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Abstract: This study is part of the ongoing environmental monitoring program of the abandoned
Mecsek uranium mine. On the mine’s recultivated spoil deposit No. I, anomalies that refer to possible
migration alongside the slope were detected. The present study was conducted to supplement the
ongoing monitoring study with a sampling strategy and analytical methods that can characterize
the mobility of potentially toxic elements and radionuclides. A sampling strategy was developed:
the vegetation and soil core samples were collected from the slope from top to bottom of the deposit,
and nearby this spoil deposit, water samples were collected. Elemental analyses were conducted: the
pseudo-total analysis, a total concentration of uranium in water, and the BCR sequential extraction
analysis. The radionuclides were determined by gamma spectrometry and alphaGUARD. Addition-
ally, the soil and plant moisture content, soil organic matter, pH, and cation exchange capacity (CEC)
were determined. The Pearson correlation analysis and the principal component analysis, considering
all possible influencing factors, verified that the elemental concentration increase from the top to
the bottom direction of the deposit is strongly influenced by the soil pH, CEC, and Ca content. The
mobility of Cd, Co, Mn, Pb, and U is relatively high and significantly migrates down the slope.

Keywords: radionuclides; potentially toxic elements; covering soil; uranium mine; multivariate
statistical analysis

1. Introduction

Uranium mining and milling activities were stopped in Hungary due to the economic
circumstances in 1997 after more than 35 years of operation [1]. Five mine works were in
operation [2], which led to five spoil deposits. In 1998, clean-up of the uranium mining
legacy started: closing of the underground mines and remediation of the rock heaps, the sed-
imentation ponds, and the contaminated water from the uranium mill. The key remediation
activities at the Mecsek uranium mine were concluded in 2009, where 62 ha of land needed
to be cleaned and 700,000 m3 of contaminated soil disposed of [3]. After closing measures
were planned on the remediated site, there were plans and implementations of technical
intervention for the continuous operation of the established radiological–hydrogeological–
geodynamic monitoring system [2,4]. Mecsekérc Zrt [5] stated that regarding remediated
waste rock dumps and tailings ponds, it is imperative that the performance of the radon
barrier is enough and that the migration of radionuclides is constantly monitored. Since
the groundwater had to be protected when uranium mining was completed, remediation
and monitoring of the underground mines, waste rock heaps, and heap leaching sites
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began immediately after the operation [6]. To follow the environmental protection crite-
ria, the Mecsek uranium mine conducted a long-term land reclamation, which included
the monitoring of air, groundwater and surface waters, soil, rocks, and vegetation as en-
dangered and contaminated compartments in the period of mine closure, remediation,
and post-closure operation [5]. The ongoing environmental monitoring program in the
Mecsek uranium mine identified that spoil deposit No. I required further investigation
on the mobility and vegetation uptake of PTEs and radionuclides. Due to the presence
of numerous elements and radionuclides, mine tailings cause severe pollution problems
and may pose risks to humans [7,8]. Spoil deposits may contain elevated concentrations
of these elements and can often be prone to water and/or wind erosion, spreading the
contamination to surrounding areas. These issues have risen over the last few decades [8].
The question of environmental contamination occurs when potentially toxic elements
(PTEs) and radionuclides are mobilized from the deposits of uranium-containing waste
(waste rock piles, tailings ponds, etc.) into the soil and absorbed by plants or transferred to
groundwater [9,10]. Similarly, Sánchez-Donoso et al. [11] stated that the release of PTEs
from waste deposits is particularly prone to contaminating drainage networks and ground-
water ecosystems. As part of the remediation process, frequent monitoring of radioactivity
and PTEs in groundwater near the spoil deposits, seepage water from the waste rock pile,
mine water, and treated mine water was conducted. According to Mecsekérc Zrt. [5],
this hydrogeological monitoring is to ensure that the Pellérd-Tortyogó and the northern
karstic water resources are protected against any contamination and to predict any process
indicating the distribution of contamination to be able to plan for any intervention.

The distribution of elements in the environment is determined by the properties of
each element and by various environmental factors [12]. Soil properties are primarily
grouped into physical, chemical and biological, microflora, and microfauna [13]. After
radionuclides and PTEs deposition on the soil surface, the relocation and movement of
these elements in the soil depend on the soil properties, i.e., pH, cation exchange capacity
(CEC), texture, interchangeable calcium and potassium, clay content, grain size, as well
as organic matter [10,14–16]. Similarly, these properties also contribute to the pollution
of PTEs and radionuclides in soils and affect solubility [17]. Furthermore, the physico-
chemical properties (pH, soil organic matter, cation exchange capacity, moisture content,
clay content, nutrient status, and mineralogy) might influence the migration of these
elements in soil [18]. Therefore, different factors need to be considered when studying
the mobility of elements and radionuclides in soil. If mobility factors are very high, it
indicates that anthropogenic radionuclides and PTEs have great potential to spread and
be rapidly bioavailable in the environment if measures are not put in place [19]. There is
a correlation between the CEC values and the values of the pH and organic matter (OM)
content [20]. According to Bielicka-Giełdoń et al. [20], higher pH values and organic matter
content result in higher values of the CEC measured. As a result, CEC is considered a good
indicator of soil quality and productivity [21]. In addition, Agic et al. [22] state that when
the pH, organic matter content, CEC, and clay increase, the percentage and availability
of the metals reduce. As a consequence, it is of utmost importance to identify the factors
that influence the bioavailability, leaching, and possible toxicity of elements in soils [23].
The transfer of trace elements between soil phases can be seen as the fundamental process
regulating their behavior and bioavailability [24]. According to Popic [25], transfers of the
radionuclides and trace elements will change over time due to various parameters and
processes such as the ecosystem composition, the essential chemical composition of the
elements, soil physical and chemical features, the temperature and hydrological conditions,
element migration in the soil, changes in intake/uptake levels, and biological half-lives. The
most critical problem in agricultural and environmental studies has been the bioavailability
of trace elements and radionuclides [24,26].

Many studies that include the determination of total PTE concentrations have been
conducted [27–33]. However, total concentrations might provide inadequate information
about the potential mobilization and associated risk of PTEs in soils [34,35]. Although the
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mobility, bioavailability, and eco-toxicity of PTEs depend more on their chemical speciation
rather than on their total content [36], it is helpful to determine the total concentrations
of PTEs. During the formation of the soil covering the process of spoil deposits in the
Mecsek uranium mine, there was an erosion wounding occurrence in spoil deposit No.
I. Consequently, there was a question of the adequacy of the 1-meter thick soil covering
layer used to cover the spoil deposit. The lack of soil cover stability induces acute down-
ward migration of radionuclides and PTEs [37]. The ongoing environmental monitoring
program in the Mecsek uranium mine identified that spoil deposit No. I required further
investigation on the mobility and vegetation uptake of PTEs and radionuclides. Previous
research has revealed that the mobility of these elements depends on the forms in which
they occur in the soils [20,34,38]. These forms, which can be distinguished by the BCR
sequential extraction procedure, include [39]:

(1) Exchangeable and acid-soluble fractions;
(2) Bound to reducible species (e.g., Fe and Mn oxides, oxyhydroxides);
(3) Oxidizable forms bound to organic matter or sulfides;
(4) Strong oxidative acid-soluble residual contents (aqua regia and/or H2O2/HNO3)

According to Bielicka-Giełdoń et al. [20], plants can readily access the first two types of
forms, while the second two types are potentially accessible in the long term. A sequential
extraction is an essential tool for knowing the conditions of these elements in soils and
hence the possible mobility, bioavailability, and chemical nature of a given element that
can thus offer a more accurate estimation of the actual environmental effect [40–42]. Thus,
there was a need to include the BCR extraction technique in the monitoring program to
provide the information needed for the effective planning and management of applications
in the Mecsek uranium mine.

