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Uncovering Hidden Dangers in Urban Housing: Sources of Indoor Radon and 1 
Associated Health Risks 2 

 3 

Abstract 4 
 5 
Radon, a naturally occurring radioactive gas, tends to accumulate indoors and can reach hazardous 6 
concentrations that pose significant health risks. Globally, radon is recognized as the second 7 
leading cause of lung cancer after smoking. Despite its well-documented dangers, significant 8 
knowledge gaps persist regarding the sources of radon exposure and the resulting health risks. In 9 
this study, we examine the spatial and temporal distribution, sources, and health impacts of indoor 10 
radon in Ohio, USA—a state characterized by diverse geological and meteorological conditions 11 
and radon concentrations significantly exceeding the national average, contributing to 12 
approximately 900 lung cancer deaths annually. Our results reveal pronounced spatial 13 
heterogeneity, with elevated radon concentrations in central urban areas, and seasonal variability, 14 
with higher levels during winter. Using statistical analysis and structural equation modeling, we 15 
identify surface radiation sources, meteorological conditions, and building materials as key drivers 16 
of indoor radon accumulation. Furthermore, Monte Carlo simulations indicate that the estimated 17 
lifetime excess cancer risk for residents in the study area is 2.29%, approximately double the 18 
standard safety threshold. These findings underscore the urgent need to raise awareness of radon-19 
induced carcinogenesis and to implement effective mitigation strategies to safeguard public health. 20 
 21 
Keywords: Indoor radon; Structural equation modeling; Source apportionment; Risk assessment; 22 
Ohio 23 
 24 
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1. Introduction 27 

Radon is an odorless, colorless, and chemically inert radioactive gas that typically exists in 28 
the form of various radioisotopes (Nayak et al., 2022; Takahashi et al., 2022). Among the 27 29 
known radon isotopes, 222Rn is the most significant in terms of human health, accounting for 30 
approximately 80% of all radon-related exposure (Kim et al., 2024). By interacting with 31 
biomolecules in the lungs, radon can cause large-scale molecular changes and deposit decay 32 
products in the lungs, thereby increasing the risk of cancer (Robertson et al., 2013; Somsunun et 33 
al., 2022). Consequently, radon is recognized as the second leading cause of lung cancer 34 
worldwide, trailing only behind smoking, with an estimated 3-20% of global lung cancer fatalities 35 
attributed to radon exposure (Azhdarpoor et al., 2021; Forouzanfar et al., 2015; Kalankesh et al., 36 
2024; Liu et al., 2024a; Madas et al., 2022). 37 

Radon gas diffuses and decays naturally in the air, but accumulates and eventually builds up 38 
to dangerous levels in poorly ventilated indoor environments, such as homes, offices, and schools, 39 
which are the main sites of radon exposure. Epidemiological studies have consistently 40 
demonstrated a clear link between indoor radon exposure and an increased risk of lung cancer. 41 
Specifically, a 100 Bq/m³ increase in indoor radon concentration (IRC) is associated with an 8%-42 
16% rise in lung cancer risk (Forouzanfar et al., 2015; Su et al., 2022a; Turner et al., 2011). Notably, 43 
a positive correlation between radon concentration and relative risk becomes particularly evident 44 
when indoor levels exceed 200 Bq/m³ (Xue et al., 2022). For example, a study in Ireland found 45 
that individuals residing in areas with radon concentrations exceeding 200 Bq/m³ were 2.9 to 3.1 46 
times more likely to develop lung cancer compared to those living in areas with lower 47 
concentrations (Deinpsey et al., 2018). In response to this public health threat, various national 48 
and international health agencies have issued radon exposure guidelines. The International 49 
Commission on Radiological Protection (ICRP) recommends that indoor radon levels not exceed 50 
300 Bq/m³, while outdoor workplace levels should remain below 1000 Bq/m³ (Lecomte et al., 51 
2014). Similarly, various countries have implemented regulations to limit indoor radon exposure, 52 
with reference levels set at 300 Bq/m³ in Spain, 250 Bq/m³ in Germany, 200 Bq/m³ in the United 53 
Kingdom, and 148 Bq/m³ in the United States, as per the Environmental Protection Agency (EPA) 54 
guidelines (Lecomte et al., 2014; Liu et al., 2024b). 55 

Understanding the variation in indoor radon levels requires identifying its primary sources 56 
and the factors that influence its movement and accumulation. Major sources of indoor radon 57 
include soil, domestic water, building materials, nearby fuels, and the infiltration of outdoor radon. 58 
These sources are affected by meteorological conditions, ventilation strategies, and human 59 
lifestyle choices (Carrion-Matta et al., 2021; Casey et al., 2015; Kellenbenz and Shakya, 2021; Li 60 
et al., 2021; Li et al., 2023a; Liu et al., 2024b; Seyis et al., 2022). Collectively, these influences 61 
can be grouped into four broad categories: geological, building-related, meteorological, and socio-62 
economic factors. Geological factors are pivotal in controlling the production of radon and its 63 
ability to diffuse through the ground. Radon is produced through the radioactive decay of uranium 64 
and thorium in the earth’s crust, with uranium content in ores and sedimentary rocks, such as shale, 65 
sandstone, and limestone, directly influencing IRC in a given region (Rodriguez-Martinez et al., 66 
2018). Additionally, the physical and chemical properties of soil, including porosity and 67 
permeability, significantly affect the migration and release of radon from underground sources 68 
into the indoor environment (Riudavets et al., 2022). Building factors are equally crucial in radon 69 
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infiltration. Construction materials and building usage patterns influence how efficiently radon is 70 
released from surfaces and accumulates in indoor air (Ajrouche et al., 2017). The structure and 71 
design of a building, including its foundation type and ventilation systems, directly impact the 72 
frequency of radon exposure and the effectiveness of indoor air circulation (Tung et al., 2013). 73 
Furthermore, building density can indicate household water sources and associated radon risk: 74 
higher-density areas are typically served by municipal supplies with lower radon levels, while 75 
lower-density areas often rely on private wells, which tend to have higher concentrations (Li et al., 76 
2023a).  77 

