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� 90Sr and 137Cs were investigated in soil and Cetrariella delisei from the Arctic.
� Activity in Cetrariella delisei were dependent of distance from the glacier.
� 137Cs and 90Sr activity in surface soil did not present clear pattern.
� Environmental variability may impact accumulation of 137Cs and 90Sr by lichens.
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a b s t r a c t

The Arctic region is substantially a pristine area, but this unique part of the globe has also been
contaminated by anthropogenic radioactive nuclides, and now there is still measurable activity of
anthropogenic isotopes, even though more than 50 years have passed since the main source. Radionu-
clides in the Arctic, especially 90Sr have seldom been studied despite their considerable environmental
importance. This manuscript covers the results of 90Sr and 137Cs measurements in soil and lichen
Cetrariella delisei collected from the Svalbard in 2012. In both lichen thalli and surface soils high activities
of 90Sr and 137Cs were recorded and ranged between 3.69 and 28.1 Bq kg�1 90Sr and 5.38e280.1 Bq kg�1

137Cs in thalli and between 4.53 and 12.78 Bq kg�1dw 90Sr and 60.6e426.1 Bq kg�1dw 137Cs in surface soil
layer. The activity of 90Sr and 137Cs in lichen thalli was influenced by distance from the glacier. This
showed that during radionuclide biomonitoring of particular area with the use of lichens, it is important
to take into account influence of environmental variability on radionuclides contents.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The contamination of the Svalbard area by 90Sr and 137Cs is
relatively low compared to areas of lower latitudes; however, this
region has also been affected by the fallout of radioactive isotopes
of anthropogenic origin (UNSCEAR, 2000). Nuclear weapons tests
as well as the Chernobyl disaster (1986) and accident in Fukushima
(2011) are the main causes of radioactive contamination of terres-
trial ecosystems (Gwynn et al., 2005; WOMARS, 2005).

The main source of 90Sr in Arctic was testing of nuclear weapons
aniewski), paulina.wietrzyk@
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in the atmosphere in the 1950s and 1960s and air mass movement
in the upper atmosphere and stratosphere (Gwynn et al., 2005).
Integrated deposition density of 90Sr in northern hemisphere was
about 0.7 kBq m�2 in latitudes 70�e80� N and about 0.24 kBq m�2

in latitudes 80�e90� N (WOMARS, 2005). According to data pub-
lished in the 1980s, total deposition of 137Cs in the Svalbard region
could range from 1.51 kBq m-2 to 2.2 kBq m-2 (Hallstadius et al.,
1982). Later research determined the deposition of 137Cs from at-
mospheric weapon testing at a lower level between 0.39 and
1.09 kBq m-2 (UNSCEAR, 2000). Another study, based on 137Cs
content of glacial ice cores, estimated deposition caused by nuclear
weapons tests even at lower level of 0.2e0.54 kBq m-2 (Pinglot
et al., 1994). At the same time, detailed scrutiny has shown that
the fallout of 137Cs due to the Chernobyl disaster was rather
negligible and amounted roughly 0.02 kBqm-2 (Pinglot et al., 1994).
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After Chernobyl accident, total 90Sr release constitutes around
11e12% of 137Cs total release but more than 90% of 89,90Sr activities
were released in fuel particles and fell over land near reactor so
input to the Arctic wasmarginally low (CEC,1998; Aarkrog, 2003). It
is estimated that the 90Sr deposition in Norway constituted only
1e3% of 137Cs (Skuterud et al., 2005). After Fukushima nuclear
power plant accident, the atmospheric release of 137Cs was in the
range of 13e15 PBq, but the total deposition on the archipelago
remains indeterminate (Povinec et al., 2013). The maximum 137Cs
activity concentration in air at Ny-Ålesund, Iceland and Northern
Europe were at a similar level of 0.7 mBq m�3 (Paatero et al., 2012;
Thakur et al., 2013). Therefore, it can be assumed that after the
Fukushima nuclear power plant accident the deposition in Svalbard
it could be similar to Central Europe 0.87 Bq m�2 (Saniewski and
Zalewska, 2016).

Vegetation of Arctic regions is dominated by cryptogamic or-
ganisms, such as lichens and bryophytes. These organisms are
widely used as bioindicators of different pollutants, including
heavy metals, persistent organic pollution, polycyclic aromatic
hydrocarbons, and radionuclides (Nimis et al., 2002; Guidotti et al.,
2003; Augusto et al., 2013). In the case of the Svalbard archipelago
occurrence of cryptogams, especially lichens, is limited due to
reindeer grazing (van der Wal et al., 2001). Because of that we
decided to choose Cetrariella delisei lichen to estimate radionuclide
contamination as it is a species reluctantly grazed by herbivores,
commonly occurred in the Arctic area, and easy to identify in the
field (Węgrzyn et al., 2016).

