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ABSTRACT

This study investigates sediment cores from the Mediterranean alpine lakes located in upvalley cirques
upper than 1700 metres a.s.l. using sedimentological, palynological and geomorphological studies, in
order to document environmental changes following the last phase of glacier retreat. These results are
considered in the framework of the deglaciation characterized from 16 sediment cores from high-
altitude lakes and mires including 104 '“C ages and geomorphological studies of the Mediterranean
Alps. Considering each sediment core proxy as an independent observation, i.e., comparisons between
14C ages and palynostratigraphy, between “C ages and lithostratigraphy, between palynostratigraphy
and lithostratigraphy, these data are aimed at contributing to a better understanding of the timing of
postglacial environmental changes. The '“C ages combined with pollen biostratigraphy indicate that the
deglaciation of cirque catchments is dated between 14,500 and 13,000 cal. BP, i.e., during the Lateglacial
Interstadial (Greenland Interstadial-1e). The sixteen lacustrine and mire sediment records are system-
atically characterized by three units from bottom to top: organic-poor blue clay, beige to light-brown
silty clay and organic rich dark brown gyttja lithotype. During the Younger Dryas, lakes located below
2300 m a.s.l. were ice-free and their pollen record indicates steppe conditions. The sedimentary facies
also informs on the timing of glacial-dominated processes. The onset of organic-rich gyttja is dated at
11,000 cal. BP suggesting the last influence of cirque glaciers in these lakes at the beginning of the
Holocene. The timing of the onset of this organic rich unit differs in sites (+2000 years) probably due to
an altitudinal and exposure gradient of the glacial cirques. The presence of gyttja from 11,000 cal. BP to
Present indicates biogenic infilling lake for all the Holocene. Even though the literature have indicated
rock glacier advances occurred during the Holocene (Subboreal and LIA) in the south of the Alps, no
significant sedimentological patterns related to glacier fluctuations are recorded in Lake Vens. The glacier
fluctuations in the Mediterranean Alps are concomitant with those dated in the non-Mediterranean Alps,
thus suggesting a main common climate forcing. However, the increase in terrigenous sediment inputs
since 1800 cal. BP is mainly due to human activities.

1. Introduction

Significant advances have been made over the last few decades
in understanding the chronology of alpine glacier retreat and
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key time interval that provides contrasting boundary conditions for
terrestrial ecosystems response with episodes of insolation changes
and ice melting. At the end of the Pleistocene and consecutively to
alpine glacier retreat, new ecosystems (soil, vegetation, and fauna)
developed on freshly ice-free valleys; profoundly modifying
mountain landscapes (e.g., Tinner et al., 1996; Heiri et al., 2003;
Lotter and Birks, 2003). However, the timing of these changes
(e.g., synchronism, delay) is poorly known, notwithstanding the
fact that they are crucial to a better understanding of thresholds in
the Earth's climatic system (Alley et al., 2003). This is especially true
in the southernmost part of the Alpine range, especially the Med-
iterranean Alps, since there is a lack of in situ landform dating and a
dispersed corpus of lake sediment studies. The Mediterranean Alps
are a privileged environment for investigating landscape and
climate change since the Postglacial because: (1) strong altitude
(several summits attain 3000 m a.s.l.), climate and ecotone gradi-
ents amplify responses to climate change and, (2) the proximity of
the Mediterranean Sea (less than 30 km) provides a good context
for studying the effects of European and Mediterranean climatic
influences.

In this context, lake sediment sequences have been studied to
constrain the trends and the timing of glacier retreat and the sub-
sequent Deglacial and Holocene. Since the pioneer studies of de
Beaulieu (1977), very few sediment cores from the Mediterranean
Alps concerning the last 20,000 years (Lotter and Birks, 2003) have
been studied. Most of the well-preserved long-term archives are
high-altitude lakes and mires sediments in inherited glacial cirques
located behind glacial steps. Most studies of postglacial sediments in
the Mediterranean Alps combine three independent analyses: (1)
sedimentological descriptions, (2) palynological analysis and (3)
radiocarbon dating, providing a biostratigraphical framework used
to constraint periods of cirque glacier activity. Due to the lack of
terrestrial macroremains in these high-elevation environments, one
of the main issues is dating the early stages of deglaciation: in-
consistencies in some radiocarbon age sets require a re-evaluation
of the radiocarbon framework (Pallas et al., 2006). Palynology is a
powerful tool for Quaternary chronostratigraphy. The richness of
palynological studies in the Alps provides a well-documented and
well-constrained biostratigraphical framework based on plant taxa
expression into pollen diagrams and vegetation changes (Van der
Knaap et al., 2005). Thus, the palynostratigraphical framework can
support radiocarbon dating of glacial features and of lacustrine
sediments toreconstruct the chronological framework of postglacial
environmental changes over the Mediterranean Alps.

In this study, we use a multi-proxy approach involving sedi-
mentological and palynological analysis, as well as “C dating, to
document environmental changes starting from the early phases of
lake development and infilling through to glacier retreat from the
Lateglacial to the Holocene period. We first conduct a synthesis of
15 published and unpublished studies of high-altitude lake and
mire sediment records, and then follow up with the sedimento-
logical and palynological analysis of a sediment record of Lake Vens
(2330 m a.s.l.) located in the French Maritime Alps. On the basis of
comparisons between: (1) C ages and palynostratigraphy, (2) '4C
ages and lithostratigraphy, and (3) palynostratigraphy and lithos-
tratigraphy, these new results throw further light on existing cli-
matic datasets of this region. These three approaches provide
interesting perspectives to investigate postglacial environmental
changes in the region. The aims are: (1) to review the glacial and
deglacial geomorphological evolution in the Mediterranean Alps,
(2) to reconstruct phases of the palaeoenvironmental variability at
Lake Vens and to establish a chronology for the sediment core using
a combination of radiocarbon ages and palynostratigraphy and (3)
to interpret these new results in the framework of the deglaciation
chronology at the scale of the Alps.

2. The Mediterranean Alps

The study area is located between latitudes 44.4°N and 44.0°N
and lies astride mountain cirque catchments of the Southern Alps
(Fig. 1): the Upper Eastern Durance (UED) and the French and
Italian Maritime Alps (FMA and IMA). The mean altitude is about
2000 m a.s.l. and the highest peaks reach elevations of 3000 m a.s.l.
The UED is drained by the Durance, Ubaye and Verdon Rivers. The
Maritime Alps are drained by the Var, Tinée, Vésubie and Roya
Rivers on the French side and by the Gesso and Stura di Demonte
Rivers in the Italian side (Fig. 1).

Due to the short source-to-sink distance, sharp topographic
contrasts provide favourable conditions for steep-side cutting,
narrow valleys and canyon development. The relief can be sum-
marized in a two-step topographic profile: dissected mountains
crests are characterized by vertical rock bars overhanging small
smoothed glacial cirques, which in turn overhang their main fluvial
valleys by steep slopes of 25°—45°. The geology of the Maritime
Alps massif consists mainly of granitic basement rocks and Permian
sandstones. Vast areas of sedimentary rocks, composed of con-
glomerates and evaporites, occur on the southern and western
flanks of the massif. In the UED, the lithology consists of sedi-
mentary terrains forming the limestones of the Ubaye-Embrunais
thrust-sheets and Cretaceous flysch, Aptian—Albian black shales,
Upper Cretaceous limestones, and Annot sandstones. Quaternary
deposits consist in alluvial deposits and slope colluviums between
1000 and 2000 m a.s.l. As a result of the steepness and sediment
cover of these slopes, numerous landslides have occurred on the
flanks of the main valleys (Julian and Anthony, 1996).

The vegetation consists of Mediterranean plants tolerant to
altitude and plants having affinity with a cool and humid climate.
The intra-alpine low-altitude vegetation belt (500—800 m a.s.l.) is
dominated by a diversified oak forest (mainly pubescent oak).
Cultivated trees such as chestnut and olive trees are common on
south-exposed slopes of the intra-alpine valleys. The mountain
vegetation belt (800—1500 m a.s.l.) exhibits a strong asymmetry in
conifer forest between the southern and the northern slopes. Scot
pines dominate drier southern slopes whereas wetter northern
slopes are favourable to the development of fir-spruce forests
regularly associated with beech trees. Vegetation in cirque valleys is
characteristic of the sub-alpine belt (1500—2200 m a.s.l.). Larch
trees are sparsely distributed on slopes. This more open landscape
is dominated by dwarf species such as juniper, blueberry shrubs
and rhododendron. The upper limits of forest attain 2200 m on the
northern slopes and 1900 m on the southern slopes. Beyond
2200 m a.s.l.,, the alpine vegetation belt is dominated by the her-
baceous species of alpine meadows.

A major aspect of the climate of this alpine mountain setting is
the influence of the Mediterranean. At 1800 m a.s.l., the climatic
regime is typical of the northern Mediterranean (dry summers and
mild winters) and influenced by altitudinal gradients. In both the
FMA, the IMA as in the UED, air temperatures are generally higher
than in the northern Alps and snow cover duration is shorter. The
mean annual air temperature at 1800 m a.s.l. is 5 °C, varying from
0.3 °Cinwinter to 9.9 °C in summer (Durand et al., 2009). The study
area shows relatively high mean snow thickness values at all alti-
tudes due to rather high amounts of moisture from the nearby
Mediterranean Sea (Durand et al., 2009). Snow cover duration in
the study area is 140 days at 1800 m a.s.l. and 185 days at 2100 m
a.s.l. A strong precipitation regime characterised by a NW—-SE
asymmetry differentiates the Maritime Alps and the UED in terms
of climatic domains. The FMA and the IMA are characterized by
higher mean annual precipitation (1340 mm) than the UED
(1200 mm). The contrast in precipitation regime is stronger during
summer when precipitation occurs as rainfall. The southeast flanks
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Fig. 1. (A) Location of the Mediterranean Alps; (B) Regional map of the Mediterranean Alps and geographical domain subdivisions (black dashed lines). Blue stars indicate lakes and
mires of the core sediment corpus (1-Allos, 2-Lauzanier, 3-Vallon du Loup, 4-Restefond, 5-Terres Plaines, 6-Vallon de Provence, 7-Long Inférieur, 8-Orgials, 9-Fate, 10-Vens, 11-Rifugo
Mondovi, 12-Vei del Bouc, 13-Sabion, 14-Mouton, 15-Grenouilles, 16-Petit). Geomorphologically mapped glacial stages in upper cirque valleys are indicated by green stars (a-
Dormillouse, b-Ambouin, c-Haut-Laverq, d-Allos, e-Restefond, f-Vens, g-Roya, h-Saint-Sauveur, i-Mollieres, j-Gelas Peak Northeast face, k-Gelas Peak Northwest face, I-Upper
Gresso, m-valley of Marvels and Bego peak). The maximum extension of the Last Glacial glacier tongue is shown in transparent shade delimited by a continuous line where such
extension is ascertained and by a dashed line for uncertain limits. Other sites cited in text are indicated by orange squares (I- Pelléautier; II- Corréo; III- Siguret; IV-Saint-Léger). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of the Maritime Alps, along the Italian border, act as an atmospheric
barrier resulting in exposure of the southernmost massif to Medi-
terranean air masses while sheltering it from north Atlantic winds.
In contrast to the Maritime Alps, the UED is mostly exposed to
active weather systems associated with northwest air masses.