Meteorological conditions significantly affect radon release and dispersion. Factors such as 78 
precipitation, surface temperature, air pressure, snow depth, and soil moisture influence both radon 79 
migration from the subsurface and its concentration in outdoor air (Chaudhuri et al., 2010; Xie et 80 
al., 2015). Seasonal variations in indoor radon levels are largely driven by meteorological factors. 81 
In winter, warmer indoor temperatures generate a pressure gradient that drives radon-laden soil 82 
gases into buildings. Limited ventilation during this period further increases indoor radon levels 83 
(Schubert et al., 2018). Socio-economic factors also play a role by influencing energy efficiency 84 
and the adoption of radon mitigation measures. Interestingly, a study conducted in the UK found 85 
that radon exposure was more strongly associated with higher socio-economic status households, 86 
where radon levels were, on average, higher than in lower socio-economic households; the latter 87 
had approximately two-thirds the radon concentration of their wealthier counterparts (Kendall et 88 
al., 2016).  89 

Despite the well-established influence of these factors, there is still a lack of comprehensive 90 
studies that explore their complex interactions in the context of specific geographic regions, 91 
highlighting a critical gap in current radon research. In particular, the synergistic effects of 92 
geological and anthropogenic factors on radon levels remain underexplored. This study addresses 93 
these knowledge gaps by focusing on the U.S. state of Ohio, which presents a unique and 94 
compelling case due to its uranium-rich geology and consistently elevated radon concentrations. 95 
Ohio's organic shales and uranium-bearing soils contain high concentrations of uranium (10-40 96 
ppm), which are 5 to 20 times higher than average crustal concentrations (Kumar et al., 2011; Li 97 
et al., 2023b). When the uranium decays, it forms radon that enters homes through soil, 98 
underground water, and water distribution systems, and, in a gaseous form, through cracks and 99 
other openings (Manawi et al., 2024). The United States Environmental Protection Agency 100 
(USEPA) has classified Ohio as a Zone 1 state (i.e., mean indoor radon screening levels greater 101 
than 4 pCi/L) (Gummadi et al., 2015; Poku and Hussaini, 2024). Alarmingly, an estimated 700 to 102 
1,300 annual lung cancer deaths in Ohio are attributed to radon exposure, representing about 5% 103 
of the national total (Acree et al., 2017; Hahn et al., 2020; Kumar et al., 2010).  104 

In summary, this study has three primary objectives: (1) to characterize the spatial and 105 
temporal variability of indoor radon concentrations (IRC) in Ohio, (2) to identify the 106 
environmental factors driving this variability, and (3) to evaluate the potential health risks 107 
associated with indoor radon exposure. By analyzing the complex interactions among 108 
environmental, structural, and socio-economic factors, this research aims to inform targeted 109 
mitigation strategies and ultimately reduce radon-related health risks in Ohio and other similarly 110 
affected regions. The findings are expected to enhance the understanding of indoor radon 111 
dynamics in high-risk areas and support the development of evidence-based public health 112 
interventions. 113 
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2. Materials and methods 114 

2.1. Study area description 115 

Ohio (38°25'27"~42°15'37"N, 80°31'37"~84°49'27"W) is situated in the east-central United 116 
States, within the Great Lakes region, and spans a total area of 116,096 km² (Figure 1). 117 
Topographically, Ohio consists mainly of plains and hills, with low mountain ranges in the east, 118 
and relatively flat terrain, with an elevation of 143~456 meters above sea level. The climate is 119 
temperate continental. The average precipitation in the region is 800~1000 mm, with precipitation 120 
mainly concentrated in spring and summer, annual evaporation is 1200 mm, and the average 121 
annual temperature is 11.5 °C. Geologically, the state is composed predominantly of sedimentary, 122 
metamorphic, and igneous rocks, and is rich in mineral resources such as coal, limestone, and 123 
sandstone. Notably, Ohio lies along the West Ohio Seismic Zone and partly within the Southern 124 
Great Lakes Seismic Zone, resulting in numerous subsurface fault lines. 125 

 126 
Fig. 1 Study area and indoor radon sampling locations (n=935) 127 

2.2. Data collection and processing 128 

Data on radon gas concentrations in homes were obtained from the Ohio Department of 129 
Health. This study utilized residential radon measurement data collected from 2007 to 2015, 130 
totaling 149,163 records, and the spatial distribution of 935 sampling points is shown in Figure 1. 131 
The dataset included information on radon concentration, geographic coordinates (longitude and 132 
latitude), seasonal codes, and year of measurement. To avoid masking effects during model 133 
training, we excluded measurements exceeding 20 pCi/L (95th percentile), which accounted for 134 
5,598 records (Chen and Bill, 1983).  135 