The purpose of this study was to determine the current con-
centration levels of 90Sr, 137Cs in lichen Cetrariella delisei and soil in
the Svalbard region. Due to the relatively long half-life, accumula-
tion, these are two most important anthropogenic radionuclides
typical for beta (90Sr) and gamma emitters (137Cs). It was aimed to
recognize main factors affecting levels of isotopes concentration in
lichen in the context of (i) relationship between accumulation ef-
ficiency in the thalli and concentrations in corresponding soil
substrate and (ii) the glacier as a potential, secondary source of
isotopes accumulated by the lichen.

2. Material and methods

2.1. Study area and sampling

Sampling of lichen and soil materials was conducted during the
summer season 2012 in the Kaffiøyra Plain (the northern part of
Oscar II Land, NW Spitsbergen; Fig. 1). Kaffiøyra is a coastal lowland
situated on the eastern coast of the Forlandsundet strait and
bordered by several glaciers: Aavatsmarkbreen from the north,
Dahlbreen from the south, and Waldemarbreen, Irenebreen, Eli-
sebreen, Agnorbreen, Eivindbreen, Andreasbreen, Oliverbreen from
the east. The samples were collected at 12 locations designated
along the transect leading from the glacier foreland of Walde-
marbreen towards the seashore (Fig. 1). Soil samples were taken at
same locations directly under the thalli to a depth of 4 cm. All lichen
and soil samples were carefully cleaned of plant debris in the field
and subsequently air-dried.

2.2. Laboratory analysis

The lichen and soil samples were ashed at a temperature of
450�C in a muffle furnace. After homogenization the 137Cs activity
were measured using a gamma spectrometry system. Extended
Range Coaxial Ge Detectors (XtRa) model GX4018 (Canberra) with a
relative efficiency of 40% and a resolution of 1.8 keV for the
1332 keV peak of 60Cowere applied. The detector was coupled to an
8192-channel computer analyser and GENIE 2000 software. The
measurements for each sample lasted 80,000 s. The 90Sr activity
was determined after g-ray measurements. Firstly, the sample
residue was digested with concentrated nitric acid. After digestion,
the residue was collected on hard filter paper and discarded. The
filtrate was diluted with distilled water to 150 ml. The reagents
100 ml of 8% oxalic acid, 20 mg of natural strontium, and ammo-
nium (to raise pH to 4e4.5) were added to the diluted filtrate. The
solution was heated to 80�C in order to completely precipitate the
strontium oxalate. The precipitate was collected on hard filter pa-
per and allowed to dry in ambient conditions. The oxalate was then
converted to carbonate at 650�C in a muffle furnace. Subsequently,
the strontium carbonate was separated from calcium carbonate
with 65% HNO3. Radium removal was done by precipitation with
BaCrO4 in the presence of a buffering agent (pH ¼ 5.5). 20 mg of
stable yttrium was added, and the samples were allowed to stand
for 21 days to reach complete equilibrium between 90Y and 90Sr
(Volchock et al., 1957). The yttrium was then precipitated as a hy-
droxide, converted to oxalate and collected on a pre-weighed filter.
Beta activity of the samples was measured using Low-Level Beta
Counter FHT 7700T (ESM Eberline) with the background count rate
of 0.01 counts s-1 and the lowest detectable activity of 3 mBq per
sample. The time measure for each sample was 21,600 s. Obtained
date of 90Sr and 137Cs were recalculated for decay corrected back to
the time of sampling.

Loss on ignition (LOI) method was used to estimate total organic
matter in soil based on gravimetric weight change with high
temperature oxidation of organic matter. After drying at 105�C, the
samples were ignited in a muffle furnace for 5 h at 550�C.

The reliability and accuracy of measurements performed in our
laboratory were verified in 2018 during the intercalibrations
organized within the National Atomic Energy Agency in Poland
(PAA) and analysis organized yearly by IAEA-MELMonaco (Table 1).

2.3. Statistical data analysis

Levene’s test and the Kolmogorov-Smirnov test were used to
assess the equality of variance and normality of the distribution for
the dataset. Since the assumptions were not achieved, even after
Box-Cox-transformation of the data, the correlation between all
analyzed variables (the distance from the glacier forehead, 137Cs
and 90Sr in the thalli of C. delisei, 137Cs and 90Sr in soil, normalized
content of 137Cs and 90Sr in soil, content of LOI in soil) were tested
with Spearman’s rank correlation coefficients and graphically
presented in the scatter plots, while the differences between the
content of radionuclides in lichen thallus and soil were tested with
nonparametric ManneWhitney U test.

