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In the present study, statistical correlation analysis and multivariate statistical techniques
(PCA/FA) were employed to investigate polycyclic aromatic hydrocarbons (PAHS) in sediments, such as
illite-montmorillonite (IM) and calcite (Ct), from two sedimentary environments of the Tertiary Krepoljin
brown coal basin in Serbia. The coal and sediment layers were formed in fresh-water bogs during the
Lower Miocene period. The total amount of extractable PAHs was determined by gas chromatography
with a triple quad mass detector (GC-MS-MS), and it ranged from 449 to 10585 pg I* in all sediments.
Eight of the total 16 PAHs, which ranged from 175.17 to 658.42 pg I, include benzo[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene, ben-
zo[g,h,i]perylene, and indeno[1,2,3-cd]pyrene, which are regarded as potentially carcinogenic, indicating
a higher possibility of adverse ecological effects. Medium molecular-weight (MMW) PAHs were found
to be predominant in all sediments. PAH concentrations are affected by several factors, such as carbon
content, H/C mole ratio, and (less significant) O/C mole ratio. The non-existence of a correlation between
the N/C ratio and other parameters indicates unspecific changes which accompany the original organic
matter. The lower-sulfur Ct sediment samples were found to have a higher PAH content than higher sul-
fur IM samples, leading to the conclusion that the PAH content of sediments may be related to the deposi-
tional environment.

Keywords: illite-montmorillonitic environment; calcitic environment; polycyclic aromatic hydrocarbons;
gas chromatography with a triple quad detector; multivariate statistical technique

MNOJNIUKJINYHU APOMATHYHU JATJIEBOAOPO/IH BO ABE CEJMMEHTHU CPEJUHN
HA KPEINTOJIMHCKHNOT TEPIIMJAPEH JATJIEHOB BA3EH

Bo oBaa cryaMja ce NpPUMEHETH CTAaTUCTHYKA KOpEJIAlMOHAa aHalnW3a W MYJITHBapUjaHTHH
cratuctnuku Texaukn (PCA/FA) 3a ma ce ucTpakaT MOJUIMKIAYHUTE ApOMATHYHH jarJIeBOIOPOIN
(PAHS), kako mro ce miut-MoHTMOpHIOHUT (IM) u xanuur (Ct) Bo cenquMeHTH, O JBE CEAMMEHTHH
CPeAMHM Ha TEpLUjapHUOT KPETOJMHCKU 0a3eH Ha urHuT Bo CpOuja. JarineHOT U CeIMMEHTHUTE CII0EBU
ce (opMHpaHU BO CJIATKOBOJHM MOUYpHIITA 32 BpEME Ha IEPHOJOT Ha JIOJEH MHOIeH. BKymHOTO
konmyecTBO Ha PAHS mTo Moxar ja ce eKcTpaxupaaT Oellle OApelIeHO CO racHa Xpomarorpaduja co
MaceH JIETEKTOp co TpokpareH kBaapynoi (GC-MS-MS) u 6ea Bo onceror ox 449 mo 10585 pg 1™ Bo
cute cemumentd. Ocym op BkymHo 16 PAHs pamrmpamu ox 175,17 nmo 658,42 pg 1 compxar
Oenso[a]anrpanen, xpuszeH, Oenso[b]duyopanten, Genso[k]dayopanrten, Genso[a]mupen, aubenso[a,h]
aHTpaneH, OeHzo[gh,ijmepunen u wHAeHO[1,2,3-cd|mupen; Cure THe ce cMmeTaarT 3a TOTEHIHjATHO
KaHIIEPOTreHH, YKa)KyBajKd Ha IIOToJieMa BEPOjaTHOCT 3a HACTAHYBalbe HECAKAHH EKOJIOIIKH e(EeKTH.
Beme yTBpaeHO neka BO CHUTE€ CeAMMEHTH mpeoBnamyBaar PAHS co cpemHM MONEKYJICKH TEeXHHH
(MMW). Konmentpanuute Ha PAHS 3aBucar ox moBeke (akTopy, Kako MITO Ce COAPKMHATA Ha
jaraepoa, MosickuoT oxHoc Ha H/C u (momanky 3Hauajuo) MosckuoT oxHoc Ha O/C. Henocroemero Ha
koperanuja Mery oguocot Ha N/C W apyru mapaMeTpu yKaxyBa Ha HecHelu(UYHH MPOMEHH INTO ja
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NPUIPYKyBaaT OpUTMHAJIHATa OpraHcka marepuja. bemie yTBpAeHO Jeka ceAMMEHTHUTE IPUMEPOIH Ha
KaJILUT CO MOMaJla COApKMHa Ha cyndyp nmaaT norosema coapxkuaa Ha PAHS on mpumeponure Ha IM
CO TIOBHCOKAa COJpXXMHA Ha CyiaQyp IITO HaBeAyBa Ha 3aKIy4OK neka conxpkmHata Ha PAHS BO
CeIUMEHTHTE MOJXKE 113 € TIOBP3aHa CO OIIKPYXKYBAETO IIPH TAIOKEHETO.

