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Abstract

Based on an idealized model, both the annual and the seasonal radon (222Rn) flux densities from the soil surface at 1099 sites in China were
estimated by linking a database of soil *°Ra content and a global ecosystems database. Digital maps of the **’Rn flux density in China were
constructed in a spatial resolution of 25 km x 25 km by interpolation among the estimated data. An area-weighted annual average **Rn flux
density from the soil surface across China was estimated to be 29.7 +9.4 mBqm >s~'. Both regional and seasonal variations in the **’Rn
flux densities are significant in China. Annual average flux densities in the southeastern and northwestern China are generally higher than those
in other regions of China, because of high soil >*Ra content in the southeastern area and high soil aridity in the northwestern one. The seasonal
average flux density is generally higher in summer/spring than winter, since relatively higher soil temperature and lower soil water saturation in

summer/spring than other seasons are common in China.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The exhalation of radon (222Rn) from the earth’s surface
has been studied for many years, and the purposes of studies
can be mainly classified into two categories. One is related
to the health issue that arises from the public exposure to at-
mospheric **Rn and its decay products. Although the indoor
environment is more important for the exposure of the public
than outdoors, the infiltration of 222Rn from the soil and the
building materials made of raw earth have been identified as
main factors influencing indoor **’Rn levels in most buildings
(Nazaroff et al., 1988; Nielson et al., 1994). Therefore, infor-
mation on the regional distribution of **?Rn exhalation from
the earth’s surface is considered as useful for identifying areas
with a risk of high radon exposure to public. The other purpose
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is using *’Rn as a tracer for studying global pollution and
climate change, owing to its suitable half-life (3.82 d) and
chemically inert (Genthon and Armengaud, 1995; Chino and
Yamazawa, 1996). Transfer of 222Rn from soil to the atmo-
sphere involves some of the same processes controlling the
soil/air exchange of important greenhouse gases such as
CH,, CO, and NO,. ***Rn does not undergo complicated
chemical reactions and its source term is relatively well known
(226Ra in soil). Therefore, studies of the 222Rn exhalation are
able to provide information on the pure transfer component
of gaseous exchange between the soil and the atmosphere.
The ***Rn exhalation rate (flux density) from the ground
surface has been used to validate several atmospheric transport
computer models in East Asia (Sakashita et al., 1994, 2004;
Taguchi et al., 2002). In China, recent surveys have revealed
that the nationwide average of indoor **’Rn concentrations
has almost doubled over the past 20 years (Shang, 2005). Con-
sequently, exposure to radon has become a public concern in
recent years, and it is hoped to create a radon potential map
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for China. However, the lack of sufficient data on the distribu-
tion of soil **?Rn flux densities across China makes it difficult
to create a radon potential map and to accurately validate the
regional atmospheric transport computer models.

In this study, an updated model for estimating **’Rn flux
densities from the soil surface and a newly constructed data-
base on the soil **°Ra content around China (Zhuo et al., in
press) have been linked with the global ecosystems database
(GED, Version II) to provide a platform to estimate both the
annual and the seasonal **’Rn flux densities from the soil
surface across China. The estimated values were further inter-
polated with a spatial resolution of 25 km x 25 km and edited
into digital maps. In addition, the regional and seasonal varia-
tions as well as the estimation of uncertainty in the **’Rn flux
densities have also been discussed.

2. Methods and data sets

2.1. Model for estimating the **’Rn flux density from the soil
surface

The model used in this study had been tested at 20 sites around East Asia
(Zhuo et al., 2004, 2006). It is an idealized model for estimating seasonal and
annual **?Rn flux densities from semi-infinite and homogeneous soil. The
222Rn flux density (F ) from the soil surface was estimated using the following
equation,

T

075
F:ARapbé\(ﬁ) \/ADOPCXP(*6SP*6SM”)7 1)

where Ag, is the soil **°Ra content (Bqkg '), pp is the soil bulk density
(kg m~), ¢ is the emanation coefficient of 2*’Rn in soil, which is a function
of the soil temperature (7, in Kelvin scale) and the water saturation fraction
(), A is the ?*Rn decay constant (s~'), p is the soil porosity, and Dy, is the
*2’Rn diffusion coefficient in air (1.1 x 107> m*s™").

