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A B S T R A C T   

Traces of radionuclides have been frequently detected in the European atmosphere for several years. The 
measured concentrations are usually very low, ranging from 0.1 to 10 μBq m− 3, and do not pose any health or 
environmental problems. 

This study aims to diagnose the origin of small undeclared radionuclide releases into the atmosphere. An 
inverse modelling approach that combines environmental measurements and atmospheric transport modelling is 
first used to assess the source location of the release. In addition, the type and process of the nuclear facility from 
which the release could originate are investigated by identifying the isotope production pathways and comparing 
them with known typical inventories. These two parts of the proposed method are complementary and allow us 
to extract as much information as possible from a set of radionuclide measurement data. 

In a previous study, the origins of detections of various radionuclides (60Co, 134Cs, 137Cs, 103Ru, 106Ru, 141Ce, 
95Nb, 95Zr) in Finland, Sweden and Estonia in June 2020 have been investigated. 

In this paper, the previous investigation is extended by analysing two additional events that occurred in 
northern Europe in July 2019 and May 2022, as well an overview of other unknown releases detected in Finland 
over the last decade. A more detailed analysis of the 2020 event is also provided by analysing new available 
environmental measurements. 

The calculations indicate that the source location of the three events appears to be in the same region, in 
Russian Federation. The most probable origin of the June 2020 release seems to be a primary ion exchange resin, 
after 2 to 5 months of decay, of a pressurized water reactor with fuel cladding failure, and dispersion of fissile 
material in the primary. 

The July 2019 and May 2022 events are of particularly noteworthy due to the simultaneous presence of 46Sc, 
which is neither produced nor in the fuel, nor in the primary loop of PWR or RBMK nuclear power plants, and 
typical corrosion-activated products from power plants (60Co). Two hypotheses are proposed to explain this 
source term: a mixture of various solid wastes or recently irradiated graphite from a RBMK reactor. 

The reliability of the methodology is demonstrated, in particular in the section dedicated to atmospheric 
transport modelling, and the successful association with source term analysis provides a valuable tool for future 
studies and assessments of both minor and major radionuclide releases.   

1. Introduction 

In recent years, European monitoring networks responsible for 
measuring radioactivity in the environment have repeatedly detected 
traces of radionuclides in the atmosphere. For some of these events, the 
geographical origin of the detections remained unknown. Radiological 

emergency preparedness requires vigilance for low-level signals from 
environmental monitoring systems, even if the event has no impact on 
health and the environment. Diagnosis of undeclared atmospheric re-
leases offers an opportunity to assess and improve emergency pre-
paredness and response strategies. IRSN is therefore in the objective to 
predict the possible impact over the French territory using atmospheric 
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transport models. In the case of an event of unknown origin, it is 
essential to first identify the source location before simulating the 
dispersion of radionuclides in the atmosphere (Dumont Le Brazidec 
et al., 2020); (Lucas et al., 2017); (Tichý et al., 2017); (Yee et al., 2014). 
In recent years, the most notable event was the widespread detection of 
Ruthenium-106 across Europe during the fall of 2017 (Masson et al., 
2019). This release, which has not been officially acknowledged was 
significant enough for the majority of European countries to detect the 
presence of 106Ru on their territory. Efforts to pinpoint the source 
location relied primarily on inverse modelling techniques which 
combine atmospheric transport modelling with environmental mea-
surements. The results pointed to the Southern Urals in the Russian 
Federation (Kovalets et al., 2020); (Saunier et al., 2019); (Dumont Le 
Brazidec et al., 2020); (Cooke et al., 2020) as the likely origin of the 
detections. 

Between 2019 and 2022, more recent detection events with smaller 
geographical extent were reported in Europe (De Meutter and Hoffman, 
2020); (Masson et al., 2021); (De Meutter et al., 2021). As in the case of 
ruthenium-106, the source location was sometimes not known at the 
time the detections were reported. In June 2020, various radionuclides 
were measured by European monitoring networks, most of which are 
connected through a network called “Ring of Five” (Ro5). The Ro5 
network, established in 1983, is an informal information group for the 
purpose of rapidly exchanging data on occasional enhanced concentra-
tions of radionuclides at trace levels in the atmosphere. In addition to 
the “measuring laboratories”, the network includes other partners such 
as national meteorological services or staff members of universities or of 
the International Atomic Energy Agency (IAEA). Radionuclides detected 
in June 2020 included nuclear activated corrosion products and fission 
products characteristic of irradiated nuclear fuel in a power plant. 
Seeking to help identifying their possible origin, the IAEA inquired with 
their counterparts in the European region and requested information on 
whether the radionuclides were detected in their countries, and if any 
event may have been associated with the possible atmospheric release 
(IAEA 2020a); (IAEA 2020b). A database of the available measurements 
was thus constructed and was useful for the understanding of the event 
using atmospheric transport modelling. Two quite similar events 
occurred in July 2019 and May 2022 with the detections of 60Co, 59Fe, 
and 46Sc, at very low levels in Finland, similar in order of magnitude to 
the June 2020 event. In contrast to the June 2020 detection event, which 
involved several countries, these two events were restricted to southern 
Finland. Indeed, several air sampling stations in the Finnish network are 
equipped with high-volume samplers that can detect extremely low 
levels of radioactivity. The filters of the samplers are changed once a 
week and the data are published weekly by the Finnish authorities 
(STUK) on their website. 

In a previous publication (Ingremeau and Saunier, 2022), the focus 
was on the 2020 event, where an analysis of the source term origin was 
proposed, and hypotheses were made to explain how the radiological 
inventory could have been released into the atmosphere. This paper 
extends the previous work to include an analysis of the July 2019 and 
May 2022 release events, with an update of the June 2020 analysis made 
possible using newly available airborne concentration data. 

In Section 2, an overview of the detections is provided for each event. 
Section 3 describes the inverse modelling techniques used for source 
identification and their application to the events of July 2019, June 
2020 and May 2022. The results obtained are then validated by com-
parison with environmental measurements. In Section 4, the charac-
teristics and the estimated magnitude of each isotope are analysed in 
order to determine the type and part of a nuclear installation from which 
these releases could have originated. This section also includes a com-
parison with other previous releases which occurred in the same 
geographical area. 

2. Radionuclide detection events and measurements overview 

2.1. June 2020 

In June 2020, several northern European countries reported a slight 
increase of airborne concentration radioactivity levels at stations 
belonging to their monitoring networks. The Swedish and Finnish au-
thorities reported that 60Co, 134Cs, 137Cs, 106Ru, 141Ce, 95Nb, 95Zr, and 
103Ru were detected from June 8 to June 22. The same radionuclides 
were also detected in Estonia the last week of June. The three countries 
declared that there had been no release events on their territory that 
could explain the presence of the radionuclides. Many other European 
countries had also voluntarily reported to the IAEA that there were no 
events on their territory that could explain the release. 

The concentrations measured were very small in the order of several 
µBq/m3 and did not pose any health or environmental risks. Maximum 
134Cs air concentrations measurements (see Fig. 1) were reported in 
Finland at Helsinki, with around 15 µBq/m3 between 16 and 17 June. 
IRSN published an information report on that event (IRSN Report, 
2020), and a publication on the analysis of the release origin (Ingremeau 
and Saunier, 2022). 