Kny4ynu 3060poBH: WINTHO-MOHTMOPHJIOHUTHO ONKPY)KYBarhe; KaJILUTHO ONKPY)XKyBarbe; IOTUIUKINIHA
apOMATHUYHH jarJIeBOJOPOIN; TacHa XpoMaTorpaduja co TPOSH KBaIPYIOJICH ACTEKTOP; MYyJITHBApHjHTHA

CTaTUCTUYKA aHaJIu3a

1. INTRODUCTION

The three-dimensional network of coal is
composed of condensed aromatic and hydroaro-
matic compounds which are connected via short
alkyl bridges, ether linkages, and thioether linkag-
es. Polycyclic aromatic hydrocarbons (PAHS) are
an integral part of the coal structure. PAHSs in
coal/sediments are affected not only by coal rank
but also by their origin, including depositional en-
vironment, precursor material, formation history,
and geological age.”

PAHs are comprised of many carcinogenic
substances and are ubiquitous in the environment.
The U.S. Environmental Protection Agency regu-
lates 16 priority pollutant PAHs (16 EPA-PAH)
spanning from 2-6 condensed aromatic rings,
which are commonly analyzed.

Organic geochemical characteristics of coal
are frequently used to evaluate essential information
regarding the coal-forming plant communities, dep-
ositional environment, and the maturity level of or-
ganic matter. Some common molecular parameters
for saturated hydrocarbons can provide valuable
information regarding the plant precursors, redox
conditions during peatification, and the thermal evo-
lution degree of organic matter. Similarly, the pres-
ence of aromatic molecules containing PAHs and
heterocyclic aromatic compounds can also support
geological information. PAHs have been reported in
coals of different ranks,'° and several studies have
examined their occurrence modes, the origin of
minerals in coal, and the organic matter content.!*°
However, no study has yet described the character-
istics of early diagenetic processes and the mineral-
ogy composition of coal related to the concentration
of extractable PAHs in a literature review.

Here we describe the sediments from the
Krepoljin brown coal basin, which are exploited in
the small mine in East Serbia. These coals are in a
low maturity range with good preservation of or-
ganic compounds. The most impressive of these is
the covering of the entire Tertiary sequence by
Mesozoic (Triassic and Jurassic) limestones, hav-
ing a thickness of up to 800 m, which occurred at
the end of the Tertiary period. In addition, the en-

tire basin is intersected by many bigger and smaller
faults, resulting in massive, individual tectonic
blocks. We characterized PAH profiles in two sed-
imentary environments in the Krepoljin coal basin.
The samples of the intercalated mixed sediments
(pieces of coal in clays, sandstones, and shales)
originate from two hydrogeochemically differing
sedimentary environments: the illite-montmoril-
lonitic (IM) and the calcitic (Ct) environment. The
characteristics of the early diagenetic processes
which influenced the composition of the organic
matter of this sediment was assessed by the statis-
tical correlation analysis and multivariate statistical
techniques. The results provide essential infor-
mation for establishing and implementing sustain-
able and safe practices for managing and disposing
of coals in the Krepoljin brown coal basin and oth-
er coal-polluted regions.

