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ABSTRACT 

Knowledge of how glaciations formed landscapes is particularly important as receding glaciers 

currently uncover subglacial landscapes that are prone to a series of natural hazards, but that also 

bring opportunities for hydropower or water resources. We present high-resolution (1x1 m) 

swath bathymetric data of a proglacial lake in front of the Rhonegletscher (Swiss Alps) that 

started to form in the early 2000s allowing a look into a freshly uncovered glacier bed and its 

characterized morphology in an overdeepened setting. The comparison of two surveys from 2015 

and 2021 allows an unprecedented quantification of the accumulation and erosion processes in 

the central lake basin. This highly dynamic environment is characterized by iceberg calving, 

fluctuating outflow conduits, rapid sedimentation due to particle-laden meltwaters and dumped 

glacial debris. Assuming constant sediment yield, the Rhone Lake would persist for ~300 years. 

However, as intense glacier retreat continues in the coming decades, a chain of overdeepened 

lakes will be revealed that will act as long persisting sediment traps.
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INTRODUCTION 

The occurrence of subglacial basins below fluvial base level, known as overdeepenings, is 

widely observed but the understanding of their formation process is limited (Alley et al., 2019; 

Hooke, 1991; Preusser et al., 2010; Cook & Swift, 2012; Buechi et al., 2017). As glaciers 

strongly recede in the currently warming climate, many basins will be revealed in the coming 

years, resulting in a significant increase in high-alpine proglacial lakes (Grab et al., 2021; 

Linsbauer et al., 2012, Haeberli et al., 2016, 2017). These newly formed lakes usually persist for 

many decades and sedimentary supply will alter them in the future (Geilhausen et al., 2013). A 

better understanding of where, how and when overdeepenings form, and how long their 

lacustrine state persists, can provide critical data for upcoming challenges, as it helps for hazard 

assessments related to processes such as ice-/rockfalls, impulse waves, or glacial lake outburst 

floods in mountain regions (Allen et al., 2022), for long-term erosion predictions (in relation to 

underground storage of radioactive waste deposits; Preusser et al., 2010), hydropower 

management (Delaney et al., 2018; Schaefli & Kavetski, 2017) or for contemporary ice-mass 

dynamics (Cook & Swift, 2012). Sediment-landform associations of former glacier beds exposed 

during glacier retreat are prime records to study subglacial processes, which are otherwise 

inherently difficult to observe below the ice (Evans et al., 2006). Freshly deglaciated 

overdeepened basins are therefore highly instructive to better understand the subglacial 

morphology and related processes. Furthermore, recent studies (King et al., 2018; Zhang et al., 

2023) reported that lake-terminating glaciers in the greater Himalaya experience more negative 

mass balance compared to land-terminating glaciers and that this difference is further amplified 

when subaqueous ice-mass loss is considered. They show a significant correlation between the 

subaqueous mass loss and the presence of a lake-glacier contact suggesting that proglacial lakes 
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accelerate the loss due to increased melt at the interface. Additionally, the size and depth of these 

lakes are important factors that control the mechanisms involved in the rate of dynamical glacier 

thinning and ice calving (Pronk et al., 2021), highlighting the importance of quantifying 

deglaciation processes in an overdeepened setting. However, so far very little data has been 

acquired from freshly exposed overdeepened lakes, as water prevents easy access. 

With this study, we provide a three-dimensional view of a submerged and calving glacier front in 

a high-alpine setting. This allows imaging of the submerged ice-sediment interface and 

quantification of ongoing subglacial processes interacting with the lake at unprecedented 

resolution. With a time-lapse swath-bathymetric recording of this freshly exposed subglacial 

overdeepening, we gain new insights into the submerged morphological features and the role and 

rates of glacial processes that are occurring during the recession of the ice mass. Furthermore, we 

precisely map and quantify the change in sediment infill in the proglacial basin over a 6-year 

period. This allows us to get a detailed insight of i) the pace at which this highly dynamic 

environment changes, ii) how much and what type of sediment is emplaced at which location in 

the overdeepened basin and iii) what potential implications arise for other proglacial lakes 

globally that are in a similar phase of rapid growth. 

