; (D) degraded semifusinite.
Reflected light, oil immersion.

Vitrinite counts were made on the unetched pellets; the observations here are based on the details
revealed in the etching process. Based on the etched pellets the telinite and collotelinite have superficial
similarities in the unetched portion of Figure 8A. Etching emphasizes the fundamental differences in
maceral structure, with the telinite band shown to largely consist of cell walls and the collotelinite band
showing a more uniform structure. Telinite is also seen in Figure 8B and in the lower half of Figure 8C.
The upper half of the Figure 8C vitrinite particle consists of corpogelinite cell fillings surrounded by
telinite cell walls. Similarly, that in Figure 8D has bands of corpogelinite with thin cell walls. The latter
bands are separated by ca. 10-μm bands, probably originating from detrovitrinite.
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Figure 7. Macrinite in the coal. (A) macrinite with inertodetrinite inclusions on right; macrinite on
left may have replaced sporinite, as noted in the Hower et al. [4] publication of the image, or it may
just have a shape coincident with sporinite; note that Hower and Ruppert [55] showed an example of
funginite replacing a megaspore in a Pennsylvanian coal; (B) assemblage of macrinite (ma), semifusinite
(sf), and fusinite (f); (C) agglomerated rounded macrinite reminiscent of fecal pellet macrinite seen in
younger coals [49]; from Hower et al. [4]; (D) agglomerated rounded macrinite reminiscent of fecal
pellet macrinite; (E) macrinite with inertodetrinite inclusions but also with agglomerated rounded
macrinite reminiscent of fecal pellet macrinite; (F) macrinite (ma) with semifusinite (sf); (G) macrinite
(ma) with fusinite; (H) fecal pellet macrinite (fp), Reflected light, oil immersion; (A–E) sample 5510;
(F) sample 5028; (G,H) sample 5023. Scale bar: 50 μm.

Petrographically, the relatively high vitrinite contents, especially telovitrinite which peaks in
the middle bench, are likely a function of the same wet conditions that promoted arborescent
lycopods, pteridospermalean and cordaitalean gymnosperms, as well as the relatively slower rates of
decomposition present in the Pennsylvanian coal bed. A direct correspondence between high vitrinite
contents and high percentages of arborescent lycopod spores, especially Lycospora, is a common feature
in many Early and Middle Pennsylvanian coal beds in the Appalachian and Eastern Interior, USA
basins [69–74]. The decrease in fusinite + semifusinite from the bottom bench to the middle bench,
followed by a large increase to the top bench, is a further indication of the cycle of relative wet and dry
conditions in the Gray Hawk coal.
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Figure 8. Vitrinite in the coal. (A) etched vitrinite, inertinite, and liptinite showing contrast between
telinite (t), collotelinite (ct), and detrovitrinite (d) bands; (B) etched telinite; (C) etched corpogelinite
(cg) cell filling with telinite cell walls; (D) etched corpogelinite (cg) cell filling with telinite cell walls,
Reflected light, oil immersion; (A) sample 5509; (B) sample 5510; (C) and (D) 5509.

4.3. Palynology

Palynomorph data is reported as percentages of the total count in Table 6, according to parent
plant affinity. Palynomorph/parent plant affinities are based on excellent summaries by [75–77]. Forms
identified in addition to those observed in the point counts are marked with an X in Table 6.

The occurrence of a few, stratigraphically constrained, spore taxa indicate a late Early
Pennsylvanian (late Langsettian) age for the Gray Hawk coal bed. These taxa include Schulzospora
rara, Radiizonates aligerans, R. striatus, Secarisporites remotus, Endosporites globifomis, Laevigatosporites spp.
and Granasporites medius [74]. The Gray Hawk coal palynoflora is strongly dominated by Lycospora
spp. (>85% in all three samples), which is typical of coal beds in this stratigraphic interval. Indeed,
many, if not most, Early Pennsylvanian coal beds in the Appalachian Basin are dominated by Lycospora
spp., which is the dispersed spore genus of several of the large lycopsid trees (e.g., Lepidodendron,
Lepidophloios) that were important elements of Early Pennsylvanian mire floras [71–74,78]. Lycospora
pellucida and L. pusilla are abundant in all three benches (Table 6). Lycospora granulate is relatively
abundant in the bottom two benches, exceeding the concentration of L. pusilla in the bottom bench, but
undergoes a precipitous drop in concentration to the top bench, sample 5508. Small ferns, particularly
represented by Granulatisporites parvus, and calamites (Calamospora breviradiata) in the bottom bench, are
present in lesser abundance than the lycopsids. Cordaites, primarily Florinites spp., occur in all three
benches, but reach significant abundances in the bottom and middle benches. Common palynomorph
taxa recovered from the Gray Hawk coal bed are shown in Figure 9.
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Figure 9. Common palynomorphs in the Gray Hawk coal bed. (A) Lycospora pellucida;
(B) Lycospora pusilla; (C) Lycospora granulata; (D) Granasporites medius; (E) Densosporites annulatus;
(F) Radiizonates aligerans; (G) Crassispora kosankei; (H) Laevigatosporites minor; (I) Camptotriletes bucculentus;
(J) Granulatisporites adnatoides; (K) Pilosisporites triquetrus; (L) Florinites similis; (M) Reticulatisporites
reticulatus; (N) Cristatisporites connexus; (O) Calamospora breviradiata; (P) Schulzospora rara. All images
were collected using Nomarski interference contrast illumination (DIC).

Abundant Lycospora spp. spores indicate that arborescent lycopsids, notably Lepidophloios and
Lepidodendron, were contributors to the peat that formed the Gray Hawk coal bed. The proportion
of Granasporites medius in the samples indicates that Diaphorodendron and/or Synchysidendron, was
also present, though likely in proportionally fewer numbers than Lepidophloios or Lepidodendron.
Mire-centered lycopsids had developed reproductive and vegetative strategies for growth and
development in very wet areas. The megasporangium of Lepidophloios (Lepidocarpon) and Lepidodendron
(Achlamydocarpon) were both boat-shaped, facilitating dispersal in areas of standing water. Lycopsid
root systems (Stigmaria) radiated laterally from the base of the plant, rather than downward, to provide
stability. This is a common feature of many modern tree-size plants growing in wet, soft substrates.
Furthermore, the rootlets emanating from Stigmarian axes were very slender in design, and would
have been incapacitated by firm substrates [78].

Other plant groups, ferns, seed ferns, calamites and cordaites, are represented by minor quantities
of palynomorphs in the Gray Hawk coal bed. The same supersaturated substrates that would have
favored the proliferation of arborescent lycopods may have also favored pteridospermatophytean
and cordaitalean gymnospermous trees [79]. Both taxa produced fewer palynomorphs than the
lycopsid taxa, and may have been, at least to a degree, arthropod pollenated [68]. The presence
of coprolitic macrinite in the samples supports the supposition that saprophytic and/or grazing
arthropods occurred in the mire ecosystem; these and others may have served as pollinators for the
early gymnosperms.
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4.4. Geochemistry

Table 7 lists the percentages of major-element oxides and concentrations of trace elements in the
newly-collected samples (5508, 5509 and 5510). Due to the low ash yields, the major-element oxide
contents are very low relative to those in coals of other areas (e.g., Dai et al. [80]). Iron content is highest
in the upper bench (48.24 wt % Fe2O3) falling to 5.70 wt % in the lowermost bench with concomitant
increases in silica, alumina and titanium. Calcium concentration is highest in the middle bench.

Compared to average values for world hard coals reported by Ketris and Yudovich [81], Ge and As
are slightly enriched in the coal with concentration coefficients between 2-5 (CC, ratio of trace element
concentration in studied samples vs. averages for world hard coals); however, the concentrations of
other trace elements are either close to or much lower than world averages (Figure 10).

With the exception of As (28.04 μg/g), most elements of environmental concern in the coal
are low in concentrations, such as Be (2.53 μg/g on average for the three benches), Cr (5.65 μg/g),
As (28.04 μg/g), Se (2.02 μg/g), Cd (0.05 μg/g), Mo (0.54 μg/g), Hg (174 ng/g), Tl (0.23 μg/g), Pb
(12.34 μg/g) and U (0.31 μg/g). Arsenic and Hg are also enriched in the top bench (sample 5508). This
is also the bench with the highest pyritic sulfur content (Table 1), and, as discussed more fully below,
the highest proportion of pyrite both within the LTA and the whole-coal material. Such an occurrence
suggests an association with the sulfide minerals, in accordance with the observations of many other
authors [82–90].

A number of elements (Li, Be, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, Se, Zr, Nb, Th, U and REY)
are relatively enriched in the lower bench. Enrichment of Zr + TiO2 in the basal lithotype of eastern
Kentucky coals has been noted in other studies, for example Hower and Bland [8]. Considering the
known association of U and Th with zircons, more abundant zircon in the basal bench may explain
the greater abundance of U and Th in the coal. The lowermost bench (sample 5510) has the highest
ash yield (Table 4) and also (as described below) the highest proportion of illite and illite/smectite
among the clay minerals. Vanadium and Cr are known to be associated with clay minerals [91,92], and
in some cases with organic matter [93]. These two elements in the present study are thus probably
associated with the more abundant clay minerals, especially illite and illite/smectite, in the lower
bench sample.

Germanium, enriched in both the top and, in particular, the bottom bench, has been found to be
enriched in the same position in many other coals [94,95]. The element is generally associated with
organic matter [96], and its enrichment is usually attributed to the leaching of granite by hydrothermal
solutions and the Ge-rich solutions discharged into the peat swamp [80,96]. Copper and Zn are
associated with traces of chalcopyrite and sphalerite, respectively, as described more fully below.

Figure 10. Concentration coefficients (CC) of trace elements in the Gray Hawk coals, normalized by
average trace element concentrations in world hard coals [81].

The Al2O3/TiO2 ratio is a useful provenance indicator for sedimentary rocks [97] and sediments
associated with coal deposits [63]. Typical Al2O3/TiO2 ratios are 3-8, 8-21, and 21-70 for sediments
derived from mafic, intermediate, and felsic igneous rocks, respectively [97]. The three benches of the
Gray Hawk coals have Al2O3/TiO2 ratios of 16.8 (sample 5508), 22.1 (sample 5509), and 17.7 (sample
5510), indicating a sediment-source region with intermediate and felsic compositions; this is also
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supported by the relationship of Cr/Th-Sc/Th (Figure 11). However, the relationship of Co/Th vs.
La/Sc plot (Figure 11) indicates a minor input of intermediate-mafic materials.

Although the rare metals (Ga; rare earth elements and yttrium, REY or REE if Y is not included)
in the coal samples are relatively low in concentration compared to world averages, they are, as along
with Ge, highly enriched in the coal ashes (Table 8). Based on the cut-off grade (higher than 1000 μg/g)
for beneficial recovery of REY from coal combustion products as proposed by Seredin and Dai [98],
the Gray Hawk coals have great potential for industrial use. The REYdef, rel-Coutl graph, which was
proposed by Seredin and Dai [98] to evaluate of REY-rich ashes as raw materials (Figure 12), where the
X-axis is the outlook coefficient (Coutl, ratio of the relative amount of critical REY metals in the REY
sum to the relative amount of excessive REY) and the Y-axis is the percentage of critical elements in
total REY (REYdef, rel, %), shows that the REY in the three coal bench samples (ash basis) fall in Area
III or between Areas II (promising) and III (highly promising).

Figure 11. Relationship of Co/Th against La/Sc [99] and Cr/Th against Sc/Th [100] for the Gray Hawk
coal samples. Data of different igneous rocks are from Condie [99].

Figure 12. The REYdef, rel-Coutl plot for Gray Hawk coal ashes. Area I, unpromising, Area II, promising,
and Area III, highly promising.
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The classification of REY used in the present study is based on Seredin and Dai [98] and includes
light (LREY: La, Ce, Pr, Nd and Sm), medium (MREY: Eu, Gd, Tb, Dy and Y), and heavy (HREY: Ho, Er,
Tm, Yb and Lu) REY. Accordingly, in comparison with the upper continental crust (UCC) [101], three
enrichment types are identified: L-type (light-REY; LaN/LuN > 1), M-type (medium-REY; LaN/SmN
< 1, GdN/LuN > 1), and H-type (heavy-REY; LaN/LuN < 1) [98]. The REY in samples 5508 and 5509,
however, have similar distribution patterns; both are weakly fractionated (Figure 13) but are slightly
enriched in medium- and heavy-REY. Sample 5510 is distinctively characterized by a heavy-REY
enrichment type (Figure 13). The three samples do not show anomalies of Eu, Ce and Y (Figure 13).
However, the REE distribution patterns of the coal samples present in this study would have been
expected to have a light-REY enrichment type because the sediment-source region is mainly of felsic to
intermediate composition. The REY in the present coal samples may have been subjected to acid natural
waters or epithermal solutions, which can lead to the medium-REY [98,102] and heavy-REY [98,103]
enrichment types, respectively.

Figure 13. Distribution patterns of REY in the Gray Hawk coals. REY are normalized by Upper
Continental Crust [101].

The concentration of Ge in the Gray Hawk coal ash is 18-times higher than that in the world hard
coal ashes reported by Ketris and Yudovich [81]. For comparison, the Ge concentration in the ashes of
coal-hosted Ge ore deposits including Wulantuga, Lincang, and Spetzugli, are 2820, 3902 and 4906
μg/g, respectively [104]. Germanium is currently being industrially extracted as a raw material from
these three Ge-bearing coal deposits. Gallium concentrations in the coal-ash samples are 103, 139 and
222 μg/g, respectively, much higher than the average value for world hard coal ash (36 μg/g) [81].
The average concentration of Ga in fly ash derived from the coal-hosted Al-Ga ore deposit in Jungar,
Inner Mongolia, China, is 92 μg/g [105].

4.5. Mineralogy

The proportion of LTA for each of the coal bench samples studied is slightly higher than the
respective high-temperature ash yield (Figure 14). The difference is in part due to dehydration of the
clay minerals, oxidation of the pyrite, and conversion of the bassanite-forming components to either
anhydrite or lime during the (high-temperature) ashing process. Different mineral assemblages occur
in the LTA residues of the three coal bench samples (Table 9). The LTA of the uppermost bench mainly
contains kaolinite, pyrite, illite and iron III hydroxyl-sulfate, with minor proportions of quartz, and
szomolnokite, and traces of jarosite, anatase and bassanite. Minerals in the LTA of the middle bench
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are mainly kaolinite, with minor proportions of illite, pyrite, quartz, chlorite and bassanite, along with
traces of iron III hydroxyl-sulfate, jarosite, anatase and calcite. The LTA of the lower bench is composed
of kaolinite, illite, mixed-layer illite/smectite, quartz, and traces of iron III hydroxyl-sulfate, pyrite,
basanite and anatase.

Figure 14. Relationship between low-temperature and high-temperature ash yields.

Table 9. Minerals in the coal low-temperature ashes (LTA) (A) and in whole-coal samples (B) wt %.

Sample LTA Quartz Kaolinite Illite I/S Chlorite Pyrite Iron-HS Jarosite Szomolnokite Anatase Calcite Bassanite

A-Low-Temperature Ashes

5508 5.3 6.7 29.2 15.6 27.2 11.8 1.6 4.5 0.6 2.7
5509 2.4 5.3 63.6 9.3 5.1 6.0 1.7 0.8 1.2 0.3 6.7
5510 4.9 17.1 45.1 19.2 12.8 0.3 1.6 0.8 3.0

B-Whole Coal

5508 - 0.36 1.55 0.83 0.00 0.00 1.44 0.63 0.08 0.24 0.03 0.00 0.14
5509 - 0.13 1.53 0.22 0.00 0.12 0.14 0.04 0.02 0.00 0.03 0.01 0.16
5510 - 0.84 2.21 0.94 0.63 0.00 0.01 0.08 0.00 0.00 0.04 0.00 0.15

Iron-HS, Iron III hydroxyl-sulfate.

The bassanite in coal LTAs is commonly thought to be formed as an artifact of the plasma-ashing
process, derived from interaction of non-mineral Ca and sulfur released from the maceral components
during oxidation [106–108]. In some cases, however, the bassanite may be produced when sulfuric
acid from oxidation of pyrite during storage of the coal reacts with calcite (if present) to form gypsum,
which is then partly dehydrated during the low-temperature ashing process [109].

SEM-EDS studies show that the kaolinite mainly occurs in cell-fillings, indicating an authigenic
origin (Figure 15A,B), although in some cases, it also occurs as massive material in the collodetrinite,
most likely of detrital origin. (Figure 15E). Illite is distributed along bedding planes (Figure 15C,D), or
occurs in lath form (Figure 15D,E), respectively indicating an authigenic origin and derivation from
detrital materials of terrigenous origin [110,111]. Chlorite occurs in association with illite along bedding
planes, suggesting a detrital origin. Quartz occurs as detrital grains in collodetrinite (Figure 15E,F).
Pyrite, mainly concentrated in the top bench, occurs as framboidal and dispersed fine-grained particles
in the collodetrinite (Figure 16A,B), both occurrences indicative of an authigenic origin. Anatase
occurs in cell-fillings of the coal-forming plants (Figure 16C), indicating an authigenic origin. Traces of
sphalerite and chalcopyrite, which are the carriers of relatively high Zn and Cu concentrations in the
samples, occur in the collodetrinite of sample 5510 (Figure 15B).
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A trace of an Fe-bearing phase without S, possibly an iron oxide or hydroxy-oxide (such as hematite
or goethite), was detected by SEM-EDS in sample 5510 but is below the detection limit of the XRD
technique. The modes of occurrence of this Fe-bearing phase, including fracture-fillings (Figure 17A),
cell-fillings (Figure 17C,D), and fine particles distributed in the collodetrinite (Figure 17D,E), indicate
an epigenetic origin.

Figure 15. Back-scattered electron images of kaolinite, illite and quartz in the coal. (A) Kaolinite in
cell-fillings, sample 5508; (B) Kaolinite in cell-fillings, and chalcopyrite and sphalerite in collodetrinite
of sample 5510; (C) Illite distributed along bedding planes, as well as pyrite and quartz in collodetrinite,
sample 5508; (D) Illite and chlorite occurring in lath form in collodetrinite, sample 5510; (E) Discrete
quartz, massive kaolinite, and lath-like illite in collodetrinite, sample 5510; (F) Discrete quartz in
collodetrinite, sample 5510.
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Figure 16. Back-scattered electron images of pyrite, rutile, and kaolinite in the coal. (A) Framboidal
pyrite and cell-filling pyrite in sample 5509; (B) Cell-filling and dispersed pyrite in sample 5509;
(C) Cell-filling anatase and kaolinite in sample 5510.

Figure 17. Cont.
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Figure 17. Back-scattered electron images of iron oxide or hydroxy-oxide (such as hematite or goethite;
light-colored) in sample 5508. (A) Fe-mineral and kaolinite in fractures. (B–D), Fe-mineral in fractures.
(E–F), Fe-mineral organic matter matrix.

5. Summary

The Langsettian-age high volatile A bituminous Gray Hawk coal is a relatively thin, low-S,
low-ash coal that has been mined near the western margin of the Eastern Kentucky coalfield. The
maceral assemblages are dominated by the vitrinite macerals collotelinite, telinite, and vitrodetrinite;
and in lesser amounts, inertinite macerals fusinite + semifusinite, fecal pellet-derived macrinite, and
micrinite; as well as the liptinites sporinite and cutinite. The decrease in fusinite + semifusinite from
the bottom to middle benches followed by an increase in fusinite + semifusinite in the top bench is an
indicator of the cycle of relatively dry vs. wet conditions during deposition of the Gray Hawk peat.
The palynomorph assemblages are dominated by varieties of Lycospora.

The element associations in the coals (e.g., Al2O3/TiO2, Cr/Th-Sc/Th) suggest a sediment source
region dominantly comprising intermediate and felsic compositions. High As and Hg concentrations
in the upper bench coincide with an increase in pyrite concentration, confirming a sulfide association.

On an ash basis, the Gray Hawk coal is significantly enriched in Ge relative to world hard
coals [81], although the concentration of 569 ppm in the ash of sample 5510 is lower than that of the
commercial coal-hosted Ge deposits at Lincang and Wulantuga in China and Spetuzgli in Russia.
The Ga concentration on an ash-basis in the Gray Hawk coal exceeds the concentration in the fly
ash from the Al-Ga ore at Jungar, Inner Mongolia, China. The total rare earth elements plus yttrium
(REY) concentrations are in excess of 1000 ppm (ash basis), making them of interest for potential
industrial use.
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Abstract: The Harlan, Kellioka, and Darby coals in Harlan County, Kentucky, have been among the
highest quality coals mined in the Central Appalachians. The Middle Pennsylvanian coals are correlative
with the Upper Elkhorn No. 1 to Upper Elkhorn No. 3½ coals to the northwest of the Pine Mountain
thrust fault. Much of the mining traditionally was controlled by captive, steel-company-owned mines
and the coal was part of the high volatile A bituminous portion of the coking coal blend. Overall, the
coals are generally low-ash and low-sulfur, contributing to their desirability as metallurgical coals. We
did observe variation both in geochemistry, such as individual lithologies with significant P2O5/Ba +
Sr/Rare earth concentrations, and in maceral content between the lithotypes in the mine sections.

Keywords: Pennsylvanian; mining history; coking coal; coal quality

1. Introduction

Harlan County, Kentucky, has had a long, colorful, and, at times, violent mining history [1–3].
None of that would have been the case without a base of extensive reserves of high quality coal, much
of it directed towards the metallurgical coal market and mined at steel-company-owned mines [4,5].

In this investigation, we examined the petrology and chemistry of coals in Harlan County
southeast of Pine Mountain, on the Pine Mountain thrust sheet (Figure 1). In particular, we appraised,
in ascending order, the Harlan, Kellioka, and Darby coals of the Pikeville Formation of the Middle
Pennsylvanian Breathitt Group (Figure 2). These coals were traditionally some of the better coking
coal reserves. The study coals are the approximate correlatives of the Upper Elkhorn No. 1 and Upper
Elkhorn No. 2, Upper Elkhorn No. 3 or Van Lear, and the Upper Elkhorn No. 3½ coals, respectively, to
the northwest of Pine Mountain [6]. The underlying Path Fork coal, the correlative of the Blue Gem
and Pond Creek coals on the northwest side of the Pine Mountain thrust fault, was investigated by
Hatton et al. [7]. Below the Path Fork, the Grundy Formation Hance coal, correlative of the Manchester
and many other coals on the northwest side of the Pine Mountain thrust fault, was studied by Esterle
and Ferm [8] as well as Hubbard et al. [9]. The study areas for the Path Fork and Hance coals, however,
although on the thrust sheet, were to the southwest of the present study area.
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Figure 1. Location of the sample sites in Harlan County, Kentucky. For multiple-bench/multiple-lithotype
samples, the site is designated by the sample number of the accompanying whole-coal sample.

 

Figure 2. Geologic section of the study interval in the Louellen 7.5-minute quadrangle [10].

The environments of deposition for Kentucky coals have been investigated by the Kentucky
Geological Survey and the University of Kentucky Center for Applied Energy Research [7,9,11–14];
John Ferm and his students at various universities, most recently (1980–1999) at the University of
Kentucky (for example: Esterle and Ferm [8]); and outside researchers [15,16]. With the exception of
Esterle and Ferm [8], Hatton et al. [7], and Hubbard et al. [9], the studies emphasized settings to the
northwest of Pine Mountain. Much of the mining of the coals preceded the 1980s and 1990s studies
noted above. As such, the current examination of coals collected in the 1980s represents one of the few
detailed studies of Harlan County coals.
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2. Methods

Samples were collected both at mines and from company-supplied cores in the 1980s (The samples
from the 1980s represent the last widespread availability of mine samples and the serendipitous
availability of core samples. Aside from shifts in mining, the CAER sampling interests shifted to other
coals) (locations on Figure 1). The coals were collected as whole coal and bench samples, excluding
rock partings greater than about 1-cm thick. The proximate and sulfur analyses were conducted at
the University of Kentucky Center for Applied Energy Research (CAER) following ASTM procedures.
Major oxides were analyzed at the CAER by X-ray fluorescence following procedures outlined by
Hower and Bland [17]. All of the latter analyses were done shortly after sampling. Inductively
coupled plasma mass spectrometry (X series II ICP-MS, ThermoFisher, Waltham, MA, USA), in pulse
counting mode (three points per peak), was used to determine trace elements in the coal ash samples
obtained from raw coals at 815 ˝C. The ICP-MS analyses were conducted at the China University of
Mining and Technology (Beijing) on ash samples provided by the CAER. For ICP-MS analysis, samples
were digested using an UltraClave Microwave High Pressure Reactor (Milestone, Milano, Italy) [18].
The digestion reagents for each 50-mg coal ash sample are 2-mL 65% HNO3 and 5-mL 40% HF [18].
The Guaranteed-Reagent HNO3 and HF for sample digestion were further purified by sub-boiling
distillation. Arsenic and Selenium were determined by ICP-MS using collision cell technology (CCT)
in order to avoid disturbance of polyatomic ions [19]. Multi-element standards (Inorganic Ventures:
CCS-1, CCS-4, CCS-5, and CCS-6; NIST 2685b and Chinese standard reference GBW 07114) were used
for calibration of trace element concentrations. The method detection limit (MDL) for each of the
trace elements, calculated as three times the standard deviation of the average from the blank samples
(n = 10), is listed in Table 1.

Table 1. Method detection limit (MDL, μg/L) of inductively coupled plasma mass spectrometry
(ICP-MS) for the Harlan, Kellioka, and Darby coal ashes.

Elements MDL Elements MDL Elements MDL

Li 0.0090 Zr 0.0173 Gd 0.0113
Be 0.0103 Nb 0.0567 Tb 0.0071
Sc 0.0067 Mo 0.1052 Dy 0.0198
V 0.0062 Ag 0.0028 Ho 0.0044
Cr 0.0293 Cd 0.0019 Er 0.0089
Co 0.0032 Sn 0.0176 Tm 0.0061
Ni 0.0219 Sb 0.0037 Yb 0.0050
Cu 0.0481 In 0.0028 Lu 0.0042
Zn 0.1547 Cs 0.0088 Hf 0.0129
Ga 0.0016 Ba 0.2019 Ta 0.1194
Ge 0.0015 La 0.0165 W 0.1465
As 0.1799 Ce 0.0071 Tl 0.2137
Se 0.2291 Pr 0.0122 Pb 0.0124
Rb 0.7208 Nd 0.0247 Bi 0.0331
Sr 0.0440 Sm 0.0229 Th 0.0677
Y 0.0144 Eu 0.0049 U 0.88

Maceral analysis, originally done shortly after the sampling, was re-examined for this study following
the ICCP nomenclature [20,21]. The petrology was done using Leitz Orthoplan microscopes with
oil-immersion, reflected-light, 50-x objectives on particulate pellets prepared to a final 0.05-μm-alumina
polish. The reflectance was measured using a 547-nm bandpass filter and a 9-μm-diameter measuring
spot with a photomultiplier calibrated against a series of glass reflectance standards in the range of the
coal reflectances.
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3. Discussion and Results

3.1. Proximate and Sulfur Analysis

The Harlan coal is the thickest of the three coals investigated; with two of the sections exceeding
2.72 m. The Harlan ash yield is higher and more variable than in the Kellioka and Darby coals (Table 2),
discussed below. Several samples exceed 20% ash yield, with sample 6400 having 53% ash yield,
sufficient to classify it as carbonaceous shale. On the whole-coal basis, the Harlan coal is a low- to
medium-S coal, also higher than in the other two coals; exceeding 2% S in the 23.8%-ash-yield sample
6384. With the relative increase in sulfur compared to the other two coals, we can infer that the Harlan
peat was subjected to a more significant marine influence. The nature and extent of such an influence
is difficult to discern with just three detailed sections. With the exception of this study, the Harlan coal
has not been studied in the same detail as some other eastern Kentucky coals (see Introduction). The
mined Harlan coal, destined for the metallurgical market, was beneficiated prior to shipment from the
facility; therefore, much of the high-ash and high-S coal was not included in those shipments.

Table 2. Thickness (cm), proximate analysis (%), total sulfur and forms of sulfur (%) in the Harlan,
Kellioka, and Darby coals. T—total; py—pyritic; org—organic; sulf—sulfate; wc—whole coal;
nd—not determined.

Coal Sample Bench Thickness (cm) Mois Ash S (t) S (py) S (sulf) S (org)

Harlan

6255 wc 111.60 2.11 7.64 1.10 0.25 0.00 0.85
6256 1/4 (top) 16.70 2.41 18.66 1.30 0.37 0.02 0.91
6257 2/4 9.60 2.29 5.94 1.73 0.67 0.02 1.04
6258 3/4 28.40 2.20 11.34 1.85 0.84 0.03 0.98
6259 4/4 57.00 2.20 8.40 1.08 0.26 0.01 0.81
6260 wc 140.21 1.98 8.88 1.19 0.30 0.01 0.88
6270 wc 121.92 1.73 13.54 1.07 nd nd nd
6271 wc 126.49 1.59 10.75 1.22 nd nd nd
6272 wc 126.49 1.79 14.54 1.35 nd nd nd
6273 wc 134.11 1.76 35.91 0.91 nd nd nd
6378 wc 272.80 2.08 9.19 0.91 0.20 0.00 0.71
6379 1/9 (top) 27.43 2.03 9.36 0.89 0.11 0.01 0.77
6380 2/9 11.58 1.43 29.52 0.53 0.09 0.00 0.44
6381 3/9 32.92 2.07 8.84 1.34 0.30 0.01 1.03
6382 4/9 17.68 1.80 4.96 0.79 0.08 0.01 0.70
6383 5/9 51.51 2.13 5.46 1.51 0.44 0.02 1.05
6384 6/9 13.41 2.57 23.80 2.06 1.23 0.06 0.77
6385 7/9 3.35 1.49 16.96 0.49 0.04 0.00 0.45
6386 8/9 41.15 2.07 3.41 0.64 0.08 0.00 0.56
6387 9/9 50.29 2.21 7.67 1.19 0.34 0.04 0.81
6392 wc 292.61 1.88 16.72 1.09 0.29 0.00 0.80
6393 1/11 (top) 35.05 1.72 7.65 0.71 0.05 0.00 0.66
6394 2/11 6.71 1.44 8.02 0.73 0.06 0.00 0.67
6395 3/11 23.77 1.70 5.93 1.27 0.24 0.01 1.02
6396 4/11 6.40 2.68 25.88 1.09 0.36 0.00 0.73
6397 5/11 17.98 1.69 4.74 0.98 0.12 0.00 0.86
6398 6/11 3.05 1.17 5.48 0.80 0.01 0.00 0.79
6399 7/11 49.38 1.85 4.24 0.95 0.12 0.00 0.83
6400 8/11 20.42 1.91 53.04 1.37 0.73 0.04 0.60
6401 9/11 6.71 1.77 23.13 0.58 0.09 0.00 0.49
6402 10/11 43.89 1.95 4.51 0.77 0.09 0.00 0.68
6403 11/11 52.12 2.25 5.87 1.25 0.41 0.03 0.81
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Table 2. Cont.

Coal Sample Bench Thickness (cm) Mois Ash S (t) S (py) S (sulf) S (org)

Kellioka

6352 wc 86.87 2.41 5.44 0.72 0.11 0.00 0.61
6353 1/6 (top) 18.29 2.60 3.14 0.93 0.21 0.02 0.70
6354 2/6 16.76 2.60 3.22 1.13 0.39 0.03 0.71
6355 3/6 8.23 2.32 2.27 0.52 0.05 0.00 0.47
6356 4/6 11.58 1.99 2.00 0.56 0.05 0.00 0.51
6357 5/6 19.81 1.79 3.80 0.52 0.03 0.00 0.49
6358 6/6 12.19 2.06 15.62 0.60 0.09 0.01 0.50
6359 wc 107.19 2.07 4.19 0.67 0.10 0.00 0.57
6360 wc 113.03 2.09 4.86 0.97 0.29 0.01 0.67
6361 1/5 (top) 19.81 2.25 3.75 1.06 0.26 0.03 0.77
6362 2/5 15.85 2.00 4.50 0.92 0.14 0.02 0.76
6363 3/5 12.80 2.14 2.93 0.65 0.05 0.00 0.60
6364 4/5 43.59 1.87 3.98 0.64 0.03 0.01 0.60
6365 5/5 21.03 2.13 10.26 1.14 0.36 0.04 0.74

Darby

6261 wc 92.05 2.59 2.18 0.56 0.06 0.00 0.50
6262 1/4 (top) 13.41 2.56 1.77 0.53 0.04 0.01 0.48
6263 2/4 12.19 5.23 1.93 0.48 0.04 0.01 0.43
6264 3/4 49.38 3.46 1.29 0.55 0.04 0.00 0.51
6265 4/4 17.07 3.55 1.80 0.60 0.05 0.01 0.54
6266 wc 99.06 1.94 2.21 0.54 nd nd nd
6267 wc 164.59 1.96 3.04 0.70 nd nd nd
6268 wc 108.20 2.20 2.67 0.63 nd nd nd
6269 wc 102.11 1.85 4.06 0.53 nd nd nd
6366 wc 76.71 3.03 2.21 0.63 0.04 0.01 0.58
6367 1/5 (top) 3.35 2.54 7.44 0.56 0.07 0.02 0.47
6368 2/5 13.41 2.11 2.02 0.53 0.05 0.01 0.47
6369 3/5 4.57 2.23 3.28 0.53 0.04 0.01 0.48
6370 4/5 41.45 3.12 1.76 0.54 0.05 0.02 0.47
6371 5/5 14.33 3.29 2.78 0.59 0.04 0.02 0.53

The ash yield of Harlan coals varies somewhat in our samples depending upon the decisions
made about sampling benches. For example, in retrospect, sample 6400 perhaps should not have been
included in the whole-coal sample although it would have been part of the mined section along with
other partings and portions of the roof and floor. As noted above, coal beneficiation would eliminate
many of the higher mineral matter particles, producing a low-ash product.

With the exception of the lower bench at both of the benched sites, the ash yield of the Kellioka coals
is less than 5%; sulfur content is generally low, exceeding 0.9% only in the top two benches at both sites
and the basal bench at site 6360. The Darby has a low-ash, low-S content, with the exception of the thin
top lithotype (sample 6367) at site 6366 with 7.44% ash yield and 36.4% total vitrinite (ash-free basis).

3.2. Petrology

The petrology of the coals is presented on Table 3. The lithologic profile of the Harlan coal is
shown in Figure 3. Despite some similarities between nearby sites, particularly between seam sections
6378 and 6392, the continuity is not as great as we have seen in studies of the Pond Creek and Blue
Gem coals [22,23], the Fire Clay coal [12,24,25], although significant short-distance, few-hundred-meter
variation is known to occur in other economically important eastern Kentucky coals [23,26].

The total vitrinite in the whole Harlan coals ranges from 58% to 75% (mineral-included basis), the
lowest being in sample 6273 owing to the high mineral content. There is a wide variety of maceral
distributions among the bench/lithotype samples. This is well illustrated in the low-mineral matter
samples 6399 and 6398 of the 6392 sequence. The sample 6399 bright clarain, bench 7 of 11, has 81.6%
total vitrinite. In contrast, sample 6398, the thin, 3.05-cm durain directly overlying 6399, has 31.2%
vitrinite, 31.6% inertinite, and 36.6% liptinite.
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Figure 3. Lithologic sections of the Harlan coal. For the 6255, 6378, and 6392 sequences, the tick marks
along the right edge indicate the boundaries of the sampled intervals and the associated numbers
represent the bench number. The blank spaces between coal benches indicate non-coal rock intervals.
See the tables for the correlation between the bench and sample numbers.

With a few exceptions, such as sample 6357 with less than 41% total vitrinite and sample 6364 with
less than 48% total vitrinite, the Kellioka coal samples have over 60% vitrinite. The highest vitrinite
is found in the relatively high-S upper benches. The inertinite assemblages in the Kellioka coals are
dominated by varying amounts of fusinite, semifusinite, micrinite, and inertodetrinite. Macrinite is
most abundant in the low-vitrinite lithologies 6357 and 6364, at 6.4% and 4.6% (mineral-free basis),
with 2.2% and 2.4% macrinite found in samples 6355 and 6356, respectively, the lithologies with
63%–65% vitrinite. The liptinite assemblages in the Kellioka coals are dominated by sporinite with
lesser amounts of resinite and cutinite.

The whole-coal Darby samples all have at least 68.9% total vitrinite (ash-free basis) and none
of the other lithotypes have less than 55% vitrinite. The inertinite is generally a function of varying
amounts of fusinite, semifusinite, micrinite, and inertodetrinite. Macrinite exceeds 1.5% only in the
whole coal sample 6267 and the lithotype sample 6367. The liptinite assemblages in the Darby samples
are dominated by sporinite with lesser amounts of resinite and minor amounts of cutinite.

3.3. Elemental Geochemistry

Table 4 lists the concentrations of major-element oxides and trace elements in the samples from
the Harlan, Kellioka, and Darby coals. Compared to average values for world hard coals reported
by Ketris and Yudovich [26] and based on the enrichment classification of elements in coal outlined
by Dai et al. [27], only the averages of Co in the Harlan coals and As in the Kellioka coals are slightly
enriched, with CC (CC = ratio of element concentration in investigated coals vs. world hard coals)
2.10 and 2.02, respectively. Lithium and Cu in the Harlan coals have CC of 1.60 and 1.84, respectively.
The average concentrations of other trace elements in the three coals are either close to or depleted
relative to the averages of the same elements for the world hard coals (Figure 4). Particularly, the
concentrations of quite a number of trace elements in Kellioka and Darby coals are depleted (Figure 4).
According to Dai et al. [27], elemental concentrations in coal can be classified as six levels relative to
the averages for world coals, unusually enriched (CC > 100), significantly enriched (10 < CC < 100),
enriched(5 < CC < 10); slightly enriched (2 < CC < 5); close to the average values for world hard coals
(0.5 < CC < 2), and depleted (CC < 0.5).
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Because the three coals have relatively low ash yields and most of the trace elements in the coals
have inorganic affinity, the concentration of trace elements in ashes of the three coals were compared
to the averages of the same elements for the world coal ash reported by Ketris and Yudovich [26].
Elements including Li, Co, Cu, As, and Ta in the Harlan coal ashes, elements P, Co, Cu, As, Sr, Ba, Ta,
and Pb in the Kellika coal ashes, and elements Be, Co, Ni, Cu, Ga, Ge, Sr, Y, Mo, Sn, Sb, Ba, and Tl in
the Darby coal ashes are relatively enriched (Figure 5).

 

Figure 5. Concentration coefficients of trace elements in the coal ashes studied. (A) Harlan; (B) Kellioka;
(C) Darby. Concentration coefficients (CC) are the ratio of the trace-element concentrations in the coal
ash samples vs. world coal ash reported by Ketris and Yudovich [26].

The correlation coefficient (r = 0.59) of Li and ash yield in the Harlan coals indicates an inorganic
affinity. Further, lithium positively correlated to Mg (r = 0.74), SiO2 (r = 0.61), Al2O3 (r = 0.740),
and K2O (r = 0.84), indicatingit is mainly associated with clay minerals (e.g., kaolinite, mixed-layer
illite/smectite, or illite).

The Cu in the Harlan coals is positively correlated to Ash (r = 0.87), Al2O3 (r = 0.77), SiO2 (r = 0.80),
and K2O (r = 0.76), but has a weak correlation coefficient with total sulfur (r = 0.37), indicating Cu
mainly occurs in clay minerals. The correlation coefficient of Co and ash is 0.41, indicating that Co has
a dominant inorganic association and a small proportion may be associated with organic matter.

The concentrations of As in Kellioka coals and coal ashes are 16.8 and 378 μg/g respectively,
much higher than their averages for world hard coals and coal ashes (9 and 46 μg/g, respectively [26].
The adverse effects on environment of arsenic in Kellioka coals should be of concern. The correlation
coefficient of As-St (r = 0.77) and As-Fe2O3 (r = 0.63), and Fe-St (r = 0.85) (Figure 6) of the Kellioka
coals indicate that As is mainly associated with pyrite.

With exceptions of Li, Cu, and Co in the Harlan coals, and As in the Kellioka coals, the remaining
elements in the three coals are either close to or lower than the averages for world hard coals [26], and
most of them have an inorganic affinity (Figure 7). However, some elements including Be, Ga, Ge, Sr,
Mo, Sn, and W have different modes of occurrence in the three coals. For example:

The correlation coefficient of Be and ash yield in the Harlan and Darby coals (r = 0.17, and
r = ´0.14, respectively) show an organic-inorganic mixed affinity (also see Figure 8). Be in the Kellioka
coals, however, showed inorganic affinity (r = 0.95; Figure 8).
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Gallium in the Harlan and Kellioka coals shows an inorganic affinity (r = 0.84 and r = 0.99
respectively; Figure 8D,E), but in the Darby coals it has an organic-inorganic mixed affinity (r = 0.17;
Figure 8F).

Germanium, Sr, and Mo in the three coals show an organic-inorganic mixed affinity (Figure 8).
Although the correlation coefficient of Ge and ash yield in Kellioka coals is high (r = 0.98; Figure 8H),
there are only two points fall in the area with Ge concentration higher than 8 μg/g. However, twelve
scattered points fall in the area of Ge concentration of less than 1.6μg/g, showing an organic-inorganic
mixed affinity. The correlation coefficient of Sr and ash yield in the Kellioka is also high (r = 0.77), the
scattered points in the Figure 8K (only one point with high Sr concentration, 587μg/g) also indicate a
mixed affinity.

Tin and W show an inorganic affinity in the Harlan and Kellioka coals but have an
inorganic-organic mixed affinity in the Darby coals (Figure 8).

Although the average concentrations of most of trace elements in the three coals are not enriched
relative to the averages of the world coals, some trace elements are relatively enriched in some benches
of each coal seam. For example, see Sections 3.3.1–3.3.3 below.

3.3.1. The Harlan coals

The Harlan geochemistry has hints of the high values of certain minor element associations noted
in other coals, such as TiO2 + Zr, V + Cr, and Ba + Sr (such as the Darby for the latter association, see
below). The TiO2 + Zr has been found to be associated with detrital minerals in the basal benches of
some coals [17,28]; V + Cr, possibly in association with clay minerals, can be enriched in the top bench;
and Ba and Sr can be associated with phosphates and carbonates [28,29]. The fourth benches in both
sections 6378 and 6392, bench 6 of 9 of section 6378, and bench 8 of 11 of section 6392 have some of the
higher Cr and V values. In all cases, these benches underlie a parting, an event nearly as significant as
the final demise of the coal [13], therefore, also an event likely to be marked by the same geochemical
indicators as the top of the coal.

The Ba + Sr content exceeds 6000 ppm in sample 6401, but this is considerably lower than the
high values encountered in the Darby coal (see below). Certain benches in the 6378 section also
have >1000 ppm (ash basis) Ba and/or Sr, in some cases corresponding with P2O5 > 0.5% (ash basis).
The Rare earth elements + Y (REY) content is not high by what might be considered to be potential
commercial standards (perhaps 900 ppm on the ash basis) [30]. We note, however, that the samples
with REY >600 ppm correspond to the samples with P2O5 >0.5%, not surprising since the REY are
often found in phosphate minerals.

3.3.2. The Kellioka coals

The high-Fe2O3 content generally occurs in the top two benches, the higher pyritic S lithologies.
These are also the benches with the highest As concentrations, up to 1231 ppm As and 0.39% Spy

(both on ash basis) in sample 6354. The third benches from the top at both sites, samples 6355 and
6363, are the highest CaO samples. Very little mineral matter is evident in microscopic examination
and carbonates are not among the microscopic minerals. The concentrations of Sr, Ba, and REY are
generally highest in the same samples, for example >11000 ppm Sr + Ba and 929 ppm REY in sample
6364, corresponding to a phosphate concentration of 3.50% (all on the ash basis).

3.3.3. The Darby coals

The samples generally have a relatively high amount of Ba + Sr, with sample 6264 (sample 3 of 4
from the 6261 series) exceeding 14560 ppm and sample 6370 (sample 4 of 5 from the 6366 series) having
>11000 ppm Ba + Sr (both on the ash basis). Such levels of Ba + Sr might be attributable to associations
with carbonates or phosphates. Neither sample has the highest REY content of the Darby samples,
nearly 1700 ppm in sample 6262 (bench 1 or 4 from the 6261 series). Without further microbeam-based
mineralogy studies, we cannot be certain about the association.
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Vanadium and Cr, known in other coals to be associated with clays and frequently observed in
the uppermost lithotype of many coal beds [31,32], are highest in the top lithology of both bench suites.
Germanium and Ga are relatively high in the upper and lower benches of the 6261 series. Germanium
is known to be enriched in coal lithotypes bordering the roof, floor, or partings [33].

3.4. Rare Earth Elements and Yttrium

The classification of rare earth elements and yttrium (REY, or REE if yttrium is not included)
used in the present study is based on Seredin and Dai [30] and includes light (LREY: La, Ce, Pr,
Nd, and Sm), medium (MREY: Eu, Gd, Tb, Dy, and Y), and heavy (HREY: Ho, Er, Tm, Yb, and
Lu) REY. Accordingly, normalized to the upper continental crust (UCC; Taylor and McLennan [34]),
three enrichment types are identified [30]: L-type (light-REY; LaN/LuN > 1), M-type (medium-REY;
LaN/SmN < 1, GdN/LuN > 1), and H-type (heavy REY; LaN/LuN < 1).

The concentrations of rare earth elements (Table 5) in the three coals are lower than the averages
for the world coals [26]; Figure 4), but their concentrations in coal ashes are close to the average for
the world coal ash (Ketris and Yudovich [26]; Figure 5). The three coal seams have different REY
distribution patterns:

(1) With the exceptions of some samples (samples 6387, 6386, and 6383 in Figure 9C; samples in
Figure 9D; samples 6397 and 6398 in Figure 9E; samples 6399, 6402, and 6403 in Figure 9F), the REY in
the Harlan coals are characterized by M-type enrichment.

(2) The Kellioka coal samples do not show much fractionation among the L-, M-, and H-REY, with
the exception of sample 6358, which has a distinct H-REY enrichment type (Figure 10).

(3) With a few exceptions of samples 6264, 6370, 6371, and 6369, which a slight M-REY enrichment,
the Darby coal samples are enriched in heavy REY relative to the upper continental crust [35] (Figure 11).

 

Figure 9. Distribution patterns of REY in Harlan coals. REY concentrations are normalized by those in
the Upper Continental Crust [35].
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Figure 10. Distribution patterns of REY in Kellioka coals. REY concentrations are normalized by those
in the Upper Continental Crust [35].

 

Figure 11. Distribution patterns of REY in Darby coals. REY concentrationsare normalized by those in
the Upper Continental Crust [35].

Geochemical influences were likely to have been complex. Aside from the expected terrigenous
influx at the time of deposition, the region was subject to the influence of hydrothermal fluids during
diagenesis. This is most notable on the footwall side of the Pine Mountain thrust fault where an enhanced
coal rank compared to correlative coals on the thrust sheet (as we are studying here), albeit all within
the high volatile A bituminous rank range, are accompanied by enhanced levels of Cl and Hg and other
trace metals [34]. While not previously demonstrated, it is possible that the coals on the Pine Mountain
thrust sheet could have been similarly influenced, if not from fluids squeezed out in advance of the
Pine Mountain thrust sheet, then by fluid flow influenced by thrust faults to the southeast in Virginia.
Examination of the Al2O3 vs. TiO2 plot (Figure 12) provides a view of another aspect of mineral influx. The
Harlan benches have a much wider distribution than the Kellioka or Darby benches, having both higher
and lower Al2O3 and lower TiO2 than the other coals. Among the Darby samples with the highest TiO2,
bench samples 6262 and 6368 have strikingly different REY distributions than any of the other benches
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among the three coals. In particular, the Y concentration versus the UCC baseline value is high. Relative to
other Darby benches, the P2O5 is also high, suggesting that an influx of Y- (and REY) bearing phosphates
could have accompanied the TiO2 influx. TiO2-mineral/Phosphate/Zircon sediments are common in
detrital (often the basal coal) lithotypes [17,25,26,36–43].

Figure 12. Distribution of Al2O3-TiO2 in the coals from in Harlan, Kellioka, and Darby.

4. Summary

The Harlan, Kellioka, and Darby coals have traditionally been among the more important coal
resources in Harlan County, Kentucky.

The Harlan coal is the thickest and has the highest ash and sulfur content of the three coals in
the study. In practice, the ash and sulfur content could be reduced by beneficiation. An enrichment
of TiO2 + Zr in the basal lithotype and V + Cr in the top lithotype and in lithologies immediately
below partings is similar to occurrences seen in other eastern Kentucky coals. The lithotypes with REY
>600 ppm correspond to concentrations of P2O5 > 0.5%. Much of the Harlan coal has an M-type REY
distribution pattern (after Seredin and Dai [30]).

The Kellioka coal generally has less than 5% ash yield and a sulfur content <0.9% in most
lithotypes. Pyritic S is highest in the uppermost two lithotypes and, in the 6360 section, in the basal
lithotype. Concentrations of Sr + Ba > 11000 ppm, accompanied by 929 ppm REY, occur in a lithotype
with 3.50% P2O5. The Kellioka samples generally do not have REY patterns corresponding to the
Seredin and Dai [30] distributions.

