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Plutonium and gamma emitters
in the northeastern part of Bory
Tucholskie (Poland)

Jerzy W. Mietelski,
Sabina Mirocha,
Joanna Bogacz

Abstract. The paper presents results of the measurements of Pu and gamma emitters of some forest litter/soil profiles
collected in 1999 in the northeastern part of Bory Tucholskie forest (northern Poland). Besides the activity concentration
of ¥7Cs, 13Cs, YK, 28Ac, 2¥Pu, #**2*"Pu, the cumulated deposition of ¥’Cs, 2$Pu and >****°Pu were calculated. The origin
of these radionuclides is discussed on the basis of the observed activity ratios. The observed average level of radioactive
contamination confirms expectations for this region, however samples show a relatively large variation of cumulated
deposition for both plutonium and radiocesium originated from global and Chernobyl fallout.
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Introduction

The Bory Tucholskie is a large forest complex (about
20,000 ha) situated in northern Poland, west of the
Vistula river. It is an area of lakes, slow streams and
shadow rivers well known for their tourism and recre-
ation values. The majority of this complex is formed
by pine (Pinus sylvestris) trees which are more than
50 years old and, therefore, this forest complex is also
important from the economical point of view. However,
about 5000 ha of the most valuable part of it forms the
National Park of Bory Tucholskie and this part of forest
is excluded from any economical exploitation.
Radioactive contamination of this area started
with global fallout which was likely to make cumulated
deposition on a scale typical of Poland, with mean
values equal to: 5.6 kBq/m® for *’Cs and 58 Bg/m’
of ***Py (activities in 1963) [20]. More than a half of
the global fallout radiocesium activity decayed till our
measurements started, but due to the long half-life time
of *’Pu, *’Pu isotopes their activities remained almost
the same. Radiocesium from the Chernobyl accident
reached this area as well, resulting together with the
remains of global fallout in a total cumulated deposi-
tion at the beginning of 1990s of about 5 kBq/m® [19].
Plutonium from the Chernobyl fallout in Poland was
related to relatively large aerosols, so-called fuel-like
hot particles [2, 9, 15], accompanied in almost constant
proportion by some specific gamma emitters like '*Ce,
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"**Eu and "”Eu [1,4,9,16]. Accordingly to past studies
based on both: *Ce measurements [10-12] and direct
Pu measurements [10, 15], no significant deposition of
Chernobyl plutonium was expected in the examined
area. The ”"**'Pu deposition of the Chernobyl fallout
origin was expected to be below 3 Bq/m*[10, 11], what
should be compared with the average from the global
fallout of 58 Bq/m” appropriate for the (50-60° N) lati-
tude belt [20]. The global fallout values were confirmed
for lowlands of Poland by studies of soil profiles in the
area of Lublin [6]. Recently, much higher global fallout
Pu depositions were found in Poland, exceeding even
200 Bg/m* in some soil profiles from the Tatra Moun-
tains South Poland [7, 13].

A study conducted about 150 km to the west of
Bory Tucholskie on a former military test site, Borne
Sulinowo [5] showed about a 5% addition of Chernobyl
origin to global fallout for *****Pu. In more remote
locations of Europe, such as Germany, the Chernobyl
plutonium deposition was much lower [3]. In our earlier
direct Pu measurements done for forest litter [15], the
area of Bory Tucholskie was represented by a single
sampling point and only traces of Chernobyl Pu were
detected there in the uppermost layer of forest litter.
The question of representativeness of sampling is well
known to all who did any environmental studies. There-
fore, to clarify the figure we decided to make some
direct plutonium measurements on this area based on
forest litter/soil samples collected within a distance
of few kilometers. This was thought to give data on
a patchy pattern of Chernobyl Pu fallout in a site rather
remote from the accident. To complete the study we
decided to do also gamma spectrometric analyses of
all samples to obtain data on “’Cs as well as on some
natural gamma emitters.

