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Ji . KopmeflcKu, A. Comupos - Jlpucymcmsue u pac­
'1peiJell el/ue cuiJepo¢ullbflbiX 31/eMeumos 6 fleKomopblX 

_-. ?. lRX Eo112apuu. Ilpo6hl co6paHhiH3 tteThipHa.nuan-i Ka­
'-!eHHoyronhHhiX 6acceHHOB H MeCTOpmK,neJ-IHH Ha Tep­
. ;nop1111 Eonrap1111. B HHX 11ccne.noaanoch co.nep)KaHI1e 
:i! pacnpe.neneHI1e c11.nepo¢>11nhHhiX 3JieMeHToa: Fe, Ni, 
Co. Mn, Cr, V 11 Ti. Yrn11 pa3JII1tta10TCR no CTeneHI1 yrne­
: IIKaU1111 (paHry) 11 no B03paCTy. 06pa3Uhl JII1fHI1THhiX yr­
.l eii B3RThi 113 HeoreHOBbiX 6acceiiHoB: Map11ua-3anan, 
CTaHRHUhi, Een116per, qyKypooo, a TaK)Ke- H3 Co¢>11iic-
oro, KapnoocKoro, CaMOKOBCKoro, K10cTeH,ni1JihCKoro, 

OpaHoocKoro, fa6poBH11UCKoro 6acceiiHOB 11 113 6accei:i­
;,oo Kpal1uneHCKOro paiioHa. Cy66HTYMI1H03Hhie yrn11 
3'3JIThi 113 naneoreHoooro IlepH11KCKOro 6acceiiHa, a 611-
:y~.mH03Hhie - 113 JoueHcKoro CyxocTpencKoro 6accei:i­
?!a 11 H3 ceHOMaHOBbiX 6accei:iHOB EanKaHa. Hccne.nooaH 
7aKll\e aHTpaU11T neHCI1JihBaHcKoro ao3pacTa 113 CaoreH­
- oro 6accei:iHa. nOJihllli1HCTBO 113 o6pa3uoa conep)KaT 
1!ia411TeJihHh!e KOJIHtteCTBa CH,nepOcpHJihHhiX 3JieMeHTOB. 
Fe. Ni 11 Co Haxo.nJITC11 a HeraTI1BHOH KoppeJIJIUI111 c 
. TOJihHhiM nenJIOM Ka)K,UOfO H3 6aCCeHHOB, 3a HCKJI104e­
"H!e~ EenH6pe)KCK11X 11 CyxocTpencKI1X yrnei:i. Ilo311TI1B­
::;aJI KoppeJIRUHJI Ti H cooTBeTCTBYIOll.\ero yroJihHOro 
::ren;l a Bhi11BJIJieTCJI ttaCTO. ,[(JIR Mn, Cr 11 V KoppeJI11UHR 
<!..'!eeT npei1MymecTBeHHO HeraTI1BHhlH xapaKTep. B pac­
:JpeneneHI1H CH.Liepo¢lHJihHh!X 3JieMeHTOB Bhi11BJieHhl 
- , elly10ll.\11e TeHneHUHH: KOHUeHTpaU11H Ni 11 Co HMeiOT 
.:-<OllHhie pacnpeneneHHJI a yrn11x acex 6accei:iHoa. Fe no­
I23biBaeT a¢l¢lHHI1TeT K OpraHHl!eCKOMY aemeCTBY BO 
~cex 6accei:iHax 3a HCKJIIOtteHHeM EenH6pe)KcKoro 11 Cy­
lOCTpencKoro. TaKoH-)Ke acpcp11HI1TeT xapaKTepeH .nn11 
?<iCnpeneneHHR Ni 11 Co. Acpcp11HI1TeT Mn K opraHI1ttec­
x:o~IY aemecTay ycTaHoaneH a ym11x EenH6pe)KCKoro, qy­
:rypoocKoro, KapnoacKoro, CaMOKOBCKoro H KIOcTeH­
.::R..lhCKOro MecTopO)KlleHHH. Acpcp11HHTeT Cr K opraHH­
"'ecKoMy Bell.\eCTBY He ycTaHaBJII1BaeTC11 TOJibKO B HeC­
ID.lbKHX 6acceiiHax, a HMeHHO: B Een116pe)KCKOM, qyKy­
;x>BCKOM, fa6poBH11UCKOM, KIOcTeH,nHJihCKOM, OpaHOB­
:.o~. a TaK)Ke - a ymRX KpaHmeHcKoro pai:ioHa. A<P<PH­
a:<rreT V K opraHHttecKoMy aemecTay xapaKTepeH .nn11 yr­
.:ej;j 113 6accei:iHos Map11ua-3ana.n, llyKypooo, Kapnooo, 
; TaK)Ke - .nn11 yrneH 113 CaMoKoacKoro, Co¢>HiicKoro, 

aHOBCKOrO, fa6pOBHHUCKOfO 6acceHHOB H ,UJIR Ilep­
~1\CKHX yrneH. OpraHHtteCKI1H a¢>cpHHHTeT Ti ycTaHoa-

Abstract. Coals from fourteen Bulgarian basins and 
deposits were sampled. The siderophile elements Fe, Ni, 
Co, Mn, Cr, V, Ti and their distribution were studied in 
these samples. The coals have different rank and age. 
The studied lignite was taken from the Neogene Maritsa­
West, Stanyantsi, Belibreg, Chukurovo, Sofia, Karlovo, 
Samokov, Kyustendil, Oranovo, Gabrovitsa, and Ka­
trishte basins. Subbituminous coal was taken from the 
Paleogene Pernik Basin, bituminous coal was from the 
Eocene Suhostrel and Cenomanian Balkan Basins, and 
the Svoge Pensilvanian anthracite was also investigated. 
Most of the studied coals were rich in siderophile 
elements. Iron, Ni and Co have negative correlation with 
the coal ash in all coals with exception of Belibreg and 
Suhostrel coal. Titanium often has positive correlation 
with the coal ash, and Mn, Cr and V show mainly 
negative correlation with the ash. The following ten­
dencies of the concentration and distribution of the 
siderophile elements in the studied coal were established: 
The concentrations of Ni and Co have similar dis­
tribution in the coal from all studied basins. The Fe has 
organic affinity in all studied coals and Ni and Co have 
organic affinity in all coals with an exception of Belibreg 
and Suhostrel coal. The Mn has organic affinity with an 
exception in the Belibreg, Chukurovo, Karlovo, Sa­
mokov, and Kyustendil coal. Cr has organic affinity with 
an exception of Belibreg, Chukurovo, Gabrovitsa, Kyu­
stendil, Oranovo, and Katrishte coal. Vanadium has 
organic affinity in the Maritsa-West, Chukurovo, Kar­
lovo, Sofia, Samokov, Gabrovitsa, Oranovo, and Pernik 
coal. Titanium has organic affinity in the Belibreg, Sofia, 
Karlovo, Kyustendil , and Svoge coal. The main factors 
for the accumulation of the siderophile elements in coals 
were: l) location of the basins closely to metallogenic 
provinces or rocks around the basin with high con­
centrations of the elements; 2) good conditions for 
forming of organic and inorganic complexes in the 
ancient peat bog; 3) fracture and cleat of the coal seams 
in combination with the presence of infiltration solutions, 
which contained siderophile elements . 
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neH B yrm1x Eenw6per, B CoqmifcKoM, KapnoacKoM, 
KrocTeH,n;HJibCKOM 6acceifHax H B CsoreHCKHX yrllilx. Oc­
HOBHbiMH cpaKTOpaMH HaKOIIJieHIDI CH,n;epOcpHJibHbiX 3Jie­
MeHTOB B yrnRx SIBJIJUOTCSI: 1) rrpocTpaHCTBeHHaSI 6nw-
30CTb 6acceifHOB H MeTaJIJIOreHH'ieCKHX npOBHH~HH HJIH 
pa3MemeHHe 6acceifHOB B 6JIH30CTH c nopo,n;aMH, co.n;ep­
)l(amHMH 3TH 3JieMeHTbl; 2) IIO,D;XO,D;SilUHe YCJIOBHSI ,D;JISI 
06pa30BaHHSI OpraHH'ieCKHX H HeOpraHH'ieCKHX KOM­
IIJieKCOB B ,n;peBHHX 60JIOTaX 3) TpemHHOBaTOCTb H 'iepe­
,D;OBaHHe yrOJibHbiX nJiaCTOB C ,n;pyrHMH IIOpO,D;aMH B CO­
'ieTaHHH C npHCYTCTBHeM HHcpHJibTpal(HOHHbiX paCTBO­
pOB, co.n;ep)l(amHX cw.n;epocpHJibHhie 3JieMeHTbi. 

