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Dimičeva ulica 14, 1000 Ljubljana, Slovenia

2 Department of Environmental Sciences, Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia;
sonja.lojen@ijs.si

3 School of Environmental Sciences, University of Nova Gorica, Vipavska cesta 13, 5000 Nova Gorica, Slovenia
4 Department of Geology, Faculty of Natural Sciences and Engineering, University of Ljubljana,
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Abstract

The coal-fired Plomin Thermal Power Plant (Plomin TPP) in Croatia is located in the center
of the east coast of the Istrian peninsula (northern Adriatic) and is considered the main
source of historical air pollution in the region. Between 1970 and 2000, sulfur-rich coal
from the local Raša coal mine was primarily used. In this study, a screening of content
and fate of TPP-derived sulfur in soil around the power plant was made two decades after
the S-rich coal was banned from use. Soil samples were collected at varying distances
from the TPP in the prevailing wind direction (NE), along with a control sample taken
more than 10 km away. The samples were analyzed for total sulfur, sulfate, organic sulfur
(humic and fulvic), and the stable isotope composition of total sulfur (δ34S). Additionally,
coal and coal ash were analyzed for total sulfur, sulfate and δ34S. Soil sampling along the
prevailing wind direction from the Plomin TPP revealed markedly elevated sulfur content,
with levels at 100 m downwind reaching up to 4 wt.%, which is over 100 times higher
than the 0.04 wt.% measured at the control site located upwind. Sulfur content decreases
sharply with increasing distance from the TPP, reflecting the deposition gradient along
the prevailing wind path. Speciation analysis showed that over 95% of the sulfur in the
soil is now present in organic form, mainly bound to humic acids. The δ34SVCDT values
of the bulk coal used in the TPP ranged from −10.0 to −5.0‰. In most soil samples, the
bulk δ34S values were positive (+7.0 to +20.0‰). The values of sulfate in soil range from
+1.0 to +5.5‰, while those in organic sulfur range from −3.5 to +6.0‰. This indicates that
atmospheric deposition of 34S-depleted fly ash and sulfate from coal are the most important
sulfur sources, while some of the sulfur in the soil is also of marine origin. Finally, we
showed that natural attenuation was a significant and efficient process within the sus-
tainable management of the site historically contaminated by anthropogenic atmospheric
sulfur deposition.

Keywords: historical pollution; soil; sulfur; stable isotopes; thermal power plant; coal;
natural attenuation
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1. Introduction
Soil is the most biologically and biochemically active environmental compartment

and therefore plays a pivotal role in the biogeochemical cycles of all bioactive elements,
including sulfur (S). Sulfur is one of the most important elements in nature and represents
between 0.03 and 0.1 wt.% of the Earth’s crust [1,2]. The total S content in soil typically
ranges from 0.01 to 0.1%, most of which is inaccessible to organisms [3]. The most important
S reservoirs in soil are organic matter, minerals derived from the weathering of bedrock
(e.g., pyrite, gypsum), and sulfate from atmospheric deposition. Anthropogenic input is
also significant, either as contamination or through fertilization [4].

Despite its negative environmental impacts, coal remains one of the most important
energy sources in many parts of the world, providing about one-third of global electricity
generation [5]. Coal combustion typically produces sulfur dioxide (SO2), nitrogen oxides
(NOX), carbon dioxide (CO2), and increases the content of various potentially toxic trace
elements (e.g., As, Cd, Cr, Hg, Ni, Se, and V), as well as organic pollutants such as polycyclic
aromatic hydrocarbons (PAHs). Therefore, it is one of the most significant anthropogenic
sources of sulfur input into soil.

In Croatia, the Plomin coal-fired Thermal Power Plant (TPP) has been in operation
since 1970 and is the country’s only active coal-fired facility. It is located in the small town
of Plomin, which has only 124 residents, at the tip of Plomin Bay, just 3.5 m above sea level,
and features a 340-meter-high stack. The plant has been a significant source of electricity,
contributing around 13% of the country’s total electricity production [6]. Between 1970 and
2000, the local super-high organic sulfur Raša coal was burned, with sulfur concentrations
of up to 12% [7–10], causing environmental pollution. Over 30 years, Raša coal combustion
is estimated to have emitted nearly 8.5 tons of SO2 per hour of operation, far exceeding the
World Bank’s recommended limit of 1 ton per hour for plants of similar capacity [10].

