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Abstract

In the context of climate change, glaciers in the Alps are rapidly receding. Different
studies suggest that in this epoch, they are out of balance with the climate, and that
glacier retreat rates have exceeded historical precedents from the early 21st century.
Mountain glaciers are important resources for society because they provide different
ecosystem services. Climate change is threatening the stability of these benefits,
and, as a result of permafrost thaw and post-glacial debuttressing, it is causing the
emergence of climate-related hazards at high altitude. To understand how mountain
slopes react to deglaciation, we compiled the first inventory of paraglacial slope
instability phenomena that have occurred on glaciers in the Venosta Valley (Italy)
since the Little Ice Age (LIA). We mapped their geographical distribution, evaluated
their relationship with deglaciation, and examined their runout to assess the potential
implications of such events for alpine routes. To better quantify deglaciation, we

also digitized the outlines of the glaciers based on imagery from 2020, updating the
archives and providing valuable data for comparison with previous studies. Between
2000 and 2020, a total of 500 slope instability events occurred within a region that,
since the LIA, has experienced strong glacier area contraction (-69.44%). This research
demonstrates how the mountains are rapidly responding to climate change and
deglaciation, highlighting that alpine routes crossing the glaciers in our study region
cannot be considered outside the potential runout zone of a rockfall.

Keywords Paraglacial activity, Glacier retreat, Rockfalls, Remote sensing, Climate
change

1 Introduction

Glaciers are recognized as indicators of climate change, and their decreasing size and
volume are considered an undeniable sign of global warming. Glacier retreat rates have
increased since the 1980s and have been exceeding historical precedents in the early 21st
century [1, 2]. This trend is observed all over the Alps: the Swiss Glacier Inventory 2010
[3] reports a glacier area loss of 27.7% since 1973 and the extinction of 733 glaciers over
the same period; Lambrecht and Kuhn [4] estimated that Austrian glacier area decreased
by about 17% during 1969-1998; Knoll and Kerschner [5] reported an area decrease for
the South Tyrol glaciers of approximately 36% between 1983 and 2006. In Italy, the last
official glacier inventory [6] reported a reduction of approximately 30% in glacier cover
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since the 1960s. Considering the whole Alps [7], report a 14% reduction in glacier area
between 2003 and 2015. The recession is also evident in the annual reports published at
the end of seasonal monitoring of Alpine glaciers. For example, in 2023, glaciers in every
Italian region reported losses [8]; a similar situation is observed also in Austria [9] and
Switzerland [10]. These data confirm that the regression is common across the Alps and
that it is now possible to observe significant glacier variations within an average human
lifetime. For this reason, glaciers are often considered valuable indicators of climate vari-
ability. In addition, glaciers provide a range of ecosystem services: they are not only stra-
tegic water resources for agriculture and hydroelectricity, but also important attractions
for alpinists and tourists. Climate change is threatening the stability of these benefits and
causing numerous climate-related hazards at high altitudes. On the one hand, the rapid
melting and increased availability of liquid water on the glacier surface and at its base are
impacting the structural stability of glacier sectors, as seen in the Marmolada collapse
[11]. On the other hand, direct effects are also evident in the surrounding rock walls and
slopes that, once ice-bonded, are now becoming more unstable due to the reduced geo-
technical and mechanical properties of the rock, debris, and soils [12, 13].

These glacial and paraglacial instabilities pose not only a threat to the safety of high-
altitude areas but also cause debris to be released over glaciers, modifying their surface
properties (e.g., albedo), which, in turn, influences their energy balance and melting
rates in a feedback loop (Fig. 1) [14—16].
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Fig. 1 Scheme of the feedback loop between glacier recession, paraglacial activity, and glacier albedo
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At high altitudes, in addition to glacial retreat in the strict sense, permafrost degrada-
tion is another major driver of erosion processes. As reviewed in different studies [17-
19], changes in ground-ice permafrost temperature act as triggering factors for rockfalls.
This destabilization may occur due to three main processes: (I) the fracturing of rock
during seasonal and multiannual freezing, (II) changes in hydraulic conductivity, pore
water pressure, and circulation during freezing and thawing, and (III) changes in surface
geometry resulting from major rockfalls.

The combination of rapid deglaciation with factors such as temperature changes, geo-
logical and hydrological settings, enhances the occurrence of slope instability and, there-
fore, increases the vulnerability of infrastructure and society in general.

While there is a good understanding of the geomechanical processes that trigger gla-
cier-related instabilities, knowledge of their spatio-temporal distribution and their rela-
tionship with deglaciation remains limited [16, 20, 21]. In the European Alps, studies
have focused on specific events and glaciers, such as those in the Mount Blanc massif
[22] and the Great Aletsch Glacier [23]. [ 24] investigated the Central-Western Alps, but
identified only 56 major events because they considered only those with an estimated
volume of more than 1000 m?; smaller events occur even more often but are less easy to
recognize.

The limited number of inventories covering entire regions or valleys complicates the
study of correlations between paraglacial activity and deglaciation, and the assessment
of areas more susceptible to instability. Indeed, as reported by [25], inventories can serve
as proxies for analyzing potential predisposing factors or vulnerable infrastructure. In
addition, there is an increasing concern among alpinists because instability is altering
the accessibility of normal routes, making them increasingly dangerous (e.g., Couloir du
Golter on Mt. Blanc [26, 27]). For alpinists, it is thus relevant to know the frequency
and location of slope instabilities, as well as the potential intersection between their run-
out and the alpine trail. Together with the identification of the release areas, the runout,
defined as the process area of the coherent mass discharged during an instability event,
is also a key parameter to be estimated, allowing to understand not only the spatial dis-
tribution but also the dimensions of the events [28, 29].

