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Abstract
Based on γ-radiation dose rate and radon concentration measurements and 238U, 232Th, 226Ra, and 40K radionuclide testing, 
this study identifies the radioactive anomalies of stone coal-bearing strata in East China and evaluates the natural radioac-
tivity levels in the air, solid, water and plant media in the typical area of the regional stone coal-bearing layers. The stone 
coal-bearing strata in East China occur in the lower Cambrian system along the margin of the Yangtze block; additionally, 
the radioactive anomaly area is sporadically distributed in the stone coal-bearing layers. The background values of 238U, 
232Th, 226Ra, and 40K are higher in the stone coal-bearing areas, and the spatial distribution of these natural radionuclides 
shows significant variability. 238U and 226Ra clearly accumulate in the coal, coal gangue and soil and are the main sources 
of the environmental radiation in coal mines. The γ-radiation shows a higher background value in the stone coal-bearing 
area, and this radioactive pollution cannot be ignored. Typically, the effective dose of γ-radiation exceeds the limit value of 
5 mSv/a, and the total α and total β concentrations of the groundwater are 10–30 times the limit value at some points. The 
residents near the mining area are subjected to a higher radiation dose, and the groundwater, building materials, and plants 
have been contaminated by the radioactive pollution sporadically through time. It is necessary to strengthen the monitoring 
work of radioactive environments and to take appropriate control measures.
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Introduction

Natural radiation mainly originates from the decay of natural 
radionuclides, with a small part from the radiation of cos-
mic rays. The decay of the radionuclides 238U, 232Th, 226Ra, 
40K, etc., generates decay daughters and releases α, β and 
γ-rays at the same time. During the exploitation and uti-
lization of radionuclide-containing coal mines, the natural 
radionuclides will be released into the air, soil and water 
media, thereby increasing the concentration of the natural 
radionuclides originally present in the environment and 
causing radioactive contamination (Chałupnik et al. 2017; 
Galhardi et al. 2017; Jiang 2007; Kříbek et al. 2018; Skoko 
et al. 2017; Wufuer et al. 2018; Ye et al. 2004a). At present, 

studies of the radioactive environment mainly focus on the 
survey and analysis of coal (coal gangue) (Huang and Tan 
2002; Wang et al. 2017a, b; Xiong et al. 2007), soil (Gal-
hardi et al. 2017; Skoko et al. 2017; Yue et al. 2011), biology 
(Galhardi et al. 2017; Skoko et al. 2017; Wufuer et al. 2018; 
Zhang et al. 2011), and water bodies (Chałupnik et al. 2017; 
Kříbek et al. 2018).

The special study on the radioactivity of coal-bearing 
strata in China was initiated in the 1960s. The nationwide 
survey of the environmental natural radioactivity level 
(Luo et al. 1995) conducted in the 1980s and the national 
database of the radionuclide content in coal mines (Liu 
et al. 2006, 2007) established in 2000 have provided ref-
erence data and an evaluation basis for the survey and 
research of the radioactive environment. According to 
the implemented survey and evaluation of the radioactiv-
ity levels of the natural radionuclides in the coal-bearing 
strata (Huang and Tan 2002; Jiang 2007; Liu et al. 2006, 
2007; Lu 2003; Wang et al. 2017a, b; Ye et al. 2004a, 
b), radioactive anomalies exist in the coal strata in East 
China, and natural radionuclides, including 238U, 232Th, 
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226Ra and 40K, were found in the coal. Their content was 
clearly higher than that in the common coal and soil, and 
the anomalous distribution showed an obvious spatial 
variability. The basic grids for the radioactivity survey 
of the coal-bearing strata in East China that were carried 
out were 25 × 25 km and 50 × 50 km (Luo et al. 1995; 
Wang et al. 2017a, b; WGSR 1992), and the survey was 
limited to the surface layer. The survey research data was 
fragmentary and rough, with a low survey and evalua-
tion accuracy. Since the 1990s, the coal mines in eastern 
China have undergone large-scale exploitation, shutdown, 
and reclamation. There have been no detailed systematic 
surveys and evaluations of the radioactive environmental 
quality after exploitation in the mining area. Based on the 
technical assessment method of the radioactive geologi-
cal environment, this study will identify the radioactive 
anomalous strata in the stone coal-bearing strata of East 
China and assesses the status quo of the radioactive envi-
ronment of the main coal layers, with a focus on providing 
basic data for the monitoring and treatment of the regional 
radiation risk.

