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ABSTRACT 

Within Alpine catchments, glacial landforms are subject to post-depositional 

reworking during and following deglaciation. Ice-marginal moraines are thought to 

rapidly stabilise within ~200 years in this topographic context, although ice-

proximal slopes are particularly prone to alteration by debris flows and solifluction. 

This study investigates landform transformation, documenting geomorphological 

change at the Bas Glacier d’Arolla, Switzerland. Gully development on a moraine 

slope was assessed using archive image sets obtained in 1977, 1988 and 2009 to 

derive historical elevation models. Raster differencing suggests that the mean rate 

of surface lowering on the upper moraine slope was 7.15 ± 1.83 m (± minimum 

level of detection) over the observation period (1977–2009), a rate of 0.22 m yr−1. 

The erosion of the landform resulted in an incontiguous moraine crestline. Whilst 

some landforms may undergo limited transformation upon deglaciation, selected 

sites are subject to rapid geomorphologic change, involving crestline retreat via the 

initial dissection by gullies, followed by the removal of inter-gully slopes. 
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Introduction 

Large lateral moraines develop following the repeated reoccupation of mountain 

valleys by glacier ice (Lukas et al., 2012; Röthlisberger & Schneebeli, 1979). These 

landforms are characterised by their large size, attaining a topographic prominence 

of up to ~100 metres, sharp moraine crestlines, and an asymmetric form. Debris 

transfer via falls, slumps, slides and flowage (“dumping”) is regarded as an 

important mechanism for the formation of Alpine-type lateral moraines (Benn et 

al., 2003; Small, 1983), and moraine formation is conventionally associated with 

sediment transfer from a supraglacial to an ice-marginal position (Humlum, 1978). 

Moraine formation may be topographically controlled (Barr & Lovell, 2014), 

resulting in either the accretion or superposition of diamicton onto ice-proximal or 

distal slopes (Röthlisberger & Schneebeli, 1979). Moraine building may also be 

episodic, with interrupted periods of moraine construction via superimposition, 

resulting in the preservation of organic materials such as palaeosols. Such material 

can be used to derive a minimum age for glacier recession and maximum ages for 

renewed moraine construction and thus glacier advance (Kirkbride & 

Winkler, 2012). 

Following glacier recession, the removal of glacier-support leaves ice-proximal 

slopes susceptible to paraglacial reworking (Ballantyne, 2002). Moraines in alpine 

settings often have a distinctive morphology characterised by over-steepened ice-

proximal slopes that are reported to locally approach 80° (Lukas et al., 2012). These 

ice-proximal slopes are known to remain in a quasi-stable state. Clast macrofabrics 

in lateral moraines may dip away from the former glacier surface, and this has been 

linked to inherent landform stability (Curry et al., 2009). Ice-proximal slope 

stability has also been attributed to the presence of over-consolidated/compacted or 

“plastered on” diamicton, where exceptionally strongly clustered clast macro-

fabrics parallel to ice flow have been interpreted as evidence of the incremental 

plastering (“lodgement”) of primarily subglacial till on to ice-proximal moraine 

slopes (Lukas et al., 2012). 



Despite this apparent stability, geomorphological change during deglaciation results 

in the reworking of moraines and sediment-mantled slopes (Ballantyne, 2002). 

Studies have sought to understand landform stability and the paraglacial response 

of moraines during deglaciation. Curry et al. (2006) observed paraglacial processes 

operating on moraines and sediment-mantled slopes in the Swiss Alps, reporting 

minimum average erosion rates of 0.095 m yr−1, with moraine slopes found to 

stabilise within 80–140 years following deglaciation. Similarly, a study in western 

Norway found that rates of lowering may range between 0.05 and 0.1 m yr−1 (Benn 

and Ballantyne, 1994). Debris from gullied moraine slopes can be a source of 

supraglacial sediment, influencing the ablation of glacier surfaces; however, further 

work quantifying the significance of this negative feedback is suggested to be 

required (van Woerkom et al., 2019). 

