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Abstract This study focuses on the radiological charac-

terization of granitoid outcrops and dimension stones using

in situ gamma-ray spectrometry. Extensive measurements

were performed on 210 granitoid outcrops of the Corsica-

Sardinia Batholith. The large statistical sample allowed us

to improve the analysis by considering a log-normal dis-

tribution of radioelements and propagating the uncertain-

ties using Monte Carlo method. The activity concentrations

of 40K, 226Ra (238U) and 232Th in C-SB area were

1,177-304
?408, 60-23

?36 and 69-25
?38 Bq/kg (at 1r uncertainty). The

median abundance of K, U and Th on the Variscan C-SB

was higher than the average values of the upper continental

crust and was comparable with Variscan belt. This

corresponds to an outdoor absorbed dose rate of

124-26
?33 nGy/h at 1r uncertainty which is 3r higher than the

population-weighted average absorbed dose rate (60 nGy/

h). Seven commercial granites (Rosa Beta, Ghiandone,

Giallo San Giacomo, Rosa Cinzia, Grigio Malaga, Bianco

Sardo and Grigio Perla) were investigated to characterize

their radiological hazard through 147 measurements taken

in 73 extractive quarries. All of the commercial granites

were categorized as A2 material based on their activity

concentration indices, excluding (at the 3r level) any

restriction on their utilization as superficial materials. Rosa

Beta, Grigio Malaga, Grigio Perla and Bianco Sardo can

also be used as bulk materials as they can be included in

the A1 category. In the case of Ghiandone, Giallo San

Giacomo and Rosa Cinzia, we are confident of an A1

classification only at the 1r level.

Keywords In-situ gamma-ray spectrometry � Variscan

Corsica-Sardinia Batholith � Granite � Dimension stones �
Radiological hazard

Introduction

The gamma rays emitted from natural radioelements and,

in particular, from 238U and 232Th decay chains and 40K are

important contributors to external radiation exposure.

Approximately, 15 % of the world average radiation

exposure comes from radioelements occurring naturally in

the Earth’s crust. The world average radioactivity content

in the upper continental crust is 33 ± 7, 43 ± 4 and

727 ± 60 Bq/kg for 238U, 232Th and 40K, respectively

(Rudnick and Gao 2003). Materials derived from rocks and

soils widely used in the construction industry may be

responsible for an excess in external radiation exposure and
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may also contribute to the internal radiation (owing pri-

marily to radon and its daughters).

An enrichment of radioactivity content and, in particu-

lar, of 238U and 232Th in metamorphic and granitic igneous

rocks is often found in a few minerals such as apatite,

sphene and zircon and other accessory phases (Whitfield

et al. 1959; Rogers and Ragland 1961). Igneous plutonic

rocks are characterized by relatively high concentrations of

natural radionuclides varying over a wide range of up to

2,000 Bq/kg for 40K (Anjos et al. 2005), 600 Bq/kg for
238U (226Ra) (Tzortzis et al. 2003; Salas et al. 2006) and

900 Bq/kg for 232Th (Tzortzis et al. 2003).

Granite production in Europe is often linked to the

occurrence of several Variscan batholiths throughout the

continent, from Portugal and Spain in the west to Bohemia

and Poland in the east. One of the largest batholiths is the

Corsica-Sardinia Batholith (C-SB) (Rossi et al. 2009),

exposed in the Sardinia-Corsica Microplate. In northern

Sardinia, many varieties of granitoid rocks are frequently

quarried and exported throughout the world. These rocks

display substantial variation in their chemical–mineralog-

ical composition and texture, making them appealing as

dimension stones for flooring, columns, ashlars and other

architectural structures.

The aims of this study are

1. the realization of an extensive in situ radiometric

characterization of the C-SB area using a portable

scintillation gamma-ray spectrometer and the evalua-

tion of the outdoor external dose rate;

2. the radiological characterization of commercial granite

dimension stones quarried in C-SB area by adopting

the activity concentration index (ACI) (EC 2011) to

evaluate the radiological implications of using these

rocks as building materials in dwellings.

The geochemical features of commercial granite

dimension stones where discussed based on inductively

coupled plasma mass spectrometry (ICP-MS) measure-

ments. The results were cross-checked with measurements

performed using a high-purity germanium (HPGe) gamma-

ray spectrometer and ICP-MS.

The late Variscan granites of the Corsica-Sardinia

Batholith

A large part of Sardinia, *6,000 km2 in total area (Ghezzo

and Orsini 1982), consists of C-SB granitic rocks (Fig. 1).

The C-SB is closely related to the evolution of the south

European Variscan belt (Paquette et al. 2003). The C-SB

formed over a time interval of approximately 60 Ma, from

340 to 280 Ma (Paquette et al. 2003; Renna et al. 2006;

Gaggero et al. 2007). The long period of emplacement

reflects important differences in terms of chemical com-

position, mineralogy and texture (Casini et al. 2012). The

oldest intrusions (*340 Ma; Paquette et al. 2003) exposed

in NW Corsica are represented by the so-called ‘‘durbach-

ites’’ of high Mg–K calc-alkaline association. The calc-

alkaline association is widespread in Sardinia and Corsica

and consists mostly of metaluminous to slightly peralumi-

nous monzogranites, granodiorites and subordinate leuco-

monzogranites. The youngest magmatic bodies of calc-

alkaline to transitional alkaline affinity consist of small

mafic bodies, dated at approximately 285 Ma (Renna et al.