Outline of the study area

Geography and geology

East China is located on the eastern coast of China, adjoin-
ing Shandong in the north, neighboring Henan, Hubei and 
Hunan in the west, abutting Guangdong in the south, and 
is close to the Yellow Sea and the East China Sea to the 
east. Its geographical coordinates are 23°30′–35°08′N, 
113°34′–123°40′E; it includes 5 provinces and 1 munici-
pality, namely, Zhejiang, Jiangsu, Fujian, Jiangxi, Anhui 
and Shanghai, covering a total area of 638,600 km2. The 
area is vast and the climate is changeable. The Huai 
River–North Jiangsu Main Irrigation Channel is the divid-
ing line between the warm temperate zone and the sub-
tropical zone. From the north to the south, the climate 
transitions from a semihumid monsoon climate of a warm 
temperate zone to the subtropical–tropical monsoon cli-
mate zone. East China lies on the southern margin of the 
Eurasian Block, near the western Pacific Ocean. It is a 
typical tectonic zone where the Eurasia Block prolifer-
ates to the east and south, followed by the continental 
breakup-disintegration of the continental plates (Zhang 
et al. 2015). The tectonic structure of East China spans 
three tectonic units, i.e., the North China block, Yang-
tze block, and the Southeast coastal orogenic belt. The 
area north of the Huai River belongs to the North China 
block; most of the Jiangsu Province, Shanghai and north-
ern Zhejiang Province belong to the Yangtze block, and 

the southern Zhejiang and Fujian Province belong to the 
Southeast coastal orogenic belt (Fig. 1).

Temporal and spatial distribution of the stone 
coal‑bearing strata

The occurrence of a coal seam is controlled by the geotec-
tonic evolution, sedimentation and other factors. The stone 
coal-bearing sedimentary formations in East China mainly 
occur in the Carboniferous, Permian, Triassic, and Juras-
sic strata. The radioactive coal mines in East China mainly 
contain coal that formed in the lower Cambrian strata and 
that was deposited in a deepwater reduction environment. 
The Hetang formation (€1h) is the main stratum of coal in 
the region. Its lithological characteristics are mainly a set of 
dark gray and gray black carbonaceous silty mudstone. The 
stone coal-bearing strata in East China is spatially located 
on the margin of the Yangtze block, and distributed in a 
band shape to the NE mainly in the hilly areas of Zhejiang, 
Jiangxi and Anhui Province (Ye et al. 2004a, b; Wang et al. 
2017a, b) (Fig. 1). The coal resources of Jiangxi are mainly 
distributed in Jiujiang, Xiushui, Shangrao, and Yushan; 
those of Anhui are mainly in the mountain areas of Huang-
shan and Xuancheng, and those of Zhejiang are mainly in 
Quzhou, Shaoxing, and Hangzhou. The stone coal-bearing 
strata has undergone the superimposition of multiple tec-
tonic movements of the Caledonian, Indosinian, Yanshanian 
and Himalayan periods, and formed a series of linear folds 
and brittle fractures under different mechanisms, chiefly in 
the NE direction, followed by the NNE and NW directions. 
The stone coal is shallowly buried, and its thickness varies. 
Stone coal is a kind of inferior anthracite with low carbon 
content and low calorific value along with higher degree of 
coalification and ash contents. Most of it is exploited con-
veniently by open-pit mining.

Measurements and methods

According to the past radioactivity survey records, this study 
focused on the survey and evaluation of the radioactive geolog-
ical environment in the distribution area of the Cambrian black 
rock series. A total of 248 measuring points of the γ-radiation 
dose rates and 52 radon concentration monitoring points were 
arranged, with a monitoring area of 220 km2. A total of 236 
samples were taken and analyzed in the mining area, includ-
ing coal, coal cinder, coal gangue, soil, sediments, carbonated 
lime brick, surface water, groundwater and plants. The coal 
strata in Xiushui of Jiangxi Province, Shexian and Shitai of 
Anhui Province, and the Kaihua and Jiande regions of Zhe-
jiang Province are extensively exposed, and the distribution 
of the stone coal occurrences is concentrated. They are the 
key mining areas for this survey research. Measurement of 
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the γ-radiation dose rate and radon concentration was con-
ducted during the field monitoring. The radioactivity survey 
and evaluation were based on the Norm for the Specification 
for Measurement of Dose Rate of Ambient Ground Gamma 
Radiation (SEPA 1993) and the Evaluation Requirements for 
the Environmental Impact of Uranium Geological Radiation 
Environment (CNIC 1995). Regarding the γ-radiation dose 
rate, the monitoring points were arranged using the grid 
method, with an accuracy of 1 km × 0.5 km or 1 km × 1 km, 
and measured with an environmental X⋅γ-dose rate meter 
(Thermo Fisher, FHT40NBR, USA). The outdoor air radon 
concentration was measured at the coal occurrence outcrop-
ping area with a high-sensitivity environmental radon moni-
tor (Durridge, RAD7, USA). The sampling points were set 
by using an approximate grid method, and the sampling was 
carried out according to the Specification for Multi-Purpose 
Regional Geochemical Survey (1:250,000). The sample pro-
cessing test was conducted according to the EJ/T 751-2014 
Specification for Testing Quality Assurance of Radioactive 

Geological Laboratories (China Geological and Survey 2014) 
and other standards. The samples of coal, coal cinder, coal 
gangue, soil, sediments, carbonated lime brick and plants were 
analyzed for the specific activity of the radionuclides 238U, 
232Th, 226Ra and 40K, and the analysis items of the water sam-
ples were 238U, 232Th, 226Ra, 40K, total α and total β.

The measuring instrument and methods for laboratory anal-
yses and field monitoring in this study are provided in Table 1.

