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SUMMARY

In the present thesis, nuclear fuel particles are studied from the perspective of
their characteristics, atmospheric transport and possible skin doses. These
particles, often referred to as 'hot' particles, can be released into the
environment, as has happened in past years, through human activities,
incidents and accidents, such as the Chernobyl nuclear power plant accident in
1986. Nuclear fuel particles with a diameter of tens of micrometers, referred to
here as large particles, may be hundreds of kilobecquerels in activity and even
an individual particle may present a quantifiable health hazard.

The detection of individual nuclear fuel particles in the environment, their
isolation for subsequent analysis and their characterisation are complicated
and require well-designed sampling and tailored analytical methods. In the
present study, the need to develop particle analysis methods is highlighted. It
is shown that complementary analytical techniques are necessary for proper
characterisation of the particles. Methods routinely used for homogeneous
samples may produce erroneous results if they are carelessly applied to
radioactive particles.

Large nuclear fuel particles are transported differently in the atmosphere
compared with small particles or gaseous species. Thus, the trajectories of
gaseous species are not necessarily appropriate for calculating the areas that
may receive large particle fallout. A simplified model and a more advanced
model based on the data on real weather conditions were applied in the case of
the Chernobyl accident to calculate the transport of the particles of different
sizes. The models were appropriate in characterising general transport
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properties but were not able to properly predict the transport of the particles
with an aerodynamic diameter of tens of micrometers, detected at distances of
hundreds of kilometres from the source, using only the current knowledge of
the source term. Either the effective release height has been higher than
reported previously or convective updraft may have influenced the transport.
Models applicable to large particle dispersion in a turbulent atmosphere
should be further developed.

The health threat from large nuclear fuel particles differs from that of uniform
contamination. In contact with human tissue such as skin, a highly active
beta-emitting particle may cause a large but localised dose to the tissue,
whereas at distances of more than about one centimetre from the source the
dose is negligible. Large particles are poorly inhalable because of their size.
They may be deposited in the upper airways but are not easily transported
deep into the lungs. Instead, deposition onto the surface of skin is of more
relevance with respect to acute deterministic health effects. In the present
work, skin doses are calculated for particles of different sizes and different
types by assuming the particles are deposited on the body surface. The
deposition probability as a function of the number concentration of the
particles in air is not estimated.

The doses are calculated at the nominal depth of the basal cell layer and
averaged over a square centimetre of the skin. Calculated doses are compared
with the annual skin dose limit for the public (50 mGy at a depth of 0.07 mm
and averaged over 1 cm?). After the Chernobyl accident the most active nuclear
fuel particles detected in Europe, hundreds of kilometres from the source,
would have been able to produce a skin dose exceeding this limit within one
hour when deposited onto skin. However, the appearance of deterministic
effects necessitates skin contact lasting more than one day.

The health hazards of nuclear fuel particles must be taken into account in
estimating the consequences of a severe nuclear accident and planning
countermeasures to protect the rescue workers and the general public.
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YHTEENVETO

Vaitéskirjassa tutkitaan ydinpolttoinehiukkasia - niiden ominaisuuksia,
kulkeutumista ilmakehidssd ja mahdollisia ihoannoksia. Niitd ns. kuumia
hiukkasia voi vapautua ympéristoon ihmisten toiminnan seki erilaisten
tapahtumien ja onnettomuuksien seurauksena kuten esimerkiksi
Tshernobylin onnettomuudessa vuonna 1986. Suuret, halkaisijaltaan
kymmenien mikro-metrien ydinpolttoainehiukkaset, voivat olla aktiivisuudel-
taan satoja kilobecquerelleji ja jopa yksittdiset hiukkaset voivat aiheuttaa
valittémia sdteilyhaittoja.

Yksittdisten ydinpolttoainehiukkasten havainnointi ympéristostd, hiukkasten
eristdiminen analyysejd varten sekd hiukkasten ominaisuuksien luonnehdinta
eivit ole suoraviivaisia, vaan edellyttavit hyvin suunniteltua naytteenottoa ja
radtaloityja analyysimenetelmié. Tutkimuksessa tuodaan esille
menetelmikehityksen tarve seki osoitetaan, ettd toisiaan taydentavien
analyysimenetelmien kiytté on vélttimaténta radioaktiivisten hiukkasten
ominaisuuksien kartoittamiseksi. Homogeenisille néytteille tarkoitetut
menetelmit rutiininomaisesti sovellettuna voivat tuottaa virheellisid tuloksia
ja voivat siten vaikuttaa vaidristavisti hiukkasten aiheuttaman terveyshaitan
arviointiin,

Tutkimuksessa osoitetaan, ettd suuret ydinpolttoainehiukkaset kulkeutuvat
ilmakehéssd toisin kuin pienet hiukkaset ja kaasumaiset aineet.
Kaasumaisten aineiden trajektorit eivit siten vilttamatta ole riittavia
arvioitaessa onnettomuudessa vapautuvien radioaktiivisten aineiden
kulkeutumista ja aluetta, jonne kuumat hiukkaset voivat kantautua. Seki
yksinkertaistettua ettd kehittynyttd, todellisiin saétietoihin perustuvaa
laskentamallia  sovellettiin  erikokoisten hiukkasten kulkeutumiseen
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Tshernobylin onnettomuudesta. Mallit kykenivédt varsin hyvin ennustamaan
suurten hiukkasten kulkeutumista, mutta aerodynaamiselta halkaisijaltaan
jopa kymmenien mikrometrien hiukkasten loytymistd useiden satojen
kilometrien etdisyydelts padstolahteestd ei pystytty kunnollisesti selittaméén
olemassaolevan tiedon perusteella. Joko vapautumiskorkeus on ollut aiemmin
raportoitua suurempi tai konvektiiviset pystysuuntaiset virtaukset ovat
vaikuttaneet  kulkeutumiseen. Leviimismalleissa  todettiin  olevan
kehittdmisen tarvetta erityisesti turbulenttisen dispersion ja suurten
hiukkasten kulkeutumisen osalta.

Ydinpolttoainehiukkasten aiheuttama uhka poikkeaa tasaisen
kontaminaation tapauksesta. Kudoksen kanssa kosketuksessa oleva
beetasiteilya lahettdvd hiukkanen voi aiheuttaa suuren mutta erittidin
paikallisen séteilyannoksen, kun taas kauempana, noin yli senttimetrin
paassi, annos on vihidinen. Kokonsa takia suuret ydinpolttoainehiukkaset
eivit hengitysilman mukana kulkeudu syville keuhkoihin, vaan jidavat
esimerkiksi ylédhengitystiehyeisiin. Akuutteja sdteilyseurauksia
tarkasteltaessa hiukkasten depositio ihoon ja tdtd kautta saatava séteilyannos
onkin varteenotettava altistusreitti. Tyossi laskettiin mahdollisia ihoannoksia
erityyppisille ja erikokoisille ydinpolttoainehiukkasille olettaen hiukkasten
olevan kiinnittyneend ihon pintaan. Deposition todennikéisyytta hiukkasten
lukuméarapitoisuuden funktiona ei arvioitu. '

Thoannokset laskettiin tyvisolukerroksen nimellissyvyydelle ja
keskiarvoistettuna nelidsenttimetrin pinta-alalle. Laskennallisten annosten
suuruutta verrattiin viestén ihoannosrajaan (50 mGy vuodessa ihon
nelidsenttimetrid kohden syvyydelle 0,07 mm). Tshernobylin onnettomuuden
jalkeen aktiivisimmat Euroopasta, satojen kilometrien etidisyydeltd
paastopaikasta loydetyt ydinpolttoainehiukkaset olisivat voineet jopa alle
tunnissa aiheuttaa tdmén rajan ylityksen deponoiduttuaan ihon pintaan.
Determinististen terveyshaittojen ilmaantumiseen olisi kuitenkin vaadittu
kuitenkin yli vuorokauden kestivi ihokontakti.

Ydinpolttoainehiukkasten aiheuttama terveysuhka taytyy ottaa huomioon
arvioitaessa mahdollisen vakavan ydinonnettomuuden siteilyseurauksia ja
suunniteltaessa suojelutoimenpiteiti pelastustytntekijosille ja viestolle.
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1 INTRODUCTION

Radioactive particles considered in the present thesis are tiny pieces of
artificial radioactive material, mainly nuclear fuel particles, dispersed into the
environment because of different human activities. Radioactive particles are
considered here as aggregates of radioactive atoms that give rise to
inhomogeneous distribution of radionuclides significantly different from that
of the natural background particles of the sample. Nuclear fuel particles are
those originating from nuclear fuel. Although particle size may vary
considerably mainly large fuel fragments, diameter from a few micrometers up
to tens of micrometers and often referred to as ‘hot particles’, are of special
concern here. Radioactive particles smaller than about 1 ym in diameter and
generated by various nucleation/condensation processes are not treated.

There exists no widely accepted definition for the concept of a 'hot particle'. It
is often used in the meaning that the particle is highly active; sometimes it is
used for particles having high specific activity. Khitrov et al. (1994) have
suggested the following definition: a hot particle is a particle with any
radionuclide or composition with size up to 50 - 80 pm and activity over 4 Bq.
The National Council on Radiation Protection and Measurements (NCRP
1999) states that "hot particles are considered to be > 10 pm but < 3000 pm in
any dimension. Hot particles smaller than 10 pm may be treated as general
contamination...". Radioactive particles originating from atmospheric nuclear
tests are historically referred to as hot particles. This concept was later
attributed to fuel fragments originating from the Chernobyl accident.

Hot particles have been frequently identified after past riuclear incidents as
shown e.g. by Salbu (2000): "A significant fraction of radionuclides released by
nuclear events, for instance nuclear weapon tests, nuclear reactor accidents,
and fires involving nuclear installations is associated with particles.
Furthermore, effluents from nuclear reactors and reprocessing plants under
normal operating conditions contain radionuclides in particulate and colloidal
form. Radioactive particles are also observed in the vicinity of radiocactive
waste dumped at sea." Hot particles are also regularly detected in normally
operating nuclear power plants. The NCRP (1999) concluded that "hot
particles associated with nuclear facilities have been mostly an ‘'inplant'
problem associated with nuclear reactors, but the possibility that hot particles

10
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could inadvertently escape to the outside environment ‘cannot be entirely
dismissed".

Although the presence and release of hot particles into the environment from
past nuclear incidents are widely documented, they are often considered as a
unique and "rare form of radioactivity" (Kutkov et al. 1995) and treated
something like a scientific curiosity (Sandalls et al. 1993) which may lead to an
underestimation of their significance. The particulate nature of radioactive
substances is not necessarily taken properly into account in environmental
monitoring and consequence analyses of nuclear accidents. In traditional
consequence analyses 'radioactivity’ (not necessarily particles) is assumed to
be released, transported, dispersed, and deposited on a target area. Existing
monitoring systems are rather designed to detect ’radioactivity’ than
individual particles; and in laboratory analyses the radioactive species are
often considered as ‘becquerels’ more or less evenly distributed in a sample. As
regards the abovementioned issues, the results of the present thesis give a new
perspective and ideas for subsequent studies.

The role of hot particles in estimating the significance of radioactive releases is
far from clear. Vajda (2001) concluded that "there is still a lack of knowledge to
fully understand the processes of hot particle formation, transport, migration,
bioavailability and health hazards". The aim of the present thesis is to study
nuclear fuel particles from the perspective of health hazards. The studies
focuses on

s the characterisation of nuclear fuel particles,

o their transport and dispersion in the atmosphere and

¢ the estimation of possible skin doses.

The hazard cannot be considered hypothetical. At the time of the Chernoby!
accident, six persons were near the plant at different distances in the direction
to which the radioactive plume was moving (Barabanova and Osanov 1990).
They were exposed to fallout particles which covered their skin and the
ground. The person who received the highest y-dose had very severe and
widespread p-radiation burns (the f-dose was more than 20 times higher than
the y-dose). At the time of the accident, he was 1 km from the plant and
remained there for an hour. He was covered with black dust and died 17 d
after the exposure. Except for one person with the smallest dose, other victims
in this area also died. No beta burns were reported in distant areas.

11
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Highly active particles (activity of “'Cs up to 10° Bq), originating from the
disposal site of manipulated nuclear fuel of the material test reactor, were
observed in the Dounreay, Scotland (COMARE 1999). COMARE performed
risk estimation for ingested radioactive particles and arrived at the conclusion
that "the particles, if encountered, present a hazard to health, and the hottest
particles could induce serious acute radiation effects. Whilst the probability of
encountering a particle is small, it is not negligible."

Since nuclear fuel particles may pose a health hazard, there is a need to
develop methods for atmospheric transport and dispersion that take into
account realistic weather conditions and the particulate nature of the release
plume. As shown in publication V, nuclear fuel particles may present a
potential health threat far from the source. Particles may be transported
hundreds of kilometres in the atmosphere and, depending on wind conditions
during the transport, also to other areas than gaseous species.

The health hazard caused by nuclear fuel particles is different compared with
uniform contamination. Even if their number concentration in air is low, it is
possible some individuals will receive a highly active particle deposited for
example on the skin. Consequently, only a small fraction of the tissue may be
exposed at levels that may cause severe health damage. Since the activity of a
particle may be more than 1 MBq, the dose in its immediate vicinity may be
very large. Risk estimations have been performed for inhalable hot particles
from Chernobyl (e.g. Hofmann et al. 1988) but some of the particles detected
after past nuclear incidents were much more than 10 pm in aerodynamic
diameter and, consequently, are poorly inhaled (NCRP 1999). Instead, when
deposited on the skin they may produce a notable skin dose within a short
time (Publication VI). This fact is often disregarded in assessing the
significance of large radioactive particles (see e.g. Garland and Nicholson,
1991).

The health threat that large nuclear fuel particles may pose is determined by
particle properties such as composition, activity and size and their
concentration in the environment. In practice, quantitative risk estimation
may be useless owing to the very large uncertainties related to particle
release, characteristics, appearance, and bioavailability. In the present thesis,
rather an identification of short-term hazards than a detailed risk analysis is
performed using the Chernobyl accident and nuclear fuel fragments
originating from it as an example. A proper understanding of the nature of the

12
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hazard caused by highly active particles may facilitate designing the
countermeasures that are needed in future nuclear incidents.

13
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2 NUCLEAR FUEL PARTICLES IN THE
ENVIRONMENT

Radioactive particles were distributed worldwide as a result of atmospheric
nuclear tests mainly in 1950s and 1960s (see e.g. Salbu 2000, Vajda 2001).
Local contamination due to nuclear bomb debris occurred as a result of aircraft
crashes in Thule, Greenland, in 1968 (Moring et al. 2001) and Palomares,
Spain, in 1966 (Romero 2001). The uncontrolled re-entry of nuclear-powered
satellites into the atmosphere, such as Cosmos 954 in Canada in 1978
(Gummer et al. 1980), led to the dispersion of highly active particles into the
environment,

The nuclear fuel particles considered in the present study may be generated in
severe nuclear accidents and released into the environment, as occurred in the
Chernobyl accident. The release of nuclear fuel particles cannot be considered
unique to severe nuclear accidents only. After the Sosnovyy Bor incident in
Russia 1992 nuclear fuel particles were detected in air samples collected along
the coast of the Gulf of Finland (publication I, Paatero and Hatakka 1997). In
addition, particulate radioactive materials have been detected in the
environment after the releases from reprocessing plants, such as in Tomsk in
1993 (Hyder et al. 1996). Particles have been observed in aquatic environments
(Salbu 2000) and in the areas in which the storage of nuclear fuel and
radioactive waste exists (publication VIII).

Nuclear fuel particles have been also detected in nuclear power plants during
their normal operation. NCRP (1999) reviewed in-plant radioactive particles
found in U.S.A. Comprehensive surveys in nuclear power plants revealed the
presence of fuel type particles as well as those composed of activation products.
Although the review concentrated on the particles found in nuclear power
plants NCRP concluded that "hot particles can occur in research reactor
facilities and other nuclear facilities". Highly active particles are treated as an
occupational safety problem rather than as a hazard to the public. However,
"minimising the production and release of hot particles are clearly the
preferred control methods, but the possibility of such events occurring cannot
be ignored" (NCRP 1999). Mandjukov et al. (1994) concluded that "the
presence of hot particles in the NPPs seems to be the rule rather than the

14
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exception." However, "radioactive particles, tens of um or more in diameter,
are unlikely to be emitted directly from nuclear facilities with exhaust gas
cleansing systems, but may arise in the case of an accident or where

resuspension from contaminated surfaces is significant" (Garland and
Nicholson, 1991).

Although highly active particles have been frequently detected after past
nuclear incidents, their appearance and distribution even in the vicinity of the
release site is generally not known. Published deposition maps of radionuclides
such as ''Cs, based for example on an environmental survey using mobile
radiation detection systems, do not necessarily reflect the distribution of hot
particles. Their presence must be verified using a well-defined sampling and
sample analysis programme (Fig 1).

Figure 1. Nuclear fuel particle (large object in the middle) detected in a marine
sediment sample (publication VII).

15
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Despite the fact that more than a hundred scientific papers dealing with
radioactive particles in the environment have been published (see for example
the reference list by Poéllanen (1997)), the particle data from past nuclear
incidents is far from complete owing to sparse sampling and the difficulties in
analysing particle properties. Usually only a limited number of individual
particles have been identified and, subsequently, characterised by different
analytical means. Nevertheless, the number of identified radioactive particles
especially from the Chernobyl accident is large enough to facilitate their
classification into different groups. This makes it possible to understand the
processes of particle formation and release.

2.1 Formation and release of particles from nuclear
fuel

The characteristics of nuclear fuel particles reflect the properties of the source
material and provide detailed information of their origin, formation, transport,
reactivity, transformation reactions, and environmental impact (Jambers et al.
1995). The radionuclide composition of nuclear fuel particles characterises the
nuclear fuel and different physical processes occurring during irradiation;
elemental composition refers to the mechanisms during particle formation.
The particle may contain nuclides that are already present in the source
material except when nuclides from other sources are attached to the particle
during transport or generated through radioactive decay.

In a severe nuclear accident, radioactive materials emitted from nuclear fuel
and released into the environment may be in the form of gases, vapours and
particles of different sizes. Soon after the release, the gaseous materials may
be converted into solid species because of radioactive decay (for example *Kr
— “Rb). High temperature may lead to the emission of volatile materials such
as I, Cs, or their compounds and lead to the subsequent generation of small
(diameter less than 1 um) radioactive particles via nucleation, condensation,
and coagulation. The nuclide composition of these 'condensation-type' particles
deviates from that of nuclear fuel. After the Chernobyl accident, nuclides such
as "“Ru, ™I, ""Te, "‘Cs and "Cs were generally detected in these particles.

Energetic events may lead to the fragmentation of nuclear fuel, as occurred in

the Chernobyl accident. Particles generated through mechanical fuel
disintegration are usually large (diameter larger than 1 um) and their nuclide

16
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composition resembles that of the source material. This does not necessarily
mean that each particle has the same composition because the source material
is usually somewhat inhomogeneous. In the Chernobyl accident, 'U-type' fuel
fragments with composition similar to nuclear fuel on the average were
released into the environment. In addition, 'Ru-type' particles composed
mainly of elements such as Ru, Rh, Mo, Tc and Pd were released from the
damaged plant. These particles were often identified as the metallic
precipitates present in irradiated nuclear fuel (publication VI). However, their
formation/release mechanisms are still unclear. Mechanical emission is an
obvious mechanism to explain the characteristics of some of the Ru-type
particles found in the environment (publication VI).

Complex physical-chemical phenomena may affect the composition of fuel
fragments if the temperature during the particle formation/emission is high.
The elements or compounds, which have sufficiently high vapour pressure,
may be easily vaporised from the particles that are then depleted with respect
to these materials. U-type fuel fragments from the Chernobyl accident were
generally depleted with respect to elements such asI and Cs.

2.2 Nuclear fuel particles from the Chernobyl accident

Nuclear fuel particles from the Chernobyl nuclear power plant were identified
in several European countries. Pélldnen (1997) summariséd those findings in
which single particles or their detailed properties were analysed (also
publication V). The particles were found in air filters or were collected from
different surfaces. The method and the time of collection and the location of
sampling have a crucial effect on the detectable characteristics of the particles.
At the time of the Chernobyl accident, only a few laboratories were aware of
the occurrence of nuclear fuel particles and thus their findings were clustered
and sparse. Particles were systematically collected in only a few locations, not
over wide areas, and the characteristics of only a few hundred radioactive
particles have been reported in literature. The reported range of values of the
number of deposited particles and especially the number concentrations in air
is wide (Tables I and II) because of difficulties in locating the particles,
different threshold values in detecting the particles, different analysis
methods, and different timing of the estimates.

17
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Table 1. Number of deposited hot particles per square meter (Péllinen 1997).
Some authors have not reported the detection threshold (in terms of activity). In
this case the reported detection limit is denoted as a question mark.

Reference Location Reported detection m*
threshold
Rytomaa et al., Open areas in 1 Bq up to 10000
1986 Finland (mean<1000)
Robertson 1986, Stockholm ? 5-8
Perkinset al., Oland ? : <1
1989
Kerekes et al., Stockholm, Gotland, 90...220 Bq ~ 0.2
1991 Gavle
Devell 1988 Studsvik 100 - 200 (*"Ce) Bq 1
Osuch et al., North-eastern Poland 50 Bq 0.007-19
1989
Broda 1987 Mikolajki 100 Bq 0.1
Petryaev et al., 40 - 250 km from the ? 10°- 10°
1990 plant
Wabhl et al., Konstanz 1-10Bgq 170
1989 10-50 Bg 38
> 50 Bq 3
Kritidis et al., Athens 1-10 Bq (7.5.1986) 130
1988 10-100 Bq (7.5.1986) 13
100-1000Bq (7.5.1986) 1.3
Lindneret al., 4 km from the plant d <5pm > 10000
1992 d,>5pm 5000
Viktorova and 5 km from the plant ? 50000
Garger 1990 90 km from the plant ? 15000
Khitrov et al., 20 km from the plant 2 x background 50 - 60
1994 40 km from the plant 2 x background 30-40
(Sandalls et al., 60 km from the plant 2 x background 10
1993) Kiev 2 x background 1-2

A simple order-of-magnitude-estimate of the number of deposited U-type
particles per unit area can be achieved as follows: by assuming that the
amount of nuclear fuel released into the environment in the form of particles is
7000 kg (Sandalls et al. 1993) and by assuming that the equivalent volume
diameter of the particles is 10 pm and their density 10500 kg m*, the number
of released particles is then approximately 10°. The sum activity of relatively
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long-lived isotopes is 1300 Bq per particle (see Table 1V, decay time 10 d). If
° particles are deposited within a zone of 30 km in radius the number of
deposited particles per square meter is on the average 450 000 m® (which
refers to the activity of about 500 MBq m®). This approximate estimate is by a
factor of ten higher than the numbers reported near the Chernobyl nuclear
power plant (Table I),

Table II. Number concentration of hot particles in ambient air (Pblldnen
1997). '

Reference Location Time Detection m?®
threshold (Bq)
Toivonen et  Helsinki 28.4.1986 10 (May 1987) 0.08
al., 1988
Mattssonet  Helsinki 28-30.4.1986 50 0.0011 - 0.020
al., 1986 Nurmijarvi 27-30.4.1986 50 0.0022 - 0.022
Sinkko et al.,, Nurmijdrvi 27-28.4.1986 ? 0.019-0.08
1987
Lujanas et al., Vilnius 28-29.4.1986 ? 10000
1994 29.4-1.5.1986 ? 4 - 866
Kolb 1986 Brunswick 15-9.5.1986 1-15 0.0002
Wahl et al., Konstanz May 1986 1-10 0.068
1989 10- 50 0.015
> 50 0.0011
Balashazy et Budapest 29.4-85.1986 10 (2.7.1986) 5 x 10°
al., 1988

Large-scale fallout from the Chernobyl accident was spatially heterogeneous,
i.e. the territorial distribution of nuclides such as *Zr, “'Ce, “Ce, *'Cs and
¥'Cs varied widely (Arvela et al. 1990; Jantunen et al. 1991, Mietelski and Was
1995). Smaller inhomogeneities with elevated amounts of radioactive
materials were also identified (Luokkanen et al. 1988); these ‘hot spots’ were a
few kilometres in diameter. In Lithuania, a small number of hot spots (several
tens of square metres in area) were found on the ground (Lujanas et al. 1994).
Near the Chernobyl power plant, hot spot areas with a marked occurrence of
radioactive particles were detected (IAEA, 1991). In Poland, spots as small as
30 ¢cm in diameter were identified (Broda 1987).
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The local distribution of nuclear fuel particles was extremely inhomogeneous.
The relative occurrence of U-type and Ru-type particles differs. This
observation suggests that they were not released in the same way or their
transport was different. It is possible that the particles deposited in Poland
originated from a different part of the reactor compared to those which were
transported to Scandinavia. This was deduced by different depletion of Cs and
different isotope ratios of "*Ru/*Ru and *Ce (Broda 1987). Large objects may
be transported hundreds of kilometres from the plant. For example, Broda et
al. (1989) reported even 600 um particles in Poland, suggesting that the bulk
of these particles comprised fragments of the reactor graphite moderator.
Radioactive particles were also found in human tissue.

The content of nuclear fuel particles, their size and isotopic composition
depend on the distance from the Chernobyl nuclear power plant. The nuclear
fuel particle contribution in the 30-km zone around the plant was at least 65 %
of the total activity (Tcherkezian et al. 1994), The territorial distribution of
nuclear fuel particles and condensable particles differ. The proportion of
condensation particles is estimated as 60 % and 98 % at distances up to 25 and
60 km from the NPP (Pavlotskaya et al. 1994), Within 10 km from the plant,
less than 3 % were attributed to condensed particles and more than 95 % to
fuel particles (Salbu et al. 1994).
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3 CHARACTERISATION OF RADIOACTIVE
PARTICLES

The prerequisites for achieving proper results in particle analysis are the
awareness of the possible existence of hot particles in the environment, well-
designed sampling procedures and the capability of identifying and isolating
particles from the sample. In addition, the availability of proper equipment for
particle analysis is necessary, as is a well-trained and experienced staff that is
able to apply the methods normally used in bulk analyses to the analysis of
individual particles.

The analysis of individual particles complements conventional bulk analysis.
However, the measured properties of individual particles are not necessarily
sufficient in estimating the relevant characteristics of the particles, their
transport in the environment, and the possible threats to health. Sometimes
calculative methods must be applied. This is especially the case when the
appropriate methods of analysis are not available or they are used too late:
nuclear fuel particles have been identified and analysed typically weeks or
even years after the accidents, preventing the detection of short-lived nuclides.
In addition, the particles were usually analysed with gamma-ray
spectrometers only. Although nuclides with low gamma yield or pure beta
emitters as well as those with low activity were not generally detected, they
may essentially contribute to possible health hazards (publication VI).

Particle analysis can be divided into the following phases: ‘

¢ Identification of the possible presence of individual radioactive particles in
a sample; estimation of their number in the sample and, possibly, the
activity of individual particles.

o Isolation and separation of the radioactive particles from the sample that
may contain billions of inactive uninteresting background particles.

s Analysis of particle characteristics using different methods.

s Interpretation of the analysis results and comparison with calculated
particle properties.
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3.1 Sampling, identification, and isolation

Standard radiation monitoring techniques may provide information about
areas with elevated amount of contamination (hot spots) but they are not
necessarily appropriate for the identification of individual hot particles.
Sampling techniques are needed. Direct identification of the presence of hot
particles in the environment requires devices that are able to scan the
inhomogeneities of the contamination (e.g. Khitrov et al. 1994).

The procedures for particle sampling (method, time and location) and analysis
(method and time of analysis) determine those properties of the particles that
are possible to detect. Especially the sampling distance from the plant and the
time and methods of analyses make a notable contribution in obtaining a
representative sample of radioactive particles. For example, coarse particles
cannot be detected far from the plant owing to their short residence time in air
and short-lived nuclides cannot be detected if sampling and analyses are
performed too late.

A range of sampling and sample manipulation techniques exists for different
types of sample materials (Vajda 2001). For example, airborne radioactive
particles are usually collected using air filtration or deposition samplers.
Without particle isolation/separation, average quantities, such as activity
concentrations in air, are then obtained. However, the size distribution of the
particles can be measured using impactors. Single particles from other types of
samples can be identified as deposited onto different surfaces or incorporated
in the matrix of a bulk sample (publications VII and VIII).

The presence of non-volatile nuclides, such as **Eu (publication VII), detected
by traditional bulk sample analysis may give a hint of the presence of hot
particles. Another possibility for making a preliminary identification of the
presence of hot particles in the samples is to perform repeated mixing of the
samples and subsequent counting (Bunzl 1998). Sample splitting into smaller
subsamples and their analysis is another option. In addition, autoradiography
(Pollanen et al. 1996) or imaging plate techniques (Moring et al. 2001, Zeissler
et al. 1998) are appropriate methods that also provide data on the particle
distribution in a sample (Fig. 2).

A prerequisite for analysing the properties of individual particles is isolation

and further separation of the particles in question from the sample. The
advantages of isolation are apparent: by analysing individual particles, it is
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possible to achieve results that are otherwise not possible owing to the
interference of non-relevant bulk particles in the sample. Adhesive tapes are
often used in the isolation (publications VII and VIII). The identification and
analysis of individual hot particles may sometimes be possible without manual
particle isolation using scanning electron microscopy or secondary ion mass
spectrometry. A sufficiently large number of hot particles must then be
present in the sample and the physical size of the sample should be small
enough.

Figure 2. An example of an autoradiogram of a filter through which 25 m® air
has passed (Pollénen et al. 1996). The sample containing activation-type
radioactive particles was collected in a nuclear power plant. The film exposure
time was 10 d. The total activity of the filter was about 0.5 kBq. Three particles
were separated from the filter and analysed using ¢ gamma-ray spectrometer
and nuclides *Mn, ®Co, ®Fe, Co and *Zr were identified. The sum activity of
these nuclides in the particles 1, 2 and 3 were 25 By, 12 Bq and 0.7 Bg,
respectively.
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3.2 Analysis methods

A range of assay methods is needed for the complete characterisation of hot
particles. The information that can be obtained in analysing the particles
depends on the method of analysis. The information collected from the inactive
nuclides of the particle may be as valuable as that obtained from radioactive
nuclides. In forensic analyses, the particle characteristics may function as a
fingerprint of their origin. For example, the comprehensive analyses of the hot
particle detected in the marine sediment sample from Gotland deep
(publication VII) were of fundamental importance in estimating the particle’s
origin.

The scientific and technical challenges of hot particle manipulation and
analysis are associated with the small size of the particles and their
identification from (inactive) non-interesting background particles. Different
techniques have specific limitations of their own, which may lead to difficulties
in determining the optimum method for analysing the particle in question.
However, if they are appropriately used, the results of their analysis may
complement each other. Special emphasis must be placed on the order of
different analysis methods. The order depends on the type of information
needed in each case (Table III).

Vajda (2001) classified hot particle analysis techniques into nuclear analytical
techniques and microanalytical techniques. The main advantages of using
nuclear analytical techniques compared to microanalytical ones are their
sensitivity and relatively simple use. Radiation emitted by radioactive
materials in the sample is 'passively' registered whereas microanalytical
techniques need stimulation, typically a particle beam ejected into the
specified object to be analysed, before detecting the response signal. This
means that in microanalytical techniques the hot particle in question must be
usually unequivocally identified before the analysis. In nuclear analysis
techniques, the particle does not necessarily have to be identified provided the
background particles in the sample do not contain significant amounts of the
same radionuclides as the particle itself.

Nuclear analytical techniques commonly used in particle analysis, and also
utilised in publications VII and VIII, are autoradiography or similar types of
imaging systems, and o, B and y-ray spectrometry. The outcome of these
methods is the nuclide composition of the particles and in the case of
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autoradiographic/imaging techniques, the particle distribution in the sample.
Other methods, such as different types of dose rate meters, are used especially
during sample manipulation.

Table III. Methods of analyses used in the present thesis (publications VII and
VI1II).

Method of analysis Purpose Property to be measured

Autoradiography Identification, localisation, Number of radioactive
and isolation of radioactive  particles, total beta
particles. activity of a particle.

Gamma-ray Presence and amount of Activity of gamma-

spectrometry gamma-emitting emitting radionuclides.
radionuclides in a
particle/sample.

Beta spectrometry Presence and amount of Activity of beta-emitting
beta-emitting radionuclides radionuclides (entire or
in a particle/sample. dissolved particle).

Alpha spectrometry Presence and amount of Activity of alpha-emitting
alpha-emitting radionuclides radionuclides (entire or
in a particle/sample. dissolved particle).

Scanning electron  Visualisation and elemental Particle size,

microscopy with X- composition of radioactive concentration of

ray analysis particles. elements.

Secondary ion mass Visualisation and nuclide Concentration of

spectrometry composition of a radioactive nuclides.
particle.

Infrared Material characterisation. Chemical composition.

spectrometry

Microanalytical techniques are frequently used in material sciences but their
applications to radioactive particles are rare. The small size of the particles,
the absence of suitable standards and difficulties in determining the
interaction volume (the volume from which measurable information can be
achieved) make it difficult to obtain quantitative results. Depending on the
type of beam used, the information may come from the surface of the particle
or from the deeper parts. The key characteristics of the hot particles that can
be detected using microanalytical techniques are their element (or sometimes
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nuclide) composition and structure. In addition, the chemical composition,
crystal structure, oxidation state etc. may be obtained.

Since most microanalytical techniques require special and usually very
expensive equipment, co-operation between different research centres is often
necessary. Their use in particle analysis is also very expensive because of the
amount of manual work with respect to the number of analysed particles is
often very small (publications VII and VIII). A notable drawback of most
microbeam techniques is the need to operate under vacuum, which may cause
the loss and transformation of volatile and unstable compounds.

Different types of electron microscopes are widely used in particle analysis.
They use an electron beam to excite the atoms in the target sample.
Characteristic X-rays as well as secondary electrons, backscattered electrons,
transmitted electrons, or diffracted electrons are detected. Scanning electron
microscopy with an energy dispersive X-ray spectrometer is used in the
present analyses (publications VII and VIII). Equipment using other types of
beams, such as X-rays, protons, sychroton radiation etc. was not available.

