
METHODOLOGY STUDY ON EVALUATION OF RADON
FLUX FROM SOIL IN CHINA
Qiuju Guo1,�, Kainan Sun2 and Jianping Cheng2
1Department of Technical Physics, School of Physics, Peking University, Beijing 100871, P. R. China
2Department of Engineering Physics, Tsinghua University, Beijing 100084, P. R. China

Received December 1 2003, amended June 15 2004, accepted June 22 2004

Radon flux rate from soil is one of the most important factors for the evaluation of environmental radon levels. The objective
of our study is to make a rough estimation of the nationwide radon flux rate from soil in China. Considering the applicability
to the large area and complex distribution of soil types in China, a simple model was established. To test the model, field
measurements on radon flux rate totally in 47 points from different areas were carried out from spring to summer in 2003.
Laboratory experiments of each soil sample on related soil properties, such as radium contents, water contents, soil dry bulk
density and soil texture were performed simultaneously. Approximately 30% of the samples had very consistent calculated
values with their measured values, their relative errors were less than 0.25. In spite of the large uncertainties in the model
which is influenced by so many factors, the considerable validation of the model can be shown. Based on the discussion of
distribution of the errors as well as the reasons causing the errors, a trial modification of the model was made. A modification
function looked necessary when soil water content was <10%.

INTRODUCTION

Over the past few decades, there has been a large
scientific interest in the study of environmental
radon. One of the main reasons is its associated
health hazard, another is its widespread use as an
environmental tracer(1).
Soil is a source of radon. The infiltration of radon

gas (222Rn) from soil has been identified as one of the
main mechanisms influencing indoor radon levels in
many buildings. It was reported that a worldwide
average of 60.4% of indoor radon comes from the
ground and the surrounding soil of buildings(2).
Information on the spatial variability of radon exha-
lation rate would be useful for identifying areas with
a risk of high radon exposure. On the other hand, the
well-understood chemical behaviour (inert gas) of
222Rn and its convenient half-life (3.82 d) make
radon a useful tracer in the studies of air mass trans-
portation. For example, it is often used in validating
global atmospheric transport models(3,4).
Several studies on mapping radon exhalation rate

from soil have been reported in local, regional or
national scale with different methods. For example,
Ielsch et al.(5) proposed a methodology based on
radon exhalation rate quantification, starting from
a precise characterisation of the main local geologi-
cal and pedological parameters. In China, because of
the large area and complex distribution of soil types,
a large number of field measurements on a national
scale is extremely difficult to perform. Therefore, it is
essential to develop an effective, economical and
practical method for the classification and mapping

of radon exhalation rate from soil in China. In this
work, a simple model was established based on soil
radon diffusion theory, which included the influ-
ences of soil radium content, emanation coefficient,
soil porosity and moisture saturation. To test the
model, both field measurements on radon flux rate
and laboratory experiments on related soil proper-
ties, such as soil radium content, soil texture, soil
porosity and water content were carried out totally
in 47 points from different areas (but most of them
were in Beijing area). The distribution of the model
errors as well as the reasons causing the errors were
discussed, and a trial modification was made in the
original model to improve the consistency of calcu-
lated radon flux rate values with measured ones,
especially for the samples in which soil water content
was <10%.

MATERIALS AND METHODS

A simple model for estimating radon flux rate
from soil

Since the influence of the most meteorological para-
meters on advection is usually temporary, instanta-
neous and difficult to be modelled (6,7), only diffusion
mechanism is considered in this work for estimating
long-term averaged values. Based on the conserva-
tion of mass, an idealised, one-dimensional, steady-
state model for the transportation and distribution
of radon in soil can be expressed as the following
differential equation:

De
d2C

dx2
� lC þ A

peff
¼ 0, ð1Þ�Corresponding author: q jguo@pku.edu.cn
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where De is the effective radon diffusion coefficient
(m�2 s�1); C represents the radon concentration in
pore air of the soil (Bq m�3); x is the distance from
the ground surface with its positive direction down-
ward (m); l is the radon decay constant (s�1); peff is
the effective porosity of the soil; and A is defined as
Equation 2 is the production rate of radon gas into
the pore space.

