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Abstract

Knowledge of past anthropogenic sources of radionuclide contamination in Russian Arctic areas is important to assess the
radioecological situation of these less-studied regions. Therefore, we investigated the sources of radionuclide contamina-
tion in Russian Arctic in the 1990s. Lichen and moss samples were collected from 1993 to 1996 in Kola Peninsula, Franz
Josef Land, and few other locations. The activity concentration of '*’Cs was determined from the archived samples by
gamma spectrometry in 2020. After radiochemical separation of Pu and U isotopes from the lichens and mosses, mass ratios
240py/23%py, B4U/P8U, 2B5U/%8U, and 2°U/28U were determined by mass spectrometry. 13’Cs activity concentrations at the
sampling date were found to vary from 3.1 + 1.4 (Inari, Finnish-Russian border) to 303 +7 (Kola Peninsula) Bq/kg. The
ranges of isotopic ratios were 0.0592 +0.0007 to 0.253 +0.082 for 2*°Pu/>**Pu, (4.89 +3.91)x 107> to (6.86+0.04)x 1073
for 2*U/”8U, 0.0072104(21) to 0.007376(41) for 23U/**8U, and from below 1x 1077 to (2.65+0.19) x 10~° for 23U/>38U,
respectively. Based on the measured isotopic ratios and characteristic isotopic ratios of known contamination sources, the
main Pu and U sources in the sampled lichens and mosses are global fallout, the Chernobyl accident, and possibly local
nuclear activities. These results contribute to further understanding of past nuclear events and resulting nuclear contamina-
tion in Russian Arctic terrestrial areas.
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Introduction

Radioactive contamination in terrestrial environment in Russian
Arctic areas originates from various anthropogenic sources.
Atmospheric nuclear weapon testing in the 1950s and 1960s has
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produced both global and local (from tests performed at Novaya
Zemlya) fallouts to the environment. It has been estimated that
about 5% of the released radioactivity from the 87 atmospheric
nuclear tests performed at Novaya Zemlya in 1955-1962 was
deposited as local fallout (Aarkrog 1994). Nuclear activities
performed at Novaya Zemlya islands during the past decades
include at least atmospheric, underground, and underwater
nuclear tests, a sunken nuclear submarine K-27, and dumping
of liquid and solid nuclear wastes in the sea (e.g. Matishov
et al. 2021). Besides these local nuclear contamination events
in Arctic Russian environment, effects from global fallout,
Chernobyl accident in 1986, and Fukushima accident in 2011
have given their own contributions to nuclear contamination
inventory in Russian Arctic regions. Inputs from nuclear
material reprocessing and production plants in Western Europe
and Siberia via sea currents have also been important nuclear
contamination contributors in Russian Arctic areas (Matishov
et al. 1994a). In addition, submarines that have been sunken
in remote Arctic sea areas are potential sources of nuclear
contamination.
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Radionuclide concentrations in aquatic ecosystems in sea
areas nearby Novaya Zemlya have been well investigated.
For instance, Russian researchers (Matishov et al. 1994a,
2020, 2021), a joint long-term Norwegian-Russian co-oper-
ation (JRNEG 1994, 1996; Strand et al. 1994; Salbu et al.
1997; Dahle et al. 2009; JINREG 2014; Gwynn et al. 2016;
Heldal et al. 2018), Polish-Russian co-operation (Matishov
et al. 1994b; Szczypa and Reszka 1998), and Finnish-Rus-
sian co-operation (Matishov et al. 1995, 2011; Leppédnen
et al. 2013) have improved knowledge about radioecology in
these aquatic ecosystems. It has been found in these studies
that radionuclide concentrations in aquatic environment in
Russian Arctic regions have been generally at a low level,
not significantly deviating from the radioactivity levels due
to global fallout. According to fore mentioned monitoring
studies, no leakage from radioactive pollution sources has
been detected yet. Although transfer of radionuclides via
aquatic food web has been considered to be relatively low at
the moment (Heldal et al. 2018), radioecological monitoring
work should be continued for detecting possible forthcom-
ing leakage promptly and for improving site-specific assess-
ments. It has been estimated that solid radioactive waste with
spent nuclear fuel, dumped by the former USSR, comprises
as much as 84.4% of total long-lived anthropogenic radio-
nuclide inventory in Barents and Kara sea ecosystems in
1961-1990 (Yablokov 2001).

Compared to aquatic environment, published and publicly
available data of radionuclides in terrestrial environment
and ecosystems in Russian Arctic regions is even sparser.
Significant challenge in radioecological research of Rus-
sian Arctic areas is limited availability of data from the past
monitoring and research work. Large part of this research
data is unpublished, secreted, and restricted. For example, an
original article by Matishov et al. (1994b) including activ-
ity concentrations of radionuclides in soil, lichen, and moss
samples from Barents Sea islands and Novaya Zemlya is no
longer available, but fortunately, Szczypa and Reszka (1998)
published their own dataset on the similar topic. A more
recent study explored cryoconite samples from Nalli glacier,
Novaya Zemlya (Miroshnikov et al. 2021).

The aim of the current work was to shed light on the
anthropogenic radionuclide concentrations and contamina-
tion sources in the Russian Arctic terrestrial regions. There
are large gaps in the current knowledge of radioecological
situation in these areas. Lichen and mosses were selected as
sample matrices for this study due to their ability to accumu-
late and concentrate radionuclides from the surface air, ena-
bling their use as biomonitors of contaminants (Tuominen
and Jaakkola 1973; di Lella et al. 2003; Borylo et al. 2017,
Galhardi et al. 2017). Besides global and local radionuclide
depositions, other factors affecting the accumulated radio-
nuclide concentration in lichen are, e.g., lichen species, the
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specific sampling site, and climatic factors (Borylo et al.
2017; Galhardi et al. 2017).

The activity concentration of '*’Cs and mass ratios
240py 239py, B4y238y, 2U/238U, and 2°U/ABU were deter-
mined from lichen and moss samples collected from dif-
ferent locations across the Russian Arctic areas during the
1990s. The mass and activity ratio values of '¥’Cs, 23+240py
and 234235:236238(J were used to identify nuclear contami-
nation sources in investigated samples. The purpose of the
study was to find out whether the extensive Soviet nuclear
operations in the western part of Arctic Russia would have
caused an exceptional radiological situation in the terrestrial
environment of the region.

