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Abstract. The total deposited activity of 90 Sr has been estimated from the total 
activity of 137 Cs and the Cs/Sr ratio measured for several sites in Bulgaria in 
the period l - 7 May 1986. The final result is (1.3 ± 0. 7) x 1015 Bq for 137 Cs 
or I /3 0 of the total released 137 Cs activity from the Chernobyl reactor and 
(1.4 ± 0.8) x 1014 Bq for 90 Sr or l /60 of the total released 90 Sr activity. The 
averaged Cs/Sr ratio for North Bulgaria is 18.4 ± 2, for South Bilgaria the ratio 
is 10.9 ± 0.9, for the Balkan mountains the ratio is 7.1 ± 0.5. The total mass 
of the dispersed nuclear fuel (particulate activity) is estimated to approximately 
1.5-3.5 kg or ~ 1/1000 of the fuel out of the 20 km zone. The total mass of 
the homogenous activity (volatile fraction) is estimated for 131 l, 103 Ru, 106Ru, 
140Ba, 137Cs, 134 Cs, and the result is approximately 320 ± 120 g. 

1. Introduction 

The two nuclides which require an immediate assessment and a long tenn monitoring 
after a reactor accident are 137 Cs and 90 Sr. The first of them can be measured accurately 
in the environment and in the food chain by its 662 ke V gammaline, while the nuclides 
from the strontium group 90 Sr, 89 Sr and 91 Y require radiochemical methods and total 
beta-, liquid scintilation or Cherenkov counting [l]. The requirement for radiochemical 
treatment inevitably reduc;:es the number of samples and it is practically impossible 
to obtain a picture of the distribution of 90 Sr over a large area right after a nuclear 
accident as it is with 137 Cs and other gaimna-emitters which can be assessed by airborne 
ga1mna-spectroscopy. 

The 1596 keV line from 140La is very convenient for the estimation of 90 Sr(Y) using 
the known Ba/ Sr ratio [2] but data on the 140Ba(La) distribution over Bulgaria from 
airborne gamma-spectroscopy was incomplete and soon after 1986 it was destroyed. 

The purpose of the present paper is to make an assessment of the strontium fallout 
by measurement of the 137 Cs/ 90 Sr ratio in different regions in Bulgaria and calculation 
of the total strontium activity via the estimated 137 Cs activity. The. measurement of the 
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137 Cs/ 90 Sr (Cs/ Sr) ratio is by beta-spectroscopy of the radiation of air filters from the 
beginning of May 1986. 

During the first 3 days after the accident the wind transferred the released radioac
tivity in north, west (27 of April) and east (28 of April) directions. In the afternoon on 
the 29 of April the wind changed to south and the radioactive plume reached the Balkan 
peninsula. The fallout over Bulgaria has been released from the Chernobyl reactor after 
24h GMT on the 30 of April 1986. 

2. Experimental 

The air radioactivity in Bulgaria at the time of the Chernobyl accident was monitored 
by five stations. Air was filtered through Synpor-2 filters at flow rate 120 m3 / 24h and 
the total beta-activity was measured periodically. The filters were placed at 2 m above 
ground under a small cover for protection from direct deposition of dust. 

In the beginning of May 1986 at some places the station personnel started changing 
the filters every 6 hours when increased radioactivity was observed. 
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E ~ 2000 
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Fig. 1. Beta-spectra of air filters recorded with a stilbene ctystal. The first 
spectrum is a mixture of and 90 Sr, the second spectrum shows the presence of 
only 137 Cs 
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The 137 Cs and 90 Sr activity of the air filters is measured by beta-spectroscopy with 
a stilbene crystal [3]. The 137 Cs activity is calculated by the area of the K, Land MNO 
conversion lines and the activity of 90 Sr is measured by the high energy tail of 90Y. 
Beta-spectra of air filters containing 137Cs + 90 Sr(Y) (Sofia, 2 May 1986) and only 
137 Cs (Pleven, 5 May 1986) are shown in Fig. 1. 