3. Overview of the glacial and deglacial geomorphological
evolution in the Mediterranean Alps

3.1. The valley glacier phase

Several geomorphological studies of the Quaternary glaciation
of the lowlands of the southwestern Alps have been published. Two
main glacial stages are recognized in the Durance valley tributaries
(Gidon and Monjuvent, 1969; Jorda, 1975; Tiercelin, 1977; Julian,
1980; Jorda and Rosique, 1994; Jorda et al., 2000; Rosique, 2004).
The oldest stage is attributed to the MIS-6 (Riss) on the basis of
altitude and degree of soil weathering. Jorda et al. (2000) attributed
the freshest and more extensive glacier forms entrenched in these
former glacial deposits to the Last Glacial Maximum (LGM, MIS-2,

Wiirm). At their maximal extension, glacier tongues advanced
120 km into the Durance valley (500 m a.s.l.), 35 km into the Verdon
(1010 m a.s.l.), and 40 km into the Tinée (ca 500 m a.s.l.). This
maximal extension is not directly dated and the authors have
assumed that it could be related to the marine Heinrich-3 event
(GS-3: 27,500—23,300 years; Blockley et al., 2012). A phase of
palaeosoil development (brown Mediterranean soil containing
malaco-fauna typical of hygrophilous woodlands) dated at 26 in
the Bléone valley at 29,900—22,900 cal. BP (Jorda, 1988) and in the
Buéch valley at 24,000—22,400 cal. BP (Brugal, 1991 in Rosique,
2004) indicates river incision and reduced detrital sediment sup-
ply that argue in favour of the establishment of interstadial climatic
conditions (termed the “Bléone Neowiirmian Interstadial”). The
latest glacier extension corresponding to the near-maximum extent
in the Durance is well C dated from subfossil wood buried in
glacial till at 23,000—20,800 cal. BP (25), which is concomitant with
the marine Heinrich-2 event (Jorda et al., 2000; Rosique, 2004).
The last glacier retreat in the Durance valley has been depicted
as a rapid phenomenon by Jorda and Rosique (1994) and Rosique
(2004) on the basis of palynological interpretations of valley
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glacio-lacustrine sequences The postglacial infilling of the valley
started at the beginning of the Oldest Dryas chronozone (GS-2b,
Blockley et al., 2012) between 23,000 and 20,000 cal. BP [e.g., the
mires of Pelléautier, Siguret, Roche de Rame, the Lauzes passes (De
Beaulieu, 1977) and Corréo (Nakagawa, 1998)].

Evidence of Quaternary glaciation in the Maritime Alps (Tinée,
Vésubie and Roya valleys) is scarcer, probably due to intense
erosion leading to deeply incised valleys (Dubar and Anthony,
1995). The LGM is poorly constrained spatially on the French side
of the Alps. In the Tinée valley, the glacier front at its maximum
extent is located at 500 m a.s.l. (Julian, 1980). Further upstream in
the upper Tinée valley, Bigot-Cormier et al. (2005) have indirectly
constrained the age of the deglaciated valley by °Be dating of
slopes located at 1600 m a.s.l. at 18,217 + 4328 years. Terminal
moraines are better preserved on the Italian side of the Maritime
Alps. Federici et al. (2012) provide '°Be dating from the frontal
moraine system that shows maximum glacier extension (700 m
a.s.l.) in the Gesso valley ranging from 20,140 + 1080 to
22,110 + 1190 years. This age is similar to the near LGM of the
Durance valley. After this period, glacier tongues moved upstream,
occupying small feeder glacial basins.

3.2. The cirque glacier phase

Numerous moraine ridges are located in catchments at altitudes
ranging from 1700 to 2700 m a.s.l. Recessional moraines are found
at high altitudes or above the knick point of glacial steps, which
correspond to cirque disconnection from the main glacier tributary
system. The altitudinal distribution of these end-moraines in-
dicates short glacier advances during a general deglaciation trend
(Fig. 2). These moraine ridges are unevenly distributed in catch-
ments and most of the clearly distinguishable moraines are located
in the Ubaye and Verdon valleys for the UED, i.e., in the Haut-

Laverq, Dormillouse, Ambouin, Restefond and Allos areas (Jorda,
1975, 1976, 1980, 1983; Jorda and de Beaulieu, 1977; Dijkstra
et al., 1990; Brisset et al., 2014), in the upper Gesso valley
(Hannss, 1970; Finsinger and Ribolini, 2001; Federici et al., 2003,
2008, 2012) for the ITM, and in the Mollieres, Saint Sauveur and
Roya valleys (Schweizer, 1968a, 1968b; Julian, 1980) as well as the
valley of Marvels (Dubar and Poizat, 1976; Begin, 1990) for the FMA.
They are characterised by elevations of moraine ridges corre-
sponding to the Equilibrium Line Altitude (ELA in metres a.s.l.)
calculated with the Hofer method (Hofer, 1922) and the corre-
sponding ELA depression (3ELA) with respect to the present-day
value (2800—2900 m a.s.l.). These data are summarised in Table 1.

The deglaciation time frame in the UED is constrained by Jorda
(1975, 1980, 1983), Jorda and Beaulieu (1977), Jorda and Rosique
(1994), Dijkstra et al. (1990) and Brisset et al. (2014) on the basis
of pollen analysis and 'C ages obtained in high altitude lakes and
mires of Terres Plaines, Vallon de Provence, Vallon du Loup, Rest-
efond, and Allos. Six glacial stages occupy cirques (Fig. 2). Stages
UED-I (1700—2000 m a.s.l.) and UED-II (1800—2000 m) are char-
acterized by poorly preserved moraine ridges (sandstone boulders
and striated pebbles), correspond respectively to ELA at 2100 and
2200—2300 m a.s.l. (OELA at 800 m and 600—700 m), and are older
than the early Allerod. The lakes and mires of Restefond (Dijkstra
et al, 1990), Terres Plaines, Vallon de Provence (Jorda and
Beaulieu, 1977), and Allos (Brisset et al., 2014), all situated above
these stages, provide pollen records starting at the beginning of the
Alleréd, with a C age of 13,600—13,070 cal. BP (20) in the Vallon
de Provence mire and the onset of sedimentation in Allos Lake
starting at 12,300 cal. BP. Therefore, authors attribute stages UED-I
and II to the Oldest Dryas chronozone. Stage UED-III (2050—2200 m
a.s.l., ELA at 2250—2400 m, 3ELA: 600 m), characterised by well-
preserved moraine ridges of sandstone boulders, is attributed to
the most intense cooling of the Postglacial period i.e., the Younger



Table 1

Lateglacial moraine ridges according to altitudes location, mean ELA (Equilibrium Line Altitude) and ELA depression (3ELA) in respect to present day value (2800—2900 m a.s.l.)
in the Upper Eastern Durance (UED), the French Maritime Alps (FMA) and the Italian Maritime Alps (IMA) referring to (1) Jorda (1975, 1980 1983), Jorda and Beaulieu (1977),
Brisset et al. (2014), Dijkstra et al. (1990); (2) Finsinger and Ribolini (2001); (3) Hannss (1970); (4) Federici et al. (2008, 2012); (5) Schweizer (1968a, 1968b), Julian (1980); (6)
Dubar and Poizat (1976); (7) Begin (1990). Stars indicate absence of ELA calculation by respective authors. The moraine attributed to the Younger Dryas advance is shaded.

Asteriks indicates data not available in the publication of reference.

UED  Haut-Laverq, Dormillouse, Ambouin, Allos (1)  3ELA 150 200 400—500 600—700 800
Elevation (m a.s.l.)  2550—2600 2400—2300 2250-2350 1800—-2000 1700—2000
ELA (m ass.l.) 2750-2760 2750 2520-2600 2200-2300 2100
stages UED-VI UED-V UED-IV UED-II UED-I
IMA Upper Gresso (2) SELA 50—100 200 500 >550
Elevation (m a.s.l.)  2500—2650 2450-2500 2054—-1900 1600—-1700
ELA (m as.l.) 2650—-2700 2600—-2650 2200—2400 *
stages rock glacier IMA-III IMA-1
Gelas Peak Northeast face (3) SELA 50 50—100
Elevation (m a.s.l.)  2420-2620  2400—2600
ELA (m as.l.) 2700-2720 2700-2720
Gelas Peak Northwest face (4) SELA
Elevation (m a.s.l.)
ELA (m ass.l.)
FMA  Mollieres, Saint-Sauveur, Roya (5) SELA 300 400—450 800—900
Elevation (m a.s.l.) 2300—-2700 2250-2300 1922—-1650
ELA (m as.l.) 2550-2600 2500—-2550 2090-2110
stages FMA-IV FMA-III FMA-I
Marvels (6) OELA 370 450 800
Elevation (m a.s.l.) 2300—2450 2300—-2380 1760
ELA (m ass.l.) * * *
stages FMA-IV FMA-III FMA-I
Bégo (7) OELA 0-325 350—425 550-900
ELA (m ass.l.) 2612—-2892  2440-2680 1990—-2450
Vens (this study) SELA 200 250 >400
Elevation (m a.s.l.) 2700 2600 2300 or less
ELA (m a.s.l.) 2800 2700 *
stages Vens-IV Vens-lII Vens-1

Dryas. Stages UED-IV, V and VI, respectively at 2250—2350 m,
2500—2500 m and 2550—2600 m (ELA at 2520—2600, 2750 and
2750—2760 m, 3ELA at 500, 200 and 150 m) are probably Holocene.
Jorda (1975) and Jorda and Beaulieu (1977) presumed that moraine
ridges of stage UED-IV, rich in fine sand, are possibly contemporary
of the Preboreal Oscillation from 12,896 + 4 cal. BP to 11,703 + 4 cal.
BP (Blockley et al., 2012). The freshest forms from UED-V and UED-
VI are probably associated with the Little Ice Age (LIA; 17th—19th
century).

In the IMA, glacial stages have been accurately described in the
tributaries of the upper Gesso valley. The earliest observations were
made by Hannss (1970) on the northeast face of Gelas Peak. This
author described three stages: the lowest at 2400 m a.s.l. (ELA:
2050—2400 m, 3ELA: 300—400 m) is represented by blunted frontal
moraine ridges attributed without dating to the Daun stadial
(Maisch, 1992); the two highest stages around 2700—2720 m a.s.l.,
(ELA: 2400—2600 m, 3ELA: 50 m) are sharp ridges made of finer
material, probably formed during the 17th—19th century (LIA).
Later, Finsinger and Ribolini (2001) identified in the narrow valley
of Vei del Bouc three stages made up of massive diamicton, and
matrix-supported variably sized blocks in a sandy gravel matrix.
The lower moraine ridge (IMA-I), which is locally very thick, located
between 1900 and 2150 m a.s.l. (ELA: 2200—2400 m, 3ELA: 500 m),
is situated near the mire of Vei del Bouc (2055 m) which is degla-
ciated since the Bolling—Allerod pollen chronozone (GI-1e, at
14,500 cal. BP, Blockley et al., 2012). Authors have supposed that
this stage could be Oldest Dryas (GS-2b, at 23,000—20,000 cal. BP,
Blockley et al., 2012). Further upward, the moraine ridge IMA-II is
located at 2400 m a.s.l, (ELA: 2500—2550 m, dELA: 300 m). At
2450—2500 m a.s.l. (ELA at 2600—2650 m, dELA: 200 m), the IMA-
Ill is correlated with a rock-glacier phase that developed from the
apron of this moraine. At ELA of 2620 m, which could correspond to
IMA-III, Ribolini et al. (2007) dated the advance of the Schiantala
rock glacier at 2730—2150 cal. BP (20), from organic-rich layers and
organic mats in sediment cores. The following LIA advance likely

added material to the former glacial deposit and formed internal
ridges of rock glaciers at 2420—2650 m a.s.l. [ELA: 2650—2700 m,
SELA: 50—100 m; Finsinger and Ribolini (2001), Hannss (1970)]. On
the northwest face of Gelas Peak, Federici et al. (2008) provide a
19Be date of 11,340 + 370 yr constraining a frontal moraine situated
at 1810 m a.s.l. (ELA: 2380 m, dELA: 520—530 m) to the Younger
Dryas.

