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Abstract. In the area of Trujillo (Extremadura, Spain) we 1 Introduction

have found a variety of striking bluish and secondary yellow

granites outcropping within the Plasenzuela pluton. They aréExposure to ionizing radiation resulting from the natural ra-
all quarried under different names and are characterized bglioactivity of ornamental rocks has been addressed by sev-
leucocratic minerals in which a bluish phosphate is dispersedral authors in different countries (e.g. Tzortzis et al., 2003;
throughout the rock. Their physical and mechanical properAnjos et al., 2005; Xinwei et al., 2006; Ghosh et al., 2008;
ties make these granites a perfect Option for most app”caChen et al., 2010; Pereira et al., 2011) The relevance of the
tions as ornamental rocks. Within the pluton the radiolog- contribution of such exposure to the total effective dose must
ical background is fairly homogeneous, with no significant be evaluated carefully, and in view of the economic value of
differences between the gamma ray fluxes of the diﬁerenﬂ:he market for natural stone, the results should be presented
facies. U (6.4£0.51ppm), Th (2.90.47 ppm) and KO without triggering unnecessary public alarm. Here we re-
(4.32+0.26 %) contents determined in the laboratory by port a study of several granites, quarried at a pluton in Ex-
gamma-ray spectrometry from representative samples are iffemadura (Spain) for use as ornamental stone. Our findings
good accordance with fast in situ measurements carried oudgree with the fact that not all granites can be “demonized”
with the same technique and also with conventional chemi-2s being highly radioactive, as several authors have suggested
cal analysis. Estimated activities for K-40, Ra-226 and Th-(€.9. Kitto et al., 2009). There are different kinds of granites
232 were, on average, 102236 Bqkg !, 84+ 9Bqkg ! and it has to be taken into account both the mineralogy of the
and 6.8 1.6 Bgkg . On the basis of these results, the ~granite and quantity that is used in house building (Pavlidou
index of EU technical document 112 was determined, withet al., 2006). Our study was carried out in light of European
an average result of 0.660.03. This suggests that the rock Commission Report 112 through the evaluation of hie-

can be used with no restrictions for all types of construc-dex proposed in this report, which is based on the activities
tion purposes. Striking differences were observed betwee®f Ra, Th and K, as follows:

the b][ue faciesh a(lj"nd the .y:al(lct))v(\)/gfgzﬁgl in 0razdoog ekxhialationl CRa N CTh N CK

tests from crushed material (0. s. 0. gkg™). = 1 1 1

Since both granites have similar uranium contents (6.3 ppm 300Bakg™ © 200Bakg™ "~ 3000Bakg
and 6.5 ppm, respectively), these results can probably be exthe I index can help to discern the potential risk of a spe-
plained in terms of important differences in the mineralogical cific natural stone as building material, as radon exhalation
distribution of this chemical element, radon emanation beinghas been revealed as a useful tool to distinguish some radio-
enhanced in the yellow facies. However, due to the ordinarylogical heterogeneities within a single outcrop.

use as ornamental stone, the yellow facies does not present

a radiological risk in terms of excess effective dose due to

internal exposure to radon.
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Fig. 1. Location of the Plasenzuela pluton. Azul PlatinoandAmarillo Platinoquarry; 2: Azul Trujillo andAmarillo Trujillo quarry. The
map of Plasenzuela pluton is from Montesern agde2 Rojas (1982). The geological map of Spain is fiatp://www.iberianature.com/
material/spaingeology.htnflast access: 1 November 2011 ).

2 Geological setting of the bluish granites Together with others in the surrounding area, this pluton
has been studied for its interest in the mining of metals (Ag,

Azul Plating Azul Truijillo, Violeta Trujillo... These are Pb, U and Sn; Lago et al, 1989) and ornamental stone, ow-

some of the commercial names used to describe the rockimg to the typical bluish colour of this latter. Hémdez So-

guarried at Plasenzuela, a granitic pluton intruded aroundrino and Higueras (1991) reported data on fractures and the

310 and 330Ma (Rafrez, 1953, Castro et al., 1999), lo- geotechnical properties of the granite to assess the economic

cated in the Variscan belt within the Central Iberia Zone possibilities of mining this rock. These authors suggested

(Spain). More precisely, they are found to the SW of Truijillo that the bluish colour came from quartz, as happens in other