The conversion lines merge into one with energy approximately 625 keV for the 
detector resolution of 10 %. The total intensity of the conversion electron lines is 
9.46 % [4]. 

The 90Y line is measured with a threshold energy at 800 keV over which 57.7 % 
of the total 90Y area is counted [5, 6]. There is a limitation of the ratio of the intensity 
of the conversion line and the 90Y line since approximately 5 % of the beta-transitions 
of 137 Cs go to the ground state of 137Ba with Em ax = 11 73 ke V. The area of that line 
in the interval 800-1173 keV is only 0.064 % per decay, the area of 90Y line is 57 % 
per decay [5] and therefore the maximal Cs/Sr ratio which can be reliably measured 
due to the counts of the 1173 keV line above 800 keV is,...., 900 . 

A background spectrum is subtracted from each beta-spectrum. 
The relative activity Acs of an air filter for 137 Cs is calculated from 

and for 90 Sr: 

A - Ncs 
Cs - 0.0946 

A _ Nsr 
Sr - 0.577 

where Ncs and Ns,. are the net counts in the conversion electron peak and the 9oy line. 
The total ratio R for a certain place is calculated from: 

R = f Acs(i) . 
. As,(i) ' 
i=l 

n is the number of days and the summation is over all filters - one or four per day 
No correction in the ratio is made for the elapsed time from the accident and the 

difference of the decay times of 137 Cs and 90 sr. 

Table J. 137 Cs/ 90 Sr ratios for five cities in Bulgaria 

Sofia 
Plovdiv 
Burgas 
Varna 
Pleven 

10.3 ± 0.7 
13.6 ± 2.3 
11.8 ± 1.2 
15.8 ± 3.4 
18.5 ± 1.9 

The Cs/Sr ratio for 5 cities in Bulgaria (see map) is presented in Table 1 and the 
relative activities of the air filters versus time (1-7 May 1986) are shown in Fig. 2 
for four cities since data on Varna are incomplete. The main source of errors is the 
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temperature drift of the detector plus amplifier plus MCA and the upper limit of the 
total error is shown in the table. 
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Fig. 2. Relative activity of 137 Cs and 90Sr in air filters versus time for four cities in 
Bulgaria 

Table 2. Averaged 137 Cs/ 90Sr ratio for North and South Bulgaria 

North Bulgaria (Pleven + Varna) 
South Bulgaria (Sofia + Plovdiv + Burgas) 

137 Cs/gosr 

18 .4 ± 2 
10.9 ± 1 

At some places, e. g. Sofia, the activity of 90Sr is proportional to the activity of 
137 Cs, at Plovdiv and Burgas there is a rough correspondence, and at Pleven there is 
no correspondence between the activities of the two nuclides. This is probably due to 
the different mechanisms of deposition and weather conditions. 

The averaged ratios for North (Pleven and Varna) and South Bulgaria (Sofia, Plovdiv, 

Estimation o 

Burgas) are presented in Tab! 
is quite a big difference betw 

The ratio measured by bet 
with results from radiochemio 
for three sampling regions f01 
the Danube (5 sites), the ratio 
(the Rhodope Mountains, 5 s 
fodder the measured ratio inte 

3. Estimation of the To 

The most complete data on l l 

had been taken on 30.05.1986 
The specific activities are in B 
assuming an average specific 

·' 10 
/ 

/ 1.6 The Danube 20 
! ... 
\ 2.9 . ... 

