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ABSTRACT 

Highly automized instrumental gammaspectrometry allowed the rapid 

assessment of contamination by gamma-emitting nuclides in all 

kinds of samples throughout Europe after the reactor accident 

at Chernobyl in april 1986. Information on pure beta emitters, 

e.g. e'^•',0 Sr was not generally available during the first days 

or even weeks, however, because the radiochemical separations 

needed are time consuming and laborious. 

The main purpose of this study was to run experiments on rapid 

methods for radiostrontium determination. The aim was also to 

check the order of magnitude of radiostrontium directly available 

to plant uptake by roots. 

A brief inspection of the methods available showed that there 

is no ideal rapid method. Paying attention to interference from 

other nuclides, the ,0Sr content of a variety of substances, 

such as milk, grass and soil could be determined by a two step 

extraction method with tributyl phosphate. Despite the short 

waiting time needed for the necessary ingrowth of 90Y, the first 

results wore available soon after the accident. Comparison 

with the results obtained by the conventional nitrate separation 

method latex showed tv»e first results to be fairly accurate. 

One of the important rodionuclides, 89Sr, could not be determined 

with the rapid methods used. 
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It was evidfcit from our results that the fallout from Chernobyl 

contained only a negligible amount of 90 Sr. The levels in soil 

(around 4 Bq/kg dry weight, 0 - 2 0 cm, < 2 mm), grass (around 

1 Bq/kg fresh weight) and milk (around 0.1 Bq/1) indicated that 

the increase of 90Sr as a result of the accident was within 

the limits of error of the measurements. The few air-filter 

samples analysed, however, could not be assessed because of 

interference from Ce isotopes. Another rapid separation method 

used for samples with a low Ca content, such as wet and dry 

d e p o s i t i o n u s i n g the e x t r a c t i o n of r r as 

thenoy1trifluoracetylacetonate and subsequent liquid 

scintillation counting, was not successful under conditions of 

fresh fallout. 

Experiences after the reactor accident clearly show that there 

is a need to develop rapid methods for 89-90 Sr determination. 
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1 INTRODUCTION 

Local measurements bad to be relied on for the first few days 

after the Chernobyl accident because of the lack of information 

about the type of source. Neither the inventory of individual 

nuclides nor the processes which led to the discharge, hence 

the chemical speciation, was known. 

The radionuclides were carried to Finland by southeasterly 

airstreams and were deposited as dry fallout or washed out 

regionally by rain. The first gammaspectra of air-filter samples 

clearly showed the presence of refractory elements such as cerium 

or barium despite the high compton background of the numerous 

lines of the volatile elements23-48 . There was thus an urgent 

need to look for radioisotopes that could not be detected by 

gammaspectrometry, the potentially most important of the beta 

emitters being 90 Sr. 

The radioactive fallout in Finland after the Chernobyl accident 

is treated in detail in the annual report (with 13 supplements) 

of our institute (a complete list can be found at the end of 

this report). 

The problem in an emergency is that the conventional accurate 

radiochemical methods for the determination of 90Sr are laborious 

and time-consuming. Because most of the laboratory staff was 

needed for sample collection and preparation and for measuring 

gammaspectra, it was decided to test faster methods or to shorten 

other methods of analysing 90Sr and also 89Sr. The shorter 

methods usually involve a loss in sensitivity and selectivity. 

Therefore interferences in the analysis of " -90Sr had to be 

assessed. There is a clear need for further research into rapid 

methods, but thet wa9 beyond the scope of this study. 
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2 GENERAL CONSIDERATIONS 

2.1 The need for analysis of pure beta emitters 

The special feature of pure beta emitters with respect to the 

radiation exposure of the population lies in the importance of 

the ingestion pathway. A significant part of soluble J0Sr 

deposited on living plants is absorbed dirertly into the leaves, 

but it is not very mobile in the plant itself13 . Unlike 13? Cs 

it is not fixed in the soil but is rather mobile and readily 

available for uptake by roots13 . The root uptake is enhanced 

by low available Ca and low PH in the soils, a fact that has 

to be considered in Finland. Being a chemical analogue of Ca, 

the soil-to-plant transfer factor of 90 Sr is around four times 

that of 1 3 7Cs 1 3 . Like cesium, strontium is also transferred 

to milk, but to a somewhat lesser extent. After a single uptake 

the maximum concentration in milk is reached after 1-2 days. 

Following a short-term contaminating event, the only contribution 

to the human internal dose of immediate concern is that through 

milk, followed by vegetables, fruits and grain13 . The transfer 

from water into fish is less than for 137 Cs; around two thirds 

of the ,0Sr activity is found in the bones17 . This may be of 

some it.iportance in the case of very small fishes, the bones of 

which are usually eaten. The transfer of 90Sr to animal meat 

is less efficient than that of 1 3 7Cs. The use of meat which 

is separated from the bones mechanically should be taken into 

consideration, however, as a possible source of 90Sr55 . The 

resorption of ,0Sr from the human digestive tract is relatively 

high (20-60%) although lower than for 137 Cs36 . Because of its 

chemical similarity to calcium, 90Sr is deposited in the bones, 

and therefore it has a long biological half life. 

