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Abstract
The concentrations of 238U, 226Ra, 232Th and 40K and gross α, β were measured in soils and sediments around a uranium 
tailings reservoir to analyze the distribution of radionuclides and evaluate radiation impacts. Results showed that the highest 
concentrations of 238U, 226Ra and 232Th occurred in the tailings sand, while the highest concentrations of 40K in the farm-
land. Nuclides concentrations and radioactivity levels decreased with distance away from the reservoir area. Moreover, the 
calculated gamma absorbed dose rates varied from 54 to 5369 nGy h−1 in study area. The average absorbed dose rate was 
approximately 52 times higher than the national average value in the tailings reservoir, but it reduced to about twice in the 
sediments downstream.
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Introduction

Rapid development of nuclear energy leads to an enhanced 
exploitation of uranium ore, which results in serious soil 
contamination and environmental problems [1]. During the 
uranium mining and smelting, a large number of low-grade 
waste rocks and slags are produced, and are piled up in the 
mine area and tailings reservoir for a long time. It is reported 
that more than 4000 uranium mines occur worldwide [2, 3], 
which produce about 9.38 × 108 m3 of uranium tailings. In 
China, there are more than 150 storage sites of solid wastes 
including uranium tailings waste rocks [4]. Radionuclides 
are released into the soil and water environment by rainfall 
leaching and infiltration in the stacked tailings and waste 
rocks, which poses great risks to surrounding ecological 

environment. Therefore, extensive surveys on radiation in 
abandoned uranium mines have received particular atten-
tion worldwide.

A wide variety of radioactive substances have been found 
in uranium mine areas. Their concentrations are usually 
more than 2–3 orders of magnitude higher than their natu-
ral background values. The radionuclides contain a series 
of long-lived radionuclides, such as uranium (238U), radium 
(226Ra) and thorium (232Th). Many studies on the radioac-
tivity levels in soil [5–8], vegetation and plants [5, 9–11], 
water bodies [12–15] and sediments [16, 17] around uranium 
mines have been performed. Results showed that uranium 
could be transferred from mine tailings to the contami-
nated creek branch over time, which was further confirmed 
by isotopic composition in waters, sediment leachates and 
bulk sediments [18]. Uranium contamination and its risks 
increased with distance approaching the uranium tailings 
reservoir [19]. Gamma absorbed dose rate and radiation dose 
of a uranium mine in India and a Gold Mine in South Africa 
were estimated to be far above the permissable value set by 
the World Health Organization (WHO 2008) [20]. Déjeant 
et al. [21] investigated the evolution of uranium distribution 
and speciation in mill tailings from the COMINAK mine 
(Niger). Kayzar et al. [18] suggested that adsorption was 
a key factor of transfer along the creek between sediment 
surfaces and bulk sediment. Correlation analysis helps to 
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identify the source and relationship of nuclides. Yan and Luo 
[7] suggested that concentrations of 232Th were significantly 
correlated with those of 226Ra, and the concentrations of 
226Ra and 40K were significantly correlated. Radionuclides 
distribution showed a profound influence on soil properties 
and microbial diversity in the uranium mill tailing. Chautard 
et al. [22] found good correlations between facies, granulom-
etry, U concentration and 226Ra activity.

Researches on long-lived natural radioactive nuclides 
238U, 226Ra, 232Th and 40K are helpful in identifying the 
sources and the radiation impact of tailings reservoir. Over 
the past decades, extensive research projects focusing on 
uranium tailings reservoir have been carried out, but rela-
tively few work has reported on the spatial variability of the 
radionuclides considering both soil and sediment samples 
around a uranium tailings reservoir. These radionuclides 
emit α, β and γ rays, and the gross α/β activity can reflect 
the radioactivity level in a region. Thus, it is necessary to 
measure gross α and β activity in the soils of uranium tail-
ings reservoir area for the environmental impact assessment. 
In addition, the external absorbed dose rates of radioactive 
nuclides in the tailings reservoir can evaluate the radiation 
effect on the surrounding residents. The external gamma 
absorbed dose rates in air generally exhibits a high back-
ground level in the uranium mine. Surface and ground water 
flow and geochemistry of underlying sediments are likely 
important factors affecting nuclide migration.

