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Abstract – A new sequential method for the determination of both natural (U, Th) and anthropogenic (Sr, Cs, Pu, 
Am) radionuclides has been developed for application to soil and sediment samples. The procedure was optimised 
using a reference sediment (IAEA-368) and reference soils (IAEA-375 and IAEA-326). Reference materials were first 
digested using acids (leaching), ‘total’ acids on hot plate, and acids in microwave in order to compare the different 
digestion technique. Then, the separation and purification were made by anion exchange resin and selective 
extraction chromatography: TRansUranic (TRU) and StRontium (SR) resins. Natural and anthropogenic alpha 
radionuclides were separated by Uranium and TEtraValent Actinide (UTEVA) resin, considering different acid 
elution medium. Finally, alpha and gamma semiconductor spectrometer and liquid scintillation spectrometer were 
used to measure radionuclide activities. The results obtained for strontium-90, cesium-137, thorium-232, uranium-
238, plutonium-239+240 and americium-241 isotopes by the proposed method for the reference materials provided 
excellent agreement with the recommended values and good chemical recoveries.  

 
 

1. INTRODUCTION 
In environment sciences, radioelements are generally 
described on the basis of their natural (uranium and 
thorium) or anthropogenic origin (strontium, cesium, 
plutonium and americium). Uranium and thorium are 
mainly considered in geochemistry (sediment 
chronology, sedimentation rate, erosion coefficient), 
whereas plutonium, americium, cesium and strontium are 
studied in radioecology to understand, and model their 
migrations and transfers in different ecosystems. In 
general, environmental sampling like sediments or soils 
is difficult and expensive and only a very small quantity 
of material is obtained. For this reason, it is very 
interesting to analyse as many radionuclides as possible 
from a single sample. In that way, numerous methods 
have been proposed for the determination of uranium, 
thorium, plutonium, americium, cesium and strontium in 
environmental samples [1-16] but few methods devoted 
to the simultaneous analysis of all these elements exist 
[17-21]. In previous works, the Laboratoire de 
Radiochimie, Sciences Analytiques et Environnement 
(LRSAE) has elaborated methods to analyse respectively 
(i) natural elements [2] and (ii) anthropogenic elements 
[1] from soil and sediment samples. The aim of this paper 
is to propose a highly efficient sequential method able to 
separate, from one same sample, both natural and 
anthropogenic radionuclides especially americium, 
plutonium, cesium, strontium, thorium and uranium. For 
this, ion exchange resin and extraction chromatography 
resins from EiChroM Inc. were used. The Uranium and 
TEtraValent Actinide (UTEVA) resin was particularly 
studied to separate the americium-plutonium fraction to 
the uranium-thorium fraction. This resin has the 
specificity to fix actinides with oxidation states ≥ IV and 

to have a low affinity for actinides and elements with 
oxidation states ≤ III. Then, by changing the oxidation 
state of some radionuclides, one could expect that the 
chemical separation by UTEVA, at the beginning of the 
new procedure, allows the simultaneous extraction of 
natural and anthropogenic radionuclides.. Three reference 
materials (2 soils and one sediment) from the 
International Atomic Energy Agency (IAEA) were 
considered in this study to elaborate the extraction 
protocol. Before using the UTEVA resin, the reference 
samples were mineralised following three different 
protocols in order to check the solubilisation efficiency. 
 