2.2 Inventory «*nd release of radioactivity during a 

reactoraccident 

When the surveillance programmes for the assessment of the 

consequences of the Chernobyl fallout were started, nothing 

was known about the inventory of the reactor, the exact chain 

of processes during the accident nor the fractional release of 

radioactivity. Therefore, the activities to be expected in 
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fellout were estimated on the basis of results from LWR core 

meltdown experiments 1 2 - 3 i . The releases measured under the 

following well-defined conditions (15 min at 2 200° C, 15 min 

at 2 400°C, 2 bar water vapour pressure) were.2•* 

Kr, Xe, J, Cs 100 % Ru, Rh, Pd 0.002 % 

Te 81 % Y, Zr, Nb 0.02 % 

Sb 53 % La, Ce, Pr, ... 0.02 % 

Sr, Ba 0.2 % Np, Pu, Fm, Cm 0.02 % 

Mo, Tc 0.2 % 

Measured release rates of relatively low volatility fission 

products compare favourably with results from model calculations 

(the data available for many compounds are still insufficient, 

however)40 . The construction materials of the Chernobyl reactor 

have had a decisive impact on the chemical form of the fission 

products. The key material is the huge amount (around 140 000 

kg) of zirconium in the fuel cladding and cooling water 

channels16 . Reduction of the alkaline earths to metals by 

Zirconium4 may have been important. The boiling points of Sr 

and Ba are 1 384°C and 1 639°C, respectively, whereas the boiling 

points of the oxides are above 3 000° C. The extent to which 

reduction occurred depends on the temperature and on how fast 

the Zr surface was oxidized by oxygen from the air or by cooling 

water. If the rise in temperature was very sharp a Sr release 

of up to 10 % could be expected from the molten zones. If Zr 

was oxidized rapidly then the figure would be around 0.1 %* . 

When the often cited NUREG report 50 was published, the effect 

of the degree of oxidation of the fuel cladding was not known4 . 

It is still unknown, however, how much of the core reached 

melting temperature. Computer simulations indicate that the 

temperature reached even the melting point of U02 (around 

2 800°C) over a wide axial range of the core. There was only 

a small amount of water to interact with molten fuel, a fact 

which is in contrast to the result of the Soviet calculation57 . 

Later on, when large amounts of e.g. boric acid and clay were 

dropped on to the damaged reactor, the water content of these 

materials could have caused the formation of volatile alkaline 

earth hydroxides. 
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Possible reactions of the melt with concrete could have 

influenced the release rates of certain elements, especially 

those which form volatile oxides such ay Ru, Mo, Tc, but at 

present this can only be a subject of speculation. In 

experiments Ru for example, left the melt 20 times faster in 

that case, but Mo did not show similar behaviour2 . The 

dispersion of nonvolatile elements during the explosions at 

the beginning of the accident is also not clear. Relatively 

high amounts of refractory nuclides in the deposition near 

Kuhmo 44 later confirmed that dispersion of fine particles was 

a major mechanism23 . All these facts show that the estimations 

involve a large degree of uncertainty. 

Calculations of the inventory of the Chernobyl reactor with 

the aid of the ORIGIN-2 code, assuming 1.8% enriched fuel, 192 

t uranium and 10 000 MWd burnup, were soon available54 . Tom 

these data we estimated the relative activity of radioisotopes 

relevant to 90Sr analysis normalized to 90Sr = 1 and the two 

cases 1 % and 10 % of Sr release (reference date April 26.) 

(Table I). The first measurements of air filters 23 showed 

relatively high U 0 B a activity, which led to the conclusion 

that the Sr release had been between 1 and 5 %. Another 

estimation gives a figure of a release fraction of 0,06 for 

the alkaline earths27- . 

Despite the great uncertainties and the fact that effects during 

transport had not been taken into account, fi^st measurements 

showed isotope ratios of the expected orders of magnitude. 

The ratios varied considerably but, for example, the l37Cs/110 Ba 

ratio (ca. 2) was within the estimated range of 0.4 - 4.0. 

The amount of 95Zr and 1 4 1 ' 1 4 4Ce was found to be about one crder 

of magnitude higher than expected from our estimations. 

Estimations of the amounts of very long-lived pure beta emitters 

showed that there was no need (or possibility) to detect their 

relatively small contribution of the Chernobyl fallout. Assuming 

a deposition of around 0.5 % of the inventory on half cf the 

surface of Finland (south of the Kajaani-Kokkola line) the 1 2 9I 

deposition is around 0.002 Bq/m2. Consequently, attempts made 
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in Germany to detect elevated I29i concentrations in milk and 

human thyroid glands failed19 . 

A similar estimate for "Tc, assuming a relatively high release 

of 2 % based on the relatively high Mo and Ru results in 

preliminary measurements gave 0.02 Bq/m2 deposition, or an 

increase of about 2 % in the soil inventory from nuclear weapon 

tests. 

2.3 Possible interferences in the determination of 8 *•* ° Sr 

In principle, there are two ways of determining radiostrontium: 

by separation and measurement of strontium itself, which allows 

the assay of both Sr isotopes; or by separation and measurement 

of 90Y alone, which gives only the ,0Sr activity. The latter 

is more convenient because of the favourable complex chemical 

properties of Y. Furthermore, the emission of high-energy beta 

radiation is an advantage, and the relatively short half-life 

of 64 hours makes it easy to control the radiochemical puiity 

of samples. 

Analysis of 90Sr very soon (within some days) after an accident 

should be avoided, because very short-lived radionuclides can 

interfere (for example the activity of 91Pr in the reactor 

inventory was 24 times higher than that of 90Sr at time zero)54 . 

When 90Y is extracted selectively, it should be reme.nbered that 

the sample can also contain primary Y isotopes from the source 

of emission. In the case of the Chernobyl accident, it was 

not at once known when exactly the accident occurred, and 

therefore the state of radioactive equilibrium between 90Sr 

and ingrowing 90Y in the fa-lout was not known either. Tn 

measurements of separated 90Y mainly 95Zr/95N0 and lanthanlde 

isotopes, e.g.141 Ce, I44Ce, 143Pr, 147Nd and 147Pm, interfere 

when incompletely separated. They were released to a small 

extent only, but because of the higher inventory their activity 

was estimated to be comparable to that of 90Sr. Especially 

critical was 140La because its precursor, 140Ba is released 

like 90Sr, and its activity is notably higher than that of 90Sr. 