With the exception of Scandinavia and Estonia, the airborne con-
centration measured did not exceed the detection limits of the in-
struments which are typically in the order of µBq/m3 or less. However, 
detection limits can vary depending on factors such as the type of in-
strument, the duration of air sampling and the method of sampling. The 
very small number of measurements above detection limits makes it 
very difficult to pinpoint the geographical origin of the detections. 

2.2. July 2019 

In mid-July 2019, the Finnish authorities (STUK) reported the 
detection of particulate radioactive 60Co, 46Sc, 59Fe and 54Mn without 
knowing the source location. 60Co and 46Sc were detected at the Hel-
sinki, Imatra and Kotka stations, while 59Fe and 54Mn were detected only 

Fig. 1. Maximum 134Cs air concentration measured by monitoring networks in 
Europe (µBq/m3) in June 2020. Blank dots are air concentration measurements 
below the detection limit. 
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at the Kotka station. The extremely low air concentration measured are 
listed in Table 1. Only measurement data with concentrations above the 
detection limits of the instruments are mentioned. 

2.3. May 2022 

In May 2022, a similar event was reported by the Finnish authorities. 
Traces of several radionuclides were detected at the Imatra and Kotka 
stations in southern Finland. The observed air concentration levels are 
given in Table 2. 

In the remainder of the paper, the objective is to apply inverse 
modelling techniques to identify the most plausible geographical origin 
of the 2019, 2020 and 2022 detection events and the magnitude of the 
associated source term. In contrast to the 2017 ruthenium-106 event, the 
small number of measurements showing an increase in air concentra-
tions makes the reconstruction of the source term by inverse modelling 
more challenging. 

3. Investigations about the release location and magnitude 

3.1. Methodology for source identification 

The approach used in this study is described in detail in (Saunier 
et al., 2019) and is divided into three steps:  

1. Definition of a domain containing a set of grid points with regular 
spacing that are considered potential source locations. 

First, the spacing between two grid points is chosen to be large 
enough to reduce the computation time. With no information on the 
geographical origin of the detections, the probability that the source of 
the release comes from one particular grid point is the same for all grids 
points included in the domain.  

2. Source term assessment by inverse modelling. 

The source term related to each grid point is assessed by variational 
inverse modelling approach (Stohl et al., 2012); (Stohl et al., 2009); 
(Winiarek et al., 2011), which consists of the minimisation of the 
following cost function: 

J(x) = 1
2
∑d

i=1

(
ln(yi + θ) − ln(Hx + θ)i

)2
+ λ2

∑N

j=1

(
xj − xbj

)2 (1) 

Where y is the vector of measurements, x is the unknown source term 
vector, xb is the a priori of the source term, N is the size of the source 
term vector and d is the number of measurements. As no information is 
available about the source, a zero a priori (xb = 0) is chosen. H is the 
source-receptor matrix computed using an atmospheric transport model 

and describing the sensitivity of each measurement to a unitary release. 
In order to mitigate the influence of very small concentration values, a 
threshold θ (θ = 1 µBq/m3) is added to the cost function. 

As the inverse problem to be solved is usually ill-posed, a second 
term is added to the cost function to ensure uniqueness and the stability 
of the solution. The choice of the parameter λ plays a very important role 
by affecting on the magnitude of the source term especially when the 
number of observations is small. In this study, the optimal choice of λ is 
determined outside the minimisation procedure using the L-curve 
method (Hansen, 1992). It consists in plotting, for several values of λ, 
the norm of the source term against the norm of the first term of J(x)
obtained after the minimisation. The point of maximum curvature on 
the graph is then taken as the optimal value of λ. Therefore, for each 
source term assessment associated with each grid point, an optimal 
value of λ is therefore determined by applying the L-curve technique. 
The minimisation of the J(x) is carried out using the L-BFGS-B algorithm 
(Liu and J. Nocedal J. , 1989).  

3. Use of statistical indicators to determine the relevance of each grid 
point as a source location 

For each hypothetical source related to a grid point, the agreement 
between modelled and observed air concentration measurements is 
assessed using two indicators:  

• the factor 5 indicator (FAC5): this is the proportion of the simulated 
activity concentrations calculated using the reconstructed release 
that are within a factor of 5 of the observed values.  

• the reduction factor of the cost function, which is the ratio between 
the initial value of the cost function and that obtained after mini-
misation. This is a more appropriate indicator for handling detection 
events with a very small number of measurements. 

An iterative process of refining the spacing between grid points in the 
search domain is then carried out to more accurately determine the 
release location. 

3.2. Application to June 2020 detection event 

The domain likely to contain the source is divided into a set of 348 
grid points, assuming that the release occurred somewhere between 
Germany and the Russian Federation. The dimensions of the domain 
containing potential sources are [14E, 42E], [55 N, 66 N] with a reso-
lution of 1◦ × 1◦. Among the air concentration measurements, the 134Cs 
data are the most numerous and are therefore used for source recon-
struction. A total of 250 134Cs air concentration measurements have 
been taken into account to assess the origin and the magnitude of the 
release, including 10 non-zero measurements and the remaining are 
measurements below the detection limit of the instruments. The H 
matrix contains modelled 134Cs air concentrations using the ldX atmo-
spheric transport model which is part of the IRSN C3X operational 
platform (Tombette et al., 2014). The ldX model has been used to handle 
massive accidental releases to the environment (Saunier et al., 2013) as 

Table 1 
Summary of radionuclide detections reported by STUK in July 2019.  

Station 
location 

Latitude / 
longitude 

Air sampling 
period 

Radionuclide Air concentration 
(µBq/m3) 

Kotka 60.48; 26.92 15/07–- 22/ 
07 

46Sc 0.7 

Kotka 60.48; 26.92 15/07–- 22/ 
07 

60Co 2 

Kotka 60.48; 26.92 15/07–- 22/ 
07 

59Fe 1.1 

Kotka 60.48; 26.92 15/07–- 22/ 
07 

54Mn 0.4 

Helsinki 60.17; 24.94 16/07–- 17/ 
07 

46Sc 1.8 

Imatra 61.19; 28.76 15/07–- 22/ 
07 

46Sc 0.7 

Imatra 61.19; 28.76 15/07–- 22/ 
07 

60Co 1.9  

Table 2 
Summary of radionuclide detections reported by STUK in May 2022.  

Station 
location 

Latitude / 
longitude 

Air sampling 
period 

Radionuclide Air concentration 
(µBq/m3) 

Imatra 61.19; 28.76 19/05–- 26/ 
05 

46Sc  17.3 

Kotka 60.48; 26.92 23/05–- 30/ 
05 

60Co  0.6 

Kotka 60.48; 26.92 23/05–- 30/ 
05 

59Fe  0.3 

Kotka 60.48; 26.92 23/05–- 30/ 
05 

46Sc  0.8  
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well as smaller radionuclide detection events (Saunier et al., 2019); 
(Dumont Le Brazidec et al., 2020). The computational domain has di-
mensions of [4 W, 44E], [40 N, 71 N] and ldX is driven by hourly 
meteorological data from ARPEGE model provided by Météo-France 
with a spatial resolution of 0.1◦ × 0.1◦. The source reconstruction period 
is from June 5 to June 28, with daily intervals. Due to the small number 
of non-zero measurements, the influence of λ can be significant, 
requiring a proper determination of this parameter. Initial values of λ 
range from 10-12 to 10-3 and by applying the L-curve technique, the 
optimal value is reached for λ = 10− 6. 

