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This work presents the results of an investigation undertaken to determine the level of natural
radioactivity in the traditional building materials used for medieval indoor vaulted construc-
tions in the territory of the central Balkan region. Indoor radiation exposure varies apprecia-
bly if it comes from the earth building materials, hence the presence of natural radioisotopes
of 226Ra, 232Th, and “°K in masonry vaulted constructions was analyzed using gamma ray
spectrometry. In addition, the internal health hazard index, the absorbed dose rates and the
effective annual doses were calculated. The results were then compared both with the re-
ported data from the previous studies concerning the territory of the Balkan Peninsula, as
well as with the worldwide values for the materials of historic buildings. The results obtained
from the materials examined in this paper all showed the radioactivity levels below the maxi-
mum permitted values.
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INTRODUCTION

The use of earth materials is widespread within
the traditional Balkan architecture. As most of these
materials have been recognized as ecologically
friendly, their role is increasing also in modern archi-
tecture, which tends to be in equilibrium with energy
efficiency. The implementation of traditional materi-
als in the old buildings (of which a large number of ex-
amples survives in the old Balkan architecture) is ex-
tremely important for the existence of the traditional
vaulted structures. Unlike fagade walls, vaulted struc-
tures do not have a contact with the outside air due to
roof covering constructions.

Traditional building materials (of natural origin)
reflect the geological composition they are derived
from. Most of building materials are of a natural origin
containing varying amounts of naturally occurring
radionuclides. Therefore, building structures like ma-
sonry vaults that are made of earthen materials can
contain high levels of natural radioisotopes concentra-
tion. So far several studies dealt with concentration of
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naturally occurring radionuclides in the composition
of modern commercial building materials in the Bal-
kan region, among which the most important are pre-
sented in [1-5].

The average worldwide concentrations of natu-
rally occurring radionuclides (**°Ra, 232Th, and *°K )for
the building materials are 50, 50, and 500 Bq/kg, re-
spectively [6]. The exposure to gamma rays in the inte-
rior of buildings (indoor exposure) is mainly deter-
mined by materials of construction. Radium and its
radioactive progenies are present in almost all build-
ings. According to the statements of the UN Scientific
Committee on the Effects of Atomic Radiation the in-
door exposure to gamma rays is inherently greater than
outdoor exposure if earth materials have been used [7].

Indoor radiation exposures depend, among other
things, on the user occupancy. According to UNSCEAR
Report and European Commission Report, the radiation
exposure inside buildings (i. e., the air dose absorption of
gamma radiation from the ground) is roughly 40 %
higher than that of the exterior environment [7]. Due to
these facts, there is a greater probability of radioactive
materials presence in the vaulted structures, at least
higher than that in the facade walls. However, traditional
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building materials have not been subjected to any sys-
tematic examination. Therefore, there is an evident need
to investigate the radioactive isotopes activity in building
materials of vaulted structures.

The regulations for protection of vaulted struc-
tures of the medieval monuments forbid the use of
concrete during the restoration, but only the use of
original natural materials. It is therefore very impor-
tant to determine the concentration of radioisotopes in
the vaulted structures, which are usually integral parts
of the medieval interiors.

The aim of this paper was to determine the activ-
ity concentration of radioisotopes, their internal health
hazard index, the absorbed dose rates and annual ef-
fective doses in certain earth materials of the vaulted
structures in order to define the benefits of their use for
the modern construction sector.

MATERIALS AND METHODS

Building materials from a large number of medi-
eval monuments were analyzed for radioisotope pres-
ence in their chemical composition. These materials
are the best for this kind of investigation as they have
been integral parts of the vaulted structures for centu-
ries. All examined materials originate from the arches
and vaults of medieval monasteries and cities on the
territory of central Balkan region, namely, from the
monastery of Studenica (XII century), the monastery
of Banjska (XIV century), the monastery of Gradac
(XIII century), and the medieval towns of Kotor (XII
century) and Novo Brdo (XIV century). The examined
building materials included brick, carbonate tufa,
breccia and limestone.