2. EXPERIMENTAL

2.1. Study area and sampling

The samples comprise the sedimentary se-
quences from the underlayers to the overlayers,
including several sublayers of coal and the interca-
lated mixed sediments (clays and sandstones con-
taining coal fragments). Tertiary sediments of the
coal-bearing series of the Krepoljin basin consist
of the lake sediments composed of clays, sands,
gravels, argillites, (less often) marls, coal layers,
and other deposits (Fig. 1). The underlayer of the
coal bed has a changeable granulometric structure
and consists of, more or less, clay-bearing, pre-
dominantly weakly bound soft sandstones and
sands of greenish color. The thickness of underlay-
er section sediments (20-70 m) varies due to the
degree of preservation and erosion of the Tertiary
products. The presence of porous, so-called multi-
colored sandstone, maroon and less often yellow,
is characteristic for the overlayer. Its maximum
thickness goes up to 2 m. The continental-type coal
bed of the freshwater lake sediment series com-
prises two coal seams. The lower coal seam, which
is the main carrier of the coal reserves, has a regu-
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lar spread in the whole bed (the contours of the
bed) without losing minimum exploitation thick-
ness. In contrast, the upper coal seam has limited
thickening and minimal thickness. This coal-
bearing section of the Miocene series could be
found in the transgressive phase of the lake Aqua-
toria, marking the outset of the sedimentation cy-
cle. Over the thin proluvial sediments, the bed
stretches on an uneven, highly karstified paleore-
lief on which a configurational complex was
formed during the continental phase before the
Miocene. Concerning this feature, the existence of
several peat-forming centers in the beginning can
be hypothesized. These separate centers, growing
vertically due to continuous sedimentation, pro-
gressively extended their area and finally became
fused into a unique coal forming bed. Such sedi-
mentation conditions at the beginning of the Mio-

cene series had a considerable impact on the gene-
sis of the bed, which has been manifested through
the variability of the coal seam thickness. The hor-
izontal component of tectonic changes was more
prominent, and the basin was covered by powerful
Triassic and Jurassic limestones which protected it
from subsequent external influences. The Krepoljin
zone has a Karst structure, but it shows only some
characteristics of overlap fault in the coal mine
area. Fissures are prominent in the bed, while tec-
tonic movements along the fissures have caused
the appearance of a block structure with denivelat-
ed and disparately oriented blocks. The lower, i.e.,
the elder coal-bearing series from two exploratory
boreholes, J-98 and J-99, of the Central Field-
Block 111 were investigated.'® A suite of 10 sedi-
ment samples was collected from the Tertiary
Krepoljin brown coal basin in Serbia.
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Fig. 1. Location of the study area and stratigraphic column of the studied area
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2.2. Mineralogical composition

The approximate abundance of the main
minerals in the mixed and the noncoal sediments
was estimated by semiquantitative X-ray diffrac-
tion analysis using a Philips RW1710 diffractome-
ter and APD software processing.

The differences in the composition of the
principal mineral assemblages of individual mem-
bers in the sedimentary sequences indicate the oc-
currence of hydrogeological events (e.g., changes
in the sources of sedimentary material). Such
events changed the hydrogeochemical conditions
in the sequences of freshwater peat-bogs or lakes.
Generally, two types of mineral assemblages can
be recognized: the sediments with a clay mineral
matrix and those with a calcitic matrix.

Sediments with a clay mineral matrix, IM.
These sediments consist mainly of quartz and phyl-
losilicate clay minerals (illite, montmorillonite,
kaolinite, and, sporadically, chlorite or halloysite).
Several members also contain antigorite, micas,
feldspars, phillipsite, or chaoite. In these sedimen-
tary environments, due to the absence of car-
bonates, a relatively low pH can be expected, as
well as strong sorption of humic electron-acceptors
(EA) and donors (ED) on clay minerals.