Considering all these reasons, compiling inventories is important not only from a sci-
entific perspective but also to describe the state of paraglacial activity in the Alps and aid
in the analysis of accessibility in high-altitude areas.

This study aimed to compile an inventory of slope instability events originating
from paraglacial mountain sides in the Ortles-Cevedale and Italian Otztal Group that
displaced material onto glacier surfaces up to 2020. At this stage, only phenomena
identifiable through aerial and satellite imagery were mapped, as no field surveys or
ground-based investigations were conducted. Through this research, we reconstructed
the evolution of the glaciers, updated their outlines to 2020, and identified those particu-
larly susceptible to rockfalls. In addition, we focused on rockfall events to analyse their
runout using various approaches and to investigate potential interactions with alpine
routes or strategic infrastructure (e.g., mountain huts, ski slopes, ski lifts). The compila-
tion of such an inventory is thus important not only from a scientific standpoint, as it
assesses the state of paraglacial activity in the Alps, but also for supporting the analy-
sis of accessibility to high-altitude areas and as a fundamental starting point for further
detailed analyses.
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This research aims to compensate for this gap by providing the first inventory of
paraglacial activity in the Venosta Valley (Italy). We strive to describe phenomena that
help explain the spatial distribution of rockfalls and the impact of recent high-altitude
deglaciation on their occurrence. A detailed inventory of rockfalls in a paraglacial envi-
ronment has been proposed by [25] for the Otztal group on the Austrian side; given its
framework, we decided to use it as a reference to conduct some comparisons with our

study.

1.1 Study area

This research was conducted in the Autonomous Province of South Tyrol (Alto Adige),
Italy. More precisely, we focused on the glaciers located in the Ortles-Cevedale mas-
sif and the Italian Otztal Group (Fig. 2a-c). South Tyrol is a mountainous province,
and according to the latest official Italian glacier inventory, it is the third-largest Italian
region in terms of glacier extension, covering 84.58 km? [6].

The Adige River flows through the Venosta Valley, collecting water from tributary val-
leys where our glaciers are located. Within our area of interest, the highest peaks are:
Ortler/Ortles (3905 m a.s.l.), Konigspitze/Gran Zebrt (3851 m a.s.l.), Zufallspitze/Cev-
edale (3769 m a.s.l.), and Weifskugel/Palla Bianca (3738 m a.s.L.).

Regarding climate, between 1966 and 2015, South Tyrol experienced a significant
increase in summer temperatures (+ 2.2 °C) [30]. The topography significantly influences
precipitation distribution in the province; specifically, the Venosta Valley is among the
driest areas of South Tyrol, with an annual rainfall of approximately 530 mm [31].

The geology of Bolzano province is varied and complex (see Fig. 3) due to the dif-
ferent geological settings that characterized the Alpine orogeny in this sector. From
a general perspective, the central-eastern part is mainly characterized by sedimen-
tary and metasedimentary rocks of the South Alpine domain. The western regions are

Fig. 2 a overview of the study region within the Alps; b, c focus on the two sectors studied in this research, in red
the glacier outlines in 2020
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Fig. 3 Geological map of the study area

predominantly composed of metamorphic lithologies of the Austroalpine domain, while
the Penninic domain outcrops in the northeastern sector [32]. The two areas of study,
located in the western portion of the region, have dominant lithologies of Variscan met-
amorphic rocks characterized by polyphase deformation and metamorphism [33].

2 Data
To digitize glaciers and slope instabilities, we used aerial orthophotos and a digital
surface model (DSM) from the Bolzano Province. The orthophoto was acquired on 12
October 2020 at a 20 cm spatial resolution and shows no cloud coverage. It is available
on the Bolzano province geoportal (GeoCatalogo (buergernetz.bz.it)). To accurately
detect the outlines of the glaciers, particularly in the debris-covered portions, the map-
ping was conducted with support from an interferometric coherence map derived from
Synthetic Aperture Radar (SAR) data produced by [34] and created from Sentinel-1 data
acquired during the summers of 2015-2017. Morphological information was retrieved
from the 2016 DSM available on the Bolzano province geoportal. The DSM was gener-
ated from aerial photogrammetry and has a resolution of 0.5 m. We also supported the
research with Google Earth imagery, which provides 3D views acquired between 2000
and 2020. The reconstruction of glacier area evolution was conducted, starting from the
outlines published in the geoportal of Bolzano province for 1997, 2005, and 2017 [35].
Additionally, for analyses of the relationship between deglaciation and rockfall occur-
rence, we used the Little Ice Age (LIA) outlines [36]; the 2020 outlines were developed
as part of this study. Geological and lithological data were obtained from the Swiss geo-
portal (www.geocat.ch), which provides datasets that also cover several Italian valleys
located near the national border.

The tracks of the alpine routes used to assess the presence of intersecting rockfalls
were retrieved from the geoportal of Bolzano Province (https://mapviegeoportalw.civi
s.bz.it/).
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3 Methodology

3.1 Glacier outline mapping

The inventory update was carried out in QGIS (version 3.42.3) through manual digi-
talization of glacier outlines, based on knowledge of basic glaciological concepts and
structures (e.g., crevasses indicating the presence of ice beneath debris-covered parts of
glaciers, and the position of the proglacial stream).

