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Abstract  
The study focuses on the radon emanation from zircon sands and their derivatives, 
which are widely used in many sectors of industry. In particular, the results 
obtained by experimental measurements on samples of zircon sands and zircon 
flours commonly used in Italian ceramic industries are reported. Zircon sands 
contain a significant concentration of natural radioactivity because Th and U may 
substitute zirconium in the zircon crystal lattice. The relevant routes of exposure 
of workers to TENORM from zircon materials are external radiation and internal 
exposure, either by inhalation of aerosols in dusty working conditions or by 
inhalation of radon in workplaces. The main objective of this investigation is to 
provide experimental data able to better calculate the internal exposure of 
workers due to radon inhalation. 
Zircon samples were surveyed for natural radioactivity, radon specific exhalation 
rate and emanation fraction. Measurements of radioactivity concentration were 
carried out using γ-spectrometry. Methods used for determining radon consisted in 
determining the 222Rn activity accumulated in a vessel after a given accumulation 
build-up time.  
The average activity concentrations of 238U and 232Th in samples result about 2600 
and 550 Bq kg-1, respectively; these concentrations are significantly higher than the 
world average noticed in soils, rocks and Earth’s crust. The 222Rn specific 
exhalation rates result very low probably due to the low porosity of the material 
and the consequent difficulty for radon to be released from the zircon crystal 
lattice. 
 
Introduction 
The study focuses on the radon emanation from zircon sands and their derivatives, 
which are widely used in many sectors of industry. In particular, the results 
obtained by experimental measurements on samples of zircon sands and zircon 
flours commonly used in Italian ceramic industries are reported.  
Zirconium is a fairly abundant element and is widely distributed in minerals, but it 
is never found uncombined in nature. It always occurs with hafnium, which has 
almost identical chemical properties. The principal economic source of zirconium is 
the zirconium silicate mineral, zircon (ZrSiO4). Zirconium and hafnium are both 
contained in zircon at a ratio of about 50 to 1.  
The most important chemicals present in the zircon sand composition are: 
ZrO2+HfO2 (65-67%); SiO2 (32-36%); F2O3 (0.05-0.2%); TiO2 (0.10-0.25%); Al2O3 (0.3-
1%). Furthermore, zircon sands contain a significant concentration of natural 
radioactivity because thorium and uranium may substitute zirconium in the zircon 
crystal lattice. Zircon often crystallizes in tetragonal prisms terminated with sharp, pointed, 
pyramidal faces. However, under certain conditions, zircon may crystallize with rounded ellipsoidal 
shapes. It is believed by some investigators that the roundness of zircon particles in commercial 



sands probably reflects the original crystallization of the zircon particles from a cooling magma 
rather than later alteration and attrition (Garver, 2004). Because zircon is one of the first minerals to 
crystallize from an igneous melt, zircon grains are often encased as inclusions in other mineral 
grains such as feldspar or quartz. 
Zircon is a by product of the mining and processing of heavy mineral sands for the 
titanium minerals rutile and ilmenite.  
Zircon sands have a high temperature resistance (melting point 2000-2500°C), acid 
corrosion resistance, high heat conductivity, low thermal expansion. These 
proprieties make zircon materials particularly attractive for ceramic industry, and 
zirconium silicate is one of the leading opacifiers used by the ceramic industry in 
the preparation of ceramic glazes and of porcelain tiles.  
Sometime, for special applications and where high whiteness or high covering 
power is required, zircon sands (150-200 microns in diameter) are milled to 
produce the product called 'zircon flour' with a fineness of about 1-10 microns. The 
chemical properties of the mineral do not change during this processing. 
The mining, milling and processing of zircon sands are among human activities that 
lead to the production of technologically enhanced naturally occurring radioactive 
material (TENORM). Occupational exposure from natural radiation is, in the United 
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2000 
Report, estimated to contribute more than 80 percent of the world-wide annual 
collective dose from occupational exposure, uranium mining excluded. Also 
individual doses to workers exposed to TENORM in industry can be significant. The 
relevant routes of exposure of workers to TENORM are external radiation, and 
internal exposure, either by inhalation of aerosols in dusty working conditions or 
by inhalation of radon and its short lived daughters in workplaces (Van der Steen et 
al., 2004). TENORM can reach population (and plants and animals) via several 
pathways, including the food chain, inhalation or ingestion of airborne dust and the 
inhalation of radon. In the processing of zircon materials for the ceramic industry, 
the problem of radon is mainly limited to the occupationally exposed workers as a 
result of storage and stockpile of zircon materials in closed environments. 
The general aim of this study is to contribute to the understanding of the 
phenomenon of radon emanation from zircon materials for a better approach to 
assessing of radon exposure. The specific objectives of the present work were (1) 
to measure activity concentrations of natural radionuclides (238U, 226Ra, 232Th and 
40K) in zircon materials used by Italian ceramic manufacturers; (2) to determine 
their radon exhalation and radon emanation coefficient; (2) to study the 
relationship between radon exhalation and grain size. 
 
