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A methodology including software tools for analysing NORM building materials and residues by low-level
gamma-ray spectrometry has been developed. It comprises deconvolution of gamma-ray spectra using the
software GALEA with focus on the natural radionuclides and Monte Carlo simulations for efficiency and true
coincidence summing corrections. The methodology has been tested on a range of building materials and va-
lidated against reference materials.

1. Introduction

The use of residues containing enhanced activities of natural
radionuclides (NORM) in the manufacturing of materials for the con-
struction industry has become increasingly challenging, as this proce-
dure contributes to reduce the natural resources needed to fabricate the
building materials. The COST Action TU1301, “NORM for building
materials (NORM4Building)”, aims to encourage collaboration among
scientists, industries and regulators to stimulate research regarding this
issue, and to assess the impact of external gamma exposure on popu-
lations and indoor air quality. The objectives of this action include the
evaluation and development of specific measurement procedures that
can be easily adopted by laboratories to estimate the radiological im-
pact of NORM materials and to support the standardization of these
procedures.

According to the European Council Directive (2013)/59/Euratom
(2013), the level of indoor external exposure to gamma radiation
emitted by building materials should be less than 1 mSvy~!. In addi-
tion, the directive proposed the Activity Concentration Index (ACI) as a
conservative screening tool for identifying building materials that may
exceed this level. The ACI is calculated as follows:

_ Ca6p, Caapy,

ACT = Caog
300 200

3000° (@]

where C2zp,, C2327, and Caoy are the activity concentrations in Bq/kg for
226Ra (equivalent to 23U and ?**U in secular equilibrium conditions),
232Th and *°K, respectively. Additionally, the calculation of dose must
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take into account other factors such as density, material thickness, as
well the type of building material and the intended use. However, in
order to calculate the ACI, practical methods capable of measuring
226Ra, 2%2Th (or its decay product *®Ra) and “°K are still required.

Gamma spectrometry is a suitable technique to measure these types
of radionuclides because it can simultaneously detect all of the gamma
emitters contained within a given sample. This includes *°K and all the
gamma emitters present in the 23U, ?*2Th and 2*°U decay chains,
providing a more complete radiological characterization of the material
being measured.

Once a gamma spectrometry system appropriate for these kinds of
environmental measurements was available, two main issues were
taken into account: determining measurement efficiency and the com-
putational analysis of the gamma spectrum. In the present study, the
Monte Carlo calculation using Geant4, a tool that allows for im-
plementation of measurement geometries and matrix characteristics,
was used to determine the efficiency calibration of each material and
geometry. This method is suitable for the analysis of building materials
because it provides efficiencies for any type of geometry and matrix
with a minimum of working hours and without bearing long times of
measurement. Coincidence summing corrections were also estimated
for some emissions by means of the Monte Carlo simulations. However,
regarding spectrum analysis, the main difficulty involved the char-
acteristics of the spectra of the natural decay series, where the main
peaks were found in the low energy range on a high-level continuum
background. Galea (Santamaria et al., 2017), the spectrum analysis tool
used in this work, implements a genetic algorithm-based peak fitting
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and includes COSPAJ for the spectral continuum estimation (Quintana
and Fernandez, 1998). Galea provides reliable results of the radio-
nuclide activity present in the material being measured, even with low
counting statistics in the full-energy peaks. The main issues associated
with the spectral analysis of natural radionuclides were also addressed
in this work.

2. Method
2.1. Galea

The y-ray analysis program GAmma Line Expert Analyser (Galea),
developed in our laboratory, performs the basic tasks required to ana-
lyse any spectrum: the identification of radionuclide emissions and the
calculation of the activities corresponding to the emitters. It is made up
two main parts. Starting with the raw spectra, the analysis tool locates
full-energy peaks and determines the intervals between them. Also, it is
essential to accurately estimate the continuum background under the
peaks, which is accomplished by the COSPAJ algorithm (Quintana and
Fernandez, 1998).

