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Abstract

The soil radionuclide inventory, most often monitored in uranium industry areas, may not reflect the inhalation hazard.
We tested this in Uchkuduk, Uzbekistan, at ten co-located points in each of a uranium sorption recovery section, a mill
tailings site and the residential area, measuring #2°Ra, 2Th and “K in soil, the radium equivalent activity (Ra,,), the
ambient dose equivalent rate H*(10), the equilibrium equivalent radon concentration (EERC) and the long-lived alpha
activity (LLAA) of aerosols. The tailings site had the highest *Ra, Ra,, and H*(10) (up to 5.85 uSv h™"), but outdoor

EERC and LLAA were no higher than at the sorption section, where indoor EERC reached 46 Bq m™ 3. Outdoor EERC
followed 2%6Ra at the sorption section and in the residential area, whereas at the wind-exposed tailings site only LLAA
did (p = 0.89-0.92). Airborne indicators should therefore be measured directly rather than inferred from soil and gamma
surveys.

Introduction

In areas associated with the uranium industry, technogenic activity can alter the natural distribution of radionuclides,
cause local accumulation of certain radionuclides, and consequently increase radiation exposure levels [1, 2]. Tailings
and other residual materials generated by uranium mining and processing remain sources of radioactive impact for
long periods of time [3]. The principal radionuclides occurring in the rocks, soils, waters, and atmospheric air of such
areas are the radionuclides of the 238U and 232Th decay series, together with natural 4°K [4, 5]. Studies conducted at
various uranium mining enterprises worldwide and at storage areas for radioactive wastes generated during long-term
uranium mining have shown elevated ??°Ra activity, increased gamma radiation levels, and intensified radon-related
radiation impacts in such areas. According to UNSCEAR [2], natural radiation sources account for the major part of the
radiation dose received by humans, with a worldwide average annual effective dose of 2.4 mSy, varying between 1 and
10 mSv in some regions.

232Th and 238U in the technogenic wastes of the uranium industry undergo alpha decay and serve as the parent
radionuclides of long radioactive decay chains [9]. Decay of 222Rn produces short-lived progeny that attach to aerosol
particles and, when inhaled, deposit in the respiratory tract and irradiate the lung tissue. Their concentration is
expressed as the equilibrium equivalent radon concentration (EERC), i.e., the radon activity concentration in equilibrium
with its short-lived progeny that has the same potential alpha energy concentration as the actual progeny mixture; EERC
is therefore the key quantity for assessing radon-related inhalation doses [10, 11]. In uranium industry areas, airborne
dust can additionally carry long-lived alpha emitters of the uranium series, such as 238U, 234U, 23Th, 226Ra and ?'%Po.
The long-lived alpha activity (LLAA) of airborne aerosols, measured after the short-lived radon and thoron progeny have
decayed, is used as an integral indicator of this dust-borne inhalation hazard [12]. 210pg, which also forms in the
atmosphere from 222Rn via 2'%Pb, is a strong alpha emitter and contributes significantly to the internal dose upon
inhalation [13, 14].

During the Soviet era, large-scale uranium mining and processing were carried out in Central Asian countries. These
processes generated large volumes of technogenic radioactive waste, most of which persist today as uranium legacy
sites. Because the natural radionuclides contained in these objects have the potential to disperse into the environment,
interest in studies aimed at assessing their radiation status and degree of environmental impact has grown
considerably in recent years [15]. Studies carried out in Kazakhstan have revealed higher spatial variability of radon
concentration, gamma dose rate, and radiation exposure levels in settlements located near uranium deposits and
technogenic radioactive waste storage facilities [1, 16—-18].
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Investigations conducted at uranium legacy sites in Kyrgyzstan and Tajikistan have emphasized the need for
systematic monitoring of radionuclide migration, gamma radiation, and radon-related radiation indicators [6, 19-22].
Similarly, studies performed at uranium legacy objects in China and in the Siwalik uranium mineralized zone of India
have shown that the accumulation and migration of radionuclides in environmental components lead to an increase in
radiation risk. The authors found that the activities of the 22°Ra, 232Th, and “°K radionuclides, as well as the radiological
hazard indices, exceeded the world average values and emphasized the necessity of regular radioecological monitoring
in such areas [7, 8].

Uzbekistan is one of the major uranium-producing countries in Central Asia. Uranium mining in this region began in
1958, and the Uchkuduk deposit played an important role in the development of the uranium industry. Subsequently, a
large industrial infrastructure related to uranium ore mining, hydrometallurgical processing, and waste storage was
established in this area. Since 1994, uranium in the Republic has been produced mainly by the in-situ leaching (ISL)
method [23, 24].

Nevertheless, legacy sites from earlier conventional mining operations continue to pose potential radiological hazards
to the surrounding environment and population. In Uzbekistan, studies carried out in the Yangiabad and Charkesar
areas have likewise revealed gamma dose rates significantly exceeding natural background values in the areas of
former uranium mines and waste rock dumps. In public buildings of Yangiabad, ???Rn activity concentrations of 30—
1050 Bq m~ 3 were recorded, with the annual effective dose reaching up to 7.6 mSv/year at some objects. Available
reports also indicate approximately 500,000 m? of radioactive waste stored at Yangiabad and elevated uranium
concentrations in water, reaching up to 1,312 ppb in mine discharge. These findings demonstrated that the migration of
radionuclides into the environment under the influence of uranium legacy objects can continue for a long time [15, 25].
However, these studies have focused mainly on former uranium mines and uranium legacy objects. Relatively little data
have been published on the radiation status of Uzbekistan's currently operating uranium mining and processing areas,
in particular the Uchkuduk industrial zone.

