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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• 210Pb, 137Cs and 241Am concentrate on 
small glaciers during the melting of ice. 

• Small glaciers that are predicted to melt 
are a threat to glacier-adjacent biota. 

• Accumulation of radioisotopes on gla-
ciers is not spatially related. 

• 210Pb accumulates stronger in lower- 
elevated glaciers.  
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A B S T R A C T   

Glaciers are considered secondary sources of pollutants, including radioisotopes such as Cesium or Plutonium, 
with heightened concentrations compared to other ecosystems. The predicted melting of glaciers poses a sub-
stantial risk of releasing stored radioisotopes, yet understanding the glacier-specific factors influencing their 
concentration remains limited. This study investigates the relationship between glacier altitude, surface area, 
organic matter content in dark supraglacial sediment (cryoconite), precipitation, and activity concentrations of 
natural (210Pb) and anthropogenic radionuclides (137Cs and 241Am) across 19 Alpine glaciers. Results indicate 
that radioisotope concentrations depend on organic matter content in the cryoconite, highlighting the role of 
biotic-abiotic interactions in pollutant accumulation on glaciers. Moreover, 210Pb activity concentration de-
creases with glacier altitude, likely due to atmospheric variations in 222Rn. Water precipitation events, such as 
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during peaks in 137Cs deposition and after the Chernobyl Nuclear Power Plant disaster, do not impact current 
activity concentrations. Importantly, radioisotope concentrations in cryoconite are higher on smaller glaciers. 
This directly supports the hypothesis that the cryoconite retains a significant share of radioisotopes stored in the 
ice during intensive melting. Since many small glaciers in the Alps are predicted to disappear within the next 50 
years, we anticipate release of radioisotopes to mountain ecosystems might be higher than previously forecasted.   

1. Introduction 

The record of intensive anthropic pressure, such as the legacy of 
industry and military activities, is present in diverse habitats across 
Europe [1-3]. Among the high-risk pollutants, anthropogenic radioiso-
topes persist in different habitats at relatively high activity concentra-
tions, even if the amount released has dropped significantly since the 
Limited Test Ban Treaty in 1963 [4,5,1,6-8]. The main sources of 
anthropogenic radioisotopes in Europe are local and global nuclear 
weapon tests (known as global fallout) and, to a large extent, the 
Chernobyl Nuclear Power Plant (NPP) accident [1,9]. Some radionu-
clides are harmful when ingested or inhaled in high amounts but pose 
low threats in terms of long-term effects on the environment overall. 
Two of them, 131I and 89Sr, are especially important for human health, 
but because of their very short half-life (t½ = 8.04 and 50.52 days, 
respectively), the removal rate from the environment due to natural 
decay is fast. Therefore, the long-term effects are limited [10]. On the 
other hand, some radioisotopes persist in the environment and accu-
mulate in higher trophic organisms due to their longer half-life and 
chemical properties [11-13]. Therefore, the most important in terms of 
biological threats are radioisotopes released in high amounts but also 
with relatively long half-lives such as 90Sr (t½ = 28.78 yrs.), 137Cs (t½ =

30.17 yrs.) or 239Pu (t½ = 24 110 yrs.) along with other 
Plutonium-related isotopes, such as 238,240,241Pu (238Pu: t½ = 87.7 yrs., 
240Pu: t½ = 6561 yrs., 241Pu: t½ = 14.3 yrs.) or 241Am (t½ = 432 yrs.). 
Cesium-137 was released by NPP accidents and global military actions, 
with a peak in deposition in 1963 [14]. Since 137Cs reach high activity 
concentrations, its chemical properties are similar to those of potassium, 
and its decay produces beta particles, there is a high concern about its 
presence in the environment [15,16]. Its primary sources have signifi-
cantly dropped after the Limited Test Ban Treaty, and its activity con-
centrations are progressively decreasing, with some peaks in activity 
due to NPP accidents [5]. However, other longer-lived anthropogenic 
radioisotopes, such as 241Am or 239–240Pu, persist in amounts similar to 
those observed when released [17]. Their radioactivity’s effects on 
ecosystems are still observed but only well investigated in areas close to 
NPP accidents, where elevated ionising radiation exerted broad effects 
on wildlife. For instance, close to the Fukushima Daichi NPP accident, 
increased aberrant cell frequencies were found in pine needles exposed 
to higher IR doses [18] and decreases in bird abundances were observed 
due to chronic exposure [19]. Furthermore, scots pines Pinus sylvestris 
exposed to elevated levels of ionising radiation in the vicinity of the 
Chernobyl NPP accident exhibit increased DNA damage [20]. Addi-
tionally, bank voles Clethrionomys glareolus have shown a response to 
this radiation by reducing overall gut health [21] along with genomic 
scale alterations [22]. 