For the statistical analysis, SPSS19.0 was used as a platform 
for the descriptive statistical analysis, correlation analysis, 
and regression analysis. The thematic maps were produced 
by using Mapgis 6.7 and Surfer 12.

Fig. 1  Distribution of the stone 
coal-bearing strata and radioac-
tivity monitoring areas in East 
China
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Results and discussion

Radionuclide concentration in solid media

In this study, 6 types of solid medium samples, includ-
ing coal, coal cinder, coal gangue, soil, sediments and 
carbonated lime bricks were collected, totaling 146 sam-
ples (Table 2). The mean values of 238U, 232Th, 226Ra and 
40K were 669.1 ± 1501.6, 34.8 ± 19.1, 488.7 ± 295.6 and 
746.6 ± 494.9 Bq/kg, respectively. The content ranges of the 
4 radionuclides were 64.7–6071.0, 10.3–78.4, 76.3-924.8 
and 131.2–1676.0 Bq/kg, and their coefficients of variation 
were 2.24, 0.55, 0.60, and 0.66, respectively, showing a sig-
nificant spatial variability in the radionuclide distribution 
and reflecting a geochemical background with significant 
differences in the coal mining area. The mean contents of 
238U, 226Ra and 40K were 5–8 times the Chinese national 
coal average and that of 232Th was slightly lower than the 
national measurement (Liu et al. 2007). This shows that the 
coal in the study area has a strong enrichment effect on the 
radionuclides of 238U, 226Ra and 40K.

The mean values of 238U, 232Th, 226Ra and 40K in the coal 
gangue were 330.2 ± 367.6, 34.9 ± 21.1, 329.2 ± 317.6, and 
853.1 ± 697.5 Bq/kg, respectively. The content ranges of the 
4 radionuclides were 43.5–1572.0, 8.3–83.2, 44.5–1197.0, 
and 157.7–2242.0 Bq/kg, and their coefficients of variation 
were 1.11, 0.60, 0.96, and 0.82, respectively, also showing a 
significant spatial variability in the radionuclide distribution. 
The mean contents of 238U, 226Ra and 40K were 2–6 times the 
Chinese national coal gangue average and that of 232Th was 
lower than the national measurement (Liu et al. 2007). The 

radionuclide contents of 238U, 232Th, 226Ra and 40K found in 
the investigated areas were much higher than the contents 
reported from stone coals from Australia, Russia (Dai et al. 
2015). This also showed the enrichment effect of the coal 
gangue on the radionuclides of 238U, 226Ra and 40K.

The radionuclide contents of 238U, 232Th, 226Ra and 40K 
in the soil were 89.5 ± 105.0, 48.5 ± 12.7, 94.6 ± 107.5 and 
555.2 ± 200.2 Bq/kg, respectively. The content ranges of the 
4 radionuclides were 21.9–689.5, 18.5–87.7, 21.9–655.2 and 
240.4–1291.0 Bq/kg, and their coefficients of variation were 
1.17, 0.26, 1.14 and 0.36, respectively, also showing a sig-
nificant spatial variability in the radionuclide distribution. 
238U and 226Ra were 2–3 times the national soil measurement 
value, and 232Th was close to the national soil measurement 
value (WGSR 1992), indicating the high background radia-
tion level of the radionuclides 238U and 226Ra in the soil of 
the coal mining area.

The radionuclide contents of 238U, 232Th, 226Ra and 40K 
in the sediment were 70.4 ± 65.5, 40.0 ± 10.1, 58.7 ± 52.7, 
and 728.5 ± 180.3 Bq/kg, respectively, which were rela-
tively low. The radionuclide contents of 238U, 232Th, 226Ra 
and 40K in the coal cinder were 196.7 ± 115.4, 44.8 ± 14.4, 
258.4 ± 102.3 and 1038.9 ± 576.9 Bq/kg, respectively. The 
enrichment effect of the coal on the radionuclides after 
combustion was not obvious. The coal cinder and coal 
gangue were the common building materials in the produc-
tion of the carbonated lime brick in the coal mining area. 
The radionuclide contents of 238U, 232Th, 226Ra and 40K 
in the carbonated lime brick detected in this study were, 
respectively, 368.3 ± 242.0, 16.2 ± 7.7, 234.3 ± 293.8 and 
184.5 ± 160.3 Bq/kg, equivalent to those in the coal gangue 

Table 1  Measurement techniques for laboratory analyses and radioactivity survey of the stone coal-bearing strata in East China

Measuring item Instrument Instrument model Instrument manufacturer Sensitivity Accuracy