Other radionuclides don't follow into the Y-fraction. 
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Due to a high Compton background and line interferences caused 

mainly by volatile fission products, from the mentioned 

interfering nuclides only 140Ba/1M La, 95Zr/95Nb, 14-^e and 
14 * Ce could be identified in the first gammaspectra of air 

filters. After two weeks there was not much change in the 

spectra with respect to the most dc;»j.nating lines. Some 

lanthanides have such low gammatransition probabilities that 

they could not be detected, and some are pure beta emitters. 

2.4 Brief review of methods available for 8 9- 9 0Sr 

determination in emergencies 

Most of the nethods available are based on work done in the 

early sixties. The purpose here is to review critically only 

the major trends, the emphasis being on rapid assessment of 

radioactive strontium. 

A modified conventional nitrate separation method is used at 

our institute in the surveillance program for e5',0Sr37 . It 

has the advantage of giving very accurate and reproducible 

results. The drawbacks, on the other hand, are that it is very 

laborious and time-consuming, the number of necessary nitrate 

separations depending on the Ca/90 Sr ratio. Ba, Ra and Pb follow 

Sr in these separations, a fact which requires further separation 

steps. 

Somewhat faster methods are available for certain materials 

but there are limitations to their use (e.g. a low Ca content 

is generally required)33 . A rapid method for situations 

involving increased release of radionuclides has raw milk as 

the starting material. The low amount of Ca allows the nitrate 

separations to be reduced to one step. The method gives results 

of the sum of *' Sr and 90 Sr33 already on the first day. 

Ion exchangers were useJ in attemps to improve the strontium 

separation18 . The handling of samples with up to 3 g Ca is 

reported to be possible if carbonate precipitation and one 

nitrate separation are carried out beforehand. Smaller columns 

can then be usee* which speeds up the method. 
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The conventional ion exchange methods without pre-separation of 

Ca can be divided into two approaches. In the first, all cations 

are sorbed on a cation exchange column, and Ca and Sr are 

separated by fractional elution. To obtain a pure Sr fraction, 

however, two-stage separation may be necessary18 . In the second 

approach, Ca is complexed by EDTA and Sr is then sorbed on a 

column. Application of this technique requires additional steps, 

such as the determination of Ca, and separation of Ba and 

interfering anions and often also of Mg (a detailed review of 

the numerous ion exchange methods published is beyond the scope 

of this study). A method which does not need ashing of the 

sample starts from fresh milk, which is passed through a cation 

exchange resin after addition of carriers and EDTA24 . Additional 

precipitations are needed however. 

Extraction methods are suitable for large series of samples 

when time is limited. For Sr, such methods have been described 

only rarely in the literature. The synergistic extraction of 

Sr into cyclohexane with thenoyltrif luoracetyl acetone (TTA) 

and tri( n)octylphosphine oxide (TOPO) is possible only at a 

relatively high pH (10.5) and by masking multivalent ions with 

tirone28 . Because Ca and Mg compete with Sr, the method is 

only suitable for Ca-poor samples such as rain- and surface 

water. The distribution coefficient of Sr under these conditions 

is over 400, and the separation factors from, say, Y, Cs, Ce, 

Ru, Zr, Nb or Pm in river water are higher than 5 00028 . 

A significant improvement on the instrumental side is utilization 

of the differences in counting efficiency of B9Sr and 90Sr, using 

the Cerenkov effect in aqueous solution (89 Sr > 40%, 90Sr about 

1%) after separation of 90Y. After addition of a scintillator, 

both can be measured with about 100% efficiency42 . The detection 

limits are nearly as good as in low-level beta-counters, but 

interfering beta activities must be separated. 

Direct liquid scintillation counting of Cerenkov radiation can 

be employed only in rare cases where there are no interfering 

nuclides, e.g. in teeth41 . Recently the commercial availability 

of liquid scintillation counters equipped with multichannel 
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analysers has enabled new developments. An investigation in a 

series on the Cerenkov spectroscopic assay of fission products 

dealt only with the relatively simple system 89Sr and 90Sr in 

the presence of 137 Cs12 . The method is not yet ready for use, 

and is not applicable at trace levels. 

Purely instrumental techniques not requiring any radiochemical 

separations are rare. Their application is limited to certain 

samples or radionuclide mixtures. 

A technique using the bremsstrahlung radiation measured by a 

germanium diode has been developed for old fission products in 

soil and sediments10 . The contribution by Compton-scattered 

photons from gamma-emitting fission products in the used energy 

range is corrected by quantitative measurement of the 

concentrations of the various radionuclides. The method seems 

impracticable for new fallout with a large number of short-lived 

nuclides. 

Another method for non-destructive direct measurement of small 

solid samples, e.g. air filters, by Cerenkov counting requires 

mathematical analysis and subtraction of the beta/gamma 

contributions11 . Calibration has to be done for each nuclide 

occurring in the sample. The computer analysis can be managed 

well only up to three or four nuclides, however. 

The main interest in the development of rapid methods if only 
90 Sr is to be analysed has since long been in 90Y separation. 

The chemistry of Y favours extraction procedures. If care is 

taken that no Sr is lost the time-consuming determination of 

the Sr yield is not necessary. If the ,0 Sr/90 Y equilibrium is 

unknown, a second extraction is necessary after the ingrowth 

of Y. In case of increased contan.'.nation, this can usually be 

done already one day later. 