Advances in geospatial methods such as Structure-from-Motion photogrammetry 

(Mertes et al., 2017; Westoby et al., 2012) and ground-based Light Detection and 

Ranging (LiDAR) have provided opportunities to better understand the rates of 

landform transformation. For example, a multi-method remote sensing study by 

Dusik et al. (2019) used multitemporal Digital Elevation Models (DEMs) to study 

the intra- and interannual erosion of a Little Ice Age moraine. The authors found 

that extreme summer events played an important role in sediment mobilisation. A 

longer-term study by Betz-Nutz et al. (2023) used archival aerial images from the 

1950s to document decadal scale change at multiple glacier forelands. Rates of 

landform transformation were found to slow over time, but critically, where initial 

rates of change were high, erosion did not decline over time as previously 

hypothesised (Betz-Nutz et al., 2023). Further complexity in the process of moraine 

stabilisation relates to the interplay of biogeomorphologic thresholds (Draebing & 

Eichel, 2018), vegetation colonisation and disturbance (Eichel, 2019). The role of 

engineer species such as Dryas octopetala in promoting a switch from debris flows 

and slides to bound solifluction has been recognised (Eichel et al., 2016), with the 

authors introducing the concept of the “biogeomorphologic feedback window”. 



Our understanding of (para)glacial processes have been improved using archival 

imagery and change detection approaches in other sub-sets of the glaciated valley 

landsystem (e.g. Bennett & Evans, 2012; Schiefer & Gilbert, 2007). Gully erosion 

and moraine lowering in Alpine settings is less well documented in the literature in 

comparison to high-Arctic landforms, and a better understanding of moraine 

degradation via external censoring is of interest to Quaternary scientists seeking to 

understand glacier response via the interpretation of radiometric dates obtained 

from these landforms (Tomkins et al., 2021; Heyman et al., 2011; Putkonen & 

Swanson, 2003;). This study investigates the stability and transformation of Alpine 

lateral moraines using archive image sets. The objectives are threefold: (1) to derive 

rates of landform transformation in a valley glacier landsystem; (2) to investigate 

changes in the rate of change during a period of deglaciation; and (3) discuss the 

implications of geomorphologic change in relation to the reconstruction of Alpine 

glacier activity. 

Study site 

The Bas Glacier d’Arolla is located at the base of Mont Collon (~3636 m; 

Datum = LN02) in the Valais area of Switzerland. The glacier has a predominantly 

northern aspect and drains into the western branch of the Val d’Herons (Borgne 

d’Arolla). Goodsell et al. (2002) highlight that the Bas Glacier d’Arolla was 

named c. 1949, following disconnection from Glacier du Mont Collon, located to 

the south-west and Haut Glacier d’Arolla to the south-east (Figure 1). For this 

reason, the Bas Glacier d’Arolla is now avalanche fed from the north-facing flank 

of Mont Collon.  

The Bas Glacier d’Arolla has been subject to previous geomorphological and 

glaciological investigations, including studies with a focus on proglacial channel 

development (Warburton & Fenn, 1994; Warburton, 1994), glacier flow and ogive 

formation (Goodsell et al., 2002; Haefeli, 1951), and glacier erosion (Warburton & 

Beecroft, 1993). The Val d’Herons experienced a mean annual precipitation of 

720 mm between 1987 and 2012 (Lambiel et al., 2016). Between 1856 and 2020 



the glacier receded by ~1.4 km (GLAMOS, 2022). This overall pattern of recession 

was punctuated by a ~140 m glacier advance between ca. 1971 and 1987. The Little 

Ice-Age maximum extent of the Bas Glacier d’Arolla is demarcated by a prominent 

(~150 m in elevation) moraine. Colonisation has occurred in the latero-frontal 

section of this landform; however, the section analysed in this study is largely 

unvegetated. Previous investigators note that the lateral moraine is set against the 

valley side, has in-excess of 40 gullies per kilometre on the ice-proximal slope, and 

has an average crestline altitude of ~2150 m (Curry et al., 2006). At this site slopes 

locally exceed 60°, however, rates of landform denudation at the site are currently 

unknown. Furthermore, the longer-term pattern of glacier activity at Bas Glacier 

d’Arolla over the Holocene is unclear. Long-term glacier activity has been 

documented at the nearby Tsidjoire Nouve; a glacier also draining into the western 

branch of the Val d’Herons ~4 km from the study site. Here, Terrestrial Cosmogenic 