(Caceres), between the localities of Plasenzuela and La Cunbluish granites and volcanic rocks. This is true, but our work

bre (Fig. 1). This is one of the late orogenic plutons intrudedhas determined that the mineral phase providing the granite

within the metasediments of the Schist-Greywacke Com-with its characteristic colour is a phosphate from the vivianite

plex (Pereira and Rotljuez Alonso, 2003, and references family.

therein). The intrusion elicited an important metamorphic Fieldwork demonstrated the presence of fresh rocks,

aureole in the metasediments, as shown by the neoblastegisilled Azul Platinoand Azul Truijillo, and weathered rocks,

of cordierite crystals (Montesier and Rerez Rojas, 1982). termedAmarillo PlatinoandAmarillo Trujillo, which seem

The granite pluton has a clear crustal signature. Within thisto represent a superficial layer with a thickness of a few me-

granite there are different facies, as reflected by grain sizeters in some areas of the pluton.

the structures, and the presence or not of potassium feldspar

phenocrysts. The pluton has a marginal zone surrounding it

made of aplitic granite.

Nat. Hazards Earth Syst. Sci., 12, 395401, 2012 www.hat-hazards-earth-syst-sci.net/12/395/2012/


http://www.iberianature.com/material/spaingeology.html
http://www.iberianature.com/material/spaingeology.html

D. Pereira et al.: A radiological study of some ornamental stones 397

3 Analytical methods

A field study was carried out with the support of an Explo-
ranium GR130G gamma ray spectrometer, allowing us to
recognize heterogeneities in the total gamma fluxes gener-
ated by the rocks and also to carry out rapid estimations of
their eK, eU and eTh contents. Representative samples wert
taken for the determination of major elements in the gran-
ite samples, which was carried out with an Ultima 2 Jobin
Yvon optical emission plasma spectrometer at the Chemical
Analysis Laboratory of the University of Salamanca. Trace
elements by ICP-MS were investigated using acid treatment
(HNOj3 plus HF) under pressure in an Ethos Sel microwave
digester from Milestone. The diluted solution was buffered
with boric acid, and the same procedure as that used for the
water samples was followed. Loss On Ignition (LOI) was
calculated by measuring a few grams of powdered rock in
a weight-graduated crucible heating it to $8Din an oven,
thus allowing water and other volatiles to escape. After cool-
ing in a controlled atmosphere, mass was re-determined anc
the difference was taken as the LOI value.

Ra, Th and K values were estimated assuming secular
equilibrium in the respective decay chains using a Ortec #&
Nal(Tl) detector (3 inch) protected from background radia-
tion with a lead shield at the Laboratory of Natural Radioac-
tivity of the University of Coimbra. The samples (0.5kg)
were prepared at a grain size of less than 0.5 mm, placed ir
0.2-1 Marinelli beakers (internal surface area of 0.02£9,m
and left for one month to reach equilibrium in th&U chain
before measurements. Counting was performed over 10t
and the spectra were processed with Scintivison-32 software.
;EIT: d k\)ﬁfﬁ g?gg%;&iﬁ dz\—/:: gj:tri(:\tgrsi;;g(pirgﬂzzgftg) zizz?rﬁg. 2. Mesoscopic aspect of the b_Iuish granites, exhibiting scarce

. . feldspar phenocryst§a), and rare micaceous enclavés).

the same analytical conditions, and subsequently subtracteg
from all samples. Calibration was achieved using stan-
dards from the International Atomic Energy Agency: RGK- g, — ((c, V) WA, (1)
1 (potassium sulphate), RGU-1 (diluted uranium ore) and
RGTH-1 (diluted thorium ore) of known composition and ac- whereE;, is the exhalation rate (Bqkd h1); C; is the equi-
tivities. K was evaluated from the K-40 peak (1460.8 keV), librium radon concentration in the container (Bq#; V is
Ra from the Bi-214 peak (1764.5keV), and Th from the TI- the free volume of the container (I} is the weight of the
208 peak (2614.5keV), assuming secular equilibrium. Un-sample (kg), and is the radon decay constant (.
certainties are strongly dependent on the radionuclides con-
centration. Average uncertainties observed in this study were ] )
3.6 % for K-40, 11.5 % for Bi-214 and 36 % for TI-208. 4 Mineralogy and geochemistry

