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Plutonium and ®’Cs in forest litter: Kamil Brudecki,
. . Joanna Suwaj,
an approximate map of plutonium Jerzy W. Mietelski

from Chernobyl deposition in North-eastern
and Eastern Poland

Abstract. The present article contains information about the activities and origin of '¥’Cs, 2Pu and *****°Pu in the
North-eastern Poland. Analyzed samples were collected in 59 locations where forest litter 4, and humus A4, were col-
lected in 1991. An approximate map of the Chernobyl fallout component **+2*'Pu was prepared on the basis of received
results. The largest Chernobyl #***Pu contamination occurred in north-eastern and eastern part of the investigated
area, reaching 22.1+1.6 Bq-m™.
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Introduction

The Chernobyl fallout in remote places contains only
traces of non-volatile elements like plutonium, ameri-
cium or strontium. The radioisotopes of non-volatile
elements are transported on larger aerosols, the tiny
pieces of nuclear fuel forming fallout of the so-called
fuel like hot particles [5, 6]. According to numerical
simulations [25], at the most north-eastern part of
Poland the deposition of aerosols with aerodynamic
diameters of about 4-5 pm occurred. Many of such
big radioactive aerosols were “fuel like hot particles”.
Such particles were found in Poland by many investiga-
tors [2-4, 8-10, 15]. In 1991, a project on radionuclide
deposition in all over Poland, based on mushrooms
and forest litter studies, was launched. Within this
project almost each forest inspectorate in Poland col-
lected and sent us samples of forest litter and some
mushrooms following our instructions. Samples were
examined initially only for gamma emitters. Resulting
approximate maps of deposition of different isotopes
from Chernobyl fallout were already published some
years ago [14, 18]. The deposition pattern of “Ce
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Fig. 1. Approximate map of the 2*+*Pu deposition Chernobyl
fallout component in Poland, based on '*Ce deposition (decay
corrected for 1 September 1991). White dotted line marks area
of the present study [14].

aim of the work presented now was to fill this gap and
to produce an approximate map of Chernobyl-origin
Pu based on all available samples from North-eastern
Poland left in our laboratory from the past project from
1991. This was the subject of two works for Master of
Science degree done in 2007.

Material and methods
Samples

Samples of forest litter 4, and next layer — the humus
Ay were collected in 1991 by forest inspectorate workers
following the detailed instruction prepared by us. Details
of the whole project were described elsewhere [17, 19].
The whole set of samples taken from the described here
analyses consisted of 59 pairs: layer 4, from an area of
30 x 30 cm? and A, from an area of 20 x 20 cm? The
samples were kept dry in plastic bags in the laboratory.
Prior to analyses for Pu, all the samples were addition-
ally dried over night at 105°C, homogenized by means
of grinding and measured for gamma emitters using
a low background gamma-ray spectrometer with an
HPGe detector.

Radiochemical procedure

After gamma spectrometric measurements, all the sam-
ples were ashed at 600°C, subsamples of up to 10 g of ash
were taken for radiochemical analyses. At tracer of **Pu
was added. The radiochemical procedure applied was
rather standard one, which is in use in our laboratory
since 1993. It follows the ideas of procedure applied in
the IAEA Laboratories Seibersdorf for the Chernobyl
project [12]. It consist of complete wet mineralization

using subsequently hot HE, HNO; and HCI (with some
H;BO; added), Pu oxidation step adjustment in nitric
acid solution using hydrazine and NaNO,, separation
of Pu on Dowex-1 from 8 M HNO; with a final source
preparation by means of NdF; co-precipitation [22].
Sources were measured using a Silena AlphaQuattro
spectrometer equipped with four Canberra silicon
(PIPS) detectors with 450 mm? area each. Spectra were
analyzed using a home made ALF software [14] and
activity concentrations as well as all other calculations
were done in MS Excel file.

Quality assurance

Together with the samples we analysed two IAEA
reference materials: Soil 375 and Soil 6. The recom-
mended value for **°Pu for Soil 6 is 1.01 Bq-kg™
and 95% certified value interval is 0.96+1.11 Bq-kg™.
We obtained a little too low value: 0.90+0.08 Bq-kg™.
However, in the case of Soil 375 the recommended value
for #°*2%Pu is 0.30 Bq-kg' and the 95% certified inter-
val is 0.26+0.34 Bq-kg™'. For #%Pu, the recommended
value is 0.071 Bq-kg™ and the 95% certified interval
is 0.056-+-0.085 Bq-kg™. Here, we obtained 0.27+0.03
Bq-kg™! for 2Py and 0.071=0.012 Bq-kg™' for Z$Pu.
Thus, possible systematic errors should not exceed 10%
of the determined values and likely are much smaller.