The Darby coal is generally low-ash and low-sulfur. The Ba + Sr content exceeds 14,560 ppm (ash basis)
in one sample and has relatively high values in other lithotypes. While a carbonate or phosphate association
might be the source of the elements, there is no direct mineral evidence for such an association in this coal.
The highest REY content, nearly 1700 ppm, does not correspond to the highest Sr + Ba. A few of the Darby
samples show an M-type distribution, with most samples enriched in heavy REY elements. As with the
Harlan coal, the V + Cr is highest in the uppermost lithotype in both benched sections.
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Abstract: Silicic, mafic and alkali intra-seam tonsteins have been known from SW China for a number
of years. This paper reports on the geochemical compositions of coals and tonsteins from three seam
sections of the Songzao Coalfield, SW China, and evaluates the geological factors responsible for the
chemical characteristics of the coal seams, with emphasis on the influence from different types of
volcanic ashes. The roof and floor samples of the Songzao coal seams mostly have high TiO2 contents,
consistent with a high TiO2 content in the detrital sediment input from the source region, namely
mafic basalts from the Kangdian Upland on the western margin of the coal basin. The coals from the
Songzao Coalfield generally have high ash yields and are highly enriched in trace elements including
Nb, Ta, Zr, Hf, rare earth elements (REE), Y, Hg and Se; some variation occurs among different seam
sections due to input of geochemically different volcanic ash materials. The geochemistry of the
Songzao coals has also been affected by the adjacent tonstein/K-bentonite bands. The relatively
immobile elements that are enriched in the altered volcanic ashes also tend to be enriched in the
adjacent coal plies, possibly due to leaching by groundwaters. The coals near the alkali tonstein
bands in the Tonghua and Yuyang sections of the Songzao Coalfield are mostly high in Nb, Ta, Zr, Hf,
Th, U, REE and Y. Coal samples overlying the mafic K-bentonite in the Tonghua section are high in V,
Cr, Zn and Cu. The Datong coal, which has neither visible tonstein layers nor obvious volcanogenic
minerals, has high TiO2, V, Cr, Ni, Cu and Zn concentrations in the intervals between the coal plies
affected by mafic and alkaline volcanic ashes. This is consistent with the suggestion that a common
source material was supplied to the coal basin, derived from the erosion of mafic basaltic rocks of the
Kangdian Upland. Although the Songzao coal is generally a high-sulfur coal, most of the chalcophile
trace elements show either poor or negative correlations with total iron sulfide contents. The absence
of traditional pyrite-metal associations may reflect wide variations in the concentrations of these
elements in individual pyrite/marcasite components, or simply poor retention of these elements in
the pyrite/marcasite of the relevant coals.

Keywords: geochemistry; coal; rare earth elements; volcanic ash; Late Permian
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1. Introduction

The trace element geochemistry of a particular coal is the result of the interaction of the original
peaty material with water- and/or air-borne detrital input, and solutions that circulated within
the coal basin [1–3], influenced in different ways by the botanical, biochemical and geological
factors that acted throughout the long-term process of coal formation [1,4,5]. Among all the factors,
incorporation of volcanic ash or influence of volcanic ash layers may have a significant impact not
only on the mineralogy, but also on the geochemical characteristics of the individual layers within the
coal seams [6,7].

Altered volcanic ash layers are widespread in the Permian strata of southwestern (SW)
China [8–10]. Although the geochemistry of tonsteins in the Late Permian coals of SW China indicates
an origin from silicic volcanic ash fallout [11], alkali tonsteins that developed in the early part of the
Late Permian in SW China have also been reported [10,12,13]. The enrichment of rare metals in coal
and its host rocks (e.g., roof and floor strata) in southwestern China, caused by alkali volcanic ashes,
has attracted much attention in recent years [3,14–16].

Dai et al. [17] indicated that coal from one Songzao coal seam (the No. 11 seam), which contains
no visible tonsteins, is significantly enriched in some alkaline elements such as Nb, Ta, Zr, Hf and rare
earth elements (REE), and suggested that these geochemical anomalies can be mainly attributed to
synsedimentary alkaline volcanic ashes. Another study by Dai et al. [18] distinguished three types of
tonstein bands (silicic, mafic and alkali) in the Songzao Coalfield based on their distinctive chemical
compositions. In a recent study of three individual seam sections in the Songzao Coalfield [19], the
modes of occurrence and origin of the mineral assemblages in the volcanic-influenced coal seams were
more fully investigated. The present study discusses the modes of occurrence of the trace elements in
the coal and associated non-coal strata from the same coal seams. It also provides an opportunity to
evaluate the geological factors responsible for the chemical characteristics of coal seams that have been
influenced by different types of volcanic ashes. Importantly, the concentrations of rare earth elements
and Y (REY, or REE if Y is not included) in the Songzao coals are comparable to those of conventional
rare-metal ore deposits and thus the coals are potential raw sources of these metals.

2. Geologic Setting

The Songzao Coalfield is located in SW Chongqing, and encompasses eight different mines
(Figure 1). The coal reserves of the Songzao Coalfield are estimated to be 811 Mt as of 2003 [20],
accounting for 42.6% of the total coal reserves in Chongqing [18]. The coals of the Songzao Coalfield
are mostly high-sulfur anthracites and, in a few cases, medium-sulfur coals (e.g., No. 8 Coal), and are
rich in methane. The coalfield is located on the northwestern flanks of the Jiudianya, Jiulongshan and
Sangmuchang anticlines.

The Longtan Formation (Late Permian) is the coal-bearing sequence in the coalfield, deposited
in a tidal flat system along the western margin of an epicontinental sea [21]. The Longtan Formation
consists of limestone, sandstone, silty mudstone, mudstone, coal seams and tuffaceous sediments
(Figure 2). The Kangdian Upland to the west was the major sediment source for the coalfield [10,15,22].
The coal-bearing sequence contains 6–11 coal seams, among which the No. 8 coal is workable
throughout the entire coalfield, and the Nos. 6, 7, 8, 11 and 12 are locally workable. The Longtan
Formation is disconformably underlain by the Maokou Formation, an Early Permian shallow marine
limestone unit.
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Figure 1. Locality map of the Songzao Coalfield, indicating the mining areas (grey) (after [19]).

 
Figure 2. Sedimentary sequence of the Songzao Coalfield, showing the location of the coal seams
(after [19]).
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3. Sampling and Methods

A total of 24 coal, associated mudrock and intra-seam claystone samples (channel samples) from
three seam sections (Datong, Tonghua, and Yuyang) were used for this investigation, as well as for
a previous study of the Songzao coal seams [19]. Three series of samples were taken at the underground
working faces of the Datong (No. 7 coal), Tonghua (No. k2b coal), and Yuyang (No. 11 coal) mines,
respectively (Figure 1).

Each sample was ground to fine powder (about 200 mesh) using a zirconia mill, and split into
representative portions for further analyses. All the coal samples were ashed at 815 ˝C, following
procedures described by Standards Australia [23]; the resultant ashes and the ground non-coal samples
were analyzed by X-ray fluorescence (XRF) spectrometry to determine the concentrations of major
elements. The coal samples were also subjected to low-temperature oxygen-plasma ashing and both
the coal mineral residues (low-temperature ash or LTA) and the non-coal rock samples analyzed
by X-ray diffraction (XRD) techniques, using Siroquant software (Sietronics Pty Ltd., Belconnen,
ACT, Australia) for quantitative mineralogical analysis. Samples were also examined in polished
section using scanning electron microscopy combined with energy-dispersive spectrometry (SEM-EDS)
techniques, to identify the modes of mineral occurrence. The XRD, XRF and SEM procedures are
discussed further by Zhao et al. [19].

Concentrations of most trace elements in the coal and rock samples were determined by
inductively coupled plasma-mass spectrometry/ optical emission spectrometry (ICP-MS/OES). Prior
to the ICP-MS/OES analysis, two separate digestion procedures were carried-out, to accomplish total
decomposition of the samples and to ensure that the total element content in each sample was reflected
in the resultant digests. One procedure involved ashing the coal and rock samples at 450 ˝C. The ashes
were then subjected to microwave dissolution in a mixed acid (HCl, HF and HNO3). The other
procedure involved fusion with a mixture of lithium tetraborate (Li2B4O7) and lithium metaborate
(LiBO2) flux, done on the relevant samples without an ashing process. Following microwave-assisted
acid digestion or borate fusion, the resultant digests were analyzed by ICP-MS/OES, and the
determined values were calculated as concentrations in the original coal or rock samples. ICP-MS
techniques for determination of trace elements in coal and associated rock samples have been discussed
by Dai et al. [18]. Arsenic and selenium in the samples were analyzed using the ICP-MS technique,
following the method described by Li et al. [24].

Fluorine in the samples was determined using a pyrohydrolysis/fluoride ion-selective electrode
technique, following procedures described by Chinese National Standard GB/T 4633-1997 [25].
Mercury in the samples was analyzed using a Milestone DMA-80 Hg analyzer (Milestone, Milan, Italy);
the detection limit of Hg is 0.005 ng and the linearity of the calibration is in the range 0–1000 ng.

4. Results and Discussion

4.1. Coal Characteristics

Table 1 lists the proximate analysis, total and pyritic sulfur contents of selected samples, and the
mean maximum vitrinite reflectance value of the coal samples, as well as clay mineralogy obtained from
the <2 μm fractions of all coal LTAs and non-coal strata, as discussed by Zhao et al. [19]. The Songzao
coals have medium to high ash yield and varying sulfur percentages. The coal is mainly semi-anthracite
under the classification of the American Society for Testing and Materials (ASTM), based on the volatile
matter value and fixed carbon percentages [26].
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Table 1. Proximate analysis, total and pyritic sulfur (selected samples), mean maximum vitrinite
reflectance value of the Songzao coal samples (%, air-dried basis, unless indicated), as well as
oriented-aggregate X-ray diffraction (XRD) data for clay minerals (wt % of <2 μm fraction) in all
coal low-temperature ash (LTAs) and non-coal strata (all data from Zhao et al., 2013 [19]).

Sample Thickness (cm) Ash Yield VMdaf FCdaf Total Sulfur Pyritic Sulfur Rv,max
Clay Minerals

Kao (+ Chl) I E

dt-7-0 - - - - - - - 71 7 23
dt-7-1 15 20.6 10.0 90.0 6.73 5.00 2.22 86 0 14
dt-7-2 22 18.2 10.3 89.7 4.89 - 2.17 100 0 0
dt-7-3 12 19.4 9.4 90.6 4.62 4.10 2.36 86 0 14
dt-7-4 24 23.2 8.0 92.0 3.73 - 2.33 78 4 18
dt-7-5 20 35.4 9.5 90.5 3.21 - 2.29 80 7 12
dt-7-6 - - - - - - - 69 26 5

th-k2b-0 - - - - - - - 11 25 64
th-k2b-1 30 32.3 8.1 91.9 2.97 - 2.40 76 1 22
th-k2b-2 7 43.7 6.9 93.1 0.78 - 2.42 89 0 10
th-k2b-3 - - - - - - - 22 28 50
th-k2b-4 11 36.6 11.1 88.1 10.10 - 2.30 78 0 22
th-k2b-5 - - - - - - - 66 10 25
th-k2b-6 6 36.6 10.7 89.3 1.22 - 2.42 90 0 10
th-k2b-7 - - - - - - - 40 35 26
yy-11-0 - - - - - - - 27 45 28
yy-11-1 10 35.9 7.0 93.0 8.11 - 2.09 100 0 0
yy-11-2 7 24.1 8.9 91.2 8.13 - 2.25 100 0 0
yy-11-3 7 24.2 10.0 90.0 13.39 11.0 2.31 100 0 0
yy-11-4 14 23.6 9.5 90.5 10.08 8.50 2.40 100 0 0
yy-11-5 8 41.3 7.7 92.3 3.03 2.40 2.28 93 0 7
yy-11-6 - - - - - - - 88 0 12
yy-11-7 11 31.5 8.4 91.6 1.64 - 2.25 93 0 7
yy-11-8 - - - - - - - 41 26 33

VM, volatile matter; FC, fixed carbon; daf, dry ash-free basis; Rv,max, mean maximum vitrinite reflectance; Kao,
kaolinite; Chl, chlorite; I, illite; E, expandable clays.

According to Lyons et al. [27] and Spears [28], volcanogenic claystones are referred to as tonsteins
or K-bentonites, respectively, when kaolinite or mixed-layer illite/smectite (I/S) exceeds 50% of the
respective clay mineral assemblages. Claystone sample th-k2b-3 is thus a K-bentonite, and claystones
th-k2b-5 and yy-11-6, which have >50% kaolinite, are tonsteins.

4.2. Geochemical Associations in Coal Samples

Major and trace element data for the Songzao coal and non-coal samples are given in Table 2.
In general, the Songzao coals have relatively high concentrations of most trace elements compared
to the respective averages for worldwide coals [29]. This is especially so for the lithophile elements,
which usually show a positive correlation with the ash yield of coal [30,31]. The relationship between
the mineralogical data and major-element ash chemistry for the Songzao coals has been previously
evaluated by Zhao et al. [19].

The geochemical results from the Songzao coal samples were evaluated using cluster analysis,
to identify groups of associated trace elements and major element oxides. The major element oxide
percentages determined by XRF analysis of the coal ashes were recalculated to give the percentages of
those oxides in the whole coal, before the cluster analysis was undertaken.

Hierarchical clustering was performed using Pearson correlation coefficients. The likely
organic/mineral affinity of the elements in the Songzao coals is indicated by the statistical correlation
of the different trace element concentrations with the ash yield. Elements with a strong inorganic
affinity would be expected to show a positive correlation to the ash percentage, and those with a strong
organic affinity would show a negative correlation. Elements that are the most strongly correlated
are linked first, and then elements or element groups with decreasing correlation, until a complete
dendrogram is achieved.
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Associations of elements in the Songzao coals are broadly indicated by the resulting dendrogram
(Figure 3). The six main groups, and also the statistical correlation coefficients between selected
elements and ash yield, are shown in Table 3. Apart from the inter-correlation among elements in
the same group, each group may also include elements of different sub-groups that have different
correlations with Al2O3, CaO, or the abundance of particular minerals in the coals. The possible modes
of occurrence of the different elements can be inferred based on the correlation of their concentrations
with particular mineralogical abundances, with both of the element and mineral contents recalculated
to a whole-coal basis prior to the correlation analysis.

 

Figure 3. Dendrogram developed from cluster analysis on the geochemical data of the coals from
three seam sections in the Songzao Coalfield (cluster method, centroid clustering; interval, Pearson
correlation; transform values, maximum magnitude of 1).

Table 3. Broad classification of elements according to the results from cluster analysis, and also
correlation coefficients (R, in parentheses) between concentrations of individual elements (E) and
Al2O3, CaO or the sum of pyrite and marcasite in the coals.

Group Element (Correlation Coefficient)
Element or Mineral to which the
Elements in the Group Correlate

Group A
Al2O3 (1), TiO2 (0.79), Rb (0.82), Cs (0.86), Li (0.92),
Ba (0.87), Na2O (0.9), K2O (0.86), Sc (0.73), Cr (0.63),
V(0.59), Cu (0.47)

R(E-Al2O3)

Group B Hf (0.63), Sn (0.72), U (0.69), F (0.8), W (0.74), Ga
(0.97), Th (0.91), Nb (0.75), Ag (0.76), Ta (0.73), Zr (0.5) R(E-Al2O3)

Group C
Tm (0.44), Yb (0.47), Tb (0.52), Dy (0.5), Ho (0.47), Er
(0.49), Y (0.46), Lu (0.43), La (0.59), Ce (0.57), Pr (0.55),
Nd (0.53), Sm (0.51), Gd (0.59)

R(E-Al2O3)

Group D CaO (1), MgO (0.8), MnO (0.86), Sr (0.77), Eu (0.42),
Te (0.66), P2O5 (0.52), Mo (0.19) R(E-CaO)

Group E
Fe2O3 (0.95), As (0.89), Hg (0.32), Zn (´0.32), Pb
(´0.06), Cd (´0.37), Co (0.35), Ni (´0.17), Se (0.43),
Sb (´0.3), Bi (´0.58)

R(E-(Py + Mar))

Group F Be (´0.28), Tl (´0.16), SiO2 (0.84) R(E-Al2O3)

Group A includes TiO2, V, Cr, Sc, Cu, Rb, Cs, Li, Ba, Na2O, K2O and Al2O3. With the exception of
Sc, Cr, V and Cu, elements in Group A are all strongly correlated with Al2O3, with high correlation
coefficients (R > 0.79). On the other hand, slightly lower correlation coefficients generally exist between
these elements and the ash yield. Most of the elements in this group probably have a common source.

Group B includes Zr, Hf, Sn, U, F, W, Ga, Th, Nb, Ag and Ta. With the exception of Ga and Th,
these elements have relatively strong correlations with Al2O3, with correlation coefficients in the range
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of 0.5–0.79. Ga and Th stand out in this group, as they have greater affinity with Al2O3 than other
elements (R = 0.97 and 0.91, respectively). The comparison of Ga against Al2O3 is shown in Figure 4A.
Ga and Th are clustered in this group because of their close association with other elements in the
group, for example Th with U (R = 0.87), and Ga with Nb (R = 0.83). The elements in this group also
probably have a common source.

Group C includes all the REE except Eu. The correlation coefficients between the REE in this
group and the Al2O3 concentration in the coals are in the range of 0.44 to 0.59. Higher correlation
coefficients generally exist between these elements and the ash yield (R = 0.6–0.68). This may indicate
that the REE are mainly moderately associated with ash yield in the Songzao coals.

Figure 4. Correlations between selected elements in the Songzao coal samples: (A) Ga against Al2O3;
(B) TiO2 against Al2O3; (C) P2O5 against MnO; (D) Sr and Ba against P2O5; (E) P2O5 against CaO; and
(F) Ba against Al2O3. Relevant correlation coefficients (R), obtained from linear regression analysis, are
also shown in each case.

Group D includes MgO, MnO, Mo, Sr, Eu, CaO, Te and P2O5. With the exception of Mo, all
the elements in this group are strongly or relatively strongly correlated with CaO, and thus have a
carbonate affinity. P2O5 and Sr are probably associated with aluminophosphate minerals, which were
detected by EDS analysis in the coals [19]. Molybdenum, although clustered in this group, also has
an affinity with the sum of the abundances of pyrite and marcasite (correlation coefficient of 0.66),
expressed on a whole-coal basis.

Group E includes Fe2O3, As, Zn, Pb, Cd, Hg, Co, Ni, Se, Sb and Bi. These elements have either
no or a negative correlation with Al2O3 (R in the range of ´0.73 to 0.39) or with ash yield (R in the
range of ´0.36 to 0.3). The elements in this group are mainly chalcophile elements. However, only As
is significantly correlated with pyrite, having a correlation coefficient of 0.89. Hg and Se are weakly
correlated with the sum of the abundances of pyrite and marcasite in the coals, with correlation
coefficients of 0.32 and 0.43, respectively.
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Group F includes Be, Tl and SiO2, which do not have obvious correlation with each other. No
overall correlation exists between Be and quartz (or SiO2), although an elevated Be concentration is
present in one quartz-rich coal sample (yy-11-1).

4.3. Associations of Major Elements in the Coals

The major elements in the Songzao coals are dominated by SiO2, Al2O3 and Fe2O3 (Table 2).
The main carriers of these elements are quartz, clay minerals and pyrite [19]. The concentration of TiO2

is relatively high in the Songzao coals. EDS analysis indicates that TiO2 occurs in the clay minerals, as
anatase crystals, and as finely disseminated submicron particles of anatase or Ti-bearing phases with
possibly poor crystallinity [19]. A positive correlation exists between TiO2 and Al2O3 (R = 0.79) in the
ash chemistry (Figure 4B). The TiO2/Al2O3 ratio of the Songzao coal ashes ranges from 0.03 to 0.16.
As discussed by Ward et al. [32], part of the TiO2/Al2O3 ratio might be attributed to the incorporation
of Ti in the aluminosilicate (e.g., kaolinite) structure. The intimate association of anatase (and fine
Ti-bearing phases) and clay minerals in the Songzao coals, as noted in some cases by Zhao et al. [19],
indicates that kaolinite and TiO2 may have been co-precipitated. TiO2 in some of the coals also occurs
as separate masses of anatase replacing probable volcanic components [19]. The high proportions of
TiO2 in the Songzao coals may partly reflect high Ti contents in the sediment input to the original
peat swamp, derived from the mafic basaltic rocks of the Kangdian Upland on the western margin of
the coal basin [18]. The occurrence of the volcanic components replaced by TiO2 also suggests that
Ti can be introduced, or at least moved around, in solutions permeating through the peat/coal after
deposition, perhaps as a more soluble Ti(OH)4 component or as organo-metallic complexes.

Na2O shows great variability in the Songzao coals. Several coal and non-coal samples in the
Datong and Tonghua sections are high in Na2O, which is mainly attributed to the presence of albite.
High proportions of Na2O in a few of the coal samples are also attributed to the presence of Na-rich
illite and Na-I/S, rather than the more common K-illite and K-I/S in the Songzao coals [19].

High correlations of MnO-CaO (R = 0.86) and MnO-MgO (0.96) indicate that the MnO in the
Songzao coals may be closely associated with carbonates (calcite, dolomite and ankerite). Dai et al. [17]
noted the presence of fine-grained alabandite (MnS) (about 1 μm) of hydrothermal origin in the
Songzao No. 11 coal, which was probably the most important carrier of manganese in those samples.
However, alabandite was not observed in the Songzao coals during the present study. Siderite is also
present in some of the coals [19], but the concentration of Mn in the siderite was below the detection
limit of the SEM-EDS system used for that study.

P2O5 shows a positive correlation with MnO (Figure 4C). As discussed further below, P2O5 also
shows significant correlations with Sr (Figure 4D) and Ca (Figure 4E), but no correlation with Ba
(Figure 4D). This indicates that P2O5 mainly occurs in aluminophosphates of the goyazite and probably
crandallite groups. Although no correlation exists between P2O5 and Ba, the presence of gorceixite
was indicated by the SEM study [19]. Ba in the Songzao coals may have additional sources other than
gorceixite (e.g., barite), which were not identified by either XRD or microscope studies.

4.4. Selected Elements in the Roof, Floor and Claystone Samples

The concentration of TiO2 is as high as 4.09% in the K-bentonite band of the Tonghua section
(sample th-k2b-3), much higher than that in the tonsteins (samples th-k2b-5 and yy-11-6) of the
Songzao coal seam. The TiO2/Al2O3 ratio has been compared with that found in volcanic rocks to
identify sediments with a possible volcanic component in the coal-bearing sequences, or to indicate
the possible composition of the parent magma in many studies [18,33–37]. In the study of Spears and
Kanaris-Sotiriou [38], tonsteins with TiO2/Al2O3 values of <0.02 and >0.07 are grouped to indicate
parent magmas of acid and mafic compositions, respectively; those with values in between are thought
to represent intermediate ash materials.

A comparison of the TiO2 and Al2O3 percentages in the Songzao non-coal samples is potted in
Figure 5A. On this diagram, the TiO2-rich bentonite, sample th-k2b-3, plots in the mafic field while the
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other two tonsteins plot between the two lines indicating TiO2/Al2O3 values of 0.02 and 0.07. The key
parameters for the claystones were also investigated using the magma source discrimination diagram
of Winchester and Floyd [39] (Figure 5B). On this diagram, the bentonite (th-k2b-3) falls in the alkali
basalt field, while the two tonsteins fall in the trachyte and basanite/nephelinite fields.

As discussed above, Zr, Nb, and Y are relatively mobile in the volcanic ash layers investigated,
potentially making the use of discrimination diagrams such as that of Winchester and Floyd [39] less
reliable as provenance indicators. The actual Zr/TiO2 ratios for the claystones may also be less than
those shown in the plot, due to possible contamination of the samples from the zirconia grinding mill
used during sample preparation. This, coupled with decreased Zr, Nb and Y concentrations in the
studied claystones due to leaching, may therefore have affected to some extent the fields in which the
samples plot. Nevertheless, mafic characteristics for claystone th-k2b-3 and intermediate characteristics
for claystones th-k2b-5 and yy-11-6 are confirmed by their TiO2/Al2O3 ratios (Figure 5A). It is thus
tentatively concluded that the bentonite and the two tonsteins were derived from mafic and alkali
ashes, respectively.

 

Figure 5. Plots of elements for the Songzao non-coal samples. (A) Comparison of TiO2 and Al2O3

concentrations. The upper and lower diagonal lines represent TiO2/Al2O3 values of 0.07 and 0.02,
respectively. (B) Plot of Zr/TiO2 against Nb/Y ratios using the magma source discrimination diagram
of Winchester and Floyd [39].

As indicated in Figure 5A, the roof and floor samples generally have high TiO2 contents.
This reflects a high Ti content in the detrital sediment input from the source region, probably mafic
basalts from the Kangdian Upland on the western margin of the coal basin.

Two groups of elements are enriched in the mafic K-bentonite and the alkali tonsteins, respectively,
not only relative to the coal plies, but to the roof and floor samples in the respective seam sections
(Figure 6). The high field strength elements, including Nb, Ta, Zr, Hf, REE and Y, are enriched in
the alkali tonsteins. Another group of elements (V, Cr, Co, Cu and Ni), most of which are transition
elements, are concentrated in the mafic K-bentonite band (Figure 6).

The relatively immobile elements in tonsteins are considered to be present in resistate phases,
such as ilmenite (Ti) and zircon (Zr and Hf), and diagenetic minerals such as kaolinite (Al) and anatase
(Ti) [40]. Spears and Rice [34] suggested that Ga and Th can be accommodated in kaolinite, and U
and probably Y in zircon. Zircon in coal may also contain Nb, Ta and Th [6]. These minerals, if
incorporated as volcanogenic components within the coal, may be responsible for enrichment of the
immobile elements.

High concentrations of Nb, Ta, Zr, Hf and REE have been reported in alkali tonsteins, relative to
silicic and mafic tonsteins [10,18]. Dai et al. [17] suggested that alkaline volcanic ash is responsible for
the enrichment of elements such as Nb, Zr, Ga, Hf and REE in the No. 11 coal of the Songzao Coalfield,
where only clayey micro-sized bands were observed.
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4.5. Selected Trace Elements in Coal Samples

As indicated by the cluster analysis, many elements are associated with Al2O3 or the ash yield of
the coals with different degrees of affinity. Apart from the ash yield, other factors may also control the
concentrations of different trace elements in the different coal seams.

4.5.1. Sr and Ba

The concentration of P2O5 shows positive correlations with the concentrations of Sr and Ba
in the coal samples (R = 0.64 and 0.43 respectively). The Sr and Ba in the coals probably occur in
aluminophosphates (goyazite and gorceixite), also confirmed by SEM-EDS analysis for some coal
samples [19]. The moderate correlation between Ba and P2O5 may indicate that some of the Ba had
sources other than gorceixite. Some Ba also occurs in authigenic rhabdophane, as indicated by EDS
analysis [19]. A significant positive correlation, however, is shown in the plot of Ba against Al2O3

(Figure 4F). This indicates that a large proportion of the Ba in the Songzao coals is associated with
aluminosilicates, probably clay minerals, or substituting for calcium in the plagioclase structure, with
only minor Ba occurring in the aluminophosphates (mainly gorceixite and rhabdophane). Alternatively,
the correlation between Ba and Al2O3 may indicate a common source.

Additionally, the occurrence of goyazite-, gorceixite- or crandallite-group minerals and
elevated concentrations of F, P and Sr in other coals and associated rocks is often indicative of
volcanic input [41–43].

4.5.2. V, Cr, Cu, Co and Ni

The concentrations of V, Cr, Cu, Co and Ni are generally high in the Datong and Tonghua coals.
Cu, for example, has the highest concentration in the coals, being 457, 103 and 334 ppm, respectively.
These elements are also correlated with each other. The correlations among V, Cr and Cu are especially
strong, with R being 0.96 for V and Cr, and 0.92 for V and Cu (Figure 7A). A significant correlation
between V and Cr was also observed in coals from the Gunnedah Basin, Australia, in a study by
Ward et al. [32], who suggested that a common magmatic source may be reflected. Glick and Davis [44]
suggested that Cr may have an association with illite in a large number of US coals.

Copper in the Songzao coals has a moderate correlation with Al2O3 (R = 0.47). However, along
with V and Cr, Cu shows a significant positive correlation with the sum of illite and I/S (Figure 7B)
(R = 0.88, 0.84 and 0.76 respectively). The correlations are apparent in those samples where the
proportion of illite +I/S is greater than 5% (whole coal basis). Siroquant may have difficulties in
quantification of illite and I/S when in small proportions (<5%, whole coal basis), and this may account
for the poor correlations between illite + I/S and these elements.

Figure 7. Correlations between selected elements in the Songzao coal samples: (A) Cr and Cu against V;
and (B) V, Cr and Cu against the sum of illite and I/S, on a whole-coal basis. Relevant correlation
coefficients (R), obtained from linear regression analysis, are also shown in each case.

Cu in coal has been reported to be associated with sulfides [45–47] and carbonates [48], and
occassionally to occur as Cu sulfides and oxides [49]. Organically bound Cu has also been suggested
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in some coals [50,51]. However, neither of these associations is indicated in the Songzao coals. Cu is
not only associated with illite and I/S, but also appears to have a similar pattern of variation to V and
Cr (Figure 7).

The correlations between V, Cr and Cu and the sum of illite and I/S may indicate a common
source of clastic material supplied to the coal basin, which was in turn probably derived from
the mafic basaltic rocks of the Kangdian Upland in southwestern China. Vanadium, Cr and Cu
are especially concentrated in the Tonghua coals, with the coals of the upper section being more
enriched in these elements than those in the lower section. This is mostly likely related to the
underlying mafic bentonite. Leaching of the original mafic ash may have led to higher concentrations
of these elements in the underlying coal than in coals without such an influence or affected by
alkaline ashes. As physio-chemical conditions change, re-precipitation of these elements within the
overlying coal layers may also occur, due to the leaching of these elements from the mafic bentonite by
upwelling fluids.

4.5.3. Chalcophile Elements

The plot of As against the proportion of iron sulfides (the sum of pyrite and marcasite) shows
a relatively strong and consistent correlation (Figure 8A). The correlation trend indicates the presence
of approximately 0.3 ppm of As per 1% of iron sulfides, or 30 ppm of As present in the iron sulfides
themselves. This ratio is comparable with that in the high sulfur Greta coals of the Sydney Basin,
Australia (10 ppm in pyrite) (unpublished data), but much lower than that in the coals from the
Gunnedah Basin, Australia (1000 ppm in pyrite) as discussed by Ward et al., [32]. Further evaluation of
Figure 8A indicates that the correlation line intersects the y (As) axis, indicating a value of 1.4 ppm
As when the pyrite concentration is zero. This may be due to the presence of small proportions of
organically-associated As in the coal samples. Alternatively, this may also be due to the presence
of arsenate (AsO4

3´), formed during pyrite oxidation during storage under ambient conditions.
The presence of arsenate has been indicated by XAFS studies in a range of US bituminous coals [52,53].

As indicated in Figure 8B, a positive correlation also exists between Mo and the total iron sulfides
in the coals, with a correlation coefficient of 0.66. Figure 8B shows the presence of approximately
0.2 ppm of Mo with 1% of iron sulfides, or 20 ppm of Mo present in the iron sulfides themselves.
An association of Mo with iron sulfides is observed in some coal deposits [54,55] but not in others [32].
LA-ICP-MS studies of coals from the Black Warrior Basin, USA, by Diehl et al. [56], indicated that
varying but significant concentrations of Mo (<10–582 ppm) and As (<100–27400 ppm) are present
in pyrite within the coals of that basin. The results of the present study show an overall consistent
relationship between As and Mo to the proportion of iron sulfides in the Songzao coals. However,
there appears to be some variation in Mo concentration in these sulfides, as expressed by the scatter of
individual points on the graph.

Mercury and Se are only broadly correlated with the iron sulfide content (Figure 8C,D). Both of
these elements have been reported to be commonly associated with pyrite in other coals, but the degree
of scatter found in the present study is relatively high. The concentration of Hg in the individual
coal plies of the Songzao Coalfield is mostly in the range of 0.3 to 0.9 ppm, with the highest value
being 1.1 ppm. This is much higher than the average Hg concentration of Chinese coals, which is
0.163 ppm [57]. A relatively high correlation coefficient exists between Tl and iron sulfides (Figure 8E).
However, this relationship is dominated by the presence of several samples with very high iron sulfide
proportions (>12.4%, on a whole coal basis). The same iron sulfide-rich coals contain the highest
concentrations of Ge (Figure 8F), despite poor correlation between Ge and the iron sulfides in other
coals of the samples studied.

Other chalcophile elements, such as Sb, Pb, Co, Ni, Cu and Zn, show either poor or negative
correlations with total iron sulfides, although different degrees of positive correlation have also been
reported in other coal deposits. This may reflect the variation of the concentrations of these elements
in individual pyrite/marcasite (including Tl and Ge), or simply poor retention of those elements
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in the pyrite/marcasite of the Songzao coals. Co, Ni, Cu and Zn could also be associated with the
clay minerals. For example, Cu in the Songzao coals is correlated with the sum of illite and I/S, as
discussed above.

Figure 8. Correlation of selected elements (As, Mo, Hg, Se, Tl and Ge) with the sum of pyrite and
marcasite in the Songzao coal samples, on a whole-coal basis: (A) As against iron sulfides (the sum of
pyrite and marcasite); (B) Mo against iron sulfides; (C) Hg against iron sulfides; (D) Se against iron
sulfides; (E) Tl against iron sulfides; and (F) Ge against iron sulfides. Relevant correlation coefficients
(R), obtained from linear regression analysis, are also shown in each case.

4.5.4. Nb, Ta, Zr, Hf, Th, U and REE

Niobium, Ta, Zr, Hf, Th and U, also referred to as high field strength elements, are enriched in
all the coals in the Tonghua section and two coals near the alkali tonstein band in the Yuyang section
(Table 2). The variation in Zr, however, may also be derived from contamination of the coals from the
zirconia grinding mill used during sample preparation.

The concentrations of Nb, Ta, Zr, Hf, REE and Y are notably higher in the coal ply (yy-11-5)
overlying the alkali tonstein in the Yuyang section, and in the coal plies (th-k2b-6 and yy-11-7) under
the alkali tonsteins in the Tonghua and Yuyang sections (Figure 6). It is also worth noting that the
REE and Y concentrations in both the overlying and underlying coal plies are higher than those in the
tonsteins of the Tonghua and Yuyang sections.

Elevated concentrations of trace elements in coals near tonsteins are relatively common and
volcanic minerals or volcanic glasses are probably the sources for the elevated element concentrations
in such coals [6]. For example, the enrichment of Zr, Nb, Th and Ce in coals directly above and
below tonsteins in the C coal bed of the Emery Coal Field, Utah was reported by Crowley et al. [6].
Crowley et al. [6] suggested that the mechanism of enrichment for some elements in the coal was
leaching of volcanic ash by groundwater and subsequent incorporation in organic matter or authigenic
minerals, or, alternatively, the incorporation of volcanic ash in the original peat material. Leaching of
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the volcanic ash by ground water was used by Hower et al. [7] to explain the high concentrations of
Zr, Y and REE in the coal directly underlying a tonstein in the Fire Clay coal bed, Kentucky. Similar
observations suggesting enrichment of elements due to leaching of volcanic ash beds in coals were
also made by Wang [58].

Although Nb, Ta and the REE are relatively immobile in most low-temperature environments,
Zielinski [40] suggested that the high leaching efficiency in acid coal-forming swamps may explain the
significant mobility of these elements during the alteration of volcanic ash to tonsteins. Zielinski [40]
indicated that Zr and Hf were the most resistant to mobilization. In the present study, although Nb
and Ta are significantly enriched in the alkali tonsteins, no significant elevation of their concentrations
was observed in the adjacent coal samples (Figure 6).

The positive correlations between the high field strength elements and Al2O3 in coal most likely
indicate a common source, namely the original volcanic ash. In the present study, Nb was also detected
in anatase by EDS in the Tonghua coals, and in fine Zr-phases (<0.5 μm), probably zircon, in the
tonsteins [19]. The fine Zr-phases in the tonsteins are probably authigenic, and similar phases may
also occur in the coal samples [19]. If such material is present in the coals, it may possibly have been
overlooked during SEM examination due to the fine particle size. Primary minerals of volcanogenic
origin (e.g., zircon) mainly made-up of these elements, however, were not observed in the coals of the
present study, and thus are probably not the main carrier of the elements in question.

Although the presence of REE mineral veins in a Tonghua coal (th-k2b-4) [19] may lead to high
REE concentrations, the occurrence of such minerals may not account for the elevated REE in all the
coal samples adjacent to the tonsteins. The main carrier of REE in the coals is fine-grained authigenic
REE-phosphates, probably rhabdophane, which is also indicated by SEM data [19].

4.6. Distribution and Affinity of REE and Y

The REY content (
ř

REE + Y) of the Songzao coals from the three sections ranges between 70
and 874 ppm (Table 4). The maximum REY concentration in each section appears to occur in the coal
immediately above the floor strata (Table 4). The highest REY concentration in the Datong section is in
the lowermost coal ply, which may be related to its high ash yield; in both the Tonghua and Yuyang
sections, the coal plies near alkali tonsteins have elevated REY contents. However, all the altered
volcanic ash bands have REE and Y concentrations lower than those in the respective overlying and
underlying coal samples.

The correlation coefficients between the concentrations of individual REY and the ash yield are
mainly in the range of 0.6 to 0.7, except for Eu, which has a correlation coefficient with ash of 0.58
(Figure 9). The REE exhibit less significant correlations with Al2O3 (R = 0.4–0.6). This indicates that the
REE generally have similar mineral affinities. Ce may have a slightly greater organic affnity than the
other REE. A stronger organic affinity for heavy REE has been observed in some coal deposits [59,60],
while the light REE exhibit greater organic affinity in other coals [61].

 

Figure 9. Correlation coefficients between mean individual REE and Y with ash yield in the Songzao
coal samples.
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High correlation coefficients (0.71 to 0.85) exist between the concentrations of individual REY
and P2O5. This indicates that some REY probably occur as phosphate phases, such as rhabdophane.
Thus, the high REE concentration of the coal underlain by the bentonite in the Tonghua section may
be attributed to authigenic rhabdophane and REE-hydroxides/oxyhydroxides and REE-carbonates
occurring as fracture infillings in the coal. The low REE concentrations in the partings are probably
due to leaching by groundwater during parting formation [61,62].

The REY concentrations in each coal and non-coal sample were also normalized against the Upper
Continental Crust (UCC) [63], in order to obtain a more clear indication of the distribution patterns
(Figure 10). Seredin and Dai [64] classified the distribution of REY into three enrichment types, namely
L-type (light REY type enrichment), M-type (medium REY enrichment type) and H-type (heavy REY
enrichment type). All the three types, as well as a mixed type, of REE enrichment based on this
classification occur in the Songzao coal and non-coal samples (Table 4).

The REY enrichment in most of the Datong and Tonghua coals is dominated by a mixed type,
either L-M or H-M type. The Yuyang coals have either L-type or H-type enrichment. Nevertheless, the
dominance of M-type for the Datong and Tonghua coals indicates a different REY source from that of
the Yuyang coals. As discussed by Seredin and Dai [64], an M-type of REY plot, normalized to the
UCC, may be due to the circulation of acid natural waters, including acid hydrothermal solutions with
high REY concentrations, in the coal basin.

Despite the diversity in the enrichment types, relatively flat REY distribution patterns tend to
exist for the coals in the upper part of the Datong (Figure 10A) and Yuyang (Figure 10E) sections.
The non-coal samples, including the claystone partings, show no obvious Ce anomalies, pronounced
negative Y anomalies, and either no obvious or negative Eu anomalies (Figure 10B,D,F).

 

Figure 10. Distribution patterns of REE in the three seam sections. REE are normalized to Upper
Continental Crust (UCC) (data from [63]). (A) Coal samples in the Datong section; (B) rock samples in
the Datong section; (C) coal samples in the Tonghua section; (D) rock samples in the Tonghua section;
(E) coal samples in the Yuyang section; and (F) rock samples in the Yuyang section.
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4.7. Potential Industrial Value of REY in Coal Ashes

The average REY concentrations in the Datong, Tonghua and Yuyang coals ashes are 704 μg/g
(or 0.84% REY2O3), 1737 μg/g (or 2.09% REY2O3), and 911 μg/g (or 1.09% REY2O3), respectively.
The REY concentrations of the latter two coal ashes are higher than the typical REY cut-off-grade (0.1%
REY2O3) in coal combustion wastes for by-product recovery [64].

In order to evaluate the potential industrial value of REY in the Songzao coal ashes, the
REYdef, rel-Coutl graph proposed by Seredin and Dai [64] is also adopted in the present study
(Figure 11). The y-axis is the percentage of critical elements (Nd, Eu, Tb, Dy, Y and Er) in the total REY
(REYdef, rel), and the x-axis is the ratio of the amount of critical REY metals to the relative amount of
excessive REY (Ce, Ho, Tm, Yb and Lu) in total REY. The Songzao coal ashes fall mostly in area II of
the graph, which indicates that the coal ashes can be regarded as promising REY raw materials.

 

Figure 11. REYdef, rel-Coutl plot for the ashes of Songzao coals and associated rocks: Area I,
unpromising; Area II, promising; and Area III, highly promising (adapted from [64]).

5. Conclusions

The geochemistry of coals from the Songzao Coalfield has been affected by the adjacent tonstein
or K-bentonite bands. Coals near the alkali tonsteins in the Tonghua and Yuyang sections are high in
Nb, Ta, Hf, Ga, Th, U, REE and Y. Relative to mafic and felsic volcanic ashes, alkaline volcanic ash is
enriched with REE and Y, and tends to lead to elevated REE and Y concentrations in the adjacent coals.
Both of the coals occurring near the alkaline tonsteins in the Tonghua and Yuyang sections are enriched
with REE and Y, which may be attributed to: (1) abundant fine-grained authigenic rhabdophane in
the coal, which was probably precipitated from leachates derived from the overlying bentonite; and
(2) REE-hydroxides/oxyhydroxides and REE-carbonates occurring as fracture infillings in the coal,
which probably crystallized from ascending hydrothermal fluids carrying high REE concentrations.

Coal samples overlying the mafic bentonite in the Tonghua section are high in TiO2, V, Cr, Zn
and Cu. Leaching of the original mafic ash may have led to higher concentrations of these elements
in the adjacent coals than in coals without such influence, or in coals affected by alkaline ashes.
The TiO2 mainly occurs as anatase, poorly-crystallized Ti-phases, and kaolinite in some of the coal and
claystone samples.
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The coals in the Datong section, which have neither visible tonstein layers nor obvious
volcanogenic minerals, have high concentrations of TiO2, V, Cr, Ni, Cu and Zn in intervals between coals
affected by mafic and alkaline volcanic ashes. This is consistent with the suggestion that a common
source material was supplied to the coal basin, derived from the mafic basaltic rocks of the Kangdian
Upland to the west.

In the Songzao coals, only As and Mo show positive correlations with iron sulfides. No definitive
correlations have been found between other chalcophile trace elements (e.g., Sb, Pb, Co, Ni, Cu and Zn)
and iron sulfides. This may reflect wide variations of the concentrations of those elements in individual
pyrite/marcasite components (including Tl and Ge), or simply poor retention of these elements in
the pyrite/marcasite of the Songzao coals. Lead, Cu, Sn and Sb are positively correlated with Al2O3,
rather than pyrite, probably indicating a common source for those elements.
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Abstract: Fourteen samples of No. 6 coal seam were obtained from the Chuancaogedan Mine, Jungar
Coalfield, Inner Mongolia, China. The samples were analyzed by optical microscopic observation,
X-ray diffraction (XRD), scanning electron microscope equipped with an energy-dispersive X-ray
spectrometer (SEM-EDS), inductively coupled plasma mass spectrometry (ICP-MS) and X-ray
fluorescence spectrometry (XRF) methods. The minerals mainly consist of kaolinite, pyrite, quartz,
and calcite. The results of XRF and ICP-MS analyses indicate that the No. 6 coals from Chuancaogedan
Mine are higher in Al2O3, P2O5, Zn, Sr, Li, Ga, Zr, Gd, Hf, Pb, Th, and U contents, but have a lower
SiO2/Al2O3 ratio, compared to common Chinese coals. The contents of Zn, Sr, Li, Ga, Zr, Gd, Hf, Pb,
Th, and U are higher than those of world hard coals. The results of cluster analyses show that the most
probable carrier of strontium in the coal is gorceixite; Lithium mainly occurs in clay minerals; gallium
mainly occurs in inorganic association, including the clay minerals and diaspore; cadmium mainly
occurs in sphalerite; and lead in the No. 6 coal may be associated with pyrite. Potentially valuable
elements (e.g., Al, Li, and Ga) might be recovered as byproducts from coal ash. Other harmful
elements (e.g., P, Pb, and U) may cause environmental impact during coal processing.

Keywords: mode of occurrence; cluster analysis; minerals in coal; Jungar Coalfield

1. Introduction

Coal is the main fossil fuel resource and energy source in China. China’s energy consumption has
grown and will continue to grow along with its economic growth [1]. In the process of coal utilization,
the recovery of valuable elements from fly ash, as well as the impact on environment from harmful
trace elements, have become important research topics [2,3]. In some cases, Ge, Ga, Li and U can be
enriched to higher levels than usual economic grades [4], while As, Pb, Hg, and F are potentially toxic.
Furthermore, the modes of occurrence of trace elements in coal control the stratus of their emission in
coal combustion processes [5]. Moreover, Sr, Ba, B, and V have great significance to the environment
regarding coal formation [5].

The valuable trace elements associated with Jungar coal have been reported by many authors [1,6–12],
and the toxic trace elements have been investigated by several researchers [13–16]. However, these
previous studies were essentially focused on the northern and central parts of the Jungar Coalfield,
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such as the Heidaigou Opencut Mine, the Haerwusu Opencut Mine, and the Guanbanwusu Mine
(Figure 1) [4,5,7,17,18].

 

Figure 1. Locations of the Chuancaogedan Mine, Guanbanwusu Mine, Heidaigou Opencut Mine, and
Haerwusu Opencut Mine in the Jungar Coalfield.

In this study, the No. 6 coal seam from the Chuancaogedan Mine was chosen because this mine
is located on the southern edge of the Jungar Coalfield (Figure 1). Compared with the northern and
central parts, Chuancangedan is further away from the provenance—the Yinshan Upland [4,17,18].
In this paper, the concentrations and modes of occurrence of the trace elements of No. 6 coal from the
Chuancaogedan Mine are reported. The results provide new data on trace element enrichment in coal.

2. Geological Setting

The Jungar coalfield is located in the southern Yinshan Oldland (Figure 1), and is one of several
Late Palaeozoic coal-bearing basins in this region [19]. The Jungar coalfield is ~64 km long (N–S) by
~26 km wide (W–E), with a total area of 1700 km2. This coalfield was sustained by dynamic tectonic
activities, and the formation, sedimentation, and evolution of the Jungar coalfield was controlled by
the tectonic processes of the Central Asian Orogenic Belt (CAOB) [20,21]. The Permo-Carboniferous
denudation processes of the basin development started from the Cambrian-Ordovician periods, then
gradually progressed to the Middle and Late Palaeozoic [22]. During the period from the end of
the Early Permian to the Late Permian, intermediate-felsic lavas erupted in the CAOB and this lava
sequence might have provided an important source of minerals to the coal formations in the region.

The Taiyuan Formation, with a total thickness of 21–95 m, is mainly composed of grey and
greyish-white quartzose sandstone, mudstone, siltstone, and coal which is interbedded with dark-grey
mudstone, siltstone, limestone, and thin-bedded quartzose sandstone. The Taiyuan Formation was
formed in paralic delta and tidal flat-barrier complex environments (Figure 2).

The No. 6 coal seam, the main minable seam, is located in the second section of the Taiyuan
Formation. The thickness of the No. 6 coal varies from 0.30 to 16.80 m (11.61 m on average), with 0 to
7 partings. The partings consist mainly of mudstone. The floor and the roof are mainly composed of
mudstone, sandy mudstone, and siltstone.
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Figure 2. Lithostratigraphical column of the Jungar Coalfield and lithological column of the sampling profile.

3. Samples and Methods

Fourteen bench samples were taken from the workface at the Chuancaogedan Mine, following
the Chinese Standard Method GB 482-2008 [23]. Every coal bench sample was cut over a column that
was 10-cm wide, 10-cm deep, and 50-cm thick. All the collected samples were immediately stored in
plastic bags to minimize contamination and oxidation. From bottom to top, the 14 bench samples were
identified as 6-1 (roof) to 6-14 (Figure 2)

The mineralogical composition was determined on the raw coal samples by coal-petrography
microscopy (Leica DM 4500P microscope (Leica Microsystems, Solms, Germany) (at a magnification
of 500ˆ) equipped with a Craic QDI 302™ spectrophotometer, CRAIC, San Dimas, CA, USA).
Low-temperature ashing of coal was performed on an EMITECH K1050ˆ plasma asher (Quorum,
Ashford, UK). The temperature for low-temperature ashing was kept lower than 200 ˝C (75 W power).
X-ray diffraction (XRD) analyses on the resultant low-temperature ashes and the parting samples
were performed on a D/max-2500/PC powder diffractometer (Rigaku, Tokyo, Japan) with Ni-filtered
Cu-Kα radiation and a scintillation detector. The XRD patterns were recorded over a 2θ interval of
2.6˝–70˝, with a step size of 0.01˝.

A scanning electron microscope (HITACHI UHR FE-SEM, SU8220, HITACHI, Tokyo, Japan)
equipped with an energy-dispersive X-ray spectrometer (SEM-EDS) was used to study the distribution
characteristics of the minerals, and the distribution patterns of some elements of interest in the coal.

All of the samples were crushed and ground to pass 200 mesh (75 μm) for elemental analysis.
X-ray fluorescence spectrometry (XRF) was used to determine the oxides of the major elements in the
coal ash (815 ˝C), including Na2O, MgO, Al2O3, SiO2, P2O5, K2O, CaO, TiO2, MnO, and Fe2O3 [24].
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Inductively coupled plasma mass spectrometry (ICP-MS) was applied to determine the trace
element contents in the coal samples. For the ICP-MS analysis, microwave digestion of an approximate
200-mg sample (H <40 μm) was weighed into PTFE (Poly Tetra Fluoro Ethylene) vessels; 2 mL of
HF (50%) + 5 mL of HNO3 (65%) + 2 mL of H2O2 (30%) were added, and microwave digestion was
performed for 1 h at a temperature of 210 ˝C. This solution was then transferred into 125-mL FEP
(Fluorinated Ethylene Propylene) bottles that were filled with 100 g of deionized water [24].

4. Results and Discussion

4.1. Minerals in the Coal

The XRD results from the low temperature ashes, optical microscopic observations, and SEM-EDS
data show that the minerals in the No. 6 coal from Chuancaogedan are mainly composed of clay
(kaolinite) pyrite, quartz and calcite (Figures 3–6).

