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4D GPR imaging of a near-terminus glacier collapse feature

Bastien Ruols!, Johanna Klahold!, Daniel Farinotti?3, James Irving!

!Institute of Earth Sciences, University of Lausanne, Lausanne, Switzerland
2Laboratory of Hydraulics, Hydrology and Glaciology (VAW), ETH Ziirich, Ziirich, Switzerland
3Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), Sion, Switzerland

Correspondence to: Bastien Ruols (bastien.ruols@gmail.com)

Abstract. Recent advancements in drone technology now enable high-density 3D and 4D ground-penetrating radar (GPR)

data acquisition over challenging glacial terrain. In this study, we present a drone-based 4D GPR dataset collected over a

surface collapse feature near the terminus of the Rhone

acier, Switzerland. The GPR measurements, repeated four times

between July and October 2022, captured the evolution of an air cavity and associated subglacial drainage pathways. Our

results indicate that the collapse originated where the main subglacial water channel meanders and merges with a smaller

secondary channel, coinciding with a subtle step in bedrock topography. The cavity expanded progressively through a

combination of subglacial melt and mechanical failure, leading to thinning of the ice roof and eventual collapse, which

manifested at the surface as circular crevasses. Downstream of the feature, the main subglacial channel underwent rapid

changes in shape and size over the summer, likely driven by warm air entering from the glacier’s portal and enhancing melt at
the channel walls. These results highlight the capability of drone-based GPR for capturing detailed, time-dependent changes

in glacier internal structure, offering new opportunities for monitoring dynamic glaciological processes in otherwise

inaccessible areas,

Short summary. We demonstrate the use of a drone-based ground-penetrating radar (GPR) system to gather high-resolution,
high-density 4D data over a near-terminus glacier collapse feature. We monitor the growth of an air cavity and the evolution

of the subglacial drainage system, providing jnsights into the dynamics of the collapse event, This work highlights potential

future applications of drone-based GPR for monitoring glaciers, in particular in regions which are inaccessible with surface-

based methods.
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a supprimé: Recent advancements in drone technology have
introduced new possibilities for high-density 3D and 4D ground-
penetrating radar (GPR) data acquisition over alpine glaciers. In this
study, we present a 4D dataset acquired over a near-terminus collapse
feature at the Rhone Glacier in Switzerland. The survey covers an
area of approximately 100 m x 150 m, consists of over 100 parallel
GPR lines with a lateral spacing of 1 m, and was repeated four times
between July and October 2022. The glacier’s rough surface made
such high-resolution and high-density surveying impossible with
conventional acquisition methods, highlighting the advantages of the
drone-based GPR system. The GPR data provide insights into the
formation of the collapse feature as well as the evolution of
associated glaciological structures. Our analysis suggests that the
collapse initiated where the main subglacial water channel meanders
and merges with a smaller secondary channel, coinciding with a
small step in bedrock topography. After initiation, the subglacial
cavity expanded through a combination of ice melting and
mechanical failure, with ice lamellas detaching from the cavity roof.
This process led to a progressive thinning of the roof, contributing to
further instability. At the surface, these subsurface processes
manifested as concentric circular crevasses, ultimately culminating in
the collapse of the cavity roof. The GPR measurements also reveal
the rapid temporal evolution of the main subglacial channel
downstream of the cavity. During the observed summer, the channel
underwent significant changes in both shape and size, which we
attribute to the advection of warm air from the glacier’s large portal

‘.: and the resulting increase in melt at the channel walls
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1 Introduction

Ground-Penetrating Radar (GPR) has been a core geophysical tool in the field of glaciology for over fifty years, enabling the .- /

detailed exploration of ice and bed structures across @ wide variety of glaciated terrains (e.g., Woodward and Burke, 2007;

Schroeder et al., 2020; Schroeder, 2022). Whereas traditional GPR acquisitions have involved collecting so-called “2D data”

along one or a small number of profile lines, 3D GPR surveying, which gonsists of acquiring data along multiple parallel

profiles, §s becoming increasingly common as it offers a more comprehensive view of the subsurface. 3D GPR surveys have

Saintenoy et al., 2011; Del Gobbo et al., 2016, Egli et al., 2021a) and from

been gconducted poth from the glacier surfacee.g.

helicopters, (e.g., Rutishauser et al., 2016; Langhammer et al., 2018; Grab et al., 2021), offering valuable insights into ice .
thickness, glacier volume, and bedrock morphology (e.g., Binder et al., 2009; Saintenoy et al., 2013; Langhammer et al., 2019), |
as well as helping to map englacial and subglacial channels (e.g., Church et al., 2019, 2021; Egli et al., 2021a). As the field
advances, two key directions have emerged: (i) increasing the spatial density of the data, and (ii) developing 4D GPR

techniques, i.e., repeating the same 3D surveys over time. High-density 3D GPR jnvolves reducing the spacing betweenparallel

, toninimize spatial aliasing jn the across-line direction.

survey lines, typically to the order of the dominant GPR wavelength.

This enhances spatial resolution and can reveal intricate details of bed structure as well as englacial and subglacial hydrology
(e.g., Murray and Booth, 2010; Reinardy et al., 2019; Church et al., 2021; Egli et al., 20221a). In contrast, 4D GPR enables

monitoring of femporal changes in gnglacial and subglacial structures and properties, facilitating jnvestigations of evolvin

hermal gconditions and hydrological systems (Irvine-Fynn et al., 2006; Church et al., 2020). Dgspite their potential,

density 3D and 4D GPR surveys remain rare on glaciers, largely because they require ground-based data collection, typically

on foot, in often challenging or hazardous terrain. Airborne surveys by helicopter, while efficient, cannot achieve the closely

spaced profile lines or positioning accuracy needed for such surveys, The latter are also prone to lateral reflections and

diffractions from topography due to the large survey height above the ground surface (Forte et al., 2019),,

Recent advances in drone technology have opened up promising new opportunities for GPR data acquisition that

directly address these challenges,(Catapano et al., 2022),In cryospheric research, drone-based GPR jnitially focused on small,

lightweight, ultra-wideband (>1 GHz) systems for shallow (<,I m) snow depth and snow hydrology investigations (e.g., Jenssen

et al., 2020,.Tan et al., 2021; Valence et al., 2022). These studies successfully demonstrated the potential of drone-based GPR

to derive key snow parameters, including depth, density, and liquid water conten_t,ﬂ, More recently, drone-based GPR jhas been,

deployed on glaciers. Commercial systems were used by Selbesoglu et al. (2023) to compare ground- and drone-based GPR

data, and by Tjoelker et al. (2024) to identify shallow buried ice within a debris-covered glacier. The development of a

dedicated drone-based GPR instrument for high-resolution, high-density, 3D surveying of alpine glaciers was presented in

Ruols et al. (2023). [JThe latter, study featured a large dataset comprising 462 parallel profiles spaced 1 m apart, representin

over 112 line-km of data, covering an area of approximately 350 m x 500 m. The use of Real Time Kinematic (RTK)

technology enableg precise drone positioning and allows for the accurate repetition of flight paths, making high-density 4D

