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A well-preserved moraine system in the Mieminger Range (Northern Calcareous Alps of Austria) provides geomorphological
evidence of a former glacier advance reaching significantly beyond the extent of subsequent glaciation during the “Little Ice
Age”. The reconstructed palaeoglacier is associated with an equilibrium line altitude lowering of -70 — -120 m and boulders on
its moraine were *Cl dated to the early Holocene (~10.4 ka). Hence, the glacier advance was likely triggered during a phase of
glacier-friendly climate within the Preboreal period. On the proximal side of the moraine, further boulders were dated on hum-
mocky moraines within the former glacier tongue area showing considerably younger ages of around 9 ka. In connection with
several relict rock glaciers in the cirque that formed subsequently to the glacier advance, these ages point to a prolonged phase
of instable conditions, possibly as a consequence of the formation of discontinuous permafrost and periglacial activity within
the cirque. All these landforms lie significantly up valley from a series of lateral moraine segments related to the “Egesen” sta-
dial (Younger Dryas cold phase). The *Cl ages presented here are the first exposure ages gained from moraines in the northern
Alps and form a first step for a numerically dated moraine chronology in the northern Alps.

Erste *Cl Expositionsalter von einer Morane in den Nordlichen Kalkalpen

Ein gut erhaltenes Morénensystem in der Mieminger Kette (6sterreichische noérdliche Kalkalpen) stellt einen geomorphologi-
schen Nachweis eines vergangenen Gletschervorstof3es dar, der deutlich weiter reichte als die spatere Vergletscherung der ,Klei-
nen Eiszeit". Der rekonstruierte Paldogletscher lasst auf eine Erniedrigung der Gleichgewichtslinie von -70 bis -120 m schlielen,
wihrend Blocke auf der Mordne mit *Cl auf das frithe Holozén (~10,4 ka) datiert wurden. Somit erfolgte der Gletschervorstof3
hochstwahrscheinlich in einer gletscherfreundlichen Klimaphase wihrend des Praboreals. Auf der inneren Seite der Moréne, im
Bereich der ehemaligen Gletscherzunge, wurden weitere Blocke auf hiigeligem Morédnenmaterial datiert, die wesentlich jiingere
Alter um ungefdhr 9 ka aufweisen. In Verbindung mit mehreren fossilen Blockgletschern im Kar, die sich nach dem Gletscher-
vorstof3 bildeten, deuten diese Alter auf eine lingere Phase instabiler Bedingungen hin. Diese ist moglicherweise durch die Bil-
dung von diskontinuierlichem Permafrost und periglaziale Prozesse im Kar zu erkldren. All jene Formen liegen deutlich oberhalb
einer Abfolge von Ufermorinensegmenten, die in Verbindung mit dem ,Egesenstadial® (Jiingere Dryas Kaltphase) stehen. Die
*Cl Alter, die hier vorgestellt werden, sind die ersten Expositionsalter von einer Moréne in den Nordalpen und bilden einen
ersten Baustein fiir die Erarbeitung einer numerisch datierten Morénenchronologie fiir diese Alpenregion.
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1 Introduction

stadials within the relative moraine sequence to obtain

an absolute chronology (Ivy-OcHs et al. 2008, and refer-

Glaciers react directly to fluctuations in climate through
changes in their mass balance. Therefore, where evidence
of former glacier extents is found, valuable information on
past climate conditions can be derived. In the Alpine region
research on glacier-based climate history has been con-
ducted for over a century since PENCK & BRUCKNER (1901—
1909) resulting in the development of a detailed moraine
sequence for the central Alps (MarscH 1981, Ivy-OcHs et
al. 2008). In recent decades focus has been placed on the
numerical dating of individual Lateglacial and Holocene
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ences therein). Thereby, surface exposure dating with cos-
mogenic nuclides has emerged as a standard dating tool
(LAL 1991, ZREDA et al. 1994, STONE 2000, DUNAI 2010). It
was especially applied in many areas of the Alps to date
former glacier advances allocated to the multi-phased
“Egesen” stadial (Maiscu 1981, Ivy-Ocus et al. 2009, and
references therein), which is associated with the Younger
Dryas cold period (~12.9 to 11.7 ka; RASMUSSEN et al. 2006,
Ivy-Ocss et al. 2008). However, up valley from these mo-
raines, but yet distinctly beyond Little Ice Age glacier posi-

145



Fig. 1: Location of the research area within the Alpine region.

