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ABSTRACT
Exposure dating of boulder and bedrock surfaces with 10Be, 21Ne, 26Al, and 36Cl
allows us to constrain periods of glacier expansion in the European Alps. The age of
155 ka from a boulder of Alpine lithology located in the Jura Mountains (Switzerland) provides a minimum age for pre-LGM (Last Glacial Maximum), more extensive Alpine glaciations. During the LGM, glaciers expanded onto the foreland after
30 ka. By 21.1 ± 0.9 ka deglaciation had begun, and the Rhône Glacier abandoned the
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outer moraines. The age of 15.4 ± 1.4 ka provides a minimum age for formation of
Gschnitz stadial moraines (Austria). They mark the first clear post-LGM readvance
of mountain glaciers, when glacier termini were already situated well inside the mountains. Glacier advance at the onset of the Younger Dryas led to formation of Egesen I
moraines, dated to 12.2 ± 1.0 ka at the Schönferwall site (Austria) and to 12.3 ± 1.5 ka
at the outer moraine at Julier Pass (Switzerland). The age of 11.3 ± 0.9 ka for the inner
moraine / rock glacier complex at Julier Pass corroborates the field evidence, which
points to a marked increase in rock glacier activity and delayed moraine stabilization
during the late Younger Dryas. An early Preboreal glacier advance, larger than the
Little Ice Age advance(s) at 10.8 ± 1.0 ka, was recorded at Kartell cirque (Austria).
A moraine doublet located a few hundred meters outside the A.D. 1850 moraines in
Kromer Valley (Austria) was dated at 8.4 ± 0.7 ka. At least during termination 1, glacier volumes in the Alps varied in tune with climate oscillations, Heinrich event 1, the
Younger Dryas cold phase, the Preboreal oscillation, and the 8.2 ka event.
Keywords: cosmogenic nuclides, LGM, Alpine Lateglacial, Holocene, glacier variations, moraine.

INTRODUCTION
At the beginning of the twentieth century, the classical
fourfold system for the glaciations of the Alps was presented by
Penck and Brückner (1901/1909). Distinct morphostratigraphic
elements (for the most part terraces and moraines) located on
the northern forelands of the Alps were the basis for setting up
the following system: (1) Günz, as defined by older (or higher)
“Deckenschotter” (cover gravel) deposits, (2) Mindel, as defined
by younger (or lower) Deckenschotter deposits, (3) Riss, defined
by moraine remnants and outwash related to the high terraces
(Hochterrasse), and (4) Würm, delineated by moraines and outwash of the low terraces (Niederterrasse).
The Riss and Würm glacial periods were separated by the
last interglacial. The system was subsequently expanded and
repeatedly revised. Buoncristiani and Campy (2004), Fiebig et
al. (2004), Schlüchter (2004), and van Husen (2004) summarize
the present state of knowledge. Terminal moraines and associated
deposits formed during the Last Glacial Maximum (late Würm)
provide the most important morphological reference point in the
forelands of the Alps (Fig. 1). The final disintegration of the foreland piedmont glaciers marks the start of the “Alpine Lateglacial” as defined by Penck and Brückner (1901/1909). During the
Alpine Lateglacial, glaciers readvanced several times to successively smaller extents (“stadials”), building prominent moraine
systems in the valleys and cirques (Table 1).
Temporal constraints for deciphering the timing of glacier
variations have been provided by luminescence methods, radiocarbon, U/Th, and surface exposure dating with in situ–produced
cosmogenic nuclides (cf. Preusser, 2004). Each dating method
has its own niche and optimum age range, which is determined
by both geological circumstances (such as the material that can be
dated and its geological setting) and methodological constraints
(e.g., the half-life of the nuclides). With surface exposure dating,
the rock surfaces created during glacier variations can be dated

directly (Gosse and Phillips, 2001), making surface exposure dating invaluable in formerly glaciated areas (Gosse, 2005; Reuther
et al., 2006).
In this paper, we summarize the present state of knowledge
on periods of glacier expansion in the Alps that have been temporally constrained using the cosmogenic nuclides 10Be, 21Ne, 26Al,
and 36Cl. Reflecting the locations of the sites, the focus here is
on the northern regions of the Alps. We discuss in detail eight
sites: Montoz pre-LGM (Last Glacial maximum) boulders (Jura
Mountains, Switzerland), the Wangen an der Aare LGM moraine
(Solothurn, Switzerland), Grimsel Pass (Bern/Wallis, Switzerland), the Trins Gschnitz moraine (Tyrol, Austria), Daun and
Egesen moraines at Julier Pass (Graubünden, Switzerland), the
Egesen I Schönferwall moraine (Tyrol, Austria), and the Kartell
(Tyrol, Austria) and Kromer (Vorarlberg, Austria) moraines. We
discuss the exposure dating results in the context of the chronological framework of climate variations in the Alps and their
vicinity. Specific site locations for the related radiocarbon, luminescence, and U/Th dates are found in the references given.
METHODS
Rock surfaces were sampled for exposure dating with hammer and chisel. Except where indicated, the flat tops of the largest boulders were sampled. Details on sample preparation can
be found in Ivy-Ochs (1996) and Ochs and Ivy-Ochs (1997).
Ratios of the radionuclide to stable nuclide were measured
using accelerator mass spectrometry (AMS) at the PSI/ETH
Zurich tandem accelerator facility (Synal et al., 1997). Neon
isotopes were analyzed at the Institute of Isotope Geology and
Mineral Resources of the ETH Zurich following the protocol
given by Bruno et al. (1997).
The exposure ages presented here are based on half-lives of
1510 k.y. (10Be), 716 k.y. (26Al), and 301 k.y. (36Cl). The production rates used for the age calculations are listed in Table 2. Major
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Figure 1. View of the Alps from Shuttle Radar Topographic Mission data. LGM ice extent based on Ehlers and Gibbard (2004). The main piedmont lobes of the northern forelands are labeled. Location of sites investigated with cosmogenic nuclides are indicated by the circles. The yellow circles stand for data discussed in detail in this paper. The white circles represent data
from other studies. M—Montoz (this paper); S—Solothurn (Ivy-Ochs et al., 2004); Gr—Grimsel Pass (Ivy-Ochs, 1996; Kelly et al., 2006); A—Grosser Aletsch Glacier (Kelly et al., 2004b);
J—Julier Pass (Ivy-Ochs et al., 1996, 1999); K—Kromer (Kerschner et al., 2006), Kartell and Schönferwall (this paper); Gz—Trins Gschnitz moraine (Ivy-Ochs et al., 2006).
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Less than Egesen (20)

~ –400 to –250 m depending Before Bølling (11, 12)
on location (7)

Cirque and valley glaciers (?).
No field evidence for glacial advances, although various climatic
fluctuations (colder phases) should have caused glaciers to advance.
Deposits of the advances were likely overrun during Younger Dryas (20).

Glaciers slightly larger than local
Well-defined but smoothed moraines, relatively few boulders, solifluction
Egesen glaciers.
overprint during Younger Dryas (Egesen II); moraines usually missing in
more oceanic areas of the Alps (overrun by Egesen?) (23).
Smaller than Clavadel/Senders, perhaps “appendix” of Clavadel / Senders
(indirectly 1).
Type locality in the Stubai Valley SW of Innsbruck (3).