The environmental impact of sulfate aerosols from the plant has been substantial,
affecting air quality, soil, water, and human health. Prior to modern emission controls, Raša
coal combustion resulted in elevated levels of airborne contaminants and trace metals in
surrounding ecosystems. For decades, the dominant northeast Bora winds have spread
industrial fumes, especially SO2 and airborne particles, contaminating the area. Addition-
ally, Raša coal combustion produced 106 tons of waste ash, deposited over 120,000 m2 near
the facility and later dispersed in considerable amounts by wind [11]. Concerns about
potential environmental threats are augmented because of the karstic terrain, which is
highly sensitive to contamination due to the high permeability of rocks and their connec-
tion to groundwater. Although more than two decades have passed since local coal was
replaced by imported low-sulfur coal, the consequences of the long-term use of Raša coal
and the improper implementation of remediation measures (such as scattering ash in the
surrounding area) are still noticeable in the environment [12–14]. The long-term fate of
sulfur in the soil remains poorly understood.

Since then, numerous studies have investigated the environmental and health impacts
of the Plomin TPP. These include assessments of heavy metals in soil [15,16], health risk
from Plomin Bay sediments [17], radioactivity levels in the area [11], and health correlations
with SO2 exposure [18,19]. Additional research has examined sulfur accumulation in
pine needles [20]. Further studies have analyzed the distribution of polycyclic aromatic
hydrocarbons (PAHs) and trace elements in soil [12,14,21], radionuclide distribution [13],
and the mobility of toxic elements from combustion by-products [10]. Soils near the
Plomin TPP have been found to contain elevated levels of sulfur (up to 3%), PAHs (up to
13,535 ng/g), potentially toxic metals (including uranium), 226Ra (up to 580 Bq/kg), and
other pollutants [10,12–14].
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Historical sulfur deposition can persist in soils long after emissions cease, but total
sulfur alone may not reflect true environmental risk. Much of this sulfur is stabilized
in organic or mineral-associated forms, which are less bioavailable but can be remobi-
lized over time. Natural attenuation, through microbial sulfurization and plant recycling,
helps stabilize sulfur and reduce long-term impact. Understanding natural attenuation
processes is therefore essential for long-term risk assessment, the development of smart
monitoring plans, and smart environmental management strategies, such as avoiding
unnecessary remediation interventions with low added efficiency and potentially higher
carbon footprints.

The aim of the study is to determine the spatial distribution of sulfur and its isotopes
in soil at various distances from the power plant in the wind direction, to identify its source
and the nature of its occurrence 20 years after the cessation of massive SO4

2− emissions
from the Plomin TPP, and to investigate the processes influencing its changes over time. We
hypothesize that total sulfur content in soils is highest near the former emission source and
decreases with distance. Over the past two decades, we further expect a general decline
in total sulfur content, accompanied by a shift from more mobile sulfate forms to more
stable, mineral-associated and organically bound sulfur. Consequently, we expect sulfur
speciation, rather than total sulfur content alone, to better reflect long-term environmental
risk and the potential for further remobilization.

2. Materials and Methods
2.1. Study Area

The Plomin TPP is located near the village of Plomin, close to Plomin Bay on the
Istrian peninsula in the northern Adriatic, Croatia (Figure 1). The study area is part of the
classic karst region [22,23]. It lies within the Adriatic carbonate platform [24], which existed
during the Mesozoic era and consists of Cretaceous shallow-water dolomites and limestones
covered with rendzina and terra rossa soils [16,25]. One of the main characteristics of this
area is the presence of bituminous coal beds.

 

Figure 1. Location of the Plomin area, simplified lithological map of the study area and sampling scheme.
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The climate in this area is Mediterranean, with mild, humid winters and hot, dry
summers. The average annual rainfall is 1294 mm. The prevailing wind directions
around Plomin TPP are northeast (NE) and east-northeast (ENE) (Figure 2). Strong Bora
winds frequently occur in Plomin, Istria, with average speeds ranging from approximately
40 km/h to over 100 km/h and extreme gusts occasionally reaching 160 km/h during
strong events. [26]. The vegetation of the Istria Peninsula reflects the region’s transitional
position between Mediterranean and continental climate zones and its predominantly
karstic geology. The landscape is characterized by a mixture of deciduous forests, grass-
land, and arable land with Mediterranean-type vegetation predominant in the coastal areas.
The town of Labin is located 5–8 km southwest (SW) of the Plomin TPP. In addition to its
unsuitable location on vulnerable karst terrain, which is covered by a thin layer of soil, the
prevailing northeasterly (NE) winds carry airborne pollutants and ash directly from the
Plomin TPP to the town of Labin.

 
Figure 2. Wind rose showing the long-term (2008–2017) prevailing wind direction in the study
area, derived from a regional wind atlas [26] based on multi-year meteorological observations. NE
dominance reflects average conditions, not a unidirectional wind [26].

