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Relict rockglaciers are distinctive indicators of past permafrost occurrence. Their lower limit is attributed
to a former mean annual air temperature (MAAT) of below —2 °C. This study provides a comprehensive
dataset of 34 '°Be exposure ages from boulders along two complex series of relict rockglaciers, called
Tandl rockglaciers and Norbert rockglaciers (Carinthia, Austria). The lowest Tandl rockglacier complex
stabilised around 14 ka at an elevation of 1350 m a.s.l., the lowest Norbert rockglaciers (1580 and 1730 m
a.s.l.) stabilised around 15.7 ka. Additionally, in both study sites the low elevation relict rockglaciers
interacted with glacial deposits of the local pre-Bglling glaciers (Gschnitz stadial glacier). Temperature
lowering based on our data of the Gschnitz rockglaciers ranges between 6.3 and 4.5 °C compared to
modern MAAT. The cross-cutting relationships of the rockglaciers and the glacial deposits together with
the exposure ages of the rockglaciers, indicate that these rockglaciers, and therewith also permafrost,
developed shortly after or even simultaneously with retreat of the Gschnitz stadial glaciers. This is the
first permafrost formation in the Alpine areas after the retreat of the (warm-based) Last Glacial
Maximum glaciers. The Tandl and Norbert rockglacier lobes located at higher elevations, up to about
2300 m a.s.l, finally stabilised in the early Holocene; ages of several dated lobes lie between 12-10 ka. At
this time, which corresponds to the Egesen stadial (Younger Dryas) cold phase, rockglaciers and glaciers
co-existed. From the lowest position of the Egesen rockglacier lobe at the Tandl site (1700 m a.s.l.), a
temperature lowering for the Egesen stadial of —4.6 °C was calculated. This study highlights the potential
of relict rockglacier deposits as an independent paleoclimate archive and their usefulness for recon-
struction of past permafrost development and distribution in high mountain areas when they can be
placed in a temporal framework.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

interstitial ice and ice lenses that move downslope or downvalley
by creep as a consequence of the deformation of ice contained in

Rockglaciers are among the most striking and immediately
recognisable periglacial landforms in high mountain areas
(Haeberli, 1985; Barsch, 1996; Kaab, 2013; Ballantyne, 2018; Jones
et al, 2019). They stand tens of meters above the surrounding
terrain with their steep (>35°) front and side walls. Barsch (1996)
defined rockglaciers as “... lobate or tongue-shaped bodies of
perennially frozen unconsolidated material supersaturated with
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them and which are, thus, features of cohesive flow”. The surface
relief is generally blocky and indicative of the creeping processes. It
is often characterized by transverse furrows and ridges in the lower
and flow-parallel ridges in the upper part (Haeberli, 1985; Ikeda
and Matsuoka, 2002; Frehner et al., 2015).

Active rockglaciers occur within the local permafrost belt and if
they are not hindered by topography, the front of the rockglacier
corresponds to the lower limit of discontinuous permafrost, indi-
cating a mean annual air temperature (MAAT) of < -2 °C (Haeberli,
1985; Barsch, 1996). Cold but rather dry climatic conditions and a
lithology that constantly provides abundant blocky debris (e.g.
granite, gneiss, massive limestone) favour formation and persis-
tence of active rockglaciers (Frauenfelder, 2003; Haeberli et al.,
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2006; Kenner and Magnusson, 2017). Depending on various in-
fluences such as climate (MAAT, mean annual precipitation (MAP),
wind sheltering), topography, aspect, and lithology, a variety of
forms are possible, from very simple rockglaciers to highly complex
ones with overlapping lobes (Brazier et al., 1998; Gruber and
Hoelzle, 2001; Dramis et al.,, 2003; Johnson et al., 2007; Kenner
and Magnusson, 2017). In the Alps rates of movement range in
the order of centimetres to few meters per year with average values
around 0.2—0.5 m/a (Kaab et al.,, 2003, 2007; Frauenfelder et al.,
2004; Delaloye et al., 2010). Within the last few years a general
trend in rockglacier acceleration has been observed (Roer et al.,
2005; Delaloye et al., 2013; Bodin et al., 2017; Eriksen et al.,
2018), which is correlated to increasing air temperatures. A
warming climate leads to rise of the permafrost limit to higher
elevations and as a consequence the internal ice of rockglaciers
starts to melt. As soon as the ice content has shrunk below a critical
volume required for movement, the rockglacier stabilises and be-
comes climatically inactive. In the moment of complete loss of the
interstitial ice, it turns from an inactive into a relict rockglacier,
which is geomorphologically characterized by deep depressions
and collapse features due to the ice loss, but retains most of its
morphology (Barsch, 1996). At that moment, blocks that may have
been shifting or rotating gain a stable position.

One of the first researchers to write down thoughts on rock-
glacier formation and formation age was Capps (1910). He links
their formation to a post-glacial environment, arguing that rock-
glacier formation starts after deglaciation, when areas became ice-
free and permafrost development starts. For the Eastern Alps, this
began at around 19-18 ka when glaciers of the Last Glacial
Maximum (LGM) network of transection glaciers (Van Husen, 1987)
receded back from the forelands (Reitner, 2007a; Ivy-Ochs, 2015;
Monegato et al., 2017). Associated ice surface lowering in the high
Alps has been dated to 19-18 ka (Wirsig et al., 2016). In most areas
LGM glaciers were warm-based as shown by the presence of
abundant glacial erosional features and the facies of subglacial
sediments (Menzies and Reitner, 2016). During the Oldest Dryas
(18—14.6 ka), glacier variations are referred to the early Lateglacial
phase of ice decay (Reitner, 2007a) and the Gschnitz stadial (17-16
ka) (Ivy-Ochs et al., 2006a; Reitner et al., 2016). This is followed by
the Bolling-Allergd interstadial (14.7—12.9 ka) (Walker et al., 1999),
and the Egesen stadial, with glaciers responding to the Younger
Dryas cold phase (12.9—11.7 ka) (Kerschner, 1980; Ivy-Ochs et al.,
1996, 2009; Cossart et al., 2012; Bichler et al., 2016; Drescher-
Schneider and Reitner, 2018; Scotti and Brardinoni, 2018). In
contrast to the Lateglacial glacier fluctuation history, almost
nothing is known about the onset of permafrost in the formerly
glaciated areas in the Alps after the LGM and its further chronology
of expansion and recession.

As relict rockglaciers initially formed under permafrost condi-
tions, their position gives direct evidence of the lower limit of
permafrost at the time of their activity (Barsch, 1996). This rela-
tionship between active rockglaciers and climate makes relict
rockglaciers attractive for constraining past MAAT (Kellerer-
Pirklbauer and Kaufmann, 2012; Moran et al., 2016). The potential
of relict rockglaciers for constraining past climate conditions was
already recognized in the early days of rockglacier research
(Kerschner, 1978, 1983; 1985; Barsch, 1992). However, at that time
it was not possible to absolutely date them, which is essential to
draw conclusions about the past. Knowing the age of a rockglacier,
its moment of inception or decline into inactivity, has been and
remains difficult to constrain. Periods of rockglacier activity may be
estimated through cross-cutting relationships of rockglaciers with
glacial landforms (Kerschner, 1978; Sailer and Kerschner, 1999). In
addition to using rockglacier-glacier interactions to gain a relative
age for a rockglacier, several other indirect methods exist. For

example, radiocarbon dating of organic material found within or
below a rockglacier (Haeberli et al., 1999; Scapozza et al., 2010;
Krainer et al., 2015), Schmidt-hammer and weathering rind thick-
ness measurements on boulders (Frauenfelder et al., 2004; Bohlert
et al., 2011a, 2011b) or luminescence methods (Fuchs et al., 2013)
can be applied. Lately, it has been shown that absolute ages of relict
rockglaciers or related periglacial landforms can be determined by
applying cosmogenic nuclide exposure dating directly on boulders
of the deposit (Barrows et al., 2004; Ballantyne et al., 20009;
Hippolyte et al., 2009; Ivy-Ochs et al., 2009; Moran et al., 2016;
Palacios et al., 2016; Andrés et al.,, 2018). But it is somewhat
controversial due to problems of ambivalent interpretation,
including concerns about inheritance and the length of time
required for final rockglacier stabilsation.

The goals of this study are to investigate two geo-
morphologically well-defined rockglacier systems in the Eastern
Alps (Fig. 1). Rockglacier deposits in each system are located at
rather low elevations suggesting they are older than many other
rockglacier deposits in the region or in the Alps. Notably, the two
sites are located relatively close to each other (<10 km) and have
different aspects one facing northeast and the other southwest. A
primary aim is to examine the applicability of rockglacier deposits
as paleoclimate archives, which is only possible if they can be
placed in a chronological framework. Cosmogenic nuclides are a
suitable tool, as boulders in the deposit can be directly dated. In this
study numerous boulders in a sequence of related rockglacier lobes
were dated and the results were scrutinized in light of field re-
lationships, providing insights into not only periods of activity but
also the morphodynamic development of the rockglacier com-
plexes over time. As even the oldest rockglaciers we studied appear
to have advanced into recently ice-free terrain, this gives us the
opportunity to examine glacier-rockglacier interactions throughout
the Lateglacial and early Holocene. Additionally, our data from each
of these archives allows inferences to be made on paleoclimatic
parameters.