We categorized the factors influencing IRC into four main groups: geological, building, 136 
meteorological, and socioeconomic factors (Li et al., 2021; Li et al., 2023a). Geologic factors 137 
control radon production, emission, and subsurface movement, including ground surface 138 
concentration of uranium-238 (238U) and thorium-232 (232Th), lithology, sediments, geological era, 139 
gravity anomalies, and the distance to geological faults and mineral resources. Additionally, we 140 
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included soil parameters such as water availability capacity, organic matter percentage, saturated 141 
hydraulic conductivity, vertical permeability, bulk weight, field water holding capacity, porosity, 142 
erodibility, depth, and percentage composition of soil components of different grain sizes (gravel, 143 
sand, and clay). Building factors affect radon infiltration from the soil to the indoor environment. 144 
We included key building characteristics such as age, price, number of floors, ventilation systems 145 
(heating or cooling methods), energy use, building materials, roof structure, and water source. 146 
Meteorological factors affect the release of radon gas from the soil to the atmosphere, the 147 
movement of radon in the ground, and the atmospheric radon concentration, including 148 
precipitation, air temperature, water vapor pressure, evapotranspiration, snow water equivalent, 149 
and rapid runoff. Socioeconomic factors reflect human lifestyles and the prevalence of radon 150 
mitigation measures. We incorporated variables such as household income, education level, and 151 
household demographics.  152 

Geological and soil data were obtained from the U.S. Geological Survey and the U.S. 153 
Department of Agriculture. Building information was extracted from the Realtor real estate 154 
website based on the location of the homes where radon samples were collected. Meteorological 155 
data were primarily sourced from the Daymet Version 4 dataset, and socioeconomic attributes of 156 
the study area were retrieved from the U.S. Census Grids data. All raster data were resampled to 157 
a consistent spatial resolution of 1 km × 1 km to ensure comparability across datasets. Detailed 158 
information on the environmental variables—including their names, abbreviations, categories, 159 
units, and data sources—is provided in the Supplementary Material (Table S1). 160 

2.3. Statistical analysis 161 

We conducted descriptive statistics, one-way analysis of variance (ANOVA), and Tukey’s 162 
test for significant differences using IBM SPSS Statistics (version 25.0), considering differences 163 
significant at P < 0.05. To assess the relationships between IRC and numeric environmental factors, 164 
we employed Spearman’s correlation, as it is a non-parametric method suitable for evaluating 165 
monotonic associations without assuming normal distribution of the data (Chen et al., 2024; 166 
Parveen et al., 2021). In addition, we applied the Geodetector method to investigate the spatial 167 
heterogeneity of IRC and to identify the driving forces behind it. Geodetector has been widely 168 
applied in environmental science, social science, and public health studies due to its ability to 169 
handle nonlinear relationships, its straightforward structure, and its clear interpretability (Liu et 170 
al., 2023; Wan and Shi, 2022; Wang et al., 2016). Specifically, we utilized the factor and 171 
divergence detection modules to quantify the explanatory power of categorical environmental 172 
factors on IRC variation. Furthermore, the risk zone detection module was applied to examine 173 
significant differences in mean IRC values across different subregions. To examine the direct and 174 
indirect effects of environmental factors on IRC and evaluate complex causal relationships, we 175 
applied Partial Least Squares Structural Equation Modeling (PLS-SEM) (Gu et al., 2022; Guo et 176 
al., 2021; Xie et al., 2022). 31 indicators were selected from a total of 46, and these were grouped 177 
into 15 latent variables based on correlation analysis results and goodness of fit (GOF), including 178 
geology, tectonics, geophysical features, soil composition, soil water, soil features, surface 179 
features, surface radiation, hydroclimate, building features, building materials, heating features, 180 
cooling features, domestic water, and socioeconomic and population factors. Spatial interpolation 181 
using ordinary kriging (OK) was used to identify the spatial structure of IRC and associated health 182 
risks across Ohio. Spearman's correlation and PLS-SEM were conducted using the "corrplot" and 183 
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"plspm" packages in R Statistical Software (version 4.2.2), respectively, while GIS mapping and 184 
spatial interpolation were performed using ArcMap 10.8. Statistical analysis charts were generated 185 
using Origin 2022. Detailed methodology and operational procedures are provided in the 186 
supplementary materials (Text S1–S3). 187 

2.4. Health risk assessment 188 

The average annual effective dose (ERn) (mSv/y) to occupants of Ohio homes from inhalation 189 
of indoor radon was estimated using the UNSCEAR-2000 model (Bulut and Sahin, 2023), based 190 
on measurements of the average annual IRC in the buildings:  191 

nR RnE C F H T D                                 (1) 192 

where CRn is the IRC in Bq/m3, converted by 1 pCi/L = 37 Bq/m³. F is the equilibrium factor 193 
between radon and its short-lived daughters (0.4 for residential premises). H is the occupancy 194 
factor (0.8, defined as 80% of the interior space in the home). T is the annual time spent indoors 195 
(8760 h/y). D is the dose conversion factor (9 nSv/Bq m-3 h-1). The formula is multiplied by 10-6 196 
to convert the result to mSv/y.  197 

