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Holocene glacier culminations in the Western Alps and their hemispheric relevance

The natural variability of Holocene climate defines the baseline to assess ongoing climate change. Greenland ice-core records indicate warming superimposed by abrupt climate oscillations in the early Holocene, followed by a general cooling trend throughout the mid-and late Holocene that culminated during the Little Ice Age (LIA). Tropical precipitation changes correlate with these patterns throughout the Holocene.

Here we use mountain glaciers in the Alps to reconstruct the regional Holocene climate evolution and to test for a link between mid-latitude, North Atlantic and tropical climate. Our precise 10 Be chronology from Tsidjiore Nouve Glacier, western Swiss Alps, indicates a glacier culmination during the earliest Holocene ~11.4 k.y. ago, likely related to the Preboreal Oscillation. Based on our data, no Holocene glacier advance of similar amplitude occurred until ~3.8 k.y. ago, when the glacier reached LIA limits. 10 Be ages between 500 and 170 yr correspond to the LIA, while the youngest 10 Be ages overlap with the historically recorded post-

Page 2 of 15 LIA glacier positions. Integrating our data with existing records, we propose a hemispheric climate link between the Alps, North Atlantic temperature and tropical precipitation patterns for the Holocene, supporting the concept of a pervasive climate driver. These findings from northern mid-latitudes are consistent with the hypothesis formulated for the tropics that the earth's thermal equator, responding to North Atlantic temperature changes, might have migrated southward throughout the Holocene, reaching the southern turning point towards the end of the LIA.

I N T R O D U C T I O N

While there is increasing evidence that the climate during the current warm period, the Holocene, has been less stable than originally thought (e.g., [START_REF] Haug | Southward migration of the Intertropical Convergence Zone through the Holocene[END_REF], robust terrestrial data quantifying Holocene climate changes remain sparse mostly due to their moderate amplitude compared to the dramatic climate fluctuations during ice-ages. The Greenland temperature record indicates rapid warming after the Younger Dryas (YD, ~12,900 11,700 years ago), interrupted by early Holocene abrupt cold events such as the Preboreal Oscillation (PBO; [START_REF] Rasmussen | Early Holocene climate oscillations recorded in three Greenland ice cores[END_REF]. Warm early Holocene conditions in the North Atlantic area are followed by a long-term cooling [START_REF] Cuffey | Temperature, accumulation, and ice sheet elevation in central Greenland through the last deglacial transition[END_REF], culminating in the Little Ice Age (LIA, 1300 1850 common era, CE, e.g. [START_REF] Holzhauser | Glacier and lake-level variations in westcentral Europe over the last 3500 years[END_REF]. Hydrological changes in the tropics correlate with long-and short-term climate events in the North Atlantic [START_REF] Haug | Southward migration of the Intertropical Convergence Zone through the Holocene[END_REF][START_REF] Sachs | Southward movement of the Pacific intertropical convergence zone[END_REF], implying shifts in the Intertropical Convergence Zone (ITCZ) as a result of the thermal equator adjusting to northern temperature changes. If this scenario is correct, the mid-latitudes should have responded to polar cold and warm spells, but evidence remains controversial.

Here we use glacier fluctuations in the Western Alps to reconstruct regional Holocene climate patterns and to test the link between polar climate changes and mid-latitude mountain Publisher: GSA Journal: GEOL: Geology Article ID: G33169

Page 3 of 15 glaciers, which are highly sensitive to regional climate changes and in particular, to summer temperature variations [START_REF] Oerlemans | Extracting a Climate Signal from 169[END_REF]. We produced a detailed moraine map and a precise 10 Be chronology for one of the best resolved Holocene lateral moraine sequences in the Alps (Fig. 1); it was deposited by the Tsidjiore Nouve Glacier in the Valais, Switzerland, one of the most climate sensitive glaciers in the Swiss Alps (Röthlisberger, 1976). The overall goal of this study is to test for glacier fluctuations related to the early Holocene abrupt climate changes and to add constraints of climate's evolution during the mid-and late Holocene, including the LIA period. In the Alps, Holocene moraine chronologies are scarce [START_REF] Joerin | Multicentury glacier fluctuations in the Swiss Alps during the Holocene: The Holocene[END_REF], as the LIA advances wiped out the older moraines in most places (Röthlisberger and Schneebeli, 1979). A few pioneering surface exposure dating studies from the Swiss and Austrian Alps [START_REF] Ivy-Ochs | Latest Pleistocene and Holocene glacier variations in the European Alps[END_REF][START_REF] Schindelwig | Lateglacial and early Holocene dynamics of adjacent valley glaciers in the Western Swiss Alps[END_REF] report glacier advances exceeding the LIA position during the early Holocene, and correlate those advances to North Atlantic cold pulses.

