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Abstract
The aim of this study was to determine the mass fraction of polycyclic aromatic hydrocarbons (PAHs) in the soil of the 
Labin city area (west Croatia) as a consequence of the pollution caused by centuries old Raša coal mining and associated 
metal processing and foundry industries. Samples of topsoil down to a depth of 10 cm depth, following the removal of 
plant cover, were collected, air-dried, and sieved to <2 mm. Afterwards, they were extracted, and PAH levels were meas-
ured by high performance liquid chromatography using a fluorescence detector with a varying wavelength of excitation 
and emission (HPLC/FLD). The results showed substantially elevated levels of PAHs across the study area. The soil pol-
lution with PAHs increased in the direction towards the Raša Bay, where a former coal separation unit was in operation 
decades ago. The results demonstrated the presence of pyrolitic PAHs that resulted from Raša coal combustion at high 
temperatures in power plants, and unburnt coal-derived PAHs formed by Raša coal carbonization. For the first time, this 
paper reports levels of PAHs in soil of the Labin city area, establishing them as higher than the values set by Croatian 
legislation. Therefore, this study clearly calls for immediate clean-up measures in order to solve the environmental pol-
lution issue of the vulnerable local karst area.
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1. Introduction

The use of coal has driven human progress and 
changed society but has also had multiple negative im-
pacts on the environment, environmental pollution, an-
thropogenic climate change, and a decrease in resources 
(Mishra et al., 2019; Saha et al., 2017; Singh et al., 
2015; Finkelman et al., 2021). Today, coal is the most 
common energy raw material, providing 23% of the 
world’s total primary energy, although, from an environ-
mental point of view, it represents the most dangerous 
source of energy. Coal is mostly exploited to be used to 
produce energy in thermal power plants (TPP) whose 
impact on the environment is very significant. With the 
development of industry, economy and technology, the 
need for electricity in the world has significantly in-
creased in the last decades. As a result, the need for fuel 
is increasing, and consequently, the impact on the envi-
ronment is growing significantly. The largest percentage 
in global electricity production is accounted for by coal 
with as much as 41%, which is more than any other raw 
material (WCA, 2012). The largest coal market is Asia, 
where over 50% of global coal consumption is currently 

consumed (Bogdan et al., 2007). By far, the world’s 
largest coal producer is China, which recorded 3,748 
tons of extracted coal in 2014, followed by North Amer-
ica with 916 tons of coal. In Europe, the largest amount 
of extracted coal was recorded in Germany with 187 
tons. The power plant Vlaška (PPV), along with the ex-
ploitation of coal, is a large source of hazardous pollut-
ants and elements (Dai et al. 2021). The most represent-
ed hazardous pollutants are polychlorinated biphenyls 
(PCBs) (Dvoršćak et al., 2019) and polycyclic aromatic 
hydrocarbons (PAHs) (Medunić et al., 2016a; Saikia et 
al., 2018; Naik, 2019). PAHs are formed during the dia-
genetic of plant material deep inside the earth crust dur-
ing maturation, i.e. coal formation (Achten and Hof-
mann, 2009).

PAHs are organic compounds that consist of two or 
more aromatic rings. They can be formed during natural 
processes, such as volcanic eruption or anthropogeni-
cally, by human activities. Emissions caused by human 
activity are much higher than natural emissions. PAH 
emissions take place due to processes such as the pro-
duction of coal, crude oil, gasoline and other fuels, natu-
ral gas and the production of heavy and light metals 
(Jakovljević and Žužul, 2011). PAHs are present in ex-
haust gases, home furnaces, smoked foods, and tobacco 
and cigarette smoke (Kvesitadze et al., 2006). In urban 
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areas, domestic fireplaces, and exhaust fumes of cars 
with gasoline engines represent the main sources of larg-
er molecular weight PAHs (> 5 aromatic rings), while 
diesel fuels mostly emit smaller molecular weight PAHs 
(Jakovljević and Žužul, 2011; Jovčić et al., 2012). 
Also, the coking industry presents a big source of PAHs 
in the soil. Rachwal et al. (2015) found that the content 
of PAHs in soil around the coking plant in Zdzieszowice 
(Poland) was two to three times higher than in other ar-
eas, despite a considerably low content of hazardous 
trace elements (HTEs) in the study area. In almost all of 
the analyzed samples, PAH contents exceeded national 
threshold values according to Polish regulations. A study 
conducted in England showed that in 2010, 76% of 
benzo(a)pyrenes entered the environment through com-
bustion from domestic fireplaces, 6.7% from industrial 
combustion, 4.3% from traffic, 3.4% from metal produc-
tion, 1% from waste incineration, and 8.4% from other 
sources (Kim et al., 2013).