Bølling-Allerød
Interstadial

Daun

Final deglaciation 21,000 yr
ago (19)

Note: References: 1—Senarclens-Grancy (1958); 2—Heuberger (1966); 3—Mayr and Heuberger (1968); 4—Patzelt (1972); 5—Patzelt (1975); 6— Patzelt (1995); 7—Gross et al. (1977); 8—
van Husen (1977); 9—van Husen (1997); 10—Fraedrich (1979); 11—Maisch (1981); 12—Maisch (1982); 13—Maisch (1987), 14—Kerschner and Berktold (1982), 15—Müller (1982); 16—Müller
(1984); 17—Kerschner (1986); 18—Ivy-Ochs et al. (1996); 19— Ivy-Ochs et al. (2004), 20—Ohlendorf (1998), 21—Kerschner et al. (1999); 22—Kerschner (2000); 23—Hertl (2001); 24—Sailer
(2001); 25—Sailer et al. (1999), 26—Reitner (2005), 27—Florineth and Schlüchter (1998); 28—Florineth and Schlüchter (2000); 29—Kelly et al. (2004a); 30—Kerschner et al. (2006); 31—Keller and
Krayss (1993); 32—Keller and Krayss (2005); 33—Keller (1988); 34—Ivy-Ochs et al. (2006). References before early 1950s: see Kerschner (1986). LIA—Little Ice Age; ELA—equilibrium line altitude.

–1000 to > –1200 m

Ice domes in the high Alps (27, 28, 29), outlet glaciers, piedmont glaciers
on the foreland.

Last Glacial
Maximum

Piedmont lobes.

Largely undefined, between Before Bølling, older than
15,400 ± 470 14C yr
± Last Glacial Maximum
and
B.P. (8), ca. 18,020–
–800 m
19,010 cal yr B.P.
Downwasting dendritic glaciers (5),
increasing number of local glaciers.

General downwasting and recession of piedmont glaciers in the foreland
with some oscillations of the glacier margins. Mainly ice marginal
deposits; moraines indicating glacier advance in smaller catchments
(26, 31, 32, 33). Glacial advances also due to ice-mechanical causes
(26). Comprises the classical “Bühl” and “Steinach” stadials (1, 3, 8, 26).

Phase of early
Lateglacial ice
decay

Before Bølling
(5, 6, 8, 15, 16, 34)

~ –650 to –700 m (7)

Many valley glaciers, some large
dendritic glaciers still intact.

Steep-walled, somewhat blocky, large single moraines, no solifluction
overprint below 1400 m.
Widespread readvance of large valley glaciers on a timescale of several
centuries (21). Glaciers advanced over ice-free terrain (8, 9, 14).
Type locality in the Gschnitz Valley South of Innsbruck (3).

Gschnitz

~ –400 to –500 m depending Before Bølling
on location (15, 16)

Well defined, often sediment-rich moraines (11, 12, 13, 14).
Clearly smaller than “Gschnitz”.
Type localities near Davos (Clavadel (11)) and Innsbruck (Senders (14)),
probably equivalent to Zwischbergen stadial at Simplon Pass (15, 16).

Clavadel/Senders

Cirque and valley glaciers, some
dendritic glaciers still intact.

Bølling-Allerød

Younger Dryas (e.g., 4,
Cirque and valley glaciers, few dendritic –450 to –180 m for the
17, 18)
glaciers (23).
maximum advance,
depending on location (22)

Sharp-crested, often blocky, multi-walled moraines (2) well documented in
wide areas of the Alps.
Three-phased readvance of valley glaciers and cirque glaciers;
development of extensive rock glacier systems during later parts of the
stadial (22, 24, 25).
Type locality in the Stubai Valley SW of Innsbruck (2).

Egesen

Preboreal oscillation? (this
paper)

Well-defined, blocky, multi-walled moraines, small rock glaciers.
Type localities in the Ferwall Group (Kartell cirque (10)).

Kartell

Cirque and valley glaciers, clearly larger –120 m at type locality (24)
than LIA, but smaller than innermost
Egesen phase.

Time-stratigraphic position
Possibly Misox cold phase
(±8.2 ka event) (30)

ELA depression

Well-defined, blocky, multi-walled moraines, small rock glaciers.
Type locality in Kromer Valley, Silvretta Mountains (7, 30)

Cirque and valley glaciers, clearly larger ~75 m in western Austria
than LIA, but smaller than innermost
Egesen phase in northwestern
Austrian Alps, glaciers smaller than
LIA in central Alps.

Regional situation

TABLE 1. SUMMARY OF THE LATEGLACIAL STADIALS, EUROPEAN ALPS
Moraine and glacier characteristics

Kromer

Stadial
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Timing of Alpine glaciations based on cosmogenic nuclides
and trace element data necessary for the 36Cl calculations are
found in Ivy-Ochs et al. (1996, 2004). Ages have been corrected
for snow coverage or erosion on a site-by-site basis as shown in
Table 3. No correction has been made for changes in magnetic
field intensity over the exposure period. At the latitude of the
Alps, this would be less than 1% (Masarik et al., 2001).
The errors given for each boulder age (Table 3) reflect analytical uncertainties (dominated by AMS measurement parameters). Where several nuclides have been measured in one boulder,
an error-weighted mean has been calculated. Unless otherwise
stated, moraine ages are averages. We consider the use of an errorweighted mean inappropriate as age results for certain boulders
would be given more weight based largely on AMS uncertainties.
Uncertainties for the mean ages of landforms are based on the 1σ
confidence interval about the mean and include systematic uncertainties in the production rates as given in Table 2.
The radiocarbon dates discussed here have been calibrated
using CALIB 5.0 (Stuiver et al., 1998, 2005). Uncalibrated
radiocarbon dates are indicated by 14C yr B.P., calibrated dates by
cal. yr B.P. For dates over 21,000 14C yr B.P., we have used the
data set of Hughen et al. (2004) to obtain an estimate of calendar
dates. The latter should be considered estimates, as clear knowledge of the trend of the calibration curve beyond 25 ka is still
under discussion (e.g., Bard et al., 2004). For the latter cases, the
term “cal.” will not be used, only “yr B.P.”
The equilibrium line altitude (ELA) of a glacier is calculated
with the accumulation area ratio (AAR) method with an AAR of
0.67, which gives the most reliable results for glaciers in the Alps.
ELA depressions refer to the A.D. 1850 (“Little Ice Age”) ELA,
which is well known throughout the Alps (Gross et al., 1977).

47

TABLE 2. PRODUCTION RATES USED FOR AGE CALCULATIONS
Cosmogenic isotope
10

Be
Total (spallation, muon)
muon reactions
26
Al
Total (spallation, muon)
muon reactions
36
Cl
From Ca
spallation
muon reactions
From K
spallation
muon reactions
From Ti
From Fe
Thermal neutron flux
21
Ne

Production rate
atoms (g SiO2)–1 yr–1
5.1 ± 0.3
2.6%
atoms (g SiO2)–1 yr–1
33.2 ± 2.9†
2.2%
atoms (g Ca)–1 yr–1
48.8 ± 3.4
5.2 ± 1.0
atoms (g K)–1 yr–1
161 ± 9
10.2 ± 1.3
13.5 atoms (g Ti)–1 yr–1
6.75 atoms (g Fe)–1 yr–1
626 neutrons (g air)–1yr–1
atoms (g SiO2)–1 yr–1
20.4 ± 3.9

Reference
Stone (2000)
Stone (2000)
Stone (2000)
Stone (2000)

Stone et al. (1996)
Stone et al. (1998)
Evans (2001)
Evans (2001)
Masarik (2002)
Masarik (2002)
Phillips et al. (2001)
Niedermann (2000)

†
Based on the 10Be production rate of Stone (2000) and the production
ratio 26Al:10Be of 6.5 ± 0.4 (Kubik et al., 1998).

