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Introduction

The main sources of radiochemical contamination 
are nuclear weapon tests [1] and accidents at nuclear 
power plants (e.g., Chernobyl in 1986) [2]. It is 
worth noting that the accident at the Fukushima 
Daiichi power plant released very low levels of 
90Sr [3]. The radioisotopes released in such acci-
dents enter the biosphere and food chain, ultimately 
reaching humans. Among many fi ssion products, 
90Sr is considered to be long-lived (half-life = 
28.8 years [4]) and has high radiotoxicity because 
of the released  radiation. The maximum radiation 
energies and transition probabilities of 90Sr and 90Y 
decay are shown in Fig. 1. 

Because strontium and calcium exhibit similar 
chemical properties, these two elements compete 
with one another in human bone chemistry. How-
ever, their behaviours in organisms differ because 
strontium is absorbed relatively less effectively in the 
intestines, excreted more effectively by the kidneys 
and removed more rapidly from the bone surface 
[5]. Following acute 90Sr absorption, an adult person 
(i.e., 25–45 years old) eliminates only 2.8–3.2% of 
the initial 90Sr amount each year [5]. The  radia-
tion released by 90Sr and its daughter isotope 90Y can 
cause leukosis, as well as other cancers that affect 
the bones and adjacent soft tissues. For this reason, 
environmental monitoring of 90Sr and analysis of 
foodstuffs for 90Sr content are crucial, and special 
emphasis should be placed on milk and dairy prod-
ucts [6–9]. 
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Typical analysis begins with sample mineral-
ization by ashing in a muffl e furnace, followed by 
dissolution of that ash in nitric acid. Further steps 
enable 90Sr or 90Y separation from the matrix and 
isolation from one another. Yttrium can be separated 
from strontium via liquid–liquid extraction with 
tributyl phosphate, which forms a complex 
with yttrium in the presence of nitric acid [10]. Thus, 
yttrium is transferred to the organic phase, while 
strontium remains in the aqueous phase . Yttrium 
is then back-extracted with 25% ammonia solution 
to form Y(OH)3 [9, 11]. Finally, Y(OH)3 dissolves 
in the nitric acid, and yttrium is precipitated as an 
oxalat e [11, 12] and then further purifi ed on ion 
exchange resin [11]. An alternative technique is to 
co-precipitate interfering radioisotopes with barium 
chromate, while 90Y is precipitated as Y(OH)3 [9, 13]. 
In this approach, strontium is left in the solution to 
promote 90Y ingrowth. Then, yttrium is precipitated 
as an oxalate, and only the activity of 90Y is the 
subject of subsequent measurements. There are also 
other potential procedures involving ion-exchange 
and extraction chromatography [8, 9, 14–16]. One 
strategy was developed based on forming a stron-
tium complex with crown ether (4,4'(5')-di-t-butyl-
-cyclohexano-18-crown-6), which is very selective 
for strontium [8, 9, 14–16]. Commonly employed 
detectors mostly use proportional gas fl ow and liquid 
scintillation counters [9, 10, 16]. 

Challenges related to 90Sr analysis include the 
presence of calcium in the matrix, overlapping 90Sr, 
90Y and 89Sr -spectra, and the required separation of 
other radionuclides [7, 8, 11]. These diffi culties can 
be resolved by focusing on either 90Y separation and 
immediate radioactivity measurements, or 90Sr sepa-
ration and waiting for secular equilibrium, at which 
point, half of the measured radioactivity originates 