GPR acquisitions over inaccessible terrains and further 4D glaciological investigations feasible,

a supprimé: standard ...ore geophysical tool in the field of
glaciology for over fifty years, enabling the detailed exploration of
ice and bed structures across all types of... wide variety of glaciated
terrains (e.g., Woodward and Burke, 2007; Schroeder et al., 2020;
Schroeder, 2022). Whereas traditional GPR acquisitions consist
of...ave involved collecting so-called “2D data” along one or a small
number of profile lines, 3D GPR surveying, which involves the
collection...onsists of acquiring of ...ata along multiple closely-
spaced ...arallel lines...rofiles, and ...s becoming increasingly
common as it offers a more comprehensive view of the subsurface.
3D GPR surveys have been carried out...onducted using . [1]

(a déplacé (et inséré) [3]

Gobbo et al., 2016, Egli et al., 2021a)

[a déplacé vers le haut [3]: (c.g., Saintenoy et al., 2011; Del ]

a supprimé: -based systems...(e.g., Rutishauser et al., 2016;
Langhammer et al., 2018; Grab et al., 2021) and ground-based
methods

{a supprimé: and have the potential to provide precise estimates

of...ffering valuable insights into ice thickness, glacier volume, and
bedrock morphology (e.g., Binder et al., 2009; Saintenoy et al., 2013;
Langhammer et al., 2019), as well as helping to map englacial and
subglacial channels (e.g., Church et al., 2019, 2021; Egli et al.,
2021a). As the field of 3D GPR ...dvances, two key directions have
emerged: (i) increasing the spatial density of the data, and (ii)
developing 4D GPR techniques, i.e., repeating the same 3D surveys
over time. High-density 3D GPR surveying ...nvolves reducing the
spacing between the ...arallel survey lines, typically to a value on
the order of the wavelength of the ...ominant GPR antenna
frequency...avelength, to avoid ...inimize spatial aliasing artifacts

in the across-line direction. This enhances spatial resolution and can
reveal intricate details of bed structure and ...s well as englacial and
and subglacial hydrology (e.g., Murray and Booth, 2010; Reinardy et
etal., 2019; Church et al., 2021; Egli et al., 20221a). In contrast,
Meanwhile, ...D GPR enables monitoring of allows capturing the
temporal evolution ...hanges in of ...nglacial and subglacial
structures and propertiesproperties... leading for instance
to...acilitating the ...nvestigations of evolving of changes in their
internal ...hermal state ...onditions and hydrological systems (Irvine-
Fynn et al., 2006; Church et al., 2020). However, d...D...spite their
potential, both ...igh-density 3D and 4D GPR surveys remain rare on
glaciers, largely because they require ground-based data collection,
typically on foot, in often challenging or hazardous terrain. Airborne
surveys by helicopter, while efficient, cannot achieve the closely
spaced profile lines or positioning accuracy needed for such
surveysare labor-intensive, especially when conducted from the
ground, which. This limits their widespread use. Airborne surveys via
helicopter, in contrast, are costly, environmentally impactful, and do
not allow for data acquisition along closely spaced parallel profile
lines... The latter are also prone to lateral reflections and diffractions
from topography due to the large survey height above the gmm

a supprimé: Recent advances in drone technology have opened

new and exciting GPR acquisition possibilities... ... Catapano et al.,
2022).. Indeed, while ensuring the efficiency and safety of airborne
surveys as well as permitting data collection in inaccessible or
hazardous areas, drone-based acquisitions also allow for the precise
repetitions of high-density and high-resolution 3D GPR data over

short timescales, which airborne surveys via helicopter were unable

to do....In cryospheric research, drone-based GPR surveys began

the use of...nitially focused on small, lightweight, ultra-wideband (>1
GHz) systems for shallow (< ... m) snow depth and snow hydm
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Since the early 2000s, the frequency of glacier surface collapses pear the terminus of alpine glaciers has increased

significantly (Egli et al., 2021b; Hosli et al., 2025), A small number of scientific publications have focused on these gvents,

with yeports pn glaciers in the European Alps (Stocker-Waldhuber et al., 2017; Kellerer-Pirklbauer and Kulmer, 2019),
northern Europe (Lindstrom, 1993; Dewald et al., 2021), and North-America (e.g., Bartholomaus et al., 2011; Dewald et al.,

2021). Compiling information from 22 Swiss glaciers, Egli et al. (2021b) suggested thatsuch collapse events are likely driven

a supprimé: Even if...ince the early 2000, the frequency of near-
terminus alpine snout-marginal ... [5]

a supprimé: events...car the terminus of alpine glaciers has
increased since the early 2000s...ignificantly (Egli et al., 2021b;

et al., 2025), this phenomenon remains rather misunderstood because
of the difficulty to acquire data over such terrains ... [6
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by ice thinning and reductions in glacier ice flux directly linked to glimate warming) Focusing on one event from the Otemma

glacier in southwestern Switzerland, Egli et al. (2021b) hypothesized that formation begins with a meandering subglacial

channel that leads to the physical removal of ice via fluvial processes. Hosli et al. (2025), focusing on one event from the

Rhone glacier in central Switzerland, suggested that formation is also linked to turbulent subglacial flow because of a step in

a déplacé vers le bas [1]: In this paper, we present a high-
density, high-resolution 4D GPR dataset acquired over a surface
collapse feature on the Rhone glacier, Swiss Alps. The feature
developed near the glacier’s front in late 2021, evolving over an
approximately one-year period before eventually fully collapsing in

a supprimé: snout-marginal glacier surface...hese
collapse...ventss... with a few events reported

the bedrock topography which increases, energy exchange between the subglacial channel and the basal ice. A large cavity is

then thought to build above the unpressurized subglacial channel. either by mechanical failure from ice lamellas or by |

subglacial melt due to warm air entering from the water outlet at the glacier front (Egli et al., 2021b; Réss et al., 2023). This,

eventually leads to concentric crevasses appearing at the surface and to the collapse of the cavity at a later stage. However, in

order to understand better these processes, additional information regarding the shape and evolution of the air cavity are

necessary, which can be provided by high-density 4D GPR data.

Jn_this paper, we present a high-density, high-resolution 4D GPR dataset acquired over the same,

feature investigated by Hosli et al. (2025) on the Rhone glacier.

2021, evolving over an approximately one-year period before eventually fully collapsing in early 2023. Between July and

October 2022, we conducted four drone-based 3D GPR surveys over the evolving collapse feature psing the system described

1 (a mis en forme : Non Surlignage

early 2023.
(... [7] ]
a supprimé: in ...n glaciers in the European Alps (Stocker-

Waldhuber et al., 2017; Kellerer-Pirklbauer and Kulmer, 2019),
northern Europe (Lindstrom, 1993; Dewald et al., 2021), and North-
America (e.g., Konrad, 1998; ...artholomaus et al., 2011; Dewald et
al., 2021). Compiling information from 22 Swiss glaciers, Egli et al.
(2021b) deduced ...uggested that the frequency of ...uch collapse
events has increased since the early 2000s, ...re likely driven by ice
thinning and reductions in glacier ice flux directly linked to
global...limate warming, findings that were further investigated and
confirmed by Hosli et al. (2025)
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in Ruols et al. (2023). Our main objective was to monitor the temporal evolution of the air cavity beneath the circular crevasses

that formed at the glacier surface, along with the associated subglacial channels. Due to the size of the crevasses and the

quantity of data required, such an acquisition would not pe possible with classical ground-based techniques, highlighting the

new opportunities provided by drone GPR,_First, we present the field site and GPR data. This is, followed by a detailed

description of the processing workflow used to convert the raw measurements into analyzable subsurface volumes. Next, we

use the data to investigate the position, size, and temporal changes of,both the air cavity and the subglacial channels. Finally,