The interpolated values of FAC5 from each grid point, obtained after 
applying the inverse procedure, are shown in Fig. 2. Despite the small 
number of measurements used to strongly constrain the source recon-
struction, the geographical area where the FAC5 values exceed 90% is 
relatively small. The most reliable region extends from eastern Estonia 
to western Russia. Furthermore, only the area in the Leningrad region 
has FAC5 values close to 100%. Moving away from this area, the FAC5 
values decrease rapidly indicating that the hypothesis of a release from 
Western Europe or Scandinavia is highly unlikely. To confirm the source 
location, a sub-domain restricted to the release area identified as most 
relevant, was considered. This sub-domain, with dimensions of [25E, 
32E], [58 N, 60 N] is divided into a set of 322 grid points that are 
assumed to be source locations. The spatial resolution between two 
potential source locations is 0.2◦ × 0.2◦. The inverse method was then 
applied to estimate the source term for each of the 396 potential source 
locations. The Fig. 2 shows the agreement between observed and 
simulated concentrations assessed for each potential source location in 
the domain of 0.2◦ × 0.2◦. The results confirm the conclusions drawn for 
a resolution of 1◦× 1◦, as the Leningrad region well reproduce the 
measurements. In addition, regions in northern Estonia also appear as 
potential release locations. 

Assuming the most plausible source location, the released activity of 
134Cs is in the order of a few gigabecquerels (GBq). On the basis of the 
isotopic ratios obtained from the measurements of radionuclides 
detected in the environment (106Ru, 103Ru, 60Co, 137Cs), it can be 
concluded that several tens of gigabecquerels were released over the 
whole period. 

3.2.1. 134Cs release magnitude 
The Leningrad nuclear power plant and the Petersburg Nuclear 

Physics Institute (Gatchina) are located close to the area with the highest 
FAC5 values. Errors in the modelling (transport model and meteoro-
logical fields) may explain the fact that the maximum FAC5 values are 
not exactly located at one of the two facilities. In addition, the recon-
struction of the source terms assuming daily increments may also lead to 
additional errors, especially in the case of releases with large variability 
on a single day. In contrast, no facilities could be identified in Estonia. 
For all these reasons, it is assumed that the most likely source is assumed 
to be the Leningrad region. According to our calculations, due to the 
proximity of the Leningrad NPP and the Petersburg Nuclear Physics 
Institute, it is not possible to favour one facility over the other. Never-
theless, considering the source term characteristics, the Gatchina site 
can be excluded. In fact, the Gatchina site had only one nuclear reactor 
in operation in June 2020, and it was operating at low power. It is 
impossible that such a low power operation can produce such amounts 
of 60Co. Moreover, it is very unlikely that this reactor would have led to 
the measured caesium ratio (Section 4). Gatchina also has some cyclo-
trons, that cannot produce source terms of this magnitude. 

Monte-Carlo sensitivity analysis (Saunier et al., 2019) coupled with 
inverse modelling is therefore applied to the reconstructed source term 
from the Leningrad NPP. It allows partial quantification of modelling 
and measurement errors. The total quantities assessed range from 2 to 
20 GBq. The relatively wide range of the total quantities highlights the 
uncertainties associated with the source term assessment, which are 
partly due to the use of a small number of observations. The releases 
would have started on June 13 and continued until June 22. After June 
23, the calculations indicate that the occurrence of a release is not 
consistent with the observations. In fact, if the release had continued 
after June 22, the stations would have reported an increase in 134Cs air 
concentrations. It is therefore likely that the release stopped on June 23 
or became too small to be detected. 

3.2.2. Model-to-data comparison 
Due to the high magnitude of the estimated source term, the 

dispersion of the 134Cs plume was calculated in order to determine 
whether the plume could reach the French territory. The reconstructed 
source term from the location (x,y) = (29.2; 59.2) which maximizes the 

Fig. 2. June 2020 event : percent of the simulated air concentrations that is within a factor of 5 of the observed values for grid resolution of 1◦ × 1◦ (left) and 0.2◦ ×

0.2◦ (right). Blue triangles are nuclear plants located in the area of interest: Leningrad NPP, Petersburg Nuclear physics Institute (Gatchina), Olkiluhoto NPP, Loviisa 
NPP and Smolensk NPP. 
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FAC5 values is used for the calculation. Fig. 3 shows the time-integrated 
134Cs air concentration between June 13 and June 29. 

During the period of the release, the plume mainly affected the 
northern European countries located between Scandinavia and the 
western part of the Russian Federation. Driven by east to north-east 
winds, the plume temporarily reached the regions between Central 
Europe and Germany. However, the modelled air concentrations are 
extremely low and usually not detectable by monitoring networks. Fig. 3 
shows that the highest integrated concentrations are located between 
south-eastern Norway and the Leningrad region, passing through the 
extreme south of Finland. The simulation reproduces the observations 
very well. There is only a slight overestimation of the observed con-
centrations at Kotka, which is located at the edge of the highest simu-
lated values. 

Fig. 4 provides comparison of the time-series of 134Cs observed and 
modelled air concentration for monitoring stations located in Finland 
and Sweden. The stations in Helsinki and Stockholm have a 24-hour 
sampling period, which allows a more accurate identification of the 
time of plume passage. According to Fig. 4, the plume passed through 
these two stations in less than a day, reaching Helsinki on June 16 and 
Stockholm on June 23. The simulation predicts the arrival of the plume 
in Helsinki on June 15 and the observed concentration is significantly 
underestimated on June 16. In Stockholm, however, the agreement 
between the simulated and observed values is very satisfactory. At the 
other two stations, the simulation also reproduces the measurements 
quite well. Two plumes would have reached the Visby station, which is 

consistent with the assessment of a release with a duration of several 
days. 

3.3. July 2019 and May 2022 detection events 

The above approach is applied to identify the source location of the 
detections of July 2019 and May 2022. In both cases, the search domain 
extends between Germany and the Russian Federation with 1161 grid 
points. The dimensions of the search domain including the sources are 
[15E, 57E], [44 N, 70 N] with a resolution of 1◦ × 1◦. The 46Sc mea-
surement data are used for source reconstruction as this is the only 
radionuclide for which at least two measurements are available. In 
addition to the non-zero measurements, measurements below the 
detection limit in Finland have also been accounted for in the calcula-
tions. To simulate the atmospheric dispersion of the 46Sc, the ldX model 
is first forced with three-hourly meteorological data from the ARPEGE 
model with 0.5◦ × 0.5◦ spatial resolution. In fact, the 0.1◦ spatial reso-
lution of ARPEGE is not available for the whole domain including the 
potential sources. However, the meteorological fields were interpolated 
with a resolution of 0.25◦ × 0.25◦ in order to reduce model dilution 
effects in the vicinity of the release point. The source reconstruction 
periods are between July 12 and July 23, 2019 and between 14 May and 
1st June 2022 with daily time intervals. Using the L-curve technique, the 
optimal values of λ are λ2019 = 10− 6 and λ2022 = 2.10− 6 respectively. 

