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f weg>punkt, Länggasse 7, 3360, Herzogenbuchsee, Switzerland 
g Helmholtz-Zentrum Dresden – Rossendorf, Bautzner Landstraße 400, 01328, Dresden, Germany 
h University of Vienna, Faculty of Physics, Isotope Physics, Währinger Straße 17, 1090, Vienna, Austria   

A R T I C L E  I N F O   

Keywords: 
Terrestrial in situ cosmogenic nuclides 
Exposure dating 
Moraine 
Erratic boulder 
Swiss Plateau 
Deglaciation 
Glacier fluctuations 

A B S T R A C T   

During marine oxygen isotope stage (MIS) 2, the Swiss Plateau temporarily hosted large piedmont lobe glaciers 
that retreated after their maximum advance back to the fringe of the Alps. The presence of moraines in this 
region indicates that overall glacier recession was punctuated by repeated phases of ice-marginal stability and re- 
advances. The timing of these events in the region formerly covered by the eastern lobe of the Rhône (or Valais) 
glacier has been controversial and remains poorly constrained due to the lack of chronological data. To fill this 
gap, 10Be cosmic-ray exposure (CRE) dating was applied to erratic boulders inside the assumed MIS 2 maximum 
extent of this piedmont lobe. An erratic boulder at an ice-marginal position upstream from the suspected MIS 2 
maximum extent gave an age of about 19 ka. Erratic boulders at a presumably younger ice-marginal position 
(Brästenberg position) yielded an average age of ca. 20 ka. However, several erratic boulders beyond the 
Brästenberg position gave internally consistent, but stratigraphically too young ages of ca. 17 ka. We cannot rule 
out that glacier recession from the Brästenberg position began no later than 17 ka. CRE dating of a moraine of a 
presumably younger ice-marginal position (Solothurn position) gave unrealistically old ages and an incredibly 
young age (86 ka, 40 ka, and 4 ka). Carbon-14 CRE dating should be applied to provide additional information on 
the last deglaciation of the Swiss Plateau. Nevertheless, despite outlying ages, the presented chronological data 
contribute to an overall consistent and increasingly refined chronology of the last deglaciation of the Swiss 
Plateau when compared with 59 previously published CRE ages.   

1. Introduction 

The western Swiss Plateau is one of the birthplaces of the theory of 
glaciations during the 19th century. Studer (1825) first described the 
conspicuous, up to 1200 m3-large boulders (Ivy-Ochs et al., 2021) 
around the hamlet of Steinhof on the western Swiss Plateau. He inferred 
from the lithology of the boulders (green hornblende granitic gneisses; 
Zimmermann, 1963) that the boulders originate from the Valais and 

concluded that massive floods must have transported the boulders to the 
Swiss Plateau. Based on discussions with Jean-Pierre Perraudin and 
Ignaz Vernetz, de Charpentier (1841) came up with a different theory 
and proposed that glaciers transported the boulders from the Valais. The 
glaciation hypothesis was particularly promoted by Louis Agassiz and 
eventually became a widely accepted paradigm (Krüger, 2008). 

Since the first studies on glaciations of the western part of the Swiss 
Plateau, multiple studies have focused on determining the extent and 
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timing of glaciations in this region. Starting with pioneering studies in 
the 1990s, cosmic-ray exposure (CRE) and luminescence dating partic-
ularly increased the understanding of glacier variations in this region (e. 
g., Ivy-Ochs, 1996; Preusser, 1999) and resulted in a large body of 
chronological datasets (see Ivy-Ochs et al., 2008, Preusser et al., 2011, 
Heiri et al., 2014; Ivy-Ochs, 2015 for detailed syntheses of previous 
work). Radiocarbon and luminescence ages indicate that the last 
maximum advance of several glaciers from the Alps to the Swiss Plateau 
culminated at ca. 25 ka (Keller and Krayss, 2005; Preusser et al., 2007, 
2011; Gaar et al., 2019; Kamleitner et al., 2023), i.e., during marine 
oxygen isotope stage (MIS) 2 (29-14 ka; Lisiecki and Raymo, 2005). 
During this glacial phase, the Swiss Plateau hosted large piedmont lobe 
glaciers. These were, from the west to the east, the Rhône glacier sensu 
Kelly et al. (2004), also referred to as Valais glacier (e.g., Ivy-Ochs et al., 
2021), as well as the Aare, Reuss, Linth, and Rhine glaciers (Fig. 1; see 
also Bini et al., 2009). The western lobe of the Rhône valley glacier 
flowed in a westward direction towards the city of Lyon (Fig. 1; Cout-
terand et al., 2009; Jouvet et al., 2017), whereas the eastern lobe 
extended in a north-easterly direction towards the area around the town 
of Wangen and merged with the Aare glacier (Ivy-Ochs et al., 2021). As 
emphasised by Schwenk et al. (2022), the eastern lobe of the Rhône 
glacier was mainly fed by ice from the accumulation area of the Rhône 
glacier (situated south of the ice divide in the Alps; Florineth and 
Schlüchter, 2000; Kelly et al., 2004) and only a small part of the ice 
originated from the north-western Bernese Alps, the accumulation area 
of the Aare glacier. 

Piedmont lobe glaciers on the Swiss Plateau withdrew stepwise from 
their MIS 2 maximum positions (e.g., Ivy-Ochs et al., 2008; Reber et al., 

2014; Kamleitner et al., 2023). Ice surface lowering in the interior of the 
Alps began at around 18.5 ka (Wirsig et al., 2016a). Overall glacier 
recession during the last glacial termination, informally defined as the 
period between the Last Glacial Maximum (LGM; at 27.5—23.3 ka based 
on the terrestrial stratigraphic record; Hughes and Gibbard, 2015) and 
the onset of the Holocene (11.7 ka; Cohen and Gibbard, 2019), was 
punctuated by glacier re-advances, oscillations, and standstills. Glacier 
re-advances occurred during the Gschnitz and the Egesen stadials. Mo-
raines that formed during these periods of glacier expansion have been 
dated to ca. 18 ka and 13—11 ka, respectively, at multiple sites across 
the Alps (e.g., Ivy-Ochs et al., 2006a, b; Boxleitner et al., 2019; Hofmann 
et al., 2019). 

Apart from these well-known periods of glacier expansion, phases of 
ice-marginal stability occurred during the early phase of deglaciation, 
testified by widespread moraines on the Swiss Plateau (Institut für 
Geologie, Universität Bern, Bundesamt für Wasser und Geologie, 2005). 
The age of some of these landforms has already been determined with 
CRE dating (Akçar et al., 2011; Reber et al., 2014; Wüthrich et al., 2018; 
Kamleitner et al., 2023). Despite its great success, CRE dating of erratic 
boulders on the Swiss Plateau has proven to be problematic, as many 
erratic boulders in this region have been destroyed and removed from 
fields for agricultural purposes (cf., Akçar et al., 2011; Ivy-Ochs et al., 
2021). Although erratic boulders have been protected by law as early as 
in 1868 CE, their distribution is nowadays mainly restricted to forest 
areas (Maurer, 2005). 

As shown in Fig. 2, multiple ice-marginal positions of the eastern 
lobe of the Rhône glacier have been described in the literature. The 
outermost ice-marginal positions are the Langenthal and Niederbipp 

Fig. 1. Location of the study area and ice extent in Switzerland during the last glacial maximum sensu Ehlers et al. (2011). The ice extent was superimposed on a 
digital elevation model derived from data of the shuttle radar topography mission (NASA Jet Propulsion Laboratory, 2013). © BFS, ThemaKart 2022 for rivers 
and lakes. 
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positions, both represented by ice-marginal landforms (Bläsi et al., 
2015). The maximum MIS 2 ice extent on the map of Bini et al. (2009) 
roughly corresponds to the Langenthal position (Fig. 2), but, as 
emphasised by Ivy-Ochs et al. (2021), the assumed MIS 2 maximum ice 
extent is not supported by geomorphological evidence. 

The Brästenberg position is defined by the Brästenberg moraine 
complex and by moraines on the southern flank of the Jura (Nussbaum, 
1951; Hantke, 1977; Laubscher et al., 2014; Bläsi et al., 2015). The 
moraines in the centre of Solothurn and west of the town, ascribed to the 
Solothurn position, document, strictly spoken, at least two different 
ice-marginal positions (Fig. 2; Bläsi et al., 2015). The age of the Solo-
thurn position has been controversial and it has been suggested that the 
age of ice-marginal landforms may differ from their morphostrati-
graphic position (cf., Zimmermann, 1963, 1969; Ledermann, 1978; 
Ivy-Ochs et al., 2004; Bläsi et al., 2015). 

