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Cement based materials may contain varying levels of ra-
dionuclides, mainly 226Ra (from the 233U series), 232Th and
40K, which are used to determine the Activity Concentration
Index ("ACI"). According to the European directive Euratom
2013/59 in these materials, the “ACI” must be < 1 to be
suitable for their use in construction. In this paper, data on
the activity concentration of natural radionuclides in cement-
based materials (i.e. cements, additions, pigments and aggre-
gates) as well as their chemical composition are presented.
Radioactivity measurements have been determined by using
gamma spectroscopy the chemical compositions have been
determined by X-Ray Fluorescence. Data for cements mea-
sured shown that white cements present a lower concentra-
tion of activity than conventional CEM I. In addition, the CAC
(Calcium aluminate cements) present high activity concen-
tration in the 232Th series. Regarding additions, FA (Fly Ash)
are those that present the highest concentration of activity
in the 233U and 232Th series, while olive biomass ashes are
those supplementary cementitious materials that show the
highest concentration of activity for 4°K. Some pigments used
in mortar and concrete technology were also characterized.
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Granitic and volcanic rocks, potentially used as aggregates

present much higher activity concentration than the siliceous
aggregate.

© 2020 Published by Elsevier Inc.

This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Specifications Table

Subject Physics

Specific subject area Radioactivity and Radiological hazards in cement based materials

Type of data Tables

How data were acquired The chemical oxide compositions of the materials were determined on S8 Tiger

Bruker X-ray fluorescence (XRF) spectrometer. Loss on ignition was also
calculated as per European standard EN196-2:2014 [1]
Radiological measurements of the samples were carried out by means of
gamma ray spectrometry using a system with two high purity germanium
detectors one of them is coaxial (Type p), and the other are BEGe (Broad
Energy Germanium detector).

Data format Raw

Parameters for data collection For FRX measurements, the samples were dried and subsequently ground to
ensure a particle size under 63 microns.
For radiological measurements of the samples, and in order to ensure secular
equilibrium between 226Ra and 232Th and their progenies, a plastic cylindrical
beaker containers with 75.4 mm of diameter and 31 mm height were used.
They were completely filled with each sample, hermetically sealed to avoid
222Rn losses and let stand for at least 25 days before their measurement. In all
cases samples were measured by duplicate.

Description of data collection The determination of chemical composition of materials by XRF was carried
out in pellets or fuse beads.
The radionuclides determined in this study were those belonging to the
natural radioactive series of uranium, actinium and thorium along with 4°K.
The gamma emitters determined in the uranium series were: 234Th (63 keV),
214pp (351 keV), 2“Bi (609, 1120 and 1765 keV), 226Ra (186 keV eliminating
interference from 23°U), 21°Pb (46.5 keV). In the actinium series the activity of
235U (144 and 163 keV) was determined. For the thorium series the gamma
emitters analyzed were: 228Ac (911 keV), 2'2Pb (238 keV) and 298T] (583 keV).
The activity concentration of “°K was determined by its characteristic
photopeak at 1460 keV.
The efficiency calibration of the gamma-ray detectors was computed by using
the mathematical code LabSOCS (InSitu Object Calibration Software). The
samples were measured for 80,000 s to minimize the measurement
uncertainty and achieve the required detection limits. The spectra were
analysed using an Excel spreadsheet and Genie 2000 software. Samples were
measured in duplicate, except in cases where not enough sample was available.

Data source location The samples are from different sources, mainly from Spain and other European
countries.
The samples were collected by both the IETcc-CSIC and the UPCT. All the
samples were registered and centralized in the IETcc-CSIC where they were
chemically characterized. An aliquot of the samples was sent to CIEMAT for the
determination of the gamma emitters by means of high resolution gamma
spectrometry (HPGe).

Data accessibility With the article

Value of the Data

 The data presented herein can be used as an on-line database of the natural radioactivity of
cement-based materials

+ The data can be used for radiological studies, as well as for dose rate calculations and the
Activity Concentration Index of each of the cement based materials.
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Table 1

