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This volume has been compiled as a field compan-
ion to four Quaternary excursions offered at the Pangeo-
DEUQUA 2024 conference held in Salzburg, Austria, from
23 to 27 September 2024 (Fig. 1). The conference motto is
“converging disciplines”, and it is the first joint meeting of
the Austrian Geological Society (ÖGG, Österreichische Ge-
ologische Gesellschaft) and the German Quaternary Associa-
tion (DEUQUA, Deutsche Quartärvereinigung). The confer-
ence is hosted by the Geology Group, Department of Envi-
ronment and Biodiversity at the Faculty of Natural and Life
Sciences, Paris Lodron University of Salzburg. The city of
Salzburg, located at the transition between the North Alpine
Foreland (Molasse) basin and the high Alps, is a great start-
ing point not only for classic geological excursions but also
to explore a variety of Quaternary environments. The Qua-
ternary excursions at Pangeo-DEUQUA 2024 visit a range of
sites from high in the Alps to the perialpine lowlands, with
a focus on key surface processes linked to the climatic ex-
tremes during the Quaternary, including the massive impact
of anthropogenically induced climate change.

The contribution by Hartmeyer and Otto (2024, Fig. 1A)
introduces the open-air lab at Kitzsteinhorn, Hohe Tauern
range (Salzburg), and presents high-resolution data, which
show the significant consequences of human-induced climate
warming on glaciation, permafrost degradation and rock
slope stability in the high Alps. The contribution by Reit-

ner and Steinbichler (2024, Fig. 1B) focuses on the deglacia-
tion history and related processes in the Alps after the Last
Glacial Maximum (LGM). The setting of this excursion to
the Hüttwinkl Valley (upper part of the Rauris Valley), also in
the Hohe Tauern, Salzburg, offers a unique sedimentary and
morphological archive for determining the relative chronol-
ogy of glacial, gravitational and fluvial processes. Salcher et
al. (2024, Fig. 1C) present evidence on the erosional and de-
positional dynamics of a major piedmont glacier. The partic-
ularly well preserved landforms in the North Alpine Fore-
land record three glacial maxima that allow clear insights
into the processes associated with periods of ice buildup to
ice wastage as well as postglacial landscape evolution. The
contribution by Sprafke et al. (2024, Fig. 1D) is dedicated
to the famous loess–paleosol sequences around Krems at the
Danube, Wachau region. These authors present recent pale-
oenvironmental data from key outcrops at sites at Paudorf,
Göttweig and Krems (Schießstätte) which track the develop-
ment of the regional climate back into the Early Pleistocene.

I thank all the authors for their informative and relevant
contributions to this guidebook.

Published by Copernicus Publications on behalf of the Deutsche Quartärvereinigung (DEUQUA) e.V.
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Figure 1. Quaternary excursions offered at Pangeo-DEUQUA 2024. (A) Kitzsteinhorn: Open-Air Lab (Hartmeyer and Otto, 2024,
23 September 2024), (B) Kolm-Saigurn: deglaciation history and mass movements since the LGM (Reitner and Steinbichler, 2024,
23 September 2024). (C) Salzach Glacier: dynamics of a major glacier lobe (Salcher et al., 2024, 26 September 2024). (D) Loess–paleosol
sequences around Krems (Sprafke et al., 2024, 27 September 2024). Map data derived from http://geoland.at (last access: 4 June 2024;
hillshade) and from ESA (EOX terrain layer, © ESA). LGM ice extent adapted from van Husen (1987).

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.
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Abstract: Since 2010, comprehensive geoscientific monitoring has been established in the summit region of
the Kitzsteinhorn (“Open-Air-Lab Kitzsteinhorn”), which focuses on the investigation of high-alpine
climate change impacts in four monitoring domains: air temperature, glaciation, permafrost, and rock
stability. Air and near-surface permafrost temperatures are currently rising with mean rates of almost
+0.1 °C yr−1. The thickness of the local cirque glacier is decreasing by more than 1 m yr−1. Rockwall
monitoring demonstrates that rockfall activity in freshly deglaciated rockwall sections has increased
by 1 order of magnitude. The intensity of the observed processes is most likely unprecedented in
recent human history. This emphasizes the importance of long-term monitoring efforts such as those
carried out at the Kitzsteinhorn for improved geophysical understanding and for safe and sustainable
infrastructure operation in high-alpine environments.

1 Introduction

Research activities in the summit region of the Kitzsteinhorn
are driven by the particularly rapid progression of climate
change in mountainous regions and its severe impact on geo-
morphic processes, natural hazard occurrence, and alpine in-
frastructure safety (Duvillard et al., 2021). In the past century
alone, the average temperature in the Alpine region has in-
creased by around 2 °C, which is twice as much as the global
average increase during the same time period (Begert and
Frei, 2018; Kotlarski et al., 2023).

Glacier recession represents the most visible consequence
of this significant warming trend (WGMS, 2023). Less ob-

vious changes such as permafrost degradation (warming–
thawing of permanently frozen ground) are more diffi-
cult to identify but have potentially serious consequences.
A reduction in rock and slope stability, local subsidence,
and increased rockfall activity are among the direct con-
sequences of permafrost degradation (Gruber and Haeberli,
2007; Krautblatter et al., 2013).

However, due to buffering effects, the consequences of cli-
mate warming are often not immediately visible but rather
emerge after significant lag times spanning years or even
decades. Systemic long-term monitoring of the underlying
processes, such as that conducted at the Kitzsteinhorn in the
sense of an “open-air laboratory”, is therefore crucial for

Published by Copernicus Publications on behalf of the Deutsche Quartärvereinigung (DEUQUA) e.V.
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a robust, quantitative understanding of high-alpine climate
change and its impacts and for estimating future changes.

Since 2010, comprehensive geoscientific monitoring has
been established in the summit region of the Kitzsteinhorn,
studying the surface, subsurface, and atmosphere. Here we
present excerpts of research findings, which center around
the question of how glacier retreat and permafrost degra-
dation alter rock stability and impact infrastructure safety.
Results are summarized in four sections: air temperature
(Sect. 3.1), glaciation (Sect. 3.2), permafrost (Sect. 3.3), and
rock stability (Sect. 3.4).

2 Study area

The Kitzsteinhorn (3203 m a.s.l.) is located in the Hohe
Tauern range, Salzburg, Austria (Fig. 1). Its summit pyramid
belongs to the Bündner schist formation (Glockner Nappe)
and is primarily composed of calcareous mica schist, with
other rocks such as prasinite, amphibolite, phyllite, marble,
and serpentinite also present to a lesser extent (Cornelius and
Clar, 1935; Hoeck et al., 1994). Due to its high elevation (ex-
istence of glaciers and permafrost), distinct topography (iso-
lated summit pyramid), and easy accessibility (cable car), the
Kitzsteinhorn is exceptionally well suited for the long-term
monitoring of high-alpine climate change impacts.

In addition to its excellent natural and infrastructural suit-
ability, the Kitzsteinhorn represents one of the most diverse
mountains in the entire Alps. It hosts Austria’s oldest glacier
ski area and has evolved into one of the countries most visited
high-alpine tourist destinations, attracting around 1 million
visitors per year. At the same time, large parts of the moun-
tain are under strict nature protection (Nationalpark Hohe
Tauern), while other parts are used for energy production
by the Kaprun hydropower plant group. The coexistence of
tourism, nature conservation, and energy production high-
lights the significant socio-economic and cultural impact of
the Kitzsteinhorn and underscores the relevance of the re-
search conducted here.

Systemic long-term observations in the Kitzsteinhorn
summit region were initiated in 2010. Since then, unique and
constantly expanding high-alpine research infrastructure has
been established, aiming to identify and quantify changes re-
lated to climate warming. By combining atmospheric, sur-
face, and subsurface measurements, slope stability-relevant
variables are directly observed to identify potentially criti-
cal threshold values. Observation of rock instability can thus
be directly related to the rapid warming of high-alpine envi-
ronments. The high density of sensors and measuring instru-
ments contributes to the laboratory character of the study site,
and approaches include, among others, (i) borehole (30 m
deep) temperature measurements, (ii) electrical resistivity
surveys to capture ground thermal conditions, (iii) terres-
trial laser scanning to quantify rockfall activity, (iv) UAV
(unoccupied aerial vehicle) photogrammetry, (v) ground-

penetrating radar to document glacier retreat, (vi) geotechni-
cal monitoring to register bedrock deformation (inclinome-
ters, crackmeters, anchor load plates), and (vii) automatic
weather stations to record atmospheric boundary conditions.

To increase the visibility of the research activities carried
out at the Kitzsteinhorn, the Open-Air-Lab Kitzsteinhorn is
associated with renowned national and international research
networks and databases such as GTN-P (Global Terrestrial
Network for Permafrost), VAO (Virtual Alpine Observatory),
TUM-ALPHA (Research Center and Early Warning System
for Alpine Natural Hazards), CCCA (Climate Change Centre
Austria), and KryoMon.AT (Kryosphären Monitoring Öster-
reich, translated as Cryospheric Monitoring Austria).

3 Monitoring results

3.1 Air temperature

Air temperature is recorded at three automatic weather sta-
tions located in the immediate vicinity (Fig. 2): (i) “Alpin-
center” (2450 m a.s.l., 2.2 km N of the summit), (ii) “Kam-
merscharte” (2595 m a.s.l., 1.8 km NE of the summit), and
(iii) “Gletscherplateau” (2920 m a.s.l., 0.6 km W of the sum-
mit). Temperature measurements started in 2008 at Alpin-
center and in 2009 at Kammerscharte and Gletscherplateau.

The past year, 2023, was the hottest year on record at
Gletscherplateau and the second-hottest year at Alpincenter
and Kammerscharte. The annual average temperature was
0.7 °C above the recorded average since measurements be-
gan at Alpincenter (since 2008) and Kammerscharte (since
2009) and 0.9 °C above the average at Gletscherplateau
(since 2009). Trend analyses for the period 2008/2009–
2023 show a significant warming trend of +0.08 °C yr−1

(+0.8 °C per decade) at all three Kitzsteinhorn weather sta-
tions. A comparison with the high-alpine reference weather
station at “Sonnblick” (3106 m a.s.l.), located 25.7 km from
the Kitzsteinhorn, shows a similar trend (+0.06 °C yr−1)
(GeoSphere Austria, 2024).

Long-term analyses dating back to 1887 with data from
Sonnblick demonstrate a distinct acceleration in warming
over the last few decades (Fig. 3). While warming from
1887–1980 was just +0.01 °C yr−1, it was +0.04 °C yr−1 in
the period 1981–2023 and+0.06 °C yr−1 in the period 2001–
2023. These findings are in line with numerous other obser-
vations from the Alpine region, which have found signifi-
cantly accelerated warming since the 1980s (European Envi-
ronment Agency, 2009; Philipona, 2013).

3.2 Glaciation

Since 2016, the local cirque glaciers (Schmiedingerkees and
Kammerkees) have been studied based on a total of 25
UAV (unoccupied aerial vehicle) surveys. As part of the sur-
veys, the terrain surface was captured photogrammetrically
and georeferenced using permanent ground control points.

DEUQUA Spec. Pub., 5, 3–12, 2024 https://doi.org/10.5194/deuquasp-5-3-2024



I. Hartmeyer and J.-C. Otto: Rockfall, glacier recession, and permafrost degradation 5

Figure 1. (a) The summit pyramid of the Kitzsteinhorn hosts the long-term monitoring project “Open-Air-Lab Kitzsteinhorn”, which in-
vestigates the impacts of climate warming (e.g., permafrost degradation, glacier retreat) and their effect on rock stability. K, Kitzsteinhorn
(3203 m a.s.l.); C, cable car top station (3030 m a.s.l.); S, Schmiedingerkees glacier; M, Maurerkees glacier; B, permafrost borehole; G,
Großglockner (3797 m a.s.l.). (b) Location of the study site.

Figure 2. Mean annual air temperature and derived temperature trends for 2008–2023.

The subsequent analysis of overlapping image areas (“struc-
ture from motion”) allows the creation of high-resolution
3D point clouds and the reconstruction of area and volume
changes to the glacier. The total area surveyed by UAV pho-
togrammetry is approximately 6 km2, and the ground sam-
pling distance equals around 10 cm. Glacier changes before
2016 were assessed based on data available in historical
databases (Fischer et al., 2015).

Between 1953 (first aerial survey) and 2023, the studied
glacier area decreased from 2.17 to 0.71 km2 (−1.46 km2)
(Fig. 4). The glaciated area has therefore shrunk by

around 67 % over the past 70 years. The greatest area
loss (since 1953) was recorded in the Schmiedingerkees
East section (−80 %), followed by Schmiedingerkees West
(−71 %), Schmiedingerkees Central (−55 %), and Kammer-
kees (−44 %). High losses in the Schmiedingerkees East sec-
tion are most likely related to the heterogeneous relief of the
glacier forefield, which favors the formation of small glacier
tongues prone to strong ablation. Extremely hot summers,
such as the summer of 2022, had a significant impact on the
recession of the studied glaciers. Between the UAV summer
surveys of 2021 and 2022 alone, the glaciated area decreased

https://doi.org/10.5194/deuquasp-5-3-2024 DEUQUA Spec. Pub., 5, 3–12, 2024
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Figure 3. Long-term temperature increase (1887–2023) at weather station Sonnblick (3106 m a.s.l.), located 25 km from the Open-Air-Lab
Kitzsteinhorn (data source: GeoSphere Austria, 2024).

Figure 4. Loss of glacier area since 1850 at the Kitzsteinhorn (Schmiedingerkees and Kammerkees) (1850 glacier extent from Fischer et al.,
2015).

by over 9 %. This was the largest measured or reconstructed
area loss within a single year since records began in 1953.

In accordance with the temperature measurements, the
long-term glacier loss does not follow a linear trend but
shows a clear acceleration (Fig. 4). In the last 14 years alone
(2009–2023), the glacier area decreased by 37 %. Extrapo-
lation of the area loss from the past 70 years to the future
suggests that the investigated glacier could disappear in the
2040s. This trend might, however, slow down as the glacier
retreats into shaded areas.

Combined analyses of airborne lidar data (2008), pho-
togrammetry surveys (2016), and GPR (ground-penetrating

radar) ice thickness measurements (2016) demonstrate a
glacier volume of 29.7× 106 m3 for the Schmiedingerkees
Central and Schmiedingerkees East sections for 2008. The
most recent survey in September 2023 delivered a glacier
volume of only 16.0× 106 m3, representing a decrease of
13.7 × 106 m3 in the last 15 years, which equals a loss of
46.1 %. From 2008–2023 the average thickness of the inves-
tigated glacier areas decreased by 1.1 m yr−1 (Fig. 5).

DEUQUA Spec. Pub., 5, 3–12, 2024 https://doi.org/10.5194/deuquasp-5-3-2024
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Figure 5. Total surface lowering of the cirque glaciers at the Kitzsteinhorn between 2016 and 2023.