On the one hand, manual digitalization of glaciers allows achieving a high level of
accuracy, especially when using a basemap orthophoto at 20 cm spatial resolution. On
the other hand, there are limitations when mapping the outlines of debris-covered por-
tions. In this latter case, when working only with images in the visible range, it is not
straightforward to identify if there is ice under the debris; secondary structures like cre-
vasses can support during the assessment, but only if they are visible or recognizable.
For these reasons, the digitization of glacier outlines was conducted using an interfero-
metric coherence map derived from Sentinel-1 SAR (Synthetic Aperture Radar), thereby
increasing the accuracy of outline delineation. InSAR can detect ground displacement
between the acquisition of two or more images. Since glaciers, even when debris-cov-
ered, are subject to flow, this approach was applied to define the outlines of debris-
covered portions. InSAR coherence, which measures the correlation between two SAR
images, was considered as a proxy. Values range from 0 (no coherence) to 1 (high coher-
ence). Low coherence indicates decorrelation, which may result from surface changes or
movement, such as glacier flow. Higher values, on the other hand, indicate stable areas
less affected by displacement.

The InSAR raster layer was imported into QGIS and overlaid with the 2020 ortho-
photo for a visual investigation of the glaciers. Based on this visual assessment and
aligned with other studies [37], we created a coherence mask, setting the threshold to
0.62 and assuming that lower values correspond to areas subject to movement. From
this coherence layer, we were able to define the extension of debris-covered glacier por-
tions (e.g., Solda Glacier/Suldenferner or Madriccio Glacier/Madritschferner).

By combining the interpretation of the orthophoto and the InSAR map, we compiled
an updated inventory of glacier outlines in our study region. The glaciers were first digi-
tized, creating two polygonal shapefiles, one for each sector considered. Later, the attri-
bute tables were checked and homogenized, allowing the merging of the shapefiles into
a single one to facilitate data management. The attributes associated with the 2020 out-
lines are reported in Table 1.

The names of the glaciers were retrieved from the inventories of preceding years. Due
to the retreat of some glaciers, we had to create new polygons. For these, we decided to
keep the main glacier name, followed by an indication of location or dimension (e.g., the
main glacier name + “superior” or the main glacier name + “niche”).

The morphological classification is based on the GLIMS guidance (www.glims.org),
but in some cases, the terminology has been adapted to better describe the new mor-
phology developed by the glacier under substantial shrinkage. The area was expressed in
km? and computed in QGIS. The aspect values represent the mean orientation of each
glacier with respect to north. These statistics were calculated in R-Studio as the arctan-
gent of the respective mean values of the sine and cosine grids of terrain aspect. The
resulting angle was then converted into the corresponding cardinal point.
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Table 1 Attributes associated with each glacier in the inventory

Attribute Description

Name Glacier name

Sector Ortles-Cevedale or Otztal
Category Valley or mountainous
Snout conditions Deburis free or Debris covered
Morphology Classification of the glacier morphology (e.g., cirque, niche)
Notes Additional information
Valley Name of the valley

Mean slope in degrees (°)

Max slope in degrees (°)

Mean aspect As cardinal points

Area Km?

Polygon ID Number

Glacier ID Number

Using these polygons, we reconstructed the area evolution from the end of the LIA to
2020. More precisely, this analysis was conducted across two time windows: (I) an over-
view from the LIA to 2020 to capture the overall evolution across the farthest available
dates, and (II) a more recent reconstruction from 1997 to 2020 to provide insights into
the rapid disaggregation of recent years. The LIA polygons were retrieved by [36] and
represent the extension reached at the end of the period (around 1850). Their recon-
struction is based on field evidence, historical topographic maps, DEMs, and orthopho-
tos. The glacier boundaries representing the extent in 1997, 2005, and 2017 are produced
by [35]. As explained by the authors, the polygons for these years were created with two
approaches: (I) directly, from optical data, or (II) indirectly, assessing the presence of
crevasses in debris-covered areas or by interpreting the results of the difference of DEMs
that produced mass losses not caused by erosional processes.

3.2 Slope instabilities mapping
The main analyses were conducted using QGIS (version 3.42.3), SAGA GIS (version
7.8.2), and RStudio (version 2024.12.1). The identification of slope instability events was
conducted by analysing the 2020 orthophotography to provide an initial assessment of
debris on the ice surface. To refine the delineation of the detachments, precise insights
were obtained from the DSM and the Google Earth 3D viewer, which were particularly
helpful for identifying detachment zones and scars.

We defined two classes to describe the slope instabilities based on their morphology:
rockfalls and side wall debris (Fig. 4a-b). We categorized events as “Rockfalls” if they
had:

+ Clear lobate shape in the accumulation zone.
+ Visible single detachment zone and visible scar on the mountainside.

“Side wall debris” class includes all those events where:

« The debris is sparse at the toe of a side.

« There is an unclear or indistinct detachment zone, often with no visible scars on the
slope, typically due to multiple small-scale falls from the same mountain area. These
deposits are most likely the result of widespread weathering and erosion processes
that have affected the deglaciated rock wall.
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ide wall debris

Fig. 4 a Side wall debris in the Ortles-Cevedale sector (photo taken in August 2024 by M. Di Biase); b example of
rockfall in the Otztal sector (image acquired in 2019, Google Earth)

Table 2 Attributes of the slope instabilities

Attribute Description

Class Rockfall or Side wall debris

Sector Ortles-Cevedale or Otztal

Valley Name of the valley

Slope Average slope of the polygon. Expressed in degrees (°)
Aspect As cardinal points

Area In Km?