In the FMA, Schweizer (1968a, 1968b), Julian (1980) and Begin
(1990) describe four stages occupying cirques. These stages, pre-
served in the Mollieres valley, have also been found at Saint-Saveur
and Roya valleys and in the valley of Marvels (Figs. 1 and 2). The
oldest is the FMA-I (named Mollieres stage). It is characterized by
partly dismantled moraine ridges, and is located at 1650—1920 m
a.s.l. (ELA at 2090—2110 m a.s.l., 3ELA: 800—900 m). Most of the
moraine ridges in upper cirques in the French Maritime Alps seem
to have been formed during the following FMA-II (Chastillon stage).
This stage is well marked by frontal moraine ridges made of coarse
material and boulders around 2100—2240 m a.sl. (ELA at
2300—2400 m a.s.l., 9ELA: 600 m). Locally, moraines of this stage
become confused with rock glacier. Upwards, the FMA-III (Marges
stage) at 2250—2300 m a.s.l. (ELA at 2500—2550 m a.s.l., dELA:
400—450 m) is mostly made of coarse material from scree. The
youngest stage is the FMA-IV (Mounier stage), commonly repre-
sented near the French/Italian boundary at 2300—2700 m a.s.l. (ELA
at 2550—2600 m a.s.l, 3ELA: 300 m). These four features are not
dated. On the basis of comparisons between the glacial and pollen
records in the Swiss and Austrian Alps, Schweizer (1968a) proposed
that the FMA-I, I, IIl and IV could correspond respectively to the
Schlern, the Gschnitz, the Daun and the Egesen stages which were
also not absolutely dated and which were attributed at that time to
the end of Lateglacial and to the Holocene period. Later, Julian
(1980) suggested that FMA-I, II, IIl and IV could be younger, cor-
responding respectively to the Oldest Dryas, Younger Dryas, Pre-
boreal and Boreal periods. In the valley of Marvels, these four stages
are also well identified (Dubar and Poizat, 1976; Begin, 1990). Pollen
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and radiocarbon data from Lake Long Inférieur (2090 m a.s.l.; de
Beaulieu, 1977) testify that the lake was already ice-free at the
end of the Oldest Dryas chronozone, proving that FMA-I and FMA-
I, situated downstream of the lake, are older.

Finsinger and Ribolini (2001) proposed a comparison between
glacial stages throughout the Mediterranean Alps and concluded
that the deglaciation scheme seemed to be similar. But this com-
parison suffers from a lack of dating, and ELA elevations and 3ELA
are noticeably different in UED, FMA and IMA (Table 1). The sedi-
ment core of Lake Vens (2330 m a.s.l.), situated between FMA-II and

Il (see below), as well as a complete review of pollen and sedi-
mentological data from all sediment cores studied in the three
geographical domains, will contribute to improve and revise the
time frame of the last stages of deglaciation in the Mediterranean
Alps.

4. Geomorphological setting of the Vens catchment

The Vens catchment (44.32°N; 6.94°E) is a glacial-inherited
cirque located in the northwestern part of the Maritime Alps, on



the left bank of the Tinée valley (Fig. 3A). Catchment altitudes range
from 2300 to 2980 m a.s.l. The main basement outcrop (Fig. 3B,
94%) consists of Hercynian crystalline rocks (granite and gneiss).
Permian—Triassic dolomite and sandstones (0.24 km?; 6% of the
catchment) are locally preserved on northeast-facing crests. The
cirque floor consists of smooth striated glacial steps and thick
moraine block deposits. Several coalescent cirques gouged out on
the southern slopes correspond to inherited glacier accumulation
zones. Four glacial stages were recognized in the cirque (Fig. 3A).
Stage Vens-I, located 2300 m a.s.l. at the glacial confluence of the
hanging cirque of the Vens and Tinée valleys on the western flanks
of Lake Vens, consists of boulders of variable size (maximum
diameter of 2 m) covering the polished glacial threshold (basal
moraine). As this moraine is a remnant of a lateral moraine ridge,
estimation of the corresponding ELA and 3ELA is hazardous. Three
stages are found above Lake Vens in the Terres Rousses river valley.
Stage Vens-II is a poorly preserved recessional moraine ridge
positioned lengthwise relative to glacier flow at an altitude of
2400 m a.s.l. (ELA: 2500 m, dELA: 350 m). The highest ridges of
stage Vens-III (2600 m a.s.l., ELA: 2700 m, dELA: 250 m) and Vens-
IV (2700 m, ELA: 2800 m, dELA: 200 m) are small-amplitude end-
moraines, positioned transversally to glacier flow. Vens-III and IV
are well preserved below Clai Supérieur Peak while their forms are
less discernible in the eastern part of the glacial cirque (undiffer-
entiated end-moraines of Vens-IIl and IV). In the southeast there is
evidence of a rock-glacier near to the melting point (Ribolini et al.,
2007).

Lake Vens (2330 m a.s.l., 45 m deep, and with an area of 0.1 km?)
is located on the longitudinal axis of the glacier tongue in a slight
S—N to E-W bend (Fig. 3A—C). The southern catchment of Lake
Vens is drained by several streams flowing into the lake from block
moraines. Three coalescent debris fans feed the lake intermittently.

The current timberline of Larix-Picea is located at 2200 m.
Sparse trees (Larix) are observed at 2500 m a.s.l. The catchment
landscape is open and the vegetation characterized by a degraded
alpine meadow thriving on a thin soil commonly restricted to
bedrock cracks and colonising screes.

5. Methods
5.1. Sedimentological analysis

From the deepest part (45 m-deep) of Lake Vens three parallel
sediment cores were retrieved in 2010 using a UWITEC piston corer
in order to obtain a complete overlapping sediment sequence.
Colour parameters were continuously analysed from the fresh
sediment surface at 3 mm intervals using a Konica Minolta CM-
2600d spectrophotometer. The magnetic susceptibility of the
sediment was measured using a Barrington MS2E surface-scanning
sensor at a 1 cm interval. The same interval was used for the
determination of water content. Wet sediment samples were
weighted and dried in the oven at 105° for five days and their dry
weight calculated. Grain-size analysis was carried out on bulk wet
sediment sampled every 2 cm using a Malvern Mastersizer S. The
mineralogical and the micro-palaeontological composition were
identified by observing sediment using a binocular and microscope.

5.2. Pollen analysis

Pollen analyses were carried out on 88 samples (constant vol-
ume of 4 mL) that were chemically extracted following the protocol
of Feagri and Iversen (1975). A minimum of 300 pollen grains were
identified according to keys and pollen atlases (Moore et al., 1991;
Reille, 1999). Pollen results are shown as percentages of the
terrestrial pollen sum and as pollen grain concentrations (number

of pollen grains per mL). Subdivision into biozones of the pollen
diagram (Local Pollen Assemblage Zones: LPAZ; Fig. 5) and into
sedimentological units was conducted independently on the two
datasets by cluster analysis using the Rioja package (Juggins, 2012).
Optimal diagram partitioning has been fixed by comparison of the
Bstick model (Bennett, 1996) with the Coniss model (Grimm, 1987).
Significant zones/units based on the Bstick model are shown as
lines, whereas exclusive Coniss significant zones are delineated by
dashed lines.

5.3. Chronology

5.3.1. Absolute dating and age—depth model

Twenty-five AMS C dates were obtained on core VEN10-II
(Table 1). Four additional AMS '#C dates and accumulation rates
inferred from 2!°Pb obtained in a previous study of the short core
VENO9P3 (Petersen et al., 2014) have been correlated to VEN10-II.
Due to lack of substantial terrestrial materials, we also used bulk
organic matter of the size of pollen. Centimetre-thick bulk sedi-
ment samples were chemically pre-treated to reduce initial volume
and remove carbonate content (digestion in HCl and HF) and sieved
to concentrate the fraction size between 10 and 160 pm. Conven-
tional '4C ages are were calibrated (cal. BP) using the IntCal13 curve
(Reimer et al., 2013) based on the 2 sigma interval. The age—depth
model has been computed for the corrected depth taking into ac-
count continuous sedimentation processes using the module Clam
of Blaauw (2010) based on a cubic spline (type = 4, smooth = 0.65,
95% probability). The Age—Depth Model (ADModel) derived age is
reported using the 2 sigma interval cal. BP.

5.3.2. Relative pollen biostratigraphy

A large number of pollen studies over the last decades have
provided a detailed overview of local to regional-scale vegetation
changes. As proposed by Van der Knaap et al. (2005), pollen trends
that depend with reasonable certainty directly on dated climate
forcing are used to correlate pollen diagrams of nearby sites,
including the transitions Allerod to YD and YD to Preboreal (Ho-
locene). Hence, by comparing Local Pollen Assemblage Zones
(LPAZ) of individual sites with the large-scale biostratigraphical
framework, chronologies of records lacking relevant C ages can be
significantly improved. Inter-sites palynological comparisons must
be conducted taking into account the altitudes of sites and their
biogeographical domains. Therefore, lowland sites only record
discrete pollen changes during major climatic events, Lotter et al.
(1992) pointing out that cool events (such as the Younger Dryas)
could only be recorded at higher altitude sites, which are more
sensitive. In addition, colonisation by meso-thermophilous trees
during the Holocene might not be strictly contemporaneous be-
tween two sites because of possible migration lag depending on
distance from glacial refuges (Birks and Line, 1992).

Comparison between the VEN10-II LPAZs and local biostratig-
raphy is therefore based on independent dated sites on which: (1)
pollen sampling resolution is accurate for a specific discussed
period, and (2) palynostratigraphical assignment is well con-
strained for the stated period.

