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Highlights 
− Cryoconite accumulates fallout radionuclides with unprecedented efficiency 
− The levels of radioactivity in cryoconite on individual glaciers is not uniform 20 
− Supraglacial dynamics and age influence the radioactive content of cryoconite 
− Natural and artificial radionuclides can be used to explore supraglacial dynamics 

Abstract 
Cryoconite, a sediment found on the surface of glaciers, is known for its ability to accumulate 
radionuclides. New data on cryoconite from the Morteratsch glacier (Switzerland) are presented 25 
with the aim to shed light on the mechanisms that control the distribution of radioactivity in 
cryoconite. Among the many radionuclides detected in our samples, we have identified 108mAg, an 
artificial species which has never been observed in terrestrial environments before. This finding 
supports that cryoconite has an extraordinary ability to accumulate radioactivity. Our results also 
show that the radioactivity of cryoconite is far from uniform. Both the absolute amount of 30 
radioactivity and the relative contribution of single radionuclides is highly variable in samples from 
the Morteratsch glacier. To investigate the processes responsible for such variability, we have 
explored the correlation between radionuclides, organic and inorganic carbon fractions and the 
morphological features of cryoconite deposits. We have found that the degree to cryoconite is 
connected with supraglacial hydrology is particularly important, since it strongly influences the 35 
accumulation of radionuclides in cryoconite. Cryoconite holes connected with supraglacial channels 
is rich in cosmogenic 7Be; in contrast, poorly connected deposits are rich in artificial fallout 
radionuclides and elemental carbon. The very different half-lives of 7Be and artificial radionuclides 
allowed us to discuss our findings in relation to the age and maturity of cryoconite deposits, 
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highlighting the potential use of radionuclides to investigate hydrological supraglacial processes and 40 
material cycling at the surface of glaciers. 
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1. Introduction 

Radioactivity is a versatile tool in Earth Sciences, with many diverse applications. When focusing on 50 
the Earth’s surface, common uses of radioactivity concern the study of fallout radionuclides (FRN) 
to develop chronologies for recent sediments (Appleby, 2008) and to investigate erosion and 
sedimentation processes (Mabit, et al., 2008). One research field that owes much to radioactivity is 
glaciology. The first glaciological applications of radioactivity date back to the 1960s, when 
pioneering studies on the development of age scales for snow and ice through the detection of FRN 55 
appeared (Picciotto & Wilgain, 1963; Crozaz, et al., 1964). Since then, the analysis of the decay rate 
of natural fallout 210Pb and the identification of radioactive spikes corresponding to nuclear 
accidents and test explosions have become a routine procedure to date the upper layers of ice cores 
(Eichler, et al., 2000; Clemenza, et al., 2012). This has been possible because snow and ice, being 
atmospheric in origin, record the atmospheric history of a given region (Preunkert & Legrand, 2013), 60 
radioactive fallout included (Pinglot, et al., 1994). But glaciers are not isolated systems, they are not 
exclusively a sink for fallout material, since through ablation and melt part of the airborne matter 
accumulated into glaciers is released in the downstream environment. This is now widely 
recognized, and glaciers are no longer considered simply as repositories, but also as secondary 
sources for many impurities of ecological importance (Gerringa, et al., 2012), including pollutants 65 
(Bogdal, et al., 2009; Rizzi, et al., 2019) and radionuclides (Łokas, et al., 2017; Owens, et al., 2019). 

Within this context radioactivity plays an important role. In recent years it has been observed that 
before being released in pro-glacial areas, FRN stored in glaciers are accumulated at their surface in 
association with cryoconite (Tieber, et al., 2009; Łokas, et al., 2016; Baccolo, et al., 2019). Cryoconite 
is the dark sediment that forms at the surface of many glaciers across the global cryosphere during 70 
the melt season. It is mostly composed of fine mineral sediments, but it is also rich in organic matter, 
owing to notable microbial activity (Hodson, et al., 2010). The dark color, related to high organic 
content (Takeuchi, 2002), is responsible for the ability of cryoconite to enhance ice melt, through 
impact on ice surface albedo, with consequences for the mass balance of glaciers (Di Mauro, et al., 
2018; Li, et al., 2019). The abundance of organic matter and the interaction with meltwater makes 75 
cryoconite a natural filter, capable of accumulating diverse impurities originally present in ice and 
mobilized through meltwater (Baccolo, et al., 2017). In particular,  it has been observed that 
pollutants are efficiently accumulated in cryoconite, including heavy metals (Nagatsuka, et al., 2010; 
Łokas, et al., 2016; Baccolo, et al., 2017; Huang, et al., 2019), organic compounds (Li, et al., 2017; 
Weiland-Bräuer, et al., 2017), pesticides (Ferrario, et al., 2017) and radionuclides (Tieber, et al., 80 
2009; Łokas, et al., 2016; Baccolo, et al., 2019). 