2. Study sites

In the Reisseck group (a part of the Hohe Tauern mountain
range) located in the Eastern Alps (Fig. 1), in the province of Car-
inthia, Austria, two outstanding series of complex, multi-lobed,
talus-derived (Barsch, 1996) relict rockglaciers can be found
(Reitner, 2007b; Kellerer-Pirklbauer et al., 2012). These are the
Tandl rockglaciers (46° 56.99' N, 13° 26.04' E) and the Norbert
rockglaciers (46° 54.26’ N, 13° 22.86’ E). They span in elevation from
1220 m a.s.l. at Tandl and 1580 m a.s.l. at Norbert and up to
approximately 2300 m a.s.l. The Tandl rockglaciers are located in a
tributary valley on the western side of the Malta Valley (829 m
a.s.l.). The Norbert rockglaciers (named after the local alp) are
located in a northern tributary valley of the Moll Valley (589 m
a.s.l.). According to the permafrost map (Boeckli et al., 2012b,
2012a) and the elevation of the —2 °C isotherm at around 2600 m
a.s.l., there is presently no permafrost at the study sites. However,
the highest mountain peaks may still contain permafrost (Hochkedl
2558 m a.s.l., Sonnblick 2515 m a.s.l., Tandelspitze 2633 m a.s.L.).
The two valleys receive between 1000 and 1750 h of sunshine over
the year (Fig. 2), annual precipitation of 1250—1750 mm and
around 0.75—2 m snow during the winter (Data source: data.gv.at,
Land Karnten, accessed April 2019). MAAT and mean annual sum-
mer temperatures (JJA) were retrieved from data series of the
Zentralanstalt fiir Meteorologie und Geodynamik (Central Office for
Meteorology and Geodynamics). They were developed for the Hohe
Tauern region (ca. 40 km distance to the study sites) in the course of
the project “A tale of two valleys” (http://www.zamg.ac.at/a-tale-
of-two-valleys, (Auer et al., 2010)) and are available for altitudes
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Fig. 1. Geological and overview maps of the study area. (a) Geological map of the main units of the Reisseck group region modified from Pestal et al. (2006). The two study sites are
indicated by black rectangles. (b) Overview map of Carinthia, showing locations discussed in text, black rectangle shows extent of (a). Last Glacial Maximum ice extent taken from
Ehlers and Gibbard (2004). (c) Overview map of Austria, with the province Carinthia highlighted in grey. The big black rectangle shows extent of (b), the small black square the
extent of (a). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

of 3100 m a.s.l. (Hoher Sonnblick), 2500 m a.s.l., 2000 m a.s.l. and
1500 m a.s.l. We use the 20th century mean (1901—2000) as a
reference (“modern”) for all calculations.

Geologically, both study sites are located in the Venediger nappe
system, which is part of the Subpenninic superunit of the Tauern
Window (Fig. 1a) (Schuster et al., 2006). The dominant lithologies
in the areas are augen and banded gneiss (Granitoide des
Hochalmkerns), and biotite granite gneiss (Granitoide des
Gossaukerns), both also known as Zentralgneiss (shown as
orthogneiss in Fig. 1a) (Pestal et al., 2006). During the LGM this area
was covered by the Drau Glacier system (Fig. 1b) (Van Husen, 1987;
Ehlers et al., 2011).

3. Methods
3.1. Fieldwork

Periglacial and glacial landforms were identified and mapped
during two field campaigns (2015, 2016) utilizing and improving
the map of Pestal et al. (2006). Detailed sedimentological analysis
of landforms was applied to distinguish relict rockglaciers from
landslide, glacial and debris-covered glacier deposits. Field map-
ping was augmented by landform interpretation based on topo-
graphic and hillshade maps. For creating the final
geomorphological map, collected field information was digitized in
Arc-GIS (ESRI Inc.) and completed with a 1 m resolution digital
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Fig. 2. Absolute annual sunshine duration (AAS) map of the Reisseck group region. Size
and extent corresponds to Fig. 1a. Study sites are shown as black rectangle. Data
source: data.gv.at, Land Karnten, accessed April 2019. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this
article.)

elevation model (DEM; provided by the province of Carinthia) that
allowed further surface analysis (e.g. slope and aspect maps).

3.2. Paleo-glacier reconstruction and paleo-ELA calculation

Field observations suggested that the Tandl site was covered by
a glacier prior to rockglacier formation. Hence, the position of the
paleo-ELA (equilibrium line altitude) could provide more details for
constraining rockglacier evolution and rockglacier-glacier in-
teractions. To reconstruct the paleo-glacier extent and calculate its
paleo-ELA, the ArcGIS toolbox GlaRE and a related ELA toolbox were
used (Pellitero et al., 2015, 2016). The former calculates an ice
thickness from the bed topography, based on glacier physics and ice
dynamics. As input, a paleo-surface-DEM is needed, as the glacier to
be reconstructed existed before the rockglaciers evolved. All relict
rockglacier deposits were removed from the present-day landscape
by adjusting contour lines (20 m interval), which were calculated
from the original DEM, to approximately fit the topography adja-
cent to the rockglacier deposits. From the new isohypses, a paleo-
DEM (without rockglacier deposits) was generated. Further, real-
istic values for basal shear stress were implemented according to
the slope of the topography (Pellitero et al., 2016): 110 kPa for the
less steep upper half, and 160 kPa for the lower and steeper part of
the valley.

The second toolbox uses empirically determined mathematical
relationships to calculate the paleo-ELA of the reconstructed glacier
(Ohmura et al.,, 1992; Kerschner et al., 2000; Gonzélez Trueba and
Serrano Canadas, 2004; Benn and Hulton, 2010; Pellitero et al.,
2015). For the Tandl paleo-ELA estimation the accumulation area
to the total area ratio (AAR) method was used, implementing ratios
of 0.6 and 0.65, common values suggested in literature (Gross et al.,
1977; Bakke and Nesje, 2011).

3.3. Image correlation

ImGraft (v2.0.2), an open-source MATLAB toolbox for image

correlation (Messerli and Grinsted, 2015), was used to examine if
the highest rockglaciers of the Tandl area are still moving. Because
of their morphology, elevation and aspect it could be possible that
they are still active or intact. On the basis of two orthophotos with
the same spatial resolution but from different years (2003 and
2013), the templatematch code tracks displacements between the
image pair and shows as a result the horizontal movement between
the two orthophotos (Data source: data.gv.at, Land Karnten,
accessed April 2019).

3.4. 'Be exposure dating

3.4.1. Sampling

To date the relict rockglacier lobes, 34 samples were taken for
19Be analysis. The largest (1—7 m size) and well exposed boulders
(compared to their neighbouring boulders) of quartz-rich lithol-
ogies (gneiss and quartz veins) with, horizontal, unplucked but
weathered surfaces were selected for sampling. Boulders located at
the frontal crest of the rockglacier lobe or from transverse ridges
were preferred, as this position is thought to be most stable and
diminishes the possibility of post-depositional toppling due to ice
loss. The upper 1—4 cm of each boulder were taken with an angle
grinder, hammer and chisel. Topographic shielding, strike and dip
of the sampled surface were measured.

3.4.2. Sample preparation, AMS measurement and exposure age
calculation

Tables 1 and 2 summarise the main sample information,
measured '°Be concentrations and calculated exposure ages.
Samples were processed in laboratories at the ETH Ziirich (Labo-
ratory of Ion Beam Physics), following the methods of Kohl and
Nishiizumi (1992) and Ivy-Ochs et al. (2006b) with some minor
adaptations. The crushed and sieved (<800 pm) samples were
cleaned with a weak HF solution (10%) to isolate pure quartz. A
weighted amount of 0.250 mg °Be carrier solution was added to
each sample. Chemical isolation of the beryllium was achieved
using two ion exchange columns followed by Be(OH), precipita-
tion. The final precipitates were oxidized and pressed into targets.
10Be/?Be ratio measurements were performed at the Laboratory of
Ion Beam Physics at the ETH Ziirich on the 600 kV Tandy AMS fa-
cility (Christl et al., 2013) relative to the O07KNSTD standard
(Nishiizumi et al., 2007). Exposure age calculations were accom-
plished with the CRONUS-Earth online exposure age calculator
(Balco et al., 2008) using the scaling model of Lal (1991)/Stone
(2000) and the north-eastern North America '°Be production rate
of 3.87 + 0.19 at/g/a, which is consistent with the local production
rate determined by Claude et al. (2014) in the southern Swiss Alps.
To obtain lower uncertainties, three samples were repeated
(Tandl3, Tandl4, Tandl5). The exposure ages of the redone samples
agree well with the previous ones, but with clearly smaller un-
certainties. Hence, the given exposure ages of those three samples
are the weighted mean of both results and are marked with the
superscript “wm” in Table 1. No correction for snow cover was
applied. Snow cover of 50 cm during 6 months a year would in-
crease the exposure ages by approximately 6% (cf. Delunel et al,,
2014). An erosion rate of 1 mm/ka (André, 2002) was used to cor-
rect for boulder surface weathering. Erosion-corrected ages are
used for further discussion below and are shown on the geomor-
phological maps of the Tandl site (Fig. 3a) and the Norbert site
(Fig. 3b).

4. Results and interpretation: morphological evolution of the
Reisseck group rockglaciers

The obtained exposure ages range from 4.1 (+0.3) ka to 15.7
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Sample information of the Tandl site. Summarising location and sample information, blank corrected AMS concentrations and calculated exposure ages. Given errors are at the
10 level including analytical uncertainties, and external uncertainties in parenthesis.

Sample name Landform Latitude Longitude Elevation Thickness Shielding correction® '°Be® x 10* Exposure age Exposure age®, erosion corrected?
DD DD m cm at/g kyr kyr

