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ABSTRACT
Terrestrial gamma radiation is mostly due to radionuclides in soil
and rocks, primarily the 238U, 235U and 232Th radioactive families
and 40K. This radiation contributes 15% to public exposure from all
ionizing radiation sources, considering global population. Moreover,
it can be used to estimate radon flux and included as one of the
quantities relevant to the geogenic radon hazard model. Therefore,
effort has been put into developing maps of terrestrial gamma dose
rate at the regional, national or European scale, using different input
data and methods. In the present work, two distinct approaches to
map terrestrial gamma dose rate have been tested in the Euganean
Hills district of NE Italy. The first one is based on 41 in situ measure-
ments of ambient dose equivalent rates using a ratemeter equipped
with a NaI scintillator probe. The second one estimates terrestrial
gamma dose rate from the U, Th and K activity concentrations in
rock samples collected at the same locations of the dose rates mea-
surements. The results obtained indicate good agreement between
the two approaches, and as such suggest that the UNSCEAR 2008
prescription to derive ambient dose equivalent rate from laboratory
gammameasurements produces reliable data, provided that cosmic
and fall-out contributions are included. Moreover, the study proved
thatmapping the ambient dose equivalent rate (or terrestrial gamma
dose rate) using only one database – i.e. eithermeasured data or esti-
mates derived from radionuclide activity concentration – yields valid
results.
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1. Introduction

Natural radioactivity represents the major contribution to the overall radiation dose to the
population, accounting on average for 80% of it (1, figure XXXVI).

CONTACT D. Mostacci domiziano.mostacci@unibo.it

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium,
provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/10420150.2020.1718131&domain=pdf&date_stamp=2020-02-25
http://orcid.org/0000-0002-2466-9687
mailto:domiziano.mostacci@unibo.it
http://creativecommons.org/licenses/by-nc-nd/4.0/


RADIATION EFFECTS & DEFECTS IN SOLIDS 55

Around 50% of natural radioactivity exposure is associated to radon (1, figure XXXVI and
table 12); owing to its gaseous state, inherent mobilization and high potential for indoor
build-up, radon leads at times to excess exposure. The health risk associated with radon
has been recognized for decades (2), leading to consequent policies in monitoring and
regulations aimed at population safety (3).

There has been increasing awareness of the complexity of the physical, geochemical and
structural factors and mechanisms involved in radon emission, suggesting the need for
a multidisciplinary approach. During the last decade, radon hazard assessment has been
the object of a comprehensive effort across the EU countries, based on strong interdisci-
plinarity, to define new monitoring parameterization and standards. This has led to the
introductionof newconcepts suchas thoseof geogenic radonpotential (4–8) andgeogenic
radon hazard index (9–12).

In the framework of the European Atlas of Natural Radiation (13), and due to the het-
erogeneity of data sources across Europe and the need to develop models to estimate a
harmonized quantity that would measure or classify adequately the radon potential (14,
15), the Joint Research Centre of the European Commission has undertaken the mapping
of a variable measuring ‘what the Earth delivers’ in terms of geogenic radon potential. The
availability of such a map based on geogenic quantities will afford the possibility to char-
acterize the radon risk also where indoor radon measurements are not yet available. This
means that to characterize the site and assess the correct radon potential together with its
inherent hazard a number of parameters needs to bemeasured such as U concentration in
rock and soil, radon concentration in soil gas, soil permeability as well as gamma radiation
from the ground.

Terrestrial gamma radiation accompanies invariably the presence of radon, since a
ground rich in radioisotopes of the uranium series is a strong emitter of both gamma and
radon. Much effort has been put into developing maps of terrestrial gamma dose rate at
the regional, national or European scale using different input data andmethods (10, 16–19).
Studies have been run to estimate radon flux using terrestrial gamma dose rate (20, 21) and
models based on radionuclides content (22, 23).

The present work is part of a long, ongoing investigation aimed at defining a way to
assess the occurrence of a radon priority area through geogenic radon parameters in the
Euganean Hills district in NE Italy, an area of remarkable geological peculiarity and environ-
mental concern. Though of limited extension, this area belongs to an important Tertiary
Volcanic Province that produced submarine mafic lavas, volcanic breccias, tuffs and hyalo-
clastites, and lavas (intermediate to acidic) and sub-volcanic laccoliths, now emerging as
hills from the Venetian alluvial plain (24, 25). The area is densely populated and rich in eco-
nomic activities, including tourism-based specifically on thermalism and spas connected to
a tectonically controlled geothermal system (26), the latter being traditionally and histori-
cally recognized among the situations most likely connected with excess radon exposure
(27, annex E, vol. II; 1, annex B).

