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ABSTRACT: The Gschnitz stadial was a period of regionally extensive glacier advance in the
European Alps that lies temporally between the breakdown of the Last Glacial Maximum piedmont
lobes and the beginning of the Balling warm interval. Moraines of the Gschnitz stadial are found in
medium to small catchments, are steep-walled and blocky, and reflect a snowline lowering of 650—
700m in comparison to the Little Ice Age reference snowline. '°Be surface exposure dating of
boulders from the moraine at the type locality at Trins (Gschnitz valley, Tyrol, Austria) shows that
it stabilised no later than 15400+ 1400 yr ago. The overall morphological situation and the long
reaction time of the glacier suggest that the climatic downturn lasted about 500 & 300 yr, indicating
that the Gschnitz cold period began approximately 15900 4 1400 yr ago, if not somewhat earlier.
This is consistent with published radiocarbon dates that imply that the stadial occurred sometime
between 15400 '*Cyr BP (18020-19 100 cal.yr) and 13250 '*Cyr BP (15360-16015cal.yr). A
palaeoclimatic interpretation of the Gschnitz glacier based on a simple glacier flow model and
statistical glacier-climate models shows that precipitation was about one-third of modern-day
precipitation and summer temperatures were about 10K lower than today. In comparison, during
the Younger Dryas, precipitation in this area was only about 10% less and T, (summer temperature)
was only 3.5-4 K lower than modern values. Based on the age of the moraine and the cold and dry
climate at that time, we suggest that the Gschnitz stadial was the response of Alpine glaciers to
cooling of the North Atlantic Ocean associated with Heinrich Event 1. Copyright © 2005 John Wiley

Journal of Quaternary Science

& Sons, Ltd.
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Introduction

Following the peak of the Last Glacial Maximum (LGM) the
piedmont lobes that covered the Alpine foreland disintegrated
rapidly (e.g. Schliichter, 2004; van Husen, 2004) into large val-
ley glaciers, that in the higher regions comprised dendritic gla-
cier systems. On the foreland, lakes and bogs formed. This
transition marks the beginning of the Oldest Dryas (Greenland
Stadials 2b and 2a; Bjorck et al., 1998; Walker et al., 1999),
which lasted until the start of the Belling 14700yr ago
(Greenland Interstadial 1). As defined by Penck and Brtickner
(1901/1909) the ‘Alpine Lateglacial” (starting with the Oldest
Dryas) began as soon as the foreland piedmont glaciers had
melted back into the mountains after the peak of the LGM.

*Correspondence to: Susan Ivy-Ochs, Teilchenphysik, ETH-Honggerberg, CH-
8093 Zurich, Switzerland and Geographisches Institut, Universitit Zurich-Irchel,
CH-8057 Zurich, Switzerland. E-mail: ivy@phys.ethz.ch

Detailed sedimentological and palynological investigations
show that before the beginning of the Bglling a number of dis-
tinct cold periods can be identified (e.g. Welten, 1982; Amman
etal., 1994; Burga and Perret, 1998). Similarly, moraine sets in
the alpine valleys indicate repeated expansions of glaciers dur-
ing the Oldest Dryas. Linkage of climate downturns identified
in the pollen record with glacier fluctuations as demarcated by
the moraines has been nearly impossible because of dating dif-
ficulties (cf. Preusser, 2004).

The most marked of the glacier readvances before the begin-
ning of Balling is recorded by the family of moraines known as
‘Gschnitz’. It is the aim of this paper to establish when the
Gschnitz cold event occurred and what the climate was like
at that time. To date directly the end of the Gschnitz stadial
we chose to exposure date boulders from the type locality at
Trins, Austria, using in situ produced 10Be (Lal, 1991; Gosse
and Phillips, 2001). To get a picture of what the climate
was like during the Gschnitz stadial we used glaciological
modelling (cf. Kerschner et al., 1999) of the former Gschnitz
glacier as defined by the Trins moraine. From this we derived
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quantitative palaeoclimatic conditions (summer temperature
and precipitation) for a period of time, the early Lateglacial,
about which very little is presently known. We hope to shed
light on the temporal relationship between the regionally
extensive glacier advance that led to build-up of Gschnitz sta-
dial moraines in the European Alps and distinctive climate
events as seen in North Atlantic Ocean sediment cores (e.g.
Bond et al., 1992; Hemming, 2004) and Greenland ice core
records (e.g. Johnsen et al., 2001). This will provide crucial
information for the understanding of trigger and transfer
mechanisms in the Earth’s climate system (Broecker, 2003).
The Alps lie in an especially sensitive downwind position with
respect to the North Atlantic Ocean. Major changes in ocean
circulation, sea surface temperatures and sea-ice coverage
should be reflected in almost instantaneous changes in glacier
volumes in the European Alps (e.g. Florineth and Schliichter,
2000).

The Alpine Lateglacial stadials

No later than 21 000-19 000 yr BP (lvy-Ochs et al., 2004), the
LGM system of ice domes (Florineth and Schlichter, 1998,
2000; Kelly et al., 2004), outlet glaciers and piedmont glaciers
that extended onto the foreland of the European Alps had
begun to break down (Schliichter, 1988, 2004; van Husen,
1997, 2000, 2004). Quite soon after the peak of the LGM, large
parts of the central Alps were free of ice (e.g. van Husen, 2000)
and huge systems of dendritic glaciers existed. With time, these
gave way to glaciers filling just the main longitudinal valleys
(e.g. Inn and Rhoéne) and finally to local valley and cirque gla-
ciers (Penck and Briickner, 1901/1909; van Husen, 2000). This
general downwasting trend was interrupted by a number of
successively smaller glacier readvances known as the ‘Lategla-
cial stadials’ (Table 1). Numerous moraine systems in valleys
and cirques, which have been mapped over wide areas of
the Alps since the second half of the 19th century, document
the Alpine Lateglacial stadials. The assignment of moraines to
a stadial is based on a number of diagnostic features: (i) relative
position of the moraines; (ii) moraine morphology and related
periglacial features; (iii) equilibrium line altitude (ELA); and (iv)
depression of the ELA (6ELA) relative to the Little Ice Age (LIA)
ELA (e.g. Penck and Briickner, 1901/1909; Heuberger, 1966;
Gross et al., 1977; Maisch, 1981, 1987, 1992). The presently
used terminology for the Alpine Lateglacial (Heuberger,
1966; Mayr and Heuberger, 1968; Patzelt, 1972; Maisch,
1982, 1987, 1992; Kerschner, 1986; van Husen, 1997, 2000,
2004) is based on the system originally set up by Penck and
Briickner (1901/1909). With the exception of the Egesen
stadial, which was verified to be Younger Dryas (Greenland
Stadial 1) in age (Ivy-Ochs et al., 1996, 1999), the absolute ages
of the Lateglacial stadials are still unclear. Numerous minimum
radiocarbon ages suggest that all of them, except the Egesen
and Kromer/Kartell, occurred during the Oldest Dryas. The
final glacier advances (Kromer/Kartell) may have even actually
occurred during the early Holocene.

