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Abstract. Glaciers preserve climate variations in their geological and geomorphological records, which makes them prime
candidates for climate reconstructions. Investigating the glacier—climate system over the past millennia is particularly relevant
first because the amplitude and frequency of natural climate variability during the Holocene provides the climatic context
against which modern, human-induced climate change must be assessed. Second, the transition from the last glacial to the
current interglacial promises important insights into the climate system during warming, which is of particular interest with
respect to ongoing climate change.

Evidence of stable ice margin positions that record cooling during the past 12 kyr are preserved in two glaciated valleys of the
Silvretta Massif in the eastern European Alps, the Jamtal (JAM) and the Laraintal (LAR). We mapped and dated moraines in
these catchments including historical ridges using beryllium-10 surface exposure dating (°Be SED) techniques and correlate
resulting moraine formation intervals with climate proxy records to evaluate the spatial and temporal scale of these cold phases.
The new geochronologies indicate the formation of moraines during the early Holocene (EH), ca. 11.0+£0.7ka (n=19).
Boulder ages along historical moraines (n = 6) suggest at least two glacier advances during the Little Ice Age (LIA; ca. 1250—
1850 CE) around 1300 CE and in the second half of the 18th century. An earlier advance to the same position may have
occurred around 500 CE.

The Jamtal and Laraintal moraine chronologies provide evidence that millennial-scale EH warming was superimposed by
centennial-scale cooling. The timing of EH moraine formation coincides with brief temperature drops identified in local and
regional paleoproxy records, most prominently with the Preboreal Oscillation (PBO) and is consistent with moraine deposition
in other catchments in the European Alps and in the Arctic region. This consistency points to cooling beyond the local scale
and therefore a regional or even hemispheric climate driver. Freshwater input sourced from the Laurentide Ice Sheet (LIS),
which changed circulation patterns in the North Atlantic, is a plausible explanation for EH cooling and moraine formation in

the Nordic region and in Europe.
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1 Introduction

The transition from the Younger Dryas (YD; 12.9-11.7 ka; e.g., Alley, 2000) to the Holocene (ca. 11.7 ka to present, e.g.,
Walker et al., 2008) is an important period for studying the climate system, its forcings and its feedbacks. Climatic conditions
shifted from glacial to full interglacial conditions within approximately 2 millennia, between 12 and 10 ka (e.g., Cheng et al.,
2020; Marcott et al., 2013; Rasmussen et al., 2006). This general warming trend was interrupted by abrupt centennial-scale
cooling that appears linked to freshwater input into the North Atlantic (e.g., Bjorck et al., 1997; Hald and Hagen, 1998; Nesje
et al., 2004; Thornalley et al., 2010). The climatic shift from the YD to the early Holocene (EH) was accompanied by a
multitude of major environmental changes that are interconnected, including the melting of ice caps and glaciers in both
hemispheres, changes in the atmospheric composition and in circulation patterns, and the reorganization of ocean currents
(e.g., Clark et al., 2012; Denton et al., 2021; Shakun et al., 2015). Human-induced warming since the beginning of the industrial
era is on a trajectory to lead to changes of similar magnitude in our environmental system, yet at an even faster pace (Beniston
et al., 2018; Gobiet et al., 2014). By investigating the timing of YD-EH warming and its perturbations, we can broaden our
knowledge on natural drivers and physical mechanisms that modulated the climate system at that time. Information on climate
oscillations obtained from this major natural transition — from glacial to interglacial conditions — provides a valuable foundation
for disentangling natural and anthropogenic forcings and their respective relevance. New knowledge in this field is particularly

useful in the light of the ongoing transition from an interglacial to an industrialized world.

Glaciers respond to climate fluctuations sensitively and are important elements for understanding the climate of the past
(Huston et al., 2021; Roe et al., 2017). Reconstructing former ice margins allows for deciphering glacier fluctuations across
time and space and informs us of climate variations that drove these changes. Mountain glaciers in alpine, melt-dominated
regimes are most sensitive to changes in summer temperature and to a lesser extent to changes in precipitation (e.g., Oerlemans,
2005; Rupper and Roe, 2008; Steiner et al., 2008). At the end of the Late Glacial (LG), YD cooling resulted in glacier
stabilization or readvance in the European Alps and led to the deposition of moraine sets, whose estimated Equilibrium Line
Altitudes (ELAs) are approximately 250 to 350 m below ELAs of glaciers during the Little Ice Age (LIA; e.g., Ivy-Ochs,
2015). These moraines are termed “Egesen” moraines and have been subject of numerous cosmogenic nuclide studies that
have advanced our understanding of glacier responses to cooling during the LG (e.g., Cossart et al., 2012; Federici et al., 2008;
Ivy-Ochs et al., 2009, 2006; Kelly et al., 2004; Kerschner and Ivy-Ochs, 2008). In parallel, the first attempts had been made
to produce direct ages of younger moraines that were identified inboard the presumable Egesen moraines but outboard
historical LIA margins (Ivy-Ochs et al., 2006; Kerschner et al., 2006). Based on their morphostratigraphy, these moraine ridges
were postulated as type localities for Preboreal glacier advance, for instance the Kartell moraines in the Verwall area and the
Kromer moraines in the Silvretta Massif, both in the Eastern Alps (e.g., Faedrich, 1979; Gross et al., 1978). Kartell moraines
are today placed into the latest YD (Egesen-I1I). Recalculated '°Be ages of Kromer moraines suggest moraine deposition during

the EH around 10 ka (Ivy-Ochs et al., 2006; Kerschner et al., 2006; Moran et al., 2016b). Dating efforts that address presumable
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EH moraines continued toward the Central Alps and Western Alps and have produced chronologies that substantiate moraine
formation between 12 and 10 ka, although not necessarily synchronously (Baroni et al., 2017; Boxleitner et al., 2019a, b;
Cossart et al., 2012; Hofmann et al., 2019; Moran et al., 2016a, b, 2017; Protin et al., 2021, 2019; Schimmelpfennig et al.,
2012, 2014; Schindelwig et al., 2012). In a few recent studies this pattern of moraine deposition has been confirmed in the
Eastern Alpine region (Bichler et al., 2016; Moran et al., 2016a, 2017). The youngest dated EH moraine is located in the
Ochsental, a valley adjacent to the sites discussed in this study (Braumann et al., 2020). The relevance of this chronology lies
in the finding that glaciers in the valley had melted back to historical sizes around 10 ka and that they have remained within
these limits throughout the Holocene, which is consistent with complementary paleoproxy records from the Eastern Alps (e.g.,

Dietre et al., 2014; Nicolussi and Patzelt, 2000; Patzelt, 2016).

To intensify our knowledge on EH glacier configurations in the Eastern Alps, where directly dated moraine ages remain sparser
compared to the Western Alps and Central Alps, we conducted a geochronological study in two glaciated catchments in the
Silvretta region in the Eastern Alps. We applied state-of-the-art cosmogenic nuclide techniques to date moraines inboard
presumable LG ice margins to constrain the timing of Holocene cold phases recorded in the moraine record. We chose this
region for two reasons: first, moraine sets that postdate the LG phase are well preserved in the Silvretta Massif and show multi-
ridge structures. These geomorphological features promise insights into repeated Holocene cooling at times when glaciers
were larger than during the LIA. Second, in addition to comparable cosmogenic nuclide records in the region (Braumann et
al.,, 2020; Ivy-Ochs et al., 2006; Moran et al., 2016b), high-quality paleoenvironmental, archeological, and historical
information on Holocene climate, which complements the moraine record, is available (Dietre et al., 2014; Kasper, 2015, 2013;

Nicolussi, 2010; Patzelt, 2019).

The primary objective of this study is to generate more detailed and robust moraine chronologies in the eastern Alpine region,
which contribute to our understanding of the spatial and temporal pattern of glacier advances throughout the Holocene with
an emphasis on the EH. We correlate the new moraine chronologies with moraine records and climate proxy data from the
Alpine region and from other glaciated regions in the Northern Hemisphere and identify climate signals that are coherent with
Holocene glacier and climate evolution in the Silvretta Massif. Finally, we discuss possible links between climatic trigger

events and EH cold snaps, which manifest in the moraine record of the Northern Hemisphere.

2 Setting

The study sites are located at the north-facing side of the Silvretta Massif, a mountain range in the transition zone between the
eastern European Alps and western European Alps at the border of Austria and Switzerland (Fig. 1a). Moraine sets from two
adjacent valleys, the Jamtal (JAM) and the Laraintal (LAR), were investigated and used for glacier reconstructions. Both

valleys are north—south oriented, drain northwards into the Danube catchment, and are at present glaciated only in their highest
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sections (>2400 ma.s.l.; Fig. 1b). The main and most prominent glacier of the Jamtal is the Jamtalferner, with an area of
approximately 2.8 km? (DEM 2018, provided by Land Tirol — tiris, 2018). Smaller glaciers, such as the Totenfeld, the
Getschnerferner, and the Augustenferner, have retreated to cirque positions and are not connected to the valley glacier today
(Fig. 1c). The situation is different in the neighboring Laraintal, where the Larainferner, which covers about 1 km? (DEM

2018), is the only glacier still present in the valley (Fig. 1d).
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Figure 1: Location and lithology of investigated glaciated catchments. (a) Central Europe with the Alpine mountain range
highlighted in dark gray and Austria outlined with black line. The Silvretta Massif (star symbol) is located in the westernmost part
of the Eastern Alps. (b) North-facing section of the Silvretta Massif. Blue shading illustrates glacier extents in the year 2012 (Fischer
et al., 2015). Jamtal (JAM) and Laraintal (LAR) are subject of this study. Moraine chronologies of Kromertal (KR), Klostertal (KL),
and Ochsental (OcG-GrK) will be discussed later in this article (Braumann et al., 2020; Moran et al., 2016b). Red circles mark
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locations of subfossil tree findings: Bielerhéhe (1; Patzelt, 2019), Klostertal (2; Nicolussi, 2010), Futschéltal (F) (3; Patzelt, 2019),
Las Gondas (4; Dietre et al., 2014; Nicolussi, 2010). (c) Updated geological and geomorphological maps of Jamtal and (d) Laraintal,
modified from Fuchs and Oberhauser (1990). Viewpoints from which photos in Figs. 3 and 5 were taken are denoted with white and
blue symbols. AUT stands for Austria, and CH stands for Switzerland. Digital elevation models (DEMs) provided by © Land Tirol
(resolution 1 m) and © swisstopo (resolution 0.5 m).

The closest meteorological station recorded a mean annual atmospheric temperature of 3.1 °C averaged over the period 1981—
2010 (station number 101949; 1587 ma.s.l.; BMNT, 2016). The mean annual precipitation measured at the same station
amounts to 1087 mm yr ! for the same reference period, with snow cover present on 175 d yr ! on average. Precipitation is also
measured in proximity to the Jamtalferner tongue (2400 m a.s.1.) and yields an annual mean of 1507 mm yr! (reference period
1989-2017; Fischer et al., 2019). Since the end of the LIA, all Silvretta glaciers have retreated in response to almost continuous
warming and have lost about two-thirds of their areas relative to the LTA maximum (Fischer et al., 2021; WGMS, 2018).
Geodetic mass balance estimates of Silvretta glaciers document increased losses within recent decades (Fischer et al., 2021).
While geodetic mass balance averaged across all Silvretta glaciers amounted to —0.2+0.1 m w.e. yr ! in the reference period
from 1969-2002, this value increased to —0.8 0.2 m w.e. yr ! between 2006-2018. For Jamtalferner and Larainferner, mass

losses from 20062018 are quantified to —1.0+0.2 and —0.8 £ 0.2 m w.e. yr !, respectively.

The Silvretta Massif contains some of the oldest rocks of the Eastern Alps with a presumed depositional age in the Precambrian
followed by several metamorphic events (Bertle, 1973; Maggetti and Flisch, 1993). Lithology in the region consists of
crystalline rocks, which are part of the Upper Eastern Alpine tectonic unit, more precisely the Silvretta—Seckau nappe (Fuchs
and Oberhauser, 1990; Schuster, 2015). Rocks at the Jamtal and Laraintal formed during the Permian and experienced repeated
faulting prior to and throughout the Alpine orogeny and are thus metamorphic (Friebe, 2007, and references therein).
Predominant rock types in the study area are different gneiss variations and amphibolites (Fig. 1c and d). Rock samples that
were collected from moraines had quartz yields — the target mineral for the applied cosmogenic nuclide method — ranging from
0.3 % to 26.1 %, with a median of 3.9 % (Table S1 in the Supplement).

3 Methods
3.1 Principle of '’Be Surface Exposure Dating (SED)

Glaciers erode into bedrock and transport rock material to their margins. When glaciers are stationary for several years (or
longer), linear landforms — moraines — that consist of glacial debris accumulate at their ice margins. Dating these moraines
unravels the timing of glacier stabilization or rather the beginning of glacier retreat and allows the reconstruction of glacier
configurations of the past. For 1°’Be SED — the cosmogenic nuclide approach used in this study — rock samples were extracted
from boulder surfaces deposited along moraines. Sub-rounded to rounded boulders were prioritized for sampling. Compared
to angular boulders, (sub-)rounded ones are more likely to have been carved out of bedrock by glacial flow. When these

englacially or subglacially transported boulders melted out of glacial ice, their surfaces were for the first time exposed to high-
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energy cosmic radiation. Secondary cosmic rays interact with Si and O in quartz and produce radionuclides, among others ’Be
(Lal, 1988). The annual production rate of '°Be is well constrained today, and the accumulation of the radionuclide is used to

determine the duration of exposure by quantifying °Be in rock surfaces of moraine boulders (Gosse and Phillips, 2001).

3.2 Geomorphological mapping and rock sample collection

We build upon geological and geomorphological maps, which were produced in previous studies and which were the basis for
further detailed field investigations in the years of 2018 to 2020 (Fischer et al., 2019, 2015; Fuchs and Oberhauser, 1990; Hertl,
2001). In the course of a general survey of the Jamtal and the Laraintal area, we updated preexisting maps according to our
own mapping. We then focused on the mapping of glacial features and placed particular emphasis on the fine structure of
moraines that were presumably deposited during the LIA, and ridges that were identified outboard these moraines. The dating
of these structures promises to shed light onto the timing of climate perturbations, which favored moraine formation when
glaciers were still relatively large compared to their present-day configurations. In order to ensure robust landform age
calculations, we took three or more rock samples from each selected ridge, provided that they fulfilled our sample selection
criteria described in detail in Braumann et al. (2020; their Appendix S-Table 1). In total, 27 samples were extracted from
boulders using hammer and chisel and an electric saw. Geographic coordinates of sampled boulders were measured using a
hand-held GPS device. Strike and dip of sampled surfaces were quantified with a geological compass. Sample elevations were
taken from the DEM of 2018 (x—y—z resolution 1 m, © Land Tirol). Shielding was calculated using the ArcGIS “Skyline”

toolbox.