Therefore, the objectives of this investigation are to: (1) 
characterize the activity concentrations of radionuclides 
238U, 226Ra, 232Th and 40K and gross α, β in soils and sedi-
ments samples collected from the tailings reservoir, dam, 
the upstream and downstream channels and the farmland 
around the uranium tailings reservoir; (2) assess public 
health radiation impact with γ absorption dose rate; (3) iden-
tify a radiological baseline for this study area; (4) provide 
basic data for a study of radionuclide migration mechanism 
in the soil–water system around uranium tailings reservoir.

Materials and methods

Description of the study area

The uranium mine is located in Jiangxi province in south 
part of China. It is a volcanic rock type uranium mine. A 
uranium tailings reservoir that formed since more than 
60 years ago is located in the eastern of uranium mine. A 
large amount of tailings are stored in the reservoir. The ura-
nium tailings reservoir is surrounded by mountains on three 
sides, being like a valley. The farmland is in the opposite 
direction of the tailings dam. The area belongs to subtropi-
cal humid and rainy climate, with abundant sunshine and 
abundant rainfall. The average annual temperature is 18.1 °C 

with extreme low temperature of − 5.9 °C and extreme high 
temperature of 39.9 °C. The surface water systems are well-
developed and many rivers run across. The leachate in the 
uranium tailings reservoir seeps from the bottom of tailings 
dam and flows into the river.

Sample collection and pretreatment

The study area and sampling location are shown in Fig. 1. 
Total 29 samples were collected from 5 different regions 
around uranium tailings. These include 10 samples from tail-
ings sand, 6 samples from tailings dam soil, 10 samples from 
surface sediments of upstream and downstream of channel, 
and 3 samples from farmland soil. The soil samples were 
taken from 5 cm below land surface and sediment samples 
were taken from the surface of bottom mud, and then were 
stored in closed plastic packaging bags with corresponding 
labels. The geographical location of each sample site was 
recorded by GPS. The samples were taken back to Chemical 
Analysis and Physical Testing Center of East China Univer-
sity of Technology for sample processing and measurement.

Sample pretreatment as well as collection were carried 
out in strict accordance to GB/T 11743-2013 “Determina-
tion of radionuclides in soil by gamma spectrometry” [23]. 
In laboratory, the samples were ground until the thickness 
of the grains became to less than 0.15 mm and were dried 
in an oven at 100 °C for 24 h to ensure that moisture was 
completely removed. The samples were weighed, packed in 
polyethylene cylindrical beakers and sealed to prevent the 
escape of radon. The weighed and tightly sealed samples 
were left for at least 4 weeks to reach secular equilibrium 
between 226Ra and 222Rn as well as their daughters (mostly 
214Bi and 214Pb).

Radioactivity measurements and estimation

The activity concentrations of 238U, 226Ra, 232Th and 40K 
were measured using low background HPGe semiconduc-
tor detector (ORTEC GMX40P) with energy resolution of 
2.1 keV at gamma ray energy of 1 332 keV of 60Co. The 
gamma spectra were recorded and analyzed with MAES-
TRO-32 software. The activity concentration of 238U was 
determined via its daughter 234Th (92.6 keV), and 226Ra 
was determined via 214Pb (351.9 keV) and 214Bi (609.3 keV, 
1120.3  keV), whereas 232Th was determined by 208Tl 
(583.4 keV) and 228Ac (911.2 keV); concentrations of 40K 
were determined with emission line 1460.8 keV [18].