The Gschnitz stadial

Gschnitz type moraines of tributary valley glaciers are wide-
spread in both the Eastern (Mayr and Heuberger, 1968; Patzelt,
1975; Gross et al., 1977; van Husen, 1977, 1997, 2000, 2004)

Copyright © 2005 John Wiley & Sons, Ltd.

and Western Alps (Maisch, 1981, 1982, 1987, 1992). They are
mainly found in areas where glaciers were several tens to a few
hundred square kilometres in size. In the higher areas of the
Alps, like the Valais, the Mont Blanc massif and the Bernese
Oberland, very large dendritic glacier systems probably still
existed. Key sites in the Eastern Alps include the Traun valley,
the Pinzgau (upper part of the Salzach river catchment), the
Gerlos pass area (van Husen, 2000 and references therein)
and the Trins moraine (type locality: Penck and Briickner
1901/1909) discussed here. In the Western Alps, Gschnitz mor-
aines were described by Briickner (Penck and Briickner, 1901/
1909), but only in catchments of typical ‘Eastern Alpine” extent
and morphology (see also Maisch, 1981; Miiller et al., 1981;
Renner, 1982; Miiller, 1984; Schoeneich, 1998). Notable
Gschnitz moraines in the Graubtinden region are found for
example near Davos (Sertig glacier; Maisch, 1981), and Airolo
(Bedretto glacier; Renner, 1982). In wide areas of the Alps, par-
ticularly in the Western Alps, the extent of the Gschnitz Stadial
is not well known. Even after almost a century of mapping,
Gschnitz moraines have not been found in the large longitudi-
nal valleys of the Alps (e.g. the Rhone valley, the upper Aare
valley and its tributaries, or the Inn valley). In general, the over-
view of Gschnitz glacier extents given by Briickner (Penck and
Briickner, 1901/1909) is still largely valid.

Based on information obtained from Gschnitz stadial mor-
aines in the central and Eastern Alps, Gschnitz stadial glaciers
exhibited a 6ELA in the order of 650-700 m relative to the Little
Ice Age ELA (Patzelt, 1975; Gross et al., 1977; van Husen,
1977; Maisch, 1981, 1982, 1987; Miiller et al., 1981; Renner,
1982; Kerschner and Berktold, 1982; Miiller, 1984; Wetter,
1987; Kerschner, 1993). In comparison, the ELA depression
associated with the LGM glaciers was in the order of 1200 m
(e.g. Maisch, 1987; Haeberli, 1991; van Husen, 1997, 2000).
Because LGM glaciers fanned out into piedmont lobes on the
foreland, the area and volume differences (see Fig. 1) were
much more pronounced.

Gschnitz stadial moraines (at altitudes below 1400 m) fre-
quently are characterised by a rather sharp-crested morpholo-
gical appearance with only minor signs of periglacial
reworking. The moraines are often several tens of metres high
and contain abundant coarse and blocky debris. In suitable
locations they are connected to well-developed outwash ter-
races (van Husen, 1977). Basal till overlying glacifluvial gravels
(van Husen, 1977) or rockslide deposits (Kerschner and
Berktold, 1982) shows that Gschnitz glaciers advanced several
kilometres over ice-free terrain.

The moraine at Trins

The moraine near the village of Trins (latitude 47 ° 4’43’ and
longitude 11° 25’2’, 1200 m) in the Gschnitz valley was cho-
sen as the type locality of the Gschnitz stadial by Penck and
Briickner (1901/1909). It is situated 30km to the south of
Innsbruck and about 150 km south of the LGM end moraines
of the Inn glacier system (Fig. 1). Various authors have studied
the glacial geomorphology of the Gschnitz valley (e.g. Pichler,
1859; Kerner von Marilaun, 1890; Paschinger, 1952; Senar-
clens-Grancy, 1958; Mayr and Heuberger, 1968), defining
and redefining the Lateglacial system of glacier advances of
the Eastern Alps in general and that of the Gschnitz valley in
particular (cf. Mayr and Heuberger, 1968; Kerschner, 1986;
Patzelt and Sarnthein, 1995).

The moraine complex at the type locality in Trins consists of
an arcuate end-moraine complex with lateral moraines and
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stadials (1, 3, 8, 26).

Final collapse 21 000-19 000 yr ago (19).

—1000 to > —1200m.

Piedmont lobes.

Ice domes in the high Alps (27, 28, 29),
outlet glaciers and piedmont glaciers

on the foreland.

LGM

Principal sources: Senarclens-Grancy (1 1958), Heuberger (2 1966), Mayr and Heuberger (3 1968), Patzelt (4 1972; 5 1975; 6 1995), Gross et al. (7 1977), van Husen (8 1977; 9 1997), Fraedrich (10 1975), Maisch (11

1981; 12 1982; 13 1987), Kerschner and Berktold (14 1982), Mdiller (15 1982; 16 1984), Kerschner (17 1986), lvy-Ochs et al. (18 1996; 19 2004), Ohlendorf (20 1998), Kerschner et al. (21 1999; 22 2000), Hertl (23

2001), Sailer (24 2001), Sailer and Kerschner (25 1999), Reitner (26 2005), Florineth and Schliichter (27 1998; 28 2000), Kelly et al. (29 2004). References before early 1950s see Kerschner (1986)

related ice-marginal features (Fig. 2). The latter are almost com-
pletely preserved for a distance of more than 3 km upvalley to
an altitude of 1410 m (Fig. 3) (Kerner von Marilaun, 1890;
Paschinger, 1952). Above the village of Gschnitz, 6-6.5km
from the end moraine, remnants of moraines at altitudes of
1520-1540m can be traced downvalley to the lateral mor-
aines. The moraine complex was deposited by a glacier that
was about 18km long (Fig. 4) and had a surface area of
51 km?. On the right-hand side of the river, the end moraine
is about 30m high and 100 m wide. There, the distal front of
the moraine falls away at an angle of 30-35 °. The surface area
of a cross-section through the terminal moraine is in the order
of 1500-2000 m?. At the lowest point, the end moraine is dis-
sected and breached by the present-day river. Apart from that,
no signs of strong post-depositional periglacial or fluvial
reworking can be seen. A small outwash terrace stretches
downvalley for about 500 m. In exposures created during con-
struction over the past 30 years, one can see that the moraine is
composed of crystalline till with a considerable amount
of Mesozoic carbonates as smaller clasts and in the matrix.
Sticking out of the surface of the moraine are subangular to sub-
rounded crystalline boulders (so-called ‘Otztaler Schiefer-
gneis’) which are up to several metres in diameter. These are
especially abundant along the left-hand side of the end-mor-
aine complex where there are two to three closely spaced par-
allel ridges and several kettle holes. This surface morphology
suggests that the ice on the lower left-hand side of the glacier
tongue was thickly covered by crystalline rockfall debris that
had been transported on the glacier surface.