Water samples
 238U Laser fluorescence uranium 

meter
HD-3025 Beijing hedi sci-tech devel-

opment Co., Ltd, China
0.03 ng/mL ≤ ± 8%

 232Th UV–Vis spectrophotometer UV-1200 Macy instrument, China 0.001 ng/mL ≤ ± ± 5%
 226Ra Radon and thorium analyzer FD125 Beijing hedi sci-tech devel-

opment Co., Ltd, China
1.27 mBq/L ≤ ± 10%

 40K Atomic absorption spectro-
photometer

CAAm-2001 Beijing HTH instrument Co., 
Ltd, China

2.86 mBq/L ≤ ± ± 5%

 Total α, total β Low background α, β meas-
uring instrument

HD-2011 Beijing hedi sci-tech devel-
opment Co., Ltd, China

α: 0.005 Bq/L ; 
β: 0.025 Bq/L

α:  ≤± 2%
β: ≤ ± 3%

Solid and plant samples
 238U, 232Th, 226Ra, 40K HP Ge γ-spectrometer ADCAM-100 ORTEC, USA 238U: 0.9 Bq/kg

232Th: 0.3 Bq/kg
226Ra: 0.9 Bq/kg
40K: 0.3 Bq/kg

238U: ≤ ± 3.3%
232Th: ≤ ± 15.8%
226Ra: ≤ ± 4.4%
40K: ≤ ± 3.8%

Radioactivity survey
 γ-radiation dose rate X⋅γ-dose rate meter FHT40NBR Thermo Fisher, USA 2000s-1/µSv/h ≤ ± 5%
 Radon concentration Environmental radon monitor RAD7 Durridge, USA 0.5 CPM/pCi/L ≤ ± 5%
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and coal cinder overall. The detected 226Ra content in the 
carbonated lime brick exceeded the national standard limit 
(≤ 200 Bq/kg) (Lu 2003), and it should not be used for habi-
tation building constructions.

The specific higher radiation levels were associated with 
igneous rocks, such as granite, which had relatively high 
content of uranium. Uranium abundance of continental crust 
in East China was 3.7 ppm, which was 1.37 times of conti-
nental crust, especially, uranium abundance in Lower Sinian 
to lower Cambrian strata ranged from 20 to 100 ppm. Thus, 
higher radiation levels originated from high radionuclides.

After the analysis of the distribution of the radionuclides 
238U, 232Th, 226Ra and 40K in each solid medium, it was 
found that 238U and 226Ra were significantly enriched in the 
coal and coal gangue, and their mean contents were 2–8 
times those of the other media. 226Ra was the decay daughter 
of 238U, and the content of the 226Ra was controlled by the 
238U content. Because the coal was rich in organic matter, 
it had a strong adsorption effect on 238U and exhibited a 

high content of 238U and 226Ra (Huang and Tan 2002; Ishak 
and Dunlop 1985; Xiong et al. 2007). As the coal and coal 
gangue of the stone coal-bearing strata were enriched with 
238U, 226Ra and other radionuclides, the exploitation and uti-
lization of the coal would result in the accumulation of the 
associated radionuclides 238U and 226Ra in the soil, as well 
as the appearance of the high background radiation level 
of the radionuclides 238U and 226Ra in the local soil of the 
mining area.

Radionuclide concentration in water bodies

Samples of the surface water and groundwater were col-
lected in this study. The surface water was mainly taken from 
the rivers and lakes in the mining area, while the groundwa-
ter was taken from the shallow wells and pits in the mining 
area. A total of 53 surface water samples and 25 groundwa-
ter samples were collected and tested (Table 3). The spatial 
distribution of the radionuclides 238U, 232Th, 226Ra and 40K 

Table 2  Average contents of the natural radionuclides in the solid media of the stone coal-bearing strata in East China

a Liu et al. (2007)
b WGSR (1992)

Stone coal occurrence Radioactive medium Sample quan-
tity (pcs)

238U (Bq/kg) 232Th (Bq/kg) 226Ra (Bq/kg) 40K (Bq/kg)

Shexian of Anhui Coal 4 1865.1 ± 2806.2 24.2 ± 8.2 640.1 ± 284.8 440.2 ± 260.3
Coal gangue 8 389.9 ± 196.6 33.1 ± 22.0 337.6 ± 173.2 470.5 ± 258.4
Soil 53 85.5 ± 97.1 44.7 ± 10.4 89.9 ± 100.4 488.5 ± 132.4
Sediments 4 60.1 ± 58.0 39.7 ± 8.4 61.0 ± 72.3 675.0 ± 246.8
Carbonated lime brick 2 340.9 ± 335.5 20.6 ± 0.8 331.5 ± 340.4 276.5 ± 25.5

Shitai of Anhui Coal 1 197.0 17.0 489.5 494.1
Coal gangue 2 269.6 ± 205.2 12.7 ± 6.1 699.3 ± 703.9 325.4 ± 201.4
Soil 8 64.3 ± 38.4 43.3 ± 7.4 90.7 ± 69.5 515.2 ± 90.1
Sediments 1 77.8 28.0 61.5 591.4

Xiushui of Jiangxi Coal 6 257.7 ± 141.1 37.0 ± 25.5 585.1 ± 308.5 559.2 ± 382.2
Coal cinder 4 292.7 ± 123.7 42.5 ± 30.6 716.6 ± 285.0 694.6 ± 444.9
Soil 6 134.0 ± 72.8 60.3 ± 23.2 154.9 ± 104.9 466.0 ± 102.3
Stream sediments 3 28.4 ± 13.9 33.5 ± 12.4 28.5 ± 6.3 756.7 ± 245.7
Carbonated lime brick 1 423.1 39.8 494.9 516.3

