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Deglaciation of a large piedmont lobe glacier in comparison

with a small mountain glacier - new insight from surface
exposure dating. Two studies from SE Germany

Anne U. Reuther, Markus Fiehig, Susan Ivy-0chs, Peter W. Kuhik, Jirgen M. Reitner, Hermann Jerz, Klaus Heine

Abstract: “Be surface exposure ages of moraine boulders deposited during the maximum Wiirmian ice extent and the deglaciation period
in two different glacial environments show different age distributions despite similar climatic boundary conditions. A consist-
ent and precise late Wiirmian chronostratigraphy was derived from deposits of a small valley glacier in the Bavarian Forest.
Exposure ages from terminal moraines of the Isar-Loisach and the Inn glacier in the Eastern Alps indicate a moraine deposi-
tion well before 18.0+1.9 ka and moraine stabilization throughout the late glacial. Both glacial systems reached their maximum
Wiirmian ice extent during the late Wiirmian. Despite this broad synchronicity, the response time to climatic fluctuations of
the valley glacier in comparison to that of the piedmont glacier system is different, with the valley glacier being more sensitive
to climatic signals. Synchronicity of the late glacial readvance in the Bavarian Forest and the Eastern Alps was reached during
16-15 ka (Gschnitz advance), when only valley glaciers existed in both regions. The age distributions determined for either of
these glacial environments originate likely in glacier ice dynamics and geomorphic processes affecting moraine stabilization
acting differently in each setting. Our data gives insight into landscape stability and moraine degradation in different glacial
environments and has implications for sampling strategies and data interpretation for glacial exposure ages.

(Deglaziation eines grof3en Vorlandgletschers im Vergleich mit einem kleinen Gebirgsgletscher - neue Erkenntnisse

aufgrund von Oberflachenexpositionsaltern. Zwei Studien aus Siidost-Deutschland)
Kurzfassung: 1“Be-Oberflachenaltersdatierungen von Morénenblocken der Wiirm-Maximalvergletscherung und der Deglaziationzeit erga-
ben in zwei verschiedenen Regionen Siuddeutschlands unterschiedliche Altersverteilungen trotz gleicher klimatischer Rand-
bedingungen. Im Bayerischen Wald zeigen die Morénenalter eines kleinen Talgletschers eine prézise und konsistente spat-
wiirmzeitliche Chronostratigraphie. Oberflachenexpositionsalter von Morénen des Isar-Loisach und Inngletschers in den Ost-
alpen weisen auf eine hochwiirmzeitliche Morénenablagerung deutlich vor 18.0+1.9 ka und einer anschliessenden Morénen-
stabilisierung hin. Beide glaziale Systeme (Mittelgebirgs-Talgletscher und alpines Eisstromnetz) erreichten ihre maximale Aus-
dehnung im Spétwiirm (MIS 2). Trotz der weitgehenden Ubereinstimmung war ihre Reaktionszeit auf Klimafluktuationen sehr
unterschiedlich: der kleine Talgletscher reagierte empfindlicher auf klimatische Anderungen als das alpine Eisstromnetz. Ein
synchrones Verhalten zeigten die Gletscher im Bayerischen Wald sowie in den Ostalpen erst im Spatglazial um 16-15 ka (H 1),
als in beiden Gebieten Talgletscher existierten. Die unterschiedlichen Altersverteilungen der spatwiirmzeitlichen Chronologien
in den beiden Wiirmgletscher-Endmorénengebieten werden mit Unterschieden der Eisdynamik und der geomorphologischen
Prozesse bei der Moranenstabilisierung sowie mit Phasen intensiver Hangprozesse infolge periglazialer Aktivitat und Toteis-
Tauens erklart. Die Ergebnisse sind fiir Probennahmestrategien und Dateninterpretation von Moranen-Oberflichenaltern von
grofier Bedeutung.
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1 Introduction scatter that is found in these datasets is often greater than

statistically expected from the associated errors and fre-

Glacial landscapes are one of the classical study areas for
surface exposure dating with terrestrial in-situ produced
cosmogenic nuclides (TCND) (PaiLLips et al. 1990; GOSSE
et al. 1995a, b; COCKBURN & SUMMERFIELD 2004). The meth-
od is frequently applied to constrain glacial chronologies
based on exposure ages of moraine boulders (REUTHER
et al. 2006). However, the age distributions that are de-
termined in moraine dating studies do not always reflect
the landform age (REUTHER et al. 2006, HEINE, 2011). The
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quently biased or polymodal age distributions are deter-
mined (PUTKONEN & SwANsoON 2003). This scatter is likely
explained by geomorphological processes such as for ex-
ample multiple glacial advances or post-depositional deg-
radation of moraines (ZREDA et al. 1994; BRINER et al. 2005;
ZECH et al. 2005; PUTKONEN & O’NEAL 2006). In glacial en-
vironments the assumptions underlying the TCND tech-
nique are often not valid because (1) moraines that contain
dead ice or that are exposed to intensive periglacial slope
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processes are unstable landforms at the timescales of 107
to 10° years and (2) moraine boulders do sometimes carry
inherited nuclide abundance. In these cases non-Gaussian
exposure age distributions are determined from moraine
boulders. Furthermore, the glacier type (e.g. valley glacia-
tion or continental ice sheets; warm-based or cold-based)
and the climatic boundary conditions (arid or humid; tropi-
cal or arctic) influence moraine stability or degradation and
thus the exposure age distributions from moraine boulders
(EvANS 2004).

Models of moraine degradation or boulder exhumation
have been published that help understanding and quan-
tifying the principles of surface processes (ZREDA et al.
1994; HALLET & PUTKONEN 1994; ZREDA & PHILLIPS 1995;
PUTKONEN & SwANsON 2003). However, the deposition-
al environment of each moraine boulder and the climatic
boundary conditions that affected the moraine during and
after deposition have not yet been incorporated in the mod-
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els but need to be considered in the data interpretation.

In any glacial environment, exposure ages from boul-
ders on moraines will yield the time of landform stabiliza-
tion; the probability of inherited nuclide concentration is
only a few percent (PUTKONEN & SWANSON 2003). A val-
ley glacier with negligible debris cover often leaves behind
simple, well preserved moraine sequences (HEiM 1885). In
contrast, at the ice margin of extensive ice lobes, dead ice
bodies are often disconnected from the active glacier dur-
ing deglaciation. These debris-covered dead ice bodies or
ice-cored moraines will persist until climatic conditions are
favourable enough for their thawing causing intensive mo-
raine degradation (Gripp & EBERS 1957; DYKE & SAVELLE
2000; EVEREST & BRADWELL 2003).

In this study we exposure dated moraine boulders in dif-
ferent glacial environments (piedmont shaped outlet lobes
from central Alpine ice caps versus small valley glacier sys-
tem in the Bavarian Forest) that were affected by similar
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climatic boundary conditions during the late Pleistocene.
This research setup allows testing the hypothesis of vari-
ations in exposure age distributions on moraines due to
different glacial environments. Central Europe is an ideal
study area to address this research question, as different
glacial environments can be found in close proximity.

During the Wiirmian last glacial maximum the central
European climatic regime was strongly influenced by the
large Scandinavian ice sheet extending far into Northern
Germany (EHLERS et al. 2004; HEINE et al. 2009) as well as
the Alpine ice cap with its extensive ice domes, its inner-
alpine network of large interconnected valley glaciers and
outlet glaciers that spread out as extensive piedmont lobes
onto the Alpine foreland (PENCK & BRUCKNER 1901/09;
VAN HUSEN 1997; FLORINETH & SCHLUCHTER 1998; KELLY
et al. 2004). A 500 km wide periglacial corridor extended
between these two large ice masses (Fig. 1). Only a few
isolated mountain ranges carried small mountain glaciers,
as for instance the Black Forest, the Vosges, the Bavarian
Forest and the Harz Mountains (Fig. 1; SERET et al. 1990;
ROTHER 1995).

Numerous chronological studies have bracketed the tim-
ing of glacial advances in the Alps and in the area covered
by the Scandinavian ice sheet, indicating that both large
ice masses reached their last glacial maximum ice extent
coeval during the late Wiirmian, respectively late Weich-
selian (e.g. EHLERS & GIBBARD 2004a). Terrestrial glacial
chronologies for low mountainous areas of central Europe
(Mittelgebirge) are still patchy and no coherent numerical
glacial chronology for any of the mountain ranges has yet
been established (e.g. ROTHER 1995). Cosmogenic ages of
moraines will considerably advance the age control of gla-
ciations as the method allows direct dating of glacial dep-
osition and thus supplements the bracketing radiocarbon
ages.

As study sites we chose the respective type sections
of the Eastern Alpine piedmont glaciation and the small
mountain glaciation in the Bavarian Forest in south-east-
ern Germany. The Bavarian Forest is located only some 160
km north/northeast of the terminal moraines of the Alpine
piedmont glaciers (Fig 1).

In the Eastern Alps, a type section of the Wiirmian glaci-
ation is the sequence of glacial deposits around the Wiirm-
see (now called Starnberger See) deposited by the former
Isar-Loisach glacier (CHALINE & JERz 1984). This sequence
of glacial deposits was eponymous for the Wiirm glacia-
tion (PENCK & BRUCKNER 1901/09) and has been intensive-
ly mapped and studied (e.g. PENCK & BRUCKNER 1901/09;
TroLL 1937; ROTHPLETZ 1917; JERZ 1987a, b; FELDMANN
1992). Up to now, no numerical ages constrain the chronol-
ogy of these glacial deposits.

