
Aerosol Science and 
Technology:  

History and Reviews
Edited by David S. Ensor

RTI Press



©2011 Research Triangle Institute. 
RTI International is a trade name of Research 
Triangle Institute.

All rights reserved. Please note that this 
document is copyrighted and credit must be 
provided to the authors and source of the 
document when you quote from it. You must 
not sell the document or make a profit from 
reproducing it.

Library of Congress Control Number: 
2011936936 
ISBN: 978-1-934831-01-4

doi:10.3768/rtipress.2011.bk.0003.1109  
www.rti.org/rtipress

This publication is part of the RTI Press Book series.
RTI International 

3040 Cornwallis Road, PO Box 12194, Research Triangle Park, NC 27709-2194 USA 
rtipress@rti.org 

www.rti.org

About the Cover

The cover depicts an important episode 
in aerosol history—the Pasadena 
experiment and ACHEX. It includes a 
photograph of three of the key organizers 
and an illustration of a major concept 
of atmospheric aerosol particle size 
distribution. The photograph is from 
Chapter 8, Figure 1. The front row shows 
Kenneth Whitby, George Hidy, Sheldon 
Friedlander, and Peter Mueller; the back 
row shows Dale Lundgren and Josef 
Pich. The background figure is from 
Chapter 9, Figure 13, illustrating the 
trimodal atmospheric aerosol volume size 
distribution. This concept has been the 
basis of atmospheric aerosol research and 
regulation since the late 1970s.



Chernobyl
Observations in Finland and Sweden 
Jussi Paatero, Kaarle Hämeri, Matti Jantunen, 

Pertti Hari, Christer Persson, Markku Kulmala, Rolf Mattsson, 
Hans-Christen Hansson, and Taisto Raunemaa

ChAPTER 12

Introduction
The Chernobyl nuclear accident happened in the former Soviet Union on 
April 26, 1986. The accident destroyed one of the RBMK-1000–type reactors 
and released significant radioactive contamination into the environment. The 
Chernobyl nuclear power plant is situated in the Ukraine, 130 km north of 
the capital, Kiev. The rare RBMK-type graphite-moderated reactors used a 
light-water cooling system and 180 tons of relatively lightly enriched uranium 
dioxide fuel. The acronym RBMK comes from Reaktor Bolshoy Moshchnosty 
Kanalny, meaning high-power channel reactor. The thermal output of the 
reactor model was 3,200 MW with an electrical output of 1,000 MW. Several 
of the RBMK’s design characteristics—for example, the control rod design 
and positive temperature and void coefficients of reactivity—were unsafe. An 
advantage of this reactor model is its good neutron economy, requiring less 
enriched uranium fuel compared with conventional light-water reactors. In 
addition, the nuclear fuel can be replenished while the reactor is in operation.

This chapter discusses the impact of nuclear fallout from Chernobyl in 
Finland and Sweden and presents an overview of related research activities 
and main results.

The Accident 
The reactor was scheduled for a regular maintenance shutdown on Friday, 
April 25. In connection with this maintenance, a test program was planned 
to assess how long the steam turbines’ kinetic energy could deliver power 
to safely operate the power plant in case of shutdown resulting from a 
lack of external power. Because there was an abundance of short-lived 
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neutron-absorbing nuclides after reactor shutdown, the reactor could not be 
restarted for a few days. However, the power plant operators were requested 
to deliver full power again the following Monday morning, April 28, after 
reactor shutdown. In an attempt to meet the two opposing objectives, the 
operators planned not to close the reactor down but to keep it operating at a 
very low power level, at which the reactor was inherently unstable. To do this, 
several reactor safety systems had to be switched off. The power plant’s staff 
started the experiment on April 26 at 1:22:30 a.m. local time (21:22:30 UTC 
on April 25), ignoring the process-control computer’s recommendation for 
an immediate reactor shutdown. A minute later, a power surge in the reactor 
fragmented the fuel elements, causing the cooling water to vaporize. The 
resulting pressure broke the fuel channels, and the water vapor reacted with 
the zirconium of the fuel rods and with the graphite moderator, producing 
hydrogen and carbon monoxide. These mixed with atmospheric oxygen, and 
the mixture ignited, causing a secondary explosion. The graphite moderator 
caught fire, possibly supported by the Wigner effect (i.e., a sudden energy 
release caused by the annealing of radiation damage in the graphite lattice). 
Several fires started in the reactor building. The reactor core burned for at 
least 1 week, prolonging the emissions of radioactivity into the atmosphere. 
The fire was extinguished and the emissions halted by dropping 4,000 tons of 
sand, clay, boron, and lead from helicopters over the reactor ruins. 

According to Soviet Union estimates, all the radioactive noble gases from 
the core inventory were liberated during the accident (Table 1). Ten to twenty 
percent of the volatile nuclides (e.g., 131I and 137Cs) were released into the 
environment. A 2–6% fraction of the refractory nuclides, such as 95Zr and 
transuranium elements, were also released (International Atomic Energy 
Agency, 1986).