The present study is a supplementary part of the ongoing monitoring program of
the Mecsek Uranium Mine remediation [5]. During previous routine monitoring at spoil
deposit No. I., a high gamma dose rate was detected that was indicative of insufficiency of
the 1-meter soil covering layer retarding the migration of PTEs, Rn-222, and radionuclides.
Therefore, to spoil deposit No. I., an appropriate sampling strategy was elaborated follow-
ing the vertical and along-the-slope migration of the above components in covering the
soil layer and the vegetation uptake. Besides the "pseudo-total” [43], the determination of
PTEs and uranium using the BCR sequential extraction procedure was utilized to evaluate
the mobility of PTEs and U in the 1-meter-deep covering soil layer [44]. In addition, the
U content of different types of water samples collected from the Mecsek mine during the
ordinary monitoring program was conducted in parallel with this supplementary study. In
previous publications, the plant uptake and the mobility of PTEs and U along the slope and
vertical position, influenced by the pH and CEC of the covering soil, were reported using
regression statistics [43–45]. In this paper, all interactions are evaluated by multivariate
PCR method involving the non-published measurements of radionuclide migration and
uptake by plants supporting the planning of improvement operations on the covering
soil layer.

2. Materials and Methods
2.1. Geological Background

The mining site is located in the hilly countryside, and the main part of the milling site
is a flat area [46]. Juhasz and Erdi-Krausz [46] further state that the geological formation of
the mining site mainly consists of limestone, sandstone, and marl. According to René [47],
the Upper Permian sandstones that make up the Mecsek deposit’s uranium ore can reach a
thickness of 600 m. Sandstones range in thickness from 15 m to 90 m and were folded into
the Permian–Triassic anticline of the Mecsek mountains where uraninite, coffinite, pyrite,
and marcasite represent the ore minerals [47].
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2.2. Sampling and Sample Preparation
2.2.1. Sampling

Soil and covering plant samples were collected from four sampling locations in Mecsek
uranium mine deposit No. I in Pécs, southwest of Hungary [44]: (1) at the top of the
deposit—Rn-M11; (2) on the slope of the deposit—Rn-M12; (3) at the bottom field—Rn-M13;
(4) at the bottom edge of the slope of the deposit—radioactive point. Figure 1 illustrates
deposit No. I with gamma dose rates measured previously as part of the monitoring
program [44]. The radioactive point was chosen based on the knowledge of its high
gamma dose rate ranging between 150 and 450 nGy/h to indicate the behavior and type of
radionuclides found in this location. Spoil deposit No. I was covered with different types
of soils taken from various locations, mixed to form a soil covering layer, and it was also
covered with different kinds of vegetation, mainly grass. Underneath the soil covering
layer, there were natural rocks.
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Figure 1. Site location map of Hungary downloaded from OrangeSmile.com [48] and map of Mecsek
uranium mine spoil deposit No. 1, Pécs (2017), indicating soil sampling locations and the gamma
dose rates distribution with an insert of spoil deposit No. 1 schematic diagram [44]. Reproduced
with permission from Khumalo et al. [44], Ecological Chemistry and Engineering S; published by
Sciendo, 2021.

2.2.2. Soil Sampling and Sample Preparation

Soil samples were collected using a hand auger instrument labeled with different
measurements. Each soil core sample was taken from different depths: 0–25, 25–50, 50–75,
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and 75–100 cm. For sample location Rn-M11, 75–100 cm depth could not be sampled as this
was hard rock. Radioactive soil was possible to sample only from the top 0–25 cm layer.

All soil samples were air-dried for five days. After five days, the samples were
physically homogenized and grinded using Retch SM 100 with a 0.25 mm sieve instrument.
All soil samples were halved into two portions, half of each sample was used for the PTE
analysis, and the other half was used for the radionuclide analysis. Approximately 30 g of
homogeneous soil samples was weighed and airtight sealed in plastic containers for the
gamma ray measurements. Samples were kept in storage for six weeks before gamma ray
analysis took place; this incubation period allows Ra-226 and its short-lived progenies to
achieve secular equilibrium, noting the exact dates and times from sealing being recorded.

2.2.3. Plant Sampling and Sample Preparation

Covering plant samples (a mixture of Asteraceae and Quackgrass—Elytrigia repens)
were collected by cutting from the surface of the plants with a knife. Plant samples were
collected from a 1.5 m2 area of the exact locations where the soil samples were also collected
(Rn-M11, Rn-M12, Rn-M13, and radioactive point) to determine any biological uptake of
PTEs and radioactivity from the soil.

Only the radioactive plant sample was separated into two portions, half of the sample
was not washed, and the other half was washed first with low- to medium-pressure water
for five minutes to simulate the rain. This washing process was conducted on this sample
to determine whether the radioactivity concentration is due to the contamination through
air particles/dust or biological uptake through the soil.

After this process, all plant samples were air-dried for five days and grinded into a
powder form. Approximately 8 g of grinded plant samples were weighed, airtight sealed in
plastic containers, and kept for six weeks to allow the growth of Ra-226 and its short-lived
progenies before gamma ray measurements.

2.2.4. Water Sampling and Sample Preparation

Water analysis results were not previously published, which is why this section is
described in detail.

Water sampling sites were part of the overall Mecsek mine monitoring program.
A total of eleven water samples were collected from various places around the Mecsek
mine. Of these samples, six samples were groundwater samples, of which four samples:
(1) Pk-29/1, (2) Pk-33/1, (3) Pk-44/3, and (4) 1504/1, were collected from the monitoring
well near spoil deposit No. I and two samples: (5) P-2/5 and (6) P-2/6, were collected from
the water pumping well at the former percolation area (spoil deposit No. II). One sample:
(7) Északi-táró (northern reservoir), was mixed water—mine water from spoil deposit No.
III—and leaking water from precipitation collected from the gravitational effluent mine
water (north mines). Two samples were seepage water; one sample: (8) CS-0, collected
from spoil deposit No. II, and another sample: (9) IIIm. Gyűjtő (collector), collected from
spoil deposit No. III. Another sample: (10) 6/11. Szint (level), was mine water from mine
No. I collected from the water pumping well. The last sample: (11) Elfolyó (drain), was
treated mine water collected from the mining water treatment plant. The samples were
labeled based on the mine description.

