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Резюме. Изследвано е присъствието и разпределението на Si и Al в 19 въглищни басейни и находища с възраст от Късен 
Карбон до Плиоцен, принадлежащи на 8 въглищни провинции в България. Въглищата са различен ранг – от лигнити до антраци-
ти. Установява се, че присъствието и количеството на Si и Al във въглищата зависи от: i) концентрацията на елементите в скалите 
от бреговата ивица; ii) активността на повърхностното подхранване; iii) от киселинността на средата в древното торфено блато и  
iv) от наличието и състава на епигенетичната минерализация на въглищните пластове. Поради активно повърхностно подхранва-
не, съдържанието на двата елемента е по-високо от средното за света за повечето въглища. Изключение правят Западномаришкият, 
Бургаският, Станянският, Орановският, Чукуровският и Пернишкият басейн, за които е характерно по-слабо повърхностно под-
хранване. В повечето басейни се установява силна положителна корелация на елементите с пепелното съдържание, което пред-
полага техния преобладаващо неорганичен афинитет. Сравнително ниските стойности на отношението Si/Al (обикновено <2) и 
силната положителна корелация между тях (ro>0,6) подсказват за доминиращата роля на глинестите минерали във въглищата 
като носител на изследваните елементи. Кварцът е доминиращ единствено в Западномаришкия басейн. По-слаба корелация или 
негативна такава, в част от изследваните басейни (напр. Свогенски, Западномаришки, Софийски, Бургаски, Добруджански) под-
сказват за смесен или органичен афинитет на Si и Al. Причина за този афинитет е освобождаването на елементите от глинестите 
минерали по време на торфо-/диагенезата и последващото образуване на комплекси елементо-органични съединения.

Ключови думи: български въглища, съдържание на Si и Al, привързаност към органично вещество.

Abstract. The presence and distribution of Si and Al in 19 Bulgarian coal basins and deposits, belonging to 8 coal provinces, were 
studied. Coals are of different rank (lignite to anthracite) and age (Late Carboniferous to Pliocene). The presence of both studied major 
elements depends strongly on: i) their concentration within the basin’s provenance; ii) the extent of terrigenous supply; iii) environmental 
acidity during peat formation; and iv) the presence and composition of epigenetic mineralization within the coal seams. Because of the 
presumed abundant terrigenous supply, the concentrations of both Si and Al are higher than the world average for most of the studied 
coals. Exceptions are the Maritsa-West, Burgas, Staniantsi, Oranovo, Chukurovo and Pernik Basins, for which reduced terrigenous sup-
ply can be suggested. For most of the basins, both Si and Al demonstrate good positive correlation with the ash yields, thus arguing for 
predominant inorganic affinity. Relatively low Si/Al ratios (typically <2) and good positive correlation between Si and Al (ro>0.6) imply 
the predominant role of the clay mineral assemblages as the main source of the elements in coal. Quartz is presumed to have dominant 
role only in Maritsa-West Basin. Poorer or negative correlations with the ash yields in part of the studied basins (i.e. Svoge, Maritsa-West, 
Sofia, Burgas and Dobrudzha Basins) suggest either mixed or predominantly organic affinity of the elements. Release of Si and Al from the 
clay minerals during the peat formation/diagenesis and subsequent formation of organo-metallic complexes is considered to responsible 
for such affinity.

Keywords: Bulgarian coals, concentration of Si and Al, organic affinity.

Introduction

The inorganic geochemistry of Bulgarian coals, 
coal ashes and solid waste products from ther-
moelectric power plants are widely reported (e.g. 
Eskenazy, 1978, 1987, 1992, 1995, 1999, 2009; 

Kortenski et al., 1990; Vassilev et al., 1994, 1995, 
1997, 2003, 2010; Vassilev, Vassileva, 1997, 
1998; Eskenasy et al., 2001; Kortenski, Sotirov, 
2001, 2002a, b, 2004; Kostova, Kortenski, 2002; 
Yossifova, 2007; Gouin et al., 2007; Yossifova et 
al., 2009; Kostova et al., 2011; Yossifova, Dimit-

СПИСАНИЕ НА БЪЛГАРСКОТО ГЕОЛОГИЧЕСКО ДРУЖЕСТВО,  
год. 82, кн. 2, 2021, с. 33–45

REVIEW OF THE BULGARIAN GEOLOGICAL SOCIETY,  
vol. 82, part 2, 2021, p. 33–45

https://doi.org/10.52215/rev.bgs.2021.82.2.4

https://doi.org/10.52215/rev.bgs.2021.82.2.4


34

rova, 2013). Most of the publications, however, 
focus mainly on the concentration and geochemi-
cal behavior of the toxic and/or valuable trace ele-
ments. The occurrence and distribution of the ma-
jor elements in coal is less studied (e.g. Eskenazy, 
1972, 1987, 1989, 1993). Sulfur is by far one of the 
most studied major elements (e.g. Kostova, 1999, 
2002, 2005; Markova et al., 2007, 2008, etc.), be-
cause of its significant environmental impact. In a 
continuation of our previous attempts to character-
ize the occurrence, distribution and affinity of the 
major elements in Bulgarian coals (i.e. Kortenski, 
Zdravkov, 2019, 2020) here we summarize the 
data on the distribution of silicon and aluminum 
in 19 coal-bearing basins and deposits of different 
age and rank (Fig. 1). 