Mass spectrometers are used to determine the elemental and nuclide
composition of bulk materials, but applications to particle analysis are scarce.
In mass spectrometry, the samples (or the target in question) are decomposed
and ionised and then ejected into the unit which separates the ions with
different mass-to-charge ratios. Mass spectrometers can be used in hot particle
analysis provided the particle in question can be separated from the bulk
sample (publication VIII). Other techniques, such as infrared spectroscopy
(publication VIII), are very seldom used in particle analysis.

3.3 Calculation of particle characteristics

The characteristics of nuclear fuel particles can be predicted in certain
situations. In order to estimate particle properties, the primary assumption is
that nuclear fuel particles reflect the characteristics of nuclear fuel. Another
assumption is that the proportions of certain elements remain unchanged
during particle formation and release. This, of course, is not valid for gaseous
(or volatile) species. The third assumption is that other materials are not
significantly agglomerated/condensed into an existing nuclear fuel particle or
materials are not evaporated, i.e. particle composition does not change
remarkably during transport and deposition. However, when particles are
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deposited on the ground their weathering leads to mobilisation and the
possible intake of the radionuclides incorporated in the particles.

The characteristics of nuclear fuel particles as well as their abundance in
various media must be known in order to estimate their potential health
effects and risks. The dose calculations cannot be fully performed using the
information gathered merely from particles detected in the environment since
particle sampling and detection may not be necessarily representative and the
analytical methods may not be necessarily adequate for estimating all the
relevant properties of the particles (publication VI). Sometimes prompt activity
analyses of the particles are not possible because of the tedious procedures
needed for particle sampling, isolation, and analysis. Calculative methods are
needed.

An approach based on fuel inventory calculations is used to supplement
characteristics that cannot be obtained from measurements. A typical example
of this procedure is that the activity of a relatively short-lived nuclide is
calculated from the activity of a more long-lived nuclide of the same element,
provided the decay time and burnup of the fuel from which the particle has
been originated are known.

The amount of (radioactive) materials in a reactor core, the ’inventory’, is
estimated using the ORIGEN2 (Croff 1983) computer code designed to
calculate the different characteristics of nuclear fuel. It calculates numerically
the concentrations of different elements and nuclides in the nuclear fuel. The
main phenomena considered in ORIGENZ are nuclear fission, neutron-induced
transmutation, and radioactive decay. A set of ORIGEN2 calculations for
different reactor types was performed as a function of fuel burnup and decay
time, The results of the calculations are stored in a database that is used to
estimate the characteristics of irradiated fuel and particles.

Since the output of ORIGEN2 is very large and the code itself does not include
the possibilities to treat all this information in a modern way, a tool for data
management, known as OTUS, was developed (Polldnen et al. 1995). Inventory
data were calculated for PWR (VVER-440), BWR (Swedish type) and RBMK
(Chernobyl) reactors using simplified operation histories (Péllanen 1997), i.e.
reactor power was assumed to be constant during the irradiation, and fuel
outages were taken into account except for the RBMK reactor. The database
contains the concentrations of the elements and nuclides present in the reactor
fuel. The activity of a specified nuclide per unit volume of the reactor fuel in
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question is obtained multiplying fuel density by activity concentration (Fig. 3).
Since the specific power used in the calculations was assumed to be constant
during irradiation, the calculated concentrations are rather indicative than
true estimates of the amount of materials present in the reactor fuel.

The Chernobyl accident showed that the isotopic composition of U-type
particles generally reflects the core inventory (Osuch et al. 1989). The
proportions of certain elements in a nuclear fuel fragment, e.g. Zr and Ce, are
similar to those in nuclear fuel. The proportions of their nuclides are
determined only by the burnup and cooling time (decay time) of the specified
reactor fuel provided that isotopes of the same element behave similarly
during particle formation and release. In addition, the activities per unit
volume may differ by a factor of about two in different NPP reactor types
(Péllanen 1997).
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Figure 3. An example of the activity per unit volume (Bq um®) of *Zr and '“Ce
in PWR (VVER440), BWR and RBMK (Chernobyl) fuel as a function of fuel
burnup. Activities are shown up to the average burnup of exhausted fuel
(Polldnen 1997).
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The particle size estimation from nuclide-specific activities is based on the
assumption that the nuclide ratios of non-volatile elements are not changed
during the fuel fractionation processes (e.g. Piasecki et al. 1990, Jaracz et al.
1990). Polldnen (1997) calculated the equivalent volume diameter of Chernobyl
particles from the known activity per unit volume of a nuclide (or from the
sum activity of several nuclides). Particle sizes were estimated separately for
U-type and Ru-type particles because their activities per unit volume were
different.

Activity ratios are of special importance. In general, the activity ratios can be

used in two ways:

1) If two different isotopes of the same element, e.g. *'Ce and '*Ce, are
detected in a particle then it is possible to estimate the burnup of the fuel
from which the particle has originated. This was applied by Po6lldnen
(1997) in making hot particle size estimation detected in the environment
for which the sizes were not reported in the original publications. The
method was also used in publication VII.

2) If the burnup and decay time of the fuel is known then it is possible to
estimate the activity of the nuclides (e.g. *Sr) that cannot be detected
using a gamma-ray spectrometer. This was applied in publication VI
where the activities of short-lived nuclides, not reported in the original
papers, were estimated.

For homogeneous particles, the activity is directly proportional to particle
mass which, in turn, is proportional to the cube of particle linear dimension.
Particle size (volume or equivalent volume diameter) is often determined using
electron microscopy, which in addition to activity analysis allows determining
the activities of various nuclides per unit volume of the particle. On the other
hand, particle size can be estimated using gamma-ray analysis only, if activity
per unit volume is known,
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4 ATMOSPHERIC TRANSPORT

In atmospheric transport and dispersion, large nuclear fuel particles pose
different problems compared with small radioactive particles and gaseous
species (publications III and V). In the atmosphere, they behave differently
and they are not distributed within a release plume in the same way. Soon
after their release, the large particles (aerodynamic diameter d, = 20 um)
leave the main aerosol stream mainly by sedimentation. In weather types
where wind speed and direction change significantly with height, large
particles and gaseous species or small particles may be transported separately.
It is even possible that in some areas the fall-out contains mainly large
particles, neither gaseous species nor small particles.

In addition to the sedimentation, atmospheric turbulence contributes notably
on the deposition of large particles. Particles with a sedimentation velocity
greater than 1 m s (d, 2 200 um) fall so fast that turbulent dispersion is no
longer important (Van der Hoven 1968). For particles of a few pum in
aerodynamic diameter, turbulent dispersion is certainly an important
deposition mechanism but a question arises over the net effect of the
sedimentation and the turbulent dispersion for particles of sizes between these
limits. The threshold value of the sedimentation velocity, at which settling
becomes important, depends on the magnitude of the velocity of turbulent
motions in the air (Garland and Nicholson 1991).

Despite the uncertainties associated with the role of sedimentation and
turbulent dispersion, it is important to discover the areas that may receive the
fall-out of highly active particles in a severe nuclear accident. However,
gravitational settling of particles as a deposition process in real time long-
range dispersion models in operational use is often excluded (Bartnicki et al.
2001). For the purposes of emergency preparedness, it is crucial to establish
the maximum transport range of particles that may produce an acute health
hazard, although they are of special concern near the release site. The
transport range is defined as the distance from the point of release to the point
of deposition (Polldnen et al. 1995, publication III). Range estimates are based
on the time difference between the release and deposition. During this time,
the particles, originally lifted up to the effective release height, are
transported over a distance determined by the wind velocity. Only dry
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deposition is considered (also in publications III and V). A user-friendly
computer code using simplified atmospheric conditions was developed to
estimate the transport range of large particles (P6llanen et al. 1995). The code,
known as TROP, is intended mainly for use in emergency preparedness but it
can also be used for research purposes.

TROP does not take into account varying wind conditions during transport
and, thus, it cannot be fairly used in operational situations. The transport of
large particles must be connected to the prevailing weather (Fig. 4). A long-
range transport, dispersion and dose model, TRADOS', was developed for real-
time calculations in realistic atmospheric conditions (Valkama and Salonoja
1993). The transport and dispersion of the particles is described by 3-
dimensional trajectories and the resultant vertical velocity is the sum of the
sedimentation velocity and the velocity of ascending or descending airflow.

The code uses numerical weather prediction model data to calculate
trajectories. Weather parameters for different altitudes are stored routinely
four times a day in a database that contains weather parameters, such as wind
components, air temperature, relative humidity etc. The size and density of
the particles as well as their effective release height are required as trajectory
model input. However, in operational use, these quantities may be very
uncertain and the calculated fallout areas are then only suggestive.

Particle trajectories were calculated for the Chernobyl accident in publication
V and in Valkama et al. (1995). The effective release height of the particles and
the atmospheric phenomena related to their transport were investigated by
comparing particle findings in the environment with the locations given by
particle trajectories. Since the size of the nuclear fuel particles detected in the
environment is usually not documented, it was estimated using calculative
means.

Unlike air parcel trajectories, the trajectories of large particles terminate
when they hit the ground. However, the point of deposition cannot be
determined accurately because of atmospheric turbulence. TRADOS is unable
to take turbulence into account and the conclusion that the maximum effective
release height must either have been considerably higher than previously
reported or particles may have been lifted up to higher altitudes in deep
convective cells (publication V) must be further validated. Valkama and

' SILAM computer code has replaced TRADOS, which is no longer in operational use.
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Pélldnen (1996) concluded that convective lifting might have affected the
dispersion and deposition of radioactive particles from the Chernobyl accident
(Fig. 5) but the effects of atmospheric turbulence on the transport of large
particles is still an open question. A novel computer code known as SILAM is
under development (Valkama and Ilvonen, 2000) and it may validate the
conclusions presented above.

The Norwegian Meteorological Institute has taken into account the ideas
presented in publication V and simulated the transport of the large particles in
the Chernobyl accident (Bartnicki et al. 2001). They verified that large
particles could travel long distances before being deposited (publication V).
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Figure 4. Trajectories of an air parcel and a group of particles of different
aerodynamic diameters released hypothetically from Sosnovyy Bor (Pélldnen et
al. 1993). The release height is 2700 m. The average wind velocity along the
particle trajectories is between 3.5 to 6 m s”. The transport situation refers to
the days Feb 22-24, 1993.
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Figure 5. Trajectories of an air parcel and particles 10 ym and 20 uym in
aerodynamic diameter originating from Chernobyl NPP on April 26, 1986 at
03:00 UTC (Valkama and Pélldinen 1996). The effective release height is 700 m.
On the left above, convective uplift is not assumed, whereas air parcel and
particles on the right above experience an uplift of 1000 m. The location of the
updraft is shown as a cross near Chernobyl. The heights of the trajectories are
presented below. The thin lines refer to air parcel and particles that experience
updraft whereas the thick lines represent those that experience no vertical

uplift.
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5 CALCULATION OF SKIN DOSES

As regards the health hazards associated with large nuclear fuel particles, the
skin doses are of special importance. The particles are poorly respirable
because of their size and as a source of external radiation, they can often be
treated in the same way as homogeneous contamination. As deposited into the
environment, the mobility and bioavailability of the radioactive material
incorporated in the particles are different compared to contamination that is
more homogeneous. The uptake of radionuclides via ingestion of contaminated
food or water and their subsequent absorption in the body are also different.
Although above-mentioned matters must be taken into account in the
consequence analyses of nuclear accidents, and are worth further research,
they are not considered here. Instead, the most prominent feature of large
nuclear fuel particles with respect to health threats, the possibility of
producing acute deterministic radiation effects, is studied.

5.1 lonising radiation and skin

Beta particles of various energies and low energy gamma rays are of greatest
concern and importance in radiation protection of the skin. Damage that may
be caused by more penetrating X and gamma rays will generally be limited by
dose limits to other organs. Radiation doses from alpha particles may be high
in the superficial layers of the skin without a notable dose in the deeper layers.
This is due to the very low penetration of alpha particles. Exposure to very
high doses over a very small area poses a particular problem.

The characteristics of the skin (Fig. 6) and its response to ionising radiation
considerably affect the health hazard caused by highly active particles. The
mechanisms of radiation effects on the skin are studied in numerous
experimental investigations. However, the primary aim of most of these
studies is related to radiotherapy, i.e. relatively large areas of the skin are
irradiated with X or gamma rays. Specific radiation protection problems, such
as skin irradiation with highly radioactive particles, cannot be necessarily
explained by extrapolation from results of these experiments. The ionising
radiation emitted from radioactive particles may induce deterministic effects
and cancer of the exposed skin. A review of these effects as well as dosimetric
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quantities and skin dose limits (chapter 5.2), based on ICRP (1990 and 1991),
are presented in the following.
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Figure 6. Schematic cross-section of skin on which a radioactive particle is
deposited (Pollinen 1997). The routes of beta particles and photons originating
from the particle are shown schematically. As a comparison for the thicknesses
of the skin layers marked above, the distances in water at which 90% of the beta
energy of "'Ce, Sr and '“Rh is absorbed are 0.28 mm, 0.79 mm and 7.9 mm,
respectively.

Deterministic radiation-induced changes in the skin show several distinct

phases of damage. Their severity depends on irradiation conditions, such as

the type, energy, and intensity of the radiation and exposure time, and type

and area of the exposed skin. The main phases of the damage are:

¢ Reddening of the skin (an early transient erythema) seen within a few
hours of irradiation, which usually subsides after 1 - 2 d.

e Loss of the basal cells leads to the main erythematous reactions:
keratinisation of the skin after moderate doses (dry desquamation), loss of
the epidermis after high doses (moist desquamation) or hair loss may
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result after 3 - 6 weeks. A skin wound (secondary ulceration) may develop
if moist desquamation is severe.

e Late phase erythema is associated with blood vessel damage (dermal
ischemia) and possible necrosis of skin between 8 - 20 weeks or more after
irradiation.

o Late skin damage such as the thinning of dermal tissues after 6 months
(atrophy), dilatation of superficial dermal capillaries (telangiectasia) and
necrosis.

Nuclear fuel particles are of special radiological concern because of their small
size (1 mm) and high activity. When deposited on the skin they may produce
very high and localised doses (Fig. 7). The nuclide composition of the particles
may vary greatly, i.e., the particles may contain alpha emitters, low- and high-
energy beta emitters, as well as gamma-ray emitters. The energy of alphas
and very low-energy betas is absorbed in the epidermis above basal cell layer
whereas gammas and high-energy betas may penetrate deep (2 1 cm) in the
skin.
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Figure 7. Dose rate in water from a 1 Bq point isotropic beta source on the air-
water boundary, averaged over 1 cm’ circular area at different skin depths
(Pélléinen 1997).
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Acute ulceration (skin wound) is the primary lesion resulting from irradiation
with radioactive particles. The skin surface dose and the energy of the
emissions from the particle determine the depth and size of the ulcer. The full
lesion usually develops within 2 weeks of irradiation. A small pale and circular
area with a slight blue tinge, surrounded by a halo of erythema, can be
detected prior to the development of the ulcer. The estimated threshold dose
for acute ulceration is ~75 Gy, measured over an area of 1.1 mm”® at skin depth
of 16 pm. This corresponds to a dose of ~1 Gy averaged over an area of 1 cm® at
depth of 100 - 150 um. A dose below 220 Gy (at depth of 16 um over 1.1 mm®)
may lead to an ulcer that is likely to last for less than 1 week. A larger area
erythema will also occur. Acute epithelial necrosis may be produced because of
irradiation caused by low-energy beta particles. The dose from a point source
to produce a 50 percent incidence of acute epidermal necrosis or acute
ulceration varies from approximately 5 Gy to approximately 10 Gy, averaged
over 1 cm’ at a depth of 70 um (NCRP 1999). This is to be compared e.g. with
the effect from homogeneous X-ray irradiation, in which case a skin entrance
dose of 5 Gy would only cause transient erythema.

The principal stochastic risk associated with irradiation of the skin is basal cell
and squamuos cell skin cancers. The risk for radiation-induced skin cancer
does not increase by very non-uniform radiation, i.e., radioactive particles do
not cause more skin cancers per unit average dose compared with that caused
by uniformly distributed doses in the skin.

5.2 Dosimetric quantities and skin dose limits

The fundamental dosimetric quantity in radiological protection is the absorbed
dose, which is the energy absorbed per unit mass (unit Gy). The absorbed dose
may be defined at a specified point but usually it is used to mean the average
dose over a tissue or organ. The use of the average dose as an indicator of the
probability of subsequent stochastic effects is a reasonable approximation over
a limited range of dose. The average absorbed dose is not directly relevant to
deterministic effects since the dose-response relationship is not linear.

The probability of stochastic effects depends on the absorbed dose as well as on
the type and energy of radiation causing the dose. The absorbed dose averaged
over a tissue or organ and weighted for the quality of the radiation, the
equivalent dose (unit Sv), is of interest in radiological protection. The
relationship between the equivalent dose and the probability of stochastic
effects also depends on the organ or tissue irradiated. It is useful to indicate
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the combination of different doses to several different tissues in a way that is
likely to correlate well with the total of the stochastic effects. The effective
dose is the sum of weighted equivalent doses in all tissues and organs of the
body.

The equivalent dose and effective dose provide a basis for estimating the
probability of stochastic effects only for absorbed doses well below the
thresholds for deterministic effects. The ICRP recommendations for effective
dose limits are sufficient to ensure the avoidance of deterministic effects in all
body tissues and organs except the lens of the eye and the skin (ICRP 1991).
The skin is not adequately protected by a limit of effective dose because it may
be subject to localised exposure. Separate limits are needed.

In the case of stochastic effects, the equivalent dose can be averaged over the
whole area of the skin. The stochastic effects are expected to arise in the basal
cell layer. Some deterministic effects also arise in the basal cell layer, others in
the deeper layer of the dermis. The ICRP (1990) recommends that the annual
limit for occupational exposure is 500 mSv for the skin (150 mSv for the lens of
the eye), averaged over any 1 cm® regardless of the area exposed. The nominal
depth is 7 mg cm® This limit is intended to protect the skin against
deterministic effects. The limit for the public is reduced by an arbitrary
reduction factor of 10 because the total period of exposure may be nearly twice
as long as for occupational exposure, and because the exposed individuals may
show a wider range of sensitivity than a more limited population of workers.
The recommended annual limit for the public is 50 mSv for the skin (15 mSv
for the lens of the eye), averaged over any 1 cm’ area of the skin and
regardless of the area exposed.

The NCRP (1989) recommendation on an occupational radiation exposure limit
for a hot particle on the skin is intended to prevent acute deep ulceration of
the skin, and is based on the time integral of the beta particles emitted from a
radioactive particle. The NCRP recommends that exposure to the skin must be
limited to 10" beta particles emitted from the surface of a radioactive particle.
This limit is obtained primarily from beta particle emissions from irradiated
fuel particles, and refers to about 5 Gy averaged over 1 cm® at depth 70 pm in
tissue (Baum and Kaurin 1991). Recently, the NCRP (1999) recommended that
"the dose to skin at a depth of 70 pm from hot particles on skin (including ear),
hair or clothing be limited to no more than 0.5 Gy averaged over the most
highly exposed 10 cm® of skin". The NCRP skin dose limits are higher than
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those of the ICRP by a factor of 10 (Charles et al. 2000). Thus, there is
disparity between the skin dose limits applied in USA and Europe.

5.3 Method of skin dose calculation

Determination of a skin dose caused by a radioactive particle deposited on the
skin represents a complex problem. Although the geometrical arrangement
appears to be simple, several problems arise in the dose calculation. The dose
gradient is very sharp due to the short range of beta particles in tissue (Fig. 7).
The energy spectrum of beta particles is continuous in contrast to gammas.
Beta particles of varying energy interact with the surrounding materials, i.e.
air, skin, and the particle matrix itself, in such a manner that analytical dose
calculations may not be feasible.

The dose caused by a radioactive particle deposited on the skin depends
primarily on the manner in which photons and beta particles interact with
skin. Alpha particles are neglected in the dose calculations owing to their short
range {(up to ~50 um in the skin). The dose to the basal cell layer of the
epidermis is determined mainly by beta radiation; photons usually play a
negligible role. This difference is smaller for large nuclear fuel particles
because of the significant self-absorption of betas.

Several methods have been developed to calculate skin doses (see Pélldnen
1997). Loevinger (1956) proposed an analytical empirical function that can be
used for estimating the point-source beta dose distribution in tissue. Later, the
parameters of the empirical equation were revised and other point source dose
distribution functions have been developed. The dose distribution in tissue
around a point source of a beta emitting radionuclide, often referred to as
’point kernel’, is also determined by numerically solving the transport equation
or using a simplified form of the equation. The more accurate dose distribution
data of betas and photons are generated using Monte Carlo calculations.
Precalculated dose distributions are utilized in some methods.

Although there are many different methods of calculating skin doses produced
by beta particles and photons, most of them are appropriate only for some
predetermined purposes. For example, Monte Carle methods, which are
appropriate for detailed dose analyses in specified situations, are not
necessarily suitable in routine dose calculations. Analytic representations of
point source dose distributions may be useful only for certain nuclides; their
validity for other nuclides is questionable. In addition, they can be used only
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for point sources, not necessarily for three-dimensional particles. Extensive
tabulations, such as those presented by Cross et al. (1992) and Rohloff and
Heinzelmann (1996), can be used for dose estimation but their applicability for
routine dose estimation is limited.

Skin doses are often calculated by assuming the skin is uniformly
contaminated by beta active nuclides, not by individual particles. Moreover,
the calculations are often based on the assumption that the particles are
surrounded by an infinite homogeneous medium (water). Because of
diminished backscattering in the air-tissue interface, the skin doses are then
overestimated up to about 35 % (Cross et al. 1992). The dimensions of the
particles are also frequently neglected. Especially for low energy beta emitters,
the doses are overestimated if the effect of self-shielding is omitted. Gamma
rays are often neglected, which may lead to underestimation of doses in
certain cases.

A new model (PSS, Point Source and Self-absorption) has been developed to
calculate doses caused by radioactive particles deposited on the skin
{(publication 1V, Péllanen 1997). The model, calculates the beta and photon
dose rate to the skin at definite depths and averaged over a circular area of 1
cm’, The source particle is assumed spherical and homogeneous. Neither
protective clothes nor air gaps are assumed. The model uses point-source dose
conversion factors that are analytically corrected for the self-shielding of beta
particles. In the following, the doses are calculated for the basal cell layer of
the skin (nominal depth 70 pm, circular target area) although any depth and
any target area is possible provided appropriate point-source conversion
factors are available.

The PSS model was compared to VARSKIN Mod 2 (Durham 1992) in
publication IV. Skin doses, calculated with the PSS and VARSKIN Mod 2,
were compared for spherical uranium dioxide particles of different sizes and
unit activity by assuming the particles are deposited on the skin. The
differences between the calculated doses are generally below two; the results
were nearly equal deep (in terms of range of beta particles) in the skin. Both
models show that the self-absorption of beta particles must be taken into
account in skin dose calculations.
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5.4 Skin doses from nuclear fuel particles

Radiation doses caused by uranium fuel fragments with composition of long-
lived nuclides similar to nuclear fuel and deposited on the skin were estimated
in publication II. Skin doses were calculated for particles of different sizes
originating from the Chernobyl reactor by assuming the particles are
composed of long-lived nuclides of some low-volatile elements. However,
radioactive decay and dependency on the amount of nuclides in the particles as
a function of fuel burnup and reactor type were neglected in the calculations.
In addition, short-lived nuclides and some important low-volatile elements
were not considered at all. Pélldnen (1997) considered these deficiencies for U-
type particles and in publication VI for Ru-type particles generated in the fuel
fragmentation of the Chernobyl accident. A summary of the results is
presented in the following.

The nuclides of non-volatile elements incorporated in the calculations were
selected based on their radiological importance (Table IV). The nuclide
composition of low-volatile elements in reactor fuel as a function of fuel burnup
and decay time was computed using the ORIGEN2 and OTUS codes. Activities
were calculated separately for U-type and Ru-type particles (Figure 8, Table
).

The elements considered are alkaline earths Sr, Ba; refractory oxides Zr, Nb;
noble metals Ru, Rh, T¢, Mo, Pd; rare earths + others Y, La, Ce, Pr, Nd, Pm,
Sm, Eu, Np, Pu, U (classification from WASH-1400, 1975). Their release
fraction in fuel meltdown and vaporisation processes is below 20 % (WASH-
1400, 1975). Since the gaseous species and volatile elements in the nuclear fuel
particles observed in the environment were strongly depleted or totally
missing, they were omitted in the calculations. This assumption may
underestimate the doses. The criteria for the selection of the nuclides
presented in Table IV were as follows: a) half-life is more than a few hours
(some daughter nuclides may have shorter half-life), b) the amount in the
nuclear fuel is sufficiently large, and c¢) beta energies are high enough to
produce a notable dose on the skin,
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Table 1V. Nuclides considered in the dose calculations. The maximum energy
of the beta particles, E, , refers to the most probable decay branch. CFy is the
beta dose rate from a point source of 1 Bq at the air-water boundary averaged
over 1 cm® at the basal cell layer of the skin (Cross et al. 1992). The values
denoted by " are calculated using SADDE Mod2 and VARSKIN Mod2 (Durham
1992). CF, refers to the gamma dose rate from a point source of 1 Bq averaged
over 1 cm’ at the basal cell layer of the skin (Rohloff and Heinzelmann 1996).

Nuclide ¢, E, . Probability CFjg . CF,
(MeV) per decay (uGy h* Bq") (uGyh' Bq")

¥Sr 50.6 d 1.49 0.999 1.67 1.17x10°
“Sr 286y 0.546 1.00 1.38 -

vy 64.1h 2.28 0.999 1.76 1.80x10°
*'Sr 95h 1.10 0.339 1.57° 1.01x10*
oy 58.5d 1.54 0.997 1.67 3.60x10°
2y 354 h 3.63 0.857 1.76° 3.33x10°
' 10.1h 2.89 0.902 1.78"° 1.32x10°
*Zr 64.0h 0.366 0.554 1.06 1.30x10*
*Nb 35.1d 0.160 0.999 0.23 1.30x10*
Zr 16.9h 191 0.860 1.70° 2.77x10°
“Nb 72.1 min  1.28 0.983 158" 1.31x10%
*Mo 66.0 h 1.21 0.827 1.54 3.49x10°
“Ru . 39.4d 0.226 0.900 0.568 1.25x10%
Ru 444 h 1.19 0.499 1.63° 1.67x10*
“Rh 354h 0.567 0.750 1.17 2.80x10°
“Ru 368d 0.0394 1.00 - -

%Rh 30s 3.54 0.787 1.85 4.53x10°
%pq 13.5h 1.03 0.999 1.55° : 4.11x10°
“Ba 12.8d 0.991 0.370 1.46 1.00x10*
7 40.2h 1.35 0.445 1.64 2.61x10°
“a 3.94h 2.43 0.970 1.73° 3.58x10*
“Ce 32.5d 0.435 0.705 1.54 - 3.12x10°
“2py 19.1h 2.16 0.963 1.69° 4.32x10*
“Ce 33.0h 1.10 0.480 1.48° 9.78x10°
“pr 13.6d 0.935 1.00 1.52 1.57x10%
“iCe 284.3d 0.318 0.772 0.815 1.77x10°
“pp 17.3 min  3.00 0.977 1.82 3.15x10™
“pp 598 h 1.81 0.970 1.62° 2.20x10"
“INd 11.0d 0.805 0.811 1.31° 8.08x10°
“Pm 2.62y 0.225 0.999 0.535 3.54x10"
“Pm 5.37d 2.46 0.555 1.60° 7.48x10°
“Pm 53.1h 1.07 0.962 1.54° 3.53x10"
'Pm 28.4h 0.843 0.427 1.65° 9.60x10°
Sm 46.7h 0.702 0.441 1.43 7.77x10°
“Eu 15.2d 0.487 0.320 1.36 1.29x10°
=g 6.75d 0238  0.531 0.632° 1.62x10°
“Np 2.124d 1.25 0.450 0.770 " 1.23x10*
**Np 2.36d 0.436 0.520 1.09 1.51x10*
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Figure 8. Calculated activity of *Mo, '“Ru, “Ru, "*Rh, '“Ru and '*Pd per unit
volume of an Ru-type particle and a U-type particle as a function of fuel
burnup (Chernobyl reactor assumed). The activity of '"Rh is not presented

because of its short half-life. In practice, its activity is equal to the activity of
106
Ru.

In general, the activity of most of the nuclides presented in Table IV per unit
volume in a U-type particle is of the order of 0.05 - 0.3 Bq um® (a complete set
of activities is presented in Pélldnen, 1997; see also Fig. 3) whereas in the case
of an Ru-type particle the activities of the nuclides of noble metals are higher
by a factor of 100 - 1000. This is due to the fact that Ru-type particles are
composed almost entirely of fission products whereas the U-type particles are
composed mainly of bulk uranium dioxide. This is also the reason for the
different behaviour of activities per unit volume as a function of fuel burnup
(Fig. 8).
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Table V. Total activity of nuclear fuel particles as a function of equivalent
volume diameter, d, for the decay times of 1 d and 10 d. The particles are
assumed to originate from RBMK fuel irradiated to average burnup. The
density of the particles is assumed to be 10500 kg m”. For U-type particles, the
total activity, A, is the sum of the activities of the nuclides presented in Table
III, whereas only nuclides of noble metals Ru, Rh, Tc, Mo and Pd are taken into

account for Ru-type particles (publication VI).

Decay time 1d Decay time 10 d
U-type Ru-type U-type Ru-type

d,(um) A, (Bg A, (Bg) A, (Bg) A, (Bg)

1 3.0 130 1.3 57

2 24 1000 10 460

3 80 3500 35 1520

4 190 8000 83 3600

5 370 16000 160 7100

6 640 28000 280 12000

7 1000 43000 440 20000

8 1500 65000 660 29000

9 2200 94000 940 42000

10 3000 130000 1300 57000

15 9900 430000 4400 200000

20 24000 1000000 10000 460000

In addition to particle type, size is the most relevant quantity with respect to
dose (Table VI) since for homogeneous particles the activity is directly
proportional to particle mass, which is consequently proportional to the cube of
the diameter (Table V). The composition and burnup and decay time of the fuel
(= time of deposition) from which the particles have originated have a notable
influence on the dose rates (Figs. 9 and 10).
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Figure 9. Beta.and gamma (total y) dose rates to the basal cell layer as a
function of time, caused by a d, = 10 um U-type nuclear fuel particle deposited
on the skin. The particle is assumed to originate from RBMK fuel irradiated to
average burnup. All nuclides in Table IV are considered in the curves "Total
and 'Total ¥, whereas other curves are for the beta dose rate of individual
nuclides (not all nuclides are shown).

The burnup of the fuel has a notable influence on the dose rates, although the
effect for U-type is far less dramatic than for Ru-type particles (Fig. 10).
Contrary to Ru-type particles, the more irradiated the fuel the more active the
U-type particles.
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Table VI, Beta dose rate to the basal cell layer of the skin, caused by U-type
and Ru-type particles deposited on the skin, as a function of particle diameter,
d,, for two decay times. The particles are assumed to originate from RBMK fuel
irradiated to average burnup. The dose rates are averaged over 1 cm’ at a skin
depth of 70 . For U-type particles, all the nuclides presented in Table IV are
taken into account, whereas only the nuclides of noble metals Ru, Rh, Tc, Mo
and Pd are taken into account for Ru-type particles.

Beta dose rate at decay time 1d  Beta dose rate at decay time 10 d
U-type Ru-type U-type Ru-type
d,(um)  (mGyh?) (mGy h) (mGy h™) (mGy h?)
1 0.0036 0.15 0.0016 0.049
2 0.028 1.2 0.012 0.38
3 0.093 3.8 0.040 1.2
4 0.22 8.8 0.094 2.9
5 0.41 17 0.18 54
6 0.70 29 0.31 9.1
7 1.1 45 0.48 14
8 1.6 66 0.70 21
9 2.2 93 0.99 29
10 3.0 130 1.3 39
15 9.4 390 4.2 120
20 21 890 9.4 270

Short-lived nuclides, such as **Np, are of primary importance within a few
days from the end of the chain reaction (Fig. 9); their contribution is negligible
later. The proportion of gamma rays emitted from nuclear fuel particles
deposited on the skin is negligible; the dose caused by beta particles is 100
times larger than the dose caused by gamma rays. Reactors with high specific
power may generate particles that have much higher activity per unit volume
than particles produced by reactors with low specific power. A U-type particle
originating for example from a PWR reactor may produce twice as large a skin
dose than one of the same size originating from a RBMK reactor (Fig. 11).
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Figure 10. Beta dose rate to the basal cell layer (averaged over 1 cm’ at a
nominal depth of 70 tm) as a function of decay time caused by U-type and Ru-
type particles of 10 pm in equivalent volume diameter deposited on the skin. A
Chernobyl type RBMK reactor is assumed in the calculations. The centremost
curves refer to fuel of average burnup (10000 MWd tUQ,”) from which the
particles are assumed to have originated. The upper and lower curves are for
the particles emitted from low-burnup fuel (1000 MWd tUO,") and high-burnup
fuel (20000 MWd tUO,").
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Figure 11. Beta dose rates to the basal cell layer as a function of time, caused
by a d, = 10 um U-type nuclear fuel particle deposited on the skin. The particles
are assumed to originate from RBMK, BWR and PWR fuel.

5.5 Skin doses from selected nuclear fuel particles
released in the Chernobyl accident

The results of the calculations presented above are for hypothetical particles,
i.e. particle characteristics, from which the skin doses are calculated, are
derived from the properties of the nuclear fuel. Here skin doses are estimated
for some U-type nuclear fuel particles detected in various European countries
after the Chernobyl accident by assuming the particles are deposited on the
skin (results are from Psllanen 1997). Similar calculations are presented in
publication VI for Ru-type particles detected in Poland.

For calculating the particle properties, the primary assumption is that
nuclides of the same element behave similarly in a fuel fragmentation process.
This makes it possible to estimate the amount of short-lived nuclides in the
particle from the measured amount of long-lived nuclides. The activities of the
nuclides that belong to other elements are included by assuming negligible
fractionation between different non-volatile elements.
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The calculations are performed as follows: the activity ratios of observed
nuclides of the same element, such as “'Ce/*Ce, are used first in estimating
the burnup of the fuel from which the particle originated (see appendix H in
Pollanen 1997). The equivalent volume diameter of the particles is then
estimated from the sum of the burnup-dependent activities of *Zr, 'Ce and
"Ce per unit volume. This size is then used to estimate the proportions of
nuclides presented in Table IV, which are for some reason not detected.
Usually, the reason is that the activity analyses were performed too late to
detect short-lived nuclides.