from 90Sr. Some methods rely on the separation of 
strontium from yttrium at this stage, and the mea-
surement of 90Y activity, which is then equal to the 
90Sr activity. The equilibrium between 90Sr and 90Y is 
reached after approximately 18 days, which makes 
for a long analytical process [9] . Another method 
is measurement of Cherenkov effect by liquid scin-
tillation counter when scintillation cocktail is not 
added to the sample. This approach is preferred 
for samples where 89Sr is present. If 90Y is freshly 
separated from strontium, then the Cherenkov ef-
fect caused by 89Sr high energy  radiation (Emax = 
1495.1 keV) can be measured. Then subsequent 
measurement can detect the same effect caused by 
90Y  radiation for further calculation of ingrowth 
[9]. Measuring the activity immediately after 90Sr 
separation is considered as a last-resort strategy 
for emergency situations because the accuracy of 
such analysis is compromised. However, there are 
mathematical approaches that can provide accurate 
results before secular equilibrium is reached [7, 17]. 
Therefore, it is not necessary to wait a long time for 
the equilibrium sta te. The aim of the present work 
was to develop a 90Sr determination method based 
on the Bateman equation to enable calculations of 
daughter radionuclide activities according to the ini-
tial activity of the parent radionuclide and the decay 
rate of all considered radionuclides in absence of 
89Sr. The Bateman equation for the 90Sr/90Y isotope 
pair is shown in Eq. (1), where AY is 90Y activity 
(Bq), ASr0 is initial 90Sr activity (Bq), Y and Sr are 
the decay constants of 90Y and 90Sr (day–1), t is time 
(days) and e is the Euler number: 

(1)

The proposed calculation method also applies 
the concept of measuring the total activity and cal-
culating the 90Sr fraction in a modifi ed manner [17]. 

Bateman equation consideration

In general, the total activity of the sample (Atot) 
(in Bq) is equal to the sum of 90Sr (ASr), 90Y (AY) 
activities, as expressed in Eq. (2). Those individual 
activities change along with the decay of the corre-
sponding radionuclides. However, since ASr and AY 
are unknown, they must be expressed as fractions of 
Atot. Equation (3) defi nes Atot as a sum of fractions 
changing with time (t; days), where Sr represent the 
90Sr decay constant (day 1) 

(2)  

(3) 

The fraction of 90Sr (i.e., x) is defi ned as shown 
in Eq. (4): 

(4)

Because AY is unknown, it must be calculated 
using the Bateman equation. It is important to 

Fig. 1. 90Sr and 90Y decay scheme [4].
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note that ASr is assumed to be equal to ASr0 because 
the half-life of 90Sr is much longer than the time 
elapsed during the preparation and measurement of 
the sample. Thus, x can be expressed as shown in 
Eq. (5). Decay constant of 90Y is denoted as Y 

(day 1): 

(5) 

Because Y is much greater than Sr, the latter 
can be assumed to be equal to zero. Therefore, 
Eq. (5) is simplifi ed to Eq. (6) 

(6) 

To calculate ASr, Eqs. (2) and (3) are combined 
to give the expressions in Eqs. (7) and (8) as 

(7) 

(8)

In the case of 89Sr presence the approach pre-
sented above cannot be applied because 89Sr and 
90Sr activities are independent of each other. In such 
instance, the total activity of the sample can be ex-
pressed as shown in Eq. (9), where A89 is initial 89Sr 
activity (Bq) and 89 its decay constant (day–1) as 

(9) 

For calculation of 89Sr and 90Sr activities, sepa-
rate measurement of 90Y activity is desired after its 
ingrowth. In an emergency situation one cannot 
presume that 90Sr and 90Y are in equilibrium and 
also cannot wait for it. The activity of 90Sr is shown 
in Eq. (10), where ti is time of 90Y ingrowth and 
tm is time from 90Y purifi cation to the midpoint of 
the measurement as 

(10)

In order to calculate the 89Sr activity the sum of 
90Sr and 90Y activities must be subtracted from the 
total activity. It is described in Eq. (11) where t89 
is the time from start to the midpoint of the activity 
measurement and tY is the time from yttrium separa-
tion to the midpoint of activity measurement, ASr+Y 
is the sum of 90Sr and 90Y activities and AY1 is 90Y 
activity measured after its ingrowth. This approach 
is described in detail in [18]: 

(11)