Geological settings

Svoge coal-bearing Province

Svoge anthracite Basin. The basin represents an 
E-W trending intermontane depression, filled with 
over 1800 m thick molasse-type sediments of Nam-
urian C to Westphalian B–C age. The basement 
and the provenance of the basin are composed of 
Ordovician to Devonian siltstones, shale, quartzite, 
sandstone, melasyenites and K-alkaline quartz sien-
ite. The basin fill is composed of 6 fining upward 
sequences (i.e. the Tsarichina, Svidnya, Dramsha, 
Svoge, Berovdol and Chibaovtsi Fms; Tenchov, 
2007a), topped by either argillaceous rocks or coal. 
Between 7 and 17 anthracite seams (up to 1.2 m 
thick) are distributed throughout the basin. 

Dobrdzha coal-bearing Province

Dobrudzha Basin. The coal-bearing Upper Carbon-
iferous sediments (about 1600 m thick) formed in 
delta plain (Nikolov et al., 1988) or fluvial (Tenchov, 
1993, 2005, 2007b) environments and overlie Low-
er Carboniferous (sandstone, siltstone and shale) 
and Devonian (marine limestone) rocks with an 
erosional unconformity (Tenchov, Koulakssuzov, 
1972; Nikolov et al., 1988; Tenchov, 2005, 2007b). 
The succession is predominantly composed of ir-
regularly alternating fine- to coarse-grained lithic 
sandstones, siltstones, shales, and coals, subdivid-
ed into four coal-bearing formations (i.e. the Mo-
gilishte, Makedonka, Krupen and Gurkovo Fms), 
separated by three sandstone formations (i.e. the 
Vranino, Velkovo and Polyana Fms). Synchronous 
volcanic activity north-east of the basin (Nikolov et 
al., 1988) produced ash falls, which are marked by 
the presence of pyroclastic and volcanoclastic ma-

terials in the Mogilishte, Makedonka and Gurkovo 
Fms. Many of the tuff layers are transformed into 
tonsteins (up to 20 m thick layers below some of 
the major coal seams (e.g. l1, m5, p3; Nikolov et al., 
1988). The coal-bearing formations contain up to 
86 bituminous coal seams, irregularly distributed 
within the profile.

Balkan coal-bearing Province

Balkan Basin. The basement and basin’s provenance 
are composed of monzodiorite, amphibole-biotitic 
granodiorite, granite, tuff, fine-grained conglomer-
ate, sandstone, siltstone, shale, limestone and dolo-
mite of Paleozoic, Triassic, Jurassic and Early Cre-
taceous age (Kânčev et al., 1995). The Cenomanian 
coal-bearing siliciclastic sediments are subdivided 
into three informal units and contain up to 8 seams 
(up to 1.5 m thick) of bituminous coal.

Burgas Basin. The basin formed within the 15–
20 km wide and N-S oriented Burgas syncline. The 
basement and catchment areas comprise Upper Cre-
taceous andesitic lava flows and tuffaceous rocks. 
These are overlain by over 450 m thick Upper Eo-
cene (Priabonian) coal-bearing sediments, which 
are divided into two lithostratigraphic units, named 
respectively the Ravnets (siliciclastic sediments) 
and Mugris (massive marlstone) Fms (Juranov, 
1992). Up to 9 sub-bituminous coal beds, formed 
under brackish conditions, are present at two levels 
within the Ravnets Fm. The lower one contains up 
to 4 coal beds with a maximum thickness of up to 
4.50 m, interbedded with thin layers of clays. The 
upper level is composed of two coal beds, named 
“A” and “B”, among which only the topmost coal 
bed, i.e. “A”, has greater thickness (avg. 2–3 m) and 
economic significance.

Pernik coal-bearing Province

Pernik Basin. The basement and the catchment ar-
eas are predominantly composed of conglomerate, 
sandstone, siltstone, marlstone, limestone, dolo-
mite, sienite and monzonite with Paleozoic, Triassic 
and Early Cretaceous age (Zagorčev et al., 1994). 
The coal-bearing siliciclastic sediments are subdi-
vided into 5 informal units and contain up to 5 sub-
bituminous coal seams with a total thickness of up 
to 20 m. 

Bobov Dol Basin. The basin formed within a 
N-NW to S-SE elongated graben structure (about 
25–30 km long and 8–10 km wide). The graben in-
fill comprises 1.0–1.5 km thick Oligocene to Lower 
Miocene siliciclastic sediments, subdivided into 6 
formal units, covering the time span from Rupelian 
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Fig. 1. Schematic map, showing the distribution of the studied coal basins and deposits 
Structural sub-division of Bulgaria after Dabovski et al. (2002)

Фиг. 1. Схематична карта с положението на изучаваните въглищни басейни и находища
Структурната подялба на България е по Dabovski et al. (2002)
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to Late Egerian–Ottnangian (Vatsev, 2014, 2015). 
These overly denudated Vendian–Paleozoic meta-
morphic and magmatic rocks, Permian–Lower Tri-
assic siliciclastic red beds, Middle to Upper Trias-
sic carbonate rocks, Upper Cretaceous flysch and 
Upper Eocene flysch-like sandstone and mudstone 
alternation (Kamenov, 1959; Vatsev, 2014). Up to 
14 seams of sub-bituminous coal, among which 6 
(1.2–3.8 m thick) have wide spread occurrence, 
formed within the northern part of the graben.

