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Abstract 

The use of admixtures in mortars to improve both their physical-chemical and 

ornamental features has become increasingly common in recent years. The varying 

origin and composition of these products, some sourced from waste produced in other 

industries, poses the question of whether they modify the activity concentration index 

(ACI) of the construction materials to which they are added. Seven pigments, some of 

natural and others of artificial origin, and two water repellents were characterised 

both chemically and radiologically in this study.  Neither the synthetic pigments nor 

the water repellents exhibited significant radiological content. The pigments based on 

Fe2O3 of natural origin had detectable activity concentrations of naturally occurring 

radionuclides from the 238U series. Those levels were attributable to the raw material 

used, namely the bauxite red mud generated in aluminium production. In addition to 

Si, Al, Fe, Ca, Ti and Na as majority elements, this sludge also contains traces of K, Cr, V, 

Ba, Cu, Mn, Pb, Zn, P, F, S and As, among others, including naturally occurring uranium. 

The public and occupational radiological risk due to exposure to pigment-modified 

construction materials were consequently assessed. Neither the doses for the public at 

large and for workers were found neither to be significant nor constitute any 

perceptible hazard, essentially in light of the small amounts of pigment used to 

prepare mortars.   

1. Introduction 

For a number of decades now, organic and inorganic admixtures have been included as 

one of the essential components of concrete, along with water, aggregate and cement 

[1-4]. Although the content of these admixtures in the overall concrete composition 

should not exceed 5 % of the cement by weight, they can modify its rheological 

*Manuscript
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behaviour, setting time and strength substantially. They may also contribute to 

enhancing concrete resistance to very different aggressive media or change its outer 

appearance. Admixtures altering only concrete colour are known as pigments. 

Water repellents, another type of additives, may also modify the physical-chemical 

properties of the end product. Sodium oleate and zinc stearate, at 0.25 % to 2 % of the 

total mortar content, afford protection in the form of water repellence [5, 6], even in 

acid environments such as generated when sulfur oxides settle on the material [7, 8].  

Most pigments used in these contexts comprise metal oxides. Pigments containing 

TiO2 both whiten mortar and protect it from the deposition of organic compounds [9]. 

Synthetic [10] or natural [11] iron oxide-based pigments may be red (Fe2O3) or black or 

grey (Fe3O4) [12]. Pigments containing chromium oxides (Cr2O3) dye mortars green 

[10]. Yellow pigments may be made from a variety of compounds: FeOOH [12] or Pb, 

Zn, Sb [13] or BiVO4-CaMoO4 [14]. Lastly, blue pigments consist in sodium 

aluminosilicates (Na7Al6Si6O24S3) containing no environmentally harmful toxic elements 

(Co, Cd, Pb or Cr) [15].  

EU Directive 2013/59 [16, 17] limits the effective dose in construction materials or 

waste used to prepare them to 1 mSv y-1 [18]. The effective dose is determined from 

the absorbed dose. The sources of gamma radiation addressed in the Directive are 
226Ra, 232Th and 40K. In addition to its possible contribution to the radiation absorbed, 
226Ra may add to the inhaled dose of its gaseous daughter 222Rn, which in turn decays 

to 218Po and 214Po. 

To date, no study has been conducted on how the use of admixtures to prepare 

mortars and concretes may affect occupational and public exposure to radiation. This 

study aimed to address that issue for the first time, to determine both the radiological 

behaviour of pigments of differing nature and origin and of water repellents and the 

radiological risk of occupants’ indoor exposure to and of workers’ contact in general 

with these materials.  

2. Materials and methods 

2.1. Pigments and water repellents 

This study used seven pigments, labelled P1 to P7, which varied in composition, origin 

and colour, and two water repellents, WP1 and WP2. The chromatic characteristics of 

these admixtures are listed in Table 1.  
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Table 1. Pigments and water repellents used in the study 

Admixture Colour 

P1 Blue 

P2 Green 
P3 Black 

P4 Red (synthetic) 

P5 Red (natural) 

P6 Yellow 

P7 White  

WP1 - 

WP2 - 

 

Pigments P1 to P7, depicted in Figure 1, had a micron-scale grain size for ready 

dispersion during mortar preparation, a particular concern in rendering mortars, 

where a uniform blend of aggregates, binder, pigments and admixtures is imperative 

[19].  