2. EXPERIMENTAL 
 2.1. Dissolution of the solid sample 
A suitable mass of a dry solid sample was weighed into a 
porcelain crucible and ignited at 600°C in an electric 
furnace during 24 hours. Known amounts of 
radiochemical yield determinants: 242Pu, 243Am, 232U, 
229Th and stable strontium carriers were added. Three 
dissolution techniques were tested: acids (leaching), 
‘total’ acids on hot plate and acids in microwave [17, 22, 
23]. For each one, 5g of soil or sediment samples was 
considered. 
For the acids attack technique, the radionuclides were 
leached out from the matrices by a mixture of nitric and 
hydrochloric concentrate acids (1:1) under heating and 
stirring for four hours. This step was repeated once and 
the two supernatants were combined. 
For the ‘total’ acids attack, samples were digested and 
evaporated successively twice with 50mL concentrate 
hydrofluoric acids, three times with 50mL concentrate 
nitric acid and with 50mL concentrate hydrochloric acid 
+ 2g of boric acid. 
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For the microwave digestion system (Milestone Ethos 
Pro), samples were introduced in Teflon tube and treated 
in two consecutive steps. In the first step, the sample was 
treated with concentrated hydrofluoric acid (15mL). In 
the second step, insoluble fluorides were dissolved with 
nitric acid (15mL) saturated with boric acid. The 
temperature program of the microwave oven in the two 
steps is 10 min from ambient temperature to 250°C and 
20 min at 250°C. 
For the 3 methods, the solutions obtained were filtered 
through a 0.45µm membrane before the pre-
concentration of radionuclides by Ca-oxalate 
precipitation. 
 2.2 Procedures for separation 
Gamma spectrometry sample preparation: 137Cs 
measurements were carried out by standard γ-
spectrometry using methods described in [24-26]. The 
samples were oven-dried at 100°C, homogenized and 
packed into plastic containers and counted on a coaxial 
HPGe detector (EG&G ORTEC) of 30% relative 
efficiency with an energy resolution FWHM (Full Width 
at Half Maximum) of 1.9 keV at 1.33 MeV. 
Pre-concentration of radionuclides by Ca-oxalate 
precipitation: Soils contain a high amount of natural iron. 
To normalize the procedure, iron was eliminated from the 
sample by using a Ca-oxalate precipitation. Aluminum, 
titanium, chromium, manganese, nickel and phosphate 
ions were also eliminated. The Ca-oxalate precipitate was 
formed by adding calcium nitrate, oxalic acid and 
concentrate ammonia at pH 6. Americium, plutonium, 
strontium, uranium and thorium were coprecipitated with 
Ca-oxalate, while iron was complexed in solution with 
oxalate ions. The precipitate was finally dissolved with 
concentrate HNO3. 
Separation of strontium from actinide fractions [1]: The 
aim was to separate strontium from americium, 
plutonium, uranium and thorium. A known amount of 
iron was added to the solution and iron hydroxide 
coprecipitation at pH 8 with concentrate ammoniac was 
obtained. The elements with oxidation state superior to 
III (Pu, Am, Th and U) were sorbed to the precipitate and 
element with oxidation state I and II (Sr) was left in 
solution. 
Purification of strontium by Sr-spec® resin [1]: The pH 
of the supernatant was adjusted to 8 with ammonia and 
ammonium carbonate buffer. Strontium was precipitate 
(as Sr carbonate) by adding a saturated solution of 
Na2CO3. Monovalent stayed in the supernatant. The 
precipitate was dissolved with concentrate nitric acid, 
evaporated to dryness and dissolved in 3M HNO3. The 
solution was passed through Eichrom Sr-spec® resin pre-
conditioned with 3M HNO3. Sr was fixed to the resin and 
Y and Ca were eliminated by 3M HNO3 washing 
solutions. It’s very important to eliminate all Ca traces to 
have a good quantitative gravimetric yield for the 
strontium separation at the end of the procedure. The 
strontium was eluted with deionised water. To estimate 
the Sr yield, an oxalic precipitation was made with 

