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Abstract  8 

 9 

The exhalation of geochemical entities from soil to air is significant to understand Lithosphere-10 

Atmospheric relationships. Some of these geochemical entities are capable of modifying the lower 11 

atmosphere, and they are employed in various studies. Radon is one of the geochemical gasses 12 

widely recognized as a dominant ionization source in near ground regions of the troposphere. The 13 

steady state Rn transport equation is considered in many cases for estimating Rn migration from 14 

soil to air on the condition that the time evolution is ignored. A method is proposed for estimating 15 

radon space-time transport from soil to air. This is achieved by solving the radon transport equation 16 

in soil with special boundary conditions. Similar results are obtained with some experimented 17 

models, as well as reported radon values in literature for some set of parameter combinations. 18 

Strengths and limitations of the method are discussed. The model is useable to study Lithosphere-19 

Atmosphere relationships. It can also be significant in other studies like the Global Electric Circuit 20 

or Seismo-Ionospheric studies. 21 

 22 

Keywords:  Radon transport; soil-air migration; Monte Carlo Simulation; Seismo-Ionospheric 23 

Coupling 24 

 25 

 26 
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1.0 Introduction  1 

 2 

Radon is one of the natural gasses constantly exhaled into the atmosphere from the soil. 3 

222Rn is the most prominent radon isotope, which is able to find its way through soil pore channels 4 

into the atmosphere or buildings without reacting with any atom in the process. Its density, 5 

radioactive property, and ubiquity are the reason why it is exploited in a variety of applications. 6 

For example, it is used as a hydrological tracer, its accumulation in a given aquifer is helpful to 7 

estimate the aquifer residence time (Grunwald, 2004). Radon distribution in a given region helps 8 

to locate subsurface uranium and hydrocarbon deposits (Baskaran, 2016; Grunwald, 2004). Soil 9 

and water Rn anomalies are well known in earthquake precursory studies (Ali et al., 2019), its 10 

concentration can increase (Erees et al., 2007) or decrease (Omori et al., 2007) in relation to 11 

seismic activities. It is  used as atmospheric tracer in the study of atmospheric transport processes, 12 

selection of least-perturbed marine air masses for baseline studies, tracing of terrestrial air mass 13 

movements, including the refinement of source footprints for aerosols in continental outflow 14 

events, calibration of regionally integrated emissions of important greenhouse gases, electric field 15 

studies, understanding pollutant concentrations behavior, and quantification of vertical mixing in 16 

the lower atmosphere (Williams et al., 2011). As such, Rn has received attention from researchers 17 

since several decades, and statistical and modeling studies are published worldwide. Rn exhalation 18 

can vary depending on the geology, geochemistry, as well as soil properties of a given region 19 

(Külahcı and Şen, 2014; Warden et al., 2019). This exhalation is often associated with gasses like 20 

methane, carbon dioxide, hydrogen, and helium. Rn exhalation can be affected by soil and 21 

atmospheric processes, like metrological, geological, as well as other physical factors (Külahcı 22 

and Şen, 2014; Victor et al., 2019). This makes it important in studying the relationships between 23 

lithosphere and atmospheric processes. Its ability to ionize the environment makes it play an 24 

important role in tropospheric electricity studies. Moreover, its decay chain includes short-lived 25 

radio-isotopes (Polonium and Bismuth), which are charged, and capable of irradiating aerosol 26 

particles, while attached to them, and this can lead to effects which may result in disturbances in 27 

upper atmospheric heights (Namgaladze et al., 2018; Sorokin et al., 2020). Therefore, 28 

understanding radon dynamics in soil is very important to its application in near surface 29 
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atmospheric studies, especially the processes that can result in upper atmospheric perturbations. 1 

Rn transport in soil or air occurs mainly by diffusion or advection (Nazaroff, 1992), and the 2 

processes involved in this transport depend on the soil conditions. In literature, several theoretical 3 

and experimented models have been presented for soil radon (Catalano et al., 2015; Chakraverty 4 

et al., 2018; Orabi, 2018; Phong Thu et al., 2020; Singh et al., 2016) to mention a few. Some of 5 

these studies have considered transport models, which give a zero radon concentration at the 6 

surface. These models would give good outcomes if only soil radon distribution is a priority and 7 

the concentration at the surface is trivial. However, Antonopoulos-Domis et al. (2009) argued that 8 

this is not the best way to deal with the problem if there is the need to better estimate Rn 9 

concentration reaching the surface. Especially, since surface Rn concentration is one of the major 10 

sources for observed atmospheric Rn variations, as well as tropospheric ionization. Thus, these 11 

models may not favor studies, which seek to explore lithosphere-atmosphere relationships. Other 12 