Despite early evidence about the ability of cryoconite to accumulate radionuclides, Tieber and 
coauthors (2009) were the first to present a quantitative radioecological characterization of 
cryoconite. They showed that the activity concentration of single radionuclides in cryoconite from 
an Austrian glacier exceeded 100,000 Bq Kg-1 (Tieber, et al., 2009). Similar evidence was reported in 85 
following years for other geographic contexts (Łokas, et al., 2016; Baccolo, et al., 2019; Owens, et 
al., 2019), confirming that cryoconite accumulates FRN with unprecedented efficiency. The typical 
activities observed in cryoconite are orders of magnitude higher than those characterizing the 
matrices usually adopted for environmental radioactivity monitoring, such as lichens and mosses. 
In terms of radioactive contamination, only samples from nuclear accident and test explosion sites 90 
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are comparable to or exceed cryoconite (Baccolo, et al., 2019). Recent works have suggested that 
the ability of cryoconite to retain and accumulate radionuclides depends on its composition, which 
is rich in organic matter, and on its interaction with the meltwater that flows at the surface of 
glaciers during summer (Łokas, et al., 2016; Baccolo, et al., 2019). Meltwater is in fact the means by 
which the impurities deposited in the past on the glacier, and subsequently preserved in snow and 95 
ice layers, come into contact with cryoconite (Baccolo, et al., 2019). Studies have shown that 
cryoconite accumulates both natural FRN, such as 210Pb and 7Be, and anthropogenic FRN, such as 
137Cs, Pu and Am isotopes, which were released in the environment as a consequence of nuclear 
accidents, test explosions and atmospheric re-entries of nuclear powered satellites (Tieber, et al., 
2009; Baccolo, et al., 2019; Łokas, et al., 2019). After being accumulated at the surface of glaciers, 100 
cryoconite and its radioactive content are released by glaciers in association with meltwater. 
Preliminary results have shown that a fraction of cryoconite radioactivity is accumulated in pro-
glacial areas, and pose a risk of potential ecological impacts (Łokas et al., 2014, 2017, 2019; Owens 
et al., 2019). 

In this study we present data concerning cryoconite collected at the Morteratsch glacier, in the Swiss 105 
Alps. We aim to understand whether cryoconite radioactivity is uniform across the surface of 
glaciers, or if it is influenced by local factors, such as the position of cryoconite deposits on the ice 
surface, the connection with the supraglacial hydrological system, and its aggregation state. It is 
well known that the supraglacial environment is highly dynamic, in particular when considering the 
lower sectors of glaciers, where ice melt and motion, liquid precipitation, and meltwater runoff 110 
continuously shape the glacial surface (Rippin, et al., 2015; Rossini, et al., 2018). The effects of these 
processes on cryoconite are manifold, affecting the morphology and distribution of its deposits 
(Cook, et al., 2016; Takeuchi, et al., 2018), its biological communities (Pittino, et al., 2018; 
Zawierucha, et al., 2019) and its biogeochemical composition (Bagshaw, et al., 2007). Improved 
knowledge on these processes is necessary to better understand how the transience of the 115 
supraglacial environment influences the radioactive content of cryoconite, and if the latter can be 
used as a tracer to provide insight into the dynamics of supraglacial hydrology. 

2. Study site and sampling 
Cryoconite was sampled at the Vadret da Morteratsch glacier on July 18th 2018. The glacier is the 
largest in the Bernina range (Rhaetian Alps, Switzerland, see Fig. 1). It is a north-facing valley glacier 120 
whose basin extends from 2100 to 4049 m a.s.l.. The glacier is experiencing a rapid retreat as a 
consequence of a strong imbalance between its geometry and contemporary climate. Retreat and 
thinning are contributing to a significant darkening of the ice surface in the lower sectors of the 
glacier, with the emergence of sub glacial debris (Rossini, et al., 2018) and the deposition of mineral 
dust from the surrounding moraines (Oerlemans, et al., 2009). This environment is favorable for the 125 
formation of cryoconite, which has previously been investigated at this site in relation to the effects 
on the optical properties of ice (Di Mauro, et al., 2018) and to its ability to accumulate radioactivity 
and heavy metals (Baccolo, et al., 2017). The sampling campaign of July 2018 was carried out to 
continue monitoring activities established in 2015. Attention was paid to the morphological features 
of cryoconite and to its proximity to supraglacial hydrology. It was noted during previous campaigns 130 
that cryoconite deposits at Vadret da Morteratsch can be distinguished in two types, namely “hole” 
and “ice surface” deposits. Cryoconite accumulated in deposits defined as “hole”, is found at the 
bottom of holes melted into ice which are filled with meltwater. The diameter of ice holes is variable,  
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Fig. 1 The geographic setting of the present study. The relief map (panel A) shows the position of Vadret 135 
da Morteratsch within the Alps (red dot). In panel B a satellite picture of the glacier is presented (Sentinel 
2, ESA), retrieved on July 16th, 2018. Sampling sites are highlighted by numbers corresponding to cryoconite 
sample codes, and by a blue dot (riverine proglacial sediments). In the lower row, examples of cryoconite 
samples belonging to the “ice surface” (C,D) and “hole” (E,F) types are shown. 

ranging from less than 1 cm to tens of cms. “Ice surface” cryoconite is accumulated in thick and 140 
massive deposits only poorly connected with meltwater. During our expeditions, we have always 
founded both cryoconite types, but “hole” deposits are more common at the beginning of the melt 
season and at high elevation, while “ice surface” deposits are more commonly found in the lower 
sectors of the glacier and at the end of the melt season. 