The activities are computed by assuming a decay time of 1 d. If several activity
ratios, e.g. “'Ce/*Ce and '“Ru/*Ru, give different burnups, their average
value is used. The fractionation of detected elements is taken into account in’
the computation. For example, the nuclides of *Ru and '“Ru are enriched by a
factor of about 5 in the particle detected by Rytémaa et al. (1986) (appendix H,
Table H1 in Pollanen 1997). This enrichment factor is then taken into account
in estimating the proportions of the short-lived nuclides of Ru and Rh. If
volatile nuclides, such as "'I or *'Cs, not mentioned in Table IV are observed in
the particles, they are taken into account in the dose calculation. The other
important nuclides of these elements are taken into account by assuming the
same fractionation as for the observed elements.

The reported total activities of the particles are typically by a factor of 2 - 4
smaller than those obtained by calculations because of the presence of short-
lived nuclides, mainly **Np (Table VII). The differences in the dose rates are
approximately the same. The U-type nuclear fuel particles detected in north-
western Europe after the Chernobyl accident and potentially deposited on the
skin do not produce such a beta dose that the ICRP annual dose limit of 50
mGy at skin depth of 70 pm would be exceeded within 1 h. This is not the case
for Ru particles (publication VI). However, nuclear fuel particles near the
Chernobyl nuclear power plant were active enough to produce severe skin
damage in a short time, provided the particles would have been deposited on
the skin.
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Table VII. The total activity of some U-type nuclear fuel particles detected in
Europe after the Chernobyl accident and the beta dose rate that they may cause
on the skin by assuming a decay time of 1 d (Péllidnen 1997). One particle is
selected from each author and the particle code is that used by the original
authors. A,, is the total activity of nuclides detected in the particles and D, is
the respective beta dose rate to the basal cell layer of the skin averaged over 1
em’. If daughter nuclides, such as *Nb, “*Rh, “’La and "“Pr, are not reported by
original authors they are included in the computation by assuming equilibrium
with their parents. A, is the calculated total activity of nuclides presented in

Table IV including detected volatile nuclides and D, is the respective basal

cell beta dose rate averaged over 1 cm’.

Reference and location Code A, A, D et Da,,
(Bq) (Bg) (mGyh") (mGyh?

Rytimaa et al. 1986 F2 430 1200 0.39 1.2

Finland, Uusikaupunki

Saari et al. 1989 U37(2) 620 2500 0.46 2.6

Finland, Uusikaupunki

Devell 1987 HP-9 5400 7400 45 7.3

Sweden, Studsvik

Robertson 1986 HP-3 3000 4500 24 4.6

Sweden, Alvkarleby

Van der Wijk et al. 1987 GHP1 1900 7400 1.4 7.2

Ukraine, Kiev

Broda 1987 M4 1900 7200 14 7.0

Poland, Mikolajki

Balashazy et al. 1988 No1l 680 1700 0.68 1.8

Hungary, Budapest

Khitrov et al. 1994 - 110000 450000 43 250

Ukraine, Vil'cha

Salbu et al. 1994 Nol 2700000 29000000 1700 8800

Ukraine, near Chernobyl
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6

SUMMARY OF THE RESULTS AND
DISCUSSION

In the present thesis, nuclear fuel particles are investigated from the point of
view of health hazards, the main focus being on their characterisation, their
transport and dispersion in the atmosphere and the estimation of possible skin
doses. The basic statement is that the release of nuclear fuel particles into the
environment cannot be considered unique to severe accidents only (publication
I, P6llanen 1997). They were frequently identified in the environment after
past nuclear accidents, especially in the Chernobyl accident, and in incidents
from a number of other sources (Pollanen 1997). Their possible release in
future nuclear incidents cannot be totally dismissed.

The main results can be summarised as follows:

Nuclear fuel particles should not be considered as 'becquerels’ distributed
homogeneously either in the environment or in a sample. Routinely used
analysis procedures designed for bulk samples are not necessarily
appropriate for nuclear fuel particles. Routine bulk analysis methods may
lead to meaningless or even erroneous results. (Publications VII and VIII)
The identification, isolation, and analysis of individual particles enables
results to be obtained that are otherwise inaccessible owing to the
interference of non-relevant bulk particles in the sample. Several
complementary analysis techniques are needed to characterise particle
properties thoroughly. The order in which different analysis techniques
are used should be carefully thought through especially in the case when
destructive analysis methods will be applied. (Publications VII and VIII)
The characteristics of radioactive particles reflect the properties of the
source material, which allows the performance of forensic analyses.
Although complicated physical-chemical phenomena during the release
may affect particle characteristics, it is possible to calculate the properties
of individual particles in certain cases. These calculations are needed for
the complete evaluation of the threats to health caused by nuclear fuel
particles. (Publications VII and VIII)

In a severe nuclear accident, large (aerodynamic diameter more than 20
um) and highly active particles (activity even hundreds of kBg's) may be
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transported hundreds of kilometres in the air before deposition. Effective
release heights are then several hundreds of meters. (Publications II, III
and V)

The transport of particulate materials differs to that of gaseous species.
Air parcel trajectories are not necessarily sufficient to identify the areas
that may receive radioactive materials. Thus, in operétional use particle
trajectory or dispersion model calculations are needed. (Publications II, III
and V)

Realistic atmospheric conditions and the effects of turbulent dispersion
must be taken into account in calculating the transport of radioactive
particles should a nuclear incident occur. Simplified transport range
calculations are adequate only in limited cases. (Publications II, III and V)

In the Chernobyl accident, the effective release height may have been
considerably higher than reported previously (up to 2 km) or particles may
have been lifted up to higher altitudes in deep convective cells.
(Publication V, Valkama and Péllinen 1996)

The composition of the particles may have an essential influence on skin
doses. The presence of short-lived nuclides in particles emitted from low
burnup fuel in particular contributes notably to skin beta dose rates. The
contribution of gamma rays is often negligible. The self-absorption of beta
particles in the nuclear fuel particle itself must be taken into account in
dose calculations. (Publications IV and VI, Péllanen 1997)

The specific activity of the Ru-type particles found in the environment
after the Chernobyl accident may be by a factor of about 100 higher than
those composed mainly (in terms of mass) of bulk U. Ru-type particles are
almost entirely composed of fission products. In a severe nuclear accident,
reactors operating with high specific power may generate fuel particles
that consequently may have high specific activity. (Publication VI,
Pésllanen 1997)

Contrary to particles composed mainly of bulk U, the specific activity of
the Ru-type particles emitted from low burnup fuel may be considerable
higher than that emitted from high burnup fuel. Thus, health threats are
not necessarily the greatest for particles originating from high burnup
fuel. (Publication VI, Psllanen 1997)

Even individual nuclear fuel particles, released uncontrolled into the
environment in a severe nuclear accident, may represent an acute health
hazard. When deposited on the body they may produce a high but much
localised dose to the skin. Compared to the ICRP annual occupational dose
limit for the public (50 mSv averaged over 1 cm® at a depth of 70 pm and
intended to protect skin against deterministic effects) they may produce a
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basal cell beta dose that exceeds this limit in a short time. This dose may
be exceeded in 1 h provided that an Ru-type particle larger than 8 pm in
diameter is deposited onto the skin (RBMK fuel assumed) whereas for U-
type particles the dose refers to the diameter of about 30 um. (Publication
VI, Pé6llénen 1997)

In order to assess the significance of the radioactive material that may be
released into the environment with respect to radiation hazards, it is crucial to
take into account the possibility that the material may be in the form of highly
active particles. An awareness of this possibility is a prerequisite for taking
appropriate countermeasures in a nuclear incident. As regards preparedness,
the existence of a radiological hazard due to the presence of highly active
particulate materials in a release plume must be realised and taken into
account in contingency plans.

The possible release of nuclear fuel particles in the environment represents a
technical, analytical, and even philosophical challenge for radiation protection.
Their identification and detection in the environment necessitates properly
designed environmental radiation monitoring and sampling systems that take
the particulate nature of the releases into account. Traditional laboratory
practices are designed for bulk sample activity analysis rather than for the
analysis of the individual particles that have to be taken into account in
estimating the relevance of the analysis results. Finally, the interpretation of
the hazard, i.e. the possibility of receiving nuclear fuel particles deposited onto
skin, which subsequently may produce high local doses, is far from clear with
respect to radiological protection.

The Radiation and Nuclear Safety Authority (STUK 2001) has published a
guide for the protective actions of members of the public and generic
intervention levels to be applied in a state of a radiation emergency. This
guide acts as a design basis for other authorities for weighting between
different intervention operations. The principle is to prevent acute severe
deterministic effects and to keep late stochastic effects as low as reasonably
achievable. The practical question evokes whether the threat of nuclear fuel
particles should be separately evaluated in the guide.

In a state of an acute radiation emergency, the recommended intervention
actions such as sheltering and evacuation are based on the measurement of
the external dose rate. Basic protective actions against hot particles are
presumably appropriate in almost all practical situations. However, the
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problem that highly active particles may be present in the air although the
external dose rate is below the recommended operative action level (for
example, the recommended external dose rate limit for sheltering is 100 pSv
h") is not only theoretical. The management of this situation requires special
knowledge and equipment that are not necessarily available to the staff
operating in field conditions. The possibility that highly active particles may
serve as an additional health threat must be evaluated case by case based on
expert judgement by the authorities familiar with radiation protection issues.
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Errata:

Publication II

Second sentence in the text of Fig. 3 should be: Figures (a), (b) and (c)
represent effective release heights 100, 500 and 2000 m, respectively.

Reference [12]: The correct volume of Health Physics is §7.

Publication III
The text of Table 1: Uranium dioxide fuel mass is 219 000 kg.
Table 2: Half -life of *‘Ce is 284.3 d.

Discussion: The activity of single ruthenium particles found in Poland was
even more than 100 kBq (Schubert and Behrend 1987).

Reference [19]: The year of publication is 1988.

Publication VII
Table 2: Half -life of "Cs is 30 y.

The second sentence of the text of Fig. 3 should be: The '« particles’ show the
presence of alpha-active materials.
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A NUCLEAR INCIDENT AT A POWER PLANT IN
SOSNOVYY BOR, RUSSIA

H. Toivonen,* R. Polldnen,* A. Leppinen,* S. Klemola,* J. Lahtinen,* K. Servomaa,*
A. L. Savolainen,” and I. Valkama’

Abstract—Several radionuclides were identified in the surface
air in Finland following a nuclear incident in Sosnovyy Bor on
24 March 1992, In addition to gases, the release contained
small uranium fuel particles. The radionuclide concentrations
were of the same crder of magnitude as the concentrations
detected in Northern Finland in 1987 after the nuclear explo-
sion in Novaya Zemlya (1 mBq m™>) but five orders of
magnitude smaller than the concentrations during the Cher-
nobyl accident in 1986. The radiological consequences in
Finland were insignificant. However, studies show that even
a minor release, across the sea and more than 100 km away,
can be detected and important information, including the time
of the incident and the composition of the release and the
burn-up of the damaged fuel, can be revealed by the most
accurate radioactivity measurements.

Health Phys. 63(5):571-573; 1992

Key words: emissions, atmospheric; air sampling; accidents,
reactor; radioactivity, airborne

INTRODUCTION

UniIT 3 of the RBMK nuclear power plant in Sosnovyy
Bor, near St. Petersburg, Russia, was operating at the
nominal power level of 1,000 MW, until 24 March
1992, At 02:37 local time (23:37 Universal Time Co-
ordinated, UTC, 23 March 1992), one of the 1,700 fuel
channels broke down. Small amounts of noble gases,
iodine, and other radionuclides were released and trans-
ported atmospherically toward the southern coast of
Finland (Fig. 1).

The continuous air sampling program of the Fin-
nish Centre for Radiation and Nuclear Safety (STUK)
has revealed iodine in the Finnish air space about five
times per year during the last 10 y. Artificial radioactiv-
ity is usually found during winter and early spring in

* Finnish Centre for Radiation and Nuclear Safety, P.O. Box
268, SF-00101 Helsinki, Finland; ' Finnish Meteorological Institute,
P.O. Box 503, SF-00101 Helsinki, Finland.

(Manuscript received 16 May 1992; accepted 17 June 1992)
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connection with light winds and stable dispersion con-
ditions.

SAMPLING AND RESULTS

One of the air sampling stations, located in Imatra
in Eastern Finland, detected '*'I in the air just before
the incident in Sosnovyy Bor (Table 1). A minor release
obviously occurred before the sudden damage to the
fuel channel.

The highest concentrations were measured along
the East coast of the Gulf of Finland, in Loviisa and
Kotka (Table 2), 12-20 h after the incident occurred.
Later, the same nuclides were identified in Helsinki,
Nurmijirvi, and Imatra (Fig. 1), but the concentrations
were about 100 times smaller (Toivonen et al. 1992),

The radiation doses in Finland were negligible.
The integrated '*'I concentration in Loviisa air was 70
Bg s m™. Assuming an inhalation rate of 1 m* h™' for
an adult (i.e., an intake of 20 mBq), this causes a thyroid
dose of 5 nGy. During the Chernoby! fallout, the inte-
grated concentration in Nurmijirvi was 1.7 X 107 Bq s
m™3, 200,000 times greater than after the 1992 incident
in Sosnovyy Bor (Sinkko et al. 1987).

The air filters were analyzed in autoradiography
{exposure time, 3 d). Four particles were found in a
filter through which 895 m® of air had passed. One of
the particles was isolated and studied in gamma spec-
trometry. The particle contained isotopes of cerium
and zirconium (0.1 Bq). The data from the Chernobyl
fallout showed that these nuclides were always attached
to a uranium matrix. According to earlier studies, the
measured activities of '*'Ce and **Zr suggest that the
size of the isolated fuel particle was about 1 um (Toi-
vonen et al. 1987).

The activity ratio of the isotopes '*’I and P'I is
useful in estimating the age of the released material.
The observed ratio of 2.66 (Table 3) is outside the range
possible for the iodine isotopes in equilibrium in the
reactor core; after a stable neutron flux of about 2 wk,
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Fig. 1. Surface air parcel trajectory (solid line) and 925 hPa
air parcel trajectory, about 500 m above ground (dashed line)
from Sosnovyy Bor on 24 March 1992 at 00 UTC. The length
of the trajectories is 48 h. The time between the markings
(O-0) is 6 h. On 24 March there was an extensive low-
pressure area reaching from Southern and Central Europe up
to the Baltic States and southern-most Finland. A ridge of
high pressure was extending from Central Scandinavia to the
central part of Finland. Due to this ridge there was a weak
southeastern air flow (0-3 ms™') over Sosnovyy Bor area
toward the Finnish coast. The thermal and kinematic plume
rise of gases was probably insignificant. Due to the light winds
and the air being slightly warmer than the sea, there seems to
have existed a shallow, stable layer over the sea during the
morning hours. The plume probably stayed in this layer near
the ground. Three-dimensional cross sections of the trajecto-
ries showed very limited vertical mixing in the surface layer
over the Gulf of Finland. The air masses from Sosnovyy Bor
reached the Finnish coast in about 10-12 h.

Table 1. Airborne '*'l in Imatra between 1 January 1992 and
23 March 1992. During the period of {9 March to 23 March,
southern wind prevailed in Southeastern Finland. Some io-
dine was most likely released from Sosnovyy Bor before
the incident on March 24,

Concentration

Period (uBq m™)
13.1-16.1 1.7
6.2-10.2 1.3
19.3-23.3 6

the activity ratio is 2.3 for fresh fuel and 1.93 for fuel
near its exhaust burn-up (Anttila 1986).

CONCLUSIONS

The measured activity ratios of the radionuclides,
together with nuclide inventory calculations as a func-
tion of the fuel burn-up, allow several conclusions to
be made concerning the incident. The following reason-

November 1992, Volume 63, Number §

Table 2. Radionuclide concentrations in Kotka. A high-
volume air sampler was used (150 m*® h™"), and the filters
were analyzed several times using low background gamma
spectrometers.

Sampling period (a) 14:25-20:15

(UTC) (b) 20:15-05:56
Reference time (a) 17:20, 24 March
(UTC) (b) 01:01, 25 March
Concentration (uBg m™2)
Nuclide (a) (b)
SZr 840 4
5Nb 1,150 18
Zr 880
Mo 1,900
99m'rca
SRy 1,430 20
%Ry 630 32
('Rh) 1,200
'27Sh 65
(' Te) 470
(32Te) 1,000 48
3 830 61
l}Z]a
133 1,320 73
13Cs 260 19
13%Cs 66
3Cs 380 28
140Ba 1,600 20
140Laa
41Ce 820 4
93Ce 660
14Ce 750
&) 300
(**Np) 300
3Np 10,000

* Identified.
() = Low accuracy.

ing is based on data gathered regarding the emissions
in Sosnovyy Bor.

(1) The radioactive substances definitely came
from the Sosnovyy Bor area and the incident occurred
early in the morning local time on 24 March 1992, This
is known due to the presence of short-lived radio-
nuclides and meteorological evidence.

(2) The damage occurred in a fuel element that
was near its exhaust burn-up because low activity ratios
of "'Ce:'*Ce (1.07 = 0.04) and 'Ru:'®Ru (2.04 +
0.15) were found.

(3) The neutron flux had not been stable in the
damaged fuel channel during the last few days or weeks
before the incident occurred. This was concluded from
the high '**[:*'] activity ratio.

(4) Dispersion and concentration calculations
show that the '*'I concentrations observed in Finland
are explained by a release of 10'° Bq—100 million
times less than the release from the Chernobyl accident.

(5) The release contained not only noble gases and
iodine, but other radioactive substances that were dis-
persed as an aerosol containing small fuel particles.
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Table 3. '3*I:"3!] concentration ratios at the reference ttme and at the incident time. The only source of error
in the estimation of the activity ratios is the accuracy of the gamma spec_trometric analysis; standard error
propagation formula was used. The error estimate of the average ratio is weighted by the square of the

individual measurement errors.

lodine concentration ratio

Reference time Todine concentration ratio at the incident time,

Sample (UTC) at the reference time 23.3 at 23:37 UTC
Loviisa 1 24.3at 11:10 1.88 £0.12 2.64 £ 0.17
Loviisa 11 24,3 at 22:15 1.37 £ 0.08 2.69 £ 0.16
Kotka 1 24.3at 17:20 1.5 £ 0.07 2.69 £ 0.11
Kotka Il 25.3 at 01:01 1.20 £ 0.15 2.54 £ 0,31
Helsinki 24.3 at 23:56 1.04 + 0,27 2.14 £ 0.54
Average: 2.66 £ 0.08
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Abstract — Radiation dose to the skin caused by large nuclear fuel particles is calculated as a function of the particle size. The
size range considered is 6-40 um (aerodynamic diameter 20-140 pm). Air-tissue surface effects and self-absorption of the
particles are taken into account in the dose estimation. The nuclide composition of the particles is estimated from the inventory

of the Chernoby] reactor, When deposited on the skin the uranium fuel particle of size 40 pm can cause a dose of 1.6 Gy.cm

-2

to the basal cell layer in one day. The transport range calculations show that these particles may remain airborne tens of kilometres

away from the power plant.

INTRODUCTION

In a nuclear accident the reactor core may be seri-
ously damaged due to energetic events, €.g. strong reac-
tivity transients, steam explosions or hydrogen
explosions. These events can break down the contain-
ment surrounding the core and large amounts of radioac-
tive substances, either gases or particles, can be released
to the atmosphere. The gases are mainly krypton and
xenon and compounds of iodine whereas the particles
usually contain several radionuclides.

Small particles (aerodynamic diameter d, less than a
few micrometres) are mainly formed from the gaseous
species by nucleation and condensation. Generally, their
nuclide composition deviates from the nuclide
composition of the fuel. Nuclear fuel particles formed
by mechanical fragmentation are usually large
(d, = 100 pm). Smaller particles down to a few
micrometres, are also formed mechanically in energetic
events, as happened in the Chernobyl accident in 1986.
Such particles were also released in the Sosnovyy Bor
incident (1992)".

The tiny fuel fragments contain the same non-volatile
radionuclides as the fuel, on average. Noble gases and
gaseous forms of iodine are missing. Caesium, tellurium
and sometimes ruthenium are often depleted or missing.
The activity of non-volatile nuclides in a fuel particle
can be estimated from the radionuclide inventory of
the core.

Particle transport from the site of the accident
depends strongly on weather conditions. If a large
amount of heat is released to the environment, the radio-
active plume can rise rapidly several hundreds or even
thousands of metres above the ground. Particles less
than a few micrometres in size can stay in the atmos-
phere days or sometimes years provided that they are
initially transported to the upper parts of the atmos-
phere.
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The large particles leave the main aerosol stream
mainly by sedimentation. Therefore, the behaviour and
the radiological consequences of the large particles are
not described properly by assuming that the ‘particle
plume’ is mixed in the same way as the gaseous plume
(Figure 1). Deterministic particle trajectory calculations
are needed. For each transport distance x there exists,
in principle, one maximum particle size d,,,, that can be
calculated in a straightforward way. If the mean upward
wind speed is small relative to the particle settling velo-
city and atmospheric turbulence is negligible during the
transport only a few particles larger than d,,,, remain
airborne at distances greater than x.

Consequence analyses of severe accidents are often
performed in a way that does not take properly into
account the particle nature of the release. The properties
of the particles have an important role in the possible
radiological hazard that the radioactive substances may
cause. Tissue, in contact with the uranium fuel frag-
ments, can receive a very large and highly non-uniform
radiation dose. Even a local ulceration may develop if

Distance x

Figure 1. Schematic presentation of plume transport for par-

ticles of various sizes. vg settling velocity, 2, effective release

height, u, wind velocity, u, vertical velocity (upward or
downward) of the air.
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a single ‘hot particle’ is deposited on the skin. NCRP
estimates® that an acute skin damage (deep ulceration)
is not expected if the total beta emission is below 10'°.

Calculations of the dose to the skin from radioactive
particles in contact with the skin are often performed
for infinite homogeneous media assuming point source
geometry®, The doses are then overestimated due to the
backscattering from non-existing tissue above the skin.
Self-shielding of the particle is another phenomenon
that is often omitted in the dose assessment. The
reduction of the skin dose is significant if the particles
contain nuclides of low beta energy. The present paper
gives an analytical method to cope with the self-shield-

ing.

ACTIVITY OF NUCLEAR FUEL PARTICLES

Activity of a nuclear fuel particle as a function of
particle size can be calculated from the radionuclide
inventory of the reactor core. Let the total activity of
isotope N be Ay in a reactor fuel. The average concen-
tration of nuclide N in the fuel is

0]

where my,,, is the total mass of the fuel. The activity of
nuclide N in a single particle p is then

Cn = Ap/mg,,

mpp 4

)]

Apx = My Cn = Ax 6 Mgy
where m, is the mass and d, the diameter of a spheri-
cal particle of density p,,.

The radionuclide inventory and the beta activity of
single fuel particles are given in Table 1 for the RBMK
reactor. These nuclides, having half-lives in excess of a
few weeks, were detected in the nuclear fuel particles
that spread over Europe after the Chernobyl accident.
Highly volatile nuclides, e.g. 'l and '*'Cs, are not
included in Table | because they do not necessarily
remain in the fragmented nuclear fuel. Jodine and caes-
ium are mainly incorporated into small particles of vary-
ing composition. Ruthenium, however, was often
detected in the fuel fragments but sometimes it was
completely or partially missing.

Mainly due to continuous refueling, the RBMK reac-
tor core contains fuel elements with different burnup.
The activity concentrations calculated in this study refer
to the core-averaged burnup of about 10 MW.d per kilo-
gram of fuel. Especially for long-lived nuclides, the con-
centration can be remarkably larger in case of fuel
elements with discharge burnup.

SKIN DOSES

Acute skin damage can be caused by a large nuclear
fuel particle. The threshold dose for ulceration, caused
by a particle of diameter less than | mm, is estimated
to be 75 Gy over an area of 1.1 mm? at a depth of
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16 wm®. This represents a skin dose of about 1 Gy cal-
culated over an area of I cm? at a depth of 100-150 pm.
The NCRP limit of 10'° total beta emissions®, intended
to prevent acute deep ulceration, may lead to a higher
skin dose of about 5 Gy®.

In the present paper the skin dose is averaged over
an area of 1 cm? at three different depths: 0.07 mm
(directional dose equivalent H'(0.07) for basal cells),
0.4 mm (average depth related to the production of late
deterministic effects such as dermal atrophy’'®) and
3 mm (depth of the lens of the eye). The dose conver-
sion factors for a point source used in this study are
given in Table 2V, They apply to the tissue—air bound-
ary. The dose estimates have to be corrected for the
attenuation of beta particles in three-dimensional
sources. A simple method is given below.

The effect of self-shielding has been investigated in
the case of macroscopic (millimetres in size) and
variable density sources!'!®, The self-shielding is
important, especially at low beta energies. Compared
with the millimetre sized objects, the particles con-
sidered in this study are small (d, < 40 pm) but their
density is high (p, = 10.5g.cm™). Thus, the self-
shielding may be important, at least for the largest par-
ticles.

The activity of the various nuclides is usually deter-
mined using gamma spectrometry. The self-absorption
of the gamma radiation is negligible in a fuel particle.
However, the real beta activity A,y appears to have
been reduced to A,y X SAF, where SAF is the self-
absorption factor, i.e. the fraction of the original beta
flux that reaches the surface of the particle. Assuming
that the particle is spherical and homogeneous!'?

[ T ™ L2 1
SAF:_H rAIMOB b G
IhJo Jo §
s = (2 + 2 — 211, cos(8)), @

where r, = d/2 is the radius of the particle. p,/p, is
the mass attenuation coefficient. It is a function of the
maximum beta energy E., (MeV)!'>

wo/pp = A Eni (m?kg™") (5)

Coefficients A and B are related to the effective atomic
number of the absorber. Assuming that the particles are
pure UO, we can set A = 2.3 and B = 1.419,

Equation 3 is solved numerically in Reference 14. An
analytical solution was found.

SAF = 2 (o d))™' — 2 (n,dy)7? (6)
[1 = exp(—, dy)].
When pd, < 1, the approximation
SAF =1 - %d" o
can be used.

Figure 2 shows the self-absorption factor for selected
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Table 1. Activity (Bq) of uranium fuel particles originating from a RBMK reactor as a function of particle size (physical

diameter d, and aerodynamic diameter d,). Chernobyl inventory is used in this study®-". The inventory of daughter

nuclides is assumed to be the same as the inventory of the parent nuclides. The inventory of *'Y is estimated on the basis
of the activity ratio of *?Y/*Sr = 1.26“%, Uranium dioxide fuel mass is 192,000 kg.

Nuclide Inventory d,: 20 pm 30 pm 40 pm 50 pm 100 pm 140 pm
(Bg) d:62pm 93 pum 122 pm 15.3 pm 28.9 pm 394 pm
89Sr 23 X 10'8 16 53 120 240 1600 4000
0Sr 2.0 X 107 14 4.6 10 21 140 350
[ 0y 2.0 X 107 14 4.6 10 21 140 350
oy 29 X% 10 20 67 150 300 2000 5100
SZr 50X 10 34 120 260 510 3500 8800
[ 95Nb 50X 108 34 120 260 510 3500 8800
103Ru 4.9 X 10'® 33 110 250 500 3400 8600
106Ru 2.0 X 10'® 14 46 100 210 1400 3500
{ 105Rh 2.0 X 108 14 46 100 210 1400 3500
140Ba 53 X108 36 120 280 540 3700 9300
[ 140La 53 x10'® 36 120 280 540 3700 9300
141Ce 5.6 X 10'8 38 130 290. 570 3900 9800
144Ce 32X 1018 22 74 170 330 2200 5600
[ i44pr 3.2 X 10'8 22 74 170 330 2200 5600
Total 4.7 X 10° 320 1100 2400 4800 33000 82000

Table 2. Dose rate (pGy.h~!) from beta particles in water from a 1 Bq point source on air-water boundary, averaged
over 1 cm? at depth h (Monte Carlo calculation)??. t , is the half-life of the nuclides and X, is the distance (mm) at which
90% of the beta energy is absorbed.

Nuclide ty Xg0 (mm) h = 0.07 mm h =04 mm h =3 mm
895y 50.6 d 3.03 1.67 0.887 0.0546
%0g 286 a 0.787 1.38 0.335 —
{ ooy 64.1 h 5.17 1.76 1.05 02
a1y 585 d 3.24 1.67 0.897 0.0637
957y 64.0 d 0.461 1.06 0.0857 —
{ 95Nb 35.1d 0.094 0.230 — —
103Ry 393 d 0.267 0.568 0.028 —
1065Ry 368.2 d 0.008 — — —
{ 105Rh 299 s 7.92 1.85 1.17 0.326
140B, 12.8 d 1.65 1.46 0.490 0.0007
{ 140] 5 402 h 297 1.64 0.845 0.0385
1#1Ce 325d 0.605 1.54 0.169 —_
[ "Ce 384.3 d 0277 0.815 0.0287 —
Pr 17.3 min 6.71 1.82 1.13 0.285
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maximum beta energies as a function of particle size.
Nuclide specific values are given in Table 3. In the case
of nuclides with several beta decay branches and, conse-
quently, several maximum beta energies, the total SAF
is calculated as a sum of SAFs of each branch weighted
by the branching probability.

Beta absorption, even in relatively small particles, is
important for beta emitters of low energy like °*Zr,
9Nb, 'Ru, 'Ru and '“Ce. The flux from the high
energy beta emitters (°°Y, '%Rh and '*Pr) is attenuated
less than 10% even in the largest particle considered in
this study.

Total beta dose rate in three different depths of the
skin as a function of particle size is presented in Table
4. The dose rate is given with and without SAF. Self-

0.8
% 0.6
0.4

0.2

o T o 20 30 a0
Particle diameter (um)

Figure 2. Self-absorption of beta particles in uranium fuel. SAF
is defined in Equation 3. Maximum beta energy (MeV) is
marked above each curve. p, = 10.5 g.cm™.

absorption is not very significant in small particles. For
the largest particles the dose rate in the basal cell layer
of the skin is reduced to two thirds. Self-absorption does
not alter dose rates significantly at a depth of 3 mm.

Nuclides '“°La, '““Pr, '4°Ba, '*'Ce and °'Y cause
about two thirds of the skin dose rate to the basal cells.
The dose at a depth of 3 mm is caused mainly by high
energy beta emitters '*Pr and 'Rh.

ICRP recommends that the annual equivalent dose
limits for occupational workers are 150 mSv for the lens
of the eye and 500 mSv for the skin, averaged over any
1 cm?, regardless of the area exposed”’?. For the public
the limits are 15 mSv and 50 mSv, respectively. The
skin dose limits provide sufficient protection against the
deterministic effects in the basal cell layer at a nominal
depth of 7 mg.cm™2,

The dose rate in the basal layer of the skin for a

» = 40 um particle is about 70 mGy.h~' averaged over
1 cm? When a particle of this size is deposited on the
skin the total beta dose in 24 h is approximately 1.6 Gy.
Particles larger than 25 um (physical diameter) can
cause a skin dose of 500 mGy averaged over | cm? in
one day. Correspondingly, particles larger than 10 pm
can cause a dose of 50 mGy. At a depth of 3 mm, rel-
evant to the eye lens dose, a particle of physical diam-
eter about 20 pm will in 24 h deliver a dose averaged
over an area of 1 cm? of 15 mGy.

ATMOSPHERIC TRANSPORT OF PARTICLES OF
DIFFERENT SIZES

In case of a possible nuclear accident it is essential

Table 3. Self-absorption factor SAF for various nuclides as a function of particle size. Particle density is assumed to be
10.5 g.em™3, The maximum beta energy E,., refers to the most probable decay branch.

Nuclide Ermax d.: 20 pm 30 pm 40 pm 50 pm 100 wm 140 pm
(MeV) dy: 6.2 um 9.3 pum 12.2 pm 15.3 wm 289 um 39.4 wm
Sr © 1.49 0.972 0.959 0.946 0.933 0.879 0.841
%0Sr 0.546 0.893 0.846 0.805 0.765 0.622 0.539
{ 90y 2.28 0.984 0.977 0.970 0.962 0.931 0.907
oy 1.54 0.973 0.960 0.948 0.935 0.883 0.846
9Zr 0.366 0.833 0.765 0.709 0.656 0.487 0.402
{ 95Nb 0.160 0.574 0.462 0.388 0.330 0.196 0.148
193Ru 0.226 0.690 0.591 0.519 0.458 0.299 0.235
1%Ru 0.0394 0.134 0.092 0.071 0.057 0.030 0.022
[ 106Rh 3.54 0.991 0.986 0.982 0.977 0.957 0.942
140B4 0.991 0.919 0.885 0.855 0.826 0.716 0.649
{ 1404 1.35 0.971 0.956 0.943 0.929 0.871 0.830
141Ce 0.435 0.870 0.815 0.768 0.723 0.568 0.483
14Ce 0.318 0.768 0.680 0.613 0.553 0.381 0.304
{ 144pr 3.00 0.989 0.983 0.978 0.973 0.949 0.932
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"to be prepared for hot particle release. Estimation of
the transport range is needed. Particle transport depends
strongly on weather conditions and particle properties,
e.g. horizontal wind speed u,, vertical velocity u, of the
air, maximum effective release height z, and density p,
of the particles. Provided that u, and u, are constant
during transport, the expected maximum particle size
d,... that can enter the target area is‘'”

zou, * ux\
e = k (J____’_‘)
ppX

where x is distance between source and target area, and
the =+’ sign represents the upward and downward velo-
city of air (see Figure 1). Constant k = (18 v/g)}
=~ 5.8 X 1073 (kg.s)!.m ™! for dry air at STP conditions.