 

Setting 

The Rhone Lake, embedded in the Grimsel granodiorite rocks of the Aar Massif (Abrecht, 1994), 

is a proglacial lake at 2208 m.a.s.l. currently in contact with the front of the Rhonegletscher and 

the source of the River Rhone, located in the Central Alps in Switzerland (Fig. 1A). The lake 

started to form ~20 years ago and covered an area of ~0.46 km2 in September 2021; however, it 

is growing continuously due to glacier recession. During the peak of the Little Ice Age (~1870 
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CE), the Rhonegletscher reached almost to the settlement of Gletsch, ~2.5 km downstream of the 

current glacier tongue (Fig. 1A). The most recent sub- and englacial drainage system of the 

Rhonegletscher terminus is well-known from ground penetrating radar data (Church et al., 2019).  

 

DATA ACQUISITION 

A Kongsberg EM2040 multibeam echosounder (mounted in front of a 3 m x 4 m platform) with 

a 300 kHz operating frequency (technical details in Fabbri et al., 2021, Hilbe & Anselmetti, 

2014) was used during two surveys in October 2015 and September 2021, yielding a 1x1 m high-

resolution swath bathymetry grid. Three short cores were obtained with a Uwitec USC 06000 

gravity corer. Two core locations (RH21_1A and RH21_1B) are situated in the inflow area (II in 

Fig 1C) and one (RH21_4) in the terrace area (IV in Fig. 1C; see supplementary material). 

 

PLACE FIGURE 1 HERE 

 

HIGH-RESOLUTION BATHYMETRIC DATA 

The high-resolution swath bathymetry map of the Rhone Lake (Figs. 1B and S1) shows the 

overall overdeepened basin (with a depth of at least 38 m) and its internal relief upstream of the 

southern bedrock ridge. Four main geomorphic areas can be distinguished: I) the central basin, 

separated by a moraine (formed in 2014) from, II) the currently active glacial inflow area with 

the submerged ice front (Figs. 2 and 3), III) the upper proximal basin, and IV) the terrace area. 

The laterally continuous, back-stepping sequence of arcuate subaqueous moraines in the central 

basin (black lines with its approximated formation year in Fig. 1C) mark former grounding lines 

of the glacier. Considering that the initial lake formed only ~20 years ago, eight “mini-moraines” 
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with heights up to 2 m and widths of up to 5 m, formed between 2009 and 2021 CE and 

symbolize the rate of the recession that is comparable to annual retreat moraines mapped in 

deglaciating fjords on Svalbard (Ottesen & Dowdeswell, 2006). The moraine-crest elevations 

also strongly influence the sediment distribution within the basin: The delimitating ridge, built 

after 2017 CE (GLAMOS, 2022, Fig. S2), separates the central basin (I) from the younger upper 

proximal basin (III). Consequently, the dividing character of this ridge directs the current inflow 

channel to the south and creates a new subaquatic delta channel, which leads to an inflow area 

(II) with all elements of a modern delta (Fig. 3). However, occasional sediment overspill towards 

the south across the moraine ridge is confirmed by outflow channels and sediment waves south 

of the ridge. 

 

DISCUSSION: GLACIAL AND PROGLACIAL PROCESSES  

Subglacial bedrock erosion 

Initial formation of the overdeepened bedrock basins is tied to subglacial erosion. The traces of 

bedrock abrasion and plucking are abundantly exposed around the lake (Alley et al. 2019). The 

central basin (I) and the upper proximal area (III) are separated by the prominent SE-NW 

trending ridge formed in 2017 CE (Figs. 1C and 2), which possibly is composed of an underlying 

bedrock high that is topped by moraine sediments. The central and the upper basins are thus 

mainly controlled by the selective bedrock erosion of the glacier (Church et al., 2018). The 

south-western ice-flow direction features a steeper flank to the central basin (I), and a less steep 

slope to the freshly revealed basin (III). The main shaping process was glacial bedrock erosion, 

leading to the separation of the two basins, whereafter the lake morphology became additionally 

accentuated by glacigenic sedimentation. 
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Ice-front morphology and meltwater outlets 

The point cloud of the ungridded multibeam data (Fig. 2A, see Fig. S3 for cross-sections) allows 

novel perspectives of a submerged glacier front. The lake floor follows the subglacial topography 

into a new and deeper basin, which is currently still covered with ice (Church et al., 2018). The 

glacier front forms a submerged part, overhanging the ice-sediment contact by 5 m (Fig. 2A). On 

September 9, 2021, this entire submerged part of the glacier front with a volume of 200’000 +/- 

20’000 m3 (Malt, 2023) broke completely off (see Fig. 1B for collapse hinge) during a calving 

event, highlighting its limited stability. Formation of similar submerged ice masses are known 

from terminal glacier lakes in New Zealand, where their formation under stable water levels is 

linked to preferential melting by warm lake-surface waters (Purdie et al., 2016; Robertson et al., 

2012). 

