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Abstract. Part 1 of the present work elucidated some general considerations of inorganic matter in coal and 
determined and explained the relationships, namely statistically significant positive or negative correlations, 
for chemical characteristics. Complete data from chemical (proximate, ultimate and ash analyses) and min-
eral composition (major and minor minerals) of 37 coal samples worldwide were used for that purpose. The 
present Part 2 provides and explains the significant correlations for minerals of these coals. Then, some 
important relationships between the composition and rank and ash-fusion characteristics of the coals are 
described. Further, definitive mineralogical and geochemical indicators for genetic interpretations of coal for-
mation are summarized. Finally, the potential implications of these relationships and indicators are discussed 
and certain new features that may be used as criteria for clarifying the coal properties and for predicting spe-
cific technological and environmental problems related to this fuel are also introduced and suggested.
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IntroductIon

Detailed and/or summarised investigations on min-
eral matter in various coals have been reported repeat-
edly (Kemezys and Taylor, 1964; Mackowsky, 1968; 
Yurovskii, 1968; O’Gorman and Walker, 1971; Gluskoter, 
1975; Mitchell and Gluskoter, 1976; Gluskoter et al., 
1977; Jenkins and Walker, 1978; Ward, 1978, 1989, 2002; 
Yudovich, 1978; Berkowitz, 1979; Dobrogorskii, 1981; 
Finkelman, 1981, 1988; Kler and Nenahova, 1981; Stach 
et al., 1982; Kler et al., 1987; Korobetskii and Shpirt, 
1988; Van der Flier-Keller and Fyfe, 1988; Swaine, 
1990; Martinez-Tarazona et al., 1993; Kolker and Chou, 
1994; Vassilev and Vassileva, 1996a, 2009; Querol et al., 
1999, 2001; Hower et al., 2000; Karayigit et al., 2000; 
Zhuang et al., 2000, 2003, 2006, 2007; Goodarzi, 2002; 
Huggins, 2002; Shao et al., 2003; Vassilev and Tascon, 

2003; Dai et al., 2005b, 2006, 2008a, 2008b; Kostova and 
Zdravkov, 2007; Pinetown et al., 2007; plus also referenc-
es in Part 1). Mineral formations in coal is complex and is 
controlled primarily by source rocks, lithology, degree of 
weathering, nature of the coal-forming environment, hy-
drology, conditions of burial, and degree of coalification 
(Van der Flier-Keller and Fyfe, 1988). However, there 
are predictable end products of a definite set of biologi-
cal, chemical, and physical conditions that provided an 
environment in which the minerals could be deposited or 
in which they could form (Gluskoter, 1975). Therefore, 
the occurrence, abundance, and distribution of minerals 
could be strong indicators of the processes resulting in 
the geological progress of a coal seam or deposit. For ex-
ample, the preserved or slightly altered biogenic minerals 
in peat and coal may indicate the original plant and ani-
mal species in these fuels (Kortenski, 1992; Ward, 2002; 
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Lopez-Buendia et al., 2007). The detrital minerals in coal 
are informative for the supply of terrigeneous materials, 
source rock types, and degree of alteration or weather-
ing in the system (Vassilev and Vassileva, 1996a). The 
authigenic minerals in coal are particularly illuminating 
in considering interpretations of coal formation, because 
frequently conditions for the development of certain min-
erals are better understood than conditions for the forma-
tion of macerals (Mackowsky, 1968). Furthermore, the 
mineral and chemical composition of coal has a strong 
impact on processing, application, and environmental 
and technological concerns related to this fuel (Vassilev 
et al., 2009). Despite the above investigations, the rela-
tionships among the mineral and chemical composition 
of various coals are still not understood in detail.

Part 1 (Vassilev et al., 2010) of the present work elu-
cidated some general considerations of inorganic matter 
in coal and determined and explained the relationships, 
namely statistically significant positive or negative cor-
relations, for chemical characteristics. Data for 37 ran-
dom coal samples worldwide were applied for that pur-
pose. The samples and methods of investigations used, as 
well as respective results obtained for chemical (proxi-
mate, ultimate, and ash analyses) and mineral (major and 
minor minerals) composition of these samples have also 
been described in Part 1 (Vassilev et al., 2010) and else-
where (Vassilev and Vassileva, 2009). The purpose of 
the present work is to use further these data for: 

(1) determining and explaining the relationships for 
mineral classes, groups, and species;

(2) indicating certain similarities and differences be-
tween the composition of coals;

(3) identifying and characterizing some important re-
lationships between the composition and coal rank and 
ash-fusion characteristics; 

(4) proposing potential applications of relationships, 
namely: suggesting certain definitive mineralogical and 
geochemical indicators applicable for some genetic inter-
pretations of coal formation; and introducing some new 
indicators and features of coal that can be used as criteria 
for elucidating the coal properties and for predicting po-
tential technological and environmental problems related 
to the use of this fuel. 

Basic and advanced references are also used exten-
sively to support the authors’ own data. 

results and dIscussIon

relationships for mineral classes,  
groups and species in coals

The complete data for chemical and mineral composition 
and ash-fusion temperatures (AFT) of the individual coal 
samples studied were reported in Part 1 (Vassilev et al., 
submitted). Therefore, only: (1) a general description of 
the coal samples (Table 1); (2) mean and range values of 
their characteristics arranged according to the coal rank 
and geographic locality (Tables 2 and 3); (3) statistically 
significant correlation coefficient values (R2) for minerals 
(Table 4); and (4) some illustrations (Figs. 1–5) are given 
herein. The relationships for the mineral classes, groups 

and species in coal are characterized below. Despite the 
significant correlations found, some of them are difficult 
to explain due to the: (1) complex coal system; (2) lim-
ited information for some coals; and (3) unclear genesis 
and behaviour of certain minerals in coal.

Silicates

Silicate minerals are mainly detrital, and more rarely, 
authigenic minerals or weathering products in coal 
(Vassilev and Vassileva, 1996a). The high contents of 
silicates are characteristic of higher-rank coals, while the 
low concentrations of this mineral class are typical of lig-
nites (Table 3 and Fig. 3).

Silica minerals
Quartz is dominantly detrital and, to a lesser extent, 
authigenic (in particular epigenetic) mineral in coal 
(Vassilev and Vassileva, 1996a). This mineral does not 
have any positive correlation with other minerals, but 
has reasonable negative correlations with kaolinite, Fe 
hydroxides, and typical authigenic calcite, Fe sulphides, 
and Fe-Al sulphates (Table 4 and Fig. 1). The increased 
contents of quartz are more characteristic of higher-rank 
coals, while the decreased concentrations of this min-
eral are more typical of lignites (Table 3 and Fig. 3). 
The highest quartz abundance is found in coals such as 
Akabira, Balkan, Datong, Horonai, Plateau, Sunagawa, 
and Wambo (Vassilev et al., 2010). Quartz has an inde-
pendent behaviour during coal formation because it does 
not have any significant associations with other minerals. 
The negative relationships of quartz with the above listed 
typical authigenic minerals confirms its dominant detri-
tal nature in coal. The enhanced proportions of quartz in 
coals normally specify a considerable influx of detrital 
materials because quartz is highly resistant to weather-
ing processes. The increased values of ash yield (A) and 
detrital/authigenic index (DAI) for such coals are an ad-
ditional confirmation of that. This observation is also in 
accordance with the dominant allochthonous origin of 
most Japanese Palaeogene coal deposits (Shimoyama, 
1984) highly enriched in quartz. The precipitation of hy-
drothermal solutions enriched in silica is occasionally the 
reason for crystallization of authigenic (syngenetic and 
epigenetic) and low-temperature silica minerals such as 
opal, chalcedony, cristobalite, trydimite, and quartz in 
certain Australian (Kemezys and Taylor, 1964), Spanish 
(Garcia-Valles et al., 1993), Bulgarian (Vassilev et al., 
1994; Vassilev and Vassileva, 1996a), Chinese (Dai et 
al., 2004, 2005a, 2005b, 2008b), Turkish (Vassilev et 
al., 2005a) and Indonesian (Susilawati and Ward, 2006) 
coals. The silica minerals precipitate from dissolved sil-
icic acid and high silica saturation (Dobrogorskii, 1981, 
Sweeney et al., 2009) under conditions of low partial CO2 
pressure and high oxidation-reduction potential (Eh) val-
ues (Dobrogorskii, 1981). Epigenetic hydrothermal for-
mation of veined quartz for different Chinese coals is in 
the temperature intervals 160–220°C (mean 180°C) (Dai 
et al., 2004, 2005a) or 175–210°C (mean 190°C) (Dai et 
al., 2005b). The biogenic nature of some silica minerals 
is also well-known in some coals (Ward, 2002; Zdravkov 
et al., 2006; Lopez-Buendia et al., 2007). 
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Table 1
Numeration, geographic locality, rank, ash yield, age, mineral and inorganic chemical types and subtypes of the coal samples studied

a Rank is mostly based on C content, dry ash-free basis (daf), while ash has low (<10%), medium (10–20%) and high (>20%) yields 
(Vassilev et al., 1996, 1997).  
b Chemical types (based on Vassilev and Vassileva, 2007, 2009). Abbreviations: S – sialic; CS – calsialic; FS – ferrisialic; FCS – 
ferricalsialic;  HA – high acid; MA – medium acid; LA – low acid.
c Mineral types (based on Vassilev and Vassileva, 2009). Abbreviations: Si – silicate; SC – silicate-carbonate; SS – silicate-sul-
phide; SSC – silicate-sulphide-carbonate or mixed; HD – high detrital; MD – medium detrital; LD – low detrital.

Cristobalite is both detrital and authigenic in origin 
(Vassilev and Vassileva, 1996a). This mineral correlates 
positively and reasonably with the authigenic opal (Table 4 
and Vassilev et al., 1994; Vassilev and Vassileva, 1996a). 
Some cristobalite could be also detrital due to the charac-
teristic occurrence of this mineral in volcanic rocks from 
the source area (Vassilev et al., 1994) or in volcanic ash 
(Dai et al., 2003, 2005a). The high contents of cristobalite 
are more characteristic of sub-bituminous coals (Table 3), 
for example Beluga coal (Vassilev et al., 2010). 

Opal is authigenic in coal (Vassilev and Vassileva, 
1996a). It is commonly a product from the alteration of 
high silica igneous extrusive rocks (Kostov, 1993). This 

mineral correlates positively with cristobalite and brucite 
(Table 4). The high contents of opal are more character-
istic of sub-bituminous coals (Table 3). The maximum 
opal abundance is exhibited by coals such as Beluga, 
Montana, and Usibelli (Vassilev et al., 2010). The asso-
ciation of opal with brucite is not unusual because the 
latter mineral can also be low-temperature hydrothermal 
mineral (Vassilev et al., 1994). 