Kortenski, J., Sotirov, A. 2004. Occurrence and distribution of the siderophile elements in some 
Bulgarian coals. - Geologica Bale., 34, 3-4; 7I-88. 

Key words: geochemistry, siderophile elements, element affinity, accumulation factors, and 
Bulgarian coals. 

Introduction 

Coals from fourteen Bulgarian basins and 
deposits were sampled (Fig. 1 ). The content of 
the siderophile elements Fe, Ni, Co, Mn, Cr, V, 
and Ti and their distribution were studied in 
the samples. The coals have different rank and 
age. Lignite was sampled from the Neogene 
Maritsa-West, Stanyantsi, Belibreg, Sofia, Kar­
lovo, Samokov, Kyustendil and Oranovo ba­
sins and the Gabrovitsa and Katrishte deposits 
(Fig. I). The subbituminous coal was taken 
from the Paleogene Pernik Basin, the bitu­
minous coal was from Eocene Suhostrel and 
Cenomanian Balkan Basins, and the anthra­
cite coal was sampled from the Svoge Carbo­
niferous basin. 

ROUMANIA 

Fig. 1. Location of the studied coal basins. 
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1 - M aritsa-West; 2 - Belibreg; 3 - Chukuruvo; 4 -
Gabrovitsa; 5 - Karlovo; 6 - Samokov; 7 - Sofia; 8 -
Stanyantsi; 9 - Katrishte; 10- Kyustendil; 11 - Oranovo; 
12- Pernik; 13- Suhostrel; 14- Balkan; 15 - Svoge. 
I - lignite; II - sub-bi tuminous coal; III - bi tuminous 
coal; IV - anthracite 
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EcKeHa3H (1972, 1993) and Eskenazy and 
Mincheva (1992) published data on the 
distribution of Mn, Ti, Ni, Co, V and Cr in the 
coal from other Bulgarian basins. 

Geological setting 

The studied coal basins are situated in several 
coal provinces, as divided by Siskov (1997). 

The sampled Maritsa-West basin is a part of 
the Trakia coal province (Southeast). The 
coal-bearing Neogene sediments are only re­
presented by the Maritsa Formation (Table 1 ), 
which contains two coal-bearing levels. This 
formation is composed of clay, sand, and 
sandstone. The coal seams from the Brodsko 
level (low level) are without economic signi­
ficance. The Kiprenski seam from the Kip­
rensko level was sampled. The coal-bearing 
sediments are weakly folded. Two shallow 
synclines and one anticline have been esta­
blished. Single faults with low amplitude were 
noted, too. 

The Sofia coal province (Southwest) inclu­
des several basins of Miocene-Pliocene and 
Pliocene age (Table I). 

The coal-bearing Lozenets Formation from 
the Belibreg basin is of Dacian age. The 
formation is composed of gravel, sandy clay, 
clay, and carbonate clay, with five coal seams 
(Table 1), only one of them with economic 
significance. The boards of the ancient peat 
bog were composed of Triassic and Jurassic 
limestone, dolomite, and silt. The Pliocene 
sediments fill a graben-syncline with orienta­
tion NW-SE. The principal faults are located 
in the zone with prevailing orientation 11 oo-
125°. 



Table 1 
Age and rank of the coal from studied Bulgarian basins 

Coal province Basins Coal-bearing Age Number of Number Rank 
formations seams of economic of coal 

seams 
Trakiyska Maritsa-West Marishka Middle Miocene 2 2 L 

Belibreg Lozenetska Early Dacian 5 I L 
Chukurovo Suite of the clay Helvetian I2-16 12 L 

sandstones and clay 
Sofiyska Gabrovitsa Gabrovishka Pontian I - L 

Karlovo Iganovska Miocene-Pliocene 3 3 L 
Samokov Alinska Pontian-Dacian I I L 
Sofia Gnilyanska Pontian 1-2 I-2 L 
Stanyantzi Belozemska Late Sarmatian I 1 L 

Strumsko- Katrishte Skrinyanska Badenian- Sarmatian 1 I L 
Mestenska K_ytl_stendil Skrinyanska Sarmatian-Meotian I I L 

Ora novo Oranovska Badenian 4 1 L 
Pernishka Pernik Pernishka Late Oligocene 5 3 SB 

Suhostrel Suhostrelska Middle Eocene 3 - B 
Balkanska Balkan Coal-bearing Cenomanian 3-8 3-8 B 
Svogenska Svoge Carichinska Namurian A, B 7-17 7-17 A 

Drenovska Namurian C-
Westphalian B 

Chibaovska Westphalian 

L - lignite; SB - subbituminous coal; B - bituminous coal; A - anthracite. 

The Stanyantsi basin is situated into a region 
om posed of Triassic (conglomerate, sand-

5tone, siltstone, limestone, and dolomite), Ju­
assic (sandstone, siltstone, and limestone), 

and Upper Cretaceous (marl and limestone) 
ocks. Baues (1999) reports four formations: 
~he Dvechkenska Formation, the Belozemska 
Coal-bearing Argillite Formation, the Zaini-
5hka Sandstone-Argillite Formation, and the 
Stanyanska Conglomerate-Sandstone Forma-
ion. The Belozemska Formation includes 
ake-type silt and sand-argillite clay, black 
~lay, carbonate clay, marl, limestone and a 
-oal seam at its base. The coal seam is 20 m 
·hick. The thickness of the formation is 30-60 
rn. The formation age is Upper Sarmatian. The 
ignite-bearing sediments fill a block-graben 

5tructure with NW-SE direction. The coal is 
.ignite. 

The Sofia basin is located in the Sofia field 
F ig. I). The bottom and the boards of the basin 
are composed of Paleozoic, Triassic, Jurassic 
and Cretaceous sediments; Cretaceous ande­
zites; and Paleogene rocks. KaMeHoB, KoiOM­
LKHesa (1983) divided the Neogene sediments 
vf the colored clastic formation and the Sofia 
group, which consists of three formations: 
Gnilyane, Novoiskar and Lozenets formations . 
The Gnilyane Formation is coal-bearing. It is 
-omposed of gravel, conglomerate, sand, sand-
- one, silt and clay. One coal seam, known as 

:) Geologica Balcanica, 3-4/2004 

Balsha Coal-bearing Member, is found in the 
upper part of the Gnilyane Formation. It has 
an average thickness of 30 m, but sometimes it 
is tectonically 70-90 m thick. Its composition 
is complicated - with many thin layers of coal 
clay and clay. Sometimes the high-ash (Kre­
mikovski) lignite seam appears under the main 
seam. The thickness of the Pontian Gnilyane 
Formation is 100-150 m. The basin is a graben­
syncline (Sofia syncline), with a NW-SE di­
rection. The layers are inclined from 1 oo to 
15°. There are known faults with NW-SE 
direction and SW-NE direction and amplitude 
up to 100m. 

