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Regina Reber • Naki Akçar • Susan Ivy-Ochs • Dmitry Tikhomirov •

Reto Burkhalter • Conradin Zahno • Aron Lüthold • Peter W. Kubik •
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Abstract We used cosmogenic 10Be and 36Cl to establish

the timing of the onset of deglaciation after the Last Glacial

Maximum of the Reuss Glacier, one of the piedmont lobes

of the Alpine ice cap that reached the northern Alpine

foreland in Switzerland. In this study, we sampled erratic

boulders both at the frontal position in the foreland

(Lenzburg and Wohlen, canton Aargau) and at the lateral

Alpine border position (Seeboden moraine, Rigi, canton

Schwyz). The minimum age for the beginning of retreat is

22.2 ± 1.0 ka at the frontal (terminal) position and

20.4 ± 1.0 ka at the lateral position. These ages are

directly comparable with exposure ages from the other

piedmont lobes in the northern Alpine foreland. Our data

from the mountain called Rigi, do not support the

hypothesis that boulders located external to the Seeboden

moraine were deposited prior to the last glacial cycle. We

present a first exposure age from an erratic boulder in a

retreat position in the Alpine foreland. The Reuss Glacier

was approximately 12 km behind the maximal extent no

later than at 18.6 ± 0.9 ka.
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1 Introduction

The Last Glacial Maximum (LGM) describes the peak of

the last glacial period between 26.5 ka and 19–20 ka

(Clark et al. 2009), when ice sheets and glaciers reached

their maximum extent for the last time. Global expansion

of ice started between 33.0 and 26.5 ka (Clark et al. 2009).

This evolution is archived both in marine and terrestrial

sediments and culminated in the LGM (Starnberger et al.

2011 and references therein), which is time-correlated with

the last sea-level minimum (Lambeck and Chappell 2001;

Clark et al. 2009). Mix et al. (2001) placed the timing of

this global signal at 21.0 ± 2.0 ka, based on the existing

knowledge, whereas Shakun and Carlson (2010) give an

age of 22.1 ± 4.3 ka for the LGM in the northern

hemisphere.

The extent of LGM ice in the Alps and on the northern

Alpine foreland is reconstructed based on mapping and

detailed study of both morphological and sedimentological

evidence such as glaciofluvial sediments, moraines and

erratic boulders (Penck and Brückner 1901/1909; Beck

1933; Jäckli 1970; Schlüchter 2004; Bini et al. 2009). The

petrographic composition of the sediments is used to fin-

gerprint the different accumulation areas of the piedmont

glaciers (e.g. Heim 1919; Hantke 1983; Graf 2009).
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Trimlines are also mapped to determine the LGM ice

extent in the high Alpine valleys (Florineth and Schlüchter

1998; Kelly et al. 2004; Hippe et al. 2014). This mapping

shows that the Alpine ice cap consisted of ice domes

interconnected by transection valley glaciers which fed

huge foreland piedmont lobes (Jäckli 1962; Bini et al.

2009).

The lobes in the Swiss sector of the northern Alpine

foreland are from west to east: (1) the Valais Glacier

(formerly known as the Rhône Glacier); (2) the Aare

Glacier; (3) the Reuss Glacier; (4) the Linth Glacier and (5)

the Rhaetian Glacier (formerly known as the Rhine Gla-

cier; Bini et al. 2009). The Valais and the Rhaetian

Glaciers were the two dominant piedmont lobes in the

northern Alpine foreland, which were directly fed by out-

flow from the dome areas (Schlüchter 2004). The Reuss

Glacier was situated between the Valais lobe and the Linth

Glacier. The accumulation area of the Valais Glacier was

the glacier plateau of the central Alps (Kelly et al. 2004),

the ice dome Rhone and the high-altitude catchment areas

of the southern Valaisian Alps (Bini et al. 2009; Fig. 1).

The main sources for the Rhaetian Glacier were the ice

domes Engiadina in the southeast of Switzerland and the

ice dome Vorderrhein (Bini et al. 2009; Fig. 1). The Aare

Glacier was fed by the catchment of the upper Aare valley

but also from the ice dome Rhone by a transfluence to the

north, across Grimselpass (G in Fig. 1). The Aare Glacier

joined the Valais Glacier at the maximum extent near Bern

(Baltzer 1896). The origin of the Reuss Glacier is the upper

Reuss valley which received ice as well across Furkapass

(F in Fig. 1) from the ice dome Rhone in the west and from

a second branch across Oberalppass (O in Fig. 1) from the

ice dome Vorderrhein in the east. Further downstream, ice

from the Aare Glacier catchment contributed to the Reuss

Glacier over Brünigpass (B in Fig. 1). The Linth Glacier

was, in this period, rather a Linth-Rhine Glacier, because it

was not only fed by the ice from the catchment of the Linth

river, but also by a tributary branch of the Rhaetien Glacier

that went through the Walensee trough (Bini et al. 2009).

The LGM in the central and the eastern Alps is dated

between 30 and 18 ka, and thus occurred during MIS 2

(Keller and Krayss 2005b; Ivy-Ochs et al. 2008 and ref-

erences therein). At that time, the margins of the piedmont

glaciers fluctuated so that there may have been more than

one advance to the furthest extent (van Husen 1997;

Ellwanger et al. 1999; Keller and Krayss 2005a; Graf

2009). In the southern Alpine foreland, Monegato et al.

(2007) identified two advances; the first between 26.5 and

23 cal ka BP and the second between 24 and 21 cal ka BP

in the Tagliamento morainic amphitheater. Also Graf

(2009) proposes a twofold LGM advance for the piedmont

lobes in northern Switzerland based on lithostratigraphic

evidence in the area of the Reuss Glacier. In the western

part of the Reuss lobe, glaciofluvial deposits of the earlier

Fig. 1 Alpine ice extent at the

Last Glacial Maximum (LGM)

with major ice domes and

piedmont glacier lobes (Bini

et al. 2009) � Federal Office of

Topography, swisstopo, CH-

3084 Wabern. Ice transfluences

are B: Brünigpass, F: Furkapass,

G: Grimselpass and O:

Oberalppass. Sample sites

referred to in the text:

Möschberg, Montoz, Steinhof.