Geology Information about the geology and lithology
Morphology of the glacier Morphology of the glacier on which it was deposited

Table 3 Additional attributes for instabilities classified as “rockfall”

Attribute Description

Maximum and minimum elevation Height of the scarp top and of the distal end
L Horizontal travel distance

H Heigh drop

Heim's Ratio H/L

Fahrbdschung As the angle between Hand L

The attributes associated with all slope instabilities are reported in Table 2.

For those classified as “Rockfall” we retrieved additional morphometric attributes
reported in Table 3. The minimum, maximum and mean elevations were computed in
R-Studio by overlapping the rockfall polygons on the DSM; the minimum elevation is
computed as the lower altitude of the deposition zone, the maximum one represents the
highest altitude of the detachment zone, and the mean elevation represents the mean
altitude of each displacement. In addition, for all rockfalls in each sector, we computed
the average maximum elevation to analyse the altitude distribution of the detachment
zones. We also calculated indices characterizing rockfall mobility, namely Heim’s Ratio
and the Fahrboschung angle [38, 39]. A more detailed description of the methodology
used to retrieve these values is provided in the following paragraph.

3.3 Runout evaluation and modelling
The runout is the distance the material dragged by a landslide travels. Quantifying its
extension contributes to the definition of vulnerable areas. In this study, we assessed
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the mobility of rockfalls based on two approaches commonly applied in the literature:
Heim’s ratio and the Fahrboschung angle.

The Heim’s ratio [38] is computed as the ratio between H/L (Fig. 5a), where H (Height
drop) represents the vertical distance between the highest point and the lowest point of
the fall; L is the horizontal distance of the rockfall, namely the projection on the plane
between the highest point and the lowest point. Heim’s ratio, also known as “apparent
friction,” is used as a proxy for the friction coefficient of landslides [39, 40]. This coef-
ficient, first postulated by Heim, expresses the idea that the travel distance of a rockfall
material depends on the height of the fall, on the conditions of the pathway, and on the
size of the blocks. According to [40], long runout is considered to occur when Heim’s
ratio is < 1.0, whereas less energetic events have Heim’s ratio > 1.0.

The relation between H and L is not studied only in the form of a ratio, but also as the
angle between these two components, and it is referred to as “Fahrbdschung” (Fig. 5b)
[39]. The equation for calculating the Fahrbéschung angle is (Eq. 1):

¢ = tan”'(H/L) (1)

Larger landslides tend to produce lower Fahrboschung angles than smaller detachment
events. Still, it is important to consider that the runout length is not controlled only by
the dimension of the fall, but also by (I) the impact pressure and the shear rate on the
ground; (II) initial failure volume, and (III) topography [40—42].

Additionally, regarding the Fahrboschung, it can be stated that the lower the angle,
the higher the mobility of the flow [39]. According to previous studies [43], the hori-
zontal displacement is not primarily controlled by the height drop but by the volume
of the rockfall. Since we did not have any volume data, we built the correlation using
rockfall area to test the relationship between the horizontal and rockfall dimensions. We
acknowledge the limitations of this approach; nevertheless, we refer to the relationship
reported in [44], which indicates that the volume-to-surface-area ratio follows a power
law with an exponent of approximately 1.4. Based on this theory and given that it is
the only model available for our analyses, considering the large area of interest and the

a) b)

Principal components of the Heim'’s ratio analysis | Principal components of the Fahrbéschung angle
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Fig. 5 a schematic representation of the components involved in the computation of Heim'’s ratio; b schematic
representation of the Fahrbodschung angle
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limited availability of historical DSM data, we computed the correlation between hori-
zontal displacement and rockfall dimension.

When analyzing runout, it is important to consider that its variability is partly influ-
enced by the frontal position of the deposits. As a result, runout reflects the combined
effects of rock mass, the translation, and the spread. These dynamics are especially pro-
nounced on glaciers, where debris movement is also affected by ice flow. The additional
travel distance due to spreading can have a profound effect on the runout, especially
when the effective basal friction is low [45].

Starting from the measured elevation and angle values retrieved from the instabilities
mapped in the 2020 orthophoto, we modeled potential runout distances and paths by
assuming different friction parameters; this allowed us to observe changes in debris dis-
tribution across the glaciers and assess their locations relative to alpine routes. The sim-
ulations were performed using the Gravitational Process Path (GPP) tool in SAGA GIS
[46]. We simulated three scenarios assuming three different friction parameters based
on previous literature studies and tests, as we did not have field data to calibrate these
values. The friction values used in GPP are:

+ low friction = 0.2; considered as the extreme situation. It is the lowest friction value
reported for samples related to rock-ice avalanche events in the Swiss Alps [47].

«  medium friction = 0.4 is the friction derived from Heim’s Ratio. To retrieve this
value, we first removed outliers from Heim’s ratio results using the Interquartile
Range method, then averaged the minimum values for each sector.

«  high friction = 0.65 was retrieved by [39] from experiments; here it is used as an
upper boundary.

The GPP tool in SAGA GIS allows for setting different parameters to calibrate the
model with the best-fitting values to describe various landslide types and dynamics [46,
48, 49].