2006; Gaggero et al. 2007), that crop out in southern Cor-

sica and Sardinia. The dominant rock types are gabbros,

diorites and quartzdiorite with a tholeitic signature. Finally,

in Corsica, an alkaline association of early Permian age is

also documented (Cocherie et al. 2005). The Sardinian

sector of the C-SB arose from the coalescence of many calc-

alkaline plutons dominated by monzogranites and subor-

dinately by granodiorites; gabbroic rocks and tonalites are

very scarce (Bralia et al. 1981; Casini et al. 2012).

The dating of the calc-alkaline magmatism in Sardinia

has recently been improved based on U/Pb zircon ages and

Ar/Ar hornblende, muscovite and biotite ages; collectively,

the data indicate a temporal window between 321 and

285 Ma (Oggiano et al. 2007; Gaggero et al. 2007). Most

of the plutons emplaced between 311 and 300 Ma are

mildly peraluminous monzogranites in their composition;

between 300 and 285 Ma, the volume of granodiorite

increased (Oggiano et al. 2005).

Three main plutons, distributed over an area of

*1,000 km2, supply most of the granite production from

Sardinia (Fig. 1c). They are, in order of importance

• the Arzachena pluton (Oggiano et al. 2005; Casini et al.

2012), which is the largest one. It shows a variety of litho-

facies from almost equigranular to strongly porphyritic

monzogranite (due to the occurrence of 2–3 cm-large

K-feldspar phenocrysts) to equigranular granodiorites;

• the Tempio pluton (Cherchi 2005), which is comprised

mostly coarse-grained biotite-rich monzogranites with

huge (3–12 cm) K-feldspar xenocrysts and leuco-

monzogranites;

• the Buddusò pluton (Barbey et al. 2008), characterized

by an abundance of granodiorites, monzogranites and

leuco-monzogranites.

The Tempio and Arzachena plutons exhibit a similar

inverse zonation; the granodiorites are found in the core

and progressively more differentiated terms such as

monzogranites, and leuco-monzogranites are found in the

outer shells. The Buddusò pluton, on the other hand, dis-

plays a normal zonation, ranging from granodioritic facies

in the external shell to monzogranitic and leuco-monzo-

granitic facies in the core.
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Fig. 1 a Position of the

Corsica-Sardinia block in the

Mediterranean Sea.

b Geological sketch map of the

C-SB. The 210 measurements

used for its characterization are

indicated by the black circles.

c Position of seven extractive

districts where 147 in situ

measurements were performed.

The Buddusò, Arzachena and

Tempio plutons are also

indicated. HGMC high grade

metamorphic complex
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The study of heat radiogenic elements in Sardinian

sector of the C-SB is relevant for the comprehension of the

origin of the extensive high-temperature and low pressure

(HT-LP) province established in the Variscan belt during

the Carboniferous-Permian transition. The causes of high

thermal gradients which brought about anatectic melting is

still debated (Cocherie et al. 1994; Faure et al. 2010). One

of the hypotheses is based on a significant enrichment of

heat radiogenic elements in the lower crust (Lexa et al.

2011): HT-metamorphism could be a consequence of melt-

induced rheological adjustments of thick orogenic roots.

The present radiological characterization of C-SB area

might be included as a constraint of models which study

the thermal budget of Variscan crust (Casini 2012).

Sardinian granite dimension stones and their

geochemical characterization

Granites from the C-SB have been utilized extensively

since ancient times (Poggi and Lazzarini 2005) and are still

exploited from approximately 400 quarries in Northeast

Sardinia (RAS 2007) and traded worldwide (Fig. 1c). The

dimension stones are appreciated by the market as both

structural (concrete, masonries, columns, etc.) and orna-

mental components (flooring, tiles, boards, etc.). The most

famous granites1 from C-SB are known commercially as

Rosa Beta, Ghiandone, Giallo San Giacomo, Rosa Cinzia,

Grigio Malaga, Bianco Sardo and Grigio Perla.

Rosa Beta (Fig. 2a) and Giallo San Giacomo (Fig. 2c)

are the two commercial granites exploited from the Ar-

zachena pluton (Fig. 1c). Rosa Beta is the most commer-

cialized biotite-monzogranite among the Sardinian granites

(RAS 2007). This pinkish rock has a medium grain size

ranging from 0.5 to 2 cm and a strong porphyritic fabric

owing to the presence of K-feldspar phenocrysts (2–3 cm).

Giallo San Giacomo is a biotitic leucomonzogranite with

an apparently isotropic and almost equigranular fabric; this

granite is highly valued in the current market for its typi-

cally yellowish hue, arising from selective weathering and

oxidation of Fe–Mg minerals (Cuccuru et al. 2012).