Suhostrel Deposit. The deposit belongs to the 
southern parts of the N-S trending Padesh graben 
(Vatsev et al., 2011), filled with over 2000 m of 
coarse-graine molasse-type sediments. The basement 
and catchment areas are composed of Pre-Cambrian 
to upper Paleozoic and Lower to Middle Triassic 
rocks – diorite, amphibolite, shist, sandstone, con-
glomerate and limestone. The coal-bearing Suhostrel 
Fm. belong the to lower part of the Middle to Upper 
Eocene sedimentary fill and comprise up to 3 thin (up 
to 0.6 m) bituminous coal seams.

Struma-Mesta coal-bearing Province

Kyustendil Basin and Katrishte deposit. The ba-
sin is superimposed over Proterozoic high-grade 
metamorphic rocks, Paleozoic gabbrodiorite and 
quartz diorite, Silurian limestone and shale, Trias-
sic and Jurassic conglomerate, sandstone, dolomite 
and limestone, as well as Eocene sandstone and 
mudstone. The coal-bearing Miocene siliciclas-
tic sediments (~700 m thick) belong to the Spaso-
vitsa, Skrinyano and Koilitsa Fms (Vatsev, Bonev, 
1994). Single low-rank (lignite to sub-bituminous C 
(Kortenski, Sotirov, 2002b) coal seam with an aver-
age thickness of 5 m was discovered and prospected 
via drill-holes at the base of the Skrinyano Fm. at 
depth of over 300 m. During the mid-1990s a small 
open-pit mine (i.e. Katrishte deposit) was operated 
along the eastern part of the basin, where the coal 
seam (4–12 m thick; Kortenski, Sotirov, 2002b) 
was detected at shallower depth. 

Gotse Delchev Basin. The basement and sur-
rounding areas are mainly composed of Proterozoic 
gneiss and schist, marble, granodiorite, and Paleo-
gene conglomerate, sandstone, and siltstone. The 
lignite-bearing Pliocene sediments are sub-divided 
into 3 formal stratigraphic units (i.e. the Valevica, 
Baldevo and Nevrokop Fms; Vatsev, 1979). Up to 
16 lignite seams formed, but only the lowermost 
one had economic significance. The other seams are 
characterized by small thickness and high ash yields.

Oranovo Basin. The basement and basin’s prov-
enance are composed of Pre-Cambrian amphibolite, 
biotite-amphibole gneiss, marble and shist, Paleo-
zoic biotitic granite and granodiorite, and Upper 

Cretaceous granite and quartz monzonite. The coal-
bearing Miocene siliciclastic sediments are sub-
divided into 5 formal lithostratigraphic units (i.e. 
the Drachevitsa, Oranovo, Duarska, Gradevska and 
Revalska Fms; Vatsev, 1991). Up to 16 sub-bitumi-
nous coal seams (1–8 m thick) are distributed within 
the Oranovo Fm.

Sofia coal-bearing Province

Sofia Basin. The basement and the provenance of 
the basin are composed of Permian and Triassic 
fluvial red beds, Jurassic and Lower Cretaceous 
carbonate, siliciclastic and argillaceous sediments, 
and Upper Cretaceous siliciclastic, carbonate, vol-
cano-sedimentary and volcanic rocks (Yanev et al., 
1995). The Neogene sedimentation commenced 
within the NW-SE oriented Sofia graben with the 
deposition of the Meotian clays, sands and sand-
stones of the informal variegated terrigenous for-
mation (Kamenov, Kojumdzhieva, 1983). These 
are overlain by the sediments of the Sofia Group, 
consisting of the Gnilyane, Novi Iskar and Lozenets 
Fms (Kamenov, Kojumdzhieva, 1983). The lower-
most Gnilyane Fm. is up to 100–150 m thick and 
is composed of fining upwards Pontian terrigenous 
rocks (pebble to gravel breccia and conglomerates, 
sands and sandstones, siltstones and clays) covered 
by the Balsha Member. The latter represents thick 
lignite seam (avg. thickness 30 m), which due to 
tectonic influences is locally thickened to 70–95 m. 
At places, another high ash lignite seam (i.e., the 
Kremikovtsi seam) is presented underneath the Bal-
sha Member. The following upwards middle Pon-
tian to lower Dacian Novi Iskar Fm. is composed 
of monotonous (100–400 m thick) greyish finely 
laminated clays, with a thin interbed of whitish tuff. 
The rocks are overlain by the fluvial sediments of 
the Dacian–Romanian Lozenets Fm. (150–200 m 
thick), which towards the eastern part of the Sofia 
Basin contain another lignite bed, i.e. the Novihan 
bed. The latter is composed of carbonaceous shales 
and up to 10 thin lignite seams with limited dis-
tribution and very high ash yields (Kamenov, Ko-
jumdzhieva, 1983). The Neogene lignite-bearing 
succession is covered by Pleistocene and Holocene 
alluvial and talus sediments.

Chukurovo Basin. The basin represents a NW-
SE oriented graben structure, situated to the south-
east of Sofia Basin. The basement and provenance 
are composed of Proterozoic diabase and amphibole 
schist, Ordovician phyllite and schist, Permian to 
Middle Triassic siliciclastic red beds and tidal cal-
careous and dolomitic sandstones, Middle Jurassic 
limestones and Upper Cretaceous andesitic tuffs, 
argillaceous limestones and marlstones (Katskov, 
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Iliev, 1993). The Neogene sedimentation com-
menced towards the eastern part of the graben with 
the deposition of up to 50 m thick fining upwards 
siliciclastic sediments (weakly lithified conglomer-
ates, indurated sandstones, clays and carbonaceous 
clays) with 1 to 10 m thick lignite seam (i.e. the 
Gabra seam) on top. Because of active movements 
along thrusted faults from the eastern periphery of 
the graben, locally the beds are inclined or even 
overturned. Subsequently, sedimentation com-
menced with the deposition of Badenian–Volhyni-
an (Palamarev, 1964) argillaceous sandstones with 
thin conglomerate and sandy claystone interbeds 
and the Chukurovo lignite seam. The latter is up to 
40 m thick within the southern part of the basin, but 
splits into 12–18 thinner seams towards its norther 
part (Katskov, Iliev, 1993).