Materials and methods

Forest litter and soil samples (profiles) were col-
lected in 9 locations in the Bory Tucholskie in the area
around the Radodzierz Lake (approximately 18°35’ E,
53°38’ N) in the summer of 1999. This lake has a water
surface of 236.4 ha and is surrounded predominately
by a 60-80 year old pine forest. The closest small towns
are Warlubie, Osiek and Skorcz at a distance of 20-30
kilometers from each other. All sampling sites belong
to the forest inspectorate Dabrowa and are situated
within the circle of a diameter of about 8§ km. Exact
sites were localized on the map and these localizations
are presented in Fig. 1.

Litter/soil profiles were taken as monoliths. To
get such a monolith, a sharp knife was used to mark
a square of about 10 cm side. Then, the soil and litter
around the monolith were carefully removed at a depth
of 10-20 cm using a small spade and this knife. Finally,
each monolith was cut off at its base, transferred to a foil
bag and placed in a box. In this form, the profiles were
transported to the laboratory. There, the actual sizes of
monoliths were carefully determined and after drying
at 105°C overnight they were sliced into about 3-4 cm
thick layers accordingly to some morphological proper-
ties. Each layer sample was homogenized by grounding,
weighed and placed in a measurement vessel. Charac-
teristics of soil samples are presented in Table 1. Beside
our code and geographical coordinates, the number of
forest sections of the forest inspectorate Dabrowa is
provided in this table, so the sampling site is easy to be
found on the official maps of Polish forestry.

Prepared samples were measured for the presence
of gamma-emitters using a low background gamma ray
spectrometer with HPGe detectors (10% and 15% rel.

Fig. 1. Map of sampling sites in surroundings of Radodzierz Lake.
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Table 1. Characteristic of collection data of soil samples from the Bory Tucholskie

Code Forest Depth Description Longitude E  Latitude N Dry mass (d-w.) Ar(ia
section no. (cm) (2) (m?)

P1-1 206 0-35 Pine forest 18°35°08.8”  53°38°02.8” 88.8 0.010 £ 0.001
P1-2 35-6 225.6 0.010 £ 0.001
P1-3 6-10 485.3 0.010 £ 0.001
P1-4 10-14 389.1 0.010 £ 0.001
P2-1 180 0-4 Mixed 18°34’56.2”  53°37°56.8” 103.0 0.010 +0.001
P2-2 4-6 (dedicious 216.9 0.010 £ 0.001
P2-3 6-11 and coniferous) 365.9 0.010 £ 0.001
P3-1 361 0-3 Pine forest 18°39°31.5”  53°38°07.8” 343 0.010 £ 0.001
P3-3 3-17 110.1 0.010 £ 0.001
P3-3 7-12 450.6 0.010 £ 0.001
P3-4 12-17 495.0 0.010 £ 0.001
P4-1 210 0-4 Pine forest 18°33°47.77  53°37°43.7” 69.3 0.010 £ 0.001
P4-2 4-8 2759 0.010 £ 0.001
P4-3 8§-12 436.8 0.010 £ 0.001
P4-4 12-15 634.0 0.010 £ 0.001
P5-1 62 0-4 Pine forest 18°33°58.7”  53°37°26.9” 275 0.010 £ 0.001
P5-2 4-7 94.9 0.010 £ 0.001
P5-3 7-10.5 403.2 0.010 £ 0.001
P5-4 10.5-15 5573 0.010 £ 0.001
P5-5 15-19 413.9 0.010 £ 0.001
P6-1 126 0-2 Pine forest 18°34°07.2”  53°37°05.5” 13.8 0.0081 + 0.001
P6-2 2-55 55.4 0.0081 + 0.001
P6-3 55-8 47.2 0.0090 + 0.001
P6-4 8-12 476.4 0.0100 + 0.001
P6-5 12-16 526.1 0.0110 +0.001
P7-1 293 0-4 Pine forest 18°34’47.6”  53°37°13.6” 315 0.011 £ 0.001
P7-2 4-7 289.3 0.011 £ 0.001
P7-3 7-11 398.5 0.011 £ 0.001
P7-4 11-14 249.1 0.011 £ 0.001
P8-1 130 0-3 Coniferous 18°33°37.77  53°38'20.3” 243 0.0072 £ 0.0010
P8-2 3-6 45.7 0.0072 £ 0.0010
P8-3 6-9 163.5 0.0072 + 0.0010
P8-4 9-13 296.4 0.0072 £ 0.0010
P9-1 37 0-2 Mixed 18°31°45.7”  53°39°56.3” 20.6 0.0090 + 0.0010
P9-2 2-4 (dedicious 116.3 0.0081 £ 0.0010
P9-3 4-7 and coniferous) 313.1 0.0081 = 0.0010
P9-4 7-10 263.5 0.0081 £ 0.0010

