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Abstract. Zircon, the main mineral of zirconium, is a silicate mineral product (ZrSi04) obtained from beach sand 
deposits, along with other minerals such as kyanite, ilmenite, and rutile. All zircons contain some radioactive 
impurities due to the presence of uranium, thorium and their respective decay products in the crystalline structure 
of zircon, as well as potassium-40. Uranium and thorium substitute Zr4 : in the mineral through an internal process 
called isomorphous replacement of zirconium. For this study, samples were collected both from a mineral sand 
processing plant located in the coastal region of Northeastern Brazil and from the beach sands used in the process. 
The aim of this study was to assess the 238U, 232Th, and 40K contents in the beach sands and in the mineral products 
extracted from the sands in that facility, with special emphasis on zircon. Measurements were performed through 
gamma spectrometry, by using a high-purity germanium detector (HPGe) coupled to a multichannel analyzer. 
Activity concentrations for 238U and 232Th in zircon sands ranged from 5462±143 to 19286±46 Bq kg-1 and from 
1016±7 to 7162±38 Bq kg-1, respectively. For 40K, on the other hand, activity concentration values ranged from 
81±14 to 681±26 Bq kg-1. The results of the measurements carried out for raw sand samples showed activity 
concentrations between 2.7±0.6 and 7.9±0.9 Bq kg-1 and 6.5±0.4 and 9.4±0.6 Bq kg-1 for 238U and 232Th, 
respectively, and from 48.8±3.1 to 76.1±2.4 Bq kg- for °K. Activity concentrations of U and Th in kyanite, 
ilmenite and rutile samples were also determined. 
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1. Introduction 

Radioactive elements can be found in earth crust and mantle in different quantities, depending on the 
rocks and minerals present in a particular region. The major naturally occurring radionuclides are 40K 
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and the long lived parents of two of the naturally occurring radioactive series, namely, U and Th, 
including their progenies such as 226Ra and 22 8Ra. It is not the individual minerals that are important, 
but their host rocks that will determine the quantities of the radioactive elements present. Furthermore, 
minerals containing uranium and thorium as essential constituents are found only as trace minerals in 
common rocks or as minerals in primary or secondary mineral deposits [1-2 ]. 

The presence of natural radionuclides from the thorium and uranium series in beach sands is a well 
recognized fact. Coastal areas such as Guarapari, in the State of Espirito Santo, Brazil, and Kerala, 
India, have long been known for their unusually high levels of natural radioactivity, caused by 
deposits of monazite-bearing sands [2 ]. Potassium, on the other hand, is abundant in light minerals 
such as quartz and feldspars which are part of the source rocks. It is not expected any significant 
enrichment or depletion of potassium during the sediment transport process, thus this element works 
as a radioactive label of the source rock [3]. 

The processing of ores and other raw materials containing small but measurable amounts of natural 
radionuclides by the industry may enhance the concentration of those radionuclides and, consequently, 
may cause radiological problems in workplaces and in the nearby environment. This is the case of 
plants that process beach sands for the production of zircon sands which are widely used in the 
manufacture industry. Concentration of radioactive materials (forming the so-called TEN0RM) in the 
mineral industry occurs during the mineral processing. Once formed, those materials can be 
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detrimental to the workers as radiation doses to individuals working in the industry can be significant. 
Radiation doses due to the presence of TENORM can be derived from external radiation and from 
internal exposures, the later being caused by inhalation of radionuclides attached to aerosols and dust 
particles or by inhalation of radon and its short lived daughters [4-5]. 

