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Concentrations of 2°Pu and 2Py
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Soil samples coliected from three forest sites within the
30-km zone around the Chernobyl reactor were analyzed for
9Py and #0Pu by ICP-MS The average 2°Pu/2%Pu atom
ratto in contaminated surface soll samples, values of which
are scarce In the literature, was 0408 There were

almost no differences in the 26Py/23Py ratios between
the individual samples analyzed, atthough the Z%+240pPy |evels
varied very widely (1e from 63 to 1430 Bg kg~' dry
weight) depending on the distance from the reactor and
on the soil Jayers investigated This result corresponded to
area-related activities for 23+20Py between 11 kBq m™?
and 13 3 kBg m~2 it was estimated that about half of the Pu
migrated from the organic layers to the underlying
mineral layers The 29Pu/Z%Pu ratio observed i the
Chernobyl area was much higher than that attributed to
weapons fallout {ca 018) The high ratio was related to the
high burn-up grade of the reactor fuel The 20Pyu/2%Py
ratio observed might be used as a * fingerprint in identifying
the distribution of Chernobyl-derived Pu in the environment
and in distinguishing 1t from ather sources e g global
fallout Relationships between the concentrations of Pu
and those of 3Cs, 89Co, and '%Sh were aiso discussed

Introduction

Plutonium 1s one of the most important anthropogenic
radionuchdes 1 relation to nuclear industnes Its two
1sotopes, ¢*Pu (half-hfe 24110y) and 2°Pu (6564 y), are the
most abundant of Pu isotopes 1n the environment In the
Chernobyl reactor accident, it was estimated that about
87 x 10'* Bq of 2%9+240py were released (1) Several papers
{£~5) have alieady reported the levels of Puin envtronmental
samples collected from areas around Chernobyl after the
acadent The most commonly used method for the Pu
analysis 1s a-spectrometry However, this method cannot
resolve the 2"Pu and #Pu peaks because of their similar
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conargies (5 15and 5 16 MeV) Anadyacal results obtuncd by
a spectioscopy e tharcforc eapressed as the total actnaty
of -*'Pu and 4%Pu (1 ¢ 4" 4Pu)

Information on Pu 1sotopic compositions in the enviion
ment should be vary uscful i undastmding the source of
the contimination becausc the composition depends on a
number of factors ¢ g burn up grade of nuclcar fucls type
of nuclear weapons etc There are several studies (e g refs
3-5) m which #¥*24%py and ¢*pu (half hfc 877 y) wae
determined by o spectrometry for samples contaninated
with the Chernobyl fallout The #38Pu/#%+240Py ratios in the
Chernobyl samples are known to be higher than those n
global fallout However, there are only a few pubhcations
which report reliable data on the ratio of the most abundant
two Pu 1sotopes (1e 2°Pu/?°Pu ratios) in environmental
samples, including those contaminated by the Chernobyl
accident Therefore, 1t 1s worthwhile to use methods other
than a spectrometry for providing such information The
240p/23%py ratios are also very useful for estimating Pu
1sotopic composition in the fuel at the time of the accident
and for understanding the distnibution of the Chernabyl! Pu
in the environment

Recently we have developed a method for the determu-
nation of 2°Pu and 2#Pu 1n environmental materials by means
of ICP-MS (inductively coupled plasma mass spectrometry)
and reported the °Pu/2°Pu ratios in IAEA standard reference
materials and 1n some Japanese soil samples (6) In the
present study, we have applied this technique in order to
determine 2*Pu and 24°Pu and their ratios 1n soil samples
collected within the 30-km zone around the Chernobyl
reactor

Matenals and Method

Soil samples were collected from three forests in the 30-km
zone around the Chernobyl reactor {NNP) by a group from
the Federal Office of Radiation Protection, Germany, in 1994
and 1995 Locations of the sampling places are as follows
Kopachy 2 (K2), 6 0 km to the southeast of the NPP Dityatki
1 (D1), 28 5 km to the south of the NPP, and Dityatki 3 (D3)
26 km to the south of the NPP

Luxetal (3) describes some details of the sampling places
(types of souls, plants, etc) as well as the levels of several
nuclides measured in previously collected samples 1n these
same areas dunng 1992 and 1993 In the present study we
prepared composite samples, e g muxtures of L (htter) Of
(fermented organic layer), and Oh (humificated organic layer)
based on the area-related density of each layer In addition
to the organic layers, the underlying Ah horizon (transition
layer) and B honzon (mineral layer) were also used 1n the
analysis