efficiency) shielded by 10 cm of lead. The calibration
method was described elsewhere [12]. Those measure-
ments were performed in the autumn of 1999, but not
published yet. The analyzed lines were 662 keV of ""Ba
(in equilibrium with *’Cs), 605 ke V and 796 ke V of **Cs,
1461 keV of “K and 911 keV of **Ac (in equilibrium
with **Ra).

All the samples were then kept in the laboratory in
sealed plastic bags for further radiochemical analyses.
Due to some man-power shortage caused by other
projects running in the laboratory, the radiochemical
analyses were done not earlier than in the autumn of
2006. Unfortunately, during storage all samples from site
P1 and one sample from P2 (P2-2) were accidentally lost,
and therefore they were not available for Pu analysis.

Prior to any radiochemical work, all samples were
ashed in a muffle oven at 600°C. Then, about 10 g of

the ash sub-samples were taken for Pu determination.
The applied procedure was typical of our laboratory, it
follows a general idea of IAEA procedure used for the
Chernobyl project [8]. Our small modifications were
already described in details elsewhere [10, 14, 15]. All
alpha spectrometric sources were obtained using the
NdF; co-precipitation method [18]. The measurements
were performed using a Silena AlphaQuattro alpha
spectrometer equipped with Canberra PIPS detectors.

Quality assurance was achieved by measurements
of the IAEA Soil-375 reference material. For *****Pu
plutonium, we obtained 0.33 + 0.04 Bq/kg, whereas the
certified value is 0.30 Bg/kg (95% confidence level is
from 0.26 Bg/kg to 0.34 Bg/kg). For *’Cs, we obtained
for reference data 5559 + 70 Bg/kg and for “')K 423 + 28
Bg/kg which is not different from the certified values
by more than 5%.



20

J. W. Mietelski, S. Mirocha, J. Bogacz

Table 2. Activity concentration of gamma emitters calculated for summer 1999

d ]37CS ]34CS 40K ZZSRa 137CS

Code (Bg/kg d.w.) (Bg/kg d.w.) (Bg/kg d.w.) (Bg/m?) (Bg/m?)
Pl-1 339+ 14 26% 1.1 104 + 14 <17 3009 * 325
P12 584 %15 0.4 = 0.1 211 %9 46%05 1318 + 136
P1-3 32.1%15 <0.1 252 + 29 33+0.7 1558 + 172
P14 10.6 + 0.5 <03 226 + 21 50+ 09 412 + 46
P2-1 1315 £ 2.7 14 %03 211 + 10 2.6+ 0.9 1354 + 138
P22 10.7 + 0.4 <03 210 £ 9 32+0.7 232 * 25
P2-3 28.6 * 1.1 <02 247 * 24 55+08 1046 + 112
P3-1 348 = 7.5 38%12 103 + 16 6.6 =32 1194 + 122
P3-2 2249 =72 1.9 + 04 151 + 10 32+ 1.1 2476 + 260
P33 40.7 + 1.9 <02 267 * 30 37+1.1 1834 = 203
P3-4 8+ 0.6 <02 253 + 31 6.7+ 14 396 + 50
P4-1 108.4 + 3.8 1.2+ 04 139 + 12 55%16 751 * 80
P4-2 89.8 + 3.6 05 %02 141 + 10 2.6 %07 2478 * 267
P4-3 513 +24 <02 254 + 29 6.1%1.1 2241 + 248
P4-4 53+06 <0.1 370 + 62 6.4+12 336 = 51
P5-1 83.1+2.8 <09 170 + 23 <4 229 + 24
P5-2 168.6 + 5.1 1.5+03 136 + 10 63+ 13 1600 + 167
P5-3 212+ 12 <02 283 * 26 6.8 £ 0.9 855 * 98
P5-4 52+04 <0.1 315 + 42 6.6+ 1.1 290 * 37
P5-5 2403 <0.1 260 * 26 37+09 99 + 16
P6-1 113.9 + 4.7 <12 <52 25+6.7 194 * 21
P6-2 437.0 * 13 43 %08 61 %9 1L1+15 2988 + 311
P6-3 3320%9 1.6 + 0.6 137 + 12 7.9 £22 1741 % 180
P6-4 463 2.3 <0.1 295 * 36 50 %09 2206 *+ 247
P6-5 7.1+ 0.6 <02 308 + 41 5912 340 + 45
P7-1 95.7 + 2.8 <09 124 + 15 <27 194 + 21
P7-2 320+ 1.4 <02 106 + 8 15+05 842 + 92
P7-3 14.5 + 0.7 <01 257 + 18 6.4 * 0.6 525 + 58
P7-4 40 %03 <02 242 + 18 37+10 91 = 11
P8-1 3755 9.3 53+ 1.0 <3 <37 1267 + 131
P8-2 287.6 * 6.5 2.1+04 107 + 9 58%16 1825 + 187
P8-3 379 %1 <02 236 + 10 5506 861 + 89
P8-4 6.4 + 0.4 <02 246 * 21 62+12 263 + 31
P9-1 69.9 * 2.1 <09 191 + 18 53%32 160 + 17
P9-2 107.1 + 2.2 0.6 0.3 231 * 10 48 0.9 1538 + 157
P9-3 228 +0.8 <01 262 % 20 53+0.8 881 + 93
P9-4 10.9 + 0.7 <03 264 + 20 6.1%12 355 + 42