Remnants of the Steinach moraine (type locality: Senarclens-
Grancy, 1958; Mayr and Heuberger, 1968) lie a few kilometres
downstream from Trins near the town of Steinach. Fragmentary
remnants of other moraines in the lower Gschnitz valley,
which were mentioned by Kerner von Marilaun (1890) and
Mayr and Heuberger (1968), have been destroyed during the
past few decades.

Timing of the Gschnitz Stadial

'C ages related to the Gschnitz stadial

All published '*C ages that can be linked to the Gschnitz cold
event are discussed below (see Fig. 1 for site locations). We
describe the site where the material for radiocarbon dating
was obtained in relation to the local Gschnitz glacier, because
such information was generally not included in the original
publications. Our approach is to include minimum radiocarbon
ages for moraines which, based on ELA change relative to the
LIA ELA as well as geomorphological criteria, we or the listed
authors correlate to the Trins-type Gschnitz moraine or to mor-
aines that are younger than Gschnitz but older than Egesen
(Younger Dryas). Such correlations are not necessarily unam-
biguous. Before the onset of the Bglling, most glaciers were
rather large, making calculation of ELAs complicated. Thus in
some places, possibly Gschnitz stadial moraines may have been
confused earlier with moraines of the (stratigraphically younger)
Clavadel/Senders stadial (cf. Kerschner, 1986). The radiocarbon
ages, including the stated uncertainties, have been converted to
calendar ages with IntCal04 (Reimer et al. 2004) using the
CALIB 5.0.1 software (Stuiver et al., 1998, 2005). The calibrated
radiocarbon age ranges are plotted in Fig. 5.

The following radiocarbon ages were obtained from the
Krothenweiher peat bog which lies proximal to the Trins mor-
aine crest ('K’ in Fig. 3). Bulk sediment samples yielded ages of

J. Quaternary Sci., Vol. 21(2) 115-130 (2006)
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96354230 '*C yr BP (10595-11 250 cal. yr) and 9555 +220
Cyr BP (10590-11185cal.yr) (Bortenschlager, 1984a),
while wood fragments gave AMS '*C ages of 97904110
"Cyr BP (10880-11385cal.yr), 97204100 '*Cyr BP
(10820-11245cal.yr) and 96504100 '*Cyr BP (10795
11025 cal. yr) (Patzelt and Sarnthein, 1995). These ages were
obtained in the gyttja section of the core close to the base of
the section. Similarly, pollen analysis showed that organic sedi-
mentation on the proximal side of the moraine did not start
before the early Preboreal period (Bortenschlager, 1984a),
which began 11 600yr ago (e.g. Walker et al., 1999).

On the southern side of San Bernardino pass (Graubtinden,
Switzerland), an age of 130104200 '*Cyr BP (15085-
16750 cal. yr) (Zoller and Kleiber, 1971) was obtained from a
bog at Suossa di San Bernardino (1700 m). The bog lies in an
area previously covered by ice of the Gschnitz stadial glacier

Copyright © 2005 John Wiley & Sons, Ltd.

tongue or at least in a lateral position very close to the tongue
at much higher elevation than the terminus of the San Bernar-
dino Gschnitz glacier (Kerschner, 1977). Higher up at Sass de
la Golp (1953 m), on the southern side of San Bernardino pass,
pollen analysis indicated that the peat bog existed already in
the Oldest Dryas (Burga, 1980). The peat bog is situated in
the lower part of the accumulation area of the Gschnitz stadial
glacier. Thus the "*C age of 12280+160 "*Cyr BP (13975—
14580 cal. yr) (Burga, 1980) provides a minimum age for the
deglaciation of the accumulation area of the glacier. Based
on the location of moraines and moraine fragments in this
region that are correlative to the Clavadel stadial (Kerschner,
1977), we conclude that this data might also give a minimum
age for Clavadel in the San Bernardino region.

Pollen analysis at Hopschensee (Simplon pass, Switzerland,
2017 m; Welten 1982) indicates that bottom sediments

J. Quaternary Sci., Vol. 21(2) 115-130 (2006)
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Figure 2 View of the moraine arc of Trins, Gschnitz valley, Tyrol, Austria. The end moraine is represented by the forested ridge crossing the valley in
the foreground. Altitude of end moraine crestline above chapel is 1230 m. White arrows mark uppermost position of quasi-continuous lateral mor-
aines. Lower black arrow marks position of Egesen Stadial (Younger Dryas) glacier end, upper black arrow gives approximate position of LIA glacier
end of Simmingferner (hidden behind bedrock ridge). Highest peaks in the background are between 2900 m and 3200 m (photo: H. Kerschner)
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Figure 3 Map of the terminal moraine complex at Trins Austria with
locations of boulders sampled

pre-date the start of the Bglling. The oldest radiocarbon age
obtained was 125804200 "*Cyr BP (14300-15510cal.yr)
(Welten, 1982). Hopschensee is located within the lower part
of the accumulation area of the Gschnitz (Gondo) stadial gla-
cier of the Simplon area (Mdiller, 1984).

Further to the west in canton Valais a basal date of
120854200 "*Cyr BP (13 695-14220cal.yr) in the Gouillé
Rion peat bog at Alp d’Essertse (2342 m) in the Val d'Héré-
mence (Tinner et al., 1996) provides a minimum-limiting age
for moraines which can be attributed to the Clavadel or Daun
stadial. The respective glacier, with a snowline only 310m
below that of the Little Ice Age (Tinner et al., 1996), was clearly
much smaller than the Gschnitz stadial glacier. According to
Briickner (Penck and Briickner, 1901/1909), the terminus of

Copyright © 2005 John Wiley & Sons, Ltd.

the Gschnitz glacier would have been near the mouth of the
valley, at around 850 m.

At Gerlos pass (Salzburg, Austria, 1590m), ages of
12290+ 110 "Cyr BP (14000-14450cal.yr) and 12155+
210 "Cyr BP (13755-14400 cal. yr) were obtained (Patzelt,
1975; Bortenschlager, 1984a). The sampling site and its sur-
roundings were subjected to intense periglacial activity during
the Gschnitz stadial which prohibited peat bog growth. There-
fore, these ages give a minimum age for the Gschnitz (Gerlos)
stadial (Patzelt, 1975).

Radiocarbon ages of 139804240 '*Cyr BP (16290
17040 cal.yr), 132304190 "*Cyr BP (15360-15965 cal. yr)
and 132504210 "Cyr BP (15360-16015cal.yr) were
obtained from the peat bog at Lanser See (840m) near
Innsbruck (Patzelt, 1995). The peat bog is situated about
15km north and 350m lower in elevation than the Trins
Gschnitz moraine. It is likely that the 13980 '*Cyr BP date is
too old, because it is incongruent with the age-depth model
(see also Patzelt, 1995); therefore we disregard it below as a
minimum age. However, it should be mentioned that the sedi-
ment dated to 13980 '*Cyr BP does underlie sediment that
contains pollen which indicate a climatic downturn (G. Pat-
zelt, pers. comm. 2004). No cold period intense enough to
explain the Gschnitz glacier advance was recorded in the pol-
len above the two younger radiocarbon dates (Patzelt, 1975,
1995).