 

Fig. 1. Transition metal pigments analysed, P1 to P7 
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2.2. Characterisation of pigments and water-repellents 

The samples were dried to a constant weight at 60°C to remove unbound water and 

gently ground in an agate mortar to reduce the particle size to under 1 µm to 2 µm. 

Although the basic composition of the admixtures was known, they were characterised 

in greater depth to determine their minority elements and mineralogical composition. 

Elemental analyses were performed on a Bruker S4 Pioneer energy dispersive X-ray 

fluorescence spectrometer (XRF) fitted with an Rh anticathode X-ray tube (20-60 kV) 

and five analyser crystals. The spectra were processed with SPECTRAplus software. The 

mineral phases were identified using a Bruker D8 Advance X-ray diffractometer with 

the following features: copper line focus X-ray tube producing CuKα radiation; 

generator operating at 40 kV and 30 mA; step size =0.05. The patterns were analysed 

with powder diffraction file database PDF4+.  

 

2.3. Gamma spectrometry determination of activity concentration 

 

The specifications of the two gamma detectors used in the study are given in the 

supplementary information for this article [20]. Both detectors are conected to a two 

chains consisting of two HV power supplies, two spectroscopy amplifiers, and two 

ADCs from Canberra Industries. Spectra were recorded via two acquisition interface 

modules (AIMs) (Canberra Industries) to the computer memory, and were analyzed 

using the standard Canberra Genie 2000 software package. As both detectors were 

characterised by Canberra, Canberra Industries’ Labsocs software was used to 

determine their efficiency [21]. The data required for calibration were the dimensions 

and composition of both the measured and the sample geometries, and sample bulk 

density. The geometry measured consisted in a 2.5 cm high, 7.5 cm diameter 

cylindrical polypropylene box. The containers were filled with pigments and water 

repellents completely to ensure contact with the lid and prevent changes in count 

efficiency due to radon diffusion between sample and lid [22]. The sample containers 

were sealed to prevent 222Rn leakage across the lid and stored for 21 d to reach secular 

equilibrium between that nuclide and its radioactive progeny (214Pb and 214Bi) [23, 24].  

The 226Ra, 232Th and 40K activity concentrations needed to calculate the indices and 

doses were found with the spread sheet described in a paper by J.A.Suárez-Navarro et 

al. on the correction of photo peak interferences in gamma spectrometry [25]. 226Ra 

activity concentration was determined both from the 214Pb γ-peak at 351 keV and the 
226Ra γ-peak at 186 keV, the latter corrected for interference from the 235U γpeak at 

185.7 keV (52 %). Activity concentration was determined for 232Th from the 212Pb γ-

peak at 238 keV and for 40K at 1460 keV, correcting for interference from the 228Ac γ-

peak at 1459.13 keV (87 %). 
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The chemical composition and activity concentrations for 40K and U were compared 

knowing that: a) the specific parent activity of a sample containing 1 ppm of 238U is 

12.3 Bq kg-1 [26] and b) for natural potassium a concentration of 1 wt% is equivalent to 
40K specific activity of 317 Bq kg-1 [27].  

2.4. Alpha index 

The alpha index (Iα) affords a simple method for identifying excess alpha radiation due 

to radon inhalation. Iα values greater than one denote 226Ra activity concentration of 

over 200 Bq kg-1, an indication that indoor mortar may be emanating radon at rates of 

over 200 Bq m-3 [28]. The reference values set out in European [29] and international 

[30] legislation recommend a ceiling of 5 mSv y-1, which is equivalent to an activity 

concentration of 100 Bq m-3 and action value of 200 Bq m-3,  respectively. The alpha 

index is defined as shown in Equation (1): 

   
 

     

   
 (1) 

where        is the activity concentration in Bq kg-1 for 226Ra.  

