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Abstract

Unegt subbasin in Dornogobi Province, southeastern Mongolia, contains the Dulaan Uul uranium deposit, for which
development for commercial mining has been conducted as of 2015. Zuunbayan is a commune located close to the
Dulaan Uul uranium deposit, and residents of Zuunbayan and their livestock can easily approach the uranium deposit
area, including an aboveground dump site, which was created as a result of the mining development. The present study
measured and analyzed the gamma dose rate (absorbed dose rate in air) distribution in Unegt subbasin using data
collected from a car-borne measurement survey. The gamma dose rate increased from the northern (45-65 nGy/h) to
the central (50-69 nGy/h, including Zuunbayan) and the southern (54—195 nGy/h, including Dulaan Uul) parts of the
study area. The gamma dose rates (up to 195 nGy/h) around the dump site in Dulaan Uul were significantly higher than
the background level (< 80 nGy/h) at several points. Additional in-situ measurements showed that the gamma dose rates
reached up to 450 nGy/h at these locations, which was primarily attributed to the gamma radiation emitted by ***U series
elements. Spatial distribution of gamma dose rates around the dump site revealed that the gamma radiation did not
originate from the dump, but from the ground, at the measurement points. Analysis of collected soil samples showed that
238U and ?*°Ra were concentrated in deeper soil. These results indicate that the gamma dose rates higher than the
background level were not associated with the aboveground mine dump; rather, they were very probably caused by
presence of uranium deposits close to the ground surface.
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Introduction

The general public is exposed to natural radiation in various
ways such as cosmic rays and terrestrial gamma radiation in
external radiation exposure and radon inhalation and dietary
intake in internal radiation exposure (United Nations
Scientific Committee on the Effects of Atomic Radiation
2010). The global annual average dose received from terres-
trial gamma radiation, which is the second largest constituent
among the natural radiation sources, accounts for one-fifth
(0.5 mSv) of the total effective dose (2.4 mSv). Terrestrial
gamma radiation is emitted from uranium (**®U) series ele-
ments, thorium (*>*Th) series elements, and potassium (**K),
which are present ubiquitously in the ground. The terrestrial
gamma radiation level (i.e., ambient gamma dose rate) de-
pends primarily on the geological setting and soil types
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constraining the concentrations of these radionuclides (e.g.,
Quindos et al. 1994; Beamish 2014; Saleh et al. 2015;
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Torres et al. 2018). In some cases, however, reported eleva-
tions of ambient gamma dose rates were associated with hu-
man activities such as mining operations (e.g., Vandenhove
et al. 2006; Momcilovi¢ et al. 2013; Mangeret et al. 2018).

Mongolia is one of 16 major countries in the world with
sizable uranium resources (International Atomic Energy
Agency 2018). According to a report on global uranium de-
posit distribution (International Atomic Energy Agency
2018), the identified recoverable uranium in Mongolia
amounted to 141,500 tU (in terms of the weight of uranium
metal) in the low-cost category (US$130/kgU) as of 2014,
which accounts for approximately 2% of the global total
(7,641,600 tU). In Mongolia, uranium deposits are mostly
distributed in the eastern and southeastern parts of the country.
According to the International Atomic Energy Agency (2018),
of the 21 uranium deposit areas, the Dornod and Dulaan Uul
uranium deposits were explored and have been under devel-
opment for commercial mining as of 2015.

The present study focused on the Unegt subbasin, a part of
Dornogobi Province, southeastern Mongolia, which contains
the Dulaan Uul uranium deposit (Fig. 1). Based on the pres-
ence of radiometric anomalies identified in aerial surveys by
scientists of the former Soviet Union in the 1980s, full-fledged
exploration for uranium mining started in 1997 in the area.
Consequently, a uranium deposit was discovered in 2002 in
Dulaan Uul (Cardon et al. 2015; Le Goux et al. 2015;
Ariunbileg et al. 2016). The resource amount was estimated
as 6,500 tU with an average grade of 0.02% U (Cardon et al.
2015; International Atomic Energy Agency 2018). After the
discovery, pilot mining was conducted in 2010 and 2011,
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which consisted of uranium extraction by injection of an acid
leaching solution into the deposit through wells (Cardon et al.
2015). The uranium deposit area includes the pilot mining site
and an aboveground dump site, which came about as a result
of the mining development. The area is easily accessible for
residents, their livestock, and wildlife such as camels, except
for zones marked as restricted during the pilot mining and the
dump site.

Only a few radiometric surveys have been conducted in the
Unegt subbasin to examine the impact of the presence of ura-
nium deposits on the general public. In 2012, elemental anal-
yses of groundwater were conducted using samples from 202
shallow and deep wells located throughout Dornogobi
Province. Severe uranium contamination exceeding the drink-
ing water guideline provided by the World Health
Organization was noted in 36% of the samples, mostly from
the shallow wells (Nriagu et al. 2013). Ariunbileg et al. (2016)
also reported uranium contamination of groundwater sampled
from both shallow and deep wells in Dulaan Uul. Distribution
of the ambient gamma dose rate is basic information needed
for the general public to be aware of the level of radiation to
which they are exposed. However, although airborne radio-
metric surveys were conducted for exploration of uranium
deposits (as mentioned previously), the gamma dose rate dis-
tribution map is not publicly available at present.