As a result of many years of industrial activity, technogenic objects related to uranium mining and processing, including
uranium mill tailings sites and production sections, have formed in the Uchkuduk area. This makes the area an
important radioecological site for studying the environmental distribution of radionuclides, external gamma radiation,
and the migration of radon and its decay products.

Previous radioecological studies in Uzbekistan have focused mainly on abandoned uranium legacy sites [15, 25], while
the industrial zones of current uranium production remain poorly documented. Moreover, most studies report soil
natural radioactivity, radon, or gamma dose rate separately [26-31]. Such data show where radionuclides are stored,
but not whether they reach people. The soil inventory directly controls external gamma exposure, whereas inhalation
exposure depends on radon exhalation, aerosol attachment, dust resuspension and atmospheric dilution, all of which
can weaken the link between the source and the receptor. Whether the soil inventory of a uranium industry area can
serve as a proxy for airborne exposure has therefore rarely been tested with co-located measurements.

This study addresses this question in the uranium industry area of Uchkuduk, Uzbekistan, where a uranium sorption
recovery section, a 55 km? uranium mill tailings site, and a town of about 40,000 inhabitants [32] lie within 11 km of

each other. At ten co-located points in each zone, we measured the specific activities of 22°Ra, 232Th and *°K in soil, H*
(10), EERC and LLAA, and interpreted them together with wind data for the sampling days. The objectives were (i) to
quantify the gradient of each indicator from the source zones to the residential area and (ii) to test whether the soil
inventory predicts the airborne indicators within and between zones.

Materials and methods
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Study area

The study area is located in the central part of Uzbekistan, in the Uchkuduk district of Navoi Region within the Central
Kyzylkum uranium industry region. Sampling and measurements were carried out in the residential areas of Uchkuduk
town, in the adjacent technogenic uranium mill tailings area located about 1 km south-east of the town, and at the
uranium sorption recovery section situated about 11 km north-east of Uchkuduk. This town covers an area of
approximately 10.27 km?, the uranium mill tailings site 55 km?, and the uranium sorption recovery section 4 km?

(Fig. 1). The technogenic uranium mill tailings area consists mainly of a mixture of crushed rocks of granitic origin,
clayey hydrometallurgical residues, and sandy-alluvial materials (Fig. 2).

The territory of Navoi Region, where Uchkuduk is located, is characterized by a sharply continental and semi-arid
climate, with hot and dry weather in summer and relatively cold temperatures in winter. According to meteorological
observations, the mean annual air temperature is approximately 15-16°C, and the annual precipitation is typically
around 200 mm. Precipitation occurs mainly in the winter and spring months, while atmospheric precipitation is very
rarely recorded during the summer season [33, 34].

Because Uchkuduk is adjacent to the storage area for uranium industry waste, ten control points were established
throughout the town to monitor radionuclide migration into the environment and to monitor the radioecological status
of the area. These control points are intended to compare the technogenically affected areas with the natural radiation
background and to assess the spatial distribution of radionuclides. Soil samples were collected on 16 October 2025; H*
(10), EERC and LLAA were measured on 17-18 October 2025, EERC and LLAA between 09:00 and 16:00 local time.
Hourly wind speed and direction at 10 m above ground level for Uchkuduk (~ 215 m a.s.l.) were obtained from the
Open-Meteo Historical Weather API [35], based on the ECMWF IFS HRES model (9 km resolution), and cross-checked
against ERAS reanalysis [36]. On 17-18 October, wind speed ranged from 5.1t0 8.8 ms™ ' (gusts upto 13.8 ms™ "),
blowing continuously from the east (~ 76-90°). Wind was not recorded at the sampling points, and the model values
refer to 10 m height, whereas sampling was at 1-1.5 m; the wind data are therefore used only for qualitative
interpretation.

Quantification of natural radionuclides in the soils of the study area

Soil samples were collected from the surface (0—5 cm) layer at ten points in each of the residential area, the uranium
mill tailings site, and the uranium sorption recovery section. All sampling points are shown in Fig. 1. Approximately 2 kg
of soil was collected at each point using a plastic scoop, placed in polyethylene bags, and marked with dedicated
labels.

Before laboratory analysis, the samples underwent preliminary treatment. Organic matter and small stones present in
the soil samples were removed, and the samples were passed through a 5 mm sieve. The samples were first spread out
and air-dried under ambient conditions, and then dried in an oven at 110°C for 24 h until a constant weight was
achieved. The dried samples were placed in standard Marinelli plastic containers, hermetically sealed, and stored for 30
days. This period is considered sufficient for the establishment of secular equilibrium between ?2°Ra and 232Th and
their short-lived decay products [37].