2.2. Sampling

A total of 20 samples were analyzed, including 12 soil samples (Table 1), 3 ash samples,
and 6 samples of Raša coal. The ash, coal and some soil samples (19, 20, 21, 22, 28 and C1)
were the same as those analyzed by Medunić et al. [12,14]. Nine soil samples were collected
at different distances along the prevailing wind direction (SW) from the Plomin TPP and at
approximately the same distance from the Adriatic Sea. In contrast, the control soil sample
(C1) was taken more than 10 km away from the Plomin TPP in the NE wind direction
(Figure 1). Four samples (20, 21, 22 and 28) were taken along the pollution gradient (PG)
at distances between 100 m and 1 km from the Plomin TPP [12]. The rest of the soil was
sampled in the same direction at distances of 1.5 km, 2 km, 3 km, 4 km, and 5 km. To
verify the assumption that the S content would be higher in the prevailing wind direction
(NE–SW), a soil sample was also taken in the northwest (NW) direction, 1 km from the
Plomin TPP. At each site, about 2 kg of the upper part of the soil without organic horizon,
was taken. Some samples were taken from molehills.
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Table 1. Soil samples, their distances from the Plomin TPP and coordinates (Google Earth).

Sample Distance (m) N E

19 100 45◦8′2.6′′ 14◦9′27.4′′

20 200 45◦8′0.4′′ 14◦9′23.3′′

21 300 45◦7′58.1′′ 14◦9′19.3′′

22 400 45◦7′55.6′′ 14◦9′16.2′′

28 1000 45◦7′42.1′′ 14◦8′51.8′′

1.5 KM (SW) 1500 45◦7′28.2′′ 14◦9′3.7′′

2 KM (SW) 2000 45◦7′20.2′′ 14◦8′48.8′′

3 KM (SW) 3000 45◦6′55.12′′ 14◦8′20.5′′

4 KM (SW) 4000 45◦6′28.3′′ 14◦8′7.9′′

5 KM (SW) 5000 45◦6′10.5′′ 14◦8′24.6′′

1 KM (NW) 1000 45◦8′50′′ 14◦9′15.2′′

C1 >10,000 45◦14′29.32′′ 14◦15′18.66′′

2.3. Sample Preparation

The total S concentrations and their stable isotope composition were analyzed in coal,
coal ash, and soil samples. In addition, S bound in sulfate, humic and fulvic acids were
extracted from the soil and analyzed for its concentration. The isotopic composition of S
was determined in bulk soil samples and extracts where sufficient material was obtained for
isotope analysis. Sulfides in coal were not considered, as it was assumed they are oxidized
during coal combustion in the presence of air.

All the samples were first dried in an oven at 60 ◦C, crushed in an agate mortar and
sieved (160 µm).

As the sulfate is water-soluble, it was extracted from the dry soil by a wet chemical
procedure [27], summarized in Figure 3. First, the dry samples were weighed and mixed
with Milli-Q water at a mass ratio of 1:10. The samples were then stirred with a mechanical
stirrer for two hours and left to rest for 24 h. After 24 h, the samples were vacuum filtered
through GFF glass-fiber filters (Whatman, Maidstone, UK). The pH of the filtrate was
reduced to <2 by adding 10% HCl (p.a., Carlo Erba, Cornaredo, MI, USA), and 10 mL
of 10% BaCl2 (Merck, Darmstadt, Germany, 99%) was added to precipitate the sulfate as
BaSO4. The suspension was heated to boiling temperature and then left to settle for 24 h.
The precipitate was washed several times with Milli-Q water and filtered through a 0.45 µm
nylon mesh filter (Millipore, Burlington, MA, USA). The sediment remaining after elution
of the sulfate was dried, crushed, and stored for further analysis. To extract the humic and
fulvic compounds, the sediment was dispersed in 1 L of 0.1 M NaOH solution, shaken for
7 days, and filtered (GF/F). The humic compounds were precipitated by adding HCl to a
pH < 2, settled for 24 h, filtered, washed with Milli-Q water, and freeze-dried. The filtrate
was heated to boiling and amended with 20 mL of H2O2 (p.a., 30%, Merck) to oxidize the
fulvic-bound S to SO4

2−. After 90% of the volume had evaporated, 10 mL of 10% BaCl2
was added, and the BaSO4 was isolated as described above [27,28].

The extraction of total S from coal and the humic fractions of the soil was carried out
according to a standard procedure by combustion with Eschka mixture [29]. First, the sam-
ples were homogeneously mixed with an equal amount of Eschka mixture (Sigma–Aldrich
Chemie GmbH, Steinheim, Germany). They were then placed in refractory crucibles,
with the bottoms covered by a layer of Eschka mixture about 5 mm thick, followed by
another layer of Eschka on top. The samples were annealed for two hours at 800 ◦C and
then slowly cooled overnight. The sulfate produced was then recovered as BaSO4 as
previously described [27].
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Figure 3. Sulfur extraction procedure.

