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Abstract: Deglaciation in high mountain areas signifies the transition from glacial to periglacial
conditioned landscapes. Due to the reduced melt rate of debris-covered glacier ice, these areas of the
glacier may persist long after the surrounding glacier has melted, resulting in the formation of distinct
post-glacial landforms. In this study, we examine the geomorphological evolution and potential
future development of a 19,267 m3 + 204 m3 rockfall from the permafrost-affected headwall on the
low-elevated Zwieselbachferner in the Horlachtal, Stubai Alps, Austria. The analysis uses multi-
epochal remote sensing data, including photogrammetrically and airborne laser scanning-derived
digital elevation models, orthophotos, and satellite data, covering a period from the initial rockfall in
2003/2004 to 2022. The data reveals that the rockfall event resulted in the formation of a supraglacial
debris layer of varying thickness, spanning an area of 15,920 m?. Subsequently, 13 further rockfalls
ranging from 67 m3 + 6 m3 to 4250 m® + 121 m? were detected. The mean ice thickness of the
debris-covered area only slightly decreased between 2006 and 2022, in contrast to the surrounding
glacier, whose thickness and length have strongly decreased. This results in the formation of a steep
front and flanks that become increasingly covered by debris redistribution. The study suggests that
the glacier ice covered by rockfall-derived debris will remain as a periglacial landform of glacial
origin after the complete melting of the surrounding glacier.

Keywords: alpine deglaciation; demise of a small glacier; supraglacial debris; post-glacial
landscape evolution

1. Introduction

Global warming is causing significant changes to alpine landscapes, with the most
notable being the accelerating loss of glacier mass [1,2]. In the Austrian Alps, this has
led to a 44% reduction in glacier area since the Little Ice Age (LIA) until 2004-2012 [3]
and this trend is projected to continue in the future [4]. Deglaciation results in the emer-
gence of proglacial landscapes and steep rock faces, which are characterized by periglacial
and paraglacial processes. Periglacial environments are characterized by freeze—thaw
processes and the presence of permafrost (see [5]), while paraglacial environments are
directly conditioned by former glaciation and are dominated by sediment transport and
deposition (see [6]). As these landscapes are in an unstable condition, they exhibit high
geomorphic activity due to paraglacial processes (e.g., [6-9]). Concurrently, warming
permafrost (e.g., [10,11]) can contribute to the destabilization of rock faces [12-15]. This
may affect landscape development by increasing the input of debris to the glacier from
remobilized lateral moraine deposits (e.g., [16]) or gravitational processes originating from
the steep walls of the glacier catchment, such as snow avalanches (e.g., [17]), rockfalls, or
rock avalanches (e.g., [18-20]). Globally, 4.4% of the glacier area is covered by debris [21],
with a mean debris cover of 22.8% for the Eastern Alps in 2015, and an increasing trend [22].
This is attributed to englacial transport and increased melt-out of debris in the ablation
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zone due to negative mass balances and higher ablation rates [23,24]. In comparison, when
deposited in the ablation zone, the debris remains on the surface of the glacier and forms a
supraglacial debris cover without being previously incorporated into the glacier and trans-
ported englacially. The increase in equilibrium line altitude (ELA) in recent decades [25]
has expanded the ablation zone of glaciers, making the input of debris and the resulting
supraglacial debris cover increasingly important in the future. This is particularly the case
when glaciers are below the ELA and debris from steep glacier headwalls is deposited
directly on the ablation zone. By the end of the century, the ELA is projected to surpass
the elevation of most glaciers in the European Alps that have survived until then [26].
When a critical debris thickness is exceeded, the underlying glacial ice is insulated from
atmospheric heat due to the low thermal conductivity of the debris layer, resulting in a
decrease in ablation rates [27]. Therefore, depending on debris thickness and external
forcing, glacier ice can remain under a debris layer long after glaciation and, in some cases,
form prominent periglacial landforms (e.g., [28-30]). Although the origin of rock glaciers
remains controversial (see [31]), recent case studies have even suggested the transition from
debris-covered glaciers to rock glaciers over the last decades [32-36] and this process has
been modeled [37].

There is a scarcity of studies that have examined the geomorphological evolution of
large-scale rockfalls from the headwall of small, retreating glaciers. However, as previously
discussed, we postulate that this process will become increasingly significant and may
impact the appearance and development of formerly glaciated landscapes in the future. To
address this gap in knowledge, the aim of this study is to present a case study that examines
the geomorphological development of a rockfall on a small glacier in the Horlachtal, Stubai
Alps, Austria. We also discuss its potential future evolution and the broader implications
of this process for future landscapes. The investigation is based on various remote sensing
data, including photogrammetrically and airborne laser scanning (ALS)-derived digital
elevation models (DEMs), orthophotos, and satellite data. Although the debris-covered
portion of the glacier created by the rockfall is not yet an independent landform, for the
purposes of this study, we refer to it as a landform.