Ghiandone (Fig. 2b) is found in the Tempio pluton

(Cherchi 2005) and was the most widely traded granite in

the 1970s and 1980s (RAS 2007). It is a coarse-grained,

strongly porphyritic biotite-monzogranite with large

K-feldspar phenocrysts (up to 12 cm) dispersed within a

finer-grained matrix (0.5–2 cm) composed of K-feldspar,

quartz and plagioclase. Rosa Cinzia (Fig. 2d) is a pinkish,

nearly equigranular biotite-monzogranite exploited in only

three quarries located around the town of Tempio Pausania.

Its grain size ranges from 0.5 to *1.5 cm, which is finer

than that of Rosa Beta.

Grigio Malaga (Fig. 2e), Grigio Perla (Fig. 2f) and

Bianco Sardo (Fig. 2g) are the three commercial granites

exploited in the Buddusò pluton and represent the least,

intermediate and most differentiated terms of the Buddusò

intrusion, respectively (Barbey et al. 2008). Grigio Malaga

is a tonalitic granodiorite with a grain size between 0.5 and

1.5 cm. This stone displays a well-foliated fabric that is

revealed by the shape preferred orientation of its mafic

enclaves and its amphibole-biotite-rich domains. Grigio

Perla is a biotite-monzogranite with a grain size of

approximately 1 cm and a gray, nearly equigranular fabric.

Bianco Sardo is a leuco-monzogranite characterized by an

equigranular fabric, relatively fine grain size (*1 cm) and

overall whitish color owing to a scarcity of biotites.

The geochemical characterization is obtained from ICP-

MS analysis of representative samples, which are ordered

in Table 1 according to silica content. The SiO2 content of

samples ranges from 68.8 % in Grigio Malaga to 77.6 % in

Giallo San Giacomo. The A/CNK ratio2 generally increa-

ses with the silica content, varying from 0.96 in Rosa Beta

up to 1.04 in Giallo San Giacomo. This indicates that all

granites are metaluminous to slightly peraluminous, as

commonly observed in most granites of the C-SB (Casini

et al. 2012; Barbey et al. 2008).

The abundances of Ba and Sr show a negative correla-

tion with the SiO2 content. This behavior is even more

apparent for other trace elements at the scale of a single

pluton such as Buddusò pluton (Grigio Malaga, Grigio

Perla and Bianco Sardo). The chondrite-normalized rare

earth element (REE) contents are consistent in all samples

(Fig. 3) showing almost flat heavy REE patterns and

moderately enriched light REE, which indicates slight

fractionation (Ce/Yb = 8 7 10). All samples are charac-

terized by a negative Eu anomaly, which increases from

relatively basic (Grigio Malaga) to the more acidic mate-

rials (Bianco Sardo, Giallo San Giacomo) (Fig. 3). These

observations suggest that all of the investigated granites

derived from a common crustal source, as already proposed

by Ferrè and Leake (2001).

The high radioactivity content in igneous rocks is gen-

erally attributed to the enrichment of U and Th. Uranium

phases such as uraninite, beta- and alpha-uranophane and

thorium phases such as thorianite have occasionally been

identified only in pegmatites and similar highly evolved

magmatic liquids (Gamboni and Gamboni 2006). Although

these bodies may be common in the apical part of any

intrusions (e.g., the Arzachena Pluton (Cuccuru et al.

2011)), their volume and consequently their contribution to

1 The names of granite dimension stones are taken from UNI EN

12440 (2008).

2 The ratio of aluminum/total alkali content is obtained by Al2O3/

(CaO ? Na2O ? K2O).
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the bulk radioactivity are generally negligible. However,

most granites contain a significant (1–2 wt%) quantity of U

and Th bearing accessory mineral phases, such as zircon,

allanite, apatite, monazite and xenotime (Gamboni and

Gamboni 2006).

In our samples, the general increase of U and Th

observed in the more evolved granites (SiO2 [ 70 wt%)

correlates well with a decrease in the ZrO2 component and

increase of Y. This indicates that zircon is probably the

main U and Th bearing mineral in the less evolved samples

such as Rosa Beta, Ghiandone and Grigio Malaga, while

Y-bearing phases such as allanite and xenotime become

progressively more important during the evolution of

magmas.

Materials and methods

In this study, a total of 357 in situ gamma-ray measure-

ments were performed. Of these, 210 were measured on

granitoid outcrops of the C-SB (Fig. 1b) and 147 were

measured on 73 quarries of Rosa Beta, Ghiandone, Giallo

San Giacomo, Rosa Cinzia, Grigio Malaga, Bianco Sardo

and Grigio Perla, collecting for each lithotype 21 mea-

surements (Table A.1).