The Chukurovo basin is located 40 km south­
east of the city of Sofia (Fig. 1 ). The lignite-bear­
ing sediments are of Helvetian age. They are 
determined from Kamenov (1956) as Forma­
tion of the clay sandstone and clay with the 
Chukurovo coal seam (KauKoB, M.rrHeB, 1983). 
They consist of clay, sandy clay, sandstone, and 
coal seams with a thickness of 12-18 m. In the 
southern part, the coal seams compose one 
complicated coal complex with thickness up to 
40 m. The coal-bearing sediments fill the Chu­
kurovo graben, a weakly folded syncline, which 
has NW-SE orientation. The board of the basin 
is composed of Formation of the phylitoid 
schist and phyllite (Silurian-Devonian), Pan­
charevo Formation (Middle Triassic) and 
Gintsi Formation (Middle-Upper Jurassic). 
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The Samokov basin is located in the 
Palakariya graben. The Neogene sediments 
were divided by AHTHMOBa, KoiOM)J)KHeBa 
(1991) who distinguished the lower conglo­
merate-sandstone formation, Alina and Re­
liovska Formations. The Alina Formation is 
coal-bearing and has a Pontian-Dacian age. It 
contains one lignite seam with thickness 2-9.5 
m. The board of the basin is composed of the 
rocks of the Plana Pluton (diorite, quartz­
diorite, granite) and Proterozoic biotite and 
mica gneisses. 

The coal-bearing sediments of the Karlovo 
basin are represented by the lganovo Forma­
tion, composed of clay, sandstone and silt. 
Three lignite seams are referred to a Moskovets 
Member with Miocene-Pliocene age. The coal­
bearing sediments fill one NW-SE graben. 

The Gabrovitsa basin is located in a graben 
about 80 km south of Sofia (Fig. 1). The base­
ment and the board are composed of meta­
morphic rocks with Proterozoic age, granite, 
~nd sandy-clay Oligocene sediments. Bau.eB, 
llopnaHOB (1995) introduced four formations, 
and namely, the Belidolska, Gabrovishka, 
Dolnopolska, and Drandarishka Formation. 
The Pontian Gabrovishka Formation contains 
one lignite seam with thickness up to 2.4 m, 
with alternation of sandstone, clay sandstone, 
clay, coal clay and thin coal layers (Table 2). 

Table 2 
Number of samples from coal seams 

The coal-bearing sediments of the Kyusten­
dil basin were subdivided into tree formations 
by Bau.eB, EoHeB (1994), and namely: Spa­
sovishka Argillite-Conglomerate-Sand For­
mation, Skrinyanska Sandy-Argillite Forma­
tion and Koilishka Conglomerate Formation. 
The Skrinyanska Sandy-Argillite Formation is 
coal-bearing. The Nikolichevski coal seam 
with an average thickness of 5 m is situated at 
the base of the formation. The coal seam is 
covered by clay, sandy-silt clay with diatomite, 
carbonate clay, marl, sandstone, and sand. 
The age of the Skrinyanska Formation is 
Sarmatian-Meotian and Pontian (Upper Mi­
ocene). The coal-bearing sediments fill a gra­
ben structure, named Kyustendil graben. The 
seam dips at angles of 5-l oo. The coal exhibits 
a transition from lignite to subbituminous. 

The bottom and the boards of the Oranovo­
Simitli basin are composed of amphibolite, 
schist, gneiss, marble, and Paleogene sedi­
ments. The Neogene of the Simitli graben is 
subdivided (Bau.eB, 1991) into five formations: 
Drachevishka Conglomerate Formation, Ora­
novo Coal-bearing Formation, Duarska Sandy 
Conglomerate Formation, Gradevska Con­
glomerate Formation and Revalska Conglom­
erate-Sandy Formation. The Badenian Ora­
novo Formation is represented by an alterna­
tion of sandstone and silt, also sandy clay, bi-

Basins Rank Number Sampled seam Thickness, m Number of samples 
of economic Core Channel 

seams 
Maritsa-West L 2 Kiprenski · 2.8 38 
Be lib reg I II 20 39 
Chukurovo 12 Coal complex 40 40 
Gabrovitsa - I 1.8 35 5 

Karlovo L 3 I 1.9 13 
II 1.4 10 

Samokov I 8 31 
Sofia 1-2 Balshenski 25 54 5 
Stanyantzi I 22 38 
Katrishte I 15 22 
Kyustendil L I Nikolichevski 9.5 39 
Ora novo 1 Ila 28 61 
Pernik SB 3 B 1.5 15 

D 3.8 20 
Suhostre1 B - II 1 17 
Balkan B 3-8 VI 1.2-6.8 26 
Svoge A 7-17 I 1.5 32 

II 1.3 29 
III 1.2 29 

L - lignite; SB - subbituminous coal; B - bituminous coal; A - anthracite. 
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tumen-rich clay, coal clay, and coal seams. 
The lignite coal seams have thickness from I to 
8 m with local thick parts (up to 30 m). The 
Oranovo-Simitli coal basin is a graben-syn­
cline (the Simitli graben) broken by the 
Krupnik fault, Gradevski fault and the Struma 
deep fault. 

The Skrinyanska Sandy-Argillite Formation 
of the Katrishte basin is coal-bearing. It is 
composed of clay, sandy-silt clay with diato­
mite, carbonate clay, marl, sandstone, and 
sand. The age of the formation is Badenian­
Sarmatian. One coal seam with thickness up to 
15 m is known (Table 2). The coal-bearing 
ediments fill a graben structure. The coal is 

lignite to subbituminous. 
The Pernik basin is located about 30 km 

outhwest of Sofia (Fig. I). Paleozoic ( conglo­
merate, sandstone and siltstone), Lower Trias­
ic (conglomerate, sandstone and siltstone), 

Yfiddle and Upper Triassic (argillite, lime­
tone and dolomite), Jurassic (siltstone and 

argillite), and Upper Cretaceous (andesite of 
he Lyulin Pluton, sienite and diorite of the 

Vitosha Pluton) rocks build the bottom and the 
boards of the basin. The coal-bearing Paleo­
gene sediments have been subdivided by R. Be­
regov and B. Kamenov (s. 3aroplleB et al., 
1994) into five formations: conglomerate­
sandstone formation, bitumolite formation, 
Yaricolored sub-coal formation, coal-bearing 
formation, and formation of the thin layered 
argillite. The coal-bearing formation is repre­
sented by sandstone, sandy clay, thin-layered 
silt, argillite, and coal seams. In the central 
part of the basin, there are five coal seams with 
thickness up to 20 m. In the northwestern part 
of the basin, the coal seams are combined into 
one coal complex with thickness up to 30 m. 
The age of the coal is Upper Oligocene. The 
ediments accumulated in the Pernik graben 

are folded in one large syncline - the Pernik 
syncline. There are many known faults with 
amplitudes from 2 to 15 m to I 00-150 m. The 
coal is subbituminous B. 

The coal-bearing sediments of the 
Suhostrel basin are in from the Upper Eocene 
Suhostrel Formation (Map11HOBa, 1993). A 
Piliovo Member contains coal seams of bitu­
minous coal. The coal seams alternate with 
sandstone, siltstone, argillite, and coal argil­
li te. The bottom and the boards are composed 
of Proterozoic schist and Paleozoic breccia­
conglomerate, sandstone, siltstone, and argil­
lite. The coal-bearing sediments of the 
Suhostrel and South-Suhostrel synclines are 
weakly folded. 

The bottom and the boards of the Balkan 
basin are composed of sediments with different 
age: Paleozoic granodiorite of the Tvarditsa 
Pluton, Lower Triassic, and Jurassic and 
Lower Cretaceous sandstone, argillite, marl, 
and dolomite. KoHlfeB 11 ,n;p. (1995) divided 3 
formations in the Cenomanian sediments: the 
principal clastic formation, the coal-bearing 
formation, and the supra-coal marl formation. 
The basin is a complicated folded system with 
anticlines, synclines and folds. The sediments 
are fractured along many faults with ampli­
tude up to 600-700 m. The coal is bituminous. 

