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Abstract

Revitalisation of contaminated brownfield sites is essential for sustainable development,
particularly near sensitive ecological areas like Natura 2000 sites. The lagoon in Slovenia’s
Regional Park Šturmovci, an artificial wastewater convergence point created during hy-
droelectric construction, is a highly relevant example. This study integrates geochemical,
mineralogical and isotopic analyses to identify sources and controlling mechanisms of con-
taminant distribution in lagoon sediments and assess their transfer to nearby agricultural
soils during flooding events. Results indicate anaerobic conditions, with depth-related
shifts in phosphorus, sulphur and redox-sensitive elements, such as rare earth elements
(REE), arsenic (As), barium (Ba), cobalt (Co), chromium (Cr), lead (Pb) and vanadium (V),
as well as fluctuations in pyrite-rich laminated layers, suggesting potential flood-driven
remobilisation of trace elements. Lagoon sediments are highly contaminated with As
(73 mg kg−1), Ba (247 mg kg−1), Pb (97 mg kg−1) and Zn (1118 mg kg−1), with elevated
concentrations also observed in agricultural soil, all exceeding respective limit values of 20,
160, 85 and 200 mg kg−1. Pollutant concentrations were highest near wastewater inflows
and decreased with distance, with nitrogen isotopic patterns indicating partial nitrification
and surface ammonium accumulation, reflecting intensive agricultural inputs in the area.
High enrichment factor (EF > 20) and geoaccumulation index (Igeo > 3) values, in particular
for As, Cd and Zn, indicated severe contamination and highlighted the urgent need for
effective remediation strategies, including immobilisation using biochar or cement-based
binders, as well as phytoremediation approaches.

Keywords: Natura 2000; pollution; ecological status; brownfield; soil; sediment

1. Introduction
Brownfields represent a significant environmental and spatial challenge in Europe

with an estimated three million sites, 33% of which are contaminated due to past industrial
activities. The comprehensive sustainable management strategies for brownfield remedia-
tion and revitalisation are hindered due to the absence of a unified definition across the
European Union (EU), with only 115,000 sites remediated by 2016 [1–3]. Their regeneration
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is essential, particularly where they interfere with sensitive ecological sites, such as the
Natura 2000 network. Europe’s aquatic and terrestrial environments show poor ecological
status. Only 37% of surface water bodies achieved good ecological status, and 61% of
soils are unhealthy, mainly due to wastewater and agricultural effluents [1,4]. Although
Natura 2000 aims to protect Europe’s most valuable species and habitats, many areas
remain significantly polluted. Established under the Birds Directive [5] and the Habitats
Directive [6], and aligned with the EU Biodiversity Strategy for 2030, the network com-
prised 27,193 sites in 2022, covering 18.6% of the EU [7]. Anthropogenic contamination has
been reported in the Upper Rhine Valley (Germany), Lake Gopło (Poland), Bacau County
(Romania) and the Raba River Valley (Hungary), all protected under Natura 2000 [8–11].
Pollution by potentially toxic elements (PTEs) represents a major global problem due to
their high potential for bioaccumulation in food chains and subsequent negative impacts
on humans and biota [12–14]. Anthropogenic sources contributing PTEs to the environ-
ment also include mining, metallurgical and chemical industries, waste disposal and fossil
fuel combustion [15–18]. PTEs accumulate in fatty tissues, potentially impair organ and
endocrine functions and induce DNA mutations [19,20]. Even at very low concentrations,
they can cause severe chronic effects and disrupt the normal functioning of the nervous and
cardiovascular systems [14,15]. In addition to human health risks, increased PTE concen-
trations impair the activity of microorganisms, essential for organic matter decomposition,
nutrient cycling and sustaining soil productivity and fertility [15,21]. In addition to PTEs,
the pollution load includes various organic micropollutants, such as polycyclic aromatic
hydrocarbons, polychlorinated dibenzodioxins/dibenzofurans and phytopharmaceutical
agents, all commonly found in nutrient-rich waste streams like municipal sewage sludge,
organic and mineral fertilisers, industrial effluents and unmanaged landfill areas [22–25].

Furthermore, one such brownfield site, an artificially created lagoon located in a
Natura 2000 protected area, formerly used as a wastewater convergence and contaminated
by various organic and inorganic pollutants, was selected for ecological status evaluation.
The study addresses the research gap regarding contaminant distribution and mobility,
as well as their potential source to agricultural soil transfer, while evaluating associated
environmental and health impacts. By linking contaminant patterns in soils and sediments
with flooding dynamics and land-use practices, the study provides insights for remediation
and sustainable management strategies of brownfield wetlands, where flooding is the
primary pathway for contaminant transfer.

2. Materials and Methods
2.1. Study Area

Regional Park Šturmovci is located in the north-eastern part of Slovenia, in the Po-
dravska region, within lowland triangle between Lake Ptuj and Drava and Dravinja rivers.
It comprises a 215-hectare remnant of the riparian zone. Geologically, the study area consists
of Quaternary flood and alluvial facies, which are interdependent with river fluctuation
mechanisms. The Regional Park Šturmovci is strongly influenced by flooding, occurring
approximately 10–11 times per year, which significantly affects metal concentrations in the
sediments. The central part is characterised by heterogeneous layers of gravel, sand and
silt, while the southern part consists of sandy marl, conglomerates, sandstones and sand
layers, alternating in an unequal sequence (Figure 1).
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Figure 1. A geological map of Regional Park Šturmovci, pinpointing the locations of collected samples
(AI-1, AI-3, AI-4, AI-5, AI-6 and V-3), along with the wastewater inflow point (red star) and flood
pathways (small blue arrows) (Adjusted from Mioč and Žnidarčič, 1987 [26]).

