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Abstract (300 words) 16 

The assessment of potential radon hazardous environments due to the terrestrial ionizing radiation 17 

sources is nowadays a critical issue in planning, monitoring, and developing appropriate mitigation 18 

strategies. Although some geological structures (e.g., faults) and other geological factors (e.g., 19 

radionuclide content, soil organic or rock weathering) can locally affect the radon occurrence, at the 20 

basis of a good implementation of radon-safe systems, optimized modelling at territorial scale is 21 

required. The use of spatial regression models, adequately combining different types of predictors, 22 

represents an invaluable tool to identify the relationships between radon and its controlling factors 23 

and to construct Geogenic Radon Potential (GRP) map of an area. In this work, two GRP maps were 24 

developed based on field measurements of soil gas radon and thoron concentrations and radionuclide 25 

measurements of soil and rock samples carried out in Euganean Hills (northern Italy) area. A 26 

predictive model of radon concentrations in soil gas was reconstructed taking into account the 27 



relationships among the soil gas radon and seven predictors: total gamma dose radiation (TGDR), 28 

thoron (220Rn), fault density (FD), soil permeability (PERM), digital terrain model (SLOPE), moisture 29 

index (TMI), heat load index (HLI). These predictors were chosen to elaborate local spatial models 30 

by using the Empirical Bayesian Regression Kriging (EBRK) in order to find the best combination 31 

and define the GRP of the Euganean Hill area. A second GRP map based on the Neznal approach 32 

(called GRPNEZ) has been modelled using the TGDR and 220Rn, as predictors of radon concentration, 33 

and FD as predictor of the soil permeability. Then, the two GRP maps have been compared. Results 34 

highlight that the bedrock type mainly contributes to the radon potential but integrated with the 35 

presence of faults and topographic features that affect radon migration in the subsoil and its exhalation 36 

at the soil/atmosphere boundary.  37 

 38 

Graphical abstract 39 

40 

Highlights (3-5; 85 characters): 41 

• Geological structures and other factors can locally affect radon occurrence.  42 

• The correlation between different proxies represents the best way for assessing the radon risk.  43 



• The EBRK is a useful tool to construct a GRP map.  44 

• The Neznal formula by using regression kriging maps is a reliable approach to obtain a GRP 45 

map. 46 

• A deep knowledge on the terrestrial contribution develops appropriate territorial strategies. 47 

 48 
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 51 

1. Introduction 52 

WHO (World Health Organization, 2009) has long recognised indoor radon as the second leading 53 

cause of lung cancer incidence after cigarette smoking (European Commission, 2021; National 54 

Research Council, 1999). Nowadays, scientific community and national authorities are deeply 55 

involved in the study and the knowledge of the sources and the controlling factors relevant to radon 56 

migration in the subsoil and exhalation at surface to develop efficient safety policies and to improve 57 

mitigation systems.  58 

World population is continuously exposed to two main natural ionizing radiations: i) the cosmic 59 

contribution, from secondary radiation released by high-energy cosmic rays’ incident on the Earth’s 60 

atmosphere; and ii) the terrestrial contribution, from the residual radioactive nuclides generated 61 

during the formation of the Earth and still present in the Earth’s crust (UNSCEAR, 2017; Cinelli et 62 

al, 2019). Rocks and soils can, indeed, contain hazardous natural radionuclides, as a function of their 63 

lithology and subsequent evolution, mainly represented by uranium and thorium radioactive families 64 

and the primordial potassium-40. Radon (222Rn), a noble gas, a direct parent nuclide of radium (226Ra) 65 

from the 238U series, is the major contributor to the dose received by the global population due to 66 

ionizing radiation and it represents a health risk (UNSCEAR, 2008, Annex B).  67 

In order to reliably reconstruct the actual exposure from natural ionising radiation and to find proper 68 

solutions, the scientific community implements networks of collaboration among different 69 



competences wherein statistics and spatial models, by means of a shared and traceable model 70 

approach, and providing reference values and generating harmonized data, i.e. at European level we 71 

can mention the Atlas of Natural Radiation (European Commision, 2019) and the MetroRADON 72 

project (MetroRADON).  73 

Indeed, it is now well-known that radon information solely based on indoor measurements may be 74 

seriously biased by unconstrained factors (e.g., type of building materials, floor level, ventilation, 75 

presence of a basement, premises function, number of buildings per km2) leading to a potentially 76 

incomplete, if not incorrect, understanding of the risk associated with radon exhalation (European 77 

Commision, 2019). A correct approach in this sense requires, in fact, accurate information about the 78 

geological and the structural factors that control radon exhalation processes and the inherent potential 79 

risk (Ciotoli et al., 2017, 2019). It has been already well established that naturally occurring 80 

radionuclides in rock forming minerals and soils may lead to high concentrations of these elements 81 

over wide areas in particular geological contexts (Plant et al., 2003; Cuney, 2014). Identifying risk 82 

areas requires, therefore, the identification and mapping of the predisposing geological factors and 83 

the knowledge on the underground geological environment (Sundal et al., 2004; Appleton, 2006; 84 

Yarmoshenko et al., 2016; Ciotoli et al., 2017; Kropat et al. 2017).  85 

The Euganean Hills district (100 km2, northern Italy) represents an ideal case of study because it is a 86 

densely populated area characterised by a complex geological context (Fig. 1a), that in the past 87 

showed an indoor radon concentration above the national average of 70 Bq/m3 (Bertolo and Bigliotto? 88 

et al. 2009; ANPA, 2000; Bochiccio et al. 1996). In the last decades, some works investigated the 89 

possible link between observed indoor radon concentrations and geological and tectonic features of 90 

the Euganean area (Trotti et al., 1994, 1998, 1999; Strati et al., 2014). In particular, in 2002 the 91 

regional planning of radon monitoring (DGRV n.79, 2002), following the European Recommendation 92 

n. 143/90 (European Commission, 1990), measured 189 buildings, 17% of which exceed the reference 93 

value of 200 Bq/m3 indicated in the Recommendation. More recently, the link between the 94 

distribution of indoor radon concentration and the lithological characteristics of this area was 95 



preliminarily assessed by ANOVA and geostatistical analysis (Tositti et al., 2017). Results of the 96 

latter showed that the U, Th and K content of lithologies explained over 50% of the total variance of 97 

the data and identified the areas with high concentrations corresponding to those characterized by 98 

volcanic bedrock types, in particular to rhyolites and trachytes. 99 

The present work is aimed to complete the previous investigation (Tositti et al., 2017) by performing 100 

on-site soil-gas surveys, extending the analysis of radionuclide content to a higher number of rocks, 101 

and considering other important factors which can locally increase the radon occurrence, such as 102 

hydrothermal alterations, types of soils (e.g., geochemistry or presence of organic matters), and faults.  103 

Moreover, in order to construct a reliable Geogenic Radon Potential map of the Euganean district, an 104 

approach based on the Empirical Bayesian Regression Kriging (EBRK) was adopted to study the 105 

local spatial relationships by fitting a model between the soil gas radon concentrations (dependent 106 

variable) and the following seven predictors (explanatory variables): fault density (FD), total gamma 107 

radiation dose (TGDR), thoron 220Rn, digital terrain mode (SLOPE), moisture index (TMI), heat load 108 

index (HLI) and soil permeability (PERM)). The spatial model was then adopted to construct a map 109 

using the Empirical Bayesian Regression Kriging (EBRK) derived by the selection of the most 110 

reliable predictors (TGDR, thoron, FD and Permeability). 111 

In addition, a second GRP map (GRPNEZ) has been elaborated applying the Neznal formula (Neznal 112 

et al. 2004) using maps developed by regression kriging: i) the estimated soil gas radon concentration 113 

(with radon measured as dependent variables and TGDR and thoron measurements as proxy-114 

variables) and ii) the estimated permeability (where the soil permeability is the dependent variable, 115 

and the fault density as proxy-variables). 116 

A comparison between the two GRP maps developed have been reported. Results basically show the 117 

GRPNEZ more conservative with regards to anomalous areas, although both approaches are efficient 118 

and mostly consistent among them. 119 

The two Geogenic Radon Potential maps can be used as hazard projection tools and represent a useful 120 

relatively low-cost step for a preliminary risk assessment to plan new effective radon monitoring 121 



survey and prevention strategies in the Euganean Hills district, leading important effects on the 122 

territory, in terms of public awareness and action policies. 123 

 124 

2. The Geogenic Radon Potential (GRP) 125 

The concept of the Geogenic Radon Potential (GRP) has been recently discussed in Bossew et al. 126 

2020, where the GRP is the parameter that quantify the amount of radon delivered by the Earth from 127 

nearby geological formation to the atmosphere. This quantity can be used as a hazard indicator as it 128 

represents the Rn that can potentially be available for the indoor environment, excluding the 129 

anthropogenic factors (i.e., building characteristics and living habits) that can also affect Rn indoor 130 

levels. The use of GRP is extremely important for its land-use applications in non-developed areas. 131 

In the last decades, several approaches were used to define and estimate the GRP of an area (Gruber 132 

et al. 2013, Szabó et al. 2014, Bossew 2015, Pásztor et al. 2016; Ciotoli et al., 2017; Giustini et al., 133 

2019; Petermann et al., 2021). However, one of the most used methods to assess the GRP was 134 

proposed by Neznal et al. 2004, though it was derived by Kemski et al., 2001. The Neznal formula is 135 

reported in the equation 1: 136 

𝐺𝐺𝐺𝐺𝐺𝐺𝑁𝑁𝑒𝑒𝑧𝑧 = 𝐶𝐶𝑅𝑅𝑅𝑅
−𝑙𝑙𝑙𝑙𝑙𝑙10𝑘𝑘−10

  (1) 137 

where GRPNez is the Geogenic Radon Potential, CRn is the equilibrium soil gas radon concentration 138 

at a definite depth (0.8–1 m) (kBq/m3) and k is the soil gas permeability (m2).  139 