Dispersion of the Plume
The energy released during the accident caused the radioactive plume to reach 
considerable altitudes and spread the debris with high wind speeds (8–11 m/s) 
quickly into the atmosphere. At first, the emissions were transported 
northwestward over Poland, the Baltic states, Finland, and Sweden. The 
plume arrived in Finland from the southwest on April 27 at 12:00 UTC, with a 
release height of 2,000 m. The plume then moved across the country northeast 
to the Kuhmo region and then back to the Soviet Union and toward the 
southern shore of the White Sea.
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Radionuclide Activity Bq Release %

85Kr 3.3 × 1016 ~100

133Xe 1.7 × 1018 ~100

131I 1.3 × 1018  20

132Te 3.2 × 1017  15

134Cs 1.9 × 1017  10

137Cs 2.9 × 1017  13

99Mo 4.8 × 1018  2.3

95Zr 4.4 × 1018  3.2

103Ru 4.1 × 1018  2.9

106Ru 2.0 × 1018  2.9

140Ba 2.9 × 1018  5.6

As of April 27, emissions were spreading to eastern central Europe, 
southern Germany, Italy, and Yugoslavia. Within the next week, the plume 
was transported southward from Chernobyl to Rumania, Bulgaria, the 
Balkans, the Black Sea, and Turkey. After that, the emissions arrived again 
over Central Europe, Scandinavia, and Finland (Persson et al., 1987). Finally, 
the plume nearly covered the northern hemisphere. Most of the Chernobyl-
originated activity remained in the troposphere, but it could also be detected 
in the stratosphere (Jaworowski & Kownacka, 1988).

The air parcel trajectories originating from Chernobyl at the time of 
the accident show that the radioactive plume moved first northwestward 
(Valkama et al., 1995). Over Lithuania, the plume separated into two main 
paths. At lower altitudes (750–1,000 m), the plume continued toward Sweden 
and Norway. At higher altitudes (1,500–2,500 m), the plume turned toward 
the north. The plume arrived in Finland from the southwest, arriving in 
southwestern Finland on April 27 at 12:00 UTC, with a release height of 
2,000 m.

Table 1. Core inventory and total release of radionuclides from Chernobyl reactor 
accident April 26, 1986. Assumed accuracy is ±50%

Radionuclide Activity Bq Release %

141Ce 4.4 × 1018  2.3

144Ce 3.2 × 1018  2.8

89Sr 2.0 × 1018  4.0

90Sr 2.0 × 1017  4.0

239Np 1.4 × 1017  3

238Pu 1.0 × 1015  3

239Pu 8.5 × 1014  3

240Pu 1.2 × 1015  3

241Pu 1.7 × 1017  3

242Cm 2.6 × 1016  3

Source: International Atomic Energy Agency, 1986.
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First Observations in Sweden and Finland
In Sweden, the first clear registrations were being made in eastern Svealand, 
north of Stockholm on April 27 at 12:00 UTC (Persson et al., 1987). The 
Forsmark nuclear power plant, which is situated in the contaminated area, 
received rain on April 27 and 28, and the rains’ radioactivity caused a 
radiation alarm to sound in the external monitoring system on the morning 
of April 28. Also, the contamination monitors of the personnel detected 
unusual radioactivity. The Swedish reactor safety authorities demanded that 
the Forsmark plant be shut down if the source of the radioactivity was not 
found immediately. However, since the radioactivity was detected on persons 
entering the plant rather than leaving it, this indicated that the plant was not 
the source of contamination. The composition of the radionuclide mixture, 
absence of neutron activation products, and certain elemental isotope ratios 
suggested the fallout was from fission that had been occurring for some time. 
In combination with the weather data, Swedish scientists concluded that the 
source of the radioactivity was a reactor accident somewhere in the western 
Soviet Union.

The existence of radionuclide contamination in the air forced the Swedish 
National Radiation Protection Institute to conduct a mapping of statewide 
radiation. According to the gamma activity measured via airborne counting 
at a height of 150 m from May 1–8, a high dose rate region (300–400 
µR/h [3–4 μSv/h]) was distinguishable around Gävle, 200 km northwest 
of Stockholm. The deposition was later converted from dose rate units to 
137Cs ground surface deposition in kBq/m2. The gamma activity map was 
published by the local newspaper Dagens Nyheter on May 8, 1986. The flight 
survey covering all of Sweden disclosed two other high-activity areas north 
of Gävle in Västernorrland and in the central mountain area (Linden & 
Mellander, 1986).

In Finland, many of the radioactivity and weather observations and 
dispersion estimates were not available during the acute fallout phase 
because of a government employees strike. The Chernobyl plume did not 
reach ground-level air in the archipelago of Ahvenanmaa southwest of the 
Finnish mainland on April 27, but two hot particles (i.e., highly radioactive 
agglomerates discussed in detail below) were observed with the aerosol beta 
activity monitors of the Finnish Meteorological Institute (FMI) (Mattsson 
& Hatakka, 1986). The particles were large enough to settle by gravitation 
through a clean layer of air beneath the plume. On the afternoon of April 27, 
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an aerosol beta activity monitor reacted to the artificial radioactivity in 
Nurmijärvi but not in Helsinki, despite the short (about 40 km) distance 
between the monitoring stations. This was probably because of the convection 
over inland Nurmijärvi, while the lower troposphere was stratified in Helsinki 
because of the cold sea surface. Most of the FMI’s aerosol beta activity 
monitors in southern and central Finland detected artificial radioactivity on 
April 28, especially in the afternoon when there was increased vertical mixing 
of the troposphere.