2.4. Analyses

The X-ray diffraction method, conducted at the Faculty of Natural Science and Engi-
neering, Department of Geology, Slovenia, was used to determine the mineral composition
of soil, ash, and coal samples. The diffraction patterns were identified with X′Pert High-
Score Plus 4.6a software using the PAN-ICSD database and Rietveld refinement, using the
Pseudo-Voigt function for rough semi-quantitative mineral phase analysis.

The S concentration in bulk samples 20, 21, 22, 28, and C1 was measured using the
PIXE (Particle-Induced X-ray Emission) method performed at the Rudjer Boškovć Institute
Tandem Accelerator Facility, Croatia [12]. The S content in other bulk samples and the
isotopic composition of S was determined by isotope ratio mass spectrometry (EA-IRMS,
IsoPrime 100 with PyroCube, Elementar Analysensysteme GmbH, Langenselbold, Ger-
many) at the Jožef Stefan Institute, Slovenia. Aliquots of 0.5 mg of sample extracts (BaSO4)
were weighed into tin capsules (Secron, Crewe, UK, 6 × 4 mm) and mixed with three times
the amount of WO3. Combustion occurred in the elemental analyzer’s oxidation column,
maintained at 1075 ◦C, with a jet-injection of oxygen (4.8), ensuring the decomposition
temperature exceeded 1400 ◦C. The samples were quantitatively converted to SO2, purified
in two gas-selective columns, and introduced into the isotope-ratio mass spectrometer.
Helium (0.6) was used as the carrier gas. The raw data were processed using IonVantage
software for IsoPrime (2014). Reproducibility of replicates for the entire wet extraction
procedure and Eschka combustion extraction was within 10%, with the measured for S
isotopic composition falling within the overall measurement uncertainty.
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Measurement data were recalculated to δ34S values, representing the deviation of
the 34S/32S ratio of the sample from that of the standard, expressed in per mil (‰), and
calibrated to the VCDT (Vienna- Cañon Diablo Troilite) scale using the USGS Laboratory
Management System (LIMS) for light isotopes [30]. Two calibration materials were used:
IAEA-SO-6 and NBS-127 BaSO4, with certified δ34SVCDT values of −34.12 and +21.7‰,
respectively [31]. Analytical quality was controlled and assured by analyzing certified
reference material as controls (accuracy) and replicate measurements (precision). As
controls, the Protein (Casein) Standard OAS and IAEA-SO-5 (BaSO4) certified reference
materials with δ34SVCDT values of +6.18 and +0.5‰, respectively, were used. Calibration
materials and test samples were randomly dispersed in each sample batch. All samples and
reference materials were analyzed in triplicate, and results were accepted if the standard
deviation of replicate measurements was within the long-term uncertainty of control
material measurements (0.2‰). If the standard deviation was larger, analyses were repeated
until the required precision was achieved. Obtained analytical results meet the standard
analytical quality. The detection limit for analyses cannot be determined universally and
depends on the sample and type of analysis. For determining the concentration of bulk S
in soil samples, it was >10 mg/kg. However, the S isotope composition of individual sulfur
species could be analyzed if more than 1 mg of extract in the form of BaSO4 was obtained.

3. Results and Discussion
3.1. Mineral Compositions

The mineralogical composition of the coal, the resulting ash, and the surrounding soil
is summarized in Table 2. The coal mineral fraction is dominated by calcite (CaCO3; ~70%)
and dolomite (CaMg(CO3)2; ~20%), with small amounts (<10%) of gypsum (CaSO4·2H2O)
and pyrite (FeS2), indicating deposition in a marine carbonate environment [7,9,32]. In con-
trast, the ash shows a more diverse mineralogical assemblage formed through multistage
thermal decomposition and phase transformation during combustion. Calcite remains the
dominant phase (~50%), accompanied by anhydrite (CaSO4; ~30%) and aragonite (CaCO3;
~5%). Additional phases (<10%) include periclase (MgO), portlandite (Ca(OH)2), magnesite
(MgCO3), gypsum, barite (BaSO4), and bassanite (CaSO4·0.5H2O). This is consistent with
the findings of Lieberman et al. [10].

Table 2. XRD determined the mineralogical composition of coal, ash, and soil samples.

Mineral Coal Ash Soil

Calcite (CaCO3) ~70% ~50%
Dolomite (CaMg(CO3)2) ~20%

Anhydrite (CaSO4) ~30%
Aragonite (CaCO3) ~5%

Gypsum (CaSO4·2H2O) <3% <3%
Pyrite (FeS2) <3%

Periclase (MgO) <3%
Portlandite (Ca(OH)2) <3%
Magnesite (MgCO3) <3%

Barite (BaSO4) <3%
Bassanite (CaSO4·0.5H2O) <3%

Quartz (SiO2) ~70%
Muscovite/Illite * ~25%

Albite (NaAlSi3O8) <3%
* KAl2(AlSi3O10)(OH)2/K0.65Al2.0[Al0.65Si3.35O10](OH)2.