Sample sites (with boulder

samples) of this study: Rigi

(Rigi-1 to -9), Lenzburg (Reuss-

21 and -22) and Wohlen (Reuss-

20). Locations mentioned in the

text: Birr Birrfeld; Fin

Finsterhennen; Rafz Rafzerfeld;

Lake ZH (Zürich) and Hau/Rou

Hauterive/Rouges-Terres.

F France, D Germany,

A Austria; FL Liechtenstein,

I Italy
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Lindmühle advance (around 29 ka) locally lie beyond

deposits of the younger Birmenstorf advance. Both refer-

ence localities, Lindmühle and Birmenstorf, are situated in

the Birrfeld area (Birr in Fig. 1). These observations raise

questions not only about the number of advances during the

LGM but also on the synchrony of reconstructed maximum

positions of the different oscillating piedmont lobes during

this long cold period.

During the Birmenstorf advance the Reuss Glacier built

up terminal moraines at its frontal position near Lenzburg

at around 450 m a.s.l. (Graf 2009; Figs. 2, 3). Meanwhile,

about 50 km upglacier from the terminus in Lenzburg, the

same glacier deposited lateral moraines on the slopes of the

mountain called Rigi at an elevation 500 m higher than the

terminal moraines (e.g. Heim 1919; Hantke 2011; Figs. 1,

4). At the end of the LGM, retreat of the Reuss Glacier

resulted in the construction of recessional moraines near

Wohlen (canton Aargau) in frontal and at Rigi in lateral

positions (Figs. 1, 2, 3, 4).

Here we address the questions of synchronity of LGM

frontal and lateral positions, of differentiation of LGM and

pre-LGM phenomena on the Rigi and of the potential use

of polymict conglomerates for surface exposure dating. We

collected samples from erratic boulders to answer these

questions (1) on the terminal moraine near Lenzburg; (2)

on the retreat stadial moraine near Wohlen; and (3) on

lateral and recessional moraines on the Rigi. LGM and pre-

LGM phenomena on the Rigi are complex and required

sampling of boulders beyond the Seeboden moraine

(Hantke 2006; Kopp 1953; Fig. 4).

2 Study sites and sample descriptions

2.1 Frontal (terminal) position at Lenzburg

The Lenzburg site is located in the Bünz valley (Fig. 2).

The landscape here has been strongly modified by agri-

cultural and building activities since Roman times (e.g.

Krüger 2008). Relicts of glacial landforms, such as low-

relief moraines, are primarily preserved in woodland that,

most likely, has never been deforested. A high-resolution

digital elevation model (DEM) shows faint glacigenic

landforms to the north and just beyond the most distal

moraine ridge that is easily visible in the field (red lines in

Fig. 3). Therefore, DEM analysis allows reconstruction of

an advanced LGM ice margin (blue line in Fig. 3) that is

slightly farther out than that shown on the map from Bini

et al. (2009). We interpret the terraces along the Bünz

valley as being erosive forms in outwash deposits related to

post-LGM recessional phases. Several generations of ter-

races along the Bünz are visible on the DEM.

There are only two granitic boulders of glacier origin at

Lenzburg, most likely originating from the Aare massif.

They have been selected for sampling because they are of

granitic lithology and also large, rising more than 3 m

Fig. 2 Glacial morphological

map of the frontal (terminal)

part of the Reuss Glacier

(LGM = Last Glacial

Maximum). � Federal Office of

Topography, swisstopo, CH-

3084 Wabern. Box indicates the

location of Fig. 3. Sample

locations are marked with a

yellow cross accompanied by

the results of surface exposure

dating. For location of the map

area, see Fig. 1
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above ground surface (Table 1; Fig. 5b, c). Field evidence

shows boulder position stability since deposition (firm

embedding). The local names for these solitary erratics are

‘‘Grosser Römerstein’’ (Reuss-21) and ‘‘Kleiner Römer-

stein’’ (Reuss-22; Jäckli 1966; Fig. 3). The position of the

two boulders in this subdued glacial landscape is relevant

to give a minimum age for the Birmenstorf advance sensu

Graf (2009): Reuss-22 is situated on a till-mantled bedrock

knoll, about 500 m inside the advanced LGM ice margin as

reconstructed from the DEM, and Reuss-21 is on one of the

moraines visible in the field (Fig. 3). Grosser Römerstein

(Reuss-21; Fig. 5c) bears evidence of (Roman?) quarrying.

However, the true sample location on the boulder top is

considered to be undisturbed.

2.2 Lateral position on the Rigi

Rigi is a mountain located in the thrust belt of the Subalpine

Molasse made of Late Paleogene proximal, alluvial fan

conglomerates (Schlunegger et al. 1997 and references

therein). The top of the mountain (1,798 m a.s.l.) is consid-

ered to have been a nunatak during the LGM (e.g. Heim 1919;

Hantke 2006). The position of the Rigi with its exceptional

lateral moraines is important for the reconstruction of the

LGM outflow glaciers of the Alpine ice cap (Fig. 1).

Local morphology is likely evidence for glacier modi-

fication of parts of the mountain (Kopp 1953; Bini et al.

2009; Lüthold 2010; Fig. 4b) and small glaciers may have

been present during the Last Glacial Maximum (e.g. Kopp

1953). Hantke (2006) draws the LGM ice margin at the

Seeboden moraine (Fig. 4a) and as a consequence external

glacial sediments would have to be deposited before the

LGM (cf. Preusser et al. 2011). These external deposits

contain erratic lithologies and therefore exclude local gla-

cial transport only.