Fukushima Medical University, Japan, and the national and
local governments of Mongolia organized a research team to
(1) conduct health check examinations and natural radioactiv-
ity surveys and (2) introduce a community initiative to re-
spond to radiation exposure for the residents of Zuunbayan,
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Fig. 1 Location of the study area (a). The survey route is depicted on the
geological map (b). In panel b, the open circles represent in-situ
measurement and soil sampling locations. P/P, Proterozoic/Paleozoic
metamorphic and igneous rocks; J, Jurassic strata; LC, Lower
Cretaceous strata; UCS, Upper Cretaceous Sainshand formation; UCB,
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Upper Cretaceous Bayanshiree formation; C, Cenozoic strata; NUF,
North Unegt fault; NZF, North Zuunbayan fault; USB, Unegt subbasin;
ZSB, Zuunbayan subbasin; KBM, Khan Bayanzurkh Mountain. The
geological map is based on Grizard et al. (2019) and the topographic data
are sourced from Amante and Eakins (2009)
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a commune located close to the Dulaan Uul uranium deposits
(e.g., Yamada et al. 2018). The natural radioactivity surveys
form the focus of the present study, which aims to (1) depict
the gamma dose rate distribution in the Unegt subbasin and (2)
evaluate the amounts of external and internal radiation expo-
sure from terrestrial gamma radiation and radon in the air for
the residents. In the present paper, a gamma dose rate
(absorbed dose rate in air) distribution map created using data
collected by a car-borne measurement technique is shown.
The survey identified gamma dose rates significantly higher
than the background level around the dump site. Their origin
was discussed based on elemental analyses of the soils.

Materials and methods
Ethics statement

Permissions were obtained from the Ethics Committee of
Fukushima Medical University, Japan (No. 2840) and the
Nuclear Energy Commission, Government of Mongolia.
Consent was also sought from the residents of Zuunbayan
when measurements needed to be taken near their dwellings.

Study area

The Unegt subbasin is predominantly located in the central
and western parts of Dornogobi Province (Fig. 1). It is orient-
ed toward the northeast, and is 40 km wide and 120 km long
(Prost 2004). The northern margin is located near the prov-
ince’s capital, Sainshand, while the eastern margin is bounded
by the North Zuunbayan Fault Zone. The basin structure and
the accompanying graben and half graben were formed by
tectonic extension (rifting) during the Middle Jurassic to
Lower Cretaceous (Graham et al. 2001; Prost 2004).
Proterozoic to Cenozoic igneous, sedimentary, and metamor-
phic rocks are distributed in the Unegt subbasin (Fig. 1b;
Graham et al. 2001, Cardon et al. 2015; Grizard et al. 2019).
Roll-front type uranium mineralization was observed in the
Upper Cretaceous Sainshand formation (Cardon et al. 2015;
Le Goux et al. 2015). The Sainshand formation is composed
of basin-fill deposits, mud-to-conglomerate sequence sedi-
ments with disseminated organic matter like lignite deposited
in a paleoenvironment consisting of an alluvial fan and a
braided plain (Cardon et al. 2015; Le Goux et al. 2015).
Given this geological setting, the survey route was planned
along the Lower Cretaceous to Upper Cretaceous mud-to-
conglomerate sediments, which were partly accompanied by
basalt and tuff (Fig. 1b). The study area is characterized by a
desert climate and sandy plains and dunes with sparse
vegetation.

Zuunbayan and the Dulaan Uul uranium deposits are locat-
ed close to the eastern margin of the Unegt subbasin (Fig. 1).
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The distances between Sainshand and Zuunbayan and be-
tween Zuunbayan and Dulaan Uul are approximately 40 km.
The population of Zuunbayan is approximately 2,000, and
90% of the residents reside in the commune’s center while
the other 10% are nomads living around it. Dwellings for the
permanent settlers are constructed from mud, bricks, or felt
fabric (i.e., yurts), while the nomads only use yurts. Livestock
herding is one of the main activities in the area. Dulaan Uul
also contains the pilot mining and dump sites as well as a base
camp for the mining companies (Fig. 1b). The distance of
these sites to the closest dwelling in Zuunbayan was 10-15
km (Fig. 1b) at the time of the survey (July 2017).

Car-borne measurement technique

The car-borne measurement technique was applied to measure
the ambient gamma dose rates. It is frequently adopted, in-
stead of walking and airborne measurement techniques, to
study the gamma dose rate distribution in a wide area for
reasonable spatial resolution and survey period (e.g., Baeza
et al. 2013; Hosoda et al. 2015, 2016; Le et al. 2018; Omori
et al. 2019). The car-borne technique follows three steps. (1)
The rate of gamma radiation (hereafter, count rate) is mea-
sured continuously in the moving car. (2) The count rate inside
the car is converted to that outside the car to correct for gamma
radiation attenuation passing through the car body and its
occupants. (3) The corrected count rate is converted into the
gamma dose rate. Based on this procedure, the gamma dose
rate evaluated in the car-borne measurement technique was
formulated as follows:

D =N,;, x AF x CF, (1)

where D is the absorbed dose rate in air (nGy/h; the gamma
dose rate), Ny, is the count rate (counts/30 s) inside the car, AF'
is an attenuation factor depending on the car type and number
of occupants, and CF'is the dose rate conversion factor (nGy/h
(counts/30 s) ), which is used to calculate the absorbed dose
rate in air from the corrected count rate (the count rate outside
the car).