A portable equipment mounted in a backpack and

enfolded in shock-resistant materials to prevent damage in

outdoor environments was used. The scintillation gamma-

ray spectrometer inside the backpack consisted of an

NaI(Tl) crystal with a cubic shape (10.2 9 10.2 9

10.2 cm3) and an energy resolution of 7.3 % at 662 keV

(137Cs) and 5.2 % at 1,172 and 1,332 keV (60Co). The

crystal was optically coupled to a photomultiplier tube

with integrated electronics consisting of a bias supply,

preamplifier and digital multichannel analyzer (MCA). The

system was managed using a notebook computer fitted with

a GPS antenna (54 channels and 10 m accuracy).

The instrument was carefully calibrated following the

method described in Caciolli et al. (2012). Using full

spectrum analysis with the non-negative least squares

(FSA-NNLS) constraint, each measured spectrum is

reconstructed from a linear combination of standard spectra

for 238U, 232Th, 40K, 137Cs and background. The systematic

uncertainty of the method is estimated to be 5 % for 40K

and 7 % for 232Th. The primary contributor to the U

standard spectrum is the decay of 214Bi, a daughter of
222Rn, which is present in the ground and in the air.

Although the instrument cannot discriminate between the

two contributions from the ground and the air, the sys-

tematic uncertainty in the 238U measurement for the ground

is of order 15 % (Caciolli et al. 2012). In the case of 5-min

in situ measurements on C-SB outcrops, the statistical

uncertainties were\1.5, 3 and 3 % for 40K, 238U and 232Th,

respectively (Table A.1).

The main advantages of using in situ measurements are

(a) quick feedback, (b) a large sample size, (c) immediate

repeatability of the measurement and (d) low management

costs. In contrast to laboratory HPGe spectrometry and

ICP-MS, in situ gamma-ray spectroscopy provides a direct

measurement of the radioactivity content of a large portion

of rock. In our study, 357 in situ measurements were per-

formed with the detector on the ground. In this configura-

tion, 90 % of the signal reaching the detector came from a

volume of radius 35 cm and *20 cm thick, corresponding

to an effective rock mass of *200 kg.

A number of relevant precautions were taken to ensure

the reliability of our measurements. To minimize the

interference due to morphology, relatively flat outcrops

Fig. 2 Seven commercial granite tiles of a Rosa Beta, b Ghiandone, c Giallo San Giacomo, d Rosa Cinzia, e Grigio Malaga, f Grigio Perla and

g Bianco Sardo
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Table 1 Whole-rock major (wt %) and trace (lg/g) element compositions of the 7 commercial granites. Conservatively, an accuracy of 10 % for

ICP-MS results was assumed

Chemical composition Commercial granites

Grigio Malaga Sa15a Rosa Beta Grigio Perla Ghiandone Rosa Cinzia Bianco Sardo Sa22ca San Giacomo

Major elements (expressed in wt%)

SiO2 68.75 71.11 72.43 73.02 74.31 75.09 77.59

Al2O3 15.28 13.85 14.02 13.35 13.41 13.48 12.18

Fe2O3 3.81 0.8 0.62 1.18 0.69 1.42 0.78

FeO – 1.82 1.46 1.09 0.93 – 0.29

CaO 3.34 2.33 1.84 2.46 1.75 1.52 0.57

Na2O 3 3.57 3.38 3.2 3.15 3.07 3.34

K2O 3.72 3.91 4.37 3.22 4.62 4.81 4.74

MgO 0.92 0.71 0.44 0.75 0.29 0.24 0.05

TiO2 0.4 0.353 0.187 0.295 0.163 0.09 0.06

P2O5 0.15 0.34 0.06 0.09 0.04 0.07 0.03

MnO 0.05 0.065 0.082 0.065 0.033 0.04 0.02

LOI 0.5 0.72 0.54 0.62 0.44 0.59 0.28

Total 99.92 99.78 99.59 99.46 99.93 100.42 99.95

Trace elements (expressed in lg/g)

Be – 3 2 2 2 – 1

Sc – 7 6 5 3 – 2

V 43 33 14 36 13 6 \5

Cr 10 \20 \20 \20 \20 – 40

Co 5 3 2 3 1 1 \1

Ni – \20 \20 \20 \20 – \20

Cu – \ 10 \ 10 20 \ 10 – \10

Zn 57 \30 50 50 \30 25 \30

Ga 19 16 17 16 15 15 18

Ge – 1 2 2 2 – 1

As – \5 \5 \5 \5 – \5

Rb 108 120 165 112 139 123 101

Sr 195 211 88 171 93 70 13

Y 17 23 38 15 16 11 29

Zr 177 251 115 113 107 25 269

Nb 9 13 13 10 9 6 6

Mo – \2 \2 \2 \2 – 4

Ag – 1.1 \0.5 \0.5 \0.5 – \0.5

In – \0.2 \0.2 \0.2 \0.2 – \0.2

Sn – 4 5 3 3 – 4

Sb – \0.5 \0.5 \0.5 \0.5 – \0.5

Cs 4 3 3 2.7 2.9 2 1.1

Ba 1,197 888 465 470 507 285 189

La 49.9 38.6 26.6 24.9 26.9 17 32.6

Ce 95.2 74.8 54 48.3 54 37.5 73.5

Pr 10.56 8.13 6.5 5.46 6.28 4.51 7.82

Nd 36.8 28.8 24.7 20.1 23 15.9 27.7

Sm 6.06 5.6 5.5 3.5 4.1 3.09 5.3

Eu 1.23 1.08 0.57 0.69 0.67 0.49 0.21

Gd 3.88 4.6 5 2.7 3.1 2.28 4.7

Tb 0.6 0.7 0.9 0.4 0.5 0.31 0.7
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were chosen, far from the sides of the outcrop and from

man-made constructions. The portable NaI(Tl) detector

was placed on bare rocks with no soil cover or vegetation.