Radon exhalation was determined from the same prepare
samples (previously dried in an oven for 24 h af@). Sam-

Fn the Plasenzuela area we found a coarse-grained facies,

ples (0.5kg in weight) were placed inside a 12-| capacityw'th few orthose phenocrysts (Fig. 2a) and scarce metamor-

radon-proof container made of stainless steel for 4 weeksphlc enclaves (Fig. 2b). The mineral phases were quartz, K-

The concentration of radon was then measured with an Al_fgldspar, albite, muscovite, blotlte,_ apatite, tourmaline and
rcon. Phosphates were found within and around most of

phaGuard Pro monitor and the exhalation rate was estimateé'le mineral phases and fillings from stressed structures cut
according to the following equation: . ) . e
9 geq ting the rock. We attribute the bluish colour of the granites
to this phosphate of the vivianite family.
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ST T e R R R g e In Extremadura, the bluish granite facies, namégul
Platino and Azul Trujillo (depending on the quarry where

Fig. 3. The largest geochemical difference observed among sample )
is reflected by the LOI values and Rn exhalation. Mdsy and ﬁwey have been extracted), have been quarried for decades.

trace(b) elements have very similar values. Major elements andThey re.spond V?f}’ We,“ to use as ornament.al stone. The|r
LOI are expressed in %; trace elements are expressed in ppm. absorption coefficient is somewhat low; their compressive
strength values are above the minimum required, and their
other technical properties, as seen in Table 1, ensure their ex-
Although a geochemical characterization of the granitescellent behaviour when they are used for such purposes. No
studied is out of the scope of this work, we did perform alteration due to thermal changes has been observed in the
a complete geochemical study of the different facies of theAzul Platinoand theAzul Trujillo stone once emplaced in
commercialized granites from the area; the results will be adtheir final use. A secondary yellow facies also occurs in the
dressed in a forthcoming work. The present results are proguarries, spatially close to the topographic surface; it prob-
jected schematically in Fig. 3, and they show that the rocksably represents an alteration product of the original granite
have a fairly well developed and homogeneous composition(Fig. 4) and it is also commercialized as an ornamental stone,
with high Rb/Sr ratios and P contents, and low Ca, K and Feexhibiting the same good technical values. The yellowish fa-
contents. cies related té\zul Platinois commercially known admar-
Uranium and thorium levels, as well as the LOI (as an es-illo Platino. Amarillo Trujillo is the weathered facies related
timate of HO™), are shown in Table 2. In agreement with to Azul Trujillo and is the name used here, although it is not
the overall geochemistry, the values shown do not reveal angommercialized.
clear difference between the different facies analysed. The
mean values found were 2.9 ppm for Th and 6.4 ppm for U
The most important difference was the content of water an
volatiles, which varied between the freshz(l Platinoand
Azul Trujillo) and the weathered rock&rharillo Platinoand
Amarillo Trujillo), where they were systematically higher.

(']6 Radiological properties

The radiological background evaluated with a portable
gamma ray spectrometer was fairly homogeneous through-

. d itative indi for d ibina the d out the pluton, with no significant differences between the
LOIis a good quantitative indicator for describing the €0r€€qamma ray fluxes of the different facies. However, a slight

of weathering (Heidari et al., 2010 and references therein)degree of uranium enrichment was observed in some frac-

It reflects not only the content of altered minerals, but alsotures (ca. 15 % above background). The average contents of
the fluids percolating through fractures and impregnating tth’ Th and KO estimated in situ with the spectrometer by

rock. In our samples, LOI shows a higher degree of weatherTast measurements were 7.4 ppm, 0.8 ppm, and 3.67 %, re-

ing in the Amarillo facies (above 1% in two samples). spectively ¢ = 15), which is in reasonable accordance with
the conventional geochemical analysis reported in Table 2.
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Table 1. Technical properties of two different facies of the bluish graieyl PlatinoandAmarillo Platino (Junta de Extremadura, 2004),
and requirements for the use of granite as an ornamental stone (ASTM, 2008).