Due to their position and relatively intense precipitation, the Alps 
have received high amounts of anthropogenic radionuclides from global 
fallout and the Chernobyl NPP accident [23,24]. Relatively high activity 
concentrations in the Alps were found on the surface of glaciers [25-27]. 
The dark sediment called cryoconite, which covers glaciers worldwide is 
a biogeochemical hotspot that adsorbs contaminants delivered with dry 
and wet deposition from the atmosphere [25,28,29,7,30]. Cryoconite is 
composed of minerals, microbial communities, and a high share of dead 
organic matter that originates on the glacier (autochthonous organic 
matter) or elsewhere (allochthonous organic matter) [31-34]. Due to its 
dark colour, the sediment absorbs solar radiation and melts into the ice, 
creating water-filled depressions called cryoconite holes [35,36,33]. 

This habitat is dominated by microorganisms such as bacteria, algae, 
fungi and other eukaryotic groups, including heterotrophic protozoa or 
microinvertebrates; no vascular plants or vertebrates live and reproduce 
there [37,38,32,39]. Organisms producing extracellular polymeric 
substances like Cyanobacteria, which are highly abundant in cryoconite, 
seem to play an important role in binding the mentioned cryoconite 
compounds, but potentially also the contaminants into spherical gran-
ules [33,34,40]. These bioaggregates were found to be important in the 
analysis of sources of radioactivity globally, even in remote areas, due to 
the capability of cryoconite to accumulate radionuclides which also 
provides a new substratum for environmental monitoring [26,37,29,41, 
42,27,43]. 

On Alpine glaciers, the main sources of anthropogenic radionuclides 
were global fallout (atmospheric nuclear blasts) with a peak in the ’60 s 
and the Chernobyl NPP accident in 1986 [4,27,43]. The concentrations 
of anthropogenic isotopes estimated for 1986 reached 223 kBq kg− 1 of 
137Cs and 129.1 kBq kg− 1 of 134Cs [43]. On the other hand, the activity 
concentration of the most abundant natural isotope found in cryoconite 
– 210Pb – was equal to 57 kBq kg− 1 when estimated for 1986 [43]. The 
overall comparison of mean activity concentrations between cryoconite 
and other habitats in the Alps has shown that both natural and anthro-
pogenic radioisotopes are higher in the former by one to two orders of 
magnitude than in surrounding ecosystems [4]. These works are 
important for understanding pollution levels and radionuclide sources in 
the Alps but were limited to a few glaciers. The lack of large-scale data 
lowers our ability to infer spatial variation and factors that affected the 
accumulation in the Alps. Indeed, the high variation in activity con-
centrations observed between the investigated glaciers raises a question 
of whether the accumulation is mainly driven by spatial variation (e.g. 
distance from the source or variation in precipitation) or glacier-related 
features. Recognition of these processes might be important in esti-
mating the effects of ongoing intense glacier melting for the release of 
radioactive contaminants accumulated over time, some of which, like 
239Pu or 241Am, persist in the environment over an extended time. 

In this research, we examine the accumulation and concentration of 
radioisotopes on glaciers at a regional scale. Our analysis is based on 
cryoconite sediment samples collected from 19 glaciers in the Alps over 
two years. We specifically focused on two anthropogenic radioisotopes 
(137Cs and 241Am) and one natural radioisotope (210Pb). These radio-
isotopes are the most radioactive fallout isotopes on glaciers, widely 
detectable by gamma spectrometry, and known to concentrate well in 
cryoconite compared to other habitats [44,29,41]. Therefore, they are 
the most important isotopes for analysing the threats related to the biota 
under intensive melting and the potential release of stored radioiso-
topes. We measured radioisotopes’ spatial variation in activity concen-
trations and examined their relationship with glacier features such as 
average altitude, surface area, and organic matter content in the cryo-
conite. Moreover, given that the concentration of 137Cs and 241Am from 
the global atmospheric fallout could be influenced by precipitation, we 
also analysed their activity concentrations in relation to past precipita-
tion on the glaciers. This approach, combined with spatial autocorre-
lation analysis, allows us to determine whether the observed high 
radioactivity on some glaciers is due to past precipitations or related to 
glacier features that promote the concentration of pollutants on their 
surfaces. This comprehensive study focused on a single geographical 
area (the Alps). It thus controlled for unknown parameters such as large 
variations in 222Rn sources (an indirect parental isotope of 210Pb), 
large-scale air masses flow, and the composition of minerals and 
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organisms, thereby enhancing the power of our inferences. This could be 
beneficial for future predictive analyses of ongoing global changes and 
the potential release of secondary pollutant sources due to glacier 
melting. 