The external dose rate was not significantly affected by the radioactivity 
in the ground-level air. At Kajaani, in northeastern Finland, a Ministry of 
the Interior monitoring station measured an increased exposure rate value 
of 0.1 mR/h (1 μSv/h) on the evening of April 27 in connection with a rain 
shower (Finnish Centre for Radiation and Nuclear Safety, 1986a). However, at 
the time, the ground-level air there was still free from artificial radioactivity 
(Mattsson & Hatakka, 1986). On April 29, an area of rain moved from the 
west coast of Finland in an easterly direction. The rain was considerably heavy 
in western areas of Finland (2.5–10 mm Turku-Tampere region) (Koivukoski, 
1986; Savolainen et al., 1986). The rain brought the activity to the ground, 
causing notable increases in the external dose rate; in Uusikaupunki on the 
west coast of Finland, the dose rate increased from 0.2 to 4 µSv/h (Puhakka et 
al., 1990). In eastern parts of Finland, the advancing air met a cold northerly 
airstream resulting in icy rainfall and thunderstorms. After April 29, a rather 
uniform rain area was located over central Sweden and Finland.

The Finnish Centre for Radiation and Nuclear Safety, currently STUK 
(Radiation and Nuclear Safety Authority), found fresh fission products from 
aerosol, snow, and lichen samples collected from April 28 onward (Finnish 
Centre for Radiation and Nuclear Safety, 1986b). After the first few days, 
no significant amounts of radioactivity were deposited in Finland, although 
somewhat elevated values were observed on May 11 and May 13 in southern 
Finland.

Organization of Research
Since many of the radionuclides were short lived, the collection and 
measurement of environmental samples had to begin as soon as possible. 
In the rapid surveys carried out by the researchers from the universities of 
Helsinki and Kuopio, the National Public Health Institute (KTL), the FMI, 
and the State Technical Research Centre (VTT), radioactive substances were 
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detected in samples taken from living trees, needle fall, traffic signs, rain 
water, ventilation filters, and numerous other places (Anttila et al., 1987; 
Jantunen et al., 1992; Raunemaa et al., 1987; Sinkko et al., 1987; Suutarinen, 
1986). Because of possible health effects, extensive programs were started 
in the STUK to obtain information on population dose assessment and the 
radioecological parameters in the environment. In the following section, only 
some major findings from those investigations are included, as the main scope 
is directed to the scientific- and aerosol-related research activities and to the 
outcomes of those activities. 

Soon after the accident, following an initiative of active researchers, the 
government funding agency Academy of Finland provided about 1 million 
Finnish marks (150,000 euros) in first aid money for the research projects 
(Kauranen, 1988). The scarcity of funding was a chronic problem, however, 
and persisted throughout the duration of the projects. The Academy of 
Finland established a working group as a link between the research groups. 
The working group organized three open symposia in 1986, 1987, and 1988, 
along with a number of group meetings. The Academy of Finland granted 
research support that helped to obtain efficient instrumentation for research 
groups.

External Radiation and Air Electricity
Radioactivity mapping over Finland was organized by the Finnish Ministry of 
Interior between April 26 and May 16; this mapping showed that the ground 
deposition in Finland covered southern and central parts of the country 
and had an irregular distribution like in Sweden. In Finland, the highest 
contamination (over 100 µR/h [≈1 μSv/h]) disclosed by the mapping was 
around Uusikaupunki in western Finland and Kotka in southeastern Finland 
(Koivukoski, 1986).

The first surveys of radiation in the atmosphere were performed by 
military aircrafts responding to the news about a suspected radioactive plume 
(Sinkko et al., 1987). Vertical profiles of gamma radiation values at airport 
regions in Helsinki, Tampere, and Pori before noon on April 29 showed that 
the external radiation was at its maximum between 1,000 and 2,000 m above 
ground (Sinkko et al., 1987). The gamma dose-rate levels were between 
0.1–0.8 µSv/h. In the afternoon of April 29, alarms sounded in several 
ground-level radiation monitoring stations when precipitation scavenged 
the substances from the troposphere. In Sweden, the overall picture of the 
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radioactive fallout was much clearer because the first alarms were sounded 
early at the Forsmark nuclear power plant as described previously (Devell et 
al., 1986; Persson et al., 1986).

A need for a prompt warning tool to alert the authorities about an 
approaching radioactive plume became apparent when special research at 
FMI during the time of the accident became public. Radioactive substances 
in the air can affect the air’s electrical conductivity. A tenfold increase in the 
conductivity was observed at the Helsinki-Vantaa airport in April and May 
of 1986. From April 30 to May 1, the conductivity meter was off the scale, but 
from the recordings of potential gradient, it was estimated that conductivity 
had been 150–200 fS/m (Tuomi, 1988, 1989). Conductivity reached a normal 
level again by the end of summer 1986. However, later it became apparent 
that if the conductivity would be used for monitoring radioactivity, it would 
require a simultaneous measurement of aerosol particle–size distribution. 
Similar conductivity observations were made in Sweden. In Uppsala, 
northwest of Stockholm, the electrical conductivity of the air increased from 
20 fS/m to 220 fS/m after a rainfall on April 29 (Israelsson & Knudsen, 1986).

Radionuclides in the Air
The FMI has collected daily aerosol samples with a high-volume filter sampler 
at Nurmijärvi since 1962. The filter samples are measured for total beta 
activity. The measurements are carried out 5 days after the end of sampling 
when the short-lived daughter nuclides of 222Rn have decayed to 210Pb and 
the 220Rn progeny have decayed to stable lead. The measured activity consists 
of 210Pb and possible artificial beta-emitting fission products. The monthly 
mean total beta activity concentration in April 1986 was the highest ever 
recorded, 1 Bq/m3 (Paatero & Hatakka, 1994). However, the time-integrated 
activity concentration was significantly higher in the early 1960s because of 
the Soviet and U.S. atmospheric nuclear tests.