The specific activities of 22°Ra, 232Th and “°K were measured with an MKS-AT1315 gamma-beta spectrometer
(ATOMTEX, Belarus) with a lead-shielded 863 x 63 mm Nal(TI) detector (50 keV-3 MeV; 1024 channels; resolution 8%
at 662 keV; maximum permissible relative error + 20%, P = 0.95) [38]. The instrument was within its annual metrological

verification period. Energy calibration used a certified 222Th point source (?°®Tl, 2614.5 keV) and a certified 2?°Ra
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volume source (?'#Pb, 242.0, 295.2 and 351.9 keV; 2'*Bi, 609.3, 1120.3 and 1764.5 keV). Efficiency calibration used
certified volume activity standards (OMASN) of 226Ra, 232Th, 4°K and '3/Cs in the same Marinelli geometry.

Because the Nal(Tl) resolution does not separate neighbouring lines of the uranium and thorium series (e.g. 2'Bi at
609.3 keV and 298T]| at 583.2 keV), activities were not calculated from individual peak areas. Instead, each spectrum
was decomposed by successive subtraction of density-normalised reference spectra of 232Th, 2°Ra and “°K recorded
in the same geometry, which separates the contribution of each radionuclide to overlapping photopeaks and the
Compton continuum; the expanded uncertainty of the decomposition is about 7% (k = 2) [30, 39]. Samples were counted
for 2 h, the empty-container background was subtracted, and activities with expanded uncertainties (k = 2) were
calculated with the ATWin software. The minimum detectable activities were about 10 Bq kg™ for 2°Ra and ?3?Th and
40 Bq kg™ ! for 9K [30].

The radium equivalent activity was calculated as [27, 40]:
Raq (Bq kg_1> — Apa + 1.43A -, + 0.077Ak

1

where Ag,, A, and A are the specific activities of 22°Ra, 232Th, and 4°K, respectively [Bq kg™ '].

Measurement of ambient dose equivalent rate

The ambient dose equivalent rate of gamma radiation, H*(10), in the study areas was measured using a DKS-96
dosimeter—radiometer (DOZA SPC, Russian Federation), which is designed for high-accuracy monitoring of ionizing
radiation fields. The instrument is equipped with a scintillation detector and enables measurement of the radiation dose
rate in the range from 0.1 uSv h™'to 10 Sv h™ '. The integration time of the device is 1-60 s, and the measurement
uncertainty does not exceed + 12%.

Gamma dose rate was measured indoors and outdoors at the control points in the residential area and at the uranium
sorption recovery section, but only outdoors at the uranium mill tailings site, where there are no buildings.
Measurements were performed at ten points in each area at a height of 1 m above the ground surface. For the outdoor
environment, H*(10) values were measured up to five times within a circle of 5 m radius, while for the indoor
environment, measurements were taken in several rooms of the building. The maximum and minimum values were
adopted as an interval value [1, 17, 41].

Measurement of equilibrium equivalent radon concentration ( EERC )

EERC was measured directly in indoor and outdoor air with an Alpharad Plus-AR automated radiometric complex (NTM-
Zashchita Ltd., Russian Federation) [42]. The instrument draws air through an aerosol filter at 10 L min~ ", collects the
aerosol-attached short-lived decay products of radon and thoron, and derives EERC from the alpha particles emitted by
218pg and 2'*Po on the filter. The EERC measurement range is 1.0-1.0 x 108 Bq m™ 2, and the basic relative
measurement uncertainty is + 30%. Although the instrument also has a radon activity concentration unit, only EERC was
recorded in this study; consequently, no equilibrium factor was assumed or applied.

Outdoors, the instrument was placed 1-1.5 m above the ground at locations away from buildings, walls, and other
obstacles. At each point, two consecutive measurements were made in the EROA-10 mode (10-min sampling), and their
mean was taken as the point value. Indoors, measurements were made in bedrooms and living rooms in the residential
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area and in the operator and canteen rooms of the sorption recovery section, where personnel spend most of their
working time. Doors and windows were kept closed for at least 30 min before and during sampling, and the instrument
was positioned at breathing height (1-1.5 m), at least 0.5 m from walls and 1 m from ventilation sources [43]. A single
EROA-5 measurement (5-min sampling) was made at each indoor point. Sampling followed the active filter-sampling
principles of ASTM D6327-10 [44]. All EERC values are short-term (spot) measurements made between 09:00 and 16:00
local time and do not capture diurnal or seasonal variability.

Measurement of long-lived alpha activity ( LLAA ) of airborne aerosols

LLAA of airborne aerosols was determined by filter sampling followed by alpha radiometry [12]. Air was drawn for 16
min through three AFA-RSP-20 analytical aerosol filters (perchlorovinyl fibre; working area 20 cm?) exposed
simultaneously with a PU-3E/220 aspirator, with the sampler inlets T m above the ground (breathing height). The air
volume was measured with the built-in mechanical counter of the aspirator (relative uncertainty + 10%) and was 5 m°.
Because the inlets were at breathing height, locally resuspended dust is included by design, as it contributes to
inhalation exposure. Each filter was measured separately, and the mean of the three filters was taken as the value for
the sampling point.