The Svoge basin is located, about 30 km 
north of the city of Sofia (Fig. 1 ). TeHl:IOB ( 1966) 
and PycaHOB, IlorroB (I987) subdivided the 
carboniferous sediments into four formations. 
The Tsarichina Formation (Namurian A, B) is 
composed of conglomerate, sandstone, silt, 
argillite, and thin coal seams with a total 
thickness of 150-200 m. Sandstone, silt, and 
argillite comprise the Dramsha Formation 
(Namurian C). The Drenovska Formation 
(Namurian C-Westphalian B) is composed of 
conglomerate, sandstone, silt, argillite, coal 
argillite, and coal seams. Chibaovo Formation 
(undetermined Westphalian) includes con­
glomerate, sandstone, silt, argillite, and coal 
seams. The underlying rocks are sediments 
with Ordovician, Silurian, Devonian, and 
Lower Carboniferous age. The Upper Carbon­
iferous sediments are covered by Triassic and 
Quaternary rocks. The Svoge basin is settled 
into the frame of the EW Svoge syncline. The 
carboniferous sediments are highly fractured 
in two systems: NE-SW and NW-SE. The coal 
rank is from semi-anthracite to meta-anthra­
cite. 

Methods 

Coal seams from 14 coal basins were sampled. 
The samples were channel and/or core 
(Table 2). Five-hundred-ninety-eight coal and 
coal shale samples were ground in an agate 
mortar to <25 mm particle size. Five grams of 
each sample were combusted at the tempera­
ture of 800oC (high temperature ashing) in an 
oven. The ash was analyzed by Instrumental 
Neutron Activation Analysis (INAA), Atomic 
Adsorption Analysis and Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS). The re­
sults were processed statistically and the coef­
ficients of correlation between the elements 
and the ash content (Ad- dry ash) were deter­
mined. The Clarke value of IO,n;oBI1lf 11 ,n;p. 
(1985) _for the coal ash is used. The latter au-



thors to sum up results from about 10 000 
samples from different rank coal from the 
former Soviet Union, USA, England, Ger­
many, Australia, India, Austria, Canada, Den­
mark, Portugal, Rumania, Bulgaria, Hungary, 
France, South Africa, the former Czechoslo­
vakia and other countries. 

Results and Discussion 

Many authors studied the factors, which influ­
ence on the distribution and presence of the 
elements in coal; for example Yudovich (1978), 
BoihKeaHq et al. (1983), Swaine (1990), Fin­
kelman (1995), Eskenazy (1996), and Kop­
TeHCKH (1998). 

The main factors which influence the distri­
bution of the siderophile elements in the coals 
taken into consideration in the present study 
were: 1) the concentration of elements Fe, Ni, 
Co, Mn, Cr, V, Ti in the peat-forming plants; 2) 
the concentration of the Fe, Ni, Co, Mn, Cr, V, 
Ti in the rocks around the ancient peat bogs; 
3) the type and the directions of supplying of 
the peat bogs with elements or minerals (sur­
face or ground water supplying); 4) the param­
eters of the environment (pH, Eh) of the an­
cient peat bogs; 5) cleat and fracture of the 

Table 3 

coal seam; 6) the presence and type of the min­
eralized water in the coal seam. 

Iron 

The ash of the lignite from the Katrishte de­
posit contains the highest concentration of 
iron, with comparison to the Fe content in the 
coal ash from the other studied basins 
(Table 3). The ash of the lignite from the 
Maritsa-West, Chukurovo, Sofia and Sta­
nyantsi basins and Gabrovitsa deposit con­
tains more than 10% Fe. The average Fe con­
centration in the ash of the sub-bituminous 
coal from the Pernik basin is 18.23%. The low­
est iron content is found in the ash of the 
Karlovo lignite and the Svoge anthracite. The 
iron content in the coal ashes from the 
Maritsa-West, Chukurovo, Sofia, Pernik, Sta­
nyantsi basins and the Gabrovitsa and Katri­
shte deposits is higher than the data for the 
other world basins (with an exception of the 
Teruel coal ash) (Table 4). Coal ashes from the 
Karlovo lignite and the Svoge anthracite have 
lowest concentrations of Fe in comparison 
with other basins from Table 4. 

Iron has a negative coefficient of correlation 
with the ash content in the studied coal, espe­
cially in the coal from the Pernik, Maritsa-

Average content of the siderophile elements in coal ash from studied Bulgarian basins 

Coal Rank Number 
province Basins of Fe, Ni, Co, Mn, Cr, ppm V, Ti, 

samples % ppm ppm oom ppm m>_m 
Trakiyska Maritsa-West L 38 12.1 57.7 '!9.8 1660 50.1 61.7 ND 

Belibreg 39 6.9 4.2 2.1 1150 49.9 18.8 300 
Chukurovo 40 14.6 90.5 73.6 344 21.3 33.6 1140 
Gabrovitsa 40 11.2 26.6 6.8 604 75.0 96.6 611 

Sofiyska Karlovo L 23 4.3 16.2 9.1 114 144.7 147.4 4320 
Samokov 31 7.7 136.2 29.2 1314 120.7 149.0 2430 
Sofia 59 11.8 107.1 36.2 790 130.0 170.0 6900 
Stanyantzi 38 10.9 62.7 6.8 150 ND 130.0 1860 

Strumsko- Katrishte 22 29.6 109.8 30.5 588 7.5 26.4 2880 
Mestenska Kyustendil L 39 13.8 11.6 3.1 426 200.4 83.4 2094 

Oranovo 61 6.5 51.9 19.7 800 17.7 25.3 2600 

Pemishka Pernik SB 35 18.2 331.2 150.2 755 106.0 250.0 4785 

Suhostrel B 17 6.2 10.1 9.2 370 277.0 277.0 1000 
Balkanska Balkan B 26 7.4 18.4 14.6 144 85.4 142.4 2600 
Svogenska Svoge A 90 5.8 106.5 59.9 1067 218.6 176.4 12575 

Clarke for lignite and 
sub-bituminous coal' ND 51.0 20.0 510 70.0 120 2600 
Clarke for bituminous 
coal and anthracite1 ND 90.0 34.0 460 86.0 180 4600 

1 - no IO.u,oBJof'i H .u,p. (1985); L - lignite; SB - subbituminous coal; B - bituminous coal; A - anthracite; ND -
no data. 
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Table 4 
Average content of studied elements in coal ash from different world coal basins 

Refe-
Country, Rank Fe, Ni, Co, Mn, Cr, V, Ti, rences 

Basin % ppm ppm ppm ppm ppm ppm 
Austria L ND 250 80 500 155 300 5000 I 

Hungary, L 9.5 80 12 100-150 30-60 80-110 1613 2 
~ortheast basin 

Belarus SB ND I6 ND 90 22 110 ND 3 
Serbia, Kosovo L ND 59-228 4-26 ND 8-375 8-I60 486-4597 4 

Canada, SB 3.61 27.3 12.1 I40.6 97.2 25.0 3900 5 
Saskatchewan 

India, East B ND 77-ISO 26-80 200 95 92 ND 6 
Bokaro 

Bulgaria, Elhovo L ND 1I3 45 854 60 941 7605 7 
England, B 9.45 I40 ND 750 200 348 5600 8 

I Eggbourg 

I England, B 3.69 52 ND 200 107 173 5800 9 
Barnsley 

Bulgaria, Burgas SB 9.4 I2 12 572 20 123 3653 IO 
Greece, Drama L ND 56-93 79-366 ND 91-213 1IO-I88 ND II 
Spain, Teruel L Il.6I 88 29 ND 134 208 5080 I2 

- Brandenstein eta!. (I960); 2- Veto (1973); 3- Bop.u.oH (I973); 4 - Rupert eta!. (1996); 5 - Beaton eta!. (199I); 
6 - Parrek and Bard han (1985); 7 - Eskenazy (1996); 8 - Spears and Martinez-Tarazona (1993); 9 - Spears and 
.-\min (I981); I 0- Eskenazy, Mincheva (1983); I1 - Filippidis eta!. (1996); 12- Querol eta!. (I997a); ND- no data. 
L - lignite; SB - sub-bituminous coal; B - bituminous coal; A - anthracite. 

