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Timing of deglaciation on the northern Alpine foreland (Switzerland)
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ABSTRACT

ZUSAMMENFASSUNG

In order to understand the forcing and the feedback mechanisms working
within the climate system knowledge of the timing of cold events across the
globe is necessary. This information is especially crucial for the last glacial
maximum (LGM) and the subsequent deglaciation. Our approach is to directly date the classical terminal moraines of the Rhône Glacier on the northern
Alpine foreland. The Rhône Glacier was the dominant piedmont glacier of
the Swiss Alps during the LGM. We have analyzed four erratic blocks from
the Wangen a.d. Aare region (near Solothurn) for in-situ cosmogenic 10Be,
26Al, 36Cl and 21Ne. Weighted mean ages based on all radionuclide measurements for each boulder indicate that break down of the Rhône piedmont glacier system occurred between 21.1 and 19.1 ka. The oldest age obtained, 21.1 ka
from block ER 1, pinpoints the onset of deglaciation. Pull-back from the Wangen maximum position was complete by no later than 19.1 ka. Reaching of the
maximum extent of the Rhône Glacier, during the last glaciation, was contemporaneous with the worldwide ice maximum between 24 and 19 ka.

Das Wissen über die zeitliche Abfolge von Eiszeiten in globalem Massstab ist
ein essentielles Element zum Verständnis der Anregungs- und Rückkopplungsmechanismen unseres Klimasystems. Von besonderem Interesse ist das
letzte glaziale Maximum (LGM) und der darauffolgende Gletscherrückzug.
Unser Beitrag besteht darin, die klassischen Endmoränen des Rhônegletschers im nördlichen Alpenvorland direkt mit der Oberflächen-ExpositionsMethode zu datieren. Der Rhônegletscher formte den mächtigsten Vorlandgletscher der Schweizer Alpen während des LGM. Wir analysierten vier erratische Blöcke aus der Region Wangen a.d. Aare (bei Solothurn) auf die folgenden in-situ produzierten kosmogenen Isotope: 10Be, 26Al, 36Cl und 21Ne.
Die gewichteten Altersmittel, basierend auf allen Radionuklid-Analysen des
jeweiligen Blocks, deuten auf einen Rückzug des Gletschers zwischen 21.1 und
19.1 ka hin. Dabei wird der Beginn des Gletscherrückzugs durch das höchste
Alter (21.1 von Block ER 1) angezeigt. Der Rückzug vom Höchststand bei
Wangen a.d. Aare war spätestens ca. 19.1 ka vollendet. Der Rhônegletscher
erreichte seine Maximalausdehnung während der letzten Eiszeit zeitgleich mit
dem weltweiten Eismaximum zwischen 24 und 19 ka.

Introduction
During the maximum of the late Pleistocene glaciation (late
Würm), mountain glaciers extended from the Alps, spread out
onto the foreland and coalesced into huge piedmont lobes (e.g.
Jäckli 1970). Snowline depression in comparison with the modern snowline was approximately 1200 m (Haeberli 1991;
Maisch 1982, 1992). The two dominant piedmont glaciers in
Switzerland, the Rhône in the west and the Rhine in the east
(Fig. 1), remained outside the boundary of the Alps for thousands of years. Lacking direct dating, the length of this interval
was estimated based on the morphology of the terminal
moraines and the volume of sediment (especially outwash) at
the maximum terminal positions (e.g. Penck & Brückner
1901/1909). The sequence of events during disintegration of