G E O M O RP H I C SE T T I N G

The well-preserved sequence of Holocene lateral moraine ridges at Tsidjiore Nouve Glacier (Fig. 1) is composed of i) an outermost pre-LIA moraine: an up to 20 m high and 1 km long well-defined moraine ridge. At least five recessional sub-ridges, less than 1 m high, line its ice-proximal flank. Large boulders are embedded on all ridges; ii) a :

An up to 60 m high and 3 km long moraine wall, formed by at least five sub-ridges with few boulders. Such massive composite moraines fringing the non-vegetated glacier forefield are Röthlisberger and Schneebeli, 1979); iii) an outer and an inner post-LIA moraine embedded boulders. These two moraines are assigned to 1920CE and 1991CE, respectively (Abbühl et al., 2009;Fig. 1), based on direct measurements of the glacier length changes of numerous glaciers in this region (Glaciological reports, 1881 2009, Fig. DR1).

M E T H O DS

We collected 29 surface samples from large boulders protruding >0.80 m from the lateral moraine ridges of Tsidjiore Nouve Glacier (Figs. 1 andDR2). All samples were processed for 10 Be measurements at the Lamont-Doherty Earth Observatory Cosmogenic Nuclide Laboratory (method in [START_REF] Schaefer | High-frequency Holocene glacier fluctuations in New Zealand differ from the northern signature[END_REF]; http://www.ldeo.columbia.edu/cosmo/). 10 Be/ 9 Be ratios were measured at the Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory. To calculate the surface exposure ages, we used the 10 Be production rate calibrated in northeastern North America (Balco et al., 2009), whose value is confirmed by several recent calibration experiments elsewhere in the Northern Hemisphere (e.g., [START_REF] Fenton | Regional 10 Be production rate calibration for the past 12 ka deduced from the radiocarbon-dated Grøtlandsura and Russenes rock avalanches at 69[END_REF][START_REF] Björck | The Preboreal oscillation around the Nordic Seas: Terrestrial and lacustrine responses[END_REF]. 10 Be ages are reported in years before 2010 CE.

R ESU L TS

The 10 Be chronology at Tsidjiore Nouve is shown in Figure 1 and Table DR1. Ages from the pre-LIA moraine crest (n = 10) range from 10.9 to 11.9 k.y. with an arithmetic mean and standard deviation of 11.4 ± 0.4 k.y. (±0.7 k.y. including the production rate uncertainty for comparison with other climate proxies, shown in italic below; Fig. 2). Ages from the recessional ridges of the pre-LIA moraine (n = 7) are between 10.9 and 11.5 k.y., and the arithmetic mean is 11.2 ± 0.2 k.y. (±0.6 k.y.; Fig. 2). The error-weighted mean ages, 11.44 ± 0.06 k.y. for the crest and 11.25 ± 0.08 k.y. for the recessional ridges are consistent with the stratigraphy.

ages in the central part of the outmost crest are 3790 ± 200 (ARO-12), 3320 ± 170 (ARO-13) and ridge, and the two younger boulders from the ice-proximal side (Fig. DR3), yielding an arithmetic mean of 3260 ± 180 years. (ii) We obtain ages of 480 ± 30 (ARO-10) and 180 ± 10 years (ARO-9) for boulders on an inner crest; ARO-9 is from a more ice-proximal area than boulder ARO-10 (Fig. DR3). On the lowest-elevation segment of the composite moraine, in a stratigraphically similar position as ARO-10, sample ARO-23 yields an age of 580 ± 30 years.

The five samples from the outer post-LIA moraine yield ages of 170 ± 10 years (ARO-66), 150 ± 10 years (ARO-67), 150 ± 10 (ARO-63), 110 ± 10 years (ARO-65) and 100 ± 10 years (ARO-64). One sample from the inner post-LIA moraine yields an age of 120 ± 10 years (ARO-62).