we discuss these results in the context of the formation and evolution of he glacier collapse feature,

a supprimé: Focusing on one of these events from the Otemma
glacier in southwestern Switzerland, theythey hypothesized that
formation begins with a meandering subglacial channel that leads to
the physical removal of ice via fluvial processes. A large air cavity
further buildsis then thought to build above the unpressurized
subglacial channel, either by mechanical failure from ice lamellas or
by subglacial melt due to warm air entering from the water outlet at
the glacier front (Egli et al., 2021b, Riss et al., 2023), eventually
leading to concetric crevasses appearing at the surface and collapse of
the cavity. Fanother event atedinitial formation of the subglacial
cavity may be linked to turbulent subglacial flow around bedrock
topographywhichschannel...something more needed here...This
ultimately leads to the formation of circular crevasses at the surface
due to ice creep and ice roof instability, which have been later
confirmed by Hosli et al. (2022) and Ogier et al. (2022). 9

a supprime: the...a ...urface collapse feature investigated by Hosli
et al. (2025) on the Rhéne glacier, in central Switzerland recently
studied by Hosli et al. (2025), Swiss Alps, ...hich initially....The
feature ...eveloped near the glacier terminus’s...front ...n late 2021,
evolving over an approximately one-year period before eventually
fully collapsing in early 2023. Between July and October 2022, we
conducted four drone-based 3D GPR surveys over the evolving
collapse feature on the Rhone glacier, ...sing the system described in
Ruols et al. (2023). Our main objective was to monitor the temporal
evolution of (i) ...he air cavity beneath the circular crevasses that
formed at the glacier surface, and (ii) ...long with of ...he associated
subglacial channels. Due to the size of the crevasses and the (. T11]
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2. High-density 4D GPR data acquisitions
2.1. Field site

The Rhone glacier, located in central Switzerland (Fig. 1a), serves as a significant point of interest for glaciological research

thanks to its accessibility and historical documentation, with geodetic measurements dating back to the mid-19" century

(GLAMOS, 2024). Having a surface area of approximately 15.1 km? in 2021, jt is the sixth largest glacier in the Swiss Alps, - (a supprimé: 2

even if it has experienced notable retreat in recent years (e.g., Farinotti et al., 2009; GLAMOS, 2024). The glacier flows ] (a supprimé: (GLAMOS, 2022),
southwards from ~3600 to ~2200 m above mean sea level (a.m.s.1.), where it terminates in aproglacial lake that originated in Sy . Ca supprimé: GLAMOS, 2017;
the 1990s (e.g.. Tsutaki et al., 2013; Church et al., 2019; GLAMOS, 2024). Like its European neighbors, the Rhone glacier is A (a supprim?i 2 :
suffering from global warming, with a cumulative mass loss of over 15 yneters of water equivalent between 2006 and 2023 | e 8 :::::::: ;cccmly e
(GLAMOS, 2024). The lower ablation zone of the glacier was previously investigated by Church et al. (2019, 2020, 2021) ““(a Supprimeé: the current
with, 2D and 3D GPR using 25-MHz antennas, to characterize and monitor the englacial and subglacial drainage network. In K(a supprimé: meters

October 2021, large circular crevasses began to form close to the terminus,of the glacier, indicating the initiation of the collapse (a2 supprimé: using

»(a supprimé:

GPRhigh-density

of an underground cavity (Hosli et al., 2025). These crevasses continued to develop throughout 2022 (Fig. 1b-c), until total
Y

) (a supprimé:

data by Church et al. (2019, 2020, 2021)

collapse occurred in early 2023 (Fig. 1dre).,
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of

é: ongue

é: Ogier et al., 2022,

é: 2
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Figure 1; Geographic localization and pictures of the field site. (a) Location of the Rhone glacier (red outline) in central Switzerland< . = (a supprimé: 11

(inset). The blue square indicates the region of our GPR surveys, shown in detail in Fig. 2. Inset image from the Swiss Federal Office - y Y

of Topography (Swisstopo, 2024), and background orthophotos from SWISSIMAGE 10 em (Swissimage, 2024). (b) 28 July 2022 — . (a mis en forme : Légende

collapse feature in an early stage, with a clear depression in surface elevation already visible. (c) 4 October 2022 — view of the feature ) "Ca supprimé: and satellite background
from further away, at a later stage of evolution and covered by snow. (d) 11 September 2023 — view of the terminal lobe of the Rhone

glacier, where the feature has now fully collapsed. () 11 September 2023 — nadir drone photograph of the collapsed region, J— Ca supprimé:

NN




680

685

690

695

700

705

2.2 Data acquisitions

3

Over the summer of 2022, we visited the tongue of the Rhone glacier four times to acquire high-density, high-resolution, 4D Ca supprimé:
GPR data over the evolving collapse feature, approximately, once per month between July and October. The datasets were Ca supprimé:

collected using the recently developed drone-based GPR system of Ruols et al. (2023). The system comprises the following
components: (i) a DJI M300 RTK drone working with a differential GPS base station manufactured by Shenzhen DJI Sciences
and Technologies (China); (ii) a custom-designed GPR controller from Utsi Electronics Ltd (UK); (iii) a True Terrain

Following navigation system developed by SPH Engineering (Latvia); and (iv) a self-developed,~80-MHz center-frequency,

- Ca supprimé:

unshielded, featherweight,

lightweight (250-g), unshielded, resistively loaded dipole antenna acting as both transmitter and receiver. The survey

- (a supprimé:

single transmitter-receiver,

NN

trajectories were planned with the Universal ground Control Software (UgCS), with a survey line spacing of 1 m, a target

Jieight above the glacier surface of 5 m, and a flight speed of 4 m s (Ruols et al., 2023). To promote the most coherent Ca supprimé: altitude

reflections from the ice-bedrock interface (Langhammer et al., 2017, 2018), parallel survey lines were flown,across the glacier Ca supprimé: conducted

perpendicular to ice flow, with the GPR antenna oriented perpendicular to the survey line direction, Figures 2a-d show theraw o Ca supprimé:

trajectories of the four drone-based GPR acquisitions, and the specifications of each dataset are summarized in Table 1. The (@ supprimé: ,as done in Ruols etal. (2023)

(AN AN N

same programmed trajectories were flown for each acquisition, with a high level of repeatability for the horizontal positioning

(Fig. 2¢). However, positioning differences,in elevation a.m.s.l. between the acquisitions were present due to glacier melting,

- Ca supprimé:

in vertical positioning

as the drone was programmed jo fly at a height of 5 m above the ice surface (Fig. 2f). Note that the latter differences are ]

(a supprimé:

above mean sea level

Ca supprimé:

flight were always

accounted for in the depth imaging of the data (Section 3.4), An illustration of the GPR system as well as a picture of it

‘(a supprimé:

at

acquiring data above the collapse feature are, shown in Fig. 3, Advantages of a drone-based GPR acquisition in terms of °

._k(a supprimé:

of 5m

efficiency, safety, and practicality are clear, as high-density data could not have been acquired on the glacier surface because *