Figure 3 shows the effects of the release height on
the range of particles in air. Even rather large particles
(d, = 10 pm) can be transported several hundreds of
kilometres if the effective release height is thousands
of metres. Relatively minor vertical air flows have a
significant influence on the transport of the particles of

®)

Physical diameter {um)

10000 2R 30 A
E 100
[]
jor]
=y
£ 10:
o 50 100 150

Aerodynamic diameter {um)

Figure 3. Maximum transport distance of aerosol particles for
three different effective release heights z,. The horizontal wind
speed u, is 5 m.s~". The centremost curve of each set was cal-
culated assuming no vertical movements of air masses. Equ-
ation 8 with constant u, = =1 cm.s™' was used to produce the
other curves (redrawn from Reference 17). p, = 10.5 g.cm™2,

Table 4. Beta dese rate (mGy.h~'} for the skin averaged

size d, = 20 um. Deterministic transport range calcu-
lations are appropriate for large particles because the air
turbulence has less significance.

The weather conditions and particle properties vary
greatly. Transformation to the new conditions can be
done approximately as follows: transport range x is
directly proportional to u, and z, and inversely pro-
portional to p,. Compared to a ‘reference case’, e.g. to
one of the curves presented in Figure 3, the transport
range under the new conditions is X, = Xpt
(ux,new/ux.ref) (Zo.new/ZO.ref) (pp.rcf/pp.new)9 where Xref is the
transport range in the reference case. For example, let
Uynew = 3M57, Zg e = 400 m, pypew = 8 g.om™ and
Xees = 2 km for d, = 28.9 um (d, = 100 pum). The new
transport range is then 3.15 times the range in the refer-
ence case, i.e. 6.3 km.

Transport calculations of the nuclear fuel fragments
must be connected to the prevailing weather conditions.
In operational use, particle trajectory calculations, simi-
lar to air parcel calculations, are needed. Simple trans-
port range estimation, i.e. Equation 8, is adequate pro-
vided that vertical air flows are small compared with
the gravitational settling velocity of the particles.

Table 5. Transport range (km) of d, = 40 um (d, = 140 pm)
particle at different effective release heights and wind

velocities.
Release Wind velocity (m.s™")
height (m)
1.0 3.0 5.0 7.0 10.0

100 0.23 0.69 1.1 1.6 2.3

300 . 0.69 2.1 34 4.8 6.9

500 1.1 34 5.7 8.0 11
1000 2.3 6.9 11 16 23
2000 4.6 14 23 32 46
3000 6.9 21 34 48 69

over 1cm? at depth h from a virtual point source (no self-

shielding) and from particles of different sizes (self-shielding included) consisting of RBMK fuel (Table 1). SAF = self-
absorption factor (see text),

d d h = 0.07 mm

h = 0.4 mm h =3 mm

a P
(um) (um)
Point source SAF included

Point source SAF included Point source SAF included

20 6.2 0.38 0.34
30 9.3 1.3 1.1
40 12.2 29 2.4
50 15.3 517 4.6
100 28.9 38 28
140 394 97 64

0.13 0.13 0.015 0.014
0.45 042 0.049 0.048
1.0 0.94 0.11 0.11
2.0 1.8 0.22 0.21
14 i1 1.5 14
34 28 3.7 34
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DISCUSSION

Detailed particle activity calculations have to be per-
formed using the specific activity of the fuel elements
with different burnup. Accidentally released fuel frag-
ments originating from nuclear reactors that are
operating in a very high burnup regime (for example
some nuclear submarines), can be much more radioac-
tive than the particles described in this study. The skin
doses are then considerably higher.

Table 1 shows that the beta activity of a RBMK fuel
particle with a diameter of d, = 40 pm is slightly less
than 10° Bq, i.e. the NCRP limit of 10'® beta emissions
may be exceeded in approximately one day. The trans-
port range of these particles at different release heights

and wind velocities is given in Table 5. The risk that
the NCRP limit is exceeded in one day exists within
distances up to tens of kilometres from the plant. In the
Chernobyl accident this distance is estimated to be
40 km"'7,

Ruthenium particles that were found after the Cherno-
byl accident are of special radiological importance. The
activities of single ruthenium particles found in Poland
were up to 100 kBq'®, The size of a typical carrier-free
10 kBq '®Ru (and 2.8 kBq '®Ru) particle is estimated
to be d,=4.5um"?. Thus, a Ru particle of size
d, =9 pm has an activity of the order of 100 kBg.
These particles are a potential health hazard, and they
can be transported hundreds of kilometres away from
the plant.
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Abstract. Large amounts of radioactive particles can be released in a severe nuclear
accident. The partictes that may cause a serious health risk via inhalation or deposition on the
skin can be transported hundreds of kilometres via air flows. In the present study the transport
range of uranium fuel particles of sizes between d,=20-140 ym is estimated in simplified
meteorological conditions. The analysis is applied to the particle transport in the Chernobyl
accident. The results of the calculations are supported by the environmental findings of the
particles. The wind speed and the initial plume rise have a crucial influence on the transport
distance. A simple ballistic analysis is not adequate if the vertical air flow varies greatly during
transport. In such weather conditions the analysis must be connected with three-dimensional

trajectory caiculations.

1. Introduction

Radioactive material released from a nuclear
power plant during a severe accident can rise to
several hundreds of metres or even up to a few
kilometres. Radioactive particles are then trans-
ported hundreds, or sometimes thousands, of
kilometres within the plume. Large particles
settle down rather quickly but small particles
can stay in the atmosphere for days or some-
times weeks.

Particles larger than 100 ym in diameter are
mainly produced by mechanical fragmentation.
However, in the extreme conditions of a nuclear
reactor core, the sudden release of energy in a
power excursion or explosion may be so large
that small particles down to less than a few
micrometres in diameter are produced mechanic-
ally [1]. This was the case in Chernobyl in
1986 [2].

Particles can be formed through nucleation
and condensation from the vaporised reactor
fuel, but the size of these particles is generally
smaller than 1 pm. They consist mainly of
volatile substances, e.g. caesium, iodine and
ruthenium, whereas the overall radionuclide
composition of the fuel particles is close to
the radionuclide inventory of the core. The
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Chernobyl accident dispersed uranium fuel par-
ticles with activity up to tens of kBgs all over
Europe [3].

It is usually assumed in consequence analyses
of severe nuclear accidents that particles within
a release plume have a predetermined dry depo-
sition velocity defined as

vdep__‘JO/CO (l)

where J, is the particle flux to the ground and C,
is the undisturbed concentration above the
ground. Deposition velocity is the effective
velocity of particle migration to a surface.

The dry deposition velocity of particles
depends on particle properties (size), surface
characteristics (roughness) and atmospheric
conditions. Van der Hoven {4] suggests that
when the gravitational settling velocity of the
particles is greater than I ms~' (aerodynamic
diameter d, > 200 um), the particles fall so fast that
turbulent dispersion is no longer important.
Small particles (d,<1 um) are deposited as
a result of turbulent diffusion and Brownian
motion. When d,>10um the gravitational
settling is important [5]. The particles con-
sidered in this study (d,=20~140 um), known
later as large particles, have a settling velocity
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greater than 0.01 m s~ which is the value often
used for dry deposition (e.g. in [6]). Particles of
this size are deposited mainly due to sedimen-
tation or turbulent dispersion.

In radiation protection and emergency pre-
paredness the large nuclear fuel particles pose
different problems to those of the small radio-
active particles or gaseous fission products.
The problems are clearly seen in operational
air concentration measurements. The average
nuclide concentration (Bq m ™ ®) is not meaning-
ful if all the activity comes from a few particles.
Moreover, the radiologial risks connected with
these highly radioactive particles are not the
same as those in a homogeneous exposure. The
large particles can also be transported to areas
other than those areas where the gases or small
particles are transported in a complex three-
dimensional wind field. These differences are
discussed briefly below.

The monitoring networks, which are em-
ployed in several countries and designed to
detect environmental radioactivity, measure
average activity concentration (Bq m~?) in air or
the concentration integral of the radionuclides.
Single particles are not registered. Afterwards,
however, the existence of large radioactive parti-
cles can be verified in autoradiography.

A similar situation is met in a typical con-
sequence analysis when statistical models, e.g.
Gaussian type models like ‘tilted plume model’
or ‘drift deposition model’ [5], are used. The
predictions of these models are of statistical
nature. In the case where average activity con-
centration is low, but the activity comes from a
few large particles, the interpretation of calcu-
lated results can be misleading. One may ask
what does the calculated average concentration
(Bq m™~?) mean if the activity is in large particles
whose number concentration is low (for example
less than 10~ 3 m™3) or, in the extreme situation,
only in one particle. For example, after the
Sosnovyy Bor incident in 1992 we found four
particles in a filter through which 900 m* of air
had passed. Most of the activity was in these
small uranium fuel particles [7].

The dose conversion factors (Sv Bq ™ 1) for in-
halation are defined for small particles (AMAD =
1 um). This may be relevant for caesium and
iodine, but not for the fragments of the uranium

fuel. The results of the analyses are usually
interpreted as an averaged value for the quan-
tity considered, e.g. the effective dose. The over-
all activity concentraton in air may be below the
level of countermeasures. However, there is a
risk that a severe local injury may be caused by
a single ‘hot particle’ deposited on the skin or in
the upper airways.

Large particles are not distributed within the
plume in the same way as gaseous fission pro-
ducts or small particles. Soon after the release
the large particles leave the main aerosol stream
mainly by sedimentation. In weather types,
where wind conditions (wind speed and wind
direction) differ significantly at different heights,
the large particles and gaseous species or small
particles are transported separately (figure 1). It
is even possible that in some areas the fall-out
contains mainly large fuel particles, not gaseous
fission products or small particles.

For sheltering purposes it is crucial to find
out the maximum transport range of particles
that can cause an acute health risk, i.e. the areas
of particle deposition must be recognised before-
hand. This is a field that needs further studies.

In this paper the transport range of uranium
fuel particles is studied using simple ballistic
analyses with predetermined particles sizes,
wind velocity and effective release height. The
effect of macroscopic vertical air flows and
dispersion due to atmospheric turbulence is
estimated using the concept of effective vertical
velocity. In the case of the macroscopic air flows
the results are applied to large particle transport
in the Chernobyl accident.

2. Gravitational settling

The theory of gravitational settling is presented
in the textbooks of aerosol physics, e.g. in
reference [8]. A brief summary is given below.
Definitions of the variables and the constants
are given in table |.

The air flow around a freely falling particle
is characterised by the Reynolds number

- Pair VTS dp
n

Re, 2
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Height of
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layer
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Figure 1. Hypothetical air and particle trajectories beiow and above some mixing
height (in x, y, z coordinate system). A trajectory is a path along which an air parcel
or a particle moves in the atmosphere. Wind conditions (direction and speed) differ in
both air layers and, consequently, the trajectories of the air parcels are not in the
same directions. Particles originally above the mixing height behave initially
according to the conditions of the upper layer. When they reach the mixing layer they
move according to the conditions prevailing there. Fall-out of particles may vary in
different regions: (A) little or no fall-out, (B) mainly large particles, (C) iarge and

small particles, (D) small particles.

In the Stokes regime, when Re,<1.0, the ter-
minal settling velocity is

PodagC
= L0Pe 3
Vs 187 3
When 0.05 < Re, <4 equations
4pairppd:g
CoRep=—"7"" )
and
71 CD Re; —4 12
=——(———~2.33x 10" % CpRe;)”
’rs pairdp< 24 ( o

+2.0154 x 107 %(Cp Re?)?
—6.9105x 10‘9(CDRe,§)4). (5)

can be used for the settling velocity.

It is often convenient to use particle aero-
dynamic diameter, d,, instead of the Stokes
diameter, a),, i.e. the analysis is made for unit
density spheres that have the same settling
velocity as the particles considered. The two
diameters are coupled in the Stokes regime by

da=dy(pp/pa)'". (6)

Beyond the Stokes regime equation (6) is not
valid. Generally, the relationship between d,
and d, is defined with the aid of the equal
settling velocities of the particles.

The settling velocity of a uranium fuel par-
ticle and its Reynolds number are presented in
figure 2 as a function of particle diameter.
Serious errors in transport range calculation are
made [9] if sedimentation velocity presented in
equation (3) is used beyond its application
regime.
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Table 1. Nomenclature.

Symbol  Definition Value
Uy Wind velocity (ms™') Variable
u, Effective vertical velocity (ms™') Variable
U, Effective large scale vertical velocity (m s~ ') of an air parcel Variable
7 Effective vertical dispersion velocity (ms™ 'y of the plume Variable
x Distance (m) between the nuclear power plant and the target area,

x-coordinate Variable
z z-coordinate Variable
y y-coordinate Variable
2o Height of the release (m) Variable
X 3 Distances in x and = direction from the effective release point (m) Variable
t,ty,t, Timel(s) Variable
At Time step (s) Variable
d, Particle Stokes diameter (m) Variable
d, Particle aerodynamic diameter (m) Variable
Ainax Stokes diameter (m) of the largest particle that can travel distance x Variable
Pp Particle density, UO, (kgm ™) 10 500
Pa Unit density (kgm™?) 1000
Pair Air density (kgm ™) 1.205
n Air dynamic viscosity (kgs ™ 'm™") 1.81%x10°°
g Acceleration of gravity (ms™?) 9.8]
C Slip correction factor 1
vrs Terminal settling velocity (ms™') Variable
Vdep Deposition velocity (ms™!) Variable
o. Vertical dispersion parameter (m) Variable
o Particle flux (either mass, number or activity) to the ground Variable
Co Undisturbed particle concentration above the ground (mass,

number or activity) Variable

Stokes diameter (um)
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Figure 2. Settling velocity as a function of particle size. Stokes diameter,
d,, is calculated for uranium fuel particles with density of p,=10.5 g cm ~3,
The upper curve represents Stokes sedimentation velocity (equation (3))
whereas the lower curve is ‘the real velocity’ calculated by equation (5).
The Reynolds number refers to the unit density particles with aerodynamic
diameter, d,. The Reynolds number must be muiltiplied by d,/d, if it is
connected to the Stokes diameter. Uranium dioxide particles of sizes
d,=18 um (d;=5.7 ym) and d,=32 ym (d,= 10 um) have sedimentation
velocities of 0.01 ms™ 'and 0.03 m s~ ', respectively (cf figure 3).



3. Turbulent dispersion

Turbulent dispersion is described in references
[4] and [5]. Some qualitative points are discussed
here regarding large particle transport.

Turbulent dispersion is basically a highly
non-linear phenomenon and thus, unlike the
gravitational settling, only statistical properties
of the turbulent flows can be predicted. Caused
by the eddy motion of air, turbulent dispersion
depends strongly on prevailing weather con-
ditions. The role of sedimentation and turbulent
dispersion in the transport of the large particles
is different. Sedimentation moves particles out
of the gaseous plume, whereas turbulent dis-
persion spreads both the gaseous plume and the
‘particle plume’.

The transport range of large particles
depends on the vertical turbulence of air (either
small scale or large scale turbulence). In the
present deterministic analysis the concept of
effective vertical velocity, u,, is introduced.

In the case of large scale vertical movements
of air (synoptic scale turbulence) the effective
large scale vertical velocity of air, u, |, can be
calculated from the wind fields. It is simply the
upward or downward velocity of air during
particle transport or during a small interval
considered.

However, in the case of microscale and meso-
scale turbulence the effective vertical velocity is
chosen in a different way. Pasquill classification
(or other classifications) [5] together with Briggs
formulas (or others) [5] of plume width give a
possibility to use ‘semi-deterministic’ ways to
calculate the transport range of the large par-
ticles. In this study the choice is made using an
expansion velocity of the (gaseous) plume, i.e.
the concept of an effective vertical dispersion
velocity of the plume, u,,, is introduced (see
section 4.3).

In practice, there is no need to distinguish
between the components of the effective vertical
velocity. The effective vertical velocity, u,, is the
sum of the large scale and small scale vertical
velocities

U= Uy +uz.(' (7)

In the following calculations the vertical vel-
ocities u, | and u,, are treated separately (either

Transport of large uranium fuel particlies 59

U, Or u,, is chosen, they are not used at the
same time).

Although the instantaneous vertical vel-
ocities in turbulent air can be high, the net
spread of the plume (and the corresponding
effective expansion velocity) is substantially
smaller than would be expected from these
instantaneous velocities. Particles are assumed
to be dispersed by turbulence in the same way as
particles that have no inertia. In reality the
plume of monodisperse large particles is spread
less than the plume consisting only of small
particles and gases, i.e. the behaviour is more
deterministic than we assume.

4. Transport range of large uranium fuel
particles

The transport range of the large particles can be
calculated in a deterministic way provided that
the statistical phenomena (turbulence) do not
dominate sedimentation, i.e. the deposition vel-
ocity shall not be much greater than the settling
velocity. At least in stable atmospheric con-
ditions this is true for large particles.

The particle transport range depends
strongly on plume rise, particle properties and
meteorological conditions. Plume rise can be
evaluated, in principle, from the heat energy
content of the plume and its initial momentum
{5]. In practice during an accident the rise is
evaluated by measurements.

In the following analysis three simplified
cases are considered. First, a ballistic range
calculation is performed assuming that no verti-
cal air flows exist during the aerosol transport.
Second, the outcome of a constant effective
vertical velocity is analysed. Third, an effort is
made to take into account the more complex
vertical air flows during particle transport.
A simple example is given.

4.1. No vertical air flow

During a severe nuclear accident the release
plume rises according to the initial momentum
of the plume and the thermal energy available.
The particles within the plume reach a height z,.
The deposition on the ground occurs after a
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period of

1,= Zo/VTs, ®

provided that the terminal settling velocity, vys,
is constant (relative to the ground) during the
settling for the particle size considered.

If the horizontal wind velocity, #,, is con-
stant, the travelling time of the particle over a
distance, x, between the release point and the
target area is simply

1= X/uy. e

The expected maximum particle size, dmax, ON
the target area is estimated from ¢, =t and using
equation (3). The result is

= 18nzguy /2
= (pngX> '

If the particles are large enough (d, greater than
about 50 um, see figure 2), equation (5) instead
of equation (3) must be used and the calcu-
lations have to be done numerically (see later).
Equation (10) is valid if vertical air flows are
insignificant during aerosol transport. Also the
particle size, the wind speed and the wind direc-
tion must be approximately constant during the
-travelling time. The air viscosity, 7, is practic-
ally constant and the slip correction factor, C, is
negligible for large particles. The nearly constant
terms can be taken out of the square root giving

Zotly 12
dmax=k( ) , an

Ppx
where constant k= (187/gC)"*=5.8 x 10> kg'”?
s!2 m~ ! for dry air at sTP conditions.

(10)

4.2, Constant vertical velocity

In a real transport situation vertical air flows
always exist. During the travelling time, the
particles move up or down faster or slower
depending on the direction of the effective verti-
cal velocity, u, = u, . The net settling velocity is
changed to vgs+u,, where u, is negative for
upward air flows and positive for downward air
flows. The maximum particle size can now be
written as

1/2

(12)

Zolly — UzX
dmax=k (.ﬂ_"___)

Ppx

Figure 3 shows the transport range of the
particles that rise initially to different heights.
The variability of the range may be large in the
case of aerodynamic diameter less than about
50 um. These particles can be transported
hundreds of kilometres if the plume rises 500 m
above the ground. In these conditions the long
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Figure 3. Maximum transport distance for particies of
d,=20-140 um. Figures (a), (b) and (c) represent effective
release heights 100, 500 and 200 m, respectively. The
wind velocity is 5m s~ ', in the centremost thick curve of
each set, no vertical movements of air masses exist. In
the thin curves of each release height, equation (12) with
constant u,= £0.01 m s~ ' (solid ling) or u;= £0.03ms ™"’
(dashed line) were used. )



range transport of the larger particles is possible
provided that the effective upward wind velocity
is substantially higher than 0.0l ms™".

For emergency preparedness a simple trans-
formation equation for other situations is
needed because weather conditions and particle
properties, i.e. wind velocity, u,, effective release
height, zp and particle density, p,, can vary
greatly. Transport range, x, is directly propor-
tional to u, and zp and inversely proportional to
Pp. By selecting one of the curves in figure
3(a)—(c) as a ‘reference curve’, the transport
range in new conditions, X,ew, can be calculated
using an approximate equation

_ Uxnew Z0.new Pp.ref
Xnew = Xref E (13)
Uy ref Z0.ref Pp.new

where the subscript ‘ref’ refers to the refer-
ence case and the subscript ‘new’ to the new
conditions.

4.3. Complex vertical air flow

Generally the maximum particle size cannot be
explicitly solved as in equation (12), because
the effective vertical velocity depends strongly
on the meteorological situation. Moreover, the
horizontal wind velocity and the wind direction
may change drastically during particle trans-
port. The aim of the following rough calcu-
lations is to obtain an estimate for the magni-
tude of the variability of the maximum distance
that the particles can travel in a complex atmos-
pheric environment.

The influence on particle transport by the
vertical movements of the air may be analysed
using parametric equations derived for certain
classified weather conditions. Parametric expres-
sions are easy to use in calculations. Here the
effective vertical velocity, u,=u,, is assumed to
be of the same order of magnitude as the change
in the vertical dispersion of the plume as a
function of time. It should be noted that the
vertical velocity is only an analytical function of
the distance x, not height z.

Let us assume that the weather is neutral
(Pasquill class D). Instead of class D it is also
possible to use stable weather classes. For the
neutral case the vertical dispersion parameter
is[S] . '
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0,(x)=0.06x(1+0.0015x)" "2 (14)

The parameter, o,, and the horizontal distance,
x, are expressed in metres. o, is the standard
deviation of the Gaussian distribution that des-
cribes the vertical dispersion of the plume.
Equation (14) holds in open lands at short
distances of 0.1-10 km. However, an extra-
polation up to 100 km is sometimes used.

In the present analysis the vertical expansion
rate of the plume is assumed to be proportional
to the change of &, per unit time. In this case the
effective vertical dispersion velocity, u,, is esti-
mated from the time derivative of equation (14)
combined with equation (9)

do,(u,t
u(x) =uz.t(x)=—_( )
dt
0, (X 2 ()
X Xz

Wind velocity and wind direction are assumed
to be constant during transport. The inter-
pretation of u, is obvious: it is the spreading
velocity of the plume (the spread of one stand-
ard deviation) due to turbulence in neutral
atmospheric conditions. Equation (15) allows
us to calculate an estimate for the dispersion of
the maximum transport distance as a function
of the particle size assuming that the direction
of u, is either upwards or downwards. Even in
this very simple case the maximum particle size
has to be solved numerically (see later).

The results of the transport range calcu-
lations are shown in figure 4. The ‘uncertainty
band’ is generally broadened compared with
figure 3. The reason is that the effective vertical
velocity is now larger, particularly at short
distances. For example, at distances of 0.5 and
5 km the effective vertical velocity is 0.18 ms ™"
and 0.058 m s~ ', respectively.

4.4. A numerical approach

The initial coordinates (x—z coordinate system)
of the particle are (x;, z;). The real sedimen-
tation velocity of the particle is vys + u,, where u,
is either positive (downward velocity), negative
(upward velocity) or zero. Depending on appli-
cation u, is either u,, or u,,. At time, ¢, the
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Figure 4. Maximum transport distance for particles
d,=20-140 um. The efifective release height is 500 m and
the wind speed is 5m s~"'. The centremost curve repre-
sents no vertical movements of the air masses (same
curve as in figure 3(b) in the middle). The upper and
lower curves are caiculated using equation (15) with
upward (upper curve) and downward velocity (lower
curve), u;. The ‘uncertainty band’ refers to both directions
of the coordinate axes. For example, a particle with
d, =100 um can be transported 7.5-14 km away from the
plant. On the other hand, if the distance between the
release point and the target area is 10 km, the particles of
sizes d, = 80-120 pm can reach the target area.

particle is at a point (x;+, z;+ ), where
i=0,1,2,...
i=0,1,2,...

It is assumed that the wind conditions do not
change markedly during a short time interval At.
After every step a new location (Xj4{,zi+1)
is calculated until z;,,<0. Equations (16)
are casily implemented in a small computer
program.

Xiv1= X1 (uy); At

(16)
Ziv1=zi— [(vrs + ()] At

5. Large particle transport in the Chernobyl!
accident

The numerical approach presented above is
applied to the particle transport of the earliest
phase of the Chernobyl accident, i.e. in the
atmospheric conditions that were prevailing
during the initial plume transport towards the
Nordic countries. Weather and transport con-
ditions are well described in many reports, e.g.
in references [10] and [11].

The initial release from the plant rose to a
few kilometres although the main release rose

less than 1 km. On the basis of the weather data
of the European Centre for Medium Range
Forecasts (ECMWF) the Swedish Meteoro-
logical and Hydrological Institute (SMHI) cal-
culated three-dimensional air parcel trajectories
originating from Chernobyl at 00 UTC on 26
April 1986 [11]. The coordinates, including the
height (in units of hPa) of the trajectory points
were given on every sixth hour. The trajectories
show that the released material was transported
towards the southern parts of Scandinavia. The
lower part of the plume (z,< 750 m) was trans-
ported towards Sweden and the higher parts
towards Finland.

The particle transport range is estimated
from the coordinate data of SMHI calculations
with ECMWEF data. The transport of the par-
ticles is assumed to take place in two separate
air layers and wind conditions. Horizontal and
vertical velocities of the wind in both air layers
are assumed to be those that were prevailing
along the zo=1500m trajectory (air layer
above height 750 m) and along the z,=750 m
trajectory (air layer below height 750 m).

According to the three:dimensional trajec-
tories, the vertical velocities of the air were
mainly downwards (descending air) during the
first day. Thereafter the vertical velocities were
facing upwards (ascending air). During the
transport the wind speed in the lower air layer
was about 7 m s~ . In the upper layer the wind
speed was slightly higher. A stepwise approxi-
mation is applied to the consecutive data points,
i.e. numerical calculations according to equa-
tions (16) are done assuming that the wind con-
ditions were constant between each trajectory
point (6 h).

Table 2 shows the results of the transport
range calculations in two cases. In the first case
no vertical velocity of air is assumed. In the
second case the vertical velocity of air is
assumed to be constant between the data points.
Only sedimentation is taken into account. The
effect of turbulence is not studied. The large
scale vertical movement of the air has a signi-
ficant effect on the behaviour of the small par-
ticles. The transport range of the large particles
is not significantly affected by the variation of
the vertical wind velocity.



Table 2. Transport range and total beta activity of partic-
les originated from the Chernobyl accident. In case (a)
vertical velocity, u,, of the air is assumed to be zero
during the transport whereas in case (b) u, is constant

" between data points (see text). Effective release height
2,=2000 m. The total beta activity is estimated from the
radionuclide inventory of the core. Radionuclides ®°Sr,
QOSr. QOY, 91Y, Bszr' SSNb‘ 103Ru' 106RU, IOGRh,MoBa, “‘°La,
*1Ce, *Ce and "**Pr are included in the estimation of the
total beta activity.

(a) (b) Total
d, d, Range Range Bactivity
(pm) (ym) (km) (km) (Bg)
20 6.2 1200 1000 360
30 9.3 640 460 1200
40 12.2 360 320 2700
50 153 230 210 5400
100 289 74 72 36000
140 39.4 43 42 91000

Uranium fuel particles were found in north-
eastern Poland, 500-650 km from Chernobyl.
The activities of the non-volatile nuclides **Zr
and '*'Ce were typically 200-300 Bq [12]. The
particle size can be estimated from the reactor
nuclide inventory. The above mentioned activi-
ties represent particle diameter of dy,=10 um.
The calculated transport range of these particles
is about 400550 km (table 2).

The diameters of the hot particles found in
south-western parts of Finland were between
d,=2-7 pm (about 1500 km from Chernobyl)
{i3-14]. The mean geometric diameter was
3.8 um corresponding to the aerodynamic
diameter of 10 ym [13]. The particles found in
Sweden were slightly larger (d,=2.7-12.3 ym)
but the distance from Chernobyl is smaller {15].

The findings above are close to the results
predicted by the calculations. The difference
has obvious explanations. The settling vel-
ocity depends linearly on the particle density
which may have been smaller than assumed
(10.5 g cm ™). Thus, the transport range can be
somewhat longer than the values presented in
table 2. In addition, the effective release height
could have been substantially above 2000 m.
Also the air flow was certainly more compli-
cated than the pattern assumed in the present
study.
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The uranium fuel particles can cause high
local doses when deposited on the skin. NCRP
[16] estimates that below the total emission of
10'? beta particles no acute skin damage is to be
expected. This threshold value represents a dose
of about 5 Gy calculated to the skin of area
1 cm® at a depth of 7 mgcm™ 2 The limit of
NCRP is exceeded in | day if a uranium fuel
particle with beta activity of about 100 kBq ts
deposited on the skin. Table 2 shows that the
risk of this exposure may have existed within
40 km from the Chernobyl plant.

6. Discussion

The methods presented in this study together
with information from wind fields can be used
in two ways: (1) If the effective release height
of the plume is known, it is possible to estimate
the maximum size of the particles that can travel
to the target area. This information is highly
important in identifying the areas that may
receive a fall-out containing hot particles. (2) If
nuclear fuel particles of certain size are found
on the target area, it is possible to obtain an
estimate for the true effective release height of
the plume. This knowledge is useful in the
dispersion studies of the plume in general.

Air parcel trajectories are useful for estimat-
ing the transport of gaseous pollutants. During
the nuclear incident in Sosnovyy Bor in 1992 we
used trajectory analysis successfully in predict-
ing the route of the plume [7,17]). Air parcel
trajectories may be modified in such a way that
they can be applied to particle trajectories. An
additional downward velocity that represents
particle settling must be added to the vertical
wind component. In addition, contrary to air
trajectories, particle trajectories must be
stopped when they intersect the Earth’s surface.

Before particle trajectory calculations can be
performed the size of the particles and their
density must be known. Moreover, the effective
release height of the particles must be estimated.
In operational use the above mentioned quanti-
ties are, of course, very uncertain and the trans-
port ranges of the particles are only suggestive.

Only three-dimensional trajectory analysis
can take into account the real meteorological



64 R Péllanen and H Toivonen

conditions and identify the areas where large
particles might be deposited (see figure 1). How-
ever, the results of the present study are useful in
the case of an accident provided that the net
vertical movements of air and the variation of
the wind speed during the transport are small.
The existence of large and highly radioactive
particles in a release plume may lead to an
operational re-identification of the fall-out
areas.
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Résumé

Un accident nucléaire grave peut relacher de grandes quan-
tités de particules radioactives. Via I'écoulement de I'air,
les particules qui peuvent produire des risques sanitaires
sérieux, par inhalation ou dépst sur la peau, peuvent
franchir des centaines de kilométres. Cette €tude fait V'esti-
mation des distances de transport des particules d’uranium
venant du combustible, de tailles 20 um <d, <140 ym, dans
des conditions météorologiques simplifiées. On applique
Panalyse au transport de particules lors de Vaccident de
Chernobyl. La distribution dans I'environnement de ces
particules valident les résultats des calculs. La vitesse du
vent, le panache initial, ont une influence cruciale sur les
distances de transport. Une analyse balistique simple ne
convient pas si I'écoulement vertical de 1'air varie dans de
grandes proportions durant le transport. Dans de telles
conditions climatiques, il faut lier I'analyse 4 des calculs de
trajectoires, en trois dimensions.

Zusammenfassung

GroBe Mengen radioaktiver Partikel konnen bei einem
schweren Unfall in einem kernkraftwerk freigesetzt werden.
Die Partikel, die ein ernsthaftes Gesundheitstisiko durch
Einatmen bzw. Ablagerung auf der Haut verursachen,
konnen iiber hunderte von Kilometern iiber Luftstréme
transportiert werden. In der vorleigenden Studie werden
Uran-Partike!l mit einer GréBe zwischen d, = 20—-140 ym bei
vereinfachten meteorologischen Bedingungen untersucht.
Die Analyse wird auf den Transport der Partikel beim
Unfall in Tschernobyl angewandt. Die Ergebnisse der

Berechnungen werden erhértet durch die Umweltbefunde
der Partikel. Die Windgeschwindigkeit und der urspriing-
liche Aufstieg der Wolke kdénnen einen entscheidenden
EinfluB auf die Transportstrecke haben. Eine einfache bal-
listische Analyse reicht nicht aus, wenn der vertikale Luft-
strom wéhrend des Transport stark schwankt. Bei diesen
Wetterbedingungen muB die Analyse mit einer dreidimen-
sionalen Berechnung der Flugbahnen gekoppelt werden.
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SKIN DOSE CALCULATIONS FOR URANIUM FUEL PARTICLES
BELOW 500 um IN DIAMETER

Roy Poliidnen and Harri Toivonen*

Abstract—Two different methods for skin dose calculations,
VARSKIN Mod 2 and PSS are compared for a spherical
uranium fuel particle (diameter 1-500 pm) deposited on the
skin. Nuclide specific beta dose rate at different skin depths for
a particle of unit activity is determined as a function of particle
size. Both methods show that the effects of self-shielding must
be included in the dose calculations for low and medium
energy beta emitters. Skin dose rate is drastically overesti-
mated when point source approximation is used. For high
energy beta emitters (e.g., *°Y, °Rh, and '**Pr) the volume
source can be approximated as a point source, The difference
in doses is then below 20% for particles up to 100 pm in
diameter. The models give equal results deep in the skin (in
terms of range of the beta particles). The reason is that the
correction due to the diminished backscattering in air-tissue
interface is insignificant at large distances. For three-
dimensional sources the backscattering correction should be
introduced in the VARSKIN Mod 2.

Health Phys. 68(3):401-405; 1995

Key words: uranium; beta particles; dose, skin; dose assess-
ment

INTRODUCTION

Rapioactive particLes deposited on the skin can cause
large local doses. Estimation of the skin doses caused by
beta particles is a complex problem. The beta particles of
varying energy interact in a complicated way with the
surrounding material, i.e..the particle itself, air, protec-
tive clothing, and tissue. Several methods to calculate
skin doses have been developed. The dose estimates are
performed using analytical empirical approximations
(e.g., Loevinger 1956; Chabot et al. 1988), Monte Carlo
calculations (e.g., Cross et al. 1992; Faw 1992) or
semi-empirical equations like the point kernel method in
VARSKIN (Traub et al. 1987).

Calculations are often based on the assumption that
the particles are surrounded by an infinite homogeneous
medium. Skin doses are then overestimated up to about
35% (Cross et al. 1992) due to enhanced backscattering
from tissue that does not exist above the skin. Also,
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dimensions of the particles are often neglected. For low
energy beta emitters in particular, the doses are greatly
overestimated if the effect of self-shielding is omitted.