6. Results
6.1. Lithostratigraphy and sedimentology

The composite core of VEN10-II shows five distinct lithotypes
(Fig. 4A) characteristic of lacustrine background sedimentation
(from LT-A to LT-C) and of instantaneous events (from LT-D to LT-E).
The significant stratigraphical units (Fig. 4) have been defined using
cluster analysis on the background lacustrine sedimentation
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exclusively. The lowermost unit 1 (909—620 cm) is dominated by
laminated, light-blue to beige (L* > 45), clay silt alternations (LT-
C2). Water content is minimum (mean of 30%). Values of magnetic
susceptibility are high (between 120 and 60 x 10~ SI). Microscopic
observations reveal the presence of alumino-silicate minerals
(quartz, feldspar) and detrital carbonate. Particle size distributions
of blue layers are normally distributed around a mode at 4—15 pm.
In beige layers, particle size distributions are unimodal and less
well sorted (mode at 15—25 pum). At the bottom of the core, sedi-
ment is composed of matrix-supported coarse magnetic gneissic
material reworked from moraine deposits (LT-E2; SM = 120 x 107>
SI). Several peaks of coarser grain size are indicated by the lithotype
LT-D3 (grain size mode at 100—500 pm). From 720 to 620 cm, the
water content increases to 40% together with the appearance of
darker laminations (alternation of clay silt LT-C2 and LT-C1). Unit 2
(620—490 cm) is characterized by light blue to brown laminations
(LT-C1). Values of magnetic susceptibility drop to 12 x 10~> SIL
Between 530 and 556 cm, clayey sedimentation is interrupted by
one 28 cm thick layer of very coarse gravels (LT-E1), and by thin
sandy layers (LT-D3). In unit 3 (490—395 cm), laminations become
progressively finer and darker (LT-B). Water content increases to
60%. In unit 4 (395—245 cm), lamination disappear and the sedi-
ment becomes a homogeneous dark brown gyttja (wavelength
ratio 680/510 nm of the colorimetric analysis of 1.5). In this unit,
light grey sand-graded layers (LT-D2) are interbedded in the pre-
dominant lithotype LT-A2. Water content reaches about 75% in the
whole of unit 4. Grain size is coarser in this unit (around 50% of the
sample volume comprises sizes >63 pm). Binocular observations
indicate that these samples are mainly composed of diatom valves
and colonies with sizes ranging from 100 to 1000 pm, and to a
lesser extent of amorphous red organic matter. The sediment is rich
in plant and algal microfossils and in wood macrofossils. Unit 5
(245—0 cm) is characterized by alternating LT-A2 and LT-A1. In LT-
A2, the diatom gyttja is homogeneous whereas in LT-A1 diatom
gyttja is episodically intercalated with layers of beige detrital car-
bonates. This sequence comprises variably thick (10—22 cm) in-
terbeds of instantaneous sediments (LT-D1 and LT-D2). Mean water
content is about 75% in LT-A1 and drops to lower values (45%) in the
instantaneous sedimentation (LT-D1 and LT-D2).

6.2. Pollen zones

Six Local Pollen Assemblage Zones (LPAZ 1 to LPAZ 6) were
defined according to cluster zoning (Fig. 5), such that the pollen
diagram is described in terms of major changes in vegetation as-
semblages. Pollen spectra from 909 to 793 cm are characterized by
low pollen concentration (Fig. 5) and were sampled in blue sandy
clay deposits. Hence, rare pollen grains observed in this sub-sterile
section might be considered as pollution or reworked material.

LPAZ 1 (from 792 to 710 cm) is dominated by arboreal pollen
(82%), mostly bounded by Pinus sylvestris. Non-arboreal pollen as-
semblages are characterized by alpine plants (Chenopodiaceae,
Artemisia, Poaceae and Thalictrum). Sporadic grains of Quercus de-
ciduous, Corylus and Abies suggest long-distance pollen transport
from lower altitudes. The curve of Juniperus, a low pollen disperser
(0.5%), is continuous.

LPAZ 2 (from 710 to 620 cm): Arboreal pollen and Pinus per-
centages decrease abruptly to 45% and tree pollen concentrations
decrease. High values of Poaceae, Chenopodiaceae and maximum
values of Artemisia (25%) and Ephedra distachya suggest a cold
steppe of herbs/shrubs.

In LPAZ 3 (from 620 to 460 cm) herbaceous steppe taxa (Tha-
lictrum, Artemisia, Poaceae) decrease concomitant with a re-
expansion of Pinus and a general diversification of tree taxa
(presence of Tilia and continuous curve of deciduous Quercus). In

LPAZ 3b, steppe taxa of Artemisia and Poaceae decline. The Abies
curve starts at values of 7%.

LPAZ 4 (from 460 to 370 cm) Abies decreases to 1% while leaf-
trees reached their maximum values (Betula, Tilia, and Corylus). The
first occurrences of deciduous tree macrofossils (Alnus, Betula and
Salix) are observed, indicating expansion of leaf-trees.

LPAZ 5 (from 370 to 300 cm) is marked by the Abies optimum
(30%) and the first significant decline of Pinus. The abundance of
conifer macrofossils indicates the local expansion of mixed conifer
forests. The first occurrences of Larix and Picea are signs of more
open woodland.

LPAZ 6 (from 300 to 0 cm) is characterized by low occurrences
of terrestrial macrofossils and a decline of tree taxa (30%), sug-
gesting a sparse distribution of trees in the catchment. High con-
centrations of herb taxa indicate a local development of diversified
alpine steppe (Poaceae, Artemisia, Chenopodiaceae, Asteroideae
and other herbs) associated with ruderal-anthropogenic herbs
(Rumex and Urtica). The first pollen occurrence of cultivated trees
Castanea and Juglans is observed at 244 cm.

6.3. Combination of radiocarbon age and ?’°Pb accumulation rate

Table 1 shows results of the twenty-nine AMS radiocarbon ages
of core VEN10-II Fifteen radiocarbon dates on terrestrial plant
macroremains (exclusively from 430 to 270 cm and from 47 to
37 cm) and ten on bulk organic matter of the size of pollen (pollen-
concentrated organic matter) have been retrieved from the
continuous sediment accumulation. All macroremain samples
contained more than 1 mg of carbon and are therefore probably not
contaminated by younger carbon (Wohlfarth et al., 1998). In addi-
tion we report from Petersen et al. (2014) (1) four C dates of
unknown organic debris sampled from reworked deposits
(homogenite-type) giving a maximal age for the deposit and (2) a
210pp_derived accumulation rate of 0.7 mmea~! covering the in-
terval from 9 to O cm. The age results (Fig. 6) suggest various hy-
potheses for the age—depth model. To better constrain the
chronology, we propose using biostratigraphical markers, in
particular for the early lake formation and for the last 2000 years.

7. Interpretations
7.1. Main vegetation changes at Vens and inter-site comparisons

In this paragraph, the simplified Vens pollen record is inter-
preted both in terms of major landscape changes and palynos-
tratigraphical correlations with other regional pollen records
(Fig. 7).

7.1.1. LPAZ 1: predominance of Pinus (correlated to the Allerod)
This pollen zone is dominated by Pinus whereas Betula is poorly
represented. The scarcity of Betula confirms that the base of the
pollen record cannot be contemporaneous with the Bolling, marked
by an optimum of birch woodlands in the Alps. This zone is char-
acterized by relatively low herb pollen diversity but is dominated
by Poaceae and Artemisia. Such pollen assemblages are comparable
with those recorded in the Italian piedmont (Vescovi et al., 2007),
the Southern Alps (Ponel et al., 2011), the Inner Alps (David et al.,
2001; Ammann et al.,, 2007) and the Jura Mountains during the
second part of the Allerod (Magny et al., 2006). At Long Inférieur
(De Beaulieu, 1977), the predominance of Pinus is also recorded
during this period, characterized at a global scale by climatic
warming initiated during the Bolling (Larocque and Finsinger,
2008; Lischke et al., 2013). This climatic improvement allowed
rapid forest recolonisation, characterized in particular by a general
development of pine forests in all European mountain areas
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(Ammann et al., 2007). In summary, in the Vens catchment, it can
be assumed that pioneer open pine woodlands were developing in
the vicinity of the lake.

7.1.2. LPAZ 2: optimum of cold steppe herbs (correlated to the
Younger Dryas — a)

The second pollen zone is marked by a transitional reversal of
the Pinus curve while frequencies of Artemisia, E. distachya. Thalic-
trum, Poaceae and Chenopodiaceae reach higher values. Such as-
semblages indicate a local development of cold steppe grasslands
linked with a decline in pine forests in the area. This reversal in the
vegetation dynamics is typically recorded during the YD cold event:
it is well illustrated in high elevation sites from the Alps (de
Beaulieu, 1977; Wick, 2000; Vescovi et al., 2007).

Around the lake, vegetation was probably treeless and domi-
nated by a steppe-like landscape, with the small transitional peak
in deciduous Quercus resulting in an increased proportion of extra-
regional vegetation input from lower altitudes following a more
open landscape around Vens and Long Inférieur (de Beaulieu, 1977).
The rapid lowering of pollen concentrations observed at the LPAZ 1/

LPAZ 2 boundary might indicate a decrease in general pollen pro-
ductivity consecutive to a local disturbance in the vegetation dy-
namics and to scarcity of trees (high pollen producers). Many
studies on the Swiss plateau (Lemdahl, 2000; Lotter et al., 2000)
and in the Jura (Peyron et al., 2005) provide evidence for a climatic
reversal during the YD with a reconstructed rapid lowering of mean
summer and winter temperatures. Within the bounds of the un-
certainties of dating methods, it has been assumed that global
change recorded in Greenland (GS-1) during the YD occurred
synchronously in the Alps (Heiri and Millet, 2005; Vescovi et al.,
2007; Ilyashuk et al., 2009). GS-1 is dated by the INTIMATE Group
from 12,896 + 4 cal. BP to 11,703 + 4 cal. BP (Blockley et al., 2012).

As suggested by Wick (2000), it can be assumed that the fre-
quencies of Pinus observed during the YD in middle/high altitude
sites might reflect extra-local input from lowland pine forests.
During the latter part of the YD, the vegetation dynamics is marked
by a moderate return of Pinus that has been well documented in the
Southern French Alps (de Beaulieu, 1977; Court-Picon, 2007), the
northern Alps (Lotter et al., 1992; Lotter, 1999; Guiter, 2003) and the
Jura (Richard and Bégeot, 2000). Pine woodlands might have

Fig. 5. Simplified pollen diagram of VEN10-II from Lake Vens. Relative percentages of pollen taxa (grey shade) are calculated from total pollen sum (minimum 300 terrestrial pollen
grains). 5x exaggeration curves are shown as dashed lines. Selected curves of pollen concentrations (number of grains per mL) are shown by black horizontal bar. Instantaneous
deposits are shaded. Significant zones on Bstick model are shown as lines and exclusive Coniss significant zones are delineated by dashed lines.
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initiated early recolonisation due to the warmer conditions that
characterized the end of the YD (Peyron et al., 2005; Ilyashuk et al.,
2009).

7.1.3. LPAZ 3 (correlated to the Preboreal — b)

The appearance of continuous occurrences of Corylus and an
increasing curve of meso-thermophilous trees, such as deciduous
Quercus, mark the onset of the early Holocene (Preboreal/Boreal) in
both the southern (de Beaulieu, 1977; Court-Picon, 2007) and
northern Alps (David et al., 2001; Guiter, 2003). Hazel expansion
occurred throughout the Alps between 11,500 and 10,500 cal. BP
(Giesecke et al., 2011), with an earlier development of deciduous
Quercus in the Southern Alps (Finsinger et al., 2006). The pollen
record at Vens shows a similar pattern.

