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Highlights

- Strong plant influence on (elevated) ??°Ra and 238U activities in soil

- Weak plant influence on 4°K and 232Th activities in soil

- Distance from TPP + wind direction the most influential for “°K, 2%2Th, ??°Ra, 238U
- Strongest plant impact up to 1 km distance from the plant

- Plant impact probable up to 10 km distance or more, but relatively weak

Abstract
Massic activities of °K, 22°Ra, 22Th, 238U, and *3'Cs were determined by gamma-

spectrometry in soil samples collected around Plomin thermal power plant (TPP) at three
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radial distances from the plant, along the profile in the prevailing wind direction within 1 km
distance from the plant, and at three soil depths. Spatial distribution of radionuclides in topsoil
and subsoil around Plomin TPP and its dependence on distance from the plant, soil depth, and
wind direction were studied. The purpose was to determine the influence of fly ash, bottom
ash, and coal from Plomin TPP on surrounding soil and to establish a baseline for
radionuclides’ activities around the plant. Strong plant impact on 2°Ra and 238U (elevated)
activities in soil was determined. Probable impact on “°K and ?2Th was also determined, but
it was relatively weak. The strongest impact is generally within 1 km distance from the plant,
but it may reach the distances of 10 km or more although with much weaker intensity. The
strongest impact is recorded in areas SW and NW from the plant, respectively. The most
influential parameters for distribution of “°K, 2Ra, #*2Th, and 23U were distance from the
plant and wind direction. The most influential parameters for **’Cs distribution were soil
depth and precipitation pattern. NE wind (bora) and SE wind (sirocco) influence the most on

deposition of particles from the plant on the surrounding soil.

Keywords: Adriatic Sea; Coal combustion; Radioactivity; Radionuclides; TENORM; TPP

1 Introduction

Coal is still widely used as energy source, despite new technologies with lower carbon
footprint available. Contribution of coal to electricity production in the world was 35 % and
more than 30 % in the EU15 countries in 2011 [1]. The current situation is very similar [2,3].
Although it was expected that coal-fired electricity production was going to be reduced, it
even reached its global historical maximum in 2021 [2]. However, it should be noted that
there are diverging trends in coal-fired electricity production worldwide. Coal covered 12 %

of Croatian needs for electricity in 2010 [1]. The needs for electricity are constantly rising. In
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Croatia, average annual increase of electricity consumption was 1.7 % for 2004—-2009 period
[1]. This shows that coal-fired thermal power plants (TPP) are still not “a thing of the past”.

It is known that coal contains approx. 1 % of trace elements and radionuclides [4-6]. A
fraction of heavy ash (bottom ash), which is deposited at the bottom of a coal furnace, and
light ash (fly ash), which is carried away together with gasses towards the stacks, are
produced by coal combustion. Radionuclides are concentrated in these ashes. Their fraction in
ashes, especially in fine-grained fly ash, may be several times higher than in coal or
surrounding soil [3-5,7-10], thus producing technologically enhanced naturally occurring
radioactive material (TENORM) that must be deposited under controlled conditions.
Depending on the efficiency of stack emission control system, various amounts of fly ash are
emitted to the atmosphere and subsequently deposited in the area around the TPP [6,11]. Fly
ash deposited on the surrounding soil increases natural massic activities of radionuclides in
soils. Coal-fired TPPs are one of the main sources of TENORM. Surface soil in the
surroundings of TPPs, up to approx. 10 km distance or less, is the most exposed to influence
of the fly ash, depending on the stack height and emission control by filters [6,10,12]. With
high efficiency filters, only a minor portion (0.5 %-3 %) of fly ash is delivered to the
atmosphere [6,12—14], while it may have amounted to 10 % in older facilities [6].

The risk of coal-fired TPPs operation associated with TENORM, and radioactivity in
general, motivated worldwide scientific interest for plants’ radiological influence on
surrounding environment and population [4-6,9,11,13,15-21]. Some authors found that
increase of massic activities of radionuclides in the studied surrounding soils was negligible
[5,9,11,20], while others found a significant TPPs’ influence [5,6,17,19,21]. In any case,
interest in the influence of fossil fuels combustion on environmental radioactivity and soil

quality is continuously present.
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Plomin TPP was earlier identified as one of critical sites in Croatia due to possible
contamination with TENORM [22,23]. It was also identified as a major air pollution source in
Istrian Peninsula [24]. In 2009, it was the single most important source of several
contaminants in the 20 km radius around the TPP (SO2: 92.8 %, NOx: 63.8 %, CO2: 73.4 %,
particulate matter: 47.3 %) [25]. The first scientific interest in this area was mostly aimed at
radioactivity. Influence of prolonged exposure of plant workers to elevated activities of
naturally occurring radionuclides and radon concentrations in houses around the plant were
studied, and adverse effects were found [26,27]. Ash disposal site was also studied to assess
the efficiency of its remediation [23]. ?%Ra in surface soil around the plant was studied only
relatively recently [28]. Other studies not associated with radioactivity were conducted as
well [24,29-31]. A brief overview of studies related to Plomin TPP or adjacent area is given
in Meduni¢ et al. [32]. However, the data for radionuclides in soils in the surroundings of
Plomin TPP are still incomplete.

Plomin TPP is the only active coal-fired TPP in Croatia. The plant used domestic coals
for operation until the early 1990s: anthracite and/or high volatile B bituminous coal from
Istria and lignite from Dinarides [22, 24, 33]. They were characterised with increased 38U
and #?°Ra activities (26-700 Bg/kg with mean value 286 Bg/kg, 26-681 Bg/kg with mean
value 265 Bq/kg, respectively) [34]. “°K and *2Th mean activities (15.5 Bg/kg, 7.2 Bg/kg,
respectively) were slightly higher than mean values for world coals [34]. Local Istrian coals
had even higher 23U and ?%Ra activities (25-4900 Bqg/kg with mean value 310 Bg/kg, 28—
2000 Bg/kg with mean value 260 Bqg/kg, respectively) [35]. Istrian coals included Rasa coal,
known for its elevated 2*2U and ?%°Ra activities and exceptionally high sulphur content (9 %—
14 %) [22—-24,27,35]. It was also characterised with 15 % of ash, 70 % of which was fly ash
and 30 % bottom ash [36]. Combustion by-products, fly ash and bottom ash, were deposited

in an open space near the plant for decades resulting in approx. a million tons of this material
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accumulated over an area of 120 000 m? [23,30,35]. This material contained relatively high
activities of radionuclides and was characterised as TENORM [23,35]. Skanata et al. [37]
reported 23U and ??°Ra mean values in fly/bottom ash in the following ranges: 882-3431
Ba/kg, 796-2972 Bq/kg, respectively. Lokner et al. [35] later reported 500-8600 Bq/kg of
238 and 22°Ra mean value of 2600 Bg/kg in fly ash and 400-1800 Bg/kg of 2%U and ?*°Ra
mean value of 800 Bg/kg in bottom ash derived from domestic coals. Fly and bottom ash
were easily transported outside the boundaries of plant complex by winds and deposited in the
surrounding environment, thus posing environmental risk. This risk was recognised by the
general public, the plant owners, and the authorities so, in the mid-1980s, parts of the landfill
were covered with soil [22]. At the end of 1990s, a professional remediation of the landfill
begun and was completed in 2002 [23,38]. It proved efficient, since the levels of
radionuclides activities from TENORM were reduced to acceptable levels [1,22,23]. Since
2000, imported coal with low activities of radionuclides (mean values: 28U — 24.9 Bg/kg,
226Ra — 23.2 Bg/kg, “°K — 32.9 Bg/kg, 2%2Th — 14.0 Bg/kg) and sulphur content (0.3 %-1.4 %)
is used and only a minor portion of combustion by-products is deposited in the new landfill
due to their suitability for further use in construction and cement industry [22,23,31,34]. The
new landfill was an open-type landfill susceptible to ash resuspension by strong winds after
long dry periods and to subsequent deposition around the plant [38,39]. Therefore, the
technology of ash disposal in the new landfill was improved and wet ash disposal facility was
put in operation in 2013 in order to minimise ash resuspension [38,40]. Additionally, plant’s
Unit B was modernised in several occasions, resulting in improved control of gaseous
emissions and increased power of turbo-aggregate [41].

Notwithstanding the ash disposal site remediation and performed technological
improvements, elevated 2?5Ra activities were later determined in surface soil in the vicinity of

the plant [28]. This points to a long-lasting influence of coal combustion on the surrounding
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soil. It is important for the local community, as well as regionally because the whole Istria is a
touristic area or has a potential to be one. It should also be noted that the studied area is
located on a karstic terrain that is very sensitive to any contamination due to high
permeability of rocks and the connection with groundwater. Therefore, the aim of this study
was to determine spatial distribution of radionuclides in topsoil and subsoil around Plomin
TPP in order to: (a) determine influence of fly ash, bottom ash, and coal from Plomin TPP on
surrounding soil; (b) determine factors controlling radionuclides’ distribution; and (c)
establish a baseline for radionuclides’ activities long after low quality coal ceased to be
utilised, after ash disposal site has been remediated, and after the TPP was modernised. This
study is a continuation of the previously conducted studies on this area referring to rare earth
elements (REE), sulphur, polycyclic aromatic hydrocarbons (PAHS), trace elements, physico-

chemical properties, and ??°Ra in soil [28,30,31].

2 Material and methods
2.1 Study area

The researched area is a part of Adriatic carbonate platform that existed during
Mesozoic. It is a typical karstic terrain with predominant carbonate rocks (Fig. 1). Alluvial
deposits are significantly less represented and are mainly composed of clay and loam. Two
principal types of soil in the studied area are brown soil and terra rossa, both classified as
Cambisols [43,44]. Terra rossa is characteristic for Dinaric karstic area (of which Istria is a
part) and especially in Istria [45]. The climate in this area is Mediterranean, with mild and
humid winters and hot and dry summers. Average annual rainfall is 1294 mm [35]. Prevailing
wind directions around Plomin TPP are ENE and NE as shown in Fig. 2. Strong winds with
the speed up to 11 m/s occur occasionally [35]. The NE wind is called bora and it is known

for its gusts, high speeds, and long duration. It is the prevailing wind at northern Adriatic and
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in Istrian coastal area, although it is present along the whole Croatian Adriatic coast [46]. The
highest mean 10-minute wind speed for bora in Croatia was over 40 m/s and some wind gusts
had speed higher than 69 m/s [46].

Plomin TPP is located near the Plomin Village and in the vicinity of Plomin Bay in the
peninsula of Istria (northern Adriatic Sea, Croatia) (Fig. 1), the largest peninsula in Croatia.
Part of the Bay is used by the plant complex for vessel berthing and transport of coal. The
plant started its operation in 1970 with Unit A or TEP 1, having 125 MW production capacity.
It was operational until the end of 2017. Unit B or TEP 2, with the capacity of 210 MW,
started its operation in 2000 and it is still in operation [41]. Since 2000, both units utilise the
same stack of 340 m height, although an older stack of 130 m height was previously used by
Unit A [47].

The plant location was intentionally chosen for its advantages: vicinity of former mines
supplying coal, topographically and geologically suitable terrain, accessible fresh and sea
water supply, and developed transport infrastructure [41]. The studied area had a long mining
history, from the 18" century until the end of 1990s. Hard coal, characteristic for this area,
was locally mined in seven mines in the 15 km radius from Plomin [48]. These coals have
naturally elevated activities of radionuclides compared to coals of the world [23].
Accordingly, Istrian peninsula has been recognised as an area with slightly elevated natural

background radioactivity.