As the number of observations above the detection limits was at most 

Fig. 3. June 2020 event: modelled 134Cs time-integrated air concentration assuming a release location at the coordinates (29.2; 59.2). Red triangle is the release 
location. Circles are 134Cs observed air concentrations in Bq.s/m3. 
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three (two for the 2022 event), the more discriminating statistical in-
dicator based on the cost function reduction factor was chosen to 
identify the most plausible release area. According to Fig. 5a, the 
geographical area from which a release could have occurred in July 
2019 is located along the border between Estonia and the Russian 
Federation. In this area, the values of the reduction factor of the cost 
function are higher than 10000. The area around Southern Finland also 
has high values while outside this area and everywhere else in Europe, 
the values of the indicator decrease very quickly. 

For the May 2022 event, the most plausible area identified is much 
larger (Fig. 5b), located between eastern Finland and western Russia. In 
addition, the release areas identified as most plausible for the July 2019 
event are consistent with those for 2022. 

The Leningrad region is on the edge of the highest values of the 
reduction factor of the cost function. The very low number of mea-
surement data and modelling errors could explain this phenomenon. 

In order to partially account for the errors associated with the 
modelling, in particular those from the meteorological fields, new sim-
ulations were performed using the hourly ERA5 reanalysis meteoro-
logical data from the European Center for Medium-Range Weather 
Forecasts (ECMWF) with 0.25◦ × ◦0.25◦ spatial resolution. All other 
parameters for source reconstruction are similar. 

Fig. 5c and Fig. 5d clearly show that the highest values of the 
reduction factor of the cost function are in the same areas as those 
identified in the first evaluation from the ARPEGE meteorological fields. 
These are the regions along the Finnish-Russian border. In addition, it 

emerges that the Gatchina and Leningrad NPP facilities are now 
included in the most plausible release location. Finally, for the grid 
points identified as the most likely, the cost function values obtained are 
reduced by about 20% when the ECMWF meteorological fields are used. 
However, these results could be confirmed by using other numerical 
weather prediction models. 

The uncertainties in estimating the magnitude are large due to the 
limited number of observations. For the most plausible release location, 
the total quantities released in 46Sc are 1-10 GBq for the 2019 event and 
5-50 GBq for the 2022 event. 

4. Investigations about the source terms origins 

The objective of this part is to determine from which type and part of 
a nuclear installation, a release could be originated. 4.1 section presents 
a general overview of the method used for this analysis. 4.2 section fo-
cuses on the analysis of the June 2020 event while Section 4.3 gives an 
overview of the detections in Finland over the last ten years. Finally, 4.4 
section analyses the events containing 46Sc that occurred in July 2019 
and May 2022. 

4.1. Source term origin analysis method 

In case of detection of artificial radionuclides into the environment 
that cannot be linked to an event declared by a nuclear operator, many 
information can be deduced from the analysis of the involved 

Fig. 4. Time series of observed and modelled 134Cs air concentration at different locations in Sweden and Finland in June 2020.  
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radionuclides. 
First, radionuclides can be divided into three categories:  

• Fission Products. Their presence implies a leak from nuclear fuel or 
fuel reprocessing facilities, or fissions outside of the nuclear fuel.  

• Activated Corrosion Products. Their presence implies a release 
linked to the primary coolant of a reactor, the cleaning associated 
installation and its wastes, or eventually the decommission of a 
primary or irradiated structures.  

• Others: Sources and tracers. Some isotopes can be produced on 
purpose for industrial or medical uses (60Co, 47Sc, …), and may not 
be linked with a nuclear reactor installation. 

In each case, the distinction between short-lived and long-lived iso-
topes give precious information about the time since the last neutron 
exposure (reactor operation, irradiation or criticality event), and may 
aid in the determination of which type of facility (e.g. nuclear power 
plant) or activity (e.g. fuel reprocessing) was responsible for the release. 

Sometimes, some isotopes may belong to two of these categories (e.g. 
95Zr is a fission product and an activated corrosion product, and 60Co is 
an activated corrosion product and also used as a gamma source). In that 
case, the category of the other detected isotopes is an important indi-
cator that may suggest a similar origin to the other isotopes. Sometimes 
two possible origins are involved simultaneously (e.g. 95Zr) but in any 
case, theses isotopes with two possible origins require a more detailed 
analysis. 

Fig. 5. Factor reduction of the cost function: (a) 2019 event and ARPEGE meteorological fields, (b) 2022 event and ARPEGE meteorological fields (c) 2019 event and 
ECMWF meteorological fields. (d) 2022 event and ECMWF meteorological fields. Blue triangles are nuclear plants located in the area of interest: Leningrad NPP, 
Petersburg Nuclear physics Institute (Gatchina), Olkiluhoto NPP, Loviisa NPP and Smolensk NPP. 
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The main part of the source term origin analysis consists of an 
isotope-by-isotope comparison of the estimated source term magnitude 
of the release to classical radiological inventories such as those for pri-
mary coolant or wastes in order to check the capability of theses in-
ventories to generate that release. The fact that only a fraction of the 
radiological inventory is transferred in a atmospheric release also needs 
to be taken into account in the analysis. A very wide range of initial 
origin hypotheses has to be considered, and progressively refuted by 
comparing with the expected source term in the atmosphere. Every 
other available information about the release, such as its duration, 
which is sometime known, can be used in the analysis. 

Performing such analysis requires a minimum number of detected 
isotopes to obtain enough information. With only one or two isotopes 
detected, it is very difficult to deduce anything about a release, unless it 
is very specific or with a high source term (for example (Masson et al., 
2019). Some recurrent releases involving three or four different iso-
topes, are an acceptable basis for a small investigation, as shown in 
Section 4.4. Ideally, tens of isotopes or more may lead to conclusions 
about the source term origin, as illustrated in Section 4.2. 

Additionally, the absence of some isotopes, especially the most 
radioactive and volatile ones (such as 131I for nuclear fuel or 60Co for 
activated corrosion products), can provide valuable information. For 
example, the detection of fission products, without any 131I, or any 
short-lived isotopes, can provide bounds on the minimum decay time. 
However, it is important to note that other isotopes may be present in 
the release, but not detectable due to instrument detection limits. 
Several elements may also have different physical or chemical in-
teractions in the atmosphere, leading to differences in their spread. 
Additionaly, each isotope has its own unique detection limits. 