The present paper aims at comparing the results of
dose calculations that are performed using two different
methods. VARSKIN Mod 2 (Durham 1992) is developed
in Pacific Northwest Laboratory and the PSS model
(Point Source and Self-absorption) in the Finnish Centre
for Radiation and Nuclear Safety (Pollinen and
Toivonen 1994). Comparison between these methods is
valuable because their basis of calculation is different
and they are not well validated for a three-dimensional
source.

The skin doses are often calculated assuming that
the skin is uniformly contaminated by beta active nu-
clides. Recently, however, there has been much interest
and need to calculate doses caused by hot particles. For
simplicity, the present analysis is limited to spherical
particles deposited on the skin.

The activity A, of non-volatile nuclides in a nuclear
fuel particle can be estimated from the radionuclide
inventory of the core (P6llanen and Toivonen 1994). For
homogeneous particles A, « d,’ (d, is diameter of the
spherical particle). Particle size is thus the most dominant
quantity in dose estimates. To study backscattering and
self-shielding effects it is useful to present the results for
unit activity as a function of the particle size, i.e., the
dose rate (Gy h™") is calculated from a 1 Bq source at
skin depth h averaged over 1 cm?.

MODELS

VARSKIN Mod 2

VARSKIN Mod 1 (Traub et al. 1987) is a widely
used semi-empirical code when assessing the radiologi-
cal risks connected to the radionuclide contamination on
the skin. Skin dose rate from beta emitters in a hot
particle is calculated by integrating numerically the
Berger point kernel (Berger 1971). Deficiencies of the
code are corrected in the new version, VARSKIN Mod 2
(Durham et al. 1991a; Durham 1992).

VARSKIN Mod 2 calculates doses from uniform
skin contamination and from single or multiple hot
particles. The code has options for three-dimensional
sources, protective clothing, and air gaps. Additional
features include methods to model volume-averaged
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doses and gamma doses. The code can calculate doses
and dose rates at various skin depths, either averaged
over the target area or radially from the center of the
exposure area.

In modeling a three-dimensional source, attenuation
due to source material and attenuation due to particle
geometry (1/r?) are included. Attenuation within the
source is treated by calculating the path length of beta
particles which is then modified by the ratio of the
densities of the source particle and water. For one and
two-dimensional sources on air-tissue interface, the
scaled absorbed dose distributions are corrected for
diminished backscattering.

For three-dimensional sources the backscattering
correction is omitted. According to the code manual
(Durham 1991b) “the greatest contribution to skin dose is
from the portion of the source that is nearest to the skin.”
Due to the high density of the source particles “the
backscatter component is probably underestimated from
the portion of the source that is nearest to the skin. This
underestimate is compensated . . . by the overestimate of
backscatter from the portions of the source that are
farthest from the skin.” The validity of these statements
is discussed later.

PSS-model

A skin dose model, now known as PSS, was recently
developed (Polldnen and Toivonen 1994). PSS is based
on point source dose conversion factors (Cross et al.
1992) and on self-absorption correction within the spher-
ical source particle. The model is intended to calculate
the beta dose rate to the skin using conversion factors
defined for different skin depths and circular target areas.

PSS is a simple semianalytical tool for quick hand
calculations. The PSS model was developed to apply
point source dose conversion factors for volume sources.
These factors are modified by analytical means to ac-
count for the self-shielding and geometry effects (see
later) that have an influence on skin doses. Calculations
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Fig. 1. Dose factor (2Gy h™! cm ™2 Bq™") as a function of particle
size for *>Nb at skin depth of 70 um calculated by PSS (thick line)
and VARSKIN Mod 2 (thin line). Dose conversion factors used in
PSS, VARSKIN Mod 1, and VARSKIN Mod 2 for a point source
are marked in the vertical axis (see Table 1). They are practically
equal (see Fig. 2).
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Fig. 2. Dose factor (uGy h™* cm™2 Bq ™) as a function of particle
size for **4Pr at skin depth of 70 um calculated by PSS (thick line)
and VARSKIN Mod 2 (thin line). Point source dose conversion
factor used in PSS is labeled as a dot in the vertical axis. Circle and
square refer to VARSKIN Mod 1 and VARSKIN Mod 2, respec-
tively.

have been so far performed for the skin depths of 0'075
0.4, and 3 mm averaged over the target area of 1 cm
(JCRP 1991). In principle, any depth and any target area
is possible provided that dose conversion factors for a
point source are available.

Nuclide specific skin dose rate (Gy cm™2 h™?),
averaged over 1 cm? at a skin depth 4, is written formally
as

Dy = AN, dp)CF(N, h)SAF(N, d,, ;Lp/p,,), 1)
where

A(N, d,) = the activity of nuclide N (Bq) in
a spherical particle of diameter

d ;
CF(N, h) = the dose conversion factor (Gy
cm™2 h™! Bq™?!) of nuclide N
for a point source on air-tissue
interface at depth #; and
SAF(N, d,, p/p,) = the self-absorption factor of nu-
clide N in a homogeneous
spherical particle (diameter 4,
and mass attenuation coeffi-
cient u, /p,).
When a particle contains m beta emitters the total skin
dose rate is

D= 2 Dy. @
N=1

The self-absorption factor (SAF) is the fraction of
the original beta flux (i.e., flux without attenuation) that
reaches the surface of the particle (Tsoulfanidis 1991).
The mass attenuation coefficient [m* kg™!] is a function
of the maximum beta energy E,_ ., (MeV) (Nathu Ram et

al. 1982)

Hplpy = aEl. 3)

Coefficients a and b are related to the -effective
atomic number of the particle. Assuming that the parti-
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Table 1. Dose conversion factors for a point source at different skin depths . Maximum beta energy Eg ..., refers to
the most probable decay branch. X, is the distance in water at which 90% of the beta energy is absorbed. Point source
conversion factor refers to the dose rate (Gy h™") in water from a 1 Bq point source averaged over 1 cm? at skin depth
of 4. Air-water boundary is assumed by Cross and VARSKIN Mod 2 (one- and two-dimensional sources). Water-water
boundary is assumed by VARSKIN Mod 1. In case of a three-dimensional source VARSKIN Mod 2 uses dose
conversion factors that are close to those in VARSKIN Mod 1.

Point source conversion factors at depth &

h = 0.07 mm h = 0.4 mm h =3 mm
Nuclide Epmax (MeV) X, (mm) Cross VARS1 VARS2 Cross VARS1 VARS2 Cross VARS1 VARS2
89Sr 1.49 3.03 1.67 235 1.62 0887 111 0.888  0.0546 0.0485 0.0532
{ 908y 0.546 0787 138 1.83 1.42 0335 0357 0.356 — — —
¢ 228 5.17 1.76 248 1.73 105 1.38 1.02 0.2 0220 0213
oty 1.54 3.24 167 237 1.62 0897 115 0.896  0.0637 0.0643 0.0629
{ SZr 0.366 0461 106  1.31 1.08  0.0857 00758 00698 — — —
*Nb 0.160 0.094 0230 0234 0210 — — - — — —
103Ry 0.226 0267 0.568 0575 0.664 0.028  0.0049 — — — —
106Ru 0.0394 0.008 — — — — —_ - — — —
{ 105Rh 3.54 7.92 185 255 175 117 1.51 1.06 0326 0351 0324
1408, 0.991 1.65 1.46 1.97 142 0490 0584 0499  0.0007 — —
B 1.35 297 1.64 236 154 0845 107 0.790  0.0385 0.039%0 0.0317
1a1ce 0.435 0.605 154 151 1.55 0169 0174  0.165 — — —
{ 44Ce 0.318 0277 0815 0877 0860 0.0287 00109 00108 — — —_
144py 3.00 6.71 1.82 254 176 113 1.47 1.06 0285 0311 0291
14 pr=
Zr
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Fig. 3. Dose factor (uGy h™! cm™2 Bq ™~ ") as a function of particle
size for °*Zr at skin depth of 70 pm calculated by PSS (thick line)
and VARSKIN Mod 2 (thin line). The dose conversion factors for
a point source are given at the vertical axis (see Fig. 2).

cles are pure uranium dioxide, we can set ¢ = 2.3 and
b = 1.4 (Nathu Ram et al. 1982). For a spherical particle
the self-absorption factor has an analytical expression
(P6lldnen and Toivonen 1994).

SAF = 2(u,d) ™" ~ 2ud,) "1 — e”HH). (&)

For nuclides with several decay branches and, con-
sequently, several maximum beta energies, the total SAF
is calculated as the sum of SAF’s of each branch i
weighted by the branching probability §;

SAF (N’ dpv “‘ﬂ/pp) = E B:SAFI[N’ dp’ (Mp/pp)[}’ (5)
i=1

where #n is the total number of branches of nuclide N,
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Fig. 4. Dose factor (1Gy h™* cm™2 Bq ™) as a function of particle
size for '*°La at skin depth of 3 mm calculated by PSS (thick line)
and VARSKIN Mod 2 (thin line). The dose conversion factors for
a point source are given at the vertical axis (see Fig. 2).

CALCULATIONS

Skin doses are compared from the point of view of
self-shielding and beta scattering effects in air-tissue
interface. They are often very important effects and their
treatment in VARSKIN Mod 2 and PSS differ. Other
phenomena, like different geometry treatment, are con-
sidered here only qualitatively.

The calculations are made for a spherical particle
deposited on the skin. The effect of protective clothes or
air gaps is not analyzed. Nuclide specific beta dose rate
per unit activity is estimated at different skin depths as a
function of particle size. Skin depths considered are 0.07
mm [directional dose equivalent H' (0.07) for basal
cells], 0.4 mm (average depth in estimating the produc-
tion of long-lived deterministic damage), and 3 mm
(depth of the lens of the eye).
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The target area is fixed to 1 cm® (ICRP 1991). The
dose estimates are calculated for uranium dioxide parti-
cles of diameter d, = 1~500 pm and density of p, = 10.5
g cm 2. VARSKIN Mod 2 does not calculate doses for
three-dimensional particles smaller than 1 ywm. PSS can
treat directly only spherical particles. However, an effec-
tive diameter can be calculated from the volume of the
particle. Geometrical shape is of secondary importance in
dose calculations of small particles. Furthermore, often
only the volume of the particle can be estimated from the
activity measurements; the detailed geometry remains
unknown.

Nuclides *’Sr, *°Sr, °°Y, °'Y, °*Zr, **Nb, '“Ru,
106Ru, 106Rh, MOBa, 140La, 141Ce, 144Ce, and *“Pr are
considered in the present calculations. These nuclides
were detected in nuclear fuel particles that dispersed over
Europe after the Chernobyl accident in 1986 (e.g.,
Philipsborn and Steinhdusler 1988). Nuclide specific
information and point source conversion factors at dif-
ferent skin depths are given in Table 1. Nuclides that
have Xy, distance (see Table 1) smaller than 0.4-0.5 mm
are referred to here as low energy beta emitters. High
energy beta emitters are henceforth those whose Xgq
distance is larger than 3 mm. Medium energy nuclides
are those with X, distance between above mentioned
limits.

Self-absorption

The effect of self-shielding as a function of particle
size and beta energy is investigated in terms of the
self-absorbtion factor (SAF) by Polldnen and Toivonen
(1994). Beta absorption is found to be important for low
energy beta emitters even in relatively small particles
(e.g., SAF = 0.8 for **Zr in 8 um fuel particles). For
high energy beta emitters, or if the target is located deep
in the skin (in terms of X, distance), the effect is less
stressed.

Dose rate per unit activity as a function of particle
diameter for *’Nb is given in Fig. 1. ®*Nb emits beta
particles of very low energy. The results of VARSKIN
Mod 2 and PSS are practically equal. The curve calcu-
lated by PSS describes the behavior of self-absorp-
tion, i.e., D/A in eqn (1) scaled by the point source dose
conversion factor CF.

In case of low energy beta emitters the point source
approximation can be used only for particles smaller than
a few um. For larger particles the effect of self-shielding
must be evaluated. For low energy beta emitters in large
three-dimensional particles (>100 wm) the self-shielding
may reduce doses by a factor of more than ten when
compared to point source calculations.

Dose rate per unit activity for 1**Pr is given in Fig.
2. *Pr emits beta particles of very high energy. The
relative behavior of the dose factor as a function of
particle size predicted by VARSKIN Mod 2 and PSS is
very similar. This is true for all high energy beta emitters
and all skin depths considered. However, VARSKIN
Mod 2 often gives higher doses than PSS mainly due to
greater point source conversion factors.

March 1995, Volume 68, Number 3

Backscattering in air-tissue interface

Dose conversion factors for a point source used in
the PSS (Cross et al. 1992) include the effect of dimin-
ished backscattering in air-tissue interface. The backscat-
tering correction, neglected in VARSKIN Mod 1, is
included in VARSKIN Mod 2 for one and two-
dimensional sources (see Table 1). For three-dimensional
sources it is excluded. Therefore, these dose conversion
factors are often close to the VARSKIN Mod 1 conver-
sion factors.

According to the VARSKIN Mod 2 manual
(Durham 1992) backscattering is treated rather as a
scattering from the source material, not from the non-
existent tissue outside the body. This is a good approx-
imation only when the range of the beta particles is much
less than the dimensions of the source. This is not
necessarily true for hot particles below sizes of 500 um,
as shown in the present analysis.

The need for the backscattering correction for a
three dimensional source is justified in the light of the
results presented in Fig. 3. For ®*Zr at a skin depth of
0.07 mm VARSKIN Mod 2 predicts higher dose rates for
particles up to 15 wm in diameter than for an ideal point
source. The dose factor curve behaves similarly for every
nuclide and skin depth, (Due to the linear scaling of the
x-axis it is poorly seen in Figs. 1 and 2.) A more detailed
analysis of VARSKIN Mod 2 results, whether they
describe a true physical phenomenon or a calculational
shortcoming, is beyond the scope of the present paper.

If backscattering is an insignificant phenomenon
having no influence on the dose rates, i.e., Xg, distance
in water is about equal to the skin depth considered,
VARSKIN Mod 2 and PSS give approximately equal
results for large particles. Except for **Ce at skin depth
of 0.4 mm VARSKIN Mod 2 and PSS use nearly equal
point source dose conversion factors (for '**Ce PSS
predicts six times higher doses than VARSKIN Mod 2).

An example where backscattering plays no si(gnifi-
cant role in dose estimation is given in Fig. 4 for "*’La at
skin depth of 3 mm (see also Fig. 1). Dose factors
calculated by PSS are in this case slightly higher than the
predictions of VARSKIN Mod 2. This is mostly due to
differences in the dose conversion factors of the point
source.

CONCLUSIONS

VARSKIN Mod 2 and PSS show that the beta dose
rate to the skin is overestimated if point source approx-
imation is used for volume sources. The larger the
particle, the larger the difference. The effect of self-
shielding is clearly seen for low energy beta emitters like
®Nb. For high energy beta emitters self-shielding is
much less important.

Generally the dose factor curves behave similarly in
both models. The difference between the calculated dose
factors is below two (except for 14*Ce at skin depth of 0.4
mm). In cases of negligible air-tissue interface effects,
the models predict almost identical doses at all depths.
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Although the methods of calculation are different
both models seem to give approximately equal results in
the particle size range considered provided that backscat-
tering effects are implemented in VARSKIN Mod 2.
Deviations are then mostly due to the differences of point
source conversion factors.

Some of the differences between the results obtained
with VARSKIN Mod 2 and PSS may also come from the
different source particle geometry treatment in the mod-
els. In VARSKIN Mod 2 the influence of the source
particle geometry is considered as an 1/r® attenuation
within the source and surrounding air. In PSS the
attenuation within the source is inherently considered in
the self-absorption factor. However, most of the source
particle surface is not in contact with the skin. The
distance between this non-contact surface of the particle
and the skin surface evokes a question as to whether the
point source conversion factors used in PSS may be
applied to large three dimensional particles.

Preliminary calculations show that the geometry
correction has no importance for particles below 100 pm
in diameter. For 500 pwm particles the doses from high
energy beta emitters may be reduced up to 30% com-
pared to present PSS calculations. The doses from low
energy beta emitters do not change significantly.
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Abstract—After the Chernobyl accident large and highly radioactive particles were found in several
European countries. Particles > 20 um in aerodynamic diameter were transported hundreds of kilometres
from the plant, and they were sufficiently active (> 100 kBq) to cause acute health hazards. Here, a particle
trajectory model is used to identify the areas of large particle fallout. Effective release height of the particles
and atmospheric phenomena related to their transport are investigated by comparing particle findings with
locations given by trajectory calculations. The calculations showed that in the Chernoby! accident either
the maximum effective release height must have been considerably higher than previously reported
(> 2000 m} or convective warm air currents may have lifted radioactive material upwards during transport.
Large particles have been transported to other areas than small particles and gaseous species. The
particulate nature of the release plume must be taken into account in dispersion and transport analyses. Air
parcel trajectories alone are not necessarily sufficient for identifying the fallout area of radioactive material.

© 1997 Elsevier Science Ltd.
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INTRODUCTION

Radioactive particles were found in many European
countries after the accident (25 April, 1986; 21:23
hours UTC) and subsequent release from the Cher-
noby! nuclear power plant Unit IV in Ukraine. The
total mass of radioactive particulate material released
during 25 April-5 May, 1986 was 6000-8000 kg
(Sandalls et al, 1993). Most of the released radio-
active material was in particulate form (Khitrov et al.,
1994), whereas noble gases and most of iodine were
in gaseous form. The total mass of released inactive
materials (steam, carbon, structural materials}) was
probably much larger. Although these materials may
have influenced the behaviour of radioactive particles
they have no radiological importance.

Release of radioactive particles cannot be con-
sidered unique to the Chernobyl accident only. For
example, radioactive particles were found in the
Windscale (Sellafield, U.K.) region following a fire in
the core of Pile 1 (Sandalls et al.,, 1993; Salbu et al.,
1994). More recently, particles were found after the
incident in Sosnovyy Bor, Russia (Toivonen et al,
1992). Their presence was also shown in the 1993
Tomsk accident in Russia (Tcherkezian et al., 1995).
Some particulate emission is also possible during
the normal operation of nuclear power plants
(UNSCEAR, 1993). Radioactive particles are often

treated as a scientific curiosity (Sandalls et al., 1993).
However, sometimes their activities may be so high
that even a single particle may cause a severe health
hazard.

Health effects depend on the number of released
particles and their properties. Particle size and
activity are the dominant quantities affecting radi-
ological hazards. Risk estimates are usually per-
formed for inhalable beta-emitting particles smaller
than a few micrometres in size (Burkart, 1988;
Hofmann et al., 1988; Kritidis et al., 1988; Lange et al.,
1988; Likhtariov et al, 1995; Lindner et al, 1992;
Vapirev and Grozev, 1993), whereas the effects of
large particles are neglected. For example, occupa-
tional dose limits may be exceeded in a relatively
short time if a large and highly radioactive particle is
deposited on the skin (Pollinen and Toivonen,
1994a).

Here, a particle is considered large if its acrodynam-
ic diameter, d,, is > 20 ym (Pollinen and Toivonen,
1994b). The terminal settling velocity is then
> 1 cms ™. Gravitational settling and turbulent dis-
persion are the main dry-deposition mechanisms
whereas small particles with aerodynamic diameters
< 1 pm are deposited mainly as a result of turbulent
mixing and Brownian diffusion.

Long-range transport of large particles depends on
weather conditions, particle properties and effective
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release height (Polldnen and Toivonen, 1994b). Wind
speed and, especially, wind direction determine the
areas that may receive highly radioactive particles.
Sedimentation velocity depends on particle size, shape
and density. Effective release height in addition to
sedimentation velocity and vertical air flows deter-
mine the time difference between release and depos-
ition on the ground. During this time the particles
are transported by the wind to a distance determined
by the wind velocity. In the Chernobyl accident most
of the particulate material was deposited within
20 km of the plant, but about one-third was trans-
ported even thousands of kilometres (Powers et al.,
1987).

The particulate nature of the release plume must be
taken into account in radiation protection and emer-
gency preparedness (Polldnen and Toivonen, 1994b).
Large particles may be transported to different areas
than small particles and gaseous species (Pollinen
et al., 1993; Valkama et al., 1995), which is supported
by environmental findings in Finland (Arvela et al.,
1990; Jantunen et al., 1991) and Poland (Mietelski and
Was, 1995) after the Chernobyl accident. In addition,
the present dispersion models are not necessarily ad-
equate tools for describing the radiological hazards
caused by highly radioactive particles. The calculated
average concentration in air (Bqm~3) may be mean-
ingless if radioactive materials are only in large par-
ticles with low number concentration.

Dispersion of airborne material during the Cher-
nobyl accident has been widely studied, using different
approaches (e.g. Albergel et al., 1988; ApSimon et al.,
1987; Gudiksen et al., 1989; Langner et al, 1995;
Persson et al., 1987; Puhakka et al., 1990; Savolainen
et al., 1986; Smith and Clark, 1986; Wheeler, 1988).
Eulerian-, Gaussian- or Lagrangian-type dispersion
models have been used for the calculation of nuclide-
specific concentration and fallout; however, transport
and deposition of large particles have generally been
neglected in these studies. Trajectory models are often
used for timing and localization purposes; here a par-
ticle trajectory model is used to identify the areas of
large-particle faltout.

To evaluate the risks associated with radioactive
particles, the following information is needed: activity,
size, nuclide-specific and chemical compositions of the
particles, the doses that these particles may cause
when inhaled or deposited on the skin and their
frequency of occurrence in air, ground and water. In
practice, the particle properties as well as information
about their abundance result from measurements, al-
though during the early phases of release they must be
estimated. In general, the full risk related to partic-
ulate emissions in the Chernobyl accident has not
been evaluated. The focus of our study is on particle
transport and dry deposition. Some results regarding
transport during the first day of the Chernobyl release
have been reported by Valkama et al. (1995). A more
detailed analysis for the whole 10-day release period is
presented here.

R. POLLANEN et al.

RADIOACTIVE PARTICLES IN EUROPE AFTER THE
CHERNOBYL ACCIDENT

Radioactive particles from Chernobyl were found
in at least 15 European countries (Fig. 1). The par-
ticles were found in air filters or were collected from
different surfaces (ground, leaves, moss, needles, cloth-
ing, etc.). The method and the time of collection and
the location of sampling have a crucial effect on the
detectable characteristics of the particles. The most
prominent feature of the particle findings was the
extreme clustering and sparsity of the sampling. Par-
ticles were systematically collected in only a few loca-
tions, not over wide areas, and only a few hundred
radioactive particles are reported in the literature.

Using GM tubes and beta counters, many teams
have isolated single particles attached to surfaces. The
detection threshold in terms of activity may be large,
e.g. 50 Bq by Osuch et al. (1989) and 50-100 Bq by
Mandjoukov et al. (1992). Sampling is typically per-
formed several weeks or even years after deposition.
Impactors have also been used for sampling but,
unfortunately, at locations a long distance from
Chernobyl (Fig. 1) and too late to detect large
particles.

The properties of particles that can be detected
depend on the method of analysis. Alpha-, beta- and
gamma-ray spectrometers are widely used for nuclide
identification. The total beta (and alpha) activities of
single particles are sometimes analysed with auto-
radiography or other emulsion techniques. Visual
identification is performed with (electron) micro-
scopes, whereas elemental composition is studied us-
ing X-ray analysis, activation analysis or chemical
procedures. The procedure of particle sampling, prep-
aration and analysis is so tedious that in most cases
particles have been analysed several months after
sample collection which excludes detection of short-
lived nuclides. '

Large-scale fallout is spatially heterogeneous, i.e.
territorial distribution of nuclides such as ?3Zr, '#!Ce,
144Ce, 134Cs and '37Cs varies widely (Arvela et al,
1990; Jantunen et al., 1991; Mietelski and Was, 1995).
The nonvolatile elements Ce and Zr are a sign of fuel
particle emissions. Smaller inhomogeneities with elev-
ated amounts of radioactive materials were also iden-
tified (Luokkanen et al,, 1988); these “hot spots” were
a few kilometres in diameter. In Lithuania a small
number of hot spots (several tens of square metres in
area) were found on the ground (Lujanas et al., 1994).
Near the Chernobyl power plant, hot spot areas with
marked occurrence of radioactive particles were de-
tected (IAEA, 1991). In Poland spots as small as 30 cm
in diameter were identified (Broda, 1987).

Small particles are usually composed of volatile
species such as iodine and caesium. Most large
particles, often referred to as “hot particles”, have
compositions similar to those of nuclear fuel; how-
ever, they are often depleted in volatile elements. The
varying activity ratios of nonvolatile elements refer
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Fig. 1. Location of sites where radioactive particles have been found and reported. Numbers refer to
references in the Appendix, Table A1. Impactors are used for sampling in circled sites. The exact location of
particle findings around Chernoby! is not accurate.

to fuel with different burnups. Typical activity of ura-
nium fuel particles found in Finland was 100 Bq
(Saari et al., 1989; Rytomaa et al., 1986) and in Poland
1000 Bq (Osuch et al., 1989); near the plant activity
may be >1 MBq (Salbu et al, 1994). Large fuel
particles have been identified as a major contributor
to the total activity deposited within 60 km of the
plant, Of the particles identified within 10 km, >95%
are attributed to fuel and < 3% to condensed par-
ticles (Salbu et al., 1994).

Nearly monoelemental ruthenium/rhodium par-
ticles, which are often identified as “white inclusions”
(Schubert et al., 1987), are also found. Some of the Ru
particles were > 10 um in diameter. The most active

Ru particle found in Sweden was 49 kBq (Kerekes
et al,, 1991), in Poland 308 kBq (Broda, 1987) and in
Greece 43 kBq (Kritidis et al., 1988). The territorial
distribution of the Ru particles found in Poland differs
from that of U particles, suggesting that either these
particle types were not released simultaneously or
their transport properties in the atmosphere were
different (Osuch et al., 1989). Demchuk et al. (1990)
reported that, near the plant, the proportion of Ru
particles was 5-10%. The abundance ratio of U par-
ticles to Ru particles was 7:1 up to 50 km from the
Chernobyl Power Plant (Likhtariov et al., 1995). In
Poland it was 4:3 (Osuch et al., 1989) or 1:1 (Broda,
1987). In Greece too, the ratio was 4:3 (Kritidis et al.,
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1988). However, different detection limits may have
affected these numbers.

Most particles found at a large distance (2 500 km)
from the plant were < 1 pum in diameter although
coarse particles up to tens of micrometres were also
found; inactive material was sometimes present in
these particles. Near the plant particles up to hun-
dreds of micrometres in diameter were found (e.g.
Cuddihy et al., 1989; Salbu et al., 1994; Krivokhatsky
et al., 1991). Particle size must be known if transport
range calculations are to be compared with environ-
mental findings; unfortunately, the sizes are docu-
mented in only a few cases. Here an effort is made to
estimate the sizes of the particles for which no size
estimation is given in the original papers (Appendix).

PARTICLE TRANSPORT CALCULATION

Comparison between the trajectories of large
particles and environmental findings is not possible
for estimating the time of particle arrival because
air monitoring networks do not necessarily register
single radioactive particles. Moreover, particles were
typically collected several weeks after the accident.
Particle trajectories are, however, very suitable for
localization purposes.

In the Chernobyl accident the effective release
height of the particles was very uncertain and changed
considerably during the release. The only possibility,
therefore, is to calculate the maximum transport dis-
tance of the particles and to identify the areas that
may have received fallout containing hot particles. On
the other hand, environmental findings of large par-
ticles enable to estimate the effective release height.
This may help us to understand the processes that
have an influence on particle transport.

A simple method for estimating the transport range
of particles of different sizes is presented by Pdllinen
and Toivonen (1994b). A computer program, known
as TROP (Transport Range Of Particles), was de-
veloped for transport range calculations (Polldnen
et al., 1995). Here, the transport range, x, is defined as
the horizontal distance between the release site and
the point of deposition. It is equal to the length of the
rectilinear particle trajectory. In the Stokes regime,
when airflow around a freely falling particle is
laminar, the transport range has an analytical expres-
sion (Polldnen et al., 1995)

‘= 18 zzo Uy )
ppdiy

provided that horizontal wind velocity, u,, is constant
and vertical wind velocity is zero during transport.
7o is the effective release height, p, the density of
a spherical particle of diameter d,, g the acceleration
of gravity and n the viscosity of air. Although the
length of curvilinear trajectories is often close to the
transport range, the true point of deposition in certain
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weather types cannot be calculated directly using
equation (1). Three-dimensional trajectory calcu-
lations utilizing actual weather conditions are then
needed.

Trajectory calculations are performed using the
TRAjectory, Dispersion and dOSe model known as
TRADOQS (Valkama and Salonoja, 1993). TRADOS
can be used either for risk assessment and population
dose estimation or for real-time calculations in a
nuclear accident. The model has two separate
submodels: a Lagrangian trajectory model and
a Gaussian dispersion and radiological dose model.
The trajectory module produces dispersion meteoro-
logy data for the dose module, and can be used (as in
the present analysis) separately from the dispersion
and dose model,

TRADOS can utilize data from the Nordic High
Resolution Limited Area Model (HIRLAM) or from
the European Center for Medium Range Forecasts
(ECMWF). Weather parameters are stored routinely
four times a day in a database. Before storage, all data
are converted from HIRLAM model levels to con-
stant pressure levels. The database contains 47 para-
meters for seven pressure levels from the surface of the
ground up to 100 hPa ( ~15km). The parameters
include horizontal wind components, vertical wind
component, air temperature, relative humidity,
geopotential height, surface pressure and cumulative
precipitation for large-scale rain and convective rain.
The areal coverage of the TRADOS model is 3800 km
x 4800 km and extends from Iceland to the Ural
mountains and from Italy to Novaja Zemlya. The
spatial resolution of the model is 55 km. Since the
HIRLAM weather model was not operational in
1986, a special database, covering the period of April
25-May 10 1986, was obtained from the Danish Me-
teorological Institute and is used here. The same
weather data have previously been used by the
Swedish Meteorological Institute (Langner et al,
1995).

In TRADOS, the transport of gaseous material is
described by a set of three-dimensional numerical
trajectories (Eerola, 1990). The method is similar to
that adopted by Haageson ez al. (1987), Reap (1972)
and Reiff et al. (1986). One important advantage of
this approach is that the method is rather insensitive
to vertical coordinate system and geographic projec-
tion. The iterative method is also very stable and
allows rather long time steps, typically 0.5-1.0 h, in
contrast to other well-established schemes that use
time steps of a few tens of minutes (e.g. Martin et al.,
1987). Numerical trajectories are usually insensitive to
horizontal advection scheme errors (Maryon and
Heasman, 1990).

TRADOS can compute several sets of trajectories
in a single run, Inside one set, the time between sub-"
sequent trajectories and the spatial coordinates of the
origin or the elevation where the trajectories are in-
itiated can be changed. Trajectories can be computed
either backwards or forwards in time. Elevation
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batches are useful in accidents when the initial plume
rise is not known. The accuracy of a single trajectory
can be estimated by creating a relative uncertainty
envelope described by four trajectories around the
main trajectory (limited cluster analysis). The initia-
tion point of each envelope trajectory is then dis-
placed 30-50 km from the release site. In general, the
expected mean relative errors in numerical forecast
trajectories are usually in the range of 250-350 km per
36 h (Stunder, 1996). In anticyclonic conditions, such
as those prevailing in the Chernobyl area in
April-May 1986, the trajectories are usually more
accurate,

Normally, the trajectory models compute air parcel
trajectories, i.e. paths of massless particles. As shown
earlier (Polldnen et al., 1993; P6lldnen and Toivonen,
1994b; Valkama et al., 1995), they are not sufficient for
estimating particle transport. Large particles do not
passively follow the air currents. Because of significant
sedimentation velocity the particles settle to lower air
layers, where they are subject to different wind condi-
tions. A particle model was implemented in the tra-
jectory module of TRADOS by adding sedimentation
velocity, vrs, of the particle to the vertical velocity of
an air parcel. In the Stokes regime, when the airflow
around the falling particle is laminar, the equation

Pog d;
18y

Vs = )]
is used for the sedimentation velocity (Hinds, 1982).

Transport analyses are performed for spherical par-
ticles of unit density, p,, which have the same settling
velocity as the “physical” particle. The aerodynamic
diameter, d,, is expressed by (Hinds, 1982)

2
,=dp<”")”. 3)
XPa

The aerodynamic diameter 4, ~ 3.2 x d,, if the den-
sity of the particles is 10,500 kg m ™ (nominal density
of the uranium fuel) and dynamic shape factor, y, is
1 (sphere). In an x — y coordinate system, particle
trajectories often resemble paths of air parcels but
close to the centre of cyclones or large frontal systems
the routes may differ. This behaviour was also ob-
served in the Chernobyl accident (Valkama et al.,
1995).

Unlike air parcel trajectories the trajectories of
large particles terminate when they hit the ground.
However, the point of deposition cannot be deter-
mined accurately because of atmospheric turbulence.
In the boundary layer the particles may be subject to
vertical dispersion which may notably affect the travel
distances. Van der Hoven (Hanna er al., 1982) sug-
gests that when vig> 1ms™' (particle radius
2 100 um) the particles are falling through turbulence
so fast that diffusion is no longer important. Small
particles are assumed to disperse by turbulence in the
same way as particles having no inertia. Between these
limits the role of turbulence is not clear.
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Even if settling velocity is a small fraction of vertical
turbulent velocities it does not follow that “ballistic”
distance becomes irrelevant in determining particle
ranges in air. Small scale eddies produce a quasi-
random walk which may move particles upwards or
downwards. Although these velocities are higher than
sedimentation velocity they are more or less instan-
taneous. Because of large sedimentation velocity and
because sedimentation does not only occur in the
lowest air layer, it is probable that number concentra-
tion of large particles is not homogeneous, i.e. par-
ticles are not well mixed in the boundary layer. It
takes a high-resolution random-walk transport model
to accurately simulate the small-scale dispersion pat-
terns. Since it was not available, small-scale atmo-
spheric turbulence is not taken into account in estima-
ting the travel distances of large particles.