 

Figure 3. Identification of minerals in the X-ray diffraction (XRD) pattern of the low temperature ash
(LTA) of Sample 6-10.

 

Figure 4. Clay minerals in Sample 6-1. (A) Lumpy clay with microgranular texture (reflected light);
(B) Cell-filling clay minerals (scanning electron microscopy, SEM); (C) Crystalline kaolinite (SEM) and
energy-dispersive X-ray spectrometry (EDS) spectrum from Spot 1 (D).
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Figure 5. Pyrite in the Sample 6-13. (A) Pyritized cell filling (reflected light); (B) Fracture-filling pyrite
(reflected light); (C) Crystals of pyrite (SEM) and EDS spectra of it (D).

 

Figure 6. Quartz (A) and calcite (B) in the Sample 6-3 (reflected light).

The clay minerals mainly occur as lumps and cell-fillings with microgranular surfaces (Figure 4A)
in telinite and fusinite (Figure 4B). This is common in many other coals and closely associated strata,
and may indicate formation by authigenic processes. The results from XRD (Figure 3) and SEM-EDS
studies (Figure 4C,D) show that the clay minerals consist mainly of kaolinite. Moreover, the data also
indicates that kaolinite is well crystallized.

Pyrite is one of the most common sulfides occurring in coal, especially in coals formed in marine
influenced depositional environments. Pyrite in the No. 6 coal predominantly occurs in pyritized
cells (Figure 5A) and as fracture-fillings (Figure 5B); euhedral pyrite crystals are also found in the coal
(Figure 5C,D), showing that pyrite can be of both syngenetic and epigenetic origin.

Quartz is commonly distributed in the macerals as irregular particles (Figure 6A) in this coal,
suggesting a terrigenous detrital origin. Calcite mainly occurs as fracture-infillings (Figure 6B) in the
No. 6 coal, indicating an epigenetic origin.

4.2. Major Element Contents in the No. 6 Coal

The contents of major oxides (Na2O, MgO, Al2O3, SiO2, P2O5, K2O, CaO, TiO2, MnO, and Fe2O3,
on dry coal basis) in the No. 6 coal from Chuancaogedan Mine, in comparison to the average values of
coals from Guanbanwusu, Haerwusu, Heidaigou and averages for Chinese coals, are listed in Table 1.
Although the oxides of major elements in the No. 6 coal from the Chuancaogedan Mine are dominated
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by SiO2 (8.09% on average) and Al2O3 (6.76% on average) (Table 1), the SiO2/Al2O3 ratio of the No. 6
coal (1.20 on average) is lower than the common values of Chinese coals. Because quartz is virtually
absent, the clay minerals are the major carrier of Si in the coal [25].

Table 1. Contents of major elements (re-calculated as oxides; in %, on dry coal basis) and total sulfur in
No. 6 coal from Chuancaogedan.

Sample LOI Na2O MgO Al2O3 SiO2 SiO2/Al2O3 P2O5 K2O CaO TiO2 MnO Fe2O3 St

6-1 (roof) 20.24 0.008 0.000 34.98 43.30 1.24 0.025 0.072 0.06 0.85 0.0000 0.18 0.07
6-2 95.21 0.008 0.013 1.96 2.29 1.17 0.004 0.019 0.06 0.07 0.0001 0.29 0.60
6-3 89.53 0.004 0.029 2.45 2.24 0.91 0.011 0.004 0.09 0.04 0.0005 5.48 4.37
6-4 96.00 0.002 0.013 1.64 1.87 1.14 0.005 0.004 0.08 0.07 0.0003 0.25 0.64
6-5 93.09 0.003 0.024 2.84 2.89 1.02 0.253 0.012 0.21 0.08 0.0003 0.23 0.75
6-6 91.29 0.003 0.011 3.69 4.23 1.15 0.125 0.003 0.10 0.09 0.0003 0.31 0.34
6-7 94.56 0.002 0.013 2.22 2.54 1.14 0.043 0.003 0.10 0.04 0.0005 0.41 0.74
6-8 76.45 0.010 0.069 9.10 13.91 1.53 0.006 0.077 0.06 0.13 0.0005 0.16 1.16
6-9 84.03 0.006 0.033 6.78 7.93 1.17 0.037 0.019 0.21 0.16 0.0004 0.62 0.73

6-10 85.25 0.003 0.019 6.24 6.96 1.12 0.389 0.007 0.23 0.14 0.0004 0.54 0.81
6-11 84.12 0.003 0.016 6.68 7.59 1.14 0.265 0.021 0.12 0.27 0.0010 0.66 0.87
6-12 87.32 0.002 0.019 4.69 4.79 1.02 0.796 0.005 0.76 0.10 0.0006 1.06 1.43
6-13 88.58 0.002 0.013 4.77 5.16 1.08 0.368 0.010 0.19 0.16 0.0003 0.50 1.00
6-14 82.97 0.006 0.024 6.57 7.57 1.15 0.038 0.038 0.15 0.29 0.0010 2.26 2.30
Av. 81.47 0.004 0.021 6.76 8.09 1.20 0.169 0.021 0.17 0.18 0.0004 0.93 1.13

Guanbanwusu [17] nd 0.020 0.110 9.34 6.97 0.74 0.126 0.120 0.83 0.43 0.0140 0.73 nd
Haerwusu [17] nd 0.070 <0.110 8.89 6.19 0.70 0.100 0.100 1.33 0.47 0.0100 0.56 nd
Heidaigou [17] nd 0.010 3.660 10.56 8.04 0.76 0.016 0.210 0.44 0.74 0.0060 0.93 nd

China [26] nd 0.160 0.220 5.98 8.47 1.42 0.090 0.190 1.23 0.33 0.0200 4.85 nd

Av., average; St, total sulfur; LOI, loss on ignition; nd, no data.

The average content of Al2O3 is higher than that in other Chinese coals, because abundant
kaolinite and boehmite are present in these coals. In addition, Chuancaogedan coal displays higher
SiO2, P2O5, and Fe2O3 contents than those of Guanbanwusu, Haerwusu, and Heidaigou coals; this is
maybe due to higher quartz and pyrite contents in the former than in the latter coal.

4.3. Trace Elements in the No. 6 Coal

The contents of trace elements in the coal samples, in comparison to the average values for
Guanbanwusu, Haerwusu, and Heidaigou coals, as well as other Chinese coals [26] and world hard
coals [27], are listed in Table 2. The abundance of trace elements in the No. 6 coal from the Chuancaogedan
Mine, in comparison to the average values for Chinese and world hard coals, is shown in Figure 7.

Compared to world hard coals (Figure 7A), the only trace element with a CC > 5 (the CC
(concentration coefficient) which is the ratio of the element concentration in Chuancaogedan and world
hard coals) in the coals is Sr. Elements with a weak enrichment (2 < CC < 5) include Li, Ga, Zn, Zr,
Gd, Hf, Pb, Th and U. Co, Ni, Rb, and Cs, which have lower concentrations than those of world hard
coals (CC < 0.5). Beryllium, Sc, V, Cr, Nb, Mo, Ba, Ta, W, and Bi (0.5 < CC < 2) are close to the levels of
abundance found in average world hard coals.

Compared to Chinese coals (Figure 7B), only Sr has a CC > 5, and Zn shows a weak enrichment
(2 < CC < 5). Caesium is lower compared to world hard coals (CC < 0.5). The concentrations of the
remaining elements are close to those found in average world hard coals.

Compared to the Chinese coals [28] (Table 2), Lithium, Sr, and Bi are enriched in the No. 6 Coal,
Sc, Co, Ni, Cu, Rb, Nb, Cs, Ba, and Ta are depleted.

The coals from Chuancaogedan Mine contain more Zn, Sr, Cd, and Ba than Guanbanwusu,
Haerwusu and Heidaigou coals. The remaining elements in the Chuancaogedan Mine samples display
lower contents compared to the coals from Guanbanwusu, Haerwusu and Heidaigou Mines.

236



Minerals 2016, 6, 28

T
a

b
le

2
.

C
on

ce
nt

ra
ti

on
s

of
tr

ac
e

el
em

en
ts

in
th

e
N

o.
6

co
al

fr
om

C
hu

an
ca

og
ed

an
(μ

g/
g,

on
dr

y
co

al
ba

si
s)

.

S
a
m

p
le

L
i

B
e

S
c

V
C

r
C

o
N

i
C

u
Z

n
G

a
R

b
S

r
Z

r
N

b
M

o
C

d
C

s
B

a
H

f
T

a
W

P
b

B
i

T
h

U

6-
1

25
3

0.
7

3.
2

24
.5

6.
5

0.
4

0.
8

16
.3

13
.5

30
.4

4.
7

80
.3

20
9

34
.4

2.
2

0.
1

0.
60

19
.3

7.
4

2.
45

5.
8

19
.2

1.
0

12
.5

6.
1

6-
2

28
.9

2.
2

3.
0

19
.4

6.
8

0.
9

1.
2

5.
1

24
.3

8.
8

0.
4

31
.3

19
2

3.
0

1.
3

0.
2

0.
02

27
.2

4.
4

0.
19

0.
4

5.
40

0.
2

15
.3

3.
6

6-
3

16
.8

1.
5

<0
.5

9.
12

5.
2

1.
6

1.
5

16
.9

83
.1

4.
5

0.
2

48
.4

48
.7

1.
6

7.
7

0.
1

0.
02

32
.0

1.
2

0.
08

1.
4

12
2

0.
2

2.
8

0.
9

6-
4

23
.1

1.
5

<0
.5

9.
00

6.
0

0.
6

1.
0

4.
1

26
.2

3.
3

0.
2

47
.7

39
.7

1.
5

1.
0

0.
1

0.
01

5.
08

0.
9

0.
10

0.
6

3.
51

0.
2

2.
0

0.
4

6-
5

34
.2

1.
5

2.
2

30
.0

10
.5

1.
0

1.
9

10
.8

12
5

15
.2

0.
7

16
23

40
7

11
.3

3.
0

0.
7

0.
04

11
2

9.
9

0.
27

0.
9

15
.2

0.
3

23
.8

5.
2

6-
6

33
.2

1.
5

0.
2

11
.7

6.
4

1.
0

2.
1

7.
5

16
0.

5
8.

7
0.

4
75

9.
7

7.
6

56
.7

3.
1

1.
2

0.
5

0.
0

60
.1

30
.3

54
.1

5.
5

17
.8

3.
0

0.
5

6-
7

23
.1

1.
3

<0
.5

12
.6

6.
2

1.
6

3.
7

4.
6

15
9

8.
9

0.
5

30
9

21
.5

1.
1

1.
4

0.
3

0.
01

25
.0

0.
6

0.
07

1.
2

7.
16

0.
2

1.
1

0.
4

6-
8

88
.6

2.
0

5.
2

33
.8

8.
9

2.
0

5.
3

19
.2

83
.6

13
.1

1.
6

57
37

18
6

17
.8

2.
7

0.
2

0.
13

37
7

4.
9

1.
13

2.
1

36
.1

0.
8

17
.2

7.
9

6-
9

57
.9

1.
1

3.
1

20
.1

6.
0

1.
5

2.
3

8.
3

18
0

18
.0

1.
0

37
5

16
1

8.
2

3.
2

0.
2

0.
10

46
.2

3.
4

0.
44

2.
1

14
.2

0.
3

8.
6

7.
6

6-
10

72
.9

2.
0

2.
4

18
.2

7.
5

1.
5

3.
3

15
.2

21
7

13
.1

0.
3

92
0

12
3

4.
1

2.
1

0.
1

0.
04

34
.8

2.
9

0.
27

0.
6

18
.8

0.
4

7.
0

4.
5

6-
11

49
.1

2.
5

2.
0

17
.0

8.
8

1.
2

3.
5

11
.3

10
2

12
.9

1.
2

10
75

10
4

7.
7

2.
0

0.
1

0.
19

21
2

3.
0

0.
68

1.
4

14
.4

0.
6

15
.2

3.
6

6-
12

33
.9

1.
5

1.
4

26
.0

8.
0

2.
0

6.
4

19
.7

56
1

19
.4

0.
4

17
59

12
2

5.
9

4.
4

2.
7

0.
03

90
.9

3.
0

0.
21

0.
8

27
.4

0.
6

8.
4

5.
6

6-
13

40
.4

2.
3

1.
5

21
.1

12
.8

1.
3

4.
8

9.
7

81
.1

13
.8

0.
5

19
15

88
.7

3.
8

2.
1

0.
2

0.
04

73
.9

2.
3

0.
25

0.
6

14
.1

0.
3

8.
8

2.
8

6-
14

60
.6

1.
5

0.
9

39
.0

22
.6

2.
7

11
.2

28
.6

37
.2

13
.9

1.
8

10
8

16
0

7.
7

4.
2

0.
2

0.
17

39
.8

3.
8

0.
48

1.
0

25
.3

0.
6

8.
9

2.
5

A
v.

56
.6

1.
6

2.
1

20
.2

8.
6

1.
3

3.
4

12
.3

13
4.

2
12

.8
1.

0
10

37
13

2
7.

6
2.

7
0.

4
0.

10
81

.0
3.

4
0.

47
1.

4
23

.1
0.

4
9.

3
3.

6
G

ua
nb

an
w

us
u

[1
7]

17
5

1.
64

6.
87

38
.3

16
.2

1.
28

2.
76

13
.3

29
.1

12
.9

2.
99

70
3

14
3

11
.1

1.
83

0.
11

0.
15

62
3.

96
0.

85
1.

1
26

.5
0.

49
12

.9
3.

74
H

ae
rw

us
u

[1
7]

11
6

2.
8

7
27

10
1.

3
2.

3
13

40
18

1.
3

35
0

26
8

13
1.

6
0.

06
0.

07
41

7.
2

0.
9

1.
7

30
0.

5
17

3.
7

H
ei

da
ig

ou
[1

7]
38

2.
3

8.
4

32
15

2.
1

5.
6

16
17

45
2

42
3

23
4

13
3.

1
0.

13
0.

35
56

8
1

1.
8

36
0.

8
18

3.
9

C
la

rk
e

va
lu

e
[2

8]
20

2.
8

22
13

5
10

0
25

75
55

70
15

90
37

5
16

5
20

1.
5

0.
2

3
42

5
3

2
1.

5
12

.5
0.

17
9.

6
2.

7
C

hi
na

[2
6]

31
.8

2.
1

4.
2

35
.1

15
.4

7.
1

13
.7

17
.5

41
.4

6.
6

9.
3

14
0

89
.5

9.
4

3.
1

0.
3

1.
1

15
9

3.
7

0.
6

1.
1

15
.1

0.
8

5.
8

2.
4

W
or

ld
[2

7]
14

2
3.

7
28

17
6

17
16

28
6

18
10

0
36

4
2.

1
0.

2
1.

1
15

0
1.

2
0.

3
0.

99
9

1.
10

.8
3.

2
1.

9

A
v.

,a
ve

ra
ge

.

237



Minerals 2016, 6, 28

  

0.
111010
0

Li
Be

Sc
V

Cr
Co

N
i
Cu

Zn
Ga

Rb
Sr

Zr
N
b
M
o
Cd

Cs
Ba

Hf
Ta

W
Pb

Bi
Th

U

CC

(A
)

CC
>5

5>
CC

>2
2>
CC

>0
.5

0.
5>
CC

0.
1110

Li
Be

Sc
V

Cr
Co

N
i
Cu

Zn
Ga

Rb
Sr

Zr
N
b
M
o
Cd

Cs
Ba

Hf
Ta

W
Pb

Bi
Th

U

CC

(B
)

CC
>5

5>
CC

>2
2>
CC

>0
.5

0.
5>
CC

F
ig

u
re

7
.

(A
)

C
on

ce
nt

ra
ti

on
s

co
ef

fi
ci

en
ts

(C
C

)
of

el
em

en
ts

in
th

e
C

hu
an

ca
og

ed
an

co
al

vs
.

w
or

ld
co

al
s;

(B
)

C
C

of
el

em
en

ts
in

th
e

C
hu

an
ca

og
ed

an
co

al
s

vs
.

C
hi

ne
se

co
al

s.

238



Minerals 2016, 6, 28

4.4. Paragenetic Association of Trace Elements in the No. 6 Coal

4.4.1. Affinity of the Elements

Trace elements bound in the organic matter of coal volatilize more easily during combustion than
these bound in the inorganic matter, which tend to remain in the ash. Therefore, ash yield and trace
element contents in coal often display a close relationship [29–31].

Four groups (Groups 1 to 4) of elements have been identified in the No. 6 coal from the present
based on their correlation coefficients with ash yield (Table 3).

Table 3. Element affinities between the concentration of each element in the coal and ash yield or
selected elements.

Correlation With Ash Yield

Group 1: rash = 0.8–1.0 Li (0.99), Ta (0.85), Bi (0.85), Al2O3 (0.99), SiO2 (0.99), TiO2 (0.96)

Group 2: rash = 0.5–0.8 Sc (0.59), V (0.59), Co (0.67), Ni (0.56), Cu (0.69), W (0.65), U (0.66) Na2O (0.5),
Cs (0.76), Ga (0.53), Rb (0.75), Sr (0.63), Nb (0.73), Ba (0.69), K2O (0.74)

Group 3: rash = 0.3–0.5 Cr (0.35)

Group 4: rash = ´0.3–0.3 Zn (0.11), Fe2O3 (´0.12), MnO (´0.29), CaO (´0.14), Pb (0.19), Th (0.27),
SO3 (´0.17), P2O5 (´0.15), MgO (´0.17), Hf (0.14), Zr (0.11), Mo (0.28), Cd (´0.02), Be (0.22)

Aluminosilicate Affinity

rAl–Si > 0.8 TiO2, Li, Ga, Rb, Nb, Cs, Ta, W

rAl–Si = 0.5–0.8 K2O, Bi, Na2O

rAl–Si = 0.3–0.5 Sc, Cu, Hf, U

Correlation Coefficients Between Selected Elements

V-Cr 0.7, V-Co 0.5, V-Ni 0.7, V-MnO 0.27, V-Cu 0.7
Cr-Co 0.6, Cr-Ni 0.8, Cr-MnO 0.54, Cr-Cu 0.6
Co-Ni 0.88, Co-MnO 0.5, Co-Cu 0.70
Ni-MnO 0.71, Ni-Cu 0.73, MnO-Cu 0.5, Sr-Ba 0.90
Li-K2O 0.77, Li-Bi 0.77, Li-W 0.93, Li-Ta 0.97, Li-Nb 0.94, Li-Rb 0.95, Li-Ga 0.81
Th-Sc 0.68, Th-V 0.64, Th-Zr 0.89, Th-Hf 0.87, Cd-SO3 0.5
Ga-S ´0.25, Cd-Zn 0.90

rash: correlation of elements with ash yield; figures in the brackets: correlation coefficients.

Group 1 includes Al2O3, SiO2, TiO2, Li, Ta, and Bi, which are strongly correlated with the ash yield
(rash = 0.8–1.0). Silicon and Al are major constituents of the aluminosilicate minerals (kaolinite) [11].
The correlation coefficient between ash yield and Al2O3, SiO2 is 0.99. Li, TiO2, Ta, and Bi have high
correlation coefficients with SiO2 and Al2O3.

Group 2 includes elements with a relatively high inorganic affinity. The elements in this group
(Sc, V, Co, Ni, Cu, W, U, Na2O, Cs, Ga, Rb, Sr, Nb, Ba, and K2O) are strongly correlated with the ash
yield, with correlation coefficients between 0.50 and 0.80.

Group 3 includes only Cr, which has a correlation coefficient with the ash yield of 0.35.
Group 4 includes Fe2O3, MnO, CaO, Pb, Th, SO3, P2O5, MgO, Hf, Zr, Mo, Cd, and Be.

These elements have correlation coefficients with the ash yield that range from ´0.30 to 0.30, indicating
an intermediate affinity.

4.4.2. Cluster Analysis

The elemental associations in the Chuancaogedan coals were studied by cluster analysis.
Four groups of elemental association were identified (Figure 8), referred to as Groups 1, 2, 3 and 4.

Group 1. This group includes Al2O3, SiO2, Li, Rb, TiO2, Cs, Nb, and Ta (Figure 8). All of the
elements in this group have high positive correlation coefficients with the ash yield, ranging from 0.53 to
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0.99 (Table 3). SiO2 and Al2O3 are major constituents of the ash-forming minerals (clay minerals) [18].
All of the elements in Group 1 are lithophile elements that probably occur in aluminosilicate minerals.

 

Figure 8. Cluster analyses of analytical results on 14 samples.

Group 2. This group includes the elements V, Cr, Co, Ni, MnO, and Cu. All of the elements
in this group, except MnO, have relatively high correlation coefficients with the ash yield, ranging
from 0.34 to 0.67. With the exception of V-MnO (0.27), the correlation coefficients between the pairs of
elements in this association are higher than 0.50. The elements in this group, except Cu, are lithophile
elements that are probably associated with the clay minerals.

Group 3. This group consists of Sr, Ba, MgO, Be, Zr, Hf, Th, Sc, U, K2O, Bi, and Na2O. With the
exception of K2O, Bi, and Na2O, they have low correlation coefficients with the ash yield (Table 3),
and these elements are probably associated with unidentified traces of sulfide minerals. K2O, Bi, and
Na2O have high correlation coefficients with SiO2 and Al2O3, and these elements probably occur in
clay minerals and diaspore.

Group 4. This group includes CaO, Zn, P2O5, Cd, SO3, Fe2O3, Pb, and Mo. All of these elements
have negative correlation coefficients with the ash yield, possibly because they occur in phosphate
minerals (gorceixite and fluorapatite).

4.5. Elevated Trace Elements in the Coal

4.5.1. Strontium

The concentration of Sr in the samples varies considerably, from 31.3 to 1915 μg/g, with a weighted
average of 1037 μg/g. This level is much higher than that in common Chinese coals (140 μg/g on
average) [26] and world hard coals (114 μg/g on average) [27]. The correlation coefficient between Sr
and Ba is high at 0.90 (Table 3). The most probable carrier of Ba in the coal is gorceixite, so Sr may be
also contained in this mineral [18].

4.5.2. Lithium

The arithmetic average lithium content reaches 56.6 μg/g in the No. 6 coal, and is much higher
than that in common Chinese coals and world hard coals. The highest content of Li is 253 μg/g
(Table 2). Sun et al. suggest that the cut-off grade of Li for economic recovery should be 120 μg/g [32].
However, the Li content of the coal from the Chuancaogedan Mine does not reach this level.
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The modes of occurrence of lithium in coal have not been fully studied. Li mainly occurs
in granite pegmatite deposits, alkali feldspar granite deposits and salt lake deposits [23,25,32].
Researchers thought that Li in coal generally occurred in clay minerals and partially in mica and
tourmaline [33,34]. The high correlation coefficient between Li and ash indicates that a large proportion
of the Li occurs in the inorganic matter [18]. Lithium is positively correlated with Al2O3, SiO2, and
K2O, with correlation coefficients of 0.99, 0.99 and 0.77, respectively (Table 3), indicating that Li may
also be associated with kaolinite, chlorite, and possibly with illite.

Lithium is also positively correlated with some lithophile elements, including Rb, Nb, Bi, Ga, Ta,
and W (Table 3), with correlation coefficients of 0.95, 0.94, 0.77, 0.81, 0.97, and 0.93, respectively, and it
is further confirmed that Li occurs in aluminosilicate minerals. The distribution of the Li content in the
coal benches, except sample 6-1, is uniform. The high content of Li in sample 6-1 may be caused by
a parting within the seam.

4.5.3. Gallium

Gallium in coal is generally related to clay minerals [35–40]. The Ga content of the Chuancaogedan
coals (12.8 μg/g) is much higher than that of other Chinese coals and world hard coals.

It can be deduced that the Ga mainly occurs in inorganic association, including the clay minerals
and diaspore, based on the positive correlations of Ga-ash (r = 0.81), Ga-Al2O3 (r = 0.82), and Ga-SiO2

(r = 0.80). Gallium may replace Zn in sphalerite, but the low-sulfur content and the negative correlation
coefficient of Ga-S (r = ´0.25) indicate that Ga is not related to sulfide in the Chuancaogedan coals.

4.5.4. Zirconium

The average concentration of Zr is 132 μg/g, which is higher than that of common Chinese
(89.5 μg/g) [26] and world coals (36 μg/g) [27]. The correlation coefficients of Zr-Al2O3 and Zr-SiO2

are relatively low, 0.24 and 0.25, respectively. Dai et al. found that the content of Zr in the coals from
the northern and central Jungar Coalfield is higher than that of common Chinese coals, and pointed
out that the major carrier of Zr is zircon [18].

4.5.5. Cadmium

Cadmium is one of the toxic trace elements in coal. The average Cd content of the No. 6 coal
(0.4 μg/g on average) is higher than that of common Chinese coals and world hard coals. Cd is
a chalcophile element. Cd is positively correlated with S and Zn (Table 3), with correlation coefficients
of 0.5 and 0.9, respectively, indicating that the Cd in the No. 6 coal mainly occurs in sphalerite.

4.5.6. Lead

The average concentration of Pb is 23.1 μg/g, which is higher than that of common Chinese
(15.1 μg/g) [26] and world coals (7.8 μg/g) [27].

Pb in coal mainly occurs in galena or is associated with other sulfide minerals. The relationships
between Pb and Al2O3 and SiO2 in the No. 6 coal are poor, with correlation coefficients of 0.05 and
0.10, respectively. The correlation coefficient with Fe2O3 is high, suggesting that the occurrence of Pb
in the No. 6 coal may be associated with pyrite.

4.5.7. Thorium

The average Th content of the No. 6 coal (9.3 μg/g) is higher than that of common Chinese coals
and world hard coals. Thorium in the Chuancaogedan coals has high correlation coefficients with
Sc (0.68), V (0.64), Zr (0.89), and Hf (0.87), probably indicating the same source for these elements.
The relatively low correlation coefficients of Th-Al2O3 (0.21), Th-SiO2 (0.23), and Th-ash (0.20) indicate
that Th may occur in accessory minerals in the coal and probably in the organic matter as well.
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5. Conclusions

1. The No. 6 coal from Chuancaogedan Mine is significantly enriched in Zn and Sr and is slightly
enriched in Li, Ga, Zr, Gd, Hf, Pb, Th, and U compared with world hard coals. The major
elements exhibit enrichment in Al2O3 (6.76%) and P2O5 (0.169%), but with a lower SiO2/Al2O3

ratio (1.20), compared to Chinese hard coals. The contents of Zn, Sr, Li, Ga, Zr, Gd, Hf, Pb, Th,
and U are higher than those of world hard coals. Aluminum, Li, and Ga could be recovered
as the byproducts from coal ash, and P, Pb, and U may be harmful to the environment during
coal processing.

2. The elements in the No. 6 coal may be classified into four groups of association according to
their modes of occurrence. Group 1 includes Al2O3, SiO2, Li, Rb, TiO2, Cs, Nb, and Ta. Group 2
includes the elements V, Cr, Co, Ni, MnO, and Cu. Group 3 consists of Sr, Ba, MgO, Be, Zr, Hf,
Th, Sc, U, K2O, Bi, and Na2O. Group 4 includes CaO, Zn, P2O5, Cd, SO3, Fe2O3, Pb, and Mo.
Most of the elements in Group 1 and Group 2 are strongly correlated with the ash yield, but the
elements of the remaining two associations have negative or weak correlation coefficients with
the ash yield.

3. The most probable carriers of Sr in the coal are barite and gorceixite. Lithium is mainly associated
with kaolinite and possibly with illite. Gallium mainly occurs in inorganic association, including
the clay minerals and diaspore, but is not related to sulfide. Zirconium occurs in association with
sulfide minerals. Cadmium mainly occurs in sphalerite. Lead in the No. 6 coal may be associated
with pyrite. Thorium may occur in accessory minerals in the coal and probably in the organic
matter as well.

Acknowledgments: This research was supported by the National Natural Science Foundation of China
(Nos. 41330317, 41402138, and 41511011206).

Author Contributions: Lin Xiao and Bin Zhao conceived and designed the experiments; Zhixiang Shi and
Jialiang Ma performed the experiments; Lin Xiao, Piaopiao Duan, and Mingyue Lin analyzed the data; Lin Xiao
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sun, Y.Z.; Duan, P.P.; Li, X.W.; Wang, J.X.; Deng, X.L. Advance of mining technology for coals under buildings
in China. World J. Eng. 2012, 9, 213–220. [CrossRef]

2. Neupane, G.; Donahoe, R. Leachability of elements in alkaline and acidic coal fly ash samples during batch
and column leaching tests. Fuel 2013, 104, 758–770. [CrossRef]

3. Jankowski, J.; Ward, C.R.; French, D.; Groves, S. Mobility of trace elements from selected Australian fly ashes
and its potential impact on aquatic ecosystems. Fuel 2006, 85, 243–256. [CrossRef]

4. Sun, Y.Z.; Zhao, C.L.; Zhang, J.Y.; Yang, J.J.; Zhang, Y.Z.; Yuan, Y.; Xu, J.; Duan, D.J. Concentrations of
valuable elements of the coals from the Pingshuo Minging District, Ningwu Coalfield, Northern China.
Energy Explor. Exploit. 2013, 31, 727–744. [CrossRef]

5. Zhao, C.L.; Sun, Y.Z.; Xiao, L.; Qin, S.J.; Wang, J.X.; Duan, D.J. The occurrence of barium in Jurassic coal in
the Huangling 2 mine, Ordos Basin, northern China. Fuel 2014, 128, 428–432. [CrossRef]

6. Sun, Y.Z.; Zhao, C.L.; Li, Y.H.; Wang, J.X.; Zhang, J.Y.; Jin, Z.; Lin, M.Y.; Kalkreuth, W. Further information
of the associated Li deposits in the No. 6 coal seam at Junger Coalfield, Inner Mongolia, Northern China.
Acta Geol. Sin. Engl. 2013, 87, 1097–1108.

7. Wang, W.F.; Qin, Y.; Liu, X.H.; Zhao, J.L.; Wang, Y.Y.; Wu, G.D.; Liu, J.T. Distribution, occurrence and
enrichment causes of gallium in coals from the Ningdong Coalfield, Inner Mongolia. Sci. China Earth Sci.
2011, 41, 181–196. (In Chinese)

8. Dai, S.; Ren, D.; Li, S. Discovery of the superlarge gallium ore deposit in Jungar, Inner Mongolia, North China.
Chin. Sci. Bull. 2006, 5, 2243–2252. [CrossRef]

242



Minerals 2016, 6, 28

9. Chu, G.; Xiao, L.; Jin, Z.; Lin, M.; Blokhin, M. The relationship between trace element concentrations and
coal-forming environments in the No. 6 Coal Seam, Haerwusu Mine, China. Energy Explor. Exploit. 2015, 33,
99–104. [CrossRef]

10. Dai, S.; Li, D.; Chou, C.L.; Zhao, L.; Zhang, Y.; Ren, D.; Ma, Y.; Sun, Y. Mineralogy and geochemistry of
boehmite-rich coals: New insights from the Haerwusu Surface Mine, Jungar Coalfield, Inner Mongolia, China.
Int. J. Coal Geol. 2008, 74, 185–202. [CrossRef]

11. Dai, S.; Zhao, L.; Peng, S.; Chou, C.L.; Wang, X.; Zhang, Y.; Li, D.; Sun, Y. Abundances and distribution of
minerals and elements in high-alumina coal fly ash from the Jungar Power Plant, Inner Mongolia, China.
Int. J. Coal Geol. 2010, 81, 320–332. [CrossRef]

12. Dai, S.; Li, T.; Jiang, Y.; Ward, C.R.; Hower, J.C.; Sun, J.; Liu, J.; Song, H.; Wei, J.; Li, Q.; et al. Mineralogical and
geochemical compositions of the Pennsylvanian coal in the Hailiushu Mine, Daqingshan Coalfield, Inner
Mongolia, China: Implications of sediment-source region and acid hydrothermal solutions. Int. J. Coal Geol.
2015, 137, 92–110. [CrossRef]

13. Wang, X.; Dai, S.; Sun, Y.; Li, D.; Zhang, W.; Zhang, Y.; Luo, Y. Modes of occurrence of fluorine in the late
paleozoic No. 6 coal from the Haerwusu surface mine, Inner Mongolia, China. Fuel 2011, 90, 248–254. [CrossRef]

14. Li, S.S.; Ren, D.Y. Analysis of annmalous high concentration of lead and selenium and their origin in the
main minable coal seam in the Ningdong Coalfield. J. China Univ. Min. Technol. 2006, 35, 612–615. (In Chinese)

15. Liu, D.M.; Yang, Q.; Tang, D.Z. A study of abundances and distribution of ash yield, sulfur, phosphorus and
chlorine content of the coals from Ordos Basin. Earth Sci. Front. 1996, 6, 53–59. (In Chinese)

16. Xu, J.; Sun, Y.Z.; Kalkreuth, W. Characteristics of trace elements of the No. 6 Coal in the Guanbanwusu Mine,
Junger Coalfield, Inner Mongolia. Energy Explor. Exploit. 2011, 29, 827–842. [CrossRef]

17. Dai, S.F.; Zou, J.H.; Jiang, Y.F.; Ward, C.L.; Wang, X.B.; Li, T.; Xue, W.F.; Liu, S.D.; Tian, H.M.;
Sun, X.H.; et al. Mineralogical and geochemical compositions of the Pennsylvanian coal in the Adaohai Mine,
Daqingshan Coalfield, Inner Mongolia, China: Modes of occurrence and origin of diaspore, gorceixite, and
ammonian illite. Int. J. Coal Geol. 2012, 94, 250–270. [CrossRef]

18. Dai, S.F.; Jiang, Y.F.; Ward, C.R.; Gu, L.D.; Seredin, V.V.; Liu, H.D.; Zhou, D.; Wang, X.B.; Sun, Y.Z.; Zou, J.H.; et al.
Mineralogical and geochemical compositions of the coal in the Guanbanwusu Mine, Inner Mongolia, China:
Further evidence for the existence of an Al (Ga and REE) ore deposit in the Jungar Coalfield. Int. J. Coal Geol.
2012, 98, 10–40. [CrossRef]

19. Dai, S.F.; Ren, D.Y.; Chou, C.L.; Li, S.S.; Jiang, Y.F. Mineralogy and geochemistry of the No. 6 Coal
(Pennsylvanian) in the Jungar Coalfield, Ordos Basin, China. Int. J. Coal Geol. 2006, 66, 253–270. [CrossRef]

20. Xiao, W.J.; Kröner, A.; Windley, B. Geodynamic evolution of Central Asia in the Paleozoic and Mesozoic.
Int. J. Earth Sci. 2009, 98, 1185–1188. [CrossRef]

21. Yang, T.N.; Li, J.Y.; Zhang, J.; Hou, K.J. The Altai-Mongolia terrane in the Central Asian Orogenic Belt (CAOB):
A peri-Gondwana one? Evidence from zircon U–Pb, Hf isotopes and REE abundance. Precambrian Res. 2011,
187, 79–98. [CrossRef]

22. Jian, P.; Kröner, A.; Windley, B.F.; Zhang, Q.; Zhang, W.; Zhang, L. Episodic mantle melting-crustal reworking
in the late Neoarchean of the northwestern North China Craton: Zircon ages of magmatic and metamorphic
rocks from the Yinshan Block. Precambrian Res. 2012, 222, 230–254. [CrossRef]

23. China Coal Research Institute (CCRI) Coal Analysis Laboratory. GB/T 482-2008 Sampling of Coal in Seam;
Standardization Administration of the People’s Republic of China: Beijing, China, 2008. (In Chinese)

24. Zhao, C.L.; Duan, D.J.; Li, Y.H.; Zhang, J.Y. Rare earth elements in No. 2 coal of Huangling mine, Huanglong
Coalfield, China. Energy Explor. Exploit. 2012, 30, 803–818. [CrossRef]

25. Sun, Y.Z.; Zhao, C.L.; Qin, S.J.; Xiao, L.; Li, Z.S.; Lin, M.Y. Occurrence of some vluable elements in the unique
“high-aluminium coals” from the Jungar Coalfield, China. Ore Geol. Rev. 2016, 72, 659–668. [CrossRef]

26. Dai, S.F.; Ren, D.Y.; Chou, C.-L.; Finkelman, R.B.; Seredin, V.V.; Zhou, Y.P. Geochemistry of trace elements in
Chinese coals: A review of abundances, genetic types, impacts on human health, and industrial utilization.
Int. J. Coal Geol. 2012, 94, 3–21. [CrossRef]

27. Ketris, M.P.; Yudovich, Y.E. Estimations of clarkes for carbonaceous biolithes: World average for trace
element contents in black shales and coals. Int. J. Coal Geol. 2009, 78, 135–148. [CrossRef]

28. Taylor, S.R.; McLennan, S.M. The Continental Crust: Its Composition and Evolution; Blackwell Oxford: Oxford,
UK, 1985.

243



Minerals 2016, 6, 28

29. Liu, G.J.; Yang, P.Y.; Wang, G.L. Geochemistry of elements from the No. 3 coal seam of Shanxi Formation in
the Yanzhou mining district. Geochimica 2003, 32, 255–262. (In Chinese).

30. Sun, Y.Z.; Zhao, C.L.; Li, Y.H.; Wang, J.X.; Liu, S.M. Li distribution and mode of occurrences in Li-bearing
coal seam #6 from the Guanbanwusu Mine, Inner Mongolia, Northern China. Energy Explor. Exploit. 2012,
30, 109–130.

31. Wang, J.; Yamada, O.; Nakazato, T.; Zhang, Z.G.; Suzuki, Y.; Sakanishi, K. Statistical analysis of the
concentrations of trace elements in a wide diversity of coals and its implications for understanding elemental
modes of occurrence. Fuel 2008, 87, 2211–2222. [CrossRef]

32. Sun, Y.Z.; Zhao, C.L.; Li, Y.H.; Wang, J.X. Minimum mining grade of the selected trace elements in
Chinese coal. J. China Coal Soc. 2014, 39, 744–748. (In Chinese).

33. Qin, S.J.; Zhao, C.L.; Li, Y.H.; Zhang, Y. Review of coal as a promising source of lithium. Int. J. Oil Gas Coal
Technol. 2015, 9, 215–229. [CrossRef]

34. Finkelman, R.B. Modes of occurrence of environmentally sensitive trace elements of coal. In Environmental
Aspects of Trace Elements of Coal; Swaine, D.J., Goodarzi, F., Eds.; Kluwer Academic Publishers: Dordrecht,
The Netherlands, 1995.

35. Qin, S.J.; Sun, Y.Z.; Li, Y.H.; Wang, J.X.; Zhao, C.L.; Gao, K. Coal deposits as promising alternative sources
for gallium. Earth Sci. Rev. 2015, 150, 95–101. [CrossRef]

36. Seredin, V.V.; Dai, S. Coal deposits as a potential alternative source for lanthanides and yttrium. Int. J.
Coal Geol. 2012, 94, 67–93. [CrossRef]

37. Seredin, V.V.; Finkelman, R.B. Metalliferous coals: A review of the main genetic and geochemical types. Int. J.
Coal Geol. 2008, 76, 253–289. [CrossRef]

38. Hower, J.C.; Ruppert, L.F.; Eble, C.F. Lanthanide, yttrium, and zirconiumanomalies in the fire clay coal bed,
Eastern Kentucky. Int. J. Coal Geol. 1999, 39, 141–153. [CrossRef]

39. Wang, W.; Qin, Y.; Sang, S.; Jiang, B.; Zhu, Y.; Guo, Y. Sulfur variability and element eochemistry of the No. 11
coal seam from the Antaibao mining district, China. Fuel 2007, 86, 777–784. [CrossRef]

40. Dai, S.; Chekryzhov, I.Y.; Seredin, V.V.; Nechaev, V.P.; Graham, I.T.; Hower, J.C.; Ward, C.R.; Ren, D.; Wang, X.
Metalliferous coal deposits in East Asia (Primorye of Russia and South China): A review of geodynamic
controls and styles of mineralization. Gondwana Res. 2016, 29, 60–82. [CrossRef]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

244



minerals

Article

Modes of Occurrence and Abundance of Trace
Elements in Pennsylvanian Coals from the Pingshuo
Mine, Ningwu Coalfield, Shanxi Province, China

Ning Yang, Shuheng Tang *, Songhang Zhang and Yunyun Chen

School of Energy Resources, China University of Geosciences, Beijing 100083, China;
yangning@cugb.edu.cn (N.Y.); zhangsh@cugb.edu.cn (S.Z.); chenyy@cugb.edu.cn (Y.C.)
* Correspondence: tangsh@cugb.edu.cn; Tel.: +86-10-8232-2005

Academic Editor: Shifeng Dai
Received: 29 January 2016; Accepted: 15 April 2016; Published: 27 April 2016

Abstract: The Pingshuo Mine is an important coal mine of the Ningwu coalfield in northern Shanxi
Province, China. To investigate the mineralogy and geochemistry of Pingshuo coals, core samples from
the mineable No. 4 coals were collected. The minerals, major element oxides, and trace elements were
analyzed by scanning electron microscopy (SEM), LTA-XRD in combination with Siroquant software,
X-ray fluorescence (XRF), inductively coupled plasma mass spectrometry (ICP-MS) and ICP-CCT-MS
(As and Se). The minerals in the Pennsylvanian coals from the Pingshuo Mine dominantly consist of
kaolinite and boehmite, with minor amounts of siderite, anatase, goyazite, calcite, apatite and florencite.
Major-element oxides including SiO2 (9.54 wt %), Al2O3 (9.68 wt %), and TiO2 (0.63 wt %), as well as trace
elements including Hg (449.63 ng/g), Zr (285.95 μg/g), Cu (36.72 μg/g), Ga (18.47 μg/g), Se (5.99 μg/g),
Cd (0.43 μg/g), Hf (7.14 μg/g), and Pb (40.63 μg/g) are enriched in the coal. Lithium and Hg present
strong positive correlations with ash yield and SiO2, indicating an inorganic affinity. Elements Sr, Ba, Be,
As and Ga have strong positive correlations with CaO and P2O5, indicating that most of these elements
may be either associated with phosphates and carbonates or have an inorganic–organic affinity. Some of
the Zr and Hf may occur in anatase due to their strong positive correlations with TiO2.

Keywords: Pennsylvanian coals; minerals; trace elements; Ningwu Coalfield

1. Introduction

Coal is the most abundant fossil fuel in China, and it is a reliable long-term fuel source for
China and other countries, including Turkey and South Africa. With the increasing use of coal in
China, a large amount of pollutants is produced, not only in the form of gas emissions but also as
ash residues. However, many valuable elements in the coal and coal ash are not yet extracted and
used, with the exception of Ge [1–3]. Studies on the geochemistry of elements in coals serve as the
basis for the environmental impacts of coals and the efficient use of valuable elements. Many previous
investigations have studied the geochemistry and mineralogy of coal deposits around the world, such
as the Guanbanwusu and Haerwusu Surface Mines in the Junger Coalfield, northern China [4,5], the
Donglin Coal Mine and Xinde Mine, southwestern of China [6,7], Yili Basin, northwestern China [8],
the Mariza-east lignite deposit, Bulgaria [9], the Çan coals, Çanakkale, Turkey [10] and Gray Hawk
Coal, Eastern Kentucky, USA [11].

As the province with the highest coal production in China, Shanxi has produced up to 505 Mt of
raw coal in 2014, which accounts for more than a quarter of China’s total coal production. To further
understand hazardous elements in coals and in coal combustion products, many coal production
areas have been investigated. In this paper, we reported the data on the mineralogy and elemental
geochemistry of the No. 4 Coal in the Pingshuo mine, Ningwu Coalfield, Shanxi Province, China.

Minerals 2016, 6, 40 245 www.mdpi.com/journal/minerals
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2. Geological Setting

The Pingshuo mine district covers an area of 396 km2. The total coal reserves are estimated at
13 billion tons. The mine district is part of the Ningwu Coalfield, which has an area of 2761 km2

and is located in the northern region of Shanxi Province, north China, in the Ningwu Syncline Basin
(Figure 1). To the west of the basin are the Lvliang Mountains and to the east is Wutai Mountain.
The base rocks of the basin are metamorphic rocks of the Archean Group [12].

 

Figure 1. Location of the Pingshuo Mine in the Ningwu Coalfield, Shanxi Province, China.

Coal-bearing strata in the study area occur in the Taiyuan Formation of Upper Carboniferous age
and the Shanxi Formation of Lower Permian age [13]. In ascending stratigraphic order, the coal-bearing
strata in the area are No. 11, 10, 9, 5 and 4 of the Taiyuan Formation and No. 3 of the Shanxi Formation
(Figure 2a).

 

Figure 2. Generalized stratigraphic column: (a) of the Late Pennsylvanian-Permian coal measures in
the Ningwu coalfield and sampling profiles; and (b) of the No. 4 Coal in the Pingshuo Coal Mine.
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3. Samples and Analytical Procedures

To examine the mineralogical and geochemical composition of the Ningwu coals, a total of ten
samples were collected from the No. 4 Coal in the Pingshuo Coal Mine, Ningwu Coalfield. The
cumulative thickness of the No. 4 Coal is approximately 7.5 m. From top to bottom, the ten samples
are labeled PS4-1 to PS4-10 (Figure 2b). All samples were air-dried, sealed in polyethylene bags to
prevent oxidation, and splits were ground to pass 200-mesh and were stored in brown glass bottles for
chemical analyses.

Proximate analyses (Aad, Mad, and Vdaf,) of the coal samples were conducted in accordance with
ASTM standards (ASTM D3173-11 [14], ASTM D3175-11 [15], and ASTM D3174-11 [16], respectively).
Total sulfur was determined according to the ASTM D3177-02 standard [17].

A scanning electron microscope (SEM) was used to study the surface characteristics and the
distribution of minerals in the coal. The accelerating voltage was 20 KV, and the beam current was
10´10 A.

LTAs (low-temperature ashes) of the powdered coal samples were produced by an EMITECH
K1050X plasma asher (Quorum, Lewes, UK) prior to XRD analysis. XRD analysis of the LTAs was
performed on a D/max-2500/PC powder diffractometer (Rigaku, Tokyo, Japan) with Ni-filtered Cu-K
radiation and a scintillation detector. Each XRD pattern was recorded over a 2θ interval of 2.6˝–70˝,
with a step size of 0.01˝. X-ray diffractograms of the LTAs and non-coal samples were subjected to
quantitative mineralogical analysis using the Siroquant™ interpretation software system (Sietronics,
Mitchell, Australia). More analytical details are given by Dai et al. [18,19] and Wang et al. [20].

X-ray fluorescence (XRF) spectrometry (ARL ADVANT1XP+) was performed to determine the
major-element oxides (i.e., SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, MnO, Na2O, K2O, and P2O5) of the
high-temperature coal ash samples.

Trace elements, except for As, Se, Hg and F, were determined by inductively coupled plasma
mass spectrometry (ICP-MS). For ICP-MS analysis, coal samples were digested using an UltraClave
Microwave High Pressure Reactor (Milestone, Sorisole, Italy). The basic load for the digestion tank was
composed of 330-mL distilled H2O, 30-mL 30% H2O2, and 2-mL 98% H2SO4. Initial nitrogen pressure
was set at 50 bars and the highest temperature was set at 240 ˝C for 75 min. The reagents for 50-mg
sample digestion were 2 mL 40% HF, 5 mL 65% HNO3 and 1 mL 30% H2O2. Multi-element standards
were used for calibration of trace element concentrations. More details are given in Dai et al. [21].
Arsenic and Se were analyzed by a collision/reaction cell technology of inductively coupled plasma
mass spectrometry (ICP-CCT-MS), as described by Li et al. [22]. Fluorine was determined by the
ion-selective electrode (ISE) method. Mercury was determined using a Milestone DMA-80 Hg
Analyzer (Milestone).

The quantitative analysis of minerals and determinations of elements were completed at the State
Key Laboratory of Coal Resources and Safe Mining of China University of Mining and Technology
(Beijing, China).

4. Results and Discussion

4.1. Coal Chemistry

The results of the proximate analysis and the total sulfur of the Late Pennsylvanian coal samples
are presented in Table 1. Ash yields of the Pingshuo No. 4 coal range from 12.96% to 32.14%,
with an average of 21.42%, indicating a medium ash coal according to Chinese National Standards
(GB/T 15224.1-2004, which shows 10.01%–16.00% ash yield is for low-ash coal, 16.01%–29.00% ash
yield for medium-ash coal, and >29.00% ash yield for high-ash coal) [23]. The ash yields range
irregularly from bottom to top through the coal-seam section (Figure 3).
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Figure 3. Variation of total sulfur and proximate analysis through the Pingshuo coal section.

Table 1. Proximate analysis and total sulfur in the Pingshuo coals (%).

Sample
Proximate Analysis

St,d
Mad Vdaf Ad

PS4-1 2.28 32.19 15.56 0.33
PS4-2 2.74 36.11 18.91 0.36
PS4-3 2.78 31.43 32.02 0.25
PS4-4 3.05 30.27 21.33 0.33
PS4-5 2.49 32.95 21.78 0.34
PS4-6 2.41 33.40 24.00 0.32
PS4-7 3.12 34.89 12.96 0.43
PS4-8 2.66 34.88 13.69 0.41
PS4-9 3.07 35.47 21.80 0.43

PS4-10 2.12 37.88 32.14 0.31
Average 2.67 33.95 21.42 0.30

M, moisture; V, volatile matter; A, ash yield; St, total sulfur; ad, air-dry basis; d, dry basis; daf, dry and
ash-free basis.

The volatile matter yields of the No. 4 coal vary from 30.27% to 37.88% through the coal-seam
section, with a mean of 33.95%, suggesting that the Late Pennsylvanian coals in the Pingshuo coal
mine are medium-high volatile bituminous coals based on Chinese Standard MT/T 849-2000 (28.01%
to 37.00% for medium-high volatile coal, 37.01% to 50.00% for high volatile coal and >29.00% for super
high volatile coal) [24].

The coals from the Pingshuo coal mine have a moisture content of 2.12% to 3.12%, with an
average of 2.67%, indicating a low-medium rank coal, in accordance with MT/T 850-2000 (ď5% for
low moisture coal, 5% to 15% for medium moisture coal, and >15% for high moisture coal) [25].