At the location Rigi, seven erratic boulders of various

lithologies were sampled in the upper part of the slope

(Figs. 4). Four of them are located on the Seeboden mor-

aine (Rigi-2, -7, -8 and -9). Three boulders (Rigi-1, -5 and -

6) were sampled externally to and topographically higher

than the Seeboden moraine. These samples are from the

morphologically complex slope externally of the Seeboden

moraine (Figs. 4, 6, 7; Table 1). Sample Rigi-5 is from a

limestone boulder (Early Cretaceous Schrattenkalk) and

samples Rigi-6 to -9 are from polymict Molasse Nagelfluh

(Hantke 2006). The petrographic composition of the con-

glomeratic boulders sampled is different from the directly

underlying Molasse bedrock (Lüthold 2010). Samples

Rigi-5 to -9 are collected and analysed to advance surface

exposure dating methodology.

2.3 LGM recessional positions at Wohlen and at Rigi

Wohlen is located southeast of Lenzburg (Fig. 2). At this

site, the moraines are attributed to a recessional complex of

the Reuss Glacier (Stetten Stadial sensu Jäckli 1966). The

Fig. 3 The ice margin of the LGM Reuss Glacier (blue), with

individual moraine ridges marked in red. Digital elevation model with

2 m resolution (DEM). � Federal Office of Topography, swisstopo,

CH-3084 Wabern. For location of map area, see Fig. 2. LGM Last

Glacial Maximum
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glacier terminus here was around 12 km short of the LGM

ice margin (Fig. 2). Sample Reuss-20 is from a boulder on

top of a recessional moraine, next to the ‘‘Erdmannlistein’’

(Fig. 5a; Heim 1919). The lithology is granitic, most likely

originating from the Aare massif. The reason for sampling

this boulder is to determine the timing of the first reorga-

nisation of the Reuss Glacier during decay of the LGM ice.

Also on the Rigi the decaying Reuss Glacier produced

recessional moraines at successively lower elevations at

approximately 500 m below the Seeboden moraine (Han-

tke 2006; Lüthold 2010). The erratics Rigi-3 and -4 are

situated on one of these moraines (Figs. 4, 6c; Table 1).

They were collected for comparison with Reuss-20, both in

post-LGM retreat positions.

3 Surface exposure dating

The synchrony of the oscillations of the several piedmont

lobes can only be detected if terrestrial sediments related to

glacier advances of the individual lobes are accurately

dated (Ivy-Ochs and Kober 2008; Dunai 2010 and

references therein). Surface exposure dating of an erratic

boulder on a moraine, which marks the position of the

former ice margin, yields the time of the boulder deposition

or the beginning of moraine degradation and hence the

specific advance (e.g. Porter and Swanson 2008). The

advantage of surface exposure dating is the direct chro-

nological positioning of a defined sedimentary fraction

deposited directly by the glacier without any need for

organic material. In most cases organic material is not

available in sufficient quantities in glacigenic sediments;

this natural deficit gives the cosmogenic nuclide dating an

unmatched advantage.

The unstable cosmogenic isotopes 10Be, 14C, 26Al, and
36Cl, and stable cosmogenic isotopes 3He and 21Ne are

produced in situ within the mineral lattices by interaction

of a target atom with cosmic rays (Lal 1988). The exposure

time of a rock surface can be calculated by determining the

accumulated concentration of an isotope; assuming that the

correct production rate and the amount of isotope inherited

prior to exposure are known (e.g. Phillips et al. 1990).

Our samples were collected with hammer and chisel

from large boulder tops following the strategies defined in

Akçar et al. (2011). The samples were prepared at the

Surface Exposure Laboratory of the University of Bern

with nuclide specific procedures, and isotope concentra-

tions were measured at the Laboratory of Ion Beam Physics

at the Swiss Federal Institute of Technology (ETH) in

Zurich, with accelerator mass spectrometry (AMS). Seven

samples from granitic boulders were prepared for cosmo-

genic 10Be and five samples (four conglomerates and one

limestone) for cosmogenic 36Cl.

3.1 Analysis of cosmogenic 10Be

The target mineral for 10Be (t1/2 = 1.39 ± 0.01 Ma;

Korschinek et al. 2010; Chmeleff et al. 2010) analysis is

quartz. Cosmogenic 10Be in quartz is produced through

spallation reactions and muon capture on oxygen. For this

reason, the first step is to extract and purify quartz out of

the samples (Kohl and Nishiizumi 1992; Ivy-Ochs et al.

1996; Akçar 2006). Purified quartz from the seven samples

was processed following the lab protocol in Akçar et al.

(2012). Before dissolving the pure quartz sample with

concentrated HF, it was spiked with 0.15–0.20 mg 9Be. Be

and Al were separated and purified via ion exchange col-

umns. The samples were co-precipitated with iron, mixed

with AgNO3 solution and oxidized for AMS measurements

(Akçar et al. 2012).

The weighted average 10Be/9Be full process blank ratio

was (2.90 ± 0.33) 9 10-15. The contribution of the blank

correction is less than 1.3 % for all samples. 10Be exposure

ages were calculated with the CRONUS-Earth online cal-

culator of Balco et al. (2008; http://hess.ess.washington.

Fig. 4 a Glacial deposits on the northern slope of the Rigi (after

Hantke 2006). Digital elevation model (DEM). � Federal Office of

Topography, swisstopo, CH-3084 Wabern. Samples Rigi-7 to -9 are

on the Seeboden moraine, Rigi-1, -5 and -6 are boulders above the

Seeboden moraine, Rigi-3 and -4 are from boulders below the

Seeboden moraine. b Crop of LGM Last Glacial Maximum map with

extent of the Reuss Glacier (after Bini et al. 2009)
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edu/math/ using wrapper script 2.2, main calculator 2.1,

constants 2.2.1 and muons 1.1 with a user-supplied cali-

bration data set for production rate calibration; Name:

northeastern North America (NENA)—Developmental

version. June 2009; Balco et al. (2009) as published by

Balco in October 2013). Today, this is the best estimate for

the northern hemisphere production rate (Fenton et al.

2011; Briner et al. 2012; Goehring et al. 2012; Young et al.