2.2 Sampling
Samples were collected at 28 sampling stations and two control stations in May 2013.
Their geographical coordinates are presented in Table 1. Samples of brown soil and terra

rossa were collected radially around Plomin TPP (samples 1-18), at three distances: 1 km, 5

7176



172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

km, and 10 km (Fig. 1). A profile in the prevailing wind direction (Fig. 2) was also sampled
(samples 19-28) (Fig. 1). Samples were taken each 100 m from the plant up to 1 km distance.
At each station with visually undisturbed and uncultivated soil, vegetative cover was
removed and soil was sampled at three depths whenever possible: 0-10 cm (A), 10-25 cm
(B), and 25-50 cm (C). K1 station was sampled at A and B depths only, while K3 was
sampled at all depths. Approx. 1-2 kg of soil was taken with a shovel for each sample, stored
in a plastic bag, and labelled. In total, 68 samples and five control samples were collected.
Control samples (K1, K3) were taken at distances greater than 10 km (Fig. 1). They
were expected to be uncontaminated due to their distance from the plant and they represent
soils developed on different lithological backgrounds, K1 on alluvium and K3 on carbonates
(Fig. 1). The 10 km distance was selected as a critical distance based on the height of the old
stack (130 m). It was not expected for the particulate emissions from this stack to be
(significantly) deposited at distances greater than 10 km [49]. This stack was selected as a
reference instead of the new one (340 m) for multiple reasons. The old stack was used by TEP
1 for decades before the new one was put into operation, technology used for emission control
in the old stack was inadequate according to present-day standards (until the reconstruction of
electrostatic filter in 1999 [47]), and large amounts of fly ash were emitted. Even after the
filter reconstruction and connection of TEP 1 to the new stack in 2000, TEP 1 emitted
significantly more particulate matter than TEP 2 (e.g., average emissions of particles for
2000-2010 period: TEP 1 —124.4 t/year, TEP 2 — 52.4 t/year [25]). These amounts must have
been even larger when emission control with older technology was less efficient. Emissions
from the new stack may easily reach > 10 km distances from the plant, but the amount and
particle size of the emissions have been significantly reduced by employing high-efficiency

filters with a level of particulate matter removal of 99.5 % for emission control [47]. This
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way, emitted particles are diluted across large distances and their environmental impact

diminishes.

2.3 Wind rose preparation

Since there were no recent wind speed and direction measurements for Plomin site
exactly, data were used from five closest sites to obtain a simplified, average wind rose
applicable to Plomin area. Two wind roses were supplied for all five sites, for 10 m and 80 m
above the ground. All wind roses were for the 1992-2001 period. Simplified, average wind
roses were compiled for both heights, but the difference between them was minimal.

Therefore, only the wind rose for 80 m height is presented here (Fig. 2).

2.4 Gamma-spectrometry

Gamma-spectrometry technique was applied to determine massic activities of “°K,
226Ra, 2°2Th, 228U, and *3’Cs in all samples. Broad, Coaxial, InSpector, and Reverse HPGe
detectors were used, with the following resolutions at 1332 keV and relative efficiencies: 2.05
keV/25.3 %, 1.75 keV/25.3 %, 1.80 keV/25.4 %, and 1.81 keV/28.3 %, respectively. Details
on sample preparation, analysis, calibrations, and quality control are given elsewhere [50,51].

Reference date for recalculation of activities was 30 April 2013.

2.5 Data analysis and presentation

137Cs depth profiles were used to identify stations with disturbed soil. $¥’Cs activities in
an undisturbed profile should decrease exponentially with depth increase [9,52]. In disturbed
or cultivated soil, 2*’Cs activities tend to be homogeneous with depth or no exponential
decrease is observed. Five stations with (possibly) disturbed soil were identified: 15, 18 —

similar 3'Cs activities at all depths (A—C), the highest at depth B; 19 — almost the same
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activities at both depths (A and B); 21 — higher activity at depth B than at A (only two depths
were sampled), and 28 — only depth A was sampled and it cannot be determined with
certainty if the soil is undisturbed.

Box and whisker plots were used to present distribution patterns of radionuclides
depending on soil depth and distance from the power plant (Statistica software, version 7.0,
StatSoft, Inc.). Data from disturbed soils were excluded and data from control stations were
included. Box and whisker plots were also used for presentation of radionuclides’ massic
activities for all samples and for comparison between soils developed on carbonate bedrock
and soils developed on alluvium.

Factor analysis (FA) using Statistica software (version 7.0, StatSoft, Inc.) was used to
study radionuclides’ distributions and potential influences and for evaluation of geological
background. Data from disturbed soils were excluded. Principal component analysis method
was used to extract factors with eigenvalues > 1 or close to 1 if they added the value to
analysis. Factors were rotated by varimax normalised method and projected on the factor
plane.

Box and whisker plots and FA were additionally used to determine outliers and extreme
values of radionuclides’ activities. Box and whisker plots revealed extreme values only for
226Ra and 238U activities in both A and B depths at station 6. One outlier was found for 232Th
and two for 13'Cs activities. FA revealed only station 6 (A and B depths, both ??Ra and ?%U)
as an outlier/extreme. Therefore, only station 6 was excluded as an outlier from relevant
analyses.

Distribution maps of radionuclides around Plomin TPP are prepared in Surfer software
(version 8.00, Golden Software, Inc.) using kriging method for gridding. Data from all

samples, except from stations 20-27, were used. Distribution along the profile in the wind
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direction is presented separately, including stations with disturbed soil. Distribution maps of
activity ratios (k) were also prepared in Surfer software, without the data from disturbed soils.

In order to determine the strength of relationships between radionuclides’ activities and
soil depth or distance from the plant, Spearman rank correlation coefficient (SRCC, p) was
determined for all samples from stations with undisturbed soil and from control stations. It
was also calculated for “°K—232Th and 22Ra—2U activity ratios (k) at undisturbed sampling
stations in the wind direction. Correlations were statistically significant at p < 0.05.

Linear regression and Pareto analysis were used to determine dependence of
radionuclides’ activities on the distance from the TPP and on the soil depth. The analyses
excluded samples from disturbed soil and from station 6 (outlier), while control stations were
included. Statistically significant difference was defined for p < 0.05. Prior to analyses, data
distribution was tested with Shapiro-Wilk’s W test (significance level: p < 0.05). Normal
distribution is required for these analyses. The data were log-transformed if the distribution
did not fit normal distribution and then tested again. If the transformed data were not
distributed normally too, simple linear regression was performed on initial data in order to
obtain approximate results for comparison with other variables. All the analyses, tests, and
transformations were performed using Statistica software (version 7.0, StatSoft, Inc.).

Distribution patterns of “°K, 22°Ra, 232Th, and 2*8U at depths A, B, and C (25
samples/cases for depths A and B each and 12 for depth C) regarding wind direction are
presented with box and whisker plots for three groups. Sampling stations were divided in
groups at each depth: WD (in the wind direction: 5-8, 11-14, 16, 17, 20, 22-27), non-WD
(opposite to the wind direction: 1-4, 9, 10), and control stations (K1, K3). The data from
stations with disturbed soil were not included in analysis. In order to determine statistical
differences between these three groups, Kruskal Wallis test was performed for the same data.

Statistical significance was for p < 0.05.
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Activity ratios (k) between depths A and B were calculated for all five studied
radionuclides and for all sampling stations with undisturbed soil (control stations excluded).
Mann-Whitney U test was applied to all k-values of all radionuclides to test the dependence of
k on wind direction. Two compared groups were the WD (in the wind direction) and non-WD
(opposite to the wind direction). The test was statistically significant for p < 0.05. k-values are
presented with box and whisker plots in relation to two groups for all radionuclides. Activity
ratios for “°K, 22°Ra, 232Th, and 2*8U for all undisturbed sampling stations were also presented
graphically in order to compare *°K and 2*2Th ratio patterns and patterns for 2°Ra and #8U.

Horizontal distances from two Plomin TPP stacks (old: 130 m high, new: 340 m high)
at which fly ash particles of selected mean diameters will be deposited are calculated for a
mean wind speed of 6 m/s. Mean particle diameters were selected as follows: 600 um —
approx. upper size of the largest fly ash particles [53], 300 um — common upper diameter of
fly ash particles [53,54], 45 um — 75 % of particles are <45 um [54], 40 um — particles
smaller than 45 um but are not fine particles, 20 um — fine particles not in a respirable
fraction [12], 10 um — fine particles in a respirable fraction [12]. Horizontal distances (x, in

cm) were calculated from the following equation [12]:

Na
(Pg_Pa)g

h
x =18 X% X Xu 1)

where: 7, — air viscosity at 18 °C (5, = 182.7 x 10 g/cm/s), pg — grain density (pg = 2.34
g/em® for 6 > 45 um, pg = 2.67 glcm® for 6 <45 pm), pe —air density (p« = 0.001293 g/cm?), g
— gravity acceleration (g = 981 cm/s?), h — height of the stack (cm), 5 — mean fly ash particle
diameter (cm), u — mean wind speed (cm/s). Horizontal distance is finally recalculated from

cm to km.
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3 Results

Basic statistical parameters of massic activities of five studied radionuclides in all soil
samples and at control stations are presented in Table 2. Although the maximum activity was
determined for 22°Ra, “°K shows the highest activities generally, followed by ?%°Ra. ¥'Cs
shows the lowest activities. Coefficients of variation are calculated from data in Table 2: 21
%, 79 %, 33 %, 54 %, and 91 % for “°K, 22°Ra, 232Th, 238U, and *’Cs, respectively. Basic
statistical parameters for all radionuclides in all samples at depths A (0-10 cm), B (10-25
cm), and C (25-50 cm) are given in Tables A.1, A.2, and A.3, respectively.

Comparison of radionuclides’ activities regarding the geological background of soils
(soils developed on carbonates or on alluvium) is given in Fig. 3. Significantly lower ?°Ra,
232Th, 28U, and *¥'Cs activities were observed in soils developed on alluvium, both in
samples within the 10 km radius from the TPP and in control samples. This was not observed
for “°K. Its activities were similar in all four groups when comparing mean and median
values.

Distributions of “°K, 22°Ra, 232Th, 238U, and **’Cs around the Plomin TPP and along the
profile in the wind direction are presented in Figs. 4-8. “Hot spots” with elevated ?*Ra and
238y activities near 1 km distance from the plant, in A and B depths, were observed. Elevated
137Cs activity was observed at 5 km distance from the plant, in depth A. Distributions in the
profile are more or less irregular, but some trends may be implied. ??Ra and *3'Cs show
activity decrease with the increase of distance from the plant in both depths, while 23°Th
shows the opposite trend. “°K and 23U trends are of the same direction as ?*°Ra and ¥'Cs’s,
but much less pronounced.

General radionuclides’ distribution pattern regarding soil depth and distance from the
plant are presented in Fig. 9. Distribution in control stations is given for comparison. Medians

for 4K are the highest at 1 km distance from the TPP at all depths compared to respective
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depths at other distances. Regularity of median decrease with a depth increase was observed
only at 5 km distance. “°K medians are comparable with control values from both control
stations, with the exception of depth A for K1, which is significantly higher. No other
regularities were observed. 2?Th also does not show a special pattern. The only regularity
observed was the increase of medians and narrowing of the range with a depth increase at 10
km distance. 2%°Ra and 2*3U showed some patterns similar for both radionuclides. They both
have relatively narrow ranges with one extreme value at A and B depths at 1 km distance.
Medians at < 1 km distance are generally higher than at other distances, where they are
similar and show no specific regularity. No pattern was observed regarding *’Cs and distance
from the TPP. 1¥Cs medians at all depths at 10 km distance are significantly higher than the
respective medians at other distances. However, a pattern regarding **’Cs and soil depth was
clear. Activity decrease (medians, ranges to a lesser extent) with soil depth increase is visible
at all distances form the TPP.