Materials and methods 
Sample collection and preparation 
Zircon sands and zircon flours of this study are obtained from local ceramic 
manufacturers. Zircon sands are imported, zircon flours are either produced within 
the Country or are imported. Australia, South Africa and Ukraine are the most 
important suppliers of zircon materials in the Italian market. Zircon flours are 
produced through zircon sands grinding. Most of the zircon flour is used in frits 
(premixed ceramic glass powder), which are used as opacifiers in the ceramic 
glazes.  
A total of six zircon sands and six zircon flours have been measured (see Table 1). 
 

Samples  



Code Zircon material type Note 
01 Zircon sand  
02 Zircon sand from Ukraine 
03 Zircon sand from Australia 
04 Zircon sand from South Africa 
05 Zircon sand from Australia 
06 Zircon sand  
07 Zircon flour milled in Italy 
08 Zircon flour milled in Italy 
09 Zircon flour milled in Italy 
10 Zircon flour from Australia 
11 Zircon flour from Australia 
12 Zircon flour from India 

Table 1 List of samples analysed 
 
For gamma-ray spectrometric measurements, samples were homogenised, weighed 
and sealed into 450-ml Marinelli beakers at least 3 weeks prior to counting, to 
ensure equilibrium between 226Ra, 222Rn and their short-lived daughters. In order to 
determine the radon specific exhalation rate, an amount of about 50 g of zircon 
flour and about 100 g of zircon sand was used for each measurement. 
 
Gamma-ray spectrometry measurements 
Activity concentrations of 238U, 226Ra, 232Th and 40K were determined using gamma 
spectrometry, utilizing an n-type coaxial high purity germanium detector of 
nominal relative efficiency of 22.6% and with a resolution of 1.9 keV at 1.33 MeV 
(60Co). The system is equipped with Gamma2000 Silena (v. 2.0) software for 
quantitative analysis, that controls data acquisition and spectral analysis.  
The detector was calibrated using a mixed radionuclide solution, containing 241Am, 
109Cd, 57Co, 139Ce, 60Co, 113Sn, 85Sr, 137Cs and 88Y, covering an energy range of 
approximately 60–1800 keV. All samples were counted for 60,000 s (about 17 
hours). Count times were sufficient to ensure 2� errors of less than 10%. 
The direct measurement of 232Th and 238U is not possible because they do not emit 
any penetrating �-rays. This is why the measurement relied on detecting emissions 
from their progeny. The daughter of 238U is 234Th, which has a half-life of 24.1 
days; therefore, it was presumed to be in secular equilibrium with its parent. The 
characteristic 234Th gamma-ray emission at 63.29 keV was used to identify 238U 
activities. Similarly, 232Th was measured from its grand-daughter 228Ac (T1/2 = 6.13 
h), which emits at 911.07 keV. The 226Ra peak at 185.9 keV overlaps with emissions 
from other radionuclides, however, in a sealed container 214Pb achieves secular 
equilibrium with 226Ra within 21 days. The principal gamma-ray emission for 214Pb 
occurs at 351.92 keV; therefore, this peak was used to determine 226Ra levels. 
Activities of 40K were determined from its gamma-ray emission at 1460.83 keV.  
 