3.2 Sample preparation and age calculation

All samples were processed at the Cosmogenic Isotope Laboratory of the Lamont-Doherty Earth Observatory (LDEO)
following the geochemical standard protocol for quartz preparation and the extraction of °Be (LDEO, 2012a, b; Schaefer et
al., 2009). Prior to quartz digestion using concentrated hydrofluoric acid, approximately 180 pg of the LDEO °Be carrier made
of deep-mine beryl was added to the samples (carrier concentration ca. 1000 ppm). Samples LAR-19-14 and LAR-19-16 with
extremely low quartz yields of 0.3 %—0.4 %, equivalent to ca. 2.6-2.7 g of purified quartz per sample, were treated differently.
Due to their small sample sizes combined with our EH age estimates, we expected low total numbers of cosmogenic °Be
atoms in the samples. For these samples we adopted a sample preparation procedure where °Be carrier is reduced and replaced
with Fe carrier. Only ca. 100 pg °Be carrier was added during digestion and then ca. 100 ug of Fe (concentration 1000 mg L")
was added to the samples prior to hydroxide precipitation (as Be(OH), + Fe(OH),), subsequent to the cation columns step. The
Fe addition allowed us to maintain manageable sample volumes, which facilitates the handling of the samples. This procedure
was recommended for exceptionally low-level samples based on unpublished experimental data that suggests it optimizes °Be
counting efficiency at the Center for Accelerator Mass Spectrometry (CAMS) facility, Lawrence Livermore National

Laboratory (LLNL) (Alan J. Hidy, personal communication, 2020). We proceeded with subsequent steps of sample preparation
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according to the LDEO protocol (LDEO, 2012a). Isotope ratios (1°Be / °Be) in samples were measured at CAMS-LLNL using
the 07KNDSTD3110 standard with a °Be / °Be ratio of 2.85 x 1072 (Nishiizumi et al., 2007).

Exposure ages were calculated using the online calculator formerly known as the CRONUS-Earth online calculator (v3; Balco
et al., 2008). We applied the regional Swiss production rate (Claude et al., 2014), and “Lm” scaling to account for site-specific
nuclide production. All '°Be boulder ages are based on the arithmetic mean of three to five replicate AMS measurements and
are presented with 1o analytical uncertainties, including a 1 % uncertainty on the carrier concentration. Moraine ages represent
arithmetic means of exposure ages of three or more boulder ages. Uncertainties reported with moraine ages include the
production rate uncertainty (for the Swiss production rate ca. 6.3 %) in addition to the analytical and carrier uncertainty and
were propagated in quadrature. Identification of potential outliers was accomplished following the y? statistics implemented in

the online calculator.

Corrections of exposure ages for seasonal snow cover were not applied. First, samples were primarily taken from boulder tops
or their upper sections, preferably located at windswept locations to minimize potential snow cover (see Supplement, Sect. S5).
Second, if exposure ages were significantly influenced by snow effects, age dispersion would be expected among boulders
embedded in the same moraine but whose shapes and exposures vary. Our data do not show a significant bias of this type;
therefore, snow cover effects appear to be insignificant at our study sites. However, if a snow correction was applied to a
boulder assuming a 1 m thick snowpack that is preserved over 4 months and has a snow density of ca. 0.3 gcm™ (estimates

based on modern values; BMLRT, 2021), its exposure age would become around 5 %—6 % older (Gosse and Phillips, 2001).

The preservation of striations on rock surfaces and the general condition of boulder surfaces in the valleys suggest that erosion
has not significantly impacted their surfaces since deposition. Therefore, all ages that are presented and discussed in the
following represent values without any erosion correction applied. However, in some studies addressing the Holocene

1

timescale, an erosion rate of I mmka™ is used (André, 2002). To test the sensitivity of our ages to this erosion rate, we

recalculated our data using this value and find that ages become at most 1 % older (median 0.8 %; Table S3), an age shift that

is not significant on the 1o level and that does not change our interpretation of the data.

4 Results
4.1 Geomorphology

In both valleys, distinct moraine sets, which mark Holocene paleo-ice margins, are preserved. We numbered the moraines

from the youngest (JO) to the oldest (J5) at Jamtal and moraines at Laraintal from L1 to L5 in analogy.
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4.1.1 Jamtal

At Jamtal, the innermost moraine we address in this article is JO. The moraine was deposited at the left-lateral valley flank,
inboard the presumable LIA moraine (J1; Fig. 2). The age of deposition of JO falls into the period between the end of the LIA
and the turn of the 20th century according to Fischer et al. (2019) and a historical map that was composed in the years between
1870-1877 (K. u. k. Militirgeographisches Institut, 1870—1887). JO and J1 are punctuated by an approximately 100 m wide
drainage channel, which evolved along the flowline of a former tributary glacier (Totenfeld, Figs. 3a and Alc). With numerous
bedrock outcrops along the valley flank and a slope of > 35¢, the terrain is steep and impedes the accumulation moraines higher
up (Fig. 3b). On the right-lateral side slope angles are in turn lower (5-35°) and allowed the formation and preservation of
multi-ridge moraine complexes (J1 to J4; Figs. 2, Ald and f). J1 consists of fresh, blocky debris with little to no lichen
colonialization. Pioneer plants grow in voids in between blocks, whereas segments with more fine sediment are covered with
a thin vegetation layer (Fig. Ala—c). In some sections, J1 is several tens of meters wide, which contrasts with the adjacent J2,
which has a maximum width of about 8 m. J2 is located in a depression between J1 and a till-covered slope, on top of which
J3 and J4 were deposited (Fig. Ale—f). J2 is rich in fine sediment but does not feature boulders that meet our °Be sample

selection criteria.
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Figure 2: Holocene moraine chronology of Jamtal. JO (red) has been deposited after the LIA but prior to the 20th century (Fischer
etal., 2019; K. u. k. Militirgeographisches Institut, 1870-1887). J1, J3R, and J4R were dated in this study. Ages along the J1 moraine
(pink) indicate that Jamtalferner reached its historical maximum during the second half of the 18th century and during the
Neoglacial (NG). Earlier phases of glacier stabilization that exceeded subsequent Holocene culminations are evidenced by moraines
J3R and J4R, which both date to the EH. DEM provided by © Land Tirol (resolution 1 m).



225

230

235

= Totenfeld

Figure 3: Photographs of Jamtal. (a) View toward Jamtalferner and Totenfeld. °Be sample locations are marked with colored circles
(pink represents LIA; black represents Neoglacial, cyan and blue represent EH). (b) Down-valley view depicting sample locations
JAM-18-06 (pink) and JAM-18-07 (black). (c) Valley flank below Chalausferner and Augustenferner with sampled boulders along
the innermost (pink), middle (cyan), and outer (blue) right lateral moraine of former Chaulausferner. For the broader context of
the individual sites, see Fig. 1c.

J3 and J4, two parallel, curved moraines about 20 to 30 m further uphill relative to J2, are right-lateral moraines of
Chalausferner and evidence the convergence of this tributary glacier and the Jamtalferner (Fig. 3¢). Boulder surfaces embedded
in these moraines are populated with black and green lichens and show signs of weathering, for instance cracks and exfoliation.
On the valley floor, a moraine with a frontal position at an altitude of about 2120 m a.s.1. is preserved. The ridge consists of
weakly weathered material and is in this respect and with respect to geometry the terminal equivalent of the lateral J1 moraine

(Figs. 2 and A2c). This correlation is in accordance with glacier outlines of the Austrian Glacier Inventory (AGI; Fischer et

10
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al., 2015), with a geomorphological map compiled by Hertl (2001, p. 226), and with results from a recent study on vegetation
dynamics at the Jamtal, which includes ice margin reconstructions since the end of the LIA (Fischer et al., 2019). North of the
terminal section of J1 is an area covered with angular and subangular blocks, whose surfaces are significantly more weathered
compared to J1 and which exhibit extensive lichen population (Fig. A2c—e). Many blocks have cracks and are fractured, which
may indicate impacts associated with gravitational movement. The morphology outboard J1 is convex — unusual for in situ
rockfall deposits, which typically form lobate structures with large boulders in frontal positions. We therefore hypothesize that
these deposits stem from rock failures along one (or both) valley flank(s) farther uphill. The material collapsed onto the
formerly larger glacier and was transported downstream through glacial flow. As the glacier retreated, these rockfall deposits
melted out and accumulated on the valley floor. An additional argument supporting this scenario is the provenance area of a
potential rockfall event, which could not clearly be identified along the surrounding walls and peaks. The blockfield was in

part overprinted by one (or multiple) glacier advances, as evidenced by the position of moraine J1.

A set of ridges in the right latero-frontal section outboard the J1 moraine appears to be somewhat displaced (Figs. 2 and A2f).
A scarp above this moraine set and a stabilized sliding mass below caused an offset of formerly connected crests. Together
with rockfall deposits from bedrock outcrops in higher-up sections, these moraines are not considered as prime candidates for
10Be sampling. We also avoided structures close to the Jamtal hut. Even though we identified several ridges in its vicinity,
which were presumably deposited during the Holocene, land surfaces in this area have been anthropogenically altered. For
instance, the road leading up to the hut and the hut itself are built on moraines (Hertl, 2001, p. 78). The same argument applies
to a ridge at an elevation of approximately 2045 m a.s.l. denoted as J5 in (Figs. 2 and A2a-b). Although the structure may be
interpreted as a Holocene terminal moraine, it was rejected for sample collection as it is in part anthropogenically overprinted

and may comprise boulders disintegrated from the right-lateral slope above.

Evidence of older, LG terminal positions farther downstream is scarce. Hertl (2001, p. 77) describes a lineament that dips to
the valley floor about 2.5 km downstream of J5, at an elevation of 1900—-1920 m a.s.1. The author tentatively interprets the
structure as a latero-frontal moraine deposited towards the YD termination. Around 8 km down valley from J5, a tripartite
moraine set (Gaffelar settlement) is attributed to an earlier YD phase but not the YD maximum. Lateral LG moraines are absent
in the main valley but are preserved in the Futschdl tributary valley, which joins the Jamtal from the east in the area of the

Jamtal hut (Fig. 1b).

4.1.2 Laraintal

At Laraintal, we focused on valley sections outlined in Fig. 1d and detailed in Fig. 4. Texture, relative positions, and structure
of moraines in this valley resemble moraine sets at the Jamtal. L1 — the presumable LIA ridge — consists of fresh, sparsely
vegetated debris and is traceable along both valley flanks. On the eastern side, we identified a fine-structured set of moraines

that we refer to as L2, L3R, and L4R in Fig. 4. Similar to J2, L2 with a width of approximately 8-10m is less prominent
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compared to L1 (> 20 m; Fig. A3b). In addition, L2 has a high fine-sediment content with no large boulders on the crest. The
270 fine-grained texture of L2 contrasts the subsequent outer L3R and L4R ridges, which are both blockier. The distinct nature of
L2 (and also J2) in comparison with the outer moraines allows speculation about the different ice dynamics that led to their
formation, for instance glacier advance (push moraine) versus glaciers in equilibrium (dump moraines). LR3 has a broader but
less pronounced crest compared to LR4, the outermost moraine in this valley section (Fig. 5c). Boulders of both moraines,
L3R and L4R, were sampled for '°Be extraction. Vegetation cover has developed on the surfaces of both ridges, and soil

275 formation processes are advanced on the glacier-distal side of L4R.
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Figure 4: Holocene moraine chronology of Laraintal with moraine ages displayed. The !°Be sample collected from the L1 suggests
an early LIA advance around 1300 CE. Lateral and terminal moraines outboard L1 yield EH ages, which agree well with the Jamtal
280 moraine record. DEM provided by © Land Tirol (resolution 1 m; Land Tirol — tiris, 2018).
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Figure 5: Photographs of Laraintal. (a) Terminal moraine section with sample locations marked with circles. (b) Left lateral valley
flank with LAR-19-22 (cyan), LAR-19-23 (pink), and LAR-19-22 (cyan) from left to right. (c) Right lateral moraine set with LAR-
19-15 in blue in the foreground and LAR-19-13 and LAR-19-14 in the background (cyan). For the broader context of the individual
sites, see Fig. 1d.

Analogous to the Jamtal, the terrain at the western valley side is generally steeper compared to the eastern side, with slope
angles of ca. >30°. One exception is a riegel (bedrock bar) consisting of amphibolite that forms the basis for a relatively flat

area (Fig. 5b and A3d). Geomorphology in this section has been influenced and shaped by debris flows, slope erosion, and the
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thawing of permafrost, in addition to glacial processes. Two ridges were deposited directly below the headwall amid a mix of
scree, till, and rockfall deposits. According to Hertl (2001, p. 69), these ridges may mark late LG ice margins (Fig. 4) with a
terminal equivalent around 4 km downstream at an elevation of ca. 1870 m a.s.l. In contrast to this complex section, ridges L1
and L3-4L farther away from the headwall and closer to the western edge of the riegel are well preserved and continue
northwards and below the riegel. L3-4L can be traced along the valley flank until it is cut by a debris cone. L1 dips towards
the valley floor, where its frontal segment splits up into at least two ridges. The area outboard the L1 terminus is covered with
glaciofluvial sediments and is delimited by an arc-shaped blocky structure traversing the valley downstream at an altitude of
ca. 2180 ma.s.l. (Fig. 5a, L3T). On the structure's glacier-proximal side, fine sediment has accumulated and gives this landform
an almost terrace-like character with the blocky ridge acting as a barrier. The ridge is dissected by a creek (Larainbach); its
western end is partly overburdened by the same debris cone, which cuts into L3-4L. Overall, the sedimentary composition,
shape, and orientation of the ridge indicate that L3T is a moraine. An almost identical landform (L4T) replicates outside L3T
at a horizontal distance of 50—-60 m and with its crest at an elevation of about 2170 m a.s.1. (Fig. 5a). Both moraines (L3T and
LA4T) evidence former terminal positions of Larainferner and are correlated with lateral moraines L3-4L at the left-lateral side

and with L3R and L4R at the right-lateral side.

Approximately 200-250 m further downstream, at an elevation of 2130 m a.s.l., is another set of ridges on one of which a small
hut (“Zollhiitte”) was built (Fig. 4). This Zollhiitte ridge (L5) is framed by a blockfield consisting of a blend of angular and
rounded boulders. A massive debris cone west of Zollhiitte, which has a layer of coarse and medium-sized fresh material on
top, points to continuous sediment supply from the left-lateral wall. To the east, a scarp with a concave surface below indicates
former (and possibly ongoing) sliding processes directed towards Zollhiitte. Moreover, rockfall events with material
disintegrating from the wall below the “Hoher Kogel” peak have been witnessed during field work in the year 2019, with
boulder volumes of multiple cubic meters that have crashed on the valley floor (Figs. 1d and A4a—b). Such events have
probably also occurred in the past as the wall exhibits multiple lighter sections, which are indicative of removed material and
thus of previous rock failures. Due to the manifold processes that impacted the Zollhiitte area, the J5 ridge is scientifically

risky to tackle with SED of boulders, even though it probably delimits a terminal glacier position.

