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Abstract
Natural building stones must be analysed according to a legally defined procedure to prove that the natural radioactivity they 
emit is below the so-called activity index given by European Commission. This applies in particular to rooms inside buildings 
or apartments that are used by people for longer periods of time. Gamma spectrometric measurements were determined for 
all nuclides involved, 40K, 226Ra and 232Th, which were finally summed up to a total dose for each sample. Measurements 
are prescribed to check whether the reference value of 1 milli-Sievert per year can be exceeded by radionuclides in the 
respective building materials. Natural stones, 82 in total from all over the world, such as various igneous, metamorphic and 
sedimentary rocks, which are currently used as building stones for interior and exterior finishing, as kitchen worktops, floor 
tiles, wall cladding, table tops, furniture cover plates, paving stones, terrace slabs, paving slabs, stairs, street furniture, etc., 
were selected. Additionally, Rn-222 and Rn-220 exhaled per unit mass were determined simultaneously on 54 selcted from 
the total 82 rocks by using the accumulation method. In addition, our results were statistically compared with literature data, 
according to which fesic igneous rocks, gneisses and clay mineral-rich rocks have the highest potential to be radiologically 
threatening. Limestones, marbles, quartzites, mafic igneous rocks and sandstones are generally less radiologically harm-
ful, but even here there are exceptions depending on the geological formation history and mineralogical composition. The 
highest activity index of 1.87 was determined for the gneiss Giallo California. Model calculations to determine the expected 
radiation exposure for a human were used by applying two less complex approaches. Even with the extreme model “cof-
fin”, which consists of the Gialo California, a human experiences only a maximum dose rate of 1.29 mSva−1, which is far 
below the maximum dose rate of 20 mSv a−1 allowed for occupational radiation exposure. The 220Rn and 222Rn are often 
neglected; however, their contribution to the dose rate received by the population may be significant. Model simulations for 
a room with 4 m × 3 m × 2.5 m where the walls and the floor coverd with tiles of 1 cm thickness show a maximum indoor 
radon concentration of less then 100 Bg m−3. With increase in thickness of the tiles up to 3 cm, 10 cm and 20 cm and for 
poorly ventilated rooms especially some granitoids, gneisses and the copper-rich shale are above the allowed limit of the 
European Commission.
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Introduction

Natural stone is a popular construction material, which is 
used worldwide as a building stone for the outdoor and 
indoor applications [e.g. (Siegesmund and Snethlage 2014; 
Siedel and Siegesmund 2014; Siegesmund and Török 
2014)]. They are used there, among other things, as kitchen 

tops, floor and wall tiles and for the design of highly exclu-
sive bathrooms, such as shower trays and its wall or floor 
cladding (Fig. 1). After recurring reports of potentially 
dangerous radioactive exposure from natural building 
blocks in indoor environments have been discussed in sci-
entific papers, but also in more popular scientific articles 
or in quite populist way in newspapers (e.g. Murphy 2008), 
various studies have been conducted on this topic in recent 

Fig. 1   Some examples of the 
use of stone: a Granite houses 
in Monsanto (Portugal) built 
directly between the large boul-
ders, b typical mountain farm-
house in the Alps built includ-
ing the roofing of granites, 
gneisses and mylonites, c the 
Flossenburg granite (Germany) 
including the castle on the top 
of hill, d shower completely 
clad with slabs of Black Cosmic 
(photo D.Drossel), e massive 
rock table of Dorfer Grün 
(Austria), f rock storehouse with 
a large collecion slabs
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years (e.g. WHO 2009; Anjos et al. 2011; Pereira et al. 2012; 
Turhan et al. 2015; De With et al. 2018), including some 
focussing on kitchen countertops and tiles (e.g. Joel et al. 
2018; Myatt et al. 2010; Tzortzis et al. 2003). These have 
shown that the majority of materials studied are below estab-
lished European Commission dose limits (Myatt et al. 2010).

Radioactive radiation is expressed in units of Bequerel 
(Bq) and Grey (Gr) or milli-Sievert (mSv). The unit Bq is 
used for the intensity of a radiation source, while the unit 
mSv is an equivalent dose for radiation exposure, since 
radiation does not affect humans uniformly. A distinction 
must be made between the body dose (Sv) and the absorbed 
dose (Grey). The unit Grey describes only the absorbed dose 
rate, while Sv describes the extent of this absorbed dose 
rate on the human body. Every day, humans are exposed to 
a certain amount of natural radioactive radiation and radon 
from the environment (Deutscher Naturwerkstein-Verband 
2019). These natural radioactive radiations include cosmic, 
terrestrial and intracorporeal radiation. In addition, there is 
artificial man-made radiation. The German Natural Stone 
Association (DNV 2019) estimates the average equivalent 
doses in Germany to be about 0.6–0.9 mSv a−1 (cosmic), 
about 0.4–2.0 mSv a−1 (terrestrial) and depending on the 
source of the artificial radiation, it can be, for example, up to 
1 mSv for an X-ray examination and even more than 10 mSv 
for a single computer tomography. Intracorporal radiation 
is caused mainly by inhalation of the radioactive gases, 
radon (222Rn), from the decay series of uranium, and, in a 
much lesser extent, thoron (220Rn) and, in both cases, by the 
short-lived decay products (European Commission 1999). 
Radiation exposure from building materials is divided into 
external and internal exposure. Here, the external exposure 
includes direct gamma radiation, and the internal exposure 
includes the intracorporeal radiation caused mainly by 
radon inhalation, as mentioned above (European Commis-
sion 1999). The “European Commission Report 112” has 
set a limit for the radioactive radiation of building blocks, 
which may exceed 1 mSv a−1 only in absolute exceptional 
cases to be approved separately. For building blocks with 
a radiation exposure between 0.3 and 1 mSv a−1, a check 
of the material is recommended. For individuals from the 
German population, the limit value of 1 mSv a−1 applies 
(European Commission 1999; Bundesamt für Strahlenschutz 
2020); for individuals who are occupationally exposed to 
radiation, a limit value of 20 mSv a−1 applies (European 
Commission 1999, Bundesamt für Strahlenschutz). A person 
from the German population is exposed to an average radia-
tion level of 2–3 mSv a−1 due to natural sources (Bundesamt 
für Strahlenschutz 2020).

The activity index “I” was presented in 1999 and refers to 
the activitiy concentrations of radium (CRa), thorium (CTh) 
and potassium (CK) in the building material to be assessed 
in Bq kg−1 (European Commission Report 112). The dose 

criteria of 0.3 mSv a−1 and 1.0 mSv a−1 are, respectively, 
equivalent to an activity index of I ≤ 2 and I ≤ 6. The activ-
ity index is useful to categorize the tested materials as I ≤ 2, 
I ≤ 6, or greater and has been applied in many studies (Joel 
et al. 2018; Markkanen 1995; Zeghib et al. 2016). If a mate-
rial is classified as critical according to this index, more 
accurate dose measurements should be performed.

A limit of 300 Bq m−3 is recommended for indoor radon 
levels, and a typical value for radon concentration that can 
be caused by indoor building materials is 10–20 Bq m−3, but 
in rare cases it can increase up to 1000 Bq m−3 (European 
Commission 1999).

In the last years, several researches were conducted 
regarding the evaluation of the radioactivity from rocks and 
building materials, assessing the contribution of the outcrops 
for the background radioactivity and potential hazard from 
building stones and other materials (Ngachin et al. 2008; 
Nuccetelli et al. 2012; Trevisi et al. 2012; Sayın 2103; Rich-
ter et al. 2013 Pereira et al. 2017; Pillai et al. 2017; Guillén 
et al. 2018; Shohda et al. 2018; Lyngkhoi and Nongkynrih 
2020).

The radioactivity of the samples is related with miner-
alogical composition. Therefore, large variations can be 
expected considering the rock types and the content of radio-
genic accessory minerals (Marocchi et al. 2011; Pereira et al. 
2013; Sanjurjo-Sánchez and Alves 2017; Maden et al. 2019). 
Several compilations of concentration values can be found 
in literature, which emphasizes the natural variations among 
the rocks (Pereira et al. 2012; Turhan 2012; Trevisi et al. 
2012; Sayın 2013; Qureshi et al. 2014; Puccini et al. 2014; 
Todorovic et al. 2015; Sanjurjo-Sánchez and Alves 2017; 
Al-Hamarneh 2017; Moghazy et al. 2021).

The available results of the activity concentration index 
“I” in building stones showed values often below 2 (Tre-
visi et al. 2012; Puccini et al. 2014; Todorovic et al. 2015; 
Guillén et al. 2018; El-Gamal et al. 2018), which implies 
that they can be used as “superficial and other material with 
restricted uses”, as countertops, tiles, etc. However, some 
stones depict values higher than 6 limiting their use as build-
ing stones (Trevisi et al. 2012).

To a precise evaluation of the radiological risk besides 
the I index, it is very important to know also the potential of 
exhalation of the radioactive gases produced in the 238U and 
232Th decay chains. This parameter is related not only with 
the radium source but also other variables as the emanation 
rate from the minerals and the air permeability of the rocks 
(Khan 2014); the weathering of the rocks will be another 
factor to take in account as usualy contribute to increase the 
exhalation rate (Domingos and Pereira 2018; Pereira et al. 
2012; El-Gamal et al. 2018). When the volume of mate-
rial applied is low, as is the case of countertops, the radon 
concentration originated is not problematic. Allen et al. 
(2013) simulated one million of countertop purchases and 
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assessed the resulting radon concentration indoor consider-
ing the probability that a particular type of granite would 
be purchased, the radon emission of that type, the size of 
the pieces, the volume of the house and the air change rate. 
They found a median predict value of 0.06 Bq m−3, which is 
around 2500 times lower than the US Environmental Protec-
tion Agency’s limit for indoor radon (148 Bq m−3) (US EPA 
1993). Therefore, there is a low probability of a building 
stone used as countertop causing elevated levels of radon. 
However, when it is used in larger areas, like pavements 
and/or wall coverings, or in bulk, caution is needed. The 
ventilation rate is another factor that can influence the indoor 
radon/thoron concentrations. Martins et al. (2016) found 
highest indoor radon average values in dwellings with less 
than 50 years old and basement built in granitic areas. Older 
dwellings have constructions features, i.e. thermal leaks, 
making them naturally ventilated. Syuryavin et al. (2020) 
mentioned a decrease in the effective dose of about 66 times 
when the air exchange rate increases from 0.00 to 0.50 h−1. 
Therefore, it is generally accepted that radon concentration 
in dwellings is more related with natural (lithological) and 
anthropogenic (constructions features) than the building 
stones (García-Talavera et al. 2013; Martins et al. 2016).

Despite this last statement and the research done so far, an 
integrate approach is needed, based on the direct measure-
ments of the control parameters of the radiation sources in 
the building stones, combined with modelling techniques to 
evaluate the contributions of its use in different scenarios, 
with the ultimate goal to evaluate precisely the radiological 
impacts on the population. This has been done in the present 
work using as the research object several dozens samples of 
some of the most used rocks as building stones in the world.

Rock samples—mineralogy

For this study, a wide range of samples were selected regard-
ing the mineralogy and the geological background focussing 
on ornamental stones but in additon samples which expected 
higher radiation values were also included. These include 
acidic, igneous rocks such as granite and a larger variety of 
metamorphic rocks as well sedimntary rocks. A high organic 
content in the rock, as can occur in shales and limestones, 
is also often a source of the relevant radioactive isotopes of 
uranium, thorium and potassium (Bone et al. 2017; Fuller 
et al. 2020; Tzortzis et al. 2003; Yang et al. 2012). Based on 
this finding, a selection of 82 rocks was chosen to measure 
their radioactivity and calculate the resulting annual equiva-
lent doses and radon exhalation.

