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1. Introduction

ABSTRACT

We reconstruct the timing of ice flow reconfiguration and deglaciation of the Central Alpine Gotthard
Pass, Switzerland, using cosmogenic '°Be and in situ '#C surface exposure dating. Combined with
mapping of glacial erosional markers, exposure ages of bedrock surfaces reveal progressive glacier
downwasting from the maximum LGM ice volume and a gradual reorganization of the paleoflow pattern
with a southward migration of the ice divide. Exposure ages of ~16—14 ka (snow corrected) give evi-
dence for continuous early Lateglacial ice cover and indicate that the first deglaciation was contempo-
raneous with the decay of the large Gschnitz glacier system. In agreement with published ages from
other Alpine passes, these data support the concept of large transection glaciers that persisted in the high
Alps after the breakdown of the LGM ice masses in the foreland and possibly decayed as late as the onset
of the Bglling warming. A younger group of ages around ~12—13 ka records the timing of deglaciation
following local glacier readvance during the Egesen stadial. Glacial erosional features and the distribution
of exposure ages consistently imply that Egesen glaciers were of comparatively small volume and were
following a topographically controlled paleoflow pattern. Dating of a boulder close to the pass elevation
gives a minimum age of 11.1 & 0.4 ka for final deglaciation by the end of the Younger Dryas. In situ C
data are overall in good agreement with the '°Be ages and confirm continuous exposure throughout the
Holocene. However, in situ 'C demonstrates that partial surface shielding, e.g. by snow, has to be
incorporated in the exposure age calculations and the model of deglaciation.

© 2013 Elsevier B.V. All rights reserved.

The onset of the Alpine Lateglacial is defined as the time of
massive downwasting of the large valley glaciers built up during the

Reconstructing the extent and dynamics of past glaciers pro-
vides valuable information on paleoclimate conditions. The extent
of a glacier is determined by the mass balance, which is largely
controlled by climate. Variations in the ice volume and glacial
expansion therefore give evidence for paleoclimate changes
(Oerlemans et al., 1998; Oerlemans, 2001). Being comparatively
small ice bodies, Alpine glaciers are particularly sensitive palae-
oclimate indicators that respond rapidly to changes in temperature
and/or precipitation (Kerschner, 2005).
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Last Glacial Maximum (LGM; late Wiirmian) (Penck and Briickner,
1901/1909; Reitner, 2007). Deglaciation of the Alps is thought to
have occurred rapidly with retreat of the foreland piedmont glaciers
closely followed by the disintegration of the Central Alpine ice cap
(Florineth and Schliichter, 1998; Schliichter, 2004). Although
climate was warming gradually, short climatic fluctuations and cold
phases repeatedly interrupted the general trend of ice decay (e.g.
Reitner, 2007; Schmidt et al., 2011). These fluctuations are associ-
ated with several Lateglacial stadials determined by glacier still-
stands and readvances before the beginning of the Holocene
warming (Ivy-Ochs et al., 2008 and references therein).

Classically, former extents of Alpine glaciers and related climate
changes have been dated by radiocarbon from organic material,
mainly retrieved from glacial deposits in the Alpine foreland (e.g.
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Heuberger, 1966; Patzelt, 1972; Fliri, 1973; Draxler, 1977; Bortenschlager,
1984; Geyh and Schreiner, 1984; Kerschner, 1986; Hajdas et al., 1993;
Schliichter and Rothlisberger, 1995; van Husen, 2004; Keller and Krayss,
2005; Reitner, 2007 and references therein). These data are synchro-
nized with relative chronologies constructed from morpho- and lith-
ostratigraphic observations and fossil and pollen evidence (e.g. Penck
and Briickner, 1901/1909; Keller and Krayss, 1987; Ammann et al.,
1994; Wohlfarth et al,, 1994; van Husen, 2000; Vescovi et al., 2007;
Preusser et al., 2011; van Husen and Reitner, 2011). In the last two de-
cades, direct dating of glacial surfaces and moraine deposits by
cosmogenic nuclides has provided further valuable information on the
chronology of past glacial extents and the timing of glacier retreat (Ivy-
Ochs et al., 1996, 2006b, 2007, 2008; Kelly et al., 2006; Hormes et al.,
2008; Bohlert et al., 2011; Federici et al., 2012; Reuther et al,, 2011).
From these data a detailed chronology for the early recession of the LGM
ice and the Lateglacial readvances (‘stadials’) in the Alpine foreland and
the inner Alpine valleys was established.

In the high Alps, however, the timing of the breakdown of the
LGM ice cap and the extent of Lateglacial local ice is less well con-
strained. From mapping of glacial trimlines and further glacial
erosional features the presence of large, precipitation-controlled ice
domes during the LGM has been proposed (Florineth and Schliichter,
1998, 2000; Kelly et al., 2004a). From the inner Alpine accumulation
areas, ice streams expanded into the valleys and glacier trans-
fluences developed at several high Alpine passes (Florineth, 1998;
Florineth and Schliichter, 1998). It is assumed that this ice flow
configuration persisted until the piedmont glaciers in the Alpine
forelands retreated from their maximum extent (Florineth and
Schliichter, 1998; Kelly et al., 2006). Thus, major downwasting of
the inner Alpine ice masses and the termination of glacier trans-
fluence over the high passes were thought to be roughly synchro-
nous to the onset of ice-free conditions in the foreland valleys.
However, there is evidence that the high Alps did not deglaciate by
that time but that ice persisted locally at high elevations until the
beginning of the Balling/Allergd interstadial (~ 15—14 ka BP) or even
longer (Kelly et al., 2006; Bohlert et al., 2011).