The PAH emissions from coal-fired power plants are 
generated by two mechanisms: (1) emissions of incom-
bustible material (fly ash) during the incomplete com-
bustion of coal, and (2) emissions during pyrolysis, 
which happens in any kind of combustion process (Mas-
tral et al., 2000). Incomplete combustion occurs during 
the beginning and at the end of a power plant’s opera-
tion, and also during the repair of certain parts while still 
under conditions of high temperature. Pyrolysis can lead 
to different aromatic clusters, thus confirming the al-
ready proven possibility of synthesizing benzo[a]pyrene 
from ethane (Liu et al., 2008).

According to toxicity and their impact on human 
health, as well as the probability of human exposure to 
PAHs and their relatively high ambient concentrations, 
the United States Environmental Protection Agency 
(EPA) classified sixteen PAHs as primary, most danger-
ous, environmental pollutants (Liu et al., 2008). PAHs 
are extremely toxic, mutagenic, and carcinogenic com-
pounds (Yua et al., 2020). Thereby, they are long-term 
pollutants in the environment where they remain due to 
their chemical stability and inert characteristics 
(Jakovljević and Žužul, 2011). Although extremely hy-
drophobic, PAHs are substantially lipophilic, and in con-
tact with the human body they are absorbed through the 
lungs, intestines, and skin. Due to their low solubility 
and high hydrophobicity, they bind rapidly to other or-
ganic and inorganic particles in soil (Bihari et al., 2006; 
Khillare et al., 2013), and are widespread and very sta-
ble compounds in the environment. By means of their 
accumulation in living organisms, their concentrations 
can be increased in food as a result of contamination by 
airborne particles (Jakovljević and Žužul, 2011; Kvesi-
tadze et al., 2006).

In Croatia, the surrounding area of the Labin and Raša 
towns, renowned for its stunning karstic coastline, at-
tracts hundreds of thousands of visitors and tourists per 
year (see Figure 1). Beyond a narrow scientific commu-
nity, local residents are far less aware of the scale of the 

pollution of their immediate environment (Medunić et 
al., 2020a, b, 2021). Istrian coal mines are located in the 
Labin region, in the eastern part of Istria, more precisely 
the area between the river Raša, Čepićko polje, Plomin 
Bay, the southern part of the Učka massif and the Kvarn-
er Bay (Matijašić, 2005). The soil around TPP Plomin 
was found to be heavily contaminated with sulfur and 
PAHs, as well as with 226Ra, especially taking into ac-
count the direction of prevailing winds in the area, which 
indicates all the consequences of coal combustion 
(Medunić et al., 2016b). Halamić and Miko 2009, 
Miko et al., 2013 partially explored the area of Labin 
during its geochemical mapping. Lokobauer et al., 
1997, determined the highest Rn concentrations in old 
Labin houses, for whose construction Raša coal ash was 
crucial, while the houses built later had a significantly 
lower Rn concentration. Medunić et al., (2016a) deter-
mined the degree of the presence of sulfur, PAHs and 
trace elements in the air, were caused by the combustion 
of Raša coal with a high concentration of sulfur. There, 
superhigh-organic-sulfur (SHOS) Raša coal had been ex-
ploited for centuries (Medunić et al., 2016b). It is a 
unique type of coal due to exceptionally high levels of 
organic S and elevated Se, V, U, and Mo (Medunić et al. 
2020b). It is also highly enriched in PAHs (up to 50 
µg/g), prominently in benzo[a]pyrene (BaP), a potent 
carcinogen (Medunić et al., 2016a; Roy et al., 2019a). 
Approximately 40 million tons of SHOS Raša coal was 
mined and used primarily at local coal-fired power plants 
until 1999. The geochemical legacy of SHOS Raša coal 
has affected the composition and toxicity of local soil 
ever since (Fiket et al. 2020; Medunić et al. 2016a; 
Radić et al., 2018). For the first time, this paper reports 
PAH levels in soil (and one stream sediment sample) 
from the area of the Labin and Raša cities, affected by the 
legacy of the former SHOS Raša coal industry. The study 
was carried out with the aim to determine PAHs levels, 
profiles and possible sources. The results of this study 
should be used by local authorities to estimate further 
public health risk assessments and impose environmental 
remediation measures towards pollution mitigation.