3. Results

Arithmetic mean activity of 137Cs in C. delisei thalli was 77.4 Bq
kg�1dw and ranged from 5.38 Bq kg�1 dw to 280 Bq kg�1 dw
(Table 2, Fig. 2). In the case of 90Sr, arithmetic mean activity in
lichen thalli was 11.1 Bq kg�1 and changed in the range from 3.7 Bq
kg�1dw to 28.1 Bq kg�1dw (Table 2, Fig. 2). Arithmetic mean ac-
tivity of radionuclides in surface soil layer was 211 Bq kg�1dw for
137Cs (ranged from 60.6 Bq kg�1dw to 426 Bq kg�1dw) and 7.5 Bq
kg�1dw for 90Sr (ranged from 4.5 Bq kg�1dw to 12.8 Bq kg�1dw).

In the case of loss on ignition in soil, it ranged from 10.3% to
49.6% and the highest organic matter concentration occurred near
the shoreline (Table 2). The 137Cs value normalized by LOI ranged
from 2.8 to 15 and in case of 90Sr the dispersion was smaller and
within range from 0.15 to 0.57. The higher values were found
nearby glacier forehead in both cases.

The content of 137Cs significantly differed between C. delisei and
soil samples (z-score ¼ �3.147; p ¼ 0.0009; Fig. 2A); on the other



Fig. 1. Kaffiøyra Plain with its location on Svalbard archipelago.

Table 1
The reliability and accuracy of the measurements of laboratory.

Reported Laboratory Value [Bq dm�3] Assigned value [Bq dm�3] Accuracy Precision Overall

137Cs 0.23 ± 0.01 0.26 ± 0.003 Pass Pass Accepted IAEA
90Sr 0.45 ± 0.04 0.53 ± 0.005 Pass Pass Accepted
137Cs 18.52 ± 0.52 18.78 ± 0.56 Pass Pass Accepted PAA
90Sr 4.47 ± 0.44 4.09 ± 0.21 Pass Pass Accepted
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hand, no difference was recorded in case of the 90Sr content (z-
score ¼ 0.952; p ¼ 0.347; Fig. 2B). The contents of both 137Cs and
90Sr in the C. delisei thalli strongly depend on the distance from the
glacier forehead (Table 3; Fig. 3A); however, the opposite patterns
for these radionuclides were revealed: the 137Cs content decreased
significantly with the distance, while the 90Sr content increased.
The content of LOI in soil samples was negatively associated with
the distance from the glacier forehead (Table 3; Fig. 3A). The con-
tent of 90Sr in soil was negatively related with the content of 90Sr in
C. delisei and positively with the content of 137Cs in soil (Table 3;
Fig. 3B). Considering other variables, their changes with the dis-
tance from the glacier forehead did not appear to be significant
(Table 3; Fig. 3A). Both, 90Sr and 137Cs normalized activity calculated
as isotope activity in soil divided by the share of organic matter in
soil presented a similar trend and increased with distance from the
glacier forehead (Table 3; Fig. 3A).
4. Discussion

The presented results show that levels of 137Cs activity in the
lichen C. delisei in 2012 (5.4e280 Bq kg�1) was slightly higher than
previously reported for Svalbard (Gwynn et al., 2004). The analyses
of lichen samples collected from around Kongsfjorden located
20 km away from Kaffiøyra in 2001 and 2002 showed that 137Cs
activity concentrations ranged from 30 Bq kg�1 to 140 Bq kg�1

(Gwynn et al., 2004). Similar range of activity were found in
bryophytes: Ptilidium ciliare and Racomitrium lanuginosum
collected in 2012 in Kaffiøyra and reached 82.7 and 208.1 Bq kg-1,
respectively (Saniewski et al., 2020). Activity of 137Cs in arctic plants
Salix polaris and Cassiope tetragona collected in 2014 near Long-
yearbyen were lower and reached 5.5 Bq kg-1 and 1.4 Bq kg-1,
respectively (Kłos et al., 2017). This can be caused by the physiology
of plants and lichen. Lichens, due to their specific features (i.e. long
live spans, slow metabolic activity, slow growth rate, lack of roots,
waxy cuticles or specialized structures for water and gas exchange),
easy absorb and accumulate contaminants and radionuclides from
wet and dry atmospheric deposition (Nimis et al., 2002). At the
same time the activities of 137Cs in lichen presented in this study
were definitely lower than activity in lichen from a highly
contaminated area, that is in Vaga and Østre Namdal districts, areas
which received significant Chernobyl fallout, with deposition
densities of about 80 kBqm�2 and 40 kBqm�2, respectively. 137Cs in
living part of Cladonia arbuscula thalli collected in 2000e2003 in
those areas range from 1115 Bq kg�1 to 3510 Bq kg�1 (Skuterud