The Rodschitz peat bog (790 m) lies inside the moraines of
the Steinach stadial, but outside Gschnitz stadial moraines of
the Traun glacier system (Steiermark, Austria). The basal radio-
carbon age of 15400+470 '*Cyr BP (18020-19 100 cal.yr)
(van Husen, 1977, 1997) is a minimum age for the Steinach sta-
dial and indirectly a maximum age for the Gschnitz stadial. The
Gschnitz stadial may correspond to a distinct cold phase
between 15400 '*Cyr BP and the beginning of the Bolling as
identified in the pollen data (Draxler, 1977, 1987). In the same
area, two more dates, which were recovered from sediments
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Figure 4 Longitudinal profile of the Gschnitz Stadial glacier. Thick lines at the glacier tongue and above the village of Gschnitz represent preserved
moraines. Sc is accumulation area, Sa is ablation area; YD marks position of the Egesen Stadial maximum (Younger Dryas) glacier end (modified from

Kerschner et al., 1999)

on the proximal side of Gschnitz moraines, give minimum ages
for the local Gschnitz advance of 124404420 "“Cyr BP
(13950-15095 cal.yr) and 122204180 '"*Cyr BP (13 835-
14445 cal. yr) (van Husen, 1977; Draxler, 1977, 1987).

To summarise, the published radiocarbon ages indicate
that the Gschnitz advance occurred sometime between
154004470 "Cyr BP (18020 —19100cal.yr) (data from
Rodschitz peat bog) and 132504210 "“Cyr BP (15360-
16015 cal. yr) (data from Lansersee). Pollen data support the
pre-Balling ages. We note the presence of a radiocarbon pla-
teau at about 13300 '*Cyr BP (e.g. Hughen et al., 2004).

Surface exposure dating of the Gschnitz
moraine at Trins

Samples for exposure dating were taken from 10 boulders
along both lateral moraines as well as at the terminal moraine
at Trins (Fig. 3). Seven boulders have been analysed (Table 2).
All '°Be data are presented here (Table 3). Quartz veins in the
coarse-grained gneiss were sampled with a hammer and chisel.
The top centre surface of each boulder was sampled except
where indicated below. Quartz vein material was crushed
and sieved to <0.8 mm grain size. Quartz mineral separates
were purified as well as cleaned of meteoric '°Be following
Kohl and Nishiizumi (1992) and Ivy-Ochs (1996). Dissolution
of quartz with HF after addition of “Be, was followed by isola-
tion of Be with ion exchange and selective pH precipitation
techniques (lvy-Ochs, 1996; Ochs and Ivy-Ochs, 1997).
'9Be/’Be ratios and appropriate standards and blanks were
measured using accelerator mass spectrometry (AMS) follow-
ing standard procedures at the PSI/ETH Zurich facility (Synal
et al., 1997). Subtracted blank ratios were of the order of 1 to
3x107'%

The surface exposure ages listed in Table 3 were calculated
using a sea-level high latitude production rate of 5.1 40.3 '°Be
(atoms per gram SiO; per year), with 2.6% production due to
muon capture (Stone, 2000). Scaling for latitude (geographic)
and altitude was based on Stone (2000). No correction has
been made for either changes in palaecomagnetic intensity or
for non-dipole effects. At this latitude during this time range
the effect would have been of the order of 1% or less (Masarik
et al., 2001). Topographic shielding was based on a zenith
angle dependence of (sin®)*3 (Lal, 1985; Nishiizumi et al.,
1989). We have used an exponential depth profile with a rock
density of 2.65gcm™ and an effective attenuation length of
157 gcm™?2 (cf. Gosse and Phillips, 2001). We estimate the dif-
ference between our shielding calculations and those that
account for non-perpendicular impingement of cosmic rays
on steeply dipping surfaces (cf. Masarik et al., 2000; Dunne
et al., 1999) as less than 5%. Note that such corrections would
have given smaller effective production rates than the ones we
have employed, making the ages slightly older. The errors given
for each boulder age reflect analytical uncertainties (dominated
by AMS measurement parametres) including£5° on the dip
measurement.

We have corrected for snow cover on the flat-topped boulders
using 30 cm of snow for 4 months of the year (Fliri, 1975) and a
snow density of 0.3 gcm™>. As shown in Table 3, the effect is of
the order of 1%. To correct for erosion (weathering) of the rock
surface during exposure, we have used an erosion rate of 3.0 +
0.5mmkyr . This rate is based on the grain-to-grain roughness
and overall degree of rounding of the boulders. It is compatible
with the erosion rate determined in the Swiss Alpine foreland
using '°Be, 2°Al and *°Cl measured in a single boulder surface
(lvy-Ochs et al., 2004) and is considered conservative. Bare rock
erosion rates of crystalline rocks in alpine environments deter-
mined with '°Be and 2°Al are generally less than 10 mmkyr ™'
(e.g. Small et al., 1997).

Table 2 Boulder information: thickness, dip angle of sampled surface and surrounding topography corrections

Boulder Altitude Boulder Height above  Thickness  Surface dip Dip Shielding Total shielding
no. (m) diameter (m) ground (m) (cm) angle (degrees) direction correction correction
(topo. only)

Gamma 3 1215 2 2 4 44 190 0.985 0.883
Gamma 5 1220 3 1-1.5 4 25 225 0.987 0.888
Gamma 6 1225 2.5 1 2 flat 0.984 0.968
Gamma 7 1220 4 1-2 2 flat 0.986 0.911
Gamma 8a 1215 3 2 2 85 180 0.990 0.538
Gamma 102a 1325 4 2 3 20 10 0.972 0.946
Gamma 103 1330 5 1-2 4 30 120 0.962 0.914

Notes. Total shielding correction includes thickness, dip of rock surface and shielding of surrounding topography, but does not include the snow or

erosion corrections.

Copyright © 2005 John Wiley & Sons, Ltd.
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Table 3 AMS-measured '°Be concentration and calculated exposure ages

Boulder no. Altitude 9Be AMS measurement Exposure Snow corrected Exposure age (years)
(m) atoms/gram error age (years) (years) Snow and Erosion corrected
% 3 mmkyr")
Gamma 3 1215 1.87 x10° 5.2 14550£810 14550 15110£920
Gamma 5 1220 1.88 x 10° 7.2 1452041060 14800 15380+1130
Gamma 6 1225 1.61 x10° 9.8 11370+1120 11570 11920+ 1190
Gamma 7 1220 1.76 x 10° 8.4 132204£1120 13460 1394041200
Gamma 8a 1215 1.21x10° 3.8 15500 £990 15500 16130£1040
Gamma 102a 1325 1.94 x 10° 4.6 12940+610 13180 13650£650
Gamma 103 1330 2.03x10° 3.7 14030£590 14290 14830£720

Notes. AMS measurement errors are at the 1o level, including the statistical (counting) error and the error due to the normalisation to the standards and
blanks. Gamma 3 and 8a were not corrected for snow cover as the sampled surfaces were steeply dipping. Final uncertainties in the ages were cal-

culated as described in text.

