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- Introduction – 
In the south of France, some beaches of Camargue present a high rate of natural 
radioactivity mainly due to thorium (Th) and uranium (U) from zircon and apatite 
heavy minerals present in the so-called black sand. These radionuclides may lead 
to internal exposure consecutive to inhalation or ingestion of this sand.  
The accurate assessment of radiological risk after internal exposure of public 
frequenting these beaches requires some information on the human 
bioavailability of U and Th from the sand. Both routes of intake were studied in 
this work and the consecutive dose delivered was calculated under two different 
scenarios for each type of exposure.  

Inhalation of sand particles can be continuous and usually comes from a wind 
deposit of sand particles in the nasal region. In that case, sand particles would 
be distributed in pharynx, bronchi, bronchioles or lung alveoli depending on their 
aerodynamic diameter.  
Only particles with a diameter lower than 50 µm can enter bronchi and 
bronchioles (ICRP 1994). Larger particles are mainly deposited in the anterior 
nasal region (ET1) and in the main extrathoracic region (ET2) and are usually 
rapidly eliminated through the gastro-intestinal tract by either wiping (ET1) or 
swallowing (ET2). 
Ingestion of sand grains is usually accidental. It can come from many sources, 
such as polluted food, wind, children stuff dropped and then sucked, but in all 
cases the whole sand is ingested. 

In vitro assays of solubility were performed either in simulated lung fluid, with 
the fraction of sand considered as inhalable, or in both simulated gastric and 
intestinal fluids with a sample of whole sand. Kinetics of dissolution of U and Th 
were analyzed by ICP-MS and the remaining fraction of sand was analysed by 
gamma spectrometry to assess the activity of 238U, 232Th and their progeny after 
the chemical treatment. Solubility of these radionuclides and their progeny in 



both lung and gut fluids was then assessed and enabled a dose calculation for 
reference members of the public. 
 
- Materials and Methods – 
Preliminary studies consisted in the physico-chemical and morphological 
description of sand samples but are not presented in this work.  
 
Inhalation in vitro tests - Particles deposit in the different extrathoracic and lung 
areas after inhalation depends on their granulometry. ICRP model (ICRP 1994) 
distinguishes 5 main areas that are anterior nasal region (ET1), main 
extrathoracic region i.e. posterior nasal region plus oral passage larynx plus 
pharynx and mouth (ET2), bronchial region (BB), bronchiolar region (bb) and 
alveolar interstitial in lungs (AI). 
As the sand granulometry for this study is heterogeneous, the fraction used for 
inhalation in vitro tests should be prepared from the whole sand. This fraction 
only represents 0.002% of the total volume of sand grains. 
Preparation of the fraction used for inhalation in vitro tests - To separate the 
grains of different sizes and keep only the breathable fraction for inhalation 
tests, a sand sample was sieving during three days on 5 different sifters that is 
250, 200, 150, 125 and 40 µm. Then the fraction between 40 and 125 µm was 
analysed, poured into deionised water and sonicated under stirring in water bath 
for 30 mn. This fraction is named “ultrasonics”. 
Dissolving tests in lung fluids simulating solution – The in vitro static test called 
“sandwich” [Chazel, 1998, 2000] aims to determine the type of solubility 
(corresponding to Types S, M, F blood absorption) of the sand sample in a lung 
fluid simulating solution. Five replicates of the “ultrasonics” fraction were 
analysed with such test in a Gamble solution that is, pH = 7: NaCl (6.78 g.l-1), 
NH4Cl (0.53 g.l-1), NaHCO3 (2.27 g.l-1), NaH2PO4, 2H2O (0.19 g.l-1), CaCl2 (0.02 
g.l-1), Glycine (0.45 g.l-1), L-cystein (0.12 g.l-1), Tri-sodium citrate dihydrate (0.06 
g.l-1). The set, “Sandwich” system and Gamble solution, was poured in a covered 
beaker to prevent evaporation and placed in an incubator (5% CO2, 37°C). Each 
day the pH was checked and adjusted to be 7 and the solution was regularly 
stirred. At 4h, J1, J2, J3, J7, J15, J30, the solution was removed, its volume was 
measured and some fresh solution was added. At the beginning and at the end of 
the experiment, filters were first analysed by gamma spectrometry and then by 
ICP-MS. The activity of both thorium and uranium decay products was determined 
by gamma spectrometry. Then the activity of Th-232 and U-238 was calculated 
from ICP-MS measurements. The percentage of dissolution of each element was 
calculated after 30 days treatment of “ultrasonic” fraction by a Gamble solution. 
The five replicates were meant for each element. 
 