Few chronological data are available on the early phase of the 
deglaciation of the western Swiss Plateau. The only exceptions are (i) 
CRE ages of four erratic boulders inside the maximum MIS 2 extent of 
eastern lobe of the Rhône glacier (Ivy-Ochs et al., 2004), (ii) CRE ages of 
erratic boulder from the Alps in the Jura and on its foothills (Graf et al., 
2015), (iii) radiocarbon ages of remnants of large Late Pleistocene 
mammals buried in glacio-fluvial deposits (Gnägi et al., 2021, 2023), 

(iv) and basal radiocarbon ages from three lakes inside the MIS 2 
maximum extent of the eastern lobe of the Rhône glacier [Burgäschisee 
(Rey et al., 2017), Moossee (Rey et al., 2020), and Lake Neuchâtel 
(Hadorn et al., 2002); Fig. 1]. Radiocarbon ages from the aforemen-
tioned remnants of large Pleistocene mammals in deposits (mainly 
glacio-fluvial) situated downstream from the assumed MIS 2 maximum 
position of the eastern lobe of the Rhône glacier indicate that three 
distinct phases of glacio-fluvial aggradation occurred between 26 and 19 
ka, punctuated by phases of glacier recession (Gnägi et al., 2023). Ac-
cording to Gnägi et al. (2023), this points to an oscillatory behaviour of 
the eastern lobe of the Rhône glacier that advanced three times to a 
similar ice-marginal position in the region around Wangen between 26 
and 19 ka. CRE ages of erratic boulders of alpine origin in the Jura and 
basal radiocarbon ages from lakes on the Swiss Plateau indicate that 
final glacier recession began at around 20—19 ka (Rey et al., 2017, 
2020). 

Investigating the chronology of the last deglaciation of the western 
Swiss Plateau in more detail is relevant for refining the knowledge of the 
deglaciation history of this region but is also an important reference for 
reconstructing atmospheric circulation patterns over Europe during the 
Late Pleistocene and for calibrating/validating glacier models. First, as 
discussed by Hofmann et al. (2020), it has been repeatedly suggested 

Fig. 2. Topographic map of the study area showing ice-marginal positions of the eastern lobe of the Rhône glacier and the Aare glacier, and sampling locations. For 
the MIS 2 maximum ice extent, see Bini et al. (2009). The Langenthal, Niederbipp, and Brästenberg positions are given in Bläsi et al. (2015). The Brästenberg position 
was inferred from decalcification depths in soils. See Bläsi et al. (2015) for further details. See Mailänder and Veit (2001) for the Bern position. The Solothurn position 
is shown in Mailänder and Veit (2001), and in Ivy-Ochs et al. (2006b). See the caption of Fig. 1 for the data source of the digital elevation model in the background. 
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that a meridional atmospheric circulation pattern prevailed over Europe 
at around 26—24 ka. At that time, humid air masses from the Medi-
terranean Sea probably triggered the most extensive MIS 2 advance of 
several glaciers to the foreland of the Alps that had their main accu-
mulation areas south of the main weather divide in the Alps. As this was 
the case for the Rhône glacier (cf., Kelly et al., 2004), additional chro-
nological data on variations in its extent could support the previous 
suggestion of predominant airflow from the south/south-west (e.g., 
Florineth and Schlüchter, 2000; Kelly et al., 2004; Kuhlemann et al., 
2008; Luetscher et al., 2015; Monegato et al., 2017). Second, recon-
structing the last glaciation of the western Swiss Plateau could improve 
glacier models. The model of Seguinot et al. (2018) probably under-
estimated the MIS 2 maximum extent of the eastern branch of the Rhône 
glacier. Additional chronological data on the spatial extent of this 
piedmont lobe would allow for refining the climate forcing of the model 
and for reconciling modelled and mapped glacier extents. Investigating 
the last deglaciation of the western Swiss Plateau would allow for 
gaining a holistic picture of glacier variations on the Swiss Plateau, thus 
providing additional information on potential forcings of glacier 
fluctuations. 

For this study, we applied 10Be CRE dating to geomorphologically 
stable and large erratic boulders to (i) infer a minimum age of the Nie-
derbipp position, (ii) determine a minimum age for glacier recession 
from the Brästenberg position, (iii) obtain additional chronological 
constraints on the retreat of the eastern lobe of the Rhône glacier prior to 
the formation of the moraines of the Brästenberg position, and (iv) 
exposure date the moraines of the Solothurn position. Hence, this study 
complements previous work on the chronology of Late Pleistocene 
variations of the Rhône (Ivy-Ochs et al., 2004; Preusser et al., 2007; Graf 
et al., 2015; Gnägi et al., 2021, 2023) and Aare (Akçar et al., 2011; 
Wüthrich et al., 2018) glaciers. To discuss the newly obtained CRE ages 
in a broader context, previously published chronological data from the 
Swiss Plateau were recalculated. 

2. Study area 

The study area (Fig. 2) encompasses the western part of the Swiss 
Plateau and the foothills of the Jura. This region pertains to the cantons 
of Bern and Solothurn and was temporarily largely covered by the 
eastern branch of the Rhône/Aare glaciers during MIS 2. 

The Jura consists of Triassic evaporites. During the Jurassic and the 
Cretaceous, marls and limestones were deposited on top of Triassic 
sedimentary rock (Institut für Geologie, Universität Bern, Bundesamt für 
Wasser und Geologie, 2005). Thrusting of the Jura mountains occurred 
as a response to the Alpine orogeny from around 10 to 3 Ma (Pfiffner, 
2010). The Swiss Plateau further SE (Fig. 2) consists of Oligocene to 
Miocene deposits of the Lower Freshwater and the Upper Marine Mo-
lasse, i.e., sandstones, marls, and conglomerates (Pfiffner, 2010). 

Unconsolidated sediments, such as till, and landforms, such as 
overdeepened valleys (Preusser et al., 2010; Dürst Stucki and Schlu-
negger, 2013; Schwenk et al., 2022; Gegg and Preusser, 2023), testify to 
Quaternary glaciations in this region. The hilly western Swiss Plateau 
encompasses several topographic highs, separated by valleys. During 
glaciations of the Swiss Plateau, rivers were redirected and erosion by 
meltwater led to the formation of the isolated Molasse bedrock highs, 
such as the plateau around the hamlet of Steinhof and the nearby Stei-
nenberg (Fig. 2; Nussbaum, 1951). As pointed out by Jouvet et al. 
(2017), erratic boulders with lithologies occurring in the southern Valais 
(Arkesine, Arolla gneiss, and Allalin gabbro) and the Mont Blanc massif 
(Mont Blanc granites, Vallorcine conglomerate), thus originating from 
the southern tributary valleys of the Rhône valley in the Alps, have been 
identified at various localities inside the MIS 2 maximum extent of the 
eastern branch of the Rhône glacier. Particularly prominent erratic 
boulders have been identified around Steinhof and already targeted for 
CRE dating (Ivy-Ochs et al., 2004). Jouvet et al. (2017) proposed that 
enhanced precipitation over the Mont Blanc massif, and the presence of 

a sufficiently large and thick ice cap in the Jura were two key mecha-
nisms that caused the diversion of erratic boulders to the eastern branch 
of the Rhône glacier. Moraines have been mapped at various localities in 
the study area (Ledermann, 1977; Gerber and Wanner, 1984; Pfirter 
et al., 1996; Jordi et al., 2003; Antenen et al., 2004; Laubscher et al., 
2014). Examples are the Brästenberg moraine complex north-east of 
Solothurn (at the Brästenberg position), and the moraines on Buchegg-
berg south-west of Solothurn that document the Solothurn position 
(Fig. 2) sensu Mailänder and Veit (2001), and Ivy-Ochs et al. (2006b). 

After the last deglaciation, soils formed in glacial and periglacial 
deposits, and the western Swiss Plateau became reforested at ca. 15 ka 
(Veit and Gnägi, 2014). The occurrence of Holocene deposits, such as 
alluvial sediments, is mainly restricted to areas around today’s rivers 
(Institut für Geologie, Universität Bern, Bundesamt für Wasser und 
Geologie, 2005). 

3. Materials and methods 

3.1. Beryllium-10 CRE dating 

3.1.1. Fieldwork 
Due to the removal of erratic boulders from fields and destruction of 

boulders on agricultural land, all sampling sites (Table 1) lay in forested 
areas. In total, fourteen boulders at four different sites were selected for 
CRE dating following established sampling strategies (e.g., Akçar et al., 
2011). The sampled boulders in the Längwald area were located near the 
Niederbipp position. Two samples (HK11 and HK12) were obtained 
from an erratic boulder near the village of Hessigkofen (Fig. 3). Multiple 
erratic boulders were sampled at Martinsflue, a foothill of the Jura 
composed of Jurassic limestone. Rock samples were obtained from the 
MF81 and MF91 boulders on a nearby moraine of the Brästenberg po-
sition at a lower elevation (Fig. 3). The samples from the area around the 
village of Selzach originated from boulders on a moraine at the Solo-
thurn position (Figs. 1 and 3). 

Since only a limited number of boulders was available in the study 
area, not all chosen objects fulfil the proposed criteria for ideal samples. 
The boulders from Selzach (SZ11, SZ21 and SZ31) for example are not 
well-rounded and located rather at the slope than on the crest line of a 
moraine. Apart from these minor limitations, all boulders seemed 
appropriate for dating. Neither indications of intense chemical or 
physical weathering nor signs of toppling were observed. Between 0.5 
and 1 kg of rock material from the upper 5 cm of each boulder was 
collected with chisel and hammer for the laboratory analysis and 
accelerator mass spectrometry (AMS) measurements. In three cases, a 

Table 1 
Location of the sampled erratic boulders, topographic shielding at sampling sites 
and characteristics of the rock samples.  

Sample Latitude 
(◦ WGS 
1984) 

Longitude 
(◦ WGS 
1984) 

Elevation 
(m a.s.l.) 