The uncertainty associated with Iα is found from Equation (2): 

       
   

      

   
 (2) 

 

2.5. Indoor external public exposure 

The absorbed dose due to gamma radiation (        , nGy h-1) inside a standard 2.8 m x 

4 m x 5 m room assuming walls 20 cm thick with a density of 2.35 g cm-3 was calculated 

from Equation (3) [18, 31, 32] and the associated uncertainty (           ) from 

Equation (4): 
 

                                          (3) 

                                                                   (4) 

The annual effective dose for the public at large determined from the absorbed dose 

due to gamma radiation (  , mSv y-1) and its associated uncertainty (     ) were 

calculated from Equations (5) and (6): 

                        (5) 

                              (6) 
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where V, the factor for converting absorbed to effective dose, is 0.7 Sv per Gy; Te is the 

number of hours in a year (8760 h); O is the occupancy factor (0.8); and 10-6 is the 

nano-to-milli conversion factor. The worldwide mean values for indoor absorbed dose 

due to gamma emissions is 84 nGy h-1 [33], equivalent to an effective dose of 0.50 mSv  

y-1. 

2.6. Occupational exposure 

The occupational annual effective doses (ET) due to external (    ), inhaled (     ) and 
ingested (    ) gamma radiation assuming a small heap [34] worker scenario were 

calculated from Equation (7): 
 
                  (7) 

and each individual effective dose from Equations (8), (9) and (10): 

              (8) 

                       (9) 

                   (10) 

where the parameters are as listed in Table 2. The uncertainties for the effective doses 

were found with a procedure analogous to that applied in Equation (6) relative to 

Equation (5). The uncertainty associated with the total effective dose (Equation 9) was 

calculated as the quadratic sum of the other three associated uncertainties. 

Table 2. Occupational dose estimation parameters 

Description Parameter 
Externa

l 
Inhalation Ingestion 

Annual exposure time Te (h y-1) 1800 1800 1800 

Breathing rate Br (m3 h-1) - 1,2 - 
Dust concentration Cdust (mg m-3) - 1 - 

Ingestion rate Ring (mg h-1) - - 10 

Dose conversion factor for 
238U  
series 

            
                

            
                    

    
3,19·10-

5 
29,1 2,57 

Dose conversion factor for 
232Th series 

                      
4,74·10-

8 
48,2 1,06 

Dose conversion factor for 40K 
  

                      
2,86·10-

9 
0 0 
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3. Results and discussion 
 
3.1. Mineralogical and chemical characterisation of pigments and water repellents 
 
3.1.1. XRD analysis 
 
The XRD analyses conducted to ascertain the minerals affording samples P1-P7 their 
respective colours revealed the following. The composition of P1 or ultramarine, the 
synthetic version of lapis lazuli, varied depending on the raw materials, temperature 
and reducing atmosphere during calcination. The complex mineralogy of this pigment 
as deduced from the XRD patterns included sodium sulfide-bearing aluminium and 
sodium silicate (Figure 2). The diffractogram also contained signals for secondary 
minerals such as pyrite (iron sulfide) and nepheline [35]. The XRD pattern for green 
pigment, P2, exhibited diffraction lines attributed to eskolaite (Cr2O3).   
 

 
Fig. 2. XRD pattern for blue pigment (sample P1) 
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Fig. 3. XRD pattern for green pigment (sample P2) 

 
The most prominent mineral phases in iron-rich pigments P3, P4, P5 and P6 (black, red 
and yellow) are shown Figure 4 and Figure 5. Whilst all were iron oxides, the colours 
varied due to the differing arrangement of the Fe and O atoms in the structure of each. 
The black pigment, for instance, was identified as magnetite (Fe3O4), a crystalline 
inverse spinel with cubic symmetry consisting in di-and trivalent iron [36] (Figure 4).  