7.14. LPAZ 4 (correlated to the Preboreal — c)

The continuous curve of Abies is a relevant biostratigraphical
marker that is well-constrained by '4C dating. At Lake Long
Inférieur (de Beaulieu, 1977), it is dated at 11,200—9270 cal. BP, and
at about 10,000—9000 cal. BP in the French Inner Alps (Muller et al.,
2007). An overview by Van der Knaap et al. (2005) of the chro-
nology of migration and expansion of biostratigraphical taxa such
as Abies, Fagus, Picea and deciduous Quercus provides evidence that
the first regular occurrences and expansion of Abies needed to be
interpreted in terms of two distinct criteria: first regular occur-
rences are observed within the time range 10,500—8500 cal. BP,
whereas expansion occurred later, at 8500—8000 cal. BP. Moreover,
according to these authors, Abies migrated into the Alps from south
to north, and therefore might be recorded earlier than in the rest of



the alpine range. The pollen records of Vens and Long Inférieur
support this hypothesis; at Vens, this is particularly well illustrated
by a transitional curve prior to the maximal expansion of Abies
recorded typically during the Atlantic synchronously with Larix
(event e in Fig. 7). It can be assumed therefore that the onset of
regular occurrences of fir might be contemporaneous with the first
occurrences observed at the Lateglacial/Holocene boundary at Long
Inférieur and at Sabion (de Beaulieu, 1977).

7.1.5. LPAZ 5 (correlated to the Boreal — d)

This zone is marked by a declining curve of Abies, a synchronous
optimum of Corylus, Tilia, and secondary deciduous Quercus clas-
sically recorded during the Boreal in the Alps around 10,000 cal. BP.
This event is dated in the Southern Alps at 11,100—9780 cal. BP at
Forest en Devoluy (de Beaulieu, 1977), between 9500 and
10,300 cal. BP at Mouton (de Beaulieu, 1977), and between 10,390
and 10,010 cal. BP at Lauzons (Ponel et al., 2011).

7.1.6. LPAZ 5 (correlated to the Atlantic — e)

The maximal expansion of Abies and the development of Larix
are the major characteristics which allow assigning the pollen zone
to the Atlantic period: as evidenced by Muller et al. (2007) and Van
der Knaap et al. (2005), the optimum of fir in the Alps occurred
within the period between 8500 and 6000 cal. BP. This event is
dated in the Southern Alps at 8310—7880 cal. BP at Plan du Laus (De
Beaulieu, 1977), between 8090 and 7400 cal. BP at Mouton
(ADModel, De Beaulieu, 1977), at 8310—7880 cal. BP at Saint Léger
(Digerfeldt et al.,, 1997) and between 8460 and 6730 cal. BP at
Lauzons (ADModel, Ponel et al., 2011).

7.1.7. LPAZ 6 (correlated to Subboreal/Subatlantic — f, g, h)

This pollen zone is marked by a general decline of tree pollen
while ruderal-anthropogenic herb frequencies reach their highest
values. This period (corresponding to the onset of event “f”) cor-
responds to a regression of fir forests and consecutive expansion of
Fagus, a competitive tree, together with Picea. The expansion of
beech characterizes the onset of the Subboreal in the Alps (dated
between 6800 and 5700 cal. BP, Magri, 2008). In the Southern Alps,
continuous low values of Fagus are dated at 6630—6310 cal. BP at
Long Inférieur (De Beaulieu, 1977), at 6980—6300 cal. BP at Plan du
Laus (De Beaulieu, 1977), at 6270—5750 cal. BP at Saint Léger
(Digerfeldt et al., 1997), and at 6470—6210 cal. BP at Lauzons (Ponel
et al., 2011).

The transition between the Subboreal and the Subatlantic is
classically based on the Juglans line, i.e., the first regular occur-
rences of Juglans in the Southern Alps (De Beaulieu, 1977). Juglans
disappeared from Europe during or before the last glaciation, and
spread from Middle East refuges (Zohary and Hopf, 2000; Conedera
et al, 2004) and into Southern Europe (Carrion and Sanchez-
Gomez, 1992) during the Holocene. According to Beug (1975),
Juglans is considered in the Mediterranean area as a domesticated
tree, cultivated during the Gallo-Roman period in Southern Europe.
As suggested by Bottema (1980), the appearance of Juglans might
have been asynchronous in Europe, partly determined by distance
from refuges. Therefore, several authors have proposed that walnut
might have been present earlier than assumed in Spain (Lopez-
Garcia and Lopez-Saez, 2000) and in the Italian peninsula before
Roman times (Mercuri et al., 2013). However, again according to
Mercuri et al. (2013), the concomitant increase in Olea, Juglans and
Castanea frequencies (named the OJC group) has been favoured by
intensification of cultivation during Hellenistic and Roman times.
Following this, the OJC Group expansion occurred during the
middle Ages in the course of event “h” in Fig. 7 (Mercuri et al.,
2013). Lastly, in the Alps, most ages obtained for the “Juglans line”
confirm that walnut is a relevant indicator of the Roman period at

about 2000 cal. BP (De Beaulieu, 1977; Clerc, 1988; David, 1993;
Brugiapaglia, 1996; Ortu, 2002; Court-Picon, 2007). Two very
recent studies of Lake Petit (2200 m a.s.l., 30 km distant from Vens)
in the Southern Alps have allowed dating the Juglans line (event
“g”) at 2360—1980 cal. BP and the OJC group expansion in event h at
between 1580 and 1350 cal. BP (ADModel, Brisset et al., 2012, 2013).

7.2. Establishing the Lake Vens multiproxy age—depth model

The palynostratigraphical markers defined above provide a
constrained chronological framework to compare the C ages of
core VEN10-II (Figs. 5—7):

e From 909 to 440 cm: sediment is organic-poor and the 'C
samples at 569 and 705 cm are respectively dated to
16,710—16,190 cal. BP and 17,100—16,550 cal. BP from pollen-
concentrated organic matter. These ages are at least 3000
years older than expected from the regional palynostratigraphy,
thus indicating that the Lake Vens infilling started during the
Allerod chronozone. Moreover, the pollen stratigraphy (Fig. 7)
indicates that the C age at 450 cm dated at 12,430—12,720 cal.
BP is inconsistent with the beginning of the Holocene period at
570 cm. These three C ages are, thus, incompatible with the
palaeoclimatic event stratigraphy of the INTIMATE group that
dated the GI-1c at 13,954 (+30/-10) cal. BP and the GS-1 from
12,896 + 4 cal. BP to 11,703 + 4 cal. BP (Blockley et al., 2012).
Consequently, the C ages of pollen-concentrated organic
matter have been rejected in this depth interval;
From 500 to 280 cm: most of the C ages are in conformity with
the regional palynostratigraphy (10 ages). Wood macrofossils
are abundant at these depths and except for three of these
samples obviously older and probably reworked from the lake
catchment (at depth of 278, 364 and 412 cm), all the '4C age have
been used to construct the age—depth model.

o From 280 to 0 cm: The comparison of the 6 C ages from bulk
organic matter of pollen size and the palynostratigraphy in-
dicates an offset of 2000 years. Two C ages of undifferentiated
plant debris retrieved from reworked deposits are in agreement
with the pollen stratigraphy while one might be rejuvenated
and the second one might be older. A younger 4C age might be
due to sample contamination as a result of a low carbon con-
centration in the sample. This plant debris probably originated
from older sediments reworked during an erosional phase in the
course of these events. The two upper “C ages (terrestrial
macrofossils from continuous accumulation) are in agreement
with the 21°Pb accumulation rate (Petersen et al., 2014) and the
regional palynostratigraphy.

The age—depth model is built from 12 accepted *C AMS ages
and 8 palynostratigraphical markers (Fig. 8). The 2 sigma envelop of
the age—depth model encompasses three rejected C ages (two
from reworked deposits and one from pollen-concentrated organic
matter) which have not been included for model calculation and
might consequently be accepted. On the whole, core VEN10-II
covers at least the last 13,000 years, with a maximal age at
14,000 cal. BP.

Comparison between the palynostratigraphical results and '4C
ages at Vens has demonstrated a distinct offset. '4C dating of pollen-
concentrated organic matter was conducted in order to compen-
sate for the absence of terrestrial macrofossils. This study shows
that these '“C ages are systematically older than expected.

o In the early stages of lake infilling from 13,000—14,000 cal. BP to
10,000 cal. BP, contamination by old carbon could be due to
reworking of (1) old pollen, (2) old soil organic matter, (3) dead



E g
S5
p— p— 0 ]
5 100 t |
6 pEA = ‘
] | # | : :
200 — QR » & ‘ ‘
| : **l | | |
— 300 — 9 ® | | ‘
45 : | . |
Ml - : 1 e
JBE ST T, :
3 < ] [ [ 9 2 [
| "5_ | | | | | |
| 8 500 — | | | | |
3 ] | | \@ |
2 ] ! ! | I |
600 — I I | | ® |
I — - | |
2 S o }
700 — @ |
| 1] 4 Accepted “C AMS ages |
1 - 1 % Rejected “C AMS ages :
E ] ®<»Palynostratigraphical marker Maximal
% : | | | | age |
L 1[2] 900 IIIIIIIIIII|IIIIIIIIIIIIIII[IIIIIIIIIII

0 2000 4000 6000 8000 10000 12000 14000 16000

0 0.08 0.16

Age cal. BP

Sedimentation
rate (cm/yr)

Fig. 8. Multi-proxy age—depth model of core VEN10-II computed on the basis of *C AMS ages of terrestrial material sampled from the continuous lacustrine sedimentation. These
ages are supported by palynostratigraphical interpretations (markers “a”—*“h”"). Instantaneous deposits (shaded bands) larger than 1 cm were removed before modelling. Three ages

rejected a priori are accepted a posteriori (see text for explanations).

carbon from dolomite bedrock and (4) coal particles (Bjorck and
Wohlfarth, 2001). As shown by inter-site comparison of the
pollen stratigraphy, the sediment sequence of Vens records the
succession of expected biostratigraphical events and thus we
suggest that pollen grains are not reworked. The first sign of
local steppe vegetation is recorded since the formation of the
lake and even if landscapes were probably sparsely vegetated, it
can be assumed that soil development (source of old carbon)
might have accompanied pine and juniper shrublands. Early
development of Podzols in Alpine granitic environments has
been dated at 14,900 + 1800—14,300 + 2300 years (Lateglacial
Interstadial) and at the end of the YD at ca 10,700 + 900 and
8600 + 600 years (Favilli et al., 2009; Egli et al., 2010; Bohlert
et al., 2011). The two deepest samples at 705 and 604 cm suf-
fer from residual, black and vitrified, undeterminable particles
(5—20 pm) which could be associated with wind-dispersed coal
particles (Bjorck and Wohlfarth, 2001) or dead carbon from
dolomite bedrock.

o In the third tier of the Holocene from 3000 to 500 cal. BP, the six
14¢ ages on pollen-concentrated organic matter samples have an
almost unchanging offset of ~2000 years (1820 + 215 years, 206)
relative to the age—depth model. Before 3000 cal. BP, the lake
catchment was densely forested (optimum values of Abies and
high pollen concentration), which probably promoted soil
development and lower detrital inputs (Mourier et al., 2010;
Bohlert et al., 2011). At 3000 cal. BP, a more open landscape
characterized by the development of ruderal-anthropogenic
meadows (optimum of Rumex and Urtica) is accompanied of
an increase in detrital inputs. Vegetation reversal in response to

increasing anthropogenic pressure in the catchment might have
led to soil dismantling providing old refractory organic matter
for sedimentation in the lake. Considering that the 'C result
interval of 3800—2100 cal. BP (20) is relatively narrow and co-
incides with a period of intense anthropogenic pressure, we
suggest these ages as illustrating the last stages of soil devel-
opment in the lake catchment before their dismantling.