When two radioactive isotopes of the same element (such as Cs, Ru, 
Ce, …) are detected, their ratio can provide useful information. 
Assuming an origin of the release (reactor type and fuel, …), the ratio 
enables to evaluate the decay time since the end of irradiation. However, 
the evaluation of the initial ratio before the decay is an issue to be 
treated with caution. Indeed, depending on the reactor type (PWR, 
RBMK, CANDU, …), and the specific fuel considered (burn-up), the 
isotopic ratio of a spent fuel (Cs for example) can vary significantly (this 
can also be used as an indication about the reactor origin of the release). 
Moreover, if the release did not come directly from a spent fuel, the 
spent fuel isotopic ratio cannot be used for the initial ratio. For example, 
in the Section 4.2, the decay time is estimated from the ratio of Ru and 
Ce, assuming that the release came from a spent primary ion exchange 
resin, with a dispersion of fissile material in the primary. In this case, the 
isotopic ratio accumulated in the primary resin is quite different from 
that present in the spent fuel, and must be specifically estimated, before 
evaluating a decay time. 

Due to the different behaviour of the various elements in the atmo-
sphere, the ratio between different elements should not be used, except 
for broad order of magnitude comparisons. 

Such an approach cannot be conclusive and may not be sufficient to 
clearly identify the event causing the release, but it helps to greatly 
reduce the possible sources of the release in terms of installations and 
modalities. 

4.2. June 2020 event 

A detailed analysis of this event has been presented in a previous 
publication (Ingremeau and Saunier, 2022), investigating from which 
type and part of a nuclear installation the release could have originated, 
and how these radiological inventories could have been released into the 
atmosphere. 

This part summarises the main results and arguments concerning the 
origin of the radionuclides (section 4.2.1), and presents the analysis of 
new data on this event (Hoffman and Mekarski, 2021) (section 4.2.2). 

4.2.1. Synthesis of the previous analysis on the origin of source term the 
June 2020 

This event implied some activated corrosion products and some 
fission products, without any short-lived isotopes (suggesting a few 
months of decay before the release). Comparison with known possible 
sources of 60Co, and other activated corrosion products, suggests that a 
spent primary ion exchange resin, or other component of the primary 
loop cleaning system, is the best candidate to explain the presence of 
such an amount of 60Co, especially when measured in association with 
fission products. The presence of 134Cs and 137Cs, is expected in a spent 
primary ion exchange resin, in the event of cladding leakage or failure. 
The 134Cs / 137Cs activity ratio is consistent with a PWR origin and tends 
to exclude the RMBK reactor type. 

The presence of 103Ru and 106Ru in the release is particularly inter-
esting. Indeed, ruthenium is a low volatile fission product, that normally 
remains in the fuel pellet. It is very stable and only very small fractions 
are released out of the pellet, even in case of fuel cladding failure. So, the 
only identified way to get such amount of 103Ru outside of a fuel pellet is 
to have fuel dispersed in the primary water. Indeed, some fuel cladding 
failures can result in the dispersion of small amounts of uranium oxide 
outside of the pin, in the primary water. When exposed to the neutron 
flux, the fissile material will fission and release its fission products 
directly into the primary coolant. Such events are quite rare, but 
considering a fleet of tens of nuclear reactors, it can occasionally 
happen. In this case, significant amounts of ruthenium could be released 
into the primary water and accumulate in the primary resin. In view of 
the French operating limits, it can be estimated that the amount of 103Ru 
in a resin in such a case could be consistent with the release, taking into 
account a few months of decay, 

In addition, the 103Ru/106Ru ratio provided some information about 
the decay time. Assuming that the ruthenium came from fission of the 
dispersed fuel in the primary water (and not from the accumulated in-
ventory in the fuel pellets), it can be evaluated that the decay time of the 
resin should be in the range of 4 to 9 months, which is consistent with 
the previous conclusions. However, considering that a part of the 106Ru 
inventory may come from the pellet inventory (and not from fission in 
primary water), the ruthenium ratio is overestimated. Therefore, the 
only reliable information from this ratio is that the decay time is less 
than 9 months. 

In conclusion, the analysis of the origin of each detected isotope, 
taking into account the cumulative presence of activated corrosion 
products and fission products, indicates that the release measured in 
June 2020 could have been released from a primary resin after a few 
months, but less than 9 months of decay from a pressurised water reactor 
with fuel cladding failure and dispersion of fissile material in the pri-
mary. Nevertheless, no certainty can be achievable with so little 
information. 

4.2.2. Analysis of additional data 
A re-analysis of the samples from that event was conducted by 

Hoffman and Mekarski of Health Canada (Hoffman and Mekarski, 
2021), which led to the detection of three additional isotopes: 144Ce, 
110mAg and 46Sc. In addition, their assessment of the release location 
yielded results consistent with those of the IRSN (Ingremeau and Sau-
nier, 2022). 

The detection of 144Ce, a fission product, is fully consistent with the 
presence of 141Ce, 106Ru and 103Ru, and confirms the previous analysis. 
Moreover, in the previous publication (Ingremeau and Saunier, 2022); 
144Ce was already identified as an isotope that “could potentially have 
been detected” with lower instrumental detection limits, taking into 
account its fission yields and half-life. This analysis is therefore 
confirmed. 

This measurement also allows the evaluation of the 141Ce/144Ce ratio 
and provides some additional information on the decay time. Assuming 
that the cerium originates from the fission of the dispersed fuel in the 
primary water (and not from the accumulated inventory in the fuel 
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pellets), it can be estimated that the decay time of the resin should be in 
the range of 2 to 5 months depending on the measurement uncertainty 
and the accumulation period on the resin. This result narrows the range 
of the 103Ru/106Ru ratio (less than 9 months). However, as with ruthe-
nium, the cerium ratio may be under-estimated, considering that part of 
the 144Ce inventory may come from the pellet inventory (and not the 
fission in the water). Therefore, the only reliable information from this 
ratio is that the decay time is less than 5 months. Given the absence of 
131I, it can be estimated that the decay time is at least 2 months. 
Therefore, using these new data, the decay time of the primary resin 
inventory can be estimated between 2 and 5 months. 

Regarding the presence of 110mAg, Neeb (Neeb, 1997) points out that 
for some VVER plants, high levels of 110mAg have been reported in the 
primary coolant and therefore in a primary ion exchange resin. The main 
source of this silver contamination is the silver-containing seals, of 
which traces are released “by corrosion or mechanical wear”. High 110mAg 
concentrations have also been measured at some other VVER plants due 
to silver impurities in the KOH used to alkalize the coolant. As a result, 
the presence of 110mAg is another piece of evidence, consistent with the 
hypothesis that the release originated from a spent VVER primary ion 
exchange resin. However, detailed data on the radiochemistry of the 
Leningrad VVER would be required to confirm this interpretation. 

On the contrary, the presence of 46Sc in a primary ion exchange resin 
is unexpected, as explained in Section 4.4.1. However, as described 
below, 46Sc can be used and released in contexts very different from 
nuclear power generation. Furthermore, 46Sc has only been detected at 
the Visby station, far from the estimated release location of 134Cs. 
Hoffman and Mekarski in (Hoffman and Mekarski, 2021) suggest that 
the 46Sc could originate from another independent release. They esti-
mate that a 46Sc release in Poland at the appropriate time, taking into 
account wind patterns, could lead to a detection at Visby during this 
period. Moreover, 46Sc can be used as tracer for hydro-fracking, which is 
authorised in Poland. 46Sc sellers can also be found in Poland (Polatom 
website). At current state of the analysis, this hypothesis is the most 
likely to explain the unique 46Sc detection during this event. 