The total sulfur of the No. 4 coals ranges from 0.25% to 0.43%, averaging 0.30%, which corresponds
to a super-low sulfur coal according to Chinese National Standards (GB/T 15224.2-2004) (<0.5% for
super-low sulfur coal, 0.51%–0.9% for low-sulfur coal and 0.9%–1.50% for medium-sulfur coal) [26].
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4.2. Minerals in Coal

The mineral phase percentages were calculated on a coal ash basis from the XRD results obtained
for the low temperature ashes and are reported in Table 2. The results show that minerals in the
Pingshuo coals mainly consist of kaolinite, followed by boehmite (averaging 5.09%), siderite (1.35%),
anatase (0.29%), goyazite (0.8%), calcite (0.07%), apatite (0.01%) and florencite (0.33%) (Figure 4).

d=
7.

17
19

d=
6.

12
45

d=
5.

68
61 d=

4.
36

87
d=

4.
17

80
d=

3.
84

23
d=

3.
57

72
d=

3.
52

12
d=

3.
37

96
d=

3.
16

51
d=

3.
03

24
d=

2.
94

28
d=

2.
79

20

d=
2.

56
38

d=
2.

50
00

d=
2.

34
63

d=
2.

29
68

d=
2.

19
18

d=
2.

13
06

d=
1.

98
16

d=
1.

89
34 d=

1.
86

07

d=
1.

76
94

d=
1.

72
78

d=
1.

66
29

d=
1.

61
93

d=
1.

52
83

d=
1.

49
06

d=
1.

45
17

d=
1.

43
43

d=
1.

38
38

x10 3̂

2.0

4.0

6.0

8.0

10.0

In
te

ns
ity

(C
ou

nt
s)

72-0359> Boehmite - AlOOH

14-0164> Kaolinite-1A - Al2Si2O5(OH)4

38-0347> Florencite-(La) - LaAl3(PO4)2(OH)6

21-1272> Anatase - T iO2

05-0586> Calcite - CaCO3

29-0696> Siderite - FeCO3

10 20 30 40 50 60 70
2-Theta(°

[ ] ( )

Figure 4. XRD patterns of coal samples (PS4-9).

Table 2. Mineral contents in coal samples from the Pingshuo Mine measured by LTA-XRD (%).

Samples PS4-1 PS4-2 PS4-3 PS4-4 PS4-5 PS4-6 PS4-7 PS4-8 PS4-9 PS4-10

LTA yield 15.04 15.25 30.58 20.62 20.81 23.11 13.15 21.03 28.89 13.91
Kaolinite 13.72 11.16 27.82 12.47 12.53 11.49 7.72 13.36 14.30 12.79
Boehmite 0.92 0.05 1.87 5.77 7.89 11.44 4.47 6.04 11.61 0.83

Arsenopyrite 0.33
Rutile 0.08 0.06

Siderite 3.54 0.31 0.16 0.88 1.54 1.70
Apatite 0.27 0.27

Hexahydrite 0.12
Goyazite 0.08 2.25 0.08
Anatase 0.03 0.58 0.02 0.11 0.69

Florencite 0.02 0.49
Calcite 0.08 0.06
Quartz 0.29

Kaolinite is a very common clay mineral in coal [27,28]. As presented in Table 2, kaolinite is
the most abundant mineral in the Pingshuo coals, with abundance varying from 7.72% to 27.82%
(13.74% on average). Kaolinite occurs as infillings of cells or fractures (Figure 5a) and as thin-layered
or flocculent forms (Figure 5b) in the No. 4 Coal.

The percentage of boehmite in Pingshuo coals varies from 0.05% to 11.61%, with an average of
5.09%. As for the variation of content in the coal profile, boehmite is lower in the top and bottom
portions than in the middle portion. Some trace elements (Ga, F) occur in boehmite according to a
previous study [5].

Other minerals are detected in only a few samples, and there are no obvious vertical trends of
their distribution.

249



Minerals 2016, 6, 40

 
(a) (b)

Figure 5. Minerals in the Pingshuo coals (SEM, secondary electron images): (a) kaolinite in thin-layered
forms; and (b) flocculent kaolinite.

4.3. Abundance of Elements in Pennsylvanian Coals

The percentages of major-element oxides and concentrations of trace elements in the
Pennsylvanian coal samples from the Pingshuo Mine, in comparison with the average values of
Chinese coals [29] or world hard coals [30], are listed in Table 3.

Table 3. Contents of major-element oxides and trace elements in Pennsylvanian coals from the Pingshuo
Mine (LOI, oxides in %, elements in μg/g) (whole-coal basis).

Elemental
Contents

Samples

PS4-1 PS4-2 PS4-3 PS4-4 PS4-5 PS4-6 PS4-7 PS4-8 PS4-9 PS4-10 Average Coal b

LOI 84.9 84.8 69.4 79.4 79.2 76.9 86.9 79.0 86.1 71.1 79.8 -
SiO2 8.17 7.15 16.3 9.84 9.47 9.08 5.18 5.86 7.61 16.7 9.54 8.47 a

TiO2 0.42 0.57 0.81 0.90 0.69 0.79 0.43 0.36 0.93 0.41 0.63 0.33 a

Al2O3 6.63 6.61 14.0 8.10 10.4 13.2 6.15 6.44 11.2 14.1 9.68 5.98 a

Fe2O3 0.06 3.33 0.36 0.53 0.58 0.42 0.67 0.59 1.13 0.33 0.80 4.85 a

Na2O 0.01 0.01 0.03 0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.02 0.16 a

K2O 0.01 0.02 0.18 0.09 0.17 0.10 0.05 0.06 0.11 0.06 0.08 0.19 a

CaO 0.09 0.25 0.10 0.28 0.11 0.10 0.12 0.10 0.17 0.11 0.14 1.23 a

MgO 0.02 0.15 0.06 0.06 0.08 0.06 0.07 0.08 0.10 0.05 0.07 0.22 a

P2O5 0.02 0.21 0.02 0.86 0.02 0.03 0.04 0.02 0.19 0.14 0.15 0.09 a

MnO - 0.06 - - - - 0.01 - 0.01 - 0.03 0.02 a

Li 4.82 12.2 27.4 10.6 3.95 11.5 12.6 10.2 3.12 42.4 13.9 14.0
Be 2.66 1.88 2.49 4.16 2.48 1.94 1.70 1.55 1.60 0.87 2.13 2.00
F 81.5 105 123 384 194 203 116 11 241 117 167 140
Sc 2.08 13.3 2.55 4.84 1.75 1.59 2.74 1.62 2.03 1.56 3.40 3.00
V 18.7 24.7 46.6 42.3 42.4 35.8 39.2 26.4 40.3 21.9 33.8 21.0
Cr 5.09 6.99 12.4 12.9 9.21 21.9 8.75 10.9 16.0 16.3 12.1 12.0
Co 2.83 1.52 0.68 0.66 1.11 0.88 1.29 1.29 1.04 1.08 1.24 7.00
Ni 4.31 4.54 3.99 1.57 2.28 4.02 1.94 2.31 3.13 5.46 3.36 14.0
Cu 85.6 54.2 39.4 39.3 31.1 33.8 24.2 23.0 24.3 12.4 36.7 13.0
Zn 65.3 26.8 19.6 16.6 14.7 13.5 18.8 12.3 23.5 12.5 22.4 35.0
Ga 11.4 21.5 19.8 32.4 25.0 16.1 19.4 18.8 10.9 9.62 18.5 9.00
Ge 1.16 1.23 0.41 1.93 0.80 0.48 0.73 0.76 0.52 0.38 0.84 2.78
As 1.71 1.87 0.94 2.54 0.83 0.77 0.92 0.71 0.75 0.79 1.18 5.00
Se 3.56 4.85 5.68 6.60 5.75 9.73 5.77 4.08 6.46 7.45 5.99 2.00
Hg 0.18 0.13 0.08 0.09 0.34 0.09 0.07 0.09 0.37 0.31 0.18 0.15
Rb 0.28 0.19 3.77 1.70 3.88 1.82 0.81 1.27 1.96 1.55 1.72 8.00
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Table 3. Cont.

Elemental
Contents

Samples

PS4-1 PS4-2 PS4-3 PS4-4 PS4-5 PS4-6 PS4-7 PS4-8 PS4-9 PS4-10 Average Coal b

Sr 74.5 710 35.6 2908 57.7 52.1 166 70.8 557 264 229 423
Zr 107 250 691 276 365 184 282 144 405 157 286 52.0
Mo 2.10 1.51 0.77 1.34 2.01 1.82 1.80 2.07 1.63 1.04 1.61 4.00
Cd 0.33 0.43 0.91 0.39 0.50 0.25 0.39 0.25 0.57 0.24 0.43 0.20
Sn 3.60 3.12 4.79 3.23 5.52 2.73 1.52 1.90 3.52 2.13 3.21 2.00
Sb 0.29 0.38 0.27 0.27 0.53 0.19 0.41 0.32 0.46 0.14 0.33 2.00
Cs 0.02 0.02 0.13 0.07 0.19 0.08 0.03 0.06 0.09 0.13 0.08 1.00
Ba 16.2 64.9 25.0 213 26.7 20.4 30.0 20.8 54.6 28.5 50.0 56.0
Hf 2.74 6.02 15.6 6.75 9.59 4.84 7.51 3.87 10.4 4.06 7.14 2.40
Ta 0.47 1.12 1.41 1.36 3.33 1.02 0.77 0.62 1.27 0.88 1.22 0.70
W 5.02 1.20 1.40 1.86 1.66 1.53 0.55 0.84 1.14 0.84 1.60 2.00
Tl 0.05 0.06 0.04 0.05 0.10 0.05 0.09 0.09 0.13 0.09 0.07 0.40
Pb 31.4 38.2 39.5 40.6 97.3 40.0 32.1 24.6 49.2 13.3 40.6 13.0
Bi 0.21 0.41 0.54 0.56 0.61 0.55 0.33 0.35 0.54 0.32 0.44 0.80
Th 5.52 13.1 4.85 20.6 12.0 2.76 14.3 10.0 13.8 1.02 9.78 6.00
U 1.87 3.33 4.56 5.40 5.86 3.85 4.12 2.84 4.40 2.08 3.83 3.00

LOI, loss on ignition; a Chinese average coals value by Dai et al. [29]; b world hard coals by Ketris and
Yudovich [30].

The major elements in the Pingshuo coals are dominated by SiO2 and Al2O3. The main carriers
of these elements are quartz and clay minerals [31,32]. Average values of major-element oxides in
high-temperature ashes of Pingshuo coal samples are as follows: SiO2 (9.54 wt %), Al2O3 (9.68 wt %),
Fe2O3 (0.80 wt %), TiO2 (0.63 wt %), CaO (0.14 wt %), K2O (0.08 wt %), MgO (0.07 wt %),
Na2O (0.02 wt %), P2O5 (0.15 wt %) and MnO (0.27 wt %). Compared with the average values
of Chinese coals [29], the Pennsylvanian coals from the Pingshuo Mine contain higher proportions of
SiO2, Al2O3, TiO2, and P2O5 and lower proportions of Fe2O3, CaO, K2O, MgO and Na2O.

The SiO2/Al2O3 ratios range from 0.68 to 1.23, with an average of 0.99 for the Pennsylvanian
coals. This range is lower than those of other Chinese coals (1.42) [25] and lower than the theoretical
SiO2/Al2O3 ratio of kaolinite (1.18), in accordance with the occurrence of boehmite and the lack of
quartz in the coal.

In comparison with Chinese coals [29] or world hard coals [30], Zr (CC = 5.50) is substantially
higher in the Pennsylvanian coals from the Pingshuo Mine. Copper (CC = 2.82), Ga (CC = 2.05),
Se (CC = 2.99), Cd (CC = 2.14), Hf (CC = 2.97) and Pb (CC = 3.13) are slightly higher than the average
values of Chinese coals [29], whereas Li (CC = 0.99), Be (CC = 1.07), F (CC = 1.20), Sc (CC = 1.13),
V (CC = 1.61), Cr (CC = 1.00), Zn (CC = 0.64), Hg (CC = 1.20), Sr (CC = 1.16), Sn (CC = 1.60),
Ba (CC = 0.89), Ta (CC = 1.75), W (CC = 0.80), Bi (CC = 0.55), Th (CC = 1.63) and U (CC = 1.27) are
very close to those of Chinese coals, and the remaining trace elements are lower than the averages
of Chinese and world hard coals (CC < 0.5) (CC, concentration coefficient, the ratio of trace element
concentration in coal samples investigated vs. averages for Chinese or world hard coals [33]) (Figure 6).

Figure 6. Concentration coefficients (CC) of trace elements in the Pingshuo coals.
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4.4. Geochemical Associations in the Coal Samples

The modes of occurrence of trace elements in the Pingshuo coals were preliminarily investigated
using cluster analysis and correlation coefficients, which are effective indirect methods for coal
geochemistry [34]. Pearson correlation coefficients were used in hierarchical clustering. Elements
that are the most strongly correlated are linked first, followed by elements or element groups with
decreasing correlations, until a complete dendrogram is achieved, as reported by Zhao et al. [35].

Associations of trace elements in the Pingshuo coals are indicated by the hierarchical clustering
dendrogram (Figure 7). Elements in the Pingshuo coals are divided into six groups. Apart from
the inter-correlation among elements in the same group, each group contains elements of different
sub-groups that have different correlations with ash yield and some oxides in the coals. The
modes of occurrence of trace elements could be deduced based on the cluster analysis results and
correlation coefficients.

 

Figure 7. Cluster analysis of the geochemical data of the Pennsylvanian Pingshuo coal samples.
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Group 1 includes Al2O3, SiO2, Na2O, Li, Hg, Ni, Se, and Cr (Figure 7). Elements in Group 1 are all
strongly correlated with Al2O3 or SiO2, with high correlation coefficients (r > 0.60, ranging from 0.62 to
0.81). In addition, these elements are slightly correlated with ash yields (rLi-ash = 0.72, rHg-ash = 0.56,
rNi-ash = 0.54, rSe-ash = 0.53, and rCr-ash = 0.55). Most of the elements in this group probably have
the same modes of occurrence.

Group 2 includes P2O5, CaO, Ba, Sr, As, Th, Be, and Ga (Figure 7). Their correlation coefficients
with P2O5 are rBe = 0.68, rGa = 0.61, rAs = 0.78, rSr = 0.99, rBa = 0.99, and rTh = 0.66, indicating that
P2O5 and these elements are probably associated with phosphate minerals (goyazite, apatite, and
florencite in coal samples), which were detected by previous investigations [35–37]. Ba, Sr, As, and Th
also have strong correlations with CaO, and they have a carbonate affinity.

Group 3 includes Fe2O3, MgO, MnO and Sc (Figure 7). Elements in this group have a strong
correlation with each other (r > 0.92). Fe2O3 has strong correlations with total sulfur in the coal samples
(Figure 8), indicating most of elements in Group 3 probably occur in sulfides in the Pingshuo coals.

Figure 8. Correlations between Fe2O3 and total sulfur in the Pingshuo coals.

Group 4 includes three subgroups. Subgroup 1 includes TiO2, Bi, V, U, F, Zr, Hf and Cd.
The correlation coefficients of trace elements in this subgroup with TiO2 are larger than 0.72 (rBi = 0.87,
rV = 0.74, and rU = 0.72), indicating that TiO2 and these elements probably occur in anatase. Subgroup
2 includes K2O, Rb and Cs. Elements in this group have strong correlations with K2O (rRb = 0.99 and
rCs = 0.86). Subgroup 3 includes Ta, Pb and Sn. These elements are weakly correlated with ash yield
(r varies from ´0.19 to 0.36), SiO2 (r varies from ´0.30 to 0.32) or Al2O3 (r varies from ´0.01 to 0.32).

Group 5 includes Zn, W, Cu, Co and Mo (Figure 7). These metal elements present negative
correlations with ash (r ranging from ´0.81 to ´0.29), SiO2 (r is from ´0.81 to ´0.18) and Al2O3

(r ranging from ´0.60 to ´0.39).
Group 6 includes Sb and Tl (Figure 7). Their correlation coefficient is 0.55, and there are no

obvious correlations with ash, SiO2, Al2O3 or other elements.

4.5. Modes of Occurrence of Some Trace Elements in Coals

Based on the cluster analysis, many elements are associated with SiO2, Al2O3 and other elements
in the coals with different degrees of affinity. Apart from these correlations, ash yield and other factors
may also affect the abundance and modes of occurrence of trace elements in coals.

4.5.1. Li and Hg

Lithium (Li) is a very important element used for batteries and in other industries [38]. Many
authors have investigated Li enrichment [38,39]. The average Li content in coals is 14 μg/g globally and
31.8 μg/g in China [29]. The Li contents of the Pingshuo coals range from 3.12 to 42.40 μg/g, averaging
13.87 μg/g (Table 3), close to the world hard coal content (CC = 0.99). Modes of occurrence of Li in
coal have not been fully addressed in other studies because of its low atomic number and its reduced
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level of toxicity to the environment compared to many other elements [4]. Limited previous studies
show that Li in coals is generally associated with aluminosilicate minerals [4,38,39] and organic matter.
Lithium in the Pingshuo coals presents strong positive correlations with ash yield, SiO2 and Al2O3

(Figure 9), indicating that Li may be associated with aluminosilicate minerals in the Pingshuo coals.

Figure 9. Correlations between Li and ash yield (Ad), SiO2 and Al2O3.

The coal samples from Pingshuo are enriched in mercury (Hg) (CC = 1.20). The Hg concentrations
vary between 0.07 and 0.37 μg/g, with an average value of 0.18 μg/g. There have been many reports
on the modes of occurrence of Hg in coals [40,41], and most of the results agree that mercury in coals
has a sulfide affinity, usually in pyrite [42–44], getchellite [45], or organic matter [46]. However, none
of these associations are indicated in the Pingshuo coals. There is no obvious correlation between Hg
and total sulfur contents in the coal samples (Figure 10), and the correlation coefficients between Hg
and ash yield, SiO2 and Li are 0.56, 0.62 and 0.78, respectively, indicating that Hg is associated with
aluminosilicate minerals other than sulfides.

Figure 10. Correlations between Hg and total sulfur.

4.5.2. Sr, Ba, Be, As and Ga

The concentrations of Sr and Ba in coal samples are very close to the averages for Chinese or
world hard coals (CC = 1.16 and 0.89), with average contents of 489.50 and 50.02 μg/g, respectively.
The concentration of P2O5 shows positive correlations with Sr and Ba in the coal samples (Figure 11),
with correlation coefficients of 0.99, indicating that most of the Sr and Ba in Pingshuo coals may occur
in aluminophosphates (goyazite and gorceixite), as previously reported [35,47]. Sr and Ba also have
positive correlations with CaO in the samples (Figure 11), indicating that the Sr and Ba in the coals
exhibit some carbonate affinity.

254



Minerals 2016, 6, 40

(a) (b)

Figure 11. Correlations of Sr and Ba with: P2O5 (a); and CaO (b).

The concentration of beryllium (Be) in the Pingshuo coals is close to the average content of
Chinese coals (CC = 1.07). Modes of occurrence of Be in the coal have been addressed in previous
studies [9,41], and Be has a mixed inorganic–organic affinity in the Yimin Ge-rich coals [48]. The
correlation coefficients for Be-P2O5 (r = 0.68), Be-Sr (r = 0.71) and Be-Ba (r = 0.73) in the present study
indicate that the Be has a mixed inorganic–organic affinity.

A wide variety of As-bearing phases has been observed in the Guizhou high-As coals, including
pyrite, Fe-As oxides, and As-bearing clays [49,50]. Arsenic in the Chongqing coals is correlated with
Fe2O3, suggesting a pyrite affinity [6,44]. The correlation coefficient between As and ash yield is 0.20,
which indicates As in the Pingshuo coals has an inorganic–organic affinity. Arsenic has a positive
correlation with CaO and P2O5 (rCaO = 0.79, rP2O5 = 0.78), which suggests that some As may be
affiliated with phosphates and carbonates in the Pingshuo coals.

According to previous research, Gallium (Ga) is generally related to clay minerals in coal [39,51].
The modes of Ga occurrence in the Guanbanwusu, Haerwusu and Heidaigou coals are slightly
different. Ga in the Haerwusu coals occurs mainly in boehmite and organic matter [27]. The correlation
coefficient between Ga and ash yield is ´0.15, suggesting that Ga has mixed affinities in coal samples.
The strong positive correlation between Ga and P2O5 (r = 0.61) suggests that Ga mainly occurs in
inorganic associations.

4.5.3. Zr and Hf

The concentration of Zirconium (Zr) in Pingshuo coals is considerably higher than the average
content of Chinese coals (CC = 5.50), whereas that of hafnium (Hf) is slightly higher (CC = 2.97). Zr and
Hf show similar distributions in the coal samples (Figure 12), and their correlation coefficient is 0.99,
indicating that they have nearly the same modes of occurrence in the Pingshuo coals.

Zircon is the most common zirconium mineral; therefore, Zr is believed to be at least partly due
to the probable presence of this heavy mineral in these samples [5]. The fine Zr-phases (<0.5 μm),
probably zircon, were detected in anatase [39,51]. Zr and Hf have strong positive correlations with TiO2

and K2O (Figure 13), indicating that some of Zr and Hf may occur in zircons included in the anatase.
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Figure 12. Vertical variation of Zr and Hf in the profile of the Pingshuo coals.

(a) (b)

Figure 13. Correlations of Zr and Hf with: TiO2 (a); and K2O (b).

5. Conclusions

The Pingshuo coals of the Ningwu Coalfield have a medium-ash yield (averaging 21.42%) and
an ultra-low-sulfur content (0.30%), with mean volatile matter and moisture contents of 33.95% and
2.67%, respectively.

The minerals in the Pingshuo coals mainly consist of kaolinite, followed by boehmite (averaging
5.09%), siderite (1.35%), anatase (0.29%), goyazite (0.8%), calcite (0.07%), apatite (0.01%) and
florencite (0.33%).

The Pennsylvanian coals from the Pingshuo Mine contain higher proportions of SiO2, Al2O3, TiO2,
and P2O5 and lower proportions of Fe2O3, CaO, K2O, MgO and Na2O compared with the average
values for common Chinese coals [26].

Based on the CC values, Hg and Zr concentrations are considerably higher in the Pennsylvanian
coals from the Pingshuo Mine. Concentrations of elements Cu, Ga, Se, Cd, Hf and Pb are slightly
higher, and the those of Li, Be, F, Sc, V, Cr, Zn, Sr, Sn, Ba, Ta, W, Bi, Th and U are very close to common
Chinese and world hard coals. The remaining trace elements are much lower than the averages for
common Chinese and world hard coals.
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The modes of occurrence of trace elements in the Pingshuo coals were preliminarily investigated
by using cluster analysis and correlation analysis. Elements Li and Hg show strong positive correlations
with ash yield and SiO2, indicating that Li and Hg occur in mineral phases. Elements Sr, Ba, Be, As and
Ga have strong positive correlations with CaO and P2O5, indicating that most of these elements may
be affiliated with phosphates and carbonates or have an inorganic–organic affinity in the Pingshuo
coals. Elements Zr and Hf have strong positive correlations with TiO2 and K2O, indicating part of
them occur in anatase.
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Abstract: The naturally occurring primordial radionuclides in coals might exhibit high radioactivity,
and can be exported to the surrounding environment during coal combustion. In this study, nine
coal samples were collected from eastern Yunnan coal deposits, China, aiming at characterizing
the overall radioactivity of some typical nuclides (i.e., 40K, 238U, 232Th, 226Ra) and assessing
their ecological impact. The mean activity concentrations of 238U, 232Th, 40K and 226Ra are 63.86
(17.70–92.30 Bq¨ kg´1), 23.76 (11.10–37.10 Bq¨ kg´1), 96.84 (30.60–229.30 Bq¨ kg´1) and 28.09 Bq¨ kg´1

(3.10–61.80 Bq¨ kg´1), respectively. Both 238U and 232Th have high correlations with ash yield of
coals, suggesting their inorganic origins. The overall environmental effect of natural radionuclides in
studied coals is considered to be negligible, as assessed by related indexes (i.e., radium equivalent
activity, air-adsorbed dose rate, annual effective dose, and external hazard index). However, the
absorbed dose rates values are higher than the average value of global primordial radiation and the
Chinese natural gamma radiation dose rate.

Keywords: coal; radioactivity; nuclide; Yunnan; China

1. Introduction

Combustion of coals that are enriched in radioactive nuclides, particularly those of U series,
possibly magnifies the background levels of radioactive nuclides in the surrounding environment and
increases human exposure risks [1–4]. High concentrations of radioactive nuclides in coals have been
reported worldwide. For example, Barber and Giorgio (1977) [5] found that the radioactive level of
226Ra in a coal sample from Illinois, USA, could reach up to 1500 Bq¨ kg´1. Measurement of 226Ra on
the lignite originated from Kotili of Xanthi Prefecture, Northern Greece, showed a radioactivity as
high as 2600 Bq¨ kg´1, which is more than one order of magnitude higher than that (110–260 Bq¨ kg´1)
of lignite commonly used in coal-fired power plants [6,7]. High levels of radioactive nuclides
in Chinese coals are rarely reported. Jiang et al. (1989) [8] reported that the weighted means of
226Ra, 232Th and 40K in Chinese coals are 36 (2–2300 Bq¨ kg´1), 30 (4–110 Bq¨ kg´1) and 104 Bq¨ kg´1

(5–750 Bq¨ kg´1), respectively. Liu et al. (2007) [9] calculated a weighted mean of 79.5 ˘ 45, 73.9 ˘ 53,
40.3 ˘ 34 and 152.4 ˘ 21 Bq¨ kg´1 for 238U, 226Ra, 232Th and 40K, respectively, from ~1000 samples
collected from several Chinese coal mines. However, Dai et al. found that high concentration of U
occurs in some coals from southwestern China, e.g., Linchang and Yanshan in Yunnan province [10,11]
and Guiding in Guizhou province [12].
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The coal deposits in eastern Yunnan province, China, have been identified to enrich high levels of
natural radionuclides [13–17]. However, their spatial variation, modes of occurrences, and controlling
factors are rarely illustrated. In this study, the radioactive nuclides in coal deposits of this area are
reassessed, in an effort to generalize a basic knowledge on their potential environmental impacts.

2. Geological Setting

Eastern Yunnan province is located at the southern part of the Yangzi Craton. This region is
composed of intermediate massif and suture zones, and has a complicated geological setting due to
extensive development of faulting and folding systems [18–21]. In addition to coal deposits, this area
is also abundant in metal resources, such as gold, antimony, germanium, gallium, arsenic, mercury,
and thallium. The coal-forming periods in eastern Yunnan include the Early Carboniferous, Late
Permian, Late Triassic and Neogene [18,19]. The main coal-bearing strata are the Upper Carboniferous
Wanshoushan Formation, the Lower Permian Longtan Formation and the Miocene Xiaolongtan
Formation. Different ranks of coal, from gas coal (subbituminous coal) to anthracite, have been
developed. The frequent eruptions of volcanoes during coal-forming periods and the alternated
marine and terrestrial facies have been suggested to be the main reasons causing the geochemical and
mineralogical anomalies of regional coals [22,23].

3. Sampling and Analysis

Nine coal samples from eight active coalmines (Maoergou, Kelang, Changsheng, Xujiayuan,
Shizhuang, Xingying, Tuobai and Gongqing) in eastern Yunnan were sampled (Figure 1 and Table 1)
according to the Chinese Standard Method GB/T 482-2008 [24]. The samples include anthracite from
Zhaotong (coalmines of Maoergou, Changsheng, Xujiayuan and Shizhuang), lignite from Kunming
(Kelang coalmine) and coking (bituminous) coals from Qujing (coal mines of Xingying and Gongqing)
and Honghezhou (Tuobai coal mine) (Table 1), on basis of GB5751-86 [25]. Each sample was taken
by cutting 10-cm wide and 10-cm deep into the coalface to represent the full height or a section of
the coal. Upon collection, all samples were stored in polyethylene bags to preclude contamination
and weathering.

Figure 1. Sampling locations (filled triangle) of the coalmines in eastern Yunnan, China (HH:
Honghezhou; KM: Kunming; QJ: Qujing; ZT: Zhaotong).
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Table 1. Proximate analysis (%), sulfur (%), radioactive elements (μg/g) of the eastern Yunnan coal.

Sample ID Coal Mine Coal Rank
Proximate Analysis

St,d U Th Ra
Mad Ad Vdaf

ZT-1 Maoergou Anthracite 1.20 29.24 12.66 4.00 5.50 9.65 1.87
KM Kelang Lignite 9.97 15.46 56.34 1.95 7.32 2.71 2.49
ZT-3 Changsheng Anthracite 0.61 4.71 5.67 0.83 0.36 1.06 0.12
ZT-4 Xujiayuan Anthracite 0.47 9.47 7.00 1.68 0.54 1.93 0.18
ZT-5 Shizhuang Anthracite 0.82 32.12 12.42 3.22 3.72 7.59 1.26
QJ-3 Xingying Coking coal 0.62 14.04 19.96 0.46 1.54 3.46 0.52

HH-1 Tuobai Coking coal 0.55 22.81 17.99 4.15 4.76 8.41 1.62
QJ-6 Gongqing Coking coal 0.69 10.85 22.64 1.74 1.64 7.47 1.52
QJ-7 Coking coal 0.75 19.81 20.48 0.93 1.74 3.78 0.59

M, moisture; A, ash yield; V, volatile matter; St, total sulfur; ad, air-dry basis; d, dry basis; daf, dry and
ash-free basis.

Coal samples were air-dried, pulverized using a jaw crusher and passed through a 100-mesh
sieve before analysis. Proximate analysis (ash yield, volatile matter, moisture) and total sulfur were
determined according to ASTM standards [26–29]. Powdered samples were digested using mixed
acids (HNO3:HClO4:HF = 3:1:1) before U and Th measurement by inductively coupled-plasma mass
spectrometry (ICP-MS). The method detection limit is 0.002 ng/mL for U and 0.003 ng/mL for Th. The
uncertainty of elemental concentration is within ˘ 10% as evaluated by soil standard GBW 07114 [30]
(GBW: national standard substance). The standard deviation for replicate sample digests is less
than 10%.

Before radioactive measurement, powdered samples were dried in a temperature controlled
furnace at 70 ˘ 1 ˝C for 24 h to remove moisture. After cooling down to room temperature, ~500 g of
samples were sealed in gas-light, Rn impermeable cylindrical polyethylene containers (Inner Diameter
= 40 mm). The samples were sealed and stored for 40 days in order to reach a radioactive equilibrium
between 226Ra and its daughters. A GEM60P4-83 high-purity Ge gamma ray spectrometer (ORTEC,
Oak Ridge, TN, USA) shielded from background radiation using Pb bricks was employed to measure
the most prominent γ-ray energies of the radionuclides in equilibrium with 238U, 226Ra, 40K and 232Th.
The gamma spectrometry measurements were made with an energy resolution of 1.95 keV at the 1.332
Mev of 60Co and the relative efficiency of 60%. The activity concentrations of 238U was determined
through its daughter product 234Th, 226Ra by its daughter products 214Bi and 214Pb and 232Th by its
daughter products 228Ac and 208Tl [31]. The activity concentration of 40K was obtained from its single
gamma ray lines of 1460.83 keV. The detector output was connected to a spectroscopy amplifier. The
counting time for each sample and background was 10,000 s. The energy and absolute efficiency
calibrations of the spectrometers were carried out using calibration sources with energy range covering
the studied nuclides. The activity concentrations (As) for the natural radionuclides is calculated as:

AS “ N
εPr Mt

(1)

where N is the net counting rate for a specific gamma line corrected for background, ε is the detector
efficiency of a specific gamma ray, Pr is the absolute transition probability of gamma decay, M is
the mass of the sample (kg), and t is counting time (s). The national standard reference materials
(GBW04127 [32], GBW04325 [33] and GBW04326 [34]) were used for quality assurance, and the typically
obtained values are within 5% of certified values. The statistic uncertainties of activity concentrations
for radionuclides are estimated less then 2%.
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4. Results and Discussion

4.1. Coal Basic Parameters

The studied coals have ash yields ranging from 4.71% to 32.12% (mean = 17.61%), and total sulfur
ranging from 0.46% to 4.15% (mean = 2.11%), classifying as low ash, medium-high sulfur coals. The
volatile matter values are generally low for most coal samples, varying from 5.67% to 23.28%, with the
exception of one sample (KM) of up to 56.34%. According to the proximate analysis and on the basis
of the Chinese Standard GB5751-86 [25], the studied coal samples are classified into different ranks:
lignite, coking coal (bituminous coal) and anthracite (Table 1).

4.2. Concentrations of U and Th in Coals

The highest U concentration is observed in Kelang mine (KM) of 7.32 μg/g, whereas the lowest
U concentration in Changsheng mine (ZT-3) of 0.36 μg/g (Figure 1). The average U concentration
in studied coals is 3.01 μg/g, which is slightly higher than that in Chinese coals (2.71 μg/g) [35]
and world coals (2.40 μg/g) [36], but is significantly lower than that in coals from Yunnan, China
(7.08 μg/g) reported by Li et al. [37]. For Th in coals, the highest concentration is 9.65 μg/g in Maoergou
mine (ZT-1), and the lowest concentration is 1.06 μg/g in Changsheng mine (ZT-3). The average Th
concentration in studied coals is 5.12 μg/g, which is slightly higher than that in Chinese coals (4.93
μg/g) [35] and world coals (3.3 μg/g) [36], but is still lower than that in coals from Yunnan, China
(5.83 μg/g) reported by Li et al. [37].

4.3. Levels of Radioactivity in Coals

The radioactivity of these radionuclides in studied coals is summarized in Table 2. The mean
radioactivity of 238U, 226Ra, 232Th and 40K are 63.86, 28.09, 23.76 and 96.84 Bq¨ kg´1, respectively. The
largest contributor to the total radioactivity is 40K for these coal samples.

Table 2. Comparison of radioactivity (Bq¨ kg´1) of nuclides in coals of eastern Yunnan, China with
previous publications.

Sample ID 238U 232Th 226Ra 40K

ZT-1 84.90 36.00 46.40 165.00
KM 68.80 17.00 61.80 229.30
ZT-3 17.70 10.30 3.10 30.60
ZT-4 29.80 15.80 4.50 78.70
ZT-5 92.30 37.10 31.30 134.20
QJ-3 65.10 32.30 13.00 46.10

HH-1 78.20 33.70 40.20 65.00
QJ-6 59.30 11.10 37.80 54.90
QJ-7 78.60 20.50 14.60 67.80
mean 63.86 ˘ 25 23.76 ˘ 11 28.09 ˘ 20 96.84 ˘ 66

Yunnan a 36.60 ˘ 31 16.50 ˘ 15 39.20 ˘ 4 36.10 ˘ 35
China a 64.90 ˘ 32 37.50 ˘ 18 49.40 ˘ 31 106.00 ˘ 27

Poland b 23.50 14.30 18.10 129.90
Australia c 25.00 24.00 21.00 75.00

a Liu et al. (2007) [12]; b Bemet et al. (2002) [38]; c Fardyet et al. (1989) [39].

For comparison, the radioactivity of these radionuclides in coals from Yunnan province, China,
and other countries are shown in Table 2. The average radioactivity of 238U and 40K in studied coals are
63.86 ˘ 25 and 96.84 ˘ 66 Bq¨ kg´1, respectively. Both values are comparable to those in Chinese coals,
but are elevated by a factor of 1.7–2.7 as compared to those previously measured in Yunnan coals [11],
Radioactivity of 232Th and 226Ra in both previously measured Yunnan coals and this study are slightly
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lower than those in Chinese coals [12]. It is noted that radionuclides in specific coals can reach to
rather high levels such as 238U (84.90 Bq¨ kg´1), 232Th (36.00 Bq¨ kg´1) and 40K (165.00 Bq¨ kg´1) in
Maoergou Mine (ZT-1), and 238U (68.80 Bq¨ kg´1), 226Ra (61.80 Bq¨ kg´1) and 40K (229.30 Bq¨ kg´1) in
Kelang Mine (KM) (Table 2). Australia coals generally have low levels of radioactivity of nuclides,
while Poland coals have relatively high radioactivity of 40K [38,39].

4.4. Factors Influencing Radioactivity of Nuclides

Coles et al. (1978) [40] identified radionuclides associated with organic matter and sulfides
are more easily volatilized than those with affinity to alumino-silicate minerals. The correlation
analysis of these radionuclides with coal ash yield is used to determine their preliminary modes
of occurrence (Figure 2). As shown in Figure 2, the 238U has a positive correlation with ash yield
(R2 = 0.81), indicating a dominant inorganic affinity. However, the correlation between U and ash
yield is insignificant albeit positive (R2 = 0.24). Uranium can reside in coal matrix in a highly disperse,
organic state, or as discrete minerals such as brannerite, uraninite and coffinite, depending on the
coal-forming environment [10,40,41]. Seredin and Finkelman (2008) [41] and Dai et al. (2014) [10]
showed that U in U-bearing coal deposits worldwide is mainly associated with the organic matter,
and that only a small proportion of the U occurs in U-bearing minerals. The inferred modes of
occurrence for 238U and U by statistic correction method are not consistent in present study, which
need further confirmation.

(A) 

(B) 

Figure 2. Correlations of 238U (A) and U (B) with ash yield.

Thorium, Ra and K are commonly considered as refractory elements and associated with
alumino-silicate ash of coal [40]. Thorium is generally associated with zircon (ZrSiO4) [42], a highly
chemical-resistant mineral. Zircons in coals can have both volcanic and authigenic origins [43,44].
Besides, Th can be adsorbed by clay minerals in coals [45]. The positive correlations (Figure 3) of 232Th
radioactivity (R2 = 0.73) and Th (R2 = 0.58) with ash yield demonstrate a dominant inorganic affinity
of Th. It has been shown that the radioactivity of 226Ra in Indian coal slag is two times higher than
that in feed coal [35,36], implying a dominant inorganic Ra state. A highly positive correlation of Ra
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with ash yield has been observed in our study (R2 = 0.50). However, the correlative of 226Ra with ash
yield is weak (Figure 4).

(A) 

 
(B) 

Figure 3. Correlations of 232Th (A) and Th (B) with ash yield.

(A) 

 
(B) 

Figure 4. Correlations of 226Ra (A) and Ra (B) with ash yield.
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4.5. Radioactive Impacts of Nuclides

The assessment of the radioactive impacts of nuclides in coals has an important environmental
significance, since coal is abundantly used in power generation. Emissions from coal-fired power
plants in gaseous and particulate forms containing nuclides probably discharge and accumulate in the
surrounding environment, thus causing radiation exposures to the local population [46,47]. Inhalation
of fly ash emitted from the stacks and the ingestion of foodstuffs receiving atmospheric deposition are
the main pathways to increase human radiation exposure [48].

It has been hypothesized that 370 Bq¨ kg´1 of 226Ra or 259 Bq¨ kg´1 of 232Th or 4810 Bq¨ kg´1 of
40K could produce the same gamma dose rate [31,49]. The Ra equivalent radioactivity, the internal
exposure index (IRa) and the external hazard index (Ir) can be calculated according to Beretka and
Mathew (1985) [50] and GB6566-2010 [51] as:

Raeq “ CRa ` 1.43CTh ` 0.077CK (2)

IRa “ CRa
200

ď 1 (3)

Ir “ CRa
370

` CTh
259

` CK
4810

ď 1 (4)

where CRa, CTh and CK, are the radioactivity of 226Ra, 232Th and 40K, respectively. The maximum value
of Raeq in construction materials is set to 370 Bq¨ kg´1 for safe use [52], the maximum values of IRa and
Ir must be lower than 1.0 according to GB6566-2010 [48]. The calculated values of Raeq for studied coals
vary from 19.97 to 109.43 Bq¨ kg´1 (Table 3), with an average of 68.84 Bq¨ kg´1, which is lower than
the recommended limit. The calculated values of Ir and IRa are generally below than 0.3 significantly
lower than unity.

Table 3. Radium equivalent activity (Raeq), external hazard index (Ir), internal exposure index (IRa),
air absorbed dose rates (D (nGy/h)) and annual effective dose (AED) of radionuclides in coals from
eastern Yunnan, China.

Sample ID Raeq Ir IRa D (nGy/h) AED

ZT-1 110.59 0.30 0.23 50.06 61.40
KM 103.77 0.28 0.31 48.38 59.33
ZT-3 20.19 0.05 0.02 8.93 10.95
ZT-4 33.15 0.09 0.02 14.90 18.28
ZT-5 94.69 0.26 0.16 42.47 52.08
QJ-3 62.74 0.17 0.07 27.44 33.65

HH-1 93.40 0.25 0.20 41.64 51.06
QJ-6 57.90 0.16 0.19 26.46 32.45
QJ-7 49.14 0.13 0.07 21.95 26.92
mean 69.51 0.19 0.14 31.36 38.46

The total outdoor air absorbed dose rate (nGy/h) due to terrestrial gamma rays at 1 m above the
ground is calculated from 226Ra, 232Th and 40K. The conversion factors used to calculate the absorbed
dose rates are given as follows [53]:

DpnGy{hq “ 0.462CRa ` 0.604CTh ` 0.0417CK (5)

The calculated absorbed dose rates range from 8.93 to 50.06 nGy/h with a mean value of 31.36
nGy/h (Table 3), which is lower than the average value of global primordial radiation of 59 nGy/h [53]
and the Chinese natural gamma radiation dose rate of 63.0 nGy/h [53].
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To estimate the annual effective dose rates, the conversion coefficient from the absorbed dose in air
to the effective dose (0.7 nGy/h) and the outdoor occupancy factor (20%) recommended by UNSCEAR
(2000) [53] are used. The annual effective dose rate is calculated by the following formula [52]:

Effective dose rate pμSv{yearq “ D pnGy{hq ˆ 8760 ph{yearq ˆ 0.7 ˆ 106μSv{109nGy ˆ 0.2 (6)

The calculated effective dose rates vary from 10.95 to 61.40 μSv/year with an average value of
38.46 μSv/year.

5. Conclusions

This study provides an initial assessment on the natural radionuclides in coals from eastern
Yunnan, China. The mean specific activity concentrations of radionuclides 238U, 226Ra, 232Th and 40K
are 63.86, 28.09, 23.76 and 96.84 Bq¨ kg´1 in coals, respectively. Radioactivity of 238U and 40K in studied
coal are elevated by a factor of 1.7–2.7 as compared to previously measured Yunnan coals. Radioactivity
of 238U and 40K in all Yunnan coals is slightly lower than Chinese coals. Radioactivity of 238U and
232Th is closely correlated with coal ash, suggesting their inorganic origins. The environmental effect
of natural radionuclides is considered to be negligible as evaluated by indexes of Raeq, IR and Ir. The
absorbed dose rates D (nGy/h) values are lower than the average value of global primordial radiation
and the Chinese natural gamma radiation dose rate.
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Abstract: In order to effectively raise both utilization rate and additional value of fly ash, X-Ray
diffraction (XRD), scanning electron microscope (SEM) and energy-dispersive X-Ray spectrometer
(EDS) were used to investigate the morphology, and chemical and mineral composition of the
microspheres in fly ash from the Luohuang coal-fired power plant, Chongqing, southwestern China.
The majority of fly ash particles are various types of microspheres, including porous microsphere,
plerospheres (hollow microspheres surrounding sub-microspheres or mineral fragments) and
magnetic ferrospheres. Maghemite (γ-Fe2O3) crystals with spinel octahedron structure regularly
distribute on the surfaces of ferrospheres, which explained the source of their strong magnetism
that would facilitate the separation and classification of these magnetic ferrospheres from the fly ash.
Microspheres in Luohuang fly ash generally are characterized by an elemental transition through
their cross-section: the inner layer consists of Si and O; the chemical component of the middle layer
is Si, Al, Fe, Ti, Ca and O; and the Fe-O mass (maghemite or hematite) composes the outer layer
(ferrosphere). Studies on composition and morphological characteristics of microspheres in fly ash
would provide important information on the utilization of fly ash, especially in the field of materials.

Keywords: porous microspheres; plerospheres; maghemite (γ-Fe2O3); magnetic ferrospheres;
elemental differentiation

1. Introduction

Coal accounts for over 74% of the present energy consumption of China and will be the primary
energy for the foreseeable future [1]. With the rapid economic growth and enormous energy demand in
China over the past thirty years, both the coal consumption and the emission of coal-fired fly ash have
increased continuously. Environmental pollution and induced human health problems relevant to coal
combustion, such as endemic arsenosis, fluorosis, selenosis, and lung cancer, are serious hazards in
some districts of China [1–8]. There is no doubt that the fly ash stock in China will keep growing for
decades to come. Thus, effective utilization of fly ash is urgently needed.

A number of studies showed that some coals are enriched in rare metals (such as Ge, Ga, Nb, Zr, Au
and rare earth elements) that can be potentially utilized from coal combustion products [9–14]. Research
on coal combustion byproducts is of great significance not only environmentally but also economically.
The Luohuang power plant, one of the largest thermal power plants in southwestern China, consumes
about six million tons of coal each year, with an annual fly ash output of about two million tons. Nearly
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90% of this fly ash was sold at a fairly low price as raw material for concrete and cement production
after a rough particle size classification. Along with recent deceleration of hydropower and real estate
construction and reduced consumption of fly ash in China, numerous coal-fired power plants including
the Luohuang plant have been facing increasing environmental and economic pressure.

In addition to valuable rare metals that could be potentially extracted from coal combustion
by-production, the microspheres separated from fly ash of power plants are valuable industrial products,
owing to their particular chemical and mechanical properties including density, hydrophobicity,
thermo conductivity and stability [15–18]. Fly ash microspheres have been widely used to create
functional materials, such as thermoset plastics, special concrete, nylon, coating material, high-density
polyethylene (HDPE), and others [19–21]. After a high-temperature (1200–1700 ˝C) thermochemical
transformation of the organic matter and mineral constituents in coal during combustion, several
morphological types of microspheres may form [22], such as cenospheres, porous microspheres and
plerospheres. Plerospheres, as identified and described by Fisher et al. [23] and Goodarzi et al. [24],
are hollow microspheres filled with finer microspheres or mineral particles. Meanwhile, the probable
element differentiations in fly ash would result in the formation of microspheres with various chemical
compositions, such as iron-rich or alumino-silicate microspheres [25,26]. Based on the magnetic
difference or density variation, several types of fly ash microspheres can be extracted out for the
varying application scenarios mentioned above.

Fly ash samples from 15 Chinese coal-fired power plants contained between 10% and 80%
microspheres [27]. A primary particle count under optical microscope indicated that the percentage of
microspheres in Luohuang fly ash exceeds 80% (Table S1). Enrichment of microspheres may allow
Luohuang fly ash to be used efficiently and have higher economic value. Chemical and mineral
composition and the interior microstructure characteristics of fly ash microspheres were investigated
in the present study. Detailed information revealed by this study may not only benefit the eventual
extraction of microspheres, but also expand or deepen the utilization of fly ash.

2. Samples Collection and Analysis

The Luohuang power plant, affiliated with the Huaneng Group, one of the largest coal-fired
thermal power enterprises in China, is located in the town of Luohuang, Jiangjin district, approximately
40 km SW of the center of Chongqing city. This plant is mainly fueled with the high ash, medium-high
to high sulfur anthracite from the Songzao Coalfield in Chongqing, and other provinces (e.g., Ningxia)
occasionally. All six subcritical W-type flame pulverized coal furnaces are applied in this plant. NOx

selective catalytic reduction (SCR) technology is adopted, with liquid ammonia as the reducing agent,
using imported catalysts. The total flue gas denitration efficiency is above 85%, namely a NOx emission
concentration below 200 mg/N¨ m3. Limestone-gypsum wet flue gas desulfurization (WFGD) system
is also applied to control the emission of SO2, with a desulfurization efficiency of 96%. The annual
output of the desulfurization gypsum reaches one million tons. Six sets of double-room four-field
horizontal electrostatic precipitators (ESP) are used to capture the fly ash from the flue gas, with
a collection efficiency of 99.7%. Fly ash captured by all four electric fields of each ESP system is
transported by a pneumatic ash pipeline to an ash silo, without separation of fine and coarse ash. Fly
ash from silos is subsequently classified into three levels according to particle size for sale.

Sampling continued for 13 days by collecting one approximately one-kilogram fly ash sample
each day. All 13 fly ash samples were collected through a tap on the ash pipeline connecting to the
ESP system. Considering the possible particle size differentiation of fly ash along with the pneumatic
transportation distance, sampling point was set close to ash buckets of the ESP.

X-Ray fluorescence spectrometry (XRF, ARL ADVANT1 XP+, Thermo Fisher, Washington, D.C.,
USA) was used to determine the concentrations of major elements in these fly ash samples after
high-temperature ashing (HTA, at 815 ˝C, following the Chines Standard GB/T 212-2008 [28]) as
outlined by Dai et al. [29]. One gram fly ash (HTA treated) was homogenously mixed with ten grams
lithium borate flux (50% Li2B4O7 + 50% LiBO2), and then was fully fused in an automated fusion
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furnace (CLAISSE TheBee-10, Claisse, Quebec, QC, Canada). Finally, a glass-like disk (diameters
35 mm) was obtained for the XRF analysis.

XRD (X-Ray diffraction) analysis of all these fly ash samples was then performed by a
D/max-2500/PC powder diffractometer (Rigaku, Tokyo, Japan), equipped with a Ni-filtered Cu-Kα

radiation source and a scintillation detector. All samples were scanned within a 2θ interval of 2.6˝–70˝,
with a step size of 0.01˝. Based on the X-Ray diffractograms acquired, JADE 6.5 (MDI, Burbank, CA,
USA) and Siroquant™ (Canberra, Australia) were applied to identify and quantify the mineral phases
in the sample, respectively. Siroquant™ was developed by Taylor [30] on the basis of diffractogram
profiling principles presented by Rietveld [31]. Detailed practices of this technique on coal-related
materials were further described by Ward et al. [32] and Dai et al. [33,34]. Metakaolin and tridymite were
consistent in representing the amorphous or glassy material in fly ash in the Siroquant quantitative
analysis [35]. In this study, however, tridymite was preferred in Siroquant quantitative analysis,
considering its better-fitted value compared to that of metakaolin.