PARTICLE TRANSPORT FROM THE CHERNOBYL
ACCIDENT

The source term as well as the atmospheric condi-
tions varied considerably during the release. About
one-quarter of the total radioactive material was
released during the early stages of the accident (IAEA,
1986). The emissions later decreased, reaching a min-
imum on 2 May 1986 but then increased again until
6 May 1986, when the release practically ceased. The
initial explosion lifted radioactive materials to an alti-
tude > 1000 m. After the explosion period, the initial
plume never exceeded an altitude of 400 m (Persson
et al., 1987). In the ATMES report (Klug et al., 1992),
1500 m was used for the plume centre-of-mass height
during the first 6 h. The height was later assumed to
be 600 m (26 and 27 April) and 300 m (up to 6 May).

Weather conditions and the dispersion of (gaseous)
materials during the release are well documented (see
e.g. Savolainen et al., 1986; Persson et al., 1987; Smith
and Clark, 1986, Puhakka et al., 1988). At the time of
the accident, a high-pressure centre with strong inver-
sion at about 400-500 m was dominant over the re-
lease site. Below this layer a rather weak airflow was
evident towards Central Europe. Above the inversion
strong southeasterly winds prevailed. Particulate and
gaseous materials were then transported towards
Poland and the Nordic countries.

The environmental findings and TRADOS calcu-
lations are compared by calculating the maximum
travel distance of the particles of different sizes origin-
ating from different release heights. This information
is valuable for dispersion estimations in general but
also for emergency preparedness purposes, The initial
release stage (the first 12 h) is considered separately
from the later period.

Particles released at the initial stage of the accident

Radioactive materials emitted in the initial stage of
the Chernobyl accident were segmented into two
main air layers (e.g. Persson e¢ al,, 1987; Savolainen
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Fig. 2. Route of an air parcel and particles with aerodynamic diameters between 10 and 40 um originating

from Chernobyl on 26 April 1986 at 09:00 hours UTC at an effective release height of 2000 m. The air

parcel and the 10 um particle trajectories do not enter the ground whereas the other particle trajectories are
terminated.

Table 1. Length of the particle trajectories as a function of particle size (aerodynamic and equivalent volume diameter) for
different effective release heights. Lengths are calculated for the trajectories originating from Chernoby! on 25 April 1986
at 21:00, 22:00, ..., 26 April at 08:00 hours UTC (time interval between trajectories is 1 h). Lower and upper limits refer

to the minimum and maximum lengths of these trajectories

Particle size Trajectory length (km) for release heights 500-3000 m

dy (um)  d,(um) vys(ms™Y) 500m 1000 m 1500 m 2000 m 2500 m 3000 m
20 62 0012 90-150 250410 570-780  810-1000 1200-1600  1400-1800
30 93 0027 64-83 140-200  250-320  400-480  530-640 650800
40 12 0.047 42-51 94-120 160210  220-280  290-370  350-470
50 is 0.073 29-36 67-81 110-140  150-200  190-250  240-310
60 19 0.10 23-29 47-60 81-99 110-140  150-190  180-230
70 2 0.14 17-22 38-44 63-75 88-110 110140  140-170

et al., 1986; Valkama et al., 1995). Gaseous materials
and small particles at altitudes 400-1200m were
transported towards Sweden whereas Finland re-
ceived radioactive material that was transported at
higher altitudes. However, the particulate nature of
the release altered this dichotomy. Large radioactive
particles that were originally in the upper air layer
were sedimented to the lower air layer where they
were transported according to prevailing conditions
(Fig. 2). The fallout pattern of '37Cs in the central
Sweden (Persson et al., 1987) and the occurrence of
hot particles in central Norway (Salbu, 1989) may be
partly explained by this phenomenon. Note that al-
though radioactive particles found in Scandinavia

were usually considerably smaller than 20 pm in aero-
dynamic diameter they may have been attached to
larger pieces of inactive material (Broda, 1987; Salbu,
1989). Trajectories of these agglomerates may diverge
from those of “pure” radioactive particles. Even small
changes in the sedimentation velocity may cause devi-
ations in the route of particles.

Particle trajectory analysis utilizing three-di-
mensional wind fields takes varying meteorological
conditions into account. The lengths of the particle
trajectories originating from Chernobyl at different
release heights have been calculated for particles of
different sizes (Table 1). The trajectories are from the
period when radioactive materials were transported
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Fig. 3. Deposition area of particles 20 ym in aerodynamic diameter originating from different release

heights (500-3000 m) from 25 April at 21:00 hours to 26 April, 1986 at 08:00 hours UTC (see Table 1). The

boundaries are drawn by connecting the end points (points of deposition) of particle trajectories; the sides

are projected vertically to the x—y plane. Note that particle emission was not constant during the first

12 h after the explosion. The deposition area thus refers only to the effects of varying atmospheric
conditions and effective release heights.

to Sweden and Finland, ie. within 12h from the
beginning of the release. Note that the ranges present-
ed in Table 1 are close to those obtained by manual
calculations (P6lldnen and Toivonen, 1994b).
Trajectories of particles 20 um in aerodynamic dia-
meter, originating at altitudes of 500-3000 m within
12 h from the beginning of the accident, were termin-
ated when they hit the ground. The end points {and
sides) of trajectories form a closed area when they are
connected (Fig. 3). According to the trajectory calcu-
lations, the particle deposition area is narrow up to
about 1000 km from the plant. At longer distances the
deposition area widens as a result of wind shear be-
tween the lower and higher parts of the plume.
Turbulent dispersion in the mixing layer is not
taken into account when the outer limits of the depos-
ition areas are estimated. The question arises if it is
possible that large particles could stay airborne con-
siderably larger distances than predicted by simple
“ballistic trajectories™ In southeastern Sweden, 1000-
1200 km from Chernobyl, particles up to 37 um in
aerodynamic diameter were found (Appendix). Length
of their calculated trajectories is <400km (Table 1)
provided that the effective release height is 2000 m (in
the Chernobyl accident this height is often considered
to be the upper limit). Since vertical dispersion is

much less in the free atmosphere than in the mixing
layer, this particle must have been airborne in the
mixing layer an additional 600 km; in terms of time,
more than one day with sedimentation velocity of
0.04 ms™ 1. This appears to be questionable. However,
it is possible that either the effective release height
must have been > 2000 m or convective cells with
rising currents of warm air, developing during the day
of April 26 in Belarus and the Baltic states, lifted the
particles to higher altitudes. Deep convection may
considerably shift and broaden the deposition pattern
of particles (Valkama and Po6lldnen, 1996). Synoptic
weather observations on 26 April 1986 support the
assumption of convective updraft (see Persson et al.,
1987; Bonelli et al., 1991).

In northeastern Poland, 500-700 km from Cher-
nobyl, particles up to ~ 60 um in aerodynamic dia-
meter were found (appendix). Their sedimentation
velocity is so large (up to ~0.1 ms™!) that turbulent
dispersion alone, rapid transport in a prefrontal low-
level jet, warm frontal conveyer belt (Puhakka ez al.,
1990) or even effective release height of 3000 m cannot
explain these findings. Convective uplift in cumulus
clouds is a possible explanation. However, these par-
ticles could not have been released before the early
morning hours (local time) of 26 April because they
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Fig. 4. Route of air parcels and particles with aerodynamic diameters between 10 and 30 um originating

from Chernobyl on 1 May at 15:00 hours, 5 May at 06:00 hours and 6 May 1986 at 00:00 hours UTC.

Release height is 700 m. The trajectories for a particle 10 um in diameter do not necessarity hit the ground

due to large-scale vertical flows. The trajectories for particles 20 and 30 ym in aerodynamic diameter are
terminated.

remained airborne < 9 h (initial height < 3000 m).
The deposition map presented in Fig. 3 is consistent
with #4Ce findings from Poland (Mietelski and Was,
1995).

Particles released during 10 days

Radioactive materials from Chernobyl were trans-
ported throughout Europe during the 10-day release
period. After 26 April, the proportion of large par-
ticles in the release plume was much smaller than
during the initial stages of the accident. Particles
> 20 um in aerodynamic diameter, however, were
found in Hungary, Romania, Bulgaria and Greece
(appendix). Trajectory analyses show that these coun-
tries were affected during the later periods of the
accident (Fig. 4).

The outer limit of the deposition area of d, = 20 um
particles is calculated for the total 10-day release
period (including the first day) by assuming that the
effective release height was 400 and 700 m, respect-
ively (Fig. 5). Large-scale convective vertical flows in
early May widen the deposition area to the south and
southwest. Again, particle findings can be explained
by assuming that vertical flows in cumulus clouds

lifted the particles upwards. An effective release height
of even 700 m, which is higher than the value of 400 m
reported by Persson et al. (1987), does not explain the
findings.

HOT PARTICLES ON THE SKIN

Particles > 10 um in aerodynamic diameter are
not of inhalable size (Hinds, 1982). They may be
deposited in the upper airways, in nasal passages or
the mouth. On the skin they may cause large, highly
nonuniform doses. ICRP (1990) recommends that the
annual equivalent dose limit for the public is 50 mSy,
averaged over any 1cm?, regardless of the area ex-
posed. This limit provides sufficient protection against
deterministic effects in the basal cell layer at a nominal
depth of 7mgcem ™2 (i.e. 70 um below the skin surface).

Pollinen and Toivonen (1994a) estimated that
a uranium fuel particle > 10 ym in physical diameter
can cause a dose of 50 mGy (mSv) averaged over
lem? in one day. The time for exceeding this
dose is calculated for other particle sizes (Table 2),
using the PSS model presented by Péllinen and
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Fig. 5. Deposition area of particles 20 um in aerodynamic diameter originating from release heights of 400
and 700 m during the 10-day total release period (25 April at 21:00 hours to 5 May 1986 at 24:00 hours
UTC). The boundaries are drawn by connecting the end points of particle trajectories. The trajectories are
calculated at 1 h intervals (totally 244 points for both release heights). The actual density of the end points
varies depending on atmospheric conditions throughout the release period. The bold line represents areas
with several trajectory end points. The deposition area refers only to the atmospheric conditions during the
release. Line thickness thus does not necessarily represent the amount of particles (particles/m?) deposited
on the ground. Note that turbulent dispersion may also broaden the deposition area. Those sites (outside
the deposition area) where particles > 20 um in aerodynamic diameter are detected are marked as black
spots.

Table 2. Activity, beta dose rate of the skin and time needed to receive a skin dose of 50 mSv from

ruthenium or uranium fuel particles as a function of particle size (aerodynamic and equivalent volume

diameter). The beta dose rate for the skin is averaged over 1 cm? at skin depth of 70 um. The total activity of

Ru particles is calculated from the volumetric activity of 100 Bqum ™2 (}°*Ru + 19%Ru, activity ratio 5:1).

Short-lived nuclides are not taken into account. The activities and dose rates for U particles are taken from
P&llinen and Toivonen (1994). Density of the particles is 10,500 kgm ™3

Particle size Ru particle (A, = 100 Bq ugm™3) U particle
d, d, Agy D £50 mSv Aot D £50msy
(um) (um) (Bq) (mGycm~2h7h) (Bq) (mGyem~*h~") (h)
20 6.2 12,000 1.7 6.5h 320 0.34 150
30 9.3 42,000 24 2.1h 1100 1.1 45
40 12 97,000 52 57 min 2400 24 21
50 15 190,000 97 31 min 4800 4.6 11
60 19 330,000 160 19 min 8500 7.9 6.3
70 22 530,000 240 12 min 14,000 12 4.1
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Toivonen (1995). Note that large U particles,
> 1 MBq in activity and hundreds of micrometres in
aerodynamic diameter, were found near the plant
(Salbu et al., 1994).

The specific activity of Ru particles may be hundred
times higher than the specific activity of U particles.

The skin dose caused by a Ru particle may be very
large (Table 2). Although the release cloud contained
much less Ru than U particles, their small size in
addition to high activity is a potential health hazard
even at hundreds of kilometres from the damaged
plant. The largest Ru particle found in Poland, 500 km
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from Chernobyl, was > 50 um in aerodynamic dia-
meter (appendix) and its activity was 0.3 MBq
(1°3Ru + !°Ru) (Broda, 1987).

CONCLUSIONS

Estimation of the effective release height of radio-
active substances is based on comparison of the
maximum sizes of the particles found in the environ-
ment and their estimated travel distance in air. The
present study shows that the TRADOS model is very
useful in estimating the transport and dispersion of
radioactive particles. In general, environmental find-
ings of radioactive particles from the Chernobyl acci-
dent and the results of the transport calculations are
consistent. The maximum effective release height,
however, must either have been considerably higher
than previously reported or particles may have been
lifted up to higher altitudes in deep convective cells.

Although a full risk estimation of the Chernobyl
particles is beyond the scope of this paper, the follow-
ing conclusions can be made:

1. The particulate nature of the release plume must
be taken into account in the dispersion and transport
analyses.

2. Large particles are transported to other areas
than small particles and gaseous species owing to
sedimentation and different wind conditions during
transport.

3. Air parcel trajectories alone are not sufficient to
identify the fallout areas of radioactive material.

4. Convective updraft in cumulus clouds should be
included in the transport modelling of radioactive
materials.

5. Highly radioactive particles (> 100 kBg) may be
transported hundreds of kilometres from the plant.
A dose of 50 mSvem™? may be exceeded in a short
time provided that such particles are deposited on the
skin.

6. To estimate the risks related to hot particles, new
methods of evaluating particle source term, transport,
deposition and health effects must be developed.

Traditionally, the deposition of particulate substan-
ces are taken into account via deposition velocity. The
effects of large particles are sometimes maodelled using
higher deposition velocities (Rossi and Vuori, 1988).
A maximum difference by a factor of two is then
attained in early health effects as well as long-term
collective doses if different particle-size categor-
izations are used. This type of (statistical) approach,
however, is not necessarily adequate for estimating
the transport and health effects of single particles.
“Radioactivity” is dispersed in these models, not indi-
vidual particles. To estimate the risks that large par-
ticles may cause, the size distribution and number of
particles released in each size class should be avail-
able. Such information can rarely be obtained, parti-
cularly during the early stages of an accident. To
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understand the radiological hazard, however, the
simulations must be performed separately for each
size class.
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APPENDIX: SIZE ESTIMATION OF RADIOACTIVE PAR-
TICLES FOUND AFTER THE CHERNOBYL ACCIDENT

After the Chernobyl accident large numbers of hot par-
ticles were detected in different samples, but only a small
number were further analysed. Moreover, reports dealt
mainly with activity of the particles and less frequently with
particle size. Here, we attempt to estimate the size of these
particles. The method employed in the size estimation as well
as the aerodynamic diameter of the particles are presented
here (Table Al}; only the maximum sizes of the particles at
each site are estimated.

The particle sizes were obtained directly using cascade
impactors (see Fig. 1), electron microscopes and sometimes
optical microscopes. Emulsion techniques and detailed nucl-
ide-specific activities were used for the indirect size estima-
tion. The impactor and microscope data as well as the
estimations of particle sizes done by the original authors are
preferred in Table Al. If no size estimation is given in the
references, the estimation is performed using the methods
given in the present study.

The impactors fractionate airborne particles into different
size classes. The particles are collected onto impactor plates
with different cutoff aerodynamic diameters, but individual
particles are not registered. The impactor data in Table At
refer to the largest detected aerodynamic diameter. The
aerodynamic diameter can be calculated by measuring the
sedimentation velocity of single particles (Kerekes et al.,
1991). Particle density can be estimated provided that the
diameter and shape are known.

Although particle identification in electron microscopy
can be tedious, the method is very useful for estimating the
size and shape of individual particles. The elemental com-
position of the particles is usually measured at the same time
with X-ray analysis. Autoradiography is often used to separ-
ate particles from the bulk material of the sample, The total
beta activity of individual particles can then be estimated
from the size of the black spot on the autoradiography film
(Sisefsky, 1961; Pdllanen et al.,, 1996). Particle size can be
estimated from total activity using reactor core inventory
data.

Size estimation from nuclide-specific activities is based on
the assumption that the non-volatile elements remain at-
tached to the particles, i.e. the nuclide ratios of these ele-
ments are not changed during the fuel fractionation pro-
cesses {e.g. Piasecki et al, 1990; Jaracz et al, 1990). The
equivalent volume diameter, d, (um), is calculated from the
known activity per unit volume, 4,,; (Bq um ™), of a nuclide
or a sum of nuclides

d . E AmCBS 1/3
? T Aot ’
where Ap..s is the measured activity of the nuclide or sum

of nuclides. In our study, size is estimated separately both
for ruthenium particles and for uranium fuel particles. The
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Table Al. Activity (A) and aerodynamic diameter (d,) of the most active (i.e. largest) particles found in different locations after the Chernobyl accident

Number A (Bg) d, (um)
No. Reference Location U Ru U Ru U Ru
i Rytomaa et al. (1986) Uusikaupunki 8 i 120 200 23 5.1
Soviet train carriage 4 1 15,000 29,000 110 27
2 Mattsson et al. (1986)° Helsinki > 200" > 16
Nurmijarvi > 200" > 16
3 Sinkko et al. (1987) Nurmijarvi 8 2 18Ce144 gRu-106 18 33
4 Kauppinen et al. (1986)° Helsinki > 16
5 Saari et al. (1989)° Uusikaupunki 20 1 320 130 15* 44
Lohja 1 — 45 — 8* —
6 Paatero et al. (1994) Helsinki 1 — 140 — 24 —
Nurmijarvi 1 — — — — —
7 Devell (1988) Nykoping 6 6 750 31,000 41 27
8 Kerekes et al. (1991)° Stockholm 9 9 1105144 49,000 33 37*
Gotland 5 5 67C144 5300 28 15
Givie — 13 — 9800 — 7.8%
9 Robertson (1986) Qévle 1 — 380 — 33 —
Perkins et al. (1989)° Alvkarleby 2 — 450 — 35 —
Stockholm 3 1 380 7400 33 17
Nykoping 6 — 420 — 34 —
Gusum 7 — 250 — 29 —
Vistervik 9 1 340 9300 32 18
Oskarshamn 4 - 440 — 34 —
Oland 2 1 160 — 24 —
10 Salbu (1989) Kjeller — 1 - 65Ru-106 - 6.3
11 Lujanas et al. (1994)° Vilnius 22¢
12 Schubert et al. (1987) Masurian Lakes 1 8 — 170,000 — 45*
‘13 Osuch et al. (1989)° Mikotajki 9 51 4000 200,000 44 51
Warsaw 10 11
Lomza 12 7
Biatystok 82 12
Suwatki 1 7
14 Broda (1987), Broda et al.
(1989, 1992)° Mikotajki andKrakow 28 37 2000 308,000 35 58
15 Van der Wijk Poland 1 3 36 90,000 15 39
et al. (1988) Kiev 1 — 950 — 45 —
Minsk 1 — 420 — 34 —
16 Georgi et al. (1988)° Neuherberg, Vienna, Helgoland, Hannover <16
17 Kolb (1986) Brunswick 12 (total) 150 6.9
18 Reineking er al. (1987) Gottingen 3 — 31 — 5 —
19 Wabhl et al. (1988) Konstanz 10 5 41 270 16 5.6
20 Behrens (1988) Neuherberg 1 3 — 3100 — 13
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21 Winkelmann et al. (1987)® Neuherberg <10
22 Homn et al. (1987)° Aachen <10
23 Burkart et al. (1988) Wiirenlingen 1 1 40 360 15 6.2
Baar 3 2 35 79 15 40
— e _ — 3000Ru-103 — 13
24 Jost et al. (1986)° Spiez, Ziirich s7
25 Rulik et al. (1989)° Morasky-Krumlov,Ostrava, Prague <7
26 Keck et al. (1988) Vienna 2 — 66 — 18 -
27 Balashazy et al. (1988) Budapest 12 3 230 570 33* 72
Lansarics et al. (1988)
28 Dovlete (1990) Iaci 3 — 59Ce-1a4 — 33 —
Tulcea 1 — §7Ce- 144 — 26 —
Craiova 1 — 110Ce-144 — 27 —
29 Mandjoukov et al. (1992), Vapirev
et al. (1990, 1994y Sofia 110 20 410 — 42* —
30 Kritidis et al. (1988)* Athens, Thessaloniki 18 6 240 43,000 28 30
31 Misaelides et al. (1987) Thessaloniki — 1 — 1500 — 9.8
32 Cuddihy et al. (1989) Shipping crate 10 (total) > 50*
33 Pavlotskayaet al. (1994) 30 km zone 7 (total) 16,000Cc - 144 170
34 Tcherkezianet al. {1994) 30 km zone 10 (total) 9900%e ~ 144 150
35 Salbu et al. (1994) 30 km zone 10 (total) 950,000~ 144 680
36 Khitrov et al. (1994) Vil'cha 1 (total) 16,0000~ 144 170
Kiev 1 (total) 660,0008v— 106 140
37 Lyul et al. (1994) Near plant 10 (total) 40,000C 14+ 240
38 Rudhard et al. (1994) Near plant — — 100*
39 Kutkov et al. (1995) Plant staff — — 12 (AMAD)
40 Demchuk et al. (1990} Near plant — — 45 (mean)
41 IAEA (1991) Polesskoe 1 (total) 7QCe - 144 28
42 Burakov et al. (1994) < 12 km from plant 3 (total) —_ > 200*
43 Akopova et al. (1991)° 30 km zone 56 (total) — < 200¢
44 Kuriny et al. (1993 < 10 km from plant 1200 (total) — 20-400°
45 Krivokhatsky et al. (1991) 0.5-12 km from the plant — — > 1mm

Only those studies are mentioned in which either single particles were detected and further analysed or particle sizes were directly measured. Numbers before the references refer to the
numbers in the map presented in Fig. 1. The number of analysed particles, their activities and aerodynamic diameters are given for both uranium fuel particles (U) and ruthenium particles
(Ru). Sometimes particles cannot be categorized into U and Ru classes in which case only the total number of analysed particles is given. Particle sizes (“physical” diameter) given in the
references (microscopes or other means) are preferred (conversion into aerodynamic diameter is performed here) and are denoted as *. If the sizes are not given in the original study,
aerodynamic diameters are calculated using methods given in the present paper (from equivalent volume diameter of the particles; see text). The activity of U particles refers to the sum of
activities of °*Zr, 1*!Ce and '**Ce. The activity of Ru particles is the sum of °*Ru and !°°Ru. Sometimes the references give only total activity of particles or the activities of the long-lived
nuclides !°°Ru and '**Ce.

2 Detailed activities of individual particles are given for only a few particles or not at all.

b Impactor measurement; acrodynamic diameter (maximum size) of particles are given as such.

¢ Particle sizes (SEM) do not necessarily match calculated sizes.

4 Particle size is determined using emulsion techniques {d,, is presented).

¢ Chernobyl hot particles data base was created consisting y-spectrometric data of 1200 particles with characteristic sizes 20-400 um (not d,) and activities more than 37 Bq (1987). Particles
reported in Ref. no. 35 and 40 are in this data base.
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Fig. Al. Activity per unit volume (Bq um ™) for *°Zr, '*!Ce
and '#*Ce in uranium fuel as a function of fuel burnup
(MWd per ton of uranium dioxide fuel). The burnup of
10,000 MWd per tonne of fuel refers to average burnup.

aerodynamic diameters presented in Table Al are calcu-
lated using Equation (3). The shape of the U particles
was often irregular. Moreover, the density of the particles
may be smaller than 10,500 kgm ~* which is the value used
here. If the dynamic shape factor is 1.36 (Hinds, 1982) and
density 8300kgm™> (Saari et al, 1989; Krivokhatsky
et al, 1991), the aerodynamic diameter is 247 x d,,
which gives smaller values (by a factor of 0.76) than those in
Table Al.

In addition to volatility, the activity concentration of
nuclides in a particle depends on fuel burnup, although this
dependency is sometimes weak (Fig. Al). The hot particles
are here assumed to originate from the fuel of average bur-
nup. Inactive agglomerated and condensed material may be
present in the particles. Broda et al. (1989) reported particle
sizes of 20-600 pm and Robertson (1986) of up to 21 um. The
equivalent volume calculated from particle activity alone
thus represents the lower limit rather than a true estimate of
the particle size.

Ruthenium particles

The activity of Ru particles in addition to direct size
measurements was published by Kerekes et al. (1991),
Schubert et al. (1987) and Salbu (1989). The activity of !°>Ru
per unit volume was about 50 Bq um™? for particles col-
lected by Kerekes et al. (1991) but slightly higher for particles
collected by Schubert et al. (1987). Salbu (1989) determined
that a Ru particle 2 um in diameter showed a °SRu activity
of 65 Bg on 12 December 1988 (activity ratio '°3Ru:'%¢Ru is
about S:1 for fuel of average burnup with zero decay time).
Kerekes et al. (1991) measured the aerodynamic diameters of
Ru particles, and calculated that their density was 10,500 kg
m ™3, which is the value used here. Using hand calculations,
Devell (1988) estimated that the total Ru activity
(*°°Ru + '93Ru) per unit volume was 250 Bqum™? with
a particle density of 12,200 kgm™3. Vapirev et al. (1994)
mentioned a value of 200 Bq um~? whereas Likhtariov et al.
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{1995) reported 10 Bq pm ™3, which is much lower than other
estimates. In the present study the total activity per unit
volume is calculated from

Ay = 100Bq um 3. (A2)

The activity ratio '°3Ru:!%°Ru was very high for some
particles. Broda et al. (1989) reported a value of 12.3 (for
a particle of 308 kBq total activity) and Kritidis et al. (1988)
37.9 (for a particle of 42.8 kBq total activity). These values
are typical for fuel of low burnup. Activity per unit volume of
these particles may be higher than 100 Bq um™3.

Uranium fuel particles

The isotopic composition of U particles generally reflects
the core inventory (Osuch et al., 1989). The frequently ob-
served nuclides, ®°Zr, '*'Ce and '#“Ce, are appropriate for
estimating the size of U particles (PSlldnen and Toivonen,
1996). The sum of their activities in the unit volume of fuel
irradiated to average burnup can be calculated from their
average inventory in the RBMK reactor core. Pélldnen and
Toivonen (1994a) used a value of 0.75 Bqum ™2 in their skin
dose estimations. In the present study

A,y =0.7Bqum"3 (A3)

for fuel particles for which size estimation was not done in
the references. This number is consistent with the data pre-
sented by Piasecki et al. (1990). Saari et al. (1989) calculated
the volumes of the uranium fuel particles directly from SEM
pictures. They found a linear activity-to-size dependency
that gave higher values for the volumetric activity.

Sometimes only the long-lived nuclide, #*Ce, is reported.
Rudhard et al. (1992) and Balashazy et al. (1988) estimated
the activity per unit volume from the core inventory and
calculated the particle size. They used values of 0.18 and
0.12Bqum~3 for '**Ce; Saari et al. (1989) gave higher
values. Devell (1988) and Rytémaa et al. (1986) estimated
0.3 Bqum™2 for 1*'Ce (activity ratio '**Ce: '*'Ce = 0.7 for
fuel of average burnup; see Fig. A1). Here the following value
is used for '#4Ce:

Ay =02Bq um™3, (A4)

Sometimes only total activity is reported (e.g. Mattsson
et al., 1986). The concept of “total” activity may be mislead-
ing, because it sometimes includes only detected nuclides
(this depends very much on the gamma-ray analysis date) or
those that are typical of the reactor fuel. Nevertheless, the
total activity can give us a rough estimate of particle size.

According to the Bulgarian findings (Vapirev et al., 1994)
the total activity per unit volume for uranium fuel particles
was 1-1.5 Bqum~? (refers only to detected nuclides). Saari
et al. (1989) reported considerably higher values, whereas
Likhtariov et al. (1995) gave lower figures (0.4 Bq pm~3). The
estimate by Pollanen and Toivonen (1994a) is 2.6 Bq um ~°
for non-volatile nuclides in the particles. In our study the
total activity per unit volume is assumed to be

A =3IBaum™>, (A5)

Equations (A3}{AS5) may give somewhat different sizes for
a particle of known nuclide-specific activity if they are ap-
plied each in turn to the same particle. In practice, these
differences are insignificant.
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Abstract — After the Chernoby! accident highly radioactive Ru particles, more than 100 kBq in activity and more than 10 pm
in diameter, were found hundreds of kilometres away from the plant. Since particle sampling and analyses have not necessarily
been adequate, an approach based on inventory calculations is used for estimating their radiological hazard. Elemental composition
of the particles suggests that short-lived nuclides may essentially contribute to the risks, although usually only '%Ru and '®Ru
were detected. Because large Ru particles are not of inhalable size, skin doses are calculated for various particle compositions,
sizes and decay times. Calculations support the assumption that Ru particles are metallic precipitates. The composition may have
a notable impact on skin doses which are not necessary the largest for particles originating from fuel of high burnup, Even an
individual particle may be a severe radiological hazard. A dose of 50 mGy.cm™ for the basal cell layer may be exceeded in one
hour provided that an Ru particle larger than 8 pm in diameter is deposited on the skin.

INTRODUCTION

Radioactive particles are often considered as a unique
form of ‘radioactivity” and a curiosity from the point of
view of analyses of the consequences of nuclear acci-
dents. Indeed, radioactive particulate substances
released into the atmosphere are of special radiological
importance. Far from being a curiosity, however, they
represent a challenging problem in the field of nuclear
safety”, as shown in this paper.

Highly radioactive particles (hot particles) present a
potential health hazard, even far from the damaged
plant®. Their radiological risks differ from those in a
uniform exposure. Even if their number concentration
in air is low it is possible that some persons are ‘lucky’
enough to receive a hot particle deposited, for example,
on the skin. Consequently, only a few cells in a tissue
may be exposed at levels that may cause severe health
damage. Since activity of a particle may be hundreds of
kilobecquerels, the dose in its immediate vicinity may
be very high.

Radioactive particles were detected in many Euro-
pean countries after the Chernobyl accident, and were
typically collected and analysed weeks or even years
afterwards, thereby precluding the detection of short-
lived nuclides; in addition, particles were usually ana-
lysed with gamma ray spectrometers only. Although
inactive materials, nuclides with low gamma yield or
pure beta emitters as well as those with low activity
were not generally detected, they may have exerted an
essential influence on the possible radiological hazard.

Risk estimations have been performed for inhalable
hot particles>-®; however, some of the particles found
after the Chernobyl accident were so large that they
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could not be inhaled. When instead deposited on the
skin, they may be sufficiently active to produce, within
a short time®, a dose exceeding the ICRP annual equiv-
alent dose limit of 50 mSv for the public®®, intended to
protect the basal cell layer against deterministic effects.
Here beta skin doses are estimated for Ru-rich particles
of different sizes and elemental and nuclide compo-
sitions. Particle properties are assumed to be similar to
those found after the Chernobyl accident. If necessary,
they are supplemented by characteristics calculated
from nuclide- and element-specific inventories of the
nuclear fuel.

RUTHENIUM PARTICLES IN THE CHERNOBYL
ACCIDENT

‘Hot’ particles observed after the Chemobyl accident
have been classified into multi-elemental fuel fragments
and mono-elemental (or bi-elemental) particles‘”.
Excluding noble bases, fragments of uranium dioxide
fuel contain radioactive species typical of reactor fuel
and are also depleted in volatile elements. Measure-
ments performed by a gamma ray spectrometer revealed
that some particles contained only a few radionuclides,
typically '®*Ru and '°Ru/'%Rh. They are often referred
to as mono-elemental particles, although elemental
analyses showed that these particles contained other
elements also. Since mono-elemental Ru particles were
not detected after nuclear weapon tests and after pre-
vious nuclear accidents, their release was a unique fea-
ture of the Chernoby! accident.
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Formation and release

The formation mechanisms of highly radioactive Ru
particles are still unclear, partly owing to the sparsity
of sampling and incompleteness of analyses of single
particles (misinterpretations have been made!'® as
activity analyses alone are not sufficient to solve the
problem of particle formation) and partly owing to com-
plicated physical and chemical phenomena occurring
during the accident. The following processes are
suggested "

(1) Mechanical emission of liquid particles from the
molten fuel, followed by solidification of the drop-
lets.

(2) Liquid droplets formed by homogeneous nucleation
of a vapour, followed by solidification of the drop-
lets.

(3) Condensation of water steam onto existing water-
soluble particles, followed by evaporation of water
from the aqueous liquid droplet.

(4) Mechanical emission of solid particles present in
the fuel.

Several authors identified the Ru particles as metallic
precipitates (white inclusions) which is supported by
their similar elemental composition and shape. Broda
et al'Y, however, reopened the question of particle for-
mation owing to the unlikely purity of the particles, the
presence of elements that had not been detected in pre-
cipitates (Fe, Ni, Co, Sb) and the incompatible activity
ratios of the isotopes '®Ru and '°Ru. Broda et al sug-
gested that Ru particles were formed outside the fuel
rods rather than being present in the fuel as white
inclusions fragmented by the explosion.

The chemical form may greatly affect the release
behaviour of semivolatile Ru. A strongly oxidising
atmosphere may lead to oxidation of Ru into more vol-
atile forms‘'?, One the basis of '®>Ru:'?Ru distribution,
Osuch et al*'® concluded that characteristics of Ru par-
ticles represent local properties of irradiated fuel and
that the ‘particles have not been formed in a process of
condensation of mixed Ru vapours’. Kashparov er a/'¥
came to a different conclusion using similar data. They
stated that particles might have been formed from a
mixture of volatile RuQ,. Schubert and Behrend®,
however, showed that the oxygen content of Ru par-
ticles was below a few per cent (only surface oxidation).
Kashparov et al!'® suggested that spherical Ru particles
detected in Western Europe ‘could have been present in
the nuclear fuel at the moment of the accident’, whereas
large and irregularly shaped Ru particles deposited near
the plant ‘were formed at the rate of ruthenium oxi-
dation during the accident and its subsequent conden-
sation on the particles of materials of iron group
elements’.

The release of Ru particles may also depend on the
burnup of the reactor fuel'®, in which fission product
precipitates accumulate at the grain boundaries of the
fuel. The higher the burnup, the more the fuel is frac-
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tured and, consequently, the higher the grain boundary
release may be. This is supported by the fact that only
a few particles originating from low burnup fuel were
observed. : '

The complex behaviour of Ru is supported by
environmental findings. The deposition patterns of Ru
in Finland*'” and Poland‘'®’ showed that the Chernobyl
fallout was a combination of patterns from the explosion
and burning phases of the accident.