‘(a supprimé:

these

of the large crevasses. Two videos from the acquisition on 4 October 2022 are provided as supplementary material: Video V1 \ _"‘(a supprimé: results
shows the drone-based GPR system taking off and beginning the data acquisition, whereas Video V2 shows the system ' '[a supprimé: for an accurate comparison of the successive
. . i+ | acquisitions...
acquiring data over the circular crevasses. ; —
B (a supprime: of the GPR system
Digital OrthoPhotq, (DOP) and Digital Elevation Model (DEM) data were acquired and provided by ETH Ziirich’s (a supprime: is
VAW Glaciology group using a DJI Phantom 4 RTK drone. The surveys were gonducted at a height of around 70 m above the N :(a supprimé:
glacier surface, with ground control points (between 8 and 12 depending on the surveys) randomly scattered across the area .. Ca supprime: p
for which precise locations were determined from a base station located close to the glacier. Overlapping was 70% forward, : (a supprime: s
. . . . . (@ supprimé: d
60% sideways, and processing of the data was done using the Agisoft Metashape software. ( PP Sad
(a supprimé: and
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Figure 2: Survey lines flown in the four GPR acquisitions during summer 2022. (a) to (d): Flight trajectories for the July, August,

September, and October GPR acquisiti respectively, plotted over the DOP, from the same month. Northing (N) and Easting (E)

—-Ca supprimé: September

are relative to 1159540 m and 2672690 m in the CH1903+ coordinate system, respectively. (¢) Zoomed view of survey lines from the "Ca s imé: dicital orthonhot
different acquisitions, superimposed on the same image. Note the high horizontal positioning repeatability of the drone GPR system. upprime: digital orthophotos (

(f) Elevation a.m.s.l. of the drone-based GPR system along an example profile for the four acquisitions. The tracks differ in absolute Ca supprimé: )

a supprimé: The DOP were data acquired by photogrammetry

elevation since the drone system is set to follow a given height above the glacier surface, which changes in time due to surface melt.
by ETH Ziirich’s VAW Glaciology group.

N NN




Table 1: GPR and DOP data specifications. Note that the August GPR d contains fewer profiles than the others because the

= Ca supprimé: photogrammetry
drone batteries were charged to only ~66% of their total capacity for that survey.,

"'Ca supprimé: less

N AN

GPR DOP ' a supprimé: The photogrammetry data were acquired by ETH
— Ziirich’s VAW Glaciology group.
Date Number of  Line-km of GPR data Date »..Ca supprimé: Photogrammetry
profiles [km]
28 July 2022 104 14.78 28 July 2022
25 August 2022 71 10.02 24 August 2022
8 September 2022 108 15.33 9 September 2022
4 October 2022 107 15.32 7 October 2022

745

(@ supprimé:

Figure 3; The dr based GPR system (red ellipse) acquiring data over the Rhone collapse feature on 4 October 2022,

= Ca supprimé: 33
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3. Data processing workflow

760  Our data processing workflow transforms the acquired raw GPR measurements into a 3D reflection data volume, imaged in
depth, which we use to explore the internal structure of the Rhone subglacial cavity and drainage channels. JThis workflow Ca supprimé: To do so, it goes through consecutive steps )
involves: (i) synchronization pof the drone navigation and GPR data, (ii) pinning of the consecutive 3D GPR datasets onto a a Ca supprimé: the initial )
common grid, (iii) greation of 3D data volumes followed by basic trace processing, (iv), 3D migration, and (v)jnodeling of the b Ca supprimé: between )
air cavity shape along with bedrock amplitude analysis. (a supprime: the precise and common )
) Ca supprimé: the )
765 3.1 Data synchronization (a supprime: that can further be investigated in all directions )
‘(a supprimé: the )
In the field, two independent datasets are collected per flight: the navigation data from the drone and True Terrain Following [a supprimé: of these data volumes for accurate positioning of ]
L . . . . .+ (_internal glacier reflections
system, and the raw GPR data from the GPR controller. The navigation data contain the information about the drone behavior, A ( g_ - )
a supprimé: the
such as the flight speed, flight angles (yaw, roll, pitch), height above the ground, and precise GPS coordinates. The raw GPR ; :(a supprimé: | )
data contain all the GPR traces, tagged with GPS time. In this first step, these two independent datasets are synchronized using : :(a supprimé: bedrock surface and )
770 common GPS time, with fhe result being that each GPR trace is associated with the corresponding navigational information (a supprimé: as well as further )
(Ruols et al., 2023). . (a supprimé: all of )
= o Ca supprimé: the end result )
3.2 Binning (" a supprimé: Because a single survey includes four individual
flights, the data from all flights conducted on the same day are then
. o . T . .. . merged to create one data file per acquisition.
Next, the data from a given acquisition are segmented into individual profiles. When doing so, the positioning of each trace is
. . . . a supprimé: The data from all flights conducted during a single
corrected to Jake into account the distance between the an antennas along wi ¢ yaw, pitch, and roll angles o survey are then merged to create one file per acquisition.
ted to gake int t the dist bet the GPS and GPR ant long with the yaw, pitch, and roll angles of
775  the drone. The latter procedure follows Ruols et al. (2023) and allows recovery of the true position of each GPR measurement. h Ca supprimé: take into accountconsider )
Once this is done, binning is performed to distribute the traces onto an even grid. To this end, the data positions are (i) rotated
and translated into a local inline/crossline coordinate system, (ii) projected onto regularly spaced straight lines along the y (a supprimé: Note that e )
. L . . . . . s /A a supprimé: that
crossline direction having a lateral spacing of 1 m, and (iii) placed into regularly spaced bins of size 0.4 m along the inline - g Ll 2 %
"  a supprimé: the
direction. Each bin is filled with the closest GPR trace and the additional nearby traces are deleted, which Ruols et al. (2023) ¢ = ” —
,x(a déplacé (et inséré) [2] )
780  found to produce the highest quality GPR sections compared torace averaging. The mean distance between the center location ’ (a supprimeé: Note that i )
of each bin and the true horizontal position of the GPR trace populating that bin was found to be only 0.14 m_for our data i{a supprimé: n order )
indicating a high level of positioning precision and repeatability. Jt is important to note that, o effectively compare the 3D ‘Ca supprimé: T )
. H - i hinni i ; S . . a supprimé: investigate the temporal evolution of the glacier
GPR datasets acquired over the summer of 2022, fhis binning workflows applied to all datasets using common parameters, [intcrnal CrCtates over the Swmmet of 202 ]
such that the final GPR volumes are defined on the same grid,, (@ supprimé: the processing workflow described in Section D)
; (a supprimé: 3 )
785 3.3 Creation of 3D data volumes : (a Supprimé: was )
- . L . . . ('@ supprimé: the four GPR acquisiti
After binning, the GPR profiles from a particular acquisition are stacked side-by-side to create a 3D GPR data volume. Because 3 % Ll c o acquistiions %
. . . L . . . . ( @ supprimé: binning
the drone-based system attempts to follow the glacier surface topography while acquiring data, vertical jumps in the recording : — - -
a supprime: . This further allowsed for the corresponding 3D GPR
altitude can occur between adjacent traces in the crossline direction (Ruols et al. 2023). To improve the horizontal continuity : ( data volumes to be directlyconsistently compared between each other
’(a supprimé: . )
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of reflection and diffraction events in the raw data volume, a static adjustment is carried out for each trace via Fourier phase

shift, such that the vertical recording positions conform to a smooth acquisition surface determined by local linear regression.

