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Abstract: Coal fly ash and slag waste residuals from coal combustion are an issue of importance
as one of the possible sources of environmental contamination and exposure to NORM. This study
compares the results of different radiological risk assessment scenarios targeting terrestrial biota
at a legacy site in Croatia that contains large quantities of coal ash with an enhanced content of
radionuclides originating from previous industrial activities. The ERICA assessment tool was used
for a risk assessment, which included data from borehole samples with a maximum depth of 6 m
and trees as the primary reference organisms. The results of the risk assessments from various
depth ranges found the radiological risk to the reference organisms to be negligible, regardless of the
depth range, since the screening dose rate of 10 µGyh−1 was not exceeded in any of the assessments.
The risk assessment results from all depth ranges show higher total dose rate predictions when the
tool’s default CR values are used, compared to the site-specific ones, which is in agreement with
previous studies on the application of the ERICA tool. A comparison of results from different spatial
radiological risk assessments showed that sample depth does not affect the estimated total dose rate
to biota.

Keywords: NORM; coal ash and slag; radiological risk assessment; ERICA tool; environmental protection

1. Introduction

Coal combustion residue disposal is considered a major environmental issue due to
its significant influence on the environment, financial constraints of residue management,
and potential health risks related to disposal. One of the possible sources of exposure to
naturally occurring radioactive materials (NORM) is coal fly ash and slag waste materials
resulting from coal burning [1,2]. Consequently, the increase in world energy demands
has resulted in an ongoing increase in generated residue quantities and the necessary
development of responsible and efficient waste management strategies, including disposal
options that offer possible revenue generation [3]. The usual methods of fly ash disposal,
including wet and dry disposal, most often result in landfilling of the material, a disposal
method which, given the environmental and health implications and costs, has been under
scrutiny. Recent developments of sustainable design approaches in the mineral industry
focus on post-utilization phases, including recovery of useful material and reconcentration,
encouraging innovative solutions and integrative circular economy objectives [3–5].

The effects of coal burning affect the land use and aesthetics of the environment
and present a potential source of health hazards and environmental danger to air, soil,
and water [1,6,7]. The revegetation of disposal sites containing coal fly ash and slag is
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important, not only for aesthetic purposes but also to prevent wind and water erosion of
fly ash and to reduce water leaching through deposit layers [8]. In this context, radiological
risk assessment findings are relevant in order to estimate not only the potential detrimental
effect on the environment but also the potential for land reclamation and the effects of
possible revegetation of coal fly ash and slag disposal sites.

Due to the potentially hazardous effect of radiation, the inclusion of non-human
biota, i.e., the environment, in the radiation protection framework, presents one of the key
changes in the field of radiation protection [9,10]. The crucial aspect of radiation protection
is the assessment of the potential radiological impacts arising from the exposure of non-
human biota to ionizing radiation. Currently, different approaches and models are being
used in conducting assessments. These approaches differ in focusing on individuals or
populations [11], radionuclide transfer in biota [12], use of activity concentrations [13], and
available radiation effects data [14]. The existing assessment models include concentration
ratios, kinetic models, compartment models, and allometry approaches [13,15]. One of the
methods of performing a radiological risk assessment is using the ERICA approach and the
ERICA tool, which were used in this study based on their availability and applicability to
this specific research context. The ERICA approach addresses needs related to environmen-
tal exposure to ionizing radiation, including scientific, managerial, and social aspects of the
assessment, while the ERICA tool covers the practical aspect of the assessment [16–19].

The ERICA tool is an impact assessment software with a three-tiered structure, avail-
able online free of charge, that combines data on environmental transfer and dosimetry to
provide a measure of exposure, which is then compared to exposure levels associated with
known detrimental effects of radiation [17,20–22]. Since the ERICA tool was developed as
a part of the European Union co-funded 6th Framework Program EURATOM project “En-
vironmental Risk from Ionising Contaminants Assessment and Management” (ERICA), it
is especially applicable to European biota and has been used in Europe for risk assessments
in various radiological risk assessment scenarios, including NORM-related industries and
activities. The dose rate to biota received due to exposure to Cesium-137 was calculated
using the ERICA tool in a study by Sotiropoulou et al. [23]. Babić et al. [24] performed
dose rate assessments related to exposure of wildlife in a forest ecosystem using the ERICA
tool. Vetikko and Saxén [25] used the ERICA tool for dose rate assessment in freshwater
ecosystems in Finland. Aryanti et al. [26] used the ERICA tool to calculate dose rates in
marine biota near a coal-fired power plant. A study from Ćujić and Dragović [27] compared
the results of dose rate assessments to terrestrial biota in the area around a coal-fired power
plant using both the ERICA tool and RESRAD BIOTA assessment tool. Mrdakovic Popic
et al. [28] evaluated the environmental impact at a NORM legacy mining site and used
ERICA for dose rate assessments. Oughton et al. [29] used the ERICA tool for ecological risk
assessment at several mining sites in Central Asia. Research from Vandenhove et al. [30]
focused on the assessment of the potential radiological impact of the phosphate industry
on wildlife.