The glacial sequence around the Kleiner Arbersee is typ-
ical for the late Wiirmian glaciation in the Bavarian For-
est (PARTSCH 1882; PENCK et al. 1887; JERz 1993). The de-
posits of this sequence are well mapped (BAYBERGER 1886;
RATHSBURG 1928, 1930; PRIEHAUSSER 1927, 1930; BUCHER
1999) and have been sedimentologically studied in detail
(HAUNER 1980; MAHR 1998; RAAB 1999; RaAB & VOLKEL
2003). However, only a few radiocarbon dates yield mini-
mum ages for the regional deglaciation (RaAB & VOLKEL
2003).
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The goal of our study was two-fold: Firstly, we aimed to es-
tablish a numerical chronology for the Wiirmian glaciation
at the respective type localities in the Eastern Alps and the
Bavarian Forest mountain range which are numerically un-
dated sites, and secondly, we aimed to compare the valid-
ity of surface exposure dating in two very different glacial
settings (Alpine piedmont glacier on foreland versus small
valley glacier system in Bavarian Forest).

In the first part of this paper the results from the nu-
merical dating studies for both field areas are presented. In
the second part the implications of our studies for surface
exposure dating in different glacial settings are discussed.

2 Materials and Methods

19 boulder and bedrock samples were taken in the Bavarian
Forest from gneiss surfaces. 10 crystalline boulder surfaces
were sampled on the Alpine foreland moraines. Geograph-
ic coordinates and topographic shielding were measured
using a GPS receiver and a hand-held inclinometer, respec-
tively (Tab. 1, 2).

The samples were crushed and ground and the quartz
fraction was separated following the procedures described
by Konr & Nisanzumr (1992) and Ivy-OcHus (1996). BeO
was extracted using a combination of column chemistry
separation and selective hydroxide precipitations (OcHs
& Ivy-OcHs 1997). Ratios of the radionuclide to the stable
nuclide were measured using accelerator mass spectrom-
etry (AMS) at the ETH Zurich tandem accelerator facility
(SYNAL et al. 1997). Apparent exposure ages were calcu-
lated from the measured nuclide concentration, the site-
specific production rate according to LAL (1991) and STONE
(2000) and the sampling depth. They were corrected for
topographic shielding (DUNNE et al. 1999), variations in the
geomagnetic field (Laj et al. 2004), erosion, uplift, snow and
vegetation cover (GossE & PHiLLIPS 2001). The dense forest
canopy inhibited field measurements of the topographic
shielding in the Bavarian Forest. Shielding angles for each
sample were calculated with a Geographic Information
System (GIS) based on spatial information obtained from
a high-resolution DEM (REUTHER 2007). The following as-
pects were considered for the corrections:

Bavarian Forest:

(i) The exposure ages were calculated using an erosion
rate of 5+2 mm ka! based on measurements in the field, a
value that is in agreement with values used in similar stud-
ies (appendix 1).

(i) Snow cover is significant (Fig. 2). At the Arber sum-
mit, a close snow cover is reported for 150-170 days yr"
(MULLER-HOHENSTEIN 1973; HAUNER 1980; SCHEUERER
1997). In the sheltered cirques the snow melts considerably
later than in more exposed locations. South of the Klein-
er Arbersee (Seeloch) it persists until May or even June
(BAUMGARTNER 1970; SCHEUERER 1997). For the age calcu-
lation an estimate of 30 cm snow cover for six months is
assumed for the horizontal surfaces.

(iii) The Arber region is a densely forested area (Fig. 2).
Several tree storeys occur and a moss and shrub cover grows
on some bedrock surfaces. Some of the sampled surfaces
were covered with a thin moss and humus layer. For the
age calculation the mean of the reported biomass values of
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Fig. 2: Field photographs from the Bavarian Forest. Upper left is boulder BW-03-02, upper right is boulder BW-03-15, lower left shows the snow cover on top
of boulders in the snow-rich winter of 2004, lower right shows the vegetation cover on some of the boulders. If the tree that is growing on the boulder falls

over it is likely to topple the boulder (this boulder was not sampled).

Abb. 2: Geldndeaufnahmen aus dem Bayerischen Wald. Oben links: Morinenblock BW-03-02, oben rechts: Mordnenblock BW-03-15, unten links: Schneebe-
deckung auf einem Mordnenblock im schneereichen Winter 2004, unten rechts: Vegetationsbedeckung auf Mordnenblocken. Wenn der Baum, der auf dem
Mordnenblock wdchst, umfallt, wird der Block voraussichtlich gedreht (der Mordnenblock wurde nicht beprobt).

spruce forests in Bavaria was assumed (360 t ha™ for culti-
vated forests, DIETRICH et al. 2002). This does neither com-
prises understorey vegetation nor humus cover. Forest cover
of the study area is assumed for the last 10 ka. Radiocarbon
dated pollen diagrams from the Kleiner Arbersee indicate
that the first arboreal pollen occurred around 13.9-15.0 cal
ka BP (12,311+372 *C yr BP; Raab 1999), indicating that the
area was already forested around this time.

(iv) A (negative) vertical movement of the Bavarian For-
est of 0 to -0.9 mm yr™ has been measured (station Wettzell,
T. KLUGEL, pers. comm. 2005). For the correction of the pro-
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duction rate calculation a value of -0.5 mm yr" was estimat-
ed for the exposure duration.

Alpine Foreland:

(i) The exposure ages were calculated using an erosion
rate of 5.5+2 mm ka™ based on field observations and meas-
urements (appendix 1).

(if) For snow cover corrections, the average snow depth
(20 cm) and density (0.3 g cm®) for about 4 months per year
as measured at a near-by site (ATTMANNSPACHER 1981) are
used in the calculations.
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Tab. 1: Exposure ages determined on moraines of the Kleiner Arbersee glacier, Bavarian Forest.

Tab. 1: Expositionsalter von Mordnen des Kleiner Arbersee-Gletschers, Bayerischer Wald.

Height
above Sample |f.,. foorr foorr o .
Sample ID i Altitude |ground, thick- | (topo, |(veg., (geo- L ' CdS | IRLLEIED | AERETENG | (33 EEI
Long atom’ |error |rate§ age# age**
base plane | ness slope)* | snow]* | mag)
area
o [gil SiUE’ o -1 1 10! 10!
] [masl] [em] Poge [[%] 0 |[atmg?yr] | [Beka] | [*Beka]
Wia - moraine
49.13°N 11m 20.72.1
BW-03-15 13.12°F 862 46 me 3.5 0997 (0965 |1 2.09 3.3 10.5 19,508 (+0.6)
48.13°N 09m 18.4+2.1
BW-03-14 13.12°F 848 56 me 4 0.997 0964 |1 1.83 6.8 10.2 17,379 (+1.1)
49.13°N 14m 19.2+1.9
BW-03-16 13.19°F 874 130 me 4 0.997 0964 |1 195 34 105 18,024 (£0.5)
WIib - moraine
49.13°N 1.3m 18.7+1.9
BW-03-06 13.12°F 873 105 me 4.5 0.997 0964 |1 1.90 4.3 104 17,640 (£0.7)
49.13°N 18.7+1.9
BW-03-02 13.19°F 864 3m 4.5 0.996 0964 |1 1.88 4.1 103 17,649 (£0.7)
WI lateral moraine before it splits into Wla and Wib
49.13°N 2m 16.9+1.8
BW-03-07 13.10°F 860 45 me 4.5 0.995 0963 |1 1.69 4.5 103 15,951 (£0.7)
49.13°N 1.3m 18.8+1.9
BW-03-08 13.12°F 936 53me 3.5 0.996 0964 |1 2.03 36 111 17,775 (£0.8)
49.13°N 1.8m 159=+1.9
BW-03-17 13.19°F 892 735 me 5 0.997 0962 |099 |[1.63 7.5 10.5 14,973 (£1.0]
49.13°N 0.9m 15.0%1.7
BW-03-18 1312°F 893 55 me 4.5 0.996 0961 |099 |[1.54 6.0 105 14,090 (=0.8)
49.13°N 14m 17.4+1.8
BW-03-19 13.12°F 898 51me 4.5 0.994 0963 |1 1.79 3.5 10.6 16,396 (£0.5)
WII moraine
49.13°N 1.5m 17.4+1.8
BW-03-03 13.19°F 870 54 me 4 0.996 0963 |0.99 |1.76 4.0 104 16,364 (£0.6)
49.13°N 11lm 15.4+1.7
Bw-03-04 13.12°F 871 6 me 6.1 0.996 0961 |099 |[1.53 49 10.2 14,472 (<0.6)
49.13°N 12m 17218
BW-03-20 13.12°F 870 14me 4.5 0.995 0963 |1 1.74 3.7 104 16,243 (£0.5]
Lake moraine
49.13°N 2m 15.8+1.7
BW-04-03 13 12°F 905 10 me 3.5 0.996 0962 |1 1.66 4.5 10.7 14,894 (0.6)
49.13°N 32m 15.9+2.1
BW-04-04 1312°F 915 105 me 3.5 0.996 0962 |1 1.68 9.9 10.8 14,992 (+1.4]
49.13°N 1.5m 15.0£16
BW-03-09 13.12°F 945 6.4 m2 q 0.997 0961 |099 (161 41 11.0 14,092 (£0.5)
Bedrock surface south of lake
49.13°N 14.01.7
KAS-1-1 13 12°F 935 bedrock 0.85-1 |0.655 1.000 |0.99 |[1.06 6 7.6 13,839 (£0.5)
49.13°N 14.6=1.8
KAS-2-1 1312°F 935 bedrock 0.85-1 |0.655 1000 |099 (111 4.2 7.7 14,470 (+0.6)
49.13°N 14.2+1.8
KAS-3-1 13.19°F 935 bedrock 0.85-1 |0.622 1.000 |0.99 |1.03 53 7.3 14,038 (£0.7)
Bedrock surface on summit (reference to this data in appendix]
49.11°N 6.2 102.432 Erosion Erosion
BW-04-01 13.13°N 1,350 bedrock 4.5 0.997 0977 |1 60 159 94 404 rate rate

Note: Samples were processed and measured at ETH Zurich tandem facility. The °Be concentrations and exposure ages are based on AMS
standard S555 with a nominal value of 95.5E-12 and an associated *°Be half-life of 1.51 Ma.
* correction factor for the effect of topographic shielding and surface geometry (exponential depth profile, nucleonic attenuation length 155 g
cm 2, muonic attenuation length 1510 g cm, coefficient m=2.3 for the nucleonic and m=2.1 for the muonic component).