Doing so was found to improve the results of migration, which is discussed in Section 3.4. Further, following previous studies
involving high-density 3D GPR data (e.g., Egli et al., 2021a; Ruols et al., 2023), a relative adjustment of the position of odd-
versus even-numbered profiles is applied to reduce the so-called acquisition footprint effect. Specifically, because of small

internal timing delays specific to our GPR controller along with variations in the drone flight speed, a small lateral positioning

adjustment between adjacent flight lines is required for best results, despite trace locations being measured with differential
GPS (Ruols et al., 2023). In this regard, a constrained cross-correlation-based algorithm to determine the profile shift that
maximizes the similarity between adjacent GPR profiles is applied. The results of this procedure are shown in Fig. 4 for a
selected timeslice from the July 2022 dataset. After this step, the data are densified in the crossline direction using 3D linear
interpolation to double the number of parallel profiles. This reduces the directional sampling bias in the original dataset and
helps to mitigate migration artifacts. The final regular grid of GPR measurements has an inline spacing of 0.4 m (from the
previous binning) and a crossline spacing of 0.5 m (after interpolation). Basic GPR processing is then carried out for all data
volumes, which includes: (i) mean-trace removal using a 30-trace sliding window, (ii) de-wow using a 13-point residual median

filter, (iii) densification of the data in time using Fourier transform interpolation, and (iv) time-zero correction,

3.4 3D migration

To collapse diffraction hyperboloids in the data and to properly position reflections to their true locations in depth, we follow
Egli et al. (2021a) and apply 3D topographic Kirchhoff time migration using the algorithm developed by Allroggen et al.

(2014). A two-layer migration velocity model js considered, consisting of (i) an upper air layer with velocity 0.3 m ns!, the

air layer thickness being variable and calculated from the drone altimeter data (~2 cm precision), and (ii) a lower ice layer with

velocity 0.167 m ns™(e.g., Murray et al., 2000; Church et al., 2021; Egli et al., 2021a). Although the programmed drone flight

height above the glacier surface was set to 5 m, this value varies during acquisition due to the flight velocity and the drone’s

attempt to follow the glacier surface topography in real-time using the TTF system. Considering a constant radar velocity for

glacier ice is a standard procedure for both ground-based and airborne GPR surveys (e.g., Langhammer et al., 2017; Grab et

al., 2021; Church et al., 2020), even if the effects of internal heterogeneities like water- or air-filled features are peglected. A

migration aperture of 40 m was found to produce the most satisfactory results and is consistent with the maximum width of
diffraction hyperboloids observed in the Rhone datasets. After migration, the vertical time axis is converted to depth using the

assumed velocity model, which yields the final GPR data volume in space. Note that, in applying this 3D migration procedure

we inherently assume a uniform antenna radiation pattern. Although we acknowledge that this is not entirely correct for an

unshielded dipole antenna, we see little indication in our data of a strong radiation pattern footprint. Indeed, diffraction circles

in time slices show little variation in intensity between the in-line and cross-line directions, and diffraction hyperboloids present

in the unmigrated data are observed to correctly focus upon migration.

Figures 5a-c show part of the inline profile at a crossline position of 76 m for the July 2022 acquisition, plotted in

10

(a supprimé: resulting from )

Ca supprimé: and )

a supprimé: Further information about these GPR processing
steps can be found in Ruols et al. (2023).

Ca Supprimeé: was )
Ca supprimé: ( )
(a supprimé: thereby )

a supprimé: This simplification causes some errors in the
localization of internal features, as well as for the underlying bedrock
interface, which will naturally exhibit slight variations from one
acquisition to another.
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time before migration, in time after migration, and in elevation a.m.s.1. after migration, respectively. The profile shows three

main features: (i) a continuous bedrock reflection, (ii) a feature that we interpret fo be the roof of the subglacial cavity, and - (a supprimé:

(iii) another feature that we interpret to be a multiple bedrock reflection from within the cavity. The interpretation of the cavity

roof is supported by reflections in the neighboring profiles, which show a consistent pattern. Figure 6 displays the migrated

and depth-converted data,in 3D through three selected inline profiles, crossline profiles, and depthslices.,Note that the crossline ... Ca supprimé:

visualized

profiles and depth slices yepresent planes gxtracted from the 3D data volume that was built from the acquired and interpolated

) Ca supprimé:

time

parallel inline profiles. ,

Ca supprimé:

The

‘(a supprimé:

are

;__‘Ca supprimé:

selected

:‘Ca supprimé:

through

‘(a supprimé:

NN AN

11



885

Time [ns]

Inline 0
direction [m]

Crossline position [m]

Crossline position [m]

0 20 40 60 80 100
Inline position [m]

Crossline
direction [m]

120 140

Kigure 4: Results of applying cross-correlation-based profile shifting to the July 2022 d

() 3D view of the data volume

highlighting the timeslice at 325 ns @urple) displayed in (b) and (c), as well as the inline profile at a crossline position of 76 m

(orange) displayed in Fig. 5. (b) and (c): Timeslice at 325 ns before and after application of the shifting, respectively.
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Figure 5: Results of applying 3D migration to the July 2022 dataset, showing part of the inline profile at a crossline position of 76 m
(Fig. 4a) (a) in time before migration, (b) in time after migration, and (c) in depth after migration.
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Figure 6: 3D visualization of the July 2022 dataset. The 3D view (fop) shows the location of the three selected inline profiles (orange),
crossline profiles (pink), and depth slices (purple), (a) to (c): Inline profiles at crossline positions of 39 m, 59 m, and 79 m, respectively.
(d) to (f): Crossline profiles at inline positions of 40 m, 80 m, and 120 m, respectively. (g) to (i): Depth slices at 2238 m, 2224 m, and

2208 m a.m.s.l., respectively.

(@ supprimé:
- Ca supprimé: up

""Ca supprimé: displayed on the bottom

NI AN

14



910

915

920

930

3.5 Bedrock surface, air cavity modeling, and amplitude analysis

- Ca supprimé:

1

Wegonstruct a 3D model of the bedrock reflection surface for each dataset, To this end, hedrock picking is performed manually

on the inline profiles (Fig. 7a), the results of which are verified on both the crossline profiles and depth slices, with visible

inconsistencies being removed. Next, we fit a preliminary smooth surface, determined by Jocal linear regression,to these picks

(Fig. 7b). After removing obvious outliers, a new surface is fitted to the picks to yield the final estimate of the bedrock surface

(Fig. 7c).Jt is important to note that an apparent circular rise in ¢his surface is observed at the location of the collapse feature.

a supprimé: A commonly used technique to identify the position
of subglacial channels in 3D GPR data is to analyze the amplitude
characteristics of the reflection near the glacier bed (Egli et al.,
2021a; Church et al., 2021). BIndeed, because of the stronger contrast
in dielectric permittivity between ice and water or air than between
ice and bedrock, subglacial channels are expected to be associated
.| with higher GPR reflection amplitudes (e.g., Wilson et al., 2014;

. | Church et al., 2019; Egli et al., 2021a). To this end, w

This is a_ migration, artifact that results from the assumption of a constant radar wave speed in the glacier ice, when in fact an

(a supprimé:

first

i (a supprimé:

and examine the GPR amplitudes

air-filled cavity exists at this location. However, this bedrock “pull-up” artifact does not impact fhe bedrock reflection

'Ca supprimé:

B

amplitude analysis described pelow.