Calculations of Chernobyl fraction of Pu

Differences in the Pu activity ratio (*3Pu/?°*?*Pu) in
global fallout and in Chernobyl fallout allows us to
distinguish them. The discussion of details for this prob-
lem was done already previously [19]. The appropriate
algorithm is the following:

(1) Aporaa = Ag + A
Axs =LA, + EAw

where: Ayg.20 — Observed activity concentration of
239+240py [Bq-kg™']; Az — observed activity of 2$Pu
[Bq-kg™]; A, — a priori unknown global fallout com-
ponent of ***2Pu [Bq-kg™']; As — a priori unknown
Chernobyl fallout component of #°**°Pu [Bq-kg™']; £ -
activity ratio #*Pu to ?°***°Pu in global fallout (assumed
0.03); & — activity ratio 2*Pu to ****Pu in Chernobyl
fallout (assumed 0.5).
As a solution, we have:

_ §A239+240 — A238

) e

_§A239+24O + A238
3 h = —_—
3) A "

Thus, the percentage F' of Chernobyl component in
the observed activity can be described as:

i.loo% - L.loo%

4 F=
@ Ay + Ag 39+240
_ Aosg (Azssuzﬂ.o)_1 -G .100%
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Fig. 2. Correlation
between 2**2°Pu and
8Py in A, layer. Fit
(solid) is the regres-

sion line (y = 0.35x
— 0.02). Dotted lines
are the mean values
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fallouts.

Calculation of surface deposition

The result of measurement is the activity concentration.
To turn it to deposition, an assumption must be done
that the forest inspectors collecting the samples were
following our instructions. Next, the following formula
was applied:

(5) D, _Asm

S

where: D, — Chernobyl component of ?°*2Pu activity
deposition in a given layer [Bq'm2]; A, — taken from
Eq. (3); m — mass of the whole sample from a given
layer [kg]; s — surface of the layer [m?].

In the case of ¥’Cs we use a similar formula. How-
ever, since we were not able to distinguish between the
Chernobyl and global fallout componets (since '*Cs was
not detectable any more) in calculations of activity depo-
sition we use the total activity concentration of *’Cs.

Preparation of map

The map of Pu deposition was prepared using Golden
Software Surfer 8. The raw data was in the form of a
matrix of columns XYZ, were X and Y were geographi-
cal coordinates of the site and Z was calculated as de-
position of ***'Pu of Chernobyl origin. The software
produced from this raw data the regular grid by kriging
interpolation using default values for this method. The
final map was produced as contour map, filled then
with patterns.

Results and discussion

Table 1 presents the results on *’Cs and plutonium
activity concentrations and depositions as well as the
data on #***'Pu Chernobyl fraction.

Received values of '*’Cs activity on the studied area
was between 61 Bqkg™ and 2062+51 Bq-kg™! in 4,
layer or from 19+1 Bq-kg™ to 2346+184 Bq-kg™' in 4,
layer. In both layers the average radiocesium activity
was near 700 Bq-kg™'. The range of the deposition in the
litter layer was from 5+1 Bq-m™ to 3516733 Bq'm
and in the humus layer was from 105=10 Bq'm~ to
11,440=1100 Bq'm. The cumulated deposition values
in both the examined layers was near 4 kBq'm™, on
the average. However, some radiocesium, which was
surely present in the deeper layers of soil profile, was
not taken into account.

Minimum activity of the ?°*?*Pu in A4, layer was
0.02x0.01 Bq'kg™!, whereas the maximum activity
reaches 4.01=0.54 Bq-kg™'. For A4, layer, the minimum
was 0.14+0.02 Bq-kg™" and the maximum was 6.88+0.53
Bqg-kg!. Average activity in the litter layer was
1.11 Bq'kg™ and in the humus layer is larger by about
two times.

Activity of the 2*Pu were between 0.01+0.01 Bq-kg™
t0 2.09+0.27 Bq'kg™' in A, layer and 0.02+0.01 Bq-kg™!
to 2.20+0.31 Bq'kg™ in A4, layer.

As can be noticed from values of factor F (defined in
Eq. (4), displayed in 10th column of Table 1), the clear
evidence of Chernobyl fallout was found for plutonium
in booth layers. In A, layer this is the dominant com-
ponent in the majority of samples (Fig. 2), whereas in
A layer it is not so common (Fig. 3). One should recall
here that it is not the present situation — samples were
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collected only 5 years after the Chernobyl accident.
In that short time plutonium cannot moved largely to
deeper layers. The Chernobyl component of #°+**Pu
activity deposited in both examined layers in the studied
area was near 3.4 Bq'm=, on the average.