The emanation coefficient (¢) of 2’Rn in soil was estimated from the fitted
formula of Zhuo et al. (2006),

e=¢go[l +a(l —exp(—bS))] [1 4 ¢(T —298)], (2)

where & is the *?Rn emanation coefficient at a temperature of 298 K for dry
soil, and the parameters of ¢, a, b, and ¢ are taken as constants and are listed
in Table 1. The fraction of soil water saturation (S) was estimated using the
following function (Zhuo et al., 2006),

S=k (f%) ", 3)

where (ko, k1) = (34.74, 0.3753), (28.49, 0.3748), and (23.39, 0.3773) for soil
surfaces covered with forest, grass, and crops, respectively, f is a factor (0.73
for spring, 0.80 for summer, 0.67 for autumn, 0.60 for winter) adjusted for
different seasons, E, is the potential evapotranspiration (mm), and P is the pre-
cipitation (mm).

Table 1

Parameters for estimating the *’Rn emanation coefficient in soil

Soil texture® & a b c
Clay 0.10 1.85 18.8 0.012
Silt 0.14 1.73 20.5 0.010
Sand 0.18 1.53 21.8 0.011

# Soil texture is classified according to the textural triangle devised by
United States Department of Agriculture (USDA).

2.2. Database of soil **°Ra content in China

The database of soil *°Ra content in China used in this study was newly
constructed (Zhuo et al., in press). It was spatially interpolated based on the
published data from two nationwide surveys (NIRP, 1988; SEPA, 1995).
Fig. 1 shows the spatial distribution of soil **°Ra contents with more than
15000 polygon data in China. The area-weighted average of soil *°Ra content
is about 36.6 Bqkg™!, with minima and maxima of 10.5Bqkg™' and
102.3 Bq kg™, respectively, for any grid of 25 km x 25 km. In order to min-
imize the uncertainty brought about by the spatial interpolation, only the
1099 data values without spatial interpolation, which are evenly distributed
in a grid of 100 km x 100 km, were used for calculating the **’Rn flux density.

2.3. Ecosystems database

The ecosystems data used in this study include the bulk density, the poros-
ity and texture component (sand, silt, clay) in the top layer (0—30 cm) of the
soil, the measured precipitation, the surface temperature, the potential evapo-
transpiration, and the land cover classification. The resolutions of the ecosys-
tems data are all in grid spacings of 1° x 1° in latitude and longitude. Except
for the data set on potential evapotranspiration, which was developed by Ahn
and Tateishi (1994), all other data sets are from the global ecosystems database
(GED Project, 2000).

2.4. Data readout and digital mapping

All of the necessary ecosystems data were read from the above ecosystems
data sets using the spatial coordinates of the soil *?°Ra data. After the annual
and the seasonal **’Rn flux densities at the 1099 sites in China were calcu-
lated, the new soil *?Rn flux density database was edited and imported into
an ArcView desktop geographic information system (GIS) of the Environmen-
tal Systems Research Institute, Inc. (ESRI). A GIS is a database that links in-
formation to location, allowing one to see and analyze data in new and useful
ways. The calculated data did not, however, provide enough detail in the **’Rn
flux density distribution across China, and so inverse distance weighting
(IDW) using the nearest neighbors’ mode was used to spatially interpolate
the data. This yielded a new polygon database with a spatial resolution of
25 km x 25 km. GIS techniques were then used to create new digital maps
of both the annual and the seasonal distributions and provided the data needed
for statistical analysis.

3. Results and discussions

3.1. Annual and seasonal **’Rn flux densities from the
soil surface in China

Fig. 2 shows the histogram of annual average **’Rn flux
densities from the soil surface in China. The data are
approximately normally distributed, and the area-weighted
annual average “*’Rn flux density is 29.7 £ 9.4 mBqm s,
with minima and maxima of 9mBqm Zs ' and
82mBqm *s~ ', at a grid scale of 25km x 25 km, respec-
tively. The ratio of the maximum to the minimum agrees
well with the ratio of maximum to minimum soil **°Ra
content in the same scale. The area-weighted annual average
222Rn flux density from soil in China is higher than the tra-
ditionally assumed average of approximately 21 mBqm *s ™
(1 atomcem 2s™") for all land surfaces (UNSCEAR, 1982).
However, the value is in approximate concordance with the
subsequent estimated world average (26 mBqm >s~') by
UNSCEAR (1993) and also with the latest estimated world

average (33 mBqm 2s™') for dry soil also by UNSCEAR
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Fig. 1. The distribution of *°Ra contents in surface soil across China.