According to the relative method [24], the ratio of the 
characteristic peak net count rate of the sample to the activ-
ity is equal to the ratio of the standard source net count rate 
to its activity, as shown in formula (1):
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where, Ns and N0 are the gross counts of characteristic peak 
of the sample and standard source, respectively; As and A0 
represent the corresponding activity concentration (Bq g−1) 
of the sample and standard source, respectively; Nb is back-
ground counts corresponding characteristics of the energy; 
ts, t0 and tb is the measurement time of the sample, stand-
ard source and background, respectively. The expanded 2σ 
uncertainty ranges are 3.21–3.59%, 3.28–5.50%, 3.23–3.30% 
and 3.32–3.50% for 238U, 226Ra, 232Th and 40K concentra-
tions measurements, respectively. They all meet the require-
ments of GBT11743-2013 (238U less than 20%, 226Ra and 
232Th and 40K less than 10%).

The gross α and β activity concentrations in soils were 
measured by the relative method using four-channel low 

(1)
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b
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b
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background α/β measuring instrument (FYFS-400X). The 
instrument was calibrated according to GB/T 11682-2008 
“low background alpha and/or beta measuring instruments” 
[25]. The detection efficiency was calibrated by 241Am and 
KCl powder standard source (purchase in National Institute 
of Metrology, China). The test results of four channels detec-
tion efficiency were 10–13% for α and 35–42% for β, which 
are sufficient to meet the requirements of measurement.

Some 160 mg (same as the 241Am and KCl standard 
source) soil sample powder were weighed and laid in the 
φ 45 mm stainless steel sample tray. A few drops of anhy-
drous ethanol were added for mixing evenly. After ethanol 
evaporation, the samples were transferred into the measuring 
instrument for determination of α and β activity concentra-
tions. Each sample measurement ran 10 times with once of 
3600 s.

The gross α and β activity concentrations for the solid 
samples was calculated by formula (2):

Fig. 1   Situations of sampling points in the study area (the 10 sam-
ples in the tailings sands were at 1-1…1-10; 6 samples in the tailings 
dam soils were at 2-1…2-6; 5 samples in the sediments of upstream 

channel were at 3-1…3-5; 5 samples in the sediments of downstream 
channel were at 4-1…4-5; and 3 samples in the farmland soil were at 
5-1…5-3)
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where Aα,β is α or β activity concentration of soil sample, 
Bq g−1; Rx, R0 and Rs are the gross counting rate of sam-
ple, background and standard source, respectively, s−1; As is 
the activity concentration of standard source (241Am for α, 
10.3 Bq g−1 and KCl for β, 14.5 Bq g−1).

The natural radiation is mainly caused by the 238U, 232Th 
and 40K series radionuclides. The Beck formula method 
[26] was used to calculate the external gamma radiation air 
absorption dose rates ( D� ) at 1.0 m above ground using the 
activity concentrations (Eq. 3).

where kU, kTh, and kK are the absorbed dose rate conver-
sion factors for 40K, 238U and 232Th (nGy h−1)/(Bq kg−1), 
respectively; AK, AU and ATh are the activity concentrations 
for 40K, 238U and 232Th, respectively. kK = 0.0417 (nGy h−1)/
(Bq kg−1); kU = 0.462 (nGy h−1)/(Bq kg−1); kTh = 0.604 
(nGy h−1)/(Bq kg−1) [27].

Results and discussion

Distribution of 238U, 226Ra, 232Th and 40K

The radionuclide activity concentrations in soil samples are 
presented in Table 1. The data of Jiangxi province were used 
as the background value [28], and the national average data 
[29] were used as reference values for analysis. As can be 
seen from Table 1, 226Ra had the highest concentration in 
samples around the tailings reservoir, followed by 238U and 
232Th. Comparing the concentrations of the four nuclides 
in samples from different regions (e.g. the tailings reser-
voir, dam, channel sediment and farmland area), it can be 
seen that the highest concentrations of 238U, 226Ra and 232Th 
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occurred in the tailings sand, while 40K showed the highest 
concentration in the farmland. It indicates that nuclides con-
centrations changed substantially in different regions around 
the tailings reservoir.