Count rate inside the car was measured using a 3 in X 3 in
cylindrical Nal(T1) scintillation spectrometer (EMF211, EMF
Japan Co., Ltd., Japan) with global positioning system (GPS).
It was measured every 30 s along with locality information
(latitude and longitude) in the moving car. The car used for the
survey was a Russian jeep UAZ-469 with a maximum capac-
ity of five occupants. The spectrometer was set at the center of
the backseat of the car (2.5 m from the car bumper, 0.9 m from
a side door, and 1.1 m above the ground), and the GPS sensor
was placed on the front window inside the car. Three to four
occupants were present in the car during the survey. The car
speed was 20-50 km/h depending on conditions of the roads,
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all of which were sandy except for paved roads in central parts
of Sainshand and Zuunbayan.

The attenuation factor was evaluated from the comparison
between the count rates inside and outside the car. The count
rate outside was the value at 1 m above the sandy ground near
the car. These count rates were measured every 30 s for ap-
proximately 3 min. Changes in the attenuation factor were
also examined in relation to the number of occupants.

The dose rate conversion factor was evaluated from the
comparison between the count rates outside the car and the
gamma dose rates. In addition to the count rates outside the
car, pulse-height distributions of gamma rays at 50-3200 keV
were measured for 15 min using the EMF211 at a height of 1
m above the sandy ground. The 22 x 22 response matrix
method (Minato 1978, 2001) was applied to the gamma-ray
pulse-height distributions, to unfold them and obtain the inci-
dent gamma-ray flux density energy spectra (energy bin
widths: 100-280 keV). The absorbed dose rates in air were
calculated from the energy and flux densities of the incident
gamma rays, mass energy-absorption coefficient for air, and
dose conversion factors corresponding to each of the 22 ener-
gy bins.

The gamma dose rates calculated from Eq. (1) were
mapped through the software Generic Mapping Tools
(Wessel et al. 2013) based on the locality information. The
relative standard uncertainty of the gamma dose rates involved
in count-rate measurement and applications of the attenuation
factor and dose rate conversion factor was approximately 10%
(coverage factor k = 2).

The car-borne survey was conducted from July 4 to 9,
2017, from Sainshand through Zuunbayan to Dulaan Uul.
No untoward weather was reported throughout the survey.

In-situ measurement

The incident gamma ray flux density energy spectra were
obtained at 31 locations, including those at which the dose
rate conversion factor was evaluated, using the method de-
scribed in the section that deals with the car-borne measure-
ment technique. They were analyzed to determine the contri-
butions of the natural gamma emitter radionuclides present in
the ground (**®U- and ***Th-series elements and “°K) to the
gamma dose rates. The gamma dose rate from each of these
radionuclides was determined by focusing on the observed
flux density at the photon peaks of *°K (1464 keV), 2'*Bi
(1765 keV and 2205 keV) for the 2*8U series elements, and
20871 (2615 keV) for the 2**Th series elements (for further
details, see Minato (2001) and Omori et al. (2019)). The con-
tribution of radiocesium was ignored in this analysis because
its photon peaks were not identified in the gamma-ray pulse-
height distributions measured for 15 min. Coefficients of var-
iation depend on the integral absorbed dose in air, and those
evaluated by the response matrix method in measurements

repeated 50 times were reported as approximately 2%, 7%,
5%, and 2% for the absorbed dose rates in air from *°K, 233U
series elements, 2>>Th series elements, and the three of them,
respectively, at an integral absorbed dose in air of 12 nGy
(Matsuda et al. 2002).

In-situ measurements of gamma dose rates 1 m above
ground level were also conducted just along the protective
fence surrounding the dump; this was an area that the car
could not approach. A CsI(Tl) scintillation survey meter
PDR-111 (Hitachi, Ltd., Japan) was used for the measure-
ments. The survey meter displayed an ambient dose equiva-
lent rate (nSv/h), while it was converted into an absorbed dose
rate in air after multiplication by a conversion factor of 0.815
Gy/Sv. This conversion factor was obtained from a compari-
son of the values measured in Zuunbayan (see Fig. 2 in Omori
et al. (2019)) using an EMF211 spectrometer and a PDR-111
survey meter. The value of the conversion factor was consis-
tent with a value for environmental gamma radiation accord-
ing to the International Commission on Radiological
Protection (2010). The relative standard uncertainty of the
gamma dose rates involved in the measurement of ambient
dose equivalent rate and conversion to absorbed dose rate in
air was approximately 20% (coverage factor k = 2).

Determination of natural radionuclides in the soils
of the study area

The soils of the study area were sampled from September 28
to 29, 2018, to determine the activity concentrations of radio-
nuclides, which contributed to the gamma dose rate. In total,
12 soil samples were collected at 8 locations (2 in Sainshand,
2 in Zuunbayan, and 4 in Dulaan Uul). Soils were collected at
depths of 0—15 cm at 6 locations, while collections were per-
formed at depths of 0—5 cm, 5-10 cm, and 10-15 cm at the
remaining two places (at the dump site in Dulaan Uul). Most
terrestrial gamma radiation came from the top 15-cm layer of
soil (Kocher and Sjoreen 1985; Yoshioka 1994).