Di( 2-ethylhexyl)phosphoric acid (HDEHP) has been widely used 

33 a reagent to extract 90 Y. 9S Zr/95 Nb or Pm -isotopes as well 

as 91Y can interfere and must be differentiated by absorption 

or decay38 . Modifications are necessary to establish the method 

for use also under conditions of fresh, heavy fallout6. 
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Procedures using tributyl phosphate (TBP) to extract 90 Y have, 

in principal, the same advantages and drawbacks. Extraction 

from 14 M nitric acid is very selective with respect to the 

light lanthanides (for the distribution coefficients see Tabl«? 

II)52 . Calcium has little effect but large amounts of phosphate 

lower the Y-yield significantly. Interferences requiring 

additional scavangir.g precipitation and carbonate precipitation 

have been reported for Zr/N'b 53 . 

Many problems can be avoided, however, when the first extraction 

with TBP is used only as a purification step, and the eytrac+ion 

is repeated after ingrowth of 90y3;i . With enhanced activity, 

the waiting time can be reduced to a few days. The method has 

been used by the author in a radioecological research project 

involving analysis of a large number of samples of very different 

materials (air dust, soil, biological materials). The results 

under conditions of old fallout have been reliable20 . The method 

has also been tested by analyzing the reJerence material rye 

bran ( introduced by Bundesforschungsanstalt ftir Ernährung, 

Karlsruhe). 
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3 EXPERIMENTAL 

3.1 Samples 

Bpcause of Finland's geographic location, the vegetation period 

was just beginning in the southern parts of the country when 

the fallout arrived. Pasture grass was just starting to grow, 

and vegetables were being cultivated only in greenhouses. 

Milk, which is a good indicator for radionuclides of I, Cs and 

Sr in fresh fallout, was therefore chosen for sampling. The 

milk samples taken for the nationwide surveillance program?9 

(provided by A. Rantavaara) covered the whole fallout area and 

the whole time period since the accident. 1-131 was already 

detected in milk on April 28, and rose sharply within two days 

to values between 20 and 30 Bq/1. In some sampler 1 3 7Cs had 

also increased slightly up to 1,5 Bg/1 z3 . Milk was therefore 

the first material to be analysed for 90 Sr as well. 

The 90Sr activity of milk was monitored during over four weeks, 

from May 2, to June 2 using rapid methods. The measuring 

programme was cancelled when it became clear that the beginning 

of the grazing season, delayed until May 26 at the recommendation 

of our institute, did not lead to increased 90Sr contents in 

milk. The extended surveillance programme using the conventional 

nitrate method however v.as carried out independently from these 

tests during the whole ^ear. 

Thereafter, single samples of soil, grass and airborne dust were 

studied. Soil samples were taken from a plot in horticultural 

use at Vihti, 50 km northwest of Helsinki. The plot had been 

ploughed in autumn, and had been intensively reworked on May 15 

after deposition of the Chernobyl fallout; thus a fairly good 

distribution in the upper 15 cm layer could be assumed. The 

sampled area was abount 40 x 20 m. Samples (0-20 cm depth) 

were taken from 15 spots on May 22. They were mixed, an aliquot 

was dried at room temperature, and the fraction smaller than 2 

mm was used i'or analysis of gammanuclides and 90Sr. With a 

high clay content, the soil is typical of southern Finland. 

So...e grass samples were taken at Konala, a northern suburb 
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Helsinki near our institute, on May 29 and June 10. Because 

of the favourable weather conditions, growth was rapid during 

that period. The grass had reached a height of more than 20 

cm by the second date. 

One air filter from Konala (April 28 at 22.00, one hour sampling 

time, air volume 100 m3 ) and one air filter from Kotka (April 

29, 24 hours sampling time, air volume c. 2 700 m3, weight of 

dust 140 mg) were also examined, but not before June 17. 

3.2 Diroct ashing method 

Procedures of drying and stepwise ashing tend to be laborious 

and time-consuming. Because milk it a rather difficult material 

in that respect, sample preparation was the bottleneck in the 
90Sr surveillance programme. 

Dry ashing methods also have some other drawbacks, but they can 

be avoided when the procedure is optimized carefully. A method 

has been described which allows the direct ashing of practically 

all foods and biological materials without previous drying7. 

Contact between the materials and the stainless steel ashing 

vessels has to be prevented as long as they are wet by using 

appropriate inert layers (greaseproof paper, 90-95 g/m2, 3-4 

layers). In this way the ash is prevented from sticking to the 

surface of the vessel. The paper is usually converted to ash 

after the sample, thus minimizing reactions with the stainless 

steel. The ash of the paper can be neglected. The method works 

only when very thin layers (0.5-1 cm) of material are used. 

There are no losses, even with difficult materials such as milk. 

A controlled supply of air, requiring special oven construction, 

is essential. 

The oven available was not constructed for use in the direct 

ashing method, and so the materials for the vessels and the 

optimum conditions had to be tested first. Ashing was carried 

out by putting the filled vessels into the hot oven at 560"C, 

which was the highest acceptable temperature for the stainless 

steel quality available (resistance and oxidation behaviour 

depend on rather small changes in composition). The process 
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did not need any supervision. After about 1.5 hours the result 

was a completely white ash which could be removed from the 

vessels quantitatively without any tools. With only two rather 

small vessels (20x25 cm) 4-5 1 milk could be ashed per day. 

The grass samples needed an ashing time of around two hours. 

3.3 Rapid methods used for the determination of 8 , , 0 S r 

The first tests with a rapid method using raw milk instead of 

ash were only orientative in character. After precipitation of 

the proteins and a carbonate precipitation step, one single 

nitrate separation was carried out. After separation of barium 

and a scavenger precipitation, Sr was precipitated and counted 

on the same day. As the method uses only 100 ml of milk, it is 

useful only in cases of marked contamination33 . 

