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Variations in soil radon concentrations are a potential precursor of earthquake and volcanic events. However, the
unclear migration and variation mechanisms of radon concentrations in soil still limit its effective application. To
elucidate the temporal variation and its possible influence factors on radon concentrations at different soil
depths, a case study was performed at a suburban site in Beijing. A long-term continuous measurement system
consisting of ten radon-in-soil monitors at depths from 0.1 to 5.0 m and other meteorological sensors was
employed. The monitoring was carried out from January 8th to July 29th, 2022, covering 3445 h in total. Radon
concentrations generally increased with soil depth. Diurnal variation of soil radon concentrations at depths of 1.2
and 1.6 m in winter and spring was observed, and a negative correlation between the soil radon concentration
and the residual air pressure was found. This finding indicates a possible air exchange channel between the soil
and the atmosphere at the study site. In addition, the soil radon concentration at 4.0 m depth was unexpectedly
lower than that of neighboring depths and was steady throughout the measurement period. This is attributed to a
possible clay layer in the soil structure at 4.0 m depth. The results of this field study indicate that the complexity
of temporal variation of soil radon concentrations should be considered for its application in predicting earth-

quake and volcanic events.

1. Introduction

Radon (*?2Rn) is a naturally occurring monoatomic radioactive
noble gas, which is generated from the alpha decay of radium (*?°Ra) in
the uranium (238U) decay chain. Since 226Ra and 238U are ubiquitous in
natural environments such as soil, rocks and waterbodies, radon is
widely distributed in the natural world. Because of its unique physical
and chemical characteristics, radon has been adopted as a potential
precursor gas for earthquake and volcanic event forecasts (Hwa et al.,
2015; Cigolini et al., 2005). Historically, anomalous radon concentra-
tions in soil have been observed several times preceding large earth-
quakes (Vaupotic et al., 2010; Ren et al., 2012; Das et al., 2009).
However, there are still gaps in understanding the use of radon in soil as
an effective precursor for predicting earthquakes and volcanic eruptions
worldwide. One of the main reasons is the difficulty in discriminating
between anomalies caused by physical processes occurring in the Earth’s
upper crust and natural variation caused by local meteorological
parameters.

Radon concentration in soil is influenced by many meteorological
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parameters, including soil temperature, soil humidity, atmospheric
pressure, air temperature and rainfall amongst others (Wang et al.,
2021; Catalano et al., 2015; Pinault and Baubron, 1996). Hence, for the
purpose of earthquake forecast, the ideal monitoring of radon in soil
should not only be sensitive to the anomalous change caused by
geological activity but should also avoid or minimize
meteorological-induced variations. To reach this goal, a suitable depth
to install a radon detector in soil is a key point, especially for online
seismic observation. In practice, monitoring of radon concentration in
soil is mainly conducted at depths from 0.5 to 1.0 m (Kemski et al., 2001;
Buttafuoco et al., 2010; Han et al., 2014; Chen et al., 2018; Dhar et al.,
2021). Buttafuoco et al. suggested that such a depth (0.5-1.0 m) could
avoid the influence of meteorological factors on radon concentration in
soil (Buttafuoco et al., 2010). However, several field studies indicate
that radon concentration can still fluctuate due to the influence of
meteorological factors at this soil depth (Catalano et al., 2015; Zafrir
et al., 2016; Haquin et al., 2022; Nazaroff, 1992). Friedmann even re-
ported a contrary conclusion that the most sensitive depth to detect
changes caused by meteorological factors is 0.5-1.0 m (Friedmann,
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2012). Hence, deeper observations of radon concentrations in soil were
carried out in China from 2.0 to 5.0 m at different seismic stations (Chen
et al., 2019).

