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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 brown coal sam ples from
sev eral de pos its in Po land. Con tent of the to tal de ter mined PAHs ranges from 0.247 to 4.894 ppm, with an av er age value of 1.542 ppm.
Unsubstituted PAHs con cen tra tions in brown coals from tec tonic de pres sion de pos its are sev eral times higher than in brown coals from
lensoid deposits. Among the in ves ti gated PAHs, perylene is the most abun dant, ex ceed ing other de ter mined PAHs more than ten fold.
Sam ples taken from coal lensoid de pos its con tain more chry sene and benzo(a)anthracene than sam ples from tec tonic de pres sions, which
have more acenaphthylene, fluoranthene and pyrene.
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INTRODUCTION

Brown coals formed by al ter ation of ac cu mu lated plant ma -
te rial, when PAHs also orginated. Their pre cur sors were
mainly terpenoids; for ex am ple, diterpenoids may change to
pimanthene or retene, while triterpenoids may change to
dimethylchrysene or trimethylpicene. How ever, hopanoids and 
ste roids may be the pre cur sors of PAHs as well (Smith et al.,
1995; Neilson and Hynning, 1998; Simoneit, 1998). Sub sti -
tuted PAHs, via dehydrogenation and dealkylation dur ing
diagenesis, change to unsubstituted com pounds. Unsubstituted
PAHs are in cluded among per ma nent or ganic pol lut ants
(POPs) to gether with polychlorinated bi phen yls (PCBs) and
chlororganic pes ti cides such as DDT or hexa chloro ben zene.

PAHs oc cur in the en vi ron ment as a mix ture of var i ous
com pounds bear ing two or more ar o matic rings. There is much
vari abil ity in the oc cur rence of in di vid ual PAHs and of their
quan ti ta tive prop er ties. Among the unsubstituted PAHs oc cur -
ring in peat, only fluorene, phenanthrene, fluoranthene, pyrene
and perylene are pres ent in ap pre cia ble amounts, perylene
being the main com po nent of this group (av er age con tent 1.22
ppm), whereas in hard coal the com po si tion of the PAHs mix -
ture is more vari able and the perylene con tent is low, usu ally
ca. 0.03 ppm (Bojakowska and Sokołowska, 1999). Studies of
PAHs in Ter tiary brown coals from Aus tra lian de pos its

showed that sub sti tuted hy dro car bons with five rings pre vailed, 
whereas in brown coal from the Baise Ba sin in south ern China
the unsub sti tuted PAHs were fluoranthene, pyrene,
benzo(a)anthracene, chry sene, benzo(a)pyrene and
benzo(e)pyrene (Chaffee and Johns, 1983; Wang and
Simoneit, 1991).

Burning of coals is a source of emis sion of the unsubstituted 
PAHs to the en vi ron ment, whose syn the sis takes place dur ing
com bus tion. How ever, some PAHs com pounds pres ent in coal
sur vive com bus tion (Howsam and Jones, 1998), mak ing the
orig i nal con cen tra tion of these harm ful com pounds in raw coal
im por tant. Coal with high con tents of unsubstituted PAHs may
be also rich in their pre cur sor, which dur ing com bus tion may
al ter into harm ful unsubstituted  PAHs. 

The aim of the pres ent study was to make the first in ves ti ga -
tion of the oc cur rence of se lected PAHs in brown coal sam ples
from the most im por tant Pol ish de pos its. 

EXTENT AND METHODS OF THE INVESTIGATIONS

Among the Pol ish Ter tiary brown coal de pos its, the Mio -
cene brown coals ex ploited around Konin-Turek (Adamów,
Koźmin, Kazimierz, Lubstów), Bełchatów and Turów (Fig.1)
are the most im por tant, with large re sources at shal low depth
en abling open pit ex ploi ta tion. The de pos its of Adamów,



Koźmin and Kazimierz are be lieved to rep re sent lensoid de pos -
its, with sed i men ta tion of the plant ma te rial lim ited to re stricted
to mor pho log i cal bas ins such as lakes, river chan nels and ox -
bows (Ciuk, 1987). How ever, the Turów, Bełchatów and
Lubstów de pos its were formed in tec tonic rifts ac tive in Ter -
tiary times (Ciuk, 1987). Pol ish brown coals are soft. Brown
coals of the Cen tral Pol ish area have a higher ash con tent
(20–24%) than the coals from the south-west re gion, whose ash 
con tent is 8–20% (Ciuk, 1987). 