For further evaluation (see Table 1), the samples with 
similar petrographical and geochemical characteristics 
were divided into eight different rock groups (Fig. 2): (1) 

the mafic volcanics/magmatites (basalt, gabbro, trachy-
andesite and ignimbrite) and their metamorphic equivalents 
(amphibolite and serpentinite) with a total of seven samples 
(MV), (2) gneisses (gneiss and kinzingite) with 15 samples 
(GN), (3) the felsic volcanic rocks/magmatites (granite and 
granodiorite) with 17 samples (FV), (4) limestones (lime-
stone, travertine) with ten samples (KS), (5) marbles with 
seven samples (MA), (6) quartzite with five samples (QT), 
(7) sandstones and similar sedimentary rocks (sandstone, 
greywacke, metaconglomerate and metapsammite) with nine 
samples (SA) and (8) metamorphic rocks like slates, phyl-
lites and metapelite with 12 samples (SF).

Potassium is most abundant in rock-forming minerals and 
has an average concentration of 2.09 wt% (Taylor 1964) or 
400 Bq kg–1 (European Commission 1999) in the conti-
nental crust. Potassium is geochemically an incompatible 
LILE (large-ion lithophile element), but occurs as a major 
component in many minerals, such as feldspars (orthoclase, 
microcline and sanidine), mica and clay minerals (biotite, 
muscovite, phlogopite and illite), foids (leucite and nephe-
line) and salts (sylvin). A substitution process often takes 
place between potassium and sodium, which have geochemi-
cally similar properties, in the minerals. Potassium has three 
isotopes, of which only 40K is radioactive and occurs with 
a relative abundance of 0.012% (Plant and Saunders 1996) 
and a half-life of 1.31 Ga (Burch 1953).

Thorium occurs in rocks as a trace element with an aver-
age concentration of 9.6 ppm or 40 Bq kg–1 in the conti-
nental crust (European Commission 1999; Taylor 1964). 
Thorium occurs in higher concentrations in thorite (in the 
wt% range) but also in higher trace concentrations in mona-
zite, apatite or allanite, etc. (Frondel and Fleischer 1952). 
There is a close geochemical relationship between uranium 
and thorium, both of which are HFSE (high field strength 
element), in which thorium can partially replace uranium in 
minerals. Unlike uranium (U6+), thorium is an immobile ele-
ment. Thorium has only one isotope, 232Th, which is relevant 
for measuring radioactivity (Plant and Saunders 1996) and 
has a half-life of 14.2 Ga (Chikkur and Umakantha 1977).

Radium is a highly incompatible element in minerals and 
has a concentration of about 0.9 ppm, or 40 Bq kg–1 in the 
continental crust (European Commission 1999; Lide 2008). 
The radium isotope 226Ra is an intermediate decay product 
of the 238U series with a half-life of 1600 years (Broecker 
et al. 1967) and is selectively absorbed in clay minerals (e.g. 
in illite) and metal oxides (Hidaka et al. 2007; IAEA 2014). 
According to geochemical compatibility, radium is able to 
substitute in small amounts barium, lead and, to some extent, 
strontium and calcium, in a crystal lattice. Since in the decay 
series of 238U-206Pb the segment beginning with 226Ra is 
radiologically the most important, the activity of radium is 
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often measured instead of uranium (European Commission 
1999). Thus, uranium-bearing minerals, e.g. uraninite or 
coffinite, directly control radium concentrations in geologi-
cal reservoirs (Klepper and Wyant 1957).

Methodology

Gamma spectroscopy

The rock samples were crushed by hand to a grain size 
of < 1 cm and filled into Behroplast wide neck bottles (PET) 
250 ml. Depending on the density, between 350.33 and 
598.89 g were filled into the bottles at the same volume. The 

Table 1   Activities A in Bq kg−1 of the three radionuclides 226Ra (from 214Pb and 214Bi), 232Th (from 228Ac, 212Bi and 212Pb) and 40K and the cal-
culated activity index are also given