XRF (Table S2) and XRD (Table S3) analyses indicate that the chemical and mineral compositions
of these samples are quite stable. Thus, one sample whose major elements concentration belongs to
the medium level of the 13 fly ash samples was chosen for further study.

The particle size distribution of the selected fly ash sample was analyzed by laser particle analyzer
(Malvern Mastersizer 2000, Malvern Instruments, Malvern, UK) in conjunction with a dispersal device
(Hydro G, Malvern Instruments).

After sample splitting, approximately one gram of fly ash was made into pellet, polished, and
then coated with carbon in a sputtering coater (Q150T ES, Quorum Technologies, Lewes, UK). A Field
Emission-Scanning Electron Microscope (FE-SEM, FEI Quanta™ 650 FEG, FEI, Hillsboro, OR, USA),
equipped with an energy-dispersive X-Ray spectrometer (EDS, Genesis Apex 4, EDAX Inc., Mahwah,
NJ, USA), was applied to observe the microstructure of the microspheres in the polished section, as
well as to evaluate the distribution of some elements. The working distance of the SEM-EDS was
10 mm, with beam voltage 20.0 kV, aperture 6, and spot sizes 3–5.5 nm. Images were acquired through
a backscatter electron detector or a secondary electron detector. For more details on the FE SEM-EDS
working conditions, see Dai et al. [33,34,36,37].

3. Results and Discussion

3.1. The Particle Size Distribution of the Fly Ash

As shown in Figure 1, the particle size of the Luohuang fly ash is between 0.5 and 400 μm, with
D50 (medium diameter) of 50.7 μm, D10 of 6.10 μm and D90 of 178.38 μm, similar to those previously
reported by Mardon et al. [38], Vassilev et al. [39] and Dai et al. [40].

Figure 1. Particle size distribution of the Luohuang fly ash.

3.2. Major Elements of the Fly Ash

An obvious characteristic of the chemical composition of the Luohuang fly ash is the enrichment
(14.09%) of Fe2O3, which can be attributed to the relatively high percentage of pyrite in the feed coal.
As reported by Zhao et al. [41] and Dai et al. [42], the Songzao coals contain 2.15–10.65 wt % Fe2O3,
with an average of 7.63%; however, the average Fe2O3 value in common Chinese coals is 5.78% [43].
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The value of loss on ignition (LOI) was used to represent the content of unburned carbon (4.01%).
Concentration of major elements in fly ash was given in the form of oxides by XRF. Oxides of major
elements, including SiO2 (48.27%), Al2O3 (21.59%), Fe2O3 (14.09%), and CaO (5.72%), account for
93.4% of the inorganic matter of the fly ash (Table 1).

Table 1. Loss on ignition (LOI, %) and the concentrations of major elements (%) in the Luohuang
fly ash.

LOI Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3

4.01 0.77 1.21 21.59 48.27 0.13 0.78 1.21 5.72 1.78 0.09 14.09

3.3. Mineral Composition of the Fly Ash

During the high-temperature (over than 1400 ˝C) combustion in the pulverized coal furnaces of
the Luohuang plant, minerals in coal including kaolinite, illite-montmorillonite mixed layer, pyrite,
calcite, siderite, and even anatase and quartz (to an extent at least) have melted. Some newly-formed
minerals such as mullite, hematite, maghemite, anhydrite, and maybe a proportion of quartz, were
formed by recrystallization as the molten mass cooled down. However, there are still large percentages
of major elements existing in fly ash as an amorphous substance, or so-called glass (Table 2). In the
XRD pattern (Figure 2), the section where the baseline of the curve is raised up (2θ from 13˝ to 38˝)
indicates the existence of glass. Percentage of active silicon and aluminum in glass is one of the most
important factors affecting the pozzolanic activity of fly ash [44]. High percentage of glass (79.5%)
made the use of large quantities of the Luohuang fly ash in cement and concrete production possible.
Ferromagnetic matter separated from coal fly ash could be utilized in coal cleaning circuits as a dense
medium [45], or be used for special concrete [46]. Maghemite (γ-Fe2O3, strong magnetic) accounts for
70.8% of the iron-bearing independent minerals, maghemite plus hematite (α-Fe2O3, weak magnetic),
which will facilitate the separation of ferromagnetic matter from the Luohuang fly ash.

 

Figure 2. The X-Ray diffraction (XRD) pattern of the fly ash sample from the Luohuang power plant.
Q, quartz; Mu, mullite; He, hematite; Mh, maghemite; An, anhydrite.

The content of quartz (5.8%) in the fly ash is much lower than that in the feed coal (18.8%, on ash
basis), which indicates that quartz, at least partially, melted during the coal combustion at around
1400 ˝C. FeS2 (pyrite), CaO (calcite) and some alkali metals (e.g., K and Na) in coal are likely to react
with the clay, quartz and other minerals in coal to form a low-temperature eutectic mixture [47,48],
which can melt at a temperature much lower than the melting points of single minerals (e.g., 1750 ˝C
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of quartz). Anatase (melting point of 1850 ˝C) existing in feed coal is not detected in the fly ash, which
can be attributed to the same reason.

Table 2. Mineral compositions of the Luohuang fly ash determined by X-Ray diffraction and
Siroquant technologies.

Mineral Phase Percentage (%)

Glass 79.5
Mullite 8.3

Maghemite 4.6
Quartz 5.1

Hematite 1.9
Anhydrite 0.7

3.4. Morphology and Composition of Microspheres in the Fly Ash

Under the scanning electron microscope (SEM), a few irregular mineral fragments, cohesive
bodies and debris of microspheres can be observed in the Luohuang fly ash (Figure 3A); the majority
are spherical particles called “microspheres” (Figure 3A,B,D,E). Microspheres smaller than 10 μm are
uniformly spherical (Figure 3E,F). Porous microspheres (Figure 3D) are found in the Luohuang fly ash.
The presence of these pores further increases the specific surface area of the fly ash and enhances its
adsorption ability. During the cooling of the molten drop, trapped gas was emitted and gave rise to
pores on the surfaces of the porous microspheres. Plerospheres (Figure 3E,F) with a larger diameter
(e.g., 100 μm) enclosing sub-microspheres or mineral fragments (mostly <10 μm) are rather common.
Fine spheres have better mechanical properties and a higher chemical reactivity [49–52]. The value of
Luohuang fly ash might be increased by crushing plerospheres to release the sub-microspheres.

 

 

Figure 3. Cont.
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Figure 3. Scanning electron microscope (SEM) backscattered electron images and energy-dispersive
X-Ray spectrometer (EDS) analyses of microspheres in the Luohuang fly ash: (A) Overall view of the
Luohuang fly ash; (B) Enlargement of the area marked in (A), magnetic microsphere; (C) Enlargement
of the area marked in (B), maghemite (γ-Fe2O3) crystals with spinel structure; (D) Porous microsphere;
(E) Plerosphere; and (F) Cracked plerosphere containing a particle of metallic iron.

A total of 11 individual microspheres with various particle sizes (30–250 μm) of different types
(ferrospheres, porous and plerospheres) and 26 detection points were analyzed using SEM and EDS.
Backscattered electron images of several typical microspheres and their EDS analysis data are listed in
Figure 3 and Table 3, respectively. In the SEM backscattered electron images, the higher the atomic
number of an element, the brighter it appears. As shown in Figure 3A, the majority of the widespread
bright microspheres or spots are ferrospheres (Figure 3B,C,F), microspheres coated with iron oxides.
According to Figure 3B and the EDS analysis results (Table 3), iron oxides are common on the surfaces
of ferrospheres and have a dendritic form [53]. In Figure 3C, an enlargement of the area marked in
Figure 3B, further shows a spinel octahedron structure of the iron oxide crystals. Additionally, as
discussed in Section 3.3., maghemite is the primary iron-bearing mineral in the Luohuang fly ash.
It is therefore concluded that these iron oxide crystals are maghemite. Likewise, these ferrospheres
are magnetic microspheres. In view of the promising applications of magnetic microspheres in the
composites of magnetic materials, magnetic media, adsorbents, catalysts and ion exchangers [22],
separating and classifying magnetic microspheres from the fly ash will bring additional value.

Table 3. Data from energy-dispersive X-Ray spectrometer (EDS) analyses of the Luohuang microspheres
shown in Figure 3.

Detection Spot *
Elements (at. %) Detected by EDS

Si Al Fe Ca Ti Na Mg K O **

B1 44.82 1.64 5.14 0.83 - - - - 47.57
B2 26.51 9.28 10.09 4.24 0.49 - 0.44 - 48.93
B3 4.40 6.50 40.07 1.15 0.31 - 0.94 - 46.63
D1 46.54 1.63 - - - - - - 51.82
D2 47.19 0.98 - - - - - - 51.83
D3 24.02 15.97 3.92 1.48 2.50 1.07 0.67 1.07 49.29
E1 26.84 16.24 1.88 1.92 2..22 0.58 1.89 1.35 47.09
E2 29.87 22.19 4.30 - 0.99 0.47 1.16 1.07 47.59
F1 22.68 6.60 23.71 0.40 - - - - 46.61
F2 1.75 - 98.25 - - - - - -

* Detection spot B1 means the 1st detection spot in Figure 3B, D3 means the 3rd detection spot in Figure 3D; and
so on for the other spots. ** The value of oxygen is obtained through calculation rather than physical detection,
and is therefore not fully credible.
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Additionally, metallic iron is detected in a cracked plerosphere (Figure 3F). It may be generated
from the disoxidation of Fe2+ or Fe3+ in a strong reducing environment before the burst of plerospheres.

As discussed above, variance of brightness in the backscattered electron images can reflect
the chemical change on the whole. Brightness of zones at different depths (surface or inside)
of microspheres varies obviously. In EDS data, detection spots distributed at different depths of
microspheres (Figure 3D) reveal that these microspheres show the characteristic of elemental transition
through their cross-section. The inner layer with the lowest brightness consists of Si and O (Detection
spot B1, D1 and D2, as shown in Figure 3 and Table 3). The chemical component of the middle layer is
Si, Al, Fe, Ti, Ca and O; this layer appears brighter than the inner one but darker than the iron-bearing
minerals. For ferrospheres, the Fe-O mass (maghemite or hematite) would compose the outer layer.
This indicates that an elemental differentiation may have occurred during the formation process of
these microspheres.

4. Conclusions

Minerals including mullite (8.3%), quartz (5.1%), maghemite (4.6%), hematite (1.9%), and
anhydrite (0.7%) are detected in the fly ash from the Luohuang plant in Chongqing, southwest
China. Amorphous aluminosilicate glass accounts for 79.5% of the fly ash. This contributes to the
prominent pozzolanic activity of Luohuang fly ash in cement and concrete production.

The majority of particles in the fly ash from the Luohuang plant are various types of microspheres:
porous microspheres, plerospheres (hollow microspheres surrounding sub-microspheres or mineral
fragments) and magnetic ferrospheres. Maghemite (γ-Fe2O3) crystals with spinel octahedron structure
occur on the surfaces of microspheres, displaying a dendritic or fabric framework. Separating and
classifying these magnetic ferrospheres from the Luohuang fly ash would generate considerable
additional value. Microspheres in Luohuang fly ash generally show a characteristic of elemental
transition through their cross-section: the inner layer consists of Si and O; the chemical component
of the middle layer is Si, Al, Fe, Ti, Ca and O; and the Fe-O mass (maghemite or hematite) composes
the outer layer (plerospheres). This indicates that an elemental differentiation occurred during the
formation process of the microspheres. The above investigations on the composition and morphological
characteristics of microspheres in fly ash provide important information on the utilization of the
Luohuang fly ash, especially in the field of materials.
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Abstract: In this study, an extraction method and environmental scanning electron microscopy (SEM)
are employed to reveal the changes in the occurrence mode of fluorine in a coal-fired power plant
in Inner Mongolia, China. The different occurrence states of fluorine during coal combustion and
emission show that fluorine in coal mainly assumes insoluble inorganic mineral forms. The results
illustrate that the three typical occurrence modes in coal are CaF2, MgF2 and AlF3. The fluorine in
fly ash can be captured by an electrostatic precipitator (EPS) or a bag filter. In contrast, the gaseous
fluorine content in flue gas is only in the range of several parts per million; thus, it cannot be used
in this study. The occurrence mode of fluorine in bottom ash and slag is inorganic villiaumite
(e.g., soluble NaF, KF and insoluble CaF2) which is difficult to break down even at high temperatures.
The occurrence mode of fluorine with the highest content in fly ash is physically adsorbed fluorine
along the direction of the flue gas flow. The insoluble inorganic mineral fluoride content in fly ash
is also high, but the gradually increasing fluorine content in fly ash is mainly caused by physical
adsorption. Fluorine in the coal-fired power plant discharges mostly as solid products; however,
very little fluorine emitted into the environment as gas products (HF, SiF4) cannot be captured.
The parameters used in this study may provide useful references in developing a monitoring and
control system for fluorine in coal-fired power plants.

Keywords: extraction; SEM; occurrence mode of fluorine; coal-fired power plant; combustion products

1. Introduction

In recent years, the toxic elements in coal have been research highlights in many countries,
especially in China, the largest coal-consuming country in the world. The fluorine in coal is a toxic
trace element, with a general content of 100–300 ppm. The average fluorine concentration level in coal
in China is 130 ppm [1], 48% higher than that in the rest of the world (the average level in the world is
88 ppm [2]). The reason China is higher than the rest of the world is that the amount in the sample
determined by researchers in China is limited, or different determination method was used. Although
the concentration of fluorine in coal is on a ppm level, the emission needs to be paid special attention
as the coal consumption increases. A gas product of coal combustion: HF, poses the most harm to
humans and animals.

There have been a number of studies on modes of fluorine in coal. Eskenazy [3] illustrated the
occurrence modes of fluorine in coal by examining the relationship of fluorine with ash yield, as well
as the oxides in fly ash. Martinez [4] analyzed the modes of fluorine in Austrian coals. Dai [5] studied
the correlation between fluorine and minerals to evaluate the occurrence modes of fluorine in different
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coal types. He discovered mineralogical and geochemical compositions of the coal in Inner Mongolia,
China [6], and made a case study of factors on controlling compositions of coals [7]. He also discussed
elements and phosphorus minerals in the middle Jurassic inertinite-rich coals including the existence
of trace elements [8]. Wang [9] employed the continuous extraction/density separation method to
reveal the occurrence modes of fluorine in Chinese coal. Liu [10] investigated the correlation between
fluorine and alkalis to identify the occurrence states of fluorine in Guizhou coal. The conventional
analytical method to assess the fluorine occurrence states in coal mainly uses correlation analysis, but
a relatively simple and effective extraction method has been adopted in recent years.

The extraction method [11] has been proved suitable for occurrence studies on sulfur, selenium
and other elements. Such a method was also used to analyze fluorine in soil and for chemical extraction
for trace elements in coal [12–14]. However, this method has been seldom used for analyzing fluorine
in coal [15], especially for tracking the changes in fluorine occurrence modes in power plant boilers. In
this study, an extraction method and scanning electron microscopy (SEM) are employed to determine
the fluorine changes during coal combustion in a coal-fired power plant. During coal combustion,
the fluorine in coal remains in slag and bottom ash or adheres to fly ash. This research also provides
a reference for the study on the change regularity of the occurrence modes of fluorine in coal-fired
power plants.

2. Method and Sampling

Several types of samples, including pulverized coal, slag, flue gas desulfurization gypsum and fly
ash, in different parts of the boiler were collected from the Shangdu coal-fired power plant in Inner
Mongolia, China. All samples were dried and filtered through a 200-mesh sieve. The extraction method
means that fluorine from solid samples was leached by solvent. The fluorine content in the extraction
solution was determined using the fluoride ion-selective electrode method (GB/T 4633-1997 [16]).
SEM was used to analyze the fluorine mineral forms in the samples. Figure 1 shows the experimental
procedure. We adopted 4 g coal sample (or 2 g other samples) and 50 mL extraction solution (deionized
water, 0.1 mol/L NaOH solution, 1 mol/L HNO3 solution, 0.1 mol/L KCl solution, 0.05 mol/L CaCl2
solution, respectively). Additionally, these samples are adopted with 30 min magnetic stirring and 1 h
extraction, then filtered and combined with 25 mL liquid supernatant to adjust their pH concentration.
Determination of fluoride by the ion-selective electrode should be obtained in the end.

 

4 g coal sample (or 2 g others samples) +50 ml extraction solution (deionized water, 
0.1 mol/L NaOH solution, 1 mol/L HNO3 solution, 0.1 mol/L KCl solution, 0.05 mol/L
CaCl2 solution)

0.5 h magnetic stirring +1 h extraction

25 mL liquid supernatant 

PH adjusted  (10 g/L NaOH and 1+5 V+V HNO3) (V = Volume)

Determination (fluoride ion selective electrode)

filter

Figure 1. Scheme for extraction of fluorine in the samples (referred to Qi [17]).

3. Results and Discussion

3.1. Occurrence Modesof Fluorine in Coal

The extraction data are presented in Table 1. The results show that water-soluble fluorine content
is 4.51 μg/g with an extraction rate of 1.33%. Extraction rate means that the leaching amount accounted
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for the proportion of the total content in the sample. It can be expressed: extraction rate = leaching
amount/total amount. The alkali-soluble fluorine content is 9.74 μg/g with an extraction rate of 2.88%.
The acid-soluble fluorine content is 39.92 μg/g with an extraction rate of 11.81%. The acid solution has
the highest extraction rate among solutions. In salt-soluble fluorine, the calcium chloride is 4.89 μg/g
with an extraction rate of 1.45%, and potassium chloride is 4.16 μg/g with an extraction rate of 1.23%.
The water-soluble fluorine forms, namely NaF, KF and NH4F, mainly come from soluble fluoride and
adsorbed fluoride. The extraction rate of water-soluble fluorine indicates that free-state F´ is adsorbed
on mineral particle surfaces, and fluorine is among the mineral particles in pore water; however,
water-soluble fluorine is not the main occurrence mode of fluorine in coal. Alkali-soluble fluorine is
fluoride adsorbed by the clay minerals in coal, and OH´ can replace the fluorine adsorbed by the clay
minerals, thereby increasing the OH´ concentration in the solution. OH´ can also displace a certain
amount of fluorine in the mineral lattice [18–20], which is ionic with an isomorphism. This process can
be expressed by the following formula:

Minerals–OH ` F´ Replacementô Minerals–F ` OH´

Table 1. Extraction results from the coal-fired power plant.

Items
Water-Soluble Alkali-Soluble Acid-Soluble CaCl2-Soluble KCl-Soluble

Con (μg/g) E-Rate (%) Con (μg/g) E-Rate (%) Con (μg/g)E-Rate (%) Con (μg/g) E-Rate (%) Con (μg/g) E-Rate (%)

YM 4.51 1.33 9.74 2.88 39.92 11.81 4.16 1.23 4.89 1.45
LZ 2.45 3.03 2.77 3.42 4.33 5.34 2.36 2.91 2.17 2.68
QH 6.36 11.78 6.49 12.02 34.22 63.38 6.06 11.22 6.76 12.52

HHC 57.97 21.08 71.0 25.82 85.21 30.99 48.69 17.71 63.64 23.14
HHX 349.37 42.87 383.52 47.06 426.15 52.29 324.70 39.85 365.30 44.82

Con = Content; E-rate = Extraction rate; YM = coal; LZ = slag; QH = ash of sample before ESP; HHC = sample of
ESP ash; HHX = sample of bag filter ash.

The fluorine in coal is mainly insoluble fluoride. Unlike water and alkali, acid can dissolve
insoluble fluoride, including CaF2, MgF2, AlF3, FeF3 and Ca5(PO4)3F. Iron and sulfur contents are
high in fluorine-containing minerals (Figure 2a). In addition, the fluorine content of calcium chloride
solution is slightly below that of potassium, and it is on the ppm level as CaF2 is in the coal. The
proximate and ultimate analysis of the coal are shown in Table 2.

Table 2. Proximate and ultimate analysis of coal.

Proximate (wt %) Ultimate (wt %)

Moisture Ash Volatile C H O N S

16.83 13.57 48.65 68.84 5.12 22.73 1.51 1.32

 
(a) (b) 

Figure 2. Cont.
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(c) (d) 

Figure 2. SEM analysis of coal and products of combustion: (a) is the backscattered image of YM; (b) is
the backscattered image of LZ; (c) is the backscattered image of QH; (d) is the backscattered image of
HHX. YM = coal; LZ = slag; QH = ash of sample before ESP; HHX = sample of bag filter ash.

3.2. Occurrence Modesof Fluorine in LZ

As shown in Figure 3, the extraction rate of the fluorine in LZ minimally changed, and only
the acid-soluble fluorine content slightly decreased. Adsorbed fluoride, organic fluorides, and some
mineral fluorine are released into the flue gas at elevated temperatures during coal combustion. Some
fluorides were retained in the LZ, such as soluble fluorine (NaF, KF) and insoluble fluorine (CaF2,
MgF2, FeF3, AlF3). Water-soluble fluorine and salt-soluble (CaCl2 and KCl) fluorine mainly came from
NaF and KF; alkali-soluble fluorine was derived from NaF, KF and the mineral lattice. Acid-soluble
fluorine primarily resulted from soluble (NaF, KF) and insoluble fluorine (CaF2, MgF2, FeF3 and AlF3).
Those fluorides are difficult to break down even at high temperatures. It is obvious that soluble and
insoluble fluorine are the dominative occurrence modes in LZ. Figure 2b shows the SEM results of LZ.
The outcomes also showed that CaF2, MgF2, FeF3 and AlF3 are the main occurrence states.
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Figure 3. Different extraction rate of each sample.

3.3. Occurrence Modesof Fluorine in QH

As shown in Figure 3, the extraction rate of fluorine in QH, i.e., 63.38%, is significantly higher
than those in coal and slag, especially the extraction rate of acid-soluble fluorine. Some minerals are
decomposed during coal combustion, and metal oxides (i.e., CaO, MgO and Al2O3) are subsequently
generated. There are some metal oxides (i.e., CaO, MgO, Al2O3 and Fe2O3) in the fly ash [21]. These
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metal oxides react with gaseous fluorine (mostly HF) in flue gas to produce insoluble fluorides (CaF2,
MgF2, FeF3 and AlF3) and other soluble fluorides (NaF, KF). Figure 2c shows that the Ca, Mg, Al
and Fe contents in fluorine-containing minerals are high. Therefore, adsorbed fluorine and insoluble
fluoride (i.e., CaF2, MgF2 and AlF3) are the main occurrence modes in QH.

3.4. Occurrence Modes of Fluorine in HHC and HHX

Among QH, HHC and HHX, HHX has the smallest particle diameter, whereas QH has the
largest particle diameter. A smaller particle size indicates stronger fluoride absorption. The extraction
fluorines in HHC and HHX, which are electrostatic precipitator ash and bag filter ash, respectively,
are significantly more than those in YM, LZ and QH. The proportion of acid-soluble fluorine in HHC
and HHX is less than that in QH. The fluorine in QH is mainly CaF2, MgF2, FeF3 and AlF3, while
the fluorine in HHC and HHX is physically adsorbed fluorine, and a certain amount of fluorines are
soluble fluorine (NaF, KF) in HHC and HHX. As shown in Figure 3, fluorines ordered from the fluorine
with the lowest content on the basis of their extraction rates are as follows: acid-soluble, alkali-soluble,
KCl-soluble, water-soluble and CaCl2-soluble fluorines. Acid-soluble fluorine accounts for the largest
proportion of extraction-soluble fluorine. Thus, physically adsorbed fluorine and insoluble inorganic
mineral fluoride (CaF2, MgF2 and AlF3) are the main occurrence modes of fluorine in HHC and HHX,
according to the experimental results. The results are also consistent with Figure 2c,d.

3.5. The Changes of Fluorine in the Power Plant

Figure 4 shows that the water-soluble fluorine content rapidly increases along the flue gas flow,
and the insoluble fluorine content can be estimated from acid-soluble fluorine and water-soluble
fluorine. The change in insoluble fluorine content is represented by curve B in Figure 4, and the
insoluble fluorine contents in HHC and HHX are 27.24 and 76.78 μg/g, respectively. The gradually
increasing fluorine content in fly ash is caused by physical adsorption.
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Figure 4. Transformation of fluorine during coal combustion in a coal-fired power plant.

Fluorine content in YM is 169 ppm (Table 3), and migration takes place during coal combustion.
The fluorine is immigrated into LZ, QH, HHC, HHX, SG and flue gas flow. As shown in Figure 5,
only 3.02% of fluorine remains in LZ, and a total of 23% immigrates into QH (8.05%), HHC (14.96%)
and HHX (1.84%) during coal combustion. The rest of the fluorine is released into the flue gas flow,
and only 1.24% is emitted into the environment, and 72.74%of the fluorine is absorbed by flue gas
desulfurization gypsum. Fluorine in the coal-fired power plant discharges mostly as solid products;
however, only tiny amounts of fluorine (1.24%) emitted into environment as gas products (HF, SiF4)
cannot be captured.
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Table 3. Fluorine content of different samples in the coal-fired power plant.

Sample YM LZ QH HHC HHX SG Gas

P (%) 100 3.02 8.05 14.96 1.84 72.74 1.24
S (ppm) 169 81 54 275 815 2730 -

P = Xi/X (Xi = total fluorine in a by-product of 1 kg coal, X = total fluorine in 1 kg coal); S = fluorine content of
a sample; Gas = gaseous fluorine emitted into environment; SG = flue gas desulfurization gypsum.
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Figure 5. Migration of fluorine during coal combustion in the coal-fired power plant.

4. Conclusions

The different occurrence modes of fluorine during combustion and emission are as follows: (1) the
fluorine in YM mainly exists in insoluble inorganic mineral forms, such as CaF2, MgF2 and AlF3; (2) the
fluorine occurrence modes in LZ are inorganic villiaumite, such as soluble NaF, KF, and insoluble CaF2,
which are difficult to break down even at high temperatures; and (3) physically adsorbed fluorine and
insoluble inorganic mineral fluoride(CaF2, MgF2 and AlF3) are the main occurrence modes of fluorine
in HHC and HHX. The high fluorine content in fly ash is mainly attributed to physically adsorbed
fluorine along the direction of the flue gas flow. The insoluble inorganic mineral fluoride content in fly
ash is also high, but the gradually increasing fluorine content in fly ash is mainly caused by physical
adsorption. Fluorine in the coal-fired power plant discharges mostly as solid products; however, very
little fluorine as HF and SiF4 released into air cannot be captured.

Acknowledgments: The research is supported by the National Key Basic Research Program of China
(No. 2014CB238904) and National Science Foundation of China (No. 51576082). The authors also thank the
Foundation of State Key Laboratory of Coal Combustion (No. FSKLCCB1411).

Author Contributions: Zixue Luo and Junying Zhang conceived and designed the experiments; Guangmeng
Wang performed the experiments; Zixue Luo and Guangmeng Wang analyzed the data; Yongchun Zhao
contributed reagents and materials; Guangmeng Wang and Zixue Luo wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dai, S.; Ren, D.; Chou, C.L.; Finkelman, R.B.; Seredin, V.V.; Zhou, Y. Geochemistry of trace elements in
chinese coals: A review of abundances, genetic types, impacts on human health, and industrial utilization.
Int. J. Coal Geol. 2012, 94, 3–21. [CrossRef]

2. Ketris, M.P.; Yudovich, Y.E. Estimations of Clarkes for Carbonaceous biolithes: World averages for trace
element contents in black shales and coals. Int. J. Coal Geol. 2009, 78, 135–148. [CrossRef]

3. Greta, E.; Dai, S.; Li, X. Fluorine in Bulgarian coals. Int. J. Coal Geol. 2013, 105, 16–23. [CrossRef]

285



Minerals 2015, 5, 863–869

4. Martinez-Tarazona, M.R.; Suarez-Fernandez, G.P.; Cardin, J.M. Fluorine in Asturian coals. Fuel 1994, 73,
1209–1213. [CrossRef]

5. Dai, S.; Li, D.; Chou, C.L.; Zhao, L.; Zhang, Y.; Ren, D.; Ma, Y.; Sun, Y. Mineralogy and geochemistry of
boehmite-rich coals: New insights from the Haerwusu Surface Mine, Jungar Coalfield, Inner Mongolia,
China. Int. J. Coal Geol. 2008, 74, 185–202. [CrossRef]

6. Dai, S.; Jiang, Y.; Ward, C.R.; Gu, L.; Seredin, V.V.; Liu, H.; Zhou, D.; Wang, X.; Sun, Y.; Zou, J.; et al.
Mineralogical and geochemical compositions of the coal in the Guanbanwusu Mine, Inner Mongolia, China:
Further evidence for the existence of an Al (Ga and REE) ore deposit in the Jungar Coalfield. Int. J. Coal Geol.
2012, 98, 10–40. [CrossRef]

7. Dai, S.; Zhang, W.; Seredin, V.V.; Ward, C.R.; Hower, J.C.; Wang, X.; Li, X.; Song, W.; Zhao, L.; Kang, H.; et al.
Factors controlling geochemical and mineralogical compositions of coals preserved within marine carbonate
successions: A case study from the Heshan Coalfield, southern China. Int. J. Coal Geol. 2013, 109–110, 77–100.
[CrossRef]

8. Dai, S.; Hower, J.C.; Ward, C.R.; Guo, W.; Song, H.; O’Keefe, J.M.K.; Xie, P.; Hood, M.M.; Yan, X. Elements
and phosphorus minerals in the middle Jurassic inertinite-rich coals of the Muli Coalfield on the Tibetan
Plateau. Int. J. Coal Geol. 2015, 144–145, 23–47. [CrossRef]

9. Wang, X.; Dai, S.; Sun, Y.; Li, D.; Zhang, W.; Zhang, Y. Modes of occurrence of fluorine in the late paleozoic
No. 6 coal from the Haerwusu surface mine, Inner Mongolia, China. Fuel 2011, 90, 248–254. [CrossRef]

10. Liu, X.; Zheng, C.; Liu, J.; Zhang, J.Y.; Song, D.Y. Analysis on fluorine speciation in coals from Guizhou
province. Chin. J. Electr. Eng. 2008, 28, 46–51. (In Chinese).

11. Derher, G.B.; Finkelman, R.B. Selenium mobilization in a surface coal mine. Environ. Geol. Water Sci. 1992,
19, 155–167. [CrossRef]

12. Cavender, P.F.; Spears, D.A. Analysis of forms of sulfur within coal, and minor and trace element associations
with pyrite by ICP analysis of extraction solutions. Coal Sci. Technol. 1995, 24, 1653–1656.

13. Spears, D.A. The determination of trace element distributions in coals using sequential chemical leaching—A
new approach to an old method. Fuel 2013, 114, 31–37. [CrossRef]

14. Liu, J.; Yang, Z.; Yan, X.; Ji, D.; Yang, Y.; Hu, L. Modes of occurrence of highly-elevated trace elements in
superhigh-organic-sulfur coals. Fuel 2015, 156, 190–197. [CrossRef]

15. Lessing, R. Fluorine in coal. Nature 1934, 134, 699–700. [CrossRef]
16. Beijing Research Institute of Coal Chemistry. GB/T 4633-1997, Determination of Fluorine in Coal; Standards

Press of China: Beijing, China, 1997.
17. Qi, Q.J.; Liu, J.Z.; Wang, J.R.; Cao, X.Y.; Zhou, J.H.; Cen, K.F. Extracting experimental research on occurrence

modes of fluorine in coal. J. Liaoning Tech. Univ. 2003, 22, 577–579. (In Chinese).
18. Elrashidi, M.A.; Lindsay, W.L. Chemical equilibria of fluorine in soils. Soil Sci. 1986, 141, 274–280. [CrossRef]
19. Larsen, S.; Widdowson, A.E. Soil fluorine. J. Soil Sci. 1971, 22, 210–221. [CrossRef]
20. Elrashidi, M.A.; Lindsay, W.L. Solubility of aluminum fluoride, fluorite, and fluorophlogopite minerals in

soils. Soil Sci. Soc. Am. J. 1986, 50, 594–598. [CrossRef]
21. Koukouzas, N.; Ketikidis, C.; Itskos, G. Heavy metal characterization of CFB-derived coal fly ash.

Fuel Process. Technol. 2011, 92, 441–446. [CrossRef]

© 2015 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

286



minerals

Article

Minerals in the Ash and Slag from Oxygen-Enriched
Underground Coal Gasification

Shuqin Liu *, Chuan Qi, Shangjun Zhang and Yunpeng Deng

School of Chemistry and Environmental Engineering, China University of Mining and Technology (Beijing),
Beijing 100083, China; 18813089528@163.com (C.Q.); 13520219887@126.com (S.Z.); 15101142344@126.com (Y.D.)
* Correspondence: 13910526026@163.com; Tel.: +86-10-6233-9156

Academic Editor: Thomas N. Kerestedjian
Received: 30 October 2015; Accepted: 21 January 2016; Published: 30 March 2016

Abstract: Underground coal gasification (UCG) is a promising option for the recovery of low-rank
and inaccessible coal resources. Detailed mineralogical information is essential to understand
underground reaction conditions far from the surface and optimize the operation parameters during
the UCG process. It is also significant in identifying the environmental effects of UCG residue.
In this paper, with regard to the underground gasification of lignite, UCG slag was prepared through
simulation tests of oxygen-enriched gasification under different atmospheric conditions, and the
minerals were identified by X-Ray diffraction (XRD) and a scanning electron microscope coupled
to an energy-dispersive spectrometer (SEM-EDS). Thermodynamic calculations performed using
FactSage 6.4 were used to help to understand the transformation of minerals. The results indicate that
an increased oxygen concentration is beneficial to the reformation of mineral crystal after ash fusion
and the resulting crystal structures of minerals also tend to be more orderly. The dominant minerals
in 60%-O2 and 80%-O2 UCG slag include anorthite, pyroxene, and gehlenite, while amorphous
substances almost disappear. In addition, with increasing oxygen content, mullite might react with
the calcium oxide existed in the slag to generate anorthite, which could then serve as a calcium source
for the formation of gehlenite. In 80%-O2 UCG slag, the iron-bearing mineral is transformed from
sekaninaite to pyroxene.

Keywords: underground coal gasification; coal ash; mineralogy; oxygen-enriched gasification

1. Introduction

Coal, the main energy resource in China, accounts for approximately 70% of the primary energy
resource structure. To avoid environmental pollution, the development of methods for clean and
efficient utilization of coal has become necessary in recent years. During coal combustion and
gasification at high temperatures, the reactivity differences of organic matters in coal can be almost
ignored while the transformation behavior of minerals becomes important to the stability of the process.
The reactions of inorganic minerals during combustion and gasification include a series of complicated
physical and chemical changes that eventually form ash and slag with complex compositions [1].
Hence, detailed information about the mineralogical properties of coal ash is essential to optimize the
operation parameters during coal utilization. It is also significant for improving the coal utilization
efficiency and determining the influence of the solid wastes on the environment.

Underground coal gasification (UCG) is the process of in situ conversion of coal directly into
combustible gaseous products. A sketch of the UCG process is shown in Figure 1. The first step of
UCG is to choose a proper location and then design and construct an underground reactor. Boreholes
are drilled from the surface to the coal bed, followed by a horizontal channel connecting the boreholes
along the bottom of the coal bed. After a gasifier is prepared, the coal at one end of the channel is
ignited, and gasification agents such as air, oxygen, steam, or their mixtures with different oxygen ratios
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are injected into the reactor. Accompanied by a series of coal reactions including pyrolysis, reduction,
and oxidation, the fire moves along the channel towards the production borehole where the coal gas
is collected by a pipeline. Unlike traditional coal mining and ground coal gasification technologies,
UCG is carried out in the underground coal bed without physical coal mining, transportation, or coal
preparation, which is regarded as supplementary to the coal mining method. The composition and
heat value of the product gas depend on the initial gas injected, the position for gas injection, and the
temperature profile of the coal bed.

 

Figure 1. Sketch of the underground coal gasification (UCG) process.

Because UCG is always performed within the coal bed, several hundred meters beneath
the surface, only the injection and production parameters can be determined. It is particularly
difficult to determine the actual reaction conditions, especially the temperature field distribution
and thermal equilibrium of the underground gasifier. Therefore, it is necessary to investigate the
relationship between gasification technology and mineralogical characteristics of ash and slag through
UCG simulation experiments. On the other hand, the potential for groundwater pollution from
UCG-generated residues has also been a concern in recent years. The leaching behavior of toxic
elements from solid residues is closely related to the characteristics of UCG ash and slag.

Plenty of research has been published on the conversion of minerals during coal combustion,
but a low number of papers have reported on the transformation of minerals during coal gasification.
Most of the study of ash chemistry during the high-temperature gasification process focused on the
investigation of ash deposition and slag formation, as well as on the difficulties found in industrial
gasifiers regarding fluidized bed gasification and entrained flow gasification [2–5]. However, few
papers focus on the formation mechanism of ash and slag during the UCG process.

Mineral matter in coal can be classified as external minerals and inherent minerals according to
their origin, with distinct differences in composition and form. At elevated temperatures, mineral
transformation occurs, including chemical reactions between the clay minerals, carbonate minerals,
pyrite, and quartz in the coal. It was discovered that the transformation temperature of external
minerals was relatively lower than that of inherent minerals [6] and that the reaction rate and degree
were greatly affected by temperature. Furthermore, the transformation processes varied in different
gasification atmospheres. For instance, the softening temperature of minerals in the gasification
condition was found to be lower than that in the combustion condition [7].

In addition to temperature and atmosphere, the furnace type is another important influence factor
for ash formation behaviors [8]. The thermal conversion of minerals occurs at high temperatures
(>800 ˝C) [9–12], including the transformation of clay minerals, carbonate minerals, pyrite, and
quartz. During coal gasification, external minerals were fragmented into fine particles in the thermal
conversion process, thus determining the particle size distribution of the fly ash. The formation of ash
or slag is also enhanced by the cracking and thermal decomposition of external minerals as well as
the reaction between external minerals and other minerals/gaseous substances [13]. A large number
of studies show that pyrite and calcium carbonate break up when heated, while quartz and clay
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minerals do not. In addition, the breaking mechanism of some other types of external minerals is
controversial and is affected by the residence time and heating rate [14–18]. The fusible minerals, such
as the carbonate, sulfate minerals, and feldspar contained in inherent or external minerals, tend to
become “solvent minerals” at high temperatures, which in turn promote the melting and slagging of
gasification residues [19].

There are few reports on the formation and properties of UCG slag. In the USA, a series of residues
and rocks were sampled from the UCG test site near Centralia, Washington [20]. X-Ray diffraction
(XRD) and a scanning electron microscope coupled to an electron microprobe (SEM-EPMA) were used
to analyze the mineralogical characteristics of the samples, and a moderate temperature reaction was
confirmed. Reduced iron reacted with clay minerals to form a solid solution of aluminum-rich hercynite
(FeAl2O4), which then serve as the precursor and react with SiO2 to form sekaninaite (Fe2Al4Si5O18) at
higher temperatures.

In this study, based on the first UCG field test of lignite in Inner Mongolia, laboratory UCG
simulation tests were performed to prepare UCG residues in different atmospheres. XRD and a
scanning electron microscope coupled to an energy-dispersive spectrometer (SEM-EDS) were used
to identify the composition and microstructure of the typical minerals formed and existing in UCG
ash and slag. Thermodynamic calculations using FactSage 6.4 (Thermfact/CRCT, Montreal, QC,
Canada; GTT-Technologies, Aachen, Germany) were also carried out to investigate the transformation
of minerals at elevated temperatures during the UCG process.

2. Experimental and Modeling

2.1. Geological Setting of the Coalfield

The strata in the study area are from the Lower Jining Group in the Mesoarchean (Ar2J1),
the Oligocene Huerjing Formation (E3h), the Miocene Hannuoba Formation (N1h), the Pliocene
Baogedawula Formation (N2b), and the Holocene. The coal-bearing strata are a set of sedimentary
sequences of terrestrial clastic rocks formed in lake and swamp facies and overlain by the Quaternary
strata. In addition, the Jining Group is the basement of the coal-bearing strata, and the major lithology
is granite at depths of 202.95–565.25 m.

The main coal bed in this area occurs in the Lower Huerjing Formation (E3h1). It is 7.05 m thick
on average and minable in most coalfields, with 0–12 partings of accumulative thickness in 1.79 m.
The dip angle of the coal bed is less than 5˝. The roof of the coal bed is siltstone and dark grey
carbonaceous mudstone with clastic organic debris, while the bottom of the coal bed is a thin layer of
mudstone close to the lowest basement of granite and gneiss. The coal is identified as lignite, with an
ignition point of 268 ˝C and the net heating value ranging from 13.37 to 16.72 MJ/kg [21].

2.2. Coal Samples

The test lignite is from a neighboring coal mine of the UCG field test area, also in the Gonggou
coal field located in Ulanqab, Inner Mongolia, China. The coal bed has an average depth of 280 m.

Proximate analysis, including moisture, ash, volatile matter, and fixed carbon, was determined
in accordance with Chinese Standards GB/T 212-2008 [22]. Ultimate analysis, including carbon,
hydrogen, nitrogen, and total sulfur, was measured following Chinese Standards GB/T 476-2008 [23],
GB/T 19227-2008 [24] and GB/T 214-2007 [25], respectively. The results of the ultimate and proximate
analyses of the coal sample are shown in Table 1, indicating that the lignite is higher in volatile
materials, ash and moisture. With a sulfur content lower than 1%, the test lignite is considered a
low-sulfur coal according to Chinese standards GB/T 15224.2-2010 [26].

The ash composition of the test lignite was conducted using GB/T 1574-2007 [27], which expressed
in oxide percentages (Table 2). The ash fusion test is performed according to Chinese standards
GB/T 219-2008 [28].

289



Minerals 2016, 6, 27

Table 1. Proximate and ultimate analysis of the test coal (%).

Proximate Analysis/% Ultimate Analysis/%

Mad Aad Vad FCad Cad Had Oad Nad St,ad
11.50 29.10 28.47 30.93 43.70 3.11 11.59 0.57 0.65

M, moisture; A, ash; V, volatile matter; FC, fixed carbon; C, carbon; H, hydrogen; O, oxygen; N, nitrogen; St,
total sulfur; ad, air dried basis.

Table 2. Ash composition of lignite (wt %).

Oxide SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O MnO2 SO3 P2O5

Content 59.04 18.02 5.83 0.93 5.80 2.71 2.74 1.26 1.26 2.50 0.20

It is obvious that the lignite is enriched in SiO2, Al2O3 and CaO. Among them, SiO2 accounts for
more than half of the composition, followed by Al2O3 with a ratio of 18.02%. The content of Fe2O3

and SO3 are relatively high in this sample and account for 5.83% and 2.50%, respectively. The analysis
results of the coal ash fusibility in a weak reducing atmosphere are exhibited in Table 3. It can be seen
that the coal ash is medium melting, beginning to soften at approximately 1200 ˝C and starting to flow
at approximately 1270 ˝C.

Table 3. Coal ash fusibility (˝C).

Deformation
Temperature (DT)

Softening
Temperature (ST)

Hemispherical
Temperature (HT)

Flow Temperature
(FT)

1160 1200 1230 1270

2.3. Underground Coal Gasification (UCG) Simulation Facility

The UCG simulation facility, as shown in Figure 2, consists of four parts: the gasifier gas supply
system, the gas cleaning system, the sampling, and monitoring systems. The whole gasifier is
designed in the shape of a cylinder with external dimensions of 7.4 m in length and 3.5 m in diameter.
The shell of the gasifier is made of special steel used for pressure vessels, and the design pressure is
1.6 MPa. The hearth of the reactor is cast with refractory material in the shape of a rectangular prism
(5.0 m ˆ 1.6 m ˆ 1.6 m), the working temperature of which can be up to 1800 ˝C. Five inlet or outlet
pipes, 33 measurement points for temperature and pressure, and four observation holes for a closed
circuit industrial television (CCTV) are installed in the reactor. Gas composition analysis is performed
by gas chromatography (GC-2014, Shimadzu, Kyoto, Japan). Data are collected online during the test
using a distributed control system (DCS) (Honeywell, Morristown, NJ, USA) and saved to a hard disk.
Various curves for parameters can be transferred to the screen from the DCS.

 

Figure 2. A schematic diagram of an Underground Coal Gasification (UCG) simulation facility.
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2.4. Coal Bed Simulation

The coal bed layout is shown in Figure 3. A soil layer with a thickness of 50 mm was arranged
at the bottom of the hearth of the test gasifier to act as the bottom layers. Then, coal lumps with
dimensions of 0.4 m ˆ 0.8 m ˆ 0.8 m were piled into the internal hearth to create a coal bed of 0.8 m
in length, 0.8 m in width and 3.5 m in height. The gaps between the coal blocks were filled with
coal slurry, which is a mixture of coal powder and clay. Then, a square channel with dimensions of
0.1 m ˆ 0.1 m was drilled into the bottom of the coal bed and connected to the vertical inlet and outlet
holes. In the following step, the coal bed was covered by a 2-cm sand layer and then cast with a thin
layer of cement. Finally, the gap between the cement and the hearth was tightly filled with soil to
prevent gas leakage.

 

Coal Bed

Soil Floor

Gasification Tunnel

Cement Roof

Figure 3. Schematic diagram of coal bed layout.

To monitor and control the temperature profile in the gasified coal bed during the test, 63 K-type
armored thermocouples were installed in the coal bed and arranged in three levels, 0.15-m, 0.3-m or
0.4-m below the top of coal bed. In each level, 21 thermocouples were laid with an average distribution.

2.5. Experimental Procedure

The UCG method of controlled moving injection point was used to perform gasification in order
to change the oxygen concentration in the injection gas. After a leak test of the UCG simulation
facility, the gasifier was prepared for ignition. First, air was introduced into the channel through the
injection hole. Then, an electric igniter was placed inside the horizontal channel and used to ignite
the coal. The temperature was monitored and collected in real time, and the gas from the production
hole was analyzed every 20 min. If the temperature in the coal bed increased to 600 ˝C and the
concentration of CO2 in the effluent gas exceeded 20%, this suggested that the ignition was successful.
Then, the gas mixture containing 40%-O2 and 60%-N2 was injected into the gasifier to produce gas.
With the expansion of the cavity, the high-temperature zone, or fire face, moves towards the production
hole. When the gas quality grew poor, as determined by a gas heat value lower than 4.18 MJ/m3,
we switched to the second injection hole nearest the fire face, and a mixture of 60%-O2 and 40%-N2

was injected. The entire duration lasted for 80 h, including 10 h for ignition and preheating, 30 h
for 40%-O2 gasification, 20 h for 60%-O2 gasification, and 20 h for 80%-O2 gasification. After the
three-stage simulation test, N2 was continuously injected to cool the gasifier.

2.6. Sampling and Analysis of UCG Slag

2.6.1. Sampling of UCG Slag

After the temperature inside the furnace reached room temperature, the gasifier cover was
opened. The sandy soil above the coal bed was removed carefully, and slag formed under different
UCG conditions was collected near the injection point for analysis. Pictures of the UCG cavity and
UCG slag in different atmospheres are shown in Figure 4.
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(A) (B) 

 
(C) (D) 

Figure 4. UCG cavity and UCG slag in different atmospheres. (A) UCG cavity; (B) 40%-O2 slag;
(C) 60%-O2 slag; (D) 80%-O2 slag.

2.6.2. X-Ray Diffraction (XRD) Analysis

The raw coal, ash, and slag were crushed, ground, and sieved before analysis. Samples
below 75 μm were selected for XRD analysis, which was performed on a powder diffractometer
(D/max-2500/pc XRD, Rigaku, Tokyo, Japan) with Ni-filtered Cu-Kα radiation and a scintillation
detector. The XRD pattern was recorded over a 2θ range of 2.6˝–70˝ at a scan rate of 3˝/min
and a step size of 0.01˝. Jade 6.5 software (MDI, Livermore, CA, USA) was used to analyze the
XRD curve for qualitative analysis. X-Ray diffractograms of the LTAs (low temperature ash) and
partings were subjected to quantitative mineralogical analysis using Siroquant™ ( Sietronics, Mitchell,
Australia), a commercial interpretation software developed by Taylor (1991), based on the principles for
diffractogram profiling set out by Rietveld (1969). Further details indicating the use of this technique
for coal-related materials are given by Ward et al. [29] and Dai et al. [30].

2.6.3. Scanning Electron Microscope and Energy-Dispersive Spectrometer (SEM-EDS) Analysis

The raw coal and ash and slag samples were firstly crushed and ground, and particles in the range
of 1–3 mm were collected. The sample particles were then mixed with ethyl α-cyanoacrylate and the
mixture was polished and mounted on standard aluminum SEM stubs using sticky electronic-conductive
carbon tabs. A field emission-scanning electron microscope (FE-SEM, Quanta™ 650 FEG, FEI, Hillsboro,
OR, USA), in conjunction with an energy-dispersive X-Ray (EDAX) spectrometer (EDS, Apex 4, Genesis,
NJ, USA), was used to study the morphology of the minerals and to determine the distribution of some
elements. The samples were prepared under low-vacuum SEM conditions. The analytical conditions
were as follows: working distance (WD) 10 mm, beam voltage 20 kV, aperture 6, and micron spot size
5. The images were captured via a retractable solid state backscatter electron detector (SSBSED). More
details of FE-SEM-EDS are described by Dai et al. [31].

2.7. FactSage Thermochemical Modeling

FactSage® (Thermfact/CRCT, Montreal, QC, Canada; GTT-Technologies, Aachen, Germany) was
introduced in 2001 as the fusion of two well-known software packages in the field of computational
thermochemistry: F*A*C*T/FACT-Win and ChemSage. The thermochemistry models can be used to
analyze equilibrium conditions for reactions occurring between inorganic and/or organic materials, as
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well as providing insight into the mineral formation and slag formation speciation. The database can
assist in understanding, as well as predicting, what can and will happen with specific coal and mineral
sources inside the gasification process [32]. In this study, thermodynamic equilibrium modeling
was accomplished by the “Equilib module” in FactSage 6.4, which is the Gibbs energy minimization
workhorse of FactSage. It calculates the concentrations of chemical species when specific elements or
compounds react or partially react to reach a state of chemical equilibrium [33].