* 3 Un —+

blank-corrected.
local production rate corrected for geometry, topography, sample thickness, erasion, snow cover, uplift and geomagnetic variations.
carrected only for topographic shielding, geometry and sample thickness.
* exposure age corrected for all mentioned factors (section 3], error give the 1-0 uncertainty including analytical and systematic errors to be

used when quoting absolute exposure age of boulder; errors in parenthesis give only the analytical uncertainty for comparison of different
boulders in the same area.
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Tab. 2: Exposure ages determined on terminal moraine complex of the Isar-Loisach glacier, Alpine Foreland and from glacial deposits of the Inn glacier.

Tab. 2: Expositionsalter der Endmordnen des Isar-Loisach-Gletschers, Alpenvorland, und von glazialen Ablagerungen des Inn-Gletschers.

Height
Lat/ HsE Sample foor foor Foor 10Be AMS | Production |Apparent | Exposure
Sample ID Altitude | ground, X P (topo, (veg, (geo- - pp P
Long thickness atom’l error |rate§ age# age**
base pla- slope)* |snow)* |mag)
ne area
o [gil Si0271 [s) -1 -1 10 10
[°] [masl] [em] 105] [%] [atmg?tyrt] [[**Beka] [[**Beka]
Maximum terminal moraine
47.98°N 11lm 18.0£1.9
AVS-03-01 11.42°F 670 5 4me 5.6 0.997 0.974 100 (15 5.2 8.6 16,891 (<0.8)
47.99°N 1m 40.4+3.1
AVS-03-05 11.40°F 645 11.2 me 4.5 1 0.981 101 (324 3.0 8.6 37,038 (£0.8)
47.99°N 1m 16.6+1.8
AVS-03-06 11.40°E 650 36m? 5 1 0.973 100 (1.37 58 8.5 15,579 (£0.8)
48.02°N 11lm 12.1+1.4
AVS-03-10 11.40°E 650 59me 4.5 0.999 0.967 099 |10 50 8.4 11,346 (+0.5)
48.02°N 11m 15.3+1.7
AVS-03-11 11.40°E 655 4o me 5 0.987 0971 100 |1.25 5.6 8.4 14,352 (£0.7)
47.99°N 12m 15.5%1.7
AVS-03-22 11.40°E 685 45 me 5.5 0.994 0.972 100 |13 5.7 8.6 14,513 (20.8)
Moraine arch ice-proximal to terminal moraine
48.00°N 0.8m 17.9=18
AVS-03-03 11.39°F 656 59 me 5.5 0.997 0.974 1.00 |1.47 4.5 8.5 16,661 (£0.7)
47.95°N 1m 15.6+1.8
AVS-03-04 11.39°F 659 45 me 4.5 0.996 0.972 1.00 |1.29 79 8.5 14,639 (+1.1]
Boulder inside the inner moraine arch
48.00°N 2.7m 13.5%15
AVS-03-09 11.38°E 625 8.4 m2 5.5 1 0.969 100 |11 4.6 8.4 12,638 (+0.5)
Inn glacier - deposits
47.81°N 2.5m 16.4+1.8
AVC-04-01 11.93°F 495 80 me 4.5 1 0.972 100 |12 6.1 7.5 15,372 (£0.9]

Note: Samples were processed and measured at ETH Zurich tandem facility. The °Be concentrations and exposure ages are based on AMS
standard S555 with a nominal value of 95.5E-12 and an associated °Be half-life of 1.51 Ma.

correction factor for the effect of topographic shielding and surface geometry (exponential depth profile, nucleonic attenuation length 155 g
cm, muonic attenuation length 1510 g cm™, coefficient m=2.3 for the nucleonic and m=2.1 for the muonic component).

blank-corrected.

* % UnN —+

local production rate corrected for geometry, topography, sample thickness, erosion, snow cover, uplift and geomagnetic variations.
corrected only for topographic shielding, geometry and sample thickness.
* exposure age corrected for all mentioned factors (section 3], error give the 1-0 uncertainty including analytical and systematic errors to be

used when guoting absolute exposure age of boulder; errors in parenthesis give only the analytical uncertainty for comparison of different

boulders in the same area.

(iii) The study area is presently covered by a closed for-
est. Corrections of the exposure ages for the effect of veg-
etation cover were calculated from biomass measurements
from the Ebersberg forest, west of Munich (340 t ha; data
reported by CANNELL 1982). A closed vegetation cover was
reconstructed for the late glacial Allered period from drill
cores proximal of the Inn glacier moraines (SCHMEIDL 1971;
BeuG 1976). For the age calculations the duration of a veg-
etation cover is only assumed for the last 11 ka.

(iv) The Eastern Alpine foreland is subject to uplift
movements; postglacial uplift rates for the Eastern Alps
and the forelands are partly due to isostatic adjustment
(FIEBIG et al. 2004) and have been determined to be 1-2 mm
a' (HOGGERL 1989). For the correction of production rate
changes due to uplift, 1 mm a’ over the (apparent) expo-
sure time is assumed in this study.

The exposure ages in the result chapters are given with
the 1-0 uncertainty. For comparison and precision of the
exposure ages among one another only the analytical un-
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certainties are given, whereas when the averaged exposure
age of the moraines (landform age) are stated the total un-
certainty including the analytical as well as the systematic
uncertainties are given.

Radiocarbon ages were calibrated using the INTCAL09
curve (REIMER et al. 2009) and the online radiocarbon cali-
bration program Oxcal 4.1 (https://cl4.arch.ox.ac.uk/oxcal/
OxCal.html) (BRoNk RAMSEY 2009).

3 Study site - small mountain glaciation in the Bavarian
Forest

3.1 Regional setting and glaciation in the study area

The Bavarian Forest was repeatedly glaciated throughout
the Pleistocene (ERGENZINGER 1967; HAUNER 1980, 1998;
JERZ 1993; PFAFFL 1997) but is not glaciated at present. In
the Bavarian Forest, glacial landforms have been recog-
nized along the north to south-eastern slopes of the moun-
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tain ranges that rise above 1,300 m asl (RATHSBURG 1928;
PRIEHAUSSER 1930; ERGENZINGER 1967; HAUNER 1980). The
most recent glaciation in the Bavarian Forest was restrict-
ed to cirques and small valley glaciers (ERGENZINGER 1967;
HAUNER 1980, 1998; JERZ 1993).

The study area is located in the small catchment (2.8 km?)
of the Seebach River on the northern slopes of the Gross-
er Arber Mountain, the highest part of the Bavarian For-
est (Fig. 3, 4). Three glaciers developed on the slopes of the
Grosser Arber during glaciations; the largest of them was the
Kleiner Arbersee glacier extending north into the Seebach
catchment (PRIEHAUSSER 1927; RATHSBURG 1930; PFAFFL
1988, 1989). The wide saddle between Grosser and Kleiner
Arber served as ice accumulation area (ERGENZINGER 1967;
PrAFFL 2001). During its last advance, the Kleiner Arbersee
glacier extended about 2.5 km north from the saddle with a
maximum lateral extent of 800 m (RaaB 1999). The glacier
eroded a number of flat to slightly inclined cirques on the
slopes of the valley head (ERGENZINGER 1967; MANSKE 1989).
The shallow lake depression of the Kleiner Arbersee was ex-
cavated by a former glacier tongue (e.g. BUCHER 1999). Mo-
raines were deposited along the valley sides and to the north

of the lake (Fig. 3, 4).

3.2 Sampling sites

A series of distinct lateral moraine ridges are preserved in
the study area that flatten out into subdued, arcuate terminal
moraines and are morphologically recognizable as ramping
steps along the slope. The lateral moraine ridges are 5-10 m
high and covered with many large moraine boulders (with
a height above ground of up to 4 m; Fig. 2, Tab. 1). Moraine
ridges are distinct on the eastern side of the catchment. On
the western side they fade out on top of bedrock on the steep
slopes south of the lake (Fig. 3, 4). The terminal and lateral
moraines deposited by the Kleiner Arbersee glacier consist
of clast-rich sandy to silty, bouldery, massive diamictons
(RAAB & VOLKEL 2003).

The outermost lateral moraine WI (terminology af-
ter RaaB 1999; Fig. 3, 4) splits into two moraine ridges at
around 900 m asl. This double-crested lateral moraine turns
west about 50 m further down the slope and forms a set of
terminal moraines. The outer ridge Wla passes into a shal-
low terminal moraine approximately 600 m north of the lake
shore; the inner ridge of the terminal moraine WIb forms the
southern part of the set of terminal moraines about 500 m
north of the lake.

A morphologically distinct (~5-10 m high) terminal mo-
raine WII was deposited by the downwasting glacier proxi-
mal to the WI moraines, about 400 m north of the lake. The
terminal moraine WII passes into a distinct lateral ridge on
the eastern side of the catchment. Inside the moraine WII
and north of the lake a hummocky relief with numerous ket-
tle holes and a few shallow ridges persists.