In conclusion, these new data supports the interpretation that the 
source is a primary resin from a VVER and refines the estimated decay 
time after resin unloading to a range of 2 to 5 months. 

4.3. Overview of comparable detection in Finland since 2012 

These isotopes were not only detected in June 2020, but also several 
times during the last decade. At least 12 similar detections have been 
recorded in Finland since 2012, as shown in Table 3. It should be noted 
that, due to the Chernobyl accident in 1986, traces of 137Cs are always 
detected in Finland. In the table, detections that are consistent with the 
usual 137Cs background levels are marked with a “x” and larger 

detections, that clearly indicate a fission product release, are marked 
with a “X”. Besides, no 95Zr was detected in May 2017 and March 2020, 
although its daughter, 95Nb, was recorded. This might be interpreted as 
95Zr being present but in amounts too small to be measured. The 46Sc 
detection in June 2020 is suspected to come from another independent 
event. 

All these detection events can be gathered into five categories, which 
are described in Table 4. 

First, three release events have the same characteristics as the one 
that occured in June 2020. Four additional detections could be inter-
preted as primary resin with different fuel cladding failure states (sig-
nificant failure or leakage in May 2017, but without fuel dispersion, 
limited in other cases), and a few months of decay. They could also be a 
filter from the primary water cleaning system, or operational waste 
linked to this system. Four other detection are noteworthy for the 
presence of activated corrosion products and 46Sc. These are analysed in 
the section §3.4. Finally, another detection, that occurred in October 
2015, could also be attributed to a primary resin, a filter from the 
cleaning system, or operational waste, with fuel cladding failure, but 
with years of decay. 

It can also be noticed that almost all the detections occurred in spring 
and summer (between March and August), with the exception of one in 
October. This seasonality does not seem to be explained by the pre-
vailing wind direction in this season, which is not significantly more 
favourable to a detection in that period than in autumn and winter. It 
has therefore to be linked with the seasonality of the industrial activity 
leading to that release. 

In conclusion, twelve atmospheric releases involving several isotopes 
have been detected in Finland since 2012, with subsequent events 
occurring quite frequently. Between three and twelve atmospheric re-
leases could correspond to a primary resin inventory. Of the twelve, nine 
could be associated with a filter or operational waste from the primary of 
a reactor. 

4.4. Analysis of the 46Sc detection events (May 2022, July 2019 and 
others) 

The objective of this section is to focus on the four events including a 
46Sc detection (five including the June 2020 one), especially the May 
2022 and July 2019 events. Indeed, these two events are specific 
because they resulted in 46Sc detections at two and three stations, 
respectively, enabling an assessment of the most plausible source loca-
tion by inverse modelling (the other detections were limited to a single 
monitoring station). 

4.4.1. 46Sc identity card 
This section focuses on the 46Sc detections, as it is neither a fission 

Table 3 
All major detections in Finland since 2012.  

Release date Activated corrosion product Fission product and Activated 
corrosion products 

Fission product Other isotopes Release localization 

Low volatile Volatile Low volatile  
60Co 58Co 59Fe 54Mn 95Nb 95Zr 134Cs 137Cs 103Ru 141Ce 46Sc  

Half-life 5,3 y 71 d 45 d 0,86 y 35 d 64 d 2 y 30 y 39 d 33 d 84 d  
August 2014 X X X X X X  x    Not evaluated 
May 2015 X    X X X x X X  Compatible with reference 
October 2015 X   X   X X    From the North 
August 2016 X   X    x  X X Not evaluated 
May 2017 X  X X X ? X x    Not evaluated 
April 2018 X X X X X X X x X X  Not evaluated 
May 2018 X  X     x   X Not evaluated 
April 2019 X X X X X X  x    Not evaluated 
July 2019 X  X X    x   X Compatible with reference 
March 2020 X  X X X ?  x    Not evaluated 
June 2020 X    X X X X X X X? Reference 
May 2022 X  X        X Compatible with reference  
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product nor an activated corrosion product in PWR. It must therefore 
have a different origin from the releases discussed in section 4.2. This 
isotope is an intermediate half-life isotope (84 days) that can be pro-
duced mainly by two different nuclear reactions:  

• by irradiation of a natural titanium target with a fast neutron flux 
through the 46Ti(n, p)46Sc, in a research nuclear reactor (Mikolajczak 
et al., 2021), or in very small quantities in the case of the presence of 
46Ti impurities in the internal structures of a power nuclear reactor 
(Ancius et al. 2005).  

• by thermal neutron capture on 45Sc, which is the only natural isotope 
of scandium: 45Sc(n,γ)46Sc. This reaction can take place in two 
different contexts in a nuclear reactor:  
• Production of 45Ca for medical purposes: natural 44Ca targets are 

irradiated in a research nuclear reactor. This reaction produces 
45Ca (44Ca(n,γ)45Ca), which decays to 45Sc, which can also capture 
a neutron to obtain 46Sc (Chakravarty et al., 2022). 46Sc is there-
fore a radionuclidic impurity.  

• Accidental neutron irradiation of internal structures of a nuclear 
reactor containing natural scandium (45Sc). In this case, 46Sc is an 
activated corrosion product. PWR do not contain scandium in their 
internal structures, but this can be the case of some research 
reactor, or the graphite of some RBMK (Plukienė et al., 2018). 

46Sc, and especially 47Sc, are used in medicine radiotherapeutic or 
diagnostic applications (Mikolajczak et al., 2021); (Chakravarty et al., 
2022). 46Sc is also sometimes used in the oil industry as a tracer 
(Tingvoll), typically used in hydraulic fracking (Hoffman and Mekarski). 
Companies supplying 46Sc can be found in Poland for example (Polatom 
website). 

4.4.2. Detections including 46Sc 
Table 5 shows the four detection events with 46Sc in Finland since 

2012 (excluding the one in June 2020). First, it can be noted that 46Sc 
has always been detected in association with 60Co. In the four de-
tections, another activated corrosion product 59Fe or 54Mn is also pre-
sent (both for the July 2019 event). Neither short-lived isotopes nor 
fission product are detected in these events (except for 141Ce detection in 
August 2016). 46Sc therefore appears to be associated with common 
activated corrosion product. 

141Ce was also detected during the August 2016 event. The detection 
of this low volatile fission product is quite surprising given the presence 
of only activated corrosion products and the absence of other fission 
products. A possible explanation is provided in Section 4.4.5. However, 
it could also have originated from another release source during the 
same period. 

The June 2020 event is not presented in Table 4 because the 46Sc was 
hypothesized to have a different source. Furthermore, the detection 
occurred only in Visby in Sweden, and not in Finland. 

4.4.3. Analysis of the July 2019 and May 2022 events 
A dedicated atmospheric transport analysis has been conducted (see 

section 2), enabling an evaluation of the source term magnitude. 46Sc is 
a significant component of the release as it was detected at all stations 
measuring the event (unlike the June 2020 event). Assuming the 46Sc 
release magnitude at the most probable release location, and the various 
activity ratios observed in the measurements, the order of magnitude of 
each isotope of the source term of the two events is from a few GBq up to 
one hundred GBq. 