(2000), as well as with the predicted global average of
34 mBqm %s~! from ice-free land by Schery and Wasiolek
(1998).

Taking the periods of March—May, June—August, September
—November, and December—February as spring, summer,
autumn and winter, respectively, a box and whisker plot of
both the seasonal and the annual *?’Rn flux densities
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Fig. 2. Histogram of the annual average **?Rn flux density from the soil sur-
face in China.

from soil surface in China is shown in Fig. 3. The area-
weighted averages are 33.1 mBq m~? s~ 336 mBq m 2 s_l,
289 mBgqm *s ' and 19.2 mBqm *s "' for spring, summer,
autumn and winter, respectively. The averages for both sum-
mer and spring are higher than the annual value, while that
for winter is much lower.
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Fig. 3. Box and whisker plot of seasonal and annual **?Rn flux densities from
the soil surface in China. Confidence limits (95%) were used for the whisker
plot. The open circles are the outliers that lie more than 1.5 times the corre-
sponding lengths of boxes from the upper quartiles.



1146 W. Zhuo et al. | Journal of Environmental Radioactivity 99 (2008) 1143—1148

3.2. Distribution of the annual ***Rn flux density from the
soil surface in China

The regional distribution of annual average **’Rn flux den-
sities from the soil surface across China was digitized and
mapped and is shown in Fig. 4. The regional variation in the
222Rn flux densities is obvious. The flux density is generally
higher in the southeast and northwest regions of China, and
generally lower in the northeast and southwest regions. In
the southeast region, the higher soil **°Ra content is consid-
ered to be the main reason for the higher **’Rn flux density.
While in the northwest region, the high soil aridity is thought
to bring about the higher *’Rn flux density. In contrast, the
lower soil *°Ra content is considered to be the main reason
for the lower **’Rn flux density in the northeast region, and
the high soil humidity in the Sichuan Basin is expected to
be the cause for lower “*Rn flux density in the southwest
region.

3.3. Seasonal variations in the ***Rn flux density from the
soil surface in China

To assess the seasonal variations in the soil **?Rn flux den-
sities in more detail, we have roughly divided China into six
regions, each of which broadly represents a different climatic
regime. First, based on the 400 mm isohyet, the line from
Mohe (122°22'E, 53°29'N) to Tengchong (98°31'E, 25°01'N)
was used as the boundary to separate the east monsoon zone

1000 0
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from the west continental zone (Institute of Soil Science, Ac-
ademia SINICA, 1986). The east monsoon zone was further
divided into the south subtropical zone (Lingnan zone, I),
north and middle subtropical zone (Huainan and Jiangnan
zone, II), south temperate zone (Huabei plain, III), and inter-
mediate temperate zone (Dongbei plain, IV) from the south
to the north. The west continental zone was also further di-
vided into the Tibetan plateau (V) and the northwest inland
(VI) by using Kunlun Mountains as the boundary. The area-
weighted seasonal average **’Rn flux density, temperature
and water saturation for the six different climatic zones and
for the whole of China are listed in Table 2.

Averaged over the whole country, the *?Rn flux densities in
summer and spring are higher than those in other seasons, and
the lowest **?Rn flux density occurs in winter. The ratio of the
maximum in summer to the minimum in winter is 1.76. It is
considered that the higher soil temperature and lower soil
water saturation bring out the higher **’Rn flux density in
summer, and the lowest soil temperature and higher water sat-
uration cause the lowest **?Rn flux density in winter.