Rn studies in literature are established only based on radon time series variability (Hayashi et al., 13 

2015; Kamişlioǧlu and Külahci, 2016; Muhammad et al., 2021). One rarely finds a space-time 14 

dependent radon model, capable of estimating seasonal/diurnal, as well as spatial radon time series 15 

variability using historical data. The existence of such models would favor Seismo-Ionospheric 16 

coupling studies, especially regarding radon ionization capability.  17 

In this study, a novel method is proposed for estimation of surface radon concentration 18 

using recorded soil radon data at a given depth. The resulting equation from the method can be 19 

used to study radon surface variations, soil radon distribution under different production rates as 20 

well as radon space-time variability at any depth in soil.  In Section 2, the soil to air radon transport 21 

model is presented and the model parameters are discussed. In Section 3, model outcomes are 22 

compared with literature. Additionally, the surface radon is estimated and discussed for Eksisu 23 

monitoring station, Erzincan, a city along the North Anatolian Fault Zone (NAFZ), Turkiye. 24 

Finally, Monte Carlo method is applied to simulate the estimated surface radon concentration to 25 

account for estimation uncertainties. 26 

 27 

 28 

 29 

 30 
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2.0 Proposed method  1 

2.1 Radon transport equation 2 

The recorded radon concentration at monitoring depth may generate radon impulse exported from 3 

neighboring or far regions added to the radon production in the vicinity of the monitoring device. 4 

The study of these relationships is significant in the establishment of soil radon migration relation, 5 

and can be used to explain its transport from the production point to the atmosphere. Radon 6 

transport is generally represented by the space-time convective-diffusive equation. The 1D soil 7 

radon transport equation reads (Nazaroff, 1992; Antonopoulos-Domis et al., 2009; Muhammad et 8 

al., 2020):    9 

                                                              (1) 10 

where (kBqm-3) is the generated/recorded radon concentration in soil pore air channels of the 11 

monitoring depth, (m2s-1) is the effective radon diffusion coefficient in soil, (ms-1) is the 12 

effective advective radon velocity in soil, is radon decay constant , and is the rate at 13 

which radon atoms are produced. is defined in terms of the soil bulk density , the soil Radium 14 

(226Ra) concentration  (Bqm−3), the soil radon emanation coefficient , and the radon decay 15 

constant (Nazaroff, 1992). 16 

                                                                                                (2) 17 

Assuming that the recorded radon concentration at a depth  by the monitoring device is produced 18 

by atoms in its locality, and that the vertical transport of radon dominates compared to its transport 19 

in other directions, if one places the origin of z-axis on the Earth’s surface and positive downwards, 20 

the boundary conditions suitable for simulation of Eqn. (1) can be written in the following form: 21 

            ,                                                   (3) 22 

Herein, is the recorded radon concentration at the monitoring depth. It can also be expressed 23 

as a function or a model, which represents the radon time series variation at any given time at the 24 

radon monitoring depth , where is the attenuation coefficient. It represents the fraction of 25 

radon concentration lost in its journey to the crustal surface. The boundary conditions in Eqn (3), 26 

are the only significant improvements in solving the radon transport equation (Eqn (1)), and the 27 

estimation can be done in a variety of ways, depending on the problem at hand. The boundary 28 

conditions employed here assume that radon concentration decreases by  upon reaching the soil 29 
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from production depth beneath the soil, and there is enough radium content such that the spatial 1 

concentration does not change over time. Eqn. (1) can be solved using separation of variables, and 2 

its general solution alongside the boundary conditions in Eqn. (3) is given by: 3 