\ 

\ 

Macedonia\ 
I 

/ _.,,, .- ·- ·- ·-·-·"' ·- l 
· Greece 

Fig. 3. Distribution of the total 
surface activities are also marke1 

The number of sites (21) is 
territory and therefore it has 
the surface beta-activity for i 

the surface contamination wi 
e. g. the Balkan Mountains ( 



A. V Hristova 

CA and the upper limit of the 

............ t:r __ _ 

6 7 

0.1 

.... 
[/') 

0.05 ~ 

0.01 

.... 
[/') 

0.005 §; 

0.5 

.... 
[/') 

0.25 ~ 

0.5 

.... 
[/') 

0.25 ~ 

versus time for four cities in 

aria 

18.4 ± 2 
10.9 ± 1 

proportional to the activity of 
ondence, and at Pleven there is 
uclides. This is probably due to 
nditions. 
South Bulgaria (Sofia, Plovdiv, 

Estimation of the Total Fallout of 90Sr and 137 Cs ... 133 

Burgas) are presented in Table 2 (Bulgaria is divided by the Balkan Mountains). There 
is quite a big difference between the two ratios. 

The ratio measured by beta-analysis of the beta-radiation of air filters is consistent 
with results from radiochemical separation of 90 Sr and gamma-spectroscopy of 137 Cs 
for three sampling regions for soil and fodder. For soil for North-West Bulgaria, near 
the Danube (5 sites), the ratio is between 6.5 and 12, average 8.1, for South Bulgaria 
(the Rhodope Mountains, 5 sites) the ratio is between 5.4 and 22, average 19.5. For 
fodder the measured ratio interval is between 13 .2 and 17 .2 for the same sites [7]. 

3. Estimation of the Total 137 Cs and 90Sr Fallout 

The most complete data on 137 Cs in soil is published in [7]. The samples at 21 sites 
had been taken on 30.05.1986 and 15.06.1986 at depths 0-5, 5-15 cm and 15-30 cm. 
The specific activities are in Bq/kg and the conversion to surface activity is perfonned 
assuming an average specific density of dry soil ~ 1. 25 g/ cm3 . 
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Fig. 3. Distribution of the total beta-activity over the territory of Bulgaria. Sampling sites and 
surface activities are also marked 

The number of sites (21) is not enough for obtaining a complete picture for the whole 
territory and therefore it has been accepted that there is a correspondence between 
the surface beta-activity for a certain region and 137 Cs activity in order to estimate 
the surface contamination with 137 Cs in regions where there are no smapling sites, 
e. g. the Balkan Mountains (the 137 Cs activity is area averaged where possible). The 
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surface beta-activity was measured by fallout collection on a dry thin cloth which 
was incinerated at 450 °C and the ash was measured with a beta-counter. The heating 
depletes the fallout from iodine and prutially from other volatile elements. The estimated 
reduction is 30-50 % [8]. 

The data for the surface total beta-activity from the network of meteorological sta
tions of the Institute of Hydrology and Meteorology [8, 9] are plotted in Fig. 3. The 
equal-activity lines ru·e in kBq/ m2 and the sampling sites and the measured surface 
activity of 137 Cs are also plotted. 

The area of Bulgaria is divided into three regions: North Bulgaria, South Bulgaria 
and the Balkan Mountains - Table 3. The ratio obtained from Tablle 3 for the 137 Cs ac
tivity and the total beta-activity for North Bulgaria is 0.20 and 0.34 for South Bulgaria. 
There are no data on surface 137 Cs activity for the Balkan Mountains and therefore we 
can suppose that the ratio 137 Cs/ (total beta-activity) is between 0.20 and 0.44 or the 
surface 137Cs activity i~ between 21 kBq/ m2 ru1d 47 kBq/ m2 . 

Table 3. Averaged surface beta-activity and surface activity for North Bulgaria, South Bulgaria 
and the Balkan Mountains 

average total beta- area, km2 average activity 
activity, kBq/m2 kBq/ m2 

North Bulgaria 11.52 46015.5 2.35 ± 0.8 
South Bulgaria 31.2 56215.0 13.5 ± 4.5 
The Balkan Mountains 105.9 83 19.0 

Table 4. Total 137 Cs activity and total 90Sr activity deposited over the territory of Bulgaria after 
the Chernobyl Accident 

activity of l3 7 Cs 137 Cs/gosr activity 90 sr 
x 1012 Bq x 1012 Bq 

North Bulgaria 90 ± 74 18.4 ± 2.0 5 .9 ±4 
South Bulgaria 720 ± 375 10.9 ± 0.9 66 ±40 
Balkan Mountains 495 ± 255 7.1±0.5 69 ±40 
total 1305 ± 705 141 ±84 

area averaged 
ratio 13.7 ± 2 

The correction for the fallout before 1986 is 0. 8 ± 0.5 kBq/ m2 for North Bulgaria 
and 2 ± 1.2 kBq/ m 2 for South Bulgaria. 