Along the eastern slopes of the catchment and ice-prox-
imal of the WI and WII lateral moraines, two lateral mo-
raine ridges are morphologically distinguishable (WIII and
WIV; RaaB 1999). Both moraine ridges flatten out at the
northern lake shore. A subdued ridge of glaciolacustrine
sediments (MAHR 1998; RaAB 1999) dams the lake to the
north and is covered with large moraine boulders.
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On the southern side of the lake, the valley of the Seebach
is narrow and vertical bedrock cliffs are exposed on the
western catchment side. The bedrock consists of joint-
ed sillimanite-cordierite gneiss (TRoLL 1967a, b; OTT &
ROHRMULLER 1998). Glacial erosion occurred mainly along
these joint planes (RATHSBURG, 1928; RaAB 1999). The bed-
rock outcrops show glacial striations on protruding quartz
veins indicating glacial abrasion.

3.3 Sample description and results of surface exposure
dating

In the study area a total of 16 samples were taken from mo-
raine boulders and bedrock surfaces (Fig. 3, 4, Tab. 1). Fur-
thermore, we took samples from three glacially polished
quartz veins south of the lake (KuBIK & REUTHER 2007,
REUTHER 2007), however, only the "Be nuclide concentra-
tion of the three surface samples will be included in the
following discussion.

Terminal and lateral moraines (WI)

Four samples were taken from moraine boulders on the
crest of the outer lateral ridge Wla, two come from boul-
ders on the inner ridge crest of the lateral-terminal mo-
raine set WIb. Four samples were taken on the lateral mo-
raine ridge WI just before it splits into the two ridges Wla
and WIb.

The oldest exposure ages were measured in boulders
located on the outer ridge Wla (20.7+0.6 ka; 19.2+0.5 ka;
18.4%1.1 ka). The boulders located on the inner ridge WIb
yield exposure ages, which are identical and younger than
those on the outer ridge (18.7+0.7 ka; 18.7+0.7 ka). Boulder
BW-03-19 (17.4£0.5 ka) on the inner side of the moraine is
located ice-proximal to the ridge and its exposure age gives
the age of the downwasting of the glacier from the WI mo-
raine.

The exposure ages measured from the boulders on the
lateral moraine WI before it splits into Wla and WIb are
more scattered. Boulder BW-03-18 (15.0+0.8 ka) on the lat-
eral moraine WI is partially embedded in the proximal
side of the moraine. It stands 0.9 m above the ground on
its ice-proximal side and only 10 cm on its ice-distal side.
The young age might indicate a persistent thin sediment
cover and exhumation of the surface well after deposition
of the boulder. Boulder BW-03-07 (16.9+0.7 ka) on the outer
moraine Wla is a tall (2 m) boulder with a small basal plane
area (4.5 m®) that is slightly tilted down slope. The boul-
der might have slightly rotated, explaining the ‘too young’
exposure age in comparison to the adjacent boulders. No
explanation for the comparatively young exposure age of
the massive boulder BW-03-17 (15.9+1.0 ka) on the lateral
moraine WI is obvious. The boulder might have been top-
pled or tilted when nearby trees or trees growing on top of
the boulder tipped over (e.g. CERLING & CRAIG 1994).

In summary, the double crest indicates that the set of out-
ermost terminal and lateral WI moraines has been deposited
by two different glacial oscillations. The initial glacial advance
occurred before 20.7+2.0 ka. The exposure ages show a strati-
graphical order from the oldest boulder located on the outer
crest (landform age 19.1+2.0 ka) to the possibly slightly young-
er boulders on the inner crest (landform age 18.7+1.8 ka).
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Recessional/readvance moraine (WII)

Moraine WII is located only 100 m to the south of the
terminal moraines. Two boulders right on top of the mo-
raine crest (Fig. 3, 4) yield exposure ages of 17.4+0.6 ka and
17.240.5 ka. A third boulder (BW-03-04) on the same crest
located between the two other boulders yields a much
younger exposure age (15.4+0.6 ka). The boulder is massive
and stands high above the surface. The young exposure age
must be a result of either toppling of the boulder by a fall-
ing tree or spalling of the surface. The two well measured,
identical exposure ages yield a landform age of 17.3+1.6 ka.
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Lake moraine

Two samples were taken at the north-western end of the
lake, where the lateral moraine ridges WIII and WIV fade
out (Fig. 3, 4). The boulders are located on the end of the
lateral moraines. One sample was taken from the ridge that
dams the lake to the north (BW-04-03).

These three boulder surfaces yield exposure ages of
15.8+0.6 ka, 15.9+1.4 ka and 15.0+0.5 ka. The landform age
of this moraine can be calculated to 15.7+1.7 ka with an
arithmetic mean of the ages of 15.5 ka and a median of
15.7 ka.
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Glacially polished quartz vein south of the Kleiner
Arbersee

Samples were taken from a glacially polished quartz vein in
a steep (70-80°) bedrock cliff south of the lake (KAS) 1.5 m
above the ground surface. The outermost slices of the three
bedrock cores (KAS-1-01, KAS-2-01, KAS-3-01) were dated
to 14.3+1.8 ka (14.0+0.5 ka, 14.6£0.6 ka, 14.2+0.7 ka).

3.4 Discussion of results - Bavarian Forest

Moraine boulders on the late Wiirmian Kleiner Arbersee
glacier yield stratigraphically consistent exposure ages.
Boulders on the outermost moraine Wla give the oldest
surface exposure ages, whereas moraine boulders on the
proximal ridges become progressively younger. The con-
sistency of the exposure ages documents the reliability of
surface exposure dating in the study area and indicates that
the exposure ages reflect the time of initial moraine stabi-
lization after the glacier stopped delivering material onto
the ridges. The well-preserved and distinct ridge morphol-
ogy of the moraines indicates that thawing of dead ice bod-
ies did not largely modify the moraines after deposition.
In the study area a hummocky relief that might indicate
the presence of dead ice after deglaciation is only present
between the readvance moraine WII and the lake moraine,
not on the moraines.

Deposition of the moraine boulders on the terminal moraines
WI occurred no later than 20.74#2.0 ka. Moraine boulders
on the outer ridge Wla were stabilized around 19.1+2.0 ka.
Before 18.7+1.8 ka, the glacier melted back 50-100 m from
its terminal position Wla and accumulated the inner ridge
WIb, resulting in the double-ridge morphology of the ter-
minal moraines. One could argue that the moraine boulder

256

Fig. 4: Digital elevation model
(DEM) of the study area in the
Bavarian Forest, the location of the
boulders and the respective expo-
sure ages with the 1-o analytical
uncertainty. The moraines as well
as the steep bedrock cliffs are well
recognizable on the DEM.

Abb. 4: Digitales Geldndemodell des
Untersuchgebietes im Bayerischen
Wald, Position der Mordnenblocke
und den entsprechenden Exposi-
tionsaltern und Angabe der 1-o
Abweichung. Die Mordnenziige
sowie die steilen Felsabbriiche sind
im Geldndemodell gut erkennbar.

of 20.7+2.0 ka shows inherited nuclide abundance as the
other boulders of the same moraine ridge cluster around
19.1+2.0 ka. However, the 20.7-ka boulder has a smooth and
rounded surface indicating a rounding of the boulder and
thus erosion prior to its deposition. Consequently, inherit-
ance seems unlikely. Furthermore, the boulder is located on
the outer shoulder of the terminal moraine ridge Wla, where
stratigraphically the oldest boulders is to be expected.

The exposure age of boulder BW-03-19 suggests that the
glacier melted back from the inner ridge of the moraine set
WI at approximately 17.4+1.8 ka. The recessional moraine
WII was deposited during an oscillation of the backwasting
glacier at 17.3+1.6 ka.

The exposure ages from the two boulders on the lateral
moraines at the northern lake shore and the boulder depos-
ited on the arcuate ridge which dams the lake were deposited
during a glacial readvance, around 15.7£1.7 ka. Deformed
laminated glaciolacustrine sediments at the northern lake
shore (RAAB & VOLKEL 2003) are indicative of such a post-
depositional readvance of the glacier.

As indicated by the exposure ages on the southern side
of the lake, the glacier wasted back from the lake basin
around 14.5+1.8 ka. These ages are in good accord with the
radiocarbon ages that imply an ice-free lake basin no lat-
er than 13.9-15.0 cal ka BP (12,311+372 “C yr; RaAB 1999)
and with radiocarbon ages that indicate a backwasting of
the Kleiner Arbersee glacier into the cirque locations by
12.5-12.9 cal ka BP (10,746+152 “C yr; RAAB 1999).

The late Wiirmian chronology of the Kleiner Arbersee
glacier indicates a deposition of the terminal moraines WI
during a period of approximately 3,000 years and backwast-
ing from its terminal moraines not before 17.4+1.8 ka. The
melting of the glacier was therefore slow as compared to
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Wiirmian Alpine ice cover (EHLERS & GIBBARD 2004b), the yellow arrows mark the two sampling sites on the northern Alpine Foreland.

Abb. 5: Digitales Geldndemodell der Alpen erstellt aus Daten der Shuttle Radar Topography Mission (SRTM). Die rote Linie beschreibt die spdtwiirmzeitli-
che alpinen Eisausdehnung (EHLERS & GIBBARD 2004b), die gelben Pfeile markieren die Untersuchungsgebiete im nordlichen Alpenvorland.
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Fig. 6: Reconstructed ice surface of the Wiirmian piedmond lobe of the Isar-Loisach glacier with sketch of the the local geology (modified from MEYER &
ScHMIDT-KALER 1997, after map by vaAN HUSEN 1987). A cross section through the Wiirmsee and the terminal moraines of the study area.