Clay and mica minerals
The groups of clay and mica minerals include mainly de-
trital and, to a lesser extent, authigenic in origin species 
(Vassilev and Vassileva, 1996a). Their presence and con-
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Fig. 1. Significant correlations between some characteristics of the coals studied. The abbreviations are listed in Table 2.

centrations can be used as an indicator for the character 
of influx material and the physicochemical environment 
in which deposition, diagenesis, metamorphism, and al-
teration of this material takes place.

Kaolinite correlates positively with Fe oxides and 
Al hydroxides, and negatively with quartz and gypsum 

(Table 4 and Fig. 1). The high contents of kaolinite are 
characteristic of higher-rank coals, while the low concen-
trations of this mineral are typical of lignites (Table 3 
and Fig. 3). The maximum kaolinite abundance is found 
in coals such as Blair Athol, Coal Mountain, Entham, 
Ermelo, Newlands, Wallarah, and Witbank (mostly 
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Table 4
Significant positive (+) and negative (–) correlation coefficient values (R2) at 99% (bold font)a and 95% (normal font)b  
confidence levels for the characteristics of 37 coal samples.
The listed symbols and abbreviations follow the order according to Tables 2 and 3. 

a The significant R2 values at 99% confidence level are: ≥ 0.40  and ≤ –0.40 for 37 variables.
b The significant R2 values at 95% confidence level are: ≥ 0.31  and ≤ –0.31 for 37 variables.
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Fig. 2. Mean values for some characteristics of the lignites, sub-bituminous coals and bituminous – semi-anthracite coals 
studied, wt. %
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Gondwana coals) (Vassilev et al., submitted). Several 
different processes have been summarized to explain the 
origin of kaolinite in coal, namely detrital input, pyro-
clastic material input, authigenic precipitations or altera-
tions, and some epigenetic formation (Ward, 1989, 2002; 
Vassilev et al., 1994; Hower et al., 1999; Goodarzi, 2002; 
Dai et al., 2008b). The leading role of detrital input or 
authigenic formation of kaolinite is variable for different 
coal deposits and both trends are illustrated clearly by 
the correlation of this mineral with ash yield (Fig. 1). The 
kaolinite enrichment is characteristic of the continental 
coal sediments from limnic type (Kler and Nenahova, 
1981), while the influence of sea water is less favour-
able for kaolinite development (Ward, 1989). This min-
eral is abundant in coal deposits formed by slow sedi-
mentation during humid and hot climate, with material 
supply from areas which underwent intensive chemical 
weathering processes (Yudovich, 1978), or from in-situ 
leaching processes (Berry and Mason, 1961; Perelman, 
1989; Ward, 1989, 2002). These observations are in ac-
cordance with the above positive correlations. An acid 
environment favours the formation of kaolinite (Berry 
and Mason, 1961) and this mineral is the most stable clay 
mineral in humus environment (Dobrogorskii, 1981; 
Korobetskii and Shpirt, 1988). So, the high kaolinite con-
centration may also be a result of intensive diagenetic al-
teration of pre-existing illite, montmorillonite, feldspars, 
muscovite, other aluminosilicate minerals, and pyroclas-
tic glasses. For example, it was found that the alkali feld-
spars tend to alter to kaolinite (Berry and Mason, 1961) 
under acid conditions and high Eh values (Perelman, 
1989). The well-crystallized kaolinite characteristically 
found in some Australian coals appears to be the result of 
in-situ leaching and reprecipitation processes within the 
peat swamp (Ward, 1989). Aluminium is soluble under 
low pH conditions (pH<3) and such environment may 
develop in parts of the peat subject to oxidation (Ward, 
2002). Then, the higher pH values cause the precipitation 
of Al leachates as Al hydroxides and subsequent forma-
tion of authigenic and well-ordered kaolinite due to the 
interaction of Al hydroxides with silica solutions (Ward, 
2002). The association of kaolinite with Fe oxides and 
Al hydroxides as relatively stable minerals during coal 
formation is probably the reason for their positive cor-
relation. On the other hand, the negative correlation of 
kaolinite with quartz and gypsum is due to their distinc-
tive origin and behaviour in coal. 

Illite is commonly a result of weathering or hydro-
thermal alteration of muscovite and K feldspars or re-
crystallization of smectites, while muscovite is a char-
acteristic mineral of granites and pegmatites (Kostov, 
1993). The sum illite + muscovite correlates positively 
with chlorite, ankerite, siderite, and pyrite; and nega-
tively with zeolites (Table 4). The increased values of 
this sum are more characteristic of higher-rank coals, 
while the decreased values of the sum are more typical 
of lower-rank coals (Table 3 and Fig. 3). The maximum 
abundance of illite + muscovite is exhibited by Asturias, 
Donbas and Natal coals, which are the only coal samples 
close to semi-anthracites (Vassilev et al., 2010). The il-
lite enrichment is informative for lagoonal and paralic 
coal deposits (Kler and Nenahova, 1981) and for ma-

rine sediments (Berry and Mason, 1961; Kostov, 1993). 
The simultaneous enrichment in illite and kaolinite (like 
Gondwana coals) is normally an indication for weather-
ing of medium and high silica igneous rocks (Kler and 
Nenahova, 1981). However, it should be stated that the 
metamorphic progression promotes a characteristic for-
mation of illite and chlorite and the depletion of kaoli-
nite and montmorillonite (Berry and Mason, 1961). For 
example, the disappearance of kaolinite, the appearance 
of irregularly interstratified illite/smectite, and the for-
mation of regular illite/smectite, paragonite, and chlorite 
were detected in Indonesian coals during their thermal 
metamorphism generated by intrusions (Susilawati and 
Ward, 2006). This is probably the major reason for the 
positive correlation between illite and chlorite despite 
that some epigenetic hydrothermal generation of illite 
plus chlorite with formation temperatures at 70–170°C 
was also identified (Ward, 2002). The positive correla-
tions of illite + muscovite with certain carbonates and 
sulphides may be related to mineral assemblages in the 
coals studied. Another investigation shows that coals 
abundant in mica (especially muscovite) commonly ex-
hibit higher rank and some proportions of this mica may 
originate from the initial metamorphism of silicate min-
erals (such as illite and chlorite) and/or a higher propor-
tion of detrital material input enriched in mica (Vassilev 
and Vassileva, 1996a). Some mica in coal could also be 
derived from volcanic activity (Kemezys and Taylor, 
1964; Dai et al., 2003).

Montmorillonite is normally an alteration product of 
volcanic tuffs and ash (Kostov, 1993). This mineral cor-
relates positively with Fe hydroxides, gypsum, and apa-
tite; and negatively with ankerite (Table 4). The increased 
contents of montmorillonite are more characteristic of 
lignites, while the decreased concentrations of this min-
eral are more typical of higher-rank coals (Table 3 and 
Fig. 3). The Ebenezer coal shows significant enrichment 
in montmorillonite (Vassilev et al., submitted). Coals 
abundant in this mineral are characteristic of sediments 
associated with tuffaceous facies, marine influence, or 
alkaline deposition environment (Kler and Nenahova, 
1981). For example, Fe-Mg minerals, Ca feldspars, 
and volcanic glass commonly alter to montmorillonite 
(Berry and Mason, 1961). Montmorillonite and chlorite 
are commonly unstable minerals under swamp condi-
tions (Dobrogorskii, 1981) and the authigenic formation 
of these minerals plus illite requires the presence of ad-
ditional cations in the environment (Berry and Mason, 
1961). Montmorillonite evidently changes readily to il-
lite and chlorite especially in the marine environment 
because the comparatively high concentration of K and 
Mg in sea water promotes this change (Berry and Mason, 
1961). The Bulgarian coals are relatively enriched in 
montmorillonite and most of the above-mentioned obser-
vations are in accordance with the geology, high authi-
genic mineralization, and lower rank for these Tertiary 
coals (Vassilev and Vassileva, 1998 and the references 
therein). The positive correlation of montmorillonite 
with stable Fe hydroxides and apatite (exhibiting com-
bined detrital and authigenic nature), and with authigenic 
gypsum, as well as the negative correlation with authi-
genic ankerite, are probably due to the different origin 



52

Fig. 3. Mean values for some characteristics of the lignites, sub-bituminous coals and bituminous – semi-anthracite coals 
studied, wt. %.
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and behaviour of both detrital and authigenic montmo-
rillonite present in coal. 

Chlorite is commonly associated with ultramafic rocks 
and hydrothermal deposits. It may also be present as a 
product of metasomatism via addition of Fe, Mg, or other 
compounds into the system. Additionally, this mineral is a 
typical metamorphic alteration product of existing Fe-Mg 
minerals (pyroxene, amphibole, biotite) and it is usually in-
dicative of low-grade metamorphism, namely schist facies 
(Kostov, 1993). Chlorite correlates positively with illite + 
muscovite, K feldspar, and pyrite (Table 4). Both detrital 
and authigenic origin of chlorite in coal has been reported 
(Vassilev and Vassileva, 1996a; Ward, 2002; Susilawati 
and Ward, 2006; Dai and Chou, 2007; Dai et al., 2008b). 
The increased contents of chlorite are more characteristic 
of higher-rank coals, while the decreased concentrations 
of this mineral are typical of lignites (Table 3 and Fig. 3). 
Coals such as Coal Valley, Colowyo, Montana, Moura, 
Natal, and Tayheiyo are enriched in chlorite (Vassilev 
et al., 2010). Many of the above-described observations 
for the clay minerals, in particular illite, are also valid for 
chlorite and the positive correlation between chlorite and 
illite + muscovite confirms that. 

Feldspars
The group of feldspars includes typical minerals of ig-
neous and metamorphic rocks (Kostov, 1993) and they 
are detrital in coal (Vassilev and Vassileva, 1996a). 
Plagioclase correlates positively with K feldspar and neg-
atively with goyazite (Table 4). The high contents of pla-
gioclase are characteristic of sub-bituminous coals (Table 
3). Coals such as Akabira, Ashibetsu, and Takashima 
(Japanese coals) are abundant in this mineral (Vassilev et 
al., submitted). Potassium feldspar correlates positively 
with chlorite, plagioclase, and barite; and negatively with 
Fe oxides (Table 4). The high contents of K feldspar are 
also characteristic of sub-bituminous coals (Table 3). 
Coals such as Black Thunder and Colowyo are enriched 
in this mineral (Vassilev et al., 2010). The association 
of plagioclase with K feldspar and feldspars with some 
detrital chlorite is reasonable. The positive correlation of 
K feldspar with barite could be related to their mineral 
assemblage or the occurrence of barite as an alteration 
product of K feldspar. The high proportions of feldspars 
in coal specify a considerable influx of detrital materials 
because acid plagioclases and K feldspar are relatively 
resistant to swamp environment and weathering proc-
esses (Vassilev and Vassileva, 1996a). This is also in 
accordance with the allochthonous origin of Japanese 
coal deposits (Shimoyama, 1984) and high contents of 
feldspars in them. Additionally, the increased contents 
of acid plagioclases and sanidine in coal may also be 
informative for coal formation associated with volcanic 
activities before and during the peat-forming process 
(Kemezys and Taylor, 1964; Yudovich, 1978; Vassilev 
et al., 1994; Hower et al., 1999; Ruppert et al., 2005) like 
the above Japanese coals (Shimoyama, 1984).