Abb. 1: Lage des Untersuchungsgebietes im Alpenraum.

tions (maximum extents ~A.D.1850; MA1scH 2000) further
moraine systems were identified and dated in several ar-
eas. Exposure ages relate these glacier advances to the ear-
ly Holocene period. They infer periods of glacier advances
~10.1 to 10.6 ka (SCHINDELWIG et al. 2011, SCHIMMELPFEN-
NIG et al. 2014, MORAN, KERSCHNER & Ivy-OcHs 2015) as
well as between ~11.0 and 11.4 ka (SCHIMMELPFENNIG et
al. 2012, SCHIMMELPFENNIG et al. 2014, MORAN et al. 2016).
The latter may possibly coincide with the multi-centennial
cooling phase of the Preboreal Oscillation (~11.4 ka; BJorck
et al. 1997, RASMUSSEN et al. 2006). On the other hand, an
early Holocene glacier advance is ruled out in the eastern
part of the central Alps (BICHLER et al. 2016).

While all dated sites are located in the central, south-
ern or western Alps (e.g. KELLy et al. 2004, Ivy-OcHs et
al. 2009, FEDERICI et al. 2008, COSSART et al. 2012, BICHLER
et al. 2016 among others), hitherto no exposure ages have
been obtained to determine the timing of glacier advances
along the northern Alpine fringe. Therefore we expanded
investigations to the Northern Alps, focussing on the re-
gion east of Lake Constance, which is particularly interest-
ing because of the high amount of precipitation (FRer &
ScuMIDLI 2006) and a topography, characterized by summit
heights around 2300-2900 m and an abundance of lower
lying cirques with floors around 2000 m a.s.l. where small
glaciers could respond more rapidly to short climate fluc-
tuations (JOHANNESSON, RAYMOND & WADDINGTON 1989)
than the large glacier systems of the higher central Alps. So
far in the Northern Alps, local series of moraines were only
defined on the basis of equilibrium line altitudes (ELAs)
and their lowerings (AELAs) in reference to modern times,
as well as on their geomorphological properties (e.g. KeL-
LER 1988, HIRTLREITER 1992, SCHOENEICH 1998). The cor-
relation of the moraines to stadials in the central Alps was
primarily based on assumptions of AELA gradients within
the Alpine region, which may however have varied over
time. Furthermore, spatial differences in glacier advance
series may be a source of uncertainty in the relative cor-
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relation. Therefore, it is expedient to expand numerical
dating to the northern Alpine region. Hence, this paper
provides first *Cl ages from a past glacier advance in the
Northern Calcareous Alps, forming a preliminary basis for
the development of a future northern Alpine moraine chro-
nology based on absolute ages.

2 Research site

Our study area is located in the Mieminger Range of the
Northern Calcareous Alps (Figure 1). The mountain chain is
about 20 km long and trends from east to west with an av-
erage width of around 6 km. It is separated from the higher
Wetterstein Mountains by the Gaistal valley in the North
and borders on the Mieming Plateau to the South. It extends
in the West to the Fernpass and to the Seefeld-Leutasch pla-
teau in the East. The Mieminger Range is exposed to moist,
northwesterly air masses from the Atlantic region resulting
in high mean annual precipitation sums (~2300 mm/a; GE-
OGRAPHIE INNSBRUCK 2013) especially in its northwestern
parts. Mesozoic limestone dominates the entire range with
Wetterstein limestone accounting for nearly all peaks and
exposed bedrock surfaces. Only small parts disclose Middle
Triassic Muschelkalk and carbonates of the Reichenhall and
Partnach formations (MILLER 1962, BECKE 1983).

We conducted our investigations in the small, north-fac-
ing Schwirzkar cirque in the western part of the mountain
range (Figures 2 & 3). The highest peak along the cirque rim
is Griinstein, reaching an altitude of 2661 m a.s.l. The foot of
the surrounding cirque headwalls consists mainly of fine-
grained talus slopes while the floor of the Schwérzkar is
mainly covered by glacier transported material and diamic-
ton, containing a series of glacial and periglacial landforms
first identified and mapped by SENARCLENS-GRANCY (1938).
Denoting the extent of a former glacier in the Schwérz-
kar, a well-preserved ~700 m long, tongue-shaped moraine
ridge extends down to an elevation of ~1950 m a.s.l. near the
outlet of the cirque. Its crest is ~5 m above the surrounding
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Fig. 2: Geomorphology of the Schwirzkar cirque (Mieminger Range). Source of the Digital Terrain Model: TIRIS Map Service of the Federal State of Tyrol.
Abb. 2: Geomorphologie des Schwirzkars (Mieminger Kette). Quelle des Digitalen Geldndemodelles: TIRIS Kartendienst des Landes Tirol.
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Fig. 3: Outlines of the glaciers in Schwdrzkar cirque. For clarity, contour lines of the “Egesen” glacier are only drawn up to 2100 m. “Egesen” moraines in
the lower part of the cirque are part of the “younger stadials group” by SENARCLENS-GRANCY (1938). Glacier tongue below 1500 m is hypothetical. Source of