The GRP can show a spatial and temporal variability as the consequence of the factors which control 140 

the radon source (e.g., radionuclide content), migration (e.g., soil/rock permeability, faults) and 141 

exhalation (soil moisture and meteorological conditions at the soil/atmosphere boundary). 142 

In recent years, the easily available dataset relating to some radon proxy spatial variables (or 143 

predictors) coupled with the growing use of Geographic Information System software’s and tools and 144 

the PCs computing capabilities increased the development of GRP maps by using multivariate 145 

techniques (i.e., spatial global and local regressions, such as Ordinary Least Square and 146 

Geographically Weighted Regression, Regression Kriging, Machine Learning, etc.) (Ciotoli et al., 147 



2017; Giustini et al., 2019; Petermann et al., 2021). In this paper, we calculate and compare GRP 148 

maps obtained by the application of regression kriging and using Neznal formula with that obtained 149 

by the application of regression kriging by using a dataset of different predictors. 150 

 151 

3. Study area description  152 

The Euganean Hills district (North-Eastern Italy) covers an area of more than 100 km2 and forms an 153 

isolated volcanic body within the Veneto alluvial plain. The geological landscape of the area is 154 

dominated by volcanic formations from Late Eocene to Early Oligocene in age, forming mainly 155 

laccoliths and dykes within Late Jurassic to Early Oligocene sedimentary sequences, constituted by 156 

limestones and marlstones: the Maiolica Formation (Late Jurassic-Late Cretaceous), the Scaglia 157 

Rossa Formation (Late Cretaceous-Early Eocene) and the Torreglia Formation (Early Eocene-Early 158 

Oligocene) (Fig. 1b) (; Bartoli et al., 2015). The geological framework of the area is structurally 159 

characterized by the interplay between the Tertiary volcano-tectonic structures and regional fault 160 

systems associated to the Cenozoic compressional evolution of the northern part of the Adria 161 

microplate. In particular, the area is within the complex Lessini-Euganei structural domain which is 162 

part of the trascurrent western margin of the Adria Indenter and, at the same time, the western 163 

boundary of the foreland of the South Alpine thrust and fold belt (Massironi et al. 2006; Viganò et al, 164 

2015; Viganò et al, 2018). The latter is deformed and translated by a set of NNW transtentional to 165 

transpressional faults, whose frequency increases while approaching the Eastern margin of the 166 

Euganean Hills, and a series of segmented ENE faults with a prevalent compressional behaviour (Pola 167 

et al., 2014, 2015).   168 

 169 



170 

Figure 1: a) Sketch map of the investigated area; b) Scheme of a rhyolite dome on a sedimentary stratigraphy. 171 

 172 

4. Materials and methods 173 

4.1 Experimental strategy  174 

In the period 2017-2020, soil-gas surveys were conducted to measure the radon concentration in the 175 

soil in the whole studied area to evaluate the radiogenic soil potential (Fig. 1S) and the effect of the 176 

fault channelling. In this period, further rock samples (respect to data reported in Tositti et al., 2017, 177 

Fig. 1S) were collected for the analysis of the radionuclide content, also including colluvial and 178 

alluvial soils to ensure the representativeness of all outcropping lithologies and to understand the 179 

connection between lithologies and different factors which regulate the radon migration and 180 

exhalation, such as hydrothermal alterations, types of soils (e.g., geochemistry or presence of organic 181 

matters), and faults (Fig. 2).  182 



In this work, all collected data was used to define the GRP of the Euganean Hills (northern Italy) area 183 

based on field measurements of soil gas radon and thoron concentrations and radionuclide 184 

measurements of soil and rock samples. In particular, we constructed a predictive regression model 185 

of radon concentrations in soil gas by analysing its relationships with some predictors (see par. 4.6) 186 

explained by a GRP map. In addition, a second GRP map has been elaborated applying the Neznal 187 

formula (Neznal et al. 2004) by using the Empirical Bayesian Kriging to fit two regression models: 188 

i) the source model using TGDR and thoron (220Rn) as predictors of radon concentration using Rn as 189 

response variable, and ii) a migration model using FD as a function of the soil permeability as 190 

response variable. Data were elaborated by using geostatistical techniques in order to provide a 191 

reliable GRP of the area (see par. 4.6).  192 

Figure 2 shows the flowchart of the applied procedures.  193 

194 

Figure 2: Flux diagram: analyses (On-site and in Lab) performed on rocks and soils and statistical data processing for 195 

the GRP maps modelling. FD = Fault density, TGDR = total gamma radiation dose, 220Rn = thoron, SLOPE = digital 196 

terrain mode, TMI = moisture index, HLI = heat load index, PERM = soil permeability, OLS = Ordinary Least Square, 197 

EBRK = Empirical Bayesian Regression Kriging. 198 

 199 

4.2 Soil-gas survey 200 



Soil gas survey were carried out using a well-established technique that minimizes the influence of 201 

meteorological factors consisting in pounding a sampling stainless-steel probe in the soil at a depth 202 

of about 0.8 m (Ciotoli et al., 2016; Beaubien et al., 2013). Two sampling schemes were used: a 203 

random sampling (126 points) distributed in the total area (Fig. 1S), and 3 profiles (75 points) crossing 204 

a faulted zone (Table 1). Radon and thoron field measurements were carried out by using a RAD7 205 

alpha detector (Durridge Company Inc.). This device consists in a solid-plate-ion-implanted silicon 206 

semiconductor calibrated to measure in the range between 4 and 750,000 Bq/m3. The alpha detector 207 

is connected with the sampling probe and with a drying tube (filled with CaSO4, drierite) for 208 

maintaining the relative humidity below 10%. Results were managed and corrected for relative 209 

humidity (HR) by means the specific RAD7 Data Acquisition and Analysis Software Capture® 210 

(Durridge).  211 

 212 

Table 1: Materials and analytical methods. Schematic explanation of On-site and off-site (In Lab) measurements on 213 

samples of rock and soil. 214 

215 

 216 

4.3 Mineralogical and geochemical survey 217 

 

 Type of sample N° of samples Analysis  

On-site 
Radon in soil covering the study 
area 126 sampling points Soil gas (RAD7) 

Soil Radon across the main fault  75 sampling points (3 profiles) Soil gas (RAD7) 

In Lab 
 

 
 

Rocks 

130 X-Ray Fluorescence (XRF) 
γ-spectrometry 

4 (of 130) altered rhyolites 

X-ray Diffraction Power 
(XRPD) 
Hyperspectral Analysis 
Raman Spectroscopy 
Optical Microscopy 

Colluvial soils 19 (0-20 cm depth) 

X-Ray Fluorescence (XRF) 
γ-spectrometry 
Permeability (fine fraction < 
63 µm) 

Alluvial soils 17 (0-20 cm depth) 
γ-spectrometry 
Permeability (fine fraction < 
63 µm) 

Alluvial soils and sediments 16 (from different soil fractions into 3 
cores of 3-4 m depth) 

γ-spectrometry  
Soil Organic Matter (%) 



The data collection consists of 130 rock samples (updated dataset in respect to Tositti et al. 2017); 19 218 

colluvial soil samples (from a depth of 20 cm); 17 alluvial soil samples (from a depth of 20 cm); 17 219 

different fractions of 3 alluvial soil samples collected by surface coring (down to 3-4 m) (Table 1).  220 

The chemical composition of rock and soil samples was determined by X-ray fluorescence (XRF) on 221 

a Philips PW2400 spectrometer, with an estimated detection limit of 0.5 wt.% for major elements, < 222 

3% for the minor elements, and < 5% for the trace elements. ZAF method was systematically 223 

employed (Scott and Love, 1983), and the NCSDC 74301 (GSMS-1) standard (Chen and Wang, 224 

1988) was used.  225 

Activity concentration levels of the collected rock and soil samples were carried out by high-226 

resolution gamma-ray spectroscopy. Samples were analysed with two p-type coaxial Hyper Pure 227 

Germanium crystal detectors by Ortec with relative efficiencies of 20% and 38%, and resolutions 228 

(FWHM) at 1332.5 keV of 1.9 keV and 1.8 keV, respectively. Both systems were calibrated for 229 

energy and efficiency using a multiple radionuclide liquid standard solution (Eckert & Ziegler 230 

Nuclitec GmbH) in a jar geometry (diameter = 56 mm; thickness = 10 mm). Spectra were acquired 231 

for 1 day to optimize peak analysis. Spectra were subsequently processed and analysed with the 232 

Gamma Vision-32 software (version 6.07, Ortec-Ametek Inc.) (Cinelli et al., 2014). 226Ra was 233 

determined at 186 keV after correction for 235U according to Gilmore, 2008. Conversion from bulk 234 

elemental weight fraction to the activity concentrations (Bq/kg) was obtained through the following 235 

conversion factors (Stromswold, 1995): 236 

1% K = 309.7 Bq/kg 237 

1 ppm U = 12.35 Bq/kg 238 

1 ppm Th = 4.072 Bq/kg 239 

The external dose due to natural radionuclides (Terrestrial Gamma Dose Rate, TGDR) was estimated 240 

(nGy/h) from the concentrations of natural radionuclides as follows (UNSCEAR, 2008, Cinelli et al. 241 

