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Integrating radon and thoron flux data with gamma radiation mapping in radon-prone 
areas. The case of volcanic outcrops in a highly-urbanized city (Roma, Italy).

ABSTRACT

An integration of laboratory radon and thoron exhalation data with gamma radiation mapping is applied to 
assess the geogenic radon and the exposure of people to natural radiation in a highly-urbanized city (Roma, 
Italy). The study area is a protected territory where ignimbrites from Colli Albani volcano and alluvial 
sediments largely crop out. A map of total gamma radiation, a gamma transect across Caffarella valley and 9 
vertical gamma profiles have been carried out, showing that the main control of gamma levels is, of course, 
the lithological nature, without neglecting the simultaneous effect of other parameters such as slope 
morphology, erosion/weathering processes, occurrence of sinkholes or underground tunnels. The surveys 
allowed to distinguish the medians of ignimbrites (from 816 ± 16 cps to 936 ± 19 cps) from that of alluvial 
materials (611 ± 14) cps), but showed also that alluvial sediments with anomalously high radioactivity (769 
± 14 cps) can be locally recognized, providing valuable information on the interaction between 
sedimentation and erosion in fluvial valleys. Total gamma activity was converted into absorbed gamma dose 
rate ranging from 0.33 to 0.38 Sv/hr. Outdoor Annual Effective Dose Equivalents were also estimated 
between 0.58 and 0.67 mSv y-1. 

Laboratory radon and thoron exhalation rates of collected material are positively correlated with gamma 
radiation. Volcanic and alluvial sediments are well-discriminated. The correlation between the two variables 
is evident, but not robust because of the variable concentration  of 40K, which is not contributing to radon and 
thoron exhalation rates. Anomalous data of soil samples located at the foot of a slope can be interpreted as 
due to reworking and accumulation processes. Similar gamma radiation data documents analogous  
concentration of radon and thoron parent-nuclides, but coexisting different radon and thoron exhalation rates 
provides an additional information on different grain size distributions which can be considered as a proxy 
for soil gas permeability. 

The integration of gamma mapping and radon and thoron exhalation measurements is a very useful tool to 
assess people exposure to natural radiation, in terms of dose rates and potential indoor radon. Gamma 
mapping, which provides data on the radiation source (the bedrock) is fast and not expensive. It allows to 
obtain very detailed pictures of a study area, but it needs to be combined with laboratory determination of 
radon and thoron release in order to definitely and correctly interpret variations of gamma signal. 
Furthermore, laboratory determination of soil radon exhalation gives information on the release of radon and 
is a good proxy for soil gas permeability. It has the great advantage over in-situ measurements of gas flow 
not to be influenced by seasonal pedoclimatic parameters and is affected by lower analytical uncertainties. 
These data are thus reproducible and precise and can be used to estimate potential radon hazard, which is the 
main source of exposure and thus the most important parameter for human protection from environmental 
radioactivity.
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1.  Introduction

In many countries, assessment programs are carried out to identify areas where people may be exposed to 
high level of natural background radiation. Main sources of natural radiation are: i) radioactive gases 222Rn 
(hereafter called radon) and 220Rn (hereafter called thoron); ii) naturally occurring radioactive minerals in the 
ground and iii) cosmic radiation. Most of the average annual dose comes from indoor radon and gamma 
radiation from the ground (NCRP, 2009). Environmental monitoring and assessment programs often involve 
detailed mapping of indoor radon values in correlation with other parameters (e.g. lithology, soil radon, soil 
gas permeability or total gamma radiation) in order to optimize radon hazard maps at the municipal and/or 
regional scale (Ciotoli et al., 2017) and evaluate dose rates (Nguelem et al., 2016).



In the present work, an integration of laboratory radon and thoron exhalation data with ground gamma 
radiation mapping is applied to assess the geogenic radon and the exposure of people to natural radiation in a 
highly-urbanized city (Roma, Italy), where volcanic products and alluvial sediments largely crop out. 
Caffarella valley, a green area in Roma, is ideal for this kind of study because it is located in the center, very 
close to densely populated districts and can be used as a proxy for the whole city characterized by the same 
geological bedrock. This way, we study both the source of natural radiation and the transport of radon gas 
from the ground to indoor environments.

Gamma radiation from the ground is mainly due to gamma-emitting radionuclides in the 238U, 235U and 232Th 
decay series. In particular, 226Ra and 232Th are also precursors of 222Rn and 220Rn, respectively and are 
accordingly directly correlated with them (Voltaggio et al., 2006). Furthermore, 40K strongly contributes to 
gamma radiation in Roma and surrounding areas, where K-rich ignimbrites from Colli Albani and Sabatini 
volcanoes crop out (Castelluccio et al., 2010; Di Paolo et al., 2013). Since in-situ  determinations of 222Rn 
and 220Rn fluxes from the ground are actually long and affected by large uncertainties, due to changing 
physical conditions such as soil moisture, temperature and pressure gradients (Schery et al., 1989; Di Carlo 
et al., 2008; Perrier  and Girault, 2013), we chose to measure 222Rn and 220Rn exhalation rates in the 
laboratory to collect proxy-data of soil gas permeability (Tuccimei etal. 2006), which is a major factor to 
estimate the radon potential of selected areas.