After sampling, the filters were stored for at least 5 days so that the short-lived radon and thoron progeny decayed,
leaving mainly long-lived alpha emitters. The alpha activity of each filter was measured in a fixed geometry with a
Progress-AR alpha radiometer (DOZA SPC, Russian Federation) equipped with a 60 x 60 mm ZnS(Ag) scintillation
detector (energy range 1.5-8 MeV; minimum detectable activity 9 x 10~ 2 Bq; relative measurement uncertainty < 10%)
[45]. The instrument was checked with standard control sources before the measurements, and the background was
subtracted. LLAA was calculated as the alpha activity on the filters divided by the volume of sampled air and expressed

inmBg m™3.

The measured LLAA is a gross value, to which dust-borne long-lived alpha emitters of the uranium series (>38U, 234U,

230Th, 22Ra, 21%P0) and atmospheric 2'°Po formed from 222Rn via 2'9Pb can contribute [12, 13].

Statistical analysis

Statistical analysis and plotting were performed in Python 3.12 (Pandas, NumPy, Matplotlib and Seaborn).
Relationships between the variables within each zone were evaluated with Spearman’s rank correlation coefficient (p),
which does not require normally distributed data and is robust to extreme values. With n = 10 per zone, correlations are
significant at p < 0.05 when |p| = 0.65.

Results and discussion

Natural radionuclides and radium equivalent activity in soils

To assess the radiation characteristics of the soils in the study areas, the specific activities of the natural radionuclides
226Ra, 232Th, and “°K were determined, and their distribution across the zones was analyzed. These radionuclides are
the main natural sources of the terrestrial gamma radiation field, and their spatial variation in technogenically affected
areas is important for characterizing the radioecological situation. The study covered three functionally distinct zones:
the uranium sorption recovery technological section, the storage area for wastes generated from uranium ore
processing, and the radiological monitoring points of the residential area.
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The specific activities of 22°Ra, 232Th, and *°K in the soil samples and the Ra,, values calculated from them are
presented in Table 1.
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Table 1

Specific activities of 22Ra, 232Th, and “°K and calculated Rag, values in soil samples
collected from the study areas

Samplecode  226Ra, Bqkg™"'  2*Th,Bqkg™' “*K,Bakg™' Rae, Bakg''

Uranium sorption recovery section

S1 204+ 20 38+4 620+61 306.1
S2 5716 46+ 5 926 + 91 1941
S3 212+22 27 +3 618 + 58 208.2
S4 94+9 38+5 667+70 199.7
S5 198 +20 42+5 605+ 62 304.7
S6 146+ 15 44+ 4 820 +91 2721
S7 95+9 36+4 985+ 101 222.3
S8 120+ 11 42+5 89090 248.6
S9 146 +15 364 72071 252.9
S10 187+18 43+5 74075 305.5

Uranium mill tailings site

T1 2244 +210 173 +17 3025+310 27243
T2 1804 +175 14015 2185+ 209 2172.5
T3 2217 £223 78+8 1465+ 144 2441.3
T4 1182+120 25+3 238+ 25 1236.1
TS5 1110+108 88+9 1585+160 1357.9
T6 1515+152 25+3 531+52 1591.6
T7 2091 +203 54+6 1238 +124 2263.5
T8 1718 £173 110+12 398 + 41 1905.9
T9 1984 £180 132+ 11 855+83 2238.6
T10 1355+137 92+10 642 + 68 1536.0

Residential-area radiological monitoring points

R1 32+4 25+3 422 +52 100.2
R2 45+5 21+3 536 + 60 116.3
R3 56+6 36+5 752+72 165.4
R4 56+6 21+3 685171 138.8
RS 365 42+5 644 + 66 145.6
R6 23+3 16+3 741 +£72 102.9
R7 535 25+4 856 + 88 154.7
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Sample code  226Ra Bqkg™!  232Th,Bqkg™' “K,Bqkg™' Ra,,Bqkg’

Uranium sorption recovery section

R8 52+5 32+3 653+ 71 148.0
R9 6316 42+ 4 563 +62 166.4
R10 42+ 4 21+3 485+ 49 109.4

Uncertainties are expanded uncertainties (k = 2).

The results in Table 1 demonstrate a clear spatial differentiation of the natural radionuclide distribution among the
study areas. In particular, the sharp inter-zonal differences observed in ??°Ra activity confirm that the long-term
radiation impact of uranium mining and processing activity has persisted. The highest 22°Ra activities were recorded at
the uranium mill tailings site, where values ran from 1110 to 2244 Bq kg™ '. These values are several times higher than
the levels determined at the uranium sorption recovery section and tens of times higher than those at the monitoring
points of the residential area, indicating a substantial accumulation of uranium-series radionuclides in the technogenic
waste.

The high ??°Ra activity recorded at the uranium mill tailings site is associated with the retention and accumulation of
radium in the waste materials after uranium extraction. For this reason, uranium tailings objects are often regarded as
long-term sources of radiation hazard [3, 7].