The present map of the Chernobyl fallout compo-
nent ****'Pu (Fig. 4) was made on the basis of received
results displayed in the last column of Table 1. The
largest Chernobyl 2**%°Pu contamination occurred in
north-eastern and eastern parts of the investigated area
and it reaches at the maximum 22.1+1.6 Bqg'm™. By
definition, another half of this value was deposition of
28Pu from Chernobyl. Since samples were collected only
5 years after the Chernobyl accident, one can assume
that the majority of Pu from Chernobyl was present
in the analyzed two top forest litter/hums layers. This
is not necessarily true in the case of Pu from global
fallout, which can be already driven to deeper layers.
Such situation is supported by deposition calculations
made for the total Pu content. The majority of samples
show a much lower total deposition than the average of
58 Bg/m? for the 50°-60° N latitude belt given in
UNSCEAR reports [24]. This means that apparently an
important part of global fallout plutonium is deposited
deeper than the examined layers. It is very likely that it
happens also in the case of *’Cs, therefore, no attempt
was made to show deposition map for radiocesium. Such
maps are known for Poland [1, 23].
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The presented map is, in general, confirming our
earlier map (Fig. 1), which was quoted in Introduction.
It supports the findings about the enhanced presence
of non-volatile constituents of Chernobyl fallout in
North-eastern Poland. Such a feature was reported even
in very early studies [2, 20]. The Chernobyl plutonium
deposition pattern seems to be similar to that for *Sr
suggested from the studies on bilberry leaves [ 7]. Those
findings support a general knowledge [11] of the traces
of radioactive plume from Chernobyl (Fig. 5). The de-
position of mostly non-volatile radioisotopes from the
Chernobyl plume moving at altitude of about 500 m
toward North-eastern Poland was predicted in another
early paper [13]. However, the present results suggest
that some deposition of non-volatile radioisotopes
occurred also in Central-eastern Poland — the area of
Bielsk Podlaski, Minsk Mazowiecki or Siedlce as was
already suggested by the geographical distribution of
PSr [7].

Figure 6 present the correlation between the '*’Cs
activity and the observed activity of *°**°Pu and the
Chernobyl fallout component of 2**2°Pu in both layer.
The lack of correlation among these elements can be
noticed. This suggests that the proportions between the
activity of '¥’Cs and the #°**%Pu in Chernobyl plume
over Poland changed from site to site with distance,
since plutonium was transported on larger aerosols
and likely only in plume from the initial explosion, not
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Table 1. Results of the *’Cs and plutonium isotopes activity and deposition in the examined forest litte/humus samples as well as the calculated Chernobyl fraction for **+?Pu (F) and

calculated values for the solely Chernobyl plutonium fallout. All data decay corrected for 1991 (cont.)

F Acn239+240)
(%) (Bg/m?)

Ach(239+240)
(Bg/kg)
0.42 + 0.09
0.26 + 0.18

AZ}S/AZSQ +240

238Pu
(Bg/kg)
0.23 + 0.04
0.23 + 0.08

239+240Pu

(Bg/kg)
0.86 = 0.08
3.52 + 0.42

Chemical yield
(%)

137CS
(Bg/m?)

137CS
(Bq/m?)

Layer

Code

0.460 = 0.038
1.51 = 0.24

49 =11
+

0.26 = 0.05
0.06 = 0.02

71
84

170 = 20
4780 = 300

153 £5
824 = 26

0
1

456

0.025 = 0.004
0.023 = 0.002

9+4
9+5

0.02 = 0.01
0.05 = 0.01

0.07 = 0.02
0.12 = 0.02

0.01 = 0.01
0.03 = 0.01

0.19 = 0.03
0.27 = 0.03

83
89

9=x2
105 = 10

6=x1
226 + 14

Ay
A

463

0.003 = 0.001
0.111 = 0.011

0.01 = 0.01 27 =14
0.04 = 0.01 19+6

0.16 = 0.08
0.12 = 0.03

0.01 = 0.01
0.02 = 0.01

0.05 = 0.02
0.20 = 0.02

86
92

5x1
224 * 21

Ay
A

466

* Result taken from earlier work [19].

** In further calculations assumed 100%.

Fig. 5. Migration of the Chernobyl radioactive cloud over
Poland [11].

from the later fire. The mixing origin (Chernobyl/global
fallouts) of radiocesium also acts destructively towards
correlations.

Dosimetric aspect of the presence of Pu in the
environment of Poland was a subject of study based
on hospital diet [21]. The inhalation of Pu by Polish
subjects was not investigated yet. We hope that the
presented here approximate map could be helpful for
future retrospective studies in this field.

Conclusion

The results on radiocesium and plutonium activity and
deposition in forest litter presented now will contrib-
ute to database on the radioactive contamination in
Polish forests. The presented approximate map of Pu of
Chernobyl origin seems to give some general overview
on the scale and deposition pattern of the Chernobyl-
-origin Pu in Poland. The maximum deposition of
this plutonium (including **Pu) seems to be below a
half of the mean global fallout values for Poland. The
north-eastern part of Poland (for example, Augustow
Primeval Forest) seems to be the site with the highest
values of Chernobyl-origin Pu. Enhanced levels of Pu
can be found also in the area of Minsk Mazowiecki—
—Siedlce-Bielsk Podlaski.
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Fig. 6. Correlation between *’Cs activity and (a, b) the total activity of 2****°Pu or (c, d) ¥’Cs with the solely Chernobyl-origin
activity of 2°*2°Pu. The top row concerns forest litter layer, the bottom concerns forest humus layer. Data for 1991.
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