2. Methods

The description of methods for determination of 
PAHs in soils around Raša coal mining was separated 
into three parts. The first part is related to the site de-
scription and sampling strategy, the second part de-
scribes the determination of PAHs in soils, including 
sample preparation and analytical methods used, and the 
last part comprises the tools used for data analysis.

2.1. Site description and sampling strategy

The study area is shown in Figure 1. Karst lithology 
is host to SHOS Raša coal deposits (Medunić et al., 
2016b). Clay-loam soil, characterized by red or brown 
colour, is composed of boehmite, chlorite, goethite, he-
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matite, kaolinite, K-feldspar, micas, quartz, vermiculite, 
and XRD-amorphous components. The study area has 
been exposed to coal, metal, and foundry industries as 
well as insufficiently treated municipal wastewater 
(from the Labin city) for decades. A detailed description 
of the geology/pedology, sampling strategy, analytical 
methods, and data characterization (ecological risk as-
sessment) was presented in Medunić et al. (2018). Top-
soil (10-15 cm) samples (n = 8) were collected from lo-
cations close to former industrial sites. Measuring sites 
PP Vlaška 1 (PPV 1), PP Vlaška 2 (PPV 2) and PP Vlaška 
3 (PPV 3) were situated near the town of Raša, other 
sites were related to exploitation of coal. One sample of 
stream sediment was collected from a sewage channel in 
the Raša town centre (more details in Medunić et al., 
2018). Control topsoil samples (n = 5) from the same 
bedrock were collected 15 km away from the study area 
(in reverse direction of the predominant SW wind called 

bora). Subsequently, the samples taken were air-dried, 
then gently crushed and sieved through pores of <2 mm.

2.2. Analytical methods

The air-dried and disaggregated soil samples were 
weighed (corresponding to approximately 5 g of soil) and 
extracted in an ultrasonic bath with acetone (25 mL) for 
1 h. After that, extracts were separated from undissolved 
parts by filtration with a Büchner funnel. The filtrate was 
evaporated to dryness, and re-dissolved in cyclohexane 
(1.5 mL). The cyclohexene samples were purified using 
adsorption chromatography on a column of fully active 
silica gel. The aromatic fraction containing all PAHs was 
obtained by column elution with cyclohexane. This frac-
tion was carefully evaporated to dryness in a nitrogen 
stream (Wang et al., 2015) and re-dissolved in acetoni-
trile. Analysis was performed by high-performance liq-

Figure 1: Map of the study area with the locations of the sampling sites
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uid chromatography (HPLC) with a fluorescence detec-
tor and programmed changes in excitation and emission 
wavelengths. PAHs were separated on a Varian stainless-
steel Pursuit 3 PAH column (100 x 4.6 mm). The mobile 
phase was a mixture of acetonitrile and water (60:40), 
and the flow rate was 0.5 mL/min. Samples were ana-
lyzed for the following PAHs: fluoranthene (Flu), pyrene 
(Pyr), benzo[a]anthracene (BaA), chrysene (Chry), 
benzo[e]pyrene (BeP), benzo[b]fluoranthene (BbF), 
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), 
dibenzo[ah]anthracene (DahA), benzo[ghi]perilene 
(BghiP), and indeno[1,2,3,cd]pyrene (IP).

2.3. Data analysis

The obtained PAH concentrations, expressed as µg/g, 
were processed using Statistica 13.1 software (TIBCO 
Software Inc.). In addition to descriptive analysis, data 
were subjected to cluster analysis to determine similari-
ties among sampling sites.