The input parameters are the DEM of the area under investigation and an integer
raster that encodes the positions of the detachment areas using their unique IDs. The
process path was modelled using “random walk” trajectories, which compute the path
using a grid-based random walk. With this approach, all lower-elevation neighbours
of a central cell in a 3 x3 window are potential flow path cells. To improve this sample
and calibrate it to different geomorphologies, it is possible to provide additional specific
parameters, such as a slope threshold and a persistence factor that describes divergent
flow. From each starting point, various random walks are elaborated based on the Monte
Carlo simulation; each run generates a slightly different process path.

To simulate the runout, we adopted the “1-parameter friction model” originally pro-
posed by [50] and later reviewed by [48, 51]. We selected “rolling” as the primary mode
of motion, although we acknowledge that, especially on gentle slopes or glacial surfaces,
the actual motion may involve a combination of rolling and sliding.

The particle velocity is then calculated for each cell in the DEM. For any two adjacent
cells, where one has a lower elevation, it is possible to construct a triangle using the ver-
tical and horizontal distances between their centroids as the legs (Fig. 6). The particle’s
velocity is then computed along the profile line, which corresponds to the hypotenuse of
the triangle.
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Fig. 6 Schematic representation of the flow path along the triangles built in the “1-parameter friction model”
(Authors’adaptation from [49])

The cells touched by this line are delineated with the random walk model, and the
velocity in each position is controlled by the velocity in the previous cell of the path. The
area between the source and the point where the velocity becomes 0 is the runout area,
i.e., the area covered by the rockfall deposit [49]. The result is a “process area” raster
that describes the extent of a landslide deposit and the frequency with which a cell par-
ticipates in a process; in other words, it quantifies how likely a cell is to collect material

from rockfalls or other phenomena.

3.4 Relationship between rockfalls and alpine paths

Once we extracted the potential run-out paths in SAGA, we analysed the spatial distribu-
tion of rockfalls over the mapped glaciers to identify areas more prone to destabilization
and to evaluate the number of intersections between debris deposits and alpine tracks,
where present. The shapefiles of the alpine tracks were retrieved from the official geo-
portal of Bolzano Province (GeoCatalogo (buergernetz.bz.it)) and imported into QGIS.
We clipped the routes within the 2020 glacier outlines and excluded all trails outside the
glaciated areas from the analyses. We refer to the crossing points as “perfect intersec-
tion” when no buffer is considered between the trails and the rockfall deposit. In case a
polygon is crossed by a trail multiple times, each intersection is counted independently.

4 Results

4.1 Glacier recession

Reconstruction of the glacier area over the years confirms the rapid disaggregation of
glaciers in the Alps. Glaciers in our study region suffered a strong area contraction, i.e.,
-69.44% of area between the end of the LIA and 2020 (Figs. 7a, b and 8).

The retreat rates were remarkably rapid in recent years; between 1997 and 2020, gla-
ciers in the study area lost 38% of their area in the Ortles-Cevedale group and 38.9% in
the Otztal group. In the Ortles-Cevedale group in 2020, we mapped a total area of 29.2
Km?, of which 24.7 Km? are debris-free and 4.5 Km? are covered by debris. Concern-
ing the Otztal group, the total glacier area in 2020 was 15.97 Km?, of which 14.29 Km?
are debris-free and the remaining 1.68 Km? are debris-covered. In the Ortles-Cevedale

group, glaciers facing south saw higher percentages of annual retreat (-4.35% /yr), and
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Fig. 7 Maps showing the evolution of the glacier area in the study region since the LIA — a the Ortles-Cevedale
sector; b the Otztal group

in the Otztal sector, the situation was more heterogeneous, with higher percentages of
annual loss on glaciers facing NE (-2.66%/yr) and S (-2.3%/yr) (Fig. 9).

4.2 Inventory of the slope instabilities
In our study region, we identified 500 slope instabilities with deposition zones on the
glaciers (Fig. 10).

With reference to slope instabilities in the Ortles-Cevedale group, we mapped a total
of 230 events (63 sidewall debris and 167 rockfalls). These events are predominantly
exposed to the west and the northeast (Fig. 11a), with 20% for each sector. A significant
portion also faces the east (E) and northwest (NW), accounting for 16% and 19% respec-
tively. Southeastern (SE) and southern (S) exposures are less common, accounting for
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Evolution of the glacier area in the AOI since the end of the LIA
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501
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Fig. 8 Evolution of the glacier area in the entire study region since the LIA

8.6% and 8.2% of the events, respectively. Southwest (SW) exposures account for 6.5%,
while northern (N) exposures are the least frequent, with only three events, correspond-
ing to 1.3% of the total. Analysing the events distribution per geological units in this
sector, we observe that: 145 detached within the Campo nappe, 34 within the Zebru slice
and the remaining 51 occurred in the Ortles nappe. The involved lithologies are mainly
quartz phyllites (about 57% of the mapped landslides) and gneiss (about 13%). Sedimen-
tary rocks such as dolomites and limestones are also involved (about 28%). Fewer phe-
nomena (about 2%) occur in local amphibolite veins.

In the Otztal sector, we identified 270 events, of which 142 were classified as rockfalls.
In this sector, we observe a high frequency of detachments exposed NW (70 events),
representing 25.93% of the total. The percentages of mapped phenomena in the other
sectors are: 17.78% E, 17.04% W, 13.3% SW, 11.85% NE, 8.15% SE, 5.19% S, and less than
1% facing N (Fig. 11b). For what concern the geology, all the slope instabilities in this
sector, occurred within the Otztal nappe in gneiss and quartz phyllite.