Previous radiological studies conducted at the location include research of the chemi-
cal and radiological profile of the coal ash landfill [31], studies focused on research aspects
of plant uptake of radionuclides from coal ash and slag [32], investigations of the radioac-
tivity of the Mediterranean flora [33], a risk assessment of the legacy disposal site [34],
research on natural and anthropogenic radionuclides in the karstic coastal part of the
location [35,36], and an assessment of the environmental risk related to polycyclic aromatic
hydrocarbons [37].

The main objective of this research was to study the potential effect of the depth of
samples used in the radiological risk assessment on the actual risk assessment results. The
assessment scenarios included samples collected at the same coal and ash disposal site
from three boreholes with a maximum depth of 6 m. By determining the radiological risk
in each of these scenarios, the potential effects of sampling depth can be closely studied in
the context of specific radionuclides and reference organisms.
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Findings from this study are expected to contribute to the future use of the ERICA tool
in environmental risk assessments and facilitate the research design, selection of sampling
methodologies, and comparison of different study results. An additional advantage of
this study can be observed in this research addressing the practical context of the new
ERICA tool version that enables complex spatial and temporal assessments, in this case,
the vertical aspect of sample depth.

2. Materials and Methods

This study compares the results of radiological risk assessment scenarios targeting
terrestrial biota at a legacy disposal NORM site in Croatia. This location contains large
quantities of NORM originating from previous industrial activities, mainly from the coal-
fired power plant used at the industrial complex.

2.1. Assessment Site

The researched NORM legacy disposal site is located in Kaštela Bay. The bay area is
populated, and there are several cities in relatively close proximity to the disposal site, as
well as the site being in contact with seawater. The disposal site is a part of a larger indus-
trial complex, a remnant of a chemical factory that used a coal-powered thermo-electric
unit to generate electricity for industrial activities. The remaining coal fly ash and slag were
disposed of using the “wet method”, ending up in a settling basin [34]. As the material was
disposed of during the 1980s and 1990s, the accumulated material in the basin comprises a
much larger disposal site in the eastern part of the industrial complex. A detailed layout of
the location is shown in Figure 1. During the industrial operation, various types of coal
were used, namely, lignite, anthracite, and brown coal, originating from mining sites with
increased natural radioactivity [31]. Since the site was not subjected to any treatment for
more than a decade, spontaneous revegetation occurred, currently consisting of different
species of Mediterranean terrestrial flora, providing a research opportunity to conduct
studies and assessments in specific environmental conditions [32,34–37]. A previous study
by Skoko et al. [33] focused on the radioactivity of the soil in Kaštela Bay and provided
data on background activity concentrations based on samples from a control site which
was not affected by previous industrial activities. The reported data includes average
values and standard deviations of activity concentration for 238U = 53.5 ± 23.8 Bqkg−1,
activity concentration for 226Ra = 57.9 ± 32.8 Bqkg−1, and activity concentration for
232Th = 47.1 ± 19.7 Bqkg−1 [33].
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2.2. ERICA Assessment Tool

The ERICA assessment tool (version 2.0) was used to calculate dose rates to terrestrial
biota from exposure to radionuclides identified at the research site. The tool is available
online at no charge and uses activity concentrations in the environmental media (sediment,
soil, water, and air) as input data.

