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A B S T R A C T

Glacierised catchments in maritime Antarctica can retain deposited atmospheric 137Cs and remobilize it during 
seasonal melting. 137Cs activity was determined in meltwater from 12 glacier outlets on King George Island 
(South Shetland Islands) during the austral melt season using ammonium phosphomolybdate (AMP) pre
concentration and gamma spectrometry. Activities were very low: six outlets were below the detection limit 
(<0.08-0.09 Bq m− 3), whereas detectable values ranged from 0.12 ± 0.07 to 0.37 ± 0.07 Bq m− 3. Suspended 
sediment was recovered from three visibly turbid outlets and analysed separately. Sediment-associated 137Cs was 
low and heterogeneous among grain-size fractions, with the highest activity measured in the <0.63 mm fraction 
from Penderecki Glacier (1.21 ± 0.31 Bq kg− 1). In sediment-rich outlets, the particulate fraction contributed 
substantially to total 137Cs activity per unit volume of runoff, indicating that suspended material can act as a 
local carrier of fallout-derived 137Cs.

1. Introduction

In the Northern Hemisphere, global fallout from atmospheric nuclear 
weapons testing reached its maximum in 1963, following the intensive 
test series of 1961–1962. In Antarctica, however, the fallout signal was 
lower and delayed because radionuclides were transported to high 
southern latitudes mainly through interhemispheric and stratospheric 
circulation. Antarctic snow and ice-core records commonly show two 
artificial-radioactivity reference horizons, around 1955 and 1965, with 
the main 137Cs maximum and the mean deposition time centred around 
1965 (Pourchet et al., 2003; Delmas et al., 2004). Despite this, 137Cs 
remains detectable in Antarctic environmental matrices, demonstrating 
that even remote polar regions were affected by anthropogenic radio
nuclide contamination (Schuller et al., 2002). Estimates of 137Cs depo
sition in Antarctica are highly variable and depend on the region and 
type of environmental material analysed. This variability is consistent 
with the global fallout pattern summarised by UNSCEAR (2000) and is 
also evident in Antarctic-specific studies. Soil-based estimates from the 
South Shetland Islands and Antarctic Peninsula are approximately 
240-260 Bq m− 2 (Roos et al., 1994; Godoy et al., 1998), whereas snow 
and ice-core records compiled by Pourchet et al. (2003) indicate lower 

continent-scale values, ranging from 16 to 181 Bq m− 2, with a mean of 
64 ± 32 Bq m− 2 and a median of 56 Bq m− 2.

King George Island, part of the South Shetland Archipelago (~62◦S), 
is >90% ice-covered (1127 km2). This area is characterized by high 
precipitation, a maritime climate, and extensive glaciation, resulting in 
strong seasonal meltwater outflows during the austral summer (Sanders 
et al., 2010; Ferreira et al., 2013). These conditions favor the atmo
spheric deposition, accumulation, and subsequent redistribution of ra
dionuclides within this environment. Glaciers act as long-term sinks of 
atmospheric 137Cs, where the radionuclide becomes incorporated into 
snow and ice layers, only to be remobilized decades later through glacial 
melt and runoff (Saniewski et al., 2023a, 2023b). Over the past decades, 
the region's warming has accelerated the retreat and thinning of glaciers. 
At the island scale, glacier coverage decreased by about 10% between 
1989 and 2020, and marine-terminating glaciers were estimated to ac
count for 35% of the total glacier area lost (Rojas-Macedo et al., 2025). 
Within the Admiralty Bay protected area (ASPA-128), mapping shows 
that 6.1 km2 of ice was lost from an initial 19.8 km2 glaciated area be
tween 1979 and 2018, corresponding to an approximately 31% reduc
tion relative to 1979 (Pudełko et al., 2018).
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2. Material and methods

2.1. Study area and sampling

A total of 60 L of meltwater was collected from each of 12 selected 
glaciers on King George Island. Sampling was conducted as close as 
possible to the glacier termini, between 25 January 2024 and 2 March 
2024 (Fig. 1). Because glacier termini and drainage systems on the is
land are highly dynamic, several glacier names used in the field are 
informal or locally adopted. Therefore, each sampling site is additionally 
reported with its GLIMS ID, providing a standardized reference to glacier 
outlines in the Global Land Ice Measurements from Space (GLIMS) 
database.