Tan1 TA3 46.957 13.461 1463 3 0.9650 18.34+0.62 14.2+0.5(0.8)  14.4+0.5 (0.9)
Tan2 TA3 46.956 13.460 1475 2 0.9680 18.24+1.11  13.9+0.9(1.1)  14.0+0.9 (1.1)
TandI3"™ TA1 46.960 13.463 1291 3 0.9840 15.84+1.30 13.6+0.6 (0.9) 13.8+0.7 (0.9)
Tandl4"™ TA1 46.960 13.463 1296 2 0.9679 15.73+2.16  13.6+£0.6 (0.9) 13.7+0.7 (0.9)
TandI5""™ TA1 46.960 13.463 1310 3 0.9530 16.88+2.67 15.5+0.7 (1.0) 15.7+0.7 (1.1)
Tandl6 TB1 46.955 13.453 1735 2 0.9831 19.34+099 12.0+0.6 (0.9) 12.1+0.6 (0.9)
Tandl7 TB1 46.955 13.452 1737 2 0.9720 18.20+1.01 11.3+0.6 (0.8) 11.4+0.6 (0.8)
TandI8 TB1 46.954 13.453 1756 2 0.9803 16.91+0.90 10.3+0.5 (0.7) 10.3+0.6 (0.8)
Tandl9" TB1 46.954 13.453 1756 1 0.9501 17.10+0.84 10.8+0.5 (0.8) 10.9+0.5 (0.8)
Tandl10’ TB1 46.954 13.454 1725 1 0.9802 19.02+0.88  11.9+0.6 (0.8) 12.0+0.6 (0.8)
Tandl11" TB1 46.955 13.454 1704 1 0.9729 14.58+0.82  9.2+0.5 (0.7) 9.2+0.5 (0.7)
Tandl12" TA5 46.956 13.455 1667 1 0.9651 21.56+1.07 14.2+0.7 (1.0) 14.3+0.7 (1.0)
Tandl13" TA4 46.958 13.458 1529 3 0.9574 16.88+1.02  12.8+0.8 (1.0) 13.0+0.8 (1.0)
Tandl14" moraine  46.950 13.425 2332 1 0.9544 23.02+1.20  9.4+0.5 (0.7) 9.5+0.5 (0.7)
Tandl15 TC4 46.949 13.431 2289 2 0.9718 22.06+0.77  9.3+0.3 (0.6) 9.4+0.3 (0.6)
Tandl16 TC4 46.949 13.431 2296 1.5 0.9495 22.36+0.68  9.5+0.3 (0.5) 9.5+0.3 (0.6)
Tandl17" TC3 46.950 13.435 2181 2.5 0.9759 18.39+1.63  8.3+0.7 (0.8) 8.4+0.8 (0.9)
Tandl18 TC3 46.950 13.435 2184 2 0.9759 16.74+0.78  7.5+0.4 (0.5) 7.5+0.4 (0.5)
Tandl19 TC1 46.952 13.444 1971 1 0.9685 16.11+0.57 8.4+0.3 (0.5) 8.4+0.3 (0.5)
TandI20" TC1 46.952 13.444 1972 1 0.9759 7.93+0.52 4.1+0.3(0.3)  4.1+0.3(0.3)

2 Shielding correction includes the topographic shielding due to surrounding landscape and the dip of the sampled surface.
b AMS measurement errors are at the 1o level. Sample ratios are normalized to the 07KNSTD standard.

¢ Age errors are internal errors. External errors are given in parentheses.
4 Exposure ages have been corrected for a surface erosion rate of 1 mm ka™'

* Blank correction value of °Be/°Be = (6.62 + 1.37) x 10!, for the other samples a long-term laboratory blank of '°Be/?Be = (3.67 + 2.17) x 10~ '> was used.
WM Exposure ages are weighted mean of two samples.

Table 2

Sample information of the Norbert site. Summarising location and sample information, blank corrected AMS concentrations and calculated exposure ages. Given errors are at

the 1o level including analytical uncertainties, and external uncertainties in parenthesis.

Sample name Landform  Latitude Longitude Elevation Thick-ness Shielding correction® '°Be” x 10* Exposure age® Exposure age®, erosion corrected”
DD DD m cm at/g kyr kyr
Norb1 d-c. glacier 46.889 13.357 1709 1.5 0.9890 2547+1.42 15.8+0.9 (1.2) 16.0+0.9(1.2)
Norb2 d-c. glacier 46.889 13.358 1713 1 0.9682 23.41+1.51 14.8+1.0(1.2) 15.0+1.0(1.2)
Norb3 d-c. glacier 46.889 13.358 1706 1 0.9878 25.36+1.05 15.8+0.7 (1.0) 16.0+0.7 (1.0)
Norb4 d-c. glacier 46.890 13.357 1712 2 0.9869 25.49+0.94 15.9+0.6 (1.0) 16.1+0.6 (1.0)
Norb5 NA2 46.891 13.360 1741 3 0.9879 26.70+1.42 16.4+0.9 (1.2) 16.7+0.9 (1.2)
Norb6 NA2 46.891 13.360 1746 1.5 0.9553 24.83+0.97 15.5+0.6 (1.0) 15.7+0.6 (1.0)
Norb7 NA2 46.891 13.360 1746 1 0.9712 25.11+1.85 155+1.2(1.4) 15.7+1.2(1.4)
Norb8 NA1 46.897 13.350 1598 2 0.9498 2047+1.71 145+1.2 (1.4) 14.7+1.3(14)
Norb9 NA1 46.896 13.350 1575 1 0.9560 22.27+0.79 15.7+0.6 (0.9) 15.9+0.6 (1.0)
Norb10 NB1 46.894 13.367 1931 1 0.9552 25.96+0.71 14.1+0.4 (0.8) 14.3+0.4 (0.8)
Norb11 NB1 46.893 13.366 1910 1.5 0.9621 23.19+0.67 12.8+0.4 (0.7) 12.9+0.4 (0.7)
Norb12* NB2 46.894 13.362 1864 1.5 0.9736 24.85+1.24 14.0+0.7 (1.0) 14.2+0.7 (1.0)
Norb13 NC1 46.904  13.380 2335 1.5 0.9673 27.78+0.94 11.3+0.4(0.7) 11.4+04(0.7)
Norb14* NC1 46.904 13.381 2342 1.5 0.9725 27.98+1.18 11.3+0.5(0.7) 11.4+0.5(0.7)

2 Shielding correction includes the topographic shielding due to surrounding landscape and the dip of the sampled surface.

b

c

Age errors are internal errors. External errors are given in parentheses.

4 Exposure ages have been corrected for a surface erosion rate of 1 mm ka™

AMS measurement errors are at the 1o level. Sample ratios are normalized to the 07KNSTD standard.

* Blank correction value of °Be/°Be = (6.62 + 1.37) x 10!, for the other samples a long-term laboratory blank of '°Be/?Be = (3.67 + 2.17) x 10~'> was used.

d-c Glacier: debris-covered glacier.

(+0.8) ka for the Tandl site (Table 1, Fig. 3a) and 114 (+0.4) to
16.7 + (0.9) ka for the Norbert site (Table 2, Fig. 3b). In line with
previous authors (Barrows et al., 2004; Hippolyte et al., 2009; Ivy-
Ochs et al., 2009; Moran et al., 2016; Andrés et al., 2018), we
consider the exposure ages as final boulder stabilisation ages,
which record the transformation from an active rockglacier into an
immobile inactive or relict rockglacier. Samples from a single lobe
gave consistent ages (Fig. 3). Ages of lobes decrease with increasing
elevation. This suggests that the effects of inheritance, boulder
rotation and rock fall are relatively minor at these sites. These topics

and the implications for exposure dating of rockglaciers are dis-
cussed in more detail below (see section 5.1). We combine the
exposure age data with our detailed geomorphological analysis to
decipher the morphological evolution of the Tandl and Norbert
Valleys.

4.1. Tandl rockglaciers

The Tandl rockglaciers are situated along the northern slope of
the steep mountain flank, between the Firstriegel (2007 m a.s.l.)
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and the Roter Nock (2434 m a.s.l.) (Fig. 3a). They are a ~3 km long,
complex and continuous series of over 12 rockglacier lobes that
appear to have partly overrun each other. The rockglacier surface is
composed of very large (0.5—5 m) clast-supported boulders of
Zentralgneiss. Only occasionally on the steep (>35°) front and side
slopes fine sediments crop out. According to their morphology and
exposure ages, the rockglaciers were grouped into the lower
elevation complex TA, with lobes TA1-5 (Fig. 4a), the middle lobe
TB1 and the higher elevation complex with lobes TC1-3.

The lowest lobe of the Tandl series (TA1) has a front slope of
roughly 40 m in height and is located at an elevation of only 1220 m
a.s.l. (Fig. 3a). Three samples (13.8 + 0.7 ka (TandlI3, Figs. 4c),
13.7 + 0.7 ka (Tandl4) 15.7 + 0.7 ka (Tandl5)) of this lowest lobe
suggest an active phase between 16-13 ka ago. The lobe is about

100 m wide, but only 200 m of its length is visible, as it was overrun
by two other rockglaciers. On the left side, lobe TA1 is overrun by
rockglacier lobe TA2, which is about 40 m thick, 200 m wide, over
1 km long and reaches up to an elevation of 1740 m a.s.l. TA2 was
not dated. From the right side, rockglacier lobe TA3 overtops both
TA1 and TA2. Exposure ages of 14.4 + 0.5 ka (Tan1) and 14.0 + 0.9 ka
(Tan2) for lobe TA3 are in well agreement with each other and
overlap with the two younger ages for lobe TA1. This suggests final
stabilisation of the three lobes at about 14 ka.

The rockglacier front of TA3 is over 100 m high, and on its right
side it is constrained by a 150 m long ridge, which was first thought
to be part of the rockglacier. During fieldwork, it was realised that
the ridge is too smooth to be a rockglacier feature, as there were no
big boulders at all. At a road cut, a fresh outcrop was dug into the

Fig. 4. Details and photographs of the lower part of the Tandl site. (a) Close-up of the TA rockglacier complex (for location see Fig. 3a). The slope map view highlights the steep
rockglacier fronts and that the lowest rockglacier lobe (TA1) possibly is related to rockglacier lobe (TA4). Black dots show sample locations, only boulders shown on photographs are
labelled, for names of the other samples see Fig. 3a. Black arrows indicate location and view direction of the photographs b-f. (b) Road cut through the moraine ridge. (c) Sampled
boulder TandI3. (d) Strongly consolidated subglacial till outcrop. (e) Sampled boulders TandI8 and Tandl9. (f) Panorama view of the rockglacier lobe TB1 and sampled boulder
Tandl6. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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landform (Fig. 4a and b). The investigation revealed a matrix-
supported, polymictic sediment with subangular to subrounded
clasts that range from a few cm to 0.5 m in size in a matrix of silty
sand. Following the ridge downhill, a sharp contact (within few
meters) was observed, where it changes from the smooth ridge to a
block field and further down, the smooth part reappears again. We
interpret this to mean that this ridge is not part of the rockglacier,
but is a moraine ridge formed by a glacier that filled the valley
before the rockglacier lobes evolved and overtopped the moraine. A
corresponding glacial deposit was observed on the opposite valley
side, just below the Untere Tandlhiitte (Fig. 3a). Around 50—100 m
outside both moraine deposits (Fig. 4a) outcrops were found with a
highly consolidated clay to silt size sediment with almost no clasts
larger than a few centimetres (Fig. 4d). This is interpreted as sub-
glacial till related to an even older glacier extent.