When comparing the two control stations (Fig. 9), it is observed that, with the exception
of “°K value for depth A for K1, all K1 values for all radionuclides are visibly lower than the
respective values for K3. “°K value for K1, depth A, is significantly higher than both “°K
value for K1, depth B, and all K3 “°K values. When comparing the K1 control station with the
sampling stations regarding distance from the plant and soil depth, it is observed that the
values at both depths at K1 are lower in comparison to medians or minima at the respective
soil depths at all distances for all radionuclides except for “°K. For “°K, K1 value at depth A is
significantly higher from all medians at depth A at all distances. K1 value at depth B is
similar to “°K medians at other depths and distances and it is almost equal to medians at all
three depths at 10 km distance. Values at three depths for K3 control station are very close for
40K, 2%5Ra, 2%2Th, and 28U and they do not show regularities associated with soil depth.

Significant activity decrease was observed only for *’Cs activities from depth A to depth B.
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All K3 values for °K and #*2Th are comparable with the respective medians at all distances.
Medians for 2°Ra at < 1 km distance are somewhat higher than the respective values for K3.
The respective medians at other distances are lower than the K3 values. Similar pattern was
observed for 238U, although medians at < 1 km distance are slightly lower than the respective
K3 values. 238U medians at 1 km and 5 km distances are lower than K3 values, while medians
at depths A and C at 10 km distance are somewhat higher than the respective K3 values. At
depth B at 10 km distance, 228U median is lower than the respective K3 value. Characteristic
of 22°Ra and 2*8U activities at the K3 station is that the values at K3 are generally the closest
to respective medians at < 1 km distance, followed by 10 km distance, and that they are
higher than medians at 1 km and 5 km distances.

Results of FA are given in Fig. 10. Three factors were extracted and they explained 85
% of the cumulative variance (factor 1 explained ??°Ra and 28U, factor 2 232Th and 3’Cs, and
factor 3 “°K). They show that all samples, except the samples from station 6, belong to the
same population. This population includes samples from the control stations as well. Samples
3A, 20A, and 22A slightly depart from the rest of the population in relation to factor 2, but it
is not as pronounced as for samples 6A and 6B in relation to factor 1. Samples 6A and 6B are
differentiated due to significantly elevated 2?°Ra and 238U activities.

Spearman rank correlation coefficients between radionuclides’ activities and soil depth
were very low (p = |0.01-0.07|) and not statistically significant for °K, 22°Ra, *2Th, and Z%8U.
Correlation was statistically significant only for $3’Cs (p = -0.58). Correlation with distance
from the plant was statistically significant only for °Ra (p = -0.36). For other radionuclides,
p was in the |0.04-0.14| range.

Prior to linear regression analyses, Shapiro-Wilk’s W test showed normal distribution
for 49K, 25Ra, 2%2Th, and ?%U activities (p = 0.20329, p = 0.06932, p = 0.30548, and p =

0.82144, respectively) and non-normal for $3’Cs activities (p < 0.0001). After log-
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transformation of *3’Cs data, the data were still not distributed normally (p = 0.02116).
Multiple regression was performed on “°K, 2%5Ra, 22Th, and 238U data and simple regression
on B’Cs data. The overall regression for “°K, 2°Ra, 232Th, and 28U was not statistically
significant (*°K: multiple R = 0.12, F(2, 58) = 0.41, p = 0.67; ?°Ra: multiple R = 0.12, F(2,
58) = 0.45, p = 0.64; #2Th: multiple R = 0.04, F(2, 58) = 0.04, p = 0.96; 2%3U: multiple R =
0.03, F(2, 58) = 0.03, p = 0.97). The corresponding beta coefficients and p-values regarding
soil depth were as follows: “°K — p =-0.04, p = 0.77; ?®Ra— B =-0.04, p = 0.74; 2?Th - B =
0.04, p =0.79; 28U — B = 0.01, p = 0.93, while regarding the distance from the TPP they
were: K —B=0.12, p=0.38; ?°Ra— B =-0.11, p = 0.41; >Th - = 0.01, p = 0.95; 238U — B
=-0.03, p = 0.82. The regression for 13’Cs and soil depth was statistically significant (multiple
R =0.48, F(1, 59) = 17.73, p = 0.00009; p = -0.48, p = 0.00009). The regression for *¥’Cs and
the distance from the plant was not statistically significant (multiple R = 0.09, F(1, 59) = 0.43,
p=0.51;3=0.09, p=0.51).

Results of the Pareto analysis regarding dependence of radionuclides’ activities on
distance from the plant and soil depth are shown in Fig. 11. ¥’Cs was given for a rough
comparison although its data were not normally distributed. All t-values, except for *¥'Cs-soil
depth pair, were low and statistically not significant. Irrespectively of the statistical
(in)significance, only 2*2Th and 3’Cs showed stronger dependence on soil depth than on the
distance from the plant.

Distribution patterns of “°K, 2?°Ra, 232Th, and 2*8U at three soil depths in three groups
with respect to wind direction are presented in Figs. 12—14. The lowest “°K medians were
found in the WD group at all three depths. “°K distribution pattern between groups was
similar at all depths. 232Th showed the same pattern at depths A and B (the highest median in
the WD group, the lowest in the control group, notable differences between group medians),

while it was the opposite at depth C. 2?Ra and 28U show the same distribution pattern, both
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at depths A and B. Here, the differences between medians are slight, but the trend may still be
observed. The highest medians were in the WD group and the lowest in the control group.
Additionally, there is a strong deviation towards higher values in the WD-A and WD-B
groups only. On the other hand, #2°Ra and 238U distribution patterns at depth C are not
comparable neither between both radionuclides nor with the respective radionuclides at
depths A and B. It should be noted that the results for depth C should be taken with caution
due to small number of data in the groups (8 for WD-C, 3 for Non-WD-C, 1 for Control-C).

Kruskal Wallis test showed no statistical difference between any of the groups related to
wind direction for all tested radionuclides at all soil depths. At depth A, p-values were in the
0.0934-0.2580 range, ascending in the following order: 4°K, 232Th, 228U, and ?°Ra. At depth
B, the range was 0.2356-0.7397 (ascending order: 232Th, K, 2°Ra, and ?*3U) and at depth C,
the range was 0.0910-0.5950 (ascending order: “°K, 2%°Ra, 22Th, and 23U).

Activity ratios (k) and their mean values related to distance from the TPP and wind
direction are given in Table 3. Only k-values for 13Cs were all above 1 (1.04-5.57), while for
40K, 2%5Ra, 222Th, and 2%U they widely varied around 1 (0.70-1.57, 0.65-1.46, 0.69-1.29,
0.44-2.41, respectively). Mean k-values for “°K, ?°Ra, and 232Th for all sampling stations at
four studied distances from the TPP were close to 1 and did not show any strong pattern. “°K
and #?°Ra had the highest mean k-values at 1 km distance, while 2*2Th had the highest value at
5 km. A pattern was observed for 238U, though. Mean k-values ascended with the increase of
distance from the plant, being significantly higher at 10 km distance than at other distances.
137Cs k mean values did not show a pattern associated with the distance from the plant, being
the highest at 5 km and the lowest at 10 km. Regarding wind direction at 1 km and 5 km
distances, all k mean values (except for 22Ra at 5 km) for four natural radionuclides were
higher in the WD group than in non-WD. Activity ratios for four natural radionuclides at all

undisturbed sampling stations presented in Fig. A.1 show almost identical pattern for “°K and
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232Th, while this is not the case for ?°Ra and 2%®U. SRCC for “°K and %*?Th k-values for
undisturbed soils in WD group showed high correlation (» = 0.88) (Fig. A.2.a)), while
correlation was very low for 22°Ra and 23U k-values (p = 0.10) (Fig. A.2.b)). Coefficient of
variation (CV) of k-values was the highest for *’Cs (54 %). Among four natural
radionuclides, it was significantly higher for 28U (43 %) than for “°K, 2°Ra, and 22Th (17 %,
17 %, and 15 %, respectively). Spatial distribution of activity ratios for five studied
radionuclides is presented in Figs. A.3—A.7, where locally increased k-values were observed
for all radionuclides, but not at the same sampling stations.

Relationships between k and groups according to wind direction are presented in Fig.
15. A certain pattern can be observed. Ranges for 4°K, 2°Ra, 2%2Th, and %*8U are wider in the
WD group than in the non-WD and include more or less visible tendency towards higher
values. Medians for 22°Ra, 232Th, and 2*8U are clearly higher in the WD group. *'Cs shows
the opposite pattern, where k-values are generally higher in the non-WD group.

Mann-Whitney U test showed no statistically significant differences for k-values
between WD and non-WD groups for “°K, 2°Ra, and 232Th (p = 0.9442, p = 0.3627, p =
0.6744, respectively), while the differences for 28U and 3'Cs were statistically significant (p
=0.0117, p = 0.0251, respectively).

Horizontal distances at which fly ash particles of selected mean diameters emitted from
the TPP stacks will be deposited on the ground are given in Table A.4. It is clear that smaller
particles emitted from both stacks are deposited at larger distances and that particles emitted
from the taller stack are deposited at larger distances than particles of the same diameter
emitted from the lower stack. These results were expected. The difference between horizontal
distances of deposition for the same particle sizes from two stacks is increasingly larger with

a decrease of particle size.
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4 Discussion
4.1 Comparison of radionuclides massic activities with the literature values

40K activities in soil around Plomin TPP (Table 2, Fig. 4) are generally comparable with
activities for Croatian soils given by other authors (Table 4). However, it was observed that
activities from the current study were lower than activities for Croatian soils given in
Lovrenci¢ Mikeli¢ and Barisi¢ [57] (Table 4). This is in accordance with measurements of
Sostari¢ et al. [58] that showed below average *°K activities in Croatian soils in regions with
predominantly carbonate bedrock, notwithstanding the fact that these measurements referred
only to soil up to 10 cm depth. When comparing only depth A (0-10 cm), “°K activities
around the Plomin TPP (Table A.1.) are in accordance with activities for Croatian soils at the
same depth (Table 4). These, not drastic, “°K activity variations may be attributed to
variability of soil types in Croatia and to *°K distribution in soils of Istria. Terra rossa is a
common soil in the coastal part of Croatia that is characterised with carbonate bedrock, while
it is poorly represented in the continental part where carbonate bedrock is much rarer. It was
mentioned earlier that terra rossa is typical for Istria. “°K activities determined in the current
study are comparable with activities in terra rossa from the west coast of Istria (Croatia) and
Slovenia, with the Ciovo Island (Kastela Bay, central Adriatic Sea, Croatia) soils dominated
by terra rossa, and with Istrian soils generally (Table 4). 4°K activities around the plant are
also comparable with activities at both control stations, irrespectively of soils’ geological
background (Table 2, Fig. 3). Maximum value for all samples is closer to K1 maximum,
while mean value and median are closer to K3 values.

232Th activities determined in soils around the Plomin TPP (Table 2, Fig. 6) were
notably or slightly higher (depending on the study) than activities reported for Croatian soils
by other authors (Table 4). Mean value from the current study varied in comparison with

other studies from being significantly higher to mostly being very close to mean values from

19/76



470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

other studies (Table 4). Generally, the difference between the maximum activities from the
current study and other studies is greater than the differences between mean values. A similar
situation was observed in comparison with the Ciovo Island terra rossa (Table 4), i.e.,
maximum #2Th activity from the Plomin area was notably higher than maximum activity
from the Kastela Bay, but mean values were almost the same. When comparing 2*2Th
activities only for depth A, activities from the Plomin area (Table A.1) are significantly higher
than the ones for the whole Croatia (Table 4). This is in accordance with the pattern observed
by Sostari¢ et al. [45] where 22Th activities in parts of Istria were mainly above the average
for Croatian soils. It may be associated with Istrian and Plomin soils being mostly developed
on carbonate bedrock, where Plomin soils on carbonates clearly showed higher 22Th
activities than soils on alluvium (Fig. 3).

