N

N

New evidence of glacier advances during Lateglacial
Interstadial deciphered from facies evolution in
proglacial lacustrine basins of the Maurienne Valley,
French Alps.

Thibault Roattino, Jean-Francois Buoncristiani, Christian Crouzet, Riccardo

Vassallo

» To cite this version:

Thibault Roattino, Jean-Francois Buoncristiani, Christian Crouzet, Riccardo Vassallo. New evidence
of glacier advances during Lateglacial Interstadial deciphered from facies evolution in proglacial lacus-
trine basins of the Maurienne Valley, French Alps.. Quaternary Science Advances, 2024, 16, pp.100242.
10.1016/j.qsa.2024.100242 . hal-04753961

HAL Id: hal-04753961
https://u-bourgogne.hal.science/hal-04753961v1
Submitted on 28 Oct 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://u-bourgogne.hal.science/hal-04753961v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Quaternary Science Advances 16 (2024) 100242

.
Contents lists available at ScienceDirect
QUATERNARY SCIENCE

ADVANCES

Quaternary Science Advances

journal homepage: www.sciencedirect.com/journal/quaternary-science-advances

ELSEVIER

New evidence of glacier advances during Lateglacial Interstadial
deciphered from facies evolution in proglacial lacustrine basins of the
Maurienne Valley, French Alps

Thibault Roattino ™, Jean-Francois Buoncristiani ”, Christian Crouzet”, Riccardo Vassallo *

@ Univ. Savoie Mont Blanc, Univ. Grenoble Alpes, CNRS, IRD, Univ. Gustave Eiffel, ISTerre, 73000, Chambéry, France
b Biogéosciences, UMR/CNRS 6282, Université de Bourgogne, 6 Bd Gabriel, 21000, Dijon, France

ARTICLE INFO ABSTRACT

Keywords: Sedimentological analysis of glaciolacustrine deposit in the French Alps provides an opportunity to elucidate
AlPS. poorly understood glacier fluctuations during the Lateglacial Interstadial. This study focuses on two proglacial
Glacier lacustrine basins in the Maurienne Valley, Le Verney and Lanslebourg, recording sediment deposition during the
Sedimentology

Lateglacial. Sedimentological and soft sediment deformation analyses were conducted on these glaciolacustrine
sedimentary deposits to constrain the dynamic of the Arc glacier. At Le Verney, the sedimentary succession
records the deposition of a proglacial subaquatic fan under supercritical conditions, transitioning to a Gilbert
delta-type sedimentation, indicating glacier retreat. Fluid overpressure, shear deformations, and compressional
stresses found within Gilbert delta-type sediment marks a subsequent glacier advance. In the Lanslebourg basin,
sedimentary deposits display supercritical and subcritical conditions, separated by deposition under a hydraulic
jump characteristic of ice contact delta. In this area, glacier advance is recorded by a more proximal condition
toward the top of the sedimentary succession, along with a transition to a subglacial condition. These findings
reveal glacier advances during the Bglling-Allergd Interstadial, providing the first evidence of glacier re-advances
in the French northern Alps during this warming period. This result highlights the complex interactions between

Proglacial lake
Bglling-Allergd Interstadial

local climate, glacier dynamics, and topography.

1. Introduction

On the scale of millennial to centennial climatic cycles, the advances
and retreats of mountain glaciers can serve as a proxy for continental
paleoclimatic reconstructions (Kerschner and Ivy-Ochs, 2008; Davis
et al., 2009; Mackintosh et al., 2017). However, the response of glaciers
to century-scale climatic fluctuations does not always result in the for-
mation of distinct glacial morphologies. Furthermore, the inherent un-
certainties in the dating techniques employed to determine the ages of
these morphologies (e.g., cosmogenic radionuclides exposure ages)
often exceed the duration of these transient events (Braumann et al.,
2022).

Lateglacial warming is punctuated by cold events on millennial to
pluricentennial climatic scales, as evidenced by the isotope stratigraphy
of synchronized Greenland ice core records (Rasmussen et al., 2014).
Two millennia-long cold events have been identified in Greenland ice
cores, the Oldest Dryas (GS-2.1a: 17.5-14.6 ka b2k) and the Younger
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Dryas (GS-1: 12.9-11.7 ka b2k) characterized by an abrupt decrease of
the temperature (Alley et al., 1993; Denton et al., 2010; Rasmussen
et al., 2014). The Bglling-Allergd Interstadial (GI-1: 14.6-12.9 ka b2k)
represents the most prominent warm event during the last deglaciation
in the Northern hemisphere (Hoek, 2009). Its existence was initially
inferred from flora assemblage that was reconstructed by the analysis of
pollen and plant remains in Denmark (Hartz and Milthers, 1901; Iversen,
1942, 1954); deep lake ostracods oxygen isotope in Ammersee (Von
Grafenstein et al., 1999). Lateglacial timing of events correlation (Brauer
et al., 2000b; Van Raden et al., 2013) show that the Bglling-Allergd
began with an abrupt warming period interrupted by
pluricentennial-long cold events: the Older Dryas (GI-1d: 13,908-14,
044 b2Kk) and the intra-Allergd cold events (GI-1b: 12,989-13,274 b2k).

The Younger Dryas glacier readvance in the Alps was extensively
documented through the dating of moraines in various locations
including Austria (Kerschner, 1980; Ivy-Ochs et al., 2006, 2009; Moran
et al., 2016), Italy (Ivy-Ochs et al., 2008; Federici et al., 2008, 2017;
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Baroni et al., 2014, 2017; Reitner et al., 2016; Spagnolo and Ribolini,
2019), Switzerland (Ivy-Ochs et al., 2009; Boxleitner et al., 2019), and
France (Jaillet and Ballandras, 1999; Darnault et al., 2011; Cossart et al.,
2012; Chenet et al., 2016; Protin et al., 2019).

While some results argue that the onset of warming during the
Bglling-Allergd Interstadial triggered a phase of glacier recession in the
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Alps, possibly resulting in significantly smaller glacier extents compared
to the Younger Dryas period (Ivy-Ochs et al., 2023), others present ev-
idence suggesting contrary viewpoints. For instance, in the Tatra
Mountains, moraines have been dated to 13.4 & 0.5 ka with 10ge (Engel
et al., 2017). Similarly, in the Central Pyrenees, specifically in the Ruda
Valley, glaciers underwent two distinct phases of advance or stillstand,
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Fig. 1. (A) Map of the French Alps showing the altitude (DEM ALOS World 3D - 30m AW3D30) of the regions in the study area (colored according to altitude) with
the main location used in this study, mainly the Arc valley and the Doron valley. The Maurienne valley corresponds to the path of the Arc river and extends over more
than 120 km. The red dashed line box shows the location of the topographic river profile shown in Fig. 2 (B) Quaternary geological and geomorphological map of the
Le Verney basin. (C) Quaternary geological and geomorphological map of the Lanslebourg basin. (For interpretation of the references to color in this figure legend,

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



T. Roattino et al.

resulting in moraine formation at 13.5 and 13.0 ka (Fernandes et al.,
2022). Moreover, indirectly dated degraded moraines in Austria
(Ivy-Ochs, 2015) and exposure dating on glacial boulders in Italy (Serra
et al.,, 2022) provide corroborative evidence indicating that glaciers
might have been larger during the Older Dryas and the Intra-Allergd
Cold Event.

However, recording climatic variations on a puricentennial scale
during the Bglling-Allergd in terrestrial alpine glacial moraine deposits
remains highly challenging. Rapid glacial advances during this period
may not necessarily result in moraines formation (Rowan et al., 2022),
or these deposits may undergo erosion due to multiple glacier advances
(Gibbons et al., 1984). An alternative approach could involve examining
of the sedimentology and deformation processes from proglacial de-
posits (Ashley, 1995; Lang et al., 2021 and references therein), which
provides valuable insights into past climatic variations. Through this
approach, it becomes possible to reconstruct glacial dynamics that are
not recorded in glacial geomorphologies. This approach has been widely
employed across various contexts, facilitating the reconstruction of
glacial dynamics for Pleistocene glaciations in Canada (Tracy and
Brennand, 2000), Norway (Lonne et al., 2001), Alaska (Bennett et al.,
2002), and Iceland (Ravier et al., 2015).