the piedmont lobes and consequent formation of the numerous foreland lakes (during the Oldest Dryas) has been characterized based on lithostratigraphic, pollen and oxygen isotope
data (e.g. Eicher 1987; Furrer 1991; Ammann et al. 1994;
Magny 2001). Nevertheless, initiation of ice collapse has never
been dated successfully. For the most part, the timing of the
deglaciation of the northern Swiss foreland has been based on
one radiocarbon date. That date, from Lake Zurich, is 14,600 ±
250 14C years BP (Lister 1988) and corresponds to a calibrated
age range of 17,100-17,850 cal years BP (Stuiver et al. 1998).
Questions about when ice in the western Alps attained its maximum extent (cf. Gillespie & Molnar 1995) and when ice collapse began remain.
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Fig. 1. Location of the study area (highlighted square) with respect to the terminal positions of the major piedmont glaciers north of the Swiss Alps during
the LGM (modified from Jäckli 1970). Generalized present-day drainage and
the locations of the lakes referred to in the text are shown.
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We have attempted to reconstruct the timing of ice decay
by surface exposure dating (Lal 1991; Gosse & Phillips 2001)
of some of the largest erratic blocks related to the maximum
terminal position of the Rhône Glacier during the last glacial
maximum (LGM). At this time, the Rhône Glacier was the
dominant ice mass in the western Alps. Therefore, constraining the timing of its LGM maximum extension provides basic
information about the timing of late Pleistocene glaciation in
the Alps. Such data is urgently needed to elucidate crucial
thresholds within the Earth’s climate system (Alley et al.
2003). We present 10Be (t1/2=1510 ka), 26Al (t1/2=716 ka), 36Cl
(t1/2=301 ka) and 21Ne data. 10Be has been analyzed in four
boulders, 26Al in three, and 36Cl and 21Ne in one boulder each.
By comparing 10Be, 26Al and 36Cl in one rock surface, we have
been able to gauge the effect of erosion on the exposure ages
(cf. Phillips et al. 1997). Our goal in measuring cosmogenic
neon in one boulder was to quantify exposure acquired prior
to its deposition at Wangen (cf. Niedermann 2002).
Geologic setting
At the height of the LGM, the Rhône Glacier filled the Rhône
Valley and overflowed onto the foreland. Obstructed by the
Jura Mountains, the glacier split into a southern (Geneva) and
a northern (Solothurn) lobe. The northern lobe, fortified by
the contribution of the Aare Glacier, dominated the northern
Alpine foreland. It was several hundred kilometers long and
up to one kilometer thick (Haeberli 1991). The late Pleistocene maximum terminal equilibrium position was reached
near Wangen a.d. Aare (Fig. 2).
The assemblage of moraine and terrace landforms in the
region between Solothurn and Wangen has been subdivided
into three stadials; Wangen, Solothurn and Brästenberg (Nussbaum 1910, 1951; Furrer 1948; Hantke 1977; Ledermann 1978).
The Wangen stadial represents the maximum extent, the
Solothurn is defined by the moraine ridges partially encircling
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Fig. 2. Schematic map of the Wangen a.d. Aare region. Areas covered by
landforms related to the Wangen, Solothurn and Brästenberg stadial moraines
are shown in dark grey (based on Nussbaum 1910, 1951; Ledermann 1978).
Sampled erratic locations are shown as crosses.

Solothurn. The Brästenberg position lies geographically but
not necessarily temporally, between the other two stadials. The
Brästenberg has been interpreted as evidence for overrunning
of some of the Solothurn deposits by the Rhône Glacier (Nussbaum 1910, 1951).
In detail, the left lateral position related to the Wangen stadial consists of sub-parallel moraine ridges skirting the Jura
front and flanked in part by kame terraces. The end moraine
region (breached by the Aare), grades distally into northeastdipping glaciofluvial gravels (Niederterrasse). Proximally,
drumlin swarms lie in the region north of Burgäschisee (Ledermann 1978). Along the right lateral position, glacial sediments, rarely formed into indistinct flat moraines, drape an uneven bedrock erosional surface cut into the marls and sandstones of the Freshwater Molasse (Miocene). This relict surface is made up of isolated hills of Molasse bedrock separated
by dry valleys. It reflects pre-glaciation drainage patterns overprinted by channels formed by meltwater during diversion of
the Emme and Aare rivers by the Rhône Glacier (Nussbaum
1910, 1951).
Huge erratic boulders (‘Findlinge’) once marked the glacier stillstand positions. Their often unusual (i.e. non-local)
lithologies contributed to the realization that the Rhône Glacier had once extended hundreds of kilometers outside of the

Alps (de Charpentier 1841). Today very few of the blocks remain; most were destroyed and used for construction material.
Even ER 1, the 10 m high erratic discussed here, bears scars of
attempts to destroy it with dynamite.
The boulders we sampled were located on the outermost
terminal deposits (Wangen stadial). We sampled the flat tops
of the boulders using a hammer and chisel. The four largest
boulders were analysed. The erratics at Steinhof and Steinenberg are a weakly-foliated hornblende granite (‘Arkesin’;
Nussbaum 1910). This lithology is characterized by alternating
bands of chlorite-talc schist and granitic gneiss. Coarser bands
of the latter contain distinctive 1–2 cm long hornblendes
(slightly altered to chlorite along the margins), the quartz
grains range up to 0.6 mm in size. The blocks likely originated
from rockfall onto glaciers (which fed the Rhône Glacier) in
the region of Val de Bagnes in Valais (Nussbaum 1910; Ledermann 1978) (see also Kelly et al. 2004).
Analytical procedures
10Be