Radiometry experiments

All reagents used in these experiments were of ana-
lytical grade or higher. The strontium carrier was pre-
pared from 15.21 g of SrCl2·6H2O (Sigma-Aldrich) 

dissolved in 500 mL of distilled water. Nitric acid, 
aqueous ammonia solution (25%), oxalic acid, am-
monium carbonate, sodium hydroxide, and disodium 
ethylenediaminetetraacetate (Na2EDTA) were sup-
plied by Chempur, Sr-resin (SR-B100-A; particle 
size = 100–150 m) was supplied by Triskem, the 
scintillation cocktail Insta-Gel Plus was purchased 
from PerkinElmer, and 90Sr and 85Sr standard solu-
tions were obtained from Polatom, Świerk (Poland). 

Radiometry was performed on the investigated 
radionuclides using a low-background scintillation 
counter (Quantulus 6220, PerkinElmer). The count-
ing protocol was set to a normal counting mode, 
with the transformed spectral index of the external 
standard (tSIE) as the quench indicator and the 
static control switched on (coincidence time = 
18 ns; delay before burst = 500 ns; pulse amplitude 
comparison strength = 50). Guard compensation 
technology (GCT) optimization was conducted 
during the procedure development stage and was 
stored in the equipment memory; the GCT mode 
was set to ‘low’. The counting process proceeded 
for 60 min over a counting range of 0.5–1200 keV 
in low-diffusion plastic vials (PerkinElmer). Back-
ground subtraction ‘1st vial’ mode was used, where a 
‘blank’ vial containing a sample without the analyte 
was placed in the fi rst position on the rack. Then, 
its spectrum was considered as the background 
and was subtracted from the subsequent spiked 
sample spectrum. The Quantulus instrument was 
calibrated by measuring a 90Sr/90Y source in secular 
equilibrium. The counting effi ciency was determined 
to be >98% and assumed to be 100% in all sample 
measurements. 

In addition, samples spiked with 85Sr were analysed 
to verify the strontium recovery independently from 
the proposed computational method. These analyses 
were performed using a high-purity germanium gam-
ma spectrometer (Tennelec CPVDS-30 20190), which 
had 18% counting effi ciency. The measurements were 
conducted in 100-mL cylindrical containers that are 
routinely used for 85Sr determinations. 

The linearity was determined by measuring four 
90Sr/90Y sources in secular equilibrium at different 
activity levels. Then the counts were plotted as a 
function of the source activity, which enabled cal-
culation of the determination coeffi cients. 

The reliability of the applied procedure was de-
termined based on 90Sr recovery. Each subsample’s 
radioactivity was measured immediately after 
preparation, and also later at a random time. This 
was necessary to evaluate the accuracy at any given 
moment. 

Analytical methodology 

Milk powder samples were analysed in terms of their 
90Sr content with an accredited method [13]. Specifi -
cally, the activity concentration was confi rmed to be 
below the minimal detectable activity (MDA), and 
then a large sample of the material was ashed in a 
muffl e furnace. The ash was divided into subsamples 
representing about 50 g of the original material. Sub-
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samples were placed in 250-mL beakers and spiked 
with 90Sr standard solution by weight; there were two 
fortifi cation levels (5 Bq·kg1 and 50 Bq·kg1) and 
12 subsamples in each level. Finally, the analytical 
results were compared with previously calculated 
activity concentrations as a recovery measure. 

The procedure began with the addition of 
the strontium carrier solution to the ash. In the next 
step, the ashed sample was dissolved in 60 mL (1:1 
v/v) nitric acid in water and fi ltered. The solution 
volume was increased to 200 mL with distilled water, 
and then, 200 mL of 8% oxalic acid was added, with 
fi ve drops of bromocresol green. Strontium oxalate 
precipitation was achieved upon adding ammonia 
solution to reach pH 4–4.5. The precipitate was 
ashed in a muffl e furnace at 830C for approximately 
4 h. The subsequent steps are presente d in Fig. 2. It 
is worth to point that elutes which here are consid-
ered as waste contain 90Y which could be used for 
89Sr and 90Sr calculation as described in Eqs. (10) 
and (11). This allows to calculate the results much 
quicker in comparison to methods which require 
90Sr/90Y equilibrium. 