The pattern of seasonal variations in the *?Rn flux density
in most of the climate zones is similar to the pattern for the
whole country. However, an opposite pattern is found in the
Lingnan zone (I), where the maxima and the minima are in
winter and summer, respectively. Compared with other zones,
the temperature does not change substantially throughout the
year, and an opposite seasonal variation in the soil water
saturation occurs relative to most of the other zones. In the
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Fig. 4. The distribution of the annual average **’Rn flux density from the soil surface across China.
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Table 2
Seasonal average **’Rn flux density (mBqm ™ 2s~"), temperature (in K) and
water saturation in the different climatic zones across China

2

Zone Item Spring  Summer Autumn Winter Max/Min

symbol
1 Flux 37.0 30.4 37.5 38.9 1.28
Temperature 2945 299.9 295.4 287.4 1.04
Water saturation 0.57 0.67 0.58 0.51 1.32
11 Flux 334 40.4 36.5 27.4 1.47
Temperature 289.5  298.9 291.0 280.1 1.07
Water saturation 0.55 0.54 0.55 0.58 1.07
1 Flux 31.5 29.7 25.7 16.4 1.92
Temperature 2859 2983 286.5 271.8 1.10
Water saturation 0.37 0.49 0.49 0.59 1.64
v Flux 22.5 22.2 14.1 0.7 321
Temperature 2774 2938 277.7 256.7 1.14
Water saturation 0.38 0.51 0.61 0.97 2.56
A% Flux 35.7 30.4 28.3 27.0 1.32
Temperature 282.7 291.0 282.4 272.1 1.07
Water saturation 0.31 0.47 0.45 039 1.52
VI Flux 34.5 39.0 29.6 10.8 3.61

Temperature 282.6 2955 280.7 263.7 1.12
Water saturation 0.27 0.30 0.37 0.72  2.67

Whole  Flux 33.1 33.6 28.9 19.2 1.76
Temperature 2844 2954 284.2 270.4 1.09
Water saturation 0.37 0.46 0.48 0.62 1.22

Lingnan zone, the highest seasonal precipitation (752 mm) re-
sults in the highest soil water saturation occurring in summer,
while the lowest seasonal precipitation (116 mm) causes the
lowest soil water saturation in winter. It is noteworthy that
the pattern of seasonal variations in the **Rn flux density in
Huainan and Jiangnan zone (II) as well as Lingnan zone (I)
is somewhat different from that in other regions. The area-
weighted average 2*’Rn flux density in autumn is slightly
higher than that in spring. Analysis shows that the average
soil water saturations are nearly the same, however, the aver-
age soil temperatures in autumn are slightly higher than those
in spring in the two zones. It is consider that the higher sea-
sonal temperature causes the higher **’Rn flux density.

As shown in Table 2, the seasonal variations in the 222Rn
flux density in the Dongbei plain (IV) and the northwest inland
(VI) are considerably larger than in the other zones. This is at-
tributed to the large variations (>30 °C) in the seasonal soil
temperature and the seasonal soil water saturation (>2.5
times) that exist between the summer/spring and the winter
seasons. Most of the land in north China is usually covered
by snow or the soil is frozen in winter, and it is normally con-
sidered that no evapotranspiration occurs. In the present
model, 2?*Rn will not exhale from the soil surface when
conditions are such that evapotranspiration is not occurring.
However, it has been reported that 222Rn exhalation still oc-
curs from the ground surface during a cold snow season
(Yamazawa et al., 2004). This indicates that the model used
in this study for predicting **’Rn flux density should be further
improved, and that the **’Rn flux density in north China dur-
ing winter may be underestimated.

3.4. Uncertainty in the estimations

The lack of a sufficient number of measurements of the
222Rn flux density and of the parameters in the ecosystems
data set prevents a complete analysis from providing a satisfac-
tory, reliable estimation of the error. However, the uncertainty
can be discussed from following viewpoint, and the overall un-
certainty is estimated to be roughly +30% although this is
without considering the uncertainty from the ecosystems data.