For events classified as “rockfalls’, we conducted additional analyses, assuming that
this category allows for a more complete morphological description. Regarding the fre-
quency, glaciers in the Solda Valley (Ortles-Cevedale) and Valle Lunga (Otztal) are the
most affected, with 76 (33%) and 117 (43.3%) phenomena, respectively. To better under-
stand this relation, it is necessary to compare these data with the number of glaciers in
each valley, noting that a higher number of glaciers in a valley suggests a higher prob-
ability of paraglacial instability events. Additionally, this approach is not sufficient to
describe event occurrence, as other parameters, such as aspect or runout, also need to
be considered to quantify a valley’s vulnerability.

Concerning the distribution of rockfalls in the Ortles-Cevedale sector, their detach-
ment zone is located between 2922 m a.s.l. and 3765 m a.s.l; rockfalls have a mean
detachment altitude of 3271 m a.s.l. and are more frequent in the range between 3300
and 3350 m a.s.l. (Fig. 12).
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Fig.9 aMean annual loss (in %) per aspect — Ortles-Cevedale sector; b Mean annual loss (in %) per aspect - Otztal
sector

If we consider their distribution per aspect, the detachment zone of NW rockfalls is
located at a lower elevation, with a mean of 3184 m a.s.l.; in contrast, source areas fac-
ing SE feature a higher altitude for their detachment niche, with a mean of 3316 m a.s..
In this sector, the mean slope of the rockfalls is 37.32°, the detachment point (with 1 m
buffer) has a mean slope of 66.72°, and 73.62% of the niches have a slope higher than 40°
(often assumed as a reference to describe potential rockfall sources [52]). In the Otztal
group, the mean detachment elevation is 3309 m a.s.l., and detachment zones are more
frequent between 3300 m a.s.l. and 3350 m a.s.l. In general, the distribution of detach-
ment zones is between 2950 m a.s.l. and 3650 m a.s.l. (Fig. 13). In this sector, rockfalls
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Fig. 10 Example map of the slope instabilities that occurred over the Solda glacier in the Ortles-Cevedale massif
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Fig. 11 Slope instabilities distribution per aspect; a Ortles-Cevedale sector, b Otztal sector

facing NE have the lowest detachment elevation; in contrast, rockfalls facing SW have
the highest detachment elevation (Fig. 14). In the Otztal group, the mean slope is 37.52°.
Considering a 1 m buffer around the detachment niches, we found a mean slope of the
detachment portion to be 61.37°, and 74.22% of the niches have a slope greater than 40°.

Due to the incomplete data available, it was not possible to define a precise date or
period for each event. However, by considering the source location with respect to the
glacier outlines, it was possible to provide a general indication of the timing of each
event.

In the Ortles-Cevedale:

o 106/ 167 rockfalls (63.4%) are within the LIA outlines.
» 34 /167 rockfalls (20.35%) are within the 1997 outlines.
+ The remaining 27 (16.16%) polygons have source locations that exceed the available

outlines.
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Fig. 13 Rockfall distribution per elevation in the Otztal sector

As far as the Otztal sector is concerned:

o 69 /142 rockfalls (48.6%) are within the LIA outlines.

o 29 /142 rockfalls (20.4%) are within the 1997 outlines.

+ The other 44 polygons (31%) have their detachment zones outside the glacier
polygons considered in this study.
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We hypothesize that if the detachment zones are within the LIA outlines, their detach-
ment occurred after the post-LIA deglaciation (post-1850), based on the outlines avail-
able from [36]). If the detachment is within the 1997 outlines (Fig. 15), it indicates
that the rockfall detached between 1997 and 2020. We hypothesize that rockfalls with
detachment zones outside the glacier outlines occurred without a strict relationship to
glacial evolution, but may have been influenced by permafrost degradation, weather-
related degradation, or a delay in the paraglacial response [53, 54].

With reference to the 2020 orthophoto, in the Ortles-Cevedale sector we were able to
count a total of 12 perfect intersections with alpine paths (eight with rockfalls and four
with side wall debris) (Fig. 16). Considering the most frequent mean aspects of these 12
instabilities, we can observe that four of them are facing NE, three are facing W and the
other five events are negligible in this statistic. In the Otztal group, we observe only two
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Fig. 16 Example of intersection between rockfalls and an alpine path in the Ortles-Cevedale group

perfect intersections; this is explained by the fact that fewer alpine routes cross the gla-
ciers in this sector.

4.3 Runout assessment
The runout assessment was completed with the analyses of Heim’s ratio and the Fah-
rboschung angle [38, 39].

The average Heim’s ratio, which is expressed as the ratio between the components H
and L of a landslide, is 0.86 in the Ortles-Cevedale group and 0.87 in the Otztal sec-
tor. In the Ortles-Cevedale sector, 33 / 167 rockfalls have a Heim’s ratio > 1.0, and thus,
according to [40], can be classified as rockfalls with short runout, while the remaining
134 rockfalls are long-runout events. As far as the Otztal rockfalls are concerned, 35 /
142 have a Heim’s ratio > 1.0; therefore, we have 107 long runout events.