and 26Al were measured in a pure quartz mineral separate
produced by selective chemical dissolution (Kohl & Nishiizumi
1992). Be and Al were extracted from the dissolved quartz
using standard procedures (Ochs & Ivy-Ochs 1997). Stable Al
was measured on an aliquot of the dissolved quartz solution
with ICP-OES (inductively-coupled plasma optical emission
spectroscopy) using three standard additions for every sample.
The <0.4 mm size fraction (from the same crushed rock
used for the 10Be and 26Al) was used for 36Cl sample preparation. Sample preparation for 36Cl generally followed the
method of Zreda (1994) and is given in detail in Ivy-Ochs et al.
(1996). Before dissolution, the rock powder was leached with
HNO3. No Cl carrier was added in the final dissolution. AgCl
was precipitated from the dissolved rock solution. Sulfur was
separated with a BaSO4 precipitation step. The following elements were determined commercially by XRAL, Canada:
Major elements by XRF; Gd and B by prompt gamma neutron
activation; U, Th, and Sm by ICP-MS; and Cl by ion selective
electrode (Tab. 1). All were measured on an aliquot of leached
rock powder.
10Be/9Be, 26Al/27Al, (Kubik et al. 1998) and 36Cl/Cl (Synal
et al. 1997), along with appropriate standards and blanks, were
measured by accelerator mass spectrometry at the ETH/PSI
tandem facility in Zurich. Chemistry blanks were in the range
of 2-3 x 10-14 for 10Be/9Be, 3-5 x 10-15 for 26Al/27Al, and 5 x 10-15
for 36Cl/Cl, yielding contributions of less than 8%, 4% and 1%
for 10Be, 26Al and 36Cl, respectively.
For the neon analysis, an ultra-pure quartz separate was
handpicked from the chemically-separated quartz used for the
radionuclide analysis. The neon analysis followed the protocol
given in Bruno et al. (1997). Neon isotopes were analyzed in a
non-commercial all-metal magnetic sector mass spectrometer
(“Tom Dooley”, 90o, 210 mm radius) equipped with a BaurSigner ion source at the Institute of Isotope Geology and Mineral Resources of the ETH Zurich.

Table 1. Major and minor element
concentrations for ER 1.

Element
SiO2 (wt. %)
Al203 (wt. %)
Fe2O3 (wt. %)
MnO (wt. %)
MgO (wt. %)
CaO (wt. %)
Na2O (wt. %)
K2O (wt. %)
TiO2 (wt. %)
P2O5 (wt. %)
B (ppm)
Gd (ppm)
Sm (ppm)
U (ppm)
Th (ppm)

57.8
15.1
7.27
0.13
2.82
4.62
2.56
3.46
0.9
0.18
7.4
6.6
8
9.8
24.0

Production rates and exposure age calculations
Ages were calculated using the production parameters contained in Tab. 2. Tab. 3 contains the measured neon concentrations, while the measured radionuclide concentrations and calculated exposure ages are listed in Tab. 4. Scaling for latitude
(geographic) and altitude for the nucleon component was
based on Tab. 2 in Lal (1991). Muon contributions were scaled
based on Boezio et al. (2000), Heisinger et al. (2002 a) and Allkofer (1975).
For the 36Cl calculations, using the elemental data in Tab.
1, we have calculated the fraction of thermal neutrons absorbed by the bulk rock to be 0.0054 (after Fabryka-Martin
1988). The correction for sub-surface (non-cosmogenic) production of 36Cl (calculated following Fabryka-Martin 1988)
was less than 3%.
No shielding corrections were required except for ER 2,
which had a surface dip of 48°. We have made no correction
for snow cover. No correction has been made for shielding by
forest cover, a rough calculation indicates this would have
been less than 1%. No correction has been made for past
changes in magnetic field intensity, because during this period
at this latitude the correction amounts to less than 1%
(Masarik et al. 2001).
Fig. 3 shows the neon three-isotope plot of the data from
ER 7. Within the uncertainties, the neon released at all steps
was indistinguishable from atmospheric composition (see also
Tab. 3). This was expected given the low altitude and short exposure time of the boulder. However, the neon data strongly
contradict an overall exposure period (i.e. pre-exposure) of
more than approximately 40 ka for ER 7. This suggests that
the block had a simple and continuous exposure history since it
was deposited by the Rhône Glacier.
Exposure age vs. erosion rate
By measuring 36Cl, in addition to 10Be and 26Al in the same rock
surface (ER 1), we have taken a step towards constraining the
amount of rock surface weathering (here termed erosion) during
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Table 2. Sea level high latitude production rates
used for age calculations.