The combination of laboratory measurements of soil radon and thoron exhalation with gamma radiation 
mapping is tested here either to display advantages and drawbacks of single methods or to stress the benefit 
of a multi-method approach to monitor and assess people exposure to natural radiation. 

2.  Geological setting

The study area is located in Appia Antica Regional Park (Roma, Italy) a 34 km2 protected territory extending 
from Colli Albani volcano to Roma downtown. More specifically, field activities were performed at 
Caffarella Valley (Fig. 1), a SE-NW trending valley, with a 20 km2 extension. 

Mafic, K-rich and silica undersaturated ignimbrites from Colli Albani volcano largely crop out in the valley 
(Giordano et al., 2006). They belong to the succession of “Pozzolane Tuffs” from “Vulcano Laziale” edifice 
erupted from about 500 to 355 ka. The oldest product is “Pozzolane Rosse” (RED in Figs 1 and 2), a non-
welded ignimbrite, tephritic in composition, covered by “Pozzolane Nere” (PNR in Figs. 1 and 2), a massive 
and chaotic tephritic-phonolitic ignimbrite. The last eruption of “Vulcano Laziale” caldera complex is “Villa 
Senni” formation consisting of two ignimbrites, “Tufo Lionato” (VSN1 in Figs 1 and 2) at the bottom and 
“Pozzolanelle” (VSN2 in Figs 1 and 2) on top. “Tufo Lionato” is tephritic-phonolitic in composition and is 
affected by a remarkably uniform zeolite alteration of the vitric matrix and of scoria clasts; “Pozzolanelle” is 
a massive and chaotic tephritic-phonolitic ignimbrite, poorly zeolitized, with its original matrix-supported 
texture (Giordano et al., 2006). 

Alluvial sediments (SFTba in Figs. 1 and 2), mostly derived from the alteration and erosion of ignimbrites 
from the Colli Albani district, crop out at the valley bottom. The mineralogical composition and the 
radionuclides distribution of alluvial sediments is very similar to that of soil developed on ignimbrites due to 
the presence of volcanics in these sedimentary deposits.  Radionuclide content is variable, but comparable; 
226Ra abundance range from 120 to 140 Bq/kg and 232Th activity concentration from 150 to 200 Bq/kg 
(Ciotoli et al., 2017 and references therein).

3. Material and methods

3.1. Field work 

A grid of 128 measuring points with a 5 m x 5 m spacing and covering an area of about 2625 m2 was 
established (Fig. 2) to map total gamma radiation and natural dose rates in Caffarella Valley (Roma, Italy). 



Coordinates were recorded with a GPS, but we also used a metric tape to verify the distances among  
measuring points.

A NE-SW trending, 500 m long transect consisting of 42 measuring points was set across the valley (Fig. 2) 
to reconstruct total gamma radiation outline to be interpreted as a function of topographical and geological 
profiles.

Nine vertical profiles from 0 to 200 cm height were also placed over different geological bedrocks, with a 
vertical spacing of 20 cm (Fig. 2), to define total gamma activity change at increasing distance from the 
ground. 

Twelve different soil samples were collected in the same area (Fig. 2), from either measuring points of the 
gamma radiation map or points in the transect or from vertical profiles locations, to analyze their radon and 
thoron exhalation rates.

3.2. Equipment and laboratory methods

3.2.1. Total gamma radiation

Field surveys of total gamma radiation were carried out using a digital ratemeter connected to a scintillator, 
5.1 cm x 5.1 cm (diameter x length). The ratemeter (model 2241-3, Ludlum Measurements, Inc.) is equipped 
with a built-in scaler that provides timed counts over a user specified period. The gamma detector (model 44-
11, Ludlum Measurements, Inc.) collecting gamma radiation from 60 keV to 2 MeV is optically coupled to a 
photomultiplier tube, 5.1 cm in diameter. The sensitivity is typically 900 cpm per 0.01 Sv/hr (137Cs).

The gamma scintillator was kept in vertical position at a height of 1 m above ground, except for vertical 
profiles when measurements were repeated every 20 cm, from the ground up to 2 m height. A time of 20 
seconds was always selected as count time and each measurement was repeated at least five times in order to 
check for data reproducibility and estimate the uncertainty which was constantly below 2 %.

Gamma radiation measurements were performed on several days during the summer, when it was very hot, 
without wind. We worked mainly in the early morning in order to avoid the hottest part of the day. Since 
climatic conditions were very stable, we checked for any possible data drift over time, simply by repeating 
measurements at a couple of measuring points every two hours. No significant variations were recorded. 
They were always less than 2%, which was the value estimated for the uncertainty of  single measurements.

3.2.2. Radon and thoron exhalation rates 

The experimental set-up to measure radon and thoron exhalation rates makes use of a RAD7 radon monitor 
(Durridge Company Inc.) equipped with a silicon alpha detector, in line connected to an accumulation 
chamber, consisting of a 5.1 L modified stainless steel pressure cooker with a mechanical tightness system. 
The experimental configuration, firstly presented in Tuccimei et al. (2009), is an improvement of that 
described in Tuccimei et al. (2006). 