In Finland, analysis of a filter sample taken at a height of 1,500 m at noon 
on April 29 showed that the most dominant radionuclides were 131I, 132Te, 
and 137Cs; 103Ru activity was also observed. Ground-level air in Helsinki was 
concentrated at that time with about 1/200 of the plume activity (Sinkko et 
al., 1987). Coincidentally, a geological survey aircraft equipped with a NaI(Tl) 
spectrometer flew through the Chernobyl plume on April 29. The following 
could be found in the analyzed gamma spectra: 131I, 132I, 134Cs, 137Cs, and 
140La (Grasty et al., 1997).
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Between April 28 and May 16, 1986, the concentration of 137Cs in ground-
level air at Nurmijärvi decreased four orders of magnitude, starting from 
104 mBq/m3 (Finnish Centre for Radiation and Nuclear Safety, 1986b). 
On April 28, the ground-level air at Nurmijärvi contained 32 µBq/m3 of 
239,240Pu and 506 µBq/m3 of 242Cm (Jaakkola et al., 1986). For comparison, 
the annual mean 239,240Pu concentration in the air in Helsinki varied between 
7 and 26 µBq/m3 from 1962–1964 because of the atmospheric nuclear 
detonations (Jaakkola et al., 1979). 14C and tritium could be observed in the 
air in Helsinki during only the first 3 days after the arrival of the Chernobyl 
plume. The maximum 14C activity concentration was 30 times higher and 
tritium activity concentration was 100 times higher than the background level 
(Salonen, 1987).

The characteristics of radioactive aerosols in ambient air in Finland were 
measured by Kauppinen and colleagues (1986). Iodine, whose isotopes are 
short-lived, was transported mainly in the gaseous phase and was adsorbed 
on local aerosol during travel. Geometric mean aerodynamic diameter for 
particle-bound 131I measured from May 7–9 was 0.33 µm (Figure 1). Iodine 
particle size was reported to be smaller than that of the isotopes 103Ru, 132Te, 
and 137Cs, having geometric mean diameters between 0.63 and 0.93 µm. The 
values determined with the aid of an 11-stage Berner low-pressure impactor 
were equal to those observed by Reineking and colleagues (1987) in Germany. 

Figure 1. 131I-activity concentration as a function of particle size distribution, Helsinki 
May 7–9, 1986. 
Source: Kauppinen et al., 1986.
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Deposition
In stark contrast to the fallout from nuclear weapons tests during the 1960s, 
the Chernobyl fallout was extremely unevenly distributed in Sweden and 
Finland. In Finland, the regional deposition pattern of different nuclides 
has been studied by mobile and airborne in situ gamma spectrometric 
measurements and by collecting lichen, peat, and soil samples for laboratory 
analysis (Arvela et al., 1990; Kettunen, 2006; Paatero et al., 2002; Reponen, 
1992). A portion the radionuclides was associated with hot particles. In 
addition, the nuclide ratios showed large and apparently random variations, 
even between close locations. For example, 95Zr was mainly deposited on 
a relatively narrow band from southwestern Finland toward the northeast. 
137Cs, however, was deposited in larger areas in southwestern, central, and 
southeastern Finland. These variations resulted from the composition of the 
emissions varying as a function of time. The first emissions contained reactor 
fuel debris, including 95Zr and plutonium isotopes, while later, during the 
subsequent fire, the volatility of the nuclides affected the composition of the 
emissions (Figure 2). In addition, there might have been short-term criticality 
events that produced new fission products from the remains of the reactor 
core. The Finnish Defence Forces later surveyed the regional distribution 
of 137Cs in south and central Finland using airborne gamma spectrometry 
(Kettunen, 2006).

Figure 2. Deposition 
of 239,240Pu (Bq/m2) 
in Finland after the 
Chernobyl accident.
Source: Courtesy of the 
author.
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Two consistencies with the activity ratios, however, soon emerged: the 
95Zr:141Ce activity ratio was constant at 1.04, and the 134Cs:137Cs activity ratio 
was also constant at 0.549, corresponding to a fuel burn-up of 9 GWd(tU)-1 
(Anttila, 1986). Kirchner and Noack (1988) reported a 134Cs:137Cs ratio 
of 0.528, and a corresponding fuel burn-up of 12.85 GWd(tU)-1. The term 
“burn-up” is defined as the amount of energy extracted from the nuclear fuel. 
The nuclide composition of the nuclear fuel changes as a function of burn-up 
and, thus, provides information on the operational history of the nuclear fuel. 
These consistent results indicated that there were also logical explanations to 
be found for the other, apparently illogical, results (Jantunen et al., 1991). 

Based mainly on the sample analyses of lichen (Hypogymnia physodes, 
Cladonia sp.) and pine needle (Pinus sylvestris), it was found that deposition 
could vary significantly, even within a few kilometers. These unsystematic 
high-deposition spots with a radius of about 5 km were identified in three 
to four locations, the highest 95Nb activity being about 40 kBq/kg of sample 
mass in some areas. Average analyzed nuclide activity composition in samples 
from 160 locations is given in Table 2. In these hot spots, the 95Zr, 95Nb, and 
144Ce activities had a relatively higher contribution to total activity compared 
with other areas (Luokkanen et al., 1988a).