The procedure used for the analysis of Pu was based on
a method reported previously (6) Only a bnief description
1s given here Samples (1-10 g, depending on the concen
tration level of Pu) were mixed with a known amount of 24Py
(CRM 130, New Brunswick Laboratory) as a spike Lach
sample was placed in a Pyrex beaker, and 8 M (or morc
concentrated) nitric acid (30~80 mL) was added The beaker
was covered with a watchglass and heated on a hot platc
(180—200 °C) for about 5 h The warm leachate was filtcied
through a glass fiber fiiter The residue in the beaker was
boilcd again with 8 M nitric acid for about 30 mun and then
filtcied Al the filtiates were collected inabeaker and he wted
on a hot plate unul a thick wet paste was obtaincd The wat
paste was dissolved by adding nitric acid and then it was
diluted with deiomized water to adjust the rwaidity to 8 M
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TABLE 1 Analyucal Results for 2*Pu and 2%Pu and Their Atomuc Ratios in Chernohyl Soil Samples Together with Area Related

Activity®
sampling Py 240py 79 240py 20py/2Py density® 9 20py
points soil layers (Bgkg ") {Bqkg ") (Bgkg ") (atom ratto) (kgm 2 (Bqgm 2
10 km Zone (Kopachy)
K2 L/Of/Oh 94 572+ 10 858 + 19 1430 + 22 0408 £ 0003 52 7431
K2 L/Of/Oh 95 451 { 12 680 4 17 1130 = 21 04114 0002 52 5881
K2 Ah/B 95 308405 459+ 07 767 +09 0406 + 0004 865 6630
30-km Zone (Dityatki)
D1 L/Of/Oh 94/95 553+ 12 816+18 137+ 2 0403 + 0 001 44 602
D1 Ah/B 94/95 26101 37+£01 63+£02 0386+ 0013 869 544
D3 L/Of/Oh 94 698412 1063 175+ 3 0412 £ 0008 44 771
D3 L/Of/Oh 95 688+ 15 103+3 172+ 3 0 408 + 0004 44 756
D3 B 94/95 556+01 79102 134+£02 0390 + 0001 371 498
ratio av for all samples (8) 0 403 + 0009
ratio av for samples excluding Ah and B layers (5) 0408 + 0 003

*Note average of two separate analyses (duplicate determinations) with standard deviation (£} ? Soil density per unit area used for the
analyses (kg m~2} Concentrations of 229+240Py per unit area (Bq m~2) were calculated from the analytical results and the density data

nitric acid (40—100 mL) With the addition of sodium nitrite
to the sample solution, Pu was converted to tetravalent Pu-
(IV), which 1s the only retainable form in chromatography
columns The sample solution was loaded onto the column
containing 2 mL of Dowex 1 x 8 at a speed of <2 mL m™!
The resin was washed with 8 M nitric acid (40 mL) and then
with 10 M hydrochlonic acid (40 mL) Finally, anmonmium
1odide (5%)—10 M hydrochioric solution (40 mL) was added
to reduce Pu(IV) to Pu(lll) which 1s not retained 1n the resin
To volatiize 10dine completely, nitnic acid (4 mL) and
hydrogen peroxide (1 mL) were added, and the solution was
heated to dryness The residue was dissolved with 4% nitric
acid to make the final solution Concentrations of Puisotopes
were determined with a quadruple type ICP-MS (Yokogawa
PMS 2000) using a conventional hiquid nebulizer (Memhard
type) Concentrations of 2°Pu and 2*°Pu were calculated from
the results of 1sotopic ratios relative to the 242Pu spike (1sotope
dilution method) Atom ratio was obtamned from direct
measurement data (rather than being calculated from the
individual concentration values of 2°Pu and %Pu) A Pu
1sotope standard solution (NIST-947) with a known 2*Pu/
23%py ratio was used to check the accuracy