A ¼ lrRE, ð2Þ

where r represents the dry bulk density of the soil
(kg m�3); R is the 226Ra activity concentration in the
soil particles (Bq kg�1); and E is the radon emana-
tion coefficient.
Given the boundary conditions: Cjx!0 ¼ 0 and

Cjx!1 is finite, the solution for Equation 1 is:

C ¼ A

lpeff
1 � exp �

HlDe

De

x

� ��
: ð3Þ

�

On the other hand, as radon flux is continuous at the
ground surface between soil and atmosphere, the
flux rate (F ) of radon from ground surface can be
expressed as follows:

F ¼ peffDe
dC

dx

����
x¼0

: ð4Þ

Combined into Equation 3, Equation 4 can be
rewritten as:

F ¼ HlDerER: ð5Þ

It is known that the effective radon diffusion coeffi-
cient (De) in soil has been experimentally studied,
which can be expressed as the following equation(8):

De ¼ pD0 exp �6mp � 6m14p
� �

, ð6Þ

where p is the total soil porosity which can be esti-
mated by Equation 7(9); D0 is the radon diffusion
coefficient in open air with a constant of 1.1 � 10�5

m2� s�1; and m is the volume fraction of water
saturation which can be calculated from water mass
content (w) by using Equation 8.

p ¼ 93:947 � 32:995rð Þ=100: ð7Þ

m ¼ wp=1000p: ð8Þ

The above equations indicate that the radon flux
rate can be calculated when the parameters of R, w, r
and E in the soil are known.
To test the model, the parameters R, w, r of each

soil sample in all the field measurement points were
measured in our laboratory. For the parameter of
the radon emanation coefficient (E), reported typical
radon emanation coefficients for different types of
soil texture(10) were referenced, and Table 1 shows
some related data.

Field measurements

Field measurements of radon flux rate from soil were
carried out in totally 47 points from different soil
texture in Beijing, Guiyang (Guizhou province) and
Huhhot (Inner Mongolian Municipality) from June
to August, 2003. The majority of the points were
around Beijing area. The measurement points were
usually selected at farms, gardens or schools that
were representative of soil texture in the local area.
At each point, the radon flux rate was measured and
at least two soil samples were taken by an annular
steel sample container. Then all the soil samples were
taken back to the laboratory for the analysis and
measurement on relative soil parameters.
The radon flux rate measurements were performed

with the device ERS-2 (TRACERLAB company,
Germany), which is an Electrostatic-Radon-Sampler
for the determination of the 222Rn gas concentration
and for the determination of the flux rate. The ERS-2
was operated with an Alpha-Spectroscopy detector
andmultichannel analyser (MCA) with 256 channels.
For the determination of the radon flux rate, the
ERS-2 was placed on the soil surface with sealed
condition. Usually, at each point, the measurement
was performed for 4–5 cycles and the cycle time was
10 min. The ERS-2 gave the radon gas concentration
of each cycle in the unit of Bq m�3. The radon con-
centration data for each cycle were automatically
stored in the memory of ERS-2. To calculate the flux
rate, first the data in ERS-2 were read into an external
PC-system, and then the data were linear simulated to
derive the flux rate with the result of mBq m�2 s�1 by
using the Tracerlab-Spectrum-Software. Figure 1
shows the schematic diagram of ERS-2.
The radium content of each soil sample was

measured using a high purity germanium (HPGe)
detector with a relative efficiency of 48.3% (Eg ¼
1.33 MeV). First, each soil sample was baked for
�24 h at a constant temperature of 105 � 2�C in
an oven. Then the dry sample was grind and sifted
through a special soil sifter with 0.25 mm aperture.
Third, the sifted dry soil was placed into a standard
plastic container (�75 � 50 mm) and sealed for at
least 20 d before the spectrometric measurement.
Finally, the sample was measured with the HPGe

Table 1. Typical values of radon emanation coefficient for
different soil textures.

Soil types Emanation coefficient

Sand 0.14
Sandy loam 0.21
Loam 0.24
Silty loam 0.25
Clay 0.28
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for �6–8 h to achieve the spectrum for the determi-
nation of radium content.
The soil dry bulk density and soil water content

were measured with the annular steel sample con-
tainer (�70 � 52 mm), an oven (105� 2�C) and an
electrical balance (scale: 0–500 g, Precision: 0.1 g).
The soil texture of each sample was commercially
measured with a laser granularity detector in China
University of Geosciences.

RESULTS AND DISCUSSION

The majority of the soil samples in Beijing and
Huhhot areas are sandy loam, which is typical soil
texture in the north of China. While the soil samples
in Guiyang area are usually clay and have higher
radium content and higher radon flux rate as well.
The results are in accordance with the results of the
investigation on natural radionuclide contents in soil
in China(11), which indicated that Guizhou was the
province with the highest average radium content
in China.