D ISC USSI O N

The glacier chronology at Tsidjiore Nouve yields constraints for five periods of Holocene glacier fluctuations (Fig. 3A), which we compare to other terrestrial records in the northern midlatitudes, and to North Atlantic temperature and tropical precipitation records (Fig. 3):

(i) Earliest Holocene: The mean age of the pre-LIA moraine crest of ~11.4 k.y. indicates that the Tsidjiore Nouve Glacier was close to its LIA-limits at or shortly after the YD/earliest Holocene transition. The mean age of the recessional ridges is slightly younger (~11.2 k.y.)

indicating that the glacier might have retreated slowly from the crest over a few centuries.

The age range for this moraine overlaps with both the late YD and the PBO (Fig. 3A), a brief cold-spell identified in the Greenland ice cores, peaking 11.40 k.y. ago and terminating 11.27 k.y. ago [START_REF] Rasmussen | Early Holocene climate oscillations recorded in three Greenland ice cores[END_REF][START_REF] Kobashi | 4±1.5°C abrupt warming 11,270 yr ago identified from trapped air in Greenland ice[END_REF] 3F). Further evidence for the PBO in European and North American lacustrine and glacial records (e.g., [START_REF] Björck | The Preboreal oscillation around the Nordic Seas: Terrestrial and lacustrine responses[END_REF][START_REF] Hu | Abrupt climatic events during the last glacial-interglacial transition in Alaska[END_REF] suggest a wide geographic footprint of this short cold spell.

(ii) Early and mid-Holocene: It is characteristic for the Alps that no moraines are preserved during the early and mid-Holocene, suggesting that glaciers were smaller during this period than during the LIA [START_REF] Holzhauser | Glacier and lake-level variations in westcentral Europe over the last 3500 years[END_REF]. In Greenland, a warming of 4 ± 1.5 °C within ~14 years is recorded at the end of the PBO [START_REF] Kobashi | 4±1.5°C abrupt warming 11,270 yr ago identified from trapped air in Greenland ice[END_REF]. The manifestation of this abrupt warming might have driven glaciers in the Alps far inside their LIA configuration, where they remained during the entire mid-Holocene. Warm early to mid-Holocene climate is also supported by recent studies from the European Alps: Mont Miné Glacier, a neighboring glacier of Tsidjiore Nouve, was smaller than today 9 k.y. ago, before a shortlived, minor advance 8.2 k.y. ago killed many trees growing upterminus [START_REF] Nicolussi | The 8.2 ka event -calendar dated glacier response in the Alps[END_REF]; Fig. 3C); Swiss glaciers were smaller than today Publisher: GSA Journal: GEOL: Geology Article ID: G33169

Page 7 of 15 during the early and mid-Holocene, based on sub-fossil wood and peat records (Joerin et al., 2006, Fig. 3D); a speleothem record implies that the Upper Grindelwald Glacier (Swiss Alps)

was in a quasi-continuously retracted position until 5.8 k.y., followed by a period of larger glaciers (Luetscher et al., 2011, Fig. 3E). Re-advances of glaciers in the Alps during the second half of the Holocene agree with the general cooling trend in Greenland [START_REF] Cuffey | Temperature, accumulation, and ice sheet elevation in central Greenland through the last deglacial transition[END_REF]; Fig. 3H) and correlate with a precipitation decrease in the tropics [START_REF] Haug | Southward migration of the Intertropical Convergence Zone through the Holocene[END_REF]; Fig. 3I), both beginning after the thermal maximum ~7.5 k.y. ago and culminating in the LIA.

moraine provide less robust age constraints, but indicate that the glacier was similar to LIA size 3.8 3.2 k.y. ago. We cannot entirely exclude the possibility of 10 Be accumulation prior to final boulder deposition. However, several arguments support the view that these three ages represent the formation of this moraine segment. First, the chronology agrees with the stratigraphic order. Second, the 14 C-dating of a larch log found in the basal till of the proglacial streambed yielded an age of 3440-2770 cal yr B.P. (Table DR2), consistent with the two younger 10 Be ages, implying an advance of the glacier at that time (Röthlisberger, 1976). This scenario is further supported by 14 C dates on two fossil soils that formed on this moraine 1510 1080 cal yr B.P. (lower horizon) and 1180 800 cal yr B.P. (upper horizon;