The second method used starts from ash and uses the direct 

extraction of 9 0Y, which can be measured on the same day. Before 

the extraction, hold-back carriers for Ba, Sr, Cs and La are 

added. The 9 0Y is precipitated first as hydroxide and then as 

oxalate33 . This method was used for milk samples. 

The double extraction method with TBP32 was applied for most 

of the samples. It can still be called a rapid method because 

it is not very laborious, large numbers of samples can be 

processed at the same time and the waiting time for the ingrowth 

of 9 0Y can be shortened to a few days. The amount of sample 

ash could be increased to more than 20 g without problems. The 

ash was dissolved in 14 M nitric acid. The first TBP extraction 

was purification step, and pure Y was extracted after new 

addition of Y carrier following the ingrowth time. After back 

extraction in the water phase Y was precipitated and measured. 

The extraction could be repeated for control purposes without 

significant loss of Sr. The method has been used for 90Sr 

determinations in milk, grass, soil and airborne dust. In all 

cases, the 9 0Y activity lias been measured with a low background 

anti-coincidence beta counter. 

The purpose of this study was the rapid assessment of the 

radtostrontium fraction which was available to plant uptake or 
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would become available within a few years. Therefore also for 

analysis by the nitrate separation method acid leaching was 

applied. By this it was justified to compare the results obtained 

by different methods. The leachability of radiostrontium from 

hot particles cannot be predicted without further detailed 

research, which was beyond the scope of this work. 

The contribution of the shorter-lived 8,,Sr cannot be c-.erlooked 

during the first few months after the release of fission 

products. It was therefore decided to analyse for 89Sr and 
9 0Sr deposition samples (wet + dry deposition) taken from 

different parts of the fallout region. Deposition contains very 

little calcium which enabled the use of a rapid extraction method 

for Sr28 (chemical separations were made by P.. Saxen). The 

first measurement of the separated Sr carbonate was made using 

Cerenkov counting (counter: LKB-Wallac Ultrabeta - 1210) as soon 

as possible after the separation of Sr and Y. The second 

counting of the same sample was done in liquid scintillation 

solution one or two days later, when some 90Y (20-40 %) had 

already grown in. The activities of 89Sr and 90Sr in deposition 

were calculated from the results of these two measurements. 

For control purposes the measurements were repeated during 

ingrowth of 90 Y" (measurements were made by L. Salonen). 
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4 RESULTS AND DISCUSSION 

4.1 »'"Sr in »ilk 

The results of the diiect analysis of raw milk by the shortened 

nitrate method32 showed that increase in 90Sr activity was 

probably small, and the sample size had to be increased. 

The results of the single-extraction method with TBP32 (Sample: 

2 x 5 g ash) gave 0.140 + 0.09 Bq/1(3 a) (90 Sr). The detection 

limit was rather high (0.077 Bq/1) because of the considerably 

elevated background of the low-level beta counters. The decay 

of the Y fraction was monitored for 8 days. The sample showed 

the expected 64 h half-life only at the beginning; a long-lived 

component (ca. 12 d) had to be subtracted. Because ir takes 

more than week to check the decay properties of the samples, 

it was decided to use the double extraction method with TBP32 . 

The analysis of the same sample as above gave a 90Sr content 

of only 0.047 Bq/1, with a statistical uncertainty of more than 

100 % (3 a) (det. limit 0.024 Bq/1). 

For a more ercact assessment of the 89 90 Sr content in two milk 

samples taken on May 3, a pure strontium fraction was separated 

by the nitrate method, but counted with a liquid scintillaton 

counter42 . The Cere.ikov measurement indicated that the 89Sr 

content was below the limit of detection, whereas the ,0Sr 

content (0.031 and 0.063 Bq/1) was at the same level as before 

the accident (measurements made by L. Salonen). 

The TBP method did not cause any great problems, although the 

speeding up of all its steps had some minor effects. The yield 

of the oxalate precipitation varied, depending on the conditions. 

Tests with 8SY tracer (K.H. Hellmuth, Karlsruhe, unpublished 

results, 1985) showed that the Y yields in the TBP extraction 

steps are reproducible. Despite the shortened time of shaking, 

only three times for one minute, the yields were around 90 %. 

The stripping yield was on the same order of magnitude. The 

yield of the Y-oxalate precipitation, however, varied over a 

wide range between 30 and 90 %. In many cases purification of 

TBP traces from of the water phase (extraction with organic 
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solvents such as cyclohexane) improved the yield. The batch 

of TBP seemed to have some influence. Because of the high 

consumption of that solvent (analytical grade), which was 

purchased from different suppliers, it was not purified further. 

There may have been monobutyl and dibutyl phosphate impurities. 

The impurities could have originated also from local overheating 

(partial hydrolysis of TBP) when neutralizing the acid phase 

containing TBP as an impurity. Precipitations always take time 

before a readily filterable crystalline product i.s obtained. 

Precipitation in cold solution9 increased the yield. Additional 

uncertainties were introduced by the complexometric determination 

of the Y yield which is sensitive to impurities. Additional 

oxalate precipitation steps before the TBP extraction, hydroxide 

precipitation, the addition of different hold-back carriers 

and additional washing steps of the TBP phase with 14 M nitric 

acid did not significantly improve the whole procedure. 

The sample sizes ranged from 0.75 to 1.5 1 at the beginning; 

they were raised to 2 - 3 1 to improve the counting statistics 

of the samples taken during the grazing season. The ash content 

was between 6.90 and 7.66 g/1 milk. The 9 0Y fraction of the 

last 3 1-sample gave a relative statistical error of ± 7.3 %. 