Rockglacier lobe TA4 has a front slope that is around 40 m high
(Fig. 3a). The exposure age is slightly younger 13.0 + 0.8 ka
(TandlI13) than the exposure ages of TA3 and TA1, but still within
the uncertainties. However, the combined hillshade-slope map
(Fig. 4a), which is a slope map (using grey shades) overlain with a
hillshade map, shows that the rockglacier snout is no longer
continuous and it seems that part of the front has collapsed. From
the position and direction of the collapsed structure of TA4, and the
lowest dated lobe (TA1), it is likely that the two lobes are related,
since width and location of the flow ridges match. Possibly the
lower lobe (TA1), detached from the TA4 rockglacier lobe. Inter-
estingly, the intermediate part, between TA1 and TA4 was covered
by rockglacier lobes TA2 and TA3, indicating that the entire rock-
glacier complex TA1-4 (and also TA5, see below) was active at the
same time, and according to the exposure ages also finally stabi-
lised at the same time, around 14 ka ago. The only age that does not
fit perfectly in this time is Tandl5 (15.7 + 0.7 ka). The too old age
might be a record of the early phase of rockglacier activity (cf.
Moran et al. (2016)).

The exposure age of Tandl12 (14.3 + 0.7 ka), on the overlying
rockglacier lobe (TA5), suggests stabilisation around 14 ka which is
roughly the same time when the lower elevation lobes (TA1-4)
stabilised. The concentric shaped rockglacier lobe is around 100 m
wide and 60 m high. To check the hypothesis that the stabilisation
of a rockglacier lobe could also be dated by sampling boulders that
fell down from the steep front during the last movement of the
rockglacier (Haeberli et al., 2003), additionally two boulders were
sampled on TA5 (Tandl10 and Tandl11), which lie just in front of the
next higher rockglacier lobe TB1.

Indeed, the exposure ages of TandI10 and Tandl11 (12.0 + 0.6 ka
and 9.2 + 0.5 ka), agree well with the ages of the next higher
rockglacier lobe TB1 (Tandl6 12.1 + 0.6 ka (Fig. 4f), Tandl7 11.4 + 0.6
ka, TandI8 10.3 + 0.6 ka (Fig. 4e), TandI9 10.9 + 0.5 ka). Therefore,
sampling the very last fallen boulders could be another or com-
plementary sampling strategy to date the stabilisation of relict
rockglaciers. Overall, the six exposure ages (Tandl6-11) indicate
stabilisation of lobe TB1 around 12-10 ka ago. The lobe defines a
600 m long, 100 m wide and 30 m high plateau that has well
developed transverse ridges in the frontal part. The central part of
the rockglacier body appears collapsed. The root zone of this lobe is
in the talus slope below the Firstriegel (Fig. 3a), where also several
small rockglacier deposits (undated) are found. Generally, it seems
like all the rockglacier lobes described so far (complex TA,TB1)
developed from the talus deposited at the foot of the Firstriegel.

The rockglacier lobes from here on upwards (complex TC) do not
seem to have a single sediment source but were fed by the exten-
sive talus slopes between the Firstriegel and Roter Nock (Fig. 3a).
The steep front slope (35—40°) of rockglacier lobe TC1 is 100 m high
in comparison to the surrounding topography directly to the north
and 80 m high where it slightly overtops rockglacier body TB1. Two

boulders were dated of TC1; Tandl19 8.4 + 0.3 ka and TandI20
4.1 + 0.3 ka. Based on the ages from the previously mentioned lobes
and the results from samples at higher elevation, which will be
discussed below, we consider the Tandl20 age as an outlier (see also
section 5.1).

The next higher rockglacier TC2, is actually a group of lobate-
shaped rockglaciers. They were combined, because it seems like
several lobes are stacked, which makes it difficult to distinguish
between single lobes (Fig. 3a). This is also, why no samples were
taken in this part. Just to the west and in part overlying the TC2
complex is rockglacier TC3. It is 260 m long, 120 m wide and has a
well-formed 20 m high arcuate frontal wall (Figs. 3a and 5a,d). TC3
has a very well-developed furrow and ridge morphology but in
comparison with the other rockglacier lobes described above, it is
rather thin with a thickness of about 10 m (Fig. 5¢). The debris
source is the talus of the small cirque below Roter Nock (Fig. 3a).
Two exposure ages suggest stabilisation of the tongue at around 8
ka (Tandl17 8.4 + 0.8 ka (Fig. 5d), Tandl18 7.5 + 0.4 ka), hence
around the same time as rockglacier lobe TC1. The highest dated
rockglacier of the Tandl Valley (TC4) is located in a cirque below
Roter Nock. Its 35—40° steep front slope rises about 70 m above the
cirque floor (Fig. 5a). Two samples of the rockglacier body gave
exposure ages of 9.4 + 0.3 ka (Tandl15) and 9.5 + 0.3 ka (Tandl16).
These are discussed in further detail below in section 5.2.

In this upper part of the study site some other interesting
landforms where observed (Fig. 5a). In front of the lobate shaped
rockglaciers of complex TC2, a block field was observed with almost
exclusively giant angular boulders (5—10 m). Since there were no
clear front and side scarps with fine material and no signs of (past)
creep, it was mapped as a landslide deposit. The landslide is
partially covered by the rockglacier deposits of TC2, which is thus
younger. Another enigmatic feature is the hummocky, grass-
covered area in front of the rockglacier lobe TC4 (Fig. 5a and b).
Only scattered boulders (<1 m) were found distributed on the
maximally 1 m high gentle hills. From east to north, distinct parallel
ridges rim the area (Fig. 5a, white line), which were interpreted as
moraine ridges. Careful inspection of the aspect-slope map further
allowed following the rockglacier-landslide contact below the
glacially smoothed area, indicated by the arrows and the black
(dashed) lines on Fig. 5a. We conclude, that a glacier advanced out
of the cirque below the Roter Nock, covering the rockglacier and the
landslide deposit (Fig. 5a, black dashed lines), smoothing the un-
derlying landforms, by infilling glacial sediments into spaces be-
tween the boulders.

In the adjacent small cirque, a ridge shaped feature was
observed (Fig. 3), composed of scattered blocks between 0.2 and
2 m in size in a sandy matrix. The mostly grass covered ridge is
backfilled with talus. We mapped it as a moraine ridge due to the
few big boulders, but it could also be a pronival rampart (cf.
Scapozza (2015)), formed by rock fall deposits that were rolling or
sliding across a perennial or late-lying snow patch (Hedding, 2011).
A large boulder on the ridge gave an exposure age of 9.5 + 0.5 ka
(Tandl14). There are several small rockglaciers in the highest talus
slopes (Fig. 3a) but they were not considered for dating, as recent
rock fall events could not be excluded.

4.2. Tandl paleo-glacier reconstruction and ELA calculation

Reconstruction of the Tandl paleo-glacier (Fig. 6a) based on the
mapped moraines and using GLaRe (Pellitero et al., 2016), suggests
that the paleo-glacier was around 60—80 m thick and had a simple
and flat appearance. This could be due to the rather gentle slope of
the topography. Determined ELAs for the reconstructed paleo-
glacier are 1920 m a.s.l. and 1880 m a.s.l,, using an accumulation
area ratio (AAR) of 0.60 and 0.65 respectively. To determine the
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Tandl17

Fig. 5. Details and photographs of the higher part of the Tandl site (for location see Fig. 3a). (a) Slope-aspect map of the rockglacier complex TC2-4, highlighting the crosscutting
relationship of the landforms. Black lines show the contact of the surrounding surface to the landslide deposit and from the landslide and the rockglacier deposit (TC2). The black
dashed line emphasizes the continuation of the contacts below the glacially overrun part. Glacial extent is drawn as a white line. Black arrows indicate location and view direction of
the photographs b-d. (b) View down to the glacially smoothed and vegetation covered area, and the 70 m high rockglacier front slope of TC4. (c) View from an older rockglacier
deposit (TC2), with single trees growing between the boulders, towards the side slope from a younger rockglacier lobe with absolutely no vegetation on top (TC3). Person encircled
for scale. (d) Panorama taken on top of rockglacier TC3 showing the sampled boulder Tandl17 and the typical, very blocky appearance of the Tandl rockglaciers. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

AELA for the Tandl paleo-glacier, which is the difference between
the local ELA during the Little Ice Age (LIA) and the paleo-ELA, the
LIA-ELA of the Ankogel (Fig. 1b) with an average of c. 2700 m a.s.l.
(Lieb, 1993) was used, as the Tandl Valley was not glaciated during
the LIA (Gross and Patzelt, 2015). The calculated AELA is
approximately —800 m. Kerschner et al. (1999) suggested a
lowering of the ELA position of about —700 m during the Gschnitz
stadial, in the Gschnitz Valley (Fig. 1b). Similar values
between —650 m and —700 m were determined for Gschnitz stadial
glaciers in several other locations in the Eastern Alps (Ivy-Ochs
et al. (2006a), and references therein). Based on this we interpret
the moraines in the Tandl Valley as having been deposited by the
local Gschnitz stadial glacier (there were no boulders suitable for
exposure dating).

4.3. Geomorphologic and paleoclimatic history of the Tandl Valley

Our combining of geomorphological observations and exposure
ages shows that during the Lateglacial and early Holocene there
were several quasi-contemporaneous phases of glacier and

rockglacier activity in the Tandl Valley. The main findings are
summarised in Fig. 6.