(a supprimé:

(

Similar to what is done for the bedrock surface, the roof of the air cavity is also modeled by picking the ice-air

A (a supprimé:

interface in gach dataset,and fitting a smooth surface to these results, In order to investigate the evolution of the cavity, we

‘Ca supprimé:

One item that arises is a

compute,the minimum ice roof thickness and the maximum air cavity heightby considering the distances between the yoof of

| ’Ca supprimé:

the bedrock

the air cavity and (i) the glacier surface, and (ii) the estimated bedrock surface, respectively. The corresponding results are

(a supprimé:

n

(a supprimé:

when migrating the GPR data

presented in Table 2. Regarding the maximum cavity height, note thathese estimates have been corrected for the presence of

":Ca supprimé:

Note, h

air within the cavity.

-s(a supprimé:

that

A commonly used technique to identify the position of subglacial channels in 3D GPR data is to analyze the amplitude

_(a supprimé:

our

characteristics of the reflection near the glacier bed (Egli et al., 2021a; Church et al., 2021). Because of the stronger contrast

(a supprimé:

introduced

in dielectric permittivity between ice and water or air than between ice and bedrock, subglacial channels are expected to be

(a supprimé:

in the following sentencesparagraph

associated with higher GPR reflection amplitudes (e.g., Wilson et al., 2014; Church et al., 2019: Egli et al., 2021a). To extract

(a supprimé:

Finally

(a supprimé:

the

amplitude information along the glacier bed, we follow Egli et al. (2021a) and apply a linear Fourier phase shift to each trace

(a supprimé:

»

to flatten the data along the estimated bedrock surface, which is followed by calculation of the instantaneous amplitude attribute

using the Hilbert transform (e.g., Taner et al., 1979; Chopra and Marfurt, 2007). To compensate for any errors in the estimated

[ a supprimé:
methodology that for the bedrock interface

interpolating the results following the same

. . . . o . . iy - (asupprimé: ¢
bedrock location, the maximum reflection strength is computed for each individual trace over a vertical 2-m window containing i E imé: ostmated
11\ @ supprime; estimate
the bed reflection (Egli et al., 2021a). Traces located less than 5 m from the border of the GPR grid are not considered to avoid (a supprimé: resulted
boundary effects related to suboptimal 3D migration. The results of the bedrock reflection amplitude analysis for the four GPR ,(a supprimé: ice
acquisitions, superimposed over the corresponding DOPs, are displayed in Fig. 8. "(a supprimé:
‘(a supprimé: they
a supprimé: The corresponding results are gatheredpresented in
Table 2....

N AN AN A A AN AN AN AN AN AN A

15



970

N
N
B
o

[a supprimé: ¢ ]
J

N
N
N
o

2200 { === acquisition surf. ~* bedrock picks

=== glacier surface bedrock surface

Elevation a.m.s.l. [m]

0 20 40 60 80 100 120 140
Inline position [m]
2215
= 100 —_
E E
£ g0 =
2 2210 2
[}
60 =
2 &
o c
£ 40 2205 2
2 g
o 20 o
o w
0 > 2200
0 20 40 60 80 100 120 140
Inline position [m]
c

—_

£

= 2215

[

£ 2210

<

c

5 2205

®

3 2200

g 100

100

50
Inline position [m]

0 o

Crossline position [m]

Figure 7: 3D model of the bedrock surface for the July 2022 dataset. (a) Example inline profile from Fig. 6a with bedrock pick . .- (a supprimé: interface
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980 Table 2: Air cavity characteristics derived from the 4D GPR measurements.

Minimum ice roof Maximum cavity
Dataset
thickness [m| height [m]
July 9.6 15.9
August 6.1 16.8
September 53 16.9
October 3.0 18.4

17
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Figure 8: Results of the amplitude analysis at the bedrock interface for the four acquisitions, plotted over the DOP from the same
month. The white squares depict the borders of the corresponding GPR dataset. The dashed white circles indicate the approximate
location of circular crevasses. The green and yellow arrows show the potential locations of two subglacial ch Is entering the

collapse feature from the northeast and southeast, respectively (see Fig. 11). The blue arrows indicate the subglacial ch 1leaving
the feature yvestwards and turning towards the south. The dashed yellow lines highlight the potential tion with the ch 1

outlet (black arrows) visible on the DOP. Northing (N) and Easting (E) are relative to 1159540 m and 2672690 m in the CH1903+
coordinate system, respectively.

18

B Ca supprimé: the

I (a supprimé: from the west




995

000

1005

010

1015

020

4. Results

The 3D visualization of the July 2022 dataset presented in Figure 6 clearly shows a number of glacier internal structures,Jn

the inline and crossline profiles in Figures 6a-f, strong reflections related to the bedrock interface (yellow arrows), the air

a supprimé: the depth imaged...he July 2022 dataset presented in
Figure 6 clearly shows a number of internal ...lacier internal
structures in all three slices directions...s...... Our drone-based GPR
system allows for the built of high-density and high-resolution 3D
visualizations of glacier internal structures, as depicted for the July

cavity roof (blue arrows), and dipping crevasses (black arrow) can be observed. In fhe depth slice presented inFigure 6h, we

see Jarge circular reflections from goncentric crevasses (black arrows) which can be viewed in greater detail and context in

video supplement V5. The depth slice in Figure 6igeveals the walls of the circular air cavity (blue arrows), and a suspected

subglacial channel leaving the collapse feature (red arrow), which gcan also be observed in the results of our amplitude analysis

discussed below, For further visualizations, videos V3 to V14 contain animations providing jnsights into the 3D models

obtained for all four surveys.

Jdn the bedrock amplitude analysis results presented in Figure, 8, we can observe the potential locations of two

subglacial channels entering the collapse feature, corresponding with regions of higher reflection strength: (i) a main channel
entering from the northeast, and (ii) a smaller channel entering from the southeast. Within the collapse feature, the bedrock
reflection amplitude is heterogeneous, but the trend of a meander turning from the northeast to the west can be seen. Further

down glacier, the suspected subglacial channel leaving the collapse feature yestwards appears to turn towards the south, in the

2022 dataset on Figure 6. It permits the investigation of internal
features in the inline direction as the data are acquired (Fig. 6a-c), but
also in the crossline direction (Fig. 6d-f) and along the depth axis
(Fig. 6g-i). On the...n the inline and crossline profiles in Figures 6a-f,
strong reflections related to the bedrock interface (yellow arrows), the
air cavity roof (blue arrows), and dipping crevasses (black arrow)
spanning across the profiles are visible...an be observed. In In the
depth slices in Figures 6g-i, reflections from inside the ice are visible
as well....he depth slice presented in Figure 6g spans through the
acquisition and glacier surfaces and provides a view on shallow
reflections on the upper part of the data volume....Figure 6h, we see
shows ...arge circular reflections from dipping...oncentric crevasses
(black arrows) further available on the...hich can be viewed in
greater detail and context in video supplement V5. The depth slice in
Figure 6i focuses on the ...eveals the walls of the circular air cavity
(blue arrows), and a suspected subglacial channel leaving the collapse
feature (red arrow), which is...an also clearly seen...e observed in
the results of our amplitude analysis discussed below, as this is
confirmed as well by our amplitude analysis (Figure 8)... For further
visualizations, videos V3 to V14 contain animations providim

direction of the channel outlet visible on the background DOP. Note that there is another high amplitude anomaly, located in

the lower right corner of each subfigure, which may represent a separate water body or cavity, but lack of additional data

prevents us from drawing any further conclusions,

JFigure 9 shows the evolution of parts of two selected inline profiles, whose positions are indicated in Fig. 9a. The

first profile (Fig. 9b-e) spans the location where the main subglacial channel leaves the collapse feature and shows a distinct
internal reflector which we interpret to be the channel roof. This reflector is not yet separable from the bed reflection in the
July survey (Fig. 9b), but it becomes apparent in August (Fig. 9¢) and evolves over time (Fig. 9d-¢). In the October survey
(Fig. 9e), a second reflection becomes visible above the subglacial channel, which is possibly related to the appearance of
fractures caused by subsidence of the channel roof. The second considered inline GPR profile (Fig. 9f-i) passes through the
center of the main collapse feature. Here, a continuous reflector remains visible for all surveys, which we interpret as the roof
of the underlying air cavity. Note that, at this location, the glacier surface elevation can be seen to decrease throughout the
summer. This is a result of both surface ice melt and subsidence, the latter possibly being due to a combination of ice creep

into the cavity and partial mechanical failure.