Four different kinds of building materials com-
monly used in medieval vaulted constructions (car-
bonate tufa, brick, limestone, and breccia) were exam-
ined for their natural radioactivity concentrations,
using y-ray spectrometry. Measurements of activity
concentrations of radioisotopes were performed at the
Laboratory of Radiation and Environmental Protec-
tion at the Vinca Institute for Nuclear Sciences in Bel-
grade. Eight samples of four different vaulting materi-
als (originating from different monasteries) were
subjected to natural ventilation and dried, and then
crushed. The examined samples were packed in to the
cylindrical plastic containers(of 125 ml and 250 ml of
volume and in larger “Marinelli” beakers of 450 ml),
which were then sealed. The measurement geometry
depended on the available quantity of the samples.

Gamma spectrometry was performed with the
Canberra HPGe (high purity germanium) detectors D-2
and D-3 with relative efficiency of 23 % and 50 %, re-
spectively and with an energy resolution of 1.8 keV at
1332 keV of ®*Co. The measurement time for samples
was set to 60000 s. Computer software GENIE2000 was
used to record and analyse obtained spectrum. Back-

ground value was obtained immediately before the mea-
surements of radioisotope activity of the samples. The
measurement uncertainty of each procedure did not ex-
ceed 10% [8-11].

For ??°Ra activity concentration, the activity of
the photopeak of 2'“Pb (at energies of 295 keV and
352 keV) and ?"Bi (at 609 keV, 1120 keV, and 1764
keV) were used. To measure >32Th, photopeaks from
228 Ac (at the energies of 338 keV and 911 keV) were
used. The concentration of potassium *°K activity is di-
rectly determined by using the photopeak at the energy
of 1460 keV. Activity of >>>U was measured from its in-
tensive line at the energy of 186 keV with the correction
values for 22°Ra (at the energy of 186 keV). Activity of
238U is determined by the presence of his progenies of
234Th (at 63 keV) and 2**Pa (at 1000 keV).

The European Commission set guidelines on the
protection concerning the natural radioactivity of
building materials (RP-112 document) for the EU
Member States [12]. Public doses in the member states
should be at the lowest possible level. Within this set
of principles, the control on the radioactivity of build-
ing materials is defined as well. Control is based on the
dose criterion which is defined as the excess exposure
caused by building materials. Often, it is determined
considering the general national circumstances of one
member state. Within the European Union, doses ex-
ceeding 1 mSv per year should be treated from the ra-
diological protection point of view. Activity Index or
the gamma-index, /,, is determined by regulatory stan-
dards [12]. Gamma-index is defined as the activity of
natural radioisotopes which are present in a certain
building materials; primarily it is defined by the pres-
ence of 22°Ra, 32Th, and *°K. For the interior of the
building, the gamma index is determined according to
the expression

I Cra N Cm N Cx
¥
300 Bq/kg 200 Bq/kg 300 Bq/kg

(M

where Cg,, Cry, and Cy are the activity concentrations
of radium, thorium, and potassium, respectively (in
the unit of Bq/kg) in building materials [7]. Gamma in-
dex can only be used as a monitoring tool for identify-
ing materials that can be used as building materials.

Inrelation to the exemption doses of 0.3 mSv per
year and of 1 mSv per year, the gamma-index should
not exceed the limit values given by the principles
which are suggested by the European Commission,
presented in tab. 1 [12, 13].

Excess alpha radiation is caused by the inhalation
of radioisotopes originating from building materials.

Table 1. Limits of the activity concentrations index [12]

Dose criterion 0.3 mSv 1 mSv
per year per year
Materials used in bulk amounts 1<0.5 <1
Superficial and other materials 1<2 1<6
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Radiation hazards for respiratory organs due to influ-
ence of the excess alpha radiation in the indoor space of
one building are determined by the internal health haz-
ard index. The value of the internal health hazard index
is calculated according to the expression [14]

_ Cra + Cm + Cx
185Bq/kg 259Bq/kg 4810Bq/kg

where Cg,, Crp, and Cy are the activity concentrations
of radium, thorium, and potassium in building materi-
als, respectively, in Bq/kg. Value of internal hazard in-
dex must be less than the unity for building materials.
An estimation of indoor absorbed dose rate due to
gamma-ray emission in the building materials was ob-
tained from the known concentrations of natural radio-
isotopes 2?°Ra, 232Th, and “’K. The value of the specific
indoor absorbed dose rate is expressed in Gy/h, and it is
calculated using the equation proposed by [15]

(2

in

Dy =0924p, +1104, + 0084, 3)

where Ag,, A, and Ak are the activity concentrations
of natural radioisotopes in building materials.