Kaihua of Zhejiang Coal 3 163.7 ± 66.3 47.8 ± 12.3 175.5 ± 53.8 1478.3 ± 190.0
Coal cinder 3 169.1 ± 39.3 43.4 ± 14.0 188.9 ± 15.5 1387.0 ± 104.9
Coal gangue 4 508.4 ± 715.1 42.6 ± 25.3 363.1 ± 409.6 1106.4 ± 609.0
Soil 12 48.3 ± 19.3 52.6 ± 7.7 52.0 ± 16.0 624.2 ± 123.1
Sediments 2 48.8 ± 8.9 44.1 ± 10.6 30.9 ± 10.8 743.3 ± 88.0

Jiande of Zhejiang Coal 1 342.5 42.6 243.9 1154.0
Coal gangue 4 62.8 ± 22.4 41.8 ± 16.1 93.5 ± 40.3 1628.8 ± 867.8
Soil 11 85.0 ± 88.9 62.4 ± 7.2 84.8 ± 92.9 919.2 ± 247.9
Sediments 3 138.2 ± 101.1 48.3 ± 6.5 103.3 ± 60.0 807.6 ± 116.8

Nationwide Coala 1014 79.5 ± 45.0 40.3 ± 34.0 73.9 ± 53.0 152.4 ± 2121.0
Coal  ganguea 879 79.8 ± 34.0 64.5 ± 38.0 59.7 ± 44.0 506.3 ± 477.0
Soilb 7777 39.5 ± 34.4 49.1 ± 27.6 36.5 ± 22.0 580.0 ± 202.0
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and total α and total β were significantly different. The radio-
activity of 238U, 226Ra, 40K, total α and total β in the surface 
water were 0.33 ± 3.08, 0.04 ± 0.05, 0.10 ± 0.06, 0.40 ± 0.32 
and 0.36 ± 0.32 Bq/kg, respectively. The concentration of 
232Th in the surface water bodies of each mining area was 
very low. Compared with the radioactivity of the surface 
water in the nationwide survey of the environmental natural 
radioactivity level (Luo et al. 1995), this study showed that 
the radionuclide content in the surface water was generally 
at a normal level. The radioactivity of 238U, 232Th, 226Ra, 
40K, total α and total β in the groundwater were 1.96 ± 3.08, 
0.03 ± 0.04, 0.02 ± 0.03, 0.12 ± 0.07, 2.18 ± 3.36 and 
2.61 ± 3.77 Bq/kg, respectively. The mean concentrations 
of 238U, total α and total β in groundwater was 5–7 times 
the mean value of the surface water. The total α and total 
β exceeded the limits of the Guidelines for Drinking-Water 
Quality of 0.5 Bq/L and 1 Bq/L (WHO 2011), and the total α 
and total β of some stone coal occurrences were 10–30 times 
the limits. The groundwater with high 238U, total α and total 
β had a low pH (< 5). Under acidic conditions, the radionu-
clides U and Ra showed a strong geochemical activity.

Radionuclide concentration in plants

The plant samples taken in this study were representative 
indicator plants widely distributed in the investigated mining 
area, such as corn, pine, reed, tea and sweet potato. These 
plants grow in the soil originated from the pedogenesis of 

stone coal-bearing strata. Among them, the corn samples 
were taken from roots, stalk, and seeds for the radionu-
clide analysis. For each sample a number of at least three 
individuals were sampled. A total of 12 samples of plant 
tissues were collected and tested (Table 4). The radionu-
clide contents of 238U, 232Th, 226Ra and 40K in the plant 
tissues of were 1.19 ± 4.82, 0.18 ± 0.31, 17.09 ± 52.99 and 
110.50 ± 62.59 Bq/kg, respectively. The content ranges of 
the 4 radionuclides were 0.01–5.67, 0–1.17, 0.11–185.30 
and 24.26–283.40 Bq/kg, and their coefficients of variation 
were 4.05, 1.72, 3.10 and 0.57, respectively, showing a very 
significant spatial variability of the radionuclide distribution. 
The radionuclide content in the plant tissues is related to the 
radionuclide absorption and enrichment ability of the vari-
ous plants, and it is also closely related to the background 
value of the natural radionuclides in the soil where the plants 
grow (Galhardi et al. 2017; Skoko et al. 2017). The soil in 
the coal mining area was characterized by a high content of 
238U and 226Ra, and the content of 238U and 226R in the plant 
body was clearly increased. The radionuclide content in the 
plant body was positively correlated with the radionuclide 
content in soil. There were differences in the ability of the 
plant tissues to absorb and enrich a radionuclide. In this 
study, it was found that the contents of 238U, 232Th and 226Ra 
in the roots, stalk and seeds of corn were significantly dif-
ferent, and their radioactivity decreased sharply in turn. The 
high background radiation levels of 238U and 226Ra in the soil 
of the mining area and the significant variation in the spatial 