concentrate ammonia (pH = 9). The solid residue was 
weighted to determine the gravimetric yield of the 
strontium radiochemical separation. The precipitate was 
dissolved in 1 M nitric acid and scintillation cocktail 
(Packard Instagel) was added to determine the 90Sr 
activity concentration by liquid scintillation spectrometer 
(Packard 2000 CA) 
Separation of americium and plutonium from uranium 
and thorium by UTEVA resin: The iron precipitate 
formed to separate strontium from actinide fraction was 
dissolved in 50mL of 2.5 M nitric acid and 2-4 mL of 
25% hydrazinium hydroxide were added. The solution 
was passed through  the UTEVA resin (10 mm diameter 
and 80 mm long) pre-conditioned with 50 mL of 2.5 M 
HNO3. The column was washed with 100 mL of 2.5 M 
HNO3, plutonium and americium pass through the 
column while uranium and thorium are fixed on the resin. 
The effluents were kept for americium and plutonium 
separation. 100 mL of 1 M HCl was passed to elute 
uranium and thorium and this solution was kept for 
uranium and thorium separation. 
Separation of plutonium from americium by anion 
exchange resin [1]: The Pu-Am fraction is evaporated 
and the residue is diluted in 8 M HNO3 and NaNO2. 
Column is prepared from Bio Rad AG® 1-X8 (mesh 100-
200) resin in the chloride form (inner diameter : 10 mm, 
resin bed lenght : 100 mm) pre-conditioned with 8M 
HNO3. Sample solution is loaded into the column 
followed by washing with 8M HNO3. Am passed through 
the column and Pu is fixed. The combined effluent is 
used for the purification of Am. Column is washed with 
10M HCl to desorb trace of Th and Pu is stripped with 
0.1M NH4I-10M HCl solution. It is possible also to elute 
neptunium at this step with 4.5M HCl-0.1M HF solution. 
The Pu strip solution is evaporated to dryness with 65% 
HNO3 and some drops of H2O2 destroys ammonium 
iodide. 
Purification of americium [1]: The combined effluent 
from the anion exchange column is evaporated to dryness 
and dissolved in 1M HNO3 with Ca and oxalic acid to 
coprecipitate Am at pH 6 with ammonia. The oxalate 
precipitate is destroyed with 65% HNO3. The solution is 
converted in chloride with 10M HCl. A mixed anion-
cation exchange columns are prepared from Bio Rad 
AG® 1-×8 (mesh 100-200) resin and Bio Rad AG® 
50w-×8 (mesh 100-200) resin pre-conditioned with 10M 
HCl. Sample solutions are loaded into the column 
followed by washes with 10M HCl. The effluents are 
evaporated to dryness and taken up in 65% HNO3, then 
in 2M HNO3. The next column is prepared from TRU-
Spec® resin and pre-conditioned with 2M HNO3. 
Samples are loaded to the column followed by washes 
with 2M HNO3, 9M HCl + 25% NaNO2 and 9M HCl. 
Finally, Am is stripped with 4M HCl solution. The Am 
solution is evaporated to dryness and converted to nitrate 
with 65% HNO3. The residue is taken up with 1M HNO3-
93% CH3OH and passed on Bio Rad AG® 1x 4 (mesh 
100-200) resin pre-conditioned with 1M HNO3-93% 
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methanol. The column is washed with 1M HNO3-93% 
methanol, 0.1M HCl-0.5M NH4SCN-80% methanol and 
1% HNO3-93% methanol. Americium is stripped with 
1.5M HCl-86% methanol solution. 
Separation of thorium from uranium by anion exchange 
resin [2]: The U-Th fraction is evaporated and the residue 
is diluted in 8 M HCl and NaNO2. Column is prepared 
from Bio Rad AG® 1-X8 (mesh 100-200) resin in the 
chloride form (inner diameter : 10 mm, resin bed lenght : 
100 mm) pre-conditioned with 8M HCl. Sample solution 
is loaded into the column followed by washing with 8M 
HCl. Th passed through the column and U is fixed. U is 
stripped with 1M HCl solution. 
Purification of thorium [2]: The solution was evaporated 
to dryness and dissolved in 8m HNO3. Column is 
prepared from Bio Rad AG® 1-X8 (mesh 100-200) resin 
in the chloride form (inner diameter : 10 mm, resin bed 
lenght : 100 mm) pre-conditioned with 8M HNO3. 
Sample solution is loaded into the column followed by 
washing with 8M HNO3. Alkaline metals and rare earths 
trace passed through the column and Th is fixed. 10M 
HCl solution strip Th from the column. 
Purification of uranium [2]: The solution was evaporated 
to dryness and the residue was re-dissolved in 8 M HCl. 
The aqueous solution was stirred in a separatory funnel 
with di-isopropylether to extract iron trace. After two or 
three extractions the aqueous phase containing uranium 
was evaporated to dryness with 65% HNO3. 
Source preparation for alpha-spectrometry [1, 2]: 
Americium, plutonium, uranium and thorium are 
analysed by alpha spectrometry. After the separation 
step, the solution is evaporated to dryness after addition 
of 5% NaHSO4 and evaporating 3 times with 65% HNO3. 
300 µl H2SO4, 4 ml deionised water and 4 drops of 
thymol blue are added to the solution. The pH is adjusted 
to 2.1-2.5 with ammonia. The solution is transferred into 
the electrodeposition cell and the radioelement 
electroplated with a current of 1 A on a stainless steel 
disc during 1 hour. Before the end of the 
electrodeposition, 1 ml ammonia is added. After removal 
the disc is washed with 1% ammonia and acetone, and 
gently dries before alpha counting. Alpha emissions from 
discs were analysed with Dual Alpha Spectrometers EG 
& G Ortec 576A equipped with boron implanted silicon 
detectors. 