Experimental
Sampling

Lichen and moss samples were collected in various loca-
tions around Russian Arctic areas: Yenisey estuary, Vaygach
Islands and southern part of Novaya Zemlya in 1993, Franz
Josef Land in 1994, and Kola Peninsula in 1993-1996
(Table 1). M.Sc. Kristina Rissanen of Radiation and Nuclear
Safety Authority (STUK) collected the samples when she
had an extensive collaboration with the Russian Academy of
Sciences (RAS) and especially with the Murmansk Marine
Biology Institute (MMBI) of RAS (Rissanen et al. 1997;
Ikdheimonen et al. 1997). Most of the samples were col-
lected during marine expeditions of the MMBI whereas
the samples from Kola Peninsula were collected during
joint measurement campaigns of STUK, the Laboratory of
Radiochemistry, University of Helsinki, and the Institute of
Radiation Hygiene, St. Petersburg, Russia. The aim of the
measurement campaigns was to study the lichen-reindeer-
man food chain amongst the indigenous Sami people in Kola
Peninsula (Doudarev et al. 1995). In addition to Russian
samples, one moss and one lichen sampled from Finnish
Lapland in 1980 and 2007 were used as reference samples
representing the subarctic environment outside the former
Soviet Union. The identified moss family was Polytrichum,
whilst lichen families Cladonia, Cetraria, Comicularia, and
Stereocaulon were present in the samples. Parts of the sam-
ples were also mixed lichen species. After sampling, the
lichens and mosses were dried, homogenised, and analysed
for various radionuclides (Rissanen et al. 1995). STUK’s
Regional Laboratory in Northern Finland was closed in
2015 and its radioecological sample archive was discarded.
However, a small set of lichen, moss and reindeer tissue
samples were stored to the joint sample archive of University
of Helsinki and the Finnish Meteorological Institute (FMI)
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Table 1 Sampling sites, dates, and species of the analysed samples

Sample code Sampling area Sampling date Lichen or moss species
APU24/80 Apukka, Finnish Lapland 1.7.1980 Polytrichum sp. (moss)
AKT72/07A Raja-Jooseppi, Finnish Lapland 8.9.2007 Cladonia stellaris (lichen)
AK72/07C Raja-Jooseppi, Finnish Lapland 8.9.2007 Cladonia stellaris (lichen)
AKI131/93A Ostrov Nokuyav, Kola Peninsula 28.7.1993 Cladonia mitis (lichen)
AKI126/93A Sem' Ostrovov, Kola Peninsula 11.7.1993 Cladonia mitis (lichen)
AKS80/93 Dalniye Zelentsy, Kola Peninsula 11.7.1993 Cetraria nivalis (lichen)
AK429/93A Dalniye Zelentsy, Kola Peninsula 25.9.1993 Cladonia mitis (lichen)
AK433/94A Revda, Kola Peninsula 28.8.1994 Cetraria islandica (lichen)
AK134/96G Kovdor, Kola Peninsula 12.6.1996 Lichen

AK141/96 Kuzreka, Kola Peninsula 12.6.1996 Mixed lichen species
AK148/96 Lake Kolvitsa, Kola Peninsula 25.7.1996 Cladonia stellaris (lichen)
AK154/96 Zapodnaja Litsa river, Kola Peninsula 26.7.1996 Cladonia stellaris (lichen)
AK156/96 Rechka Ura river, Kola Peninsula 26.7.1996 Lichen

AK463/94A Alger Island, Franz Josef Land 18.8.1994 Moss, top part
AK463/94B Alger Island, Franz Josef Land 18.8.1994 Moss, bottom part
AK463/94 BW Alger Island, Franz Josef Land 18.8.1994 Moss, bottom part
AK469/94A Kane Island, Franz Josef Land 22.8.1994 Moss, top part
AK469/94B Kane Island, Franz Josef Land 22.8.1994 Moss, bottom part
AK470/94A Prince Rudolf Island, Franz Josef Land 23.8.1994 Moss

AK471/94A Jackson Island, Franz Josef Land 23.8.1994 Cetraria nivalis + other species
AK127/93A Vaygach island, Russia 20.7.1993 Cetraria sp. (lichen)
AK128/93A Vaygach island, Russia 20.7.1993 Cladonia mitis (lichen)
AK129/93A Novaya Zemlya, Russia 23.7.1993 Cetraria islandica (lichen)
AK442/93A Yenisey estuary, Russia 18.9.1993 Cetraria islandica (lichen)
AK444/93 Yenisey estuary, Russia 18.9.1993 Cetraria sp. or Comicularia sp. (lichen)
AK446/93 Yenisey estuary, Russia 18.9.1993 Stereocaulon sp. (lichen)

(Paatero and Salminen-Paatero 2019). These samples were
utilised in this work.

Gamma measurements

Moss and lichen samples were packed in cylindrical plas-
tic containers with a diameter of 45 or 90 mm. They were
measured with a high-purity germanium (HPGe) detector
Canberra GX 8021 for 3-5 days, aimed at obtaining a peak
area of at least 1000 counts for '*’Cs. Calibration of the
detector was performed in the same measurement geometry
as the samples using a multigamma standard solution. The
relative efficiency of the detector was 40%, and the energy
resolution was 1.8 keV (FWHM) at 1.33 keV. Genie 2000
Gamma Acquisition & Analysis programme (Canberra) soft-
ware was used for analysing the gamma spectra.

Separation procedure for Puand U
After gamma measurements, some separate top and bot-

tom parts of the same lichen or moss having small sample
masses were combined before digestion, for ensuring high

signals of U and Pu isotopes in later mass spectrometric
measurements. The samples were ashed in an oven at 600 °C
for 12-24 h. Then 40-100 ml of reverse aqua regia (conc.
HNOj: conc. HCI in 3:1 mixture) was added to each ashed
sample. Tracers of 2*?Pu and 2*2U were added to each sam-
ple as yield determinants. Wet digestion of the samples was
performed on a hot plate for 6 h or longer. Sample solutions
were filtered, and the solid residue was discarded. Some
samples having high sample masses were divided into two
or three subsamples after wet digestion, for enabling paral-
lel analyses. Sample solutions were evaporated to dryness.
The separation method used for Pu and U was modified
from Hakanen and Jaakkola (1976) and Jaegler et al. (2019).
Pu and U were separated from the sample matrix and each
other by anion exchange. Before loading the sample to an
anion exchange column, the evaporated sample residue was
dissolved in 10-40 ml of 8 M HNO;, and Pu was stabilised as
Pu** by adding a small amount of solid NaNO, and heating.
After cooling to room temperature, the sample was loaded
to an anion exchange column (Dowex 1x4, 50-100 mesh,
Sigma-Aldrich), and both the load solution and the following
washing solution, 30 ml of 8§ M HNO;, were collected with the
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U isotopes they contained. The column was further washed
with 60 ml of 10 M HCI, and then Pu was eluted with 68 ml
mixture of concentrated HCI4+1 M NH,I (7.5:1 mixture).