Since the main objective of the our work is to understand if the radioactivity content of cryoconite 145 
is somehow influenced by cryoconite morphology and supraglacial processes, we planned the 
campaign for late July, in the middle of the melt season, so as to optimize the chances of finding 
both “hole” and “ice surface” deposits. We collected three cryoconite samples from deposits 
corresponding to “hole” features, three from “ice surface” deposits and one from a deposit showing 
“intermediate” characteristics. The elevation of cryoconite sampling sites ranged from 2100 to 2300 150 
m a.s.l.. In addition, sediments have been collected near the terminus at a small proglacial river. All 
the collected samples have been considered to the aims of this study and no selection has been 
carried out. Example pictures of cryoconite types are shown in Fig. 1, while extensive descriptions 
and photographs of our sampling sites/types are found in the Supplementary Material. 
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Collection was conducted with clean plastic spatulas and disposable pipettes, and samples were 155 
stored in sterile plastic tubes. Cryoconite deposits with abundant material were chosen during the 
field campaign, so as to obtain large samples and facilitate subsequent analyses. After the collection, 
samples were kept at 0°C in a thermal bag during the campaign and subsequently stored at -20°C in 
the Eurocold Laboratory of the Milano-Bicocca University, until the preparation for the analyses. 

3. Materials and methods 160 
The radioactivity of cryoconite in our samples has been investigated through γ-spectrometry. 
Samples were dried until a constant weight at about 60°C. Coarser fragments were manually 
removed. Cryoconite was then stored in clean polyethylene Petri dishes (diameter 9.0 cm, height 
1.5 cm) and sealed in plastic bags to prevent radon loss. Sample mass varied between 4 and 77 g 
depending on availability. Dishes were chosen to increase the surface area to volume ratio of 165 
samples, so as to limit radiation self-absorption and improve the analytical efficiency. Counting took 
place some months after sealing the samples, when the secular equilibrium between 222Rn and its 
progenies was reached. A Broad Energy High Purity Germanium detector was used for the 
acquisition of the spectra. The detector registers an energy spectrum from 3 to 3,000 keV, with the 
following energy resolution: 0.5 keV at 59.5 keV, 1.2 keV at 661 keV and 1.6 keV at 1,332 keV 170 
(intended as full width half maximum resolution). The detector is provided with a germanium crystal 
(relative efficiency 50 %) whose active volume is 150 cm3. Each sample was counted for a variable 
time ranging from 7 to 14 days in relation to its mass. After the acquisition, spectra were processed 
for peak identification and fitting and the absolute detection efficiency was calculated via Monte 
Carlo simulations (Baccolo, et al., 2017). If possible, for each nuclide two γ-energies were considered 175 
for the analysis. No corrections related to spectral interferences were required with the exception 
of 226Ra, as its main γ-ray (186.2 keV) overlapped that of 235U at 185.7 keV. To disentangle the two 
contributions an additional γ-line (163.4 keV) from 235U was considered. A blank spectrum was 
acquired by counting an empty Petri dish for 10 days. Traces of 214Pb (22 ± 3 mBq), 214Bi (20 ± 5 mBq) 
and 40K (80 ± 3 mBq) were detected and subtracted from the sample signals. The blank contribution 180 
of 214Pb and 214Bi represents 1 % of the signal detected in the samples, while for 40K the value is 0.3 
%. Minimum detectable activities (MDA) have been calculated considering the background integral 
counts below the peaks associated to the γ-energies of interest. They range from 0.1 Bq kg-1 for 137Cs 
to 22 Bq kg-1 for 230Th. Full details concerning analytical performance are reported in the 
Supplementary Material. 185 

Most of the detected radionuclides belong to the 238U (234Th, 234mPa, 230Th, 226Ra, 214Pb, 214Bi, 210Pb), 
235U (235U, 227Th) and 232Th (228Ac, 224Ra, 212Pb, 212Bi, 208Tl) decay chains. Other observed nuclides are 
cosmogenic (7Be), primordial (40K) or artificial (108mAg, 137Cs, 207Bi, 241Am). Activity concentrations of 
7Be, 108mAg, 137Cs, 207Bi, 210Pbexc. and 241Am have been corrected for decay to the sampling date. 
Mean activities of 214Pb and 214Bi have been used to distinguish the atmospheric (excess or 190 
unsupported) and lithogenic (supported) fractions of 210Pb. 

The carbonaceous content of samples was also analyzed. Elemental and organic carbon (EC and OC 
respectively) were quantified through a thermo-optical method. A Sunset EC/OC analyzer (Sunset 
Lab Inc.) was used, following the NIOSH 5040 protocol (Birch & Cary, 1996). Samples were 
suspended on quartz fiber filters (Pall, 2500QAO-UP, 47 mm diameter), after pre-firing at 700°C for 195 
1 hour to remove contaminations. Filters were weighed before and after deposition in a conditioned 
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room (T = 20 ± 1 °C, rel. um. = 50 ± 5 %). The amount of cryoconite deposited on each filter was 
determined with an analytical microbalance (precision = 1µg) operated in the conditioned room. 
Electrostatic interferences were prevented through a deionizing gun. EC and OC mass concentration 
were inferred from the mass of cryoconite deposited on filters and the EC-OC surface concentration. 200 
OC was converted into organic matter (OM), following the convention by Pribyl (2010). 