Nuclide dating (10Be) of moraine deposits has revealed the occupation of ice in Val 

d’Herons by ~11.4 ka, and provide evidence for a subsequent Holocene advance 

~3.8 ka before 2010 CE (Schimmelpfennig et al., 2012). At the Bas Glacier 

d’Arolla, moraine morphology reflects the Little Ice Age advance of ice into the 

valley. 

Methods 

Target imagery 

Between four and six images were selected from each dataset for image processing. 

All images fully or partially contained the 2.5 km2 landform of interest, with 

photography captured along a single flight line with onlap often exceding 75%. All 

the images were taken using black and white film cameras as contact prints 

(originally 23 × 23 cm) and were digitally scanned by the Swiss Federal Office of 

Topography (SwissTopo). The scanned images from 1977 (n = 4), 1988 (n = 6), and 

2009 (n = 4) were provided in tagged image format alongside any known metadata. 

Other image sets from 1961, 1964, 1965, 1967, and 1983 were also considered for 

analysis; however, the resulting point clouds had excessive noise, artefacts, or gaps 



within the area of interest. Depth filtering, image contrast enhancement, and the 

removal of blurred imagery, were trialled to help resolve the geometry of the lateral 

moraine. Due to the subtle topographic change associated with moraine degradation 

– a focus of this study – these image sets were considered less-suitable for further 

image processing and subsequently omitted from the analysis. 

Image processing 

The image processing was conducted in Agisoft Metashape (ver. 1.8.4) using 

established workflows for the generation of elevation data from archival image 

sources (e.g. Midgley & Tonkin, 2017; Mölg and Bolch, 2017; Mertes et al., 2017). 

Specifically, this involved: (1) fiducial marker identification; (2) image masking to 

remove the image frame; (3) sequential image alignment and sparse cloud 

generation; (4) georeferencing via a series of off-glacier ground control points with 

known positions that surround the target landform; (5) camera self-calibration and 

optimisation; and (6) dense cloud production with moderate depth filtering. Where 

camera orientation metadata were unavailable, self-calibrated camera models, 

where internal (e.g. radial distortion and focal length) and external (camera position 

and pose) parameters are estimated, were used. Critically, where calibration 

metadata are unavailable, self-calibration is known to produce robust topographic 

data deriving estimates of long-term elevation change (Mertes et al., 2017). 

However, this is contingent on the use of an appropriate ground-control network 

(James et al., 2017). 

Georeferencing and DEM generation 

Similar to the approach of Mölg and Bolch (2017) and Mannerfelt et al. (2023), 

who also generate elevation data from archival imagery using photogrammetry, 

existing elevation and image datasets were used to georeference derived data from 

the 1977, 1988, and 2009 image sets. To ensure the relative accuracy of the three 

photogrammetrically derived point clouds, all were georeferenced to the most 

recent SwissALTI3D data product. The SwissALTI3D elevation model was produced 

using stereo-correlation with an altimeter accuracy of 1–3 m for areas above 2000 m 



(SwissTopo, 2019). The data have a 0.5 m spatial resolution and are referenced 

using the CH1903+/LV95 coordinate system (EPSG:2056). The 

SwissALTI3D DEM was used in combination with the SwissImage orthophoto 

which is available at a spatial resolution of 0.1 m. The orthorectified imagery – 

acquired in 2020 – is reported to have a planimeteric accuracy of ±0.1 m (1 sigma 

errors) in the area of interest. These data are not assumed to be error free but, as the 

purpose of this investigation is to estimate landform evolution, it is 

the relative accuracy, opposed to the absolute accuracy that is important. Eight off-

glacier boulders located on stable terrain around the glacier margin were used as 

ground-control points for the purpose of georeferencing the respective dense point 

clouds generated by this study. To reduce uncertainty in the derived data the same 

eight markers were used as ground-control points in the 2009, 1988, and 1977 

image sets, with reported RMS errors of 1.05, 1.80, and 1.49 pixels respectively. 