Both U and Pu fractions were further purified prior to
mass spectrometric measurements. Pu fraction underwent
the same anion exchange procedure again, with the half
of resin and reagents volumes compared to the first anion
exchange separation. U fraction was loaded as 10 ml of 4 M
HNO; to UTEVA (Triskem International, Bruz, France)
extraction chromatography column. After washing the col-
umn with further 10 ml of 4 M HNO;, U was eluted with
15 ml of 0.01 M HCI. Finally, the purified U and Pu fractions
were processed for ICP-MS (inductively coupled plasma-
mass spectrometry) measurement by evaporation and disso-
lution to 5% (v/v) HNOj s.p. In addition to lichen and moss
samples, certified reference material samples (IAEA-384
Fangataufa sediment) and blank samples were analysed in a
similar way for quality assurance.

ICP-MS

Isotopic ratios of 240py23py, 234U/23BU, P08, and
235U/2%8U were determined from moss and lichen samples by
multicollector inductively coupled plasma mass spectrometry
(MC-ICP-MS, Neptune Plus, ThermoScientific, Bremen,
Germany) and inductively coupled plasma sector field mass
spectrometry (ICP-SFMS, Element XR, ThermoScientific).
Aridus II desolvating nebuliser system (Cetac, Omaha, NE,
USA) and MC-ICP-MS interface equipped with ‘Jet’ sampler
and ‘X-type’ skimmer cone was used to increase instrumental
sensitivity. Instrumental conditions and measurement param-
eters can be found elsewhere (Rodushkin et al. 1999; Pontér
et al. 2021). In order to reduce tailings from 23U and 233U on
masses 236 and 234 as well as limit 2>UH* formation affect-
ing *°U, the *°U/***U ratio was measured in medium resolu-
tion mode with Retarding Potential Quadrupole (RPQ) Lenses
optimised for the highest abundance sensitivity with 2*°U sig-
nal measured using ion counter. The effect from remaining
spectral interferences was corrected mathematically. Internal
standard (in ICP-SFMS) and external calibration with brack-
eting isotope standard reference materials (IRMM-184 and
IRMM-187, in MC-ICP-MS) were used to correct for instru-
mental mass bias. Standard deviation (SD) for isotopic con-
centrations was calculated from two independent consecutive
measurements.

Results and discussion
137Cs activity concentration in lichens and mosses

The activity concentration of '3’Cs in the investigated
lichen and moss samples was 107 +1-303 +7 Bq/kg in
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Kola Peninsula, < 3-226 + 6 Bqg/kg in Franz Josef Land,
103+ 1 and 131 +2 Bqg/kg in Vaygach Island, 34+ 1 Bq/
kg in Novaya Zemlya, and 24 +1-52+ 1 Bq/kg in Yeni-
sey estuary, Russia (Table 2, Fig. 1). Reference samples
from Finnish Lapland had *’Cs activity concentrations of
3.1+1.4-105 +2 Bq/kg. The activity concentration values
(per dry weight) have been decay corrected to sampling
time. Previously, the activity concentration of '3’Cs has
been determined to be 290 + 60 Bq/kg in five lichen samples
from Lovozero, Kola Peninsula, and also a low amount of
134Cs was then (in 1994) detected in lichens, 8.5 +5.6 Bq/
kg (Doudarev et al. 1995). Szczypa and Reszka (1998) pub-
lished very similar *’Cs activity concentration values, they
reported 297-528 Bq/kg, 136-359 Bq/kg, 81 Bg/kg, and
5.6-395 Bg/kg for lichens and mosses of Kola Peninsula,
Franz Josef Land, Vaygach Island, and Novaya Zemlya in
1991-1992, respectively. They had also determined values
359478 Bg/kg for Dolgiy Island and 46 Bq/kg for Kolguyev
Island.

There are no significant differences in the activity concen-
trations of '¥’Cs between these sampling locations, neither
in the current study nor in the previous ones by Szczypa
and Reszka (1998), Doudarev et al. (1995), and Rissanen
et al. (1995). In the current study, only one lichen sample
from Novaya Zemlya was available and its '*’Cs activity
concentration was low, 34 +1 Bq/kg. However, taking a
closer look at Novaya Zemlya sample group of Szczypa and
Reszka (1998), the difference between Chernaya Bay and
other parts of Novaya Zemlya in radionuclide concentrations
is clear. The activity concentration of '*’Cs was 5.6-31 Bg/
kg in lichens from Nordensheld Bay, whilst it was 312 Bq/kg
in a moss and 395 Bq/kg in a lichen sample from Chernaya
Bay. High concentrations of '*’Cs and other anthropogenic
radionuclides were also observed in the sediment samples
collected from Chernaya Bay (Szczypa and Reszka 1998).
Chernaya Bay, former Soviet military area, is the most con-
taminated part of the Novaya Zemlya, regarding radionu-
clide concentrations in environment (Matishov et al. 1994b).
Based on environmental '3’Cs activity concentrations and
the absence of '3*Cs in the environmental samples collected
soon after the Chernobyl accident, it has been concluded
that radioactive deposition from the Chernobyl accident to
Novaya Zemlya was only minor (Szczypa and Reszka 1998;
Matishov et al. 2021). According to Semenov (1993) cited
by Bergman and Baklanov (1998), 30% of the '*’Cs in Kola
Peninsula soil originated from the Chernobyl accident. The
activity concentration range of '*’Cs has been summarised
to be typically 100—600 Bg/kg in lichens in Kola Peninsula
(Semenov 1993; Doudarev et al. 1995; Rissanen et al. 1995;
Bergman and Baklanov 1998).