2013). Altitude/latitude scaling of the production rate

was done according to the time dependent scheme

(Lal 1991; Stone 2000) using a spallogenic SLHL (sea

level—high latitude [[60�]) production rate of 3.88 ±

0.19 atoms g-1 SiO2 a-1 (Balco et al. 2009). Rock density

was taken as 2.65 g cm-3. The shielding factors due to

surrounding topography and thickness of the samples were

calculated following Dunne et al. (1999b) using an expo-

nential attenuation length of 160 g cm-2. An erosion rate

of 1.0 mm ka-1 was assumed (cf. André 2002), whereas

the correction for vegetation and snow cover was excluded.

The resulting data for the samples dated with 10Be are

given in Table 2.

3.2 Analysis of cosmogenic 36Cl

The analysis of cosmogenic 36Cl is given here in more

detail than for 10Be for the simple reason that the use for
36Cl for conglomerates is at an experimental level. Major

production channels of cosmogenic 36Cl (t1/2 = 301 ka)

for carbonates are fast neutron and muon spallation reac-

tions on 40Ca, capture of negative muons by 40Ca and

capture of thermal and epithermal neutrons by 35Cl (Alfi-

mov and Ivy-Ochs 2009 and references therein). Due to

these multiple production channels in carbonates and

additional channels in non-carbonate parts, 36Cl sample

preparation of a mixed conglomerate with carbonate and

non-carbonate parts requires additional procedures in

comparison to pure carbonate samples. Aliquots for ele-

mental analysis were taken during 36Cl sample preparation.

Pure carbonate samples require only one solid aliquot that

is taken after leaching of the sample. After the aliquot is

taken, the carbonate sample is totally dissolved with nitric

acid. As siliceous components in a conglomerate sample

cannot be totally dissolved in nitric acid, two aliquots are

needed to measure the elemental composition of the dis-

solved carbonate part of the conglomerate: a solid grain

aliquot of the leached sample and a solid grain aliquot of

the undissolved residue.

Among our samples, one was a pure carbonate and four

were conglomerates with carbonate parts (Table 1). Major

and trace elemental analysis for aliquots of these samples

were done at SGS Mineral Services, Toronto, Canada

(Online Resource 1). Before taking the first aliquots, all

samples were crushed and sieved and only the fraction

0.250–0.400 mm was processed further using the sample

preparation procedure described by Ivy-Ochs et al.

(2004b). Samples were leached twice overnight in solution

of 75 ml of HNO3 (2M) in 500 ml ultrapure water

(18.2 MX cm) and then rinsed ten times with ultrapure

water to remove atmospheric 36Cl. Each sample was spiked

with about 2.5 mg of pure 35Cl and then dissolved with

Table 1 Sample descriptions

Sample

name

Lithology Altitude

(m)

Latitude, �N

(DD.DD WGS84)

Longitude, �E

(DD.DD WGS84)

Boulder

height (cm)

Sample

thickness

(cm)

Thickness

correction

factora

Shielding

correction

factorb

Reuss-20 Granitic 502 47.34763 8.31435 130 4 0.9676 1

Reuss-21 Granitic 446 47.39520 8.19465 450 5 0.9597 1

Reuss-22 Granitic 475 47.39550 8.18832 350 dh120 3 0.9756 1

Rigi-1 Granitic 1,099 47.06427 8.46774 70 5 0.9597 0.9874

Rigi-2 Granitic 1,064 47.05581 8.45214 145 3 0.9756 0.9839

Rigi-3 Granitic 535 47.08772 8.45548 150 4 0.9676 0.9990

Rigi-4 Granitic 536 47.08772 8.45548 200 5 0.9597 0.9990

Rigi-5 Limestone 1,100 47.06798 8.47299 60 4 0.9670 0.9941

Rigi-6 Conglomerate 1,095 47.06797 8.47248 160 4 0.9670 0.9913

Rigi-7 Conglomerate 1,030 47.06094 8.45611 320 4 0.9670 0.9924

Rigi-8 Conglomerate 1,030 47.06125 8.45661 120 4 0.9670 0.9924

Rigi-9 Conglomerate 1,035 47.06611 8.46196 370 2 0.9833 0.9953

dh difference of height from top of the boulder to nearest sediment cover
a Correction for sample thickness was done after Gosse and Phillips (2001), with mean attenuation length of 160 g cm-2 and rock density of

2.65 g cm-3

b Calculated for topographic shielding and dip of the surface, after Dunne et al. (1999)
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nitric acid. Dissolved samples were then centrifuged and

rinsed with ultrapure water to collect all chlorine, and the

undissolved part of the sample was separated. Chlorine

from the dissolved sample was precipitated as AgCl by

addition of AgNO3. Sulphur was precipitated in the form of

BaSO4 to avoid high interference of 36Cl with its isobar 36S

during the AMS measurement. AMS measurements were

done by applying the isotope dilution technique (Synal

et al. 1997), measuring both stable Cl isotopes (35Cl and
37Cl) and 36Cl isotope concentrations in one target. The

isotope dilution technique gives essential improvements in

precision and sensitivity of AMS measurements (Ivy-Ochs

et al. 2004b; Desilets et al. 2006), and it allows measure-

ment of total Cl. The 36Cl/Cl ratios of the samples were

normalized to the ETH internal standard K381/4N with a

value of 36Cl/Cl = 17.36 9 10-12, and the Table 37Cl/35Cl

ratios to the natural ratio 37Cl/35Cl = 31.98 % of K381/4N

standard and machine blank. The applied sulphur reduction

of measured 36Cl/Cl ratios was negligible (0.2–0.5 % of

ratios). We corrected the measured sample 36Cl/Cl ratios

for a procedure blank of 6 9 10-15 that amounted to a

correction of less than 2.5 %. For the production rate of

cosmogenic 36Cl, we used a Ca spallation of 48.8 ±

1.7 atoms g-1 Ca a-1 at SLHL in our calculations. For the

production of 36Cl due to muon capture a rate of

5.3 ± 0.5 atoms g-1 Ca a-1 at SLHL (Stone et al. 1996,

1998) was used. The scaling of Stone (2000) is taken into

account for site altitude and latitude. Time dependent vari-

ations incorporated in our calculations follow Balco et al.