2. Methods 

2.1. Study area and sampling 

In this study, our focus was on the most glaciated mountain groups in 
the Alps. We collected a total of 140 samples from 19 different glaciers 
during the 2020 and 2021 campaigns (Fig. 1). The altitude of the glacier 
sampling zones (ablation areas) ranged from 2015 to 3004 m a.s.l with a 
mean elevation of 2569 m a.s.l. A list of the investigated glaciers and 
their features is provided in Supplementary Table 1. We collected five to 
ten cryoconite samples from distinct cryoconite holes using a sterile 
clean pipette or a stainless-steel spoon from each glacier. We ensured 
that the cryoconite holes sampled were not interconnected. The 
collected samples were frozen at − 20 ◦C or preserved with ethyl 
alcohol. Upon returning to the laboratory, the samples were homoge-
nised and dried in preparation for radiometric analysis. The average dry 
mass of the cryoconite samples used in the analysis varied from 0.462 g 

to 2.134 g, with a mean value of 0.948 g. 

2.2. Radiometric analysis 

Using gamma spectrometry, we estimated the activity concentrations 
of three fallout radioisotopes, namely 137Cs, 210Pb and 241Am. These 
radioisotopes are known to be effectively concentrated in cryoconite 
compared to lithogenic radioisotopes such as 40K, 238U, 232Th, 234Th or 
212Bi [4]. These radionuclides are related to their contents in the source 
minerals [45] and are not influenced by the action of cryoconite. 
Lead-210 is also a lithogenic radioisotope as a product of the 238U series. 
However, its presence in the environment might be from two different 
distribution pathways. The first one is the weathering processes of 
minerals containing 210Pb (supported 210Pb); this fraction is relatively 
low mobile and shows equilibrium with 238U concentration in local 
minerals. The second fraction has atmospheric distribution, as the in-
direct parental isotope of 210Pb, which is 222Rn, a noble gas with a short 
half-life reaching the atmosphere from uranium-rich ores; this fraction is 
known as unsupported 210Pb and can be transported in the atmosphere 
and then effectively captured. The vast majority of 210Pb in cryoconite is 
concentrated from atmospheric deposition as unsupp. 210Pb [4,46], 
therefore, in our analysis, we relayed on total 210Pb activity 

Fig. 1. Map of the Alps with sampled glaciers (blue points). Pers Glacier (B), cryoconite holes (C) on de Moiry Glacier surface. The ID corresponds to the numeration 
in Supplementary Table 1 and 2. 
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concentrations assuming that they represented mostly unsupp. 210Pb. An 
example spectrum is presented in Supplementary Figure 1. 

The samples were analysed with a low-background, digital gamma- 
ray spectrometer equipped with a Broad Energy Germanium (BEGe) 
detector BE5030 with a relative efficiency of about 48 % and a multi-
layer passive shield surrounded by an active shield’s detector [47]. For 
137Cs, activity was determined by measuring the 661.6 keV emission 
peak of 137mCs, for 210Pb, it was the 46.5 keV peak, while for 241Am, the 
59.5 keV peak was used as an analytical signal. Efficiency calibration 
(including self-absorption correction) for used measurement geometry 
was determined using LabSOCS calibration software (Mirion Technol-
ogies). The spectra were collected for approximately 24 h. The activity 
concentrations were then calculated on the day of sampling. Data 
quality was evaluated by measuring of IAEA Reference Materials (IAEA 
447). The results (Supplementary Table 3) agreed well with the rec-
ommended values. 

2.3. Predictors 

We quantified organic matter as the percentage weight loss after 
combustion at 550 ◦C for 6 h, following homogenisation and drying at 
100 ◦C for 24 h [48]. The mass of the analysed samples was the same as 
that used for gamma spectroscopy, as the samples were combusted 
post-radiometric analysis. 

We estimated the precipitation related to the peak of global fallout as 
the total precipitation in the glacier region from January 1962 to 
December 1964. Additionally, we estimated the precipitation that could 
influence the deposition of 137Cs following the Chernobyl NPP accident 
as the total precipitation in May 1986. The data was gathered from 
WorldClim v2.1 [49,50] and proceeded in qGIS software [51]. We 
sampled the total precipitation for each month based on raster data from 
WorldClim, with sampled values for the coordinates of the sampling 
area. The surface area of glaciers, their average and maximum altitude 
was estimated for 2015/16, with one extent due to lack of data for 
2015/16 (Pers, 2022), based on the Global Land Ice Measurements from 
Space (GLIMS) database [52]. Detailed parameters of the glaciers and 
the results of the activity concentrations are presented in Supplementary 
Tables 1 and 2. 

2.4. Statistical analysis 

Radiometric data were averaged for each glacier, as our primary goal 
was to analyse factors that affect activity concentrations of radionu-
clides on an Alpine scale. First, we tested whether activity concentra-
tions of radioisotopes are spatially autocorrelated between glaciers, 
which could be a proxy for weather-dependent deposition. This test was 
based on the k nearest neighbours estimate (k = 3, equal weights for 
each k) and the orthodromic distance between points, which are co-
ordinates of sampling areas (one for each glacier). This spatial analysis 
was performed using the sp [53] and spdep [54] packages. 