At the uranium sorption recovery section, 2Ra activity ranged from 57 to 212 Bq kg™ '. Although these values are
higher than those in the residential area, they are considerably lower than at the tailings storage area, indicating an
influence of the technological process, while the main accumulation of radionuclides is directly associated with the
waste materials. At the monitoring points of the residential area, ??°Ra activity ranged from 23 to 63 Bq kg™ ', clearly
reflecting the radiation gradient observed across the study areas. The consistent decrease in ?2°Ra activity with
increasing distance from the technogenic source demonstrates the direct link between the radionuclide distribution and
the uranium industry objects and shows that their influence weakens with distance. Such a radiation gradient is
characteristic of uranium mining and processing sites, and a decrease in radionuclide activity with increasing distance
has also been reported at other uranium legacy sites [7].

For 232Th, the highest activities were likewise recorded at the uranium mill tailings site, but its inter-zonal variation was
much less than that of 22°Ra. This indicates that the radiation anomaly in the study area is associated mainly with the
radionuclides of the uranium decay series and that 232Th makes a more limited contribution to the overall radiological
load. The wide range of variation of “°K activity in all study areas shows that its distribution is governed not only by
technogenic factors but also by the mineral composition and lithological characteristics of the soil-forming rocks.
Consequently, the spatial variability of “°K reflects the influence of uranium industry activity to a lesser extent than that
of 2%Ra.

The highest Ra,, values were also observed at the uranium mill tailings site. The Ra,, values in this area, ranging from
1236.1 to 2724.3 Bq kg™, are primarily related to the sharp increase in 2Ra activity and confirm the dominant role of
the uranium-series radionuclides in shaping the external gamma radiation field [2]. Moreover, the fact that the Raeq

values in all tailings samples exceed the internationally applied criterion of 370 Bq kg™ " several times over indicates a

high potential for external radiation hazard in this area. Intermediate Ra,, values were recorded at the uranium sorption

recovery section, while the lowest values were observed at the monitoring points of the residential area. As a result, a
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clear radiation gradient was formed among the three zones: residential-area monitoring points < uranium sorption
recovery section < < uranium mill tailings site. This gradient shows that the impact of the uranium industry objects on
the radioecological status of the environment decreases consistently with increasing distance.

To illustrate more clearly the statistical spread of the radionuclide activities and Ra,, values across the zones, summary
plots were constructed based on the minimum—maximum range, the mean value, and the mean + standard deviation

(Fig. 3).

*Horizontal lines represent the minimum—maximum range of values, colored blocks the mean + standard deviation interval,
and black vertical lines the mean value. A broken x-axis was used in the ’Ra and Ragq plots to display the low- and high-
value zones clearly within a single panel.

Figure 3 summarizes the statistical distribution of the #2°Ra, 222Th, *°K, and Ra,, values in the soil samples across the
zones. The plots show that the uranium mill tailings site is characterized not only by the highest mean values of 2°Ra
and Ra,,
materials is not homogeneous and that the spatial distribution of the radionuclides is highly variable. This variability
may be related to differences in the mineral composition of the waste materials, their emplacement history, and
subsequent geochemical redistribution processes [3].

but also by the widest minimum-maximum ranges. This indicates that the radiation composition of the waste

At the uranium sorption recovery section, the spread of the radionuclide and Ra,, values was observed within
comparatively narrower ranges, while the most stable statistical distribution was recorded at the monitoring points of
the residential area. This result shows that the spatial variability of the radiation indicators decreases with increasing
distance from the technogenic source.

The distribution characteristics observed for 232Th and especially *°K indicate that their spatial variability is governed
not only by uranium industry activity but also by local geological and mineralogical factors [4]. Consequently, the

statistical distribution of °K reflects the technogenic impact to a lesser extent than that of 22°Ra.

Overall, Fig. 3 not only demonstrates the radiation gradient among the study areas but also clearly reveals the internal
spatial heterogeneity of the radionuclide distribution. However, the radionuclide activity in soil may not always be
directly reflected in the airborne indicators or in H*(10). Therefore, for a comprehensive assessment of the
radioecological situation, the H*(10), EERC, and LLAA indicators were analyzed separately in the following sections.

Ambient dose equivalent rate H*(10) across the studied areas and indoor—outdoor environments

While the radionuclide activities in soil and the Ra,, values characterize the potential intensity of the radiation sources,
the H*(10) indicator makes it possible to assess how these sources manifest themselves in the external gamma
radiation field. H*(10) values were therefore analyzed for the three main study areas under outdoor and, where
available, indoor conditions. Since the uranium mill tailings site was assessed as an open technogenic area, only
outdoor H*(10) values are presented for this area (Fig. 4). At each monitoring point, the H*(10) value was expressed as
the minimum-maximum interval recorded during the measurement.

In Fig. 4, the H*(10) values are presented in interval form. The horizontal lines indicate the minimum-maximum H*(10)
range recorded during the measurements at each monitoring point. The markers on the lines represent the midpoint of
this interval, i.e., the value (H*(10) i, + H*(10),hax)/2. Blue circular markers and blue lines show the values under
outdoor conditions, while orange square markers and orange lines show the values under indoor conditions. This
approach allows H*(10) to be assessed not as a single-point indicator but together with the variability range observed
during the measurement.
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The results in Fig. 4 show that H*(70) was highest at the uranium mill tailings site, where outdoor values ranged from
0.19 to 5.85 uSv h™ ' and averaged about 1.75 uSv h™ ! (mean of per-point midpoints, used for all sites). These levels
agree with the 22°Ra and Raggq activities in Table 1 and suggest that gamma-emitting radionuclides in the waste

materials contribute substantially to the external dose rate [1, 18]. The wide spread of values also points to a spatially
uneven distribution of radioactive material within the tailings.