Abb. 6: Rekonstruierte Eisoberfliche des wiirmzeitlichen Piedmontlobus des Isar-Loisach Gletschers mit einer schematischen Darstellung der lokalen Geo-
logie (abgewandelt von MEYER & SCHMIDT-KALER 1997, nach einer Karte von VAN HUSEN 1987). Ein Querschnitt des Wiirmsees und den Endmordnen im

Untersuchungsgebiet.
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Landeck

the deglaciation in the Alps (see below). Melting back from
the inner moraine ridge of the terminal moraine WIb, which
stabilized around 18.7+1.8 ka, to the recessional moraine WII
(horizontal distance about 120 m) took place over a period
of about 1,400 years. Downwasting of the glacier from the
recessional moraine WII into the lake basin (horizontal dis-
tance about 400 m) and the readvance to the lake moraine
happened over about 2000 years.

4 Study site - large piedmont glaciers on Eastern Alpine
Foreland

4.1 Regional setting and ice surface geometry

During Pleistocene glaciations, the high elevated central
chain of the Eastern Alps was the main ice accumulation
area for the Eastern Alpine glaciation (van HUSEN 1997). In
different locations, such as the upper Inn valley, ice domes
formed (FLORINETH & SCHLUCHTER 1998; FLORINETH 1998).
Furthermore, extensive glaciers accumulated on the high
elevated plateaus of the Northern Calcareous Alps (VAN
Husen 1997). During glaciations, the valleys were entirely
filled with ice, and glaciers frequently overflowed passes
(BECk 1932; HANDTKE 1980; JACKLI 1970; VAN HUSEN 1987).
By reaching the limit of the Alps, the glaciers spread out as

Fig. 7: Reconstructed late Wiirmian ice cover
and the flow direction of ice streams that fed
the Isar-Loisach and the Inn-glacier (modified
from MEYER & ScHMIDT-KALER 1997, after map
by VAN HUSEN 1987). The squares mark the two
sampling locations.

ADD. 7: Rekonstruierte Eisoberfliche des wiirm-
zeitlichen Eisbedeckung und Eisflufrichtung der
Eisstrome, die den Isar-Loisach und den Innglet-
scher gespeist haben (abgewandelt von MEYER
& ScHMIDT-KALER 1997, nach einer Karte von
VAN HUSEN 1987). Die Vierecke markieren die
Probennahmestellen.

large piedmont lobes (Fig. 5). The glaciers excavated basins
at the foothills of the Alps and large overdeepened basins
on the forelands which were occupied by lakes following
deglaciation (Fig. 6; TROLL 1924; FRANK 1979; JERZ 19874, b;
KLEINMANN 1995; vAN HUSEN 2000). At present, the East-
ern Alps are only glaciated at higher elevations, with an
ELA around 2800-2900 m asl (KERSCHNER 1996).

The study area is the region of abandoned terminal mo-
raines from the late Wiirmian Isar-Loisach glacier located
south-west of Munich. A single exposure age was deter-
mined from deposits of the late Wiirmian piedmont lobe of
the Inn glacier, south-east of Munich (Fig. 7).

The glacier complexes of the Inn and the Isar-Loisach
glacier were tightly connected by ice transfluence (Fig. 7).
During the late Wiirmian glaciation glaciers extending
from the central Alpine ice accumulation areas merged
around Landeck and build-up a thick ice mass in the Inn
valley (van HUSEN 2000, 2004). The drainage through the
Inn valley was already blocked by advancing tributary gla-
ciers further down-valley. The ice congestion and increase
in ice thickness resulted in an ice transfluence of the Inn
valley ice to the north into the headwaters of the Isar and
the Loisach (Fig. 7). The ice overflowed the divide in the
Northern Calcareous Alps about 400-600 m above the bot-
tom of the Inn valley (PENCK 1882; DREESBACH 1985; JERZ
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Wiirmsee
(Starnberger See)

1993; vaN HUSEN 2000). The Isar-Loisach glacier itself had
only a small local accumulation area in the Northern Alps.
The large Isar-Loisach piedmont lobe extended about 60 km
onto the forelands.

4.2 Glacial setting and sampling sites

The Wiirmian Isar-Loisach glacier deposited sets of ar-
cuate terminal moraine ridges around the overdeepened
lake basin of the Wiirmsee and the Ammersee (Fig. 8;
JERZ 1979, 1993; FRANK 1979; FELDMANN 1992). During its
initial late Wirmian advance the Isar-Loisach glacier as
well as the Inn glacier (TRoLL 1924; GRIPP & EBERS 1957)
deposited small moraines, only preserved in a few loca-
tions or diamictic layers without morphologically visible
ridges (JErRz 1987a, b; FIEBIG et al. 2004). These deposits are
called the outer maximum or ‘supermaximum’ advance.
High-prominent moraines a few tens to hundred meters
south of the outer maximum moraines were referred to as
the Wiirmian maximum moraines before the outer maxi-
mum extent was recognized. Based on field evidence, it is
assumed that the glaciers melted back shortly after they
reached their outer maximum position and subsequently
deposited the high prominent ‘maximum’ moraine (JERZ
1993; FIEBIG et al. 2004). Just proximal of the maximum
late Wiirmian moraines, recessional and/or readvance mo-
raines during deglaciation were deposited. In a few loca-
tions around the Wiirmsee, these ridges were pushed into
one wide ridge (Fig. 8).

The ridges are in parts well-preserved but disrupted by
numerous kettle holes, which today are filled with fens
or seasonal kettle ponds (ENGELSCHALK 1971; GRUBE 1983;
JERZ 1987a, b). The steep-crested ridges are up to 40 m high
and a couple hundred meters wide with locally flat tops
(GruUBE 1983). The moraine ridges are broken up in multiple
smaller ridges and small knolls. Meltwater channels fre-
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Fig. 8: DEM of the study area around
the Wiirm Lake, the location of the
sampled boulders and the respective
exposure ages with the 1-o analyti-
cal uncertainty. The DEM is based on
contour lines from a 1:5,000 map and
is 5-times vertically exaggerated. The
e arcuate moraines and the different
ridges (see text) are well recognizable
- in the DEM.

Abb. 8: Digitales Gelidndemodell des
Untersuchunggebietes um den Wiirm
See, die Lage der beprobten Mordnen-
blécke und die entsprechenden Expo-
sitionsalter und Angabe der 1-o Ab-
weichung. Das Geldndemodell basiert
auf einer 1:5.000 Karte und 5-facher
Uberhéhung. Die gebogenen Mordnen-
wille und verschiedenen Mordnenziige
(siehe Text) sind im Geldndemodell
auszumachen.

quently intersect the moraine ridges (Fig. 8; JERz 1987a, b).

The Inn glacier spread out onto the foreland as a large
piedmont lobe east of the Isar-Loisach glacier and exca-
vated a large basin near the foothills of the Alps (Rosen-
heimer Becken). From this basin glacier lobes spread out
radially (Fig. 7, PENCK & BRUCKNER 1901/09; TROLL 1924;
HoRrRMANN 1974; RaTHJENS 1985). The sequence of mo-
raines and glacial deposits around the Inn glacier is very
similar to that described for the former Isar-Loisach gla-
cier (TRoLL 1924, 1925, 1957). The Isar-Loisach glacier ad-
vanced to its maximum extent later than the Inn glacier
(GrAUL 1957).

Sample description and results of surface exposure dating
Nine erratic boulders were sampled from the terminal mo-
raine complex of the Isar-Loisach glacier surrounding the
Wiirmsee (Fig. 8, Tab. 2). No erratic boulders were found
on the supermaximum position. One massive boulder was
sampled on deposits from a late glacial glacier halt position
of the Inn glacier.

Erratic boulders are rarely found on the moraine ridges
on the Alpine foreland at present. The boulders are usually
fairly small (1-1.5 m high; Fig. 9). All sampled boulders are of
crystalline lithologies with a provenance in the Central Alps.

Six boulders were sampled on the maximum moraine
ridge, whereas only two suitable boulders could be sam-
pled on the first readvance and/or recessional moraine
ridge. One sample was taken from a boulder just proximal
of the inner moraine ridge (Fig. 8).

The measured exposure ages of the moraine boulders
scatter from 40 ka to 14 ka. Three of the boulders are ex-
cluded from further interpretation as they are considered
outliers. The six remaining boulders form a central age
cluster with two older boulders and a tailing out of the
age distribution towards the young. The ages range from
18.0+1.9 ka to 15.3+1.7 ka.
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Out of the three outliers, two boulders (AVS-03-09, AVS-03-
10) showed chipmarks at the sides of the boulder, whereas
the sampled surfaces seemed untouched. They yield anom-
alous young ages (around 12-13 ka) that do not overlap
within the 1-c uncertainty with the age distribution of the
other boulders. The boulder surfaces might have either
been chipped without obvious evidence or the boulder
might have toppled during the impacts. The third outlier
(AVS-03-05) is a boulder with an anomalously old expo-
sure age (around 40 ka) which we attribute to preexposure
of the boulder and insufficient glacial erosion during the
transport (inherited nuclide abundance), not an unusual
phenomenon among moraine dating studies (PUTKONEN &
SWANSON, 2003).

The other moraine boulders show an overlapping age
distribution. The oldest ages were obtained by boulder AVS-
03-01 (18.0£1.9 ka) on the crest of the outer moraine ridge of
the former Isar-Loisach glacier and by boulder AVS-03-03
(17.9£1.9 ka) on the crest of the inner moraine ridge (Fig. 8).