Galea also includes a genetic algorithm (GA) for peak analysis that
works with the net spectrum generated from the previous step. The
algorithm works independently of the number of emissions included in
a peak. The fitting algorithm accommodates to the characteristics of the
spectra being analysed by using a specific user library with the more
likely emissions occurring within the spectra; for example, from natural
radionuclides. In building the user library, the emissions data was se-
lected from a reliable radionuclide library. As regards Nucléide-LARA
(LNHB, 2017) was chosen, since this source provides a complete com-
pilation of the radionuclide emissions originating from natural decay
series. First, the emissions present in the spectrum were identified by
associating each peak interval with the emissions included in the user
library. The steps generated using the algorithm are shown in the flow
chart in Fig. 1. A brief description of the peak-fitting algorithm is
provided below, but further details can be found in Santamaria et al.
(2017).
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Fig. 1. Flow chart of the peak analysis algorithm.
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The peak shape function selected to fit the full-energy peaks mea-
sured by the HPGe detectors is given simply by an exponential con-
voluted with a Gaussian function (Siegert and Janssen, 1990). In the
first step, peaks placed within a given interval are fitted by the GA, and
then, refined using the Levenberg-Marquardt method. After fitting, the
statistical relevance of the fitted peaks over the continuum background
is evaluated, and if the test is negative and refitting is required, the
peaks are deleted. The statistical relevance of each fitted peak is de-
termined by the decision limit L. (Currie, 1968), calculated for 95%
probability. The last step of the algorithm identifies the emissions
present in the spectrum.

Several constraints to the fitting parameter values are needed in
order to guarantee the success of the spectrum analysis when counting
statistics in the peaks are low. The width parameters of the peak fitting
function for shaping the full energy peaks are taken as constant along
the fitting intervals. This provides the number of peak shape parameters
to fit when peaks are overlapping in a multiplet to keep down and
guarantee that the shape parameter values remain similar for all the
peaks within the interval, independently of their statistics. Secular
equilibrium, once checked with the main emissions of the involved
radionuclides, is also used to initialise the peak areas. Reference
emissions of all the radionuclides of a natural decay series are com-
pared to determine equilibrium between radionuclides. If the activity
computed for the reference emission of a radionuclide and its daughter
are statistically equal according to the Student's test, they are con-
sidered to be in secular equilibrium. Isotopic relations are also taken
into account when the spectrum comes from the natural disintegration
series.

2.2. MC estimation of efficiency and true-coincidence-summing corrections

Estimation of peak efficiencies was carried out by Monte Carlo si-
mulations with the Geant4 toolkit (Agostinelli et al., 2003), at the en-
ergies of interest for the matrices under study and for each specific
measurement condition. The simulation program follows particles and
photons emitted from the source to build the history of their energy
deposits in the detector, taking into account all the secondary particles
and photons generated along their paths. Therefore, it was necessary
that quantitative values to implement the matrix characteristics, i.e.,
atomic composition, density and geometry, were available. For detector
characterization, an X ray was taken to accurately determine its true
inner geometry. The deadlayer characterization was performed with
SALSA (Hernandez-Prieto et al., 2016). The detector geometry im-
plemented is shown in Fig. 2, where the HPGe crystal is outlined in blue
and its deadlayer in red. Three interactions processes were considered
for photons: photoelectric effect, Compton scattering and pair produc-
tion. For the electrons generated in such processes, multiple scattering,
ionization and bremsstrahlung were taken into account. All these pro-
cesses are included in the Geant4 Low Energy EM Physics package. The
Geant4 9.5 version also allowed the radioactive decay of 2245 isotopes
to be simulated, which is particularly interesting to obtain true-coin-
cidence-summing corrections from the simulations (Quintana and
Montes, 2014).

Once the experimental geometry was implemented in Geant4,
spectra were generated with 10° photon events at the energies of in-
terest to evaluate the peak efficiency. This number of events guarantees
statistical uncertainties less than 2% in the efficiency data obtained. To
build the simulated spectrum with true-coincidence-summing effects,
first the spectrum containing true-coincidence summing effects for the
radionuclide of interest was generated. The algorithm implemented in
the main program adds all the energy deposits coming from the same
disintegration that have been produced in a time period of 1 ms.
Secondly, spectra corresponding to mono-energetic sources emitting
photons at the same energies as the radionuclide of interest were also
generated. Then, the simulated true-coincidence-summing corrections
(TCSCsim), associated with the emissions of a given radionuclide, were
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Fig. 2. Outline of the detector geometry, where the HPGe crystal is depicted in blue and
its dead layer in red. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

calculated as the ratio between the full-energy peak areas at energies E,
obtained for the mono-energetic sources, weighted by the corre-
sponding emission intensities of the radionuclide of interest at the
corresponding E,, and the photo-peak areas obtained when the com-
plete radionuclide disintegration was simulated.