Staniantsi Basin. The basin represents small 
E-W oriented graben formed along the southern 
margin of Balkan structural zone. The basement 
and provenance are composed of Lower Triassic 
siliciclastic fluvial red beds, Middle Triassic lime- 
and dolostones, and Jurassic and Upper Cretaceous 
limestones, locally with sandstone and marlstone 
interbeds (Haydutov et al., 1995). The basin infill 
overlie denudated pre-Neogene rocks and is sub-
divided into four formal lithostratigraphic units, 
the former three (i.e. the Dvechke, Belozem and 
Zainitsa Fms) united in Mazgosh-Staniantsi Group 
(Vatsev, 1999). Sedimentation commenced with the 
deposition of the 15–50 m thick sandy claystone 
and clayey sandstone of the Dvechke Fm. (Kher-
sonian), followed upwards by up to 60 m thick car-
bonaceous claystone and marlstone of the Belozem 
Fm. (Khersonian–Pontian) with lignite seam (up to 
20 m thick) at the base. The rocks are overlain by 
the sandy claystone (locally with clayey sandstone 
interbeds and caliche profiles) of the Zainitsa Fm. 
(35–60 m thick; Pontian–Dacian). Upper Pliocene 
to Pleictocene talus sediments (50–80 m thick; the 
Stranya Fm.) overlie the lignite-bearing succession 
towards the northern margin of Staniantsi Basin.

Beli Breg Basin. The basin provenance is pre-
dominantly composed of Jurassic limestone and 
Upper Cretaceous marlstone, limestone, andesitic 
and latitic volcanic and pyroclastic rocks, tuffs and 
tephra flysch (Zagorcev et al., 1995). Because of 
the proximity to the large Sofia Basin, Zagorcev 
et al. (1995) consider the sedimentary infill of Beli 
Breg Basin to represent a lateral extension of the 
Lozenets Fm. from Sofia Basin. Sedimentation 
commenced with the deposition of up to 60 m thick 
clayey sandstones, locally interbedded by thin con-
glomerate beds at the bottom. These are overlain by 
up to 25 m thick lignite seam, followed by up to 
40 m thick calcareous clays and marls. Another thin 
lignite seam is locally presented in the upper part 

of the succession. Fluvial channel and overbank si-
liciclastic sediments cover the Dacian aged lignite-
bearing succession. 

Samokov Basin. The basin formed within the E-W 
oriented Palakaria graben, south of the large Sofia 
Basin. The basement and provenance are composed 
of Precambrian gneiss, schist and amphibolite, Or-
dovician diabase and phillyte, Upper Cretaceous si-
liciclastic and plutonic (diorite, quartz diorite, grano-
diorite) rocks (Zagorčev et al., 1994). The lignite-
bearing succession is subdivided into one informal 
and two formal lithostratigraphic units, as part of the 
Palakaria Group (Antimova, Kojumdgieva, 1991). 
The Neogene sedimentation commenced with the 
deposition of Pontian sands and conglomerates with 
sand interbeds (lower sand-conglomerate formation), 
followed upwards by Pontian–Dacian clays, sand-
stones, and up to 10 m thick lignite seam (the Alino 
Fm.), and upper Pliocene coarse-grained siliciclastic 
rocks and clays (the Relyovo Fm.). The lignite-bear-
ing succession is overlain by fluvial and talus Quater-
nary deposits (Zagorčev et al., 1994).

Gabrovitsa deposit. The deposit is located within 
the central parts of the NW-SE oriented Kostenets 
graben. The latter is superimposed over Proterozoic 
mica and amphibole gneiss, mica schist, amphibo-
lite and marble, and Paleogene siliciclastic rocks. 
The Pontian–Dacian lignite-bearing formation is 
composed of weakly lithified clayey sandstone, 
variegated clays and two lignite seams with thick-
ness of up to 1.5–2m each (Dimitrova et al., 1990). 
The sediments are overlaid by Romanian breccia-
conglomerate, sandstones and siltstones with total 
thickness of up to 560 m.

Karlovo Basin. The lignite-bearing sediments de-
posited within the NW-SE oriented Karlovo graben. 
The basin provenance is comprised predominantly 
of Precambrian gneiss, schist, amphibolite, diabase, 
phyllite, upper Palaeozoic granite and granodiorite 
and Upper Cretaceous argillaceous limestone and 
marlstone (Rousseva et al., 1994). The Miocene–
Pliocene basin infill is subdivided into two formal 
lithostratigraphic units, i.e., the Iganovo Fm. com-
prised of silty- to sandy clays with pebbly, sandy 
and clayey interbeds, covered by the lignite-bearing 
Moskovets Member (diatomaceous clays with 3 lig-
nite seams). These are overlain by the Romanian si-
liciclastic deposits (pebbles, sands and clays) of the 
Karavelovo Fm. (Rousseva et al., 1994). Alluvial and 
talus sediments cover most of the graben.