Boulder AVC-04-01 (16.4%+1.8 ka) was sampled from gla-
cial deposits of the late Wiirmian Inn glacier because it is
the largest boulder found in the study area (Fig. 7, 9, Tab. 2).
The boulder shows chipmarks on its west side, however,
not on the surface. It is located on glacial deposits of the
downwasting Inn glacier at the edge of the central Rosen-
heimer Becken, on a wide, not morphologically obvious
rampart above the basin. This wide rampart might either
represent a moraine ridge of the late glacial Olkofener Sta-
dium (TrRoLL 1924; JERZ 1970a) or represent a till-covered,
molasses-cored bedrock ridge (TRoLL 1924) in which case
the boulder dates the downwasting of the Inn glacier.

4.3 Discussion of results - Eastern Alps

The moraine boulders on the terminal moraines of the
Wiirmian Isar-Loisach glacier yield exposure ages that
scatter from 18.0 ka+1.9 to 15.3+1.7 ka with an age cluster
around 18 ka and a tailing out towards younger ages, fall-
ing well into the late Wiirmian. However, the distribution
of boulder ages does not show a chronological order with
respect to their location in the sense that ages are younger
on the inner moraines (Fig. 8). The boulder situated on sedi-
ments of the downwasting Inn glacier yield an exposure
age that is indistinguishable from ages determined on the
terminal moraines of the Isar-Loisach glacier.

The timing of the maximum Wiirmian glacial extent in
the Eastern Alps is bracketed by a few numerical ages from
different locations throughout the Eastern Alpine that sug-
gest a similar timing of the ice advance and deglaciation
in the area (e.g. FURRER 1991; SCHOENEICH 1998; PREUSSER
2004; Ivy-OcHs et al. 2008; KERSCHNER et al. 2008). No nu-
merical age has yet been derived from glacial deposits of
the Isar-Loisach glacier. However, the ice-transfluence situ-
ation implies an ice-dynamic connection between the Isar-
Loisach and the Inn glacier (Fig. 7). During deglaciation
the Isar-Loisach glacier was cut off from its central alpine
accumulation area by the time when the ice table in the
Inn valley sank below the elevation of the ice transfluence.
Therefore constraints on the timing of deglaciation of the
Inn glacier yields broad information on the deglaciation of
the Isar-Loisach glacier.
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Published numerical chronologies suggest that the initial
glacial advance of the Inn glacier in the late Wiirmian oc-
curred around 25-33 cal ka BP as numerical ages from la-
custrine sediments overlain by lodgement till in the Inn
valley (30.3-33.0 cal ka BP [26,800 + 1300 *“C yr BP]; FLIrI
et al. 1970) and dated organic material in fluvioglacial de-
posits underlying Wiirmian till of the Inn glacier on the
Alpine foreland (24.9-28.0 cal ka BP [21,900 +1230/ -1070"C
yr BP]; HABBE et al. 1996) suggest (Fig. 10). Following the
peak of the maximum Wiirmian glaciation, the Inn glacier
piedmont lobe disintegrated rapidly (REITNER 2005, 2007).
A few radiocarbon ages on pollen bracket the late glacial
vegetation history and thus put restraints on the climatic
boundary conditions during deglaciation. An ice-free low-
er Inn valley around 17.4-16.8 cal ka BP (13,980+240 “C yr
BP) is suggested by the basal age of a peat bog that de-
veloped about 300 m above the Inn valley near Innsbruck
(BORTENSCHLAGER 1984a, b; OEGGL 1992). In tributaries of
the Inn River, the late glacial Gschnitz advance was expo-
sure dated to 15.5+1.8 ka (Ivy-OcHs et al. 2006a) and the
Egesen (Younger Dryas) advance to 12.2+1.1 ka (Ivy-OcHs
et al. 2006b). Similar ages were derived from the neighbor-
ing Rhein and Traun glaciers (e.g. VAN HUSEN 1977; GEYH
& SCHREINER 1984; PREUSSER 2004).

In summary, numerical ages determined for the degla-
ciation of the Inn glacier show that the entire ice body had
disintegrated and melted back into the Inn tributaries well
before 16-15 cal ka BP by the time when a late glacial read-
vance of glaciers (= Gschnitz advance) in the tributaries oc-
curred (Fig. 10).

The here presented exposure ages measured on the ter-
minal moraines of the Isar-Loisach glacier, about 60 km
north of the fringes of the Alps do not corroborate this in-
dependently derived chronology. However, as the exposure
ages do not cluster tightly and are not internally coherent
(Fig. 8), we suggest that the age distribution does not reflect
the time of moraine deposition or abandoning of the mo-
raine but rather the final moraine stabilization. Reasoning
that the surface exposure ages measured here yield the true
age of the moraine deposition would be in contradiction to
all published numerical chronologies (see above) and field
evidence for rapid deglaciation of Eastern Alpine glaciers
(REITNER 2005, 2007; Ivy-OcHs et al. 2008).

The scatter in the measured exposure ages can be ex-
plained by periglacial surface processes or thawing of dead
ice that exposed the boulder surface considerably after the
boulder was deposited by the glacier (Frrzsimons 1996;
DYKE & SAVELLE 2000; EVEREST & BRADWELL 2003). Boulders
embedded in the moraine matrix which are exhumed during
moraine degradation processes document the time of land-
form stabilization rather than the moraine deposition time.

Thawing of dead ice and periglacial slope processes
have affected the moraine morphology in the study area
(GRUBE 1983) and the scatter in the age distribution pre-
sumably reflects the stabilization of the moraines. The de-
scribed hummocky relief and the multiple kettle hollows in
the moraines (Fig. 8, 11) suggest that following the deposi-
tion of the terminal moraines around the Wiirmsee the gla-
cier melted down, separating dead ice bodies and leaving
behind ice-cored moraines. Ice-contact sediments like kame
terraces show that the downwasting Isar-Loisach glacier
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Fig. 9: Field photographs from the Alpine Foreland. First picture depicts boul-
der AVS-03-01, second picture shows boulder AVS-03-22 and third picture
shows the large erratic boulder from the Inn glacier deposits AVC-04-01.

ADDb. 9: Geldndeaufnahmen aus dem Alpenvorland. Das erste Photo zeigt
den Mordnenblock AVS-03-01, das zweite Bild den Block AVS-03-22 und das
dritte Bild den grofen erratischen Block von den Ablagerungen des Innglet-
schers AVC-04-01.

disconnected a large dead ice body that filled the lake basin
of the Wiirmsee during deglaciation (FRANK 1979; BLUDAU
& FELDMANN 1994; KLEINMANN 1995; FELDMANN 1998). The
hummocky relief with many dead ice hollows and drumlin
fields south of the Wiirmsee basin give further evidence for
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thawing of debris-covered dead ice complexes well after
the initial deglaciation (e.g. RoTHPLETZ 1917; TROLL 1937,
BLUDAU & FELDMANN 1994).

Thawing of dead ice and periglacial slope processes on
the moraines in the study area can explain, firstly, the large
spread in exposure ages that tail out towards the young,
secondly, the fact that the boulder ages do not reflect their
geographic position with respect to the former ice mar-
gin (especially true for the age of the boulder from the Inn
glacier deposits), and, thirdly, the fact that the two oldest
boulders (AVS-03-01, AVS-03-03) are located right on top
of well preserved ridges which were likely the first to sta-
bilize. The younger boulders are located on moraine crests
but are surrounded by a hummocky relief (Fig. 11).

There is ample evidence for periglacial conditions in the
Alpine foreland during the late glacial such as the develop-
ment of thick periglacial cover-beds and solifluction move-
ment (e.g. JERz 1970b; SEMMEL, 1973; MAILANDER & VEIT
2001; BUSSEMER 2002/03), evidence for dead ice bodies in the
moraines (GRUBE 1983; BUSSEMER 2002/03), periglacially de-
veloped Buckelfluren (a special form of hummocky relief)
(JERZ et al. 1966; ENGELSCHALK 1971) and frost-wedges (JErRZ
et al. 1966; MENZIES & HABBE 1992; BUSSEMER 2002/03).

The time period of the Eastern Alpine deglaciation
was punctuated by different cold events which correlate
with phases of colder sea surface temperatures in the
North Atlantic (Heinrich-events; BoND et al. 1997). Von
GRAFENSTEIN (1999) showed that these late glacial cold
events are very well documented in the §"O,-record of the
Ammersee in close proximity to the sampling sites on the
Wiirmian moraines (Fig. 7). Furthermore, the late glacial
Gschnitz advance (15.4+1.8 ka) in the Eastern Alps, that is
tentatively correlated with H1, shows that the atmospheri-
cally transported (8"°O,) cold pulses from the North Atlan-
tic triggered glacial advances in the Alps (Ivy-OcHs et al.
2006a and references therein). Consequently, climatic con-
ditions during H1 may have been favorable for periglacial
activity on the Alpine foreland that could result in boulder
exhumation by slope processes throughout the late glacial.

However, one could reason that there could be another

explanation for the measured age distribution. One expla-
nation for ‘too young’ exposure ages measured in errat-
ics on the Alpine foreland moraines is quarrying of boul-
ders by humans for which there is evidence since Neolithic
times (e.g. ZEHENDNER 1986), and is still ongoing today
(gravestones, monuments). However, no obvious signs of
quarrying were observed on the sampled boulder surfaces.
Smooth boulder surfaces as well as protruding quartz veins
indicate that no anthropogenic chipping occurred. Further-
more, the exposure ages of an extensively quarried boulder
would be expected to be much younger than the observed
ages or scatter considerably more.
Another explanation for the age distribution could be tilt-
ing or toppling of the boulders possibly caused by fall-
ing trees. Boulder movement can explain a large spread
in ages and cause exposure ages being younger than the
landform (CERLING & CRAIG 1994). However, toppling of
boulders caused by trees is more likely to occur during the
Holocene, when dense forests covered the study area. The
absence of Holocene outliers renders this explanation of
the age distribution unlikely.
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Fig. 10: Schematic time-distance
diagram of ice-advance of the Inn
glacier based on published radiocar-
bon, luminescence and exposure ages.
The reported ages are taken from
KNEUSSL (1972, 1973), FLIRT (1973),
BORTENSCHLAGER et al. (1978), SUTER
(1981), BORTENSCHLAGER (1984a, D),
HABBE et al. (1996), Ivy-OcHs et al.
(20064, b).