During the ICP MS measurements, three determinations
of the Pu 1sotopes were made for each sample solution, and
the mean values were calculated The relative standard
dewviations (RSDs) for the three determinations were in most
cases less than 4% Better RSDs of 0 7—1 8% were found in
determinations of the 2¢°Pu /2$%Pu ratio, because the mea-
surement of the ratio did not require any normahzation to
the 2?Pu 1sotope spike count rate In other words, the
influence of the sensitivity fluctuation was less 1n direct
measurement of the isotope ratio (3*°Pu/ #%Pu) than in the
absolute mcasurement fo: the individual nuchdes, which
were normalized to the 24?Pu spike Two separate analyses
were performed for all samples The errors for the duplicate
analyses were on average about 7% for the concentration
measurement and 1 2% for the measurement of the #°Pu
/439Py ratio

Concentrations of '"?Cs and some other y-emitting
nuchdes were determined by counting with a Ge-detector
for80 000s 1he decay correction was made at the beginning
of the measurement for this series of samples (June 1997)
Details on the y spectrometry method used in this study
were described 1n our previous paper (8)

Results and Discussion

Levels of 2Pu and -*'Pu Analytical results of the concen-
tratons of ¢*'Pu and ¢"Pu and their 1sotopic ratios obtammed
for Light soil s imples collected from the Chanobyl area are
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shownin Table 1 Reproducibilities of the duplicate analyses
for each sample are satisfactory In two soil samples
(L+Of+0h layers) collected from Kopachy (6 km from the
NPP), very high 2%+240py concentrations (mean value 1280
Bq kg~! dry weight (DW)) are found The concentrations in
the three samples (L+0f+Oh layers) from Dityatk (28 5 or
26 km) are on average 161 Bq kg~! DW, which 1s about one-
eighth of that frorn Kopachy The levels of 29*24°Py found 1n
this study agree well with the values reported by Lux et al

(3) for samples collected from the same areas in 1992 and
1993 Compared to the concentrations in the composite
samples of the L+Of+0h layers, the underlying Ah/B layers
show markedly lower 23*+24Pu concentrations (1 e 77 Bqkg™
DW for Kopachy (K2) and 9 9 Bq kg~! DW for Dityatki (mean
of D1 and D3)), suggesting that Pu deposited on forest soil
1s retained by the organic layers very effectively However,
if we consider density and thickness of the Ah/B layers, a
considerable amount of Pu was observed to be distributed
in the mineral layers (see the following discussion) Area

related activities which correspond to the inventory forboth
organic and mineral layers are also given 1n Table 1 At K2,
the measured area related activity {(sum of results for the
organic and the mineral layers) 1s 13 kBq m~2, whereas at D1
and D3 the values are 11 kBq m=2 and 13 kBq m=2,
respectively We think 1t 1s interesting to note that for all
three sites, roughly the same proportion of Pu can be found
in the organic honizons (L+0Of+0h) and the mineral horizons
(Ah+B) 1e the proportion of the inventory 1s about 11

indicating the possible migration of Puinto the deeper layers

These results provide useful information 1n understanding
the radionuclide inventory and redistnibution of the nuchde
n the forest compartment Accordingly we cannot exclude
the possibility that part of the imually deposited Pu has
already reached even deeper layers

240pu/23%Pu Isotopic Ratios The 2°Pu/2%9Py atom ratios
determined 1n this study are also shown in Table 1 The
1sotopic ratios obtained for the eight samples are in arelatvely
narrow range, 0386-0412, although the range of thc
concentrationis quite wide (6 3—1430 Bq kg™' DW) The mean
value of the 2°Pu/#%Pu atom ratio for eight samples 1s 0 403
+ 0009 The mean rato 1n five samples from the surface
layer (organiclayers) which is the most contaminated inyer
1s 0408 £ 0003 The #°Pu/s*Pu ratios obsenved m the
Chernobyl area arc makedly highar thn the global tillout
rat1o of 0176 + 0 014 duc o weapons tests 1s reporied by
Krey (9) The value is also much lagher th i thattor s imples
mother contammated ncassuch as hishSe sediment about
021) (6 10), Mururon scdiment (about 0.05) (6 1D
Scmipalwtinsk sotl (about 0.03) (10)

ndd




TABLE 2 Literature Survey on 2Fu and <“Pu lnventones n
the Chiernobyl Reactor and the Calculated Ratio of 2"Pu/2¥%Py