the Digital Terrain Model: TIRIS Map Service of the Federal State of Tyrol.

Abb. 3: Umriflinien und geometrische Eigenschaften der rekonstruierten Gletscher im Schwirzkar. Wegen der Ubersichtlichkeit sind die Hohenlinien des
Egesengletschers nur bis 2100 m Seehohe gezeichnet. Die Egesenmordnen sind Teil der jungstadialen Gruppevon SENARCLENS-GRANCY (1938). Die Glet-
scherzunge unterhalb von 1500 m ist hypothetisch. Quelle des Digitalen Geldndemodelles: TIRIS Kartendienst des Landes Tirol.

setting at its terminus and its morphologically fresh lat-
eral moraines exhibit steep embankments reaching heights
of ~25 m on the eastern side. The western lateral moraine
traces the former glacier margin over a distance of ~300 m
as a continuous, curved ridge. On its distal side there is a
series of subparallel ridges wedged closely against one an-
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other. On the proximal side of the lateral moraines, within
the lower and flat former glacier tongue area, the surface is
marked by boulder fields and block-rich hummocky ridg-
es. They are characterized by a strongly undulated surface
with mounds of angular to subangular glacial debris repre-
senting positive landforms of ~20 to 40 m in diameter, ris-
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Fig. 4: Photo of the former glacier tongue area of the Schwdrzkar palaeoglacier. Sample locations are shown where visible, position of COB-4 is concealed.
In the background the lateral moraines of the Egesen stadial are indicated. Photo: A. Moran 2013.

Abb. 4: Foto des ehemaligen Gletscherzungenbereichs des Schwdrzkar Paldogletschers. Die Positionen der Probenpunkte werden gezeigt dort wo sie sichtbar
sind, COB-4 ist verdeckt. Im Hintergrund sind die Ufermordnen des Egesenstadials angedeutet. Foto: A. Moran 2013.

ing ~10 m above the adjacent surface (Figure 4). The ridges
in the frontal part may be interpreted as postdepositional
rock glacier movement of glacially transported debris dur-
ing and after the melt-down of the glacier.

Upvalley from this moraine system, three relict rock gla-
ciers are recognized (Figure 2). The two eastermost exhibit
steep outer embankments reaching heights of up to ~20 to
30 m above the surrounding setting with numerous concen-
tric ridges and a surface made up of angular debris. In their
upper part an elongated concave structure points to high
ice contents during their active phase,and indicating that
they may have contained some buried glacier ice (BERTH-
LING 2011) in the sense of a glacier-rock glacier continuum
(G1arpINO & VITEK 1988). They lay discordantly over the
eastern lateral moraine above an elevation of ~2000 m a.s.l.
Large surface boulders within these features are predomi-
nantly associated with rock fall from the rock walls of the
Vordere Drachenkopf (2302 m a.s.l.; Figure 2). These fea-
tures are characterized by a series of ridges and a strongly
undulated surface in unconsolidated material reflecting
one or multiple periods of periglacial creep movement. A
third small relict rock glacier lobe ~150 m long and ~110
m wide is found in a central position within the cirque at
an elevation of 2160 to 2100 m a.s.l. (Figure 2). Its proximal
side is filled with unconsolidated material, while its distal
part shows a short but steep embankment. It likely formed
from a moraine that was strongly overprinted under per-
iglacial conditions. All these rock glaciers are constrained
above by an inconspicuous morainic ridge associated by
SENARCLENS-GRANCY (1938) with the Little Ice Age (Figures
2 and 3). According to him the well-shaded upper cirque
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area was glaciated during modern times. Even today, per-
ennial snow fields are still found directly below the cirque
headwalls.. In total, the sequence in the Schwirzkar cirque
may be interpreted as an advance of a partly debris covered
glacier, which was followed by a period of ice decay and
the development of rock glaciers, mainly from formerly
glacier-transported material.