To improve the knowledge about the Lateglacial ice decay in the
high Alps and better understand the effect of climate changes on the
high Alpine mountain glaciers and ice caps, we performed surface
exposure dating of glacially modified bedrock on the Gotthard Pass,
central Swiss Alps, using cosmogenic '°Be and in situ '4C. Combining
19Be dating with in situ C analyses takes advantage of the short
half-life of ™C (5730 years) which allows to recognize episodes of
surface burial as well as constant surface shielding. In situ *C can
therefore provide information on the extent of Holocene ice on the
Gotthard Pass and can be used to evaluate the necessity of snow
shielding corrections for exposure dating in an Alpine environment.

To reconstruct the paleoflow pattern, we combine surface
exposure dating with detailed mapping of glacial erosional features
in the Gotthard pass area. This yields a detailed chronology of the
LGM ice surface lowering and local glacier readvances in conjunc-
tion with a progressive reorganization of the glacial ice flow pattern
from the LGM until the Holocene.

2. Chronology of the Lateglacial ice decay in the Alps

By ~21 ka the Alpine foreland piedmont glaciers had started to
retreat from their maximum position (Schliichter, 1988, references
therein; Schliichter, 2004; Ivy-Ochs et al., 2004; Preusser, 2004;
Keller and Krayss, 2005; Preusser et al., 2011). Deglaciation of the
foreland and the inner Alpine valleys by ~19—18 ka marks the
beginning of the Alpine Lateglacial (Lister, 1988; Wessels, 1998; van
Husen, 2004; Reitner, 2007). According to the work of Reitner
(2007) there is no evidence for a climate-driven glacier readvance
during the early Lateglacial and therefore the concept of early

Lateglacial stadials (‘Biihl’ and ‘Steinach’) should be abandoned and
replaced by the expression ‘phase of early Lateglacial ice decay’. An
early Lateglacial phase of warming at ~18.0—17.5 cal ka BP was
recorded regionally from southern Alpine macrofossil and pollen
data (cf. Vescovi et al., 2007), and by the 5'30 in Greenland ice cores
(Bjork et al., 1998). In the following, a series of prominent moraines
were deposited throughout the Lateglacial until the beginning of
the Holocene within the Central and Eastern Alps (Maisch, 1981,
1982; Kerschner and Berktold, 1982; Kerschner, 1986).

The first pronounced glacier readvance occurred during the
Gschnitz stadial. A maximum age for Gschnitz advances is given by
a radiocarbon age of 15.4 + 0.5 '4C ka BP (19.6—17.6 cal ka BP) from
the Eastern Alps (Draxler, 1977). Consistently, exposure ages ob-
tained by '°Be dating of moraine boulders at the type locality in
Trins (Gschnitz Valley, Tyol, Austria) as well as from a Gschnitz
terminal moraine deposit from the Maritime Alps (Italy) have
provided mean ages around 17 ka (Ivy-Ochs et al., 2006a; Federici
et al,, 2012). Note that these ages and all published '°Be exposure
ages discussed below have been renormalized to the 07KNSTD
standardization and recalculated using a °Be spallogenic produc-
tion rate of 3.93 at g~ y~! (see Section 4.3), without including
corrections for erosion or snow, even if these were applied for the
original ages. The Gschnitz advance was followed by pronounced
glacier downwasting before smaller readvances of the Clavadel/
Senders and Daun stadials (Maisch et al., 1999; Ivy-Ochs et al.,
2006b; Kerschner, 2009). These readvances were followed by
marked ice decay during the Bglling/Allergd interstadial (~14.7—
12.9 ka; Bjork et al., 1998; Vescovi et al., 2007; Ivy-Ochs et al., 2008)
which ended abruptly with the beginning of the Younger Dryas
cold period (Ammann et al., 1994; references therein; Rasmussen
et al., 2006). Widespread glacier readvance during the Younger
Dryas is documented by series of Egesen stadial moraine complexes
deposited throughout the Alpine valleys (Kerschner et al., 2000 and
references therein). Several surface exposure ages have been ob-
tained from different moraine complexes in Switzerland and Italy.
19Be ages range between ~13.9 and 10.6 ka and are interpreted to
give the timing of moraine stabilization during various glacier
readvances of the Egesen stadial (Ivy-Ochs et al., 1996, 1999, 2006b;
Kelly et al., 2004b, 2006; Federici et al., 2007; Hormes et al., 2008).
Several radiocarbon ages of ~11 cal ka BP (summarized and cali-
brated in Ivy-Ochs et al., 2008) are consistent with '°Be ages and
trace the final downwasting of Egesen glaciers. Continued glacier
activity into the earliest Holocene is suggested from moraine
deposition and rock glacier activity (Fraedrich, 1979; Frauenfelder
et al.,, 2001; Ivy-Ochs et al.,, 2006b, 2009; references therein;
Kerschner and Ivy-Ochs, 2008).

3. Study area

The Gotthard pass is located in Central Switzerland with a pass
elevation of 2106 m a.s.l. (Fig. 1). Since the historic past, it has been
one of the most important routes traversing the Alps in north-south
direction. The Gotthard region comprises crystalline rocks of the
Gotthard Massif that forms a part of the crystalline basement of the
Swiss Alps. Granitic rocks in the study area are associated with the
Fibbia granite gneiss, which is separated by paragneisses from the
Gamsboden granite gneiss further north (Labhart, 2009). The Fibbia
granite gneiss exhibits a porphyritic texture and syenogranitic
composition (Sergeev et al., 1995; Debon and Lemmet, 1999).
Plutonic rocks of the Gotthard massif are of Variscan age and were
deformed during Alpine orogeny at greenschist to amphibolite
facies conditions (Frey et al., 1980; Labhart, 1999).

The pass area shows a typical U-shaped cross section and is
characterized by highly polished granitic surfaces and abundant
glacial erosional features (Fig. 2). Trimlines at 2640 m a.s.l. on the
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Fig. 1. Modified Landsat image of the Gotthard Pass area showing the sampling locations for surface exposure dating (white circles). The left inset gives the position of the study
area within the Swiss Alps. The right inset shows the wider area around Gotthard Pass with its main valleys and passes. Bundesamt fiir Landestopografie swisstopo.