 
3. RESULTS AND DISCUSSION 
This section reports the comparison results obtained for 
the three dissolution methods tested. The new separation 
step with UTEVA resin is described and 90Sr, 137Cs, 
232Th, 238U, 239+240Pu and 241Am activities obtained with 
the sequential procedure, in the IAEA reference 
materials, and chemical recovery are presented and 
discussed. 

3.1. Comparison of microwave dissolution 
method with traditional total attack and leaching method 
For the anthropogenic radionuclides (Pu, Am and Sr) the 
3 methods give the same results and the activity 

concentrations are in good agreement with the reference 
values. The recoveries for this step were between 94% 
and 98%. The simple acids method (leaching) for 
anthropogenic radionuclide determination has been 
adopted by a number of laboratories [27]. 
However acids method is not suitable for naturally 
occurring uranium and thorium. Table 1 shows that acids 
in microwave dissolution is the best procedure to 
solubilise the radionuclides. The chemical yields for U 
and Th for acids, ‘total’ acids on hot plate and acids in 
microwave are 45-50%, 75-80% and 90-95%, 
respectively. 

 
Table 1 : 238U and 232Th activities (Bq kg-1) obtained after 3 
dissolution methods and IAEA reference values (Bq kg-1) 
 

Bq kg-1 
IAEA 
Ref. 

values 
acids ‘total’ 

acids 

acids 
in 

micro
wave 

238U  31 14 23 29 IAEA 
368 232Th - - - - 

238U  24.4 12.1 19.5 21.9 IAEA 
375 232Th 20.5 9.5 15.9 19.4 

238U  29.4 13.8 22.1 27.6 IAEA 
326 232Th 39.4 18.9 31.1 36.6 

 
The best method to extract anthropogenic and natural 
radionuclides from the matrices tested is the microwave 
digestion because the elements are totally leached into 
solution and this method reduces preparation time and 
the volume of the acids used. 

3.2. UTEVA resin used in Am, Pu and U, Th 
separation step 
This step aims at separating anthropogenic radioelements 
from natural radioelements. In the environment, these 
two categories of radioelements frequently show 
concentration activities very different according to the 
type of sample material (uranium-bearing or not 
uranium-bearing) and to the soil or sediment depth. 
Moreover the LRSAE could use the anthropogenic 
separation method and the natural separation method 
already developed by the laboratory. For this new 
separation step, UTEVA resin was selected. This resin 
has the specificity to fix actinides with oxidation states ≥ 
IV and to have a low affinity for actinides and elements 
with oxidation states ≤ III. The idea is to reduce 
plutonium in oxidation state III. Thus Pu should not be 
retained on the resin as well as americium, while uranium 
and thorium were strongly fixed. The plutonium 
reduction is made by monohydrate hydrazine in nitric 
acid.  
The nitric acid concentration chosen to load the sample 
on UTEVA column is 2.5 M HNO3. This concentration is 
the result of a compromise: when the HNO3 
concentration increases, the uranium and thorium Kd 
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increases; but hydrazine is sensitive to oxidizing 
mediums like concentrated HNO3. Pu, Am, U and Th 
solution in 2.5 M HNO3 with hydrazine loaded on 
UTEVA resin should allowed U and Th sorption. Am 
and Pu should pass through the column. 1 M HCl 
solution strip U and Th. NaNO2 acid solution oxidizes Pu 
III in Pu IV. 