7.3. The palaeoenvironmental history recorded at Vens

7.3.1. The Lateglacial

Between ~14,000 and ~13,100 cal. BP: the lithotype consisting
of light blue fine silts to beige medium silts is characteristic of a
depositional environment in the distal position of a proglacial lake
(“glacial milk”). Sedimentation rates are maximal (0.14 cm°a~1).
The sediment is rich in magnetic minerals from the gneissic
bedrock. This is the sedimentological expression of erosion and
removal of a glacier tongue located upvalley that steadily fed the
lake. Non-graded sandy layers occurred repeatedly and could
indicate debris flows occurring during high-discharge events. The
development of steppe vegetation is not documented in the sedi-
ment record which is free of organic matter. Clastic particles were
hence deposited under the strong influence of proglacial processes.
Our results allow dating the lake formation from the Allerod.
Therefore, the moraine Vens-I was deposited before 14,000 cal. BP,
and disconnection of the cirque glacier of Vens from the main
tongue of the Tinée valley occurred prior to this date.



Between ~13,100 and ~12,700 cal. BP: thick laminations of clay
and silt are associated with high values of magnetic susceptibility.
Darker laminations indicate a reduction of glacier release during
the Allerod. The presence of an open forest colonising slopes
around the lake may have promoted organic matter release. The
local glacier probably receded upstream in the cirque, favoured by
the warmer conditions of the end of the Allerod. This phase of
glacier retreat and open forest development is interrupted at
~12,700 cal. BP by the re-appearance of light blue laminations
interpreted as a lacustrine facies in a proglacial distal position.

Between ~12,700 and ~12,300 cal. BP, the vegetation records a
strong reversal towards a steppe environment in response to
probably colder conditions during the YD event. Rapid vegetation
changes together with a higher influence of glaciolacustrine pro-
cesses might be a signature of glacier tongue advance in the cirque
floor probably resulting in the formation of moraine ridges. This
phase may be related to the lowermost Vens-II moraine. This could
easily explain the reoccurrence of highly minerogenic facies.
Alternatively, the two upper moraines, Vens-Ill and Vens-IV mo-
raines, were also built by short cirque glacier fluctuations during
the same cold YD event. Alternatively, and taking into account (1)
the relative fresh morphology of the ridges of Vens-III and IV, (2)
the foothill position and (3) northerly exposure of the cirque, they
may have been constructed later during the Holocene.

7.3.2. The Holocene

Between ~12,300 and ~11,000 cal. BP: sediment is composed of
light blue to brown clay silt laminations. The sharp lowering of
magnetic susceptibility values suggests weakening of erosion of the
gneissic bedrock, and the increasing water content suggests less
massive mud deposition. The sedimentation rate drops from 0.11 to
0.07 cmPa”, indicating a lowering of terrigenous inputs. The
decrease in glacial erosion probably reflects significant melting and
retreat of the glacier or even its demise. Even if the catchment was
no longer under glacier influence, the steppe cover and the lack of
organic material indicate deposition during the cold conditions of
the end of the YD. Such conditions are compatible with the pres-
ence of residual ice pack shaping the small-amplitude moraine
ridges Vens-III and Vens-IV. The occurrence of an isolated “scree”
layer of gneissic material in the lake sediment at ~11,500 cal. BP can
be explained by mass wasting of the scree/moraine deposits Vens-I
which covered the flanks of Lake Vens.

Between ~11,000 and 8500 cal. BP: the sediment is character-
ized by a progressive increase in water content and organic matter
accompanied by darker silty laminations. Leaf tree expansion
around the lake, together with the first occurrences of wood
macrofossils, attest to the establishment of a riparian forest. A
reduction of terrigenous inputs reflects the stabilisation of the
catchment slopes.

Between 8500 and ~1700 cal. BP: a homogeneous to laminated
dark brown diatomite gyttja is deposited. These sediments docu-
ment an increase in algal organic productivity probably reflecting
warmer conditions. This unit is marked by the optimum in abun-
dance of plant remains. The sedimentation rate reaches its lowest
values, reflecting the reduction of terrigenous inputs and catch-
ment stabilisation.

From ~1700 cal. BP to Present: the recurrence of a laminated
facies is marked by an alternation of dark brown gyttja and light
beige detrital layers. The sedimentation rate increased to values
close to the ante-Holocene period. The plant cover is dominated by
ruderal-anthropogenic herbs attesting to the primacy of anthro-
pogenic activities in generating an open landscape. A reduction in
the extension of forest might have led to increased soil vulnerability
and consequently promoted terrigenous inputs. The occurrence of
homogeneous matrix-supported deposits also reflects this

destabilisation (Petersen et al., 2014). Increasing sediment loads on
lake slopes probably triggered mass-wasting events.

Since lake formation at ca 14,000 cal. BP, the catchment expe-
rienced the last cirque glacier pulsations followed by a general
reduction in erosion processes during catchment reforestation.
Lastly, an increase in erosion processes consequent to this pre-
ceding quiescent phase occurred due to anthropogenic influences.
Since the end of the Younger Dryas, the catchment has not expe-
rienced cirque glacier tongue advance. Even though residual
glaciers/ice-packs might have persisted during the Holocene in
restricted foothill areas (Vens-III and 1V), they did not influence
catchment dynamics.

7.4. Time frame and geographical characteristics of the cirque-
glacier deglaciation of the Mediterranean Alps

We have built up our analysis on the basis of a corpus of 15 high-
elevation lake and mires sediment core studies of the Mediterra-
nean Alps enhanced by the Lake Vens record (Fig. 1B and
Supplementary Material). On each site, we examine three inde-
pendent observations: (1) lithology documenting environmental
changes; (2) radiocarbon ages and type of sample material
(Table 2); and (3) local pollen assemblage zones (LPAZ) as they were
defined by authors. Radiocarbon ages inconsistent with palynos-
tratigraphy were rejected. The synthesis of these data are repre-
sented schematically in Fig. 9A and yields new insight into the
chronology of deglaciated environments by providing information
on: (1) the early stage of lake formation (bottom core dating), (2)
phases of the deglaciation of the cirque glacier upvalley, and (3)
geographical settings (altitude and ice-free catchment exposure).

7.4.1. An updated chronology of the cirque-glacier deglaciation in
the southern Mediterranean Alps

7.4.1.1. Ice-free high altitude cirques since the onset of the
Bolling—Allerod (GI-1e). The pollen diagram of Lake Vens attests
that at an elevation of 2300 m a.s.l, the lake was ice-free before the
onset of the Allerod, i.e. 14,500 cal. BP (GI-1e, Blockley et al., 2012).
Eight additional lakes and mires (Long Inférieur (2090 m) and
Orgials (2240 m) in the FMA, Vei del Bouc (2055 m) in the IMA, in
Allos (2225 m), Vallon de Provence (2075 m), Terres Plaines
(2100 m), Restefond (2400 m) and Vallon du Loup (2010 m) in the
UED) provide the same scheme showing that cirques above 2000 m
a.s.l. are deglaciated since the Bolling—Allerod or even since the end
of the Oldest Dryas. Lake Long Inférieur provides the oldest relevant
14¢ age supporting the chronology of an ice-free lake bottom at
13,740—13,410 cal. BP (20). Glacial retreat in uplands is also attested
by the 1°Be ages obtained on polished surface samples in the French
Maritime Alps (Fer/Rabuons catchments; Darnault et al.,, 2012),
which indicate that cirques were deglaciated at 14,914 + 809 years
(2700—2800 m a.s.l.). Consequently, the moraine ridges situated
downstream of the mires and lakes mentioned above must belong
to the first part of the Lateglacial period; glacial deposits situated
upstream must be related to cooling during the Younger Dryas and
the Holocene.

7.4.1.2. Oldest Dryas glacial remains. At Vens, the oldest glacial
deposits are situated near the lake at 2300 m a.s.l. (Vens-I);
downvalley no stage has been found probably because of the
steepness of the slopes. These glacial remains could correspond to
FMA-I and to one of the two Oldest Dryas stages identified in the
UED (UED-I or II). There are no arguments in favour of which one is
related to the FMA-IL In the IMA, stage IMA-I identified in Gesso
valley could also correspond to the oldest stages of UED (UED-I or II)
and FMA-I (Finsinger and Ribolini, 2001). These authors also map
moraine at 1700 m a.s.l. (Fig. 2); considering the elevation of these



Table 2

Compilation of sediment core studies in the Mediterranean Alps from a) Brisset et al. (2014); b) Ortu et al. (2005); ¢) Ortu (2002); d) Kharbouch (2000); e) Richer (2009); f) De
Beaulieu (1977); g) Ponel et al. (2001); h) Gandouin and Franquet (2002); i) Brisset et al. (2012); j) Brisset et al. (2013); k) Dijkstra et al. (1990); 1) Jorda and de Beaulieu (1977);
m) Finsinger and Ribolini (2001); n) Finsinger (2001). Site selection is based on a minimal dataset of lithological descriptions and palynological diagrams. A numerical code
reference is attributed to each lake refers in Fig. 1 (localisation map). Asterisks indicate unavailable data (material dated and/or 5'>C). Imprecise core correlation of 'C age is
coded “IC". Column remarks are an interpretation on the validity of the 'C ages: “suspect” means that age is inconsistent with palynostratigraphy of the respective core,
“rejected” means that age is discarded. Italics indicate the rejected 'C ages.