Table 2
Total and normalized contents of radionuclides (137Cs and 90Sr; Bq kg�1dw) in the lichen Cetrariella delisei and corresponding soil samples, and LOI in soil (%) determined at
particular localities.

n Distance from the glacier forehead (m) Cetrariella delisei [Bq kg�1

dw]
Soil [Bq kg�1 dw] Normalized (soil)

137Cs 90Sr 137Cs 90Sr LOI 137Cs 90Sr

1 1550 280 ± 4 3.7 ± 0.3 191 ± 4 8.1 ± 0.9 28 6.8 0.3
2 1630 87 ± 2 7.2 ± 0.5 251 ± 6 12.8 ± 0.9 49.6 5.1 0.3
3 1790 120 ± 3 7.4 ± 0.7 238 ± 5 8.3 ± 0.8 30.4 7.7 0.3
4 2190 32.9 ± 2 12.8 ± 0.8 212 ± 5 5.2 ± 0.9 33.7 6.3 0.2
5 2270 168 ± 3 6.6 ± 0.5 200 ± 4 6.7 ± 0.9 18.9 10.6 0.4
6 2350 6.9 ± 1.4 4.2 ± 0.6 247 ± 5 10.3 ± 0.8 22.2 11.2 0.5
7 2470 58.3 ± 2 4.7 ± 0.5 132 ± 3 8 ± 0.9 17.7 7.4 0.5
8 2940 17.8 ± 1.2 17.9 ± 0.7 426 ± 8 6.1 ± 0.6 32.4 10.5 0.2
9 3080 74.9 ± 2.1 15.3 ± 0.6 60.6 ± 2.1 5 ± 0.6 21.9 2.8 0.2
10 3160 5.4 ± 1.2 10.3 ± 0.7 178 ± 5 6.1 ± 0.7 28 6.2 0.2
11 3570 29.9 ± 2.3 14.4 ± 1 288 ± 5 9.2 ± 0.8 18.7 14.9 0.6
12 3620 48.1 ± 2.7 28.1 ± 1.3 102 ± 2 4.5 ± 0.6 10.3 9.9 0.4

Mean 2552 77.4 11.1 211 7.5 26 8.3 0.3
SD 718 80 7.14 94.5 2.4 10.2 3.3 0.1

Fig. 2. Comparison between the content of 137Cs (A) and 90Sr (B) in the lichen Cetrariella delisei and corresponding soil samples. Black square represents arithmetic mean, whiskers
marks one standard deviation (SD), while p values is presented according to the Mann-Whitney U test.

Table 3
Spearman’s rank correlation coefficients between the studied variables; significant correlations are marked in bold (* - p < 0.05).

Variable Distance from the glacier forehead 137Cs C. delisei 90Sr C. delisei 137Cs soil 90Sr soil Normalized 137Cs soil

137Cs C. delisei ¡0.622*
90Sr C delisei 0.685* �0.371
137Cs soil �0.245 �0.231 �0.028
90Sr soil �0.482 0.126 ¡0.650* 0.587*
LOI soil ¡0.594* �0.028 �0.063 0.510 0.224
Normalized 137Cs soil 0.252 �0.217 �0.028 0.475 0.252
Normalized 90Sr soil 0.182 0.084 �0.357 �0.035 0.448 0.608*
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et al., 2005). Higher activities of 137Cs were measured in lichen
individuals of the genus Cladonia collected at the “Kraton-3” un-
derground nuclear explosion site in 2002. Activity concentration of
137Cs ranged from 92 Bq kg�1 to even 89,000 Bq kg�1 and the
deposition of 137Cs was also few magnitudes higher: 0.36e700 kBq
m�2 (Ramzaev et al., 2007). For the area “Kraton-3”, where depo-
sition of 90Sr ranged from 0.13 kBqm�2 to 770 kBqm�2, the activity
in lichens ranged from 24 Bq kg�1 to 88,000 Bq kg�1 (Ramzaev
et al., 2007). Similar activities of 90Sr presented in the our study
(3.7 Bq kg-1 to 28.1 Bq kg-1) were measured in Norway in Vaga and
Østre Namdal districts, wherein total 90Sr deposition density was
much higher than on Svalbard and was 5 kBq m�2 in 1987 wherein
activity in Cladonia arbuscula ranged from 5.5 Bq kg�1 to 22 Bq kg�1
(Skuterud et al., 2005).
Although global fallout from atmospheric nuclear weapons