Activity Index
222Rn

exhalation
rate

220Rn
exhalation

rate

222Rn
emanation
fraction

220Rn
emanation
fraction

Bq.kg-1.h-1 Bq.kg-1.h-1 % %
Via Lattea Amphibolite (MV) 2,78 ± 0,57 3,04 ± 0,65 4,65 ± 0,67 3,64 ± 0,32 5,82 ± 1,49 36,94 ± 3.70 0,05
Vietnam Black Basalt (MV) 4,06 ± 0,63 3.80 ± 0,46 5,67 ± 0,66 3,67 ± 0,31 6,88 ± 1.80 125,3 ± 11,75 0,09
Virginia Black Metagabbro (MV) 2,38 ± 0,57 2,32 ± 0,34 3,71 ± 0,79 2,52 ± 0,22 5,14 ± 1,13 9,42 ± 2.80 0,03
Ankan Pyroxenite (MV) 8,32 ± 0.90 8,93 ± 0,77 9,43 ± 1,11 7,51 ± 0,58 11,42 ± 2,57 318.10 ± 29,09 0,19 0,003 9,8 4 2
Trachyandesite (Armenia) Trachyandesite (MV) 15,95 ± 1,32 16,52 ± 1,87 23,65 ± 2,16 21,81 ± 1,61 27,32 ± 4,03 562.90 ± 51,29 0,36 0,002 <LD 2 nd
Brown Chocolate Ignimbrite (MV) 14,59 ± 1,43 14.00 ± 1,18 25,85 ± 2,33 22,56 ± 1,71 31,39 ± 4,69 382.00 ± 33,21 0,31 0,007 48,3 6 4
VerdeMalenco Serpentinite (MV) <0.47 <0.66 <0.38 <0.21 <1.43 <2.32
Giallo California Gneiss (GN) 119.20 ± 8,85 118.60 ± 8,45 219.30 ± 15,51 223.50 ± 16,07 238.50 ± 17,95 1005.00 ± 86,64 1,87 0,069 205,5 8 2
Fantastic White Gneiss (GN) 88,07 ± 7,25 91,25 ± 6,63 <1.09 <0.28 <3.38 209.10 ± 21,86 0,37 0,012 7,9 2 nd
SaphireBrown Gneiss (GN) 17,71 ± 2.10 17,85 ± 1,46 94,46 ± 6,89 87,69 ± 6,36 102.50 ± 12,56 1123.00 ± 101.80 0,93 0,004 205,9 3 5
Black Cosmic Gneiss (GN) 14,69 ± 1,35 15.60 ± 1,27 14,85 ± 1.40 13,05 ± 0,98 17,16 ± 3,56 338.90 ± 31,02 0,24
Shiwakashi Gneiss (GN) 243.90 ± 18,34 245.90 ± 18,46 37,15 ± 3,27 30,04 ± 2,29 39,63 ± 5,59 855.90 ± 73,85 1,28 0,077 91,4 4 6
VerdeAndeer Gneiss (GN) 67,29 ± 5,25 66,55 ± 5.20 68,56 ± 5,51 55,93 ± 4,19 76,47 ± 9,21 1013.00 ± 87,27 0,90 0,003 53,8 1 2
Beola Gneiss (GN) 24,81 ± 2,18 23,84 ± 2,09 43,39 ± 3,71 35,56 ± 2,68 47,52 ± 5,55 738.30 ± 63,76 0,54 0,002 <LD 1 nd
MeeraWhite Gneiss (GN) 6,79 ± 1,15 8,46 ± 1,04 24,06 ± 2,68 21,05 ± 1,57 25,41 ± 7,15 628.90 ± 54,64 0,35
Brown Silk Gneiss (GN) 8,75 ± 1,37 10.20 ± 1,69 15,13 ± 2,52 10,94 ± 0,86 14,63 ± 3,93 433.50 ± 37,95 0,24
Black Fusion Biotite-Gneiss (GN) 28.60 ± 3.00 26,73 ± 2,74 136.10 ± 9,67 130.20 ± 9,41 152.80 ± 13,11 887.90 ± 76,58 1,09 0,028 463,4 13 7
BlueSantorini Kyanite-Gneiss (GN) 16,29 ± 1,75 16,63 ± 1,92 34,15 ± 2,84 35.00 ± 2,55 37.30 ± 6,94 99,66 ± 10.50 0,27
Kashmir White Granulite-Gneiss (GN) 28,96 ± 2,63 29,02 ± 3,38 30,42 ± 2,82 31,08 ± 2,27 31,55 ± 7,13 1181.00 ± 101.70 0,65 0,007 <LD 3 nd
Azul Tango Kinzingite (GN) 4.90 ± 0,75 5,46 ± 0,53 12,06 ± 1,01 10,03 ± 0,75 13.60 ± 2,66 32,58 ± 3,49 0,09
Oriental Yellow Orthogneiss (GN) 35,52 ± 2,76 36,22 ± 2.70 55,84 ± 4,29 48,58 ± 3,54 62,22 ± 5,97 940.70 ± 85.40 0,73 0,004 <LD 1 nd
Red LJR Granite Orthogneiss (GN) 7,14 ± 0,92 8,23 ± 0,79 31,08 ± 2,49 20,59 ± 1,53 32,23 ± 4,85 1152.00 ± 104,5 0,57 0,002 35,1 4 2
Coral Red Granite (FV) 125.60 ± 9,58 126.20 ± 9,64 194.50 ± 14.10 158.70 ± 11.80 211.30 ± 17,39 1036.00 ± 89.30 1,71 0,143 379,1 15 5
Bianco Saviolo Granite (FV) 18,35 ± 1,66 19,63 ± 1,57 44,96 ± 3,74 28,31 ± 2,09 50,02 ± 6,75 314.50 ± 30.10 0,41 0,005 115,3 3 5
G682 Granite (FV) 57,13 ± 4,46 57,35 ± 4,59 49.40 ± 4,12 40,94 ± 3,08 54,51 ± 6,35 897.10 ± 77,33 0,73 0,066 142,5 15 7
Galactic White Granite (FV) 109.80 ± 9,25 111.00 ± 8,44 <1.19 0,47 ± 0,27 <3.81 716.00 ± 61,84 0,61 0,029 6,5 3 31
Monsun Granite (FV) 24,16 ± 2.10 23.80 ± 2,06 42,94 ± 3,65 35,59 ± 2,68 46,46 ± 4,97 580.40 ± 50,21 0,48 0,007 102,0 4 5
Marron Pearl Granite (FV) 8,27 ± 1,16 9,02 ± 1,14 76,06 ± 5,69 63,03 ± 4,71 78,65 ± 8,75 1135.00 ± 97,71 0,77 0,004 159,6 6 5
G603 Granite (FV) 78,82 ± 6,06 78,02 ± 6,67 71.50 ± 5,84 75,41 ± 5,41 77,62 ± 11,01 931.20 ± 80,43 0,95 0,010 12,5 2 0
BrancoMicaela Granite (FV) 203.70 ± 14,71 207.00 ± 14,75 39,71 ± 3.60 38.80 ± 2,83 40,04 ± 8,32 981.50 ± 84,62 1,21 0,100 79,0 6 4
Flossenbürg Granite Granite (FV) 119.80 ± 8,79 120.50 ± 8,56 53,12 ± 4,18 53,01 ± 3,84 55,73 ± 8,69 1077.00 ± 92,75 1,03 0,245 132,2 27 5
Waldstein Granite Granite (FV) 165.70 ± 12,03 166.20 ± 11,76 55,43 ± 4,29 56,26 ± 4,08 60,86 ± 6,76 1008.00 ± 86,89 1,18 0,440 177,4 35 7
KösseineGranite Granite (FV) 49,09 ± 3,94 49,18 ± 3,64 65,67 ± 4,95 66,18 ± 4,78 67,29 ± 9,76 1029.00 ± 88,61 0,84 0,015 21,7 4 1
Bianco Polare Granite (FV) 124.20 ± 9,12 125.40 ± 9,17 35,94 ± 3,66 34,64 ± 2,53 36,55 ± 5.30 485.50 ± 42,51 0,76 0,012 18,5 1 1
Pedras SalgadasGranite Granite (FV) 108.80 ± 8,03 108.70 ± 7,95 105.30 ± 7,62 105.60 ± 7,61 111.20 ± 9,98 828.00 ± 71,49 1,18 0,024 118,3 3 2
Red Granite (Portugal) Alkalifeldspar-Granite (FV) 83,63 ± 6,53 84,15 ± 6.50 93,29 ± 7,05 89,98 ± 6.70 101.10 ± 10,48 1054.00 ± 90,79 1,10 0,044 232,6 7 5
Azul Aran Pegmatitic Granite (FV) 62,16 ± 4,75 63,27 ± 4,56 <4.01 0,62 ± 0,32 <10.58 1372.00 ± 118.00 0,67 0,016 <LD 3 nd
Amarelo Real Granodiorite (FV) 105.70 ± 8,06 105.00 ± 7,94 17,82 ± 2.10 17,18 ± 1,34 20,37 ± 5,16 1030.00 ± 88,75 0,79 0,318 155,1 40 19
Alpendurada Granodiorite (FV) 137.80 ± 10,47 138.80 ± 10,53 52,33 ± 4,59 43,02 ± 3,24 56,65 ± 6,87 1003.00 ± 86,49 1,05 0,023 35,0 2 2
Thuringian Limestone Limestone (KS) 4,07 ± 0,67 3,56 ± 0,46 3,34 ± 0,83 2,29 ± 0,24 2,98 ± 1,37 58.40 ± 5,61 0,05
Drenov Grič (Slovenia) Limestone (KS) 18,28 ± 1,55 18,76 ± 1,63 0,67 ± 0,39 <0.25 <1.93 16,55 ± 2,53 0,07
Uttaradit WhiteGrey Limestone (KS) 14,02 ± 1,37 14,41 ± 1,17 14,33 ± 1.40 12,89 ± 0,97 14,36 ± 2,46 153.60 ± 14,33 0,17 0,007 <LD 6 nd
Vratza Limestone (Bulgaria) Limestone (KS) 7,88 ± 0,91 8.20 ± 0,73 1,06 ± 0,42 0.70 ± 0,12 <1.70 7,15 ± 1.60 0,03
Nero Marquina Limestone (KS) 13,05 ± 1,19 13,55 ± 1,11 1,21 ± 0.50 0,63 ± 0,16 <1.78 20.70 ± 2,64 0,06 0,004 <LD 4 nd
Iran Rosso Travertine Limestone (KS) 3,18 ± 0,56 3,18 ± 0,65 1,12 ± 0,41 0,47 ± 0,13 <1.60 12,21 ± 2,02 0,02
Travertine (Armenia) Limestone (KS) 3,83 ± 0,56 4,08 ± 0,74 <0.40 <0.16 <1.43 <2.76 0,01
Nanovitza Limestone Limestone (KS) 10,65 ± 1,11 10,18 ± 1,02 <0.47 <0.12 <1.73 <2.13 0,03
Travertine vein cut Limestone (KS) 3,04 ± 1,02 2,93 ± 0,99 <1.36 <0.38 <8.65 <7.89 0,01
White Travertine Travertine (KS) <1.16 <1.92 <2.49 <0.45 <5.19 <12.20
Black Fuao Marble (MA) 33,01 ± 2,51 35,34 ± 2,63 35,68 ± 3,06 31,97 ± 2,34 42,47 ± 6.70 808.80 ± 73,49 0,57 0,020 58,8 8 4
Ruivina Escuro (Estremoz) Marble (MA) <0.73 <0.73 0,58 ± 0,34 0,26 ± 0,12 <1.44 14,91 ± 2,01 0,01
Krastal Marble Marble (MA) 11,07 ± 1,05 11,24 ± 1,16 <0.79 <0.45 <4.89 <2.29 0,04
Wachau Marble Marble (MA) 9,51 ± 0,98 9,36 ± 0,96 1,32 ± 0,55 0,88 ± 0,16 3,84 ± 1.50 38,81 ± 4.00 0,05
Moonlight Marble (MA) <0.81 <0.90 0,91 ± 0,41 0,32 ± 0,13 <1.75 86,38 ± 7,94 0,03
Wunsiedel Marble Marble (MA) 5,48 ± 1,04 6,03 ± 1,16 3.90 ± 1.10 4,06 ± 0,39 5,08 ± 3,04 <7.29 0,04
CarraraMarble Marble (MA) 1,23 ± 0,75 0,96 ± 0,57 <2.06 <0.38 <5.70 <7.44 0,00
Azul Macaubas Quarzite (QT) 1,55 ± 0,47 <0.59 13,24 ± 1,16 9,25 ± 0,71 14,83 ± 3,54 36,41 ± 5,29 0,09 0,003 <LD 24 nd
Montblanc Quartzite* Quarzite (QT) 10,18 ± 1,98 10,91 ± 1,11 12.20 ± 1,05 8,94 ± 0,69 8,27 ± 1,59 26,53 ± 4,82 0,10
VasaQuarzite Quarzite (QT) 9,85 ± 1,41 10,19 ± 1,57 10,18 ± 1,49 10,21 ± 0,79 11,61 ± 3,71 292.80 ± 26.00 0,18 0,003 21,1 4 4
Masi Quarzite Quarzite (QT) 11,18 ± 1,56 11,16 ± 1,41 46,82 ± 4,01 45,83 ± 3,32 48,47 ± 5,84 809.20 ± 69,84 0,54 0,009 78,0 11 4
Lumix Quarzite (QT) <1.28 <1.61 <1.12 <0.32 <3.34 <6.96
Red Sandstone (Thailand) Sandstone (SA) 18,28 ± 1,58 18,96 ± 1.50 44,79 ± 3,48 36,95 ± 2.70 46,72 ± 4,37 304.60 ± 27,94 0,39 0,028 250,8 20 12
Tambach Sandstone Sandstone (SA) 15,83 ± 1,64 16.90 ± 1,86 27,99 ± 2,53 22,91 ± 1,75 28,35 ± 5,43 1021.00 ± 88.00 0,53 0,009 80,3 8 7
Schleerith Sandstone Sandstone (SA) 13,09 ± 1,38 12,51 ± 1,22 19,24 ± 1,86 16,14 ± 1,24 20,79 ± 2,94 196.00 ± 17,29 0,20 0,015 51,1 15 6
Ruhr Sandstone Sandstone (SA) 7,92 ± 1,41 8,12 ± 1,47 8,44 ± 2,01 7,62 ± 0,63 7,61 ± 3,59 520.30 ± 45,38 0,24 0,010 13,9 16 4
Green SandstonePongDin Sandstone (SA) 30,03 ± 2,67 29,82 ± 2.90 60,16 ± 4,56 59,47 ± 4.30 62,54 ± 6,58 297.10 ± 26,51 0,50 0,012 126,4 5 5
Beschovitza Sandstone Sandstone (SA) 13,69 ± 1,52 12,88 ± 1,91 17,34 ± 2,03 17,07 ± 1,27 16,67 ± 3,49 125.70 ± 12,48 0,17 0,012 8,6 12 1
Greywacke Greywacke (SA) 12,94 ± 1,13 15,73 ± 1.30 18,32 ± 1,68 30,58 ± 2,24 43,05 ± 6,18 63,53 ± 9,34 0,22 0,006 43,4 6 3
MarinacceGranite Metaconglomerate (SA) 45.40 ± 3,58 46,02 ± 3,68 66,74 ± 4,98 55,84 ± 4,18 71,78 ± 8,72 321.10 ± 28,02 0,58 0,023 83,9 7 3
Terra Indigo Metapsammite (SA) 71,44 ± 5,45 65,68 ± 4,98 99.80 ± 7,15 98,95 ± 7,16 108.80 ± 9,22 326.90 ± 28,67 0,85 0,026 49,0 5 1
Posidonia Shale Shale (SF) 57,09 ± 4.30 57,24 ± 4.20 21,04 ± 1,86 17,35 ± 1.30 20,96 ± 3,12 339.60 ± 31.20 0,41 0,066 39,4 15 4
San Luis Schist Schist (SF) 32,43 ± 2,68 31,95 ± 2,53 57,03 ± 4,53 46,91 ± 3,52 61,08 ± 8,72 834.60 ± 72.00 0,66 0,022 97,5 9 4
Infercoa Schist Schist (SF) 27,56 ± 2,56 27,52 ± 2,24 57,12 ± 4,68 46,93 ± 3,52 61,84 ± 8.10 937.90 ± 80,86 0,68 0,025 79,8 12 3
Copper Shale Schist (SF) 207.60 ± 15,66 207.80 ± 15,69 37,61 ± 3,49 29,52 ± 2,26 40,59 ± 8.50 621.00 ± 53.90 1,08 0,091 44,3 6 3
Lotharheil Slate Slate (SF) 29,52 ± 2,67 29,84 ± 2,77 61,08 ± 4.90 61,19 ± 4,43 67,73 ± 6,89 1001.00 ± 86,25 0,75 0,025 78,0 11 3
Yuva Lapis Chloritic Schist (SF) 1,45 ± 0,57 1.10 ± 0,36 0,92 ± 0,52 0.30 ± 0,15 <1.98 197.60 ± 17,41 0,07
Dorfer Green Chloritic Schist (SF) 1,07 ± 0,68 0,97 ± 0,57 <2.34 <0.33 <6.81 73,33 ± 8,56 0,03
Mosel Slate Schist (SF) 48.60 ± 3,83 49,44 ± 3,79 45,79 ± 3,79 38,93 ± 2,93 52.00 ± 5,81 743.00 ± 64,15 0,64 0,018 83,1 5 4
Otta Phyllite Phyllite (SF) 28.90 ± 2,44 30,06 ± 2,52 39,79 ± 3,14 32.40 ± 2,44 41,49 ± 4,74 562.50 ± 48,68 0,48 0,018 188,1 8 11
Nörli Quartz-Phyllite (SF) 31,58 ± 2,71 31.10 ± 3,39 32,35 ± 3,08 32,31 ± 2,36 38,18 ± 5,24 848.30 ± 73,23 0,56
Theuma Fruchtschiefer Quartz-Phyllite (SF) 29,73 ± 2,65 31,25 ± 2,65 61,15 ± 5,04 54,97 ± 4,11 63,55 ± 6,65 896.30 ± 77.30 0,70 0,012 32,9 5 1
KandlaGrey Metapelite (SF) 10.20 ± 1,07 10,54 ± 1,14 17,45 ± 2,03 14,06 ± 1,09 17,76 ± 4,13 432.00 ± 37,51 0,26 0,005 9,8 6 1

Sample Lithology
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A (212Bi)
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A (212Pb)
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A (228Ac)
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A (214Bi)

The exalation and emanation vaulues for 222Rn and 220Rn are also shown
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Fig. 2   Macroscopic images of rock varieties belonging to the rock 
groups: MV—Mafic rocks, GN—gneisses and kinzigites, FV—felsic 
rocks, KS—limestones and travertines, MA—marbles, QT—quartz-
ites, SA—sandstones and similar sedimentary rocks, SF—metamor-
phic rocks as given in Table  1 a Via Lattea, b Shivakashi, c Black 

Cosmic, d Flossenbürg, e Vratza, f Negro Marquina, g, Ruvina, 
h Masi, i Azul Macauba, j Tambach Sandstone, k Schleerith, l San 
Luis slate. For a better readability, the different rock groups have been 
given colour coded and this has been used accordingly in all other 
figures
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samples were sealed airtight with adhesive tape and stored 
for 4 weeks until measurement, to establish radioactive equi-
librium of Ra-226 and the follow-on products Rn-222, and 
especially Pb-214 and Bi-214.

The activity of K-40 was measured directly. The other 
two radionuclides, Ra-226 and Th-232, show only gamma 
emmisions with low transition probability, which would be 
partially perturbed by stronger lines of other nuclides. The 
Ra-226 was determined by the average of the Pb-214 and 
Bi-214 activities. A secular equilibrium between Ra-226 
and Rn-222 is achieved in 23 days (Gehrcke et al. 2012). 
Similarly, the determination of the activity for Th-232 
was calculated by the mean value of Ac-228, Pb-212 and 
Bi-212. In the two radioactive decay series, the noble gas 
radon occurs as an intermediate product that can escape 
from the samples. Because both isotopes of radon have 
relatively short half-lives (3.82 days for Rn-222 in the ura-
nium decay series and 56 s for Rn-220 in the thorium decay 
series; Cecil and Green 2000) and the samples were stored 
in gas-tight beakers, the measured samples are not affected 
by radon loss. The mean analytical detection limits from 
all gamma spectrometric measurements were determined as 
follows: Pb-214 = 1.7091 Bq kg−1, Bi-214 = 1.3103 Bq kg−1, 
Ac-228 = 2.0377  Bq  kg−1, Pb-212 = 0.5281  Bq  kg−1, 
Bi-212 = 6.081 Bq kg−1, K-40 = 6.504 Bq kg−1.