Table 3  Average concentration of the natural radionuclides in the water media of the stone coal-bearing strata in East China

Stone coal occur-
rence

Radioactive 
medium

Sample 
quantity 
(pcs)

238U (Bq/L) 232Th (Bq/L) 226Ra (Bq/L) 40K (Bq/L) Total α (Bq/L) Total β (Bq/L)

Shexian of Anhui Surface water in 
mining area

17 0.71 0 0.12 0.17 0.80 0.81

Groundwater in 
mining area

7 0.01 0 0.01 0.03 0.06 0.06

Shitai of Anhui Surface water in 
mining area

18 0 0 0.05 0.02 0.23 0.10

Groundwater in 
mining area

6 0 0 0 0.15 0.02 0.18

Xiushui of Jiangxi Surface water in 
mining area

6 0.40 0 0.01 0.10 0.30 0.30

Groundwater in 
mining area

5 0.20 0 0.01 0.20 0.40 0.40

Kaihua of Zhejiang Surface water in 
mining area

7 0 0 0 0.05 0.02 0.05

Groundwater in 
mining area

3 7.15 0.10 0.07 0.08 7.90 8.83

Jiande of Zhejiang Surface water in 
mining area

5 0.56 0 0.01 0.14 0.64 0.53

Groundwater in 
mining area

4 2.44 0.05 0.02 0.14 2.52 3.59
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distribution, as well as the differences in the radionuclide 
absorbing capacity of the plants, have determined the highly 
significant spatial variability of the radionuclide distribu-
tion in the plant body. In general, the specific activity of the 
radionuclides in the plant samples of the coal mining area 
in East China is relatively low, and there is no radiation risk 
with the normal planting and consumption in the local area. 
The current hyperaccumulator of 226Ra was Dicranopteris 
dichotoma (Zhang et al. 2011). This study found that the 
content of 226Ra in the plant samples (reed) in the Kaihua 
mining area of Zhejiang Province was as high as 185.3 Bq/
kg, which was more than 100 times that of similar plants 
in the local area and was far more than the national limit 
of the radionuclide content in food. This shows an obvious 
226Ra enrichment feature, which may be interrelated with 
high contents of radioisotopes in soils. However, it is not 
representative enough due to limited data and is worth fur-
ther survey and research.

γ‑external radiation intensity and effective dose

Terrestrial space is a place where humans live. The envi-
ronmental surface is always exposed to γ-radiation from 
the universe and natural radionuclides. Natural radiation is 
the main source of radiation exposure to humans, and the 
radiation produced by radon and its daughters is a major 
source of natural radiation (Pan and Liu 2011; Wang et al. 
2014; UNSCEAR 2000). A normal dose of γ-radiation 
will not cause damage to human health, but high-intensity 
γ-radiation may cause damage to the human body. The dam-
age that γ-rays impart on the human body depends on the 
radiation intensity and time. Generally, the effective dose 
limit is less than 1 mSv/a for public exposure (IAEA 2014). 
The effective radiation dose for the general public in the coal 
mining areas is mainly derived from the external radiation 

and air inhalation pathways, and the proportion that origi-
nates from ingestion pathways is very small (less than 5%).

The estimating formula of the annual effective dose of the 
γ-external radiation provided in accordance with the Speci-
fication for Measurement of Dose Rate of Ambient Ground 
Gamma Radiation (GB/T 14583-93) (SEPA 1993) is:

where Hr is the effective dose, in Sv/a; Dr is the γ-radiation 
air absorbed dose rate, in Gy/h; K is the dose conversion fac-
tor, which is 0.7 Sv/Gy; and t is the duration of stay for the 
general public in the area during the year, generally 8760 h.

The estimating formula of the internal radiation effective 
dose caused by the radon daughters inhaled by the general 
public in accordance with the Evaluation Requirements for 
the Environmental Impact of Uranium Geological Radiation 
Environment (EJ/T 977–1995) (CNIC 1995) is:

where He is the effective dose, in Sv/a; 0.5 is the balance 
factor of radon and its daughters; X̄ is the average radon 
concentration, in Bq/m3; gE is the dose conversion factor 
of the outdoor radon daughters inhaled by adults, which is 
1.7 × 10−8 Sv/(Bq h/m3); and t is the duration of stay for the 
general public in the environment during the year, generally 
8760 h.

In this study, the measurements of the γ-dose rate and 
outdoor radon concentration were conducted in the major 
coal areas in East China, and the annual effective dose 
of adult γ-external radiation, the annual effective dose of 
inhaled radon daughters and the total effective dose in the 
mining area were calculated (Table 5).