In order to estimate the discrepancy between the
calculated radon flux rate value and the measured
one for each sample, the relative error of the model is
introduced which is defined as:

Relative error ¼ jCalculated � Measuredj
Measured

The main soil parameters of the three areas and
radon flux rate results for both measured and calcu-
lated are shown in Table 2.
In Table 3, more information on the results in

Beijing area are provided in detail.
After a complete study on the distribution of relat-

ive errors in all the samples, it was found that the
samples with lower soil water content (<10%, totally
18 samples) usually had much lower measured radon
flux rates than calculated results. (Table 4).
It is well known that the relationship between the

radon exhalation and the soil water content is rather
complex. Considering soil total porosity, the effect-
ive radon diffusion coefficient has an inverse pro-
portion with the soil moisture saturation according

Figure 1. Schematic diagram of ERS-2.

Table 2. Radon soil flux rate and some soil parameters in three areas in China.

City Beijing Guiyang Huhhot

Number of samples 38 6 3
Dry bulk density (g cm�3) 1.41 (1.09–1.63) 1.32 (0.96–1.54) 1.51 (1.39–1.63)
Water content (%) 10.3 (2.1–18.7) 27 (18.1–55.4) 13 (9.3–18.1)
Emanation coefficient 0.22 (0.21–0.25) 0.26 (0.24–0.28) 0.22 (0.21–0.24)
Radium content (Bq kg�1) 23.5 (15.0–31.4) 132 (32.4–493.1) 17.9 (15.3–21.2)
Measured radon flux rate (mBq m�2 s�1) 13.2 (3.1–49.9) 34.8 (4.6–128.5) 14.0 (2.0–29.0)
Calculated radon flux rate (mBq m�2 s�1) 15.4 (9.4–22.6) 60.4 (8.2–265.5) 10.2 (7.8–13.6)
Relative error 1.2 (0.07–4.2) 1.6 (0.08–5.5) 1.2 (0.17–2.9)
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to Equation 6. On the other hand, the emanation
coefficient increases with the increasing moisture
content until certain moisture saturation is reached,
and after that it keeps constant with continuously
increasing moisture content(8). A further study
shows that in sand, the radon emanation reaches its
maximum at a water content of �2–10%, and in clay
at 10–15%(12). Moreover, as the adsorption of radon
atoms on solid surface generally decreases rapidly
with increasing water content; in dry soils, the
radon exhalation rate has the tendency to increase
with increasing water content. When a certain moist-
ure saturation is reached, the adsorption becomes
negligible(8).
The total discrepancies between the calculated

radon flux rates and measured ones are mainly
caused by two types of factors. First, the calculating
model itself is based on diffusion theory, which
neglects some of the other important mechanisms,
such as advection and adsorption. The original
model does not consider the adsorption of radon
atoms on dry solid surface, which cannot be
neglected for dry soils(8). The original model also
does not include the dependence of emanation coef-
ficient on soil moisture saturation. These two factors
can partly explain why the samples with low-water
content usually had much lower measured radon flux
rates than the calculated ones. Second, the
errors both in field measurements and laboratory
experiments on radon flux rate and soil parameters
may result in the final relative error.

Based on the above study of the experimental data
and theoretical analysis of the dependence of the
radon exhalation on the sample water content, a
trial modification of the model was made. The
approach was to derive the ratio of measured to
calculated flux rate as a function of the soil water
content by the use of linear simulation of the samples
with soil water content <10%. After the ratio
reached 1 according to the linear function, a con-
stant function 1 was used. The procedure to develop
the modification function is shown in Figure 2. Also,
Table 4 shows that the average of relative errors was
reduced after the modification especially for the sam-
ples with soil water content <10%.
Table 5 shows the comparative results of distribu-

tion of relative errors according to our measured
results of radon flux rate values during our field
measurements, which indicates that the modification
obviously decreases the total relative error, espe-
cially the errors in samples whose measured radon
flux rates are rather low (e.g.<10 mBq m�2 s�1). The
comparative result of the frequency distribution of
samples according to relative errors is shown in
Figure 3. Figure 3 shows that the number of samples
with relative error <0.5 is largely increased after
modification.
Table 5 suggests that the model is most valid

when the measured radon flux rate values are in
the range of 10–40 mBq m�2 s�1, which is the
typical range in the north of China. When the meas-
ured radon flux rate values are <10 mBq m�2 s�1

or >40 mBq m�2 s�1, the relative errors become
rather high.

CONCLUSIONS

Different from former studies on radon flux from
soil, this work did not build the soil column artifi-
cially to control all the soil parameters(13). All the
measurements were performed on natural soil so that
the data could suggest a real trend of radon flux from
natural soil; however at the same time, the method
led to some difficulties in analysing the relationship
among the many parameters quantificationally. The

Table 4. Relative errors in different soil water contents.

Soil water content <10% 10–20% >20% Total

Number of samples 18 24 5 47
Measured/calculated
(arithmetic mean)

0.59 1.15 1.29 0.95

Relative error
(original model)

1.7 1.06 0.86 1.29

Relative error
(modified model)

0.82 1.04 0.86 0.93

Table 3. Radon flux rate from soil and related soil parameters in Beijing area.