Glaciers terminating in overdeepenings are known to comprise a multitude of seasonally variable 

drainage systems using sub- and englacial pathways (Swift et al., 2021). At the Rhonegletscher 

terminus, the activity of englacial channels has been well-documented (Church et al., 2019). A 

~20 m deep, 9 m wide and ~90 m long meandering channel (Fig. 3) is visible upstream of the 

location of the 2017 CE glacial front. This channel has a reversed slope profile, i.e. the channel 

base rises in downstream direction, characteristic for terminal overdeepings (Swift et al., 2005). 

Crossing the moraine structure towards the south at the former exit of the subglacial conduit, the 

outflow channel feeds into a high-backscatter-intensity area interpreted as subglacial outflow 

channel descending into the central basin (Fig. 3). The coarse sediment contributed to the 

formation of the 2017 CE subaquatic moraine ridge and reflects the dynamic processes with high 

particle supply at the former ice front during retreat. 

https://doi.org/10.1017/aog.2024.18 Published online by Cambridge University Press

https://doi.org/10.1017/aog.2024.18


 

8 

 

 

PLACE FIGURE 2 HERE 

 

Glacigenic sedimentation 

The variable spacing of the subaquatic moraines likely reflects a combination of changes in the 

rate of recession across the basin and the efficiency of moraine formation. As the interface 

between the glacier front and the lake bottom and also the resulting location of the subaquatic 

moraine is very complex, the interpreted years when moraines formed are somehow an 

approximation (Figs. 1C, S2). The narrow spacing indicates a slow retreat from ~2000 until 2010 

CE, when only small, slow recessional moraines were formed (Fig. 1C). After 2010 CE, the new 

main discharge opened up, melting and retreat accelerated producing larger and more widely 

spaced moraines, especially in the deepest part, that formed on average every two years. 

Pronounced winter readvances may have further contributed to bulldozing and thrusting of these 

sediments at the grounding line leading to even more pronounced ridges as known from nearby 

terrestrial valley-glacier settings (Lukas, 2012). Eventough the building of moraines are 

influenced by different factors (Barr and Lovell, 2014), the correlation between the mass balance 

of the Rhonegletscher and the distances between biannual moraines is striking and especially 

noteable in years with high loss in mass, such as in 2010/2011 CE, when the retreat and the 

spacing are large. In years with a lower mass loss, such as in 2012/2013 CE, the spacing between 

recessional moraines becomes smaller (GLAMOS, 1881-2023). However, this relation may be 

modified as very big ice mass losses can also be produced by calving events such as in 2021 CE. 

 

Recent proglacial lacustrine sedimentation 

https://doi.org/10.1017/aog.2024.18 Published online by Cambridge University Press

https://doi.org/10.1017/aog.2024.18


 

9 

 

The main delta area (II), hosting present and former inflows, supplies the central basin with 

sediment. The backscatter-intensity pattern (Fig. 3) shows that coarser material is located all 

along the front of the current glacier tongue. Two short sediment cores taken in this area show 

differences in grain size with thinner layers of very fine-grained sediment intercalated by more 

sandy and thicker layers (Fig S4). These lacustrine sediments indicate that deposition started 

immediately after deglaciation, contrasting other studies that identified a potential lag in similar 

settings most likely related to inherited glacial topography and respective coring location (Piret 

& Bertrand, 2022). 