The Deckenschotter units are poorly cemented, highly
weathered, glaciofluvial gravel beds now found as isolated outcrops at elevations several tens up to hundreds of meters above
the present-day drainage systems (Graf, 1993; Graf and Müller,
1999; Fiebig et al., 2004; van Husen, 2004). The precise age and
the correlation of the various Deckenschotter deposits between
the different foreland regions (Swiss Plateau, German and Austrian foreland) remains an open question (e.g., Fiebig et al.,
2004). Parts of the Deckenschotter deposits may even date back
to the late Pliocene (Bolliger et al., 1996). Preliminary results
using cosmogenic nuclide burial methods (cf. Balco et al., 2005)
to date Deckenschotter deposits have been presented (Fiebig and
Häuselmann, 2005).

this glaciation, the Rhône Glacier overtopped the southernmost
chains of the Jura Mountains at several locations (e.g., Campy,
1992; Buoncristiani and Campy, 2004). This is documented by
the finding of crystalline boulders of Alpine lithology at high elevation in the Jura Mountains (Penck and Brückner, 1901/1909;
Hantke, 1978–1983), which themselves are dominated by calcareous bedrock. During the LGM, the glacier surface remained at
lower altitudes (Fig. 2). Thus, the boulders that had been left by
previous glaciations were not moved by glacier ice during younger
glaciations. One of these boulders, located on a northwest-trending limestone ridge (Montoz, 1200 masl), has been dated with
10
Be and 21Ne. The 10Be exposure age is 106,000 ± 5000 yr,
using no snow or erosion correction. The 21Ne age is 128,000
± 22,000 yr (Table 3). Using an erosion rate of 3 mm/k.y., a 10Be
exposure age of 155,000 yr is obtained, which we consider to
be a minimum age for the most extensive glaciation(s). With an
erosion rate of 4 mm/k.y., the calculated age is 195,000 yr. This
result underlines the sensitivity of exposure ages in this age range
to (assumed) erosion rates.
Another interpretation is that the 10Be concentration in the
boulder of the Montoz site has reached secular equilibrium,
where erosion and radioactive decay balance production. If the
boulder has been continuously exposed since deposition, one can
calculate a maximum erosion rate of 5.3 mm/k.y.

MOST EXTENSIVE GLACIATIONS

LAST GLACIAL MAXIMUM (LATE WÜRM)

Located tens of kilometers beyond the LGM (late Würm)
moraines, deposits of more extensive glaciations can be mapped.
In the Swiss part of the northern Alpine foreland, these have been
given the name “most extensive glaciations” (Schlüchter, 1988,
2004), and encompass the classical “Riss” glaciation(s). During

Reconstructions of the LGM ice topography are based on
the location of ice-marginal features in the foreland, as well as
trimlines and other glacial erosional features in the mountain
valleys (e.g., Penck and Brückner, 1901/1909; Jäckli, 1970; van
Husen, 1997; Florineth and Schlüchter, 1998, 2000; Kelly et

DECKENSCHOTTER GLACIATIONS

Gamma 3
Gamma 5
Gamma 6
Gamma 7
Gamma 8a
Gamma 102a
Gamma 103

5
5
5
5
5
5
5

1, 7
1, 7
1
1, 7
1, 7

Trins Gschnitz moraine, 47.09°N

G110
G111

G103
G106

Grimsel Pass, 46.57°N

ER8

ER2
ER7

ER1

4
4
4
4
4
4
4
4

this paper

Wangen an der Aare, 47.17°N

MON

1215
1220
1225
1220
1215
1325
1330

2680
2400

2660
2660

595

585
610

580

1200

Altitude
(masl)

4
3
2
2
2
3
4

4
8

2
2

3

5
4

6

3

Thick
(cm)

0.878
0.877
0.961
0.904
0.509
0.932
0.891

0.910
0.925

0.989
0.987

1.000

0.921
1.000

1.000

0.986

Shielding
correction

Be
Ne

Be
Al
36
Cl
10
Be
10
Be
26
Al
10
Be
26
Al

Be
Be
26
Al
10
Be
10
Be

Be
Be
10
Be
10
Be
10
Be
10
Be
10
Be
10

10

10

10

26

10

21

10

Nuclide

1.87 ± 0.10
1.88 ± 0.14
1.61 ± 0.16
1.76 ± 0.15
1.21 ± 0.05
1.94 ± 0.09
2.03 ± 0.08

3.75 ± 0.28
3.46 ± 0.25
22.30 ± 1.18
3.76 ± 0.27
3.43 ± 0.28

1.65 ± 0.10
11.60 ± 0.74
3.02 ± 0.27
1.55 ± 0.68
1.43 ± 0.10
9.56 ± 0.51
1.62 ± 0.10
10.7 ± 0.48

14.40 ± 0.63
76.57 ± 13.09

105 atoms/g–1

14,550 ± 870
14,520 ± 1060
11,370 ± 1120
13,220 ± 1120
15,500 ± 990
12,940 ± 610
14,030 ± 590

9590 ± 720
8870 ± 650
8770 ± 460
10,580 ± 780
11,780 ± 970

19,680 ± 1240
21,400 ± 1370
21,160 ± 1930
19,770 ± 1050
16,400 ± 1130
16,890 ± 890
18,580 ± 1190
19,080 ± 860

106,000 ± 5000
128,000 ± 22,000

Exposure
age
(yr)

13,180#
14,290#

14,800#
11,570#
13,460#

12,970§

11,720‡
10,830‡
10,720‡

Snow
corrected
(yr)

15,110 ± 920
15,380 ± 1130
11,920 ± 1190
13,940 ± 1200
16,130 ± 1040
13,650 ± 650
14,830 ± 720

10,890

20,750 ± 1310
21,510 ± 1380
20,800 ± 1980
20,920 ± 940
17,090 ± 1180
17,060 ± 900
19,580 ± 1260
19,560 ± 880

155,000 ± 18,000

Snow and erosion
corrected†
(yr)

TABLE 3. COSMOGENIC NUCLIDE CONCENTRATIONS AND CALCULATED EXPOSURE AGES
Reference

Jura Mountains, Montoz, 47.23°N

Boulder/sample no.

(continued)

15,110 ± 920
15,380 ± 1130
11,920 ± 1190
13,940 ± 1200
16,130 ± 1040
13,650 ± 650
14,830 ± 720

10,890 ± 800
12,970 ± 1060

11,720 ± 880
10,760 ± 460

19,720 ± 720

20,920 ± 940
17,070 ± 720

21,050 ± 860

155,000 ± 18,000

Mean
rock surface age
(yr)
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Reference

this paper
this paper
this paper
this paper
this paper
this paper
this paper
6
6
6
6
6

this paper
2
2
3
2
2
3
2
this paper
this paper
2
3
3
3
this paper
this paper
this paper

1740
1725
1720
1715
2190
2205
2210
2220
2220
2175
2185
2135

2160

2185
2200

2195
2210

2195

2200

2080
2175
2185

Altitude
(masl)

3
2
2
2
2
3
2
1
1
1
2
1

4

8
3

2
4

4

4

4
6
8

Thick
(cm)

0.932
0.706
0.927
0.960
0.840
0.920
0.642
0.983
0.966
0.961
0.982
0.958

0.945

0.921
0.960

0.960
0.960

0.952

0.960

0.947
0.960
0.960

Shielding
correction

Be
Be
10
Be
26
Al
36
Cl
10
Be
26
Al
36
Cl
10
Be
26
Al
36
Cl
10
Be
26
Al
10
Be
10
Be
26
Al
10
Be