The samples were measured on 3 pure germanium detec-
tors, Canberra N-type with a relative efficiency of about 
25%, each for 250,000 s. The electronics with analogue to 
digital converters were at detector GE1—Ortec Dspec LF, 
at GE2—Ortec Dspec jr and at GE3—Ortec 92X Spectrum 
Master.

The obtained raw data were processed with the software 
Gammavision 8.10 and user interface.

LV is 2.760. Activity calculation from the recorded spec-
tra was performed using the mentioned programs according 
to DIN 11929 (2020) for determination of detection limit, 
activity and error.

The background was determined using the same empty 
sample vessels. The energy and efficiency calibration was 
performed using the same sample containers filled with 
quartz sand with a density of 1.6 with added Multi Nuclide 
Standards.

The activity Index (“I”) proposed in the Eueopean Direc-
tive (European Commission 1999) was calculated by the fol-
lowing equation:

(1)I =
ARa

300
Bq

kg

+
ATh

300
Bq

kg

+
AK

3000
Bq

kg

≤ 1

Calculation of the equivalent dose

To determine the equivalent doses H (for the explanation see 
Eq. 4), the free software Rad Pro Calculator (version 3.26) 
by Ray McGinnis was used. For the calculation, the simpli-
fied assumption applies that it is a point source of radioactive 
radiation. This assumption is made in order to obtain dose 
rate data for the samples that can be compared with the liter-
ature and the legal regulations. When calculating the doses, 
the first step was to calculate the activities via the measured 
specific activities and the masses of the substances. Since 
the dose depends on the distance of the radioactive point 
source, the calculations were carried out for the distances 
s = 0.01 m, s = 0.05 m and s = 0.1 m. In this way, the doses 
for all involved substances were calculated. Thus, the doses 
were determined for all nuclides involved, 40K, 226Ra and 
232Th, which were finally summed up to a total dose for each 
sample. For the samples where the specific activity of the 
three nuclides was below the detection limit, the activity was 
assumed to be A = 0 Bq for the calculation in order to still 
obtain a quantified value for the dose.

Radon and thoron exhalation rate

Rn-222 and Rn-220 exhaled per unit mass were determined 
simultaneously with the accumulation method following the 
procedures described in Domingos et al. (2021). The crushed 
rock samples were placed in beakers with an approximately 
volume of 0.3 L. The beakers were then placed in stainless 
steel radon-proof containers with a volume of 5 L and sealed 
with a lock ring to prevent radon loss. The containers were 
left to reach equilibrium in the radon 222Rn decay series. 
Rn-222 and Rn-220 were measured simultaneously with an 
AlphaGuard DF2000 monitor (from Saphymo GmbH) using 
Tygon standard LMT-55 tubes characterized by low gas per-
meability to couple the containers to the measuring equip-
ment. The length of the tubes was minimized to increase the 
efficiency of Rn-222 recovery.

The AlphaGuard DF2000 monitor continuous Rn/Tn 
measuring protocol was selected to discriminate between 
Rn-222 and Rn-220 activity concentration using a flowrate 
of 2 L/min. The detection limits are 15 Bq/m3 for 222Rn 
and 30 Bq/m3 for 220Rn (Burkin and Villert 2017). These 
authors also recommend that the activity concentration to 
be measured over longer periods to increase the accuracy 
of the mean results computed. Hence, on average, measure-
ments of the activity concentration of the radioisotopes were 
performed over a 24 h period with previous subtraction of 
the background (not taken in account for thoron because 
of its short half-life). The instrument was decontaminated 
between each measurement by pumping atmospheric air into 
the ionization chamber.
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The Rn-222 and the Rn-220 exhalation rates (in 
Bq kg−1 h−1) were determined with the following equation:

where * is the isotope, C is the mean activity concentration 
(in Bq/m3), V is the free volume of the accumulator (in m3), 
W is the weight of the sample (in kg), and λ is the decay 
constant (in h−1). The emanation coefficients (EC) of Rn-222 
and Rn-220 were computed with following equation, where 
A is the activity concentration (in Bq/kg) of 226Ra and 232Th, 
respectively:

Results

Activity concentration of radionuclides

Within the rock groups, described different levels of activity 
are observed in the three nuclides measured. The activities 
of the radionuclides can be seen in Table 1 and in Fig. 3.

Similarities to the literature (Gehrcke et al. 2012) can 
generally be observed, as most materials show activities 
A < 80 Bq kg-1 for 226Ra, A < 100 Bq kg–1 for 232Th and 
A < 400 Bq  kg–1 for 40K. Thus, the upper limits of nor-
mal activities A < 100 Bq  kg–1 for 226Ra and 232Th and 
A < 1000 Bq kg–1 for 40 K for construction materials are 
also met for most samples (European Commission 1999). 
Within the discussed sample groups, different intensities of 
activity are observed regarding the three measured nuclides.

A clear contrast is seen between the felsic (FV) 
and mafic (MV) rocks in terms of Ra activity (FV 
median = 105.3  Bq  kg–1; MV median = 3.9  Bq  kg–1) 
and Th activity (FV median = 50.7  Bq  kg–1; MV 
median = 6.3 Bq kg–1). This can mainly be attributed to the 
incorporation of uranium and thorium in the crystal lat-
tices of the minerals. In the Earth’s mantle and mafic rocks, 
uranium and thorium occur in relatively low concentra-
tions because they are incompatible in the mafic minerals. 
During partial melting and fractional crystallization, ura-
nium and thorium are enriched in the melt phase, so they 
occur in greater concentrations in the more highly differ-
entiated rocks. (IAEA 1989; Larsen and Gottfried 1960). 
In the metamorphic products of the magmatites (especially 
in MV), no U- or Th-loss is to be expected due to meta-
morphic processes, but uranium can be mobilized as U6+ by 
hydrothermal processes, while thorium behaves immobile 
(Dostal and Capedri 1978). Kalium is a less incompatible 

(2)∗Rn =
C × V

W × �

(3)EC =
C × V

W × A
× 100

element than uranium or thorium, but behaves similarly 
to other incompatible elements in magmatic differentia-
tion (Tilling and Gottfried 1969). Thus, the difference in 
K activities between FV (median = 1003 Bq kg–1) and MV 
(median = 125.3 Bq kg–1) is equally evident. In the mafic 
rocks, potassium can be incorporated in amphibole, pyrox-
ene or plagioclase in minimal amounts, thus slightly higher 
activities are also observed for MV (Fig. 3). In the felsic 
rocks, potassium is incorporated as a major element in mica 
and potassium feldspar, providing the highest K activities 
of all groups (Table 1, Fig. 3). In group MV, Trachyandesite 
from Armenia and Brown Chocolate are characterized by 
higher Ra, Th and K activities than the rest of the samples. 
In the FV group, Coral Red has a particularly high activity 
for Th, whereas Monsoon and Bianco Saviolo have signifi-
cantly lower Ra activities than the rest of the samples.

In the limestones (KS), the lowest activities are 226Ra 
(median = 6.00 Bq  kg–1), 232Th (median = 0.81 Bq  kg–1) 
and 40K (median = 9.68 Bq kg–1). In the marine environ-
ment, under oxic conditions, uranium occurs mainly as 
U6+ (uranyl), which can be dissolved in water in relatively 
large amounts. The precipitation of uranium in the larger 
uranyl-calcium complexes is not excluded, so limestones can 
have U concentrations in higher trace ranges (Klinkham-
mer and Palmer 1991). This also explains the variance in 
the Ra activities of KS. During the formation of travertines, 
uranium is incorporated as trace from the water into the 
crystals as soon as the redox conditions change (Schwarcz 
et al. 1979). Thorium also shows a relatively low activity 
in the limestones, because thorium is not incorporated into 
the crystal lattices of the carbonate minerals, but it can be 
found in the clay or heavy mineral fraction of the limestones 
(Bayer et al. 1969). Since thorium is an immobile element, 
it is also not incorporated into the travertines, which allows 
the dating of travertines using U-Th (Schwarcz et al. 1979). 
Potassium contents in a limestone are usually low, result-
ing in relatively low K activities, but they may show some 
variation. Potassium can be incorporated into the defective 
sites of the carbonate minerals, between carbonate ions and 
CaO6-octahedra, especially at higher-salinity waters (Ishi-
kawa and Ichikuni 1984). In the KS group, the black lime-
stone Uttaradit White Grey from Thailand has relatively high 
Th and K activities compared to the rest of the samples.

M a r b l e s  s h ow  l ow  a c t i v i t i e s  o f  2 2 6R a 
(median = 5.76 Bq  kg–1), 232Th (median = 0.62 Bq  kg–1) 
and 40K (median = 62.60 Bq kg–1). Since marble is miner-
alogically composed mainly of calcite and dolomite, low 
concentrations of uranium, thorium and potassium and thus 
low activities of 226Ra, 232Th and 40K are to be expected, 
similar to limestones. It has been reported that uranium 
can be incorporated into marble in small amounts during 
metamorphism in secondary phases (Hamdy and Aly 2011). 
Similarly, other radioactive nuclides besides uranium can be 
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concentrated in marble, by enriched fluids from uranium-
bearing rocks (Iqbal et al. 2000). From group MA, the sam-
ple Black Fuao shows strongly high activities for the three 
measured radionuclides.

In the group of sandstones (SA), moderate variance was 
observed in the activities of 226Ra (median = 16.37 Bq kg–1) 
and 232Th (median = 30.69  Bq  kg–1), while 40K 
(median = 304.6 Bq kg–1) shows marked variations. In the 

Fig. 3   The statistical summary of the lithological groups is based on 
the specific activities A in Bq  kg–1, shown as boxplots; a for 226Ra 
calculated from 214Pb and 214Bi, b for 232Th calculated from 228Ac, 
212Bi (and 212Pb) and c for 40K directly measured. d represents the 
activity indices of the sample groups.The red line represents the limit 
of the index (I = 2), above which the samples require further radiolog-
ical examinations before use. For the legend, see also Table 1 MV—

mafic rocks (e.g. basalt, gabbro, trachyandesite, amphibolite, serpent-
inite and ignimbrite); GN—gneisses and kinzingite; FV—felsic rocks 
(granites and granodiorites); KS—limestones and travertines; MA—
marbles; QT—quartzites; SA—sandstones and similar sedimentary 
rocks (e.g. sandstone, greywacke, metaconglomerate and metapsam-
mite); SF—metamorphic rocks (e.g. slates, phyllites and metapelite)
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sedimentation of sandstones, the provenance of the sedi-
ments plays an important role in their chemical and min-
eralogical composition. Particularly high uranium concen-
trations can be measured if the sandstones originate from 
a felsic magmatic source area (IAEA 1985). Elevated ura-
nium concentrations can also occur in sandstones if reducing 
components (e.g. organic material, S2-) are present in the 
groundwater, so that dissolved uranium is reduced to U4+ and 
precipitated as a secondary phase (IAEA 1985; World 
Nuclear Association 2020). Elevated uranium and thorium 
contents may be caused by a greater amount of heavy miner-
als, such as monazite or zircon, in the sandstone, yielding 
higher Th and Ra activities (Murray and Adams 1958; Rog-
ers and Richardson 1964). Potassium feldspar may occur in 
sandstones as a major component and is even an important 
factor in the classification of sandstones (McBride 1963; 
Pettijohn et al. 1987). Thus, the K content, as well as the 
activity of 40K, in the sandstones can vary greatly between 
K-poor quartz sandstones and K-rich arkoses. In the group 
SA, the sample Tambacher Sandstein shows a particularly 
high activity of K and the sample Terra Indigo an increased 
activity of Th.