The collected samples were processed at the General
Agency for Specialized Inspection, Government of
Mongolia. Coarse fractions and impurities were removed
using 2-mm mesh size sieves. Then, the samples were dried
in an oven at a temperature of 85 °C for 3 h. The dried soil
samples, each weighing 750 g, were placed into 500 mL
Marinelli beakers and sealed so as to ensure that **’Rn in
the >**U decay chain and **°Rn in the >**Th decay chain did
not to escape from the beaker. After secular equilibrium was
established between the elements of the ***U and ***Th series,
gamma spectrometry analysis was performed. A coaxial high
purity germanium detector (GC4018, Canberra, USA) with
40% relative efficiency and a resolution of 1.8 keV
(FWHM) at 1330 keV was used for the analysis. Detector
energy calibration and absolute photon peak efficiency were
estimated using LabSOCS/ISOCS Calibration Software based
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on 3D Geometry Composer. To determine the activity concen-
trations, gamma lines at 1001 keV of 234mpy for 228U, 609 and
1120 keV of *'*Bi and 295 and 352 keV of *'*Pb for **°Ra,
338 and 911 keVof ***Ac and 239 keV of *'*Pb for **Th, and
1461 keV of **K were used. The measurement time was 1 h.
The minimum detectable activity concentrations of *°K, **U,
22Ra, and ***Th were 30 Bq/kg, 60 Bg/kg, 5 Bq/kg, and 4 Bg/
kg, respectively. The relative standard uncertainties of the ac-
tivity concentrations involved in the stable operation of gam-
ma spectrometry, statistical error of the analysis and uncer-
tainties for weight gauge, processed volume, and detector ef-
ficiency were 7% for 40K, 11-25% for 2*8U, 7-14% for **°Ra,
and 9-18% for **Th (coverage factor k = 2).

Results and discussion
Attenuation factor and dose rate conversion factor

Figure 2a shows scatter plot of the count rates outside the
car against those inside it with four occupants. The count
rates were measured at 22 fixed points for gamma dose
rates of 48-90 nGy/h. A linear relationship with a high
determination coefficient (0.90) was found between them.
The slope of the regression line passing through the origin
was calculated to be 1.81 (standard error 0.02). An exper-
iment was also conducted at 2 of the 22 fixed points (at 57
nGy/h and 68 nGy/h) to examine the effect of the number
of occupants on the attenuation factor. In this experiment,
the attenuation factor was the count rate ratio in a pair of
inside and outside measurements. Figure 2b presents the
scatter plot of the attenuation factors against the number of

@ Springer

Number of occupants

occupants in the car. The results showed that the attenua-
tion factor increased with the number of occupants. The
attenuation factors of the car body itself and the car includ-
ing four occupants were approximately 1.63 and 1.81, re-
spectively, and their difference was 10%. This finding in-
dicates that the car body plays a primary role, but the num-
ber of occupants also slightly influences the attenuation
factor. For four occupants, the attenuation factor in Fig.
2b was consistent with that in Fig. 2a. In the present study,
the attenuation factors of 1.73 and 1.81 were considered as
AF in Eq. (1) when the number of occupants was three and
four, respectively. These values showed good agreement
with the range of 1.47—1.80 obtained using a similar meth-
od for studies conducted in other countries (Baeza et al.
2013; Hosoda et al. 2015, 2016; Le et al. 2018; Omori et al.
2019), although a strict comparison could not be made due
to the differences in car types and the number of occupants.

Figure 3 shows a scatter plot of the gamma dose rates
against the count rates outside the car. The measurements were
made at 26 fixed points where the gamma dose rates ranged
from 48-295 nGy/h. A linear relationship with a high deter-
mination coefficient (0.98) was found between them. The
slope of the regression line passing through the origin was
calculated to be 4.00 x 10> nGy/h (counts/30 s) ' (standard
error 0.06 x 107> nGy/h (counts/30 $) 1. Thus, the dose rate
conversion factor of 4.00 x 107> nGy/h (counts/30 s) ! was
substituted for CF in Eq. (1) in the present study. This value
agreed well with the range of 3.8 x 107°-5.2 x 10~ nGy/h
(counts/30 s) ! reported by Hosoda et al. (2015, 2016) and Le
etal. (2018). Omori et al. (2019) also calculated absorbed dose
rates in air along Asian Highway 3 in Mongolia based on the
relationship in Fig. 3.
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Fig. 3 Correlation between gamma dose rates and count rates outside the
car. This figure was reproduced from Omori et al. (2019) with permission
from Oxford University Press

Gamma dose rate distribution in the Unegt subbasin

Figure 4 presents the gamma dose rate distribution map ob-
tained using the car-borne survey in the study area. The gam-
ma dose rates ranged from 45 to 195 nGy/h. The lowest gam-
ma dose rate was obtained at Mt. Khan Bayanzurkh, while the
highest was observed at the dump site in Dulaan Uul (details
of the survey at the dump site are presented in the next sec-
tion). Figure 5 presents cumulative frequency distributions of
the gamma dose rates in the northern, central, and southern
parts of the study area, which include Sainshand, Zuunbayan,
and Dulaan Uul, respectively. The location of each area is
depicted in Fig. 4. The cumulative frequency distributions
show clear differences in the gamma dose rate among the three
areas. The gamma dose rates were higher in the southern part
compared to those in the northern and central parts. The aver-
age gamma dose rates were 56 nGy/h (range 45-65 nGy/h) in
the northern part, 58 nGy/h (range 50-69 nGy/h) in the central
part, and 67 nGy/h (range 54-195 nGy/h) in the southern part.