In thepresentwork, twodistinct approaches tomap terrestrial GammaDose Rate (TGDR)
– i.e. the dose due to radiation fromgamma-emitting radionuclides present in the soil – are
presented. The first approach is based on in situ measurements of Ambient Dose Equiv-
alent Rates (ADER) using a rate meter equipped with a NaI scintillator probe. The second
approach estimates terrestrial gamma dose rate from the U, Th and K concentrations in
rock samples collected from the same points where ADERs have been measured (28). A
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comparison between the two approaches is then discussed, and field measurements used
to produce a map of ambient dose equivalent rate for the area investigated.

While the results presented have intrinsic interest in terrestrial gamma dose rate map-
ping, this study provides input data for future work in the Euganean Hills district. The
terrestrial gamma dose rate is planned to be included as one of the quantities in the
geogenic radon hazard model and to be used to estimate radon flux.

2. Materials andmethods

2.1. Sampling

151 rock samples were collected aiming at covering a sufficiently wide area and sampling
the most representative outcropping rock types, thus based on a ‘main local lithology’
approach. Tositti et al. (28) performed gamma spectrometry measurements, statistical
and geostatistical analyses on these samples. Here a subset of 46 sampling locations was
selected to perform field dose measurements (Figure 1), and compare themwith dose rate
calculated from gamma emission measurements of rock samples.

2.2. Gamma spectrometry

Each rock sample was coarsely ground (maximum grain size: 2mm) and weighed (about
40 g) in polystyrene containers of known fixed volume. The samples were subsequently
measured by high resolution γ spectrometry using two different p-type coaxial HPGe
detectors. The two detectors have relative efficiencies of 20% and 38%, and resolutions
(FWHM) at 1332.5 keV of 1.9 and 1.8 keV, respectively. Both systems were calibrated for
energy and efficiency using a Mixed Gamma Standard based on nine nuclides (Cd-109,
Co-57, Ce-139, Hg-203, Sn-113, Cs-137, Y-88, Co-60, Co-60, Y-88 and Pb-210) liquid source
in a jar geometry (diameter = 56mm and thickness = 10mm). Spectra were acquired for
86,000 s to optimize peak analysis. Spectra were subsequently processed and analysed
using the Gamma Vision-32 software package (version 6.07, Ortec-Ametek). Uncertainty
(defined here as one standard deviation) on peaks was calculated propagating the com-
bined error over the efficiency fit previously determined with the counting error. Minimum
detectable activity was determined using the Traditional ORTEC method (29) with a peak
cut-off limit of 40%. Analytical quality control was tested by the Certified Reference Materi-
als Dh1-a and UTS-3, both provided by CANMET. Details on the methods and checks used
for the determination of 238U and 232Th radionuclides are available elsewhere (30). 238U
and 232Th were determined using the emissions of their radioactive descendants 226Ra
and 228Ac. The correction of the 226Ra peak at 186 keV for the 235U contribution at the
same energy was carried out assuming secular equilibrium between 226Ra–238U and natu-
ral 235U/238U isotopic ratio (31). Under these two hypotheses, the226Ra peak was corrected
dividing by 1.7337. Conversion from specific activity (Bq/kg) to bulk elemental weight
fraction was obtained with the following conversion factors (32):

• 1 % K = 309.7 Bq/kg
• 1 ppm U = 12.35 Bq/kg
• 1 ppm Th = 4.072 Bq/kg



RADIATION EFFECTS & DEFECTS IN SOLIDS 57

Figure 1. Map displaying the 151 rock samples locations and the 46 dose rate measurement
points superimposed over the simplified geological sketch. Coordinate system: International_1924_
Transverse_Mercator.

2.3. Dose rate calculations

Once the concentrations of natural radioisotopeswere determined fromgamma spectrom-
etry, as discussed above, and assuming the concentration of natural radionuclides in the
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Table 1. 232Th, 226Ra and 40K activity concentrations in the 46 rock samples; calculated (TG-ADER) and
measured (ADER) ambient dose equivalent rate in the same sampling location. ADER values have been
reported without decimal numbers.