Results and discussion

Table 2 presents the results of gamma spectrometric
measurements for *’Cs, **Cs, “K and **Ac, decay being
corrected for the date of sampling (August 1st 1999).
In case of "'Cs the results are presented as activity
concentration (Bg/kg) and in the last column as surface
deposition (Bg/m?).

The "*"Cs activity in the majority of profiles shows the
highest values in the uppermost layer or in a layer second
from the top. The maximum activity for *’Cs reached
437 £ 13 Bqg/kg (d.w.) for sample P6-2. The minimum
activity was 4.0 + 0.3 Bg/kg (d.w.) for P7-4. About a half of
the samples still showed (in 1999) traces of **Cs at a level
of few Bq/kg. The decay correction factor for **Cs/"*’Cs
activity ratio within 13.3 year which elapsed since May
1st 1986, to reference day for activity (August 1st 1999) is
equal to 56. Within relatively large uncertainties this sug-

gests a strong domination of the Chernobyl origin cesium
in those layers (usually two or three from the top).

As one can predict, the activity concentration of
natural isotopes “’K and **Ac (**Ra) typically increases
with the depth. The values were between < 32 Bq/kg
(d.w.) to 370 = 62 Bqg/kg (d.w.) and <1.7t0 7.9 = 2.2
Bq/kg (d.w.) for *K and **Ac, respectively. These
values seems to be typical of forest litter/soil samples
of Poland lowlands.

The surface deposition for radiocesium (*’Cs) or
plutonium seems to be more informative, than the
activity concentration (see also Fig. 2). For the major-
ity of profiles, the highest values for surface activity of
"'Cs in a single layer sample was found in layers 2 or 3,
however the maximum of 3009 + 325 Bg/m’ was found
for P1-1 sample. The deepest (4 or 5) layers show much
lower surface activity from below 100 Bg/m’ (P7-4 and
P5-5) to 412 + 46 Bg/m’® (P1-4).
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Fig. 2. Inventories of *’Cs and plutonium isotopes in analyzed profiles from sites P2-P9.

Results for plutonium activity concentration and
surface activity in the analyzed samples are presented
in Table 3. The maximum activity concentration for
a single layer were 5.9 £ 0.3 Bq/kg (d.w.) and 0.27 = 0.03
Bg/kg (d.w.) for *****Pu and **Pu, respectively.

Surface activity of plutonium in separate layers varies
in awide range (see Fig. 2). The maximum was found for

sample P6-4 amounting to 206 + 11 Bg/m* for *****Pu
only. Typically, the maximum values appeared for layers
2 and 3, what indicates the depth between 3 and 12 cm.