After the Last Glacial Maximum (LGM; 26.5-19 ka; Clark et al.,
2009), the glaciers in the Western French Alps retreated from the fore-
land (Roattino et al., 2022) and withdrew into the alpine valleys. In this
study, our focus is on the Maurienne Valley, which was occupied by the
Arc glacier (Kilian and Révil, 1917; Hugonin, 1988) during the Late-
glacial period (19.0-11.7 ka b2k; Rasmussen et al., 2014). In this area,
two proglacial lacustrine basins are outcropping in Le Verney and
Lanslebourg (Kilian and Révil, 1917; Hugonin, 1988; Debelmas, 1989;
Fudral et al., 1994; Marnézy, 1999; Champagnac et al., 2006). In these
deposits, sedimentological, stratigraphical and deformational criteria
are used to interpret the glacier dynamics. The objective of these ana-
lyses is to provide new insights into the glacier dynamics during the
Lateglacial period in the French Alps.

2. Geological and chronological setting
2.1. Geological setting

The study area is located in the French Alps (Fig. 1A) in the Mauri-
enne Valley where the Arc river flows. The studied outcrops are located
in two quarries near Le Verney and Lanslebourg (Fig. 1A). The sediments
studied at Le Verney and Lanslebourg provide evidence of the sedi-
mentary infilling of two proglacial lakes resulting from glacial erosion.

Geological bedrock in the study area is located at the junction of the
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brianconnaise and piemontaise alpine units. The first one is mainly
composed of Triassic quartzite and carbonates. The second one consists
of the “Schistes lustrés” which are metamorphosed under blueschist
facies and have experienced ductile deformation. A thick layer of
evaporites underlines the contact between the two major units (Fudral,
1998).

The first glaciolacustrine deposit is located at Le Verney and corre-
sponds, based on its position, to a former proglacial lake developed at
the front of a glacier resulting from the confluence of the Arc glacier and
the Doron glacier (Hugonin, 1988). The bedrock of Le Verney basin is
composed of Triassic dolomite and evaporites (Debelmas, 1989). A
glacial knickpoints composed by Triassic quartzite, dolomite and schists,
at an altitude of ~1250 m, is at the origin of proglacial lake allowing
deposition of deltaic sediments in the Le Verney basin (Hugonin, 1988).
This basin exhibits an elongated shape about 5 km long for 400-600 m
width. It is oriented NE-SW at an altitude varying from 1200 to 1270 m
asl. At Le Verney, the proglacial deposits are overlain by fluvial alluvium
deposits with a flat topography. This terrace is at the same elevation as
the glacial knickpoints. Le Verney basin includes also alluvial fans and
gravity deposits (Debelmas, 1989). In this area, the Arc River has incised
proglacial and post-deltaic deposits (Fig. 1B) (Hugonin, 1988).

The second proglacial lake is located in the Lanslebourg basin
(Fig. 1C), upstream from Le Verney, and is thought to result from a
glacial advance of the Arc glacier (Hugonin, 1988). Its substratum is
composed by Mesozoic schists (Fudral et al., 1994). At Solliere, fluvial or
glaciofluvial deposits are overlain by a diamicton. The lacking of
ophiolites and orthogneiss in these glacial sediments indicates that they
were transported by the Doron glacier rather than the Arc glacier
(Hugonin, 1988). The Sollieres outcrop demonstrates that the Doron
glacier serve as a glacial dam located between Le Verney and Lansle-
bourg basin (Fig. 1A). This glacial dam leads to the formation of the
Lanslebourg paleolake, which was fed by meltwater from the Arc glacier
and allowing deposition of proglacial sediments (Hugonin, 1988). The
Lanslebourg basin forms an elongated shape of 7 km long and 100-500
m width, oriented E-W at an altitude varying from 1350 to 1450 m asl.
The deltaic and fine lacustrine sediments are overlain by alluvial de-
posits, interpreted either as being formed in glaciolacustrine or fluvio-
glacial environments (Fudral et al., 1994; Marnézy, 1999) or as a part of
alluvial fan deposit (Hugonin, 1988) associated with subhorizontal
topography. This terrace is situated at 1415 m asl, approximately 15-20
m higher than the elevation of the glacial knickpoints. This observation
further supports the hypothesis of a glacial dam. Subsequently, all these
deposits are then incised by the Arc river (Fig. 1A) (Hugonin, 1988).
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Fig. 2. Topographic river profile of the Maurienne Valley displaying the location of the Lateglacial deposits and the supposed bedrock topography (Hugonin, 1988;
Crouzet et al., 1999). Geomorphological features such as glacial knickpoints and moraine are represented. Dated °Be cosmogenic boulders at Montsapey, Aussois
and Bessans (Nicoud et al., 2009; Prud homme et al., 2020) and their respective glacier paleoprofiles are also shown. Position of the profile is given in Fig. 1A.
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2.2. Chronological setting

The chronology of glaciolacustrine deposits in the upper Maurienne
Valley, between Le Verney and Lanslebourg, may be constrained using
cosmogenic age data (*°Be) obtained from erratic boulders. These °Be
exposure ages are given in Prud’homme et al. (2020) from boulders at
Montsapey and Aussois and in Nicoud et al. (2009) from boulders
sampled at Bessans (Fig. 2). Sample ages from these studies will be used
throughout the present paper. Exposure ages have been recalculated and
harmonized using the updated parameters for production rates in the
Cosmic Ray Exposure Program (CREP, univ-lorraine.fr) (Martin et al.,
2017). We used the scaled production rate based on the Chironico
landslide production rate calibration (4.16 + 0.10 at/g/yr; Claude et al.,
2014) with the production rate scaling scheme of LSD model (Lifton
et al., 2014). 1°Be ages in this valley are associated with two types of
landforms: glacial polished surfaces and erratic boulders. Erratic boul-
ders were sampled throughout all dated sites which is not the case for
glacial polished surfaces. Moreover, several studies showed that ages
determined on erratic boulders are generally more reliable because they
are less sensitive to the effect of temporal burial by sediments or snow
(Briner et al., 2005; Heyman et al., 2011, 2016). For these reasons, and
in order to have a set of a homogeneous type of samples at sites located
downstream and upstream the study area, we therefore chose to use only
the ages on erratic boulders. Ages for sites with multiple boulders
(Aussois, Bessans) have been obtained by calculating a weighted mean
of samples exposure ages with an error-weighted uncertainty. All sites
show evidence of good preservation of landforms from denudation and
degradation since the glacial retreat. All boulders are characterized by a
different lithology with respect to the underlying or surrounding
bedrock, evidence of a significant glacial transport.

At Montsapey (Fig. 2), the only available boulder is located at 1005
m asl, in the vicinity of a polished bedrock surface on a flatter zone along
the hillslope (Prud’homme et al., 2020). It yields a re-calculated expo-
sure age of 14.9 + 1.8 ka.

At Aussois (Fig. 2), three boulders are located close to each other at
1470 m asl above a large glacial polished surface, indicating a simul-
taneous abandonment by the glacier (Prud’homme et al., 2020). They
are dated respectively at 14.25 + 0.64 ka, 15.10 4+ 1.03 ka, and 13.86 +
0.75 ka. The weighted mean yields an exposure age for Aussois site of
14.27 + 0.44 ka.

At Bessans (Fig. 2), four boulders are located on a well-preserved
frontal morainic ridge at 1740 m asl (Nicoud et al., 2009). This
moraine indicates a glacial advance following a retreat phase. Conse-
quently, the dating of these boulders, unlike that of previous sites, is
associated with a glacier advance. Recalculated exposure ages for these
boulders are 13.67 + 1.00 ka, 12.20 &+ 0.56 ka, 12.37 4 1.03 ka, and
13.23 + 0.64 ka. The weighted mean yields an exposure age for Bessans
moraine at 12.75 + 0.36 ka, corresponding to the Younger Dryas.

Following Prud’homme et al. (2020), all these ages should be
considered as maximum ones because of potential inherited 10Be con-
centrations. However, both chrono-stratigraphical coherence along the
valley and low scattering at each site are compatible with a simple
exposure history for these boulders. We therefore consider that these
exposure ages cannot exceed significantly the real abandonment ages
and may be used to date the deglaciation in upper Maurienne Valley.