20py/Apy
ref 2%py 20py atom ratio
(13) 085 PBq 12PBy 038
(12) 412 kg 176 kg 0425
(n 096 PBq 15PBq 043
(14) 47 TBa/ton U 97 TBg/ton U 056

3 40p;299Py; atom ratios were calculited from the reported values
of 2Py and #*Pu

Themportant reactions producing ¢*'Pu and #*°Pu in the
reactor are as follows

28y 4 — 29 — 29Np + ¢ — PPy + ¢
29py 4 — 40py

With the increase of burn-up time of the fuel in the reactor
the 29%Pu/%%Pu ratio becomes higher due to the higher
production of 2°Pu Some estimnates of the inventory of several
1sotopes, including #*°Pu and 24Py, 1n the No 4 reactor at the
time of the Chernobyl accident have been made For example
Belyaev et al (12) estimated the core’s inventory of the
important long-hived radionuchdes based on the following
data Operation time 715 effective days, total uranium 1n
the fuel 190 2 tons, average core burn-up 11 MWd/kg U
They reported the amounts of **Pu and 2*Pu 1n the reactor
were 412 and 176 kg, respectively Using these data, we
calculated the 24°Pu/2¥%Pu atom ratio as 0 425 There are also
some other estimations of inventory 1n the hterature (1, 12~
14) Those data are summarized in Table 2 The #°Pu/?%Puy
1sotopic atom ratios calculated from the mventory data are
also shown 1n the table They are 1n a relatively wide range
(1e 038-056) Our measured values on the 2°Pu/>%Puratio
(about 0 40) obtained for the contaminated soil near the
reactor should be useful in vahidating the estimation of the
nuclides’ composition 1n the burned fuel at the ime of the
accident

There are only a few studies on the ratios of 2°Pu/#%Pu
in environmental samples contaminated by the Chernoby!
accident Arnold and Kolb (15) reported the 1sotopic ratio of
Pu determined by LX-ray and a-particle measurements 1n
soll samples, collected from different areas including three
samples from near Chernobyl They described the acuwity
ratio as A(?*Pu)/A(?**2%Pu) and its range for the three
samples was 0 49-0 57, which corresponds to #*"Pu/#%u
atom ratios of 0 26—0 36 Erdmann et al (16) deternuned Pu
1sotopes 1n some sotl samples from the Chernobyl region by
resonance ionization mass spectroscopy (RIMS) and found
that the abundances of 2°Pu and #°Pu were 66 9 (+£4)% and
25 3 (£2)%, we calculated the 24°Pu/?*Pu atom ratio as 0 377
+ 0037 Belyaev et al (17) reported the *°Pu/?%Pu ratios
determined by mass spectrometry for three soil samples
collected from the 10-km zone (0 350) and 30-km zone (0 303
and 0 300) of Chernobyl Boulygaetal (18) analyzed a single
hot particle originating from the Cheinobyl reactor by means
of sohd-state nuclear track detectors The isotopic compost
tions (as %) they reported were 70 + 3 for ®*Pu and 23 + 3
for 4Py, corresponding to a ““Pu/**Pu atom rauo of
03310 05 Theratosreported in the above-menuoned fout
publications are all lower than our data We note, however
that our results are based on a larger number of samples
and they show better uncertamntics compared to those gnen
in the hterature Additionally, out values for the #°Pu/24'Py
ratio are m a natrow rangc, although the samples wac
collected fiom thiee diffeicnt areas with different Pu levcls
We have valhidated our measurcments using a Puisotopic

N 1 ud [N L AR I o b o I
suthicrently rohnblo Altarminehy thare s posaibiling thit
thovinauon of the ratios partculatly forimdividunt p wodes
would be duc to possible mhomogonaity of the 1S0topes 1n
the 1cactor Since only a faw repotts have been made which
oltc weurate mowsmementsof the WPu/” 'Pursotopannos
It 15 neeessary 1o obtain morc dita on the Pu sotopic
composition in dateas contanunated by the Chanobyl dac
cident