Radon exhalation rate measurements 
The method of determination of radon exhalation rate E of building materials via 
radon concentration CRn measured in a hermetically closed E-PERM® jar after a 
given build-up time is described by Righi & Bruzzi (2006). This method belongs to 
the group of accumulator methods (AM), according to the classification of 
Petropoulos et al. (2001), when the sample is enclosed in a sealed container and 
the radon concentration growth in the air volume is measured.  



Enclosing the sample in the container, the radon activity RnC  growth as a function 
of time is given by the formula: 
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where: E is the specific exhalation rate (Bq kg-1 h-1) from the sample, λRn is the 
decay constant for 222Rn (h-1), V is the volume of the accumulation vessel (m3), m is 
the mass of the sample (kg) and 0

RnC  (Bq m-3) is the 222Rn activity concentration in 
the accumulation vessel at the start of an accumulation time (t = 0).   
The procedure used in this work involved the E-PERM® electret ion chambers and 
consisted of determining the 222Rn activity accumulated in a glass jar that is a 
component part of the E-PERM® radon-in-water measurement test kit (Kotrappa 
and Stieff, 1994; Collé et al., 1995). The accumulation measurements were 
performed with screw-capped and gasketed glass jars, the chamber configuration 
was SST (chamber “S”, Short-Term electret), the total accumulation volume after 
subtracting the excluded volume for the E-PERM® chamber is 3.8 L. The 
accumulation time was set at 10 days for sand samples and 3 days for flour 
samples. It was set by measuring the radon exhalation at 1-2 day time intervals 
between 1 and 11 or 15 days (for flours and sands, respectively) after the 
introduction of the sample into the jar. The natural variability in the radon 
emanation was determined by repeating the measures 3 times for each of the 
samples. 
Use, characteristics and performance of the E-PERM® system have been extensively 
described by Kotrappa et al. (1988, 1990). 
It is known that in the accumulator method leakage and back-diffusion effects are 
particularly pronounced. But considering that the analysis is relatively short and 
the testing container is completely airtight, the leakage can be reasonably 
neglected.  
As far as back diffusion is concerned, the theoretical and experimental work 
reported by many authors (Krisiuk et al., 1971; Poffijn et al. 1984; Samuelsson, 
1990) suggests that choosing a chamber with a free volume 10 times larger than the 
pore volume of the sample may acceptably minimize the back diffusion effect. 
Since in the present case the 222Rn concentration in the accumulator at the start of 
the experiment cannot be negligible, the blank reading was subtracted from the 
total 222Rn concentration in order to find the net 222Rn concentration. The blank 
reading was determined by introducing E-PERM® chambers into empty jars equal to 
those used for the experiments. These E-PERM® chambers were exposed for the 
same time that was used for experimental ones. 
 
Emanation coefficient measurements 
Usually the emanation coefficient is measured by closing hermetically the material 
in a container. The emanation coefficient in this case can be defined as the ratio 
between the radon activity outside the material out

RnA  and the radium activity inside 
the material RaA (Kovler, 2006):  
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In literature, several terms including ‘emanating power’, ‘coefficient of 
emanation’, ‘escape ratio’, ‘escape-to-production ratio’, and ‘percent emanation’, 
have been used to describe this parameter (Tanner, 1980).  



The emanation fraction can be determined through the following equation: 
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where E is the measured radon specific exhalation rate of the sample; RaC  is the 
226Ra activity concentration and λRn is the decay constant for 222Rn. 
 