Cosmogenic Isotope

Production Rate

10Be

)-1

Reference
year-1

spallation

atoms (g SiO2
5.28 ± 0.28

fast muons
stopped negative muons

0.093
0.106

26Al

spallation

atoms (g SiO2)-1 year-1
33.9 ± 1.97

stopped negative muons
fast muons

0.814
0.697

36Cl
From Ca
spallation
muon capture
From K
spallation
muon capture
From Ti
From Fe
Thermal neutron flux

atoms (g Ca)-1 year-1
48.8 ± 3.4
5.2 ± 1.0
atoms (g K)-1 year-1
161 ± 9
10.2 ± 1.3
13.5 atoms (g Ti)-1 year-1
6.75 atoms (g Fe)-1 year-1
626 neutrons (g air)-1year-1

21Ne

Kubik et al. 1998
Kubik & Ivy-Ochs 2004
Heisinger et al. 2002a, 2002b
Heisinger et al. 2002a, 2002b
Kubik et al. 1998
Kubik & Ivy-Ochs 2004
Heisinger et al. 2002a, 2002b
Heisinger et al. 2002a, 2002b

Stone et al. 1996
Stone et al. 1998
Evans 2001
Evans 2001
Masarik 2002
Masarik 2002
Phillips et al. 2001

atoms (g SiO2)-1 year-1
20.4 ± 3.9

Niedermann 2000

*Calculated from data in Kubik et al. (1998) using an exponential depth profile.

Table 3. Neon data for ER 7.
Step (Temp [oC]/time
[minutes])

20Ne

(109 at/g)

1 (350/90)
2 (800/35)
Cosmo.: step 1&2
3 (1700/15)

4.28 ± 0.03
10.26 ± 0.06
14.54 ± 0.07
5.92 ± 0.03

21Ne/20Ne

(10-3)

2.976 ± 0.174
2.969 ± 0.106
2.971 ± 0.093
2.939 ± 0.120

22Ne/20Ne

(10-1)

1.016 ± 0.014
1.016 ± 0.010
1.016 ± 0.011
1.013 ± 0.079

Notes: Neon data for ER 7 given with 1σ confidence level, including statistical, sensitivity and massdiscrimination errors. Errors due to uncertainties of calibration gas amounts are not included but should
be <3%. We analyzed 1.0283 g of a handpicked, ultra-pure quartz separate and performed a step-wise
heating procedure following Niedermann (2002). The cosmogenic step plotted in Fig. 3 is composed of
both the 350 oC and the 800 oC steps. The 21Ne/20Ne ratio of the cosmogenic step is slightly higher than
the atmospheric value of 2.959 x 10-3, however uncertainties are too high to unequivocally identify a cosmogenic 21Ne excess.

Table 4. AMS-measured 10Be, 26Al and 36Cl concentrations, calculated no-erosion and 3 mm/ka erosion-corrected exposure ages.

Isotope

104 atoms/g

no-erosion
exposure age
(ka)

Mean
age
(ka)

3 mm/ka
exposure age
(ka)

Erosion-corr.
Mean age
(ka)

10Be

18.9 ± 1.5
20.7 ± 1.8
21.9 ± 2.0

20.2

19.9 ± 1.6
21.9 ± 1.9
22.0 ± 2.0

21.1

36Cl

16.5 ± 1.0
116 ± 7
30.2 ± 1.4

5

10Be

15.5 ± 0.7

19.4 ± 1.3

19.4

20.5 ±1.4

20.5

4

10Be

14.3 ± 1.0
95.6 ± 5.1

15.8 ± 1.3
16.4 ± 1.3

16.1

16.4 ± 1.3
17.1 ± 1.3

16.8

16.2 ± 1.0
107 ± 5

17.9 ± 1.4
18.5 ± 1.4

18.2

18.8 ± 1.5
19.4 ± 1.4

19.1

Boulder
No.