Chemical composition (wt %) of selected cements.
Sample Cements Si0, Ca0O Al,0; Fe;03 MgO MnO Na,O K,0 TiO, SO;3 Others Lol Total
C1 CEM 1 42,5R 18.72 62.98 563 2.68 0.87 0.05 0.04 0.85 0.23 3.05 0.16 231 9757
2 CEM I 52,5R 20.50 5700 540 210 3.70 0.02 0.60 140 0.20 6.40 0.0 2.30 99.72
3 CEM I 52,5R 19.65 63.52 524 2.78 0.85 0.06 0.12 104 0.23 340 0.06 2.90 99.85
c4 CEM I 52,5R 20.88 6141 496 2.65 180 0.02 0.69 118 017 311 013 2.94 99.94
() CEM I 52,5R 1936 62.32 442 262 186 - 0.09 094 0.23 323 04 2.75 98.22
c6 CEM I 52,5R 20.29 6447 567 235 084 006 011 097 024 291 025 297 10113
Cc7 CEM II/A-L 42.5R 1836 62.16 415 330 2.02 - 0.03 0.24 038 3.04 0.05 5.40 99.13
c8 CEM II/B-V 42.5N 28.26 49.28 895 432 190 0.06 0.37 091 056 2.64 043 186 99.54
9 CEM 11I/B 42.5N 30.67 4621 910 117 555 013 020 0.70 0.80 493 0.05 - 99.51
C10 CEM I 52,5 S/R 19.83 62.70 4.02 4.28 0.73 0.02 0.07 0.63 0.18 2.72 0.16 3.24 98.58
1 White Cement 19.00 68.00 330 030 180 170 130 040 - 3.60 010 180 1013
C12 White Cement 20.10 65.84 411 027 040 - - 0.73 - 353 014 3.30 98.42
Cc13 CAC 330 33.50 44.90 15.00 0.80 - 030 - 150 - - 0.20 99.50
C14 CAC 415 38.77 3792 1556 0.68 - - 012 196 - 0.25 0.08 99.49
C15 CAC 424 38.07 3781 14.74 0.66 - 011 199 - 037 0.06 98.05

C16 Calcium sulfoaluminate 8.14 4150 23.20 1.05 3.22 0.10 0.86 0.44 032 1836 137 145 100.01

Lol: Loss on Ignition

» The results can be the basis for the calculation of the activity concentration or excess effec-
tive dose rates described in the European Union Directive 2013/59 [2] for final cement based
materials.

1. Data Description
1.1. Chemical composition of cement based materials

This section presents the chemical composition of all materials along with their loss on igni-
tion. A brief description of the materials accompanies these data.

1.1.1. Cements
Chemical composition of 16 different cements (Portland and other types of cements) is shown
in Table 1.

1.1.2. Supplementary Cementitious Materials (SCMs)

Table 2 presents the chemical composition data of three different types of SCMs a): FA (Fly
Ash); b): S (Slags- where S1 to S3 are blast furnace slags and S4-S5 are steel slags) and c): other
SCMs (SF- Silica Fume, G-Waste Glass, L-Limestone, MK-Metakaolin, PZ- Pozzolans, OBBAM-
Olive Biomass Bottom Ashes Mixed and OBFAM- Olive Biomass Fly Ashes Mixed

1.1.3. Pigments used in mortar and concrete technology
Chemical composition of seven mineral pigments used in building materials is shown in
Table 3.

1.14. Aggregates used in mortar and concretes preparation

Finally, six aggregates with particle size between 0-2 mm (one siliceous- A1, three granitic
ones A2, A3, A4 and two volcanic ones A5 and A6) used in the preparation of mortars and
concretes have been chemically characterised. Results are shown in Table 4.
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Table 2

Chemical composition (wt %) of different Supplementary Cementitious Materials.
SCM Sio, Ca0 Al,03 Fe;03 MgO MnO Na,0 K,0 TiO, SO3;  Others Lol Total
FA1 4630 490 31.00 450 130 010 030 130 1.50 1.00 1.00 6.80 100
FA2 4465 388 2450 6.85 188 009 075 340 340 173 049 10.72  102.34
FA3 4940 349 2348 720 164 - 0.75 4.25 103 - 135 6.15 98.74
FA4 3561 14.52 1484 1256 403 - 114 1.36 095 - 0.96 1230 98.27
FA5 39.03 640 2706 1950 104 - 0.16 141 096 - 0.85 1.82 98.23
FA6 4885 5.52 2866 4.52 1.01 - 054 131 159 - - 414 96.14
FA7 5490 341 20.80 6.75 190 - 129 233 097 - 0.28 585  98.48
FA8 5444 272 2751 638 1.51 - 1.51 313 - - 0.70 210 100
FA9 4797 430 3103 5.07 192 0.02 128 132 120 014 045 5.30 100
FA10 4244 478 2695 1840 0.80 0.05 050 153 107 144 043 1.63 100.02
FA11 54.60 4.21 2546 5.05 1.21 0.06 046 135 147 061 120 430  99.98
S1 3530 41.00 13.60 0.40 410 - 0.01 - - - - 270 9711
S2 39.21 4028 1036 033 7.65 021 067 035 036 104 - - 100.46
S3 3483 3786 1158 0.19 1190 026 0.01 028 053 191 035 0.30 100.01
S4 2998 4584 6.04 092 1060 149 - - 143 031 262 0.81 100.04
S5 29.07 4737 6.20 0.87 928 128 - - 137 040 234 1.83 100.01
SF1 9430 050 0.20 0.10 020 002 010 040 - 010 0.05 4.00 99.97
G1 70.70 1180 2.00 050 120 - 11.70 110 010 - 0.04- - 99.14
L1 030 5460 0.04 0.10 090 001 040 - 001 - 0.10 43.60 100.06
RM1 9.77 1040 1456 3696 0.17 003 558 012 524 030 107 15.80 100
MK1 52.80 0.16 3240 049 009 - - 089 017 0.02 014 12.90 100.06
MK2 5424 012 44.06 0.38 0.12 - - 068 015 - 0.05 0.17 99.97
PZ1 4505 11.07 1346 1320 6.83 017 199 115 330 0.04 108 265 99.99
PZ2 4450 1072 1397 1340 630 016 148 178 329 006 122 3.11 99.99
PZ3 3872 1536 1161 1327 759 017 060 072 323 0.06 154 713 100
OBBAM1 23.61 2061 5.41 6.12 602 010 129 1731 083 0.80 530 134 99.99
OBFAM1 12,61 2021 2.97 23 485 006 112 2634 024 4.00 6.90 18.4 100.00