Dissolving tests in gut fluid simulating solution – The studies were performed on 
the whole sand fraction and consisted in two successive incubations of sand with 
gastric juice and intestinal juice. The soluble fraction of sand likely to be 
absorbed at the intestinal level after ingestion was then assessed by adapting in 
vitro models described in literature [Hamel, 1999 ; Mercier, 2002 ; Ruby, 1992, 



1993, 1996, 1999 ; Skowronski, 2001]. The first step of experiment was 
performed at two different pH, i.e. 1.6 and 4, corresponding to gastric juice pH 
during fasting condition or after lunch, respectively. Five replicates were done 
for each condition. 
The simulated gastric juice was made of NaCl 25 mM, KCl 14 mM,  NaHCO3 25 mM, 
CaCl2, 2H2O 1 mM, MgCl2, 6H2O 0.5 mM, KH2PO4 0.9 mM, Pepsine 1.25 g.l-1, Citrate 
0.50 g.l-1,  Malate 0.50 g.l-1, Lactic acid 6.2 mM, Acetic acid 8.7 mM. Forty ml of 
this mixture were added to 0.4 ± 0.0023 g of sand. The sample was then 
incubated at 37°C and stirred during 105 minutes. A sample of 2 ml of this 
mixture was taken at 30, 60 and 105 minutes, and stored at 4°C for subsequent 
ICP-MS measurements. The whole incubation period was chosen according to the 
mean time of food transit in the stomach [ICRP, 2005].  
Solution was then neutralised with a bicarbonate solution and 4 ml of 10X 
intestinal juice were added. The simulated instetinal juice was made of NaCl 1.25 
M, NaHCO3 82 mM, NaHPO4 44 mM, KCl 48 mM, CaCl2, 2H2O 20 mM, MgCl2, 6H2O  5 
mM, Bile Salts 17.5 g.l-1, Pancreatin 5 g.l-1.  
The mixture was then incubated at 37°C and stirred during 3 h (mean time of 
food transit in the small intestine). A sample of 2 ml of this mixture was taken at 
0, 90 and 180 minutes, and stored at 4°C for subsequent ICP-MS measurements.  
Cumulated amounts of uranium and thorium were then calculated all over the 
dissolution kinetics. For each condition, the arithmetic mean of the five 
replicates was done. At the end of experiment, remaining samples of sand were 
centrifuged (2100 g, 10 minutes). The residue of sand was rinsed with deionised 
water, centrifuged again and stored for subsequent γ-spectrometry analyses. 
Both supernatant rinse were mixed together and stored at 4°C for subsequent 
ICP-MS measurements. 
 
Analyses – Gamma Spectrometry – Both ingestion test sand samples after 
treatment and inhalation test filters from J0 to J30 were analysed with gamma 
spectrometry. Samples were counted in a range of [7500; 239000] seconds.  
ICP-MS measurements – For samples of filters+sand, a mineralization was 
previously done using experimetal conditions described in literature [Muramatsu, 
2001 ; Uchida, 2005 ; Yadav, 2005]. These conditions rely on consecutive 
digestions of solid samples with a mixture of nitric acid and hydrogen peroxide 
and with hydrofluoric acid. Then samples were diluted to 1/2000th with 2% pure 
nitric acid. On the contrary, no mineralization was required for solutions samples 
of gastric and intestinal juice and ICP-MS measurements were performed after a 
1/100th dilution in 2% pure nitric acid. One µg.l-1 209Bi was used as internal 
standard in all the solutions. 
Five standard solutions for calibration curve, i.e. 0, 0.01, 0.05, 0.1, 0.5 µg.l-1, 
were prepared by diluting 1 mg.l-1 standard solutions of uranium and thorium, in 
2% pure nitric acid. 
 