There are also different conclusions on the vertical distribution of
radon concentration in soil with depth and its variation pattern. Results
of some field measurements suggest that radon concentration in soil can
exhibit a saturation phenomenon at a depth of about 0.8-1.3 m (Cata-
lano et al., 2015; Barnet and Pacherova, 2016; Mitev et al., 2018).
However, Antonopoulos-Domis et al. measured radon concentration at a
depth of 0-2.6 m and reported that it increased with depth, remained
constant between 0.8 and 1.3 m depth and then increased again, which
indicated the existence of a two-layer soil structure with different
diffusion-advection characteristics (Antonopoulos-Domis et al., 2009).
The complexity caused by local characteristics of soil structure differing
among regions and observation sites brings a great challenge for the
practical application of radon concentration in soil as a precursor for
predicting earthquake and volcanic events.

This study aims to elucidate the mechanisms of the distribution and
variation of radon concentration in soil. Specifically, to figure out the
temporal variation of radon concentration in soil up to a depth of 5.0 m,
its variation pattern, and possible influence factors. Thus, field mea-
surement was carried out with a long-term continuous monitoring sys-
tem at a selected suburban site near Beijing for a case study.

2. Materials and methods
2.1. Design of field measurements

Field measurements were carried out at an abandoned farmland site
(40.21656° N, 116.48722° E) in the suburban area of Beijing (Fig. 1).
This farmland is free of human activity and remains a near-natural
environment. Its soil characteristics and radon exhalation rate were
studied many years ago (Sun et al., 2004). The site is about 4.2 km
northwest of the Huangzhuang-Gaoliying fault, which is a field obser-
vation site for seismic activity.

To study the temporal variation of radon concentration in soil at
different depths and to achieve continuous and simultaneous measure-
ments, NRSM-DO1 radon-in-soil monitors (Sairatec Inc., China) were
installed at ten depths varying from 0.1 to 5.0 m. In addition, to study
the influence of meteorological parameters on radon concentration in
soil, different sensors were also used to record soil temperatures, air
temperature-humidity, air pressure and rain status. All monitors and
sensors were connected and controlled by a control unit, and all data
were automatically recorded at a 1-h cycle. A schematic diagram of the
measurement system is shown in Fig. 2.

As shown in Fig. 2, radon monitors at 0.1 and 0.3 m were buried in
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Fig. 2. Schematic diagram of the measurement system.

soil directly. Monitors at depths of 0.5-1.2 m were installed separately in
75 mm diameter PVC tubes with lids and covered by soil to prevent
radon gas entering from above and to make radon gas only diffuse into
the monitors from below. Monitors at depths from 1.6 to 5.0 m were
installed inside a 5.0 m length tube, with some 2 mm diameter holes
made on the tube wall to make radon gas diffuse freely. Six soil tem-
perature sensors (MS10, Dalian Endeavour Technology Co., China) were
installed on the soil surface and beside radon monitors at depths from
0.1 to 1.2 m. A temperature-humidity sensor (SHT31, Sensirion AG,

2km
—

Fig. 1. (a) Map of faults in the Beijing area. (b) Location of measurement site and the Huangzhuang-Gaoliying fault. (c) High resolution satellite imagery of

measurement site.
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Switzerland) and a pressure sensor (BME280, Bosch Sensortec GmbH,
Germany) were installed inside the instrument shelter. A rain status
sensor (GD-YX016, Zhengzhou GONDY Technology Co., China) was
employed to record the rainfall time.

Radon concentration in soil and meteorological parameters were
monitored for two periods: 1) from January 8th to April 27th, 2022; and
2) from June 24th to July 29th, 2022. The first period covered 2619 h,
and the second covered 826 h. These two periods covered the typical
seasons of winter, spring, and summer in Beijing.

2.2. Measurement of radon-in-soil concentration, soil >*°Ra and water
content

The radon monitor used in this study was developed specifically for
continuous measurement of radon concentration in soil, and is based on
electrostatic collection and alpha spectrometry analysis techniques.
Radon in soil gas diffuses into a 46.4 ml measurement chamber by
passing through a waterproofing membrane and then a PTFE filter. The
sensitivity of the NRSM-D01 monitor is nearly 0.02 counts per hour/
(Bq-m’3) at an absolute humidity of 18.5 g m~3 (25 °C, 80% RH). The
minimum detection limit is about 230 + 15 Bg-m° for the 1-h cycle.
The uncertainty is less than 9% for a typical soil radon concentration of
15000 Bg-m ™3 (Wang et al., 2021).