The Mio cene lig nite-bear ing sed i ments of the Pol ish Low -
lands and ad ja cent ar eas are di vided into four lithostratigraphical
units: the  I Mid dle Pol ish Group of Seams (Mid dle Mio cene)
and the II Lusatia Group of Seams , the III Ścinawa Group  of
Seams and the IV Dąbrowa Group of Seams of Early Mio cene
age (Piwocki and Ziembińska-Tworzydło, 1997).

De ter mi na tions of PAH con cen tra tions were per formed on
20 sam ples of brown coal from Turów, Bełchatów, Adamów,
Lubstów, Kazimierz and Koźmin. Coal sam ples rep re sent ing
the I Mid dle Pol ish Group of Seams, were col lected from
Kazimierz (2 sam ples), Adamów (3 sam ples) and in the up per
seam at Lubstów (1 sam ple). Coals of the II Lusatia Group of
Seams were taken from the lower seam at Lubstów (2 sam ples), 
from Turów, which oc curs be tween Turoszów and Bogatynia
and is one of the larg est brown coal de pos its in Po land (3 sam -
ples), and from Bełchatów (4 sam ples). More over, three sam -
ples were in ves ti gated which came from the lower brown coal
seam at Turów, of the III Ścinawa Group of Seams.

17 PAHs were de ter mined: 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,
benzo(ghi)perylene, fif teen of which are on the list of PAHs se -
lected for en vi ron men tal stud ies by the US En vi ron men tal 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 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 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 of the
com pounds were as fol lows: acenaphthylene, acena phthene,
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 to tal con tents of de ter mined PAHs in the brown coals
ranged be tween 0.247 and 4.894 ppm with a mean of 1.54 ppm. 
This is sev eral times higher than their con tent in peat, where it
reaches 0.27 ppm (Bojakowska et al., 2000). This higher con -
tent of PAHs in brown coals re sults firstly from a rel a tive en -
rich ment, caused by diagenetic al ter ations (com pac tion,
de crease of po ros ity, dehydratation), re sult ing in car bon con -
tent in crease, and a de crease in volatiles and wa ter. Sec ondly, it
is caused by al ter ation of some sub sti tuted PAH to unsub sti -
tuted PAH.

The high est con tents of 3-cy clic ar o matic hy dro car bons
were found in brown coals from Turów; they range from 0.022
to 0.524 ppm (Tab. 1). The av er age con tents in brown coals
from the tec tonic de pres sions at Turów and Bełchatów, were
0.087 and 0.159 ppm re spec tively and these are sev eral times
higher than in brown coal lensoid  de pos its at Adamów-Konin
(Fig. 2), were they av er aged 0.025 ppm, con cen tra tions sim i lar
to those in peat (Bojakowska et al., 2000). 

The high est av er age con tents of 4-cy clic ar o matic hy dro -
car bons was also ob served in coals from Turów. All coals pos -
sessed rel a tively high con tents of chry sene. The high est
con cen tra tions of fluoranthene and pyrene were also seen in the 
sam ples from Turów (Fig. 2). 

The 5- and 6-cy clic ar o matic hy dro car bons are rep re sented
in brown coals mainly by perylene, whose con tent is sev eral
tens times higher than those of other in ves ti gated hy dro car bons 
(Fig. 2). Its av er age con tent in the coals from the
Adamów-Konin lensoid de pos its is lower (0.436 ppm) than
those in coals in the tec tonic de pres sions, which were 1.752
ppm at Turów and 2.356 ppm at Bełchatów.

Thus coals from Turów and Bełchatów con tain more
unsubstituted PAHs mostly perylene and acenaphthylene and
pyrene, than the coals from Adamów-Konin (Tab. 2). The first
two, de pos ited in tec tonic de pres sions, are thicker, the rocks
be long ing to the II Lusatia Group of Seams and the III Ścinawa
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Fig. 1. Lo cal isa tion of sam pling brown coals de pos its
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T a  b l e  1

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

Hy dro car bons Konin-Turek

(n = 10)

Bełchatów
(n = 4)

Turów
(n = 15)

Acenaphthylene (Ace) 
< − ∗0 001 0 007

0 003

. .