The oldest sediment is the strongly consolidated subglacial till
that outcrops distal to the Gschnitz moraine ridges (Fig. 4d).
Although the age of deposition is difficult to constrain, the position
external to the Gschnitz moraines requires a pre-Gschnitz age, thus
the till is attributable to the early Lateglacial or even to the LGM.
The reconstructed paleo-glacier defined by the mapped moraines
(Fig. 6a) and the calculated AELA show that the valley was covered
by a local Gschnitz glacier. With the disappearance of the glacier,
permafrost developed and formation of the TA-rockglacier complex
started (Fig. 6b). According to our '°Be exposure ages of the TA
rockglaciers, the first phase of rockglacier activity ended around 14
ka (Tandl1-5, Tandl12-13). This suggests that the Gschnitz stadial
glacier wasted rather rapidly, probably within only a few decades.
Firstriegel must have been a very active mountain slope with
numerous rock falls, producing abundant talus to constantly feed
the over 1 km long TA rockglacier complex. Today the E-W trending
rock wall with the Firstriegel is still known for frequent rock fall
activity (Schuster et al., 2006). The lowest elevation of the TA
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Fig. 6. Reconstructed geomorphological history of the Tandl site. (a—e) Summarises
the evolution of the glacier and rockglaciers in the area from the local Gschnitz stadial

complex, around 1350 m a.s.l., represents the lower limit of
permafrost, or the —2 °C isotherm, in this post-Gschnitz time
around 14 ka ago. Modern day MAAT at this elevation is approxi-
mately 4.3 °C, hence the temperature difference from today
compared to post-Gschnitz paleoclimate at around the transition to
the Bolling Interstadial is around —6.3 °C.

With ongoing glacier recession the highest parts of the Tandl
Valley became ice-free, and probably soon after disappearance of
the ice the landslide occurred (Fig. 6¢). Within a short time, rock-
glacier formation was initiated, as rockglacier deposits moved onto
the landslide deposit. It is likely that rockglaciers developed not
only at high elevation but also all along the mountain flanks down
to the Firstriegel (lobes TC4-TB1, Figs. 4,6¢). Based on the exposure
ages between 12-10 ka the activity of the lowest of these rock-
glaciers (TB1) ended around the end of the Younger Dryas cold
phase (Fig. 6d). Furthermore, samples dates Tandl6-11 suggests that
during the Younger Dryas the lower limit of discontinuous
permafrost, and the —2 °C isotherm were located around 1700 m
a.s.l. Calculating the temperature depression with a modern MAAT
of 2.6 °C at that elevation results in a temperature lowering of
approximately —4.6 °C for the Egesen stadial.

The observed moraine deposits below the Roter Nock are
assigned to the Egesen stadial (Fig. 6d), based on geomorphological
field evidence, the exposure age of Tandl14, and their comparable
elevation to Egesen extents mapped at the Seebach Valley (Fig. 1b)
(Grischott et al., 2017; Drescher-Schneider and Reitner, 2018).
During its advance the Tandl Egesen stadial glacier below the Roter
Nock overran both rockglacier and landslide deposits (Fig. 6d).
Exposure ages and these cross-cutting relationships suggest that
during the Younger Dryas, small Egesen glaciers and rockglaciers
co-existed in the Tandl Valley above elevations of about 2200 m
a.s.l. It is likely that towards the end of the Younger Dryas, Roter
Nock provided enormous amounts of debris, which led to initiation
of rockglacier TCA4.

The exposure ages of Tandl17-19 (TC1, TC3), which are all
around 8 ka are surprisingly young. The ages fall within the Holo-
cene Climate Optimum, when temperatures are thought to have
been warmer than present (Heiri et al., 2014; Solomina et al., 2015).
Our interpretation is that these exposure ages record extremely
slow degradation of the rockglaciers, due to slow melting of the
interstitial ice (Fig. 6e) (see also below). Exposure ages suggest that
lobe TC4 stabilised before the rockglacier lobe that it partially
covers (TC3). TC4 may have become topographically inactive when
it reached the flat part of the cirque (Fig. 5b). On the other hand, all
of the TC lobe ages may have been affected by instabilities related to
(partial) reactivation during late Holocene cold periods. In light of
the young ages, we considered it conceivable that parts of the
highest rockglaciers (~2300 m a.s.l.) could still contain ice, even
though the present day permafrost limit is at 2600 m a.s.l. To check
for any movements we used image correlation analysis (Messerli

glacier to the situation after the Egesen stadial. F: Firstriegel, R: Roter Nock. (a) The
extent of the reconstructed local Gschnitz glacier (see section 3.2). Dotted line shows
the flowline used for the paleoglacier reconstruction. The two blue lines across the
glacier are the calculated ELA positions using the AAR method with a ratio of 0.60 and
0.65. (b) Immediate advance of the rockglacier into the deglaciated area. Question
marks indicate that the exact location of the glacier front is unknown. (c) During the
ongoing warming, the lowest rockglacier became inactive (relict) and it is likely that
the Gschnitz glacier disappeared completely as indicated by the landslide deposit and
the evolution of the lobate shaped rockglaciers all along the mountain flank. (d)
Climate deterioration of the Younger Dryas led to formation of cirque glaciers. The
rockglaciers in the higher parts remained active. (e) Egesen stadial glaciers dis-
appeared due to the warming of the early Holocene while rockglaciers above 1900 m
a.s.l. remained active (boulders not fully stabilised) until the early Holocene. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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and Grinsted, 2015). Orthophotos from the years 2003 and 2013
were compared using the IMGRAFT feature tracking tool. The re-
sults show that there was no significant horizontal movement or
collapse (ice melt) of the highest rockglaciers over the 10 years
between the photos.

4.4. Norbert rockglaciers

The Norbert rockglaciers are not a continuous series of rock-
glaciers like the Tandl rockglaciers, but comprise several separate
landforms at different elevations (Fig. 3b). The rockglacier deposits
are exclusively composed of large Zentralgneiss boulders ranging
up to 5 m in size (Fig. 7d) and are often even lacking a matrix of
fines in the frontal slopes (Fig. 7b,f). The rockglacier lobes were
arranged into three groups based on their position and the deter-
mined exposure ages; the lowest and oldest rockglaciers NA1-3, the
next higher group NB1-2, and the highest and youngest rockglacier
NC1.

About 1 km south and downvalley of the Geisshiitte (Fig. 3b),
several parallel, vegetated soft ridges were observed. Inspection of
an outcrop showed that the ridge is composed of unsorted, fine-
grained sediment with few clasts larger than 50 cm. Based on
sedimentology, location, orientation and shape of the landform we
interpret the ridges to be remnants of a lateral moraine. Close to the
Geisshiitte at an elevation between 1580 and 1600 m a.s.], a lobate
shaped, about 550 x 180 m large and very blocky deposit was
mapped as the lowest Norbert rockglacier body NA1. The hillshade
and slope maps revealed that there are probably two to three
rockglacier lobes stacked, with front slope heights of around
5—15 m and a total thickness of about 30—40 m. The debris sources
are two channels and their talus fans located southwest of the
Staffenhohe (Fig. 3b). Our obtained exposure ages suggest stabili-
sation of these rockglaciers between 15.9 + 0.6 ka (Norb9) and
14.7 + 1.3 ka (Norb8). The former age may plausibly be considered
an age for onset of rockglacier movement (section 5.1).

The next investigated landforms are situated in the somewhat
higher side valley to the east, close to the Norbert Jagdhiitte
(Figs. 3b and 7a). The hillshade map shows a complex landform
consisting of at least five tongues, extending from ~1700 m—2000
m a.s.l. Previously they were all mapped as rockglacier lobes
(Reitner, 2007b). However, field observations offered several ar-
guments that the lower two lobes are remnants of a debris-covered
glacier. Sediment analysis of outcrops showed, that the material is a
diamicton with a silt-rich matrix with some clay, and angular but
also many subrounded clasts, all <50 cm in size. Furthermore, the
surface morphology is less blocky than NA2 and only scattered
boulders are found; those larger than 1 m are rare (Fig. 7c). The
central part of the deposit displays a chaotic mixture of collapsed
structures, hummocky features and minor incised stream channels
(Fig. 7a), but no distinct flow-like features were observed. Based on
this evidence the lower part of the complex was interpreted as a
debris-covered glacier deposit and we mapped the enclosing rim as
moraines. Exposure ages of four boulders, three on the moraine
ridge (Norb1 16.0 + 0.9 ka (Fig. 7c), Norb2 15.0 + 1.0 ka and Norb4
16.1 + 0.6 ka) and one from the central part (Norb3 16.0 + 0.7 ka)
suggest a maximal extent of the glacier around 16 ka. Interestingly,
the debris-covered glacier was not flowing along the valley bottom
but was located on the eastern side of the valley. A plausible
explanation is the annual sunshine duration. Due to the high and
steep headwall there is less sunshine on the northwest-facing than
on the southeast-facing valley side (Fig. 2). Furthermore, the steep
slope to the southeast (up to 400 m high) presumably provided
abundant debris onto the glacier’s ablation area, which acted as
insulation and reduced ice-melt (Mattson et al., 1993; Pratap et al.,
2014).

About 300 m upslope from the terminal moraine (Fig. 7a) of this
debris-covered glacier deposit, there is a very distinct change of
surface morphology, from relatively smooth to extremely blocky.
Rockglaciers NA2 and NA3 lie right on top of the debris-covered
glacier deposit. Lobe NA2 is 10—15 m high with a >35° steep
front, and is composed of large (>0.5 m) angular, interlocked blocks
(Fig. 7b). In addition, meter sized unstable boulders dominate the
flat part on top. On the hillshade-slope map indications of trans-
verse ridges can be seen (Fig. 7a), suggesting that this is the snout of
a rockglacier lobe (NA2). Exposure ages of 16.7 + 0.9 ka (Norb5),
15.7 + 0.6 ka (Norb6) and 15.7 + 1.2 ka (Norb7) suggest stabilisation
of this rockglacier lobe (NA2) around 15.7 ka. The 16.7 ka age may
record onset of rockglacier movement (section 5.1).

Lobe NA3 is located 100 m upvalley from NA2 (Fig. 7a). No
boulders suitable for dating were found. Along the right-hand
margin of rockglacier lobes NA2 and NA3, the right lateral
moraine of the debris-covered glacier deposit is evident (Fig. 7a). It
exhibits a much smoother morphology than the relict rockglaciers,
has fewer and much smaller boulders, and occasionally a fine-
grained matrix can be observed between the vegetation. It seems
as if the moraine was constraining the rockglacier lobes in the
lower part. Above 1860 m a.s.l., the moraine ridge disappears below
the rockglacier deposits (Fig. 7a). On the hillshade and slope map,
faint indications suggest continuation of the moraine ridge, for
another ~100 m (horizontal distance) below the rockglacier.