                               (4) 4 

based on , where is the time evolution constant (s-1), which controls 5 

the rate of radon per unit time change , and   represents radon concentration at a distance 6 

further from the monitoring depth. If is far away from the monitoring depth , and the geology 7 

of the monitoring region is such that radon concentration increases with depth, then  represents 8 

the radon concentration in secular equilibrium with soil radium content at a given depth, and hence, 9 

all discussions are centralized around Eqn. (4).  10 

2.2 Model parameters 11 

 12 

Eqn. (4) is flexible in its application to estimate soil radon space-time vertical distribution. The 13 

major parameters required to estimate radon at a depth z at a given time t are , , and , 14 

furthermore there are two ways for the application of   in the same equation. First, the Rn 15 

concentration values are applicable directly provided that the parameters, , and are known in 16 

the monitoring region. Secondly, can be established as a function to represent soil radon 17 

variation with minimum error. The parameter takes the values between 0 and 1 as the fraction, 18 

which the recorded Rn concentration generation at a depth z is reduced reaching the surface. If 19 

 then about 90% of  is lost during radon migration from production point to the surface. 20 

On the other hand, is best applicable to Eqn. (4) in cases where the measured radon concentration 21 

at some depth z is comparable with radon concentration at the surface. For example, Almayahi et 22 

al. (2013) reported surface radon concentration in the Northern Peninsular, Malaysia to vary 23 

between 6 Bqm-3 and 79 Bqm-3, and these correspond to 133 Bqm-3 and 143059 Bqm-3 at 50 cm 24 

depth. Comparing this observation with the proposed method, Eqn. (4) estimates a surface 25 

concentration of 6 Bqm-3 and 79 Bqm-3, respectively for the measured 133 Bqm-3 and 143059 26 

Bqm-3 at  the same 50 cm depth, this is achieved with , & . The parameter, 27 

 is obtainable by directly using the independent variables in its equation, or by directly 28 
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measuring radon concentration at a depth further than the monitoring depth, or can be left as 1 

regression coefficient to be determined by the least square fitting method. The last parameter  2 

can be determined in similar way. 3 

3.0 Model estimations 4 

3.1 Radon soil distribution 5 

 6 

Eqn. (4) helps to estimate radon concentration reaching the surface  in different ways. 7 

However, in most cases, data availability plays significant role in the problem approach. Two 8 

methods exist to illustrate the flexibility of applying the equation, namely comparison of the model 9 

outcomes to that of Antonopoulos-Domis et al. (2009), and application of the model to estimate 10 

recorded radon at a 1m depth. As for Antonopoulos-Domis et al. (2009), they established a steady 11 

state soil radon profile model using a decent surface boundary condition, given by: 12 

                                          (5) 13 

where is the concentration at depths for relatively uniform radon distribution , it is equivalent to 14 

 in Eqn. (4), and the parameter  in Eqn. (5) is similar to that in Eqn. (4) if is set to zero. 15 

Furthermore, is proportionality constant for radon transport control at soil-air boundary. At 16 

depths where Radon concentration is relatively constant, , and Eqn. (4) approximates to 17 

Eqn. (5) yielding exactly the same outcomes with . To illustrate this, soil radon profile 18 

simulation is implemented using Eqn. (5) for and the parameter combination19 

, at a depth 0 to 1 meter (red curve in Figure 1A). Eqn. (4) is simulated assuming 20 

that the monitoring device is located, where the radon is in secular equilibrium with its mother 21 

nuclide (blue dashed curve in Figure 1A). However, in some cases, radon 22 

concentration at the monitoring depth can be greater or less compared to that at further depths 23 

within the soil. This may occur due to localized soil inhomogeneity or spatial gradients in soil 24 

Radium/Uranium content or even when radon measurements are recorded at shallow depths (e.g. 25 

). This would limit Eqn. (5) to approximate a single concentration influence, while Eqn. (4) 26 

could account for such localized changes. Let , such that and , as 27 

shown in Figure 1B or the case, where , such that (Figure 1C).  28 
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 1 

3.2 Radon transport from soil to air 2 

As demonstrated in section 3.1, soil properties can influence the model outcome of Eqn. 3 

(4). The choice of parameter combination is very important and experiments need to be conducted 4 

in order to determine the parameter combinations suitable for different geological regions. In most 5 

cases, radon concentration at a given depth z (i.e. ) is the only readily available parameter, 6 

while , , and are scarcely available. In this case, assumptions are needed before implementing 7 

the model, and this depends on the type of problem at hand. To illustrate this, one can apply Eqn 8 