4. Results 
4.1. Analytical performance 

With respect to previous radiological measurements in cryoconite, this work represents a step 
toward increased analytical performances. The use of a customized Broad Energy HP-Ge detector in 205 
place of a commercial well HP-Ge detector and the analysis of massive cryoconite samples 
contributed to the improved results presented here. Considering our previous work as a benchmark 
(Baccolo et al., 2017), analytical sensitivity has been increased on average by a factor of 8.4, with 
several MDA less than 1 Bq kg-1. With respect to other studies concerning the characterization of 
sediments and soils, MDAs presented here (Supplementary Material) are one order of magnitude 210 
lower (Malain, et al., 2012). This improvement can be attributed to the better shielding from 
background radioactivity, higher mass of the samples, increased energy resolution and detector 
efficiency. Thanks to the increased sensitivity, we have expanded the number of detected 
radionuclides, now including nuclides of the 235U decay chain, 7Be (cosmogenic), others belonging 
to the 238U chain and 108mAg (artificial). The identification of 108mAg is an important finding, since this 215 
artificial radioactive nuclide (t1/2 418 yr) has never been reported in terrestrial environments. It has 
only been occasionally observed in tissues of marine organisms where silver is bio-accumulated 
(Morita, et al., 2010), in marine sediments collected at nuclear testing sites in the Pacific (Beasley & 
Held, 1971), and during the evaluation of material radiopurity for rare event physics experiments 
(Laubenstein, 2017). 220 

4.2. Radioactive content of cryoconite samples 
4.2.1. Natural Radionuclides 

The activity of natural radionuclides detected in cryoconite samples is shown in Fig. 2. It can be seen 
that in dealing with lithogenic nuclides, the radioactivity is comparable to the values characterizing 
the upper continental crust (UCC) reference, particularly for 40K and 232Th-related nuclides. For 238U-225 
progenies, an activity slightly higher than UCC is noted. The UCC reference for 235U and 238U is 1.55 
and 33.8 Bq kg-1 respectively, while on average cryoconite samples present an activity of 55(13) Bq 
kg-1 (standard deviation) for 238U-chain nuclides (without considering 210Pb) and of 3.3(1.5) Bq kg-1 
for 235U. The enrichment is uniform among cryoconite samples from the Morteratsch glacier, and 
no significant differences are noted when comparing cryoconite types considered here. By 230 
comparing the activity of 235U and 234mPa, a reference for 238U activity, it is possible to understand if 
the uranium radioactivity excess depends on a non-lithogenic uranium fraction. Natural uranium 
has a regular 238U/235U activity ratio of 21.7 (Salama, et al., 2019); our samples display an average 
ratio of 21.8, in agreement with the natural value. The result rules out the presence in cryoconite of 
a uranium fraction whose isotopic composition has been artificially altered (depletion or enrichment 235 
for military and commercial purposes). In addition, proglacial sediments collected near the glacier 
show an enrichment of U- related nuclides, with an activity for the 235- and 238-chains of 3.1(0.3) 
and 62(9) Bq kg-1 respectively, comparable to what is observed in cryoconite. This confirms that the 
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enrichment is specific to the Morteratsch glacial basin. This observation is probably related to 
uraniferous minerals in the rocks surrounding the glacier, as has also suggested by studies about 240 
mineral waters (Stalder, et al., 2012). 

With respect to the lithogenic radionuclides, 210Pbexc. (t1/2 22.3 yr) and 7Be (t1/2 53.1 d) have notable 
differences. Firstly, they are not directly derived from the radioactive decay of crustal material, since 
they are natural FRN, as 210Pbexc. (excess 210Pb) is the decay product of 222Rn escaped into the 
atmosphere from the Earth crust, and 7Be is a cosmogenic nuclide produced in the high atmosphere. 245 
Their activity in cryoconite is above typical environmental values. In soils and sediments 210Pbexc. 
usually doesn’t exceed tens or a few hundred Bq kg-1 (Persson & Holm, 2011), while for 7Be typical 
values in surficial samples are in the range of 10-50 Bq kg-1 (Blake, et al., 1999; Mabit, et al., 2008). 
The mean activity in cryoconite from the Morteratsch glacier is 1,700(500) and 820(760) Bq kg-1 

respectively. Unlike uranium, in this case the anomaly concerns the cryoconite only, rather than 250 

 
Fig. 2 Natural radionuclides in cryoconite samples from the Morteratsch glacier. Data refer to “ice surface”, 
“intermediate” and “hole” cryoconite types, and to proglacial sediments (sed.) collected near the glacier 
terminus. The dashed line corresponds to average UCC activities, calculated from the reference by Rudnick 
& Gao (2003). The reference for 7Be is taken from Mabit et al. (2008). 210Pb activity is represented for both 255 
supported (red shades) and excess fractions (blue). 
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Tab. 1 Average activity data for the four sample types considered here: ““ice surface””, “hole” and 
“intermediate” cryoconite, and proglacial sediments. 