Images were matched using the highest quality parameter setting and sequential 

selection. 

A clipped area of interest containing the landform was represented in dense point 

clouds with ~12, ~10, and ~3 million points, with average point densities of 7.13, 

7.8 and 1.74 points per m2 for the 1977, 1988 and 2009 data, respectively. The 

resulting DEMs were rasterised from the raw dense point clouds in CloudCompare 

(ver. 2.12.4). Here, georeferenced 2 m spatially concurrent and orthogonal DEMs 

were generated using linear interpolation with cells representing the average 

elevation value within the cell footprint as calculated from the respective z-values 

stored within the dense point clouds. 

Quality assessment 

Two Emlid Reach RS+ GNSS (Global Navigation Satellite System) receivers were 

used to obtain coordinates for off-glacier locations on stable terrain to aid 

understanding of the vertical accuracy of the SwissAlti3D DEM in the area of 

interest. Static positioning, where a receiver occupied four fixed points for between 

~2 and ~5 hours was used to obtain positions. The absolute accuracy of these data 



was improved using a Post-Processing Kinematic (PPK) solution obtained from a 

continuously operating reference base station (CORS) located in Lignan, Italy (ID: 

LIGN00ITA). These data, provided via the EUREF Permanent Network, were 

available for the duration of the GNSS survey in RINEX V3.03 format, providing 

a survey baseline of ~23 km. The post-processing was conducted using Emlid 

Studio (ver. 10.14). The corrected survey points were used to calculate the vertical 

RMS (Root-mean-square) error of occupied fixed points on the SwissAlti3D DEM. 

This confirmed the absolute accuracy of the SwissAlti3D DEM to within the 

suggested 1–3 m range (RMS error = 2.94 m). 

To assess the relative accuracy of the derived DEMs, a total of 30,624 off-glacier, 

and spatially coincident cells, on stable and partially vegetated terrain were used to 

assess uncertainty in these data. Comparisons between these data points and the 

1977–1988, 1988–2009 and 1977–2009 epochs yielded mean differences of 

−0.17 ± 0.98, 0.06 ± 1.07, and −0.11 ± 0.57 m (± the standard deviation of errors), 

respectively. The median vertical differences were equal to or within±1 decimetre 

for all epochs. Further assessment of the relative accuracy of these data was 

achieved using the spatially concurrent DEMs (1977, 1988, and 2009) and a two-

metre spatial resolution upscaled version of the 2019 SwissAlti3D data product 

generated with the SAGA GIS (ver. 7.3.0) (Conrad et al., 2015) resampling tool 

using a cell-weighted mean-value. For the same 30,624 cells, the standard deviation 

of the vertical error was found to be 0.79 m (σ1997), 1.13 m (σ1988), and 0.51 m 

(σ2009). For the 2009 and 1977 datasets >95% of cells on stable terrain were within 

±1.5 m of the SwissAlti3D data. Overall, the relative accuracy of the spatially 

concurrent DEMs was found to be acceptable for the purpose of detecting metre-

magnitude geomorphological change over a decadal timescale, given the scale of 

the target imagery (Micheletti et al., 2015). 

Assessment of surface change 

The generation of concurrent and orthogonal DEMs enabled changes in surface 

elevation (z-axis) to be derived using raster differencing. This technique is well 



suited for the detection of change in glacial landscapes (Chandler et al., 2020; Cody 

et al., 2020; Tonkin et al., 2016). To ensure confidence in the change detection 

results, the approach of Brasington et al. (2003) was used to filter cells that fell 

below the estimated minimum level of detection (LoD) at the specified confidence 

interval under a normal distribution (t) (equation below). 

𝐿𝑜𝐷 = 𝑡	(𝜎!"# +	𝜎!"#)
"
# 

Here the standard deviation (σ) of the vertical differences (stable terrain) between 

the photogrammetrically derived DEMs and reference SwissAlti3D DEM is used. 