.

0 007 0 069

0 029

. .

.

− < −0 001 0163

0 061

. .

.

Acenaphthene (Acf) 
< −0 001 0 034

0 006

. .

.

0 006 0129

0 041

. .

.

− < −0 001 0 028

0 009

. .

.

Fluorene (Fl) 
0 001 0 004

0 003

. .

.

− < −0 001 0 008

0 004

. .

.

0 003 0 014

0 006

. .

.

−

Phenanthrene (Fen) 
0 003 0 021

0 010

. .

.

− 0 005 0 025

0 013

. .

.

− 0 011 0 344

0 082

. .

.

−

Anthracene (Ant)
< −0 001 0 007

0 003

. .

.

< −0 001 0 001

0 001

. .

.

< −0 001 0 006

0 001

. .

.

Fluoranthene (Flu) 
0 002 0 104

0 022

. .

.

− 0 012 0 038

0 023

. .

.

− 0 008 0 092

0 051

. .

.

−

Pyrene (Pir)
0 001 0 029

0 013

. .

.

− 0 013 0 04

0 025

. .

.

− 0 011 0 123

0 051

. .

.

−

Benzo(a)anthracene (BaA)
< −0 002 0 053

0 016

. .

.

< −0 002 0 041

0 019

. .

.

< −0 002 0 023

0 005

. .

.

Chry sene (Ch)
0 005 0 174

0 042

. .

.

− 0 018 0 065

0 039

. .

.

− 0 006 0 088

0 049

. .

.

−

Benzo(b)fluoranthene (BbF)
< −0 003 0104

0 044

. .

.

0 043 0 07

0 052

. .

.

− < −0 003 0 089

0 029

. .

.

Benzo(k)fluoranthene (BkF)
< −0 003 0 033

0 013

. .

.

0 014 0 027

0 021

. .

.

− < −0 003 0 027

0 010

. .

.

Benzo(e)pyrene (BeP)
< −0 003 0 047

0 018

. .

.

0 013 0 038

0 024

. .

.

− < −0 003 0 068

0 016

. .

.

Benzo(a)pyrene (BaP) 
< −0 003 0 036

0 015

. .

.

0 01 0 047

0 031

. .

.

− < −0 003 0 044

0 017

. .

.

Perylene (Per) 
< −0 003 1305

0 436

. .

.

0 74 3 053

2 356

. .

.

− 0 25 4 132

1752

. .

.

−

Indeno(1, 2, 3-cd)pyrene (IndP)
< −0 005 0105

0 013

. .

.
< 0.005

< −0 005 0 067

0 019

. .

.

Dibenzo(ah)anthracene (DahA) < 0.005 < 0.005
< −0 005 0 036

0 009

. .

.

Benzo(ghi)perylene (Bper)
< −0 005 0 121

0 033

. .

.
< 0.005

< −0 005 0 079

0 032

. .

.

To tal PAHA

0 009 0 058

0 025

. .

.

− 0 023 0185

0 087

. .

.

− 0 022 0 524

0159

. .

.

−

To tal PAHB

0 009 0 261

0 093

. .

.

− 0 081 0131

0105

. .

.

− 0 026 0 284

0156

. .

.

−

To tal PAHC

0 091 1354

0 574

. .

.

− 0 838 3 213

2 493

. .

.

− 0 346 4 485

1884

. .

.

−

To tal PAH17 = PAHA + PAHB + 
PAHC 

2 247 1456

0 691

. .

.

− 1008 3 404

2 685

. .

.

− 0 695 4 894

2198

. .

.