226Ra activities around Plomin TPP (Table 2, Fig. 5) were significantly higher than
activities reported by other authors for Croatian soils (Table 4). Maximum activity from the
Plomin area is 8.1 times higher than the maximum given by UNSCEAR [55] and 7.3 times
higher than the one given by Skoko et al. [61], while the mean value from the Plomin TPP
surroundings is 2.1 and 1.6 times higher than the mean values given in UNSCEAR [55] and
Skoko et al. [61], respectively. The same was observed when Plomin activities were
compared with terra rossa from the Ciovo Island and from west Istria and Slovenia (Table 4).
Here, maximum ?%Ra activity from the TPP area was 3.2 and 7.5 times higher than maximum
activities from the Ciovo Island and Istria, respectively. Mean value from the TPP area was
1.4 times higher than the mean value from the Ciovo Island. The same pattern also shows
when comparing the TPP area with the soils of the whole Istria (Table 4), where maximum
activity from the TPP area is twice higher than the maximum Istrian activity, while mean
value is 1.5 times higher around the TPP than in the whole Istria. 2°Ra activities in depth A in

soil around the TPP (Table A.1) were also significantly higher than activities in Croatian soils
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at the same depth (Table 4). Both maximum and mean value from the Plomin area were 2.2
times higher than the corresponding values in Croatian soils. Maximum 2%°Ra activity of all
soil samples from the TPP area was also 27 times higher than maximum at K1 control station
and four times higher than at K3 (Table 2). Mean value and median were 5.2 and 4.1 times
higher than respective values at K1, but they were lower than respective values at K3. While
differences observed for mean values and medians may be explained with different geological
bedrock between the majority of samples (carbonate bedrock) and station K1 (alluvium) (Fig.
1) and with natural variability of 22°Ra distribution for deviation from K3, the maximum value
is too high to be attributed only to natural parameters. Additionally, although some parts of
Istria are characterised by naturally elevated activities in soil due to high ?°Ra and 238U
activities [62] and although higher ?%°Ra activities may be expected in soils developed on
carbonate bedrock (Fig. 3) [45,63], maximum ?%Ra activity from the current study is still too
high compared to the reviewed literature values for Croatian and Istrian soils and for terra
rossa [45,55,57,59-61].

238y activities in soil of the Plomin TPP area are significantly lower than ??°Ra activities
(Table 2). The same was found in Kastela Bay terra rossa soils [57]. This disequilibrium is
not surprising and might be of natural or anthropogenic origin. Very high disequilibrium was
previously observed in carbonate-derived soils, which are predominant in the researched area,
especially in the first few centimetres [64]. 238U is often more mobile in soils than ?*°Ra due
to uranium’s high solubility in oxidising conditions (U is present as U(VI)), especially in the
presence of dissolved carbonates [57,65]. 2%°Ra, on the other hand, may prefer cationic
exchange binding, which makes it less mobile [57,65]. 28U and its decay products are not in
equilibrium neither in coal nor in its combustion by-products in which the a(**®U)/a(**°Ra)
ratio changes in relation to initial ratio in coal [12]. Considering 23U activities from the TPP

surroundings (Table 2, Fig. 7) and comparing them with activities in Croatian soils, a pattern
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similar to ?2°Ra was observed (Table 4). Maximum 23U activity from the TPP area was 1.7
times and 2.2 times higher than maximum activities reported by UNSCEAR [55] and Skoko
et al. [61], respectively. However, unlike for 22°Ra, Plomin area 2%3U mean value was 1.5
times and 1.4 times lower than the mean values given in these studies [55,61], respectively.
On the other hand, both maximum and mean value from the researched area are in accordance
with the corresponding values given in UNSCEAR [56] (Table 4). Comparing the current
study with the results for terra rossa at the Ciovo Island and for west Istria and Slovenia
(Table 4), 23U pattern is the same as 2?°Ra pattern, i.e., both 28U maximum and mean
activities are higher around the Plomin TPP than the corresponding activities in other terra
rossa areas. 28U maximum activity from the TPP area was 5.2 times and 4.1 times higher
than the maxima reported for Ciovo Island and west Istria and Slovenia, respectively (Table
4). Mean value from the TPP area was twice higher than the mean value from the Ciovo
Island (Table 4). The same pattern repeats when Plomin area is compared to the whole Istria,
where maximum 23U activity around the TPP was 1.4 times and the mean value 1.2 times
higher than for the entire Istria (Table 4). This pattern was observed also in soil at depth A
only (Table A.1) when compared with the Croatian soils (Table 4). It is seen that the
maximum from the TPP area is 2.2 times higher than the maximum for Croatian soils at depth
A, while the mean value from the TPP area is 1.7 times higher. Maximum 23U activity of all
soil samples from all depths was 13 times higher than maximum at K1 control station and 3.2
times higher than maximum at K3 (Table 2). Mean value and median were 3.8 and 3.4 times
higher than the respective values at K1, but they were lower than the respective values at K3,
like it was already observed for ?2°Ra. Observed differences for 228U mean values, medians,
and maxima may be explained in the same way as they were earlier explained for *°Ra, i.e.,
by variability of geological background and radionuclides natural distribution and by possible

anthropogenic influence due to too high maximum in comparison with the soils of Croatia and
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Istria and with terra rossa [45,55,57,59-61]. 28U also presented higher activities in soils
developed on carbonates than in soils on alluvium (Fig. 3) as it was earlier found by Prohic et
al. [63].

Direct comparison of *’Cs activities obtained by different studies is not completely
accurate due to a relatively short half-life of *’Cs, unless all data are recalculated on the same
reference date. However, approximate comparison is possible and general patterns may be
observed. *’Cs activities obtained in the current study are comparable with activities of west
Istria, Slovenia, and Ciovo Island (Table 4). Activity ranges are wide at all researched areas,
spanning over several orders of magnitude. The same is observed when soils of Croatia at
depth A only are examined, which are comparable to the range and mean value from the
Plomin TPP area (Tables A.1 and 4). All studies showed high variability of *’Cs activities.
Relatively high *’Cs activities in the Plomin TPP area are not surprising since this area was
previously designated as one of the areas with the highest gamma-ray dose rates in air 1 m
above the ground due to *'Cs fallout in Istria [63]. **'Cs in Croatia mostly originates from the
Chernobyl accident, while contributions from nuclear weapons testing and Fukushima

accident are of a lesser importance [58].

4.2 Distribution of radionuclides in soil and parameters affecting distribution
4.2.1 “K and 2Th

40K and 2%2Th are discussed together because they are expected to have the same or very
similar behaviour in coal, ash, and soil, in which they are associated with aluminosilicates.
They are associated with inorganic component of coal (ash matrix) and are not preferably
enriched on the finest fly ash particles [12]. Additionally, locally mined coals used for

decades had low activities of both radionuclides, contrary to ??Ra and 38U [23].

23/76



569

570

o571

572

573

574

575

576

ST

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

Fig. 4.a)—c) shows that “°K is relatively uniformly distributed at all three depths in the
researched area, although an increase towards the coast is observed. Uniform distribution is
supported by relatively low CVs for 4°K activities (21 %) and for activity ratio k (17 %) and
by activity ratios k close to unity at different distances from the plant and in WD and non-WD
groups, with the exception of station 8 (Figs. 1 and A.3, Table 3). Other authors also found
similarly uniform #°K distribution in Istrian soils, but at 0-15 cm depth and for the < 0.5 mm
fraction only [62]. Such distribution is not surprising because “°K activities in soils of Istria
reflect mainly carbonate bedrock. Although various carbonate rocks are similar due to their
composition, some variations in different stratigraphic members may affect “°K distribution.
The increase of “°K activities towards the coast may be associated with Upper Cretaceous
limestones present along the coast [42]. Paleocene and Lower and Middle Eocene limestones
and alluvial deposits are associated with lower activities. This is in accordance with the
findings of Barisi¢ et al. [62] that 60 % of the natural gamma-activity in Istrian soils
developed on Cretaceous carbonates derives from “°K. It is also in accordance with Barisi¢ et
al. [64] that found that radionuclides activities in Istrian soils were higher in soils developed
on carbonates than in soils developed on mixed carbonate-silicate rocks. However, both of
these studies refer only to topsoil (0—15 cm) and to size fractions < 0.5 mm or < 2 mm,
respectively. “°K profiles in the wind direction (< 1 km distance) (Fig. 4.d)) may suggest some
dependence of “°K distribution on distance from the Plomin TPP in its nearest vicinity, i.e.,
plant influence on “°K activities, since activities decrease with the increase of distance from
500 m to 1000 m. This was not observed for smaller distances (100—400 m), where activities
were generally lower than at 500-1000 m distances and showed no trend. It may be argued
that the maximum of deposition at 500 m is displaced from the plant stack or other source,
depending on the prevailing wind strength [12]. However, absence of any clear pattern of “°K

distribution according to both distance from the TPP and soil depth (Fig. 9) coupled with
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activities comparable to control values (Fig. 3, Table 2) do not suggest plant influence on “°K
distribution in surrounding soil. If there were some influence, it is not clear here. Having this
in mind and taking into account geological bedrock, differences observed between activities
and trends in the profiles from Fig. 4.d) at 100400 m and 500-1000 m may reflect geological
background. Sampling stations 19-22 (100-400 m) are situated on alluvial deposits, while
23-28 (500-1000 m) are on carbonate bedrock (Fig. 1). Another possibility is that this is a
consequence of human activities around the plant. Both, SRCCs (very low) and regression
analysis (not statistically significant) of “°K activities relationships with soil depth and
distance from the plant support the assumption that “°K activities and distribution in the
researched area are primarily a result of natural factors, rather than reflecting plant influence.
Pareto analysis (Fig. 11) is in accordance, showing no statistical difference for any of the
pairs: “°K—distance, “°K—depth. However, it shows a possibility that distance from the plant
might be more influencing factor if the plant influence were significant. A pattern of “°K
distribution at all three soil depths related to prevailing wind direction (Figs. 12-14) implies
that wind direction might have some influence on “°K distribution around the TPP since WD-
A, WD-B, and WD-C group medians are visibly different (lower) than corresponding medians
in non-WD groups and different than medians of control groups. It suggests that the TPP
might have some influence on “°K distribution. However, this influence would have to be the
opposite of expected if it is assumed that fly and bottom ash are enriched with radionuclides,
i.e., fly ash and/or coal combustion by-products deposited in the plant complex would lower
40K activities in soil in the wind direction. This means that fly ash and/or other combustion
by-products would have to be depleted of “°K compared to the surrounding soil in order to
decrease natural “°K activities in soil after their deposition on the ground. This is possible
according to Hower et al. [66], but rather unlikely even when it is known that the waste