3. Results and discussion

The concentrations of the analyzed PAHs in the col-
lected soil samples are shown in Table 1. The total con-
centrations of PAHs (ΣPAH), expressed as the sum of 
the measured concentrations of the 11 PAHs, varied 
from 0.25 µg/g (Krapan) to 14.29 µg/g (Trget), while the 
total PAH concentration in the control soil was 0.03 
µg/g. Statistical data analysis (see Table 2) showed that 
DahA had the lowest average mass concentration (0.025 
µg/g), while the highest average mass concentration was 
recorded for BaA (0.752 µg/g). The PAHs values in the 
control soil sample were significantly lower compared to 
the rest of the analyzed samples (see Table 1). The rea-
son for the lower PAH concentrations in control samples 
could be because that the control site is protected by the 
mountain Učka on the west side and by the dominant NE 
bora wind. According to the Ordinance on the protection 
of agricultural land from pollution (NN, 2014), this soil 
can be considered unpolluted.

The contributions of individual PAHs in the sum of 
total PAHs for each sampling site are shown in Figure 2. 
The data obtained in Table 2 are between the 25-75%, 
and the extreme is 2.35 µg/g, recorded for BaA. Concen-
trations of Flu and Pyr increased from Krapan to Štrmac 
A (see Figure 1). The reason behind the increase of 
these concentrations is closely related to the immediate 
vicinity of TPP Plomin, the work of which is an emis-
sion source of various pollutants (Medunić et al., 2016a, 
b). The direction of the dominant NE wind was precisely 
in favour of this scheme because the concentrations de-
creased from the source in the direction of the dominant 
wind. Coal combustion in the TPP Plomin is a probable 
source of Flu and Pyr in this study area (Medunić et al., 
2016a, b). Individual PAHs show different partitioning 
behaviour, which may be due to their different chemical 
affinity and vapor pressure.

The highest contribution in the control sample had 
Flu (41%), BbF (13%) and Pyr (10%) (see Figure 2). 
The highest contribution of Flu was recorded at the Kra-
pan (26%) site and for Pyr the highest contribution was 
recorded at Raša-Štalije railway (35%) (see Figure 2). 
In addition to Flu and Pyr, BaA and BbF also made a 
large contribution to the sum of total PAHs at all of the 
study locations.

The total value of PAHs in the Labin area was 42.2 
µg/g, while the total value of PAHs in the soil around the 
Plomin power plant (formerly powered by Raša coal 
during the period 1970-2000) was 34.6 µg/g (Medunić 
et al., 2016a). The maximum value of total PAHs in the 
samples (14.29 µg/g) investigated in this study was 
found for the Trget sampling site which is close to the 
port of Bršica. For centuries, it served as a port for load-
ing Raša coal prior to its shipment to Italy (Medunić et 
al., 2016a, b). The highest concentrations of BaA were 
recorded at the site of Štalije (2.353 µg/g), which is re-
lated to the centuries-old purpose of this location; this is 
where Raša coal was separated from stone and sorted in 
a modern separation unit (Medunić et al., 2016a, b). 
The highest concentration of BbF was measured at the 
Trget sampling site (2.316 µg/g), which is most likely 
the result of Raša coal transport to the port of Bršica. 
The concentrations of BaP at all of the sampling sites 
ranged from 0.018 µg/g to 1.264 µg/g, which corre-
sponded to the mean values of the concentrations of all 
analysed PAHs. Even today, the legacy of the transport 
and loading of large quantities of Raša coal is still pre-
sent at this location, which can affect the quality of agri-
cultural land as well as human health, through consum-
ing the food grown on the land. For that reason, the PAH 
concentrations obtained in this study were compared 
with the Maximum Allowable Concentration (MAC) 
values (see Table 3) set by the Regulation on the protec-
tion of agricultural land from pollution (NN 9/14, 2014). 
At the Trget site, we found that all PAHs except BghiP 
significantly exceeded the prescribed values; therefore, 
following the criteria of the Regulations (NN 9/14, 
2014), the area can be classified as heavily polluted. In 
control soil, as well as at sites Ripenda, PP Vlaška 3 and 
Krapan, none of the measured PAHs exceeded the MAC 
levels. Regarding the other sampling sites, PAHs varied, 
i.e. depending on the location, some PAHs exceeded the 
MAC levels, while others met the criteria of the Regula-
tion (NN 9/14, 2014). Verma et al. (2015) investigated 
the feed coal, fly ash, and bottom ash from a power plant 
(Unchahar, India). They found much higher total PAH 
concentrations in coal (4542 µg/kg) than fly ash (32.4 
µg/kg) and bottom ash (10.1 µg/kg). High molecular 
weight PAHs were predominant in coal and fly ash, low 
molecular weight PAHs were dominant in bottom ash 
(Verma et al., 2015). Saikia et al., (2016) investigated 
concentrations of PAHs associated with particle matter 
(PM) emitted from the tea processing industry which 
used coal as its energy source. They found that more 
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volatile PAHs showed higher concentrations in PM10 
particles, while higher molecular PAHs mostly bounded 
to PM2.5 particles. Concentrations of PAHs under the im-
pact of coal mining were investigated by Yakovleva et 
al., (2020). They found that concentrations of heavy 
PAHs in soil were higher near the mine but PAH content 
in the moss decreased as the distance from the coal mine 
increased. The results of statistics analysis (see Table 2) 
showed that the highest PAH concentrations were found 
for BaA and BbF, and these compounds, along with Flu 
and Pyr, were also the most represented in the PAH sum. 
Because of that, the diagnostic ratios of BaA/BaP, BbF/
BaP, and BbF/BaA were calculated (see Figure 3). BaP 
is often used for calculating diagnostic ratios, because it 
is the most investigated PAH, with the most toxicity in-
formation and therefore an indicator of carcinogenic risk 
in contaminated environments (Roy et al., 2019b; Del-
gado-Saborit et al., 2011; Wickramasinghe et al., 
2011).