To determine which factors affect the activity concentrations of 
210Pb and 137Cs, we used linear models with a Gaussian error distribu-
tion and log-scaled response variables. Based on previous studies, we 
assumed that organic matter content (OM) is the most important pre-
dictor for 210Pb and 137Cs activity concentrations. Therefore, we built a 
set of models with OM as a core predictor and additional variables 
specific to each isotope. In the case of 210Pb models, we built models that 
contained OM as the only predictor, OM with an additive effect of a) the 
surface area of the glacier, b) the average altitude of the glacier, and c) 
both the surface area and the average altitude of the glacier. For 137Cs, 
we built models that contained OM as the only predictor, OM with an 
additive effect of a) the surface area of the glacier, b) the sum of pre-
cipitation during the peak of global fallout (GF), c) the sum of precipi-
tation a month after the Chernobyl NPP accident, d) all the above 
predictors. The above models were compared separately for each 
radionuclide using an F test based on a reduction of the Residual Sum of 

Squares (RSS). The best model was chosen based on RSS reduction and 
presence-absence of influential observations. A comparison of models is 
presented in Supplementary Table 4, while only the results of the best 
models are presented in the results, with the test for predictor signifi-
cance based on the F-test using Type-II Anova. In the case of 241Am 
activity concentrations, on 8 out of 19 glaciers, we could not reach the 
minimum detectable concentration (MDC). Therefore, we used Censored 
Regression to analyse these data [55]. This model contained the OM and 
the sum of precipitation during the peak of global fallout (GF) as 
predictors. 

In the above models, the surface area of the glaciers and precipitation 
data were log-scaled to reduce the effect of influential observations; the 
Aletsch Glacier is extreme in size (~83.4 km2) compared to the second 
largest glacier, Pasterze (16.2 km2), while the precipitation on the 
Pasterze Glacier was four-fold higher than those on the second in order 
(see Supplementary Table 1). 

Models were implemented in the R software v4.3.2 [56] using the lm 
function and the censReg [55] package. Linear models were checked for 
violation of assumptions based on diagnostic plots, and outliers’ pres-
ence tested based on Cook’s distances using performance package [57]. A 
project with raw data and R code is presented in the GitHub repository 
under the link: https://github.com/jakbud1/Small-glaciers-as-radioisot 
opes-hotspots-in-the-Alps.git. 

3. Results and discussion 

3.1. Radioisotopes pollution levels 

The activity concentrations of 210Pb, 137Cs, and 241Am in cryoconite 
were within the range of those previously reported on glaciers in the 
Alps [26,43], with an overall mean of 4 655 Bq kg− 1, 1 732 Bq kg− 1 and 
15 Bq kg− 1, respectively (Fig. 2). However, these activity concentrations 
are higher than those on glaciers in South America or Antarctica, but 
within the range of those found in the Northern Hemisphere [29]. The 
lowest average activity concentration of 210Pb was found on the Lang 
Glacier (661 Bq kg− 1), while for 137Cs, it was on the Oberaar Glacier 
(36 Bq kg− 1). The activity concentration of 241Am was not detectable in 
any sample for 8 of the 19 glaciers, with a minimum average of 
11 Bq kg− 1 for glaciers that were above detection limits (which varied 
between 2.2 to 26 Bq kg− 1). In contrast, the highest activity concen-
tration of 210Pb was found on the Ebenferner (10 968 Bq kg− 1), 137Cs on 
the Ventina Glacier (5 785 Bq kg− 1), and 241Am on the Dosdé Glacier 
(40 Bq kg− 1). Average data are presented in Fig. 2A and Supplementary 
Table 3. The high variation in activity concentrations between glaciers, 
even those closely located, without a clear spatial pattern, suggests that 
glacier-related processes are involved in accumulating natural and 
anthropogenic radioactivity on glaciers. While the correlations between 
the activity concentrations of each pair of radionuclides are positive 
(Fig. 2B), there is still a high proportion of unexplained variation, 
indicating that different mechanisms are involved in their accumulation 
on glaciers, possibly related to both sources and glacier features. 