Code Name and Lat  Long Altitude Aspect Sample 14Cage Error Min cal. Maxcal. Core Material d13C Remark
reference (N) (E) (masl) code uncal. BP (20) BP(20) BP(20) depth
(cm)
1 Allos 4413 642 2225 N Poz-50232 615 35 546 658 181 Wood and needles *
-a Poz-49766 1275 30 1098 1289 250  Needles *
Poz-49767 1645 30 1417 1617 300  Conifer bark *
Po0z-49768 1795 30 1622 1818 390 Herbaceous fragments *
Poz-46760 2880 35 2885 3142 498.5 Twig — Salix sp. *
Poz-46759 3060 35 3177 3360 525  Twig — conifer (Larix/Picea) *
Poz-50223 2900 40 2898 3164 556  Twig deciduous tree *
Poz-46758 3895 35 4184 4422 589  Twig of deciduous tree *
Poz-50227 4090 35 4444 4812 605  Charcoal (Gymnosperme) *
Poz-50231 8840 50 9705 10,158 660  Twig — Salix sp. * suspect
Poz-50224 5570 40 6291 6434 685  Twigs undiff *
Poz-50222 6040 40 6784 6996 708  Twig of deciduous tree *
Poz-50228 6660 40 7461 7594 743  Herbaceous fragments *
Poz-50229 7670 50 8385 8552 807 Twig of deciduous tree *
Poz-50221 8090 80 8663 9274 832  Bark of conifer and twig *
Poz-46762 8050 50 8725 9090 865.5 Twig of deciduous tree *
Poz-50225 8820 50 9686 10,155 963  Twig undiff *
Poz-46757 9380 50 10,442 10,734 1038 Herbaceous fragment *
Poz-49768 8930 50 9904 10,214 1140 Vegetal debris undiff * suspect
9 Fate 4414 7.05 2130 E Ly1597 6480 100 7179 7572 133 Alnus sp. —-28.03
-b,c Ly1596 8850 60 9704 10,172 141  Salix sp. 28.45
Ly1595 9300 60 10,283 10,658 171  Salix sp. -27.92
Ly1594 9660 60 10,779 11,205 214  Salix sp. *
15  Grenouilles 44,05 7.29 1990 SE Gif-10370 1720 40 1545 1715 80 Peat -26.75
-d Gif-10371 4700 60 5316 5583 170  Peat -25.88
2 Lauzanier 4422 6.52 2310 N Poz-18882 2660 35 2744 2844 31 Peat *
-e Poz-18884 3655 35 3886 4087 54 Wood *
Poz-18883 9460 50 10,567 11,068 79 Bulk sediment (gyttja) *
Poz-18885 12,180 60 13,835 14,241 116  Bulk sediment (clay) * suspect
7 Long Inférieur 44,03 7.27 2090 E Ly1244 2660 190 2322 3321 IC * *
-fgh Ly1243 3740 160 3643 4528 IC * *
Ly1242 4770 300 4651 6205 IC * *
Ly1241 5670 170 6023 6887 IC * *
AA_36512 5678 50 6321 6628 138  Bulk sediment (gyttja) -25.4
AA_36513 8087 58 8772 9246 290  Bulk sediment (gyttja) -24.6
AA_36514 8692 53 9540 9886 328  Bulk sediment (gyttja) -25
AA_36515 8801 54 9627 10,152 358  Bulk sediment (gyttja) -24.6
Ly1207 10,430 210 11,410 12,724 IC * *
AA_36516 10,892 80 12,685 12,977 482  Bulk sediment -224
Ly1206 10,970 210 12435 13,281 IC * *
AA_36517 11,263 82 12,977 13,299 488  Bulk sediment (clay) -213
AA_36518 11,720 79 13,413 13,741 511  Bulk sediment (clay) -20.3
Ly1205 12,040 370 13,166 15,184 IC * * suspect
Ly1237 12,170 280 13,473 15115 IC * * suspect
Ly1236 12,510 370 13,619 15847 IC * * suspect
Ly1235 13,460 410 15,015 17,477 IC * * suspect
AA_36519 14,190 130 16,860 17,635 558  Bulk sediment (clay) —16.7 suspect
14  Mouton 44.03 7.26 2175 E Ly1247 3000 160 2784 3555 60 * *
-f Ly1248 8220 200 8609 9540 115 * *
Ly1249 7930 170 8409 9254 125 * *
Ly1246 9340 240 9917 11,230 205 * *
8 Orgials 4412 7.08 2240 SwW Ly1599 1875 35 1719 1885 59 Vegetal debris —28.26
-b,c Poz-7107 4670 35 5314 5571 142  Bulk sediment (gyttja) *
Poz-7108 7820 40 8479 8721 234  Bulk sediment (gyttja) *
Ly1611 9783 68 10,874 11,349 359  Bryophyts *
Ly1598 20,930 130 24,850 25,631 406 Bryophyts * suspect
16  Petit 4406 7.11 2225 S Poz-32578 1240 40 1069 1271 26 Terrestrial debris *
-i Poz-39213 1720 30 1559 1702 39 Wood — Larix *
Poz-355509 1890 30 1735 1893 58 Wood — Conifer *
Poz-32576 3620 40 3835 4080 94 Terrestrial debris *
Poz-35507 3855 35 4156 4410 111  Bark — Conifer *
Poz-39212 4125 35 4528 4820 135  Twig — Ericaceae *
Poz-32577 4110 35 4455 4818 137  Twigs framents *
4 Restefond 4419 6.47 2400 SwW
-k
11 Rifugo Mondovi 4411 744 1760 S Ly1606 965 45 785 960 140  Peat -29.5

-b,c Ly1607 1825 50 1620 1875 210  Peat —27.35



Table 2 (continued )

Code Name and Lat Long Altitude Aspect Sample 14C age  Error Min cal. Max cal. Core Material 3'3C Remark
reference (N) (E) (masl) code uncal. BP (20) BP(20) BP(20) depth
(cm)
Ly10757 1965 55 1741 2060 260  Peat —28.68
Ly10758 2575 60 2442 2837 290  Peat —28.67
Ly10759 5725 90 6315 6718 370 Peat —28.02
Ly1608 9790 60 11,094 11,327 390 Peat —28.99
13 Sabion 44.07 7.28 2215 S Ly1145 10380 400 10,870 13,063 245 * * suspect
-f Ly1146 9340 450 9475 12,005 255 * *
5 Terres Plaines 442 645 2100 N
-k
6 Vallon de Provence 44.23 6.24 2075 NE Ly731 9900 90 11,179 11,709 435 * *
-1 Ly730 11,510 140 13,074 13,592 470 * *
3 Vallon du Loup 4424 6.24 2010 NE
-1
12 Vei del Bouc 44.08 7.25 2055 N Ua-16175 5745 90 6321 6739 161  Salix sp. -26.4
-m,n Ua-16176 7525 90 8169 8536 171 Pinus cembra —24
10  Vens 4418 6.56 2330 NW SacA-31217 355 45 312 498 37 Coleoptera -12.3
-this study SacA-28193 300 30 296 460 42 Leaf —285
SacA-22282 470 30 494 540 68 Vegetal debris undiff (VENO9P3) —25.1 suspect
SacA-31697 2700 35 2753 2859 77 Pollen extract —28.8 rejected
SacA-31719 2735 30 2763 2917 105  Pollen extract -27.9 rejected
SacA-22283 435 30 338 531 139  Vegetal debris undiff (VENO9P3) 26 rejected
Poz-34153 1155 30 982 1175 139  Vegetal debris undiff (VENO9P3) * suspect
SacA-31720 2250 35 2154 2345 140  Coleoptera and pollen extract —27.2  rejected
Poz-48423 2525 35 2490 2745 168  Pollen extract * rejected
SacA-22284 2470 30 2380 2717 197  Vegetal debris undiff (VENO9P3) —25.1 rejected
Poz-48424 3315 35 3458 3632 201  Pollen extract * rejected
Poz-48425 3370 40 3482 3700 252  Coleoptera and pollen extract * rejected
SacA-31721 3565 30 3726 3968 278  Twig of conifer -32 rejected
Poz-40617 3040 35 3157 3358 280  Scale — Conifer undiff *
SacA-31722 2960 30 3005 3211 283  Scale — Conifer undiff -27.6
SacA-28194 3990 30 4415 4523 301 Needle — Abies sp. —24.5
SacA-28195 4165 30 4583 4829 309  scale — Conifer undiff —-25.7
Poz-48426 4390 35 4859 5210 317  Twig — Pinus sp. *
SacA-28196 5380 35 6017 6282 334  Charcoal of wood -21.5
SacA-28197 8080 40 8781 9127 364  Twig — Alnus sp. —-24 rejected
SacA-31723 6200 35 6997 7240 368  Twig — Alnus sp. -283
Poz-40618 9410 50 10,512 10,755 393  Wood of Betula sp. * rejected
SacA-28198 8295 50 9130 9438 408  Twig — Conifer undiff -20
SacA-28199 8135 35 8999 9241 412 Twig — Alnus sp. -27.3
Poz-40619 8660 40 9539 9696 418  Wood — Salix sp. *
SacA-31724 10,660 70 12,434 12,724 450  Pollen extract —30.1 rejected
SacA-31725 9900 50 11,208 11,599 496 Pollen extract —31.8 suspect
SacA-31726 13,630 70 16,188 16,712 569  Pollen extract —28.6 rejected
SacA-28200 13,900 70 16,548 17,102 705  Pollen extract —26.4 rejected

glacial deposits, we suppose that they could be remnants of UED-I.
Slight discrepancies between elevation and the corresponding 3ELA
of these stages through the Mediterranean Alps could be attributed
to particular geomorphological and topography-influenced climate
conditions and to the different methods used (Hofer method in UED
and FMA and the Balance ratio method in IMA). Overall, these
oldest Lateglacial stages can be considered as short glacier stag-
nations or moderate re-advances in a general and rapid melting
since the LGM. These stages correspond obviously to minor cooling
occurring during the GS-2a period after the glacial maximum dated
at 20,000—23,000 cal. BP (GS-2b period). Following Jorda and
Rosique (1994), this review emphasizes the rapidity of glacial
retreat from the near maximal extension of glacial tongues
downstream in the valley to the upper cirques above 2000 or
2300 m a.s.l. before 14,500 cal. BP, in less than 7 millennia. This time
interval may be shorter in the IMA in the Gesso valley where
Federici et al. (2012) have recently provided a '°Be age ranging from
16,590 + 970 to 18,200 + 1060 years from the Gschnitz stadial of the
Alpine Lateglacial chronology, associated with Heinrich Event 1
from a frontal moraine ridge situated at 850 m a.s.l. Therefore, in
this valley, the moraine ridge IMA-I, located at 2050 m a.s.l. under
the mire of Vei del Bouc, must have been built during the very end
of the GS-2a period.

7.4.1.3. Younger Dryas and Holocene glacial deposits and major
environmental changes recorded by sediment cores. The moraine
ridges located above the studied lakes must be related to a cooling
period younger than the Bolling—Alleradd. It is highly probable that
the glacial deposits situated immediately above the lakes corre-
spond to the major cooling occurring after the GI-1a, which is the
Younger Dryas. Upvalley, moraine ridges and glacial rocks must be
Holocene. This assumption can be comforted by observing lacus-
trine sediment facies which inform on environmental changes,
timing of melting and strength of glacial processes. Fig. 9 shows a
simplified lithostratigraphical core description from the 16 repre-
sentative lakes in the Mediterranean Alps. The sediment cores
show three lithotype successions since the Lateglacial.

Lake infilling starts by accumulation of an organic-poor blue clay
lithotype (Fig. 9A) often interrupted by sandy layers, characteristic
of glacial activity in lake catchments (Fig. 9B, situation 1). At Vens,
as in most of the studied lakes of the FMA, IMA and UED, the
deposition of a blue clay lithotype covers the Bolling and stops at
the end of the YD. These glacio-lacustrine processes could be
related with the moraine ridges of Vens-2, FMA-II, IMA-II and UED-
Il (3ELA ranging between 350 and 600 m). At Vens, the reduced
OELA of this moraine ridge is probably due to the very small size of
the catchment (4 km?). NGRIP reconstructions (Rasmussen et al.,
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Fig. 9. (A) Lithotypes and pollen stratigraphy of lake and mire sediment cores from the
Mediterranean Alps (details of individual cores are given in Table 2) and interpretation
of lithotype deposition (from 1A to 1C and from 2A to 2C). (B) Interpretation of lith-
otypes depends on the geomorphological setting which comprises two different sit-
uations. OD: Oldest Dryas, B/A: Bolling—Allerod, YD: Younger Dryas, PBO/BO:
Preboreal/Boreal, M/L HOL: Mid-to Late-Holocene.