Lol: Loss on Ignition

Table 3

Chemical composition (wt %) of different mineral pigments.
Pigments Color SiO, CaO Al,03; Fe;03 Fe304 MgO MnO Na,0 K,0 TiO, SO3; Cr,03 Other oxides FFOOH S~  Total
P1 Blue 38.000.3325.00 1.20 - 011 - 22.002.770.20 - - 0.27 - 13.00 102.88
P2 Green 0.07 0.15 - 0.04 - - 014 - - 0.3998.94 0.09 - - 99.82
P3 Black 031 - 011 - 94.70 - 2.04 - - 142 0.56- 0.56 - - 99.70
P4 Red 014 - 0.08 98.86 - - 0.01 - - - 0.62 - 0.57 - - 100.28
P5 Red 594 415329 8262 - 2.38 0.07 - 0.74 0.10 0.02 - 0.09 - - 99.4
P6 Yellow 0.05 - 0.07 - - - 0.01 - - - 0.79 - 0.14 98.78 - 99.84
P7 White 0.08 - 394 0.01 - - - - - 95.510.03 - 0.27 - - 99.85

Lol: Loss on Ignition

1.2. Activity concentrations of series 238U, 235U, 232Th and 4°K in cement based materials

The activity concentrations of 238U, 235U and 232Th series as well as and 4°K given in Bq kg~!
in all measured cement based materials are shown below. The uncertainties of the activity con-
centrations shown in Tables 5, 6, 7 and 8 were calculated from the measurement uncertainties
(peak area and counting efficiency). The uncertainty associated with the weight of the samples
was considered negligible.

1.2.1. Cements
Activity concentrations of 238U, 235U and 232Th series, and 4°K in commercial cements are
shown in Table 5.
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Table 4
Chemical composition (wt %) of six aggregates (size 0-2 mm).

Aggregates  SiO, Ca0 Al,O; Fe;03 MgO MnO Na,O K,O TiO, P,0s Others Lol Total

Al 96.80 010 150 0.40 - - - 060 - - - 0.60 100
A2 7351 086 1412 165 039 005 315 431 - - - 0.5 99.46
A3 74.6 13 1277 25 284 006 271 4.7 - - - 29 99.15
A4 69.72 284 1277 3.08 063 004 256 719 - - - 11 98.84
A5 4514 8.60 1320 10.87 733 022 433 233 294 084 0.60 3.65 100.08
A6 4586 9.86 1310 941 580 018 426 243 255 072 061 520 99.98

Lol: Loss on Ignition

1.2.2. Supplementary Cementitious Materials (SCM)
Results obtained from gamma spectroscopy in 238U, 23°U and 232Th series and “°K series for
37 Supplementary Cementitious Materials (SCM) are presented in Table 6.

1.2.3. Pigments used in mortar and concrete technology
Activity concentrations of 238U, 235U and 232Th series and %°K in seven different pigments are
shown in Table 7.

1.2.4. Aggregates used in mortar and concretes preparation
Activity concentrations of 238U, 235U and 232Th series and 4°K for aggregates are shown in
Table 8.

2. Materials and Methods
2.1. Materials
In this work, a total of 56 samples of components used in cement-based materials have been

studied.
Commercial Cements: 16 cements with different chemical and mineralogical composition.

a Six Type I cements (CEM I 42.5R y CEM I 52.5R) from different cement factories (samples
C1-C6). according to European Standard EN-197-1-2011 [3]

b Three blended cements: One CEM II/A-L with a maximum of 20% of limestone (sample C7),

one CEM II/B-V with coal fly ash (FA) content around 21-35% (sample C8) and one CEM III/B

with high content (around 66-80%) of blast furnace slag (sample C9). All of them according

to European Standard EN-197-1-2011 [3].