Topographic 
shielding 
factor 

Sample 
thickness 
(cm) 

HK11 47.1339 7.4452 608 0.999976 1.5 
HK12 47.1339 7.4452 608 0.999976 1.5 
LW11 47.2479 7.6903 490 0.999796 4.0 
LW21 47.2496 7.7080 473 0.999862 5.0 
MF11 47.2274 7.5376 570 0.998647 1.0 
MF12 47.2274 7.5376 570 0.998647 3.0 
MF31 47.2308 7.5416 572 0.998036 3.0 
MF41 47.2334 7.5439 575 0.997495 5.0 
MF42 47.2334 7.5439 575 0.997495 1.5 
MF51 47.2265 7.5471 498 0.998456 3.5 
MF61 47.2288 7.5489 502 0.998226 4.0 
MF71 47.2278 7.5499 485 0.998453 4.0 
MF81 47.2283 7.5545 500 0.998866 4.0 
MF91 47.2282 7.5543 500 0.998870 4.0 
SZ11 47.2102 7.4612 507 0.998234 4.0 
SZ21 47.2114 7.4676 502 0.998132 4.0 
SZ31 47.2112 7.4672 505 0.998323 3.0  
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second sample was taken from a different part of the boulder and pro-
cessed independently to verify the robustness of the methods. 
Geographic coordinates of the sampling sites were recorded with a 
handheld GPS. 

3.1.2. Sample preparation and AMS measurements 
Every rock sample was crushed and sieved to a grain size of 200–700 

μm. After purifying quartz, Be-specific separation was undertaken 
following standard laboratory procedures introduced by Kohl and 
Nishiizumi (1992), and Ochs and Ivy-Ochs (1997). A dose of about 300 
μg 9Be was added to each sample. The samples were processed together 
with full-process blanks. The final BeO extracts were mixed with 
Niobium and pressed in copper target holders. 

AMS measurements were performed at the 6 MV DREsden AMS fa-
cility (DREAMS) of the Helmholtz-Zentrum Dresden-Rossendorf (Akh-
madaliev et al., 2013; Rugel et al., 2016) using the in-house standard 
SMD-Be-12 with a 10Be/9Be ratio of (1.704 ± 0.03) × 10− 12 (Akhma-
daliev et al., 2013). The results of AMS measurements are traceable to 
the NIST 4325 standard with a 10Be/9Be ratio of (2.79 ± 0.03) × 10− 11 

(Nishiizumi et al., 2007) and the 10Be half-life of (1.387 ± 0.012) × 106 

years (Chmeleff et al., 2010; Korschinek et al., 2010). The uncertainties 
of the 10Be/9Be ratios comprise the measurement uncertainty (counting 
statistics), the uncertainty of the standard (certification), and the error 

of the mean of the standard measurement. 

3.1.3. CRE age calculations and assessment 
The elevation of the sampling surfaces was retrieved from a high- 

resolution digital elevation model (DEM) of the study area, the Swis-
sALTI3D with an x–y resolution of 2 m (available at https://www.sw 
isstopo.admin.ch/de/geodata/height/alti3d.html, last access: 7 March 
2023). Following the recommendations of Hofmann (2022), the 
high-resolution DEM of the study area was resampled to an x–y resolu-
tion of 30 m for topographic shielding factor calculations. Shielding 
factors were then calculated with Li’s 2018 toolbox for the ArcGIS 
software. 

Beryllium-10 CRE ages in ka before 2010 CE and internal/external 
uncertainties (ka) were calculated with the cosmic ray exposure pro-
gram (CREp; Martin et al., 2017) available at https://crep.otelo.univ-lo 
rraine.fr (last access: 7 September 2022). In CREp, the 10Be production 
rate deduced from rock samples from the Chironico landslide (southern 
Switzerland; Claude et al., 2014) was chosen. The selected production 
rate was scaled to the sampling sites with time-dependent Lal/Stone 
scaling (Nishiizumi et al., 1989; Lal, 1991; Stone, 2000; Balco et al., 
2008). As suggested by Martin et al. (2017), the ERA-40 atmosphere 
model (Uppala et al., 2005) was chosen in CREp. Ages were corrected for 
past geomagnetic activity with an atmospheric 10Be-based geomagnetic 

Fig. 3. Photos of the sampled erratic boulders near Hessigkofen (HK), at Martinsflue (MF), and in the vicinity of Selzach (SZ).  
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record (Muscheler et al., 2005). Age calculations were based on a 10Be 
production rate of 4.10 ± 0.10 atoms 10Be g− 1 quartz a− 1 at sea-level 
and high latitudes (SLHL). This 10Be production rate concurs with the 
global mean 10Be production rate in CREp (4.11 ± 0.19 atoms 10Be g− 1 

quartz a− 1 at SLHL). The input-sheet for CREp is given in the supplement 
(Table S1). 

Five sampling surfaces on boulders associated with the Brästenberg 
position were exposure dated. Four sampling surfaces on erratic boul-
ders beyond the Brästenberg were successfully exposure dated. Three 
ages were available for a moraine of the Solothurn position. Prior to 
averaging ages for the (i) moraine of the Solothurn position (n = 3), the 
(ii) Martinsflue area beyond the Brästenberg ice-marginal position (n =
4), and for the (iv) Brästenberg position (n = 5), a statistical assessment 
of the ages was undertaken following the approach of Hofmann et al. 
(2022): Reduced chi-squared (χR

2) values were computed for the three 
sets of ages. Reduced chi-squared statistic allowed for determining 
whether the variation of ages from the same landform or boulder results 
from analytical uncertainties (χR

2 ≈ 1) or from geomorphological fac-
tors, such as post-depositional exhumation of boulders (χR

2 ≫ 1; cf., 
Balco, 2011). Reduced chi-squared values were compared with a critical 
value from a standard χ2-table (degree of freedom: n – 1; confidence 
interval: 95%). The critical value was then divided by the degrees of 
freedom. If χR

2 was lower than this value, the hypothesis that the data 
form a single population was at 95% confidence. In this case, the 
arithmetic mean age was computed. If χR turned out to be higher than 
the critical value, thus implying that measurement uncertainties do not 
fully account for the scatter in the CRE ages (cf., Balco, 2011), the age 
that was farthest from the average age in relation to its measurement 
uncertainty was considered an outlier and excluded from the dataset. 
This procedure was repeated until the remaining ages yielded an 
acceptable χR value. If there were less than three ages, the procedure was 
stopped. The uncertainties of the average ages were determined by 
adding the mean internal uncertainty of the ages and the error of the 
10Be production rate in quadrature (e.g., Le Roy et al., 2017; Braumann 
et al., 2020; Hofmann et al., 2022). 

3.2. Recalculation of previously published 10Be CRE ages 

Fifty-nine previously published ages for the regions formerly covered 
by the (i) eastern branch of the Rhône glacier (Ivy-Ochs et al., 2004; Graf 
et al., 2015), (ii) the Aare glacier (Akçar et al., 2011; Wüthrich et al., 
2018), and (iii) the Reuss glacier (Reber et al., 2014; Kamleitner et al., 
2023) were recalculated with CREp. See Fig. 1 for the location of these 
regions. To ensure consistency, the parameters listed above were chosen 
in CREp. 10Be concentrations in Ivy-Ochs et al. (2004) were determined 
with the S555 standardisation. As CREp requires 10Be concentrations 
determined with the 07KNSTD standardisation, 10Be concentrations in 
Ivy-Ochs et al. (2004) were recalculated with a conversion factor from 
Balco (2016). Ages were excluded, as done in the original publications. 
Mean ages and associated uncertainties were calculated as outlined in 
Sect. 3.1.3. The input-sheet for CREp is given in the supplement 
(Table S2). 

3.3. Recalibration of radiocarbon ages 

Published basal radiocarbon ages of lakes inside the maximum MIS 2 
extent of the eastern lobe of the Rhône glacier were recalibrated with the 
OxCal software (version 4.4; Bronk Ramsey, 2009) and IntCal20 (Reimer 
et al., 2020). They are expressed by the 95% interval of calibration 
(Millard, 2014). To ensure comparability with newly acquired and 
recalculated CRE ages, calibrated ages were converted in ka (kiloyears 
before 2010 CE). 

4. Results 

See Table 2 for the results of the AMS measurements and the CRE 
ages. The location of the sampled boulders at the four sampling local-
ities, Martinsflue, Hessigkofen, Längwald, and Selzach, and their CRE 
ages are shown in Fig. 4. 

4.1. Längwald 

Due to low 9Be currents during AMS measurements (dropping from 
0.4 to 0.1 μA during the first 15 s of AMS measurements), the 10Be 
concentration in the sample from the LW-11 erratic boulder at the 
Niederbipp position should not be regarded as reliable and, thus, no age 
was computed. The LW21 erratic boulder gave an age of 19.1 ± 0.7 ka 
(Fig. 4). 

4.2. Martinsflue 

As can be seen in Fig. 4, a chain of hills is situated in the area north- 
west of the Brästenberg position. The hills are composed of Jurrassic 
limestone and belong to the Sankt-Verena fault-bend fold that is 
delimited to the north-west by a fault, the Martinsflue fault (Fig. 4; Bläsi 
et al., 2015). Numerous erratic boulders, i.e., glacially transported 
granites from the Aare and/or Mont Blanc massif in the Alps, directly 
rest on their surface. Three of them were sampled for this study. 