The uncertainty budget of the Monte Carlo simulations performed is
estimated taking into account the uncertainty associated to the detector
geometry and the matrix composition, both obtained by ancillary
methods as mentioned above. Regarding detector geometry, the para-
meters considered are specifically window-to-crystal distance and those
related to the implementation of the active volume.

3. Materials

The gamma spectrometer used in the measurements and im-
plemented in the Geant4 simulation was a Canberra BEGe detector with
an active volume of 117 cm®. The nominal specifications were relative
full energy peak efficiency at 1332 keV of 50% and nominal energy
resolution at 122 keV and 1332 keV of 0.75 keV and 2.20 keV, respec-
tively. Associated electronics consisted of an integrated module
CANBERRA DSA1000 model including a 16 K multichannel analyser.
The detector was shielded with 10 cm of low-level iron and 5 cm of old
lead, dating from the Eighteenth Century, which was internally lined
with 2 mm thick electrolytic Cu. The detector background peak count
rates of interest for the NORM samples are 134(28)10 °s~! at
46.54keV for 2°Pb, 102(39)10 °s™! at 186keV for **°Ra,
257(27)107%s™! at 351.93keV for *'*Pb, 186(21)-107°s™! at
609.31 keV for ?'*Pb and 910(26)-10 ®s~! at 1460.82 keV for *’K.
There are no traces in the detector background of 2**Th or 2%®Ac,
daughters of 23U and 2*®Ra, respectively.

The samples analysed are all used as building materials or as
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additives in the manufacturing of building materials. They included the
ceramic tiles used in the intercomparison among laboratories involved
in COST action-TU1301 “NORM4Building” (Xhixha et al., 2017), the
coal bottom and fly ashes used as mixes in Portland cement, slags also
used as mixes, and several types of cement, according to the European
Standard EN 197-1:2011: CEM I 42.5R and CEM I 52.5 R-SR 3. The
samples were labelled as CER, for the ceramic sample, BOA, for the
bottom ash sample, FA1 and FA2, for the two fly ash samples, SL1 and
SL2, for the slag samples, CE1 for the CEM I 42.5R cement manu-
factured without NORM mixes and CE2 for the CEM I 52.5 R-SR 3 ce-
ment manufactured with FA2 as an additive. All samples were milled
and homogenized. Additionally, a compacted cement shaped as a cube
was also analysed, which was called CUBE.

Two volumetric geometries were selected to prepare the milled
samples for being measured. The first volumetric geometry, labelled as
C11, was a polystyrene cylindrical box with a diameter of 42 mm and a
height of 24 mm. The second container, labelled as C21, was a poly-
styrene cylindrical box with a diameter of 94 mm and a height of
32 mm. The boxes were filled to different heights depending on the
amount of sample available. Samples heights within each box and their
bulk densities are given in Table 1. The polystyrene boxes were not fully
protective against radon emanation. Therefore, the gas could flow out
depending on the characteristics of the matrix and the amount of space
left remaining in the box free from material. The heights of the free
inner space in the C21 geometry ranged from 11.4 mm for CE2 and SL2
up to 12.8 mm for CER and SL1. The rest of heights were 11.7 mm for
CE1l, 12.3 mm for BOA and 12.4 mm for FA2. The inner height of the
free space for FA1, which was prepared using the C11 geometry, was
5.6 mm. Regarding the compacted cement sample referred to as CUBE,
its density was 1.964 g/cm® and the lengths of the sides of the samples
were 50.65 mm, 51.00 mm and 50.70 mm on the X, Y and Z axes, re-
spectively.