Although most of the anthropogenic radionuclide inven-
tory is in the sea environment in Russian Arctic areas, here is
an additional, quite recently found, radionuclide accumulator
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Table 2 The activity concentration of 137Cs, mass ratios 2*°Pu/?°Pu
and 2U/28U, activity ratios 23%+240pu/'37Cs, and '¥Cs/ P9+240py
in investigated lichens and mosses. Uncertainties for mass ratio val-

ues have been calculated from one SD (standard deviation) counting
errors. 1o error is given for the activity concentration of '*’Cs, and
the activity concentration has been decay-corrected to sampling date

Sample code Sample mass A P7Cs (Bg/kg) Sample mass 240py/2¥py Z5uPBU BiyBy 239+240py/137Cs 137Cg/239+240py
for gamma for digestion
meas. (g) (€3}

APU24/80 31 105+2 10 0.192+0.007 0.007376(41) (4.9+3.9)x107° 0.0052 +0.0006 193 +23
AKT72/07A 12 3.1+1.4 23 0.253+0.031 0.0072208(7) (5.59+0.04)x 1075 0.0014 +0.0003 720+ 180
AK72/07C 15 35+1
AK131/93A 18 301+3 18 0.211+0.020 0.0072208(1) (6.26+0.01)x107° 0.0039+0.0003 256 +20
AK126/93A 50 278+6 20 0.168 +0.009 0.0072126(6) (6.07+0.01)x 1075 0.00048 +0.00003 2100+ 150
AKS80/93 13 130+2 20 0.204 +0.006 0.007212461(2) (5.62+0.01)x107° 0.00057 £0.00008 17604250
AK429/93A 50 129+3 20 0.147+0.019 Not analysed - 0.00040+0.00016 2500 + 1000
AKA433/94A 40 107+1 20 0.104+0.057 0.0072190(3) (5.68+£0.01)x 1075 0.00013 +0.00008 7700 +4600

20 0.0592+0.0007  0.0072191(1) (5.65+0.09)x 107 0.0072+0.0002 138 +4
AK134/96G 13 182+6 20 0.196+0.015 0.0072133(14) (5.58+0.03)x 107> 0.00068 +0.00009 1470+ 190
AK141/96 36 178 +3 32 0.182+0.009 0.0072116(24) (5.14+£0.03)x 107 0.0155+0.0010 62+4

20 0.180+0.007 0.0072155(9) (5.12+0.03)x 1075 0.0329+0.0014 301
AK148/96 40 196 +4 17 0.174+£0.005 0.0072127(5) (5.29+0.02)x 107 0.0095 +0.0007 106 +8

20 0.176 +£0.010 0.0072153(2) (5.27+0.02)x 107 0.0153+0.0010 65+4
AK154/96 32 30317 20 0.179+0.014 0.0072128(2) (5.50+0.04)x 1075 0.0089+0.0011 112+14
AK156/96 37 21143 20 0.198 +0.067 0.0072124(9) (5.50+0.01)x 1073 0.0048 +£0.0015 206+ 67
AK463/94A 12 49+1 20 0.178 +£0.025 0.0072204(4) (6.120+0.003)x 107> 0.0031 £0.0004 325+41
AK463/94B 6 226+6
AK463/94BW 12 102+5
AK469/94A 15 4.5+0.7 20 0.203+0.024 0.0072195(6) (6.65+0.01)x 107> 0.0177 +0.0020 56+6
AK469/94B 11 30+1
AK470/94A 4 <3 16 0.199+0.026 0.0072131(14) (6.86+£0.04)x 1075 - -
AK471/94A 31 106+ 1 20 0.198+0.018 0.0072113(4) (6.22+0.06)x 107 0.0087+0.0015 115+19
AKI127/93A 15 103+1 20 0.198 +0.003 0.0072123(10) (5.60+0.05)x 107> 0.00252+0.00009 398 +13

20 0.208+0.015 0.0072196(3) (5.70+£0.03)x 1075 0.0025 +£0.0004 401+£65
AK128/93A 16 131+2 20 <D, 0.0072104(21) (5.57+£0.21)x 1073 - -

19 0.183+0.014 0.0072166(44) (5.62+0.16)x 107 0.00039+0.00005 2600+ 300
AK129/93A 43 34+1 20 0.253+0.082 0.0072104(7) (5.86+0.06)x 107 0.0015+0.0004 670+ 160
AK442/93A 18 24+1 20 0.149+0.026 0.0072113(2) (5.790£0.002)x 10> 0.0041+0.0013 245+77
AK444/93 13 52+1 20 <Dy Not analysed - - -
AK446/93 15 34+1 20 <D, 0.0072129(9) (5.87+0.02)x 107 - -

and potential source for several terrestrial environments of
Arctic. Cryoconites can accumulate much higher concen-
trations of radionuclides and other contaminants from their
environment than traditionally investigated contamination
monitors, lichens, and mosses. Cryoconites are discussed
here, as the existing radioactivity data for cryoconites is a
welcome addition to a corresponding partly limited data for
lichen and moss samples in Arctic regions. Cryoconites have
been formed from fine-grained dark sediment accompanied
with microbes, rocks, soot, algae, etc., which all have been
carried by the wind even from far distances and deposited
onto glacial surface or onto snow. Accumulation of radio-
nuclides and other pollutants in the cryoconites have been
studied, e.g., by Lokas et al. (2016, 2017, 2018, 2022), Owen
et al. (2019), and Miroshnikov et al. (2021). Since the dark
colour of cryoconites enhances melting of surrounding
glacier or snow, release of accumulated radionuclides and