The MF11 sampling surface on an erratic boulder at an elevation of 
570 m a.s.l. gave an age of 16.8 ± 0.8 ka. Due to relatively low 10Be 
counts (n = 185) and a rapid decrease of 9Be currents from 1 to 0.1 μA 
during AMS measurements, the 10Be concentration in the sample from 
the MF12 sampling surface on the same boulder should not be consid-
ered reliable. Therefore, we did not compute an age of the sampling 
surface. The MF31 boulder at an elevation of 572 m a.s.l. further north- 
east gave an age of 17.8 ± 0.8 ka. Two rock samples were obtained from 
another erratic boulder at an elevation of 575 m a.s.l. further north-east. 
The MF41 and MF42 sampling surfaces yielded overlapping ages of 16.8 
± 1.0 ka and 16.2 ± 0.9 ka, respectively. A χR

2 value of 0.8 was 
computed for the MF11, MF31, MF41 and MF42 sampling surfaces, thus 
indicating that measurement uncertainties account for the variation in 
ages. Hence, the boulders outboard the Brästenberg position gave a 
mean age of 16.9 ± 0.9 ka. 

Fig. 4c reveals that several hills and ridges are situated in the area 
south-east of Martinsflue. The Brästenberg hill and another mound 
further west feature an undulating and smooth surface. A roughly west- 
east trending depression separates the mound west of Brästenberg from 
an elongated ridge further north. The elongated ridge north of the 
depression has a sharp crest and is interpreted as a moraine. Numerous 
erratic boulders, i.e., glacially transported granites from the Aare and/or 
Mont Blanc massif in the Alps, are situated on its surface. Brästenberg, 
the mound further west and the sharp-crested moraine constitute a 
moraine complex indicative of the Brästenberg position (Bläsi et al., 
2015). 

The sampled MF81 and MF91 erratic boulders were situated near the 
crest of the sharp-crested moraine at 500 m a.s.l. and gave ages of 18.8 
± 0.9 ka and 21.8 ± 1.7 ka, respectively. Three erratic boulders, the 
MF51, MF61 and MF71 boulders, were sampled in the area west of the 
sharp-crested ridge. The MF51 and MF71 boulders lay at an elevation of 
498 and 485 m a.s.l., respectively, and are associated with the 
Brästenberg ice-marginal position. The boulders yielded ages of 30.9 ±
1.5 ka and 20.0 ± 1.1 ka, respectively. The MF61 boulder further north 
(at 502 m a.s.l.) may be also associated with the Brästenberg position 
and gave an age of 25.6 ± 1.5 ka. A reduced chi-squared value of 8.9 was 
computed for the boulders unambiguously associated with the 
Brästenberg position (MF51, MF71, MF81, and MF91 boulders). This 
value exceeded the critical value from the χ2-table. The ages of the MF51 
and MF81 boulders were farthest from the average age in relation to 
their measurement uncertainties and were therefore considered outliers. 
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The remaining ages gave a mean age of 20.2 ± 1.2 ka. 

4.3. Hessigkofen 

The HK11 and HK12 sampling surfaces on the erratic boulder 
sampled near Hessigkofen gave ages of 18.9 ± 1.0 ka and 19.4 ± 1.0 ka, 
respectively. An arithmetic mean age of 19.2 ± 1.0 ka was calculated for 
this boulder. 

4.4. Selzach 

The SZ11, SZ21 and SZ31 boulders on a moraine of the Solothurn 
position yielded scattering ages (41.1 ± 2.0 ka, 4.1 ± 0.6 ka, and 86.1 ±
3.3 ka, respectively). Due to the large scatter, no landform age was 
computed (Fig. 4b). 

5. Discussion 

5.1. Significance of the newly acquired CRE ages 

The presented ages were not corrected for postglacial weathering 
and denudation. Ivy-Ochs et al. (2004) inferred a denudation rate of 3 
mm ka− 1 for the erratic boulders in the Steinhof Area. Assuming this 
constant erosion rate during CRE age calculations resulted in an average 
ageing of 6.5%. The age for the SZ31 boulder shifted by 28% with 
respect to the uncorrected age. For most boulders, the age shift was in 

the order of a few centuries and, therefore, the uncorrected ages might 
be slightly underestimated. 

The LW21 boulder lay at the Niederbipp position. The age of the 
boulder (19.1 ± 0.7 ka) overlaps with the average age of the boulders at 
the Brästenberg position upstream from the Niederbipp position (20.2 
± 1.2 ka). The age of the LW21 boulder is older than the mean age of the 
erratic boulders at Martinsflue, outboard the Brästenberg position (16.9 
± 0.9 ka). We therefore interpret the age of the LW21 boulder as a 
minimum age of the Niederbipp position. 

The MF11, MF31, MF41 and MF42 sampling surfaces at Martinsflue 
were situated on boulders at much higher elevations (570–575 m a.s.l.) 
than those at the Brästenberg position. Therefore, the deglaciation of 
this area must have occurred earlier than the deposition of the erratic 
boulders at the Brästenberg position and moraine formation. The 
apparent minimum age for ice recession from the Brästenberg position 
(20.2 ± 1.2 ka) conflicts with the mean age (16.9 ± 0.9 ka) of the 
boulders outboard this ice-marginal position. We propose that either (i) 
the mean age of the MF11, MF31, MF41, and MF42 sampling surfaces 
underestimates the deglaciation age of the Martinsflue area outboard 
the Brästenberg position (i.e., the mean age of the erratic boulders 
associated with the Brästenberg position should be interpreted as min-
imum age for glacier recession from the ice-marginal position) or (ii) the 
erratic boulders at the Brästenberg position experienced pre-exposure to 
cosmic-rays (i.e., the mean age of the erratic boulders beyond the 
Brästenberg position should be interpreted as the appropriate minimum 
age for glacier recession from this ice-marginal position). 

Table 2 
10Be concentrations in the samples and ages of the erratic boulders near Hessigkofen (HK), in the Längwald area (LW), at Martinsflue (MF), and in the vicinity of 
Selzach (SZ).  

Sample Quartz 
(g) 

Carrier solution 
added (mg) 

Beryllium-10/ 
Beryllium-9 (× 10− 14) 

Beryllium-10 concentration 
(atoms g− 1 

quartz) 

Beryllium-10 concentration 
uncertainty (atoms g− 1 quartz) 

CRE age and external 
(internal) uncertainty 
(ka) 

HK11 18.22 357.2a 10.64 ± 0.49 129400c 6700c 18.9 ± 1.0 (0.9) 
HK12 20.82 356.6a 12.38 ± 0.52 132900c 6200c 19.4 ± 1.0 (0.9) 
LW11 36.00 159.2b 13.2 ± 3.9 87000d,e 26000d,e –e 

LW21 22.09 156.7b 10.71 ± 0.30 113000d 3400d 19.1 ± 0.7 (0.6) 
MF11 24.30 354.3a 12.22 ± 0.46 111500c 4700c 16.8 ± 0.8 (0.7) 
MF12 25.52 294.0a 20.7 ± 3.9 153100f,g 30000f,g –g 

MF31 19.90 359.3a 10.41 ± 0.38 116400c 4900c 17.8 ± 0.8 (0.7) 
MF41 11.17 347.6a 5.97 ± 0.28 107800c 6300c 16.8 ± 1.0 (1.0) 
MF42 31.70 356.5a 15.06 ± 0.68 107400c 5300c 16.2 ± 0.9 (0.8) 
MF51 8.49 349.6a 7.60 ± 0.24 189600h 7600h 30.9 ± 1.5 (1.3) 
MF61 15.08 344.7a 10.81 ± 0.55 156800j 8900j 25.6 ± 1.5 (1.4) 
MF71 11.64 355.7a 6.47 ± 0.29 120500k 6400k 20.0 ± 1.1 (1.0) 
MF81 10.14 341.8a 5.79 ± 0.19 114000h 4500h 18.7 ± 0.8 (0.7) 
MF91 5.44 347.2a 3.71 ± 0.21 133000k 10000k 21.8 ± 1.7 (1.6) 
SZ11 26.54 346.4a 28.8 ± 1.3 246000j 11000j 40.1 ± 2.0 (1.8) 
SZ21 14.65 349.7a 2.01 ± 0.19 23400j 4000j 4.0 ± 0.7 (0.7) 
SZ31 8.15 352.0a 18.91 ± 0.54 525000h 16000h 86.1 ± 3.3 (2.6)  

a Beryllium-9 concentration: 1000.0 ± 8.0 μg/g. 
b Beryllium-9 concentration: 2246 ± 11 μg/g (Merchel et al., 2013). 
c The Be-10 concentrations and associated uncertainties were corrected with a batch-specific chemical blank [Beryllium-10/Beryllium-9 ratio: (7.8 ± 1.1) × 10− 15; 

carrier added: 350.0 mg]. 
d The Be-10 concentrations and associated uncertainties were corrected with a batch-specific chemical blank [Beryllium-10/Beryllium-9 ratio: (9.9 ± 2.5) × 10− 16; 

carrier added: 154.7 mg]. 
e Due to low 9Be currents during AMS measurements (dropping from 0.4 to 0.1 μA during the first 15 s of AMS measurements), the 10Be concentration in the sample 