4.2 "Be results

10Be analytical data of all 27 boulder samples and corresponding age information are listed in Table 1 (Jamtal) and Table 2
(Laraintal). Kernel plots of moraine ages are displayed in Fig. 6 (LIA) and Fig. 7 (EH). Ages are reported for each valley
individually and are discussed according to their landform number in ascending order, from J1 to J4 and from L1 to L4. All
exposure ages fall into three periods of high(er) glacier activity within the past 12 kyr: the LIA, the first millennium CE, and
the EH.
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Table 1: "Be analytical data and corresponding exposure ages of Jamtal samples. Samples were analyzed at the CAMS-LLNL. All
samples were measured against the 07KNSTD3110 standard with a ratio of 2.85 x 10™'? (Nishiizumi et al., 2007). Two procedural
blanks were processed with each batch of samples with ratios ranging from 2.8 to 9.1 x 107'¢ (Supplement Table S2). The!’Be
background contaminations measured in the blanks were subtracted from the samples. Exposure ages were calculated with the
calculator formerly known as CRONUS-Earth online calculator (v3; Balco et al., 2008), using the Swiss !°Be production rate (Claude
et al., 2014) and choosing the “Lm” scaling scheme. Ages are calculated relative to the sampling year, denoted by the first number
in the sample ID, and are rounded to the nearest 10 years. Uncertainties of boulder ages include the 1o analytical error and a 1 %
uncertainty on the carrier concentration.

Sample ID  Latitude Longitude Elev. Av. Shielding Quartz °Be added "“Be/Be ratio ""Be atoms ""Be conc. %Be exposure age
Thickness  factor mass *10 analytical unc. #10 analytical unc. *1¢ analytical unc. 1o analytical unc.
(10 and carrier unc.
[DD] [DD] [masl] [em] [9] [ng] [atoms] [atoms/g qtz] Iyrs]
JAM-18-06 46.8823 10.1684 2223 15 0.9317 13.3800 186 070 + 009 (12.6%) 86597 <+ 10881 6141 = 772 270 t 30
JAM-18-17 46.8774 10.1723 2297 1.1 0.9760 10.4745 186 055 = 0.07 (12.5%) 67819 & 8457 6052 755 240 t 30
JAM-18-18 46.8776 10.1725 2289 29 0.9748 23.4243 186 1.30 = 0.07 (5.4%) 161887 & 8777 6528 = 354 270 * 20
JAM-18-07 46.8820 10.1682 2231 1.6 0.9044 17.4383 187 459 = 015 (3.3%) 572357 = 18941 32307 = 1069 1500 % 50
JAM-18-16 46.8766 10.1718 2316 24 0.9770 31.2824 186 6.51 0.14 (2.1%) 804960 16997 25445 + 537 1070 % 20
JAM-18-01 46.8766 10.1736 2350 1.6 0.9557 31.1628 185 67.00 £ 1.22 (1.8%) 8250915 = 149649 264480 = 4797 11020 £ 200
JAM-18-02 46.8767 10.1735 2339 1.7 0.9752 11.4783 186 25.38 £ 041 (1.8%) 3151014 = 51230 274134 = 4457 11280 £ 180
JAM-18-03 46.8770 10.1734 2328 4.0 0.9759 7.2439 186 16.50 + 0.31 (1.9%) 2045059 + 38161 281704 = 5257 11850 £ 220
JAM-18-04 46.8771 10.1739 2335 26 0.9748 20.2670 183 4255 = 079 (1.9%) 5196242 + 96265 255946 + 4742 10680 %= 200
JAM-19-21 46.8776 10.1738 2318 3.2 0.9756 10.4519 185 21.79 £ 041 (1.9%) 2703364 = 50631 258051 = 4833 10920 %= 210
JAM-19-22 46.8773 10.1738 2329 1.6 0.9729 10.6823 185 22.09 £ 028 (1.2%) 2739711 x 34113 255888 = 3186 10660 £ 130

Table 2: ’Be

analytical data and corresponding exposure ages of Laraintal samples. For details on analytics, processing or age
calculation see the captions of Tables 1, S1, and S2. Samples LAR-19-14 and LAR-19-16 were spiked with Fe in addition to (a reduced
amount of) °Be carrier.

Sample ID Latitude Longitude Elev. Av. Shieldin Quartz °Be added Fe added ’Be/’Be ratio YBe atoms "8e conc. Be exposure age
Thickness gfactor mass *10 analytical unc. #10 analytical unc. *10 analytical unc. *10 analytical unc.
(10 and carrier unc.

[bD] [bD] [mas.l] [cm] [a] [ug] [ug] [atoms] [atoms/g qtz] [yrs]
m LAR-19-23 48,9234 10.2216 2292 1.5 0.9433 30.2276 181 420 = 010 (2.3%) 507590 £ 11631 16570 + 380 700 x 20
LAR-18-09 48.9272 10.2225 2177 2.0 0.8899 18.9009 186 35.056 = 0.82 (1.8%) 4340818 + 76283 229187 & 4028 11540 * 200
LAR-19-17 46.9267 10.2223 2179 1.5 0.9424 10.1141 182 1947 + 036 (1.8%) 2366107 + 43845 233453 + 4326 11070 = 210
LAR-19-18 46.9268 10.2223 2178 22 0.9427 10.5868 182 20.76 + 054 (2.6%) 2520432 + 65068 237607 + 6134 11330 = 290
LAR-19-19  46.9267 10.2226 2178 16 0.9413 10.2762 185 1872 + 035 (1.9%) 2319925 + 42983 225277 + 4174 10730 = 200
LAR-19-20 46.9267 10.2224 2180 25 09434 10.1923 182 2022 + 0.38 (1.9%) 2460269 + 45624 240901 + 4467 11480 = 210
LAR-19-13 46.9224 10.2258 2303 13 09604 10.2457 180 2220 + 041 (1.9%) 2676391 + 49575 260739 + 4830 11120 * 210
LAR-19-14 46.9225 10.2258 2303 20 0.9584 26078 102 99 1002 + 0.25 (2.5%) 686210 + 17191 260711 + 6531 11200 * 280
LAR-19-22 46.9245 10.2213 2256 1.9 0.8546 10.3313 181 19.30 £ 0.36 (1.9%) 2335406 + 43280 225574 + 4180 11210 = 210
LAR-19-24 46,9225 10.2201 2357 1.7 0.9581 10.4515 185 2238 = 042 (1.9%) 2767560 = 51798 264203 + 4945 10930 = 210
LAR-18-03 46.9273 10.2220 2162 1.5 0.9245 24.1911 186 40.30 £ 0.75 (1.9%) 5004558 + 92711 206505 + 3826 10160 = 190
LAR-18-10 46.9272 10.2225 2161 2.8 0.9401 6.2608 187 11.26 £ 0.21 (1.9%) 1404082 + 26340 223586 = 4194 10880 = 210
LAR-19-21 46.9273 10.2222 2160 23 0.9383 10.3870 180 1892 + 035 (1.8%) 2281226 + 42291 218937 + 4059 10660 * 200
LAR-19-12 46.9231 10.2261 2295 14 0.9585 10.0087 182 2082 + 0.33 (1.6%) 2536338 + 40705 252920 + 4059 10890 * 180
LAR-19-15 46.9240 10.2259 2275 35 0.9563 10.4801 182 21.05 + 0.39 (1.9%) 2561640 + 47473 243958 + 4521 10860 * 200
LAR-19-16 46.9238 10.2260 2280 3.2 0.9453 2.5099 104 99 9.01 £ 0.18 (2.0%) 627353 + 12552 247430 + 4950 11060 * 220
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Figure 6: Kernel plot of LIA ages produced from boulders embedded in the historical moraine at Jamtal. The gray-shaded bar
illustrates the 1o standard deviation (SD) of the landform age calculated from analytical uncertainties of individual samples. Dashed
red lines add the production rate uncertainty and the uncertainty of the carrier concentration to the 16 SD and indicate the total
uncertainty. Dotted green lines show the standard error (SE), which describes the dispersion of different sample means from the

population mean.
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Figure 7: Kernel plots of Holocene moraine ages. (a, ¢) Inner dated EH moraines at Jamtal and Laraintal. (b, d) Outermost dated
EH moraines at Jamtal and Laraintal. (¢) Synthesis of moraine ages across both valleys grouped into moraine formation intervals
(MFI) MFI 34 yielding an age of 11 030 + 740 years rounded to 11.0 £0.7 ka (n =19; outliers: JAM-18-03 and LAR-18-03). Gray-
shaded bars illustrate 1o standard deviations (SDs) of landform age uncertainties calculated from analytical uncertainties of
individual samples. Dashed red lines add the production rate uncertainty (ca. 6.3 %) and the uncertainty of the carrier concentration
to the 16 SD and indicate total uncertainties, which results in conservative uncertainty estimates. Dotted green lines indicate standard
errors (SEs).

4.2.1 Jamtal

Five samples were collected from boulders along moraine J1 (Fig. 2, Table 1). Three of them (JAM-18-06, JAM-18-17, JAM-
18-18) were deposited during the second half of the 18th century and yield a rounded mean age of 260 + 20 years (Fig. 6). The
other two samples, JAM-18-07 (1500 + 50 years) and JAM-18-16 (1070 + 20 years), both produce neoglacial ages. Since J2
lacks suitable boulders for '°Be sampling, the subsequent dated ridge is J3R. Based on three boulder ages of moraine J3R
(JAM-18-01: 11,020 + 200 years; JAM-18-02: 11 280 + 180 years; JAM-18-03: 11,850+ 220 years), we calculate a landform
age of 11 380 + 830 years, rounded to 11.4 + 0.8 ka. J4R outside J3R gives a moraine age of 10 750 + 690 years (10.8 £ 0.7 ka)
derived from boulder ages of samples JAM-18-04 (10 680 +200 years), JAM-19-21 (10920+210 years), and JAM-19-22
(10 660 + 130 years) (Fig. 7a-b).

4.2.2 Laraintal

Sample LAR-19-23 (700 + 20 years) stems from L1 and might capture a LIA maximum early in the 14th century (Fig. 4,
Table 2). The deposition of the left-lateral L3-4L moraine is constrained by LAR-19-22 with a boulder age of
11210+210 years and by LAR-19-24 dated to 10 930+ 210 years. These ages are statistically indistinguishable and cannot
clearly be assigned to either the inner moraine (L3) or the outer one (L4). Therefore, they are included in landform age
calculations of both ridges. The right-lateral L3R ridge yields boulder ages of 11 120+210 years (LAR-19-13) and
11200+ 280 years (LAR-19-14). The age of the terminal segment of L3-4L — L3T — is derived from samples LAR-18-09
(11 540 +200 years), LAR-19-17 (11 070+ 210 years), LAR-19-18 (113304290 years), LAR-19-19 (10 730 + 200 years),
LAR-19-20 (11 480+ 210 years) and results in a landform age of 11 230 + 780 years. Based on our mapping and dating results,
we are confident that moraine segments L3R and L3T and potentially L3-4L can be attributed to the same glacier advance or
stabilization. Therefore, we aggregate all nine boulder ages and compute a moraine age of 11180+ 750 years (L3:
11.2 + 0.8 ka; Fig. 7c). Based on the same reasoning, we combine L3-4L, L4R (LAR-19-12: 10 890 + 180 years; LAR-19-15:
10860 +200 years; LAR-19-16: 11060=+220 years; landform age 10940+690 years), and L4T (LAR-18-03:
10 160+ 190 years; LAR-18-10: 10 880+ 210 years; LAR-19-21: 10 660 +200 years; landform age 10 570 + 760 years) and
suggest a moraine age of 10 830 + 750 years (L4: 10.8 0.8 ka; Fig. 7d).

Analytical results from samples, which were spiked with Fe, show that ages calculated from both samples are consistent with

boulder ages obtained for the same landforms but processed according to the standard protocol (L3R: LAR-19-13; L4R: LAR-
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19-12 and LAR-19-15). Analytical uncertainties of corresponding samples amount to 2.0 % (LAR-19-16) and 2.5 % (LAR-
19-14) and are within the expected range of 1°Be AMS measurement uncertainties at LLNL-CAMS (Rood et al., 2013). By
replacing a portion of the °Be carrier with Fe, we achieved similar analytical precision as with routinely processed samples but
with only a quarter of the sample mass used. Our results suggest that the substitution of a fraction of °Be carrier using Fe is a
viable and promising advancement in the sample preparation protocol that extends the application field of the '°Be SED method

to younger samples and more challenging lithologies

5 Discussion
5.1 The moraine record of the past two millennia

The classical LIA moraines of both valleys (J1 and L1) feature boulders deposited within the expected time interval, i.e.
between 1250 and 1850 CE (Fig. 8f; e.g., Grove, 2004; PAGES 2k Consortium, 2013). An early LIA advance of Larainferner
to L1's position is suggested by LAR-19-23 and may have occurred at the beginning of the 14th century. Three consistent
boulder ages from J1 are aggregated to a mean age of 260 + 20 years and indicate an advance of Jamtalferner between ca. 1735
and 1790 CE. A recent geochronological study in the adjacent Ochsental comes to remarkably similar results, with boulder
ages from the LIA moraine yielding a mean age of 260 + 30 years (Fig. 8e; Braumann et al., 2020). Glacier advances during
this period are also documented in the Eastern Alps, for instance at the Zillertal and at the Otztal (Nicolussi, 2013; Pindur and
Heuberger, 2010), in the Central Alps at the Lower Grindelwald glacier (Zumbiihl and Nussbaumer, 2018), and in the Western
Alps at the Mer de Glace (Nussbaumer et al., 2007). High glacial activity during the second half of the 18th century with
termini coming close to or reaching their LIA maximum is congruent with a phase of decreased summer temperatures detected
in proxy records in the vicinity of our study site (Fig. 8a—b; Fohlmeister et al., 2013; Ilyashuk et al., 2019; Larocque-Tobler et
al., 2010a; Vollweiler et al., 2006) and with reconstructed summer and mean annual temperatures from Greenland ice cores

(Fig. 8d; Buizert et al., 2018; Kobashi et al., 2017).