2.3. Analytical Methods
2.3.1. Elemental Analysis

The total elemental analysis was conducted using a flexible multi-elemental method by
Horiba Jobin Yvon ACTIVA M Inductively Coupled Plasma—Optical Emission Spectrome-
ter (ICP-OES) (ACTIVA-M CCD ICP-Spectrometer, HORIBA France SAS, Palaiseau, France)
with operational parameters proposed by the manufacturer for aqueous media optimized
with matrix-matched calibration according to sample preparation and with the application
of yttrium internal standard and appropriate Certified Reference Material (CRM) sam-
ples for Quality Control [45]. The detection limits for the multi-elemental method are
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as follows: Ca—1.30 × 10−5 mg/kg; Cd—3.45 × 10−5 mg/kg; Co—5.64 × 10−5 mg/kg;
Cr—5.59 × 10−5 mg/kg; Cu—3.35 × 10−5 mg/kg; Fe—3.81 × 10−5 mg/kg;
K—1.12 × 10−3 mg/kg; Mg—1.15 × 10−5 mg/kg; Mn—8.22 × 10−6 mg/kg;
Na—7.22 × 10−4 mg/kg; Ni—6.74 × 10−5 mg/kg; P—4.12 × 10−3 mg/kg;
Pb—2.21 × 10−4 mg/kg; U—9.42 × 10−4 mg/kg; and Zn—4.20 × 10−5 mg/kg [43,44].

(1) The pseudo-total elemental content in homogenous soil for all layers and plant
samples was prepared in triplicate using a microwave digestion method conducted accord-
ing to the Hungarian Standard MSZ 21470-50:2006 using a CEM Mars 5 Xtraction 230/60
Microwave Accelerated Reaction System 907501 (CEM Corporation, Matthews, NC, USA)
and was determined by an ICP-OES using a yttrium internal standard for the determination
of elements that are required in soil by plants in large quantities (macronutrients: Ca, K, Mg,
P, and Fe), elements that are required in small amounts (micronutrients: Co, Cu, Mn, Na, Ni,
and Zn), and toxic elements (Cd, Cr, Pb, and U). From the pseudo-total PTE concentrations,
transfer factor (TF) values could be calculated. Detailed information about this section is
published by Khumalo et al. [43].

(2) The uranium concentration in water analysis was conducted in collaboration with
the accredited Mecsek uranium mine laboratory as an interlaboratory study to determine
the reproducibility.

A HORIBA Jobin Yvon ACTIVA M Inductively Coupled Plasma–Optical Emission
Spectrometer (ICP-OES) using operation parameters proposed by the manufacturer and
yttrium internal standard was used to determine the uranium content in water. The opera-
tional parameters were as follows: incident RF-power—1200 W, outer gas flow (argon)—
16 L/min, sheath gas flow (argon)—0.3 L/min, auxiliary gas flow (argon)—0.6 L/min, and
nebulizer gas pressure (argon)—2.86 bar, nebulizer solution uptake (Meinhardt-cyclonic
spray chamber)—0.85 mL/min. The detection limit for U measurements by ICP-OES is
9.42 × 10−4 mg/kg.

Water samples were prepared using the Hungarian Standard MSZ 1484-3: 2006 [45].
Water samples were filtered into a 40 mL centrifuge tube using Munktell filter discs grade
389. The samples were measured first before adding anything to determine if they will
need dilution. Then, 1000 mg/L yttrium standard solution (YNO3)3 in HNO3 0.5 mol/L
was added into the samples as an internal standard. Further, 4.90 mL of each sample and
0.1 mL of yttrium standard solution were added into a 10 mL volumetric flask, and the
sample solution was made up to 10 mL with distilled water.

To determine the uranium concentration in water samples, four blank solutions were
prepared: 0 mL yttrium solution and 10 mL distilled water, 1 mL yttrium solution and
9 mL distilled water, 5 mL yttrium solution and 5 mL distilled water, and 10 mL yttrium
solution and 0 mL distilled water. Three external standards were used:

• Uranium ICP standard (UO2NO3)2 in HNO3 2–3% 10 mg/L—U;
• Yttrium standard solution (YNO3)3 in HNO3 0.5 mol/l – 1000 mg/L Y;
• Certified Elements Standard—Uranium; concentration: 1000 ± 3 µg/mL, 20 ◦C; matrix:

2.5% HNO3; density: 1.0152 g/mL, 20 ◦C

(3) For the sequential extraction procedure, the 0–25 cm soil samples were prepared
in triplicate using a three-step BCR sequential extraction procedure with an additional
(+1) aqua regia extraction step proposed by the European Community Bureau of Refer-
ence in 1992 (the Standards Measurement and Testing Program). The Certified Refer-
ence Material BCR-701 was prepared in triplicate in parallel with the samples to ensure
the accuracy of the analysis. The extractable contents of Cd, Co, Cr, Cu, Fe, Mn, Ni,
Pb, U, and Zn were determined by ICP-OES [45] using the BCR procedure as described
in detail by Rauret et al. [39,49]. The results produced good recoveries for the Certified
Reference Material BCR-701. In order to validate the BCR sequential procedure and
the pseudo-total method, the sums of the cumulated concentrations for each element in
Step 1 (Fraction 1) + Step 2 (Fraction 2) + Step 3 (Fraction 3) + aqua regia step (Fraction 4)
were compared to the pseudo-total concentrations obtained from the same samples (0–25 cm
depth) and given in mg/kg units. From the PTE concentrations obtained for the BCR se-
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quential procedure, the mobility factor (MF) could be calculated. Detailed information
about this section was published by Khumalo et al. [44].

2.3.2. Radiochemical Analysis

1. Gamma spectrometry analysis as described in detail in Section 2.4. for the determi-
nation of radionuclides: Ac-228, Pb-212, Pb-214, Th-232, Bi-214, U-235, U-238, K-40, Tl-208
using a CANBERRA HPGE high-purity semiconductor gamma detector.

2. Radon-222 (Rn-222) determination by AlphaGUARD. Radon-222 was measured for
each soil sample for 24 hours using Genitron Instruments AlphaGUARD PQ2000/MC50
Multiparameter Radon Monitor. The detailed information about this section was published
by Khumalo et al. [50].

2.3.3. Physico-Chemical Analysis

1. The soil pH was determined in 1 mol/l KCl (1:2.5 soil to KCl ratio) with the aid
of a glass-electrode pH meter. The pH meter was calibrated with pH 7.0 and 4.0 buffer
standards before use. The results were published by Khumalo et al. [44].

2. The CEC in soil was determined according to the Hungarian Standard MSZ 1484-
3:2006 [51]. The detailed information was published by Khumalo et al. [44].

3. The soil organic matter (%SOM) was determined by weighing approximately 1 g
of each homogenized, and the sieved soil sample was weighed in duplicate. Total carbon
(% C) was determined using a Vario MAX cube CNS Analyzer instrument. Furthermore,
the CaCO3 content (%) was determined by employing the Lloyd Kahn procedure using
LECO CR-412 Carbon Analyzer with an IR detector [52]. From the combination of these
results, it was possible to determine the total organic carbon (%TOC). Then, the organic
matter (% OM) was calculated from % TOC. Detailed information about this section was
published by Khumalo et al. [44]

4. The soil moisture (%SM) was determined by weighing approximately 25 g of
soil dried in an oven at 105 ◦C for 72 hours, cooled in a desiccator, and weighed for the
determination of the soil moisture content. The detailed information was published by
Khumalo et al. [43].