To verify the model predictions of the ***Rn flux from soil
surfaces, field measurements were continuously performed at
20 sites in China, Japan and Korea throughout fiscal year
2003 (Zhuo et al., 2004). The soil **°Ra contents and bulk
densities were in the ranges 17.5—115.5 Bqkg ' and 920—
1680 kg m > across the sites, and the annual averaged surface
soil temperature and the annual precipitation were in the ranges
5.2—19.7 °C and 350—2330 mm for the sites, respectively. The
annual average “*’Rn flux density (21.7 mBqm 2s™') pre-
dicted by the model for the 20 sites was only about 10% less
than the measured average (24.1 mBqm 2s "), and deviations
of predicted values from measured ones ranged from —22.6%
to 17.8% over the sites. To estimate the **Rn flux densities
across the whole of China for this study, the soil **°Ra contents
and bulk densities are in the ranges 10.5—102.3 Bqkg ' and
800—1900 kgm >, and the annual averaged surface soil
temperature and annual precipitation are in the ranges —4.5—
26.0°C and 18—2817 mm, respectively, for any grid of
25 km x 25 km grid. The ranges in the soil **°Ra contents
and the ecosystems data (bulk density, temperature and precip-
itation) measured for the 20 sites therefore almost cover the
data used in the estimates for the whole of China. Accordingly,
provided that the input parameters (Ara, Pv, €0, 1, E; and P)
were accurate, the estimation uncertainty from the model itself
is expected to be about +£20% in any of the 25 km x 25 km
grids across the whole of China.

The uncertainties in the soil bulk density (py,), surface soil
temperature (T), potential evapotranspiration (E,) and precip-
itation (P) from the ecosystems database are unknown, hence
only the effect of the uncertainties in the input parameters for
the soil *°Ra content (Agr,) and the 222Rn emanation coeffi-
cient at 298 K for dry soil (¢y) are discussed here. A previous
study reported that the area-weighted average soil **°Ra con-
tents used in this study were 0.3% higher than the result of
a nationwide survey, and the deviation of interpolated data
from measured values ranged from —6% to 11% across the
32 provinces, cities and autonomous regions of China (Zhuo
et al., in press). The &, values used in this study were from
the measurements of 20 soil samples, and the model of
222Rn emanation coefficient was built under the experimental
conditions using soil temperatures of —20—45 °C and soil wa-
ter saturations of 0.01—0.80 (Iskandar et al., 2004; Zhuo et al.,
2006). Although the parameter of ¢, and the emanation model
are based on limited experiments, the estimated 222Rn emana-
tion coefficients are in general agreement with other reported
values. In this study, the seasonal average 222Rn emanation
coefficients were estimated to be in the range 0.14—0.51 for
all types of soils, with an annual average of 0.31 for the whole
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of China. The seasonal **’Rn emanation coefficients in China
are in the range of typical *?Rn emanation coefficients (0.05—
0.7) for rocks and soils (UNSCEAR, 2000). The annual aver-
aged **?Rn emanation coefficient in China also agrees well
with the average of 0.30 for 21 soil samples with unknown
moisture content reported by Barreto (1974).

4. Conclusions

Both the annual and the seasonal **’Rn flux densities from
the soil surface were estimated for 1099 sites evenly distrib-
uted across China, and the data were further interpolated
into a spatial resolution of 25 km x 25 km and digitally map-
ped. The following points can be concluded from the above
results and discussions.

(1) The area-weighted annual average **’Rn flux density from
the soil surface in China was estimated to be
29.74+9.4mBqm *s ' It is higher than the traditionally
assumed world average, but in approximate concordance
with the later estimated global average by UNSCEAR.

(2) A significant regional distribution of the **’Rn flux densi-
ties from the soil surface exists across China. The annual
averages in the southeast and northwest are generally
higher than those in other regions of China. The ratio of
the maximum to the minimum flux density is about 9 at
a grid scale of 25 km x 25 km.

(3) The seasonal variation in the 222Rn flux densities emanat-
ing from the soil surface across China is readily apparent
and quite complicated. In general, higher **’Rn flux den-
sities exist in summer/spring, while lower values are pres-
ent in winter. However, the opposite pattern occurs in the
south subtropical parts of China. The seasonal variations
in the **?Rn flux densities of northern China are consider-
able (>a factor of 3) owing to large seasonal variations in
soil temperature and water saturation.

(4) Without consideration of the errors existing in the ecosys-
tems data, the overall uncertainty for the prediction of the
annual average “*Rn flux density in China using a spatial
resolution of 25 km x 25 km is estimated to be +30%.
The models for predicting the **’Rn flux density should
be further improved in the future. More laboratory mea-
surements of “?Rn emanation coefficients and more field
measurements of the *’Rn flux density are needed to fur-
ther verify the reliability of this estimate.
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