Using !°Be cosmogenic age data from Bessans and Aussois, the
chronology of the glaciolacustrine deposits at Le Verney and Lansle-
bourg can be constrained. Geomorphological and stratigraphic analysis
shows that these two lacustrine deposits form terraces built during the
last deglaciation in the upper Maurienne Valley (Fig. 2). These two
lacustrine deposits are not associated with any moraine. The
morphology of the valley, showing two glacial knickpoints in this sector
(Fig. 2), has favored the development of proglacial lacustrine systems
rather than moraine formation, leading to the deposition of glaciola-
custrine deposits. Based on deglaciation °Be cosmogenic dating con-
ducted in the upper Maurienne valley, we infer that the formation of
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these glaciolacustrine systems occurred after 14.3 ka (Older Dryas) and
before 12.8 ka (Younger Dryas).

3. Sedimentology, stratigraphy, and deformations
3.1. Le Verney

3.1.1. Sedimentary facies description and interpretation

The sedimentary sequence at Le Verney quarry comprises 5 sedi-
mentary facies that can be grouped into three main facies associations
(FA) based on their grain size, sedimentary structures, and geometries.
Table 1 summarizes the key characteristics of each sedimentary facies
and facies association. The stacking pattern of the facies associations is
depicted in a panoramic photograph of the quarry (Fig. 3). Detailed
sedimentary facies geometries are observable in a section 1 (Fig. 4) and
log section (Fig. 5). The facies codes used in this study are derived from
the classification system proposed by Miall in (1978) and (1996).

Gravels and pebbles with sandy lenses (Gem). This facies is
composed of very poorly sorted polygenic gravels and pebbles, often
imbricated, with a matrix ranging in size from coarse sand to granules
(see Fig. 5B-a). This deposit is characterized by sub-horizontal beds,
1-2 m thick, which can either be massive or display normal grading and
sometimes terminate in levels of coarse sand. The coarse sand levels are
structured with cross-lamination from climbing ripples. The facies is
underlain by sub-horizontal, erosive basal boundaries (see Figs. 4 and
5).

Interpretation. The deposition of this facies is attributed to hyper-
concentrated flows (Mulder and Alexander, 2001) and the presence of
sandy levels indicates deposition during the energy dissipation phase of
the current (Miall, 1983). The climbing ripples observed are believed to
result from high sedimentation during the loss of transport capacity of a
turbidity current (Ashley et al., 1982; Jopling and Walker, 1968; Mulder
and Alexander, 2001).

Gravels and pebbles planar parallel stratified (Gp). This facies
consists of poorly sorted polygenic gravels and pebbles showing planar
parallel stratification and imbricated clasts. Bed dip is approximately
15° downstream, bed thickness ranging from 20 to 80 cm (Fig. 4).
Massive beds with matrix are present, displaying either inverse or
normal grading (Fig. 5B-c). These beds contain large floating clasts
(50-100 cm in length) which are aligned parallel to the stratification
(Fig. 4). Beds with normal or inverse grading frequently terminate in
sandy levels a few tens of centimeters thick. Locally, the sedimentary
structures display gravel to granule-sized scour and fill features, with
sandy matrix and some clast-supported beds (Fig. 5B-b).

Interpretation. The presence of oblique planar parallel stratification
and beds with normal to inverse grading suggests that sediment trans-
port was gravity-controlled on the slope of a delta (Postma and
Cruickshank, 1988; Nemec, 1990). Massive or matrix-supported beds
with floating clasts are indicative of debris flow deposition
(Shanmugam, 2000), while sandy levels suggest deposition during en-
ergy dissipation of concentrated or turbidity currents (Mulder and
Alexander, 2001). The filling of trough structures by cross-stratification
is consistent with deposition by 2D dune migration (Allen, 1982). The
presence of clast supported beds with matrix-supported levels suggests
that sand and gravel were separated by hydraulic processes (Carling,
1990), likely associated with a high-energy turbulent current (Allen,
1982; Carling and Glaister, 1987).

Massive gravels and pebbles (Gmg). This facies forms lenses
10-100 cm thick and approximately 10 m wide of massive poorly sorted
polygenic gravels and pebbles with a matrix composed of fine sand. The
grading is normal and weakly marked (Fig. 5B—d).

Interpretation. Massive, poorly sorted gravels and pebbles with
sandy matrix are the result of a deposition by frictional freezing mech-
anism resulting from grain-to-grain interaction. Such processes corre-
spond to a deposition by hyperconcentrated flows. The insignificant
suspension fall-out generates normal and weakly marked grading
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Table 1
Description of sedimentary facies, and main facies associations (FA) of Le Verney quarry.
FA Lithofacies Description Geometry/ Bed Interpretation
Beds contacts thickness
FA.1  GmgMassive gravels poorly sorted gravel and pebbles with a sandy matrix, Lenticular/ 0.5-1m Deposition from hyperconcentrated flows.
and pebbles. displaying normal or weak grading. Erosive
SsSinusoidal stratified =~ Moderately sorted sinusoidally stratified sand (A = 1-2 Lenticular/ 0.2t0 0.1 Stationary or upstream migrating antidune
sand with backsets. m) with low angle backset filling troughs. Large striated  Erosive m aggradation.
clasts.
FA.2  GpGravels and Polygenic blocks, gravels, and pebbles with a sandy Sheet-like/ 0.8 to 0.4 Foreset deposits from debris flows,
pebbles planar matrix and parallel planar stratification. Bed dip Sharp m hyperconcentrated flows, turbidity currents, and 2D
parallel stratified. downstream at 15°. Massive or inversely/normally dune migration.
graded beds terminating in a sandy layer. Presence of
troughs filled with cross-stratified matrix or clast
supported gravel and pebbles.
ScrFine to medium Cross-laminated fine to medium sands indicated climbing ~ Sheet-like/ 0.05 to Downstream migration of current ripples under a
sand cross-laminated. ripple of type A (A = 8-10 cm) and B (A = 5-8 cm). Sharp 0.0l m turbidity current losing its transport capacity.
Presence of normal grading silt-clay layers capped by Dropstone indicate a proglacial lacustrine
convolutes. Dropstones present. environment.
FA.3  GemGravels and Subhorizontal beds of polygenic gravels and pebbles with ~ Sheet-like/ 2tolm Deposit from hyperconcentrated flows, followed by a
pebbles with sandy coarse sand and granules matrix. Massive or normally Erosive phase of flow energy dissipation.
lenses graded beds terminating in a sandy layer.

Carbonate E

A3

FA.l FA.2 FA.
Downstream (Gmg, Ss) (Gp, Scr)  (Gem)

Major unconformable

bedrock
Upstream

contacts T Fold axis

Fig. 3. (A) A panoramic photography of Le Verney quarry and localization of the interpreted section. Le Verney quarry section is described and interpreted in Fig. 4
(B) Sketch of the three facies associations (FA1, FA2 and FA3) of Le Verney quarry. The flat topography at the top of the quarry is at 1250 m asl.

(Mulder and Alexander, 2001).

Fine to medium sand cross-laminated (Scr). This facies consists of
lenticular units that are 6-8 m long and 20 cm to 3 m thick, composed of
well sorted fine to medium sand with cross-lamination (Fig. 4). Some
basal contacts are erosive. Scr facies shows type A climbing ripples, with
wavelengths of 8-10 cm and 2-3 cm in amplitude. Sinusoidal lamina-
tions corresponding to climbing ripples of type B are also present, with
wavelengths between 5 and 8 cm and heights of 1-2 cm (Fig. 5B-f), as
defined by Jopling and Walker (1968). Scr facies is interbedded with
normally graded beds that are 5-15 cm thick, composed of fine sand or
silt with parallel lamination at the base, and massive or
parallel-laminated silty-clay levels with convolutions at the top
(Fig. 5B-e). Isolated pebbles are visible in this facies (Fig. 5B-f). Scr
sedimentary structures indicate paleocurrents variable in direction to-
wards the southwest or southeast.