Zeolites
The group of zeolites includes minerals commonly as a 
result of chemical reaction between volcanic glass and 

saline water at low temperatures (mostly 125–200°C) 
and under alkaline pH (normally 9–10) (Kostov, 1993; 
Querol et al., 2002). The zeolite species (difficult for in-
dividual identification) are probably hydrothermal miner-
als or alteration products of pyroclastic materials in coal 
(Vassilev and Vassileva, 1996a). Zeolites correlate posi-
tively with Fe hydroxides, magnesite, hexahydrite, barite, 
apatite, and vivianite; and negatively with illite + musco-
vite, dolomite, and ankerite (Table 4). The increased con-
tents of zeolites are more characteristic of sub-bituminous 
coals (Table 3). Coals such as Beluga, Black Thunder, 
Datong, Ebenezer, Maritza West, Newlands, Taiheiyo, 
and Takashima show the highest contents of these miner-
als (Vassilev et al., 2010). It is well known that Ca pla-
gioclase is readily decomposed during weathering and 
may be transformed into Ca zeolites in sediments (Berry 
and Mason, 1961). Hence, the coals enriched in zeolites 
are normally an indicator for devitrification of Ca- and 
Na-bearing pyroclastic materials under above conditions. 
However, a syngenetic formation of zeolites has also been 
inferred (Querol et al., 1997). The positive correlations of 
zeolites with some hydroxides, carbonates, sulphates, and 
phosphates are probably connected mainly with mineral 
assemblages, but could also have direct genetic relations 
due to their contemporaneous occurrence as hydrother-
mal, volcanic or alteration products. 

Oxides and hydroxides

Oxides and hydroxides are mainly detrital minerals and, 
to a lesser extent, weathering products or hydrothermal 
minerals in coal (Vassilev and Vassileva, 1996a). The 
high contents of oxyhydroxides are more characteristic 
of lignites, while the low concentrations of this mineral 
class are more typical of bituminous coals (Table 3 and 
Fig. 3). The literature data show that the common oc-
currence of Al and Fe oxyhydroxides in coal indicates: 
(1) a highly weathered environment in both the source 
area and basin of deposition (Van der Flier-Keller and 
Fyfe, 1988); (2) an intensive infiltration of solutions 
(Kler and Nenahova, 1981); or (3) an epigenetic min-
eralization in fractures of oxidized zones (Korobetskii 
and Shpirt, 1988).

Magnetite and hematite
Magnetite and hematite commonly have a dominant detri-
tal genesis in coal. Some hematite may also be a weather-
ing product in coal, while some magnetite may also rep-
resent contamination of commercial products used in the 
coal preparation process as heavy media (Vassilev and 
Vassileva, 1996a). The sum magnetite + hematite cor-
relates positively with kaolinite and Fe and Al hydrox-
ides; and negatively with K feldspar and authigenic dolo-
mite, ankerite, and pyrite (Table 4). These correlations 
confirmed the above-mentioned detrital and weathering 
origin in coal. The increased values of this sum are more 
characteristic of higher-rank coals, while the low values 
of Fe oxides are more typical of lignites (Table 3). Coals 
such as Beluga, Moura, Newlands, Pernik, and Wallarah 
(mainly Australian coals) are significantly enriched in 
these minerals (Vassilev et al., 2010).  



54

Fe hydroxides
The abundance of Fe hydroxides is normally related 
to: (1) detrital influx; (2) weathering of other Fe-rich 
minerals: (3) authigenic precipitation during diagenesis 
and epigenesis in both marine and fresh sediments; and 
(4) crystallization from hydrothermal solutions (Kostov, 
1993). Goethite and lepidocrocite are mainly detrital 
minerals or weathering products in coal (Vassilev and 
Vassileva, 1996a). The sum goethite + lepidocrocite 
correlates positively with montmorillonite, zeolites, Fe 
oxides, Al hydroxides, barite, and phosphates; and nega-
tively with quartz and authigenic dolomite, ankerite, 
and pyrite (Table 4). The increased values of this sum 
are more characteristic of lignites, while the decreased 
values of this sum are more typical of bituminous coals 
(Table 3 and Fig. 3). Coals such as Ebenezer, Entham, 
and Sofia show significant enrichment in these minerals 
(Vassilev et al., 2010). The correlations of Fe hydroxides 
with the above minerals confirmed such detrital or altrera-
tion origin in coal. On the other hand, the depleted content 
of Fe hydroxides in coal normally indicates: (1) a limited 
supply of such materials in the basin; (2) lowly weathered 
environment in both the surrounding peatland rocks and 
coal basins; and (3) their transformation to Fe sulphides, 
sulphates, carbonates, and oxides.

Spinels
Spinels have detrital genesis in coal (Vassilev and 
Vassileva, 1996a). The sum of spinel + Fe spinel corre-
lates positively with brucite and negatively with marca-
site (Table 4). The limited data for these minerals cannot 
supply enough information for the indication of enrich-
ment trends. It seems that only Moura and Usibelli coals 
show some significant abundance of spinels (Vassilev 
et al., 2010). The negative correlation of detrital spinels 
with authigenic marcasite is clear, while the positive cor-
relation of spinels with brucite may be explained by the 
contemporaneous occurrence of Mg-bearing spinels and 
one of their characteristic weathering product, namely 
brucite (see also below).

Corundum
Corundum is a typical mineral of alkali-rich and Si-poor 
nepheline syenites, altered Al shales, and metamorphosed 
bauxite deposits or sediments (Kostov, 1993). This min-
eral has detrital genesis in coal (Vassilev and Vassileva, 
1996a) and it is resistant mineral in swamp environment 
and weathering processes. Corundum correlates posi-
tively with brucite (Table 4) and this association may 
be explained by their contemporaneously occurrence as 
weathering products of spinels. The data for corundum 
are very limited and probably only Illinois and Usibelli 
coals show some enrichment in this mineral (Vassilev et 
al., 2010). 

Al hydroxides
Diaspore, boehmite, and gibbsite together with clays and 
Fe oxyhydroxides are forming constituents of bauxite 
rocks. The Al hydroxides are typical species of intensive 
weathering environments found in humid and tropical 

climates. Additionally, gibbsite is often found as a part 
of the structure of other minerals because the neutral Al 
hydroxide sheets are identified between silicate sheets in 
illite, kaolinite, and montmorillonite (Kostov, 1993). The 
Al hydroxides are detrital minerals or weathering products 
in coal (Vassilev and Vassileva, 1996a). The sum diaspore 
+ boehmite + gibbsite correlates positively with kaolinite, 
Fe oxyhydroxides, siderite, and barite (Table 4). The in-
creased values of Al hydroxides are more characteristic 
of sub-bituminous coals, while the decreased values of 
this sum are more typical of lignites (Table 3). Coals such 
as Beluga, Black Thunder, Colowyo, Entham, Lithgow, 
and Newlands, are probably enriched in these minerals 
(Vassilev et al., submitted). Under tropical conditions, es-
pecially those of contrasting wet and dry seasons, weath-
ering sometimes results in complete decomposition of 
aluminosilicates and removal of silica, leaving a residue 
largely of hydrated Al oxides (Berry and Mason, 1961). 
For example, both detriatal and authigenic formation of 
boehmite in Chinese coals has also been proposed (Dai 
et al., 2006, 2008a). The positive correlations of Al hy-
droxides with Fe oxyhydroxides are reasonable. The re-
lationships between these Al-bearing minerals with some 
authigenic carbonates and sulphates are probably related 
to similar mineral assemblages in the coals studied.

Brucite
Brucite is characteristic mineral of serpentine, chlorite 
and dolomitic schists, and alteration product of peri-
clase in marbles (Kostov, 1993). This hydroxide may 
be low-temperature hydrothermal mineral or weathering 
product in coal (Vassilev and Vassileva, 1996a). Brucite 
correlates positively with opal, spinels, corundum, and 
goyazite (Table 4). The limited data suggest that the 
increased contents of brucite are more characteristic of 
lignites, while the decreased concentrations of this min-
eral are more typical of higher-rank coals (Table 3). The 
Usibelli coal is probably enriched in brucite (Vassilev 
et al., 2010). Most of the relationships for brucite were 
described above, while the positive correlation of this 
mineral with goyazite may be explained by their contem-
poraneous occurrence as alteration products in coal.

Carbonates

Carbonates are characteristic authigenic minerals in coal; 
however, some of them (calcite, dolomite, aragonite) 
may also be detrital and biogenic in origin due to the oc-
currence of coarse-grained fragments of carbonate rocks 
from the source area or shell remains with allochthonous 
or autochthonous genesis (Kortenski, 1992; Vassilev and 
Vassileva, 1996a; Karayigit et al., 2000; Ward, 2002). 
The modes of occurrences of authigenic carbonates in 
coal occasionally suggest various generations of forma-
tion during the major syngenetic and epigenetic stages 
and substages (Kortenski, 1992; Kolker and Chou, 1994; 
Vassilev et al., 1994; Vassilev and Vassileva, 1996a; 
Hower et al., 2001; Goodarzi, 2002; Dai et al., 2005b). 
The most abundant authigenic carbonates with syn-
genetic origin were observed for sub-bituminous coals 
(Korobetskii and Shpirt, 1988). Another study shows 
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that most of the carbonates in bituminous coals appear to 
form at a later stage, possibly with release of Ca from or-
ganic combination during the course of coal rank advance 
(Ward, 1989). However, the present investigations show 
that carbonates are depleted in sub-bituminous coals and 
enriched mostly in lignites and, to a lesser extent, at a later 
stage in bituminous coals (Table 3 and Fig. 3). Therefore, 
the decreased proportions of carbonates in higher-rank 
coals can be explained mainly by the leaching of such 
soluble minerals from circulating solutions with acidic 
character during diagenetic alteration and initial meta-
morphism of such coals. 