 

analyte 
“ice surf.” 
cryoconite 

(n=3) 

“intermediate” 
cryoconite 

(n=1) 

“hole” 
cryoconite 

(n=3) 

proglacial 
sediments 

(n=1) 

      

235U chain   
(Bq kg-1) 

235U 2.7±0.5 2±2 4±2 2.9±0.3 

227Th 2.8±0.7 3.4±0.5 4±2 3.3±0.3 

      

238U chain   
(Bq kg-1) 

234Th 54±14 58±5 49±5 54±4 

234mPa 64±27 54±6 71±18 70±16 

230Th 55±21 69±13 58±16 58±11 

226Ra 71±28 115±64 61±16 78±15 

214Pb 55±15 57±3 47±3 57±3 

214Bi 54±14 55±3 46±4 57±3 

210Pbtot 1,604±285 2606±199 1577±557 1,684±132 

 210Pbsupp
 54±15 56±3 47±4 57±3 

 210Pbexc
 1,550±271 2,550±202 1,530±557 < 2 

      

232Th chain 
(Bq kg-1) 

228Ac 42±12 42±2 35±3 44±2 

224Ra 45±13 47±4 38±3 45±3 

212Pb 44±13 47±3 39±3 46±2 

212Bi 45±13 44±4 36±7 45±4 

208Tl 44±12 45±2 38±2 47±2 

      

single 
nuclides      
(Bq kg-1) 

7Be 34±14 1,261±111 1,473±301 43±13 

40K 671±14 714±61 655±115 856±72 

108mAg 0.3±0.1 0.3±0.1 0.4±0.3 < 0.2 

137Cs 1,369±1,455 628±40 150±97 0.89±0.09 

207Bi 3±3 0.5±0.2 1.4±0.3 < 0.3 

241Am 17±20 9±1 1±1 < 0.2 

(continued) 
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analyte 

“ice surf.” 
cryoconite 

(n=3) 

“intermediate” 
cryoconite 

(n=1) 

“hole” 
cryoconite 

(n=3) 

proglacial 
sediments 

(n=1) 

carbonaceous 
content         
(% m/m) 

organic 
carbon 3±1 3.6±0.2 4±1 0.45±0.02 

 elemental 
carbon 0.6±0.4 0.34±0.02 0.2±0.1 < 0.01 

 organic 
matter 6±2 7.2±0.4 8±2 0.90±0.04 

 

being characteristic of the catchment since proglacial sediments have an activity compatible with 260 
ordinary environmental values: 43(13) Bq kg-1 for 7Be, while the activity of 210Pbexc. is below MDA (2 
Bq kg-1). In addition, significant differences are found between cryoconite types, in particular 
considering 7Be. For this nuclide the average activity in “ice surface” cryoconite is 34(14) Bq kg-1, in 
“intermediate” cryoconite it 1,261(111) Bq kg-1 and in “hole” cryoconite is 1,473(301) Bq kg-1. For 
210Pbexc. the higher activity is observed in “intermediate” samples, with a value of 2,550(202) Bq kg-265 
1, while “ice surface” and “hole” samples show similar activities: 1,550 and 1,530 Bq kg-1. 

4.2.2. Anthropogenic Radionuclides 
The results of this study confirm those of a previous work (Baccolo et al., 2017), demonstrating that 
cryoconite from the Morteratsch glacier is contaminated with artificial FRN. Results concerning 
analysis of artificial FRN are presented in Fig. 3 and Tab. 1, and the following radionuclides have 270 
been identified in our samples: 108mAg, 137Cs, 207Bi and 241Am. The identification of 108mAg (t1/2 418 
yr) is particularly relevant, since this is the first finding of 108mAg in terrestrial environments. It was 
produced from nuclear reactions involving silver components during test explosions in the 1960s 
(Grismore, et al., 1972). This radionuclide has been detected in three samples, one per cryoconite 
type. Activity concentrations of 108mAg in cryoconite are low, ranging from 0.26±0.10 to 0.77±0.37 275 
Bq kg-1 (MDA: 0.24 Bq kg-1). It has not been observed in proglacial sediments. The identification of 
207Bi (t1/2 31.5 yr) in the environment is also rather rare, although it has been previously detected in 
some terrestrial environments (Bossew, et al., 2006) and in cryoconite (Tieber et al., 2009; Baccolo 
et al., 2017, 2019). Its production in the Northern Hemisphere is associated with the explosion of 
the Tzar thermonuclear device in 1961 in Novaja Zemlja (Bossew, et al., 2006). 207Bi was found in six 280 
of the seven cryoconite samples presented in this study. On average its activity in “ice surface” 
cryoconite is 2.8(3.1) Bq kg-1, in “intermediate” cryoconite is 1.4(0.3) Bq kg-1 and in “hole” cryoconite 
is 0.5(0.2) Bq kg-1. In proglacial sediments its activity is lower than MDA, (0.3 Bq kg-1). We found 
similar results for 241Am (t1/2 432.2 yr), where the highest concentrations are found in “ice surface” 
cryoconite with an average activity of 17(20) Bq kg-1. Lower activities characterize “intermediate” 285 
and “hole” samples for 241Am, with mean values of 8.7(0.6) and 1.5(1.4) Bq kg-1 respectively. In 
proglacial sediments the activity is lower than MDA (0.2 Bq kg-1). Despite being considered a 
relatively rare artificial radionuclide, 241Am has been reported several times in the environment 
though at lower concentrations in comparison to the results presented here (Shabana & Al-
Shammari, 2001). Its occurrence is mostly related to nuclear test explosions and its environmental  290 
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Fig. 3 Concentration activity of artificial radionuclides detected in cryoconite from the Morteratsch glacier 
(a-d) and carbonaceous fractions (e-f). Data are grouped based on the three cryoconite types; red bars 
represent single samples, and grey bars MDA values. 