The instrument draws air from the chamber, through an inlet filter, into the monitor. The air is then returned 
to the vessel from the RAD7 outlet. The filtered air decays inside the monitor chamber, producing detectable 
alpha emitting progeny. A high voltage of 2500 V is applied to the chamber walls. The solid-state silicon 
detector converts alpha radiation directly to an electrical signal discriminating the electrical pulses generated 
by -particles from the short-lived radon and thoron daughters (218Po and 216Po, respectively). Using this 
approach (SNIFF MODE), it is possible to reach a rapid equilibrium between polonium and radon nuclides 
and set the duration of measurement cycles at 1 hour. The 222Rn growth curve is monitored for about 16-18 
hours, depending on the alignment of data-points (Tuccimei et al., 2009), in order to calculate the exhalation 
rate that is proportional to the slope (m) of the growth curve. The measurement allows the simultaneous 
determination of 222Rn and 220Rn exhalation rates and is referred to the surface of the material (0.0346 m2).



About 1 kg of soil sample was dried at 100 °C for 24 hours. Before being introduced in the accumulation 
chamber, the sample was stored in a PVC box for 15 minutes to wait for it to cool. At the same time the 
experimental set-up was purged to reach a relative humidity lower than 10 % at ambient temperature (about 
0.001 g of water in RAD7 volume). Afterwards, the desiccant was removed because it would have absorbed 
part of radon released by the sample, reducing the slope of the growth curve. Working this way, the absolute 
humidity did not increase during the experiment, making negligible the correction for reduced detector 
efficiency due to the effect of water molecules on the electrostatic collection of 218Po ions at the surface of 
the silicon detector (De Simone et al., 2016).

222Rn (E222, Bq m-2 h-1) and 220Rn (E220, Bq m-2 h-1) exhalation rates are calculated using the equation 
provided below:

                                                                                                                                      𝐸222 =
(𝑚 +   𝜆222 ∙ 𝐶0) ∙  𝑉

𝑆
(1)   

                                                                                                                    

                                                                                                                           (2)  𝐸220 =
𝜆220 ∙  𝑉0

𝑆  
𝐶𝑚

𝑒 
‒ 𝜆220 · (𝑉1 / 𝑄) 

where m [Bq m-3 h-1] is the initial slope of the radon growth curve,  and    are  Rn and Rn decay 
constants [h-1], C0 is the initial radon concentration [Bq m-3], V is the free total volume of the analytical 
system [m3], S is the surface of the accumulation chamber, Cm is the equilibrium 220Rn concentration [Bq m-

3], V0 and V1 [m-3] are the free volume of the accumulation chamber and the volume between the outflow of 
the accumulation chamber and the inflow of the radon monitor, respectively. Q is the flow rate in the system.                                                                               

The second term of equation 2 corrects for the decay of 220Rn during the transport in the closed system, 
because thoron half-life (0,93 min; Ishimori et al., 2013) is comparable with time required to complete a 
whole loop, causing the underestimation of thoron activity concentration. 

3.2.3. Data processing and Mapping 

Total gamma activity, expressed as counts per second (cps) and dose rates (Sv/h) data were processed with 
Surfer® (Golden Software), a contouring  and analysis software, using the kriging method. Kriging allows 
total gamma activity and dose rates to be estimated at unsampled locations as a weighted linear combi- 
nation of neighboring observations. It is an unbiased estimator that minimizes the estimation variance 
(Lewicki et al., 2005). The experimental semi-variogram used for interpolation was a linear model in order 
not to lose information on the lithological and topographical control of radiation data.

Total gamma values were converted into dose rates using the sensitivity provided by Ludlum Measurements, 
Inc. (900 cpm = 0.01 Sv/hr of 137Cs). A map of dose rates correspondent to that of total gamma activity was 
then obtained using the approach described above. 

Gamma dose rates were then expressed as absorbed dose rates (D, S/hr) by multiplying dose rate by a 
factor of 0.7 (Unscear, 2000) and as annual outdoor effective dose equivalents (AEDEout) according to the 
following equation (Unscear, 2000)

AEDEout = D · T · F/ 103                                                                                                                             (3)

where T is the number of hours in one year (8760 h·y-1) and F is the outdoor occupancy factor (assumed 
equal to 0.2). 



 4. Results 

4.1. Total gamma radiation map

The map of total gamma radiation, plotted over a geological sketch, is reported in Fig. 3a. The experimental 
semi-variogram used for the map preparation is reported in the Supplementary Material (Fig. S1). Detected 
values (Table S1 in supplementary material) range from 707 to 1026 cps and tend to increase towards the SE 
margin. An area of low values is observable at NE, in the sector where a sinkhole developed. 

From a careful examination of the map, it is possible to identify a general lithological control of the 
outcropping volcanic units on gamma radiation. Highest gamma values characterize “Pozzolane Rosse” (905 
- 1026 cps) and to a lesser extent “Pozzolane Nere” (885 - 947 cps) ignimbrites, whereas lower data were 
obtained for “Tufo Lionato” (823 - 920 cps) and “Pozzolanelle” units (886 - 707 cps), likely containing 
lower concentration of gamma-emitting radionuclides (40K, 226Ra and 232Th). 