To estimate radionuclide transfer to biota, the ERICA tool uses concentration ratio
(CR) values [16,17,21,22,38]. CRs are specific for each element and are defined by the ratio
between activity concentrations of radionuclides in the biota (whole body) and activity
concentrations in the environmental media (soil, water, and air) [16]. The ERICA tool
assesses potential effects arising from both internal and external exposure to ionizing
radiation by interpreting data on activity concentration in both media and biota through
the use of dose conversion coefficients (DCCint and DCCext) in µGyh−1 per Bqkg−1 fresh
weight [16,21,22,39]. The ERICA tool relies on three (one for each ecosystem) radioecology-
related databases to derive CRs and Kd values (distribution coefficients used for aquatic
environments) [17,22]. In order to estimate the total absorbed dose rate, the ERICA tool
uses weighting factors to address different components of radiation (low β, β + γ, and
α) [16,17]. The values used in this study are default values available in the ERICA tool:
10 for alpha, 3 for beta, and 1 for gamma radiation. The default screening dose rate in the
ERICA tool is 10 µGyh−1 [17]. This value was chosen based on the analysis results available
from the FRED effects database and is also in accordance with EC recommendations
and more stringent than the value proposed by the US Department of Energy [16]. The
tool allows users to select different screening dose rate values in tiers 1 and 2 of the
assessment. Uncertainty factors are used to assure conservativism between tiers 1 and 2,
whose values should correspond. Beresford et al. [16] define the uncertainty factor (UF) as
“the ratio between the 95th and 99th percentile of risk quotient and the expected value of
the probability distribution of the dose rate” [16,17]. Proposed values for UFs are 3 and 5,
enabling the assessment for a 5% and 1% probability of exceeding the dose rate screening
value, respectively [39]. These values were used in all assessment scenarios.

The ERICA tool tier 2 risk assessment also provides the risk quotient as an assessment
output. The risk quotient (RQ) is a unitless value derived by comparing the selected
assessment screening dose rate and the total estimated whole-body absorbed dose rate for
each organism [17,39]. The tool also calculates a conservative risk quotient by multiplying
the expected value of the RQ and uncertainty factor [16].

Both the ERICA tool’s default list of radionuclides and the use of reference organisms
as generalized ecosystem representations are in line with ICRP’s propositions [9,40]. The
use of ERICA in the context of planned or existing exposure situations applies to various
scenarios, including decommissioning of a nuclear facility, radioactive waste disposal,
remediation, NORM/TENORM, and clearance [16]. The newest version of the ERICA
tool, used in this study, enables one to conduct the assessments by taking into account
both daughter radionuclides, whose physical half-life is on the order of tens of days or
less, and parent radionuclides. The assessment tool assumes that parent and daughter
radionuclides in a particular decay chain are in secular equilibrium. Since the assessment
results showed that the contribution of certain daughter radionuclides to the total dose rate
was insignificant, a threshold of 1% of contribution to the total dose rate was established
and only radionuclides contributing more than 1% to the total dose rate are included
in results.

2.3. Assessment Input Data

The study used data on coal ash and slag samples from different depths from three
boreholes (B2, B3, and B4) collected in a separate study in 2010 at the legacy site as
input. The distance between boreholes was approximately 600 m. High-pressure drilling
equipment with a pipe diameter of 11 cm was used for drilling. Samples were taken
from several depths (0–2 m, 2–4 m, and 4–6 m) and packed in plastic bags. Although
samples from deeper levels were available, samples from up to 6 m were selected based
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on the rationale that for the reference organisms selected, i.e., trees, the majority of the
root system is contained in the upper soil layers. For borehole B4, sampling at a depth
range of 0–2 m was not conducted as the material mainly consisted of stones and deposited
material transported from other locations. The radionuclide 210Pb was not detected in
several samples from boreholes B3 and B4.

Laboratory preparation of the samples included drying at 105 ◦C. The dry sample
masses were weighed and stored in 200 mL containers. The samples were measured in
a gamma-spectrometric laboratory at the Radiation Protection Unit of the Institute for
Medical Research and Occupational Health after 30 days, to ensure secular equilibrium.
Radioactivity in samples was determined using a high-resolution gamma-spectrometry
HP GMX ORTEC photon detector system with the following characteristics: a resolution
of 2.2 keV at 1.33 MeV 60Co and a relative efficiency of 74.3% at 1.33 MeV 60Co. Activity
concentrations of 238U, 226Ra, and 232Th were determined from their decay products. Photo-
peaks at 609 keV, 1120 keV, and 1764 keV for 214Bi and 295 keV and 352 keV for 214Pb were
used to determine the activity concentration of 226Ra, those of 228Ac at 338 keV, 911 keV,
and 968 keV were used to determine the activity of 232Th, and photopeaks at 63 keV and
doubled 93 keV for 234Th were used to determine the activity of 238U, where the activity of
210Pb was determined from its γ-ray photopeak at 46 keV [34]. The relative measurement
uncertainty in the gamma-spectrometric measurements used to determine the soil activity
concentrations in this study was below 10%. The measurement method was accredited in
compliance with the HRN EN ISO/IEC 17025:2007 standard, and the efficiency calibration
was carried out by the standards from the Czech Metrological Institute, covering the energy
range from 40 to 2000 keV. The radionuclide determination quality assurance was con-
ducted through participation in comparative measurements organized by the International
Atomic Energy Agency (IAEA), the World Health Organization (WHO), and the European
Commission Joint Research Centre (JRC) [41].