Soil samples were collected using a Luoyang shovel at different
depths while digging the 5.0 m hole on December 1st, 2021. The
Luoyang shovel is a traditional tool for geological exploration that
causes minimal damage to soil structure. Its single sampling length is
nearly 0.3 m. Because the radium concentration basically does not
change with time and the main focus is the layer structure of soil in
different depths, a series of nine samples in different depths was
collected. Due to the difference between the single sampling length of
the Luoyang shovel and the length of radon-in-soil monitor with PVC
tube, the depths of soil samples and the monitoring depths differed
slightly.

The water contents and the 22°Ra concentrations of soil samples were
measured according to the method specified in ISO 11465:1993 (Soil
quality, 1993) and ISO 18589-3:2015 (Measurement of radioactivity in
the, 2015), respectively. The water contents of soil samples (1) were
calculated by:

Wy =W,

=—— x 100%
(TN

Here, W; stands for the total weight of soil sample with tray before
drying (g); W> stands for the total weight of soil sample with tray after
drying (g); W3 stands for the weight of tray after cleaning (g).

The y-energy spectra were measured by an anti-Compton HPGe de-
tector (GMX60, Ortec, U.S.) with a relative efficiency of 60.4% and
minimum detection limit of 0.12 Bq for 22°Ra. A standard reference soil
sample was used in calibration and quality assurance process. The 22Ra
content of reference sample was calibrated in the National Institute of
Metrology of China on August 21st, 2019. The energy peak counts of
214B; at 609.31 keV were measured, and the >?°Ra concentrations (Cr,)
of the soil samples were calculated by:

Cas _Ara _ Asiapi :IL;Q . N{sa 7N§iG o is
w w w £ 86 ) N,

W is the net weight of soil sample (g); Ar, is the radioactivity of 2°Ra
(BqQ), which is equal to that of 2l4p; (A214g:) at radioactive equilibrium
after one-month sealed; Ny; is the gamma counts of 214Bi at 609.31 keV; ¢
is the measurement time of the HPGe detector (s). The superscripts of i,
BG, S stand for the corresponding values of soil samples, background
and the standard sample, respectively.

For the quality control of measurement, radon monitors were not
only calibrated before the long-term monitoring, but also sent to a radon
chamber again for verification after the field measurement. Those
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calibrations and comparisons were carried out by taking an Alpha-
GUARD PQ2000 (Saphymo, France) as a reference device, which could
be traced to the National Institute of Metrology, China.

3. Results and discussion
3.1. Water content and ??°Ra concentration of soil samples

The results of water contents and 22°Ra concentrations of soil sam-
ples are presented in Table .1.

The water contents vary from 19.7 to 45.0%. The highest value ap-
pears at 0.1 m, which is attributed to the snowfall one day before the
sample collection. The second highest value is at 1.8 m, and the lowest
value is at 4.0 m. There is no difference over two standard deviations in
water content at the rest of the depths. The 2?°Ra concentrations vary
from 30.0 to 41.8 Bq-kg ™. The soil sample at 4.0 m depth exhibited the
lowest 22°Ra concentration. As for soil classification, the soil of this site
is sandy loam soil in general (Sun et al., 2004). However, by comparing
the distributions of water content and Ra concentration, a special layer
seems to be found at 4.0 m, which was different from other depths.
Considering its yellow color and viscous texture, it is presumed to be a
clay layer.