The park area is classified as a protected forest of significant natural value and is a
part of the Natura 2000 network [27]. However, within the park boundaries, approximately
200 m from the settlements of Nova vas and Markovci, an artificially created lagoon is
located. The lagoon was formed during the construction of the nearby Formin hydroelectric
power plant in 1978 and served at the time as a convergence point for industrial wastewater
from the surrounding area [28–31]. The lagoon, which is about 500 m long, 50 m wide and
2–5 m deep, is predominantly filled with contaminated sludge, with only the uppermost
20 cm consisting of water [28,29,32–34].

2.2. Soil and Sediment Sampling

Pollution load assessment of the Šturmovci lagoon was conducted through detailed
geochemical characterisation of sediment and soil samples collected during Spring 2019
(Figure 1). During springtime, river levels are the highest due to the snowmelt in the upper
catchment area (in Austria) and more frequent rainfall, maximising the potential to observe
flood-related processes. A sedimentary profile (Figure 2), covering the interval from the
base of the water column (0 cm) to a depth of 97 cm, was obtained from the deepest part of
the lagoon (46◦23′8.39′′ N, 15◦55′34.65′′ E) using a gravitational UWITEC coring platform
(Mondsee, Austria).
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Figure 2. A composite sedimentary profile divided into ten lithological units (0–97 cm).

The sediment core was then divided into ten lithological units based on visual char-
acteristics, including grain size and colour, including silty and medium-grained sand
component with lamination, silty and fine-grained sand component, white–green silty
lamination, silty and fine-grained sand component, silty lamination, silty and medium-
grained sand component, silty component with greenish lamination, silty component with
fine-grained sand, silty lamination and silty component. A clear alternation between silty
and fine-grained sandy layers with distinctive white–green laminations was observed. In
addition, basic physicochemical parameters of the lagoon water, such as pH, temperature
and oxidation-reduction potential (ORP), were measured at a depth of 5–10 cm using a
SevenGo™ (SG2, Mettler Toledo, Greifensee, Switzerland) multiparameter meter. Five com-
posite soil samples, each assembled from multiple subsamples and homogenised, were
taken from the uppermost 20 cm, collected from nearby agricultural fields to evaluate the
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potential transfer of contaminated sludge from the lagoon. All samples were dried to a
constant mass at +45 ◦C, homogenised to <0.063 mm and stored at 0 ◦C for approximately
one week prior to geochemical analyses.

2.3. Mineralogical Characterisation

The mineralogical composition was determined for all five soil and ten sediment
samples, representing each lithological unit. X-ray diffraction (XRD) analysis was per-
formed using a Philips PW 3710 diffractometer (Eindhoven, The Netherlands) equipped
with an automatic aperture, Cu X-ray tube, proportional counter and secondary graphite
monochromator. The instrument operated at 40 kV and 30 mA, employing CuKα radiation
(λ = 1.54060 Å). Measurements were conducted over a 2θ range of 2–70◦ at a scanning
rate of 3.0◦ 2θ per minute. Mineral phases were identified using the PAN-ICSD database
and the X’Pert HighScore Plus 4.6 software package. Quantitative phase composition was
obtained using Rietveld refinement, which ensures optimal agreement between calculated
and measured diffractograms. Results are reported to one decimal place, with a detection
limit of 0.2%. Mineral abbreviations follow the IUGS international recommendation, based
on the updated version of the Kretz (1983) list [35]. To complement the XRD results and
confirm mineral presence, additional analyses were performed using a scanning electron
microscope with an energy-dispersive spectrometer (SEM-EDS; Thermo Fischer Scientific
Quattro S, Waltham, MA, USA). Samples were carbon-coated, and analyses were con-
ducted under high-vacuum conditions at an accelerating voltage of 20 kV and working
distance of 10 mm.