other pollutants from the cryoconites into terrestrial envi-
ronment can be substantial; this is a concern in the future
assessments of climate change effects in the Arctic environ-
ments. Miroshnikov et al. (2021) determined the activity
concentration of '*’Cs in cryoconites from Nalli Glacier,
Novaya Zemlya, in 2018, and the range was from 244 +4
to 8093 + 69 Bqg/kg per dry mass where the mean value was
4049 +33 Bq/kg. The activity concentration range varies
greatly in cryoconites, depending on the exact sampling site
and various other factors, as the activity concentration of
137Cs was observed to vary between 58 +2-2076 +20 Bq/
kg (mean value 354 +4 Bg/kg) in the same sampling site in
2017 (Miroshnikov et al. 2021). Even higher activity con-
centrations of '*’Cs have been found in cryoconites in Nor-
way, where the range was 12.9+0.8-24.5 + 12.3 kBg/kg and
average value was 17.9 +3.6 kBg/kg in 2018 (Lokas et al.
2022). The corresponding ranges in Svalbard cryoconites
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Fig. 1 The activity concentra- 350
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have been much lower, 89 +44-782 +99 Bqg/kg, in the sam- Peninsula, and most of the samples had the ratio close to
ples collected in 2011 and 2014 (Lokas et al. 2016). Lokas  global fallout value, which is typically assigned as~0.18
et al. (2022) concluded that most of the *’Cs depositionin  (Kelley et al. 1999). Four (combined from seven samples
glacier in Norway originates from the Chernobyl accident. after gamma measurements) moss and lichen samples
from Franz Josef Land had the **°Pu/?*°Pu ratios of
240py/239py isotope ratio in lichen and moss samples  0.178+0.025-0.203 +0.024. These ratio values were close to
from Russian Arctic areas or slightly higher than the value in global fallout. Two lichen
samples from Vaygach Island were split for analysis, and
The isotope (mass) ratio 2*°Pu/?*°Pu in all investigated  the two sample halves of “AK127/93A” had the 2*°Pu/**Pu
lichen and moss samples varied from 0.0592+0.0007 to  ratios of 0.198 +0.003 and 0.208 +0.015, whereas two sample
0.253 +£0.082, depending on the sample and sampling site  halves of “AK128/93A” had the ratio values of below MDA
(Table 2, Figs. 2 and 3). The 240py/239py ratio varied from and 0.183+0.014. Again, the ratio values were at the same
0.0592 +0.0007 to 0.211 +0.020 in ten samples from Kola  level or slightly higher than the global fallout value.
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Fig.3 2*°Pu/**Pu isotope

ratio in lichen and moss in the
Western part of the Arctic Rus-
sia (Map: Google Earth, Google
LLC)
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The only lichen from Novaya Zemlya had the *°Pu/***Pu
ratio of 0.253 +0.082, which is close to the global fallout
value, taking into account the uncertainty of the determined
ratio value. However, in a previous study by Oughton et al.
(2004), the mass ratio 2**Pu/>*°Pu was found to vary from
0.17 to 0.28 in sediment samples from Stepovogo Fjord,
Novaya Zemlya, which is close to dumped radioactive waste
containers. It is therefore possible that the value obtained in
this study might actually reflect the characteristic mass ratio
range of the region, having an input from dumped nuclear
waste. From three lichen samples collected from the Yenisey
estuary, only one gave a result over the detection limit, the
240py/23py ratio being 0.149 +0.026 in that sample, being
slightly lower than the corresponding ratio in a global fall-
out. In two samples (moss and lichen) from Finnish Lapland,
the 2*°Pu/?*°Pu ratio was higher than in global nuclear fall-
out, namely 0.192+0.007 and 0.253 +0.031.

It is extremely difficult to assess the origin of Pu in these
lichen and moss samples for the cases where the mass ratio
240py/239Py deviates from the global nuclear fallout value.
This is due to sampling sites of this study, where multiple Pu
sources may coexist and the sampling time in the 1990s was
decades after the most intense atmospheric nuclear weapons
testing (globally) and nuclear activities in Novaya Zemlya.
By then, the originally airborne radionuclide deposition
from the atmospheric nuclear emissions in the surface air

NGA, GEBCO
Image U.S. Geological Survey

il “
- ¥ @7 Franz Josef Land

Novaya Zemlya

Kola peninsula —

~_ Russia

wrGoogIe Earth

has been mainly settled to ground (Hirose and Povinec 2015)
and onto surfaces of lichens and mosses. The biological half-
lives of radionuclides are short compared to their physical
half-lives, and eventually, the lichens and mosses return the
absorbed radionuclides into soil for possible remobilisation
and further recirculation. In addition, the diverse and partly
hidden history of nuclear operations in Novaya Zemlya com-
plicates the estimation of Pu sources in terrestrial environ-
ment of these Arctic regions.

Lower 2*°Pu/**Pu values may indicate traces from weap-
ons-grade Pu, whose mass ratio 2*’Pu/**°Pu has been esti-
mated to be <0.07 (Albright et al. 1997). Most clearly two
subsamples of ‘AK433/94A’ and probably ‘AK429/93A’ and
‘AK442/93A’ as well have >*°Pu/**°Pu mass ratios represent-
ing mixture of weapons-grade Pu and e.g. Pu from global
fallout, the Chernobyl accident, or other Pu source. These
samples with a low 2**Pu/?*°Pu mass ratio were all collected
from Russian continent, Revda (Kola Peninsula), Dalniye
Zelentsy (Kola Peninsula), and Yenisey estuary, respectively.
Similarly, low 240py/239Py mass ratios have been found from
cryoconites sampled in Norway and Svalbard (Lokas et al.
2019, 2022). Transportation of weapons-grade Pu from
Novaya Zemlya has been suggested to be Pu source in these
samples (Lokas et al. 2019, 2022).

The sample “AK433/94A”from Revda had the lowest
240py/23py ratio value in this study, 0.0592 +0.0007, and the
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sampling site is located approximately 30 km from Kuel'por
apatite mine near Kirovsk, Russia, where underground
‘peaceful nuclear explosions’ (PNEs) for ore fracturing were
performed in 1972 and again in 1984 (Nordyke 1996; IAEA
2004). Explosion ‘Dnepr-1’ on 4" September 1972 had a
yield of 2.1 kilotons, detonation depth was 130 m, and the
emissions from the explosion are claimed to be fully con-
tained in the underground tunnel, only natural background
radioactivity level existing in the surrounding environment
(IAEA 2004). Two explosions of ‘Dnepr-2’ were executed
in the same place on 27" August 1984, both bombs having
yields of 1.7 kilotons and detonation depth of 160 m (IAEA
2004). According to IAEA (2004), these two later explo-
sions produced fully contained emissions and the area has
only natural background radioactivity level. However, some
other references (e.g. Nordyke 1996; Bergman and Baklanov
1998) report about leakage of emission products from both
‘Dnepr-1" and ‘Dnepr-2’° explosions. Even though the radi-
oactivity level in the surrounding environment has been
evaluated as normal and activity concentration of *’Cs in
soil, lichen and moss samples was 6—-60 Bg/kg, exceptionally
high 137Cs concentrations have been found as well, reach-
ing 320 Bg/kg (Evseev et al. 2013). Bomb debris has been
mixed with rock melt and vitrified in the underground tun-
nels, and 90% of it has been considered both physically and
chemically stable in its repository, with low leaching (IAEA
2004). The activity level of long-lived actinides, mainly Pu,
has been estimated to be from 74 to 740 Bq/g in the rock
melt. In total, 396 000 tons of ore broken by these explo-
sions were transported with conventional methods from the
Kuel'por mine during 1972-1990, and the mine was shut
down in 1992 (Nordyke 1996). Based on the mass ratio typi-
cal for weapons-grade Pu (and low yield explosion resulting
in low neutron flux and limited production of >*°Pu) found
from Revda sample and a relatively short distance between
Revda sampling site and ‘Dnepr’ explosion site, it might
be possible that the origin of weapons-grade Pu would be
in these ‘Dnepr’ PNEs. However, these speculations could
be confirmed only by additional sampling from Revda and
Kirovsk regions.