Three certified radioactive standard solutions were used to obtain
the experimental efficiencies in order to test the values calculated by
the Monte Carlo method. The same standard solutions were used in a
previous work to check the Monte Carlo code for a homogeneous
aqueous source (Quintana and Montes, 2014). The first solution was the
multi-nuclide standard 9MLO1ELMH[05] by AREVA, traceable to
COFRAC standard, containing ®°Co, "Co, '°°Cd, ?*'Am and '*’Cs. The
second standard contained '°Pb and the third standard contained
221Am, both of them were provided by CIEMAT. Two spiked sources
were prepared for the ceramic matrix by adding 1 mL of the ?'°Pb
standard solution and 1 mL of the multi-nuclide standard, respectively,
in a partially filled C21 box. The spiked ceramic was then dried in a
heater, homogenized, and added to the box to a given volume. A ?*'Am-
spiked source was prepared using the same procedure with slag SL1 by
adding 0.1 mL of ?*!Am solution to a C21 box, and another 2*'Am-
spiked source was prepared using the same procedure with the fly ashes
FA1 by adding 0.1 mL of *'Am solution to another C21 box. Finally,
the same sources were spiked with 1 mL of 2'°Pb solution, following the
same procedure as mentioned above.

The sources to be measured were placed on the HPGe detector
window. Six measurements were taken for CUBE, one for each side of
the sample. The spectrum of each of the spiked sources was acquired at
different measurement times, ranging from 10,000 s to 36,000 s. The

Table 1

Relevant source characteristics for the measurement of the different samples, where h
stands for the height the sample matrix reaches in the box used as a container and p, for
the bulk density of the matrix in the box.

Sample CER FAl FA2 BOA SL1 SL2 CE1 CE2
Geometry  C21 C21 Cl1 Cc21 C21 C21 C21 C21

h (mm) 17.80 17.65 16.40 17.69 17.21 18.65 18.28 18.64
p(g/em® 1571 1.056 1.361 1.061 1.327 1.323 1.426 1.467
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Fig. 3. Efficiency curves obtained with MC simulations for each set of matrix and geo-
metry characteristics. Efficiency calibrations are represented for CER with a solid red line,
for SL1 with a solid black line, for SL2 with a dashed black line, for FA1 with a solid
magenta line, for FA2 with a dashed magenta line, for BOA with a solid blue line, for CE1
with a solid green line and for Cube with a dashed green line. Experimental points ob-
tained from the spiked samples are depicted in the same colour as the curve, corre-
sponding to the matrix used to make the calibration source. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Table 2
MC coincidence summing corrections obtained for the main emissions from 2!*Bi and
2087T], Statistical uncertainties are given in parentheses.

E (keV) CSCcer CSCra1  CSCpaz  CSCpoa  CSCsp1 CSCs12 CSCcra
609.31 1.14(1) 1.11(1) 1.16(1) 1.14(1) 1.12(1) 1.12(1) 1.12(D)
1120.29 1.15(1) 1.14(1) 1.191) 1.15(1) 1.141) 1.13(1) 1.15(1)
583.19 1.19(1) 1.18(1) 1.22(1) 1.18(1) 1.17(1) 1.15(1) 1.17(1)
860.53 1.04 (1) 1.04(1) 1.05(1) 0.99(1) 1.03(1) 1.03(1) 1.07(1)

measurement time for each sample source was 200,000 s. The Galea
program, as described above, was used for carrying out the y spectral
analysis.

4. Results
Efficiency curves versus energy, suitable for each sample at its

Table 3
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corresponding geometry of measurement, were obtained from the si-
mulated values at different photon energies. The technique used to
generate the curve to fit the MC data is described in (Janssen, 1990). All
the curves obtained, one for each set of matrix and geometry char-
acteristics are depicted in Fig. 3, together with the experimental values
obtained from the spiked sources. One can observe as the curves cor-
responding to the same geometries but different matrixes differ mainly
at low energies, which shows the need for a complete matrix char-
acterization in the MC program. The experimental efficiency data from
the spiked CER sources at medium and high energies, represented in
Fig. 3, behave as the MC curve, although with higher uncertainties,
while the experimental efficiency data at low energy from the spiked
sources prepared with FA2, SL1 and CER matrixes show large devia-
tions with respect to their corresponding curves. This is due to the
difficulty in preparing homogeneous spiked samples for these matrices,
making the MC method more useful for calculating the peak effi-
ciencies. However, it is necessary to point out that the MC method was
tested with homogeneous samples as previous step. The MC method is
especially useful at low energies where important y emissions from
natural radionuclides are located and efficiencies are more sensitive to
matrix chemical composition.