Dose Calculations – The DCAL software (Oak Ridge National Laboratory, USA) was 
used to calculate the effective dose after both inhalation and ingestion on the 
basis of the reference models of the International Commission on Radiological 



Protection (ICRP) [ICRP, 1993 ; ICRP, 1995]. Four scenarios, that are acute 
exposure (exceptional) or chronic exposure (repetitive and constant) i.e. 24 hours 
a day for 3 months, by inhalation or ingestion, were considered. Dose calculation 
was performed for reference individuals of different ages i.e. 3 months, 1 year, 5 
years, 10 years, 15 years and adult but only the less and more sensitive 
individuals are presented in the document. Moreover, calculations were 
performed for different particle sizes with AMAD of 1 µm, 5 µm, 10 µm and 15 µm 
but presented here only for the worst and the best conditions, i.e. 1 and 15 µm. 
All these conditions do not necessarily fit with reality but enable to consider the 
worst scenario. Involved doses in real situation should be lower than those 
presented in this paper. 
 
- Results & Discussion – 

In vitro solubility of sand samples in lung and gut fluids. 

Solubility in lung fluids - Inhalation tests were performed to assess the solubility 
of the “ultrasonic” fraction of sand and allow dose calculation after acute or 
chronic exposure.  
 
Th-232 family 
The mean activities of Th-232 and its decay products, from Ac-228 to Tl-208, 
under both the initial condition (J0) and the condition after 30-days treatment 
with lung fluid (J30) are summarized in Table 1.  

Table 1: Th-232 family. Initial (J0) and final (J30) activity of filters with “ultrasonic” 
fraction after 30 days treatment with Gamble mixture. % of dissolved Th-232 after lung 
fluid treatment of the “ultrasonic” fraction of sand. a Gamma spectrometry 
measurements b ICP-MS measurements 
 

Th-232 decay products 
(theoretical element 
activity vs Th-232 
activity at secular 
equilibrium) 

Initial activity J0 
(mBq) 

Final activity J30 
(mBq) 

% dissolved after 
30 days treatment 

Ac-228a (~1) 13.2 ± 0.3 9.5 ± 3.9 27.5 ± 9.9 
Pb-212a (~1) 16.2 ± 0.7 13.8 ± 3.0 14.6 ± 3.7 
Bi-212a (~1) 16.7 ± 4.0 14.8 ± 4.6 11.4 ± 5.6 
Tl-208a (~0.33) 3.9 ± 0.9 3.9 ± 1.7 0.0 
Th-232b 13.0±2.3 

(3.2±0.6µg) 
10.3±6.6 

(2.5±1.6 µg) 
21 ± 58 

 
It is important to notice that the secular equilibrium seems to be disrupted 
between J0 and J30 by Gamble treatment. Then remaining Th-232 activity on 
filters cannot be assessed by a simple extrapolation. To determine its activity it 
had been necessary to measure its concentration by ICP-MS. Another way would 
have been to perform again the gamma spectrometry analyses of all the decay 
products after few radioactive periods once the equilibrium is back.  



To conclude, Th-232 and its decay products, insoluble Tl-208 excepted, are 
moderately soluble with a 30 days-solubility ranging between 13.2 and 27.5 %.  

 

U-238 family 
The mean activities of U-238 and its decay products, from Th-234 to Pb-210, 
under both the initial conditions (J0) and the condition after 30-days treatment 
with lung fluid (J30) are summarized in Table 2.  
 
Table 2: U-238 family. Initial (J0) and final (J30) activity of filters with “ultrasonic” 
fraction after 30 days treatment with Gamble mixture. % of dissolved U-238 after lung 
fluid treatment of the “ultrasonic” fraction of sand. % of Pa-214 was not determined 
because its activity at J0 and J30 was under the detection limit (DL). a Gamma 
spectrometry measurements b ICP-MS measurements 

U-238 decay products 
(theoretical element 

activity vs U-238 activity 
at secular equilibrium) 

Initial activity J0 
(mBq) 

Final activity J30 
(mBq) 

% dissolved after 
30 days 

treatment* 

Th-234a (~1) 17.3 ± 2.2 5.7 ± 3.2 67 ± 31 
Pa-214a < DL < DL  
Pb-214a (~1) 7.5 ± 0.8 5.9 ± 1.7 21.2 ± 7.3 
Bi-214a (~1) 6.8 ± 1.6 3.8 ± 1.7 45 ± 23 
Pb-210a (~0.75) 9.1 ± 2.1 5.7 ± 0.9 37.4 ± 8.4 
U-238b 18.5±4.2  

(1.5 ± 0.3µg) 
10.5±5.7 

(0.9±0.5 µg) 
55 ± 65 

 

This time, the secular equilibrium seems disrupted at both J0 and J30. At J0 Th-
234 activity is twice the others whereas all the decay products but Pb-210 should 
present the same activity. In that case, sonication could be the cause by breaking 
some grains and let radon escape. That question was not elucidated in this work 
and the activity of 238U was assessed after ICP-MS measurement of its 
concentration. 

