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Abstract

The location of the decommissioned factory of plastics and chemical products Jugovinil,
City of Kaštela, Croatia, has gained significant attention for urban development and the
establishment of tourist facilities over the past three decades. Since the site is on the coast of
the Adriatic Sea, on the shore of Kaštela Bay, where nautical tourism is already developed,
plans for a five-star tourism complex were initiated. Given that the former industrial plant,
its coal-powered power plant, and other later industrial activities (small shipyards) caused
a certain degree of contamination with NORM (naturally occurring radioactive material)
residues and heavy metals, an on-site detailed investigation was conducted into the spatial
distribution and concentration evaluation of contaminants within dozens of soil samples,
and the distributions of contaminants in the area of interest were shown in the form of maps.
This study applies an integrated GIS and geostatistical framework to analyze the spatial
distribution of multiple contaminants. Maps highlighting polluted zones are included,
along with maps indicating areas with higher cumulative concentrations of contaminants.
This paper provides an overview of potential issues related to the detected contaminants, as
well as proposals for remediation methods before repurposing the site using retrospective
data about sources of residues and contaminants.

Keywords: industrial site; remediation; urbanization; contamination; NORM residues;
heavy metals; Republic of Croatia

1. Introduction
Ex-industrial and other brownfield sites are sometimes “lost forever” since anthro-

pogenic activities occasionally cause irreparable effects or ones that are too costly to reme-
diate. In cases of large amounts of waste mineral material deposited in certain locations,
several issues can emerge:

• The quantities are too large to remove from the site;
• There are no potential secondary disposal locations at distances that would justify the

costs of moving materials;
• The properties of materials do not allow removal from the site or simple and economi-

cally acceptable remediation in situ, such as applying greening, urbanization or other
types of sustainable remediation.

Reversing the state of sites affected with legacy waste from old, unsustainable indus-
tries often means dealing with locations covered with overwhelming amounts of materials,
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sometimes containing heavy metals, NORM residues and other hazardous materials which
are contaminating certain locations.

Losing space at brownfield sites means exhausting a resource, which has environmen-
tal, societal and economic consequences on resource needs that are “compromising the
ability of future generations to meet theirs”. Hence, dealing with such old industrial sites
with the purpose of remediation and reclamation of the location represents a sustainable
practice in both environmental and economic terms. Remediation of brownfield sites con-
taining mineral waste can reverse the state of ecosystems affected by deposited material
and remove or mitigate risk to biota caused by contaminants. Such sites are an opportunity
to apply sustainability initiatives, such as freeing up space for new industry, urbanization or
even revegetation and other types of ecological enhancement. In an economic sense, “lost
industrial sites”, such as the one in Kaštela Bay, Croatia, can provide space for responsible
economic growth.

The aim of the research presented in this paper, similar to much other research of
the same type [1–9], is the reclamation and repurposing of an ex-industrial site, that is,
the former “factory of plastics and chemical products, Jugovinil”, City of Kaštela, Croatia,
located on the coastline of the Croatian part of the Adriatic Sea on the shore of Kaštela Bay
(Figure 1).

Figure 1. Location of the former factory of plastics and chemical products “Jugovinil” within the City
of Kaštela.

Tourism in Croatia contributes approximately 20% of its GDP [10], with a total of
21.8 million tourists visiting in 2025 [11], which clearly signifies that it is of national interest
to remediate old, decommissioned industrial sites on the coast, as well as other brown-
field sites, and convert them into tourist centers or some other economically useful site
(e.g., small photovoltaic power stations—solar parks), or redevelop them in a way that
they remain in harmony with the environment (greening projects supporting the current
policies related to climate changes).

There is a noteworthy number of ex-industrial and other brownfield sites in Croatia
that already have undergone or are planned to undergo remediation and repurposing,
and some of them are significantly polluted with heavy metals or other contaminants [12].
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While several of them have been remediated and repurposed, some are still waiting for
on-site screening and research to determine the state of contamination, design remediation
project documentation, licensing, or financial means for implementation. However, the
case of the former Jugovinil factory is specific and interesting for several reasons:

• It is located on the very coast of the Adriatic Sea, on Kaštela Bay, within an important
tourist center of the City of Kaštela (see Figure 1), and surrounded by other important
tourist centers: Trogir, Solin (suburb of Split), the City of Split and Čiovo Island.

• On the site is a so-called “old repository of coal ash and slag from other coal-powered
thermal power plants in the former Socialist Federative Republic of Yugoslavia
(SFRY)”, a landfill of NORM residues built in 1973 and fully regulated.

• The site contains a coal ash and slag tailings repository from the power plant of
the former Jugovinil factory, which are identified as NORM (naturally occurring
radioactive material) residues.

• Jugovinil was split into two industrial entities, ADRIACHEM d.d. and ADRIAVINIL
d.d. (both state-owned companies), during the 1990s after the Republic of Croatia
became independent, and at the beginning of the 2000s, the companies were privatized.
ADRIAVINIL d.d. has not functioned as a chemical factory since 2004, and the location
has become a site with small shipyards and storage facilities. Over the next 15 years,
most of the industrial objects were dismantled and the parcel containing coal ash
and slag tailings was regulatorily declared as a future “maritime area” owned by the
Republic of Croatia. This land parcel is regarded as the county’s “environmental black
spot” and is to be remediated.

Figure 1 shows four significant zones: the old landfill (regulated disposal site) of coal
ash and slag transferred from other coal power plants in the former SFRY, which is closed
and under institutional control, the zone where ADRIACHEM d.d. was situated, and the
zone where ADRIAVINIL d.d. was situated, which is the main area of interest for this
paper because it contains the fourth zone—the coal and ash precipitate disposal site.

According to The Radioactive Waste, Disused Sources and Spent Nuclear Fuel Man-
agement Strategy [13] and Decision on National program for implementation of strategy
of radioactive waste, disused sources and spent nuclear fuel management (Program till
2025 with glance till 2060) [14], Croatia has three officially recognized locations with
NORM residues:

• Coal ash and slag disposal sites of the coal-fired power plants Plomin I and II (under-
went reclamation and are under constant institutional control).

• Phosphogypsum disposal site of Petrokemija d. d., Fertilizer Factory, Kutina (soon
to undergo a reclamation utilizing reuse technology in the construction industry:
phosphogypsum is in the process of reevaluation as a by-product that may be used
for construction and agriculture purposes [15–19] and not treated as a waste or
NORM residue).

• Coal ash and slag solid precipitate dump site in Kaštela Bay from the power plant of
the ex-Jugovinil factory in Kaštela Bay, which is still not fully regulated, remediated,
or under proper regulatory oversight.

However, there are many smaller locations in Croatia that are not included in the
previous list of officially recognized NORM residue sites and are also not properly regu-
lated [20]:

• Temporary dumpsites for waste (mineral) materials (NORM residues) from oil and
gas production;

• Dumpsites for slag and waste from primary iron production;
• Dumpsites for calcific scale and similar materials from underground water filtration plants;

https://doi.org/10.3390/su18083897

https://doi.org/10.3390/su18083897


Sustainability 2026, 18, 3897 4 of 31

• Other locations where natural radionuclides from various geological materials are
industrially concentrated.

Considering the second list, the locations mentioned are not considered as a significant
problem due to smaller amounts of contaminants and NORM residues with low activity,
except maybe those related to oil and gas production. The official regulatory decision
on whether those locations are to be researched in detail, which would help make an
official decision on how to deal with those locations and the materials they contain, is
still outstanding.

The ash and slag precipitate dump site of the decommissioned power plant in Kaštela
Bay was taken into consideration because of the plan to reclaim this location to be urbanized
and adjusted for tourist or small green production facility purposes. Detailed research was
done on the whole area of the former Jugovinil industrial site [21–24] to assess the condition
of the site, identify contaminants, determine its impact on the environment and potential
impact on biota, perform risk assessment followed by remediation protocols and, in the
case of repurposing the location, build up the regulatory matrix of construction activities.

The site of interest for this paper is situated partly in Kaštel Sućurac and partly in the
neighboring Kaštel Gomilica (municipalities belonging to the City of Kaštela, Figure 1),
and it can be divided into several areas of research interest (Figure 2).

Figure 2. Zones of radiological and heavy metal research interest at the location of the City of Kaštela
related to the former Jugovinil factory and recent small industrial activities.

As shown in Figure 2, the site is divided according to type of contaminant and history
of contamination as follows:

• Zone “A”—NORM residue disposal site in Kaštel Gomilica, under regulatory over-
sight, containing 38,000 m3 of coal combustion residuals transported from different
coal-fired power plants in the former SFRY. Although the material is in fact NORM
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residue (coal ash and slug), according to the “Decision of the sanitary inspectorate” [25],
it is defined as “uranium ore tailings from coal” due to the high percentage of uranium
in certain coals extracted and utilized in the former SFRY. Materials disposed of at
this regulated disposal site are “leftovers” from the SFRY’s program for the extraction
of uranium from U-238/U-235-rich NORM residues and experimental processing
to yellow cake, which ended in 1973 [26], and the disposal site was engineered to
specifications and formally decommissioned, preventing further activity in the same
year. Most of the area of this zone is under a concession contract entrusted for use to a
private enterprise, Marina Kaštela d.o.o., in 2014 for the duration of 30 years, under
the condition of being safeguarded and not disturbed in any way. Since the disposal
site is closed and under regulatory oversight, this area is not of primary interest to this
paper, although part of the carried-out research encompasses it.