from the LW-11 erratic boulder at the Niederbipp position should not be regarded as reliable. 
f The Be-10 concentration and the associated uncertainty were corrected with a batch-specific chemical blank [Beryllium-10/9Be ratio: (7.96 ± 0.75) × 10− 15; 

carrier added: 300.0 mg]. 
g Due to relatively low10Be counts (n = 185) and a rapid decrease of 9Be currents from 1 to 0.1 μA during AMS measurements, the10Be concentration in the sample 

from the MF12 sampling surface should not be considered reliable. 
h The Be-10 concentrations and associated uncertainties were corrected with a batch-specific chemical blank [Beryllium-10/Beryllium-9 ratio: (7.1 ± 1.2) × 10− 15; 

carrier added: 350.9 mg]. 
j The Be-10 concentrations and associated uncertainties were corrected with a batch-specific chemical blank [Beryllium-10/Beryllium-9 ratio: (5.4 ± 1.6) × 10− 15; 

carrier added: 349.8 mg]. 
k The Be-10 concentrations and associated uncertainties were corrected with a batch-specific chemical blank [Beryllium-10/Beryllium-9 ratio: (5.7 ± 1.0) × 10− 16; 

carrier added: 356.1 mg].  
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Fig. 4. (a) Topographic map of the region around Solothurn showing the MIS 2 maximum ice extent (Bini et al., 2009), moraines (Ledermann, 1977; Gerber and 
Wanner, 1984; Pfirter et al., 1996; Jordi et al., 2003; Antenen et al., 2004; Laubscher et al., 2014), sampled boulders, and CRE ages of sampled boulders. For the 
source of the elevation data in the background, see the caption of Fig. 1. (b) Moraines at the Solothurn position in the vicinity of Selzach and sampled boulders. The 
hillshade in the background was derived from the SwissALTI3D (available at https://www.swisstopo.admin.ch/de/geodata/height/alti3d.html, last access: 6 
September 2022). (c) Topographical/geomorphological map of the area around Martinsflue and Brästenberg. The DEM in the background is the SwissALTI3D. Thrust 
faults, assumed faults, and faults according to Laubscher et al. (2014). All ages of erratic boulders and associated external uncertainties are expressed in ka (kiloyears 
before 2010 CE) and ka, respectively. Ages in grey were excluded. Bold ages are landform ages. © BFS, ThemaKart 2022 for rivers. 
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The MF41 and MF42 sampling surfaces were situated on an excep-
tionally large erratic boulder that directly rested on a small plateau 
composed of Jurassic limestone (Fig. 3). Therefore, it is rather unlikely 
that the boulder toppled or rotated after deglaciation. This is also true 
for the boulder from which we obtained the MF11 sample (Fig. 3). 
Therefore, two conceivable explanations for the first scenario ages are 
postglacial weathering of the sampled rock surfaces or post-depositional 
exhumation of the sampling surfaces (cf., Ivy-Ochs et al., 2007). Due to 
the internal robustness of the ages of the sampling surfaces on erratic 
boulders beyond the Brästenberg position (χR

2 = 0.8), we deem the first 
explanation rather unlikely. On the other hand, due to the limited 
number of CRE ages (n = 4) for this area, it is possible that the ages just 
agree by chance. The second explanation would imply that glacial sed-
iments around the boulders must have been affected by erosion and 
washed away. Given that the sampled boulders were large (Fig. 3), 
significant amounts of sediments must have been removed from the area 
around the boulders. Previous work (Wüthrich et al., 2017) concluded 
that, at Steinhof (Fig. 2), about 120 cm of the till of the last glaciation 
have been eroded. This total denudation is based on a deglaciation age of 
~24 ka and a denudation rate of 6 cm ka− 1 (Wüthrich et al., 2017). 
Therefore, it appears possible that glacial sediments around the sampled 
boulders may have been removed after the deglaciation. 

According to the second scenario, the boulders at the Brästenberg 
position, including those on the moraine (MF81 and MF91), experienced 
pre-exposure to cosmic rays and the consistent ages of erratic boulders 
beyond the Brästenberg position reflect the timing of the onset of glacier 
retreat from this ice-marginal position. This scenario is supported by the 
observation that complex exposure histories seem to be prevalent in the 
area formerly occupied by the eastern branch of the Rhône glacier. 
Indeed, Graf et al. (2015) obtained an unrealistically old CRE age when 
exposure dating the RH-03c erratic boulder on Bözingenberg, a foothill 
of the Jura WSW of the Martinsflue area. Although the boulder was 
located clearly inside the MIS 2 extent of the eastern lobe of the Rhône 
glacier (see Bini et al., 2009), Graf et al. (2015) obtained a (recalculated) 
age of 56.4 ± 3.9 ka. In general, apparently “too-old” ages stem from 
pre-exposure to cosmic radiation when older glacial deposits are 
reworked or when boulders originating from previously exposed 
bedrock fall onto glaciers (Ivy-Ochs et al., 2007; Ivy-Ochs and Kober, 
2008). Limited glacial erosion has also been proposed as explanation for 
apparently “too-old” ages (Ruszkiczay-Rüdiger et al., 2021) and may 
result from the presence of cold-based ice that allows for the preserva-
tion of formerly existing landforms. A well-known example for a relict 
landscape is the former centre of the Fennoscandian ice sheet where 
pre-existing landforms have been preserved due to cold-based ice and 
limited glacial erosion (e.g., Stroeven et al., 2002). It has been suggested 
that not only this ice sheet, but also the piedmont glaciers in the Swiss 
Plateau might have been predominantly cold-based (Haeberli and 
Schlüchter, 1987; Haeberli, 2005). 

Three explanations are proposed for the possible pre-exposure of the 
sampled boulders at the Brästenberg position. First, the boulders were 
already exposed to cosmic rays in the Alps, fell onto the Rhône or Aare 
glacier and were supraglacially transported to their present location. 
Second, the boulders were glacially transported to some location inside 
the MIS 2 maximum extent of the eastern lobe of the Rhône glacier, 
exposed to cosmic radiation, picked up by the eastern lobe of the Rhône 
glacier, and eventually deposited at their present location. Third, the 
boulders were exposed to cosmic rays, remained in their original posi-
tion during the MIS 2 maximum advance of the eastern lobe of the Rhône 
glacier, were affected by limited subglacial erosion, and became finally 
exposed to cosmic rays during the last deglaciation. The sampled 
moraine at the Brästenberg position has a sharp crest. Thus, it is unlikely 
that the Rhône glacier overprinted this landform during a re-advance. 
Therefore, the limited glacial erosion hypothesis would only be appro-
priate for the MF51 and MF71 erratic boulders west of the moraine. 

To understand the significance of the ages of boulders beyond the 
Brästenberg position, it is necessary to rule out that the boulders at this 

ice-marginal position were affected by pre-exposure to cosmic rays. Due 
to limited laboratory capacities, we were unable to determine the con-
centration of cosmogenic 14C in the rock samples which could have 
potentially helped us to rule out complex exposure histories (see Wirsig 
et al., 2016b or Hippe, 2017 for further methodological details). 
Carbon-14 CRE dating of these boulders would, however, only work if 
the MF51, MF71, MF81, and MF91 boulders were either sufficiently long 
covered by ice or affected by glacial erosion to reset the 14C inventory of 
the boulders’ surface. 

As we deem the scenario unlikely that the sampled boulders at the 
Brästenberg position were affected by pre-exposure to cosmic rays and 
that none of the sampled boulders beyond this ice-marginal position 
experienced pre-exposure to cosmic rays, our preferred scenario is that 
glacier recession from the Brästenberg position began no later than 20.2 
± 1.2 ka. Nevertheless, it is also possible that the mean age of the 
sampling surfaces on erratic boulders outboard this ice-marginal posi-
tion (16.9 ± 0.9 ka) is closer to the true age of the onset of glacier 
recession from this ice-marginal position. With its numerous large 
erratic boulders, Martinsflue is a key area for understanding the chro-
nology of the retreat of the eastern lobe of the Rhône glacier. Therefore, 
this area warrants further investigation. 

The overlapping ages of the sampling surfaces on the erratic boulder 
near Hessigkofen are internally consistent and indicate that the area 
around Hessigkofen became deglaciated no later than 19.2 ± 1.0 ka. 
Thus, deglaciation may have occurred at the same time as the formation 
of the sampled moraine of the Brästenberg position. 

With 4.0 ± 0.7 ka to 86.1 ± 3.3 ka, the CRE ages of boulders on a 
moraine near the village of Selzach scatter strongly. We attribute the 
CRE age of the SZ21 boulder (4.0 ± 0.7 ka) to post-depositional exhu-
mation. The moraine near Selzach lies clearly inside the MIS 2 extent of 
the eastern lobe of the Rhône glacier (see Bini et al., 2009). The ages of 
the SZ11 (40.1 ± 2.0 ka) and SZ31 (86.1 ± 3.3 ka) boulders appear to be 
unrealistically old. This probably again results from pre-exposure before 
moraine formation and/or limited glacial erosion. It is also possible that 
the sampled moraine near Selzach is a landform of pre-MIS 2 age and 
that it was overridden by the eastern lobe of the Rhône glacier during the 
most extensive MIS 2 advance. 