In the Ortles-Cevedale sector, we found an average Fahrboschung angle of 40.25° sup-
ported by a very strong Pearson correlation between H and L (r=0.96). In the Otztal
sector, the mean Fahrboschung is 40.16° with a Pearson correlation between H and L
resulting in r=0.89. These correlations (Fig. 17) suggest that rockfalls with higher verti-
cal difference tend to displace debris over longer distances.

As previously explained, we did not have volume data; therefore, to quantify the role of
rockfall dimension over L, we structured the correlation using area (Km?) as an indica-
tor of volume [44]. These correlations exhibit strong Pearson values, with r = 0.76 in the
Ortles-Cevedale and r = 0.81 in the Otztal, indicating that small detachments tend to
produce shorter runouts.

Furthermore, these correlations confirm the hypothesis of [44], who found a scale
between Fahrboschung results and rockfall dimensions.

Regarding the GPP simulation, the results are presented in Tables 4 and 5, and visual
differences are evident in Fig. 18.
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Fig. 17 aPearson correlation between rockfall area (Km?) and L (Horizontal distance) for the rockfalls in the Ortles-
Cevedale sector; b Pearson correlation between rockfall area (Km?) and L (Horizontal distance) for the rockfalls in
the Otztal sector; ¢ scatterplot between rockfall H (height drop) and L (Horizontal distance) for the rockfalls in the
Ortles-Cevedale sector; d scatterplot between rockfall H (height drop) and L (Horizontal distance) for the rockfalls
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Table 4 Summary of the results from the GPP simulation in the Ortles-Cevedale sector
Ortles - cevedale sector

Friction value Number of intersections
High friction scenario (0.65 1) 11
Medium friction scenario (0.4 1) 18
Low friction scenario (0.2 p) 21

Table 5 Summary of the results from the GPP simulation in the Otztal group
Otztal sector

Friction value Number of intersections
High friction scenario (0.65 W) 2
Medium friction scenario (0.4 p) 8
Low friction scenario (0.2 p) 10

According to these simulations, the high-friction scenario best aligns with the
observed situation in the 2020 orthophoto. The bias between this outcome and the
medium value retrieved from the actual situation is due to the lack of additional field
data to apply in the GPP model, which would have improved calibration. Nevertheless,
the GPP simulation results demonstrate the heterogeneity of possible runouts, confirm-
ing that low-friction events pose a higher risk to alpine infrastructure. The long run-
out generated by these low-friction events is driven not only by the amount of material
but also by its typology (e.g., rock-ice avalanche, as in [47]) and by the condition of the
substrate.
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Fig. 18 results of GPP runout simulation using 3 different friction values, zoom in on the Otztal group

5 Discussion

Through this research, we confirmed the ongoing rapid disaggregation of glaciers in
the study area (-69.44% of area between the end of the LIA and 2020). Additionally, we
assessed glacier changes over a shorter time window (1997-2020), demonstrating clearly
visible changes within an average lifetime, as glaciers in both our sectors lost ~38% of
their area over this period. Our glacier inventory classifies the surface, distinguishing
between debris-covered and debris-free portions. It is recommended that this distinc-
tion be maintained in future inventories, as it will enable us to assess how retreat rates
differ in the two situations.

As a consequence of this glacier retreat, portions of mountains previously covered and
supported by ice become exposed, leading to changes in temperature, stress fields in the
rocks, and mechanical and thermal erosion [55-56—57].

We investigated the distribution of slope instabilities in our study region, providing the
first inventory of all events that occurred until 2020. Previous studies (e.g. [58, 59]), have
emphasized the importance of rockfall inventories as key input factors for analysing not
only the distribution but also the triggering and predisposing factors of such events, to
develop effective risk management strategies. Our inventory aligns with this necessity;
it is the first dataset for the Venosta Valley, compiled without discrimination by size or
typology. The obtained results align with the hypothesis that slope instabilities may be
linked to the rapid deglaciation currently occurring [14, 22, 23, 59].

Mapping slope instabilities using a high-resolution orthophoto enabled the collec-
tion of a precise set of all events, avoiding discrimination based on size, volume, and
epoch that would have been necessary with a geodetic methodology. From the digitiza-
tion of rockfall bodies, we were able to retrieve valuable information to characterize the
events in terms of geometry, and their temporal relation to deglaciation. We recognize
that lithology plays a major role in controlling the initiation of rockfalls; however, we
do not investigate this aspect in detail because information on the slope-scale structural
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setting, which strongly influences the fracture network and slope stability, is lacking. As
explained by [40], the apparent coefficient of friction (Heim’s ratio) manifests some lim-
its: (I) L does not strongly depend on H but more on the volume, and (I) it is based on
the idea that the energy released during the fall is constant. If so, we can conclude that
Heim’s ratio and the Fahrboschung are parameters helpful to compare the mobility of
different landslides using a homogeneous measure, but it is not correct to interpret only
these parameters in risk assessment analyses based on the rockfall mobility.

We are aware that the dating of the rockfalls is not accurate year to year; however,
given that we worked solely with open data, this was the only applicable approach to
relate the events to the deglaciation periods. Further studies could provide a dating of
the events based on different satellite images acquired over the last 30 years, allowing for
the reconstruction of their presence. However, apart from the time-consuming method-
ology, only rockfalls visible at the satellite image resolution (10—30 m) would be dated.
Alternatively, it is possible to use high-resolution historical images; in such a case, the
problem is posed not only by the uncertain availability of images, but also by their “on
request” accessibility.