2. Materials and Methods
2.1. Study Area

The study area is located in the Zwieselbachtal, a north—south trending tributary
valley of the Horlachtal, which is situated in the Central Eastern Alps and is part of the
Stubai Alps mountain range (Figure 1a). The Horlachtal stretches over elevations of 1557 m
to 3340 m and contains four recent glaciers [38] and 40 intact rock glaciers [39]. The
meteorological station Horlachalm, located within the catchment at an elevation of 1910 m
and operated by the Tyrolean Hydropower Company TIWAG, measured a mean annual
precipitation total of 820 mm and a mean annual air temperature of 3.1 °C between 1991
and 2020. Geologically, the Horlachtal is part of the Otztal Massif and is characterized by
gneisses and mica schists dipping in an east-west direction parallel to the main valley. The
north-facing Zwieselbachferner is located at the head of the Zwieselbachtal at an elevation
range of 2667 m to 2943 m in 2022 (Figure 1b). The glacier, which is rather small and
heavily covered with debris over large areas, currently covers an area of 0.26 km?, while
during the Little Ice Age (LIA) it had an area of 1.89 km? and was connected to today’s
Zwieselbachferner West [40]. The headwall of the glacier has an average slope of 48°
and is composed of migmatite, migmatitic biotite-rich granites, and fine-grained biotite
schist [41]. During the airborne laser scanning campaign, which was carried out by the
Chair of Physical Geography of the University of Eichstitt-Ingolstadt in 2022 as part of
the SEHAG (“Sensitivity of high alpine geosystems to climate change since 1850”) project,
a debris-covered part of the glacier was discovered on the Zwieselbachferner, which is
clearly distinguishable from the remaining part of the glacier (Figure 1c).
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Figure 1. (a) Location of the Horlachtal in Austria and surrounding countries. The coordinates in this
figure, as well as in all following figures of this study, are ETRS89/UTM zone 32N coordinates (EPSG:
25832). (b) Overview map of the study area in Zwieselbachtal. The mapping of glacier extents, glacier
headwall, and landform is described in more detail in Section 2.3. The LIA glacier extent is taken
from the Austrian Glacier Inventories [40]. (c) Aerial photo of the landform, whose development is
being studied, taken during the ALS campaign on 03 August 2022.

2.2. Data and Data Pre-Processing

To reconstruct the formation of the landform and characterize its development, several
remote sensing data sets were used. The data sets, their use, and their pre-processing for
further analyses are described in the following. The uncertainties and shortcomings of the
data and methods are discussed in Section 4.1.

2.2.1. Digital Elevation Models

Both photogrammetrically and ALS-derived DEMs (see Table 1) and their derivatives
(hillshade and slope rasters) were used for mapping, while volume and surface elevation
change calculations were performed based on DEMs of Differences (DoDs).

For 1973, the pre-rockfall DEM, a total of 91 aerial images, scanned with 12 pm,
were obtained from the surveying department of the federate state Tyrol (www.tirol.gv.at,
accessed on 20 January 2023). The images were acquired with a Wild camera equipped with
a 210 mm lens. The images were oriented using an aerial triangulation [42] in the Software
Trimble Inpho 9.2 using 62 manually picked ground control points (GCPs) with an accuracy
of 0.2 pixels. The GCP coordinates were derived from a recent orthophoto and elevation
model. After this image orientation, surface points (mean point density 1.8 pts/m?) were
derived using feature-based matching to create a surface model and an orthophoto mosaic.
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Table 1. Information on the DEMs used in this study.

Date Data Type Source Point Density (pt/m?)  Raster Resolution (m)
6 August 1973 Photo.grammetrlc Images: State Tyrol; 18 1
point cloud own processing
6-7 September 2006 ALS raster State Tyrol - 1
19, 31 July 2017 ALS raster State Tyrol - 1
22 September 2021 ALS point cloud Own acquisition/ 137 1
processing
4 August 2022 ALS point cloud Own acquisition/ 21.6 1

processing

The DEM from 2006 and 2017 were provided by the state of Tyrol. These ALS-derived
datasets are available as gridded DEMs at a resolution of 1 m x 1 m.