Besides LIA-aged boulders along the LIA moraine, we sampled two blocks of J1 that were deposited during the first
millennium of the Common Era. The younger boulder, JAM-18-16, dates to the beginning of the Medieval Warm Period
(MWP). By that time, glaciers in the region were likely smaller relative to their LIA maxima (e.g., Solomina et al., 2016). The
boulder's position and its bedding were re-evaluated in the field after age calculation, and we cannot exclude that the boulder
has tilted (Fig. S7). Therefore, we interpret the exposure age as a minimum age. The older neoglacial boulder, JAM-18-07,
was exposed 1500+ 50 years ago, which is again in good agreement with the neighboring Ochsental chronology, where a
block in an identical setting (embedded in the classical LIA moraine) was dated to 1500 + 40 years (Fig. 8¢; Braumann et al.,
2020). There is a possibility of pre-exposure of both samples that could produce erroneous Neoglacial ages. However, evidence
for a period of glacier advance in the Eastern Alps during the Sth and 6th centuries CE was found beyond the Silvretta region,

for instance in sediment profiles and peat cores in the forefield of Fernauferner, Mittelbergferner, and Simonykees (Patzelt,
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2016; Patzelt and Bortenschlager, 1973). This timing coincides with prominent episodes of glacier advance in the Western
Alps, most notably at the Aletsch glacier (Holzhauser et al., 2005) and at the Miage and Mer de Glace, both in the Mont Blanc
massif (Deline and Orombelli, 2005; Le Roy et al., 2015). Concurrent glacier advances have also been reported from Alaska,
Iceland, Scandinavia, and Greenland (Barclay et al., 2009; Biette et al., 2020; Solomina et al., 2016). Glacier advance during
this period is consistent with decreasing summer temperatures (Fig. 8c—d) and higher precipitation rates in Europe (e.g.,
Biintgen et al., 2011). This regional climate perturbation, which is often referred to as Dark Ages Cold Period (DACP) and
occurred in tandem with the migration period in Europe, began around 400 CE and lasted into the 8th century CE in the region
(e.g., Helama et al., 2017). During that time, the Atlantic meridional overturning circulation (AMOC), which transports heat
from the South Atlantic towards the north, was weakened (Thornalley et al., 2018), which led to cooling in the Nordic region.
Potential volcanic eruption(s) in the Northern Hemisphere in the year 536 CE may have amplified cooling across Europe and
defined the onset of the recently postulated Late Antique Little Ice Age (LALIA; 536 to ca. 660 CE; Biintgen et al., 2016).
Consistent with the timing of the regional DACP, Helama et al. (2021) suggests centennial-scale phases in Northern Europe

during the Holocene that resemble the LIA climatic regime, with one of them beginning around 540 CE.

In summary, samples collected along the classical LIA moraine at the Jamtal (this study) and at the adjacent Ochsental
(Braumann et al., 2020) yield ages that fall into the regional DACP and the LIA. These results are consistent with the timing
of glacier advances across the Alps and in other places of the Northern Hemisphere. The advance of Silvretta glaciers coincides
with cooling trends captured in local, regional, and hemispheric proxy data. Moraines J1 and L1 are probably composite
moraines that have represented ice margins at least once prior to the LIA. J1 and L1, in the following sections termed “Holocene
composite moraines”’, mark the maximum of glacier advances and corresponding temperature minima since the end of the

YD-EH transition.
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Figure 8: The youngest part of the !’Be chronology from Jamtal and Laraintal correlated with climate proxy data from the Alps
(local records in dark blue), Europe (green), and the Greenland Ice Sheet (GrIS in red) covering the past ca. 2000 years. Proxy
records indicate cooler climate conditions during the Dark Ages Cold Period (DACP) and during the Little Ice Age (LIA),
synchronous with periods of moraine formation in the Silvretta region. Chironomid-inferred (CI) July temperatures from
(a) Mutterbergersee in the Stubai Alps, Austria (Ilyashuk et al., 2019), approximately 70 km east of study site (north of the Alpine
drainage divide) and (b) lake Silvaplana, around 60 km southwest of study site (Engadin, Switzerland; south of the Alpine drainage
divide) (Larocque-Tobler et al., 2010a). (c) European summer temperature anomalies (reference period 1961-1990, 60-year low-
pass filter) identified in tree-ring chronologies (Biintgen et al., 2011). (d) Mean summer temperature reconstructions (JJA) derived
from nine Greenland ice cores (Buizert et al., 2018). (e) °Be ages of boulders sampled from the presumable LIA (Holocene composite
moraine) from Ochsental (OcG) (Braumann et al., 2020) and from (f) Jamtal and Laraintal (this study). RWP stands for Roman
Warm Period, and MWP stands for Medieval Warm Period.

In summary, samples collected along the classical LIA moraine at the Jamtal (this study) and at the adjacent Ochsental
(Braumann et al., 2020) yield ages that fall into the regional DACP and the LIA. These results are consistent with the timing
of glacier advances across the Alps and in other places of the Northern Hemisphere. The advance of Silvretta glaciers coincides
with cooling trends captured in local, regional and hemispheric proxy data. Moraines J1 and L1 are probably composite

moraines that might have formed ice margins at least once prior to the LIA. J1 and L1, in the following sections termed
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‘Holocene composite moraines’, mark the maximum of glacier advances and temperature minima since the end of the YD-EH

transition.

5. 2 The moraine record of the Early Holocene
5.2.1 Local correlation

Moraine records at Jamtal and at Laraintal are remarkably similar and point to synchronous glacier dynamics throughout the
Holocene, particularly during its onset. In both valleys, we identified up to three lateral ridges just outboard the J1 and L1
composite moraines and their terminal equivalents, albeit in varying states of preservation. The outermost ridges in both
valleys, J3R and L3, and J4R and L4, respectively, yield statistically identical landform ages (Fig. 7a—d). Interestingly, they
are chronostratigraphically inverse, i.e., JR3 and L3 are systematically several centuries older than JR4 and L4. An explanation
for this age pattern may be decadal- to centennial-scale pre-exposure of J3R and L3 boulders, which would lead to an
overestimation of ages. However, if pre-exposure was a problem in the data set, we would expect greater scatter in boulder
ages inferred for the same moraine. Another explanation for age inversion is post-depositional displacement such as sacking
or tilting of J4R and L4 boulders, for instance through the thawing of permafrost, which would lead to underestimation of
corresponding ages. Yet again boulder ages along JR4 and L4 are in good agreement, making this explanation unlikely. A
process, which may have affected JR4 and L4 boulder surfaces and could cause a systematic shift towards younger ages, is
katabatic winds, when the glacier abandoned moraines JR4 and L4 and halted for a few centuries at the positions of or close
to JR3 and L3. Consolidation of the age difference between moraines JR3/L3 and J4R/L4 would necessitate the removal of

approximately 2.5 mm of rock from boulder surfaces along the outermost moraines (J4R and L4) within 500 years.

The age pattern of EH moraines in the Jamtal and Laraintal is noteworthy, but we emphasize that moraine ages of JR3, L3,
JR4, and L4 overlap within 1o uncertainties and that age inversion is non-existent from a statistical point of view. As we
attribute the landforms to a climatic state, we group them across both valleys and refer to them as moraine formation intervals

(MFI) 34, equivalent to 11 030 £ 740 years, rounded to 11.0£0.7 ka (Fig. 7).
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Figure 9: Proxy records capturing the YD-EH transition. (a) Detrital Carbonate Peaks (DCPs) identified in marine sediment cores
from the Labrador Sea (Jennings et al., 2015); TC stands for total carbonate. (b) Mean summer temperature reconstructions (JJA)
derived from nine Greenland ice cores (Buizert et al., 2018). (c) Ostracods record extracted from lake sediments of Mondsee
(Austrian Alps) (Lauterbach et al., 2011). (d) Chironomid-inferred (CI) atmospheric July temperatures from lake sediments of
Hinterburgsee in the Swiss Alps. (e) Stacked CI July temperatures in the European Alps (Heiri et al., 2014). (f) Mean annual
temperatures (MATSs) in central Europe reconstructed based on speleothems from Milandre Cave, Switzerland (Affolter et al., 2019).
(g) Arctic moraine record: GrlIS indicates Greenland Ice Sheet moraines, LIS indicates Laurentide Ice Sheet (LIS) moraines, and
NA Alpine indicates North American Alpine mountain glacier moraines (Young et al., 2020). (h) Moraine formation intervals (MFI)
identified in this study. Purple bars highlight Holocene cold events detected in Greenland ice cores (Rasmussen et al., 2007).
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We correlate EH Jamtal and Laraintal moraine chronologies with moraine chronologies and glacier proxy records at the local
scale and propose a concept of YD-EH deglaciation. MFI 34 falls well into the EH and is different from advances during the
LG. Presumable YD moraines are identified at considerable distance downstream and outboard of landforms addressed in this
study (Hertl, 2001, pp. 220 and 225), which implies that glaciers shrank from their LG ice margin to a position close to the
LIA maximum within a few centuries. Rapid deglaciation is a direct response of glaciers to an increase of summer temperatures
by several degrees during the YD—EH transition in the eastern Alpine region and across the Alps (Fig. 9c—f; e.g., Affolter et
al., 2019; Heiri et al., 2014; Ilyashuk et al., 2009; Larocque-Tobler et al., 2010b; Samartin et al., 2012). This warming trend
was interrupted by brief cold spells, which manifest in moraine records in the Silvretta Massif and in the adjacent Verwall
mountains to the northeast. Based on these moraine chronologies, the following local YD-EH glacier history emerges
(Fig. 10).
i. Latest YD — Kartell moraines (Verwall).
Moraines that formed within this period in the region have been dated at the Kartell site, which is around 15-20 km
northeast of Jamtal and Laraintal (Ivy-Ochs et al., 2006). Because of the previously higher °Be production rate
estimate, Kartell moraines were initially placed into the EH. Recalculations using the updated production rate yield
boulder ages ranging between 11.8+0.6 and 12.5 + 0.9 ka with the production rate uncertainty excluded. The age
update now assigns Kartell moraines to the late(st) YD (Boxleitner et al., 2019b; Ivy-Ochs, 2015). A local lowering
of the ELA of approximately 110—120 m relative to the historical moraine that was calculated using the accumulation

area ratio (AAR) method (Gross et al., 1978), was reported by Sailer and Kerschner (1999) and Ivy-Ochs et al. (2006).

ii. YD-EH transition (Preboreal) — MFI 3—4.

The shift from glacial to interglacial conditions is captured at the Jamtal and Laraintal. Corresponding moraine
chronologies indicate ice margins at terminal positions some hundreds of meters outboard of the LIA maximum,
equivalent to an estimated ELA depression of approximately 70 m (AAR method; Hertl, 2001, p. 80). These
chronologies evidence abrupt cold snaps, which punctuated the general warming trend during the EH and which
caused decadal- to centennial-scale glacier oscillations. The mean age of MFI 3-4 (11.0+0.7 ka) follows the
Preboreal oscillation (PBO) as defined based on paleoenvironmental records from Europe (11.30-11.15ka; e.g.,
Bjorck et al., 1997; Joannin et al., 2013; Magny et al., 2007; Schwander et al., 2000). Evidence of subsequent summer
cooling between 10 700 and 10 500 cal BP is detected in lake sediments in the Swiss and Austrian Alps (Fig. 9c—d;
Heiri et al., 2003; Lauterbach et al., 2011).

Kromer moraines identified in valleys 10-15 km further towards the west (Fig. 1b) were originally placed into the
Preboreal (Gross et al., 1978). Morphologically, these moraines resemble the blocky, multi-ridge structures of J3R
and J4R at the Jamtal and L3 and L4 at the Laraintal and yield similar snowline depression estimates of 70-90 m.

Updated °Be moraine ages 0f 9.9 +=0.7 and 10.2 = 0.7 ka fall within a somewhat younger age spectrum compared to
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the Jamtal and Laraintal moraines (Kerschner et al., 2006; Moran et al., 2016b). However, the age discrepancy

between Kromer moraines and Jamtal and Laraintal moraines could be reconciled considering age uncertainties.

iil. Interglacial (Holocene) mode — Ochsental—-Griine Kuppe (GrK).

Deglaciation patterns in the Ochsental to the west suggest ice margin configurations similar to the LIA around 10 ka.
The timing of moraine formation adjacent to the lateral Holocene composite moraine (equivalent to J1 and L1 in this
study) was constrained to 9.9 + 0.7 ka (Griine Kuppe site, » =4) (Braumann et al., 2020). In addition, two boulders of
the same age were found in latero-frontal sections of the Holocene composite moraine and point to similar ice margins
around 10 ka and during the LIA. Although no exposure ages are available for J2 and L2, and despite the fact that
these moraines could have been deposited within any cold phase between MFI 3—4 and the LIA, we note that J2 and
L2 potentially may correlate with the Griine Kuppe moraine, particularly as the ridges are in a morphostratigraphically
similar position. The timing of the Griine Kuppe moraine stabilization aligns with a climate anomaly detected in some
proxy records of the Alps around 10.5 ka that persisted for several centuries, sometimes termed the central European
cold phase 1 (CE-1; e.g., Boch et al., 2009; Haas et al., 1998; Schmidt et al., 2006). This phase was followed by
deglaciation, and glaciers in the Alps receded to sizes smaller than their historical maximum (Patzelt, 2019; Solomina
etal., 2015). Glacier retreat led to a vegetation change, with trees spreading to high(er) elevations. At the Las Gondas
bog in the adjacent Fimbatal (Fig. 1b), subfossil wood and tree logs were found up to an elevation of 2370 m a.s.1,,
with the oldest sample dated to 8620-8480 cal BP at 2355 m a.s.l. (Nicolussi, 2010). In close vicinity to our study
sites (Futscholtal), evidence of Pinus cembra populations growing at an elevation of ca. 2290 m a.s.l. within the period
between ca. 5580 and 4970 cal BP was found (Patzelt, 2019). Consistent results were reported from other valleys in
the region, for instance from the Klostertal and the Bielerhohe sites (Nicolussi, 2010), and from Kaunertal (Nicolussi

etal., 2005) (Fig. 1b).

The timing of moraine formation at the Kartell site overlaps with MFI 3—4, just as MFI 3—4 overlaps with moraine formation
at GrK in the Ochsental. Instead of indicating individual phases of glacier advance or stabilization, differences in the landforms'
central ages could also be owed to uncertainties of the dating method, which we cannot exclude, or to catchment-specific
effects such as shading or bedrock topography. We note that catchments where the evaluated !°Be moraine chronologies were
generated are comparable in terms of elevation, glacier size, exposure, geographical location (north of the Alpine drainage
divide), and orientation (Fig. Bla). Furthermore, summer temperature time series of meteorological stations at St. Anton in
the Verwall region and at Galtiir in the Silvretta region show similar trends in the period from 1957 to 2001 (Fig. B1b). We
assume that glaciers in the region respond(ed) to the same temperature forcing and probably at a similar level of sensitivity
not only in recent decades but also before then. Hence, the multiphase age structure of EH moraine formation in the Verwall

and Silvretta regions points to distinct episodes of glacier advance or stabilization.
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Figure 10: Glacier retreat during the transition from glacial to interglacial conditions evidenced in moraine chronologies from the
Silvretta and Verwall regions. KAR indicates Kartell moraines (Ivy-Ochs, 2015; Ivy-Ochs et al., 2006). The site is located
approximately 15-20 km northeast of Jamtal and Laraintal. MFI 3—4 are as described in this study. GrK indicates the Griine Kuppe
moraine identified in the adjacent Ochsental, suggesting LIA-like glacier extents around 10 000 cal BP (Braumann et al., 2020).

5.2.2 Alpine-wide and hemispheric correlation

Moraine formation during the transition from glacial to interglacial climatic conditions that is presented in Fig. 10 builds on
glacier records in the Silvretta Massif and in the Verwall mountains in the Eastern Alps. This model is consistent with results
of previous studies that have addressed glacier evolution during the LG and EH based on moraine chronologies (e.g., Baroni
et al., 2017; Hofmann et al., 2019; Moran et al., 2016a, 2017; Protin et al., 2021, 2019; Schimmelpfennig et al., 2012, 2014;
Schindelwig et al., 2012). Investigated moraine sets may differ with respect to their structure, state of preservation, or distance
relative to the LIA maximum, but they share their position (outboard the LIA maximum but inboard the presumable LG ice
margin) and their age of deposition between ca. 12 and 10 ka, which implies substantial large-scale cooling during this period.