This scenario is better constrained by the Median and the Median Absolute Deviation (MAD) of gamma 
radiation data sorted by geology (Table 1). “VSN2 no sinkhole” in Table 1 is referred to VSN2 ignimbrite, 
excluding the area in proximity of the sinkhole, whereas “VSN2 sinkhole” is referred to VSN2 ignimbrite, 
only in the sinkhole. The difference between the two groups of measurements (832 ± 17 versus 742  ± 15cps, 
see Table 1) is statistically significant when considering MAD values and is probably due to a likely effect of 
the collapsed area on gamma radiation detection.

In addition to that, another driver (hereafter called topographical effect) seems to influence detected total 
gamma radiation, as the large range of gamma signal of “Pozzolanelle” ignimbrite suggests. The region 
where this tuff crops out actually includes a flat portion (area 2 in Fig. 4a) and three more areas with 
different slopes (areas 1, 3 and 4 in Fig.4a), not including the sinkhole area, with an irregular topography.

Considering that the gamma detector was always kept in vertical position during the field survey, different 
angles between the source of gamma radiation (the bedrock slope) and the detector sensitive area are 
produced, modifying the extent of the sensitive area hit by gamma rays (detection efficiency), with larger 
gamma radiation detected at higher ground slopes (Fig. 4a). 

If the ratio (Y) between cps over VSN2 at a given site (whose slope is measured) and cps over the same 
bedrock at 0 degrees (flat condition) is plotted versus the correspondent slope (X), we obtain a fit equation 
(Fig. 4b):

Y = 0.0013 * X + 1.0014                             (4)

This equation can be applied to correct gamma radiation data over different geological bedrock, by dividing 
the experimental cps measured on the field by Y, provided that the slope is known.  

Corrected gamma radiation data are reported in the supplementary material. The Median and the MAD of 
corrected value sorted by geology are reported in Table 1. This correction enhances differences among 
geological units, keeping unchanged the relative balance. 

Total gamma activity map was converted into gamma dose rate map (Fig. 3b) using the sensitivity reported 
by Ludlum Measurements, Inc. (900 cpm = 0.01 Sv/h). Dose rate values range from 0.41 to 0.59 Sv/hr, 
with highest dose for “Pozzolane Rosse” (0.52 - 0.59 Sv/hr ) and “Pozzolane Nere” (0.51 - 0.55 Sv/hr) 
and lower rates for “Tufo Lionato” (0.48 - 0.53 Sv/hr)  and  “Pozzolanelle” (0.41 - 0.51 Sv/hr) 
ignimbrites. These values are within the range of ground dose rates (0.17 – 0.81 Sv/hr) obtained for another 
volcanic area, 50 km N of Roma (Caprarola, Italy) by Ruggiero et al. (2018).  



If gamma radiation data corrected for the slope effect (Table S1) are firstly converted into dose rate (using 
the sensitivity provided by Ludlum measurements Inc. (see section 3.2.1) and then converted into absorbed 
dose rates (Table 1), as described in section 3.2.3 (Unscear, 2000), it is possible to obtain the by geology 
median and MAD of absorbed dose rates. They range from 0.33 Sv/hr (VSN2) to 0.38 Sv/hr (RED); VSN1 
is characterized by a value of  0.33 Sv/hr and PNR of 0.35 Sv/hr. 

To get an idea of the values measured at Caffarella valley area, absorbed gamma dose rates (D) can be 
converted into outdoor Annual Effective Dose Equivalents (AEDEout) using equation 3 (Unscear, 2000):

The resulting range of values is equal to 0.58 – 0.67 mSv y-1 which is lower than  the average value of 0.85 
mSv y-1, calculated for Latium Region (Ruggiero et al.,  2018), but about 6 times higher than the population-
weighted world's average of 0.106  mSv y-1 (Unscear, 2000). 

4.2. Total gamma radiation transect across Caffarella valley

A total gamma radiation profile across Caffarella valley (see Fig. 2 for location) is reported in Fig. 5a and 
compared with the corresponding schematic topographic - geological profile (Fig. 5b). 

Highest values are generally related to ignimbrites (658-836 cps), compared to alluvial deposits (579-686 
cps). Alluvial materials, locally mixed with detrital cover of volcanic origin (678-789 cps) and accumulated 
at the foot of the a slope (see green triangles in Fig.5) show relatively higher values. “Pozzolane Rosse” 
ignimbrite are characterized by the larger range of gamma values (658 to 836 cps), while “Pozzolane Nere” 
and  “Pozzolanelle” ignimbrites fall within the “Pozzolane Rosse” field, showing total gamma values of  715 
– 833 cps and 686 – 721 cps, respectively.

It is evident that the median of total gamma radiation recorded for volcanic materials along the transect (722 
cps) never reaches levels reported in the map (890 cps). The median of “Pozzolane Rosse” and “Pozzolane 
Nere” ignimbrites in the transect (718 and 783 cps, see Table 2) is about 25 and 15 % lower than 
corresponding values in the map (see table 1), probably because the transect intercepts a network of artificial 
galleries on its SW end (Fig. 2) and the lack of large rock volumes relatively reduces the strength of the 
radiation source (the bedrock). With reference to the median of “Pozzolanelle” ignimbrite in the transect 
(713 cps, see Table 2), the relative decrease is about 15 %, but much lower (just 4 %), if we use just values 
of VSN2 in the map where the sinkhole is located (see Fig. 3). This provide a good key to interpret low 
gamma radiation values of VSN2, and presumably of other ignimbrites in the transect, compared to 
correspondent values in the map.