2008) suggest minor cooling (GI-1d and GI-1b) during the generally
warmer period of the Bolling—Allerod which could have locally
maintained the strong influence of glacier processes until the major
cooling event of the YD (GS-1) responsible for the formation of
moraine ridges.

The blue clay lithotype is overlain by a beige to light brown
lithotype, mainly composed of silt—clay and rarely interrupted by
sandy layers, indicating progressive increase in organic matter. This
reflects vegetation colonisation and soil development at these al-
titudes attended by stabilisation of slopes. This phase is constrained
by the C age corpus between 13,500 and 8700 cal. BP. In four lakes
(Rifugio Mondovi, Long Inférieur, Fate and Orgials), all located in
the Maritime Alps, the accumulation of the blue clay lithotype ends
earlier than in the other lakes, and the YD cooling, expressed in all
pollen diagrams by the sharp increase in cold steppe herbs, is
recorded during deposition of the beige/light brown lithotype. We
might suppose that this delay is due to the southern position of the
Maritime Alps: warming conditions during the Lateglacial might
have been more pronounced than in the northern Alps, explaining
lower glacier influence on sediment cores. Moreover, local
geomorphological settings could have influenced lacustrine sedi-
mentation. For example, in case of Long Inférieur, Fate and Rifugio
Mondovi, the lakes were probably disconnected to direct melting
water from the YD glacier and higher lakes could have played a role
in buffering sediment supply downstream (Fig. 9B, situation 2).

In all of the 16 lake sequences, light brown deposits are overlain
by the dark brown lithotype associated with organic-rich (algal
and/or terrestrial) sediment. Persistence of this lithotype toward
the top of all cores reflects conditions of non-glaciated catchments
throughout the Mid-to Late-Holocene (Fig. 9A and B). The
dataset allows constraining of this phase from 11,500 cal. BP to
Present, which is supported by the dozen C ages encompassing
the Holocene period (Table 2). The moraine ridges located above
2400 m (Vens-III-1V, FMA-III-IV, IMA-IIl and UED-IV—-VI), corre-
sponding to a d3ELA lower than 350 m, attributed to the Holocene
period (to the LIA for the youngest), correspond to glacier re-
advance that was not sufficient to interrupt the organic-rich sedi-
mentation. These results plead in favour of a debris cover of
restricted extent and poorly erosive glaciers during the Late
Holocene.

7.4.14. Influence of the geographical situation. The datasets have
been investigated in terms of geographical settings of major envi-
ronmental changes in the Mediterranean Alps during the Lategla-
cial and the Holocene. The classification of lithological information
according to altitude is presented in Fig. 10. The insufficient number
of 1C ages obtained in the blue clay lithotype does not allow for
interpretation in terms of altitude. A more significant criterion
could be the distribution of the C ages corresponding to the beige
to light brown lithotype. The onset of this lithotype occurs 2000
years earlier at an altitude of 2090 m a.s.l. (13,500 cal. BP at Long
Inférieur) compared to Lake Allos at 2250 m a.s.l. (10,600 cal. BP). A
similar pattern may be noticed for the beginning of the dark brown
organic-rich lithotype which appears ca 2000 years earlier at a site
located below 2200 m a.s.l. (11,000 cal. BP), than in lakes located
between 2200 and 2400 m a.s.l. (9000 cal. BP). Therefore, even if
the datasets provide an incomplete image of the numerous small
catchments of the area, the effect of the altitudinal factor on the
timing of major environmental changes might be interpreted,
characterized by a time lag of roughly 2000 years depending on
whether catchments are located below or above 2200 m a.s.l. Fig. 10
presents a sorting of lithological information according to cirque
exposure. Lake catchment exposure seems to have an effect on the
timing of the onset of the beige to light brown lithotype, as well as
on the onset of the dark brown organic-rich lithotype. The onset of
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these units appears delayed by ca 2000 years in north-facing
catchments comparing to south-facing ones.

7.4.2. A similar scheme of glacier decay over the Alps

The main steps in the deglaciation scheme in the Mediterranean
Alps present similarities with those in the northern Alps where the
rapidity of glacial retreat following the LGM extension is also
shown. Even if the age of the LGM in the northern Alps is still a

matter of debate (MIS-4 or MIS-2; Guiter et al., 2005; Preusser et al.,
2006), the onset of lowland deglaciation is almost synchronous and
has been dated for the Rhone Glacier at 20,900 + 1500 °Be years
(Ivy-Ochs et al., 2008), at 20,800 + 1500 '°Be years in northwest
Italy (Gianotti et al., 2008), by both radiocarbon and OSL between
19,000—18,000 cal. BP in eastern Alps (Klasen et al., 2007), by
radiocarbon exclusively at 24,000—21,000 cal. BP (Monegato et al.,
2007) and at 17,200—17,700 cal. BP (Ravazzi et al., 2014) in



northeast Italy, at 21,000 cal. BP in the Italian Apennines (Giraudi
and Frezzotti, 1997), and at 18,000—17,000 cal. BP in the northern
Switzerland (Reitner, 2007). Since the northern Alps experienced a
cirque glacier phase that started during the Bolling (Van Husen,
1997; Ohlendorf, 1998), these data plead for a rapid decay of the
ice body at the end of the last glaciation in the Alps (Ivy-Ochs et al.,
2008) as well in the Mediterranean Alps.

Consecutive to lake formation, the deglaciation of cirque glaciers
in the Mediterranean Alps is interrupted by modest re-advances
(Giraudi and Frezzotti, 1997) and the lowest moraine is probably
related to the YD. Glacial forms of the YD are abundant in the Alpine
chain (Egesen stadial) and exposure ages are consistent, giving ages
comprised between 12,300 and 10,800 '°Be years (Kelly et al., 2004;
Federici et al.,, 2008; Hormes et al., 2008; Ivy-Ochs et al., 2009;
Cossart et al., 2012; Darnault et al.,, 2012). In each case, glacier
advance during the YD exclusively affects upper catchments. On the
basis of difference in equilibrium line altitude between the YD
moraines, Federici et al. (2008) suggest that humid conditions
comparable to those on the northern slopes of the Alps (Kerschner
and Ivy-Ochs, 2008) prevailed in Mediterranean Maritime Alps.

The onset of increase in the organic-rich unit is also recognised
in sediment cores of numerous high-altitude lakes in the Alps
(Koinig et al., 2003; Mourier et al., 2010; Giguet-Covex et al., 2011;
Thevenon et al., 2012). This gyttja facies is always associated with
afforestation of cirque catchments (e.g., Ponel et al., 2001; Finsinger
and Tinner, 2007), timberline increase (Nicolussi et al., 2005) and
soil development (Favilli et al., 2009; Bohlert et al., 2011). Organic-
rich sediment dominates lake infilling since ca 11,000 cal. BP in the
Mediterranean Alps whereas the onset of this facies is dated be-
tween 10,000 and 9000 cal. BP in the northern and eastern Alps. In
the northern Alps, short glacier re-advances occurred at 11,500 and
10,000 '“Be years (Ivy-Ochs et al., 2009). Even if regional compar-
isons of the timing of the onset of sedimentation are speculative
due to the prerequisite of larger-scale sediment core syntheses, we
propose that the imprint of glaciers during the Preboreal oscillation
might have been more important — and possibly colder — in the
northern Alps (especially in north-facing catchments), thus
explaining the time lag of ca 1000 years between the Southern and
Northern Alps.

During the Mid-to Late-Holocene, glacier advances smaller than
those than prior to 10,000 cal. BP are observed in the northern Alps
(Joerin et al., 2008; Goehring et al., 2012). Even if mass balance was
positive to maintain small glaciers, Ivy-Ochs et al. (2009) suggest
there were no time windows long enough to permit their devel-
opment. This could explain the continuous organic-rich facies
observed in lake sediments of the Mediterranean Alps over this
period. Nevertheless, even if rock glacier activities in the Mediter-
ranean Alps are recorded at 2720—2360 cal. BP and then during the
Little Ice Age (Federici and Stefanini, 2001; Ribolini et al., 2007),
which denotes similarities to the glacial record of the northern Alps
(Ivy-Ochs et al., 2009), they did not induce change in sediment
facies. Hence, we suggest that although a shift to climatic condi-
tions more favourable to glacier formation (generally colder, and
less frequent warm periods) may have occurred, this was not suf-
ficient to induce a reversal in the overall ecosystem expansion in
the Mediterranean Alps initiated 10,000 years ago. More so than
climatic change, anthropogenic pressure is probably the main
driver of ecosystem destabilisation during the Holocene. This is
underlined by the concomitance between the increase in anthro-
pogenic pressure and that of sedimentation rate recorded in Lake
Vens over the last 1800 years, whereas intense rock glacier activity
attesting to a cooling trend was detected 500—1000 years before in
the neighbouring valley (Ribolini et al., 2007).

8. Conclusion

A corpus of sedimentological, palynological and chronological
data from 16 lake sediment sequences occupying high-altitude
cirques in the Mediterranean Alps provides a maximum age of
14,500 cal. BP for glacier tongue retreat above 2000 m a.s.l based on
palynostratigraphical events. The first relevant “C age supporting
independently the chronology of an ice-free lake bottom is age of
13,740—13,410 cal. BP. Thus deglaciation of the main valley tongues
occurred before the Bolling interstadial (GI-1e).

The compilation of sediment cores indicates three units, start-
ing, from bottom to top, by organic-poor blue clay, beige to light
brown silt clay and a dark brown and organic-rich lithotype. The
review is supported by analyses of the Lake Vens sequence, which
offers a good example of these major lithotype alternations. The last
stages of domination of glacier processes are evidenced by a lith-
otype transition from blue clay to beige silt at the end of the
Younger Dryas chronozone. Thus, the Younger Dryas glacier
advance did not attain the altitude of lakes situated in the French
Maritime Alps, stage II in the French Maritime Alps (FMA-II) and
stage Il in the Upper Eastern Durance (UED-III) are attributed to
this phase. The Younger Dryas stadial in the Mediterranean Alps is
consistent with the Egesen stadial of the northern Alps.

Progressive increase in organic matter in sediment cores sug-
gests stabilisation of slopes during broadleaved tree afforestation
and soil formation during the Preboreal. From 13,000 to 8700 cal. BP,
changes in lake sediment are signs of a declining influence of glacial
processes and the progressive dominance of biogenic processes. The
onset of dark brown and organic-rich sediment deposition at
ca 11,500 cal. BP takes place during the Holocene climatic optimum.
An altitudinal and an exposure gradient could explain the time lag of
~2000 years for the onset of the major environmental changes.

Our synthesis provides an indirect record of the final stages of
glacier activity in the cirque. Lake sediments offer a large corpus of
data, often composed of sedimentological descriptions, palyno-
logical diagrams and '#C ages. Even if radiocarbon ages need to be
examined with caution, these multiproxy analyses are valuable as
independent arguments regarding the chronology and dynamics of
palaeoenvironmental changes. Multi-proxy investigations of direct
(absolute dating of frontal moraines) and indirect archives (sedi-
ment cores), with a more representative geographic coverage,
would probably offer perspectives for clearly elucidating the re-
lationships between major climatic events, glacier fluctuations and
environmental responses.
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