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Introduction

Large-scale outburst flows were a common phenomenon that accompanied the termination of the last glaciation in non-volcanic regions (e.g. [START_REF] Carling | Fresh water megaflood sedimentation: what can we learn about generic processes[END_REF]. Meltwater storage in or at the surface of a glacier favours jökulhlaup occurrence [START_REF] Rushmer | Sedimentological and geomorphological impacts of the jökulhlaup (glacial outburst flood) in January 2002 at Kverkfjöll, northern Iceland[END_REF][START_REF] Carrivick | Geomorphological evidence towards a de-glacial control on volcanism[END_REF]). Jökulhlaups may be also triggered by volcanism. As volcanism and melting are enhanced by deglaciation [START_REF] Jull | The effect of deglaciation on mantle melting beneath Iceland[END_REF][START_REF] Slater | Deglaciation effects on mantle melting under Iceland: Results from the northern volcanic zone[END_REF][START_REF] Maclennan | The link between volcanism and deglaciation in Iceland[END_REF][START_REF] Sinton | Postglacial eruptive history of the Western Volcanic Zone, Iceland[END_REF], these events are suspected having promoted both jökulhlaups and more explosive volcanism (Höskuldsson et al. 2006;[START_REF] Vliet-Lanoë | Limited glaciation and very early deglaciation in central Iceland: Implications for climate change[END_REF][START_REF] Carrivick | Geomorphological evidence towards a de-glacial control on volcanism[END_REF]).

The analysis of the Early Holocene (ICS 2018) deglaciation in Iceland is a favourable place to understand their interrelations due to the radial organization of the drainage around the Vatnajökull (Fig. 1), the largest Late Holocene ice-cap.

Major active volcanic systems, with an extensive morphological impact, exist beneath the Vatnajökull (Fig. 1B) in the form of the Grímsvötn and Bárðarbunga Volcanoes [START_REF] Björnsson | The Glacier of Iceland, Translation of "Jöklar á Íslandi[END_REF]). The Vatnajökull rests on porous volcanogenic sediments on the western side of the Grímsvötn caldera, and on the impermeable bedrock below the Brúarjökull glacier and to the east [START_REF] Flowers | New insights into the subglacial and periglacial hydrology of Vatnajökull, Iceland, from a distributed physical model[END_REF]. Subglacial eruptions, associated with tephra outfalls from the Grímsvötn calderas, were responsible for numerous hazardous jökulhlaups to the north and south (Thorarinsson 1974;[START_REF] Björnsson | Jökulhlaups in Iceland: prediction, characteristics and simulation[END_REF]Thordarson and Larsen 2007). The relationship between jökulhlaups and the last deglaciation is not analysed in Iceland, even though most of the terminal moraines in the south have been carefully described by [START_REF] Kaldal | Early Holocene deglaciation in central Iceland[END_REF] and a chronology of jökulhaup events has been extracted from the lacustrine record of the deglaciation by [START_REF] Geirsdóttir | Glacial extent and catastrophic meltwater events during the deglaciation of Southern Iceland[END_REF].

The interval analysed in this paper covers the Younger Dryas to the Holocene Thermal Optimum (12.8 -8 cal ka). The period from Termination Ib (11.8 cal ka, ICS 2018) to the Thermal Optimum (8-6 cal ka) was characterised in the south of Iceland (Fig. 1a) by a series of jökulhlaups [START_REF] Geirsdóttir | Glacial extent and catastrophic meltwater events during the deglaciation of Southern Iceland[END_REF]. In the southernmost Iceland, the first major Early Holocene eruption after Termination Ib and the deposition of the Vedde Ash was the Saksunarvatn Tephra [START_REF] Mangerud | A 9000 year ash bed on the Faroe Islands[END_REF]). This was issued from the Grímsvötn Volcano at ca. 10.28 cal ka BP (Tephrabase), and was a potential trigger of major jökulhlaups. This volcano generated a large jökulhlaup via the Skeiðarárjökull Glacier (Fig. 1B), which delivered turbidites to the Mýrdalsjökull Submarine Canyon at ca 10.15 cal ka (Fig. 1B, [START_REF] Lacasse | Volcanogenic sedimentation in the Iceland Basin: influence of subaerial and subglacial eruptions[END_REF]. The source of the largest Holocene jökulhlaup events in the north is commonly attributed to the Grímsvötn and Kverkfjöll calderas [START_REF] Saemundsson | Straumraðkajar klappir ı´ kringum Asbyrgi[END_REF][START_REF] Carrivick | Hydrodynamics and geomorphic work of jökulhlaups (glacial outburst floods) from Kverkfjöll volcano, Iceland[END_REF][START_REF] Carrivick | Geomorphological evidence towards a de-glacial control on volcanism[END_REF] with another source in the Bárðarbunga subglacial caldera (Björnsson and Einarsson 1991;[START_REF] Waitt | Flood and Megaflood Processes and Deposits: Recent and Ancient Examples[END_REF]Fig. 1A, 2, 3A). These volcanoes were also responsible for jökulhlaups during the Eemian and the Holocene in the south, e.g. along the Jökulsá á Fjöllum and Þjorsá-Ytrí Rangá Rivers (Van Vliet-Lanoë et al. 2018).

In the North, most studies up to now have been focused on the main channel of the Jökulsá á Fjöllum (Fig. 1a) and its morphologies (e.g. Middle Holocene floods: [START_REF] Kirkbride | Radiocarbon dating of mid-Holocene megaflood deposits in the Jökulsá á Fjöllum, north Iceland[END_REF]synthesis in Baynes et al. 2015), but little attention has been paid to traces existing outside the canyon, especially on the nearby plateau, or upstream of adjacent dry valleys. This valley experienced multiple jökulhlaups of varying sizes following Termination Ib, as evidenced by a sequence of prehistoric flood deposits in the river canyon (e.g. Björnsson and Kristmannsdóttir, 1984) and on the upper terraces (this paper).

In this paper, we attempt to synthesize the existing published data, complemented with new observations that constrain the timing of the Holocene deglaciation and the early jökulhlaup events. It will be related to the Preboreal glacial advances and retreats, and their respective dynamic conditions.

We first searched for key sedimentary sections with available chronological markers constraining intime as tephra the deglaciation history inland and on the continental shelf. The gathered data, including the permafrost information, was correlated with the climatic framework of the Early Holocene.

Following this, we have tried to constrain the impact of the Early Holocene deglaciation on the Vatnajökull hydrological system and jökulhlaup recurrences. Control of glacio-isostasy and its impact on the volcanism was analysed, with a special focus on the complex Saksunarvatn tephra.

Methodology

Most of this work was performed on digital satellite images and aerial photos black and white and colour provided mostly by Landmaelingar Íslands (National Land Survey of Iceland) and occasionally Google Earth (GE) for various dates, complemented by the photographic interpretations of Kaldal and Vikingsson (1990), [START_REF] Saemundsson | Geological Map of the Northern Volcanic Zone, Iceland[END_REF] and [START_REF] Sigurgeirsson | Geological Map of the Northern Volcanic Zone, Iceland[END_REF]. In terms of glaciation, attention was primarily paid to fluted morphologies, "pitted" or hummocky moraines, surge moraines and normal terminal moraines (Fig. 1B), in an attempt to place them within a chronological framework.

The development of specific periglacial morphologies (pattern grounds, rock glaciers) was used to delimit the glacier boundaries [START_REF] Guðmundsson | Frerafjöll, Urðarbingir á Tröllaskaga[END_REF]. Erosional and sedimentary morphologies induced by flood activities (e.g. Maizel 2009; [START_REF] Baynes | Erosion during extreme flood events dominates Holocene canyon evolution in northeast Iceland[END_REF] were analysed using the same images as for the glacial morphology: channeled scablands with scourings, canyons and plunge basins, dry perched valleys, dismantled surfaces of lava flows, potholes, pillars and rough surfaces on consolidated sediments, streamlined residual landforms, fluviatile dunes. These morphologies were used to map the maximal flood extent (Fig. 1A).

The tephra record used herein (Table 1) refers to the published data from Icelandic lakes and soils, and the marine-and ice-core records (Greenland and Iceland shelf; [START_REF] Wohlfarth | Constraining the age of Lateglacial and early Holocene pollen zones and tephra horizons in southern Sweden with Bayesian probability methods[END_REF][START_REF] Koren | The Dimna Asha 12.8 14C ka-old volcanic ash in Western Norway[END_REF][START_REF] Lind | Tephra horizons contemporary with short early Holocene climate fluctuations: New results from the Faroe Islands[END_REF]Óladóttir et al. 2011;[START_REF] Larsen | Non-linear Holocene climate evolution in the North Atlantic: a high-resolution, multi-proxy record of glacier activity and environmental change from Hvítarvatn, central Iceland[END_REF][START_REF] Voelker | Refining the Icelandic tephrachronology of the last glacial period -The deep-sea core PS2644 record from the southern Greenland Sea[END_REF][START_REF] Guðmundsdóttir | A new high-resolution Holocene tephra stratigraphy in eastern Iceland: Improving the Icelandic and North Atlantic tephrochronology[END_REF]. Tephra and sediments were analysed in bulk by ICP-MS AES to determine their sources, with single-grain microprobe and laser ICP-MS being used to determine the source of rhyolitic tephra. Tephra-derived ages are given in c. X cal ka (BP), to avoid repetition of error margins, most of them being established on age models.

Paleoclimate and volcanic context

Deglaciation context and climate

The onset of the Younger Dryas (YD, 12.9 cal ka) was driven both by Oceanic circulation perturbation [START_REF] Condron | Meltwater routing and the Younger Dryas[END_REF] and by a major solar minimum [START_REF] Andresen | What do Δ 14 C changes across the Gerzensee oscillation/GI-1b event imply for deglacial oscillations[END_REF][START_REF] Goslar | Variations of Younger Dryas atmospheric radiocarbon explicable without ocean circulation changes[END_REF].

Since the YD, the Northern Hemisphere deglaciation has proceeded with brief, discrete cooling events, at c. 11.3-11.1 cal ka , 10.3, 9.3 and 8.2 cal ka (Fig. 3), associated with the advance of glaciers (North Greenland Ice Core Project [START_REF] Ngrip Members | High-resolution record of Northern Hemisphere climate extending into the last interglacial period[END_REF]. Four episodes of glacier advance fit the cooling events thatbeen recognised in the ocean [START_REF] Bond | Persistent Solar influence on North Atlantic climate during the Holocene[END_REF], in Scandinavia, the Faeroe Islands and Greenland [START_REF] Rasmussen | A new Greenland ice core chronology for the last glacial termination[END_REF][START_REF] Matthews | Cosmogenic 10 Be and 26 Al ages of Holocene moraines in southern Norway I: testing the method and confirmation of the date of the Erdalen Event (c. 10 ka) at its type-site[END_REF][START_REF] Geirsdóttir | Holocene and latest Pleistocene climate and glacier fluctuations in Iceland[END_REF][START_REF] Kobashi | Volcanic influence on centennial to millennial Holocene Greenland temperature change[END_REF]:

the Preboreal oscillation (11.3-11.1 cal ka; the 10.3-10.2 cal ka / 10.1-9.7 10 Be ka cooling or Erdalen cooling events (Fig. 3) allegedly driven by volcanic activity (Linde and Wastergård, 2011;[START_REF] Rasmussen | Stratigraphic framework for abrupt climatic changes during the Last Glacial period based on three synchronized Greenland ice-core records: Refining and extending the INTIMATE event stratigraphy[END_REF]) and a c. 9.3 cal ka cooling linked to a solar low that lasted for over 50 years ( 10 Be; [START_REF] Björck | The Preboreal oscillation around the Nordic Seas: terrestrial and lacustrine responses[END_REF][START_REF] Bos | Preboreal climate oscillations in Europe: Wiggle-match dating and synthesis of Dutch high-resolution multi-proxy records[END_REF]). The youngest, the classical "8.2 cal ka" cooling event was the longest and coolest lasting for the next two to four centuries [START_REF] Matero | The 8.2 ka cooling event caused by Laurentide ice saddle collapse[END_REF]. This cooling seems triggered by solar activity (Stuiver and Braziunas 1988;[START_REF] Bond | Persistent Solar influence on North Atlantic climate during the Holocene[END_REF][START_REF] Vonmoos | Large variations in Holocene solar activity: Constraints from 10Be in the Greenland Ice Core Project ice core[END_REF], by a major meltwater pulse, issued from the Laurentide Ice Sheet collapse [START_REF] Matero | The 8.2 ka cooling event caused by Laurentide ice saddle collapse[END_REF] with some impact of volcanic activity [START_REF] Kobashi | Volcanic influence on centennial to millennial Holocene Greenland temperature change[END_REF].