Quartzite (group QT) is a metamorphic product of 
sandstone, which mineralogically consists predomi-
nantly of quartz. Similar to the sandstones, it shows low 
activities for 226Ra (median = 10.02 Bq  kg–1) and 232Th 
(median = 10.67 Bq kg–1), with a higher variance in the 
activity of 40 K (median = 36.41 Bq kg–1). Equivalent to 
sandstones, low concentrations of uranium and thorium 
are usually expected in a quartzite, with elevated amounts 
of uranium and thorium often associated with the occur-
rence of heavy minerals (Jain 1972). In exceptional cases, as 
with other metamorphic rocks, uranium can be enriched in 
quartzite via hydrothermal processes, often requiring certain 
changes in redox conditions (Goswami et al. 2019). Quartz-
ites are usually relatively depleted in potassium due to their 
high quartz content, although certain mineral phases, such 
as mica or K-containing clay minerals, can provide higher K 
concentrations, resulting in higher 40K activities (Lindeman 
et al. 2020). In the QT group, the Vasa quartzite sample has 
a high K activity, and the Masi quartzite sample has very 
high K and Th activities.

The clayey rocks (group SF) show a very high variance 
of the activities of 226Ra (median = 29.92 Bq  kg–1) and 
40K (median = 591.75 Bq kg–1), while the activity of 232Th 
(median = 36.90 Bq kg–1) is less scattered. Clay minerals 
have the ability to incorporate uranium in different ways. 
The claystones that form in (deep) marine areas would, like 
limestones, incorporate relatively little uranium and thorium 
from the water into the crystal lattice. Uranium has a special 
affinity for organic material and is thus more enriched in 
sedimentary layers with a high organic content (Cumberland 
et al. 2016; Klinkhammer and Palmer 1991). In addition, 

clay minerals have the ability to efficiently adsorb uranium 
and, to some extent, thorium on their surfaces, which can 
also result in an increase in U and Th concentrations (Ames 
et al. 1983; Syed 1999). The metamorphic products of the 
mudstones, shales and phyllites are largely composed of dif-
ferent clay minerals, such as illite, vermiculite and chlorite, 
which may contain high levels of potassium. High initial 
concentrations of potassium in clay minerals, as well as their 
ability to exchange with soil potassium, can strongly influ-
ence K concentrations in rocks (Inoue 1983; Sawhney 1972). 
Among the samples of the SF group, the sample of copper 
shale from the Richtelsdorf Mountains has a very high Ra 
activity.

The gneisses (group GN) show the broadest spectrum 
of activities of 226Ra (median = 17.78  Bq  kg–1), 232Th 
(median = 35.48 Bq kg–1) and 40 K (median = 738.3 Bq kg–1), 
because they can form as a metamorphic product of many 
different rocks under diverse P–T conditions. Thus, the con-
centrations of uranium, thorium and potassium in the gneiss 
samples are very dependent on the source rock. Gneisses 
formed from felsic and intermediate igneous rocks can have 
high to very high radionuclide activities, similar to the FV 
group, while gneisses formed from sedimentary rocks tend 
to have medium to low activities (Heier and Rhodes 1966). 
Apart from the source rock, the geochemical composition 
of gneisses also depends strongly on the type of metamor-
phism, whereby circulating fluids can also influence the con-
centrations of potassium and uranium. In the GN group, the 
Shiwakasi sample has a particularly high activity of Ra and 
the Giallo California sample a high activity of Th.

Using Eq. 1, building materials can first be tested gener-
ally for their radiological hazard with I index value (Euro-
pean Commission 1999; Gehrcke et al. 2012; Markkanen 
1995). For the solid building materials used, the limits are: 
I > 1—radiologically hazardous and prohibited (dose of 
1 mSv a–1); I > 0.5 more precise controls are needed (dose 
of 0.3 mSv a–1). Since this set of samples concerns build-
ing materials that are to be used only superficially in lower 
thicknesses, these limits are correspondingly I > 6 and I > 2. 
With the maximum value of I = 1.87 for the Giallo California 
sample, no analysed sample exceeds the limit for further 
control.

No general statements about the radiological hazards of 
different rocks should be made solely on the basis of lithol-
ogy, but clear differences can be observed for the different 
rock groups (Fig. 3, Table 1). The majority of the samples 
from the groups MV, KS, MA and QT are clearly below 
I = 0.5, while the group SA also exceeds this value with 
several samples. Groups SF, GN and FV have activity indi-
ces mainly in the range 0.5 ≤ I ≤ 1, with individual samples 
having higher indices up to I = 1.87. In addition, it should 
be noted that these groups have a very low activity index. 
In addition, it should be borne in mind that these natural 
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stones are installed in households as thinner cover slabs. 
Thus, significantly lower activity indices of these analysed 
building materials are to be expected in reality. Thus, the 
use of these radiologically analysed products should be per-
mitted by law, without further investigations. The activity 
indices are clearly controled by the thickness (d = 20 cm) 
of the building materials, whereby the distribution of the 
activity indices at lower thicknesses gives the same pattern 
with systematically lower values (not shown here but see 
“Discussion” in European Commission 1999 and Bundesamt 
für Strahlenschutz 2020).

Radon and thoron exhalation rates and emanation 
coefficients

Descriptive statistics are presented for 222Rn and 220Rn 
exhalation rate and their respective emanation coeffi-
cients in Tables 1 and 2. 220Rn exhalation rate is higher 
than 222Rn exhalation rate by a order of magnitude of 3 
due to the shorter half-life of 220Rn. 222Rn exhalation rate 
ranges from 0.002 to 0.440 Bq  kg–1  h–1 with a mean of 
0.041 Bq kg–1 h–1, whereas 220Rn exhalation rate ranges from 
95 to 463 Bq kg–1 h–1 with a mean of 98 Bq kg–1 h–1. The 
222Rn emanation coefficient ranges from less than 1 to 40%, 
averaging 8%, while the 220Rn emanation coefficient ranges 
from less than 1 to 31%, averaging 5%. 222Rn exhalation 
rate is more variable than 220Rn exhalation rate, as shown 
by the larger coefficient of variation. Conversely, the 220Rn 
emanation coefficient is more variable than 222Rn emanation 
coefficient. The ratio between 222Rn emanation coefficient 
and 220Rn emanation coefficient shows that the first is, on 
average, two times higher than the later.

All variables present a positive skewness larger than 1, 
indicating strongly assymetric distributions. The kurtosis is 

also larger than the kurtosis of the normal distribution (of 
3), indicating strong deviations from the normal distribution. 
Thus, nonparametric correlation tests such as the Spearman 
rank correlation coeficient were computed to assess the rela-
tionship between 222Rn and 220Rn exhalation rate and their 
respective emanation coefficients. The results of the Spear-
man rank correlation indicate a statistically significant corre-
lation between 222Rn and 220Rn exhalation rates (R = 0.40, p 
value = 0.006, degrees of freedom = 43) and 222Rn and 220Rn 
emanation coefficients (R = 0.44, p value = 0.002) for a sig-
nificance level of 0.01.

Data were grouped according to sample groups described 
in Table 1 and Fig. 3. In Fig. 4, the felsic rocks (FV) pre-
sent the highest median exhalation rates for both 222Rn and 
220Rn, followed by metamorphic rocks (SF) such as slates, 
phyllites and metapelites (Fig. 4a and b). The lowest exha-
lation rates are observed in mafic rocks (MV), limestones 
and travertines (KS). Quartzites also present a low median 
222Rn exhalation rate compared to other sedimentary rocks 
and metamorphic rocks (SA and SF groups, respectively); 
however, their median 220Rn exhalation rate is similar to 
sedimentary and metamorphic rocks, namely to the SA and 
SF sample groups. Marbles also present median 222Rn and 
220Rn exhalation rates similar to the SF group. Gneisses pre-
sent a low median 222Rn exhalation rate but high median 
220Rn exhalation rate compared to other groups. 222Rn and 
220Rn exhalation rates are highly variable in the GN, FV 
and SF units, as shown by the range of values in the box and 
whiskers plot (Fig. 4).

The median 222Rn emanation coefficient is only higher 
than 10% in the SA and QT units. Values for the emana-
tion coefficient generally lower than 30% are in accordance 
with typical values reported in the literature for a variety 
of materials (e.g. Sakoda et al. 2011). The lowest median 

Table 2   Descriptive statistics of 222Rn and 220Rn exhalation rate and emanation coefficients (see Table 1)

a Samples below the lower limit of detection were excluded. Rn-220 emanation fraction was not determined in samples presenting either a 
Th-232 activity concentration or a Rn-220 activity concentration below the lower limit of detection

222Rn exhalation 
rate
(Bq kg–1 h–1)

220Rn exhalation 
rate
(Bq kg–1 h–1)

222Rn emanation 
coefficient (%)

220Rn emanation 
coefficient (%)

222Rn emanation 
coefficient/220Rn emanation 
coefficient

Number of samplesa 54 46 54 45 44
Mean 0.041 98 8 5 2
Standard deviation 0.080 95 8 5 2
Minimum 0.002 7  < 1  < 1 0
First quartile 0.006 35 3 2 1
Median 0.014 78 6 4 2
Third quartile 0.027 131 11 5 4
Maximum 0.440 463 40 31 12
Coefficient of Variation (%) 196 97 97 105 85
Skewness 4 2 2 4 2
Kurtosis 14 5 5 15 9
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values for the 222Rn emanation coefficient are observed in 
the GN unit, followed by MV, FV, KS, SF and MA units. 
The median 220Rn emanation coefficient is fairly similar 
among sample groups, with median values lower than 10% 
in all studied units.

The FV unit present the highest variability in terms of 
both the 222Rn and 220Rn emanation coefficients, and may 
exceed 30%. Pereira et al. (2017) report median 222Rn ema-
nation values ranging from 19 to over 30% in granitic rocks, 
much higher than the median values reported in the present 
work for FV. Domingos and Pereira (2018) report median 
222Rn emanation values of 16% for weathered metamorphic 
rocks, which are also higher than the median values reported 

in the present work for the SF unit. However, the increase 
in the 222Rn emanation values reported by Domingos and 
Pereira (2018) is linked to the high degree of chemical and 
physical alteration. Sêco et al. (2020) reported median 222Rn 
emanation values lower than 24% for sedimentary rocks 
outcropping in the Lusitanian Basin (Portugal), similarly to 
the results obtained in the present study (Fig. 4c). The low-
est 222Rn emanation values reported by Sêco et al. (2020) 
correspond to sedimentary rocks presenting a high carbon-
ate fraction, such as limestones, dolostones and dolomitic 
limestones. In the present study, the lowest 222Rn emanation 
values are also observed in limestones (KS) when compared 
to other sedimentary rocks (SA).

Fig. 4   The statistical summary of the lithological groups shown as 
boxplots; a for 222Rn exhalation rate (in Bq  kg–1  h–1), b for 220Rn 
exhalation rate (in Bq kg–1 h–1), c for 222Rn emanation coefficient and 
d 220Rn emanation coefficient. The y-axis is in logarithmic scale in 
plots A and B. Legend: MV—mafic rocks (e.g. basalt, gabbro, tra-
chyandesite, amphibolite, serpentinite and ignimbrite); GN—gneisses 

and kinzingite; FV—felsic rocks (granites and granodiorites); KS—
limestones and travertines; MA—marbles; QT—quartzites; SA—
sandstones and similar sedimentary rocks (e.g. sandstone, greywacke, 
metaconglomerate and metapsammite); SF—metamorphic rocks (e.g. 
slates, phyllites and metapelite)
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Discussion

Radiological assessment of the samples—
equivalent doses

The set limits of the activity indices correspond to the limits 
of the effective doses to which people may be exposed to. 
According to the principles of radiological safety, all build-
ing materials that produce a dose of H > 1 mSv a−1 must be 
comprehensively controlled and may only be used in spe-
cial cases (European Commission 1999; Markkanen 1995). 
However, it is recommended that products with a dose of 
H > 0.3 mSv a−1 also be examined radiologically before use. 
In Germany, the population may be exposed to a maximum 
dose of H = 1 mSv in a calendar year (European Commis-
sion 1999; Bundesamt für Strahlenschutz 2020), whereas 
occupationally exposed persons may be exposed to a dose 
of H = 20 mSv in a calendar year (European Commission 
1999; Bundesamt für Strahlenschutz 2020).