Another 60 m upvalley (Fig. 3b), on top of the 25 m high rock-
glacier lobe (NB1), two boulders (Norb10 (Fig. 7d), Norb11) give
exposure ages of 143 + 0.4 ka and 12.9 + 0.4 ka, respectively.
Approximately on the same elevation (1830 m a.s.l.) but on the
opposite valley side, there is another rockglacier deposit (NB2,
Fig. 3b), which is 700 m wide. The downvalley front is almost 50 m
high. The exposure age (Norb12) of a giant boulder (>6 m) on this
rockglacier lobe (NB2) suggests stabilisation at 14.2 + 0.7 Kka.
Rockglacier lobes NB1 and NB2 hence stabilised between 14 and 13
ka ago.

Both NB1 and NB2 start from a trough-floor area between 2010
and 1950 m a.s.l.; then they diverge, with NB1 under the WNW-
facing slope, and NB2 under the SE-facing slope (Fig. 3b). Fol-
lowed by a distinct 100—150 m high bedrock step above 2000 m
a.s.l,, which is covered by a layer of inferred glacial deposits, which
are not well exposed. The area on top of the bedrock step (2140 m
a.s.L.) is further divided by a 50—100 m high, valley-parallel bedrock
cliff into a western and eastern part. West of the cliff, there are two
cirque-shaped areas one lower and one higher. Both host lobate-
shaped rockglaciers and lakes in their fronts. Despite their cirque-
like shape, no distinct glacial landforms, like moraine ridges,
were observed. The eastern part of the cliff is not cirque shaped but
is rather a bedrock high (plateau-like area), with a very thin grass
cover, and frequent outcropping of bedrock. Below the Sonnblick
there is a complex landform (Fig. 3b). It is probably a combination
of (debris-covered) glacier and periglacial deposits. Single identi-
fied landforms are a moraine ridge in two parts which can be fol-
lowed all along the mountainside until the end of the area, and a
rockglacier at the highest part. The ridge increases in height from
5 m at 2320 m as.l. to 10 m at 2290 m a.s.. The moraine is
composed of a considerable amount of fines, and only few boulders
are larger than 1 m. Field observations show that in the upper part,
the moraine confined the rockglacier lobe, which overtops the
moraine lower down. Due to unclear boundaries and relations of
the landforms, it was decided to not sample this complex landform.

The highest part of the valley, at around 2300 m a.s.l,, hosts a
20—40 m thick, 170 m long and 330 m wide lobate shaped rock-
glacier deposit (NC1) (Figs. 3b and 7e,f). There is only patchy grass
growing on the steep front slope, and boulder sizes range between
0.5 m and 5 m. Like the two rockglacier lobes in the small cirques in
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Fig. 7. Details and photographs of the Norbert site (for location details see Fig. 3b). (a) Slope map of the debris-covered glacier deposit (yellow-orange) and the rockglacier lobes
NA2 and NA3 (violet), highlighting the difference of the hummocky and irregularly collapsed morphology of the debris-covered glacier deposit and the collapsed well-defined
rockglacier lobes on top. Black arrows indicate location and view direction of the photographs b-f. (b) Photograph taken towards the front slope of the rockglacier lobe NA2. (c)
Sampled boulder (Norb1) of the frontal moraine of the debris-covered glacier. Note that the surrounding of the boulder is not blocky. (d) View downvalley of rockglacier lobe NB1
and sampled boulder Norb10. (e) Panorama of the higher part of the Norbert site, with the rockglacier lobe NC1. Person for scale in the white circle. (f) Close-up of the front slope of
the ~30 m high rockglacier NC1, person encircled for scale. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the western part, this rockglacier has a small lake in front of it. The
two analysed samples have almost exactly the same exposure ages
11.4 + 0.4 ka (Norb13) and 11.4 + 0.5 ka (Norb14).

4.5. Geomorphologic and paleoclimatic history of the Norbert
Valley

The dated deposits of the former debris-covered glacier (~16 ka),
close to the Norbert Jagdhiitte, indicate that the deposits are rem-
nants of the local Gschnitz stadial glacier. Therefore, it is likely that a
Gschnitz glacier also formed the lateral moraine remnant in the
adjacent valley, approximately 1 km down-valley of the Geisshiitte
(Fig. 8a). As shown by the rockglacier deposit NA1 and its stabili-
sation ages around 15—16 ka, the local Gschnitz glacier must have

already retreated shortly after 16 ka to an elevation above the po-
sition of the rockglacier lobe ~1800 m a.s.L. (i.e. near the Geisshiitte)
(Fig. 8b). As in Tandl Valley, it is probable that significant debris had
already accumulated on the surrounding slopes, perhaps blocked by
the Gschnitz glacier. The same is implied by the rockglacier deposit
NA2, located on top of the debris-covered glacier deposit (Fig. 8a),
and the exposure ages of both landforms. The rockglacier NA2 is,
with stabilisation ages of ~15.7 ka (NA2), only slightly younger
compared to the exposure ages of the debris-covered glacier deposit
(~16 ka). It is therefore likely that also here abundant debris from the
large talus slope was already accumulating along the sides of the
Gschnitz stadial glacier (Fig. 8a). Some of the debris must have
covered the glacier and thus led to the debris-covered glacier, but
probably much of the debris was impeded by the glacier, possibly
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Fig. 8. Reconstructed geomorphological history of the Norbert site. (a—d) Summarises
the evolution of the glacier and rockglaciers in the area from the local Gschnitz stadial

already under permafrost conditions. The short time difference
between the landforms strongly suggests that rockglacier formation
might have started simultaneously with the ice-decay of the debris-
covered glacier, or shortly thereafter (Fig. 8b). However, final sta-
bilisation of the rockglacier likely occurred after the debris-covered
glacier had lost its underlying ice. If the several-meter-thick massive
ice body of the debris-covered glacier would have melted after
rockglacier stabilisation on top, the rockglacier surface would
probably appear more collapsed, with something like kettle holes.
However, the rockglacier seems neither extremely collapsed nor
were kettle holes observed (Fig. 7a). Hence, we conclude that the
rockglacier was still active while the debris-covered glacier ice
melted, or it overran it after the ice had melted (Fig. 8b). The sta-
bilisation position of the rockglacier deposits NA1 and NA2 suggest,
analogously to the Tandl site, a temperature depression of 5.2 °C for
NA1, using a modern MAAT at 1580 m a.s.l. of 3.2 °C, and for NA2 a
lowering of —4.5 °C, applying a modern MAAT of 2.5 °C at 1730 m
a.s.l. The stabilisation ages of the rockglacier lobes on both valley
sides NB1 and NB2 around 1900 m a.s.l., suggest an extended activity
into the Belling-Allered and an increase in the elevation of the
permafrost limit around 14-13 ka ago.

The last indicator of permafrost occurrence in the Norbert Valley
is given by the highest (~2300 m a.s.l.) rockglacier NC1. This rock-
glacier stabilised at 11.4 ka likely with the termination of the Egesen
stadial (Fig. 8¢). Because the rockglacier advanced into a flat area, it
is not entirely clear whether it became climatically or topographi-
cally inactive. Hence, we refrain from making a conclusive state-
ment about the elevation of the permafrost limit during the Egesen.
Landforms possibly related to an Egesen glacier were only found in
the northwest facing part below the Sonnblick, which is well
shaded (Fig. 2).

5. Discussion

5.1. Implications for cosmogenic nuclide dating of rockglacier
deposits

There is considerable discussion on how to interpret exposure
ages of relict rockglaciers (Haeberli et al., 2003; Winkler and
Lambiel, 2018; Knight et al., 2019). One major concern is inheri-
tance (pre-exposure), which would lead to too old exposure ages.
But where could such inheritance come from and how much could
it be? It can be assumed that LGM glaciers effectively cleared away
all the debris from the high mountain areas and eroded more than
several meters from the bedrock (Wirsig et al., 2016, 2017). This
makes it rather unlikely to have inheritance that was acquired
before or during the LGM. The question remaining is how fast and
how far back glaciers had retreated before they re-advanced during
the Gschnitz stadial. In any case, maximal inheritance acquired
post-LGM but pre-Gschnitz would correspond to only 1000—2000
a. Additionally, rockglacier dynamics (Barsch, 1992; Haeberli et al.,
1998; Hoelzle et al., 1998; Arenson et al., 2002; Springman et al.,
2012) make it almost impossible to integrate or to move blocks,
which were left by (debris-covered) Gschnitz stadial glaciers, from
the valley floor up to the position on top of the rockglacier where

glacier to the situation after the Egesen stadial. H: Hochkedl, S: Sonnblick, St:
Staffenhohe, G: Geisshiitte. (a) Gschnitz glaciers are covering the valleys. Abundant
talus from the hill-slopes (black arrows) covers lower parts of glaciers. (b) Retreat of
the Gschnitz glacier, but their precise position is unknown as indicated by the question
marks. From debris accumulations the first rockglaciers develop. (¢) During the
Younger Dryas the lower rockglaciers became inactive, but at higher elevations, many
new rockglaciers developed. Only in the well-shaded part did a small Egesen stadial
glacier form. (d) Egesen rockglaciers above 2150 m a.s.l. appear to have remained
active into the mid-Holocene. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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we sampled boulders. The caterpillar-like movement of a rock-
glacier, creeps gently over structures rather than destroying or
incorporating them (Haeberli, 1985). Finally, talus-derived rock-
glaciers develop below very active mountain flanks, which produce
abundant blocky material, thus pre-exposure from the headwall
also seems unlikely (Barrows et al., 2004; Ivy-Ochs et al., 2009). On
the other hand, there are two boulders (Norb5 on lobe NA2 and
Tandl5 on lobe TA1) that have ages which are slightly older (<1000
a) than the other boulders on the same rockglacier lobe (Fig. 3a and
b). This small offset could be an indication of the early phase of
rockglacier formation (cf. Barrows et al. (2004); Moran et al.
(2016)). It is thought that boulders that fall on the apron of the
rockglacier are slowly transported on the rockglacier surface to its
front, while during transportation the boulders are unstable, likely
frequently turning or rotating. This instability of the boulder during
movement could explain a certain (but small) scatter in exposure
ages, where some sampled surfaces were longer exposed during
transport and others less.