SENARCLENS-GRANCY (1938) also mapped moraine seg-
ments farther down valley from the Schwérzkar (Figure 3). A
series of left and right-hand lateral moraines are found north
of Seebensee extending to the edge of the ~250 m high break-
off of the Seebenwinde above the Ehrwald basin, which he
attributed to his “younger stadial group”. They trace the gla-
cier margins of a former large oscillating glacier that had
its end position in an area of steep rock walls where it pre-
sumably formed an impressive ice fall, and whose accumula-
tionarea comprised the entire Schwérzkar and neighbouring
Drachenkar cirques.

3 Methods
3.1 Dating with cosmogenic radionuclide 3Cl

The stabilization age of the moraine system was determined
with the surface exposure dating method (LAL 1991, STONE
2000) for which six boulders on the crest of the moraine or on
the proximal side thereof were sampled (Figure 2). The sam-
pling strategy was carried out in accordance with Ivy-OcHs
& KoBER (2008). Among others, care was taken to select large
and stable boulders, whereas surfaces showing karst weath-
ering were preferred over fresh surfaces to exclude sampling
surfaces only recently exposed to the atmosphere through
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Tab. 1: Major and trace elements of the rock samples (SGS S.A., Canada).
Tab. 1: Haupt- und Spurenelemente der Gesteinsproben (SGS S.A., Kanada).

SampleNo. | AL,O, | Ca0 | Cr,0, | Fe,0, | K,0 |Mg0 | Mno |Na,0 | P,0, | Sio, |Tio, | B 6d |Sm |uU Th
coB-2 0.26 | 5420 |0 011 |0 050 {001 |oO 0.021.01 |0 |<001 |<0.01]<001 |<001 |<0.01
CoB-3 030 |5360 |0 016 |0 |053 |001 |o o |ogs o |00 |<001 <001 <001 <001
CoB-4 064 | 5420 |0 020 012|086 |001 |0 001|180 |0 | <001 | <001} <001 <001 <001
COB-201 | g3g [s5490 |0 009 012|051 |00l |oO 002|120 |o | <001 | <001 | <001 <001 <001
COB-202 | g3g |s5420 |0 009 |0 |043 | <001 |0 0 |os1 g |00 |<001 <001 <001 <001
COB-203 | g3g |s5440 |0 014 |0 |o055 |00l |o 0 |107 |o |00 | <001 <001 <001 <001

spalling. The samples were extracted sufficiently above the
surrounding surface to reduce the possibility of exhumation.
To avoid selecting boulders deposited by rock fall, we stayed
away from the northern left lateral moraines below the Son-
nenspitze peak (2417 m a.s.l.; Figure 2). No suitable boul-
ders for sampling were found directly on the crest of the end
moraine. Therefore, we sampled two boulders on the crest
of the lateral moraines. COB-2 stems from the right lateral
moraine, ~220 m from the former glacier terminus and COB-
4 from the crest of the left lateral moraine ~400 m from the
maximum glacier position. Three further samples (COB-201,
COB-202 and COB-203) were collected from large boulders
on the proximal side of the former glacier margin on the
surface of the hummocky moraines. A final sample (COB-3)
stems from a position nearly 200 m higher than the others.
This boulder is situated on a small relict rock glacier in the
transitional area from the flat upper cirque floor to the lower
former tongue area (Figure 2).

From each sample about 60 g of crushed and leached
rock with a grain size less than 0.5 mm was prepared for
AMS measurements at the Laboratory of Ion Beam Phys-
ics, ETH Zurich in compliance with standard laboratory
methods (ZREDA et al. 1994, STONE et al. 1996, Ivy-OcHs et

*

Tab. 2: Exposure ages “including topographic shielding,

al. 2004). The *Cl/Cl ratios were measured with the 6 MV
tandem accelerator at ETH Zurich relative to the internal
standard K382/4N (CHRISTL et al. 2013). Major and trace el-
ements were determined at SGS S.A. (Canada) (Table 1).
The ages were calculated with an ETH in-house **Cl age
calculator which implements the equations given in Ar-
FIMOV & Ivy-OcHs (2009 and references therein). The ap-
plied nuclide production rate through spallation of Ca was
48.8+3.4 atoms/g/a and 5.3+1.0 atoms/g/a through muon
capture (STONE et al. 1996), while a neutron flux of 760+150
neutrons/g air/a was used for neutron capture reactions
(Arrimov & Ivy-OcHs 2009). Production rates were scaled
in accordance to STONE (2000). Shielding by the surround-
ing topography was calculated with the CRONUS Earth
online calculator (Barco et al. 2008).