 

PLACE FIGURE 3 HERE 

 

Several geomorphologic elements relate to the modern and the former inflows. These areas are 

characterized by sediment waves, whose sizes depend on the flow velocity (Stow et al., 2009). In 

the modern inflow area, sediment-wave length amounts to ~4 m indicating an average influx 

velocity of ~0.4 – 0.8 m/s, high enough to be erosional (Stow et al., 2009). The eastern inflow is 

split into northern and southern branch (Fig. 3). The eastern part of the northern shore of the 

central basin is also characterized by prominent sediment waves and channels reminiscent to the 

ones described above from the modern inflow area (Fig. 1B).  
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BROADER IMPACT: LONGEVITY OF NEWLY FORMED PROGLACIAL LAKES 

 

PLACE FIGURE 4 HERE 

 

To calculate the sediment yield released by the Rhonegletscher, we used the 6-year sediment-

thickness map (2015-2021, see Fig. S5), which shows the sediment-volume difference over this 

period, and extrapolated it to the 2021 position of the glacier tongue and the western shore where 

ice prevented a survey in 2015. To fill the data gaps, we extrapolated the rate of 16.7 cm/year for 

the shallow-water zone in the west and 33.33 cm/year for the area towards the glacier tongue, 

respectively (Fig. 4). Overall, the 6-year sediment volume deposited in Rhone Lake amounts to 

~120'000 m3, averaging ~20'000 m3 per year. Corrected for sediment porosity of 35% and a 

particle density of 2.6 g/cm3 (Anselmetti et al., 2007), this equals an annual particle mass of 34.5 

kt. Taking into consideration of 5.8 kt of fine suspended particles outflowing the lake every year 

(assuming a sediment/suspended particle ratio as in a nearby glaciated catchment; Anselmetti et 

al., 2007), the total annual sediment yield amounts to 40.3 kt stemming from denundation rates 

of 0.6 and 1.2 mm for the complete and the glaciated catchment, respectively. To assess the 

future development of the Rhone Lake, we used the bedrock model of Church et al. (2018) to 

predict the lake's outline and volume in ice-free conditions that will be reached in ~2030 (Steffen 

et al. 2022) (Fig. 4A). Extrapolating our sedimentation rates indicates that 294 years will be 

needed for the complete filling of the future lake basin. However, as accelerated Rhonegletscher 

retreat will form nine new overdeepened lakes within 30 years with depths up to 170 m (Steffen 

et al., 2022; Fig. 4B), Rhone Lake will soon be disconnected from the main particle supply as 

these upstream lakes will act as efficient sediment traps so that Rhone Lake as well as the future 

https://doi.org/10.1017/aog.2024.18 Published online by Cambridge University Press

https://doi.org/10.1017/aog.2024.18


 

11 

 

chain of lakes will survive for centuries to come. This longevity of these proglacial lakes needs 

to be considered for challenges such as water-resource management and lake-derived natural 

hazards (impulse waves from rock falls, glacial outbursts), but also provides a high potential for 

hydropower, water resources and tourism. As the number of such high-alpine proglacial lakes is 

expected to increase exponentially in the future (Steffen et al., 2022; Grab et al., 2021; Linsbauer 

et al., 2012), and as glacier retreat outpaces lacustrine sedimentation, the longevity of glacial 

lakes will also have consequences for the particle supply and hydrological regime for the 

downstream areas.  
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List of Figure Captions 

 

Figure 1. A: Location of the catchment area in the Central Swiss Alps. B: High-resolution 

bathymetric map of Rhone Lake recorded in 2021. Background map by swisstopo. Glacier extent 

marked by black dashed line. Striped area in the east indicates glacier covered by white blankets 

to prevent ice melting preserving a touristic ice cave. C: Morphological interpretation of the 

bathymetric dataset from 2021. 
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Figure 2. A: Ungridded point cloud of swath-bathymetry data of the submerged glacier front. B: 

3D-interpretation of the data in Fig A. Model shows morphological features contributing to the 

formation of a subglacial overdeepening. 
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Figure 3. A: Backscatter-intensity map with interpretation (darker areas indicate more coarse-

grained sediment or harder ground) and B: bathymetric map of same area. Full coverage of the 

backscatter-intensity map is shown in Fig S1. 

 

 

Figure 4. A: Sediment thickness over six years based on two repetitive bathymetric surveys and 

retreating ice tongue. Future lake, modified from Church et al. (2018). B: Future proglacial lakes 

at the Rhonegletscher based on calculations by swisstopo. 
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