Clearly too young exposure ages can indicate fresh rock fall onto
the rockglacier or instability and rotation of the boulder at a later
stage, which could almost happen to every boulder as in general a
rockglacier is a very unstable construct. However, of our 34 samples
only one boulder had a clearly too young exposure age (TandI20:
4.1 + 0.3 ka). Young outliers due to fresh rock fall can be avoided by
careful selection of boulders that have a reasonable distance from
the source in the active steep wall (cf. Andrés et al. (2018)).

5.2. Insights into rockglacier morphodynamics and rockglacier-
glacier interaction

Our detailed study of the complex structure of the Tandl and
Norbert rockglaciers, together with the new 34 new boulder sta-
bilisation ages, allows us to gain insight into rockglacier morpho-
dynamics and evolution. Information gleaned relates to the size,
shape, velocity as well as inter-lobe interactions. Both lobate and
tongue-shaped rockglaciers are common in the two study valleys.
The distinction lobate vs. tongue-shaped is based on whether the
landform is morphologically continuous with the foot of the talus
slope or if it is detached from it and has moved downhill, respec-
tively (Barsch, 1996; Ballantyne, 2018).

Several tongue-shaped rockglaciers characterize the TA complex
in Tandl Valley (Fig. 3a). This complex had approximately 2 ka to
develop and move down slope. This is based on the interpreted
time of decay of the local Gschnitz glacier (about 16 ka), as well as
the oldest age on the lowest lobe (Tandl5, 15.7 + 0.7 ka on TA1),
which may mark rockglacier onset, and the final stabilisation at
around 14 ka shown by the other six dates. Within this time, the TA
rock glaciers formed a 1 km long, multi-lobe and tongue-shaped
rockglacier complex that was no longer connected to the talus
slope. Based on the 2 ka-long active phase and an approximate
length of ~1 km (Fig. 3a), an average creep rate of 0.5 m/a is ob-
tained. This is well comparable to values measured at active rock-
glaciers in the Alps (Kaab et al.,, 2003; Kellerer-Pirklbauer and
Kaufmann, 2018).

At higher elevation in the Tandl Valley the Egesen rockglaciers
(TB1 and TC1-4), especially the ones below the ELA of the local
Egesen stadial glacier (<2200 m a.s.l.), had at least the entire
Younger Dryas cold phase (12.9—11.7 ka) to evolve (Fig. 3a). These
rock glaciers are lobate shaped (except TB1 and TC3) probably due
to the gentle slope <20°. Below 1800 m a.s.l. where the valley is
steeper (20—30°) the rockglaciers are tongue shaped (TA, TB1). It
also might be that if rockglaciers creep into a flat area, it does not
move much further but eventually gets thicker instead (e.g. TC4,
NC1). Therefore, the simple conclusion that longer tongues were
active longer may not apply.

In the Tandl and Norbert Valleys, there are several examples of
overriding lobes. Complex TA is composed of at least four rock-
glacier lobes, which all formed and stabilised within the same cold
phase. In light of the exposure ages, it appears that an overriding
rockglacier lobe does not necessarily indicate a new younger
climate cold pulse or fluctuation of the permafrost limit
(Frauenfelder and Kaab, 2000). The drivers behind formation of
several lobes some of which override each other relate to topog-
raphy, elevation and gradient as well as factors specific to each rock
glacier such as its ability to overcome shear stress (Barsch, 1996).
Finally, pulses in sediment delivery may cause a lobe that is closer
to the talus slope to become more active and override lobes that are
farther away from the talus slope (Merz et al., 2015). An enigmatic
case of overriding is rockglacier lobe TC4 (~9.5 ka) which overrides
TC3 (~8 ka). TC4 seems to have stabilised before the rockglacier lobe
that it is partially covering (TC3). Based on the exposure ages we
conclude that TC4 became topographically inactive when it reached
the flat part of the cirque, where TC3 on the other hand was still
able to move further down slope.

In the Norbert Valley, rockglacier lobe NB1 overran the deposit
left after downwasting of the debris-covered glacier (Gschnitz
stadial) (Figs. 3b and 7a). Nevertheless, morphological and sedi-
mentological evidence speak against development of rockglacier
NB1 out of the material of the debris-cover glacier deposit. On the
contrary, the rockglacier lobe NB1 and the small rockglacier lobe,
which seems to have just started developing below the talus slope
(located near the arrow 8d in Fig. 3b), suggest that the rockglacier
lobes are completely talus derived.

In the Tandl area (Fig. 3a), the rockglacier lobe TA3 is first con-
strained by the lateral moraine, then as soon it reached the level of
the moraine it overtopped and buried part of it. No signs of the
rockglacier damaging, destroying or incorporating the moraine
were observed.

5.3. Lateglacial to early Holocene climate in the Eastern Alps

Based on our established rockglacier sequence chronologies for
the two valleys we can now compare the two sites for spatial
similarities and differences. The profiles across the rockglacier de-
posits from the Norbert rockglaciers to the Tandl rockglaciers
(Figs. 3 and 9) allow an examination of the two sites with respect to
their aspect, elevation and timing of stabilisation. As intuited,
rockglaciers developed predominantly on the valley sides where
annual sunshine duration is lowest (Fig. 2). In the Tandl area this is
on the north facing slope below the mountain flank and in the
Norbert area mainly on the northwest facing slopes. Although the
morphological development of the two valleys is quite similar, the
profiles drawn along the rockglaciers (Fig. 9) point to a striking
elevation offset between the Tandl and the Norbert sites. Rock-
glaciers on the Tandl site that stabilised simultaneously with
rockglaciers at the Norbert site, are located about 300—400 m
lower. This clear difference probably shows the effect of the aspect.
Our data shows that the Tandl rockglaciers with a northerly aspect
stabilised after the Gschnitz stadial thus somewhat later and at
lower elevations (1350 m a.s.l.) in comparison to the lowest
elevation Norbert rockglaciers (1560 m a.s.l.) with a southerly
aspect. An offset of 350—400 m related to aspect is reported for
active rockglaciers in the Alps (Noetzli et al., 2007).

Our reconstructions of morphological development of the two
study valleys can now be viewed in light of regional and Alps-wide
climate variations during the Lateglacial and early Holocene. Key
records for understanding Lateglacial paleoclimatic development in
the Eastern Alps are Lake Jeserzersee and Lake Langsee (Schmidt
et al., 1998, 2012; Huber et al., 2010), both sites are located just a
few tens of kilometres from our study sites (Fig. 1b). The lake
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Fig. 9. Profiles across the rockglaciers. Profiles from southwest, across the Norbert rockglacier (A-A’, B-B') with a southwestern aspect, to the northeast, across the Tandl rockglaciers
(C’-C) with a northeastern aspect. Exact location of the profiles and color-codes of the landforms are shown in Fig. 3. This schematic side view of the rockglacier lobes, highlights
their lateral boundaries. Blue shaded wedges show the approximate lower permafrost position during the stabilisation phases of the rockglacier deposits. Note the clear elevation
offset between the two sites, with the rockglacier with north exposure being several hundred meters lower in elevation during each active period. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)

records from Jeserzersee show that after a clear warming starting at
18.4 ka BP, a marked cold period that lasted from 17.6 cal ka BP to
16.0 cal ka BP ensued. The authors correlate this with the Gschnitz
stadial (Schmidt et al., 2012). In comparison with our data, the
cooling that culminated between 17.6 and 16.0 ka may have
resulted in successively rapid glacier growth and concurrent but
possibly slower formation of ice-rich permafrost. Gschnitz stadial
glaciers might have soon covered the valley floors in both investi-
gated sites (Tandl and Norbert) down to the moraines we mapped,
whereas the surroundings were affected by (discontinuous)
permafrost. Although the moraines were not directly dated, the
determined ELA lowering of the local Tandl Gschnitz glacier of
800 mis in good agreement with observations from other studies in
which AELA of 650—800 m, relative to the LIA, is reported (Gross
et al., 1977; Maisch, 1987; Kerschner et al., 1999; Ivy-Ochs et al.,
2006a). Summer temperature (JJA) at the ELA during the Gschnitz
stadial is estimated to have been around 0.5 °C (Kerschner and Ivy-
Ochs, 2008). Using the local modern JJA temperature of 8.7 °C (Auer
et al.,, 2010) determined at around 1880 m a.s.], (Fig. 6a), a summer
temperature lowering of 8.2 °C is obtained. Notably almost the
same temperature lowering for the Gschnitz stadial was obtained
by Kerschner et al. (1999) in the Gschnitz Valley. In the Seebach
Valley (<20 km distance, Fig. 1b), frontal moraines assigned to the
Gschnitz stadial are preserved at similar elevation as our moraines,
that is between 1000 and 1300 m a.s.l. (Drescher-Schneider and
Reitner, 2018).

The exposure ages and cross-cutting relationships of glacier and
rockglacier deposits suggest that the Gschnitz stadial glaciers in
both valleys receded rapidly and that permafrost development and
rockglacier formation started immediately after or even simulta-
neously with glacier downwasting. It is likely that the oldest
rockglaciers (TA complex 1350 m a.sl. Fig. 3a) evolved from talus
that had accumulated during the presence of the Gschnitz stadial
glacier, likely along the margins, but was not evacuated by the
glacier itself. The Lake Jeserzersee data indicate that after 16.0 ka
considerable summer warming occurred, thus markedly before the
onset of the Bolling-Allerad Interstadial at 14.7 ka (Schmidt et al.,
2012). In both of our study valleys, ice retreat enabled advance of

rockglaciers into the formerly glaciated areas. Schmidt et al. (2012)
further infer a shift towards drier conditions at the end of the
17.6—16.0 ka cold phase. This is likely to have strongly favoured
rockglacier formation. Talus production was not a limiting factor in
the catchment as shown by the deposits of a debris-covered glacier
(Norbert Valley) and by the presence of modern talus cones and
abundant recent rock fall deposits (Schuster et al., 2006). Debris
under permafrost conditions at the margin of the Gschnitz glacier
with already interstitial ice, something like an “impeded rock-
glacier”, might characterize the starting position. Such a setting
could explain the limited age difference of only few hundred years
observed between the stabilisation of the moraine and that of the
relict rockglacier at the Norbert site (Fig. 3b).