The gamma dose rates were summarized with respect to
landmarks in the study area: the communes of Sainshand and
Zuunbayan, Mt. Khan Bayanzurkh, oil fields, wells, water
ponds in Zuunbayan and Dulaan Uul, the pilot mining site,
and the dump site. Statistical values [average + standard devi-
ation (range; number of data points)] were 60 = 3 nGy/h (56—
65 nGy/h; n = 15) at Sainshand, 57 =2 nGy/h (50-68 nGy/h; n
= 247) at Zuunbayan, 51 + 3 nGy/h (45-57 nGy/h; n = 57) at
Mt. Khan Bayanzurkh, 61 + 5 nGy/h (52—69 nGy/h; n =47) at
oil fields, 56 + 6 nGy/h (45-61 nGy/h; n = 12) at wells, 57 + 3
nGy/h (51-69 nGy/h; n = 56) at water ponds, 64 £ 1 nGy/h
(63—65 nGy/h; n = 5) at the pilot mining site, and 90 + 27 nGy/
h (62—195 nGy/h; n = 74) at the dump site. Compared to the
gamma dose rates at the dump site, these values were lower
and similar to those at the other sites, including the pilot min-
ing site.

Table 1 presents the contributions of the ***U and ***Th
series elements as well as “°K to the gamma dose rates at 31

fixed points. The gamma dose rates from the **Th series
elements and *°K ranged from 10 to 25 nGy/h and 24-37
nGy/h, respectively, which appeared to be constant through-
out the areas. In contrast, the gamma dose rates from the **U
series elements tended to be constant (9—23 nGy/h) in the
northern and central parts, while they varied (15401 nGy/h)
in the southern part, especially at the dump site. This finding
indicates that the greater abundance of the ***U series ele-
ments in the soil caused the higher gamma dose rates in the
southern part.

Gamma dose rate anomaly around the dump site
in Dulaan Uul

The high gamma dose rates were not distributed homoge-
neously. Rather, they appeared in patches, like “hot spots”,
around the dump site. Figure 6a presents a detailed map of
the gamma dose rate around that site. The map was created
using data from the car-borne measurement technique in
which the car speed (4-8 km/h) was as low as possible be-
cause the site was not very large (240 m % 130 m). The results
showed high gamma dose rates (80-195 nGy/h) concentrated
in a specific area, which was oriented northeast-southwest and
measured approximately 320 m in length and 250 m in width.
The distribution direction was consistent with both the urani-
um roll-front distribution direction in Dulaan Uul (Cardon
et al. 2015) and the annual wind direction observed at the
Center for Hydrology, Meteorology, and Environmental
Monitoring of Dornogobi Province located at Sainshand. For
the other points, the gamma dose rates ranged from 62 to 79
nGy/h. This range showed fairly good agreement with the
values noted in the northern and central parts of the study area
(45-69 nGy/h); therefore, the gamma dose rates at these
points can be regarded as the background level. In contrast,
the gamma dose rates obtained from the in-situ measurements
using the spectrometer and survey meter were 65-450 nGy/h
(Fig. 6b and Table 1). The gamma dose rates that were higher
than the background level and were measured using the car-
borne technique tended to be lower than those obtained using
the in-situ measurements. This tendency confirms that the
points with high gamma dose rate points were only localized;
they could be considered as hot spots.

The in-situ measurements were also made to clarify the
constitutional difference in the gamma dose rates between
the points displaying high dose rates (n = 4) and background
dose rate (n =2). As presented in Table 1, very minor differ-
ences in the gamma dose rates from the >**Th series elements
and *°K were found between the points displaying the high
dose rates (232Th, 15-17 nGy/h; 40K, 30-32 nGy/h) and
those displaying background dose rates (**>Th, 17 nGy/h;
40K, 28 nGy/h and 31 nGy/h). However, clear difference
was found in the gamma dose rates from the **U series ele-
ments (points showing high doserates: 65-401 nGy/h; points
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Fig. 4 Gamma dose rate
distribution map of the study area
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showing background dose rates: 21 nGy/h and 22 nGy/h). As
per Fig. 6 and Table 1, the gamma dose rates were indepen-
dent of the distance from the dump (or the protective fence).
In fact, the maximum gamma dose rate (450 nGy/h) was
obtained at a point located 50 m from the protective fence
(point 30 in Table 1). In addition, at one point displaying a
high dose rate, the gamma dose rate at 0.1 m height was 1.5
times higher than that at 1.0 m height (point 28 in Table 1).
These findings indicate that the source of the ***U series
elements contributing to the high gamma dose rates is con-
centrated in the ground at the measurement points rather than
within the dump.