material previously deposited on a pile near the plant had very low “°K and 2Th activities
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while the plant was using mostly coals from Istrian mines and that “°K accounted only for 2—
11 % of the total activity [23]. Additionally, Kova¢ and Marovi¢ [34] later reported 184644
Bag/kg of “°K in three random samples of slag/ash from the deposit pile consisting of coal
combustion by-products. These values are comparable with the values for Croatian soils, terra
rossa, and Istrian soils (Table 4) making it very difficult to distinguish “°K naturally present in
soil from the potentially TENORM originating “°K. Another possibility is that coal dust might
have been transported from an open coal depot of the plant complex to the surrounding area.
Lieberman et al. [24] stated that “high loss on ignition (up to 29 %) reported for soils in the
vicinity of the power station provides evidence of resuspension of fine coal particles from
stockpiles and subsequent deposition downwind”. Since both domestic and imported coals
had low “°K activities, they may be considered to be depleted with “°K in comparison to the
local soil and have the potential to decrease “°K activities in soil. However, even if the coal
dust were deposited on soil, its influence on decreasing “°K activities would have been
negligible (unless the coal dust would have been deposited in enormous amounts) because
activities found in all three soil depths were higher by an order of magnitude than activities in
coals (Figs. 12 — 14, Tables A.1 — A.3). Therefore, it is more likely that “°K distribution is not
affected by the plant or that its impact is negligible or locally very limited, but primarily by
geological background, topography, or soil type. Results of Kruskal Wallis test are in
agreement because they did not confirm wind direction as an important parameter influencing
40K distribution. Since the terrain of the Plomin area is geologically heterogeneous, it is
difficult to isolate one key influencing parameter. Results of FA (Fig. 10) also support the
assumption that “°K distribution is primarily governed by natural parameters rather than the
Plomin TPP since no deviations from the population or regularities were observed referring to

factor 3 representing “°K.
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232Th is less homogeneously distributed than “°K in all three studied depths (Fig. 6.a)—
c)). Higher CV for 22Th activity (33 %) than for “°K supports that, while CV for 22Th k-
value (15 %) is very close the one for “°K (17 %). No clear increase towards the coast was
observed as for “°K. Locally moderately elevated activities were observed at sampling stations
10 and 13 (5 km distance from the TPP) at all three depths (10: A-85 Ba/kg, B-102 Bg/kg,
C-97 Bag/kg; 13: A-93 Bg/kg, B-111 Bg/kg, C-111 Bag/kg) (Fig. 6.a)—c), Tables A.1-A.3),
but they are the most probably reflecting natural distribution variations in Istrian soils. This is
supported by mean values of 22Th activity ratios k close to unity for all distances from the
plant and regarding wind direction and by k-values lower than unity for both stations (Table 3,
Figs. A.1.a) and A.5). #2Th profile in the wind direction (< 1 km distance from the TPP) (Fig.
6.d)) shows some similarities compared with “°K. As for “°K, lower activities were found at
smaller distances from the plant (100400 m) on alluvial deposits than at larger distances
(500-1000 m) on carbonates (Fig. 1). Unlike “°K, 232Th shows activity increase with
increasing distance from the plant in both depths A and B. Such trend is not expected and it is
not attributed to plant influence. It might be attributed to geological background, including
bedrock weathering, or anthropogenic activities as discussed for “°K. No clear plant influence
on 232Th distribution was observed neither in relation to distance from the plant nor in relation
to soil depth because there was no clear pattern (Fig. 9). 2%2Th distribution pattern is even
more irregular than the one of “°K. Although activity medians at < 1 km and 5 km distances
were higher than K3 values for respective depths, they cannot be attributed to plant influence
with certainty because the differences were not large and the distribution pattern was irregular
so they might as well be attributed to natural variability of soils developed on carbonates as
the predominant soil type. This is in agreement with Table 2 in which 2*2Th activity mean
value and median for all samples are comparable with the respective values of K3 control

station. Fig. 3 is also in agreement because 2*2Th activity mean and median values in soils
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developed on carbonates or alluvium are comparable with the corresponding control stations.
SRCCs and regression analysis also have not supported the assumption of plant influence
because no statistically significant relationships of 232Th activities with distance from the
plant and soil depth were found. Results of Pareto analysis (Fig. 11) supported that.
Notwithstanding statistically not significant results for both depth and distance for 2Th, it is
interesting to note that depth was potentially more influencing parameter than distance only
for 232Th distribution in comparison with other natural radionuclides (Fig. 11). This
relationship might be observed in Fig. 9 for 10 km distance from the TPP, where 22Th
activities increase with soil depth increase. However, this should be taken with caution due to
small number of data for 10 km distance and because no such pattern was observed for 22Th
at other distances in Fig. 9. It was also observed that “°K and #2Th activities were generally
slightly higher at depth B than at A, both in the downwind profile and in all samples (Figs.
4.d) and 6.d), Tables A.1 and A.2). It might be attributed to natural variability of geological
background, but it might also be, at least partly, attributed to soil-plant exchange. Potassium is
biogenic and essential element for plants that may directly absorb it from the topsoil, thus
lowering “°K activity in soil at depth A [5,16,58]. Thorium is non-gssential to plants, but it
still may be non-selectively absorbed from the topsoil and 232Th activity at depth A may be
reduced [67]. Regarding 2%2Th distribution and wind direction, a clear pattern is seen in all
three depths (Figs. 12—14) suggesting possible plant influence on 22Th distribution. This is
especially applicable to depths A and B (Figs. 12 and 13) in which 22Th activity medians in
WD groups are clearly higher than in non-WD and control groups. Depth C, with the opposite
pattern, does not suggest plant influence because it is not expected that coal combustion by-
products would be severely depleted with 2%2Th and thus decrease 2%2Th activities in soil,
especially at this depth, regardless of very low 2%2Th activities in previously used domestic

coals (1-4 % of the total activity originating from 232Th) and of low activities in imported
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coals used after 1990 (3-13 % of the total activity originating from #2Th) [23]. The same
applies to relatively low 232Th activities in slag/ash (56-59 Bqg/kg) [34]. Same as for “°K,
these activities are comparable with activities in Croatian soils and in terra rossa (Table 4)
and the same difficulties arise. Since Kruskal Wallis test did not show statistical difference
between any of the groups irrespectively of soil depth and observed patterns, it might be
assumed that wind direction and the Plomin TPP did not have a significant influence on 232Th
distribution. Results of FA (Fig. 10) are in accordance since all samples belong to the same
population regarding 232Th, which is represented with factor 2.

It was observed that “°K and 2*2Th show almost identical patterns of activity ratios k at
all undisturbed sampling stations (Table 3, Fig. A.1.a)). When comparing WD and non-WD
mean values for 1 km and 5 km distances from the TPP, it was also observed that differences
between WD and non-WD values for respective distances were smaller for “°K and 2Th than
for 22°Ra and 2%8U. These observations point to the same behaviour of °K and 22Th in soil
influenced by the same sources, whether natural or anthropogenic. It is supported by high
SRCC between activity ratios for 222Th and “°K (p = 0.88) (Fig. A.2.a)). Higher (not always
considerably) k mean values for WD groups than for non-WD at 1 km distance for all natural
radionuclides and for “°K, 22Th, and 238U at 5 km distance (although less differentiated than
at 1 km) (Table 3) and significantly higher k maxima in WD groups than in non-WD in Fig.
15 suggest that wind direction might still be an influential parameter, especially at 1 km
distance, but the results of Mann-Whitney U test did not confirm that neither for *°K nor for
232Th. Additionally, although 232Th k median for WD is higher than median for non-WD, 75
% of data from both groups has values < 1 or close to it (Fig. 15). It is similar for 4°K, except
that the difference between two groups’ medians is negligible (Fig. 15). This also suggests
that wind direction has not systematically influenced *°K and 232Th distribution. However,

significantly elevated 4°K and 2%2Th activity ratios (k) at station 8 (Table 3, Figs. 1, A.1.a),
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A.3, A.5) imply that there may be some localised TPP influence associated with wind
direction. Especially because k-values of 2°Ra and 2*8U are also increased at this station
(Table 3, Figs. A.1.b), A.6). This is not surprising since radionuclides activities may vary
significantly even at very small distances due to coal-fired power plants [5]. Station 8 is
relatively close to both old and new TPP stacks and although wind direction was not
confirmed to be the main influencing parameter on *°K and 2Th distribution, elevated k-
values at this station might be associated with SE wind called sirocco with a low prevalence
(Fig. 2), but with a relatively high average speed of 4 m/s at 50 m a.s.l. at Plomin TPP site
compared to 6 m/s for the highest average wind speeds at the same height [25]. Sirocco is a
strong and steady wind whose speed is similar to the average bora speed [46]. The average
wind speeds are expected to be even higher at greater heights when the data from Strmac
water tower are examined. The tower is only 4 km away from Plomin TPP and average wind
speeds were measured at 350 m a.s.l. [25]. If “°K and 2*2Th at station 8 originated from the
TPP, it is assumed that they were released in particulate form and associated with coarser fly
ash particles since they are not preferably enriched on finer fly ash particles [12,68]. It was
expected to observe elevated activities and/or activity ratios at distances > 1 km from the
plant considering the heights of both Plomin TPP stacks (130 m and 340 m). Dai et al. [5]
report that stacks of 50 m height would have an influence at ground level at distances over
approx. 1 km. Influence of taller stacks (150 m height) would span even further from the plant
(5-10 km distance) [49]. Both Plomin TPP stacks are significantly higher than 50 m. Giir and
Yaprak [14] stated for three studied power plants in Turkey that for a stack of 120-200 m
height their influence would be expected up to 3—6 km distance from the plant, while the
influence of a stack of 300 m height would be expected up to 9-12 km distance. This suggests
that the maximum deposition of fly ash in the NW direction was at station 8 and that there is a

possibility of stacks influence at larger distances from the plant, but less intensive and less
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obvious. Therefore, station 14 should be examined more carefully because it is in the same
wind direction (Fig. 1). Station 18 will not be examined because of the disturbed soil. “°K and
232Th activity ratios at station 14 were > 1 (Table 3, Fig. A.1.a)), which implies a possible
plant influence. The ratios were not highly elevated and plant influence was not clear. Figures
A.3and A.5 also imply possible influence beyond station 8 in the direction of station 14
(NW), but it is not as clear as at station 8. However, when ?2°Ra and 238U activity ratios
(Table 3, Figs. A.1.b), A.4, A.6) are examined as well, plant influence becomes more
probable because both ks at station 14 are elevated, especially for 238U. Stations 8 and 14
might have also been influenced by the ash deposited in the landfill and resuspended later, but

it cannot be differentiated from other sources within the plant complex.

4.2.2 ?°Ra and #8U

226Ra and 238U are discussed together because they are members of the same decay
chain (**°Ra is a progeny of 2*8U) and because they show notable similarity in distribution
around Plomin TPP. However, their geochemical behaviour differs due to their different
chemical characteristics.