The measurements were never performed immediately

after rainfalls and since the detector was placed on bare

rocks the interference of moisture was considered negli-

gible. The 238U and 232Th activity concentrations were

calculated assuming secular equilibrium in the decay

series.

The activity concentrations of 40K, 238U and 232Th

obtained from in situ surveys were compared with those

measured in individual samples of each commercial granite

using inductively coupled plasma mass spectrometry (ICP-

MS) and HPGe spectrometry (Table 2). The elemental

composition measurements were performed at Activation

Laboratories Ltd. using a Perkin Elmer SCIEX ELAN 9000

ICP/MS with a combination of analysis packages Code 4B

(lithium metaborate/tetraborate fusion ICP whole rock) and

Code 4B2 (trace element ICP-MS), in which the fused

sample is diluted and analyzed using ICP-MS. The detec-

tion limits of these methods for K2O, U and Th were

0.01 % (2.6 Bq/kg), 0.1 lg/g (1.2 Bq/kg) and 0.1 lg/g

(0.4 Bq/kg), respectively. The ICP-MS method permits not

only to crosscheck in situ measurements, but it also pro-

vides information on the major and trace element compo-

sition necessary for the geochemical characterization of

different granites (see Sect. 3).

The activity concentrations were measured on a

180 cm3 sample using the MCA_Rad system (Xhixha et al.

2013). The fully automatic spectrometer consists of two

60 % relative efficiency coaxial p-type HPGe gamma-ray

detectors, with an energy resolution of *1.9 keV at

1332.5 keV (60Co). The absolute full energy peak effi-

ciency of the MCA_Rad is calibrated using certified stan-

dard point sources (152Eu and 56Co). The overall

uncertainty in the efficiency calibration is estimated to be

\5 %.

Results and discussion

Statistical analysis

The latter measurements were used to determine the

radiological hazard of 7 types of commercial granites. The

distributions of the 40K, 238U and 232Th activity concen-

tration of these two classes of data are reported in Figs. 4,

Fig. 3 Chondrite normalized REE patterns of the seven granite

dimension stones analyzed

Table 1 continued

Chemical composition Commercial granites

Grigio Malaga Sa15a Rosa Beta Grigio Perla Ghiandone Rosa Cinzia Bianco Sardo Sa22ca San Giacomo

Dy 3.12 4 5.8 2.5 2.7 1.74 3.7

Ho 0.59 0.8 1.2 0.5 0.5 0.34 0.7

Er 1.62 2.2 3.6 1.5 1.5 0.97 2.2

Tm 0.21 0.34 0.61 0.25 0.23 0.14 0.32

Yb 1.51 2.3 4.1 1.7 1.6 0.95 2.1

Lu 0.24 0.37 0.7 0.32 0.29 0.18 0.33

Hf 4 6.7 3.3 3 2.8 3 7.6

Ta – 1.4 1.5 1 0.7 – 0.5

W – \1 \1 \1 \1 – \1

Tl – 0.5 1 0.6 0.8 – 0.5

Pb – 21 26 18 21 – 27

Bi – \ 0.4 \ 0.4 \ 0.4 \ 0.4 – \0.4

Th 15 12.9 17 14.4 15.6 11 15.1

U 2 5.2 3.1 4 3.6 2 2.6

a Data taken from (Barbey et al. 2008)
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5, and 6. The variances of the commercial granite data are

slightly smaller than those of the data collected at scattered

locations on outcrops of the C-SB. Both classes generally

have non-normal distributions. The distribution of 40K in

non-commercial (commercial) granites shows negative

skewness of -1.1 (-0.7), while the distributions of 238U

and 232Th show positive skewness of 1.3 (1.2) and 0.8

(0.1), respectively. The distributions are well fitted with a

log-normal probability function (Ahrens 1954) (as reported

in footnotes in Fig. 4, 5, and 6 the reduced v2 is \2 with

exception to the case of 40K in non-commercial C-SB

granites where it is 4.3), which was used to calculate the

asymmetrical (geometric) standard deviation (Table 2).