Pizzo d’Orsino (Fig. 1; Florineth and Schliichter, 1998) and at
~2500 m a.s.L. at the pass are evidence for the presence of massive
ice during the LGM reaching up to 500 m above the pass elevation
(Fig. 3). In the northern part of the study area, Lateglacial moraine

deposits have been mapped by Renner (1982) and were assigned to
the Egesen and Daun stadials (see Discussion). Several Holocene
rock glaciers are located in the upper part of the cirque north of
Monte Prosa.

Fig. 2. Glacial erosional features at Gotthard Pass. White arrows indicate the ice flow direction. (A) Glacial striae; yellow scale bar is ~1 m. (B) Row of crescentic gouges. (C)
Crescentic fractures. (D) Lunate fractures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. LGM ice cover of the Gotthard Pass area as reconstructed from trimline mapping. (A) N-S cross-section illustrating the different position of the LGM ice divide in comparison
to today’s water divide. Red numbers are trimline point elevations. (B) Block diagram showing the ice configuration in the larger pass area. Blue numbers indicate ice surface
elevations; white arrows give the direction of ice flow from the ice divide (dashed white line). The grey line represents the thalweg with today’s water divide (grey dashed line) and
water flow direction (grey arrows) and corresponds to the line of cross-section (A). The vertical black numbers give the thickness of ice at the positions of the LGM ice divide and
today’s water divide, respectively. Sampling sites for exposure dating closely follow the line of the water divide. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

4. Methods
4.1. Reconstruction of the LGM and Lateglacial ice flow pattern

Two approaches were used to reconstruct the glacier geometry
and ice flow pattern in the Gotthard Pass area during and since the
LGM: Glacial erosional features were mapped in order to trace the
directions of former ice flow, and the LGM ice surface geometry was
reconstructed with a GIS-based analysis of glacial trimlines.

In the study area, abundant crescentic fractures and gouges,
glacial striae, roches moutonnées and lunate fractures show the
direction of past glacier flow (Glasser and Bennett, 2004; Benn
and Evans, 2010). During mapping of these features and their
interpretation, rows of crescentic gouges were considered most
important because their axis of symmetry allows the most ac-
curate reconstruction of the paleoflow direction. Crescentic
gouges vary largely in size, depth and state of weathering. At
some sites, larger crescentic gouges (up to 1 m wide and several
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cm deep) appear more strongly weathered than smaller ones of
different direction and were therefore assigned to an older
generation that has been overrun by later glacier readvance.
Because most glacial striae in the study area are thin and
shallow features that often cross-cut comparatively deep cres-
centic gouges, they are considered to have formed during the
last glacier readvance. An example of weathered crescentic
gouges cross-cut by younger striae and weakly developed cres-
centic gouges is given in Fig. 4.

The glacial trimline represents the boundary between an ice-
moulded downslope area and a frost-affected upslope zone
(Ballantyne, 1990; Florineth, 1998). In high relief mountains as
the Alps, this boundary is visible in the morphology of valley-
side spurs separating glacial cirques. The maximum extent of
ice in main valleys is recorded as a spur truncation showing a
more or less sharp transition between the frost-weathered aréte
zone above the trimline and the gentle ice-moulded ridges and
trough shoulders below. In the study area, 19 trimline points
were recognized in the field and their detailed position and
altitude was extracted from digital elevation models (DEMs)
and orthophotomaps. Ice-surface contours with intervals of 25—
50 m were drawn for the main valleys with respect to the
elevation of the trimline points and considering a concave
shape of the ice surface within the accumulation zone. Addi-
tionally, ice contour lines directly above the pass were drawn
perpendicularly to the direction of the oldest generation of
glacial erosional features.

4.2. Sampling and sample preparation

Samples for exposure dating were collected along an altitude
transect ranging from 2270 m a.s.l. southwest of Gotthard pass
down to pass elevation and up to 2336 m a.s.l. northeast of the pass
(Fig. 1; Table 1). Sampling sites follow roughly the line of today’s
water divide on the pass (Fig. 3). All samples except one (got-05) are
from the topmost few centimetres of bedrock surfaces. Sample got-
05 was collected from the edge ofa ~5 x 4 m large and ~1-1.5m
high erratic boulder. Glacial polish is most pervasive at bedrock
surfaces in the lowermost pass area (around samples got-06, got-
07, got-11, got-12). All other surfaces are weakly weathered to
slightly pitted with quartz grains standing out a few millimetres.

Fig. 4. Cross-cutting glacial erosional features. Photograph was taken close to sam-
pling site got-08. Two weathered crescentic gouges (next to the compass) indicate
southward ice flow and are cross-cut by ENE-WSW-striking glacial striae/polish (di-
rection indicated by the pencil). Two small and weakly developed crescentic gouges
(white circle) give the same flow direction as the striae. Another single crescentic
gouge (left of the pencil) also points into WSW-direction.

Some surfaces are partially covered by lichens. One glacially pol-
ished quartz vein was sampled (got-11).

All samples were crushed and sieved to a grain size range of
0.25—1 mm. Quartz mineral separates were prepared and purified
by leaching in HCl and weak HF following the methods described in
Kohl and Nishiizumi (1992) and Ivy-Ochs (1996). Samples were
spiked with 0.3 g ?Be and dissolved in concentrated HF. °Be was
separated from ~30 to 70 g quartz using ion exchange column
chemistry according to Ivy-Ochs (1996). The °Be/Be ratio was
measured at the ETH Ziirich 6 MV Tandem accelerator mass spec-
trometry (AMS) facility (Synal et al., 1997; Kubik and Christl, 2010).
Subtracted °Be/°Be blank ratios were on the order of 3 x 107>, In
situ "C was extracted from ~5 g quartz by heating at 1550—1600 °C
as described in Hippe et al. (2009, 2013). Extraction was initially
performed in two subsequent, high-T heating steps. For both steps,
concentrations were measured separately and then added to a total
14¢ concentration for the sample (Table 2). Later, '4C was extracted in
one single heating step (cf. Hippe et al., 2013). Subtracted long-term
processing blanks were (2.81 + 1.02) x 10% *C atoms (+1 st dev,
n=11) for the first and (1.48 + 0.66) x 10*14C (1 st dev, n = 10) for
the second extraction step, respectively, and (4.55 + 2.19) x 10 14C
(£1 stdev, n =9) for the modified extraction method. Samples were
measured at ETH Ziirich with the MICADAS AMS system using a gas
ion source (Ruff et al., 2007; Synal et al., 2007; Wacker et al., 2010).