activity is increasing, owing the decay of its parent nuclide 241Pu (Thakur & Ward, 2018). The 295 
distribution of 137Cs in cryoconite resembles what observed for 207Bi and 241Am, with the highest 
activity being found in “ice surface” cryoconite, with a mean value exceeding 1,000 Bq kg-1. In 
“intermediate” and “hole” samples the activity concentration is lower: 628(40) and 150(97) Bq kg-1 

respectively. 

4.3. Carbonaceous content 300 
The variability of OM content in cryoconite samples is high, as is depicted in Fig. 3e, where it is 
evident that the concentration of OM is more variable within single cryoconite types than when 
comparing the different types with each other. The average values for each cryoconite type is 
similar, with a mean concentration (% mass fraction) in “ice surface” cryoconite of 3(1) %, in 
“intermediate” and “hole” cryoconite of 3.6(0.2) and 4(1) % respectively. The OM fraction in 305 
proglacial sediments is limited, representing only 0.45(0.02) % of total mass. Results of analysis for 
EC (Fig. 3f) are similar to those concerning 137Cs, 207Bi and 241Am, that is, the highest concentrations 
are found in “ice surface” cryoconite, with a mean mass fraction of 0.59(0.38) % and the lowest in 
“hole” cryoconite, with a mean value of 0.23(0.15) %. “Intermediate” cryoconite has a concentration 
of 0.34(0.02) %. In proglacial sediments the concentration of EC is lower than MDA (0.01 %). 310 

5. Discussion 
5.1. Correlation analysis 

To explore the relationships between radionuclides and impurities analyzed in cryoconite, a 
combination of Pearson’s correlation coefficients and cluster analysis was applied (Fig. 4a). To 
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obtain robust results, 235U, 234mPa, 226Ra and 108mAg were not considered, owing the high relative 315 
errors associated with these variables (larger than 30%). Three clusters in the data are identified. 
The largest cluster includes the natural lithogenic radionuclides, highlighting that these nuclides 
correlate with each other, as they are associated with the mineral fraction of cryoconite. An example 
of the high correlation within this cluster is depicted in Fig. 4b, where the activity of 214Pb (belonging 
to the 238U-chain) is compared to 208Tl (belonging to the 232Th-chain). A second cluster is defined by 320 
artificial FRN and EC, i.e. the anthropogenic species detected in cryoconite. The correlation between 
the variables of this cluster is notable, with coefficients exceeding 0.9 (see also Fig. 4c). This suggests 
that both FRN and EC display an affinity for cryoconite and likely for its OM fraction. It is well-known 
that many radionuclides have an affinity for OM (Chuang, et al., 2015; Livens & Baxter, 1988), which 
is abundant in cryoconite, while the relationship between OM and EC remains poorly investigated. 325 
In addition, the positive correlation coefficients characterizing this cluster are indicative of the 
common source of the anthropogenic species found in cryoconite, the atmosphere. In fact, the only 
possible source for both EC and anthropogenic radionuclides in glacial environments is the 
atmosphere, and specifically atmospheric deposition. The third cluster is defined by 7Be, 210Pbexc. 
and OM. The correlation coefficients within this cluster are lower and range from 0.5 to 0.7 (see also 330 
Fig. 4d), however the correlation between these variables confirms that OM in cryoconite plays an 
important role in the accumulation of atmospheric fallout and pollutants, as previously described 
for other contexts (Gadd, 1996; Accardi-Dey & Gschwend, 2002; Chuang, et al., 2015). 