(2008). An erosion rate of 5 mm ka-1 was assumed for

limestone (Rigi-5) and 3 mm ka-1 for the more resistant

conglomerate boulders. Furthermore, we used a fast neutron

attenuation length of 160 g cm-2 and rock density of

2.4 g cm-3. For the 36Cl production due to capture of

thermal and epithermal neutrons, we follow Liu et al.

(1994) and Phillips et al. (2001), using a rate of

Fig. 5 Photographs of sample

sites Reuss-20 to -22. a Erratic

boulder Reuss-20 on Stetten

Stadial moraine near Wohlen,

‘‘Erdmannlistein’’ in the

background; b ‘‘Kleiner

Römerstein’’ (Reuss-22); and

c ‘‘Grosser Römerstein’’ (Reuss-

21). For detail location of

Reuss-20 to -22, see Fig. 2

Timing of retreat of the Reuss Glacier 299



760 ± 150 neutrons g-1 a-1 to calculate production of

low-energy neutrons above the surface (for details see Al-

fimov and Ivy-Ochs 2009). For production of 36Cl out of 40K

the rate of Evans et al. (1997) is taken for the age calculation.

Nevertheless, the effect of this production is negligible in

our samples as the concentration of potassium in the dis-

solved part in all samples is\0.3 % (Online Resource 1).

Major element, gadolinium and samarium concentra-

tions (Online Resource 1) were used to determine the

fraction of low-energy neutrons available for capture by
35Cl to form 36Cl (Fabryka-Martin 1988; Phillips et al.

2001; Alfimov and Ivy-Ochs 2009). Uranium and thorium

concentrations in our samples are low, \3.7 ppm (Online

Resource 1). Thus, the contribution of non-cosmogenic

subsurface 36Cl is negligible (Fabryka-Martin 1988). In

Table 3, the total weight of the dissolved samples, total Cl

concentration, 36Cl concentration per gram rock and ero-

sion corrected exposure ages are listed. The concentration

of 36Cl varies from 49.5 ± 2.3 (Rigi-6) to 86.9 ± 3.0

(Rigi-7) 106 atoms g-1. The erosion corrected 36Cl exposure

ages range from 11.6 ± 0.7 ka (Rigi-6) to 20.4 ± 1.0 ka

(Rigi-7).

4 Interpretation of surface exposure ages

4.1 Glacier positions at Lenzburg and Wohlen

The LGM exposure ages from Reuss-22 (22.2 ± 1.0 ka)

indicate that the reconstruction of the ice margin at Lenz-

burg (Fig. 1), based on the mapping of the faint ridges

visible on the DEM (Fig. 3), needs revision under con-

sideration of map scales. Within the given uncertainties the

ages of Reuss-22 and Reuss-21 (22.0 ± 0.9 ka) are the

same. This time match shows that these large boulders

(Table 1; Fig. 5) were obviously not affected by the fluvial

processes that were active during downmelt and retreat of

the glacier. Fluvial modification was probably restricted to

breaching of the moraines and the deposition of the next

lower level of outwash terraces in the Bünz valley (Fig. 3).

Those terrace incisions were probably the latest morpho-

logical action during retreat from LGM positions. Boulder

Reuss-20 from the retreat stadial in Wohlen yielded an age

of 18.6 ± 0.9 ka. This age indicates a retreat from the

LGM moraines in Lenzburg to the later frontal position in

Wohlen in about 3 ka. We assume that our exposure ages

Fig. 6 Photographs of sample sites Rigi-1 to Rigi-6 (for location, see Fig. 4). a Boulder Rigi-1; b boulder Rigi-2; c boulders Rigi-3 and -4; and

d Boulders Rigi-5 and -6
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are most likely close to their true depositional ages, as post-

depositional effects on these boulders seem negligible

based on field evidence (such effects have been extensively

discussed by Akçar et al. 2011).

4.2 Lateral positions at Rigi

Exposure ages were derived from boulders on the Seeboden

moraine ridge, from topographically higher and morpho-

logically complex areas and from recessional moraines

topographically lower than the Seeboden moraine.

4.2.1 Boulders from the Seeboden moraine ridge

Boulders Rigi-2, -7, -8 and -9 are situated on the crest of

the Seeboden lateral moraine ridge (Figs. 4, 6b, 7b, c). The

exposure ages obtained are 7.8 ± 0.4 ka (Rigi-2),

15.6 ± 0.8 ka (Rigi-8), 16.3 ± 0.8 ka (Rigi-9) and

20.4 ± 1.0 ka (Rigi-7). This lateral moraine is character-

ized by steep slopes; hence, stabilization and degradation

can result in the exhumation or slight tilting of the boulders

(Porter and Swanson 2008). The boulder localities on this

moraine are in contrast with the stable position of the

boulders sampled at the frontal position of the Reuss

Glacier. At Seeboden, slope instabilities may occur and

may likewise result in a cluster of exposure ages (Putkonen

and Swanson 2003; Putkonen and O’Neal 2006; Porter and

Swanson 2008). However, this clustering of 36Cl ages may

also be due to unknown methodological effects of mea-

suring polymict conglomerates on the other hand,

vegetation on neighbouring boulders on the same moraine

indicates soil formation and erosion which makes the

presence of younger ages likely. In addition, weathering of

single clasts out of the conglomerate may result in the

disintegration of the pebbles, which again may result in

younger ages. The significantly younger 10Be age of Rigi-2

(7.8 ± 0.4 ka) probably indicates an anthropogenic effect

(see Fig. 6b), as a memorial plate has been placed on the

boulder, which is located on the outer side of the Seeboden

moraine, and may have moved or tilted.