• Zone “B”—Originally a natural depression backfilled twice: the first time during the
1970s and 1980s, with coal ash and slag from Jugovinil’s power plant and construction
and demolition waste used to prepare the location for the construction of reservoirs
for chemicals; the second time during the second half of 2015 to prepare the location
for the operating area of the current marina.

• Zone “Bnm”—An area created during the last three decades (since the area was given
into concession) by dumping waste rock and soil into the sea (excavated material from
other locations: during the building of a commercial center in the city of Split, Croatia,
construction of a highway nearby Split, etc.) in order to construct a marina, berth,
mooring and dry dock with the supporting facilities.

• Zone “Bmt”—An area partially backfilled with coal combustion residuals mostly from
Jugovinil’s power plant and some construction and demolition waste, to relieve space
in the precipitate disposal area (Zone “D”).

• Zone “C”—A zone that originally contained coal combustion residuals but was re-
mediated in 1971–1973, and the material was relocated to Zone “A”. Zone “C” was
then covered with earthwork material and a certain amount of construction waste to
prepare ground for the construction of a new factory installation in 1974.

• Zone “Cug”—An area used to store coal for Jugovinil’s power plant since the beginning
of factory production (1947).

• Zone “D”—The coal combustion residual precipitate disposal site (in Kaštel Sućurac)
composed of 180,000 m3 of combustion residuals deposited from the ex-Jugovinil fac-
tory’s local power plant, utilizing hydro-transport of the material, which precipitated
in a specifically designed and protected zone created by the construction of the seawall
and filling the consequently gained area with geological material. The outer wall of
the disposal site (seawall) now forms the wave attenuator of Kaštela Bay. The disposal
site was formed in the 1980s and utilized till the 2000s.

• Unmarked—Several smaller contaminated areas containing combustion residuals
form the local power plant (100,000 m3 in total) along the abovementioned zones,
created mostly while maintaining the factory in the operational and demolition period.

Most of the abovementioned areas are unused and not frequented by people (apart
from the marina). Regarding the general biota in the wider area of this ex-industrial site,
the entire precipitate dump site (Zone “D”) is covered with wild vegetation in an advanced
stage of growth (Lugistrum vulgaris, Tamaricaceae gallica, Weissia dalmatica, Spartium
junceum, Satureja subspicata, Myrto-Pistacietum lentisci, Vitici-Tamaricetum dalmaticae,
etc.), and there are many examples of autochthonous fauna [21–24,27]. Detailed research
on the marine biota in this area was done as well [22,24,27], but is not part of this paper.
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2. Materials and Methods
Most of the research on the location was done during 2009–2011 [21–24], although

some is more recent [27], and further research is planned for 2026. Earlier research was
done thoroughly, and the most recent research is mostly intended to assess the impact of
anthropogenic activities and meteorological events that occurred in the last 15 years. In
addition, recent data is needed to meet regulatory requirements for the remediation of
the area.

Original research included detailed mapping; determination of the basic geological,
hydrogeological and seismic properties of the location; sampling of soil and rock material
from the surface (composite samples from 1 m2 surfaces and 15 cm in depth, which is
a standard procedure used for environmental site assessment, as well as for agronomic
soil testing—collecting samples from a defined surface area, “quadrat”, at a specific depth
that represents the most active biological layer) and seabed along the coastline in the
vicinity of the location; cores from exploratory boreholes; and sampling groundwater.
Regarding biota, samples of surface organisms (plants) and the sea (benthic samples) were
taken, and special research was done related to endemic species found at the precipitate
dump site (Zone “D”) [27]. All aforementioned samples were analyzed by measuring
heavy metal and radionuclide concentrations. Measurements of the ambient dose rate
(H*(10)/t; trace method) were taken on the surface of the location (including local natural
background activity) and on the surface of the seabed (special well drilling probe trace
method), and VR gamma spectrometry was used to measure radon concentration from the
soil. Similar research was done to “measure the levels of radionuclides, contributing to the
sustainable management of campus environments” [28] and to establish baseline data on
natural radioactivity in Mexican soils “to facilitate comparison with global reference values,
and to design informed radiation protection strategies and environmental management
decisions” [29].

The research presented in this paper is related to the distribution of heavy metals
in soil, dose-rate measurements, activity concentrations of radionuclides measured in
situ, laboratory-measured activity concentrations of radionuclides, and laboratory gamma
spectrometry measurements of radon exhalation rates from samples. Other measurements
and their results, such as forensic research on coals used during the period of power
plant operation, determining the U238/U235 ratio, and recent in situ measurements of
Rn-222 concentration in coal ash “soil gas”, are planned to be presented and discussed in
future publications.

To carry out the research in a proper way, it was necessary to perform a complete
geodetic survey of the location, among other things, to precisely determine the waterline
and the line of the coast. The data were obtained by surveying the land and measuring the
sea depth (determining the depth relief of Kaštela Bay) [23]. This situational plan is the
cornerstone for cartographic representations in this study, and it is supported with digital
orthophoto imagery.

The underlying purpose for studying the seafloor and marine life was the engineering
of a precipitator/tailings pond, where coal combustion residuals were transported by
means of hydro-transport from the power plant. Water overflowed into the sea, transport-
ing certain amounts of combustion residuals with it. To adequately explore this location,
it was important to determine the types and amounts of materials transported and sedi-
mented in the sea. While correlations between the concentrations of different heavy metals
are commonly observed [30–35], as well as their correlation with the physicochemical prop-
erties of different soils [36,37], it is essential to consider the specific properties of each metal,
the complexity of environmental systems, and the context of the study area when interpret-
ing these relationships. Additionally, statistical analyses such as correlation coefficients
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and multivariate techniques can help quantify and assess the strength and significance of
correlations between heavy metal concentrations in environmental datasets [38–41].

The entire study area is characterized by a uniform geological setting consisting
of Eocene flysch (alternating layers of sandstone and marl) deposits, with limestone as
bedrock. The combination of Terra Rossa and weathered coal combustion residuals, as well
as the chronosequence of humus formation, covers part of the area. Some locations are
blanketed by construction/demolition waste and concrete dust due to the demolition of
Jugovinil facilities. Samples were collected according to the IAEA sampling protocol [24,42],
which considered locations (marked on Figure 2) demonstrating the key features of the
location and its surroundings: dumpsites, shipyards, any other industrial activity, etc.

The Institute for Medical Research and Occupational Health (IMROH), Zagreb, Croatia,
completed the following laboratory and field research: heavy metal concentrations, mea-
surements of dose rates, in situ gamma spectrometry measurements of radionuclide activity
concentrations, laboratory gamma spectrometry measurements of activity concentrations
and laboratory gamma spectrometry measurements of radon exhalation rates.

3. Results
3.1. Heavy Metals

From a representative set of 30 samples of soil (defined by balancing known properties
of location, desired statistical precision and logistical constraints, e.g., approachability,
availability of materials, etc.) acquired on site (Table 1), concentrations of 10 heavy metals
were determined at IMROH laboratories, Zagreb, Croatia.

Table 1. Heavy metal concentrations in 30 coal ash samples (µg/g).