4.3. Exposure age calculation

To calculate °Be exposure ages a sea level-high latitude (SLHL)
spallogenic production rate of 3.93 & 0.19 at g~! a~! was applied,
based on the Northeast North America calibration data of the
CRONUS-Earth online calculator (Balco et al., 2008). This value was
chosen in view of a number of recently published production rate
data that suggest a '°Be production rate for spallation in the
northern hemisphere on the order of 3.7—4.3 at g~ a~! (Lal, 1991/
Stone, 2000 scaling; Balco et al., 2009; Lifton et al., 2009; Fenton
et al., 2011; Goehring et al., 2011; Briner et al., 2012). In situ l4c
exposure ages were calculated with a SLHL spallogenic production
rate of 12.29 + 0.99 at g~ ! a~! (Lifton, pers. comm.), which is based
on a re-evaluation of the published in situ C calibration data
(Lifton et al., 2001; Miller et al., 2006; Dugan, 2008) using the total
muonic production rates as given in Heisinger et al. (2002b). The
contribution due to muon production was calculated indepen-
dently using the freely accessible MATLAB code of the CRONUS-
Earth online calculator (Balco et al., 2008), which implements the
method of Heisinger et al. (2002a,b) for altitude and depth scaling.
Parameters were adjusted to allow muon scaling for '°Be and in situ
14C using the revised muon interaction cross sections for °Be as
specified in Balco (2009) and cross sections for “C as published in
Heisinger et al. (2002a,b).

Spallogenic production rates were scaled to altitude and latitude
according to the scaling scheme of Lal (1991)/Stone (2000). No
correction was done for geomagnetic field intensity variations
because their effect on the production rates is assumed negligible at
latitudes >40° (Masarik et al., 2001). Corrections for sample
thickness was applied on spallogenic production only assuming an
exponential decrease of production with depth and using an
effective attenuation length Agp of 160 g cm~2 and a rock density of
2.65 g cm 3. The attenuation of muons within the uppermost few
centimetres below the surface is small and can be reasonably
ignored. Correction factors for topographic shielding and sample
geometry were derived according to Dunne et al. (1999). An addi-
tional correction for snow cover was performed for some samples
and will be discussed in detail in Section 5.3. Correction factors for
snow shielding were calculated using equation (after Gosse and
Phillips, 2001):
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Table 1
Sample information and the measured '°Be concentrations.

Sample ID Latitude (°N) Longitude (°E) Elevation Sample Topographic 10Be concentrations
(mas.l) thickness (cm) shielding factor? (10%at g~ 1)°
got-01 46.5539 8.5539 2270 3 0.821 2735+ 135
got-02 46.5541 8.5546 2252 1 0.986 26.13 £ 1.14
got-03 46.5553 8.5556 2195 4 0.986 27.28 £ 1.30
got-04 46.5557 8.5579 2166 4 0.987 25.55 + 1.20
got-05 46.5564 8.5587 2140 4 0.993 23.93 + 0.96
got-06 46.5572 8.5601 2120 4 0.993 30.79 + 1.02
got-07 46.5582 8.5611 2116 3 0.992 24.50 + 1.09
got-08 46.5641 8.5670 2336 2 0.980 3323 +1.14
got-09 46.5637 8.5664 2324 4 0.992 31.64 +£ 1.37
got-10 46.5628 8.5658 2250 2 0.936 29.76 + 1.26
got-11 46.5619 8.5653 2197 2 0.972 23.75 £ 1.11
got-12 46.5605 8.5628 2135 3 0.987 24.23 +1.08

@ Correction factor calculated according to Dunne et al. (1999) including shielding due to the dip of the sampled surface and the shielding by the surrounding topography.
b Errors are at the 10 level and include the AMS analytical uncertainties and the error of the subtracted blank. Measured ratios were normalized to the S2007N standard
(calibrated to 07KNSTD) using a half-life of 1.387 & 0.012 (Chmeleff et al., 2010; Korschinek et al., 2010).

1 12 (z
= — —(Zsnow,i * Psnow /s )
Snow = 13 3¢ g M)

where Zgnow,i is the monthly average snow depth (cm) and pspow is
the snow density, for which we used an average value of 0.3 g cm 3.
Any snow shielding corrections were applied on the spallogenic
production only because of the comparatively small attenuation
effect of snow on the muonic production (cf. Schildgen et al., 2005).
Because of the abundant well-preserved glacial erosional features
in the study area, surface erosion since exposure was considered to
be negligible.

5. Results

Sample information and measured concentrations are given in
Table 1 for '°Be and Table 2 for in situ “C. Exposure ages are
summarized in Table 3 and Fig. 5. Given errors are at the 10 level
including the AMS counting error and the error associated with the
subtracted blank. For in situ C, an additional uncertainty of 4% was

Table 2
In situ "C data®. All errors are at the 1o-level.

included to account for analytical variability in the in situ '4C
extraction procedure (Hippe et al., 2013).