Alt.
(m)

Height
(m)

Thick.
(cm)

ER 1

580

10

6

Al (Cl)
ppm

293
(62)
ER 2
ER 7

585
610

2.5
1

12
ER 8

595

1.5

26Al

26Al
10Be

3
67

26Al

Notes: AMS measurement errors are at the 1σ level, including the statistical (counting) error and the error due to the normalization
to the standards and blanks. Exposure age errors include the production rate errors given in Tab. 2, but do not include errors
due to latitude and altitude scaling. The overall uncertainty of a given exposure age should be less than 15% (see also Gosse & Phillips 2001).
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Fig. 3. Neon 3-isotope plot for the sample ER 7. The “cosmogenic” step (composed of two degassing steps, 350 ºC, 800 ºC) is plotted as black rectangle,
the final extraction step (1700 ºC) is shown in grey. Both steps plot within
uncertainties (1σ) on the atmospheric point (´), i.e. no meaningful cosmogenic
neon age can be calculated from this sample. The lines crossing the “atmospheric/cosmogenic mixture line for quartz” labeled with virtual ages from
“+30 ka” to “+100 ka” indicate the measured 21Ne/22Ne-ratio with several virtual cosmogenic 21Ne concentrations added corresponding to virtual exposure
periods. The addition of virtual exposure ages of 30 ka and 40 ka still plot
within the error bars. However, the addition of a virtual exposure age of more
than 40 ka moves the 21Ne/22Ne-ratio outside of the error bar. The Ne data for
sample ER 7 is consistent with exposure ages of up to, but contradicts a preexposure period of more than, 40 ka.

the exposure period (Phillips et al. 1997; Gosse & Phillips 2001).
In Fig. 4, erosion rate is plotted vs. apparent exposure age for
each of the three isotopes using the ER 1 data (Tab. 1 and 3) and
the production rates of Tab. 2. The erosion rate vs. exposure age
lines for 10Be and 26Al were calculated based on the equations in
Lal (1991). For 36Cl, we followed the calculation method outlined in Liu et al. (1994) (see also Dep et al. 1994, 1997).
10Be and 26Al are produced predominantly by spallation,
that means that production decreases with depth. For these
isotopes, the effect of weathering or erosion on the rock surface is to remove the outermost part which contains the highest concentrations of cosmogenic isotopes. As the rate of erosion increases, the difference between ‘true’ exposure age and
apparent exposure age (calculated assuming no erosion) increases. The ‘true’ 10Be or 26Al exposure age is always older.
In contrast, 36Cl is also produced by thermal neutron capture (Gosse & Phillips 2001 and references therein). Thermal
neutrons can escape back out of a surface, which means that
the maximum production of 36Cl occurs not at the rock surface
but at a depth of approximately 20 cm in the rock (FabrykaMartin 1988). Furthermore, the shape of the 36Cl depth curve
is controlled by the proportion of production coming from
thermal neutron capture, which is in turn dependent on rock
composition. As a seen in Fig. 4, for ER 1, the erosion rate vs.
exposure age line for 36Cl is much steeper than for10Be or 26Al.
That means that the effect of erosion on the 36Cl exposure age
is much less than for 10Be or 26Al.

Erosion rate (mm/ka)

10
0.103

8
6

10Be

26Al

4
2
0
18000

20000

22000

24000

26000

28000

Apparent exposure age (years)
Fig. 4. Plot of erosion rate vs. apparent exposure age based on the measured
concentrations of 10Be, 26Al and 36Cl from ER 1 (Tab. 4). All production parameters for this figure are listed in Tab. 2. We followed the method of calculation outlined in Dep et al. (1994, 1997) and Liu et al. (1994) (see also Phillips
et al. 1997; Gosse & Phillips 2001). The shape of the 36Cl curve differs from the
other two because it is produced by thermal neutron capture in addition to
spallation. Where a given line crosses the x-axis shows the apparent exposure
age calculated with no erosion. The point at which the 10Be (or 26Al) line
crosses the 36Cl line indicates both erosion rate and exposure age corresponding to the measured concentrations. Erosion rates determined using either
10Be or 26Al are in agreement when considering the uncertainties.