Thracian coal-bearing province

Maritsa-West Basin. The basement and basin’s prov-
enance are composed of limestone of Middle Trias-
sic, Late Eocene and Oligocene age, as well as Lower 
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Oligocene sub-volcanic latite. The lignite-bearing 
Maritsa Formation is up to 450 m thick and is com-
prised of fluvio-lacustrine sediments of Miocene to 
Pliocene age (Kamenov, Panov, 1976; Bojanov et al., 
1993). Two coal-bearing levels are recognized with-
in the Maritsa Fm., but only the upper one, i.e., the 
20–40 m thick Kipra Member had economic impor-
tance. The latter comprises four lignite seams with a 
total thickness of up to 5 m, among which the Kipra 
and Havuzki seams are the thickest. The Kipra seam 
(1.75–2.9 m thick) comprises the biggest lignite re-
serves within the Maritsa-West basin. 

Material and methods

For the purpose of the present study 912 coal sam-
ples and 75 carbonaceous shale samples from 19 
coal basins, were studied. The high temperature ash 
yield was determined following standard procedure 
(ISO 17246:2010, n.d.). The ash was further mixed 
with lithium tetraborate and melted in platinum 
crucible at 1600 °С. Subsequently, the alumino-sil-
icate glass was dissolved in nitric acid (ISO 15587-
2:2002, n.d.), and the concentrations of Si and Al 
were determined according (ISO 17294-1:2004, 
n.d.) and (ISO 17294-2:2016, n.d.) standards using 
ICP-VISTA-MPX SIMULTANEOUS CCD optical 
emission spectrometer.

The results were statistically evaluated and the 
Pearson’s correlation coefficients (ro) between the 
studied major elements and ash yield were deter-
mined using Excel™ Data Analysis toolpack. Criti-
cal ro values were calculated based on two-tailed 
distribution, the sample size and alpha =0.05.

Results and discussion

Silicon. Most of the studied coals are characterized 
by silica concentrations in the range 4.0–10.8 wt% 
(Table 1). In comparison to the World average value 
(2.8 wt%; Valković, 1983; Table 1), the established 
enrichment range from 1.4 to 3.9 times. Enrichment 
of Si exist also for the coal ashes, where the con-
centrations are 2.8–4.2 times higher than the Clarke 
value for claystones (Table 1). The coals from sev-
eral basins (i.e. Maritsa-West, Stanyantsi, Chukuro-
vo, Oranovo, Burgas and Pernik), however, are de-
pleted in Si with concentrations up to 4 times lower 
than the World average (0.7–2.7 wt%; Table 1). 
Notably, the carbonaceous shale ashes from these 
basins do not follow such depletion, thus suggesting 
that different supply mechanisms might have been 
responsible for the element input during peat (i.e. 
predominant groundwater supply) and shale (i.e. 
predominant terrigenous supply) formation. 

Silicon is typically not considered to participate 
in the biological functions of higher plants. Recent 
advances in plant biology, however, indicate that 
Si uptake might increase plant’s resistance against 
environmental stress and fungi (e.g. Luyckx et al., 
2017; Frew et al., 2018). Although silicon is non-
essential for plant growth, it is one of the most com-
mon inorganic constituents in plants. It is readily 
absorbed from soils and deposits within the plant 
tissues in the form of amorphous silica (opal) that 
ensures tissues strength and thus facilitates plant 
growth (Kabata-Pendias, 2010). Silicon uptake vary 
significantly from <0.1% to >10% (in some sedges, 
horsetails and diatoms) depending mostly on plant 
species (Kabata-Pendias, 2010). Therefore, the 
plant’s inorganic constituents can have in particular 
cases pronounced impact on the concentration of Si 
in coals. However, since plant ash typically rarely 
exceed 2 wt% (Misra et al., 1993; Kabata-Pendias, 
2010), its influence on Si contents is presumed to 
be more pronounced only in very low ash coals. For 
medium to high ash coals like the studied herein, 
the main source of Si is presumed to be the silici-
clastic input from basin’s catchment areas (Beaton 
et al., 1991; Warwick et al., 1997; Spears, Zheng, 
1999; Chen et al., 2014; Zhang et al., 2020). Quartz, 
feldspars and clay minerals, which are typical con-
stituents in soils formed after felsic intrusive and 
metamorphic rocks, are the most common sources 
of the element. In particular cases, rhyolitic and tuf-
faceous rocks (Taylor et al., 1998), as well as direct 
input of opaline biogenic remains (Ward, 1992), 
can also be considered a significant source of Si. 
Within the peat-forming environment, the Si-bear-
ing minerals can further be subjected to dissolution, 
depending on the physio-chemical conditions (i.e. 
pH) and their relative stability under the particular 
environmental settings. The dissolved Si can further 
participate in plant growth or in mineralization of 
plant tissues. This is considered to be the most prob-
able origin of opal in Maritsa-West coals (Korten-
ski, Dimitrov, 1990)

Considering the above discussion, the low Si 
concentration in basins with carbonate-dominated 
provenance (i.e. Maritsa-West, Stanyantsi, Chuku-
rovo, and Pernik Basins) or basins subjected to ma-
rine transgression during peat formation (i.e. Bur-
gas Basin), is not surprising. Within the individual 
coal provinces (i.e. Sofia, Pernik and Struma-Mesta 
Provinces), notable trends can be established. For ex-
ample, Si concentration within the coals vary signif-
icantly, whereas carbonaceous shales are character-
ized by comparable silicon concentrations (Table 1).  
This fact suggests that different Si supply mecha-
nisms (i.e. groundwater vs. terrigenous supply) 
might have been active during the peat and shale 
deposition. However, considering the low solubility 
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Таблица 1
Средна концентрация на Si и Al във въглища, въглищна пепел и пепел от въглищни скали