 
Fig. 4. XRD pattern for black pigment (sample P3) 

 
The XRD pattern for pigment P4 (Figure 5, top), confirmed that this synthetic red 
pigment was hematite (Fe2O3), whilst the diffractogram for synthetic yellow, P6, 
identified it with goethite (FeOOH) (Figure 5, bottom). While natural red pigments may 
contain common soil minerals such as dolomite (red arrow) and muscovite (black 
arrow), hematite was clearly the most abundant mineral in this as well as in the 
synthetic red pigment (Figure 5, top and centre).  
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Fig. 5. XRD patterns for red and yellow pigments: top, synthetic red (sample P4), hematite; 

centre: natural red (sample P5), hematite and common soil minerals; bottom, synthetic yellow 
(sample P6), goethite  

 
The white synthetic pigment, P7, owed its colour to rutile (TiO2), present on the 
diffractogram in Figure 6. Whether in the form of rutile or anatase, titanium oxide is a 
chemically stable compound used in a wide range of applications [36]. Opacity is one 
of the features of rutile that makes it particularly apt for products applied in thin coats 
such as paints and cosmetics. Like the patterns for the other synthetic pigments (P1, 
P3, P4 and P6), the diffractogram for P7 contained no signals indicative of other 
minerals.    

 

 
XRD pattern for white pigment (sample P7) 
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The diffractograms for the two water repellents were similar (Figure 7). The pattern for 
WP1 contained diffraction lines attributed to sodium oleate (isomer 9-cis), whilst the 
active component in WP2 was zinc stearate. The signals for the latter were more 
intense and narrower than the lines for the former, denoting higher resolution. 
Despite the long hydrocarbon chains in these substances, the height of their signals 
was indicative of a fairly crystalline structure. 

 

 
Fig. 7. XRD patterns for water repellents: top, WP1 or sodium oleate (NaC18H33O2); bottom, 

WP2 or zinc stearate (Zn (C18H35O2)), with no secondary substances in either case 
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in the table in light of their radiological significance. The percentages of Al2O3, SiO2, 

Na2O, K2O and S were consistent with the composition of ultramarine and the 

presence of nepheline and pyrite (see XRD findings).  

The high concentrations of Cr2O3 found in P2 and of TiO2 in P7 confirmed the purity of 

these substances in the pigments, for which no other minerals were detected with 

XRD. Similarly, the iron oxide content in synthetic pigments P3 (Fe3O4), P4 (Fe2O3) and 

P6 (FeOOH) was very high, ranging from 94.70 % to 98.86 %. The percentage of 

hematite in natural red pigment P5 (82.62%) was clearly lower than the value recorded 

for synthetic sample P4 (98.86%). The presence of muscovite and dolomite in P5 would 

explain the moderate SiO2 (5.94 %), Al2O3 (3.29 %), CaO (4.15 %) and MgO (2.38 %) 

contents.  

 
Table 3. XRF-determined chemical composition of pigments P1 to P7 in per cent (normalised to 

100 % in all samples) 

Pigment and colour 

 
P1 

(Blue) 
P2 

(Green) 
P3 

(Black) 
P4 

(Red) 
P5 

(Red) 
P6 

(Yellow) 
P7 

(White) 

Fe2O3 1.20 0.044 - 98.86 82.62 - 0.013 
Fe3O4 - - 94.70 - - - - 

FeOOH - - - - - 98.78 - 
SiO2 38.00 0.069 0.31 0.14 5.94 0.046 0.083 

Al2O3 25.00 - 0.11 0.075 3.29 0.065 3.94 
Cr2O3 - 98.94 - - - - - 
TiO2 0.20 - 1.42 - 0.10 - 95.51 
S* 13.00 - - - - - - 

Na2O 22.00 0.14 - - - - - 
K2O 2.77 - - - 0.74 - - 
CaO 0.33 0.15 - - 4.15 - - 
MgO 0.11 - - - 2.38 - - 
SO3 - 0.39 0.56 0.62 0.019 0.79 0.032 
ZnO 0.0040 - 0.46 0.035 - 0.084 0.058 
MnO - - 2.04 0.013 0.069 0.014 - 
P2O5 0.018 - - 0.020 0.044 0.019 0.16 

U - - - - 0.0019 - - 
Pb 0.0054 - - - - - - 

Others 0.25 0.090 0.10 0.51 0.043 0.035 0.053 
Total 102.89 99.82 99.70 100.27 99.40 99.83 99.85 