Sample Label Cd Ni Co Cr Tl Pb Mn Cu Zn Fe

T1 3.63 1 30.02 14.86 19.95 30.32 24.10 279.43 14.38 20.64 4159.01
T2 4.00 124.09 23.13 73.68 26.54 307.38 634.53 1270.05 613.77 15,863.25
T3 3.75 71.85 21.31 64.45 24.59 33.87 700.27 35.52 63.57 19,121.83
T4 2.37 368.18 119.41 190.89 11.19 946.08 1899.59 2419.78 7394.02 30,096.27
T6 5.10 99.19 20.82 171.68 21.49 44.24 366.37 52.25 120.22 25,864.60
T7 4.29 46.02 14.52 69.17 20.84 295.20 285.02 29.89 701.83 15,847.46
T8 4.83 64.20 18.45 68.05 24.85 270.79 376.07 37.06 420.57 14,684.76
T9 5.21 111.29 20.30 96.10 22.26 49.79 291.54 69.52 190.62 28,649.34
T10 6.10 79.86 19.40 69.93 25.55 69.05 252.64 61.04 333.95 27,453.54
T11 5.29 103.29 21.51 95.31 22.44 56.85 343.09 72.92 196.94 30,473.50
T12 5.83 180.34 70.73 95.32 25.04 613.86 924.74 1766.61 4147.97 36,568.74
T13 3.76 37.05 9.19 49.72 13.57 26.96 142.38 43.67 135.65 8996.64
T14 6.30 100.63 20.60 156.31 24.18 41.55 361.54 67.54 110.68 27,158.04

T14_1 4.30 94.09 21.26 150.38 19.67 85.05 655.52 48.14 96.40 32,577.50
T15 7.36 67.50 24.28 64.35 21.85 50.49 914.81 39.68 134.70 22,313.01
T16 3.86 63.91 6.69 37.46 10.85 28.14 45.58 26.31 66.39 18,946.04
T17 6.65 52.70 15.43 56.41 23.71 56.05 441.71 24.57 101.03 18,455.18
T19 3.90 120.01 20.74 95.78 23.14 45.77 336.84 69.60 137.49 26,775.34
T20 2.97 113.44 22.67 62.27 19.27 31.66 390.24 61.21 89.91 31,802.97
T29 3.78 59.99 17.20 66.57 27.87 57.64 416.07 56.77 262.40 16,862.21
T30 3.09 71.33 19.67 67.11 24.82 37.80 676.20 48.20 108.15 18,071.54
T31 3.94 63.99 17.55 65.40 27.47 62.10 528.09 35.11 167.76 16,061.62
T32 1.43 395.11 116.48 193.62 9.48 2496.64 2246.98 2450.79 9268.15 65,676.97
T33 5.57 83.90 19.53 110.13 22.72 71.94 434.35 37.38 142.26 20,933.32
T34 4.23 73.09 18.69 72.19 25.46 55.34 479.30 45.29 102.42 17,635.60
T35 4.51 55.01 17.28 74.57 25.75 194.00 376.74 58.24 192.83 28,143.68

Soil T_1 5.16 87.21 17.80 61.88 21.12 31.96 227.25 41.00 76.70 32,217.87
Soil T_2 6.67 100.13 19.56 83.34 19.51 36.18 271.95 44.21 102.33 30,473.89
Soil T_3 5.89 57.78 16.88 54.78 21.84 37.90 350.59 23.70 71.25 22,527.69
Soil T_4 7.29 89.70 20.89 130.59 22.90 57.39 370.68 58.99 230.58 24,220.99

1 All values are given in (µg/g).
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3.2. Dose Rates

Measurements of dose rates were the first step in radionuclide site mapping since
dose rates indicate where further research is needed. The location was covered using
the “trace” measurement method at 1 m height above ground level and georeferenced by
satellite GPS positioning. The method used was IMI-M-AMB-01 [43], which includes x,
γ, and bremsstrahlung in the environment or near the radioactive source. The method is
developed with the aim of:

• Ensuring safe working conditions for workers professionally exposed to ionizing radiation;
• Assessing the expected exposure of professionally exposed workers and the general

population in emergency events when the presence of a source of ionizing radiation in
the environment is suspected;

• Confirming, in all other cases when it is necessary, that the test subject does not show
an elevated level of radiation.

The device used for trace measurements, as well as measurements at specific given
points from which the soil sampling was done, was the FH 40 G-GL Advanced Survey
Meter System, Thermo Fisher Scientific, Inc., by Ansar-analitika as a representative, Zagreb,
Croatia (calibrated according to ISO/IEC 17025:2017 standard [44]). Dose rates measured
on location (nGy/h) at the points of interest, i.e., the sampling locations, are shown in
Table 2. The measurement points (33) are marked in Figure 2, except for those that are
out of the zone of interest (used as “out of the zone of interest” measurement points) and
therefore not listed in Table 2.

Table 2. Dose rates measured on location (nGy/h) at the points of interest—sampling locations.

Measurement Point Label Dose Rate (nGy/h)

T1 40.07
T2 36.42
T3 41.77
T4 34.72
T5 502.52
T6 557.23
T7 326.61
T8 213.70
T9 475.20
T10 306.09
T11 383.65
T12 316.58
T13 210.85
T14 550.69
T15 119.91
T16 291.36
T17 141.07
T18 79.33
T19 557.13
T20 607.70
T21 535.03
T22 597.11
T23 459.41
T24 286.59
T25 278.65
T26 303.57
T29 91.57
T30 126.73
T31 115.83
T32 72.84
T33 160.84
T34 190.91
T35 78.10
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3.3. In Situ Gamma Spectrometry Measurements

Further research was undertaken by conducting in situ gamma spectrometry measure-
ments of activity concentrations of Ra-226, Pb-214, Bi-214, Ac-228, Bi-212, Tl-208 and K-40 at
35 points at the location (Figure 2); the measured values are given in Table 3. Measurement
points T27 and T28 are out of the zone of interest and therefore are not marked in Figure 2
or listed in the table. It must be noted that activity concentrations for uranium are not given
since it was under the detection limit.

Table 3. Activity concentrations of Ra-226, Pb-214, Bi-214, Ac-228, Bi-212, Tl-208 and K-40 acquired
by in situ gamma spectrometry measurements (Bq/kg).

Measurement
Point Label Ra-226 Pb-214 Bi-214 Ac-228 Bi-212 Tl-208 K-40

T1 19.58 ± 4.64 2 33.58 ± 4.43 31.42 ± 6.24 22.81 ± 4.09 10.25 ± 2.64 27.22 ± 7.00 96.89 ± 7.23
T2 19.17 ± 4.42 29.34 ± 4.44 43.19 ± 6.60 17.93 ± 3.87 6.60 ± 2.07 18.77 ± 6.29 26.20 ± 3.89
T3 20.44 ± 4.60 19.90 ± 4.31 36.19 ± 6.19 28.77 ± 4.13 11.36 ± 2.91 48.19 ± 7.05 133.97 ± 8.53
T4 19.35 ± 4.27 23.45 ± 4.08 27.17 ± 6.01 15.29 ± 3.62 6.60 ± 2.35 23.15 ± 5.24 93.92 ± 7.11
T5 285.46 ± 17.13 587.74 ± 19.04 860.88 ± 29.08 29.66 ± 9.71 32.40 ± 7.21 38.80 ± 5.94 74.64 ± 8.17
T6 295.14 ± 17.97 632.48 ± 19.73 895.81 ± 30.26 59.08 ± 10.31 29.69 ± 7.66 40.05 ± 6.23 87.00 ± 9.03
T7 95.15 ± 12.96 183.45 ± 12.55 331.03 ± 19.54 25.94 ± 8.17 27.11 ± 6.09 16.90 ± 5.63 49.93 ± 7.08
T8 81.89 ± 10.70 172.20 ± 10.91 111.09 ± 16.64 9.68 ± 6.37 21.47 ± 4.72 48.81 ± 10.89 61.79 ± 6.78
T9 229.25 ± 16.20 544.22 ± 18.66 782.70 ± 28.48 69.65 ± 10.23 12.83 ± 6.94 102.63 ± 17.39 134.46 ± 9.86
T10 87.79 ± 12.78 240.31 ± 13.33 389.35 ± 20.37 31.99 ± 8.32 12.83 ± 6.07 73.22 ± 13.77 81.57 ± 8.30
T11 146.73 ± 14.43 434.40 ± 16.32 612.17 ± 25.25 33.39 ± 8.80 31.40 ± 6.60 108.89 ± 14.99 68.22 ± 7.97
T12 120.63 ± 13.02 301.49 ± 14.31 460.33 ± 22.03 45.51 ± 8.48 2.57 ± 6.15 42.55 ± 6.77 115.18 ± 9.35
T13 98.10 ± 10.32 223.61 ± 11.61 338.80 ± 18.37 11.39 ± 6.54 5.13 ± 4.41 26.28 ± 4.72 70.69 ± 6.80
T14 276.62 ± 17.75 623.05 ± 19.86 922.43 ± 30.73 27.97 ± 10.19 35.87 ± 7.48 45.68 ± 6.10 81.57 ± 8.76
T15 25.68 ± 7.99 78.14 ± 7.53 119.62 ± 11.33 48.37 ± 5.66 16.99 ± 3.84 20.65 ± 6.03 104.80 ± 7.72
T16 225.88 ± 13.47 377.55 ± 14.80 530.64 ± 23.11 42.63 ± 7.81 24.03 ± 5.58 23.87 ± 4.93 69.21 ± 7.20
T17 86.94 ± 9.19 162.34 ± 9.99 229.75 ± 15.19 29.82 ± 5.56 15.37 ± 3.79 14.87 ± 3.25 68.22 ± 6.69
T18 28.07 ± 6.37 36.17 ± 5.56 59.57 ± 8.30 23.95 ± 4.48 10.63 ± 3.07 17.98 ± 4.51 107.77 ± 7.88
T19 846.28 ± 17.35 575.20 ± 19.05 812.28 ± 28.82 49.69 ± 11.06 36.07 ± 7.67 69.46 ± 8.47 110.24 ± 9.87
T20 254.09 ± 18.17 591.64 ± 19.72 909.45 ± 30.74 90.73 ± 11.34 36.95 ± 8.33 46.31 ± 7.84 139.40 ± 10.47
T21 269.25 ± 17.43 590.17 ± 19.31 842.03 ± 29.48 59.96 ± 10.13 35.13 ± 7.66 48.19 ± 7.32 89.48 ± 8.91
T22 257.46 ± 18.12 771.97 ± 21.56 1089.78 ± 33.15 40.98 ± 10.99 39.58 ± 8.20 46.93 ± 7.96 102.33 ± 9.02
T23 206.10 ± 15.99 510.47 ± 17.86 740.18 ± 27.25 61.94 ± 9.43 22.36 ± 6.98 26.28 ± 6.41 111.23 ± 8.84
T24 168.83 ± 12.62 454.22 ± 16.26 588.95 ± 24.59 35.81 ± 7.87 26.13 ± 5.61 18.77 ± 5.63 60.80 ± 6.74
T25 167.78 ± 12.56 373.74 ± 14.94 513.16 ± 23.27 49.58 ± 7.88 23.79 ± 5.35 28.79 ± 5.94 139.90 ± 8.83
T26 226.73 ± 13.38 539.20 ± 17.02 617.02 ± 25.39 64.51 ± 7.85 23.48 ± 5.18 20.65 ± 4.93 76.62 ± 7.30
T29 43.16 ± 6.98 114.83 ± 8.09 144.60 ± 12.36 13.84 ± 4.71 12.08 ± 2.89 15.15 ± 3.86 76.62 ± 6.76
T30 2.74 ± 7.81 45.08 ± 6.98 94.86 ± 11.16 36.20 ± 5.34 16.20 ± 3.88 22.02 ± 5.16 172.03 ± 9.41
T31 55.58 ± 7.90 120.37 ± 8.54 175.07 ± 13.29 22.31 ± 5.00 18.16 ± 3.68 15.43 ± 4.51 107.27 ± 7.86
T32 27.71 ± 6.29 66.72 ± 6.69 93.77 ± 10.31 13.97 ± 4.22 13.12 ± 3.07 10.64 ± 3.19 74.15 ± 6.41
T33 50.52 ± 9.41 176.27 ± 10.37 253.62 ± 15.81 27.98 ± 6.13 14.66 ± 4.53 18.77 ± 4.68 86.51 ± 7.56
T34 103.15 ± 10.38 217.46 ± 11.25 294.22 ± 17.53 33.70 ± 6.60 20.52 ± 4.94 18.15 ± 4.24 109.74 ± 8.05
T35 10.53 ± 6.08 47.42 ± 6.35 88.46 ± 9.42 17.92 ± 4.06 10.94 ± 2.67 9.39 ± 3.31 84.53 ± 6.94