(4) to estimate surface radon concentration from soil radon data collected from Eksisu, Erzincan, 9 

a city along the NAFZ, Turkiye.  10 

 11 

3.2.1 Data collection 12 

 13 

Rn concentration is recorded at 15 minutes’ interval. AlphaMeter 611 sensors manufactured by 14 

AlphaNuclear Co. (Canada) are used for the continuous monitoring. The AlphaMeter 611 sensors 15 

are installed at a shallow borehole (≈ 1 m) and covered by soil. The data collection system 16 

automatically stores the data in a repository. This data is made available by the Ministry of Interior 17 

Disaster and Emergency Management Presidency, Turkiye (AFAD, https://en.afad.gov.tr/).  18 

 19 

3.2.2 Radon estimation 20 

 21 

Assuming the need to estimate the daily mean surface radon concentration at Eksisu monitoring 22 

station, say from 12th April to 19th July 2008 (Figure 2). It is necessary to first identify . Due 23 

to the seasonal behavior of radon along fault regions (Font et al., 2008; Miklyaev et al., 2020; 24 

Muhammad et al., 2020; Siino et al., 2019), herein  is defined as a Fourier series function such 25 

that (Danbatta and Varol, 2021): 26 

                                                      (6) 27 

where  is the radon seasonal frequency, days, is the order of the Fourier series 28 

function, and the coefficients are determined by least square fitting method. Order of 29 

is chosen as the Fourier function, which best describes the soil radon data. A linear relationship 30 

exists between soil Rn and the Fourier function (see Figure 3A). The model could account for 31 
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about 99% of radon soil variation with a root mean square error of about 1.5, and its residual fits 1 

the theoretical normal (Gaussian) probability distribution function (Figure 3B). Such high model 2 

accuracy can result in poor forecast performance (Adhikari and Agrawal, 2013). However, the aim 3 

is not to forecast, but to enable the generation of multiple values for each radon prediction by the 4 

model accounting for uncertainty in predicted radon concentrations.  5 

 6 

The second important parameter is , which can help in understanding the relationship 7 

between radon production and the recorded radon at a given depth . Herein, a case is considered, 8 

where the recorded radon is almost similar to the produced radon concentration at greater 9 

depths. As for the latter, since the Eksisu Rn is monitored at 1m depth, and there exists a possibility 10 

of higher radon concentrations at 1.5 or 2m depths (Antonopoulos-Domis et al., 2009; Orabi, 2018; 11 

Várhegyi et al., 2013). In line with this, depending on the choice of reference,  can assume any 12 

value higher than  since the radon monitoring device is not located at depths where13 

. Thus, herein the case is considered, where represents  for any given 14 

observation . Herein, 𝑖 = (0, 1, 2, 3, … ) is the time count when the observations are recorded 15 

(with zero as the first recorded radon observation) and is the standard deviation of . The 16 

parameters  and are chosen such that, Eqn. (4) is able to re-generate the recorded radon 17 

concentration at 1m depth as well as giving decent estimates for the surface variations.  18 

In Figure 4, the estimated radon concentration is shown at 1m depth (Figure 4A), and at 19 

the surface (Figure 4B) with the soil to air distribution profile (Figure 4C). In Figures 4A and B, 20 

the blue dotted curves represent the estimated radon concentration for , while the black 21 

solid curves represent radon concentrations for the case where . These estimations 22 

were achieved with  , and .  The statistical properties of these estimations are presented 23 

in Table 1. In Figure 4A, a decent radon estimation is observed for the case, where , 24 

whereas, estimates higher values, which  means that if the flow of radon produced at 25 

the locality (or at further depths) of the monitoring device is not in equilibrium to that which is 26 

recorded at the monitoring depth, then  will be affected in a similar way by the production rate. 27 