Be
Be
10
Be
10
Be
10
Be
10
Be
10
Be
10
Be
10
Be
10
Be
10
Be
10
Be
10

10

10

10

Nuclide

2.26 ± 0.16
1.79 ± 0.12
2.17 ± 0.10
2.30 ± 0.12
2.61 ± 0.19
2.69 ± 0.13
2.02 ± 0.16
2.46 ± 0.12
2.51 ± 0.12
2.32 ± 0.12
2.28 ± 0.10
2.30 ± 0.09

3.12 ± 0.14
2.96 ± 0.15
2.87 ± 0.17
20.40 ± 1.86
8.67 ± 0.79
3.60 ± 0.32
20.90 ± 1.57
7.72 ± 0.66
2.87 ± 0.12
17.40 ± 1.11
6.84 ± 0.68
3.50 ± 0.21
22.90 ± 2.52
2.86 ± 0.14
3.05 ± 0.13
21.50 ± 1.42
2.65 ± 0.11

105 atoms/g–1

11,580 ± 800
12,130 ± 790
11,250 ± 530
11,560 ± 620
10,660 ± 780
9950 ± 470
10,590 ± 830
8410 ± 400
8690 ± 410
8380 ± 420
8010 ± 360
8550 ± 340

12,570 ± 580
11,210 ± 560
10,970 ± 660
11,880 ± 1080
12,200 ± 1110
13,190 ± 1190
11,660 ± 870
12,810 ± 1100
10,800 ± 440
9980 ± 640
11,680 ± 1170
12,740 ± 760
12,660 ± 1390
10,930 ± 550
11,090 ± 470
11,960 ± 790
10,120 ± 410

Exposure
age
(yr)

11,460#
11,780#
10,870#
10,140#

11,800#

12,810#

Snow
corrected
(yr)

12,170 ± 850
12,520 ± 820
11,810 ± 560
12,140 ± 660
11,180 ± 820
10,410 ± 500
10,880 ± 860

13,210 ± 610
11,510 ± 580
11,260 ± 680
12,260 ± 1130
11,560 ± 1300
13,610 ± 1230
12,030 ± 910
12,130 ± 1270
11,080 ± 450
10,250 ± 660
11,040 ± 1330
13,140 ± 800
13,100 ± 1460
11,220 ± 570
11,390 ± 450
12,350 ± 820
10,370 ± 420

Snow and erosion
corrected†
(yr)

12,170 ± 850
12,520 ± 820
11,810 ± 560
12,140 ± 660
11,180 ± 820
10,410 ± 500
10,880 ± 860
8410 ± 400
8690 ± 410
8380 ± 420
8010 ± 360
8550 ± 340

10,370 ± 420

11,220 ± 570
11,610 ± 400

11,040 ± 1330
13,130 ± 700

10,820 ± 370

12,470 ± 630

13,210 ± 610
11,510 ± 580
11,530 ± 530

Mean
rock surface age
(yr)

Note: References: 1—Ivy-Ochs (1996); 2—Ivy-Ochs et al. (1996); 3—Ivy-Ochs et al. (1999); 4—Ivy-Ochs et al. (2004); 5—Ivy-Ochs et al. (2006); 6—Kerschner et al. (2006);
7—Kelly et al. (2006).
†
Erosion rate of 3.0 ± 0.5 mm/k.y.
‡
Snow correction of 2 m for 6 months of year (density of 0.3 g/cm3) (for details see Kelly et al., 2006).
§
Snow correction of 1 m for 6 months of year (for details, see Kelly et al., 2006).
#
Snow correction of 30 cm for 4 months of year (for details, see Ivy-Ochs et al., 2006).

Schönferwall, F1, 47.07°N
F2
F3
F4b
Kartell, K1, 47.05°N
K2
K3a
Kromer, Kr1, 46.91°N
Kr2
Kr3
Kr4
Kr5

Ferwall moraines

J201b

J104
J200

J15
J18

J14

J12

Il Dschember J202
JULIER 8
J10

Julier Pass moraines, 46.47°N

Boulder/sample no.

TABLE 3. COSMOGENIC NUCLIDE CONCENTRATIONS AND CALCULATED EXPOSURE AGES (continued)
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Sampling
locations
Ice extent
Wangen a.d. A.
Ice extent
Solothurn
~ 4 km
Le Montoz
Wangen a.d. Aare

MON
Solothurn

ER1 / ER2
ER7 / ER8

Figure 2. Digital elevation model based on DHM25 data set (used with permission of Swisstopo©) for the region near the terminal moraines of the
Solothurn lobe of the Rhône Glacier (vertical exaggeration is three times). Generalized extent of the Rhône Glacier during the LGM at Wangen
an der Aare and Solothurn LGM stadials based on Nussbaum (1910) and Ledermann (1978). Scale varies with perspective.

al., 2004a; Keller and Krayss, 1993, 2005). On the foreland,
glaciers coalesced and spread out into broad piedmont lobes
(Fig. 1). The ELA depression associated with the LGM glaciers
was ~1200–1500 m (Haeberli, 1991; van Husen, 1997; Keller
and Krayss, 2005).
The northern arm of the Rhône Glacier formed a broad
nose-shaped lobe in the region of Solothurn, with the glacier terminus near the town of Wangen an der Aare (600 masl). There,
the former ice margin is delineated by steep-walled, subparallel moraine sets, as well as broad, less distinct moraines. Four
boulders, located on a broad ridge of the outermost right lateral

Figure 3. Erratic boulder ER1 located on the outermost moraine at
Wangen an der Aare (Solothurn, Switzerland). The oil drum near the
tree on the right side is 1 m high (photo: M. Ochs). Boulder location
shown in Figure 2.

moraines just inside a major meltwater drainage system (Fig. 2),
were dated using 10Be, 26Al, and 36Cl (Ivy-Ochs et al., 2004). The
ages range from 17,070 ± 720 to 21,050 ± 860 yr. The oldest age
(21,050 ± 860 yr) was obtained from the top of the largest boulder (Fig. 3). Our interpretation is that it represents a minimum
age for the start of deglaciation. Due to its size, postdepositional
exhumation of that particular boulder can be excluded.
DEGLACIATION AT HIGH ALTITUDES IN THE ALPS
Ice domes formed above the heads of the main valleys during the LGM (Florineth and Schlüchter, 1998, 2000; Kelly et al.,
2004a). From there, ice flowed outward into the main valleys and
thence onto the foreland. Due to the geometry of the ice surface,
transfluences over many of the high passes existed. Glacial erosional features indicate that ice of the upper Rhône Glacier flowed
northward over Grimsel Pass (2164 masl) into the catchment of
the Aare Glacier (Florineth and Schlüchter, 1998). Samples were
taken on a transect from Nägelisgrätli to Grimsel Pass (Fig. 4) to
determine when ice flow over the pass ceased (Ivy-Ochs, 1996;
Kelly et al., 2006). The 10Be and 26Al ages range from 10,760
± 460 to 12,970 ± 1060 yr (Table 3), with the younger ages stemming from the higher-elevation sites (Nägelisgrätli). This is the
opposite of what one would expect for a simple scenario of glacier surface lowering during deglaciation. The oldest age (G111)
is from the site closest to the pass. This provides a minimum age
of 12,970 ± 1060 yr for breakdown of the northward transfluence
of the Rhône Glacier.
On the Nägelisgrätli ridgeline, Florineth and Schlüchter
(1998) recognized a second generation of glacial erosional features above 2500 masl. These features indicate ice flow to the
south and southeast, i.e., coming out of the cirques. The younger
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Figure 4. Three-dimensional model of Grimsel Pass site. Extract from Atlas der Schweiz (permission of reprint from Swisstopo©). Red boxes
mark the sampling sites. Scale varies with perspective.