Concentrations of 238U, 226Ra and 232Th in the tailings 
sand ranged from 3.70 to 10.54 Bq g−1, 7.68 to 14.42 Bq g−1 
and 0.44 to 0.81 Bq g−1, respectively, which are comparable 
to the values of tailings sand samples in a previous study 
[30]. But the average concentrations of 238U, 226Ra and 232Th 
were significantly higher than the background value and 
the national average value. It indicates that there is radio-
active residue in the tailings sand, which may result from 
inadequate hydrometallurgy and long-term sedimentation 
involving the effluent. 226Ra had the highest concentrations 
in tailings sand with a mean value being 210 times of the 
background value, and 4 times of the sediment of upstream 
channel. Such high levels of 226Ra may be attributed to ura-
nium hydrometallurgy process, where 99% 226Ra of the ore 
are present in the tailings with only 1% entering the solution 
[31]. The average concentration of 238U in tailings sand was 
111 times of the background value, and 164 times of the 
national average.

Concentrations of 232Th in the dam samples were similar 
to the natural background levels. The distribution of the four 
radionuclides in the dam was relatively uniform, although 
the radioactivity concentrations were significantly lower 
than other sites around the tailings reservoir. This may be 
due to that the dam is built on granite bedrock where the 
topsoil is exogenous.

Average concentrations of 238U, 226Ra and 232Th in the 
sediments of upstream channel were 3.9, 47.4 and 3.7 times 
of the background value, respectively. The high concentra-
tions indicate that the sediments in the channel are affected 
by the deposition of radionuclides in the leachate from the 
tailings reservoir. The sediments in the channel receives dis-
charge effluents containing radionuclides from the leaching 
in the tailings waste. Although the nuclides in the sediments 
of upstream channel were much higher than the background 

Table 1   The statistics of radionuclides activity concentrations in soil and sediment samples (Bq g−1)

n: Sampling number

Sample location 238U 226Ra 232Th 40K

Range Average ± SD Range Average ± SD Range Average ± SD Range Average ± SD

Tailings sand (n = 10) 3.70–10.54 6.22 ± 2.24 7.68–14.42 11.13 ± 2.15 0.44–0.81 0.65 ± 0.12 0.14–0.51 0.24 ± 0.14
Dam (n = 6) 0.02–0.46 0.22 ± 0.16 0.06–0.77 0.22 ± 0.27 0.04–0.17 0.08 ± 0.05 0.07–0.37 0.20 ± 0.11
upstream channel (n = 5) 0.38–1.90 1.02 ± 0.66 1.14–3.63 2.51 ± 1.10 0.14–0.34 0.25 ± 0.08 0.06–0.38 0.20 ± 0.16
downstream channel 

(n = 5)
0.02–0.56 0.20 ± 0.23 0.15–1.61 0.67 ± 0.60 0.04–0.22 0.09 ± 0.74 0.19–0.36 0.28 ± 0.07

Farmland (n = 3) 0.02–0.13 0.09 ± 0.06 0.16–2.53 1.14 ± 1.24 0.05–0.08 0.07 ± 0.02 0.12–1.81 0.71 ± 0.95
Background [28] 0.017–0.35 0.056 0.013–0.42 0.053 0.010–0.20 0.067 0.045–1.88 0.62
National average [29] 0.0018–0.52 0.038 0.0024–0.43 0.037 0.001–0.437 0.055 0.12–2.18 0.58
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value and the national average value, they were far lower 
than the nuclides concentrations in the tailings reservoir. 
Concentrations of 238U, 226Ra and 232Th decreased from 
upstream to downstream channel, suggesting that radio-
nuclides accumulated in the sediment through the flow 
capture. 226Ra had the highest average activity concentra-
tions of 2.51 Bq g−1 and 40K had the lowest average activity 
concentrations of 0.20 Bq g−1 in the sediments of upstream 
channel, being similar to the distribution patterns of nuclide 
concentrations in tailings reservoir.