Calcite
Calcite is the most common mineral in sedimentary 
limestone deposits and further these rocks can be trans-
formed into marbles during regional or contact metamor-
phism. Additionally, this mineral is also a characteristic 
gangue phase in hydrothermal deposits, while the calcite 
polymorph aragonite is normally formed by hot springs 
(Kostov, 1993). Calcite is mostly authigenic mineral in 
coal and, to a lesser extent, detrital in origin (Vassilev 
and Vassileva, 1996a). This mineral correlates posi-
tively with authigenic dolomite, pyrite, gypsum, Fe-Al 
sulphates; and negatively with detrital quartz (Table 4 
and Fig. 1). The increased contents of calcite are char-
acteristic of lignites and some high-rank coals, while the 
decreased concentrations of this mineral are typical of 
sub-bituminous coals (Table 3 and Fig. 3). Coals such as 
Coal Mountain, Donbas, Elhovo, Maritza West, and Sofia 
(mainly Bulgarian coals) show high enrichment in this 
mineral (Vassilev et al., 2010). Calcite occurs in seams 
covered by both freshwater and marine rocks (Kemezys 
and Taylor, 1964). This mineral crystallizes under condi-
tions of low partial CO2 pressure and alkaline environ-
ment (Dobrogorskii, 1981) and such a precipitation re-
quires a more alkaline environment than siderite crystal-
lization (Yudovich, 1978). Additionally, an assemblage 
of minerals such as calcite and gypsum, plus some halite 
and sylvite in certain coals are informative for arid con-
ditions in interior salt lakes (Vassilev et al., 1994, 2000; 
Vassilev and Vassileva, 1996a). Furthermore, some coals 
formed under marine influence were also enriched in cal-
cite (Kemezys and Taylor, 1964; Dobrogorskii, 1981; 
Kler and Nenahova, 1981; Querol et al., 2001; Dai et al., 
2008b). For example, the high carbonate concentrations 
in Donbas coals were controlled by thick carbonate series 
in the source area originated from deep-sea sediments 
(Dobrogorskii, 1981). The syngenetic calcite is common, 
but epigenetic gangue calcite (Kolker and Chou, 1994; 
Vassilev et al., 1994; Vassilev and Vassileva, 1996a; 
Hower et al., 2001; Goodarzi, 2002; Ward, 2002; Zhang 
et al., 2002; Kostova and Zdravkov, 2007; Dai et al., 
2008b) and aragonite (Vassilev et al., 1994) were also 
observed for different coals worldwide. It was found that 
the formation temperatures of cleat-filling calcite were in 
the range 15–70°C for Illinois coals (Kolker and Chou, 
1994), while these temperatures for veined calcite plus 
ankerite and siderite were around 80°C for Australian 
coals (Ward, 2002). On the other hand, characteristic 
calcite and aragonite shell remains or shell-rich bands of 
intermountain basins with a lacustrine environment were 

found (Ward, 2002). Hence, most of the above correla-
tions are in good agreement with the literature data.

Dolomite 
The dolomite rocks are originally deposited as calcite/
aragonite rich limestones, but during the diagenesis these 
minerals are commonly altered to dolomite. Magnesium 
rich and warm ground waters with high salinity are prob-
ably the best source of dolomite formation. This mineral 
is also found in metamorphic marbles and hydrothermal 
veins (Kostov, 1993). Dolomite is mostly authigenic 
mineral in coal and, to a lesser extent, detrital in origin 
(Vassilev and Vassileva, 1996a). Dolomite correlates 
positively with calcite; and negatively with zeolites 
and Fe oxyhydroxides (Table 4). The increased con-
tents of dolomite are more characteristic of bituminous 
coals, while the decreased concentrations of this min-
eral are more typical of lower-rank coals (Table 3 and 
Fig. 3). Coals such as Asturias, Coal Mountain, Ermelo, 
and Witbank show significant enrichment in dolomite 
(Vassilev et al., submitted). It was noted that the marine 
influenced coals have lower dolomite contents than non-
marine coals (Querol et al., 2001). Hence, the above pos-
itive correlation and abundance of calcite in lignites and 
dolomite in bituminous coals are in good agreement with 
such later dolomite formation at the expense of calcite. 
Additionally, the negative correlations of authigenic dol-
omite with detrital Fe oxyhydroxides and authigenic zeo-
lites (without Mg in their composition) are reasonable. 

Ankerite 
Ankerite can result from direct groundwater or hydro-
thermal precipitation and it is often found as a gangue 
mineral. It can also be a result of metamorphic recrystal-
lization of Fe-rich sedimentary rocks. Additionally, an-
kerite may be an intermediate species in a transformation 
between calcite and dolomite because the alteration of 
calcite to ankerite and later to dolomite is commonly sup-
posed (Kostov, 1993). Ankerite is authigenic mineral in 
coal (Vassilev and Vassileva, 1996a). This mineral cor-
relates positively with illite + muscovite; and negatively 
with montmorillonite, zeolites, Fe oxyhydroxides, apa-
tite, and vivianite (Table 4). Characteristic enrichment 
trends for ankerite according to the coal rank were not 
found (Table 3). Coals such as Colowyo, Natal, Usibelli, 
and Witbank show significant enrichment in ankerite 
(Vassilev et al., 2010). This mineral occurs in seams 
covered by both freshwater and marine rocks (Kemezys 
and Taylor, 1964). The precipitation of epigenetic veined 
ankerite from low-temperature hydrothermal fluids at 
55–160°C (mean 85°C) was also identified (Dai et al., 
2005a, 2005b). The positive correlation of ankerite with 
illite + muscovite is probably related to a mineral assem-
blage, while the explanation of negative correlations for 
ankerite is similar to that for dolomite. 

Siderite 
Siderite is commonly found in bog deposits with organic 
components, suggesting that it is somehow biogeneti-
cally formed under low-oxygen and acid conditions. For 
example, siderite concretions normally contain a wide 
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variety of flora and fauna fossils. This mineral is also 
found in metamorphosed sedimentary rocks, as a gangue 
mineral in hydrothermal deposits, and in pegmatites. 
Siderite is altered to Fe oxyhydroxides and such limonite 
pseudomorphs after siderite were commonly found 
(Kostov, 1993). This is a typical authigenic mineral in 
coal (Vassilev and Vassileva, 1996a) and it is thought 
to have been formed mainly by interaction of Fe with 
dissolved CO2 released by fermentation of the organic 
matter (Gould and Smith, 1979). Siderite correlates posi-
tively with illite + muscovite, Al hydroxides, goyazite; 
and negatively with gypsum (Table 4). The increased 
contents of siderite are characteristic of bituminous 
coals, while the decreased concentrations of this mineral 
are typical of lignites (Table 3 and Fig. 3). Coals such as 
Asturias, Blair Athol, Colowyo, Entham, Lithgow, Natal, 
Newlands, Wallarah, and Wambo (mainly Australian 
coals) show significant enrichment in siderite (Vassilev 
et al., submitted). This is to some extent a confirmation 
of the statements that siderite is the dominant Fe-bearing 
mineral in most Australian coals (Ward, 1978). The 
sideritization is characteristic process of coal deposits: 
(1) with freshwater sedimentation (Kemezys and Taylor, 
1964; Querol et al., 2001; Ward, 2002); (2) with low-S 
abundance (Kler et al., 1987; Querol et al., 2001); (3) in 
the absence of sulphate-rich sea water (Ward, 1989) and 
sulphide ions; and (4) under strongly reducing conditions 
(Berry and Mason, 1961). For example, it was found that 
siderite is highly enriched in limnic and depleted in ma-
rine sediments for some Japanese (Matsumoto and Iijima, 
1981) and Chinese (Querol et al., 2001) coalfields. The 
positive correlations of siderite with the above minerals 
are mainly related to their mineral assemblages in coals 
(in particular for Australian coals), while the negative 
correlation between siderite and gypsum was pointed 
above. Hence, siderite has an independent behaviour dur-
ing coal formation (like quartz) because it does not have 
strong associations with other minerals. 

Magnesite 
Magnesite is normally a product from alteration of Mg-
bearing rocks that come into contact with water abundant 
in dissolved CO2 such as carbonic acid (Kostov, 1993). 
This mineral is authigenic in coal (Vassilev and Vassileva, 
1996a). Magnesite correlates positively with zeolites, Al hy-
droxides, barite, and apatite (Table 4). These relationships 
are not clear due to limited information, but they are prob-
ably connected with mineral assemblages or occurrence 
as alteration products. Additionally, the data (Table 3 and 
Vassilev et al., 2010) for magnesite in coal samples are also 
not enough for identification of enrichment trends. 

Sulphides

Sulphides are typical authigenic minerals in coal (Vassilev 
and Vassileva, 1996a) and their modes of occurrences 
(like carbonates) occasionally suggest various generations 
of formation during and after coalification process (Querol 
et al., 1989; Vassilev et al., 1994; Kostova and Zdravkov, 
2007). The increased contents of sulphides are character-
istic of lignites, while the decreased concentrations of this 

mineral class are typical of higher-rank coals, with some 
exceptions (Table 3 and Fig. 3). Coals, particularly with a 
marine influence are commonly enriched in Fe sulphides, 
primarily pyrite (Williams and Keith, 1963; Kemezys 
and Taylor, 1964; Mackowsky, 1968; Stach et al., 1982; 
Cohen at al., 1984; Shimoyama, 1984; Querol et al., 1999, 
2001; Ward, 2002; Zhuang et al., 2003). However, pyrite 
reaches its highest value in brackish (Cohen at al., 1984) 
and lacustrine environments having no obvious connec-
tion to the sea (Ward, 2002). The Fe sulphide enrichment 
(see also Vassilev et al., 2010) is due to: (1) the intensive 
activities of sulphur-depositing bacteria; (2) reduction of 
ferrous sulphate by organic matter; and (3) precipitation 
of ferrous sulphide by interaction of hydrogen sulphide 
from the decay of plant material and Fe compounds in 
solutions (Casagrande et al., 1977). The most important 
stage of the process is the reduction of sulphate to hydro-
gen sulphide by the sulphate-reducing bacteria at neutral 
and weak alkaline environment (Casagrande et al., 1977; 
Dobrogorskii, 1981). Subsequently, the sulphide forming 
by precipitation of Fe and hydrogen sulphide occurs in a 
medium with reducing conditions and relatively low pH 
values (Dobrogorskii, 1981).

