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Con cen tra tions of sev en teen unsubstituted polycyclic ar o matic hy dro car bons (PAHs) have been de ter mined in hard coal sam ples from
the Car bon if er ous Up per Silesian, Lower Silesian and Lublin Coal Ba sins. Among the in ves ti gated coals the high est av er age con tent of
PAHs was de ter mined for the Lower Silesian coals — 6.619 ppm, whereas the means for the Up per Silesian and Lublin coals were 4.11
and 4.319 ppm re spec tively. Hard coals from the Lublin Coal Ba sin have rel a tively high con tents of the 5- and 6-cyclic hy dro car bons and
lower con tents of the 3-cyclic hy dro car bons (0.180 ppm) than coals from the Lower Silesian and Up per Silesian Coal Ba sins, which
contain 2.542 and 1.437 ppm re spec tively. Within the Up per Silesian Coal Ba sin there are dif fer ences in the PAH “pro files”: the coals
from the east ern part of the ba sin have higher con tents of the 5- and 6-cyclic ar o matic hy dro car bons and lower con tents of the 3-cyclic hy -
dro car bons than those from the west ern part of the ba sin. 
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INTRODUCTION

Polycyclic ar o matic hy dro car bons (PAHs) to gether with
polychlorinated bi phen yls (PCBs) and chloror ganic pes ti cides
such as DDT or hexa chloro ben zene, harm ful to an i mals and
persistent in the en vi ron ment and so are in cluded in the group
of com pounds termed per sis tent or ganic pol lut ants (POPs).
The PAHs are pres ent in small quan ti ties in all subaqueous sed -
i ments, both re cent and fos sil. These com pounds may be syn -
the sised by plants and ad sorbed by plant or gan isms from the
at mo sphere, or they may be prod ucts of mi crobial me tab o lism
dur ing de com po si tion of veg e ta ble and an i mal matter. More -
over, they form dur ing pe tro leum gen er a tion, dur ing the
diagenesis of coal and they are in tro duced to the en vi ron ment
dur ing for est and peat fires, and dur ing vol ca nic erup tions (Ev -
ans et al., 1990; Maliszewska-Kordybach, 1993; Capaccioni et
al., 1995; Harvey, 1998; Howsam and Jones, 1998; Koziński
and Saade, 1998; Neilson and Hynning, 1998). Pres ently com -
bus tion of coals, pro cess ing of min eral fu els in the coke plants
and oil re fin er ies, com bus tion of liq uid fu els in car and plane
en gines, ex ploi ta tion, trans port and stor age of liq uid fu els are

the main sources of PAHs in the en vi ron ment (Behymer and
Hites, 1988; Harvey, 1998; Howsam and Jones, 1998).

In the nat u ral en vi ron ment the PAHs oc cur as a mix ture of
var i ous unsubstituted and sub sti tuted ar o matic com pounds,
con sist ing of two or more car bon rings. Con tents of in di vid ual
hy dro car bons and quan ti ta tive ra tios be tween them are very
vari able in dif fer ent rocks and sub stances. For this rea son PAH
“pro files” have been ten ta tively used in the de ter mi na tion of
sed i men tary en vi ron ments. Higher con tents of phenanthrenes
were ob served in ma rine de pos its and in pe tro leum than in
fresh-wa ter de pos its. On the other hand, rel a tively high
amounts of fluorene and dibenzofurane are be lieved to be typ i -
cal of fresh-wa ter de pos its (Pu et al., 1990; Bojakowska and
Sokołowska, 1999). Dif fer ences in PAH com po si tion were
also found in com bus tion gases emit ted dur ing the burn ing of
var i ous sub stances rich in or ganic mat ter (Beak et al., 1991;
Miguel et al., 1998). Prob a bly some of the unsubstituted PAHs
pres ent in sed i ments formed by com bus tion, e.g. pyrene,
fluoranthene, benzo(a)anthracene, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(e)pyrene, benzo(a)pyrene,
benzo(ghi)perylene and coronene; oth ers might have come
from bi o log i cal pre cur sors of the PAHs, e.g. perylene, which
could form dur ing diagenesis from abietic acid, a com mon



diterpenoid of co ni fer res ins. There are also com pounds such as 
phenanthrene and chry sene, that might have formed from both
com bus tion and diagenetic al ter ation of terpenoids (Jiang et al., 
1998).