The radioactivity level is not the most important parameter for defining the quality of mineral 
products, but it plays a role in the economics of the mineral sand production, as high uranium and 
thorium contents may affect negatively the price of the zircon produced. The main economical sources 
of the chemical element zirconium are zircon (ZrSiO4) present in silicate sands and zirconia (ZrO2) in 
baddleyite ores, the natural form of zirconia. The minerals zircon and zirconia are used in the 
manufacture of refractory products, glazes, glasses, ceramics and ceramic opacifiers. They can both be 
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also used as additives in alloys. Usually, the activity concentration of U and Th in the products is 
comparable to their concentration in the feeding material [6-7] 

The Brazilian Nuclear Energy Commission (CNEN) established the legislation concerning the security 
and radiological protection for mineral industries in Brazil. The regulatory document CNEN-NN-4.01 
considers that the mineral installations are considered exempt if they handle solid natural or 
concentrated materials with specific activity inferior to 10 kBq kg-1 and if the additional dose to the 
workers is inferior to 1 mSv per year [8] 

In Brazil, studies concerning the concentration of natural radionuclides in beach sands have been done 
along the Atlantic Coast, at Guarapari, in the state of Espírito Santo and in Ilha Grande, Rio de Janeiro 

238 232 40 State [9-11]. Activity concentrations for U, Th and K for the mineral sands in the Southeastern 
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costal region of Brazil ranged from 5 to 193 Bq kg-1 for 238U, from 2 to 240 Bq kg-1 for 232Th and from 
92 to 1219 Bq kg-1 for 40K. Potassium-40 was the main contributor to the local gamma dose rate in 
eight out of the ten beaches studied [10]. Studies on the Northeastern beaches of the country are 
scarce and have been concentrated on the products obtained from beach sands [12]. 

Earlier studies on the natural radioactivity on beach sands have proved that uranium and thorium 
concentrate in heavy minerals such as monazite and zircon. The mineral zircon (ZrSiO4) is normally 
extracted from the beach sands associated with the minerals rutile (TiO2), ilmenite (FeTiO3) and 
monazite (a phosphate containing rare earth metals). Zircon contains 0.1 to 0.5 % of uranium and 
thorium [1,13]. 

In Brazil, only two companies, one in the south and the other in the northeast region of the country 
produce zircon concentrates. This paper reports the results of a study carried out in a mineral sand 
processing plant located in the costal region of Northeastern Brazil. The study aimed to determine the 
natural radionuclides content of the beach sands and of the mineral products extracted from the sand, 
with special emphasis on zircon. 

Samples from beach sands and from the minerals after the extraction process were collected from a 
municipality named Mataraca, in the state of Paraíba, in Northeastern Brazil. At this location the soil 
is composed mainly of clay-sandy sedimentary rocks covered by sandy sediments, probably carried by 
the costal winds or from intemperism and redeposition. The dunes in this region are 50 to 80 m high 
and are blown by strong winds throughout the year and may be moved away from the coastline 
causing serious environmental impacts. The mining of coastal sand dunes to extract zirconium-derived 
minerals requires the removal of the original vegetation and produces tailing dunes formed essentially 
of quartzic sand [14]. 

The mine extraction process at Mataraca starts at the beach, where the mineral sand is removed 
mechanically and transported by moving belts to the processing plant. At the plant the next steps are 
hydro-gravimetric concentration and dry separation through electrostatic, magnetic and gravimetric 
processes. Among other minerals such as kyanite, ilmenite, and rutile, zircon is the main end product 
from the extraction process. 
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2. Materials and Methods 

Technical visits to the mineral extraction and processing industry units were carried through with the 
purpose of knowing the stages involved in the mineral extraction process and identifying which 
operations are potentially responsible for the generation of radioactive wastes. Twelve samples of the 
most common end products of the sand processing industry were collected. The most important 
minerals of this industry were the ones chosen forthis study: zircon, kyanite, ilmenite and rutile. 

The sand samples were collected directly from the beach, in a location close by to the area where the 
sand removal starts. Samples were collected at the surface (0-10 cm), 20-30 cm and 50-60 cm depths 
using an appropriate mechanical sampler. Samples from zircon minerals were collected from the 
storage area, where all mineral end products are stored. Six zircon samples (zircon I, zircon II, zircon 
III, zircon B, zircon E and zircon F) were collected, the difference between the samples being their 
particle size distribution. Six samples from the minerals kyanite, ilmenite and rutile were also 
collected from the same storage area. 