2020):  242 

TGDR = 0.0417 * CK + 0.462 * CU + 0.604 * CTh 243 



where CK, CU and CTh are, respectively, the activity concentration of 40K, 238U and 232Th in Bq/kg.  244 

To further constrain the mineralogy and chemical composition X-ray powder diffraction (XRPD), 245 

hyperspectral analyses, and Raman spectroscopy were performed in correspondence to a set of four 246 

high-altered rocks (rhyolites). 247 

Diffraction data were acquired on a PANalytical X'Pert PRO diffractometer operating in Bragg-248 

Brentano reflection geometry with CoKα radiation, 40 kV voltage and 40 mA filament current, 249 

equipped with an X’Celerator detector. Qualitative analysis of diffraction data was carried out with 250 

X'Pert HighScore Plus® software (PANalytical) and the PDF-2 database.  251 

Hyperspectral maps were done with the Headwall Photonics Micro-Hyperspec camera. This spectral 252 

camera works in the SWIR range (Short Wave InfraRed, 900-2500 nm) with a total of 166 spectral 253 

bands, 384 pixels per slit and a spatial resolution of 250 µm. 254 

Raman measurements were made using a Thermo ScientificTM DXRTM Raman Microscope using 255 

a 532nm laser excitation source. Analyses were performed using a 50X long working distance 256 

objective with ~2.5 cm-1 spectral resolution, ~1 µm spatial resolution, and 25 µm pinhole operating 257 

at 3-4 mW of power. To minimize noise, each spectrum was acquired 15 times with an exposure time 258 

of 5 s. Spectra were recorded in the frequency range from 100 to 3500 cm-1. Spectral fitting was 259 

carried out using the Thermo ScientificTM OMNICTM Spectra Software.  260 

Thin sections were examined under a polarized light optical microscope (Olympus DX-50, equipped 261 

with a Nikon D7000 digital microphotography system).  262 

 263 

4.5 Soil organic content and permeability 264 

Soil organic matter (SOM) content of 17 different fractions of 3 alluvial soil samples collected by 265 

surface coring (down to 3-4 m) was calculated as the weight loss after combustion (Wang et al, 2013) 266 

of 5 g of alluvial soil dried. 267 

Permeability of 19 colluvial soil samples (from a depth of 20 cm) and 15 alluvial soil samples (from 268 

a depth of 20 cm) was estimated adopting the procedure suggested by Barnet et al. (2008) from the 269 



weight percentage of fine fraction (<63 µm). Classification (Barnet et al., 2008): < 25 wt.% = high 270 

permeability; 25 – 65 wt.% = medium permeability; > 65 25 wt.% = low permeability. 271 

 272 

4.6 Data elaboration  273 

4.6.1 Exploratory Data Analysis 274 

Statistical techniques were applied to interpret collected data. In particular, Exploratory Data Analysis 275 

(EDA), which includes a range of statistical techniques, both numerical and graphical (i.e., main 276 

statistical indexes, histograms, box plots, and in some cases multivariate analyses) was applied to 277 

explore the nature of the distribution of the measured values and the presence of outliers (Ciotoli et 278 

al., 2014, and references therein).  279 

 280 

4.6.2 Analysis and ranking of the lithologies based on their radionuclide content 281 

In order to create ranking of the lithological types according to their average radionuclide content, 282 

the OBI index was used (Conti et al., 2019). The OBI method determines the range of overlaps of 283 

radionuclide concentrations and the overlap OBI index with respect to the upper (OBI-L) and lower 284 

(OBI-L1) bound of the overlap range (Conti et al., 2015). For this purpose, we apply the probabilistic 285 

Johnson’s method (Johnson, 1949). This method allows, by the normalization of any continuous 286 

probability distribution, to define radionuclide concentration confidence intervals at 95% ranges of 287 

variability within the different lithological classes (Johnson, 1949; Miller and Miller, 2005). The 288 

application of the normalization procedure has been carried out with the SuppDists package of R 289 

(Wheeler, 2013). The OBI index with respect of the maximum (right tail of the distribution) overlap 290 

range was calculated by using the following formulas: 291 

OBI_Li = Qi, 97.5/ Imax  with i=1,2,….,k  292 

OBI_Li is generally ≥ 1 and becomes 1 when Qi, 97.5= Imax 293 

 294 

4.6.3 Ordinary Least Square regression 295 



Ordinary Least Square (OLS) regression was used as the starting point for all spatial regression 296 

analyses. It provides a global model of the process to understand or predict, and creates a single 297 

regression equation to represent that process before to move to a local spatial model.  298 

Ordinary Least Square (OLS) regression provides the soil gas radon estimate (Y) as a weighted sum 299 

of the explanatory variables (Xn) with a random error term (e) (Eq. 1) 300 

y = β0 + β1x1 + β2x2 +…… βnxn + ε (1). 301 

The OLS results will provide information on: 302 

• the model performance based on the values of R-squared ranging from 0 to 1; 303 

• the strength and type of the relationships between each explanatory variable and the response 304 

variable (i.e., Coefficients of each explanatory variable, Probability or Robust Probability and 305 

Variance Inflation Factor, VIF) thus providing the selection of significant variables. For 306 

example, a Variance Inflation Factor (VIF) > 7.5 indicate a high collinearity that suggests an 307 

unstable model (Kleinbaum et al., 1998); 308 

• the model significance; 309 

• the stationarity, to determine whether the explanatory variables in the model have a consistent 310 

relationship to the dependent variable both in geographic space and in data space. 311 

• the model bias, assessing whether the residuals are normally distributed;  312 

• the spatial autocorrelation of the residuals (by using Spatial Autocorrelation Moran's I) to 313 

ensure that they are spatially random distributed in order to provide clues about missing 314 

variables. 315 

Further information regarding the specific meaning of the various parameters of the OLS regression 316 

are reported in Ciotoli et al., 2017 and Mitchell, 2005. 317 

The Empirical Bayesian Kriging Regression (EBKR) was used to combine a geostatistical 318 

interpolator (e.g., kriging) with a regression analysis to make more accurate predictions than either 319 

regression or kriging. In this work, EBKR was adopted to analyse the local spatial relationships 320 

between the measured soil gas radon concentrations and significant proxy variables selected by the 321 

https://pro.arcgis.com/en/pro-app/2.8/tool-reference/spatial-statistics/regression-analysis-basics.htm#GUID-A90B0519-36FF-42AF-A6BF-D09E2C9C317C
https://pro.arcgis.com/en/pro-app/2.8/tool-reference/spatial-statistics/spatial-autocorrelation.htm


OLS regression (see section 4.7). Furthermore, EBKR was used to combine raster maps of 322 

explanatory variables, as proxies of the radon source, migration pathways and exhalation from the 323 

soil, to make local prediction of the soil gas radon at unsampled locations.  324 

 325 

4.6.4 Empirical Bayesian Regression Kriging 326 

EBRK uses simple kriging (SK) to model the error term by the calculation of the semivariogram 327 

model and assuming the mean value of the dependent variable as constant. The calculation of the 328 

semivariogram is accomplished through a process of subsetting and simulations to achieve a better 329 

accuracy than other kriging methods and to allow accurate predictions of non-stationary data 330 

(Krivoruchko K. and Gribov A., 2019.; Chilès, J-P., and P. Delfiner, 1999). In order to solve the 331 

problem of multicollinearity of the explanatory variables, EBRK uses principal component analysis 332 

(PCA) to transform the explanatory variables into their principal components (PCs) and uses these 333 

principal components in the regression model. A minimum cumulative percent of variance (set to ~ 334 

70%) for the PCs was chosen to obtain a more efficient model without loss of accuracy. Detailed 335 

description of PCA technique can be find in Cox and Donnelly (2011), and references therein, and 336 

Faraway (2006). EBRK was also applied in order to reconstruct the GRP map by using Neznal 337 

formula (GRPNez). 338 

Descriptive statistics and graphs, and multivariate analysis were conducted using Statgraphics® 339 

Centurion XVI and Statistica 12 © Statsofts.Inc. software and R packages. Geostatistical Analyst tool 340 

included in ArcGIS Pro 2.7.0 (Copyright 2020@Esri Inc.) was using to create thematic maps. 341 

 342 

4.7 Proxy-variables  343 

We considered the following seven proxies (e.g., explanatory variables, Fig. 2): fault density (FD), 344 

total gamma radiation dose (TGDR), thoron (220Rn), digital terrain mode (SLOPE), topography 345 

wetness index (TMI), heat load index (HLI) and soil permeability (PERM). Soil gas radon 346 



concentration were used as dependent variable (Fig. 2). The used spatial dataset consists of 250 x 250 347 

m raster grid of all variables (see supplementary material, Text 1S).  348 

 349 

A more detailed description of explanatory variables follows:  350 

i) PERM, the soil map of the Euganean Hill district (scale 1:50,000) was used to obtain the 351 

permeability of the area. The permeability affects both radon movement in the subsoil and 352 

exhalation at surface (Benavente et al., 2019; Chen et al., 2009; Neznal et al., 2005; Sun et al., 353 

2004). Permeability categories are obtained by those reported in the soil map of the Euganean Hill 354 

(ARPAV 1995 - 2000) (Fig. 2S); 355 

ii) FD, faults, as permeability, is considered a proxy of advective radon migration toward surface 356 

(Giustini et al., 2019; Ciotoli et al., 2017, 2007). The fault network reported in the geological map 357 

of the Euganean Hill district (scale 1:25,000) was used to construct the fault density (FD) map by 358 

kernel density estimation (KDE) (Silverman, 1986) (Fig. 3S);  359 

iii)  TGDR, the external dose due to natural radionuclides was calculated by the concentrations of 360 

natural radionuclides (40K, 238U, 232Th) of the rock and the alluvial soil samples based on the OBI 361 

index classification and assigning the average values to the different outcropping lithologies (Fig. 362 