This pattern of EH moraine stabilization is not limited to the Alpine realm but has been observed in other places in the North
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Atlantic and Arctic region, for instance along the Fennoscandian ice sheet (e.g., Briner et al., 2014; Nesje, 2009), the Icelandic
ice sheet (e.g., Sigfusdottir and Benediktsson, 2020), at Svalbard (e.g., Farnsworth et al., 2020), along the eastern part of the
LIS (e.g., Corbett et al., 2016; Ullman et al., 2016; Young et al., 2020), and along the Greenland ice sheet (e.g., Biette et al.,
2020; Levy et al., 2016; Young et al., 2020) (Fig. 9g). Atmospheric temperatures were certainly different in these regions
during the EH (Fig. 9b—f), and glaciers in the European Alps retreated much earlier to positions inboard their subsequent
historical margin compared to Arctic glaciers, which continued to deposit moraines outboard their LIA at least 2 millennia
longer. However, concurrent moraine stabilization during the EH raises the question what caused this synchronicity in climatic

cooling during the first millennia of the Holocene.

5.2.3 Climatic drivers of EH moraine formation in the Northern Hemisphere

Freshwater influx into the North Atlantic and into the Arctic Ocean is known as a driver for climate of the Northern Hemisphere
and acts as a plausible cause for abrupt centennial-scale cold snaps during the LG and the EH (e.g., Bjorck et al., 1997; Fisher
et al., 2002; Hald and Hagen, 1998; Nesje et al., 2004). Prominent examples are repeated outbursts of the North American
proglacial Agassiz lake, whose final drainage caused a sharp temperature drop in the Northern Hemisphere, the 8.2 ka event
detected in Greenland ice cores (Alley and Agustsdottir, 2005; Clarke et al., 2009; Hillaire-Marcel et al., 2007; Teller et al.,
2002; Thornalley et al., 2010). Besides abrupt high-volume releases of freshwater to the North Atlantic or Arctic Ocean via
major lake drainages or iceberg armadas, there is evidence of more subdued glacial discharge during the EH that results in a
deceleration of the thermohaline circulation (Bamberg et al., 2010; Renssen et al., 2010; Thornalley et al., 2009). Weakening
of the AMOC leads to less heat transported to the North Atlantic region, which can prompt brief decadal-to-centennial-scale
cold snaps in the north and also at lower latitudes. During the PBO and subsequent centennial-scale cold phases, harsher
climate conditions are reported in the North Atlantic region (e.g., Bos et al., 2007; Knudsen et al., 2008; Paus et al., 2015;
Timms et al., 2021), with cooling extending towards western and central Europe (Fig. 9c—f). Glaciers in North Atlantic regions
and in the Alps responded to these climate perturbations with stabilization or advance and hence moraine deposition.

To test the linkage between EH moraine formation and freshwater discharge of the LIS, we review corresponding markers in
marine sediment cores, temperature proxy records, and moraine records in these regions. We begin with the YD termination,
when icebergs and meltwater plumes were released into the North Atlantic, evidenced by ice-rafted debris and layers of
“foreign” sediment enriched with detrital carbonates in marine sediments. These layers, often referred to as Heinrich-0 (HO)
and characterized by a detrital carbonate peak (DCP) date to the earliest Holocene, were identified in Baffin Bay (Simon et al.,
2014), in the Labrador Sea (Andrews et al., 1995; Rashid et al., 2011), and at the coast of Newfoundland (Pearce et al., 2015)
including the Flemish cap (Li and Piper, 2015). Jennings et al. (2015) found multiple subsequent detrital carbonate peaks
(DCP 1-7 in Fig. 9a) between 11 500 and 8000 cal BP in a core from the Labrador shelf, which is attributed to freshwater
sourced from Hudson Strait. DCP1 detected around 11 500 cal BP coincides with the end of HO and with the onset of 11.4 ka
event (ca. 11450 to 11 350 cal BP; Rasmussen et al., 2007). During the subsequent PBO captured in Nordic records, mean
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annual and summer temperatures in the European Alps declined (Fig. 9e—f; e.g., Affolter et al., 2019; Heiri et al., 2014;
Lauterbach et al., 2011). The propagation of this cooling trend towards western and central Europe is supported by cooler and
more humid climate conditions in these regions ca. 11 30011 150 cal BP (Magny et al., 2007). In parallel, '°Be concentration
in Greenland ice cores, a proxy for solar activity, decreases towards a minimum (Adolphi et al., 2014; Finkel and Nishiizumi,
1997; Mekhaldi et al., 2020). Low solar activity may have amplified the cooling imposed by freshening of the Atlantic Ocean
or vice versa. Glaciers in the North Atlantic region and in the European Alps advanced or stabilized repeatedly during the first
millennia of the Holocene and deposited moraines, as evidenced by landforms dated in this study (Fig. Sh).

A similar chain of events may have occurred some centuries later. The deposition of the DCP2 ca. 10 600 cal BP was preceded
by the so-called Gold Cove advance of the LIS's Labrador sector across the Hudson Strait and its subsequent retreat (Jennings
et al., 2015; Kaufman et al., 1993; Rashid et al., 2014). The resulting freshwater input may have weakened the AMOC, which
in turn led to a drop in mean annual temperatures in Greenland and moraine formation in the Arctic (e.g., Biette et al., 2020;
Young et al., 2020). Temperatures in the Alps decreased or stagnated around that time (Fig. 9c—d, f). Moraine formation
between 10 700 and 10 500 cal BP, concurrent with DCP2, is observed across the European Alps (e.g., Moran et al., 2017,
Protin et al., 2019; Schimmelpfennig et al., 2012, 2014).

The linkage between DCPs, freshwater input into the Atlantic and Arctic Ocean, and subsequent EH glacier advances has been
put forward before in the context of the North American and Arctic region (e.g., Andrews et al., 2014; Nesje, 2009; Young et
al., 2020). The authors of a recent geochronological study carried out in the Western Alps go a step further and propose that
freshwater forcing in the North Atlantic region acted as a driver for moraine formation in the Mont Blanc Massif (Protin et al.,
2021). They suggest that a decrease in AMOC strength led to extended sea ice periods during winter in the North Atlantic,
which in turn caused a southwards shift of the westerlies. Cold air was then transported to Europe and led to moraine deposition
in the European Alps. With our new moraine chronologies from the Silvretta region, we complement the glacier record from
the Western Alps with robust evidence for EH moraine formation in the Eastern Alps and corroborate the hypothesis that

centennial-scale cold phases occurred at a regional (hemispheric) scale between 12 and 10 ka.

6 Summary and Conclusions

= Glaciers at both study sites, the Jamtal and the Laraintal, stabilized or advanced at least twice during the EH, which
is evidenced by moraines deposited outboard the historical moraine (LIA maximum) and inboard the presumable LG
ice margin. The timing of moraine formation is consistent across both valleys and is constrained with 10Be SED,
yielding a combined age of 11.0+0.7 ka (MFI 34, n=19). EH moraines in the Silvretta region indicate repeated
punctuation of the general postglacial warming trend by short cold episodes in Europe. These cold snaps, most
prominently the PBO, appear to have their origin in the North Atlantic region. Layers of ice-rafted debris and DCPs
in marine sediment cores along the eastern margin of the LIS point to glacial discharge during the earliest Holocene.

Resulting freshwater released into the North Atlantic probably caused a drop in salinity and led to a slowdown of the
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AMOC. Reduced heat transport northwards caused cooling in the North Atlantic region, which propagated toward

Europe. Glaciers and ice sheets in the Northern Hemisphere responded to this cooling via moraine deposition.

Based on Holocene moraine chronologies of the Silvretta Massif and the adjacent Verwall mountains, we propose the
following local model that describes alternating phases of glacier retreat and stabilization between 12 and 10 ka: the
YD termination (Kartell; Ivy-Ochs, 2015; Ivy-Ochs et al., 2006), the YD-EH transition (MFI 3—4, this study), and
the Holocene mode (GrK; Braumann et al., 2020). The proposed concept confirms the hypothesis formulated by
Patzelt and Bortenschlager (1973) almost 50 years ago that glaciers in the Eastern Alps deposited moraines during
the Preboreal and had retreated to their subsequent historical ice margins by ca. 10 to 9.5 ka. During the rest of the
Holocene, the magnitude of cooling was most likely too small in the Eastern Alps to force advances which exceeded

dimensions that glaciers had around 10 ka.

Our data suggests that glaciers in the Silvretta region advanced to a position close or equivalent to their LIA maximum
around 500 CE. The timing of this advance is concurrent with the migration period in Europe, which is often
associated with regional climate deterioration. In the Silvretta Massif, this hypothesis rests on a few 10Be exposure
ages of the Jamtal (this study) and the Ochsental (Braumann et al., 2020), but there is growing evidence that many
glaciers in the Alps, North America, and the Nordic region advanced at that time and reached their historical margin

(e.g., Barclay et al., 2009; Holzhauser et al., 2005; Le Roy et al., 2015; Patzelt, 2016).

Silvretta glaciers may have advanced to their LIA maximum as early as ca. 1300 CE. A subsequent advance to the
same position took place in the second half of the 18th century, documented by three boulders along the historic
moraine yielding a mean age of ca. 260 £ 20 years. This result agrees well with an advance of glaciers in the adjacent
Ochsental (Braumann et al., 2020). Contemporaneous advances have also been reported for glaciated areas beyond
the Silvretta region, e.g., the Lower Grindelwald glacier, Mer de Glace, and glaciers in the Otztal (Nicolussi, 2013;
Nussbaumer et al., 2007; Pindur and Heuberger, 2010; Zumbiihl and Nussbaumer, 2018).

The classical LIA moraine in the European Alps, traditionally referred to as the “1850 moraine”, marks the LIA
maximum glacier extent that was reached multiple times during the LIA but perhaps also earlier during the Holocene,
most likely around 500 CE. As the moraine comprises glacial sediments deposited during several glacier advances
during the past millennia, we propose that these landforms should rather be viewed as “Holocene composite moraines”

instead of “1850 moraines” or “LIA moraines”.

Our observations document sensitive glacier response to the natural warming in the early Holocene. Accelerating

anthropogenic warming has been driving the rapid retreat of highly temperature-sensitive glaciers over the last century
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(e.g., Oerlemans, 2005; Zemp et al., 2019) and will lead to the disappearance of most glaciers in the European Alps

unless greenhouse gas forcing is substantially reduced in the very near future (Zekollari et al., 2019).
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675 Appendix A: Complementary photo documentation of landforms

680

Al: Jamtal. (a) J1 moraine with Jamtal hut in the background. Boulder surfaces are fresh and are not colonized by lichens; pioneer
plants are growing on the moraine. (b) J1 multi-ridge structure with view towards with Jamtalferner in the back. (c) Left-lateral
side of Jamtal below Totenfeld glacier. (d) View towards Chalausferner (in the background); J1 is in the foreground, J3R and J4R
outboard J1 are curved lateral moraines of former Chalausferner. (¢) J2 moraine (undated) is at the center with a till-covered slope
to the left and J1 to the right. (f) Right-lateral moraine sets. J4R and J3R date to the early Holocene, and J1 is comprised of debris
that was deposited during the LIA and during at least one earlier glacier advance around 500 CE.
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A2: Jamtal. (a) J5 ridge view from right-lateral valley side towards the west and a (b) view from a down-valley position southwards.
The structure was reworked in the course of trail construction and maintenance. (c) Transition zone between J1 terminal moraine
and the blockfield. We speculate that the blockfield originates from rock failures along valley flanks farther up valley.
Corresponding debris was transported downstream by the glacier. During glacier retreat, the blocks melted out and covered the
valley floor. The blockfield (at least its uppermost section) was then partly overprinted by subsequent glacier advances. (d) Blockfield
consisting of coarse, angular to subangular components with a view towards the southeast. (e) Transition zone between fresh J1
moraine deposits and the blockfield, whose blocks are populated by lichens and are partly overgrown with vegetation. (f) Displaced
moraines along the right-lateral valley side outboard J1; Futschéltal (tributary valley) is shown in the back.
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A3: Laraintal. (a) Terminal moraines L3T and L4T dissected by a creek (Larainbach). (b) Right-lateral moraine set: L1, L2

695 (undated), and L3R. (c) Larainbach, with the modern river plane with L1 double-ridge structure identified on both sides of the
creek. (d) Left-lateral flatter valley section, where moraines L3L and L1 and presumably Late Glacial moraines accumulated.
(e) Left-lateral glacier side. Person standing on L1 ridge with L3L to the left. Hoher Kogel peak is in the background. (f) Provenance
area of the rockfall event in 2019 near Hoher Kogel peak.
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A4: Laraintal. (a) Fresh rockfall deposits (2019) in the Zollhiitte area. Note the person at the center of the photograph for scale.
(b) Zollhiitte area (L5) with unweathered scree on the left side of the photograph, a mass movement slab to the right of the hiking
trail, and fresh rockfall path behind the slab.

33



705

710

715

720

725

Data availability

All analytical information associated with cosmogenic nuclide measurements is listed in the tables within the paper and the

Supplement.

Author contribution

SMB and JMS designed the study. SMB, MF, and JMS carried out field work. SMB was responsible for cosmogenic nuclide
sample preparation. AJH performed sample measurements and developed the strategy for low-level 1°Be sample processing.

All authors were involved in data interpretation. SMB wrote the manuscript, which was revised and edited by all authors.

Competing interests

The authors declare that they have no conflict of interest.

Disclaimer

Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author(s) and do not

necessarily reflect the views of the National Science Foundation.

Acknowledgements

Sandra M. Braumann is grateful to the LDEO cosmogenic nuclide laboratory staff Roseanne Schwartz and Jean Hanley for
their help and advice during sample processing. Furthermore, Sandra M. Braumann thanks Giinther Gross for helpful
discussions on the Holocene moraine record in the Silvretta Massif, Dominik Blasenbauer for assistance during fieldwork, and
Herbert Formayer for providing meteorological data. The authors express their gratitude to their hosts at the Jamtal hut, at
Larainalpe, and at Pension Tiirtscher, who have facilitated the field campaigns. Finally, the authors thank two anonymous
reviewers, whose comments greatly improved the manuscript, and Alberto Reyes, who was the editor of the manuscript. This
work was performed in part under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory

under Contract DE-AC52-07NA27344; this is LLNL-JRNL-821951.