3.3. Comparison of sequential procedure results 
with the IAEA reference materials values 
The table 2 presents the strontium-90, cesium-137, 
thorium-232, uranium238, plutonium-239+240 and 
americium-241 specific activities obtained in the three 
IAEA reference materials after the sequential procedure 
performed. The results obtained are all in good 
agreement with the IAEA confidence interval. No results 
are given by IAEA for 232Th in the reference material 368 
and 137Cs in the reference material 326. 
Chemical recovery are for 90Sr, 137Cs, 232Th, 238U, 
239+240Pu and 241Am respectively 50-75, 100, 85-95, 80-
90, 75-95 and 65-85 %. For 137Cs, the result is obtained 
by gamma spectrometry and no chemical preparation is 
necessary, so a chemical recovery of 100% could be 
assumed. The lower recoveries are obtained for strontium 
and americium because our determination needs 
chemical purification step which generated additional 
losses. Moreover the strontium chemical recovery is 
obtained by a gravimetric method less powerful than 
traditional radiochemical yield determination. 
The alpha spectra of thorium-232, uranium-238, 
plutonium-239+240 and americium-241 isotopes 
obtained have shown clear peaks and give a proof of the 
good selectivity to the procedure. For strontium-90 beta 
spectrum, the vial with scintillation cocktail is counted by 
gamma spectrometry to control any contamination. 
 
Table 2 : 90Sr, 137Cs, 232Th, 238U, 239+240Pu and 241Am 
specific activities (Bq kg-1) and chemical recovery (%) 
obtained with the sequential radiochemical procedure in 
the IAEA reference materials 
 
IAEA 
reference 
materials 

IAEA-368 
Bq kg-1 

IAEA-375 
Bq kg-1 

IAEA-326 
Bq kg-1 

Chemical 
recovery 

(%) 
90Sr 4.8±0.6 

0.45-6.90* 
103±9 
101-114* 

10±1 
9.7-10.7* 50-75 

137Cs 0.32±0.04 
0.20-0.44* 

5250±200 
5200-5360* - ** 

232Th - 22±1 
19.2-21.9* 

39±3 
37.6-41.2* 85-95 

238U 28±2 
25.0-33.0* 

19±1 
19.0-29.8* 

31±2 
28.1-30.7* 80-90 

239+240Pu 32±2 
29.0-34.0* 

0.32±0.02 
0.26-0.34* 

0.51±0.04 
0.48-0.52* 75-95 

241Am 1.3±0.1 
1.2-1.5* 

0.12±0.01 
0.11-0.15* 

0.21±0.02 
0.16-0.22* 65-85 

*confidence interval given by IAEA, ** no chemical step 
 
4. CONCLUSION 
The worked out sequential radiochemical separation 
allows the simultaneous analysis by alpha, beta and 
gamma spectrometry of 137Cs, 90Sr, 232Th, 238U, 239+240Pu 

and 241Am isotopes in soil and sediment samples. It is 
very interesting because generally the collected samples 
are in very small quantity, the time consuming by sample 
is long and the coast of chemical products is expensive. 
Moreover this method will allow obtaining additional 
data for radioecological and geochemical studies. The 
measures made towards the reference values supplied by 
the IAEA are in good agreements and the chemical yields 
of the total separation for the different elements are 
superior to 50 %. For the simultaneous measurement of 
the anthropogenic and natural radionuclides, this work 
confirms the literature to use a microwave total 
dissolution method. 
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