* Sulfur content shown as S rather than as an oxide, for the source of this element in P1 was 
pyrite 

 
As stated in the respective specifications sheets, WP1 was practically pure sodium 
oleate (99.98 %) and WP2 zinc stearate (99.56 %). XRF data were consequently 
recorded as elements rather than oxides to identify any trace elements. Si, S, K, Ca, Fe 
and Cu were found at low concentrations, none over 100 ppm, in WP1. Their total 
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concentration amounted to 0.015 %, confirming the purity of the admixture. The 
relatively high (0.35 %) proportion of Cl observed in WP2 could be attributed to the 
manufacturing process, in which bivalent metal stearates (C18H35O2)2) are often derived 

from stearic acid, C18H35O2 and MCl2. The total concentration of the other elements 
found in this water repellent (Mg, Al, Si, S, K, Ca, Fe and Cu) amounted to 0.082%.  
 
3.2. Radiological behaviour of pigments and water repellents 

 
The activity concentration findings for the main gamma emitters in the naturally 
occurring 238U, 235U, 232Th and 40K series are given in Table 4. The activity 
concentrations for pigments P2, P3, P4, P6 and P7 were below the detection limit for 
40K, 212Pb and 226Ra, the radionuclides selected to calculate both Iα and the absorbed 
and effective doses (Equations 1, 3, 5 and 7).  
 
The water repellents WP1 and WP2 also exhibited activity concentration values below-
detection limit, meaning that to add them to construction material would not increase 
indices or dose rates. Pigments P1 and special P5 were the only admixtures with 
activity concentrations above the detection limit for all the radionuclides studied, 
being able to contribute significantly to increase indices and dose rates in construction 
materials, even only where small percentages of pigment are added. 

 
Table 4. Activity concentration for the main gamma emitters in the naturally occurring 238U, 

235U, 232Th and 40K series and gamma activity indices 

Admixture 
40

K 
Radioactive series 

238
U   Radioactive series 

232
Th   

235
U 

234
Th 

226
Ra 

214
Pb 

214
Bi 

210
Pb   

228
Ac 

212
Pb 

208
Tl   

P1 467 ± 41 7.0 ± 1.9 10.9 ± 3.0 12.0 ± 2.0 12.0 ± 1.1 44 ± 13 
 

22.6 ± 1.8 25.4 ± 4.1 10.4 ± 1.3 
 

< 1.6 

P2 < 8.8 < 7.4 < 7.7 < 1.8 < 1.9 < 8.1 
 

< 1.7 < 0.7 < 0.5 
 

< 2.3 

P3 < 7.9 < 9.0 < 8.1 < 1.6 < 2.1 < 11.4 
 

< 2.6 < 0.9 0.94 ± 0.21 
 

< 2.5 

P4 < 4.7 < 6.8 < 5.9 < 1.7 < 1.6 < 9.1 
 

< 1.3 < 0.6 < 0.4 
 

< 1.8 

P5 301 ± 27 187 ± 39 196 ± 36 232 ± 35 256 ± 15 192 ± 56 
 

13.2 ± 1.5 5.3 ± 1.7 4.07 ± 0.62 
 

< 4.6 

P6 < 13.0 < 11.7 < 14.3 3.7 ± 1.1 < 4.4 < 12.3 
 

< 3.3 < 1.4 < 1.0 
 

< 4.2 

P7 < 5.0 < 5.7 < 7.4 1.90 ± 0.48 1.89 ± 0.45 < 6.1 
 

< 1.3 < 0.6 < 0.5 
 

< 1.8 

WP1 < 14.5 < 8.4 < 12.4 < 3.5 < 3.9 < 6.9 
 

< 2.9 < 1.2 < 0.9 
 

< 3.7 

WP2 < 31.3 < 14.4 < 22.5 < 4.7 < 6.1 < 11.0   < 5.2 < 2.2 < 1.7   < 6.6 

The uncertainties are quoted for a coverage factor k=2. 
 