Plutonium activity isotopic ratio (**Pu/*****Pu, for
example) is useful for distinguishing the Chernobyl frac-
tion from global fallout using values typical of the global
fallout equal to 0.03 and in the Chernobyl fallout equal
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Fig. 3. Correlation plot for activity inventories in separate
layers between #*Pu and #***Pu (GF = global fallout).

(for Poland) to 0.50 [10]. The last columns in Table 3 pres-
ent the values of such ratio and the resulting percentage
of Chernobyl fraction (F) of *****"Pu activity calculated
using a simple formula discussed in papers [10, 15].

For the majority of samples, the plutonium activity
ratio ranged from 0.02 + 0.01 to 0.08 = 0.01 indicating
global fallout as the main but not the only one source
of plutonium, however in some samples of layers 1 or
2, for a given site, the ratio was significantly higher,
reaching even a value of 0.41 = 0.07 what points out to
the Chernobyl fallout. In the deepest analyzed layers
(below 10 cm) the activities were generally low and,
therefore, less precisely determined which makes the
ratio values to bear large uncertainties, especially when
the alpha spectra showed traces of the “*Th peak at
5.43 MeV. The correction for this interference (based
on the **Ra peak) increased the uncertainties of deter-
mination of **Pu activity.

Significant correlation was found between the activ-
ity concentrations of *****Pu and **Pu. The squared
Pearson correlation factor is equal to 0.616 with
p < 0.001 (see Fig. 3). The mixed origin of Pu observed
in samples with the domination of global fallout for
#9+240py is clearly depicted in this figure. The position
of experimental points is above the straight line defined
by a slope equal to global fallout value of this ratio
in the direction to the line with a slope of Chernobyl
fallout ratio.

Activity concentration between *****Pu and "’Cs
are not correlated (see Fig. 4). However, the cor-
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Fig. 4. Correlation plot for activity inventories in separate
layers between '¥’Cs and »°*2'Pu.,
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Fig. 5. Correlation plot for activity inventories in separate
layers between *’Cs and #*Pu.

relation between **Pu and "’Cs is weakly correlated
(see Fig. 5). The Pearson squared correlation factor
R’ is equal to 0.078 (significance level p = 0.123) or
0.360 (p < 0.001) for the first and second pair of the
above isotopes, respectively. The lack of correlation
was expected since both plutonium and radiocesium
have mixed, the Chernobyl and global fallout, origins
and in both the proportions between them were dif-
ferent. Different environmental properties and a long
time which elapsed from the events of deposition (13
and about 36 years) also disturbs any relationship
between those radionuclides. However, the observed
weak correlation between **Pu and *’Cs suggests that
Chernobyl fallout dominates over the total measured
activity of radiocesium. Moreover, it suggests that the
fractionation between radiocesium and plutonium
during the time which elapsed since Chernobyl deposi-
tion is not very high.

The cesium found in given layer samples might
come not only from direct deposition, but partially also
from the vertical bio-circulation. For example, the root
uptake to the plant and then fall on the litter surface of
death needles or leaves is perhaps one of the important
such vertical circulation mechanisms. Another mecha-
nism is the incorporation into mycelium and transport
within it, bioturbance (physical transport upward of
humus or litter particles done by small animals) etc.
Also the plutonium found in the top layer samples
might come not only from direct deposition, but from
a similar bio-circulation [10, 14].

The sum of surface deposition for a given place is
the deposition inventory. The values for all analyzed
profiles are presented in Table 4. Mean (arithmetic)
deposition inventory of "*’Cs for all the examined pro-
files was equal to 4.4 + 2.05 kBg/m’, which is generally
consistent with known estimations of deposition for this
area, which gives values between 3 and 8 kBg/m® [19].
However, the variation of mean is surprisingly high.
Great variation of the deposition inventory was also
found for plutonium, the mean for total *****Pu being
76.4 +70.6 Bq/m” and for total **Pu 3.4 + 2.2 Bg/m’.