2.4. Gamma Spectroscopy

The gamma spectrometric results were not previously published; hence, this section is
described in detail.

The gamma background was measured for 108,000 seconds. The indoor background
spectrum within the collimator is assumed to be constant. The background was relatively
low due to using a proper collimator. The background spectrum was normalized and
then subtracted from the live-time and energy-calibrated observed spectra, obtaining a
background compensated spectra channel as shown in Equation (1):

Ic = I − I0 (1)

where I0 is background intensity, I is intensity, and Ic is background-compensated intensity.
Compensated spectra were processed, and the nuclide activities were determined from

the predefined nuclide peaks using the total peak area method described in the ORTEC
GammaVision 6 (5.2.1.1.) (CANBERRA HPGE high-purity semiconductor gamma detector,
Mirion Technologies (Canberra), Inc., Meriden, CT, USA). The method was implemented
in a Visual BASIC code running under an EXCEL environment. The minimum detectable
activity (MDA) is a measure of how small activity could be present and not be detected
by the analysis. The MDA calculation was completed by ORTEC Critical Level (GammaV-
ision 6, 5.7.2.) (CANBERRA HPGE high-purity semiconductor gamma detector, Mirion
Technologies (Canberra), Inc., Meriden, CT, USA).

The soil and plant samples were kept in storage for six weeks to attain the radioactive
equilibrium between Ra-226 and the decay products with short half-lives [53]. All samples
have had enough time for establishing secular equilibrium between decay series products;
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thus, determining the activity of parent isotopes was possible by measuring daughter
isotopes having significant gamma lines. The reference isotopes were used for quantitative
analysis: actinium-228 (Ac-228) and Pb-212 for the Th-232 decay chain and Pb-214 and
bismuth-214 (Bi-214) for U-238 (Ra-226) decay series.

Both homogenous soil and plant samples were measured for 3600 seconds each using
CANBERRA HPGE high-purity semiconductor gamma detector. The instrument was
calibrated for energy, full width at half maximum (FWHM), and efficiency (η) (geometry
calibration and efficiency calibration function and calibration coefficients) before analysis
to ensure the reliability of the instrument so that it can be trusted. Energy calibration was
conducted using the following sources: Co-60, Ba-133, Cs-137, Na-22, and K-40. The same
sources were used for specifying the efficiency calibration procedure and the calibration
curve. The geometry calibration was completed by simulation using CANBERRA Geometry
Composer v.4.2 software (CANBERRA HPGE high-purity semiconductor gamma detector,
Mirion Technologies (Canberra), Inc., Meriden, CT, USA). The instrumental parameters
for gamma measurements were as follows: outer diameter—60 mm; side wall—1 mm;
bottom wall—0.5 mm; sample density—~1.7 g/cm3 (sand/soil approximated); and sealed:
foil—~0.3–0.4 mm; hermetic sealing.

The primordial radionuclides (U-238 and its decay products, Th-232 and its decay
products, U-235, and K-40) were measured. The activity concentration for each radionuclide
was determined per depth of the soil and plant samples. Measured radionuclides were
compared to identify the changes in radionuclide activity concentrations in soil samples
and to identify the trends of all the radionuclides as the depths and the slope of the
deposit changed.

2.5. Calculations for the Soil/Plant Transfer Factor

All the TF values were calculated from the plant shoots.
From the previously published study [43], it was established that in the soil, the

PTE concentrations for Ni and Cr were above the Hungarian limits in some sampling
locations. However, the TF values for these elements were very low. This could be the
result of the plant having low suitability for phytoextraction and phytoremediation [54].
Mirecki et al. [54] further explain that the availability of PTEs for plants is controlled by
the plant’s requirement for micronutrients and the capacity to absorb and eliminate toxic
elements. Overall, the TF values for pseudo-total PTEs were below 1.

Transfer factor values for the radionuclides were determined on a mass basis; the
activity concentration of plant samples (dry matter) was related to the radionuclide activity
concentration in the first 25 cm of soil and calculated using Equation (2). The TF values
obtained in this study were compared to the mean values for radionuclide TF ratios (grasses)
in a temperate environment for all types of soil reported by the International Atomic Energy
Agency on their Technical Reports Series no. 472 [4].

Soil-to-plant TFs have been commonly used in radioecology to measure the availability
of radionuclides in soil for plant uptake using Equation (2) [13,54]. Likewise, the soil/plant
TFs for radionuclides in this study were calculated using Equation (2) to determine the
soil’s effect for each radionuclide on the plants, consequently predicting the plant uptake.

TF = plant activity concentration (Bq/kg)/total soil activity concentration (Bq/kg)
or

TF = metal content in the plant (mg/kg) /metal content in soil (mg/kg)
(2)

The TF was calculated using the activity concentrations for each soil sample at 0–25 cm
depth and the plant sample collected at the exact location to identify any biological uptake
of radionuclides. The 0–25 cm depth of the soil sample was chosen because the grass does
not have deep roots to reach a deeper level of the soil. The higher the TF value, the more
mobile/available the element is [55,56].
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2.6. Statistical Analysis

Table 1 indicates the summary of the methods and the soil samples used to determine
the possibility of a relationship by statistical evaluation.

Table 1. Summary of methods used and samples for statistical evaluation.

Depth
(cm) Rn-M11 Rn-M12 Rn-M13 Radioactive

Sample

0–25
2.3.1: 1 and 3;
2.3.2: 1 and 2;

2.3.3: 1, 2, 3, and 4

2.3.1: 1 and 3;
2.3.2: 1 and 2;

2.3.3: 1, 2, 3, and 4

2.3.1: 1 and 3;
2.3.2: 1 and 2;

2.3.3: 1, 2, 3, and 4

2.3.1: 1 and 3;
2.3.2: 1 and 2;

2.3.3: 1, 2, 3, and 4

25–50
2.3.1: 1;

2.3.2: 1 and 2;
2.3.3: 1, 2, 3, and 4

2.3.1: 1;
2.3.2: 1 and 2;

2.3.3: 1, 2, 3, and 4

2.3.1: 1;
2.3.2: 1 and 2;

2.3.3: 1, 2, 3, and 4

Not enough soil
cover

50–75
2.3.1: 1;

2.3.2: 1 and 2;
2.3.3: 1, 2, 3, and 4

2.3.1: 1;
2.3.2: 1 and 2;

2.3.3: 1, 2, 3, and 4

2.3.1: 1;
2.3.2: 1 and 2;

2.3.3: 1, 2, 3, and 4

75–100 Hard rock
2.3.1: 1;

2.3.2: 1 and 2;
2.3.3: 1, 2, 3, and 4

2.3.1: 1;
2.3.2: 1 and 2;

2.3.3: 1, 2, 3, and 4

The statistical analysis was conducted using SPSS Statistics 28 for basic descriptive
statistical analysis. Analyse-it for Microsoft excel 2010 version 5.80.2 software was used to
determine the Pearson’s correlation coefficients (r) conducted to verify the significance of
the possible relationship between PTE and radionuclide concentrations and the soil charac-
teristics variables in soil samples at a 95% confidence level (p ≤ 0.05). When the r value is
close to 1, it is considered that the two variables have a relationship, and p ≤ 0.05 states
that there is sufficient evidence to conclude that the correlation coefficient is significantly
different from zero, and therefore, the null hypothesis is rejected [57,58]. Additionally,
Analyse-it software was used to plot the principal component analysis (PCA) biplot to
examine the common characteristics or the relationships between the PTEs, radionuclides,
and physico-chemical properties in soil.