Boulders 8a, 7 and 3 are located on the left-hand side of the
end-moraine complex. Here, there is an abundance of large
crystalline boulders separated by kettle holes. Boulder Gamma
8a (16130 +£1040yr) is embedded on the proximal side of the
moraine about 10m below the local moraine crest. We
sampled a vertical surface because the top surface was covered
with sediment and vegetation. Tree growth on the sampled sur-
face was impossible. In addition, because it is already so low
on the moraine ridge, we believe post-depositional exhuma-
tion is unlikely. Boulder Gamma 7 (13940+1200yr) was
sampled along the edge of the top surface. This required an
additional shielding correction of 6% (J. Masarik pers. comm.,
2004; Masarik and Wieler, 2003). Along one side it is at ground
level embedded in the inner side of the moraine, to the proxi-
mal side, it is about 2 m above the ground. Unfortunately, we
cannot rule out that trees were growing directly on the sampled
surface in the past. Boulder Gamma 3 (151104 920yr) liesin a
topographic low probably related to a kettle hole.

Boulder 5 (15380 + 1130) is located on the proximal side of
the crest of the terminal moraine. The boulder sticks out from
the sediment around 0.5 m on the distal side but more than 1 m
on the proximal side. It was also sampled along the edge of the
top surface (additional shielding correction of 6%; J. Masarik
pers. comm. 2004; Masarik and Wieler, 2003). Boulder
Gamma 6 (11910+£1180yr) was located along the highest
part of the terminal moraine, slightly towards the right-hand
side. Large in diameter (2.5m), the boulder appeared very
stable, but its top surface was only about 1 m above the enclos-
ing till. The distal slope of the moraine, below the position of
the boulder, was undercut by a small stream which comes
down from the southern side of the valley (cf. Mayr and
Heuberger, 1968). The boulder may have shifted or toppled
as a result of this slope undercutting, although this is not
apparent today.

Boulders 102a and 103 are found on the right lateral mor-
aine. It is for the most part a single discontinuous ridge that
skirts the valley wall 100 m above the valley floor. Boulder
102a (13650 £ 650) is more than 2m high and situated right
on the crest. The boulder was shattered down the middle but
had not broken apart. The pieces appeared to have kept their
original orientation, so that we thought we had sampled the ori-
ginal top surface of the boulder. Boulder Gamma 103
(14230+720) is located a bit farther upstream embedded in
the crest of the right lateral moraine.

The calculated exposure ages range from 11900 to 16 100
years. The simple moraine morphology, volume of sediment,
and overall climate history of the Alpine Lateglacial allow us
to rule out that the moraine formed over a span of 4200 years.
Itis also unlikely that the Gschnitz valley glacier was still at the
Trins position 11900 years ago. The Egesen (i.e. Younger Dryas
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equivalent) moraine of the Gschnitz valley is located
some 14 km upvalley (Fig. 4) (Kerschner et al., 1999; Patzelt,
pers. comm.) and presumably formed around 12000yr ago
(lvy- Ochs et al., 1996, 1999).

The moraine ridge itself is for the most part single-walled and
well-defined. It has retained its shape rather well since deposi-
tion. Nevertheless, our data indicate that many of the boulders
may not have been stable since the glacier abandoned the Trins
position or they were covered by sediment during part of their
exposure. We note that two of the oldest exposure ages
(boulder 3 and boulder 8a) are from the part of the moraine
where the glacier was probably covered by crystalline rockfall
debris. There, the proportion of very large clasts is much
greater, and the proportion of (carbonate) matrix less than on
the rest of the moraine. Clast-supported boulders are probably
more stable through time as settling and jostling is less. Clearly,
we cannot rule out that some of the smaller boulders may have
been covered by till part of the time since moraine deposition
(cf. Hallet and Putkonen, 1994; Zreda et al., 1994; Putkonen
and Swanson, 2003). Finally, the moraine has been forested
since the beginning of the Allerad (Bortenschlager, 1984a,
1984b). Trees themselves do not shield cosmic rays signifi-
cantly (Cerling and Craig, 1994a; Gosse and Phillips, 2001),
but they are quite capable of overturning or splitting even very
large boulders (cf. Cerling and Craig, 1994b). At Trins, tree
roots appear to penetrate the gneiss along the foliation planes,
then break off 5-10 cm thick slabs when they fall.

In the light of these factors, our interpretation is that final
moraine stabilisation occurred no later than 15400 £ 1400 yr
ago. This is based on the overlapping ages at the older end of
the age distribution and is the arithmetic mean of the exposure
ages for boulders 3, 5, 8a and 103 (Table 3, Fig. 5). The error
reflects the 1o confidence interval about the mean as well as
systematic uncertainties of the production rate (Stone, 2000).
We have not included the three younger boulder ages (6, 7
and 102a) as their ages are clearly younger than the indepen-
dent radiocarbon and pollen constraints for the age of the
Gschnitz stadial. These constraints in addition to glacial mor-
phological considerations indicate that Gschnitz stadial gla-
ciers must have downwasted before the Bglling period had
even begun (ca. 14700 yr ago).

Climatic conditions during
the Gschnitz stadial

Six kilometres of preserved moraines and other traces of the
glacier margin combined with a simple valley topography with
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Figure 5 Plot of all '°Be exposure ages for boulders from the Gschnitz
stadial moraine at Trins. Based on the four oldest exposure ages, the
minimum age for moraine stabilisation is 15400+ 1100yr. This is in
accordance with pollen and radiocarbon data from correlative sites
in the Alps that indicate a pre-Bglling age for the Gschnitz stadial.
Radiocarbon ages were calibrated with IntCal04 (Reimer et al., 2004)
using the CALIB 5.0.1 software (Stuiver et al., 1998, 2005). The upper
and lower boundaries of Heinrich Event 1 are based on radiocarbon
ages from core V23-81 (Bond et al., 1992, 1993; Hemming, 2004).
Note that the final calendar ages for the boundaries of H1 are sensitive
to ocean reservoir correction applied, which and how the calibration
data set is used, and the age-depth model employed, in addition to
what lithologic criteria were used to define the H1 layer(s). GRIP oxy-
gen isotope data from Johnsen et al. (20071)

an almost perfect parabolic cross-section make the Gschnitz
glacier well suited for a palaeoclimatic interpretation with a
glacier flow model and a glacier-climate model. The aim is
to derive climate sensitive glaciological parametres (ELA, basal
shear stress, ablation gradient) and quantitative estimates for
precipitation and summer temperature (7). The glacier topo-
graphy is based on both a manual (Kerschner et al., 1999)
and a GlIS-based reconstruction (Sailer et al., 1999). The glacier
flow model and climatic reconstruction calculations presented
here are more detailed and straightforward than in an earlier
paper (Kerschner et al., 1999).