One CEM I 52,5 S/R, sulphate-resistant, which therefore has a lower proportion of tricalcium

aluminate (C3A) (sample C10) 3]

d Two white cements (samples C11 and C12) with a very low Fe,03 content and without TiO,.
as per standard UNE 80305:2012 [4]

e Three calcium aluminate cements (CAC) from different factories, with very different chemi-
cal and mineralogical composition compared to a Portland cement, whose main component
is monocalcium aluminate (CA) (samples C13-C15). This type of cement complies with Euro-
pean standard EN 14647-2006 [5]

f One calcium sulfoaluminate cement with a very different chemical composition and with a
very low SiO, content while higher sulphate proportion.

(o]

Supplementary Cementitious Materials: 27 SCMs from very different sources, some of them
commonly used in the preparation of cement-based materials.

a Fly ash (FA): Eleven coal fly ashes from seven different thermoelectric power plants, with
different composition and proportion of unburned material (samples FA1-FA11)



Table 5

Activity concentration for the main gamma emitters in the naturally occurring 238U, 23°U, 232Th and “°K series in cements.

Series 238 Radiactive Serie 232Th Radiactive Serie
235U 401(
Cements 24T 226R, 214py, 214p; 210p}, 28c 212py, 2087]
c1 a 169 + 4.2 18.8 + 45 194 + 3.0 15.0 + 11 < 11.2 - 19.0 + 14 211 + 34 6.21 + 0.79 185 + 16
b 19.8 + 46 16.8 + 4.3 184 + 29 148 + 13 129 £ 5.7 - 179 + 1.6 206 +£ 34 6.33 £ 0.84 183 + 17
2 a 19.6 £ 19 - 193 + 0.8 - - - 201 £ 1.0 19.16 £ 0.3 55+ 04 2375 + 71
b 200 +£ 2.2 - 19.2 + 0.8 - - - 178 £ 11 191 + 0.6 6.2 +04 2383 + 75
ca a - - 158 +£ 1.0 14.94 + 0.80 - - 18.6 + 1.6 17.06 + 0.96 547 + 047 262 + 130
C4 a 21.8 £ 31 18.7 £ 5.5 206 + 34 191 + 14 176 + 44 - 19.0 + 1.8 21.0 + 34 7.52 +£ 0.73 201 + 19
b 201 £ 3.2 219 £ 5.8 215 + 3.6 19.7 £ 13 193 +£ 3.2 - 20.7 £ 1.7 237 £ 39 847 + 0.77 223 + 20
c5 a 303 +£ 6.3 30.7 + 5.6 326 +49 264 + 1.5 30.1 + 8.8 118 + 0.37 169 + 11 <05 5.45 + 0.67 195 + 17
b 316 £ 6.6 316 £ 5.8 31.8 +£ 4.8 26.5 + 1.6 299 £ 95 139 + 0.51 165 £ 11 153 £ 26 5.52 + 0.68 204 + 18
C6 a 221 £33 16.8 + 54 181 £+ 3.0 16.8 + 1.2 193 +£ 46 - 20.0 £ 19 18.8 £ 3.1 7.89 + 0.76 234 + 21
b 183 + 3.2 211 +£55 194 + 3.2 17.8 + 11 189 + 34 - 203 + 1.8 234 + 38 8.63 + 0.77 236 + 21
Cc7 a 269 £+ 5.7 26.1 + 5.0 275 + 42 218 £ 13 275 + 8.1 - 5.99 + 0.46 59+ 11 1.88 + 0.24 440 + 4.0
b 271 £ 5.7 274 £ 52 26.7 + 4.1 219+ 14 273 + 8.9 - 6.02 + 0.55 57+ 10 1.95 + 0.27 434 + 43
Cc8 a 97 + 20 84 + 23 91 + 14 875+ 53 < 10.6 - 511 + 3.7 522 + 84 203 + 2.6 190 + 18
b 103 + 15 79 +£ 19 953 £53 90.2 + 3.2 <56 3.8 + 11 49.8 + 2.3 53.6 +£ 3.7 20.8 + 1.1 173 £ 10
c9 a 79 + 18 68 + 19 77 £ 12 72.0 + 4.5 62 + 19 33+ 12 33.6 £28 36.0 £ 5.9 135+ 1.7 211 £ 19
b 440 + 4.7 645 + 7.8 58.0 £ 2.0 614 + 1.9 244 + 34 - 291 + 1.7 26.6 + 1.1 11.03 + 0.65 213 £ 10
C10 a 16.3 + 4.1 203 + 4.7 171 +£ 2.6 13.7 £ 1.0 18.8 + 6.0 - 14.0 +£ 11 159 + 2.6 471 + 0.61 147 + 13
b 184 + 43 + 18.8 + 4.4 174 + 2.7 13.8 £ 1.2 16.0 + 6.4 - 129 +£ 1.2 156 £ 2.5 4.62 + 0.62 140 + 13
c11 a 542 + 32 - 56.0 +£ 1.2 - - - 477 +£ 0.7 - 4,05 + 0.5 1.27 £ 0.1
b 62.8 + 5.5 - 583 + 11 - - - 485 + 0.8 - 468 + 0.3 145 + 0.2
C12 a 235+ 54 239+ 54 237 £ 36 187 £ 13 251 +£ 78 - 165 £ 1.3 177 £ 29 5.33 £ 0.68 144 + 13
b 239 +£53 231 + 48 232 +£35 185 + 1.2 259 + 7.7 - 15.8 +£ 1.1 179 + 3.0 5.11 + 0.64 149 + 13
C13 a 75 £ 85 - 654 + 14 - - - 1304 + 21 - 1364 + 1.8 417 +£ 0.8
b 72.5 + 9.0 - 644 + 1.3 - - - 1322 + 23 - 1384 + 1.5 432 + 0.8
C14 a 82 + 17 85+ 16 83+ 13 659 + 3.8 24 + 20 49 + 20 113.6 + 75 123 +£ 20 36.5 + 45 -
b 81 +17 82 + 15 82 + 12 66.9 &+ 3.7 41 + 12 3.95 + 0.76 1129 + 74 122 +£ 20 36.5 + 44 -
C15 a 87 + 18 80 + 15 82 + 12 68.0 + 4.0 44 + 14 45 + 1.2 109.9 + 7.3 118 + 19 356 + 44 -
b 76 + 16 87 +£ 16 83+ 13 66.1 + 3.9 44 + 13 - 110.5 + 74 118 + 19 339 + 42 -
C16 a 98 + 28 173 + 41 152 £ 24 119 +£ 1.0 13.2 + 44 - 474 + 0.66 5.32 £ 0.90 149 + 0.23 105 + 10
b 15.6 + 3.8 14.0 + 39 145 + 23 114 + 11 131 +£5.8 - 484 + 0.76 499 + 0.86 154 + 0.28 105 + 11