Sample 232Th (Bq/kg) 226Ra (Bq/kg) 40K (Bq/kg) TG-ADER (nSv/h) ADER (nSv/h)

EUR3 113.7 89.1 1397.7 140.1 160
EUR5 110.1 72.8 1351.5 130.4 105
EUR6 71.8 54.5 1371.7 104.8 110
EUR7 143.1 129.5 1547.5 175.7 179
EUR8 72 53.7 1398.5 105.5 119
EUR9 116.6 56.3 1677.2 138.6 106
EUR10 93.2 54 1115.2 106.5 143
EUR14 121.2 80.2 1226.7 134.5 148
EUR16 103.2 63.8 1738.6 136.9 172
EUR24* 114.1 71.6 1708.7 144.4 85
EUR28 111.1 28.5 1508.2 119.3 93
EUR32 58.7 42.6 1049.4 82.4 87
EUR34* 2.4 29.4 15.3 13.1 179
EUR35 117.6 99.7 1507.4 150.0 122
EUR39 21.3 12.7 23.9 16.4 79
EUR52 1.8 9 20.6 5.1 37
EUR53 13.3 29.5 266.6 27.3 61
EUR54 12.7 17.1 268.2 22.3 57
EUR55 10.3 23 23.9 14.9 53
EUR56* 166.5 132 1428.3 184.3 125
EUR57 5.9 28 92.8 17.0 62
EUR59 227.6 98 1809.9 215.2 215
EUR60 86 87 2726.7 171.5 172
EUR63 157.2 116 1367.1 171.3 123
EUR64 142.9 130 1430.1 171.7 172
EUR65 105.8 82 1718.3 144.5 135
EUR66 5.2 2.9 84.7 6.7 49
EUR67 5.2 12.9 77.6 10.3 79
EUR68* 101.8 100 1651.1 147.1 53
EUR77 3.4 27.4 48.7 14.0 46
EUR82 12 7.2 83.4 11.7 29
EUR83 10.3 22.8 142.4 18.9 36
EUR84 10.2 3.7 156.4 12.0 47
EUR85 11.5 23.3 190.5 21.4 49
EUR91 12.4 37 193.3 27.2 45
EUR92 153.5 96.1 1391 162.6 205
EUR93 145.4 119 1555.3 173.0 154
EUR99* 311.1 386.9 1282.4 350.1 141
Rn1 125.2 83.9 2273.6 174.3 176
Rn2 12 13.3 478.2 27.8 48
Rn7 54 57 1569.3 103.7 150
Rn13 15.4 16 395.5 27.7 51
Rn17 32.7 25.4 737.7 51.9 82
Rn18 56.3 50.6 1361.1 95.1 154
Rn19 68.4 46.5 1501.5 104.5 163
Rn22 13.8 14.5 148 17.7 53

loose soil to be essentially the same as thatmeasured in the bedrock samples, the dose rate
due to these isotopes at 1m above the soil was estimatedwith the Terrestrial GammaDose
Rate (TGDR) prescription proposed in Ref. (1, table 1):

TGDR = 0.0417 · C40K + 0.462 · C226Ra + 0.604 · C232Th (1)

where C40K , C226Ra and C232Th are the activity concentrations in the rocks in Bq/kg of 40K,
226Ra and 232Th, respectively, and the result is the absorbed dose rate expressed in nGy/h.
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The coefficient 1.2 Gy/Sv has been used to transform the estimates of absorbed dose in air
to ambient dose equivalent rate H* (10) (33), hereafter called TG-ADER.

2.4. Field dosemeasurements

In 46 out of the 151 locations, where the rock samples had been collected, the ambient
dose equivalent rate (ADER) at 1m from the ground was measured with an Atomtex rate
meter, model AT 1117, equipped with a BDKG-05 40mm× 40mm NaI scintillator probe.
The 46 measurement points are displayed in Figure 1, together with the 151 points where
rock samples were collected in (28).

The ambient dose rate has several components that have to be assessed for a meaning-
ful comparison with the estimated TG-ADER. Among these, there are the contribution of
secondary cosmic rays and the 137Cs anthropogenic contribution. Since the Chernobyl acci-
dent, most areas in Italy present superficial contamination from 137Cs (34), and this holds
true also for the Euganean Hills.