The excess lifetime cancer risk (ELCR) is a potential carcinogenic effect that expresses the 198 
probability or risk of developing cancer in an individual exposed to a certain dose of radiation over a 199 
specific time period (Kalankesh et al., 2024). ELCR due to radon exposure is calculated using the 200 
following formula: 201 

RnELCR E DL RF                              (2) 202 

where DL denotes mean life span (70 y), and RF is the risk factor, using the public exposure value (5.5 203 
× 10-2 Sv-1) recommended by ICRP 103.  204 

Finally, the number of lung cancer cases (LCC) per million people per year was estimated using 205 
the following formula: 206 

RnLCC E RFLC                              (3) 207 

where RFLC is an ICRP 50 reported (Smith, 1988) risk factor for lung cancer induction per million 208 
population of 18 × 10-6 mSv-1 y. 209 

2.5. Monte Carlo simulation 210 

Monte Carlo simulation (MCS) is a probabilistic method used to address uncertainty and has 211 
been employed to study uncertainty levels and conduct sensitivity analyses for risk sites (Gu et al., 212 
2022). In assessing the health risk of indoor radon exposure, we used IRC values as assumptions 213 
and ELCR values as predictors, and conducted separate simulations for different age groups, 214 
smoking status and gender to generate probability distributions of individual cancer risk taking 215 
into account the exposure rate and risk factors specific to different population groups (Kalankesh 216 
et al., 2024). The simulations were conducted using Oracle Crystal Ball v11.1.24 (Oracle, USA), 217 
with 10,000 iterations performed to obtain plausible risk outputs. The detailed simulation process 218 
is described in the Supplementary Material (Text S4). 219 

3. Results and discussion 220 
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3.1. Temporal-spatial variation and characterization of IRC in Ohio 221 

3.1.1 Describe the statistical characteristics 222 
The descriptive statistical characteristics and temporal variation of IRC are presented in Table 223 

1 and Figure 2, A1-A3. The variation in the mean IRC values from 2007 to 2015 ranged from 4.13 224 
to 5.03 pCi/L, with most values falling within the range of 1-10 pCi/L. According to the U.S. 225 
EPA’s 1987 recommended reference level for IRC, only 59% (83,218/143,565) of the tested 226 
samples met this criterion, indicating that the installation of mitigation systems is necessary in 227 
most parts of the study area. Despite fluctuations in the annual mean IRC values over the study 228 
period, an overall upward trend was observed, becoming more pronounced when viewed at five-229 
year intervals.  230 

Table 1. Descriptive statistics for IRC from 2007 to 2015 231 

Year Points Tests 
Quantile 

Median Mean SD CV Skewness Kurtosis 
5% 95% 

2007 584 11320 0.95 9.30 3.49 4.13 2.87 0.70 1.91 5.52 
2008 610 11633 1.00 10.38 3.75 4.43 3.08 0.70 1.63 3.60 
2009 536 7919 1.20 11.30 4.4 5.03 3.20 0.64 1.31 2.17 
2010 563 8153 1.20 10.99 4.1 4.89 3.18 0.65 1.41 2.67 
2011 605 13730 1.10 10.00 3.80 4.46 2.89 0.65 1.57 3.74 
2012 662 17381 1.23 10.40 4.34 4.90 2.94 0.60 1.26 2.43 
2013 683 24789 1.10 9.19 3.90 4.36 2.64 0.61 1.71 4.96 
2014 688 22893 1.30 9.90 4.13 4.70 2.78 0.59 1.46 3.45 
2015 722 31345 1.30 9.70 4.10 4.59 2.73 0.60 1.63 4.31 

3.1.2 Seasonal variations 232 
ANOVA and Tukey's test showed a significant difference in IRC across the four seasons (F 233 

= 142.04, P < 0.05). This seasonal variation in IRC is reflected in the higher values observed in 234 
winter (5.06 ± 3.11 pCi/L) and fall (4.86 ± 2.92 pCi/L) compared to the lower values in summer 235 
(4.55 ± 2.84 pCi/L) and spring (3.74 ± 2.57 pCi/L) (Table S2, Figure S1). As noted in previous 236 
studies, people tend to close their windows more frequently during colder months, resulting in 237 
improved indoor enclosure and reduced gas mobility (Kellenbenz and Shakya, 2021). Additionally, 238 
the temperature difference between indoor and outdoor air can create a chimney effect, causing 239 
significant pressure differences that trap more radon gas indoors (Kellenbenz and Shakya, 2021). 240 
Conversely, the lower concentrations during warmer months are largely attributed to increased 241 
ventilation and smaller temperature differences between indoor and outdoor air. Adequate 242 
ventilation rates also help reduce other contaminants from building materials or furnishings (Zhou 243 
et al., 2022). 244 

3.1.3 Spatial distributions 245 
Sampling sites were primarily distributed across three large urban clusters in Ohio: Columbus 246 