3. Results and Discussion
3.1. Distribution of PTEs and Measured Elements along the Slope Position and Vertical Direction
in the Covering Soil Layer, Their Mobility and Influencing Soil Characteristics, and Plant Transfer

In previously published papers, the following relationships were earlier reported [43,44]:

• Pseudo-total PTE and other measured element content distribution vs. vertical position
in the soil layer showed no significant trend.

• Pseudo-total PTE and other measured element content distribution vs. position on the
slope showed an increasing tendency for certain PTEs along the top to bottom direction.

• PTE contents of the soil and uptake by plants were under the permissible limits of
Hungarian and European regulations [59,60].

• PTE uptake by plants showed an increasing tendency in the top to bottom direction
referring to migration along the slope.

• Soil pH and CEC had significant correlations with each other and decreased tendency
vs. vertical position and top to bottom position.

• pH and CEC have shown different correlations with different mobility factors of
elements determined by BCR fractionation of PTEs of 0–25 cm soil layer. The order of
mobility was the following: U > Mn > Pb > Co > Cd > Ni > Cu > Cr > Zn > Fe.

• Co, Fe, and Ni mobility significantly decreased as the pH and CEC increased, while
Cd, Cr, Pb, Cu, and U mobility increased with the decrease in pH and CEC.

The BCR sequential extraction of PTEs including uranium indicated that despite
the relatively low pseudo-total concentration of PTEs, the sequential extraction proves
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additional information on their mobility by water infiltration [44]. The BCR sequential
extraction results indicated that the most mobile elements were U (100%), Mn (73.5%), Pb
(55.1%), and Cd (36.8%). There was a high correlation (p ≤ 0.05) among these elements,
and they all move together in the direction of water flow. The mobility factor calculation
results followed the order: U > Mn > Pb > Co > Cd > Cu > Ni > Zn > Fe > Cr. The MF
values show what has already been established such that U was highly mobile in this study.
The high concentration of U comes from the wounded area of spoil deposit No. I (the
radioactive sample).

The results of the comparison between the sum of the accumulated BCR concentra-
tions and the concentrations obtained from the pseudo-total were found to be acceptably
close. There were some cases where the concentrations of the BCR were larger than the
concentrations obtained by pseudo-total. This could be caused by the cumulative error
from each extraction measurement [61]. These results indicated that these two methods
are reproducible.

The physico-chemical properties results in the soil moisture content (%) [43], cation
exchange capacity (CEC) (cmol(+)/kg) [44], as well as the pH [44] indicated that the
distribution of PTE and radionuclide concentrations in the soil cover layer depends on
the chemical character of an element and soil characteristics (pH, CEC, soil organic matter
(SOM), soil moisture, etc.) and had shown different patterns for different sample collection
areas, as can be seen in Table A1.

The possibility of migration of PTEs was confirmed using fractionation by sequential
extraction for PTEs. The high average percentage of U, Mn, and Pb and a high percentage
of U, Mn, Pb, and Cd in non-residual fractions indicates that there is a possibility that being
released may become a threat to the environment by subsequently becoming available
to be taken up by plants [62,63]. Although these elements exhibit high percentages in
non-residual fractions, a large part of these percentages come from the radioactive sample,
which is radioactive and highly contaminated with U. Therefore, the location where the
radioactive sample was taken from should be considered as a potential hazard to the
environment. The fractional distribution of the radioactive sample shows that the mobility,
availability, and vertical transport of the metals are different [64]. The U, Cd, Co, Mn, Cu,
Pb, and Zn fractional distribution in the radioactive sample indicates that some parts of the
spoil deposit require additional steps to protect the environment.

3.2. Radiochemical Results
3.2.1. Distribution of Radionuclides in Cover Soil in Vertical and Slope Position

The soil activity concentrations for natural radionuclides measured were compared
to the Hungarian mean value for the natural radionuclide content in the soil as specified
by The United Nations Scientific Committee on the Effects of Atomic Radiation (UN-
SCEAR) [65]. The activity concentrations for K-40 were presented separately from other
radionuclides for better visuals in Figure 2.

The activity concentrations for U-238, Th-232, and U-235 radionuclides in the soil
samples in each depth and the concentrations for the plant samples collected at the same
location are shown in Figure 3. The activity concentrations for U-238 and Th-232 in soil
were compared to the mean values for Hungary as reported by UNSCEAR [66]. The
results for the radioactive sample are presented separately in Figure 4 to indicate the
behavioral patterns for the U-238 and its progenies since U-238 had elevated concentrations
in this location.

The activity concentrations for the radioactive soil sample and washed and unwashed
radioactive plant samples were compared to other samples, as illustrated separately in
Figure 4. While comparing the activity concentrations for the washed and unwashed plant
samples, it was noted that the concentration difference was not significant. The difference
in activity concentrations for both washed and unwashed plant samples was unnoticeable.
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3.2.2. Transfer Factors

Transfer factor values for the radionuclides were determined on a mass basis as
indicated in Table 2. Rn-M11 and Rn-M12 indicated high TF ratios as compared to Rn-
M13 and radioactive samples. Rn-M11 had the highest TF ratio of 7.95 ± 4.4 for Ac-228
(911.6 keV), followed by Tl-208 (583.1 keV) with a TF ratio of 6.40 ± 4.3 in sample Rn-M12.

The sequence for natural radionuclide TF ratios was as follows:

• K-40: Rn-M12 > Rn-M11 > radioactive sample > Rn-M13;
• U-238 and U-235: Rn-M11 > Rn-M12 > Rn-M13 > radioactive sample
• Th-232: radioactive sample > Rn-M12 > Rn-M13 > Rn-M11

It has been established that radioactivity should be controlled, and the limitation
of discharges to the environment should ensure that the levels in the environment are
below the limits derived from the ICRPs [67]. On the other hand, according to [68], there
is no limitation to the concentration of naturally occurring radioisotopes in the soil [56].
However, the activity concentrations for the soil can be compared to the world median
values reported by UNSCEAR [66].

It was observed that the activity concentrations of K-40, U-238, and Th-232 radionu-
clides indicated high activity concentrations in all soil and plant samples collected from
the Mecsek uranium mine. The concentrations for these three natural radionuclides were
above the Hungarian mean values and the world’s median values as specified by UN-
SCEAR. The vertical distribution of activity concentrations for all the natural radionu-
clides in all depth levels did not follow any trend; the results varied throughout all
sample locations. However, the soil samples collected from the bottom of the deposit
(Rn-M13 and radioactive samples) had elevated activity concentrations as compared to
the samples collected from the top and on the slope of the deposit. This increase in con-
centrations is due to the leaching of the spoil matter through the cover soil layer along
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the slope of the deposit. The sequence for U-238 concentration in soil was as follows:
radioactive > Rn-M13 > Rn-M11 > Rn-M12. The sequence for Th-232 activity concentra-
tions was as follows: Rn-M13 > Rn-M12 > Rn-M11 > radioactive, and the sequence for
U-235 activity concentrations was as follows: radioactive > Rn-M13 > Rn-M11 > Rn-M12.