3.3 Permafrost

In Austria, direct permafrost temperature measurements,
i.e., measurements in deep boreholes, are restricted to two
sites – Hoher Sonnblick and the Kitzsteinhorn. This scarcity
of sites with direct measurements underlines the importance
of the data acquired at Sonnblick and the Kitzsteinhorn for
the understanding of current and future permafrost evolu-
tion in Austria and the Eastern Alps. At the Open-Air-Lab
Kitzsteinhorn, seven deep boreholes collect data on per-
mafrost temperatures at different depths. In this contribution,
we focus on the longest time series available at the Kitzstein-
horn, recorded at borehole B2, located around 50 m below
the cable car top station. The 30 m deep borehole B2 was
drilled perpendicular to the north-facing rock slope, which
has a mean gradient of about 45°. Borehole B2 is consid-
ered to be undisturbed by anthropogenic impacts such as the
cable car top station. Temperature measurement inside the
borehole is carried out with high-quality thermistors with
an accuracy of ±0.03 °C (Platinum Resistance Temperature
Detector L220, 1/10 B, Heraeus Sensor Technology®) at 12
depths (0.1, 0.5, 1, 2, 3, 5, 7, 10, 15, 20, 25, 30 m). Inside the
borehole, the thermistors are mechanically coupled to brass
segments which are integrated into the PVC casing that pro-
tects the borehole from water entry. Due to the high thermal

conductivity of the brass segments (∼ 110 W m−1 K−1), this
specifically designed solution enables excellent thermal cou-
pling between the temperature sensors and the surrounding
bedrock, allowing reliable measurements of small tempera-
ture changes.

The temperature record from borehole B2 covers 8 full
years (2016–2023). Ground thermal conditions of the near-
surface regions are characterized by strong diurnal and
seasonal fluctuations related to atmospheric temperature
changes. With increasing depth, fluctuations are damped,
indicating a reduced impact of external conditions on the
ground temperature. At 15 m depth, ground temperature
varies by just a few tens of a degree over a year. The depth of
zero annual amplitude, which represents the depth at which
seasonal fluctuations can no longer be observed, is situated at
around 20 m. Slow, conduction-dominated heat propagation
leads to significant lag times between ground surface warm-
ing and cooling and changes at depth. Temperature variations
take around half a year to arrive at a depth of 10 m (PER-
MOS, 2023).

In the summer season, the uppermost layer of the subsur-
face thaws. This so-called active layer is usually initiated in
June and reaches its maximum thickness between the end
of August and mid-September. Subsequent seasonal cooling

https://doi.org/10.5194/deuquasp-5-3-2024 DEUQUA Spec. Pub., 5, 3–12, 2024



8 I. Hartmeyer and J.-C. Otto: Rockfall, glacier recession, and permafrost degradation

Figure 6. The 8-year bedrock temperature record measured at permafrost borehole B2 within the first 5 m (2016–2023). Meter indications
refer to the maximum thickness of the permafrost active layer in each summer. Sensor depths are indicated by dotted red lines. Linear
interpolation at 0.1 m depth increments was used to model ground temperature between sensors.

then leads to a complete refreezing of the active layer, which
usually takes about 1 month and is completed in October.
The multi-year (2016–2023) active layer evolution is illus-
trated in Fig. 6. From 2016–2019 a growth trend was ob-
served for four consecutive summers. In the summer of 2019,
the active layer thickness reached its highest value (4.2 m) of
the entire observation period. In the two following summer
periods (2020, 2021), the active layer thickness reached 3.7
and 3.6 m, respectively. During the extremely hot summer of
2022, the active layer thickness reached “only” 4.0 m. This is
most likely related to the cold preceding winter period. Sig-
nificant subsurface cooling could not be completely offset by
the ensuing hot summer.

Regression analyses carried out for the full 8-year observa-
tion period (2016–2023) demonstrate a clear warming trend
(Fig. 7). Warming is significantly more pronounced for near-
surface regions (e.g., 2, 3 m) and is in agreement with recent
air temperature rise (refer to Sect. 3.1). With increasing bore-
hole depth, the observed warming trend is attenuated consid-
erably to only a few hundredths of a degree per year (e.g., 15,
30 m). Ground temperature at large depth thus reacts with
significant delay to atmospheric warming. These findings are
consistent with previous modeling studies that found signif-
icant lag times between climate warming and thermal re-
sponse at depth (e.g., Noetzli et al., 2007). Lag times have
important implications for our understanding of the response
time of temperature-induced destabilization at depth.

3.4 Rock stability

Rock stability at the Open-Air-Lab Kitzsteinhorn is moni-
tored based on a combination of remote sensing techniques
and in situ geotechnical monitoring. Here we present the re-

sults of a 12-year remote sensing survey and introduce the
implemented geotechnical monitoring.

Since August 2011, four rock faces in the study area have
been systematically examined annually using high-resolution
terrestrial laser scanning to identify rockfall source areas
(Hartmeyer et al., 2020a, b). Laser scanning is an active 3D
imaging method well-suited to identifying surface change in
steep bedrock. The studied rock faces comprise a surface area
of around 230 000 m2 and are located immediately adjacent
to the Schmiedingerkees glacier.

Laser scanning of the four examined rockwalls (Fig. 8) is
carried out during snow-free periods (end of August/begin-
ning of September) at least once a year. The laser-scanning
survey conducted at the Kitzsteinhorn is among the most ex-
tensive high-altitude rockfall monitoring campaigns in the
world in terms of observation duration and level of detail,
allowing precise quantification of rockfall activity following
glacier retreat.

During the 12-year laser-scanning campaign (August 2011
to August 2023), 799 rockfall source areas (which are here
referred to as “rockfalls” to improve readability) with a to-
tal volume of 3340 m3 were identified. The majority of the
registered rockfalls had small volumes. Exactly 84 % of the
identified events were smaller than 1 m3, and only six events
(0.8 %) were larger than 100 m3. The largest event recorded
had a volume of 879.4 m3. The magnitude–frequency distri-
bution of the rockfalls identified at the Kitzsteinhorn follows
a pronounced power law function over 4 orders of magnitude.

Rockfall activity was highest in the Kitzsteinhorn north
face, where the terrain gradient follows cleavage dip (calcare-
ous mica schist) and facilitates large dip-slope failures of cu-
bic rock bodies. Rockfall activity in the Kitzsteinhorn north
face (71.5 m3 ha−1 yr−1) was almost 6 times higher than the
mean value over all sites (12.2 m3 ha−1 yr−1).

DEUQUA Spec. Pub., 5, 3–12, 2024 https://doi.org/10.5194/deuquasp-5-3-2024
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Figure 7. Temperature data and regression analysis for permafrost borehole B2 at different depths (2016–2023). Warming is evident for all
(completely) recorded depths and is significantly more pronounced in near-surface regions. Permanent sensor failure occurred after lightning
strikes at 7 m (14 June 2020), 10 m (24 June 2017), 20 m (1 July 2019), and 25 m (16 September 2020).

Figure 8. Rockwalls surveyed with terrestrial laser scanning at the Kitzsteinhorn (C, cable car top station).

A significant increase in rockfall activity close to the
glacier surface (base of the rockwall) was observed for all the
rockwalls studied (Fig. 9). More than 60 % of the total rock-
fall volume originated from source areas located less than
10 m above the current glacier surface. Rockfall activity in
these “proximal” areas is 9.8 times higher than in areas lo-
cated more than 10 m above the current glacier surface. The
mean annual rockwall retreat rate equaled 5.36 mm yr−1 in

proximal regions and only 0.55 mm in distal regions located
more than 10 m above the glacier.

The highly active rockwall areas near the glacier sur-
face primarily involve regions that have been exposed in re-
cent years or decades due to downwasting of the adjacent
Schmiedingerkees glacier. Freshly exposed rock surfaces are
therefore considered particularly unstable. The loss of glacial
shielding leads to strong seasonal fluctuations in rock tem-
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Figure 9. Rockfall source areas (> 0.5 m3) identified in the east face of the Magnetköpfl (2011–2023). For all rockwalls, significantly
increased rockfall activity has been found in freshly deglaciated rockwall sections.

peratures, melting of ground ice, and increased water infil-
tration – resulting in massively increased destabilization.

To identify and study minimal ground movement (dis-
placement, deformation), a complementary network of
geotechnical monitoring devices has been established in the
surroundings of the cable car top station, which consists of
the following components: (i) deep borehole deformation
measurements with two biaxial inclinometer chains, (ii) in-
clination measurements at four building foundations with tri-
axial tiltmeters, (iii) bedrock stress measurements at three
rock anchor heads with hydraulic anchor load cells, (iv) cleft
aperture measurements with four crackmeters, and (v) pore
water pressure measurements with piezometers in three deep
boreholes. All instruments are connected via a wireless sen-
sor network (Fig. 10). Data are acquired every 60 min and
then transmitted via a central gateway to a web application.
Pre-defined alarms enable targeted and fully automatic no-
tification (via email and SMS) in the event of threshold ex-
ceedance or data failure. Due to the hourly data collection,
rapid information and warning for the recipients is ensured
(near real time).

High precision of the measurement devices used enables
the identification of movements in the sub-millimeter range,
thus forming the basis for the early detection of stability-
relevant changes. The integration of the measuring instru-
ments within a wireless sensor network (communication via
LoRa radio communication) reduces susceptibility to light-
ning strike damage and significantly contributes to the ro-
bustness and efficient maintainability of the system.

4 Highlights

– Air temperature monitoring at three local weather
stations shows a considerable warming trend of
+0.08 °C yr−1 (+0.8 °C per decade) over the last
15 years. Historical climate data from nearby weather
stations (Hoher Sonnblick) demonstrate significantly
accelerated warming since the 1980s.

– Over the last 70 years (1953–2023), the area of the
Schmiedingerkees glacier has decreased from 2.17 to
0.71 km2 (−67 %). Area loss does not follow a linear
trend but shows a clear acceleration. Extrapolation of
the observed area loss suggests that the investigated
glacier could disappear in the 2040s. UAV-based pho-
togrammetry measurements show that the mean thick-
ness of the Schmiedingerkees has reduced by more than
1 m yr−1.

– Permafrost temperature measurement in a 30 m bore-
hole (2016–2023) demonstrates a clear warming trend.
Significant warming (∼+0.1 °C) has been registered
for near-surface regions (e.g., 2, 3 m), which is in agree-
ment with recent air temperature rise. With increasing
borehole depth, the observed warming trend is attenu-
ated considerably to only a few hundredths of a degree
per year (e.g., 15, 30 m). The maximum depth of the
permafrost active layer varies around 4 m.

– Based on 12-year rockwall monitoring with terrestrial
laser scanning (2011–2023), 799 rockfall source areas
with a total volume of 3340 m3 were identified. For all
studied rockwalls, a significant intensification of rock-
fall activity was registered close to the glacier surface,

DEUQUA Spec. Pub., 5, 3–12, 2024 https://doi.org/10.5194/deuquasp-5-3-2024
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Figure 10. Geotechnical monitoring in the immediate vicinity of the cable car top station.

i.e., in freshly deglaciated rockwall sections. Rockfall
activity in these proximal areas is ca. 10 times higher
than in distal areas located more than 10 m above the
current glacier surface (not or only marginally affected
by current glacier retreat). Mean annual rockwall retreat
equaled 5.36 mm yr−1 in proximal regions and only
0.55 mm in distal regions.

Data availability. All data sets are available upon re-
quest. Borehole temperature data are available via GTN-
P (the Global Terrestrial Network for Permafrost) at
http://gtnpdatabase.org/boreholes/view/1120/ (Hartmeyer, 2024).
Rockfall data (2011–2017) are available under the following DOI:
https://doi.org/10.14459/2020mp1540134 (Krautblatter, 2020).
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Abstract: The Hüttwinkl Valley, the uppermost section of the Rauris Valley, offers a unique sedimentary and
morphological archive to study the development of the landscape in a high-Alpine valley since the
Last Glacial Maximum (LGM). Glacial extents of the past, especially during the Younger Dryas
(12.8–11.7 ka) and the Little Ice Age, as well as the present-day massive glacier retreat, are clearly
recorded. On the other hand, the effects of different mass movements on valley development are ev-
ident. The field trip begins in Kolm-Saigurn, where the Durchgangwald landslide occurred in the
Bølling–Allerød interstadial (14.7–12.9 ka). In the Younger Dryas (12.9–11.7 ka) glaciers overflowed
parts of the Durchgangwald landslide deposit followed by the Lenzanger landslide (Preboreal, Early
Holocene). North of Kolm-Saigurn, the Bucheben landslide (Early Holocene) and the Lechnerhäusel
landslide (Middle Holocene) showed first a rockslide phase followed by a rock avalanche (sturzstrom),
which led to the formation of toma in the distal area. All landslides detached from the western flank of
the valley, whereas the eastern slopes are predominantly characterized by slow, deep-seated gravita-
tional slope deformation (DSGSD). The most recent significant mass wasting was caused by rockfalls
and catastrophic debris flows.

1 Introduction

The Hüttwinkl Valley, the upper part of the Rauris Valley,
drained by the creek Hüttwinkl Ache, is one of the most out-
standing valleys of the Eastern Alps regarding the impact of
different types of mass movements on landscape develop-
ment. In addition, moraines and glacially shaped landforms
in the forefield of rapidly decaying glaciers result in a pic-
turesque scenery. The aim of the field trip is to show this
unique sedimentary and morphological archive and demon-
strate how the chronology of the contributing glacial, gravita-
tional and fluvial processes have been deciphered so far. We
present partly preliminary research performed in the course

of the geological survey for the geological map sheet ÖK 154
Rauris.

This contribution provides a short overview of the mor-
phological and geological setting (Sect. 2; Figs. 1, 2, 3),
followed by a brief summary of the landscape development
known so far with a special focus on mass movements and
valley floor development (Sect. 3). A more detailed descrip-
tion of the sites will be given in the following chapters in
order of their appearance during the field trip. It starts with
the first location at Kolm-Saigurn (A in Figs. 1, 2; Sect. 4;
Figs. 4, 5, 6, 7, 8) followed by the description of the land-
slides north of Bodenhaus (Sect. 5), including the Lechner-
häusl landslide (B in Figs. 1, 2; Figs. 9, 10) and the Bucheben

Published by Copernicus Publications on behalf of the Deutsche Quartärvereinigung (DEUQUA) e.V.



14 J. M. Reitner and M. Steinbichler: Glaciers and mass movements in the Hüttwinkl Valley (Hohe Tauern range)

landslide (Figs. 11, 12). Finally, the various cases of deep-
seated gravitational slope deformation (DSGSD; term used
in the sense of Dramis and Sorriso-Valvo, 1994, and Agliardi
et al., 2001) on the eastern valley flank, which are evi-
dent throughout the field trip, will be discussed in Sect. 6
(Fig. 12).

Last Glacial Maximum (LGM) is used in the sense of
the Würmian Pleniglacial and covers the time span of 29 to
ca. 19 ka (see Reitner, 2022; van Husen and Reitner, 2022,
with further references). The subdivision of the Würmian
or Alpine Lateglacial (ca. 19–11.7 ka) into glacial stadial
follows the suggestion by Reitner et al. (2016). Holocene
stages and subepoches are classified according to Walker et
al. (2018).