4S a,b) (alluvial soil is considered equal to an outcropping lithology) (for details see Text 2S);  363 

iv)  220Rn, thoron concentration in soil gas was obtained by the on-site measurements carried out in 364 

situ with a portable RAD7 alpha detector at 126 sampling points distributed in the total area (Fig. 365 

5S);  366 

v)  SLOPE, the digital terrain model (DMT) of the Euganean district was used to derive the slope by 367 

using the Spatial Analyst tool of ArcGIS Pro (Fig. 6Sa,b). The slope can be used as a proxy of the 368 

soil humidity, as well as of the meteorological conditions, that strongly affect the radon 369 

migration/exhalation at the soil/atmosphere boundary (Ciotoli et al., 2017); 370 

vi)  HLI and TMI indexes are also proxies of the soil moisture and temperature; these factors regulate 371 

the 222Rn exhalation from the soil and thus the 222Rn availability to enter buildings (Keatley et al., 372 



2019; Siino et al., 2019; Podstawczyńska et al., 2016; Hosoda et al., 2007). The map of the HLI 373 

(Fig. 7Sa) was derived from the digital terrain model (DMT) by using the Geomorphometry and 374 

Gradient Metrics tool in ArcGIS. The McCune and Keon (2002) method accounts for this index 375 

so that the highest values are southwest and the lowest values are northeast. A southwest slope 376 

should have warmer temperatures than a southeast slope, even though the amount of solar radiation 377 

they receive is equivalent. Additionally, this method account for steepness of slope, which is not 378 

addressed in other aspect equations. The TMI (Fig. 8S) was also estimated by the DTM (Fig. 7Sb) 379 

as a function of the slope and the upstream contributing area according to the formula TMI = ln a/ 380 

tan b, where a is the upslope contributing area (m2) and b is the slope in radians (Boehner et al., 381 

2006; Gessler et al., 1995). 382 

 383 

5. Results and discussion 384 

5.1 Soil-gas survey  385 

As reported in the studied area description (section 3), the geology of the Euganean Hill district is 386 

characterized by the presence of volcanic (rhyolites, trachytes, latites, basalts) and sedimentary 387 

(limestones, marlstones) bedrock outcrops surrounded by an alluvial plain (Fig. 1a). For this complex 388 

geological framework, soil-gas radon measurements were considered in relation to their coincidence 389 

with the bedrock type in order to emphasize the correlation with the radon produced by the decay of 390 

its parent nuclide concentration (European Atlas, 2019; Giustini et al. 2019).  391 

Table 2 shows main statistical parameters of the 222Rn and 220Rn activities measured performed in 392 

correspondence of different rocks in the Euganean Hills area. Radon measurements on the rhyolitic 393 

bedrock show the highest value (117.0 kBq/m3) with a mean value of 31.5 kBq/m3 and median value 394 

of 23.0 kBq/m3 value. In contrast, the colluvial soils on sedimentary rocks display the lowest mean 395 

values of 12.0 for limestones, and 7.9 for marlstones, respectively. Thoron (220Rn) concentrations 396 

follow the same trend of radon (222Rn), although with very lower concentration (rhyolite shows the 397 

highest average and median values, 19.16 and 14.40 kBq/m3 respectively). In general, all the 398 



distributions of 222Rn and 220Rn activities do not appear to have a high dispersion as the standard 399 

deviation shows the same order of magnitude of the mean (Table 2).  400 

 401 

Table 2: Descriptive statistic of soil-gas radon (222Rn) and thoron (220Rn) concentrations (kBq/m3) in situ based the 402 

relative lithological bedrock. 403 

  Radon measurements Thoron measurements 
Bedrock N° samples Mean Median St.D. Min. Max. Mean Median St.D. Min. Max. 
Alluvial 18 48.1 29.7 59.0 0.1 243.0 16.4 10.7 16.3 0.1 47.4 
Basalt 12 23.7 25.5 16.4 1.3 46.7 10.2 8.4 7.2 0.1 23.2 
Latite 10 10.2 5.4 16.8 0.5 56.6 7.2 3.4 10.2 0.1 34.4 
Limestone 30 12.0 4.7 16.9 0.1 57.5 6.00 3.0 9.4 0.1 35.3 
Marlstone 12 7.9 2.6 13.7 0.1 47.4 4.6 3.4 4.5 0.1 11.3 
Rhyolite 29 31.4 23.0 28.7 0.1 117.0 19.2 14.4 20.1 0.1 83.4 
Trachyte 14 8.2 2.1 10.9 0.1 35.1 4.8 1.7 7.2 0.1 23.4 

 404 

Box-plots of Figure 3 confirm that radon and thoron activities show the highest values on the rhyolitic 405 

and basaltic bedrocks, although thoron exhibits lower average concentrations. The highest values for 406 

radon and thoron (57.5 kBq/m3 and 35.3 kBq/m3, respectively) measured for colluvium on limestone 407 

is determined by four outliers (Fig. 3a, b). These apparently anomalous data are easily to explain 408 

considering that laccoliths generally outcrop at higher elevation, while sedimentary sequences 409 

constitute the lower flanks of the hills. In this situation, colluvium on the sedimentary sequences may 410 

contain a relevant detrital contribution from the outcropping volcanic rocks, significantly modifying 411 

radon concentration with respect to the underlying bedrock.  412 

413 

Figure 3: a) Box-and-whisker plot of radon concentration (kBq/m3) referred to the bedrock lithology; b) Box-and-whisker 414 

plot of radon concentration (kBq/m3) referred to the bedrock lithology. 415 



 416 

5.1.2 Soil gas profiles across the fault system  417 

In order to study the preferential channeling of radon migration in correspondence to structural 418 

discontinuities, three soil gas profiles (in total 75 samples) of about 1 km (P1: to the north of the study 419 

area; P2: in the middle; P3: to the south) were carried out across the main NNW-SSE fault strike, 420 

which crosses the Euganean Hills District (Fig. 4). Profiles exhibit three highest peaks with values of 421 

147 kBq/m3 (P1), 140 kBq/m3 (P2), 93 kBq/m3 (P3), respectively, east-located respect the shallow 422 

trace of the inferred fault in the geological map (Figs. 1 and 4). The highest range of values at P1 can 423 

be explained by the type of bedrock intersected by the fault system in this area. P1 profile, indeed, 424 

corresponds to the alluvial soils, the trachytic bedrock, as well as the other two profiles (P2 and P3) 425 

intersect trachyte and limestone bedrocks, and alluvial soils, characterized by a lower radionuclide 426 

concentration (Table 2, Fig. 4). In general, there are a good correlation between radon and thoron 427 

variations (Fig. 4). Anomalous higher radon peaks are concomitant, and are highlighted by the ratio 428 

222Rn/220Rn, while a small amount of 222Rn/220Rn probably is due to bedrock microfractures. 429 

However, although the 222Rn exhalation values are higher in P1 and P2 (northern and central 430 

transects), in P3 (south), the highest 222Rn/220Rn peak suggests the presence of a deeper source. 431 

Sequences of peaks suggest a fault architecture composed by a main fault, the constitutes the primary 432 

control on the permeability and the radon flux upward, and by a surrounding damage zone consisting 433 

of a wider interval of fractures and smaller faults which release radon concentrations of smaller 434 

magnitude.  435 



436 

Figure 4: Influence of the presence of a fault on 222Rn concentrations and 222Rn /220Rn in soil gas. P1, cross-section (Vò-437 

Boccon) on the north; P2 cross-section (Brunello-Piombà) on the south; P3 cross-section (Lozzo Atestino) in the centre. 438 

 439 

5.2 Mineralogical and geochemical survey  440 

5.2.1 Rocks  441 

It is well known that 40K, 238U and 232Th radionuclide concentrations (Bq/kg) and the estimated TGDR 442 

(nGy/h) strongly depend on rock petrogenesis and geochemistry (Tositti et al., 2017; Giustini et al. 443 

2019; European Atlas, 2019). Results from γ-spectrometry reported in Table 3 confirm the strict 444 

relationship between radionuclide content and lithology, in fact sedimentary rocks show a 445 

significantly lower radionuclide content than volcanic rocks. In particular, limestones (including the 446 

Maiolica and the Scaglia Rossa formations, Fig. 1) show the lowest values of 40K, 238U and 232Th (88, 447 

13 and 8 Bq/kg, respectively) which correspond to about 15 nGy/h of TGDR (Table 3). The Box-448 

and-Whisker plot well represents the high variability of the TGDR measured in rock samples (Fig. 449 



5a), and shows that the 29 samples of limestones are grouped at the lowest dose limit of the whole 450 

range recorded in the area. Marlstones, that are characterized by variable ratios of carbonates and clay 451 

minerals, show moderate radioactive terrestrial gamma dose (38 nGy/h), this value is slightly lower 452 

than that found in basalts (41 nGy/h, Table 2). The box-plot shows a partial overlap of the boxes (Fig. 453 

5a). The moderate concentration of natural radionuclides in marlstone is related to their clayey 454 

fraction, as shown by the (CaO-SiO2-Al2O3)-Ternary Plot representing the chemical characterization 455 

of all the collected rocks (Fig. 5b). Marlstones have higher variability, and some samples are clearly 456 

chemically distinct from the limestone group showing intermediate composition due to the presence 457 

zircons (Fig. 9S) or clays (Schön, 2015).  458 

Consistently, volcanic formations show the highest radionuclide content which is particularly high in 459 

correspondence to rhyolites and trachytes, followed by latites and basalts (Table 3). According to the 460 

classification by Schön (2015), these data confirm the acid extrusive origin of these rocks, since 40K, 461 