The ALS data from 2021 and 2022 were recorded during two field campaigns of the
University of Eichstétt-Ingolstadt on 22 September 2021 and 4 August 2022 using a Riegl
VUX 1LR integrated into a Riegl VP-1 HeliCopterPod (see https:/ /riegl.com accessed on
20 January 2023) mounted on a helicopter. The processing of the raw data included the
correction of the trajectory using a virtual reference station calculated by real-time position-
ing Austria—EPOSA (eposa.at). Individual stripes were georeferenced with parameters
optimized by automatic strip adjustment [43], which is implemented in the point cloud
processing software OPALS [44]. Outlier detection and ground point classification were
performed using the LIS Pro 3D extension of Laserdata [45] of the GIS software SAGA [46].
Following point cloud processing, the point clouds were gridded with a resolution of
Im x 1m.

As the datasets of 2006 and 2017 are only provided as gridded DEMs and not point
clouds, we used the grid-based approach for iterative co-registration of DEMs proposed by
Nuth and Kaéb [47], implemented in the Python package pybob [48] for fine registration of
the DEMs. Based on the orthophoto and initial DoDs (DoDs without prior fine registration),
stable bedrock sections and stable areas in the glacier forefield around the study area were
mapped and used for the fine registration of all datasets to the DEM 2017, which served as
the reference dataset.

For all calculations of surface elevation change and volume calculations based on
DoDs, an uncertainty analysis according to Anderson [49] was carried out. For all periods,
a 670 m? stable rock surface with similar exposure and slope inclination as the investigated
areas was taken as a basis for this analysis (for a more detailed description of the uncertainty
analysis, see Anderson [49] and Fleischer et al. [50]).

2.2.2. Orthophotos

In addition to mapping the snow patches on the landform and the debris cover of the
Zwieselbachferner (Section 2.3), orthophotos were used to determine the flow velocities
of the landform (Section 2.7). Table 2 lists all the orthophotos used. Orthophotos with a
resolution of 0.2 m were obtained from the Office of the Tyrolean Government, Department
of Geoinformation/Tyrol, Austria. The software Agisoft Metashape Professional 1.7.2 was
utilized in a standard structure from motion, multi-view stereo (SfM-MVS) workflow, to
calculate an orthophoto of 2022 using 39 photos from a nadir camera (Sony «7R + Zeiss
Loxia 2.4/25 mm) which was mounted on the helicopter during the 2022 ALS campaign.
After aligning the photos, they were georeferenced by selecting 10 GCPs in and around the
landform on the DEM of 2022. The simultaneous acquisition of the images and the ALS
data justifies the determination of GCPs even in non-stable areas. Before the creation of
the dense point cloud, the DEM calculation, and the creation of the orthophoto, a bundle
adjustment was carried out. The resulting orthophoto was resampled to a resolution of
0.2 m to match the resolution of the orthophotos from 2003 to 2018. To align the orthophotos
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and thus improve the spatial accuracy of the results, they were manually co-registered with
the 2015 orthophoto (see [51]).

Table 2. Information on the orthophotos used in this study.

Date Type Source GSD * [m]
4 August 1973 Photogrammetric Images: State Tyrol; 02
orthophoto own processing
4 September 2003 Orthophoto State Tyrol 0.2
8 September 2009 Orthophoto State Tyrol 0.2
27 August 2015 Orthophoto State Tyrol 0.2
27 September 2018 Orthophoto State Tyrol 0.2
4 August 2022 Photogrammetric Own acqu1§1tlon / 0.03
orthophoto processing

* Ground sampling distance.

2.2.3. Satellite Images

To determine the initial rockfall event that formed the landform, Landsat 5 and 7
satellite images (https://earthexplorer.usgs.gov/ accessed on 12 December 2022) from
2000-2006 were analyzed in addition to available orthophotos. The temporal delineation
was possible because the occurrence of the initial rockfall could be narrowed down in
advance using Google Earth images (https:/ /earth.google.com accessed on 5 December
2022) and the available ALS data and orthophotos. Furthermore, freely available satellite
images from Sentinel 2 and Landsat 5, 7, and 8 satellites between July and October were
used to visually determine whether the glacier was below or above the ELA in the respective
year (Table S1 and Figure S1). A distinction was made between the slightly higher part
(eastern part) and the rest of the glacier (western part), where the landform is located.

2.3. Glacier and Landform Mapping

Manual mapping of debris-covered glacier ice can be challenging and is prone to error
even on high-resolution data [52]. However, Abermann et al. [53] have demonstrated the
potential of multi-temporal, high-resolution DEMs for mapping glaciers and debris-covered
glaciers. Adopting this method, which has been used for mountain regions [54] as well as
individual glaciers [55], we use DoDs to map the extent of the Zwieselbachferner. In this
way, the glacier outlines of the years 2006 and 2017 can be determined. To map the outline
of the glacier in 2022, a DoD was generated from the DEMs 2021 and 2022. The resulting
2021 glacier outline was corrected by visual inspection of the 2022 hillshade to obtain the
2022 outline. In addition, the bare ice was mapped on the available orthophotos. Due to
the mapping approach of the glacier outlines, it is not possible to determine the proportion
of the debris-covered area to the total glacier area, because apart from 2022 there are no
glacier outlines that temporally match the mapping of the bare ice on the orthophotos.