Abb. 10: Schematisches Zeit-Entfer-
nungsdiagramm der Eisvorstife des
Inngletschers basierend auf publizier-
ten Radiokohlenstoff-, Lumineszenz-
und Expositionsalterdatierungen. Die
Alter stammen aus: KNEUSSL (1972,
1973), FLIRI (1973), BORTENSCHLAGER
et al. (1978), SUTER (1981),
BORTENSCHLAGER (1984a, b), HABBE et
al. (1996), Ivy-OcHs et al. (2006a, b).

Chipping of the surface or toppling of boulders is not suited
to convincingly explain the exposure age distribution meas-
ured in the study area. We therefore interpret the age distri-
bution as indicative for a glacial environment with persist-
ent dead ice in the moraines, periglacial slope processes that
might have exhumed boulders until final moraine stabiliza-
tion in the late glacial.

S Discussion of results with respect to the two different
glacial environments

We have presented and discussed the results of two new
exposure dating studies in south-eastern Germany based
on the profound work of REUTHER (2007). Dating of mo-
raine boulders of the maximum Wiirmian ice extent in two
different glacial environments has shown that the age dis-
tributions determined in the two study areas are very dif-
ferent (Fig. 12) despite the similarity of the climatic bound-
ary conditions.

A consistent and precise late Wiirmian chronostratigra-
phy was derived from moraines and bedrock surfaces in the
catchment of a small valley glacier in the Bavarian Forest.
Its initial ice advance occurred shortly before 20.7+2.0 ka.
The glacier deposited two distinct lateral moraines in a time
period of 2-3 ka of glacier oscillation around 18-19 ka. A
first recessional moraine was deposited at 17.3+1.6 ka and
a late glacial readvance occurred around 15.5+1.6 ka. The
glacier melted back into its cirque location after 14.5+1.8 ka.
The exposure ages are consistent with bracketing radiocar-
bon ages (RAAB & VOLKEL 2003).

The exposure age distribution from terminal moraines of
the Isar-Loisach and the Inn glacier indicate a moraine depo-
sition well before 18.0+1.9 ka, and a phase of moraine sta-
bilization throughout the late glacial as implied by an older
age cluster around 18.0+1.9 ka and a spread toward younger
ages. Late glacial readvances in the Eastern Alps occurred
after the piedmont lobes and interconnected valley glaciers

262

had melted back into the steep tributary valleys forming a
dendritic valley glacier system (REITNER 2007). Two distinct
late glacial readvances in the Eastern Alps were the Gschnitz
advance (~H1 cold event) and the Egesen advance (~Younger
Dryas cold event) of which moraines are only preserved in
small to medium size catchments of the Eastern Alps (Ivy-
Ocss et al. 2006a, b). Both glacial advances have been ex-
posure dated by others; the Gschnitz advance to about
15.5+1.8 ka (Ivy-OcHs et al. 2006a) and the Egesen advance
to about 12.2+1.1 ka (Ivy-OcHs et al. 2006b).

Our results show that both glacial systems reached their
maximum Wiirmian ice extent during the late Wiirmian
(marine isotope stage 2; Fig. 12), supporting our basic as-
sumption that the general circulation and climatic pattern in
the two study areas were similar. Despite the broad synchro-
nicity, the response time to climatic fluctuations of a small
valley glacier in comparison to the response time of an ex-
tensive ice cap and piedmont glacier system is very different;
with the small valley glacier in the Bavarian Forest being
more sensitive to climatic signals. The synchronicity of the
late glacial readvance in the Bavarian Forest (lake moraine)
and the Eastern Alps (Gschnitz advance) around 16-15 ka
ago suggests that phases of colder climates around the North
Atlantic lead to glacier advances of small valley glaciers of
the Bavarian Forest at the same time as the small tributary
valley glaciers of the Eastern Alps advanced. Consequently,
we attribute the differences in the age distributions deter-
mined on the respective terminal moraines to geomorphic
processes affecting moraine stabilization differently in the
two glacial environments.

Moraines deposited by the small valley glacier in the
Kleiner Arbersee catchment stabilized shortly after the gla-
cier abandoned the moraines. The fast slope stabilization is
portrayed by the precise and coherent exposure age distribu-
tion on the moraines. The moraine morphology shows no
signs for thawing of dead ice, and the moraine boulders are
too tall and massive (Tab. 1) for exhumation during post-
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Fig. 11: Cross sections through the terminal moraine complex of the Isar-
Loisach glacier at the sampling locations, showing the obvious hummocky
relief and kettle holes. The red arrows mark the location of the sampled
boulders. The cross sections cut the moraine wall radially. (Interpolated from
the 1:5,000 contour line maps, 10x vertically exaggerated).

Abb. 11: Querschnitt durch den Endmordnenkomplex des Isar-Loisach Glet-
schers an den Probennahmestellen zeigen ein deutliches kuppiges Relief mit
Toteislochern. Der rote Pfeil markiert die Position des geprobten Findlings.
Die Querschnitte schneiden die Mordnen radial (Interpolation von 1:5.000
Héhenlinienkarten, 10fach vertikale Uberhiéhung).
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depositional moraine degradation by periglacial slope proc-
esses. This relative landform stability is likely the reason for
the coherent chronology.

In contrast, the surface topography of the moraines on
the Alpine foreland (Fig. 8, 11) suggests that the landscape
did not stabilize rapidly after the glaciers were cut off from
their accumulation areas. Dead ice bodies likely prevailed
until well after deglaciation of the region when perigla-
cial activity ceased and the climate ameliorated. The age
distribution measured in boulder surfaces from these mo-
raines covers the entire late glacial. Moraine stabilization
was not a function of the paleogeographic position, such as
that the outer moraines stabilized first. The moraine boul-
ders that yield the oldest ages are located on high moraine
ridges with less evidence for thawing of dead ice, whereas
the younger boulders are located on smaller ridges, sur-
rounded by hummocky relief that implies delayed thawing
of dead ice (e.g., Gripp & EBERs 1957). We therefore inter-
pret the age distribution as indicative of a time period of
melting of dead ice in the late glacial following the deposi-
tion of the set of terminal moraines. Furthermore, the boul-
ders that were preserved on the moraines of the Alpine gla-
ciers were relatively small in size (Tab. 2), some might have
been exhumed after the initial moraine deposition during a
phase of moraine degradation.

The deglaciation of the small valley glacier in the Bavar-
ian Forest (2.5 km terminal moraine — cirque backwall) oc-
curred by melting back of the glacier front at a slow and
steady rate punctuated only by minor glacier oscillations.
This slow melting reflects a rise of the glacial equilibrium
line altitude (ELA) in the fairly steep Seebach valley under
ameliorating climatic conditions in the late glacial. The read-
vance to the lake moraine occurred during a late glacial cold
event, around the same time as the Gschnitz advance in the
Alps.

In contrast, the rise of the ELA of the Eastern Alpine
glaciers during deglaciation turned the piedmont lobes on
the alpine foreland and in the low relief major valleys into
stagnant ice masses (VAN HUSEN 1987). The nested termi-
nal moraines of the maximum alpine ice advance were de-
posited by the large piedmont lobes extending over 200 km
from the accumulation area to the north onto the flat fore-
land. The large ice masses did not react sensitively to short-
lived climatic events. Only after they had melted back and
formed separate valley glaciers during the late glacial, cold
events are represented by moraines.

The two different data sets give insight into landscape
stability and moraine degradation in different glacial en-
vironments and have important implications for sampling
strategies for exposure dating studies on moraines.

Our results support preliminary studies that showed that
precise exposure ages are not randomly distributed among
moraines from all glacier types (REUTHER et al. 2006). Small
valley glaciers respond fairly rapidly to climatic changes
and therefore a moraine can be deposited and stabilized
in a short time period (~10* years). As a result moraines
located in small alpine valleys with fairly simple moraine
morphology may yield precise exposure ages (e.g. GOSSE
et al. 1995a, b; Ivy-OcHs et al. 1996, 1999; OWEN et al. 2003;
VAZQUEZ-SELEM & HEINE 2004).

In contrast, piedmont ice lobes or ice sheets that extend
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Fig. 12: Probability density diagrams of the exposure ages from the two study areas plotted against the §“O deep-sea
North Atlantic Specmap curve (MARTINSON et al. 1987). The dark grey density functions show the outline of the exposure
age distribution from all exposure ages measured on the respective terminal moraines in both study areas. The lighter
grey age distribution outlines are from the ages measured on the recessional moraines in the Bavarian Forest. The solid
dark line under the outline of the probability density functions (PDF) shows the sum of all PDFs from one moraine.