The results calculated for the estimation of the
absorbed dose rates are used for the calculation of the
annual effective dose, which is obtained by using the
following expression [15]

E 4 =Dg -0.7 Sv/Gy (conversion factor)-
70127h-107° 4)

In the eq. (4), a value of 0.7 was used as the con-
version factor from absorbed dose received by adults,
while the value 0f 7012.7 h is determined as the annual
exposure time (which means that 80 % of time is spent
indoors) [15].

RESULTS AND DISCUSSION

The presence of natural radioisotopes 2!°Pb,
238U, and 23°U, 22°Ra, 232Th, and “°K was most notice-
able in material samples which come from vaults and
arches of medieval churches and fortifications, while

the activity concentration of man-made isotope '3’Cs
is negligible. Obtained radioisotopes activity concen-
tration along with the gamma index value is shown in
the tab. 2.

The concentration of radioactive substances in
the examined building materials corresponds to their
concentration in the soil, 7. e., to the geological compo-
sition of the soil from which they derive. Certain small
concentrations of the man-made radioisotope '3’Cs
were registered in the samples which are caused by the
exposure of certain samples of vaults and arches to the
atmospheric influences for several decades. It is obvi-
ous that the small presence of the radioisotope '*’Cs in
these samples is a result of the Chernobyl accident to
the total radioactivity in the atmosphere above these
geographic locations, as is the case at the other historic
monuments in the world [16].

The average values of activity concentration for
226Ra, 232Th, and “’K in the building materials which are
used in the world should not exceed the values 50 Bq/kg
(for radium), 50 Bg/kg (for thorium), and 500 Bq/kg (for
potassium) [17]. By comparing these values with the re-
sults shown in tab. 2, it can be concluded that the concen-
tration of radioisotopes in medieval materials does not
exceed the average values prescribed by the recommen-
dations of UNSCEAR, except when it comes to the con-
centration of °K in the medieval bricks. The presence of
potassium *°K does not represent any possible radiologi-
cal risks to human health because the concentration of
40K is in a homeostatic balance with other isotopes of po-
tassium in nature. By comparing the value of gamma-in-
dex with recommended values, it can be seen from tab. 2,
that all the analyzed materials meet the criteria of the rec-
ommended annual doses so they can be used as building
materials in present time.

The comparison of the activity concentrations
for the radioisotopes obtained in this paper and con-
centrations in the modern building materials which are
applied throughout the Balkans is of specific impor-
tance. The comparison of activity concentrations in
medieval and modern brick products shows the equal
values for the concentration of natural radioisotopes
226Ra, 232Th, and *°K [2, 16]. Comparing the radioiso-

Table 2. Activity concentration of the radioisotopes in the arch and vaults samples of the medieval churches
and urban agglomerations in the territory of central Balkan region

Material Location - - Acti;i}isty C(;;’;Cf:l;lgation of ;1;1: radioisgg(z)pes [qu%:] . Gama-index
Pb U U (C°U/°U) Ra Th K Cs I,
1 Brick Banjska | 23+5 |44+5| 2.1£0.2(0.048) | 37+£3 49+£4 |800+50| <0.08 0.635
2 | Carbonate tufa| Banjska 4+1 | 5+1]022£0.06(0.047)|23+0.5|1.7+04| 31+3 <0.07 0.027
3 Breccia Novo Brdo <8 27+£7| 14+£0.2(0.053) | 222 33+3 |460+£30| <0.06 0.392
4 Brick NovoBrdo | 36 +5 [45+5| 2.0+0.2(0.045) | 4243 40£3 |840+50| <0.08 0.62
5 | Carbonate tufa | Studenica | 19+5 | 7£2 |0.31+0.05(0.041) | 1.9+04|1.7+04| 15+2 |0.18+0.06 0.02
6 Brick Studenica | 31+6 |37+£8| 1.6£0.3(0.042) | 36+4 | 42+4 |540+£40 <0.1 0.51
7 | Limestone Kotor <8 <4 <0.1 24404 ]24+£04| 25+3 <0.06 0.03
8 | Carbonate tufa | Gradac 5+1 | 61 [0.28+0.04(0.047)|64+£0.7| <04 7+1 10.32+0.09 0.314
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tope activity concentrations in stone used for the con-
structions of medieval arches and vaults to the concen-
tration in stone used in the contemporary architecture
[4, 16], shows that the activity concentration of >*°Ra,
232Th, and *°K in the medieval ages was significantly
lower. The choice of a carbonate tufa and limestone for
the constructions of arch and vault contributed to the
reduced concentration of radioisotopes in the Middle
Ages in relation to the contemporary vaulted surfaces
where marble and granite are commonly used for this
kind of constructions. In addition, all the medieval ma-
terials examined in this paper showed equal or lower
concentration of radioisotope activity than is the case
with the materials used for contemporary vaulted
structures [3, 18].