The mapping of the Landform was carried out both on hillshades derived from DEMs
and on orthophotos. Snow patches that were present at the time when the respective
datasets were recorded were also mapped. All mapping was completed by one operator,
as this increases the consistency of the results [56]. Subsequently, the co-authors reviewed
the mapping.

2.4. Characterization of Rockfalls

In a first step, the rockfall detachment areas of the periods 1973-2006, 20062017, and
2017-2022 were mapped in the headwall based on the respective DoDs. The DEM 1973 was
used as the pre-initial rockfall DEM, as it provided the best data quality of the associated
aerial photographs. Other possible data sets for the pre-rockfall DEM would have been
the aerial photographs from 1997 or 2003 (Federal Office of Metrology and Surveying
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(BEV) but were discarded due to quality issues. While the area of the glacier headwall
is heavily shadowed in the 1997 aerial photos, the 2003 data set shows snow in this area.
Both snow and shadows are disadvantageous for photogrammetric processing and DEM
creation. Visual comparisons of the 2003 and 1973 orthophotos indicate that no major
rockfalls occurred in the glacier headwall above the landform during this period. To avoid
misunderstandings, we use 2003-2006 for this period in the following text and note that
volume calculations of this period were calculated based on the DoD 1973-2006.

After mapping the rockfall detachment areas in the headwall above the glacier, their
volumes were calculated for each area based on the DoDs. Due to the time difference
between the single remote sensing data acquisitions, it is not possible to say with certainty
whether the volume changes in the individual areas occurred in one or in several single
rockfall events.

To represent the thermal regime in the rock face and to draw links between rockfall
activity and the presence of permafrost, permafrost modeling based on Kenner et al. [57]
was carried out. This model uses a linear regression with the explanatory variables po-
tential incoming solar radiation (PISR) and elevation to predict borehole temperatures
and therefore model the mean annual ground temperature (MAGT) and thus permafrost
occurrence. This model was developed in the Swiss Alps and, in the form adopted in this
study, is valid for ice-poor permafrost in rockwalls.

2.5. Estimation of Initial Debris Thickness

To estimate the spatial distribution of the initial rockfall debris thickness, cross-sections
with a spacing of 10 m over the DEM from 2006 were analyzed. Additionally, the landform
mapped in 2006 was clipped from the DEM 2006 and the resulting gap was closed using
bilinear interpolation to reconstruct the glacier surface [58,59] under the debris layer. To
obtain a spatially distributed debris thickness layer, the actual surface was subtracted from
the interpolated surface.

2.6. Measurement of Surface Elevation Changes and Estimation of Ice Thickness Development

Because spatially high-resolution surface elevation changes in the glacier are available
for the periods 2006-2017 and 2017-2022 from DoDs, we wanted to illustrate this effect
on ice thickness to estimate its past and future development. As a basis for this, we
use ice thickness data produced by Helfricht et al. [60]. They used in situ ice thickness
measurements of glaciers in the Austrian Alps and observed glacier geometries to calibrate
an established ice thickness model [61] and derive an ice thickness dataset for all glaciers in
the Austrian Alps. This data set was subtracted by the surface elevation changes in each
period. The results were clipped by the mapped glacier outlines to derive the ice thickness
for the years 2017 and 2022. Assuming a consistent annual rate of surface elevation change,
derived from the 2017-2022 DoD, we estimate the future evolution of ice thickness.

2.7. Measurement of the Surface Flow Velocities

To determine the flow velocities of the landform, image correlation, and manual
feature tracking methods were applied using orthophotos from 2009, 2015, 2018, and
2022, with snow-covered areas excluded. Image correlations were calculated utilizing
the IMCORR algorithm [62] implemented in SAGA GIS (configuration: search chip size:
128 x 128; reference chip size: 64 x 64; grid spacing: 5). This method generates vectors
representing the flow direction and distance between two images (e.g., [51,63,64]). These
were cleaned manually, and a level of detection (LoD) was determined according to the
approach of Fey and Krainer [63]. Additionally, 22 blocks distributed over the landform
were tracked manually. The presence of thin snow cover on the surrounding glacier in the
2009 and 2018 orthophotos hampered a similar analysis of possible glacier movement.
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3. Results
3.1. Evolution of the Zwieselbachferner