At the uranium sorption recovery section, outdoor H*(70) was 0.10-0.72 pSv h™ ' (mean 0.28 pSv h™ '), compared with
0.06-0.35 pSv h™ ' (mean 0.16 pSv h™ ') indoors. Lower indoor values imply that buildings partly shield external gamma
radiation [17].

The lowest H*(10) was recorded at the monitoring points in the residential area, at 0.06-0.12 pSv h™ " outdoors (mean

0.086 pSv h™ ') and 0.04-0.11 pSv h™ " indoors (mean 0.078 pSv h™"). The small difference between outdoor and indoor
levels shows that external gamma radiation was nearly uniform here. Overall, H*(70) fell markedly with distance from
the technogenic source [18].

Overall, a clear zonal gradient of the H*(70) values was observed: residential-area radiological monitoring points <
uranium sorption recovery section < < uranium mill tailings site. This gradient is consistent with the results obtained for
the soil radionuclides and Ra,, and demonstrates the important contribution of the uranium-series radionuclides to the
external gamma radiation. However, the fact that the indoor—outdoor differences did not manifest identically in all
areas shows that the H*(10) values are governed not only by the radionuclide inventory but also by factors such as local
shielding, measurement geometry, and the spatial arrangement of the gamma sources [17].

Distribution of equilibrium equivalent radon concentration ( EERC ) across the studied areas

Figure 5 shows the distribution of the EERC values across the study areas. Outdoor and indoor measurements are
available for the uranium sorption recovery section and the residential-area radiological monitoring points, allowing an
assessment of the degree of accumulation of radon decay products in different environments. Since the uranium mill
tailings site is an open technogenic area, only the outdoor EERC results are presented for this area.

*The lower and upper boundaries of the boxes represent the 25th—75th percentiles of the EERC values, respectively; the
horizontal lines inside the boxes indicate the median values. The whiskers denote the minimum-maximum range of values.
Outdoor and indoor measurements are distinguished by different colors.

The box plots and summary statistics show clear differences in EERC between the studied areas, and between indoor
and outdoor conditions. At the uranium sorption recovery section, outdoor EERC ranged from 7 to 31 Bq m™ 3 with a

mean of 13.7 Bq m™ 2. Indoors, it ranged from 12 to 46 Bq m™ 2 with a mean of 26.2 Bq m™ 3. That makes the indoor
mean about 1.9 times the outdoor one, which suggests radon decay products build up more readily in enclosed spaces.
The likely reasons are weaker ventilation and the longer time radon progeny stay airborne inside buildings [10, 11].

At the tailings site, outdoor EERC (10-17 Bq m™3; mean 13.6 Bq m™ %) was similar to that at the sorption section,
although soil 2Ra was about ten times higher. During the measurements, the wind blew steadily from the east at 5-9

m s~ ' (at 10 m). Under such conditions, radon exhaled from the open tailings surface is rapidly diluted, so that the
progeny concentration at breathing height depends more on atmospheric mixing than on the soil inventory [11].

At the radiological monitoring points of the residential area, outdoor EERC values were in the range of 4-8 Bq m™ 3, with
a mean of 5.7 Bqm~ 3. Indoor values ranged from 7 to 17 Bq m™ 3, with a mean value of 11.9 Bq m™ 3. Thus, in this area,
indoor EERC averaged about 2.1 times the outdoor level. This may be related to the more efficient accumulation and
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longer retention of radon decay products in enclosed environments. As stated in the literature, the equilibrium factor for
radon progeny is sensitive to ventilation intensity and aerosol conditions [11]; therefore, from a radioecological point of
view, higher indoor than outdoor EERC values are an expected situation [17].

Overall, the EERC results do not repeat the same zonal gradient as H*(10) and the soil radionuclides. While the highest
H*(10) values were observed at the uranium mill tailings site, relatively high EERC values were recorded under indoor
conditions, particularly at the uranium sorption recovery section and the residential-area radiological monitoring points.
This shows that H*(10) is an integral dose indicator characterizing the external gamma radiation field, whereas EERC is
sensitive to the accumulation and equilibrium state of radon progeny in the air environment [2].

The observed discrepancies indicate that the assessment of the airborne radiation hazard in uranium industry-affected
areas should not be limited to EERC alone. Therefore, to characterize the radon progeny- and aerosol-related radiation
hazards more fully, it is appropriate to apply additional indicators such as LLAA in combination.

Spatial variability and distribution of long-lived alpha activity ( LLAA ) in airborne aerosols

To assess the spatial distribution of LLAA, measurements were performed at the uranium sorption recovery section, the
uranium mill tailings site, and the monitoring points of the residential area. The statistical distribution of the results is
presented in Fig. 6.

The results obtained show differences in the LLAA values among the areas. The highest LLAA values were observed in
the uranium sorption recovery section, with concentrations ranging from 7.61 to 31.2 mBq m~ 2 outdoors and from 3.1
to 12.6 mBq m~ 2 indoors. These high values may be associated with the dust generation and aerosol particle
resuspension arising from technological activity. Previous studies have reported the occurrence of long-lived alpha-
emitting radionuclides in respirable dust during uranium mining and processing, as well as their contribution to
inhalation exposure [12].