(central), Cleveland (northeast), and Cincinnati (southwest). Among these, the high-IRC value 247 
sampling sites were clustered in Columbus, while the low-value sites were concentrated in 248 
Cleveland and Cincinnati (Figure 2 B1-B3). To better illustrate the spatial distribution of IRC, the 249 
results of ordinary kriging interpolation for Ohio IRC data from 2007 to 2015 are shown in Figure 250 
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S2. Overall, the spatial trend is clear, with a peak-shaped distribution, showing higher values in 251 
the center and lower values at the northeast and southwest ends along the diagonal. The southern 252 
part of Ohio borders Lake Erie, while the northern part lies along the north shore of the Ohio River. 253 
Cities in these regions are located in low-lying alluvial areas, where the soils contain more 254 
unconsolidated debris deposited by rivers and streams, resulting in lower radon levels compared 255 
to areas with granite and volcanic rocks (Briggs et al., 2008). Furthermore, Columbus contains a 256 
substantial number of aging residential buildings, many of which were constructed before radon 257 
mitigation measures were standardized in building codes. These older structures often have 258 
cracked foundations and unsealed crawl spaces or basements, providing direct pathways for radon 259 
gas to infiltrate indoor environments (Yousefian et al., 2024). Additionally, radon concentrations 260 
tend to be lower in cities than in suburban areas, as cities are often built on sedimentary rocks, 261 
which generally release less radon gas than other rock types (Darby et al., 2005). As a result, many 262 
high-IRC value sampling sites are sporadically located in suburban areas. 263 

 264 
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Fig. 2 (A1-A3) Seasonal variation of indoor radon concentration in Ohio over time. (B1-B3) 265 
Spatial distribution of indoor radon concentrations in different years and seasons 266 

When we separated the IRC by building site type, we found that more developed areas had 267 
lower radon concentrations (Table S3, Figure S3). The mean IRC values for low, medium, and 268 
high development intensity areas were 4.75, 4.12, and 4.05 pCi/L, respectively. This difference in 269 
radon levels may be related to the type of housing in these areas. High-density residential areas 270 
typically consist of apartment buildings and row houses, which are more vertically oriented, 271 
leading to easier dilution of radon gas (Kellenbenz and Shakya, 2021). In contrast, medium- and 272 
low-density residential areas primarily contain single-family homes, which lack strong 273 
foundations to prevent radon infiltration and offer less room for gas dilution (Collignan et al., 274 
2016). During poorly ventilated winter months, buildings in medium- and low-density residential 275 
areas are more likely to accumulate radon gas to unhealthy levels (Kropat et al., 2015). A previous 276 
study found that the average radon concentration in the basement of a single-story house was about 277 
twice that of a townhouse (Kellenbenz and Shakya, 2021). 278 

3.2. Source analysis 279 

3.2.1 Correlation analysis 280 
Due to the varying data types of the screened environmental parameters, we employed two 281 

statistical methods to analyze their relationship with IRC. Specifically, we used Spearman 282 
correlation analysis to evaluate the impact of numerical environmental parameters on IRC 283 
distribution (Figure 3A; Table S4). Overall, uranium, thorium, soil erodibility (K factor), and 284 
organic material in the soil showed strong and significant positive effects (r > 2, p < 0.001) on 285 
indoor radon accumulation. Meanwhile, soil available water capacity and household income were 286 
also significantly positively correlated, though their effects were weaker (1.5 < r < 2, p < 0.001). 287 

The content of uranium and thorium in the earth's crust serves as a reliable indicator for radon 288 
abundance in soil gases. Ohio, characterized by organic shale deposits with high uranium-radon 289 
concentrations, exhibits elevated levels of uranium-238, the parent element of radon, which 290 
explains the state's high radon potential (Harrell et al., 1991; Rodriguez-Martinez et al., 2018). 291 
Soil erodibility (K factor), a measure of soil's susceptibility to erosion, indicates the potential for 292 
topsoil loss under precipitation (Nguyen et al., 2023). Under conditions of higher erosion (such as 293 
sandy soils or regions susceptible to topsoil loss), thin topsoil layers are more easily disrupted or 294 
eroded by water, thereby exposing subsurface radon sources and increasing the likelihood of radon 295 
gas infiltration into buildings. Consequently, several studies have utilized the K factor as a 296 
predictor of radon concentrations (Li et al., 2021; Li et al., 2023a). The calculation of the K factor 297 
primarily considers soil texture, organic matter content, structure, and compaction (Raj et al., 298 
2023). Stone and Hilborn (2012) reported K factor values for different soil textures and organic 299 
matter contents. For example, sandy loam soil with less than 2% organic matter had a K factor of 300 
0.31 tonnes/hectare. This similarity in the effects of soil organic material and the K factor on IRC 301 
highlights their interconnection. Soil moisture is another crucial factor influencing indoor radon 302 
levels, as it affects radon migration and emanation. In general, soil radon data are strongly 303 
negatively correlated with soil moisture (Carrion-Matta et al., 2021; Seyis et al., 2022). Soil 304 
available water capacity (AWC), an important metric for assessing soil water retention, would 305 
theoretically exhibit a negative correlation with IRC. However, this contradicts our findings. One 306 
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possible explanation is that the relationship between AWC and IRC is complex and multifactorial, 307 
often requiring analysis within specific soil types, geological features, and climatic conditions. 308 
Previous studies have shown that precipitation has little effect on soil radon levels when the soil 309 
is saturated, as water confines radon’s movement. However, the first rainfall after a prolonged dry 310 
period can lead to a sudden increase in radon levels (Seyis et al., 2022). The positive effect of 311 
household income, though initially unexpected, aligns with findings from previous studies (Casey 312 
et al., 2015; Kendall et al., 2016). Kendall et al. (2016) speculated that this might be associated 313 
with greater negative pressure in better-insulated, warmer homes, which can enhance radon 314 
infiltration. 315 