Table 2. Transfer factors calculated from 0–25 cm soil samples.

Radionuclides Rn-M11 Rn-M12 Rn-M13

Pb-212 (238.6 keV) n.d. 1.25 ± 4.5 n.d.
Pb-214 (295.2 keV) 1.97 ± 4.9 3.27 ± 4.5 1.16 ± 2.0
Ac-228 (338.3 keV) n.d. 1.56 ± 4.9 2.35 ± 2.1
Pb-214 (352 keV) 0.16 ± 4.4 2.57 ± 4.4 0.88 ± 2.0
Tl-208 (583.1 keV)
Bi-214 (609.3 keV)
Ac-228 (911.6 keV)
Ac-228 (969.1 keV)

1.34 ± 4.8 6.40 ± 4.3 0.22 ± 2.2
3.17 ± 4.4 1.72 ± 4.5 1.11 ± 2.0
7.95 ± 4.4 1.68 ± 4.2 0.68 ± 2.4

n.d. n.d. n.d.
Bi-214 (1120.3 keV) 2.30 ± 4.5 0.85 ± 4.7 2.44 ± 2.0

K-40 3.97 ± 4.5 4.73 ± 4.3 1.74 ± 1.9
U-238 2.06 ± 4.5 1.71 ± 4.7 1.55 ± 2.0
Th-232 0.16 ± 2.6 1.67 ± 4.5 0.86 ± 2.1

TF values for grasses [65]

Mean Minimum Maximum

Pb 0.31 0.11 1.0
K (in pasture grasses) 0.73 - -

U 0.017 0.00020 5.5
Th 0.042 0.00074 0.65

* n.d. represents not detectable.

Notably, the activity concentration of K-40 in the unwashed plant samples was slightly
higher than in the washed sample. This concludes that some of the activity concentration
in plants is due to dust particles. Comparing the results for soil samples with plant
samples collected at the same location indicated that the K-40 radioactivity concentrations
of plant samples were more than double the soil activity concentrations. This implies
that the plant samples might have taken up a large amount of K-40 from the soil. These
results are in agreement with the study conducted by Manigandan [69], in which it was
discovered that the K-40 activity concentrations were considerably higher than other
radionuclides, which suggested higher levels of uptake of this radionuclide. Overall, the
activity concentrations for all the natural radionuclides detected in plant samples were
above the average concentrations found in soil samples collected from the same location,
with an exception for Th-232. Thorium-232 displayed an average concentration that was
less than the average concentration of the soil. This could be the indication that there was a
biological uptake of these radionuclides by plants from the soil. However, for Th-232, the
uptake was less than the uptake of other natural radionuclides.

Transfer factor results indicated a possibility of radionuclide uptake by plants. All
samples were reported to have TF ratios that were very high for almost all radionuclides
analyzed in this study (except for Pb-212 at 238.6 keV and Ac-228 at 969.1 keV).

3.3. Uranium Concentration in Water

The concentrations of uranium (U) in water were determined to evaluate the mobility
of U from the surrounding spoil deposits into the groundwater and to determine the risks
associated with its chemical effects. In addition, the levels of U in effluent water were
determined to ensure that when the effluent water is released into the environment, it is
within the regulatory limits to protect the environment [70]. Furthermore, the content of
U in seepage water was determined to find out how much U could possibly seep into the
groundwater. The U concentrations were measured on the groundwater effluent water
and seepage water from the Mecsek uranium mine, and the results are recorded in Table 3.
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The International Atomic Energy Agency (IAEA) [71] reported on the treatment of liquid
effluents from uranium mines and mills during and after the operation. In this report, the
concentrations for U in process water, pond water, seepage from the dams, and shallow
groundwater measured in the Mecsek mine between 1996 and 2000 were reported and
are listed in Table 3. In Hungary, research on the natural radioactivity of groundwater
is an essential issue since both the drinking water supply and the bottled mineral water
market rely almost 100% on groundwater [72]. Therefore, the groundwater concentrations
obtained in this study were compared to the total uranium guideline value of 0.03 mg/L in
drinking water set by the World Health Organization (WHO) [73]. In contrast, the effluent
water and the seepage water results were compared to the Umax limit of 2 mg/L, which
is regulated by the Hungarian Ministerial Decree No. 15/2001 (VI. 6.) KöM [74]. All the
water sample results obtained in this study were also compared to the results that were
previously obtained in the Mecsek uranium mine and published by the IAEA [71]. Since
the water analysis was an interlaboratory study, the results were also compared to the
results obtained by the Mecsek uranium mine laboratory. The results obtained from both
laboratories generated identical findings, which indicated that this method is reproducible.

Table 3. Uranium concentrations for water samples.

Results from the Current Study Results from the IAEA Study [71]

Sample ID Sample Description U Concentration
(mg/L) Sample Description U Concentration

(mg/L)

PK-33/1 Groundwater (No. I) 6.06 ± 0.03 groundwater 0.01–0.04
PK-44/3 Groundwater (No. I) 0.23 ± 0.001 pond water 0.03
PK-29/1 Groundwater (No. I) 1.87 ± 0.01 process water <0.5
1504/1 Groundwater (No. I) 2.78 ± 0.01 seepage water 2–5
P-2/5 Groundwater (No. II) 1.90 ± 0.06
P-2/6 Groundwater (No. II) 0.52 ± 0.003

Elfolyó treated mine water 0.32 ± 0.001

6/11 Szint
Északi-táró

mine water from the spoil deposit
No. I 2.46 ± 0.01

mixed water: mine water from the
waste deposit No. III and leaking

water from precipitation
6.72 ± 0.04

IIIM. Gyűjtő seepage water from the waste
deposit No. III 6.99 ± 0.02

Cs-0 seepage water from the waste rock
pile No. II 0.84 ± 0.003

In this study, the focus was on the groundwater samples collected near spoil de-
posit No. I, since it is the deposit that the entire study is based on. Groundwater sample
PK-33/1 collected near spoil deposit No. I indicated an elevated U concentration of
6.06 ± 0.03 mg/L, which is above the World Health Organization (WHO) guideline value
for U (0.03 mg/L) in drinking water [73]. All four groundwater samples collected near
spoil deposit No. I (PK-33/1, PK-44/3, PK-29/1, and 1504/1) showed a large difference in
concentrations (6.06 ± 0.03, 0.23 ± 0.001, 1.87 ± 0.01, and 2.78 ± 0.01 mg/L, respectively).
It was observed that all groundwater samples collected in this study were above the WHO
guideline value. Elevated U concentrations in groundwater are of concern because they
indicate active processes of uranium leaching from the spoil deposits. This increase also
indicates the capability of elements to migrate into the groundwater. The elevated U levels
in groundwater may be due to the seeping of water containing high concentrations of
U from the process water. According to Abiye and Shaduka [75], if the tailings are not
lined, the seepage from the processing water that is ponding on the tailing dams cannot be
prevented from seeping into the groundwater. The comparison of U concentration in this
study and the study conducted by the IAEA [71] indicated that U concentrations in ground-
water for this study ranged from 0.23 to 6.06 mg/L, whereas the U concentrations from the
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IAEA study ranged from 0.01 to 0.04 mg/L. In the Mecsek uranium mine, the groundwater
contaminated with U is remediated by extracting it from the area and purifying it before
being released to protect the drinking water aquifer [71]. The uranium decontamination
of contaminated water involves ion exchange technology, in which uranium dissolved in
water is bound by the anion exchange resin, and the U content of the purified water is
reduced to below 1 mg/L to ensure compliance with the Umax = 2 mg/L limit value [5].
This groundwater remediation process has been continuously operating since 2007.