Data on the oc cur rence of unsubstituted PAHs in coals, im -
por tant for en vi ron ment pro tec tion, are scarce and wholly lack -
ing for Pol ish coals. Most pub li ca tion on the oc cur rence of
PAHs in geo logic en vi ron ments has dis cussed the pres ence of
the sub sti tuted PAHs in pe tro leum and par ent rocks, their role
as biomarkers, fac tors de ter min ing the ma tu rity of pe tro leum
and their source sub stance (Ramanampisoa and Radke, 1995;
Smith et al., 1995; Requejo et al., 1996). Com bus tion of hard
coal is one of the most im por tant sources of emis sion of the
unsubstituted PAHs to the en vi ron ment. This emis sion prob a -
bly in cludes com pounds newly formed dur ing com bus tion and
those which “sur vived” the burn ing pro cess (Howsam and
Jones, 1998). The mass com bus tion of hard coal means that, the 
pri mary con tent of these harm ful com pounds in this fuel is
likely to be im por tant. Data on the oc cur rence of se lected
unsubstituted PAHs in hard coals from var i ous Pol ish de pos its
are given here.

EXTENT AND METHODS OF INVESTIGATION

Sam ples of hard coals from sev eral mines from the Car bon -
if er ous Up per Silesian, Lower Silesian and Lublin Coal Bas ins
were se lected (Fig. 1). The de ter mi na tions of the PAHs in hard
coals were made in four sam ples from the Bogdanka mine,

three sam ples from the Nowa Ruda mine and fif teen sam ples
from Up per Silesian coal mines, thus jointly in 22 sam ples.

The Late Car bon if er ous pro duc tive rocks of the Up per
Silesian Coal Ba sin (USCB) in clude four lithostratigraphic se -
ries: the Paralic Se ries, the Up per Silesian Sand stone Se ries, the 
Mudstone Se ries and the Kraków Sand stone Se ries. Strati -
graphically, the Paralic Se ries to the Namurian A, the Up per
Silesian Sand stone Se ries to the Namurian B and C, the
Mudstone Se ries to the Westphalian A and B and the Kraków
Sand stone Se ries to Westphalian B, C and D (Kotas, 1995).
The sam ples were col lected from the Libiąż Beds (Janina mine) 
and the Łaziska Beds (Siersza mine) of the limnic Kra ków
Sand stone Se ries, from the Orzesze Beds of the Mudstone Se -
ries (Brzeszcze and Krupiński mines), from the Ruda and the
Sad dle Beds of the Up per Silesian Sand stone Se ries (Halemba
and Jas-Mos mines), as well as the Poruba Beds (Anna mine),
the Jaklovec Beds (Mar cel, Jas-Mos and Anna mines) and the
Hrušov Beds (Gliwice mine) of the Paralic Se ries. There are
dif fer ent va ri et ies of hard coal in the ba sin. The Up per Silesian
coals rep re sent a large spec trum from weakly carbonised
power coals, through cok ing coals to anthracites. The
carbonification grade of these coals from vitrinite reflectance
(Ro) ranges from 0.5–0.75% in the east ern part of the ba sin to
0.7–1.9% in its west ern part (Jurczak-Drabek, 1996). The Up -
per Silesian coals are mainly humic and mostly used for elec tric 
power plants, less for coke pro duc tion. Sapropelic coals oc cur
rarely (Kruszewska and Dybova-Jachowicz, 1997). Car bon ate
rocks are ab sent from this ba sin. 

Sam ples of coals of the Lower Silesian Coal Ba sin (LSCB)
were col lected in the east ern part of the Intra-Sudetic De pres -
sion from the coal-bearing sed i ments of the Žacleř For ma tion
(Westphalian) in the Nowa Ruda mine. The Lower Silesian
Coal Ba sin is an intermontane ba sin, where coal-forming plants 
grew on flood plains (Bossowski et al., 1995). Coals of the
Nowa Ruda area are of me dium carbonification grades yield ing 
mean re flectance (Ro) vary ing from 1.13 to 1.59%, spo rad i cally 
reach ing 2% (Bossowski, 1995). 