Sediment with a calcitic matrix. The strik-
ing characteristic of this group is the prevalent con-
tent of calcite. The second abundant mineral in all
members is quartz, whereas two of the members
also contain antigorite. The prevalent content of
calcite, as a pH buffer of infinite capacity, was
very probably supplying a consistently high pH in
the early diagenetic environments of these mem-
bers despite the intermediary forming humic sub-
stances as proton sources.!®

Total organic carbon (TOC) content and
proximate and ultimate analysis were performed
according to the procedure in the paper.*’

2.3. Polycyclic aromatic hydrocarbons

Samples taken for lipid analyses were col-
lected. Ten samples were collected, and each sam-
ple was wrapped with foil and sealed in bags to
prevent contaminants. The samples were dried in
open air immediately after excavation. After being
ground to 100 mesh size, approximately 120 g of
each sample was Soxhlet-extracted with dichloro-
methane for 72 h. The total extract was concentrat-
ed on a rotary evaporator under reduced pressure
and then transferred to a vial. After being weighed,
the total extracts were fractionated by column
chromatography (neutral alumina/silica gel, 1:2),

successively eluting with n-hexane, dichloro-
methane/hexane mixture (30:70, v:v), and metha-
nol to get the saturated hydrocarbons, aromatics,
and polar fraction.

The concentrated aromatic extracts were an-
alyzed using an Agilent Technologies gas chro-
matograph with a triple quad mass detector (GC-
MS-MS) (7890B/7010, Agilent, USA) with an HP-
5MS capillary column with 30 m x 0.25 mm x
0.25 um film thickness. Helium (6.0, Messer) was
used as a carrier gas at a constant flow rate of 1.5
ml min~t. A 1 ul sample was injected in the split-
less mode. The oven program was as follows: The
temperature was increased from 50 °C to 200 °C at
25 °C/min, then to 320 °C at 5 °C/min; the. injector
temperature was 300 °C.Samples were taken three
times with an RSD of 3.12 %.

Internal standards used as controls were
acenaften-d10, fenantren-d10, chrysene-d12, pery-
lene-d12, and surrogate standards nitrobenzene-d5,
2-fluoro-1,1'-biphenyl, and p-terphenyl-d14.

All solvents (Sigma-Aldrich) were of a qual-
ity for gas chromatography. Reagent solutions
were prepared with hexane/acetone 1:1, v:v. The
solvents were used as supplied.

2.4. Data processing

Statistical data processing included appli-
cation of multivariate statistical methods to previ-
ously systematized data in samples from Krepoljin
sediment areas. Factor analysis was utilized, spe-
cifically analysis of the main components (PCA).
PCA is used for the detection of intercorrelations
within a set of data or for grouping variables that
are mutually correlated. *® The main goal of this
technique is to extract a small number of factors
that can explain the variation of a large amount of
analytical data. The Kaiser—Meyer—Olkin (KMO)
test and Bartlett’s test of sphericity were used to
check the sampling adequacy. For the PCA/FA,
this was conducted through a correlation matrix
using the Statistica software package for Windows,
(Statsoft, Inc. 8.0) and the SPSS statistical pack-
age, version 20.0 for Windows (IBM Corporation,
Armonk, NY).

3. RESULTS AND DISCUSSION

3.1. Ultimate analysis and basic biomarker proxies

The bulk geochemical parameters, which
include the total organic carbon content (Corg), total
sulfur content, organic sulfur, and mole ratios of
H/C, O/C, and N/C, are given in Table 1.
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Table 1

Mean values of 16 EPA PAHS, ultimate analysis, and total sulfur content
with standard deviations for illite-montmorillonitic and calcitic environments