Figure 3 shows similar, relatively small BaA/BaP ra-
tios at measuring points PP Vlaška 3, Krapan, Trget, 
sediment, and the control sample. The highest BaA/BaP 
ratio was found at the measuring site Štalije (former 
Raša coal separation unit), Raša-Štalije railway and 
Potpićan. These sites, as well as the PP 1 site also re-
corded the highest BbF/BaP ratio. The similarity of ra-
tios at sampling sites Štrmac A, Štrmac B, Ripenda, and 
PP Vlaška 3 could have probably been due to the fact 
that these two PAHs (BbF and BaA) came from the same 
pollution sources. BaA and BbF are both 5-ring PAHs 
(high-molecular-weight PAHs) which dominate in coal 
content (Medunić et al., 2016).

In order to determine the similarity among the sam-
pling sites, the concentrations of PAHs were subjected to 
cluster analysis, which is a chemometric method of “un-
supervised Pattern Recognition’’, and a cluster is a set of 
objects more similar to each other than objects outside 
the set. With the help of one of the selected distance 

Table 1: PAH concentrations (µg/g) in collected soil and sediment samples

Site Flu Pyr BaA Chry BeP BbF BkF BaP DahA BghiP IP ƩPAH % BaP in ƩPAH
Control sample 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 4.5
Štrmac A 0.48 0.76 0.50 0.06 0.14 0.50 0.12 0.21 0.03 0.44 0.19 3.43 6.2
Štrmac B 0.29 0.42 0.26 0.03 0.07 0.26 0.07 0.11 0.02 0.10 0.08 1.70 6.6
Ripenda 0.10 0.08 0.06 0.01 0.02 0.06 0.02 0.04 0.01 0.04 0.03 0.46 7.7
Pruga Raša-Štalije 0.24 0.84 0.57 0.08 0.03 0.35 0.04 0.06 0.01 0.13 0.03 2.38 2.3
Štalije 0.57 0.10 2.35 0.34 0.09 1.16 0.10 0.20 0.02 0.11 0.05 5.11 4.0
PP Vlaška 1 0.71 0.36 1.82 0.34 0.11 1.43 0.10 0.25 0.02 0.20 0.04 5.39 4.7
PP Vlaška 2 1.04 0.19 1.07 0.13 0.18 1.31 0.20 0.37 0.04 0.52 0.23 5.27 7.0
PP Vlaška 3 0.16 0.19 0.06 0.02 0.03 0.08 0.03 0.06 0.01 0.07 0.05 0.76 8.0
Krapan 0.07 0.04 0.02 0.01 0.01 0.03 0.01 0.02 0.00 0.02 0.02 0.25 7.1
Potpićan 0.28 0.55 0.63 0.12 0.06 0.45 0.03 0.07 0.01 0.06 0.02 2.27 3.0
Vinež 0.23 0.32 0.30 0.01 0.04 0.15 0.05 0.10 0.00 0.13 0.05 1.38 7.4
Trget 2.80 2.13 1.37 0.56 0.64 2.32 0.73 1.26 0.13 1.40 0.94 14.29 8.8
Sediment 0.22 0.16 0.13 0.05 0.07 0.20 0.06 0.11 0.02 0.14 0.09 1.26 0.8