3.2 Palaeoglacier reconstruction and ELA calculations

The reconstruction of the palaeoglacier was conducted based
on CARR, LUkAS & MiLLs (2010) and KIRKBRIDE et al. (2015)
under consideration of a shear stress of ~100 kPa. The up-
per glacier margin coincided with the cirque walls while the
former glacier tongue could be clearly delimited by the end

“including topographic shielding and surface erosion (10 mm/ka). The shielding correction in-

cludes topographical shielding, dip and strike of the various boulder surfaces. The uncertainties represent the 1o confidence interval and comprise AMS
counting errors and errors based on the normalization to blanks and standards. All ages are in years before sample extraction (i.e. 2015 AD).

Tab. 2: Expositionsalter *inklusive topographische Abschattung, *“inklusive topographische Abschattung und Oberflichenerosion (10 mm/ka). Die Abschat-
tungskorrektur beinhaltet die topographische Abschattung sowie das Einfallen und Streichen der jeweiligen Blockoberflidchen. Das 1o Konfidenzintervall
schlief3t alle Unsicherheiten, die aus den AMS Messfehlern stammen, sowie Fehler durch die Abgleichung der Blanks mit den Standards mit ein. Alle Alter

sind in Jahre vor der Probenentnahme angegeben (i.e. 2015 n. Chr.).

Sample Lat. Long. Altitude | Sample Shielding | %Cl atoms Cl Exposure age* | Exposure age
No. (DD) (DD) (m) thickness *10°* g (ppm) (ka) without with erosion
(cm) erosion correction**
correction (ka)
COB-2 47360 | 10.924 1981 1.5 0.893 1.1740+0.0788 | 80.00+3.36 | 11.06+0.85 10.95+0.89
CcoB-3 47357 | 10.920 2125 1.5 0.925 1.0829+0.0401 | 69.86+1.05 9.16+0.47 9.08+0.51
COB-4 47360 | 10.920 1995 1.5 0.954 1.0945+0.0508 | 62.74+1.53 9.84+0.57 9.88+0.61
COB-201 | 47361 | 10.923 1956 1 0.952 1.0411+0.0598 | 78.12+2.68 9.19+0.63 9.04+0.66
CoB-202 | 47361 | 10.922 1952 1 0.944 0.8732+0.0313 | 38.60+0.54 8.64+0.42 8.85+0.45
COB-203 | 47360 | 10.921 1985 1 0.945 0.9379+0.0313 | 76.31+1.28 8.32+0.44 8.24+0.48
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and lateral moraines. Surface contour lines were drawn at
intervals of 50 m. Steady-state ELAs were determined with
the accumulation area ratio (AAR) of 0.67, which has yield-
ed reasonable results throughout the Alpine region (Gross,
KERSCHNER & PATZELT 1977, MAISCH 1999).

4 Results
4.1 Exposure ages

All obtained cosmogenic *Cl ages are shown in Table 2.
They are presented both with and without an erosion cor-
rection of 10 mm/ka, whereas ages with erosion correction
form the basis of all further discussions. As the depth pro-
file of **Cl production within the rock increases for the first
decimetres (Ivy-OcHS & SCHALLER 2009) the consideration
of an erosion factor for age calculation can lead to slightly
younger ages. The use of somewhat lower (5 mm/ka; REBER
et al. 2014) or higher (15 mm/ka; ANDRE 2002) erosion rates
does not significantly change the results. The uncertainty
encompasses the 1o confidence interval and uncertain-
ties in the production rate. Sample ages are spread widely
throughout the early Holocene ranging from 11.0+0.9 ka to
8.2+0.5 ka. While the two oldest ages (11.0+0.9; COB-2 and
9.9+0.6; COB-4) stem from boulders located directly on the
lateral moraine crest, all younger ages represent boulder
positions on the proximal side of the moraine, clearly with-
in the former glacier tongue area. Further implications of
their spatial distribution are discussed below.

Tab. 3: Geographic and geometric properties of the reconstructed Schwirz-
kar cirque palaeoglacier.

Tab. 3: Geographische und geometrische Eigenschaften des rekonstruierten
Schwirzkar Paldogletschers.