Prior to the analysis, 3 g of Sr-Resin was condi-
tioned in distilled water for 12 h and then poured 
into a glass chromatographic column (inner diam-
eter = 10 mm) and further conditioned with 20 mL 
of 65% nitric acid. The column was cleaned and 
refi lled with Sr-Resin after each third analysis. After 
each fi rst and second analyses, the resin was regener-

ated with 0.1 M Na2EDTA/0.1 M NaOH solution, 
as advised by the manufacturer. 

The 90Sr concentrations (CSr-90; Bq) were calcu-
lated using Eq. (12) as 

(12) 

where x is determined from Eq. (6), CPM represents 
the count rate per minute, rSr is the strontium recov-
ery, m is the sample mass (kg) and the time (t) was 
measured from the 0.05 M nitric acid addition until 
the end of the liquid scintillation counting (LSC) 
measurement. The chemical recovery of strontium 
was calculated with Eq. (13), where mcarb is the mass 
of the dry carbonate (g), Ccar is the concentration of 
the carrier solution (g·gsol

1) and mcar is the mass 
of the added carrier solution (g): 

(13) 

The matrix effect was assessed by analysing 
85Sr-spiked samples. The analytical procedure 
was the same as that used for 90Sr determination 
until the end of the chromatography step. After 
collecting the strontium fraction, the solution was 
diluted to 100 mL and measured using a gamma 
spectrometer to determine the 85Sr recovery. 

The MDA (Bq·kg1) [19] was calculated using 
Eq. (14) for each individual sample 

(14) 

The combined standard uncertainty was esti-
mated using the Nordtest method; this approach 
has previously been described in [20]. 

Results and discussion

Table 1 presents the recovery statistics as the stan-
dard deviation (SD) for both fortifi cation levels. The 
testing revealed no signifi cant difference between 
the immediate and delayed results. 

The mean 90Sr recovery range indicates the nega-
tive bias of the procedure. The matrix effect was 
evaluated based on 85Sr recovery measurements, 
and the results also indicate 83% mean recovery 
of strontium. Neither LSC detection nor calcula-
tions based on the Bateman equation were used 
in this experiment. The recovery results from both 
experiments are consistent, which indicates that the 
bias originates from the chemical treatment of 
the sample. Further optimization should improve 
this procedure and minimize the bias. 

Table 2 presents the performance characteristics 
of the applied method. 

Another aspect of the validation involved profi -
ciency tests, which were organized by Procorad (an 
experienced profi ciency test provider; http://proco-
rad.org/). To test the method, two spiked (21SRB 
and 21SRC) and one blank sample of urine were 
analysed. Table 3 shows the obtained test results Fig. 2. Flow chart of the 90Sr determination procedure. 
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alongside reference values for comparison. The de-
veloped method detected a 90Sr concentration in the 
blank sample below the MDA. Analysis of sample 
21SRB resulted in a z-score of 0.5 and a normalized 
error of 0.3; acceptable values for z-score range 
from −2 to 2, and for normalized error, from −1 to 
1. The result for the 21SRC sample obtained from 
analysis via the proposed method was not submitted 
for evaluation. 

Conclusions

To evaluate radiological hazards due to the acciden-
tal intake of radionuclides, it is necessary to employ 
analytical methods that can rapidly determine the 
levels of specific radionuclides, especially pure 
-emitters, with suffi cient accuracy. This report 
confi rms that the proposed approach satisfi es this 
requirement and achieves accuracy comparable with 
slower methods currently being used in labora tory 
practice. However, it must be stressed that the pro-
posed method where 90Sr fraction of total activity 
is calculated should not be used immediately after 
a nuclear accident, because it does not take 89Sr 
into account. 