Interpretation. The cross-lamination observed in this facies is small-
scale and indicative of deposition by 3D ripples under a subcritical
current. The presence of climbing ripples suggests sedimentation from a
current with a decreasing transport capacity. Thus, type A climbing

ripples are formed when the rate of aggradation is lower than the
migration rate (Jopling and Walker, 1968; Ashley et al., 1982).
Conversely, type B climbing ripples are produced by a higher rate of
aggradation compared to the migration rate (Jopling and Walker, 1968;
Ashley et al., 1982; Allen, 1973; Fielding, 2006). These structures are
the result of a low-density turbidity current (Ashley, 1995; Mulder and
Alexander, 2001). The significant thickness of these ripples and climbing
ripples units suggests that relatively long-duration turbidity currents are
responsible for their deposition (Mulder and Alexander, 2001). Erosion
surfaces are interpreted as channels that accommodated the turbidity
currents. Normal grading beds are the result from of deposition during
the dissipation of the energy of a low-density turbidity current (Mulder
and Alexander, 2001). Isolated pebbles are dropstones that have fallen
through a water column, likely resulting from iceberg melting.
Sinusoidal stratified sand with backsets (Ss): This described
facies is located directly above the carbonate substratum. The gran-
ulometry consist of fine sand to granules moderately sorted. Sedimen-
tary structures are mainly represented by sinusoidal stratification with
wavelengths ranging from 1 to 2 m and an amplitude of 5-30 cm. In
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Carbonate
bedrock
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Sedimentary facies

FA.2

—— Major erosional contacts
—— Minor erosional contacts

Fig. 4. Interpreted section 1 and photographs of deformation structures at the Le Verney quarry: (A) Photography of the section and localization of photographs a, b
and c. (B) Sketch of the sedimentary facies associations and sedimentological log localization. (C) Photographs of the deformations. (a) Gp facies displaying reverse
faults associated with antiforms and synforms. (b) Compression wedges of Scr under Gp facies. (c) Overturned southwestward vergence fold above Scr facies intrusion
displaying thin per ascensum dyke. (d) Focus on the Scr facies intrusion with a better exposed fluid escape feature and per ascensum dyke.
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== Climbing ripples _ A\ Normal [Grme] [Gem|
Sinusoidal laminations / Inverse

Fig. 5. (A) Sedimentary log of Le Verney quarry. (B) Photographs of the sedimentary facies of Le Verney quarry. (a) Normal grading bed of Gem facies. (b) Trough fill
by cross-stratified gravel find on Gp facies. (¢) Normal and inverse graded beds and sandy layers of Gp facies. (d) Gmg facies interbedded with Ss and Scr facies. (e)
Sand and silt normal graded beds of Scr facies. (f) Sand cross-laminated of facies Scr with some isolated pebbles (D). (g) Sinusoidal stratified sand with backsets of
facies Ss on carbonated bedrock and overlaid by Gmg facies. (h) Striated pebble in the facies Ss. Log location is given in Fig. 4.
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addition, there are also low-angle backsets beds filling troughs that are
1-2 m long, with some erosive basal contacts (Fig. 5B-g). This facies also
contains striated clasts ranging from gravel to pebble (Fig. 5B-h). These
clasts are aligned parallel to the stratification or occur as isolated clasts.

Interpretation: The sinusoidal stratification observed in this facies
is the result of stationary antidunes aggradation under a supercritical
flow, permitting the preservation of stoss and lee faces of the
morphology (Cheel, 1990; Brennand, 1994; Russell and Arnott, 2003;
Ito and Saito, 2006; Duller et al., 2008; Ito, 2010). Erosive contacts
suggest that aggradation was not continuous (Duller et al., 2008). The
low-angle backsets indicate deposition on the stoss side of
counter-migrating antidunes (Kennedy, 1963; Alexander et al., 2001;
Cartigny et al., 2014). The presence of coarse beds reflect deposition
during high-energy conditions (Lee et al., 2015). Finally, isolated stri-
ated pebbles observed in this facies are believed to originate from the
melting of debris-rich iceberg basal ice.

3.1.2. Deformations structures within facies

Description. In the Scr and Gp sedimentary facies, deformation
structures include dykes, fluid escapes, fault and folds (Fig. 4). Scr is
injected into the Gp facies in the northeast of the outcrop where it can
form 5-10 m high intrusions (Fig. 4B). Scr is sometimes injected south-
westward into Gp displaying a compressional wedge morphology
approximately 1 m in length and 30 cm in thickness (Fig. 4C-b). The
intrusions also contain millimetric to centimetric fluid escape features
and per ascensum dykes (Fig. 4B—c and Fig. 4B-d).

Gp sedimentary facies displays reverse faults that are linked to
antiforms and synforms with fold axes dipping at an angle of 60-70°
towards the NE. These features are predominantly exposed on the NE-
SW oriented sections of the quarry. The faults have a dip of at approx-
imately 45° and are oriented towards the northeast (Fig. 3 and Fig. 4C-
a). To the northeast of the outcrop, the Gp facies, located above the Scr
intrusions, displays overturned folds with a south-westward vergence
and located above the Scr intrusions (Fig. 4C-c).

Interpretations. The intrusion of the Scr facies into the Gp facies is
related to a difference in density and viscosity between the two sedi-
ments (Hindmarsh and Rijsdik, 2000). Fluid overpressure resulting from
overload by ice generates expansion and a decrease in density of the
underlying sediment (Boulton and Caban, 1995). In the case of a sandy
sediment charged with water and low viscosity, this decrease in density
can generate a sandy intrusion into an overlying sediment of higher
density (Owen, 2003; Rijsdijk et al., 2010). Fluid escape features on Scr
indicate expulsion of water contained in the porosity of a sediment. In
subglacial environments, fluid escape result from pressurization of
water during a glacial advance or overload due to the mass of ice (Denis
et al., 2009). The per ascensum dykes on Scr come from a glacitectonic
hydrofractures under low ice overburden pressure allowing upwards
release of overpressurized meltwater (Boulton et al., 1993; Boulton and
Caban, 1995). Wedges occur during simple shear, allowing a sediment to
inject into another overlying deposit. These structures result from glacial
advances creating shear conditions. The north-eastward dip of the
wedge indicates a glacial advance downstream (Rijsdijk et al., 2010).

The antiforms and synforms associated with the reverse faults evi-
denced in the Gp facies indicate ductile deformation associated with
compressive stress (Denis et al., 2009). Orientation of the fold axis of Gp
suggests NE-SW oriented compressive stress. The overturned folds are a
result of ductile deformation in a sediment containing pressurized water.
These folds are located above sandy intrusions, indicating that the up-
ward vertical movement causing the intrusions is also responsible for the
development of the folds. The south-westward vergence of the over-
turned folds implies the application of a stress (McCarroll and Rijsdijk,
2003) from the northeast associated with the glacier’s advance.

3.1.3. Facies organization and depositional environment
Facies Association 1 (FA1): Subaquatic proglacial fan deposits.
The FA 1 (Table 1 and Fig. 3) forms a lens-shaped set deposit of about 5
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m in apparent length. The individual contained facies are also lens-
shaped. FA1 association (Fig. 5) comprises sinusoidally stratified sand
with backsets (Ss) and massive gravels and pebbles (Gmg). Sinusoidal
stratified sand with backsets (Ss) was observed directly overlying the
carbonate substrate, forming a lens 4-5 m in length. Ss is locally covered
by a lens of massive gravels and pebbles (Gmg) (Fig. 5).

Interpretation: The Ss facies is related to stationary antidunes under
a supercritical flow deposit directly on the bedrock, and the presence of
striated pebbles in FA1 indicates a very subaquatic proximal proglacial
environment. Antidunes can occur in subaquatic proglacial lacustrine
environments at the outlet of a subglacial tunnel (Tracy and Brennand,
2000). The Gmg facies is associated with hyper-concentrated flows that
are likely to develop in subaquatic proglacial fan which is fed by
high-energy currents exiting a subglacial tunnel (Russell and Arnott,
2003; Hornung et al., 2007).

Facies Association 2 (FA2): Glaciolacustrine deltaic deposits.
The FA 2 (Table 1 and Fig. 3) consists of a unit extending approximately
200 m in length and maximum thickness of about 25 m. FA2 association
(Fig. 5) display at the base, fine to medium sand cross-laminated (Scr)
forms lenses of 5-10 m in length, resting on the subaquatic proglacial fan
deposits (FA1). The fine to medium sand cross-laminated (Scr) is over-
lain by gravels and pebbles planar parallel stratified (Gp). Gravels and
pebbles planar parallel stratified (Gp) are observed to locally rest on
sandy lenses (FA2) along an erosive contact (Fig. 5), though at the base
of these lenses is occasionally not visible.