The decay gave a half-life of 64 hours. It contained longer-

lived impurities of less than 2 + 2 %. 

9 0Sr results for milk are shown in Table III. It is evident 

that the reproducibility within a measuring series is good, 

probably because the conditions, especially those of the 

precipitions, were the same. The mean before May 26 was 0.099 

+ 0.043 Bq/1, and after that date (only 3 samples) it was 0.091 

+ 0.022 Bq/1. 

For comparison, one sample of dry milk originating from before 

the reactor accident was analysed with the same method. It 

showed the same contamination level. The mean values from samples 

of roughly the same area in May 1985 were around 0.092 Bq/1 

C nSr) rising to 0.11 Bq/1 in June and 0.14 Bq/1 in July49 . 

The results indicate that there was no serious contamination 

of milk by 90 Sr. Because of the relatively low accuracy of the 
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TBP-method, it was decided that minor changes in contamination 

be monitored by the conventional nitrate meLhod39 . 

The first results (89 ,90 Sr in milk) with the nitrate method 

were available a few weeks after the reactor accident. 

Individual samples from whr'.ch th^ mixed sample Tl-61 had been 

prepared had contents between 0.059 and 3.087 Bq/1. At the 

beginning of June the level was slightly above 0.10 Bq/1. The 

results obtained with the extented nationwide routine 

surveillance programme, which give a complete picture of the 

strontium contamination in milk, are reported elsewhere39 . 

4.2 90Sr in grass, soil and airborne dust 

The ash content of grass was 17.1 g/kg fresh weight, 10 g of 

ash being used for each analysis. The 90Sr content per fresh 

weight was 1.31 +_ 0.17 Bq/kg (3 a) on June 3 (the results of the 

individual analyses were 1.10 + 0.17 and 1.51 + 0.16 Bq/kg) 

and 0.86 + 0.09 Bq/kg on June 12 (0.82 + 0.03 and 0.89 + 0.09 

Bq/kg). The decrease can be attributed to the growth of grass 

as a result of favourable weather and partly to wash-off during 

slight rainfall. Reproducibility was good, but the decay of 

the Y fraction showed a shorter half-life than 64 hours; however 

that value was based on two measurements only. The activity, 

however, was too low to allow assessment by gammaspectrometry. 

The result with the conventional nitrate method was 1.04 + 0.15 

Bq/kg (3 /) for the latter samples, which is not far from the 

result for the TBP method. More important, the result for the 

rapid method was below that of the latter. The 137 Cs activity 

was not measured, but it could be estimated on the basis of 

other samples to be around 100 Bq/kg fresh weight, which means 

that the *>ö Sr content was in the order of 1 % of U 7 Cs. 

The r'°:*,r activity of the soil was found to be 4.06 t 0.86 and 

4.10 + 0.77 Bq/kg dry weight (3 a ) . It is in the range of what 

can be expected from old fallout*9 . The 137Cs activity of the 

same same: e was measured to be 42 Bq/kg; this means a significant 

increase. The high content of matrix elements makes it difficult 

to develop rapid methods for soil. Attempts to separate iron, 

for example, proved to be time- consuming; the TBP method. 
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however, worked well without additional separations. The 

conventional nitrate method gave 4.05 +_ 0.69 Bq/kg (3 a) for the 

same sample, which is in very good agreement with the result 

for the rapid method. The values can be compared directly because 

sample leaching had been carried out in the same way. The 

measured activity means that the increase in soil was within the 

limits of error of the rapid method. 

Because there was sufficient activity even after six weeks for 

gammaspectrometric analysis of different fractions to be 

performed during the analysis, the best material for testing 

the rapid methods was airborne dust. Initially however, the 

activity was too high for air filters to be handled in the same 

laboratory as that used for handling low level samples. The 

activity of the unseparated samples was still dominated by C:,, 

Te and I isotopes. In the first TBP extraction (purification 

step), 1 4 0La was initially dominant, later, only 141Ce and H 4 C e . 
95Zr/95Nb could be clearly seen. The heavier lanthanides are 

of minor gamma activity, because of low gamma transition 

probabilities (e.g., 147Nd and 1 4 8 m P m ) . The fraction did not 

contain Cs, I, Mo, Te or Ru activity (no hnid-back carriers 

used). 

The beta activity of the second extraction did not show any 

decay within a week. The gammaspectrum revealed that around 

99 % of the gamma activity came from i41 Ce and 14* Ce. A third 

extraction with Ce hold back carrier gave the same result. 

Previous scavenger precipitation should remove that interference. 

The fact that there was virtually no 9 0Y suggests that "Sr 

was not leached quantitatively from the filter or the air dust 

(carbon) by hot nitric acid (the yield of Y carrier was 80 % ) . 

Ashing had to be avoided still because of the contamination risk. 

4.3 " -90Sr in deposition 

Preliminary resnlts have been published in our second interim 

report4"- . The results indicated that the amount of ~' ° Sr 

deposited during the first days after the accident in different 

parts of the country varied from activtities below the detection 

limit to up to 250 Bq/m2 . Tha ratio of frt%r/(>') Sr varied between 
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0.3 and 3.4. A ratio of 19 could be expected from the inventory 

calculation. The soviet reports (cited in ref. 47) state a ratio 

of 16.7 for April 26 and of 10 for the total release up to 

May 6. Obviously the emission came from fuel rods of different 

burn-up. It is too early to review that subject because the 

reported data are sparse and often preliminary, with ratios 

ranging from around 4 to 1715.26.si.56 

The third measurement of the same samples was carried out in 

the beginning of June to control the radiochemical purity of 

the strontium fraction. The results calculated on the basis of 

the first and second counting in liquid scintillation solution 

differed. The values for June gave appreciably higher 89Sr/90 Sr 

ratios than those for early May. This showed that interfering 

short-lived radionuclides had followed Sr in the chemical 

separation and gave erratic results for 89 Sr and 90 Sr. 