Adoscrlookat bl reveals thatritos for the undcalying
Ah and B horizons scem to be somewhat lower th i thosc
for sutface orgamic layers Simce the concentiwions of
Chernobyl Pu in deeper layers are low the cortesponding
ratios might be influenced by preexisting Pu which had s
onginin fallout from weapons tests and which has a markedly
lower 24°Pu/23%Py ratio of 0 176 + 0 014 (Krey) (9) Assuming
that the ratios measured in the organic layers from K2 are
most representative for the Chernoby! fallout, due to the
high Pu contamination from Chernobyl fallout we used a
mean value of K2 L/Of/Oh 94 and K2 L/Of/Ch 95 (1e
0410 % 0 002) as a best esimate for the Chernobyl fallout
Using this ratio for the Chernobyl fallout, the ratio for
weapons fallout as mentioned above, and the measured ratios
for the mineral layers at the three sites from Table 1, we
estimated the Pu depositon from weapons fallout in the
mineral layers The area related 23%+2°Py activity due to
weapons fallout 1s estimated as follows

K2 75+61Bqm™
D1 50+17Bgm™? (sum of organic and mmeral layers)

D3 29+3Bqm™*

The mean values for these three places are 51 + 21 Bq
m~2 Error ranges are quite large, specifically for sample K2,
which has a high level of Chernobyl contamination However
1t 1s interesting to compare these results with esimates of
global Pu fallout For example, UNSCEAR (19) gives an
estimate of 58 Bq m~2 for the integrated deposition density
of 239+240py for the north temperate zone (40—50°) Bunzl et
al (20) report for south Bavana an average 2**-24°Pu deposition
of 49 Bq m~? for grassland soil and of 64 Bq m™2 for forest
soil Though we cannot exclude the possibility that part of
the Pu deposited at the investigated sites has already reached
deeper layers and though the uncertainties involved with
our estimates are considerable, our estimates for the global
Pu fallout agree remarkably well with hiterature values This
resultindicates that accurate knowledge of 2*°Pu/?**Pu ratios
can be used 1n1dentifying the distnibution of the Chernobyl
derived Pu in the environment and 1n distinguishing 1t from
other sources such as Pu from global fallout The #°Pu/?*Pu
ratios may also provide useful information on the dynamuics
of Pu in forest ecosystems

These results demonstrate that rehiable analytical data
for the 24°Pu/?3Pu ratio are useful, allowing 1t to serve as a

fingerprint to 1denufv the ongin of Pu from different
sources 1heuncertainties of the above-mentioned cases are
rather large due to the very high contamination from the
Chernobyl fallout More reliable results can be obtaned if
contamination levels from two different sources are similar

Comparison to Other Nuchdes Concentrations of ra
dionuchdes (1e '3Cs !'#Sb and ®Co) deterrmined by
y specttometry and their calculated area related activities
(1< nventornies in the lavers) are shown in Table 3 [he
concentrations of 'WCs 1n the organic lavers (1 /O0{/70h) werc
morc than 1 magnitude higher than those mn thc cotic
sponding morgamec lavers (Ah/B laycis) However data of
the area related activities showed that the mventonics of the
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TABLE 3 Levels of '/Ls *'Co and '©Sh i Soils from the Chernobyl Area and I;en Activity Ratio to ¢ “Pw?

125
samphing Wes Sb ®Co Wgs/Py WSHPy  WCo/Pu
point soil Jayer Bokg' Bgm? Bqgkg' Bam? Bgkg' Bgm? ratio ratio ratio
10 km Zone {Kopacky)
K2 L/Of/Oh 94 177000 920000 1120 5820 129 668 124 078 009
K2 L/Of/Oh 95 138000 718000 853 4440 132 684 122 075 012
K2 Ah/8 95 8770 759000 48 4150 39 339 114 063 005
30-km Zone (Dityatk)
D1 L/Of/Oh 94/95 14700 64700 82 361 77 34 107 060 006
D1 Ah/B 94/95 645 56100 nd nd 103
D3 L/Of/Oh 94 15100 64400 112 493 78 34 86 064 004
D3 L/Of/Oh 95 15400 67800 155 682 28 124 90 090 016
D3 B 94/95 1420 52700 nd nd 106
mean (ratio} 106 072 009
sD 13% 16% 53%

® Decay correction 1 June 1997 nd not detected

nuchde 1n organic layers in the three locations were
comparable to those in the underlying inorgamc layers This
mdicates that about half of the *?Cs migrated from the organic
layers to the muneral layers This 1s similar to the above-
mentioned observation on the inventory of Py, 1 e, almost
the same amount of Pu was distributed between the organic
and muneral layers The radionuchide inventory data provide
abasis for discussion of radionuchide redistrnibution in forests