2.4. Multielemental Chemical Characterisation

Major and trace elements, including rare-earth elements (REE), were analysed in
sediment samples collected from the sedimentary profile of the polluted lagoon. Major
elements included aluminium (Al), calcium (Ca), iron (Fe), potassium (K), magnesium
(Mg), sodium (Na), phosphorus (P), sulphur (S) and titanium (Ti). Trace elements included
silver (Ag), arsenic (As), barium (Ba), cadmium (Cd), cobalt (Co), chromium (Cr), copper
(Cu), mercury (Hg), molybdenum (Mo), nickel (Ni), lead (Pb), antimony (Sb), selenium
(Se), thallium (Tl), vanadium (V) and zinc (Zn). In addition, trace elements posing the
highest potential environmental risk were determined in soil samples from agricultural
fields to assess the potential transfer from the lagoon. Microwave-assisted acid digestion
(CEM MARS 6) using a mixture of nitric (HNO3), hydrochloric (HCl) and hydrofluoric (HF)
acids in combination with hydrogen peroxide (H2O2) was used. Following acid digestion,
boric acid (H3BO3) was added to the samples to remove fluorides. The clear digests were
diluted, and the total elemental concentrations were determined by inductively coupled
plasma mass spectrometry (ICP-MS), using certified reference materials STD OREAS25A4A,
STD OREAS45E and STD DS11, alongside replicates and blank measurements to ensure
accuracy and precision. The method’s limit of detection (MDL) for specific elements was as
follows: for 0.01%, 0.01%, 0.01%, 0.01%, 0.01%, 0.001%, 0.001%, 0.04% and 0.001% for Al,
Ca, Fe, K, Mg, Na, P, S and Ti, respectively. The MDLs for trace elements were as follows:
for 20 ppb, 0.2 ppm, 1 ppm, 0.02 ppm, 0.2 ppm, 1 ppm, 0.1 ppm, 0.01 ppm, 0.05 ppm,
0.1 ppm, 0.02 ppm, 0.02 ppm, 0.3 ppm, 0.05 ppm, 1 ppm and 0.02 ppm for Ag, As, Ba, Cd,
Co, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, Tl, V and Zn, respectively. The MDLs for REEs were
0.1 ppm. The analytical uncertainty was better than 3%, and precision was ±10%.

2.5. Isotopic Composition of Nitrogen

The isotopic composition of nitrogen (δ15N) was determined in three soil and seven
sediment samples from a sedimentary profile to evaluate potential 15N enrichment resulting
from anthropogenic inputs, including wastewater discharge and agricultural fertiliser
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applications, in order to identify potential nitrogen sources within the ecosystem. An
isotope ratio mass spectrometer (Europa 20–20; Sercon Ltd., Crewe, UK) with a preparatory
module ANCA-SL was used, with results for δ15N reported as relative δ (delta) values
(Equation (1)) per mille (‰), according to

δ15N[‰] =
Rsample − Rstandard

Rstandard
× 1000 (1)

where R is the ratio of heavy to light isotopes (15N/14N) of the sample and standard
(atmospheric nitrogen—N2). To ensure quality assurance and quality control, the following
commercially available laboratory isotope standards were used: urea (50 µg C ml−1),
protein (Casein) Organic Analytical Standard (Cat no. B2155—Certificate no. 114859),
Sorghum flour Organic Analytical Standard (Cat no. B2159—Batch no. 257737) and wheat
flour Organic Analytical Standard (Cat no. B2157—Batch no. 114855). Measurement
determined from repeated sample analyses was ±0.15‰.

2.6. Data Analysis and Environmental Pollution Load Assessment

Statistical analyses and data visualisation were performed using Statistica 13.3, Gra-
pher 11 and Surfer 8.0 [36–38], as well as Draw.io online software (29.6.6). Basic statistical
parameters (minimum, maximum, mean, median, standard deviation, skewness, kurtosis
and range) were calculated, and data normality was evaluated using histograms and distri-
bution metrics. Due to predominantly non-normal data distribution and small sample size,
non-parametric tests were applied, including Mann–Whitney tests and Spearman’s correla-
tion coefficients, at a significance level of α < 0.05. Environmental load was assessed by
calculating the enrichment factor (EF) and geoaccumulation index (Igeo). EF (Equation (2))
was calculated as

EF =

PTE
RE sample

PTE
RE background

(2)

with the ratio between the studied element and a reference element (RE) [39]. Al is com-
monly used as the primary RE due to its stability, association with clay minerals and
resistance to weathering processes [12]. However, due to the presence of the local alu-
minium industry, Fe and manganese (Mn) were selected as reference elements. They are
relatively immobile and minimally affected by anthropogenic sources, making them conser-
vative choices with minimal variability between the two. Background values were derived
from elemental concentrations in the upper continental crust [40]. EF values ranging from 0
to 1.5 indicate PTE’s natural origin, whereas values exceeding 1.5 suggest potential anthro-
pogenic influence [41]. Based on EF, soils are categorised into minimal (EF < 2), moderate
(EF < 5), considerable (EF < 20), very high (EF < 40) and extremely high enrichment (EF > 40)
with PTE [12]. Igeo (Equation (3)) was evaluated according to

Igeo = log2
csample

1.5 × cre f erence
(3)

where csample represents the concentration of PTE in the sample, and creference denotes its
concentration in the reference material [42]. Factor 1.5 is used to minimise the natural
variations in the environment. Concentrations of the PTEs in the upper continental crust
were used as reference values [40]. Soils with Igeo values near 0 are classified as unpolluted,
those with values of 1–2 moderately polluted, 3–5 highly polluted and Igeo > 5 as extremely
polluted [42]. In addition, concentration values were compared with the Slovenian thresh-
old, warning and critical soil limit values [43]. For elements not covered by the Slovenian
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regulation, comparisons were made with Dutch target, intervention and contamination
thresholds [44], as well as EU Council Directive 86/278/EEC [45].