Palaeoglacier properties Results
Area 0.7 km?
Highest paint 2550 ma.s.l.
Lowest point 1940 ma.s.l.
Length 1500 m
Aspect N

ELA 2170 ma.s.l.
AELA -120m

4.2 Equilibrium line altitudes

The reconstructed surface of the small Schwirzkar pa-
laeoglacier has an area of 0.7 km* and exhibits an ELA
of 2170 m a.s.l. (Table 3). Similar ELAs were determined
within the Mieminger Range for other cirques. Under the
(realistic) assumption of a partial debris cover on the gla-
cier surface, equilibrium conditions may have been main-
tained with an AAR of 0.5 or less, with an ELA around
2200 to 2220 m.

Based on geomorphological evidence and glacial-ge-
ological maps of SENARCLENS-GRANCY (1938), small gla-
cierets existed during the LIA in north-facing, well-shaded
cirques (Figure 3). Their ELAs ranged around 2290 m a.s.l.
and serve as reference altitudes for the AELA calculations.
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5 Discussion
5.1 Interpretation of the exposure ages

The six exposure ages were obtained to determine the age
of moraine stabilization and hence to provide insight into
the time of the corresponding glacier advance which pre-
ceded moraine stabilization. Based on the topographical
situation, we exclude by great certainty rock fall as the ori-
gin of boulder deposition for the various sample locations
(Figure 2). Rather more, since the sampled boulders are lo-
cated directly on the crest or the proximal side of the mo-
raine, we assume that the boulders were transported by the
glacier that formed the moraine. As can be deduced from
numerous other palaeoclimatic records and knowledge of
Alpine glacier advances during the early Holocene (HEIRI
et al. 2003, MAGNY et al. 2007, SAMARTIN et al. 2012, HEIRI
et al. 2014), it can be concluded that the small Schwérzkar
cirque glacier responded to a multi-decadal to a multi-cen-
tennial cooling phase persisting for a much shorter time
period than the range of ages obtained through *Cl dating.
Therefore, some ages may be either older or younger than
the glacier advance, which formed the moraine. Ages that
are too old would imply the inheritance of cosmogenic nu-
clides in a sampled boulder surface through pre-exposure.
However, studies show that calculated ages preceding the
true age of a landform are rare (PUTKONEN & SWANSON
2003, Ivy-OcHs & KoBER 2008). Conversely, ages that are
too young would result from numerous post-depositional
processes influencing the continual build-up of nuclides in
the boulder surface, among which are spalling of a boulder,
tilting and exhumation. Such disturbances are observed
much more commonly (HALLET & PUTKONEN 1994, HEy-
MAN et al. 2011). Therefore, in compliance with BRINER et
al. (2005), we consider the obtained exposure ages to repre-
sent minimum ages meaning that the oldest ages (COB-2;
11.0£0.9 ka and 9.9+0.6 ka, COB-4), which are not signifi-
cantly different from each other, are likely the most rep-
resentative minimum ages for moraine stabilization. They
have in common that they both stem directly from the
moraine crest. Together they have a mean age of 10.4+0.8
ka. All other ages (9.1+0.5 ka, COB-3; 9.0£0.7 ka, COB-201;
8.9+0.5 ka, COB-202 and 8.2+0.5 ka, COB-203) are younger
and come from central positions on the rock glacier like
forms within the former glacier tongue area (Figure 4).
These four ages cluster together forming a mean age of
8.8+0.5 ka, thus indicating either post glacial disturbances
of nuclide buildup in the sampled rock surfaces or the pos-
sibility of continued boulder instability due to rock glacier
deformation. The probability density functions of the sam-
ple ages are shown in Figure 5 showing the large age span
throughout the early Holocene with both sample groups
(i) from the moraine ridge and (ii) from the rock glacier
surface on the proximal side of the moraine. The relict rock
glaciers higher up, partially cutting the moraine discord-
antly and the hummocky deposits indicate that after the
Schwirzkar glacier reached its terminal position and ice
decay set in, some ice may have persisted under debris and
sediment, supporting the formation of locally ice-rich dis-
continuous permafrost. Prolonged periods of possible peri-
glacial creeping with interruptions in between, may have
occurred in these elevations during several climate down-
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Fig.5: Probability density
functions of the sample
ages.