Exposure ages obtained from °Be range from 10.7 & 0.5 ka to
14.5 £ 0.5 ka. Consistently, ages of eight samples analysed for in situ
14C vary from 9.2 + 0.4 ka to 14.6 = 0.6 ka and cover about the same
age range as obtained from '°Be. These ages represent minimum
estimates for deglaciation of the Gotthard Pass area suggesting that
at latest by the beginning of the Holocene the Gotthard Pass area
was completely ice-free. The overall agreement between °Be and
in situ 1C ages is illustrated in the '°Be/C vs. 1C diagram (Fig. 6),
in which all data points cluster around the line of constant exposure
suggesting a simple exposure history throughout the Holocene. For
individual samples, differences between '°Be and in situ “C ages
are between ~ 1 and 3 ka but show no clear trend, i.e. some C ages
are younger, some are slightly older than the corresponding '°Be
ages. Including production rate uncertainties (~5 and 8% for '°Be
and C, respectively), ages from both nuclides are equal for each
sample (Fig. 6A). However, we suppose that the small differences
between '°Be and in situ '“C results can provide important infor-
mation about snow (or sediment) cover and should be discussed

Sample ID (AMS ID) Sample mass (g) CO, yield (ug)® Fraction modern F'4C¢ 313¢ (4, 14C/12C s (107 12)d 14c(10° at g 1)®
got-01a (41519.01) 5.23 4.7 () 7.164 + 0.067 —-11.43 8.682 + 0.081 3.82 + 0.06
got-01b (41519.02) 5.23 0.7 (8.2) 0.638 + 0.012 -52.90 0.710 + 0.013 0.57 + 0.02
Total 4.39 + 0.06
got-04 (42438.2.1) 5.21 14.7 (-) 2.688 + 0.009 3.4 3.359 + 0.029 4.63 + 0.05
got-05a (41518.01) 4.85 51 () 6.917 + 0.058 -11.95 8.383 + 0.071 4.36 + 0.06
got-05b (41518.02) 4.85 0.9 (7.4) 0.433 £ 0.010 —49.73 0.486 + 0.011 0.38 + 0.02
Total 4.74 + 0.07
0t-06 (45656.1.1) 537 339 (<) 1227 4+ 0.013 ~11.09 1.489 + 0016 461 + 006
got-07a (42439.01) 492 79 (—) 4.032 + 0.028 —-15.20 4.853 + 0.034 3.72 +£ 0.04
got-07b (42439.02) 4.92 1.1 (7.3) 0.749 + 0.012 —44.51 0.849 + 0.013 0.67 + 0.02
Total 4.39 £ 0.05
got-08 (45653.1.1) 5.04 9.1(—) 5.116 + 0.044 -15.35 6.156 + 0.052 5.47 + 0.06
got-10 (45655.1.1) 5.12 7.1 (—) 6.592 + 0.062 -23.05 7.809 + 0.074 5.33 +£0.07
got-11 (45654.1.1) 5.03 47 (-) 7.901 + 0.108 —24.85 9.325 +0.128 4.30 + 0.08

2 For samples got-01, got-05, and got-07 the results of both extraction steps and the total concentration are given. Samples got-04, got-06, got-08, got-10, got-11 were

extracted in one single heating step.

> Numbers in brackets give amount of ‘dead’ CO, gas added. Uncertainty deriving from the CO, pressure reading is 0.07 ug.

¢ Normalized to 5'3C of —25°, VPDB and AD 1950.

/00

d Calculated after Eq. (1) in Hippe et al. (2013).

¢ Calculated after Eq. (2) in Hippe et al. (2013). Blank corrected and corrected for the addition of ‘dead’ CO, gas with a mean 'C concentration of 315 + 118 at ug~' CO; (14,

n=12).
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Calculated exposure ages for the Gotthard samples. All errors are at the 1s-level and include analytical uncertainties only (including blank error). For in situ *C ages 4%

uncertainty was added to account for analytical reproducibility.

Sample ID 10Be exposure 10Be snow corrected 14C exposure age 14C snow corrected
age (years) nexposure age (years)* (years) exposure age (years)?

got-01 13920 + 690 15200 + 750 12050 + 510 14610 + 620

got-02 11100 + 480 12080 + 530 — —

got-03 12310 + 580 13450 + 640 — —

got-04 11750 + 550 12840 + 600 11100 + 460 13280 + 550

got—OSb 11140 + 450 12000 + 510

got-06 14540 + 480 15880 + 530 11570 + 480 13940 + 580

got-07 11510 + 510 12570 + 560 10390 + 430 12290 + 510

got-08 13470 + 460 14720 + 510 12290 + 510 15020 + 630

got-09 12990 + 560 14190 + 620 — —

got-10 13390 + 570 14640 + 620

got-11 10670 + 500 11660 + 540 9180 + 410 10690 + 470

got-12 11290 + 500 12330 + 550 - —

3 Corrected for 100 cm of snow during 6 month per year (psnow = 0.3 g cm~>) using Eq. (1). Samples got-05 and got-10 were not corrected for snow shielding according to the

results shown in Fig. 6B.
b Boulder.

independently of the intrinsic uncertainties for the production
rates. In the following, we will discuss the observed spread in
exposure ages and evaluate the information on snow shielding
gained from the combined '°Be-'4C data.

6. Discussion
6.1. Overall trends in the exposure ages

Exposure ages from '°Be and in situ *C show a trend towards
older ages at higher elevations along the north-eastern pass side
with oldest ages recorded from locations above 2250 m (got-08,
got-09, got-10; Fig. 5). Nuclide inheritance has been proposed as
one possible interpretation for such a pattern (Fabel et al., 2004).
This means that the LGM ice would not have eroded the bedrock
deeply enough at these sites to completely remove cosmogenic
nuclides that have accumulated during pre-LGM surface exposure.
Different studies have shown that the spatial pattern and rate of
glacial erosion can vary significantly within a landscape depending,
e.g., on the thermal regime of the ice (Fabel et al., 2002; Stroeven
et al,, 2002), the position within the valley (Fabel et al., 2004), or
the bedrock type and fracturing (Dithnforth et al., 2010). Erosion
rates beneath modern temperate glaciers are estimated to be at
least 1 mm y~' for mid-latitude regions (e.g. Small, 1987; Nesje