For this study, Digital Elevation Models of Difference (DoD) were calculated using 

a 95% confidence interval (t = 1.96). Raster differencing was undertaken using the 

standalone version of the Geomorphological Change Detection toolset (Wheaton et 

al., 2010; ver. 7.5.0). A subset of spatially coincident cells on remnant moraine 

sections (referred hereafter as “inter-gully slopes”, after Curry et al., 2006) were 

sampled from a topographic profile across the upper ice-proximal slope of the 

landform (Figure 2). The same process was used to sample a subset of cells from 

gullied sections of the moraine bounded by these inter-gully slopes for the purpose 

of understanding differences in the rate of change in these respective landform 

elements (Figure 2). These data were subject to inferential tests of difference using 

a Student’s t-test in Minitab®. The rate of surface transformation from two epochs 

(E1and E2) was also compared using a paired-sample t-test.  

As these raster differences yield surface elevation change in the z dimension, cloud-

to-cloud differencing (C2C) was also undertaken as a second measure of moraine 

surface adjustment over the observation period (Ed). The advantage of point-cloud-

based change detection is that it circumvents the need for rasterisation – a potential 

source of error in topographic data (Midgley & Tonkin, 2017). The closest point 

distance (LC2C) represents the Euclidean length between a point in the reference 

cloud and its nearest neighbour in the comparison cloud (Winiwarter et al., 2021; 

Lague et al., 2013). This approach yields absolute values of distance that are not 

directionally signed (DiFrancesco et al., 2020) and is therefore used to compliment 



the assessment of gully erosion (lowering) over the observation period offering 

insight into both the horizontal and vertical components of moraine slope 

adjustment. 

Results 

Calculations yielded LoD95 values of 2.71 m for the 1977–1988 epoch (E1), 2.43 m 

for the 1988–2009 epoch (E2), and 1.83 m for the 1977–2009 epoch (Ed). These 

values provide an appropriate and reasonable level of detection in comparison with 

an earlier digital photogrammetric study in the Arolla area, where due to the scale 

of the archival imagery available, only metre magnitude changes were reliably 

detected (Micheletti et al., 2015). Change exceeded LoD95 for 45.4%, 53.0%, and 

52.7% of the area of interest for E1, E2, and Ed, respectively, with the pattern of 

change concentrated around areas of glacier change, and on exposed ice-proximal 

slopes undergoing paraglacial gullying (Figures 2 and 3). Notably, the pattern of 

glacier advance and retreat is evident on the DEM of Difference and cloud-to-cloud 

differencing, corresponding with the formation of a small inset moraine on the true 

left lateral moraine. Over the entire observation period (Ed), the upper moraine 

slope zone (Figure 3) was found to have an average depth of surface lowering of 

7.15 ± 1.83 m (thresholded) corresponding to the removal of in excess of 

1.56 × 105 ± 0.39 × 105 m3 of diamicton. Beneath this landform zone, the presence 

of an ice-cored supraglacial lateral moraine throughout the observation period was 

noted; however, rapid degradation by 2009 was evident in the image sets analysed 

and associated DEMs of Difference (Figure 3).  

A paired t-test found a significant difference in the yearly rate of vertical incision 

in well-developed gullies between E1 and E2 (t(25) = −5.25; p < .001), with average 

rates of change reducing from 0.26 ± 0.18 to 0.05 ± 0.08 m yr−1 (±1 SD). The inter-

gully slopes also experienced a statistically significant reduction in the vertical rate 

of landform transformation between epochs (t(25) = −5.20; p < .001), with the 

average rate of change of 0.53 ± 0.24 and 0.19 ± 0.13 m yr−1 in E1 and E2, 

respectively (Figures 4 and 5).  