Environmental parameters that showed a significant negative correlations with indoor radon 316 
levels included organic carbon concentration in the soil C horizon (r = -0.16, p < 0.001), snow 317 
water equivalent (r = -0.148, p < 0.001), quick-flow runoff (r = -0.132, p < 0.001), and urban 318 
impervious surfaces (r = -0.11, p < 0.001). The "C" horizon is typically the lowest layer of the soil 319 
profile, located near the bedrock, and organic carbon represents a key component of soil organic 320 
matter (e.g., plant residues, humus, etc.). Organic carbon in the soil C horizon interacts with 321 
groundwater and is linked to the presence and transport of uranium in the soil profile, which may 322 
play a role in radon dynamics (Ganguly and Bhan, 2023). Furthermore, as discussed in Section 323 
3.1, IRC in Ohio shows significant seasonal variation and spatial heterogeneity. Some studies 324 
indicate that these seasonal variations are influenced by specific meteorological parameters. For 325 
example, low radon fluxes in winter are attributed to periodic snowmelt and ground freezing, while 326 
the decrease in radon levels during spring is likely due to increased precipitation (Fujiyoshi et al., 327 
2006). Spatial heterogeneity is evident in the observation that building site types with more 328 
development tend to have lower radon concentrations. This suggests that building density is 329 
negatively correlated with radon levels, as areas with higher building densities typically have more 330 
impervious surfaces. Thus, snow water equivalent and urban impervious surfaces indirectly 331 
influence indoor radon levels by affecting the expulsion of radon gas from the soil. These factors 332 
may be key contributors to the spatial and temporal distribution patterns observed. Additionally, 333 
quick-flow runoff refers to water that rapidly moves through the surface, soil layers, and 334 
groundwater systems toward rivers or lakes. This phenomenon is primarily caused by intense 335 
meteorological events such as heavy rainfall or rapid snowmelt (Shi et al., 2024).  336 

3.2.2 Risk detection analysis 337 
Geodetector is a spatial analysis method to detect spatial heterogeneity and reveal the driving 338 

force behind it. We applied Geodetector to assess the extent to which categorical environmental 339 
parameters explained variations in indoor radon concentrations (IRC) and to determine whether 340 
significant differences existed in mean IRC values across different feature types (Figure 3 B and 341 
C). Specifically, we employed the divergence detector and factor detector to measure the 342 
explanatory power of univariate variables for spatial heterogeneity in IRC. A higher value of q 343 
indicates a stronger agreement between the variables. The top five categorical variables with the 344 
strongest explanatory power were ranked as follows: sediments (q = 0.051), domestic water (q = 345 
0.025), sewer features (q = 0.014), heating fuel (q = 0.013), and construction materials (q = 0.006). 346 

The effect of sediment type on IRC is primarily influenced by the physical properties of the 347 
sediments, their mineral composition, and factors related to the migration, accumulation, and 348 
release of radon gas. The sediment types in Ohio, covered by our sampling, include alluvial 349 
sediments, eolian sediments, glacial till sediments, glaciofluvial ice-contact sediments, and 350 
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proglacial sediments. These were further categorized based on granularity and thickness into nine 351 
subtypes. The distribution ratio of each type across sampling sites is shown in Figure S4. The 352 
results revealed that the highest IRC values were observed in areas with thick glacial till sediments, 353 
while the lowest concentrations were found in areas with fine-grained, thin proglacial sediments. 354 
Notably, all proglacial sediment types exhibited relatively low IRC. Glacial till sediments are 355 
predominantly powdery or sandy, whereas proglacial sediments consist mainly of materials 356 
deposited in glacial foreland areas due to glacial activity (Lombard et al., 2021). Kischuk et al. 357 
(2021) suggested a correlation between sediment maturity and radon gas levels. In sedimentary 358 
environments, immature sediments (e.g., glacial tills) that have undergone significant reworking 359 
show variations in grain size and sorting, which affect sediment permeability and porosity. 360 
Immature sediments with poorly sorted grain size distributions (e.g., glaciolacustrine silts) tend to 361 
have higher radon levels compared to finer-grained sediments with more uniform sorting. 362 
Furthermore, IRCs were higher in areas with a mix of relatively immature glacial till and 363 
glaciofluvial sediments than in areas dominated by more mature fluvial terrace sediments (Hansen 364 
et al., 2023). 365 

Radon is soluble in water and can enter indoor spaces through groundwater and water supply 366 
systems. Through household activities such as bathing, drinking, and cooking, radon dissolved in 367 
water can be released into the air, contributing to indoor radon buildup (Missimer et al., 2019). 368 
According to the United Nations Scientific Committee on the Effects of Atomic Radiation 369 
(UNSCEAR) and the National Research Council, every 1000 Bq/L of radon concentration in water 370 
increases the average indoor air radon concentration by 0.1 Bq/L (UNSCEAR, 1993). Our results 371 
showed that radon levels were significantly higher in homes using private water sources (wells or 372 
springs) compared to homes with public water supplies. This finding aligns with a survey 373 
conducted in Iran, where radon concentrations in various drinking water sources were reported as 374 
follows, in descending order: tap water (2.51 Bq/L), well water (12.41 Bq/L), and spring water 375 
(153 Bq/L) (Keramati et al., 2018). 376 