Results gave that U-238 and its decay products have a solubility in Gamble after 
30 days of reaction ranging from 12 to 67%.  

Conclusions - These results seem to indicate a moderate solubility (Type M as 
defined from ICRP) for uranium-238 (55%), thorium-232 (21%) and their progeny. 

Moreover, it is also important to underline that the fine fraction with particle 
diameter less than 50 µm and likely to be inhaled is tiny and only represents 
0.002% of the total volume of sand grains. Risk exposure via inhalation is then 
small, whatever the radioelements solubility. 
 
Solubility of sands in gut fluids  
γ-Spectrometry of sands after digestion in the gastric and intestinal juices - 
Activities of U-238 and Th-232 in the different analyzed samples of sand were 
determined from the γ-spectrometry activity measurements of their four main 



decay products. In the same way, a control sample of sand (without digestion) 
was analyzed to get a reference activity for this batch.  
Activity of each decay product in each sample was related to the mass of sand 
studied and the mean was calculated for each condition (n=5). Results are given 
in table 3. 
 
Table 3. Activity of the main decay products of uranium-238 and thorium-232 
determined by gamma spectrometry measurements of sand samples digested by 
intestinal and gastric juices.  
Sand Condition 1: Sand mixed with gastric juice (pH 1.6) and then with intestinal juice 
(pH 7) simulating fasting conditions of absorption.  
Sand Condition 2: Sand mixed with gastric juice (pH 4) and then with intestinal juice (pH 
7) simulating conditions of absorption after lunch.  
 

 Activity (Bq.kg-1) 
U-238 Family 

Activity (Bq.kg-1) 
Th-232 Family 

 Th-234 Ac-228 
Control (non treated 
sand) 

1590 ± 160 
2480 ± 200 

Sand – Condition 1 1930 ± 268 2920 ± 294 
Sand – Condition 2 1846 ± 164 2743 ± 206 
 Pb-214 Pb-212 
Control (non treated 
sand) 

1820 ± 150 2700 ± 180 

Sand – Condition 1 2044 ± 185 3105 ± 215 
Sand – Condition 2 2033 ± 162 3010 ± 196 
 Bi-214 Bi-212 
Control (non treated 
sand) 

1710 ± 130 2500 ± 230 

Sand – Condition 1 2067 ± 208 3018 ± 387 
Sand – Condition 2 1892 ± 140 3053 ± 246 
 Pb-210 Tl-208 
Control (non treated 
sand) 

1300 ± 150 925 ± 70 

Sand – Condition 1 1355 ± 244 1070 ± 108 
Sand – Condition 2 1334 ± 136 1050 ± 74 

 

Secular equilibrium seems to remain whatever the family (238U or 232Th) and the 
experimental conditions. Thus, activity of both 238U and 232Th can be calculated in 
the control sample from the activity of their decay products and equals to 1707 ± 
147 Bq.kg sand-1 for 238U and 2560 ± 203 Bq.kg sand-1 for 232Th. These activities 
respectively correspond to 138.8 ± 11.9 mg 238U.kg sand-1 and 621.4 ± 49 mg 
232Th.kg sand-1. The change of pH for the first gastric digestion does not yield a 
significant difference in the final sand activity. 
Activities of the control sample and of the treated samples are not significantly 
different according to measurement uncertainties. This result shows that the 
solubility of these elements in this sand is low. This prevents the calculation of 
the soluble fraction of 238U, 232Th and their decay products which can be released 



after digestion of such sample by gastric and intestinal juice. In order to assess 
the really dissolved amounts and enable a dose calculation, ICP-MS measurements 
of 238U and 232Th in the supernatants were performed during the experiment. 