134Cs and 137Cs appeared in particles with the size range below 1 µm and 
were deposited mainly by rain scavenging, which was also identified in aerial 
fallout mappings (Arvela et al., 1987; Arvela et al., 1989; Jantunen et al., 1991; 
Lang et al., 1988; Luokkanen et al., 1988b). The highest aerial deposition 
values obtained in the analyses were 70 kBq/m2 for 137Cs and 420 kBq/m2 for 
131I (Jantunen et al., 1991) and about 30 kBq/m2 for 95Zr (Arvela et al., 1990). 

Table 2. Average activity composition of hot particles

Isotope T½ (days) Average composition (%)

Saari Rytömaa

95Zr 64.0 24.8 18.9
95Nb 34.0 24.9
103Ru 39.4 8.6 43.2
106Ru 367.0 1.8 8.9
141Ce 32.55 25.7 19.0
144Ce 284.5 14.2 10.0

Source: Saari et al., 1989, from Scots pine needles on May 1, 1986; Rytömaa et al., 1986b, airborne  
April 28, 1986.
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The Finnish Centre for Radiation and Nuclear Safety divided the deposition 
into five categories according to 137Cs fallout, with the highest three areas 
having 10–67 kBq/m2 (Rantavaara, 1988). In the cluster analysis of 257 
samples (Lang et al., 1988), the nonvolatile elements zirconium, niobium, and 
cerium coupled properly together, but ruthenium was observed to couple with 
the more volatile cesium.

Radioactive fallout may also cause an external radiation dose in people. 
The level of this radiation changes with time because of physical decay, but 
also because of rain washing it away, migration into the soil, leaching from 
organic material, and removal or covering of the surface soil in various urban 
development processes. The effective decay rate was investigated by repeated 
measurements from the same locations on hard (asphalt), porous (sand), and 
natural (grass, forest) surfaces for about 900 days after May 1, 1986 (Reponen, 
1992; Reponen & Jantunen, 1991). The radiation level in 1986 decreased very 
quickly during the summer but slowed considerably by autumn. As expected, 
the quickest decay was from the hard, artificial urban surfaces (e.g., stone, 
concrete and asphalt), and surfaces like gravel and sand; decay was the 
slowest—essentially identical to physical decay—from natural surfaces (e.g., 
grass and forest) in the parks. The effective half-life for the 1986 decay of 137Cs 
(physical half-life is 30 years) was 80–200 days for hard surfaces and 150–400 
days for sand surfaces. For the 1987–1988 decay period, the respective values 
slowed down to 330–720 days and 1,200–4,200 days. These numbers mean 
that removal of the fallout radionuclides from many typical urban surfaces—
with the exception of parks—is relatively fast, and that the external radiation 
in the cities is, therefore, reduced more rapidly than the physical decay of the 
nuclides alone would indicate. This finding is important for estimating the 
external radiation from those fallout radionuclides with a half-life of years or 
more. 

The highest specific concentrations in the soil were usually below rain 
channels emanating from dwellings. For 131I, the 42 kBq/kg concentration 
observed May 18, 1986, decayed to 6 kBq/kg in 1 month and a similar 
decrease was also observed for 103Ru activity (Raunemaa, 1986). Precipitation 
scavenging was studied by Jylhä (1991) using Chernobyl fallout and 
weather radar data to obtain empirical values for the scavenging coefficient 
from the radioactive plume approaching Finland at the height of 1,500 m. 
Coefficients could be determined for 10 radionuclides, including iodine, by 
considering the in-cloud and below-cloud wet-removal effect caused mostly 



350  Part IV. Military Applications and Nuclear Aerosols  

by rain droplets. The average scavenging coefficient was Λ = 10-4 s-1 R0.64, 
incorporating both the rainout and washout effects. Three-dimensional data 
from weather radars produce real-time precipitation information and can thus 
provide a fast, qualitative estimate on regional deposition patterns.

hot Particles
The existence of radioactive hot particles in the core debris was a specific 
feature during the early stage of emission. These particles were highly 
radioactive agglomerates, being either fragments of the nuclear fuel or 
particles formed by interactions between condensed radionuclides, nuclear 
fuel, and structural reactor materials (Devell et al., 1986; Lancsarics et al., 
1988; Raunemaa et al., 1987).  

The appearance of hot particles was not a unique event. They were 
often observed with autoradiography in the 1960s and 1970s as a result of 
atmospheric nuclear tests (Moore et al., 1973; Sisefsky, 1964; Sisefsky & 
Persson, 1970). The aerodynamic diameter of the Chernobyl-originated hot 
particles varied from one to several hundred micrometers; gravitational 
settling thus had to be taken into account when assessing their atmospheric 
transport behavior (Pöllänen et al., 1997).

Altogether, high-activity hot particles with an activity over 200 Bq were 
detected from an aerosol sample collected between April 28 UTC and April 
29 UTC from the roof of the FMI’s main building in Helsinki. The air volume 
of the sample was about 3,500 m3. The number of lower-level radioactivity 
particles (0.05–200 Bq) in the filters was well over 10,000 during the first 
3 days (Figure 3). From May 1 onward, no significant hot particle radioactivity 

Figure 3. Hot particles 
on a glass-fiber filter 
as measured with 
autoradiography, 
sampling at Nurmijärvi, 
southern Finland April 
28–29, 1986, exposure 
in September 1993. The 
picture represents a 
filter area of ca. 5 cm x 
10 cm.
Source: Mattsson and 
Hatakka, 1986.
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was found because scavenging rain on April 29 cleared the air and the plume 
transport direction had changed (Mattsson & Hatakka, 1986). 