At the maximum extent of the LIA, the Zwieselbachferner had an area of 1.87 km? and,
following the alpine-wide trend [3], had melted to an area of 0.42 km? by 2006, creating
a typical proglacial landscape see [8]. The glacier area is reduced by 27% to 0.31 km? by
2017 and by another 14% to 0.26 km? by 2022. Although the majority of the glacier is
already covered by debris in 2006, this area increased to 77% of the total glacier area by
2022 (Figure 1b). The analysis of satellite imagery from 2004 to 2022 shows that the ELA
in the western part, where the landform is located, is situated above the glacier in 50%
of the years, while this is the case for the eastern part in 20%. These data are based on
cloud-free and snow-free images, as no such images were available between 2007-2008
and 2012-2014. As the glacier is below the ELA in certain years, the melting of englacial
debris in the upper zone of the glacier occurs. Moreover, debris transported from the
headwall accumulates, as evidenced by the results of clean ice mapping on the orthophotos,
which show an increase in debris coverage on the upper parts of the glacier between 2009
and 2022. The mean surface elevation change in the glacier slightly increases, despite the
increase in debris cover, with a rate of —0.76 m/year + 0.01 m/year from 2006 to 2017
and —0.83 m/year + 0.01 m/year from 2017 to 2022. This results in a total volume loss of
—315,335 m?/year 4 4506 m3/year and —255,666 m3/year + 1860 m3/year, respectively.

3.2. Evolution of the Landform

The analysis of the LANDSAT data indicates that the initial rockfall on the Zwiesel-
bachferner occurred between 4 September 2003 and 18 September 2004. For this rockfall, a
volume of 19,267 m3 + 204 m3 can be determined. Regarding the estimated debris thickness
of the initial rockfall deposition, we refrain from giving absolute values but give a continu-
ous scale from thin to thick due to the methodology. Visual observation of the hillshades
and orthophotos suggests that the minimum thicknesses (thin) are a few decimeters, while
analysis of the profiles (Figure S2) suggests that the maximum thickness (thick) is several
meters. In the upper part of the landform, the more complex topography of the glacier
even led to negative values, which were classified as thin debris thickness, confirmed by
the hillshade of the DEM of 2006 and the orthophoto of 2009 (see Section 4.1. for more
detail). The debris thicknesses estimation after the initial rockfall indicates that the greatest
thickness occurs at the down-glacier part of the landform, decreasing towards the headwall
of the glacier (Figure 2a). The distance from the initial rockfall detachment area to the front
of the mapped landform in 2006 is up to 240 m, which indicates a long run-out length of the
initial rockfall on the glacier (c.f. [15]). The locations of major rockfalls between 2003 and
2022 are illustrated in Figure 2. These include two large rockfalls between 2003 and 2006,
with volumes of 2248 m? + 36 m® and 2009 m3 + 27 m3. Between 2006 and 2017, there were
eight additional rockfalls, ranging in volume from 70 m® + 6 m3 to 4250 m® + 121 m3. In
the period from 2017 to 2022, three more rockfalls were identified, with volumes between
99 m® 4 2 m3 and 1305 m® 4 16 m?. It is not possible to determine the deposition area of
the rockfalls following the initial event based on the DoDs due to the changing surface ele-
vation of the glacier. However, a visual comparison of the available orthophotos indicates
that the rockfalls had shorter run-out lengths and were mostly deposited on the upper part
of the landform. Some rockfall detachment areas (Event IDs: 01_03, 02_01, 02_02, 02_03,
03_02) deposited debris partly on the glacier next to the landform, resulting in an elongated
debris cover in that area due to longer run-out lengths on the ice.

For the entire area of the glacier headwall, MAGT was below 0 °C and thus permafrost
was modeled (Figure 2). In the area of the headwall above the landform, which is geo-
logically composed of migmatites [41], a minimum MAGT of —3.34 °C was calculated.
However, in this area, the headwall is built up by a relatively narrow ridge, on whose
southeast-facing side we derived MAGT temperatures between 0 °C and 1 °C in some areas.

The thick debris cover on the landform reduces melting rates, as evidenced by the
lower surface elevation changes. The mean surface elevation changes were —0.23 m/year &
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0.01 m/year and —0.29 m/year £ 0.01 m/year between 2006-2017 and 2017-2022, respec-
tively. Comparison of the surface elevation change rates in an area of 50 m around the
landform shows a reduction by a factor of four and five, respectively, in the two periods.
When only bare ice around the landform is considered, the reduction factors increase to six
and seven, respectively. This leads to the formation and steepening of the sides and front
of the landform (Figure 3).
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The reduced surface elevation changes on the landform lead, in consequence, to more
ice being preserved underneath (Figure 4). As can be seen on the maps of ice thickness
development in Figure 4, the glacier around the landform is melting and is clearly losing
thickness. The mean ice thickness in the landform area decreases only slightly from 23.5 m
to 21.81 m between 2006 and 2022, while the maximum ice thickness remains constant at
about 40 m over the same period.
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Figure 4. Development of ice thickness of the Zwieselbachferner. The initial ice thickness (2006)
is modeled by Helfricht et al. [65], and the further development of ice thickness is derived by
subtracting the respective DoDs from this data (for a more detailed description of the approach
see Sections 2.6 and 4.1).