Calculated results for the internal health hazard
indexes of separate materials, as well as for the ab-
sorbed dose rates and for the annual effective dose
rates are given in tab. 3, while in tab. 4, the activity
concentration of the radioisotopes in the contempo-
rary building materials is presented.

According to the results given in tab. 3, it can be
seen that the values of the internal hazard index in medi-
eval materials do not exceed the value of 1, so that all
these materials can be used in the contemporary architec-
ture as building materials. According to the
UNSEAR2000 report, the corresponding worldwide av-
erage values for the absorbed gamma dose rate in the in-
terior of buildings range from 20 to 200 nGy/h with a
population-weighted average of 84 nGy/h. By compar-
ing these values with the results shown in tab. 4, it can be

seen that the values of the absorbed dose rates in the me-
dieval materials do not exceed the recommended upper
limit values given by the UNSCEAR report and Euro-
pean Commission report. The maximum values were ob-
tained for the materials that are most similar to the chemi-
cal composition of the soil — as in the case of the bricks
from the monasteries of Studenica, Banjska and the town
of Novo Brdo, as well as with the breccias from Novo
Brdo. High levels of the absorbed dose rates for these
materials are caused by high concentrations of natural ra-
dioisotope “’K in their composition.

The average values of the annual effective dose
rates in most of medieval material are significantly
lower than a value of 1 mSv which represents the upper
limit for the basic materials used in building construc-
tion. This circumstance is particularly related to those
types of stone that were used for the construction of
arches and vaults. Higher levels of annual effective
doses are recorded in the case of bricks from the monas-
teries of Studenica and Banjska and Novo Brdo as well
as in breccia from Novo Brdo, which is again caused by
the concentration of *°K in their chemical composition.

The relationship between the activity concentra-
tion values and the gamma indexes of radioisotopes
from the materials analyzed in this paper and the mate-
rial samples from other historical sites in the world [ 16,
20] is as it has been expected. This comparison con-
firms that the activity concentrations of the natural ra-
dioisotopes in the traditional building are within the
range or below the average values that can be registered
in the contemporary worldwide building materials.

Table 3. The internal hazard index, the absorbed dose rates and the annual effective doses

Material Location H, Dy [nGyh’l] Eer [mSv]
1 Brick Banjska 0.555509 151.94 0.745857
2 Carbonate tufa Banjska 0.025441 6.466 0.031741
3 Breccia Novo Brdo 0.341966 93.34 0.458196
4 Brick Novo Brdo 0.556103 149.84 0.735548
5 Carbonate tufa Studenica 0.019952 4.818 0.023651
6 Brick Studenica 0.469023 122.52 0.601437
7 Limestone Kotor 0.027437 6.848 0.033616
8 Carbonate tufa Gradac 0.037594 6.888 0.033812

Table 4. The activity concentration of the radioisotopes in the contemporary building materials for the constructions of
the vaults and arches in the territory of the Balkan region

. : . -

Material The country of origin 238UACtIV1ty (:Z?Srlljentratlon S;;}til: rad101s02t3021:)rt;1s [Bgke '] g Ref.
1 Brick Greece 35+11 — — 45+ 15 710 £ 165 [17]
2 |Ceramic elements Greece — - 46+ 2 1.7+£0.4 3143 [2]
3 Marble Macedonia - - 46 £2 3241 945 £ 50 [2]
4 Marble Greece - - 63+3 32+£2 770 £20 [2]
5 Marble Bulgaria - - 26.1+0.2 24 +1 1400 + 70 [2]
6 Limestone Turkey — - 20.2 5.0 55.0 [4]
7 Limestone Greece - - 14+6 1.6 £0.5 - [3]
8 Pumice stone Greece up to 715 - 50-874 54-60 1048-1158 [19]
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CONCLUSIONS