The Seeboden moraine would have been provided with

sediments from the Reuss Glacier until 15.6 ± 0.8 ka in

case the exposure ages from Rigi-8 and -9 are considered

as true depositional ages. However, this hypothesis of

continuous moraine formation until 15.6 ± 0.8 ka is unli-

kely. Already by 19–18 ka several lines of evidence show

that LGM glaciers had retreated behind the Alpine front

(Reitner 2007). At 17.1 ± 1.6 ka (recalculated from Ivy-

Ochs et al. 2006) late-glacial glaciers were re-advancing to

positions well inside the Alpine valleys (‘‘Gschnitz sta-

dial’’; Heuberger 1966). For the Reuss Glacier, the

Gschnitz correlative moraines (undated up to now) are

found in Attinghausen (Spillmann et al. 2011; Att in Fig. 1)

which is 60 km up-valley from the retreat position

in Wohlen. Our working interpretation is that the

younger ages of boulders Rigi-2 (7.8 ± 0.4 ka), Rigi-8

Fig. 7 Photographs of sample sites Rigi-6 to Rigi-9 (for location, see Fig. 4). a View from position of boulder Rigi-5 towards Rigi-6, Seeboden

moraine visible in background; b Boulder Rigi-7; c Boulder Rigi-8; and d Boulder Rigi-9
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(15.6 ± 0.8 ka) and Rigi-9 (16.3 ± 0.8 ka) on the Seebo-

den moraine resulted from post-depositional effects.

4.2.2 Boulders topographically above the Seeboden

moraine ridge

Boulders Rigi-1, -5 and -6 are located topographically

higher than the Seeboden moraine (Fig. 4). If they were

deposited by the Reuss Glacier lobe, they must have

been deposited prior to the deposition of the Seeboden

moraine. Rigi-1 (Figs. 4, 6a), Rigi-5 and -6 (Figs. 4, 6d,

7a) are situated at the same altitude (Table 1; Fig. 8),

but on two different slopes separated by a small gully

(Fig. 4). These two slopes do not belong to a clearly

defined glaciomorphological feature. Cautiously, we

interpret the calculated exposure ages, which are con-

siderably younger than the LGM (Rigi-1: 16.2 ± 0.7 ka;

Rigi-5: 15.5 ± 0.9 ka and Rigi-6: 11.6 ± 0.7 ka) to

reflect slope processes and or exhumation during

deglaciation.

Bedrock depth here is rather shallow and the slopes are

relatively steep and sediment cover of the boulders of

more than 2 m for a longer period is difficult to evaluate.

The concentrations of the cosmogenic nuclides in the

boulder surfaces are too low with a sediment cover of 2 m

only to have been deposited prior to 30 ka. For sample

Rigi-1, a 50 cm cover of glacial sediment would yield an

exposure age of 21 ka. For older glaciations, a consid-

erably higher sediment cover is necessary, e.g. around

1.5 m for 75 ka of exposure based on the measured

nuclide concentrations. Although this does not seem

impossible, such a scenario is considerably less plausible

when applied to Rigi-5 and Rigi-6. To have been origi-

nally deposited at 75 ka, Rigi-5 must have been covered

by [4 m of sediment and Rigi-6 by [6 m. Therefore,

even if deposition of these boulders during an older gla-

ciation (e.g. MIS 4 or 6) seems unlikely, the real original

sediment cover cannot be evaluated. The only simple fact

we can observe is that boulders Rigi-1 and -5 are lithol-

ogies that do not outcrop at Rigi and cannot have been

derived locally. Therefore, they must have been trans-

ported by the Reuss Glacier and their depositional age

must be older than the age of the Seeboden moraine.

Table 2 Cosmogenic 10Be data and exposure ages of the granitic samples

10Be sample

name

Quartz

dissolved (g)

9Be spike

(mg)

Measured
10Be/9Be 9 10-14

AMS

error (%)

10Be

(104 atoms/g)

Exposure age (ka) erosion

corrected (e = 1.0 mm/ka)

Reuss-20 50.3283 0.1943 43.4 4.8 11.16 ± 0.54 18.6 ± 0.9 (1.3)

Reuss-21 50.3933 0.1989 47.3 3.9 12.44 ± 0.49 22.0 ± 0.9 (1.4)

Reuss-22 47.1577 0.1995 46.5 4.4 13.11 ± 0.58 22.2 ± 1.0 (1.5)

Rigi-1 40.2384 0.1994 52.1 4.1 15.64 ± 0.65 16.2 ± 0.7 (1.0)

Rigi-2 40.0631 0.2049 24.4 4.1 7.48 ± 0.33 7.8 ± 0.4 (0.5)

Rigi-3 45.3952 0.1679 32.5 5.7 8.03 ± 0.46 13.0 ± 0.8 (1.0)

Rigi-4 46.3604 0.1678 22.1 5.3 5.36 ± 0.28 8.7 ± 0.5 (0.6)

AMS measurement errors are at 1r level, including the statistical (counting) error and the error due to normalization of standards and blanks. The

error weighted average 10Be/9Be full process blank ratio is (2.90 ± 0.33) 9 10-15. Exposure ages are calculated with the CRONUS-Earth

exposure age calculator (http://hess.ess.washington.edu/math/; v.2.2; Balco et al. 2009 and were updated from v.1 to v. 2.2 as published by Balco

in October 2013). Exposure ages are corrected for shielding of surrounding topography, and sample thickness, as explained in the text; the

uncertainties reported in parentheses also include the production rate error. 2.65 g/cm3 for rock density and a half-live of 1.39 MA for 10Be

(Korschineck et al. 2010; Chmeleff et al. 2010) are used for the age calculations

Table 3 Cosmogenic 36Cl data and exposure ages of carbonate and

conglomerate samples

36Cl

sample

name

Weight

of sample

(g)

Cl conc. in

rock (ppm)

36Cl conc.