In total 3 of all 27 Pu samples had a higher mass ratio
240py/23%Py than the commonly agreed global fallout value
of ~0.18, taking into account the uncertainty in the meas-
ured mass ratio values. These three samples were collected
from Finnish Lapland, Kola Peninsula, and Vaygach Island.
It is not possible to identify reliably the Pu source(s) and
their contributions causing the elevated mass ratio values.
Plutonium in these samples may have several sources with
varying and unknown mass ratios. The most probable Pu
sources in addition to global fallout are the Chernobyl acci-
dent in 1986, nuclear emissions from Novaya Zemlya, and
possibly even atmospheric nuclear weapons tests executed
in Semipalatinsk test site in the 1960s. Lokas et al. (2022)
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determined several radionuclides, including Pu isotopes
and '¥’Cs, from cryoconite samples taken in Norway in the
2010s. Based on the isotope ratios in cryoconites, they con-
cluded that '*’Cs in the samples originated mainly from the
Chernobyl accident, whilst Pu is predominantly from the
global fallout, although there were signatures of weapons-
grade Pu from Novaya Zemlya. In another study by Lokas
et al. (2019), it was found that cryoconites may contain
radionuclides from a single nuclear deposition event due
to non-continuous accumulation of radionuclides, resulting
in different radionuclide distribution than the surrounding
soil and environment, where radionuclides from a longer
time period have constantly accumulated. They determined
240py/2%Py in soil and cryoconites from Svalbard, and as a
major part of mass ratio values in soil represented the global
fallout level, there were much lower mass ratio values in
cryoconites, indicating possible presence of weapons-grade
Pu. Wendel et al. (2013) studied air filter samples collected
at sampling stations across Norway in 1957-1958 and
1961-1962. The mass ratio 2*°Pu/**°Pu in air filters had a
wide range from 0.0517 to 0.237. Based on the different
mass ratios, particle analyses, and atmospheric transport
modelling, the sources of Pu were concluded to be global
fallout, a long-range transport from Semipalatinsk nuclear
test site, and also Novaya Zemlya nuclear tests to the surface
air of Norway, during the intense periods of atmospheric
nuclear weapons testing.

239+240py 137 Cs and 137Cs/239*240Py activity ratios
in the lichen and moss samples from the Russian
Arctic

The activity ratio 2*°*240pu/!37Cs varied from
0.00013 +0.00008 to 0.0329 +0.0014 in all investigated
lichen and moss samples from Russian Arctic areas (Table 2,
Fig. 4). The reverse activity ratio '*’Cs/>***?*%Pu, which is
used equally often in the literature, ranged from 30+ 1 to
7700+4600. The obtained activity ratio values have again
a wide range, representing several nuclear contamination
sources present in these samples.

According to de Cesare et al. (2015) and Kelley et al.
(1999), the 1¥7Cs/*3%*24%y activity ratio was about 28 (i.e.
239+240py/137Cs would be about 0.0357) in global fallout in
2008. Another approach for calculating the 23%+24%pu/!¥7Cs
activity ratio in global fallout gave the value of 0.028
(137Cs/*7+240Pu being ~ 36), in Northern Hemisphere in
1999 (Lokas et al. 2022). These calculations were based
on the UNSCEAR data (1982, 2000). Bossew et al. (2007)
provided the third example of the 2**+24°Pu/'*’Cs activ-
ity ratio in a global fallout. They ended up to a value of
0.0180 +0.0024, for the 1° of May, 1986, calculated fur-
ther from the original data of Bunzl and Kracke (1988). The
aforementioned three independently determined values for
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the 239+24%py/137Cs activity ratio in a global fallout are in a
good agreement. The slight variation in the '¥7Cs/?3°+?40py
ratio values amongst literature is inevitable. This is due
to the range of activity concentrations in published refer-
ences and constantly decreasing ratio due to the decay of
137Cs. Furthermore, due to their chemical differences, the
respective mobility of ***?*°Pu and '¥’Cs can be different
depending on the environment. This fractionation might
have affected to the activity concentrations of 2***24°Pu and
137Cs in lichens and mosses of our study as well. However,
quantitative effects from the possible fractionation are not
known, and this possibility of occurred fractionation should
be kept in mind, whilst assessing this '*’Cs and 23°+?40py
data. The time interval between nuclear contamination
deposition and sampling time also affects the activity ratio
of 137Cs/?*9+240py determined from an environmental sam-
ple. Considering all this information, we concluded that
the 23%+240py/!137Cs activity ratio in global fallout was about
0.025 (and *’Cs/>**2%0Py about 40) during sampling time
of this study; only one of our samples had resembling activ-
ity ratio values, ‘AK141/96’ (Kuzreka, Kola Peninsula).
Compared to corresponding values in global fallout,
higher '¥7Cs/?**+240py (> 40 during sampling time) and
lower 29+240py/ 137Cs (< 0.025) activity ratios were found
in all samples, except the fore mentioned ‘AK141/96’
(Table 2). De Cesare et al. (2015) determined the activ-
ity ratio '37Cs/?*°*240Py from the soil samples collected
nearby a nuclear power plant in Italy, and they got a ratio
value range of 37-58. It was concluded in their study that
the 137Cs/>***24%Py ratio values in Italy were higher than
the global fallout value (~28 in 2008) due to received con-
tamination from the Chernobyl accident. The reverse activ-
ity ratio 22+240pu/!¥7Cs was 0.017-0.027, which is a bit

Sample

lower than the global fallout ratio value in 2008, which was
0.0357. Even higher values for '3’Cs/?3°+?4%Py activity ratio
has been determined for surface soil samples in Piora Valley,
Swiss Alps, the range being 90-898 and >**+24°Py/!¥Cs ratio
being 0.0011-0.0111 (Alewell et al. 2014). Cryoconites in
Norwegian glacier had 23**2*°Pu/!¥’Cs activity ratio values
about 0.005 +0.001, 137Cs/**°+240Py ratio being about 200
(Lokas et al. 2022). These two studies named the Chernobyl
accident as the main source for *’Cs deposition in their
samples. Bossew et al. (2007) also determined the activity
ratio 2¥*249py/137Cs in Chernobyl fallout, the value being
6.6 x 107°, from aerosol measurements performed in Salz-
burg and reported originally by Irlweck et al. (1993).