238U and 232Th are incompatible elements partitioned into the initial melts. Thus, because of their 462 

large ionic radius and high valence of uranium and thorium isotopes, they are strongly incompatible 463 

in most rock-forming minerals and show a greatest affinity to other M4+ elements such as Ce and Zr. 464 

During fractional crystallization, 40K is concentrated in alkali-feldspars and micas, while 238U and 465 

232Th, are mainly accommodated in accessory minerals (e.g. zircon, titanite, monazite) (Bartoli et al., 466 

2015; Damonte et al., 2017). These elements are, indeed, enriched particularly in rhyolite and trachyte 467 

formations leading to high average TGDR values (229 nGy/h and 160 nGy/h, respectively) (Tab. 3). 468 

The high standard deviation of rhyolite measurements is determined by the presence of four outliers, 469 

as shown in the box-plot (Fig. 5a).  470 

 471 

Table 3: Descriptive statistic and concentration of natural radionuclides 40K, 238U and 232Th (Bq/kg) and the estimated 472 

Terrestrial Gamma Dose Rate estimated (TGDR, nGy/h, UNSCEAR 2008) in rock samples, and in alluvial (from 473 

quaternary plane) and colluvial topsoil samples (distinguished by the bedrock type*) randomly collected. 474 

 type N°samples 40K St.D. 238U St. D. 232Th St.D. U/Th St.D. TGDR St.D. 

Rocks Basalt 13 468 261 24 14 17 7 0.39 0.42 41 15 
Latite 9 1018 162 31 16 73 33 0.24 0.06 101 19 



Limestone 29 88 62 13 8 8 6 0.75 0.84 15 7 
Marlstone 8 256 131 20 15 30 22 0.53 0.56 38 14 
Rhyolite 47 1465 291 112 75 149 75 0.25 0.09 203 75 
Trachyte 24 1554 367 66 14 82 24 0.28 0.08 145 27 

Soils 

Alluvial 16 713 270 67 75 63 25 0.08 0.00 109 57 
Limestone* 3 157 101 14 9 15 6 0.31 0.09 76 32 
Marlstone* 1 623 302 35 6 42 23 0.24 - 69 - 
Basalt* 3 616 - 28 - 39 - 0.29 0.11 25 5 
Rhyolite* 8 736 308 52 30 59 31 0.30 0.08 101 49 
Trachyte* 4 1074 377 44 14 53 14 0.28 0.08 107 25 

 475 

 476 

477 

Figure 5: a) Box-and-whisker plot of TGDR measured in rock samples; b) Box-and-whisker plot of TGDR measured in 478 

colluvial and alluvial soil samples; c) Ternary plot (CaO-SiO2-Al2O3) representing the chemical characterization of rock 479 

samples (black dots = volcanic rocks; empty cycles = sedimentary rocks); d) Ternary plot (CaO-SiO2-Al2O3) 480 

representing the chemical characterization of colluvial soil samples (black dots = volcanic bedrocks; empty cycles = 481 

sedimentary bedrocks. 482 

 483 

Macroscopically, all these four rocks (the outliers are corresponding to the samples EUR26, EUR99, 484 

FG and F) resulted to be strongly altered, showing some part with a dusty aspect. X-ray powder 485 

diffraction (XRPD) on selected altered portions of these four rocks revealed a high clay fraction 486 

enriched in 40K, 238U and 232Th after mobilization by hydrothermal alteration (samples EUR26 and 487 

EUR99) or meteoric circulation through fault zones (sample FG and F) (Taboada et al., 2006; Dostal 488 



et al., 2016). Diffractograms (Fig. 10S) show the high variability in secondary phases derived from 489 

alteration according to the type of environment and the stressed conditions. Alterations in samples 490 

EUR26 and EUR99 probably derived by chemical weathering as a result of hydrothermal leaching; 491 

FG and F samples were collected on a fault (strike of its surface is N-NW), in particular FG is a gouge 492 

breccia material from the core zone, F was ~2 meters far from the FG sample where the fault rock 493 

was visible less altered. EUR26 shows, beyond the presence of cristobalite, quartz, K-felspar 494 

(sanidine) and plagioclase, a higher background, in particular at low angle, that suggest the presence 495 

of clays; EUR99, has a small peak of illite/smectite mixed-layer minerals (Alboelkhair and Gaafar, 496 

2012), probably derived by the biotite alteration. The different degree of alteration of these two last 497 

rocks was confirmed by their mineralogical characterization. The diffraction pattern of sample F (Fig. 498 

10S) shows a low level of degradation, and the main mineralogical phases (quartz, k-felspar, 499 

plagioclase) have defined and intense peaks. On the contrary, in the diffraction pattern of sample FG 500 

(Fig. 10S) (collected on the fault breccia) the peaks of quartz and of felspars are drastically decreased, 501 

whereas an intense peak is found at low angle owing to the presence of montmorillonite-interstratified 502 

clay minerals, probably derived from the combining of chemical and mechanical weathering 503 

processes. Mixed-layers of illite-montmorillonite minerals are common alteration products in 504 

hydrothermally altered silicate rocks. These new secondary mineral phases follow the intermediate 505 

argillic alteration affects mainly plagioclase feldspars, characterized by the formation of clay minerals 506 

kaolinite and the smectite group (mainly montmorillonite) (Steiner, 1968).  507 

Hyperspectral maps tracked very well the degree of alteration on these high-altered rhyolites (Fig. 508 

6a). The spectrum of unaltered rhyolite in the SWIR range is basically featureless (Fig. 6b), whereas 509 

in the weathered portions the 1400 nm and 1900 nm absorption bands, indicative of OH, and the 2200 510 

nm band, related to Al-OH bonds, are prominent and indicates the presence of clays (Fig. 6b). Spectral 511 

maps based on the 1900 nm band (the most prominent and diagnostic band) (Fig. 6a) show that the 512 

amount of altered areas on the samples surfaces is lower in the F and EUR26 samples (~40%), 513 

increases in the EUR99 sample (~50%) and reaches the maximum in the FG samples, which is 514 



entirely affected by alteration. This pattern agrees with the secondary phases formation by alteration 515 

observed by XRPD analysis and with the 40K, 238U and 232Th radionuclide concentrations, which is 516 

lower in F and EUR26 samples and increases in the EUR99 and FG samples respectively. A more 517 

detailed analysis with Raman spectroscopy revealed the presence of uranophane as the secondary 518 

mineral phase both in FG and F rhyolites (Fig. 6c). Uranophane crystals (Ca(UO2)2(SiO3OH)2 5H2O) 519 

occur in their typical elongated needle-like shape (Fig. 11S) and are found along the weathered micro-520 

fractures, typical formation related to hydrothermal alteration and fluid circulation (Fawzy and El 521 

Shaiyp, 2017). Raman analyses also showed the presence of other minor mineral phases such as 522 

pyrochlore and columbite-tantalite, containing Nb and Ta, which are also related to hydrothermal 523 

alteration (Walter et al., 2018). For a detailed Raman study of uranophane see Colmenero et al., 2019. 524 

The ratio U/Th shows that in both phenomena, hydrothermal alteration, and fault friction, do not 525 

cause a U-remobilization (Table 3). Indeed, U and Th appear both fairly increased because they are 526 

secondary phases, while are strongly increased respect K, that instead is moderately low in these 527 

samples (see Table 1S).  528 

 529 

530 



Figure 6: Mineralogical constrain of high-altered rhyolites (samples EUR26, EUR99, FG and F): a) Hyperspectral maps 531 

of the 1900 nm band. Highest values (red) correspond to deeper band depth, while lower values (blue) to shallower band 532 

depth; b) Fig. BB. SWIR spectra of the original rhyolite and the weathered portions. Original rhyolite spectra are 533 

featureless, whereas in the weathered areas the spectra show the OH absorption bands (1490 and 1900 nm) and the Metal-534 

OH bands (between 2200 and 2300 nm). In our samples the metal-OH bonds are mainly by Al-OH in the case; c) Raman 535 

spectra of uranophane in our rhyolite samples compared to the spectra of uranophane from the RRUFF database.  536 

 537 

5.2.2 Colluvial and alluvial soils 538 

Natural radioactivity measured on colluvial soil samples confirms that radon exhalation is controlled 539 

by a complex interaction of different physical and geochemical factors. The 40K, 238U and 232Th 540 

radionuclide concentrations and the estimated TGDR for colluvial soils generally agrees with those 541 

calculated for the corresponding bedrocks (e.g. colluvium on rhyolite and trachyte displays higher 542 

TGDR than colluvium on limestone), but differences are smoothed out (Table 2, Fig. 5 a, b). This 543 

observation is coherent with the differences in bulk chemistry between rocks and the corresponding 544 

colluvial soils (Figs. 5c and 5d). While the ternary variation diagram of Figure 5c shows a clear 545 

compositional separation between volcanic (balck dots) and sedimentary rocks (empty cycles) 546 

(except for some sample of marlstone characterized by high clay fraction as previously discussed), 547 

the corresponding one reported in Figure 5d shows that composition of colluvial soils displays 548 

continuous variations between to compositional extremes. This suggests that colluvial soils include 549 

different fractions of polygenic components with respect to the underlying bedrock, modifying their 550 

expected radon emanation. Natural weathering processes may lead to an increase of radioactivity due 551 

to radium enrichment on the grain surface (Sakoda et al., 2010) and alteration process causing the U-552 

remobilization, although the U/Th ratio suggest that this phenomenon do not occur (Table 3). 553 