(9104 36 Cl g

(Ca)-1)

Erosion

corrected

(e = 3.0 mm/ka)

Exposure

age (ka)

Rigi-5 54.5830 12.04 ± 0.07 75.5 ± 3.5 15.4 ± 0.9a

Rigi-6 43.6201 46.51 ± 0.85 49.5 ± 2.3 11.6 ± 0.7

Rigi-7 56.2160 42.09 ± 0.35 86.9 ± 3.0 20.4 ± 1.0

Rigi-8 53.5607 33.48 ± 0.23 55.7 ± 2.2 15.5 ± 0.8

Rigi-9 58.4413 13.28 ± 0.05 69.4 ± 2.6 16.3 ± 0.8

Analytical errors are at 1r level, including the statistical (counting)

error and the combined counting uncertainty and the uncertainty due

to normalization of standards and blanks. To calculate exposure ages

we have used 48.8 ± 1.7 atoms 36Cl g (Ca)-1 a-1 SLHL production

rate from Ca spallation, 5.3 ± 0.5 36Cl g (Ca)-1 a-1 SLHL produc-

tion due to muon capture (Stone et al. 1996, 1998, one sigma errors)

and scaled after Stone (2000) to 2.47 (spallation) and 1.61 (muonic)

of the SLHL values. Low-energy capture of thermal and epithermal

neutrons is computed following Liu et al. (1994) and Phillips et al.

(2001) using the production rate of epithermal neutrons above the

surface 760 ± 150 neutrons g-1 a-1 (see Alfimov and Ivy Ochs

2009). Exposure ages are corrected for shielding of surrounding

topography and sample thickness
a Rigi-5 is a limestone therefore, a higher erosion rate of 5.0 mm/ka

is used for calculation
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4.2.3 Boulders topographically lower than the Seeboden

moraine ridge

Rigi-3 and -4 are located on a recessional moraine on the

steep lower slope (Figs. 4, 6c) below the Seeboden mor-

aine. The exposure ages of 8.7 ± 0.5 ka (Rigi-4) and

13.0 ± 0.8 ka (Rigi-3) suggest that these boulders were

most probably, exhumed. The lower slopes of the Rigi are a

highly urbanized area (Heim 1919; Hantke 2006; Lüthold

2010), so only a few boulders of clearly erratic origin are

available for sampling. However, the minimum age of

Rigi-3 (13.0 ± 0.8 ka) seems to be outside the depositional

time estimate from the stratigraphic position during

deglaciation, even outside the 2 sigma uncertainty limit.

5 Discussion

Evidence for a two-phase LGM advance in the Alps

(during MIS 2) has been detected in numerous outcrops

across northern Switzerland (Graf 2009 and references

therein). The sediments of the Lindmühle advance are

correlated with gravel aggradations of the Rafzerfeld

(Rafzerfeld Schotter; Rafz in Fig. 1), where these gravels

are dated by radiocarbon on mammoth remains to 29 ka

(Preusser and Graf 2002). In addition, Graf (2009) suggests

that the Lindmühle advance was more extensive in the

western part of the northern Alpine foreland compared to

the later Birmenstorf advance which may have been more

extensive in the eastern part of the foreland. Graf (2009)

proposes strong local fluvial erosion (e.g. ‘‘Birrfeld-

Rinne’’ and ‘‘Fislibach-Birmenstorf-Rinne’’), between the

two LGM advances. Therefore, the sediments of the later

Birmenstorf advance are more likely to be preserved. On

the lateral position beyond the LGM Seeboden moraine,

Rigi-1, -5 and -6 are boulders dated to address the question

of whether or not they originate from a pre-LGM or

alternatively from a local LGM glaciation on the Rigi

(Fig. 4). Based on our results, both a local LGM advance

and an older glaciation are rather unlikely. Firstly, these

erratic boulders are from the catchment of the Reuss

Fig. 8 Plot of the exposure

ages for the Reuss Glacier

lateral position (Rigi sample

sites), with surface exposure

ages plotted against altitude.

The shaded area marked with

dashed lines is the time window

for the northern hemisphere

Last Glacial Maximum (LGM)

at 22.1 ± 4.3 ka (Shakun and

Carlson 2010)

Fig. 9 Compilation of exposure ages from the northern Alpine

foreland showing the Reuss Glacier (this study), the Valais Glacier

(Ivy-Ochs et al. 2008) and the Aare Glacier (Akçar et al. 2011). Dated

boulders are in frontal (terminal) positions. Shaded area illustrates the

northern hemisphere Last Glacial Maximum (LGM) at 22.1 ± 4.3 ka

(Shakun and Carlson 2010)
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Glacier, and are not locally derived. Secondly, they are

situated topographically above the LGM Seeboden mor-

aine, which is dated to 20.4 ± 1.0 ka (Rigi-7). Thirdly,

although burial by a certain sediment cover is not ruled out,

the high amount of sediment required to bring the mea-

sured concentrations in accordance with deposition during

MIS 4 or 6 is excessive and clear field evidence is lacking.

Therefore, we suggest that boulders Rigi-1,-5 and -6 may

have been deposited during an early LGM advance, com-

parable with the Lindmühle advance of Graf (2009). As a

consequence, build-up of the pronounced lateral Seeboden

moraine would have taken place during the second LGM

phase which is the Birmenstorf advance of Graf (2009). In

the lateral position on the Rigi geomorphological evidence

for the Lindmühle advance, such as moraine ridges, is

lacking.

At a broad regional scale we compare the Reuss Glacier

with data from the eastern and western Swiss Plateau: A

schematic chronology of the LGM of the Rhaetian and Linth

Glaciers is given in Keller and Krayss (2005b). They com-

bine lithostratigraphic evidence with calibrated radiocarbon

dates, and assume that the main advance of the last glacial

cycle occurred just after ca. 30 ka and reached its maximum

position at 24–22 ka (Keller and Krayss 2005b, 2010;

Preusser et al. 2011). For the Valais Glacier, a radiocarbon

date on a mammoth tusk at Finsterhennen (Fig. 1) found in

the middle part of glaciofluvial sediments (Schlüchter 2004)

is 25,370 ± 190 14C years (30,600–29,600 cal BP; recali-

brated; OxCal 4.2; Bronk Ramsey et al. 2010). This

radiocarbon age is in accordance with optical stimulated

luminescence (OSL) ages of 28.5 ± 2.3 and 28.9 ± 2.5 ka

on surrounding sediments (Preusser et al. 2007).