The phenomenon of '*’Cs mainly originating from
Chernobyl whilst 22°+2*°Py mainly originating from global
fallout in environmental samples has been observed in
several studies, e.g., in Swiss Alps (Alewell et al. 2014),
Norwegian glaciers (L.okas et al. 2022), and also in Finn-
ish Lapland (Salminen-Paatero et al. 2020). The radioac-
tive deposition from global fallout was more uniform than
from the Chernobyl accident. Furthermore, the deposi-
tion area of '*’Cs from the Chernobyl accident was much
wider than that of 2°+2*Py and other transuranium radio-
nuclides. For example, the activity concentration of *’Cs
in surface air of Rovaniemi, Finnish Lapland, peaked in
April-June 1986, reaching a value of 1294 +7 pBq/m?,
but activity concentrations of Pu isotopes 238py,, 239+240py
and 2*'Pu were below detection limits in the same sample
(Salminen-Paatero et al. 2019, 2020). However, it was pos-
sible to determine 2*°Pu/?*Pu mass ratio from this sample,
and the value was 0.278 +0.093, indicating the presence
of Chernobyl-derived Pu in this pooled air filter sample,
which was collected during three months after the accident
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happened (Salminen-Paatero et al. 2020). In the same study,
239+240py/137Cs ratio in the surface air could not be deter-
mined for April-June 1986 due to >***24°Py having activity
concentration below detection limit. During the sampling
time of this study, i.e. mid-1990s, the 2***24°pu/"3"Cs activ-
ity ratio was 0.0393 +0.0038 in surface air in Rovaniemi in
1991-1995 (Salminen-Paatero et al. 2020). This value was
slightly higher than in the global fallout at the same time.
Before and after this sampling period, the corresponding
ratio values were lower, 0.0014 +0.0001 in 1987-1990 and
0.0106 +0.0010 in 1996-2000.

Most likely higher '¥’Cs/?**24%Py and lower 2*°*24°pPu/
137Cs activity ratios, compared to global fallout values, in
the studied lichen and moss samples originate from Cherno-
byl-derived deposition in Russian and Finnish Arctic areas.
However, possibility of influences from past nuclear activi-
ties in Novaya Zemlya cannot be excluded.

It should be noted that two subsamples of sample
‘433/94A’ (Revda, Kola Peninsula) have different values
for 24°Pu/***Pu mass ratio and 2**+24°pu/!37Cs activity ratio.
Whereas the mass ratio value 2*’Pu/?*Pu is typical for
weapons-grade Pu in one subsample and for a mixture of
global fallout and weapons-grade unexploded material in
another subsample, the difference between two subsamples
is more obvious in 2***24%py/!3Cs activity ratio. The first
subsample (having 2*°Pu/>*’Pu mass ratio 0.104 +0.057 and
2394+240py /137 Cs activity ratio 0.00013 +0.00008) has high
uncertainties in the isotope ratio values. Due to unknown
radioanalytical or mass spectrometry-related reasons, the
signals of Pu isotopes in this sample were much weaker
in ICP-MS measurements compared to another subsam-
ple, resulting in high standard deviations in the determined

Pu isotope concentrations. The second subsample (having
*40Pu/*°Pu mass ratio 0.0592+0.0007 and *****°Pu/"¥'Cs
activity ratio 0.0072 +0.0002) produced better counting
statistics in ICP-MS determination of Pu isotopes and the
uncertainties of isotope ratios are therefore lower. Thus, the
main reason for different isotopic and activity ratios between
two subsamples of ‘433/94A’ is higher uncertainty in the
values of the first subsample, and the values of the second
subsamples are then more reliable and informative.

234y /238y, 235238y, and 235U/238U isotope ratios
in lichen and moss samples

The mass ratio 2**U/**U varied from (4.89+3.91)x 107 to
(6.86+£0.04) x 1073 in lichen and moss samples from Rus-
sian and Finnish Arctic (Table 2, Fig. 5). It is known that
the mass ratio 2>*U/**®U has a wide range of values both in
terrestrial and aquatic environments, due to isotopic frac-
tionation of U, and higher mobility of 2**U compared to
238U due to alpha recoil effects and nuclear decay induced
oxidation of *U (Suksi et al. 2006). In natural U, the mass
ratio 2**U/**8U is 0.000055. The mass ratio values of lichen
and moss samples of this study are so close to the natural U
level that no traces from isotopic fractionation are visible,
and the isotopes 2**U and ***U are in a secular equilibrium
in the samples.

The mass ratio *°U/***U varied from 0.0072104(21) to
0.00738(4) in investigated samples from Russian and Finnish
Arctic (Table 2, Fig. 6). The corresponding ratio in natural
uranium is 0.00725, in emissions from the Chernobyl acci-
dent 0.00745-0.01006 (Boulyga et al. 2000) and in global
fallout 0.0055-0.0097 (Bellis et al. 2001). Except the sample

Fig.5 The mass ratio 2*U/?®U 10
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‘APU24/80° (Rovaniemi, Finland), all our samples had a
25U/78U ratio value lower than natural value, which indi-
cates that there are no signs of enriched U in these samples.
It can’t be excluded that isotopic fractionation processes have
affected on the amount of 2*>U during sample preparation and
determination by ICP-MS, resulting in these mass ratio values
slightly lower than of natural U value. Similar phenomenon
was observed by Golubev et al. (2005), when they determined
25U/*38U mass ratio from digested lichen and insoluble residue
after digestion. The digested part of the lichen had a ratio value
0.0050, whereas the insoluble residue had the ratio value corre-
sponding to natural U, 0.0072. The lichen sample ‘APU24/80’
of this study had the highest 2*>U/**8U value, 0.00738(4), and
it dates back to 1980. The sample may contain traces of highly
enriched uranium from the atmospheric nuclear tests. The last
atmospheric nuclear test was conducted in 1980. If the biologi-
cal half-life of uranium in lichen is similar to that of plutonium,
two years (Paatero et al. 1998), then in the 1990s, after 5-6
biological half-lives, it would be quite impossible to detect
these traces. However, 22°U/**®U is not a very good indicator
for observing nuclear events in the environment, compared to
e.g. 2*°U/**8U mass ratio.