Alluvial soils randomly collected in the Euganean Hill district in the alluvial plain show the highest 554 

values of U and Th (see Table 3). The average TGDR value for the alluvial topsoils (109 nGy/h) 555 

resulted to be the highest among the soil samples. Alluvial soils present the highest standard deviation, 556 

well represented in the box-whisker plots by two outliers that highly increase the average (Fig. 5b).  557 



 558 

5.3 Soil Organic Matter and permeability 559 

Alluvial soil cores collected in peat zones confirm a strong correlation between the soil organic matter 560 

(SOM) concentration and the radioactivity values (Table 4; Fig. 7a). In general, this high TGDR in 561 

alluvial soils can be attributed to high organic content that produces reduced environmental conditions 562 

which favour Th- and U-concentrations (Hazen et al. 2009; Lamas, 2005; Sakoda et al., 2010). In this 563 

environmental condition, U6+, which is highly soluble, is reduced to insoluble U4+ which precipitates 564 

and is adsorbed onto organic matter. Microorganisms may also play an important role in U mobility 565 

inducing U precipitation in organic matter (Bone et al., 2017). On the topsoil, an additional 566 

radioactive contribution might be derived from the use of phosphate fertilizers, which are often 567 

enriched in U (UNSCEAR, 2008). The fraction of organic matter decreases at increasing depth, until 568 

reaching sands containing residual shells and marine microorganisms (Table 4).  569 

Fine fraction was also analysed on all colluvial and alluvial topsoil (20 cm) to define their 570 

permeability according to Barnet et al. (2008). They show a clear difference between the two soil 571 

types. Colluvial samples generally fall in a medium range of permeability, with values comprised 572 

between 15 and 85% of fine fraction (< 63 µm). Alluvial soils show lower permeability than colluvial 573 

soils, most of samples presenting more than 65% of fine fraction (Fig. 7b). The high content in fine 574 

fraction is correlated to the presence of organic matter and abundance of clay minerals and it follows 575 

the description reported in the soil permeability map (scale 1:35,000), here used as primary base map 576 

for the geostatistical data processing (see Fig. 2 and the following sections).  577 

 578 

Table 4: Uranium (U, ppm) concentration and Soil Organic Matter (SOM, %) of different fractions at increasing depth 579 

from coring of three different alluvial soils (Vd1, Vd2 and Aq1). 580 

 Sample (depth, cm) 40K 238U 232Th SOM (%)  

Vd1 

Vd1 (0-55) 1.44 4.60 9.3 55.05 
Vd1 (55-100) 1.12 3.70 9.9 38.32 
Vd1 (100-160) 1.18 4.30 8.1 65.03 
Vd1 (160-215) 1.07 3.60 8.1 34.24 



Vd2 

Vd2 (0-60) 2.23 7.80 14.7 15.36 
Vd2 (60-95) 2.75 7.30 17.4 - 
Vd2 (95-130) 1.69 4.70 8.8 9.38 
Vd2 (130-150) 1.47 4.30 6.7 7.37 
Vd2 (150-240) 1.23 3.20 6.3 5.42 
Vd2 (240-260) 0.88 3.40 3.8 5.35 

Aq1 

Aq1 (0-100) 2.23 3.50 1.9 4.85 
Aq1 (100-120) 2.75 2.10 4.4 5.95 
Aq1 (120-190) 1.69 4.80 2.6 3.79 
Aq1 (190-210) 0.20 3.30 2.2 1.42 
Aq1 (210-330) - -  - 0.59 
Aq1 (330-370) 1.27 2.50 6.4 0.57 
Aq1 (370-450) 0.90 2.30 4.5 0.37 

 581 

 582 

Figure 7: a) Comparison between Uranium content (ppm) and Soil Organic Matter (SOM, %) for alluvial soil 584 

fractions collected; b) Box-plot of alluvial and detritic soil permeability based on percentage of fine fraction 585 

(< 63 µm). 586 

 587 

5.4 Modelling the Geogenic Radon Potential (GRP)  588 

5.4.1 Preliminary selection of the proxy variables by Ordinary Least Square regression 589 

In order to select the proxy variables to be included in the EBRK model, an Ordinary Least Square 590 

(OLS) regression model was performed to establish the correlation between the concentration of 222Rn 591 

in soil gas (i.e., dependent variable) and the following 7 proxy-variables: fault density (FD), total 592 

gamma radiation dose (TGDR), thoron (220Rn), digital terrain mode (SLOPE), moisture index (MI), 593 

heat load index (HLI) and soil permeability (PERM).  594 



In the present model, none of the variables exceeds the VIF value of 7.5 indicating the absence of a 595 

redundancy among explanatory variables. Table 5 reports diagnostic parameters useful to interpret 596 

the results of the OLS model. The adjusted R2 for the OLS model is 0.487, indicating that the OLS 597 

model explains approximately 50% of the variation in the dependent variables. Both the Joint F- and 598 

Joint Wald statistics indicates that the overall model is statistically significant; also, the Koenker 599 

statistic (0.0000, p < 0.01), that determine the consistency of the relationship between the dependent 600 

and the exploratory variables both in geographic space, is statically significant. This indicates that the 601 

spatial processes represented by the explanatory variables do not highlight the same behaviour 602 

everywhere in the study area (i.e., absence of stationarity). In addition, the significant Jarque-Bera 603 

statistics indicates that the residuals deviate from the normal distributed. 604 

 605 

Table 5: Main diagnostic parameters of the OLS model. 606 

Parameter Value Probability p-value 
N. Obs. 2994   
Multiple R2 0.488   
Adjusted R2 0.487   
AICc 22727   
Joint-F-statistics 476 Prob(>F), (6.2987) degrees of freedom 0.0000* 
Joint-Wald-statistics 1884 Prob(>chi-squared), (6) degrees of freedom 0.0000* 
Koenker-statistics 293 Prob(>chi-squared), (6) degrees of freedom 0.0000* 
Jarque-Bera statistics 51 Prob(>chi-squared), (2) degrees of freedom 0.0000* 
*statistical significant (p<0.01) 

 607 

Table 6: Report of the diagnostic coefficients of the OLS for each variable. Robust Probability (p<0.05) indicates the 608 

significance of the coefficient (i.e., the significance of the variable in the model). The most significant variables in the 609 

model includes: FD, PERM, TGDR and 220Rn, where 220Rn, TGDR and PERM are positively correlated, and FD is 610 

negatively correlated with the radon concentrations.  611 

Variable Coeff. t-Statistics Robust Pr Robust_SE VIF 
Intercept 8.105 2.086 0.040* 3.948  
FD -1.610 -5.514 0.000* 0.284 1.304 
TGDR 0.005 2.189 0.017* 0.002 1.365 
220Rn 2.215 52.076 0.000* 0.052 1.012 
TMI -0.001 -1.175 0.265 0.000 1.001 
HLI 1.950 0.623 0.580 3.528 1.010 
PERM 0.471 2.016 0.040* 0.230 1.135 
*statistically significant (p<0.05) 

 612 



Results suggest that soil gas radon (i.e., GRP) is strongly linked to the 220Rn (Tn) distribution in soil 613 

gas and to the TGDR, naturally derived by the radioactive elements, including 40K, 238U, 232Th and 614 

226Ra, concentrations in rocks and soils. Soil permeability (PERM) is positively correlated with radon 615 

concentration because it enhances the radon exhalation process at surface. Though HLI and TMI 616 

represent soil moisture and temperature, and thus can potentially affect soil permeability, they are not 617 

significant in the model because indirectly linked to PERM. SLOPE can promote zones of low/high 618 

soil humidity that may decrease/increase the radon concentrations at the sampling depth, however in 619 

the model the permeability is dominant respect to the topographic features.  620 

Finally, fault density (FD) shows a significant negative coefficient. The fault density is considered 621 

representative of the fracture network (i.e., secondary permeability) which constitutes the main 622 

migration pathways for radon in the subsoil (Ioannide et al. 2013; Ciotoli et al., 2014; Drolet and 623 

Martel, 2016; Ciotoli et al. 2017). It has a very important role at territorial scale since the presence of 624 

faults can locally increase the radon hazard as highlighted by soil gas survey (see section 4.1). 625 

Probably, the local character of the faulting process explains its negative correlation in the model as 626 

opposed to permeability which constitutes a spatially more homogeneous phenomenon. On the basis 627 

of these results, only the four most significant predictors are used to construct the final GRP map: 628 

TGDR, FD, thoron, PERM. 629 

 630 

5.4.2 Empirical Bayesian Regression Kriging (EBRK) 631 

Empirical Bayesian Kriging Regression tool in ArcGIS Pro was applied to provide an accurate 632 

estimate of the soil gas radon concentrations (used as dependent variable) and construct the map of 633 

GRP of the Euganean Hills by using the four most significant proxy variables identified in the OLS 634 

model (Table 6). Parameters used to simulate the experimental variograms within the EBKR are 635 

reported in Figure 8 and Table 2S). 636 



637 

Figure 8: Simulated variograms and parameters used within the EBKR to construct the GRP map of the Euganean 638 

Hills. 639 

 640 

This process creates a large number of semivariograms for each subset, and the result is an empirical 641 

distribution of semivariograms that are shaded by density (the darker the blue colour, the more 642 

semivariograms pass through that region) (Fig. 8). The empirical semivariances are represented by 643 

the blue crosses. In addition, the median of the distribution is coloured with a solid red line, and the 644 