Coincidence summing corrections were also calculated by using the
MC method for the main emissions of ?**Bi and 2°®T1. The values for the
different samples are given in Table 2, where it can be observed that the
corrections obtained were higher than 10% on average, with a max-
imum of 22%. These corrections were used to calculate the activities of
214Bj and 2?®Ra, assuming secular equilibrium with 2°°T1. 22®Ac emis-
sions were also taken into account in the *?®Ra activity calculation.

The uncertainty budget of the MC data obtained was estimated.
Four main sources of uncertainty were considered: contribution to the
different elements to the total chemical sample composition, matrix
density, source to detector window distance and active crystal shape
dimensions. The parameters involved were modified in the im-
plementation of MC, taking into account the accuracy of their de-
termination. Regarding the detector parameters, the accuracy was
0.5 mm for the source-to-detector distance, the resolution corresponded
to the X-ray taken of the detector, and the accuracy of the crystal shape
parameters was 0.43 mm for the upper half and 0.34 mm for the lower
one. These values were taken from the work of Prieto and Quintana
(2013). Regarding the sample matrix characteristics, the accuracy of
the apparent density determination was 1.7%, corresponding to the
instruments used for its evaluation. The uncertainty associated with the
determination of the chemical composition varied according to the
sample and chemical element. For CER, SL1, SL2, FA1l and BOA, the
uncertainty was 9.6% for K and 1.46% for Si, and was, on average,
2.5% for the rest of elements. For FA2, CE1 and CE2, the uncertainty
was 8% for K and 1% for Si, being in average 3%. The standard de-
viations in the MC results at the energies of interest are shown in
Table 3. They are obtained propagating the quadratic deviations asso-
ciated to each main source of uncertainty. These deviations were

MC efficiencies (10~ 2) corresponding to each sample at the energies of interest. Uncertainties in parentheses are calculated propagating the quadratic deviations associated to each main

source of uncertainty considered in the MC calculation.

Nuclide E (keV) ECER €FA1 EFA2 €BOA €sL1 €sL2 €CE1 €CE2
238y 63.30 9.65(55) 10.76(58) 15.05(32) 10.57(56) 9.56(55) 9.17(56) 8.36(57) 8.00(56)
25y 185.72 8.56(45) 9.24(46) 12.69(45) 9.22(45) 8.97(46) 8.74(45) 8.61(45) 8.54(45)
230Th 67.67 10.11(52) 11.21(51) 15.67(51) 11.00(52) 10.08(50) 9.74(52) 9.00(53) 8.62(51)
226Ra 186.21 8.53(46) 9.22(46) 12.62(47) 9.20(46) 8.92(46) 8.67(46) 8.60(48) 8.49(46)
214pp 351.93 4.70(26) 4.98(28) 6.80(26) 4.98(26) 4.91(26) 4.76(26) 4.75(26) 4.66(26)
214 609.31 2.78(17) 2.92(18) 3.97(18) 2.92(17) 2.89(18) 2.80(18) 2.79(18) 2.77(18)
210pp 46.54 7.83(49) 9.01(50) 12.32(66) 8.69(51) 7.09(51) 6.78(52) 5.59(50) 5.14(49)
228Ra 911.20 1.98(10) 2.06(10) 2.80(11) 2.03(10) 2.04(11) 1.96(10) 1.97(11) 1.94(11)
212pp 238.63 7.02(38) 7.46(37) 10.17(39) 7.47(38) 7.31(38) 7.08(38) 7.00(38) 6.96(38)
208T] 583.19 2.91(17) 3.04(17) 4.11(17) 3.05(17) 2.99(17) 2.91(17) 2.93(17) 2.89(17)
4K 1460.83 1.31(8) 1.37(16) 1.84(8) 1.37(8) 1.38(8) 1.31(8) 1.33(8) 1.32(9)




B. Quintana et al. Applied Radiation and Isotopes xxx (XXXX) XXX—XXX

2981 Fig. 4. Detail of the low-energy spectrum from source CE1, where
the 21°Pb, 2%®U(***Th) and **°Th emissions are shown.
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Activity concentrations in the CER sample for the main radionuclides involved in the indoor external exposure evaluation. The experimental activities (A), obtained in Bq/kg by applying
the full method described in this paper, are provided in the second row. Reference values (A,ef) provided in the third row are also in Bq/kg.