 
ICP-MS measurements of kinetic samples – Determination of 238U and 232Th 
concentrations during the tests of solubility in gut fluids - The percentage of 
dissolved uranium and thorium in relation to the initial amount of uranium and 
thorium in the control sand was calculated at each time of the kinetics. The 
values for thorium and uranium are plotted on a logarithmic scale against 
experimental times in Figure 1. 
 

Figure 1: Variation of the percentage of dissolved Th-232 and U-238 after simulated gut 
treatment in relation to the initial amount of Th-232 and U-238 in the control sand. 
Expression as a function of time (mn) at two different pH for the first step.  

 
 

Thorium 

Thorium percentage in solution varies differently depending on the pH conditions 
of simulated gastric juice. However the final percentage of dissolved thorium is 
small whatever the experimental conditions. It equals 0.14% and 0.07% for 
pHgastric juice 1.6 and pHgastric juice 4, respectively. Under these conditions, the 
amount of thorium dissolved belongs to the range 0.18-0.36 µg for 0.4 g of total 
ingested sand. 

Uranium 

In the same way, uranium percentage in solution was assessed and varies 
similarly whatever the pH conditions of simulated gastric juice. The final 
percentage of dissolved uranium is similar than the thorium one and equals 0.37% 
and 0.49% for pHgastric juice 1.6 and pHgastric juice 4, respectively. In both cases, a 
small amount of uranium is dissolved: for 0.4 g of total ingested sand, from 0.21 
to 0.28 µg of 238U is dissolved.  
 
Table 4 summarizes the key results which will enable the dose calculation in next 
paragraph. 
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Table 4: Final percentage of dissolved 232Th and 238U from sand after gut fluids 
treatment in relation to the initial amount of 232Th or 238U in the sand. 
 

 % of dissolved 232Th and 238U versus total 232Th and 238U in sand 
before treatment 

 pH 1.6 +/- pH 4 +/- 
232Th 0.14 0.06 0.07 0.01 
238U 0.37 0.14 0.49 0.42 

 
Even if the percentage of dissolved element is lower for 232Th than for 238U, both 
values are low and similar to the results of Twining et al. [Twining, 1993] 
observed for 232Th and 238U carried by monazite crystals.  
Dose calculations were performed assuming that the f1 value of absorbed fraction 
of ingested activity for 232Th and 238U in fasting (pH 1.6) or after lunch (pH 4) 
conditions can be approximated by the percentage of dissolved radionuclide 
under the corresponding pH. 
 
Dose calculation resulting from either ingestion or inhalation of sand from 
Camargue. 

Experimental data just described were used for dose calculation assuming a 
possible internal exposure to this batch of sand from Camargue.  

Acute or chronic inhalation 

The amount of sand likely to be inhaled on a beach is required to calculate a 
dose. Atmospheric concentrations of sand were measured by γ-spectrometry 
during a very windy day (>100 km/hour) and reached 5 to 23 mg.m-3 that is 4.8 to 
17 mBq.m-3 of Th-234 and 8.3 to 30 mBq.m-3 of Ac-228. However, as the inhalable 
fraction was assessed by sieving and represents 0.002% of the whole sand, 
individuals are exposed to a maximum inhalable sand concentration of 0.002% x 
23 mg.m-3 = 460 ng.m-3.   
The experimental results of inhalation tests showed that U-238, Th-232 and their 
progeny belong to the absorption Type M described by the ICRP [ICRP, 1994]. 
Dose coefficients were calculated for this class of solubility and standard values 
of AMAD and specific activity of U-238 and Th-232 of the whole sand, assuming 
that the activity is homogeneously distributed in the whole sand. The assessment 
of the inhaled amount of sand was done with the reference ventilation rate 
values from ICRP [ICRP, 1994] that are presented in Table 5. 
 
Table 5: Ventilation rate in relation to age and amount of sand likely to be inhaled for a 
chronic exposure at 460 µg.m-3. 
 

Age Ventilation rate* (m3.h-1) Amount of inhaled sand (µg) if chronic 
exposure at 460 ng.m-3 24h a day during 

3 months 
3 months 0.12 121 
>15 years = 
adult 

0.69 697 



* Calculated for reference individual in light physical exercise during 30% of the day, in sitting position 
during 15% and sleeping during 55%; excepted for babies who are supposed to sleep 70% of the day and have 
light exercise for 30% of it. 
 