h
h 13.510.6A‘12.8¢0.6 3
3 %133 £0:6h
24 9005 (813,09 + 0.6
% B 1.1+ 0.4 Samen

300m

goL06l got07*=*123+05 - p
159+ 0555126 0.6/ = .
q 123305 =

et al., 1992; Hallet et al., 1996; references therein; Riihimaki et al.,
2005). This would be sufficient to remove several meters of
bedrock during the LGM and erase the pre-glacial nuclide in-
ventory. From trimline elevations in the Gotthard Pass area we
estimate that even the highest sampling sites were at least 100 m
below the LGM ice surface. Furthermore, the fact that the oldest
exposure age was obtained from a sampling site close to pass ele-
vations (got-06) strongly argues against nuclide inheritance. This
site in the central pass area was covered by about 400 m of ice
(Fig. 3) and is situated in between two sampling sites that yielded
about 3 ka younger ages (got-04, got-07). Field evidence does not
suggest markedly variable glacial erosion for these sampling sites
or generally within the entire study area. Also, there is no obvious
trend in the age distribution on the south-western pass side. We
therefore propose that the observed spread in exposure ages does
not result from nuclide inheritance but reflects more than one
episode of ice surface lowering and deglaciation in the Gotthard
Pass area. This will be presented in detail in Section 7.

6.2. Combined '°Be-'4C data

In mountainous regions, the recognition of surface shielding by
snow and an appropriate snow correction can be crucial for the
calculation of accurate surface exposure ages (cf. Schildgen et al.,

P got-08
< 77 147+05/
g NN 150+0V
2 gotOQ 3 Z
=R\ 142108 & 4

NS //y
& 7/
}\\ 2 got-10*
/— ';/134+06/
7 14.6 £ 0.6

got-11

Aak7 £ 0.5

got124110.7£0.5

&~ @ sampling point
7 "“Be age (ka)
“C age (ka)
(ages snow corr.
except for *)

Fig. 5. Relief map with the sampling sites and surface exposure ages (in ka) as obtained from '°Be and situ '“C analysis. Ages are corrected for 1 m of snow during 6 month per year

(except for got-05 and got-10). Bundesamt fiir Landestopografie swisstopo.
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2005; Bohlert et al., 2011; Fenton et al., 2011). As snow cover re-
duces the cosmogenic nuclide production rate, ignoring the pres-
ence of snow can cause a systematic underestimation of exposure
ages. However, a correction for snow shielding usually involves
large uncertainties because no direct information on past snow
depths is available and any assumptions have to rely on historic
climate data (e.g., Gosse and Phillips, 2001). Here, the combination
of 19Be with in situ “C provides the opportunity to check on the
necessity and extent of a shielding correction for exposure dating of
the Gotthard Pass. Because of its short half-life, the in situ 4C
concentration approaches secular equilibrium much faster
compared to the long-lived '°Be. Also the contribution by muons to
the total production rate is significantly higher for in situ C.
Therefore, snow cover and the correction of exposure ages for snow
shielding has a much stronger effect on calculated in situ 'C ages
compared to °Be.

As shown in the two—isotope diagram (Fig. 6), data points for 6
of 8 samples plot above the line of constant exposure/no erosion
(no shielding by snow or sediment). For those samples that yielded
slightly lower in situ “C than 1°Be ages (got-01, got-04, got-06, got-
07, got-08, got-11), partial surface shielding is indicated. Assuming
constant snow depths throughout the Holocene, measured con-
centrations of both nuclides can be brought into agreement for a
variable amount of snow cover of ~80—200 cm during 6 months
per year (Fig. 6B). Two samples (got-06, got-11) agree with the
modern snow depth of ~180 cm during 6 months per year as
deduced from the mean Nov—April snow depths recorded from
1983 to 2002 at climate stations nearby (data from the Institute for
Snow and Avalanche Research and MeteoSwiss; Auer, 2003). The
other four samples indicate only about half to two-thirds of the
amount of snow throughout the Holocene, which is consistent with
the suggested warmer climate during the middle Holocene
(Hormes et al., 2001; Davis et al., 2003; references therein, Joerin
et al,, 2006). Finally, data points for two other samples (got-05,
got-10) do not plot above line of constant exposure/no erosion
implying that no further shielding correction is needed for these
sites. With sample got-05 collected from the edge of a boulder and
sample got-10 from a 30° dipping surface, these results are very
reasonable.

In addition to snow cover, surface shielding by glacial sediment
(till) could be considered. Although no sediment cover exists at the
sampling sites at present, it cannot be excluded that patches of till
covered the now exposed bedrock during an unknown time inter-
val right after deglaciation. Shielding by sediment could explain
some differences observed for adjacent sites on the pass (e.g., got-
06 and got-07). It may also be possible that the well-preserved
glacial polish around the low-elevation sites results from surfaces
being protected by an initial sediment layer now eroded. Assuming
constant shielding by sediment only (no snow), about ~10—20 cm
thick till is required to explain the measured differences in the '°Be
and in situ "C concentrations (Fig. 6C). However, we assume snow
to be the main shielding element and till to be of minor influence, if
any.

Furthermore, the fact that data points for samples got-05, and
got-10 plot below the line of constant exposure/no erosion could
imply that the in situ C spallogenic production rate might be

between °Be and in situ 'C data. (A) Including the current production rate un-
certainties, marked with grey dashed lines, '°Be and in situ '*C exposure ages would be
identical within 1¢. (B) Considering only the analytical uncertainties, in situ C
exposure ages that are slightly younger than the '°Be ages, i.e. samples plotting left of
the constant exposure line, could be explained by Holocene snow cover. Dotted lines
are lines of constant exposure that include permanent shielding due to snow cover (Eq.
(1), p = 0.3 g cm3). (C) Alternatively to (B), slightly younger in situ *C ages can also be
caused by shielding due to a thin sediment (till) layer (p = 2.0 g cm3).
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slightly underestimated. A production rate determined from the
combined '°Be and '“C data of samples got-05, and got-10 would
be around 12.8 at g~' y~!, which is well within the uncertainty of
the current spallogenic production rate of 1229 + 0.99

at g~! y~l. However, a higher production rate would also
implicate increased surface shielding corrections for the other
samples.