testing is considered as one of the main sources of radioactive
contamination in the Arctic region, relatively high radionuclide
activity in biological samples can be caused by an additional input
from a melting glacier. Pinglot et al. (1994) indicated that in Sval-
bard’s glaciers the radioactive layers formed after nuclear tests and
Chernobyl accident have been well preserved. The analyses of ice
core profiles also indicated the nuclear tests and the disaster at
Chernobyl as the perpetrators of radioactive deposition (Pinglot
et al., 1999). The ice of Svalbard glaciers reaches an activity of
even 40 mBq kg-1 (Pinglot et al., 1999). The Waldemarbreen glacier
decreased by 31.4% until 2015 compared to its maximum extent



Fig. 3. Scatter plots illustrating relationships of studied parameters (137Cs and 90Sr in Cetrariella delisei, 137Cs and 90Sr in soil, content of LOI in soil, and normalized content of 137Cs
and 90Sr in soil) with the distance from the glacier forehead (A) as well as relationships between all studied parameters (B). Whiskers indicate measurement errors (90Sr in soil vs.
Distance); for the remaining parameters, dots contain measurement errors (for the values, see Table 2). Significant correlations between the parameters (plots with fill dots) were
revealed according to Spearman’s rank correlation test (see Table 3).
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during the Little Ice Age (Sobota et al., 2016). The studied activity of
radionuclides was not observed to decrease. The fact that 90Sr, 137Cs
concentrations in 2012 were similar or slightly higher than a
decade ago may indicate an additional inflow of these isotopes
from the glacier. The aggregated transfer factor (Tag) is defined as
the ratio of radionuclide activity concentration in plants (Bq kg-1)
and the total deposition density in the soil (Bq m-2) (IAEA, 2009).
The aggregated transfer factors (Tag) for soil to lichen ranged
mostly from 0.12 to 0.99 and the median and mean were 0.37 and
0.40, respectively (Dohi et al., 2015). The biological half-times
(Tbio) of the airborne radioactive elements in the epigeic (ground
growing) lichens have been estimated to vary from about 1 to 17
years, depending on species, contamination source, environmental
and ecological conditions as well as radionuclides washoff with
water and with the growth of lichens (biomass increase) (Synnott
et al., 2000). Assuming deposits at the levels of 0.2e1.5 kBq m-2

after nuclear weapons tests in the 1960s, and 0.020 kBq m-2 and
0.84 Bqm-2 after accidents in the Chernobyl and Fukushima nuclear
power plants, the activity of 137Cs in lichens may range from 2 Bq
kg-1 to 79 Bq kg-1 depending on Tag reporting by Dohi et al. (2015)
and considering 12-years biological half-times of the element in
thalli (Tbio). The values obtained in this way, lower than the results
of our measurements, may be another argument supporting the
concept about additional sources of isotopes in the Svalbard region.
Additionally, activities of 137Cs in soil is visibly higher than that
recorded about decade ago from a nearby Brøggerhalvøya (Brogger
peninsula, Kongsfjorden) region (Dowdall et al., 2005). The average
activity in soil samples collected in 2002was 151 Bq kg-1 and stayed
between 65 Bq kg-1 and 250 Bq kg-1. At the same time, the share of
organic matter averaged 31.6% with the range from 14.3% to 46.5%
was similar to that observed in our study (Table 2). The activity
concentrations of 137Cs in soil samples near Longyearbyen collected
in 2014 were also lower and range from 12.7 Bq kg-1 to 57 Bq kg-1

(average 27.9 Bq kg-1) (Kłos et al., 2017). Such a high 137Cs activity in
the soil suggests a notorious source of the isotope, which may
constitute the nearest melting glacier.
The distance from the glacier forehead seemed to be the
essential factor determining the isotopes activity in C. delisei. In the
case of 137Cs in lichen and share of organic matter in soil decrease
with increasing distance from the glacier forehead (Table 2). Li-
chens are extremely efficient accumulator of chemical elements
which are taken up from deposited aerosols, substrate solutions
and rain (Nimis et al., 2002). Therefore, cesium ions, which are
chemically similar to potassium (nutrient metal) ions, are easily
incorporated into the biological structure of lichens (Nimis et al.,
2002). Like other heavy metals, mobility of 137Cs increases with
decreasing pH, because the 137Cs-ions bound by clay minerals can
be exchanged for hydrogen-ions. With increasing pH there is less
exchange, 137Cs remains bound and is therefore not available. Low
values of pH (3e4.5) in the snow cover of lower part of the glacier
may have contributed to acidification of the soil near the glacier
and to increase in bioavailability of 137Cs, which is more strongly
sorbed than 90Sr in the top layer of soil (Nawrot et al., 2016).