Except for 40K, average concentrations of 238U, 226Ra 
and 232Th in the farmland were lower than most of other 
sampling sites. The average activity concentrations of 232Th 
and 40K were 0.07 and 0.71 Bq g−1, respectively. They were 
similar to the background value, while 226Ra concentrations 
were 21.51 times of the background value. It implies that 
the content of radon gas (226Ra decaying daughter) may be 
high in this area.

Migration of radionuclides

As can be seen from Fig. 2, radionuclide concentrations in 
the tailings reservoir were higher than in other regions away 
of tailings reservoir areas. The nuclide concentrations in the 
samples decreased with distance away from the reservoir 
area. Concentrations of 238U and 226Ra around the tailings 
reservoir were much higher than 232Th and 40K. In addition, 
238U and 226Ra have similar distribution patterns (Fig. 2). At 
a distance of 250 m (point 3-1) the concentration of 226Ra 
from the tailings reservoir was 3.63 Bq g−1 and decreased 
to 1.61 Bq g−1 at 550 m (point 4-1) in the sediment down-
stream. There is a continuous decrease of 238U and 226Ra 
concentrations from 250 m (point 3-1) in the upstream of 
channel area to 610 m (point 4-2) in the downstream along 

the water flow except at 450 m (point 3-4). It shows that 
adsorption has a dominant role in controlling radionuclides 
distribution in the water–soil system [18]. Nevertheless, con-
centrations of 238U and 226Ra at a distance of 450 m suddenly 
increased, probably because the samples were taken from 
the upper sediment water which was a mixture of treated 
and percolated water. The nuclides in the water are easy to 
accumulate at this point and make the high concentration 
nuclides consequently. In addition, concentrations of 232Th 
around the tailings reservoir are relatively low and stable 
in general. This is due to the relatively low solubility of 
Th, which is generally transported with particulate matter 
and becomes deposited in water bodies [32]. Compared with 
238U, 226Ra and 232Th, 40K had the lowest average activity 
concentrations of 0.24 Bq g−1 in the tailings reservoir and 
0.20 Bq g−1 in the sediments of upstream channel, respec-
tively. Furthermore, 40K had the minimum variability in the 
study area. They were all lower than the background value 
of Jiangxi province apart from the farm samples, which indi-
cates that it has not been obviously affected by the tailings 
reservoir.

In order to ascertain influence extent of radionuclides 
in the tailings reservoir, the spatial distribution of 238U, 
226Ra, 232Th and 40K were plotted by Kriging interpolation 
in Fig. 3. It shows that the spatial occurrence of 238U, 226Ra 
and 232Th were similar, but the distribution pattern of 40K 
was different. It indicates that the concentrations of 238U, 
226Ra and 232Th are greatly affected by the tailings reservoir. 
However, the concentration of 40K was low near the tailings 
reservoir, while it was high in the southern farmland area. 
It suggests that the sources of 40K are different from other 
nuclides, which are not affected obviously by the tailings 
reservoir.

Gross α, β activity concentrations

The gross α and β activity concentrations in the soil sam-
ples were determined by low background α and β measuring 
instruments (Table 2). Figure 4 shows the variation of gross 
α and β with distance from the tailings reservoir in soil and 
sediment samples.

Average values of gross α and β in the uranium tail-
ings sands were highest in the study area, which were 
51.35 Bq g−1 and 35.22 Bq g−1, respectively. The gross 
α and β specific activity were 35 times and 27.5 times 
higher than values found in another decommissioned ura-
nium mine area (1.46 Bq g−1 for α, 1.28 Bq g−1 for β) [33]. 
The high α and β activity concentrations are due to the 
fact that most of the 238U, 232Th, 226Ra and their daughters 
emit α rays, and a few of them emit β rays during decay-
ing process. The average concentrations of gross α and 
β in the tailings dam were 2.31 Bq g−1 and 1.97 Bq g−1, 
respectively, showing the lowest values in the study area. 