Interpretation. The Scr facies indicates a transition to a lacustrine
environment, as suggested by the presence of dropstones within the
facies (Fig. 5B-f). It also indicates the presence of turbidity events,
which can result in the formation of small lobes, leading to the observed
variability of the observed paleocurrents (Wisemann et al., 2009). Sandy
turbidites deposits are common in prodeltaic facies. They are generated
by relatively stable hyperpycnal currents over time, fed by river inputs
(Mulder and Alexander, 2001; Wisemann et al., 2009; Gruszka and
Zielinski, 2021). The inclination of the parallel planar stratification of
Gp indicates a foreset facies in a deltaic environment. Specifically, the
steep slope of the foresets at 15° is typical of Gilbert deltas (Gruszka and
Zielinski, 2021). For this type of delta, the deposition is gravitational,
and sediment transport is the result of debris flows or turbidity currents
(Gruszka and Zielinski, 2021), recorded by the Gp facies. Fillings of
trough structures correspond to localized channel fillings on a delta
slope (Bornhold and Prior, 2009; Nemec, 1990).

Facies Association 3 (FA3): Fluvial or fluvioglacial deposit. The
FA 3 (Table 1 and Fig. 3) forms a sub-horizontal layer of approximately
200 m long and 3-4 m in thickness. FA3 association (Fig. 5) is composed
of gravels and pebbles with sandy lenses (Gem) that follow an erosive
contact with the FA 2. The top of this facies association corresponds to a
flat and subhorizontal surface (Fig. 3).

Interpretation. The Gem facies is composed of polygenic elements
(Hugonin, 1988) and indicates a fluvial or fluvioglacial deposit mainly
resulting from high-energy currents that formed sub-horizontal layers
(Ethridge and Wescott, 1984; Rohais et al., 2008). FA 3 represents a
fluvial or fluvioglacial event that occurred after the deposition of FA 2.
Furthermore, the absence of deformations in FA3 suggests that it is also
posterior to the glacier advance.

3.2. Lanslebourg

3.2.1. Sedimentary facies description and interpretation

The sedimentological and stratigraphic succession in the main
outcrop of Lanslebourg is composed of 7 sedimentary facies, each
defined on its grain size, sedimentary structures, and geometries. The
outcrop is a subvertical unstable 45 m high cliff (Fig. 6). These sedi-
mentary facies have been grouped into two facies associations (FA)
representing depositional environments. The main characteristics of
each sedimentary facies and the facies composition of the facies asso-
ciations are summarized in Table 2, illustrated in a panoramic
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Fig. 6. (A) An old panoramic photograph of the Lanslebourg quarry from Hugonin (1988), and localization of the interpreted section. Lanslebourg quarry Section is
described and interpreted in Fig. 7 (B) Organization of the two facies associations of the Lanslebourg quarry. U.1: Unit 1; U.2: Unit 2; U.3: Unit 3. The top of the FA.2

is located at an altitude of 1415 m.

Table 2
Classification of sedimentary facies and facies associations (FA) of Lanslebourg quarry.
FA Lithofacies Description Geometry/ Bed Interpretation
Beds contacts thickness
FA.1  GpPlanar and trough Gravel and pebbles with matrix of coarse sand and Lenticular/ 1.2t00.2 Deposition by migration of 2D and 3D dunes under
cross-stratified gravel granules. Gravel and pebbles show a trough cross- Erosive m high-energy subcritical flows under a high rate of
and pebbles. stratification with sigmoidal and tangential foreset, sedimentary aggradation during hydraulic jump.
cross-beds dip at 15-30°.
GdPoorly sorted gravel — Gravels and pebbles with sandy and clayey matrix Sheet-like/ 3tolm Deposition after transport by hyperconcentrated
and pebble. displaying poorly bedded to massive strata. The grading  Sharp flows.
is not visible.
GhPlanar-stratified Gravels with low-angle cross-stratification Sheet-like/ 2tolm Downstream migrating antidunes and undertow
gravel. (approximately 3°) and gently upstream dipping plane Sharp progradation on stoss side of large-scale
stratification. Normal grading beds composed of a basal morphologies formed in a supercritical flow.
clast supported layer passing upwards to poorly sorted
levels containing a coarse sand matrix, sometimes
terminate upward by sandy layer couplet.
SdDiffusely graded Medium sand and gravel diffusely graded with some Sheet-like/ 1t00.5m Migration of stable antidunes during hydraulic
sand. beds of massive sand. Troughs filled with planar to Sharp jump.
convex upwards and upstream divergent backsets cross
stratification This facies contains sandy intraclasts.
SsSinusoidal stratified Sand and gravelly sand showing sinusoidal stratification ~ Sheet-like/ 1.5t0 0.2 Deposition by stationary aggrading antidunes
sand (A = 4-8 m). The sinusoidal stratification transitionstoa  Sharp m under a stable supercritical flow.
concave-up and divergent stratification upstream.
ScrCross-laminated Medium sand cross-laminated forming by climbing Sheet-like/ 0.01-0.02 Deposition under subcritical conditions with a high
sand ripples of type A (A = 5-6 m) and climbing sand and clay =~ Sharp m sedimentation rate. Dropstone indicates a
ripples of type B (A = 4-5 cm) with dropstones. proglacial lacustrine environment.
FA.2  GmmMatrix-supported Matrix-supported diamicton with sandy to clayey Sheet-like/ 3-6m Deposition by glacigenic processes (subglacial till).
massive gravel. matrix. Polygenic clast from gravel to boulders, Erosive

frequently facetted, polished and striated.

photograph of the Lanslebourg quarry (Fig. 6) and can be more precisely
observed in section 1 (Fig. 7) and log section (Fig. 8). The facies codes
used in this study are derived from the classification system proposed by
Miall (1978), (1996) and from Russell & Arnott (2003).
Cross-laminated sand (Scr). This facies forms units of 2-4 m thick

(Fig. 7B). It predominantly comprises well sorted medium sand exhib-
iting cross-lamination. Within the Scr facies, climbing ripples of type A,
5-6 cm long and 1-2 cm high, and climbing sand and clay ripples of type
B, 4-5 cm long and 1 cm high are observed (Fig. 8B-i) as defined by
Jopling and Walker (1968). Some dropstones are visible within this
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Fig. 7. Interpreted section 1 of the Lanslebourg quarry (A) Photography of section. (B) Sketch of sedimentary facies arrangement and sedimentological log

localization.

facies (Fig. 8B-i).

Interpretation. Small-scale cross-lamination indicates deposition
resulting from the migration of sand waves under a subcritical current.
The occurrence of climbing ripples indicates a high sedimentation rate
caused by a current with a decreasing transport capacity. Type A
climbing ripples are formed when aggradation rate is lower than the
migration rate, while type B climbing ripples are produced when the
aggradation rate exceeds the migration rate (Jopling and Walker, 1968;
Ashley et al., 1982). Relatively thick cross-laminated sand deposits are
commonly observed in glaciolacustrine environments (Jopling and
Walker, 1968; Rust and Romanelli, 1975; Gorrell and Shaw, 1991).
Finally, the presence of dropstones corresponds to sediments released
during iceberg melting in proglacial lake.

Planar-stratified gravels (Gh). This facies consists of beds that can
extend several tens of meters in length and have a thickness ranging

10

from 1 to 2 m (Fig. 7B). It primarily consists of poorly sorted gravels
exhibiting very low-angle cross-stratification at approximately 3°. The
lower contacts of beds are irregular and can form large scours. Locally,
Gh shows a gently upstream dipping plane stratification passing
downstream to the low-angle cross-stratification (Fig. 7B). The gravels
form thin layers, few decimeter-thick, with normal grading beds
composed of a basal clast supported layer of 2-6 cm thick, transitioning
upwards to poorly sorted levels 6-20 cm thick and containing a coarse
sand matrix (Fig. 8B-e). These beds are sometimes capped by sandy
layers couplet.

Interpretation: The presence of couplets of sandy layers and clasts
supported beds suggests deposition under supercritical flow conditions
(Collinson and Thompson, 1989; Carling, 1990; Blair, 2000). The
low-angle cross-stratification results from deposition related to antidune
migration (Brennand, 1994; Blair, 2000; Russell and Arnott, 2003;
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Fig. 8. (A) Sedimentary log of the Lanslebourg quarry. (B) Photography of the sedimentary facies of the Lanslebourg quarry. (a) Gmm facies with large boulders. (b)
Striated pebble on Gmm facies. (c¢) Gd facies. (d) Through cross bedded and sigmoidal foresets of Gp facies. (e) Sinusoidal, concave-up upstream divergent strati-
fication and massive beds of Ss facies interbedded by Gh facies. (f) Diffusely graded sand and gravel of Sd facies. (g) Example of sandy intraclasts find on Sd facies. (h)
Normal grading sequences with clast and matrix supported layers of Gh facies. (i) Cross-laminated sand of Scr facies with silty laminae and dropstones. Log location is
given in Fig. 7.
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Duller et al., 2008; Lang and Winsemann, 2013; Froude et al., 2017). The
absence of backsets indicates significant downstream migration of the
antidunes (Ito, 2010; Cartigny et al., 2014; Fedele et al., 2016; Lang
et al., 2017a, 2017b). The upstream dipping plane stratification
observed is characteristic of underflow progradation on stoss side of
large-scale morphologies formed by a supercritical flow. Further
downstream, the low-angle cross-stratification results from the pro-
gradation on the lee side of the antidunes (MacDonald et al., 2009; Lang
and Winsemann, 2013).