2 General overview and geological setting

2.1 Topographical conditions and highlights

The catchment of the Hüttwinkl Valley (valley of the
Hüttwinkl Ache creek) reaches from the highest and
most prominent peaks (Hocharn 3254 m, Hoher Sonnblick
3106 m) to the confluence with the Seidlwinkl Ache at the
village of Wörth (part of the community of Rauris) and
thus to the onset of the Rauriser Ache creek (Figs. 1, 2, 3).
The uppermost cirques of the catchment are still glaciated
with the most prominent glaciers (called “Kees” in the lo-
cal dialect) of Goldbergkees and Pilatuskees below the Ho-
her Sonnblick peak and Hocharnkees and Krumlkees be-
low the Hocharn peak. The glaciological monitoring of the
Goldbergkees started already in the year 1896 (Penck, 1897),
which allowed us to document the effect of climate change
on the glacier size in great detail since then (Böhm et al.,
2007; Auer et al., 2010; Hansche et al., 2023)

Such an early scientific investigation was enabled by the
last attempts of gold mining lasting some centuries (Gru-
ber, 2004). In 1886, Ignaz Rojacher, the last gold mining en-
trepreneur and open-minded adventurer, constructed the, by
that time, highest meteorological observatory on the summit
of the Hoher Sonnblick (Böhm et al., 2011). This Sonnblick
Observatory, now run by GeoSphere Austria, is an outstand-
ing research infrastructure for studying high-atmospheric
processes and climate change.

2.2 Geological framework

The Hüttwinkl Valley is located in the eastern part of the so-
called “Tauern Window”. The Tauern Window exposes the
lower-plate Penninic and Sub-Penninic superunits that were
buried during the Alpine subduction and collision below the
upper-plate Austroalpine Superunit (Schmid et al., 2004).
With its size of 160× 30 km, it is the biggest of the intra-
Alpine tectonic windows. In addition to preserved thrust con-
tacts, the limits of the Tauern Window are to the west and
east the Brenner and Katschberg normal faults, to the north

the Salzachtal–Ennstal fault zone, and to the southeast the
Mölltal fault zone. The northern part of the Hüttwinkl Valley
is mainly built up by Penninic rocks and consists of Juras-
sic to Cretaceous oceanic meta-sediments as well as mafic
and ultramafic rocks deriving from an oceanic lithosphere.
The southern part of the Hüttwinkl Valley on the other hand
consists of rocks of the Sub-Penninic Superunit and is built
up by pre-Variscan crystalline complexes, Carboniferous or-
thogneiss and Carboniferous to Cretaceous meta-sediment
formations (Pestal et al., 2005; Schuster et al., 2014). The
lithological information is used to understand prominent
landscape-forming events like the Durchgangwald landslide,
as, e.g., the lithological succession of the scarp area of the
landslide is preserved in the landslide deposits. Furthermore,
the main glaciers of the Hüttwinkl Valley (Goldbergkees and
Pilatuskees) are located more or less in areas where the bor-
der between the Penninic to Sub-Penninic superunits crops
out. Hence, the finding of sub-rounded to rounded “Zentral-
gneis” (carboniferous orthogneiss; see Fig. 1) components in
glacial sediments downstream of the bedrock is indicative of
transport during Lateglacial and Holocene advances and re-
treats (Bichler et al., 2016; Pestal et al., 2005).

3 Landscape evolution of the Hüttwinkl Valley since
the Last Glacial Maximum (LGM) and before

Descriptions and explanations of the landscape of the
Hüttwinkl Valley in the context of bedrock geology, glacial
shaping and mass movements have been provided by Hot-
tinger (1935), Exner (1957) and von Poschinger (1986). Es-
pecially the pronounced valley asymmetry (see Fig. 2) con-
sisting of a more gentle slope on the eastern flank (average
20°; according to Fellner, 1993) and a steeper western flank
(average 35°; based on Fellner, 1993) leads to different expla-
nations. Hottinger (1935), who for the first time discovered
the large landslide deposits of Kolm-Saigurn, Lechnerhäusl
and Bucheben descending from the steep western flank, ex-
plained the overall morphology with the general trend of the
main planar fabric (foliation, schistosity): the gentle slopes
on the true right flank follow the dip towards west and show
slow mass movements. In contrast, the steep true left flank
where the scarp of the landslides is located is made up of bas-
set edges. Exner (1957) mapped large areas affected by mass
movements on the eastern flank from Fröstlberg southward
to east of Bodenhaus, which can be classified in modern ter-
minology as DSGSDs. However, he regarded most DSGSDs
to be of interglacial (= pre-LGM) age, as large areas are cov-
ered by an LGM till some meters thick (see Figs. 9, 11). Al-
ready von Poschinger (1986) showed that Hottinger’s (1935)
explanation of the morphological asymmetry appears to be
oversimplified, as the main planar fabric (foliation, schistos-
ity) shows for large areas (approx. from the Kruml Valley and
Lechnerhäusl northward) a gentle northward dip. His results
as well as those of Fellner (1993) show the importance of the
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Figure 1. (a) Location of the Hüttwinkl Valley in the Province of Salzburg, in the Hohe Tauern mountain group (Eastern Alps) is marked.
(b) Geological overview based on Pestal et al. (2005) with the main sites of the field trip (A – Kolm-Saigurn; B – Lechnerhäusl landslide; C –
Bucheben landslide) indicated. Sources: Hillshade – Geoland Basemap (http://geoland.at, last access: 10 June 2024); Geology: Geologische
Bundesanstalt Österreich (2022).

joint orientation together with that of the main planar fabric
(foliation, schistosity) as a relevant cause for the formation
of DSGSDs and hence the valley morphology.

Based on the existing reconstruction of the LGM ice extent
(van Husen, 1987), the Hüttwinkl Valley was part of the large

network of valley glaciers with an ice surface along the valley
axes between 2800 and 2300 m a.s.l. (see Fig. 3). However,
well-developed trimlines of the LGM have not been found in
the Hüttwinkl Valley due to comparable weak lithologies like
different types of schists, which are not able to preserve the
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Figure 2. View of the Hüttwinkl Valley towards the south showing the valley asymmetry with steep west-facing slopes and more gentle slope
on the east-facing side. Important sites are indicated. Field trip locations are plotted on a Google Earth image (with black circle, © Google
Earth 2024); A – Kolm-Saigurn; B – Lechnerhäusl landslide; C – Bucheben landslide. Further locations: Bw – Bocksteinwand rock wall;
Ek – Einödkapelle (1012 m); FB – Fröstlberg slope; Fr – Fröstlberg (1823 m); Fw – Frohnwirt (1074 m); Grieswies-Schwarzkogel (3116 m);
Ho – Hocharn (3254 m); KV – Kruml Valley; M – Mitterkarkopf (2404 m); Ri – Ritterkopf (3006 m); Rü – Rührkübel (2482 m); S – Hoher
Sonnblick (3106 m); SV – Seidlwinkl Valley.

record of glacial erosion (compare with Penck and Brück-
ner, 1909). In addition, different types of mass movements
altered the subglacial landscape shaped during the LGM.
In total, glacial shaping had a limited influence on the val-
ley morphology as indicated by the valley asymmetry (von
Poschinger, 1986). The most prominent legacy of the LGM
exists with an extensive cover by subglacial tills on the east-
ern flank (compare with Exner, 1957; Figs. 9, 11).

Delta foreset beds consisting of sandy to gravelly clino-
forms and silty glaciolacustrine deposits are present in some
areas from the valley floor up to ca. 1600 m a.s.l. (Figs. 3, 9,
10e). Such deposits were formed in ephemeral ice-dammed
lakes at the margin of rapidly downmelting glaciers during
the phase of ice decay in the early Lateglacial (Reitner, 2007;
Reitner et al., 2016), when the LGM ice masses of the East-
ern Alps collapsed between 19 and 18 ka (Klasen et al., 2007;
Wirsig et al., 2016).

Latero-frontal moraines of the following Gschnitz sta-
dial (17–16 ka; Ivy-Ochs et al., 2023a, with references),
which represents the last glacier advance before the Bølling–
Allerød Interstadial (14.7–12.9 ka), are missing in the
Hüttwinkl Valley in contrast to quite frequent documented
instances in the Hohe Tauern mountain range elsewhere (see

van Husen and Reitner, 2022). Direct removal or coverage
by catastrophic landslides and the infill of landslide-dammed
lakes resulting in drowned landscapes most likely erased all
landforms of the Gschnitz paleoglaciers.

No time markers for the (re-)activation of the DSGSDs
after the LGM have been identified so far (von Poschinger,
1986). Evidence from Kolm-Saigurn (see below) indicates
an onset of such DSGSDs before the Bølling–Allerød Inter-
stadial (14.7–12.9 ka).

According to 10Be surface exposure dating, the Durch-
gangwald landslide (Bichler et al., 2016; Figs. 3, 4, 5, 6, 7, 8)
happened around 13 ka at the end of the Bølling–Allerød In-
terstadial (14.7–12.9 ka). Von Poschinger (1986) could show
that the emplacement of the 400×106 m3 large landslide
mass (Bichler et al., 2016) at the toe of the eastern slope
most likely stopped the further development of a previously
formed DSGSD (at Durchgangriegel; Fig. 12b).

During the Younger Dryas (YD; 12.9–11.7 ka), the last cli-
matic deterioration of the Würmian Lateglacial, the cirque
glaciers showed the prominent re-advance of the Egesen sta-
dial. The precursors of Goldberger and Pilatuskees merged
together at Kolm-Saigurn and overflowed parts of the Durch-
gangwald landslide deposit. A series of recessional moraines
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Figure 3. Section along the Hüttwinkl Valley from the Hoher Sonnblick peak to the confluence with the Seidlwinkl Ache creek showing
main elements for understanding the landscape evolution.
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show the further development during the Egesen stadial be-
fore the onset of the Holocene. Latero-frontal moraines of
the Egesen stadial are quite frequent in the Hüttwinkl catch-
ment and show in many cases the last glacier occupation
of present-day non-glaciated cirques. In the older literature
(e.g., Exner, 1957), such moraines are attributed to the Daun
stadial, which is now included in the term Egesen stadial (see
Reitner et al., 2016).

At Kolm-Saigurn, the Early Holocene Lenzanger landslide
(10Be age of ca. 11 ka; Preboreal; Bichler et al., 2016; Figs. 3,
4, 6) covered the subglacial till of the Egesen stadial, which
finally resulted in a unique sequence of superpositions where
a YD till is part of a sequence from the Bølling–Allerød In-
terstadial to the early Holocene (compare also with Ivy-Ochs
et al., 2023b).

Down-valley of Bodenhaus, where the most distal parts
of the Durchgangwald landslide are evident (Figs. 4, 9), the
chronology of mass movements (landslides and DSGSDs)
can be constrained only relatively.

The Bucheben landslide (Figs. 3, 11) occurred most likely
at the end of the Early Holocene (Greenlandian; 11.7–8.3 ka),
based on the 14C-dated drilling results in the backwater area
(drill site B). As the toma hills of the Bucheben landslides
lay on top of the backwater terrace level of the Fröstlberg
DSGSD, the latter must be older.

The Lechnerhäusl landslide (Figs. 3, 9) happened after
the Bucheben landslide as its toma hills were deposited on
the valley floor level formed in the backwater area of the
Bucheben landslide. A dated base of a peat drilled at a
mire within the landslide area at Lechnerhäusl (drill site A)
indicates a landslide event during the Middle Holocene
(Northgrippian; 8.3–4.2 ka). The damming of the Hüttwinkl
creek resulted as well in the formation and infill of a lake,
which most likely drowned the most distal deposits of the
Durchgangwald landslide south of Bodenhaus (Bichler et al.,
2016).

Smaller rockfall events happened of course afterwards but
had no impact on the development of the valley floor. The
only exception is the small rockfall deposit at Frohnwirt
(Fig. 3, 11), which may have led to a short-lasting distur-
bance of the river gradient in the Late Holocene (Megha-
layan; 4.2–0 ka).

Catastrophic debris flows of mostly limited extent oc-
cur frequently. The disintegrated rock of the DSGSD slopes
(Fig. 13c), as well as tills, provides sufficient debris for such
catastrophic events (Baur et al., 1992), as demonstrated by
the last event on 28 August 2023 (Fig. 5e).

4 Kolm-Saigurn

At Kolm-Saigurn (Figs. 1, 3, 4, 5, 6) three well-
distinguishable geological and geomorphological units allow
a reconstruction of gravitational and glacial processes and

the establishment of chronology (Bichler et al., 2016). These
units are, in chronological order,

1. the Durchgangwald landslide

2. the tills and moraines of the Kolm-Saigurn glacier sys-
tem

3. the Lenzanger landslide.

During the field trip, the morphological and sedimentary ex-
pression of all three units will be presented.

4.1 The Durchgangwald landslide

The 10Be surface exposure dating and geological reconstruc-
tions (Bichler et al., 2016) showed that the Durchgang land-
slide occurred at 13.0± 1.1 ka in an ice-free environment at
the end of the Bølling–Allerød Interstadial, just before the
onset of the Younger Dryas. The 0.4 km3 landslide mass
(Figs. 4, 5, 7, 8) detached from the glacially oversteepened
eastern flank of the Grieswies-Schwarzkogel (3116 m) and
covers an area of ca. 3.9 km2. By comparing the lithologi-
cal succession at the flank consisting of westward-dipping
garnet mica schist, “Kalkglimmerschiefer” (meaning impure
marble with layers of carbonate–mica schist and phyllite)
and biotite mica schist, with the similar but rotated succes-
sion of the landslide deposit east of the Hüttwinkl creek, the
detachment and movement occurred along one distinct dis-
placement plane as proposed by Hottinger (1935) and von
Poschinger (1986). The upper part of the plane has an incli-
nation of 40–50° and is thus less steep than the 70–80° joints
in the scarp area (Fig. 8), indicating a new formation of the
plane (von Poschinger, 1986). Outcrops of the landslide de-
posit and the geological evidence of the water tunnel running
through the mass (see also Dirnberger and Hilberg, 2020;
Fig. 12) document a slightly rotated, i.e., steeper, dip with
more or less the same dip direction, indicating a rotational
component of the movement. The rugged surface of the land-
slide (Fig. 6) consists of clast-supported boulder-sized scree
made up of angular to subangular, sometimes house-sized
Kalkglimmerschiefer blocks. The forested area is also char-
acterized by a large number of small standing water and wa-
terlogged areas (see also hydrogeological investigations by
Dirnberger and Hilberg, 2020), which leads to the local name
“Rauriser Urwald” (primeval forest of Rauris or “Rauris vir-
gin forest”).