Pyrite 
Pyrite correlates positively with illite + muscovite, chlo-
rite, calcite, marcasite, and Fe sulphates; and negatively 
with quartz, Fe oxyhydroxides, and goyazite (Table 4). 
The above positive correlations are in accordance with 
the parageneses, generations and alteration associations 
of pyrite with other authigenic minerals, as well as with 
the mineral assemblage pyrite-illite-muscovite-chlorite. 
The negative correlations of pyrite with detrital quartz 
and Fe oxyhydroxides are also reasonable. The increased 
contents of pyrite are characteristic of lignites and some 
high-rank coals, while the decreased concentrations of 
this mineral are typical of sub-bituminous coals (Table 
3 and Fig. 3). Coals such as Asturias, Balkan, Donbas, 
Illinois, Maritza West, Natal, Sofia, and Witbank are 
abundant in pyrite (Vassilev et al., submitted). Most of 
the Bulgarian coals are enriched in syngenetic Fe sul-
phides and it seems that the abundance of sulphate and 
iron ions in swamp under limnic conditions, plus favour-
able reducing and acid environment tends to be the most 
important features for their intensive precipitation. Pyrite 
is mostly syngenetic, but some pyrite and marcasite occur-
rences together with other accessory sulphides originated 
from epigenetic low-temperature (epithermal) solutions 
with different sources are also a characteristic feature of 
some coals (Mackowsky, 1968; Kler and Nenahova, 1981; 
Stach et al., 1982; Spears and Caswell, 1986; Vassilev et 
al., 1994; Kortenski and Kostova, 1996; Hower et al., 
2000, 2001; Querol et al., 2001; Zhang et al., 2002; Dai et 
al., 2005b). It was found that the epigenetic hydrothermal 
formation of veined pyrite plus some calcite and quartz is 
in the temperature interval 160–200°C (Dai et al., 2005b).

Marcasite and pyrrhotite 
Marcasite is a low-temperature mineral formed from 
acid solutions, while pyrite originated under conditions 
of higher temperatures and lower acidity. Marcasite is 
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metastable relative to pyrite and is slowly changed to 
more stable polymorph form during heating or weather-
ing (Kostov, 1993). Other studies show that the factors 
controlling precipitation of marcasite rather than pyrite 
suggest lower pH values (<5), deficit of S, and presence 
of some trace elements (As, Mn, Pb) in the microenvi-
ronment (Querol et al., 1989; Ruppert et al., 2005). The 
former mineral is also frequently found replacing organic 
matter and forming mineral fossils in coal beds (Kostov, 
1993). Marcasite correlates positively with pyrite, gyp-
sum, alunite, and hexahydrite; and negatively with quartz 
and spinels (Table 4). The increased contents of marca-
site are characteristic of lignites, while the decreased 
concentrations of this mineral are typical of higher-rank 
coals (Table 3). Coals such as Elhovo, Maritza West, 
Montana, and Takashima seem to be enriched in marcasite 
(Vassilev et al., 2010). The above positive correlations 
are in accordance with the parageneses, generations and 
alteration associations of marcasite with other authigenic 
minerals (in particular pyrite), while the negative correla-
tions with typical detrital minerals are reasonable.

The data for the occurrence and enrichment or de-
pletion trends of pyrrhotite in the coal samples are very 
limited, but this mineral is probably more characteristic 
of lignites than higher-rank coals (Table 3). The Fording 
River coal seems to be enriched in pyrrhotite (Vassilev 
et al., 2010). Unlike pyrite and marcasite, pyrrhotite rep-
resents variable chemical composition particularly an in-
herent deficiency of Fe in the crystal structure, possibly 
representing less structural stability than that of pyrite 
(Kostov, 1993).

Sulphates

Sulphates are typical authigenic (mainly epigenetic) 
minerals and weathering products in coal (Vassilev and 
Vassileva, 1996a). The increased contents of sulphates 
are characteristic of lignites, while the decreased concen-
trations of this mineral class are typical of higher-rank 
coals (Table 3 and Fig. 3). The high sulphate propor-
tions in coals such as Black Thunder, Elhovo, Maritza 
West, and Sofia (Vassilev et al., 2010) are indicators for 
weathered, oxidized and brakish coals, sediments from 
arid areas or for circulating of sulphate-bearing solutions 
in peat bog and coal seams. Coals enriched in sulphates 
may also show limited sulphate-reducing processes in the 
deposits (Kler et al., 1987). However, the sulphate occur-
rence commonly has an epigenetic nature and associates 
with fault zones (Korobetskii and Shpirt, 1988), which 
is also typical of some Bulgarian coal deposits (Bobov 
Dol, Balkan).

Gypsum
Gypsum is common mineral in sedimentary evaporite de-
posits. It is formed in both lake and sea waters, as well as 
in hot springs, from volcanic vapours, and sulphate solu-
tions in veins. The hydrothermal gangue anhydrite is nor-
mally hydrated to gypsum by groundwater in near surface 
exposures (Kostov, 1993). Gypsum correlates positively 
with montmorillonite, calcite, marcasite, and alunite; and 
negatively with kaolinite and siderite (Table 4 and Fig. 1). 

The increased contents of gypsum are characteristic of 
lignites, while the decreased concentrations of this min-
eral are typical of higher-rank coals (Table 3 and Fig. 3). 
Coals such as Black Thunder, Donbas, Elhovo, Maritza 
East, Maritza West, Montana, and Sofia are highly abun-
dant in gypsum (Vassilev et al., 2010). The above corre-
lations confirm the observations that Ca sulphate is com-
monly weathering product of authigenic sulphide and 
carbonate minerals or associates with them as epigenetic 
precipitations (Vassilev and Vassileva, 1996a).

Fe and Al sulphates
Pyrite exposed to the atmosphere during and after min-
ing reacts with oxygen and water to form secondary Fe 
sulphates, resulting in acid mine drainage. This acidity 
is probably also a result of the action of some bacteria, 
which generate their energy by oxidizing Fe2+ to Fe3+ us-
ing oxygen and form mobile sulphates (Kostov, 1993). 
For example, jarosite has been found commonly in the 
oxidized zones of sulphide deposits as gangue mineral 
formed by the reaction between diluted sulphuric acid 
(derived from the oxidation of pyrite) and Fe and alka-
line ions in the solutions. This mineral is formed during 
weathering under arid (Kostov, 1993) and wet (Kolker 
and Huggins, 2007) conditions. Melanterite is also gen-
erated after the decomposition of Fe sulphides or other 
Fe-bearing minerals due to the action of surface and un-
derground waters. It is often formed following mining 
operations, which is an indicator for the possible pres-
ence of sulphuric acid. Alunite is normally a product of 
feldspar-rich rocks altered by acid solutions (Kostov, 
1993). The sum of jarosite + melanterite and alunite cor-
relate positively with each other and reasonably with 
authigenic calcite, pyrite, marcasite, and gypsum; and 
negatively with detrital quartz (Table 4). The increased 
values of Fe and Al sulphates are characteristic of lig-
nites, while the decreased values of this sum are typi-
cal of higher-rank coals (Table 3 and Fig. 3). Coals such 
as Akabira, Elhovo, Maritza West, Natal, and Sofia are 
enriched in these sulphates (Vassilev et al., 2010). The 
above correlations confirm the observation that Fe and 
Al sulphates are commonly weathering products of Fe 
sulphides (Vassilev and Vassileva, 1996a).

Hexahydrite and barite
Hexahydrite is normally an alteration product of Mg-
bearing carbonates (magnesite, dolomite, ankerite) and 
epsomite (Kostov, 1993). This mineral correlates posi-
tively with plagioclase, zeolites, and marcasite (Table 4). 
The Takashima coal seems to be enriched in this mineral 
(Vassilev et al., 2010). Barite correlates positively with 
K feldspar, zeolites, Fe and Al hydroxides, and magne-
site (Table 4). The increased contents of barite are char-
acteristic of sub-bituminous coals (Table 3). Coals such 
as Black Thunder and Colowyo are enriched in barite 
(Vassilev et al., 2010). This is to some extent a confir-
mation of the observation that barite has common occur-
rence in USA coals (Finkelman, 1981). The above cor-
relations for both sulphates are difficult for explanations, 
but it seems that they are mostly mineral assemblages 
and alteration products. The genesis of both minerals 
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is not well known in coal, but their formation could be 
similar to other major sulphates.

Phosphates

Phosphates are both authigenic and detrital minerals 
in coal and they have one of the most complex gen-
esis (Vassilev and Vassileva, 1996a). Phosphorus is 
a biophilic element and may originate from the decay 
of plant debris. This element is especially enriched in 
spores, pollens, gyttja, and fusite (Krejci-Graf, 1983). 
The source of P in syngenetic phosphorites is probably 
the albumen of vegetable matter and microorganisms, 
and these phosphorites were found in seams subjected 
mainly to marine invasion (Mackowsky, 1968). Skeletal 
fragments and coprolite remains rich in phosphates may 
also be present in coal, but this P is commonly realized 
during organic decay, remobilized, and reprecipitated 
(Ward, 2002). Additionally, phosphate-bearing rocks 
such as shales (Dobrogorskii, 1981; Kler et al., 1987), 
mudstones, basalts, sandstones, and tuffs (Zhuang et al., 
2003) in source areas can also be a significant supply of 
P in coal. 

The present results show that the increased contents 
of phosphates are more characteristic of lignites, while 
the decreased concentrations of this mineral class seem to 
be more typical of higher-rank coals (Table 3 and Fig. 3). 
Unfortunately, there are not chemical analyses for P in all of 
the samples studied and the mineral concentration trends 
do not have additional chemical conformation. Despite 
that, it seems that coals such as Ebenezer, Entham, and 
Wambo are enriched in phosphates (Vassilev et al., 
submitted). It was noted that the Australian coals are 
abundant in P (Brown and Swaine, 1964; Kershaw and 
Taylor, 1992) and different phosphate minerals were 
found in a number of Australian coals (Kemezys and 
Taylor, 1964; Ward, 1978). The detected mineral compo-
sition (Vassilev et al., submitted) confirmed that. Apatite, 
monazite, and xenotime are stable species in acidic en-
vironment and they are often detrital minerals in coal. 
However, other phosphates such as vivianite, goyazite, 
and phosphorites plus limited proportions of the former 
minerals are mainly syngenetic and epigenetic in origin 
(Vassilev and Vassileva, 1996a). The dominant syn-
genetic (Ward, 2002) and some epigenetic (Hower et al., 
1999; Ward, 2002) occurrences of phosphates in coal 
were also emphasised. On the other hand, a characteristic 
feature of ash falls from volcanic eruptions is the abun-
dance of phosphate accessory minerals such as apatite 
and goyazite (Finkelman, 1988). For example, the enrich-
ment in phosphate minerals from the crandallite group 
may be due to the alteration of apatite-bearing air-fall 
tuffs that were deposited into the swamp (Brownfield et 
al., 1987; Goodarzi, 2002). Vivianite is authigenic miner-
alization and commonly associates with organic matter as 
replacing it. It can also be a secondary mineral in Fe ore 
deposits and pegmatites (Kostov, 1993). The presence of 
Fe-phosphate minerals in coal implies a freshwater influ-
ence and occasionally a rapid transition from freshwater 
to marine water during palaeomire development (Shao et 
al., 2003). Goyazite is a characteristic mineral of granitic 
pegmatites, hydrothermal argillitic alteration zones, as 

well as of kaolinitic claystones derived from air-fall vol-
canic ash (Kostov, 1993). Apatite, vivianite, and goyazite 
correlate positively each other and with montmorillonite, 
zeolites, Fe hydroxides, and siderite; and negatively with 
plagioclase, ankerite, and pyrite (Table 4). However, the 
enrichment/depletion trends (Table 3) for phosphate spe-
cies in the coals studied could not be well defined due to 
limited data (Vassilev et al., 2010). The above correla-
tions indicate complicated biogenic, detrital and authi-
genic genesis of the phosphate minerals. For example, 
the possible biogenic origin of phosphates was noted 
above. Furthermore, it was found that relatively coarser 
apatite crystals (>10µm) are detrital in origin, while the 
fine-grained apatite seems to be dominantly authigenic 
in coal (Vassilev and Vassileva, 1996a). Additionally, 
the authigenic origin of vivianite and goyazite was pro-
posed, but the occurrence of Sr-Al phosphate crystals of 
0.1–10µm in size as detrital mineral was also suggested 
(Vassilev and Vassileva, 1996a). 