Nuclide 238U 228Ra 226Ra 214Pb 214Bi 210Pb 40K

A 124.2(76) 65.9(35) 127.0(80) 123.2(69) 126.1(78) 119.6(76) 999(13)

Avet 120(12) 61.0(60) 125(11) 124(14) 122(11) 116(17) 955(40)
Table 5 were initialized in the spectrum analysis by using the **Th 63.3 keV

Activity concentrations in the CER sample for other relevant natural gamma emitters
detected. As in Table 2, A stands for experimental activities in Bq/kg and A, stands for
the reference activities, also in Bq/kg.

Nuclide 235y 230Th 212pp 20871
A 5.70(40) 154(20) 63.4(35) 23.8(14)
Ares - - 64.0(60) 24.0(50)

estimated varying in the MC implementation the parameter value cor-
responding to a source of uncertainty according to the accuracy of its
determination.

Regarding the spectra analysis, the details of the low energy spec-
trum corresponding to CE1 is shown in Fig. 4. The peaks from 2'°Pb,
238y (23*Th) and 22°Th, once the continuous background is subtracted,
and their corresponding fits are depicted in Fig. 5. One can observe as
Galea succeeded in the analysis of these peaks in spite of the high
background and the low counting statistics for 2*°Th. Two examples of
the fits obtained from the overlapping full-energy peaks at 92-93 keV,
with emissions of 228U(?>3*Th), and at 186 keV, with the main emissions
of 2?°Ra and 2*°U, are given in Figs. 6 and 7, respectively. Peak areas

Table 6

peak area for the two multiplets. The initial areas were also corrected
by efficiency and isotopic equilibrium, the latter only to calculate the
initial 2*®U peak area in the 186-keV multiplet.

Results corresponding to the NORM4Building ceramic are given in
Tables 4 and 5. Activity concentrations were obtained applying the MC
efficiencies corresponding to matrix CER to the spectrum analysis car-
ried out with Galea. Reference activities for this sample, taken from the
NORM4Building intercomparison results (Xhixha et al., 2017), are also
given in Tables 3 and 4. These reference activities correspond to the
mean value of the results provided by the participant laboratories. One
can check the full agreement between experimental and reference va-
lues. The internal coherence among values corresponding to radio-
nuclides belonging to the same natural decay series was preserved in
the Galea analysis.

The radionuclide activity concentrations of the milled samples are
given in Table 6. Slags SL1 and SL2 showed a higher concentration of U-
series radionuclides, while bottom and fly ashes had higher con-
centrations of 2>2Th daughters. However, the high activities from the
Th-series radionuclides were not reflected in the cements manufactured
with NORM mixes. Specifically, CE2 had FA2 as mix and CEl was

Radionuclide activity concentrations in Bq/kg corresponding to milled matrixes FA1 (Aga1), FA2 (Aga2), BOA (Apoa), SL1 (Asy1), SL2 (Agro), CE1 (Acg) and CE2 (Acg2)-

Nuclide Apar Agaz Agoa Asia Asr2 Acka Acga
28y 86.4(56) 78.0(36) 66.0(41) 126.6(78) 139.3(90) 20.2(16) 29.2(23)
25y 3.47(22) 3.84(47) 2.88(38) 6.44(43) 6.41(40) 0.788(61) 1.39(11)
230Th 64.1(34) 66(13) 71(12) 159(21) 143(15) 13.0(36) 26.6(51)
22°Ra 80(10) 74.0(71) 73.1(65) 127.0(78) 134.4(80) 23.3(15) 29.8(20)
214pp 74.9(42) 77.3(30) 66.0(35) 128.6(80) 132.6(81) 20.2(14) 28.7(16)
214pj 75.7(47) 79.7(36) 69.6(41) 130.7(82) 142.2(92) 20.3(13) 29.0(19)
21pp 101.6(60) 84.1(50) 28.8(21) 3.24(50) 2.05(45) 18.7(12) 29.0(29)
228Ra 104.3(53) 49.7(25) 96.5(53) 45.8(26) 41.7(24) 20.6(12) 9.58(61)
212pp 101.6(96) 51.9(27) 94.3(49) 44.1(23) 40.8(22) 19.61(11) 10.12(62)
208T] 35.7(20) 19.37(88) 35.8(20) 16.46(95) 15.26(91) 7.19(84) 3.78(23)
4K 1030(14) 493(23) 974(58) 135.3(83) 119.9(77) 235(14) 170(12)
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Table 7