Some general comments can be drawn on these source terms: 
First, it must be noted that, similarly to the twelve events described 

in section 3.3, it does not contain any short-lived isotopes (such as 
iodine). This tends to exclude an event involving very recently irradiated 
material (less than a few weeks old). 

Second, 59Fe is an isotope with “intermediate half-life” (meaning 
around a few months). This implies that the event concerns relatively 
recent irradiated materials, with less than a year of decay. 

Third, in contrast to the June 2020 release, and other similar events, 
no fission products have been detected. 

The amounts of 60Co, 59Fe, and 54Mn involved are quite common in 

Table 4 
Various kind of detection in Finland since 2012.  

Release Fission Products   Composition 
FP: Fission Products 

CP&AP: Corrosion Products and 
Activation Products 

Possible origin Decay before 
release 

Low 
volatile 

Volatile 

May2015 
April 
2018 
June 
2020 

X X X X  Primary resin with fuel cladding failure with fuel dispersion Few months 

May 2017  X X X  Primary resin, cleaning system filter or operational wastes, with fuel 
cladding failure or leakadage without fuel dispersion 

Few months 

August 
2014  

April 
2019 
March 
2020   

X X  Primary resin, cleaning system filter or operational wastes, without fuel 
cladding failure or leakage 

Few months 

August 
2016  

May 2018 
July 2019 
May 2022   

X X X See §4.4 Few months 

October 
2015  

X X   Primary resin, cleaning system filter, or operational wastes, with fuel 
cladding failure or leakdage 

Few years  

Table 5 
Detections containing 46Sc in Finland since 2012.  

Release date 46Sc 60Co 59Fe 54Mn Others Release location 

Half-life 84 d 5,3 y 45 d 0,86 y  

August 2016 X X  X 141Ce Not evaluated 
May 2018 X X X   Not evaluated 
July 2019 X X X X  Leningrad region 
May 2022 X X X   Leningrad region  
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primary resin, but can also be found in some solid wastes generated 
during the daily operation of a nuclear power plant (with a decay time of 
only a few months): filters of the primary water purification system, 
together with gloves, clothes, tools, replaced metal parts of primary 
components, irradiated graphite of RBMK, … For the June 2020 event, 
the presence of fission products, and especially non-volatile ones, sug-
gests a primary resin source. However, without any fission products, it 
could be any “primary” solid waste. 

Another characteristic of these events, as well as those of the August 
2016 and May 2018, is the presence of 46Sc associated with these acti-
vated corrosion products. As previously explained, 46Sc is not expected 
to be found in a PWR nuclear power plant or in the primary loop of a 
RBMK, and is generally intentionally produced by specific facilities. The 
simultaneous detection of these isotopes is therefore a puzzle, especially 
as no other isolated 46Sc detections have been reported in the last decade 
(except possibly the 46Sc detection in June 2020, but as it is mixed with 
the main release it is impossible to distinguish). 46Sc and these activated 
corrosion products have always been detected together. 

4.4.4. The mixing hypothesis 
One hypothesis to explain this synchronicity, could be to consider 

that 46Sc and the activated corrosion products are waste products of 
different origin, and were incinerated together in a solid waste incin-
eration center. This would be consistent with a hypothesis proposed in 
(Ingremeau and Saunier, 2022) to explain the June 2020 detection 
event. 

However, according to this interpretation, 46Sc and activated 
corrosion products should not always be detected together. Instead, 
there should be occasional detections of either 46Sc alone or activated 
corrosion products alone. Cases of isolated activated corrosion products 
have been observed several times (e.g. some of the events listed in 
Table 3, or detection of only 60Co and 54Mn in April and July 2012). 
However, no isolated detections of 46Sc have not been reported in 
Finland during the last ten years. The absence of such detections is ev-
idence against this hypothesis. 

In addition, in such a case of deliberate incineration, it is expected 
that the emissions will be filtered, greatly reducing the activity released 
to non-detectable levels. 

4.4.5. The RBMK graphite hypothesis 
46Sc is also unintentionally produced in the graphite of RBMK re-

actors, in the core, outside the primary loop. In fact, graphite (used as a 
moderator in RBMK reactor cores) always contains some impurities. 
These impurities are highly variable, depending on the industrial purity 
required (Toyo Tanso) and the origin of the graphite (Ancius et al. 
2005); (Plukienė et al., 2018); (Plukienė et al., 2011). 

If 46Ti is present in the graphite, 46Sc can be produced by the fast 
neutron reaction 46Ti(n, p)46Sc, as evaluated in (Plukienė et al., 2011). 
However, in this case, the amount of 46Sc is quite small, around 1 kBq/g 
of graphite in operation. Considering that the source term of 46Sc in the 
various detected releases is of the order of GBq, it would require several 
tonnes of recently irradiated graphite to obtain this amount of 46Sc, 
which seems rather unrealistic. 

However, if there is 45Sc impurity in the graphite, the amount of 46Sc 
can be much higher, as evaluated in (Ancius et al. 2005), reaching tens 
of kBq/g after one year of decay. With a shorter decay time of few 
months, the activity of 46Sc could even be around a hundred of kBq/g. 
With this hypothesis of the Scandium impurity content and decay time, a 
few tens of kilograms of irradiated graphite could contain one GBq of 
46Sc. 

Another interesting aspect of this hypothesis is that 46Sc is associated 
with 60Co (detected) and 54Mn (detected in august 2016 and July 2019) 
in the irradiated graphite. The two publications (Ancius et al. 2005); 
(Plukienė et al., 2011) focused mainly on long term waste management, 
and therefore did not evaluate the activity of short-lived isotopes such as 
59Fe (45 days). However, the high activity estimated for 55Fe (long lived, 

with 2.7 years of half-life), indicates that 59Fe would be present with 
significant activity for few months of decay, consistent with its frequent 
detection with 46Sc. Other isotopes would also be present with high 
activities, such 14C, which could not be detected because it would be in a 
gaseous form (CO2), 3H, also undetectable (H2O), 55Fe or 45Ca, both 
undetectable with gamma spectroscopy. As a result, the inventory of a 
few tens of kilograms of irradiated RBMK graphite after a few 
months of decay, assuming a significant scandium impurity con-
tent, is fully consistent with the source term of the detections from 
Table 5. 

The 141Ce detection of August 2016 could also be explained with this 
hypothesis. Indeed, graphite also contains some Uranium impurities, 
which produce fission products and minor actinides, as seen in (Ancius 
et al. 2005); (Plukienė et al., 2011). And 141Ce is one of the most active 
fission products after few months of decay. A dedicated short-lived 
isotope simulation of graphite irradiation would be required to 
confirm this explanation, but the orders of magnitude are compatible 
with this hypothesis. 