3.2. Effects of glacier-related features on activity concentration of 
radionuclides 

Contrary to our expectation, neither the sum of precipitation during 
the GF peak nor the month following the Chernobyl NPP accident 
explained the current activity concentrations of 137Cs (the best model 
based on the reduction of RSS did not contain these predictors) and 
241Am (F1,14 = 1.495, p = 0.242; Table 1). The total precipitation var-
ied, from 1840 mm to 5063.3 mm for the 3-years GF peak, and from 
68.9 mm to 154 mm one month after Chernobyl NPP accident. This 
contradicts our hypothesis of an increase in the activity concentrations 
of 137Cs with the sum of precipitation during the GF peak and in May 
1986. The activity concentrations are calculated per 2020/21. However, 
this should have only implied lower values that vary linearly with 
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precipitations. Indeed, a significant amount of 137Cs released during the 
Chernobyl NPP accident was subject to wet deposition, strongly corre-
lated with precipitation [58]. Although precipitation was found to be the 
strongest predictor of 137Cs deposition from global fallout [59], the lack 
of precipitation effects is evident from our study by the absence of 
spatial autocorrelation (Table 2, Fig. 3). In a scenario of precipitation 
effect, we should observe similarities in activity concentrations of iso-
topes between spatially close glaciers. Similarly, based on Pearson’s 
correlation, Clason et al., [29] also did not find a relation between the 
activity concentration of 137Cs and the distance from Chernobyl in the 
Northern Hemisphere. This suggests that in the case of 137Cs and 241Am, 
factors related to glacier features are more important for predicting 
current activity concentrations than the sources, distance and poten-
tially received amounts of radionuclides in past. Therefore, the observed 
activity concentrations probably reflect the ability of specific glaciers to 
concentrate fallout radioisotopes more efficiently than others. 

Fig. 2. Inter- and intra-glacier variation of 210Pb, 137Cs, and 241Am activity concentrations across the Alpine glaciers ordered from West to East, solid lines on plots 
represent overall means (A). Correlation of variables included in the analysis, ^Values of 241Am that were below MDC assigned as ½ MDC (B). Adjusted R2 of linear 
relations between each pair of radioisotopes (C). Linear relation of 210Pb on 137Cs with 241Am activity concentrations represented by colour as the third dimension, 
grey dots are observations below MDC; *log-scaled vectors (D). Correlations between precipitations after GF and Chernobyl NPP accidents are meaningful only for 
137Cs and 241Am activity concentrations. 

Table 1 
Results of linear models (censored regression for 241Am). *log-scaled vectors. P- 
values under 0.05 are bolded. For the censored regression, the “log(sigma)” 
refers to the proportion of unexplained variation by fixed effects, in this model 8 
out of 19 observations were left-censored. Comparison of models are presented 
in the Supplementary Table 4. Model summary for 210Pb: adj. R2 = 0.83, F3,15 
= 29.82, P < 0.001; 137Cs: adj. R2 = 0.32, F2,16 = 5.28, P = 0.017.  

Response Parameter Estimate SE t- 
value 

p 

210Pb* Intercept 10.727 1.2965 8.274 < 0.001  
Organic matter 
content 

0.144 0.0172 8.364 < 0.001 

Average altitude -0.001 0.0004 -2.708 0.016 
Surface area* -0.125 0.0548 -2.283 0.038 

137Cs* Intercept 5.974 0.761 7.856 < 0.001  
Organic matter 
content 

0.189 0.075 2.530 0.026 

Surface area* -0.522 0.237 -2.209 0.042 
241Am* Intercept 29.505 21.4497 1.376 0.169  

Organic matter 
content 

-0.076 0.1398 -0.540 0.589  

Surface area* -1.101 0.4823 -2.282 0.022  
Precipitation GF* -3.328 2.7216 -1.223 0.221  
log (sigma) 0.720 0.2384 3.019 0.003  

Table 2 
Results of spatial autocorrelation analysis based on Moran’s I test.  

Isotope Moran’s I statistic Z P 
210Pb  0.062  0.432  0.433 
137Cs  0.098  0.462  0.315 
241Am  0.147  0.512  0.184  
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We observed a negative relation between the activity concentration 
of 210Pb in cryoconite and the average altitude of a glacier (F1,14 =