Altogether, combining °Be with in situ C analyses may yield
more accurate surface exposure ages as it provides a tool to identify
surface shielding and to estimate the amount of snow correction.
We have corrected all exposure ages (except got-05 and got-10) for
snow cover using a minimum snow depth of 100 cm in 6 months as
suggested from our combined °Be-4C data (Fig. 6B). Overall, these
corrections increase the °Be ages by ~ 1 ka and in situ C ages by
~2—3 ka (Table 3).

7. Surface exposure ages in the context of paleoflow
reconstruction

Snow corrected exposure ages from the Gotthard Pass suggest a
successive deglaciation of the pass area during the Lateglacial.
Deglaciation started at ~16—15 ka and the pass became completely
ice-free at the beginning of the Holocene by ~11 ka. Using field
observations of glacial erosional features, exposure age data will be
linked in the following to changes of ice volume and paleoflow
directions throughout the period of Lateglacial ice decay. Results
from the mapping of erosional markers are presented in Fig. 7A and
B, which summarize our interpretation of these markers and
illustrate the conclusions on the glacial flow pattern. At most sites
on the pass two generations of erosional features occur in a cross-
cutting pattern. We interpret these to correspond altogether to
three generations of erosional markers and, thus, to document
three different paleoflow patterns.

7.1. LGM

Landscape topography and strongly abraded bedrock surfaces
on the Gotthard Pass record an intensive glacial imprint by highly
erosive ice masses. Within the central pass area up to 1 m large,
few cm deep and often weathered crescentic gouges are super-
imposed on the erosional bedforms. These features are consistent
with the proposed LGM flow pattern into SSE direction (Fig. 3; cf.
Florineth and Schliichter, 1998) but could also have formed during
later glacial stages. The only site where the first generation of
erosional markers can be clearly identified is on the ridge south of
the Alpe di Fortiinéi, where SSE to SSW-directed crescentic gouges
are cross-cut by SW to WSW-pointing crescentic gouges and
parallel running glacial striae (Fig. 4 and Fig. 7A). The older gen-
eration of erosional features implies a roughly S-directed ice flow,
which does not follow local topography and agrees with the LGM
flow pattern. As suggested by our reconstruction of the LGM
glacial cover illustrated in Fig. 3, the LGM ice divide was about
2 km north of today’s water divide on the Gotthard Pass. Glacier
transfluence over the pass was forced by the dynamics of the
enormous ice masses originating from the cirques north of the
Monte Prosa and at the Lago di Lucendro that served as main
accumulation areas. North of the ice divide, glacier transfluences
existed at the Oberalp and Furka passes into the direction of the
Urseren valley (Fig. 1). From there, the ice was draining north-
wards into the Reuss glacier. Although a lowering of the LGM ice
surface at Gotthard Pass is suggested from field evidence (see
below), our exposure ages do not record ice-free conditions during
the early Lateglacial.

7.2. Oldest Dryas

Small and shallow crescentic gouges that are less weathered,
fine glacial striae and glacial polish represent a younger generation
of erosional features that show variable directions of ice flow
deviating from the main LGM flow direction. This second genera-
tion of erosional markers (SW to WSW-directed) imply a change in
the ice flow configuration, most likely after a significant decrease of
the ice elevation, and suggests the presence of a local glacier at the
Monte Prosa. However, because the glacial ice from the Monte
Prosa cirque is continuously flowing opposite to topography, the
persistence of a large ice mass on the pass is required to force local
glaciers into the predominant southward direction. The termina-
tion of the ice flow over the ridge south of the Alpe di Fortiinéi
represents the timing of severe glacier downwasting and is con-
strained by the exposure ages of got-08 and got-09 that give a mean
age of 14.5 + 0.8 ka (Fig. 7). Based on the large volume of ice implied
by the pattern of the glacial erosional features these exposure ages
are interpreted to portray the downwasting of Gschnitz stadial
glaciers. These are envisioned as a large system of transection
glaciers with a pattern similar to the LGM but limited to the high
elevation inner Alpine valleys. Crescentic gouges east of the Lago di
Lucendro (Fig. 7A) suggest that local ice coming out of the lake
depression was forced to flow towards SE opposite to topography.
Thus, erosional markers are considered to have formed at the same
time as the ones assigned to the second generation on the ridge
south of the Alpe di Fortiinéi. Erosional features in the SW of the
pass agree with this flow pattern. Approaching pass elevation, the
ice flow direction recorded by the erosional markers gradually
changes from the initial E-ENE direction into a SSE-ward flow.
However, as this pattern follows the general topography, these
markers must not necessarily have formed contemporaneously
with the second generation of erosional features further north.
Nevertheless, abundant deep (few cm) crescentic gouges point to a
quite large volume of ice that caused strong glacial erosion (cf.
Glasser and Bennett, 2004 ). Within this configuration the ice divide
was still situated north of Gotthard Pass.

An exposure age of 15.2 + 0.8 ka obtained from the highest
sampling site at the south-eastern pass side (got-01) suggests an
overall synchronous deglaciation of the pass area. Altogether, these
ages propose that glacier transfluence persisted in the Gotthard
Pass area throughout the Oldest Dryas and that the large system of
local transection glaciers decayed even as late as the onset of the
Bolling/Allerad interstadial.

7.3. Younger Dryas

An apparent third generation of erosional features is well
defined east of the Lago di Lucendro by ~E-W-striking glacial
polish cross-cutting the second generation of crescentic gouges
(SE-directed). These features clearly show a major reorganization of
the paleoflow pattern into a nearly completely topographically
controlled system and a shift of the ice divide towards the south
close to today’s water divide. During this phase of glacier readvance
local ice from the Lago di Lucendro moved down-valley towards the
north as well as eastwards across the pass. Consistently, a single but
not very well developed crescentic gouge at the Alpe di Fortiinéi is
indicating northwards glacial flow out of the cirque following local
topography. A left lateral moraine within the Alpe di Fortiinéi,
which may have formed during this readvance, was mapped by
Renner (1982) and attributed to the Daun stadial (Fig. 7B).