 

 335 
Fig. 4 Correlation among the variables considered in this study. In panel a the correlation is illustrated using 
a Pearson’s correlation matrix where correlation coefficients are represented by circles whose color and 
size depend on their value. Variables have been ordered and clustered into three groups, following a 
hierarchical clustering approach. Clusters are defined by black solid lines. Panel b-d: linear correlation 
between selected variables belonging to the three clusters; the same color palette of Fig. 2 has been used. 340 
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Also visible in the correlation matrix is the negative correlation between 40K and OM. This is possibly 
related to the fact that as cryoconite is composed of both mineral and organic fractions of different 
proportions, the higher is one of the two and the lower is the other one. In fact, organic matter is 
not only negatively correlated with 40K, but with all the lithogenic radionuclides. Another 
observation from the matrix concerns 7Be. This is negatively correlated with artificial species and 345 
with many of the lithogenic nuclides. The negative correlation with lithogenic nuclides is likely 
related to its positive correlation with OM, which is in turn negatively correlated with lithogenic 
nuclides. The negative correlation between 7Be and the anthropogenic species is more difficult to 
interpret, since both share an atmospheric origin and are deposited on the glacier in association 
with precipitation. What sets them apart, however, is their residence time on glaciers. Artificial FRN 350 
considered here have half-lives of decades or more, and EC is a stable compound, particularly in the 
cold environments associated with glacial settings (Cheng, et al., 2008). Conversely, 7Be has a short 
half-life (53 d) and its presence within cryoconite is likely controlled by different processes. 

5.2. Radioactivity content in different cryoconite types 
The cryoconite types explored in this study show differences in terms of radioactivity and 355 
carbonaceous content (Fig. 2, Fig. 4 and Tab. 1). In “ice surface” cryoconite artificial FRN are 
abundant, while “hole” samples are rich in 7Be. To investigate if such differences are relevant, a 
Student’s t test (significant at 5%) was applied. Considering the “ice surface-intermediate”, “ice 
surface-hole” and “intermediate-hole” pairs, we have selected only the variables showing a 
statistically significant difference with respect to two or three pairs. 210Pbexc., 137Cs, 7Be and OM 360 
satisfy this condition. To understand which variables contribute most to variance between different 
cryoconite types, multiple linear regression has been applied to model the relationship between the 
variables and the cryoconite type (“ice surface”, “intermediate” or “hole”). The complete model 
taking into account all four variables, has relatively good performances (R-squared = 0.73, 
Supplementary Material). To determine which of the variables contributes most, four additional 365 
models have been calculated in which single variables have been excluded one at a time 
(Supplementary Material). The variable whose absence determines the largest decrease in 
classification performance is 7Be, which is responsible for more than 85% of the variance explained 
in the complete model. In fact, the model calculated excluding 7Be has an R-squared value lower 
than 0.1. 7Be is the most discriminating variable being abundant in “hole” cryoconite, scarce in “ice 370 
surface” samples and showing intermediate activity concentrations in “intermediate” samples (Fig. 
2c). The only other variable which contributes substantially to the model is OM, which accounts for 
8 % of the variance explained in the complete model. The variability of OM in cryoconite resembles 
that of 7Be: higher concentrations in “hole” samples, lower ones in “ice surface” samples. 

5.3. Understanding cryoconite radioactivity in relation to the supraglacial 375 

environment 
It has been demonstrated that the composition of cryoconite from the Morteratsch glacier is far 
from uniform. To begin to understand the processes involved in creating these differences, the 
features characterizing cryoconite types must be considered. “Hole” cryoconite deposits display 
small defined granules (1-2 mm) and are always in contact with meltwater (see the Supplementary 380 
Material). In fact, cryoconite sediment characterizing “hole” deposits is found at the bottom of small 
cavities deepened into ice and filled with meltwater which is continuously supplied by active 
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meltwater channels. On the contrary, “ice surface” cryoconite is accumulated in thick and dry 
deposits not in contact with meltwater, being usually found in areas of the glacier rich in ice cracks 
and crevasses which locally drain surficial channels. In addition, “ice surface” cryoconite doesn’t 385 
present granules, being the sediment more massive and not showing aggregation patterns. 

The concentration of 7Be in cryoconite, which ranges from 34 Bq kg-1 in “ice surface” cryoconite to 
1,473 Bq kg-1 in “hole” cryoconite, can be explained considering the different degree of connection 
with supraglacial hydrology. On glaciers, the sources of 7Be are snow and rain, where it accumulates 
through scavenging in association with aerosol (Ioannidou, et al., 2005). Due to its relatively short 390 
half-life (53 d), this radionuclide is typically found in recently deposited and shallow snow, and is 
less likely to be present in older, deeper snow and ice. The process most likely responsible for rapid 
mobilization of 7Be on the surface of glaciers is supraglacial runoff induced by the melt of recent 
snow (Smith, et al., 2000). “Hole” cryoconite is in contact with active supraglacial channels, it 
therefore interacts with meltwater and accumulates 7Be. The presence of OM and extra-cellular 395 
polymeric substances, which are both affine for radionuclides (Gadd, 1996; Chuang, et al., 2015), 
likely favors the accumulation. 