The final results on 137 Cs and 90 Sr ratio are summarised in Table 4. 
The average Cs/ Sr ratio of 13. 7 ± 1.3 is calculated by swmning the three ratios with 

appropriate weights proportional to the associated area, for North Bulgaria the ratio is 
18.4 ± 2, for South Bulgaria the ratio is 10.9 ± 0.9, for the Balkan Mountains the ratio 
is 7.1 ± 0.5. 

During the nuclear weapon tests in the atmosphere in the sixties the average ratio 
in the Northern hemisphere was 1.6- 2 [10]. 

The total 137 Cs generated in the Chernobyl reactor for 600 effective power days 
(EPD) is '"" 2.9 x 1017 Bq (Kolobashkin et al., 1983) and approximately 13 % of the 
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caesium has been released or rv 3.8 x 1016 Bq [11]. 
The fallout over the territory of Bulgaria is 1.3 x 1015 Bq of the total released 

caesium. 
The total 90 Sr generated in the reactor is 2.0 x 1017 Bq [12) and the released fraction 

is 4 % or 8 x 1015 Bq [11). 
The fallout is 1.4 x 1014 Bq or l / 60 of the released strontium. 
Strontium and barium are chemical analogues and it has been shown that the 

140Ba/90 Sr ratio in the damaged reactor before the accident had not been changed 
during the release, the transfer and the deposition over the Bulgarian territory [2]. In 
another paper [ 13) the authors calculate the activity ratio in the fallout Ai / 95Zr( exp) 
for each isotope i and divide it by the same ratio in the core Ai/95Zr(core). Zirconium 
is the most non-volatile element and the assumption is that it can be present only in 
the particulate activity. If the result is much greater than 1 for a nuclide in a sample, 
e. g. fallout, grass, soil, etc., then the conclusion is that the sample is "enriched" in that 
nuclide in reference to the core and the nuclide is attributed to the group of volatile 
elements, if the activity is rv 1 then the nuclide is not volatile and is contained in the 
particulate activity which contains also the zirconium. 

The Zr ratios make possible the calculation of the contribution of the particulate 
activity to the total fallout and for samples from North Bulgaria the particulate contri
bution is in the range 11 - 23 %, for South Bulgaria the particulate contribution is 6- 9 % 
[14) , for Athens and Thessaloniki the contribution is rv 6 % and 2 % [15]. 

4. Discussion 

For 140Ba(La) the zirconium ratio is rv 16 which means that it is present predominantly 
in the homogeneous activity and 90 Sr which is chemically co1related to Ba is most 
probably predominantly present in the homogeneous activity and less in the particulate 
activity. 

If we assume that 90 Sr is only in the particulate activity then this assumption will 
lead us into a contradiction. The specific activity of 90 Sr in the reactor fuel for 600 EPD 
is 1.0 x 1012 Bq/ kg [12) and for (1.4 ± 0.8) x 1014 Bq/ kg total 90 Sr fallout the mass 
of the fuel should be approximately 140 ± 80 kg (Table 4) or the surface contamination 
with nuclear fuel for Norht Bulgaria is then rv 0.13 µg/ m3 , for South Bulgaria it 
is rv 1.3 µg/ m3 . The specific activity of the fuel depleted for the noble gases and 
volatile elements is approximately 2 x 105 Bq/ µg [12) and then the total surface beta
activity due only to particulate activity for North Bulgaria should be 26 kBq/ m2 and 
for South Bulgaria the figure is 260 kBq/ m2. These values are in contradiction with the 
experimental total beta-activity: 11.2 kBq/ m2 and 31.2 kBq/ m2 even if the measured 
total beta activity is reduced by 30- 50 %. The conclusion is that the assumption that 
90 Sr is predominantly in the particulate activity is wrong and probably due to the high 
temperatures generated in the damaged reactor core some of the strontium has been 
evaporated (boiling temperature of SrO - 3000 °C) [16]. 