Fig. 2   Concentrations of 238U, 226Ra, 232Th and 40K in soil and sedi-
ment samples around the tailings reservoir
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Fig. 3   Concentrations distribu-
tion of radionuclide 238U, 226Ra, 
232Th, 40K in the study area. (a: 
238U, b: 226Ra, c: 232Th, d: 40K)
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These values were similar to the levels of the decommis-
sioned uranium mine area [33]. As can be seen in Fig. 4, 
gross α and β activity had the same variation trends and β 

activity concentrations were lower than α concentrations. 
It can be observed that the radioactivity level decreased 
with distance. Compared to radioactivity levels of the 
tailings reservoir and upstream channels, the gross α and 
β concentrations in the sediment of downstream channel 
were reduced by an order of magnitude.

Coefficient of variation (CV) reflects the degree of discre-
tion and spatial variation. As shown in Table 2, the gross α 
specific activities varied greatly in samples collected from 
the dam, the downstream of channel sediment and farm-
land, while the β specific showed a great change in samples 
collected from the dam. The low CV in the uranium sand 
samples illustrates that the variations of gross α activity were 
relatively moderate in the uranium tailings reservoir, but the 
coefficient of variation in the sediment of upstream channel 
was 1.56%, showing that the variations are weak. The vari-
ations of gross β activity were relatively moderate except in 
the dam. These results suggested that the distributions of α 
and β specific activity were uneven and displayed a certain 
fluctuation in different areas around uranium tailings reser-
voir, which was caused by the influences of uranium tailings, 
fertilization, farming and human activities.

Fig. 3   (continued)

Table 2   The statistics of gross 
α and β specific activity in the 
soils and sediments

n: Sampling number

Sample area Gross α (Bq g−1) Gross β (Bq g−1)

Range Average ± SD CV (%) Range Average ± SD CV (%)

Tailings sand (n = 10) 76.19–33.12 51.35 ± 13.29 25.88 27.24–39.86 35.22 ± 1.40 12.52
Dam (n = 6) 0.55–9.61 2.31 ± 3.58 154.98 0.82–6.89 1.97 ± 2.41 122.34
upstream channel (n = 5) 10.76–29.88 19.89 ± 9.31 1.56 6.33–11.14 9.62 ± 2.11 21.93
downstream channel (n = 5) 0.62–19.17 5.33 ± 7.79 146.15 1.75–6.96 3.22 ± 2.41 74.84
Farmland (n = 3) 0.98–11.35 5.18 ± 5.46 105.41 0.82–6.02 3.55 ± 2.61 73.52
One decommissioned 

uranium mine [33]
1.09–2.12 1.46 N/A 0.97–1.84 1.28 N/A

Fig. 4   Gross α and β specific activities in soil and sediment samples 
around the tailings reservoir



40	 Journal of Radioanalytical and Nuclear Chemistry (2020) 324:33–42

1 3

Correlation analysis

To identify the relationship between nuclides around the 
tailings reservoir, correlation analyses were done between 
radionuclides pairs, as shown in Table 3. Concentrations 
of 226Ra were significantly positively correlated with 238U, 
because 226Ra is one of daughter of 238U. Moreover, con-
centrations of 238U were significantly positively correlated 
with 226Ra and 232Th with the Pearson coefficients (PC) both 
greater than 0.9. This is due to the fact that they are dis-
solved in soil under similar conditions and originate from 
similar reservoir rocks. 232Th concentration was significantly 
positively correlated with 226Ra. Similar cases have been 
reported in a previous study [7, 32]. However, PC between 
40K and other three radionuclides was relatively small. It 
indicates that source of 40K is different from 238U, 226Ra and 
232Th. This is consistent with the result of characteristics 
of their spatial distribution. In addition, α and β activity 
concentrations were positively significantly correlated with 
238U, 226Ra and 232Th, and PC values were about 0.9. It fur-
ther confirms that α and β rays are mainly derived from the 
238U, 226Ra and 232Th in the tailings reservoir.