The Early Holocene pulsed warming was associated with the restoration of the North Atlantic and Irminger Currents, which increased the temperature and precipitation resulting in an accelerated icesheet retreat in Iceland [START_REF] Jennings | Chronology and paleoenvironments during the Late Weichselian deglaciation of the Southwest Iceland Shelf[END_REF]. The main Icelandic ice-sheet retreated rapidly across the highlands at that time [START_REF] Geirsdóttir | Holocene and latest Pleistocene climate and glacier fluctuations in Iceland[END_REF]). After the "8.2 cal ka" cooling, the glaciers almost disappeared in Iceland. The thermal optimum was apparently ca. 2°C -3°C higher than today (Andresen et al. 2007;[START_REF] Geirsdóttir | Holocene and latest Pleistocene climate and glacier fluctuations in Iceland[END_REF][START_REF] Langdon | Lacustrine evidence of early-Holocene environmental change in northern Iceland: a multiproxy palaeoecologyand stable isotope study[END_REF].

The Younger Dryas cooling has a duration of 1 ka [START_REF] Condron | Meltwater routing and the Younger Dryas[END_REF], long enough for promoting glacier advances as demonstrated for the North by the 36 Cl dating of rockglaciers and coastal deposits (Andrès et al. 2016;[START_REF] Andrès | The rapid deglaciation of the Skagafjörður fjord, northern Iceland[END_REF], but not for restoring the ice-sheet, as has been commonly proposed (Norðdhal and Petursson, 2005;Patton et al. 2015) on the base of radiocarbon dated coastal deposits. This restricted extent is demonstrated in the west of the island by the limited glacioisosatic rebound of the YD [START_REF] Brader | Lateglacial to Holocene relative sea-level changes in the Stykkisholmur area, northern Snaefellsnes, Iceland[END_REF]. The YD seems to have been associated with the spreading of ice-lobes in the south [START_REF] Geirsdóttir | Holocene and latest Pleistocene climate and glacier fluctuations in Iceland[END_REF]Van Vliet-Lanoë et al. 2018) although the tidal glacier or ice-streams, calving into the coastal bays, occupied the valleys in the west and the north (Fig. 1; Jennings et al. 2007;[START_REF] Geirsdóttir | Holocene and latest Pleistocene climate and glacier fluctuations in Iceland[END_REF][START_REF] Andrès | The rapid deglaciation of the Skagafjörður fjord, northern Iceland[END_REF].

The durations of the pulsed Holocene cooling events were relatively short, with ca 150 years for the "10.3 cal ka" twinned events, 50 to 200 years for the "9.3 cal ka" event and 200 to 400 years for the "8.2 cal ka" event [START_REF] Rasmussen | A new Greenland ice core chronology for the last glacial termination[END_REF][START_REF] Matero | The 8.2 ka cooling event caused by Laurentide ice saddle collapse[END_REF]. They are considered to have been insufficient to have favoured ice-sheet development or major valley glacier advances during the Holocene. However, they were sufficient enough to have promoted glacier surges [START_REF] Meier | What are glacier surges? Can[END_REF].

Glaciers and permafrost

Subglacial volcanoes

The Grímsvötn volcanic system is believed to have been the most active volcano during the Holocene [START_REF] Björnsson | Explanation of jökulhlaups from Grímsvötn,Vatnajökull, Iceland[END_REF]Larsen et al. 1998;Óladóttir et al. 2011), with an eruption frequency quite constant through time, and higher activity cycles, 60 to 80 years long. This volcano appears to have two reservoirsa deeper one at 15 km depth and a shallow one at 3 km depth (Reverso et al. 2014) probably very reactive to deglaciation events via unloading [START_REF] Hoskuldsson | Constraints on the dynamics of subglacial basalt eruptions from geological and geochemical observations at Kverkfjoll, E Iceland[END_REF]. Its large calderas, 3.6 km 3 in volume, is a major zone of meltwater storage, and a source for jökulhlaups, especially along the southern coast [START_REF] Björnsson | Subglacial lakes and jökulhlaups in Iceland[END_REF]. The detailed geochemistry of the Grímsvötn eruptions (single-grain laser ICP-MS) is not suitable for dating, as very few variations were recorded during the Holocene (Oladóttir et al. 2014;[START_REF] Thordarson | The widespread ~10ka Saksunarvatn tephra is not a product single eruption American Geophysical Union[END_REF]).

The Bárðarbunga Volcano, located at the NW edge of Vatnajökull, forms a wide and elevated caldera (1850 masl), completely glacier covered and is located along the extensive Veiðivötn fissure system, which parallels the Grímsvötn fissure system. The reservoir is located at a depth of 12 km (Guðmundsson et al. 2016). During the Holocene, the eruption frequency was five eruptions per century (Óladóttir et al. 2011). Its wide caldera, 14.4 km 3 in volume , has been a major source for jökulhlaups, especially in the southern embayment [START_REF] Björnsson | Subglacial lakes and jökulhlaups in Iceland[END_REF]. The Bárðarbunga Volcano had probably already been emerging from the ice-sheet since Bölling times, based on the tephra record (Table 1), producing five significant eruptions, at c.11. 35, 11 -10.8, 10.4, 10.1 and 9.9 cal ka (Óladóttir et al. 2011). .

The Askja rhyolitic tephra

Questions exist in the literature concerning the Askja 10/S Tephra, first described in Iceland and observed in Eyafjördur above the Vedde Ash [START_REF] Sigurðsson | Rifting episode in North Iceland in 1874-1875 and the eruptions of Askja and Sveinagjá[END_REF]; Askja 10) and below the Reitsvik 8 Tephra (c.10.2 cal ka; [START_REF] Larsen | Correlation of late Holocene terrestrial and marine tephra markers in North Iceland. Implications for reservoir age changes and linking land-sea chronologies in the northern North Atlantic[END_REF]Guðmundstottir et al. 2016). The classic Askja S Tephra age is now 10.8 cal ka (Wolfarth et al. 2006;[START_REF] Bronk | Improved age estimates for key Late Quaternary European tephra horizons in the RESET lattice[END_REF]; Table 1). In the Early Holocene, the Askja Volcano emitted probably at least five rhyolitic tephra, at c. 9.4 cal ka, c. 10.4 cal ka (10.5 -10.35 cal ka; Lind and Wastegård 2011), 10.8 cal ka (Askja S), c. 11.5 cal ka [START_REF] Ott | Constraining the time span between the Early Holocene Hässeldalen and Askja-S Tephras through varve counting in the Lake Czechowskie sediment record, Poland[END_REF], and c. 12.5 and 12.9 cal ka [START_REF] Jones | Identification of the Askja-S Tephra in a rare turlough record from Pant-y-Llyn, south Wales[END_REF]. The Kraþla 10 Tephra [START_REF] Saemundsson | Geological Map of the Northern Volcanic Zone, Iceland[END_REF], very likely equates to the Reitsvík 8 Tephra (10.2 cal ka; [START_REF] Guðmundsdóttir | A new high-resolution Holocene tephra stratigraphy in eastern Iceland: Improving the Icelandic and North Atlantic tephrochronology[END_REF], based on the available geochemical analysis (Krafla Phase 3; Jonásson 1994) but is hard to distinguish.

The Saksunarvatn basaltic tephra

The most common and thick tephra during the deglaciation is the Saksunarvatn Tephra (ca. 10.3 cal ka; [START_REF] Mangerud | A 9000 year ash bed on the Faroe Islands[END_REF]Fig.3). Dates for this very large deposit (> 15 km 3 ) cover several eruptive events. In the Icelandic lake cores, there are up to six Early Holocene tephra layers with a Grímsvötn chemical composition (Jóhannsdóttir, 2007;Fig.2A). The Saksunarvatn Tephra has not been recorded in the Jökulsà à Fjöllum, although it is present in the Eyafjördur Fjord (Fig. 1A; [START_REF] Larsen | Late Quaternary terrestrial tephrochronology of Iceland, frequency of explosive eruptions, type and volume of tephra deposits[END_REF] and on the northern shelf [START_REF] Eiríksson | Late-glacial and Holocene palaeoceanography of the North Icelandic shelf[END_REF]. In Iceland and Norway [START_REF] Guðmundsdóttir | A new high-resolution Holocene tephra stratigraphy in eastern Iceland: Improving the Icelandic and North Atlantic tephrochronology[END_REF]Andresen et al. 2007;[START_REF] Birks | New Radiocarbon Dates for the Vedde Ash and the Saksunarvatn Ash from Western Norway[END_REF][START_REF] Grönvold | Ash layers from Iceland in the Greenland GRIP ice core correlated with oceanic and land based sediments[END_REF]Fig 1a), Saksunarvatn/Grímsvötntype ash sedimentation began at c. 10.24 cal ka and continued up to 9.9 cal ka. In marine cores, four aerial Grímsvötn eruptions were recorded from 10.30 to 9.85 cal ka (marine age-model; [START_REF] Lacasse | Volcanogenic sedimentation in the Iceland Basin: influence of subaerial and subglacial eruptions[END_REF][START_REF] Guðmundsdóttir | Tephra stratigraphy on the North Icelandic shelf: extending tephrochronology into marine sediments off North Iceland[END_REF][START_REF] Voelker | Refining the Icelandic tephrachronology of the last glacial period -The deep-sea core PS2644 record from the southern Greenland Sea[END_REF]. In Greenland ice cores, the ranges are from 10.24 -10.12 ka ice-core ka [START_REF] Rasmussen | A new Greenland ice core chronology for the last glacial termination[END_REF]. It thus seems that the major Grímsvötn eruption took place at ca 10.24 cal ka, followed by serial eruptions until 10.12 cal ka. The Mýrdal Canyon turbidite, identified in the south (10.15 cal ka) possibly corresponded to a large subglacial flood.

Holocene and historical jökulhlaups

The Jökulsá á Fjöllum River is incised by many dry channels issued from jökulhlaups, mapped by [START_REF] Saemundsson | Geological Map of the Northern Volcanic Zone, Iceland[END_REF]. Most of the studies were conducted along the canyon. From 1600 until 1934 AD, one large jökulhlaup per decade was issued from the Grímsvötn volcanic system into the Jökulsá á Fjöllum River (Björnsson and Kristmannsdóttir 1984), fitting more or less with the basic decennial frequency of eruptions (Óladóttir et al. 2011). Some Holocene events have been detected in the same river between 7.10 and 2.0 cal ka [START_REF] Saemundsson | Straumraðkajar klappir ı´ kringum Asbyrgi[END_REF][START_REF] Tómasson | Hamfarahlaup i Jökulsá a Fjöllum[END_REF][START_REF] Elíasson | Molar um Jökulsarhlaup og Asbyrgi[END_REF][START_REF] Waitt | Flood and Megaflood Processes and Deposits: Recent and Ancient Examples[END_REF][START_REF] Kirkbride | Radiocarbon dating of mid-Holocene megaflood deposits in the Jökulsá á Fjöllum, north Iceland[END_REF][START_REF] Baynes | Erosion during extreme flood events dominates Holocene canyon evolution in northeast Iceland[END_REF], and specifically at c.. 4.6 cal ka, 3 cal ka and 2 cal ka.

In the SW, the main jökulhlaup activities have been assigned to 12.0 -11.2 cal ka and c. 10.3 -9.9 cal ka, essentially from Hestvatn Lake stratigraphy [START_REF] Geirsdóttir | Glacial extent and catastrophic meltwater events during the deglaciation of Southern Iceland[END_REF]. In the east of this sector (Þjórsá-Tungnaá river system), we have previously shown that, from 155 to 8 ka, most of the jökulhlaups were issued from both the volcanoes (Van Vliet-Lanoë et al. 2018).

Historical jökulhlaups have also been analysed near the southern edge of the Vatnajökull, particularly in relation to the Skeiðarárjökull Glacier (southern Vatnajökull; [START_REF] Maizels | The origin and evolution of Holocene sandur deposits in areas of jökulhlaup drainage, Iceland[END_REF][START_REF] Maizels | Jökulhlaup deposits in proglacial areas[END_REF]Snorrasson et al. 1997;[START_REF] Russell | Glacier surging as a control on the development of proglacial, fluvial landforms and deposits, Skeidararsandur, Iceland[END_REF].