The physicochemical parameters of water were measured immedi
ately after the samples reached the field station laboratory. Due to 
logistical constraints and the often-limited discharge of meltwater 
streams, in situ measurements of pH and specific conductivity were not 
feasible at all sites. Measurements were performed within 1–2 h using a 
YSI Pro 1030 multiparameter probe with automatic temperature 
compensation. For this reason, pH and specific conductivity were used 
only as supporting descriptors of meltwater chemistry, and no quanti
tative interpretation of 137Cs mobility was based on these parameters.

2.2. Laboratory analysis (137Cs)

After measurement of physicochemical parameters, visibly turbid 
samples from the Ecology, Dera and Penderecki glaciers were allowed to 
settle for 12 h in the dark at approximately 5 ◦C. The supernatant was 
carefully decanted, whereas the sediment fraction was frozen at − 20 ◦C 
for subsequent analysis. Suspended particulate material was freeze- 
dried, weighed and separated by dry sieving into three grain-size frac
tions: <0.63 mm, 0.63-1 mm and >1 mm. Each fraction was weighed 
separately, and its contribution to the total suspended sediment mass 
was calculated. Organic matter content was determined by loss on 
ignition (LOI). Fraction-specific suspended sediment concentrations [kg 
m− 3] were calculated from the dry mass of each fraction and the melt
water volume. Particulate 137Cs activity per unit volume of meltwater 
[Bq m− 3] was calculated as the sum of the products of fraction-specific 
137Cs activity [Bq kg− 1 dry sediment] and fraction-specific suspended 
sediment concentration.

[kg m− 3]. Following either the initial measurements (samples 
without visible sediment) or the settling step (turbid samples), each 
water sample was acidified with 300 mL of 37% HCl. A natural caesium 
carrier (20 mg) was added, followed by equilibration and addition of 

10 g ammonium phosphomolybdate (AMP; (NH4)3PO4⋅12MoO3⋅xH2O). 
Caesium was sorbed onto AMP during 20 min of stirring. The AMP phase 
was separated by decantation (48 h) and filtration, dried for 24 h at 
50 ◦C, and stored in airtight containers with silica gel until measure
ment. The 137Cs activity retained in the AMP phase was expressed per 
original meltwater volume. Gamma-spectrometric measurements were 
performed using an Extended Range Coaxial Ge detector (XtRa GX4018, 
Canberra; 40% relative efficiency; 1.8 keV resolution at the 1332 keV 
peak of 60Co) coupled to an 8192-channel analyser and GENIE 2000 
software. The counting time was 240,000 s per sample. 137Cs activities 
were calculated from the net area of the 661.7 keV photopeak after 
background subtraction, efficiency correction, gamma-emission proba
bility correction and decay correction to the sampling date. Efficiency 
calibration was performed using certified mixed gamma-emitting stan
dards (BW/Z-63/19/20) prepared in cylindrical containers of the same 
counting geometry as the environmental samples. The standards 
covered the relevant energy range, including the 661.7 keV photopeak 
of 137Cs. Standards with different heights (1–25 mm) were used to ac
count for variable sample thickness. Background spectra were measured 
separately and subtracted during spectrum analysis. For most AMP- 
preconcentrated meltwater samples, 137Cs activities were calculated 
using the AMP-based 137Cs calibration, because the final counting ge
ometry corresponded to the available AMP calibration geometry. The 
AMP calibration was prepared specifically for the 661.7 keV photopeak 
of 137Cs. For the three visibly turbid samples from Ecology, Dera and 
Penderecki glaciers, marked with an asterisk in Table 1, the AMP- 
retained phase was treated separately from the recovered suspended 
sediment. In these samples, the dried AMP-retained phase still contained 
additional fine material, as indicated by a dry mass exceeding 10 g of the 
initially added AMP and by a final layer height deviating from the AMP 
calibration geometry. Therefore, the direct AMP calibration was not 
applied to these three samples. Their AMP-retained 137Cs activities were 
calculated using the height-specific liquid-standard efficiency calibra
tion and corrected for AMP self-attenuation. The AMP self-attenuation 
correction factor was determined from paired recalculations of 30 L 
monitoring water samples processed using the same AMP preconcen
tration procedure. Each spectrum was recalculated using both the AMP- 
based 137Cs calibration and the corresponding liquid-standard calibra
tion. The AMP/liquid activity ratio for the 661.7 keV photopeak was 
1.15895 ± 0.00024 (mean ± SD; n = 72), with a median of 1.15892 and 
a range of 1.15836–1.15953. For Ecology, Dera and Penderecki, final 
AMP-retained activities were calculated as: 