@ Springer
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Soils around the dump site were sampled at 0—15 cm
depths to determine the concentrations of natural radionu-
clides (238U, 226Ra, 23°Th, and *K elements). At the points
showing high gamma dose rates, the soils at three depth inter-
vals (0-5 cm, 5-10 cm, and 10-15 cm) were analyzed to
investigate the depth profiles of the radionuclide concentra-
tions. For comparison, soils in the northern and central parts of
the study area were also sampled. Table 2 presents the activity
concentrations of the 238U, 226Ra, = 2Th, and *°K elements at
eight points, among which two were sampled to be high-dose-
rate points (these were same as points 28 and 30 in Table 1).
Similar to fractional distributions of each gamma dose rate
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from the natural radionuclides in Table 1, no clear areal dif-
ferences in the activity concentrations were found for **Th
(18—42 Bg/kg) and *°K (730-1028 Bg/kg) throughout the
study area. These concentrations were relatively higher than
those (***Th, 13-16 Bq/kg; *°K, 420-650 Bq/kg) for three
Mongolian soil samples collected throughout the country
(Tserenpil et al. 2013). 22T concentrations were also close
to the global average of 45 Bg/kg, while “°K concentrations
were higher than the global average of 420 Bqg/kg (United
Nations Scientific Committee on the Effects of Atomic
Radiation 2010).

Unlike the *>Th and *“°K concentration, unusual contrasts
in **U and **°Ra concentrations were found in the study
area. The **°Ra concentrations could be evaluated for all
the samples, and they were 19-30 Bq/kg in the northern
and central areas and 26-3630 Bqg/kg in the southern area.
The **®U concentrations (100—1220 Bg/kg) for the soil sam-
ples could only be successfully evaluated only at two points
that showed high dose rates due to the high minimum detect-
able activity concentration (60 Bq/kg) of the adopted
gamma-spectrometry system. The 38U and **°Ra concentra-
tions around the dump site were two orders of magnitude
higher than those (**°Ra, 10-22 Bq/kg) for the Mongolian
soils (Tserenpil et al. 2013) and the global average of 33 Bq/
kg (**%U) and 32 Bq/kg (**°Ra) (United Nations Scientific
Committee on the Effects of Atomic Radiation 2010). The
depth profiles at these points shared a certain trend, namely
that the *®U and *°Ra were concentrated in the deeper soil.
At the point displaying the highest dose rate, the ***U and
22°Ra concentrations at 10-15 cm in depth were approxi-
mately 3 times higher than those at 0—5 cm. These findings
mean that the *®U series elements contributing to the high
gamma dose rates are located within deeper soils rather than
at the ground surface.

T T — T ' L L LR
50 100 150 200 250

Absorbed dose rate in air (nGy/h)

What constrains gamma dose rate distribution?

A series of measurements confirm that the high gamma dose
rates were not of artificial origin; they could not be attributed to
the existence of the dump site. Regarding the origin, the first
hypothesis was that the gamma rays originated directly from
the dump. However, this was rejected because of results that
showed that the variation in the gamma dose rate was indepen-
dent of the distance from the dump and that the ***U source
was located at the measurement points. The second hypothesis
was that the *®U series elements were discharged from the
dump and that their influence extended beyond the protective
fence due to meteorological erosion caused by strong winds
and heavy rainfall. This hypothesis seemed unlikely as the
results showed that the **U and **°Ra elements were not con-
centrated in the surface soil. Another hypothesis was that >>*U
mineralized naturally, close to the surface of the ground. In
such a case, the depth should extend up to several tens of
centimeters, considering the self-adsorption of gamma rays in
the soil. Uranium deposit outcrops are considered to be a nat-
ural phenomenon; they have been frequently reported around
the world (e.g., War et al. 2008; Bollhofer et al. 2014; Akata
et al. 2017). In Dulaan Uul, uranium deposits are enclosed in
sandstone beds of the Upper Cretaceous Sainshand formation.
Thus, they appear between oxidized and reduced sands, and
mineralization occurred at depths ranging from a few meters to
300 m (Cardon et al. 2015). In the present study, anomalies in
the gamma dose rate were observed at locations where the
Upper Cretaceous Sainshand formation was exposed. In addi-
tion, the locations and the distribution direction of the high-
gamma-dose-rate points were consistent with those of the ura-
nium roll-front reported by Cardon et al. (2015). Some of the
uranium deposits may be located at the ground surface. This
possibility was supported by the depth profiles of **U and the
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Table 1 Gamma dose rates and contributions of “°K, 28U, and %**Th to gamma dose rates
Location Gamma dose rate (nGy/h) Contribution (%) Remarks
Code  Area Latitude °N)  Longitude °E) Total K  2%U  ®Th K ¥y 22Th
1 Northern  44.8778 110.1179 61 32 15 14 53 24 23 Center of Sainshand
2 44.6869 110.0449 82 34 23 25 42 28 30 Mt. Khan Bayanzurkh
3 Central 44.4691 110.0255 66 31 14 21 46 22 32 Center of Zuunbayan
4 44.4844 110.0100 64 32 13 18 51 21 29 Center of Zuunbayan
5 44.4844 110.0436 58 30 14 14 51 25 24 Center of Zuunbayan
6 444913 110.0445 63 30 19 13 48 31 21 Center of Zuunbayan
7 444871 110.0389 55 34 10 12 61 18 21 Center of Zuunbayan
8 444878 110.0367 59 31 16 12 53 27 20 Center of Zuunbayan
9 444875 110.0411 67 34 16 17 50 25 25 Center of Zuunbayan
10 444872 110.0411 72 34 18 19 48 26 27 Center of Zuunbayan
11 44.4845 110.0378 55 29 12 14 52 22 25 Center of Zuunbayan
12 44.4844 110.0378 55 28 12 15 51 21 28 Center of Zuunbayan
13 44.4886 110.0388 62 37 12 13 60 20 20 Center of Zuunbayan
14 444771 110.1427 59 31 12 15 54 20 26
15 44.3685 110.0929 56 31 12 13 55 22 23
16 44.5117 110.0818 51 29 12 10 56 24 20 Well
17 44.4089 110.1122 57 32 14 11 55 25 20 Well
18 44.5004 110.0820 53 30 12 11 57 23 20 Water place
19 44.5001 110.0815 59 29 15 14 49 26 25 Water place
20 44.4584 110.0433 48 29 9 10 60 19 21 Water place
21 44.6021 110.0725 59 24 15 20 41 26 33
22 Southern  44.2908 109.8273 64 30 18 16 47 28 25 Dwelling closest to Dulaan Uul
23 44.2216 109.7649 61 28 15 17 46 25 29 Base camp
24 44.2149 109.6549 64 27 21 16 42 34 25 Pilot mining site
25 44.2287 109.6608 66 28 22 17 42 33 25 Dump site
26 44.2284 109.6603 69 31 21 17 46 30 24 Dump site
27 44.2300 109.6612 112 30 67 15 27 59 14 Dump site;
Distance from fence 0.6 m
28-1 44.2300 109.6612 295 32 247 16 11 84 5 Dump site;
Distance from fence 7 m;
Height I m
28-2 44.2300 109.6612 444 33 393 17 8 89 4 Dump site;
Distance from fence 7 m;
Height 0.1 m
29 44.2300 109.6614 113 31 65 17 27 58 15 Dump site;
Distance from fence 15 m
30 44.2306 109.6616 450 32 401 17 7 89 4 Dump site;
Distance from fence 50 m
31 44.2321 109.5967 90 24 48 17 27 54 19 Black shale