Results

Tephrostratigraphy

Tephrostratigraphy and geochemistry were used to clarify regionally the age attributions of different events observed on aerial photography and controlled in the field. All the geochemical data are shown in Table 2.

Askja S is the most frequently recorded tephra of the observed series (see also Supplement,Figs. 3,4).The observed Askja S Tephra seems to be a mixture of rhyolitic and dacitic lavas, whilst the Askja E rhyolite is mixed with basaltic components that were issued from the Askja/Bárðarbunga and Torfa Volcanoes (Supplement Table 2).

We proposed the following nomenclature to simplify the reading in time of the observed tephra: the Askja E tephra, at ca 10.4 cal ka and the Askja S, corresponding to the classical ca 10.8 cal ka tephra, both predate the Erdalen Event; the Vedde Ash (11,8 cal ka) and the Askja PB tephra at ca 11.5 cal ka predate most of the Preboreal events; the Askja YD tephra at ca 12.5 and 12.9 cal ka related to the YD events were not observed in sections in the 4 investigated Vatnajökull outlets systems.

4.2

The Jökulsá á Fjöllum system (Fig. 2B)

The Röndin coastal section records the whole Late Glacial, followed by the transgression of the Termination Ib (from radiocarbon analysis; Norðdhal and Pétursson, 2005). These deposits lap onto local Eemian deposits [START_REF] Vliet-Lanoë | Deglaciation and volcano-seismic activity in Northern Iceland: Holocene and Early Eemian (The Syðra Formation)[END_REF]. The canyon of the Jökulsá á Fjöllum River (Supplement Fig. 2) seems to be ancient [START_REF] Saemundsson | Straumraðkajar klappir ı´ kringum Asbyrgi[END_REF]Wait, 2002) and was filled with ca. 100 m of lithified glaciofluvial and lacustrine sediments, overlaid by Saalian and Eemian deposits, forming a progradation in a pre-existing incision. These Eemian deposits crop out at several places in the valley [START_REF] Vliet-Lanoë | A candidate for The Last Interglacial record in northern Iceland: the Syðra Formation. Stratigraphy and sedimentology[END_REF], 2005; Fig. 2B-yellow stars; Supplement Fig. 2).

Left bank -Asbyrgi, Vestudalur and Hnausar

This sector has been classically analysed along the canyon from a morphological point of view (see § 3.6). Near the Asbyrgi dead-end, commonly attributed to prehistorical events, on the left bank, large flood evidence exists outside the canyon, in the form of vegetated fluviatile megaripple fields (west of the Klappir terrace; Fig. 4), at 170 and 202 masl, with a train of smaller megaripples (east of Lambafell; Fig. 4).

In continuation of Asbyrgi / Klappir main terrace, the Vesturdalur one and the canyon are occupied by the Hljóðaklettar sublacustrine rootless basalt injections (Vesturdalur site, left bank; [START_REF] Hjartardóttir | Eru Hljóðaklettar og Rauðhólar í Jökulsárgljúfrum gervigígar?[END_REF] estimated to be c. 10.8 ka in age, based on the Askja S Tephra analyses [START_REF] Sigurgeirsson | Eldar í Öskjukerfi fyrir um 11 þúsund árum (Volcanic episode in the Askja volcanic system 11.000 years ago)[END_REF]. They form a lava lake on the rocky valley bottom, close to the present river level, at an altitude of 145 -150 masl (Fig. 2B; Supplement Fig. 3). The terrace on the left bank is topped at a 191 masl altitude by ca. 5 m of black tephra deposits and rootless cones with an Askja/Bárðarbunga geochemical signature (Table 2, sample Vest D2, see Supplement for pictures).

This tephra being older than the overlying Askja E Tephra (10.4 cal ka; Table 2: Vest D3; Supplement Fig. 3), seems to be local (lapilli from the rootless cones) but also associated with the Askja S Tephra (10.8 cal ka). On the other side of the valley, the fissural eruption feeding the Hljóðaklettar system consists of aerial cinder cones on the highest terrace, at 325 -350 masl, partly eroded by jökulhlaups.

It issued from the Askja Volcanic system, and is subsynchronous with the Askja S Tephra (10.8 cal ka; [START_REF] Sigurgeirsson | Eldar í Öskjukerfi fyrir um 11 þúsund árum (Volcanic episode in the Askja volcanic system 11.000 years ago)[END_REF].

At the Hnausar site (Figs 2b-c, 4), 5 km south of Vestudalur site, new observations in quarries and roadworks have revealed jökulhlaup deposits perched high, at 392 masl, in a juxtaglacial position (kame terrace at 396 masl. These deposits are covered by three tephra in loesses: a Barðabunga basaltic tephra, a rhyolitic Vedde Ash (c. 11.8 cal ka) (Table 2), and a thin Askja tephra, probably PB (c. 11.5 ka; Table 2; Fig. 5B; Supplement Fig. 3E), These tephra are locally reworked by slack water deposits, and finally buried by grey and orange loesses, latterly reworked by a thin loessic stacked moraine (Fig. 5B). Down to Hὀlmatungur, these deposits are remolded by a large series of palaeolacustrine beaches attesting to an ephemeral palaeolake [START_REF] Vliet-Lanoë | Deglaciation and volcano-seismic activity in Northern Iceland: Holocene and Early Eemian (The Syðra Formation)[END_REF]) between 380 and 200 masl down to the Vestudalur terrace (Figs. 4,5A). Two kilometers upstream of Hnausar, a complex morainic arc, at 390 masl, has been pierced by a flood along the Sauðadalur (Fig. 4 -5D).

Further upstream, an esker that issued from Lake Eilífisvötn (Fig. 4) joins the valley at Norðurfjöll,10 km further south, at ca. 400 masl, and has been partly eroded by flood waters below 380 masl.

On the right-bank, in front of Vesturdalur, the Hὀlssandur site (Kvensöðull) forms a wide terrace above the jökulsá canyon (Fig. 4). New observations have revealed highly visible asymmetrical-triangleshaped remains of a morainic arc (Fig. 6C) that have been strongly eroded by floods. These relicts correspond to the Hnausar terminal moraine (Figs. 1B,4). A fresh and broad splay of fine basaltic sand (Fig. 6A,B) was deposited at 2 km to the north, as a field of large fluviatile dunes, up to 380 masl and about 220 m above the present-day river (at 160 masl). These dunes lap onto intact orange loesses that contain a rhyolitic tephra, the Askja E (10.4 cal ka) and are surrounded by a dismantled lava flow from the c.10.8 cal ka Askja dyke, the cones of which have been abraded by jökulhlaups to c. 280 masl. The dune splay was formed on two successives phases, one subhorizontally laminated, the second incising and reworking the first deposit with megaripples. The end of alluvial sedimentation is recorded in impounded levels at the southern ends of the deposits. These deposits argue for a very limited slope at the time of the floods, and a flood trajectory located to the east of the canyon.

Hrossaborg tuff ring (close to the road N1)

The Hrossaborg tuff ring (Fig. 2B) is located in a graben in the middle of a valley. It consists of a phreatomagmatic cone, truncated and abraded by jökulhlaups [START_REF] Alho | Land cover characteristics in NE Iceland with special reference to jökulhlaup geomorphology[END_REF], resting on a terrace, at 380 masl. One kilometer upstream, and to the west of the Hrossaborg crater, we observed the well visible asymmetrical-triangle-shaped 10 m high remains (Fig. 7A) of a morainic arc that has been strongly eroded by jökulhlaups. It is probably one of the traces within the valley axe of a younger advance compared to Hnausar, between Dettifoss and the Heirðubreid (Fig. 2B).

Uppermost valley of the Jökulsá á Fjöllum (10 km north of the Vatnajökull)

In the uppermost valley of the Jökulsá á Fjöllum, the Vaðalda Volcano is sparsely splayed on its west flank by fresh basaltic tephra, to a limited altitude, 200 m above the Dyngjuvatn Lake surface. Field and image observations have revealed that fresh tephra fills the lake that occupies the crater depression (Fig. 7D). An associated train of large, flat slackwater dunes, subhorizontally laminated and now consolidated (25 m wide, 50 cm high; Fig. 7D), covers the Dyngjuvatn palaeolake surface up to 688 masl. This deposit seems related to the rapid drainage of a larger lake, 'dammed' between the Askja caldera and Vaðalda Volcano. The lake was issued from the Dyngjujökull Glacier (Fig. 1). The dark, fine basaltic sand splay extends to the north, through Vikursandur, to the foot of the Heiðubreiðartögl tuya, ending 1 km north of the confluence of the Jökulsá and Kreppa Rivers. It reappears downstream, where it continues forming discrete terraces. These are higher in the topography than the jökulhlaup features formerly described which splayed closer to the present course of the Jökulsa River [START_REF] Alho | Land cover characteristics in NE Iceland with special reference to jökulhlaup geomorphology[END_REF], Alho et al. 2005;Carrivick et al.2013),.

The Kreppa River runs from the Brúarjökull outlet glacier (Fig. 2B), via the Kverká River, to the extension of a major and incised subglacial plain [START_REF] Björnsson | The Glacier of Iceland, Translation of "Jöklar á Íslandi[END_REF]. Downstream, in front of the Heirðubreið Tuya, a dead valley diverges from the Kreppa River to the East, piercing a subglacial volcanic ridge, and producing a giant, fresh basaltic crevasse splay with megaripples (20 m wide). This abandoned channel is now drained by the Arnardalsá River, at 3 km to the North of a relatively fresh, thin terminal moraine (Fig. 7B), which was issued erratically, straight from the Brúarjökull Glacier and draining it. This moraine is only present on the eastern side of the Arnardalsalda hill, where it covers the trace of an ancient braided channel. It was pierced by a jökulhlaup and further incised by retrogressive scablands (Supplement Fig. 1). .

Synthesis for the Jökulsá á Fjöllum valley

Advances and deglaciation

The Bölling deglaciation occurred quite far inland, south of the Þeistareykir Volcano (Figs 1, 3), prior to 10.8 cal ka (Askja S Tephra; Saemundsson, 1992Saemundsson, , 2002;;[START_REF] Sigurgeirsson | Eldar í Öskjukerfi fyrir um 11 þúsund árum (Volcanic episode in the Askja volcanic system 11.000 years ago)[END_REF]. This means that the YD glaciers occupied the valleys, as shown by the presence of the Vedde Ash in a juxtaglacial position at Hnausar (Fig. 5B), but the plateaus were only locally occupied by isolated ice-domes. The tephrostatigraphy justifies an early deglaciation for the surge moraine, morainic arc and formation of the Hnausar palaeolake, followed by the injection of the Hljóðaklettar rootless eruption (Figs 5,6) estimated at c. 11 -10.8 cal ka [START_REF] Saemundsson | Geological Map of the Northern Volcanic Zone, Iceland[END_REF][START_REF] Sigurgeirsson | Eldar í Öskjukerfi fyrir um 11 þúsund árum (Volcanic episode in the Askja volcanic system 11.000 years ago)[END_REF] issued from the Askja fissure system. The position of the main Preboreal moraine (ca 11.2 cal ka) was thus immediately south of Hὀlssandur and at Hnausar. The morainic arc preserved upstream close to the Hrossaborg is necessarily younger than Hnausar, and it possibly corresponds to a glacial advance at ca 10.3 cal ka. This is henceforth called the Hrossaborg Advance. The upstream of Morðrudalur, the single morainic arc issued straight from the Brúarjökull outlet glacier, despite the hilly morphology, remains untouched by large jökulhlaups (Fig. 7B), excepted to the West. This advance is older than the Little Ice Age and potentially corresponds to the "9.3 cal ka" advance. The traces of this advanceprobably a sudden surgein the upper valley, are hereafter called the Kreppa Advance.

Jökulhlaups

Some early jökulhlaups occurred before the deposition of the Vedde Ash; some of them had already eroded the surface prior to the occurrence of the 11-10.8 cal ka cinder cones, but after the Preboreal Advance. The rupture of the Hnausar morainic arc developed more or less synchronously with the palaeolake formed during the 11.2 cal ka deglaciation, after the deposition of the Askja PB tephra (11.5 cal ka). The recent incision of the canyon was reaching the valley bottom probably prior to the infilling of the Younger Dryas glacial advance, but the re-incision by the Holocene floods had not yet been achieved at 11 -10.8 cal ka, during the setting of the Askja S lava lake [START_REF] Sigurgeirsson | Eldar í Öskjukerfi fyrir um 11 þúsund árum (Volcanic episode in the Askja volcanic system 11.000 years ago)[END_REF].