When the rates of surface transformation over the entire duration of the observation 

period (Ed) on gullies and the associated inter-gully slopes were compared, a two-

sample t-test found a significant difference in the average rate of surface lowering 

between these landform elements (t(49) = 9.28, p < .001). Inter-gully slopes, on 

average, experienced higher rates of vertical change over the observation period 

than the gullies (Figures 4 and 5). Lower ice-proximal slopes tended to fall within 

the minimum Level of Detection (LoD95) (Figure 4). When mapped in planform, 

the moraine crestlines were found to have retreated between 7.2 and 15.8 m 

(Mean = 11.1) over Ed. This corresponds to an average rate of moraine crestline 

retreat of ~0.35 m yr−1. Two sections of the previously contiguous moraine crestline 

eroded to bedrock as a consequence of encroaching gullies during the observation 

period (Figure 3). Finally, absolute differences between clouds (LC2C) yield average 

values of 4.22 ± 2.73 m (1 SD) for the gullied upper moraine slopes (a total of 

454,422 LC2C values) with 75.7% of LC2C distances found to exceed 2 m (Figure 4). 

Discussion 

Rates of landform transformation 

At the Bas Glacier d’Arolla the rate of moraine crestline retreat was found to 

average ~0.35 m yr−1. Over the observation period, this rate of landform 

transformation resulted in the removal of a once contiguous moraine crestline 

associated with the Little Ice Age glacier advance. There is, however, a paucity of 

rates of planimetric crestline change available for comparison in the wider 

literature, and further work in mountain environments utilising archive imagery as 

a baseline would help contextualise the significance of this finding. Previous studies 

have, however, demonstrated that high rates of lateral moraine crestline retreat can 

be linked to slope instability – particularly landslide activity (Blair, 1994; Lukas et 

al., 2012) – which may significantly alter moraine crestlines by tens of metres 

(Betz-Nutz et al., 2023). At Bas Glacier d’Arolla there is no evidence of large-scale 

failure, with the high rates of change more likely associated with the known 

processes of paraglacial moraine degradation (Ballantyne & Benn, 1994): the 



wasting of inter-gully slopes by sliding and debris falls, concentrated on the 

sidewalls, and the subsequent removal of sediment by debris flows onto the lower 

moraine slopes (Curry et al., 2009). This study therefore highlights that landslide 

activity on moraine slopes may not be the only process responsible for high rates of 

geomorphological change during deglaciation. 

The current study also found vertical rates of landform transformation on the upper-

proximal moraine slope averaged ~0.2 m yr−1 after considering the level of 

detection permitted by the DEMs used. In previous work, Betz-Nutz et al. (2019) 

highlighted that vertical erosion rates may vary (e.g. 0.06 to 0.10 m yr−1) on upper 

gullied sections of lateral moraines. Another remote sensing study, undertaken in 

the Upper Kauner Valley, Austria, found that average rates of vertical lowering on 

moraine slopes approached 0.06 m yr−1 between 1970 and 2006 (Figure 5 in 

Altmann et al., 2020). These values are lower than the long-term rate of change 

calculated in this current study, illustrating that the rapid retreat of ice-proximal 

moraine slopes during deglaciation is possible at selected sites. 

Further analysis of vertical change revealed spatial variability in the rate of 

landform transformation in the upper moraine ice-proximal slope. Here the inter-

gully slopes separating gullies were subject to higher rates of denudation 

(lowering), averaging 0.31 m yr−1 in comparison to the gullies (Figure 5D) which 

experienced, on average, lowering rates of 0.13 m yr−1. This rate of gully erosion 

compares favourably with long-term rates of gully erosion derived from various 

studies undertaken at glacier forelands, including those in Norway, where 

maximum erosion rates of 0.17 m yr−1 have been calculated using the volumes of 

sediment removed from gullies (Curry et al., 2006; Ballantyne, 2002; Benn and 

Ballantyne, 1994). 

The reason for this discrepancy between inter-gully slopes and gullies is likely to 

relate to the progression of paraglacial slope stabilisation. The Dufour Topographic 

Map of Switzerland (ca. 1861) depicts Glacier d’Arolla occupying the moraine 

slope, followed by a period of glacier down-wastage noted in the Siegfried 1:50,000 



scale maps (Freudiger et al., 2018). By 1977 this down-wastage exposed the 

moraine slope, resulting in its dissection by well-developed gullies. As these gullies 

formed, topographically prominent inter-gully slopes developed, leaving them 

prone to instability by lateral gully extension, and therefore subject to high rates of 

geomorphological activity. By 2009 a reduction in the depth of these features 

signified a shift towards greater stabilisation (Figure 5d) (also see Curry et 

al., 2006). This is supported by the variability in the rate of erosion varying not only 

in space, but also over time. Here, both rates of change in the gullies and the 

promontory inter-gully slopes are recorded to slow over time in the upper-proximal 

zone of the landform (Figures 5a-b). 