5.2. Towards a chronology of last deglaciation of the region formerly 
occupied by the eastern lobe of the Rhône glacier 

Together with recalculated CRE ages of erratic boulders from various 
localities on the Swiss Plateau and in the Jura (Table 3 & Fig. 5), and 
recalibrated radiocarbon ages (Table 4), the newly obtained CRE ages 
(Table 2 & Fig. 4) allow for reconstructing the chronology of the retreat 
of the eastern lobe of the Rhône glacier in more detail. 

As previously discussed (e.g., Veit and Gnägi, 2014), the location of 
the MIS 2 maximum ice-marginal position of the eastern lobe of the 
Rhône glacier in the area around Wangen remains largely elusive. 
Ivy-Ochs et al. (2021: p. 281) noted that the eastern lobe of the Rhône 
glacier ‘remained in the region of Wangen for several thousand years, 
oscillating at various positions’. However, as landforms at the Langen-
thal position have not been numerically dated (Fig. 2; Bläsi et al., 2015), 
it remains unclear whether this position is of MIS 2 age. Gnägi et al. 
(2023) radiocarbon dated remnants of large Pleistocene mammals 
buried in glacio-fluvial deposits downstream of the assumed MIS 2 
maximum extent of the eastern lobe of the Rhône glacier, including 
woolly rhinoceros (Coelodonta antiquitatis), woolly mammoth (Mam-
muthus primigenius), and Alpine ibex (Capra ibex) remains. They 
concluded that three distinct sub-phases of glacio-fluvial aggradation 
downstream from its assumed MIS 2 maximum position occurred in the 
period between ca. 26 and 20 ka. According to Gnägi et al. (2023), the 
most recent phase of glacio-fluvial aggradation lasted until ca. 20 ka. 

This age appears to conflict with (recalculated) CRE ages of erratic 
boulders around Steinhof and on Steinenberg, ranging from 23.3 ± 1.7 
ka to 21.1 ± 1.6 ka (Ivy-Ochs et al., 2004). However, we argue that the 
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Table 3 
Recalculated10Be CRE ages from boulders at key localities on the Swiss Plateau. Italic ages were excluded in the original publications.  

Locality Landform Landform age 
(ka) 

Boulder Originally 
reported cosmic- 
ray exposure age 
and external 
uncertainty (ka) 

Recalculated10Be cosmic-ray exposure age and 
external uncertainty (internal uncertainty; ka) 

Reference 

Jura 
Mountains 

Erratic boulders at Montoz and 
Bözingenberg 

– MO-04- 
01 

129.7 ± 8.6 
(4.7)  

116.6 ± 4.4 (3.4) Graf et al. (2015) 

MO-04- 
02 

95.0 ± 12.0 
(11.1)  

88.1 ± 9.2 (8.9) 

MO-04- 
03 

76.4 ± 5.4 
(6.6)  

71.8 ± 4.8 (4.5) 

MO-04- 
04 

143.2 ±
11.4 (8.2)  

127.4 ± 6.7 (6.0) 

RH-2 15.9 ± 1.1 
(0.8)  

15.6 ± 0.9 (0.8) 

RH-3c 59.1 ± 5.2 
(4.2)  

56.4 ± 3.9 (3.7) 

Erratic boulders near the town of 
Neuchâtel 

– PAB-1 21.4 ± 1.7 
(1.3)  

20.9 ± 1.3 (1.2) 

PAB-2 22.4 ± 1.6 
(1.2)  

21.8 ± 1.2 (1.1) 

VDR-1 31.8 ± 3.9 
(2.6)  

30.9 ± 2.6 (2.5) 

VDR-2 20.2 ± 1.8 
(1.4)  

19.8 ± 1.4 (1.3) 

VDR-3 43.6 ± 3.0 
(2.1)  

42.0 ± 2.1 (1.8) 

VDR-4 26.7 ± 2.3 
(1.9)  

26.1 ± 1.9 (1.8) 

MDA-1 144.0 ± 9.6 
(5.3)  

127.8 ± 4.9 (3.8) 

GRI-1 22.6 ± 1.7 
(1.3)  

22.1 ± 1.3 (1.2) 

COR-1 50.0 ± 3.4 
(2.3)  

47.9 ± 2.5 (2.1)  

Erratic boulders around le Suchet – PBOL-1 21.0 ± 1.7 
(1.3)  

20.5 ± 1.3 (1.2)  

CREB-1 20.1 ± 1.4 
(1.1)  

19.7 ± 1.1 (1.0) 

CREB-2 15.5 ± 1.4 
(1.2)  

15.2 ± 1.1 (1.1) 

CREB-3 17.7 ± 1.4 
(1.1)  

17.4 ± 1.1 (1.0) 

PEB-1 34.8 ± 2.5 
(1.9)  

33.8 ± 1.9 (1.7) 

GJ-1 19.9 ± 1.6 
(1.2)  

19.5 ± 1.2 (1.1) 

GJ-2 39.0 ± 3.6 
(3.1)  

37.8 ± 2.8 (2.7) 

Aare valley Erratic boulders in the 
surroundings of Steinhof 

– ER1 18.9 ± 1.5 b 23.3 ± 1.7 (1.6) Ivy-Ochs et al. 
(2004) ER2 19.4 ± 1.3 b 21.6 ± 1.1 (1.0) 

ER7 15.8 ± 1.3 b 21.1 ± 1.6 (1.6) 
ER8 17.9 ± 1.4 b 22.0 ± 1.6 (1.5) 

Erratic boulders at Möschberg – MOE-1 13.6 ± 1.2 
(0.5)  

15.3 ± 0.6 (0.5) Akçar et al. 
(2011) 

MOE-2 18.1 ± 0.8 
(1.7)  

20.3 ± 1.0 (0.9) 

MOE-3 7.5 ± 0.7 
(0.4)  

8.5 ± 0.4 (0.4) 

Moraines at the Gurten position 18.9 ± 1.0 GS1 20.7 ± 2.2 b 19.9 ± 1.6 (1.6) Wüthrich et al. 
(2018) GS2 7.8 ± 0.6 b 7.7 ± 0.3 (0.2) 

GS3 19.8 ± 1.7 b 19.1 ± 1.0 (0.8) 
GS4 13.0 ± 1.0 b 13.0 ± 0.5 (0.3) 
GS5 18.2 ± 1.5 b 17.5 ± 0.6 (0.4) 

Moraines at the Bern position 17.0 ± 0.8 BS1 9.0 ± 1.0 b 8.3 ± 0.6 (0.6) 
BS2 19.0 ± 2.0 b 18.3 ± 1.4 (1.3) 
BS3 16.7 ± 1.5 b 15.9 ± 0.8 (0.7) 
BS4 15.6 ± 1.3 b 14.9 ± 0.6 (0.4) 
BS5 18.4 ± 1.5 b 17.6 ± 0.6 (0.5) 
BS6 18.7 ± 1.4 b 18.2 ± 0.6 (0.5) 

Reuss valley Erratic boulders at the 
Untertannwald ice-marginal 
position 

21.3 ± 1.0 Reuss-21 22.0 ± 0.9 
(1.4) 

c 21.5 ± 1.0 (0.8) Reber et al. 
(2014) 

Reuss-22 22.2 ± 1.0 
(1.5) 

c 21.7 ± 1.1 (0.9) 

(continued on next page) 
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area around Steinhof and Steinenberg remained ice-free during the most 
recent period of glacio-fluvial aggradation (until ~20 ka). Variations in 
ice thickness during the different advances of the eastern lobe of the 
Rhône glacier could, apart from the time lag between deglaciation and 
the deposition of macrofossils, explain the offset between the (recalcu-
lated) CRE ages for the Steinhof area/Steinenberg and the (recalibrated) 
basal radiocarbon age of the nearby Burgäschisee (18.9—18.4 ka; Rey 
et al., 2017). The minimum age of the Niederbipp position (19.1 ± 0.7 
ka) supports the hypothesis of Gnägi et al. (2023) that glacio-fluvial 
aggradation lasted until ~20 ka downstream from the front of the 
eastern branch of the Rhône glacier. 

The beginning of ice decay in the Jura after the MIS 2 maximum 
advance of the Rhône glacier is constrained by (recalculated) CRE ages 
of erratic boulders from the Alps. The area at an elevation of about 1250 
m a.s.l. around Le Chasseron in the Jura, where Graf et al. (2015) 
sampled the CREB-1, CREB-2, and CREB-3 erratic boulders, was aban-
doned by the eastern lobe of the Rhône glacier no later than 19.7 ± 1.1 
ka. This minimum age for deglaciation corresponds to the (recalculated) 
deglaciation age (20.5 ± 1.3 ka) for the nearby area around the PBOL-1 
erratic boulder. According to the CRE age of the VDR-2 erratic boulder, 
the ice retreated from Val de Ruz near the town of Neuchâtel (about 40 
km further NE) by 19.8 ± 1.4 ka at the latest. The RH-2 and RH-3c 
boulders on Bözingenberg, a foothill of the Jura further NE, gave 
(recalculated) CRE ages of 15.6 ± 0.9 ka and 56.4 ± 3.9 ka, respectively. 