The average annual effective dose to the world population 
is approximately 2.4 mSv, and the total inhalation exposure 
and total external terrestrial radiation are 1.26 and 0.48 mSv 

Hr = Dr × K × t,

He = 0.5 × X̄ × gE × t,

Table 4  Average contents of the natural radionuclides in the plant samples

Stone coal occurrence Plant species Sample quan-
tity (pcs)

238U (Bq/kg) 232Th (Bq/kg) 226Ra (Bq/kg) 40K (Bq/kg)

Shexian of Anhui Corn root 3 3.67 1.11 3.34 130.20
Corn stalk 3 1.65 0.34 2.47 283.10
Corn seed 3 0.21 0.07 0.58 94.97

Shitai of Anhui Tea 1 0.20 0.02 1.49 117.70
Sweet potato 1 0.01 0.01 0.11 62.88

Xiushui of Jiangxi Pine needle 1 0.06 0.06 0.51 24.26
Cedar leaves 1 0.12 0.03 1.55 120.70
Miscanthus floridulus 1 0.02 0.01 1.24 82.42

Kaihua of Zhejiang Pine needle 1 2.16 0.25 3.97 105.70
Reed 1 5.67 0.11 185.30 126.90

Jiande of Zhejiang Cedar leaves 1 0.24 0.10 3.20 108.20
Pine needle 1 0.22 0.02 1.35 69.00
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(UNSCEAR 2000). In the main coal distribution zone in 
East China, the absorbed dose caused by γ-external radia-
tion had exceeded 1 mSv/a, and the total effective dose had 
exceeded 2 mSv/a. It belongs to the overall high radiation 
value area. In some concentrated distribution areas of the 
coal mines, for example, in the mining areas of Shitai in 
Anhui, Kaihua in Zhejiang and Xiushui in Jiangxi, the effec-
tive doses caused by the γ-external radiation were all higher 
than the Chinese national warning limit of 5 mSv/a. The 
terrestrial radon concentrations in the mining areas of Shex-
ian and Shitai in Anhui exceeded 30 Bq /m3, and the annual 
effective doses of the inhaled radon daughters exceeded 

3 mSv/a. The doses of the γ-external radiation and inhaled 
radon daughters calculated in this study were close to the 
radioactivity monitoring results of the coal in 1991–1993 
(Ye et al. 2004a). The total effective dose for the residents in 
the mining area was 2.77–5.86 mSv/a. Thus, the radioactive 
contamination in the coal mining area could not be ignored, 
and strict radioactivity monitoring should be implemented.

The isogram of the γ-radiation air absorbed dose rate in 
the Shexian work area in Anhui Province showed a clear 
distribution rule of “high in the middle and low in circum-
ference”, forming an approximate NW–SE high-value field 
in an approximate elliptical shape (Fig. 2). Two prominent 

Table 5  Terrestrial γ-external radiation intensity and the effective dose of the stone coal-bearing strata in East China

Mining area Area  (km2) Ambi-
ent γ-radiation dose 
rate (nGy/h)

Annual effective 
dose of γ-external 
radiation (mSv/a)

Radon concentra-
tion (outdoor) 
(Bq/m3)

Annual effective 
dose of inhaled 
radon daughters 
(mSv/a)

Total effective 
dose (mSv/a)

Mean Range Mean Range Mean Range Mean Range

Shexian of Anhui 69 183 52–725 1.04 0.24–4.37 47.10 33–81 3.51 2.45–6.05 4.55
Shitai of Anhui 16 218 71–956 1.26 0.36–5.78 62.00 33–98 4.60 2.45–7.30 5.86
Xiushui of Jiangxi 55 304 70-1179 1.86 0.43–7.23 12.23 3–31 0.91 0-2.31 2.77
Kaihua of Zhejiang 50 205 61-1514 1.26 0.37–9.28 20.70 12–28 1.54 0.89–2.08 2.80
Jiande of Zhejiang 30 210 55–571 1.29 0.34–3.50 20.20 0–59 1.50 0-4.39 2.79

Fig. 2  Isogram of the 
γ-radiation dose rate in the 
stone coal-bearing strata in 
Shexian in Anhui Province
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high-value centers were formed concentratively at the stone 
coal occurrence. The γ-dose rate of the high-value center 
in the southeast of the mining area was 738 nGy/h and that 
in the northwest of the mining area was 565 nGy/h. After 
deducting the γ-radiation background value (75.4 nGy/h) 
in the Shexian work area and the response of the instru-
ment to cosmic rays (12.9 nGy/h), the lower limit of the 
γ-increment over the standard limit of 174  nGy/h was 
262.3 nGy/h. The area of the Shexian work area with a 
γ-radiation level exceeding the limit was approximately 
6.0 km2. In the concentrated distribution area of the stone 
coal occurrences, the effective dose caused by the γ-external 
radiation was 3.20 mSv/a, the internal radiation dose of 
the radon daughters was 4.98 mSv/a, and the total effec-
tive dose was 8.18 mSv/a. Compared with the field contrast 
points, the additional dose of the stone coal occurrences was 
5.11 mSv/a.