The ELA, calculated with an accumulation area ratio of 0.57
at 1930 m, was 700 m lower than the LIA ELA in the catchment.
The basal shear stress () along the glacier tongue increases
from 30kPa close to the terminus to 70-80 kPa farther upgla-
cier (Kerschner et al., 1999). The small shear stress indicates
that the glacier existed in a comparatively dry climatic environ-
ment with small mass turnover (Maisch and Haeberli, 1982).

We use the net ablation gradient (change of ablation with
altitude: 9a/0z) along the glacier tongue as a starting point for
the palaeoclimatic interpretation. In a maritime environment it
is typically steep (large), indicating a large mass turnover,
whereas a flat (small) gradient is typical for a glacier in a cold
and dry climate (e.g. Kuhn, 1984; Dyurgerov and Dwyer,
2001). It can be qualitatively compared with those of
present-day glaciers and quantitatively interpreted using a
glacier-climate model.

The net ablation gradient can be calculated from the recon-
structed glacier geometry with a simple glacier flow model (e.g.
Murray and Locke, 1989). The model used here is similar to the
one used by Oerlemans (1997), Kull (1999) and Kull and Gros-
jean (2000), assuming steady-state conditions. It calculates ice
flux across given cross sections between the ELA and the end-
moraine complex. From the difference between the ice flux of
two neighbouring cross-sections and the surface area in
between, net ablation of the surface increment and 9a/0z can
be calculated. The latter is then used to calculate annual pre-
cipitation and ‘winter precipitation’ with statistical relations
(see below). These in turn serve as input data for the statistical
glacier-climate model by Ohmura et al. (1992) and the ‘Liestol
equation’ (Ballantyne, 1989) to calculate T,. The assumption of
steady state is reasonable, because the overall moraine mor-
phology suggests that the glacier tongue remained stable for
decades to centuries.

The necessary equations and variables are given in Table 4.
As the driving stress, 7, is small, deformation velocities, sliding
velocities and ice fluxes are small as well, resulting in equally
small mass balance terms. For calculation of the a(z)-curves in
Fig. 6, ice flux at a position 8 km upstream from the terminus
(‘CS8’; glacier surface elevation 1600m) was calculated
first. This is the first cross-section downvalley from the conflu-
ence of the main glacier tongue with a tributary glacier from
Sandestal and south-facing cirque glaciers. Sliding velocities
for the downstream cross-sections were slightly adjusted by a
few percent to obtain a reasonably shaped a(z) curve (i.e.

Table 4 Equations for the calculation of ice flow, mass flux and balance gradients (cf. Kull and Grosjean, 2000)

Parameter

Equations and variables

Basal shear stress, 7,

Tp = pgh sina sf

p, density of ice (900 kg m—3);

g acceleration due to gravity (9.81 ms ?);

h, local ice thickness;

a, surface slope averaged for 5h;

sf, shape factor for a channel with parabolic cross-section after Nye (1965), optional,
depending on scenario

Average ice velocity in cross-section, U

U=Ug+Us=fy > h+cf.7°/h

fy parameter for ice deformation (1.9 x 10"**Pa~?s™");
fs parameter for basal sliding (5.7 x 1072°Pa—>m?s™"), f; and f, after Budd et al.

(1979);

c correction factor for sliding velocity, depending on scenario

Ice flux through cross-section, Q Q=UA

A area of the cross-section

Net ablation between neighbouring cross-sections, a

a=AQ/S

S surface area between neighbouring cross-sections

Copyright © 2005 John Wiley & Sons, Ltd.
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water equivalent. Net ablation gradients for modern glaciers from Kuhn (1984)

without kinks). Higher up, the a(z) curve remains fixed at the
ELA, where the net balance is zero. Results for various
scenarios are discussed below and are summarised in Table 5
and Figure 6.

In the first scenario [1] which is similar to the modelling of
Nigardsbreen by Oerlemans (1997), no shape factors were
used for the calculation of ice velocities. Owing to the decreas-
ing surface slope towards the end-moraine complex, deforma-
tion velocities decrease rapidly downstream. To avoid an
inverse a(z) curve, which would indicate a constant decrease
of ablation towards the glacier end, sliding velocities down-
stream from CS8 had to be multiplied by a factor between 2
and 3. This scenario shows the highest mean ice velocities
(63myr~"' at CS8) and hence the highest ablation. However,

the valley is narrow and steep-walled with shape factors
between 0.55 and 0.7, which cannot be neglected. Therefore,
scenario [1] provides an upper boundary for the modelling
results. The average ablation gradient is —4.6kg m~ m™",
which is about half that of present-day Hintereisferner in the
Otztal Alps (Tyrol) and rather similar to that of Tsentraln’yy
Tuyuksu Glacier (Tien Shan).

The second scenario [2] provides a lower limit for the mod-
elling results. Both ice deformation and sliding velocities are
calculated with shape factors (cf. Kull, 1999; Kull and Gros-
jean, 2000). Ice velocity is very slow (12.8myr~' at CS8)
mainly due to very small sliding velocities (30% of the
total velocity). Consequently the balance gradient is only
—1kg m™2 m~', which is less than that of Devon Ice Cap in

Table5 Palaeoglaciologic and paleaoclimatic characteristics of the Gschnitz stadial in central Tyrol, eastern Alps, Austria. 2¢ confidence interval for

temperatures and temperature depression is + 1.5K (for details see text)

Shape factor used: Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Percent sliding used: no yes yes yes yes
0% 0% 60% 70% 80%

Mean ice velocity across CS 8, myr™' 63 13 23 30 45

Ablation gradient, 0a/0z

(lowest 300 m of glacier tongue), kgm=2m™" —4.6 -1.0 -1.8 -2.3 -3.7

Activity index, kgm—2m™" —4.4 —-0.9 1.8 -2.3 -3.5

Volumetric reaction time (a) 130 620 350 260 170

P at ELA (1930 m), mmyr ™' 1140 60 320 480 900

AP at ELA (1 930 m),% —21 0/0 7960/0 7780/0 7670/0 7380/0

Temperature

Jun—-Aug/May-Sep

at ELA (1930 m) 1.4/0.3 —3.3/-8.4 -1.5/-3.4 -0.7/-2.2 0.8/-0.3

at end moraine (1200 m) 6.5/5.4 1.8/-3.3 3.6/1.7 4.4/2.9 5.9/4.8

at Lanser See peat bog (840 m) 9.1/7.9 4.4/-0.8 6.2/4.2 7.0/5.4 8.5/7.3

at Innsbruck (580 m) 10.9/9.8 6.1/1.1 8.0/6.1 8.7/7.3 10.2/9.2

AT compared to present

AT Jun-Aug

(Ohmura et al., 1992) —7.6 —-12.3 —10.5 -9.7 -8.2

AT May-Sep,

‘Liestol equation’ -7.7 -16.4 -11.5 —-10.2 —8.4

Copyright © 2005 John Wiley & Sons, Ltd.
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the Canadian High Arctic. We consider this scenario unlikely,
because the resulting extremely dry and cold climate does not
agree with the palaeobotanical record from nearby Lanser See
(Bortenschlager, 1984b).