Financial support

This research has been supported by inatura Museum GmbH Dornbirn (funding period 2017-2019) and is based upon work
supported by the National Science Foundation under grant no. NSF-1853881. Sandra M. Braumann is a recipient of a DOC
Fellowship of the Austrian Academy of Sciences (OeAW) at the Institute of Applied Geology, University of Natural Resources

34



730

735

740

745

750

755

760

and Life Sciences (BOKU) Vienna (grant no. 24709). For research visits at the LDEO, Sandra M. Braumann received a
Marietta Blau scholarship sponsored by OeAD GmbH (grant no. ICM-2018-11638), a Marshall Plan scholarship provided by
the Austrian Marshall Plan Foundation (grant no. 967116921 222019), and financial support from BOKU's “Transitions to
Sustainability” (T2S) doctoral school.

References

Adolphi, F., Muscheler, R., Svensson, A., Aldahan, A., Possnert, G., Beer, J., Sjolte, J., Bjorck, S., Matthes, K., and
Thieblemont, R.: Persistent link between solar activity and Greenland climate during the Last Glacial Maximum, Nat.
Geosci., 7, 662—666, 2014.

Affolter, S., Hauselmann, A., Fleitmann, D., Edwards, R. L., Cheng, H., and Leuenberger, M.: Central Europe temperature
constrained by speleothem fluid inclusion water isotopes over the past 14 000 years, Sci. Adv., 5, eaav3809,
https://doi.org/10.1126/sciadv.aav3809, 2019.

Alley, R. B.: The Younger Dryas cold interval as viewed from central Greenland, Quaternary Sci. Rev., 19, 213-226, 2000.

Alley, R. B. and Agustsdottir, A. M.: The 8k event: cause and consequences of a major Holocene abrupt climate change,
Quaternary Sci. Rev., 24, 1123-1149, 2005.

André, M. F.: Rates of postglacial rock weathering on glacially scoured outcrops (Abisko-Riksgransen area, 68 degrees N),
Geogr. Ann. A, 84A, 139-150, 2002.

Andrews, J. T., Jennings, A. E., Kerwin, M., Kirby, M., Manley, W., Miller, G. H., Bond, G., and Maclean, B.: A Heinrich-
Like Event, H-0 (Dc-0) — Source(S) for Detrital Carbonate in the North-Atlantic during the Younger Dryas Chronozone,
Paleoceanography, 10, 943-952, 1995.

Andrews, J. T., Gibb, O. T., Jennings, A. E., and Simon, Q.: Variations in the provenance of sediment from ice sheets
surrounding Baffin Bay during MIS 2 and 3 and export to the Labrador Shelf Sea: site HU 2008029-0008 Davis Strait, J.
Quaternary Sci., 29, 3-13, 2014.

Auer, I., Bohm, R., Jurkovic, A., Lipa, W., Orlik, A., Potzmann, R., Schoner, W., Ungersbock, M., Matulla, C., Briffa, K.,
Jones, P., Efthymiadis, D., Brunetti, M., Nanni, T., Maugeri, M., Mercalli, L., Mestre, O., Moisselin, J. M., Begert, M.,
Miiller-Westermeier, G., Kveton, V., Bochnicek, O., Stastny, P., Lapin, M., Szalai, S., Szentimrey, T., Cegnar, T., Dolinar,
M., Gajic-Capka, M., Zaninovic, K., Majstorovic, Z., and Nieplova, E.: HISTALP — historical instrumental climatological
surface time series of the Greater Alpine Region, Int. J. Climatol., 27, 17-46, 2007.

Balco, G., Stone, J. O., Lifton, N. A., and Dunai, T. J.: A complete and easily accessible means of calculating surface
exposure ages or erosion rates from Be-10 and Al-26 measurements, Quat. Geochronol., 3, 174-195, 2008.

Bamberg, A., Rosenthal, Y., Paul, A., Heslop, D., Mulitza, S., Ruhlemann, C., and Schulz, M.: Reduced North Atlantic
Central Water formation in response to early Holocene ice-sheet melting, Geophys. Res. Lett., 37, L17705,
https://doi.org/10.1029/2010GL.043878, 2010.

Barclay, D. J., Wiles, G. C., and Calkin, P. E.: Holocene glacier fluctuations in Alaska, Quaternary Sci. Rev., 28, 2034—
2048, 2009.

35



765

770

775

780

785

790

795

Baroni, C., Casale, S., Salvatore, M. C., Ivy-Ochs, S., Christl, M., Carturan, L., Seppi, R., and Carton, A.: Double response
of glaciers in the Upper Peio Valley (Rhaetian Alps, Italy) to the Younger Dryas climatic deterioration, Boreas, 46, 783—798,
2017.

Beniston, M., Farinotti, D., Stoffel, M., Andreassen, L. M., Coppola, E., Eckert, N., Fantini, A., Giacona, F., Hauck, C.,
Huss, M., Huwald, H., Lehning, M., Lopez-Moreno, J.-1., Magnusson, J., Marty, C., Moran-Tejéda, E., Morin, S., Naaim,
M., Provenzale, A., Rabatel, A., Six, D., Stétter, J., Strasser, U., Terzago, S., and Vincent, C.: The European mountain
cryosphere: a review of its current state, trends, and future challenges, The Cryosphere, 12, 759—794,
https://doi.org/10.5194/tc-12-759-2018, 2018.

Bertle, H.: Zur Geologie des Fensters von Gargellen (Vorarlberg) und seines Kristallinen Rahmens — Osterreich, Mitt. Ges.
Geol. Berbaustud., 22, 1-60, 1973.

Bichler, M. G., Reindl, M., Reitner, J. M., Drescher-Schneider, R., Wirsig, C., Christl, M., Hajdas, 1., and Ivy-Ochs, S.:
Landslide deposits as stratigraphical markers for a sequence-based glacial stratigraphy: a case study of a Younger Dryas
system in the Eastern Alps, Boreas, 45, 537-551, 2016.

Biette, M., Jomelli, V., Chenet, M., Braucher, R., Rinterknecht, V., Lane, T., and Team, A.: Mountain glacier fluctuations
during the Lateglacial and Holocene on Clavering Island (northeastern Greenland) from(10)Be moraine dating, Boreas, 49,
873-885, 2020.

Bjorck, S., Rundgren, M., Ingolfsson, O., and Funder, S.: The Preboreal oscillation around the Nordic Seas: terrestrial and
lacustrine responses, J. Quaternary Sci., 12, 455465, 1997.

BMLRT: eHYD — Hydrographisches Jahrbuch. BMNT, Abteilung 1/3 — Wasserhaushalt (HZB), Vienna, Austria [data set],
available at: https://ehyd.gv.at/, last access: 16 September 2021.

BMNT: Hydrographisches Jahrbuch von Osterreich. BMNT (Federal Minstry for Sustainability and Tourism), Vienna,
Austria, 2016.

Boch, R., Spétl, C., and Kramers, J.: High-resolution isotope records of early Holocene rapid climate change from two
coeval stalagmites of Katerloch Cave, Austria, Quaternary Sci. Rev., 28, 2527-2538, 2009.

Bos, J. A. A, van Geel, B., van der Plicht, J., and Bohncke, S. J. P.: Preboreal climate oscillations in Europe: Wiggle-match
dating and synthesis of Dutch high-resolution multi-proxy records, Quaternary Sci. Rev., 26, 1927-1950, 2007.

Boxleitner, M., Ivy-Ochs, S., Egli, M., Brandova, D., Christl, M., Dahms, D., and Maisch, M.: The !°Be deglaciation
chronology of the Goschenertal, central Swiss Alps, and new insights into the Goschenen Cold Phases, Boreas, 48, 867-878,
2019a.

Boxleitner, M., Ivy-Ochs, S., Egli, M., Brandova, D., Christl, M., and Maisch, M.: Lateglacial and Early Holocene glacier
stages — New dating evidence from the Meiental in central Switzerland, Geomorphology, 340, 15-31, 2019b.

Braumann, S. M., Schaefer, J. M., Neuhuber, S. M., Reitner, J. M., Liithgens, C., and Fiebig, M.: Holocene glacier change in
the Silvretta Massif (Austrian Alps) constrained by a new '°Be chronology, historical records and modern observations,
Quaternary Sci. Rev., 245, 1-21, 2020.

36



800

805

810

815

820

825

830

Briner, J. P., Svendsen, J. I., Mangerud, J., Lohne, O. S., and Young, N. E.: A Be-10 chronology of south-western
Scandinavian Ice Sheet history during the Lateglacial period, J. Quaternary Sci., 29, 370-380, 2014.

Buizert, C., Keisling, B. A., Box, J. E., He, F., Carlson, A. E., Sinclair, G., and DeConto, R. M.: Greenland-Wide Seasonal
Temperatures During the Last Deglaciation, Geophys. Res. Lett., 45, 1905-1914, 2018.

Biintgen, U., Tegel, W., Nicolussi, K., McCormick, M., Frank, D., Trouet, V., Kaplan, J. O., Herzig, F., Heussner, K. U.,
Wanner, H., Luterbacher, J., and Esper, J.: 2500 Years of European Climate Variability and Human Susceptibility, Science,
331, 578-582, 2011.

Biintgen, U., Myglan, V. S., Ljungqvist, F. C., McCormick, M., Di Cosmo, N., Sigl, M., Jungclaus, J., Wagner, S., Krusic, P.
J., Esper, J., Kaplan, J. O., de Vaan, M. A. C., Luterbacher, J., Wacker, L., Tegel, W., and Kirdyanov, A. V.: Cooling and
societal change during the Late Antique Little Ice Age from 536 to around 660 AD, Nat. Geosci., 9, 231-236, 2016.

Cheng, H., Zhang, H. W., Spotl, C., Baker, J., Sinha, A., Li, H. Y., Bartolome, M., Moreno, A., Kathayat, G., Zhao, J. Y.,
Dong, X. Y., Li, Y. W., Ning, Y. F., Jia, X, Zong, B. Y., Brahim, Y. A., Perez-Mgjias, C., Cai, Y. J., Novello, V. F., Cruz,
F. W., Severinghaus, J. P., An, Z. S., and Edwards, R. L.: Timing and structure of the Younger Dryas event and its
underlying climate dynamics, P. Natl. Acad. Sci. USA, 117,23408-23417, 2020.

Clark, P. U., Shakun, J. D., Baker, P. A., Bartlein, P. J., Brewer, S., Brook, E., Carlson, A. E., Cheng, H., Kaufman, D. S.,
Liu, Z. Y., Marchitto, T. M., Mix, A. C., Morrill, C., Otto-Bliesner, B. L., Pahnke, K., Russell, J. M., Whitlock, C., Adkins,
J. F., Blois, J. L., Clark, J., Colman, S. M., Curry, W. B., Flower, B. P., He, F., Johnson, T. C., Lynch-Stieglitz, J., Markgraf,
V., McManus, J., Mitrovica, J. X., Moreno, P. 1., and Williams, J. W.: Global climate evolution during the last deglaciation,
P. Natl. Acad. Sci. USA, 109, E1134-E1142, 2012.

Clarke, G. K. C., Bush, A. B. G., and Bush, J. W. M.: Freshwater Discharge, Sediment Transport, and Modeled Climate
Impacts of the Final Drainage of Glacial Lake Agassiz, J. Climate, 22, 2161-2180, 2009.

Claude, A., Ivy-Ochs, S., Kober, F., Antognini, M., Salcher, B., and Kubik, P. W.: The Chironico landslide (Valle Leventina,
southern Swiss Alps): age and evolution, Swiss J. Geosci., 107, 273-291, 2014.

Corbett, L. B., Bierman, P. R., and Davis, P. T.: Glacial history and landscape evolution of southern Cumberland Peninsula,
Baffin Island, Canada, constrained by cosmogenic Be-10 and Al-26, Geol. Soc. Am. Bull., 128, 1173-1192, 2016.

Cossart, E., Fort, M., Bourles, D., Braucher, R., Perrier, R., and Siame, L.: Deglaciation pattern during the
Lateglacial/Holocene transition in the southern French Alps. Chronological data and geographical reconstruction from the
Claree Valley (upper Durance catchment, southeastern France), Palacogeogr. Palaeocl., 315, 109-123, 2012.

Deline, P. and Orombelli, G.: Glacier fluctuations in the western Alps during the Neoglacial, as indicated by the Miage
morainic amphitheatre (Mont Blanc massif, Italy), Boreas, 34, 456—467, 2005.

Denton, G. H., Putnam, A. E., Russell, J. L., Barrell, D. J. A., Schaefer, J. M., Kaplan, M. R., and Strand, P. D.: The
Zealandia Switch: Ice age climate shifts viewed from Southern Hemisphere moraines, Quaternary Sci. Rev., 257, 106771,
https://doi.org/10.1016/j.quascirev.2020.106771, 2021.

Dietre, B., Walser, C., Lambers, K., Reitmaier, T., Hajdas, 1., and Haas, J. N.: Palacoecological evidence for Mesolithic to
Medieval climatic change and anthropogenic impact on the Alpine flora and vegetation of the Silvretta Massif
(Switzerland/Austria), Quatern. Int., 353, 3—16, 2014.

37



835 Faedrich, R.: Spdt- und postglaziale Gletscherschwankungen in der Ferwallgruppe (Tirol/Vorarlberg), Dusseldorfer
Geographische Schriften, 12, 1-161, 1979.

Farnsworth, W. R., Allaart, L., Ingolfsson, O., Alexanderson, H., Forwick, M., Noormets, R., Retelle, M., and Schomacker,
A.: Holocene glacial history of Svalbard: Status, perspectives and challenges, Earth-Sci. Rev., 208, 103249,
https://doi.org/10.1016/j.carscirev.2020.103249, 2020.

840 Federici, P. R., Granger, D. E., Pappalardo, M., Ribolini, A., Spagnolo, M., and Cyr, A. J.: Exposure age dating and
Equilibrium Line Altitude reconstruction of an Egesen moraine in the Maritime Alps, Italy, Boreas, 37, 245-253, 2008.

Finkel, R. C. and Nishiizumi, K.: Beryllium 10 concentrations in the Greenland Ice Sheet Project 2 ice core from 3—40 ka, J.
Geophys. Res.-Oceans, 102, 26699-26706, 1997.

Fischer, A., Seiser, B., Stocker Waldhuber, M., Mitterer, C., and Abermann, J.: Tracing glacier changes in Austria from the
845 Little Ice Age to the present using a lidar-based high-resolution glacier inventory in Austria, The Cryosphere, 9, 753-766,
https://doi.org/10.5194/tc-9-753-2015, 2015.

Fischer, A., Fickert, T., Schweizer, G., Patzelt, G., and Gross, G.: Vegetation dynamics in Alpine glacier forelands tackled
from space, Sci. Rep.-UK, 9, 13918, https://doi.org/10.1038/s41598-019-50273-2, 2019.

Fischer, A., Schwaizer, G., Seiser, B., Helfricht, K., and Stocker-Waldhuber, M.: High-resolution inventory to capture
850 glacier disintegration in the Austrian Silvretta, The Cryosphere, 15, 4637—4654, https://doi.org/10.5194/tc-15-4637-2021,
2021.

Fisher, T. G., Smith, D. G., and Andrews, J. T.: Preboreal oscillation caused by a glacial Lake Agassiz flood, Quaternary Sci.
Rev., 21, 873-878, 2002.