Another point worth noting is that among all building material types, the highest IRCs were 377 
found in homes with concrete, while the lowest concentrations were observed in homes with wood 378 
as the primary material. The contribution of building materials to indoor radon levels is influenced 379 
by two factors: the presence of radionuclides and the rate of radon emanation. Concrete and certain 380 
types of brick or stone can contain traces of uranium and radium, which gradually produce radon 381 
gas over time (Abujarad and Fremlin, 1983). Granite, however, is of greater concern, as it can 382 
generate an annual effective dose that exceeds the European regulation’s recommended exposure 383 
limit of 1 mSv/y. It also has a higher radon emission rate (42 Bq m-2d-1) compared to renovation 384 
materials like slate (30 Bq m-2d-1) (Ajrouche et al., 2017). Fortunately, none of the homes in our 385 
sampling area used granite-based building materials. In contrast, homes primarily constructed with 386 
wood generally had low indoor radon levels. This is likely due to the fact that wooden structures 387 
typically have deep cavities, which facilitate the natural penetration and escape of indoor radon 388 
gas (Yazzie et al., 2020). 389 
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 390 
Fig. 3. (A) Correlations between IRC and numerical environmental factors, as well as between 391 

different subgroups, with horizontal bars representing the distribution of log10-transformed data 392 
for each group. (B) Explanatory power of categorical environmental factors for IRC (results of 393 

factor detection analysis). (C) Mean IRC in different subregions based on categorical 394 
environmental factors (results of risk detection) 395 

3.2.3 Structural equation model analysis 396 
Since the effects of individual environmental factors exhibit similar enrichment 397 

characteristics and fail to capture the direct, indirect, and combined effects of different variables 398 
on IRC, we employed PLS-SEM to estimate the causal relationships between multiple dependent 399 
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and independent variables (Figure 4). The latent variables were grouped into fifteen categories: 400 
geological tectonics, geophysical features, soil composition, soil water, soil characteristics, 401 
surface features, surface radiation, hydroclimate, building features, building materials, heating 402 
features, cooling features, domestic water, socioeconomic factors, and population. The model was 403 
analyzed by combining correlation analysis with GOF to optimize and adjust it. A total of 35 404 
environmental indicators were recombined as latent variables, and the relationships between all 405 
observed and latent variables are presented in Table S5. Sensitivity tests for the path coefficients 406 
were performed via the bootstrap function with 5000 samples. Table S6 presents a summary of the 407 
path results along with the corresponding t-values and the estimated p-values associated with each 408 
t-value. Overall, surface radiation had a major positive contribution to IRC, while building 409 
materials and hydroclimate had major negative contributions. Additionally, hydroclimate exerted 410 
a greater direct effect than an indirect effect on IRC, whereas geological tectonics, soil features, 411 
building features, and socioeconomic factors had stronger indirect than direct effects. 412 

 413 
Fig. 4. PLS-SEM showing the direct and indirect effects of environmental parameters on IRC. 414 
The sample GOF value is 0.4009. Red and blue arrows represent positive and negative effects, 415 
respectively, with the arrow width proportional to the effect strength. *: p < 0.05, **: p < 0.01, 416 
and ***: p < 0.001. Solid lines indicate significant relationships, while dashed lines indicate 417 

non-significant relationships 418 
Structural equation modeling effectively captures multiple dependencies and complex causal 419 

structures. Using this model, we quantitatively explain the internal logic behind the effects of 420 
geological composition (lithology, sedimentation, and geological age) on IRC. Specifically, 421 
different types of sediments and rocks contain varying levels of radionuclides (e.g., uranium or 422 
thorium), leading to differences in the original crustal radon gas produced through their 423 
decomposition. This relationship is also evident in soil features, which influence the transport and 424 
migration capacity of radon in the soil (Li et al., 2023a). The model also revealed several intriguing 425 
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findings. For example, while building features (e.g., building age and building price) and 426 
socioeconomic factors (e.g., household income and the proportion of individuals aged 25+ without 427 
a high school diploma) have insignificant or weak direct effects on IRC, they can indirectly 428 
influence radon levels through their impact on building materials. Building age, for instance, 429 
reflects the aging of materials, which over time release more airborne radioactivity and are prone 430 
to deterioration, cracking, and settling. These cracks provide pathways for radon gas to infiltrate 431 
indoors (Li et al., 2023a).  432 

3.3. Radon exposure health risk assessment 433 

Based on the radon effective dose calculation method and two risk assessment models, we 434 
calculated the ERn, LCC, and ELCR for indoor radon in Ohio, taking into account population risk 435 
factors. The Kriging interpolation of risk values around the sampling points is shown in Figure 5 436 
(A, B). The overall mean annual effective radiation dose for household radon exposure in Ohio 437 
was 4.19 mSv/y, which is higher than the global average of 1.3 mSv/y (Radiation, 2011), even 438 
most households are exposed within the range of workplace action levels specified by the ICRP 439 
(3–10 mSv/y) (Valentin, 2007). The mean LCC value was 86.14 per million people. While this is 440 
lower than the ICRP recommended range of 170–230 per million (Valentin, 2007), it is 441 
significantly higher than similar studies conducted in Iran (32.62 per million) (Azhdarpoor et al., 442 
2021), Italy (2.1 per million) (Loffredo et al., 2021), and China (29.5 per million) (Lin et al., 2024). 443 
Additionally, after adjusting for age, gender, and smoking status, the overall mean ELCR was 444 
2.29%, which is higher than the U.S. EPA action level of 1.3% (Azhdarpoor et al., 2021). Overall, 445 
long-term exposure to radon and its daughters poses a significant health risk to Ohio occupants 446 
and workers. 447 