Examination of the point where the 10Be (or 26Al) line
crosses the 36Cl line (Fig. 4) can reveal the erosion rate for ER
1. This method yields 9 mm/ka based on 10Be and 3 mm/ka
based on 26Al. These values fit with estimates based on the appearance of the rock surface. The height of more resistant
quartz-rich areas above the surrounding rock is less than 6 cm.
If one assumes a 20 ka exposure period, one obtains an erosion
rate of 3 mm/ka. To be consistent with both the rock surface
appearance and the information gleaned from Fig. 4, we have
conservatively chosen to use an erosion rate of 3 mm/ka to calculate erosion-corrected ages. For comparison, we note that
erosion rates for granite and granodiorite boulders in
Wyoming determined by Phillips et al. (1997) are 2.4 mm/ka or
less. While Small et al. (1997) found erosion rates of up to 7
mm/ka for granitic bedrock tors at four Rocky Mountain sites.
We present both uncorrected and erosion-corrected exposure
ages in Tab. 4. In the following discussion, we use the erosioncorrected ages but the overall conclusions in no way hinge
upon this choice.
Interpretation of the exposure ages
Construction of a moraine by a valley glacier can occur relatively rapidly (tens to hundreds of years), while a piedmont
lobe may fluctuate at its maximum terminal position for thousands of years. Either glacier can be visualized as pushing
slightly forward some years and melting back a little bit some
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Fig. 5. Plot of erosion-corrected exposure ages for boulders ER 1, ER 2, and
ER 8. 10Be ages are shown with a triangle, 26Al ages with a diamond, 36Cl ages
with an upside down triangle. The arrow indicates the point for the earliest
likely formation of the foreland lakes (ca. 17.5 ka). The beginning of the Oldest Dryas in northern Switzerland has not been strictly defined, therefore its
lower boundary is shown shaded.

years. During a brief advance, slightly older deposits can be
overridden. Barring post-depositional effects, the exposure age
represents the length of time since the boulder (and by inference the moraine) stabilized following glacier retreat (cf.
Zreda & Phillips 1995; Phillips et al. 1997; Gosse & Phillips
2001). A recent statistical study (Putkonen & Swanson 2003),
which included most published exposure ages from boulders
on moraines, found that the oldest age obtained is generally
within 10% of the ‘true’ age of the deposit (but is nevertheless
younger than the ‘true’ age). The implication is that 1) taking
the average of exposure ages obtained from several boulders
on a single landform may yield an age which has no glacial-geological meaning, and 2) given that the ‘too young’ effect is
due to weathering, exhumation or general instability of boulders, the difference between ‘true’ age and apparent exposure
age will be greater for older deposits (depending on the nature
of the deposit and the local climate).
With these caveats in mind, we conclude that 21.1 ka represents the time at which the Rhône Glacier reached its maximum terminal position during the late Pleistocene. This is
based on the error-weighted mean of the 10Be, 26Al and 36Cl
erosion-corrected exposure ages for ER 1 (Tab. 4). With our
data it is not possible to constrain the earliest time at which the
ice reached the Wangen position. But we found neither geomorphologic nor stratigraphic evidence to indicate that stabi-
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lization of boulder ER 1 occurred significantly later than the
initial glacier advance to Wangen. None of the boulders we
dated was overridden during subsequent fluctuations. We interpret the age 19.1 ka from ER 8 to indicate the time when
the Rhône Glacier completely withdrew from the Wangen position. Therefore, the Rhône Glacier extended as far as the region of Wangen between 21.1 ka and 19.1 ka. A two thousand
year period is consistent with estimates that a several thousand
year long stillstand was required for the volume of sediment in
the Wangen region to accumulate (Nussbaum 1910, 1951). A
similar period was needed to reach the level of erosion observed in the ice-marginal valleys (e.g. Önztal; Ledermann
1978). The age obtained from ER 7 (16.8 ka) has not been included in our discussion. Its age is unreasonably young in comparison to the independent data which indicate an ice-free
foreland no later than 17.10–17.85 ka (see also below).
Timing of deglaciation on the northern Alpine foreland
Ice domes built-up in the Alps to the extent (Florineth &
Schlüchter 1998, 2000) that glaciers expanded onto the foreland after 28 14C ka (Furrer 1991; Schlüchter & Röthlisberger
1995). In the eastern part of the northern foreland, the Rhine
Glacier had advanced past Chur by 25 ka (Keller 1994). The
Rhine, Linth and eventually Reuss Glaciers coalesced to form
a huge piedmont lobe that extended from Zurich to Schaffhausen (Fig. 1). Study of sediment cores from Lake Constance
has allowed a glimpse at events which took place during and
after the collapse of the Rhine Glacier system (Wessels 1998 a,
1998 b). The transition from proglacial varves, with deformed
sediment, to deglacial loess deposits (indicating ice-free but
also vegetation-free conditions) was set at 17.5 cal ka (Wessels
1998 a, 1998 b). This date is based on correlation with Lake
Zurich cores (Niessen et al. 1992) where the end of glacial
meltwater influence on δ18O was dated at 14.60 14C ka (Lister
1988), corresponding to 17.10–17.85 cal ka (Stuiver et al. 1998).
Our 10Be, 26Al and 36Cl exposure dates show that the
Rhône Glacier reached Wangen no later than 21.1 ka. It fluctuated at the Wangen position until 19.1 ka (Fig. 5). This interpretation complements those based on δ180 (Eicher 1979,
1987) and pollen data (Welten 1982) from nearby Burgäschisee (Fig. 2), which indicate that the lake formed during
the early part of the Oldest Dryas (cf. Ammann et al. 1994).
Farther upstream on the northern end of Lake Neuchâtel,
pollen and macrofossil data indicate that the lake basin became ice-free during the earliest phase of the Oldest Dryas
(Magny et al. 2003; Hadorn et al. 2002). The oldest radiocarbon date obtained from the Hauterive/Rouges-Terres site
(14.25 ± 95 14C ka; equivalent to 16.8 to 17.4 cal ka, Stuiver et
al. 1998) came from material found within the lower zone of
the Oldest Dryas (Hadorn et al. 2002), but notably, was not
from the base of the core. The Rhône Glacier must have already collapsed by 16.8 to 17.4 ka. Similarly, pollen analyses
from numerous foreland lakes confirm that the foreland was
completely free of ice during the Oldest Dryas (e.g. Ammann