For the calculations the equilibrium module has been employed together with the databases
FToxid and FactPS. Additionally, the solution phases of FToxid-SLAG and FToxid-oPyr have been
selected. In order to simulate the gasification process as close as possible to the actual gasification
process, the temperature is from 0 to 1500 ˝C in 100 ˝C intervals and the pressure is atmospheric
pressure. The calculations were conducted based on the mineral composition of coal and the amount
of coal, oxygen, and nitrogen consumed to produce 1 N¨ m3 of gas. Since the amount of ash in coal is
the sum of the mineral composition of coal such as SiO2, Al2O3, Fe2O3, TiO2, CaO, MgO, K2O, Na2O,
MnO2, SO3 and P2O5, the input into FactSage as shown in Table 4 is done in elemental form i.e., carbon
(C), hydrogen (H), nitrogen (N), sulfur (S), oxygen (O), and other mineral elements.

Table 4. Input into calculations.

Element 40%-O2 Gasification (g) 60%-O2 Gasification (g) 80%-O2 Gasification (g)

C 184.65 247.98 308.67
H 13.14 17.65 21.97
O 397.15 536.51 628.44
N 459.39 277.83 123.59
S 2.75 3.69 4.59
Si 33.89 45.51 56.65
Al 11.75 15.78 19.64
Fe 5.03 6.75 8.41
Ti 0.68 0.91 1.13
Ca 5.11 6.87 8.55
Mg 1.99 2.67 3.32
K 2.79 3.75 4.66

Na 1.14 1.53 1.91
Mn 0.04 0.06 0.07
P 0.13 0.17 0.21

3. Results and Discussion

3.1. Gas Composition under Oxygen-Enriched Gasification Conditions

Increasing the oxygen concentration of the gasification agent is an effective way to improve the
quality of the product gas. Table 5 provides detailed information about coal gas composition and gas
heat value under oxygen-enriched gasification conditions during the UCG simulation test. The gas
heat values and the contents of CO and H2 in the gas gradually increased with the increase in oxygen
concentrations. The yield of CO and H2 mainly depends on the rate and extent of the reduction
reaction between C and CO2/H2O (g), which is dominated by the temperature. Coal combustion was
enhanced when a larger amount of oxygen was injected and the reduction process was strengthened,
accompanied by an increase in the temperature field in the gasifier. This suggests that during UCG, an
optimum oxygen concentration in the injection agent could be found to yield the highest combustible
composition for certain coal types and typical reaction conditions. In addition, it was found that the
methane content remains at a lower level and is less affected by the oxygen concentration.
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Table 5. Gas composition under oxygen-enriched gasification conditions (V%).

Oxygen (%) H2 CO CH4 CO2 N2 O2 Heat Value MJ/N¨ m3

40 21.06 15.04 1.50 25.85 35.67 0.72 4.70
60 30.11 24.86 1.25 26.75 16.81 0.13 6.82
80 31.33 27.29 1.03 31.69 8.36 0.21 7.18

3.2. Distribution of Temperature Field in the Coal Bed

During the UCG process, the transformation of the organic and inorganic components of the coal
can be divided into three steps. The first step is the drying and pyrolysis of coal below 600 ˝C, which
involves the release of water and volatile matter and the crystal transformation of some minerals.
The second step is the reduction reaction of char with CO2 and H2O (g) at temperatures ranging
from 600 to 900 ˝C. The final step is the oxidation of residual carbon above 900 ˝C. The real reaction
temperature is much higher than the theoretical temperature because of the thermal storage in the
simulated coal bed.

Temperature profiles of the coal bed under different oxygen-enriched conditions are displayed in
Figures 5–7 and were constructed from thermocouple data. It is clear that the high-temperature area
is narrow in 40%-O2 and 60%-O2 conditions because their reduction and oxidation reactions occur
in smaller areas. However, when the oxygen concentration was increased to 80%, the temperature
field in the reaction area significantly increased. In the oxidation zone near the injection hole, the
temperature was increased remarkably. In addition, most of the monitoring points exceeded 600 ˝C,
and the maximum temperature of the central area of oxidation increased from 1200 to 1400 ˝C. It is
inferred that the reduction area is enlarged and the reduction process is enhanced.

 

Figure 5. Temperature profile distribution during UCG simulation test (40%-O2).

 

Figure 6. Temperature profile distribution during UCG simulation test (60%-O2).
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Figure 7. Temperature profile distribution during UCG simulation test (80%-O2).

3.3. Minerals in the UCG Ash and Slag

To further understand the mineral transformation behavior that occurs during the UCG process,
X-Ray diffraction analysis was carried out to identify the typical minerals present in the UCG residual
samples. The XRD patterns of raw coal and UCG slag at different atmospheres are summarized
in Figure 8, and the quantitative analysis results using Siroquant are listed in Table 6. The major
minerals found in raw coal include quartz (melting point (Tm): 1723 ˝C), illite, and clay minerals
(mostly kaolinite). Minor amounts of pyrite and chlorite are also observed. In the 40%-O2 slag,
high-temperature quartz, anorthite (Tm: 1550 ˝C), mullite (Tm: 1900 ˝C), sekaninaite (Tm: 1200 ˝C), and
massive amorphous substance materials (49%) become the major minerals. The mineral compositions
of 60%-O2 slag and 80%-O2 slag are similar, and the dominant minerals involve high-temperature
quartz, anorthite, gehlenite (Tm: 1500 ˝C), and pyroxene. Furthermore, the amount of quartz and
anorthite in 80%-O2 slag is less than that in 60%-O2 slag, while gehlenite is formed in great quantities.
Clay and iron minerals in coal have not been found in UCG slag, which suggests that they have been
transformed to anorthite and pyroxene during oxygen-enriched gasification.
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Figure 8. XRD patterns of coal and UCG slag. Q-Quartz; Py-Pyroxene; A-Anorthite; S-Sekaninaite;
G-Gehlenite; P-Pyrite; C-Chlorite; K-Kaolinite; Mu-Mullite.

In addition to X-Ray diffraction analysis, SEM-EDS examination was also performed to investigate
the typical minerals present in the UCG slag. A great deal of amorphous materials were identified in
the 40%-O2 slag based on XRD analysis, which was also proven by SEM images, shown in Figure 9A,
in which a large amount of porous and melted materials could be observed. It has been reported that
during gasification, the decrease in crystallization intensity of the minerals with increasing temperature
is not only due to the decomposition of some mineral phases, but also because of the formation of
molten liquid(SLAG) [32]. Based on the previous information for temperature distribution in the
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40%-O2 gasification condition, the temperatures in the oxidation zone are in the range of 1100 to
1200 ˝C, which is close to the ash fusion point of the test coal. Therefore, it is concluded that under
this gasification condition, the minerals in coal might melt and then form slag after cooling down,
leading to an obvious disappearance of crystal minerals. Simultaneously, a small portion of the crystal
minerals could be encapsulated by the melting material.

Table 6. Mineral composition of UCG slag by XRD analysis and Siroquant.

Mineral Composition Raw Coal 40%-O2 Slag 60%-O2 Slag 80%-O2 Slag

Quartz 29.6 1.5 9.3 1.8
Illite 43.3 — — —

Kaolinite 21.5 — — —
Chlorite 1.4 — — —
Pyrite 4 — — —

Anorthite — 13.7 59.7 45.4
Pyroxene — — 25.7 26.3
Gehlenite — — 1.3 26.4

Sekaninaite — 11.5 — —
Mullite — 22.3 — —

Amorphous — 49.0 3.6 —

Note: “—”, less than 1%.

 
(A) (B) 

Figure 9. Melting material and unburned carbon in 40%-O2 slag, SEM back scattering images.
(A) Porous and melting materials; (B) Unburned carbon.

The mineral transformations with increasing temperature are displayed in Figure 10. It is
indicated that in the 40%-O2 gasification condition, mineral melting occurs at temperatures
lower than 900 ˝C. With further increasing temperature, the slag content continuously increases.
Massive high-temperature quartz mineral slag (SiO2(SLAG)) and pyroxene mineral solid solution
(oPyr(solution)) are generated at temperatures ranging from 900 to 1200 ˝C. The difference between
the thermodynamic calculation and the sample analysis should be attributed to the ideal state adopted
in the equilibrium calculations. However, both sample analysis and thermodynamic simulation show
that the melting temperature of coal minerals is significantly lower than the ash fusion temperature of
coal in UCG reduction conditions. Because there is a big difference between the modeling results of
mineral transformation in these oxygen-enriched conditions with the experimental results, the results
in 60%-O2 and 80%-O2 are not given here. The real gasification reaction is always limited by the
reaction kinetic, mass transport, unknown reactions, and interfaces, especially in underground coal
simulation conditions.
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Figure 10. Thermodynamic simulation of mineral transformation in 40%-O2 gasification condition.

SEM images of 60%-O2 slag and 80%-O2 slag are shown in Figures 11 and 12 respectively.
In 60%-O2 slag, a small amount of amorphous glass beads could still be found, which is in agreement
with the XRD quantitative analysis. However, amorphous material is hardly observed in 80%-O2

slag, and a large amount of crystals appear in the shape of rod-like stacks (Figure 12A). A possible
reason for this change could be explained as follows: with an increase in the oxygen concentration in
the injection gas, the reaction temperature continuously increases, causing melting minerals to react
further and produce new crystal minerals at temperatures over 1200 ˝C, contributing to the remarkable
increase in the anorthite and pyroxene contents in the 60%-O2 slag and 80%-O2 slag. In other words,
oxygen-enriched gasification is beneficial to the regeneration of typical minerals.

In the SEM image of 40%-O2 slag, unburned carbon in the shape of plant cells was observed, and
the whole micro-morphology is comparatively complicated (Figure 9B). In comparison, the SEM image
of the 60%-O2 slag seems to be more homogeneous and is shown to have a wheat head formation
(Figure 11B), which has been previously noted in the study of surface gasification ash by Matjie [34].
The homogeneous phenomenon is even more obvious for the 80%-O2 slag, where crystal minerals
are regularly arranged in lamellar stacks formation. The transformation of micro-morphology from
disordered, porous, and melting minerals to homogeneous and orderly crystals indicates that the crystal
structure of minerals tends to be more orderly with increases in the oxygen content from 40% to 80%.

Mullite is found in the 40%-O2 slag, while it disappears in the 60%-O2 and 80%-O2 slag. Instead,
massive anorthite is formed in the 60-O2 slag. It is suggested that mullite reacts with calcium oxide
contained in the slag to generate anorthite at temperatures over 1130 ˝C [35]. In addition, the alkali
metals in coal may inhibit the formation of mullite at high temperatures [36]. These factors lead to
the reduction and disappearance of mullite with the increase in the oxygen concentration during
UCG process.

 
(A) (B) 

Figure 11. Amorphous glass beads and wheat head formation crystals in 60%-O2 slag,
SEM back-scattering images. (A) Amorphous glass beads; (B) Wheat head formation crystals.
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(A) (B) 

Figure 12. Rod-like stacks crystals and lamellar stacks crystals in 80%-O2 slag, SEM back scattering
images. (A) Rod-like stacks crystals; (B) Lamellar stacks crystals.

As shown in the SEM image in Figure 13, as a whole, 80%-O2 slag is mainly composed of two type
of materials, phase “A” and phase “B.” From the Energy-Dispersive Spectrometer (EDS) quantitative
analysis, as listed in Table 7, it is inferred that phase “A” contains anorthite crystals and phase “B” is
the solid solution of gehlenite and pyroxene. The previous XRD analysis showed that in the 80%-O2

slag, the anorthite content is reduced, while gehlenite is formed in great quantities. Therefore, it can
be concluded that anorthite forms in great quantities at 1200 ˝C and tends to melt as the temperature
increases, so its crystal content gradually decreases until it finally disappears at 1400 ˝C. It is also
reported that gehlenite is formed between 1200 and 1400 ˝C and begins to decrease above 1400 ˝C [37].
Thus, it is assumed that anorthite may provide a calcium source for the formation of gehlenite, which
also accounts for the reduction of anorthite in the 80%-O2 slag.

Figure 13. Scanning electron microscope and energy-dispersive spectrometer (SEM-EDS) analysis of
minerals in 80%-O2 slag. (A) Anorthite crystals; (B) Solid solution of gehlenite and pyroxene.
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Table 7. Energy-dispersive spectrometer (EDS) quantitative results of anorthite crystals and gehlenite
and pyroxene solid solution in 80%-O2 slag (wt %).

Element C O Na Mg Al Si K Ca Fe

A 6.9 35.7 1.7 1.0 13.7 26.6 0.6 10.8 3.0
B 7.2 32.7 — 3.4 4.4 24.5 0.4 14.8 12.6

A: Anorthite crystals; B: Solid solution of gehlenite and pyroxene. Note: “—”, undetectable.

Based on the result of SEM-EDS analysis in Figure 14, sekaninaite is proven to exist in 40%-O2 slag.
Moreover, iron oxide is also found in the form of Fe3O4, as concluded from the EDS quantitative results
(Table 8). However, the iron-bearing mineral in 60%-O2 slag and 80%-O2 slag is mainly pyroxene on the
basis of the SEM-EDS results, which is in agreement with the previous XRD quantitative analysis result.
For the UCG residue, the existence of sekaninaite (Fe2Al4Si5O18) has been observed and proven to be
the product of the reaction between SiO2 and hercynite (FeAl2O4) at high temperatures [20]. It has been
reported that under oxygen-enriched gasification conditions, the iron-bearing mineral tends to react
with aluminosilicate to form pyroxene [38]. Therefore, the reaction mechanism of iron-bearing minerals
at high temperatures could be concluded to be iron mineral oxidizing to form magnetite (Fe3O4) and
then converting to Fe2+ in hercynite during the gasification process (in a reductive atmosphere).
Hercynite reacts with SiO2 to form sekaninaite, and then sekaninaite is further oxidized to produce
pyroxene with the increase in oxygen concentration.

 

(A) 

 

(B) 

Figure 14. Cont.
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(C) 

Figure 14. SEM-EDS analysis of Fe-bearing minerals in UCG slag. (A) Sekaninaite in 40%-O2 slag, EDS
analysis; (B) Melting iron oxide in 40%-O2 slag, EDS analysis; (C) Pyroxene crystals in 60%-O2 slag,
EDS analysis.

Table 8. EDS quantitative results of iron-containing minerals in UCG slag.

Element C O Na Mg Al Si K Ca Fe Ti

A 10.1 37.9 0.6 1.9 11.8 28.3 2.7 1.8 5.0 —
B 6.0 24.3 — 0.2 1.6 3.3 0.2 1.4 63.3 —
C 23.9 18.4 0. 5 1.0 2.9 11.5 0.7 26.8 2.1 12.2

A, Sekaninaite in 40%-O2 slag; B, Melting iron oxide in 40%-O2 slag; C, Pyroxene crystals in 60%-O2 slag. Note:
“—”, undetectable.

4. Conclusions

(1) The typical minerals in the 40%-O2 UCG slag include anorthite, mullite, sekaninaite, and
approximately 49% amorphous substances. The mineral compositions of the 60%-O2 slag and 80%-O2

UCG slag are similar, and the dominant minerals involve anorthite, pyroxene, and gehlenite, while the
amorphous substance almost disappears.

(2) In micro-appearance, the whole micro-morphology of the 40%-O2 slag is comparatively
complicated, with unburned carbon in the form of plant cells and a large amount of porous and
melting material observed. In contrast, the 60%-O2 slag seems to be homogeneous and is shown to
have a wheat head formation. The homogeneous phenomenon is even more obvious in the 80%-O2

slag, with mineral crystals regularly arranged in lamellar stacks. It is inferred that the increased oxygen
concentration during UCG is beneficial to the reformation of the mineral crystals and that the crystal
structure of the minerals tends to be more orderly when the oxygen content increases from 40% to 80%.

(3) Mullite may react with the calcium oxide contained in slag to generate anorthite when the
oxygen concentration is higher than 40%, which contributes to the disappearance of mullite and the
remarkable increase of anorthite in the 60%-O2 slag. Anorthite may serve as a calcium source for the
formation of gehlenite, which also accounts for the reduction of anorthite in the 80%-O2 slag.

(4) Sekaninaite is proven to exist in the low-oxygen-concentration slag; however, the iron-bearing
mineral in higher-oxygen-concentration slag is mainly pyroxene. The reaction mechanism of
iron-bearing minerals at high temperatures could be assumed to be iron mineral oxidizing to magnetite
(Fe3O4) and then converting to Fe2+ of hercynite in a reducing atmosphere. The hercynite then reacts
with SiO2 to form sekaninaite. Finally, with the increase in the oxygen concentration, sekaninaite is
further oxidized to produce pyroxene.
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Abstract: In order to better understand the role of coal gangue in potential environmental and
ecological risks, the leaching behavior of trace elements from coal gangue has been investigated in
an open-cast coal mine, Inner Mongolia, China. Four comparative column leaching experiments
were conducted to investigate the impacts of leaching time, pH values and sample amount on the
leaching behavior of trace elements. Enrichment factors (EF), maximum leached amount (Lam),
maximum leachability (Lrm), effects range low (ERL) and effects range median (ERM) were employed
to evaluate potential environmental and ecological hazards resulting from the leaching behavior of
environment-sensitive trace elements from coal gangue. Leaching time and sample amount display
important effects on trace element concentrations, leached amounts and leachability. The pH values
exhibit a weak influence on the leaching behavior of the selected trace elements (e.g., As, V, Cr, Co, Ni,
Cu, Zn, Se, Cd, Sn, Pb and Hg). The coal gangue are enriched in As, Co, Se and Pb and, in particular,
show higher environmental pollution levels of As and Se (EF > 2). Lam values suggest that all of the
elements investigated do not show potential risk to soils and vegetation, but have a high hazard
risk for ground water. Elements including Ni, As, Cr and Zn are inclined to show high or moderate
biological toxicity.

Keywords: coal gangue; environment-sensitive trace elements; column leaching; leaching behavior;
environmental hazard; ecological risk

1. Introduction

In recent years, coal has accounted for 74% of China’s total primary energy consumption and will
continue to be the major energy source in the next decades [1]. However, environmental hazards were
caused as a result of the release and dispersal of harmful trace elements contained in coal, coal gangue
and coal combustion residues [2–5]. The rapid development of coal mining in China over the last
twenty years has led to a huge coal gangue accumulation in coalfields. According to the incomplete
statistics of 2010, there were more than 4.5 billion tons of coal gangue, which covered approximately
1.5 thousands square kilometers of land in China [6]. This could result in substantial environmental
hazard and ecological risk, such as soil and water pollution and ecological deterioration, if reasonable
precautions are not taken [7,8].
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Coal gangue, a mixture of rocks derived from coal bed’s roof, floor, partings and coal itself, is
mainly produced from coal mining and, in some cases, is enriched in some toxic trace elements [9–11].
Trace elements are defined as elements with concentrations lower than 0.1% in coal gangue [12];
they have become a hot topic due to the complex changes of their particles, inability to decompose
in natural processes and high toxicity to ecosystems following their release and dispersal into
the atmosphere, soils, water and vegetation through the pathways of leaching, weathering and
spontaneous combustion [6,9,13,14]. Leaching has proven to be one of the primary pathways for trace
elements entering into the ecosystem. Extensive studies on the leaching behavior of trace elements
from coal, coal fly ash and bottom ash have been conducted [13,15–17]. However, studies focused on
the leaching behavior of trace elements from coal gangue are relatively rare [6,18], especially from coal
gangue piles. Nevertheless, “leaching behavior” and its impact factors are not clearly defined in these
current investigations.

Time is one of the important impact factors on the leaching behavior of trace elements from
coal gangue [4,19,20]. The integrative efforts to determine the leaching behavior of the selected
trace elements from coal gangue piles indicated that it is a very complex process in terms of
the leaching pathways, which might be influenced by various factors. Moreover, the potential
environmental impacts of the resulting leachates from coal gangue should be given more attention and
studied extensively using quantitative assessment methods due to their emergent potential pollution
and toxicity.

Therefore, this study was conducted to focus on investigations on the leaching behavior of trace
elements from coal gangue piles and their environmental effects. Based on the comparative column
leaching experiments, the environmental and ecological risks generated by the trace elements of the
resulting leachates from coal gangue piles were evaluated in detail by different semi-quantitative
methods. The leaching behavior of the trace elements from coal gangue piles, in this study, mainly
refers to the leached concentrations of trace elements, leached amount, leachability, maximum leached
amount (Lam) and maximum leachability (Lrm). The roles of the impact factors, including leaching time,
pH of the leaching solution and sample amount, were simultaneously analyzed.

Twenty-six trace elements in coal, proposed by Swaine [12], could lead to potential environmental
impacts, including As, Cr, Cd, Hg, Pb, Se, B, Mn, Ni, Cu, V, Zn, Co, Sn, Cl, F, Mo, Bo, P, Th, U,
Ba, I, Ra, Sb and Tl. Particularly, elements As, Cd, Cr, Hg, Pb and Se are of most environmental
importance [12], while elements Ni, Cu, V, Zn, Co and Sn have generally been analyzed in other
leaching experiments [6,8]. Twelve trace elements, including As, V, Cr, Co, Ni, Cu, Zn, Se, Cd, Sn, Pb
and Hg, were therefore selected for investigation in this study, to assess their leaching behavior in coal
gangue piles and the corresponding environmental and ecological hazards levels.

2. Materials and Methods

2.1. Study Area

The Wulantuga open-cast germanium coal mine area (43˝56157.86” N, 115˝54137.36” E), covering
an area of 2.2 km2 [21,22], is located in the southwest of the Shengli Coalfield (with a total area
of 342 km2 [21]) in northeastern Inner Mongolia, northern China (Figure 1). The germanium-rich
coal in the open-cast mine has been mined since 1997. The production of raw coal was 7.3 million
tons in 2014, resulting in approximately 0.7 million tons of coal gangue accumulation [23]. The coal
properties and the geological setting have previously been described in a great detail [21,22,24–26].

The study area has a semi-arid continental climate of the middle temperate zone. The annual
average temperature is 0–3 ˝C, and the mean annual rainfall is approximately 276.3 mm. The soil type
is chestnut soil, and the vegetation type is typical grassland, with 50% coverage. There is a seasonal
river named the Xilin River flowing northward, 12 km from the east of the open-cast coal mine area,
which has no direct hydraulic connection to the coal mine. The terrain of the Shengli Coalfield is
gentle, with a slope of no more than 7˝ and an elevation of 1061–1196 m. The germanium coal mine
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area belongs to an approximate level-slight inclination monocline structure, with a formation dip of
less than 5˝.

 

Figure 1. Study area and sample location in the open-cast germanium coal-mine area, Inner
Mongolia, China.

2.2. Sample Collection

To investigate the mineral and chemical compositions in coal gangue and their potential
environmental effects, coal gangue samples were collected in the open-cast germanium coal mine in
July 2014, as well as the soils, water and plant samples around the mine area (Figure 1).

Coal gangue samples were selected from two sites of coal gangue piles in study area (Figure 1).
Three samples were taken by hand and were immediately stored in individual sealed plastic bags in
order to avoid any contamination and oxidation. Soil samples were collected from two sites in the north
of the open-cast coal mine area using a geotome at a depth of 0–15 cm of each layer (Figure 2), and three
sampling points were set in each layer, according to the sample collection methods described in detail
by Jia et al. [23]. Background soil samples were taken from the grassland located approximately 15 km
to the northeast of Xilinhaote city. All of the soil samples were also stored in sealed plastic bags in a
portable freezer to minimize possible changes and contaminations. Three water samples were taken
using a glass water sampler with 2 L capacity from the water pools in the open-cast germanium coal
mine area. Two background samples were collected from the Jiuquwan Reservoir, which is situated
approximately 20 km from the southeast of the coal mine area. The samples were immediately put
into polyethylene terephthalate (PET) bottles and stored in the portable freezer. Four plant samples
(Filifolium Kitam, Artemisia lavandulaefolia, Allium tuberosum Rottler and Leymus chinensis (Trin.) Tzvel)
were selected in the grassland located in the north of the coal mine area. The leaves and trunks of plant
samples were collected and immediately stored in sealed plastic bags.

2.3. Analytical Methods

The contents of major-element oxides, including SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, MnO,
Na2O, K2O and P2O5, in coal gangue samples were analyzed by X-ray fluorescence spectrometry
(XRF, ARL ADVANT1XP+, ThermoFisher, Waltham, MA, USA) as outlined by Dai et al. [27]. The
mineralogical compositions were determined on a D/max-2500/PC powder diffractometer with
Ni-filtered Cu-Kα radiation and a scintillation detector. Each XRD pattern was recorded over a 2θ
interval of 2.6˝–70˝, with a step size of 0.01˝ [27]. The selected environmentally-sensitive trace elements
were As, V, Cr, Co, Ni, Cu, Zn, Se, Cd, Sn, Pb and Hg. The trace element contents of V, Cr, Co, Ni,
Cu, Zn, Cd, Sn and Pb in the coal gangue, soil, water and plant samples and those in the resulting
leachates of the following experiments of coal gangue were all determined by inductively-coupled
plasma mass spectrometry (X series II ICP-MS, ThermoFisher), according to the procedures described
in detail by Dai et al. [28]. Arsenic and Se were determined by ICP-MS using collision cell technology
(CCT), as described by Li et al. [29]. The concentration of Hg was determined by a Milestone DMA-80
Hg analyzer (Milestone, Sorisole, Italy). The detection limit of Hg is 0.005 ng; the relative standard
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deviation from eleven runs on Hg standard reference is 1.5%; and the linearity of the calibration
is in the range 0–1000 ng [30]. The handling methods of soil samples were described in detail by
Jia et al. [24]. Four plant samples were mixed and were cleaned by deionized water. They were dried
in a drying oven (60 ˝C) and crushed to 100 mesh size for testing.

Figure 2. The distribution of soil sampling points and sections in the mining area [23].

2.4. Leaching Experiments

Coal gangue samples were air-dried and crushed to 200 mesh. They were blended by the method
of repeated division into four equal portions to mix thoroughly (four times) and prepared for the
leaching experiments (5 kg). Then, three 30-g sub-samples and one 45-g sub-sample were obtained by
an analytical balance of 0.01-mg precision, accurate to four decimal places.

To investigate the impacts of different pH values and sample quantities on the leaching behavior
of the selected trace elements in the coal gangue, four column leaching experimental groups were
determined in this study (Table 1). The pH of the rainfall in the study area is approximately
6.60–8.19, slightly alkaline, with no acid rain. The concentration ratio between SO4

2´ and NO3
´

in the rainfall is approximately 2.3–29.0, suggesting sulfate precipitation [19,31]. According to the
rainfall characteristics, distilled water (pH = 7.0 ˘ 0.3), acidic solution (pH = 6.0 ˘ 0.3, using distilled
water with H2SO4) and alkaline solution (pH = 8.0 ˘ 0.3, using distilled water with NaOH) were
prepared for the leaching experimental groups. In this study, Experiments I, II and III were set for
detecting the effects of solution pH on leaching behavior, with the same sample weight of 30-g, and
different solutions of acid, alkaline and neutral pH, respectively. All of the test utensils were soaked in
a 14% HNO3 solution for 24 h and rinsed by distilled water before the leaching experiments [19].

Each coal gangue sample was transferred into a fixed glass column, which was 30 mm in internal
diameter and 50 cm in length (Figure 3). Quartz sand (10 g, particle size < 0.83 mm) was packed into
the bottom of the column in Experiments I, III and IV, respectively, to prevent fine particle loss during
leaching. It was also packed at the top of the sample to make the solution disperse uniformly. However,
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a small amount of absorbent cotton, instead of quartz sand, was used at the top and bottom of the
column in Experiment II. This was to prevent the quartz sand from reacting with the alkaline solution,
in which absorbent cotton could not be dissolved. The four solutions were controlled in terms of influx
into the columns at room temperature. The experiments lasted for 90 h. The resulting leachates were
sampled once every 3 h and then put into 50-mL volumetric tubes for element analysis. Thirty samples
were obtained from each experimental group. As a matter of convenience for displaying and analyzing
the results, the concentrations of the 30 samples were averaged over 10 time units, i.e., 0–9 h, 9–18 h,
18–27 h, 27–36 h, 36–45 h, 45–54 h, 54–63 h, 63–72 h, 72–81 h and 81–90 h.

Table 1. Test setting data for the four column leaching experimental groups.

Group Weight of Samples (g) pH of Solution Test Purpose

I 30 6.0 ˘ 0.3 acid solution
II 30 8.0 ˘ 0.3 alkaline solution
III 30 7.0 ˘ 0.3 neutral solution
IV 45 7.0 ˘ 0.3 different weight of samples

Figure 3. Installations of the leaching experiments: I, II, III and IV. Experiment I, 30-g samples,
pH= 6.0 ˘ 0.3; Experiment II, 30-g samples, pH = 8.0 ˘ 0.3; Experiment III, 30-g samples, pH = 7.0 ˘ 0.3;
Experiment III, 45-g samples, pH = 7.0 ˘ 0.3.
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The “leachability (Lr)”, “leached concentration (Cl)” and “maximum leached concentration (Clm)”
were used to analyze the leaching behavior of the coal gangue during the four experimental groups. Lr

(%) is calculated by Equation (1), and Clm (μg/L) was calculated by Equation (2):

Lr “ 100Cl x ˆ Vx

Mx
(1)

Clm “ MaxpClxq (2)

where Clx (μg/L) and Vx (L) represent the concentration of an element and the volume of the resulting
leachates, respectively, during a period of leaching time. Mx (μg) is the total mass of an element in the
coal gangue samples.

2.5. Environmental Effect Indicators

To compare the concentrations of an element in coal gangue with black shales, Clarke values
were used as a practical method of assessing trace element enrichment [6]. The enrichment factor (EF)
was then an important parameter to evaluate the pollution level of an element [6,32–34]. EF values of
elements in coal gangue, coal, soil, water and vegetation of the Wulantuga open-cast coal mine were
applied to assess the pollution degrees of the 12 trace elements. The EF value is expressed as follows:

EF “ Ai{C
Bi{D

(3)

where Ai (μg/g) is an element’s concentration; Bi (μg/g) is the background value of an element
(Clarke value); C (μg/g) is the reference element concentration; D (μg/g) is the Clarke value of the
reference element. Scandium is usually used as the reference element due to its stable concentration,
and it was also applied in this study.

“Maximum leached amount” (Lam) and “maximum leachability” (Lrm) are important indicators
for trace element environmental risk assessment, which could provide valuable information of the
maximum extent of element migrating ability [4,33]. The value of Lam is defined here as the ratio of all
amounts of an element in the leachates of 90 h to the mass of the coal gangue sample. The value of Lrm

is based on the ratio of the amount of the trace element in the leachates after 90 h to the mass of the
trace element in the coal gangue sample.

Aimed at further evaluating the environmental threat of the 12 environmentally-sensitive
elements, the concentration limits of the trace elements in groundwater, soil and food were also
compared in this research. Furthermore, the effects range low (ERL) and effects range median (ERM),
defined in international sediment quality guidelines (SQGs), were adopted in this study to assess the
ecological risk, namely the biological toxicity of trace elements in coal gangue. ERL values are the
concentrations below which adverse effects on sediment-dwelling fauna would be unlikely, and ERM
values were, in contrast, the concentrations above which adverse effects are likely [5,34]. The existence
of biological toxicity could be divided into three levels, i.e., <ERL, very low toxicity, >ERL and <ERM,
middle toxicity, and >ERM, probable toxicity [35].

The environmental quality standard for soils, the quality standard for groundwater and limits of
contaminants in foods were also applied to be compared with the Lam values of the trace elements in
soil samples, water samples and vegetation samples, respectively, in the study. Unfortunately, there
are no specific limits, standards or references of the trace element concentrations for plants. Therefore,
the concentrations in vegetation samples had to be compared to the limits of contaminants in foods,
the alternative comparing reference, for evaluating the environmental impacts of coal gangue leaching
on vegetation.
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3. Results

3.1. Chemistry and Mineralogy in Coal Gangue

Proximate and sulfur analyses were performed on the coal gangue sample. Proximate analysis on
coal or/and coal gangue samples is long-term, well-established term in coal industry and covers the
determination of moisture, volatile matter and ash yield in samples [36]. These data are expressed as
percentages of the air-dried coal gangue (on an air dry basis; Table 2), and these include the air-dried
moisture, but do not involve the surface moisture of the samples [36–39].

Table 2. Contents (wt %) of coal gangue samples in the Wulantuga open-cast coal mine area.

Proximate and Sulfur
Analysis

Chemical Compositions

Aad Mad Std SiO2 Al2O3 Fe2O3 K2O MgO TiO2 CaO Na2O P2O5 MnO
90.30 9.70 0.07 70.26 19.23 3.76 3.15 1.31 1.10 0.50 0.40 0.04 0.04

Aad, ash yield, air dry basis; Mad, moisture content, air dry basis; Std, total sulfur, dry basis.

The coal gangue samples are dominated by SiO2 (70.26%) and Al2O3 (19.23%), followed by Fe2O3

(3.76%) and K2O (3.15%) (Table 2), along with trace percentages of MgO (1.31%), TiO2 (1.10%), CaO
(0.50%) and Na2O (0.40%).

The XRD patterns showed that the main mineral phases found in the coal gangue samples were
montmorillonite, illite mixed layer, kaolinite and quartz. The dominant minerals of montmorillonite
and kaolinite indicated that the coal gangue in the Wulantuga open-cast coal mine area had a
high expansibility.

In comparison to the world Clarke values, the concentration of the coal gangue was enriched
in Co (the average concentration equaled 53.92 μg/g in study area) and depleted in Se, Cd and Hg.
The remains of the selected 12 trace elements were close to the concentrations of the world Clarke
values (Table 3).

3.2. Leaching Characteristics of Coal Gangue

3.2.1. Leaching Time

Eight different trend curves for the leached concentration of 12 elements, which were changed
by leaching time, could be identified in the four leaching tests (Tables 4–7). Among them, a sharp
drop followed by a steady curve was the major trend, which accounted for more than one third of the
concentration time changing curves. This trend curve was observed for elements Co, Ni, Se, Cu, Zn
and Pb. Descending curves and curves with a short rise followed by a large decline accounted for
20.83% and 14.58% of the trends, respectively. Elements Cr, As and Cu exhibited descending curves.
Short rise, large decline curves were observed for V and As. These three trends, in general, showed
higher extractable concentrations of the elements in the initial leaching phase, but decreased sharply
or gradually as the leaching time goes on. Steady descending curves (14.58% of all of the trends), i.e.,
concentrations of the elements decreased slightly during the whole leaching time, were observed for
the elements Cd, Sn and Hg. A wave-like curve in decreasing order of significance accounted for 4.17%,
including Zn. Double wave-like curves contributed to 2.08%, showing a slight and steady decrease
order for elements of Cd and Hg. A curve with a slight and steady rise followed by a decline (2.08%
of all of the trends) was observed for Sn. Based on these trends, the elements could be divided into
two categories. Elements Co, Ni, Se, Cu, Zn, Pb, Cr, As and V were in the category with a sharp initial
decrease in the leaching phase, followed by a steady decline. Elements Cd, Hg and Sn were in the
category with characteristics of slight and steady waves, decreasing throughout the leaching phases.
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Table 5. Analytical concentrations of the selected trace elements in resulting leachates from 0–90 h in
Experiment II (μg/L).

Elements 0–9 h 9–18 h 18–27 h 27–36 h 36–45 h 45–54 h 54–63 h 63–72 h 72–81 h 81–90 h
Trend
Curve

As 10.72 10.45 7.78 6.88 4.43 3.49 2.35 2.54 2.09 1.62
V 28.07 31.20 21.88 18.67 15.92 14.81 11.58 11.53 9.82 8.49
Cr 6.87 7.44 4.46 4.07 4.30 3.79 2.71 2.58 2.48 2.42
Co 8.09 3.45 1.52 1.26 1.37 0.91 0.55 0.36 0.32 0.30
Ni 19.96 10.60 5.05 3.82 3.83 2.39 1.30 1.10 0.82 0.59
Cu 13.45 8.71 3.79 2.14 1.81 1.26 0.44 0.44 0.13 0.01
Zn 52.12 45.08 38.15 41.28 33.16 26.04 17.77 26.96 14.61 13.31
Se 23.03 1.56 0.95 0.87 0.71 0.23 0.38 0.30 0.23 0.09
Cd 0.12 0.05 0.02 0.06 0.06 0.02 0.01 0.01 0.01 0.01
Sn 0.30 0.29 0.13 0.11 0.12 0.10 0.01 0.01 0.01 0.0
Pb 2.10 2.37 0.96 0.71 0.54 0.29 0.09 0.06 0.03 0.01
Hg 0.10 0.15 0.12 0.10 0.07 0.12 0.12 0.12 0.07 0.07

Table 6. Analytical concentrations of the selected trace elements in resulting leachates from 0–90 h in
Experiment III (μg/L).

Elements 0–9 h 9–18 h 18–27 h 27–36 h 36–45 h 45–54 h 54–63 h 63–72 h 72–81 h 81–90 h
Trend
Curve

As 13.38 16.66 15.04 12.20 4.71 3.16 1.96 1.82 1.31 0.61
V 38.07 43.29 31.48 26.78 13.76 12.73 7.80 6.50 5.26 4.05
Cr 10.11 8.16 6.49 4.40 3.55 3.47 2.35 2.32 2.32 2.34
Co 10.18 3.76 1.99 1.16 1.08 0.60 0.42 0.28 0.34 0.47
Ni 22.59 11.02 8.14 3.08 2.34 1.39 0.82 0.75 0.56 0.67
Cu 17.31 9.56 4.40 2.15 1.14 0.74 0.07 0.00 0.00 0.02
Zn 68.14 49.93 59.40 43.74 38.47 18.92 21.12 25.11 14.86 19.76
Se 25.08 1.71 0.57 0.55 0.54 0.50 0.19 0.43 0.17 0.21
Cd 0.12 0.05 0.27 1.36 0.04 0.02 1.72 0.08 0.05 0.02
Sn 0.39 0.28 0.16 0.10 0.07 0.06 0.00 0.00 0.00 0.00
Pb 4.14 2.82 1.67 0.84 0.55 0.38 0.05 0.02 0.03 0.03
Hg 0.21 0.09 0.06 0.15 0.13 0.07 0.10 0.09 0.07 0.06

Table 7. Analytical concentrations of the selected trace elements in resulting leachates from 0–90 h in
Experiment IV (μg/L).

Elements 0–9 h 9–18 h 18–27 h 27–36 h 36–45 h 45–54 h 54–63 h 63–72 h 72–81 h 81–90 h
Trend
Curve

As 12.79 11.13 11.36 11.49 8.35 7.51 6.79 6.55 6.00 4.01
V 59.61 43.02 42.93 36.38 35.31 31.75 23.66 21.03 18.97 14.32
Cr 31.75 17.67 18.27 12.18 14.46 11.33 4.95 4.27 4.49 3.54
Co 34.68 14.79 8.69 5.66 5.15 3.63 1.68 1.20 1.22 0.89
Ni 55.24 37.17 24.41 15.49 11.69 8.17 4.30 3.01 2.65 2.65
Cu 36.32 27.21 20.27 12.42 8.49 5.80 2.55 1.79 1.58 1.40
Zn 140.91 83.36 77.06 56.70 64.42 42.65 34.55 26.84 26.59 20.49
Se 107.20 20.83 4.56 1.90 1.46 0.94 1.11 0.71 0.68 0.50
Cd 0.51 0.15 0.12 0.06 0.07 0.04 0.03 0.02 0.02 0.02
Sn 0.29 0.65 0.67 0.49 0.60 0.47 0.10 0.06 0.07 0.10
Pb 17.87 8.16 7.73 4.45 4.83 3.02 0.94 0.68 0.79 0.43
Hg 0.25 0.10 0.10 0.09 0.05 0.15 0.08 0.05 0.06 0.05

The concentrations of the 12 elements in the resulting leachates reached the maximum at different
leaching time periods (Table 8). Approximately 70.83% of the leached concentrations reached the
maximum at 0–3 h, especially for elements Co, Ni, Cu and Se. The maximum leach concentration
occurred at 12–15 h, accounting for 10.42%. In the other periods of 6–9 h, 15–18 h, 21–24 h, 24–27 h,
27–30 h, 30–33 h, 51–54 h and 60–63 h, the resulting leachates reached the maximum concentration
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only once (2.08%). All 12 selected trace elements could be mostly leached out within no more than
30 h, except for elements Hg and Cd.

Table 8. The maximum leached concentrations (Clm) of the 12 elements from the coal gangue of the
Wulantuga open-cast coal mine area (μg/L).

Elements
Experiment I Experiment II Experiment III Experiment IV

Clm Tp (h) Clm Tp (h) Clm Tp (h) Clm Tp (h)

As 18.19 15–18 11.63 3–6 17.64 27–30 13.99 0–3
V 40.07 6–9 35.13 12–15 45.69 12–15 81.15 0–3
Cr 11.23 0–3 10.21 12–15 13.47 0–3 49.10 0–3
Co 17.76 0–3 13.76 0–3 16.20 0–3 51.15 0–3
Ni 27.88 0–3 30.57 0–3 31.36 0–3 67.00 0–3
Cu 19.00 0–3 14.81 0–3 22.76 0–3 43.97 0–3
Zn 63.55 0–3 64.40 0–3 93.35 24–27 185.60 0–3
Se 53.50 0–3 64.70 0–3 49.73 0–3 196.90 0–3
Cd 0.26 0–3 0.24 0–3 5.87 30–33 0.79 0–3
Sn 0.48 0–3 0.44 12–15 0.56 0–3 1.07 21–24
Pb 4.83 0–3 3.72 12–15 5.85 0–3 29.50 0–3
Hg 0.41 51–54 0.22 60–63 0.27 0–3 0.33 0–3

Tp: time period of leaching.

3.2.2. Solution pH

Considering the natural rainfall conditions, three pH values, 6.0, 7.0 and 8.0, were examined in
Experiments I, II and III in this study. In general, the trends and mean concentrations were similar in
the three experiments for each individual element (Tables 4–7), indicating that there was no significant
impact of pH on the leached concentrations and trends of the elements in the coal gangue of the
Wulantuga open-cast coal mine area.

Figures 4 and 5 exhibit the changes of leachability of the 12 selected elements from the coal
gangue over 90 h. The interrupted curve in the figures indicated that the element concentration in
the resulting leachates was less than the black value. The leachability trends of most of the selected
elements differed according to the acidity of the leaching solutions. The results of Experiment II,
with a pH of approximately 8.0, differed from those of the other two experiments. For a pH of 6.0,
the leachabilities of the elements from the coal gangue displayed a sharp drop in the initial leaching
phase (0–18 h) and then a steady wave-like curve (in descending order of significance), whereas for
a pH of 7.0, they showed a rise in the initial phase (0–18 h), followed by a sharp decline and, then, a
steady decreasing order wave-like curve. Trace elements Co, Ni, Zn and Se showed almost the same
trends of leachabilities in experiments with different pH values.

In terms of Lam (μg/g) of the elements from the coal gangue in the study area, a slight reverse
dependence with the pH of leaching solutions was observed, which suggested the leachability
decreased with increasing pH (Table 6). Most of the selected elements displayed similar behavior
for Lrm and Lam under the changing pH values. However, inconsistency was observed between the
trends of Lrm and Lam for elements Co, Ni, Cu and Sn. The Lrms values of these four elements remained
constant at 0.001%, 0.003%, 0.002% and 0.001%, respectively, regardless of the pH of the leaching
solutions (Table 9). As a whole, the pH values had little impact on the Lrm of the 12 elements, but it
could influence the Lam.

312



Minerals 2016, 6, 50

Table 9. The maximum leached amount (Lam) and leachability (Lrm) of metals from coal gangue in the
Wulantuga open-cast coal mine area.

Elements
Experiment I Experiment II Experiment III Experiment IV

Lam (μg/g) Lrm (%) Lam (μg/g) Lrm (%) Lam (μg/g) Lrm (%) Lam (μg/g) Lrm (%)

As 0.168 0.009 0.136 0.008 0.174 0.010 0.085 0.005
V 0.536 0.005 0.484 0.005 0.502 0.005 0.315 0.003
Cr 0.137 0.002 0.117 0.001 0.134 0.002 0.107 0.001
Co 0.060 0.001 0.043 0.001 0.046 0.001 0.059 0.001
Ni 0.120 0.003 0.116 0.003 0.116 0.003 0.127 0.003
Cu 0.072 0.002 0.071 0.002 0.069 0.002 0.089 0.002
Zn 1.015 0.007 0.860 0.006 1.096 0.008 0.519 0.004
Se 0.079 0.105 0.060 0.079 0.061 0.081 0.096 0.127
Cd 0.001 0.003 0.001 0.002 0.014 0.037 0.001 0.002
Sn 0.003 0.001 0.002 0.001 0.002 0.001 0.003 0.001
Pb 0.017 0.001 0.016 0.001 0.022 0.0014 0.038 0.001
Hg 0.005 0.037 0.003 0.025 0.004 0.027 0.001 0.007

Figure 4. Leachabilities (%) of the elements As, V, Cr, Co, Ni and Cu from the coal gangue over 90 h in
the four experiments.
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Figure 5. Leachabilities (%) of the elements Zn, Se, Cd, Sn, Pb and Hg from the coal gangue over 90 h
in the four experiments.

3.2.3. Sample Amount

The effects of leaching time and pH values on the leaching behavior of the elements had previously
been investigated [4,6,34]. However, the amount of samples was one of the impact factors for the
leaching behavior of the elements, especially in column leaching tests. Therefore, the effect of sample
amount was further discussed in this study. In the column leaching tests, sample amount should
be considered and determined before leaching. Experiment III (30-g of sample) and Experiment IV
(45-g of sample), under the same pH of solutions, were performed to evaluate the role of the mass of
coal gangue samples in terms of leaching behavior of the elements, including leached concentrations,
leachability, Lam and Lrm.

All of the selected elements showed much higher leached concentrations with higher sample
mass than those with less mass over 90 h, except for As, Cd, Sn and Hg (Tables 4–7). These four
elements were found at almost the same leached concentrations in the two experiments. The leached
concentrations reached maximum values in the 0–3-h phase in Experiment IV, with the exception of Sn.
For Experiment III, there were four exceptions for the maximum leached concentration, namely As
(27–30 h), V (12–25 h), Zn (24–27 h) and Cd (30–33 h).

According to the information displayed above, the sample amount showed little impact on
the change trends of the element concentration over time, but a remarkable effect on the analytical

314



Minerals 2016, 6, 50

concentrations of the elements in the resulting leachates. In terms of the changes in leachability of
the elements from coal gangue over the leaching time, most of the elements showed little difference
between Experiments III and IV (Figures 4 and 5). However, for Cd and Sn, the characteristics of
the leachability trends differed significantly between the two experiments (Figure 5). Cd displayed a
slow rise followed by a sharp rise and then a sudden wave curve under the condition of less sample
mass. However, it showed a sharp initial drop followed by a steadily decreasing wave curve with
higher sample mass. Sn exhibited adverse drastic fluctuations, beginning with a sharp decrease
(30 g of sample) and increase (45 g of sample) in the two leaching tests (Figure 5). Furthermore,
it also exhibited an obvious inverse leachability trend in the latter phase of leaching (45–90 h) for the
element of As (Figure 5), which fluctuated with a general decrease in Experiment III and fluctuated
with a general increase in Experiment IV. In this study, the Lam and Lrm of coal gangue showed no
significant effect of sample mass in the leaching tests (Table 6). The Lrm of most elements remained
invariant, whereas the elements of V, Zn and Hg present a slight decrease with increasing sample
mass (Table 9). This indicated that the sample amount perhaps affected the leaching behavior of some
environment-sensitive elements.

3.3. Environmental and Ecological Risk Assessment

3.3.1. Environmental Impact

In comparison with the Clarke values, the concentrations of the trace elements As, Co, Se and
Pb were considerably higher in the coal gangue of the Wulantuga open-cast coal mine area (Table 3).
The EF values for As and Se were 4.86 and 7.41, respectively, indicating a high pollution degree due to
their high concentration levels (EF > 2).

The Lam values of the selected trace elements provided information of the maximum potential
environmental effect of the elements. The results indicated that all of the selected trace elements from
coal gangue in the study area had no potential risk to soils and vegetation, based on comparing the Lam

values with the corresponding concentrations of the elements defined by the environmental quality
standard for soils and limits of contaminants in foods (Tables 9 and 10). In contrast, the elements could
perhaps have high potential impacts on the groundwater according to the comparison of Lam with
the corresponding concentration in the quality standard for groundwater (Tables 9 and 10). When
compared to the quality standard for groundwater, the concentrations of the elements from the water
samples were all at an acceptable level. All of the concentrations fell into Grade I (less than the natural
background level) for the listing elements in the standard, except for element As, which fell into
Grade II (natural background level) (Tables 9 and 10). According to the standard, water in Grade I
and Grade II could be used for all kinds of purposes, including those of drinking water. For the
concentrations of soil samples, elements Ni, Pb and Hg were found in Level 1 (natural background
level), and As, Cr, Cu, Zn and Cd fell into Level 2 (no pollution to vegetation and the environment)
(Tables 3 and 10). However, in terms of the vegetation samples, almost all of the element concentrations
were higher than those defined in the limits of contaminants in foods (Tables 3 and 10).

3.3.2. Ecological Risk

ERL and ERM values were employed to evaluate the biological toxicity of the selected trace
elements. According to Table 3, it could be found that Ni was in the probable biological effects category
(>ERMs value) for 50% of the coal gangue samples from the Wulantuga open-cast coal mine area. For
As, Cr and Zn, 50% of samples were in the middle range, i.e., occasional adverse biological effects
(>ERL and <ERM) predicted. Therefore, the 12 sensitive environmental trace elements from coal
gangue in the study produced moderate to high ecological hazard to the environment.
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4. Discussion

4.1. Leaching Behavior and Experimental Procedures

The leaching behavior of the elements from the coal gangue is affected by various factors. Leaching
time, pH values and sample amount were discussed to evaluate their roles in terms of the leaching
behavior of the elements of the resulting leachates from the coal gangue in the Wulantuga open-cast
coal mine area. The results of this study show that leaching time and sample mass have relatively
obvious effects on the concentrations, leached amounts and leachability of elements. This result is
consistent with the conclusions of other research [4,17,19,44,45].