Gamma dose rates obtained for the transect range from about 0.39 to 0.48 Sv/hr. Values fall within the 
range of 0.41 - 0.59 Sv/hr identified for the map. If dose rates are converted in absorbed dose rate and 
AEDEout, values of 0.27 – 0.34 Sv/h and 0.47 – 0.60 mSv/y come out, perfectly compatible with other 
volcanic areas around the world (Bekelesi et al., 2017; Sahin et al., 2017; Sharma et al., 2017).

4.3. Vertical profiles of total gamma radiation 

Nine vertical profiles of total gamma radiation from 0 to 200 cm height were carried out over different 
geological bedrocks, with a vertical spacing of 20 cm (Table S3 and Fig. 6).  All of them are characterized by 
a common trend; highest gamma signal was measured at ground level with a general decrease up to 1 meter 
height, followed by a small fluctuation around an average value between 1 and 2 meters above the ground.

Gamma radiation values at the ground depend on radionuclides abundances (locally modified by weathering 
processes), topographic setting and sinkhole occurrence. Generally speaking, lowest value are recorded over 
alluvial sediments (P2) and backfill materials of volcanic origin (P4 and P5), if the profile above the asphalt 
is not taken into consideration (P1). Progressively higher values are referred to “Pozzolane Rosse” (P3 and 
P6), “Pozzolanelle” (P7 and P8) and “Tufo Lionato” (P9).



Different average values recorded over “Pozzolane Rosse” ignimbrite (P3 and P6) depend on the location of 
the profile with reference to the slope. Profile P6 was undertaken at the foot of the slope and is probably 
affected by accumulation of leached radionuclides. This issue is discussed in the next section, because 
sample CAF8 for radon and thoron exhalation rates was collected right there.

4.4. Radon and thoron exhalation rates

In order to investigate the geological control of gamma radiation, radon and thoron fluxes of soil samples 
have been measured in the laboratory rather than on the field for feasibility reason. In-situ direct 
determinations are actually longer and affected by larger uncertainties, due to changing physical conditions 
such as soil moisture, temperature and pressure gradients (Schery et al., 1989;  Di Carlo et al., 2008; Perrier 
and Girault, 2013).

Twelve soil samples were analyzed for radon and thoron exhalation rates (Table 3). 222Rn release ranges 
from 0.362 (sample CAF1, alluvial sediments) to 3.829 (sample CAF8, “Pozzolane Rosse” ignimbrite) Bq 
m-2 h-1, while 220Rn exhalation rates vary between 3,695 (CAF1) and 17,859 (CAF 8) Bq m-2 h-1. Generally 
speaking, analyzed materials with higher radon emission are also characterized by higher thoron release 
(Table 3). A good correlation coefficient (R2) of 0.87 can be calculated. It is now interesting to compare both 
exhalation rates with total gamma radiation (Fig. 7a and b). At a first glance, it is evident that alluvial 
sediments and ignimbrites are characterized by comparable radon and thoron exhalation rates, but 
ignimbrites definitely show higher total gamma radiation, as indicated by the arrows in Fig. 7a and 7b. This 
is due to the high 40K activity concentration of ignimbrites cropping out at Caffarella Valley (Castellucio et 
al., 2010). Alluvial sediments, somewhat mixed with backfill of volcanic origin, are plotted on the left side 
of the arrows, whereas volcanic materials, mainly “Pozzolane Rosse” and “Pozzolanelle” ignimbrites are 
reported on the right end of the graph. Within this last sector, lower values of total gamma radiation affect 
“Pozzolanelle” outcropping in proximity of sinkholes; CAF5 and CAF6 were collected in the mapped area 
(see Figs. 2 and 3) and CAF 10 at the SW edge of the transect (see Figs. 2 and 5). Conversely, CAF 7 is 
located on the sector of the mapped area which is characterized by the highest slope (area 4 in Fig.4); its 
gamma signature mostly coincides with the average value calculated for that sector (area 4 in Fig. 4). 

Finally, CAF 8 (profile P6) is characterized by the highest values of all parameters. It is located at the foot of 
the high slope sector of the mapped area and its peculiar signature is probably due to the interaction with 
rainfall and runoff water that have leached radionuclides along the slopes and then accumulated them at the 
slope foot. The same correspondence between increased activity concentration of gamma-emitting nuclides 
(such as 226Ra and 232Th) and stronger radon and thoron exhalation rates is recorded by Ibrahim et al. (2018) 
and is attributed to grain size progressive reduction due to weathering along the slope of tailings containing 
high concentrations of 226Ra. 

5. Discussion 

Gamma radiation survey was carried out in early mornings of a very hot and dry summer, characterised by 
stable atmospheric conditions. This made the variability of gamma radiation during the working hours at a 
couple of reference sites lower than the uncertainty of single measurements (2%). 