Abb. 5: Wahrscheinlich-
keitsdichtefunktionen der
Probenalter.

turns of the early Holocene, e.g. between ~10.1 and 10.6
ka (SCHINDELWIG et al. 2011, SCHIMMELPFENNIG et al. 2014,
MoRAN, KERSCHNER & Ivy-OcHs 2015), 9.2 ka (FLEITMANN
et al. 2008) and 8.2 ka (N1coLUSSI & SCHLUCHTER 2012).
Therefore, it is conceivable that final stabilization of the
landforms constrained by the Schwirzkar moraine may not
have set in until the beginning of the warm Holocene cli-
mate optimum (JOERIN et al. 2008).

5.2 Climatic inferences

High precipitation sums in combination with reduced
short-wave radiation in the well-shaded northern facing
cirques of the Mieminger Range led to extraordinary low
ELAs during the LIA in comparison to many other Al-
pine regions (SENARCLENS-GRANCY 1938, MAISCH 1999).
Relative to the LIA, the glacier advance in the Schwérz-
kar showed a AELA of -120 m, or ~-70 to -90 m, if a sig-
nificant influence of a debris cover is assumed. This is in
agreement with evidence of other glacier advances in the
Alps with moraine stabilization during the Preboreal pe-
riod (Table 4). As these advances show similar AELAs in
different regions of the Alps, we conclude that precipita-
tion patterns were presumably similar to modern times
(MoORAN et al. 2016), in contrast to the preceding Young-
er Dryas cold period, for which increased gradients be-
tween the humid northern and dry central Alps are as-
sumed (KERSCHNER, KASER & SAILER 2000). The relict rock
glaciers up valley from the moraine system indicate one
or several periods of cool and possibly somewhat drier
climate conditions during and after the glacier recession.
They may have begun to form contemporaneously to the
initial melt back of the glacier in combination with the
formation of dead ice under a thick debris cover and its
preservation under permafrost conditions (GIARDINO &
VITEK 1988, BERTHING 2011).
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5.3 Chronology

Considering the *Cl ages as minimum ages (BRINER et al.
2005), we suggest that the Schwarzkar glacier advance oc-
curred most likely after the Pleistocene-Holocene bound-
ary, following the transition from the Younger Dryas cold
period to the Preboreal. It is probably synchronous with
glacier extents exhibiting practically identical AELAs of
slightly more than -100 m in the western and central Alps
that were dated to the early Holocene. Similar AELAs were
also determined for the “Bockten” advance (MaiscH 1981)
and the “Kartell” (FRAEDRICH 1979, MaiscH 1981, Ivy-OcHs
et al. 2006) stadial. While the Bockten advanve is not dated,
the Kartell stadial, however, seems to be of late Younger
Dryas age. In the neighbouring Wetterstein Mountains, the
Schwiirzkar glacier likely correlates to the local “Brunntal”
stadial associated on the basis of a pollen analysis of mo-
raine-covered fossil soil with a Preboreal glacier advance
clearly exceeding LIA positions (HIRTLREITER 1992). For
the moraines of the “Brunntal” stadial, HIRTLREITER (1992)
reports AELAs of -85 to -135 m, which is in line with the
results for the Schwérzkar glacier. Hence, the Schwirzkar
moraines may correspond to a Preboreal climatic deterio-
ration, possibly the brief climatic downturn of the Pre-
boreal Oscillation (~11.4 ka; SCHWANDER et al 2000, RAs-
MUSSEN et al. 2006). A correlation with a somewhat later
cooling around ~10.5 ka (TINNER & KALTENRIEDER 2005)
cannot be excluded but seems to be less likely because of
the quite large AELA. In any case, the investigations agree
well with other palaeoclimatic records showing that the
early Holocene was a period during which glaciers in the
Alps to the west of Brenner pass still advanced beyond any
positions reached subsequently during the late Holocene
(SCHINDELWIG et al. 2011, SCHIMMELPFENNIG et al. 2012,
SCHIMMELPFENNIG et al. 2014, MORAN, KERSCHNER & Ivy-
OcHs 2015, MORAN et al. 2016). Further to the east such a
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Tab. 4: Exposure-dated early Holocene Alpine glacier advances. All “Be ages were calculated with the Northeast North American production rate (BALco et
al. 2009), which has proven to yield suitable results for the Alpine region (CLAUDE et al. 2014). Ages refer to moraine stabilization.

Tab. 4: Frithholozdne Gletschervorstofie im Alpenraum, deren Alter der Mordnenstabilisierung mit der Expositionsdatierung bestimmt wurden. Alle Be
Alter wurden mit der nordost-nordamerikanischen Produktionsrate (BALCO et al. 2009) berechnet, die fiir den Alpenraum angemessene Ergebnisse erzielt

hat (CLAUDE et al. 2014).