Studies to identify hot particle characteristics began immediately at 
the universities of Helsinki and Kuopio and at the laboratories at FMI and 
STUK (Mattsson & Hatakka, 1986; Raunemaa et al., 1987; Saari et al., 1989; 
Reponen, 1992; Rytömaa et al., 1986a). Using residence time estimation, 
researchers deduced that the size of transported hot particles was below 20 µm 
(Nordlund, 1986). Using radiographic and scanning electron microscopy 
(SEM) analysis techniques, a particle diameter range from 2–6 µm was later 
analyzed from particles isolated and pictured in Finland (Luokkanen et al., 
1988b; Saari et al., 1989). A mean geometric diameter of 3.8 µm for these 
particles corresponds to an aerodynamic diameter of 10 µm. Rytömaa et al. 
(1986b) found airborne hot particles with a size ranging from 3–7 µm. 

Ventilation filters, needle and lichen materials, and solid surfaces were 
intensively searched by research groups for hot particle deposition; this 
detailed research continued during the year following the accident. Many 
types of environmental material, which were systematically gathered and 
stored by state and research institutes, were offered and often used in analyses, 
but an enormous amount of study materials were collected by individual 
researchers. In a meeting at Skokloster, Sweden, on November 3–4, 1986, 
research findings, including hot particle studies on Chernobyl fallout, were 
quickly disseminated around the Nordic countries. One of the first summary 
reports concerning the Chernobyl hot particles came out 1 year later in the 
Theuern meeting (von Philipsborn & Steinhäusler, 1988). Later, hot particle 
studies were reviewed by Sandalls and colleagues (1993).

Most of the isolated hot particles were found from pine tree needles. 
Coniferous trees (spruce and pine) are good collectors of airborne particles 
because of their large leaf area. Their leaf area index (LAI) is 4–5, which is 
used to compare actual collecting leaf surface area to the projected leaf area. 
The existence and location of a radioactive particle on a single needle surface 
among tens or hundreds of particles was first detected by autoradiography 
on hundreds of collected needles (Saari et al., 1989). When a hot spot on the 
film was identified after 2 days’ exposure, efforts were made to remove the 
radioactive particle from the needle surface onto a suitable backing material 
for further analysis. A nuclepore filter was an excellent substance for gathering 
particles. By repeated needle cutting, picking up, and radiography, particles 
were prepared for electron microscopic analysis. Some of the particles were 
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even identified and photographed on the needle surface without removal. The 
amount of radioactivity in a single particle was then determined by gamma 
spectroscopy using an efficient gamma detector. In the Department of Physics 
of the University of Helsinki, a 120 cm3 high-purity germanium detector 
and an ORTEC 4K channel pulse-height analyzer were used for the analysis. 
Paatero and colleagues (1998) used radiochemical separation and alpha 
spectrometry to analyze the content of transuranium nuclides in two isolated 
hot particles. Based on the 238Pu/239,240Pu activity ratio, they deduced that the 
nuclear fuel burn-up values represented by these particles were 10,000 and 
14,000 GWd(tU)-1. New analytical techniques have since been developed to 
characterize hot particles (Jernström, 2006).

The results of 21 isolated hot particles showed total gamma activity 
between 15–560 Bq, with the major radioactivity attributed to 95Zr, 95Nb, 
141Ce, and 144Ce isotopes. The elements zirconium and niobium have high 
melting points (1,852°C and 2,800°C), and cerium melts at a somewhat lower 
temperature (799°C). The co-existence of these elements in the debris was first 
taken as an indication of virtually unexplainable temperatures at the time of 
their release. Elemental ruthenium also has a high melting point (2,310°C). 
In some particles, only 103Ru and 106Ru were identified; therefore, researchers 
assumed chemical reactions happened during the melting process. Several 
researchers reported finding only ruthenium-containing hot particles (Devell 
et al., 1986; Rytömaa et al., 1986b).

Ruthenium enriched in hot particles could be partly explained by rich 
inclusions formed in the UO2 fuel—the mechanism of which had been 
observed in normal power plant operation. Ruthenium could have been 
released in an oxidized form (RuO4 mp is 25.5°C), which could explain 
the “volatile” ruthenium release. Fuel oxidation in the high-temperature 
fire during core meltdown produced ruthenium vapors out of the UO2 
matrix, which then would have condensed onto fine particles. In the late—
and hottest—phases of the reactor burning, their dispersion into the air 
would then correlate with the dispersion of volatile cesium. The amounts of 
zirconium, niobium, and cerium radioactivity were in agreement with those 
expected for the fuel burn-up at the time of the accident (Jantunen et al., 
1991). Average burn-up estimated by various research groups ranged from 
7,500–15,000 GWd(tU)-1 as compared with the early Soviet estimate of 10,300 
GWd(tU)-1 (Petrosyants, 1986). Studies concerning the behavior of ruthenium 
in high temperatures are ongoing (Kärkelä et al., 2006).
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Microscopic X-ray analysis of hot particles showed also that uranium was 
the bulk material of most individual particles, confirming that pure, solid 
nuclear fuel fragments were emitted during the core collapse. The fragmented 
shapes were confirmed from SEM pictures revealing sharp crystal formations 
(Raunemaa et al., 1987; Saari, 1987). On the surface of some fuel fragments, 
small solid spherules were ultimately identified as resulting from the melting 
and solidification process. In addition to fuel fragment forms, other hot 
particle structures and compositions were recognized. Similar to uranium, 
zirconium was identified as the other main element by Saari and colleagues 
(1989). Based on X-ray microanalysis, Salbu (1988) identified ruthenium, 
technetium, and molybdenum in addition to iron and nickel in a 2-µm 
spherical particle situated on the surface of a large silicon-containing particle. 
Zirconium and steel material are used in the fuel rods and fuel channels, and 
their presence in fallout particles confirms the core melting process.