1.495, p = 0.039; Table 1, Fig. 4). The natural isotope 210Pb on glaciers 
precipitates primarily as a product of 222Rn decay, with short-lived 
nuclides between them in a decay chain. The unsupported fraction of 
210Pb is a majority in alpine cryoconite, consisting of 99.1 % of total 
210Pb for Forni Glacier and 97.2 % on Morteratsch Glacier [4]. As 222Rn 
is a noble gas with a short half-life (t½ = 3.6 days) originating from 
uranium-reach ores underground, its concentrations in the air decrease 
with the altitude [60,61], thus potentially explaining our observed 
negative relation of 210Pb activity concentration with altitude. 210Pb, an 
indirect daughter isotope (with other short-lived isotopes in between), 
also follows this linear pattern with altitude, as found in our case for 
cryoconite [62]. Results obtained in this study are not consistent with 
the reports of Clason et al., [29], who found a positive correlation be-
tween altitude and 210Pb activity concentrations in the Northern 
Hemisphere, while no other predictors were taken into account in that 
analysis (based on Pearson’s correlation only). These studies differ also 
by the scale. Data from Clason et al., [29] was collected globally, 
covering two groups of glaciers: the low-elevation glaciers in polar re-
gions and high-elevation mountain glaciers. The low-elevated polar 
glaciers are located close to the seas, while the mountain glaciers are 
mainly on the continents. 222Rn varies not only altitudinaly but also 
between lands and oceans; the estimated contribution of the oceans in 
global 222Rn release was lower than 5 %, being significantly higher 
above grounds than the oceans [60,63]. Therefore, the results of Clason 
et al., [29] show variation between altitudes, which could also be 
interpreted as the variation between two types of glacier localities. 
Indeed, the authors observed an effect of the distance from the ocean on 
210Pb activity concentrations. However, this variable was not included 
in their models, while, according to the results of a PCA reported in that 
study, distance from the ocean was also positively correlated with mean 
elevation. It is therefore possible that the observed effects were the re-
sults of collinearity. In this study, we controlled for this variation by 

analysing glaciers in one region, and we assessed a lack of spatial 
autocorrelation in 137Cs, 241Am and 210Pb activities concentrations 
(Table 2; Fig. 3). This suggests a lack of local effects related to 222Rn 
sources on 210Pb activity concentrations. It is worth mentioning that 
even if 222Rn shows a general trend of decrease with altitude on regional 
scales [61], the activity concentrations of 210Pb do not always follow this 
trend [64,65]. This might be due to the influence of local wind circu-
lation, foehn wind, random wind gusts and the concentration of aerosols 
on which 210Pb quickly adsorbs [66]. Moreover, it was shown that the 
ground-level of 210Pb activity concentration should show some corre-
lation with rain and snow data for the same region [67]. However, 
glaciers located close to one another and subject to similar precipitations 
had no similar 210Pb activity concentrations (Table 2; Fig. 3). It cannot 
be excluded that the observed increase of 210Pb activity concentrations 
on high elevation glaciers might be related to other factors not related to 
glacier size, organic matter content, or geographical position. 

The activity concentration of 210Pb was positively related to the 
average organic matter content in cryoconite (F1,15 = 69.962, 
p < 0.001; Table 1, Fig. 4). This inter-glacier relation is consistent with 
those observed in previous studies relating 210Pb concentrations to OM 
contents of individual cryoconite samples within single glaciers [28,29]. 
It was well-documented that negatively charged bivalent 210Pb binds 
effectively to organic matter in various habitats [68,69]. The activity 
concentration of 137Cs was also positively related to the organic matter 
content of cryoconite (F1,16 = 6.4, p = 0.022; Table 1, Fig. 5), but this 
relationship was weaker, and the estimate error was higher (Table 1, 
Figs. 4 and 5). This aligns with the results of Buda et al., [28] and 
Davidson et al., [46], who, based on different approaches, confirmed 
that a significant proportion of 137Cs in cryoconite is bound to mineral 
fractions rather than to organic matter itself, while 210Pb binds more 
strongly with the organic matter surfaces. This finding is interesting as it 
suggests that the OM-minerals relationship may also influence the 
relationship between 137Cs and OM in cryoconite. For instance, Buda 
et al., [28] observed that cryoconite with higher OM is also 

Fig. 3. Lack of spatial autocorrelation of 210Pb (A), 137Cs (B) and 241Am (C) activity concentrations. Dots represent observations for glaciers, a solid-coloured line is a 
regression line while dashed horizontal and vertical lines are means of observations (x-axis) and spatially lagged observations (y-axis). 

Fig. 4. Relationship between 210Pb activity concentration (log-scaled) and glacier-specific variables such as organic matter content in cryoconite (A), surface area of 
glaciers (B), and average altitude of a glacier (C). Plots represent selected model visualisation with partial residuals (dots). Therefore, each graph shows the rela-
tionship between a given independent variable and the 210Pb while accounting for the effects of the other independent variables in the model. 
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characterised by a smaller fraction of minerals, leading to a larger sur-
face area of minerals. Moreover, for 241Am, the organic matter content 
was not related to its activity concentration (F1,14 = 0.292, p = 0.598; 
Table 1). Overall, the importance of organic matter in binding radio-
isotopes depends on the chemical properties of the radioisotope. How-
ever, as the measurement of organic matter is straightforward and the 
explained variation is relatively large, it is a good predictor of the ac-
tivity concentration of some radionuclides on glaciers. 