At the tailings site, LLAA was measured outdoors only and ranged from 7.2 to 13.8 mBq m™ 3, lower than at the sorption

section although soil ?2°Ra was about ten times higher. Given the dry conditions and wind gusts of up to 14 ms™ ', dust
resuspension from the tailings surface cannot be excluded; the lower LLAA may instead reflect differences in the dust
source and particle size between the zones, or the position of the sampling points relative to the dust plume. The strong

correlation of LLAA with soil 22°Ra at this site (see below) supports a dust-borne origin.

In the residential area, LLAA was lowest (3.59-5.30 mBq m™ 2 outdoors and 2.8-4.3 mBq m~ 2 indoors), although on the
sampling days the town lay downwind of the sorption section. This indicates strong dilution and deposition of the
aerosol over the 11 km distance.

Relationships between soil radionuclides, airborne indicators and H*(10)

Spearman correlations within each zone were calculated using the soil activities, Ra,,, outdoor EERC and LLAA, and the

midpoints of the outdoor H*(10) intervals (Fig. 7). With n =10, only coefficients with |p| = 0.65 are significant at p < 0.05,
and only these are interpreted.

In all zones, 2%%Ra correlated strongly with Ragq (p=0.91,0.99 and 0.83 at the sorption section, tailings site and
residential area, respectively), confirming that Ra, is controlled by 226Ra. The airborne indicators, however, were linked

to the soil in different ways. At the sorption section and in the residential area, outdoor EERC correlated with soil ?2°Ra
(p=0.92 and 0.89) and Ra,, (p = 0.83 and 0.78), whereas LLAA did not (|p| = 0.30). At the tailings site, the pattern was

reversed: LLAA correlated with #2°Ra and Ra,, (p =0.92 and 0.91), while EERC did not (|p| < 0.46). Indoor EERC (not
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shown in Fig. 7) also correlated with soil 22°Ra at the sorption section and in the residential area (p = 0.95 and 0.86). 4°K
showed no significant correlation with the airborne indicators in any zone, and at the sorption section it was inversely
related to 22°Ra (p = -0.74), indicating that its distribution is controlled mainly by the lithology of the soil-forming
material rather than by technogenic input [46, 47].

The contrast between the zones suggests that, at points within built-up and industrial areas with moderate soil activity,
local radon exhalation controls the progeny concentration at breathing height [11]. Over the open, wind-exposed tailings
surface (5-9 m s~ ' on the sampling days), radon is rapidly diluted, and the soil signal reaches the air mainly through
resuspended dust, which carries long-lived alpha emitters of the uranium series [12, 13]. H*(10) showed no significant
correlation with any variable in any zone. This is expected because the interval midpoints reflect the source geometry
within a 5 m radius, whereas each soil sample represents a single 0—5 cm point [2]. Given the small sample size and the
single campaign, these relationships should be regarded as indicative.

Synthesis: from source to exposure pathway

Taken together, the results show that the three zones differ not only in the magnitude of the source but also in the
pathway by which it can reach people.

Tailings site: highest inventory, strongest external gamma radiation. Soil ?2°Ra (1110-2244 Bq kg™ ") and H*(10) (up to
5.85 pSv h™ 1) were highest here, but outdoor EERC was no higher than at the sorption section, and LLAA was lower. The
hazard on the site is therefore expressed mainly by external gamma radiation, while the soil signal reaches the air

mainly through dust, as indicated by the correlation of LLAA with soil ??°Ra. The tailings site lies about 1 km south-east
of the town. On the sampling days, the easterly wind carried air from the tailings past the southern edge of the town
rather than over it; the transport of tailings-derived radon and dust towards the town under south-easterly winds could
therefore not be assessed.

Sorption recovery section: moderate inventory, highest airborne indicators. Soil >?°Ra was an order of magnitude lower
than at the tailings site, yet outdoor LLAA was the highest of all zones, and indoor EERC in the operator and canteen

rooms reached 46 Bq m™ 3. Technological dust and the accumulation of radon progeny in occupied rooms indicate that
inhalation deserves particular attention for workers in this zone.

Residential area: background conditions. All indicators were close to natural background levels, although the town lay
downwind of the sorption section on the sampling days. Mean outdoor LLAA was about four times lower than at the

section, indicating strong dilution and deposition of the aerosol over the 11 km distance. Indoor EERC (7-17 Bq m™ %)
was about twice the outdoor value and is controlled mainly by building ventilation.

Implications for monitoring. Because neither the soil inventory nor H*(10) predicted the airborne indicators, monitoring
based only on gamma surveys and soil sampling may underestimate the inhalation hazard where the source is
moderate, but dust generation is high, as at the sorption section. Direct measurement of EERC and LLAA, including in
occupied rooms, should therefore be part of routine monitoring in uranium industry areas.