Graf et al. (2015) attributed the age of the RH-2 boulder to 
post-depositional exhumation, whereas the SH-3c boulder was probably 
repositioned by the eastern lobe of the Rhône glacier during its 

maximum MIS 2 advance. Therefore, the timing of deglaciation of this 
area remains unknown. Overall, the ages for the Jura are consistent with 
the hypothesis of Gnägi et al. (2023) that final glacier retreat on the 
western Swiss Plateau began at around 20 ka. 

Moraines at the Brästenberg and Solothurn positions indicate 
repeated phases of ice-marginal stability during the last deglaciation of 
the western Swiss Plateau (Fig. 2; Nussbaum, 1951; Hantke, 1977; 
Ledermann, 1978; Bläsi et al., 2015). According to our preferred inter-
pretation, the eastern lobe of the Rhône glacier receded from the mo-
raines of the Brästenberg position no later than 20.2 ± 1.2 ka. This 
interpretation is supported by the (recalibrated) basal radiocarbon age 
of both Burgäschisee (18.9—18.4 ka; Rey et al., 2017) and Moossee 
(19.6—19.0 ka; Rey et al., 2020) 20 km further south-west (Fig. 1). Due 
to the uncertainties associated with CRE dating, it is not possible to 
evaluate whether the area around Hessigkofen was already ice-free 
during the formation of the moraines at the Brästenberg position. The 
position of the ice margin of the eastern lobe of the Rhône glacier re-
mains largely elusive. The ice extent shown in Fig. 2 was inferred from 
decalcification depths in soils (Bläsi et al., 2015). Ledermann (1978) 
assumed that the ice extent was more restricted and ascribed moraines 
on Bucheggberg (Fig. 2) to the Brästenberg position. 

CRE dating of erratic boulders on a moraine of the Solothurn position 
did not prove to be successful. Hence, the timing of the onset of glacier 
recession from the moraines of this ice-marginal position could not be 
constrained. Nevertheless, the newly acquired CRE ages of erratic 
boulders associated with the Brästenberg position and the recalibrated 
basal radiocarbon age from Lake Neuchâtel (recalibrated from Hadorn 

Table 3 (continued ) 

Locality Landform Landform age 
(ka) 

Boulder Originally 
reported cosmic- 
ray exposure age 
and external 
uncertainty (ka) 

Recalculated10Be cosmic-ray exposure age and 
external uncertainty (internal uncertainty; ka) 

Reference 

Reuss30 21.2 ± 1.4 
(0.9) 

c 20.6 ± 1.0 (0.8) Kamleitner et al. 
(2023) 

Reuss31 15.2 ± 1.0 
(0.7) 

c 15.0 ± 0.8 (0.7) 

Reuss45 18.3 ± 1.4 
(1.0) 

c 17.9 ± 1.0 (1.0) 

Reuss46 21.7 ± 1.6 
(1.2) 

c 21.1 ± 1.2 (1.1)  

Erratic boulders on the Wagenrain 
Molasse ridge 

– Reuss40 20.3 ± 1.6 
(1.3) 

c 19.8 ± 1.3 (1.2)  

Reuss41 17.4 ± 1.3 
(1.0) 

c 17.1 ± 1.0 (0.9) 

Reuss42 17.2 ± 1.3 
(1.0) 

c 16.9 ± 1.0 (0.9) 

Erratic boulders at the Mellingen 
ice-marginal position 

19.0 ± 1.0 Reuss32 21.1 ± 1.4 
(1.4) 

c 20.6 ± 1.0 (0.9) 

Reuss33 53.6 ± 3.4 
(2.0) 

c 50.8 ± 2.3 (1.9) 

Reuss34 18.6 ± 1.2 
(0.8) 

c 18.2 ± 0.9 (0.8) 

Reuss35 19.1 ± 1.2 
(0.8) 

c 18.7 ± 0.8 (0.7) 

Reuss36 20.5 ± 1.3 
(0.8) 

c 20.0 ± 0.9 (0.8) 

Reuss37 14.1 ± 1.0 
(0.8) 

c 14.0 ± 0.8 (0.7) 

Reuss38 17.7 ± 1.3 
(1.0) 

c 17.3 ± 1.0 (0.9) 

Reuss44 20.0 ± 1.8 
(1.6) 

c 19.6 ± 1.5 (1.4)  

Erratic boulders at the Stetten ice- 
marginal position 

19.2 ± 1.1 Reuss39 20.8 ± 1.7 
(1.3) 

c 20.2 ± 1.3 (1.2)  

Reuss-20 18.6 ± 1.3 
(0.9) 

c 18.3 ± 1.0 (0.9) Reber et al. 
(2014) 

aInternal uncertainties (ka) in parentheses. 
b Ivy-Ochs et al. (2004) and Wüthrich et al. (2018) did not report internal uncertainties. 
c Reber et al. (2014) and Kamleitner et al. (2023) only reported CRE ages corrected for denudation (assumed denudation rate: 1 mm/ka). 
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et al., 2002) provide bracketing ages for the moraines of the Solothurn 
position. According to these ages, moraine formation occurred at the 
earliest at 20.2 ± 1.5 ka, but not later than 17.8—17.1 ka. The recali-
brated basal age from Lake Neuchâtel reinforces the hypothesis that 
glacier recession from the Brästenberg position began no later than 20.2 
± 1.2 ka and not by 16.9 ± 0.9 ka at the latest. Given that Lake Neu-
châtel is situated about 50 km south-west of the moraines at the 
Brästenberg position, it is unlikely that the region around Lake Neu-
châtel was already ice free (no later than 17.8—17.1 ka) when the 
eastern branch of the Rhône glacier withdrew from these landforms. 

5.3. Comparison with existing chronologies from different parts of the 
Swiss Plateau 

We hereinafter compare the chronology of the last glaciation of the 
western Swiss Plateau with chronologies from Aare and the Reuss val-
leys. This comparison is based on newly acquired ages as well as 
recalculated 10Be CRE ages for the Reuss and the Aare valleys (Table 3). 
Then, we compare the chronologies and propose possible stratigraphical 
correlations (Table 5). 

According to optically stimulated and infrared-stimulated lumines-
cence ages, glacio-fluvial and glacio-lacustrine sediments near the MIS 2 

Fig. 5. Topographic map of the western part of the Swiss Plateau. For the MIS 2 maximum ice extent and moraines, see Ehlers et al. (2011), and Institut für Geologie, 
Universität Bern, Bundesamt für Wasser und Geologie (2005) respectively. For the data source of the elevation data in the background, see the caption of Fig. 1. 
Newly acquired and recalculated CRE ages of erratic boulders and associated external uncertainties are given in ka before 2010 CE and ka, respectively. Ages in grey 
were excluded in the original publications. For references to the original publications, see the main text. 
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maximum position of the Reuss piedmont glacier (Fig. 5) were deposited 
at 25.1 ± 2.4 ka and 24.2 ± 2.2 ka, respectively (Gaar et al., 2019). 
Glacier retreat from the morphologically indistinct moraines at the 
maximum MIS 2 position of the Reuss glacier, the Untertannwald 
ice-marginal position, was underway by 21.3 ± 1.0 ka, as indicated by 
the mean age of the Reuss-21, Reuss-22, Reuss30, and Reuss46 boulders 
(recalculated from Reber et al., 2014; Kamleitner et al., 2023). Erratic 
boulders on the Wagenrain Molasse ridge inside the Untertannwald 
ice-marginal position stabilised no later than 19.8 ± 1.3 ka, as indicated 
by the CRE age of the Reuss40 boulder. The moraines at the Mellingen 
position formed during a subsequent period of ice-marginal stability or a 
glacier re-advance no later than 19.0 ± 1.0 ka (recalculated from 
Kamleitner et al., 2023). Subsequent glacier retreat was interrupted 
when the moraines at the Stetten ice-marginal position formed. Ac-
cording to CRE ages of the Reuss-20 and Reuss39 boulders, glacier 
recession from the moraines at this ice-marginal position began by 19.2 
± 1.1 ka at the latest (recalculated from Reber et al., 2014; Kamleitner 
et al., 2023). The moraines at the Bremgarten position (yet undated) 
further upstream crosscut moraines at the Stetten position, thus indi-
cating a glacier re-advance. The Reuss glacier finally withdrew from the 
Swiss Plateau (Kamleitner et al., 2023). 

The onset of the retreat of the Aare glacier from its MIS 2 maximum 
position remains largely unknown. The MOE-2 erratic boulder on 
Möschberg, a glacially formed Molasse ridge covered by glacial deposits, 
lies a few hundreds of meters inside the assumed MIS 2 maximum extent 
of the Aare glacier (Fig. 5; Bini et al., 2009) and yielded a (recalculated) 
CRE age of 20.3 ± 1.0 ka (Akçar et al., 2011). The retreat of the Aare 
glacier to the fringe of the Alps was interrupted by six major phases of 
ice-marginal stability. Commonly accepted ice-marginal positions of the 
Aare glacier are, from the oldest to the youngest, the Seftigschwand, 
Gurten/Gurtendörfli, Bern, Schlosshalde, Wittigkofen, and Muri posi-
tions (cf., Zienert, 1979; Gruner, 2001; Isler, 2005; Wüthrich et al., 
2018). According to CRE ages of the GS-1, GS-3, and GS-5 erratic 
boulders, glacier retreat from the Gurten position was underway by 18.9 

± 1.0 ka at the latest (recalculated from Wüthrich et al., 2018). As 
emphasised by Wüthrich et al. (2018), the Aare and Rhône glaciers were 
still merged. A subsequent phase of ice-marginal stability or a glacial 
re-advance is documented by the morphologically distinct terminal 
moraines at the Bern position (cf., Nussbaum, 1921). During moraine 
formation, the Aare and Rhône glacier were already separated (Nuss-
baum, 1921; Krayss, 1989). Recalculated CRE ages from Wüthrich et al. 
(2018) indicate that glacier recession from the landforms began by 17.0 
± 0.8 ka at the latest. 