Röthlisberger, 1976, Table DR2). The 14 C dates assign a conservative minimum age to this moraine, supporting the pre-LIA 10 Be ages. Interestingly, both soil-dates fall within the Medieval Warm Period (MWP; Fig. 3B). Other studies in the European Alps support the onset of substantial glacier re-advances to at Upper Grindelwald Glacier implies glacier advances close to its Holocene peak extent from 3.8 k.y. ago onward [START_REF] Luetscher | Holocene glacier history from alpine speleothems[END_REF], Fig. 3E). [START_REF] Patzelt | Die postglazialen Gletscher-und Klimaschwankungen in der Venedigergruppe (Hohe Tauern, Ostalpen)[END_REF] 3 ago [START_REF] Wiles | E: Behavior of the Upper Grindelwald Glacier inferred from petrographic and stable isotope changes in speleothems (Luetscher et al[END_REF]. In the tropics, the period between ~3.8 and 2.8 k.y. ago is marked by centennial-scale, large-amplitude variations in precipitation, including several precipitation minima similar to those during the LIA [START_REF] Haug | Southward migration of the Intertropical Convergence Zone through the Holocene[END_REF]; Fig. 3I).

(iv) Little Ice Age: Lasting from about 1300-1850 CE, the LIA in the Swiss Alps showed three maxima, c. 1350, 1650 and 1850 CE [START_REF] Holzhauser | Glacier and lake-level variations in westcentral Europe over the last 3500 years[END_REF]. The three younger ages on the inner sub-ridge of the composite moraine correspond to the years 1430 ± 32, 1534 ± 28, 1829

± 11 CE, all within the LIA period. A drawing of Tsidjiore Nouve Glacier from 1836 CE (Fig. DR4) testifies the advanced position of the glacier terminus to be more than 1 km downvalley of its modern position, and is in general agreement with the boulder age corresponding to 1829 ± 11 CE (ARO-9).

(v) Little Ice Age Termination: Our six post-LIA boulder ages correspond to the years between 1840 ± 13 and 1906 ± 11 CE, broadly overlapping with the historic record (Glaciological reports, 1881 2009; Fig. DR1). Offsets of ~15 to 100 years between the 10 Be ages and the historically recorded deposition years of the post-LIA moraines (Fig. 1) are probably due to a small 10 Be signal (~300 -2000 atoms 10 Be g -1 ) inherited from previous exposure. This result underlines the potential to resolve (sub-)centennial climate events during the last millennium with 10 Be dating of moraines, previously only reported from New Zealand [START_REF] Schaefer | High-frequency Holocene glacier fluctuations in New Zealand differ from the northern signature[END_REF] and Peru [START_REF] Licciardi | Holocene glacier fluctuations in the Peruvian Andes indicate northern climate linkages[END_REF].