Applied Radiation and Isotopes xxx (XXXX) XXX—XXX

Radionuclide activity concentrations in Bq/kg for the cement cube (CUBE) measured on each side. A refers to the average activity.

Nuclide Ay A, As Ay As A A

28y 47.2 (17) 45.1 (19) 47.1 (17) 49.5 (15) 49.5 (16) 49.7 (15) 48.27 (67)
235y 2.09 (18) 2.11 (14) 2.13 (18) 2.20 (23) 2.28 (26) 2.2 (11) 2.139 (82)
230Th 52.9 (97) 49.8 (86) 58.7 (93) 57.9 (89) 63.0 (82) 53 (12) 56.3 (38)
22°Ra 44.1 (27) 44.4 (19) 46.2 (27) 42.9 (35) 42.4 (39) 42.4 (16) 43.64 (96)
214pp 41.81 (34) 41.13 (31) 41.85 (32) 42.44 (26) 41.31 (24) 41.54 (31) 41.69 (12)
2144 44.30(55) 44.98 (55) 44.85 (55) 44.02 (54) 44.07 (48) 43.76(52) 44.31 (22)
21pp 42.5 (12) 41.1(17) 42.8(12) 40.9(12) 41.3(10) 41.0(11) 41.58(50)
232 25 (18) 21 (19) 33 (19) 20 (16) 20 (12) 21 (15) 24.5(65)
228Ra 23.17 (61) 23.48 (61) 22.84 (60) 23.17 (60) 23.04 (58) 23.22 (60) 23.15 (24)
212pp 21.50 (30) 21.99 (30) 21.61 (30) 21.77 (30) 21.88 (28) 21.81 (30) 21.76 (12)
2087] 8.89 (16) 9.51 (16) 9.26 (16) 9.28 (16) 9.17 (14) 9.14 (15) 9.205 (63)
4K 164.3 (29) 168.6 (28) 168.0 (33) 168.6 (39) 161.8 (30) 171.6 (28) 167.1 (12)

produced without additions of NORM wastes, but *®Ra and ?'?Pb ac-
tivities are higher in CE1 than in CE2. Regarding the other radio-
nuclides, CE2 show significantly higher concentrations than CE1 for
210ph and 23°Th, radionuclides that are not considered in the ACI. In-
ternal coherence among values corresponding to radionuclides, be-
longing to the same natural decay series, was still preserved in all the
measurements.

The radionuclide activity concentrations measured for CUBE, the
compacted cement sample, are given in Table 7. It is noteworthy that
232Th was determined from its weak emission at 63.3 keV, which
shaped a multiplet together with the 63.7 emission from 2**U(***Th).
Although 232Th activity uncertainties were high, it is needed to take
Z32Th y-ray emission into account for the correct determination of 234U
(234Th).

5. Summary

The main natural radionuclides from the U and Th decay series were
determined by gamma spectrometry with a HPGe detector in a wide
variety of building materials from milled samples, such as ceramics, fly
ashes, bottom ashes, slags, cement, and a compacted cement sample. All
the determinations, independently of the measurement conditions,
were made with the same procedure: Monte Carlo simulations for ef-
ficiency calculations and Galea for spectrum analysis. The results in-
dicate that the full procedure is reliable and reduces the amount of time
needed to obtain experimental efficiency calibrations. Additionally, the
gamma spectrum analyser tool, Galea, is capable of successfully ana-
lysing even the lowest gamma lines, detecting the activities of weak
emitters such as 2*Th and ?*°Th. Hence, this procedure facilitates the
complete radiological characterization for NORM building materials,

and has demonstrated its usefulness as a way to measure a wide variety
of matrices and geometries.
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