3. Results and Discussion
3.1. Mineralogical Composition and Phase Distribution

The mineralogical composition of soil and lagoon sediments is similar (Figures 3 and 4)
and reflects the geological background of the study area. Silicate minerals are predominant
(Ab—albite, Am—amphibole, An—anorthite, Clc—clinochlore, Ms—muscovite), followed
by carbonates (Cal—calcite, Dol—dolomite), oxides and hydroxides (Bhm—boehmite,
Hem—hematite, Qtz—quartz), as well as sulphides (Py—pyrite) and phosphates (Viv—
vivianite). Noticeable differences were observed only for Am, An, Py and Viv, which
occurred mainly in the lagoon silt sediments.

 

Figure 3. Mineral composition of the soil samples.

 

Figure 4. Mineral composition of the sediment core, highlighting the noticeable variations in Am,
An, Py and Viv; indicative of reducing, organic matter and Fe-enriched conditions characteristic of
contaminated environments.

Bhm (Figure 5a) was detected in the north-western part of the lagoon, near the point of
wastewater inflow, and in the deepest sediment layers, where highest pH and lowest ORP
values were observed, ranging from 7.27 to 7.55 and from −29 mV to −13 mV, respectively.
Overall, the lagoon area is characterised with slightly basic and strongly anoxic conditions,
which favours the elevated concentrations of Viv and Pyr.
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(a) (b) 

 
(c) 

Figure 5. SEM-EDS figures of Bhm (a), Viv (b) and Pyr (c), respectively.

Viv (Figure 5b) minerals typically form in anaerobic environments, where not all Fe is
utilised in sulphide mineral formation. These conditions are generally found in sediment
with sulphur (S)-to-Fe ratio < 1.5 [46]. Authigenic Viv occurs in reducing environments rich
in organic matter and Fe, conditions found in the vicinity of wastewater treatment plants
or areas receiving high inputs of nutrients [46].

3.2. Geochemical Composition of Sediment and Soil Samples

Concentrations of major elements in the lagoon sediments, decreased in the following
order: Al > Fe > Ca > P > Mg > S > K > Na > Ti (Table 1). At a depth of 62.5–63.5 cm notable
change was observed, with increase in Al, Ca, Mg and Ti and decrease in P and S.

Table 1. Concentrations of major elements (%) in lagoon sediment samples.

Depth (cm) Al Ca Fe K Mg Na P S Ti

4.0–5.0 6.00 6.97 2.97 0.98 2.06 0.60 1.03 0.87 0.20
10.0–11.0 5.17 5.31 1.82 0.54 0.96 0.39 2.23 0.92 0.16
15.5–16.5 7.31 7.63 2.51 0.36 0.65 0.24 2.32 0.94 0.11
21.0–22.0 8.93 4.30 3.60 0.37 0.72 0.30 1.97 1.11 0.12
27.0–28.0 8.11 4.50 2.99 0.32 0.68 0.26 2.03 1.37 0.11
33.0–34.0 9.58 3.80 3.63 0.38 0.82 0.34 1.54 1.17 0.12
39.0–40.0 7.83 3.78 4.56 0.40 0.82 0.34 1.96 1.32 0.13
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Table 1. Cont.

Depth (cm) Al Ca Fe K Mg Na P S Ti

45.0–46.0 7.16 4.04 4.52 0.42 0.87 0.36 1.45 1.74 0.12
51.0–52.0 8.51 3.97 3.75 0.35 0.83 0.30 1.34 1.80 0.12
58.0–59.0 4.59 4.22 5.23 0.73 1.24 0.64 0.56 1.88 0.16
62.5–63.5 7.24 4.48 4.30 1.80 2.38 0.92 0.30 0.49 0.38
69.0–70.0 4.60 3.47 8.62 0.76 1.34 0.49 2.05 0.92 0.15
75.0–76.0 4.90 3.12 10.21 0.65 1.24 0.40 1.92 0.72 0.13
81.0–82.0 5.62 3.32 9.46 0.72 1.36 0.49 1.85 0.79 0.14
90.5–91.5 5.54 3.55 7.94 0.81 1.45 0.51 1.66 0.63 0.16
93.5–94.5 5.44 3.37 7.88 0.77 1.35 0.47 1.65 0.68 0.15

A similar pattern was observed for PTEs at this depth, where the concentrations of Ba,
Co, Cr, Pb and V increased, while Ni exhibited a decrease. Generally, PTEs decreased in the
following order: Zn > Ba > Cu > Pb > Cr > As > V > Ni > Mo > Co >Ag > Cd > Se > Sb >
Tl > Hg (Table 2).

Table 2. Concentrations of PTEs (mg kg−1) in lagoon sediment samples.