The northern sector of the landslide comprises compres-
sional structures, as evident in the field and on the DEM.
These morphological features indicate a fast, dynamic flow in
the sense of a rock avalanche (sturzstrom) for the most distal
and down-valley part of the landslide mass, towards the Bo-
denhaus (K7) location. Such a change in the landslide kine-
matics might have been enabled by the successive increase
in fragmentation with transport distance towards the distal
part and by a supposed pre-existing step in the bedrock in the
valley (at K8), leading to a steeper gradient in this area. The
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Figure 4. Simplified topographical and geological overview of the study area, showing the most important features of the study area.
Topographical features referred in this study are marked on the map as (K). Numbers given on contour lines and next to topographical names
indicate elevation in meters above sea level (m a.s.l.; modified after Bichler et al., 2016). The extent of Fig. 6 is indicated.

calculated Fahrböschung (meaning travel angle; Heim, 1932)
for the main sliding part is an 11 to 12° angle with a run-out
length of ∼ 4.1 km. Including the rock avalanche leads to a
run-out length of around 5.6 km and a travel angle of ∼ 14°.
However, the latter number has to be considered an upper
limit, as the most distal part of the rock avalanche is covered
by backwater sediments derived from the Lechnerhäusl land-
slide (Sect. 5.1; Figs. 3, 9). Altogether, the Durchgangwald
landslide resulted in the blocking of the Hüttwinklache creek
in the area of Kolm-Saigurn (K1) and of the creeks at the

Filzenalm (K5), with lakes and bogs subsequently forming
at its margin (Fig. 7).

4.2 The Kolm-Saigurn glacier system

At the onset of the Younger Dryas (YD), glaciers re-
advanced into the valley head of both the Pilatuskees (K3)
and Goldbergkees (K2) (Fig. 7). During this prominent
glacier advance the western part of the Durchgangwald land-
slide got overridden, as proven by a cover of consolidated,
massive and matrix-supported diamict with occasional stri-
ated clasts, a subglacial till typical of a temperate glacier
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Figure 5. Photographs of the Kolm-Saigurn area ((a), (c), (d) are modified after Bichler et al., 2016). Locations are marked according to
Fig. 4. (a) View from K17 towards the north. The scarp area of the Durchgangwald landslide (K6) and its main mass (K4) onlapping on the
opposite valley side is visible. (b) View towards the south of the whole study area. Note the still glaciated areas of the Goldbergkees (1) and
Pilatuskees (2) in the background. The extent of the landslide area is highlighted in yellow. LH – location of Lechnerhäusl inn; LA – quarry
north of Lohningeralm (see Fig. 9). (c) Most distal part of the Durchgangwald landslide, at the Filzenalm (K5). The boulder in the photograph
is a 10Be-dated boulder from Bichler et al. (2016). (d) View at the forefield of the LIA-1850 terminal moraine of the Goldbergkees. A is
terminal moraine; B is plateau of K17 with several dated boulders and dated quartz veins in polished bedrock; C is four lateral moraine
ridges at K17 belonging to the Kolm-Saigurn glacier system of Younger Dryas (YD) age. (e) View at the LIA moraine (A) of Pilatuskees,
which was partly mobilized in the course of the heavy rain event on 28 August 2023. Debris flow deposits in the foreground (image by
Marc Ostermann).
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Figure 6. (a) Hillshade image showing the morphological con-
trast between the rugged terrain of the interstadial Durchgangwald
rockslide deposit (D) and the subglacially smoothed landscape with
multiple latero-frontal moraines formed during the Egesen stadial
(YD; location indicated by Fig. 4). The youngest rock avalanche
event (Lenzanger (L)) is evident in the northwest. K10 – Ammer-
erhof. (DEM provided by the government of Salzburg Province.)
(b) The site with the superposition of all three units (inset strati-
graphic profile) is indicated (modified after Ivy-Oches et al., 2023b,
and Bichler et al., 2016).

(Fig. 4). Zentralgneis and Kalkglimmerschiefer dominate the
clast lithology. On the slope north of the Ammererhof (K10),
a series of nine parallel latero-frontal moraines, mostly with
Zentralgneis boulders on top, can be mapped, with the high-
est marking the border to the un-topped Durchgangwald
landslide deposits (Fig. 6). Based on the morphological and
sedimentary features, the maximum extent of the YD ad-
vance and the recessional phase with glacier stillstands and
stabilization can be reconstructed. However, no end moraine
exists anymore at the maximum position south of Bodenhaus,
most likely due to fluvial action, which eroded also big parts
of the glacial evidence on the true left flank.

The most remarkable succession of four lateral moraines
of YD age occurs on a plateau at 2250–2200 m (K17) in
the forefield of the Little Ice Age (LIA) – moraines of the
Goldbergkees (K16) and thus high above the field trip route
(Fig. 4d). Their position and altitude allow an approxima-
tion on the paleo-equilibrium-line altitude (ELA) during the
YD maximum based on the maximum elevation of lateral
moraine approach (Lichtenecker, 1938).

The age model of the YD Kolm-Saigurn glacier system
is based on the superposition of the 10Be-dated Durchgang-
wald landslide and the 10Be exposure dates of eight boul-
der samples and two bedrock samples (for details see Bichler
et al., 2016). The 14C-dated base of a peat formed after the
glacier advance of Melcherböden with an age of 11.35–11.20

Figure 7. Visualization of the extent, origin and movement direc-
tion of the Durchgangwald landslide (a), the Kolm-Saigurn glacier
system (b) and the Lenzanger landslide (c). (a) 1 is the scarp of the
Durchgangwald landslide; 2 is the border at the Gersteben step (K8)
where the kinematics of the landslide changed from sliding to dy-
namic flow in the sense of a rock-avalanche and the flow direction
changed from east to north. (b) 3 is the confluence of the Gold-
bergkees and Pilatuskees in Kolm-Saigurn. (c) 4 is the supposed
scarp area of Lenzanger landslide; 5 is the Lenzanger landslide
mass. The dashed line marks the approximate location of the cross-
section in Fig. 8. Locations (K) as indicated in Fig. 4: K1 – Kolm-
Saigurn Naturfreundehaus; K5 – Filzenalm; K7 – Bodenhaus; K10
– Ammererhof; K14 – Lenzanger; K17 – plateau in the forefield
of Goldbergkees. (Figure modified after Bichler et al., 2016; DEM
provided by the government of Salzburg Province.)
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Figure 8. Generalized landscape evolution sketch, indicated in
Fig. 7. Numbers and letters are according to Fig. 7. Features are
not to scale. (Figure modified after Bichler et al., 2016.)

ka cal BP provides the upper age constraint of the YD glacier
advance.

4.3 The Lenzanger landslide

Around the Grieswiesalm (K13) and Lenzanger (K14) area,
the till cover is topped by a clast-supported scree with angu-
lar quartzite boulders reaching a size of up to 10 m diameter
(Figs. 4, 6; Bichler et al., 2016). The surface morphology is
characterized by a series of curved ridges, indicating a flow-
like movement. The quartzite blocks cover an overall sur-
face area of around 0.3 km2. The source of these blocks has
been interpreted to document a landslide or, more precisely,
a rock avalanche, originating from the western valley flank,
similar to the Durchgangwald landslide but much smaller in
scale. The stratigraphical succession (Figs. 1, 3, 6) and the
preservation of typical rock avalanche features indicate that
this rapid mass movement happened in an ice-free environ-
ment after the YD glacier advance and retreat. This conclu-
sion is supported by the 10Be ages of two boulders giving
a mean age of 10.8± 1.1 ka which falls into the Preboreal
(Early Holocene).

4.4 Debris flow event of 28 August 2023

In the course of the field trip, we will see the legacy of a very
recent debris flow event which devastated the valley floor
of Kolm-Saigurn (Fig. 5e). On 28 August 2023, a massive
debris flow mobilized some 100 000 m3 of Pilatuskees LIA
moraine triggered by a heavy rain event (unpublished data
provided by Melina Frießenbichler, Daniel Binder, Bern-
hard Hynek, Anton Neureiter, Georg Pistotnik, Marc Oster-
mann, Gernot Weyss). The debris flow is part of a process
cascade that has even reached Rauris about 16 km down-
stream.

5 Landslides north of Bodenhaus

5.1 Lechnerhäusl landslide

The investigation of the Lechnerhäusl landslide event has
not been performed in such detail as that of Kolm-Saigurn.
Hottinger (1935) provided a brief description of the scarp
and the extent of the deposits. Exner (1957) assumed a
Gschnitz moraine within the area of the landslide, whereas
von Poschinger (1986) described the lithology of the de-
posits. Abele (1974) named the landslide Bocksteinwand–
Lechnerhäusl as he, like Exner (1957), regarded the rock
wall of Bocksteinwand as the head scarp. However, such a
release area seems to be unlikely according to the map of
Hellerschmidt-Alber (1998). Taking into account his results
and the modern DEM, the assumed extent of the scarp is dis-
played in Fig. 9. The lithological units in the surrounding sta-
ble areas show a shallow to moderate dip from the southwest
to northwest.

An extensive scarp below the Bocksteinwand represents
the release area of a large DSGSD which resulted in a down-
ward movement of a rock mass consisting of Kalkglim-
merschiefer, prasinite, dark phyllite and so-called “phengite
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Figure 9. Simplified geological map of the Lechnerhäusl landslide and surrounding. The extent of the till cover is partly based on Gries-
meier (2021). Source: Hillshade – Geoland Basemap (http://geoland.at).

gneiss” of the Wustkogel Formation. Eventually the scarp of
the Lechnerhäusl landslide developed on the southern part of
the rock mass affected by the DSGSD (Figs. 9, 10a).

More or less contiguous bodies of landslide deposits can
be mapped east of Lechnerhäusl and on the opposite (east-
ern) valley flank from Lohningeralm northward. In general, a
lithological succession from west to east with Kalkglimmer-
schiefer, dark phyllites and quartzite, phengite gneiss, and
prasinite with dark phyllite occurs within the landslide debris
(von Poschinger, 1986). Large angular boulders of Kalkglim-
merschiefer are characteristic east of Lechnerhäusl. Quarries
for natural stone slabs northeast of Lechnerhäusl and north

of Lohningeralm expose phengite gneiss. The original set
of discontinuities (joints, foliation, schistosity, faults) is still
discernible, but the dip shows a strong variation, and fea-
tures typical of dynamic fragmentation (in the sense of Mc-
Saveney and Davies, 2006) like jigsaw clasts (see Dufresne
et al., 2016) are present (Fig. 10b, c).

Isolated hills, so-called toma, occasionally sitting on the
toe of the eastern flank but mostly on top of the flat valley
floor represent the distal part of the landslide (Figs. 9, 10d).
Those toma with a height of a few meters consist mostly of
Kalkglimmerschiefer but also of prasinite, dark phyllite and
phengite gneiss (Wustkogel Formation).
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Figure 10. (a) View at the Lechnerhäusl landslide from the eastern valley flank. The landslide deposit at Lechnerhäusl (1) and the quarries
in the landslide deposit (2 – northeast of Lechnerhäusl; 3 – north of Lohningeralm) are evident. The run of the supposed scarp (4) below
the Bocksteinwand (Bw) rock wall) is less clear in contrast to the backwater terrace of the Lechnerhäusl landslide (5). (b) Landslide deposit
at the quarry northeast of Lechnerhäusl (no. 2 in (a)). Vertically dipping of strongly fragmented phengite gneiss. (c) Detail of a strongly
fragmented phengite gneiss showing fractures which were caused by dynamic fragmentation resulting in the formation of jigsaw-clasts.
(d) View to the south with small hills, so-called toma (1), made up of Lechnerhäusl rock avalanche deposits. Their position is mostly on
the valley floor. In one case (2) such a deposit was deposited at the toe of a slope. (3) – Quarry northeast of Lechnerhäusl. (4) – scarp of
the DSGSD which was formed before the Lechnerhäusl-landslide. Bw – Bocksteinwand rock wall. (e) Delta foresets structures indicating
synsedimentary deformation typical of ice-marginal deposits of the early Lateglacial phase of ice decay (Mitterkarlgraben in 1575 m a.s.l.,
indicated in Fig. 9). (f) View at the scarp (1) and landslide deposit (2) of Bucheben (with chapel of Bucheben).
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A preliminary kinematic analysis based on field evidence
indicates that an initial rockslide with a newly formed plane
hit the opposite valley flank. Increasing dynamic fragmen-
tation soon led to the transformation into a typical rock
avalanche as indicated by the depositional features and the
toma hills. The latter “surfed” on top of the valley floor which
was formed in the backwater of the Bucheben landslide.

No calculation of the volume detached during the land-
slide has been performed so far. Abele (1974) estimated the
area at 3 km2 and calculated the travel length (5.5 km) and
the Fahrböschung (12.5°) based on a proposed scarp detach-
ment from the Bocksteinwand. We reconstructed a contigu-
ous landslide area of 1.5 km2, which did not include the areas
below the scarp which were affected by slope processes af-
ter the landslide event. Depending on the assumed highest
scarp, the travel length varies between 4.7–5.2 km, resulting
in a Fahrböschung from 8.4 to 10.2°.

According to the situation along the Hüttwinkl valley,
the Lechnerhäusl landslide is younger than the landslides of
Durchgangwald and Bucheben. A drill core at the mire north-
east of Lechnerhäusl (drill site A; Figs. 3, 9) consisted of
sandy material ca. 4.7 m below the surface containing a small
amount of mostly undefinable plant material. The 14C dating
provided an age of ca. 5.3–5.0 ka cal BP indicating that the
Lechnerhäusl landslide most likely occurred in the Middle
Holocene (8.3–4.2 ka). Such a quite young age fits well to
the morphological evidence, as the perturbation of the river
gradient of the Hüttwinkl creek in this flat area is still promi-
nent (Fig. 3).

In the course of the field trip, we will make a short walk to
the former upper mining area east of Lohningeralm where we
see landslide deposits and adjoining ice-marginal deposits.
From this point, we get an excellent overview of the Lechn-
erhäusl scarp area, the backwater area and the distal part of
Durchgangwald landslide.

5.2 Bucheben

Again, Hottinger (1935) described the Bucheben landslide
(Figs. 10f, 11) for the first time. Fellner (1993; unpublished
report) made a brief structural analysis of the scarp area with
a special focus on present-day block stability. The scarp is
developed in Kalkglimmerschiefer and prasinite, which have
a dip of 10–15° from west to north (Dieter Fellner, unpub-
lished report). Joints dipping 40–50° towards the east are re-
garded as the most efficient for the release of the rock mass
on the glacially oversteepened slope.

Morphological features indicate a relatively younger rock-
slide/rock flow (no. 8 in Fig. 11) just below the scarp area
which did partly override the Bucheben landslide deposits.
The latter can be mapped as two contiguous bodies on
both sides of the Hüttwinkl creek. The chapel of Bucheben
(1144 m) sits on the eastern landslide mass. The surface
is covered by angular boulders made up of predominantly
prasinite but also of Kalkglimmerschiefer. Toma hills can be

traced 2 km north of Bucheben on top of a valley fill, which
was formed before the landslide event as a result of mass
movement action before (see Sect. 6).

Like in the case of Lechnerhäusl, an initial rockslide trans-
formed into a rock avalanche whose distal parts disintegrated
and moved as isolated toma (no. 5 in Fig. 11). Abele (1974)
reconstructed a landslide area of > 1 km2, a travel length of
2.2 km and a Fahrböschung of 25°. According to our recon-
structions, we get a contiguous landslide area of 1.5 km2, a
travel length of 3.4–3.6 km and a Fahrböschung of 16–17°.