ADbb. 12: Wahrscheinlichkeitsdichtediagramm der Expositionsalter der beiden Untersuchungsgebiete dargestellt gegen die
&"O-Tiefsee-Specmap-Kurven aus dem Nordatlantik (MARTINSON et al. 1987). Die dunkelgrauen Dichtefunktionen zei-

gen die Aufenlinie der Expositionsalter-Verteilungen aller Alter, die auf den Endmordne in beiden Untersuchungsgebie-
ten gemessen wurden. Die hellgrauen Altersverteilungen zeigen die Alter, die auf den Riickzugsmordnen im Bayerischen

Wald gemessen wurden. Die durchgezogene dunkle Linie beschreibt die Wahrscheinlichkeitsdichtefunktion der Summe

aller Wahrscheinlichkeitsdichtefunktionen von den jeweiligen Mordnen.

a few hundred kilometres from the accumulation area with
a thickness of hundreds of meters will take much longer
to arrive at equilibrium with the climatic conditions and
may fluctuate for thousands of years around their maxi-
mum position and possibly disconnect large dead ice bod-
ies (GRrpp 1929; OWEN et al. 2001; BENN & OWEN 2002; Bo-
WEN et al. 2002). As a result, datasets from extensive pied-
mont lobe moraines with prominent (push-) moraines over
wide foreland areas show considerably more scatter in ages
(see above and also Ivy-Ochs et al. 2004) reflecting their
more complex deglaciation history. Ice cored moraines will
not stabilize before the melting of the ice core. Exposure
dates of moraine boulders on moraine series deposited by
an extensive piedmont lobe could give similar age ranges
and the ages would have no geographical meaning in the
sense of recessional moraines. Glacial deposits from large
ice sheet margins similarly show some scatter in exposure
ages (e.g. LICCIARDI et al. 2001; BaLco et al. 2002; BOWEN
et al. 2002; LANDVIK et al. 2003; RINTERKNECHT et al. 2006).
The only way to minimize the effect of exhumation of boul-
ders during moraine stabilization is to sample tall and mas-
sive boulders.

Even though the described processes complicate data
interpretation for moraine dating studies, this methodo-
logical challenge might open new avenues for determin-
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ing phases of intensive slope processes on moraine and
thawing of dead ice during which boulders were exhumed.
Exposure dating in extra-glacial terrains has already been
successfully used to constrain times of intensive periglacial
activity in Australia (BARROWS et al, 2004).

6 Summary and Outlook

The findings from this study can be grouped into three cat-
egories:

(1) Surface exposure ages from the catchment of the
Kleiner Arbersee glacier yield a consistent and precise
late Wiirmian local stratigraphy. The exposure ages are in
agreement with the few published radiocarbon ages from
the study area.

The initial glacial advance of the Kleiner Arbersee glacier
occurred just before 20.7+2.0 ka. During the following 2-3 ka,
the glacier deposited two distinct lateral moraines that form
a set of terminal moraines. The outer ridge stabilized around
19.142.0 ka, the inner ridge stabilized at 18.7+1.9 ka. A first
recessional moraine was deposited at 17.3+1.6 ka; a late
glacial readvance occurred around 15.5+1.7 ka. The glacier
melted back into its cirque location after 14.5+1.8 ka.

The exposure age distribution shows an insignificant
scatter, so that precise moraine ages were derived, despite
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the dense forest cover in the study area. Even the deposi-
tion times of two ridges of a double-crested terminal mo-
raine within 3 ka could be resolved. The moraines were not
overprinted by post-depositional moraine degradation due
to thawing of dead ice. This stability of the moraines is like-
ly the reason for the precise exposure ages.

The local glacial chronology of the Kleiner Arbersee
catchment indicates that the late Wiirmian glaciation was
broadly synchronous with that of the Eastern Alps as im-
plied by the late glacial advance around 16-15 ka. Conse-
quently, the phases of ‘glacier-friendly’ climates during the
late Wiirmian affected the small glaciers of the Bavarian
Forest similarly as they affected the Eastern Alpine gla-
ciers.

(2) Surface exposure ages from the type section of the
Wiirm glaciation, the Wiirmsee area, show that maximum
terminal moraines of the Isar-Loisach glacier and the Inn
glacier were deposited during the late Wiirmian (MIS 2).
The exposure ages, however, do not reflect the exact time
of moraine deposition. Instead the age distribution, after
exclusion of outliers, shows an older age cluster around
18 ka and a tailing out towards young ages. This age range
is interpreted as indicative of a time of intensive moraine
degradation due to melting of dead ice or periglacial slope
processes that might have exhumed boulders from the
moraine matrix during the late glacial (18-15 ka). There is
ample independent evidence from the study area for in-
tensive late glacial periglacial morphodynamic that could
explain the slope processes from the terminal moraines on
the Alpine foreland. The moraine boulders that yield the
oldest ages are located on high moraine ridges, whereas the
younger boulders are located on smaller ridges, surround-
ed by hummocky relief. The youngest boulder is located at
the proximal side of the moraines in a former meltwater
channel and was probably not exhumed before the end of
the Pleistocene.

(3) The results of this study demonstrate again the great
potential but also the pitfalls of surface exposure dating
for establishing precise glacial chronologies from terres-
trial records. Even though recent efforts have reduced the
analytical and systematic errors of TCND, moraine ages
often show more scatter than expected from the reported
errors. The most important uncertainties in moraine dating
are caused by geomorphological processes and thawing of
dead ice.

The exposure ages from the two study areas prove that
precise exposure ages are more likely determined from
large boulders on well-preserved moraines, deposited by
small valley glaciers. In contrast, the persistence of dead
ice and prevailing of periglacial activity following degla-
ciation likely result in a post-depositional moraine degra-
dation and exhumation of boulders resulting in exposure
ages that scatter widely.

Moraine boulder ages do not only depend on the dep-
osition of the landform but also on its erosion history.
Landform degradation is considerable and operates on
time scales that significantly interfere with the resolution
of TCND that are routinely used to determine the ages of
boulders on landforms comprised of unconsolidated mate-
rials. However, rates of moraine degradation are not uni-
form; they depend on the sedimentary composition of the
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moraine matrix material, the glacial environment, the pres-
ence of dead ice and on the climatic boundary conditions.
Therefore, each data set and even each boulder exposure
age has to be interpreted individually on the background
of the relevant processes and the deposition environment.
In any case the boulder age does not equate the age of the
moraine, but the time of boulder stabilization.

Further refinement in moraine dating with TCND will
only be possible if rates and timing of geomorphologic
processes that result in moraine degradation can be better
constrained.
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Appendix

Erosion rates

1. Erosion rate determination in the study area Bavarian

Forest
The local erosion rate of the cordierite-sillimanite gneiss in
the study area of the Bavarian Forest was calculated from the
measured nuclide concentrations at two different sites.

Protruding quartz veins along the vertical bedrock cliffs
on the western catchment side are rounded at the sides and
show striation in the direction of the former glacier flow. In
order to confirm the glacial origin of these striae, instead
of originating processes related to faulting of the jointed
gneissic bedrock, a bedrock piece was investigated for re-
crystallization of minerals such as calcites typically found
on fault-polish (Harnisch). No such forms were recognized
(M. KELLER, pers. comm. 2003), indicating that the quartz
veins were actually glacially polished. Geomorphological
field descriptions had already suggested a glacial origin of
the striations (RATHSBURG 1928, 1930). A minimum erosion
rate of 3.1 mm ka™ can be calculated from the surface relief
of the protruding glacially polished quartz veins on the ver-
tical cliff south of the lake (4.5 cm, KAS-1-1, 2-1, 3-1) and its
apparent exposure age (14.6+1.8 ka). The erosion rate derived
from the quartz veins in a steep wall is interpreted as a mini-
mum erosion rate because the vertical wall has never been
covered by organic material. Most of the other boulders in
the study area, however, are covered by a humus-soil layer
of varying thickness (see Fig. 2 main text). Surface weather-
ing in the gneiss surfaces is considerably enhanced under
the organic cover. Surfaces covered with soil showed loose
chips of rock on the surface and the rock was more deeply
weathered.

The relatively high nuclide concentration from a sampled
surface on the Arber summit (BW-04-01) can be interpreted
either as a minimum exposure age (98.4 ka, weighted mean
of two measurements) when calculated without erosion, or
as a maximum erosion rate. A maximum erosion rate is
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calculated if it is can be assumed that the nuclide concen-
tration has reached a secular equilibrium state in which
surface erosion and radioactive decay balances the pro-
duction of nuclides in the surface. This allows one to solve
the production equation for the long-term erosion rate
of the bedrock. The high nuclide concentration in sample
BW-04-01 may be indicative of the sample having reached
secular equilibrium. The measured concentrations indicate
an erosion rate of 5.7 mm ka’ (weighted mean of the two
measurements). This erosion rate constitutes a maximum
erosion rate because a higher erosion rate would require
the nuclide concentration in the surface to be lower. If the
steady-state had not yet been reached, the calculated ero-
sion rate would be too high.

As described above, a minimum erosion rate of 3.1 mm
ka? and a maximum erosion rate of 5.7 mm ka™ were de-
rived in the study areas. Ivy-OcHs et al. (2006b) calculated a
similar erosion rate from a weakly foliated granitic boulder
in Switzerland (5.5 mm ka™).

An erosion rate of 52 mm ka™ was assumed as a best es-
timate of the long-term erosion rate in the study area based
on the calculated maximum and the minimum erosion rate.

2. Erosion rate determination in the study area Northern
Alpine Foreland

Erosion of the surface of the boulders could be roughly es-
timated at boulder AVS-03-01, where a quartz vein was pro-
truding approximately 5 cm above the rest of the surface.
The quartz vein itself was not polished but had a rough sur-
face, indicating that it is not the original surface. If an ex-
posure age of the boulder of 16.5 ka is assumed, this surface
relief suggests a minimum erosion rate of 3 mm ka™. Mea-
surements of surface erosion rates in the Western Alps yield
values of 3 mm ka™ for a weakly-foliated hornblende granite
at Solothurn from relief differences (Ivy-OcHs et al. 2004)
and 5.5 mm ka™ for a granitic boulder (Mont Blanc granite)
at Montoz based on a saturation assumption (Ivy-OcHs et
al. 2006b). In this study, an erosion rate of 5.5£2.5 mm ka™ is
used as an estimate for the age calculations.
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