This effect can be significant, especially, in the study of seismically induced radon variations, 28 

where crustal movements cause abnormal radon variabilities (e.g. in (Garcìa et al., 2000; Koike et 29 
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al., 2014)). Regardless of , the radon concentration reaching the surface approaches the values 1 

recorded by atmospheric radon sensors. The surface radon at Eksisu monitoring station is 2 

presented in Figure 4B, and the last two rows of Table 1. The estimated surface radon varies 3 

between 35 to 293Bqm-3, with mean and standard deviation values as 134Bqm-3 and 77Bqm-3, 4 

respectively (Table 1).  5 

Table 1 Statistical properties of estimated results. 6 

ALL IN UNITS OF Bqm-3 MEAN STD MIN 25% 50% 75% MAX 

RADON 29285.9 17038.32 7375.000 16072.92 23864.58 39203.13 65583.58 

FOURIER ORDER-9 ,  29285.9 16972.95 7823.095 16114.16 22802.62 39665.85 64016.64 

SOIL RADON ,  29089.5 16859.11 7770.625 16006.08 22649.68 39399.81 63587.27 

SOIL RADON ,  45859.12 16859.11 24540.25 32775.71 39419.30 56169.44 80356.89 

SURFACE RADON ,  134.2174 77.78703 35.85325 73.85121 104.5044 181.7886 293.3882 

SURFACE RADON ,  134.2174 77.78703 35.85325 73.85121 104.5044 181.7886 293.3882 

 7 

These surface values are acceptable as the estimation is done near an active fault region, and radon 8 

can have higher values in such regions (Miklyaev et al., 2020; Muhammad et al., 2021). Moreover, 9 

April to July are months having less soil moisture content (summer), meaning that the exhalation 10 

rate is favored due to enhanced porosity. There is not available data to compare with the model 11 

outcomes, therefore, 99 multiple paths for the estimated radon are simulated using Monte Carlo 12 

method (Figure 5). This method is similar to that of (Muhammad et al., 2020). The difference is 13 

that, the paths are generated within  of the Fourier model curve. This is done because radon 14 

concentration is affected, while being transported through soil pore channels. For example, it can 15 

be affected by meteorological factors (temperature or pressure gradients), as well as geological 16 

factors (e.g. entrapment in some soil dense region). The generated paths hopefully cover these and 17 

other possible uncertainties associated with the estimated surface radon values.  18 

 19 

3.3 Method Limitations and Applications 20 

 21 

One of the limitations of Eqn. (4) is the need to have radon values in soil and at the surface, 22 

or at least in soil, in order to achieve decent estimation results. In addition, the model in its current 23 

form does not have the capability to explicitly account for meteorological or other physical effects 24 

on radon transport (e.g. the approach by (Chuan Chen et al., 1995)). In order to study such changes, 25 
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there is the need to improvise (e.g. using statistical approach). Moreover, the equation needs 1 

experimental implementation in order to determine the best value for each parameter in different 2 

soil conditions.  3 

On the other hand, this method is significant to study the processes occurring between soil 4 

and Earth’s atmosphere. It can also be significant in modeling relationship between radon, 5 

earthquake, and ionosphere. This is because radon and its progeny are capable of ionizing their 6 

surroundings, and then Eqn. (4) can be used to study the ions generation movement, and charged 7 

aerosols from soil to the atmosphere. This is very important, especially in understanding; Seismo-8 

Ionospheric coupling processes (Ampferer et al., 2010; Denisenko, 2015; Kuo et al., 2014; 9 

Namgaladze et al., 2018; Sorokin et al., 2020).  10 

3.0 Conclusions 11 

The soil migration mechanism for Radon can be studied via solving the transport equation 12 

in soil with special boundary conditions. A method for estimation of surface radon concentration 13 

using recorded soil radon data at a given depth is presented. The resulting equation from the 14 

method was used to study radon surface variations. It can also be applied to study soil radon 15 

distribution under different production rates as well as radon space-time variability at any depth in 16 

soil. Similar results are obtained with some experimented models (as well as observations) in the 17 

literature for some set of parameter combinations. This approach can be suitable in studying 18 

Lithosphere-Atmosphere relationships; it can also be significant in other studies like the Seismo-19 

Ionospheric studies. The surface Rn concentration is predicted by using the amount of Rn gas at a 20 

given depth. With this method, not only the surface Rn concentration, but also spatial surface 21 

variations of Rn can be applied to determine the space-time variations of Rn in soil. Finally, since 22 

Radon concentration can vary depending on geological settings, it is highly recommended to test 23 

robustness of the method, especially in heterogeneous environments. 24 
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