The Bucheben landslide is relatively older than the Lechn-
erhäusl landslide. A 13.5 m deep drill core at site B (Figs. 3,
11), 500 m upstream of the southernmost landslide deposits
and ca. 200 m upstream of the quite small rockfall deposits of
Frohnwirt (made up of Kalkglimmerschiefer boulder), helps
to constrain the age. 14C dating of wood samples from the
lower sandy layer (13.5–8.5 m below the surface), partly rich
in organic material, provided ages of ca. 8.6–8.4 ka cal BP for
11.8 m below the surface and ca. 8.2–8.0 ka cal BP for 8.7 m
below the surface. This fine-grained layer is topped by coarse
gravel followed by a fining-upward sequence with sand and
finally silt (4.4–2 m). The 14C dating of wood gave an age
of ca. 2.3–2.0 ka cal BP. In the absence of further age con-
straints, we regard the lower fine-grained deposits to be a
result of the damming by the Bucheben landslide which hap-
pened before 8.6–8.4 ka at the end of the Early Holocene.
According to this hypothesis, the Frohnwirt rockfall caused
the formation of the upper backwater deposits and thus oc-
curred in the Late Holocene just before 2.3–2.2 ka.

During the field trip we will stop at Bucheben (1144 m)
and study the scarp and deposits of the Bucheben landslide
as well as the surrounding landscape (backwater areas, DS-
GSDs, etc.).

6 Deep-seated gravitational slope deformation
(DSGSD) and related deposits

Exner (1957) emphasized mass movements in his geo-
logical map of Gastein. There he differentiated between
“im Schichtverband abgerutschte Gesteinsmassen” (in the
sense of displaced rock masses with a still recognizable
set of discontinuities) and “abgerutschte Gesteinsmassen
und Bergsturz-Blockwerk” (displaced rock masses and land-
slide boulders). The first term is covered by what we call
“area affected by DSGSD” (see Steinbichler et al., 2019).
Exner’s (1957) second term has the disadvantage of not
discriminating between deposits of catastrophic landslide
(e.g., Bucheben) and totally disintegrated rock masses at,
e.g., the toe of DSGSDs (see also the geological map in Fig. 1
which follows the same classification). Exner (1957) realized
that displaced rock masses with a moderate disintegration ex-
ist below an extensive cover of subglacial till some meters
thick on the lower parts of the eastern slopes. Thus, he re-
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Figure 11. Simplified geological map of the Bucheben landslide and surrounding. The extent of the till cover is mostly based on Gries-
meier (2021). Source: Hillshade – Geoland Basemap (http://geoland.at).

garded those slope deformations as having formed during an
interglacial (in the sense of pre-LGM).

Von Poschinger (1986) made kinematic analyses of the
slopes of the eastern flank between Kolm-Saigurn and the
Lechnerhäusl landslide deposits based on the set of dis-
continuities (joints, foliation, schistosity, faults). He showed
that only a combination of the westward-dipping main pla-
nar fabric and suitable joints enabled the creeping (meaning

slow displacement) slope deformation along distinct sliding
planes (Fig. 12). On the other hand, he as well realized that
the lower parts of the slopes show only slight to moderate
indications of slope deformation compared to the upper parts
(Fig. 12a). The primary movements, which affected an area
of 16 km2 and an estimated total volume of 0.8 to 2.4 km3,
probably do not take place along a single defined slide plane
but rather along many sliding horizons that cannot be pre-
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Figure 12. (a) Area showing gravitational displacement (after von Poschinger, 1986; terminology translated ). (b) Geological sections after
von Poschinger (1986). Location of the sections is indicated in (a). Translation of the legend.

cisely defined. During this process, the rock is broken up
into sometimes huge rock slabs with a size of up to some
square kilometers, The movements of the valley flank, which
can also be classified as a “Talzuschub” (“valley closure”; a
bulging toe of a slope due to slope deformation; see Stein-

bichler et al., 2019), probably began before the LGM and
are still continuing today, at least in part. According to von
Poschinger (1986), there is currently no risk of the right flank
of the upper Hüttwinkl transitioning from (slow) creeping to
(accelerated) sliding processes.
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Figure 13. Slopes affected by DSGSDs: (a) View from Adelkaralm marble quarry to the western slope of Rührkübel (location in Fig. 2)
consisting mostly of Kalkglimmerschiefer and prasinite. Multiple scarps (1) are evident. (b) View from the Felderalm at the scarp of Fröstl-
berg (1). The flanks of the Teufenbach eroded into disintegrated DSGSDs slopes is evident (2 – site of (c)). (c) Flanks along the Teufenbach
in ca. 1200 m a.s.l. (site 2 in (b)) eroded in DSGSDs. Disintegrated and tilted dark phyllite (“Schwarzphyllit”). (d) Further disintegration of
dark phyllite due to DSGSD. The schistosity is still recognizable in the lower part (dip 260/20) but the material is extremely weak and shows
a transformation to loose debris (hammer for scale).

Fellner (1993; unpublished report), who investigated the
eastern flank north of von Poschinger’s study area, empha-
sized the influence of the abundantly occurring, mechani-
cally weak dark phyllite (Fig. 13c, d) as a condition for the
DSGSDs beside the importance of the general dip of the
main planar fabric. He classified the DSGSDs as “gleitender
Talzuschub” (“valley closure” due to sliding). Mountain rup-
ture phenomena like scarps and tension gaps as well as ver-
tical movements of large rock slabs with the size of a square
kilometer with vertical offsets of more than 140 m charac-
terize the uppermost slope areas of the eastern flank. Due
to the morphological clarity and freshness of the observed
mass movement phenomena and the fact that the numerous
tension gaps hardly show any backfilling, Fellner (1993) con-
cludes that there are ongoing movements. Based on the case

of the Teufenbach torrent (northeast of Bucheben in Fig. 11;
Fig. 13b, c), Baur et al. (1992) emphasize that disintegrated
rock masses at the toe of a Talzuschub (DSGSD) are a major
source for catastrophic debris flows.

The formation of the backwater deposits south of Einöd-
kapelle (1012 m), which show an onlap on the toe of the
Fröstlberg slope (Figs. 11, 13), is of importance for un-
derstanding the development of the lower Hüttwinkl Val-
ley (Figs. 2, 3). The Hüttwinkl creek has already incised
into this deposit (Figs. 3, 11) and is now already incising
into bedrock, but the slightly raised level is still evident up-
stream. Moreover the backwater level existed already when
the Bucheben landslide (Sect. 5.2) occurred, enabling the
emplacement of the toma at this valley floor level. Currently
there are some options which might have caused this situa-
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tion. (1) The Fröstlberg ridge is a prominent scarp (Fig. 13a)
where the outlines of the displaced mass (in the sense of a
DSGSD) below are easily detectable. Like in the cases of
DSGSD discussed above, the lower part is covered by till
and missing any strong indication of mass movement activ-
ity. However, a till cover can be preserved if sliding is the
main process. (2) There are clast-supported boulders of up to
more than 100 m3 in size (4B in Fig. 11), mainly Kalkglim-
merschiefer but also occasionally prasinite. Their source area
must be on the western side but not from immediately above
the deposit. This sediment could potentially document the
most distal part of the Bucheben rock avalanche and/or the
product of a larger rockfall from the western side with a so
far not identified scarp. (3) There might have been a “valley
closure” due to a DSGSD from Fröstlberg and/or a rockfall
deposit, maybe also with the contribution of a debris-flow-
fed fan from the east, up to the Early Holocene. Such a sit-
uation resulted in a slight shift in the river, leading to the
formation of an epigenetic valley formed in bedrock which
preserved the toe of the Fröstlberg DSGSD from further ero-
sion and hence permanent reactivation.
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Abstract: The foreland basins of the European Alps were repeatedly covered by major piedmont glaciers during
Quaternary glacial maxima. The Salzach Glacier was the easternmost of a series of large Pleistocene
piedmont glaciers entering the North Alpine Foreland through major Alpine valleys. It covered an area
of more than 1000 km2 during at least four glacial maxima. The slightly elevated molasse bedrock
provides a high potential for preservation of glacial landforms and offers an ideal setting to explore
the erosional and depositional dynamics of a major glacier piedmont lobe. This field excursion guide
leads to some selected key sites representing deposits of glacial advance, relative equilibrium, and ice
lobe collapse.

1 Introduction

Quaternary landforms in the foreland basins of the European
Alps record the impact of significant depositional and ero-
sional processes associated with the dynamics of major pied-
mont glaciers. In the region between the Rhine Graben and
the Bohemian Massif, individual glaciers along the moun-
tain range reached areal extents comparable e.g. to the mod-
ern Malaspina piedmont glacier (Alaska Range). Between
the Rhine Graben and the Bohemian Massif, at least four
glaciation events with relatively similar spatial extents are
indicated from landforms and terminal moraines. These peri-
ods are locally referred to as (from oldest to youngest) Günz,
Mindel, Riss, and Würm (Penck and Brückner, 1909). Nu-
merical age calculations for landforms that formed during the
most recent two events suggest a close correlation with the
global maximum of the last (Last Glacial Maximum, LGM)

and penultimate (Penultimate Glacial Maximum, PGM) peri-
ods of glaciation (e.g. Ivy-Ochs et al., 2022a, b). Landforms
and outwash deposits related to the older two glacial maxima,
Günz and Mindel, have so far not been successfully dated
but are assumed to fall in the time periods of Marine Isotope
Stage (MIS) 16 and 12 respectively (e.g. Raymo, 1997; van
Husen and Reitner, 2011, 2022).

The Bavarian and Austrian parts of the Alpine Molasse
basin provide particularly good conditions for glacial land-
form preservation. Glacial deposits sit on (glacially) flat-
tened and slightly elevated molasse bedrock and host only
small, low-order catchments with a low potential for flu-
vial erosion. Major fluvial processes are focused along the
Alpine Danube tributaries (e.g. Salzach), which have also
been partly overdeepened by the glaciers. Furthermore, there
was sufficient space for the full development of the piedmont
major lobes. This, in combination with slightly decreasing
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extensions of glacier lobes during successive glacial maxima,
offers the opportunity to explore landforms of three glacial
maxima that predate the LGM.

This field excursion guide presents visits to glacial fea-
tures which record the erosional and depositional dynamics
associated with the advance and meltdown of a major glacial
piedmont lobe, the Salzach Glacier (Fig. 1). The sequence
of stops will provide insights into the temporal succession of
processes, from ice build-up through maximum ice expan-
sion and ice wastage at the onset of global climate relaxation,
and finally analyses the effects of postglacial landscape dy-
namics in a deglaciated foreland region.

2 Stop 1: Döstling gravel pit – the advancing period
of the Salzach Glacier lobe (Fig. 2)

The Döstling gravel pit is situated at the eastern slope of
the Salzach valley and allows for insights into ca. 30 m
thick glacial and glaciofluvial deposits. Deposition of coarse-
grained fluvial sediments (upper and lower channel unit) is
interpreted as originating from a bedload-dominated stream
but regularly providing flow depths large enough for effective
sorting (e.g. cross-bedded strata). The interfingering of the
fluvial succession (lower unit) with the heavily consolidated
basal till on top indicates that these sediments were deposited
in the forefield of the advancing Salzach Glacier and later
overridden by the ice. Rare occurrence of laminated fines
within basal till may point to uncoupling of the ice from the
bed, giving rise to melt-out till formation (Fig. 2e). The posi-
tion of fluvial deposits relatively high up the valley suggests
significant filling of the Salzach valley during these peri-
ods. Derived optically stimulated luminescence ages (Salcher
et al., 2015) indicate that sediments of the lower unit (and
thus the interfingered basalt till) were deposited during the
penultimate glaciation (Riss glaciation) and left uneroded by
the LGM glacier. Ages exceeding the LGM are in principle
agreement with the weathering intensity (e.g. Fig. 2g). Ab-
solute ages are thus far not available from the upper chan-
nel unit. Thus, it is not clear whether the upper channel unit
capped by basal till reflects an oscillation of the PGM glacier
or glacial outwash of the advancing stage of the subsequent
glaciation (LGM). The LGM glaciation might, however, have
at least provided the modification of the glaciofluvial sedi-
ments into streamlined bedforms (Fig. 2b; Weinberger, 1952;
Salcher et al., 2010).

3 Stop 2: Pfaffinger gravel pit – maximum position
of the LGM glacier and evidence for the glacial
series (Fig. 3)

This outcrop is situated within fluvial outwash closely re-
lated to the terminal moraine of the most extensive advance
of the Salzach Glacier during the LGM (Fig. 3b). The ter-
minal moraine of the penultimate glacial maximum (PGM,

Riss) can be recognised just north of the outcrop at an al-
titude of around 500 m a.s.l (above sea level). The outcrop
shows a succession of three coarse-grained, massive units
(Fig. 3a). These units consisting of non-channelised hori-
zontal bedload sheets are considered to represent deposits of
shallow flash floods relating to the upper flow regime (Miall,
1977; Todd, 1989). Supercritical sheetfloods are typical of al-
luvial fans (Nemec and Postma, 1993; Blair and McPherson,
1994) e.g. associated with a glacier, such as ice contact fans
(Fig. 2b) or ramps (Benn and Evens, 1998; Krzyszkowski
and Zielinski, 2002). The lowest sheetflood unit is separated
from the middle sheetflood unit by a ca. 3–4 m thick layer of
basal till. While there is a clear unconformity between the
basal till and the middle sheetflood unit above, the transition
from the lower sheetflood unit to the basal till is indistinct and
marked by gravel sheets intercalated within the till (similar to
the situation observed at “Döstling”; Stop 1, Fig. 2). The se-
quence refers to ice proximity and glacier coverage. The de-
positional context and luminescence ages suggest that these
sediments were deposited during the penultimate glaciation
(Riss, MIS 6). If not eroded, the top decimetres of the mid-
dle sheetflood unit may appear altered into a brownish–dark-
reddish paleosol. It may also form distinct wedge-shaped
structures (up to ca. 3 m) referring to periglacial features
(i.e. ice wedge casts; see Salcher et al., 2015). The inten-
sively weathered paleosol might have been mainly formed
during the Riss–Würm interglacial period (Eemian). Just be-
low the paleosol, sediment may locally appear cemented to
conglomerates of decimetres in diameter. The absence of any
weathering of the upper sheetflood unit agrees with the de-
rived LGM age.

4 Stop 3: fluvial outwash and postglacial incision
(Fig. 4)

Stop 3 (Ach) is located vis-à-vis Burghausen Castle. The
position shows the altitudinal contrast in streamflow ele-
vation of the Salzach River between full-glacial and inter-
glacial (present) conditions (ca. 100 m). Numerous terrace
steps nicely mark the successive incision of the river during
deglaciation (Termination I; Fig. 4). Glacier retreat and asso-
ciated fluvial incision must have been extraordinary rapid as
glaciers were already at inner-Alpine positions at around 17–
18 ka (e.g. Starnberger et al., 2011; Ivy-Ochs et al., 2023).
Modern stream level located just above the Neogene bedrock
suggests that the incision into sediments that were mainly
accumulated during the LGM has largely ceased.