Diffusely graded sand (Sd). This facies consists of beds ranging
from 10 to 30 m in apparent length and with a thickness of 0.5-1 m,
displaying sub-horizontal stratification. The basal boundaries of the
sequences can either be flat or form irregular troughs, which are sub-
sequently filled with backsets. These backsets are planar to convex up-
wards and diverge in an upstream direction (Fig. 7). Sd is predominantly
composed of poorly sorted medium sand and gravels diffusely graded,
with occasional beds of well-sorted massive sand (Fig. 8B—f). Addition-
ally, this facies contains sandy intraclasts measuring 20-30 cm in length
(Fig. 8B-g).

Interpretation. The diffuse grading observed in the sandy fill and
the presence of beds of massive sand suggest rapid deposition from a
sediment-laden current (Russell and Arnott, 2003). The units filling the
trough structures come from erosion and deposition by hydraulic jumps
(Alexander et al., 2001; Fielding, 2006; Lang and Winsemann, 2013;
Cartigny et al., 2014). The upward convex geometry of backsets, along
with the sub-horizontal stratification, indicate deposition occurring
during the migration of stable antidunes (Alexander et al., 2001;
Fielding, 2006; Duller et al., 2008; Lang and Winsemann, 2013; Cartigny
et al., 2014). The presence of sandy intraclasts can be attributed to
erosion followed by rapid deposition of sandy beds associated with a
hydraulic jump (Gorrell and Shaw, 1991; Brennand, 1994; Russell and
Knudsen, 1999).

Sinusoidal stratified sand (Ss). This facies forms a unit with an
apparent length of 20 m and a maximum visible thickness of 7 m. The
lower contacts exhibit either planar or erosive morphologies (Fig. 7B). Ss
facies primarily comprises well-sorted sand that transitions towards
moderately sorted gravelly sand, displaying sinusoidal stratification.
The wavelength of the sinusoidal stratification ranges between 4 and 8
m. As the stratification progresses upstream, it transitions to a concave-
up and divergent stratification. The amplitude of the sinusoidal strati-
fication decreases downstream and transforms into sub-horizontal
stratification (Fig. 8B-e).

Interpretation. The presence of sinusoidal stratification in this
facies suggest a deposition by stationary aggrading antidunes under a
relatively stable supercritical flow. Moreover, such stratification appears
during high sedimentation rates (Jopling and Walker, 1968; Allen, 1973;
Fielding, 2006). Such conditions allow for the preservation of the stoss
and lee sides of the antidunes (Cheel, 1990; Brennand, 1994; Russell and
Arnott, 2003; Ito and Saito, 2006; Duller et al., 2008; Ito, 2010). The
erosive boundaries indicate episodes of non-continuous aggradation
(Duller et al., 2008). Furthermore, the concave-up and divergent strat-
ification can be interpreted as deposition due to aggrading antidunes
(Lang and Winsemann, 2013).

Planar and trough cross-stratified gravels and pebbles (Gp). This
facies forms extensive sheets layers 100 m long and ranging from 5 to 8
m in thickness (Fig. 7B). Gp facies consist of poorly sorted gravels and
pebbles in a matrix of coarse sand and granules. Gravels and pebbles
show a trough cross-stratification with sigmoidal and tangential fore-
sets, cross-beds dip at 15-30°. Normally graded cross-beds are some-
times visible (Fig. 8B—d). Irregular scours ranging from 20 to 30 m long
and 1 m thick are visible on the sketch (Fig. 7B).

Interpretation. Planar and trough cross-stratification are formed
when sedimentary layers are deposited by migration of two and three-
dimensional subaqueous dunes respectively (Allen, 1984; Allen and
Homewood, 1984). Specifically, sigmoidal and tangential foreset indi-
cate a high rate of sedimentary aggradation during the transition from
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dunes to upper-stage plane beds, under high-energy subcritical flows
(Fielding, 2006). The presence of normally graded cross-beds suggests
gravity sorting by slipface avalanching (Russell and Arnott, 2003). The
numerous scours observed in the deposit indicate a scour and fill de-
posit. The high rate of sedimentation rate, occurrence of scour fill and
presence of high-energy subcritical flows are consistent with a deposi-
tion induced by hydraulic jump.

Poorly sorted gravels and pebbles (Gd). This facies comprises beds
that extend up to one hundred meters in length and have a thickness
ranging from 1 to 3 m. The lower boundaries of the beds are well-defined
and are sharp (Fig. 7B). Gd display weakly bedded strata or massive
strata composed of poorly sorted gravel and pebbles with a sandy and
clay matrix. It is composed of poorly bedded to massive strata of poorly
sorted gravels and pebbles with sandy and clayey matrix (Fig. 8B—c).

Interpretation. The presence of poorly sorted gravels and pebbles
with clayey and sandy matrix result from deposition after transport by
hyperconcentrated flows. These sedimentary characteristics indicate
turbulent transport and limited sorting of sediment particles. (Mulder
and Alexander, 2001).

Matrix-supported, massive gravels (Gmm). Gmm consist of matrix-
supported diamicton with sandy to clayey matrix. Clasts are polygenic
and their size vary from gravels to boulders, with the largest observed
boulder reaching 2 m long. Clasts are frequently facetted, polished and
striated (Fig. 8B-b). The base of the diamicton is constituted by a
boulder’s pavement over 20 m in extent (Fig. 8B-a).

Interpretation. Multimodal clast-size distribution and the facetted
and striated clasts indicate the formation of diamicton at the glacier bed.
The boulder pavement is associated with a till base or may result from a
subglacial erosion (Lesemann et al., 2010).

3.2.2. Facies organization and depositional environment

Facies association 1 (FA1l): Subaquatic proglacial fan. This FA
(Table 2 and Fig. 6) forms a sedimentary sequence of approximately 200
m long and 35 m in height. FA1 is characterized by the presence of three
units separated by unconformable and erosive contacts (Figs. 6 and 7).

Unit 1 is the more basal and measures 130 m long and has a thickness
between 3 and 10 m (Fig. 6). Large-scale sedimentary structures consist
of low angle tangential foreset bedding showing a dip toward the west.
The dip reaches a maximum of 22° westward and becomes progressively
subhorizontal westward. Unit 1 is characterized by a decrease in mean
grain size toward the west (i.e., downstream), transitioning from a
poorly sorted sandy gravel to well-sorted sand. Unit 1 (Fig. 8) is
composed of planar-stratified gravels (Gh), diffusely graded sand (Sd)
and cross-laminated sand (Scr). The lateral arrangement of these sedi-
mentary facies suggests a supercritical condition characterized by anti-
dune migration and hydraulic jump (Gh and Sd respectively)
transitioning to a subcritical condition with cross-ripple migration (Scr)
westward.

Unit 2 is 105 m long, with a thickness of 13 m (Fig. 6). Large-scale
sedimentary structures in this deposit exhibit a sigmoidal to tangential
foreset bedding at a dipping toward the west with a maximum angle of
24°. The foreset bedding downlaps unit 1 and becomes subhorizontal
westward. This deposit consists of coarser sediment than unit 1 and
displays an unconformable and erosive contact with the underlying unit.
A decrease in mean grain size is observed toward the west, passing from
gravel to sandy gravel. Unit 2 (Fig. 8) comprises planar-stratified gravels
(Gh), diffusely graded sand (Sd) and sinusoidal stratified sand (Ss). The
lateral arrangement of these facies indicates supercritical condition
characterized by antidune migration (Gh) developing into to a hydraulic
jump westward (Sd and Ss).