Many previous studies suggested that the leaching behavior of the elements was closely associated
with pH values in the leaching solutions [4,19,20,45]. However, it shows little role in the current study.
Considering the natural conditions of rainfall, pH varies from 6.60–8.19 in the study area, and the
pH values applied to evaluate its effect are 6.0, 7.0 and 8.0. These three values are consistent with the
natural conditions, but could not demonstrate the effect of solution acidity or alkalinity. In this study,
leaching behavior is considered to include the leached concentrations of the elements, leached amount,
leachability, Lam and Lrm. Fraction profiles of the elements could further assess the potential risks
posed by the elements from coal gangue [6,46]. In future research, the fraction profiles, water-leachable,
ion-changeable, carbonate-bound, organic-bound, silicate-bound and sulfide-bound particles of the
selected 12 elements will be investigated.

4.2. Quantitative Analysis of Environmental Impacts

The assessment of the impact of trace elements from coal gangue on vegetation indicates that
little potential risk exists to the plants around the open-cast coal mine area based on comparing Lam

values of the elements to corresponding concentrations in the limits of contaminants in foods, which
could indirectly provide information of the impacts on human health. However, the trace element
concentrations of the vegetation samples are higher than those of the limits for all of the selected
elements (As, Cr, Ni, Cd, Pb and Hg) listed in the limits of contaminants in foods, except for Sn. This
suggests that coal gangue contributed little to the concentrations of trace elements in vegetation in the
study area, which are obviously not suitable for food consumption.

In addition to the method of contrasting standards, EF values, Lam, Lrm, ERL and ERM values
were also applied to assess the trace element potential environmental and ecological hazards. These
methods could be defined as semi-quantitative analyses for the trace element potential environmental
and ecological impacts. Furthermore, the spatial extent and levels of pollution exposed by the trace
element dispersal from coal gangue in coal mines are critical in determining the best measures and
techniques for preventing environmental pollution and reclamation. The trace element transport
pathways and the extent of potential environmental pollution should be identified by in situ sampling
and analysis with the help of GIS in future research. Based on a large number of studies, a quantitative
model of the trace element leaching behavior could be developed to evaluate environmental and
ecological potential risks.

5. Conclusions

The changes of concentrations, leached amount, leachability, Lam and Lrm of the selected 12 trace
elements from coal gangue in the Wulantuga open-cast coal mine area, Inner Mongolia, China, were
investigated in this study. Based on the results of leaching behavior, the potential environmental and
ecological hazards were also evaluated through different methods.

Leaching time and sample mass play important roles in determining the trace element
concentrations, the leached amounts and leachabilities. pH values do not exhibit an obvious effect
on the leaching behavior in this study. The coal gangue is enriched in As, Co, Se and Pb, and the EF
values of As and Se indicate higher environmental pollution levels. All of the selected trace elements,
namely, As, V, Cr, Co, Ni, Cu, Zn, Se, Cd, Sn, Pb and Hg, show no potential risk to soils and vegetation,
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but high potential risk to groundwater, based on the analysis of Lam values. Simultaneously, according
to the ERL and ERM values in the SQGs, Ni from the coal gangue is inclined to have high biological
toxicity, and As, Cr and Zn show moderate ecological risk to the environment. Further research
of the environment-sensitive trace element leaching behavior should be investigated through more
quantitative methods with the aid of GIS to identify environmental pollution and effectively make
decisions regarding prevention and reclamation.
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Abstract: In this study, soil samples were collected from a large-scale open-cast coal mine area in
Inner Mongolia, China. Arsenic (As), cadmium (Cd), beryllium (Be) and nickel (Ni) in soil samples
were detected using novel collision/reaction cell technology (CCT) with inductively-coupled plasma
mass spectrometry (ICP-MS; collectively ICP-CCT-MS) after closed-vessel microwave digestion.
Human health risk from As, Cd, Be and Ni was assessed via three exposure pathways—inhalation,
skin contact and soil particle ingestion. The comprehensive carcinogenic risk from As in Wulantuga
open-cast coal mine soil is 6.29–87.70-times the acceptable risk, and the highest total hazard quotient
of As in soils in this area can reach 4.53-times acceptable risk levels. The carcinogenic risk and
hazard quotient of Cd, Be and Ni are acceptable. The main exposure route of As from open-cast coal
mine soils is soil particle ingestion, accounting for 76.64% of the total carcinogenic risk. Considering
different control values for each exposure pathway, the minimum control value (1.59 mg/kg) could
be selected as the strict reference safety threshold for As in the soil environment of coal-chemical
industry areas. However, acceptable levels of carcinogenic risk are not unanimous; thus, the safety
threshold identified here, calculated under a 1.00 ˆ 10´6 acceptable carcinogenic risk level, needs
further consideration.

Keywords: carcinogenic risk; hazard quotient; open-cast coal mine; arsenic; soil; safety threshold;
harmful trace elements

1. Introduction

Coal will continue to play an important role in the global energy supply, especially in China, for a
long time to come [1], and will make significant contributions to the development of human society and
the standards of living. However, some harmful trace elements, such as arsenic (As), cadmium (Cd),
beryllium (Be) and nickel (Ni) are enriched in coal [2,3] with the accompanying minerals. Researchers
observed that As and Hg (mercury) was hosted in pyrite, Be and U (uranium) adsorbed in clay
minerals and, meanwhile, F (fluorine) enriched with kaolinite [4–6], through the effect of sedimentary
diagenesis, microbial action, tectonism, magmatic hydrothermal activity or groundwater activity [7–9].
These trace harmful elements, in various forms may migrate into soil, groundwater, air and other
environmental media [10] and negatively affect human health, through natural activities, such as
hydrothermal activity, or human activities, like coal gasification or coal coking processes.

Chemicals, such as heavy metals, have been shown to cause human cancers [11]. As, Cd, Be, Ni
and other harmful trace compounds found in coal, which conspicuously cause toxicity in humans,
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were documented and suggested by the U.S. Environmental Protection Agency (U.S. EPA) [12], as well
as by the Ministry of Environmental Protection of the People’s Republic of China [13]. Studies on the
level of their risk to human health and corresponding risk control in the mining process are important
for the safety and health of workers and residents in mining areas.

Health risk assessment [14] is a comprehensive evaluation method that links environmental
pollution and human health [15]. Environmental risk assessment in China was started in the 1980s, and
human health risk evaluation studies were developed in the 1990s. Based on the assessing processes
and models used in different countries, software was developed for the assessment of health and
the environmental risks of contaminated sites in China, named the Health and Environmental Risk
Assessment (HERA) [16], and this software was applied to the assessment of contaminated sites, such
as the areas surrounding oilfields or other chemical plants. In recent years, the human health risk
caused by As, Cd, Be and other toxic trace elements in some sites was quantitatively evaluated using
different methods of health risk assessment. Juhasz et al. [17] evaluated the human health risk of As
in rice; the results indicated that different forms of As could cause different levels of risk to human
health. Zhuang et al. [18] assessed the human health risk of Pb and Cd in the Huayuan mining area in
China, and results indicated that Pb and Cd accumulated in vegetables had severe potential risks for
human health. Ren et al. [19] evaluated the potential risk of Pb in the soil environment for children in
Shenyang city, and Li et al. [20] calculated the health risk level caused by Cd, Cu and Se in rice grain in
the Nanjing area.

Although there were several models and standards for human health risk assessment, both in
China and globally, and several health risk assessments were carried out, research on health risk
assessment of harmful trace elements in open-cast coal mines is still very limited. Considering the
ecological system properties of the open-cast mining area in the northwest of China and the complex
contamination characteristics of multiple trace elements, this study could be a useful complement in
this field. Furthermore, this study aims to propose safety thresholds for harmful trace elements (As,
Cd, Be and Ni) in the coal mine area, which has implications for the protection of workers and industry
health. We comprehensively compared mainstream evaluation models and methods, such as CLEA
(Contaminated Land Exposure Assessment [21,22]), RBCA (Risk-Based Corrective Action [23,24]) and
HERA (Health and Environmental Risk Assessment [16]). This study used Chinese standard technical
guidelines for risk assessment of contaminated sites (HJ25.3-2014) [25] to carry out human health risk
assessment of harmful trace elements in the Wulantuga open-cast coal mine area.

2. Experimental Section

2.1. Sample Collection

Soil samples were collected from the Wulantuga coal mine area, which is located in Xilinhaote in
Inner Mongolia (north latitude 43˝56157.8611 and east longitude 115˝54137.3611 in China) in July 2014.
Soil samples were collected using a geotome for a 0–15-cm depth of each layer, and in each layer,
three sampling points were set. The soil samples were stored in plastic sealing bags and stored in a
portable freezer until they were returned to the laboratory. The Wulantuga open-cast coal mine is still
in operation; the area where the coal mine is located has an annual average temperature of 0–3 ˝C.
The average annual rainfall was less than 300 mm, with a perennial southwest wind. Proven coal
reserves were 760 million tons; the annual output is 7.3 million tons, and 337 staff work here. Many
scholars have studied the geochemistry and mineralogy of the coal deposit in this coal mine [26–29].
The open-cast coal mine and the sampling sites are illustrated in Figure 1, and the distribution of
sampling points and soil profile information is shown in Figure 2. Background soil samples were taken
from a grassland, which was about 15 km away from Xilinhaote city in the northeast direction.
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Figure 1. Location of the Wulantuga coal mine.

 

Figure 2. The distribution of sampling points and sections in the mining area.

2.2. Sample Handling and Detection

After drying the soil samples in an oven for 8 h at 105 ˝C [30], they were crushed to 200 mesh. The
samples were digested in an UltraCLAVE microwave high-pressure reactor (Milestone, Milano, Italy)
for 175 min [31]. Next, 50 mg of the soil sample were digested in 5 mL 40% HF, 2 mL 65% HNO3 and
1 mL 30% H2O2. Initial nitrogen pressure was set at 50 bars. The heating process is: 12 min to 60 ˝C,
20 min to 125 ˝C, 8 min to 160 ˝C, 15 min to 240 ˝C, 60 min to 240 ˝C. [31]. Inductively-coupled plasma
mass spectrometry (ICP-MS, ThermoScientific Xseries 2, Thermo Fisher Scientific, Waltham, MA, USA)
was used to determine the amounts of the trace elements (plasma RF power set to 1400 W, sampling
depth set to 130 steps, peristaltic pump speed set to 30 RPM, collision gas flow set to 4 mL/min, dwell
time set to 10 ms, peak jumping acquisition mode, nebulizer gas flow set to 1.00 L/min, auxiliary
gas flow set to 0.80 L/min, cool gas flow set to 13.00 L/min). The linearity of the calibration curves
was considered acceptable in the range 0–100 μg/L with a determination coefficient r2 > 0.9999. The
method detection limit (MDL) of these elements was about 0.02 μg/L. As was determined using
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ICP-MS with collision cell technology (CCT) due to its volatility. Polyfluoroalkoxy volumetric flasks
were used without drying on an electric hot plate to avoid volatile loss. A laser particle size analyzer
was used to determine the texture of the soil samples.

2.3. Health Risk Assessment Methods

2.3.1. Exposure Assessment

During the preliminary stage of this study, Co (cobalt), Hg, Cu (copper), Zn (zinc), Se (selenium)
and U concentrations were found to be low and not considered to be potential human health risks,
and there were no effective toxicity parameters of Cr (chromium) and Pb (plumbum). Therefore, we
selected As, Cd, Be and Ni as the major elements to evaluate. Different land use patterns define the
land type, for example residential, cultural and school land are defined as sensitive sites. Industrial
lands are defined as non-sensitive sites. As the experimental site is a typical non-sensitive site, the
ways in which human health could be influenced in this coal mining area were identified according to
the recommended guidelines for human health risk assessment of contaminated sites [25]. Considering
that there was no surface water in the area surrounding the mine, the groundwater was not used for
drinking and based on published reports [32–35], three routes of exposure—inhalation of particles,
skin contact and ingestion of soil particles—were selected to evaluate the human health risk of this
mining area. The formulas by which corresponding soil exposure doses of the three exposure ways
were calculated are listed in Table 1.

Table 1. Calculating models of soil exposure dose in three soil exposure pathways.

Exposure Routes Instruction Formula for Calculation of Exposure Dose Equation Number

Inhalation of
particles

Carcinogenic risk OISERca “ OSIRa ˆ EDa ˆ EFa ˆ ABS0
BWa ˆ ATca

ˆ 10´6 (1)

Non-carcinogenic risk OISERnc “ OSIRa ˆ EDa ˆ EFa ˆ ABS0
BWa ˆ ATnc

ˆ 10´6 (2)

Skin contact
Carcinogenic risk DCSERca “ SAEa ˆ SSARa ˆ EFa ˆ EDa ˆ EV ˆ ABSd

BWa ˆ ATca
ˆ 10´6 (3)

Non-carcinogenic risk DCSERnc “ SAEa ˆ SSARa ˆ EFa ˆ EDa ˆ EV ˆ ABSd
BWa ˆ ATnc

ˆ 10´6 (4)

Ingestion of soil
particles

Carcinogenic risk
PISERca “

PM10 ˆ DAIRa ˆ EDa ˆ PIAF ˆ pfspo ˆ EFOa ` fspi ˆ EFIaq
BWa ˆ ATca

ˆ 10´6 (5)

Non-carcinogenic risk
PISERnc “

PM10 ˆ DAIRa ˆ EDa ˆ PIAF ˆ pfspo ˆ EFOa ` fspi ˆ EFIaq
BWa ˆ ATnc

ˆ 10´6 (6)

The main parameters of the contaminated site risk-assessment model include concentration
and toxicological parameters of the pollutants, site condition parameters and exposure parameters.
The values of each concentration of the target pollutants and the site condition parameters were
measured. The exposure factor parameters were applied without considering the exposure of children,
based on the non-sensitive properties of the coal mining area in this paper (Table 2).

2.3.2. Toxicological Evaluation

Based on the parameter value selection and the calculation of the various exposure routes,
the carcinogenic risk and hazard quotient were calculated using the formulas and parameters listed in
Tables 2 and 3. Then, the comprehensive human health risk was summed up with the individual risk
associated with each exposure route [25]. The specific level of human health risk for each sampling
point thus obtained was compared to the acceptable level of human carcinogenic risk (1.00 ˆ 10´6)
and hazard quotient (with the standard value of 1.00) [25,35].

CRois is the carcinogenic risk associated with the exposure route of the inhalation of particles
(dimensionless); CRdcs is the carcinogenic risk associated with the exposure route of skin contact
(dimensionless); CRpis is the carcinogenic risk associated with the exposure route of the ingestion
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of soil particles (dimensionless); HQois represents the hazard quotient associated with the exposure
route of the ingestion of soil particles (dimensionless); HQdcs is the hazard quotient associated with
the exposure route of skin contact (dimensionless); HQpis is the hazard quotient associated with the
exposure route of the ingestion of soil particles (dimensionless). The remaining parameters are shown
in Table 2.

Table 2. Major parameters in the exposure dose calculation models.

Parameter Implication Value Unit

OSIRa Intake amount of soil per day 100.00 mg¨ day´1

EDa Exposure time 25.00 a
EFa Exposure rate 250.00 day¨ a´1

BWa Weight of an adult 56.80 kg
ABS0 Absorption efficiency factor of inhaled particles 26,280.00 -
ATca Average carcinogenic effect time 26,280.00 day
ATnc Average non-carcinogenic effect time 91,280.00 day
SAEa Exposed skin area 2854.62 cm2

SSARa Soil adhesion coefficient of skin surface 0.20 mg¨ cm´2

ABSd Absorption efficiency factor of skin contact 0.03 -
EV Frequency of skin contact per day 1.00 time¨ day´1

PM10 Concentration of inhalable suspended particulate matter 0.15 m3¨ day´1

DAIRa Air intake per day 14.50 m3¨ day´1

PIAF Retention ratio of inhalable soil particles in vivo 0.75 -
fspi Proportion of soil particles in indoor air 0.80 -
fspo Proportion of soil particles in outdoor air 0.50 -
EFIa Indoor exposure frequency 187.50 day¨ a´1

EFOa Outdoor exposure frequency 62.50 day¨ a´1

Csur Concentration of pollutants in the surface soil Table 6 mg¨ kg´1

SF0 Oral intake slope factor of carcinogenic element 1.50 (mg/kg¨ day)´1

SFd Skin contact slope factor of carcinogenic element 1.00 (mg/kg¨ day)´1

SFi Breathing slope factor of carcinogenic element 4.30 (mg/kg¨ day)´1

SAF Reference dose distribution coefficient of soil exposure 0.20 -
RfD0 Reference dose for ingestion 3.00 ˆ 10´4 mg¨ kg´1¨ day´1

RfDd Reference dose for skin contact 3.00 ˆ 10´4 mg¨ kg´1¨ day´1

RfDi Reference dose for inhalation 3.83 ˆ 10´6 mg¨ kg´1¨ day´1

Table 3. Formulas for the calculation of carcinogenic risk and the hazard quotient.

Exposure Routes Instruction
Cancer Risk or Hazard Quotient

Calculating Formulas
Equation Number

Inhalation of
particles

Carcinogenic risk CRois “ OISERca ˆ Csur ˆ SFo (7)

Hazard quotient HQois “ OISERnc ˆ Csur

RfDO ˆ SAF
(8)

Skin contact
Carcinogenic risk CRdcs “ DCSERca ˆ Csur ˆ SFd (9)

Hazard quotient HQdcs “ DCSERnc ˆ Csur

RfDd ˆ SAF
(10)

Ingestion of soil
particles

Carcinogenic risk CRpis “ PISERca ˆ Csur ˆ SFi (11)

Hazard quotient HQpis “ PISERnc ˆ Csur

RfDi ˆ SAF
(12)

2.3.3. Calculation of Control Values

When carcinogenic risk exceeds the recommended safety value, the risk control value associated
with the corresponding routes of exposure should be calculated (Table 4).

ACR refers to the acceptable level of human carcinogenic risk (1 ˆ 10´6, dimensionless); AHQ is
the acceptable level of the hazard quotient (1, dimensionless). The remaining parameters are listed in
Table 2.
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Table 4. Formulas for the calculation of the safety threshold.

Exposure Routes Instruction Safety Threshold Formulas Equation Number

Inhalation of particles
Carcinogenic risk RCVSois “ ACR

OISERca ˆ SF0
(13)

Hazard quotient HCVSois “ RfD0 ˆ SAF ˆ AHQ
OISERnc

(14)

Skin contact
Carcinogenic risk RCVSdcs “ ACR

DCSERca ˆ SFd
(15)

Hazard quotient HCVSdcs “ RfDd ˆ SAF ˆ AHQ
DCSERnc

(16)

Ingestion of soil
particles

Carcinogenic risk RCVSpis “ ACR
PISERca ˆ SFi

(17)

Hazard quotient HCVSpis “ RfDi ˆ SAF ˆ AHQ
PISERnc

(18)

3. Results and Discussion

3.1. Harmful Trace Elements’ Concentrations and Exposure Levels

The concentrations of As, Cd, Be and Ni in each sample and carcinogenic and non-carcinogenic
exposure, cancer risk and the hazard quotient under each exposure pathway are provided in
Tables 6 and 7. The distribution of As was between 7.67 and 107.07 mg/kg, whereas that of Cd,
Be and Ni was 0.27–0.70, 1.73–4.85 and 11.75–37.09 mg/kg, respectively. The concentrations of As, Cd,
Be and Ni in raw coal were 14.08, 0.05, 0.01 and 75.50 mg/kg, respectively. Carcinogenic exposure level
of As in this area under the exposure pathway of the inhalation of particles was 4.19 ˆ 10´7 m3/day,
whereas the non-carcinogenic exposure level of Cd, Be and Ni was 1.21 ˆ 10´6 m3/day. Carcinogenic
exposure levels of As and Cd under the exposure pathway of skin contact in this area were 7.17 ˆ 10´8

and 2.39 ˆ 10´9 m3/day, respectively, whereas the non-carcinogenic exposure levels were 2.06 ˆ 10´7

and 6.88 ˆ 10´9 m3/day, respectively. The carcinogenic exposure level of As under the exposure
pathway of the ingestion of soil particles in this area was 4.95 ˆ 10´9 m3/day, and the non-carcinogenic
exposure level of Cd, Be and Ni was 1.43 ˆ 10´8 m3/day. The particle size of the soil samples is shown
in Table 5. The texture of the soil from “10 m to the edge of the mine” was silty loam and from “200 m
to the edge of the mine” sandy clay loam, and the other twelve soil samples were all sandy loam soil.

Table 5. Particle size of each soil sample.

Sampling Site
Percentage of Each Size (%)

<0.002 mm 0.02–0.002 mm 2–0.02 mm

Grassland 2.00 12.29 85.70
10 m to the edge of the mine 5.64 45.76 48.58

200 m to the edge of the mine 2.74 20.91 76.33
First layer 0.49 4.03 95.47

Second layer 1.15 10.15 88.68
Third layer 0.38 4.46 95.15

Fourth layer 1.32 8.56 90.11
Fifth layer 1.48 10.80 87.70
Sixth layer 0.97 6.94 92.07

Seventh layer 0.87 8.60 90.52
Eighth layer 1.09 8.11 90.79
Ninth layer 1.72 11.31 86.95
Tenth layer 0.52 7.04 92.43

Eleventh layer 0.92 7.38 91.69
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3.2. Health Risk Assessment

3.2.1. Carcinogenic Risk

Regarding the harmful trace elements, carcinogenic risk of As was the most significant, whereas
no obvious carcinogenic effect was observed for other elements. The variation of carcinogenic risk of
As in each soil profile layer is illustrated in Figure 3. In the first few soil section layers, the carcinogenic
risk level of As was lower, but still exceeded the recommended safety value (1 ˆ 10´6). Overall, it did
not show an obvious change with increasing depth. A high carcinogenic risk value was observed at a
depth of 1–7 m. The highest carcinogenic risk value observed was 8.77 ˆ 10´5, which is 87.70-times the
recommended safety value. Therefore, it could be concluded that the carcinogenic risk level of As is
high, which suggests that it is not safe for workers or other people to stay in this area for a long period.
Therefore, it is necessary to adopt effective safety measures for the staff working in this open-cast coal
mining area.
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Figure 3. The carcinogenic risk level of As in each section layer.

3.2.2. Hazard Quotient

The variation in the hazard quotient value of As, Cd, Be and Ni in each soil profile layer is
illustrated in Figure 4. Among these, the hazard quotient of As was most prominent. Samples from
three sampling points exceeded the recommended safety value under the exposure pathways of
the inhalation of particles and the ingestion of soil particles. The highest value was 2.16-times the
acceptable risk level, and the total hazard quotient of each exposure pathways was up to 4.70-times the
acceptable risk level. Generally, the hazard quotients of other elements in each soil section layer were
much lower; even the maximum value did not exceed the recommended safety value. Therefore, this
study did not investigate the hazard quotients levels of those elements that were acceptable. However,
because exploration of coal has been carried out for a long time in this area, the possibility of an
increase in the hazard quotient with coal mine excavation should be studied.
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Figure 4. Cont.
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Figure 4. The hazard quotient (HQ) value of As, Cd, Be and Ni in each section layer and the
changing trend.

3.2.3. Contribution of Different Exposure Pathways

In order to devise strategies for the mitigation and prevention of human health risk in coal mines,
the contribution of different exposure pathways to human risk was calculated in this paper (Figure 5).

(a) (b)

77%

13%

10% Inhalation
Particles

Skin Contact
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Figure 5. The contribution of different exposure pathways to human health risk. (a) Carcinogenic risk;
(b) Non-carcinogenic risk.

The carcinogenic risk of As by the inhalation of particles exposure pathway could reach 76.64%
in this open-cast coal mining area (Figure 5). Inhalation of particles was also the most important
exposure pathway for non-carcinogenic risk; the contribution of the ingestion of soil particles increased
to 44.22%, and it can be concluded that different exposure pathways can have different contribution
ratios when the damage type (carcinogenic risk or hazard quotient) is different. Additionally, in order
to control and decrease the human health risk in the open-cast coal mining area, risk control should be
aimed at blocking the main exposure pathway, specifically to prevent the inhalation of particles by
workers, by advising them to wear safety masks.

3.3. Safety Threshold Identification

According to the human health risk assessment of the open-cast coal mine area, only the
carcinogenic risk of As in each sampling point exceeded the acceptable standard level, so in this
research, the risk control values of As under the corresponding routes of exposure were calculated,
according to the method provided in Table 4; the calculation results are shown in Table 8. There are
still three sampling points that exceed the recommended safety value under the exposure pathways of
the inhalation of particles and the ingestion of soil particles, respectively. The risk control values of the
two exposure pathways were also calculated (Table 2).

The risk control values of As in these open-cast coal mine soils varied among different exposure
pathways. The lowest risk control value of arsenic is 1.59 mg/kg.
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Table 8. Risk control value of arsenic in open-cast coal mine area soil.

Exposure Route Type of Risk Control Value (mg/kg)

Inhalation of particles carcinogenic 1.59
Skin contact carcinogenic 9.26

Ingestion of soil particles carcinogenic 11.99
Inhalation of particles non-carcinogenic 49.50

Ingestion of soil particles non-carcinogenic 55.55

However, it should be noted that this open-cast coal mine is located in the northwest of China,
which is windy and dry in most seasons; this leads to an abundance of dust and light soil particles. As
a result, frequent inhalation of soil particles is unavoidable. Therefore, considering the principle of
strict management for risk control and taking into consideration the natural weather conditions, the
concentration value of 1.59 mg/kg As could be selected as the reference safety threshold for As in this
area, in order to protect the health of personnel working in this coal mine and to ensure sustainable
development of this regional environment. However, the acceptable levels of carcinogenic risk vary
(the United States usually uses 10´6, whereas 10´5 is usually used in the UK, and The Netherlands
recommends a more relaxed 10´4 [36]), suggesting that the value of 1.59 mg/kg, calculated under
a 10´6 acceptable carcinogenic risk level, as the safety threshold for As in the soil environment in a
coal chemical industry area needs further discussion. Then, the final feasible threshold of As in the
soil environment should be determined holistically by considering the background value, geological
conditions, biological parameters, regional climatic characteristics and regional development planning.

4. Conclusions

Among the harmful trace elements in the Wulantuga open-cast coal mine area, the carcinogenic
risk of As is most significant. High carcinogenic risk was found at a depth of 1–7 m. The highest
carcinogenic risk value achieves 8.77 ˆ 10´5, which is 87.70-times the recommended safety value.
It is necessary to adopt effective safety protection measures for personnel working in this coal mine area.

In the soil environment of the Wulantuga open-cast coal mining area, the main route of exposure
of As is the inhalation of particles, which contributes to 68.64% of the carcinogenic risk. Therefore,
in order to mitigate and prevent human health risk from the coal mine, blocking the inhalation particle
exposure route appears to be the best method.

Considering the different control values in each exposure pathway, the minimum control value
(1.59 mg/kg) in the pathway of the ingestion of soil particles can be selected as the strict reference
safety threshold for As in the soil environment in the coal chemical industry area, which would provide
a basis for the protection of the operators working in the area. However, the acceptable levels of
carcinogenic risk vary, suggesting that the value of 1.59 mg/kg, calculated under a 10´6 acceptable
carcinogenic risk level, as the safety threshold for As in soil environment in the coal chemical industry
area needs further discussion.
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Abstract: The cement industry has the potential to become a major consumer of recycled waste
materials that are transformed and recycled in various forms as aggregates and pozzolanic materials.
These recycled waste materials would otherwise have been dumped in landfill sites, leaving
hazardous elements to break down and contaminate the environment. There are several approaches
for the reuse of these waste products, especially in relation to clay minerals that can induce pozzolanic
reactions of special interest in the cement industry. In the present paper, scientific aspects are
discussed in relation to several inert coal-mining wastes and their recycling as alternative sources
of future eco-efficient pozzolans, based on activated phyllosilicates. The presence of kaolinite in
this waste indicates that thermal treatment at 600 ˝C for 2 h transformed these minerals into a
highly reactive metakaolinite over the first seven days of the pozzolanic reaction. Moreover, high
contents of metakaolinite, together with silica and alumina sheet structures, assisted the appearance
of layered double hydroxides through metastable phases, forming stratlingite throughout the main
phase of the pozzolanic reaction after 28 days (as recommended by the European Standard) as the
reaction proceeded.

Keywords: metakaolinite; micas; coal-mining waste; LDH (layered double hydroxides); pozzolanic
reaction

1. Introduction

A key vector of opportunity in the construction sector, in general, and for manufacturers of
cement-based materials, in particular, is the efficient use of materials and energy resources, which
moderates the carbon footprint of the final products. Our production of cements, mortars, and concretes,
the most widely manufactured materials on the planet, involves energy-intensive exploitation of raw
materials that remains a source of extremely high CO2 emissions.

The research, validation, and enhancement of new mineral additives for cement should ensure
their availability in sufficient quantities for profitable investments, thereby reducing the environmental
impacts of Portland-cement-clinker production, the overall volume of waste products, and the
energy consumption of the final product. These additives also assist reactivity that densifies the
hydration products.

The coal industry, more than any other sector, has one of the most negative effects on the
environment. Coal waste (in abundant amounts from various extraction processes) is disposed
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of in landfills or is incinerated [1]. The use of coal waste to prevent environmental impacts has been
explored in China [2] and elsewhere [3], especially in relation to building [4].

Coal-mining waste from the extraction and washing of debris from mines contains kaolinite, illite,
and quartz of varying composition according to geological conditions and methods of extraction and
purification. Above all, the composition of claystones generally consists of illite and kaolinite. Ferrous
minerals, quartz, and carbonic matter may also be found in small amounts. All carboniferous rocks
may also contain dolomitic veins, pyritic encrustations, and extensive quantities of plant detritus [4].

Pozzolans found in industrial waste have been linked to environmental and technological
advantages that have driven research into their use. The incorporation of these industrial by-products
and wastes together with natural materials in various production stages of blended cements was
first prioritized in the cement industry. Experimentation with rice husk, fly ash, and palm oil
has all been reported in the literature [5–8]. Materials with “pozzolanic” properties are linked to
siliceous/aluminous materials. When added to water as fines, they can form cementitious properties
in reaction with Ca(OH)2 [9]. Another class of pozzolans is from natural raw sources (volcanic material,
limestone) or calcined materials (burnt shale, calcined kaolinite) with pozzolanic properties [10,11].
Blended with lime, their use in construction projects has been documented throughout history; natural
pozzolans from magma deposits following volcanic activity have been added to mortars since classical
antiquity. Natural pozzolans continue to be applied in many cement manufacturing processes to
this day.

Calcined clays with pozzolanic activity draw structural water from the layers of crystalline clay,
leaving amorphous or semi-amorphous materials with high surface areas and chemical reactivity.

Thermal activation of kaolinite at controlled temperatures produces metakaolinite, a product
with highly pozzolanic properties. The investigation of thermal activation, within the ranges of
between 650 and 750 ˝C with kaolinite-containing waste, resulted in products with a high latent
pozzolanicity [12–18].

The works of Li et al. [19] and Beltramini et al. [20] pioneered the study of cement matrices containing
activated coal-mining waste, providing useful results for future research. However, performance criteria
at the percentages of coal-mining waste that they added and its activation conditions still require further
research. Currently, studies in this investigative field are multiplying [21–23].

In this paper, the mineralogical transformations of coal waste are studied across a range of
temperatures (500–900 ˝C) for the establishment of optimum calcination conditions that yield products
with sufficient pozzolanic properties to be used as additives in the manufacture of cements and
related materials.

2. Materials and Methods

2.1. Materials

Mining generates high volumes of waste that are currently dumped in slag heaps of no apparent
utility. Our study concerns coal-mining waste supplied by a coal-mining company (Sociedad Anónima
Hullera Vasco-Leonesa) in Santa Lucía (Province of León, Spain). The mine supplies coal to the power
plant in the region of La Robla, and the mine waste employed in this study is used in a cement factory
in the same region.

The geological materials from La Robla vary greatly. They are separated by easily identifiable
irregularities and contain a variety of rocks: metamorphic shales and sedimentary limestone and
dolomite with Facies Utrillas (detrital deposit formed in a sedimentary environment of river systems).
Igneous activity is very low and only found in small porphyry dikes [24].

The waste products from that area are reasonably uniform and contain white quartzite with
highly recrystallized micro-conglomerates, feldspar mixed with sandstone, foliated slate (containing
phyllite with mica and quartz, sericite, chlorite, zircon, pyrite, monazite, apatite, and tourmaline). The
structure of dolomite changes in contact with St Lucia limestones and develops reddish hues.
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There are grey limestones, found in marine environments, interbedded in massive reefs, with
fauna in the form of bryozoans, crinoids, and brachiopods.

The mining waste material under study (coal, ore, and gangue with charcoal remains) was heat
treated at different temperatures for activation, converting the kaolinite into metakaoline, among
others chemical reactions.

Following its thermal activation at temperatures of 500, 600, 700, 800 and 900 ˝C for 2 h in an
electric laboratory furnace, the best activation conditions were selected for use as a pozzolan in the
manufacture of cement. The activated samples were placed in an agate mortar and pestle and crushed
to particle sizes of less than 63 μm.

2.2. Methods

Chemical characterization was performed with a Philips PW 1404 X-ray Fluorescence (XRF)
Spectrometer (Philips, Eindhoven, The Netherlands), Loss on ignition (LOI) was calculated in
accordance with the method specified in the European standard (at 950 ˝C/1 h). Bulk sample
mineralogical compositions were analyzed by random powder X-ray diffraction (XRD), using the
oriented film method for the <2 μm fraction, employing a Cu anode and a Siemens D-5000, X-ray
diffractometer (Siemens, Madrid, Spain) in both instances. The operating conditions were, respectively,
30 mA and 40 kV, with a divergence slit of 2 mm and a receiving slit of 0.6 mm. Each sample
was scanned (2θ) at steps of 0.041 and a count time of 3-s. Bulk sample characterization and
semi-quantification used the random-powder method, between 3˝ to 65˝ 2θ at a rate of 2˝/min.
Determination of phyllosilicates in the <2 μm fraction employed the oriented-slides method, operating
from 2˝ to 40˝ at a scan rate of 1˝/min. The Rietveld method was used for quantitative determination
of the mineralogical composition.

A Thermo Scientific NICOLET 6700 spectrometer fitted with a DGTS CsI detector (Thermo
Fisher, Waltham, MA, USA) performed the FTIR (Fourier Transform Infrared Spectroscopy) analyses,
recording 64 scans on the samples. Specimen preparation was done by mixing 1 mg of the sample
in 300 mg of KBr. Spectral analyses within the range of 4000–400 cm´1 was performed at a spectral
resolution of 4 cm´1.

A Renishaw Raman RM2000 Microscope System (Renishaw, Wotton-under-Edge, UK) fitted
with a Leica microscope (Leica, Wetzlar, Germany), an electrically refrigerated charge-coupled device
camera (CCD), a 785 nm diode laser, and a 633 nm He–Ne Renishaw RL633 laser (Renishaw) were
used to record dispersive Raman spectra at 633 nm. Frequency calibration used a 520 cm´1 silicon line
with a spectral resolution at 4 cm´1. A 50ˆ lens was used for triplicate spectra recordings over wave
ranges of 4000–100 cm´1 at 10 s exposure times with 10 accumulations for each spectrum.

An Inspect FEI Company Electron Microscopy (Hillsboro, OR, USA) fitted with an energy
dispersive X-ray analyzer (W source, DX4i analyzer and Si/Li detector) performed SEM/EDX
(Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy) a morphological observation
and microanalysis for each sample. The average chemical composition of each sample was based on
ten analyses.

An accelerated chemical method was applied to solid waste in order to study the pozzolanic
behavior of a pozzolan/calcium hydroxide (lime) system. The test involves leaving the material (1 g)
in a lime-saturated solution (75 mL) and analyzing the CaO concentrations at 1, 7, and 28 days into
the reaction time. The difference between its concentration in the lime-saturated control solution
(17.69 mmol/L) and the Cao content of the solution in contact with the sample gave the combined
CaO (mmol/L) content. The hydrated solid sample was then filtered, washed in ethanol, and heated
at 60 ˝C for 24 h until the hydration reaction ended [25].
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3. Discussion and Results

3.1. Raw-Carbon Wastes

The XRF results in relation to the carbon waste (initial sample without treatment) showed that
the main oxides were SiO2 (57%), Al2O3 (25%), Fe2O3 (5%), CaO (4%), and K2O (3%), with some SO3

(0.29%) as well. Loss on ignition (LOI) was 15% for initial waste and 3% for material that had been
calcined at 500 ˝C; this change is related to the dehydroxylation processes of kaolinite and organic
matter (carbon). Minor elements or traces were also present, such as chromium (120 ppm), vanadium
(139 ppm), nickel (53 ppm), and cobalt (21 ppm).

XRD analysis showed the mineralogical composition of the carbon waste (room temperature),
revealing the existence of mica (25%) and kaolinite (14%), quartz (37%), calcite (17%), dolomite (5%),
and feldspars (2%) (Figures 1 and 2). Both mica and kaolinite contribute to pozzolanic activity, as it is
well established that atmospheric thermical activation of a variety of clay minerals at 600 ˝C/900 ˝C
following dehydroxylation causes the (partial) destruction of the crystal lattice structure, leading to a
transitional and highly reactive phase. Mica requires temperatures over 930 ˝C for its activation and,
as a result, it usually results in a weak pozzolan; tending to dissipate at temperatures over 900 ˝C.
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Figure 1. Mineralogical composition by X-ray diffraction (XRD) for the coal mining waste and the coal
mining activated waste.

The XRD analysis also showed the formation of anorthite, the presence of which might be due
to metakaolinite (from clay dehydration) reacting with calcium carbonate. The formation of mullite
that the clay would otherwise generate during firing can be reduced by metakaolinite in reaction with
calcium carbonate [26].

In comparison to the samples of coal-mining waste used in this study, in general terms, coal
contains aluminum-bearing minerals that include kaolinite, illite, montmorillonite, chlorite, sanidine,
albite, plagioclase, biotite, hornblende, and muscovite [27–30]. South African coal samples, for instance,
contain quartz, kaolinite, illite I/S, calcite, dolomite, siderite, pyrite, analcite, basanite, bohemite,
anatase, diaspore, and jarosite [31].

Even though it was not identified in the unheated sample in this study, the prevalent clay mineral
in most South African coals is kaolinite [32–34] and would therefore be found in the raw coal. However,

336



Minerals 2016, 6, 64

anhydrite and hematite, identified in the ash produced at 350 ˝C, have not been observed in South
African coals. Their presence in the heated samples used in the present study might suggest an
alternative origin.

Kaolinite

Temperature (ºC) 25             500           600   700     800          900

Mica

Quartz

Calcite

Hematite

Spinel

Dolomite

Feldspars

Figure 2. Mineralogical evolution by XRD for the coal mining waste and the coal mining
activated waste.

In contrast, the main compounds reported in Australian coals are quartz, kaolinite, illite/smectite,
calcite, dolomite, albite, siderite, pyrite, albite, apatite, gypsum, hematite, and anatase [35].

Calcite is the main carbonate mineral in Taoshuping coals with an average content of 9%, and
lower amounts of siderite, anchorite, and dolomite [36].

3.2. Activated Coal-Mining Waste

After analyzing the samples of coal waste, they were then thermically activated by calcination at
between 500 and 900˝C. In Figures 1 and 2, the XRD patterns of the activated products at different
temperatures are shown. The spectra reflects low levels of quartz and kaolinite dissipated at 600 ˝C/2 h
of thermical activation, due to their transformation into metakaolinite. Detrital quartz can also be
cell-, cleat-, and fracture-fillings that are epigenetic in nature or syngenetic, such as aluminosilicates in
coal [33,34,37].

The temperature at which kaolinite is calcinated to produce metakaolinite in the active state lies
within the range of 600–800 ˝C. The activation of mica requires temperatures over 930 ˝C, although
it usually produces poor pozzolans. Temperature tests (at 500, 600, 700, 800 and 900 ˝C) determined
both phyllosilicate dehydroxylation and new phase-formation temperatures. Further studies were
conducted after this test at 600 and at 900 ˝C, showing that 600 ˝C was the total dehydroxylation
temperature of kaolinite and its neoformation into spinel-like phases took place at 900 ˝C.

Quasi-stable dehydroxylated mica was formed following dehydroxylation after thermical
treatment between 700 and 900 ˝C. The quasi-stable dehydroxylated phases of these dioctahedral
micas were unlike the trioctahedral mica phases, which tended to dehydroxylate and recrystallize
more or less simultaneously. Dehydroxylation of the 2:1 mica layers needed higher temperatures.
At 600 ˝C/2 h, a new characteristic peak appeared, explained by the appearance of hematite. As the
heating increased from 700 to 900 ˝C, both hydrous oxides and ferrous hydroxides in the coal-mining
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waste crystallized in the form of hematite as they lost water. The presence of hematite in all likelihood
reflects pyritic oxidation of the coal. Calcite, habitually found in the four coal cleaning residues,
is easily differentiated from other calcium carbonates, due to its Raman spectrum, which showed
bands of 1085, 711 and 280 cm´1 [30] in similar studies of a range of American coal samples. As
observed in Brazilian materials, the Fe-oxide mineral hematite is commonly found in most coals and
coal-cleaning residues.

XRD analysis between 600 and 900 ˝C showed reflections at 2.43 Å (36.98˝ 2θ) and 2.85 Å
(31.38˝ 2θ), revealing spinel-like phases, resulting from the heating of aluminous clay minerals.
Hematite was present as a pyritic product in minor concentrations in the original coal waste and its
presence increased at higher temperatures. At temperatures of 700, 800 and 900 ˝C, well crystallized
hematite appeared following loss of water in the hydrous oxides and the ferrous hydroxides of the
original coal waste. Finally, dolomite dissipated at 600 ˝C and subsequently, calcite at 700 ˝C.

As oxidation continued, ferric sulfate was formed, eventually producing sodium, calcium,
magnesium, and potassium sulfate.

The principal mineralogical compounds identified from the XRD data were subjected to FTIR
analysis. Kaolinite was identified in the (O–H) bands at 3696, 3656 and 3620 cm´1, mica at 3628 and
3545 cm´1 (both overlapping with kaolinite and water), and at 3423 cm´1. Standard carbonate group
bands were detected at 1426 and 874 cm´1. With regard to silicates, Si–O vibrations revealed the
presence of kaolinite at 1032 and 1007 cm´1 and quartz at 1090 cm´1 at tetrahedral sites. At lower
frequencies (<1000 cm´1), the Al–O–H vibration, mainly associated with kaolinite (also at 751 cm´1)
and mica, was detected at 912 cm´1. Vibrations of the Si–O quartz bond were identified at bands
of 798, 778 (doublet), 694, and 472 cm´1. OH absorption of mica is suggested by the presence of
absorption bands in the OH-stretching region at 3432 cm´1. The original coal residues revealed a
further absorption band at 3656 cm´1, also explained by OH group stretching frequencies, which
disappeared in the thermically activated waste. This observation points to the appearance of impure,
low crystalline mica, and further isomorphous substitution in the crystalline structure.

Characterization of all tectosilicates, feldspars, and quartz was within the absorption band ranges
of 950 to 1200 cm´1, reflecting stretching vibrations of Si–O–Si, and between 400 and 550 cm´1,
reflecting O–Si–O bending vibrations. Two hematite bands were observed at 535 and 469 cm´1, both
overlapping the main band of mica. IR spectra (465 and 614 cm´1) of the thermically activated waste
revealed AB2O4 spinel.

A Raman spectrum in the thermically activated coal waste revealed two bands at 1597 and
1346 cm´1, corresponding to graphite and disordered peak bands, respectively, from carbon. The
Raman spectrum of calcite, which is commonly found in all four coal-waste composites, may easily be
differentiated from other calcium carbonates by its bands at 1085, 711 and 280 cm´1.

3.3. Pozzolanic Reactivity of Activated Coal-Mining Wastes

The removal of structural water from the crystalline clay layers of calcined clay waste is a
consequence of its pozzolanic reactivity, leaving semi-amorphous products with high surface areas and
chemical reactivity. The calcining temperature that is required is dependent upon the nature of the clay
mineral and the thermal energy required for dehydroxylation of the clays. The calcining temperature
required to produce this active state is usually in the range 600–1000 ˝C [9,12,38]. Crystallization occurs
above this temperature and activity declines. Even higher firing temperatures lead to the formation
of a liquid phase that cools into a solid amorphous glass phase, also showing pozzolanic activity.
Reactive metakaolinite is formed at 600 ˝C and hematite and spinel is formed between 600 and 900 ˝C
that contains mica with a low crystallinity, at 900 ˝C; all of which contribute to the pozzolanic activity
of the coal-mining wastes calcined to 600 and 900 ˝C (Figure 3). Clay minerals were shown to have
pozzolanic activity that influenced the reaction kinetics.
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Figure 3. Mineralogical evolution of coal mining waste by XRD; (A) activated at 600 ˝C/2 h;
(B) activated at 900 ˝C/2 h.

The pozzolanic activity of the coal-mining waste that was activated at 600 ˝C and 900 ˝C/2 h had
values, at one day, of 65.2%, at 600 ˝C, and 3.0%, at 900 ˝C; at seven days, these values were 67.2%,
at 600 ˝C, and 33.1%, at 900 ˝C, and at 28 days into the reaction reached 72.4%, at 600 ˝C, and 65.8%,
at 900 ˝C. These percentile results reflect a higher reaction rate at 600 ˝C than at 900 ˝C, over short
reaction times (one to seven days); both activated products showed a high pozzolanic activity in terms
of the fixed lime results over longer reaction times (28 days).

Recommended activation conditions from both an energetic and an economic point of view were
therefore set at 600 ˝C/2 h retention time for the research.

3.4. Evolution of Hydrated Phases in Activated Coal Waste/Lime Systems

Characterization of the hydrated phases by XRD and SEM-EDX in both cases confirmed evidence
of a pozzolanic reaction between the metakaolinate (from the coal waste) and the lime.

XRD analysis of the activated coal waste at 600 ˝C and 900 ˝C-2 h/Ca(OH)2 at one, seven, and 28 days
into the reaction revealed the following crystalline hydrated phases: stratlingite (C2ASH8), tetracalcium
aluminate hydrate (C4AH13), monosulfoaluminate hydrate (C3A¨ SO4Ca¨ 12H2O), and layered double
hydroxides. All the crystalline phases in the XRD analysis with their evolution and reaction times are
shown in Figure 2. The formation of monosulfoaluminate hydrate (C3A¨ SO4Ca¨ 12H2O) in the thermically
activated coal was evident at day one, as a consequence of the reaction between the reactive alumina
of pozzolan, sulfate ions, and portlandite. Traces of tetracalcium aluminate hydrate (C4AH13) were
identified at short reaction times; slight increases in its content were observed in the coal waste activated
at 600 ˝C/2 h at day 28 of the reaction. Activation at 900 ˝C was joined by the formation of layer double
hydroxides; stratlingite C2ASH8 was formed after seven days of reaction at 600 ˝C/2 h. Calcination at
900 ˝C prevented any further formation of stratlingite.

Alkaline solutions of these samples had pH values of «12. The most prevalent were Al3+,
Al(OH)2

+, Al(OH)2+, Al(OH)3, and Al(OH)4´, without other ligands. The most prevalent species in
the solution at high pH (pH > 10) was Al(OH)4´. These ions combined with readily available Ca2+

ions through metastable phases yielding C3AH6. At high pH values (pH > 10), total dissolved silica
concentrations in equilibrium with quartz and amorphous silica increased. At pH values of «12, the
sum of the ionized and un-ionized species (H4SiO4, H3SiO4

´, and H2SiO4
2´) was equal to the total

concentration of dissolved silica. If supersaturation of the total silica concentration in the solution
with respect to amorphous silica occurs, polymers form that combine with the Ca2+ ions to form CSH
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(Calcium silicate hydrate) gels and with (CO3)2´ ions via metastable phases to form LDH (Layered
double hydroxides) [39].

The appearance of C4AH13 is explained by supersaturation of calcium hydroxide and low
metakaolinite contents in the aqueous phase. Increased temperatures of coal waste at 900 ˝C/2 h
reduced the presence of alumina and metakaolinite and silica sheet structures, assisting the formation
of the main hydration product, C4AH13.

Traces of portlandite and tetracalcium aluminate hydrate were identified at short reaction
times [40,41]. However, tetracalcium aluminate hydrate was the prevalent phase in the pozzolanic
reaction of coal waste at 900 ˝C at seven and 28 days; layered double hydroxides formed at day one
of the reaction in coal waste at 600 ˝C to become the prevalent phase at day seven of the pozzolanic
reaction. Stratlingite was evident at day seven of the reaction in the activated wastes and was the
prevalent phase in the pozzolanic reaction after 28 days.

Following SEM analysis (Figure 4), an enriched composition of laminar microaggregates of silica
were observed, with very porous surfaces covered with CSH gels, more abundantly at 600 ˝C/2 h,
having in all cases a spongy appearance. The Ca/Si (CaO/SiO2) ratio varied between 1.26 at 600 ˝C over
2 h (I-type gels) [10] and at all times was 1.73 in 900 ˝C/2 h (II-type gels) [10]. A laminar phase, interlaced
with the gels, consisted of layered double hydroxide, stratlingite C2ASH8, monosulfoaluminate hydrate
(C3A¨ SO4Ca¨ 12H2O), and tetracalcium aluminate hydrate (C4AH13) of widely varying sizes. SEM
imagery showed a gradual layered double hydroxide with stratlingite crystallization throughout the
hydrothermal treatment and an increase in crystal size that depended on the duration of the temperature.
Both the SEM and the XRD analyses yielded similar results.