These results are used to calculate the absorbed dose

rate in outdoor air and the ACI, when the combined

asymmetric uncertainties were estimated by Monte Carlo

method (Huang et al. 2012; JCGM 2008). In particular, 105

pseudo-random samples for each input (40K, 238U and
232Th) are generated according to the specific distribution

parameters (median and 1r uncertainty). The distributions

of the absorbed dose rate and the ACI were estimated by

repeating the process over a cycle of iterations and the

median and combined asymmetric uncertainties are eval-

uated. This improved analysis accounts for the non-normal

distribution of elements in igneous rocks. By adopting a

log-normal distribution as the universal form of the

Table 2 Median values of the log-normal distributions of 40K, 238U

and 232Th activity concentration with 1r asymmetrical uncertainty,

based on 21 in situ measurements (NaI:Tl). For each commercial

granite, a measurement was performed with HPGe detectors and ICP-

MS. In the fourth row are reported data published in the literature (in

brackets the number of samples). The activity concentration index

(ACI) and default dose categories are indicated in the last two

columns

Commercial brand Quarries/HPGe analysis/bibliography 40K (Bq/kg) 238U (Bq/kg) 232Th (Bq/kg) ACI Category

Rosa Beta NaI:Tl (20 quarries) 1,144-114
?126 42.3-6.6

?7.7 55.0-5.9
?6.8 0.78-0.06

?0.06 A1

A2HPGe 1059 ± 19 37.4 ± 2.0 55.1 ± 2.9

ICP-MSa 1,020 64 52

(Tzortzis et al. 2003; Al-Saleh

and Al-Berzan 2007; Aydarous et al. 2010;

Carrera et al. 1996; SR 2012) (9 data)

897–1,221 18.2–45.2 32.0–69.0

Ghiandone NaI:Tl (20 quarries) 1,092-181
?215 56.3-11.4

?14.1 68.9-9.6
?11.2 0.88-0.09

?0.11 A1/B1

A2HPGe 953 ± 21 49.6 ± 2.4 50.8 ± 3.1

ICP-MS 840 49 58

(Tzortzis et al. 2003; SR 2012) (5 data) 736–1,047 33.3–57.0 59.1–89.0

G. San Giacomo NaI:Tl (13 quarries) 1,335-128
?142 50.1-11.9

?15.7 61.9-8.7
?10.1 0.91-0.08

?0.10 A1/B1

A2HPGe 1284 ± 25 53.2 ± 2.6 55.0 ± 3.6

ICP-MS 1,257 28 62

(SR 2012) (2 data) 919–1,019 19.8–58.6 47.5–58.0

Rosa Cinzia NaI:Tl (2 quarries) 1,313-63
?66 56.0-6.5

?7.2 69.4-3.3
?3.5 0.95-0.04

?0.04 A1/B1

A2HPGe 1,296 ± 25 46.2 ± 2.4 60.2 ± 3.5

ICP-MS 1,205 44 63

(SR 2012) (1 data) 1,023 34.0 56.1

Grigio Malaga NaI:Tl (8 quarries) 848-113
?130 34.5-4.3

?5.0 61.1-5.3
?5.8 0.66-0.05

?0.05 A1

A2HPGe 711 ± 18 29.2 ± 2.0 52.8 ± 3.2

ICP-MS (Barbey et al. 2008) 970 25 61

(SR 2012) (1 data) 748 22.9 51.2

Grigio Perla NaI:Tl (7 quarries) 1,222-145
?165 39.1-4.9

?5.6 60.6-5.5
?6.0 0.81-0.06

?0.06 A1

A2HPGe 1,270 ± 25 52.3 ± 2.6 61.0 ± 3.6

ICP-MS 1,140 38 69

(Carrera et al.1996; SR 2012) (2 data) 1,039–1,208 33.7–37.0 45.3–58.0

Bianco Sardo NaI:Tl (3 quarries) 1,269-63
? 66 44.8-6.5

?7.6 51.6-6.8
?7.8 0.82-0.05

?0.05 A1

A2HPGe 1,355 ± 25 40.8 ± 2.3 50.5 ± 3.1

ICP-MS (Barbey et al. 2008) 1,255 25 45

(Carrera et al. 1996) (1 data) 1,137 48 95

a Conservatively, an accuracy of 10 % for ICP-MS results was assumed
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Fig. 4 Distribution of the activity concentration of 40K in Bq/kg. The 210 measures of non-commercial C-SB granitic rocks (in gray), and 147

measures of commercial granitic rocks (in black) are fitted with log-normal distributions showing, respectively, a reduced v2 of 4.3 and 1.8

Fig. 5 Distribution of the activity concentration of 238U in Bq/kg. The 210 measures of non-commercial C-SB granitic rocks (in gray), and 147

measures of commercial granitic rocks (in black) are fitted with log-normal distributions showing, respectively, a reduced v2 of 1.6 and 0.7

Fig. 6 Distribution of the activity concentration of 232Th in Bq/kg. The 210 measures of non-commercial C-SB granitic rocks (in gray), and 147

measures of commercial granitic rocks (in black) are fitted with log-normal distributions showing, respectively, a reduced v2 of 1.6 and 0.8
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abundance distribution, the incidence of high values in the

tails of the distribution is increased. Based on the statistical

meaning of a 1r uncertainty, we are able to quantify the

probability of exceeding a given absorbed dose rate and/or

ACI.