maximum concentration of 1220 Bg/kg, two orders of magni-
tude higher than the global average. Given the present status,
this hypothesis cannot be rejected.

The collected soil samples in the present study presented
high 226Ra/#38U activity ratios (4—13 (20 <)) that far exceeded
unity (i.e., large disequilibrium between these two elements).
However, this finding does not necessarily mean that the
uranium-depleted soils contained residual solids discharged

@ Springer

from uranium mining activity. High ***Ra/***U ratios (on
the order of 10) have been reported for natural soil (rock)
samples in some studies (e.g., Levinson and Bland 1978;
Von Gunten et al. 1996; Dowdall and O’Dea 2002;
Boulesteix et al. 2019). These were attributed to the enrich-
ment of radium by sorption onto soil particles and depletion of
uranium by dissolution in soil water followed by migration to
other locations (Von Gunten et al. 1996; Dowdall and O’Dea
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Fig. 6 Gamma dose rate distribution around the dump site, using data collected from the car-bone measurement (a) and in-situ measurements (b). In
panel b, the stars and circles represent gamma dose rates measured using the spectrometer and survey meter, respectively

2002). In particular, for the case of the roll-front type uranium
deposits in Kazakhstan reported by Boulesteix et al. (2019),
22°Ra/3¥U ratios exceeding 10 were observed in the upstream
portion (oxidized zones) of the orebody, in which uranium
was oxidized to soluble uranium forms while radium was
immobile. Although the origin of the high **°Ra/***U ratios
in the present study is not confirmed, the ratios are not neces-
sarily related to uranium mining activity.

Based on the above discussion, this study indicates that
gamma dose rates higher than the background level were not
associated with the aboveground mining dump, but were most
probably caused by a uranium deposit located close to the
ground surface.

Background gamma dose rates obtained in the car-borne
surveys were slightly higher in the southern area than those in
the other areas (Figs. 4 and 5). This characteristic was not
determined from the in-situ measurements (Tables 1 and 2),
possibly due to the small number of measurement points. In
general, the gamma dose rate depends primarily on whether
the soil composition includes the natural radionuclides.
However, in the present study, the cause of the areal difference
is not presently clear, because there seems to be a poor rela-
tionship between gamma dose rate distribution and surface
geology (Figs. 1b and 4). One potential reason is that
lithofacies differ even within the same strata. It may be caused
by varying deposition paleoenvironments. For the case of the
Upper Cretaceous Sainshand formation, silicic clasts were

discharged from the northern basin boundary, and they formed
an alluvial fan and a braided plain from north to south (Le
Goux et al. 2015). Another potential reason for the observed
gamma dose rate distribution is the dense surface fractures in
the southern area. According to the geological map given in
Cardon et al. (2015) and Le Goux et al. (2015), minor faults,
which are related to graben and half-graben basin structure
(not depicted in Fig. 1b), are densely distributed in the south-
ern area. Torres et al. (2018) reported that the gamma dose rate
distribution was partly constrained by the presence of faults.
Detailed surveys are required to clarify the cause of the areal
difference.