Transport and deposition

In general, radionuclide fallout from Chernobyl was
spatially inhomogeneous, the territorial distribution of
various nuclides as well as number concentration of par-
ticles deposited on the ground varying greatly. ‘Hot
spot’ areas with marked occurrence of radioactive par-
ticles were found in several European countries. Poi-
1@nen et ol used a trajectory model to identify the
areas of radioactive particle fallout. Environmental
findings of large particles were compared with locations
given by trajectory calculations, in which it was con-
cluded that the particulate nature of the release plume
must be taken into account in estimations of the radio-
logical risks.

The prominent feature of the Chernobyl accident was
that large, highly radioactive particles were transported
far from the damaged plant in a manner different from
small particles and gases'®. Moreover, the abundance of
Ru particles compared with U particles was dependent
on the detection site, suggesting that they were either
transported or released differently"'®. Radiological
consequences are determined by the characteristics of
radioactive particles; particle transport is dominated by
size and atmospheric conditions, and health effects by
nuclide composition and activity.

Characteristics of particles detected in the
environment

Radioactive particles cannot always be considered as
‘becquerels’ dispersed in air, per unit volume of air or
in per unit mass of the sample®. Nevertheless, current
routinely used air monitoring techniques do not neces-
sarily identify single radioactive particles. Tedious pro-
cedures are needed for particle localisation and isolation
as well as for analyses of activity, size and elemental
composition; usually only some of these properties
were reported.

Activities were reported for individual Ru particles
identified in Finland¢?2?, Sweden®'-2», Norway®?,
Poland!'!-'315252 " Germany®’?®, Switzerland®®, Hun-
gary®?, Bulgaria®" and Greece!”*?. Ru particles were
also apparently detected in Lithuania®®, Belarus®® and
Ukraine®33® but the activities were not published. The
total activity of particles (‘°*Ru + 'Ru) detected in
Finland, Germany, Switzerland and Hungary was less
than | kBq, whereas in Bulgaria up to a few kBq were
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recorded; in Sweden and Greece up to a few tens of
kBq, and up to hundreds of kBq in Poland. Gamma ray
measurements performed within a few weeks of the
accident show almost pure Ru/Rh particles. Minor
amounts of nuclides, such as **Mo and '*'I, were also
detected. Measurements performed later revealed the
presence of long-lived %°Co and '*Sb‘'"*229. The non-
volatile species, ®Zr, **Nb, 4'Ce and '*/Ce, were also
sometimes detected.

The elemental composition was estimated qualitat-
ively by Rytomaa et al¢'”, Kerekes et a/®® and Salbu®®
and quantitatively by Schubert and Behrend®, using
electron microscopes and X ray analysis (Table 1). Par-
ticles were mainly composed of the elements Ru, Rh,
Mo, Pd and Tc but small amounts of Fe and Ni were
also present. U was detected in one particle’®. Ru par-
ticles were sometimes attached to a large inactive
particle®®-2; these carriers may influence particle
transport.

Particle sizes were detected using SEM 52229 which
in addition to activity analysis, make it possible to esti-
mate the activities of various nuclides per unit volume
of the particle (Bq..m™). These volumetric activities
enable the sizes of particles to be estimated using
gamma ray analysis only. Kerekes et al®® estimated
that the activity of '®Ru per unit volume is 50 Bq..um™,
The results of Schubert and Behrend!'® give equal or
higher values. Likhtariov et al® reported a value of
10 Bq.um™3, which is considerably lower than the
values obtained in other estimates.

Ru particles were often round edged and spherical in
shape. Kerekes ez al.®® calculated the density of the
particles from their aerodynamic diameter, in which the
average value (two particles) was 10.5 g.cm™. Bram-
man et al®” reported that metallic inclusions are typi-
cally 510 wm, but rarely exceed 20 wm in diameter;
carrier-free Ru particles found in Western Europe were
within these limits®. Kashparov et al‘'® reported that,
in addition to small (<10 wm) spherical particles,
irregularly shaped large (20-~250 wm) Ru particles were
detected near the plant. Khitrov er al®® found a particle
(presumably an Ru particle) with activity of 660 kBq
(**Ru) and mass 0.5 ug. The diameter of this particle
is 45 wm, assuming that the density is 10.5 g.cm™ (the
same result is achieved using the activity ratio '©*Ru:'®Ru
= 5 and the volumetric activity 100 Bq.pm=, see later
text).

ESTIMATION OF PARTICLE ACTIVITY

The activity, composition and size of Ru particles as
well as their abundance in various media (air, food,
ground etc.) must be known in order to estimate their
potential health effects and risks. Unfortunately, at the
time of the Chernobyl accident particle sampling and
detection were not necessarily representative and the
analytical methods were not necessarily adequate for
estimating all relevant properties of the particles.
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Gamma spectrometric analyses alone do not give suf-
ficient information on the elemental composition. Thus,
dose calculations cannot be fully performed using the
information gathered merely from particles detected in
the environment. Since the characteristics of irradiated
nuclear fuel and the behaviour of Ru and other elements
within it essentially influence the properties of Ru par-
ticles, an approach based on inventory calculations is
used.

The presence of radioactive material in a particle
determines the radiological risks. In addition to gamma
spectrometric analyses, the elemental composition of Ru
particles found in the environment suggests that
additional radionuclides must be also taken into account
in the dose estimations. The isotopes '®Ru and '®Ru
with varying activity ratios were detected in all particles
that were analysed within about one year of the acci-
dent. The short-lived isotopes '°Ru, 'Rh and '°°Pd
may also contribute to the short-term risk; however,
they were not detected because the activity analyses
were performed too late. Measurements done within one
month of the accident showed the presence of
PMo©?"?», The low-volatile isotopes '*'I and '*’Cs as
well as ®°Co and '2°Sb were frequently observed, but
their activities were low. The beta-emitting nuclides
considered in the following calculations are presented
in Table 2; nuclides with half-life less than a few hours
or with low (specific) activity are neglected.

Inventory calculations

The amount of (radioactive) materials in a reactor
core, known as the ‘inventory’, is calculated using the
ORIGEN2“"  computer code. The code computes
numerically the time-dependent concentrations of a
large number of nuclides and elements that are
generated or depleted simultaneously through neutron-
induced transmutation, radioactive decay and nuclear
fission. Since the inventory depends on the design and
operational history of the reactor and different physical
processes (mainly nuclear fission and decay) occurring
during operation, a set of ORIGEN2 calculations for the
Chernobyl reactor (fuel mass 219 tUQ,, constant spe-
cific power 14.6 MW .tUO,™', fuel enrichment 1.8%,
reactor model CANDUSEU) was performed as a func-
tion of fuel burnup and decay time. Fuel outages were
neglected in the calculations, i.e. the detailed operational
history of Chernobyl nuclear power plant Unit IV was
not used. Results of the ORIGEN?2 calculations, i.e. con-
centrations of nuclides and elements in reactor fuel, are
stored in a database that is used in estimating the charac-
teristics of irradiated fuel and particles. A database man-
agement system was developed to reprocess the data“?,

The activity concentration of radionuclides (Figure 1)
and mass concentration of elements (Figure 2) in the
RBMK reactor fuel are of special concern in estimating
the amount of radioactive materials in an Ru particle.
Note that the activity concentration of short-lived
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nuclides, especially, is determined mainly by the pre-
vailing fission power level before the reactor shutdown/
accident. Since the specific power used in the present
calculations is assumed to be constant during irradiation
(detailed operational history is not used), the concen-
trations calculated here are more indicative than the true
estimates of the amount of materials present in the Cher-
nobyl reactor fuel.

Activity ratios can be used for estimating the proper-
ties of the material from which the nuclides were
released. Fractionation of non-chemical origin can be
studied using the activity ratios for pairs of isotopes of
the same element. Activity ratio '®*Ru:'*Ru (Figure 3),
for example, is used in estimating fuel burnup'®2®,

Activity per unit volume

Since the formation mechanisms and composition of
Ru particles are ambiguous, detailed activities are calcu-
lated separately for particles composed of pure Ru (not
RuQ,) and for particles containing those elements ident-
ified in metallic precipitates. For reasons of convenience
both types of particles are assumed to have a density of
10500 kg.m™® which is the value obtained by Kerekes
et al®™ (density of pure Ru is 12200 kg.m™). The
activities are calculated for a unit volume of the material
considered“?. For homogeneous and spherical particles
of different sizes the activity of nuclide N can be calcu-
lated from the equation

Table 1. Characteristics of analysed Ru particles detected in Finland, Sweden, Norway and Poland. Findings are presented

in which activity analysis and size or elemental composition analyses were performed, or in which particles were

analysed using a gamma ray spectrometer within one month of the Chernobyl accident. A,q; o AN Ajog «, are the activities
of '’Ru and '*Ru, d, is the equivalent volume diameter of the particle, A, . is activity of '*’Ru per unit volume.

Ref. Location and time  Code  Ajps,,  Auog,, dp A% Elemental Remarks
of activity analysis (Bq) (Bq) (pm) (Bq.pm™)  composition

(19) Soviet train carriage. Sl 23,000 6400 — — Contains U Site of deposition unknown.

(summer 1986)
(21) Stockholm, Givle.  HP-1 10,000 2800 — —_— —_ S1Cr: 1.7 kBq, ®Mo: 4 KBq, "*'I: 90Bg,
: 132Te; 22 Bq.
(beginning of May  HP-2 6900 1800 — —_ — '3'1: 100 Bq, '**Te: 70 Bq.
1986) HP-6 24,300 7100 — — —_ —

(22) Stockholm, Gavle. Hagal 17,400 4350 9.0 46 Mo, T¢, Ru? 1258b: 3.8 Bq, ®°Co: 1.7 Bq, '*'Cs: 0.4 Bq.
(one year after the  Guanl 39,300 9830 11.5 49 Ru, Tc, Mo? 1258b: 26 Bq, ®Co: 7 Bg, '*“Ce: 57 Bq.
accident) Guan2 31,800 9430 10.7 50 Rw? 125Sb: 15 Bgq, %°Co: 3.1 Bq.

Haga9 3600 830 39° 120°  Ru, Te, Mo? '258b: 1.3 Bq, ®Co: 0.1 Bg.
Givle3 7900 1800  24° 1100°  Ru, Rh®
(23) Stockholm, HP-4 7080 370 — — — #Mo: 3200 Bq. Minor amounts of
95Zr/Nb, M,
Vistervik. HP-30 7550 1800 — —_ — “Mo: 330 Bq, '*'I: 50 Bq. Minor amounts
(17-20 May 1986) of %Zr/Nb, 'Cs, '**Cs, "°Ba, '*'Ce and
144Ce.

(24) Central Norway. — — 65 2 — Ru, Mo, Tc Spherical particle, agglomerated to a large
(12 May 1988) and irregularly shaped inactive particle.

(15) Masurian Lakes HS! 139,000 23,000 14 97 Ru, Te, Mo, Fe, Metallic particles, only surface oxidation.
region Rh, Ni, Pd Elements mentioned beside compose
(auturnn 1986) HS2 4990 1050 — — —_ 92.3-98.3 weight % of total mass of the

particles.

HS3 28,100 4960 7-10°  160-54°¢ — Gamma ray spectroscopic investigations
HS4 23,200 4540 9-10¢ 61-44¢ — revealed that *°Co and '3"Cs were also
HSS5 13,000 2790 6-7¢ 110-72¢ Mo, Ru, Fe, Tc, present in the particles.

Ni, Rh, Pd
HS7 34,400 5450 6° 300¢ Ru, Tc, Rh, Mo,

Pd, Fe, Ni
HS8 41,700 8730 — —
HS9 32,100 7270  6¢ 280¢ Ru, Rh, Pd, Ni,

Fe, Mo

*Other metals such as Fe and Ni was observed in most cases.
®Uncertain size estimation.
“Sizes are estimated in this study from SEM pictures.
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Table 2. Nuclides considered in the present study. t;, is the
half-life. The maximum energy of the beta particles, E,, ..,
refers to the most probable decay branch. The distance in
water.at which 90% of the beta energy is absorbed is
denoted as Xg. D is the beta dose rate from a 1 Bq point
source at the air-water boundary® averaged over 1cm?
at the basal cell layer of the skin (nominal depth 70 pm).
Values denoted by * are calculated here using SADDE
Mod2 and VARSKIN Mod2%9,

Nuclide tip Enax Koo D

(MeV) (mm) (nGy.h™'.Bq™)
Mo 66.0 h 1.21 2.23 1.54
'BRu 394d 0.226 0.267 0.568
105Ru 4.44 h 1.19 2.08* [.63*
105Rh 354h 0.567 0.731* 117
1%Ru 368d 0.0394 0.00764 -
1%Rh 30s 3.54 7.92 1.85
109pd J3.5h 1.03 1.78* 1.55%
x 108

© 99Mo

103Ru

. 1051y
/

I
|
i 106

109Pd

0 ] |
5000 10,000 15,000

Activity concentration (Bgq.tUOz™")

Burnup (MWd.tUO2™")
Figure 1. Activity concentration (Bq per tonne of UQO, fuel) of

%Mo, '*Ru, '%Ru, '%Rh, 'Ru and '®Pd in RBMK fuel as a
function of fuel burnup.
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Figure 2. Mass concentration (g per tonne of UQ, fuel) of Mo,
Ru, Pd, Tc and Rh in RBMK fuel as a function of fuel burnup.
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a
AN(dp) = g dg Avol,N (1)
where d, (um) is the equivalent volume diameter and
Aon (Bq.pm™) the activity per unit volume.

Particles composed of pure Ru

Here it is assumed that, at the time of particle forma-
tion, the particle is composed of different isotopes of
Ru (stable isotopes included); other elements are not
present. After the formation, the nuclides '®Rh and
195Rh are generated through decay of their parent
nuclides '®Ru and !%Ru.

Hofmann et al‘® calculated radiation doses and the
lung cancer risk from a Ru particle of 1 wm diameter,
composed entirely of '*Ru (300 Bq). The activity per
unit volume for such a particle is 570 Bq.p..m™>, whereas
Devell@?" estimated 200 Bq.pm™. The volumetric acti-
vity of 'Ru obtained in the present study is between
these values, provided that fuel burnup is larger than
5000 MWd.tUO,™! (Figure 4). In general, the calculated
activities per unit volume are higher by a factor of about
2-4 than in the Ru particles found after the Chernobyl
accident (Table 1). Other materials (short-lived nuclides,
stable materials or those with low specific activity) must
be present in the Chernobyl particles.

Particles composed of elements identified in
precipitates

The elemental composition of Ru particles from
Chernobyl has been published quantitatively by Schub-
ert and Behrend. For particles HS1, HSS5, HS7 and
HS9 (see Table 1 and original paper) the mass concen-
tration ratios Ru:Mo and Ru:Pd were larger by a factor
of two or more than those presented in Figure 3, i.e. Mo
and Pd were depleted with respect to Ru. The ratio
Ru:Rh was similar to that of the fuel. Kerekes ef al®?
found that Ru was a dominant element of the particles.
Two particles were almost entirely composed of Ru,

100

Ratio

5000 10,000

15,000

20,000
Burnup (MWd.tUO2™)

Figure 3. Activity ratio of the nuclides '"Ru:'™Ru and mass
concentration ratios of the elements Ru, Rh, Mo, Tc¢ and Pd in
RBMK fuel as a function of fuel burnup.
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whereas one particle contained mainly Mo and Tc. In
general, however, the studies showed that the pro-
portions of different elements varied greatly.

The composition of metallic precipitates depends on
the temperature and oxygen potential of the fuel®?.
Here, ‘Ru’ particles are assumed to be homogeneous
and composed of the elements Ru, Rh, Mo, Pd and Tc
with the same relative amounts as are formed during
irradiation*®; Fe and Ni are not considered in the calcu-
lations. The calculated activities per unit volume as a
function of fuel burnup are shown in Figure 5, in which
the volumetric activity of '®*Ru is now similar to that
observed in Chernobyl particles (Table 1). Note that
Polldnen er al® used 100 Bq.um™ (‘%Ru + !%Ru) in
their estimation of Ru particle size.

The most active Ru particles detected in Poland
(308 kBq)®» and Greece (43 kBq)™ showed high
103Ru:1%Ru activity ratios (12.3 and 37.9, respectively),
and had probably originated from low burnup fuel (4000
and 1000 MWd.tUO,™!, respectively, see Figure 3).
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Figure 4. Activily of '®Ru, '“Ru and '®Ru per unit volume

of pure Ru as a function of fuel burnup. As an example, activi-

ties per unit volume as a function of decay time are presented

for pure Ru originating from fuel irradiated to a burnup of

20,000 MWA.tUO3' (refers to average burnup of exhausted
fuel).
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Figure 5. Activities of *Mo, '®Ru, '®Ru, '%Rh, '®Ru and
1%Pd per unit volume of a metallic precipitate, composed
entirely of Ru, Rh, Tc, Mo and Pd, as a function of fuel burnup.

Decay time (y)
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They may be smaller than previously estimated® owing
to the large volumetric activity.

RUTHENIUM PARTICLES DEPOSITED ON THE
SKIN

In a severe nuclear accident the radiological hazard
caused by Ru particles refers to their high specific
activity; relatively small but very active particles may
be transported hundreds of kilometres in the air before
deposition. The largest Ru particles, however, are not
of inhalable size, and when deposited on the skin, they
are able to produce high non-uniform beta doses in a
short time. In the present study skin doses are calculated
for Ru particles of two different compositions taking
into account the effects of fuel burnup, decay time and
particle size. Individual particles are considered here,
not skin contamination (Bq.cm™2).

Skin dose model

Skin beta doses are calculated using a semi-analytical
PSS model“® based on point source dose conversion
factors®® corrected by self-shielding of beta particles in
a homogeneous and spherical particle. In the present
study, the doses are calculated for the basal cell layer
of the skin (nominal depth 70 pm, circular target area)
although any depth and any target area is possible pro-
vided that appropriate point source conversion factors
are available.

Let an Ru particle contain m beta emitters that, in
turn, may have n decay branches with branching
probability f3;. The total skin beta dose rate (Gy.h™')
averaged over 1cm? at skin depth h, can be formally
written as

D=, An(dy) CEx(h) 2, Brs SAF(dpu(p/pp))

N=1 i=1
(2)
where
An(dy) =the activity of nuclide N in a particle of
diameter d,,
CFp(h) =the point source conversion factor for
nuclide N at skin depth h,
SAFy; = the self-absorption factor of nuclide N
(dos(mo/pp)i)  (branch i) in a particle of diameter d, and

mass attenuation coefficient w,/p,.

The self-absorption factor is a fraction of the initial
beta flux that reaches the surface of the particle. The
mass attenuation coefficient is a function of the
maximum beta energy of each branch and effective
atomic number of the particle. Beta absorption is
especially important for low energy beta emitters
(Figure 6); if particle diameter is smaller than a few pm
the point source conversion factors can be applied with-
out correction for self-shielding.
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Beta dose to the skin

The beta dose caused by a homogeneous, spherical,
radioactive particle deposited on the skin is mainly
determined by particle size, since Ay o« d2; particle com-
position may also contribute (Figure 7). Ru particles
originating from low burnup fuel may produce as much
as 10 times higher skin doses than those originating
from high burnup fuel. The short-lived nuclides '®Ru
and 'Pd affect skin doses mainly within 1d of the
reactor shutdown ('®Rh within a few days). Mo has
a notable impact for decay times less than one week,
especially in precipitates originating from low-burnup
fuel (see also Figure 5). When the decay time is several
weeks the beta dose rate caused by a pure Ru particle is
about three times larger than that produced by a metallic
precipitate, because the activities per unit volume of
'93Ru and '%Ru in pure Ru are three times higher than
those in Ru precipitates (Figures 4 and 5).

The significance of various compositions and the
effects of short-lived nuclides are demonstrated for
four Ru particles found in Poland by Schubert and
Behrend!'® (see Table 1 and original paper). The activi-
ties and beta doses are calculated by assuming that the
decay time is 1d (Table 3). Burnup of the fuel from
which particles had originated is estimated using the
activity ratio '©>Ru:'®Ru (see Figure 3). Burnup-depen-
dent specific activity, calculated for each nuclide in a
specified element (e.g. activity of Mo in mass unit of
Mo), multiplied by mass of the element considered (see
Table 2 in original paper) gives the activity of short-
lived nuclides. Without their contribution, skin dose
rates are underestimated by a factor of 1.5-2.5.

To avoid deterministic effects on the basal cell layer
of the skin (nominal depth 70 pm) ICRP recommends
that the annual equivalent dose limit for the public is
50 mSv, averaged over any 1 cm? and regardless of the
area exposed®. Highly radioactive Ru particles detected

\

2.0

100

Dose rate per unit activity (pGy.h~' .Bg™')

Particle diameter (um)

Figure 6. Basal cell dose rate (nominal depth 70 pm, averaged

over 1 cm?) per unit activity for different nuclides as a function

of Ru particle diameter. The density of the particle is 10,500

kg.m™ and effective atomic number 44. The nuclide-specific

dose rates for a point source (for a particle of O pm in diameter)
are those presented in Table 2.
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in northeastern Poland, 500-650 km from Chernobyl,
were from the explosion phase of the accident. Particles
were deposited on the ground within about two days.
Table 3 shows that in Poland there was a risk that the
ICRP annual skin dose limit for the public may be
exceeded in even a few tens of minutes.

The activity ratio '®Ru:'%Ru of Ru particles found
in Europe was generally between 4 and §, i.e. they had
originated from fuel irradiated at near average burnup.
Polldnen er al‘® calculated the skin dose rates for Ru
particles of different sizes by taking into account only
the long-lived '®*Ru and '°Ru. Dose rates may be con-
siderably higher if short-lived nuclides in an Ru precipi-
tate are considered (Table 4). The activities and dose
rates in Table 4 refer to decay times of 1d and 10d.
Particles of different sizes are assumed to preserve the
proportions of Ru, Rh, Mo, Pd and Tc and to reflect the
properties of fuel irradiated to average burnup (Figure 5,
burnup 10000 MWd.tUO3"). At a decay time of 1d a
large part of the total dose rate is generated by short-
lived nuclides, of which Mo is responsible for about
50%; at a decay time of 10 d their contribution is negli-
gible.

Particles in Table 4 are assumed to be deposited on
the skin 1 d and 10 d after their formation and release.
For emergency preparedness purposes it is useful to esti-
mate the particle residence time needed to receive a cer-
tain skin dose. For example, Ru precipitates larger than
8 wm in diameter (decay time 1 d) may deliver a dose
of 50 mSv to the basal cell layer of the skin in less than
one hour. The activities of 'Ru and '®Ru would then
be 24,000 Bq and 5400 Bq, respectively. In Sweden,
more than 1000 km from Chernobyl, Ru particles with
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Figure 7. The beta dose rate to the basal cell layer (averaged
over 1 cm? at a nominal depth of 70 um) as a function of decay
time caused by an Ru particle 10 pm in diameter deposited on
the skin. Two sets of the curves represent pure Ru particles
(dashed line) and particles similar in composition to metallic
precipitates (solid line). The centremost curve of each set refers
to fuel of the average burnup (10,000 MWd.tUO3',*AVG.")
from which the particles are assumed to have originated. The
upper and lower curves are for the particles emitted from low
burnup fuel (1000 MWd.tUO3'; ‘LOW’) and high burmup fuel
(20,000 MWd.tUQ3'; ‘HIGH’), respectively. The horizontal
line represents a dose rate of 50 mGy.h™'.
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higher activities were found®'??. In Finland, about
1500 km from Chernobyl, Ru particles of this size were
not detected (perhaps due to sparse sampling). Uranium
fuel particles of equal size were, however, found'92%,

CONCLUSIONS

Although Ru particles were detected only after the
Chernobyl accident there is a possibility that they might
also be released in severe nuclear accidents in other
types of nuclear reactor. Highly radioactive Ru particles
are of special radiological importance, since they may
produce acute health damage that must be taken into
account in radiation protection and emergency prepared-
ness. The current time-consuming, tedious and some-
times inadequate procedures of particle sampling, iso-
lation and analyses, however, do not necessarily allow
us to make prompt on-line dose estimations. Doses can
be estimated without knowledge of particle size by

assuming a certain elemental composition (e.g. either a
pure Ru particle or metallic precipitate) and by per-
forming gamma ray analysis of long-lived '“Ru and
'%Ru. Particle size and the proportion of nuclides that
are not (or cannot be) detected can then be calculated.
In the present study it is shown that:

(1) Inventory calculations are necessary for estimating
the properties of nuclear fuel particles and their
radiological risks.

The activities per unit volume of Ru particles, com-
posed almost entirely of fission products, are higher
than those of particles composed mainly of bulk U
or other low activity materials.

The volumetric activities of Ru particles emitted
from low burnup fuel may be considerably higher
than those emitted from high burnup fuel. Thus,
radiological risks are not necessarily the greatest for
particles originating from high burnup fuel.

2

3

Table 3. Calculated activities of the short-lived nuclides **Mo, *Ru, '>Rh and '**Pd (decay time 1d) in four Polish

particles”’® of known elemental composition (see Table 1), The last two columns indicate the beta dose rate to the basal

cell layer (nominal depth 70 pm, averaged over 1cm?) if particles had been deposited on the skin. Only '®Ru and

1%Ru/'™Rh are taken into account in the column on the left whereas the column on the right also contains short-lived
nuclides. The density of the particles is assumed to be 10500 kg.m™>,

Particle Activity (Bq) Skin dose rate (mGy.h™")
code

lO}Ru !06Ru 99M0 losRu IOSRh llﬁpd lO}RlH_lOéRu All
HS1 137,000 27,900 32,000 1900 68,000 2100 86 190
HSS 12,800 2790 7800 180 3700 90 10 25
HS7 33,800 5440 2000 430 8200 110 23 35
HS9 31,500 7260 6.9 440 11,000 180 25 37

Table 4. Activities and the beta dose rate to the basal cell layer of the skin as a function of Ru particle diameter for two
decay times. The time required to receive a skin dose of 50 mSv is denoted as ts;,s, (radioactive decay is taken into
account). Doses are averaged over 1 cm® at a skin depth of 70 pm. Relatively low activity nuclides (such as '*Ru and
109pd) are not shown in the table, although they are taken into account in the calculation of dose rate and residence time.

d, Time of deposition on the skin 1d Time of deposition on the skin 10d
(rm)
Ago Aoy, Aosy, Ajgey, D Lsomsw Ago, A, Aigsy, D Lsomsw
(Ba)  (Bd)  (By)  (Ba) (mGyh™) (Ba) By  (Bg) (mGyh)
1 50 48 18 11 0.15 1200 h 5.2 41 10 0.049 1500 h
2 400 380 140 85 1.2 47 h 42 330 83 0.38 150 h
3 1400 1300 480 280 3.8 13h 140 1100 280 1.2 42 h
4 3200 3000 1100 680 8.8 57h 330 2600 660 2.9 18 h
5 6300 6000 2200 1300 17 30h 650 5100 1300 54 93 h
6 11,000 10,000 3900 2300 29 18 h 1100 8800 2200 9.1 56h
7 17,000 16,000 6100 3600 45 1.l h 1800 14,000 3600 14 3.6h
8 26,000 24,000 9100 5400 66 45 min 2700 21,000 5300 21 24h
9 37,000 35,000 13,000 7700 93 32 min 3800 30,000 7600 29 1.7 h
10 50,000 48,000 18,000 11,000 130 24 min 5200 41,000 10,000 39 13 h
15 170,000 160,000 60,000 36,000 390 7.6 min 18,000 140,000 35,000 120 25 min
20 400,000 380,000 140,000 84,000 890 3.4 min 42,000 330,000 83,000 270 11 min
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(4) Inventory calculations support the assumption that (6) Even an individual particle may be a radiological

highly radioactive Ru particles observed in Western hazard. A dose of 50 mSv for the basal cell layer
Europe after the Chernobyl accident were metallic (nominal depth of 70 wm, averaged over ! cm?)
precipitates. may be exceeded in one hour provided that an Ru
(5) The composition of particles has an essential influ- particle larger than 8 wm in diameter is deposited
ence on the radiological hazard. The presence of on the skin. In the Chernobyl accident particles of
short-lived nuclides in particles emitted from low this size were transported more than 1000 km from
burnup fue! in particular contributes notably to skin the plant.
dose rates.
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Abstract

A radioactive particle was identified in a marine sediment sample. Characteristics of the
particle were determined using various methods. Particle isolation and preliminary activity
estimation were performed using gamma-ray spectrometry and autoradiography. Long-lived
radionuclides were detected in the particle using alpha-, beta- and gamma-ray analyses. Particle
size and elemental composition were determined using SEM. Elemental composition, nuclide
composition and structure suggest that the particle may have originated from the Chernobyl
accident. The present study shows that routinely used laboratory methods/procedures in
environmental radiation detection are not necessarily appropriate for analyses of individual
particles as they are (too much) focused on radiation monitoring and not on characterization of
radioactive materials. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The Chernobyl accident in April 1986 indicated that radioactive releases cannot be
considered only as ‘Becquerels’ dispersed in air or other substances. Despite the fact
that most of the released radioactive materials were in particulate form (Khitrov et al.,
1994), the monitoring systems (procedures) in various European countries are de-
signed to detect environmental radioactivity, not individual particles. The possibility
that radioactive releases may be in particulate form must be considered in radiation
protection and emergency preparedness, because even an individual highly radioac-
tive particle may constitute a severe health hazard (Pollinen & Toivonen, 1994;
Pollanen et al., 1997). This implies accurate knowledge of the particle characteristics.

*Corresponding author.

0265-931X/99/3 - see front matter © 1999 Elsevier Science Ltd. All rights reserved
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In the present study a comprehensive analysis is performed for a radioactive ‘hot’
particle detected in a sediment sample. Since particle characteristics reflect properties
of the material from which the particle originated, they can be used for estimating
location of the release site, time of the release and possible formation and transport
mechanisms of the particle. This information allows estimation of the significance of
various physical and chemical processes that occurred during the particle formation
and release and, in general, the role of particles for estimating their radiological risks
in a nuclear accident.

2. Sampling and preliminary analysis

The Radiation and Nuclear Safety Authority (STUK) monitors radionuclides in the
Baltic Sea on a regular basis by means of a permanent annual programme. The
samples of seawater, bottom sediment, fish and other biota are collected at 20
locations. The sample considered here was collected on 22 May 1995, using a ‘Gemini’
sediment sampler (Ilus, 1996) at Station BY-15 {Ikdheimonen et al., 1997), which is
located in the Gotland Deep (57°19.01'N, 20°01.96'E, depth 236 m).

The sediment sample was sectioned in Scm slices, dried and homogenized.
Gamma-ray analysis of the uppermost 5 cm slice was performed according to stan-
dard procedures (Rantavaara et al, 1994). Low detection limits were obtained by
using extended counting time (3900 min) and an efficient HPGe detector. Long-lived
radionuclides, such as '23Sb, 8°Co and '**Eu, were observed in the sample (Table 1).
These nuclides were detected in ‘hot’ particles released in the Chernobyl accident (e.g.
Broda et al,, 1992; Jaracz et al,, 1995; Kuriny et al, 1993), thus suggesting that the
activity concentration in the sample is inhomogeneous. This was verified by dividing
the sample into two subsamples and analysing them separately. Am in addition to Eu
were identified in only one of the samples; thus, radioactive material must be in only
one to several particles. We attempted to isolate and analyse the characteristics of
the(se) particle(s).

Table 1

Concentrations of artificial gamma-emitting nuclides in sediment sample 1T020/96 (mass [4.4g;
Ikdheimonen et al., 1999). The uncertainty refers to statistical and calibration errors. The results are
calculated to the sampling date (22 May 1995)

Nuclide tiz Activity Uncertainty
(a) (Bqkg™! dry weight) (%)

$9Co 5.3 1.8 12

125G 2.8 14 8

1340 2.1 5 7

137Cs 30 218 3

154Eu 8.6 50 10
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3. Methods of analyses and results
3.1. Particle isolation

Isolation of radioactive particles was performed using autoradiography in which
emulsion-coated autoradiography film was placed on the sediment sample which was
distributed homogeneously on filter paper. Exposure for 30 days in a lightproof
cassette revealed the presence of one large black spot (visual diameter a few mm) and
small number of hardly visible spots; thus, ‘radioactivity’ was incorporated in small
particles rather than being homogeneously distributed in the sample. The particle
producing the largest spot was isolated from the sample, using consecutive autoradio-
grams, and was finally fixed on adhesive tape.

In addition to localization purposes, autoradiography can also be used for quantit-
ative analyses (Polldnen et al., 1996). The particle on the adhesive tape was placed in
such an exposure geometry that beta dose rate coefficients for a water—water bound-
ary (Cross et al.,, 1992) could be used. The detected size of the black spot compared
with the calculated (‘theoretical’) value enabled estimation of the particle activity by
a factor of 2-3 (Pdllanen et al., 1996). It was discovered that the nuclides present in
Table 1 cannot produce the large black spot observed; thus, high-energy pure beta
emitters, such as °°Sr/°°Y, must have been present in the particle, with an activity of
the order of 1 Bq.

3.2. Gamma-ray analysis of the particle

The activities of gamma-emitting nuclides of the isolated particle were determined
using a high-resolution Ge detector with relative efficiency of 40%. The spectra were
analysed using the GAMMA computer code developed at STUK which accounts for
the loss of counts due to true coincidence summing (Sinkko & Aaltonen, 1985).
Because of ideal point-source geometry and low background, additional radionucl-
ides were identified (Table 2). The nuclides *3**Cs, **7Cs and *2°Sb were distributed in
the sediment sample, whereas 4’ Am and '**Eu were in the particle only. *3*Eu is an
activation product that is produced during normal operation of nuclear power plants
(Jaracz et al,, 1995; Kuriny et al., 1993).

Uncertainties in Tables 1 and 2 refer only to statistical and calibration (for
homogeneously distributed sample) errors. Direct comparison of the results presented
in Tables 1 and 2 is not possible, however, because the exact location of the particle in
the sediment sample is not known (values presented in Table 1 are calculated by
assuming a homogeneous sample). For reasons of geometry, the concentrations
presented in Table 1 may deviate by a factor of about 2 for those nuclides identified
only in the particle.

3.3. SEM microanalysis

Electron micrographs of the particle on the adhesive tape were taken with a scann-
ing electron microscope (SEM; Zeiss DSM 962) using either secondary electrons or
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Activities of the gamma-emitting nuclides in the particle at the time of analysis. The activities (except
241Am) are also back-calculated to the time of the Chernobyl accident (Chernobyl particle assumed).
A total volume of 650 um® was used for estimating activities per unit volume

Nuclide ti Activity Uncertainty Activity Activity per unit volume
(a) {October 1996) (%) (26 April 1986) (26 April 1986)

{Bg) (Bq) (Bq um™?)