3.2. Radon concentration and meteorological data

The measurement results of radon and meteorological parameters
are shown in Fig. 3 for both the January to April (Fig. 3(a)) and June to
July (Fig. 3(b)) measurement periods. In general, soil radon concen-
tration increased with depth, except for the unexpectedly low value at
4.0 m. Diurnal variations of soil radon concentration at depths from 0.8
to 3.0 m were clear. In addition, for meteorological parameters, soil
temperature increased gradually from winter to summer and its diurnal
variation in near surface layers was clear. Gradual increase of both air
temperature and humidity was also noticeable (Fig. 3).

Soil radon concentrations in shallow layers (0.1-0.5 m) were rela-
tively stable in winter and spring (Fig. 3(a)), while they varied irregu-
larly and violently in summer (Fig. 3(b)). This was caused by the
frequent rainfall in summer as indicated by the rain status shown in
Fig. 3(b), which leads to an increase of soil humidity. A previous study
found that the radon concentration rises rapidly in the near surface after
rain (Wang et al., 2021). Radon concentration in the middle layer
(0.8-3.0 m) fluctuated violently in winter and spring (Fig. 3(a)), but this
phenomenon was not found in summer (Fig. 3(b)). The soil radon con-
centration at 5.0 m increased by approximately 100% in summer
compared with that in winter and spring, and a gradual upward trend of
radon concentration was observed from April 9th. The increase of soil
radon concentration at 5.0 m does not originate from the influence of
rainfall because there is no such tendency in radon concentration in the
shallower soil layers. It is presumed to be caused by the change in
groundwater level which usually varies from 4.0 to 7.0 m in this area
(Yang et al., 2021).

Table 1
Water content and?*°Ra concentration at different soil depths.

Depth (m) Water Content 226Ra Concentration (Bq~kg’1)
0.1 45.0% 35.3 +2.6
0.4 20.3% 39.8 £3.0
0.7 21.8% 35.1 +£2.7
1.2 24.2% 33.9 +£2.6
1.8 30.4% 41.8 +£3.1
2.5 24.7% 340+ 24
3.0 24.4% 34.6 + 2.4
4.0 19.7% 30.0 £ 2.8
5.0 26.3% 37.6 £ 29
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Fig. 3. Measurement results: (a) (left) data from January 8th to April 27th; and (b) (right) data from June 24th to July 29th (from the top to bottom, the plots show
radon concentration in soil, soil temperature, air temperature, air relative humidity, air pressure and rain status).

3.3. Vertical distribution of radon concentration in soil

To observe the vertical distribution of soil radon concentration in
different seasons at the study site and exclude the interference of
meteorological parameters as far as possible, one typical sunny day with
stable climate conditions was selected for each season. The criteria for
selecting the typical sunny days were that there was no rainfall or
sudden changes in atmospheric temperature and humidity in the pre-
vious three days of the selected days. The mean and standard deviation
of 24-h radon concentration in soil for the selected days are shown in
Fig. 4, and the results except for 4.0 m depth of the three typical days
were fitted with the 1D diffusion equation: Cg, = Cs(1 —e™*¥) (Wang
et al., 2021), where C, is the saturation concentration (Bq-m_3); Ais the
effective diffusion coefficient (m’l); and Z is the depth (m).

As shown in Fig. 4, soil radon concentration increased with depth,
and the data from 0.1 to 3.0 m are generally consistent with the 1D
diffusion equation. However, the radon concentration was unexpectedly
low and extremely stable at 4.0 m throughout the three seasons, which
might be attributed to a possible clay layer at this depth based on the
observed soil color and texture. The precondition for the 1D diffusion
equation is that the soil medium is homogeneous. Nevertheless, the
special soil layer existing at 4.0 m does not satisfy this condition.
Consequently, the value at 4.0 m is greatly deviated. The possible tight
dense clay structure at 4.0 m makes the radon concentration lower and
mostly constant with time. In addition, there is no remarkable difference
in soil radon concentration at each depth between different seasons,
except for those at 1.6 and 5.0 m. Compared with the two layers soil
structure result of Antonopoulos-Domis (Antonopoulos-Domis et al.,
2009), a more complex multi-layer structure of soil with temporal
variation in radon concentration is suggested at this site (see section
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Fig. 4. Vertical distribution of one-day average soil radon concentrations in
different seasons.