25th and 75th percentiles are coloured with red dashed lines. 645 

Predictions are computed by fitting semivariograms with an exponential model and a smooth circular 646 

neighbouring type with a search radius of 2000 m (see Table 2S in the supplementary). 647 

The cross-validation graph shows that the predicted values of Rn concentrations (i.e., the GRP) match 648 

those measured at least for low-medium values, while the higher values appear to be slightly 649 

underestimated (Fig. 9a). 650 

Diagnostic parameters highlight that the 4-variable model is more robust (the model of variables 651 

selection is reported in Table 3S) than the 7-variable one. In particular, the model with 4 variables 652 

shows (Table 7):  653 

• a higher root mean squared standardized error (RMSSE) is 0.903, very close to 1 thus 654 

indicating a slightly underestimation of the variability of the predictions but a better 655 

performance than the 7-variable model;  656 

https://pro.arcgis.com/en/pro-app/help/analysis/geostatistical-analyst/binning-empirical-semivariograms.htm


• lower average standard error (ASE = 17.190) and root mean square error (RMSE = 17.424); 657 

the similarity of these two indices highlights that the model is correctly assessing the 658 

variability in prediction. Normal Probability Plot and histogram of the standardised error show 659 

a normal distribution, indicating that the model is unbiased (Fig. 9b);  660 

• a lowest Average CRPS (8.398). CRPS measures the deviation from the predictive cumulative 661 

distribution function to each observed data value. This value should be as small as possible. 662 

 663 

Table 7: Summary statistics of the EBRK prediction errors calculated for the models with 7 and 4 variables, respectively  664 

Models CRPS RMSE RMSSE ASE 
Model 7var:  
FD_TGDR_220Rn _TMI_HLI_PERM_SLOPE 8.470 14.575 0.864 17.890 
Model 4var:  
FD_TGDR_220Rn _PERM 8.398 17.424 0.903 17.190 

 665 

 666 

a 

 

b 

 

Figure 9: Diagnostic model goodness a) the normal Probability Plot; b) the histogram of the Standardised Error. 667 

 668 

The obtained estimated GRP map in kBq/m3 (Fig. 10) is consistent with the distribution maps of the 669 

radionuclide concentrations elaborated by Tositti et al. 2017, following the lithological distribution 670 

and outcropping, but it better represents the multivariate phenomenon also including information on 671 



the influence features of the studied area (i.e., faults and permeability), in correspondence to the fault 672 

system and the alluvial plain (Fig. 1). 673 

674 

Figure 10: The estimated GRP map expressed in kBq/m3 675 

 676 

5.4.3 Neznal Rn Potential map  677 

A second GRP map has been estimated following the Neznal approach (see formula 1, paragraph 2, 678 

Neznal et al., 2004)., called hereafter GRPNez. The GRPNez is dimensionless and expressed as a 679 

function of the Rn concentration in soil gas (CRn) and soil gas permeability (k). 680 

In this case, the EBRK was applied on the selected 4 proxies to obtain: i) the map of the estimated 681 

radon by using measured Rn concentrations in soil gas as dependent variable and the maps of the 682 

weighted TGDR and thoron as proxies (Fig. 11a); and ii) the map of the estimated permeability by 683 

using soil permeability from the ARPAV (1995 – 2000) as dependent variable, and the fault density 684 

(FD) as proxy (11 b). The standardized OBI indices were used to weight the different lithologies as a 685 

function of their relative content in radionuclides (Text 2S). 686 



  

Fig. 11a: EBRK map of the estimated soil gas radon. Fig. 11b: EBRK map of the estimated soil permeability. 
 687 

The raster calculator tool of ArcGIS pro was used to combine the two maps (Figs. 11a and 11b) 688 

according to Neznal formula. The obtained map (Figure 12) represents the GRPNez of the Euganean 689 

Hills in terms of radon delivered by Earth. The standardised map show areas > 0.4 (Fig. 12) 690 

corresponding to areas where are faults and the rhyolitic outcropping (see Fig. 1). The alluvial plain 691 

in the south of the area returns values in the range 0.2-0.4, while the north and the south of the 692 

Euganean body present the lowest values <0.2, where rhyolitic bedrocks are in small amount and 693 

extension than in the central part. 694 

The highest values (between 0.8 and 1) are consistently with the rhyolite outcropping in 695 

correspondence to the top of the hills, where the topsoil is shallow, and the slope is rise over.  696 

The high value found in the left of the map corresponds to the high radon measured along fault (Fig. 697 

4). 698 

 699 



700 

Figure 12: Standardised Geogenic Radon Potential (GRPNez) of the Euganean Hills Districs. 701 

 702 

Quartile comparison (in terms of km2) between the two standardized GRP maps shows very similar 703 

values (Table 8). However, the GRPNEZ is a more conservative with regards to anomalous areas 704 

(above 50%). 705 

 706 

Table 8: Summary of quartile statistics (%) in GRP and GRPNEZ maps, expressed in km2. 707 

Quartile (%) GRP (km2) GRPNEZ (km2) 
<25 1.055 1.051 

25-50 0.564 0.516 
50-75 0.117 0.160 
75-100 0.013 0.021 

 708 

In order to assess the reliability of the two approaches adopted, the GRP maps were also compared 709 

(Fig. 13) operating the ratio between them. Areas were divided into three classes: i) the class 08-1.2 710 

represents the areas in which the GRP maps coincide (ratio around 1); ii) the class with values less 711 

than 0.8, represents area where the GRP with the used EBRK on all the selected proxies (Fig. 10) 712 

prevails; and iii) the class with values greater than 1.2, represents areas where GRPNez map, that 713 

derived by the use of Neznal (Fig. 12), prevails. This comparison emphasized the good concordance 714 



between the two approaches used, showing that approximately the 25% of the area (red area in Fig. 715 

13) of the Euganean District falls the narrow range 08-1.2 (approximated at coincident, as equal to 716 

1).   717 

718 

Figure 13: Comparison by the ratio between the standardised and the GRP (Fig. 10) and GRPNez (Fig. 12) maps of the 719 

Euganean Hills Districs. 720 

 721 

6. Conclusions 722 

Previous studies demonstrated that in the volcanic area of the Euganean Hills district (100 km2) there 723 

were high levels of natural radioactivity. More recently, authors (Tositti et al. 2017) investigated by 724 

statistical and geostatistical analysis the correlation between local geology and radioactivity on 151 725 

rock samples identifying high U, Th and K concentrations associated with areas characterized by 726 

trachyte and rhyolite lithologies.  727 

The present investigation sheds further light on the relationship between local geology and 728 

radioactivity levels, extending the rocks dataset, performing on-site soil gas survey, and considering 729 

other important factors which can locally increase the radon occurrence, such as hydrothermal 730 



alterations, types of soils (e.g., geochemistry or presence of organic matters), and faults. A GRP map 731 

expresses in kBq/m3 was defined using the Empirical Bayesian Regression Kriging (EBRK) to assess 732 

the local spatial relationships between the measured soil gas radon concentrations and seven proxy-733 

variables: fault density (FD), total gamma radiation dose (TGDR), thoron (220Rn), digital terrain mode 734 

(SLOPE), moisture index (TMI), heat load index (HLI) and soil permeability (PERM). Lastly, a 735 

GRPNez map was reconstructed using the Empirical Bayesian Regression Kriging (EBRK) and 736 

applying the Neznal formula on a regression kriging map, expression of radon concentration, and a 737 

regression kriging map, expression of soil permeability. The two maps have been compared showing 738 

that are strongly coincident (in the range between 0.8 and 1.2, approximated to 1) for more than a 739 

quarter of the overall area of the District. 740 

More in detail, main results are the following:  741 

- on site gas soil measurements random performed covering all the studied area demonstrated: i) 742 

strong correlation between bedrock type and the soil radon and thoron exhalation and ii) high 743 

permeability displayed along fault zones. Moreover, these results agree with XRF and γ-spectrometric 744 

measurements suggesting that sedimentary bedrock may constitute a relatively thin layer above a 745 

much thicker volcanic body, which can contribute to surface radon concentration. Other factors can 746 

locally control the radon potential and its migration toward surface. For example, the presence of fine 747 

grain sediments in the cataclastic zone related to the fault damage zone may also favors the gas 748 

migration, or the presence of organic matter in the soils. In the specific case of the Euganean Hills 749 

district, for its high complex geological setting, these factors can all locally compete increasing or 750 

mitigating the radon occurrence. 751 

- The increased rock dataset agrees with the previous results obtained (Tositti et al. 2017) and 40K, 752 

238U and 232Th values were found particularly high in rhyolites. Descriptive statistics show four 753 

outliers identified in the rhyolite group (with the highest radioactivity concentration) which were 754 

deeply studied under mineralogical constrain. X-ray diffractions, hyperspectral images and Raman 755 

spectroscopy confirmed this high variability in secondary phases derived from alteration according 756 



to the type of environment and the stressed conditions (hydrothermal alteration and meteoric 757 

circulation through fault zones). 758 

- Natural radioactivity measured on colluvial and alluvial soils confirms that radon accumulation and 759 

exhalation are controlled by a complex interaction of different physical and geochemical factors. In 760 

particular two aspects were highlighted: i) the differences in bulk chemistry between rocks and the 761 

corresponding colluvial soils due to their polygenic nature with respect to the underlying bedrock; ii) 762 

the TGDR value for the alluvial top-soils resulted to be higher than any other TGDR value of colluvial 763 

soil because of the high organic content that produces reduced environmental conditions favouring 764 