The Hὀlssandur fluviatile dunes are younger than the setting of the Askja S fissure eruption. The geochemistry of the dunes (samples Hols 1, 2, Table 2) yielded a Bárðarbunga source. It is very similar to that of the upstream fluviatile dunes at the foot of the Vaðalda Volcano (Dingjuvatn Dunes β) from which the northern termination resembles the Hὀlssandur fluviatile ones. Both dunes partly rework, and lap onto the orange loesses at Hὀlssandurthat included the Askja E Tephra (c.10.4 cal ka; Table 2, Hols 3). The only Bárðarbunga tephra that fit with this stratigraphy are those at 10.1 and 9.9 cal ka from the database (Table 1), the 9.9 cal ka event being the largest volcanic event [START_REF] Guðmundsdóttir | A new high-resolution Holocene tephra stratigraphy in eastern Iceland: Improving the Icelandic and North Atlantic tephrochronology[END_REF]. The Hrossaborg terminal moraine remained strongly eroded by jökulhlaups that should fit the same event. The Kreppa terminal moraine (ca 9.3 cal ka) although eroded to the West was just pierced by a younger flood issued from the Kverka River related to a major volcanic eruption close to 9.2 or 9.1 cal ka from the Grimsvötn volcano. It probably corresponds to the event formerly described (Alho et al. 2005;[START_REF] Carrivick | Discussion of field evidence and hydraulic modelling of a large Holocene jökulhlaup at Jökulsá á Fjöllum channel, Iceland' by Douglas Howard[END_REF]).

.

Skjálfandi-Fnjóskadalur

The valley of the Skjálfandafljót is a little-studied area (Figs. 2 and9), but it is the regular path of jökulhlaups [START_REF] Björnsson | The Glacier of Iceland, Translation of "Jöklar á Íslandi[END_REF]. The upper valley is partly masked by the Middle Holocene lavas from the Trölladyngja Volcano (< 4.2 cal ka; [START_REF] Sigurgeirsson | Geological Map of the Northern Volcanic Zone, Iceland[END_REF]; Fig. 2A).

Lower Valleys of Skjálfandi and Fnjóskadalur

This part is the most studied (Fig. 8) on very few sections. We have thus described new ones and analysed the tephra. The estuary has been ice-free since the Preboreal (11.2 cal ka; Norðdhal and Pétursson 2005). The Bárðardalur Valley (Fig. 2A) was mostly incised in the bedrock, as close to Fosshóll scabland, with lateral moraines bordering the lower valleys. Eemian, hyaloclasite-derived, bioturbated marine deposits crop upstream out as pillars, along the valley bottom to 240 masl, from the entrance of the lateral Fnjóskadalur.

At the eastern entrance to Fnjóskadalur, thick, massive deposits of fresh basaltic gravels are buried under the recent loess along with the Askja S Tephra (11-10.8 cal ka; Fig. 10E). Inside the Fnjóskadalur, the 'pitted' moraine at the western end of the lake (at Stórutjarnaskóli) is considered to be from the Preboreal advance (Figs. 8, 9A;Ingólfosson et al. 1997). It is truncated by a terrace at 120 masl from the Fnjóskadalur palaeolake, but to the north, there is evidence of it being in a juxtaglacial position, with iceberg thermokarst filled with fresh basaltic sands (Bárðarbunga, 11.3 cal ka, Table 1;Table 2: Ljos2). These deposits also reworked an Askja tephra much older than the Askja S (Askja PB, c. 11.5 cal ka), deforming very coarse, rounded gravel. It is usually covered by loesses, including the Askja S tephra. The moraine morphology resembles the collapse features described by [START_REF] Fard | Large dead-ice depressions in flat-topped eskers: evidence of a Preboreal jökulhlaup in the Stockholm area, Sweden[END_REF] on jökulhlaup eskers, and by [START_REF] Olszewski | The morphogenesis of kettles in the Höfðabrekkujökull forefield, Mýrdalssandur, Iceland[END_REF] on sandurs. The lower alluvial unit of the kame along the pitted moraine contains both reworked Vedde and Skὀgar Tephra (Table 2: Ljos 1). Downstream of Fnjóskadalur, below Hólls, the side of the valley is pasted by lacustrine and alluvial deposits resting on coarse till, including several layers of fresh basaltic sands reworking the Vedde ash (Fig. 9C). These deposits are covered conformably by deformed loesses that incorporated the in situ but deformed Askja PB Tephra at its base (c.11.5 cal ka; Fig. 9E).

Two main morainic arcs are preserved in the parallel Aðaldalur Valley. The Fragarness arc is a disrupted terminal moraine (Fig. 8). The related Palmholt Quarries (Fig. 8; Supplement Fig 4), host broad, flat-bottomed kettle holes, which are invaded by deformed flood gravel layers and reworked basaltic tephra. The morainic material is sandwiched between two generations of jökulhlaups, the lower one reworking the Vedde tephra. The more recent generation accommodates decametric kettle holes. The late loessic sedimentation is similar to these of Fnjóskadalur including Askja Tephra. A later morainic arc, partly eroded, exists upstream, at the Laugar village.

Upper Valley, the Bárðardalur and Vosnaskarð depression

The morphology in the Bárðardalur Valley is only erosional and partly masked by Middle Holocene lavas from the Trölladyngja Volcano (< 4.2 cal ka; [START_REF] Sigurgeirsson | Geological Map of the Northern Volcanic Zone, Iceland[END_REF]; Fig. 2B). Hníflar palagonite pinnacles are flood-sculpted in the central part of the Vosnaskarð depression (Fig. 2B). A palaeolake occupied this depression, at a higher altitude (1100 masl) than the Vaðalda Volcano and palaeolake Hágongulὀn (see § 4.5).

Fresh glacial striae are oriented towards the Skjálfandafljót from the upper Sprengisandur (Fig. 2A).

One terminal moraine is observed NW of Svartárvatn Lake, restricted to the right side of the canyon of the Bárðardalur Valley, a (Fig. 2A; Supplement Figs. 5A -5B). The canyon was probably infilled by rather old tills and lacustrine deposits, as preserved on the left bank of the canyon at Halldórsstaðaskógur (Fig. 2A, Supplement Fig. 5C). Sandy basaltic deposits are splayed on the plateau, upstream and around the Svartárvatn Lake. The stratigraphy at Svartárkot clearly indicates a Bárðarbunga Tephra (probably 10.4 cal ka; Table 2), followed by the Reistvik 8 Tephra (10.2 cal ka; [START_REF] Guðmundsdóttir | A new high-resolution Holocene tephra stratigraphy in eastern Iceland: Improving the Icelandic and North Atlantic tephrochronology[END_REF]. SE of the Svartárvatn Lake, the Reitsvik 8 Tephra (Table 2, Svartár) is preserved in the upper part of the consolidated orange loess, but has been laterally eroded in a NE direction by jökulhlaups.

Another structure is visible to the NE of Svartárkot, on the plateau, near the Sellandafjall Tuya. These structure shaped the surface of the Kárkárbotnar Formation which is consolidated and faulted palaeofan considered as Late Glacial and initially scoured after the YD Advance (Sigurgeisson et al. 2015). An alluvial splay of granules and sands shaped the surface of Kárkárbotnar Formation into fluvial megadunes (two generations) and residual hillocks (Figs. 2A and Supplement 12) based on aerial views. This surficial morphology is associated with an esker (Fig Supplement .12 E) that propagated subglacially to Myvatn Lake from the north of Krákárbotnar, parallel to the present Kráka River. The final evidence of flooding is here the splayed sands stopping at the western foot of the Sellandafjell and associated with the sculpting of elongated islands in the loess cover (Supplement.12). From these data, and the location of the terminal moraine in the Bárðardalur Valley, the Kárkábotnar initial superficial scouring could be generated by the same events as these recorded at the Svartárvatn Lake, a part of the flood(s) deriving towards the Myvatn Lake to the east (Fig. 2A).

Synthesis for Skjálfandi-Fnjóskadalur-Myvatn-Vosnarskard system

Glacial advances and retreats

In the Bárðardalur and Adaðalur Valleys, (Fig. 8), the basal fluvial sediments have reworked the Vedde Ash as also observed at Laufas and Kaupangur in Eyafjörður [START_REF] Sigurðsson | Rifting episode in North Iceland in 1874-1875 and the eruptions of Askja and Sveinagjá[END_REF][START_REF] Vliet-Lanoë | Deglaciation and volcano-seismic activity in Northern Iceland: Holocene and Early Eemian (The Syðra Formation)[END_REF]. Ljosavatn and Palmholt quarries reveal dismantled glacier ice tongues that represent a rapid advance or a surge. The Skjálfandi terminal moraine was located in the vicinity of Skollahnjúkur as suggested by a perched pitted morphology at 200 masl (Fig. 8). This surge can be attributed to the "11.2 -11.4 cal ka" Preboreal event (tephrostratigraphy; Ingolfsson et al. 1997), formed before the deposition of the Askja PB and S Tephra. By deduction, the "10.3 cal ka" terminal moraine could be restricted to these at the Laugar village. Upstream, the lateral moraine immediately NW of Svartárvatn Lake most probably yields an age of ca 9.3 cal ka, based on tephra (younger than the Reistvik 8 Tephra at 10.2 cal ka). This is the proposed Svartárvatn Advance.

Jökulhlaups

The oldest basal generation of flood immediately postdates the Vedde Ash and represents an early stage in the Preboreal deglaciation. The main (second) generation of floods predates the Askja S Tephra (10.8 cal ka), thus yielding 11.2 -11.1 cal ka in age. The third generation took place before the first Bárðarbunga eruption (10.4 cal ka; [START_REF] Guðmundsdóttir | A new high-resolution Holocene tephra stratigraphy in eastern Iceland: Improving the Icelandic and North Atlantic tephrochronology[END_REF]) and the overlying Askja E Tephra (10.4 cal ka). The latter generation (last terrace) is logically related to eruptions of the Bárðarbunga at c. 10.1 or 9.9 cal ka (Table 1; [START_REF] Guðmundsdóttir | A new high-resolution Holocene tephra stratigraphy in eastern Iceland: Improving the Icelandic and North Atlantic tephrochronology[END_REF]. Flood deposits from the Skalfandafljót River were also washed into Fnjóskadalur and Eyjafjörður via the Dalsmynni Canyon (Hὀlls and Finnastadir Farm;Figs. 4,8D). This path for floods explains the water-lain facies of the "10.3 cal ka Saksunarvatn Tephra" observed at Reitsvik [START_REF] Guðmundsdóttir | A new high-resolution Holocene tephra stratigraphy in eastern Iceland: Improving the Icelandic and North Atlantic tephrochronology[END_REF].

The surface granular components of the Krákárbotnar palaeofan [START_REF] Sigurgeirsson | Geological Map of the Northern Volcanic Zone, Iceland[END_REF] had probably the same source and age as the deposits at Svartárkot, based on the orientation to the NE of the megadunes. All these floods seem to issue from the Dingjujökull outlet glacier (Table 1, Fig. 2B) and to correspond to the Bárðarbunga 10.4, 10.1 and mostly 9.9 cal ka tephra. These floods probably had a long duration (weeks or more), as they were mainly fed by deglaciation, justifying their lateral displacement to the east by the Coriolis force feeding the Myvatn basin. Re-incision in Preboreal glacigenic sediments of the Bárðardalur valley after the Preboral glacial advances occurred much later, prior to 7 cal ka, but probably from ca 9.3 cal ka.

Jökulsá á Brύ and the East

4.4.1: Halslὀn palaeolake

To the NE of the Vatnajökull, sparse evidence of jökulhlaups has been recorded in the Halslὀn Dam sedimentary fill that was issued from the western Brúarjökull outlet glacier, via Kringislá [START_REF] Knudsen | Sedimentation in a volcanically dammed valley, Brúarjökull[END_REF]. The stratigraphy of the Holocene events has evolved from the ones previously published [START_REF] Knudsen | Sedimentation in a volcanically dammed valley, Brúarjökull[END_REF][START_REF] Vliet-Lanoë | Glacial Terminations II and I as recorded in NE Iceland[END_REF]. The LIA moraine is located north of the Kringslaranni, on both sides of the dam lake, followed by successive termini. A terminal moraine older than the LIA is visible North of Hals, on the right bank of the lake (Fig. 1b), fitting the 9.3 cal ka advance.