XRD analysis of the soil near the Plomin TPP reveals a mineralogical composition dom-
inated mainly by quartz (SiO2; ~70%), followed by muscovite (KAl2(AlSi3O10)(OH)2)/illite
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(K0.65Al2.0[Al0.65Si3.35O10](OH)2; ~25%) with albite (Na(AlSi3O8)) present as a minor phase.
According to the pedological map of Istria [33], soils in the study area are predominantly
classified as rendzinas, developed on carbonate bedrock, most commonly limestone and
dolomite. The analyzed soil sample shows a pronounced depletion of carbonate minerals
and a relative enrichment in silicate phases, indicating typical carbonate dissolution and soil
formation from insoluble residua and possible eolian contribution [34]. The mineralogical
signature is also consistent with terra rossa type soils in Istria [25].

3.2. Sulfur in Coal and Ash

The content of S and its stable isotope composition in coal and ash are presented in
Table 3. The total S content in the coal and in all six coal samples is very high, exceeding
6.5 wt.%. According to Chou (2012) [8], these can be classified as the super-high organic
sulfur (SHOES) coal group. The highest measured S content was 13.05 wt.%, while the
average value was 8.73 wt.% (Table 3), which falls within the range of previous detailed
analyses of Raša coal [9]. Earlier studies [7–9] showed that the average S content in Raša
coal was 10.77 wt.%, with most of the S occurring as organically bound S (10.45 wt.%) and
only a small part of the S as pyrite (0.3–0.63 wt.%) and sulfate (0.02 wt.%) [10].

Table 3. Content of S and isotopic composition of S in Raša coal and ash.

Sample S (wt.%) δ34S (‰)

coal VIII/20 13.05 −5.50
coal VIII/99 6.50 −7.10
coal VIII/112 8.50 −5.80

coal 07 9.00 −9.20
coal 15 7.30 −6.20
coal 61 8.00 −9.60

min 7.30 −9.60
max 9.00 −5.80

average 8.73 −7.23

ash P–18 9.20 −3.51
ash P33 11.30 −3.38
ash P2 10.24 −3.49

min 9.20 −3.51
max 11.30 −3.49

average 10.25 −3.46

A high proportion of organic S in the coal is typical of the marine environment of
coal formation [35], which was depleted in reactive Fe2+ and rich in sulfate compared to
continental freshwater coal basins. The high S content was probably also influenced by
the alkaline marine environment, which is very favorable for the incorporation of S into
organic sedimentary substances, due to the high content of H2S and HS− [6,9].

The total sulfur contents in coal and ash were within the previously reported range
(Table 3) [12]. The total S content in the ash is similar to or slightly higher than that in
the coal samples (9.20–11.30 wt.%, average 10.25 wt.%; Table 3), except for the most S-
rich sample (coal VIII/20). Considering the reported ash content of 10–24 wt.% in Raša
coal [9,32], these results indicate incomplete combustion with only partial conversion of
coal-bound S to SO2. The relatively high S content in the ash suggests that a substantial
fraction of sulfur is retained during combustion, and this retention is governed by several
concurrent mechanisms.

An important factor is the incomplete release of sulfur from the mineral and organic
matrix during combustion. Sulfur in coal exists in three main forms: (a) organic sulfur,
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which predominates in Raša coal; (b) inorganic reduced sulfur, mostly as pyrite and
marcasite; and (c) sulfates, typically associated with metals such as calcium and iron.
Although organic sulfur, which is dominant in Raša coal, is largely released as gaseous
species (H2S, SO2, CS2) during devolatilization, some remains trapped in the char and is
gradually released later during char burnout. Additionally, some coal-bound S may remain
in the mineral phase due to self-retention, contributing to S retention in ash.

Besides incomplete release from the coal matrix, S released to the gas phase may be
retained through reactions with alkaline compounds present in the ash. Coal contains
certain amounts of alkali and alkaline earth metal compounds that form oxides during
combustion and remain in the ash, where they can absorb S-bearing gases [36,37]. Calcium
plays a particularly important role in this process, even in Raša coal, due to its high calcite
content [9,10], which promotes the formation of calcium sulfate and enhances S retention
in ash.

Iron oxides play a minor role in this process, as reflected by their absence in the ash,
which is consistent with the low abundance of pyrite in Raša coal [38,39], indicating that
Fe-bearing phases contribute little to S retention in this system. Overall, these processes
indicate a complex S retention behavior involving both incomplete release from the mineral
and organic phases and gas-phase reactions with ash constituents.