Later, the results were calculated once more, assuming that 

the only interfering nuclide had been i 4 0Ba and its daughter 
140 La. The calculations showed this assumption to be incorrect, 

and that some other radionuclides had also followed Sr. The 

samples should have been controlled by gatnmaspectrometric 

measurements straight after the chemical separation. This was 

not done in the short time available. If the liquid scintillation 

counter had been equipped with an automatic spectrum analyser, 

the impurities in the separated strontium fraction could have 

been observed immediately as an abnormal shape of the spectrum. 

The counter used was an older model in which the spectrum can 

only be measured channel by channel. This is very time-consuming 

in the case of low-level samples and was therefore not done. 

Even so, the results from 89-90 Sr analysis indicated, that the 

amount of these isotopes in deposition were some orders of 

magnitude lower than the amounts of the most important gamma-

emitting radionuclides, e.g. 131 I and 137 Cs. 

4.4 Evaluation of the methods used 

The extraction method with TBP32 enabled us to assess the 90 Sr 

contamination level of milk soon after the reactor accident. 
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including ashing, one person could routinely analyse five samples 

per day. Also the few measurements of 9 ° Sr in grass and soil gave 

results consistent with those for the nitrate method. The results 

were not as accurate, but their reproducibility was good. The 

drawback was that the decay of , 0Y bad to be monitored to ensure 

that impurities were absent or to be able to subtract long-lived 

activities when necessary. The method is thus most useful where 

soil to plant transfer (root uptake) is dominant because of 

the higher transfer coefficient of Sr than of most of the 

interfering radioisotopes. In direct contamination situiticns, 

the method must be supplemented by additional washing or 

separation steps depending on the activity of 140Ba/140 La and 

the ianthanides. These modifications could make the method a 

useful screening method in emergencies. 

A quick assessment of the abundance of 89Sr and 9 0Sr in 

deposition could be obtained by solvent extraction with 

TTA/TOPO28 combined with liquid scintillation counting42 . 

Although, in the prevailing situation, the method gave erratic 

results because of impurities, the activity levels were of the 

same order of magnitude as those obtained later with the nitrate 

method44 . The above method needs further testing on several 

fission products and their different chemical forms if it is 

to be used in cases of accidental release of activity. It would 

work quite well if some precipitation steps are added to the 

presont procedure to eliminate interferences. It can be modified 

for different sample types if necessary. Using this method one 

person can analyse several samples a day, and it gives results 

for both 89 Sr and 90 Sr in one or two days if necessary. 

Ultra-low-level liquid scintillation counting combined with 

analysis of the pulse height spectrum would have allowed a rapid, 

rough assessment of 90 Sr/90 Y contamination in large batches of 

samples with only minor chemical separations. Owing to the 

limitations of liquid scintillation counting, however, the 

results would only allow quick "yes or no" decisions46 . For 
9 0Sr, exact determinations require pure separated samples. The 

availability of a commercial liquid scintillation counter2'' 

equipped with anticoincidence shielding, spectrum analysis and 

data processing makes low-level Sr analysis easier, quicker 
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and more reliable than the earlier counting methods.43 

4.5 Considerations about possible directions of research 

The tendency of the strontium ion to form hydrophobe complexes 

with chelating agents which can be analytically used for 

separations is limited by its low charge to radius ratio and 

the absence of suitable electron shells. The similarity between 

Ca and Sr complexes and the commonly large excess of Ca mean 

that quantitative separation has to be done with laborious 

methods. 

A relatively new and unusual class of complaxing agents is 

characterized by the strong influence of topochemical effects. 

The macrocyclic polyethers form cavities in which ions with a 

weak surface change but suitable size can also be bound2914 

The ligvVkds are highly selective on the basis of the radius of 

the metalion to cavity ratio. Within certain limits it is 

possible to synthesize "custom-made" ligands of that type for 

selective complexing of a given cation. Rapid progress is being 

made in this field, and a large number of compounds has already 

been synthesized. The most suitable compound for the separation 

of Sr has still to be found, however. 

The somewhat unfavourable properties of the ligands with respect 

to use in solvent extraction (hydrophilic character) can be 

overcome by the introduction of suitable side-chains or bonding 

to molecules of higher moleculer weight. On the latter basis, 

ion exchangers have been described. In designing extraction 

methods, the roll of the anion has also to be taken into account 

because the charge of the cation is not neutralized by the 

ligand. 

The smaller Ca2* usually forms stronger complexes than Sr2* . The 

reverse order can be achieved by means of topochemical effects 

when macrocyclic polyethers are used, an effect which already 

has lead to applications35 . The Sr/Ca selectivity of the ligand 

(222) is as high as 4 000, and the Sr complex is very stable 

(log k = 3.0)29 . The Sr/Ba selectivity, however, is only 32, 

which means that the decontamination factor is not high enough 
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in a one-step extraction. A more suitable ligand with suitable 

side chains should be found. 

Some methods have been reported already in which these ligands 

are used to separate Sr from other ions, but only relatively 

low decontamination factors could be achieved because of the 

limited selectivity of the monocyclic polythers used8. 

Nevertheless, a small amount (20 mg) of Sr ion could be 

successfully separated from a large excess of Ca ion (0.5-13.6 

g) using monocyclic compounds. The extraction was applied at 

one step of the procedure for determining radiostrcntium in 

the ash of milk25 ; at the other staps conventional separation 

methods, namely precipitation of oxalates and chromare and 

coprecipitation with iron(ill)hydroxide, were used. A real 

improvement would be an extraction system which could replace 

these steps, too. 