Jökulhlaups reworked first the Younger Dryas Grímsvötn Tephra, filling troughs with massive deposits [START_REF] Vliet-Lanoë | Glacial Terminations II and I as recorded in NE Iceland[END_REF], that were further deformed by a first glacial advance. An Askja E Tephra (10, 2 cal ka comparable to Vestur R3 in Table 2; Fig. 7C) has been deformed by a second glacial advance. The Saksunarvatn Tephra was water-lain in the highest terrace and deformed as a thermokarst depression in a juxtaglacial position (Fig. 7D). Laterally, it is undeformed, and post-dated by a faulted geyserite at 10.09 ± 0.28ka BP (U-Th uncorrected dating; [START_REF] Vliet-Lanoë | Limited glaciation and very early deglaciation in central Iceland: Implications for climate change[END_REF]; Fig. 7E).

The Jökulsá á Brú River is deeply incised down from the Brú village, similar to the canyon of the Jökulsá á Fjöllum. Two remains of terminal moraines were preserved. Downstream, a 'pitted' moraine is visible on the left bank, at 1.5 km south of Selland, below a large mass flow on the right bank. This is probably an end moraine from the Botarheiði that evolved into a rock glacier. Further down, another 1.5 km long "pitted" end moraine crops out near Krὀkavatn (Fig. 1b).

The Eyabakkajökull

This glacial outlet shows traces of stacked, permafrosted ice-thrust ridges, comparable to several Svalbard glaciers [START_REF] Boulton | The sedimentary and structural evolution of a recent Push moraine complex: Ȯstrømbreen, Spitsbergen[END_REF][START_REF] Sund | Svalbard surge dynamics derived from geometric changes[END_REF][START_REF] Waller | Glacier-permafrost interactions: Processes, products and glaciological implications[END_REF]. They formed in relation with the 1890 surge and commonly attributed to hydraulic surging [START_REF] Sharp | Sedimentation and stratigraphy at Eyjabakkajökullan Icelandic surging glacier[END_REF]Kaldal and Vikingson, 2000;[START_REF] Björnsson | Surges of glaciers in Iceland[END_REF]Schomacker et al. 2014, Fig. 11). The southern eastern part is a rather thin diamicton and associated with a negative inprint of ice crevices and a narrow sharp plastic edge and stacked folds of a surge fitting the 1890 one [START_REF] Schomacker | The Eyjabakkajökull glacial landsystem, Iceland: Geomorphic impact of multiple surges[END_REF]. The northernmost / outer part of this moraine seems to be partly older, seeing the thermal cracking and vegetation cover which are similar to the situation on the recent volcanic ridge at Veiðivötn (1477 AD eruption). For the nearby Brúarjökull Glacier, the presence of a glacier-deformed Öraefajökull Volcano pumice (1362 AD eruption; [START_REF] Benediktsson | Polyphase structural evolution of a fine-grained, fold-dominated end moraine, Brúarjökull surge-type glacier, Iceland[END_REF] suggests a setting during the coldest part of the Little Ice Age, from 1600 AD to 1800 AD [START_REF] Guðmundsson | Icevolcano interaction of the 1996 Gjálp subglacial eruption, Vatnajökull, Iceland[END_REF]. The Mülajökull Glacier had its maximal advance between AD 1717 and 1760 [START_REF] Benediktsson | Architecture and structural evolution of an early Little Ice Age terminal moraine at the surgetype glacier Múlajökull, Iceland[END_REF]. The persistence of relict morainic arcs within a palsa bog immediately downstream of the Eyabakkajökull terminal should indicate a long, unglaciated interval, at least from the 9.3 cal ka advance. Furthermore, a field of open-system hydrolacolite occupies the western side of the valley, attesting of the limited glacial extent to this side. Several jokulhaups have pierced the arc, mostly to the West, in association with an esker, but it does not seem possible to build a chronology.

Observations were performed downstream at the Lögurinn Lake (Fig. 1): the deglacial sedimentation covered an interval from 10.2 cal ka (Strinberger et al. 2012;[START_REF] Guðmundsdóttir | A new high-resolution Holocene tephra stratigraphy in eastern Iceland: Improving the Icelandic and North Atlantic tephrochronology[END_REF][START_REF] Norðdahl | Glacio-isostatic age modelling and Late Weichselian deglaciation of the Lögurinn basin, East Iceland[END_REF], fitting an age of 11.2 cal ka for the terminal moraine north of Eglisstaðir (Fig. 1).

Synthesis.

Glaciers

At the Halslon Lake, the older Grímsvötn Tephra has been reworked in flood troughs in association with the Bölling deglaciation (Fig. 10). The Boreal advance is slightly younger than 10.4 cal ka (Askja E Tephra) at the foot of the Kárahnjúkar Tuya (Fig. 7C). This corresponds to a "10.3 cal ka" advance, synchronous with the Hrossaborg and Laugar events. Laterally, the "9.3 cal ka" terminal moraine from the Brúarjökull Glacier reached the deformed Saksunarvatn Tephra in the middle of the length of the Halslὀn Lake, equating with the Kreppa-Svartarvatn Advance to the west.

To the East, the Eggilstadir moraine yields c. 11.2 cal ka. The moraines relics in the palsa bog thus yields c. 9.3 cal ka; the outer Eyabakkajökull stacked vegetated moraine with ice wedging and thermokarst (mostly to the East) yields a LIA age and the Eyabakkajökull thin recent stacked moraine yields a 1890 AD age.

Jökulhlaups

Megafloods first seem to occur prior to the YD. The Saksunarvatn Tephra splayed in a flood, being preserved intact in juxtaglacial position from a pre-existing surge lateral moraine, yielding probably c. 10.3 cal ka.

The South-West: The Þjorsá-Kadakvísl-Tungnaá outlet

The South-western main outlet from the Vatnajökull is drained by at least 3 valleys (Fig. 1a). The Þjorsá-Kadakvísl-Tungnaá Valleys are clearly shaped by jökulhlaups over the last two interglacials (Van Vliet-Lanoë et al. 2018). This is proven by the occurrence of floods erosional forms (Supplement Fig. 6). The Late Glacial sedimentary prism is rather thin, mostly located in the jökulhlaup incisions, sometimes infilled with sediments associated with the tidal deposits of the Preboreal marine transgression. Regional field descriptions are rare, and most of the data are being extracted from lake cores [START_REF] Geirsdóttir | Holocene and latest Pleistocene climate and glacier fluctuations in Iceland[END_REF]). To the north of this system, data are non-existent or unpublished.

Akbraut and Varghóll Quarries

The section at Akbraut (Figs 1, 10) is located on a terrace perched at 90 masl on the east bank of the Þjórsá River. It is situated south of the Búði moraine complex, dated at ca. 11.2 cal ka [START_REF] Geirsdóttir | Holocene and latest Pleistocene climate and glacier fluctuations in Iceland[END_REF], and north of the Pula-Mykjunes terminal moraines (YDII, in situ Vedde Ash; Van Vliet-Lanoë et al. 2018). It has an infill of coarsely-stratified, unsorted and unconsolidated cobble material, set by jökulhlaups, which are incised into the Eemian and Weichselian deposits. These gravels are covered by stratified lacustrine silts, deformed by moderate seismic activity, as is also the case in the section at Hrepprhólar (Fig. 1), where they are related to Termination Ia. A second unsorted diamicton was deposited, which includes, at its base, fresh, dark basaltic sands that are coarsely stratified, and sheared by glaciotectonism (Vedde β, 11.8 cal ka, Van Vliet-Lanoë et al. 2019). This is covered by 1 m of stratified marine silts (from Termination Ib), including Vedde pumice-rich beds, with small load casts. This marine unit is further truncated by more recent jökulhlaup gravely deposits.

The Varghὀll-Akbraut moraines correspond, in aerial view, to thin terminal moraines that are later than the YD, but older than the major Búðí terminal moraine. These moraines present surge-type characteristics, with a stacked folded pattern. The suggested age, from the presence at the base of reworked Vedde Ash, is ca. 11.4 -11.3 cal ka, followed by the 11.2 cal ka Búðí Advance.

To the West, "pitted" jökulhlaup abraded rocks (Supplement Fig. 7) crop at 230 masl on the Skarðsfjall (Fig. 1A), disconnected from the natural drainage system. It suggests a discharge of water emerging from the surface of a thin decaying glacier lobe during the late YD or the Early Preboreal, probably from a crevice net.

Upstream watershed of Þjórsá River

Another terminal moraine was mapped by Kaladal and Vikingsson (1990) to the north, east of the Sultartangalὀn Lake. It is associated with an eroded esker deposit (Fig. 12A). Herein, this terminus will be referenced as the Búðarhals Advance. At the hydroelectric station of the Þjórsá Lake, the base of the Late Glacial to the Holocene canyon infill is extremely rich in basaltic tephra, resting on an Eemian fluvial formation, as in the Upper Ytrí-Rangá Valley (Van Vliet-Lanoë et al. 2018).

Upstream, the Þjórsa River is connected to the artificial Hágögulὀn Lake (Fig. 1A). This lake' site was occupied several times by palaeolakes. At the eastern foot of the Nyðri Háganga Tuya, ca. 100 m above the original valley floor, the upper raised beach (at 887 masl) is covered by scattered fresh basalt fragments that were issued from the Bárðarbunga Volcano. This upper raised beach is at the same altitude as the tephra filled Vaðalda crater, east of the Askja Volcano (Figs 1, 2B). Another palaeolake outlet is perched at 860 masl, and is connected to a lake level located at 80 m above the valley floor, associated with a retrogressive dry valley, incised in an Eemian glaciofluvial deposit (Supplement Fig. 8E). Many jökulhlaup-polished blocks (Supplement Fig. 8A-D) are visible at 835 masl, 65m above the valley floor, at a palaeo-outlet of the palaeolake. It seems that this palaeolake infilled several times, with up to 100 m of water for the oldest highstand, with evidence of flood bursting (incision). Damming was generated by westward ice surging from the Tungnaárjökull and Sylgjujökull outlet glaciers (Fig. 1, extent in yellow). This is evidenced by the morainic system that ends close to the Kisa River to the west (Fig. 7C; Kaldal and Vikingsson 1990), issuing from the north of the Sauðafell hill (North of Veidivötn). This is associated with evidence of lakes with terraces, and a field of open system pingos in silty sands, close to 850 masl, at SW of the lake. It is overlapped finally to the south by the Þjórsa Lava (8.6 cal ka). This terminus will be herein referenced as the Kisa Advance, surging from the Tungnaárjökull and Sylgjujökull outlet glaciers.

Synthesis for the Þjorsá-Kadakvísl-Tungnaá outlet

Following the Glacial Termination Ib, several glacial advances occurred in the south. The twinned advances of the YD I -Pula moraine (c. 12.8 ka cal)and YD II-Mykjunes moraine (c. 11.7 -11.5 cal ka)formed a major glacial terminus (Van Vliet-Lanoë et al. 2018).

Observations at Varghóll suggest a retreat from Mykjunes to the Bύði arc, with pulsed surges associated with jökulhlaups and iceberg discharges (Figs 10, 11) that correlate with a c. 11.4 -11.3 cal ka surge, the Varghὀll -Akbraut Advance just after the YD deglaciation. The Bύði Terminus fits the "11.2 cal ka" Preboreal advance (e.g. [START_REF] Geirsdóttir | Holocene and latest Pleistocene climate and glacier fluctuations in Iceland[END_REF]. The next glacial advance should correspond, in the south, to the Bύðarhals Advance on the eastern side of the Kaldakvísl River. A later trace of glacial surge emerges from the East, between the Sandfell in the south and the Hágöngulón lake sector in the north, to the Kisa River, but this seems to have been untouched by jökulhlaups. Its source was hindered by the Þjórsá Lava, at 8.7 cal ka [START_REF] Halldórsson | Isotopic heterogeneity of the Thjorsa lavaimplications for mantle sources and crustal processes within the Eastern Rift Zone, Iceland[END_REF], and seems to have issued from the Syglujökull and Tungnarjökull outlet glaciers, which normally surge westward [START_REF] Björnsson | Surges of glaciers in Iceland[END_REF]. This places at ca. 9.3 cal ka cal the Kisa Advance which is an erratic advance.

This indicates an age of ca 10.3 cal ka for the Bύðarháls Advance.