Site-specific CR values for this location were determined by Skoko et al. [32], and in
the current study were used to compare site-specific assessment results with the results
from an assessment using the tool’s default CR values. A list of radionuclides used in the
assessments is given in Table 1. The ERICA tool allows users to select between the tool’s
default reference organisms or generate specific ones. Given the fact that the location is
in the Mediterranean climate and that revegetation of the location occurred, considering
the depth aspect, trees were selected as the main reference organisms. Although the
total sampling depth of the boreholes was up to 13 m, based on the data available in the
literature [42] it was decided to use borehole sampling data up to 6 m, as the maximum
rooting depth for Mediterranean flora was estimated to be not more than 5 m. The study
by Canadell et al. [43] lists a maximum rooting depth of 5 m for Pinus Pinea. The data
on average activity concentrations (Bqkg−1 dry mass) in three borehole samples (B2, B3,
and B4) is presented in Table 2. For practical purposes, the available sampling data from
different depths were grouped into three depth ranges (0–2 m, 2–4 m, and 4–6 m) and used
in three separate risk assessment scenarios. Table 3 lists the tool’s default and site-specific
CR values from [32,34] used in the assessment scenarios.

Table 1. Assessment input data.

Ecosystem Type Radionuclides Reference Organism

Terrestrial

238U

Tree

232Th
235U

226Ra
210Pb
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Table 2. Activity concentrations (Bqkg−1 dry mass) measured in borehole samples (B2, B3, and B4)
from different depth ranges.

B2 Activity Concentration (Bqkg−1)
238U 232Th 235U * 226Ra 210Pb

0–2 m 1307 ± 203 ** 36 ± 6 ** 60 1065 ± 14 ** 641 ± 13 **
2–4 m 1128 32 51 947 622
4–6 m 1265 47 58 1106 1951

B3 Activity concentration (Bqkg−1)
238U 232Th 235U * 226Ra 210Pb

0–2 m 1134 ± 28 ** 67 ± 6 ** 52 790 ± 38 **
2–4 m 1175 54 54 845
4–6 m 1224 61 56 1121 909

B4 Activity concentration (Bqkg−1)
238U 232Th 235U * 226Ra 210Pb

2–4 m 1290 62 59 932
4–6 m 1374 71 63 1257 1136

* 235U activity concentration was estimated based on 235U/238U natural activity ratio of 0.04. ** For locations
where more than 1 sample was taken, the average mean value and standard deviation of activity concentration
is shown.

Table 3. U, Th, Ra, and Pb concentration ratio (CR) values of trees used in risk assessments by ERICA
tool (AM ± SD).

Isotope ERICA Tool Default CR
Value

Site-Specific CR
(From [32,34])

U 0.006473 ± 014064 0.001 ± 0.0002
Th 0.001151 ± 0.001489 0.007 ± 0.005
Ra 0.01653 ± 0.02893 0.002 ± 0.001
Pb 0.0495 ± 0.1397 0.013 ± 0.003

In all of the assessment scenarios, the screening dose rate selected was the default tool
value of 10 µGyh−1. The uncertainty factor (UF) selected was 3. The percentage of the dry
weight of media used was its default value (100%), as well as weighting factors for alpha,
high energy beta/gamma, and low energy beta radiation (10, 1, and 3, respectively).

3. Results and Discussion

The radiological risk assessments were conducted based on the data from samples
collected from boreholes B2, B3, and B4 at three depths: 0–2 m, 2–4 m, and 4–6 m. For each
depth range, one risk assessment was performed.

In the assessments that used the tool’s default CR values, the results for all three
assessment scenarios (depth ranges) showed the resulting risk quotient (RQ) to be below 1.
The tool’s conservative RQ value was slightly above the value of 1 in three scenarios, mainly
related to samples from greater depths (>4 m). For the assessments that used site-specific
CR values, the resulting risk quotient was below 1, with the conservative risk quotient also
below 1 in all assessment scenarios.