3.5). Furthermore, the larger sizes of error bars of soil radon concen-
tration at 1.2 and 1.6 m depths (Fig. 4) indicate that radon concentration
there has a dramatic variation in winter and spring. Further analysis in
detail of their temporal variation is discussed below.
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3.4. Temporal variation of radon concentration at different soil depths

To elucidate the temporal variation pattern of radon concentration in
soil at different depths, the fast Fourier transform (FFT) was employed to
analyze the two measurement periods of radon concentration time-
series data. Considering the statistical errors in radiometric measure-
ments, a 3-h moving average was employed before applying the FFT to
minimize the irregular variations of radon concentration in soil. Fig. 5
shows the result of the FFT analysis within the period of 5-30 h for
temporal variation at different depths.

As Fig. 5 shows, the soil radon concentrations at all ten depths in
winter and spring (blue line) show larger periodic variations than those
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in summer (orange line). It is presumed that the irregular and frequent
rainfall in summer would disturb the diurnal variation pattern of radon
concentration in the shallow soil, leading to the disappearance of large
variations of radon concentration from 0.8 to 3.0 m depth in summer.
Diurnal variation of radon concentration at different soil depths can
be obtained from the peak locations of FFT power. Similar to the vari-
ation of atmospheric radon concentration, the 24-h diurnal variation of
soil radon concentration at 0.1 and 0.3 m depth in winter and spring
might be affected by the temperature change of the shallow layer (Zhang
et al.,, 2004). Soil radon concentration at 0.5-3.0 m depth shows a
bi-periodic diurnal variation of 12 and 24 h (Fig. 5(b)). Especially at 1.2
and 1.6 m depth, the FFT power spectrums have sharper peaks, which
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Fig. 5. FFT power-cycle spectrums of radon concentration in soil at ten different depths of two measurement periods: (a) 0.1 & 0.3 m; (b) from 0.5 to 3.0 m; and (c)

4.0 & 5.0 m.
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indicate large 12-h and 24-h daily variation cycles. Soil radon concen-
trations at 4.0 and 5.0 m do not show diurnal variation regularity, which
suggests that the meteorological parameters do not affect radon con-
centrations at this depth.

For further study on the correlation between the bi-periodic diurnal
variation of soil radon concentration from 0.8 to 3.0 m depth and
meteorological parameters in winter and spring, measurement results of
one typical week with sunny and stable climate conditions in winter
(February 6-13) and spring (April 13-20) were selected. The soil radon
concentration data at 1.2 and 1.6 m in the same period were selected as
representative. Results are shown in Fig. 6.

In Fig. 6, air temperature and humidity show obvious 24-h cyclical
variations. Only air pressure shows a bi-periodic diurnal variation,
which is quite similar to the diurnal variation pattern of soil radon
concentration. To analyze the correlation between the diurnal variations
of air pressure and the diurnal variations of radon concentration in soil,
the influence of trends and variations with a more than 24-h cycle were
excluded. The data of soil radon concentration and air pressure were
smoothed by using a 24-h moving average. The original data were then
deducted from the 24-h smoothed results to get the residual results. The
residual results of soil radon concentration and air pressure are the
diurnal variation components, as plotted in Fig. 7.

As Fig. 7 shows, soil radon concentration shows a bi-periodic diurnal
variation, with the maximum value at 16:00, the second maximum value
at 6:00, and the minimum values at 10:00 and 24:00. A bi-periodic
diurnal variation of air pressure also existed. Nevertheless, the
maximum and minimum values were just opposite to the extreme values
of soil radon concentration, which suggests that the diurnal variations
(residual results) of radon concentration at 1.2 and 1.6 m depth can be
attributed to the variation of air pressure instead of the value of pressure
itself. It indicated that there might be an exchange channel around this
depth connected to the atmosphere, which might lead to a “breathing”
process as reported by Miklyaev (Miklyaev et al., 2022).