Radiological characterization of the C-SB granitic

rocks

The radioactivity concentrations of the C-SB granitic plu-

tons are generally higher than those typical for the upper

continental crust (Rudnick and Gao 2003). The activity

concentrations of 40K, 238U and 232Th (at 1r uncertainty)

are 1,177-304
?408, 60-23

?36 and 69-25
?38 Bq/kg, respectively. The

abundances of 238U and 232Th are comparable to those in

the upper portion of the continental crust at the 1r level,

while the 40K content is *2r higher. The relatively high

concentration of radioelements in the C-SB crust could be

related to the origin of the extensive HT-LP province

established in the Variscan belt during the Carboniferous–

Permian transition, as discussed in (Lexa et al. 2011;

Schulmann et al. 2008). The wide spread of the measure-

ments made on outcrops in the Sardinian sector of the

Batholith is a consequence of a coalescence of many calc-

alkaline plutons (see Sect. 2). The Sardinian Batholith crust

has a lower average abundance ratio of K/U and Th/U

values of 7.8 9 103 and 3.5, respectively.

The absorbed dose rate in air from external gamma

radiation at 1 m above ground level due to the presence of

natural radionuclides in measured outcrops is calculated as

(UNSCEAR 2000)

D ðnGy h�1Þ ¼ 0:0417 CK þ 0:462 CU þ 0:604 CTh;

where CK, CU, CTh are the activity concentrations (in Bq/

kg) of 40K, 238U (226Ra) and 232Th. In the C-SB, the out-

door absorbed dose rate at 1r uncertainty is 124-26
?33 nGy/h

(the maximum and minimum calculated values are 28 and

256 nGy/h). This dose is 3r higher than the population-

weighted average absorbed dose rate in outdoor air from

terrestrial gamma radiation (60 nGy/h). However, only

3.3 % of our measurements exceed the upper limit of the

worldwide typical range of variability of 10–200 nGy/h

(UNSCEAR 2000).

The radiological hazard is evaluated using the annual

effective dose rate (expressed in mSv/y). Adopting a con-

version factor of 0.7 (Sv/Gy) (UNSCEAR 2000), which

accounts for the dose biological effectiveness in causing

damage to human tissue and an outdoor time occupancy

factor of 20 %, was calculated the annual effective dose

rate of the population living in the C-SB area. The obtained

annual outdoor effective dose rate of 0.15-0.03
?0.04 mSv/y is 3r

higher than the worldwide annual effective dose value of

0.07 mSv/y reported by UNSCEAR (2000).

For each commercial granite, a measurement was per-

formed with HPGe detectors and ICP-MS. In the fourth

row are reported data published in the literature (in

brackets the number of samples). The ACI (ACI) and

default dose categories are indicated in the last two

columns.

ACI of commercial granites

The radiological characterization of the seven commercial

granites is reported in Table 2. The abundances of 40K and
232Th exceed those in the upper continental crust by more

than 1r for all of the granites except Grigio Malaga and

Bianco Sardo. The 238U abundance is comparable to that in

the upper continental crust at the 1r level for all except

Ghiandone and Rosa Cinzia. However, the spreads of the

distributions are narrower than those for the C-SB pluton

outcrops: for 40K and 232Th, 68.3 % of the data lie within

12 % of the median value. The higher variance

(\ r[* 20 %) of the 238U measurements is comparable

to the systematic uncertainty of the NaI(Tl) detector. In

general, the distributions of the Rosa Cinzia and Bianco

Sardo are narrower, and these considering the number of

quarries investigated, respectively, 2 and 3, is an evidence

on the reliability of the measures representing the vari-

ability of commercial granites quarried in C-SB area.

The radiological hazard of rocks used as building

materials can be evaluated using the ACI (ACI), proposed

by EC (2011):

ACI ¼ CRa

300
þ CTh

200
þ CK

3;000
;

where CRa, CTh and CK are the activity concentrations in

Bq/kg for 226Ra (equivalent to 238U under secular equi-

librium conditions), 232Th and 40K, respectively. Following

EC (2011), the radiological hazard is classified into four

categories. The first category of materials is appropriate for

use in bulk quantities, while the second category of

materials is limited to superficial or other restricted use

(Table 3). The contribution to the ACI index of the median

radioactivity content for potassium, uranium and thorium is

shown in Fig. 7. It shows that *50 % of the ACI index

comes from 40K.

The ACI varies from 0.66-0.05
?0.05 for Grigio Malaga to

0.95-0.04
?0.04 for Rosa Cinzia. Because they have ACIs \ 6

within the reported standard deviation, these rocks are

categorized as A2 (suitable for being used as surface

materials without restriction). The ACIs of Rosa Beta,

Grigio Malaga, Grigio Perla and Bianco Sardo are more

than 2r below unity and, therefore, these materials can be

classified as A1 (suitable for being used as bulk materials

without restriction). However, Rosa Cinzia, Giallo san

Giacomo and Ghiandone have ACIs within 1r of unity. In
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these cases, it is reported the classification A1/B1 (Table 2)

to emphasize a potential radiological hazard in bulk utili-

zation of these commercial granites, and recommend fur-

ther ad hoc controls.