Sam ples from the Lublin Coal Ba sin (LCB) were col lected
from siltstone of the Lublin For ma tion (Westphalian B). The
coal-bearing rocks com prise a ma rine-paralic, paralic-fluvial
as so ci a tion. The Lublin For ma tion is dom i nated by siltstones
and claystones with many seams of hard coal, and nu mer ous
fos sil ised plants and si der it ic con cre tions. These are typ i cal
sed i ments of lake, flood wa ter, swamp and river bed en vi ron -
ments. The bound ary be tween the paralic sed i ments and those
formed in the limnic-fluvial en vi ron ment is in their lower part
(Porzycki, 1987). Car bon ate rocks typ i cally oc cur in this ba sin.
The coals oc cur ring in the ba sin are mainly of the flame and
gas-flame type (Porzycki and Zdanowski, 1995). The
reflectance (Ro) of these coals ranges from 0.6–0.9% typ i cally. 

The con tents of 17 PAHs: acenaphthalene, acenaphthene,
fluorene, phenanthrene, anthracene, benzo(a)anthracene,
fluoranthene, pyrene, chry sene, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(a)pyrene, benzo(e)pyrene,
perylene, indeno(1, 2, 3-cd)pyrene, dibenzo(ah)anthracene,

88 Izabela Bojakowska and Gertruda Sokołowska

Fig. 1. Lo cal isa tion of hard coal mines
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T a  b l e  1

PAHs in hard coals from dif fer ent de pos its (ppm)

Hy dro car bons Lublin Coal Ba sin

(n = 4)

Lower Silesian Coal Ba sin
(n = 3)

Upper Silesian Coal Ba sin
(n = 15)

Acenaphthylene (Ace) 
< − ∗0 001 0 006

0 003

. .

.

0 011 0 013

0 012

. .

.

− < −0 001 0 059

0 017

. .

.

Acenaphthene (Acf) 
0 005 0 03

0 017

. .

.

− 0 023 0 035

0 029

. .

.

− 0 002 0107

0 038

. .

.

−

Fluorene (Fl) 
0 005 0 039

0 018

. .

.

− 0 441 0 665

0 562

. .

.

− 0 003 0 641

0 238

. .

.

−

Phenanthrene (Fen) 
0 024 0 205

0 117

. .

.

− 1595 2 204

1920

. .

.

− 0 006 2 328

1092

. .

.

−

Anthracene (Ant)
0 025 0 052

0 038

. .

.

− 0 015 0 027

0 020

. .

.

− < −0 001 0 236

0 052

. .

.

Fluoranthene (Flu) 
0153 0 456

0 283

. .

.

− 0 066 0139

0101

. .

.

− 0 006 0 447

0112

. .

.

−

Pyrene (Pir)
0 353 0 722

0 577

. .

.

− 0 15 0 283

0 219

. .

.

− 0 007 0 415

0186

. .

.

−

Benzo(a)anthracene (BaA)
0 323 0 871

0 563

. .

.

− 0 252 0 516

0 384

. .

.

− 0 008 0 614

0 292

. .

.

−

Chry sene (Ch)
0 313 0 75

0 471

. .

.

− 0 797 1 254

1079

. .

.

− 0 014 1 276

0 600

. .

.

−

Benzo(b)fluoranthene (BbF)
0 305 1 001

0 552

. .

.

− 0 28 0 628

0 470

. .

.

− 0143 0 859

0 325

. .

.

−

Benzo(k)fluoranthene (BkF)
0172 0 214

0 202

. .

.

− 0 039 0 065

0 053

. .

.

− 0 017 0 889

0151

. .

.

−

Benzo(e)pyrene (BeP)
0 298 0 849

0 473

. .

.

− 0 593 1 346

1076

. .

.

− 0 076 138

0 448

. .

.

−

Benzo(a)pyrene (BaP) 
0 346 0 769

0 513

. .

.

− 0 154 0 46

0 302

. .

.

− 0 056 0 574

0 233

. .

.