Fohlmeister, J., Vollweiler, N., Spotl, C., and Mangini, A.: COMNISPA II: Update of a mid-European isotope climate
855 record, 11 ka to present, Holocene, 23, 749-754, 2013.

Friebe, G.: Geologie der 6sterreichischen Bundesldnder — Vorarlberg, Verlag der Geologischen Bundesanstalt (GBA),
Vienna, Austria, 2007.

Fuchs, G. and Oberhauser, R.: 170 Galtiir, Geologische Bundesanstalt, Vienna, Austria, 1990.

Gobiet, A., Kotlarski, S., Beniston, M., Heinrich, G., Rajczak, J., and Stoffel, M.: 21st century climate change in the
860 European Alps — A review, Sci. Total Environ., 493, 1138-1151, 2014.

Gosse, J. C. and Phillips, F. M.: Terrestrial in situ cosmogenic nuclides: theory and application, Quaternary Sci. Rev., 20,
1475-1560, 2001.

Gross, G., Kerschner, H., and Patzelt, G.: Methodische Untersuchungen iiber die Schneegrenze in den alpinen
Gletschergebieten, Zeitschrift fiir Gletscherkunde und Glaziogeologie, 12, 223-251, 1978.

865 Grove, J. M.: Little ice ages: ancient and modern, Routledge, London, UK, New York, USA, 2004.

38



870

875

880

885

890

895

Haas, J. N., Richoz, 1., Tinner, W., and Wick, L.: Synchronous Holocene climatic oscillations recorded on the Swiss Plateau
and at timberline in the Alps, Holocene, 8, 301-309, 1998.

Hald, M. and Hagen, S.: Early preboreal cooling in the Nordic seas region triggered by meltwater, Geology, 26, 615-618,
1998.

Heiri, O., Wick, L., van Leeuwen, J. F. N., van der Knaap, W. O., and Lotter, A. F.: Holocene tree immigration and the
chironomid fauna of a small Swiss subalpine lake (Hinterburgsee, 1515 m a.s.l.), Palacogeogr. Palacocl., 189, 35-53, 2003.

Heiri, O., Koinig, K. A., Spotl, C., Barrett, S., Brauer, A., Drescher-Schneider, R., Gaar, D., Ivy-Ochs, S., Kerschner, H.,
Luetscher, M., Moran, A., Nicolussi, K., Preusser, F., Schmidt, R., Schoeneich, P., Schworer, C., Sprafke, T., Terhorst, B.,
and Tinner, W.: Palaeoclimate records 60—8 ka in the Austrian and Swiss Alps and their forelands, Quaternary Sci. Rev.,
106, 186205, 2014.

Helama, S., Jones, P. D., and Briffa, K. R.: Dark Ages Cold Period: A literature review and directions for future research,
Holocene, 27, 1600-1606, 2017.

Helama, S., Stoffel, M., Hall, R. J., Jones, P. D., Arppe, L., Matskovsky, V. V., Timonen, M., Nojd, P., Mielikainen, K., and
Oinonen, M.: Recurrent transitions to Little Ice Age-like climatic regimes over the Holocene, Clim. Dynam., 56, 3817-3833,
https://doi.org/10.1007/s00382-021-05669-0, 2021.

Hertl, A.: Untersuchungen zur spitglazialen Gletscher- und Klimageschichte der Osterreichischen Silvrettagruppe, 2001.
Doctoral Thesis, 716, Leopold-Franzens-Universitit Innsbruck, Innsbruck, Austria, 265 pp., 2001.

Hillaire-Marcel, C., de Vernal, A., and Piper, D. J. W.: Lake Agassiz final drainage event in the northwest North Atlantic,
Geophys. Res. Lett., 34, L15601, https://doi.org/10.1029/2007GL030396, 2007.

Hofmann, F. M., Alexanderson, H., Schoeneich, P., Mertes, J. R., Léanni, L., and Team, A.: Post-Last Glacial Maximum
glacier fluctuations in the southern Ecrins massif (westernmost Alps): insights from °Be cosmic ray exposure dating Boreas,
48, 1019-1041, 2019.

Holzhauser, H., Magny, M., and Zumbiihl, H. J.: Glacier and lake-level variations in west-central Europe over the last 3500
years, Holocene, 15, 789-801, 2005.

Huston, A., Siler, N., Roe, G. H., Pettit, E., and Steiger, N. J.: Understanding drivers of glacier-length variability over the
last millennium, The Cryosphere, 15, 16451662, https://doi.org/10.5194/tc-15-1645-2021, 2021.

Ilyashuk, B., Gobet, E., Heiri, O., Lotter, A. F., van Leeuwen, J. F. N., van der Knaap, W. O., Ilyashuk, E., Oberli, F., and
Ammann, B.: Lateglacial environmental and climatic changes at the Maloja Pass, Central Swiss Alps, as recorded by
chironomids and pollen, Quaternary Sci. Rev., 28, 1340—-1353, 2009.

Ilyashuk, E. A., Heiri, O., Ilyashuk, B. P., Koinig, K. A., and Psenner, R.: The Little Ice Age signature in a 700-year high-
resolution chironomid record of summer temperatures in the Central Eastern Alps, Clim. Dynam., 52, 6953—-6967, 2019.

Ivy-Ochs, S.: Glacier Variations in the European Alps at the End of the Last Glaciation, Cuad. Investig. Geogr., 41, 295—
315, 2015.

39



900

905

910

915

920

925

930

Ivy-Ochs, S., Kerschner, H., Reuther, A., Maisch, M., Sailer, R., Schaefer, J., Kubik, P. W., Synal, H.-A., and Schliichter,
C.: The timing of glacier advances in the northern European Alps based on surface exposure dating with cosmogenic 10Be,
26Al, 36Cl, and 21Ne, in: In Situ-Produced Cosmogenic Nuclides and Quantification of Geological Processes, edited by:
Siame, L. L., Bourlés, D. L., and Brown, E. T., Geological Society of America Special Paper, 415, 43—60,
https://doi.org/10.1130/2006.2415(04), 2006.

Ivy-Ochs, S., Kerschner, H., Maisch, M., Christl, M., Kubik, P. W., and Schliichter, C.: Latest Pleistocene and Holocene
glacier variations in the European Alps, Quaternary Sci. Rev., 28, 2137-2149, 2009.

Jennings, A., Andrews, J., Pearce, C., Wilson, L., and Olfasdotttir, S.: Detrital carbonate peaks on the Labrador shelf, a 13—
7 ka template for freshwater forcing from the Hudson Strait outlet of the Laurentide Ice Sheet into the subpolar gyre,
Quaternary Sci. Rev., 107, 62-80, 2015.

Joannin, S., Vanniére, B., Galop, D., Peyron, O., Haas, J. N., Gilli, A., Chapron, E., Wirth, S. B., Anselmetti, F., Desmet, M.,
and Magny, M.: Climate and vegetation changes during the Lateglacial and early—middle Holocene at Lake Ledro (southern
Alps, Italy), Clim. Past, 9, 913-933, https://doi.org/10.5194/cp-9-913-2013, 2013.

Kasper, M.: Silvretta historica — Zeitreise durch die Silvretta, Heimatschutzverein Montafon, Schruns, Austria, 2013.
Kasper, M.: Mythos Piz Buin — Kulturgeschichte eines Berges, Haymon-Verl., Innsbruck, Vienna, Austria, 2015.

Kaufman, D. S., Miller, G. H., Stravers, J. A., Manley, W. F., and Duvall, M. L.: Late-Glacial Ice Margins and Deglacial
Chronology for Southeastern Baffin-Island and Hudson Strait, Eastern Canadian Arctic — Reply, Can. J. Earth Sci., 30,
17531758, 1993.

Kelly, M. A., Kubik, P. W., Von Blanckenburg, F., and Schliichter, C.: Surface exposure dating of the Great Aletsch Glacier
Egesen moraine system, western Swiss Alps, using the cosmogenic nuclide Be-10, J. Quaternary Sci., 19, 431441, 2004.

Kerschner, H. and Ivy-Ochs, S.: Palacoclimate from glaciers: Examples from the Eastern Alps during the Alpine Lateglacial
and early Holocene, Global Planet. Change, 60, 58—71, 2008.

Kerschner, H., Hertl, A., Gross, G., Ivy-Ochs, S., and Kubik, P. W.: Surface exposure dating of moraines in the Kromer
valley (Silvretta Mountains, Austria) — evidence for glacial response to the 8.2 ka event in the Eastern Alps?, Holocene, 16,
7-15, 2006.

Knudsen, K. L., Stabell, B., Seidenkrantz, M. S., Eiriksson, J., and Blake, W.: Deglacial and Holocene conditions in
northernmost Baffin Bay: sediments, foraminifera, diatoms and stable isotopes, Boreas, 37, 346-376, 2008.

Kobashi, T., Menviel, L., Jeltsch-Thommes, A., Vinther, B. M., Box, J. E., Muscheler, R., Nakaegawa, T., Pfister, P. L.,
Doring, M., Leuenberger, M., Wanner, H., and Ohmura, A.: Volcanic influence on centennial to millennial Holocene
Greenland temperature change, Sci. Rep.-UK, 7, 1441, https://doi.org/10.1038/s41598-017-01451-7, 2017.

K. u. k. Militdrgeographisches Institut: Dritte Reambulierte Landesaufnahme (Franzisco-Josephinische Landesaufnahme) —
Blatt 5244, K. u. k. Militdrgeographisches Institut, Vienna, Austria, 1870—1887.

Lal, D.: In situ-produced Cosmogenic Isotopes in Terrestrial Rocks, Annu. Rev. Earth P1. Sc., 16, 355-388, 1988.

40



935

940

945

950

955

960

Land Tirol — tiris: Digitales Geldandemodell (DGM), Abteilung Geoinformation Tirol, Innsbruck, Austria [data set], available
at: https://maps.tirol.gv.at (last access: 15 October 2021), 2018.

Land Tirol — tiris: Orthofoto, Abteilung Geoinformation Tirol, Innsbruck, Austria [data set], available at:
https://maps.tirol.gv.at (last access: 15 October 2021), 2020.

Larocque-Tobler, 1., Grosjean, M., Heiri, O., Trachsel, M., and Kamenik, C.: Thousand years of climate change
reconstructed from chironomid subfossils preserved in varved lake Silvaplana, Engadine, Switzerland, Quaternary Sci. Rev.,
29, 1940-1949, 2010a.

Larocque-Tobler, 1., Heiri, O., and Wehrli, M.: Late Glacial and Holocene temperature changes at Egelsee, Switzerland,
reconstructed using subfossil chironomids, J. Paleolimnol., 43, 649—-666, 2010b.

Lauterbach, S., Brauer, A., Andersen, N., Danielopol, D. L., Dulski, P., Huls, M., Milecka, K., Namiotko, T., Obremska, M.,
Von Grafenstein, U., and Participants, D.: Environmental responses to Lateglacial climatic fluctuations recorded in the
sediments of pre-Alpine Lake Mondsee (northeastern Alps), J. Quaternary Sci., 26, 253-267, 2011.

LDEO: Extraction of Beryllium from Quartz. LDEO Cosmogenic Isotope Lab, Palisades, NY, USA, 2012a.

LDEO: Separation and Purifiation of Quartz from Whole Rock. LDEO Cosmogenic Isotope Lab, Palisades, NY, USA,
2012b.

Le Roy, M., Nicolussi, K., Deline, P., Astrade, L., Edouard, J. L., Miramont, C., and Arnaud, F.: Calendar-dated glacier
variations in the western European Alps during the Neoglacial: the Mer de Glace record, Mont Blanc massif, Quaternary Sci.
Rev., 108, 1-22, 2015.

Levy, L. B, Kelly, M. A., Lowell, T. V., Hall, B. L., Howley, J. A., and Smith, C. A.: Coeval fluctuations of the Greenland
ice sheet and a local glacier, central East Greenland, during late glacial and early Holocene time, Geophys. Res. Lett., 43,
1623-1631, 2016.

Li, G. and Piper, D. J. W.: The influence of meltwater on the Labrador Current in Heinrich event 1 and the Younger Dryas,
Quaternary Sci. Rev., 107, 129-137, 2015.

Maggetti, M. and Flisch, M.: Evolution of the Silvretta Nappe. In: Pre-Mesozoic Geology in the Alps, edited by: von
Raumer, J. F. and Neubauer, F., Springer, Berlin, Heidelberg, Germany, 1993.

Magny, M., Vanniere, B., de Beaulieu, J. L., Begeot, C., Heiri, O., Millet, L., Peyron, O., and Walter-Simonnet, A. V.:
Early-Holocene climatic oscillations recorded by lake-level fluctuations in west-central Europe and in central Italy,
Quaternary Sci. Rev., 26, 1951-1964, 2007.

Marcott, S. A., Shakun, J. D., Clark, P. U., and Mix, A. C.: A Reconstruction of Regional and Global Temperature for the
Past 11 300 Years, Science, 339, 1198-1201, 2013.

Mekhaldi, F., Czymzik, M., Adolphi, F., Sjolte, J., Bjorck, S., Aldahan, A., Brauer, A., Martin-Puertas, C., Possnert, G., and
Muscheler, R.: Radionuclide wiggle matching reveals a nonsynchronous early Holocene climate oscillation in Greenland and
western Europe around a grand solar minimum, Clim. Past, 16, 11451157, https://doi.org/10.5194/cp-16-1145-2020, 2020.

41



965

970

975

980

985

990

995

Moran, A. P., Ivy-Ochs, S., Schuh, M., Christl, M., and Kerschner, H.: Evidence of central Alpine glacier advances during
the Younger Dryas-early Holocene transition period, Boreas, 45, 398—410, 2016a.

Moran, A. P., Kerschner, H., and Ivy-Ochs, S.: Redating the moraines in the Kromer Valley (Silvretta Mountains) — New
evidence for an early Holocene glacier advance, Holocene, 26, 655-664, 2016b.

Moran, A. P., Ivy-Ochs, S., Vockenhuber, C., and Kerschner, H.: First 36CI exposure ages from a moraine in the Northern
Calcareous Alps, E&G Quaternary Sci. J., 65, 145-155, https://doi.org/10.3285/eg.65.2.03, 2017.

Nesje, A.: Latest Pleistocene and Holocene alpine glacier fluctuations in Scandinavia, Quaternary Sci. Rev., 28, 2119-2136,
2009.

Nesje, A., Dahl, S. O., and Bakke, J.: Were abrupt Lateglacial and early-Holocene climatic changes in northwest Europe
linked to freshwater outbursts to the North Atlantic and Arctic Oceans?, Holocene, 14, 299-310, 2004.

Nicolussi, K.: Jahrringdaten zur nacheiszeitlichen Waldverbreitung in der Silvretta. In: Letzte Jager, erste Hirten —
Hochalpine Archéologie in der Silvretta — Begleitheft zur Ausstellung, edited by: Reitmaier, T., Abt. Ur- und Frithgeschichte
der Universitit Ziirich, Ziirich, Switzerland, 2010.