The >*°U/?*8U mass ratio was measured from the samples as
well. However, due to very low concentration of 236U in most
of the samples and interferences from *°U, 23¥U, and polya-
tomic 23UH™* species, which cannot be prevented by chemi-
cal separations (Bu et al. 2017), the ratio could be reliably
determined only from seven samples. The samples were all
collected from Kola Peninsula and Franz Josef Land (Table 3).
The 2*°U/>*®U mass ratio varied from (1.35+0.13)x 107°
to (1.93+0.07)x 107% in Kola Peninsula samples and from
(4.98+0.80)x 107" to (2.65+0.19) x 10~® in Franz Josef Land
samples. As the isotope 2**U is mainly of anthropogenic ori-
gin, the natural *U/?*®U ratio in environment was extremely
low before any atmospheric nuclear weapons tests and other
nuclear material emissions occurred, having values from 1074
to 107" (Steier et al. 2008). Sakaguchi et al. (2009) deter-
mined 2*°U/?*8U from soil samples having only global fallout
as a contamination source, in Ishikawa prefecture, Japan, and
the ratio ranged from 1.85x 1073 to 1.09x 10~7. Even higher
values, on 107 level, have been determined from environ-
mental samples containing global fallout as the only nuclear
contamination source (Ketterer et al. 2013; Quinto et al. 2013).
At this ratio level, the nuclear contamination source might be

Fig.6 The mass ratio 2U/>*%U 0.00745
in lichen and moss samples.
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Table 3 “PU/™"U mass ratio in Sample code Location B6y238y
lichen and moss samples from
Russian Arctic AK148/96 Lake Kolvitsa, Kola Peninsula (1.81+£0.34)x 107
(1.86+0.16)x 107°
AK154/96 Zapodnaja Litsa river, Kola Peninsula (1.93+0.07)x107°
AK156/96 Rechka Ura river, Kola Peninsula (1.35+0.13)x 10~
AK463/94 A Alger Island, Franz Josef Land (4.98 +£0.80) x 1077
AK470/94 A Prince Rudolf Island, Franz Josef Land (2.65+0.19)x 10~
AK471/94 A Jackson Island, Franz Josef Land (2.28+0.53)x 107
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either pure global fallout, or a mixture of global fallout and
local contamination, and it is helpful to have other isotopic
ratios available in identification of contamination origin.
26U/238U was (8.0+0.4)x 1077 and (1.48 +0.01)x 1078 in soil
samples contaminated by both global fallout and the Cher-
nobyl accident (Steier et al. 2008). They were collected from
0.5 mm and 15 mm depths, respectively, in Salzburg, Austria.
25U/%38U ratio ranged from 107 to 1073, in soil samples taken
from relocation zone in Belarus, 7-20 km from Chernobyl
NPP, and which were contaminated by the Chernobyl accident
(Boulyga and Becker 2001). Based on these determined and
estimated 2*°U/**®U mass ratios for different contamination
sources, the values obtained for our samples from Kola Pen-
insula and Franz Josef Land represent most likely contamina-
tion from global fallout. This conclusion is supported by the
corresponding 2**Pu/>*’Pu mass ratios of the same samples.

Previously discussed 2*¢U/?*8U ratios for different con-
tamination sources were determined from soil, lichen,
and moss samples. However, it has to be emphasised that
236U/2%8U signal may be diluted in these sample types during
time between deposition and sampling, due to circulation
of natural U in terrestrial environment. As a consequence,
the determined 2*°U/***U mass ratio values from soil and
vegetation samples may be lower than they originally were
during the time of deposition. In their recent study, Wallner
et al. (2022) analysed archived air filter samples collected
in Vienna and Salzburg, Austria, in 1962-1966. During that
time period, only global fallout was considered as nuclear
contamination source for these samples. They found unusu-
ally high 2*U/*33U ratio values for the air filters, compared
to previously determined values for soil samples, the highest
236U/238U ratio value being (1.19+0.31)x 107> in a pooled
air filter sample collected in spring 1964. The authors con-
sider that the 2*U/?*3U ratio would have been even higher in
a similar air filter sample in spring 1963, time of maximum
deposition from atmospheric nuclear weapon testing, but
unfortunately they did not have an air filter sample from that
period. The observations by Wallner et al. (2022) show that
when comparing the 22°U/?*8U mass ratio values in environ-
mental samples, the sample type, and possibilities for the
alteration of the isotopic composition in the sample between
the time of deposition and sampling time (as is the case with
soil, peat, lichen, etc.) should be carefully considered.

Conclusions

The activity concentration of 137Cs, the activity ratio
137Cg/239+240py (and 23°+2*0pu/'37Cs), the mass ratios
240py/239py, 234U/238U, 2U/2BU, and 20U/28U were deter-
mined from lichen and moss samples collected from different
locations in the Russian Arctic areas. The aim was to improve
the awareness of the radioecological situation of these areas,
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because part of the older environmental radioactivity data is
no longer publicly available, and some areas investigated in
our study have not been previously surveyed. As a result, the
sources for 37Cs, Pu, and U were found to be predominantly
global fallout from atmospheric nuclear weapon testing, but
also the Chernobyl accident and possible local nuclear sources
have affected to anthropogenic radionuclide deposition in the
Russian Arctic regions. No signs of serious nuclear contamina-
tion can be seen in the radionuclide concentrations and isotopic
ratios, despite the huge volume of nuclear activities that have
occurred in the investigated area. However, as an interesting
detail, a weapons-grade 2*°Pu/?*’Pu mass ratio was detected
in a lichen sample from Revda, Kola Peninsula, close to the
location where peaceful nuclear detonations were conducted.
This indicates the need for a radioecological mapping of Kola
Peninsula with additional samples and radionuclide analysis
with nuclear particle characterisation, to identify the nuclear
contamination source behind the exceptional mass ratio value.
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