Finally the effective dose was calculated either for acute or chronic exposure and 
values are summarized in Table 6. 
  
Table 6: Effective dose following acute or chronic exposure to Camargue sand in relation 
to age.  
 

Age AMAD 
(µm) 

Dose after acute exposure 
(mSv. g-1 of inhaled sand) 

Dose after chronic 
exposure (µSv) for 460 

ng.m-3, 24h a day during 
3 months 

3 months 1 1.1 0.14 
 15 0.28 0.03 
15 years 1 0.46 0.31 
 15 0.16 0.11 
adults 1 0.41 0.29 
 15 0.13 0.09 
 
In the case of acute intake of a given mass of sand, the higher dose would be 
received by babies after inhalation of micrometric particles. As these particles 
represent less than 0.002% of total sand particles, a baby should inhale more 
than 45 kg of total sand to reach the annual limit of dose of 1 mSv for members 
of the public.  
In the case of chronic intake during 3 months, the higher dose would be received 
by a 15 year-old child inhaling micrometric particles. However, the dose does not 
exceed 0.31 µSv and therefore remains very low in comparison of the 1 mSv limit.  

Under these hypotheses, the calculations seem to demonstrate that whatever the 
weather conditions (wind) and the age of individuals, acute or chronic inhalation 
of sand constitutes a tiny risk of radiological exposure of the public.  

Ingestion 

As for inhalation, dose calculation after ingestion requires the determination of 
the ingested activity. The calculation was done for 1g of ingested sand and then 
two scenarios of exposure have been studied to get a large range of exposure 
conditions. 

Experimental data previously showed that the whole sand is quite insoluble in gut 
mixture. Absorbed fractions of ingested activity calculated in Table 6 were used 
for ingestion exposure scenario assuming that the whole soluble fraction is 
transferred to blood. This absorbed fractions are respectively f1 = 0.0037 in 
fasting conditions and f1 = 0.005 after lunch for U-238 and its progeny, and f1 = 
0.0014 in fasting conditions and f1 = 0.0007 after lunch for Th-232 and its 
progeny. Dose from thoron and radon ingestion is neglected. 
The calculated effective dose after ingestion of 1g of sand in fasting conditions 
or after lunch are given in Table 7. 



 

Table 7: Effective dose (mSv) after ingestion of 1g of sand in fasting conditions or after 
lunch for babies and adults.  

Years old Acute Exposure Status mSv/g 
3 months 0.018 

adults 

 
Fasting Conditions 

 0.0066 

3 months 0.017 

adults 

 
After lunch 

 0.0065 

 

They show that under both conditions, the most sensitive individuals are babies. 
However, they should ingest roughly 55 g of sand to reach the annual limit of 
dose of 1 mSv, which is highly improbable, especially for acute exposure. Indeed, 
it would correspond to a scenario of ingestion of 0.4 g of sand, twice a day, 
everyday during 2.5 months. More reasonable scenarios are that a baby may eat 
this radioactive sand at the rate of 0.4 g twice a day during either one day or 
three weeks holidays, the maximum dose delivered would then be 0.0144 or 0.3 
mSv, respectively. 

 
- Conclusion - 

As far as inhalation is concerned, the first important conclusion is that the 
inhalable fraction, i.e. particles with aerodynamic diameters below 50 µm, was 
tiny (0.002%) in this sample of sand. Moreover in vitro assays of solubility were 
performed for this fraction and showed that U and Th as well as their progeny 
presented moderate solubility. Then effective doses under several scenarios were 
calculated and seem to demonstrate a very poor risk of exposure after 
inhalation. Indeed, a dose of 1 mSv would be received by babies after inhalation 
of about 40 kg of sand, that is impossible, whereas a more realistic scenario of 
chronic exposure only reached 0.31 µSv.  

In case of ingestion, the solubility of Th and U in the gastrointestinal fluids was 
found to be very low with a maximum solubility of 0.5% of the initial mass of 
radioelement in the sample of sand. Then the worst hypothesis studied yields an 
effective dose of 0.018 mSv.(g_swallowed sand)-1 that is roughly 50 times less 
than the legal annual dose limit for members of the public. 

As a conclusion, the possible internal dose after exposure by inhalation or 
ingestion of black sand of Camargue seems to be very low under the conditions of 
this study. 
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