Unit 3 forms a sedimentary wedge that exhibits a decrease thickness
toward the west. The sedimentary wedge extends over a length of 200 m,
with a thickness ranging from 3 to 30 m (Fig. 6). The large-scale sedi-
mentary structures within the upper unit display a concave-down east-
ward-dipping bedding, reaching a maximum angle of 18°, which
gradually becomes sub-horizontal westward (i.e. downstream). The
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bedding onlaps unit 2 and the contact between them is uncomformable
and erosive. Unit 3 (Fig. 8) is characterized by coarse sediment
composed of gravel and pebbles. Within this unit, we observe planar-
stratified gravels (Gh), poorly sorted gravels and pebbles (Gd), as well
as planar and trough cross-stratified gravels and pebbles (Gp). The
lateral arrangement of these facies indicates a supercritical condition
with antidune migration and hyperconcentrated flow (Gh and Gd,
respectively), while a hydraulic jump is inferred in the downstream di-
rection (Gp).

Interpretation. The occurrence of dropstones in facies Sc implies a
glaciolacustrine environment. Deposits under a supercritical regime
were recorded by facies Gh, Sd, and Ss. These facies are associated with
deposits formed under a supercritical regime, which is a characteristic
feature of ice contact deltas (Brennand, 1994; Russell and Arnott, 2003;
Hornung et al., 2007; Russell et al., 2007; Leszczynska et al., 2017, 2018;
Lang et al., 2017b). This environment represents the glacial margin
where sediment inputs originate from glacial or subglacial conduits that
discharge into a proglacial lacustrine environment (Rust and Romanelli,
1975; Powell, 1990; Gorrell and Shaw, 1991; Lonne, 1995; Le Heron
et al., 2004; Hornung et al., 2007; Wisemann et al., 2009; Deschamps
etal., 2013; Aquino et al., 2016). When these meltwater flows encounter
stagnant water, they behave like jets, resulting in a sudden dissipation of
energy through turbulence (Bates, 1953; Launder and Rodi, 1983; Hoyal
et al.,, 2003). From proximal to distal zones relative to the glacial
margin, a transition is observed between a zone of flow establishment
(ZFE) and a zone of established flow (ZEF), separated by a transition
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zone (ZT) (Powell, 1990; Gorrell and Shaw, 1991; Russell and Arnott,
2003) (Fig. 9).

The ZFE, located in the most proximal region, display supercritical
conditions (Gorrell and Shaw, 1991; Russell and Arnott, 2003). Within
this zone (Fig. 9), the presence of hyperconcentrated flow (Gd) leads to
the deposition of poorly sorted gravel transitioning downstream to a
more diluted flow (Gh) characterized by the migration of gravel anti-
dunes (Russell and Arnott, 2003; Hornung et al., 2007).

Downstream, the ZT shows a hydraulic jump resulting from the rapid
deceleration of the current (Rajaratnam and Subramanyam, 1986;
Russell and Arnott, 2003). The deposits are characterized by a high rate
of aggradation, marked by facies with diffusely graded under a super-
critical regime (Gorrell and Shaw, 1991; Russell and Arnott, 2003).
Facies Sd and Ss provide evidence of these conditions. Episodically,
erosive contact in this zone, as recorded within facies Gp, Sd and Ss
indicate intermittent erosion caused by the migration of hydraulic
jumps. Under the ZT zone, facies Gp (Fig. 9) record a pulse of waning
flow that results in reworking of antidunes deposits by a subcritical flow,
leading to the deposition of dunes (Lang and Winsemann, 2013).

In the most distal part, the ZFE is characterized by the occurrence of
facies Scr (Fig. 9) which indicates low-energy conditions that allow
deposition of current ripples (Russell et al., 2007).

These lateral and vertical successions of deposits, derived from su-
percritical flow regimes, are interpreted as the result of temporal and
spatial variations in supercritical flows (Lang and Winsemann, 2013).
These variations are linked to the dynamic nature of the subglacial
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Glacier advance and subsequent erosion of most part of unit 1 and 2, progradation of unit 3 on unit 2. (d) Glacier advance on the ice contact delta deposit with
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proglacial fans, which exhibit high temporal and spatial instability
(Russell et al., 2007). Fluctuations in sediment load also control these
lateral and vertical successions (Lang and Winsemann, 2013).

From the base to the top of FAl, the facies progressively become
proximal to the glacier margin. Basal unit 1 comprises facies of ZT and
ZEF, while unit 2 consists of ZT and ZFE facies. Unit 3 includes ZT and
ZFE facies, with a very proximal Gd facies. Within each unit, numerous
interstratifications of Gp, Sd, and Ss facies are observed. These lateral
and vertical successions of deposits derived from supercritical flow re-
gimes are interpreted as resulting from temporal and spatial variations
in supercritical flows regime (Lang and Winsemann, 2013), linked to the
highly unstable nature in time and space of the subglacial proglacial jets
(Russell et al., 2007). Fluctuations in sediment load also control these
lateral and vertical successions (Lang and Winsemann, 2013).

Facies association 2 (FA2): Diamicton deposit. The FA 2 is located
in the upper part of the outcrop and forms a concave down layer that is
about 200 m long and 3-6 m thick (Table 2 and Fig. 6 and log Fig. 8).
This deposit is composed by matrix-supported, massive gravel (Gmm)
with poorly sorted sediment and forms an erosive contact with unit 3 of
the FA 1.

Interpretation. Diamicton was deposited at the glacier bed as evi-
denced by the facetted and striated clasts. The different striation
orientation indicates clast re-orientations and re-alignments during
subglacial transport (Hicock, 1991; Benn, 1995).

4. Discussion

4.1. Le Verney — Proglacial lacustrine sedimentation and subsequent
glacier advance

FA1l and FA2 facies associations described at Le Verney provides
evidence of a significant transition in a glaciolacustrine environment,
evolving from a highly proximal subaquatic proglacial fan to a progla-
cial Gilbert delta-type environment. This stratigraphic succession in
depositional environments reflects the retreat of the Arc glacier margin
on a proglacial lake.

The proglacial lacustrine facies at Le Verney show soft sediment
deformations indicative of fluid overpressure, shear deformations, and
compression stresses. Hydrofracturing occurs when the rapid advance of
a glacier exerts significant pressure on water-saturated sediments,
increasing pore water pressure and causing fractures. These sediment-
filled fractures are direct evidence of such overpressure events. Per
ascensum dykes, vertical intrusions of sediment through fractures, also
result from significant fluid overpressure. Their vertical orientation in-
dicates upward-directed stress consistent with glacial loading (Ravier,
2024) and reference’s therein). Deformations including shear and
compression structures, suggest the application of significant stress from
the advancing glacier (Phillips et al., 2008), compressing and deforming
the underlying sediments. Stratigraphic analysis places these de-
formations after the formation of Gilbert-type foresets (facies associa-
tion FA2), situating the glacial re-advance after deltaic deposition.
Hydrofractures and per ascensum dykes, indicating fracturing under low
ice thickness in marginal positions (Ravier et al., 2015), further support
the hypothesis of the Arc glacier’s re-advance. These features result from
fluid overpressure and the stresses exerted by the glacier, confirming the
re-advance over deltaic deposits at Le Verney.

The association of facies FA3 recording fluvial or fluvioglacial pro-
cesses demonstrates the final retreat phase of the Arc glacier in the Le
Verney region.

4.2. Lanslebourg — Proglacial lacustrine sedimentation during glacier
advance

In Lanslebourg, the facies association FA1 shows a transition of the
most proximal deposition processes, characterized by an upward in-
crease in grain size resulting from the downstream displacement of the
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subglacial jet (Fig. 9). These three units indicate a progressively more
proximal condition during deposition, each unit undergoing partial
erosion and subsequent progradation onto the previous one. This strat-
igraphic succession provides evidence of an advance of the glacier
margin. Unit 1 represents the earliest deposited unit, which was subse-
quently eroded by the advance of the Arc glacier margin, while unit 2
progrades over unit 1. The erosion caused by the glacier margin affected
both unit 1 and 2, with unit 3 subsequently prograding over unit 2. The
upstream dip of the layers has previously been interpreted as attributed
either to active tectonics or to the dissolution of gypsum at depth
(Hugonin, 1988). However, based on our new sedimentological model,
these hypotheses are no longer considered valid.

The facies association FA2 indicates a transition to a subglacial
environment suggesting the overriding of the ice contact fans by the
advancing of the Arc glacier (Fig. 9). The glacier advance is further
supported by the observation of small deformations in the upstream part
of the outcrop, now hidden by collapsed material. These deformations
have been interpreted as resulting from compression induced by the
glacier advance (Hugonin, 1988). The absence of abundant deformation
in facies association FA1 implies a decoupling between basal ice and the
impermeable till layer, indicative of a glacier-bed decoupling process
(Ingolfsson et al., 2015).