C O N C L USI O N
We make the case that Holocene glacier fluctuations in the western Alps (i.e., midlatitude temperatures) are related to North Atlantic temperature changes and the tropical hydrological cycle, confirming a hemispheric climate link. Our observations thus reinforce the thermal equator and the connected westerly winds have shifted south over several millennia during the Holocene in response to North Atlantic temperature changes, reaching its southernmost position during the LIA [START_REF] Sachs | Southward movement of the Pacific intertropical convergence zone[END_REF].
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Table DR1: Sample details, analytical data and surface exposure ages. Sample 10 Be/ 9 Be ratios, measured at the Center for Accelerator Mass Spectrometry of the Lawrence Livermore National Laboratory, were normalized to one of the indicated standards, KNSTD (until mid-2007; 10 Be/ 9 Be = 3.15 x 10 -12 ) or KNSTD07 (after the year 2007; 10 Be/ 9 Be = 2.85 x 10 -12 ). Measurements normalized to KNSTD were corrected by a factor of 0.9048 during age calculation. The ages are calculated using the 10 Be production rate with a value of 3.85±0.19 atoms (g yr) -1 (Balco et al. 2009, normalized to standard 07KNSTD) and the scaling method 'Lm' (time-dependent version of [START_REF] Lal | Cosmic ray labeling of erosion surfaces: in situ nuclide production rates and erosion models[END_REF] according to [START_REF] Balco | A complete and easily accessible means of calculating surface exposure ages or erosion rates from 10Be and 26Al measurements[END_REF]. They are reported in calendar years before 2010 CE. 1! analytical uncertainties range between 1.5% and 3%, except for samples younger than 500 years, which have uncertainties between 3% and 10%. Table DR2: Radiocarbon dates on fossil soils within superimposed deposits of the 'LIA' composite moraine (Figs. 1 and DR5a,b) and detrital logs found in basal till of the proglacial streambed at Tsidjiore Nouve Glacier (Fig. DR5c) and glacierclimatic significance (Röthlisberger, 1976, Röthlisberger andSchneebeli, 1979). All calibrated ages below are given as 2! intervals, referenced to the year 1950 CE (=BP, before present). They are calibrated with OxCal 4.1 [START_REF] Bronk Ramsey | Bayesian analysis of radiocarbon dates[END_REF][START_REF] Bronk Ramsey | OxCal Program 4.1[END_REF] relative to the IntCal09 calibration data set [START_REF] Reimer | IntCal09 and Marine09 radiocarbon age calibration curves, 0-50,000 years cal BP[END_REF] (Röthlisberger, 1976;Röthlisberger and Schneebeli, 1979). A: Photograph of the glacier and the moraine sequence in the year 1972 with white arrow pointing to the location of the excavated fossil soils. B: Schematic illustration of the two fossil soils found in superimposed moraine deposits in the 'LIA' composite moraine and corresponding 14 C ages. According to the authors, the younger fossil soil was covered by solifluction during a cold period. C: Radiocarbon dated larch log embedded in basal till and washed out by the glacial stream (3440-2770 cal years BP). D: Left lateral moraine sequence with pilot age estimates, which are based on 4 radiocarbon dates at Tsidjiore Nouve Glacier (summary in Table DR2) in combination with radiocarbon dates from the nearby glaciers Findelen, Mont Miné, and Ferpècle (Röthlisberger, 1976;Röthlisberger and Schneebeli, 1979). The deposition ages of 2500, 1500 and 900 years are presumably mostly inferred from 14 C ages at the three nearby glaciers. The white arrow in the back points to terminal moraine of the year 1817 CE.
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  Fig.3G). Chronologically, two scenarios are possible: Either the pre-LIA moraine corresponds to a late YD position of the glacier, followed by a slow oscillatory retreat during the PBO marked by the recessional ridges; or the pre-LIA moraine was deposited during the PBO, interrupting the glacier retreat extensive late glacial position. Traditionally, the YD has been related to theIvy-Ochs et al., 2009, and references herein) with Egesen snowlines in the region of Tsidjiore Nouve Glacier (Valais) being ~200 m below the LIA maximum[START_REF] Maisch | Zur Gletschergeschichte des alpinen Spätglazials: Analyse und Interpretation von Schneegrenzdaten[END_REF], far downstream of the pre-LIA moraine. Adopting this scenario here, it appears more likely that the pre-LIA moraine is related to the PBO. Independent evidence in the Alps further supports the PBO signature (Fig.3):[START_REF] Burga | Gletscher-und Vegetationsgeschichte der südrätischen Alpen seit der Späteiszeit (Puschlav, Livigno, Bormiese[END_REF] reports an increase in non-arboreal pollen during the earliest Holocene in a peat bog at Palü Glacier 18 O changes in Swiss lake sediments showing a strong similarity with the Greenland 18

  .0 cal kyr ago based on 14 C-dates of the advance of two glaciers and climatic deterioration in a pollen record in Austria. Glacier culminations at that time are also documented in other regions of the Northern Hemisphere. According to Menounos et al. (2009) -14 C-dates from proglacial detrital and in situ wood. In southeastern Alaska, 14 C-dates of a tree-ring series indicate a glacial expansion ~3.4 3.0 k.y.
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 2 Figure 2. Summed probability curves of 10 Be ages from the crest and the recessional ridges of the

Figure 3 .