Both ?2°Ra and 23U “hot spots” are clearly visible in A and B soil depths at 1 km
distance from the Plomin TPP (?*°Ra: A — 627 Bg/kg, B — 428 Bg/kg; 2®U: A — 301 Bg/kg, B
— 197 Bg/kg) (Figs. 5.a) and b), 7.a) and b), 9). They are determined at sampling station 6
(Fig. 1) that is situated in the vicinity of the old ash deposit site. Additionally, samples were
brown-grey in surficial soil layers as observed during fieldwork. The maximum is also clear
in Fig. 10, where samples 6A and 6B significantly deviate from the rest of the population
according to factor 1 representing 2?Ra and 23U. This is in accordance with the study
performed by Lieberman et al. [24] that found contamination with Hg, As, Se, U, Ni, and V

close to this sampling station. The next highest ?°Ra activities were determined at station 19
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(A: 219 Bg/kg, B: 238 Bg/kg), followed by stations 21, 20, and 24 (Figs. 1 and 5.d)), which
are even closer to the deposit site and belong to the downwind profile. This is in agreement
with considerably elevated sulphur content (maximum 4.10 % at station 19) and PAHs
concentration (maximum 13,535 ng/g at station 19) previously found at stations 19-22 [31].
Situation with 23U is somewhat different. The next highest 228U activity was found at station
20 at depth A (127 Bg/kg) (Figs. 1 and 7.d)) that is part of the downwind profile. However,
the following stations with the next highest activities were not in the profile: 9 (B: 121
Ba/kg), 16 (A: 118 Bg/kg), and 10 (B: 112 Ba/kg), but they were at 5 km and 10 km distances
from the plant in the opposite wind directions (Figs. 1 and 7). The stations that followed these
were alternating between profile and non-profile stations at various depths: 24 (profile, A: 107
Ba/kg, B: 108 Bg/kg), 10 (non-profile, C: 107 Bg/kg), and 21 (profile, B: 105 Bg/kg). They
presented almost the same activities. Comparable 238U activities in profile and non-profile
sampling stations and in differing wind directions does not clearly show the influence of the
ash deposit site on 28U distribution in the plant vicinity. However, station 6 clearly
demonstrates plant local influence on ??°Ra and 238U distribution in its vicinity. Moderately
elevated 2?°Ra activities were also found at stations 10 and 16 (10: A-149 Bg/kg, B-134
Ba/kg, C-149 Bag/kg; 16: A—139 Bg/kg, B-171 Bg/kg, C-142 Bq/kg) (Fig. 5.a)—c), Tables
A.1-A.3). This is in accordance with elevated 238U activities at these stations. However, it is
not clear if ?2°Ra and 2*®U distribution at both stations is influenced by the plant and by wind
direction. Station 16 might have been influenced by the NE wind that occurs relatively often
and is one of the strongest winds in the Plomin TPP area (Fig. 2) [25]. On the other hand,
station 10 would have to be influenced by the SW wind, which occurs very rarely and is one
of the weakest winds in the area (Fig. 2) [25]. Additionally, ??°Ra activities at both stations
are comparable with activities in terra rossa from Ciovo Island, with soils of Istria, and with

Croatian topsoil (Table 4), which makes the wind/plant influence difficult to confirm.
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Similarly, 238U activities at both stations are comparable with activities of Istrian and Croatian
soils (Table 4). Activities of both radionuclides are also comparable to activities at the K3
control station (Table 2). Therefore, such activities might be associated with geological
bedrock on which soil is developed. Both stations are located on Upper Cretaceous carbonates
and soils developed on them generally show higher radionuclides activities than soils
developed on carbonate or flysch bedrock of Paleogene age [60]. Profiles in Fig. 5.d) suggest
that wind direction and distance from the plant influence ??°Ra distribution around the plant,
at least in the nearest vicinity, due to decreasing ??°Ra activities with increasing distance from
the plant, in both soil depths (A and B). This again is in agreement with even more
pronounced sulphur content and PAHSs concentration decrease in the same profile with
increasing distance from the TPP found in an earlier study [31]. In addition, generally higher
225Ra activities in the profile (< 1 km distance from the TPP), with the exception of 6A and
6B samples at 1 km distance, than activities in corresponding soil depths at other distances
from the plant and in control stations are clearly observed in Fig. 9. This strongly suggests
influence of the ash deposit site, and potentially of the coal depot, on ??°Ra activities in
surrounding soil up to approx. 1 km distance from the plant, i.e., 2?°Ra distribution is
dependent on distance from the TPP. This was supported by statistically significant SRCC for
a(**Ra)—distance from the TPP pair, although the coefficient was not very high (p = -0.36).
Not so high coefficient might reflect the limited plant influence on ??°Ra distribution only at
close distances from the plant. 23U profiles in Fig. 7.d) are more irregular than ?*Ra profiles
in Fig. 5.d) and decreasing 28U activity trends with the increasing distance from the plant are
less clear. Similar, but less clear 228U than ??°Ra distribution pattern was also observed in Fig.
9. However, dependence of 238U distribution on the distance from the plant is still suggested
since 2%U median activities at < 1 km distance are higher than median activities at 1 km and 5

km distances at corresponding soil depths. Comparison of < 1 km distance with 10 km
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distance and carbonate-based soils control values (K3) does not show the expected lower
median activities at 10 km and in K3 compared with < 1 km. With the exception of depth B at
10 km, activities at 10 km and K3 are very similar to activities at < 1 km. This might suggest
plant influence at 10 km distance or further, along with its influence in the nearest vicinity (up
to 1 km). Lieberman et al. [24] also suggested a possible plant influence at larger distances
due to resuspension of fine ash particles from the ash disposal site. However, influence at 10
km and greater distances is debatable due to small differences in activities observed in the
current study. Lack of (significant) plant influence at these distances is supported with Fig. 10
in which no sampling stations from these distances were extracted with significantly elevated
238 activities. Irregular 28U distribution and lack of its clear relationship with distance from
the plant are reflected in the SRCC for a(**®U)—distance from the TPP pair that was low and
was not found to be statistically significant. This is in accordance with relatively high 228U
CVs for activity (54 %) and activity ratio (43 %). However, all statistical results have to be
considered with caution and should be placed in the right context. Here, this would mean that
238 should be examined together with 2?°Ra to obtain the right insight. Therefore, 228U
distribution dependence on the distance from the plant should not be completely dismissed.
When ??°Ra and 23U distribution is examined in relation to soil depth, Tables A.1-A.3 show
general decrease of maxima, mean values, and medians with depth increase for both
radionuclides. This implies anthropogenic influence on distribution and TPP as a probable
source. However, no dependence of both radionuclides distribution on soil depth is suggested
neither by Fig. 9 nor by SRCC. Regression and Pareto (Fig. 11) analyses did not reveal *Ra
and 28U distribution dependence on both soil depth and distance from the plant. However, it
is clear from Pareto analysis that distance is potentially more influential parameter, especially
for 22°Ra. Aeolian transport of ash particles from the ash deposit site or coal dust particles

from the coal depot is also implied, either direct during ash/coal handling or by resuspension
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from already deposited material. It is possible due to strong winds appearing in the Plomin
area. Another possibility is that 2°Ra and 2%U were deposited on soil directly from the old
stack (130 m high) as discussed by Meduni¢ et al. [31] for sulphur in the same downwind
profile. However, it would then be expected to detect plant influence at larger distances from
it taking into account stack’s height as previously discussed for “°K and 2*2Th at sampling
stations 8 and 14 (Fig. 1). Plant influence at larger distances would be even more expected in
the SW direction towards sampling stations 12 and 16 (Fig. 1) when direction of the
prevailing wind (Fig. 2) is taken into account. It should also be noted that maximum ?°Ra and
238 activities were not recorded at the station closest to the plant (station 19, Fig. 1), but that
the maximum was shifted away from the plant. This shift depends on ash particles size and
wind speed and direction [12]. Figs. 12 and 13 suggest dependence of ?2°Ra and 238U
distribution on wind direction although differences between groups’ medians are not large.
However, activity maxima in WD groups at A and B depths are clearly differentiated. These
maxima are also clear in Fig. 3 in soils developed on carbonate background. ?°Ra and 28U
showed the same patterns in relation to geological background (higher activities in soils on
carbonates than on alluvium) (Fig. 3) and in relation to wind direction at depths A and B
(Figs. 12 and 13). Possible wind direction influence is in accordance with Figs. 5 and 7, where
the highest 22°Ra and 38U activities were observed in the downwind stations. This is more
pronounced for 2?°Ra than for 2%U. Fig. 14 does not suggest the same, but it is not clear why.
It is possible that more data is needed for depth C. The Kruskal Wallis test did not confirm
wind direction as a statistically significant parameter neither for 22Ra nor for 2%U. However,
it should not be completely neglected because the test encompassed all distances from the
plant and possible wind influence on shorter distances might have been masked. Additionally,
previous studies on sulphur, PAHs, and REE in soil around the Plomin TPP stated that their

distribution depended on wind direction and found contamination in the downwind SW area
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[30,31]. If wind direction influenced other contaminants, there is no reason not to influence
radionuclides distribution. ?*°Ra and 238U activity ratios (k) also suggest dependence on wind
direction (Table 3, Figs. 15, A.1.b), A.4, A.6), especially at 1 km distance from the plant.
Mann-Whitney U test confirmed wind direction influence for 238U, but not for 2?°Ra. As with
Figs. 12 and 13 and Kruskal Wallis test, wind direction should not be completely dismissed as
a parameter influencing distribution of any of the two radionuclides.

Unlike “°K and 2*2Th, 2?°Ra and #38U show differing patterns of activity ratios k (Table
3, Fig. A.1.b)). Together with larger differences between WD and non-WD mean values for 1
km and 5 km distances from the TPP (Table 3) and with low SRCC (p = 0.10) (Fig A.2.b)) it
implies different 22°Ra and 2%8U behaviour in soil regardless of their probably identical source
or it reflects disequilibrium occurring from deposition of fly ash, bottom ash and/or coal on
soil. Same as for 2%2Th and similarly to “°K, higher k mean values for WD groups than for
non-WD groups at 1 km and/or 5 km distances from the plant for 2°Ra and 28U (Table 3),
higher median k-values in WD than in non-WD in Fig. 15, and their significantly higher k
maxima in WD groups than in non-WD (Fig. 15) suggest that wind direction might influence
226Ra and 238U distribution in soil around the plant. This is especially applicable to 1 km
distance from the TPP. At this distance, mean values in WD groups are visibly higher than in
non-WD for both radionuclides, while at 5 km distance this is the case only for 28U (Table 3).
On closer examining of Table 3, it is observed that all k(*?°Ra) for non-WD/1 km are below
unity and that all k(®?®Ra) for WD/1 km are visibly above unity, while it is not so clear for
2381 at this distance from the plant. On the other hand, situation is different at 5 km distance.
Here, all k(**8U) for non-WD are below unity and all k(23U) for WD are visibly above unity,
while it is not like that for 22Ra. These observations also support possible importance of wind
direction and aeolian transport of material on the surrounding soil. It also suggests plant

influence at distances > 1 km, i.e., up to 5 km. While 75 % of 2%Ra data in WD and non-WD
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groups in Fig. 15 lies around k = 1 or below, 75 % of 238U data in WD lies around k = 1 or
above and more than 75 % of data in non-WD lies below k = 1. Additionally, medians in both
groups are closer to unity for 22°Ra than for 238U and the difference between group medians is
higher for 238U (Fig. 15). This suggests that wind influence would be more emphasised in 238U
distribution than in ?®Ra. It is in accordance with the results of Mann-Whitney U test, which
showed statistically significant difference between groups for 28U, but not for 2°Ra. Local
wind and plant influences on ??°Ra and 28U distribution around the plant may be observed at
sampling station 8, where k is elevated for both radionuclides, especially for 238U (Table 3,
Figs. A.1.b), A.4, A.6). Increase of k at this station, possible source, and radionuclides
deposition on surrounding soil are discussed earlier for “°K and #*2Th and apply to ??°Ra and
2381 as well. The main difference would be that, unlike “°K and 2*2Th, ??°Ra and 238U are
expected to be preferably associated with finer fly ash particles because they tend to be
enriched on finer particles according to Papastefanou [12]. Station 6 also showed significantly
increased k-values, but only for 2°Ra and 28U (Table 3, Figs. A.1.b), A.4, A.6). Increased k-
values were expected due to their high activities in soil and vicinity of the ash deposit site and
coal depot. Activity ratios support the assumption of local aeolian transport of ash/coal
particles from the plant complex to the surrounding soil. Considerably increased k for 23U
only was observed at sampling stations 14 and 16 (Table 3, Figs. A.1.b), A.6). Both stations
are located downwind at 5 km and 10 km distances from the TPP, respectively, implying a
possible plant influence at distances > 1 km. However, it cannot be concluded with certainty
because 23U activities at both stations are comparable with activities in Croatian and Istrian
soils (Fig. 7.a)—c), Tables 4, A.1-A.3) [28] and with activities of K3 control station (Tables
A.1-A.3), which suggests that these variations might also be attributed to natural variability
of 228U distribution, at least partly. Heterogeneous 23U distribution is reflected in relatively

high CVs for activities (54 %) and k-values (43 %). Although plant influence at stations 14
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and 16 cannot be confirmed with certainty, it also cannot be excluded with certainty.
Especially when discussion on “°K and 2%2Th ks at station 14 is considered. Additionally,
when it is taken into account that plant influence is detected at stations 6 and 8, that station 6
Is in the same wind direction as station 16, and that station 8 is in the same wind direction as
station 14, TPP impact at stations 14 and 16 becomes more probable and cannot be excluded.
It is possible for 228U and ??°Ra to be deposited on soil at greater distances from the plant (5—
10 km or more) since both radionuclides tend to be enriched on finer fly ash particles that are
easily transported by the wind to a larger area around the plant [12,66,68]. 28U and ?*Ra may
form volatile compounds that condense on fine ash particles [12,69]. The finer the particles,
the greater the distance from the plant at which they are going to be deposited. There will be a
maximum deposition at some distance from the plant for any wind speed and direction, but
these maxima will differ depending on the stack height, mean diameter of grains, and mean
wind speed [12]. This supports the finding of 238U and 2%Ra activity ratio maxima at different

distances from the plant and in different wind directions (Figs. A.4 and A.6).