Krayss (1989) already attempted to stratigraphically correlate 
ice-marginal positions of the eastern branch of the Rhône glacier with 
those of the Aare glacier. He mapped meltwater channels at the 
south-eastern margin of the eastern lobe of the Rhône glacier and in 
front of the Aare glacier. Krayss (1989) related these landforms based on 
their topographic position. During the formation of the moraines at the 
Gurten position, an ice-marginal channel apparently stretched from the 
area north-east of Bern (where the Aare glacier met the Rhône glacier) 
along the south-eastern margin of the eastern lobe of the Rhône glacier 
to Solothurn. The orientation of the ice-marginal channel would support 
the idea that the Solothurn and Gurten positions are of a similar age. 
During the formation of the moraines at the Bern position, ice-marginal 
channels apparently extended from the front of the Aare glacier in a 
north-westerly direction to the south-eastern margin of the Rhône 
glacier and continued in a north-easterly direction to a former lake 
(Krayss, 1989) that formed in the overdeepened Aare Valley upstream 
from Solothurn (Ledermann, 1991; Bläsi et al., 2015). It should be noted 
that, due to the lack of chronological data, the spatial relations proposed 
by Krayss (1989) should be considered with caution and that some of the 
channels might be polygenetic, i.e., subglacial channels may have 
evolved into ice-marginal channels. Once the moraines at the Solothurn 
position are dated, it will be possible to answer the question of whether 
these landforms and moraines at the Gurten or Bern position are of a 
similar age. 

According to the presented CRE ages, the eastern branch of the 
Rhône glacier withdrew from the Brästenberg position no later than 20.2 
± 1.2 ka. We regard the CRE age of a boulder close to the MIS 2 
maximum position of the Aare glacier (20.3 ± 1.0 ka) as an indication 
that the Aare Glacier had possibly not yet reached its MIS 2 maximum 
extent by 20.2 ± 1.2 ka at the latest. Time-transgressive MIS 2 maximum 
positions of the Aare and Rhône glaciers would not be surprising, since 
the accumulation area of the Rhône glacier was situated south of the 
main ice divide in the Alps, whereas the accumulation area of the Aare 
glacier was situated north of the main ice divide. As there is compelling 
evidence that humid air masses from the Mediterranean Sea mainly 
triggered the MIS 2 maximum glacier advance of several glaciers in the 
Alps (e.g., Florineth and Schlüchter, 2000; Kuhlemann et al., 2008; 
Luetscher et al., 2015; Monegato et al., 2017), it is plausible to assume 

Table 4 
Basal radiocarbon ages of lakes inside the MIS 2 maximum extent of the eastern 
lobe of the Rhône glacier. See Fig. 1 for the location of the lakes.  

Lake Basal14C 
age (a BP) 

Basal age (cal. 
a BP) 

Calibrated basal 
age (ka before 
2010 CE) 

Reference 

Burgäschisee 15380 ±
70 

18840–18330 18.9–18.4 Rey et al. 
(2017) 

Moossee 15900 ±
130 

19500–18910 19.6–19.0 Rey et al. 
(2020) 

Lake 
Neuchâtel 

14250 ±
95 

17720–17060 17.8–17.1 Hadorn 
et al. 
(2002)  

Table 5 
Ice-marginal positions of the eastern lobe of the Rhône glacier (Bläsi et al., 2015), the Aare glacier (Gruner, 2001; Isler, 2005), and the Reuss glacier (Kamleitner et al., 
2023), and minimum ages for ice recession from ice-marginal positions.  

Rhône glacier Aare glacier Reuss glacier 

Ice-marginal position Minimum age (ka) Ice-marginal position Minimum age (ka) Ice-marginal position Minimum age (ka) 

Langenthal ?  Bantiger sensu Gerber (1955) ?  Untertannwald 21.3 ± 1.0 d 

Niederbipp 19.1 ± 0.7 a Seftigschwand ?  Mellingen 19.0 ± 1.0 d 

Hobiel ?  Gurten 18.9 ± 1.0 c Stetten 19.2 ± 1.1 d 

Brästenberg 20.2 ± 1.2 a Bern 17.0 ± 0.8 c Bremgarten ?  
Solothurn 20.2 ± 1.2 to 17.8—17.1 a 

b 
Schlosshalde ?        

Wittigkofen ?        
Muri ?      

a This study. 
b Recalibrated from Hadorn et al. (2002). 
c Recalculated from Wüthrich et al. (2018). 
d Recalculated from Reber et al. (2014) and Kamleitner et al. (2023). 
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that the Aare glacier reached its maximum when the polar front over the 
Atlantic Ocean shifted northwards and the Atlantic Ocean became the 
predominant moisture source for Central Europe. Since the minimum 
age of glacier recession from the MIS 2 maximum position of the Aare 
glacier (20.3 ± 1.0 ka) is currently only backed up by one CRE age, 
additional chronological data is urgently needed. 

Due to their location in similar morphostratigraphic positions, the 
moraines at the Langenthal, Niederbipp, Brästenberg, and Solothurn 
positions might have formed at the same time as those at the Unter-
tannwald, Mellingen, Stetten, and Bremgarten positions of the Reuss 
glacier, respectively (Fig. 6). According to recalculated and newly ac-
quired CRE ages, it is possible that the eastern lobe of the Rhône glacier 
had already retreated to, at least, the moraines at the Brästenberg po-
sition when the Reuss glacier abandoned its MIS 2 maximum position 
(no later than 21.3 ± 1.0 ka). This possibility should be regarded as a 
working hypothesis for future studies. Determining the MIS 2 maximum 
position of the eastern branch of the Rhône glacier and obtaining a 
minimum age of the onset of glacier recession from this position will 
render possible testing this working hypothesis. 

6. Conclusion 

Beryllium-10 CRE dating allowed, for the first time, for directly 
dating the Niederbipp and Brästenberg positions of the eastern lobe of 
the Rhône glacier during the last deglaciation of the western part of the 
Swiss Plateau. The eastern branch of the Rhône glacier retreated by 19.1 
± 0.7 ka at the latest from the Niederbipp position. This piedmont lobe 
withdrew no later than 20.2 ± 1.2 ka, or alternatively, by 16.9 ± 0.9 ka 
at the latest from the moraines at the Brästenberg position. Erratic 
boulders at Martinsflue, outboard the Brästenberg position, gave ages 

conflicting with the stratigraphy. Due to scattering CRE ages of boulders 
on moraines at the Solothurn position, the timing of the onset of glacier 
retreat from this position could not be determined with CRE dating. 
However, the recalculated basal age of Lake Neuchâtel and the inferred 
minimum age of the Brästenberg position provide bracketing ages for 
the ice-marginal position. The eastern branch of the Rhône glacier 
abandoned the ice-marginal position at the earliest at 20.2 ± 1.2 ka, but 
not later than 17.8—17.1 ka. 

Although this study provides valuable new insights into the chro-
nology of the last deglaciation of the western Swiss Plateau, the degla-
ciation history is still far from being fully understood. Unrealistically old 
and incredibly young CRE ages lend credence to the idea that complex 
exposure histories of erratic boulders are prevalent in the study area. 
Carbon-14 CRE dating of the rock surfaces sampled for this study would 
be beneficial to complement this study and obtain valuable information 
on the deglaciation history of the western Swiss Plateau. Future research 
should also aim to determine the age of the Langenthal, Hobiel, and 
Solothurn positions of the eastern lobe of the Rhône glacier, as only the 
minimum ages of the Niederbipp and Brästenberg positions could be 
determined for this study. In addition, complementary data is needed to 
test the working hypothesis that glacier recession from the MIS 2 
maximum positions of the Aare, Reuss and Rhône glaciers did not occur 
at the same time. Future research should aim to further constrain the 
MIS 2 maximum extent of the eastern branch of the Rhône glacier and 
the timing of the onset of glacier recession from the MIS 2 maximum 
position. As pointed out above, this could help to resolve the discrepancy 
between glacier extents predicted by glacier models and geomorpho-
logical/chronological evidence. As 10Be CRE dating of erratic boulders 
on the Swiss Plateau has shown to be problematic due to a strong imprint 
of human activity, methods other than CRE dating for age 

Fig. 6. Chronological data on the last deglaciation of the regions formerly covered by the Rhône, Aare, and Reuss glaciers. For the references, see the main text. Note 
that the magnitude of ice retreat is not shown in this figure, as the location of the MIS 2 maximum and Brästenberg positions of the Rhône glacier remains unknown. 
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determinations of glacial deposits and landforms, such as luminescence 
dating, should be applied in future studies. 
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Wüthrich, L., Brändli, C., Braucher, R., Veit, H., Haghipour, N., Terrizzano, C., 
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