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ABSTRACT. This paper reviews data currently available on the glacial
Sfluctuations that occurred in the Pyrenees between the Wiirmian Maximum Ice
Extent (MIE) and the beginning of the Holocene. It puts the studies published
since the end of the 19th century in a historical perspective and focuses on
how the methods of investigation used by successive generations of authors
led them to paleogeographic and chronologic conclusions that for a time were
antagonistic and later became complementary. The inventory and mapping of
the ice-marginal deposits has allowed several glacial stades to be identified, and
the successive ice boundaries to be outlined. Meanwhile, the weathering grade
of moraines and glaciofluvial deposits has allowed Wiirmian glacial deposits to
be distinguished from pre-Wiirmian ones, and has thus allowed the Wiirmian
Maximum Ice Extent (MIE) —i.e. the starting point of the last deglaciation— to
be clearly located. During the 1980s, "C dating of glaciolacustrine sequences
began to indirectly document the timing of the glacial stades responsible for
the adjacent frontal or lateral moraines. Over the last decade, in situ-produced
cosmogenic nuclides (""Be and °Cl) have been documenting the deglaciation
process more directly because the data are obtained from glacial landforms
or deposits such as boulders embedded in frontal or lateral moraines, or ice-
polished rock surfaces. On that basis, it is now accepted that (i) the Wiirmian
MIE occurred in the Pyrenees during MIS 4 and not the Global LGM; and
that (ii) a major glacial readvance took place during the Global LGM. This ice
readvance reached a position close to the MIS 4 icefield boundary in the Eastern
part of the range, but apparently not in the west. (iii) Soon after the Global LGM,
the Pyrenean ice margin went into major and rapid recession. Even before the
beginning of the Lateglacial, the main trunk glaciers had already retreated to
the upper parts of the valleys. (iv) The paleogeography of the Pyrenean icefield
during the Last Glacial-Interglacial Transition (LGIT) is still partially unknown
but all available data indicate that glaciers during the Oldest Dryas (GS-2a) were
substantially smaller than during the Global LGM. During the Bglling-Allergd
interstadial, the Pyrenean ice margins retreated substantially, and glaciers
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locally vanished definitively. The Younger Dryas cooling event generated either
a short readvance of existing cirque glaciers or the development of rock glaciers.

La ultima mdxima extension del hielo y posterior deglaciacion de los Pirineos:
revision de la investigacion reciente

RESUMEN. Este trabajo revisa los datos disponibles sobre las fluctuaciones
glaciares que ocurrieron en los Pirineos entre la mdxima extension wurmiense
del hielo y el comienzo del Holoceno. Sitiia los estudios publicados desde finales
del siglo XIX en una perspectiva historica y analiza como los métodos de inves-
tigacion utilizados por sucesivas generaciones de autores les condujeron a con-
clusions paleogeogrdficas y cronoldgicas que fueron antagonistas durante un
tiempo y mds tarde pasaron a ser complementarias. El inventario y cartografia
de los depositos glaciares marginales ha permitido identificar diferentes esta-
dios glaciares y delimitar la extension del hielo. Ademds, el grado de meteoriza-
cion de las morrenas y de los depdsitos glaciofluviales ha permitido distinguir
los depositos glaciares wurmienses de los pre-wurmienses, asi como localizar
claramente la mdxima extension de los glaciares wurmienses, es decir, el punto
de partida de la ultima deglaciacion. Durante los afios 80 del siglo XX la da-
tacion mediante *C de secuencias glaciolacustres documentd indirectamente
el momento de los estadios glaciares responsables de las morrenas frontales o
laterales adyacentes. Durante la ultima década, la datacion mediante cosmo-
génicos (""Be y °Cl) ha documentado los procesos de deglaciacion de manera
mds directa porque los datos se han obtenidos de formas glaciares o de deposi-
tos, tales como grandes bloques integrados en morenas frontales o laterales o
superficies rocosas pulidas. Sobre esta base, se acepta ahora que (i) la mdxima
extension del hielo wurmiense ocurrio en los Pirineos durante el MIS 4 y no
durante el Ultimo Mdximo Global; y (ii) que un gran reavance glaciar ocurrio
durante el Ultimo Mdximo Global. Este reavance del hielo ocupd una posicion
proxima al limite del hielo durante el MIS 4, aunque aparentemente no en la
parte mds occidental. (iii) Después del Ultimo Mdximo Global los glaciares pi-
renaicos entraron en una gran 'y rdpida recesion. Incluso antes del comienzo del
Tardiglaciar las principales lenguas glaciares ya se habian retirado hacia las
partes superiores de los valles. (iv) La paleogeografia de los campos de hielo
pirenaicos durante la iltima transicion glacial-interglacial se desconoce toda-
via parcialmente, aunque todos los datos disponibles indican que durante el
Oldest Dryas (GS-2a) los glaciares fueron sustancialmente menores que durante
el Ultimo Mdximo Global. Durante el interestadial Bylling-Allerpd los glaciares
pirenaicos se retiraron notablemente, y localmente desaparecieron de manera
definitiva. El evento frio del Younger Dryas dio lugar a un corto reavance de los
glaciares de circo o al desarrollo de glaciares rocosos.