$0Co 53 0.008 18 0.031 48x107°

1255b 2.8 0.014 23 0.200 31x107*

134Cs 21 < 0.005 — <0.15 -—

137Cs 3.0 0.104 4 0.133 20%x 1074

144Ce 0.78 0.015 40 140 0.22

154Eu 8.6 0.045 7 0.105 1.6x 107

135Eu 4.9 0.034 11 0.150 23x107¢

41Am 433 0.10 11 — —

Fig. 1. Secondary electron image of the hot particle (tilted 60°). The irregularly shaped particle, surrounded
by inactive sediment particles, is located in the middle. The background of the figure corresponds to the

surface of the adhesive tape and glue. Scale bar = 10 um.
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Fig. 2. Secondary electron (SE) and backscattered electron (BSE) images of the particle (no tilt) and X-ray
maps for Al (K-line), U (M-line), Zr (L-line) and Si (K-line). Width of the images is 20 um. Acceleration
voltage was 10 keV.

backscattered electrons (Figs. 1 and 2). Micrographs were taken at various tilt angles
to estimate particle volume. Since particle shape was irregular the volume could not
be determined accurately but was estimated to be 550-750 pm3 by assuming that the
particle was nonporous.

X-ray spectra and X-ray maps were measured with the energy-dispersive spectro-
meter (Link ISIS). The Si(Li)-detector is equipped with a thin window that allows
detection of light elements. Quantitative X-ray analysis showed that the particle
contained mainly U (4050 wt%), Zr (30-40 wt%) and O and minor amounts of Al, Si
and Fe (usually <1 wt%). The particle has probably been in a molten state, because
the U and Zr were evenly distributed in the particle and no granular structure, such as
that detected by Salbu et al. (1994) and Toivonen et al. (1988), was observed. Particles
with similar composition were found after the Chernobyl accident (e.g. Burakov et al.,
1994; Perkins et al., 1989; Mandjoukov et al., 1992).

3.4. Beta spectromeltry

Total beta activity of the particle located on the adhesive tape was measured using
a proportional counter (Berthold LB770). Since the beta counter was not calibrated
for point-source detection, test measurements were performed for estimating detector
efficiency using a ?°Sr standard. The lower limit of total beta activity of the particle
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was estimated to be 4.5 Bq which is one order of magnitude larger than the sum of
activities presented in Table 2. Pure high-energy beta emitters, such as *°Sr, must
therefore have been present in the particle. By assuming equilibrium between °°Y and
998r the activity obtained for °°Sr was 2.1 Bq, which is somewhat higher than that
predicted by autoradiography.

A liquid scintillation counter (Wallac Quantulus 1220) was used for nuclide identi-
fication, i.e. to verify the presence of °°Sr. The particle on the adhesive tape was placed
in a counting bottle containing Hisafe Optiscint scintillation liquid. Despite the fact
that the tape and self-absorption of beta particles in the radioactive particle itself may
somewhat modify the shape of the beta spectrum, °°Sr was clearly identified. Since the
scintillation counter was not calibrated for point-source detection, only an estimate
of °°Sr activity could be obtained. The estimated activity was 2.2 Bq which was al-
most the same value as that obtained using the proportional counter. The activity,
back-calculated to 26 April 1986, was 2.7 Bq; the activity per unit volume was
0.004 Bq um ™3, assuming the volume to be 650 um?>.

The Quantulus 1220 can be operated in a mode that allows separation of beta
pulses from alpha pulses. An additional spectrum was measured using this pulse-
shape analysis mode (Fig. 3). Alpha-active materials were identified in the particle
(although the activities cannot be calculated from this measurement). This observa-
tion was expected because U was detected in SEM microprobe analysis. It is also
compatible with the fact that transuranic elements were detected in nuclear fuel
particles released from the Chernobyl accident.

100
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Fig. 3. Bela spectrum (mainly °°Sr/°°Y) of the particle measured by liquid scintillation counter.
They show the presence of alpha-active malerials. Beta-particle distortions prevent its use in activity
determination.
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3.5. Alpha spectrometry

The alpha spectrum of the entire particle on the adhesive tape was measured first
(Canberra PIPS). The spectrum could not be used for nuclide identification due to the
presence of alpha particle self-absorption in the radioactive particle itself (Fig. 4);
however, an estimate for the lower limit of total alpha activity could be obtained; the
value was 0.06-0.1 Bq. Since the energy of alpha particles was below 5.6 MeV no
alpha emitters with higher energies, such as **Cm and 2**Cm, were present in the
particle.

So far, only nondestructive methods were used in the present particle analysis. To
obtain quantitative nuclide-specific results the particle must be digested and dispersed
homogeneously onto a metallic plate as a massless sample. The particle was wet-ashed
using strong hydrochloric and nitric acids. Before ashing, the liquid tracers 2**Pu and
243Am were added to the solution. After ashing the transuranic elements were
coprecipitated with hydroxides. The Pu, Am + Cm and U fractions were separated
with an ion-exchange method (Taipale & Tuomainen, 1985). They were electro-
deposited on stainless-steel discs and measured with an alpha spectrometer (Fig. 4
and Table 3). Short-lived alpha-active nuclides, such as 242Cm, were not observed,
while isotopes of U were below the detection limit.

The sum of the activities presented in Table 3 (about 0.05 Bq) is smaller than the
estimated total activity and may be due to incomplete digestion of Pu and Am in wet
ashing (tracer nuclides were in liquid form). The activity of *!Am determined by

0.05
3,
242 "

0.04 Py =

0.03
g
&

0.02 Total a ;

0.01 ﬁt - w .

0 ats A An o D
0 50 100 200

Channel

Fig. 4. Alpha spectrum measured from the three-dimensional particle (total o thin solid line) and alpha
spectra from Pu fraction (thick solid line) and Am fraction (dashed line). Nuclides 2*2Pu and 2*3Am were
used as tracer nuclides. The correction of recovery for Pu and Am peaks is not accounted for the number of
counts.
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Table 3

Alpha-active nuclides detected in the particle (October 1996). The sum of the activities is given for 23°Pu
and 24°Py. The uncertainty refers to statistical error; the methodological error related to the use of tracer
nuclides is < 5%. A total volume of 650 um? was used {or estimating activities per unit volume

Nuclide L2 Activity Uncertainty Activity per unit volume
(a) (Ba) (%) (Bq pm ™)
238py 817 0.007 10 1.1x1073
239py 24100
0.026 5 40x1073
240py 6570
1AM 433 0.011 6 —

radiochemical analyses differed by a factor of about 10 from that obtained with
a gamma-ray spectrometer. This discrepancy can be explained by assuming incom-
plete dissolution of Am.

4. Discussion

In environmental radiation monitoring, laboratory procedures are designed and
focused mainly on the detection of radiation, not necessarily on the characterization
of radioactive materials as evidenced by the fact that activity concentrations are
traditionally reported (see Table 1). As shown here, however, radionuclides cannot
necessarily be considered as ‘becquerels’ dispersed homogeneously in the sample. The
results, averaged over a mass unit, are not meaningful if radioactive material is located
in only one particle. The same problem was discovered in air monitoring when
activity in a filter was demonstrated in only a small number of particles (P6llanen &
Toivonen, 1994).

The presence of radioactive material in a sample is usually determined
with a gamma-ray spectrometer, and less frequently with alpha and beta measure-
ments; however, gamma-ray analyses only are not adequate for identifying radioactive
particles. Autoradiography can be used for particle identification, isolation
and preliminary activity analysis, but several methods are needed to characterize
particle properties completely. The problem is that laboratory procedures are
usually tailored for homogeneously distributed samples, not for point sources. In
practice, we noted the importance of cross-checking of the results between various
methods.

The presence of radioactive particles in environmental samples evokes the question
of possible radiological risks that they may cause; however, risk estimation is not
possible without detailed knowledge of particle characteristics. Elemental composi-
tion (the particle contained Zr, U and transuranic elements), nuclide composition
(mainly nonvolatile, long-lived nuclides) and structure (the particle was irregular and
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has probably been in the molten state) suggest that the particle considered here is
a nuclear fuel particle that probably originated from the Chernobyl accident. Al-
though several different experimental methods are used for particle analysis, they are
not necessarily sufficient for risk estimation at the time of particle deposition due to
the presence of relatively short-lived nuclides (P6llanen, 1997). Calculations of reactor
fuel inventory, applied for micrometre-sized objects, are then needed (Polldnen et al.,
1995).

Inventory calculations for the Chernobyl reactor were performed with the ORI-
GEN2 computer code to estimate activity ratios and activities per unit volume as
a function of fuel burnup (Poéllinen & Toivonen, 1996). Due to the differences in
cross-sections in data libraries used by ORIGEN2, the calculated activity concentra-
tions of 3*Eu and '**Eu differ considerably from those obtained by Jaracz et al.
(1995). The concentrations were re-evaluated by Anttila (1996) using the CASMO-4
code. Observed activity ratios and activities per unit volume of the particle, compared
with those of reactor fuel obtained by calculations make it possible to estimate fuel
burnup and relative depletion/enrichment of various elements (the particle was
assumed to be a Chernobyl particle).

Activity ratios 23°*24°Pyu/?38py and '°°Eu/'**Eu refer to burnups of 10000
MWdtUQ; ! and 13000 MWd tUO3!, respectively (Fig. 5). Calculated activities per
unit volume of fuel, however, cannot be compared with those presented in Tables 2

100

240y, 238
[2394240p, 238py

=}
5
8 \
& 10
3 - =
-5 __ISSEu /154Eu
< H N |~
N\
.
\i\
1 o ——————
0 5000 10000 15000 20000
Burnup (MWd tUOz"l)

Fig. 5. Calculated activity ratios 23°*240Py/238Py and '55Eu/!**Eu for the Chernobyl fuel as a function of
fuel burnup (10000 MWd tUO3 ! refers to average burnup). The Pu ratio was calculated using ORIGEN2
and OTUS software {PSlldnen et al,, 1995) and the Eu ratio using CASMO-4 (Anttila, 1996). The values
observed for the particle are substituted in the curves. Error bars refer to uncertainties in activity
measurements.
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Fig. 6. Calculated activities per unit volume for the Chernobyl fuel as a function of fuel burnup. Volumetric
activities were calculated using ORTGEN2 and OTUS software (Péllanen and Toivonen, 1996) and in the
case of Eu using CASMO-4 (Anttila, 1996). Measured activities per unit volume of the particle, corrected to
the proportion of Zr, are substituted for the curves (not ***Ce). Error bars refer to uncertainties in
estimating particle volume and composition (UQ, particle with metallic Zr was assumed). Note that the
(unknown) proportions of nuclides 2#2Cm and ?**Cm in the particle are not considered in the estimation of
Pu activities per unit volume.

and 3 without accounting for the proportion of elements (mainly Zr) that were not
present in the Chernobyl reactor fuel. Corrected activities per unit volume of the
particle, substituted in the calculated curves, show that °°Sr, *25Sb, 3*Eu, !*°Eu,
238py and 239*240Py appear to be present in approximately the same proportion as
in the fuel, whereas '37Cs was strongly depleted (Fig. 6). The value obtained for '**Ce
was slightly higher than that predicted by the calculations (for a wide range of
burnups). This may be due to experimental errors, since '**Ce was just above the
detection limit in gamma-ray analysis.

The amount of short-lived nuclides in the particle can be estimated by assuming
that their proportions remained unchanged during particle formation (or that they
were depleted by a known factor). For example, the activities of '4'Ce and **3Ce,
back-calculated from '**Ce to the time of the Chernobyl accident, were estimated to
be 200 Bq (burnup 10000 MWd tUO; ); the activities of ®°Sr and °'Sr, back-cal-
culated from ®°Sr, were estimated to be 50 Bq.

The particle considered here was collected in the Gotland Deep, about 1000 km
from Chernobyl. Is it possible that the particle originated from the Chernobyl
accident? The equivalent volume diameter of the particle was 10.2-11.3 pm, which
resulted in an aerodynamic diameter of 27-30 pm by assuming that the dynamic
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shape factor is 1.5 (Hinds, 1982) and density 10 500kgm 3. Radioactive particles of
this size were observed on the southeastern coast of Sweden, near Gotland, after the
Chernobyl accident (Polldnen et al., 1997).

5. Conclusions

(1) Routinely used laboratory procedures are not necessarily appropriate for
particle analyses.

(2) Inadequate results may be obtained if ‘radioactivity’ is assumed to be homogene-
ously distributed in a sample. The presence of radioactive particulate materials
must be verified if their existence in the sample is suspected.

(3) Several complementary (experimental and calculative) methods are needed for
complete characterization of radioactive particles.

(4) The characteristics of the particle analysed here refer to a nuclear fuel particle
probably originating from the Chernobyl accident.
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Two types of radioactive particle were identified in marine sediment and lichen samples collected from the Kola
Bay, NW Russia. The particles were identified by means of gamma-ray spectrometry and autoradiography,
separated and subjected to various analysis techniques. Several complementary techniques are needed to
characterise particle properties thoroughly. 13?Cs was present in the sediment matrix in large (= 100 wm) greenish
particles that were most probably pieces of paint. Although their element composition was heterogeneous, 137Cs
was found to be evenly distributed. 6°Co in the lichen matrix was present in small (=1 wm) particles. No U or

transuranium elements were detected in either type of particle.

Introduction

Environmental samples were collected in the Kola Bay area,
NW Russia, within the framework of a joint research pro-
gramme carried out in the Russian Arctic Seas between the
Radiation and Nuclear Safety Authority (STUK) and the
Murmansk Marine Biological Institute. The studies were
focused on radioactive contamination at the site of several
potential sources. The naval shipyards and military nuclear
bases located in Severomorsk and Polarnyy have facilities for
nuclear fuel storage and radioactive waste (Fig. 1). Storage
vessels are also located around the city of Murmansk. The
Atomflot civilian nuclear icebreaker base has a liquid-waste
purification plant.

Samples of sediment, algae and lichen, as well as benthic
samples, were collected during the expedition in the Kola Bay
in 1995.1 Preliminary laboratory analyses revealed that the
radioactive materials were not homogeneously distributed in
some of the sediment and lichen samples. An effort was made to
identify the presence of radioactive particles and to separate
them from the bulk samples. A number of laboratory analysis
techniques were tested in order to determine the characteristics
of the radioactive particles.

Aim of investigation

A number of papers dealing with radioactive contamination in
the northwest arctic of Russia have been recently published.1-5
In these studies the possible particulate nature of the radioactive
contamination are often disregarded in estimating the total
amount of contamination or the possible radiological impact of
the discharges. However, ‘For areas affected by radioactive
particulate contamination, sampling may not be representative,
leaching prior to analysis may be partial and the contaminated
inventory underestimated. Consequently large errors in impact
assessments may arise’.6 Despite the extensive sampling no
information on the general levels of radioactive contamination
are presented here; these results will be published later. The
main objective is to acquire experience about the feasibility of
different techniques in analysing the properties of individual
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radioactive particles. Some of the analytical methods used here
are not commonly used in particle analysis and the present paper
could give new ideas for other investigators to analyse
environmental samples in an alternative way.

The reason for analysing the properties of individual
radioactive particles is to produce data that cannot be obtained

BARENTS
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Fig. 1 Location of the sampling sites. The numbers (116} refer to the
sediment samples and the letters (A-F) to the lichen samples. Radioactive
particles isolated and analysed in the present study were from circled
locations 5 (sampling depth 47 m), 6 (depth 72 m) and A.
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by analysing bulk samples only. In bulk sample analyses the
information derived from non-relevant background particles
may mask the information originating from relevant particles.
According to Zeissler er al.” the characterisation of microscopic
radicactive particles ‘contributes to the understanding of
difficulties encountered in environmental sample character-
isation by bulk methods and provides insights into bio-
availability and waste remediation issues’.

The origin of radioactive particles in an environmental
sample may vary greatly. In some cases it might be possible to
identify the source from which the particles originated and to
characterise the phenomena that have occurred during particle
formation and release. This information may be valuable for
example in contarmnination cases, in radiation monitoring or in a
number of safeguard applications. Prerequisite for unambigious
source identification is detailed knowledge of the characteristics
of all relevant sources. This information was not available in the
present study and, thus, unambiguous source identification was
not possible.

Sample collection and pre-treatment

Sediment samples were collected in May 1995 with a Gemini
gravity corer, a box corer or a Van Veen grab.! A box corer
(area 20 cm X 20 cm) was used at location 5 (see Fig. 1). The
sample was sectioned by hand to correspond to depths of 0-2
cm, 24 c¢cm and 4-7 cm. Six cores were collected using a
Gemini corer at location 6. Cores of total length 4-7.5 cm were
sectioned into 2 cm slices. Slices from the same vertical layers
were pooled.

The lichen material was sampled in July 1995. The plots, 50
cm X 50 cm in size, were located on bedrock covered by soil
layers and a lichen carpet. Cladonia stellaris (location A in Fig.
1) was separated from the bulk lichen sample for subsequent
analyses and divided into horizontal sections.

In the laboratory the samples were dried and homogenised for
high-resolution gamma spectrometry. The samples were di-
vided into smaller subsamples which were counted separately.
The measurement geometry was either 550 ml Marinelli
containers or plastic jars of 100 ml and 35 ml. The samples
containing radioactive particle(s) were repeatedly divided into
two parts that were subsequently counted in order to identify the
part containing the radioactive particle(s).

Preliminary identification of the presence of radioactive
particles in the subsamples was performed as follows. The first
measurement of the surface sediment sample collected in

location 5 gave a '37Cs concentration of 58 Bq kg—!, whereas
the other subsamples gave 5-6 Bq kg—!. The first subsample
was repeatedly divided into smaller parts and, after several
divisions, a particle enhanced in respect to 137Cs was finally
located in a sample with a mass of 3.2 mg (mass of the original
subsample 48.9 g). Particles containing enhanced levels of
137Cs were similarly identified in the sample collected at
location 6 (one particle from slice 4-6 cm, and one from slice
6-7.5 cm). The first gamma-ray analysis of the sample (mass 25
g) containing the top part of a Cladonia stellaris lichen gave
concentrations of 285 Bq kg—1! for 137Cs, 6.4 Bq kg~ for 134Cs,
and 21.8 Bq kg™! for €Co (dry weight). After subsequent
divisions, the Cs concentrations remained at the same level, but
the 60Co concentration was found to be unevenly distributed in
the fractioned samples. The mass of the final lichen sample from
which the Co particles were isolated was 14 mg.

Analysis methods and results
Particle localisation, isolation and spectroscopic analyses

Localisation of the radioactive particles was performed using
autoradiography in which an emulsion-coated autoradiography
film (Kodak BioMax MR) was placed on the pretreated
samples. The particles were isolated using consecutive auto-
radiograms, and were finally fixed on adhesive tape. After
isolation, the activity of the particles was measured using a
gamma-ray spectrometer and an alpha spectrometer. Since the
particles are not massless, only an estimate of the total alpha
activity is given.®

Exposure for 1 week in a lightproof cassette revealed the
presence of 3 radioactive particles in the sediment samples (1
particle per sample) which were found to contain nuclides 134Cs
and 137Cs (Table 1). No other artificial radionuclides were
observed. No Cs was observed in the bulk of the samples from
which the particles were separated. The particles were fragile
since, during additional separations, two of the particles
fragmented into smaller pieces (see Table 1).

In the case of lichen samples, three very tiny black spots were
identified on the autoradiography film after 35 d exposure. The
particles corresponding to the black spots were separated from
the sample and only 50Co was found (Table 2). The remaining
lichen material contained a very small amount of 6°Co, but no
additional efforts were made to isolate the remaining particles.
No alpha-active materials were present in either type of
particle,

Table 1 Activities (or detection limits) of Cs particles identified in the marine sediment samples?

Gamma-ray analysis Alpha analysis
Counting Counting
Code time/h 137Cs/Bq Unc. (%) 133Cs/Bq Unc. (%) time/h Ano/Bq
Csl 68 4 4 0.015 17 67 <0.0005
67 4.3 4 <0.01
Cs2 68 0.52 3 <0.005 N.M.
Cs2a 67 0.33 3 <0.004 27 <0.0007
Cs2b 67 0.16 [ <0.006 27 <0.0007
Cs3 68 0.38 5 <0.006 N.M.
Cs3a 16 0.075 8 <0.01 74 <0.0004
Cs3b 7 0.35 5 <0.02 74 <0.0004
Cs3ba 23 0.13 5 <0.008 NM.
Cs3bb NM. N.M.
Cs3be 66 0.11 4 <0.005 N.M.

a Activity analyses were performed using the GAMMA computer code'® in summer 1997, and the uncertainties (Unc.) refer to 1 s. Some particles were
counted several times with hyperpure germanium detectors of relative efficiency of 40% and 70%.5 Energy resolution of the detectors is 1.8 keV in 1.33
MeV. Three particles were originaily identified but, in subsequent isolation procedures, two of the particles (Cs2 and Cs3) fragmented into smailer pieces.
The sum of the activities of daughter particles Cs2a + Cs2b and Cs3a + Cs3b are close to those of the parent particles Cs2 and Cs3. Particle Cs3b became
further fragmented into 3 pieces. Au o Tefers to the upper limit of the total alpha activity of the whole particle. NM. = Not measured.
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In some cases autoradiography can be used for activity
analysis although the detailed composition of every beta-
emitting nuclide is not known.89 Particles on adhesive tape
were placed in an exposure geometry for which beta dose rate
coefficients for a water/water boundary!® can be used. The

Table 2 Aclivities (or delection limits) of Co particles present in the
lichen samples®

Gamma-ray analysis Alpha analysis

Counting Counting
Code time/h 0Co/Bq  Unc. (%) time/h Actor/Bg
Col 65 0.009 18 87 <0.0003
67 0.009 17
68 0.013 13
Co2 67 0.015 12 N.M.
Co3 65 0.037 7 73 <0.0005

@ Activity analyses were performed in summer 1997, and the uncertainties
(Unc.)referto 1 s. Aa, refers to total alpha activity detected from the whole
particle. N.M. = Not measured.
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Fig. 2 Diameter of the black spots on autoradiography film produced by
Cs particles as a function of the number of disintegrations (*37Cs or %0Sr).
The thick curve represents the ‘theoretical’ estimate? for 137Cs, whereas the
thin curve is that for 90Sr. Measured values, obtained using several exposure
times, are substituted in the figure. The size of the black spots cannot be
determined accurately using a digital scanner when the diameter of the spot
is smaller than about 0.5 mm.

detected size of the black spot compared with the calculated
(‘theoretical’) value enabled the activity to be estimated by a
factor of 2-3. In addition, the presence of high-energy pure beta
emitters, such as 90Sr/90Y, can be identified if their activity is
not much lower than that of 137Cs. However, no 99Sr/%0Y was
detected in the particles (Fig. 2). The upper limit for the activity
of 908r/90Y in particle Cs1 was approximately 1 Bg.

SEM microanalysis of the particles

Electron micrographs of the particles on the adhesive tape were
taken with a scanning electron microscope (SEM; Zeiss DSM
962) using either secondary electrons or backscattered elec-
trons. X-ray spectra and X-ray maps were measured with an
energy-dispersive spectrometer (Link ISIS) equipped with a
thin window Si{Li) detector.

Identification of the radioactive particles from numerous
non-active species (especially in the sediment samples) was a
tedious task because the composition of the metallic back-
ground particles of artificial origin varied greatly, and the
number of suspicious particles in a sample was very large. To
avoid misidentification, the suspected radioactive objects were

kY
0SH_ 962
STUB9B . T1F

#333066 8895
1024 x 1024

Fig.3 Secondary electron-image of particle Csl (tiited 60°). The particle
is lying on a steel plate. Remnants of the glue of the adhesive tape can be
seen on the upper edge of the figure. Scale bar = 50 um.

Fig. 4 Back-scattered electron image of particle Csl (no tilt, BSE) and X-ray maps for Na (K-line), Mg (K-line), Al (K-line), Si (K-line), Cl (K-line), Ti
(K-line) and Fe (K-line). The brighter the X-ray map, the higher is the concentration of the respective element. Area of the images is 230 pm X 230 pm.

Acceleration voltage was 20 keV.
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remeasured using a gamma-ray spectrometer. Three particles
(Csl1, Cs3bc and Col) were unambiguously separated from the
non-radioactive bulk particles.

- Particle Cs1 (Fig. 3) was a flat rectangle-shaped object of
about 30 um X 160 um X 200 um in size and was hardly visible
by the naked eye. X-ray maps showed the presence of numerous
elements, as well as small agglomerated particles, heteroge-
neously distributed over the surface of the particle (Fig. 4).
However, titanium (Ti) was rather evenly distributed on the
particle surface. Ti is commonly used in paints. The structure of
the particle Cs3bc (Fig. 5) was similar to that of Cs1, and it was
composed of the same elements (Fig. 6).

LESIBCLLITIF

Fig. 5 Secondary electron-image of particle Cs3bc (tilted 60°). The
particle is attached to adhesive tape. Scale bar = 100 um.

The radioactive particles were very difficult to identify in the
lichen samples although the number of inactive background
particles was much smaller than that in the sediment samples.
The reason for this was that the radioactive particles were very
small and their activity very low. Thus, numerous time-
copsuming verification measurements were needed in a
gamma-ray spectrometer. Particle Col was the only one that
was definitely identified (Fig. 7). It consisted of small (<1 pm)
agglomerated particles, and its shape was very irregular.
Because of the small size no other elements than Fe could be
certainly identified. No U or transuranium elements were
detected in the Cs and Co particles. The results of more detailed

H3I33066
512 x Bi2

Fip. 7 Secondary electron-image of particle Col on adhesive tape. Scale
bar = 2 um.

Fig. 6 Back-scattered electron image of particle Cs3bc (no tilt, BSE) and X-ray maps for Na (K-line), Mg (K-line), Al (K-line}, 8i (K-line), Cl (K-line),
Ca (K-line), Ti (K-line) and Fe (K-line). Arca of the images is 350 pm X 350 pm. Acceleration voltage was 20 keV.
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analyses of particles Csl1 and Cs3bc are presented in the
following.

Analysis of particle Csl

Since particle Cs1 was relatively large and the composition and
structure of its surface were heterogeneous, the question arises
of whether the '37Cs is homogeneously distributed in the
particle or not. Particle Cs1 was embedded in resin (LX-112).
After heat polymerization the hard block was sectioned into thin
slices with an ultramicrotome (Leica Ultracut UTC) equipped
with a glass knife.!! The thickness of the slices was 3 um and
the total number of slices was approximately 60. The slices were
transferred to glass plates (Fig. 8).

Autoradiography was carried out on the glass plates onto
which the radioactive particle Cs1 was sliced. Exposure with
light-multiplying layers® for two weeks revealed that the
amount of }37Cs was approximately equal in almost every slice
(Fig. 9). Thus, 137Cs was relatively evenly distributed either on
the surface of the particle or within the particle. Electron
micrographs of the slices were taken and X-ray maps showed
that the bulk material of particle Cs1 was heterogeneous. Ti was
clearly present.

X

Slice
nr. Glass plate 1
] 5

S

PARTICLE Cs 1

Giass plate 5

Fig. 8 Particle Csl was cut into 60 slices, which were subsequently
transferred to 5 glass plates.
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Fig. 9 Slices of particle Csl in autoradiography. The size of the black
spots refers to the amount of 137Cs in the slice. Percentages (counted using
a gamma-ray spectrometer) refer to the proportion of 137Cs out of the total
activily. A few slices at the top of plate 1 and at the bottom of plate 5 do not
include pieces of particle Csl. Two slices may also be located adjacently
(see for example plate 2) as a result of manual dislocation of the slices.
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Since it was suspected that particle Cs1 was a piece of paint,
an effort was made to use infrared (IR) spectroscopy to
determine the chemical composition of the slices. Four slices of
particle Cs1 were removed from the glass plates and were
transferred onto KBr pellets for measuring the infrared
absorption spectrum. The IR microscope (Spectra-Tech IR-
Plan) revealed that the slices were greenish in colour. The IR
spectra were measured using an FTIR spectrometer (Nicolet
model 800) with a medium-band Hg—Cd-Te (MCT) detector.

The diffcrences in the spectra of the different slices were
small. The spectra were typical of polyester with inorganic
components. The polyester was probably alkyd resin. Alkyd is
a widely used resin in paints. The inorganic pigments were
barium sulfate, ferriferrocyanide and an unidentified oxide.
Ferriferrocyanide has long been used as a blue pigment in
paints. The oxide might be titanium dioxide, but it could not be
identified on the basis of the IR spectrum, One slice was bumnt
at 600 °C to remove the organic material. The white residue was
mainly barium sulfate and an oxide. Ferriferrocyanide decom-
poses during the ignition process. Thus, particle Cs1 was most
probably a fragment of paint.

Analysis of particle Cs3be

Secondary ion mass spectrometry (SIMS) was used to verify the
results of Cs3bc obtained by SEM. Another objective was to test
the use of SIMS for nuclide and element analysis, since the
method is not commonly used for radioactive particles. The
analysis was carried out on a double-focusing magnetic sector
instrument (Vacuum Generators IX708S).12 Ga* ions of kinetic
energy 14 keV and current 1.5 nA were used as primary ions.
Element maps were taken of the positive secondary ions (Fig.
10).

The spatial resolution of SIMS is poorer than that of SEM.
However, the detection limits in SIMS are several orders of
magnitude lower than in SEM.!3 Small agglomerated particles
on the surface of particle Cs3bc were also detected using SIMS.
Comparison of the element maps produced by SIMS and SEM
(Figs. 10 and 6) shows that the elements appear to be somewhat
differently distributed over the particle surface. The differences
arise from the different intensity ranges of the imaging software
used in SEM and SIMS. Moreover, in SIMS the information
about the concentration of elements comes from the very
outermost surface layer of the particle, whereas in the case of
SEM the information is obtained from depths of a few
micrometres.

Discussion

The most difficult phase in determining the characteristics of
the individual radioactive particles was their identification and
separation from a bulk sample. This may be a simple task but,
as in the present case, it is sometimes very tedious. The more
active the particles, the easier is the isolation. However, the
advantages of isolation are apparent. It is possible to achieve
results that are otherwise not possible owing to the interference
of non-relevant bulk particles in the sample.

The isolation of radioactive particles and subsequent analyses
are not routinely performed on environmental samples. For
routine particle analyses it is essential to develop some sort of
‘cookbook’, in which detailed procedures and methods of
analysis are described. The manner in which different analysis
techniques are used is highly dependent on the type of
information needed in each case. It is evident that non-
destructive analyses should be performed before destructive
analyses. For example, the radiochemical separation of transur-



anium elements from a bulk sample prohibit subsequent
analysis of individual particles.

The order in which the different phases of analysis are
performed could be as follows (the list contains techniques that
are not applied in the present paper).

(1) Identification, localisation and isolation of radioactive
particles using a combination of gamma-ray spectrometry and
autoradiography (or another method which is able to localise
particles accurately). The particles can be fixed onto adhesive
tape. In addition to gamma-ray measurements, preliminary
activity analysis of individual particles can also be performed
using autoradiography. The presence of pure beta emitters may
then be revealed.®

(2) Gamma-ray analysis of isolated particles (if not per-
formed in phase 1). The detection limits may be very low
because of ideal point-source geometry and missing back-
ground radiation coming from the bulk sample.

(3) Alpha analysis of the entire particle. Only an estimate of
the total alpha activity can be obtained because of the self-
absorption of alpha particles.? However, the most energetic
alpha-emitting nuclide can be identified on the basis of the
maximum energy of the alpha spectrum.

(4) Identification of particle size and shape, and analysis of
the elemental composition using (scanning) electron micros-
copy and X-ray mapping. Other X-ray fluorescence techniques
and non-destructive mass spectrometry (such as SIMS) are also
possible. These methods are intended for surface analysis of
particles rather than for bulk particle analysis. However,
concentration profiles can be measured as a function of depth
using SIMS.

(5) Analysis of the beta spectrum emitted from the particle
using a liquid scintillator. The beta spectrum may be too
complicated for quantitative analysis if a large number of beta-
active nuclides are present in the particle. In some cases 9Sr/

90Y can be identified from the spectrum,® but point-source
calibration is needed for quantitative results.

(6) Elemental composition of the bulk particle can be
obtained by neutron activation analysis. In addition, infrared
spectroscopy may also be applicable, as the present paper
shows.

(7) The methods of analysis mentioned above are non-
destructive (other methods not mentioned here also exist). A
wide variety of destructive methods can be used in analysing the
properties of bulk particles. For example, the radiochcmical
separation of certain elements and their subsequent analysis
using an alpha spectrometer is a very sensitive method. Mass
spectrometers, such as inductively coupled plasma mass
spectrometry (ICP-MS), are adequate for analysing the nuclide
composition.

A range of assay methods are needed for the complete
characterisation of radioactive particles, and some of them were
used in the present analyses. The possibility of making cross
checks of the results between different methods gives an
additional justification. It is clear that comprehensive analyses
are not necessarily needed for every sample and for every
particle. Radioactivity measurements are often sufficient.
Because of the high costs of the analyses the need must be
evaluated case by case.

It is clear that the particles were not from global fallout
caused by nuclear explosion tests or the Chernoby! accident.
The paint particles isolated from the sediment samples, and
which contained radioactive Cs, might originate from the
storage ships Lepse or Imandra lying in Atomflot. Some of the
rusty storage containers are not necessarily leak-tight, and Cs-
contaminated pieces of paint from the rusty storage ships may
be washed into the Kola Bay. Unfortunately, in the present
study it was not possible to verify this assumption, The origin of
137Cs and !3Cs in the paint particles is somewhat questionable,

Fig. 10 The total ion image of particle Cs3bc taken by SIMS and element maps of 23Na, 2*Mg, 27Al, 288], 35Cl, 40Ca, “8Ti and 5*Fe.
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but the presence of 134Cs indicates that the Cs in the particles
has been present in a nuclear reactor.

The particles isolated from the lichen sample and containing
$0Co probably originated from the Nerpa Shipyard in the
Polarnyy area, where the maintenance and repair of nuclear-
powered ships are performed. However, particle Col was so
small that, in principle, it may have been transported also from
distant areas.
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