c*+SD/ugl?t

IM samples Ct samples
Naphthalene 23.61+0.16 23.63+0.15
Acenaphthylene 31.95+0.29 31.91+0.13
Acenaphthene 2948 +0.21 29.45+0.24
Fluorene 2569 +£0.11 26.06 +0.69
Phenanthrene 43.99 +2.47 4535 +3.88
Anthracene 16.73£1.31 17.02 £1.98
Fluoranthene 94.16 +55.83 69.34 + 56.20
Pyrene 93.02 £ 45.37 56.79 + 31.87
Benzo[a]anthracene 152.52 + 75.39 171.49 +93.01
Chrysene 68.84 + 30.253 76.71 + 36/66
Benzo[b]fluoranthene 20.85+13.14 35.11 +33.58
Benzo[k]fluoranthene 33.45+14.68 49.73 £ 38.16
Benzo[a]pyrene 37.95+6.71 42.48 +33.10
Dibenzo[a,h]anthracene 12.80 + 3.67 12.06 + 20.67
Benzo[g,h,i]perylene 14.94 £0.75 17.55+2.46
Indeno[1,2,3-cd]pyrene 749 +0.91 9.04 £ 3.00
Content of Corg, 23.58 £10.54 14.36 £9.274
Ultimate analysis
H/C molar ratio 1.156 £ 0.08 1.167 £0.178
O/C molar ratio 0.33 £0.041 0.57 £0.105
N/C molar ratio 0.012 + 0.007 0.012 +0.003
Content of total S 346.98 £ 99.27 326.17 £ 56.28

The precursor material of higher plant gym-
nosperms significantly influenced the overall or-
ganic matter of mixed sediments in both hydro-
chemical environments. The OM of the sediments
is composed mainly of polar compounds, over 53
wt. %, reflecting the low maturity of the sediments.
The sample contains an abundance of long-chain
n-alkanes (n-C17-C to n-C31) that exhibit a strong
odd carbon preference. In the Ct-population, n-C27
dominates, while n-C29 alkane predominates in the
I-M environment. According to maceral analyses,
terrestrial precursors dominate, while algal ones
are minor. The aromatic structures consist of com-
pounds derived from the abietane type sceletion
formed in anaerobic or a combination of aerobic
and anaerobic processes: dehydroabietane, simo-
nelite, and retene, with a predominance of simo-
nelite and dehydroabietane.!” Possible precursors
for aromatic abietane type diterpenoids are
pimarane and phyllocladane derivates. Because of
the relatively young, Miocene age of coals and
sediments, it should be expected that these early
diagenetic influences are still noticeable.
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3.2. PAH distribution

The mean + standard deviation (SD) results of
individual PAHSs calculated from data collected on all
10 tested samples are shown in Table 1. An example
of GC-MS-MS of PAHs is presented in Figure 2. The
statistical summaries of the parameters analyzed us-
ing box and whisker plots are shown in Figure 3.
These variations are important to recognize in envi-
ronmental assessment in which the contributions of
PAHSs are derived from other sources. Fly, Pyr, Ben-
zoaA, Chr, Total S, and organic matter showed the
highest variance in distribution and large spatial vari-
ations, while low molecular weight PAHs, DBA,
BenzolP, Indenopyren, and mole ratios displayed
homogenous distribution across the investigated
boreholes of the Krepoljin basin. The range of PAH
concentrations was from 7.494 pg I for IndenoPy-
ren to 171.49 g I* for benzo[a]pyren (Table 1). The
total concentration of PAHs in sediments ranged
from 449.63 to 1058.83 ug 1%, with a mean concen-
tration of 712.99 pg 1"t (Table 1). The highest total
PAH concentration was recorded in one Ct sample at
1058.3 pg I'Y. The remaining samples had similar
total PAH concentrations of 675.6 + 112.3 ug I
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Fig. 3. Box and Whisker plot of PAHs, molal ratios, and total sulfur content in sediments
of the Kreepoljin coal basin, with minimum, maximum, median, and 25 % and 75 % quartile values

A Pearson’s correlation matrix was calculated
in order to establish the relationships among PAHs
and applied parameters and determine the common
source in the Krepoljin coal basin. According to the
values of the Pearson correlation coefficient, s, there
is a positive correlation among them. Examples of
significant correlations obtained in this paper are pre-
sented: naphthalene-acenaphthylene, r=0.732**;
naphthalene-acenaphthene, r = 0.745**; naphthalene-
phenanthrene, r = 0.799**; naphthalene-anthracene, r
= 0.788*; benzo[a]anthracene-chrysene, r = 0.999**;
benzo[a]anthracene, r=0.802**; benzo[a]anthra-
cene-benzo[K]fluoranthene, r=0. 797**; benzo[a]
anthracene-benzo[a]pyrene, r=0.724*; benzo[a]
anthracene-dibenzo[a,h]anthracene, r=0.78*; ben-
zo[a]anthracene-benzo[g,h,i]perylene, r =0.699%;
chrysene-benzo[b]fluoranthene, r = 0.799**; chrys-
ene- benzo[k]fluoranthene, r=0.794**; chrysene-
benzo[a]pyrene, r=0.726**; benzo[b]fluoranthene-
benzo[a]pyrene, r=0.715**; benzo[b]fluoranthene-
benzo[g,h,i]perylene, r=0.698*; indeno[1,2,3-cd]
pyrene-BkF, r=0.716*;  benzo[b]fluoranthene-
indeno[1,2,3-cd]pyrene, r=0.71*; benzo[a]pyrene-
benzo[k]fluoranthene, r=0.714* (*Statistically sig-
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nificant at p < 0.05, ** Statistically significant at p <
0.01).