International comparison of radiological parameters in uranium-affected areas

As shown in Table 2, soil ?2°Ra at the Uchkuduk tailings site (1110-2244 Bq kg™ ") is of the same order as in the
contaminated areas of South Kazakhstan, 2350 Bq kg'1 [1], but much lower than in uranium tailings reservoirs in China,
8270-16060 Bq kg™ ' [7]. Ra,, at the tailings site (1236-2724 Bq kg™ ') exceeded the 370 Bq kg™ ' criterion at all points
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and was higher than the values reported for North-East Kazakhstan, 64.8-717.4 Bq kg™ ' [18], and the Lisava uranium
mining sector, 118.33-458.31 Bq kg™ ' [48]. The maximum H*(10) at the tailings site (5.85 pSv h™ ) is about 70-100
times the world average values of 0.059-0.084 pSv h™ ' [2] but lower than the maxima reported for Taboshar and
Digmai [20]. EERC in all Uchkuduk zones (up to 46 Bq m™ 3 indoors) was in the lower part of the ranges reported for
settlements near uranium mining areas in Kazakhstan: 1-191 Bq m™ 2 [1] and 18-4974 Bq m™ 3 [16]. LLAA was not
included in the comparison, because the sampling and reporting methods in the literature are not standardised. Overall,
the Uchkuduk area falls within the range of other Central Asian uranium industry areas and below the most
contaminated sites.
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Table 2

Comparison of the radiological indicators of the Uchkuduk uranium industry areas with other uranium industry and
legacy areas

Study area

Uranium
sorption
recovery
section

Uranium mill
tailings site

Uchkuduk
residential
area

South
Kazakhstan,
contaminated
area

South
Kazakhstan,
residential
areas

Northern
Kazakhstan
uranium
mining
settlements

North-East
Kazakhstan,
mothballed
uranium
mining
facility

Taboshar and
Digmai
uranium
legacy sites,
Tajikistan

Lisava
uranium
mining
sector,
Romania

Uranium
tailings
reservoir,
China

World
average

226Ra

(Bakg™
"
57-212

1110~
2244

23-63

2350

63-97

32.12-
396.23°

8270-
16060

35

232Th

(Bq
kg™")
27-
46

25—
173

16—
42

270

60—
200

7.23-
48.16

700-
1580

30

40K
(Bakg™
"

605-
985

238-
3025

422-
856

860

670-
1400

497.32-

615.32

2890-
8600

400

Ra,,

(Bakg™
"
194.1-
306.1

1236.1-
27243

100.2-
166.4

64.8—
717.4

118.33-
458.31

EERC (Bqm™3)

Outdoor Indoor
7-31 12—
46
10-17
4-8 7-17
'I_
191
18-
4974
16— 15-
1280 830
62 162

H*(10) (uSvh™1)

Outdoor

0.1-
0.72

0.19-
5.85

0.06-
0.12

0.5-1.2

0.1-0.9

0.3-
221

0.058-
0.215P

0.119-
0.624P

0.059P

Indoor

0.06-
0.35

oo
— O
-5

|

oo
S
W+

wo
aw

- O
woa

0.412-
0.979°

0.084°

References

This study

This study

This study

[1]

[1]

[16]

[18]

[20]

[48]

[7]

[2]
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3 EERC calculated from the world average radon concentrations of 10 Bq m™ 2 (outdoor) and 40 Bq m™? (indoor) with
equilibrium factors of 0.6 and 0.4 [2]. ® Estimated from the absorbed gamma dose rate in air assuming 1 nGy h™T = 1 nSv
h™7; for the world average, from 59 and 84 nGy h™" [2]. © Reported as #*3U. The Ra,, value of 370 Bq kg™ " is a
recommended upper limit, not an average [40].

Limitations

This study has several limitations. The data come from a single campaign (16—18 October 2025), and EERC and LLAA
were short-term daytime measurements, so they cannot describe diurnal or seasonal variability. Because convective
mixing is strongest during the day, outdoor EERC may also be lower than the daily mean. In addition, radon was
measured as LLAA gross alpha activity, and since the filters were not kept, individual alpha emitters could not be
identified. Finally, the vertical distribution of radionuclides in soil was not studied, and with n =10 per zone, the
correlation analysis has limited statistical power.

Conclusions

1) The uranium mill tailings site is the main radiation source in the Uchkuduk area: 22°Ra (1110-2244 Bq kg™ '), Ra
eq

(1236-2724 Bq kg™ ', above the 370 Bq kg™ ! criterion at all points) and H*(10) (up to 5.85 pSv h™') decreased sharply
towards the sorption section and the residential area.

(2) The airborne indicators did not follow this gradient. LLAA was highest at the sorption section, and EERC was highest
indoors in the occupied rooms of the section and the town. The soil inventory and H*(10) therefore cannot be used as
proxies for the inhalation hazard.

(3) The link between soil and air depended on the zone: EERC followed soil ??°Ra at the sorption section and in the
residential area, whereas at the wind-exposed tailings site the soil signal was carried mainly by dust (LLAA).

(4) In the residential area, all indicators were close to natural background levels on the sampling days. Repeated
measurements including night-time, seasonal and south-easterly wind conditions, together with alpha-spectrometric
analysis of aerosol filters, are needed to quantify the transport of radon and dust from the tailings to the town.
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Map of the study area and locations of sampling sites
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Spatial distribution of long-lived alpha activity (LLAA) across the studied areas
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