Particle size measurements 
The particle size gradation of the six sand types was determined by using 
operating conditions of ASTM C 136, Standard Test Method for Sieve Analysis of 
Fine and Coarse Aggregates (ASTM, 1995). The grain size distribution of zircon 
sands is measured by dry sieving. A sand sample of known weight (100 g) is sifted 
through a set of progressively smaller sieves (500 µm, 250 µm, 125 µm, 63 µm, 
<63µm). The sieves are mechanically vibrated for a fixed period of 30 minutes and 
the weight of sand retained on each sieve was measured. The results are expressed 
as the percent of the total sand weight that passed through each sieve using the 
following formula: 
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where: Wg is the gross weight of sieve added to the retained sample, Wt is the 
weight of the sieve (tare weight) and Ws is the weight of total sample. The 
following figure shows the graphic representation of obtained results on sample n° 
1.  
The grain size distributions of zircon flours are obtained by Safety Data Sheet of 
each sample. The average particle diameters of zircon flours are very fine ranging 
between 10 and 1 µm (the average particle size of zircon flour 07 was 9 µm, zircon 
flour 08 was 6 µm , zircon flour 09 was 5 µm, zircon flour 10 was 5 µm, zircon flour 
11 was 3 µm, zircon flour 12 was 10 µm). 
 

  
Figure 1 Particle size distribution of sample 01 

 
Results and discussion 
The average activity concentrations of 238U and 232Th in samples result to be 
ranging between 1800 and 3150 Bq kg-1and 360 and 1100 Bq kg-1, respectively. 
These concentrations are significantly higher than the world average noticed in 
soils, rocks and Earth’s crust and confirm the results obtained by other studies 
(Bruzzi et al., 2000; UNSCEAR, 2000). 40K shows activity concentrations are lower 
(30 – 90 Bq kg-1). 



 
Zircon sand 01 Activity (Bq/kg) Zircon flour 07 Activity (Bq/kg) 

  238U 3150  238U 2600 
232Th 500 232Th 540 

40K 41 40K - 
Zircon sand 02 Activity (Bq/kg) Zircon flour 08 Activity (Bq/kg) 

238U 1800 238U 2700 
232Th 360 232Th 520 

40K 30 40K - 
Zircon sand 03 Activity (Bq/kg) Zircon flour 09 Activity (Bq/kg) 

238U 2200 238U 2600 
232Th 490 232Th 500 

40K 30 40K - 
Zircon sand 04 Activity (Bq/kg) Zircon flour 10 Activity (Bq/kg) 

238U 3000 238U 2600 
232Th 470 232Th 1100 

40K 30 40K 90 
Zircon sand 05 Activity (Bq/kg) Zircon flour 11 Activity (Bq/kg) 

238U 2950 238U 2500 
232Th 460 232Th 560 

40K <30 40K 50 
Zircon sand 06 Activity (Bq/kg) Zircon flour 12 Activity (Bq/kg) 

238U 2300 238U 2600 
232Th 450 232Th 600 

40K 40 40K 50 
Table 2 Average activity concentrations of 238U, 232Th and 40K in samples 

As mentioned above, the build-up of 222Rn inside the accumulator has been studied 
analytically, in order to select the most ‘cost-effective’ accumulation time. The 
results of measurements performed during the first 10-15 days after the 
introduction of the sample into the jar have been compared to verify the time 
required to reach equilibrium value of radon exhalation rate. The measurements 
have been performed on a zircon sand sample and a zircon flour sample. Among 
zircon flours, the sample characterised by the finest particle size was chosen. 
Radon concentrations as a function of time inside the jars due to radon exhalation 
from the sand sample and the flour sample are shown in figures 2 and 3, 
respectively. In figure 2, it can be seen that the radon level inside the chamber 
built up and reached equilibrium value after a long period of time (order of 
magnitude was 200 hours). On the contrary, figure 3 clearly indicates that the level 
radon emanated from the flour sample reached the equilibrium value very quickly. 
Yet in the first hours after the sample introduction into the vessel, the radon 
exhalation rate reached a value equal to that corresponding to the maximum 
accumulation time. On the basis of these results, the accumulation time was set at 
10 days for sand samples and 3 days for flour samples. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2 Specific exhalation rate of sample-01 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Specific exhalation rate of sample-12 
 