Liquid-liquid extraction itself can be improved. A relatively 

new separation technique which can be compared with solvent 

extraction is the three-phase distribution. Known as liquid 

membrane extraction or pertraction. The advantages of this 

technique are that extraction and stripping can be carried out 

simultaneously in one set of equipment31-45 . As a membrane 

process pertraction is controlled by kinetic factors. Therefore 

it also works in systems with low distribution coefficients:. 

The method can compete successfully with conventional solvent 

extraction at low concentration of extractants, low volume ratios 

of organic solvent to aqueous phase (important with macrocyclic 

polyethers, which are not available in large amounts because 

of difficulties in synthesis) and high concentration of c wipeting 

ion. The most important factor in the efficiency of double 

emulsion systems is the multiplication factor, that is, the 

number of repeated solvent extraction operations leading to 

the same recovery of solute as a single pertraction. In the 

preconcentration of ths Sr ion factors of 1 000-1 500 and 1 900 

have been achieved31 . A report on the first application of 

the pertraction technique in combination with macrocyclic 

polyether complexes of Sr has recently been published34 . With 

monocyclic polyethers Sr/Ca separation factors reached 500, and 

the yield of Sr (95-98 %) was achieved in the presence of up 
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to 1000-fold excess Ca. Trace amounts of Cs and Y, however, 

were transported by up to 10 % through the membrane. Much work 

has still to be done to understand the behaviour of three-phase 

systems and to solve the technical problems, e.g., with 

emul5;ions. In conclusion these systems seem to have the potential 

for becoming a rapid method to separate 90 Sr. 

In some cases, even exotic methods have become routine analytical 

tools. In the future this could also be true of accelerator 

mass spectrometry (AMS), which is capable of analysing nearly 

every isotope in very small samples without any pr©concentration. 

Its use is limited, however, by access to particle accelerators. 

In contrast to standard counting methods, in which the usually 

tiny fraction of atoms that decay during the counting period 

are detected, in AMS the atoms are directly counted 

individually30 . 
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Table I . Relative activity of radioisotopes in the 
Chernobyl reactor inventory and in the release 
during the accident normalized to '"Sr = 1 and 
the two cases, ^ % and 10 %. of strontium release 
(based on 2 s* ). 

Isotope Half-life Inventory Estimated release 
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8.0 

a 
d 
h 
h 
d 
h 

d/ 
h 

d 
d 
d 
d 
d 
d 

a 
d 

1 
19 
24 
1.1 

24 
29 

32 

30 
18 
28 
12 
4 

30 

1.3 
17 

1 
19 
24 
0.002-
0.05 -
0.06 -

32 

0.06 -
0.04 -
0.06 -
0.02 -
0.007-
0.06 -

13 
170 -1 

0.02 
0.5 
0.6 

0.6 
0.4 
0.6 
0.2 
0.07 
0.6 

130 
700 

Table II. Extraction of metal ions into 100 % TBP52 

distribution coefficients 

HKC>3, M 

La Ce Pm Zr.Nb 

16 

14 

12 

0.1 

93 

49 

14 

0. 015 

0.14 

0.09 

0.07 

0.59 

0.30 

0.18 

3.0 

1.1 

0.6 

236 

51 

22 
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Table III. 90 Sr results, milk, in Bq/1 + stat.error (3 a} (TBP 
method) 

Sample Reference Mean Remarks 
date 

T9: Apr 26 0.60 + 0.12 Bq/kg 0.068 + 0.014(20%) Bq/1; dry 
milk 

T l - 6 1 May 2 0 . 1 5 + 0 . 0 6 0 . 1 5 + 0 . 0 6 ( 3 7 % ) d i r e c t method. 
0 . 1 5 + 0 .06 

0 . 1 0 7 + 0 . 0 2 9 
0.101 + 0.029 0.107 + 0.028(26%) second 
0.112 + 0.025 extraction, 

det.limit 
0.011 Bq/1 

0.047 + 0.024 douple 
0.044 + 0.029 0.045 + 0.029(64%) extraction, 
0.044 + 0.033 high back

ground, det. 
limit 
0.024 Bq/1 

T254-257 May 6 0.11 + 0.04 0.11 + 0.04 (32%) low Y yield 

T255 May 6 0.19 + 0.04 
0.16 + 0.07 0.18 + 0.06 (33%) low Y yield 

T528-530 May 12 0.10 + 0.03 
0 . 0 7 0 + 0 . 0 1 6 0 . 0 8 8 + 0 .020(23%) 

T552-555 May 13 0.068 + 0.020 
0 .067 + 0 . 0 2 1 0 . 0 6 8 + 0 .021(31%) 

T596 May 14 0.067 + 0.017 
0.065 + 0.022 0.066 + 0.020(30%) 

T6C2 May 15 0 . 0 7 8 + 0 . 0 1 4 
0 . 0 8 1 + 0 . 0 6 1 0 . 0 8 0 + 0 .015(19%) 

T987 May 28 0 . 0 9 1 + 0 . 0 3 6 
0 . 0 9 1 + 0 . 0 3 6 0 . 0 9 1 + 0 .036(39%) g raz ing season 

T2013 May 29 0 . 0 6 9 + 0 . 0 1 7 0 . 0 6 9 + 0 .017(25%) 

T2051 June 2 0 . 1 1 3 + 0 . 0 0 8 0 . 1 1 3 + 0 . 0 0 8 ( 7 . 3 % ) 3 1 sample 
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