features crosscut the older north-indicating features between 2500
and 2600 masl. Exposure ages (10Be and 26Al) for polished quartz
veins of the surface with only the younger features are 10,760
± 460 and 11,720 ± 880 yr. They provide constraints for the final
retreat of cirque glaciers south of Gärstenhörner (cf. Florineth
and Schlüchter, 1998). The 10Be age of 10,890 ± 800 yr (G110)
from a steep sidewall overhanging the present-day Rhône Glacier
provides additional support for the presence of a local ice body
until the early Holocene. These dates indicate that small cirque
glaciers continued to actively undercut their headwalls into Holocene time, modifying and further emphasizing the trough shoulders of the main valleys.

and related periglacial features, and (3) the depression of the
ELA (ΔELA) of the glacier. The hypothesis is that glacier positions with similar ELA depressions and similar morphologic
characteristics located in comparable climate regions occurred at
the same time (Gross et al., 1977; Maisch, 1981, 1987).
The absolute ages for most of the Lateglacial stadials are
poorly constrained. Numerous minimum radiocarbon ages suggest that all of them, except the Egesen (Younger Dryas equivalent), Kromer, and Kartell, occurred during the Oldest Dryas
(Maisch, 1981, 1982, 1987).

THE ALPINE LATEGLACIAL STADIALS

For the most part, no clear end moraines, which would indicate stillstand or readvance, have been recognized in the lower
parts of the main valleys (Reitner, 2005), but can be found in
smaller catchments near the northern fringe of the Alps (Weissbad stadial; Keller, 1988; Keller and Krayss, 2005). This time
period corresponds to the classical “Bühl” stadial (Penck and
Brückner, 1901/1909; Mayr and Heuberger, 1968; van Husen,
1977) (Table 1). A subsequent minor readvance was recorded by
lateral moraines and ice-marginal features located at Steinach
am Brenner near Innsbruck (Tyrol, Austria) (Senarclens-Grancy,
1958; Mayr and Heuberger, 1968). This readvance is difficult to
identify at other locations (cf. Reitner, 2005).

Following the peak of the LGM, the final disintegration of
the foreland piedmont lobes (Schlüchter, 2004; van Husen, 2004)
marks the onset of the “Alpine Lateglacial” (referred to as “Lateglacial” below) (Penck and Brückner, 1901/1909). Moraine systems in the mountain valleys indicate repeated glacier advances
(“stadials”) during the Lateglacial (Table 1). In most cases, a
moraine can be assigned to a stadial by evaluating the following
diagnostic features (e.g., Penck and Brückner, 1901/1909; Heuberger, 1966; Gross et al., 1977; Maisch, 1981, 1982, 1987): (1) the
relative position of the moraines, (2) the moraine morphology
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Gschnitz Stadial

Egesen Stadial

The Gschnitz stadial shows for the first time a clear and
widespread readvance of glaciers in the Alps. In the central Alps,
the ELA depression was on the order of 650–700 m (Gross et
al., 1977; Maisch, 1987; Kerschner et al., 1999). The moraines
are often several tens of meters high and sharp-crested; in many
places they contain abundant coarse debris.
At the type locality in Trins (Gschnitz Valley, Tyrol, Austria;
Fig. 1), the moraine complex consists of an arcuate end moraine
with lateral moraines and related ice-marginal features. Kettle
holes in the moraine complex suggest delayed moraine stabilization. Seven boulders from the moraine at Trins have been dated
with 10Be (sample locations shown in Ivy-Ochs et al., 2006). The
measured exposure ages range from 11,920 ± 1190 to 16,130
± 1040 yr (Table 3). Pollen and radiocarbon data from several
sites across the Alps indicate that the Gschnitz stadial occurred
before the onset of the Bølling interstadial (before 14,700 yr ago).
Therefore, our interpretation is that the Gschnitz moraine at Trins
stabilized no later than 15,400 ± 1400 yr ago. This is the mean
of the exposure ages of the four oldest boulders. The younger
ages are interpreted to reflect exhumation, boulder toppling, or
even tree growth on top of the boulders (see also Ivy-Ochs et al.,
2006). We note that the mean age is indistinguishable from the
oldest boulder age (16,130 ± 1040 yr).

Moraines formed during the Egesen stadial are found in
numerous valleys throughout the Alps (e.g., Heuberger, 1968;
Maisch, 1981, 1982; Kerschner et al., 2000, and references
therein). The moraine complexes can often be subdivided into
Egesen I (Egesen maximum), Egesen II (Bocktentälli), and Egesen III (Maisch, 1981, 1987). Egesen I and even more notably the
Egesen II (Bocktentälli) moraines are steep-walled, sharp-crested
and often quite rich in large boulders. The ELA depression varies
from less than 200 m in the inner-Alpine dry region to more than
400 m along the maritime northern and northwestern fringe of
the Alps (Kerschner et al., 2000).
Surface exposure dating results from two sites will be discussed in detail here. These are the Julier Pass Lagrev Egesen
moraine complex (Graubünden, Switzerland) (Ivy-Ochs et al.,
1996) and the Egesen I moraine at Schönferwall (Tyrol, Austria).
Similar exposure ages have been obtained from the Grosser Aletsch
Glacier (Bern/Wallis, Switzerland) (Kelly et al., 2004b) (Fig. 1).

Clavadel/Senders Stadial and Daun Stadial
The Gschnitz advance was followed by a marked period of
marked glacier downwasting. The next readvance is called the Clavadel stadial and is based on deposits in Sertigtal (near Davos) in
eastern Switzerland (Maisch, 1981, 1982). It is probably equivalent
to an advance recognized in Senderstal (northern Stubaier Alpen,
Tyrol, Austria) (Kerschner and Berktold, 1982; Kerschner, 1986)
and in Zwischbergental (Simplon Pass area, Switzerland) (Müller, 1982). In suitable locations, the moraines are tens of meters
high and multiwalled. Nevertheless, in most cases they lack large
boulders suitable for surface exposure dating. The ELA depression
during the Clavadel/Senders stadial was on the order of 400–500 m
(Maisch, 1981, 1982; Kerschner and Berktold, 1982).
The Daun stadial (in the sense of Heuberger, 1966) followed
the Clavadel/Senders stadial. ELA depressions were 300–400 m.
Daun moraines are often subdued and broad-crested; boulders
are infrequent and often appear to be sunken into or weathering
out of the deposit. Their overall position suggests that this group
of moraines may possibly be nothing else than the final advances
during the Clavadel/Senders stadial.
Remnants of a left lateral moraine on the eastern side of
Julier Pass (Graubünden, Switzerland) were attributed to the
Daun stadial (Il Dschember site) (Suter, 1981). The moraine is
~10 m high and wide with a flat crest and ~20 m long. From a
boulder partially embedded in the moraine, a 10Be age of 13,210
± 610 yr was obtained. This is a minimum age for the Daun stadial as the boulder appears to be weathering out of the till.