Finally, Figure, 10 displays the resulting 3D models of the air cavity for the July, August, September, and October

acquisitions, along with the estimated bedrock and glacier surfaces for reference. Jyacking the evolution of the cavity pver the

summer of 2022, it appears that the jce roof becomes thinner, while the height of the gcavity jncreases (Table 2). From July to

September, the shape of the cavity remains rather constant, whereas jt,appears to widen in Octoberﬂ
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a supprimé: Our ...n the bedrock amplitude analysis results
presented in (...igure....8, )...e can observe reveals ...he potential
locations of two subglacial channels entering the collapse feature,
corresponding with regions of higher reflection strength: (i) a main
channel entering from the northeast, and (ii) a smaller channel
entering from the southeast. Within the collapse feature, the bedrock
reflection amplitude is heterogeneous, but the trend of a meander
turning from the northeast to the west can be seen. Further down
glacier, the suspected subglacial channel leaving the collapse feature
from the west...estwards appears to turn towards the south, in the
direction of the channel outlet visible on the background DOP. Note
that there is also a...nother strong ...igh amplitude signal
visible...nomaly, located in the lower right corner of each
subamplitude analysis plots...igure, which , which is unclear to be
indicating...ay represent the edge of another... separate watm

(a déplacé vers le haut [2]: To investigate the temporal

evolution of the glacier internal structures over the summer of 2022,
the processing workflow described in Section 3 was applied to the
four GPR acquisitions using common binning parameters. This
allowed for the corresponding 3D GPR data volumes to be directly
compared.

a supprimé: s...10 displays the resulting 3D models of the air
cavity for the July, August, September, and October acquisitions,
along with the estimated bedrock surface in light grey ...nd the
glacier surfaces in light blue ...or reference. Using this 4D model...,
we can t...acking the evolution of the air ...avity under the Rhone
collapse feature ...ver the summer of 2022. First... it seems...ppears
that the thickness of the ice roof above the cavity is decreasing along
the summer...ce roof becomes thinner,...while the height of the air
cavity is in the contrary increasing...ncreases (Table 2). Second, the
cavity seems to keep a similar shape f...rom July to September, the
shape of the cavity remains rather constant, whereas and gains in
width...ts...appears to widen in October.!

Following the same picking process as for the bedrock reflection
(Section 3.5), we tracked the evolution of the air cavity under the
Rhone collapse feature over the summer of 2022. Figures 1om
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Figure 9: Visualization of the Rhone glacier datasets over the of 2022 through a comparison of two inline profiles. (a)
Amplitude analysis result for the July dataset, plotted over the DOP from the same month. The white square depicts the border of
the GPR grid. The two black lines show the sections of the two selected profiles, located at crossline positions of 5.5 m and 47.0 m.
Northing (N) and Easting (E) are relative to 1159540 m and 2672690 m in the CH1903+ coordinate system, respectively. (b) to (e):
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reflection, respectively. (f) to (i): Inline profiles at 47.0 m, focusing on the collapse feature. The white arrows indicate the roof of the
underlying air cavity.
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5. Disc

- Ca supprimé: derived

The results of the amplitude analysis (Fig. 8) suggest that the Rhone collapse feature formed at a particular location near the

glacier snout where (i) the main subglacial channel forms a meander, and (ii) a secondary channel enters the main channel.
Examination of a photograph taken in the summer of 2023 after full collapse of the cavity (Fig. 11) also indicates a localized

step (~1 m in height) in the bedrock topography, which was further confirmed in Hosli et al. (2025). The combination of these

three factors could have led to water turbulence and related energy dissipation, which could ultimately be the process by which

the cavity was initiated. In contrast, although sediments are visible at both the glacier terminus and inside of the collapsed

feature (Figure 11), we do not have any evidence that would suggest that these sediments played a significant role during the

formation of the feature itself. This is dissimilar to the situation described by Stocker-Waldhuber et al. (2017), who analyzed

the formation of a surface collapse feature for Gepatschferner, Austria, and reported that the subsidence of the glacier surface

accelerated significantly after a heavy precipitation event evacuated a sediment layer of more than 10-m thickness. ,

For what the relative magnitude of the two subglacial channels is concerned, the qualitative interpretation of glacier-

wide DEMs available for both the glacier surface and subglacial topography (data from Swisstopo (2024) and Grab et al. ;

(2021), respectively) as well as expert judgement based on in-situ perceptions (e.g. the “loudness” of water-related sounds that

can be heard emerging from the glacier interior), suggest that the channel originating from the northeast is likely tq,drain the

(a mis en forme : Non Surlignage

Ca supprimé: peculiar

NN AN AN

(a mis en forme : Non Surlignage

a supprimé: On the other hand, unlike conclusions of previous
studies (Stocker-Waldhuber et al., 2017), the role of sediment erosion
and deposition into the genesis of this collapse feature is unclear. The
accumulation of sediments is visible at the glacier terminus and
inside the collapsed feature (Figure 11) which suggests that it might
have played an important role as well, but detailed observations of
the feature before the collapse started and along the process would
have been necessary to investigate it further (Hosli et al., 2025).

majority of the glacier’s subglacial water system, whereas the second one, originating from the southeast, likely drains a
constrained hydrological basin on the orographic left-hand side of the glacier. Downstream of the collapse feature, a single
large subglacial channel is seen to be flowing towards the west and then turning towards the south, i.e. in the direction of
Rhone glacier’s proglacial lake. Our interpretation of the channel pathways, which is primarily based on ¢he amplitude analysis

of the bedrock reflection, was later confirmed by visual observation in September 2023, i.e. after the full collapse of the

; (a supprimé: DEMs
‘Ca supprimé: the Swiss Federal Office of Topography
[a supprimé: Regarding the two subglacial channels, the main one,

subglacial cavity (Fig. 11). ;This ground truthing is amongst the most compelling evidence for the potential that lies in the _

applied drone-based survey methodologies.

Further down glacier, the main channel outlet is also seen to be evolving over, time (Fig. 8): it has a meandering yet

- [a supprimé: and the direct exposure of both the bedrock and the

h (a supprimé: We argue that t

comparatively narrow shape in July, slowly straightens and enlarges during summer, and appears almost straight in October.
A distinct reflection from what we interpret as the channel roof appears in August (Fig. 9¢) and rises from the bedrock pver
the course of the summer (Fig. 9d-¢). Above this channel roof, further internal reflections appear in October, which could stem

from air-filled fractures that form as ice lamellas start detaching and falling into the channel. The imaged part of the channel

: (a supprimé: during

is located close to the glacier portal, which consists of an ice arch measuring approximately 10 m in height (Fig. 12), and from

August the channel is likely unpressurized and air-filled, In such conditions, warm air can enter the channel from the glacier

portal, and we suggest that the heat advected in this way may have contributed to ice melt at the channel walls, thus favoring
the fast evolution seen with our 4D imaging.