The total mass of the radioactive contamination over Bulgaria from the Chernobyl 
accident consists of the mass of the volatile nuclides in the homogeneous activity and 
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the mass of dispersed in the fonn of HPs nuclear fuel. The total amount of 137 Cs 
converted from activity to mass (Table 4) is 310 ± 120 g and the total amount of 90 Sr 
is 30 ± 15 g. The mass of 134Cs estimated from the mass of 137 Cs for activity ratio of 
~ 1/ 2 is approximately 10 ± 4 g. 

The contribution of the nuclides with short lifetime to the total mass is negligible. 
For a typical isotope distribution (Central Bulgaria, 6 of May) the estimated total mass 
is: for 1311 (~ 25 %) the corresponding mass is ~ 0.1 5 g, for 103 Ru (20 %) the mass 
is 0.5 g, for 106 Ru (5 %) the mass is 1.2 g, for 140 Ba (~ 20 %) the mass is 0.25 g, for 
141 Ce (2.5 %) the mass is 0.07 g, for 144Ce (~ 2 %) the mass is 0.6 g, for 95Zr (~ 2 %) 
the mass is 0.1 g. 

The particulate mass can be estimated from the estimated total surface beta-activity 
(Table 3) ~ 3.1 x 1015 Bq and the estimated ratio for particulate activity to total surface 
activity of 11 - 23 % in North Bulgaria and 6- 9 % for South Bulgaria [14, 17], 12 % 
for fallout from the highest peak of the Balkan Mountains, 6 % for Athens, 2 % for 
Thessaloniki [14, 15]. The fraction of the particulate activity is estimated from the 
calculated activity ratio of a certain isotope to the zirconium activity in the reactor core 
and the measured corresponding activity in the fallout [13] . The total particulate activity 
of ~ (3 .2 ± 0.6) x 1014 Bq and for specific activity of the fuel of ~ 2 x 1011 Bq/ g 
[5] the corresponding mass is ~ 1.6 ± 0. 3 kg. If the upper limit of the reduction of 
beta-activity in the process of fallout collection and preparation is 50 % (30- 50 % [8]), 
the upper limit of the particulate mass is 2.4 ± 0.45 kg. 

The greatest error originates from the ratio (particulate activity)/ (total activity) . The 
order of the error is 0.5- 1 kg because for some regions - e. g. the Rita and Pirin 
Mountains in South Bulgaria - the ratio is not known. The most accurate estimation 
following this approach is 1.5- 3.5 kg. 

The total mass of the radioactive contamination over the Bulgarian territory is ap
proximately 1.5 - 3.5 kg particulate activity + ~ 0. 3 kg volatile nuclides. There is an 
estimation in [11] that the fuel which is blown away from the 20 km zone is 1- 1.5 % 
of the total fuel in the core or 2000- 3000 kg. The particulate fallout over Bulgaria is 
of the order of 1.5- 3 kg which means that approximately 1/ 1000 of the fuel out of the 
20 km zone has been transfered to Bulgaria. 

5. Conclusion 

Caesium and strontium are very different as elements and therefore it is very difficult 
to make an assessment of 90 Sr using the measured activities. But when there are many 
sites at which the Cs/ Sr ratio is known a very rough assessment is possible. The 
obtained figures for 90 Sr contamination make clear that some of the strontium in the 
fallout has been evaporated and is not in the particulate activity. 
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