The development of the surface flow velocity of the landform was investigated using
both image correlation and manual mapping of orthophotos. The results of both methods
were found to be consistent and showed a directional homogeneity in flow velocity across
all periods (Figure 5). The LoD of flow velocities were determined to be 0.035 m/year
(2009-2015), 0.071 m/year (2015-2018), and 0.063 m/year (2018-2022). The mean value
of the flow velocity decreased over time, from 0.77 m/year (2009-2015) to 0.61 m/year
(2015-2018) and finally to 0.41 m/year (2018-2022). The flow velocity maps show an
inhomogeneous deceleration towards the current rate in the 2018-2022 period with little
spatial variability.
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Figure 5. Flow velocity in different periods derived by manual mapping and image correlation
(IMCORR). The landform outline and the orthophoto depict the first year of the respective period. In
the upper-right corner of the individual maps, flow velocities of the period are displayed as boxplots
with the unit m/year. The results of the manual mapping are shown for all periods in the map of the
period 2018-2022.
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4. Discussion
4.1. Methodological Limitations

To estimate the spatial distribution of debris thickness following the initial rockfall, we
reconstructed the glacier surface from the DEM of 2006. While bilinear interpolation is gen-
erally considered a reliable method for dealing with DEM voids for glacier applications [58],
it is important to note its limitations for our application. This method is not capable of
reconstructing the actual glacier surface for sections with complex topography, which led
to negative values in the upper part of the landform when estimating debris thickness.
Additionally, the lack of an elevation model shortly after the initial rockfall results in an
overestimation of the debris cover due to differences in surface elevation changes between
the landform and surrounding glaciers.

It is important to note that the differences in surface elevation changes between
landforms and surrounding glaciers are primarily attributed to variations in melt rates
of the underlying and surrounding glacier ice, caused by the insulation effect of the
debris mass [27]. However, other factors such as surface elevation changes resulting from
downslope movement, debris redistribution, and input from headwall avalanches and
debris, as well as compaction of debris and ice aggregation, can also contribute to an
underestimation or overestimation of the actual melt rate. The same considerations apply
to the calculation of ice thickness development, as surface elevation changes were assumed
to reflect melt rates. Additionally, model inaccuracies of 25-30% [65] should be taken into
account when estimating future ice thicknesses under the assumption of constant melt
rates. It is also important to consider that this assumption may not be accurate due to
potential future changes in meteorological forcing and debris cover extent and thickness.

4.2. Similar Landforms

Kellerer-Prikelbauer and Kaufmann [30] studied the deglaciation of two neighboring
cirques in the Schober Mountains, Austria, which no longer contain glaciers. They observed
“small scale tongue-shaped landforms” (STLs) beneath the cirque headwalls, similar to
those described by Gémez et al. [29]. These STLs have lengths of 38-125 m, front heights
of 1-6 m, widths of 13-34 m, and average slopes of 24-34 degrees. In 2022, the landform
described here was found to be larger in size and the front height was significantly greater,
around 30 m. The authors used electrical resistivity tomography and ground surface
temperature measurements to detect permafrost and massive ice in the STLs. The debris
thickness of the STLs is 40-70 cm, significantly lower than the debris thickness of up to
several meters estimated for the terminal area of the landform. They also found consistent
horizontal movement velocities of 1 m/year between 1997 and 2002 and vertical subsidence
of the STLs. The formation of these landforms is explained by paraglacial slope processes,
which deposited debris on the former glaciers [30].

Beyond the previously mentioned glaciogenic periglacial landforms, additional rock-
falls have been observed on glaciers, which could contribute to the creation of analogous
landforms. Although no systematic analysis was conducted in the present study, Figure S3
depicts several examples from the Eastern Alps.

4.3. Interpretation of Landform Development

Although a comparison of the orthophoto from 1973 and 2003, which is partially
obscured by snow, did not reveal a large rockfall in the headwall above the landform.
Rockfalls, both large and small, occurred in the years following the initial event, which is
thought to have taken place between 4 September 2003 and 18 September 2004. This may
indicate a change in the system and explain the high rockfall rates in the decades following
deglaciation [9]. Additionally, warming permafrost, particularly an increase in the active
layer thickness [10,11], may also play a role in destabilizing the rock face and leading to
high-magnitude rockfalls and a higher rockfall frequency [12,13,66]. The exact year of
the first major rockfall could not be determined, but a heat wave in the summer of 2003
may have been a contributing factor [67]. Additionally, we assume that the area above the
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landform is characterized by weaknesses in the lithology, as the frequency and magnitude
of rockfalls in this area are significantly higher than in other areas of the headwall. This is
evident from the visual analysis of the DoDs.