There is a considerable scientific and public interest in the nuclide activity 
ratios in nuclear power plants, especially in the core fuel. Chernobyl fallout 
debris represents the minute core inventory at the release time, and the 
nuclide ratios reveal both the age of the core’s fuel and whether the reactor 
was used to extract plutonium. From the measurement data, researchers 
found that the average fuel age was 2 years, and from this, it could be seen that 
no monthly removal of fuel elements had been conducted.

An important outcome in identifying radioactive hot particles was 
the intensification of studying their health effects. A particle causes local, 
nonstochastic damage in its closest location in a human body and may 
introduce possible long-term effects. Health effect studies were initiated on 
these after Chernobyl, as in Finland (Lang & Raunemaa, 1991; Pöllänen, 2002; 
Rytömaa et al., 1986b).

Radionuclides in the Indoor Air
Since most of the fallout was because of rain washout, initially very little of 
it entered indoors. However, penetration of resuspended, contaminated soil 
dust from outdoor air and transport of the dust located on shoes transported 
Chernobyl fallout indoors, and the respective measurements were used as a 
tool to identify indoor accumulation and to determine the outdoor-to-indoor 
transport ratios. Indoor concentrations are influenced by house filtration and 
ventilation, indoor activity, resuspension, and wall deposition mechanisms. 
The surface accumulation of radioactive particles was studied at the 
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Department of Physics at the University of Helsinki by using surface wiping 
and vacuuming techniques to collect samples from solid surfaces. Analysis 
from gamma-active aerosol accumulated within 19 days of the accident 
(Kulmala & Raunemaa, 1988) indicated that most dust activity indoors 
originated in sand and soil transported by humans. From wipe samples, a 
mean surface activity was estimated to be 3 Bq/m2 for 137Cs. By assuming a 
1-month deposition period, the calculated deposition velocity was 0.003 cm/s. 
To specify the outdoor-to-indoor transport in dwellings, an indoor aerosol 
model was developed (Kulmala et al., 1988).

Radioecology
The extremely sharp radioactivity pulse generated by the Chernobyl fallout 
affected biological processes and in turn served as a very precise analytical 
tool in ecological research. Researchers used the Chernobyl fallout as 
an indicator to analyze aerial deposition characteristics in the outdoor 
environment (Lang et al., 1988; Reponen et al., 1993); to measure the 
consequences of using the 1986 peat to fuel peat power plants (Jantunen et 
al., 1992); and to analyze the radioactivity transport in Scots pine trees, using 
this to identify nutrient transport in trees and applying it to forest growth 
modeling (Hari, 1988; Nygren et al., 1994). The unusual situation created 
during the release initiated considerations about core compound chemical 
behavior at high temperatures, and the plume transport produced striking 
data about dispersion of a gaseous and aerosol pollutant mix over long 
distances.

In forest science, the alkali metal cesium isotopes were employed as timed 
tracers to study nutrient cycles and canopy interactions since all of the cesium 
radioactivity exceeding the background level were of this origin. Cesium is 
chemically analogous to potassium and is supposed to behave the same way as 
potassium in plant metabolism (Hari, 1988; Hari et al., 1986). The cycling of 
cesium in a young Scots pine stand was investigated in 1986 and 1987 at the 
Hyytiälä Forestry Field Station in central Finland by collecting needles from 
13 randomly located trees. Cesium concentrations decreased slowly during 
the summer of 1986 because of the leaching process, but a sharp increase 
in cesium was observed in new needles formed during late summer 1987. 
Since new needles had not formed during the deposition phase, the only way 
for cesium to get into the new needles was by metabolic transport. Cesium 
can be metabolized directly through the leaves or through soil and solution. 
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Direct uptake was inferred from two phenomena: (1) high concentrations 
were found in the needles when the first measurements were taken, and 
(2) the concentration pattern was similar between old and new needles. 
Cesium entering through metabolism is explained by gathering ions from wet 
and dry deposition and recycling the cations leached from leaves. Cesium in 
needles can, thus, originate either from older needles and is recycled within 
the tree or from soil through normal nutrient uptake. High concentrations in 
new needles indicate internal cycling, and an increase in all needle classes in 
1987 was then attributed to the nutrient uptake from soil (Nygren et al., 1994). 

Peat is used in Finland to fuel large peat-powered boilers of 100 MW 
power scale. Before the Chernobyl accident, peat ash from some boiler plants 
was used as concrete filler. The total amount of peat for boilers harvested 
in summer 1986 was some 2.2 million tons from about 27,000 ha of bogs. 
This amount of peat contained an estimated 137Cs activity of 4–5 TBq 
(Jantunen et al., 1991; Mustonen et al., 1989). Calculations made by STUK 
soon revealed that concrete containing peat ash with the estimated levels of 
134Cs and 137Cs would, if used for building houses, result in unacceptable 
external gamma radiation doses for the entire service life of the buildings, 
and peat ash use for concrete was thereby forbidden, until its safety and 
acceptability could be reconfirmed. The concentration of 137Cs in peat fly ash 
varied between 14–100 kBq/kg, which is two orders of magnitude above the 
pre-Chernobyl level.