The total plutonium alpha-emitters (********’Pu)
deposition of exclusively Chernobyl fallout origin can
thus be calculated for each sampling site (profile).
The results for such sum are presented in Table 5. The
mean value sum of alpha-emitting Pu isotopes is 3.13 £
2.4 Bg/m®. Thus, the deposition of plutonium alpha
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Table 4. Total inventory of *’Cs and plutonium isotopes in
examined sites

. 137CS 239+240Pu 238Pu

M (Bgm) (Bq/m?) (Bq/m?)
P1 6300 = 395
P2 2630 = 180 8.7 x0.9* 0.9 = 0.2%
P3 5900 + 355 66.4 + 4.8 6.2x0.7
P4 5810 = 379 278 £2.4 1.6 0.5
P5 3070 = 199 126 £ 9.5 2.7+ 0.6
P6 7470 = 438 215 €23 6.7x1.1
P7 1650 = 111 434 £32 1.9+03
P8 4220 = 247 34.6 £3.0 15+03
P9 2930 + 188 219 +22 29+04

* for Pu data underestimated due to lost of sample P2-2.

Table 5. Chernobyl plutonium deposition (sum of **Pu and
29+240py) in the Bory Tucholskie from 1999 compared with
those in the Augustow Primeval Forest from the same year
published previously [10]

Chernobyl Standard
fracti Range Mean .
raction Ba/m? Ba/m? deviation
238+239+240py; (Bg/m?) (Bg/m?) (Bq/m?)
. 1.3+03
Bory Tucholskie 077 + 3.0 3.1 2.4
Augustow 3.6 04
Primeval Forest to24.2 £ 3.0 10.5 71

emitters of exclusively Chernobyl origin in the Bory
Tucholskie is comparable with the values found for
southern Finland [17] and are lower by a factor of
about three than found previously in a similar study for
more easterly situated another large forest complex of
Poland: the Augustéw Primeval Forest [10]. For compari-
son, the calculated exclusive global fallout component
shows an order of magnitude higher mean value of
62.3 Bg/m”. This is very close to the UNSCEAR mean
for the appropriate latitude belt, which is 58 Bg/m’
for ****Pu and 2.5 Bg/m* for **Pu [20], resulting in
60.5 Bg/m’ for all plutonium alpha-emitters. However,
the standard deviation is extremely high: 60 Bg/m’. This is
for very high deposition value observed for one location,
site P6, where the total cumulated deposition is about
220 Bg/m’. Excluding this site, the mean drops to
36 Bg/m® and the standard deviation turns to 5.9 Bq/m’.
Such low global fallout values suggest that some of
Pu activity was perhaps not taken into consideration
to deposition inventory balance for the majority of
samples, may be Pu went deeper to soil layers or to
other elements of the ecosystem. On the other hand,
high spatial (horizontal) variation of deposition inven-
tory of both global and Chernobyl fallouts may suggest
the existance of some local mechanisms which can
transport radionuclides horizontally. It could be abiotic
— like erosion or biological transportation by roots or
within mycelium. Another explanation could be similar
for both fallouts deposition variation which can be ex-
plained, for example, by some aerodynamical properties
of forest canopy, which has not much changed with time.
Another, more simple explanation can be by assuming
alocal increase or decrease of fallen needles (on which
the fallout was deposited initially) governed by dimen-
sions of tree and distance from it. At present, we have

not identified the reason for the observed variation,
although we are aware of it.

Conclusions

The mean deposition of the Chernobyl or global fallout
of plutonium and radiocesium in the analyzed samples
from the Bory Tucholskie was found at a level close to
our expectations.

The mean deposition of all the Pu alpha-emitters in
the studied area was equal to 3.13 Bg/m’ which forms
alittle less than 5% of similar deposition from the global
fallout. The mean radiocesium deposition was found to
be equal to 4.4 kBg/m”.

The deposition of both Pu and radiocesium within
relatively small area shows a significant variation,
ranging up and down from the mean value by a factor
of at least 2, what results in a standard deviation of the
mean comparable with the mean value itself. More-
over, the global and the Chernobyl fallout show similar
variations. In the case of the global fallout, the main
variation is caused mostly by one profile which has an
enormous inventory, being three times higher than other
Pu depositions. The reason of such a large local scale
variation of the deposition remains as yet unknown.
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