The first component (PCA/FA) explains the
most variance present in the dataset, with each
subsequent component explaining progressively
less variance.® Prior to the application of PCA/FA,
standardization (z-scale) of the chemical parame-
ters was carried out to render each of them dimen-
sionless in order to eliminate potential bias toward
a particular parameter of a different unit with high
concentrations.?® The Varimax rotation method
was used to extract the principal components
(PCs), considering eigenvalues > 1 as significant
for interpretation. According to Liu et al., 20132,
factor loading is classified corresponding to abso-
lute loading values as ‘strong’ ( > 0.75).

Factor F1 (32.8 % of variance) This is the
most numerous group, and it includes carcinogenic
PAHs and mole ratios of H/C and O/C (Table 2).
According to Kalf’s study, fluoranthene, pyrene,
benzo[a]anthracene, and benzo[K]fluoranthene
have stronger carcinogenesis and mutation than
benzo[a]pyrene, marked as the most carcinogenic.
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Table 2

Principal component analysis of 16 PAHs, C org., mole ratios, and total sulfur content

Component 1 Component 2

Component 3 Component 4

32.80 % 22.50 % 16.23 % 11.607 %
Benzo[a]anthracene Naphthalene Fly Corg
+0.935 +0.826 +0.909 +0.775
Chrysene Acenaphthylene Pyrene S
+0.936 +0.736 +0.899 +0.861
Benzo[b]fluoranthene Acenaphthene

+0.754 +0.764

Benzo[k]fluoranthene Fluorene

+0.748 +0.749

Benzo[a]pyrene Phenanthrene

+0.773 +0.941

Dibenzo[a,h]anthracene Anthracene

+0.756 +0.956

Benzol[g,h,i]perylene

+0.748

Indeno[1,2,3-cd]pyrene

+0.884

H/C ratio

+0.879

O/C ratio

+0.725

So, as much of the harm was thought to be
from benzo[a]pyrene, attention must also be paid
to the hazards of other EPA PAHSs.?2 The total
abundance of carcinogenic PAHSs in the analyzed
samples ranged from 165.55 to 550.42 pg I'X. Our
study showed that BaA was the major compound,
accounting for approximately 22 % of total PAHs
in sediments from the IM and Ct samples, Table 1.
The mean concentration of BaA in sediments from
the IM samples was 152.52 + 75.394 ug I, while
in Ct samples it was 171.491 + 93.01 pg I'Y indi-
cating a higher possibility of occurrence of adverse
ecological effect in addition to the other indicated
PAHs by Kalf’s study.? Several studies show that
the levels and patterns of PAHSs in coal are system-
atically tied to coal parameters determining its ma-
turity, such as carbon content and the mole rati-
0s.242 The mole ratio of H/C is one of the most
important parameters of the coalification degree.
Our results were consistent with the studies. They
analyzed the effect of carbon content and mole
ratios on PAH content in Chinese and American
coals, and the relationships were fitted by a Gauss-
fit. The effect of the mole ratio of H/C on carcino-
genic PAH content in our samples is shown in Fig-
ure 4a. This effect results from changes in the
chemical structures of organic compounds during
the organic matter metamorphism and evolution
process. Coal evolution is a continuous process of
aliphatic hydrocarbon condensation. In this pro-
cess, the volatile matter continues to decline during