4.2.357Cs

Although ¥’Cs does not originate from Plomin TPP, it is still discussed here because it
was used as a marker of soil disturbance and to present a baseline for this part of Istria. 1*'Cs
distribution in surface soil around the TPP is heterogeneous (Fig. 8.a)) and it is less
heterogeneous with soil depth increase (Fig. 8.b)—c)). Its distribution is the most
heterogeneous of all studied radionuclides. It is supported by the highest CVs (91 % for
activity, 54 % for activity ratio) and by the highest activity ratios for almost all sampling
stations (Table 3, Fig. A.7) compared to other nuclides. The highest activities were found at
sampling stations 20 (A-72.8 Bg/kg, profile, < 1 km), 22 (A-70.3 Bg/kg, profile, < 1 km),

and 9 (A-67.3 Bg/kg, non-profile, 5 km) followed by stations 3, 17, 19, 21, 25, and K3A
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(Figs. 1 and 8). It is observed that these stations are located in different wind directions and at
different distances from the plant, which is also in accordance with heterogeneous
distribution. Such (random) distribution is not surprising because **’Cs distribution primarily
depends on meteorological conditions at the time of atmospheric fallout, of which
precipitation is the most important, and on geomorphological properties of the terrain [57—
59,63]. Heterogeneous **’Cs distribution in soil was documented in other parts of Croatia as
well [57,58,61]. The highest activities, which were found at stations within 1 km distance, and
generally decreasing activities with increasing distance from the plant (Fig. 8.d)) imply that
137Cs distribution is influenced by the plant and that it depends on the distance from the plant.
However, *'Cs activities in depth A of the profile are rather erratic supporting heterogeneous
distribution and non-systematic decrease of activities regarding the plant distance, i.e., the
trend related to distance from the plant is only apparent. Similar was observed for depth B in
which activities and variability were generally lower than in depth A (Fig. 8.d)), as expected.
The lack of $¥’Cs distribution dependency on the distance from the TPP is also shown in Fig.
9 where no pattern regarding the distance from the plant was observed. It was corroborated by
the Pareto analysis, where t-value for a a(**’Cs)—distance pair was not statistically significant
(Fig. 11), by SRCC and regression analysis, which both were not statistically significant
regarding the distance from the TPP, and by the lack of 3’Cs activity ratio pattern associated
with the distance (Table 3, Fig. A.7). On the other hand, *’Cs distribution dependency on soil
depth is clear from all obtained information. It was expected since *’Cs is initially an
airborne radionuclide and the highest activities are expected in the surface soil. Significant
decrease of activities with depth increase is obvious in Fig. 8.a)—c), in Fig. 9 at all distances
from the plant, in Tables A.1-A.3, and in k-values > 1 in all undisturbed soils (Table 3, Fig.
7.A). It was confirmed by Pareto analysis for a(**’Cs)—depth pair (Fig. 11), where t-value was

statistically significant and large, and by SRCC and regression analysis that both showed
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statistically significant results concerning *'Cs activities and soil depth. It was also observed
that 3’Cs activities were higher in soils developed on carbonates than on alluvium (Fig. 3). It
may be associated with the soil’s composition and its ability to fixate 13’Cs or with soil
cultivation. Although uncultivated at the time of sampling, soil at sampling stations 15 and 18
(Fig. 1) was most probably previously cultivated because these stations are situated in
Cepicko polje that is used for cultivation, resulting in homogenisation of 3'Cs activity along
the soil depth profile, i.e., 13'Cs activity decreases in the upper soil layers and increases in
deeper layers. This soil might have also been homogenised/disturbed in some other way, e.g.,
construction of field paths. Soil’s ability to fixate 13’Cs depends on its content of organic
matter and clay minerals that bound caesium [70,71]. Soils on alluvium have smaller portion
of organic matter than soils on limestones and, thus, have lesser capacity for **’Cs binding
[60]. Another reason might be the manner of source rock weathering [60]. Limestones are
preferably weathered by dissolution (i.e., chemically), resulting in soil predominantly
consisting of resistant (silicate) minerals, among which clay minerals are the most abundant.
Clay minerals have large sorption capacity and are able to bind radionuclides and to
concentrate them in soils developed on limestones.

137Cs activity ratios in undisturbed soil (Table 3, Fig. A.7) at different distances from
the plant and in wind and non-wind directions show significant variability. This is not
surprising knowing how heterogeneous **’Cs distribution is. All ratios are > 1, which
confirms that soils are undisturbed. Distribution of $3’Cs activity ratios (Fig. A.7) differs from
137Cs activity distribution (Fig. 8.a)—c)), meaning that sampling stations with the highest
activities do not necessarily must have the highest activity ratios. Activity ratios will depend
on initial *3'Cs activity in surface soil and conditions for *3’Cs migration/fixation in soil, such
as soil composition and its properties, amount and frequency of precipitation, and local

geomorphological characteristics. While there are no ratios’ patterns regarding the distance
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from the plant, some pattern associated with wind direction or position of the coast exists
(Fig. A.7). Generally higher ratios are observed along the coast in the NE-SW direction. Fig.
15 also suggests wind influence on activity ratios, with noticeable difference between two
groups. However, ks in WD group are lower than in non-WD group, contrary to other studied
radionuclides and contrary to the expected higher ratios in wind direction. Statistically
significant Mann-Whitney U test for k(*3'Cs) corroborated difference between groups,
suggesting wind influence on ratios’ distribution. As noted earlier, such distribution is not
expected to be a result of the prevailing winds, so other parameters (whether or not associated
with the wind) must be considered. Parameters that would explain such situation are
precipitation and local terrain morphology. On examining the mean annual amount of
precipitation for the 19611990 standard climatic period, a decrease from the NE to SW
direction (along the coast) is noted [72]. This trend encompasses the Plomin area, where
higher amount of precipitation (approx. 1500-1750 mm) is observed in the NE area towards
sampling stations 2 and 10 and lower amount (1300-1400 mm) in the SW area towards
stations 6, 11, 12, and 16 (Fig. 1). Such distribution of precipitation is largely influenced by
Mount U¢ka and Mount Ciéarija positioned at the eastern boundary of Istrian peninsula. The
highest amount of precipitation in Istria is registered on the slopes of Mount Uc¢ka [72], whose
southern ending is situated along the eastern boundary of Cepi¢ko polje and is a part of the
area studied in the current study. This area corresponds to the highest amount of precipitation
in the researched area. The amount of precipitation increases “especially near the
mountainsides due to the forced elevation of air masses” [72] so the influence of the adjacent
mountains is significant. This is in agreement with observations of the current study regarding
the distribution of *¥’Cs activity ratios. It can be concluded that this distribution is not

governed by the wind direction as initially implied, but by precipitation pattern, which is
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impacted by geomorphological characteristics of the area. This, again, is in agreement with

the previously discussed **’Cs distribution that primarily depends on the precipitation pattern.

4.3 Evaluation of geological background and control stations — possible limitations

Uncontaminated control stations representative of soil type and knowledge of the
geological background activities of radionuclides in soil are essential for interpretation of
results and determination of the possible plant influence on its environment. However, some
questions arise. Are selected control stations really uncontaminated when the height of the
plant’s stacks, wind strength and direction, and possible impact at distances larger than 10 km
from the plant are considered? Are these stations representative enough? What are the actual
background radionuclides’ activities?

According to equation (1) and Table A.4, only fly ash particles with a diameter <40 um
emitted from the old stack (130 m) would be deposited at distances larger than 10 km from
the TPP. This is even more pronounced for the new stack (340 m), from which only the
largest particles (300 um and 600 pm in diameter) would be deposited within 1 km distance,
while other size fractions would be deposited at distances larger than 10 km. This opens a
possibility that the control stations might not be uncontaminated. It especially concerns the
K3 station that is located in a direction of the prevailing wind. Therefore, activities of four
studied natural radionuclides in control samples were compared with the literature values for
Croatian soils, Croatian soils at 0—10 cm depth, Istrian soils, and terra rossa. Activities at the
K1 station are in accordance with activities of Croatian soils (including 0—10 cm depth),
Istrian soils, and terra rossa for all four radionuclides (Table 4). The same applies for “°K at
the K3 station (Table 4). 232Th activities at K3 are generally in accordance with activities in
Croatian soils (including 0-10 cm depth) and terra rossa (Table 4). ??°Ra activities at K3

were higher than in Croatian soils, but were in accordance with them when only depth 0-10
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cm was compared (Table 4). 23U activities at K3 were in accordance with activities in
Croatian soils (including 0-10 cm depth) (Table 4). Both 22Ra and 28U mean values at K3
were significantly higher than the mean values for Istrian soils, while maximum values were
in accordance (Table 4). ?°Ra and 28U activities were also somewhat higher at K3 than in
terra rossa in western Istria and Dalmatia (Table 4). It can be assumed that soil at the K1
control station was not contaminated with any of the four radionuclides. This is in accordance
with generally low activities of 2°Ra, 2*2Th, and 238U at this station (Fig. 9, Tables 2, A.1,
A.2). Some somewhat elevated ?2°Ra, 232Th, and 28U activities at the K3 station in
comparison with other soils do not necessarily have to be attributed to contamination. They
may be a result of the natural geological and pedological variability of the area and of
heterogeneous distribution of radionuclides; moreover because elevated activities were not
found as a rule in all comparisons and for all parameters. It can be reasonably assumed that
this station is also probably uncontaminated. However, even if there were some contamination
at control stations, it could be regarded relatively insignificant compared to the area within 1
km from the plant. Thus, control stations will serve their purposes of establishing the possible
connection between the plant operation and technologically enhanced natural radioactivity in
soil around the plant and of distinguishing severely contaminated or polluted areas from other
less affected areas.