Here, the equivalent doses of the samples were deter-
mined in the assumed case with the distance s = 1 cm and 
the exposure time of 8760 h (corresponding to a whole year) 
for individual radionuclides (Fig. 5a–c), as well as a total 
sum (Fig. 5d).

The equivalent doses were calculated using specific 
software, assuming radioactive point sources randomly dis-
tributed. A remarkable observation is that with this method 
the dose values of the nuclide 232Th are several orders of 
magnitude lower than the doses of 226Ra and 40K. As with 
the activities, clear differences are observed between the 
different groups, whereby a generalization by rock type on 
the basis of the equivalent doses is also not correct, since 
the data within the groups partly show a strong variance. 
In the distribution of equivalent doses of the individual 
nuclides, the patterns of the activity distributions (Fig. 3) 
can be found again. The proportionality of the doses to the 
activities has also been reported by Markkanen (1995). 
For the dose of 226Ra, the MV, KS, MA and QT groups 
have the lowest values, with the SA group having slightly 
higher doses and the FV, GN and SF groups having very 
high scatter and highest doses. For the doses of 232Th, the 
MV, KS, MA and QT groups also have the lowest values, 
with SA and SF having slightly higher values with moder-
ate scatter and GN and FV having high doses with strong 
variance. At 40K, the KS group has the lowest doses, with 
MV showing slightly increased doses with smaller variance, 
and the MA, QT and SA groups showing slightly increased 
doses with greater variance. The groups FV, GN and SF 
have the highest dose values with the highest variances. 
The equivalent doses, calculated on s = 1 cm spacing, have 
assumed values between 0 and 2.61 mSva–1, with a total of 
24 samples showing a critical dose of H > 1 mSv a–1 (three 

samples of which, Shiwakashi, Branco Micaela and Wald-
stein Granite with doses H > 2 mSv a–1) and theoretically 
should not be used. As already mentioned, the equivalent 
dose is strongly dependent on the distance to the radioac-
tive point source, so that the maximum doses of the sample 
set decrease for s = 5 cm to Hmax = 0.10 mSv a–1 and for 
s = 10 cm to Hmax = 0.03 mSv a–1. The dependence of the 
equivalent dose on the distance from the radioactive source 
is exemplified for the sample Shiwakashi in Fig. 6, which 
showed the highest equivalent doses from the whole sample 
set. The equivalent dose decreases in a quadratic relation to 
the distance, so that already at s = 20 cm hardly any radiation 
dose is to be expected. The distance s = 1 cm was chosen 
for Fig. 6 because this represents the minimum distance in 
the calculations at which a number of samples exceeded the 
legal dose limit of H = 1 mSv a–1. Since no human being is 
in this proximity to the slabs and tiles made of these natural 
stones throughout the year, the radiation from these sam-
ples poses no danger and they may be used legally without 
restrictions.

The samples from the different rock groups classified in 
Table 1 were compared with the corresponding analytical 
results from the existing literature and presented in Tables 3, 
4, 5, 6, 7, 8, 9, 10. The presented data given in Tables 3, 4, 5, 
6, 7, 8, 9, 10 refer to the following references: [1] Bundesamt 
für Strahlenschutz (2020), [2] Deutscher Naturwerkstein-
Verband (2019), [3] Gehrcke et al. (2012), [4] Yalcin et al. 
(2020), [5] Ahmed et al. (2006), [6] Örgün et al. (2007), [7] 
El Aassy et al. (2011), [8] Marocchi et al. (2011), [9] Kov-
ler et al. (2002), [10] Madruga et al. (2019), [11] Shohda 
et al. (2018), [12] Weng (1996), [13] Mohamed et al. (2016), 
[14] Rafique et al. (2014), [15] Turhan et al. (2009), [16] 
Aykamis and Kilic (2011), [17] Iqbal et al. (2000), [18] 
Pereira et al. (2013), [19] Zeghib et al. (2016).

These literature values should only serve as a general 
classification of the samples used in this study. These litera-
ture values do not represent typical activities for the indi-
vidual rock types. For the comparison, in most cases the 
median values of the activities A of the individual groups 
(calculated from Table 1) were determined.

Radiological studies of granites from different loca-
tions are very common in the literature, as they often have 
amount of radiological components and are often used as 
natural stone slabs (Myatt et al. 2010; Tzortzis et al. 2003). 
The activities of the granites of 226Ra from the literature 
range from 39 to 133.31 Bq kg–1, and the median from the 
granites from this project is located at 105.35 Bq kg–1. 
The literature values for 232Th activity range from 11.7 
to 210 Bq kg–1, while the median of the granites of this 
project is 50.67 Bq kg–1. In the literature, there is also a 
wide variation in the activities of 40K between 762.5 and 
2012.03 Bq  kg–1, with the median value of the studied 
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granites in this project being 1003 Bq kg–1. This compari-
son of the granites is shown in Table 3.

Gneisses have also been investigated for their radioactive 
properties in several studies. The gneisses from the litera-
ture have 226Ra activities in the range of 9.70 Bq kg–1 and 
352 Bq kg–1, while the median for gneisses from this project 
is 17.78 Bq kg–1. The activities of 232Th from the literature 

vary in the range of 8.94–100 Bq kg–1, and the median for 
gneisses from this project is also 35.55 Bq kg–1. The activi-
ties of 40K of the gneisses from the literature ranged from 
490 to 1569.46 Bq kg–1, whereas the median of the gneiss 
analyses in this project is 738 Bq  kg–1. Marocchi et al. 
(2011) analysed the natural stone Kashmir White (Table 1). 
The measured values of this sample only partially agree 

Fig. 5   The statistical summary of the lithological groups based on the 
equivalent doses H in mSv a–1 or µ Sv a–1 presented as boxplots; a for 
226Ra, b for 232Th, c for 40K and d for the total dose rate. The calcula-

tion of the doses is assuming a distance s = 1  cm to the radioactive 
source. The red line represents the legal upper limit of the dose rate 
(H = 1 mSv a–1) to which people may be exposed
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with the literature data, especially large discrepancies are 
observed in the activities of 226Ra and 40K. The comparison 
of the gneisses is given in Table 4.

The rocks of the MV group given in Table 1 have gener-
ally not often been examined for their radiological character 
in the literature. The basalt Vietnam Black has significantly 
lower activities in all three measured nuclides than the other 
basalts from the literature. The Virginia Black sample has 
232Th activity in the same order of magnitude of the litera-
ture data, with 226Ra activity slightly lower and 40K activity 
far lower than is the case for the metagabbro samples from 
the literature. The trachyandesite from Armenia also has sig-
nificantly lower activities in the three radionuclides than the 
literature data. The Verde Malenco sample has significantly 
lower activities in the measured radionuclides (all below the 
detection limit) than the other serpentine samples from the 
literature. The amphibolite sample, Via Lattea, has similar 
activities to the amphibolite analyses from the literature. For 
the comparison of the mafic rocks and their metamorphic 
products, see Table 5.

Sands and sandstones have often been studied radiologi-
cally in the literature, as they are the most common sedi-
ments on Earth. The activity of 226Ra varies in the litera-
ture data between 3.1 and 104.23 Bq kg–1, with a median of 
16.37 Bq kg–1 for the sandstones from this project. The activ-
ity of 232Th is in the range of 3.7 Bq kg–1 and 180.4 Bq kg–1 
in the literature data, whereas the median from this project 
is also 30.69 Bq kg–1. 40K has activities ranging from 39.82 
to 1421 Bq kg–1 in the literature data, with the median of 
the sandstones from this project being 305 Bq kg–1. The 
comparison of the sandstones is shown in Table 6.

The pelitic rocks and their metamorphic products, schist 
and phyllite, have been studied for their radioactive charac-
teristics in some papers. In the literature data, these rocks 

have 226Ra activities ranging from 7.52 to 68.2 Bq  kg–1 
and the median for the clayey rocks from this project is 
29.92 Bq kg–1. The activities of 232Th for these clayey rocks 
from the literature range from 31.74 and 65.3 Bq kg–1, a 
range where the median from this project 37.89 Bq kg–1 is 
included. The activities of 40K vary in the literature data 
between 246.03 and 1016 Bq kg–1, the median from this 
project is in this range with 592 Bq kg–1. The comparison 
of these rocks is shown in Table 7.

Even if the limestones and travertines are not particularly 
dangerous radiologically, there is published work on their 
radioactive character. The activity of 226Ra of limestones 
from the literature varies between 5 and 135.97 Bq kg–1, 
whereas the median of the carbonates from this project 
is 8.04 Bq  kg–1. The 232Th activities from the literature 
take values in the range of 3.1 Bq kg–1 and 32.28 Bq kg–1, 
whereas the median of the current project is somewhat lower 
at 0.90 Bq kg–1. The activities of 40K from the literature 
range from 20 to 251.31 Bq kg–1, whereas the median from 
this project is also lower at 18.50 Bq kg–1. The comparison 
of the carbonate rocks is shown in Table 8.

Besides limestone, quartzite is another lithology that has 
been studied less frequently due to its radiological insignifi-
cance. The activities of 226Ra from the literature data vary 
between 6.94 and 77.5 Bq kg–1, with the median from this 
project being 10.28 Bq kg–1. The activity of 232Th from the 
literature ranges from 6.3 to 10.54 Bq kg–1 and the median 
from this project is 12.35 Bq kg–1. The 40K activities from 
the literature data take values from 140 to 226.4 Bq kg–1, 
with the median from the current project being 165 Bq kg–1. 
The comparison of the data from quartzite can be seen in 
Table 9.

Among “granites” in the international trade, the pet-
rographic description is often not correctly denominated; 

Fig. 6   Dependence of the dose 
H for 226Ra, 232Th, 40K and 
the sum of the three nuclides 
with the distance to the point 
source for the gneiss sample 
Shiwakashi
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therefore, sometimes marbles are also described as grani-
toges. Thus, radiological data of marbles can also be found 
in numerous works. The activities of 226Ra from literature 
data vary from 2 to 95.17 Bq kg–1, with the median from 
this project being 9.43 Bq kg–1. The activities of 232Th from 
the literature range from 0.1 to 110.73 Bq kg–1, whereas 
the median from this project is 2.01 Bq kg–1. The activities 
of 40K in the literature range from 0.8 to 1054.65 Bq kg–1, 
with the median from this project being 62.6 Bq kg–1. The 
comparison of the marbles is shown in Table 10.

Model calculation of annual equivalent dose rates

The potential radiation exposure for humans can be calculate 
by very complex models (e.g. Markkanen 1995; Myatt et al. 
2010). For this purpose, an array of different parameters is 
important and needs to be considered, such as the radiation 
activity of the natural stone used, the total volume of the 
installed stone, the cumulative daily and yearly duration of 
residence of a person in the observed room as well as their 
average distance to the walls (Zeghib et al. 2016).