the separation of O elements, and the molar ratio of
H/C continues to grow. Accordingly, the volatile
matter and mole ratio of H/C can directly reflect
the changes in PAHSs in raw coal.?” On the basis of
the structural changes in the organic matter of coal,
a low H/C ratio indicates a high degree of cycliza-
tion in coal structure (aromaticity), and a substan-
tial amount of PAH can be detected in raw coal.
Both hydrochemical environments have a high and
similar content of H/C for organic matter. The H/C
of IM samples (1.16 + 0.08) and H/C in calcitic
sediments (1.17 + 0.18) indicate the degree of dia-
genetic changes in the original biomass The O/C
ratio, which expresses reduction, i.e., the oxidation
degree of sediment organic matter, indicates that the
oxido-reduction conditions and/or specific diagene-
sis which took place in a relatively closed system of
the Krepoljin coal basin had an effect on the distri-
bution of PAHs. The connection between the O/C-
ratio with other geochemical parameters listed in
Table 1 was searched by correlation analysis. How-
ever, no significant correlations were found. The
actual degree of oxidation of OM and the low de-
gree of coalification (expressed by the O/C-ratio) of
the calcitic environment (0.575 £ 0.105), character-
ized by the high oxidative activity of humic EAs, is
significantly higher than the oxidation degree of
OM in the clay-matrix environments (0.331 =
0.041). The statistical meaning of the slightly posi-
tive tendency of O/C with carcinogenic PAHSs
shows that oxido-reduction conditions have influ-
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enced the distribution of carcinogenic PAHs (Fig.
4b) significantly less than the H/C ratio. The N/C
ratio depends on the structure of the original bio-
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Fig. 4. Correlation diagrams: a) Canc. PAHSs versus H/C ratio; b) Canc. PAHs versus O/C ratio;
c) Corg versus total S.

Factor F2 (22.5 % of variance). A less
numerous group consists of medium PAHSs, Table
2. The 16-PAHSs are divided into three groups ac-
cording to their molecular weight, i.e., low-
molecular-weight PAHs (LMW-PAHS), medium-
molecular-weight PAHs (MMW-PAHS), and high-
molecular-weight PAHs (HMW-PAHSs). According
to the division into groups, our samples are domi-
nated by four-ring PAHs (MMW-PAHS) which
contribute 46.4-64 % of the total (Fig. 5). The
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LMW PAHSs species are dominating 16.2-37.9 %
in most samples. Our results are consistent with the
literature, which indicates the predominance of
four-ring PAHs in the brown coal stage and the
immaturity of the sedimentary organic matter.?-30

This two factor shows the diagenetic-maturation
processes of the organic matter of mixed sedi-
ments, i.e., it results from the original biomass un-
dergoing changes due to diagenetic transfor-
mations.
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Fig. 5. Distribution of PAH groups in the ternary diagram

The third group, F3 (16.23% of variance).
This group includes fluoranthene and pyrene, and
it does not show any correlation, positive or nega-
tive, with the two previous groups. Fluoranthene
and pyrene, both with a mass of 202, have the
greatest range in stability and hence are good indi-
cators of thermodynamic vs. kinetic processes.
Fluoranthene is a structural isomer of the alternant
PAH pyrene. It is not as thermodynamically stable
as pyrene. Combustion and/or anthropogenic
sources are usually deduced from an increase in the
proportion of the less stable (kinetic) PAH isomer
compared to the more stable (thermodynamic)
isomer. The thermal alteration processes of organic
matter are influenced by the inorganic sediment
constituents. Slightly higher pyrene content was
recorded in the IM environment (Fly/Pyr 0.906)
compared to the calcitic group (Fly/Pyr 1.34, Fig.
6). Higher contents of fluoranthene and pyrene in
the total PAHs are most likely a result of the par-
ticipation of hydrocarbons of different origins
(higher land plants/bacterial metabolite and/or spe-
cific diagenesis which occurred in the relatively
closed system of the Krepoljin coal basin.