During the Bglling-Allergd interstadial, both the Tandl and the
Norbert Valleys were likely completely ice-free and open for other
(gravitational) processes, e.g. landslides (Tandl Fig. 5a), or devel-
opment of large talus cones and aprons. In the Tandl area, the
landslide deposit and the rockglacier (TC2) on top of it (~2130 m
a.s.l.) indicate that the valley was ice-free by the Belling-Allered
interstadial. This is probably also true for the Norbert site as it is
located at similar elevation and even has a southerly aspect. During
the warming of the Bglling-Allerad, the permafrost limit shifted to
higher elevations (~1600—1800 m a.s.l,, Fig. 9) and the rockglaciers
that had formed during and towards the end of the Gschnitz stadial
stabilised (complex TA, NA, Fig. 3a and b). Nevertheless, it is likely
that in both valleys at higher elevation (>1700 m a.s.l.) rockglaciers
remained active and even more rockglacier lobes developed (TB, TC
and NC).

The Younger Dryas cold period followed and glaciers all across
the Alps advanced during the Egesen stadial (Kerschner, 1980;
Maisch, 1987; Ivy-Ochs et al., 1996; Kelly et al., 2004; Schindelwig
et al., 2012; Moran et al., 2016; Scotti et al., 2017). At the onset of
the Younger Dryas, in the study region small cirque glaciers
advanced and built up moraines. Such deposits are evidently pre-
sent at the Tandl site (~2220 m a.s.l.), but are less distinct at the
Norbert area. However, it is important to note that there are many
large rockglacier deposits of Egesen stadial ages in both valleys at
around 1700 m a.s.l,, 2290 m a.s.l. and 2330 m a.s.l. (TB1, TC4, NC1).
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In Debant Valley (Reitner et al., 2016) and at Kolm Saigurn (Bichler
et al., 2016) (Fig. 1b), both about 25 km from our sites, Egesen
moraines have been mapped and '°Be dated to around 12 ka. In the
latter case even a landslide deposit of Allered age was overridden.
Furthermore, sediments from Lake Stappitzersee (Drescher-
Schneider and Reitner, 2018) record both the warming of the
Bolling-Allerod and the following climate deterioration of the
Younger Dryas. Pollen data from Lake Stappitzersee indicate an
abrupt change in terms of temperature lowering but also a drastic
reduction in precipitation. Paleo-precipitation calculations of
Kerschner et al. (2000) suggest 15—30% less precipitation for the
central Eastern Alps during the Younger Dryas. This strongly fa-
vours rockglaciers as opposed to glaciers. Our findings clearly
support this view both morphologically and geochronologically as
documented by the prominent rockglacier deposit TB1 in the Tandl
area (1700 m a.s.l.), with stabilisation ages around 12 to 11 ka. The
same is true for the Norbert area with stabilisation of NC1 at
114 + 0.5 ka (2330 m a.s.l.). In this region, climatic conditions
during the Younger Dryas were ideal for rockglacier development
but notably less favourable for glacier advance (cf. Frauenfelder
et al. (2001)). Data from other sites indicate that the majority of
rock glaciers formed after the maximum glacier extent of the
Younger Dryas (Maisch, 1982; Buchenauer, 1990; Sailer and
Kerschner, 1999; Lambiel and Reynard, 2000; Ivy-Ochs et al,,
2009; Moran et al., 2016). However, our results show that rock-
glacier and glacier development happened simultaneously, with
both topographic (location of the ELA at that time) and climato-
logical factors (including low precipitation sums), playing a key role
(cf. Scotti et al. (2013)). Avian and Kellerer-Pirklbauer (2012)
modelled the permafrost distribution in the Reisseck mountains
during the Younger Dryas based on different temperature sce-
narios. The permafrost distribution of their coldest scenario,
considering a temperature depression of 4 °C (relative to LIA tem-
peratures), fits well to the location of our lowest directly dated
Egesen rockglacier from the Tandl Valley (TB1) and the calculated
MAAT lowering of 5.8 °C relative to modern temperature (=4.4 °C
relative to LIA).

The last geomorphological evidence of activity linked to
permafrost is given with the complex TC1-4 (1890—2290 m a.s.l.,
Tandl Valley) showing rockglacier final stabilisation in the early
Holocene (Figs. 3a and 9). Such a result is surprising as a strong
warming trend which occurred at the Lateglacial-Holocene tran-
sition proceeded into the early Holocene (Nicolussi et al., 2005;
Joerin et al., 2008; Solomina et al., 2015). Dendrochronological
evidence shows that around 10 ka the largest Austrian glacier (the
Pasterze) was already smaller than today (Nicolussi and Patzelt,
2000) and Holocene glacier size never markedly exceeded that of
the LIA (Schimmelpfennig et al,, 2014; Le Roy et al., 2015). We
suggest that ventilation through the blocky deposits could explain
this delay in stabilisation. Numerous studies examined the
chimney-effect (Humlum, 1997; Hoelzle et al., 1999; Gude et al,,
2003; Sawada et al., 2003; Delaloye and Lambiel, 2005), the
impact of air circulation on temperature in blocky deposits, where
cold air replaces warm air due to density differences, favouring an
overcooling of the deposit. In a recent study in the Malta Valley
(Pfliiglhof) at an elevation of ~900 m a.s.l. and only about 5 km
north of the Tandl rockglacier tributary valley (Fig. 1b), Wakonigg
(2006) monitored an “unterkiihlte Schutthalde” (undercooled
talus). Where, even during the exceptional warm years of moni-
toring (2003—2006), the average summer temperatures of air
streaming out at the lower part of the deposit never exceeded
<6.3 °C, which is much lower than he surrounding landscape with
JJA temperatures of 15.3 °C (Wakonigg, 2006). The same process
can lead to permafrost preservation in well ventilated block fields
and rockglaciers several hundreds of meters below the actual

permafrost limit (Juliussen and Humlum, 2008). Considering that
the Tandl area had extremely long permafrost-friendly conditions
(since the retreat of the Gschnitz glacier), the northern aspect, the
low solar radiation, and the very blocky structure which favours the
chimney-effect, it seems possible that final stabilisation of the TC
rockglacier deposits occurred almost 2 ka after the end of the
Younger Dryas cold phase.

6. Conclusions

Our investigation of two outstanding sequences of relict rock-
glacier deposits in the Reisseck group region using detailed
geomorphological field mapping combined with cosmogenic
nuclide exposure dating allowed us to unravel the local paleo-
climate history and to provide new insights into post-LGM
permafrost development. In total 14 rockglacier lobes were expo-
sure dated by analysing 1—6 boulders on each lobe. The determined
ages are interpreted as moments of stabilisation.

The exposure ages of the lowest relict rockglaciers of the
southwest-facing Norbert site suggest their stabilisation around
15.7 ka at elevations of 1580 m a.s.l. and 1730 m a.s.l, while the
lowest relict rockglacier complex at the northeast facing Tandl site
at an elevation of 1350 m a.s.l stabilised around 14 ka. One of the
low elevation rockglaciers at the Norbert site is located on top of a
debris-covered glacier deposit which we dated to 16 ka. At the
Tandl site an ELA depression value of 800 m (1880 m a.s.l.), deter-
mined by paleoglacier reconstruction and paleo ELA calculation,
agree well with ELA lowering investigated at other Gschnitz stadial
glacier localities (Kerschner et al., 1999). Cross-cutting relationships
at both study sites of these low elevation rockglacier lobes with
glacial deposits allow us to constrain rockglacier formation and
thus start of permafrost development immediately after the retreat
of the Gschnitz stadial glaciers (~16 ka) or nearly simultaneously
with retreat. Based on the source areas at the flanks of the Gschnitz
glaciers, permafrost most probably already existed during the
Gschnitz stadial, which is possibly the first occurrence of perma-
frost after the retreat of the LGM glaciers in the Eastern Alps.
Additionally, the data show that the rockglaciers with a north-
eastern aspect stabilised later (~1.7 ka) and at lower elevations (by
300—400 m) compared to the rockglaciers with a southwestern
aspect. Correlating modern MAAT values at the elevation of these
post-Gschnitz rockglacier deposits to an —2 °C isotherm results in
temperature lowering for the Gschnitz stadial of 5.2-4.5 °C (Nor-
bert, NA1 and NA2) and 6.3 °C (Tandl, TA1), respectively. Similarly,
from the reconstructed Gschnitz glacier ELA in the Tandl area
(1880 m a.s.l.), a lowering of 8.2 °C of the summer (JJA) temperature
was determined, relative to modern days JJA temperatures.

Upvalley of the post-Gschnitz rockglacier deposits, numerous
rockglaciers were observed in both study sites. Obtained exposure
ages between 12-10 ka of several rockglacier lobes suggests their
stabilisation at the end of the Egesen stadial (11.7 ka). Based on the
location of the lowest Tandl Egesen rockglacier lobe (TB1, 17700 m
a.s.l.) a MAAT depression of 5.8 °C relative to modern temperatures
was calculated. Deposits of Egesen glaciers were identified at an
elevation of around 2300 m a.s.l., which corresponds well to the
known elevation of Egesen stadial glaciers in the area. Glacial de-
posits are well preserved in the Tandl area but less distinct in the
Norbert area. The presence of Egesen stadial glaciers in the study
sites and rockglacier deposits that stabilised during the same
period indicates their co-existence during the Egesen stadial. The
Egesen glacier deposit in the Tandl area overran landslide and
rockglacier deposits, which suggests ice-free conditions during the
Bolling-Allergd interstadidal. Rockglacier formation and thus
permafrost development at high elevations >2000 m a.s.l. must
have started immediately after the retreat of the Gschnitz glacier
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but before the Egesen stadial glacier formed. This observation
shows that rockglacier development was possible during the entire
Younger Dryas, if the local topography, debris supply, ELA, and
associated glacier extent provided the necessary boundary
conditions.

This study shows that measuring cosmogenic nuclide concen-
trations of relict rockglacier deposits, together with geomorpho-
logical observations, is a powerful tool for reconstructing local
paleoclimate (temperatures) and past permafrost distribution. In
contrast to glacial deposits, which are sensitive to degradation
through erosion and gravitational processes or post-depositional
burial (fans, talus), rockglacier deposits frequently retain a promi-
nent position in the landscape even many thousands of years after
activity has ceased.
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