Table 5 
Correlation coefficients between various elements and ash content 

Coal province Rank Statistical 
Basin mean Fe- Ni- Co-Ash Mn-Ash Cr-Ash v- Ti-Ash 

values Ash Ash Ash 

' Trakiyska Maritsa West L +0.28 - 0.69 -0.72 -0.61 -0.48 - 0.29 -0.49 -
Belibreg L ±0.20 - 0.57 + 0.37 + 0.35 +0.37 + 0.20 + 0.02 -0.32 
Chukurovo L ±0.21 -0.50 - 0.68 -0.61 + 0.33 + 0.05 +0.2I +0.64 
Gabrovitsa L +0.25 -0.36 -0.35 -0.26 -0.56 +0.08 -0.04 + 0.03 

Sofiyska Karlovo L ±0.41 -0.51 -0.50 -0.45 +0.05 -0.68 -0.72 -0.03 
Samokov L ±0.35 - 0.1 1 -0.09 -0.05 +0.04 - 0.39 - 0.02 +0.39 

I Sofia L +0.22 -0.42 -0.42 -0.23 -0.08 -0.36 -0.39 -0.3 1 
Stanyantzi L +0.32 -0.01 -0.04 -0.13 -0.53 - +0.43 + 0.68 

Strumsko- Katrishte L ±0.40 -0.81 -0.7I -0.43 -0.41 +0.56 +0.49 + 0.02 
Mestenska Kyustendil L ±0.32 -0.45 -0.74 -0.65 + 0.09 +0.05 +0.39 -0.48 

Ora novo L ±0.25 -0.67 - 0.44 -0.37 - 0.38 +0.40 -0.41 + 0.12 

I Pernishka Pernik SB +0.33 - 0.60 - 0.67 - 0.53 - 0.34 - 0.45 -0.45 + 0.41 
Suhostrel B ±0.29 - 0.4I + 0.55 + 0.35 - 0.29 - 0.30 +0.19 +O.OI 

l Balkanska Balkan B ±0.36 -0.57 -0.05 - 0.52 -0.47 -0.37 + 0.03 + 0.24 

I Svogenska Svoge A +0.2I -0.11 - 0.35 -0.25 -0.45 -0.42 +0.09 - 0.36 

L - lignite; SB - subbituminous coal; B - bituminous coal; A - anthracite; NO - no data. 

West and Oranovo basins and the deposit of 
Katrishte (Table 5). The coefficients of corre­
lation between the Fe content and the ash con-
ent in this coal vary from -0.6 to -0.81. The 

average Fe concentration in the studied coals 
decreases, when the ash content increases. 
That negative relationship is well established 
"or the Maritsa-West and Oranovo coal 

ig. 2). The average concentration of the Fe in 

the Svoge anthracite and Stanyantsi lignite 
does not change significantly with ash content 
increasing (Fig. 2). The coefficients of correla­
tion of Fe with the ash contents in these coals 
and Samokov lignite also are under statistical 
mean values (Table 5). Pyrite is present in all 
studied coals and siderite and chalcopyrite are 
frequently observed minerals. Iron is present 
as a trace element in calcite and dolomite, its 
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Fig. 2. Plot of the distribution of the average Fe concen­
tration versus ash content. The average concentrations 
were determined in the following intervals of the ash 
content: 0-30%; 30-50%; 50-80% and >80%. 
l - Maritsa-West; 2 - Stanyantsi; 3 - Beli breg; 4 -
Sofia; 5 - Karlovo; 6 - Samokov; 7 - Chukuruvo; 8 -
Gabrovitsa; 9 - Kyustendil; 10 - Ora novo; 11 -
Katrishte; 12- Pernik; 13 - Suhostrel; 14 - Balkan; 15 
- Svoge 

content varying from 1 to 5% (Kortenski, 
1992). 

The reference data for the prevailing affinity 
of Fe is shown in Table 6. MaHcKajl, ,l(po3.L(OBa 
(1964) established the optional environment 
for deposition of the element as a metal-or­
ganic combination - pH ranges of 3-6. Ward 
(1992) also suggested that, when Fe is not in 
the siderite (formed iron acid phase environ-
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ment), it can form metal-organic combina­
tions. 

The high concentration of Fe in the studied 
coal is a result of all of the above-mentioned 
factors. Iron is present in plant tissues (average 
about 0.014%, according to Bowen, 1966). The 
biogenetic contribution of Fe is possible, but 
the role of that factor is not strong, because 
there is a large difference between Fe contents 
in the coals of similar taxonomy within one 
province - for an example the Sofia province 
(Table 3). The concentration of Fe in Bulgar­
ian coal depends on its concentration in the 
rocks around the peat bogs (especially, when 
the basin is situated near metalogenic prov­
inces). Probably, the Fe content in the coal 
from the Sofia (11.8%) and Chukurovo (14.6%) 
basins is comparatively high because these ba­
sins are situated near the Kremikovtsi iron ore 
deposit. That ore deposit is probably the source 
of the iron for the ancient peat bog. 

The cleat and fracture of the coal of the coal 
seams is high for the Oranovo, Pernik, Balkan 
and Svoge basins. Mineral solutions, which 
penetrated the coal seams at the time of di­
agenesis, catagenesis or metagenesis probably 
were poor in Fe, because the concentration of 
the element in these coals is not high, with the 
exception of the Pernik coal. 

Nickel 

The concentration of Ni is more than two times 
the Clarke number in the coal ash from the 
Pernik, Sofia, Samokov, Chukurovo and the 
Katrishte basins. The Ni content in the coal 
ashes from the Maritsa-West, Stanyantsi, 
Oranovo and Svoge is approximately identical 
with the Clarke number. The Ni content in the 
coal ash is lower than the Clarke number in 
the other Bulgarian basins. The Ni concentra­
tion in the studied Bulgarian coals is lower that 
some Austrian and British coals (Table 4). 

For Bulgaria, the Ni concentration is high­
est in the subbituminous coal and some lignite 
and it is very low in the bituminous coal(Table 
3). This data is opposite from the suggestion of 
lO.L(OBM'i H .L(p. (1985), that the concentration 
of Ni increases with an increase of coal rank. 

Zubovic (1966) reported data for an organic 
affinity of Ni (59%) for some American coals. 
The presence of Ni with organic affinity is a 
result of reaction of these elements with the 
organic matter (Szalay, Szalagyi, 1969). Many 
authors have reported data for various affini­
ties of Ni (Table 6). 