Having that in mind, it should not be forgotten that the values used as control
(background) values do not necessarily have to be the lowest ones and that several control
values/stations would sometimes be needed. More control stations would be beneficial for the
current study as well. Especially from even larger distances from the plant. Nevertheless, two
control stations in this study are regarded as sufficiently representative, representing the main
soil types developed on differing geological backgrounds and situated in differing wind

directions. Their representativeness is clearly seen in their differences: generally significantly
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lower activities at K1 station than at K3 resulting from alluvium or carbonate rocks as a
geological background, respectively (Figs. 3 and 9, Tables 2, A.1, A.2). These two stations
represent the background for radionuclides’ activities, although it is just an approximation

because there is not just one background value that describes all natural activities of the area.

5 Conclusion

Radionuclides in soils of the Plomin TPP area originate from several sources. “°K and
232Th are mostly from the natural sources although some smaller portion may originate from
the TPP. ?2°Ra and 2%8U activities are the mostly affected by the plant, while *3’Cs originates
only from the global sources and is not associated with the plant. The plant may be considered
as a point source of “°K, 2%Ra, 232Th, and 28U for the surrounding environment. It is much
more important as a source of 2°Ra and 2*8U than of “°K and #*?Th. Radionuclides may be or
have been dispersed around the plant in various forms/manners and from several locations
within the plant complex: as fly ash from the stacks, as fly/bottom ash from the old ash
disposal site, and as coal dust from an open coal depot.

The main parameters influencing natural radionuclides’ distribution around the plant are
distance from the plant and the prevailing wind direction. Soil depth is less important. Along
with these, other parameters attribute to predisposition of the plant’s influence on the
environment. These are: coal type (uraniferous lignite used), long period of coal utilization
(for decades), large amount of burnt coal, low retention of fly ash (old technology in the old
stack), and amount of ash after coal combustion (large amounts for type of boilers used in
Plomin TPP). “°K and 2*?Th show very similar distributions and ?Ra and 23U show similar
distributions. *3’Cs distribution is the most heterogeneous and primarily depends on soil depth

and precipitation pattern. It is not related to distributions of other studied radionuclides.
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Plant influence on surrounding soil is clearly visible in significantly increased >*°Ra and
238U activities. It is the strongest within 1 km distance from the plant and in the prevailing
wind direction, i.e., SW of the plant due to NE wind. It is also probable that °Ra and 28U
from the plant might have been deposited at larger distances from the plant (5-10 km or
further), but in much lower amounts/activities. It is worth noting that the highest ?°Ra and
238 activities were not found at the sampling station closest to the plant, which points to the
fact that the highest contamination does not have to be found at locations closest to the plant.
There is also a probability that the plant might have influenced 4°K and 2*2Th activities in the
surrounding soil, but with a much lesser intensity and importance than for 22°Ra and 2%8U. The
influence on “°K and 22Th is probably more spatially limited (predominantly to 1-5 km
distance from the plant) than for 22°Ra and 2*8U. This was observed in the NW direction from
the plant due to a relatively rare but strong SE wind. Several maxima of particle deposition on
the ground, originating from the plant, exist at differing distances from the plant for differing
radionuclides and for differing wind directions, opposite to what might have been expected
(one maximum for the prevailing wind direction). It was also shown that the area most
exposed to particle deposition originating from the plant is the area SW from the plant due to
a strong prevailing NE wind (bora). The second most exposed area is the NW area from the
plant due to the SE wind (sirocco).

In some cases, studying only radionuclides’ activities and their distribution together
with comparing them with geological background is not sufficient to clearly determine the
environmental influence of the TPP on the surrounding area. Trends of activities in relation to
the TPP as well as activity ratios provide additional useful information and may sometimes
give the final answer on the (non)existence of the plant’s environmental impact. Application
of statistical analyses is also recommended. An individual approach to each case should be

applied in selecting the analyses because statistical results of differing analyses may be
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ambiguous, unclear, or even contradicting to each other. This only emphasises the need for
careful and reasonable interpretation of all data, including the statistical results that should not
be accepted automatically without placing them in the right context with other available

information and results.
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around Plomin TPP depending on wind direction. WD — sampling stations in the wind

direction, Non-WD — sampling stations opposite to the wind direction, Control — control

sampling stations.
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Fig. 15. Relationships between radionuclides’ activity ratios (k) and groups according to wind

direction. WD — in the wind direction, Non-WD — opposite to the wind direction.
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Table 1. Geographical coordinates of sampling and control stations around Plomin TPP; K1

and K3 — control stations

Station N E Station N E

1 45°08'44.3" 14°09'51.3" 16 45°04'22.3" 14°04'38.7"
2 45°08'32.3" 14°10'31.9" 17 45°08'00.7" 14°02'19.3"
3 45°08'09.6" 14°10'30.08" 18 45°11'36.5" 14°04'56.1"
4 45°07'57" 14°10'38" 19 45°08'02.6" 14°0927.4"
5 45°07'35" 14°09'57.3" 20 45°08'00.4" 14°0923.3"
6 45°07'45" 14°0923" 21 45°07'58.1" 14°09'19.3"
7 45°08'17.4" 14°09'22.4" 22 45°07'55.6" 14°09'16.2"
8 45°08'38.6" 14°09'21.3" 23 45°07'53.6" 14°09'11.8"
9 45°10'50" 14°09'38.2" 24 45°07'51.3" 14°09'7.7"

10 45°08'35.8" 14°12'42.5" 25 45'07'49" 14°09'3.8"

11 45°05'25.9" 14°09'38.5" 26 45°07'46.6" 14°08'59.7"
12 45°06'18.2" 14°07'07.7" 27 45°07'44.4" 14°08'55.7"
13 45°08'07.6" 14°06'05.4" 28 45°07'42.1" 14°08'51.8"
14 45°10'01.9" 14°07'12.1" K1 45°13'50" 14°08'51"

15 45°12'45.3" 14°09'39.4" K3 45°03'37.0" 14°02'14.7"
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Table 2. Basic statistical parameters of radionuclides' massic activities in all soil samples

around Plomin TPP (depth: 0-50 cm, distance: 0.1-10 km) and at control stations (depth: 0—

50 cm, distance: > 10 km); x — mean value, SD — standard deviation, N — number of samples.

Values for control stations (K1, K3) are given for comparison.

Statistical a(*K) a(***Ra) a(**?Th) a(*8u) a(®’Cs)
parameter (Ba/kg) (Ba/kg) (Ba/kg) (Ba/kg) (Ba/kg)
Range 245-614 13-627 22-111 12-301 0.30-73
x 435 115 67 75 22
Median 445 90 69 67 14
SD 90 91 22 41 20
N 68 68 68 68 68
Control stations
Range 432-569 21-23 30-31 17-23 4,9-11
X 501 22 30 20 7.9
K1  Median 501 22 30 20 7.9
SD 97 1.3 0.85 4.1 4.2
N 2 2 2 2 2
Range 461-473 126-156 73-81 8694 18-62
X 469 139 76 91 33
K3  Median 473 136 75 92 19
SD 6.9 15 4.5 4.2 25
N 3 3 3 3 3
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Table 3. Activity ratios (k) and mean values for undisturbed sampling stations. Control

stations given for comparison. WD — in the wind direction, Non-WD — opposite to the wind

direction. Bold data — values > 1.00.

Sampling Distance 40 226 232 238 137
station from the Group k(*K) k(***Ra) k(*°Th)  k(**U)  k(*¥'Cs)
TPP
20 WD 0.94 1.08 0.92 1.28 1.26
22 WD 0.70 0.85 0.69 0.75 2.22
23 WD 0.83 0.90 0.84 0.96 2.81
24 <1km WD 0.90 0.93 1.03 0.99 2.56
25 WD 0.95 1.01 0.88 1.29 1.77
26 WD 1.05 1.19 0.99 0.65 1.83
27 WD 0.99 1.13 1.02 1.06 2.03
Mean value: < 1 km 0.91 1.01 0.91 1.00 2.07
1 Non-WD 0.94 0.75 0.84 0.49 3.33
2 Non-WD 1.14 0.93 1.03 0.44 1.79
3 Non-WD 0.90 0.93 0.83 0.94 3.01
4 1km Non-WD 0.95 0.93 0.99 1.20 4,78
5 WD 1.00 1.12 1.00 0.76 2.69
6 WD 0.76 1.46 0.69 1.53 1.62
7 WD 1.08 1.20 1.08 0.97 1.29
8 WD 1.57 1.20 1.29 241 5.27
Mean value: 1 km, all stations 1.04 1.07 0.97 1.09 2.97
Mean value: 1 km, non-WD 0.98 0.89 0.92 0.77 3.23
Mean value: 1 km, WD 1.10 1.25 1.01 1.41 2.72
9 Non-WD 1.02 1.11 1.10 0.83 2.82
10 Non-WD 0.95 1.11 0.83 0.58 5.57
11 5 km WD 1.01 1.02 1.08 1.32 1.21
12 WD 1.09 1.01 1.00 1.10 5.29
13 WD 0.88 0.65 0.84 1.24 3.08
14 WD 1.06 1.12 1.14 1.77 1.53
Mean value: 5 km, all stations 1.00 1.00 1.00 1.14 3.25
Mean value: 5 km, non-WD 0.99 1.11 0.96 0.70 4.19
Mean value: 5 km, WD 1.01 0.95 1.01 1.36 2.78
16 10 km WD 1.01 0.81 0.95 2.12 1.31
17 WD 0.94 0.89 0.84 1.12 1.04
Mean value: 10 km 0.98 0.85 0.89 1.62 1.18
Mean value:_ all disyances, all 0.98 101 0.95 112 261
sampling stations
K1 Non-WD 1.32 1.09 1.04 0.75 2.22
> 10 km
K3 WD 0.97 0.93 1.02 0.97 3.49
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Table 4. Comparison of radionuclides’ massic activity ranges, mean values, and maxima in soils from the Plomin TPP area with the literature

values
Radionuclide  Plomin TPP Plomin TPP . . Terra rossa/west .
(measurement  area/current area/current Croatian soils (Cé)rol?)tlcar:)sons Istria (Croatia) and Eg;adr?ésr%/;}g)vo Istrian soils
unit) study (0-50 cm)  study (0-10 cm) B Slovenia
4K (Ba/kg) 245-614 245-597 140-710 [55] 62769 [58] 293-493 [59] 168-581 [57] 122-523 [60]
435 425 490 [55] 423 [58] 463442 [57] 351 [60]
300-1000 [56]"
300-1000 [56]™
570-720 [57]
645461 [57]
22Th (Bq/kg) — 22-111 27-101 12-65 [55] 8-85 [45] - 20-84 [57] -
67 66 45 [55] 41 [45] 62+6.1 [57]
12-77 [57]
30-100 [56]
30-100 [56]*
62+13 [61]
22%6Ra (Bq/kg)  13-627 14-627 21-77 [55] 14-281 [45] 49-84 [59] 28-198 [57] 15-311 [60]
115 125 54 [55] 57 [45] 85+14 [57] 78 [60]
51-86 [61]
73+16 [61]
28y (Bg/kg) ~ 12-301 20-301 83-180 [55] 0-140 [45] 49-74 [59] 26-58 [57] 8-222 [60]
75 78 110 [55] 45 [45] 37+3.2 [57] 63 [60]
78-140 [61]

107426 [61]
30-100 [56]"
100-300 [56]™

137Cs (Bg/kg)

0.30-73 (sampled
in 2013)

22 (sampled in
2013)

5.1-73 (sampled
in 2013)

32 (sampled in
2013)

0-205 [58] (sampled

in 2015-2016)

25 [58] (sampled in

2015-2016)

3.8-57 [59] (sampling
time unknown)

7.9-87 [57] (sampled

in 2005-2008)

34 [57] (sampled in

2005-2008)
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