Most of the S in the ash is present as sulfate, while the remaining fraction may be
retained in organic forms due to incomplete oxidation [40–43]. Nevertheless, the difference
between bulk and sulfate-S in the ash in our samples cannot be explained solely by residual
organically bound S and is most likely also influenced by incomplete dissolution of sulfate
during elution.

3.3. Sulfur in Soil

The contents of the S species and their stable isotopic composition are shown in Table 4.
The average S content in the vicinity of the Plomin TPP is 0.5 wt.% and is significantly higher
than the average S content in agricultural soils, which is 0.03 wt.% [44,45]. The elemental
analysis showed severe pollution with S. The average S content of the soil samples from
the SW direction is about 13.75 times higher than at the control site (C1; 0.04 wt.%). This is
mainly due to the highly S-enriched samples 19, 20, 21, and 22, which are closest to the TPP
(100–400 m) along the PG line. The bulk S concentration in the SW soil sample at 100 m
distance is almost 4 wt.%, which is approximately 100 times higher than at the control site.
S contamination decreases rapidly to less than 0.2 wt.% at a distance of 5 km (Figure 4). A
similar trend was observed for polycyclic aromatic hydrocarbons (PAHs) and potentially
toxic metals such as Cu, V, and Zn [12].

Due to the limited number of valid observations (n = 8), we used a non-parametric
Spearman Rank Order correlation to assess the relationships among distance, total sulfur
content (Stot), and sulfur isotopic composition (δ34S) (Table 5). The analysis revealed
a strong and statistically significant negative correlation between distance and total S
(Stot; ρ = −0.91, p < 0.05), indicating that S content decreases as distance increases. Similarly,
total S was strongly negatively correlated with δ34S values (ρ = −0.98, p < 0.05), suggesting
that lower S contents are associated with higher isotopic enrichment. In contrast, δ34S
showed a significant positive correlation with distance (ρ = 0.90, p < 0.05), reflecting the
progressive isotopic enrichment of S with increasing distance from the source. These results
highlight consistent spatial trends in both S content and isotopic composition across the
study area.
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Table 4. Contents and isotope composition (where applicable) of total S (Stot), sulfate (SSO4), and
organically bound S in fulvic acid (SFA) and humic acid (SHA) in the soil at the PG line in SW direction
from the Plomin TPP and in the control site C1.

Sample D Dist.
(m)

Stot
(wt.%)

δ34Stot
(‰)

SSO4
(wt.%)

δ34SSO4
(‰)

SFA
(wt.%)

δ34SFA
(‰)

SHA
(wt.%)

δ34SHA
(‰)

19 SW 100 4.108 / / / / / / /
20 SW 200 1.110 / 0.0009 / 0.019 +4.2 0.801 −3.2
21 SW 300 1.112 +1.71 0.003 +1.7 0.027 +5.8 0.601 −3.6
22 SW 400 1.365 +0.81 0.0051 +0.8 0.019 +4.8 0.522 +5.9
28 SW 1000 0.524 +5.54 0.0014 +5.5 0.011 / / /

1.5 KM SW 1500 0.220 +7.90 bd / 0.005 / 0.347 /
2 KM SW 2000 0.180 +11.50 bd / 0.001 / 0.192 /
3 KM SW 3000 0.140 +17.40 bd / / / / /
4 KM SW 4000 0.130 +20.02 bd / / / / /
5 KM SW 5000 0.190 +11.90 bd / 0.002 / 0.241 /

C1 NE >10,000 0.036 / bd / bd / bd /
1 KM NW 1000 0.160 +24.80 bd / / / / /

bd—below detection limit; /—to small quantity of the sample or not enough total S for further analysis.

 

Figure 4. Relation between content and isotopic composition of S in soil and distance from the
Plomin TPP.

Table 5. Spearman Rank Order correlation coefficients between distance, total sulfur content (Stot),
and δ34S. Correlations are statistically significant at p < 0.05.

Variable Distance Stot δ34S

Distance 1.0 −0.91 0.90
Stot −0.91 1.0 −0.98
δ34S 0.90 −0.98 1.0

The analysis of forest soils similar to those from the Raša area [46] showed that S
accumulation in soils is believed to be higher near industrial sources, as 98% of industrially
emitted S enters the atmosphere in the form of SOx, some of which is readily converted to
sulfate aerosols and deposited through wet and dry deposition. Some of this gas is then
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assimilated and captured by plants. The removal of SO2 depends on local atmospheric
dynamics and tree density [46]. Cicek and Koparal [47] reported the opposite trend near
the Tunçbilek thermal power plant in Turkey—an increase in soil S content with increasing
distance from the TPP, which they explained by the high chimney of the TPP and the
resulting greater dispersion of the emitted SO2.