−

Perylene (Per) 
0 019 0 05

0 035

. .

.

− < −0 003 0 007

0 004

. .

.

< −0 003 0 157

0 030

. .

.

Indeno(1, 2, 3-cd)pyrene (IndP)
0 061 0 21

0 123

. .

.

− 0 025 0 07

0 051

. .

.

− < −0 005 0 908

0128

. .

.

Dibenzo(ah)anthracene (DahA) 
0 024 0 061

0 037

. .

.

− 0 066 0135

0102

. .

.

− 0 017 0128

0 043

. .

.

−

Benzo(ghi)perylene (Bper)
0 092 0 405

0 201

. .

.

− 0 104 0 341

0 236

. .

.

− 0 044 0 364

0123

. .

.

−

To tal PAHA

0 060 0 332

0 180

. .

.

− 2 085 2 943

2 542

. .

.

− 0 013 2 902

1437

. .

.

−

To tal PAHB

1321 2 777

1 544

. .

.

− 1265 2192

1784

. .

.

− 0 038 2 425

1190

. .

.

−

To tal PAHC

1 354 3 556

2 595

. .

.

− 1263 3 052

2 293

. .

.

− 0 81 3 657

1483

. .

.

−

To tal PAH17 = PAHA + PAHB + 
PAHC 

2 735 6 665

4 319

. .

.

− 4 613 8187

6 619

. .

.

− 1184 8 303

4110

. .

.

−

∗ −min max.  content .  content

mean value
; to tal PAHA — to tal of 3-cyclic ar o matic hy dro car bons [acenaphthylene, acenaphthene, fluorene,

phenanthrene, anthracene]; to tal PAHB — to tal of 4-cyclic ar o matic hy dro car bons [fluoranthene, pyrene, benzo(a)anthracene, chry sene];
to tal PAHC — to tal of 5- and 6-cyclic ar o matic hy dro car bons [benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene,
benzo(a)pyrene, perylene, indeno(1, 2, 3-cd)pyrene, dibenzo(ah)anthracene, benzo(ghi)perylene]



benzo(ghi)perylene were de ter mined. Fif teen of them are on
the list of PAHs se lected for en vi ron men tal stud ies by the US
En vi ron mental Pro tec tion Agency. Anal y ses were per formed
in the Cen tral Chem i cal Lab o ra tory of the Pol ish Geo log i cal
In sti tute by us ing a Hewlett Packard gas chromatograph type
5890 II with a mass spec trom e ter GS-MSD 5981 de tec tor. The
non-polar col umn HP-1 of 25 m long and 0.2 mm in di am e ter
was ap plied. Anal y ses were made us ing an in ter nal stan dard.
De tec tion lim its were as fol lows: acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene,
fluoranthene, pyrene — 0.001 ppm; benzo(a)anthracene, chry -
sene — 0.002 ppm, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(a)pyrene, benzo(e)pyrene,
perylene — 0.003 ppm, indeno(1, 2, 3-cd)pyrene,
dibenzo(ah)anthracene, benzo(ghi)perylene — 0.005 ppm.

RESULTS AND DISCUSSION

The high est mean PAH con cen tra tion was found in the
Lower Silesian coals (6.619 ppm), the means for the Up per
Silesian and Lublin coals be ing 4.110 ppm and 4.319 ppm re -
spec tively (Tab. 1, Fig.1). The mean con tent of the sev en teen
unsubstituted PAHs in these hard coals is sig nif i cantly higher
than their con tent in re cent lac us trine sed i ments or peats (lac us -
trine sed i ments con tain about 2 ppm, peats — 0.2–0.3 ppm)
and it is also higher than the av er age con tents of these com -
pounds in brown coals (0.7–2.7 ppm) (Bojakowska and
Sokołowska, 1999). Quan ti ta tive re la tions be tween in di vid ual
hy dro car bons of this group are vari able in these de pos its.

The PAHs dis tri bu tion in hard coals de pends on sev eral
fac tors. The main ones are: 

1. Type of the sed i ment (autochthonous or allochthonous),
veg e ta tion spectrum, sed i men ta ry en vi ron ment (boggy, limnic
or brack ish-marine), nu tri ent levels (eutrophic or oligotrophic), 

physico-chemical con di tions of the en vi ron ment (pH, Eh, tem -
per a ture).