Insofar, as cosmic radiation is concerned, a number of studies exist and report values
(once reduced to effective dose rate) of about 30 nSv/h at sea level (35–38); for the purpose
of the present paper, the UNSCEAR recommended average value (39) of 32 nSv/h will be
adopted.

As for the contribution of 137Cs to external dose, gamma spectrometry data from the
present project havebeen collected so far only on rock samples – which are unable to retain
fallout – whereas soil data are not yet available. However extensive investigations were
conducted in the whole Veneto region after the Chernobyl accident measuring the fall out
137Cs (40), reporting for the area of interest a mean fallout deposition of 2–5 kBq/m2. Con-
sidering that the time elapsed corresponds to a half-life of 137Cs the present activity may
be estimated at approximately 2 kBq/m2. Treating it as a contamination homogeneously
distributed over the surface (worst case approach: actual residual fallout contamination is
likely to be buried to a depth of a few tens of centimeters, yielding a lower dose than cal-
culated as a surface contamination) the classic formula for surface sources can be used for
the ambient dose equivalent rate (41):

Ḣ∗ = 2πSA�E1(μh) = 2.6 × SA

where� is the specific gamma constant (equal to 0.103 nSv/h/kBq@1m for 137Cs), SA is the
surface contamination (in kBq/m2),μ is the linear attenuation coefficient of air (for the 662
keV of 137Cs its value is approximately 0.01m−1), h the height from the ground at which
the value is sought (in the present case 1m) and E1(x) is the exponential integral func-
tion (in the present case E1(0.01) = 4.04). Introducing the above value of 2 kBq/m2 for the
contamination the equation holds

Ḣ∗ = 5.2
nSv

h

which is one order of magnitude smaller than the contribution of cosmic radiation and is
even smaller if the distribution in depth is considered assuming a uniform distribution of
137Cs over a depth of 20 cm (the tedious calculations are not reported). Overall, the contri-
butionof 137Cs ismarginal, and thevalueof 35–40nSv/h, essentially due to cosmic radiation
can be safely assumed, in terms of overall biasing effect.
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2.5. Software and statistical tools

Surfer version 11 (42) and theArcGIS R© Desktop version 10.0 software by ESRI (43) havebeen
used to estimate the variograms, develop and display the map.

The software SigmaPlot version 12 (44) and theMicrosoft software Excel 2010were used
for statistical analysis.

3. Results

Table 1 reports the results of the ADERmeasured at eachmeasurement point togetherwith
the U, Th and K activity concentration in rock sampled in the same point and the calculated
TGDR as effective dose (TG-ADER).

Descriptive statistics of the content in radioisotopes and of the calculated and the mea-
sured values of the dose rate at 1m from the ground for the sampling points are reported
in Table 2.

The box plots in Figure 2 show the comparison between the distributions of measured
dose rates and calculated terrestrial gamma dose rates.

The box plots in Figure 2 show the lower variability of the ADER data compared to the
values estimated with radionuclides contents. This could be attributed to the fact that
the samples on which the TG_ADER is calculated are not fully representative of the area
measured by the Atomtex rate meter.

For a more accurate comparison, a scatter plot of measured vs. calculated values is pre-
sented in Figure 3: every point in the plot compares the calculated andmeasured values of
one of the 46 locations sampled.

A few outliers can be observed in Figure 3. To identify them, Tukey’s prescription was
applied (45): calling the lower quartile Q1 and the upper quartile Q3, an interval can be
defined as

[Q1 − k · (Q3 − Q1),Q3 + k · (Q3 − Q1)]

Tukey’s prescription considers all values falling out of the interval obtained with k =
1.5 as outliers. Applying this prescription to the present data, 5 points, identified by the
codes EUR24, EUR34, EUR56, EUR68 and EUR99, were found to be outliers, as shown in
Figure 4. With the exception of sample EUR34, all of them are rhyolites, which present the
higher degree of weathering. The heterogeneous concentration of secondary clayminerals
in these samples, which may cause variable secondary uptake of uranium, produces cal-
culated gamma emissions higher than the corresponding terrestrial dose measurement.

Table 2. Descriptive statistics of the content in radioisotopes and of the calculated (TG-AGER) and
measured dose rate (AGER) values.