2 All values are given in (Bq/kg).

3.4. Laboratory Gamma Spectrometry Measurements of Activity Concentrations of Radionuclides
in Composite Samples

Samples for laboratory gamma spectrometry measurements of activity concentrations
(Figure 3) of K-40, U-238, Th-232 and Ra-226 (Table 4) were taken from the same locations
where in situ gamma and dose rate measurements were done (Figure 2), with the exception
of T5, T22, T25, T26 and T29, where samples could not be obtained due to technical
difficulties (problems with the approach and sampling), and T27 and T28, which are out of
the zone of interest and therefore are not listed in the table. Samples marked as “Soil T-”
were mostly soil-like material, hence the different label.
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Figure 3. Laboratory for gamma spectrometry at the Institute for Medical Research and Occupational
Health Laboratories, Zagreb, Croatia.

Table 4. Activity concentrations of K-40, U-238, Th-232 and Ra-226 in composite samples from 1 m2

surfaces and 15 cm in depth (Bq/kg).

Sample Label K-40 U-238 Th-232 Ra-226

T1 60.96 ± 0.90 3 25.40 ± 4.22 9.52 ± 1.11 19.94 ± 1.04
T2 209.17 ± 1.45 28.81 ± 5.24 14.39 ± 0.831 26.45 ± 1.41
T3 330.52 ± 2.06 37.71 ± 4.55 24.01 ± 0.69 36.31 ± 1.46
T4 202.64 ± 2.94 33.07 ± 2.92 16.682 ± 0.9534 31.20 ± 1.83
T6 232.82 ± 5.73 1721.00 ± 72.00 51.35 ± 3.11 1827.00 ± 19.00
T7 97.82 ± 1.88 145.73 ± 11.96 17.09 ± 1.296 153.10 ± 3.20
T8 160.32 ± 2.95 298.95 ± 25.00 19.96 ± 2.406 355.20 ± 5.50
T9 306.90 ± 5.37 1049.15 ± 53.31 67.78 ± 1.95 1161.00 ± 14.83
T10 244.41 ± 3.84 629.70 ± 48.24 49.42 ± 3.23 646.70 ± 10.01
T11 296.50 ± 5.29 853.70 ± 71.67 52.91 ± 1.825 1004.00 ± 14.72
T12 132.77 ± 1.86 216.40 ± 25.15 20.98 ± 1.44 218.80 ± 4.10
T13 76.70 ± 2.65 190.07 ± 21.61 13.03 ± 1.90 158.60 ± 6.07
T14 254.14 ± 5.87 1735.00 ± 76.40 54.49 ± 2.94 1759.00 ± 19.60
T15 340.15 ± 3.85 205.23 ± 25.13 62.42 ± 2.50 161.73 ± 4.58
T16 103.89 ± 3.45 948.20 ± 40.61 34.54 ± 1.64 681.70 ± 9.60
T17 177.38 ± 3.63 474.99 ± 29.39 34.22 ± 2.92 551.69 ± 9.51
T18 296.80 ± 4.20 23.96 ± 2.80 21.82 ± 2.32 43.14 ± 4.25
T19 441.40 ± 6.41 1212.95 ± 76.91 96.14 ± 5.16 1257.62 ± 15.46
T20 138.05 ± 3.28 882.20 ± 50.46 69.14 ± 6.10 809.65 ± 9.77
T21 311.57 ± 7.57 1337.50 ± 80.00 60.24 ± 2.76 1430.00 ± 24.30
T23 263.10 ± 6.24 1312.78 ± 123.24 87.22 ± 5.52 1301.72 ± 17.33
T24 193.45 ± 4.03 1233.25 ± 66.74 73.98 ± 4.29 997.99 ± 11.95
T30 303.62 ± 5.43 38.20 ± 3.09 24.65 ± 2.38 59.81 ± 4.75
T31 239.49 ± 2.65 205.16 ± 21.97 21.81 ± 1.63 177.51 ± 3.86
T32 149.86 ± 1.28 25.02 ± 8.15 8.32 ± 0.42 15.95 ± 1.07
T33 197.27 ± 3.03 569.95 ± 44.99 31.74 ± 2.66 435.92 ± 7.33
T34 232.03 ± 3.02 271.74 ± 33.68 28.14 ± 2.03 263.34 ± 5.64
T35 148.26 ± 2.26 170.00 ± 18.00 15.08 ± 1.34 130.50 ± 5.40

Soil T_1 251.14 ± 5.11 1219.00 ± 64.00 89.84 ± 4.49 1345.94 ± 28.60
Soil T_4 238.30 ± 4.90 861.70 ± 76.24 52.77 ± 4.50 734.50 ± 12.44

3 All values are given in (Bq/kg).

3.5. Laboratory Gamma Spectrometry Measurements of Activity Concentrations of Radionuclides
from Exploratory Boreholes

Three exploratory boreholes were drilled, and several samples (Figure 4) were taken
for laboratory gamma spectrometry (Table 5), to determine activity concentrations of K-40,
U-238, Th-232, and alpha spectrometry, for Ra-226 in depth.
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Figure 4. Samples of coal ash and slag from exploratory boreholes.

Table 5. Activity concentrations of K-40, U-238, Th-232 and Ra-226 in samples taken from exploratory
boreholes B2, B3 and B4 (Bq/kg) at given depths.