The radiation level assessment

Table 4 presents the absorbed dose rates in air at height 
of 1 m above the ground level around tailings reservoir. 
It can be seen that the gamma absorbed dose rates varied 
from 54 to 5369 nGy h−1 with an average of 867 nGy h−1 
in study area. The average calculated gamma absorbed dose 
rates in this area was about 15 times higher than the world-
wide average value (59 nGy h−1) [35], and 12 times of the 
background value of Jiangxi Province (73 nGy h−1) [28]. 
The lowest absorbed dose rate was found in the sediments 
of downstream channel and the highest value was found 
in uranium tailings reservoir. The gamma absorbed dose 
rates ranged from 1981 to 5369 nGy h−1 with an average of 
3274 nGy h−1 in the uranium tailings reservoir. The average 
value was about 52 times higher than the average value in 
China (63 nGy h−1) [34], and 55 times higher than the world-
wide average value (59 nGy h−1). It shows that the absorbed 

dose rates in the tailings reservoir were much larger than the 
background level and the average level in China. The high 
gamma absorbed dose rate in the uranium tailings reservoir 
was caused by the high concentrations of Th and U. The con-
tribution of 232Th and 238U in the absorbed dose rate was cal-
culated to be 19% and 81% in the uranium tailings reservoir, 
respectively; while contribution of 40K was 0.2%. Similar 
results have been obtained by in the Mandena deposit, South 
Madagascar [36]. The average gamma absorbed dose rate in 
the sediment of upstream channel was 629 nGy h−1, which is 
about 10 times higher than the average value in China, while 
the average gamma absorbed dose rates in the tailings dam 
and the sediment of downstream channel were about twice 
lower than the average value in China. In summary, the study 
area may be categorized as an area with a higher radiation 
level than the natural background.

Conclusions

The present paper investigated the distribution and migra-
tion of radionuclides around a tailings reservoir in south-
ern China. The results showed that, among the 5 sampling 
regions, the highest concentrations of 238U, 226Ra, and 232Th 
all were distributed in the tailings sand samples, which were 

Table 3   The correlation 
coefficients of radionuclides in 
the study area

**P < 0.01
**Significant correlation at the 0.01 level

238U 226Ra 232Th 40K Gross α Gross β

238U 1
226Ra 0.9263** 1
232Th 0.9427** 0.9653** 1
40K − 0.0870 − 0.0947 − 0.1246 1
Gross α 0.8455** 0.9435** 0.9301** − 0.1332 1
Gross β 0.9363** 0.9785** 0.9687** − 0.0935 0.9494** 1

Table 4   The absorbed dose rates in air at height of 1  m above the 
ground level around tailings reservoir

Sample area Absorbed dose rate/
(nGy h−1)

Range Average

Tailings sand 1981–5369 3274
Dam 61–291 158
Sediment of upstream channel 367–1087 629
Sediment of downstream channel 54–401 162
Farmland 107–117 110
Background value [28] 14–341 73
Average in China [34] N/A 63
Global average [35] N/A 59
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much higher than the background value and the national 
average value. It indicated that there was radioactive residue 
in the tailings reservoir, and it was a potential radioactive 
source. However, the highest concentrations of 40K was in 
samples from the farmland. Because 238U, 232Th, 226Ra and 
their daughters emitted α and β rays during decaying pro-
cess, the gross α and β activity concentrations were high in 
the tailings reservoir. Furthermore, activity concentrations 
of α, β were positively correlated with 238U, 226Ra and 232Th 
concentrations, with Pearson coefficient values being about 
0.9. In addition, the gamma absorbed dose rates around tail-
ings reservoir varied from 54 to 5369 nGy h−1 with an aver-
age value of 867 nGy h−1. The high gamma absorbed dose 
rates in the uranium tailings reservoir may be caused by 
the high concentrations of 232Th and 238U. Because of the 
reduction of 238U and 232Th concentrations in the farmland, 
the average gamma absorbed dose rate reduced to less than 
twice of the national average value.
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