2. The bio chem i cal evolution (pro cesses such as rot ting,
mouldering, al ter ation to peat and de cay, de pend  on re dox con -
di tions).

3. The geo chem i cal con di tions dur ing con ver sion into coal,
as tem per a ture and pres sure in creased. PAHs in coals de vel -
oped from nat u ral com pounds, mainly terpenoids. The pre cur -
sors of PAHs might be diterpenoids found in res ins, then
al tered to sub sti tuted PAHs such as  pimanthene or retene, or
triterpenoids in plant tis sue, al tered into dimethylchrysene or
trimethylpicene. Other PAH pre cur sors might be hopanoids
pres ent in the bac te ria rem nants, tetraterpenoids found in green
sul phur bac te ria and ste roids, which might al ter into
dimethylphenanthrene (Simoneit, 1998). Some sub sti tuted
PAHs al ter to unsubstituted com pounds dur ing diagenesis.

The ob served vari abil ity of the unsubstituted PAHs in the
var i ous hard coals is con trolled there fore by a num ber of fac -
tors. 

Hard coals from the Lublin Coal Ba sin have rel a tively high
con tents of the hy dro car bons such as: fluoranthene, pyrene,
benzo(a)anthracene and benzo(a)pyrene, and lower con tents of 
the 3-cyclic hy dro car bons (0.180 ppm) than the coals from the
Lower Silesian and Up per Silesian Coal Ba sins, equaling 2.542 
and 1.437 ppm, re spec tively. Lower Silesian hard coals are dis -
tin guished by the high est con tent of fluorene, phenanthrene,
chry sene, benzo(e)pyrene, dibenzo(ah)anthracene and
benzo(ghi)perylene when com pared to the coals of the other
two bas ins. 

The PAH “pro file” var ies within the Up per Silesian Ba sin:
the coals col lected in the mines in the west ern part of the ba sin
are char ac ter ised by higher con cen tra tions (45%) of the
3-cyclic hy dro car bons — phenanthrene and fluorene — in
comparison to the coals in the east ern part of the ba sin (21%).
Coals from the west ern part of the Up per Silesian Ba sin are
poorer in 5- and 6-cyclic ar o matic hy dro car bons (ca. 26% of
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Fig. 2. PAHs in hard coals of the three re gions stud ied

LCB — Lublin Coal Ba sin, LSCB — Lower Silesian Coal Ba sin, USCB — Up per Silesian Coal Ba sin; for other ex pla na tions see Ta ble 1



the to tal de ter mined PAHs) than the coals from the east ern part
of the ba sin (ca. 51%). The coals col lected in the west ern part
of the ba sin have lower con cen tra tions of
benzo(b)fluoranthene, benzo(k)fluoranthene, perylene,
indeno(1, 2, 3-cd)pyrene and benzo(ghi)perylene (Fig. 3). The
higher con tents of the 5- and 6-cyclic ar o matic hy dro car bons
and lower amounts of the 3-cyclic ar o matic hy dro car bons in
the east ern part of the ba sin prob a bly re flect the sed i men tary
environment. In the west ern part of the ba sin the coals were
sam pled from seams of paralic or i gin, and in the east ern part

from seams of limnic or i gin. Nev er the less, the ob served dif fer -
ences in the PAH “pro file” were prob a bly caused by the al ter -
ation of the lower mo lec u lar weight PAHs into high mo lec u lar
weight com pounds due to hy dro ther mal pro cesses, in the east -
ern part of the ba sin.

The coals in ves ti gated from the Lower Silesian Coal Ba sin
and the west ern part of the Up per Silesian Coal Ba sin have
higher con tents of phenanthrene, fluorene and chry sene. Coals
from these de pos its have a higher carbonification grade.
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Fig. 3. Dif fer en ti a tion of PAHs in Up per Silesian hard coals 

W USCB — west Up per Silesian Coal Ba sin, E USCB — east Up per Silesian Coal Ba sin; for other ex pla na tions see Ta ble 1
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