To constrain our results in the context of everyday life, the 
potential annual equivalent doses were calculated using two 
extreme, hypothetical approaches. The first model, “Small 
room”, describes a square room, where the floor, ceiling and 

Table 3   Values for activities A for 226Ra, 232Th and 40K from the literature for granites compared with the samples from this study

Values from the literature are marked with square brackets and references are listed at the end of the chapter. The median values of the samples 
(group FV) from this project are shown in bold. The literature data are taken from: Bundesamt für Strahlenschutz (2020), Deutscher Naturwerk-
stein-Verband (2019), Yalcin et al. (2020), Ahmed et al. (2006), Marocchi et al. (2011), Madruga et al. (2019), Mohamed et al. (2016), Rafique 
et al. (2014), Pereira et al. (2013), Zeghib et al. (2016), [1] Bundesamt für Strahlenschutz (2020), [2] Deutscher Naturwerkstein-Verband (2019), 
[3] Gehrcke et al. (2012), [4] Yalcin et al. (2020), [5] Ahmed et al. (2006), [6] Örgün et al. (2007), [7] El Aassy et al. (2011), [8] Marocchi et al. 
(2011), [9] Kovler et al. (2002), [10] Madruga et al. (2019), [11] Shohda et al. (2018), [12] Weng (1996), [13] Mohamed et al. (2016), [14] 
Rafique et al. (2014), [15] Turhan et al. (2009), [16] Aykamis and Kilic (2011), [17] Iqbal et al. (2000), [18] Pereira et al. (2013), [19] Zeghib 
et al. (2016)

A (226Ra) [Bq kg-1] A (232Th) [Bq kg-1] A (40K) [Bq kg-1]

Granite[1] 100 120 1000
Granite 1[2] 64 68 1180
Granite 2[2] 46 170 1155
Granite 3[2] 48 315 1210
Granite[4] 133.31 147.12 1110.49
Granite[4] 50.41 82.25 1694.93
Granite[4] 122.31 104.17 2012.03
Granite[5] 57.4 53.4 1041.4
Granite[5] 39 47.9 1031
Granite[5] 76.1 70 1465.4
Rosa Porrino[8] 62 80 1160
Rosa sardo[8] 35 47 1030
Rosa Predazzo[8] 160 210 1230
Granite[10] 116 53 1290
Granite[13] 56.4 48.6 1492.8
Granite[13] 32.3 22.9 762.5
Granite[13] 10.1 80 1906
Granite[14] 92.71 29.19 1117.24
Granite[14] 40.39 91.55 1007.8
Azul noche[18] 59.7 50.8 954
Rubio Cardenosa[18] 39 11.7 1201
Silvestre Dorado[18] 118.4 53.3 1335
Los Santos[18] 75.5 71.9 1123
Gris Villa[18] 64.8 68.8 920
Sorihuela[18] 75.3 63.6 994
Granites[19] 45 39 1178
Median (FV) 105.35 50.67 1003
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walls are covered by 3-cm-thick stone tiles. The dimensions 
of the room are 2 × 2 × 2 m and there are no further objects 
(doors, windows etc.) inside the room. It is assumed that 
the room is completely shielded from the external radiation; 
therefore, the effects of the background radiation (cosmic 
and terrestrial radiation) are not considered. The radioactive 
dose for the centre of the room is calculated. Since the origin 
of the measured activities are point sources, it is necessary 
to alternatively recalculate the activities for a surface. There-
fore, a volume of 1 cm3 is assumed for each single point 
source. In such a manner, a total of 40,000 point sources are 
quantified for the total of a 6 × 4 m2 (24m2) wall surface area 
for each side with the thickness of 1 cm. Subsequently, there 
are three 1-cm-thick “layers” defined from the assumed total 
tile thickness of 3 cm. So the total amount of point sources 
adds up to 120,000 for the wall in total. Since the two rear 
layers are covered by the layers of point sources in front of 
them, an effect of attenuation is generated for the reference 
point in the middle of the room. To calculate this effect of 
attenuation, a shielding calculator from the DAMP engi-
neering office (Ingenieurbüro DAMP) was used to determine 
the attenuation factors (SF) for the rear (SF3) and the mid-
dle layer (SF2) in the wall; it is not necessary for the front 
layer (SF1), as there is no shielding material between it and 
the reference point. From the selection of materials for the 
calculator, normal concrete was chosen as shielding mate-
rial, since it best represents the shielding parameters of the 

natural stones. Since each radionuclide has a characteristic 
equivalent dose rate constant ΓH [nSv qm h−1 GBq−1], they 
also possess distinct attenuation factors (Table 11). The fol-
lowing equation (Eq. 4):

is applied as a basis for the calculation of the equiva-
lent dose rate H [μSv h−1], where A is the activity of the 
respective nuclides (226Ra, 232Th, 40K) in GBq and r is the 
distance from the radiation source in metre (m) using the 
inverse-square law. For the assumed case that a 2-m-tall 
person is in the centre of the room, the average distance of 
the wall surfaces to the centre of the room is calculated with 
the equation:

(4)H =
Γ
H
.A

r2

(5)r =
1 ⋅ rmin + 2 ⋅ rmax

3

Table 4   Values for activities A for 226Ra, 232Th and 40K from the lit-
erature for gneisses compared with the samples from this project

Values from the literature are marked with square brackets and refer-
ences are listed at the end of the chapter. The median values of the 
GN samples (group GN) and our data on Kashmir White are shown 
in bold. The literature data refer to: Bundesamt für Strahlenschutz 
(2020), Deutscher Naturwerkstein-Verband (2019), Gehrcke et  al. 
(2012), Marocchi et  al. (2011), Rafique et  al. (2014), Pereira et  al. 
(2013)

A(226Ra) A(232Th) A(40K)
[Bq kg−1] [Bq kg−1] [Bq kg−1]

Gneiss[1] 75 43 900
Gneiss[2] 75 43 900
Metagranite[3] 9.70 30.97 623.95
Metagranite[3] 50.75 79.35 1569.46
Kashmir white[8] 352 33 1100
Beola Valdossola[8] 14 24 490
Serizzo Valdossola[8] 48 40 740
Pietra Luserna[8] 115 100 1050
Gneiss[14] 108.54 24.79 1135.55
Gneiss[14] 15.14 8.94 53.44
Gneiss Zamora[18] 77.6 68.8 1421
Kashmir White 16.995 30.84 420.8
Median (GN) 17.78 35.55 738

Table 5   Values for activities A for 226Ra, 232Th and 40K from the 
literature for samples of mafic rocks or their metamorphic products 
compared with the samples from this project

The values from the literature are marked with square brackets and 
the references are listed at the end of the chapter. The values of the 
corresponding MV samples from Table 1 are shown in bold. The lit-
erature data refer to: Bundesamt für Strahlenschutz (2020), Ahmed 
et  al. (2006), Marocchi et  al. (2011), Kovler et  al. (2002), Shohda 
et al. (2018), Weng (1996)

A(226Ra) A(232Th) A(40K)
[Bq kg−1] [Bq kg−1] [Bq kg−1]

Basalt[1] 26 29 270
Basalt[9] 12 13.7 308.5
Basalt[12] 20 416
Vietnam Black 3.932 6.275 125
Metagabbro[5] 19.9 13.3 593.2
Metagabbro[5] 9.4 5.6 239.8
Metagabbro[5] 15.2 6.4 176.5
Virginia Black 2.35 4.42 9.42
Tufo Grigio Riano[8] 137 290 1770
Peperino Viterbese[8] 100 140 1210
Trachy andesit armenien 16.24 24.26 563
Serpentinite[5] 22.5 17.2 481.6
Serpentinite[5] 6.2 6 84.5
Serpentinite[5] 5.7 3.4 10.9
Serpentinite[11] 16.11 20.74 309.01
V. Malenko  < 0.6634  < 1.433  < 2.321
Amphibolite[5] 10.4 4.8 197.7
Amphibolite[5] 5.1 3.9 10.8
Via Lattea 2.91 4.705 36.9
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For the application of this model, Eq. (5) was modified 
to Eq. (6).

Hence, the equivalent dose rate H is calculated in three 
separate terms, as different attenuation factors are effective 
for each respective cladding with the tiles. The summed up 
terms are divided by the volume of the sample box (VB), as 
the activity units are given in GBq kg−1 rather than in Bq 
per sample. The certified volume of 250 ml for the vessels 
is referred to a normal fill level. A volume of 280 ml was 
adopted for the calculations, since the sample boxes were 
completely filled. The volume of 280 ml was estimated by 
filling a single sample box with water. Additionally, the cal-
culated equivalent dose rate is multiplied by the number of 
walls and the units are converted from nSv h−1 to mSv a−1.

For the second model, “Coffin”, Eq. 5 was adjusted to 
room dimensions of 1.8 × 0.8 × 0.4 m. Thereby, two surfaces 
with 1.44 m2, two with 0.72 m2 and two with 0.32 m2. The 
average distances to the centre of the room of 0.73 m (rmin), 

(6)H =

A
X
.ΓHX

r2 . SF1

. 40000 +
A
X
.ΓHX

r2 . SF2

. 40000 +
A
X
.ΓHX

r2 . SF3

. 40000

V
B

0.8 m and 0.97 m (rmax), respectively, were assumed. The 
background radiation was neglected in this model as well.

The calculated annual dose rates for the models 1 and 
2 are displayed in Fig. 5. The activity values of at least 

Table 6   Values for activities A for 226Ra, 232Th and 40K in Bq kg–1 
from the literature for sand and sandstone samples compared with the 
samples from this project

The values from the literature are marked with square brackets and 
the references are listed at the end of the chapter. The median val-
ues of the samples (group SA) are shown in bold. The literature data 
refer to: Bundesamt für Strahlenschutz (2020), Örgün et al. (2007), El 
Aassy et al. (2011), Weng (1996), Rafique et al. (2014), Pereira et al. 
(2013)

A(226Ra) A(232Th) A(40K)
[Bq kg−1] [Bq kg−1] [Bq kg−1]

Sand[1] 15 16 380
Beach sand[6] 96.6 1421
Beach sand[6] 180.4 862.8
Beach sand[6] 149.4 1389.2
Sandstone[7] 67.82 45.36 39.82
Sandstone[7] 50.88 15 161.19
Sandstone[7] 104.23 27.62 52.66
Sand[9] 3.1 3.7 90.9
Sandstone[12] 50 539
Sandstone[14] 45.19 68.89 449.22
Sandstone[14] 40.68 64.45 609.93
Sandstone[14] 41.4 65.49 439.48
Arenisca Quintanar[18] 21.3 7.8 485
Quintanar Beige[18] 9 9.1 332
Rojo San Adrian[18] 27.1 25.2 749
Sierra Demanda[18] 22.6 6 410
Zamora[18] 23.4 23.7 439
Median (SA) 16.37 30.69 305

Table 7   Values for activities A for 226Ra, 232Th and 40K in Bq from 
the literature for samples of the claystones and their metamorphic 
products compared with the samples from this project

The values from the literature are marked with square brackets and 
the references are listed at the end of the chapter. The median value of 
the SF samples is given in in bold. The literature data refer to: Bun-
desamt für Strahlenschutz (2020), Marocchi et  al. (2011), Madruga 
et al. (2019), Weng (1996), Rafique et al. (2014), Pereira et al. (2013)

A(226Ra) A(232Th) A(40K)
[Bq kg−1] [Bq kg−1] [Bq kg−1]

Clay[1]  < 40 60 1000
Clay[1] 40 560
Beola Dorata[8] 18 58 740
Slate[10] 31 56 829
Shale[12] 51 813
Schist[14] 35.52 55.6 437.61
Shale[14] 20.83 33.98 246.03
Shale[14] 32.05 54.97 537.5
Shale[14] 68.2 35.94 381.33
Slate[14] 37.28 65.01 879.78
Shale[14] 7.52 31.74 428.66
Filita Bernardos[18] 55.7 65.3 1016
Median (SF) 29.92 37.89 592

Table 8   Values for activities A for 226Ra, 232Th and 40K from the lit-
erature for limestones and related rocks compared with the samples 
from this project

The values from the literature are marked with square brackets and 
the references are listed at the end of the chapter. The median value of 
the samples (group KS) refering to Table 1 is shown in bold. The lit-
erature data refer to: Bundesamt für Strahlenschutz (2020), Deutscher 
Naturwerkstein-Verband (2019), Gehrcke et al. (2012), El Aassy et al. 
(2011), Kovler et al. (2002), Weng (1996), Rafique et al. (2014)

A(226Ra) A(232Th) A(40K)
[Bq kg−1] [Bq kg−1] [Bq kg−1]