These findings conform with our existing understanding of paraglaciation, that as 

time commences from initial glacier recession slopes become increasingly stable 

(Ballantyne, 2002). For example, in another photogrammetric study by Schiefer 

and Gilbert (2007) a similar pattern of change over time was observed. 

Furthermore, “aretes” of in-situ diamicton on sediment-mantled slopes have been 

described by Ballantyne and Benn (1994). This study reveals new details on the 

morphodynamics of these topographically prominent inter-gully slopes; features 

that have not previously been widely investigated in Alpine sites using modern 

landform change detection approaches. The emergence and degradation of in-

situ till of this nature is perhaps less well studied. Insights from this study should 

therefore be integrated into models of paraglacial stabilisation of moraine slopes in 

high-mountain settings. It should, however, be noted that the morphodynamics of 

moraine slopes have been found to not readily correlate with the time of 

deglaciation, with the response of lateral moraine slopes to deglaciation suggested 

to vary at the site level (Betz-Nutz et al., 2023). This diversity in the response and 

speed of moraine stabilisation makes estimating the precise date of landform 

stabilisation difficult, and this matter is further complicated by the complex 

interaction with colonising vegetation in Alpine environments (Eichel et al., 2016). 

In summary, landform development at this site appears to follow an expected 

temporal trajectory, with paraglacial adjustment still in progress. This includes: (1) 



the initial onset of gullying upon down-wastage of the glacier and associated loss 

of ice-support (post-1850s); (2) a period of rapid gully incision on the exposed ice-

proximal slopes; (3) the subsequent denudation of well-developed inter-gully slopes 

(Figure 4); and (4) the future and anticipated onset of stabilisation associated with 

the “biogeomorphologic feedback window” as discussed in Eichel et al. (2016). 

Potential implications for palaeo-glaciological studies 

The findings of this study have important implications when considering the use of 

the landform record in palaeo-glaciological studies. The historical extent of glaciers 

during the Little Ice Age in the Alps is well documented in maps (Freudiger et 

al., 2018), imagery (Mannerfelt et al., 2023; Mertes et al., 2017; Mölg and 

Bolch, 2017), and artwork (Zumbühl & Nussbaumer, 2018; Lüthi, 2014; Zumbühl 

et al., 2008). For areas with more limited records of glacier change over the 

Holocene and earlier, moraines and trimlines may provide evidence of the former 

geometry of topographically constrained glaciers (Rootes & Clark, 2020). In the 

high-Arctic, lateral moraines undergo significant changes in elevation during 

deglaciation. For example, the work of Midgley et al. (2018) indicates lowering of 

lateral moraines in this setting can exceed ~0.6 m yr−1. This is expected given the 

ice-cored component of these high-Arctic landforms. However, in alpine settings, 

where the internal composition of moraines predominately comprises stacked units 

of diamicton (Small et al., 1984; Humlum, 1978), the significant transformation of 

lateral moraines is less likely to occur, but as documented here, is possible. 

The removal of moraines by slope processes (“external censoring”) may be 

problematic as the practice of palaeoglacier reconstruction benefits from complete 

moraine assemblages, which are often used to calibrate the lateral and vertical 

extent of former glacier models (e.g. Benn & Hulton, 2010; Ng et al., 2010; 

Pellitero et al., 2015, 2016). Here, it is highlighted that it is not only high-Arctic 

moraines that are considerably altered during deglaciation (e.g. Ewertowski et 

al., 2019; Midgley et al., 2018; Tonkin et al., 2016), but that vertical and lateral 

changes in-excess of 10 metres may also be anticipated in selected alpine settings. 