In summary, the present results from mineralogical 
and correlation analyses demonstrate some important re-
lationships among the common minerals: (1) in the de-
trital group (plagioclase – K feldspar, illite – muscovite 
– chlorite, Fe oxides – Fe hydroxides – Al hydroxides); 
(2) in the authigenic group (pyrite – marcasite – Fe sul-
phates, calcite – gypsum – pyrite, calcite – dolomite, opal 
- cristobalite, plus some illite – muscovite – chlorite); and 
(3) in the mineral assemblages (kaolinite – Fe oxides – Al 
hydroxides, illite – muscovite – chlorite – pyrite – sider-
ite, montmorillonite – Fe hydroxides – gypsum). The data 
also show that some minerals such as quartz and siderite 
exhibit a characteristic independent behaviour in contrast 
to other minerals during coal formation. 

relationships between composition  
and rank of coals

It is well known that the increased C and fixed carbon 
(FC) values are related to increasing coal rank (Berkowitz, 
1979; Stach et al., 1982). These important coal characteris-
tics have positive and very strong correlation to each other 
(R2 = 0.84) and they also correlate positively with other 
highly informative parameters (Table 4). In summary, the 
present data (Tables 1–4, Figs. 1–4 and Vassilev et al., 
submitted) show that:

(1) values of Si, Al, Ti, DAI, AFT, kaolinite, and 
siderite, and, to some extent, N, K, Na, silicates, quartz, 
illite + muscovite, chlorite, Fe oxides, and dolomite com-
monly increase with increasing coal rank and age of the 
fuels studied, namely from lignites (Tertiary) to sub-bi-
tuminous coals (Tertiary, Cretaceous, Jurassic) and fur-
ther to bituminous coals and semi-anthracites (Tertiary, 
Cretaceous, Jurassic, Permian, Carboniferous);   

(2) values of A, moisture (M), O, Ca, SO3, Mg, 
montmorillonite, Fe hydroxides, sulphates, gypsum, alu-
nite, and, to some extent, volatile matter (VM), H, S, Fe, 
Si/Al, carbonates, calcite, Fe sulphides and sulphates, 
phosphates, and apatite normally increase with decreas-
ing coal rank and age; 

(3) indicative phase or mineral transformations were 
also identified with increasing coal rank. They include: 
(a) formations of more stable authigenic minerals such as 
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silicates (kaolinite, chlorite, illite, muscovite), carbonates 
(dolomite, siderite) and Fe oxides at the expense of rela-
tively less stable phases or minerals in the system such 
as organically bound Ca, Mg, K and Na, and other sili-
cates (montmorillonite, basic feldspars), Fe hydroxides, 
sulphates (gypsum, alunite), carbonates (calcite), and Fe 
suphides; (b) relative enrichments of more stable detrital 
minerals in coal (quartz, acid feldspars, Fe and Ti oxides) 
at the expense of water-soluble components (among sul-
phates, sulphides, chlorides, carbonates, organic matter, 
Ca oxalates) leached during coal rank advance. For ex-
ample, the lower-rank coals have predominant macropo-
rosity (Mahajan and Walker, 1978), which is favourable 
for permeability of solutions, in contrast to higher-rank 
coals with their predominant meso- and microporosity.

Most of the present data confirm the trends that have 
been identified earlier (Vassilev et al., 1996). The above 
listed processes related to significant changes in chemi-
cal and mineral composition of coals with rank advance 
have also been described elsewhere (Vassilev et al., 1996, 
1997, 2000, 2005a).

relationships between composition  
and ash-fusion temperatures (aFt) of coals 

There is positive and very strong correlation between 
hemispherical (HT) and fluid (FT) ash-fusion tempera-
tures (R2 = 0.97) and a differentiation of both ash-fusion 
temperatures is not required due to the almost identical 
correlations with other characteristics. HT and FT cor-
relate positively with FC, C, Si, Al, Ti, DAI, kaolinite, 
siderite, and goyazite; and negatively with VM, M, O, S, 
Ca, SO3, Mg, montmorillonite, calcite, marcasite, gyp-
sum, and alunite (Table 4). On the other hand, softening 
ash-fusion temperature (ST) has positive and strong cor-
relations with HT and FT (R2 = 0.75 and 0.74, respective-
ly) and correlates almost with the same characteristics 
positively (excluding Si and including Al hydroxides) 
and negatively (excluding VM, M, and montmorillonite, 
and including ash, H, and Fe). AFT decrease in the order: 
bituminous coals and semi-anthracites > sub-bituminous 
coals > lignites (Table 2 and Figs. 1, 3 and 4). The high-
est AFT are characteristic of Gondwana bituminous 
coals, particularly Australian coals (Tables 1–4, Figs. 1, 
3 and 4, and Vassilev et al., submitted). In summary, the 
present results reveal that greater AFT are in accordance 
with: (1) higher coal rank; (2) increased values of DAI 
(Fig. 4(A)) and refractory minerals such as kaolinite, 
quartz (Fig. 4(B)) and Ti-bearing minerals, which are 
mostly detrital in coal; (3) decreased concentrations 
of fluxing minerals such as carbonates, sulphides, sul-
phates, and phosphates (Fig. 4(B)), which are mostly 
authigenic in coal.

Respectively, lower AFT are in accordance with low-
er coal rank, decreased values of DAI and detrital miner-
als, and increased contents of authigenic minerals (Figs 
1, 3 and 4). The present results confirm most of the ear-
lier observations (Vassilev et al., 1995). The behaviour 
of inorganic matter during coal heating and influence 
of mineral and chemical composition of coal ashes on 
their fusibility, as well as on some technological prob-
lems provoked by low AFT during coal combustion have 

also been described earlier (Vassilev et al., 1995, 2009; 
Vassileva and Vassilev, 2005, 2006).

Indicators for genesis  
and properties of coals 

A new approach for the combined chemical and mineral 
classification of the inorganic matter in coal (Vassilev 
and Vassileva, 2009) and the potential applications of 
this classification (Vassilev et al., 2009) was described 
based on the common relationships among composition 
of the coals studied in the present work. As a result of 
this approach various potential applications and techno-
logical problems concerning coal such as: (1) compara-
tive categorization of inorganic matter in coals; (2) pros-
pecting and recovery of valuable compounds; (3) coal 
preparation; (4) combustion performance; (5) prediction 
of combustion residues; and (6) slagging, abrasion, and 
corrosion; were related directly or indirectly to specific 
mineral and chemical coal types and subtypes (Vassilev 
et al., 2009). In this latter work, some environmental 
risks and health concerns of coal use, namely: (1) acid-
mine drainage; (2) mobilization of water-soluble trace 
elements; (3) volatilization of hazardous elements; and 
(4) occurrence of certain diseases were also connected 
with specific mineralogically and chemically categorized 

Fig. 4. Correlation trends between hemispherical ash-fusion 
temperature (HT) (°C) and: (A) detrital/authigenic index (DAI 
= SiO2 + Al2O3 + K2O + TiO2 + Na2O)/(Fe2O3 + CaO + SO3 + 
MgO) of coal ashes; and (B) some minerals (mineral matter 
basis, wt. %) for the coals studied.
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coal types and subtypes. Additionally, a concept of “self-
cleaning fuels” has been developed and described consid-
ering the increased retention of some hazardous volatile 
elements in combustion residues produced from some 
mineral coal types (Vassilev et al., 2009). Therefore, 
most of the above listed problems are not discussed in the 
present work. However, certain characteristic features, 
trends, and relationships among composition of coal can 
also be used as indicators in the elucidation of genesis 
and properties of this fuel. These additional geochemical, 
mineralogical, and combined indicators are summarized 
below based on the present and literature data described 
above (see also Vassilev et al., 2010).

Geochemical indicators

The high VM and H values in coal are commonly in-
formative for the enrichment in liptinite and for the de-
pletion in inertinite, while the great H concentrations can 
also be a characteristic feature of sapropelic coals. The 
high enrichment in S is normally indicative for coals in-
fluenced by marine or estuarine conditions and in cold 
and arid depositional conditions. The increased contents 
of O in higher-rank coals are commonly informative for 
advanced coal weathering. The high contents of Ca are 
normally an indicator for lower-rank coals formed un-
der limnic conditions, enriched in humates and/or fossil 
bands. The abundance of K is also typical of limnic coals. 
In contrast, the increased concentrations of Mg in coals 
are very often an indicator of high salinity or deposits as-
sociated with marine transgression and algal remains. The 
increased contents of Na are commonly informative for 
coals formed in brines or marine influence. Respectively, 
the high values of Ca + Mg/K + Na and Ca/Mg ratios for 
coals are normally indicative for deposits formed in con-
tinental sediments under freshwater conditions. On the 
other hand, the low values of the above ratios are com-
monly informative for coal deposits associated with ma-
rine or brackish influences, saline lakes or organic mat-
ter enriched in algal remains. An increased K/Na ratio in 
coals may be an indication for a rapid rate of sedimenta-
tion in the basins.

The high Si/Al ratios and increased ash yields are 
indications for coals formed under unstable conditions 
of deposition and resulted from mountain peat-forming 
type. In contrast, the low Si/Al ratio and decreased ash 
contents are normally informative for coals formed un-
der stable conditions of deposition with low degree of 
tectonic movement, from lowland peat-forming type or 
resulting from highly weathered products where leaching 
predominated over mechanical erosion. The DAI values 
(Table 2 and Figs 3 and 4) bring some indirect genetic 
information for the coal formation because the chemi-
cal constituents in this index also symbolise the different 
inorganic matter groups in coal. For example, the oxides 
of Si, Al, K, Na, and Ti represent minerals or phases such 
as quartz, feldspars, clay and mica minerals (excluding 
some kaolinite and illite), volcanic glass, Al oxyhydrox-
ides, and rutile-anatase-brookite, which commonly have 
dominant detrital genesis in coal. On the other hand, the 
oxides of Fe, Ca, Mg, and S represent minerals such as Fe 
sulphides, Ca-Fe-Mg sulphates, Ca-Mg-Fe carbonates, 

and Ca-Fe phosphates, which normally have dominant 
authigenic origin in coal (Vassilev and Vassileva, 1996a, 
2009). Hence, the high DAI values normally indicate 
significant allochthonous genesis of coal, while the low 
values of DAI could be informative for coal seams with 
predominant autochthonous origin. Finally, the DAI val-
ues are also indicators for detrital influx, AFT and rank 
of coals. However, it should be stated that the geochemi-
cal indicators are less informative in comparison with the 
modes of element occurrence, in particular minerals.