Once any significant temporal drift was excluded, gamma radiation data were corrected for the effect of a 
changing ground slope on the detection efficiency of the gamma scintillator, using average data of VSN2 
ignimbrite. The experimental correlation between average cps and average slope of VSN2 in the mapped area 
(Fig. 4a) allowed us to reduce the noise generated by the natural variability of ignimbrites and was used to 
find a simple equation (equation 4) to correct gamma radiation of any bedrock, provided that the slope is 
known. 

https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Schery%2C+S+D


As a third step, we applied non-parametric statistics (Median ± MAD) to assess if soils developed over 
different ignimbrites could be distinguished between each other or from alluvial sediments (Tables 1 and 2). 
The survey allowed us to distinguish the medians of ignimbrites in the mapped area (from 816 ± 16 cps to 
936 ± 19 cps) from that of alluvial materials in the transect (611 ± 14) cps). 

Total gamma radiation provides information on the nature and composition of the bedrock, in terms of  226Ra, 
232Th and 40K activity concentrations. In order to demonstrate that, we compared  the average 226Ra, 232Th 
and 40K activity concentration of soils developed over RED, VSN1 and VSN2 ignimbrites at Caffarella valley 
(Castelluccio et al., 2010) with the median of gamma radiation (corrected for the slope-effect, Table 1) 
recorded for the same materials in the present work (Fig. 8). The plot qualitatively shows a nice correlation 
of total gamma radiation with the sum of 226Ra, 232Th and 40K and with 40K activity concentration, but no 
correlation with the sum of 226Ra and 232Th. This evidences the major role played by 40K, which is 
particularly enriched in the soil over RED ignimbrite, consistently characterised by the highest median of 
total gamma radiation. Accordingly, VSN1 and VSN2 are relatively less enriched in 40K.

Not all ignimbrites can be distinguished on the basis of the total gamma radiation (see Table 1 and 2), but in 
some cases, a relatively high median of gamma radiation (769 ± 14 cps in Table 2) may suggest that alluvial 
deposits, characterised by a median of 611 ± 14 cps (Table 2) are mixed with backfill of volcanic origin, as 
observed in the transect, at the foot of a slope.

The high activity concentration of 226Ra (140-150 Bq/kg), 232Th (210-230  Bq/kg) and 40K (from about 300 to 
700 Bq/kg) reported in Castelluccio (2010) also justifies the high ground dose rates recorded at 1 m height 
(Table 1) and correspondent absorbed dose rates: from 0.33 Sv/hr (VSN2) to 0.38 Sv/hr (RED). These 
values are higher than absorbed average dose rate of Latium Region, Italy (0.18 Sv/hr, Unscear, 2000), but 
lower than 0.56 Sv/hr, average dose  reported for the city of Orvieto in Central Italy (Unscear, 2000) where 
K-rich ignimbrites crop out. Similar dose rates (340 Sv/hr) were reported for Brazil (Mineas Gerais, Goias, 
Pocos de Caldas and Araxá areas) characterised by the presence of volcanic intrusive rocks and for China 
(Yangjiang and Quangdong), 370 Sv/hr, where rocks are particularly rich in monazite (Unscear, 2000). 

Another issue is the effect of sinkholes and underground tunnels on gamma radiation data, as demonstrated 
by the comparison of the median (not corrected for the slope) recorded over VSN2 ignimbrite excluding the 
sinkhole (832 ± 17 cps, Table 1) and that obtained for the same bedrock in the sinkhole area (742 ± 15 cps, 
Table 1). A significant decrease is observed, displaying that the lack of a large rock volume reduces the 
strength of the radiation source. This is also confirmed by the median of gamma radiation data recorded for 
the same bedrock in the transect (713 ± 14 cps in Table 2) where underground passages and collapsed 
galleries are recognized (see red dashed ellipse in Fig.2). The presence of these structures also justifies the 
low median obtained for RED (773 ± 14 cps, Table 2) and PNR (718 ± 14 cps, Table 2) ignimbrites in the 
transect, compared with values of  correspondent bedrocks (955 ± 19 and 906 ± 18 cps, respectively, Table 
1) in the mapped area.

The nine vertical profiles reflect the geochemical composition of different bedrocks. In order to quantify the 
trend of gamma radiation decreasing with height, we firstly normalized cps at any elevation to cps at ground 
level for each profile (see Table S4). Then, we obtained an average vertical profile, representative of the 
gamma radiation trend in very stable climatic condition (early morning of sunny days, without wind). The 
profile shows that gamma signal decreases from 0 to 1,40 m, with a slight increase up to 2 m. This is likely 
due to a progressive increase of the distance between the radiation source and the detector in the lowest tract 
of the profile. The slight growth and the larger variability of the signal in the highest profile probably 
depends on progressively less abundant gamma-emitting radon progeny formed in the air column from the 
decay of exhaled radon. Data were fitted with a polynomial function (see Fig. S1) where relative gamma 
radiation change (y) depends on elevation (x) this way:

y = 1 + 3.95·10-4 x – 1.59·10-5 x2 - 5.65·10-9 x3 + 8.3010-10 - 2.50·10-12                                                                                             (5)

Radon and thoron exhalation rates (E222 and E220) depend on activity concentration of 226Ra and 232Th and 
thus a correlation with total gamma radiation is expected (see Fig. 7a and b). The correlation coefficients 
(R2) obtained for E222 vs cps was 0.58 and for E220 vs cps, 0.71. The correlation is evident, but not robust 
because of the variable concentration  of 40K, which is not contributing to radon and thoron exhalation rates. 