Overall, the time required for analysis was short-
ened signifi cantly thanks to the Bateman equation, 
which is benefi cial for commercial services and 
scientifi c research regarding 90Sr in any matrix. 
Whole analysis takes 8 days and chromatographical 
separation with LSC sample preparation can be done 
in 8 h. The analytical precision was not infl uenced 

by implementing these calculations based on the 
Bateman equation. However, further optimizations 
of the sample treatment and chromatography stages 
are needed for matrices that are notorious for high 
Ca concentrations and those artifi cially fortifi ed 
with mineral salts. 

Funding. This work was supported by the Polish 
Ministry of Science and Higher Education within the 
framework of the 2019/2020 fi nancial resources. 

Competing interests. The authors have no confl icts of 
interest to declare that are relevant to the content 
of this article. 

Data availability. The datasets generated during 
and/or analysed during the current study are available 
from the corresponding author on reasonable request. 

ORCID

K. Wiatr      http://orcid.org/0000-0003-1072-6430
B. Rubel      http://orcid.org/0000-0002-7984-7890

References 

1. UNSCEAR. (2000). Report to the General Assembly. 
Annex C: Exposures to the public from man-made 
sources of radiation. Vol. I. New York: United Na-
tions. 

2. UNSCEAR. (2000). Sources and effects of ionizing 
radiation: UNSCEAR 2000 report to the General 
Assembly exposures and effects of the Chernobyl 
accident. Vol. II. New York: United Nations. 

3. IAEA. (2015). The Fukushima Daiichi accident: Ra-
diological consequences. In The Fukushima Daiichi 
accident (Vol. 4, p. 6). Vienna: International Atomic 
Energy Agency. 

4. Bé, M. M., Chisté, V., Dulieu, C., Kellett, M. A., 
Mougeot, X., Arinc, A., Chechev, V. P., Kuzmenko, 
N., Kibedi, T., Luca, A., & Nichols, A. (2016). Table 
of radionuclides (Vol. 8, A = 41 to 198) (8th ed.). 
Bureau International des Poids et Mesures.

5. ICRP. (2016). Occupational intakes of radionuclides: 
Part 2. ICRP Publication 134. Ann. ICRP, 45(3/4), 
1–352.

6. dell’Oro, D., Iammarino, M., Bortone, N., Mangiacot-
ti, M., & Chiaravalle, A. E. (2014). Determination of 
radiostrontium in milk samples by ultra-low-level liq-
uid scintillation counting: a validated approach. Food 
Addit. Contam. Part A-Chem., 31(12), 2014–2021. 
https://doi.org/10.1080/19440049.2014.968883

Table 1. Statistical evaluation of the 90Sr recovery in immediate and delayed measurements 

Fortifi cation level 
(Bq·kg1)

Immediate Delayed

Mean (%) Median (%) SD (%) n Mean (%) Median (%) SD (%) n
  5 85 83 10 12 84 83 4 28
50 82 82 2 12 80 80 3 31
Total 83 82 7 24 82 81 4 59
SD, standard deviation.

Table 2. Validation characteristics of the applied method

Characteristics Result

Linearity   100%
MDA 0.017 Bq·kg1

Recovery of 90Sr    82%
Relative bias −18%
Repeatability (CV)a         8.5%
Reproducibility (CV)a      9%
Combined standard uncertainty (k  2)b    17%
a CV, coeffi cient of variation.
b k, coverage factor.
MDA, minimal detectable activity. 

Table 3. Results from the Procorad 2021 profi ciency test 

Sample Reference value 
(Bq·L1)

Bateman 
equation-based procedure 

(Bq·L1)

21SRB 3.11 ± 0.17 3.28 ± 0.56
21SRC 6.06 ± 0.34 6.06 ± 1.03



72 K. Wiatr, B. Rubel, M. Kardaś

7. Eikenberg, J., Beer, H., Rüthi, M., Zumsteg, I., & 
Vetter, A. (2006). Precise determination of Sr-89 and 
Sr-90/Y-90 in various matrices: the LSC 3-window 
approach. In LSC 2005, Advances in Liquid Scintil-
lation Spectrometry, 17–21 October (pp. 237–249). 
Katowice, Poland: Radiocarbon.