A comparison of soil samples from our study area, taken in the wind direction with
those from the opposite direction showed that the prevailing wind direction strongly
influences the distribution of S. In principle, a moderately elevated S content in soil is not
problematic for long-term plant growth, unless the values are extremely high, such as. in
saline soils or in areas where sulfate from the atmosphere is deposited in excessive amounts
due to anthropogenic pollution and the soil remains acidic, which is not the case in our
carbonate-rich soils [48].

Only a small part of the S in the soil remained bound in the form of sulfate. At a
distance of 1.5 km or more, its content was below the detection limit. Further speciation
analysis showed that organically bound S predominated in all but one sample at 400 m
SW from the TPP, where more than half of the total S (Stot) remained unaccounted for. The
mean S content bound to humic acids (0.45 wt.%) is approximately 37.5 times greater than
the mean S content bound to fulvic acids (0.012 wt.%). The ratio between inorganic and
organically bound S corresponds to the S content in most agricultural soils [49]. Inorganic
S is usually much less abundant, representing 10% or less of the total soil S [50]. These
transformation processes are central to understanding the long-term fate of sulfur and its
implications for sustainable soil management at historically contaminated sites. It was
shown that sulfate can be directly incorporated into soil organic matter, forming complex
compounds such as amino acids, sulfonates, ester sulfates, and others [51,52]. Sulfurization
of organic matter and organosulfur degradation thus act as an integral link between the
organic and inorganic sulfur pools [53], helping to maintain S levels in soil over time by
balancing inputs (i.e., atmospheric deposition, predominantly composed of sulfate-S), and
assimilation of S by microbes or plants, and the leaching of S forms in soils [54].

From this, we conclude that in the 20 years since Raša coal has no longer been used, the
majority of deposited S was either incorporated into soil organic matter by microbial sulfu-
rization or recycled by plants, which then returns to the soil as organosulfur compounds or
in mineral form through decomposition and mineralization [50,55]. The low sulfate content
with positive δ34S values, despite high total S content in soils, suggests relatively rapid
recycling of bioavailable sulfate rather than washout of easily soluble sulfate from the soil,
even though [55] leaching is much faster than assimilation, particularly during periods of
moderate to high precipitation [56,57]. Although total S content in the soil within 2 km of
the TPP remained high, most of the S was transferred to the organic S pool, which becomes
available to plants only through mineralization [54].

Although current findings suggest that sulfate may no longer be a potential environ-
mental threat, this conclusion should be approached with caution. A large portion of the S
in the soil near the Plomin TPP is bound in organic forms. This is consistent with global ob-
servations of sulfur distribution in soil, where the majority (>95%) of S is bound to organic
matter, particularly humic and fulvic substances [58], while the remainder is present as sul-
fide (S2−), sulfate (SO4

2−), and elemental sulfur (S0) [59]. Although organically bound S is
not directly bioavailable, it represents a dynamic reservoir that can be remobilized through
mineralization processes over time [60–63]. The rate of organosulfur mineralization is
strongly influenced by environmental changes, including shifts in microbial community
composition, redox conditions, soil moisture, temperature, and land use. These processes
may result in the delayed release of sulfate, potentially causing soil acidification, nutrient
imbalances, and leaching into groundwater. Even though the current risk appears low,
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it is important to continue monitoring to understand the stability of these organic sulfur
compounds and their possible future effects.

Therefore, although the current risk associated with sulfate appears low, long-term
monitoring is recommended. Such monitoring is essential to assess the stability of organ-
ically bound sulfur under changing environmental conditions and to better predict its
potential ecological impact over time. From a sustainability perspective, these findings
highlight the importance of considering sulfur speciation and long-term monitoring when
evaluating the efficiency of natural attenuation at legacy pollution sites.

3.4. Isotopic Composition of Sulfur

The stable S isotope composition of anthropogenic emissions generally shows a wide
range of values depending on the nature of sources. The δ34S values of bulk Raša coal
samples are negative, ranging from −5.5 to −9.5‰ (Table 3). Coal is generally characterized
by a broad range of δ34S values, from −35 to +30‰, with coals containing high S content
usually showing more negative δ34S values. This is due to microbial sulfate reduction
during the biochemical transformation of organic matter and the transfer of 34S-depleted
reduced S into the organic matter [64–66]. The δ34S values of the ash in all three samples are
around −3.5 ‰ and are slightly higher than those in the coal. This is consistent with the S
isotope fractionation during coal combustion reported in the literature, where effluents and
fly ash from coal combustion exhibit the same or higher δ34S values than the coal [43,65,67].
Overall, the S contained in ashes is enriched in 34S compared to the coal, leading to the
conclusion that the bulk airborne S emissions should have negative δ34S values, lower than
those of the bulk S in coal.