Technical Requirements for granite AZUL AMARILLO
properties as an ornamental stone  PLATINO PLATINO
Open porosity (%) (0.4-2.36)* 0.8 0.6
Water absorption (%) 0.4 0.2 0.2
Density (kg nm3) 2.56 (2.54-2.66)* 2.65 2.67
Resistance to abrasion (mm) 25 (33-88)* 19 19
Compressive strength (MPa) 131 160 171
Flexural strength (MPa) 8.27 14.4 12.8

* Winkler (1997).

Table 2. Chemical and radiological properties of several samples
from different facies of the bluish granites. LOI: Loss On Ignition
in%; K>0 in%; Th and U in ppmT: Rn exhalation. Detection
limits were 0.5 ppm for Th, 0.5 ppm for U and 0.11 ppm for®&

Ref.Orig. KO Th U LOlI T (Bgkgh™?)

AP-1L 439 29 69 094 0.03
AP-1L 391 32 69 0.99 0.01
AP-1L 450 28 6.1 0.84 0.04
AMP-1L 421 33 65 091 0.18
AT-2L 411 20 6.1 0.79 0.02
AT-2L 426 33 56 0.83 0.03
AMT-2L 447 33 7.0 111 0.24
AMT-2L 474 25 6.0 1.20 0.19

Fig. 5. Azul Platinoand Amarillo Platinoin the quarry. The latter

A more precise laboratory analysis using gamma-ray specis the weathered facies of the former.
trometry allowed us to estimate the activities of K-40, Th-
232 and Ra-226, assuming equilibrium in the decay chain.
The results are shown in Table 2, together with the values obuilding material for the whole dwelling) is 0.6 mSvt,
radon exhalation, as determined from the Rn-222 build-up inthus being negligible when the materials are only used in
the containers. KO, Th and U concentrations estimated with portions of the house.
this technique are coincident with those obtained by ICP-MS However, important differences were observed in the
and therefore they are not referred in the table (on averagaadon exhalation tests carried out in the laboratory facilities.
3.94 % for K0; 6.8 ppm for U, and 1.7 ppm for Th). The The dominantblue variety had radon exhalation rates ranging
coincidence of the results obtained by gamma-ray spectrombetween 0.01 and 0.04 Bqkyh~! (» =5), which are rela-
etry and conventional ICP-MS chemical analysis indicatestively low values for granitic lithologies (Righi and Bruzz
that the U decay series are in secular equilibrium. The con2006, Kitto et al., 2009) and are in good accordance with the
tents observed are typical of geochemical well-evolved gran-estimated uranium contents, while the yellow variety con-
ites (e.g. Hassan et al., 2011). The uranium contents can bsistently had radon exhalation rates one order of magnitude
considered as average for this type of lithology. higher, ranging between 0.18 and 0.24Bgkp (n = 3)

Using the estimated average activities for K-40 but also in accordance with previous data obtained in simi-
(1022 Bgkg), Ra-226 (83.9Bgkg) and Th-232 (6.8 Bqkg), lar rocks (Righi and Bruzz, 2006). Since the uranium/radium
the I index of EU technical document 112 was determined,contents did not differ between the two varieties, these results
with a result of 0.66:0.03 (uncertainty obtained by error can only be interpreted in terms of a marked difference in the
propagation of the individual radioisotope measurements)mineralogical distribution of U, a large proportion of this el-
This implies that the rock can be used for building purposesement not being confined to accessory minerals in the yellow
with no restrictions. The estimated excess effective dosevariety as a result of the alteration processes that affected the
for external radiation in the worst-case scenario (used as aock. Moreover, Rn exhalation shows no correlation with any
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the dominant blue varieties. Taking into consideration the
single use as ornamental stone and the low average value of
thel index, the increased radon exhalation of this hydrother-
mally altered variety does not result in a significant increase
in the effective dose of radiation. Using a radionuclide anal-
ysis protocol has been useful to demonstrate that the radon
exhalation value between two somewhat different lithologies
can vary significantly even if other radiometric parameters do
not notably differ. This is in agreement with what other au-
thors have found out about the correlation between the radon
exhalation and the radium content of a particular rock (Al-
of the chemical elements but correlates with the LOI valueJarallah, 2005; Righi et al., 2006). The next step will be to
(r=0.71,p > 0.95), which can again be interpreted in terms locate the different U distribution within the mineral phases.
of hydrothermal alteration processes. Hassan et al. (2011)
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