Discussion

To understand the various potential controls on jökulhlaup genesis, we first discuss the climate evolution and deglaciation history for each outlet of the Vatnajökull. Second, we analyse the connection between glacio-isostasy and the potential storage of aquifers, or of subglacial lakes, at the level of the Vatnajökull. On this base, it will be possible to discuss the dynamics that drove the Early Holocene jökulhlaups.

Timing of the Glacial Advances (Fig.1 b)

After the deglaciation of the YD and the deposition of the Vedde ash (ca 11.8 cal ka), the Early Holocene glacial advances of the Vatnajökull spreaded at ca 11. 5-11.4, 11.3-11.2, 10.3 and 9.3 cal ka, in concert with climate evolution in the other regions surrounding the North Atlantic (see § 3.1.).

The Varghὀll -Akbraut in the South, Hnaussar, Ljósavatn and the Fragarness -Palmholt terminal moraines in the North (ca 11.4 -11.3 cal ka) correspond to the first Early Preboral advance. The Búði (c. 11,2 cal ka) is a second Early Preboreal Advance. The later Búðarhals Advance in the South is estimated to be synchronic with the Erdalen Events and the Saksunarvatn complex tephra, at c.10.3-10.2 cal ka as well as the Hrossaborg, Laugar and Eglisstaðir termini in the North. For the independent Langjökull on the West Volcanic Zone, the Saksunarvatn Tephra has been found below a lava flow (Jóhannsdóttir 2007;[START_REF] Eason | Effects of deglaciation on the petrology and eruptive history of the Western Volcanic Zone, Iceland[END_REF], also suggesting an early deglaciation, and isolation of the southern and eastern margins of the glacier.

The Kreppa, Kisa, Svartárvatn and outer Eyabakkajökull Advances seem to be equivalent to the "9.3 cal ka" Cooling Event. They are characterized as erratic in their flow direction, compared to the Late Glacial and Preboreal Advances. This late advance is also recognised around the Drangajökull Glacier (NW peninsula; [START_REF] Harning | Early Holocene deglaciation of Drangajökull, Vestfirðir, Iceland[END_REF].

The "8.2 cal ka" event has not been officially recorded in lacustrine records in the NE of the island [START_REF] Striberger | The sediments of Lake Lögurinna unique proxy record of Holocene glacial meltwater variability in eastern Iceland[END_REF]); however, it is clearly recorded in cores at Hvitarvatn (Langjökull; [START_REF] Larsen | Non-linear Holocene climate evolution in the North Atlantic: a high-resolution, multi-proxy record of glacier activity and environmental change from Hvítarvatn, central Iceland[END_REF]; Fig. 1) and is also extractable from the 3 He measurements of volcano summit lava's tracing the local deglaciation (Liccardi et al. 2007). This means that the glacial limits for this pulse were mostly inside the present extent of the glacier.

Timing of the Jökulhlaups (Fig.2 B)

In the Jökulsá á Fjöllum, major jökulhlaups thus occurred from our data in relation to the Younger Dryas deglaciation (Hnausar kame terrace), probably between 11.8 and 11.4 cal ka, centred on 10.1 -9.9 cal ka (Hölssandur) and ca 9.1 cal ka south of the Hrossaborg. The major Icelandic jökulhlaups in the literature relate to the onset of canyon clearance of the sedimentary infilling. After 9.3 cal ka, some events were still large, but were better channeled.

It thus seems that most of the early jökulhlaup events in the Þjórsá, Skalfandi, Jökulsá á Fjöllum and Jökulsá a Brú valleys occurred from the Late Younger Dryas deglaciation, some having bursted just prior to the Early Preboreal Advance (at 11.2 cal ka). The jökulhlaup mentioned at Kjölur (Kajafell Volcano, Langjökull) by [START_REF] Tómasson | Hamfarahlaup i Jökulsá a Fjöllum[END_REF] also seems to correspond to a first-generation surge (at 12.0 to 11.2 cal ka), as it is associated with iceberg kettle holes and two eskers, all overflowed by the Preboreal lava [START_REF] Eason | Effects of deglaciation on the petrology and eruptive history of the Western Volcanic Zone, Iceland[END_REF].

In the South, after the Preboreal, the majority of flood events occurred after the Bύðarháls Advance ("10.3 cal ka"), but prior to the Kisa Advance (" 9.3 cal ka"). These field data fit the results from the Hestvatn Lake record (Fig. 1; [START_REF] Geirsdóttir | Glacial extent and catastrophic meltwater events during the deglaciation of Southern Iceland[END_REF] that assigned two major periods to the flood activity around 12.0 -11.2 cal ka, and again around 10 -9.9 cal ka as it is also the case for the Jökulsá á Fjollum watershed.

Permafrost and surging

Outlet glaciers of ice caps that periodically surge after long quiescent phases, undergo large and sudden pulses accompanied by terminus advance (Harrisson et al. 2015;[START_REF] Benn | A general theory of glacier surges[END_REF].

Polythermal glaciers, often associated with permafrost are prone to slow surging [START_REF] Benn | Glaciers and Glaciation[END_REF]. The temperate glaciers in Iceland exhibit surges with a sudden onset, extremely high (tens of meters/day) maximum flow rate and an abrupt termination, associated with a discharge of the intraglacier stored water [START_REF] Björnsson | Surges of glaciers in Iceland[END_REF]. It can be triggered by an enhanced climate-driven melting (Stiberger et al. 2011) or a volcanic meltwater supply. Ice breakage at the glacier surface or perched outlets, with the local surface dismantling and iceberg splay, can be induced by constrained overpressure [START_REF] Roberts | Ice fracturing during Jokulhlaups: Implications for englacial floodwater routing and outlet development[END_REF]. The downward locking of hydraulic pressure can result from the impeded drainage by permafrost development that seals the snout and margins of the glacier, frozen to the bed during cooling events, as in the polythermal glaciers in Svalbard (Fig. 12D; Lonne et al.

2016).

The impact of the permafost seems evident for the Eyarbakkajökull outlet and the Kreppa, Kverká and Jökulvisl River outlets of the Brúarjökull Glacier (evidenced by the recently pitted terraces). This system with surface dismantling is also valid for the outlets of the Breiðamerkurjökull River, in association with concertina eskers [START_REF] Knudsen | Concertina eskers, Brúarjökull, Iceland: An indicator of surge-type glacier behaviour, December 1995[END_REF], for the Gígjulvísl and Skeiðará Rivers (Skeiðarárjökull Glacier) and the uppermost Tugnaá River.

As the Preboreal climate was rather cold especially during the two first Bond events, particularly in the North-East (about -10°C lower than today; [START_REF] Rasmussen | Atlantic surface water inflow to the Nordic seas during the Pleistocene-Holocene transition (mid-late Younger Dryas and Pre-Boreal periods, 12 450-10 000 a BP)[END_REF], we might expect the impact of permafrost damming to be one of the main triggers of jökulhlaups.The preserved pre-jökulhlaup morphology suggests such permafrost prior to the principal Early Holocene flood, also deformed by tectonic faulting to the east (Fig. 14C). The degradation of ice bodies in the terminal moraine during a warming event could have reduced the internal stability of the dam and, therefore, easing flood emergence [START_REF] Gaphaz | Assessment of Glacier and Permafrost Hazards in Mountain Regions -Technical Guidance Document[END_REF]. Sealing of the glacier tongue by permafrost could have favoured the retention of meltwater in the subglacial lakes or intraglacial aquifers, especially if the surface and bottom slopes were very low (see § 5.2), increasing the probability for glacial surging for both polythermal and temperate glaciers [START_REF] Benn | A general theory of glacier surges[END_REF]. Proglacial icing accumulations from eskers could also have induced damming. This was likely the case for the glacial tongues reaching the lower Skálfandi River (at Ljósavatn and Palmholt) and the lower Þjórsá River (at Varghóll), around 11.2 cal ka. After 10.4 cal ka, jökulhlaups were largely splayed on the deglaciated plateaus, The occurence of permafrost in the watershed probably limited the vertical incision of any flood, promoting a lateral extension of such floods in the valleys, as it took place with the first mega-jökulhlaup, responsible for the Hὀlssandur hydraulic dunes (Jökulsá á Fjöllum), or the Svartárvatn-Krákárbotnar jökulhlaup (at Skjálfandafljot).

Impact of the glacio-isostatic rebound

As the c. 10.8 cal ka Askja S Tephra and the c. 10.3 cal ka Saksunar events happened relatively soon after Termination Ib, an early glacial rebound from the coast to the inland, should be expected attenuating the slope of the lower to middle Jökulsá Valley. The distance from Röndin to the Hrossaborg moraine is about 50 km, and is being uplifted at rates similar to those in the south of the isle, c. 40 to 60 mm yr -1 (Le [START_REF] Breton | Post-glacial rebound of Iceland during the Holocene[END_REF]. Present-day isostatic uplift around the Vatnajökull is 9 to 25 mm yr -1 [START_REF] Pagli | Crustal deformation associated with the 1996 Gjalp subglacial eruption, Iceland: InSAR studies in affected areas adjacent to the Vatnajökull ice cap[END_REF]). The persistence upstream of an extended Vatnajökull suggests that this sector is still downwarped in relation to the remaining ice thickness, and the presence of the hotspot (due to lower viscosity). An initial subsidence of 500 m is expected at the LGM for a 1500 m thick ice sheet. Supposing that half of the ice-sheet thickness (ca. 750 m) has already melted at 10.3 cal ka, we could theoretically expect a residual subsidence of 250 m in the central part of the system, and half of that (125 m) in the outlet zone of the Hrossaborg and Buðardalur surging tongues. This simple but certainly overestimated approach allows imaging of the potential extent of subglacial lakes or aquifers (Fig. 13) which are retained below the residual thinned flat ice-sheet (slope ca 4%, subglacial volcano excepted), and adapted from the subglacial topography described by [START_REF] Björnsson | The Glacier of Iceland, Translation of "Jöklar á Íslandi[END_REF]. Due to the speed of the rebound (ca 25 -40 mm yr-1 from the present-day values) imposed by the fracturated substratum (Höskuldsson et al. 2006;[START_REF] Breton | Post-glacial rebound of Iceland during the Holocene[END_REF], this isostatic rebound had very little chance of strongly modifying the geometry of the meltwater catchment areas for the brief interval (10 2 yrs) considered, but the isostatic subsidence was certainly resorbed after 1 ka, as in the "9.3 cal ka" deglaciation.

Volcanic activity, jökulhlaups and unloading

Glacial unloading could directly influence the activity of volcanoes by adiabatic crustal melting [START_REF] Eksinchol | Rate of melt ascent beneath Iceland from the magmatic response to deglaciation[END_REF]. The Grἰmsvötn and Bárðarbunga Volcanoes were partly merging from the ice sheet since 18 cal ka and mostly from 11.8 cal ka (Van Vliet-Lanoë et al, 2019). With the ongoing rapid warming from 11.8 cal ka (Fig. 3), the glacial unloading of the western Vatnajökull allowed the supply in magma in the deep subcrustal reservoirs of the NVZ and EVZ (Hartley and Thordarson, 2013). This supply fed first the Grἰmsvötn and Bárðarbunga reservoirs (see tephra record, Table 1).

The Askja Volcano is presumed deglaciated around 10.3 cal ka only [START_REF] Hjartarson | The Skagafjörður unconformity, north Iceland, and its geological history[END_REF]Hartley and Thordarson, 2013), but it was fully emerged from 11.4 cal ka. The PB Tephra was followed several smaller eruptions (Fig. 10; See Supplement Fig. 4), before the major Askja S. The Saksunarvatn Tephra (10.24 -10.12 cal ka) has a more complex story.

The potential triggering effect on eruptions of small unloading events, such as water discharge from a lake and ice thickness variations, has been demonstrated when the underlying magma chamber is close to failure conditions comparable to the static stress change induced by earthquakes (1-10 kPa; [START_REF] Albino | Influence of surface load variations on eruption likelihood: application to two Icelandic subglacial volcanoes, Grímsvötn and Katla[END_REF]. Today, ice loss reaches 6 m yr -1 for the Vatnajökull (http://Vedur.is). The climatic unloading reaches 60 kPa after 100 years of warming, with a potential effect on the upper reservoir of the Grímsvötn Volcano.