3.3. Cryoconite on small disappearing glaciers as hotspots of radioisotopes 

Understanding the fate of pollutants stored on glaciers upon melting 
and which glaciers are the most contaminated is crucial for assessing 
potential threats to downstream ecosystems. In this study, we observed a 
negative relationship between the activity concentrations in cryoconite 
and the surface area of glaciers for all subject radionuclides (210Pb: F1,15 
= 5.21, p = 0.037; 137Cs: F1,16= 4.878, p = 0.042; 241Am: F1,14 = 5.208, 
p = 0.039; Table 1, Figs. 4 and 5). This relationship might be due to the 
concentration of radioisotopes by cryoconite through intense glacier 
melting in the past, as well as long-term deposition and accumulation of 
organic matter along with other components of cryoconite on the glacier 
surface. During ablation, the surface of a glacier becomes a dynamic 
habitat [70,71] where cryoconite is redistributed and can effectively 
capture radioisotopes [28,41,72]. 

The observed high activity concentrations of radionuclides on 
smaller glaciers might be related to the release of radioisotopes during 
the intensive melting of accumulation zones in the last decades. The 
accumulation zone of glaciers in the Alps moved upward by about 240 m 
since the 1960s and 1970s compared to 2009 despite their average 
altitude remained approximatly the same [73]. This suggests that a 
significant amount of relatively young snow and firn from the lower 
parts of accumulation zones melted and released stored radioisotopes 
over this period. In the case of small glaciers, we could expect lower 
dilution of those radioisotopes than in the case of big glaciers. Another 
possible explanation is related to variation in surface ice age. Ice that 
melts currently in the ablation zone of bigger glaciers can be older than 
that in the ablation zone of smaller glaciers. Therefore, cryoconite on 
bigger glaciers in the last decades was in contact with ice that formed 
hundreds or thousands of years in the past, significantly before the nu-
clear era and the release of anthropogenic radioisotopes, but also old 
enough to decay 210Pb (t1/2 = 20.3 yrs.). In such a scenario, only the 
accumulation of radioactivity from the atmosphere affected the con-
centration of fallout radionuclides in cryoconite. This is also valid for 
small glaciers, where radioisotopes bind to cryoconite continuously 
from the atmosphere (210Pb). Taking into account that the age of surface 
ice in the border between accumulation and ablation zones of smaller 

glaciers can be relatively young (even below 50 yrs.; [74]), progressive 
melting releases radioisotopes stored in the ice of the accumulation zone 
(210Pb, 137Cs and 241Am), which are then concentrated in the cryoconite 
on the surface of ablation zone. However, to fully understand these 
potential reasons, more detailed data about the age of surface ice in the 
cryoconite zone on different glaciers in the Alps is needed. 

Globally, glaciers are melting rapidly, a trend that has accelerated 
since the end of the 19th century [75-77]. Anthropogenic radioisotopes 
accumulated in large glaciers, especially those with a half-life too short 
compared to the persistence of ice within a glacier, do not pose a real 
threat to downstream ecosystems due to radioactivity. Our results show 
that many anthropogenic radioisotopes persist on glaciers and concen-
trate there during melting. This is consistent with Cao et al., [78] and 
Clason et al., [79], who demonstrated a high disproportion in the con-
centrations of radioisotope activities on glaciers compared to down-
stream habitats. Therefore, when considering large glaciers, we could 
observe a decrease in the radioactivity of these short-lived radionuclides 
before the ice melts. However, we think that small glaciers, which are 
the most numerous in low and mid-latitude mountains and are highly 
threatened with disappearance [80], are a special case. As radionuclides 
concentrate in the supraglacial sediment as melting progresses (Figs. 4 
and 5), we could observe a relatively high peak of released radioactivity 
at the complete melt of glaciers. This is possible even for short-lived 
radionuclides, as around half of the smallest glaciers in the Swiss Alps 
are expected to melt within the next 25 years [80], which is within the 
range of the half-life of the radioisotopes considered in this study. Such a 
scenario also seems to hold for Scandinavian glaciers that store a high 
amount of radioisotopes [7,79] and 98 % of them are predicted to 
disappear by 2100 [81]. On the one hand, 210Pb – a natural isotope with 
constant deposition – will concentrate on glaciers during melting and 
then be released to downstream ecosystems from glaciers. A current 
comparison of activity concentration of fallout radionuclides shows that 
still some share of radioisotopes passes through glacier and reaches the 
proglacial zone, suggesting downstream accumulation of them with 
localised off-ice hotspots [79,82]. In a study in British Columbia, Can-
ada, Owens et al., [72] documented declining activity concentration of 
fallout radionuclides in fluvial sediments with increasing distance from 
the glacier terminus, while studies in Arctic Sweden [79] and Svalbard 
[82] found that the activity concentration of some radionuclides were 
higher in sediments from southern proglacial outlets than in northern 
outlets, highlighting the importance of local variability in glacier 
topography and hydrology. However, given that a significant proportion 
of radioisotopes such as 137Cs is bound to minerals [28], their mobility in 
downstream ecosystems might be limited, posing a real threat to glacier 
biota and strictly glacier-adjacent ecosystems which should be exten-
sively monitored during ongoing glaciers melting. Moreover, already 

Fig. 5. Relationship between 137Cs activity concentration (log-scaled) and glacier-specific variables such as organic matter content in cryoconite (A) and surface area 
of glaciers (B). Plots represent selected models visualisation with partial residuals (dots). Therefore, each graph shows the relationship between a given independent 
variable and the 210Pb while accounting for the effects of the other independent variables in the model. 
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reported activity concentrations of radioisotopes in proglacial sediments 
also suggest that the sediment from glaciers might be diluted by the 
debris, lowering the negative effect on biota. 