Borehole
Sample Label

Sampling Depth
(m) K-40 U-238 Th-232 Ra-226

B2-0 0.0 147.60 ± 4.15 4 1265.45 ± 81.58 43.83 ± 3.76 957.21 ± 13.62
B2-1 0.6 205.43 ± 8.41 1528.46 ± 128.65 34.69 ± 3.88 1290.51 ± 24.80
B2-2 1.7 175.04 ± 6.83 1128.80 ± 111.10 32.09 ± 3.28 947.56 ± 24.42
B2-5 4.8 104.95 ± 3.53 812.11 ± 99.93 40.49 ± 3.28 665.10 ± 10.39
B2-6 5.6 212.52 ± 6.93 1719.33 ± 72.4 53.83 ± 3.27 1547.72 ± 23.20
B2-7 6.6 135.35 ± 5.02 1257.26 ± 78.3 35.17 ± 2.22 1052.38 ± 16.13
B2-10 9.9 23.20 ± 0.95 4.48 ± 0.74 1.69 ± 0.73 11.96 ± 2.03
B2-11 10.8 144.51 ± 3.22 25.43 ± 3.15 7.07 ± 1.28 18.52 ± 2.19
B2-12 11.8 132.98 ± 3.94 14.89 ± 4.87 7.00 ± 1.25 23.80 ± 2.86
B2-13 12.9 219.48 ± 2.89 13.22 ± 1.14 11.53 ± 1.09 20.55 ± 2.12
B3-2 1.75 295.18 ± 10.33 1134.22 ± 143.64 67.16 ± 8.54 790.30 ± 28.11
B3-4 3.65 286.80 ± 11.96 1174.6 ± 128.49 74.83 ± 6.50 845.15 ± 25.35
B3-6 5.8 147.29 ± 5.47 1224.43 ± 95.77 60.97 ± 5.06 1120.84 ± 18.92

B3-7-0 6.35 171.73 ± 5.37 1417.16 ± 96.20 72.30 ± 4.55 1127.99 ± 17.07
B3-8 7.6 233.74 ± 5.62 1361.98 ± 87.58 49.42 ± 4.51 948.26 ± 16.64
B3-9 8.8 204.89 ± 6.86 1048.43 ± 103.18 45.09 ± 5.26 738.75 ± 18.28

B3-10-0 9.3 150.66 ± 2.84 210.19 ± 14.42 31.71 ± 1.92 188.13 ± 4.09
B3-10-2 9.5 76.78 ± 1.70 53.15 ± 8.89 5.06 ± 0.95 22.56 ± 2.28
B3-10-3 9.85 122.71 ± 2.12 52.07 ± 18.23 9.56 ± 1.02 38.58 ± 2.58
B3-11 10.8 186.95 ± 3.75 67.39 ± 19.04 9.84 ± 1.41 16.27 ± 2.42
B4-3 2.65 267.88 ± 10.06 1290.19 ± 141 61.76 ± 7.15 932.55 ± 23.03

B4-6-0 5.7 262.45 ± 7.21 1374.61 ± 85.93 70.68 ± 6.37 1257.16 ± 21.27
B4-8-1 7.9 291.47 ± 8.63 1541.10 ± 153.74 88.88 ± 6.76 1396.00 ± 29.40
B4-9 8.8 259.78 ± 7.43 1201.48 ± 112.88 64.30 ± 6.03 1158.52 ± 20.36

4 All values are given in (Bq/kg).

The locations of boreholes, as shown in Figure 2, were selected with the aim of sam-
pling coal ash and slag in areas where more significant concentrations of radionuclides are
expected, considering the origin of the sampled material and the results obtained by the
track method measurements of the surface ambient dose rate. Data from borehole B1 is not
relevant to this research since it was drilled to determine only the geological composition of
the soil. Borehole B1 was strategically positioned outside the primary contamination plume
to serve as a regional reference (background) point for the site’s geological characteristics.
The entire study area is characterized by a uniform geological setting consisting of Eocene
flysch deposits. Since lithology (alternating layers of sandstone and marl), with limestone
as bedrock, is consistent across all sampled points, the geological data from B1 does not
introduce any hidden variables that would alter the vertical distribution analysis of pollu-
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tants. Instead, B1 confirms the regional geological structure, supporting the assumption of
uniform transport conditions across the site.

It must be noted that the coal used for combustion in the power plant did not originate
from only one mine but from different coal mines in the former SFRY [21–24], depending on
availability. This, as well as the fact that hydro-transport of ash to the precipitate dumpsite
was used, is the reason for the different concentrations of radionuclides by depth and on
the surface.

3.6. Laboratory Gamma Spectrometry Measurements of Radon Exhalation Rates

At the time of the research described in this paper, the radon (Rn-222) concentration
in soil gas was not measured in situ. To determine the radon exhalation rates from the
soils and coal ash and slag at the location, material samples (Figure 2) were analyzed in the
laboratory via gamma spectrometry using the secular equilibrium time after the samples
were prepared (Table 6). Sample Rn9 was damaged and hence discarded. The differences
in the values of the radon exhalation rate can be attributed partly to the type of samples
(soil, coal ash and slag, mixture of materials) and partly to ash and slag originating from
different coals since the coal for the power plant was acquired from different mines in
the former SFRY. Currently (the first quarter of 2026), extensive measurements of Rn-222
concentration in soil gas are performed on site using an AlphaGUARD Radon Monitor,
Bertin Instruments, Montigny-le-Bretonneux. France, which will be considered during the
discussion of the results.

Table 6. Results of laboratory gamma spectrometry measurements of radon exhalation rates
(Bq/m2/h).

Sample Label Radon Exhalation Rate (Bq/m2/h)

Rn1 0.14 ± 0.00
Rn2 0.01 ± 0.00
Rn3 0.02 ± 0.01
Rn4 0.02 ± 0.00
Rn5 0.32 ± 0.02
Rn6 0.82 ± 0.02
Rn7 1.29 ± 0.05
Rn8 0.55 ± 0.02

Rn10 0.84 ± 0.03
Rn11 1.49 ± 0.05
Rn12 1.07 ± 0.04
Rn13 0.55 ± 0.03
Rn14 1.09 ± 0.04
Rn15 0.81 ± 0.03
Rn16 0.68 ± 0.03
Rn17 1.15 ± 0.06
Rn18 1.30 ± 0.02
Rn19 0.77 ± 0.03
Rn20 0.78 ± 0.01
Rn21 0.82 ± 0.02
Rn22 1.02 ± 0.04
Rn23 1.47 ± 0.10
Rn24 1.42 ± 0.06

3.7. Statistical Preprocessing, Geospatial Inspection of the Acquired Datasets and
Map Development

Prior to spatial analysis, all the abovementioned tabular datasets were subjected to
quality control, statistical preprocessing and geospatial inspection. Extreme values that
were identified as outliers or inconsistent with surrounding observations were removed
prior to interpolation. Retained high values that exhibited spatial consistency were treated
as valid indicators of localized contamination and preserved in the analysis.
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Due to substantial differences among the analyzed variables, data standardization
was required to enable meaningful integration of variables expressed in different physical
units and value ranges, as well as assessment of combined environmental pressure from
multiple contaminants. The minimum–maximum (Min–Max) standardization method
was applied to three multivariable datasets (Tables 1, 3 and 4), transforming original
values into a common range between 0 and 1 while preserving relative differences among
observations. The standardized datasets were used for both correlation analysis and the
generation of cumulative spatial maps. Pearson’s correlation analysis was applied to
explore intervariable relationships and to support the interpretation of spatial similarities
observed in the interpolation maps. As an example, Table 7 presents the Pearson correlation
matrix for heavy metal concentrations obtained using Statistica 14.0.0.15 software [45].

Table 7. Pearson’s correlation matrix for heavy metal concentrations.

Correlations (Metals_Standardization)
Marked Correlations are Significant at p < 0.01000

N = 30 (Casewise Deletion of Missing Data)

Variable Cd Ni Co Cr Tl Pb Mn Cu Zn Fe

Cd 1.000
Ni −0.446 1.000
Co −0.419 0.965 1.000
Cr −0.123 0.735 0.663 1.000
Tl 0.341 −0.583 −0.508 −0.414 1.000
Pb −0.489 0.867 0.868 0.564 −0.525 1.000
Mn −0.450 0.898 0.936 0.626 −0.441 0.867 1.000
Cu −0.429 0.916 0.943 0.559 −0.448 0.846 0.872 1.000
Zn −0.470 0.948 0.980 0.616 −0.560 0.934 0.918 0.941 1.000
Fe −0.145 0.751 0.671 0.656 −0.481 0.725 0.622 0.579 0.673 1.000

While the strong positive correlations observed between certain heavy metals suggest
a common anthropogenic origin related to the site’s former industrial activities, these
statistical associations should be interpreted with caution. High correlation coefficients
indicate similar spatial distribution patterns and geochemical behavior within the Eocene
flysch, but they do not provide unequivocal proof of a singular source. Other factors, such
as similar adsorption affinities to soil organic matter or iron oxides, may also contribute to
these observed trends. Therefore, while the industrial history of the site remains the most
plausible driver, the correlations serve as primary indicators of commonality rather than
absolute source attribution.

The correlation structure presented in Table 7 provides important information on the
sources and pathways of heavy metals. A significantly positive correlation at p < 0.01 was
found between the elemental pairs Zn-Co (0.980), Zn-Ni (0.948), Zn-Pb (0.934), Zn-Mn
(0.918), Zn-Cu (0.941), Cu-Ni (0.916), Cu-Co (0.943) and Co-Ni (0.965). Zn-Tl (−0.560),
Pb-Tl (−0.525), Tl-Ni (−0.583) and Tl-Co (−0.508) are significantly (but less than in the case
of a positive correlation) negatively correlated at p < 0.01. Two examples (since showing
all maps would significantly increase the length of this paper) that visually confirm these
significant correlations are the interpolated maps of Zn (Figure 5) and Co concentrations
(Figure 6).
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Figure 5. Interpolated map of Zn concentrations.