Factor F4 (15.544 % of variance). This
factor is defined in the sediments by their content
of organic carbon Cor, i.e., the whole organic mat-
ter expressed as Corg and total sulfur content, which
are significantly correlated with each other (Table
2, Fig. 4c), and it indicates that the diagenesis of
organic precursor materials was connected to dia-
genetic changes of sulfur species.

2.755

A A 0.505 . 0.691 1080
MLM2 ¢y, | A A A ‘

IM5 w6

Fluoranthene/Pyrenc, wt.%
>
&

Samples

Fig. 6. Column diagram showing the distribution
of the fluoranthene/pyrene ratio in different sediment
(IM and Ct) samples

The Corg content in the samples varied from
9.74 % to 40.89 %. Cory content in the calcitic sed-
iments (Ct) seems to be lower than in the clay-
matrix IM sediments, but the difference is not sta-
tistically significant due to the wide range of indi-
vidual values. The probable reasons for the low
accumulation of precursor material during the for-
mation of the these sediments (IM and CT) are as
follows: a shallow water column in the bogs that
led to the decomposition of a large amount of pre-
cursor material under aerobic conditions or lake
flow resulting in an aerobic water column for the
preservation and transformation of precursor mate-
rials into a continuous coal layer and coal frag-
ments and other materials in the sediments were of
an allochthonous origin, i.e., they were carried in
with water from neighboring coal deposits. Car-
bonatic sediments have a weaker preservation ca-
pability for OM.3! However, the apparent differ-
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ence could contribute to (i) an initially differing
rate of organic precursor material supply affected
by the hydrogeological events which parallelly
changed the source of mineral materials (introduc-
tion of carbonates instead of clays) and/or (ii) the
higher oxidative activity of humic EAs in the Ct
environment. From all of the above, there is no
significant correlation (r = 0.42, p = 0.22) between
PAHs and total organic carbon due to the wide
range of individual values, which indicates that
total organic carbon was a factor in PAH distribu-
tion in sediments.

The sulfur content in coal is widely regarded
as an indicator of the paleoenvironmental condi-
tions under which the precursor peat accumulated.
The lower-sulfur Ct sediment samples have a
slightly higher PAH content than higher sulfur IM
samples, and this leads us to conclude that the
PAH content of sediments may be related to the
depositional environment, i.e., the lithology is de-
termined primarily by the nature of the sediment
input and by the conditions of deposition.®? The
poor correlation of total sulfur content with PAHs
content (r = 0.157; p = 0.66) may result from the
occurrence of other forms of sulfur: organic sulfur
and inorganic sulfur, e.g., pyrite that contribute to
the total sulfur measured in the coals.33-34

4. CONCLUSIONS

The characteristics of the early diagenetic
processes which influenced the composition of the
PAHs of aromatic fraction from the Krepoljin
brown coal basin of the Miocene age were assessed
by chemometric techniques: statistical correlation
analysis and multivariate principal component
analysis.

The first two primary factors of principal
component analysis define over 55.3 % of the total
variance in the set of results, including carcinogen-
ic PAHs, the mole ratios of H/C and O/C, and me-
dium molecular weight PAHSs, and show the diage-
netic-maturation processes of organic matter. The
total abundance of carcinogenic PAHSs in the ana-
lyzed samples ranged from 165.55 to 550.42 pg I 2.
BaA was the major compound, accounting for ap-
proximately 22 % of the total PAHSs in sediments
from both hydrochemical environments. The molar
ratio of H/C played a leading role in the change pro-
cess of the PAHSs, followed by the molar ratio of
O/C. Samples were dominated by four-ring PAHs
(MMW-PAHS), which contributed 46.4-64 % of
the total PAHs. The mineral part had a decisive
role in the processes of thermal alteration of fluo-
ranthene and pyrene.
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The average Corg-content in the calcitic sedi-
ments (Ct) seems to be lower than in the clay-matrix
IM sediments, but the difference is not statistically
significant due to the wide range of individual val-
ues. The non-existence of a correlation between the
N/C ratio and other parameters indicates unspecific
changes which accompany the original organic mat-
ter. The low-sulfur samples have a higher PAH con-
tent than the high-sulfur samples, leading to the
conclusion that the PAH content of coals may be
related to the depositional environment.
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