The Kaihua work area of Zhejiang Province had an aver-
age γ-radiation dose rate of 205 nGy/h. This was a typi-
cal natural radiation high-background field. In the survey 
area, the terrestrial γ-radiation level was clearly unbalanced. 
There were many abandoned small stone coal occurrences 
in the northeastern margin and southwestern corner of 
the survey area, forming two γ-dose rate high-value field 

centers (Fig. 3). The γ-dose rate in the high-value center 
of the mining area was 1514 nGy/h. After deducting the 
γ-radiation background value (72.3 nGy/h) in the Kaihua 
work area and the cosmic ray response (12.9 nGy/h), the 
lower limit of the γ-increment over the standard limit of 
174 nGy/h was 259.2 nGy/h. The area of the Kaihua work 
area with a γ-radiation level exceeding the limit was more 
than 3.0 km2. In the center of the stone coal occurrences, 
the effective dose caused by the γ-external radiation was as 
high as 9.28 mSv/a, the internal radiation dose of the radon 
daughters was 1.70 mSv/a, and the total effective dose was 
10.98 mSv/a. Compared with the field contrast points, the 
additional dose of the center of the stone coal occurrences 
was 8.45 mSv/a.

The γ-dose rate distribution in the coal mining area in 
Xiushui in Jiangxi Province was clearly controlled by the 
strata, and the isoline of the γ-radiation dose rate in the coal 
mining area showed an “oblique” distribution characteris-
tic (Fig. 4). The high-value areas were concentrated in the 
coal seam on the north and south sides or in the carbona-
ceous mudstone distribution zone of the survey area, while 
the γ-radiation dose rate of the carbonate rock series in the 
middle was relatively low. The γ-dose rate in the concen-
trated distribution area of the stone coal occurrences was in 

Fig. 3  Isogram of the 
γ-radiation dose rate in the 
stone coal-bearing strata in 
Kaihua in Anhui Province
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the range of 242–1179 nGy/h, with a mean value of up to 
662 nGy/h. The mean γ-dose rate of the stone coal occur-
rences was 3.0 times that of the contrast points on the north 
and south sides. After deducting the γ-radiation field back-
ground value (143 nGy/h) in the Xiushui work area and the 
response of the instrument to the cosmic rays (12.9 nGy/h), 
the lower limit of the γ-increment over the standard limit 
of 174 nGy/h was 429.9 nGy/h. The area of the Xiushui 
work area with a γ-radiation level exceeding the limit was 
more than 8.0 km2. In the concentrated distribution area 
of stone coal occurrences, the effective dose caused by the 
γ-external radiation was 7.22 mSv/a, the internal radiation 
dose of the radon daughters was 2.27 mSv/, and the total 
effective dose was 9.49 mSv/a. Compared with the field con-
trast points, the additional dose of the stone coal occurrences 
was 5.94 mSv/a.

Conclusions

Previous research on the stone coal has mainly focused on 
the radioactivity in the solid, water and air media, while lit-
tle attention has paid to the relevance of the radionuclides 
among different media systems. The presented study was 
located in major stone-coal mining areas in China with the 
aim to quantify the radiation. For this, γ-radiation measure-
ments as well as laboratory analyses on solid, water and 
plant samples were presented, along with measurements of 
air radon concentrations. The data obtained in 5 investigated 
mining areas were compared with permissible radiation 
levels defined by Chinese national authorities, which may 

reveal the radionuclide migration processes and the radia-
tion pollution path.

1. The stone coal-bearing strata in East China are mainly 
in the lower Cambrian strata and distributed in a band 
shape along the margin of the Yangtze block, mainly in 
the hilly areas of Zhejiang, Jiangxi and Anhui Province. 
The distribution of the natural radionuclides of 238U, 
232Th, 226Ra and 40K in the stone coal-bearing strata 
of East China shows significant spatial variability. The 
radionuclides of 238U and 226Ra are clearly enriched in 
the coal, coal gangue, and soil of the coal mining area.

2. The absorbed dose caused by the γ-external irradiation 
in the typical coal mining area in East China exceeded 
1 mSv/a, the total effective dose exceeded 2 mSv/a, and 
the total effective dose of radiation to the residents in the 
mining area was 2.77–5.86 mSv/a. The effective doses 
caused by the concentration of γ-external irradiation in 
the areas of the coal mines in Shitai in Anhui, Kaihua 
in Zhejiang, and Xiushui in Jiangxi exceeded 5 mSv/a, 
and the annual effective dose of the terrestrial inhaled 
radon daughters in the coal mining areas of Shexian and 
Shitai in Anhui exceeded 3 mSv/a. The additional doses 
derived from the γ-external radiation and inhaled radon 
daughters in the concentrated distribution areas of the 
stone coal occurrences in Shexian in Anhui, Kaihua in 
Zhejiang and Xiushui in Jiangxi were 5.11, 8.45, and 
5.94 mSv/a, respectively.

3. The exploitation and utilization of the coal-bearing for-
mations in East China, along with the emission of the 
radionuclides to the air, soil and water environments, 
have increased the background value of the radionu-

Fig. 4  Isogram of the γ-radiation dose rate in the stone coal-bearing strata in Xiushui in Jiangxi Province
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clides in the mining areas, and sporadic radioactive 
contamination has occurred to the groundwater, build-
ing materials, plants and other media in the coal mining 
areas. The radiation dose exposed to the public in the 
coal mining areas has increased significantly, and there 
is a potential risk of radioactive contamination to the 
environment. Thus, monitoring of the radioactive envi-
ronment in the coal mining area should be strengthened.
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