 

Figure 4. Morphological aspect of the CSH (Calcium silicate hydrate) gel, C4ASH12, and C2ASH8
phases at 600 ˝C/2 h (A and B). Morphological aspect of the CSH gel, C4AH13 and LDH (Layered
double hydroxide) structures at 900 ˝C/2 h (C and D). (A) Layered double hydroxides with stratlingite;
(B) Calcium silicate hydrate with spongy appearance; (C) Calcite crystal with typical morphology;
(D) Calcite fibbers and layered double hydroxides.
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4. Conclusions

The coal waste that has been studied had a mineralogical composition of kaolinite, micas, quartz,
calcite, dolomite, and feldspars.

The presence of kaolinite indicated that thermal treatment at 600 ˝C/2 h transformed kaolinite in
metakaolinite, a highly reactive component of the pozzolanic reaction.

Unlike hydrated phases obtained from a natural kaolinite (CSH gels, C4AH13, and C2ASH8),
metakaolinite from thermal activation of the coal-mining waste in the stable phase of the pozzolanic
reaction assisted the appearance of metastable layered double hydroxide compounds and stratlingite.
All these compounds indicate that the products resulting from thermal activation at 600 ˝C/2 h from
coal-mining waste contain highly pozzolanic properties over the first seven days into the reaction.

Following the activation of the coal-mining waste at 900 ˝C/2 h, C4AH13 was the stable phase
in the pozzolanic reaction, following supersaturation of the aqueous phase in the presence of
calcium hydroxide and low metakaolinite and tetrahedral and octahedral layers resulting from the
dehydroxylation of the mica content. SEM/EDX analysis pointed to CSH gels among the main
hydrated phases of the pozzolanic reaction in activated/lime systems during.

The use of this waste generates benefits and limits environmental damage such as (1) land
occupation, and both soil and groundwater contamination, are reduced; (2) less exploitation of natural
resources (kaolin deposits) and reduced emissions of greenhouse gases per unit of cement produced
(CO2 in the clinker production process); (3) coal waste containing residues of fossil carbon give
the starting material a heating value which can be used in the alignment process (heating to the
required temperature).
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Abstract: With the rising cost of energy and fuel oils, clean coal technologies will continue to play
an important role during the transition to a clean energy future. Victorian brown coals have high
oxygen and moisture contents and hence low calorific value. This paper presents an alternative non
evaporative drying technology for high moisture brown coals based on osmotic dewatering. This
involves contacting and mixing brown coal with anionic super absorbent polymers (SAP) which are
highly crossed linked synthetic co-polymers based on a cross-linked copolymer of acryl amide and
potassium acrylate. The paper focuses on evaluating the water absorption potential of SAP in contact
with 61% moisture Loy Yang brown coal, under varying SAP dosages for different contact times
and conditions. The amount of water present in Loy Yang coal was reduced by approximately 57%
during four hours of SAP contact. The extent of SAP brown coal drying is directly proportional to the
SAP/coal weight ratio. It is observed that moisture content of fine brown coal can readily be reduced
from about 59% to 38% in four hours at a 20% SAP/coal ratio.

Keywords: brown coal; osmotic dewatering; super absorbent polymers; FTIR; dewatering mechanism

1. Introduction

Victorian brown coal is a cost effective fuel for power generation. It is very cheap to mine and
low in sulphur and ash yield but the high moisture content and hence low calorific value result in
high CO2 emission intensity relative to bituminous coal. This high moisture has ensured that power
stations are located adjacent to their mines to minimise handling, transportation and environmental
problems. Run-of-mine brown coal will require upgrading before its use in new generation thermal
power plants.

Practical and economic advantages in reducing the moisture content in brown coals include enhanced
handling characteristics and reduced transportation costs. Additional benefits include reduced boiler
capital costs, higher combustion efficiency, lower water consumption and waste disposal costs.

1.1. Victorian Brown Coals

Brown coal is at an intermediate stage in the geochemical conversion of accumulated vegetable
debris from peat into hard or bituminous coal [1]. Brown coals typically have high moisture contents,
in the 30%–70% range, with Victorian brown coal at the extreme end of this range. This high moisture
content has a negative impact on every thermal application for brown coal. There is an uninterrupted
converse relationship between the moisture content of Victorian brown coal and useful heat accessible
from combustion of the coal (the net wet specific energy).
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According to Mackay [2], Victorian brown coals occur in seams of a few centimetres to over 100 m
thick, extending laterally from a few metres to over 50 km. Within the seams there are bands of coal
which vary in appearances and properties. These bands are formed of coals belonging to different
lithotypes (rock types) which reflect different depositional environments. The samples for current
study are supplied from Loy Yang brown coal mines, Gippsland, Victoria (Figure 1).

 

Figure 1. Current operating brown coal mines located in Victoria website [3].

The freshly exposed surface of as mined brown coal changes in colour from red brown to dark
brown, as drying or oxidation occurs. When brown coal is air dried (to moisture 10%–15%) the colour
varies from yellow to black.

Verheyen and Perry [4] reported Victorian brown coals to be physically complex and heterogeneous
due to their detrital origin. Their relatively low carbon aromaticity, presence of residual carbohydrates
(in woody macerals), along with methoxy phenols, unsaturated diterpenoids and fatty acids all confirm
that Victorian brown coals have only been exposed to very mild (diagenetic) conditions. Structural
heterogeneity tends to decrease as coalification continues due to condensation and cleavage reactions.

Iyengar, Sibal and Lahiri [5] reported that the water sorbed as a monolayer on coal is attached
to hydrophilic sites on the coal surface. These sites were identified as oxygen-containing functional
groups. They have been confirmed for a variety of coal ranks including Victorian brown coals [6,7].

Molecular simulation techniques were applied by Kumagai, Chiba and Nakamura [8] to define
a model for coal structure. They modelled the structure of Yallourn brown coal as two oligomers,
namely a tetramer (molecular weight (MW) 1540) and a pentamer (MW 1924) based on a monomer
of composition C21H20O7 as represented in Figure 2. The unit structure was modelled on the basis
of combined data from elemental analysis (C: 65.6, H: 5.2, O: 29.2 wt %) by Schafer [7] and 13C-NMR
spectroscopy. First two molecules were joined with 360 water molecules matching to 65.3% moisture
content (wet basis).

 

Figure 2. Monomer structure of brown coal used as basis of Yallourn brown coal molecular model
(Kumagai, Chiba and Nakamura 1999) [8] corresponds to C: 65.6, H: 5.2, O: 29.2 wt % (Molecular Weight
(MW) = 384.4).
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1.2. Brown Coal Drying

Processes for drying or dewatering brown coals are grouped into three wide categories:
(a) evaporative (thermal); (b) non-evaporative (thermal) and (c) other non-evaporative drying processes.

The common commercial procedures include evaporative drying where heat is applied to
evaporate the water from coal at atmospheric pressure. Non evaporative drying processes are attractive
due to their enhanced energy effectiveness, since water is separated in liquid form and the latent heat
of vaporisation is not expended.

Studies have been conducted to investigate feasibility of non-evaporative drying of brown coal
such as the Fleissner process [9] which incorporates pressurised steam treatment at temperatures
above 200 ˝C. The Evans-Siemon process is the updated Fleisssner process where pressurised hot
water is used to improve thermal efficiency by avoiding a pressure cycle [10]. The Koppelman (K-fuel)
process [11] involves high pressure with low operating temperature; however, this process was not
demonstrated commercially. The mechanical thermal expression dewatering process [12] involves use
of elevated temperatures, up to 250 ˝C and pressure <12.7 MPa, resulting in significant reductions in
residual moisture content which may be largely attributed to the destruction of brown coal porosity.
Attempts at electro dewatering brown coals [13] did not demonstrate encouraging results. Our current
research aims at developing alternative technologies to dewater brown coals.

Dzinomwa, Wood and Hill [14] employed super absorbents to de-water fine black coal particles,
revealed some advantages over the alternative non evaporative drying technologies, and offered an
alternative lower energy osmotic water removal approach to the thermal technologies outlined above.

1.3. Super Absorbent Polymers (SAP)

SAPs comprise high molecular weight crossed linked hydrophilic polymers which absorb several
tens to hundred times their individual mass of water as they expand in size, but still preserve distinct
particle identity [15–17]. SAP can be cationic and anionic. The amount of water that a specific SAP
can absorb depends on its chemical composition and morphology as well as the quality of absorbed
water [18], particularly with respect to occurrence of ionic salts. The recycled water used in mining
plant operations generally contains a significant concentration of salts [19] and these need to be
managed to maximize the polymeric absorption potential.

Factors affecting the capacity of a SAP to absorb water are as follows:

1. Swelling properties (attributed to presence of hydrophilic groups in the network).
2. Cross linking density (generally higher molecular weight with lower cross linking densities

exhibits higher absorption capacities).
3. Structural integrity (high cross linking density is crucial to retain the structural integrity of the

polymer loaded with moisture as the high cross-linking density offers high mechanical strength).
4. The “availability” of target water i.e., how tightly it is bound to the drying substrate.

Figure 3 shows the mechanism of water absorption in SAP. The initial diffusion of water inside
hydrophilic SAP causes ionization of neutralized acrylate groups into negative carboxylate ions and
positive sodium ions. Negative electrical charges along the SAP backbone cause mutual repulsion
of carboxylate ions, increasing the osmotic pressure inside the gel, thereby resulting in expansion
and swelling of the SAP chains due to absorbed water. Finally, cross links between chains inhibit
solubilisation of SAP (in water) thus governing the extent of swelling or absorption by restricting
infinite swelling.
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Figure 3. Mechanism of water absorption in super absorbent polymers (SAP).

1.4. Standard Method of Moisture Determination

According to Allardice [1], determination of moisture content of brown coals is complicated by
the lack of an inadequate definition for what constitutes moisture in coal. The most widely accepted
definition is that the moisture content is the water present in the coal as water molecules (H2O),
which can be released at 105–110 ˝C. This is not intended to include water from the decomposition of
functional groups or chemically adsorbed water.

Allardice [1] reported on two basic types of standard moisture determination methods i.e.,
(a) azeotropic distillation, in an immiscible liquid such as toluene and (b) oven drying at 105 ˝C.
In azeotropic distillation moisture content is determined directly from the volume of water collected
in the condenser, in contrast to most oven drying methods where water is estimated indirectly by
net weight loss. The standard method for determining moisture content of brown coals does not
discriminate between water of decomposition at a temperature up to 105 ˝C and molecular water
present in it.

2. Methodology of the SAP Dewatering Process

Figure 4 depicts an outline of the osmotic dewatering process, using SAP to decrease moisture
content of brown coal. This is achieved by direct contact between SAP and sized brown coal using an
end-over-end tumbler, tumbling through 360˝ from top to bottom providing complete mixing and a
sieve shaker to affect final separation. High moisture brown coal is intimately mixed with dry SAP by
shaking in air tight bottles to prevent evaporation. This batch storage approach also enabled the SAP
to passively draw and absorb water from the surface of brown coal particles. Mechanical end-over-end
tumbling (vertical bottle rotation at 60 rpm) for a set time at constant speed was used to maximize
surface contact between SAP and brown coal particles thereby reducing the equilibration time. The
apparatus provided reproducible and gentle particle contact conditions. Water absorption causes SAP
to swell thus permitting the separation of swollen SAP from shrunken brown coal particles by sieving.

 

Contact of screened 
brown coal and 

super-absorbent polymer

Seive separation of 
polymer and brown coal, 
for moisture calculation

Calculation of moisture 
of coal and polymer in 

moisture balance

Figure 4. Proposed processes for reducing water content of brown coal by treatment with SAP.
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3. Experimental

3.1. Materials

3.1.1. Brown Coal

The brown coal (<80 mm) was provided by Omnia Specialities from a bulk sample collected from
the AGL Loy Yang mine in 2014. It was stored in sealed plastic pails prior to analysis. Its proximate
and ultimate analysis is presented in Table 1. According to [20] brown coals of Victoria, particularly
from Latrobe have low ash yields, but as would be predicted from such huge volumes of coal, even
separate seams have slight to substantial differences in physical properties and chemical composition.

Table 1. Loy Yang Brown coal analysis.

Coal Properties Percentage (% Dry Basis)

Moisture 59.3 *
Ash 2.2

Volatile matter 50.5
Carbon 68.4

Hydrogen 5.1
Sulphur 0.3

* % as received.

3.1.2. Super Absorbent Polymers (SAP) Used in this Work

Aquasorb 3005 (<1000 μm) supplied by SNF (Australia) Pty Ltd. (Lara, Victoria, Australia), is a
highly crossed linked, synthetic co-polymer of acryl amide and potassium acrylate. It is water insoluble
with maximum water absorption of 150% w/w in 1000 ppm NaCl solution.

The polymer consists of a set of polymeric chains that are parallel to each other and regularly
linked to each other by cross-linking agents, forming a network. When water comes in contact with
one of these chains, it is drawn into the molecule by osmosis. Water rapidly migrates into the interior
of the SAP network where it is stored. The pH of SAP is alkaline at 8.1 with a density of 1.10 g/cm3.
The maximum water absorption of 400 wt % occurs for deionized water. SAP particles were sieved
and those >600 μm and <850 μm were selected for use. Figure 5 presents a molecular structural
representation of Aquasorb.

Figure 5. Structure of Aquasorb.

3.2. Experimental Methods

3.2.1. Fourier Transform Infrared (FTIR)

Fourier transform infrared (FTIR) spectroscopy is widely used to determine/evaluate functional
groups in coal structure. The reference [21] attempted structural assignments via deconvolution of
particular absorbance bands associated functional groups. FTIR spectral comparison of dewatered
and run of mine brown coal samples has the potential to elucidate changes in hydrogen bonding and
oxygen functional groups occurring during drying.
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In this project, the FTIR spectra were recorded with a FTS1000 FTIR (Varian, MA, USA) fitted
with a ATR (attenuated total reflectance) accessory (Specac, Golden Gate Mark II, Orpington, UK); 128
scans were accumulated with spectral resolution of 4 cm´1, over the range of 4000–650 cm´1. The
spectrometer was equipped with ATR diamond anvil cell with single reflection. After measurement of
spectra, the remaining coal sample on the crystal was removed with soft paper soaked in methanol
and allowed to dry. Regular background spectra (air) were collected to ensure no cross contamination.
The raw reflectance spectra were corrected for frequency distortion and converted to absorbance by
standard software.

Figure 6 presents the ATR-FTIR spectrum of run-of-mine moisture Loy Yang brown coal. The
ATR technique probes only the surface layers of the brown coal structure. Peaks identified at 3365,
2900, 1700, 1621 and 1440 cm´1 correspond to OH groups [22], aliphatic groups, carboxylic and
ketone groups, carbon oxygen double bonded aromatic rings and bending mode of H-bonded O–H
groups [23] respectively (Table 2). Water in brown coal constitutes a progressive series of forms—each
is more difficult to remove from apparent bulk water to that resulting from thermal decomposition of
hydroxyl groups in brown coal and water of hydration of impure minerals.

The pH of the Loy Yang coal sample was found to be pH 4.05 suggesting that carboxylic groups
will mainly be involved in dewatering.

Table 2. Structural assignments for absorption bands observed in infrared spectra of brown coal.

Frequency (cm´1) Functional Groups Reference

3350–3600
Stretching vibration of OH groups (water,
alcohol, phenol, carbohydrates, peroxides)
as well as amides (3650 cm´1)

(Liu et al., 2006) [22] Vijayalakshmi
and Ravindhran, 2012 [24]

2750–3000 CH3 and CH2 (aliphatic) (Chandarlal et al., 2014) [23]

1700 Carboxylic acid and ketone groups (Chandarlal et al., 2014) [23]

1649 Adsorbed water (Li et al., 2001) [24]

1618–1622 C=O, aromatic rings (Chandarlal et al., 2014) [23]

1440 CH2, C=O bending mode of H-bonded
O–H groups (Chandarlal et al., 2014) [23]

1000–1300 Phenoxy structure, aliphatic ethers, alcohols (Chandarlal et al., 2014) [23]

1355 Benzene or condensed benzene rings (Chandarlal et al., 2014) [23]

1180 Sp-3 rich structure COOH and OH (Chandarlal et al., 2014) [23]

997–1130 Stretching vibration of C–O of mono,
oligo and carbo-hydrates

(Vijayalakshmi and Ravindhran,
2012) [25]

<1000 C–H bending vibration from isoprenoids (Vijayalakshmi and Ravindhran,
2012) [25]

870–750 Weak absorption due to C–H bending
vibrations of olefinic and aromatic structures (Verheyen and Perry 1991) [4]
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Figure 6. Attenuated total reflectance Fourier transform infrared (ATR FTIR) spectrum of as received
Loy Yang coal.

3.2.2. Dewatering Tests

A series of tests were conducted to optimise the SAP dosage and brown coal/SAP contact time,
to identify the effective operating conditions to maximise the water removal.

Loy Yang coal (as received) was crushed and screened <600 μm (to ensure a smaller size than SAP)
and stored in sealed containers prior to use. 20 g coal sub samples were mixed with predetermined
amounts of SAP to achieve target loadings i.e., 0%, 5%, 10%, 15%, 20%, 25% and 30% SAP/coal. The
SAP/coal mixtures were sealed in air tight glass 600 mL lab bottles fitted with plastic screw caps. Up
to twelve bottles (replicates) were placed inside the sample box of a vertical tumbler for gentle “top
over bottom” bottle agitation at 60 rpm. The sample was weighed before and after the predetermined
tumbling time period to ensure no evaporative losses occurred. Contact time was monitored by
determining the weight loss of brown coal (after SAP separation) until there was no further change at
which point the moisture was considered to be at equilibrium. The mixture was readily separated into
dewatered fine brown coal and swollen polymer via a sieve due to their size difference—SAP swells
and increases in size, whilst the coal shrinks as it loses moisture. Changes in moisture were measured
by a moisture balance programmed for constant weight at a temperature of 105 ˝C. Figure 7 shows
loaded SAP after dewatering of brown coal. It was found the coal lost to the SAP was <0.2%.

 

Figure 7. SAP after dewatering brown coal. Note increase in size and the dark colouration afforded by
traces of humic material adsorbed onto the alkaline SAP.
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4. Results and Discussion

According to Li et al. [26] there is presence of significant amount of alkali and alkaline earth
metals associated with the carboxylic and phenolic functionalities in the structure of low rank coal.
At low pH, ion exchange mainly takes place with carboxylic groups to form carboxylates. According
to Schafer [27], acidic groups and phenolic, are primarily responsible for ion exchange properties
of brown coals. At the in-situ pH prevalent in wet brown coals, carboxyl groups may interchange
cations with pore water to form carboxylates. Cations normally related with these groups are calcium,
magnesium, sodium and iron. Meanwhile, phenolic groups do not interchange cations to any degree
until system pH is greater than pH 8. The mean acid group content of the brown coal from Loy Yang
field is shown in Table 3.

Table 3. Mean acidic group content of Loy Yang brown coal (Schafer, 1991) [27].

Phenolic OH
(Dry Basis)

COOH
(Dry Basis)

COO
(Dry Basis)

Phenolic
Oxygen

(Dry Basis)

Carboxylic
Oxygen

(Dry Basis)

Acidic
Oxygen

Total
Oxygen
(Dmif)

Acidic
Oxygen

meq/g Percentage (%)

3.04 2.39 0.10 4.86 7.97 13.0 24.7 53

Dmif—dry mineral and inorganic free basis.

4.1. Moisture Results

SAP dosage rates ranging from 5 to 30 wt % SAP/brown coal, and contact times between 1 to 6 h
were evaluated; to determine the optimum drying conditions for our experimental setup.

Test samples of fine brown coal prior to drying had a water content of 59.3%. Figure 8 and Table 4
show the final coal moisture for different SAP doses and contact times. It was considered that dosage
of 5% of SAP by weight of brown coal and a contact time of six hours would give an adequate moisture
reduction while avoiding excessive cost of SAP and holding capacity. The brown coal was observed to
lose maximum of 53.25% of its original moisture after six hours contact with 20% w/w SAP.
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Figure 8. Variation in Loy Yang moisture content with contact time and Super absorbent Polymer,
SAP/coal.

A SAP/coal of 25 wt % caused a further decrease in moisture level. However at 30 wt % SAP
dosage, there was no further reduction in coal moisture instead a slight increase was observed. This
implies that higher weight percentage SAP loadings may release water from SAP which is reabsorbed
on to the brown coal.

Figure 8 reveals the final Loy Yang moisture values with 20% SAP/coal achieving the optimal
drying for moisture reduction. Static osmotic dewatering of brown coal i.e., without the tumbling,
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produced a final coal moisture of 47.3%, compared to the 38.6% with tumbling for the same contact
time. This result illustrates the importance of continuously exposing fresh surfaces for maximum
contact osmotic drying rates. The higher convective mass transfer and increased surface contact
interactions afforded by tumbling make it possible to reduce the brown coal drying time. It was
ascertained that a contact time of four hours was the optimal treatment time. Further drying via SAP
contact could be achieved by increasing the pH of coal as the SAP has higher moisture affinity under
basic conditions and the Loy Yang coal is acidic in nature.

Table 4. Effect of anionic super absorbent polymers (SAP) dosage and contact time on reduction of
water content of fine brown coal (initial water content of brown coal = 59.3%).

Polymer/Coal Ratio (%)

- 0 5 10 15 20 25 30

Hours Final Moisture Content (%)

0 59.3 59.3 59.3 59.3 59.3 59.3 59.3
1 58.7 48.8 44.8 43.6 41.3 44 42.2
2 58.7 48.8 44.6 43.4 40.4 40.8 41.5
3 58.4 48.2 43.7 43.1 40.2 40.4 41.7
4 58 48.5 44.2 42.3 38.6 39.7 40.3
5 58.2 48.6 44.2 42.2 39.7 39.3 40.3
6 58.2 47.6 44.3 42.2 39.2 39.3 40.2

4.2. Dewatering Kinetics

According to Szekely et al. [28] analysis of a heterogeneous reaction system must start from the
recognition that reaction takes place at the interface and hence mass must be transported to and from
this interface. It follows that structure, pertinent to mass transfer during and after contact plays a
significant role on the overall rate of water transfer. The fraction of moisture removed from brown coal
was calculated from the following equation:

α “ weight loss of brown coal due to moisture removal at any time ptq
Total moisture content

where, α = fraction of moisture removed.
Figure 9 shows the fraction of moisture removed with respect to the time. It can be seen that

the bulk of the drying occurs within the first two hours (Regions 1 and 2) and then attains a steady
state/equilibrium (Region 3). Figure 9 indicates the maximum removal of moisture by SAP within the
first two hours.

Figure 9. Fraction of moisture removed (α) vs. time at 20% SAP to coal ratio.
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The three different regions identified in Figure 9 are as follows:

1. Region 1: Dissociation and breaking of chemically adsorbed and surface moisture
(chemical process).

2. Region 2: Desorption of water (bound and free water)/and breaking of liquid bridges in coal
(chemical and physical process).

3. Region 3: Diffusion/mass transfer process (physical process).

4.3. Surface Chemical and Diffusion Control Model

Accordingly the dewatering kinetics were tested for surface chemical model (R3 (α)) and diffusion
control model (D3 (α)). Where,

D3pαq “ 1 ´ 2
3
α ´ p1 ´ αq2{3

R3pαq “ 1 ´ p1 ´ αq 1/3

It follows from Figure 9 that Region 1 and parts of Region 2 should follow the surface chemical
model and parts of Region 2 and Region 3 should follow the diffusion model. Figure 10 shows the
plots for surface chemical shrinking core model, R3 (α) vs. time and diffusion control model, D3 (α) vs.
time, for 20% SAP to coal ratio. Plots for the pore diffusion model (Figure 10) indicate a better linear
trend until the end of the reaction, indicating that the mass transfer-diffusion process controls the
reactions. A linear trend in the Region 2 for R3 (α) plots indicates a competing chemical, and mass
transfer-diffusion process controlling the dewatering process.
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Figure 10. Plot of diffusion control model [D3 (α)] vs. time and surface control model [R3 (α)] vs. time
for 20% SAP to coal ratio.

4.4. Fourier Transform Infrared (FTIR ATR)

The Fourier transform infrared spectroscopy of the brown coal sample and SAP sample before
and after dewatering over the wave number ranges 4000–600 cm´1 are presented in Figures 11 and 12
respectively. The amplified difference spectrum in Figure 12 reveals that the as received and SAP
treated brown coal samples have only minimal difference in absorptions due to inherent moisture i.e.,
positive broad H-bonding band centred at approx. 3365 cm´1 and the minor contribution to the band
near 1621 cm´1. Removal of all the non-bound water at 105 ˝C resulted in the typical IR absorbance
spectrum (Figure 11) for dried brown coal with the O–H and C–H of aromatic and aliphatic stretching,
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(3700–2400 cm´1) [4,29] and more pronounced absorptions due to C–H stretch near 2900 cm´1 [4,23]
and bend near 1450 cm´1; carbonyl 1700 cm´1 [23] and aromatic ring (breathing mode enhanced
by ring substitution) at 1621 cm´1. The fingerprint region 1440–949.2 cm´1 which incorporates a
multitude of functional group contributions [23,25], including etheric oxygen and mineral salts which
is also enhanced in the oven dried sample. The sensitivity (IR extinction coefficients) changes for the
organic bands in the coal on removal of moisture with slightly higher band intensities observed for
most organic functional groups. For the SAP treated sample as seen in Figures 11 and 12 the doublet
band centred near 2380 cm´1 is assigned to adsorbed CO2 on the surface of the brown coal. The
variation in this band in SAP treated coal is thought to relate to both atmospheric CO2 adsorption by
the sample and CO2 transfer from the SAP itself. Figures 13 and 14 provide an IR spectral comparison
of SAP before and after contact with Loy Yang coal. Differences in absorption in the 1440–1600 cm´1

region (Figure 14) corresponds to fine structural bands that are lost from the polymer on wetting
and the spectrum is dominated by positive water bands. There is an expected increase in peaks at
approximately 3335 and 1650 cm´1 for SAP after coal contact indicative of adsorbed water.

The SAP would need to be recycled in a commercial coal drying application by a non-evaporative
dehydration process. This can be achieved by pH shock wherein the SAP shrinks on contact with acids
such as HCl [14]. The low pH water self-drains from the SAP thereby reducing the need for thermal
evaporation. Further research into SAP recycling is warranted given the encouraging results presented
here for removing bulk moisture osmotically from Loy Yang coal.

Absorbance/Wavelength (cm-1 )

3365.9

2900 1700

1621

1440 949.2

Figure 11. Stacked ATR–IR spectra of as received (59.3% moisture) SAP treated (38.6% moisture) and
oven dried (105 ˝C in air) Loy Yang coal. Spectra presented at the same scale.

Absorbance/Wavelength (cm-1 )

Figure 12. ATR–IR difference spectrum for as received moisture Loy Yang coal minus its SAP
treated product.
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Absorbance/Wavelength (cm-1 )

3334.5

1649.7

1557.1
1445.2

Figure 13. Stacked ATR–IR spectra of fresh SAP and its water loaded equilibrium (with coal) moisture
product. Spectra presented at the same scale.

 Absorbance/Wavelength (cm-1 )

3334.5

1649.7

1445.2

Figure 14. ATR–IR difference spectrum for wet minus fresh SAP Note the lack of any coal derived
absorbance bands despite the brown colouration of the loaded SAP.

5. Conclusion

Osmotic dewatering of brown coal using SAP indicates that it is possible to achieve reduction
in Loy Yang moisture from 59.3% to 38.6% equivalent to removing 57% (on dry basis) of the initial
water present. Under the tumbling contact conditions employed mixing for four hours is necessary
to attain equilibrium moisture loadings between polymer and brown coal. This process is safer than
direct thermal drying and will produce fine brown coal with a consistent moisture content. Laboratory
tests revealed that the rate of moisture absorption remains constant between 4–6 h.
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Abstract: In this study, a high-sulfur and high-ash yield coal sample obtained from the Yanshan
coalfield in Yunnan, China was analyzed. A series of char samples was obtained by pyrolysis at
various temperatures (300, 400, 500, 600, 700, 800, and 900 ˝C) and at a fast heating rate (1000 ˝C/min).
A comprehensive investigation using inductively coupled plasma mass spectrometry (ICP-MS),
a mercury analyzer, ion-selective electrode (ISE) measurements, X-ray diffraction (XRD) analysis,
and Fourier transform infrared (FTIR) spectroscopy was performed to reveal the effects of the
pyrolysis temperature on the transformation behavior of trace elements (TEs) and the change in the
mineralogical characteristics and functional groups in the samples. The results show that the TE
concentrations in the raw coal are higher than the average contents of Chinese coal. The concentrations
of Be, Li, and U in the char samples are higher than those in raw coal, while the opposite was observed
for As, Ga, Hg, and Rb. The F and Se concentrations are initially higher but decrease with pyrolysis
temperature, which is likely caused by associated fracturing with fluoride and selenide minerals.
Uranium shows the highest enrichment degree, and Hg shows the highest volatilization degree
compared to the other studied TEs. As the temperature increases, the number of OH groups decreases,
and the mineral composition changes; for example, pyrite decomposes, while oldhamite and hematite
occur in the chars. It is suggested that the behavior and fate of TEs in coal during fast pyrolysis are
synergistically influenced by self-characteristic modes of occurrence and mineralogical characteristics.

Keywords: trace elements; minerals in coal; transformation behavior; coal fast pyrolysis

1. Introduction

Approximately two-thirds of the basic chemical materials in China have been derived from coal
or down-stream products. China has been the world’s largest coal producer and consumer for several
years. The abundance of coal makes it a stable, reliable, and basic fossil energy source for the sustained
and rapid development of the Chinese economy and society; for example, approximately 74% of the
total primary energy consumption is met by coal [1]. It is anticipated that the utilization of coal will
remain stable for a few years in China while a new generation of clean coal technology, especially
entrained-flow coal gasification, is being developed to meet global energy demands and to address
environmental issues [2].

Coal is a complex flammable rock composed of inorganic and organic material and incorporates
almost all of the elements present in the earth’s crust. Some potentially toxic and hazardous trace
elements (TEs) in coal, such as arsenic, mercury, fluorine, beryllium, and uranium, are thought
to pose a potential risk for public health and the natural environment, even if present only at the
parts-per-million level. Although the TE concentrations in coal are low, significant emissions of these
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pollutants into the environment due to large quantities of anthropogenic coal consumption causes
several problems and attracts attention from regulatory authorities and scientists. Coal consumption
and related environmental regulations are increasing. Therefore, a detailed investigation of the
concentration, distribution, occurrence, and transformation behavior of TEs during coal production,
preparation, utilization, and waste disposal is necessary to obtain comprehensive information [3].

There are many studies on the concentration, geochemical, and mineralogical characteristics of TEs
in coal [4–10]. For example, Dai et al. [11] investigated mineral composition and the TE concentrations
in coal from the Huayinshan coalfield. The authors concluded that rare-earth elements mainly occur
in rhabdophane and silicorhabdophane, while mercury and selenium are incorporated in pyrite and
marcasite. A study by Liu et al. [12] showed that U, Mo, Re, Se, Cr, and V are mainly associated with
organic components and are less associated with illite or mixed-layer illite/smectite. Extensive work
on the partitioning behavior of TEs during coal combustion has been carried out [13,14], such as on the
concentration and distribution of TEs in combustion products [15–17], the volatilization or enrichment
behavior and chemical composition of TEs in ash [18,19], and the morphology and control technologies
of TEs [20,21]. However, information about the behavior and the physical and chemical forms of TEs
emitted during coal pyrolysis and gasification is scarce [22]. Several studies address the behavior of
TEs during fixed-bed gasification [23,24], fluidized-bed gasification [25], and using other gasification
technologies [26–28] employing thermodynamic simulations [29–31]. However, few studies focus on
the TE concentration during fast coal pyrolysis [32–34] and entrained-flow coal gasification because
simulation experiments are difficult and expensive. Moreover, data are extremely limited with respect
to TE behavior during different reaction stages due to the difficulty of analyzing the fate of TEs at
various temperatures.

Pyrolysis is an important thermochemical process that can be regarded as both the initial step
and/or the accompanying process in most coal conversion processes, such as combustion, gasification,
and liquefaction of coal. Furthermore, pyrolysis is a coal-cleaning technology producing fuel or basic
chemical materials. Consequently, it is of great importance to analyze the transformation and behavior
of TEs during coal pyrolysis. Many of the previous studies on pyrolysis processes were based on low
heating rates, which are very different from those in modern coal combustion or gasification processes
that are characterized by fast heating.

Hence, the goal of this work is to study coal pyrolysis under fast heating conditions, up to
1000 ˝C/min, similar to the heating process of modern coal pyrolysis and entrained-flow gasification.
We collected a series of Yanshan coal samples from the province of Yunnan in Southwest China,
which is enriched with several TEs, such as arsenic, fluorine, gallium, mercury, lithium, rubidium,
selenium, and uranium, compared with the average contents of Chinese coal [35]. Experiments were
conducted at various temperatures with a heating rate of 1000 ˝C/min, and TE concentrations were
analyzed in detail. This research aims to determine the concentration and partitioning of TEs, and to
characterize the mineralogical and chemical compositions during the fast pyrolysis of coal at different
temperatures, which can provide insights into possible transformation mechanisms and predict the
emission characteristics of TEs during gasification. The experimental operating conditions of the
present work may not be fully representative of modern coal pyrolysis and entrained-flow gasification.
However, the results provide basic theories or suggestions for TE emission and control.

2. Experiments

2.1. Samples

Ganhe meager coal from the Yanshan coalfield, located in Yunnan, was collected and used in
the present study. The high TE, sulfur, and ash content in this coal make it atypical. The sampling
procedure followed the Chinese Standard Method GB 474-2008 [36]. After the coal was air-dried, the
samples were crushed and pulverized to obtain particle sizes < 0.074 mm. Fine-grained coal samples
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were then stored hermetically for experimental use. The characteristics of the Yanshan coal are shown
in tab:minerals-06-00035-t001. The coal ash was sampled at 815 ˝C, in accordance with the procedure
described in the Chinese Standard Method GB/T 212-2008 [37]. X-ray fluorescence spectrometry
(PANalytical Axios-Max, Almelo, The Netherlands) was employed to measure the concentrations of
major element oxides in the coal ash sample [38]. The results are shown in
tab:minerals-06-00035-t002.

Table 1. Proximate and ultimate analysis of the coal sample.

Sample
Proximate Analysis % Ultimate Analysis %

Mad Ad Vdaf FCdaf Cdaf Hdaf Odaf Ndaf St,daf

Yanshan Coal 3.32 40.98 17.32 82.68 77.97 3.25 1.72 1.08 15.98

M, moisture; A, ash yield; V, volatile matter; FC, fixed carbon; ad, air-dry basis; St, total sulphur; d, dry basis;
daf, dry and ash-free basis.

Table 2. Concentrations of major element oxides in the coal ash sample.

Sample Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 V2O5 Fe2O3

Mass Percentage (%) 0.36 1.60 26.98 54.43 4.15 3.41 3.34 0.78 0.15 4.60

2.2. Pyrolysis Procedure

Approximately 1 g of fine coal samples was weighed and placed into a quartz crucible.
Highly pure nitrogen (99.999%) was used to purge the crucible, and the reaction zone was closed.
Subsequently, char samples were obtained from pyrolysis at a fast heating rate (1000 ˝C/min) and at
the different pyrolysis temperatures of 300, 400, 500, 600, 700, 800, and 900 ˝C, in accordance with the
procedure by Xie et al. [39]. The crucible and reaction zone were heated by a microwave transduction
cavity, which can transform the microwave from the workstation into general thermal radiation and
can avoid the potential structural influence from the microwave. The final temperature was held
for approximately 5 min to complete the pyrolysis. Char samples were weighed again and stored
hermetically after the quartz crucible cooled to ambient temperature. The average cooling rate was
approximately 45 ˝C/min before the temperature of the reaction zone was below 200 ˝C. Char samples
were labelled as YCGR-300–900 according to the pyrolysis temperature, while the raw coal sample
was labelled as YCGR-000.The char yields of the coal sample at different pyrolysis temperatures are
shown in tab:minerals-06-00035-t003.

Table 3. Char yields of the coal sample at different pyrolysis temperatures.

Sample YCGR-300 YCGR-400 YCGR-500 YCGR-600 YCGR-700 YCGR-800 YCGR-900

Char Yield (%) 98.41 97.62 93.25 91.95 89.40 87.31 86.58

2.3. X-Ray Diffraction (XRD) Analysis

Mineralogical characteristics of all of the samples were determined using XRD analysis. The raw
coal and char samples were analyzed using a Japanese Rigaku D/max-2500PC X-ray diffractometer
(Rigaku Corporation, Tokyo, Japan) with a Cu tube. The XRD pattern was recorded over a 2θ range of
2.5˝–70˝ with a step size of 0.02˝. The scanning speed was 4˝/min. The accelerating voltage and the
tube current of the X-ray diffractometer were 40 kV and 100 mA, respectively.

2.4. Fourier Transform Infrared (FTIR) Spectroscopy

Functional groups and transition characteristics of the raw coal sample as well as the char
samples were analyzed using a NICOLET iS-10 FTIR spectrometer (ThermoFisher, Waltham, MA,
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USA). The KBr disc method was used, with a 1:160 mixture of sample and KBr. Spectra were recorded
in the range of 400–4500 cm´1 with an accuracy of 1.929 cm´1. Thirty-two scans were taken with a
4 cm´1 spectral resolution.

2.5. TE Analysis

Concentrations of Hg in coal and char samples were determined using a mercury analyzer
(DMA-80, Milestone, Sorisole, Italy). Concentrations of F in all of the samples were measured by
pyrohydrolysis with an ion-selective electrode (ISE) following the processes stipulated in the ASTM
standard. Other TEs, such as arsenic, beryllium, gallium, lithium, rubidium, selenium, and uranium,
were determined using inductively coupled plasma mass spectrometry (ICP-MS) (ThermoFisher,
X-II) in a three points per peak pulse counting mode. For ICP-MS analysis, a Milestone UltraClave
microwave high-pressure reactor was used to digest the samples. The digestion reagents consisted of
5 mL of 65% HNO3 and 2 mL of 40% HF for each 50 mg of coal, while the solutions consisted of 2 mL
of 65% HNO3 and 5 mL of 40% HF for each 50 mg of non-coal samples. Sub-boiling distillation was
used to further purify HF (the Guaranteed Reagent) and HNO3 (the Guaranteed Reagent) to reduce
interferences. Selenium and arsenic contents were measured by ICP-MS using collision-cell technology
to eliminate interference due to polyatomic ions. Multi-element standards, such as U in CCS-1, and Be,
Ga, and Rb in CCS-4, were used to calibrate the TE concentrations [11,12,40].

3. Results and Discussion

3.1. Effect of Temperature on TE Concentration During Pyrolysis

The TE concentrations of the raw coal sample and the char samples derived from pyrolysis at
different temperatures at a fast heating rate are shown in
tab:minerals-06-00035-t004. The concentrations of Be, Li, and U in all of the chars obtained over the
studied temperature range are higher than those of raw coal, while the concentrations of As, Ga, Hg,
and Rb of all of the chars obtained are lower than those of raw coal. In contrast, the concentrations of F
and Se of some of the char samples are higher than those of raw coal, and others are lower than those
of raw coal. The data indicate that Be, Li, and U tend to be enriched in the solid products, whereas As,
Ga, Hg, and Rb tend to volatilize during pyrolysis. F and Se are initially enriched in the solid products
but then volatilize with increasing temperature. At temperatures lower than 600 ˝C, F does not show
volatilization during fast experimental pyrolysis. The volatility of Hg increases rapidly with increasing
temperature in the temperature range below 400 ˝C and increases slowly above 400 ˝C because of a
surplus shortage. As exhibits a lower volatility than Hg, which may be due to the association with
sulfide and silicate minerals. Minimal amounts of volatile TEs, such as As, Hg, and Se, were found in
chars compared to raw coal, which indicates that these TEs escape into the gas phase during pyrolysis.

Table 4. Trace element (TE) concentrations in raw coal and chars obtained from pyrolysis at
different temperatures.

Sample
As

(μg/g)
Be

(μg/g)
F

(μg/g)
Ga

(μg/g)
Hg

(μg/kg)
Li

(μg/g)
Rb

(μg/g)
Se

(μg/g)
U

(μg/g)

YCGR-000 13.3 1.73 1153 16.1 165 55.9 34.8 25.7 67.6
YCGR-300 11.7 1.95 1194 13.9 98.0 63.6 28.4 26.4 76.2
YCGR-400 11.5 1.95 1252 14.0 19.7 63.7 27.9 24.2 86.6
YCGR-500 12.3 2.04 1270 14.4 4.60 65.8 29.0 26.0 105
YCGR-600 11.9 2.01 1254 14.4 2.87 64.0 29.2 24.5 93.3
YCGR-700 12.5 2.09 1195 15.0 6.84 67.8 30.1 22.9 101
YCGR-800 12.1 2.19 1183 15.0 3.31 69.1 26.1 20.3 124
YCGR-900 11.7 2.32 1141 15.2 4.09 69.8 29.1 19.6 119
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A relative parameter (ΔC) is used to clearly and quantitatively describe the changing behavior of
TE concentrations in the samples. The value of ΔC was calculated based on the data from
tab:minerals-06-00035-t003 and is summarized in Figure 1.

ΔC “ cchars ´ ccoal
ccoal

(1)

Here, ΔC is the changing rate of concentrations; Cchars is the TE concentration in the char samples;
and Ccoal is the TE concentration in the raw coal sample.
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Figure 1. ΔC of trace elements (TEs) in raw coal and char samples obtained from pyrolysis at different
temperatures at a fast heating rate.

The enrichment and volatilization of TEs were investigated by introducing a relative parameter
(ΔC), which compares the TE content in chars with that in raw coal. Figure 1 presents the ΔC of
raw coal and char samples obtained from pyrolysis at different temperatures at a fast heating rate,
showing that the ΔC of U, Be, Li, and F is positive, except for F at 900 ˝C, while the ΔC of Ga, As, Rb,
Se, and Hg is negative, except for Se at 300 ˝C. Uranium shows the highest increase of ΔC, and Hg
reveals the largest decrease. It is notable that the enrichment order from high to low is U, Be, Li, and
F, and the enrichment of U, Be, and Li increases with increasing pyrolysis temperature, except for
F. Mercury almost completely volatizes at 500 ˝C and has a much higher volatility than Se, Rb, As,
and Ga, even at low temperatures. The volatility of Se is unnoticeable at low temperatures and then
increases gradually. The enrichment of Li is very similar to that of Be, and the partitioning of As is
similar to that of Se in the samples (Figure 1). The volatility of As, Ga, Hg, Rb, and Se is much higher
than that of F, suggesting that a large concentration of these elements is vaporized to the gas phase
during pyrolysis.

Studies suggest that the elements associated with the organic matter are more easily vaporized
than those associated with minerals, which can hinder TE partitioning into the gas phase.
However, there has been no evidence to support that Hg is associated with organic matter in Yanshan
coal. The phenomenon of Hg being one of the most volatile TEs in Yanshan coal is likely caused by
the Hg characteristics. The conclusion can be drawn that Se, Rb, As, and Ga are volatile TEs during
fast pyrolysis, while F has the potential for volatilization at high temperatures, and U, Be, and Li are
non-volatile TEs in Yanshan coal. In addition, the behavior of TEs is also influenced by technological
parameters, such as reaction atmosphere, mixing status, and product properties. Because of increased
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TE emission and the potentially serious risk for the ecosystem environment, more effective measures
and countermeasures should be investigated.

3.2. Effect of Temperature on Functional Groups During Pyrolysis

The FTIR spectra of raw coal and char samples obtained from pyrolysis at various temperatures
at a fast heating rate are presented in Figure 2. The spectra show well-resolved peaks as IR bands.
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Figure 2. Fourier transform infrared (FTIR) spectra of raw coal and char samples obtained from
pyrolysis at different temperatures at a fast heating rate.

It has been reported that some TEs are associated with organic matter or are influenced by organic
matter in coal [8,12,41]. Therefore, helpful information may be obtained through an investigation of
the changing behavior of the functional groups or organic structure during fast pyrolysis. A band
in the region between 3750–3250 cm´1 assigned to OH stretching vibrations was observed in all of
the samples. However, the band intensity in this region tends to decrease with increasing pyrolysis
temperature (Figure 2). The absorbance in this region is attributed to free OH groups, alcohol OH
groups, carboxyl OH groups, and the associated OH of aromatic clusters of samples. It is suggested
that the OH concentration decreases during pyrolysis. Moreover, a stretching vibration-induced
band appears in the region of 1700–1600 cm´1, which is assigned to the aliphatic C=O and –COOH.
A small band was observed in the region of 1600–1500 cm´1. This feature, which is assigned to C=C
aromatic stretching vibrations of aromatic rings or an aromatic nucleus [42], gradually disappears
with the increasing pyrolysis temperature. A possible explanation for these changes is that some
aromatic rings in the macromolecular structure of coal or char samples decompose, and a few aliphatic
C=O groups are generated from pyrolysis reactions during fast pyrolysis. A notable peak is found
in all of the samples at 1050 cm´1 due to kaolinite [43]. The peak is sharp in YCGR-000 and then
weakens gradually, but it becomes stronger in YCGR-900 compared to the samples obtained at lower
temperatures. Calcite stretching vibrations cause a peak at 1425 cm´1[42]. A weak peak at this
wave number is found in YCGR-000–600 and disappears in YCGR-700. The possible reason is that
calcite decomposes because of the fast heating rate. Note that this also demonstrates the variation of
kaolinite and calcite compared to XRD analyses and possibly is a useful source of information about
TE migration mechanisms, especially some TEs associated with the organic matter. In general, the
peak positions in the FTIR spectra of all of the samples were similar. The difference in absorbance
indicates that the quantity and structures of functional groups or minerals changed.

363



Minerals 2016, 6, 35

3.3. Effect of Temperature on Mineralogical Characteristics During Pyrolysis

To elucidate the mineralogical characteristics of the samples, XRD patterns of the raw coal and char
samples obtained from pyrolysis at various pyrolysis temperatures at a fast heating rate are presented
in Figure 3. In raw coal, quartz, mica, gypsum, and pyrite have been identified. The mineralogical
characteristics of the char samples from pyrolysis show a minor but interesting variation. The common
mineral is quartz, exclusively composed of SiO2 ( tab:minerals-06-00035-t002). With increasing
temperature, illite, oldhamite, and hematite appear in the chars, which may be due to the
transformation of mica, gypsum, and pyrite [44].
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Figure 3. X-ray diffraction (XRD) patterns of raw coal and char samples obtained from pyrolysis at
different temperatures at a fast heating rate. Q: quartz; P: pyrite; M: mica (muscovite, polylithionite,
fluorphlogopite); G: gypsum; I: illite; C: oldhamite; F: hematite.

The TE contents are below the detection limit of XRD but are included in many minerals.
The results obtained by XRD analysis are in agreement with the behavior of some TEs in the pyrolysis
temperatures range. The concentration of F is related to silicate associations [41] and is low in
YCGR-900, coincidentally, at the location where fluorphlogopite disappeared in the XRD pattern.
It has been reported that most As is associated with pyrite [45,46], and pyrite is found in coal and
not in chars, as Figure 3 shows, which provides a possible explanation for the volatilization of As.
Minerals identified in chars are different from those in coal, which provides a possible interpretation
according to the phenomena of TE enrichment or volatilization. The behavior of TEs during pyrolysis is
also related to their characteristics—e.g., Hg expresses higher volatilization than As, although both TEs
show similar primary modes of occurrence in coal. Some fluorides and selenides are found in raw coal
and char samples, which indicates that there is a competing mechanism of partitioning behavior of F
and Se, such as the volatility of F and Se and the hindering influence of minerals. In addition, inorganic
cationic matrices, such as iron and calcium, also influence TE atomization [47], which suggests that
the partitioning behavior of TEs, such as that of As in Figure 1, is different from the anticipated
volatilization degree. Hence, a calcium-based absorber may be useful for the TE solidification in solid
products. Research on this phenomenon may be useful to develop environmental pollution control
methods and technologies for volatile TEs.

4. Summary and Conclusions

This paper presents a comprehensive study of the influence of different pyrolysis temperatures
on TE behavior during coal pyrolysis at a heating rate of 1000 ˝C/min by analyzing the concentrations
of As, Be, F, Ga, Hg, Li, Rb, Se, and U in raw coal and char samples. In addition, the effects of various
pyrolysis temperatures on functional groups are investigated to interpret the behavioral characteristics
of TEs during fast pyrolysis. The main conclusions drawn are as follows:
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(1) The concentrations of As, F, Ga, Hg, Rb, Se, and U are much higher, and the concentration of
Li in Yanshan coal is only slightly higher than the average TE values of Chinese coal. However, the
raw coal is also very rich in sulfur and ash.

(2)The concentrations of Be, Li, and U in the char samples obtained from pyrolysis are higher
than those in raw coal samples. Contrary results are obtained for As, Ga, Hg, and Rb, except for F
and Se. The concentrations of F and Se in chars are initially higher but are lower than those in raw
coal. The concentration of F in the char sample at 900 ˝C is lower than that in coal, while a similar
phenomenon can be observed when the temperature is above 500 ˝C for Se, which is likely caused by
the association fracturing with fluoride and selenide minerals at this specific temperature.

(3) The enrichment degree of U is much higher than that of the other selected non-volatile
TEs, and the volatilization degree of Hg is much higher than that of the other studied volatile TEs.
The enrichment of U and the volatilization of Hg increase with increasing pyrolysis temperature.
The Hg content changes only slightly above 500 ˝C, whereas chars show the highest U concentration
at 800 ˝C.

(4) The number of OH groups decreases during fast coal pyrolysis. Interesting changes were also
observed regarding the strength of C=O and aromatic rings or aromatic nuclei above 500 ˝C.

(5) The minerals identified in chars are different from those in coal, which is caused by the
pyrolysis reaction and may explain some of the TE behaviors. Pyrite has not been identified in chars,
which indicates that As and Hg, associated with or related to pyrite, are being released during pyrolysis.
In contrast, oldhamite and hematite are found with increasing pyrolysis temperature. TE partitioning
is affected by not only the mode of occurrence in minerals but also the temperature and the element
itself. To effectively control TE emission during fast pyrolysis or entrained-flow gasification, further
research is necessary.
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