The negative coefficient of correlation be­
tween the Ni and ash content is established in 



able 6 
. ef erence data of the siderophile element affinities 

Ele· Reference data of the element affinities 
:nents Organic Intermediate Inorganic 
Fe Newman et al. (1997) Beaton et al. (1991 ); Querol et al. Gluskoter et al. (1977) and 

(1997c) Quero1 et al. (1997b) 
)ii Otte (1953); Nichols and Loring Zubovic et al. ( 1966); CMHpHoB XpH3MaH ( 1960); IOposcKHii 

( 1962); Oelschlegel (1964); ( 1969); Pareek and Bard han (1968); Beaton et al. (1991); 
IOJJ;OBH1.f, lllacTKeBH1.f (1966); Ward (1985); Eskenazy et al. (1986); Filipidis et al. {1996); Querol et 
(1980); Finkelman (1995); Warwick Kojima and Furusawa (1986); al. (1992, 1997a,b ); Crowley et 
et al. (1997) Gluscoter et al. (1977); Swaine al. (1997) 

(1990); EcKeHaJH, MHH1.fesa 
(1992) 

Co Nichols and Loring (1962); Otte (1953); Zubovic et al. (1966); XpH3MaH ( 1960); IOpoBCKlfii 
Oelschlegel (1964); Ward (1980); CMHpHOB (1969); Gluskoter et al. (1968); Parrek and Barhan 
Finkelman (1995); Filipidis et al. (1977); Eskenazy et al. (1986); (1985); Querol et al. (1992, 
(1996) Kojima and Furusawa, (1986); 1997a,b) 

Swaine ( 1990); Beaton et al. 
( 1991 ); EcKeHa3H, MHH1.fesa 
(1992); Crowley et al. {1997) 

:\In MHH'IeB, EcKeHa3H (1961); MJl3HKOBCKH, Tp3e6RTOBCKH Otte (1953); Lentwein and 
Beaton et al. (1991); Eskenazi (1960); Spears and Tarazona Rosier (1956); JloMawoB, 
(1996); Pipiringos (1966); Querol et (1993) Jloces ( 1962); MHH1.feB, 
al. (1997,b,c); Crowley et al. (1997) EcKeHa3H (1972); Gluskoter et 

al. (1977); Kojima and 
Furusawa _{_1986) 

Cr Otte (1953); Gluskoter et al. (1977); CMHpHOB (1969), Kojima and Ward (1980); Parrek and 
EcKeHaJH, MHH'IeBa ( 1992); Kurusawa ( 1986) Bardham (1985); Beaton et al. 
Eskenazi (1996) (1991); Querol et a l. (1992); 

Griene and Goodarzy (1993); 
Fillipidis et al. (1996); Crowley 
et al., 1997) 

v Otte (1953); Ward (1980); Parrek Zubovic et al. ( 1961 ); CMlipHOB Beaton et al. (1991); Querol et 
and Bardham (1985); Kojima and (1966); Y3yHoB (1973); Querol et al. (1997b) 
Kurusawa ( 1986); Spears and al. (1997c) 
Martinez· Tarazona ( 1993) 

Ti Otte (1953); IUep6HHa (1980); Crowley et al. (1997); Warwick et CMHpHOB ( 1969); Beaton et al. 
Kojima and Kurusawa ( 1986) al. (1997) (1991); Querol et al. (1997b,c) 

= st of the investigated coals (Table 5). This 
=egative coefficient varies from -0.5 to -0.74 in 
:::_.. lignite from Maritsa-West, Chukurovo, 
:-_-ustendil, Katrishte, Karlovo and subbitumi-

s coal from Pernik (Table 5). The concen­
:.-a ion of Ni decreases, when the ash content 
- reases (Fig. 3). The lignite from Stanyantsi, 
Samokov and the bituminous coal from 

lkan basin have coefficients of correlation 
:erween Ni concentration and ash content 

der the statistical mean value (Table 5). The 
. - content in the Stanyantsi and Samokov, and 

kan coals is almost constant when the coal 
increases (Fig. 3). Only the Belibreg and 

- . ostrel coal have positive coefficients of cor­
~.ation between ash Ni content and the con-

this element. The biogenetic factor is not so im­
portant, because the Ni concentration in 
plants is low - up to 3 ppm (Bowen, 1966). 
The high content of Ni probably relates with its 
transportation from the adjacent source rocks 
into the peat bog. The element is not present in 
the infilling cracks and cavity-infiltration py­
rite observed in the Bulgarian coals (Kortenski, 
Kostova, 1996). A direct ratio between Fe and 
Ni was not established (Fig. 9). Probably, the 
high cleat and fracture of the coal seams of 
Pernik, Balkan and Svoge basins and respec­
tively the presence of the infilling infiltrational 
pyrite mineralization have not been very im­
portant for the concentration of Ni. 

tration of Ni increases with the increasing 
- he ash content (Fig. 3). 
The plants were an important factor for the 

~pplying of the peat bog with Ni. IO.u.oBJ..PI et 
(1985) reported a biogenetic presence of 

Cobalt 

The coal ashes from Samokov, Chukurovo, 
Sofia, Pernik, Svoge, and Katrishte basins have 
concentrations of Co higher than the Clarke 
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Fig. 3. Plot of the distribution of the average Ni concen­
tration versus ash content. The average concentrations 
were determined in the following intervals of the ash 
content: 0-30%; 30-50%; 50-80% and >80%. 
l - Maritsa-West; 2 - Stanyantsi; 3 - Belibreg; 4 -
Sofia; 5 - Karlovo; 6 - Samokov; 7 - Chukuruvo; 8 -
Gabrovitsa; 9 - Kyustendil; l 0 - Ora novo; 11 -
Katrishte; 12- Pernik; 13 - Suhostrel; 14 - Balkan; 1 5 -
Svoge 

value (Table 3). The Co concentration is ap­
proximately the same as the Clark values in the 
coal ashes from the Maritsa-West and 
Oranovo basins. The Co content in the coal 
ash less than the Clarke value in all other ba­
sins (Table 3). The concentration of Co in the 
coal ash from the Pernik basin is significantly 
higher than the data from the other basins in 
Table 4. 
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Fig. 4. Plot of the distribution of the average Co concen­
tration versus ash content. The average concentrations 
were determined in the following intervals of the ash 
content: 0-30%; 30-50%; 50-80% and >80% ... 
1 - Maritsa-West; 2 - Stanyantsi; 3 - Belibreg; 4 -
Sofia; 5 - Karlovo; 6 - Samokov; 7 - Chukuruvo; 8 -
Gabrovitsa; 9 - Kyustendil; 10 - Oranovo; 11 -
Katrishte; 12 - Pernik; 13 - Suhostrel; 14 - Balkan; 15 
- Svoge 

Most of the studied coals have negative co­
efficients of correlation between the concen­
tration of Co and their ash content (Table 5). 
Figure 1 shows that the concentration of Co 
decreases with increasing ash content. The 
negative coefficient of correlation is most sig­
nificant (from - 0.52 to - 0.65) (Table 5) for 
coal from Maritsa-West, Chukurovo, Kyu­
stendil, Pernik, and Balkan basins. The corre-



lation coefficients between Co and the ash con­
tent of the coal from Stanyantsi and Samokov 
is below the statistical mean values and the 
concentration of Co does not change with 
variations in the ash content (Fig. 4). The 
Belibreg and Suhostrel coals have a positive 
correlation and the Co concentration these 
coal increases with increasing ash content 
(Table 5). 

Many authors published data for Co affinity 
(Table 6). Zubovic (1966) noted an organic af­
finity of Co (53%) for some American coals. 
The presence of Co with organic affinity is a 
result of reaction of the element with the or­
ganic matter (Szalay and Szalegui, 1969). 
Swaine (1990) noted an association of Co with 
pyrite. 

The factors which influence on the distribu­
ion of the Co concentration are similar to that 

of Ni. 

\1anganese 

The Mn content in the coal ash from most of 
he investigated basins is higher than the 

Clarke value for Mn concentration in coal 
able 3). The Mn concentration in the coal 

ash from Kyustendil, Stanyantsi, Chukurovo, 
Karlovo and Balkan basins are less than the 
Clarke value. The Mn concentration in the ash 
of the studied basins (with the exception of 
Stanyanzi, Karlovo, and Balkan basins) is 
higher than Mn concentrations from selected 
world basins {Tables 3, 4). 