8. Jakopič, R., & Benedik, L. (2005). Tracer studies on 
Sr resin and determination of 90Sr in environmental 
samples. Acta Chim. Slov., 52(3), 297–302.

9. Vajda, N., & Kim, C. K. (2010). Determination 
of radiostrontium isotopes: A review of analytical 
methodology. Appl. Radiat. Isot., 68(12), 2306–2326. 
https://doi.org/10.1016/j.apradiso.2010.05.013.

10. Rosický, L., & Hála, J. (1983). Solvent extraction of 
yttrium(III) by TBP from acidic organic-aqueous solu-
tions. J. Radioanal. Chem., 80(1/2), 43–48. https://
doi.org/10.1007/BF02517645.

11. Solecki, J., Misztal, M., Skupiński, S., & Solecki, M. 
(2015). Determination of radionuclides in samples 
of middle-aged and older human femurs. J. Environ. 
Radioact., 143, 85–90. https://doi.org/10.1016/j.
jenvrad.2015.01.021.

12. Zhu, S., Ghods, A., Veselsky, J. C., Mirna, A., & 
Schelenz, R. (1990). Interference of 91Y with the rapid 
determination of 90Sr originating from the Chernobyl 
fallout debris. Radiochim. Acta, 51(4), 195–198. 
https://doi.org/10.1524/ract.1990.51.4.195.

13. Zalewska, T., Saniewski, M., Suplińska, M., & Rubel, 
B. (2016). 90Sr in fi sh from the southern Baltic Sea, 
coastal lagoons and freshwater lake. J. Environ. Ra-
dioact., 158–159, 38–46. https://doi.org/10.1016/j.
jenvrad.2016.03.024.

14. Horwitz, P. E., Dietz, M. L., & Chiarizia, R. (1992). A 
novel strontium-selective extraction chromatographic 
resin. Solv. Extr. Ion Exch., 10(2), 313–336. https://
doi.org/10.1080/07366299208918107.

15. Vajda, N., Ghods-Esphahani, A., Cooper, E., & 
Danesi, P. R. (1992). Determination of radiostrontium 
in soil samples using a crown ether. J. Radioanal. 
Nucl. Chem.-Artic., 162(2), 307–323. https://doi.
org/10.1007/BF02035392

16. Pant, A. D., Ruhela, R., Tomar, B. S., & Anilkumar, 
S. (2019). Determination of 90Sr in environmental 
samples using solid phase extraction chromatography. 
J. Radioanal. Nucl. Chem., 322(1), 49–55. https://
doi.org/10.1007/s10967-019-06546-1.

17. Swearingen, K. J., & Wall, N. A. (2019). Fast and ac-
curate simultaneous quantifi cation of strontium-90 
and yttrium-90 using liquid scintillation counting in 
conjunction with the Bateman equation. J. Radioanal. 
Nucl. Chem., 320(1), 71–78. https://doi.org/10.1007/
s10967-01 9-06444-6.

18. Eichrom Technologies. (2014). Stron tium-89/90 in 
water. Available from https://www.eichrom.com/
wp-content/uploads/2018/02/srw01-15_sr-water.pdf.

19. Currie, L. A. (1968). Limits for qualitative detection 
and quantitative determination: Application to radio-
chemistry. Anal. Chem., 40(3), 586–593. https://doi.
org/10.1021/ac60259a007.

20. Magnusson, B., Näykki, T., Hovind, H., Krysell, M., 
& Sahlin, E. (2017). Handbook for calculation of 
measurement uncertainty in environmental labora-
tories. Ver. 4.0. Nordtest, Denmark. (Nordtest Report 
TR 537).