Spatially, high-risk areas are concentrated in central Ohio, with risk values decreasing from 448 
the central region to the surrounding cities. The major high-risk city is Columbus, a second-high-449 
risk city is Canton, and the three major low-risk cities are Cincinnati in the Southwest and 450 
Cleveland and Parma in the Northeast. The primary reason for this spatial distribution pattern is 451 
the variation in IRC (Figure S2), with a secondary factor being the population's ability to mitigate 452 
the risk of radon exposure (Figure S5). Higher risks were observed in areas with high IRC, a larger 453 
proportion of elderly populations, a higher proportion of male populations, and a higher 454 
prevalence of smoking. 455 

Monte Carlo simulation results showed that radon exposure risk was moderate for all groups, 456 
with mean ELCR values of 1.38, 1.72, 2.24, 1.72, 2.06, 1.71, and 2.58 for minors, adults, the 457 
elderly, females, males, smokers, and non-smokers, respectively (Figure 5C). The highest 458 
exposure risk was observed in the elderly age group, with a risk 1.3 and 1.62 times higher than for 459 
adults and minors, respectively. Due to limitations in energy and mobility, elderly individuals 460 
spend most of their time at home or in retirement centers, resulting in higher exposure to radon 461 
(Lee et al., 2024). Furthermore, as people age, their physiological ability to regulate and 462 
compensate for the effects of pollutant exposure diminishes (Guo et al., 2016). The risk for 463 
smokers was significantly higher than that of non-smokers. Both residential radon studies and 464 
miners' studies have shown that the absolute risk of lung cancer from radon is much lower in 465 
never-smokers than in smokers or ex-smokers (Madas et al., 2022). Evidence overwhelmingly 466 
supports that the combined effect of radon and smoking on lung cancer is submultiplicative 467 
(between additive and multiplicative) (Su et al., 2022b). One explanation for this is that radon and 468 
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tobacco smoke act as co-carcinogens. Smoking can impair lung function, increasing the 469 
accumulation of radon in lung tissue and intensifying its radiant energy (Riudavets et al., 2022). 470 
In contrast, potential gender-specific susceptibility to radon-induced cancer may be attributed to 471 
differences in smoking prevalence, biological factors, and exposure patterns (Kalankesh et al., 472 
2024). 473 

 474 
Fig. 5: (A) Spatial distribution of LCC and ERn, with overall mean values of 86.14 per million 475 

population and 4.79 mSv/y, respectively. (B) Spatial distribution of ELCR (considering 476 
demographic risk factors), with an overall mean value of 2.29%. (C) Probability distribution of 477 

excess lifetime cancer risk due to radon exposure (C1: age group; C2: gender group; C3: smoking 478 
status group). The white, green, yellow, and red areas represent low, moderate, considerable, and 479 
very high risk, respectively. The boundary values correspond to the excess lifetime cancer risk at 480 

radon concentrations of 148 Bq/m³, 300 Bq/m³, and 600 Bq/m³, respectively 481 

4. Conclusion 482 

This study systematically investigated the spatial and temporal variability of indoor radon 483 
levels, their sources, and associated health risks in Ohio using multi-source geographic data. The 484 
annual mean indoor radon concentrations ranged from 4.13 to 5.03 pCi/L, with an overall mean 485 
effective radiation dose of 4.79 mSv/y, approximately 3.68 times the global average (1.3 mSv/y). 486 
Spatially, high radon concentrations were clustered in Columbus and decreased from the central 487 
urban agglomeration to surrounding areas. Additionally, more developed building site types 488 
exhibited lower IRC. Temporally, IRC demonstrated an increasing trend, with distinct seasonal 489 
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variations characterized by higher concentrations in winter compared to summer. Key influencing 490 
factors included radiation sources, such as uranium and thorium at the Earth's surface, followed 491 
by meteorological conditions and housing materials. Human activities, such as heating methods 492 
and water use, also correlated strongly with IRCs, with lower values observed in homes utilizing 493 
public water systems and open heating methods. Unexpectedly, economically disadvantaged 494 
households exhibited lower indoor radon levels than wealthier households, potentially due to 495 
structural differences or lower insulation quality, rather than greater awareness or mitigation 496 
practices. This discrepancy is concerning, as radon exposure in Ohio poses a significant health 497 
risk, with an overall excess lifetime cancer risk averaging 2.29%, nearly double the U.S. EPA's 498 
action level of 1.3%. These findings underscore the urgent need for enhanced radon monitoring, 499 
increased public awareness, and effective mitigation strategies. Future efforts should prioritize the 500 
collection of updated radon testing data, the implementation of long-term monitoring programs, 501 
and the integration of multi-source impact mechanisms and risk assessment frameworks to inform 502 
policy development and public health protection. Although this study successfully identifies key 503 
influencing factors and delineates high-risk areas, the precise detection and effective removal of 504 
radon sources require detailed, site-specific investigations that consider geological and structural 505 
complexities. Bridging the gap between large-scale risk modeling and localized mitigation 506 
strategies should be a major focus of future research aimed at advancing radon source control and 507 
health risk reduction. 508 
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