For 90Sr an increase of activity in lichen was recorded with
increasing distance from the glacier forehead. As recorded by
Węgrzyn et al., (2016), soil pHmeasured in the same samples along
the Kaffiøyra Plain increased with the distance from the glacier
forehead. Comparing pH values with obtained radionuclides con-
tent in the lichen thalli, a positive relationship may be assumed
between 90Sr activity in lichen and soil pH. The trend was opposite
to 137Cs, which may suggest that the pH has no influence on the
retention of this radionuclide, or the influence of the pH is masked
by the action of the other variables affecting 90Sr mobility in the
soil. The mobility of 90Sr is around an order of magnitude greater
than that 137Cs, the last is strongly absorbed by organic matter
(Cross et al., 2002; Dowdall et al., 2005). Normalized activity of 90Sr
and 137Cs in soil significantly correlates (r ¼ 0.7, p < 0.05) which
suggests that the content of organic matter has a great impact on
the variability of activity in soil (Table 3; Fig. 3). In general, Sr2þ

adsorbs to awide range of aluminosilicates, Fe oxides and other soil
minerals via weakly bound outer-sphere surface complexes at the
solid water interface (O’Day et al., 2000; Sahai et al., 2000; Chorover
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et al., 2008). Similar to 137Cs, 90Sr at low pH is more mobile and
more bioavailable, in the experiments about 30% of 90Sr was sorbed
to the sediment at pH equal 4 and about 10%was sorbed at pH equal
2 (Wallace et al., 2012). But it is also important the point of zero
charge (PZC) described as the pH at which the net charge of total
particle surface is equal to zero. The pH of the Sr-sorption edge for a
particular soil/sediment is, therefore, highly dependent on the PZC
of the adsorbingminerals present. The sorption edge for Sr onto the
sediment for chlorite (PZCChlorite ¼ 4.7, Alvarez-Silva et al., 2010)
had higher PZC then illite (minor clay fraction) (PZCIllite ¼ 2.5,
Hussain et al., 1996; Zhuang and Yu, 2002), which may also explain
why some sorption of 90Sr was seen at low pH. Wallace et al. (2012)
observed almost complete sorption of 90Sr to the sediments in pH
ranged from 6 to 8while the amount of Sr2þ sorbed decreased in pH
greater than 8. Migration speed and contamination distribution are
a local phenomenon depending on physico-chemical characteris-
tics of the soil, such as pH, organic matter content, and grain size
(Baeza et al., 1995; Gaca et al., 2006). In the relatively short transect
of 2000 m from the glacier forehead to the seashore, different
Fig. 3. (cont
processes, such as erosion, accumulation of organic material,
gleying, and decarbonation, can prevail and significantly affect the
ability of lichen to accumulate metals.
5. Conclusions

Similar or higher activities of 90Sr and 137Cs both in lichen
C. delisei and soil compared to the results from ten years ago suggest
that the glacier can be a potential, secondary source of isotopes.
Accumulation efficiency of radionuclides in the lichen thalli seems
to be influenced by distance from the glacier forehead, which has a
statistically significant effect on 137Cs and 90Sr activity in C. delisei
and LOI in soil. However, when implementing biomonitoring of
radionuclide contaminations with lichens, it is important to take
into account influence of environmental variability especially in
terms of influence of organic material, pH, river erosion that may
affect the ability of lichen to accumulate metals or other
contaminations.
inued).
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Conceptualization, Investigation, Resources.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

The laboratory research has received funding from RELUDIUM
project of the National Science Centre, Poland, grant No. 2017/27/N/
ST10/02230. The work of Paulina Wietrzyk-Pełka was supported by
ETIUDA project of the National Science Centre, Poland, grant No.
2019/32/T/ST10/00182.

References

Aarkrog, A., 2003. Input of anthropogenic radionuclides into the world ocean. Deep
Sea Res. Part II Top. Stud. Oceanogr. 50 (17e21), 2597e2606.

Alvarez-Silva, M., Uribe-Salas, A., Mirnezami, M., Finch, J.A., 2010. The point of zero
charge of phyllosilicate minerals using the Mular-Roberts titration technique.
Miner. Eng. 23, 383e389.