Uncertainties are quoted for a coverage factor k = 2 and are due to measurement uncertainties.
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Table 6

Activity concentration for the main gamma emitters in the naturally occurring 238U, 235U, 232Th and “°K series in different mineral additions.

Series 238y Radiactive Serie 232Th Radiactive Serie
scM 3aty 226R, 2idpp 214g; 210pp >y 28p¢ 212pp, 2087] 0K
FA1 a 131 £ 10 - 1285 + 1.8 - - - 1296 + 1.9 1334 + 2.0 40.0 + 0.7
b 129 + 10 - 126.2 + 19 - - - 1310 + 2.4 1342 + 16 42.7 £ 09
FA2 a 87.5 £ 9.0 884 £ 34 884 £ 34 79.7 £ 23 - - 851 £ 3.0 76.6 £ 3.0 240 £ 09 868 + 32
FA3 a 90 + 19 91 + 16 91 + 14 756 + 4.5 85+ 25 - 817 £ 5.5 88 + 14 268 £33 853 + 73
b 86 + 18 92 +17 91 + 14 747 £ 43 88 + 26 - 83.0 £ 55 89 + 15 265 £ 3.2 865 + 74
FA4 a 46 + 10 59 + 11 57.7 + 8.8 46.0 + 2.8 50 + 15 - 442 + 31 473 £ 79 145 + 1.8 214 + 19
b 56 + 12 49 + 10 576 £ 8.8 45.6 + 3.0 51 £ 15 - 419 + 3.1 469 + 7.7 145 + 1.8 215 + 20
FA5 a 137 + 28 129 + 24 130 + 20 105.7 £ 6.3 128 + 38 75+ 19 62.2 + 4.5 67 + 11 216 + 2.7 342 + 31
b 131 £ 27 133 + 24 129 + 20 105.5 + 6.0 125 + 37 6.1+ 16 63.1 £ 43 68 £ 11 205 £ 25 346 + 30
FA6 a 148 + 31 148 + 27 144 + 22 1189 £ 7.3 128 + 37 - 142 + 10 150 + 25 46.0 £ 5.7 232 + 22
b 138 £ 29 151 + 28 147 + 22 118.0 + 6.8 128 + 38 - 1385+ 9.3 148 + 24 443 + 54 230 £ 21
FA7 a 69 + 15 75 £ 14 72+ 1 593 + 3.6 74 + 22 - 473 +£ 33 51.6 + 8.6 159 +£ 2.0 482 + 42
b 81 +£17 64 £ 13 72+ 1 594 + 3.8 70 £ 21 - 477 £ 35 514 £ 85 15.6 + 2.0 482 + 43
FA8 a 63 + 13 65 + 12 68 + 10 552 + 3.2 58 + 17 - 878 £ 5.8 94+ 15 280 +34 659 + 56
b 66 + 14 69 + 13 69 + 11 550 + 3.4 56 + 17 - 875+ 59 88 + 14 289 + 36 643 + 56
FA9 a 84 + 18 74 + 14 80 + 12 64.4 + 3.8 70 £ 21 - 49.6 + 34 531 +88 155+ 19 269 + 24
b 89 + 19 76 £ 15 70.1 £ 9.2 64.7 + 4.1 75 + 22 4.7 £ 19 49.0 + 3.6 49.9 + 84 16.4 + 2.1 281 + 25
FA10 a 182 + 18 165 + 38 178 + 29 1615 + 8.3 106 + 10 87 +£20 59.1 £ 4.6 67 + 11 235 +£20 294 + 26
b 187 + 18 163 + 38 177 £ 29 1576 + 8.1 110 + 10 6.8 + 17 60.1 + 4.7 67 + 11 231 +£20 290 + 25
FAT1 a 132 £ 10 119 + 10 1265 + 59 116.5 + 4.0 1325 + 84 - 1129 + 4.3 122.7 £ 5.6 441 £+ 21 258 + 14