The U concentration in the seepage water from spoil deposit No. III was very high
(6.99 ± 0.02 mg/L) as compared to the U concentration range (2–4 mg/L) in the seepage
water reported by the IAEA. Furthermore, it was observed that both the seepage water
(IIIM. Gyűjtő) from spoil deposit No. III and the mixed water (Északi-táró) from the same
deposit resulted in high levels of U (6.72 ± 0.04 and 6.99 ± 0.02 mg/L, respectively).
Overall, the U concentrations in mine water for this study ranged from 0.32 ± 0.001 to
6.72 ± 0.04 mg/L, whereas the U concentrations from the IAEA study were <0.5 mg/L.
According to Banik et al. [2], effluent often contains U, Ra-226, and other PTEs, often above
regulatory requirements.

3.4. Statistical Analysis
3.4.1. Correlation Matrices and Comparison of Radionuclides, PTE Pseudo-Total, and
Physicochemical Property Associations

The results of the correlation matrix are presented in Table A2. The outcome of the
correlation relationship conducted was used to prove the null hypothesis, which states that
the correlation coefficient is not significantly different from zero. When the r value is close
to 1, it is considered that the two variables have a strong relationship, and p ≤ 0.05 indicates
that there is sufficient evidence to conclude that the correlation coefficient is significantly
different from zero, and therefore, the null hypothesis is rejected [57,58]. To describe the
correlation between the two variables, the following terms were used: weak correlation
for r = 0.20 to 0.40, moderate correlation for r = 0.41 to 0.60, and strong correlation for
r > 0.60 [76].

H0 null hypothesis—the Pearson’s correlation coefficient (r) is not significantly different from 0; the
results are due to chance.

H1 alternative hypothesis—the Pearson’s correlation coefficient (r) is significantly different from 0;
the r value is closer to 1.

The correlation matrix between radionuclides and PTEs indicated a significant rela-
tionship (p ≤ 0.05) between the following pairs:

1. U-238–U-235 (r = 1.00), U-238–Rn-222 (r = 0.73) and U-238–Cu (r = 0.97);
2. Th-232–Fe (r = 0.78), Th-232–P (r = 0.80), Th-232–Na (r = 0.79), and Th-232–Mn

(r = 0.69);
3. U-235–Rn-222 (r = 0.73) and U-235–Cu (r = 0.97);
4. K-40–K (r = 0.84) and K-40–Co (r = 0.75), K-40–Mn (r = 0.60), K-40–Zn (r = 0.68),

K-40–Fe (r = 0.57), and K-40–P (r = 0.54).

whereas the observations among PTEs resulted in strong significant correlation matri-
ces (r > 0.60; p ≤ 0.05) between the following pairs:

• Fe–P, Fe–Co, Fe–Mn, Fe–Na and Fe–Zn and Zn;
• K–Co and K–Mn;
• P–Co, P–Zn, P–Mn, and P–Na;
• Co–Mn;
• Mn–Na.

Based on the correlation statistical analysis, a significant correlation between the pH
and the CEC existed; therefore, it was concluded that these soil chemical properties have an
impact on each other. Additionally, the pH had a significant relationship with Co, Fe, and
Ni; and the CEC had a significant relationship with Co, Fe, and N; whereas the relationship
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between the CEC and Cr was not significant. It was observed that the pH and CEC relation-
ship with the radionuclides was not significant. However, soil moisture had a significant
relationship with Th-232. This strong positive correlation between these radionuclides
and PTEs suggests their common origin [77]. When considering the topography, it was
observed that the SOM values were significantly different in all three depths that were
considered for this analysis, whereas the CEC was only significantly different in 25–50 cm
depth. In terms of depth, CEC and SOM were found to be significantly different in Rn-M11.
There was a strong significant relationship between radionuclides and some PTEs.

3.4.2. Principal Component Analysis for PTE Pseudo-Total, Radionuclides, and
Soil Characteristics

The correlation matrix for the PTEs in soil, radionuclides in soil, and soil characteristics
were confirmed by the PCA correlation biplot (70.8%) in Figure 5. The correlation biplot
indicated that most of the elements contribute to the positive side of PC 1 and the negative
side of PC 2. PC 1 and PC 2 refer to the position of the samples on the slope of the deposit
and the mobility of each element, respectively. In this biplot, it can be seen that the position
on the slope and the depth of the soil layer are the main factors that determine the element
concentration changes in the soil. Elements in this space can be classified according to their
high mobility group. The mobility is strongly influenced by the pH, Ca, and CEC.
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The principal component analysis biplot analysis for soil indicated that when the pH,
CEC, and Ca are high, the mobility of U, U-235, U-238, Cu, Cr, Pb, Rn-222, and Ni decrease.
Furthermore, there was a very strong relationship among Cd, Cr, Pb, U, and Cu, which is
significant at a 95% confidence level. These results imply that where U is mobile, there is
a high possibility that Cd, Cu, and Pb will also be available. These results show that two
samples (Rn-M11 and Radioactive samples), which did not have sufficient (1 m) soil cover,
showed significant differences in concentrations for some elements. Moreover, these results
suggest that the insufficient cover layer affects the concentrations of these elements. The
radioactive elements (U-238, U-235, and Rn-222) indicated a strong correlation with some
PTEs (U, Ni, Pb, Cu, and Cr), which were all contributing to the negative side of PC 1 and
PC 2. It could be observed that the CEC and the pH were diagonally opposite the U-238,
U-235, and Rn-222, including all the PTEs that are correlated with these radionuclides (U,
Ni, Pb, Cu, and Cr). This observation emphasizes that the diagonally opposite variables
are negatively correlated; in this case, it can be pointed out that to minimize the mobility of
these radionuclides, the pH and CEC should increase. Adding lime that contains calcium
carbonate balances the pH by increasing it, consequently increasing CEC. Furthermore, Ca
was observed to be strongly associated with pH. According to Panhwar et al. [78], when
the Ca content increases in the soil, the pH will also increase. The CEC vector is short due
to the large variance in the data.

The overall results suggest that the insufficient cover layer affects the concentrations
of these elements from the spoil rock to the top layer of the deposit. If the soil cover layer is
not sufficient, these elements can easily become mobile.