Russia and others countries with large amounts of irradiated 
graphite, such as the UK or Ukraine, have not yet defined the future of 
the graphite from decommissioned nuclear power plants that is 
currently decaying in reactors (Dorofeev et al., 2019). However, this 
inventory is not of interest because after one year of decay, it would not 
contain enough 46Sc to explain the detections events. To explain the 46Sc 
detections, an intervention on recently irradiated graphite must be 
considered. At the time of the first 46Sc release event in 2016, four RBMK 
reactors were in operation at the Leningrad power plant in 2016, and 
two are still in operation in 2023. 

It is possible that a graphite block in an operating RBMK may have 
been damaged and the cleaning process may have produced some debris 
of irradiated graphite which, after few months of decay, ended up in a 
solid waste incinerator. However, in such case of intentional incinera-
tion, the emissions are expected to be filtered, which would significantly 
reduce the released activity to undetectable levels. Despite this major 
release magnitude issue, that assumption of irradiated graphite could 
explain the characteristics of the 46Sc events. 

4.4.6. The PIK hypothesis for the May 2022 event 
One of the main industrial uses of scandium is in aluminum alloys 

(Kulikov et al., 2018; Zakharov, 2003). In particular, the Russian 
Federation developed an aluminum-scandium alloy during the Cold 
War, which was used mainly in military aircraft (AZO, 2021). The use of 
such an alloy in the primary loop of a nuclear reactor could produce 
significant amounts of 46Sc, together with other activated corrosion 
products. In support of this idea, 46Sc was one of the isotopes released by 
the effluent treatment plant at the Hanford nuclear research center in 
the 1960s, and neutron capture on the scandium content of the 
aluminum alloy in the reactor was one of the sources investigated, 
although not the main source according to (Hanford, 1970). 

PWR, such as VVER, or RMBK do not use the aluminum alloy in their 
primary loop. However, the estimated area from which the release could 
have originated includes the Gatchina Research Center. This site is home 
to the PIK reactor, a high-flux research nuclear reactor (Reactor PIK), 
which uses aluminum for the core tank (Konoplev, 1995). Although it is 
not stated whether the core tank uses a scandium-aluminum alloy, this 
possibility that cannot be ruled out. 

It should be noted that the PIK reactor started operating at high 
power on 8 February 2021 (Russia launches PIK research reactor, 18 
February, 2021), and has been upgraded in February 2022 (Russian PIK 
research reactor upgraded, 2022). Therefore, solid waste linked to 
operational activities on the primary loop of the PIK reactor, could be 
expected to contain 60Co and 59Fe together with 46Sc and could be a 
credible origin of the May 2022 release. This detection occurred one and 
half year after the start of high-power operation of the reactor, which is a 
credible delay (albeit short) for solid waste production and incineration. 

However, this hypothesis could not explain the three 46Sc detections 
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occurred before 2021 and is therefore not the most likely source. 

4.4.7. Synthesis on 46Sc detections 
46Sc, which is not produced in PWR reactor, was unexpectedly found 

to be consistently associated with activated corrosion products from 
nuclear reactors in the four detection events considered. 

One hypothesis to explain this synchronicity is that 46Sc and the 
activated corrosion products are waste products of different origin that 
were incinerated together in a solid waste incineration center. In this 
scenario, 60Co, 59Fe, and 54Mn would be expected to originate from 
operational solid waste from the primary loop, such as resins, filters or 
other materials, after a few months of decay, while 46Sc would originate 
from medical or industrial sources. However, according to this inter-
pretation, 46Sc and the activated corrosion products should not always 
be detected together, and occasional detections of 46Sc alone should 
occur. The absence of such detections in Finland during the last decade 
is evidence against this hypothesis. 

An alternative hypothesis is that the radiological inventory origi-
nated from tens of kilograms or more of irradiated graphite from an 
RBMK after a few months of decay, assuming a minimum scandium 
impurity content in the graphite. This assumption could explain all the 
characteristics observed in the 46Sc events. 

However, for both hypotheses (mixed waste in the incinerator or 
RBMK graphite), the intentional incineration of solid waste is expected 
to involve emission filetring, which would strongly reduce the released 
activity to undetectable levels. At this stage of the analysis, a satisfactory 
solution to this contradiction remains elusive. 

Finally, an alternative explanation could involve the PIK reactor, 
which has an aluminum core tank and could use a scandium-aluminum 
alloy. In this scenario, irradiation would produce 46Sc as an activated 
corrosion product, which could be present in some solid waste. How-
ever, this hypothesis has a limitation: it can only explain the May 2022 
event and not the three previous events, making it a less likely 
explanation. 

Further investigation is therefore needed to determine the exact 
cause of these events, which could include more detailed measurements 
and increased international cooperation and information sharing be-
tween nuclear facilities. 

5. Conclusions 

In conclusion, this study demonstrates the value of the developed 
methodology in investigating small undeclared releases of radionuclides 
to the atmosphere, while acknowledging the challenges in definitively 
identifying the event causing the release. The results provide valuable 
insights into the potential sources and origins of these releases and 
contribute to a better understanding of radionuclide release events. 

The methodology consists of two main parts: first, an inverse 
modelling approach that combines environmental measurements and 
atmospheric transport modelling to determine the most relevant source 
location; and second, an analysis of isotope production pathways and 
comparison with known typical inventories to identify the type and part 
of a nuclear facility potentially responsible for the release. 

This study provides a detailed analysis of three detection events: July 
2019, June 2020 and May 2022. Source identification based on inverse 
modelling indicates that releases from the Leningrad region of the 
Russian Federation could explain the detection of artificial radionuclides 
in several northern European countries during these events. The calcu-
lations suggest that only a release from this geographical area is suitable 
to reproduce the set of measurements. The use of ECMWF meteorolog-
ical fields improves the agreement between modelled and observed 
concentrations, thereby increasing confidence in the estimation of the 
source term. The total amounts released to the atmosphere during these 
three events are generally of similar magnitude, ranging from a few to 
tens of gigabecquerels. 

The previous analysis of the June 2020 (Ingremeau and Saunier, 

2022) event has been re-examined, using new measurement information 
obtained from complementary air filter analysis. The updated inter-
pretation suggests that the most likely origin of this release is a primary 
ion exchange resin, after a decay period of 2 to 5 months, from a pres-
surised water reactor that experienced a fuel cladding failure and 
dispersion of fissile material in the primary. 

For the July 2019 and May 2022 releases, the presence of 46Sc was 
also found in association with activated corrosion products. This is quite 
unexpected, as 46Sc is not produced during the operation of PWR or in 
primary loop of RBMK. Two hypotheses are proposed to explain the 
origin of their source term: 

One possibility is that 46Sc and the activated corrosion products are 
waste products of different origin that were co-incinerated in a solid 
waste incineration center. 

Another hypothesis suggests that the source could be tens of kilo-
grams or more of irradiated graphite from an RBMK reactor, after a few 
months of decay and assuming a minimal scandium impurity content in 
the graphite. 

Both hypotheses can explain the characteristics of the 46Sc events, 
but suffers from the fact that, in a case of deliberate incineration, 
emissions are expected to be filtered, which should strongly decrease the 
released activity released to undetectable levels. Consequently, the 
origin of these two releases remains uncertain and requires further 
investigation. 
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