Finally, we calculated three scenarios with shape factors for
ice deformation and a contribution of sliding of 60% [3], 70%
[4] and 80% [5] of the total velocity. For 60% basal sliding the
a(z) curve is between that of Devon Ice Cap and White Glacier
(Axel Heiberg Island, Canada), for 70% basal sliding it is simi-
lar to that of White Glacier (Cogley et al., 1996). For 80% basal
sliding it is already at the upper limit for realistic sliding velo-
cities; the a(z) curve lies between that of Tsentraln’yy Tuyuksu
Glacier and White Glacier (Fig. 6).

In all scenarios, the activity index of the glacier (Kuhn and
Herrmann, 1990) is practically the same as the balance gradi-
ent. Depending on the scenario, the volumetric reaction time
(J6hannesson et al., 1989a,b) of the glacier with a characteristic
thickness of 350m was in the order of 130 to 620 years;
for the scenario with 70% sliding it was 260 years. This is
much longer than that of similar sized present-day glaciers in
the Alps.

For the palaeoclimatological interpretation we use statistical
glacier-climate models which relate ‘summer temperature’ (T)
at the ELA as the parameter for ablation with ‘precipitation’ (P)
as the parameter for accumulation. We first estimate precipita-
tion from the net balance gradient and then use it as input data
to estimate Ts. In this way climatic variables can be entirely
derived from the palaeoglaciological record without the need
to refer to other proxies.

Ohmura et al. (1992) relate precipitation and summer tem-
perature at the ELA of presently existing glaciers on the basis
of a worldwide sample. As defined by Ohmura et al. (1992),
Pis the sum of winter accumulation and summer precipitation,
and Ty is the free air temperature in summer (June-August) at
the altitude of the equilibrium line.

Formally the relation is expressed by the regression equation

P =645 +296T, +9T? 1)

Reanalysing the data set (Table 3 in Ohmura et al., 1992) with
T, as the dependent variable, the best fit to the data can be
obtained with

T, =0.1815 P> — 4.1 (R* = 0.885) (2)

The root mean square error in the relevant part of the equation
below 1000 mm of precipitation is 0.8 K. Finally, calculated
free air temperatures have to be reduced by 0.6K to obtain
standard climatological temperatures (Kerschner, 2005).

From the ablation gradients of stationary glaciers as used by
Kuhn (1984) and the respective precipitation data from
Ohmura et al. (1992), precipitation at the ELA is

P=—14 (Da/dz)* — 381 da/dz — 321 (R* =0.978) (3)

which is used as input to calculate summer temperature
with equation (2). The ablation gradient in equation (3) is
taken as the mean of the lowest 300 m of the glacier tongue.
For the Gschnitz glacier, calculated values for P (Table 5)
range between 1140mmyr~' (scenario 1) and 60 mmyr '
(scenario 2). The latter value, and therefore also scenario 2, is
clearly unrealistic (Fig. 6). For the more realistic scenarios,
precipitation at the Gschnitz ELA is between 320mmyr~"
(60% basal sliding) and 900 mmyr~' (80% basal sliding). T,
(equation (2)) at the ELA is between —1.5°C and 0.8°C. Low
annual precipitation sums and negative or only slightly positive
summer temperatures at the ELA are typical for modern glaciers
in the subarctic.

Copyright © 2005 John Wiley & Sons, Ltd.

Temperatures for May-September are estimated with the
‘Liestal equation” (Ballantyne, 1989; Nesje and Dahl, 2000;
Lie et al., 2003) with ‘winter precipitation’ (i.e. accumulation)
at the ELA as input. As T, was low, we assume that accumula-
tion at the ELA amounted to at least 90% of precipitation as
defined by Ohmura et al. (1992).

Then temperature for May to September (Table 5) can be cal-
culated as

Ts_o = In(0.9P/915)/0.339 (4)

To calculate temperature and precipitation change, we need to
know modern precipitation and temperature at the ELA of the
Gschnitz glacier (1930 m). From the data in Fliri (1975), mod-
ern (i.e. 1931-1960) T, at 1930 m (Gschnitz ELA) is 9.0°C.
Temperature for May-September is 8°C. Precipitation at the
Gschnitz ELA is around 1400 mmyr ', at the village of Trins
(1210 m) close to the end moraine, it is 1000 mmyr~'. Based
on these data, annual precipitation at 1930m during the
Gschnitz Stadial was between 20% and 60% of modern values
and T, was between 8 K and 10.5 K lower. Cross-checking with
the (P, T) relations by Khodakov (1975) and Krenke (1975), we
find similar values for the temperature depression. Temperature
depression for May to September was slightly larger than
the depression of T, with values between — 8.4°C (80% sliding)
and —11.5°C (60% sliding). In comparison, Younger Dryas
precipitation in this area was about 10% less and T was 3.5—
4K lower than modern values (Kerschner et al., 2000).

At Lanser See peat bog (840 m), T, during the Gschnitz sta-
dial was in the order of 6-8.5°C, which is too cold for forest
growth. Down in the Inn valley, T, was probably in the order
of 8-10°C. If we take scenario 4 (70% sliding) as the most rea-
listic scenario, summer climate in the Inn valley 16 000 years
ago should have been rather similar to the present-day climatic
conditions in drier parts of the subarctic north of the treeline.

Alpine glacier response to cooling associated
with H1: the Gschnitz stadial

Moraines from the Gschnitz advance are found predomi-
nantly in small to medium-sized catchments (several tens to
a few hundred square kilometres). Where the size of the
mountains and the morphological situation permits, relict
rock glaciers of possible Gschnitz age can be found
(Schoeneich, 1998). Notably, moraines of very large glaciers
appear to be missing (Rhone valley, the upper Aare valley
and its tributaries, or the Swiss/Tyrolean Inn valley), although
in the higher areas of the Alps, like the Valais, the Mont Blanc
massif or the Bernese Oberland, very large dendritic glacier
systems must have still existed. Gschnitz moraines from the
large glaciers may be missing in the main valleys for various
reasons. One possibility is that the reaction time was just too
long for the climatic downturn to result in an advance. On the
other hand, the large glaciers may have advanced but
the moraines may not have been preserved. This may be
the result of bedrock lithologies unfavourable for moraine
preservation, subsequent burial of the moraines by valley-
fill sediments, or the fact that the glacier termini were calving
into the large lakes that existed in the longitudinal valleys
during the early Alpine Lateglacial (cf. Poscher, 1993;
van Husen, 1997, 2000). In any case, snowline estimates
show that, during Gschnitz time, glaciers in these areas
must have been very large, consisting of composite dendritic
glaciers ending at low altitudes (500-700m) in the main
valleys.
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Morphological evidence shows that during the Gschnitz
cold period, the glaciers in the Alps advanced over ice-free ter-
rain for several kilometres (van Husen, 1977; Kerschner and
Berktold, 1982). This means that a period of pronounced degla-
ciation preceded the Gschnitz advance. Gschnitz moraines
were not built up during a brief stillstand but represent a clear
readvance.