et al. 1994; Wohlfarth et al. 1994; Magny 2001). This compression of time between retreat of the piedmont glaciers and
onset of deposition of lake sediments is consistent with the
idea that the massive LGM glaciers collapsed rapidly rather
than melted down slowly (Schlüchter 1988; van Husen 1997,
2000).
How then does the timing of events along the northern
foreland of the Alps relate to events further afield during the
LGM and during the subsequent deglaciation? The build-up
of ice volume worldwide had a clear impact on sea level
around 30 ka (Lambeck et al. 2002). Ice cores reveal that the
lowest temperature in Greenland during the LGM occurred
around 24 ka (e.g. Stuiver & Grootes 2000; Johnsen et al.
2001). A barely perceptible rise in sea level set-in just after 21
ka (Hanebuth et al. 2000), but for the most part there was little
change in eustatic sea level between 22 ka and 19 ka (Lambeck et al. 2002). The peak of the LGM has been placed temporally between 24 and 19 ka (cf. Clark & Mix 2000; Mix et al.
2001; Clark 2002; Alley et al. 2003). Our exposure dates show
that the maximum ice extent of the Rhône Glacier during the
late Pleistocene was reached at or slightly before 21.1 ka, thus
contemporaneous with the time when continental ice sheets
were at their maximum. Rapid rise in sea level right around 19
ka signals the onset of a stronger warming trend (Yokoyama et
al. 2000; Clark & Mix 2000; Lambeck et al. 2002). Decay of the
British Ice Sheet, as early as 19 ka, reflects this pre-Bølling
early deglacial phase (Lagerklint & Wright 1999; Clark 2002)
which clearly preceded Heinrich event 1 (McCabe & Clark
1998; Zaragosi et al. 2001). In contrast, the main warming signal in Greenland ice cores is not recorded until the Oldest
Dryas/Bølling transition around 14.7 ka (e.g. Alley & Clark
1999; Walker et al. 1999; Stuiver & Grootes 2000). The Rhône
Glacier abandoned its maximum position no later than 19.1 ka.
Therefore, Alpine piedmont glaciers had abandoned their
maximum positions in response to the early phase of deglaciation (cf. Denton et al. 1999; Clark 2002), much like the British
Ice Sheet. Alpine glaciers expanded and reached their late
Pleistocene maximum terminal positions in concert with the
huge continental ice sheets. But because of their sensitivity to
minor changes in snowline, they responded more rapidly and
collapsed suddenly at the first warming pulse which signaled
the onset of deglaciation.
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