At the Department of Radiochemistry at the University of Helsinki, 
the deposition of the transuranium elements plutonium, americium, and 
curium, and their transfer along the terrestrial food chains and in lakes, was 
thoroughly investigated (Paatero, 2000; Paatero & Jaakkola, 1998; Paatero 
et al., 1998; Pilviö, 1998; Salminen et al., 2005). The deposition of 239,240Pu, 
241Am, and 244Cm in most of the reindeer husbandry area was <0.25 Bq/m2, 
<0.036 Bq/m2, and <0.023 Bq/m2, respectively. Only in the southernmost 
reindeer herding district of Halla were the deposition values some three 
times higher. The biological half-lives of plutonium and americium in lichen 
(Cladonia sp.) were found to be 730 and 320 days, respectively. The activity 
concentrations of 239,240Pu in reindeer liver (0.0094–0.062 Bq/kg dry weight) 
were low compared with the concentrations found in the 1960s, even though 
most of the samples were from the Halla reindeer herding district. However, 
the 241Pu activity concentrations found were comparable to those observed in 
the 1960s. 137Cs was found to transfer from fallout to reindeer meat 100 times 
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more efficiently than americium and 10,000 times more efficiently than 
plutonium. The behavior of transuranium elements in the Baltic Sea has been 
studied by Ikäheimonen (2003).

To recognize possible routes of radionuclides into humans, STUK 
conducted an extensive monitoring program of foodstuff. About 5,000 
samples were analyzed for radiocesium during the first 2 years after the 
accident (Rantavaara, 1988). Within the first 12 months, the mean internal 
dose from radiocesium was 0.15–0.20 mSv. The highest contributions to the 
average daily dietary intake of 137Cs within the first year originated in milk 
and during the second year in fish. According to the 1986–1987 population 
survey, the mean body burden of 137Cs at the end of 1986 was on average 
2 kBq as compared with 0.54 kBq before the accident. The body burden 
decreased considerably after this maximum (Rahola & Suomela, 1988).

In Finland, with the exception of the southernmost reindeer herding 
districts, no significant restrictions for the use of reindeer meat were issued 
by STUK. However, in central Finland, it was recommended that fish from 
small lakes should not be consumed more than three times a week. Similar 
countermeasures were also put in place for mushrooms (Ikäheimonen, 2006). 
In Sweden, about 100,000 reindeers were slaughtered because of suspected 
radioactivity intake in their diet. This inflicted severe socioeconomic troubles 
among the reindeer herders. 

Aftermath of the Accident
A wide variety of consequences resulted from the Chernobyl accident both 
in Finland and in Sweden. Medical consequences were luckily mild, the most 
notable symptoms being psychological ones. No increase in thyroid cancer 
occurrence has been observed in Finland (Ikäheimonen, 2006).

Based on the lessons learned from this accident, numerous efforts 
have aimed to improve information dissemination, including improving 
international and interagency communication and responding to the 
information demands from the mass media and the general public. However, 
researchers submitting manuscripts about the Chernobyl accident noted 
strange behavior among scientific publishers. A considerable number of 
Chernobyl manuscripts from Finland and other countries were sent to the 
journal Nature in 1986. Many of the authors received a note of acceptance 
for publication or even galley proofs, but to date none of these works have 
been published. At first, Nature did not reply to inquiries about the fate of the 
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manuscripts (Kauranen, 1988). Finally, a signed, open letter was submitted 
to Nature requesting an explanation about why numerous Chernobyl-related 
articles were accepted but never published. Nature did not publish this open 
letter, but the British science magazine The New Scientist (Milne, 1988) 
reported on it and Nature’s odd behavior. Nature did publish an explanation 
for not publishing accepted papers, citing that they received an overload of 
Chernobyl-related manuscripts (“Uncensored Nature,” 1988).

The Chernobyl accident boosted radioecological research, which had 
calmed down after the last atmospheric nuclear test in China in October 
1980. Important new results concerning, among other things, hot particles 
have been achieved. The Chernobyl signal can be used for a long time in, for 
example, the sediment core dating. The observations of airborne radioactivity 
are still used in validating atmospheric dispersion models.

The most important effects of the accident in Finland and Sweden were, 
however, increased public awareness about environmental issues, in general, 
and nuclear energy, in particular. After a public referendum in 1980, Sweden 
decided to abandon nuclear energy following the aftermath of the 1978 Three 
Mile Island accident. But in Finland, the nuclear energy program was halted, 
and not until 2002 did the Parliament of Finland decide to accept the building 
license application for the fifth nuclear reactor in Finland.

Epilogue
Our co-author and friend Dr. Taisto Raunemaa died while jogging in a forest 
close to his home in Espoo, Finland, on June 12, 2006. He was the pioneer of 
aerosol science in Finland, a great visionary, and an outstanding researcher. 
Immediately after the Chernobyl accident, Taisto Raunemaa actively initiated 
research projects focusing on environmental effects of the radioactive fallout. 
He was the initiator of the review work presented here. We dedicate this 
chapter to Taisto’s memory.
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