b 135 £ 10 128 £ 11 1121 £53 107.5 + 3.9 1339 + 8.2 88 +29 1074 + 4.4 104.1 + 4.8 404 + 2.0 235+ 14
S1 a 1499 + 6.5 - 1509 + 2.2 - - - 456 £ 15 425 +23 142 £ 0.5
b 163 + 12 - 1434 + 1.6 - - - 45.80 £ 0.8 432 +£07 152+ 03
S2 a 892+ 52 96.7 + 4.8 96.7 + 4.8 849 + 23 - - 300 £ 13 304 + 14 103 + 0.4 96.1 £ 5.7
S3 a 44 + 12 34+ 11 391 £ 6.1 376 £ 28 30+ 10 223 + 0.61 62.5 + 4.6 64 + 10 238 £ 3.0 846 + 73
b 353+ 74 317 +£78 327 £ 5.0 294 + 19 26,5+ 83 - 520+ 3.5 53.6 + 8.7 196 + 2.4 632 + 54
S4 a 205 +53 226 + 81 16.1 £ 2.6 15.0 + 1.4 - - 5.11 £ 0.61 57+ 10 143 + 29 -
b 153 + 3.7 232 +£50 17.8 + 2.8 16.6 + 1.5 - - 5.53 + 0.83 55+ 1.0 494 + 6.5 40 £29
S5 a 19.5 + 41 16.1 £ 5.1 16.1 £ 2.5 154 + 12 - - 4.62 + 0.64 5.01 + 0.85 444 +0.77 -
b 164 + 44 19.6 + 6.6 15.7 £ 2.5 142 +£ 1.2 - - 4.22 + 0.70 4.99 + 0.84 443 + 0.86 -
SF1 a - - 17 £02 - - - - 08 +£03 - 99.8 + 5.2
b - - 11+ 04 - - - - 0.8 + 0.1 - 91.8 + 4.6
WG1 a 12+ 15 - 104 + 0.3 - - - 6.0 +03 6.72 + 0.16 19 £ 01
b 10.7 + 1.7 - 71 £0.3 - - - 57 + 0.4 5.84 + 0.18 1.8 £ 0.1
L1 a 16.1 + 3.4 - 17.82 + 0.72 - - - - - - -
b 18.8 + 3.5 - 16.13 + 0.70 - - - - - - -

(continued on next page)
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Table 6 (continued)

Series 238y Radiactive Serie 235y 232Th Radiactive Serie 40K
SCM 234TH 226R, 214pp 214p; 210pp 228 ¢ 212pp 208T]
RM1 a 113 +£1 100.5 + 3.8 100.5 + 3.8 89.2 +£ 28 - - 3213 +£ 8.0 287 £ 10 921 + 2.7 551 + 8.5
MK1 a 35.7 £ 76 283 +£6.3 309 + 48 - 31 +£10 - 241 +£20 232 + 38 81+ 11 188 + 17

b 29.7 + 64 29.0 £ 6.3 253 + 39 224 + 1.8 258 + 85 - 209 + 1.8 228 + 3.8 6.93 + 0.92 153 £ 15
MK2 a 343 + 75 345+ 75 36.0 £ 55 30.6 + 2.0 35+ 10 - 289 + 2.1 30.2 + 4.9 89+ 11 214 £ 19

b 337 +74 339+ 73 328 +£ 5.0 291+ 19 33+10 - 279 + 21 299 + 4.9 8.6 + 1.1 197 + 18
PZ1 a 16.6 + 4.1 149 + 4.7 173 £ 3.0 171 £ 2.0 18+ 10 <25 214 +£ 20 229 +£ 39 82+13 296 + 28

b 17.8 £ 4.2 109 + 4.2 152 +£ 24 144 +£ 13 145 £ 55 <18 196 + 1.6 21.0 + 34 75 + 1.0 267 + 24
PZ2 a 264 + 6.0 18.7 £ 94 20.6 + 34 19.2 + 21 19+ 14 <23 257 +£ 2.8 274 + 45 98 + 14 353 + 32