Detrital mineral indicators

The detrital minerals in coal are indicative for: (1) the 
supply of terrigeneous materials; (2) their transport 
(roundness of rock fragments and mineral grains or crys-
tals); (3) source rock types (quartz, feldspars, clay and 
mica minerals, volcanic glass, and accessory oxides, 
silicates, and phosphates); and (4) degree of alteration or 
weathering (oxyhydroxides, clay and mica minerals, ba-
sic plagioclases, volcanic glass) in the system during coal 
formation, metamorphic progression, or epigenesis.

The high proportions of quartz and feldspars in coals 
strongly specify a considerable influx of detrital materi-
als and possible allochthonous origin of organic material. 
The occurrence of detrital and stable Ti-bearing acces-
sory minerals (rutile, anatase, brookite, ilmenite), may be 
used as indicators for geotectonic regime in coal basins 
and washout of source areas. Coals as a geochemical 
prospecting tool have the opportunity to indicate the min-
eral resource potential of the regions in which they occur. 
For instance, the high amounts of the above Ti minerals 
in coal deposits from the former Soviet Union shows an 
association with Carboniferous coals and Ti-rich (met-
alliferous) areas (Kler et al., 1987). Furthermore, the 
abundance of other detrital, stable and accessory silicates 
(zircon, garnet, titanite), oxides (magnetite, hematite, 
spinels, chromite, corundum), and phosphates (apatite, 
monazite, xenotime) in coal may also be an indicative 
prospecting tool of nearby mineralization or ore deposits 
in the source area of coal basins (Vassilev et al., 2009).

Clay and mica minerals can be used as indicators for 
the character of both detrital influx and physicochemi-
cal environment in which deposition, diagenesis, and 
alteration of coal takes place. The kaolinite enrichment 
is commonly an indication of continental coal sediments 
from limnic type, formed by slow sedimentation during 
humid and hot climate, in an acid environment and high 
Eh values. The abundance of this mineral in coal is also 
informative for material supply from areas with intensive 
chemical weathering or from in-situ leaching processes 
such as intensive alteration of pre-existing alkaline alu-
minosilicates and pyroclastic glasses. The illite enrich-
ment in coal is commonly an indicator of alteration of 
muscovite and K feldspars or recrystallization of smec-
tites. Additionally, the diagenetic alteration normally 
causes some authigenic kaolinite crystallization, while 
the metamorphic progression promotes authigenic forma-
tion of more stable illite, mica, and chlorite and the dis-
appearance of kaolinite and montmorillonite. The abun-
dance of illite is also informative for lagoonal and paralic 
coal deposits or for marine sediments. Montmorillonite 



61

is normally an indicator for sediments associated with 
tuffaceous facies or marine influence and it is a typical 
alteration product of volcanic tuffs, ash and glass, as 
well as of Fe-Mg minerals and Ca feldspars under alka-
line environment. The high chlorite concentration in coal 
commonly indicates the occurrence of precursor materi-
als from ultramafic rocks and hydrothermal deposits or 
products from metasomatism and low-grade metamor-
phic alteration of Fe-Mg minerals.

The abundance of detrital sanidine, acid plagioclases, 
cristobalite, and mica, as well as accessory Ti-bearing 
minerals (sphene, anatase, ilmenite) and phosphates in 
coal could be indicators for the occurrence of volcanic 
ash and/or acid intrusive and volcanic rocks in the supply 
area. Some apatite and goyazite can also be indicators of 
ash falls from volcanic eruptions, while minerals from 
the crandallite group may indicate alteration of apatite-
bearing air-fall tuffs deposited into the swamp. The Al 
and Fe hydroxides are normally indicators of intensive 
weathering environments found in humid and tropical 
climates. Finally, the increased contents of some detrital 
minerals are also indicators for increasing AFT and coal 
rank advance as described above. 

Authigenic mineral indicators

The authigenic minerals in coal are especially interest-
ing in considering interpretations of coal formation, be-
cause the conditions for their precipitation are relatively 
well known. Some of them were also described above as 
authigenic alteration products of some detrital minerals. 

The precipitation of Fe sulphides is indicative for a 
medium enriched in hydrogen sulphide under reducing 
conditions and relatively low pH. For example, marcasite 
is indicative for low-temperature and high acid solutions, 
while pyrite originates under conditions of relatively 
higher temperatures and lower acidity. Pyrite is the more 
stable polymorph form of Fe sulphides and the metasta-
ble marcasite plus pyrrhotite are slowly changed to pyrite 
during heating or weathering.

The high sulphate proportions are indicative for arid 
environment (evaporates), weathered and oxidized coals 
or circulation of sulphate-bearing solutions. For instance, 
jarosite normally indicates conditions of sulphide weath-
ering in arid climates, while melanterite is an indicator 
of the possible presence of sulphuric acid in the system. 
Alunite is informative for an alteration of feldspars by 
acid solutions. On the other hand, the paragenetic assem-
blage of gypsum, calcite, halite, and sylvite is a strong 
indicator for coal formation under arid conditions in in-
terior salt lakes.

The carbonate minerals are also indicators for coal 
formation conditions. For example, calcite crystalliza-
tion in coal is indicative for alkaline environment under 
low partial CO2 pressure, while dolomite precipitation is 
informative for warm, high salinity and Mg-rich condi-
tions. The ankerite enrichment in coal normally indicates 
intermediate transformation between calcite and dolo-
mite. The siderite crystallization is informative for fresh-
water (limnic) sedimentation under acid and strongly re-
ducing conditions depleted in S and enriched in organic 
products. The unusually high Mg concentrations in some 

carbonate minerals could be indicators for coal beds sub-
jected to marine transgression. 

The precipitation and alteration of some authigenic 
silica minerals (opal, chalcedony, cristobalite, trydimite, 
quartz) and their morphology is informative for the solu-
tions, pressure, temperature, and Eh values. For instance, 
gangue minerals such as opal, chalcedony, cristobalite, 
quartz (bipyramidal with short-prismatic faces) plus brucite, 
and aragonite are normally indicative for the occurrence of 
low-temperature hydrothermal activity in coal seams.

Zeolites are commonly indicators for low-temperature 
alteration of Ca- and Na-bearing pyroclastic materials un-
der alkaline environment (with pH normally 9–10) and 
low temperatures. The high contents of phosphorites were 
found to indicate seams subjected mainly to marine inva-
sion. The great contents of some authigenic minerals are 
also indicators for decreasing AFT and rank of coals.

The crystallization of some low-temperature epi-
genetic minerals such as quartz (160–220°C), pyrite 
(<135–200°C), zeolites (125–200°C), illite (70–170°C), 
ankerite (55–160°C), and calcite (<70–80°C) can be in-
dicator for the proximate formation temperatures of the 
coal veins. Finally, the modes of Fe2+ and Fe3+ occurrence 
as authigenic sulphides, sulphates, carbonates, oxides, 
hydroxides, and phosphates seem to be the strongest ge-
netic indicators. In summary, the crystallization of major 
Fe-bearing minerals results from deposition environ-
ments: (1) in strongly reducing conditions enriched in 
carbon dioxide (siderite and ankerite) or hydrogen sul-
phide (Fe sulphides) under neutral and weak acid (pyrite) 
or acid (marcasite) conditions; (2) in slightly reducing 
conditions with some deficit of Fe and hydrogen sul-
phide (pyrrhotite); (3) abundant in sulphate (jarosite and 
melanterite) and phosphate (like certain Australian coals) 
ions; (4) enriched in oxygen (goethite, lepidocrocite and 
hematite); (5) with freshwater influence (Fe phosphates); 
or (6) in complex deposition conditions (like some 
Japanese coals). Additionally, certain crystallooptic and 
morphological properties of pyrite can also be used as 
geological thermometers and indicators. For example, 
the occurrence of pyrite as: (1) isotropic (formation at 
>135°C); (2) anisotropic (genesis at <135°C); (3) cubic 
(high- and low-temperature at slightly concentrated solu-
tions); (4) pentagonal dodecahedron (low-temperature at 
highly concentrated solutions); and (5) octahedral (me-
dium-temperature at moderately concentrated solutions) 
crystals may be used for that purpose (Kostov, 1993). 
Furthermore, the high abundance of authigenic Fe sul-
phides and sulphates in coal may be an indicative pros-
pecting tool of nearby sulphide ores in the source area of 
coal basins.

Other indicators

The preserved or altered biogenic minerals in coal such 
as opal, chalcedony, aragonite, calcite, and phosphates 
may indicate the original plant species such as Si-bearing 
grasses, Si phytoliths, Al-containing lycopods, as well as 
animal species, namely remains from Si skeletons of dia-
toms and sponge spicules, Ca shells, and P coprolites. 

The differences in the mineral matter and elemental 
concentration of coals deposited in fresh, semi-brackish 
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and brackish environments have been studied and sum-
marized (Goodarzi et al., 1985; Goodarzi, 1987, 1995). 
Most of them were listed above and elsewhere (Vassilev 
et al., 2010). Nevertheless, the discrimination of marine 
and non-marine sediments is not simple procedure and 
the present study supports the observations that no one 
parameter can be expected to be definitive (Swaine, 
1990). A combination of parameters and additional 
lithological data are required for that purpose. For in-
stance, most of the Bulgarian coals were not formed 
under marine conditions, despite of statements that coal 
deposits laid down in marine areas were usually rich in 

ash, S, N, Fe sulphides, illite, and montmorillonite (like 
Bulgarian coals).