Depth (cm) Ag As Ba Cd Co Cr Cu Hg Mo Ni Pb Sb Se Tl V Zn

4.0–5.0 1.76 41.9 212 6.70 10.60 83.0 176 1.15 11.6 53.5 349 1.85 2.90 2.66 71.0 1840
10.0–11.0 0.34 37.6 145 5.06 7.20 82.0 214 1.75 24.8 76.5 141 2.20 4.60 3.03 119 2007
15.5–16.5 0.74 75.2 420 1.19 7.10 45.0 151 1.22 12.4 49.6 47.5 1.24 2.50 1.10 80.0 1177
21.0–22.0 3.76 44.4 294 3.12 8.60 59.0 208 1.99 13.9 78.3 90.6 2.05 3.60 2.98 64.0 1343
27.0–28.0 9.07 40.1 208 2.58 7.00 50.0 291 1.95 12.2 60.0 81.3 2.36 3.70 1.68 50.0 1863
33.0–34.0 4.49 46.4 282 1.81 6.60 63.0 146 1.48 10.6 75.9 75.8 1.81 3.00 1.80 50.0 1058
39.0–40.0 10.9 91.2 143 2.21 6.30 103 185 1.72 13.6 82.0 77.4 2.34 4.00 1.91 54.0 1358
45.0–46.0 14.4 78.0 103 2.31 5.90 127 168 2.04 12.3 122 82.6 2.65 3.20 2.36 54.0 1381
51.0–52.0 9.90 91.2 128 3.44 6.50 87.0 262 2.89 13.8 197 80.6 3.84 4.00 4.73 73.0 1633
58.0–59.0 4.25 136 58 1.95 7.40 71.0 150 1.65 15.6 45.5 83.1 5.53 2.70 2.95 49.0 950
62.5–63.5 1.23 45.2 955 4.00 16.10 109 75.5 1.02 4.41 55.5 286 2.46 1.50 3.00 105 1054
69.0–70.0 1.67 106 149 3.68 7.20 77.0 120 0.66 6.86 46.1 118 4.05 2.70 2.85 59.0 973
75.0–76.0 1.23 129 346 3.83 7.60 79.0 135 0.72 5.75 46.5 109 3.85 3.20 2.80 66.0 1020
81.0–82.0 1.22 89.9 330 3.83 7.30 74.0 105 0.67 5.76 48.8 103 3.26 2.40 2.93 57.0 957
90.5–91.5 1.31 62.8 339 3.50 8.70 82.0 102 0.79 3.94 43.8 134 3.55 2.10 3.21 60.0 966
93.5–94.5 1.10 70.4 310 3.76 7.30 80.0 106 0.73 4.42 44.6 116 3.46 2.90 2.98 56.0 908

[43]:
Limit value nd 20 nd 1 20 100 60 nd 10 50 85 nd nd nd nd 200
Target value nd 30 nd 2 50 150 100 nd 40 70 100 nd nd nd nd 300
Critical value nd 55 nd 12 240 380 300 nd 200 210 530 nd nd nd nd 700

[44]:
Target value nd nd 160 nd nd nd nd nd nd nd nd 3 0.7 1 42 nd

Intervention value nd nd 625 nd nd nd nd nd nd nd nd 15 nd nd nd nd
Serious pollution 15 nd nd nd nd nd nd nd nd nd nd nd 100 15 250 nd

[45]:
Minimum nd nd nd nd nd nd nd 1 nd nd nd nd nd nd nd nd
Maximum nd nd nd nd nd nd nd 1.5 nd nd nd nd nd nd nd nd

Orange values exceed limit values, purple values exceed alert values, and red values exceed critical values; nd
denotes values not determined. In cases where Slovenian legislation does not provide limit values, reference
values from [44,45] were used.

At this depth, a corresponding change in the sedimentary profile was also observed
(Figure 2), with more dominant appearance of a thicker layer of white–green lamination.
In addition, the grain size transitions from medium to fine-grained, accompanied by an
increase in Pyr content (up to 5.3%) (Figures 4 and 5c).

This trend is further supported by the distribution of REEs (Figure 6), which can be
classified into light REE (LREE; La–Sm) and heavy REE (HREE; Dy–Yb). In this study, REEs
varied from 0.07 mg kg−1 to 106.44 mg kg−1, with the highest concentrations observed
for Ce, La and Nd. The highest REE concentrations occurred at depths 15.5–16.5 cm and
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62.5–63.5 cm. The LREE/HREE ratio varied between 3.03 and 7.79, with the greatest differ-
ences at these depths. All REEs exhibited statistically significant positive correlation with
K, Mg and Ti and statistically significant negative correlation with S. REE concentrations
were normalised to UCC and chondrite to assess the geochemical anomalies. Chondrite-
normalised patterns showed a strong LREE enrichment with a decreasing trend toward the
HREE, consistent with weathering processes. UCC-normalised patterns confirmed enrich-
ment at 16 cm and 63 cm, indicative of significant anthropogenic input due to potential
remobilisation of material during flooding events.

Figure 6. Depth-dependent variation in total HREE and LREE concentrations, with two elevated
intervals suggesting enhanced material remobilisation, potentially associated with flooding events.

These variations can indicate alternating reducing and oxidising conditions, which
strongly influence the remobilisation and increased availability of trace elements, poten-
tially driven by flooding events, which are frequent in the Regional Park Šturmovci [47,48].
The elements most sensitive to redox conditions are primarily As, Co, Cu, Mo, Ni, Se,
V, Zn and REE [14,49]. Under anaerobic conditions, reductive dissolution of Fe and Mn
hydroxides can occur, primarily controlled by pH, salinity, organic matter content and
temperature [47]. This process also promotes the release of As, Cd, Cr, Co, Cu, Fe, Mn, Mo,
Ni, Pb, V and Zn from solid to aqueous phases [14,50]. Sediments may become enriched
with specific PTEs due to upstream anthropogenic inputs, followed by their adsorption
and potential infiltration through the soil profile during remobilisation after prolonged
flooding [51,52]. Enrichment at depths of 16.00 and 63.00 cm can reflect the two major flood
events that occurred after the construction of the Formin hydropower plant, one in 1998
and one in 2012, consistent with a silt sedimentation rate of 2.5–3.0 cm year−1. In both
cases, the Drava River flooded due to high precipitation levels in Austria. Peak discharges
reached 1.650 m3 s−1 and 3.165 m3 s−1 in 1998 and 2012, respectively [53–55]. During the
flooding event, concentrations of Cd, Pb and Zn exceeded the critical limit values [56].