Range Arithmetic mean Median

Dry bulk density (g cm�3) 1.09–1.63 1.41 1.4
Total porosity 0.4–0.58 0.48 0.48
Water content (%) 2.1–18.7 10.3 10.3
Moisture saturation 0.05–0.7 0.32 0.29
Effective diffusion coefficient (10�6m2 s�1) 0.4–5.3 2.4 2.4
Emanation coefficient 0.21–0.25 0.22 0.21
Radium content (Bq kg�1) 15.0–31.4 23.5 22.6
Measured radon flux rate (mBq m�2 s�1) 3.1–49.9 13.2 9.9
Calculated radon flux rate (mBq m�2 s�1) 9.4–22.6 15.4 15.7
Relative error 0.07–4.2 1.2 0.58
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measured radon flux rate result is the synthesis of
many influencing parameters, some of which are not
even considered.
Totally 47 points in different areas were measured

to validate our model. It was suggested that
a modification function was necessary and effective
to theoriginalmodel especially in the case of soilwater
content <10%. Table 5 also suggests that the model
is most valid when the measured radon flux rate
values are in the range of 10–40 mBq m�2 s�1.
Although this work includes limited number of

samples, the measured data on comprehensive para-
meters such as radon flux rate from soil, soil radium

Table 5. Distribution of relative errors according to
measured radon flux rate.

Radon flux
rate
(mBq m�2 s�1)

<10 10–20 20–30 30–40 >40 Total

Number of
samples

22 15 5 1 4 47

Relative error
(original model)

2.12 0.27 0.34 0.56 1.88 1.29

Relative error
(modified model)

1.33 0.28 0.47 0.59 1.88 0.93

0 2 4 6 8 10 12 14 16 18 20
0

0.5

1

1.5

2

2.5

Water content(%)

M
ea

su
re

d/
C

al
cu

la
te

d y=1  (x≥12.1) 

y=0.0675x+0.1829  (0≤x<12.1) 

Figure 2. Modification function of the model.
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content, soil porosity and moisture saturation, and
soil texture will provide valuable references for
future researches. It should be pointed out that the
errors in the calculated values could be much larger
due to seasonal changes in the radon flux, e.g. in
winter, it is not possible to measure the radon flux
during conditions of snow and freezing. In spite of
the large uncertainties in both the models and the
measurements which are influenced by so many fac-
tors, the considerable validation of the model can be
seen. In Addition, the discussion on the distribution
of errors as well as the reasons causing the errors will
show direction for the improvement of the model.
What we have done in this paper to try to modify the
model is an example. All the above work is the
foundation for the establishment of a practical math-
ematical model for calculating radon flux rate from
soil in China.
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2Study of a predictive methodology for quantification
and mapping of the radon-222 exhalation rate. J.
Environ. Radioactivity. 63, 15 (2002).

6. Kojima, H. The exhalation rate of radon in the atmo-
sphere and the influencing factors. In: Proceedings of
7th Tohwa University International Symposium,
Fukuoka, Japan, 23–25 October, 1997, p. E-240 (1998).

7. Schery, S. D. and Wasiolek, M. A.Modeling radon flux
from the earth’s surface. In: Proceedings 7th Tohwa
University International Symposium, Fukuoka,
Japan, 23–25 October, 1997, p. E-207 (1998).

8. Rogers, V. C. and Nielson, K. K. Multiphase radon
generation and transport in porous materials. Health
Phys. 60, 807 (1991).

9. Soil Physics Research Group of ISSAS. Mensuration
on soil physical properties. Scientific Publishing House,
Beijing, China, p. 28 (1978).

10. Nazaroff, W. W. and Nero, A. V. Radon and Its Decay
Products in Indoor Air. (New York: John Wiley &
Sons) p. 74 (1988).

11. The Writing Group for the Summary Report on
Nationwide Survey of Environmental Radioactivity
Level in China. Investigation on natural radionuclide
contents in soil in China. Radiat. Prot. 12(2), 122
(1992) (in Chinese).

12. Markkanen, M. and Arvela, H. Radon emanation from
soils. Radiat. Prot. Dosim. 45, 269–272 (1992).

13. Shweikani, R., Giaddui, T. G. and Durrani, S. A. The
effect of soil parameters on the radon concentration values
in the environment. Radiat. Meas. 25, 581–584 (1995).

Q. GUO ET AL.

296

 at Peking U
niversity on M

arch 20, 2014
http://rpd.oxfordjournals.org/

D
ow

nloaded from
 

http://rpd.oxfordjournals.org/
http://rpd.oxfordjournals.org/