Augusto, S., M�aguas, C., Branquinho, C., 2013. Guidelines for biomonitoring
persistent organic pollutants (POPs), using lichens and aquatic mossesea re-
view. Environ. Pollut. 180, 330e338.

Baeza, A., del Rio, M., Jimenez, A., Miro, C., Paniagua, J., 1995. Relative sorption of
137Cs and 90Sr in soil: influence of particle size, organic matter content and pH.
Radiochim. Acta 68, 135e140.

CEC, 1998. Atlas of caesium deposition on Europe after the Chernobyl accident. In:
EUR 16733. Commission of the European Communities. Office for Official
Publications of the European Communities, Luxembourg.

Chorover, J., Choi, S., Rotenberg, P., Serne, R.J., Rivera, N., Strepka, C., Thompson, A.,
Mueller, K.T., O’Day, P.A., 2008. Silicon control of strontium and cesium parti-
tioning in hydroxide-weathered sediments. Geochem. Cosmochim. Acta 72 (8),
2024e2047.

Cross, M.A., Smith, J.T., Sax�en, R., Timms, D., 2002. An analysis of the environmental
mobility of radiostrontium fromweapons testing and Chernobyl in Finnish river
catchments. J. Environ. Radioact. 60, 149e163.

Dohi, T., Ohmura, Y., Kashiwadani, H., Fujiwara, K., Sakamoto, Y., Iijima, K., 2015.
Radiocaesium activity concentrations in parmelioid lichens within a 60 km
radius of the Fukushima dai-ichi nuclear power plant. J. Environ. Radioact. 146,
125e133.

Dowdall, M., Gwynn, J.P., Moran, C., Davids, C., O’Dea, J., Lind, B., 2005. Organic soil
as a radionuclide sink in a High Arctic environment. J. Radioanal. Nucl. Chem.
266, 217e223.

Gaca, P., Skwarzec, B., Mietelski, J., 2006. Geographical distribution of 90Sr
contamination in Poland. Radiochim. Acta 94, 175e179.

Guidotti, M., Stella, D., Owczarek, M., De Marco, A., De Simone, C., 2003. Lichens as
polycyclic aromatic hydrocarbon bioaccumulators used in atmospheric pollu-
tion studies. J. Chromatogr. A 985 (1e2), 185e190.

Gwynn, J.P., Andersen, M., Fuglei, E., Lind, B., Dowdall, M., Lydersen, C., Kovacs, K.,
2005. Radionuclides in marine and terrestrial mammals of Svalbard. Strålevern
Rapport 7 (Østerås).

Gwynn, J.P., Dowdall, M., Davids, C., Selnæs, Ø.G., 2004. The radiological environ-
ment of Svalbard. Polar Res. 23 (2), 167e180.

Hallstadius, L., Holm, E., Persson, B., Aarkrog, A., Nilsson, K., 1982. 137Cs in the
Svalbard area. In: Society for Radiological Protection, Proceedings of the Third
International Symposium, Inverness, Scotland, 1982: Radiological Pro-
tectiondAdvances in Theory and Practice, 2. Society for Radiological Protection,
pp. 500e505.
Hussain, S.A., Demirci, S., €Ozbayoglu, G., 1996. Zeta potential measurements on
three clays from Turkey and effects of clays on coal flotation. J. Colloid Interface
Sci. 184, 535e541.

IAEA, 2009. Quantification of RadionuclideTransfer in Terrestrial and Freshwater
Environments for Radiological Assessments. International Atomic Energy
Agency IAEA-TECDOC-1616, Vienna.

Kłos, A., Ziembik, Z., Rajfur, M., Dołha�nczuk-�Sr�odka, A., Bochenek, Z., Bjerke, J.W.,
Tømmervik, H., Zagajewski, B., Zi�ołkowski, D., Jerz, D., Zieli�nska, M., Krems, P.,
Gody�n, P., 2017. The origin of heavy metals and radionuclides accumulated in
the soil and biota samples collected in Svalbard, near Longyearbyen. Ecol. Chem.
Eng. S 24 (2), 223e238. https://doi.org/10.1515/eces-2017-0015.

Nawrot, A.P., Migała, K., Luks, B., Pakszys, P., Głowacki, P., 2016. Chemistry of snow
cover and acidic snowfall during a season with a high level of air pollution on
the Hans Glacier, Spitsbergen. Polar Sci. 10, 249e261.

Nimis, P.L., Scheidegger, C., Wolseley, P.A., 2002. Monitoring with lichen-
sdmonitoring lichens. In: Monitoring with LichensdMonitoring Lichens.
Springer, Dordrecht.