b 244 + 54 16.6 + 54 181 £ 2.8 177 £ 1.5 209 +£ 71 <18 237+ 19 242 +39 86 + 1.1 312 + 28
PZ3 a 239+ 76 111 £ 6.7 170 +£ 29 164 £ 1.9 158 £ 8.2 <24 239 + 2.7 256 +£ 43 9.0 + 14 156 + 16

b 20.6 + 4.7 149 + 48 194 + 3.0 169 + 14 134 +£52 <18 249 +£ 19 254 + 41 88 £ 1.1 156 + 14
OBBAM1 - <37 91+ 08 91 +038 9.53 + 0.61 14.5 + 6.1 - 6.5+ 13 6.0 +£ 0.6 1.8 £ 0.1 35898 + 116
OBFAM1 < 10 11.87 + 0.8 11.87 + 0.8 10.85 + 0.64 88 + 13 - 710 £ 1.0 63+ 04 23+03 5852 + 204

Uncertainties are quoted for a coverage factor k = 2 and are due to measurement uncertainties.
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Table 7

Activity concentration for the main gamma emitters in the naturally occurring 238U, 235U, 232Th and 4°K series in different pigments.

Series 238U Radiactive Serie 232Th Radiactive Serie

235U 40K
Pigments 234Th 226 Ra 214 Pb 214 Bi 210Pb 228 Ac 212 Pb 208 Tl
P1 70+ 0.9 109 + 3.0 12.0 £ 2.0 12.0 +£ 2.0 44 + 13 <16 226 + 1.8 254 + 4.1 104 + 14 467 + 41
P2 <74 <77 < 18 <19 < 81 <23 <17 < 0.7 <05 < 8.8
P3 <9.0 < 81 <16 <21 < 114 <25 <26 <09 0.94 + 0.21 <79
P4 < 6.8 <59 <17 <16 <91 <18 <13 < 0.6 <04 < 4.7
P5 187 + 39 196 + 36 232 £ 35 256 + 15 192 + 56 < 46 132+ 15 53+ 17 4.07 + 0.62 301 + 27
P6 < 11.7 < 143 3.7 £ 11 <44 <123 <42 <33 <14 <10 < 13.0
P7 <57 <74 19 £ 0.5 1.89 + 0.50 < 6.1 <18 <13 < 06 <05 <50

Uncertainties are quoted for a coverage factor k=2 and are due to measurement uncertainties.
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Table 8

Activity concentration for the main gamma emitters in the naturally occurring 238U, 235U, 232Th and “°K series in different aggregates.

Series 2381 Radiactive Serie 232Th Radiactive Serie
235U 40K

Aggregates 234TH 226R, 214pp 214Bj 210pp 228 Ac 212pp 208T]
Al a - 154 + 5.8 439 + 0.82 - - - 6.88 + 0.69 81+ 15 3.00 + 0.30 173 £ 17

b - - 496 + 0.90 - 72 + 15 - 7.14 + 0.69 77 £ 13 2.77 £ 0.28 141 + 12
A2 a 208 + 20 213 + 36 213 + 34 193 + 10 187 + 16 10.6 + 1.6 712 + 54 79 + 13 271 +£23 1149 + 98
A3 a 155 + 20 153 + 38 150 + 24 1385 + 7.7 152 + 18 - 1054 + 8.8 114 + 19 399 + 36 1090 + 94
A4 a 133 + 16 131 £ 31 128 + 21 1184 + 6.3 118 = 15 6.9 + 1.7 172 £ 13 183 + 29 634 +£53 1195 + 102
A5 a 375 +£ 9.0 247 £ 93 276 + 4.2 26.0 + 1.9 259 + 7.7 - 483 + 34 50.9 + 8.2 181 + 2.2 560 + 48

b 300 +£ 6.3 249 + 6.3 271 + 41 + 236 + 15 26.7 + 8.2 - 45.7 + 3.0 483 + 7.8 173 £ 21 518 + 44
A6 a 140 + 31 125 + 34 135 £ 21 1272 + 8.0 15.6 £ 5.8 - 346 + 35 378 £ 6.3 134 £ 19 76 + 10

b 139 + 29 131 +£ 30 139 + 21 121.8 £ 7.2 186 £ 73 8.0+ 23 345 + 2.6 388 £ 6.3 135+ 17 81.7 £ 8.5

Uncertainties are quoted for a coverage factor k=2 and are due to measurement uncertainties.

(0]
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b Slags: Three vitreous blast furnace slags with different origins (samples S1-S3) and two steel
slags (samples S4 and S5). Slags are by-products of iron and steel-making production.