3.5. Conceptualization of soil radon concentration at different depths
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with depth even at the quite deep depth of 3.0-5.0 m. The one exception
was for 4.0 m depth where the distributions of water content, the radium
concentration and the appearance of the soil (color and texture) sug-
gested the existence of a clay layer. An air exchange channel might exist
at 1.2-1.6 m, where the radon gas could be exchanged with the atmo-
sphere easily, which leads to a large bi-periodic diurnal variation. The
diurnal variation of soil radon concentration at 1.2 and 1.6 m depth has
a negative correlation with the variation of air pressure, and radon
concentration at nearby depths such as 0.8, 2.0 and 3.0 m also changes
with time but with a smaller variation. This air exchange channel might
disappear in summer, when rainfall changes the structure of the near-
surface soil layer. At the depth of 5.0 m, there may be different com-
plex soil structures when the level of the groundwater table changes in
summer, which also might lead to a greater change of radon concen-
tration in soil.

Overall, we consider that a complex layer structure of soil might exist
at our study site and it might change with season. This study provides
guidance for the study of radon behavior in soil and the change of soil
structure by long-term online monitoring. It is useful for earthquake
forecasting by employing detectors at different depths at the same time.

4. Conclusion

To systematically study the temporal variation of radon concentra-
tion in soil at different depths, a series of field measurements were
carried out in a suburban area of Beijing. Soil radon concentration and
meteorological parameters were continuously monitored for nearly
three seasons. With the analysis of temporal variation in soil radon
concentration and the comparison with meteorological parameters, the
following conclusions are made:

1. In general, radon concentration increased with soil depth. However,
a very stable and low radon concentration at 4.0 m was observed.
The 1D diffusion model is not applicable to the radon concentration
in soil at 4.0 m, where a possible clay layer exists and the radon
concentration is not affected by meteorological parameters.

. X 2. A bi-periodic diurnal variation of soil radon concentration was found
Based on the results of long-term observation and data analysis, a . .
.. . . . at depths from 0.8 to 3.0 m, with the largest variation at 1.2 and 1.6
conceptualization of soil radon concentration and soil structure has been R . . . .
A m in winter and spring. A negative correlation between the diurnal
developed (Fig. 8). .. . . . . .
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Fig. 6. One-week measurement results of radon concentration (after the moving average in 3 h) in soil at 1.2 and 1.6 m, air temperature, air relative humidity and air
pressure in typical winter days (left, February 6-13) and spring days (right, April 13-20).
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Fig. 7. 24-hour variation of residual results of soil radon concentration (upper part) and air pressure (lower part) (left: February 6-13; right: April 13-20).
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Fig. 8. Conceptualization of soil radon concentration and soil structure at the
study site.

pressure was found. It is presumed that it comes from the exchange of
soil radon with the atmosphere directly and it appears that the soil
can “breathe”.

3. The radon concentration in soil was not affected by meteorological
parameters at 5.0 m, but there was a long-range seasonal variation,
which might be caused by seasonal fluctuations in groundwater
level. The mechanism of radon concentration changes in deeper soil
requires further study.

4. Irregular and frequent rainfall could disturb the diurnal variation of
radon concentration in the near-surface soils, and the diurnal vari-
ation periodicity of radon concentration in summer was less clear
than those in winter and spring.

The results of soil radon concentration in this case study indicate the
complexity of soil structure. Each site or location may have a different
soil structure. It is of great importance to understand the location’s
geological structure and complexity, which in practice could help make
radon-in-soil a more effective tracer for geological applications. This
study provides insights to the possible effects of soil structure on soil
radon concentrations and may help in selecting appropriate depths for
monitoring radon-in-soil for geological activities. Further studies should
be carried out at more locations to obtain more typical regularities of
radon-in-soil distribution.
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