The greatly reduced surface elevation changes observed in the area of the rockfall
deposits on the glacier are attributed to reduced melt rates of the underlying glacier due to
the insulation effect of the thick debris cover. This results in a longer preservation of the ice,
leading to comparatively faster melting of the surrounding glacier and the formation of a
steep flank and front of the landform. Due to the lateral melting of the ice body, the debris
lying on the top edges lose its support. This leads to smaller-scale mass movements and
consequently to the covering of the flanks with debris, resulting in an increase in the area
of the landform (Figure 3; orthophotos and outlines in Figure 5). Insolating the flanks with
debris causes reduced melt rates and can be described as a negative feedback loop.

Unfortunately, we were unable to determine the flow velocity of the surrounding
glacier using the methods employed to measure the surface flow velocity of the landform.
As a result, we are unable to provide a proportion of the surface flow velocity of the
landform compared to glacier movement. However, it is likely that the measured surface
flow velocity is a combination of glacier creep, sliding of the debris mass on the debris—
glacier interface, and deformation processes within the debris mass.

4.4. Future Development of the Landform

Our aim in the following discussion is to examine processes that may impact the
future development and appearance of the landform. Due to the challenge of extrapolating
external forcing, processes, and process rates, they should be viewed as possibilities rather
than deterministic predictions. The manifestation and the interaction of these processes,
including the melt rate of the ice core, development of surface morphology, material supply,
and flow velocity, will govern the preservation and evolution of the landform in the coming
years or decades.

4.4.1. Ice Thickness

Based on constant changes in surface elevation and past ice thickness developments,
it is likely that the glacier at the front of the landform will have melted by 2032. By 2042,
most of the surrounding glaciers will have melted, leaving only debris-covered dead ice
at the base of the headwall (Figure 6). However, it is important to note that the timing of
these developments is approximate and subject to change. Despite this, it can be inferred
that the landform will likely outlast the surrounding glacier and can then be considered
an independent landform. The complete melting of the glacier marks the transition of the
system from a glacial to a periglacial [5] one.

4.4.2. Surface Morphology

If permafrost conditions prevail, the ice beneath the debris layer may melt if it is thin-
ner than the active layer [31]. The low standard deviations in surface elevation change of
0.11 m/year and 0.16 m/year, respectively, have resulted in a relatively uniform landform
evolution since 2006 (see Figure 3). However, the melt-out of englacial debris and the redis-
tribution of debris by gravitational processes could potentially increase debris thickness
and alter its spatial variability [23,68]. Consequently, this would lead to the development
of incoherent surface morphology, due to variable melt rates, if the spatial distribution
of debris thickness exhibits small-scale variability. This was observed for debris-covered
glaciers by Molg et al. [69] and Westoby et al. [70].
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Figure 6. Estimated future development of ice thickness and glacier extent in five-year steps assuming
constant surface elevation changes regarding the period 2017-2022. The base map for all years is the
hillshade of the DEM from 2022. Additional processes, including the redistribution of debris, the
development of surface morphology, and flow movement, along with debris and avalanche input
from the headwall, will alter the extent and appearance of the landform compared to its current state
in 2022. It should be noted that these changes are not accounted for in this figure.

4.4.3. Permafrost Conditions

Permafrost formation may occur after deglaciation of an area [71-73]. Due to the lack
of in situ measurements, (e.g., MAGT or bottom temperature of snow cover measurements)
it is difficult to prove permafrost, which is defined in the classic sense as ground that has
temperatures below or at 0 °C for two consecutive years [74]. Glacier ice is often excluded
(e.g., [75]), while old debris-covered glacier ice was later often included in the permafrost
definition (e.g., [76]). Following the latter definition, the landform after deglaciation of the
surrounding Zwieselbachferner would be considered permafrost. At least in the upper part
of the landform, permafrost in the classical sense can be assumed under the perennial snow
patches (see Figure 5). They favor the development of negative ground temperatures as
temperatures cannot rise above zero during the summer while temperatures drop far below
zero during the winter and therefore contribute to the accumulation of frozen material [77].