Data on the estimated dose rates for the reference tree showed that in the assess-
ment using default CR values, the main contributor to the external dose rate in scenarios
concerning all depth ranges was 226Ra. This was also the case in the assessments using
site-specific CR values at all depth ranges. However, the total dose rate mainly resulted
from the internal dose rate in all assessments, contributing, on average, 90% to the total
dose rate. In the context of the internal dose rate, in risk assessments that relied on the tool’s
default CR values and included depth ranges 0–2 m and 2–4 m, the main contributors were
226Ra and 238U. The results concerning the depth range of 4–6 m showed that in addition to
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226Ra, 210Pb and 210Bi were also key contributors to the internal dose rate. Since the ERICA
tool includes short-lived radionuclides with half-lives under 10 days in the assessment,
210Bi, with a half-life of 5 days, is listed here as a direct progeny of 210Pb. At this depth
range, the radionuclide distribution of the internal dose rate in all samples showed that
226Ra was the dominant radionuclide, accounting for approximately 70% of the internal
dose rate, followed by 210Pb and 210Bi. This was also noticed in the analysis of the internal
dose rate results from assessments using site-specific CR values at the depth range 4–6 m,
where, in addition to 226Ra, both 210Pb and 210Bi were detected by the tool as contributors
to the internal dose rate, but distributed more evenly, with 226Ra accounting for around
40% of the internal dose rate, and 210Pb and 210Bi each contributing with approximately
30%. Figure 2 shows a comparison of the distributions for radionuclides that contribute to
the internal dose rate for the tree in the assessments related to a depth range of 4–6 m that
relied on the tool’s CR and site-specific CR values. 226Ra and 210Pb primarily contribute to
the total dose rate, and specific data is presented in Table 4.
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Table 4. Radionuclide dose rate contribution (µGyh−1) to ionizing radiation exposure of the refer-
ence tree and comparison of the tool’s output data obtained by the use of default and site-specific
CR values.

Isotope
Total Dose Rate per Radionuclide [µGy h−1]

for Reference Tree in Assessments using
Tool’s Default CR Values

Total Dose Rate per Radionuclide [µGy h−1] for Reference
Tree in Assessments using Site-Specific CR Values (Adopted

from [34])

B2 B3 B4 B2 B3 B4
238U 0.574 0.585 0.594 0.099 0.101 0.076

232Th 0.004 0.008 0.014 0.020 0.037 0.024
235U 0.037 0.034 1.619 0.010 0.009 0.006

226Ra 7.497 7.117 11.700 1.581 1.501 1.193
210Pb 0.514 0.750 0.514 4.204 6.138 7.672

The presence of 210Pb in plants is related to two main pathways that explain the
uptake and content of lead in plants, one related to direct deposition from the atmosphere
and the other via an indirect route through the root system [1]. Additionally, the plant
radionuclide uptake and accumulation mechanisms are affected by a number of different
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factors related to both soil type and its traits, plant species and characteristics, and climate
features [28,44–46].

According to research from Pietrzak-Flis and Skowrohska-Smolak [47], the 210Pb up-
take by plants is primarily attributable to atmospheric deposition (mainly wet deposition),
while the transfer through the root system can be considered insignificant. Consequently,
since both the risk assessment scenarios using default CR and site-specific CR values that
detected 210Pb as a contributor to the total dose rate relate to assessments performed at a
depth deeper than 4 m, and considering the estimated depths of root systems, the overall
radiological risk from 210Pb root uptake can be regarded as negligible. This assumption
of the importance of atmospheric deposition in relation to the root uptake of 210Pb is in
line with the conclusions from a previous study at the exact location using surface soil
samples, where similar activity concentrations of 210Pb were detected in both plants from
the disposal site and the control site, indicating atmospheric deposition as a major pathway
for 210Pb accumulation [32].

The total dose rates calculated by the tool using the default CR values and site-specific
CR values in relation to the sample depth ranges are given in Figures 3 and 4.
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Figure 5 shows a comparison between the total dose rate for the reference organism—a
tree—in assessments that used the default CR values and the ones using site-specific CR
values. For practical purposes, these results show the average total dose rate for all samples
taken from each sampling borehole, i.e., summarized assessment data from assessments
conducted at three different depths. Since CR values are known to correlate the most with
the estimated value of the total dose rate, as expected the tool estimated a higher total dose
rate when a default CR value was used.
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The increase in the total dose rate when the tool’s default CR values are used in the
assessments, as opposed to the site-specific CR values, ranged from 218 to 372%. Since
the calculation of total dose rates is very sensitive to the CR values used [16], the use
of the tool’s default CR values can often lead to overestimation of the dose rates and
associated risks.