5 Stop 4: Jüngere Deckenschotter – glaciofluvial
outwash of the Mindel glaciation (Fig. 5a, b)

Glaciofluvial sediments associated with Mindel glaciation
are referred to as Jüngere Deckenschotter. These glacioflu-
vial gravels often appear as erosional remnants with re-

DEUQUA Spec. Pub., 5, 31–39, 2024 https://doi.org/10.5194/deuquasp-5-31-2024



B. Salcher et al.: Sediment dynamics of a major piedmont glacier 33

Figure 1. (a) Extent of the Salzach Glacier lobe in the North Alpine Foreland during full-glacial periods of the Last Glacial Maximum (LGM;
“Würm”), the penultimate glacial maximum (PGM; “Riss”), and the antepenultimate maximum (“Mindel”, correlated to MIS 12; van Husen
and Reitner, 2022). (b) Extent of the Salzach Glacier lobe during different glacial maxima and impact on topography. Miocene sediments
preserved east of the major piedmont lobes. DEM bases on NASA’s SRTM (Shuttle Radar Topography Mission, 90 m; for details see Farr
and Kobrick, 2000). Modified from Salcher et al. (2015). (c) Topographic overview, landforms, and planned stops in the field trip. Lowercase
letters denote Quaternary landforms. (a) LGM (Würm) terminal moraine 1 (max extent). (b) LGM terminal moraine 2. (c) LGM upper
outwash terrace “Obere Niederterrasse” (and sub-terrace levels) associated with terminal moraine 1. (d) LGM lower outwash terrace “Untere
Niederterrasse” (and sub-terrace levels) associated with terminal moraine 2. (e) Channels of a subglacial drainage system (LGM). (f) Riss
terminal moraine 1 (max extent). (g) Riss terminal moraine 2. (h) Riss outwash “Hochterrasse”. (i) Mindel terminal moraine. (j) Mindel
outwash terrace “Jüngere Deckenschotter”. (k) Günz terminal moraine. (l) Günz outwash terrace “Ältere Deckenschotter”. (m) LGM ice
wastage deposits. (n) Peat bog (Ibmer Moor). DEM resolution is 10 m (resampled from high-resolution airborne lidar; Land Oberösterreich,
https://www.data.gv.at/katalog/en/dataset/land-ooe_digitales-gelandemodell-dgm, last access: 6 February 2023; hillshade from https://www.
basemap.at/wmts/1.0.0/WMTSCapabilities.xml (via WTMS), last access: 1 June 2024). Landforms according to Kolmer et al. (2008) and
Salcher et al. (2010).
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Figure 2. (a) Geological profile showing sediments that represent the advancing stage of the Salzach Glacier. Luminescence ages are
indicated (Salcher et al., 2015). (b–d) Glaciofluvial deposits (c, d) are capped by basal till and (b) were streamlined by ice flow. (e) Rare
occurrence of laminated fines within basal till may point to uncoupling of the ice from the bed, giving rise to melt-out till formation. (f) Clast
supported fluvial sediments are prone to cracking trough ice overburden. (g) Relatively high weathering degree of some components is in
accordance with depositional ages (PGM). Panels (a) and (b) are modified from Salcher et al. (2015).

stricted spatial extent and are typically characterised by a
high degree of cementation (e.g. van Husen, 2000). Pipe-like
structures representing zones of focused weathering (“Geol-
ogische Orgeln”) are furthermore typical (e.g. Lempe, 2012)
but not obvious in this outcrop. Both the high degree of
cementation and the intense weathering are a function of
time and the relatively high content of carbonate clasts (act-
ing as source of dissolution and subsequent carbonate pre-
cipitation). The sedimentary setting reflects a dynamic ice
marginal environment with features of the lower- and higher-
flow regime. The cave-like appearance of this outcrop seems
at least to be partly natural. This is suggested by the re-
cent discovery of a cave (total length of ca. 20 m) by min-
ing activities in the adjacent gravel pit about 200 m to the

west. Radiometric age constraints of Mindel stage deposits
are largely absent. Deposits are considered to fall into MIS 12
(van Husen and Reitner, 2011, 2022).

6 Stop 5: Mindel terminal moraine (Fig. 5c)

The Mindel glaciation is considered to reflect the most exten-
sive glaciation in the North Alpine Foreland of the Eastern
Alps (Penck and Brückner, 1909). Only a few spots suggest
terminal moraines outside of this stage (“Günz”). Terminal
moraines of the Mindel glaciation generally exceed the width
and height of terminal moraines of other glacial maxima by
far.
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Figure 3. (a) Stratigraphic profile of the outcrop “Pfaffinger” indicating some observed features and the position of derived luminescence
data. See (b) for the position. (b) Topography near the terminus of the Salzach Glacier lobe. The gravel pit is located within outwash
associated with the terminal moraine of the most extensive position of the LGM (terminal moraine 1; see also Fig. 2). The red bar denotes
the geological 3D profile shown in (c). (c) Sketch illustrating the stratigraphy of Würmian (LGM) and Rissian (PGM) deposits. Outwash
gravel deposited during the advancing stage of the Riss period was later overridden by the glacier as indicated by the basal till. Later, during
ice collapse at the end of the Riss period (Termination II), outwash was deposited on top of the basal till. These sediments were subjected
to intense soil-forming processes (last interglacial paleosol) and occasionally covered by loess. The sketch is in good accordance with the
glacial-series model of Penck and Brückner (1909). Modified from Salcher et al. (2015). (d) Outcrop overview as of April 2024. DEM
resolution is 1 m (Land Oberösterreich, http://data.ooe.gv.at, last access: 16 July 2024).

7 Stop 6: Termination I – ice wastage and
associated landforms (Fig. 6)

Ice wastage may result in the formation of hummocky
moraine and specific landforms like kames or kettle holes
comprising a mixture of fluvial, gravitational, and lacustrine
deposits. Along the Salzach Glacier lobe, ice wastage de-
posits are focused in a small area along the former ice mar-
gin, commonly not exceeding a width of several hundred me-
tres (cf. Eyles et al., 1999). Glacial recession is often accom-

panied by the formation of short-lived lakes and local kame
delta deposition (Fig. 6). Ephemeral lakes may have formed
between the ice margin and e.g. the terminal moraine. The
top of a delta surface can thereby refer to the altitude of
the former lake level. Ice wastage deposits are often char-
acterised by relatively steep surface slopes (Fig. 6c) which
are prone to solifluction and slope failure. The characteristic
steep topography is therefore not long lived, and landforms
can hardly be recognised outside the limits of the LGM.
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Figure 4. Longitudinal swath profile along the Salzach–Inn (A). Digital topographic data (10 m resolution) are orthogonally projected onto
the profile line (black) within the marked swath (dashed black lines; see map views). Fill terraces in glaciofluvial outwash of the LGM
(Niederterrasse, green colour) were created during glacier meltdown and the lowering of the outwash source (glacier terminus). Close to the
LGM terminal moraine, top slopes reach up to > 10 ‰. Glacier retreat and associated lowering of the glacier terminus led to the decrease
in profile slopes. In contrast to terraces of different glacial maxima, recessional levels converge at the same altitude. Profile (B) shows the
topography of the main outwash plain, which was active during the full extent of the Salzach Glacier during the LGM (terminal moraine 1, 2).
Slightly different outwash slopes reflect different LGM positions. With the onset of deglaciation and glacier recession towards the Salzach
valley, this outwash plain got quickly abandoned and laterally cut ca. at kilometre marker 10. DEM resampled from Land Oberösterreich
(https://www.data.gv.at/katalog/en/dataset/land-ooe_digitales-gelandemodell-dgm).

Figure 5. Deposits of the Mindel glaciation. (a) Glaciofluvial gravels (“Höhere Deckenschotter”) associated with the Mindel glaciation show
horizontal and cross-bedded strata. A highly dynamic setting (like e.g. an ice marginal fan) is suggested by features of the upper flow regime
representing antidunes and upper-stage plane beds (b). (c) View from the Mindel terminal moraine (MIS 12?) towards the Alps.

8 Stop 7: Jackenmoos mire – the formation of kettle
holes and its importance for postglacial
processes (Fig. 7)

The detachment of ice fragments from the glacier to form
dead ice is a common process during meltdown. Sinks or ket-
tle holes can result if dead ice is buried by sediments. They

are typically prevalent in terminal moraines (see Fig. 3) or
associated with ice wastage deposits. Kettle holes often ap-
pear in larger fields with numerous kettles side by side. De-
pending on sediment and water inflow, these forms may con-
tain (ephemeral) bodies of standing water. Through horizon-
tal or vertical terrestrialisation (small) lakes may also turn
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Figure 6. (a) Ice wastage deposits are typically represented by small, steeply sloped landforms near the terminal moraines. DEM from Land
Oberösterreich (http://data.ooe.gv.at). (b) Foreset of a local kame delta deposit. See (a) for the location. (c) The top of the kame delta marks
the former altitude of a short-lived ice marginal lake. The presence of dead ice led to the formation of a large kettle hole. This sink turned
into a kettle hole mire (Stop 7).

Figure 7. (a) Jackenmoos mire formed in a kettle hole of a kame delta (Fig. 6). (b) Distribution of resistivity within the mire is shown by
electrical resistivity tomography (ERT). The waterbody is indicated by values of high resistivity referring to a low degree of mineralisation.
(c) Concept of floating-mat terrestrialisation after Gaudig et al. (2006) and Götz et al. (2018). The location of the drill core is highlighted as
a yellow bar. DEM from Land Oberösterreich (http://data.ooe.gv.at). Modified from Götz et al. (2018).
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Figure 8. (a) Topography of Austria’s largest peat bog (Ibmer Moor, northern part). DEM with 0.5 m ground resolution (Land Oberösterreich,
http://data.ooe.gv.at) highlights the major anthropogenic overprint through artificial drainage (long linear features of some 100 m) and peat
exploitation (rectangular features). (b) First Military Survey (Josephinische Landesaufnahme; 1775–1777) showing approximately the same
area as above (a) but with a largely undisturbed environment. Note the modifications to the drainage system. Map is derived from http:
//mapire.eu (last access: 1 June 2024). (c) Drill log showing the postglacial to Holocene stratigraphy just south of Lake Heratinger See.
(d) Electrical resistivity tomography section. Low-resistivity parts (blue–green) indicate the presence of lake fines (clay, lake marls). Higher
values (red colours) indicated the presence of coarse-grained glacial sediment. Panel (d) was modified from Götz et al. (2018).

into kettle hole mires (Fig. 7). In the process of terrestriali-
sation waterbodies can be completely covered by a floating
vegetation mat and peat (Fig. 7c). The contrast between the
floating mat, the waterbody, the underlying material, and the
rim of the kettle can be discriminated by electrical resistivity
tomography well (Fig. 7b). The unusual high resistivity of
the waterbody is a function of low mineralisation.

9 Stop 8: Ibmer Moor peat bog – natural trail (Fig. 8)

The “Ibmer Moor” is the largest peat bog area in Austria.
This stop on the natural trail gives an overview of some rela-
tively undisturbed parts of the peat bog. While the peat bog in
the southern part (located in the federal state of Salzburg) was
completely exploited (and thus destroyed), the northern, Up-
per Austrian part remained better preserved. Large parts of
the peat bog formed through late-glacial to Holocene terres-
trialisation of a lake that had been left after deglaciation. This
process was promoted by the water depth of only a few me-
tres. Climate relaxation is indicated by lake marl deposition
often present below the peat. Two small residual lakes are

still left from the ongoing process of terrestrialisation (Lake
Heratinger See and Lake Leitensee).

Data availability. DEM data can be accessed via
https://www.data.gv.at/katalog/de/dataset/land-ooe_digitales-
gelandemodell-dgm (Federal state of Upper Austria, 2024).

Author contributions. BS and RS planned the field trip and the
article together. BS made most figures and wrote the major part with
contributions from all authors. Figure 4 was entirely made by TP.

Competing interests. At least one of the (co-)authors is a guest
member of the editorial board of DEUQUA Special Publications
for the special issue “Quaternary landscape dynamics in the East-
ern Alps: from the highest peaks to the northern foreland basin –
a guidebook to field trips”. The peer-review process was guided by
an independent editor, and the authors also have no other competing
interests to declare.

DEUQUA Spec. Pub., 5, 31–39, 2024 https://doi.org/10.5194/deuquasp-5-31-2024

http://data.ooe.gv.at
http://mapire.eu
http://mapire.eu
https://www.data.gv.at/katalog/de/dataset/land-ooe_digitales-gelandemodell-dgm
https://www.data.gv.at/katalog/de/dataset/land-ooe_digitales-gelandemodell-dgm


B. Salcher et al.: Sediment dynamics of a major piedmont glacier 39

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. We highly appreciate Ylvie Aranmanoth’s
field assistance. Furthermore, we thank Noreen Vielreicher for En-
glish language corrections in an earlier version of the paper.

Financial support. This research has been supported by the Paris
Lodron University of Salzburg Publication Fund.

References

Benn, D. I. and Evans, D. J. A.: Glaciers and Glaciations, Arnold,
London, ISBN 0-340-58431-0, 1998.

Blair, T. C. and McPherson, J. G.: Alluvial fan processes and their
natural distinction from rivers based on morphology, hydraulic
processes, sedimentary processes, and facies, J. Sediment. Res.,
64A, 450–489, 1994.

Eyles, N., Boyce, J. I., and Barendregt, R. W.: Hummocky moraine:
sedimentary record of stagnant Laurentide Ice Sheet lobes resting
on soft beds, Sediment. Geol., 123, 163–174, 1999.

Farr, T. G. and Kobrick, M.: Shuttle Radar Topography Mission pro-
duces a wealth of data, Eos, Transactions AGU, 81, 583–583,
2000.

Federal state of Upper Austria: Digital elevation model of Up-
per Austria (0.5 m resolution baseing on airborne laserscan mis-
sions), Federal state of Upper Austria (Land Oberösterreich),
data.gv.at [data set], https://www.data.gv.at/katalog/en/dataset/
land-ooe_digitales-gelandemodell-dgm, last access: 16 July
2024.

Gaudig, G., Couwenberg, J., and Joosten, H.: Peat accumulation in
kettle holes: bottom up or top down?, Mires Peat., 1, 1–16, 2006.

Götz, J., Salcher, B. C., Starnberger, R., and Krisai, R.: Geophys-
ical, topographic and stratigraphic analyses of perialpine kettles
and implications for postglacial mire formation, Geogr. Ann. A,
100, 254–271, 2018.

Ivy-Ochs, S., Monegato, G., and Reitner, J. M.: The Alps: glacial
landforms from the Last Glacial Maximum, in: European Glacial
Landscapes, edited by: Palacios, D., Hughes, P. D., García-
Ruiz, J. M., and Andrés, N., Chap. 58, 449–460, Elsevier,
Amsterdam, the Netherlands, https://doi.org/10.1016/B978-0-
12-823498-3.00030-3, 2022a.

Ivy-Ochs, S., Monegato, G., and Reitner, J. M.: The Alps: glacial
landforms prior to the Last Glacial Maximum, in: European
Glacial Landscapes, edited by: Palacios, D., Hughes, P. D.,
García-Ruiz, J. M., and Andrés, N., Chap. 39, 283–294, Else-
vier, Amsterdam, the Netherlands, https://doi.org/10.1016/B978-
0-12-823498-3.00008-X, 2022b.