¢ One silica fume (sample SF1) which is a by-product originated in the reduction of quartz
with coal, in electric arc furnaces for the production of silicon and ferrosilicon.

d One waste glass (sample WG1) from urban glass recycling waste.

e One limestone (sample L1)

f One red mud (sample RM1) that is a solid waste with high iron content, generated in the
industrial process to produce alumina from bauxite.

g Two samples of metacaolin (sample MK1 and MK2) resulting from the calcination of
kaolinitic clays.

h Three pozzolans, with different origin and chemical composition (samples PZ1-PZ3)

i Two olive biomass samples prepared from the mixture of various biomass bottom ashes
(sample OBBAM1) or biomass fly ashes (OBFAM1).

Pigments: Seven pigments (samples P1-P7) commonly used in construction, with different
colour and chemical composition. One of them (P6) has a high organic matter content.
Aggregates: Six aggregates with maximum particle size of 2 mm.

a One standardized siliceous aggregate according to EN 196-1 (sample A1).
b Three granitic aggregates of different geographical origin (samples A2-A4).
¢ Two volcanic aggregates (samples A5 and A6).

2.2. Methods

2.2.1. Chemical characterization

The chemical characterization of all the materials was determined on a S8 Tiger Bruker X-
ray fluorescence (XRF) spectrometer. Loss on ignition calculated as per UNE-EN196-2:2014 [1],
was also determined. All samples were dried in an oven at 105 °C for 24 h and then, they
were milled to ensure a particle size below 63 microns. The oxide composition of the samples,
determined by XRF, was carried out on pressed pellets. For this, 2 g of sample were used with
0.2 g of Hoechst wax C on a boric acid support, in an aluminum capsule. For the preparation of
fuse beads, 1 g of sample was mixed with 10 g of melting agent (66% Lithium Tetraborate/34%
Lithium Metaborate) and LiBr stripper.

2.2.2. Gamma spectroscopy analysis

Radiological measurements of the samples were performed by gamma spectrometry with a
counting time of 80,000 s, using three High-purity Germanium detectors (one of them is coaxial
Type p, and the others are BEGe Type -Broad Energy Germanium detectors).

The detectors have an active surface from 26 to 38 cm 2 and 2 keV resolution for 6°Co and
intrinsic efficiencies from 30% to 100%. They are protected with 15 cm iron shield. Main charac-
teristics of both types of Ge detectors are shown in Table 9.

The gamma detectors are connected to two electronic chains consisting of: two amplifiers,
two Analog-to-Digital Converters (ADCs), 2 High Voltage Power Supplies and 2 AIM modules
all from Canberra Industries. The AIMs modules have the function of communicating the elec-
tronic chain with the PC allowing it to: (1) control the parameters of the detector and electronic
chain and (2) acquire the spectra. Once the spectra were acquired they were analysed with Ge-
nie 2000 software [6] and a MS Excel spreadsheet [7]. The efficiency as a function of energy
was computed by using the mathematical code based on Monte Carlo LabSOCs. The parameters
required for this calibration were (1) dimensions and composition of the detector components,
(2) dimensions of the sample container and (3) chemical composition and density of the sample
matrix [8].

All samples were measured in specific polypropylene sample container (cylinders 75.4 mm of
diameter, 31 mm height) sealed to avoid 222Rn loses. Each container was totally filled with the
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Table 9

Characteristics of GXGe and BEGe high purity detectors used in gamma measurements.
Parameter Detector 07 Detector 90
Model GX10022 BE50360
Type Extended Range Coaxial Broad Energy
Resolution at 1.33 MeV (KeV) 2.04 1.84
Relative efficiency at 1.33 MeV (KeV) 115.7 48.0
Crystal diameter (mm) 84 80
Crystal length (mm) 72 30
Outer shielding (cm) 15 15
Inner shielding 1°¢ layer (Cu) (mm) 3.0 25
Inner shielding 2ndf layer (Zn) (mm) - 1.5
Inner space shielding (dm?) 25 25
Shielding composition Fe Pb

sample and the measurements were carried out after 21 days to ensure secular equilibrium be-
tween radionuclides and their progeny [9-12]. The samples were measured in duplicate, except
in cases where a sufficient quantity of sample was not available.

Radionuclides occurring in natural decay chains headed by 238U (226Ra), 232Th and 49K were
determined in the samples.

238(J serie measurements were based on the detection of emissions of their daughter nu-
clides, 234Th (63 keV), 226Ra (186.1 keV), 214Pb (351 keV) and 2MBi (609, 1120 and 1765 keV).

232Th determination was determined on emissions of their daughter nuclides, 228Ac (911 and
969 keV), 212Pb (238 keV) and 208T] (583 keV) respectively, since their own gamma emitting
lines are not of sufficient intense (232Th at 63.8 keV) or present significant interferences with
other naturally occurring radionuclides.

235U (144 and 163 KeV) and 40K (1460.8 keV) were directly measured by their emissions
lines.
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