Our results indicate that the Reuss Glacier started to

retreat at 22.2 ± 1.0 ka (Reuss-22) which seems to be

synchronous with the retreat of the Valais lobe further to

the west, where boulder ER1 at Steinhof (canton Solothurn;

Fig. 1) yielded a 10Be exposure age of 24.0 ± 1.1 ka (Ivy-

Ochs et al. 2004a, recalculated; Fig. 9). This synchrony is

also given for the Aare Glacier with an exposure age on an

erratic boulder of 21.5 ± 1.0 ka at Möschberg (Figs. 1, 9;

Akçar et al. 2011). Within one sigma uncertainty, the

exposure ages for the lobes of the Valais, Aare and Reuss

Glaciers (Fig. 1) agree with the age of the global LGM of

22.1 ± 4.3 ka for the northern hemisphere given in Shakun

and Carlson (2010).

The Reuss lobe retreated for 12 km to the Stetten Stadial

at Wohlen from the frontal position (in 2–3 ka, Reuss-

20 = 18.6 ± 0.9 ka; Fig. 2). A rapid ice decay or even

collapse of foreland ice (Schlüchter 1988) may have

occurred after 18.6 ± 0.9 ka. Late-glacial glacier advances

happened only in the high-alpine valleys, e.g. the Gschnitz

stadial at 17.1 ± 1.6 ka. The equilibrium line altitude

(ELA) is at least 500 m higher during the Gschnitz stadial

than during the LGM (Ivy-Ochs et al. 2008 and references

therein). For the Reuss Glacier a first indication for the

timing of deglaciation at the border of the Alps has been

provided: The Seeboden moraine at Rigi indicates that the

ice surface reached an elevation of a 1,000 m a.s.l. at

20.4 ± 1.0 ka (Rigi-7). This date pinpoints the onset of

deglaciation from a lateral alpine border position. How-

ever, the date of 20.4 ± 1.0 ka is within one sigma

uncertainty close to 22.2 ± 1.0 ka for the LGM terminal

position at Lenzburg. These data point to a simultaneous

deglaciation from frontal and lateral position, which

requires an active downmelt of the ice.

The northern Alpine foreland was completely free of ice

by 18 ka (van Husen 1997; Keller and Krayss 2005b; Ivy-

Ochs et al. 2008). For the Valais Glacier (Fig. 1), two sites

are important: firstly, at Hauterive/Rouges-Terres (Fig. 1),

Hadorn et al. (2002) report an oldest post-LGM radiocarbon

date of 14,250 ± 95 14C years (17,700–16,970 cal BP; re-

calibrated; OxCal 4.2; Bronk Ramsey et al. 2010) for the

northeastern end of Lake Neuchâtel. Secondly, a radiocar-

bon date of 12,760 ± 100 14C years (15,870–14,610 cal

BP; recalibrated; OxCal 4.2; Bronk Ramsey et al. 2010)

indicates an ice-free northern part of Lake Neuchâtel

(Magny et al. 2003), situated approximately 60 km upval-

ley/upglacier from Steinhof—for the Rhaetian and Linth

Glacier (Fig. 1), reference is made to the date in Lister

(1988) for an ice free Lake Zürich (Lake ZH in Fig. 1) at

14,600 ± 250 14C years (18,510–17,160 cal BP; recali-

brated OxCal 4.2; Bronk Ramsey et al. 2010).

6 Conclusions

We studied lateral and terminal moraines of the LGM

piedmont lobe of the Reuss Glacier, and exposure dated

numerous erratic boulders with 10Be and 36Cl. We con-

clude that the exposure ages from the lateral Seeboden

moraine on the Rigi indicate an ice surface at an elevation

of about 1,000 m a.s.l. up to 20.4 ± 1.0 ka. Our results are

not consistent with the hypothesis that the boulders located

above and beyond the Seeboden moraine were deposited

during MIS 4 or MIS 6. The cosmogenic 36Cl concentra-

tions of the extra-Seeboden moraine boulders are too low

to have been acquired after a pre-LGM deposition. It is

suggested that these boulders are depositional elements of

an earlier phase of the LGM. This phase would then cor-

relate with the Lindmühle advance described in the Alpine

foreland by Graf (2009). As a consequence, the formation

of the Seeboden moraine took place in the later phase of

the LGM (=Birmenstorf advance of Graf 2009). Unfortu-

nately the most likely frontal positions of the Lindmühle

and Birmenstorf advances to the Lenzburg area are not yet

dated individually (Fig. 3): the dates of Reuss-21 and -22
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are the same. The geomorphological observation and dat-

ing of a two-phase LGM in the Alps, has been presented by

Monegato et al. (2007) for the southern Alpine foreland.

The termination of the LGM glaciation was rather abrupt.

The date of 18.6 ± 0.9 ka from a recessional moraine near

Wohlen of the Reuss Glacier indicates a retreat of about

12 km in 2–3 ka before the final retreat into the high-alpine

valleys and the next younger advance (Gschnitz stadial

moraines, Ivy-Ochs et al. 2006).

A first methodological experiment to exposure-date

boulders on post-LGM moraines on the northern slope of

the Rigi below the Seeboden moraine has brought what is

most likely evidence of post-depositional processes. The

latter are attributed to intense land use over millennia as

well as to primary affects associated with moraine stabil-

ization and degradation. A second methodological

experiment to measure concentrations of 36Cl in polymictic

Molasse conglomerates has been successful (Rigi-6 to -9).

This advance in surface exposure application opens new

possibilities in the selection of lithologies for this dating

technique.
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