Three hundred grams of each sand and zircon samples were weighed in a 6 cm diameter, 10 cm high 
cylindrical plastic container. After that, the plastic containers were sealed with silicon glue and stored 
for one month, the necessary time for establishing the equilibrium between the radionuclides of the 
238U and 232Th natural series. 

Samples were measured through gamma spectrometry. A high purity germanium detector (HPGe) 
from Canberra™ surrounded by a 10 cm lead shielding and coupled to a multichannel analyzer was 
used in this process. Samples were counted for 80,000 seconds at a selected geometry (zero centimeter 
source-to-detector distance). Data collection and calculation of the activity concentrations were 
performed by using a dedicated software (Genie PC, Canberra™). 

To take into account the background counting level a 300 g sample of fine sand obtained elsewhere 
and with no significant levels of radioactivity was weighed in the same kind of container as for the 
mineral sands. This blank was then counted in the same geometry as for the samples. A standard 
solution of 152Eu from Amersham with an activity concentration of 45.46 ± 1% Bq mL1 was used for 
calibration of the detector efficiency as a function of energy. An aliquot of the standard solution was 
then added to the sand; the container was sealed and counted in the HPGe system at the same source to 
detector geometry and the same counting time. The counting efficiency was determined for each one 
of the energies used, taking into account the gamma yield for each specific radionuclide and photon 
energy. 

Each radionuclide was measured either through its own gamma emission or through its daughters. For 
40K the line at 1460 keV and 10.7 % probability was used to calculate its activity. Uranium-238 was 
measured through its daughter products 234Th (63 keV, 3.81%) and 234mPa (1001 keV, 0.835%). 
Thorium-232, on the other hand, was determined by using the 338 keV (11.4%) and 911 keV (27.7%) 
peaks of its decay product 228Ac. 

3. Results and Discussion 
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The results of the measurements carried out in raw sand samples to determine their U, Th and K 
contents are shown in Table 1. Activity concentrations for 238U (2.7 to 7.9 Bq kg1) and 2 3 2 T h (6.5 to 
9.4 Bq kg1) are within the range of values determined in similar studies [9]. The values obtained for 
40K (48.8 to 76.1 Bq kg1) were lower than the activity concentrations for 40K obtained by Alencar and 
Freitas for beach sands from Brazilian beaches in the southeastern coastal region [10]. Nevertheless, 
40K presented the highest activity concentration among the analyzed radionuclides for all three depth 
profiles analyzed in this study. 
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Similar studies for French sand beaches [15] showed higher values for U, Th and K than the 
ones determined in the present study. The activity concentrations determined by those authors for one 

3 



ofthe studied profiles ranged from 95 to 2240 Bq kg1 for 238U, from 135 to 3470 Bq kg1 for 232Th, 
and from 45 to 350 Bq kg1 for 40K. 

Table 1: Activity concentrations of238U, 232Th, and 40K for the beach sand samples 

Depth 238U 232Th 40K 
(cm) (Bq kg-1) (Bq kg-1) (Bq kg-1) 
0-10 2.7 ±0.6 6.5 ±0.4 48.8 ±3.1 

20-30 7.9 ±0.9 9.4 ±0.6 76.1 ±2.4 
50-60 6.3 ± 1.1 8.9 ±0.1 57.7 ±2.5 
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The activity concentrations for the radionuclides U, Th, and K showed the highest values for the 
sand profile 20-30 cm, decreasing for the 50-60 cm profile. This same trend was observed by Alencar 
and Freitas [10] for one out of ten beaches studied in a Brazilian southeastern costal region. Those 
authors reported that only in the Sobradinho beach the three radionuclides presented the highest 
activity concentrations in the same profile (20-30 cm). For the other beaches studied the activity 238 232 40 

concentrations of U, Th, and K did not show any pattern in relation to the sand profiles 
analyzed. According to their results 40K was the main contributor for the gamma dose rate levels in 
eight out of the ten beaches studied. 
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Alencar and Freitas [10] also observed that differences in activity concentrations for U, Th, and 
40K in relation to the sand profiles analyzed could be due to different sand properties such as density, 
humidity and porosity. According to Vassas [15] and Meijer [16], there is an inverse correlation 38 3 

between grain size and activity concentration. It is also known that U and Th are present in heavy 
minerals such as zircon and monazite while 40K is associated with light minerals such as feldspar and 
muscovite [15,17]. 