Impact on the public residing in the vicinity
of the study area

In the present survey, the measured gamma dose rates were
45-195 nGy/h as per car-borne measurements and 48450
nGy/h according to the in-situ measurements. Of all the mea-
surement points, 97% had a gamma dose rate of less than 80
nGy/h, which was regarded as the background level.
According to Omori et al. (2019), the gamma dose rates
ranged from 50 to 90 nGy/h along Asian Highway 3 between
Ulaanbaatar and Sainshand. United Nations Scientific
Committee on the Effects of Atomic Radiation (2010) estimat-
ed that 86% of inhabitants in the world are exposed to terres-
trial radiation up to 80 nGy/h. Throughout most of the study
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Table 2 Activity concentrations of 238y, 22°Ra, 232Th, and “°K
Location Concentration® (Bg/kg) Remarks
Code Area Latitude (°N) Longitude (°E) K 28y *2Ra #2Th
1 Northern 44.8778 110.1179 730 £ 52 <60 28+3 28+3 #1°
2 44.6869 110.0449 1028 =72 <60 30+£3 40+ 4 #2°
3 Central 44.4886 110.0388 966 £ 68 <60 202 18£2 #13°
4 445117 110.0818 915 + 64 <60 19+£2 18£2 #16°
5 Southern 44.2908 109.8273 905 £+ 63 <60 43+6 26+3 #20°
6 442284 109.6603 995 £ 70 <60 26+3 34+3 #26°
7-1 44.2300 109.6612 851 +£58 <60 1257 £ 87 36+5 #28°
0-5 cm
72 883 +63 <60 1242 £ 109 38+5 5-10 cm
7-3 914 £ 63 100 £ 25 1276 + 88 35+5 10-15 cm
883 - 1258 36 0-15 cm®
8-1 44.2306 109.6616 866 £ 63 450 £ 50 1876 + 164 42+6 #30°
0-5 cm
8-2 827 + 62 960 + 120 3682 =321 3817 5-10 cm
8-3 815+ 61 1220 + 150 5332 £ 465 46 + 8 10-15 cm
836 877 3630 42 0-15 cm®

 Minimum detectable activities (MDAs) were 30 Bg/kg for “* K, 60 Bg/kg for 2** U, 5 Bg/kg for *° Ra, and 4 Bg/kg for >** Th

® The location appears in Table 1

¢ The concentrations were averaged at three depth intervals

area, the gamma dose rates are comparable to those observed
in the rest of the world.

On the other hand, the gamma dose rates higher than 80
nGy/h and up to 450 nGy/h were obtained at 3% of the
measurement points. Based on the maximum value, the
most conservative evaluation of annual effective dose did
not exceed 2.3 mSv/y (this value excludes the background
dose of 0.5 mSv/y). The evaluated value was higher than
the lower bound of the reference level range (1-20 mSv/y)
in existing exposure situations for naturally occurring ra-
dioactive materials, natural radiation, and radioactive resi-
dues in the living environment, as recommended by the
International Commission on Radiological Protection
(International Commission on Radiological Protection
2007). However, as shown in Fig. 6 and Table 1, the points
with high gamma dose rates are distributed patchily. In
addition, these gamma dose rates are not as high compared
to those in high background radiation areas such as Kerala
(India) and Yangjiang (China). The measured gamma dose
rates ranged from 40 to 2100 nGy/h outdoors in Kerala
(Hosoda et al. 2015) and 260-600 nGy/h indoors in
Yangjiang (Morishima et al. 2000). No health effects due
to external radiation exposure were observed from epide-
miological studies in these areas (e.g., Nair et al. 2009; Tao
et al. 2012). Thus, no health effects due to chronic external
exposure to terrestrial radiation are expected in the areas
surveyed in the present study.

@ Springer

Unintended inhalation and dietary intake of uranium
and radium may pose some health risk. The present study
revealed that a part of the uranium deposits are probably
present close to the ground surface. Thus, these deposits
can be easily accessible for the residents and animals, in-
cluding their livestock. Generally, subsurface soil exists
under oxic conditions, under which uranium tends to dis-
solve into water. Thus, it is possible that the dissolved
uranium can leach into soil moisture, surface water, and
aquifers and be taken up by plants (including crops),
animals, and finally, the residents. Ariunbileg et al.
(2016) reported a high uranium contamination in shallow
and deep well water, exceeding the guideline level for
drinking water in Dulaan Uul. Unlike uranium, radium
tends to be immobile in the surficial soil layer (Dowdall
and O’Dea 2002; Vandenhove et al. 2010). This is implied
by the high **°Ra/***U activity ratios in the soil samples
collected in the present study. However, it has been found
that plants can take up radium from the soil (Vandenhove
et al. 2010). Moreover, studies have found that the amount
of radium taken up by plants from the soil is more than that
of uranium (Greeman et al. 1999). Both the previous and
present studies did not investigate the uranium and radium
content in suspended particles in the air and foodstuffs.
These measurements would be required to fully understand
the health effects of uranium series elements on the resi-
dents in the study area.
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Conclusions

The Unegt subbasin in Dornogobi Province, southeastern
Mongolia, contains uranium deposits. The uranium mining
sites are located in close vicinity to a residential area. To un-
derstand the possible health risk posed by the mining to these
residents and their livestock, the gamma dose rates in the
study area were obtained using the car-borne technique and
in-situ measurements. The measured values were 45-195
nGy/h and 48-450 nGy/h, respectively. The locations with
high gamma dose rates were situated around the aboveground
mine dump and were distributed patchily, akin to hot spots,
which indicated points at which ***U and **°Ra were concen-
trated deeper in the soil. Additional investigations revealed
that these high dose rates could not be attributed to the mining
activities; rather, they probably indicated the presence of ura-
nium deposits close to the ground surface. The gamma dose
rates indicated no possibility of adverse health effects due to
chronic external exposure to the terrestrial radiation.
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