The BCR sequential extraction procedure has proven to be useful in providing infor-
mation regarding the mobility of PTEs for the planning and management of recultivation
applications [34]. Based on the plant radionuclidic and PTE uptake; and on the results
from the BCR sequential extraction, it is apparent that one meter (1 m) of intact soil cover
layer for spoil deposit No. I is enough for effective retardation of migration of PTEs and
radionuclides. However, where the soil cover layer thickness is low (radioactive sample), it
is not compelling enough. Therefore, the additional soil cover is needed to stabilize and
protect the environment to ensure environmental safety. Additionally, since the sampling
of the soil sample at the 75–100 cm depth in Rn-M11 and at 25–100 cm for the radioactive
sample was not possible due to the rocks underneath, it is an indication that the cover layer
was not 1 m in these locations as recommended by the OECD/NEA [79].

4. Conclusions

Radionuclide and PTE concentrations in the soil cover layer of deposit No. I take their
origin from the soil’s own matter and the spoil rock due to the leaching and migration by
water infiltration vertically and along the slope. The distribution of PTE and radionuclide
concentrations in the soil cover layer depends on the chemical character of an element
and soil characteristics (pH, CEC, SOM, soil moisture, etc.) [80] and has shown different
patterns for different elements. Correlation matrices and statistical analysis indicated the
possible correlations between the PTEs, radionuclides, and physico-chemical properties;
and the PCA determined the association of mobile elements with the samples collected
from the area where there was an insufficient cover layer.

Using the pseudo-total soil concentrations for TF calculation, problem areas could
be identified, and applying the BCR sequential extraction method helped to specify the
elements prone to mobility and bioavailability according to environmental conditions in the
Mecsek uranium mine. The combination of the BCR sequential extraction and pseudo-total
methodologies discovered some problems regarding the efficacy of the recultivation soil in
uranium mine areas.
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Based on the high levels of U in the groundwater, it could be concluded that the soil
cover layer requires an additional step to ensure that its integrity is intact. According to
the IAEA [71], one of many techniques to monitor the integrity of the soil cover layer is to
monitor the radiological and chemical leachate collected in the vault drainage system and
in groundwater to provide an indication of degradation in cover performance.

It was proven that the soil cover layer satisfactorily retards the migration of the PTEs
and radionuclides from the spoil leaching. However, when it is wounded, it may cause the
release of these contaminants into the groundwater and surrounding environment.
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Appendix A

Table A1. Physico-chemical properties that may affect the mobility of elements [43,44].

Sample Description Depth (cm) Soil Moisture
Content (%) Soil pH CEC

(cmol(+)/kg) SOM (%) Plant Moisture
Content (%)

Rn-M11

0–25 9.24 6.22 52.9 ± 6.71 1.61 33.1
25–50 7.44 6.12 20.2 ± 0.06 1.21
50–75 12.6 5.99 14.6 ± 4.55 2.56

75–100 Hard rock (not sampled)

Rn-M12

0–25 9.47 5.79 33.0 ± 0.69 0.75 31.2
25–50 8.99 5.50 8.23 ± 1.09 0.64
50–75 8.19 5.47 24.4 ± 1.31 0.96

75–100 8.43 5.38 33.0 ± 0.01 1.11

Rn-M13

0–25 17.1 5.61 28.2 ± 0.44 5.27 25.0
25–50 14.3 5.27 31.8 ± 4.61 3.34
50–75 14.2 5.38 28.1 ± 2.67 1.92

75–100 14.2 5.36 36.6 ± 0.01 1.76
Radioactive sample 0–25 3.16 5.27 27.3 ± 0.01 1.31 60.3
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Table A2. The correlation matrix (r) for the concentrations of the natural radionuclides, total PTEs, and the chemical properties of the soil.

Pearsons’
(r)

U-
238

Th-
232

U-
235 K-40 Rn-

222 Ca Co Cr Cu Fe K Mg Mn Na Ni P Pb U Zn CEC pH % *
SM

% *
SOM

U-238 −
Th-232 −0.65 −
U-235 1.00 −0.65 −
K-40 0.13 0.31 0.13 −

Rn-222 0.73 −0.35 0.73 0.31 −
Ca −0.30 −0.06 −0.30 −0.42 −0.54 −
Co 0.05 0.45 0.05 0.75 0.47 −0.57 −
Cr 0.69 −0.43 0.69 0.16 0.62 −0.51 0.33 −
Cu 0.97 −0.54 0.97 0.29 0.74 −0.30 0.18 0.67 −
Fe −0.55 0.78 −0.55 0.57 −0.05 −0.22 0.79 −0.23 −0.42 −
K 0.26 0.22 0.26 0.84 0.40 −0.66 0.80 0.27 0.38 0.53 −

Mg −0.19 0.32 −0.19 0.34 −0.15 0.56 0.30 −0.34 −0.08 0.48 0.17 −
Mn −0.33 0.69 −0.33 0.60 0.18 −0.57 0.86 0.05 −0.22 0.88 0.62 0.10 −
Na −0.81 0.79 −0.81 0.19 −0.31 0.13 0.37 −0.61 −0.70 0.84 0.09 0.45 0.62 −
Ni 0.39 −0.22 0.39 0.12 0.45 −0.50 0.39 0.94 0.38 −0.04 0.20 −0.35 0.23 −0.39 −
P −0.59 0.80 −0.59 0.54 −0.11 −0.11 0.70 −0.38 −0.44 0.98 0.48 0.54 0.80 0.89 −0.20 −

Pb 0.97 −0.52 0.97 0.32 0.80 −0.42 0.26 0.70 0.98 −0.36 0.46 −0.12 −0.14 −0.69 0.42 −0.41 −
U 1.00 −0.65 1.00 0.13 0.73 −0.30 0.05 0.69 0.97 −0.55 0.26 −0.20 −0.33 −0.81 0.39 −0.59 0.97 −
Zn −0.20 0.49 −0.20 0.68 −0.12 −0.05 0.50 −0.19 0.04 0.60 0.58 0.50 0.47 0.43 −0.16 0.66 −0.03 −0.20 −

CEC −0.03 0.05 −0.03 0.02 0.00 −0.11 −0.01 −0.32 −0.12 0.07 0.17 0.03 −0.01 0.18 −0.42 0.11 −0.01 −0.03 −0.25 −
pH −0.28 −0.05 −0.28 −0.44 −0.60 0.11 −0.71 −0.39 −0.37 −0.41 −0.36 −0.45 −0.46 −0.13 −0.38 −0.35 −0.38 −0.28 −0.26 0.28 −

% *SM −0.57 0.71 −0.57 0.50 −0.30 −0.13 0.51 −0.40 −0.39 0.81 0.46 0.38 0.64 0.74 −0.25 0.86 −0.39 −0.57 0.81 0.08 −0.10 −
% *SOM −0.11 0.38 −0.11 0.78 −0.15 −0.27 0.50 −0.12 0.07 0.53 0.78 0.33 0.46 0.26 −0.13 0.55 0.07 −0.11 0.86 0.08 −0.04 0.75 −

* SM, soil moisture; SOM, soil organic matter; the values highlighted in bold are Pearson’s correlation coefficient (r) significant at 95% confidence level; p ≤ 0.05.
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