The anomalous location of CAF8 with reference to other samples in Figures  7a and b can be interpreted as 
due to reworking and accumulation processes at the slope foot in the transect, evidencing active leaching or 
accumulation processes.

Another factor influencing radon and thoron release is grain size as proxy for soil gas permeability 
(Tuccimei et al., 2006; Castelluccio et al., 2015; Gresse et al., 2018). Soil gas permeability is a key-
parameter to identify areas where population is potentially exposed to high indoor radon concentration 
(Ciotoli et al., 2017). Furthermore, laboratory determination of exhalation rates has the great advantage over 
in situ determination of radon and thoron gas flows, not to be influenced by seasonal pedoclimatic 
parameters and is affected by lower analytical uncertainties. These data are thus reproducible and precise and 
can be used to evaluate radon hazard, which significantly contribute to human exposure to environmental 
radioactivity.

The integration of gamma mapping, which contribute to assess the strength of the radiation source and 
laboratory radon and thoron exhalation measurements, which give indication on radon transport, is a very 
useful tool to assess people exposure to natural radiation. This series of joint information  emphasizes the 
prevailing role of the geological bedrock in the assessment of radiation hazard. Consequently, Caffarella 
valley and Roma itself can be considered either as areas of high natural radiation background, where 
ignimbrites crop out or areas with a reduced  hazard in proximity of river valleys where alluvial sediments 
occur. 

6. Conclusions

The main conclusions of this integrated study on radon and thoron exhalation rates and gamma radiation 
mapping in Caffarella valley (Roma, Italy) can be summarized as follows:  

 This study suggests the advantages of a multi-method approach to study environmental radioactivity 
which allows to bypass specific drawbacks associated to single methods.

 The choice of a green area, located in close proximity of densely populated districts, has allowed to 
evaluate how the geological bedrock of large cities influences people exposure in the nearby strongly 
urbanised neighbourhoods. 

 The nature of the local rocks (rich in 226Ra, 232Th and mostly 40K) allows correlations between fast 
gamma dose rate measurements and 222Rn and 220Rn fluxes.

 Main parameters affecting the values of radon release and ground gamma radiation resulted to be 
radionuclide abundances, slope morphology, possible accumulation or leaching processes, 
occurrence of underground caves or tunnels. 

 These data are useful for a preliminary assessment of citizen exposure to natural radioactivity 
because are the basis for the evaluation of gamma dose rates and may be useful for estimating soil 
radon release.
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Figure Captions

Fig. 1. Geological map of Caffarella valley (Roma, Italy; Funiciello et al., 2008). STFba, alluvial deposits; 
RED, “Pozzolane Rosse” ignimbrite; PNR, “Pozzolane Nere” ignimbrite; VSN2, “Pozzolanelle” ignimbrite, 
LTT, “Tufi stratificati varicolori di La Storta” ignimbrite.  The square area delimited by a dashed line marks 
out the study site (see Fig. 2).

Fig. 2. Study site at Caffarella valley (Roma, Italy). STFba, alluvial deposits; RED, “Pozzolane Rosse” 
ignimbrite; PNR, “Pozzolane Nere” ignimbrite; VSN2, “Pozzolanelle” ignimbrite. The red line represents a 
500 m transect (T#) with 42 gamma radiation measuring points. Diamonds indicate sites where vertical 
profiles of gamma radiation (P#) or soils samples for radon and thoron exhalation rates (CAF#) have been 
taken. Red rectangle represents the area covered with 16x8 gamma radiation measurements. The red dashed 
ellipse marks sinkholes and underground artificial tunnels.

Fig. 3. Total gamma activity map plotted over a geological sketch of the study area (Fig. 3a). VSN2 stands 
for “Pozzolanelle” ignimbrite; VSN1 is “Tufo Lionato” ignimbrite; PNR is “Pozzolane Nere” ignimbrite; 
RED is “Pozzolane Rosse” ignimbrite. The dashed line delimits a sinkhole. The equivalent ground dose rate 
map is reported over a Google Earth image in Fig. 3b. Stars indicate locations where some samples for radon 
and thoron exhalation rates determination were collected: yellow is CAF5, red is CAF6, black is CAF7 and 
green is CAF8.

Fig. 4. Average total gamma radiation (expressed in counts per seconds, cps) detected over “Pozzolanelle” 
ignimbrite (VSN2) versus average ground slope of four different sectors in the map.  A progressively larger 
sensitive area of the gamma detector (evidenced in yellow) is invested when the bedrock slope (the green 



line) increases, enhancing detector efficiency. The box at the lower right corner shows the four sectors, part 
of mapped area (red line) and the sinkhole (dashed line). See Fig. 3 for reference. A linear correlation 
between the ratio of cps over VSN2 ignimbrite with a given slope and cps over the same bedrock in flat 
condition is plotted versus the slope (Fig. 4b) to correct cps data over any bedrock, provided that the slope is 
known.