Thermal analysis at the Kverkfjöll Volcano has indicated that a jökulhlaup must have taken place a few days after the initial subglacial lava emplacement (Höskuldsson et al. 2006). Maximal ice melting rates of the order of 10 3 m s -1 have been indicated. The magma must have reached water content close to saturation at emission allowing the onset of a phreatomagmatic eruption after lake drainage (Höskuldsson et al. 2006). It also lowered the melting temperature of magma and the spreading of extensive lava flows [START_REF] Wylie | Instability of magma flow from volatile-dependant viscosity[END_REF], as observed immediately after deglaciation. This interpretation suggests that jökulhlaups reactivate eruptions by lowering the pressure on the magma chamber (Höskuldsson et al. 2006;[START_REF] Albino | Influence of surface load variations on eruption likelihood: application to two Icelandic subglacial volcanoes, Grímsvötn and Katla[END_REF].

The expected succession for deglacial events are thus: 1) subglacial eruption; 2) lake formations; 3) jökulhlaup and iceberg discharge, or possible glacial surge; and 4) phreatomagmatic ash emission. This succession could occur rather rapidly, within a few weeks, or be recurrent as a part of the 10-year cycle for Grímsvötn volcanic activity and is most likely for summer events, especially if the perturbation is within a range of 7 kms from the centre of the reservoir [START_REF] Albino | Influence of surface load variations on eruption likelihood: application to two Icelandic subglacial volcanoes, Grímsvötn and Katla[END_REF]. Climatic glacial unloading, at present values, seems to be enough to induce a first eruption of the upper reservoir.

Climatic melt control and jökulhlaups

Jökulhlaups have been recorded from the Alleröd cooling (ACE Fig. 3), even during brief events in the Younger Dryas, especially in the NE of the isle, commonly starved in precipitation. The onset of warming would have raised the water level in subglacial lakes, favouring surges (e.g. [START_REF] Russell | Glacier surging as a control on the development of proglacial, fluvial landforms and deposits, Skeidararsandur, Iceland[END_REF]). From 10.25 cal ka BP, warming was significant, producing temperatures similar to those of today (see § 3.1). Restoration of the Irminger Current favoured a rise in precipitation. Rapid ice melting could have been driven by intense late-summer rainfall, causing the thinning of large ice-sheet at low altitudes [START_REF] Doyle | Amplified melt and flow of the Greenland ice sheet driven by late-summer cyclonic rainfall[END_REF]. Surface melt-lakes represent today ca. 1 km 3 of the decaying part of the Greenland ice-sheet [START_REF] Fitzpatrick | A decade (2002-2012) of supraglacial lake volume estimates across Russell Glacier, West Greenland[END_REF]. The depression below the Brúarjökull outlet glacier (Brúarjökull Lake; Fig. 16) is the largest, but with an "impermeable" bedrock. This glacier surged first.

Traces indicate that surging certainly issued from the west of the Brúarjökull in both of the latter events, the "10.3" and "9.3 cal ka" ones. The surge responsible for the Hrossaborg Advance ("10.3 cal ka") clearly dammed from the north the depression south of the Vaðalda and Askja Volcanoes. This explains the Dingjuvatn Dunes and the splay of dark tephra on the western flank and in the crater of Vaðalda, to 200 m above the valley floor, emitted by ca 10.1 and/or 9.9 cal ka eruption of the Bárðarbunga. The Kreppa Advance ("9.3 cal ka") mostly dammed the Jökulsá á Fjöllum, and was probably responsible for the high flood described by [START_REF] Alho | Estimating the inundation area of a massive, hypothetical jökulhlaup from northwest Vatnajökull, Iceland[END_REF]. Both flood series (c. 10.1-9.9 cal ka and < 9.3 cal ka) were initially linked to ice-damming. Today, most outlet glaciers in Iceland are thin, plastic and temperate-based surging glaciers (Bjornsson, 2017). These could be more susceptible to recurrent overpressure compared to the colder surging glaciers (Ben and Evans, 2010) that existed in Northern Iceland during the Preboreal and that probably needed higher overpressures to breach a permafrosted dam.

As the '10.3 cal ka' events seem to have been rather synchronous with the Askja, Grímsvötn and Bárðarbunga eruptions, a supplementary melt is expected from the splay of ash on the surface of the glaciers. A lowering of surface albedo could have further increased the melting efficiency by 60% [START_REF] Vogfjörd | Forecasting and monitoring a subglacial eruption in Iceland[END_REF][START_REF] Möller | MODIS-derived albedo changes of Vatnajökull (Iceland) due to tephra deposition from the 2004 Grímsvötn eruption[END_REF]. The low albedo measured in 2005 is related to the 2004 Grímsvötn eruption [START_REF] Möller | MODIS-derived albedo changes of Vatnajökull (Iceland) due to tephra deposition from the 2004 Grímsvötn eruption[END_REF]) that was immediately followed by a jökulhlaup [START_REF] Vogfjörd | Forecasting and monitoring a subglacial eruption in Iceland[END_REF]. This is also valid for the Gjálp eruption in 1996 [START_REF] Guðmundsson | Icevolcano interaction of the 1996 Gjálp subglacial eruption, Vatnajökull, Iceland[END_REF][START_REF] Björnsson | Hydrological characteristics of the drainage system beneath a surging glacier[END_REF][START_REF] Russell | An ice-contact rhythmite (turbidite) succession deposited during the November 1996 catastrophic outburst flood (jökulhlaup), Skeiðarárjökull, Iceland[END_REF]. Insolation has been rising since 10.29 cal ka, to a high between 10.20 cal ka and 10.05 cal ka, with a maximum value of ‰ δ 14 C at 10.13 cal ka [START_REF] Stuiver | High-precision radiocarbon age calibration for terrestrial and marine samples[END_REF]; Fig. 2), enhancing ice sheet collapse. Intervals of positive mass balance for the glaciers have conversely lowered the volume and frequency of recent jökulhlaups [START_REF] Guðmundsson | Changes in jökulhlaup sizes in Grímsvötn, Vatnajökull, Iceland, 1934-91, deduced from in-situ measurements of subglacial lake volume[END_REF]. It thus seems that the first large eruption took place subsynchronously with the breakage of the ice-dams north of the Vaðalda, at ca. 10.2 cal ka, in agreement with ice-core dating. The Bárðarbunga Tephra, observed at the base of the Svartárkot Tephra sequence, probably fit the ca 10.45 cal ka event (Guðmundóttir et al. 2016), or possibly another event closer to 10.25 cal ka, masked by the volume of Saksunarvatn Ash. In the following years, insolation rose to a maximum, and melting was enhanced by the first large ash splay. Local eruptions blasted from Grímsvötn with the discharge of the caldera lake, with a frequency close to the usual 60-year cycle during the century to 10.12 cal ka, thus filling the subglacial lakes.

The complex history of the Saksunarvatn event and associated jökulhlaups

Phase 1 -Glacial rupture and lake drainage ca. 10.3 cal ka: the aerial Vaðalda Lake (Fig. 10) was icedammed by the surge of the Bruarjökull (Kreppa advance, to 200 m water depth) and fed by climatic melt. But it is too far from both the Grímsvötn and Bárðarbunga Craters to have influenced the reservoirs mechanically. Subglacial lakes as the Brúarjökull Lake or aquifers, also climate-fed, have expanded probably to the edges of the Grímsvötn caldera. An initial breaching or lifting of the permafrosted glacier margin down from the Vaðalda Lake, followed by the drainage of subglacial lakes / aquifers may have been associated with unloading and the first volcanic event, close to the cold Erdalen Events -"10.3 cal ka"in relation to the shallowest magmatic chamber. The other possibility also exists: with this subglacial eruption, the input of warm water would have increased suddenly as today [START_REF] Snorrason | The jökulhlaup in Skeiðarärsandur in the fall of 1996-extent of inundation, discharge and sediment transport)[END_REF][START_REF] Björnsson | Hydrological characteristics of the drainage system beneath a surging glacier[END_REF]Russel et al. 2002), the subglacial water pressure, allowing hydraulic fracturing, buoyancy and subsequent ice-dam rupture.

Phase 2 -Main volcanic activity ca. 10.25 cal ka: Based on the sizes of the Brúarjökull and Vaðalda Lakes, it is plausible that the deepest reservoir at Grímsvötn could have been triggered by this forced drainage, promoting the main phreatomagmatic ash eruption, the main Saksunarvatn event and the Skeidarar jökulhlaup [START_REF] Lacasse | Volcanogenic sedimentation in the Iceland Basin: influence of subaerial and subglacial eruptions[END_REF]. Massive basaltic ash deposition occurred during the diminution of the flood, and on all the slackwater deposits along the upper Jökulsá á Fjöllum Valley.

The drainage of the caldera to the south (via the Tungnaá River) probably occurred with a second eruption, as similar to the occurrence of the delayed triggering of the Bárðarbunga eruption (at 10.15 cal ka). Several high floods thus emerged during the ca 10.24 -10.15 cal ka period in the whole Jökulsá Rivers of the Vatnajökull. Furthermore, these events seem to have had a limited erosional capability, probably due to low-angled slopes and the persistence of permafrost, particularly during the Preboreal.

Phase 3 -The Bárðarbunga and Grímsvötn late response, 10.15-9.9 cal ka: The 10.15 cal ka eruption of the Bárðarbunga Volcano occurred in a similar way to that at Grímsvötn (10.25 cal ka)by the disturbance of deep magmatic reservoirs. This interpretation probably also fits the ongoing deglaciation between the volcano and the western Tungafells outlet glacier, allowing massive storage in the natural-aerial Hágöngulὀn and Vonarskarð Lakes (Fig. 13), resulting in flood escapes through the Vonarskarð Lake to Skjálfandi. Icebergs were apparently included in the jökulhlaup deposits, along with ash-rich deposits from the slack waters. The major jökulhlaup at 9.9 cal ka had already occurred by the onset of the next cooling, due to insolation, and is recorded in the Þjórsá Valley on the Akbraut 90 m terrace (last superficial event; Figs 1,10), at Hὀlssandur (Kvensodull dunes) and at Dingjuvatn (close to the Askja), as also in surface the Krákárbotnar palaeofan (Bárðarbunga source).

Hypothetical mega-jökulhlaups

The two potential mega-jökulhlaups were those (1) responsible for the limited Varghóll surge (South, ca. 11.5 cal ka) and the Hnausar surge and bursting (Jökulsá á Fjöllum; ca. 11.5 cal ka) and (2) the "Hὀlssandur hydraulic dunes" event (Jökulsá á Fjöllum, Barðardalur, Þjorsá Rivers; ca 10.1-9.9 cal ka). These were of the rupture type, with a permafrost infiltrated terminal moraine.

Volcanic melt-induced floodwaters were likely rapidly transmitted down via fractures nets in the ice and the bedrock, with peak flooding lasting only for a few days [START_REF] Björnsson | Hydrological characteristics of the drainage system beneath a surging glacier[END_REF]. In the case of the climatic-melt-and-ice-rupture type, the lake discharge increased slowly to reach peak flow. Such floods are cold, dense and progressive [START_REF] Snorrason | The jökulhlaup in Skeiðarärsandur in the fall of 1996-extent of inundation, discharge and sediment transport)[END_REF][START_REF] Flowers | New insights into the subglacial and periglacial hydrology of Vatnajökull, Iceland, from a distributed physical model[END_REF] in connection with climate warming. They probably took a much longer time to diminish, due to the more diffused geometry of the path of subglacial water migration. If a diffuse aquifer was formed, constrained by permafrost, the duration of the drainage might have been several weeks, limiting the size of the maximal outburst.

Evidence for large prehistoric peak discharges of 0.2 -1.0 10 6 m 3 s -1 in the Jökulsá á Fjöllum Valley has been presented by [START_REF] Saemundsson | Straumraðkajar klappir ı´ kringum Asbyrgi[END_REF], [START_REF] Tómasson | Hamfarahlaup i Jökulsá a Fjöllum[END_REF]Tómasson ( , 2002) ) and [START_REF] Waitt | Flood and Megaflood Processes and Deposits: Recent and Ancient Examples[END_REF], among others. For the upper valley, Alho et al. (2005) and [START_REF] Carrivick | Discussion of field evidence and hydraulic modelling of a large Holocene jökulhlaup at Jökulsá á Fjöllum channel, Iceland' by Douglas Howard[END_REF] estimated a maximal discharge of up to 0.9 10 6 m 3 s -1 along the entire Jökulsá á Fjöllum for the "9.3 cal ka" events. At the level of Hrossaborg, we obtained a peak discharge of 0.71 10 6 m 3 s -1 to erode its top (50 m water depth) by using the flood-affected transverse profile of the valleys and the same flow speed (Alho et al. 2005: 2.0 m s -1 ). Modeling by [START_REF] Gylfadóttir | Hermun jökulhlaupa í Jökulsá á Fjöllum með GeoClaw[END_REF] estimated a flood discharge of 0.1 10 6 m 3 s -1 , for a flood level at the footh of the Hrossaborg. At the level of Hólssandur (Kvensodull, 10.1 -9.9 cal ka events), we obtained a peak discharge of 1.65 10 6 m 3 s -1 with the present-day morphology, and 1.08 10 6 m 3 s -1 , assuming an infilled canyon to 200 masl (Hὀlmatungur-Vestudalur terrace). At Ásbyrgi, [START_REF] Waitt | Flood and Megaflood Processes and Deposits: Recent and Ancient Examples[END_REF] estimated it to be 0.7 10 6 m 3 s -1 . Our observations give a similar value for an infilled canyon.