The sedimentary facies interpretation implies the occurrence of a
lake with a water level around 1410 m asl. This is approximately 15 m
above the elevation of the glacial knickpoints. On the field, there is no
evidence of the glacial knickpoints erosion or landslide. Therefore, this
lake can only be linked to the presence of a glacial dam by the Doron
glacier.

4.3. Implications of chronological data and sedimentological results for
the Arc glacier dynamics

In the Maurienne Valley, the initiation of the Bglling-Allergd Inter-
stadial is discerned by a recessionary phase of the Arc Glacier, as evi-
denced by 1°Be exposure ages obtained from erratic boulders dating at
14.27 + 0.44 ka at Aussois (Prud’homme et al., 2020). Subsequently,
the Bglling-Allergd is succeeded by an advance of the Arc Glacier, sup-
ported by 1%Be dating at 12.75 + 0.36 ka at Bessans corresponding to
Younger Dryas moraines (Nicoud et al., 2009).

Detailed sedimentological analyses conducted at Le Verney and
Lanslebourg sites reveal distinct records of the Arc and Doron glaciers
dynamic between 14.3 + 0.4 ka and 12.8 + 0.4 ka, aligning with the
Bglling-Allergd interstadial. Notably, no preserved morainic landforms
from these advances are discernible in the landscape. These observations
underscore the significance of intramontane glaciolacustrine basins in
precisely reconstructing the Maurienne Glacier’s deglaciation history.

According to the chronological data, it is plausible to assert that
lacustrine sedimentary deposits serve as proxies for stabilization stages
or readvances of the Arc and Doron glaciers during the Bglling-Allergd.
However, a more refined chronology would be necessary to document
second order glacial oscillations in these lacustrine records. Conse-
quently, we propose two hypotheses for the deglaciation in the upper
Maurienne Valley.

A first hypothesis regarding glacial dynamics during retreat suggests
that a simultaneous record was made through lacustrine sediment
deposition at Le Verney and Lanslebourg sites, depicting a specific phase
of readvance/stabilization of the Arc and Doron glaciers. Although
Hugonin (1988) previously proposed a similar scenario, the absence of
chronological data led him to attribute these stabilizations to the Oldest
Dryas. However, based on the available chronological data, we find it
difficult to reconcile this scenario with the previously proposed chro-
nology. Consequently, we propose that this phase of glacier read-
vance/stabilization, if simultaneous, occurred during one of the cold
event of the Bglling-Allergd.

A second hypothesis can be advanced, this time grounded on pa-
leoclimatic data (Rasmussen et al., 2014; Li et al., 2021) and using our



T. Roattino et al.

recent sedimentological analysis of lacustrine deposits as proxies for
glacier dynamics. The Older Dryas and the intra-Allergd cold events
represent distinct periods characterized by favorable climatic conditions
for glacier readvances. Our sedimentological analysis reveals a glacial
advance at two locations during the Bglling-Allergd Interstadial. A
plausible scenario therefore associates the two advances observed to the
two short cold events that characterize this warming period. Following
this hypothesis, according to paleoclimate proxies (Rasmussen et al.,
2014; Li et al., 2021), the stabilization/readvance recorded in Le Verney
basin could be correlated with the Older Dryas cold event. Conversely,
the glacier readvances observed in the Lanslebourg basin could be linked
to the Intra-Allergd Cold event.

4.4. Paleoclimate control on Bglling-Allerpd cooling events in central
Western Europe

Our new investigations in the Maurienne Valley underscore glacial
advance at two locations during Bglling-Allergd interstadial. These
glacial advances located respectively 21 and 12 km downstream of the
moraines deposited by the subsequent advance of the Arc Glacier during
the Younger Dryas (Nicoud et al., 2009), suggest a greater extension of
the Arc Glacier during the cold Bglling-Allergd events. But our findings
are not unique to our site. Similar observations are also reported in the
western Italian Alps. Particularly in the Dora Baltea valley, a potential
glacier advance or standstill marked by moraines during the Older Dryas
has been suggested (Porter and Orombelli, 1982). Subsequent dating
using exposure ages of 1°Be on glacial boulders and polished bedrock
sets this event at 14.1 ka (Serra et al., 2022). Smoothed morainic ridges
in Austria are chronologically correlated with the Bglling-Allergd cold
pulse (van Husen, 2000). However, the temporal constraint on this
glacier advance relies on indirect l4c dating (Maisch, 1987), and the
lack of suitable boulders prevents direct dating (Ivy-Ochs, 2015).

The two brief Bglling-Allergd interstadial cold events, GI-1d and GI-
1b, described in the Greenland ice core (Rasmussen et al., 2014), have
also been found in Europe using various proxies. Palynological studies or
oxygen isotope analyses conducted in Switzerland (Lotter et al., 1992;
Van Raden et al., 2013), alongside the annual varve count in western
Germany (Brauer et al., 2000a), and in southern Germany by examining
oxygen isotope fluctuations in ostracods (von Grafenstein et al., 1999).
These cold events are also well documented in the nearest German
stalagmites (Li et al., 2021). In addition, variations in lake levels in the
Swiss Plateau, Jura and French Pre-Alps indicate an increase in pre-
cipitations in these areas during the GI-1d and GI-1b periods (Magny,
2001).

The findings of our study provide evidence supporting the occur-
rence of glacial advances at two locations in the Maurienne Valley
probably during the Bglling-Allergd cold events. The observed glacial
advances suggest a positive mass balance of the Arc glacier, indicating
an increase in precipitation and drop in temperatures in the western
French Alps during the Bglling-Allergd cold events.

Nevertheless, the identification of these glacial advances during the
Bolling/Allergd cold events in the Alps underlines the challenge of their
limited duration, which often leads to a lack of significant glacial de-
posits (Ivy-Ochs, 2015; Ivy-Ochs et al., 2023). In the upper Maurienne
Valley, the identification of these advances has been facilitated by the
exceptional preservation of glaciolacustrine deposits. However, it is
probable that many other Alpine valleys lack evidence as well-preserved
as the Upper Maurienne glaciolacustrine deposits. This discrepancy
could be attributed to the significant glacial re-advance during the
Younger Dryas, which may have eroded the geomorphological traces of
earlier glacial advances associated with the short Bglling-Allergd cold
events.

5. Conclusion

Detailed sedimentological, stratigraphical and soft sediment
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deformation analyses of the proglacial deposits at Le Verney and Lans-
lebourg allow the identification of short re-advances of the Arc glacier
during the Bglling-Allergd climate warming in Maurienne Valley
(Western Alps). At Le Verney site, a sedimentological succession high-
lights a retreat of the glacier margin, with deformation suggesting a
subsequent glacier advance. At Lanslebourg site, the sedimentary suc-
cession reveals three ice-contact delta units, each displaying progres-
sively more proximal conditions upward, indicating a glacier re-
advance. The presence of till deposit at the top of the stratigraphic
sequence further confirms a glacier advance over the ice-contact delta
deposit.

Considering previous geomorphological, geochronological and
sedimentological data, this paper presents evidence for one or two short
glacier advances possibly associated with the Bglling-Allergd cold
events, occurring within the context of global climate warming during
the Bglling-Allergd. The subsequent glacier advance, as evidenced by
frontal moraines at Bessans, corresponds to a period of climate cooling
during the Younger Dryas.

Except for Younger Dryas moraines, the advances of the Arc glacier
have not resulted in the formation of significant glacial morphologies.
This study highlights the importance of proglacial lacustrine environ-
ments as archives of subtle glacial fluctuations. Sedimentological anal-
ysis of this deposits may be used as a complement to geomorphological
studies, aiding in a reconstruction of past glacier fluctuations.

Given the ongoing global climate change, it is becoming important to
investigate brief past glacial fluctuations to discern potential responses
of mountain glaciers. Further work is needed to increase the number of
regional training sets (sedimentary records, geomorphology, and
cosmogenic dating analysis) during the Bglling-Allerpd, thereby
fostering a comprehensive understanding of glacier responses to
centennial-scale climate variability. Our findings elucidate past glacial
dynamics in the western Alps and supply valuable context for investi-
gating the intricate interplay between contemporary climate warming
and responses of Alpine glaciers.
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