The detailed knowledge on coal composition can also 
indicate the preferable phase formations in the coal com-
bustion products and such information has been report-
ed (Vassilev and Vassileva, 1996a, 1996b, 2007, 2009; 
Vassilev et al., 2009; Vassileva and Vassilev, 2005, 
2006). Gondwana (Southern Hemisphere) coals are nor-
mally abundant in ash yield, finely dispersed mineral 
matter, clay minerals, authigenic quartz, siderite and in-
ertinite, whereas they are commonly poor in pyrite and S 
in comparison with the Northern Hemisphere coals (Day 
et al., 1979; Stach et al., 1982; Swaine, 1983; Kershaw 
and Taylor, 1992; Vasconcelos, 1999). The present data 
confirm most of these observations and also show some ad-
ditional indicative differences despite the limited coal sam-
ples used. For example, the Southern Hemisphere coals (11 
samples) occupy only the Sialic and Calsialic chemical types 
and mostly the Silicate mineral type (Fig. 5(A) and (B)). 
Characteristics such as Si, Al, Ti, DAI, AFT, silicates, 
kaolinite, oxyhydroxides, dolomite, ankerite, siderite, 
and phosphates reveal typical trends for increased values 
in these coals (Tables 2 and 3 and Vassilev et al., submit-
ted). On the other hand, the present data reveal that the 
Northern Hemisphere coals (26 samples) belong to the 
entire chemical and mineral types identified (Fig. 5(A) 
and (B)). However, these coals have more characteristic 
trends for increased values of A, O, S, Fe, Ca, Mg, K, Na, 
detrital quartz, montmorillonite, feldspars, calcite, sul-
phides, and sulphates in comparison with the former coals 
(Tables 2 and 3 and Vassilev et al., submitted). Based 
on both basic tendencies some possible predictions can 
be proposed. For example, the major composition trends 
for Southern Hemisphere coals indicate that the fly ashes 
and bottom ashes/slags generated from burning of such 
coals in thermo-electric power stations may be abundant 
in glass (particularly acid type), mullite, quartz, metakao-
linite, magnetite, corundum, rutile, apatite, and inertinite-
derived char. In contrast, the combustion products from 
the Northern Hemisphere coals can be highly variable. 
However, the major composition trends for these coals 
indicate that their coal combustion residues may be en-
riched in glass (particularly pozzolanic type), quartz, 
mullite, hematite-magnetite, feldspars, Ca-Mg silicates, 
spinels, gypsum-anhydrite, lime, periclase, water-soluble 
salts, and vitrinite- and semifusinite-derived chars.

Such information may be also used for a preliminary 
evaluation and prediction of some potential applica-
tions and environmental problems related to coals and 
their combustion products with well-known chemical 
and mineral composition (Vassilev and Vassileva, 2007, 
2009; Vassilev et al., 2009). For instance, the associa-
tion of trace elements with specific mineral and chemical 
classes in coals and their combustion residues (Vassilev 
and Vassileva, 1997, 2007; Vassilev and Menendez, 
2005; Vassilev et al., 2005a, 2005b, 2009) indicates that: 
(1) the Northern Hemisphere coals may be enriched in 
various trace elements, but dominantly in chalcophilic, 
siderophilic, and some lithophilic elements; and (2) the 
Southern Hemisphere coals may be concentrated main-
ly in lithophilic and, to a lesser extent, siderophilic and 
chalcophilic trace elements. Hence, more environmental 

Fig. 5. (A) Chemical classification (based on Vassilev and 
Vassileva, 2007 and Vassilev and Vassileva, 2009) of the inor-
ganic matter in coal ashes studied according to their geographic 
locality, wt. %. (B) Genetic mineral classification (based on 
Vassilev and Vassileva, 2009) of the inorganic matter in coals 
studied according to their geographic locality, wt. %.
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problems related to trace elements may be expected dur-
ing using of Northern Hemisphere coals despite that some 
of these coals could have “self-cleaning fuel” properties 
(Vassilev et al., 2009). On the other hand, the trace-ele-
ment affinities to different mineral and chemical classes 
may also indicate the potential application for recovery 
of valuable elements from coals and their combustion 
residues (Vassilev and Menendez, 2005; Vassilev et al., 
2005b, 2009; Vassilev and Vassileva, 2007).

conclusIons

The chemical and mineral composition and ash-fusion 
temperatures of 37 coals from Australia, Bulgaria, USA, 
Japan, Canada, South Africa, China, Spain, and Ukraine 
were investigated. The coals studied differ considerably 
in their geology, rank, age, ash yield, chemistry, and 
mineralogy. According to the relationships derived from 
statistically significant positive or negative correlations 
among 53 characteristics of the above coals, some con-
clusions can be drawn:

1. There are five basic constituents in coal, namely 
(1) organic matter (macerals), (2) detrital inorganic mat-
ter (mainly silicates and oxyhydroxides) (3) authigenic 
inorganic matter (mostly carbonates, sulphides, sulphates, 
and phosphates), (4) moisture and (5) inorganic plant and 
animal remains. Their origin, composition and distribu-
tion, particularly for the most abundant organic matter and 
detrital and authigenic inorganic matter, are key factors 
that characterise this extremely complex system and can 
explain the genesis, properties, and potential applications 
and environmental problems of coals;

2. It was found that the ash yield is a poor informa-
tive characteristic of coal if the origin, composition, and 
abundance of the coal constituents are not considered. 
For example: (1) elements such as O, H, S, N, Si, Fe, Mg, 
and K correlate positively with ash yield (inorganic mat-
ter) and some predominantly detrital (quartz, plagioclase, 
illite-muscovite, Fe oxides) and authigenic (Fe sulphides, 
Ca-Fe-Al-Mg sulphates, calcite, apatite) minerals in coal; 
and (2) elements and parameters such as FC, VM, M, C, 
Al, Ca, Ti, and Na correlate negatively with ash yield (or 
positively with organic matter) and other minerals that 
are also both predominantly detrital (kaolinite, chlorite, 
montmorillonite, K feldspar, spinels, Al oxyhydroxides,) 
and authigenic (kaolinite, opal-cristobalite, zeolites, Fe-
Mg carbonates and hydroxides, barite, Fe-Al phosphates) 
in origin;

3. Ash-forming elements such as Si, Al, Fe, Ca, S, 
Mg, K, and Na normally show strong association with 
their discrete minerals in coal. However, significant or-
ganic association was also suggested for Ca, Mg, K, Na, 
S, Ti and P in coal;

4. Important correlations and associations among 
the characteristics were identified and they include:  
(1) VM–M–O–H; (2) FC–C–Si–Al–Ti–kaolinite–siderite–
dolomite; (3) S–SO3–Fe–Ca–pyrite–gypsum–calcite; (4) 
Si–K–quartz–illite–muscovite; (5) Al–Ti–kaolinite–Al 
hyd roxides; (6) Fe–S–Fe sulphides; (7) Ca–Mg–SO3–
calcite–gypsum–dolomite; (8) Na–plagioclase–K feld-
spar; (9) kaoli nite–Fe-Al oxyhydroxides; (10) illite–mus-

covite–chlorite; (11) calcite–dolomite–pyrite–gypsum; 
and (12) pyrite–marcasite–Fe sulphates. These complex 
associations are a result of their preferable affinities to 
organic matter, detrital or authigenic inorganic matter, as 
well as to mineral assemblages, coal rank, or geographic 
distribution of coals;

5. The above correlations and associations between 
the elements and predominant genesis of mineral classes 
were used for a development of combined chemical and 
mineral classification approaches for the inorganic matter 
in coal (Vassilev and Vassileva, 2009) based on: (1) sum 
of Si, Al, K, and Ti oxides; (2) sum of Ca, Mg, S, and Na 
oxides; and (3) Fe oxide; as well as (1) silicates + oxyhy-
droxides; (2) carbonates; and (3) sulphides + sulphates + 
phosphates, respectively;

6. Some important trends between the composition 
and rank of coals were detected. For instance: (1) values 
of characteristics such as Si, Al, Ti, N, K, Na, DAI, AFT, 
silicates (kaolinite, quartz, illite + muscovite, chlorite), 
siderite, dolomite, and Fe oxides commonly increase 
with increasing rank and age of coals; and (2) values of 
parameters, namely A, M, O, Ca, SO3, VM, H, S, Fe, Mg, 
Si/Al, montmorillonite, Fe hydroxides, sulphates (gyp-
sum, alunite), carbonates (calcite), Fe sulphides and sul-
phates, and phosphates (apatite) normally increase with 
decreasing rank and age of coals;

7. Indicative phase or mineral transformations were 
also identified with increasing coal rank. They include: 
(1) formations of more stable authigenic minerals (kaoli-
nite, chlorite, illite, muscovite, dolomite, siderite, Fe ox-
ides); and (2) relative enrichments of more stable detrital 
minerals (quartz, acid feldspars, Fe and Ti oxides) at the 
expense of less stable species in coal (montmorillonite, 
basic feldspars, Fe hydroxides) or water-soluble phases 
or minerals leached from coal (sulphates, sulphides, 
chlorides, carbonates, organic minerals or organically 
bound Ca, Mg, K and Na);

8. Ash-fusion temperatures correlate positively with 
FC, C, Si, Al, Ti, DAI, kaolinite, siderite, and goyazite; 
and negatively with VM, M, O, S, Ca, SO3, Mg, montmo-
rillonite, calcite, marcasite, gypsum, and alunite. Greater 
ash-fusion temperatures are in accordance with: (1) high-
er coal rank; (2) high values of DAI and refractory min-
erals such as kaolinite, quartz and Ti-bearing minerals, 
which are mostly detrital in coal; and (3) low concentra-
tions of fluxing minerals such as carbonates, sulphides, 
sulphates, and phosphates, which are mostly authigenic 
in coal. Respectively, lower ash-fusion temperatures are 
in accordance with lower coal rank, low values of DAI 
and detrital minerals, and high contents of authigenic 
minerals in coal;

9. Different chemical and mineral parameters of coal 
can be used as indicators, which may distinguish origin, 
properties and potential applications and environmental 
problems of coal and coal products. Characteristics such 
as: (1) chemical composition (DAI and some elements 
and their ratios); and particularly occurrence, abundance 
and localization of (2) detrital (quartz, feldspars, clay and 
mica minerals, oxyhydroxides, volcanic glass, accessory 
oxides, silicates and phosphates); (3) authigenic (vari-
ous sulphides, sulphates, carbonates, phosphates, silica 
and clay minerals, zeolites, and particularly Fe-bearing 
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minerals); and (4) biogenic (opal, chalcedony, aragonite, 
calcite, and phosphates) inorganic phases or minerals in 
coal can be used for that purpose.

The present work demonstrates that the systematic 
and detailed studies on the genesis, composition, abun-
dance, and distribution of elements and minerals in coal 
are of great benefit for understanding the quality, proper-
ties, and applications of different coals and their prod-
ucts. Such a combined chemical and mineral approach 
for coal characterization also provides a basis for predict-
ing and solving specific technological and environmental 
problems related to coal use.
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appendix – nomenclature

A – ash yield
AFT – ash-fusion temperatures
CV – calorific value
DAI  – detrital/authigenic index = (SiO2 + Al2O3 + K2O + 
TiO2 + Na2O) / (Fe2O3 + CaO + SO3 + MgO)
Eh – oxidation-reduction potential 
FC – fixed carbon
FT – fluid ash-fusion temperature
HT – hemispherical ash-fusion temperature
M – moisture
R2 – correlation coefficient value
ST – softening ash-fusion temperature
VM – volatile matter
% – weight %
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