4.4.4. Sediment and Ice Supply

Our observations show that the rate of rockwall retreat at —43 mm/year 4+ 6 mm/year
in 2017-2022 and —33 £ 11 mm/year in 2006-2017 is significantly higher compared to
alpine rockwall erosion in general (see [78] and references within). It is worth noting
that a significant part of the rockwall retreat rate is caused by large rockfalls, the future
development of which cannot be predicted with the available data. In addition, the time
period from 2006 to 2022 is not extensive enough to confidentially estimate sediment source
rates in general. Nonetheless, the occurrence of 13 rockfalls, with volumes ranging from
67 m3 + 6 m3 to 4250 m> + 121 m> between 2003 and 2022 (see Figure 2) suggests that
rockfalls in this headwall area are expected to continue in the future, contributing debris to
the upper region of the landform. While the ELA is projected to increase in the future [26],
in the case of the Zwieselbachferner, it is anticipated to be below the glacier limit in some
of the years to come. This was observed in 50% of the years during the study period,
and no distinct trend was observed. In years when the ELA was above the glacier, snow
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patches were identified in the upper section of the landform, some of which were perennial
(see Figure 5). Given the existence of snow in the upper part of the landform, combined
with anticipated rockfall activity in the area, snow may be preserved by debris-induced
accumulation (see [79]).

4.4.5. Flow Velocity

The measured surface flow velocities of 0.41 m/year in the recent past (2017-2022)
do not provide any conclusive information on the future flow of the landform once the
surrounding glacier has melted. However, other similar landforms that also exhibit an ice
core and similar slopes have had surface flow velocities measured after deglaciation [30].
This is not surprising given that even completely buried glacier ice will continue to flow if
the shear stress is high enough to exceed the yield stress of the ice body [31]. Additionally,
Azizi and Whalley [80] have modeled the flow of similar landforms that consists of an ice
core and a debris layer. Assuming this structure of the landform, the current and future
surface flow velocity is primarily the result of basal sliding and sliding of the debris layer
on the debris—glacier interface [81].

5. Conclusions

In this study, we examined the morphological evolution of a rockfall onto a small
glacier below the ELA in many of the years studied. Our results suggest that the insulating
effect of the debris layer on the glacier will result in a debris-covered landform with an ice
core remaining in the future, even after the surrounding glacier has melted. As glaciers
continue to melt rapidly, ELA rises and glacier headwalls become more unstable due to
glacier melt and permafrost warming, we expect this process to occur more frequently
in the future and in some cases shape the appearance of formerly glaciated landscapes.
Our case study demonstrated how a rockfall-derived debris layer, estimated to be several
meters in parts, greatly reduces melt rates of the underlying glacier ice. As a result of the
variable melt rates of the debris cover and the surrounding glacier, a steep front and flanks
form, which become progressively covered and thus insulated by debris redistribution.
Furthermore, we were able to show that the underlying ice probably remains long after
the surrounding glacier has melted and thus forms an independent glaciogenic periglacial
landform.

In addition to the basic requirements such as the presence of a glacier below the
ELA and an unstable headwall, the formation of landforms similar to the one studied in
this research is also dependent on the timing, magnitude, frequency, and type of debris
input. This controls the composition, thickness, width, and length of the debris, which in
turn affects the area and intensity of insolation of the debris-covered glacier surface. High
magnitudes of rockfall, which are crucial for the formation of these landforms, are caused by
factors such as lithological weaknesses. As a result, it is likely that these phenomena mainly
occur in regions where changes in permafrost interact with these lithological conditions.
The persistence and future development of such landforms are also dependent on the
thickness of the glacier at the time of initial deposition, as well as the melt rate of the ice core,
development of surface morphology, material supply, flow velocity, and external forcing.

As glaciers continue to melt due to climate change, formerly glaciated areas will
shape the landscape in the high mountains in the future. In addition to moraines, high
morphodynamics due to paraglacial adjustment processes and newly formed lakes, these
areas will also feature glaciogenic, periglacial landforms. A systematic analysis of debris—
glacier interaction on small glaciers below the ELA, both retrospectively and prospectively,
is necessary to better understand the future appearance and process dynamics of currently
glaciated areas. This can be accomplished through a combination of historical maps,
historical DEMs derived from historical aerial photographs, more recent ALS data, and
orthophotos, in conjunction with field surveys such as measurements of MAGT and debris
thickness. This would provide a better understanding of the frequency of occurrence, future
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development, possible correlations with lithological conditions or relief parameters, and
persistence of such glaciogenic periglacial features.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /1515061472 /s1, Table S1: Satellite data used for the visual de-
termination of ELA in the respective year.; Figure S1: Example of the visual classification of the
ELA ; Figure S2: Representation of the longitudinal profiles based on the DEM of 2006 for estimating
the debris thickness.; Figure S3: Examples of further rockfalls from the headwalls of glaciers in the
Eastern Alps.
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