To determine when the Gschnitz stadial started, we esti-
mated how long it took the Gschnitz valley glacier to react to
the suddenly more severe climatic conditions and then
advance to the Trins position. Owing to low mass balance gra-
dients, ablation at the glacier tongue and, thus, the reaction
time of the Gschnitz valley glacier was long. A realistic
scenario suggests a reaction time of about 300yr (see also
Table 5). The size and the morphology of the Trins moraine
suggest that it took at least several decades, perhaps up to a
few centuries, to build (Kerschner et al., 2002). In addition,
the size and morphology of the lateral moraines indicate a flat
palaeoglacier tongue that was likely maintained for decades to
centuries. We therefore assume 500 + 300 years as the amount
of time necessary for the glacier to advance, reach and remain
at the Trins position. Based on '°Be exposure dates, we know
that the Trins moraine finally stabilised at or before
15400 £ 1400 yr ago. Therefore, the drop in temperature that
led to glacier advance and then to formation of the Trins mor-
aine began no later than 15900 £ 1400 yr ago and probably
somewhat earlier.

The time range between 17 000 and 15000 yr BP, is charac-
terised by abruptly cooler and/or unstable climatic conditions
across much of the northern and perhaps the southern hemi-
sphere as well (e.g. Hemming, 2004; Kiefer and Kienast,
2005, and references therein). This is the time period when
ice-rafted debris layers that mark Heinrich Event 1 (H1) were
deposited (Bond et al. 1992, 1993; Broecker and Hemming,
2001; Broecker, 2003; Hemming, 2004) and meridional over-
turning circulation in the North Atlantic Ocean was greatly
reduced (McManus et al., 2004).

Clark and Bartlein (1995) and more recently Licciardi et al.
(2004) compiled evidence from several sites in North America
for a readvance of mountain glaciers ca. 16000yr ago,
following deglaciation at 21 000-20 000 yr ago. Sites include
the Rocky Mountains (Gosse et al., 1995; Licciardi et al.,
2001; Benson et al., 2005), the Sierra Nevada (Phillips et al.,
1996) and Mount San Gorgonio (Owen et al., 2003) in Califor-
nia. We note that the '°Be ages can be directly compared to
ours as they have all been calculated on the same basis (appro-
priate recalculated ages given in Licciardi et al., 2004). Based
on ELA differences, the Gschnitz stadial advance in the Alps
represented one-half to two-thirds of that of the LGM glaciers.
But Gschnitz stadial glaciers were never the less significantly
smaller in volume (Fig. 1). In contrast in western North
America, during the 16 000yr ago readvance mountain gla-
ciers were, in many cases, similar in size to those of the LGM
(cf. Owen et al., 2003). Mountain glaciers in the southern
hemisphere may have behaved similarly as well (cf. Lowell
et al., 1995; Denton et al., 1999; Lowell, 2000; Kaplan et al.,
2004).

In northern Europe, ice sheets readvanced markedly several
thousand years after abandoning their most extensive LGM
positions. For example, the Fennoscandian Ice Sheet (FIS) read-
vanced to the position marked by the Bremanger moraine
between 15000 and 13300 '*Cyr BP (Nygérd et al., 2004).
Abandonment of the Bremanger moraine was complete by
roughly 133204340 "Cyr BP (15295-16255cal.yr). The
British Ice Sheet (BIS) readvanced between 14700 and
13800 "*Cyr BP (around 16400 cal.yr; McCabe and Clark,
1998; McCabe et al., 1998). These periods of ice sheet expan-
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sion overlap the timing we have determined for the Gschnitz
stadial.

The suggestion is that early warming evidenced by glacier
contraction right after the peak of the LGM (e.g. Lagerklint
and Wright, 1999) was interrupted by cooling of the North
Atlantic Ocean (e.g. Bard et al., 2000) caused by the fleets of
icebergs released during H1 (e.g. Clark et al, 2002). Significant
cooling of the North Atlantic between approximately 17 000
and 15000yr BP (Pietrowski et al., 2004) was recorded as
reduced meridional overturning circulation (McManus et al.,
2004). Thermohaline circulation in the Norwegian-Greenland
Sea was also less vigorous during H1 (Rasmussen et al., 1997;
Rasmussen and Thomsen, 2002). Delineation of past perma-
frost patterns in Europe during intense cold periods, such as
the LGM and the Younger Dryas, bears out the association of
increased permafrost extent with a cold North Atlantic and
abundant pack ice (Renssen and Vandenberghe, 2003) espe-
cially in winter (de Vernal et al., 2000). The extremely cold
and dry climate that was prevalent during the Gschnitz stadial
implies that similar conditions may have existed about
16000 yr ago. Delivery of warm and moist air masses that at
present ameliorate the climate of Europe must have been
greatly reduced during H1. The effects of extreme cooling
around the time of H1 were felt Europe-wide. Ice sheets in
the north expanded (the BIS and the FIS) and valley glaciers
in the Alps advanced to form the Gschnitz stadial moraines.
Cooling was recorded as well in the Mediterranean region
(Cacho et al., 1999, 2001).

Conclusions

Because of the simple shape of the valley and the excellent pre-
servation of the terminal and lateral moraines, the former gla-
cier topography in the Gschnitz valley could easily be
reconstructed. Mass balance gradients and statistical glacier-
climate models indicate that during the Gschnitz stadial it
was cold and dry. The Gschnitz valley glacier was charac-
terised by low mass turnover and negative or only slightly posi-
tive summer temperatures at the ELA. This is typical for modern
glaciers in the subarctic. For a glaciologically realistic ice flux
scenario, precipitation must have been two-thirds less than
today and summer temperatures lower by 8.5 to T0K. This is
much colder and drier than it was even during the Younger
Dryas. At that time precipitation in this area was only about
10% less and T was only 3.5-4 K lower than modern values
(Kerschner et al., 2000).

'%Be exposure ages for boulders located on the Trins
moraine constrain final moraine stabilisation at no later
than 15400+ 1400yr ago. Based on palaeoglaciological
and glacial-geomorphological constraints we estimate that
the glacier advance began about 500 £ 300 yr earlier. This
implies that the Gschnitz stadial began no later than 15900 +
1400 yr ago. Within the resolution of the dating methods, the
Gschnitz stadial is contemporaneous with Heinrich Event 1,
a time during which early deglacial warming was slowed or
reversed. A very cold North Atlantic Ocean during H1 led to
a pause in the delivery of warm moist air masses that today
ameliorate the climate of Europe. Thus, the Alps directly
record past variations in heat and moisture flux brought by
the prevailing westerlies as volume changes in mountain gla-
ciers. Finally, the possibility that H1 was a global phenom-
enon must not be overlooked, as synchronous glacier
advances and/or climatic downturns around 17000 to
15000yr ago have been recorded at numerous sites
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worldwide (e.g. Kaplan et al., 2004; Hemming, 2004; Kiefer
and Kienast, 2005, and references therein).
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