Radon exhalation rate and emanation fraction of samples tested are shown in 
figures 4 and 5, respectively. The measurements show that zircon sands and zircon 
flours have very different emanation rates and emanation fractions. The values of 
zircon flours are always higher than those of zircon sands. In sand samples, the 
222Rn specific exhalation rate ranged from 0.09 to 0.20 Bq kg-1h-1. The emanation 
fraction varied from 0.55% to 1.5%. In flour samples, the 222Rn specific exhalation 
rate ranged from 0.37 to 0.56 Bq kg-1h-1. The emanation fraction varied from 1.9% 
to 2.9%. The results show values of radon exhalation rate and emanation fraction 
significantly lower than those typically measured in building materials (Ingersoll, 
1983; Savidou et al., 1996; Al-Jarallah, 2001; Rizzo, 2001; Petropoulos et al., 
2002; Stoulos et al., 2003). This is probably due to the difficulty for radon to be 
released by the zircon crystal lattice. 

 



 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Specific exhalation rate of zircon sands and zircon flours analysed  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Emanation fraction of zircon sands and zircon flours analysed  
 
Granulometric analyses of sands reveal grain sizes that range between 125 and 63 
µm. The most significant granulometric fraction is that of particle size 63 µm (see 
Table 3). 
The particle size information about zircon samples have been collected in order to 
evaluate the influence of particle size on radon exhalation rate. From these 
results, it is clear that the radon exhalation rate of zircon flours is much higher 
than those of zircon sands (see figure 4). But in the same group (sands or flours) 
there is no strong correlation between these two factors. This suggests that there 
may be other factors to take into account. 
 

Zircon sand 01 
micron 500 250 125 63 <63 



% 0 0 38,
2 61,5 0,2 

Zircon sand 02 
micron 500 250 125 63 <63 

% 0 0 22,
6 77,3 0,1 

Zircon sand 03 
micron 500 250 125 63 <63 

% 0 0 90,
2 9,7 0,1 

Zircon sand 04 
micron 500 250 125 63 <63 

% 0 0 15,
3 84,0 0,6 

Zircon sand 05 
micron 500 250 125 63 <63 

% 0 0 14,
5 85,1 0,3 

Zircon sand 06 
micron 500 250 125 63 <63 

% 0 0 59,
3 40,1 0,5 

Table 3 Particle size of sands 
 
Conclusions 
Zircon materials employed contain concentrations of primordial radionuclides 
which are significantly higher than the values found in the Earth’s crust, which is 
characterized by average values of 33 Bq kg-1 for 238U and of 34 Bq kg-1 for 232Th 
(NCRP, 1988). The spectrometric analysis carried out on samples of zircon 
materials has shown specific activity values falling within 1800-3150 Bq kg-1 for 
238U and within 360-1100 Bq kg-1 for 232Th.  
Radon concentrations as a function of time inside the jars due to radon exhalation 
from the sand sample and the flour sample are different: it can be seen that the 
radon level inside the chamber built up and reached equilibrium value after a long 
period of time (order of magnitude was 200 hours) for the zircon sands, on the 
contrary, the level radon emanated from the flour sample reached the equilibrium 
value very quickly (order of magnitude was 50 hours). 

The results have been analyzed trying to find a correlation between radon 
exhalation rate and the size of particles: from the results obtained for zircon 
flours and zircon sands it appears that exists an inverse correlation between grain 
size and exhalation rate. To confirm this conclusion more measurements are 
needed in order to verify that the differences observed within the same group 
(sands or flours) do not due to uncertainty of measurements. 
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