Table 2: Summary statistics of PAH soil concentration data (µg/g) (all sampling sites)

PAH w STD γmin γmax Lower quartile (Q1) Upper quartile (Q3)
Flu 0.58 0.753 0.065 2.797 0.198 0.642
Pyr 0.497 0.574 0.043 2.127 0.143 0.652
BaA 0.752 0.754 0.016 2.353 0.162 1.224
Chry 0.142 0.177 0.008 0.559 0.015 0.234
BeP 0.119 0.173 0.013 0.642 0.03 0.124
BbF 0.675 0.719 0.029 2.316 0.112 1.232
BkF 0.126 0.199 0.011 0.735 0.032 0.112
BaP 0.229 0.342 0.018 1.264 0.058 0.232
DahA 0.025 0.035 0 0.131 0.008 0.025
BghiP 0.269 0.389 0.022 1.401 0.066 0.319
IP 0.144 0.261 0.017 0.944 0.031 0.132

w – average; STD – standard deviation; γmin – minimum; γmax – maximum
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measures, the similarity matrix, i.e. the difference ma-
trix, was calculated and the Euclidean measure of dis-
tance was applied. Figure 4 shows similarities in PAH 
composition demonstrated by branching on the Y axis, 
and their values no matter the distance. From this dia-
gram it is clear that the Trget site was significantly dif-
ferent from all of the other sites, while the composition 
of PAHs was most similar in the case of the Krapan and 
Ripenda sites. The most polluted location of the study 
area was Trget due to the centuries-old practice of load-
ing Raša coal, as well as because of the NE wind, which 
carried PAHs from the PP Vlaška, similarly like in the 
case of TPP Plomin (Medunić et al., 2016a). Consider-
ing the geographical location and the karst hydrology, 
PAHs remained intact and undissolved due to the pro-
nounced hydrophobicity. The Krapan and Ripenda sites 
are most similar in the composition of PAHs because 
there were Raša coal mines in the past, and the pollut-
ants derived from Raša coal combustion in PP Vlaška 
did not reach these two sites due to their geographical 
position and the direction of the dominant NE wind. The 
consequence of the construction of PP Plomin is visible 
in the composition of PAHs at these two sampling sites 
because they are dominated by Pyr and Flu, which are 
characteristic PAHs formed by coal combustion (Achten 
and Hofmann, 2009).

The mining shaft of the Ripenda Mine was closed in 
1988 after 10 years of operation, while the coal mine in 
Krapan is the oldest Raša coal mine in the study area, 
closed after WWII (Medunić et al., 2016b). The Rip-
enda coal mine worked for a short time, so the concen-
trations of PAHs at that sampling site would be signifi-
cantly increased, and on the other hand, the mine in Kra-
pan ended its operation 70 years ago. PP Vlaška was 
built in Raša Valley in 1939, and it mostly worked for 
the Raša coal mine, but it was also used as a supplemen-

Figure 2: The percentage contribution of individual PAHs to the sum of total PAHs (ΣPAH)  
for each sampling site

tary source for the needs of the electric power industry. 
In those years, very little was known about environmen-
tal pollutants, so this PP, due to inadequate regulations, 
left behind a very large area heavily polluted with PAHs 
as products of coal combustion, but also the very supply 
of coal wagons in PPs. The cluster analysis also found 
similarities among the sampling sites PP Vlaška 1 and 
Štalije, which can be explained by the Raša coal trans-
port from all Raša coal mines to the Štalije site, where 
Raša coal was separated, sorted, and exported (Bršica 
port), but part of Raša coal was used for the needs of PP 
Vlaška. Therefore, it is expected that the composition of 
PAHs in these two places would be similar due to the use 
of Raša coal, and due to the proximity of the Štalije and 
PP Vlaška 1 sites. The similarity of sampling sites at 
Potpićan and the Raša-Štalije railway is shown on Fig-
ure 4. At the Potpićan site, coal mines were used for 40 
years, and it was the youngest coal mining settlement in 
Istria. It was expected that the composition of PAHs cor-
responding to this mine would coincide with the compo-
sition of PAHs on the Raša-Štalije railway due to the 
transport of Raša coal to the separation site. At the 
Potpićan site, the soil composition is dominated by the 
concentration of BaA, which is characteristic of PAH in 
the coal composition, while at the Raša-Štalije railway, 
the highest concentration of Pyr was measured, which 
was most likely carried by wind from TPP Plomin. Re-
garding the observed similarity (see Figure 4) in the 
composition of PAHs at the sites Vinež and Štrmac B, 
the two sites had the highest concentrations of Pyr, 
which was most likely due to TPP Plomin, which is lo-
cated northeast of Štrmac (see Figure 1).