Rows of comparatively small and shallow (few mm) crescentic
gouges around sampling site got-12 suggest a much smaller glacier
system with little erosional potential but also indicate that ice from
the Lago di Lucendro valley spread over a large part of the northern
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pass area. In agreement with field observations, samples got-11 and
got-12, that were located within the lower pass area below 2200 m
a.s.l, yielded younger '°Be ages of 11.7 + 0.5 ka and 12.3 + 0.5 ka,
respectively. These suggest an attribution of the third generation of
erosional markers with the Younger Dryas cold phase and to a read-
vance of Egesen stadial glaciers. This supports the interpretation of
Renner (1982) that the right lateral moraine east of the Lago di
Lucendro (Fig. 7B) was deposited during the Egesen stadial. Consis-
tently, readvance of local ice at the southwestern pass side was dated
to 12.1 4 0.5 ka to 12.8 + 0.6 ka (got-02, got-04, got-07). Finally, a
minimum age of 11.1 +-0.4 ka for the final deglaciation of the Gotthard
Pass is given from the boulder (got-05) and is consistent with depo-
sition during Egesen advance and ice-free conditions by the end of the
Younger Dryas. This age is also in good agreement with radiocarbon
dates from the Central Alps indicating ice-free conditions at eleva-
tions of ~2150 m by ~11.2—12.6 cal ka BP (Renner, 1982).

Glacial striae (E-W to SE-NW-striking) that cross-cut older
crescentic gouges in the central pass area clearly demonstrate that
local ice was expanding from the cirque north of the Piz Lucendro
(Fig. 7B) at some time after the breakdown of the large Gschnitz
glacier system. This pattern of striae right at the pass documents
the dominance of local glaciers and indicates the absence of a large,
south-flowing glacier in that area. Although all sampling sites in the
southwestern study area are located below the cirque basin north
of the Piz Lucendro, not all samples yielded Egesen stadial ages. We
suggest that the spread in ages documented on this side of the pass
results from a first exposure of all sites starting at ~16 ka and only a
partial coverage by readvancing Egesen glaciers. The Younger Dryas
was a ~1.1-1.3 ka long, climatically unstable period (Alley, 2000).
In some regions of the Alps up to seven Egesen moraines with
intervening periods of ice recession have been identified (Maisch,
1982, 1987; Kerschner et al., 2000 and references therein).
Because of the flat topography of the pass area, during each advance
the glacier may have followed a slightly different path leading to
some areas being covered and others not.

8. Conclusions

In this study '°Be and in situ *C exposure dating were combined
with mapping of glacial erosional features to elucidate the pattern
of deglaciation of the Gotthard Pass after the LGM. Erosional
markers suggest a progressive glacier downwasting from the
maximum LGM ice volume and a gradual re-organization of the ice
flow pattern with a southward migration of the ice divide. Glacial
trimlines record the enormous ice volume that accumulated during
the LGM and that forced glaciers into an exclusively SSE-directed
flow. With downwasting of the LGM ice, the glacial regime
changed into a system of large interconnected dendritic glaciers
that seems to have continuously followed the general LGM paleo-
flow direction. This phase of early ice decay (cf. Reitner, 2007) can
be clearly identified from field evidence but is not recorded by the
exposure ages. The oldest obtained '°Be exposure ages from sam-
ples above 2250 m a.s.l. indicate first local deglaciation between
15.2 £ 0.8 ka and 14.2 + 0.6 ka. These ages can be attributed to the
decay of the large Gschnitz glacier system by the end of the Oldest
Dryas. From these data it is suggested that although the ice volume
was decreasing by the end of the LGM, large transection glaciers
persisted in the Gotthard region throughout the Oldest Dryas
allowing glacier transfluence over the pass. These results are in
good agreement with bedrock exposure ages reported from the
high Alpine Grimsel and Albula passes (Kelly et al., 2006; Bohlert
et al., 2011) implying that the scenario of rapid deglaciation by
the end of the LGM, as recorded for the Alpine foreland, does not
reflect the conditions in the high Alps. Glaciers remained large in
high elevation areas for several thousand years after downwasting

of the foreland piedmont glaciers and possibly decayed as late as
the onset of the Belling warming.

After drastic downwasting of the ice volume during the Belling/
Allerad interstadial, local glaciers readvanced during the Younger
Dryas cold phase forming an entirely topographically controlled ice
flow pattern with ice flowing out of the cirques. 1°Be exposure ages
of ~12—13 ka give the timing of Egesen glacier readvance (cf. Ivy-
Ochs et al., 2009). Egesen glaciers expanding from the higher
elevated accumulation areas covered most of the pass area. How-
ever, glacial erosion was negligible. From the recorded spread in
19Be exposure ages we assume that the Egesen readvance was
preceded by an episode of ice-free conditions during part or all of
the Bolling/Allered interstadial. Thus, some sites have been pre-
exposed during that time. Egesen glaciers may not have equally
covered the entire area due to local variations in tongue geometry.
The timing of final deglaciation by the end of the Younger Dryas is
constrained by the 1°Be minimum exposure age of 11.1 + 0.4 ka
from the only analysed boulder (got-05) that was deposited during
the last glacier readvance.

From the combination of '°Be and in situ 'C data, we were able
to evaluate the necessity of a snow shielding correction. Detailed
constraints on the amount of such a correction were gained for each
sampling site. The overall consistency between the in situ C and
the 1°Be data excludes the presence of significant glacial ice
(including non-erosive ice patches) for any time on Gotthard Pass
during the Holocene and points to a continuous exposure of the
pass area since the end of the Younger Dryas.
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