Glacier Location Age (ka) Source

Kromer Austria 10.1+1.0to 10.6+1.4 MoraN, KerschNER & Ivy-0Ochs (2015)
Steingletscher Il Switzerland 10.4=0.4 ScHIMMELPFENNIG et al. [2014)
Belalp Switzerland 10.6+2.2 ScHinoeLwis et al. (2011)

Hinteres Bergle Austria 10.9+0.8 Moran et al. (2016)
Steingletscher | Switzerland 11.1+0.2 Schimmelpfennig et al. [2014]
Falgin Italy 11.2+0.9 Moran et al. (2016]

Tsidjiore Nouve Glacier Il Switzerland 11.2+0.2 ScHiMMeLPFENNIG et al. (2012]
Tsidjiore Nouve Glacier | Switzerland 11.4+0.4 ScHiMMELPFENNIG et al. [2012)

set of glacier advances is missing, as has been shown by
surface exposure dating of boulders and polished bedrock
in the upper Rauris valley (BICHLER et al. 2016). The reason
for this discrepancy is not yet clear. It may either be due
to a systematic error of unknown origin in the dating of
the moraines and preceding glacier advances in the west
or, more likely, may have been caused by differing climatic
conditions.

The results also fit well into our present state of knowl-
edge of the eastern Alpine moraine sequence (Ivy-OcHs
et al. 2008) and may form the basis for considerations on
a northern Alpine moraine chronology derived therefrom.
The dated moraine system lies more than 1.5 km up val-
ley from lateral moraines of an older oscillating glacier
extending north of Seebensee and just reaching over the
steep Seebenwinde rock walls below which no end mo-
raines were preserved. While PENCK & BRUCKNER (1901-
1909) classified the moraines and similar moraines in the
neighbouring cirques as “Gschnitz”, SENARCLENS-GRANCY
(1938) argued that due to their position relative to the LIA
moraines they must be younger and part of the “younger
stadials” (“jungstadiale Gruppe”). The lateral moraine seg-
ments mark the margins of a glacier with an estimated
ELA between 1900 and 1950 m a.s.l. and hence with a AELA
from ~-350 to -400 m. These values agree well with those
of numerous other large and well-preserved moraine sys-
tems in the vicinity (HIRTLREITER 1992, KERSCHNER 1993,
MOoRAN et al. 2016). They likely correspond to the multi-
phased Egesen stadial that has been associated with the
late Pleistocene Younger Dryas cold phase (12.9-11.7 ka;
RASMUSSEN et al. 2006) in many parts of the Alps (Ivy-
Ocws et al. 2009, and references therein). In comparable
positions in the Northern Calcareous Alps in Tyrol, the
ELA of possible Gschnitz stadial glaciers (~16.5-17 ka;
Ivy-Ocas et al. 2006) is in the range of 1500-1700 m, de-
pending on the position relative to the northern fringe of
the Alps (HIRTLREITER 1992, KERSCHNER 1993 and unpub-
lished data). Accordingly, more or less all of our research
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area would have been part of the accumulation area of the
Gschnitz stadial glacier, which is in line with SENARCLENS-
GRANCY (1938).

6 Conclusions

The investigation of the Schwirzkar moraine system in the
Mieminger Range provides evidence of a final glacier ad-
vance preceding the Little Ice Age glaciation of the cirque.
The former glacier exceeded that of modern times signifi-
cantly, while exhibiting a lowering of the equilibrium line
altitude of -70 to -120 m. The numerical dating of boulders
on the moraine shows that it was stabilized during the
early Holocene period, with the mean of the oldest ages
pointing to a minimum moraine stabilization age of around
10.4 ka, while the oldest age amounts to 11.0£0.9 ka. This
agrees well with other dated moraines in the Alpine re-
gion west of Brenner pass indicating widespread Alpine
glacier activity in the Preboreal period, perhaps in connec-
tion with the Preboreal Oscillation. Further boulders from
hummocky deposits on the proximal side of the moraine
show considerably younger ages with a mean age around
8.8+0.5 ka. These ages suggest that the final stabilization
of boulders set in approximately 1 to 2 ka after moraine
deposition. This may be the result of prolonged perigla-
cial activity concomitantly with, or in various phases after
glacier retreat in the well-shaded cirque. The chronostrati-
graphically younger relict rock glaciers located above the
moraine system support the idea of prolonged periglacial
activity following the glacier advance.
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