Further work investigating the significance of rapid landform transformation on 

uncertainty in palaeo-glacier reconstructions may be prudent. 

Finally, a robust understanding of moraine degradation is important when 

considering the correction of Terrestrial Cosmogenic Nuclide dates that may be 

impacted by boulder exhumation (Heyman et al., 2016). Ice-proximal moraine 

slopes that have been subject to reworking during deglaciation therefore represent 

an additional source of uncertainty for the Terrestrial Cosmogenic Nuclide dating 

of glacial landforms (Kirkbride & Winkler, 2012). In certain settings there may not 

be a penalty for sampling material for Terrestrial Cosmogenic Nuclide dating from 

ice-proximal moraine slopes (Tomkins et al., 2021). In Alpine and other high-

Mountain settings gullying processes may be active on ice proximal moraine slopes 

  during deglaciation (e.g. Curry et al., 2009), and the modification of proximal 

slope form and reworking of glacial sediment should be anticipated. Remobilisation 

of primary sources of glaciogenic sediment through the paraglacial sediment 

cascade merits consideration for sample selection, especially if the likelihood for 

previous ice-promixal slope adjustment or failure can be confirmed via 

sedimentological investigation (e.g. Curry & Ballantyne, 1999). 

Conclusion 

This study documents the paraglacial adjustment of a lateral moraine from 1977 to 

2009. The findings of this study are threefold:  

1. The upper gullied lateral moraine slopes at the Bas Glacier d’Arolla were 

found to have undergone an average depth of surface lowering of 

7.15 ± 1.83 m (thresholded) over the observation period (1977 – 2009) 

corresponding to an average rate of vertical lowering of ~0.2 m yr−1. The 

rate of lowering was, however, found to slow between epochs. The average 

rate of surface lowering on both, gullies and inter-gully slopes was found to 

significantly differ between E1and E2. 



2. Whilst the initial removal of ice support results in the rapid incision of ice-

proximal slopes by gullying, rapid erosion of inter-gully slopes occurs 

following gully development. Moreover, rates of erosion on inter-gully 

slopes were found to significantly exceed gully erosion in both of the 

observation epochs. 

3. Moraine crestlines in steep alpine catchments can rapidly recede and be 

removed from valley sides by slope processes. Rates of change between ~7 

and 15 m over the observation period were detected, yielding an average 

rate of crestline retreat of 0.34 m yr−1 over the 32-year observation period. 
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Figure captions 

Figure 1. A SwissAlti3D hillshaded digital elevation model of the study area (2019). 

The image covers the Western branch of the Val d’Herons and the Bas Glacier 

d’Arolla (Federal Office of Topography, © swisstopo). 

Figure 2. The landform elements referred to in this study. (A) An oblique overview 

of the study site in August 2022 as viewed when looking southwest from the adjacent 

valley-wall. (B) An annotated diagram of the landform elements and upper-

proximal zone of the landform. 

Figure 3. The Digital Elevation Models of Difference (DoD) covering E1 (1977–

1988) and E2 (1988–2009) as generated by this study. Note the glacier advance 

in E1 (positive elevation change in panel a) and recession in E2 (negative elevation 

change in panel b). The orthoimagery in panel (a) was produced using the 1988 

image set. The orthoimagery displayed in panel (b) is derived from the 2009 image 

set. 

Figure 4. Cloud to Cloud differencing over Ed (1977–2009). The two hillshaded 

panels (top left) highlight the changes to gullies and the associated inter-gully 

slopes over the study period. The elevation data shown here were generated by this 

study using the archive 1977 and 2009 image sets. Profile i – i’ can be seen in the 

bottom left corner. Profile D – D’ is displayed in Figure 5. 

Figure 5. Comparisons of geomorphological change between epochs and landform 

elements. (A) The average rate of vertical change in gully and gully-like features 

between E1 and E2. (B) The average rate of vertical change for the inter-gully 

features separating prominent gullies between E1 and E2. (C) A comparison of the 

vertical rate of change over the observation period (Ed) for both landform elements. 

(D) A topographic profile with the measurement locations annotated.



 



 



 



 



 