−

∗ −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]



Group of Seams. Coals from the smaller lensoid de pos its:
Adamów, Koźmin and Kazimierz are in cluded in I Mid dle Pol -
ish Group of Seams. In the tec toni cally bounded de posit at
Lubstów the PAH char ac ter is tics of the coals col lected in the
up per mea sures at the mine (I Mid dle Pol ish Group of Seams)
is sim i lar to the char ac ter is tics of the lensoid de pos its coals. It is 
not yet known whether the PAH con tent of brown coals and the 
quan ti ta tive re la tions be tween the stud ied PAH com pounds de -
pend on the age of the coals or on depositional con di tions.

A dom i nance of perylene among the unsubstituted PAHs is
a com mon fea ture of peats and brown coals, this com pound be -
ing sev eral tens of times more abun dant than other
unsubstituted PAHs. Car bon if er ous hard coal are com pletely
dif fer ent in this re spect: phenanthrene, chry sene and

benzo(e)pyrene are the main com po nents and the av er age con -
tent of perylene (0.03 ppm) is very low (Bojakowska and
Sokołowska, 1999). The dif fer ences in the amounts and com -
po si tion of the PAHs in Palaeozoic and youn ger coals prob a bly 
re sulted not only from the in ten sity of diagenesis, but also from
the com po si tion of the ac cu mu lated veg e ta ble ma te rial. In the
Ter tiary, co ni fers, an gio sperm trees and pe ren nial herbs with
sub or di nate ferns, mosses and wa ter plants rep re sent the pri -
mary ma te rial. Re cent coal-forming en vi ron ments are dom i -
nated by an gio sperm herbs and sphag num mosses with
sub or di nate trees. In the Car bon if er ous, the lycopods, horse -
tails, ferns and cordaites, to gether with mosses and herb
lycopods, ferns and prim i tive co ni fers were the main
coal-producing plants.
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T a  b l e  2

PAHs in brown coals from dif fer ent lithostratigraphical units (ppm)

Hy dro car bons Mean Mediana

I II III I II III

Acenaphthylene (Ace)     0.004 0.035     0.055    0.003     0.021   0.002

Acenaphthene (Acf)     0.007 0.024      0.004    0.003    0.010    0.005

Fluorene (Fl)     0.003 0.004     0.007    0.003    0.005    0.003

Phenanthrene (Fen)     0.010 0.051     0.035    0.008    0.017    0.044

Anthracene (Ant)     0.003 0.002     0.002    0.003 < 0.001 < 0.001

Fluoranthene (Flu)     0.027 0.029     0.049    0.009    0.022    0.066

Pyrene (Pir)     0.013 0.026     0.064    0.014    0.027    0.057

Benzo(a)anthracene (BaA)     0.019 0.009     0.008    0.016 < 0.002 < 0.002

Chry sene (Ch)     0.050 0.037     0.045    0.036    0.019    0.041

Benzo(b)fluoranthene (BbF)     0.043 0.042     0.034   0.023    0.043    0.011

Benzo(k)fluoranthene (BkF)     0.012 0.016      0.011    0.008    0.014    0.004

Benzo(e)pyrene (BeP)     0.017 0.017     0.027   0.012    0.013    0.011

Benzo(a)pyrene (BaP)     0.013 0.024     0.016    0.007    0.022    0.002

Perylene (Per)     0.485 1.648     1.860    0.368    1.380    1.198

Indeno(1, 2, 3-cd)pyrene (IndP)     0.016 0.004      0.031    0.003    0.003    0.024

Dibenzo(ah)anthracene (DahA) < 0.005 0.007 < 0.005 < 0.005 < 0.005 < 0.005

Benzo(ghi)perylene (Bper)     0.037 0.014     0.036    0.032    0.003    0.041

To tal PAHA     0.078 0.116     0.103    0.021    0.060    0.065

To tal PAHB     0.114 0.101     0.166    0.087    0.099    0.187

To tal PAHC      1.351 1.773     2.018    0.485    1.397    1.224

To tal PAH17 = PAHA + PAHB +
PAHC     1.542 1.990     2.287    0.552    1.605   1.272

I — the I Mid dle Pol ish Group of Seams (n = 8); II — the II Lusatia Group of Seams (n = 9); III — the III Ścinawa Group 
of Seams (n = 3)
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Fig. 2. PAHs in brown coal: A — 3-cyclic,  B — 4-cyclic, C — 5-cyclic

For ex pla na tions see Ta ble 1
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