Calcareous Sandstone[1] 15 10 200
Travertine[2] 5 5 20
Calcareous Sandstone[3] 10 130
Dolostone[7] 135.97 3.41 17.59
Dolomite[9] 28 3.1 33.6
Limestone[9] 18.3 7.4 77.1
Limestone[12] 5.1 80
Limestone[14] 18.06 28.73 224.14
Limestone[14] 25.38 32.38 251.31
Limestone[14] 23.19 31.66 236.71
Median (KS) 8.04 0.90 18.5
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one of the measured radionuclides laid below the limit of 
detection for the total of 15 out of 82 investigated samples. 
For the affected nuclides in these samples, an activity of 
A = 0 Bq was set for the further calculations. The calculated 
equivalent dose rates from the model 1 vary from  < 0.01 to 
0.79 mSv a−1 (for the sample Giallo California). Thus, no 
measured sample exceeds the annual dose rate of 1 mSv a−1, 
which is set as the maximal value for the German regula-
tions. The annual dose rate for a total of 24 samples was 
calculated to be in the critical region of 0.3 to 1 mSv a−1 
and should therefore not be installed as stone tiles prior to 
further investigations. It is noticeable that the annual dose 
rates calculated based on the model 2 are significantly higher 

than for the model 1. For the model 2, the annual dose rates 
vary between < 0.01 and 1.29 mSv a−1, calculated for the 
sample Giallo California. An annual dose rate exceeding the 
limit of 1 mSv a−1 was calculated for a total of 16 samples, 
whereas for another 34 samples the determined annual dose 
rate was in the critical area of 0.3–1 mSv a−1. The higher 
annual dose rates from the second model are derived from 
the smaller distance of the radioactive sources to the centre 
of the room (inverse-square law), as the goal of this model 
was to enclose a person as close as possible with stone tiles 
from all sides. Even though the approach “what equivalent 
dose rate affects a person when enclosed in a coffin for a 
year” is not entirely realistic, it is shown that even when 
enclosed with material with the highest dose rate values 
(here Giallo California) of 1.29 mSv a−1, a dose far below 
the maximum dose of 20 mSv a−1 is experienced, which is 
set for people with occupational radiation exposure in Ger-
many (Bundesamt für Strahlenschutz 2020).

Model calculation of radon exposure

The contribution of the building materials to the indoor 
radon can be simulated on the basis of the data obtained 
for the exhalation rate of the same materials. For this goal, 
the radon concentration (CRn) can be calculated from the 
following equation (Eq. 7) taken also in account the ventila-
tion rate:

were Em is the exhalation rate by mass (in Bq kg−1 h−1), 
M is the mass of the stone used as building material (in kg), 
λo is the radon decay rate (0.0076 h−1), λv is the ventilation 
rate (in h−1), and V is the volume of the room (in m3). M is 
the product of the density of the material by the volume of 
the tiles used. The product of Em * M is designated also as 
the radon entry (in Bq h−1).

(7)CRn = E
m
∗ M ∕ (�o + �v) ∗ V

Table 9   Values for activities A for 226Ra, 232Th and 40K in Bq  kg–1 
from the literature for quartzites compared with the samples from this 
project

Values from the literature are marked with square brackets and refer-
ences are listed at the end of the chapter. The median value of the 
samples (group QT) from this paper is shown in bold. The literature 
data refer to Turhan et al. (2009) and Aykamis and Kilic (2011)

A(226Ra) A(232Th) A(40K)
[Bq kg−1] [Bq kg−1] [Bq kg−1]

Marble[10] 6.1 1.9 34
Marble[11] 27.01 9.03 103.56
Marble[11] 14.63 9.41 81.24
Marble[11] 15.04 6.88 168.26
Marble[13] 5.7 0.1 0.9
Marble[13] 7.3 0.9 0.96
Marble[13] 2 0.31 0.8
Marble[14] 22.48 2.22 15.67
Marble[14] 5.35  < 1.80 9.55
Marble[14] 95.17 9.72 655.73
Marble[14] 54.14 110.73 1054.65
Marble[14] 40.55 64.03 812.16
Marble[17] 33 32 57
Median (MA) 9.43 2.01 62.6

Table 10   Values for activities A for 226Ra, 232Th and 40K from the lit-
erature for marbles compared with the samples from this project

The values from the literature are marked with square brackets and 
the references are listed at the end of the chapter. The median value 
of the samples (group MA) from this project is shown in bold. The 
literature data refer to: Madruga et  al. (2019), Shohda et  al. (2018), 
Mohamed et al. (2016), Rafique et al. (2014), Iqbal et al. (2000)

A(226Ra) A(232Th) A(40K)
[Bq kg−1] [Bq kg−1] [Bq kg−1]

Quartzite[15] 77.5 6.3 140
Quartzite[16] 6.94 7.34 140.05
Quartzite[16] 9.85 10.54 226.4
Median (QT) 10.28 12.35 165

Table 11   Listed are the equivalent dose rate constant ΓH in 
mSv qm h–1 Bq–1, taken from the shielding calculator of DAMP, and 
the attenuation factor for the wall thicknesses/shielding thicknesses: 
0, 10 and 20 mm for the respective radionuclides 226Ra, 232Th and 40K

They were determined with the help of the shielding calculator of 
DAMP Ingenieurbüro (Ingenieurbüro DAMP 2020)

226Ra+  228Th+  40K

Equivalent dose constant ΓH
[mSv qm h−1 Bq−1]

0.000298 0.000193 0.0000211

Attenuation coefficient
 0 mm 1 1 1

 10 mm 1 1 1.03
 20 mm 1.02 1.03 1.06
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The radon concentration is calculated for a room with the 
dimensions of 4 × 3 × 2.5 m, including a window of 1 × 1 m 
and a door with 2 × 1 m. Tiles of stone materials with dif-
ferent thickness (variable between 0.01 and 0.2 m) cover all 
the walls and the floor (Fig. 7). It is assumed no other con-
tribution to indoor radon beside the stone material. Different 
ventilation rates is allowed and tested, assuming a value of 
λv = 0.2 h−1 as representative of a poorly ventilated room 
and 0.5 h−1 as of the opposite case.

The results related to the worst situation in what concern 
to radon exposure in the room, considering a low ventilation 
rate, is shown in Fig. 8 for the different lithological groups. 
In the first case (tiles with a thickness of 1 cm), all the stone 
materials comply with the european legislation, with mod-
elled maximum indoor radon less than 100 Bq m−3. For 
tiles with thickness of 3 cm the same scenario is forecasted, 
despite the general increase in the radon concentrations; the 
highest averages are related with the FV group (granites), 
followed by the gneisses (GN group).

For higher tiles thickness, and for poorly ventilated 
spaces, some of the building materials can induce indoor 
radon concentrations above the action limit, as expected all 
included in the FV group (Fig. 7). This is the case of the 
Waldstein, the Flossenburger, the Amarelo Real, for 10-cm-
thick tiles, but for higher thickness (20 cm) others show the 
same behaviour, as the case of the Coral Red and, in less 
extend, the Branco Micaela and the Kuperscheifer types; this 
last rock is the only one not included in the FV group (SF).

The ventilation is a crucial parameter to control the indoor 
radon concentrations, as expected, and for higher rates 
(λv = 0.5 h−1) only the more problematic rocks (Waldstein, 
the Flossenburger, the Amarelo Real) are able to increase the 
indoor radon concentrations up to the action limit (Fig. 8).

Final remarks

Natural stones are widely used as construction material both 
in outdoor and indoor applications. Their optical and phys-
ico-mechanical properties, together with the distribution and 
availability make them an excellent construction material. 
In the last decades, the potential radioactivity harmful of the 
materials has been discussed in scientific papers and several 
laws and recommendations were published regarding this 
concern. In line of this, the European Union published some 
principles for limiting the natural radioactivity of building 
materials. The future of this important economic activity 
needs to incorporate these new principles and a deep evalu-
ation of building stones will be necessary to avoid or limit 
any eventual constraints to the utilization of the rocks as 
construction materials.

In the near future, global market will demand the assess-
ment of the radiological hazards of thousands of building 

stones produced worldwide. This research is a first step to 
have a general overview of this problematic. A wide range 
of samples were selected regarding the mineralogy and the 
geological background. Eighty-two rocks were selected to 
measure their radioactivity and calculate the resulting annual 
equivalent doses and radon exhalation. The samples with 
similar petrographical characteristics were grouped result-
ing into eight different groups: mafic, gneisses, felsic, lime-
stones, marbles, quartzite, sandstones and similar sedimen-
tary rocks and metamorphic rocks.

Fig. 7   Indoor radon concentrations calculated from the model dis-
cussed in the text, considering a low ventilation rate scenario and dif-
ferent thickness of the tiles (from above: 1 cm, 3 cm and 10 cm)
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The activity concentration of radon, thorium and potas-
sium, A226Ra, A232Th and A40K, for most of the samples 
is below the upper limits of normal activities (A226Ra and 
A232Th < 100 Bq kg−1 and A40K < 1000 Bq kg−1) for con-
struction materials (European Commission 1999). However, 
differences are evident among the several rock groups. Min-
eralogy and geological process have a great influence on the 
isotope content. A clear contrast is seen between the felsic 
(high values) and mafic rocks (low values) in terms of Ra 
activity as consequence of the incorporation of uranium and 
thorium in the crystal lattices of the minerals. Marble and 
limestone show low actvivites values, despite some condi-
tions to high uranium concentrations can be found. In the 
sandstones and other sedimentar rocks, the source of the 
sediments plays an important role in their chemical and 
mineralogical composition. In these rocks, elevated uranium 
and thorium contents may be caused by a greater amount of 
heavy minerals originate from a felsic magmatic source area. 
Similary to the sandstones, low concentrations of uranium 
and thorium are usually expected in the quartzite group. The 
metamorphic rocks, as slates and phyllites, show a very high 
variance of the activities of radium and potassium.

Clay minerals have the ability to incorporate uranium in 
different ways specially in sedimentary layers with a high 
organic content. The metamorphic products of the mud-
stones, shales and phyllites, are largely composed of dif-
ferent clay minerals, such as illite, vermiculite and chlorite, 
which may contain high levels of potassium. The gneisses 
show the broadest spectrum of isotopes activities, because 
they can form as a metamorphic product of many different 
rocks under diverse P–T conditions. Therefore, the concen-
trations of uranium, thorium and potassium in the gneiss 
samples are very dependent on the source rock.

The activity indices (I) were assessed in the case of 
exaggerated thickness (d = 20 cm). Samples of gneiss, fel-
sic and metamorphic groups rock groups have activity indi-
ces mainly in the range 0.5 ≤ I ≤ 1, with individual samples 
having higher indices up to I = 1.87. The other rock groups 
are cleary below I = 0.5, and only some samples execeed 
this value. Since the natural stones are used indor as thinner 
cover slabs, lower activity indices are to be expected in real-
ity and none further investigations are needed.

The felsic rocks present the highest median exhalation 
rates for both 222Rn and 220Rn, followed by metamorphic 
rocks such as slates, phyllites and metapelites, while the low-
est exhalation rates are observed in mafic rocks, limestones 
and travertines.

According to the principles of radiological safety, all 
building materials that produce a dose of H > 1 mSv a−1 
may only be used in special cases (European Commission 
1999). Assuming a exposure time of 8760 h (corresponding 
to a whole year) and a distance to the source of only 1 cm, 
a total of 24 samples show a critical dose of H > 1 mSv a−1 
(values between 0 and 2.61 mSv a−1). Since no person is 
in this proximity to the slabs and tiles throughout all the 
year, and considering that the equivalent dose decreases in 
a quadratic relation to the distance, the radiation from these 
samples poses no danger and they may be used legally with-
out restrictions.

In some cases, like a small and poor ventilated room cov-
ered by tick tiles, the modelling of the annual equivalent 
dose rates and radon exposure can reach the maximum val-
ues. The values obtained characterize unrealistic cases and 
allow to have an idea about the possible harmufluss of the 
building material.

Unfortunately, this topic is not yet a cause of concern for 
most of the producers. Considering the new insigths and the 
regulations, developments are expected in a near future. This 
research rather than evaluate the radiological hazards of all 
the building materials, a task for several decades, intends to 
highlight the main factors regarding this topic. Both con-
sumers, producers and market organizations should be aware 
to this new challange.
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