The activity concentrations measured with NaI:Tl and

HPGe spectrometry are comparable at the 1r level; how-

ever, the data collected in situ are more robust since they

are supported by more observations. Although some of the

ICP-MS data are 2r away (only for Bianco Sardo was

found a discrepancy at 3r for 238U activity concentration)

from the median of the in situ investigations, there is

general agreement between the 40K, 238U and 232Th

abundances measured using the three different methods.

However, the laboratory measurements are based on the

assumption that the samples are representative of the entire

dimension stone. This hypothesis is weak, and may

increase the discrepancies with respect to the in situ data.

In the case of the granitic rocks of the C-SB, the in situ

measurements provide a suitable method of investigation,

as indicated by previously published data (Table 2).

Summary and conclusions

An extensive in situ survey was performed for the first time

in the C-SB area using a portable NaI(Tl) scintillation

detector for the determination of the radioactivity con-

centration of 40K, 238U and 232Th on 210 intrusive granite

outcrops. Moreover, the radioactivity content of the main

seven commercial granites quarried in 73 extractive sites in

this area was investigated by means of 147 in situ

measurements. This approach made it possible to collect a

large statistics of samples while minimizing time and costs,

and optimizing the spectral analysis through FSA-NNLS.

The large number of measurements permitted to perform

an accurate analysis of the data based on assumed log-

normal distributions of the radioelements. The propagation

of asymmetrical uncertainties was treated using a Monte

Carlo method instead of assuming Gaussian errors,

increasing the quality of the radiological characterization

of the rocks.

The in situ measurements on granitoid outcrops of the

C-SB showed activity concentrations of 1,177-304
?408, 60-23

?36

and 69-25
?38 Bq/kg for 40K, 226Ra (238U) and 232Th, respec-

tively. These data are found to be comparable at the 1r
level to those in the upper continental crust for uranium and

thorium, whereas the potassium content is *2r higher.

These results were used to assess the outdoor absorbed

dose rate, which is 124-26
?33 nGy/h (ranging between 28 and

256 nGy/h), and exceeding the reported UNSCEAR (2000)

population-weighted average absorbed dose rate (60 nGy/

h) by more than 3r. However, only 3.3 % of our mea-

surements exceed the upper limit of the worldwide typical

range of variability of 10–200 nGy/h. The corresponding

annual outdoor effective dose rate for the population living

in the C-SB area is calculated to be 0.15-0.03
?0.04 mSv/y.

The 40K, 238U and 232Th activity concentrations of

commercial granites measured in 73 quarries show good

agreement (at 2r level) compared to data from represen-

tative samples using ICP-MS and HPGe spectrometry. The

ACI of the seven traded varieties was found to range

between 0.66-0.05
?0.05 for Grigio Malaga and 0.95-0.04

?0.04 for

Table 3 Categories based on the default dose according to the ACI (ACI) criteria defined in EC (2011)

Category (corresponding

default dose)

Type 1 Materials used in bulk

amounts e.g. concrete, bricks etc.

Type 2 superficial and other materials

with restricted use e.g. tiles, boards etc.

A (B1 mSv/y) For ACI B 1 category A1 For ACI B 6 category A2

B ([1 mSv/y) For ACI [ 1 category B1 For ACI [ 6 category B2

Fig. 7 The ACI (ACI)

calculated for each commercial

granite using the median values

for 40K, 238U and 232Th
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Rosa Cinzia. All of these granites are categorized with 3r
confidence as A2 material, permitting their utilization as

superficial materials without restrictions. Rosa Beta, Grigio

Malaga, Grigio Perla and Bianco Sardo are categorized

with 2r confidence as A1 materials, and may, therefore,

also be used in bulk quantities without restriction. How-

ever, Ghiandone, Giallo San Giacomo and Rosa Cinzia

have activity concentration indices within 1r of the limit-

ing value, and further ad hoc controls are, therefore, rec-

ommended for their utilization in bulk quantities.
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Xhixha Kaçeli M (2013) The worldwide NORM production and

a fully automated gamma-ray spectrometer for their character-

ization. J Radioanal Nucl Chem 295:445–457

Environ Earth Sci (2014) 71:393–405 405

123

http://www.sardegnaricerche.it/documenti/13_116_20110114161302.pdf
http://www.sardegnaricerche.it/documenti/13_116_20110114161302.pdf

	Radiological characterization of granitoid outcrops and dimension stones of the Variscan Corsica-Sardinia Batholith
	Abstract
	Introduction
	The late Variscan granites of the Corsica-Sardinia Batholith
	Sardinian granite dimension stones and their geochemical characterization
	Materials and methods
	Results and discussion
	Statistical analysis
	Radiological characterization of the C-SB granitic rocks
	ACI of commercial granites

	Summary and conclusions
	Acknowledgments
	References