Egesen Stadial: Julier Pass Lagrev Site
At the Julier Pass site (Suter, 1981; Maisch, 1981), landforms
and glacial deposits stemming from advances of the Lagrev Glacier during both the Egesen I maximum and Egesen II (Bocktentälli) phases are present (Fig. 5). Nine granodiorite and diorite
boulders were dated with 10Be, 26Al, and 36Cl (boulder locations
shown in Ivy-Ochs et al., 1996, 1999). Data from all nuclides are
plotted in Figure 6. Individual nuclide boulder ages and errorweighted mean of 10Be, 26Al, and 36Cl ages are given in Table 3.
Overall, we see excellent agreement between exposure ages from
the three different nuclides.
The outer moraine consists of well-developed left and right lateral moraines, each 400–500 m long. Ages from the outer moraine
ridge range from 10,820 ± 370 to 13,130 ± 700 yr. The mean age
for the outer ridge is 12,300 ± 1500 yr based on 10Be concentrations, and 11,700 ± 1500 yr based on 10Be, 26Al, and 36Cl (Fig. 6).
During a second, slightly smaller advance, debris of the earlier end moraine was entrained in the advancing glacier. The inner
moraine is a broad arcuate deposit (~20 m high). The terminal
moraine developed into a small rock glacier, indicating the presence of permafrost at that altitude (2200 m) after the deposition
of the moraine. Three boulders were analyzed for 10Be, 26Al, and
36
Cl. The boulder ages range from 11,220 ± 570 to 11,530 ± 530.
The mean 10Be age of the moraine/rock glacier complex is 11,300
± 900 yr, and 11,300 ± 1300 yr based on all three nuclides.
A relict rock glacier is present in the former glacier tongue
area just inside the right lateral moraine (Fig. 5) (cf. Frauenfelder
et al., 2001). The last phase of rock glacier activity may have
ended 10,370 ± 420 yr ago, based on 10Be from a large boulder
perched on one of the inner ridges of this rock glacier.
Egesen Stadial: Schönferwall Site
In the Schönferwall and Ochsental Valley (southwest of St.
Anton am Arlberg, Austria; Fig. 1), a complete moraine series

Timing of Alpine glaciations based on cosmogenic nuclides
Lagrev glacier

53

Piz Lagrev (3164 m asl)

Figure 5. Photograph of Julier Pass Lagrev site (Graubünden, Switzerland).
View is up into the Lagrev Glacier
catchment. Julier Pass is to the right.
To the left, the pass road heads down
toward the Inn Valley (Upper Engadine)
(photo: M. Maisch).

outer Egesen moraine
outer Egesen moraine
relict rock glacier
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of the Egesen stadial and younger readvances up to Little Ice
Age (LIA) moraines is preserved. A detailed map of the Egesen I, II, and III moraines, which are separated by ~1–2 km from
each other, is found in Sailer et al. (1999). A steep-walled ridge
extending from an elevation of 1820 masl down to 1680 masl
forms the right lateral part of the moraine complex. Numerous
boulders several meters in diameter are embedded in coarse till.
Four boulders located along the frontal part of the ridge were
sampled (boulder locations shown in Fig. 7). The four 10Be ages
range from 11,810 ± 560 to 12,520 ± 820 yr, giving a very tight
age distribution and a mean moraine age of 12,200 ± 1000 yr.
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Kartell and Kromer Stadials

16000
17000

In many valleys, a glacier advance between the innermost
Egesen stadial moraines and the LIA moraines can be distinguished. In the 1970s, it was considered to be early Preboreal in
age, because the consensus was that glaciers had already melted
back and readvanced to their LIA extent during the Preboreal
(Patzelt and Bortenschlager, 1973). As these moraines were
particularly well developed in the Kromer Valley (western Silvretta Mountains, Vorarlberg, Austria), they were assigned to a
“Kromer stadial” (Gross et al., 1977). Later, similar moraines
were found in the neighboring Ferwall Group and named “Kartell stadial” (Fraedrich, 1979). As the ELA depression was 75 m
in the Kromer Valley and 120 m in the Kartell cirque, which
was considered to be comparable, the stadial was later called the
“Kromer/Kartell” stadial.
The moraine in the Kartell cirque (south of St. Anton am
Arlberg, Tyrol, Austria) is a well-developed arc located less than
one kilometer in front of the LIA moraine. The Kartell moraine
is a single, several-meter-high ridge that is composed of clastsupported boulders 1–3 m in diameter with little to no fine- or
medium-grained sediment. Two boulders are located directly on
the crest (K1 and K2); boulder K3 lies within the former tongue

18000

Figure 6. Plot of all surface exposure ages from the Julier Pass Lagrev
Egesen moraine complex. The shaded band indicates the boundaries
of the Younger Dryas period (12.7–11.6 ka) (Schwander et al., 2000).
Boulders J18, J15, J200, J14, and J12 are from the outer ridge, J10,
J104, and J8 are from the inner ridge, and J201b is from the relict rock
glacier located just inside the right lateral ridge.

region (Fig. 8). The three 10Be ages range between 10,410 ± 500
and 11,180 ± 820 yr with a mean of 10,800 ± 1000 yr.
In a second step, the moraines at the type locality of the
Kromer stadial were sampled with the aim to verify the dating
of the Kartell moraines. The Kromer moraines are two closely
spaced arcs of blocky debris (Hertl, 2001; Kerschner et al.,
2006). Inside the moraine, the area of the former glacier tongue
is densely covered with angular to subangular boulders resting
either on bedrock or on a thin veneer of till (Fig. 9). Sampling
sites and details on moraine morphology are given in Kerschner
et al. (2006). Five boulders were 10Be dated with ages ranging
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from 8010 ± 360 to 8690 ± 410 yr. The mean of the five ages is
8400 ± 700 yr. Kromer moraines are not of the same age as the
Kartell moraines, but are ~2000 yr younger.

Pre-LGM deposits of the Alps are difficult to date with
cosmogenic nuclides. The earlier glaciations are represented
by till and/or outwash layers that are often exposed in gravel
pits. Such deposits are unsuitable for rock surface exposure
dating as described here. Where older moraines beyond the
LGM limits are present, intense weathering during warm periods as well as frost shattering and periglacial processes active
during subsequent cold periods has led to degradation of the
moraines and boulders (cf. Zreda et al., 1994; Putkonen and
Swanson, 2003).

DISCUSSION
More than a century of detailed mapping both in the Alps
and on the foreland provides a unique opportunity for exposure
dating in a well-constrained field situation. Nevertheless, several
challenges have been faced.
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Timing of Alpine glaciations based on cosmogenic nuclides
Overall, exposure age data from the younger moraines (Egesen, Kartell, Kromer) cluster much better than data from the older
moraines (LGM, Gschnitz). For the younger moraines, the mean
moraine ages are indistinguishable from the oldest age of the data
set. We note that the younger moraines have been subjected to
degradational processes for shorter periods of time. In addition,
the two youngest moraines dated (Kartell and Kromer) are made
up of wedged-together blocks with little to no sediment matrix.
Exhumation or toppling is impossible in such a case.
By looking at the data critically on a site-by-site basis, we
were able to glean important insight into the timing of climate
change in the northern regions of the Alps based on surface exposure dating. Indeed, many of the landforms were undatable prior
to the advent of cosmogenic nuclide methods. Below we discuss
the timing of the various phases of glacier advance in the Alps as
based on exposure dating (Fig. 10). We compare these results to
previously published dating results (radiocarbon, luminescence,
and U/Th) and information on climate variations derived from
paleobotanical and paleoglaciological studies.
The oldest exposure-dated boulder related to Alpine glaciations comes from the Montoz site in the Swiss Jura Mountains.
The 10Be age, 155,000 yr, supports the concept that pre-LGM,
more extensive glaciation(s) occurred before the last interglacial (cf. Penck and Brückner, 1901/1909; Fiebig et al., 2004;
Schlüchter, 2004). Dates from several sites in and around the
Alps place the last interglacial between 135 ka and 115 ka (Preusser, 2004). Data from Spannagel Cave in Austria indicate temperatures much like today’s 135,000 yr ago (Spötl et al., 2002).
In the Swiss part of the northern Alpine foreland, early
Würm ice expansions onto the lowlands have been recognized,
although none were as extensive as that of the late Würm (LGM)
(Schlüchter et al., 1987; Preusser et al., 2003; Preusser and
Schlüchter, 2004).
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Figure 9. Photograph of the Kromer moraine, which extends from the
center foreground to the left. Little Ice Age moraine is in the center
of the photograph. Farther up-valley is the Schweizer Glacier. Peaks
along the crest are 2800–2850 masl (photo: H. Kerschner).