A previous study from Skoko et al. [34] used a control area in proximity to the disposal
site to estimate dose rates to reference organisms. The results presented in Figure 5 show
that the assessment results based on the use of site-specific CR values at the depth range
0–2 m correlate with the estimation results of the total dose rate for the tree at the control
site of 0.5 µGyh−1 [34], while for larger depths (4–6 m) the estimated total dose rates are
twice as high (1.19 µGyh−1).

Assessment scenarios at various depth ranges found the radiological risk to the refer-
ence organism to be negligible, regardless of the depth range, as the screening dose rate of
10 µGyh−1 was not exceeded in any of the assessments. The risk assessment results from
all depth ranges show higher total dose rate predictions when the tool’s default CR values
are used, which is an observation that was also made by other authors and is supported by
previous research and assessments [28,34,38]. Our study, although focused on one refer-
ence organism (reference tree), confirms the risk assessment results of previous studies [34]
that used a surface layer of coal ash (approximately the first 15 cm of the surface layer),
finding both the total dose rate and the radiological risk predictions to be below predefined
assessment values that assume no detrimental effects arising from potential exposure.

The study results need to be observed keeping in mind the assessment uncertainties
related to a relatively small number of radionuclides included in the assessments and a
limited number of samples available. Study limitations relate to the use of only gamma-ray
spectrometry as an analytical method and, consequently, lack of data for radionuclides that
are alpha emitters, such as 230Th and 210Po, that can considerably contribute to the exposure
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of an organism and can be highly radiotoxic. Therefore, estimated dose rates might be an
underestimation of the actual exposure of the tree roots to ionizing radiation due to the
limited experimental data on radionuclide activity concentrations in the studied coal ash.
Furthermore, data for 232Th in the coal ash were estimated from activity concentrations
of its progeny (228Ra and 228Ac) under the assumption of secular equilibrium. However,
considering that radionuclides from the thorium decay chain in the studied coal ash
do not exceed background levels, it was considered that such an assumption can be
acceptable. Another source of uncertainty that might affect the study results arises from the
ERICA tool’s inherent features related to assumptions on the homogeneous distribution
of radionuclides in reference organisms and assumptions related to the occupancy factors.
In several assessment scenarios, site-specific CR values from previous studies were used.
Regarding the use of site-specific CR values for 210Pb, in previous research, Skoko et al. [34]
noted that plant roots were not included in their study, so the resulting radiological effects
to vegetation from our study could be underestimated. This observation is in agreement
with the findings of the study from Mrdakovic Popic et al. [28], who noted that soil-to root
transfer parameters for 210Pb are higher than transfer in above-ground plant parts. Since
the ERICA tool is known for its conservative approach in predicting the possible effect
on the biota, mainly when default CR values are used in the assessment, assuming the
tool’s calculation overestimated the total dose rate, the overall radiological risk can still be
considered insignificant.

4. Conclusions

The assessment of the radiological risk arising from exposure to NORM and the poten-
tially hazardous effect of radiation on biota presents an initial step in the decision process
on the need for implementation of radiation protection measures. Coal combustion residues
are known for their environmental burden, and legacy disposal sites containing coal ash
and slag provide specific research contexts for radiological and environmental studies.

In this study, the ERICA tool was used for dose rate assessments in a terrestrial
ecosystem. The study used samples from a coal ash and slag disposal site that were
collected as a part of previous extensive radiological research work at the location but
still needed to be studied in detail. The main difference in relation to previous research
conducted at the researched site is the depth range from which the samples were taken. To
determine the possible effect of depth on the exposure of the selected reference organism,
spatial risk assessment scenarios were performed using data from samples collected from
boreholes from various depth ranges, as well as the tool’s default CR values and site-specific
CR values. The assessment results were compared and analyzed considering the sample
depth, calculated risk quotient, resulting total dose rate, and distribution and contribution
of internal and external dose rates.

The assessment results for all three selected depth ranges showed that radiological
risk is negligible for the tree, as a main reference organism associated with these depths.
This finding remains true also for both the assessment that relied on the tool’s default CR
values and the one that used the site-specific ones, although the total dose rate estimations
were higher when the assessment included the tool’s default CR values.

The results of our research imply that the use of soil surface samples, as opposed
to the use of samples from deeper layers, is reasonable since the assessment results from
our study did not exceed the set screening dose rate of 10 µGyh−1, much less the limit of
400 µGyh−1, a limit set by the UNSCEAR. The results can be useful for the optimization
of future environmental monitoring and assessment design for different sites affected by
NORM and general environmental radioprotection.
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