Based on the Spearman correlation coefficients (Figure 7), the PTEs can be grouped into
two sub-categories according to their potential origin: (i) Ag, Co, Cu, Hg, Mo, Ni, Se and Zn
and (ii) Cd, Co, Pb and Ti. The first group shows a strong correlation with S, suggesting the
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influence of sulphate-reducing microorganisms and the formation of authigenic sulphide
minerals, which are characteristic of reducing environments [57,58]. Microbial sulphate
reduction is one of the primary pathways for sulphide mineral formation in anaerobic
settings [59]. Sulphates may be introduced into the environment via floodwaters or formed
during the decomposition of organic matter [60]. However, future studies are needed to
fully assess the role of microbial processes in mineral formation. The second group shows
a strong positive correlation with K, Mg, Na and Mn and a negative correlation with S,
indicating an association with elements predominantly found in silicate minerals (feldspars,
micas, amphiboles) characteristic of fluvial and alluvial facies. Furthermore, a decrease
in P, likely due to uptake by microorganisms, may also reflect the flooding events, which
strongly influence the transport and accumulation of pollutants. These correlations indicate
potential associations but do not imply direct causality, and further research is needed to
confirm the associated mechanisms.

 

Figure 7. Diagram of Spearman correlation coefficients (>0.7), with dashed line indicating negative
correlation. Two groups are identified based on their potential origin: (i) phases associated with
sulphate-reducing microorganism introduced via wastewater or formed during organic matter
decomposition and (ii) silicate minerals characteristic of fluvial and alluvial facies.

In addition, to assess the potential transfer of contaminated material from the lagoon
to surrounding areas, PTE concentrations in agricultural fields were also analysed (Table 3).
The Regional Park Šturmovci is flooded approximately 10–11 times a year, heavily impact-
ing the metals concentrations. Mann–Whitney tests revealed no statistically significant
differences between locations for most elements, except for As, Cu and Mo. The median
As concentration in five agricultural soil samples was 34 mg kg−1, exceeding the limit of
20 mg kg−1 at all locations. Median Cu and Mo values were 52 mg kg−1 and 2 mg kg−1,
respectively, both below their limit values of 60 mg kg−1 (Cu) and 10 mg kg−1 (Mo).

Median concentrations of As, Cd, Cu, Mo, Ni, Sb and Zn were higher in lagoon
sediments, while Ba, Pb and V were more elevated in agricultural soils. These differences
may result from the application of fertilisers and phytopharmaceutical agents, variations
in geological substrate and material redistribution during frequent flooding. The highest
PTE concentrations were found at site AI-3, nearest to the contaminated lagoon, and
the lowest at site AI-4 on the opposite side of the Drava River, indicating downstream
pollutant transport.
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Table 3. Concentrations of PTEs (mg kg−1) in agricultural soil samples.

Soil Sample As Ba Cd Cr Cu Mo Ni Pb Sb V Zn

AI-1 40 1841 9 82 34 4 152 790 2 92 2643
AI-3 47 2960 14 82 37 6 153 1096 2 82 3110
AI-4 21 641 1 106 52 1 73 92 1 124 259
AI-5 34 831 1 143 69 2 77 104 2 167 284
AI-6 27 752 3 102 60 2 67 306 2 121 915

[43]:
Limit value 20 nd 1 100 60 10 50 85 nd nd 200
Target value 30 nd 2 150 100 40 70 100 nd nd 300
Critical value 55 nd 12 380 300 200 210 530 nd nd 700

[44]:
Target value nd 160 nd nd nd nd nd nd 3 42 nd

Intervention value nd 625 nd nd nd nd nd nd 15 nd nd
Serious pollution nd nd nd nd nd nd nd nd nd 250 nd

Orange values exceed limit values, purple values exceed alert values, and red values exceed critical values; nd
denotes values not determined. In cases where Slovenian legislation does not provide limit values, reference
values from [44,45] were used.