For a better understanding of the PAH sources at the 
investigated area, we also calculated several diagnostic 
ratios (see Figure 5). The diagnostic ratios of PAH con-
centrations in the environmental samples revealed a dif-
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Figure 3: The ratio of BaA/BaP, BbF/BaP and BbF/BaA in the study samples

ferent origin of PAHs in soil. According to Chen et al., 
(2012), petrogenic sources of PAHs indicate diagnostic 
ratio of Flu/Pyr < 1, while values higher than 1 are as-
sociated with wood and coal combustion. A Flu/(Flu + 
Pyr) ratio value lower than 0.5 indicated the petrogenic 
origin of PAHs, while a value higher than 0.5 pointed to 
the pyrogenic origin of PAHs (Yakovleva et al., 2020; 
Gune et al., 2019; Ravindra et al., 2008). Petrogenic 
sources of PAHs also indicated a BaA/(BaA+Chry) ratio 
lower than 0.2, but values higher than 0.35 indicated py-
rogenic sources (Duodu et al., 2016; Chen et al., 2012). 
In this study, the ratio of Flu/Pyr was less than 1 at sites 
Štrmac A and B, Railway Raša-Štalije, PP Vlaška 3, 
Potpićan and Vinež. Such a value of Flu/Pyr ratio indi-
cated the petrogenic origin of PAHs (Khaustov and 
Redina, 2017). At the other sites, the Flu/Pyr ratio was 
higher than 1 which indicated the pyrogenic origin of 
PAHs (Yakovleva et al., 2020; Migaszewski et al., 
2009). The ratio of Flu/(Flu+Pyr) was lower than 0.5 at 
the same sites as the Flu/Pyr < 1 ratio which also indi-
cated petrogenic origin PAHs (Gune et al., 2019; 
Khaustov and Redina, 2017; Ravindra et al., 2008). 
The pyrogenic origin of PAHs based on the Flu/(Flu+Pyr) 
ratio was obtained at the Ripeda, Štalije (separation), PP 
Vlaška 1, PP Vlaška 2, Krapan, and Trget sites, sediment 
as well as in the control sample. According to a Serbian 

study, a BaP/BghiP ratio higher than 0.6 indicates vehi-
cle emission. At this investigated area, the railway Raša-
Štalije and Štrmac A had a BaP/BghiP ratio below 0.6 
which indicated a PAH origin from non-traffic, probably 
petrogenic sources. The results of diagnostic ratios 
showed similar results as well as cluster analysis by 
merging areas with a mostly petrogenic origin of PAHs 
with a separate area with a pyrogenic origin of PAHs.

The PAHs were presumably formed by Raša coal 
combustion in TPP Plomin (Medunić et al., 2016a). The 
sediment sample was taken from the municipal waste-
water sewage channel in Raša town, and its composition 
of PAHs can be connected to the sampling sites Vinež 
and Štrmac B, but also with the sampling points of PP 
Vlaška 3, Krapan, and Ripenda. The reason for this is the 
geographical position of this location, as it is located in 
the middle of the area that has been under Raša coal 
mining activities for centuries (Medunić et al., 2016b). 
Moreover, the concentrations of PAHs measured at this 
site can be related to traffic, because the D66 State Road 
is in the immediate vicinity of the sampling site, and as 
the sample was taken from the stream sediment 
(Medunić et al., 2018), it was expected that there would 
be PAHs due to their extreme hydrophobicity. Similarly, 
Saeedi et al. (2012) found that fossil fuel combustion 
and the lower quality of petrol used in Tehran were like-
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ly to be among the factors contributing to the high re-
lease of PAHs. PAHs may have other petrogenic and 
sources such as petrol, coal, grass and wood. The maxi-
mum concentrations of metals and PAHs were found in 
dust samples from Baghery highway, one of the most 
heavily travelled urban roads in Tehran (Saeedi et al., 
2012). Also, the other study (Hu et al., 2007) found el-
evated concentrations of total PAHs, BaP and BaPeq at 
the road intersections (867.5, 26.2, 82.4 ng/m3), where 
traffic policemen stood during their work time, com-
pared to the roadside ones (46.6, 1.5, 5.7 ng/m3).