The Preboreal jökulhlaups in Iceland were not much bigger than the others, or for the Jökulsá Rivers, not largely exceeding a maximal volume of 1 10 6 m 3 s -1 . This implies a limited significance for climate-driven meltwater storage in subglacial aquifers and lakes, and their specific drainage contributions, as also stressed for the recent warming [START_REF] Flowers | New insights into the subglacial and periglacial hydrology of Vatnajökull, Iceland, from a distributed physical model[END_REF]. Since the volume of the Bárðarbunga caldera is 3.6 10 6 m 3 , the emptying of this basin is not sufficient to provide such a discharge for hours, but it obviously contributed to flood peaking. The volume of climate-driven meltwater has in turn impacted the loading / unloading of magmatic chambers to trigger eruptions, controlling the maximal discharge of floods obviously much less than do volcanogenic events. All volcanic / climatic combinations are possible, but during deglacial times, the duration of flood events was probably very long, of the order of a few months following the season. For these reasons, they seem less efficient as a bedrock erosion agent than commonly published. This is not true for soft sedimentary infillings.

The canyons incisions for the different outlets of the Vatanjökull result apparently from recurrent periods of activity throughout the Quaternary. This is shown by the preservation of the very old and/or last interglacial sediments close to the valleys bottoms. The excavation of the successive unconsolidated glacial infills, perhaps reached several times the basement during the early Holocene.

The Bárðardalur sedimentary infilling was fully re-excavated before the Svartarvatn advance (ca 9.3 cal ka). The Jökulsá á Fjöllum valley already was deeply excavated prior to the re-infilling by the Preboreal advance (ca 11.3 cal ka); the last re-excavation started with the ca 9.9 cal ka event, as probably also in the Bárðardalur. It corresponds to the largest splayed jökulhlaups in connection to the ca 9.9 cal ka major eruption of the Bárðarbunga Volcano [START_REF] Guðmundsdóttir | A new high-resolution Holocene tephra stratigraphy in eastern Iceland: Improving the Icelandic and North Atlantic tephrochronology[END_REF]) and perhaps the emptying of the whole caldera: a profond channel scours the northern side of the caldera [START_REF] Björnsson | The Glacier of Iceland, Translation of "Jöklar á Íslandi[END_REF]. The 3 He dating provided by [START_REF] Baynes | Erosion during extreme flood events dominates Holocene canyon evolution in northeast Iceland[END_REF] of the surface exposure of the terraces from the "9.9 cal ka" event represents the clearance by steps of the Jökulsá á Fjöllum valley. This erosion within the canyon is more efficient to incise the basement due to constricted floods.

Generalisation

The expected succession for deglacial events is not the systematic rule. A subglacial major eruption is rarely immediately followed by the formation of a large lake, a surging in form of jökulhlaup or glacial surge and a final emission of phreatomagmatic ash. Some steps are often missing or delayed in time.

The Preboreal megafloods revealed in Iceland that climate-driven flood events from ice-cap internal storage are generaly long, with relatively limited discharges, but potentially large volumes. This can be compared to dam breakage as for the Missoula Lake (Wait, 1985) or for the Proglacial Lake in Altai [START_REF] Rudoy | Sedimentary effects of cataclysmic late Pleistocene glacial outburst flooding, Altay Mountains, Siberia[END_REF]. The piking of the flood discharge occurs as well with dam breakage as with subglacial eruption. Surging of glaciers is frequent today as in Preboreal times. These floods are generally associated with major deglaciation events, excepted when the subglacial volcanic activity is raised by a major glacio-isostatic unloading. Wide water lateral-splay are most probably linked to permafrost persistence in the valley and do not necessarily imply larger flood volumes.

The canyons incision are for a major part an inheritage of quaternary glaciations.This morphology is commonly recycled with recurrent glaciations, following the same flow lines. It has been also demonstrated for the ice-dammed Missoula Lake [START_REF] Waitt | Case for periodic, colossal jökulhlaups from Pleistocene glacial Lake Missoula[END_REF][START_REF] Clague | Paleomagnetic and tephra evidence for tens of Missoula floods in southern Washington[END_REF]. The erosion capability of megafloods have been exaggerated, even more efficient in constricted conditions.The youngest incision in glacigenic environment proceeds by clearance of the successive glacial pulse accompanying the deglaciation under control of the glacio-isostatic rebound. Only the full interglacial flows will incise efficiently the bedrock.

Conclusions

Deglaciation events are almost synchronic in Iceland with the surrounding north Atlantic regions, as far the accuracy of the dating may allow correlations; they are under control of the Irminger Sea Current.

The Preboreal jökulhlaups in Iceland fully correlate with both the deglaciation events and the subglacial volcanic activity. This succession, initially triggered by climate change, and responsible for superficial melting and volcanic activity, led to cascading retroactive events. The succession occurred at least twice close to 11.5 -11.3 cal ka and around 10.3 to 10.1 -9.9 cal ka. Minor events existed during the Alleröd / Younger Dryas, and also probably occurred in association with the "9.3 cal ka" deglaciation, with an already restricted ice-cap mass. These Preboreal jökulhlaups were not much larger than the others, and never largely exceeded a flood of 1 10 6 m 3 s -1 . They splayed on partially frozen ground with a limited incision capability, often driven to the East by the Coriolis forces. Ongoing glacial rebound to 10.3 cal ka temporarily lowered the slopes of the valleys, limiting the clearance and incision of the canyons. The Saksunarvatn Tephra mostly marked the end of the main phase of deglaciation, at 10.3 -9.9 cal ka, in relation to the temperature rise to the thermal optimum. It also signaled the onset of interglacial activity for the Barðarbungá and Grímsvötn Volcanoes. These close interrelations between climate and volcanic activity for generating jökulhlaups of long duration during major deglaciations events can be easily applied to other volcanic englaciated regions such as Western Antarctica, Alaska or Oregon. [START_REF] Kaldal | Early Holocene deglaciation in central Iceland[END_REF] and recent geological maps [START_REF] Saemundsson | Geological Map of the Northern Volcanic Zone, Iceland[END_REF][START_REF] Sigurgeirsson | Geological Map of the Northern Volcanic Zone, Iceland[END_REF], complemented by new photographic and/or field observations, tephrostratigraphy and correlations explained in the text. (Stuiver and Braziunas, 1988). Entire Saksunarvatn Tephra record from the literature shown in grey. B) Regional mean temperatures from the NGRIP δ 18 O isotope curve [START_REF] Ngrip Members | High-resolution record of Northern Hemisphere climate extending into the last interglacial period[END_REF]. For tephra sources, see Table 1; SAKSrange of the Saksunarvatn event. 
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Figure 1 :

 1 Figure 1: A) Early Holocene jökulhlaup trajectories mapped with field observations and photographic interpretation. B) Cartographic illustration of the deglaciation history of Iceland, based on

Figure 2

 2 Figure 2 Map of the maximal extent (Early Holocene) of floods in A) the Skjálfandafljót and B) the Jökulsá á Fjöllum Rivers. Light blue corresponds to the mapped largest flood extent, probably

Figure 3 :

 3 Figure 3: Chronology of the recorded tephra and potential floods in relation to climate, 8-15 ka BP: potential impact of deglaciation induced by climate warming. Arrowspotential jökulhlaup events; SKA -Skjálfandafljöt River; JF -Jökulsá á Fjöllum River; SDJ -Skeiðararjökull Glacier, BRU: Jökulsá á Brú A) Warming potentially linked to solar activity, derived from δ 14 C (Stuiver and Braziunas,

  Tephra from Grἰmsvötn Volcano in black; Bárðarbunga Volcano in red; tephra from Askja Volcano in white, other rhyolitic tephra in yellow. The position of glacial advances are shown in blue. PBE-Preboreal cooling event; AL-Alleröd; ACE-Alleröd cooling event; BCE-Bölling cooling event.

Figure 4 :

 4 Figure 4: map of the largest floods and morainic arc (partly eroded) preserved in the lower Jökulsá á Fjöllum.

Figure 5 .

 5 Figure 5. Hnausar.(images from Google Earth [GE]). A) Deglaciation paleolake. B) Glacial surge (11.2 cal ka). C) Piercing by jökulhlaup. D) Tephrostratigraphic record.

Figure 6 :

 6 Figure 6: Evidence of jökulhlaups in the Hὀlssandur Plateau at 380 m (images GE). A) Large, flat lozenge-shaped hydraulic dune at Kvensöðull. B) Details of the dunes, showing evidence of surface megaripples, and terrace levels from the end of the flood. C) Evidence south of A of a residual terminal moraine and cinder cones, to the west, both eroded by floods, Note s, eroded by floods.

Figure 7 :

 7 Figure 7: Evidence of terminal moraines on the Jökulsá á Fjöllum and Þjórsá-Tungnaá Rivers. North is upwards. A) Relict of a terminal moraine, SW of the Hrossaborg, eroded by floodsthe

Figure 8 :

 8 Figure 8: Paths of the early Holocene jökulhlaup in the Skalfandafljót, Fnjoskadalur and Eyafjörður.Notice the location of disrupted glacial tongue that hypothetically (?) also reached the lower Skalfandafljót, but have been now eroded.

Figure 9 :

 9 Figure 9: Ljósavatn and Halslón records. A-B) Ljósavatn pitted moraine. Evidence of jökulhlaup deposits, with iceberg kettle hole in juxtaglacial position The final infilling reworks an Askja tephra much older than the Askja S (Askja PB), Stórutjarnaskóli Quarry. B) Loess section above the Preboreal tillite; the Askja PB is involved with the loadcatsing in the grey loess. C-D-E: Upper Hálslón Lake record. C) Deglacial braided sandur, reworking the Askja E Tephra; D) Twinned Saksunarvatn Tephra deposits in juxtaglacial position, deformed by late, but limited, glaciotectonics. E) Undeformed Saksunarvatn Tephra, buried by jökulhlaup deposits and loess in a lateral valley (Van Vliet-Lanoë et al. 2010).

Figure 10 :

 10 Figure 10: Composite record of main sections, with reference to the main sources of tephra. JLjökulhlaup deposits, Gltillite. Iceberg scours at Varghóll and iceberg thermokarst at Ljὀsavatn. Classic thermokast (kettle hole) at Palmholt. Sections are located on figures 2-4-9-10.

Figure 11 :

 11 Figure 11: A, B) Detail of the N moraine of the Eyjabakkajökull Glacier (images LmIs), the thick white arrow indicate 1890 stacked "push" moraines following Schomaker et al. 2014). C) Potential evidence of stacked, permafrosted moraines (Hólssandur). D) Stacked, permafrosted moraine, Usherbreen Glacier, Svalbard (image courtesy of J.O. Hagen).

Figure 12 :

 12 Figure 12: The South-West A) Esker at Búðarháls, eroded by a jökulhlaup. B-D) Varghóll section, with terminal ridges (thick arrows on C; images LmIs), iceberg scours (B) incising a basaltic tephra deposit containing Vedde Ash pellets (stars), and a tillite stacking pattern (D).

Figure 13 :

 13 Figure 13: Routes (black) of the early jökulhlaups in relation to the Holocene glacial advances (10.3 ka white, 9.3 kayellow). Potential subglacial lake / aquifers extents are shown in blue, related to a 125 m and 250 m residual glacio-isostatic subsidence. Black stippled linepresent-day glaciers, white stippled line -10.3 cal ka glaciers
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Table 1 :

 1 Chronology of the significant eruptions of Grímsvötn, Bárðarbunga, Askja, Katla and Krafla volcanoes from Late Glacial to 8.2 cal ka.

Table 2 :

 2 Geochemical analysis of the tephra (ICPMS AES and * microprobe average; Microprobe on Supplement table 1)
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