Finally, the temporal evolution of the main cavity beneath the circular crevasses could also be monitored with our 4D

survey (Fig. 9f-i and Fig. 10). The results show that the thickness of the ice roof decreases while the height of the cavity
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increases as the collapse feature evolves throughout the summer (Table 2). The shape of the cavity remains similar between .. Ca supprimé: along the
July and September, while it appears to have jncreased in width in October (Fig. 10). Egli et al. (2021b) suggested that warm ... (a supprimé: gained

N AN

air can enter cavities from the glacier front when a widely open and unpressurized channel connects the glacier portal to a

cavity. In our case, however, the channel between the portal and the cavity does not seem air-filled until August (Fig. 9b-e),

i.e., well after the cavity started to grow. This makes air circulation an unlikely driving mechanism up to that stage. After - (a mis en forme : Non Surlignage

August, when the subglacial channel appears to be air-filled, this process may have played a role and enhanced the air cavity .- Ca supprimé: seems

evolution. As an alternative, Réss et al. (2023) hypothesized that the collapse feature at Rhone glacier grew by mechanical Ca supprimé: might

NS\

failure of ice lamellas and the subsequent melting and transport of the ice by the subglacial stream — a process referred to as

“block caving” in Paige (1956) or Egli et al. (2021b), This latter hypothesis is supported by Figure, 13, showing two images a supprimé: As an alternative, Riiss et al. (2023) hypothesized that
A the collapse feature at Rhone glacier grew by mechanical failure of
ice lamellas and the subsequent melting and transport of the ice by

the subglacial stream

from inside the air cavity acquired in August 2022. Large blocks of ice can be seen resting on the cavity floor, which must

have collapsed from the ice roof and are likely to deplete over time through a combination of melt and fluvial transport. The

'Ca supprimé: .

J

latter observation also explains the heterogeneous results in amplitude analysis at the bedrock interface beneath the collapse

feature (Fig. 8). The interplay between the various processes causes the question of which of them might dominate the overall

evolution.

al

Figure 11: Picture of the studied feature after its full taken on 11 Sep 2023. Two water channels entering the feature
from the north (green) and east (yellow) are visible, as well as one leaving the feature towards the west (blue). The white arrow
points to an observed step (~1 m in height) in the bedrock topography.
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Figure 12: Picture of the channel outlet at the glacier front, taken on 28 July 2022.
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Figure 13: Images taken from a video recorded inside the subglacial cavity by the ETH Ziirich, VAW Glaciology group. (a) Towards
430  the east, (b) Towards the west, Large blocks of ice that have fallen from the cavity roof are seen to have lated pn the bedrock

-'Ca supprimé: ice

surface. - (a supprimé: over

AN NN N NN
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6. Conclusion

JIn this paper, we presented the analysis and interpretation of a high-density 4D GPR dataset collected overan evolving surface

o (a supprimé: have
h (a supprimé: a

based GPR system which allows for the acquisition of high-quality, precise, repeat measurements. While the surveyed area
approximately 100 m x 150 m) might be considered to be relatively small, our results show the strong potential for using
repeated, high-resolution GPR surveys in combination with amplitude analysis for investigating the detailed temporal

evolution of the subglacial drainage system, We anticipate that the demonstration of these new capabilities will spur a new

(a supprimé: an alpine glacier. It focuses on

5 (a mis en forme : Non Surlignage
(a déplacé (et inséré) [4]

(a supprimé: that evolved during the summer of 2022 on the
terminal part

line of investigations, ultimately resulting in important glaciological advances.

The GPR data acquired in this study allow two main conclusions to be made. The first relates to the genesis of the

collapse feature: it initially emerged at a location where the main subglacial water channel meanders and merges with a
secondary smaller water channel, and where the bedrock topography displays a small step. After initiation, the subglacial
cavity grew by a combination of processes including subglacial ice melt and mechanical failure, with lamellas of ice detaching
from the cavity roof. This led to a continuous decrease of the ice roof thickness, favoring further instability. At the surface,
these processes resulted in a set of visually concentric circular crevasses, ultimately resulting in the mechanical failure of the
Here, the channel was seen to quickly evolve during summer, both in shape and in size. Since the channel appears to have been
unpressurized for most of the summer, we attribute this fast evolution to the advection of warm air from the large portal

observed at the glacier front, and to the accelerated melt happening at the channel walls through this advection,

On a broader perspective, and whilst acknowledging that an investigation focusing on an individual collapse feature

cannot be used to establish a potential link to ongoing climate change, our study provides specific, complementary information

to larger-scale studies that have provided evidence for an increase in the frequency by which surface collapse features pccur

(Egli et al., 2021b; Hosli et al., 2025). In combination, this growing body of literature sheds light on a phenomenon that has 3

sparked curiosity in the recent past, and clearly associates it with the ongoing process of glacier thinning and related reduction

in ice-flow velocities — two processes that are clearly driven by climate change and rising temperatures in particular (e.g.

emerge in other parts of the world too as glaciers continue to thin, our study contributes to better understand the local-scale

(a supprimé: The investigations were

(a supprimé: high-density 4D GPR data over glaciers
‘(a supprimé: in detail

h [a supprimeé: provide detailed insights into the temporal evolution

k :(a supprimé: ¢

) (a supprimé: Dehecq et al, 2019;

AN AN AN

of the glacier’s internal structure and

- (a supprimé: main )

a déplacé vers le haut [4]: The investigations were made
possible by a newly developed drone-based GPR system which
allows for the acquisition of high-density 4D GPR data over glaciers.
While the surveyed area (approximately 100 m x 150 m) might be
considered to be relatively small, our results show strong potential for
using repeated, high-resolution GPR surveys in combination with
amplitude analysis for investigating the temporal evolution of the
subglacial drainage system in detail. We anticipate that the
demonstration of these new capabilities will spur a new line of
investigations, ultimately resulting in important glaciological
advances.

(a supprimé: emerge

NN AN,

processes and effects that such features have,

25

a supprimé: On a broader perspective, although this study of a
single collapse feature cannot be directly attributed to the ongoing
climate change, it is agreed that the increasing frequency of such
events is linked to rising temperatures (Egli et al., 2021b; Hosli et al.,
2025). The relevance of further studying such a mechanism is
therefore important not only to understand better the cryospheric
changes that our planet is currently facing, but also their significant
implications for human safety in mountain environments.*
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Yideo supy ts. They will be uploaded and doi provided on a dedicated platform as requested in due time after review.

Ca supprimé:

For now, they are available at the following url with the password ‘collapse 22’:
https://unils-my.sharepoint.com/:f:/g/personal/bastien_ruols_unil_ch/Ekwcougm41FCvXsjOLY Sn7gBc2dNsUUyrgkGPIkG4CZI3A?e=J8PIuN
e Video V1: Drone-based GPR system taking off and beginning the data acquisition on 10 October 2022.
e Video V2: Drone-based GPR system acquiring data over the circular crevasses on 10 October 2022.

e  Videos V3-V14: Animations showing the full 3D models obtained for the four surveys.

Supplementary Material. One .pdf file was uploaded alongside this manuscript.
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