Table 1
Average concentration of Si and Al in coal, coal ash and carbonaceous shale ash 

Basins, 
deposits

N
um

be
r o

f s
am

pl
es Average concentration (wt%) in: Pearson’s correlation coefficients (ro)

Si
/A

l

coal coal ash carbonaceous 
shale ash

Si
 v

s. 
as

h

A
l v

s. 
as

h

Si
 v

s. 
A

l

r o 
 c

rit
ic

al

Si Al Si Al Si Al

Thracian coal-bearing Province

Maritsa-West 51 1.6 0.4 9.2 2.3 19.3 1.3 +0.75 –0.48 –0.55 (±0.28) 4.0

Sofia coal-bearing Province

Beli Breg 91 5.1 2.2 15.4 6.5 21.2 11.2 +0.61 +0.63 +0.85 (±0.21) 2.3

Staniantsi 38 2.1 1.5 6.1 4.2 25.3 14.1 +0.93 +0.87 +0.98 (±0.32) 1.4

Sofia 89 3.1 1.9 17.2 10.2 25.2 10.8 +0.49 +0.15 +0.86 (±0.21) 1.6

Samokov 31 7.7 3.5 22.3 10.2 28.2 12.3 +0.52 +0.32 +0.73 (±0.36) 2.2

Karlovo 23 4.4 2.5 22.0 12.7 31.0 18.2 +0.54 +0.41 +0.88 (±0.41) 1.8

Chukurovo 92 2.5 1.7 15.1 10.3 32.3 19.1 +0.84 +0.73 +0.83 (±0.20) 1.5

Gabrovitsa 46 4.2 3.0 15.0 10.5 24.0 16.2 +0.69 +0.48 +0.81 (±0.29) 1.4

Struma-Mesta coal-bearing Province

Kyustendil 39 4.0 2.8 12.2 8.3 20.2 13.2 +0.44 +0.42 +0.70 (±0.32) 1.4

Oranovo 61 0.7 0.3 7.5 2.8 25.4 7.4 +0.83 +0.71 +0.57 (±0.25) 2.3

Gotse Delchev 24 5.4 1.9 15.0 10.0 24.1 14.6 +0.85 +0.80 +0.75 (±0.40) 2.8

Katrishte 26 4.9 1.6 19.0 6.1 24.4 9.6 +0.41 +0.33 +0.77 (±0.39) 3.1

Balkan coal-bearing Province

Balkan 33 5.2 2.5 22.8 10.7 27.0 13.7 +0.48 +0.41 +0.68 (±0.34) 2.1

Burgas 28 0.9 1.5 7.7 9.2 20.5 10.1 +0.59 +0.27 +0.84 (±0.37) 0.6

Pernik coal-bearing Province

Pernik 35 2.7 1.0 15.0 5.8 26.1 9.2 +0.52 +0.49 +0.65 (±0.35) 2.7

Bobov Dol 48 7.3 4.4 22.2 13.2 25.7 15.4 +0.88 +0.59 +0.55 (±0.28) 1.7

Suhostrel 42 7.6 4.3 25.7 14.7 28.4 16.0 +0.41 +0.33 +0.60 (±0.30) 1.8

Dobrudzha coal-bearing Province

Dobrudzha 25 4.9 3.3 15.5 12.3 24.9 10.1 +0.55 –0.42 –0.11 (±0.40) 1.5

Svoge coal-bearing Province

Svoge 90 10.8 5.5 26.9 13.7 26.4 13.7 –0.02 –0.04 +0.78 (±0.21) 2.0

World average* 2.8 1.0

Clarke values for 
claystones** 7.3 8.0

  * After Valković (1983)
** After Turekian, Wederpohl (1961)
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of Si, such hypothesis seems rather unlike. Instead, 
the amount of Si in coals is expected to vary signifi-
cantly depending on the share of the siliciclastic in-
put, whereas the predominant siliciclastic composi-
tion of the shales determines higher and comparable 
Si concentrations. More significant variations are 
observed only in the coals from the Sofia coal-bear-
ing Province (Table 1), because of the differences in 
the lithological composition of the provenance. For 
Beli Breg Basin, the lowest detected herein Si con-
centration is predetermined by the predominance of 
carbonate rocks along the shoreline. Similarly, the 
low Si contents in Stanyantsi, Sofia and Gabrovitsa 
Basins, can also be considered a result of the pres-
ence of carbonate rocks within the catchment areas.  

In higher rank and significantly fractured coals, the 
presence of epigenetic quartz mineralization, infilling 
fractures of different origin (i.e. fissures, desiccation 
and/or tectonic), can also be considered significant 
source of Si. Typical example is the Svoge anthra-
cite, where the high Si concentration (i.e. 10.8 wt%;  
Table 1) is related to epigenetic quartz veins, formed 
during the final (quartz) stage of mineral formation in 
that coal (Kortenski, Ilieva, 1991).