Figure 6. Interpolated map of Co concentrations.

The reasons for grouping (positive correlation) certain elements are related somewhat
to the original industrial activities on site and partly, after the factory was closed, to
the shipyard and shipbuilding activities from the 2000s to today. Coal storage before
combustion in the power plant, and coal ash and slag disposal and spread, is moderately
“responsible” for the distribution of Fe (pyrite) and Cd (present in rock samples as primary
sphalerite) and partly for Ni (Ni-Fe sulfates and sulfides) and Cr (chrome-bearing spinels)
due to composition and accessory minerals [46–53]. However, industrial activities related
to shipbuilding have a significant effect on the presence of most heavy metals in the soil.
The main reason for the specific distribution of thallium concentration is related to coal
combustion in the local power plant [54,55].
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The soil pollution maps of heavy metals generated by using GIS techniques help
to analyze the distribution of all heavy metals—correlated heavy metal pairs—and it is
easy to recognize graphical (geospatial) matching with Pearson’s correlation matrix. For
instance, the maps in Figures 5 and 6 look almost the same, which confirms strong positive
correlations, whereas negative correlations between, e.g., Tl and Zn (Figures 5 and 7) show
the opposite trend. Thus, whereas the value of Tl increases, the values of Zn, Ni and Pb
decrease in terms of the concentration of heavy metal pollution in the soil.

Figure 7. Interpolated map of Tl concentrations.

Sampling locations were georeferenced and integrated into a structured GIS database,
together with relevant basemap layers. A regular grid with a spatial resolution of 1 × 1 m2

was applied consistently across all interpolations to ensure spatial comparability between
resulting raster layers. GIS functionality was used for data management, vector-based
analysis, raster generation, and spatial overlay operations. Individual interpolation maps
were produced for each contaminant variable, resulting in a total of 24 thematic maps,
supplemented by four cumulative maps representing grouped contaminant categories.

All variables were spatially interpolated using Empirical Bayesian Kriging (EBK),
a geostatistical method implemented in ArcGIS Pro 3.6.1 [56]. EBK was selected after
analyzing all other common interpolation methods [57–61] for its ability to account for
uncertainty in variogram estimation and its suitability for datasets with limited sampling
density and heterogeneous spatial patterns. Unlike traditional kriging, which assumes
a single global variogram, EBK subdivides the dataset into local subsets and estimates
spatial dependence individually for each, improving prediction reliability and reducing
bias—particularly in complex environmental datasets with non-uniform spatial variability.
This method was applied uniformly to all datasets, including heavy metals, in situ and
laboratory-measured radionuclides, dose rate values and radon concentrations, ensuring
methodological consistency across all generated maps [62–64].

To evaluate cumulative contamination patterns, standardized EBK interpolation out-
puts were combined using raster algebra techniques. Three cumulative maps were gener-
ated: one representing heavy metal contamination, one representing in situ radionuclide
distribution and one representing laboratory-determined radionuclide activities. These
cumulative maps provide an integrated representation of overlapping contamination and
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facilitate the identification of spatial hotspots characterized by elevated contaminant in-
tensity. Excluded data points, after technical validation, contained incorrect geographic
coordinates (placing them outside the study area) or incomplete analytical records. These
were treated as invalid data entries rather than statistical outliers. Since the site is a former
industrial facility, a conservative approach was chosen to identify statistical outliers rep-
resenting high concentrations (potential hotspots) and retain them in the dataset, which
ensured that the final spatial interpolation (EBK) and cumulative maps reflect the actual
maximum contamination risks at the site. The accuracy of the spatial interpolation was
validated using a leave-one-out cross-validation technique. Detailed interpolation accuracy
metrics (ME, RMSE, and RMSS) for all 22 analyzed variables (heavy metals, radionuclides,
and dose rates) are provided in Table S1 (Supplementary Material).

Figure 8 shows the interpolated map of all heavy metal concentrations, where higher
values correspond to the locations of small shipyards and specific areas affected by the
spread of certain elements during power plant activity.

Figure 8. Interpolated map of all heavy metal concentrations (for zone designations, see Figure 2).

Dose rate measurement was organized according to the expected arrangement of
NORM residues, where higher concentrations of radionuclides are expected, and the
interpolated map (Figure 9) showed areas of interest for the following research (sampling
and in situ measurements of radionuclide activity).

Maps created for specific radionuclides also show a positive correlation between
radionuclides, which is evident for Pb-214 and Bi-214 (both belong to the U-238 decay
chain, where Bi-214 is formed from the decay of Pb-214). There is a significant positive
correlation (Figures 10 and 11) between Pb-214 and Bi-214 (0.980), which is also apparent in
the maps for each of these radionuclides.

Cumulative concentrations of radionuclides in the soil at the considered site are shown
in Figure 12, as an interpolated map of activity concentrations of Ra-226, Pb-214, Bi-214,
Ac-228, Bi-212, Tl-208 and K-40 measured in situ, and Figure 13, as an interpolated map of
activity concentrations of K-40, U-238, Th-232 and Ra-226 in composite samples taken at 1
m2 surfaces from 15 cm in depth, prepared to reach secular equilibrium and then measured
in the laboratory.
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Figure 9. Interpolated map of dose rates.

Figure 10. Interpolated map of activity concentrations of Pb-214 measured in situ.

https://doi.org/10.3390/su18083897

https://doi.org/10.3390/su18083897


Sustainability 2026, 18, 3897 18 of 31

Figure 11. Interpolated map of activity concentrations of Bi-214 measured in situ.

Figure 12. Interpolated map of activity concentrations of seven radionuclides Ra-226, Pb-214, Bi-214,
Ac-228, Bi-212, Tl-208 and K-40 measured in situ (for zone designations, see Figure 2).
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Figure 13. Interpolated map of activity concentrations of K-40, U-238, Th-232 and Ra-226 measured
in the laboratory (for zone designations, see Figure 2).

Comparing the maps shown in Figures 12 and 13, the in situ and laboratory gamma
spectrometry measurements of radionuclide activities indicate that areas with higher activ-
ity correspond to each other, although the same set of radionuclides was not analyzed. This
is because high-resolution detectors (in situ gamma-ray spectrometers) used to identify
radionuclides and measure their concentrations in soil from 1 m above the surface are
programmed to identify radionuclides with higher energy outputs and, in certain cases,
anthropogenic radionuclides. Laboratory measurements, on the other hand, are usually
performed to identify and measure concentrations of primordial naturally occurring ra-
dionuclides and their significant progeny (e.g., Ra-226 due to its radiotoxicity). This fact
is to be considered in every discussion of measured activities when dealing with NORM
residues in the environment. The maps clearly show that higher concentrations of naturally
occurring radionuclides correspond to industrial activities related only to coal ash and slag
disposal—Zones “A”, “D” and “Bmt”. Also, although the values of radionuclide activity
concentrations obtained by in situ measurements are lower than those measured from
samples in the laboratory, the maps correspond to each other significantly. Therefore, in
situ measurements can provide preliminary data for potential areas with higher concentra-
tions of radionuclides at ex-industrial sites (brownfields) and point to zones where more
intensive research (sampling and laboratory measurements) is needed. Considering the
level of contamination, after as dense as possible ambient dose rate measurements using
the tracking method, laboratory measurements are mandatory to assess the actual situation.

Since this brownfield site contains NORM residues (coal ash and slag) of parent mate-
rials (coals) that originated from different mines, it is important to determine the correct
amounts of NORM residues with higher activity and especially the spatial (depth) dis-
tribution of pockets of ash and slag with higher activity concentrations. The nature of
hydro-transport is also somewhat responsible for creating pockets with higher radionuclide
concentrations and hence higher activity. Knowing the accurate spatial distribution of these
pockets can be of great significance during the remediation of the site, either by identifying
which material must not be disturbed or which must be excavated and removed from the
site. This will also influence the final cost of site remediation. Although there are some
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discrepancies in the detailed surface distribution of the deposited ash and slag, the most
significant discrepancies are related to the specific depths of the NORM residues in investi-
gation Zone D (Figure 2). Additional investigative activities are needed to reach the original
terrain surface (limestone), as well as the level of the water line within the dumpsite.

A couple of preliminary exploratory boreholes were drilled, and the samples taken at
depth provide a clearer picture of the distribution of contaminants by volume of material.
This information will help the decision-making process when considering the selection of
possible remediation technology. Data from Table 4 on the activity concentrations of K-40,
U-238, Th-232 and Ra-226 in the samples taken from exploratory boreholes B2, B3 and B4
(Bq/kg) are shown in Figures 14–16.

 

Figure 14. Activity concentrations of K-40, U-238, Th-232 and Ra-226 (Bq/kg) from exploratory
borehole B2 by depth (m).