3.3. Assessment of the Isotopic Composition of Nitrogen (δ15N)

In soils where nitrogen is derived from biologically fixed atmospheric N2, δ15N values
are typically around 0‰. Higher δ15N values may result from enhanced organic matter
decomposition or anthropogenic inputs from fertilisers, animal waste or municipal and
industrial wastewaters [61–64]. Overall, δ15N values increased with distance from the
wastewater inflow point (Table 4); however, δ15N data alone are insufficient to accurately
distinguish or quantify potential nitrogen sources. Soil cultivation and fertiliser application,
which replenish nitrogen losses, exert a strong influence on δ15N values [64]. The δ15N
values of inorganic fertilisers are similar to those of atmospheric N2, as they are produced
through reactions of H2 with atmospheric N2 [62,63,65]. For organic fertilisers and animal
waste, higher δ15N values (around +9‰) are typical, resulting from the increased input
of 15N-enriched ammonia (NH3

+) and nitrate (NO3
−) compounds [62–65]. δ15N values

of various animal wastes are generally similar: poultry waste ranges from +1 to +10‰,
pig waste from +6 to +37‰ and mixed-animal waste from 0 to +11‰. Ntotal is typically
higher in poultry waste due to protein supplements in feed. δ15N values of municipal
waste range from −4 to +10‰ [65]. 15N values also change with depth, where upper
values are enriched with 15N (0–4.5‰), which may result from mixing of soil layers,
soil aeration or the volatilisation of 15N-depleted NH3 following periods of intensive
fertilisation [65]. δ15N values generally increase with depth due to fractionation during N
transport, accumulation of 14N in surface layers and 15N at depth via microbial activity,
nitrogen uptake by plants or mixing of soil layers [64,66,67]. Decomposition, organic
matter content and microbial activity also increase with depth, potentially influencing N
patterns [62,66]. At the Šturmovci lagoon, however, a slight decrease in δ15N was observed,
with δ15N ranging from 3.14‰ to 2.37‰. This pattern may reflect high N inputs from
fertilisers and wastewater, promoting partial nitrification and downward leaching of 15N-
depleted NO3

−, while 15N-enriched ammonium accumulates near the surface where it
easily is adsorbed on mineral surfaces (e.g., clay minerals, (oxy)hydroxides) and assimilated
by plants as a primary nitrogen source [68–70]. For a detailed interpretation, more data
on N sedimentary N species distribution and δ15N depth profiles with higher resolution
would be needed; however, this would be beyond the scope of the present study.
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Table 4. Isotopic composition of nitrogen in selected soil and sediment samples.

Soil sample

Location δ15N (‰)

AI-3 2.00
AI-5 6.43
AI-6 4.26

Sediment sample

Depth (cm) δ15N (‰)

7.0–8.0 3.14
18.0–19.0 2.53
36.0–37.0 2.49
66.0–67.0 2.89
84.0–85.0 2.37

3.4. Environmental Pollution Load Assessment

The greatest environmental burden posed by the contaminated lagoon sediments
is linked to elevated concentrations of As, Ba, Cd, Cu, Hg, Ni, Pb and Zn, all of which
exceeded the critical or alert thresholds for soils and sediments defined in Slovenian
legislation [43]. For elements not regulated at the national level, including Ag, Ba, Hg, Sb,
Se, Tl and V, measured concentrations were evaluated against reference values provided
in [44,45]. Elevated concentrations of As, Ba, Hg and Zn exceeded the critical threshold
values, likely reflecting the influence of intensive agricultural activities, including the
use of fertilisers and phytopharmaceuticals. The presence of an aluminium industry
and a meat-processing plant in the immediate vicinity of the Regional Park Šturmovci
may also influence local PTE concentrations. An additional contributing factor is the
application of sludge from wastewater treatment plants. In the surrounding area, As and
Zn levels are particularly elevated livestock operations (pig and poultry farms), where
these elements are commonly added to feed to promote animal growth [18,65,67,71,72].
The chemical composition of sewage sludge is largely determined by the characteristics
of the wastewater inputs; however, it typically exhibits high concentrations of Zn, Pb, Cu,
Mn and Cr, followed by Ni, B and Mo [25]. The concentrations of PTEs in the lagoon
sediments correspond well with typical reported values. Compared to sludge analyses
from the Ptuj wastewater treatment plant in 2015, most element concentrations were
lower, with the exception of Cu and Zn values [73]. Furthermore, inorganic fertilisers
generally have a limited influence on PTE variability in soils and sediments, whereas
organic fertilisers can increase Cd, Cr and Zn concentrations [74]. As, Cd, Co, Cr and
Mo detected in the contaminated lagoon sediments were found to be comparable to those
reported for organic fertilisers [25,74–76]. Moreover, preliminary analyses conducted in
2005 and 2010 indicated environmental contamination with N, Ag, As, Be, Cd, Cr, Cu,
Mo, Pb, Tl, V and Zn, with PTE concentrations in this study being substantially higher,
indicating progressive contaminant accumulation in the area [28,77]. To assess the potential
transport of contaminated sediments during flooding, agricultural soils were also analysed.
Concentrations of As, Ba, Cd, Cr, Cu, Pb, Ni and Zn exceeded regulatory limits, with the
highest values observed for Cd, Pb and Zn. Compared to other European agricultural
areas, soil samples from the Regional Park Šturmovci exhibited elevated contamination
levels [71]. While a direct comparison of the measured concentrations with regulatory limit
values provides an initial critical assessment of the lagoon’s condition, further evaluation
was carried out through the calculation of environmental indicators, including EF and Igeo,
according to (Equations (2) and (3)). EF calculations for the sediment samples indicated very
high to extreme enrichment (EF > 20) for Se, Ag, As, Hg, Cd, Zn, Sb, Mo and Cu, generally
increasing with depth. The most concerning PTE levels in agricultural soils were observed
for As, Cd, Pb and Zn, as confirmed by Igeo calculations (Igeo > 3). In addition, As, Ba, Cd,
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Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, Tl, V and Zn exceeded the regulatory limit values in the
lagoon sediments, while As, Ba, Cd, Cr, Cu, Ni, Pb, V and Zn were above the limit values in
agricultural soils. Among all, As, Cd, Pb and Zn represent the highest risk due to their high
toxicity, long-term environmental accumulation and bioavailability. The results suggest
that effective remediation strategies are essential for protecting public health and local biota.
Calculated EF and Igeo values suggest that REE concentrations are unlikely to pose notable
environmental and human health risks. Both measured concentrations and environmental
factors were highest in the north-western part of the lagoon, where wastewater inflows, and
gradually decreased towards the point where lagoon water discharges into the Drava River.
Therefore, it can be concluded that the lagoon sediment samples and the surrounding
agricultural soils are influenced by wastewater discharges [28,31–34].