232Th (Bq/kg) 226Ra (Bq/kg) 40K (Bq/kg) TG-ADER (nSv/h) ADER (nSv/h)

Valid N 46 46 46 46 46
Mean 75 61 980 96 107
Median 70 52 1317 105 106
Minimum 2 3 15 5 29
Maximum 311 387 2727 350 215
1. Quartile 12 23 156 20 53
2. Quartile 117 87 1508 146 153
Std. Dev. 68 62 734 76 53
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Figure 2. Box plot for calculated (TG-ADER) andmeasured dose rates (ADER). Each box ranges between
the 25th and 75th percentiles. The solid line within each box represents the median, the dashed line the
mean, and the whiskers are the 10th and 90th percentiles, respectively, while the points are the 5th and
95th percentiles, respectively.

Figure 3. Rate of ambient dose equivalent: measured values (ADER) vs. calculated values (TG-ADER).

Sample EUR34 is a limestone collected in an area dominated by volcanic rocks. This might
explain the lower gamma emission of the sample with respect to the terrestrial dose from
soil or its parental volcanic rock.

A scatter plot of the remaining 41points is presented in Figure 5, alongwith the equation
derived from the linear fitting.
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Figure 4. Residuals. The dash-dot lines represent the limiting value of Tukey’s prescription.

Figure 5. Scatter plot of the 41 points.

Whereas the slope slightly lower than 1 and the correlation R2 = 0.83 indicates very
good agreement between the two measurements, the intercept approximately equal to
40 nSv/h indicates the presence of a large offset to be explained. As discussed in section
II, this discrepancy might be largely explained by the effect of cosmic radiation and – to a
lesser extent – of the presence of 137Cs on the ground.

3.1. Geostatistical analysis

Mapping is the final step to a comprehensive picture of the dose level from natural gamma
radiation in an area.
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In the present work, to verify the possibility to use the measured database of ADER
for mapping purposes, the map obtained from all data was compared to that obtained
excluding the outliers. It is worth recalling here that outliers were identified by comparing
measured dose rates against those calculated from radionuclide concentration.

The variograms did not show any spatial correlation, so spatial modeling was obtained
using the inverse distance squared weighted interpolation method on a 250× 250m grid
using amaximumof sevenneighboringpointswithin amaximumdistance of 5 km. Figure 6

Figure 6. Maps of ambient dose equivalent rate in nSv/h using the entire database (a) and the database
excluding outliers (b) superimposed over the simplified geological sketch. Coordinate system: Interna-
tional_1924_Transverse_Mercator.

Table 3. Descriptive statistics obtained
from the comparison between the two
maps represented in Figure 6.

nSv/h

Valid cells 2782
Mean −0.48
Median −0.18
Minimum −64.07
Maximum 37.99
10th percentile −6.21
25th percentile −1.38
75th percentile 3.04
90th percentile 7.46
Std Dev 7.43
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shows the dose ratemaps using all ADERmeasurements and the one excluding the outliers.
The maps have been superimposed over a simplified geological map.

The raster calculator tool available in ArcGIS has been used for mathematical operations
between the two maps in Figure 6 to compare them quantitatively. Results are reported
in Table 3. The two maps show good agreement since, for the data between the 10th and
90th percentile, the difference is less than± 8 nSv/h, i.e. less than 10%. This suggests that
the outliers have a negligible effect on the mapping.

Moreover, the maps developed in this work using measured ADER data show the same
trend of the map developed using data of U, Th and K concentration of 151 rock samples
(figure 10 in 28).

4. Conclusions

This work presents a comparison between the ambient dose equivalent rate values mea-
sured in situ and those from activity concentration of radionuclides in rock samples col-
lected at the same measurement point. The results obtained indicate good agreement
between the two approaches, and as such suggest that the (1) prescription to derive ambi-
ent dose equivalent rate from laboratory gamma measurements produces reliable data,
provided cosmic and fall-out contributions are included.

Moreover, a map of ambient dose equivalent rate has been developed using measured
values and compared with the one obtained excluding outliers. The outliers have been
identified through comparison of the two different datasets – measured ambient dose
equivalent rate and dose rate calculated from activity concentration of radionuclides. The
good agreement between the twomaps suggests that mapping the ambient dose equiva-
lent rate (or terrestrial gamma dose rate) using only one database, measured or estimated
from radionuclide activity concentration, is reliable.

The results of this work provide input data for futurework on the estimation of geogenic
radon hazard index and radon flux map.
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