 

Figure 15. Activity concentrations of K-40, U-238, Th-232 and Ra-226 (Bq/kg) from exploratory
borehole B3 by depth (m).
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Figure 16. Activity concentrations of K-40, U-238, Th-232 and Ra-226 (Bq/kg) from exploratory
borehole B4 by depth (m).

The discrepancy in the continuity of isotope concentrations in boreholes B-2 and B-3
(at the depth of ≈9 m) is related to the absence of a coal combustion residual deposit and
the occurrence of clay minerals (soil) that are somewhat contaminated with ash and slag.

The radon (Rn-222) concentration in soil gas can indicate where higher concentrations
of elements from the U-228 decay chain can be expected, and due to the relation between
U-238 and U-235, the same is true for isotopes from the U-235 chain. The main reason
for Rn-222 measurements is the possible exposure of people in the case of urbanizing a
site containing NORM residues. A map of Rn-222 exhalation rates (Figure 17) in the soil
samples from the location shows areas with higher emanation of Rn-222, but a more precise
map is expected after ongoing research in which radon concentrations in soil/coal ash and
slag will be measured in situ.

Figure 17. Interpolated map of Rn-222 exhalation rates measured from samples in the laboratory.

In this research, special interest was given to Ra-226 since it is a highly radiotoxic,
naturally occurring, long-lived (t1/2 = 1600 ± 7 years) α emitter (undergoes α decay to
Ra-222) that emits significant γ radiation as well. Radiological risk assessments for NORM
residue disposal sites [65–68] usually point to Ra-226 as the dominant contributor to dose
rates in biota. As a primary “dose driver”, Ra-226 contributes significantly to internal α
dose, which can represent 72% to 97% of the total dose in some terrestrial ecosystems. Its
progeny, Rn-222 gas, also an α emitter, is considered a major health hazard that, in normal
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circumstances (not elevated concentrations), accounts for approximately 50% or more of
the total radiation dose (both natural and man-made) received by the general population
annually. When comparing the interpolated map of activity concentrations of Ra-226
measured in situ—above ground (Figure 18)—with the map of activity concentrations of Ra-
226 measured in soil samples in the laboratory (Figure 19), the discrepancies and differences
are explained by weathering and, hence, differences in concentrations and activities.

Figure 18. Interpolated map of activity concentrations of Ra-226 measured in situ.

Figure 19. Interpolated map of activity concentrations of Ra-226 measured in the laboratory.

However, the maps do correspond to each other, and compared to an interpolated map
of activity concentrations of Rn-222 (Figure 17), there is also an obvious relation. Differences
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in the maps showing Ra-226 and Rn-222 concentrations are explained by: sampling for
laboratory measurements of Ra-226 and Rn-222 at different locations, movements of Rn-222
gas through soil and laboratory measurement instead of in situ measurement of Rn-222
concentration in soil gas.

4. Discussion
One of the questions addressed in this research is whether the concentrations of heavy

metals in the soil of Kaštela Bay represent a serious problem. Another question is what
kind of additional, originally not planned, remediation of the site is required regarding
additional and uncontrolled pollution due to intense small shipyard activity at the site, if it
is to be repurposed, urbanized, or greened—i.e., made less harmful to the environment.

Although this location was not and is not planned to become an agricultural area,
no existing Croatian regulatory document addresses any other type of land use related
to heavy metal reference levels (maximum permitted concentrations), except for the one
concerning agricultural land. Therefore, values taken from the Croatian Ordinance on
protection of agricultural land from pollution [69] were used purely as comparison values,
as shown in Table 8. It should be noted that values from the Ordinance are used for
reference only as a conservative benchmark, since the site is intended for tourism, and
these limits provide a higher safety margin compared to urban or industrial soil guidelines,
which are not yet defined in Croatian regulatory documents.

Table 8. Maximum permitted amounts of heavy metals in agricultural soil in Croatia [69] (mg/kg).

Element
Soil pH in 1 M KCl Solution

<5 (mg/kg) 5–6 (mg/kg) >6 (mg/kg)

Cd 1 1.5 2
Cr 40 80 120
Cu 60 90 120
Hg 0.5 1 1.5
Ni 30 50 75
Pb 50 100 150
Zn 60 150 200
Mo 15 15 15
As 15 25 30
Co 30 50 60

According to the Ordinance, agricultural land is considered polluted when it con-
tains more heavy metals and potentially polluting elements than the maximum permitted
amount (MPA), expressed in mg kg−1 of air-dry soil. If the location is to be urbanized or
remediated by landscaping and creating a promenade, the above table can be considered,
but after the local flora was analyzed, the conclusion was that heavy metals do not affect
the growth and health of autochthonous Dalmatian flora. Therefore, if material found on
the site is not removed to another location during remediation but, for example, leveled
and covered with humus during landscaping activities, heavy metal concentrations should
not be of significant concern.

On the other hand, regarding possible remediation by means of civil construction
at Zone “D” (Figure 2), the Croatian Ordinance on environmental monitoring of radioac-
tivity [70] is to be consulted. It states: “If the assessment of workers’ exposure determines

that workers may receive an effective dose of more than 1 mSv and less than 6 mSv in a year, the

user of the industrial facility must take measures to reduce workers’ exposure to as low a level

as is reasonably achievable, taking into account technical, organizational, economic, health and

social factors, inform these workers about the possible risks of exposure to ionizing radiation and

provide them with access to the assessment. If it is estimated that workers may receive an effective
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dose exceeding 6 mSv per year, the user of the industrial facility shall ensure the determination

of the personal exposure of workers and periodic health checks and shall take measures to reduce

the exposure of workers to as low a level as is reasonably achievable, taking into account technical,

organizational, economic, health and social factors. If the measures do not allow the exposure of

workers to be reduced below 6 mSv per year, these workers shall be considered exposed workers of

category A.”
A calculation of the effective dose for people exposed to ionizing radiation is shown

in Table 2. “Dose rates measured on location (nGy/h)” shows that the highest measured
dose rate (607.699 ± 0.77955 nGy/h) corresponds to the effective occupational dose to
a worker of 1.217 mSv/y under the condition of 2000 working hours per year [71]. The
value of 2000 working hours is chosen to represent a conservative “occupational scenario”
for a full-time site employee (e.g., maintenance or security staff) spending 40 h per week
outdoors for 50 weeks per year (with an occupancy factor of 1.0) during that period. A
more realistic occupational scenario would imply significantly fewer working hours in
zones of the considered area where a higher effective dose for workers exposed to elevated
concentrations of radionuclides is expected. Considering a public (tourist) exposure sce-
nario, assuming a representative stay of 168 h/year (3 weeks) with an outdoor occupancy
factor of 1.0 during that period, the dose for tourists would be 0.1 mSv/period or less with
a lower occupancy factor (e.g., a 0.2 occupancy factor for a short-term visitor dose would
be 0.02 mSv/period). It has to be noted that these values are conservative, and expected
doses should be lower after remediation of this location.

The calculation of the effective dose for workers exposed to elevated concentrations of
Ra-226 in soil is based on the calculation of the absorbed gamma dose rate in air (nGy/h)
at 1 m above the ground surface using the conversion factor of 0.462 nGy/h per Bq/kg of
Ra-226 [72–75], assuming complete decay chain equilibrium, including Bi-214 and Pb-214.
To calculate the total dose, the calculated dose must be combined with other primordial
radionuclides (Th-232 and K-40) and properly integrated. The total dose rates have been
found, for most of the area, to be below the conservative screening benchmark of 10 µGy/h,
a value predicted to be the no-effect dose rate.

The radionuclide concentrations were compared with the IAEA GSR Part 3 Radiation
Protection and Safety of Radiation Sources: International Basic Safety Standards [76], table
I.3 of GSR Part 3. These standards ensure that “Levels for clearance of material: activity

concentrations of radionuclides of natural origin, do not exceed activity concentration of 10 Bq/g for

K-49, and 1 Bq/g for each radionuclide in the uranium decay chain or the thorium decay chain”.
Given the above, areas where excessive activity concentrations of specific radionuclides are
observed must be avoided as potential areas for urbanization or any other human activity
that would cause additional exposure. To ensure the avoidance of additional exposure and
additional doses, certain locations must undergo specific remediation. Also, locations with
higher activity concentrations cannot be disturbed by any remediation activity, nor can the
material be excavated and transported from the location.

Data in Tables 3–5, as well as in Table 2, indicate higher levels of activity concentrations
and dose rates related to radionuclides, corresponding to expected values for locations
containing NORM residues. The values do not point to a serious problem related to human
health, but they do indicate that urbanization of this location, which would include certain
amounts of excavated and removed materials for the grounding of construction, is not
a feasible option. Therefore, the existing plans for the construction of a five-star tourist
complex on the wider area of this site must be accompanied by a proper risk assessment
study. The maps in Figures 10–12, 18 and 19 indicate areas of specific concern that should
be avoided as the potential zones for urbanization. However, they can still be considered
as useful if properly remediated because only the surface of a small depth is affected in all
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areas of concern, except at dumpsite “D” and partly at location “Bmt”. The concentrations
of Rn-222 also suggest that there would be a serious issue if living or enclosed working
places were constructed in the “red areas”.