Afinal = Aliquid,height-specific × 1.15895.                                           

Fig. 1. Sampling locations on King George Island.
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Suspended-sediment fractions were measured as dry material in the 
same cylindrical counting geometry. Their 137Cs activities were calcu
lated using the height-specific efficiency calibration corresponding to 
the measured sample thickness. Because this calibration was based on 
liquid standards, an additional conservative 10% relative uncertainty 
component was included to account for possible matrix-related effects in 
dry mineral material. This value was selected on the basis of external 
proficiency-test results for solid mineral matrices, in which the same 
routine laboratory procedure gave accepted 137Cs results for quartz sand 
and Japanese soil, with relative biases of − 8.2% and − 3.7%, 
respectively.

Minimum detectable activity (MDA) was calculated according to the 
Currie approach as MDA = LLD/(t ⋅ Pγ ⋅ ε ⋅ q), where t is counting time, 
Pγ is gamma-emission probability, ε is detector efficiency, and q is the 
analysed sample quantity, expressed as dry mass for sediments or 
equivalent water volume for AMP-preconcentrated samples. The lower 
limit of detection was calculated as LLD = 4.65√Fc, where Fc is the 
Compton background area in the selected gamma-ray region at the 95% 
confidence level. All uncertainties reported for 137Cs activities represent 
combined standard uncertainties and include counting statistics, effi
ciency calibration, sample quantity and, where applicable, the addi
tional matrix-related uncertainty component described above.

All reported 137Cs activities were decay-corrected to the sampling 
date listed in Table 1. The reliability, accuracy and comparability of the 
measurements were verified through participation in IAEA intercom
parison exercises and national proficiency tests, including solid-matrix 
materials (IAEA-RML-2025-01 and IAEA-TERC-2025-01).

3. Results

Meltwater samples exhibited a broad range of physicochemical 
properties, whereas 137Cs activities were uniformly low: 6 of the 12 
glaciers were below the limit of detection (LOD; <0.08–0.09 Bq m− 3), 
while the remaining sites showed low activities of 
0.12 ± 0.07–0.37 ± 0.07 Bq m− 3 (Table 1). Suspended sediment loads in 
the three meltwater samples ranged from 0.73 to 2.03 kg m− 3. Dera had 
the highest sediment load and was dominated by > 1 mm material 
(63.9%), whereas Ecology and Penderecki were dominated by < 1 mm 
fractions. Sediment-associated 137Cs was low and heterogeneous among 
fractions, with the highest values measured in the <0.63 mm fraction 
from Penderecki (1.21 ± 0.31 Bq kg− 1) and in the 0.63-1 mm fraction 
from Ecology (0.91 ± 0.22 Bq kg− 1; Table 1).