3.5. Remediation Potential of the Contaminated Material

Approximately 22,000 m3 of contaminated sediment require remediation, along with
measures to prevent wastewater inflow from the right-bank ditch directly into the la-
goon [28,31,33]. Previous evaluations concluded that the most effective approach would be
ex situ remediation with dehydration of polluted silt using hydrocyclone, which would
reduce both the amount of organic matter containing PTEs and the overall volume of the
sediment, as well as successfully immobilise the PTEs [18,28,31]. Due to high organic
matter content and fine-grained sediments, the method would require pre-treatment (e.g.,
flocculation, coagulation, pre-sedimentation) to prevent clogging. In addition to ex situ
remediation methods, the toxicity and bioavailability of PTEs can also be mitigated using
binding agents such as biochar or zeolites or through phytoremediation with hyperaccumu-
lating plants. Methods employing biochar or zeolites are cost-effective and well-studied,
with their effectiveness largely dependent on material properties, application strategies,
environmental conditions (e.g., pH, temperature), and pollutant concentrations [78]. High
organic matter content can reduce zeolite sorption efficiency, while biochar can enhance
soil quality and water retention; with high PTE concentrations (e.g., As, Pb, Zn) requiring
higher quantities of biochar. In addition, cement binders can be used as they immobilise
multiple metals simultaneously, including those forming soluble hydroxide or silicate com-
plexes, reducing the potential leachability into the groundwater and allowing the stabilised
sediment to be reused in embankments or lagoon restoration structures. Phytoremediation
represents a sustainable approach, with pollutants removed through mechanisms such as
phytostimulation, phytostabilisation, phytovolatilisation, phytodegradation or phytoex-
traction [79]. Crucifers (Brassicaceae) are considered most useful as they can uptake As, Pb,
Zn, Cd and Ni efficiently. They are very tolerant to anaerobic and variable conditions, while
their roots can stabilise the sediments and prevent re-suspension of polluted materials
during floods, as well as limit the leachability into the groundwater.

4. Conclusions
The anthropogenically contaminated brownfield site—lagoon in the Regional Park

Šturmovci (Slovenia)—was formed during the construction of a nearby hydroelectric power
plant, serving as a convergence point for industrial wastewater from the surrounding area.
It is part of the Natura 2000 network. Despite its protected status, the site shows significant
environmental degradation, posing potential risks to wildlife and human health. This study
provides a comprehensive geochemical characterisation and assesses the potential transfer
of materials. The lagoon exhibits anaerobic conditions with vivianite and pyrite, indicative
of highly nutrient reducing environments. The chemical assessment reveals pronounced
depth-related changes, with a decrease in P and S and an increase in redox-sensitive
elements such as REE, As, Ba, Co, Cr, Pb and V. The presence of a thicker white–green
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laminated layer with finer grains and higher pyrite content indicates alternating redox
conditions. These variations may promote the remobilisation and enhanced availability
of trace elements, potentially driven by flooding events. Two sedimentary enrichments
likely correspond to floods in 1998 and 2012, consistent with a silt sedimentation rate of
2.5–3.0 cm year−1. The greatest environmental burden is attributed to the contaminated
lagoon sediments, associated with elevated concentrations of As, Ba, Pb and Zn, which,
at some locations, exceed the critical thresholds defined by Slovenian legislation. PTE
concentrations generally decline with distance from the wastewater inflow, a pattern also
observed in surrounding agricultural soils. While similar chemical patterns in the lagoon
sediments and soils are consistent with possible contaminant transfer during flooding
events, alternative contributions from agricultural activities cannot be excluded. Nitrogen
isotopic patterns can indicate high nitrogen inputs, potentially reflecting contributions
from fertilisers and wastewater, promoting partial nitrification and downward leaching
of 15N-depleted nitrate, while 15N-enriched ammonium accumulates near the surface and
is preferentially assimilated by plants. The extent of contamination was further assessed
using environmental indicators, including EF and Igeo, whose elevated values confirm
severe pollution and highlight the critical state of the site and concurrent urgent need
for effective remediation strategies. These findings suggest that ongoing monitoring and
targeted sustainable, cost-effective and efficient remediation strategies are essential to
support the long-term ecological status of the lagoon within the Natura 2000 network.
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