Ivy-Ochs, S., Monegato, G., and Reitner, J. M.: The Alps: glacial
landforms during the deglaciation (18.9–14.6 ka), in: European
Glacial Landscapes, edited by: Palacios, D., Hughes, P. D.,
García-Ruiz, J. M., and Andrés, N., Chap. 20, 175–183, Else-

vier, Amsterdam, the Netherlands, https://doi.org/10.1016/B978-
0-323-91899-2.00005-X, 2023.

Kolmer, C., van Husen, D., and Salcher, B.: Landschaftsgeschichte
und Hydrogeologie der neogenen und quartären Ablagerungen
zwischen Mattig und Inn, Amt der oberösterreichischen Lan-
desregierung, Linz, Austria, 243 pp., 2008.

Krzyszkowski, D. and Zielinski, T.: The Pleistocene end moraine
fans: controls on their sedimentation and location, Sediment.
Geol., 149, 73–92, 2002.

Lempe, B.: Die geologischen Verhältnisse auf der GK25 Blatt
Nr. 8027 Memmingen unter besonderer Berücksichtigung der
Verwitterungserscheinungen in pleistozänen Schmelzwasser-
schottern und deren Einfluss auf ihre bautechnischen Eigen-
schaften. Entwicklung einer Verwitterungsklassifizierung, PhD
Thesis, Technische Universität München, 224 pp., http://
mediatum.ub.tum.de/node?id=1096718 (last access: 16 May
2024), 2012.

Miall, A. D.: A review of the braided river depositional environ-
ment, Earth Sci. Rev., 13, 1–62, 1977.

Nemec, W. and Postma, G.: Quaternary alluvial fans in
southwestern Crete: sedimentation processes and geomor-
phic evolution, in: Alluvial Sedimentation: International As-
sociation of Sedimentologists. Special Publication, edited
by: Marzo, M. and Puigdefabrogas, C., Blackwell Science,
https://doi.org/10.13140/2.1.1535.5521, 1993.

Penck, A. and Brückner, E.: Die Alpen im Eiszeitalter, Tauchnitz,
Leipzig, 1909.

Raymo, M. E.: The timing of major climatic terminations, Paleo-
ceanography, 12, 577–585, 1997.

Salcher, B. C., Hinsch, R., and Wagreich, M.: High-resolution map-
ping of glacial landforms in the North Alpine Foreland, Austria,
Geomorphology, 122, 283–293, 2010.

Salcher, B. C., Starnberger, R., and Götz, J.: The last and penulti-
mate glaciation in the North Alpine Foreland: New stratigraph-
ical and chronological data from the Salzach glacier, Quatern.
Int., 338, 218–231, 2015.

Starnberger, R., Rodnight, H., and Spötl, C.: Chronology of the Last
Glacial Maximum in the Salzach Palaeoglacier Area (Eastern
Alps), J. Quaternary Sci., 26, 502–510, 2011.

Todd, S. P.: Stream-driven, high-density gravelly traction car-
pets: possible deposits in the Trabeg Conglomerate Formation,
SW Ireland and some theoretical considerations of their origin,
Sedimentology, 36, 513–530, https://doi.org/10.1111/j.1365-
3091.1989.tb02083.x, 1989.

van Husen, D.: Geological processes during the Quaternary, Mit-
teilungen der Österreichische Geologische Gesellschaft, 92,
135–156, 2000.

van Husen, D. and Reitner, J. M.: An Outline of the Quater-
nary Stratigraphy of Austria, E&G Quaternary Sci. J., 60, 24,
https://doi.org/10.3285/eg.60.2-3.09, 2011.

van Husen, D. and Reitner, J. M.: Quaternary System, in: The
Lithostratigraphic Units of Austria: Cenozoic Era(them), edited
by: Piller, W. E., Geological Survey of Austria, Vienna, 240–267,
ISBN 978-3-903252-15-8, 2022.

Weinberger, L.: Ein Rinnensystem im Gebiete des Salzach-
Gletschers, Zeitschrift für Gletscherkunde und Glazialgeologie,
vol. 2, 1952.

https://doi.org/10.5194/deuquasp-5-31-2024 DEUQUA Spec. Pub., 5, 31–39, 2024

https://www.data.gv.at/katalog/en/dataset/land-ooe_digitales-gelandemodell-dgm
https://www.data.gv.at/katalog/en/dataset/land-ooe_digitales-gelandemodell-dgm
https://doi.org/10.1016/B978-0-12-823498-3.00030-3
https://doi.org/10.1016/B978-0-12-823498-3.00030-3
https://doi.org/10.1016/B978-0-12-823498-3.00008-X
https://doi.org/10.1016/B978-0-12-823498-3.00008-X
https://doi.org/10.1016/B978-0-323-91899-2.00005-X
https://doi.org/10.1016/B978-0-323-91899-2.00005-X
http://mediatum.ub.tum.de/node?id=1096718
http://mediatum.ub.tum.de/node?id=1096718
https://doi.org/10.13140/2.1.1535.5521
https://doi.org/10.1111/j.1365-3091.1989.tb02083.x
https://doi.org/10.1111/j.1365-3091.1989.tb02083.x
https://doi.org/10.3285/eg.60.2-3.09


DEUQUA Spec. Pub., 5, 41–54, 2024
https://doi.org/10.5194/deuquasp-5-41-2024
© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

DEUQUA
Special Publications

Brunhes to burials – loess region of Krems, Lower Austria
Tobias Sprafke1,2, Robert Peticzka3, Christine Thiel4, and Birgit Terhorst5

1School of Agronomy, Forestry, and Food Sciences (HAFL), Bern University of Applied Sciences,
Länggasse 85, 3052 Zollikofen, Switzerland
2Institute of Geography, University of Bern, Hallerstrasse 12, 3012 Bern, Switzerland
3Department of Geography and Regional Research, University of Vienna, Althanstrasse 14, 1090 Vienna, Austria
4Federal Institute for Geosciences and Natural Resources, Stilleweg 2, 30655 Hanover, Germany
5Institute of Geography and Geology, University of Würzburg, Am Hubland, 97074 Würzburg, Germany

Correspondence: Tobias Sprafke (tobias.sprafke@bfh.ch)

Relevant dates: Published: 9 September 2024

How to cite: Sprafke, T., Peticzka, R., Thiel, C., and Terhorst, B.: Brunhes to burials – loess region of Krems,
Lower Austria, DEUQUA Spec. Pub., 5, 41–54, https://doi.org/10.5194/deuquasp-5-41-2024, 2024.

Abstract: This excursion is dedicated to loess–paleosol sequences (LPSs) and the Quaternary research history
in the region around Krems an der Donau (Krems a.d. Donau), Austria. The landscape at the east-
ern exit of the picturesque Wachau valley, carved by the Danube into crystalline basement rocks, is
covered by thick loess and has a more than 100-year-long research history. Local Upper Paleolithic
findings (e.g., Venus of Willendorf, Fanny of Stratzing, Wachtberg infant burials) are world famous.
The outcrops of Paudorf, Göttweig-Furth, and Krems-Schießstätte were type localities of the Quater-
nary period until the 1970s. Recently, these complex LPSs with discontinuities and polygenetic units
were reinvestigated, with a focus on the Middle to Late Pleistocene (Brunhes) record.

1 Introduction

Loess exposures are among the most instructive Qua-
ternary paleoenvironmental archives. Loess–paleosol se-
quences (LPSs) record phases of morphodynamic activity
and stability, mainly driven by climatic variations (Pécsi
and Richter, 1996; Rohdenburg, 1970). Sedimentological ap-
proaches support paleoenvironmental reconstructions from
loess packages (Antoine et al., 2009; Újvári et al., 2016),
whereas paleopedological work is required for paleosols,
which represent distinct paleoecological conditions of a cer-
tain duration (Bronger, 1976; Sprafke, 2016). Hiatuses and
polygenetic units complicate paleoclimatic interpretations
but add insights into geomorphic evolution (Lehmkuhl et al.,
2021, 2016).

The region around Krems an der Donau (Krems a.d.
Donau) (Fig. 1) in Lower Austria, at the eastern end of the

Wachau valley, is widely known for thick LPSs (< 40 m) and
has a long research tradition (Petschko et al., 2022; Riedl et
al., 2022). In the first half of the 20th century, local LPSs
provided a stratigraphic framework for enclosed Paleolithic
findings, foremost the world-famous Venus of Willendorf
(Bayer, 1913, 1909). Important recent discoveries are the
Venus of Galgenberg (Neugebauer-Maresch, 1993) and the
Wachtberg double infant burial (Einwögerer et al., 2006). Fa-
mous loess outcrops in this area are Paudorf, Göttweig, and
Krems, which were type localities of the Quaternary (Bayer,
1913; Fink, 1961, 1956; Götzinger, 1936; Kovanda et al.,
1995), before the emergence of marine stratigraphy in the
1970s (Emiliani, 1955; Shackleton and Opdyke, 1973).

Local LPSs are mainly located in slope positions; due
to erosional and colluvial processes the LPSs contain dis-
continuities and polygenetic units. Detailed macro- and mi-
cromorphological observations coupled with numerical ages
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Figure 1. Topography, eolian sediments, soils from loess (soil types tentatively adapted to IUSS Working Group WRB, 2022), and LPSs
in northeastern Austria, based on Loishandl and Peticzka (2005), Fink (1958), and Fink and Nagl (1979); hillshade from USGS (2014).
Humid loess landscape located around St. Pölten and further west, transition area to the north along the Bohemian Massif eastern margin,
and dry loess landscape further east (Fink, 1965). LR, LZ: Langenlois Red Outcrop, Langenlois Ziegelei (brickyard) Kammerer; KS, KW,
KH: Krems-Schießstätte, Krems-Wachtberg, Krems-Hundssteig; F+A: Furth and Aigen.

have helped to unravel the formation processes and their tim-
ing (Sprafke et al., 2014). Colorimetric and granulometric
data from samples taken in high vertical resolution along a
continuous column (Antoine et al., 2009) have proven ex-
ceptionally useful for stratigraphic differentiation (Sprafke,
2016; Sprafke et al., 2020).

This field trip aims to present concepts and data from the
last 15 years of research against the background of more
than 100 years of variegated research history. Unless indi-
cated otherwise, figures relate to Sprafke (2016) with modi-
fications.

1.1 Physical geography of the excursion area

The excursion area is located in the surroundings of Krems
a.d. Donau in the western part of Lower Austria. The Wachau
region and the “Weinviertel” region further east are known
for the rather continental, “Pannonian” climate (Nagl, 1983).
The considerable climatic gradient between the oceanic
northwest (700–900 mm m.a.p.) and the continental north-
west (500-600 mm m.a.p.) is related to the Bohemian Massif
acting as a barrier for Atlantic moisture brought by the west-
erlies. This highland (∼ 500–1000 m a.s.l.) represents the re-

maining crystalline basement of the Paleozoic Variscan oro-
gen (Matura, 2006). The lowlands (∼ 180–500 m a.s.l.) be-
tween the Alps and the Bohemian Massif are mainly filled
with molasse sediments deposited during the Alpine orogeny.
During the late Neogene to the Quaternary the Danube and
its tributaries removed a considerable amount of these sedi-
ments and left fluvial deposits (Wessely and Draxler, 2006),
which are present in terraces of varying altitudes and de-
grees of preservation. Like the Pleistocene fluvial deposits,
the widespread loess cover was deposited during cold stages
(Fig. 1). The connection of terraces and loess stratigraphy has
remained difficult, due to incomplete records and different
tectonic impact (Sprafke, 2021). The present-day soil cover
in the loess area reflects climatic differences. Southwest of
the Bohemian Massif there are (often Stagnic) Luvisols (Ah–
E–Bt–C profile), whereas mainly Chernozems (Ah–C pro-
file) developed on a comparable substrate further east, repre-
senting forest and steppe soils, respectively (Fink et al., 1979;
IUSS Working Group WRB, 2022).
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Figure 2. The classic pedostratigraphic model of Austrian LPSs
(Fink, 1965) and correlation with the marine oxygen isotope record
(Railsback et al., 2015). The proposed chronostratigraphy of the
transition area (Fink, 1976) is no longer valid.

1.2 Loess landscapes and paleosols in Austria

Based on the obvious differences in soil cover and observa-
tions in the loess record, Fink (1956) postulated a subdivision
of the Austrian lowlands into three loess landscapes (Fig. 2).
The humid loess landscape (Feuchte Lösslandschaft) west
of the Bohemian Massif with Holocene Luvisols from loess
also exhibits a Bt horizon representing the last interglacial,
which is superimposed by colluvial layers (“Linz complex”).
The dry loess landscape (Trockene Lösslandschaft) east of
the Bohemian Massif, characterized by Chernozems, hosts a
Bw horizon representing the last interglacial, which is super-
imposed by a stack of humic horizons divided by thin loess
layers (“Stillfried complex”). This pedostratigraphic concept
basically remains valid until today, whereas the transition
area (Übergangsgebiet) in between the humid and dry loess
landscape and its pedostratigraphy were the subject of con-
siderable controversies (Fink, 1979b; Sprafke, 2021).

Paudorf, Göttweig, and Krems were established in the
1960s as key units of Quaternary stratigraphy (Fink, 1961,
1965), as the thick LPSs of the transition area are unique for
central Europe and were thought to be rather complete. The
∼ 1–2 m thick paleosol Göttweiger Verlehmungszone (GVZ)
was first thought to represent a warm Aurignacian (early Up-
per Paleolithic) period, followed by loess deposition during
the colder Gravettian (Bayer, 1913); 2 decades later, a ∼ 1 m
thick humic, slightly weathered pedocomplex in the upper
part of the Paudorf loam pit (Paudorfer Bodenbildung) was
attributed to a major interstadial of the last glacial, whereas
the 2 m thick pedocomplex in the lower part of the profile
was correlated to the GVZ and the last interglacial (Fink,
1956; Götzinger, 1936). Further, in the outcrop of Krems-
Schießstätte, a pedocomplex that was thought to represent

the GVZ was recognized (Fink, 1976: KR4 paleosol). A∼ 3–
4 m thick complex of rather strongly weathered soils below
KR4 (Kremser Komplex; Fink, 1976: KR7–9) was attributed
to a previous long interglacial (Fink, 1961).

However, fundamental revisions had to be accepted in
the 1970s in the context of a Czech–Austrian collaboration.
Mollusks in the Paudorfer Bodenbildung indicated its for-
mation during the last interglacial, and the Göttweiger Ver-
lehmungszone was related to a Middle Pleistocene inter-
glacial (Fink, 1969). As the Matuyama–Brunhes boundary
(MBB) was detected in the upper part of Krems Schießstätte,
just below KR4, the Kremser Komplex clearly had an Early
Pleistocene age (Fink, 1976; Fink and Kukla, 1977). Ther-
moluminescence ages by Zöller et al. (1994) supported the
main revision of Paudorf and Göttweig. Krems-Schießstätte
remained well known for its Early Pleistocene record (Kukla
and Cílek, 1996). Noteworthy are works at these type local-
ities in the context of a geological survey in the Weinviertel
region (Kovanda et al., 1995).