Fig. 5. Total gamma activity transect across Caffarella Valley (Fig. 5a), compared with a corresponding 
simplified geological section (Fig. 5b) See Fig. 2 for location. Different symbols are used to specifically 
characterize outcropping geological materials. Red squares are “Pozzolane Rosse” ignimbrite; blue triangles 
are alluvial sediments; green triangles are alluvial sediments probably mixed with materials of volcanic 
origin, accumulated at the slope foot; violet diamonds are “Pozzolane Nere” ignimbrite; orange circles are 
“Pozzolanelle” ignimbrite.

Fig. 6. Vertical profiles of total gamma radiation over different geological bedrock: 1 Asphalt;  2 Alluvial 
sediments (STFba); 3 and 6 “Pozzolane Rosse” ignimbrite RED); 4 and 5 backfill of volcanic origin; 7 and 8 
“Pozzolanelle” ignimbrite (VSN2); 9 “Tufo Lionato” (VSN1) ignimbrite. See Fig. 2 for location. 

Fig. 7. 222Rn (a) and 220Rn (b) exhalation rates of geological materials versus corresponding gamma signal. 
Open squares are alluvial sediments and backifill materials; closed squares are ignimbrites (red for 
“Pozzolane Rosse” and green for “Pozzolanelle”); the closed triangle (CAF 11) is a mixture of alluvial 
material mixed with backfill of volcanic origin.

Fig. 8. 226Ra, 232Th and 40K activity concentration of soils developed over RED, VSN1 and VSN2 ignimbrites 
at Caffarella Valley (data from Castelluccio et al., 2010) versus the median of total gamma radiation in the 
mapped area (Table 1). 

Table captions

Table 1. Median and median absolute deviation of gamma radiation data and dose rate in the map sorted by 
geology.

Table 2. Median and median absolute deviation of gamma radiation along the transect sorted by geology

Table 3. 222Rn (E222) and 220Rn(E220) exhalation rates, gamma radiation and dose rates of alluvial, backfill and 
volcanic materials from Caffarella Valley (Roma, Italy).

Supplementary material

Figure captions

Fig. S1. Linear semivariogram used to interpolate gamma radiation and dose rates data of the maps 
reported in Figs. 3a and 3b.

Fig. S2. Relative increase of gamma radiation with reference to the ground of an average vertical profile 
(see Table S4) plotted versus the elevation from the ground.

Table captions

Table S1. Coordinates, geological information  gamma radiation data (raw and slope-correcetd, cps) and 
dose rates in the map.



Table S2. Coordinates, geological information and  gamma radiation data (cps) of the transect.

Table S3. Coordinates and  gamma radiation data of vertical profiles.

Table S4. Gamma radiation data along the vertical profiles, normalized with respect to the value at ground 
level.

Table 1. Median and median absolute deviation of gamma radiation data and dose rate in the map sorted by geology.

VSN2 no sinkhole 832 17 816 16 0.47 0.01
VSN1 890 18 856 17 0.50 0.01
PNR 906 18 877 18 0.51 0.01
RED 955 19 936 19 0.54 0.01

VSN2 sinkhole 742 15 n.c. n.c. n.c. n.c
CPS corr. refers to the correction for the topographical effect according to equation 3; n.c. stands for not corrected

Geology
Dose Median 
(corr. slope) 

Sv/h

Dose MAD 
Sv/h

CPS 
Median

CPS
MAD

CPS corr. 
Median

CPS corr.
MAD

Table 2.  Median and median absolute deviation of gamma radiation along the transect sorted by geology

VSN2 sinkole 713 14
SFTba 611 14

SFTba +  volcanic backfill 769 14
PNR 773 14
RED 718 14

Geology CPS Median CPS
MAD



Table 3. 222Rn (E222) and 220Rn(E220) exhalation rates, gamma radiation and dose rates of alluvial, backfill and volcanic materials 
from Caffarella Valley (Roma, Italy).

E222 E220 Gamma radiation (cps) Dose rate
Bq m-2 h-1 Bq m-2 h-1 (cps)  (Sv h-1)

CAF1 Alluvial / Backfill Profile 2 0.362 ± 0.073 3695 ± 317 639 0.426
CAF2  Backfill of volcanic origin Profile 5 0.862 ± 0.037 4822 ± 314 670 0.447
CAF3  Backfill of volcanic origin Profile 4 1.327 ± 0.055 5814 ± 277 630 0.420
CAF4 "Pozzolane rosse " Profile 3 1.104 ± 0.076 7384 ± 388 688 0.459
CAF5 "Pozzolanelle" Map E8, profile 7 1.282 ± 0.066 8607 ± 476 714 0.476
CAF6 "Pozzolanelle" Sinkhole 1.448 ± 0.030 5088 ± 457 701 0.467
CAF7 "Pozzolanelle" Map G4 1.748 ±  0.036 9847 ± 739 858 0.572
CAF8 "Pozzolane rosse" Map P8, profile 6 3.829 ± 0.030 17859 ± 623 946 0.631
CAF9  Backfill of volcanic origin  - 1.340 ± 0.026 6651 ± 391 697 0.465

CAF10 "Pozzolanelle" Transect, T42 1.459 ± 0.046 7913 ± 496 715 0.477
CAF11 Alluvial/Backfill Transect, T23 1.379 ± 0.048 6812 ± 399 810 0.540
CAF12 Alluvial/Backfill Transect, T9 1.595 ± 0.027 6020 ± 353 595 0.397

Sample Material Note ± 2 ± 2






