Nicolussi, K.: Die historischen Vorsto3e und Hochsténde des Vernagtferners 1600—-1850 AD, Zeitschrift fiir Gletscherkunde
und Glazialgeologie, 45/46, 9-23, 2013.

Nicolussi, K. and Patzelt, G.: Discovery of early-Holocene wood and peat on the forefield of the Pasterze Glacier, Eastern
Alps, Austria, Holocene, 10, 191-199, 2000.

Nicolussi, K., Kaufmann, M., Patzelt, G., van der Plicht, J., and Thurner, A.: Holocene tree-line variability in the Kauner
Valley, Central Eastern Alps, indicated by dendrochronological analysis of living trees and subfossil logs, Veg. Hist.
Archaeobot., 14, 221-234, 2005.

Nishiizumi, K., Imamura, M., Caffee, M. W., Southon, J. R., Finkel, R. C., and McAninch, J.: Absolute calibration of Be-10
AMS standards, Nucl. Instrum. Meth. B, 258, 403—413, 2007.

Nussbaumer, S. U., Zumbiihl, H. J., and Steiner, D.: Fluctuations of the “Mer de Glace” (Mont Blanc area, France) AD
1500-2050: an interdisciplinary approach using new historical data and neural network simulations, Zeitschrift fiir
Gletscherkunde und Glazialgeologie, 40, 5-175, 2007.

Oerlemans, J.: Extracting a climate signal from 169 glacier records, Science, 308, 675-677, 2005.

PAGES 2k Consortium: Continental-scale temperature variability during the past two millennia, Nat. Geosci., 6, 339-346,
2013.

Patzelt, G.: Das Bunte Moor in der Oberfernau (Stubaier Alpen, Tirol) — Eine neu bearbeitete Schliisselstelle fiir die
Kenntnis der nacheiszeitlichen Gletscherschwankungen der Ostalpen, Jahrbuch der Geologischen Bundesanstalt, Band 156,
97-107, 2016.

Patzelt, G.: Gletscher: Klimazeugen von der Eiszeit bis zur Gegenwart, Hatje Cantz, Berlin, Germany, 2019.

42



1000

1005

1010

1015

1020

1025

1030

Patzelt, G. and Bortenschlager, S.: Die postglazialen Gletscher- und Klimaschwankungen in der Venedigergruppe (Hohe
Tauern, Ostalpen), Z. Geomorph. Suppl., 16, 25-72, 1973.

Paus, A., Boessenkool, S., Brochmann, C., Epp, L. S., Fabel, D., Haflidason, H., and Linge, H.: Lake Store Finnsjoen — a key
for understanding Lateglacial/early Holocene vegetation and ice sheet dynamics in the central Scandes Mountains,
Quaternary Sci. Rev., 121, 36-51, 2015.

Pearce, C., Andrews, J. T., Bouloubassi, 1., Hillaire-Marcel, C., Jennings, A. E., Olsen, J., Kuijpers, A., and Seidenkrantz, M.
S.: Heinrich 0 on the east Canadian margin: Source, distribution, and timing, Paleoceanography, 30, 1613—1624, 2015.

Pindur, P. and Heuberger, H.: Zur holozinen Gletschergeschichte im Zemmgrund in den Zillertaler Alpen, Tirol/Osterreich
(Ostalpen), Zeitschrift fiir Gletscherkunde und Glazialgeologie, 42, 21-89, 2010.

Protin, M., Schimmelpfennig, 1., Mugnier, J.-L., Ravanel, L., Le Roy, M., Deline, P., Favier, V., Buoncristiani, J.-F.,
Aumaitre, G., Bourles, D. L., and Keddadouche, K.: Climatic reconstruction for the Younger Dryas/Early Holocene
transition and the Little Ice Age based on paleo-extents of Argenti¢re glacier (French Alps), Quaternary Sci. Rev., 221,
105863, https://doi.org/10.1016/j.quascirev.2019.105863, 2019.

Protin, M., Schimmelpfennig, 1., Mugnier, J.-L., Buoncristiani, J.-F., Le Roy, M., Pohl, B., Moreau, L., and Team, A.:
Millennial-scale deglaciation across the European Alps at the transition between the Younger Dryas and the Early Holocene
— evidence from a new cosmogenic nuclide chronology, Boreas, 50, 671-685, https://doi.org/10.1111/bor.12519, 2021.

Rashid, H., Piper, D. J. W., and Flower, B. P.: The role of Hudson Strait outlet in Younger Dryas sedimentation in the
Labrador Sea, Geophys. Monogr. Ser, 193, 93—-110, 2011.

Rashid, H., Piper, D. J. W., Mansfield, C., Saint-Ange, F., and Polyak, L.: Signature of the Gold Cove event (10.2 ka) in the
Labrador Sea, Quatern Int, 352, 212-221, 2014.

Rasmussen, S. O., Andersen, K. K., Svensson, A. M., Steffensen, J. P., Vinther, B. M., Clausen, H. B., Siggaard-Andersen,
M. L., Johnsen, S. J., Larsen, L. B., Dahl-Jensen, D., Bigler, M., Réthlisberger, R., Fischer, H., Goto-Azuma, K., Hansson,
M. E., and Ruth, U.: A new Greenland ice core chronology for the last glacial termination, J. Geophys. Res.-Atmos., 111,
D06102, https://doi.org/10.1029/2005JD006079, 2006.

Rasmussen, S. O., Vinther, B. M., Clausen, H. B., and Andersen, K. K.: Early Holocene climate oscillations recorded in
three Greenland ice cores, Quaternary Sci. Rev., 26, 1907-1914, 2007.

Renssen, H., Goosse, H., Crosta, X., and Roche, D. M.: Early Holocene Laurentide Ice Sheet deglaciation causes cooling in
the high-latitude Southern Hemisphere through oceanic teleconnection, Paleoceanography, 25, PA3204,
https://doi.org/10.1029/2009PA001854, 2010.

Roe, G. H., Baker, M. B., and Herla, F.: Centennial glacier retreat as categorical evidence of regional climate change, Nat.
Geosci., 10, 95-99, 2017.

Rood, D. H., Brown, T. A., Finkel, R. C., and Guilderson, T. P.: Poisson and non-Poisson uncertainty estimations of Be-
10/Be-9 measurements at LLNL-CAMS, Nucl. Instrum. Meth. B, 294, 426429, 2013.

Rupper, S. and Roe, G.: Glacier Changes and Regional Climate: A Mass and Energy Balance Approach, J. Climate, 21,
5384-5401, 2008.

43



1035

1040

1045

1050

1055

1060

Sailer, R. and Kerschner, H.: Equilibrium-line altitudes and rock glaciers during the Younger Dryas cooling event, Ferwall
group, western Tyrol, Austria, Ann. Glaciol., 28, 141-145, 1999.

Samartin, S., Heiri, O., Vescovi, E., Brooks, S. J., and Tinner, W.: Lateglacial and early Holocene summer temperatures in
the southern Swiss Alps reconstructed using fossil chironomids, J. Quaternary Sci., 27, 279-289, 2012.

Schaefer, J. M., Denton, G. H., Kaplan, M. R., Putnam, A., Finkel, R. C., Barrell, D. J. A., Andersen, B. G., Schwartz, R.,
Mackintosh, A., Chinn, T., and Schliichter, C.: High-Frequency Holocene Glacier Fluctuations in New Zealand Differ from
the Northern Signature, Science, 324, 622—625, 2009.

Schimmelpfennig, 1., Schaefer, J. M., Akear, N., Ivy-Ochs, S., Finkel, R. C., and Schliichter, C.: Holocene glacier
culminations in the Western Alps and their hemispheric relevance, Geology, 40, 891-894, 2012.

Schimmelpfennig, 1., Schaefer, J. M., Akcar, N., Koffman, T., Ivy-Ochs, S., Schwartz, R., Finkel, R. C., Zimmerman, S., and
Schliichter, C.: A chronology of Holocene and Little Ice Age glacier culminations of the Steingletscher, Central Alps,
Switzerland, based on high-sensitivity beryllium-10 moraine dating, Earth Planet. Sc. Lett., 393, 220-230, 2014.

Schindelwig, 1., Akcar, N., Kubik, P. W., and Schliichter, C.: Lateglacial and early Holocene dynamics of adjacent valley
glaciers in the Western Swiss Alps, J. Quaternary Sci., 27, 114-124, 2012.

Schmidt, R., Kamenik, C., Tessadri, R., and Koinig, K. A.: Climatic changes from 12 000 to 4000 years ago in the Austrian
Central Alps tracked by sedimentological and biological proxies of a lake sediment core, J. Paleolimnol., 35, 491-505, 2006.

Schuster, R.: Zur Geologie der Ostalpen, Abh. Geol. B.-A., 64, 143—165, 2015.

Schwander, J., Eicher, U., and Ammann, B.: Oxygen isotopes of lake marl at Gerzensee and Leysin (Switzerland), covering
the Younger Dryas and two minor oscillations, and their correlation to the GRIP ice core, Palacogeogr. Palacocl., 159, 203—
214, 2000.

Shakun, J. D., Clark, P. U., He, F., Lifton, N. A., Liu, Z. Y., and Otto-Bliesner, B. L.: Regional and global forcing of glacier
retreat during the last deglaciation, Nat. Commun., 6, 8059, https://doi.org/10.1038/ncomms9059, 2015.

Sigfusdottir, T. and Benediktsson, I. O.: Refining the history of Younger Dryas and Early Holocene glacier oscillations in
the Borgarfjorour region, western Iceland, Boreas, 49, 296-314, 2020.

Simon, Q., Hillaire-Marcel, C., St-Onge, G., and Andrews, J. T.: North-eastern Laurentide, western Greenland and southern
Innuitian ice stream dynamics during the last glacial cycle, J. Quaternary Sci., 29, 14-26, 2014.

Solomina, O. N., Bradley, R. S., Hodgson, D. A., Ivy-Ochs, S., Jomelli, V., Mackintosh, A. N., Nesje, A., Owen, L. A.,
Wanner, H., Wiles, G. C., and Young, N. E.: Holocene glacier fluctuations, Quaternary Sci. Rev., 111, 9-34, 2015.

Solomina, O. N., Bradley, R. S., Jomelli, V., Geirsdottir, A., Kaufman, D. S., Koch, J., Mckay, N. P., Masiokas, M., Miller,
G., Nesje, A., Nicolussi, K., Owen, L. A., Putnam, A. E., Wanner, H., Wiles, G., and Yang, B.: Glacier fluctuations during
the past 2000 years, Quaternary Sci. Rev., 149, 61-90, 2016.

Steiner, D., Pauling, A., Nussbaumer, S. U., Nesje, A., Luterbacher, J., Wanner, H., and Zumbuhl, H. J.: Sensitivity of
European glaciers to precipitation and temperature — two case studies, Climatic Change, 90, 413—441, 2008.

44



1065 Teller, J. T., Leverington, D. W., and Mann, J. D.: Freshwater outbursts to the oceans from glacial Lake Agassiz and their
role in climate change during the last deglaciation, Quaternary Sci. Rev., 21, 879-887, 2002.

Thornalley, D. J. R., Elderfield, H., and McCave, 1. N.: Holocene oscillations in temperature and salinity of the surface
subpolar North Atlantic, Nature, 457, 711-714, 2009.

Thornalley, D. J. R., McCave, 1. N., and Elderfield, H.: Freshwater input and abrupt deglacial climate change in the North
1070  Atlantic, Paleoceanography, 25, PA1201, https://doi.org/10.1029/2009PA001772, 2010.

Thornalley, D. J. R., Oppo, D. W., Ortega, P., Robson, J. 1., Brierley, C. M., Davis, R., Hall, I. R., Moffa-Sanchez, P., Rose,
N. L., Spooner, P. T., Yashayaev, 1., and Keigwin, L. D.: Anomalously weak Labrador Sea convection and Atlantic
overturning during the past 150 years, Nature, 556, 227-230, 2018.

Timms, R. G. O., Abrook, A. M., Matthews, 1. P., Francis, C. P., Mroczkowska, A., Candy, 1., Brooks, S. J., Milner, A. M.,
1075 and Palmer, A. P.: Evidence for centennial-scale Lateglacial and early Holocene climatic complexity from Quoyloo
Meadow, Orkney, Scotland, J. Quaternary Sci., 36, 339-359, 2021.

Ullman, D. J., Carlson, A. E., Hostetler, S. W., Clark, P. U., Cuzzone, J., Milne, G. A., Winsor, K., and Caffee, M.: Final
Laurentide ice-sheet deglaciation and Holocene climate-sea level change, Quaternary Sci. Rev., 152, 49-59, 2016.

Vollweiler, N., Scholz, D., Muhlinghaus, C., Mangini, A., and Spotl, C.: A precisely dated climate record for the last 9 kyr
1080 from three high alpine stalagmites, Spannagel Cave, Austria, Geophys. Res. Lett., 33, L20703,
https://doi.org/10.1029/2006GL027662, 2006.

Walker, M., Johnsen, S., Rasmussen, S. O., Steffensen, J. P., Popp, T., Gibbard, P., Hoek, W., Lowe, J., Andrews, J., Bjorck,

S., Cwynar, L., Hughen, K., Kershaw, P., Kromer, B., Litt, T., Lowe, D. J., Nakagawa, T., Newnham, R., and Schwander, J.:

The Global Stratotype Section and Point (GSSP) for the base of the Holocene Series/Epoch (Quaternary System/Period) in
1085 the NGRIP ice core, Episodes, 31, 264-267, 2008.

WGMS, W. G. M. S.: Fluctuations of Glaciers Database. World Glacier Monitoring Service, Ziirich, Switzerland, 2018.

Young, N. E., Briner, J. P., Miller, G. H., Lesnek, A. J., Crump, S. E., Thomas, E. K., Pendleton, S. L., Cuzzone, J., Lamp,

J., Zimmerman, S., Caffee, M., and Schaefer, J. M.: Deglaciation of the Greenland and Laurentide ice sheets interrupted by

glacier advance during abrupt coolings, Quaternary Sci. Rev., 229, 106091, https://doi.org/10.1016/j.quascirev.2019.106091,
1090 2020.

Zekollari, H., Huss, M., and Farinotti, D.: Modelling the future evolution of glaciers in the European Alps under the EURO-
CORDEX RCM ensemble, The Cryosphere, 13, 1125-1146, https://doi.org/10.5194/tc-13-1125-2019, 2019.

Zemp, M., Huss, M., Thibert, E., Eckert, N., McNabb, R., Huber, J., Barandun, M., Machguth, H., Nussbaumer, S. U.,
Gartner-Roer, 1., Thomson, L., Paul, F., Maussion, F., Kutuzov, S., and Cogley, J. G.: Global glacier mass changes and their
1095 contributions to sea-level rise from 1961 to 2016, Nature, 568, 382-386, 2019.

Zumbiihl, H. J. and Nussbaumer, S. U.: Little Ice Age glacier history of the Central and Western Alps from pictorial
documents, Geograph. Res. Lett., 44, 115-136, https://doi.org/10.18172/cig.3363, 2018.

45