A number of radiocarbon dates from the northern foreland
show that, at the beginning of the LGM, glaciers expanded onto
the foreland after approximately 30,000 years ago. A mammoth
tusk deposited in front of the advancing Rhône Glacier yielded
a date of 25,370 ± 190 14C yr B.P. (Schlüchter, 2004), providing
a maximum age limit of 28,500–30,200 yr B.P. for deposition of
the outermost terminal moraines at Wangen an der Aare. In the
complex Rhine Glacier area farther to the east (Fig. 1), radiocarbon dates show that the Rhine/Linth Glacier reached its maximum extent (“Killwangen maximum”) sometime between 28,060
± 340 14C yr B.P. (ca. 31,000–32,300 yr B.P.) and 19,820 ± 190
14
C yr B.P. (23,450–24,010 cal. yr B.P.) (Schlüchter and Röthlisberger, 1995; Schlüchter, 2004). A date of 24,910 ± 215 14C yr B.P.
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Figure 10. Time-distance diagram for
the LGM and younger advances of Alpine glaciers. Site names and 10Be exposure dating results are shown. Note that
the LGM glacier shown is the Rhône
Glacier, while the Gschnitz, Egesen, and
Kartell sites all lie in the catchment of
the Inn Glacier. The Kromer site is situated in the Rhine (Ill) Glacier catchment.
Finsterhennen is the only site where a
radiocarbon date directly related to an
exposure-dated site is found.
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(ca. 28,300–29,500 yr B.P.) was obtained from a mammoth tusk
under the lowermost till of the late Würm advance of the Rhine
Glacier in the Lake Constance region (Schreiner, 1992). Still farther to the east, in the catchment of the Inn Glacier (Fig. 1), the
Baumkirchen site (Tyrol, Austria) is situated ~120 km upstream
from the terminal moraines. There, the stratigraphically highest
wood fragment out of 13 samples underlying basal till gave a date
of 26,800 ± 1300 14C yr B.P. (Fliri et al., 1970; Fliri, 1973; Patzelt
and Resch, 1986), corresponding to ca. 29,400–30,600 yr B.P.
The onset of deglaciation at 21,100 ± 900 yr ago is recorded by
the direct dating of the largest boulder at the Wangen an der Aare
site. For the northern foreland, the peak of the LGM in the Alps
was broadly synchronous with the global ice-volume maximum
(e.g., Clark and Mix, 2000). In comparison to the sluggishly
responding ice sheets, the collapse of the Alpine piedmont lobes
occurred early during the last termination, right after the peak in
ice volume had been reached.
At the end of the LGM, the piedmont lobes separated into
glaciers filling the main valleys. Van Husen (2000) estimated that
it took several hundred to perhaps a thousand years for downwasting of the foreland glaciers, which is equivalent to a retreat of glacier tongues of several tens of meters per year (Keller and Krayss,
2005). The rate of downwasting and retreat was likely increased
by calving into the lakes (Poscher, 1993; van Husen, 2000) that
formed at that time (e.g., Müller, 1995; Schindler, 2004). Wide
areas of the Alps including the lower parts of the main valleys
were already free of glacier cover early in the Lateglacial. A
minimum age is given by a radiocarbon date of 15,400 ± 470
14
C yr B.P. (18,020–19,100 cal. yr B.P.) (van Husen, 1977) from
the Rödschitz peat bog. This site is located inside the moraines
of the Steinach stadial of the Traun Glacier system (Fig. 1), some
80 km up-valley from the LGM terminal moraines at Gmunden
(Oberösterreich, Austria).
In the high Alps, after the peak of the LGM, ice domes developed into systems of large dendritic glaciers that extended into
the major drainages. Many of these may have remained intact
until some time between the Gschnitz stadial and the onset of the
Bølling warm phase. The 10Be data indicate that the transfluence
of the Rhône Glacier northward over Grimsel Pass into the Aare
watershed broke down no later than 13,000 ± 1100 yr ago (cf.
Kelly et al., 2006). This result is supported by a number of pollen
analytical studies and radiocarbon dates from the high mountain
passes, which are summarized in Ivy-Ochs et al. (2006). These
studies show that many of the inner-Alpine valleys were already
free of ice by the last phase of the Oldest Dryas (e.g., Welten,
1982; Ammann et al., 1994; Burga and Perret, 1998).
Field evidence indicates that the Gschnitz stadial glaciers
advanced over ice-free terrain (van Husen, 1977; Kerschner and
Berktold, 1982); thus a distinct period of warming preceded the
readvance. With an ELA depression of ~700 m, glaciers were
already confined to the inner valleys of the Alps during the
Gschnitz stadial. At Trins, the glacier end was ~160 km upstream
of the LGM end moraines of the Inn Glacier. The glacier was
18–20 km long. The overall morphological situation and the