The activity concentrations for pigment 1 (P1) were lower than the worldwide means 
for construction materials: 50 Bq kg-1 for 226Ra, 50 Bq kg-1 for 232Th and 500 Bq kg-1 for 
40K [33, 37]. The percentage of K in P1 determined with gamma spectrometry from the 
40K activity concentration was 1.473±0.088 %, compared to 1.89 % determined with 
XRF. That 28.5 % difference may be deemed to be tolerable, inasmuch as XRF would 
not be the analytical technique best suited for this type of matrices, given the need to 
correct the program for precise adjustments to the sample matrix, which are not 
required in gamma spectrometry. The uranium value was below the XRF detection 
limit. The activity concentration obtained for 210Pb, in turn, was higher than for the 
other 238U gamma emitters, with a 210Pbex (excess or unsupported 210Pb) of 33.5 Bq kg-
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1. The ratio between the activity concentrations of 232Th and 238U (Table 4) was, at 4.6, 
much higher than the 1.25 worldwide mean for soils [33], indicating an increase in 
232Th content in that pigment.  
 
The values recorded for the 238U series in P5, in turn, were higher than the 36 Bq kg-1 
European [17] and 50 Bq kg-1 worldwide [37] means and showed secular equilibrium in 
the series components. In this pigment the 232Th/238U ratio was 0.062. Such an activity 
concentration might be attributable to the use of recycled oil refinery by-products to 
manufacture these pigments. The K content found using 40K activity concentration was 
0.950±0.090 % and with XRF 0.61 %, a 56 % difference. For uranium the XRF-
determined content was 0.0019 % whereas the value found with activity 
concentration, at 0.00152±0.00031 %, was statistically comparable. 

3.3. Determination of public and occupational exposure due to the use of 
pigment- and water repellent-bearing construction materials in housing and 
workplaces 

 
Of the pigments studied, P5, which contained naturally occurring Fe2O3, had a 226Ra 

activity concentration of 221±20 Bq kg-1, the weighted mean of the concentration 

activities of 214Pb, 214Bi and 226Ra, calculated from the respective photo peaks 

generated by their gamma emissions (see section 2.3). That value is equivalent to an    

of 1.11±0.10 which, as noted in section 2.4, might denote a 222Rn activity concentration 

of over 200 Bq m-3.   

In light of those data, and taking into account the admixutres property demonstrated 
in other studies [38, 39], a simulation was used to determine the dose rate for a 
hypothetical mortar containing pigment P5. The simulation assumed a Portland 
cement mortar prepared with EN 196-1-standardised siliceous sand, an 
aggregate/cement ratio of 0.33 and a water/cement ratio f 0.5. The radiological 
characteristics of the cement and sand are included in the supplementary information 
provided for this article [20]. The amount of pigment added in the simulations was 
limited to a maximum of 2 % (by total mortar weight).  

Applying Equations (3) to (6) in section 2.5 above to the hypothetical material yielded 
indoor annual effective doses to which the public would be exposed of 
0.168±0.018 mSv with and 0.150±0.016 mSv without pigment P5, both lower than the 
worldwide mean [33]. Nonetheless, the difference between the two effective doses 
assuming 2 % pigment was 12.0 %. 

The annual occupational effective occupational dose for pigment P5, assuming a small 
heap working scenario, would be 34.8±1.9 µSv, which is below the intervention level 
(1000 µSv y-1) laid down in ICRP 82 [40].  
 
4. Conclusions 
 
The activity concentration levels of radionuclides in the 238U decay series for the 
pigment containing naturally occurring Fe2O3 were observed to be higher than the 
worldwide values for construction materials.  
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The values obtained for 40K, given the percentage of potassium present in the sample 
and calculated with XRF, agreed fairly poorly with the values of 40K determined directly 
with gamma spectrometry.  
 
When gamma spectrometric facilities are not available and activity concentration 
indices for construction materials must be accurately determined, the theoretical 
percentage of 40K in naturally occurring potassium can not be calculated from the XRF 
tecnhique. That precaution would not be necessary for uranium, for the values 
delivered by the two techniques are statistically comparable.  
 
The annual effective doses observed in construction materials bearing iron oxide-
based ornamental admixtures processed from bauxite red mud constitute no 
significant indoor public or occupational radiological risk. 
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