It is not straightforward to compare our findings with those of previous similar
studies because some parameters are influenced by regional differences, such as geol-
ogy, altitude range, and glacier evolution. Regarding the rockfall exposition, our study
aligns with that of [25], which found that N-facing slopes exhibit lower scarps, while
S-facing slopes exhibit niches at higher altitudes. Considering that we do not have a
precise indication of the detachment epoch to correlate with the deglaciation rates, we
can only offer some hypotheses to explain this distribution. The first hypothesis relates
the instabilities to the post-glacial debuttressing phenomenon; it is indeed possible that
north-facing faces deglaciated recently compared to south-facing slopes; therefore, these
northern slopes would be currently readjusting to a post-glacial situation through slope
instabilities distributed at high altitudes, because the lower portions deglaciated previ-
ously and have already released the stress after the deglaciation. The second hypothesis
relates to the influence of permafrost on high-altitude rockfalls; indeed, it is also possi-
ble that the rockfall distribution is conditioned by fluctuations in local thermal regimes,
daily solar radiation, or weathering that could enhance permafrost thaw and, therefore,
slope stability.

The average altitude of the detachment points in our sector is significantly higher than
the values found in other studies conducted in nearby sectors (ours is ~300 m higher)
[25]; this is because in our region, the altitude range includes peaks reaching high alti-
tudes between 3800 m a.s.l. and 3900 m a.s.l. (Palla Bianca and Ortles). Thus, the result-
ing mean detachment altitude is influenced by events that occur in these high portions.

Our study confirms the statistical relation found by [38] between the height drop (H)
and the travel distance (L), in our case with Pearson correlation values close to 1 (r =
0.96 and 0.89), similar to what was found also in another study conducted in a nearby
area [25]. Regarding this correlation [38], initially stated that L is mainly influenced by
H; however [39], later proposed a positive correlation between L and landslide volume.
The author emphasized that the positive correlation between H and L is not driven by
the height drop but rather by landslide volume, explaining that larger landslides travel
longer distances (L) downslope. Given that in our study we could not retrieve a precise
indication of volume, it was not possible to test this second correlation between L and
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volume; anyway, supported by the literature of the sector [44], we developed a valid cor-
relation (r=~1) assuming the rockfall area as an indication of the size.

We decided to analyse the relationship between H, L, and rockfall size in more detail,
as we found Heim’s ratio and Fahrboschung values slightly higher than those reported in
other research in nearby sectors. We can explain our results accordingly by interpreting
the values proposed by [39]. In their research, it is found that small rockfalls exhibit a
higher coefficient of friction (around 0.6), whereas larger rockfalls exhibit a substantially
lower coefficient (0.3). Observing Fig. 17, we can confirm [39]’s theory. Indeed, it is pos-
sible to notice a cluster of rockfalls around the lower values of area, suggesting that these
events influence the computation of the average Heim’s ratio in the two sectors, resulting
in values ~of 0.8. In addition, the correlations we built among H, L, and area demon-
strated that there is also a significant interrelation between rockfall size, values of Heim’s
ratio, and Fahrboschung in our inventory.

Regarding the GPP runout model, we did not have any valid field data to calibrate the
tool with local information. Therefore, we based our description on realistic parameters,
which enabled us to produce a homogeneous description across the study region. More
specific considerations would be required when focusing on single events.

The GPP model demonstrates that, potentially in the future, other falls may intersect
alpine infrastructure or alpine routes. In this prediction, it is also important to consider
that the runout depends on the friction coefficient, which varies with the type of insta-
bility (e.g., rockfall on ice or ice-rock avalanches). This is why we assumed three differ-
ent friction scenarios. Indeed, we wanted to provide the broadest possible overview of
the possible scenarios. As result we demonstrated that compared to the actual situation
retrieved from the 2020 orthophoto, only in one of the three scenarios (high friction) the
alpine paths are equally or slightly less exposed to intersections with rockfalls; the other
two situations are helpful in underline that potentially alpine paths in our study region
may be touched by slope instabilities increasing risks for human activities and conse-
quences for alpinists.

6 Conclusions

We generated the first database of all instability events in the paraglacial environment of
the Venosta Valley in Italy. To better understand the relationship between these instabili-
ties and deglaciation, we also studied glacier evolution from the end of the LIA to 2020.
As part of this research, we generated the 2020 outlines of the glaciers in this sector.
With these results, we contribute to updating the archive of glacier outlines and attest
to the rapid retreat of glaciers in this sector. The reconstruction of glacier evolution over
the last century helps to understand their fundamental role as water resources for north-
eastern Italy; indeed, these glaciers feed the Adige River, one of the longest in the region,
providing fresh water to various municipalities. In the future, actual glacier contraction
is expected to influence water availability in the Adige basin.

This study provides an inventory of slope instabilities (500 events in total) that
occurred within our study area, without discrimination by size, typology, or epoch. We
observed that the majority of such events occurred after the recent deglaciation (post-
LIA), suggesting that post-glacial debuttressing and permafrost thaw may predispose to
these instabilities. Our database shows how the mountains are rapidly responding to cli-
mate change.
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The current deglaciation is leading to new risk scenarios affecting mountain infra-
structures, such as alpine routes on glaciers. As confirmed by the instability inventory
and runout simulations, the alpine tracks crossing the glaciers in our study region can-
not be considered outside the potential runout zone of a rockfall and therefore require
particular attention and further investigation. The present study provides a compre-
hensive description of the current situation in the glacial and paraglacial environments,
offering crucial information for further risk assessments.
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