Recent investigations of still-accessible outcrops in the
Krems region started over 15 years ago. Fundamental ad-
vances in luminescence dating have allowed for more pre-
cise interpretations and correlations for about the last 300 kyr
(Terhorst et al., 2011; Thiel et al., 2011a, b, c). Paleoenvi-
ronmental reconstruction from the polygenetic LPSs of the
transition area have focused on the Brunhes record (Sprafke,
2016; Sprafke et al., 2013, 2014). In recent years, the last
glacial LPSs have received increasing attention, often re-
lated to Upper Paleolithic sites (Groza et al., 2019; Hambach,
2010; Händel et al., 2021; Lomax et al., 2014; Meyer-Heintze
et al., 2018; Nigst et al., 2014; Reiss et al., 2022; Sprafke et
al., 2020; Terhorst et al., 2015; Zeeden et al., 2015; Zöller et
al., 2014).

2 Krems-Wachtberg: last glacial loess,
paleoclimate, and archeology (Stop 1)

The spur between the Krems and Danube rivers in the north
of the picturesque city of Krems a.d. Donau is covered by
an LPS of up to 37 m thickness, reaching back into the Early
Pleistocene, partly exposed at Krems-Schießstätte (Stop 2;
Fink, 1976). At the southeast-exposed slope, up to 10 m thick
Late Pleistocene loess contains several Upper Paleolithic
occupation layers, which have been the subject of excava-
tions for > 100 years (Einwögerer et al., 2009; Neugebauer-
Maresch, 2008). From 2005 to 2015, excavations at the site
of Krems-Wachtberg (48°24′53.95′′ N, 15°35′58.39′′ E; no
more profiles accessible due to house construction) (Händel
et al., 2014) largely focused on archeological horizon (AH) 4,
at ∼ 5.5 m depth, dated to ∼ 31.2 ka (Simon et al., 2014),
where buried infants were discovered in 2005 (Einwögerer et
al., 2006). The adjacent ca. 8 m thick LPS has no major dis-
continuities and spans a time range from∼ 20–40 ka (Lomax
et al., 2014; Sprafke et al., 2020). Magnetic proxy variations
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Figure 3. Krems-Schießstätte. (a) Panoramic photo and (b) hillshade with outcrop sectors. (c) Mittlere Wand (Fink, 1979a).

and field stratigraphic units (incipient paleosols, tundra gley
soils, reworked units, loess) have been tentatively correlated
to the Greenland ice core record (Hambach et al., 2010; Heiri
et al., 2014; Terhorst et al., 2014). High-resolution color and
grain size analyses and available age information were re-
cently integrated into a unified chronostratigraphic frame-
work, revealing that, contrary to the western central Euro-
pean reference LPS Nussloch, Heinrich events did not result
in thick dust accumulation but rather in reworking within a
polar desert ecosystem (Sprafke et al., 2020).

3 Krems-Schießstätte: thickest loess of Austria;
magnetic reversals (Stop 2)

Krems-Schießstätte (48°25′0.99′′ N, 15°35′48.25′′ E) is a
large outcrop (Fig. 3) that was repeatedly the subject of in-
vestigations during the last century. Noteworthy are the joint
Czech–Austrian investigations in the late 1960s and early
1970s, taken up in the 1990s (Kovanda et al., 1995). Most
work has focused on the Mittlere Wand, where the major-
ity of the paleosols is exposed and the Matuyama–Brunhes
boundary (MBB) and older magnetic field reversals were
traced (Fink, 1976). The investigations in the late 1960s to
1970s revealed the presence of 16 soil horizons that were
labeled from top to bottom in ascending order. KR1 is the
recent soil, and KR2 and KR3 are only weakly developed
and could not be unambiguously traced in our detailed study
of sector GN1. Therefore, KR4 is the only significant pedo-
complex above the MBB (Fink and Kukla, 1977). Following
these authors, Krems-Schießstätte may complement the Brno
Red Hill LPS, which is seen as rather complete record of the

Figure 4. Prominent paleosols in Krems-Schießstätte with KR la-
bels (Fink, 1976; Fink and Kukla, 1977). (a) Sector MW5 with the
(invisible) reported MBB between KR4 and KR5, below a major
hiatus of KR8 and KR9 (see Fig. 3d). (b) Sector NW2 with the KR4
profile sampled in high resolution and stratigraphic designations by
Sprafke (2016).

Brunhes chron (see Sect. 6, Conclusions). A few years later,
the Stranzendorf LPS, which is interpreted to reach back to
the Pliocene, was used to complement the Red Hill–Krems
succession to a whole central European record of glacial–
interglacial cycles comparable to the long records of the Chi-
nese Loess Plateau (Kukla and Cílek, 1996). A comprehen-
sive review of these studies is given in Kovanda et al. (1995).

Recent investigations focused on the Brunhes record of
Krems-Schießstätte (including KR4), with additional data
from KR5 and KR7, both below the MBB. High-resolution
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Figure 5. Stratigraphy, granulometry, and carbonate contents of NW2 and AK1; loess colors at AK1 (details in Sect. 3.2); and preliminary
luminescence ages against the marine oxygen isotope record (Railsback et al., 2015), adapted from Sprafke (2016).
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Figure 6. Stratigraphy and color data (details in Sect. 3.2) of KR4 at MW2, adapted from Sprafke (2016).

Figure 7. Micromorphological characteristics (terms from Stoops, 2003) of KR4 at MW2, translated from Sprafke (2016).

Figure 8. Formation model of KR4 (at MW2) and tentative chronology and paleoenvironments, adapted from Sprafke (2016).
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Figure 9. Overview of Göttweig-Furth and Göttweig-Aigen from Fink (1976).

color measurements and mesomorphological studies in rep-
resentative sections of the wall facilitated the stratigraphic
subdivision of the laterally variable outcrop walls. Distinct
horizons were investigated in more detail using, e.g., micro-
morphology, and for distinct loess packages luminescence
ages were determined.

3.1 Sector NW2

Entering the brickyard from the gate at Schießstattgasse,
well-differentiated loess sediment above the characteristic
KR4 pedocomplex is exposed at the outcrop wall on the right
side (Fig. 4). Luminescence ages reveal marked discontinu-
ities in the loess above KR4 (Fig. 5). While the topmost last
glacial loess is rather uniform, the penultimate glacial loess
consists of brownish loess enriched in coarser material next
to pale horizons dominated by silt. The characteristic Unit VI
can be traced along the entire outcrop. Below another consid-
erable hiatus KR4 has a rather sharp lower boundary between
a Bt and basal Ck horizon. The middle part shows advanced
weathering but no signs of clay illuviation. A detailed study
of KR4 will be presented in the profile of sector MW2. On
the way along the North Wall into the Alter Kugelfang the pe-
docomplex stays at a comparable altitude, whereas loess be-
tween Unit VI and the KR4 pedocomplex strongly increases
in thickness.

3.2 Sector AK1

Contrary to the neighboring AK2 and AK3 the profile at AK1
(Fig. 5) does not reach up to Unit VI but through the com-
plete KR4, which is extraordinarily thick here, due to local
deposition of soil sediments. Preliminary luminescence data
indicate a minimum age of MIS 8 (marine isotope stage) for
the succession of partly brownish and bleached loess sed-
iments. The presence of a significant component of coarse
material can be interpreted with the polygenetic development
in the interplay of eolian sedimentation and in situ and collu-
vial processes, which is typical of most of the loess sediments
of the Krems region. The closely spaced profiles of AK1–3
were compared based on field and sample observations and
color data. The latter are measured by a spectrophotometer
and allow for a robust subdivision of loess sediments and pe-
docomplexes. We use the warm–cold value (WCV) as a ratio
of warm to cold colors (Sprafke et al. 2013), with L* indi-
cating luminance, a* for red (> 0) vs. green (< 0), and b* for
yellow (> 0) vs. blue (< 0); the background shows RGBc100,
representing RGB colors with enhanced contrast. A limited
profile depth of the outcrop walls below private gardens had
an influence on color measurements, rendering a profile cor-
relation based on color data alone challenging for this weakly
differentiated material (Sprafke, 2016).
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Figure 10. Paudorf LPS (Sprafke, 2016), with grain size, carbonate, and color data from Sprafke et al. (2013). Grain size data from Sprafke
et al. (2013). Luminescence ages are shown in the framework of the marine oxygen isotope record (Railsback et al., 2015; Sprafke et al.,
2014).

3.3 Sector MW2

The KR4 pedocomplex is best differentiated in MW2, also
shown in the standard sequence by Fink (1978). Here, KR4
has a Bt horizon in the bottom and is considerably weath-
ered in the middle part; however, in the upper middle and in
the topmost part weathered humic horizons are found. Color
data, as presented in the sections before, also support the
classification of well-developed soil horizons; oscillations
are due to inhomogeneous, aggregated clay-rich material and
secondary carbonate (Fig. 6). Semi-quantitative micromor-
phological analyses of different features following the termi-
nology of Stoops (2003) (Fig. 7) are complemented by the
qualitative assessment of feature constellations. Microstruc-
ture, primary carbonates, and clay coatings are key to clas-
sifying paleosols (Bronger, 2003, 1999) and to reconstruct-
ing polygenesis (Sprafke et al., 2014). Phases of pedogenesis

and reworking are linked to paleoenvironmental variations;
it is suggested that KR4 formed during up to three glacial
interglacial cycles of the early Middle Pleistocene (Fig. 8).

3.4 Sectors MW3–GN1

Sectors MW3–5 provide some insights into the Matuyama
record of Krems-Schießstätte Mittlere Wand (Fink, 1976;
Fink and Kukla, 1977). At MW3, a strong inclination of pa-
leosols KR4 and KR5 and a colluvium in the basal part are
observed. At MW4, the Kremser Komplex (Fink, 1961) is
exposed, consisting of KR9, KR8, and KR7, from bottom
to top. KR7 is known as Krems soil (Brandtner, 1956) and
the most weathered paleosol currently exposed at Krems-
Schießstätte; it has a marked petrocalcic horizon at the base.
A comparison of the color and micromorphology of KR7,
the GVZ, and the basal Bw horizon of the Stillfried complex
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Figure 11. Micromorphology of samples from Paudorf locus typicus. (a) Calcified root cell, partly disturbed by bioturbation (IIId). (b) Bw
fragment (IIIc). (c) Granular structure (cryo- vs. bioturbation?) (VIIIa). (d) Rolled clay coatings in weathered groundmass (Xd). (e) Frag-
ments of clay coatings (Xf1). (f) Clay coatings partly in situ (Xg).

Figure 12. Formation model of the upper pedocomplex (Unit III) at Paudorf during MIS 5, with main processes, tentative chronology in
comparison to the MIS 5 pedocomplex at Stillfried, and related paleoenvironments.

(Eemian) indicates overall moderate interglacial weathering
intensities in the study area. Finally, at the southern corner
of MW5 to GN1 (the Pfeiler), the oldest exposed parts of the
whole outcrop are found (Fig. 4).

4 Furth-Zellergraben: Göttweiger Verlehmungszone
(Stop 3)

The Göttweiger Verlehmungszone (GVZ; 48°22′30.83′′ N,
15°36′13.49′′ E) exposed in the Zellergraben near Furth
bei Göttweig crosses several terraces and loess sediments
(Fig. 9). The GVZ was described over 100 years ago by
archeologists, was suggested to represent a warm period of

the Aurignacian (Bayer, 1913), and was later thought to rep-
resent an earlier interstadial of the last glacial period (Brandt-
ner, 1956; Gross, 1960, 1956). Fink (1961) established the
view that it was the last interglacial paleosol (Fink, 1960,
1956; Götzinger, 1936). The GVZ could not be bracketed
by luminescence ages because the sample above already in-
dicates an age older than the possible dating range, i.e.,
> 350 ka (Thiel et al., 2011b). A formation during MIS 11
and/or older interglacials is likely (Kovanda et al., 1995;
Sprafke, 2016). In the upper part of the sequence, a few hun-
dred meters to the south (Aigen), a paleosol comparable to
the MIS 5 complex in Paudorf is exposed (Thiel et al., 2011b;
Zöller et al., 1994).
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Figure 13. Compilation of paleopedological records in a transect from central to southeastern Europe based on various sources (Antoine
et al., 2013; Bibus, 2002; Boenigk and Frechen, 1998; Bronger, 2003; Lisiecki and Raymo, 2005; European Soils Bureau Network, 2005;
Marković et al., 2009, 2011; Pécsi and Richter, 1996; Schmidt et al., 2011; Scholger and Terhorst, 2013; Semmel and Fromm, 1976; Terhorst,
2013; Terhorst et al., 2002; Zöller et al., 1988).

5 Paudorf: polygenetic paleosols and related
paleoenvironments (Stop 4)

The loam pit in the northwest of Paudorf (48°21′22.93′′ N,
15°36′30.00′′ E), also known as Paudorf locus typicus
(Brandtner, 1956; Fink, 1976, 1954, 1965; Götzinger,

1936; Terhorst et al., 2011; Zöller et al., 1994), is lo-
cated at ∼ 260 m a.s.l. at the footslope of the Waxenberg
(∼ 500 m a.s.l.). Two prominent paleosols are visible in the
up to 11 m thick LPS (Fig. 10). These were studied in detail
by Sprafke et al. (2014); slight modifications in the stratig-
raphy and pedocomplex evolution by Sprafke (2016) are due
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to insights from the Stiefern LPS and Krems-Schießstätte.
The penultimate glacial loess of these sites shows interesting
similarities, i.e., brownish horizons enriched in coarse mate-
rial and bleached horizons with dominating silt. Next to eo-
lian deposition and in situ alteration, the influence of slope
processes is evident in the evolution of the local loess sedi-
ments, provoking questions on the loess definition (Sprafke,
2022; Sprafke and Obreht, 2016). The complex evolution of
enclosed pedocomplexes requires thin-section studies and ro-
bust age control (Sprafke et al., 2014) (Figs. 11 and 12).

Based on the semi-quantitative analyses combined with a
qualitative investigation, several stages of development were
reconstructed for the pedocomplexes. The correlation of dif-
ferent stages for the MIS 5 is based on comparisons with
nearby pedocomplexes with similar pedogenic intensities but
higher temporal resolution, e.g., the Stillfried complex (Fink,
1954, 1979b; Zöller et al., 1994). For the MIS 9 pedocomplex
(not shown), there are no nearby records for comparison;
therefore the correlations with the marine isotope substages
and reconstructed paleoenvironments are tentative (Sprafke,
2016).

6 Conclusions

The studied Middle to Late Pleistocene LPSs are polygenetic
and discontinuous, and age control is limited (luminescence
ages to about 300 ka; MBB is ca. 780 ka). However, some
general conclusions can be drawn from the presented results
if the paleopedological record is considered and combined
with the concept of climate-phytomorphic soils (Bronger,
2003, 1976). Absence of significant clay illuviation indicates
that during the last 1 Myr interglacial climates in Lower Aus-
tria were different than those in western central Europe but
more similar to the Pannonian Basin (with minor deviations;
Fig. 13). In turn, glacial periods had a central European char-
acter, indicated by the presence of tundra gleys. Yet, loess of
the last glacial has revealed characteristic differences in land-
scape response to millennial-scale paleoclimatic fluctuations
compared to western central Europe.
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