The coefficients of correlation of Mn con­
centrations with the ash content are negative 
for most of the studied coals, varying between 
-0.08 and -0.56 (Table 5). The concentrations 
of manganese in coals with a negative correla­
tion to ash content decrease with increasing 
ash content (Fig. 5). The Mn concentration 
has values of the coefficients of correlation 
under the statistical mean for the coal from 
Sofia, Chukurovo, Karlovo, Samokov and 
Kyustendil (Table 5). The Mn content does not 
apper to change with changes in ash content 

ig. 5). A high positive coefficient of correla­
ion is illustrated only for the lignite from 

Belibreg basin (Table 5). Here the concentra­
tion of Mn increases, when the ash content in­
reases (Fig. 5). 
Many authors determined affinities of Mn 
able 6). The organic presence of Mn is mainly 

probably related to biogenetic activities. 
IO.n;oaH"tJ et al. (1985) and EcKeHa3H (1993) sug­
gested that when the pH is between 5 and 7, Mn 
· present not only in the carbonates, but it may 
also be present in organic complexes. 
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Fig. 5. Plot of the distribution of the average Mn concen­
tration versus ash content. The average concentrations 
were determined in the following intervals of the ash 
content: 0-30%; 30-50%; 50-80% and >80%. 
1 - Maritsa-West; 2 - Stanyantsi; 3 - Belibreg; 4 -
Sofia; 5 - Karlovo; 6 - Samokov; 7- Chukuruvo; 8 -
Gabrovitsa; 9 - Kyustendil; 10 - Oranovo; 11 -
Katrishte; 12 - Pernik; 13- Suhostrel; 14 - Balkan; 15 
- Svoge 

An important factor that influences con­
centration of Mn in coal is the presence of the 
element in the source rocks around the ancient 
peat bogs. This appears to be the main reason 
for the high content of Mn in the Belibreg lig­
nite, where the source rocks adjacent to the 
basin are Triassic and Jurassic limestone. The 
presence and active infiltration of carbonate 
mineralization are important factors for the 
high Mn concentration (Pernik, Oranovo and 

81 



60 

50 

40 
E 
c. 
c. 30 
.: 
(.) 

20 

10 

0 
11 I 

0 20 40 60 80 100 

Ash, wt% 

150 

4 
120 5 

12 
E 90 
c. 14 c. 
.: 60 8 
(.) 

30 

0 
0 20 40 60 80 100 

Ash, wt% 

330 
300 
270 

13 

240 
210 15 

E 9 ~ 180 
.: 150 

6 (.) 120 
90 

60 
30 10 
0 

0 20 40 60 80 100 

Ash, wt% 

Fig. 6. Plot of the distribution of the average Cr concen­
tration versus ash content. The average concentrations 
were determined in the following intervals of the ash 
content: 0-30%; 30-50%; 50-80% and >80%. 
1- Maritsa-West; 2- Stanyantsi; 3 - Belibreg; 4- Sofia; 
5 - Karlovo; 6 - Samokov; 7 - Chukuruvo; 8 -
Gabrovitsa; 9 - Kyustendil; I 0 - Oranovo; 11 -
Katrishte; 12 - Pernik; 13- Suhostrel; 14 - Balkan; 15 
- Svoge 

especially Svoge coal). The Mn content is up to 
1% in the infiltration carbonates from the 
Svoge basin (Kortenski, 1992). 

Chromium 

The chromium distribution in the different 
coal ashes is not uniform. It varies from 1.5-
3.1 times the Clarke value for the Sofia, 
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Karlovo, Samokov, Kyustendil, Pernik, Svoge, 
and Suhostrel basins (Table 3); to 3.3-9.3 
times less than the Clarke values for coal 
ashes (Chukurovo, Oranovo and Quartette) 
(Table 3). The Cr concentration in the coal 
ash from the Katrishte deposit is very low, but 
the coal ashes from the Suhostrel and Svoge 
basins contain highest concentration of this 
element in comparison with coals from other 
basins (Tables 3, 4). 

In the present study the bituminous and an­
thracite coals have higher Cr concentration 
(with the exception of the Balkan basin 85.4 
ppm) than the lignite and subbituminous coals 
(Table 3). Possibly the depositional environ­
ments and the rank of the coal are important 
for the concentration of the element. 

Various reference data for the affinity of Cr 
is reported in Table 6. Zubovic et al. (1961) are 
suggested that CrH frequently and easily re­
acts with organic acids. Querol et al. (1997b, 
c) found that Cr has very high positive coeffi­
cient of correlation with the aluminum-silicate 
content of the coal. 

Most of the studied Bulgarian coals have a 
negative coefficient of correlation between the 
concentration of Cr and the ash content. This 
negative coefficient is highest ( -0.68) in the lig­
nite from Karlovo (Table 5). The Cr concen­
tration in this coal decreases, when the ash 
content increases (Fig. 6). The coals from 
Oranovo and Katrishte basins have positive 
coefficients of correlation between the Cr and 
the ash content (Table 5), the Cr concentration 
increasing with increasing ash content (Fig. 6). 
The Chukurovo, Kyustendil and Gabrovitsa 
lignite have positive coefficients of correlation 
of the Cr with the ash content, but the value is 
lower from the statistical mean values (Table 
5). The Cr concentration does not vary greatly 
with changes in ash content (Fig. 6). 

The average Cr content in plants is low -
0.23 ppm (Bowen, 1966). In the studied Bul­
garian coals, the main reasons for the high 
concentration of Cr are: 1) the presence of Cr 
in the rocks around the basins and 2) good 
conditions for accumulation of Cr in the peat 
bogs. The relationship between the Cr concen­
tration in the Sofia lignite and the Cr concen­
tration from the adjacent Vitosha Pluton has 
been established. The Cr content in the andes­
ites from Vitosha pluton is 270 ppm (Kop­
TeHcKH, 1986). Probably, the clay minerals de­
rived from the pluton because the main Cr 
source in the peat bog. Epigenetic mineraliza­
tion appears not to have influenced the Cr 
content in the coal, because the Cr concentra-



tion in the infiltrational calcite and dolomite 
from the Svoge anthracites is very low- from 
0 to 100 ppm (Kortenski, 1992). 

Vanadium 

The concentration of V in the coal ash from 
the Sofia, Karlovo, Samokov, Pernik basins and 
Suhostrel deposit is greater (1.2-2.1 times) 
than the Clarke values (Table 3). The V con­
centration in the ash from Stanyantsi and 
Svoge is approximately equal to the Clarke 
value. The coal ashes from all other basins 
contain V in concentrations less than the 
Clarke value. The ash from the Belibreg lignite 
has the lowest concentration of V and 
Oranovo and Katrishte coal ashes have nearly 
the same amount as some Canadian coals 
(Table 4). The V content in the other studied 
coal is identical of the data for selected world 
basins (Table 4; with the exception of some 
Canadian coals). 

The V concentration in the Bulgarian bitumi­
nous coal and anthracite is higher, than in the 
lignite and subbituminous coal (Tables 3, 4). 

The coefficient of correlation between V 
concentration and the ash content is negative 
(ranging from -0.39 to -0. 72) for the coal 
from Karlovo, Maritsa-West, Sofia, Oranovo 
and Pernik (Table 5). The concentration of 
the element in these coals decreases, when 
the ash content increases (Fig. 7). Positive 
correlation coefficients (from +0.2 I to + 
0.49) are established for the lignite from 
Chukurovo, Stanyantsi, Katrishte and Kyu­
stendil (Table 5). The V concentration in­
creases with the increasing of the ash content 
(Fig. 7). The coefficient of correlation be­
tween the element and the ash content is 
positive or negative, but it has absolute value 
below the statistical important value for the 
coal from Belibreg, Samokov, Gabrovitsa, 
Suhostrel, Balkan and Svoge (Table 5). The V 
content changes insignificantly, when the ash 
content changes (Fig. 7). 

Many authors have published data suggests 
a prevailing V affinity (Table 6). BoihKeBJ.Pf et 
al. (1983) suggested that, in the presence of 
organic matter, VO~- reduces to VO/ , which 
can react with humtc acids. 