Following Beard et al., [83], we emphasise the importance of 
monitoring radioactive contamination on glaciers and glacier-adjacent 
ecosystems as the radiative pressure seems to increase in cryoconite 
and glaciers melting. In our perspective, a particular case are mountain 
glaciers. On the one side, their are located in areas with high accumu-
lation of anthropogenic radioisotopes in the past. However, on the other 
hand, they terminate on the lands, providing water for people living 
down in valleys. Knowing that mountain glaciers in the northern 
hemisphere [29] show the highest radioactivity levels, we underline the 
need to monitor radioactivity pressure on glaciers and downstream 
ecosystems in the Alps, the Caucasus, central-Asian and North American 
mountain ranges. 

4. Conclusion 

The discussion on the glacier-related pollution increases in the 
literature. However, the debate mainly focuses on the direct measure-
ments of the contaminants on glaciers, while the anticipation of haz-
ardous glacial hotspots still needs to be included. In the context of 
intensive glacier melting, assessing the potential threats of stored pol-
lutants to understand their impact on downstream ecosystems is crucial. 
Our comprehensive sampling across the Alps has demonstrated that 
glacier features such as surface area, altitude (210Pb), and the amount of 
OM in the cryoconite play a more significant role in the accumulation of 
radioisotopes than geographic factors. Apart from the organic matter 
content in cryoconite and elevation (210Pb), the surface area emerges as 
the most critical predictor of radioisotope activity concentrations on 
Alpine glaciers. The activity concentration of both natural (210Pb) and 
anthropogenic (137Cs, 241Am) radioisotopes increases as the surface area 
decreases. This suggests that a significant proportion of radioactivity is 
bound to the supraglacial sediment, known as cryoconite, during the 
melting of ice, which contains natural and anthropogenic fallout ra-
dionuclides. This might be important, as the small glaciers in the Alps 
are predicted to disappear within the next 50 years, releasing stored 
radioisotopes. If so, we could witness intense abiotic pressure on glacier- 
adjacent ecosystems as glaciers disappear. Multidimensional studies are 
required to understand the potential effects of increasing radioactivity, 
seemingly linked to ongoing glacier melting. 

Environmental implication 

In the proposed article, we aimed to determine what factors affect 
the accumulation of radioisotopes on glaciers in the Alps which led us to 
understand whether predicted global climate change can increase 
pressure on organisms related to glaciers due to the concentration and 
release of anthropogenic and natural radioisotopes stored in the ice. Our 
study based on wide sampling in the Alps revealed that cryoconite on 
small glaciers concentrate anthropogenic radioisotopes such as 137Cs 
and 241Am during melting. Given the near disappearance of numerous 
small alpine glaciers over the next five decades, it is anticipated that the 
release of anthropogenic radioisotopes into mountain ecosystems may 
surpass excess predictions. This poses a significant threat to the eco-
systems adjacent to glaciers. 
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Ambrosini: Writing – review & editing, Resources, Investigation. Ric-
cardo Scotti: Writing – review & editing, Investigation. Francesca 
Pittino: Writing – review & editing, Investigation. Dariusz Sala: 

Writing – review & editing, Investigation. Krzysztof Zawierucha: 
Writing – review & editing, Supervision, Resources, Investigation, 
Funding acquisition. Edyta Łokas: Writing – review & editing, Super-
vision, Resources, Investigation, Funding acquisition, 
Conceptualization. 

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. 

Data Availability 

The data and the R code are shared as link in the Statistical Analysis 
Section. 

Acknowledgements 

The work was supported by the Polish Ministry of Education and 
Science as a research project under Diamond Grant 0005/DIA/2019/48. 
Some glaciers were sampled during the Alps 2020 and 2021 expeditions 
of the project "On the Trails of the Glaciers" led by Fabiano Ventura. We 
are also grateful to Stelvio National Park (ERSAF) for their support. We 
thank Alesio Romeo, Kinga Buda and Matteo Oreggioni for their help 
during the sampling. Moreover, the authors thank Krzysztof Gorzkie-
wicz for his support during the radiometric analysis. JB is a scholarship 
holder of the Foundation of Adam Mickiewicz University in Poznań for 
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