The ratios of the nuchdes to #*24Py are also shown in
Table 3 to allow examination of internuchde relationships to
Pu No marked difference was found between the ratio of
137Cg/238+240Py; 111 organic and mineral layers This may also
indicate that Pu was redistributed similarly to '¥Cs 1n the
forest so1l, though the chemical properties of these nuchdes
are very different Linkov et al (21) studied the migration of
radionuchdes in the forest ecosystem and mentioned that
the transport mechanism of Pu and '¥7Cs 1n the forest would
be related to organo-metal complexes which redistribute
similarly

As shown 1n Table 3, the rato 3Cs/23+20py for eight
samples1s almost constant, 1 e 106+ 14 Arelatively constant
value 1s also found for the '255b/23%+240Py ratio (072 £ 0 11)
The ratio of $°Co/23%+240Py varies very widely, 1e 004—0 16
(0009 + 0005} Cobalt-60 1s produced from the reactor
material (e g steel) as an activation product, and therefore
1ts distribution in the fuel (or reactor) and its behawvior in the
event of a release might differ .n companson to Pu On the
contrary, '23Sb and 37Cs were produced as fission products
n fuel, and therefore, their distribution in fuel matenal should
be similar to that of Pu However, due to differences in the
chemical charactenstics of the nuchdes ivolved, their initial
composition n fuel matenal relative to Pu need not neces-
sarly be found in soil

For example, about 33% of the imitial core inventory of
¥7Cs 1s estimated to be released during the accident, 1 e
about 8 6 x 10'$ Bq (1) This compares to an estimated 3 5%
of fuel matenal released, corresponding to the release of
about 8 7 x 10'? Bq #9*%40py (1) The resulting '3Cs/239+240py
ratio of 770, corrected for radioactive decay to june 1997, is
markedly higher than the ratio of 106 measured 1n the
investigated soil samples The behavior of Pu at 1ts release
from the reactor 1s expected to be very different from that
of more volatile radiocesium Itis known that the fuel particles
tended to deposit closer to the reactor due to their larger
particle size, whereas the proportion of the condensed
particles, which are normally finer than the fuel particles,
was higher in remotc areas than that of the fuel particies (22
23) Since the 'Y7Cs /4% 2¥Py ratios in the condensed particles
are expected to be higher than those in fucl particles due to
the volatihty of Cs the rauo n the fallout should be highex
for areas far from Chernobyl Analternative explanation that
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Cs had mugrated more readily to deeper layers compared to
Pu, seems to be unlikely, since it 1s known that organic
horizons of forest soil also retain radiocesium very effectively
(24) It 15 interesting to note that very high ratios of '3Cs/
233+240py) were found 1n far-area from Chernobyl Forexample,
Hotzl et al (25) reported that close to Munich, Germany, the
WCs total deposition relative to 2%+249pPy was higher by a
factor of about 700 compared to the release ratio given above
This also indicates that Cs was more readily transported over
large distances compared to Pu, whereas Pu was more readily
deposited near-field (see above) The 137Cs/#%+240Py ratio
observed 1n the investigated soil samples 1s much higher
than the ratio for global weapons fallout of 38 £ 4 (as of June
1994) (26) In the case of 12°Sb, stmlar results are observed,
1e a '25§h/239+2490py ratio (again correcting for radioactive
decay to June 1997) of 2 1 1s estimated from the releases at
the acaident, but a significantly low ratio of ¢ 7 1s measured
in the mnvestigated field soil samples (Table 3)

In this study we have obtained new information on the
composition of the most abundant Pu 1sotopes (**Pu and
240py) 1n soil samples (organic and mineral layers) collected
near the Chernobyl reactor We demonstrated that the 2°Pu/
239py ratio was useful as a fingerprint to identify the source
of the Pu contamination Data obtained for the Pu 1sotopic
composition together with the concentrations of other
nuchdes could also be used 1n model assessments such as
proposed by Linkovet al (21) for the transfer of radionuchdes
in forest ecosystems Comparnison of Pu to other nuchides
would also be important in understanding the fate of the
nuchdes 1n the environment
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