O’Day, P.A., Newville, M., Neuhoff, P.S., Sahai, N., Carroll, S.A., 2000. X-ray absorption
spectroscopy of strontium (II) coordination: I. Static and thermal disorder in
crystalline, hydrated, and precipitated solids and in aqueous solution. J. Colloid
Interface Sci. 222, 184e197.

Paatero, J., Vira, J., Siitari-Kauppi, M., Hatakka, J., Holm�en, K., Viisanen, Y., 2012.
Airborne fission products in the high Arctic after the Fukushima nuclear acci-
dent. J. Environ. Radioact. 114, 41e47.

Pinglot, J.F., Pourchet, M., Lefauconnier, B., Hagen, J.O., Vaikmae, R., Punning, J.M.,
Watanabe, O., Takahashi, S., Kameda, T., 1994. Natural and artificial radioactivity
in the Svalbard glaciers. J. Environ. Radioact. 25, 161e176.

Pinglot, J.F., Pourchet, M., Lefauconnier, B., Hagen, J.O., Isaksson, E., Vaikm, R.,
Kamiyama, K., 1999. Accumulation in Svalbard glaciers deduced from ice cores
with nuclear tests and Chernobyl reference layers. Polar Res. 18 (2), 315e321.

Povinec, P.P., Gera, M., Holý, K., Hirose, K., Lujanien�e, G., Nakano, M., Plastino, W.,
Sýkora, I., Bartok, J., Ga�z�ak, M., 2013. Dispersion of Fukushima radionuclides in
the global atmosphere and the ocean. Appl. Radiat. Isot. 81, 383e392.

Ramzaev, V., Mishine, A., Kaduka, M., Basalaeva, L., Brown, J., Andersson, K.G., 2007.
137Cs and 90Sr in live and dead reindeer lichens (genera Cladonia) from the
‘‘Kraton-3’’ underground nuclear explosion site. J. Environ. Radioact. 93, 84e99.

Sahai, N., Carroll, S.A., Roberts, S., O’Day, P.A., 2000. X-ray absorption spectroscopy
of strontium (II) coordination: II. Sorption and precipitation at kaolinite,
amorphous silica, and goethite surfaces. J. Colloid Interface Sci. 222, 198e212.

Saniewski, M., Zalewska, T., 2016. Atmospheric deposition and riverine load of 90Sr
and 137Cs to the Gulf of Gda�nsk (southern Baltic Sea) in the period 2005-2011.
J. Environ. Radioact. 151, 1e11.

Saniewski, M., Wietrzyk-Pełka, P., Zalewska, T., Olech, M., Wegrzyn, M.H., 2020.
Bryophytes and lichens as fallout originated radionuclide indicators in the
Svalbard archipelago (High Arctic). Polar Sci. https://doi.org/10.1016/
j.polar.2020.100536.

Skuterud, L., Gwynn, J.P., Gaare, E., Steinnes, E., Hove, K., 2005. 90Sr, 210Po and 210Pb
in lichen and reindeer in Norway. J. Environ. Radioact. 84, 441e456.

Sobota, I., Nowak, M., Weckwerth, P., 2016. Long-term changes of glaciers in north-
western Spitsbergen. Global Planet. Change 144, 182e197.

Synnott, H.J., McGee, E.J., Rafferty, B., Dawson, D.E., 2000. Long-term trends of
radiocesium activity concentrations in vegetation in Irish semi-natural eco-
systems. Health Phys. 79, 154e161.

Thakur, P., Ballard, S., Nelson, R., 2013. An overview of Fukushima radionuclides
measured in the northern hemisphere. Sci. Total Environ. 458e460, 577e613.

UNSCEAR, 2000. Sources and effects of ionizing radiation. In: Sources United Na-
tions Scientific Committee on the Effects of Atomic Radiation. New York, vol. 1.

van der Wal, R., Brooker, R., Cooper, E., Langvatn, R., 2001. Differential effects of
reindeer on high Arctic lichens. J. Veg. Sci. 12 (5), 705e710.

Volchock, H.L., Kulp, J.L., Eckelmann, W.R., Gaetjen, I.E., 1957. Determination of 90Sr
and 140Ba in bone, dairy products, vegetation and soil. Ann. N. Y. Acad. Sci. 71,
293e304.

Wallace, S.H., Shaw, S., Morris, K., Small, J.S., Fuller, A.J., Burke, I.T., 2012. Effect of
groundwater pH and ionic strength on strontium sorption in aquifer sediments:
implications for 90Sr mobility at contaminated nuclear sites. Appl. Geochem. 27,
1482e1491.
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