The results of the measurements carried out for the zircon samples (Table 2) showed activity 
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concentrations for U ranging from 5462 to 19286 Bq kg- . The results for Th, on the other hand, 
were consistently lower than those obtained for 238U, ranging from 1016 to 7162 Bq kg-1. Values of 38 3 

concentration activities of U and Th for zircon minerals in different countries worldwide were 
reported to vary from 4000 to 13000 and from 400 to 2700 kBq kg-1, respectively, being in the same 
range values obtained in the present work [4,7,17]. Values for activity concentrations for the zircon 
minerals were about 1,000 times higher than the ones measured for the raw sands. 

According to Table 2 activity concentrations for potassium-40 (ranging from 81 to 681 Bq kg-1) in the 
38 3 

zircon sands were consistently lower than for U and Th. There is, however, a direct relationship 
between the 40K and 238U contents. 

Activity concentrations of 238U and 2 3 2 T h for kyanite, ilmenite and rutile samples, on the other hand 
(Table 2), were much lower than for zircon samples. Values for activity concentrations of 238U for 
these minerals ranged from 167 Bq kg-1 (Kyanite A) to 1918 Bq kg-1 (Ilmenite D) while for 232Th the 
values varied from 55 Bq kg-1 (Kyanite A) up to 1863 Bq kg-1 (Ilmenite D). For these minerals the 

40 38 3 values for K were much lower than the ones 

The activity concentration of 232Th (1348 Bq kg-1) in one of the ilmenite samples (Table 2) was higher 
than the value found for 238U (564 Bq kg-1) in the same sample. The same trend was obtained by 
Malanca et al. [17] for the mineral ilmenite extracted from the the Guarapari beach, a high 
radioactivity area in Brazil. Those authors reported values of 461 Bq kg-1 for the 238U activity 
concentration and 1765 Bq kg-1 for 232Th in the analyzed ilmenite samples. However, the results for 

38 3 

the other ilmenite sample analyzed in this work (Ilmenite D) showed similar U and Th contents 
(1918 Bq kg-1 and 1863 Bq kg-1, respectively). According to the chemical analysis data sheet for these 
minerals they present different contents of Zr02 (0.4% for Ilmenite A and 6% for Ilemite D) which 
seems to be responsible for the five fold difference in their 238U activity concentrations. A similar 
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explanation can be given for the large differences observed in the 238U (167 and 1331 Bq kg"1) and 
232Th (55 and 505 Bq kg"1) contents in Kianyte A and Kyanite B which contain in their composition 
2.5 and 8.5% of Zr02, respectively. 

238 232 40 Table 2: Activity concentrations of U, Th, and K for the mineral samples 

Mineral 238U 23 2Th 40K 
(Bq kg-1) (Bq kg-1) (Bq kg-1) 

Zircon I 6027B145 1089B11 108B11 
Zircon II 7451B153 1845B8 181B16 
Zircon III 5862B146 1180B7 81B14 
Zircon B 11780B198 3078B11 274B20 
Zircon E 5462B143 1016B7 88B13 
Zircon F 19286B260 7162B38 681B26 
Kyanite A 167B17 55±2 40±2 
Kyanite B 1331B58 505B7 57±3 
Ilmenite A 564B31 1348B6 109B7 
Ilmenite D 1918B87 1863B7 132B10 
Rutile I 1249B57 420B6 52±5 
Rutile II 1737B64 738B5 58±4 

4. Conclusion 

The analysis of mineral products extracted from beach sands carried out in this study showed that 
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some of these materials contain significant amounts of U and Th and of their respective decay 
products, requiring attention concerning the radiation protection of workers and of the public. 

Data gathered in this study showed that zircon is the main U-bearing mineral extracted from beach 
sands, posing a potential risk for both external and internal exposures which can be minimized by the 
implementation of appropriate control measures in the working environment. 
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