Based on the correlation between the Si and 
ash yields, the studied basins can be split into three 
groups. The first one comprises 9 basins (i.e. Mar-
itsa-West, Beli Breg, Staniantsi, Sofia, Chukurovo, 
Gabrovitsa, Oranovo, Gotse Delchev and Bobov 
Dol Basins), in which silicon displays good to 
very good positive correlation with the ash yields 
(ro= ~0.5 up to 0.9; ro>2*ro critical; Table 1) and 
argue for a predominant inorganic affinity of Si in 
that coals. Such affinity of Si is widely reported 
from various coals around the World (i.e. Beaton 
et al., 1991; Crowley et al., 1997; Warwick et al., 
1997; Spears, Zheng, 1999; Liu et al., 2001; Zhao 
et al., 2017, 2020; Finkelman et al., 2019; Životić 
et al., 2019). Furthermore, Querol et al. (1997a, b,  
2001a), Ward et al. (1999), Karayigit et al. (2000a, 
2020) and Alastuey et al. (2001) accept a priori the 
exclusive relationship of Si with the clay minerals 
and use the correlation of the element with the alu-
mino-silicate part of the ash to determine its mode 
of occurrence. Chen et al. (2014) and Zhang et al. 
(2020) report increased Si contents in the form of 
quartz as a result of the circulation of Si-rich hy-
drothermal solutions within the coal seams. The 
mineral form of Si in the studied basins is mainly 
associated with clay minerals and quartz, although 
a number of other predominantly terrigenous min-
erals (i.e. opal, anorthite, natrolite, stilbite, augite, 
orthoclase, albite, sericite, analcime, hypersthene, 
braunite, titanite, epidote, scapolite) have also been 
detected (e.g. Vassilev et al., 1994; Kostova et al., 
1996; Kostova, Kortenski, 2002; Sotirov, Korten-
ski, 2002, 2004; Kostova, Zdravkov, 2007; Yossifo-

va, 2007, 2014). Considering the relatively low val-
ues of the Si/Al ratio (1.5–2.8; i.e. Slansky, 1985) 
and the good positive correlation between Si and Al 
(ro=0.55–0.98; Table 1) in those basins, however, 
indicate that quartz most probably plays secondary 
role as silicon source. Only for Maritsa-West lig-
nite, the dominant role of quartz can be suggested 
by the high Si/Al ratio (4.0) and the good negative 
correlation between the two elements (i.e. ro=–0.55; 
Table 1). Furthermore, a clear predominance of the 
clay minerals over the low- to negligible amounts 
of terrigenous quartz, can be outlined as the main 
source of Si in the low-rank coals (except in Marit-
sa-West lignite). In higher-rank coals (i.e. the Bal-
kan and Dobrudzha bituminous coals, and especial-
ly the Svoge anthracite), however, the occurrence of 
epigenetic quartz mineralization within cracks, can 
be considered as the most probable source of the 
element. Similar trend is also reported by Chen et 
al. (2014) and Zhang et al. (2020) for Chinese coal.

The second group of basins (i.e. Karlovo, Samok-
ov, Kyustendil, Katrishte, Burgas, Pernik, Suhost-
rel, Balkan and Dobrudzha Basins), is character-
ized by poor positive correlation, as indicated by 
the relatively low ro values (ro~ro critical; Table 1).  
Mixed organic/inorganic affinity with a slight pre-
dominance of the inorganic form of the element, 
can be suggested for these basins. Similarly like in 
the first group, the relatively low values of the Si/
Al ratio (0.6–3.1) and the good positive correlation 
between Si and Al (ro=0.60–0.88; Table 1) argue for 
the major role on clay minerals as a source of Si. 
Only for Katrishte coal, quartz can also be consid-
ered a source of the element. The data indicate that 
at least part of silicon exists in organic form. Con-
sidering the fact that the average Si content in plants 
is only about 0.07% (Voitkevich et al., 1983) the 
share of biogenic Si is most probably insignificant. 
However, although the organic acids within the peat 
mire would hardly affect most of the silicate miner-
als listed above, they can extract Si from the clay 
minerals. According to Tan (1975) small amount of 
silicon can be extracted into solution due to partial 
decomposition of clay minerals during humic acid 
treatment. The liberated Si can further participate 
in chemical reactions to form Si complexes with 
the organic acids (Yudovich, Ketris, 2002), which 
could explain the partial organic affinity of the ele-
ment in this group of coal deposits.

The third group comprises only the Svoge an-
thracite, which displays no correlation between the 
Si concentrations and ash yields (ro=–0.02; Table 1).  
This is a surprising observation, considering the high 
Si contents and the presence of epigenetic quartz 
veins in that coal. However, it should be noted that 
the inorganic matter there is mostly represented by 
syn- and epigenetic carbonate (siderite) and sulfide 
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(pyrite) minerals, whereas Si-bearing (i.e. silici-
clastic minerals+epigenetic quartz) minerals are 
rare (Kortenski, Ilieva, 1991), and therefore, have 
only minor share in the ash yield (Kortenski, Ilieva, 
2000), which in turn reflects in the absence of sig-
nificant correlation. Considering the high positive 
correlation between Si and Al (i.e. ro=0.78), togeth-
er with the low Si/Al ratio (Table 1), inorganic form 
of occurrence of Si (i.e. clay minerals) is also prob-
able for that basin.