The δ34S values of bulk soil samples range from +0.8 to nearly +25‰ and increase with
distance from the TPP. The δ34S values of humic substances range from −3.5 to 5.9‰, while
S in fulvic acids shows positive values between +4.2 and +5.8‰. Obviously, regarding the
bulk S isotope composition and the sulfur mass balance, a considerable part of S species
remained unaccounted for. The processes of sulfurization of organic matter are generally
associated with a S isotope fractionation of 3–5‰, where both oxidized and reduced S
species can be incorporated into the organic substrate [68,69]. Although sulfurization
of organic matter is typical in anoxic environments [70], it can also occur in oxidizing
environments, including carbonate-rich soils, where intermediate and oxidized S species
are added to the organic substrates during microbially mediated diagenetic recycling of
sulfur [28,68,71]. On the other hand, the assimilation of sulfate into plants is associated
with a smaller S isotope fractionation, as sulfate depleted in 34S by 1–2‰ is assimilated.
This leads to enrichment of the remaining sulfate pool in 34S, for example, at the site 1 km
NW of the TPP [57,72].

The dominant source of S in the soil close to the Plomin TPP is obviously still the
historical airborne S emissions from the Plomin TPP, which contributed 34S-depleted S
in addition to sea spray-derived sulfate (with an average δ34S value of approximately
+21‰) [73]. The increasing trend of δ34S values and the decreasing S content with distance
from the TPP (Table 4, Figure 4) indicate a decreasing anthropogenic S input into the
soils. Total S content decreased from 1.112 wt.% near the TPP to 0.19 wt.% at a distance of
5 km, yet remained higher than at the control site C1 (0.036 wt.%). In contrast, δ34S values
increased from +1.71 to 20.02 with distance, approaching values characteristic of marine
sulfate, indicating a diminishing influence of airborne contamination from the Plomin TPP
and an increasing contribution of sea spray sulfate. This divergence between content and
isotopic trends suggests that isotopic signatures may approach background values earlier
than sulfur content, reflecting the persistence of residual sulfur in soils despite reduced
isotopic evidence of anthropogenic inputs.
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This distance therefore could represent the approximate limit of notable anthropogenic
sulfur pollution, even 20 years after the cessation of high-S emissions. At a distance of 4 km
in the southwest (SW) direction, the isotopic composition of S in the soil is very similar
to the isotopic composition of marine sulfate. The site 5 km from the TPP had a similarly
low bulk S content but a lower δ34S value, similar to the site at 2 km (Table 4). Local air
circulation and the hilly topography may have caused an irregular distribution of flue
gas and aerosols from the TPP. However, the observed isotopic patterns are more likely
influenced by biological sulfur turnover in soil, which can produce a similar isotope effect
over time [71,73].

4. Conclusions
In this study, the sulfur content and isotopic composition of S in soils around the

Plomin TPP were determined 20 years after the cessation of high-sulfur emissions from
Raša coal combustion. The following conclusions can be drawn:

(1) The spatial distribution of sulfur contamination in the soil is closely related to the
distance from the Plomin TPP and is strongly influenced by the prevailing wind
direction (SW). The sulfur content in the soil decreases with distance along the pol-
lution gradient (PG) from the Plomin TPP, reaching background levels more than
10 km away in the NE direction (control site C1), consistent with typical agricultural
soils (0.03 wt.%).

(2) Sulfur speciation in soil reveals the dominance of organically bound sulfur (>98%),
primarily associated with humic acids (>95%). The low proportion of sulfate indicates
rapid microbial assimilation and transformation of sulfur into organic form. This
suggests that natural processes have efficiently reduced sulfate levels in the soil since
emissions ceased.

(3) The S isotopic composition (δ34S) varies with distance from the Plomin TPP, confirming
that 34S-depleted emissions from Raša coal combustion were the primary source
of anthropogenic contamination. Increasing δ34S values with distance suggest an
increasing influence of marine sulfate and natural soil processes.

(4) These findings demonstrate that the legacy of sulfur pollution can persist in or-
ganic forms long after emissions cease, with important implications for long-term
soil biogeochemistry. Although current sulfate levels are low, residual organic sul-
fur may still undergo mineralization and potentially release sulfate under chang-
ing environmental conditions. Due to the elevated sulfur content in the soil,
continued monitoring is necessary to assess potential environmental impacts and
long-term changes.

(5) The observed transformation of sulfur forms highlights the role of natural attenu-
ation in enhancing long-term soil resilience and provides a scientific basis for the
sustainable management of sites historically affected by anthropogenic atmospheric
sulfur deposition.
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