 3 Figure 3. Comparison of Holocene climate records in the European Alps (upper panel), in

  Fig. DR1: Post-LIA length measurements of several glaciers in the Valais, Switzerland. The red and dark blue graph shows length changes of Arolla Glacier (direct neighboring glacier of Tsidjiore Nouve; Glaciological reports, 1881-2009). The dashed thick line of this graph indicates lack of continuous measurements between the years 1856 and 1886. Thin superposed lines are length measurements of seven other glaciers in the Valais starting around the year 1880, with the thick black line representing their average: 1 Fee Glacier, 2 Schwarzberg Glacier, 3 Lang Glacier, 4 Rossbode Glacier, 5 Trient Glacier, 6 Allalin Glacier, 7 Findelen Glacier. All glaciers show similar fluctuation patterns, i.e. during the general retreat from the LIA maximum a two-fold re-advance occurred between 1890 and 1930 CE, followed by another re-advance between 1970 CE and 1990 CE. The thick light blue curve is the summed probability plot of the individual 10 Be ages (thin light blue curves) from the outer post-LIA moraine.

Fig. DR2 :

 DR2 Fig. DR2: Examples of sampled boulders. A and B: ARO-1 (view west) and ARO-59 (view east), respectively, both embedded on the crest of the pre-LIA moraine. C: ARO-16, protruding from a recessional ridge of the pre-LIA moraine, view east.

Fig. DR4 :

 DR4 Fig. DR4: Upper panel: Drawing by Bühlmann from the year 1836 CE (Skizzenbücher Bd. 10, 256, Graphische Sammlung ETH, Zürich) showing the Tsidjiore Nouve Glacier on the right, the Arolla Glacier on the left and the village Arolla in the front. Glacier terminus positions are close to their Little Ice Age peak extent. Lower panel: Google Earth picture of approximately the same view in the year 2009 CE.

Fig. DR5 :

 DR5 Fig. DR5: Figures from the earlier work on the Holocene moraine sequence at Tsidjiore Nouve Glacier(Röthlisberger, 1976; Röthlisberger and Schneebeli, 1979). A: Photograph of the glacier and the moraine sequence in the year 1972 with white arrow pointing to the location of the excavated fossil soils. B: Schematic illustration of the two fossil soils found in superimposed moraine deposits in the 'LIA' composite moraine and corresponding 14 C ages. According to the authors, the younger fossil soil was covered by solifluction during a cold period. C: Radiocarbon dated larch log embedded in basal till and washed out by the glacial stream (3440-2770 cal years BP). D: Left lateral moraine sequence with pilot age estimates, which are based on 4 radiocarbon dates at Tsidjiore Nouve Glacier (summary in TableDR2) in combination with radiocarbon dates from the nearby glaciers Findelen, Mont Miné, and Ferpècle(Röthlisberger, 1976; Röthlisberger and Schneebeli, 1979). The deposition ages of 2500, 1500 and 900 years are presumably mostly inferred from 14 C ages at the three nearby glaciers. The white arrow in the back points to terminal moraine of the year 1817 CE.

Table DR3 :

 DR3 . Statistics of the 10 Be ages from the crest and the recessional ridges of the pre-LIA moraine including different mean ages with respective uncertainties and the reduced chi-squares. For the 'weighted mean', both mean age and uncertainty were weighted by the inverse variances (e.g.[START_REF] Taylor | An Introduction to Error Analysis[END_REF]. The relative high chi-square value is a result of the exceptionally small 1! analytical errors of the individual ages (~1.5%). Hence, for both crest and recessional ridges the boulder age distributions indicate that significant errors due to complex geological conditions (inheritance from prior exposure, erosion, or boulder instability) or snow cover are unlikely.

	Dated material	Uncal. age ( 14 C-yr)	Cal. age (yr BP) Glacier-climatic significance
	Upper fossil soil in moraine Lower fossil soil in moraine	1075 ± 80 1380 ± 85	1180-800 1510-1080	Timing of 'favorable' (warm) climate, minimum age for moraine deposition
	Fossil log	2940 ± 150	3440-2770	Timing of glacier advance,
	Fossil log	8400 ± 200	10120-8780	following a period of warmer climate
		10 B ages on crest (n=10)	10 Be ages on recessional ridges (n=7)
	Arithmetic mean ± standard deviation 11,440±380 years		11,230±210 years
	-incl. production rate uncertainty	11,440±680 years		11,230±590 years
	Weighted mean	11,440±60 years		11,250±80 years
	Peak age	11,470 years		11,190 years
	Median age ± interquartile range	11,430±730 years		11,230±290 years
	Reduced X 2	3.9		0.9