long reaction time of the Gschnitz Glacier suggest that the glacier advance and the related cold event lasted ~500 yr. 10Be data
indicate that stabilization of the terminal moraine occurred no
later than 15,400 ± 1400 yr ago. Radiocarbon dates from correlative sites (cf. Ivy-Ochs et al., 2006) imply that the Gschnitz stadial is older than 13,250 ± 250 14C yr B.P. (Patzelt, 1975, 1995)
(15,600–16,260 cal. yr B.P.). A paleoclimatic interpretation of
the Gschnitz Glacier at the type locality shows that precipitation was reduced by 50%–70% of modern values, and summer
temperature was ~8.5–10 K lower than during the middle of the
twentieth century (Kerschner et al., 1999; Ivy-Ochs et al., 2006).
Based on the age of the moraine, and the cold and dry climate
at the time of its formation, we suggest that the Gschnitz stadial
was the response of Alpine glaciers to cooling associated with
Heinrich event 1 in the North Atlantic Ocean (Hemming, 2004),
possibly its second phase (Sarnthein et al., 2001).
Pollen data from bogs located proximal to Daun moraines
(C. Burga in Maisch, 1981) strongly support a pre-Bølling
age of the Daun and thus the Clavadel/Senders stadial. Similarly, morphological relationships between the Daun and Egesen moraines indicate a considerable warming of the climate
between the two (Heuberger, 1966; Kerschner, 1978b). This
point of view is supported by the 10Be age of 13,200 ± 600 yr
from the Julier Pass Daun site.
During the Bølling/Allerød warm period, several brief cold
events were recorded by changes in δ18O in lake sediments and in
biological proxies in and around the Alps (von Grafenstein et al.,
1999, 2000; Ammann et al., 2000; Schwander et al., 2000). Each
of these cold pulses was likely severe enough to cause glaciers to
advance, but glaciers probably remained smaller than during the
later Egesen advances (Ohlendorf, 1998). If glaciers did advance,
the moraines were overrun by the subsequent Egesen glaciers.
Egesen stadial moraines have long been associated with the
Younger Dryas cold period (Patzelt, 1972; Kerschner, 1978a,
1978b; Maisch, 1981). In suitable locations, many minor
moraines are preserved in between the three main moraine systems (e.g., Heuberger, 1966). This indicates a markedly unstable
climate, characterized by a succession of glacier-friendly periods
(i.e., either colder or wetter or both) (Sailer et al., 1999). The
10
Be results from the Schönferwall site (12,200 ± 1000 yr) and
the outer moraine at Julier Pass (12,300 ± 1500 yr) provide a
good estimate of the time of stabilization of Egesen I moraines.
Rock glacier development from moraines of the second advance
(Egesen II; cf. Sailer and Kerschner, 1999) is documented by the
inner moraine at Julier Pass. It dates to 11,300 ± 900 yr, pointing
to landform stabilization around the Younger Dryas / Preboreal
boundary. Similarly, the 10Be age of 10,400 ± 400 yr for the relict
rock glacier at Julier Pass suggests a prolonged period of cold
and dry conditions lasting into the early Holocene. As a consequence, permafrost remained active and led to the conservation
of ice in the inner moraine complex.
The 10Be data show that the Egesen maximum is equivalent
to the first phase of the Younger Dryas cold period that began
12,700 yr ago (Dansgaard et al., 1993; Schwander et al., 2000;
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Johnsen et al., 2001). A data set of ~160 Egesen maximum
(early Younger Dryas) ELA depressions provides a good basis
for reconstructing spatial fields of precipitation and precipitation change (for details see Kerschner et al., 2000; Kerschner,
2005). Under the assumption of a summer temperature depression of –3.5 to –4 K (Burga and Perret, 1998), precipitation
during the early Younger Dryas was similar to modern values
or even somewhat higher (~10%) along the maritime northern
and northwestern fringe of the Alps and up to 30% lower in
the central, sheltered parts of the Alps. Field data suggest that
precipitation was also reduced by 20%–30% south of the main
Alpine divide. In the later part of the Younger Dryas (Egesen II /
Bocktentälli), rock glaciers developed as temperatures remained
rather cold but moisture delivery to the Alps decreased (Sailer
and Kerschner, 1999). In addition, the ages of glacially abraded
bedrock surfaces at the base of the nunataks in the Grimsel Pass
area (Nägelisgrätli site) show that glacial erosion by small local
glaciers continued at higher altitudes until the early Holocene,
as the higher parts of the cirques remained above the ELA at
least until the end of the Younger Dryas.
Based on pollen and lithologic changes, a brief cooling
event during the first half of the Preboreal, often termed “Palü”,
had been identified (e.g., Burga, 1987). However, due to a prolonged radiocarbon plateau in that time range, dating of the event
(events?) remained ambiguous (e.g., Küttel, 1977; Zoller et al.,
1998). In Swiss lake sediments, a brief cold snap that began several hundred years after the end of the Younger Dryas was pinpointed with δ18O (Schwander et al., 2000). It was correlated with
the Preboreal oscillation (11,363–11,100 yr) as recognized in
Greenland ice cores (O’Brien et al., 1995; Johnsen et al., 2001).
This may be consistent with the glacier advance that led to formation of the Kartell moraine, which stabilized 10,800 ± 1000 yr
ago. Similarly, small rock glaciers, for example at Julier Pass,
remained active until 10,400 ± 400 yr ago. This evidence implies
that climate in the Alps at the end of the Younger Dryas was not
characterized by a sudden and prolonged temperature increase.
In contrast, rock glacier activity and even advances of small glaciers during the early Preboreal were the response to continued
cool and possibly also rather dry conditions that persisted for
hundreds of years after the end of the Younger Dryas.
Based on 10Be, the moraine doublet in Kromer Valley stabilized 8400 ± 700 yr ago (Kerschner et al., 2006). This is contemporaneous with the Misox cold phase registered in pollen records
in the central Alps (e.g., Zoller et al., 1998) and the CE (Central
European) cold phase 3 (Haas et al., 1998). The ages suggest that
the moraines were deposited during a phase of glacier-friendly
climate into which the 8.2 ka event was embedded (Alley and
Ágústsdóttir, 2005; Rohling and Pälike, 2005). Apparently, small
glaciers at the maritime northwestern slope of the Alps reacted
to the colder and primarily wetter conditions characteristic of the
early phase of the 8.2 ka climatic downturn (Rohling and Pälike,
2005) and advanced. A paleoclimatic interpretation of the glacier
advance showed that it was favored by increased moisture transport from the west and northwest and to a lesser extent by a drop
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in summer temperature. In contrast, large glaciers in the central
Alps, which were more or less constantly as small or even smaller
than today during the early Holocene (Nicolussi and Patzelt, 2000,
2001; Hormes et al., 2001), showed only minor advances, which
peaked ca. 8400 yr ago (Nicolussi and Patzelt, 2001). On the
other hand, the fact that rock glaciers developed from the Kromer
moraines at altitudes 200–300 m lower than today’s active rock
glaciers in the region indicates a depression of mean annual temperature on the order of –1.4 to –2.1 K (Kerschner et al., 2006).
This agrees well with the temperature values for that time period
given by von Grafenstein et al. (1998, 1999) based on δ18O analysis in lake sediments from southern Germany.
CONCLUSIONS
1. Initial results of 10Be and 21Ne from one boulder at the
Montoz site bear out that concept that the most extensive
glaciation(s) of the Alps occurred before the last interglacial. A
reasonable minimum age estimate is 155 ka.
2. During the late Würm, the piedmont lobes on the foreland reached their maximum extent broadly synchronously with
the global LGM. Deglaciation began no later than 21.1 ± 0.9 ka.
Notably, ice melted back out of the foreland regions fast and early
in the last termination.
3. Data from the Nägelisgrätli site near Grimsel Pass indicate that the northward transfluence of the LGM Rhône Glacier
had already broken down by 13.0 ± 1.1 ka. The slopes just below
the former nunataks, which were above the local ELA until the
end of the Younger Dryas, were quasi-continuously covered by
ice, firn, or snowfields at least until the early Holocene.
4. The first clear readvance of independent glaciers in the
Alps is represented by moraines of the Gschnitz stadial. The
Gschnitz cold period likely began at or before 16.0 ka and lasted
until no later than 15.4 ± 1.4 ka. During Gschnitz time, precipitation was two-thirds less than today, and summer temperatures
were lower by 8.5–10 K. Based on the age and the cold, dry
climate, we suggest that the Gschnitz Glacier advance was the
response to Heinrich event 1 in the North Atlantic Ocean.
5. Egesen I moraines were formed as glaciers advanced in
response to the Younger Dryas climatic cooling at 12.7 ka. The
outer moraine at Julier Pass and the Egesen I moraine at Schönferwall stabilized right around or perhaps just before 12.3 ± 1.5 ka
and 12.2 ± 1.0 ka, respectively. Toward the end of the Younger
Dryas, glaciers waned and rock glaciers formed. This indicates
that conditions remained cold yet became progressively drier.
This is especially well exemplified by the inner moraine deposits
at the Julier Pass Lagrev site, which date to 11.3 ± 0.9 ka.
6. Field data and surface exposure dates show that climate
instability continued well past the Younger Dryas / Preboreal
boundary and likely encompassed the Preboreal oscillation.
The date of 10.8 ± 1.0 ka from moraines located less than a
kilometer in front of LIA moraines in the Kartell cirque shows
that in certain catchments small glaciers readvanced during the
earliest Holocene.
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7. Before 8.4 ± 0.7 ka, in Kromer Valley small cirque glaciers advanced to between the LIA position and the innermost
Egesen moraines. Glaciers at the northern to northwestern fringe
of the Alps advanced as a reaction to the cooler and primarily wetter conditions during the first phase of the 8.2 ka event,
while larger glaciers in the drier parts of the Alps remained
behind their LIA limits.
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