Aluminum. In coal ash the element’s concentra-
tion vary from 2.3 to 14.7% (Table 1). The highest 
Al contents are detected in the ash from Bobov Dol 
and Suhostrel coal, as well as in Svoge anthracite. 
In comparison to the World’s average Al contents in 
coal (Valković, 1983), the detected aluminum con-
centration is up to 5.5 times higher (Table 1). Ex-
ceptions are the Pernik coal, in which the Al content 
equals the World average, as well as the Maritsa-
West and Oranovo coal, where the element shows 
significant depletion (Table 1). The carbonaceous 
shale ashes from the latter two basins also show 
Al depletion in comparison to the Clarke value for 
claystone (1.1 to 6.2 times), thus arguing for a lim-
ited siliciclastic input. For the rest of the basins, Al 
concentrations is enriched by a factor of 1.2 up to 
2.4 (Table 1) in the carbonaceous shale ashes. 

The good positive correlation between Al and 
ash yields in Beli Breg, Staniantsi, Chukurovo, Or-
anovo, Gotse Delchev and Bobov Dol coals (ro>2*ro 
critical; Table 1) argue for a predominant inorganic 
affinity of the element in those basins. Since alu-
minum is one of the most common chemical ele-
ments in Earth’s crust, that is known to participate 
as a main or a secondary component in many sili-
cate minerals, the mineral form of occurrence of 
the element is not surprising. Similar geochem-
istry of Al is also known from other coal around 
the World (i.e. Beaton et al., 1991; Querol et al., 
1996; Crowley et al., 1997; Warwick et al., 1997; 
Spears, Zheng, 1999; Liu et al., 2001; Finkelman et 
al., 2019; Životić et al., 2019; Karayigit et al., 2020; 
Zhao et al., 2020). Moreover, Querol et al. (1997a, 
b, 2001a), Karayigit et al. (2000a, b), and Alastuey 
et al. (2001) accept a priori the exclusive relation-
ship of Al with the clay minerals and use the corre-
lation of the element with the alumino-silicate part 
of the ash in order to determine its mineral form of 
occurrence in coal. The mineralogical composition 
of the studied herein coal basins, also indicate that 
Al is mostly associated with the clay minerals, al-
though accessory Al-bearing silicates (i.e. anorthite, 
natrolite, stilbite, augite, orthoclase, albite, seric-
ite, analcime, epidote, alunite, natroalunite, spinel, 
halotrichite, etc.) have also been detected.

For the rest of the basins, however, the correla-
tion between Al and the ash yields, although posi-

tive, is either poor (i.e. ro~ro critical in Karlovo, Gab-
rovitsa, Kyustendil, Pernik, Suhostrel and Balkan 
coal), or falls below the statistical significance (i.e. 
ro<ro critical in Sofia, Samokov, Katrishte, Burgas 
and Svoge coal; Table 1). The latter suggests mixed 
organic/inorganic affinity of the element, although 
for part of the basins slight predominance of the 
inorganic form of Al can be suggested. Only in 
Maritsa-West and Dobrudzha coal the correlation 
is negative and argue for a predominantly organic 
affinity of the element. Although rarer, such affin-
ity of Al is also reported. For example, Querol et 
al. (2001b) report between 78–95% of aluminum 
in some American coals has organic affinity. Ward 
(1992) also note that at least part of Al can partici-
pate in various organo-metallic compounds. This 
is probably mostly related to the increased solubil-
ity of Al in acidic environments (Kabata-Pendias, 
2010), which might result in its release from the 
silicate minerals (i.e. Tan, 1975) and subsequent 
formation of complexes with the organic acids 
within the mire. Although Al is not considered to 
have significant biological functions, it is com-
monly detected in plants in concentrations rang-
ing from few up to several thousand ppm (Kabata-
Pendias, 2010) and hence biological origin of the 
element cannot be ruled out. However, considering 
the average Al concentration in land plants is only 
~20 ppm (Yudovich, Ketris, 2002), the contents 
of plant-derived Al in the studied coals are most 
probably negligible. Therefore, the presumed or-
ganic affinity of the element can mostly be con-
sidered to reflect the formation of stable organo-
metallic humic and fulvic compounds within the 
acidic peat-forming environment. 

Conclusions

Considering the above discussion, it can be sum-
marized that the terrigenous input of silicate min-
erals was the main source of both Si and Al in the 
studied coal basins. Despite the fact that many sili-
cate minerals were previously detected in Bulgar-
ian coals, the clay minerals are considered the most 
important source of the elements, since the rest of 
the silicates are accessory and, therefore, cannot 
have significant effect on the total amount of the 
elements in coal. For that reason, the concentration 
of both Al and Si is lower in those basins where 
the clay mineral supply was limited, either due to 
dominance of carbonate rocks (i.e. Beli Breg, Stani-
antsi, Maritsa-West and Pernik Basins) or due to the 
absence of claystones (i.e. Oranovo Basin) within 
the catchment areas during peat formation. Envi-
ronmental acidity is unlikely to significantly affect 
the elements’ concentration, but is most responsible 
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for the changes in the form of their occurrence in 
coal (i.e. inorganic vs. organic form). The epigen-
etic mineralization in some of the higher ranked 
coals (i.e. Balkan, Dobrudzha, Svoge) might be 
responsible for the increased Si contents, but have 
no pronounced effect on the concentration of alumi-
num, since the cracks are mostly filled by sulfides, 
carbonates and quartz. The epigenetic transforma-

tion of the less stable syngenetic clay minerals (i.e. 
smectite, kaolinite, mixed-layer silicates, etc.) into 
illite or chlorite (Stach et al., 1982) could have in-
fluenced elemental concentrations in Suhostrel coal 
and Svoge anthracite, but it is far more likely that 
the higher Al contents in those basins is related to 
the predominance of argillaceous rocks within their 
catchment areas.
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