Eight medieval building material samples, used
for the vaulted structures of churches and for
tifications, were examined in the paper. Activity con-
centrations in the analyzed materials do not exceed the
world recommended average values, except in the
case of 4K, the concentration of which is in the
homeostatic balance with other isotopes of potassium
in the living organisms. The man-made radioisotope
137Cs concentration is negligible in the results. The
maximum values were registered for the materials
which are most similar to the chemical composition of
the soil from which they originate (which is especially
the case with the medieval bricks and breccias from
Novo Brdo), and which is also the consequence of
high concentration of natural radioisotope *°K. The
minimum values for the above mentioned samples
were recorded in the case of compact limestone from
Kotor.

The calculated activity concentration index val-
ues for all the examined traditional material samples
were lower than or equal to the recommended excep-
tion limits for exposure to indoor y-radiation. It was
concluded thatall materials which had been used in the
construction of arches and vaults inside the medieval
objects do not pose a significant radiological hazard
when used in modern vaulted constructions. There-
fore, the traditional materials can be applied with a
high degree of certainty even in the contemporary ar-
chitecture. The maximum values of the internal hazard
indexes, the intensity of the absorbed dose rates and of
the annual effective doses do not exceed the recom-
mended exception limits specified by the international
UNSCEAR regulations.

Based on the analysis, it can be concluded that in
comparison to the modern building materials, the tra-
ditional materials reduce the dose rate values that peo-
ple receive. At the same time, the materials used for
arches and vaults in medieval architecture can still be
used in the contemporary architectural design and the
restoration of older buildings in order to improve the
environmentally sustainable architecture.
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Hrop C. BJEJIWh, dparana J. TOOJOPOBUR, Jenena [I. KPHETA-HUKOJWh,
Hophe P. TABAPEBUR, Koswbska h. CTAHKOBHUh

HUMBO INPUPOJHE PAJIMOAKTUBHOCTH Y MATEPUJA/INMA
KOPUIKREHUM 3A IMIPECBOBABAILE CPEJAIOBEKOBHUX
CIIOMEHUKA HA TEPUTOPUIJN HEHTPAJTHOI BAJIIKAHA

Y OBOM pajly IpUKa3aHU Cy pe3yiTaTH UCIUTHBamba HUBOA NMPUPOAHE PaJUOAKTUBHOCTH Y
TpaIuIIMOHATTHUM TpabeBUMHCKMM MaTepujannMa KOPHUITheHNMM 3a TpecBobaBame CpeHOBEKOBHUX
MaHACTHpa Ha TepUTOpHju HeHTpamHor bankana. M3marame 3paderwy y 3aTBOPEHOM IIPOCTOPY OCTa
Bapupa ako MOTHYEC W3 3eMIbaHHUX TpaheBUHCKHX MaTepujajia, Tako fa je y pagy NPUMEHOM rama
CIIEKTPOMETPH]j€ aHATIM3UPAHO IPUCYCTBO MPUPOJIHKUX pafronsorona >2°Ra, 2°>Th u *°K y koncTpyKimjama
3a mpecBobaBame. [lopen Tora, nCuTaHm cy U YHYTPAIIHI Xa3apH HHACKC, alicopOoBaHa 103a U TONNIIHA
edekTnBHa mo3a. [lobmjeHnm pe3ynaTatd ymopeheHHW cy ca mopjamuMa O MaTepHjajiiMa HCTOPHjCKUX
CIIOMEHMKA TepUTOpHje IeHTpaaHor bankana u ceeta. Ha 0cHOBY Tora M3BeIeHU Cy 3aKJbYUIU O HUBOY
PafgnOaKTUBHOCTH Y CTApUM U MOJICPHUM IrpabeBUHCKUM MaTepujannMa IeHTpaiaHor bankana.

Kmwyune peuu: iipupoona paouoakiiu8HoC, Zpabesuncku maitiepujan, cpeorosexosHu c600, baakan,
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