4. Conclusions

In this paper, the levels of PAHs in the area of the 
Labin and Raša towns are reported for the first time in 
the context of the former Raša coal mining and associ-
ated industries. It was determined that PAH levels in the 
studied soil are increased due to the legacy of the men-
tioned industry. Eleven PAHs were detected in the ana-
lysed soil, ten of which are on the EPA’s list of the 16 
most dangerous PAHs. A comparison with the legisla-
tion showed that the Trget location is heavily polluted by 
PAHs, while the places near PP Vlaška (Štalije and the 
Raša-Štalije railway) are significantly polluted by PAHs. 
The PAHs in the soil sampling localities decline toward 
the northeast direction, but by approaching the power 
plant Plomin proximity, they clearly increase. The re-
sults showed the highest quantities of PAHs that domi-
nantly derive from coal (BaA, BbF), and the ones gener-
ated by coal combustion in PP Vlaška, and later in PP 
Plomin (Flu, Pir). Apart from centuries-old Raša coal 
mining activities and the immediate vicinity of thermal 
power plants, the influence of dominant air currents also 
plays an important role in the distribution of PAHs in the 
study area. Following a comparison between our results 
and the legislation of the Republic of Croatia, it is clear 
that the adverse impact of Raša coal mining activities on 
the environment, especially on soil quality in this area, 
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Figure 4: Results of cluster analysis
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has been significant. Therefore, this study clearly calls 
for immediate clean-up measures in order to solve the 
environmental pollution issue of the vulnerable local 
karst area.
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Sažetak

Zagađenje tla policikličkim aromatskim ugljikovodicima na području grada Labina 
kao posljedica rudarenja raškoga ugljena i srodnih industrijskih djelatnosti

Cilj ovoga istraživanja bio je utvrditi maseni udio policikličkih aromatskih ugljikovodika (PAU) u tlu na području grada 
Labina (zapadna Hrvatska) kao posljedicu onečišćenja uzrokovanoga stoljetnim iskapanjem raškoga ugljena te srodnim 
metaloprerađivačkim i ljevaoničkim industrijskim djelatnostima. Prikupljeni su uzorci gornjega sloja tla (do 10 cm dubi-
ne) nakon uklanjanja biljnoga pokrova, osušeni na zraku i prosijani kroz sito < 2 mm. Nakon toga su ekstrahirani, a razi-
ne PAU-a mjerene su tekućinskom kromatografijom visoke djelotvornosti s fluorescentim detektorom promjenjivih val-
nih duljina ekscitacije i emisije (HPLC/FLD). Rezultati su pokazali znatno povišene razine PAU-a u istraživanome po-
dručju. Zagađenje tla PAU-ima raste u smjeru prema Raškome zaljevu, gdje je do prije nekoliko desetljeća radila bivša 
jedinica za odvajanje ugljena. Rezultati pokazuju prisutnost pirolitičkih PAU-a nastalih izgaranjem raškoga ugljena na 
visokim temperaturama u elektranama te nesagorjelih PAU-a iz ugljena dobivenih karbonizacijom toga ugljena. Ovo je 
prvi znanstveni rad koji prikazuje razine PAU-a u tlu na području grada Labina, pronalazeći da one premašuju vrijedno-
sti utvrđene hrvatskim zakonodavstvom. Stoga je ovo istraživanje jasan dokaz da su na tome području potrebne hitne 
mjere čišćenja (remedijacije) kako bi se riješilo pitanje onečišćenja lokalnoga osjetljivoga krškog okoliša.

Ključne riječi:
sagorijevanje ugljena, zagađenje tla, PAU, termoelektrana, zakonodavstvo
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