4. Discussion

The activity of 137Cs in glacial waters on King George Island was low, 
ranging from values below the detection limit to a maximum of 
0.37 ± 0.07 Bq m− 3 (Table 1). The low 137Cs activities measured in 
glacier runoff are consistent with the regional background in maritime 
Antarctica. Previous studies from King George Island showed that re
sidual fallout remains detectable in seawater, sediments, soils, vegeta
tion and biota, although generally at low levels (Saniewski et al., 2023a, 
2023b). In Admiralty Bay, 137Cs was reported in seawater, sediments, 
microphytobenthos, zoobenthos and macrophytobenthos close to 1 Bq 
kg− 1 dw, whereas zoobenthic organisms ranged from 0.12 to 24.2 Bq 
kg− 1 dw (Saniewski et al., 2023a). Terrestrial data from King George 
Island also indicate that 137Cs is retained in soils and vegetation, with 
mean activities of 3.72, 3.70, 2.62, 4.07 and 2.08 Bq kg− 1 dw in lichens, 
bryophytes, vascular plants, soil and guano, respectively (Saniewski 
et al., 2023b). The measured 137Cs activity should therefore be inter
preted as a combined runoff signal rather than as 137Cs released exclu
sively from glacier ice. Glacier runoff may remobilize 137Cs not only 
from snow and ice, but also from recently exposed proglacial soils, 
suspended particulate matter and forefield sediments. Consistent with 
this mixed-source interpretation, no clear effect of glacier terminus type 
was observed. The highest activities occurred at Dera (0.37 ± 0.07 Bq Ta
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m− 3), Wanda (0.27 ± 0.07 Bq m− 3) and Windy (0.22 ± 0.07 Bq m− 3), 
although these sites differed in sampling distance from the glacier front. 
Four of the six outlets with activities below the LOD were sampled at 
relatively greater distances from the termini. However, the detectable 
activity at Windy, collected approximately 400 m downstream, indicates 
that distance from the ice front alone did not control the measured signal 
(Table 1). The highest dissolved 137Cs activity and suspended sediment 
load were recorded at Dera glacier (Table 1), where the exported ma
terial was dominated by coarse particles (>1 mm), possibly reflecting 
stronger mechanical erosion and water-sediment interaction associated 
with its icefall morphology (Potocka et al., 2019). This pattern is 
consistent with the potential influence of sediment texture on 
dissolved-particulate partitioning, although radiocaesium is generally 
preferentially associated with fine and reactive particles (He and 
Walling, 1996; Singleton et al., 2017). Lower 137Cs activities were 
measured at the Ecology and Penderecki glaciers than at Dera glacier. 
These glaciers transported predominantly fine-grained sediments, with 
the coarsest fraction accounting for only 2.6% (Ecology) and 16% 
(Penderecki) of the total particulate matter (Table 1). The highest 
sediment-associated 137Cs activity was measured in the fine fraction 
from Penderecki glacier (1.21 ± 0.31 Bq kg− 1), which also had the 
highest LOI value (13%). In Ecology, the highest activity occurred in the 
0.63-1 mm fraction (0.91 ± 0.22 Bq kg− 1), with LOI of 8%. These ob
servations are consistent with the affinity of 137Cs for reactive fine or 
organic-rich particles, but the number of analysed sediment samples is 
too small to establish a quantitative relationship between grain size, 
organic matter and 137Cs activity. In the three sediment rich outlets 
where suspended material was recovered, the particulate fraction 
contributed substantially to the calculated total 137Cs activity per unit 
volume of runoff. This pattern remains site-specific because suspended 
sediment was analysed only for Ecology, Dera and Penderecki glaciers. 
The available data indicate that particulate transport can be important 
in sediment-rich meltwater, but the dataset is insufficient to generalise 
this partitioning to all glacier outlets on King George Island (Fig. 2).

At Wanda and Windy, where relatively high dissolved 137Cs activities 
were observed, suspended material was insufficient for grain-size sep
aration and gamma-spectrometric analysis. Therefore, the dissolved 
particulate distribution could not be assessed. This further supports the 
interpretation that local drainage conditions and source mixing, rather 
than any single site parameter such as pH, conductivity or distance from 
the glacier front, controlled the measured 137Cs signal. Together with 
the particulate signal recorded at Ecology, Dera and Penderecki, these 
results indicate that suspended material may act as an important local 

carrier of fallout-derived 137Cs in sediment-rich glacier runoff.

5. Summary

137Cs activity in glacier-fed runoff from King George Island was low 
and frequently below the detection limit, reflecting the low Antarctic 
fallout inventory, strong meltwater dilution and heterogeneous remo
bilisation within glacier and proglacial drainage systems. Differences 
among outlets were not clearly related to terminus type or sampling 
distance, indicating the importance of local drainage conditions and 
proglacial sediment interactions. In sediment-rich outlets, the particu
late fraction contributed substantially to total 137Cs activity concentra
tion, highlighting the role of suspended material in the local 
redistribution of fallout-derived 137Cs.
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Fig. 2. Activity of 137Cs (Bq m− 3) in meltwater from glaciers of King George Island. The blue bars represent the dissolved fraction of 137Cs, while the green bars show 
the suspended (particulate) fraction. The red dashed line indicates the analytical limit of detection (LOD) in samples with 137Cs activity below LOD. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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