Only specific contaminant maps with data shown in relation to regulatory documents,
which define permitted amounts of certain contaminants, must be considered during
decision-making related to selecting the exact areas to be remediated and the remediation
technology that should be applied. Three cumulative maps (heavy metal contamination, in
situ radionuclide distribution and laboratory-determined radionuclide activities) present
the contamination at the considered brownfield site, which will assist decision-makers
and stakeholders in general. The data presentation will vary depending on the expertise
of stakeholders—from general to specific—with all data and visualizations available as
needed. The created maps serve to both reduce concern for a brownfield site, which has
long been considered “lost” due to pollution by some stakeholders, and show that not the
entire location but only certain areas can be urbanized, as considered by other stakeholders.

Given the heterogeneous datasets and limited sampling locations, GIS served not only
as a visualization tool but also as the core environment for spatial modeling, statistical
preprocessing, and cumulative mapping. Interpolation maps reveal distinct spatial patterns
for individual contaminants, highlighting both localized anomalies and broader trends.
Certain areas consistently exhibit elevated values across multiple variables, reflecting
heterogeneous distributions of heavy metals and radionuclides.

Cumulative maps effectively summarize the spatial coincidence of mixed contami-
nants, with heavy metal and radionuclide maps respectively highlighting hotspots and
clusters corresponding to site characteristics. Visual comparison of individual maps con-
firms spatial correspondence between variables with statistically significant correlations,
supporting the consistency of numerical correlation analysis and spatial modeling. High-
resolution interpolation surfaces allow precise delineation of hotspots and transition zones,
providing a detailed framework for environmental interpretation and risk assessment.

Dictated by the regulating authority’s decisions and repurpose plans for this brown-
field location, precise remediation techniques, if needed, will be chosen [77]. If urbanization
is decided, the problem of constructing buildings or any other facility that needs deep
excavation and foundations constructed on coal combustion residuals will raise (from a
geotechnical engineering standpoint) the issue of disposing the excavated material. Any
removal of combustion residuals from Zone “D” is not reasonable because then the ex-
cavated material has to be disposed of in a new special repository at another location,
which is considered as the most expensive and most environmentally unsafe solution. No
agricultural plans exist so far for the brownfield location in Kaštela Bay; therefore, heavy
metal contamination will not represent an issue with regard to the cultivation of vegetation
for the pure greening of the location. Anticipated site development will incorporate the
erection of structures towards the back of area “D”, inland, and landscaping the greater
part of area “D”, introducing textural variety by incorporating multi-stemmed specimens
and woody foliage, the promenade, etc., with indigenous plant species, which are the most
suitable from an ecological perspective. An alternative solution would be constructing a
photovoltaic power station (solar park) since Kaštela Bay has between 2670 h and 2700 h of
annual sunshine (according to data from the Croatian Meteorological and Hydrological
Service [78]). The idea of using this site partially as a small craft harbor and docking
area must be reconsidered or even abandoned, since the construction of infrastructure
and supporting facilities would cause significant disturbance and significantly impact the
deposited materials at the location.

Due to contemporary policies related to renewable energy, ground-mounted solar
installation is a realistic possibility for this location. This would require the construction of a
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layer of soil material covering most of Zone “D”, as well as the construction of concrete pads
and other similar activities. All this work must undergo scrutiny based on a risk assessment
study developed specifically for every remediation, repurposing or construction plan. If
material in Zone “D” will not be disturbed, some nautical facilities may still possibly exist
at the external (toward the sea) border of Zone “D”.

The important issues that must be pointed out are:

• Ensuring the safety of the regulated NORM residue disposal site in Kaštel Gomilica
(Zone “A”, in Figure 2), which must not be disturbed and probably will include
additional cover, fencing off the area and preventing people from accessing it.

• Reducing existing fear and removing the stigma of a “radioactive location” from this
location through scientific research publications, as well as other more adjusted types
of communication with stakeholders, especially with the local community.

The first issue is technically feasible, although special scrutiny and attentive engineer-
ing activities must be applied. The second issue can take some time, but it can be addressed
simultaneously with remediation, landscaping and other selected activities that have to be
and can be done at this site. Hence, using the maps of contaminant spatial arrangements,
it is possible to plan all the needed activities and select a final reasonable reuse of this
ex-industrial site.

5. Conclusions
Remediation of old industrial sites with complex pollution conditions requires multi-

faceted research to identify which type of contaminant is present in which area and which
industrial activity it is associated with. This enables easier decision-making concerning
the way to conduct additional research, if needed, and the method and technology to
remediate the area. In some cases, e.g., if the “polluter pays” principle is applied, iden-
tifying areas with specific contamination will help to resolve financing issues. This is
important, especially in the case of locations with long-term legacy contamination from
past industrial activities of different types, or the combination of inherited and recent
industrial contamination.

The location of the decommissioned factory of plastics and chemical products, Ju-
govinil, City of Kaštela, Croatia, recently became an important area of interest since it
is located right on the seashore and has a high potential for urban development and the
establishment of tourist facilities. Except for NORM residues, i.e., coal combustion residuals
originated from the power plant constructed for the ex-Jugovinil factory, contamination
in this area is related to small shipyards active in the last three decades. The last, but cer-
tainly not least, issue related to this site represents the regulated NORM residue repository
(Zone “A”) bordering this area. To determine contaminated zones, types and concentra-
tions of contaminants, extensive research was conducted, and the results are presented in
contamination maps.

Current and planned further research on this location include: screening topographic
features of terrain and monitoring vegetation using a drone, in situ extensive measurements
of Rn-222 concentration in soil gas, additional surface and borehole sampling, geotechnical
investigations of materials and the development of a 3D model of Zone D—the coal ash and
slag precipitate dump site (Figure 2). This research and investigative work are necessary to
properly plan the remediation of the site.

Zones with elevated concentrations of radionuclides are not to be disturbed, and
remediation techniques that can be applied can only include leveling the terrain without
relocating materials, applying a covering layer of inert soil material from the area where the
site is located (thickness and composition of the material to be defined after further research),
etc. Covering material must provide efficient protection from the population (workers,
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tourists. . .) related to the absorbed dose rate, as well as a base for specific remediation
(greening or construction of solar panels, for example). The current research results indicate
that certain areas with higher concentrations of radionuclide activities in the coal ash and
slag deposited at Zone “D” specifically are not suitable for the construction of buildings for
accommodation or work, mainly due to potential radon exhalation into buildings and the
resulting exposure. Specific areas where the construction of buildings, infrastructure and
supporting facilities are not recommended are identified on maps showing the distribution
of radionuclides (mainly Ra-226 and Rn-222) at the location. The maps also show which
areas are not to be disturbed (regulated NORM repository, Zone “A”) and which areas are
to be covered with topsoil, thus remediating them by landscaping and planting grass, bushy
plants and small trees, regarding the possible length of roots and the depth/thickness of
cover material, at Zone “D”. The probable part of the site repurposed by constructing a
solar park also implies partly covering those areas with soil rather than simply leveling,
and thus disturbing, the contaminated material.

This study demonstrates the effectiveness of integrating GIS and geostatistical methods
for the spatial assessment of complex environmental datasets needed for the remediation
of brownfield sites. Standardized interpolation and cumulative mapping enabled the
comparison of heavy metals and radionuclides, highlighting hotspots and areas of overlap-
ping contamination. Correlation analysis and spatial patterns were consistent, revealing
co-occurrence and divergence not evident from numerical data alone. Integrating physi-
cal, ecological, and radiological information provides a comprehensive understanding of
contaminant dynamics, potential ecological impacts, and radiological exposure. The multi-
map approach offers both detailed local analysis and an overall assessment of cumulative
environmental pressure, supporting informed decision-making and site management.

Since this study specifically considers the occurrence of heavy metals and NORM
residues, in addition to its geographical position and probable future repurposing, it should
be questioned whether the methodological framework used in this study can be used for
the assessment of other brownfield sites. Brownfield sites usually include abandoned urban
areas, landfills and disposal sites, areas contaminated during the transport of hazardous
materials, abandoned military sites, former industrial zones, mines, oilfields, and mineral
processing sites; most of these locations or areas can be surveyed using the methodological
framework presented in this paper. Although the types and properties of contaminants can
vary, if potential contaminants are properly identified and a survey of the location is carried
out accordingly, the integration of GIS and geostatistical methods can be used to identify
areas with specific conditions, areas with increased pollutant loads and/or “multiple
stressors” can be singled out, and potential correlations between the concentrations of
different contaminants can be observed. Maps, such as those presented in this paper,
can help decision-makers define management of brownfield sites, decide on remediation
methods, etc., bearing in mind that in order to solve problems in some locations, one should
also have a three-dimensional distribution of contaminants.
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