The V content in plants is low - only 1.6 
ppm (Bowen, 1966). V may have been trans­
ported together with clastic minerals into the 
ancient peat bog. The V concentration in Sofia 
lignite is 170 ppm and the V content in the 
Vitosha pluton (the Southern side of the basin) 
is 130 ppm (KopTeHCKH, I 986). The Vitosha 
pluton andesites are probably the source of the 

Ash, wt% 

Fig. 7. Plot of the distribution of the average V concen­
tration versus ash content. The average concentrations 
were determined in the following intervais of the ash 
content: 0-30%; 30-50%; 50-80% and >80%. 
1 - Maritsa-West; 2 - Stanyantsi; 3 - Belibreg; 4 -
Sofia; 5 - Karlovo; 6 - Samokov; 7 - Chukuruvo; 8 -
Gabrovitsa; 9 - Kyustendil ; 10 - Oranovo; II -
Katrishte; 12- Pernik; 13- Suhostrel; 14- Balkan; 15 
- Svoge 

V in the Sofia ancient peat bog. Vanadium 
might have accumulated in the clay minerals 
or in the organic mater. The epigenetic miner­
alization appears not to have influenced on the 
V concentration in the studied coal, with the 
exception of the infiltrational of siderite into 
the Svoge anthracites. Its content is from 300 
to 1000 ppm (Kortenski, I 992). 
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Fig. 8. Plot of the distribution of the average Ti concen­
tration versus ash content. The average concentrations 
were determined in the following intervals of the ash 
content: 0-30%; 30-50%; 50-80% and >80%. 
1 - Maritsa-West; 2 - Stanyantsi; 3 - Belibreg; 4 -
Sofia; 5 - Karlovo; 6 - Samokov; 7 - Chukuruvo; 8 -
Gabrovitsa; 9 - Kyustendil; 10 - Ora novo; 11 -
Katrishte; 12- Pernik; 13 - Suhostrel; 14 - Balkan; 15 
- Svoge 

Titanium 

Compared to the results of other studied ba­
sins, the Ti concentration is greatest in the 
Svoge anthracite and the Sofia lignite (Table 3). 
The Ti content in the coal ashes from the 
Karlovo, Katrishte and Pernik is 1.1 -1.8 times 
higher than the Clarke values (Table 3). The Ti 
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in the coal ashes from all other basins have Ti 
below the Clarke value. In comparison with 
results from selected coal basins (Table 4), the 
concentration of Ti is lower in the studied coal 
from Bulgaria, with an exception of the Svoge 
anthracite and Sofia lignite (Tables 3, 4). 

The coefficients of correlation between the 
Ti concentration and the ash content are 
negative ( -0.31 to -0.48) in the coal from the 
Belibreg, Sofia, Kyustendil, and Svoge basins 
(Table 5). In this coals the Ti concentration 
decreases, when the ash content increases 
(Fig. 8). Positive correlation between the Ti and 
ash was established only for the coals from 
Chukurovo, Stanyantsi, Samokov, Pernik and 
Balkan basins ( +0.21 to +0.68) (Table 5). The 
Ti concentration in these coals increases, 
when the ash content increases (Fig. 8). The 
coals from Karlovo, Oranovo, Gabrovitsa, 
Katrishte, and Suhostrel basins have correla­
tion coefficients below the statistical mean 
(Table 5), but the Ti concentration does not 
change when the ash content changes (Fig. 8). 

Ti has different affinities according to the 
data presented in Table 6. Querol et al. (1997 
b, c) established a relationship between Ti 
concentrations and the aluminum-silicate 
part of the mineral matter in the coal. 
IO.n:oBHq 11 .n:p. (1985) noted that the organic 
complexes of Ti are unstable and they can be­
come oxides. 

The source of Ti in coals is not from the 
plants, because the element content is usually 
1 ppm (Bowen, 1966). Probably, in the studied 
Bulgarian coals, the main source of the con­
centration of Ti is the rocks adjacent to the 
peat bogs. f'or example, the rocks from the 
source areas of the Sofia basin contain Ti from 
1700 to 2900 ppm (KopTeHCKH, 1986). The mi­
neral forms of Ti are mainly rutile and clay mi­
nerals. Moreover, Ti presents as trace amounts 
in other minerals. Kortenski and Kostova 
(1996) established the presence of Ti concen­
trations in various pyrite forms from 0.01 to 1 
% and Kortenski (1992) published data for 
0.03-1% Ti concentrations in various syngene­
tic carbonates from the Balkan and Svoge 
coals. 

An important factor appears to be the frac­
tures and cleats in the coal seams and the type 
of the ground water solutions that moved 
through the seams. Kortenski and Kostova 
(1996) reported Ti concentrations about 0.03% 
in secondary pyrite from Balkan and Svoge 
basins and the concentration of the element is 
up to 5% in the infiltrational siderite from 
Svoge (Kortenski, 1992). 
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Conclusions 

:\11 data presented above suggest that the 
studied Bulgarian coals have high concentra-
ions of siderophile elements Fe, Ni, Co, Mn, 

Cr, V, Ti. The concentrations of the elements 
are not related to coal rank. The following ten­
dencies of the concentrations and distribution 
of the siderophile elements in the studied coal 
were established: 

The correlation coefficient between Ni and 
Co is positive and very high (Fig. 9). A similar 
orrelation between Cr and V is observed also 
ig. 9), but their distribution differs from Ni 

nd Co distribution. All other elements have 
different concentrations in the studied coals, 
as a result of different local sedimentation or 
epigenetic conditions. 

The elements Ni and Co have similar inor­
oanic or organic affinities in all studied coal 
samples. The values of their coefficients of cor­
relation with the ash content are very similar 

able 3). Ni has a mixed affinity and Co has 
n organic affinity only in the Balkan coal. The 

affinity of the Fe is very interesting, which is 

similar to the affinity of Ni and Co. The values 
of their correlation coefficients with the ash are 
very similar also (Table 5). The Belibreg and 
Suhostrel coals are an exception, because the 
Ni and Co have an inorganic affinity. The en­
vironment of the Belibreg ancient peat bog was 
probably near neutral (pH=6.5-7.5), but the 
environment of the Suhostrel peat bog was 
probably acid (pH=3-5) (Kortenski and 
Kostova, 1996). Probably, Fe, Ni, and Co have 
an organic affinity when the pH of the environ­
ment varies between 5 and 6. Fe and Co have 
equal correlation coefficients with ash content 
in the Balkan coal (Table 3). The Cr and V 
have similar affinity only in the coal from Sofia, 
Maritsa-West, Karlovo, Pernik, Katrishte and 
Gabrovitsa. 

The affinity of all siderophile elements is ab­
solutely identical only in the Maritsa-West lig­
nite (which has an organic affinity). The envi­
ronment acidity of the ancient peat bog was 
probably pH=4-6 (Kortenski, 1992). The sid­
erophile elements have an organic affinity in 
the coal from Sofia (with the exception of Mn, 
which has mixed affinity, but it has negative 

85 



coefficient of correlation with the ash content), 
Karlovo (with the exception of the mixed affin­
ity of Mn and Ti, but Ti has negative coefficient 
of correlation with the ash content), Svoge 
(with an exception of the mixed affinity of the 
Fe and V, but the Fe has negative coefficient of 
correlation with the ash content), and Pernik 
(with an exception of the inorganic affinity of 
Ti). The siderophile elements have different 
affinity in all other studied coals, but some of 
the elements appear to have identical affini­
ties, with an exception of the Stanyantzi and 
Suhostrel coal (Table 3). 

The major factors for the accumulation of 
the siderophile elements in the studied Bulgar­
ian coals were: 1) the location of the basins 
close to metalogenic provinces (Sofia and 
Samokov basins) or the high concentrations of 
the elements in the source rocks around the 
basins (Pernik, Svoge, etc.); 2) optimal environ­
ment (pH, Eh) for the formation of organic or 
inorganic complexes in the ancient peat bogs; 
3) the cleat and fracture of the coal seams with 
combination of presence of solutions, which 
contains siderophile elements (Pernik, Balkan 
and Svoge basins) . 
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