The activity of 7Be in “ice surface” samples is similar to that which was measured in proglacial 
sediments (34 vs. 43 Bq kg-1). These values are comparable with those observed in soils and 
sediments where 7Be is present because of direct atmospheric deposition, without the involvement 400 
of accumulation processes (Blake, et al., 1999; Mabit, et al., 2008). The scarcity of 7Be in “ice surface” 
cryoconite suggests a limited interaction between these deposits and surficial meltwater in the 
weeks preceding sampling. This agrees with the poor connection with supraglacial hydrology 
characterizing these samples. But while 7Be is scarce in “ice surface” cryoconite, the opposite is true 
for artificial FRN and EC, which are more abundant in “ice surface” samples than in “hole” ones (Fig. 405 
3). Considering that the only source of artificial FRN and EC on the surface of glaciers is meltwater 
(Baccolo, et al., 2019), their abundance in “ice surface” cryoconite points to a prolonged interaction 
time with meltwater, but not in the season when our samples were collected, as revealed by the 
scarcity of 7Be, rather in the past ones. Contrastingly, for “hole” samples the total interaction time 
with meltwater has likely been shorter (relatively low artificial FRN content), but more recent (high 410 
7Be activity), suggesting that they have been in contact with meltwater for a longer time in the 
present melt season compared with “ice surface” samples. “Ice surface” samples described in this 
study are thus interpreted as samples rich in mature cryoconite which has been accumulated at the 
surface of the Morteratsch glacier in previous ablation seasons. Conversely, relatively recent 
cryoconite, which was still forming when samples were collected, prevails in “hole” samples. 415 

The aggregation state of cryoconite and its OM content agree with the interpretation. “Hole” 
samples display millimetric aggregates, while “ice surface” samples show no clear aggregation 
patterns (see Fig. 1 and Supplementary Material). Formation of cryoconite granules has been 
previously attributed to the interaction between mineral sediments and microbes. Clear 
aggregation in cryoconite relates to high microbiological activity, while poor or absent aggregation 420 
is indicative of limited microbial activity (Takeuchi, et al., 2010; Langford, et al., 2010). The lack of 
aggregation in “ice surface” samples and their low OM content, suggest a limited microbiological 
activity, in accordance with the poor hydrological connection and paucity of liquid water, essential 
for enabling microbes to flourish on glaciers (Hodson, et al., 2010; Langford, et al., 2010). “Hole” 
samples are well connected with meltwater channels and represent an ideal environment for 425 
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microorganisms, as confirmed by the presence of aggregates and higher OM concentrations. 
Another factor supporting the interpretation is the variable mass of the cryoconite deposits sampled 
in this study. “Ice surface” samples are characterized by a notable accumulation of sediments, 
“hole” ones are more scarce (see photographs in the Supplementary Material). This difference can 
be related to the degree of maturity of the deposits as well. “Ice surface” deposits, partially 430 
consisting in cryoconite formed in previous melt seasons, have had a longer time to develop and 
accumulate mass. “Hole” deposits are more recent and were still actively forming during filed 
campaign for this study. The sample identified as “intermediate” displays intermediate features 
between “ice surface” and “hole” cryoconite types. It has been sampled from a deposit that, despite 
presenting the typical “hole” features (aggregation and connection with meltwater), was 435 
particularly abundant, which is more characteristic of “ice surface” deposits. From a radiological 
point of view, “intermediate” cryoconite is rich in 7Be, artificial FRN and EC, suggesting both recent 
and past interactions with meltwater. These features could be explained as follows: the 
“intermediate” sample consists in a deposit where cryoconite from past seasons has been 
reactivated in response to a renewed connection with meltwater during the 2018 ablation season. 440 

6. Conclusions 
Analysis of cryoconite from the Morteratsch glacier further supports previous results suggesting 
that cryoconite has an extraordinary ability to accumulate radionuclides. 108mAg has been detected 
in three cryoconite samples within this study, representing the first time this artificial radionuclide 
has been described within terrestrial environments. This result suggests that cryoconite should be 445 
considered for future studies concerning the occurrence of rare and poorly investigated 
radionuclides. But despite the notable radioactive content, the amount and type of radioactivity 
present in cryoconite collected on Morteratsch glacier are not uniform. Cryoconite from deposits 
that are in contact with meltwater channels and are characterized by well-defined granules, are 
extremely rich in short-lived 7Be (t1/2 53.1 d). Deposits that are poorly connected with the 450 
supraglacial hydrological system, and that are not characterized by aggregation, are rich in long-
lived artificial fallout radionuclides (t1/2 > 30 yr) and elemental carbon. The different half-lives of 
radionuclides have allowed to discuss these differences in relation to the dynamics characterizing 
the supraglacial hydrological system and to the degree of maturity of cryoconite. A high 
concentration of 7Be in cryoconite is indicative of a recent interaction with meltwater, while the 455 
progressive accumulation of artificial radionuclides can be referred to a prolonged interaction with 
meltwater. Focusing on these radiological features, it has been possible to distinguish deposits rich 
in cryoconite that formed in the previous ablation seasons, from deposits that were likely 
undergoing active formation while sampling was conducted. 

Despite being preliminary and involving a limited number of samples, this study shows that 460 
radionuclides, in particular 7Be, can be used as tracers to gather information on the maturity degree 
of cryoconite and on its age and explore supraglacial dynamics. Further studies are needed to 
investigate the relationships between the accumulation of radioactivity, organic matter and 
biological activity of cryoconite. To this aim, it would be desirable to consider different 
granulometric and compositional fractions of cryoconite and also other environmental samples 465 
from the surface of glaciers, such as ice and meltwater. 
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