Th- and U-concentrations. The study of alluvial soil cores (up to 3 meters of depth) collected in peat 765 

zones strong correlated soil organic matter (SOM) concentration with radioactivity level measured 766 

confirming a relation between these two parameters.  767 

- OLS data processing permitted to define the proxy-variables useful to apply in the EBRK model 768 

and to reconstruct an integrated radon concentration map. This agrees with the kriging maps obtained 769 

by Tositti et al. 2017 on the radioactivity of rocks, but it is integrated with other geological and 770 

topographical features that constrain the results in a more reliable way respect to the previous 771 

contributions. Areas characterized by volcanic or subvolcanic lithologies and those near a favourable 772 

pathway to radon migration should be of concern to promote collection of indoor radon measurements 773 

and mitigation actions regardless of the determined geogenic radon potential level.  774 

- The GRPNezmap was obtained applying the Neznal formula by the application of regression kriging 775 

between a map of the estimated soil gas radon concentration (with radon measured as dependent 776 

variables and TGDR and thoron measurements as proxy-variables) and a map of the estimated 777 

permeability (where the soil permeability is the dependent variable, and the fault density as proxy-778 

variables). The highest of the five classes obtained reflected the contribution due to the radon sources 779 

(derived in particular by volcanic bedrock types and alluvial soil) and the permeability factor 780 

especially identified with the fault presence.  781 



- Both the approaches here implemented for estimating the GRP of the studied area turned out to be 782 

useful mapping tools. They can be tested in future in other geological contexts. In case a good 783 

coincidence the GRP using all the proxy directly by the EBRK can be a promising alternative to the 784 

Neznal approach in terms of time consuming. 785 

Practically, the obtained results provide a powerful scientific background for planning new effective 786 

radon-prevention strategies in the studied area and support future indoor survey. They can actually 787 

be a meaningful support to local administrations for an up-to-date land use planning, according to the 788 

threshold levels stipulated by the Council Directive 2013/59/Euratom. 789 

The Euganean Hills District (Italy) resulted to be a very significant case of study for increasing 790 

knowledge in geogenic radon assessment and in mapping its related hazard for several aspects: the 791 

state of the art furnished by the previous works, the dwelling density, the high radioactivity levels 792 

measured in the past, as well as its complex local geology and topography. 793 
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Captions 798 

Figures: 799 

Figure 1: a) Sketch map of the investigated area; b) Scheme of a rhyolite dome on a sedimentary 800 

stratigraphy. 801 

Figure 2: Flux diagram: analyses (On-site and in Lab) performed on rocks and soils and statistical 802 

data processing for the GRP maps modelling. 803 

Figure 3: a) Box-and-whisker plot of radon concentration (kBq/m3) referred to the bedrock lithology; 804 

b) Box-and-whisker plot of radon concentration (kBq/m3) referred to the bedrock lithology. 805 



Figure 4: Influence of the presence of a fault on 222Rn concentrations and 222Rn/220Rn in soil gas. P1, 806 

cross-section (Vò-Boccon) on the north; P2 cross-section (Brunello-Piombà) on the south; P3 cross-807 

section (Lozzo Atestino) in the centre. 808 

Figure 5: a) Box-and-whisker plot of TGDR measured in rock samples; b) Box-and-whisker plot of 809 

TGDR measured in colluvial soil samples; c) Ternary plot (CaO-SiO2-Al2O3) representing the 810 

chemical characterization of rock samples; d) Ternary plot (CaO-SiO2-Al2O3) representing the 811 

chemical characterization of colluvial soil samples. 812 

Fig. 6: Mineralogical constrain of high-altered rhyolites (samples EUR26, EUR99, FG and F): a) 813 

Hyperspectral maps of the 1900 nm band. Highest values (red) correspond to deeper band depth, 814 

while lower values (blue) to shallower band depth; b) Fig. BB. SWIR spectra of the original rhyolite 815 

and the weathered portions. Original rhyolite spectra are featureless, whereas in the weathered areas 816 

the spectra show the OH absorption bands (1490 and 1900 nm) and the Metal-OH bands (between 817 

2200 and 2300 nm). In our samples the metal-OH bonds are mainly by Al-OH in the case; c) Raman 818 

spectra of uranophane in our rhyolite samples compared to the spectra of uranophane from the 819 

RRUFF database. For a detailed Raman study of uranophane see Colmenero et al., 2019. 820 

Figure 7: a) Comparison between Uranium content (ppm) and Soil Organic Matter (SOM, %) for 821 

alluvial soil fractions collected; b) Box-plot of alluvial and detritic soil permeability based on 822 

percentage of fine fraction (< 63 µm). 823 

Figure 8: Simulated variograms and parameters used within the EBKR to construct the GRP map of 824 

the Euganean Hills. 825 

Figure 9: Diagnostic model goodness a) the normal Probability Plot; b) the histogram of the 826 

Standardised Error. 827 

Figure 10: The estimated GRP concentration expressed in kBq/m3.  828 

Figure 11: a) EBRK map of the estimated soil gas radon; b) EBRK map of the estimated soil 829 

permeability. 830 

Figure 12: Geogenic Radon Hazard Index of the Euganean Hills District. 831 



Figure 13: Comparison by the ratio between the standardised and the GRP (Fig. 10) and GRPNez 832 

(Fig. 12) maps of the Euganean Hills Districs. 833 

 834 

Tables:  835 

Table 1: Materials and analytical methods. Schematic explanation of On-site and off-site (In Lab) 836 

measurements on samples of rock and soil. 837 

Table 2: Descriptive statistic of soil-gas radon (kBq/m3) concentrations in situ based the relative 838 

lithological bedrock. 839 

Table 3: Descriptive statistic and concentration of natural radionuclides 40K, 238U and 232Th 840 

(Bq/kg) and the estimated Terrestrial Gamma Dose Rate estimated (TGDR, nGy/h, UNSCEAR 2008) 841 

in rock samples, and in alluvial (from quaternary plane) and colluvial topsoil samples (distinguished 842 

by the bedrock type*) randomly collected. 843 

Table 4: Uranium (U, ppm) concentration and Soil Organic Matter (SOM, %) of different fractions 844 

at increasing depth from coring of three different alluvial soils (Vd1, Vd2 and Aq1). 845 

Table 5: Main diagnostic parameters of the OLS model. 846 

Table 6: OLS diagnostic coefficients for each variable. 847 

Table 7: Summary statistics of the EBRK prediction errors calculated for the models with 7 and 4 848 

variables, respectively 849 

Table 8: Summary of quartile statistics (%) in GRP and GRPNEZ maps, expressed in sq km. 850 

 851 

Supplementary materials:  852 

Tables:  853 

Table 1S: The EBRK process: input data is divided into overlapping 3 subsets of 50 points per 854 

subset. In each subset, semivariograms are estimated in each of the performed simulations (100 855 

simulations).  856 



Table 2S: Natural radionuclide concentration 232Th (ppm), 238U (ppm) and 40K (%), and the U/Th 857 

ratio in all rock samples. 858 

Table 3S: Diagnostic parameters of EBRK models calculated used a combination of proxy variables 859 

gradually eliminating the proxies from the highest to the lowest robust p-value of table 5. 860 

 861 

Figures: 862 

Figure 1S: Soil gas survey samples (red cycles) and rock and soil collected samples (white sqaure).863 

 864 

 865 

Figure 2S: PERM map of the Euganean Hill district (scale 1:50,000) (from ARPAV 1995 - 2000). 866 



867 

 868 

 869 

Figure 3S: FD, fault density map by kernel density estimation (KDE) (from the geological map of the 870 

Euganean Hill district (scale 1:25,000). 871 

872 

 873 



Figure 4S: a) simplified map of outcropping lithologies (alluvial soil is considered equal to an 874 

outcropping lithology) of the Euganean Hill district; b) TGDR, terrestrial gamma dose rate map 875 

calculated by the 40K, 238U, 232Th concentrations of the rock and the alluvial soil samples (Fig. 1S). 876 

877 

Figure 5S: 220Rn, thoron concentration map obtained by the on-site measurements carried out in situ 878 

with a portable RAD7 alpha detector at 126 sampling points distributed in the total area (Fig. 1S).  879 

880 

 881 

Figure 6S: a) The digital terrain model (DMT), and b) the SLOPE map derived. 882 



883 

Figure 7S:  a) HLI, the Heat Load Index map derived from the digital terrain model (DMT) (Fig. 884 

6Sa). 885 

886 

Figure 8S: TMI, Topographic Moisture Index map derived from the digital terrain model (DMT) (Fig. 887 

6Sa). 888 



889 

Figure 9S: a) Backscattered Electron Scanning Electron Microscopy (BSE-SEM) image of a 890 

marlstone containing zircon. Sample from Faedo (Euganean Hills). 891 

892 

Figure 10S: Comparison between the diffraction patterns (samples EUR26, EUR99, FG and F). 893 

Mineral abbreviations after Whitney and Evans (2010): Qz = quartz; Sa = sanidine; Pl = plagioclase; 894 

Crs = cristobalite; Ilt/sme = illite/smectite; Mnt = montmorillonite.    895 



896 

 897 

Figure 11S: Microscope images (reflected light) of elongated uranophane (Urn) crystals found in an 898 

alteration vein (sample FG). 899 

900 

  901 



Text: 902 

Text 1S: Principal Component Analysis (PCA) description. 903 

Text 2S: OBI standardization for each lithological class and the related TGDR weighted map. 904 

Text 3S: A) EBRK statistics for the estimation of source model (radon); B) EBRK statistics for the 905 

estimation of migration model (permeability). 906 
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