Key words: Wiirmian icefield boundary, Global LGM, Last Glacial-Interglacial
Termination, cosmogenic nuclides, radiocarbon dating, Pyrenees.
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1. Introduction

A growing body of research has been focusing on the glacial extent and chronology
of Pyrenean Pleistocene glaciations. The modalities of the last deglaciation, however, are
still poorly known, likely because studies published until now have mainly dealt with
terminal moraine systems and much less with till deposits located farther up-valley and in
the cirques. This paper reviews current knowledge of glacial fluctuations in the Pyrenees
between the last Maximum Ice Extent (MIE) and the beginning of the Holocene. It
also provides a synthesis of the glacial extent and chronology of the Wiirmian MIE
because these data set the starting point of the last deglaciation process. The Global
LGM is defined as the time of the most recent and largest globally integrated ice mass.
This latest peak volume of ice on Earth prevailed between 23 ka cal. BP and 19 ka cal.
BP (MARGO project Members, 2009) and coincided with extremely low and stable
sea levels (-135 m). The Last Glacial-Interglacial Transition (LGIT) refers to the time
interval between the Global LGM and the beginning of the Holocene (Wohlfarth, 1996;
Hoek, 2009; Denton et al., 2010). This time interval was characterized by intense, fast
and abrupt climatic changes. The LGIT-related climatic changes were initially detected
from North European pollen records (Oldest Dryas-, Bglling-, Older Dryas-, Allergd-,
Younger Dryas- and Preboreal-Chronozones, Mangerud et al., 1974), but has now been
well constrained and well dated with the help of isotopic data from the Greenland ice
cores, proposing a new terminology and chronology that is widely accepted (Rasmussen ez al.,
2006; Lowe et al., 2008; Svensson et al., 2008; Blockley et al., 2012; Rasmussen et al., 2014).

In the Pyrenees, the time range likely to cover the deglaciation process is a priori longer
than that recorded on a global scale (i.e., during the strict duration of the LGIT) because all
the geochronological data acquired from Pyrenean terminal moraines indicate that the last
Pyrenean MIE occurred earlier than the Global LGM and was, instead, contemporaneous of
the MIS 4 (review in Calvet et al., 2011; Garcia-Ruiz et al., 2013).

What happened in the Pyrenees between MIS 4 and the beginning of the Holocene?
When did the outlet glaciers retreat back from the Wiirmian MIE terminal moraines and
become confined to the valley headwaters? Was it during MIS 3, or only after the Global
LGM? Where were Pyrenean glaciers positioned during the Global LGM? Were they far
apart, or, instead, quite close to the MIS 4 one another? What was finally the impact of
the climatic changes that occurred during the LGIT on the Pyrenean ice extent? Here
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we try to answer these questions through a historiographic presentation of research on
Pyrenean glaciation since the end of the 19th century.

2. The Wiirmian MIE, starting point of the last deglaciation: a century of research

The paleogeography and chronology of the Wiirmian MIE, or maximum icefield
boundary, are now well established (Fig. 1; Calvet er al., 2011). These limits are based on
one century of mapping of ice-margin deposits. We outline here how the chronological
and spatial setting of the Wiirmian MIE has determined how researchers have
conceptualized the process of deglaciation.

Atlantic

Adout Ocean

) (&
9
Bayonne & X0
—— %y, Sp.
t J %
2 fo Pau
Z %,
%

%
z

053

= Ara ¢
1 . e Fig.4 A
[</] e
]

Ebro Basin

F42°N 1:W (I)o

Figure 1. The last Maximum Ice Extent (MIE) in the Pyrenees. la- Wiirmian MIE; b- Middle
Pleistocene ice extent. 2- Main supraglacial mountain ridges and ice catchment limits; main
iceways. 3-Possible extent of Pleistocene outlet glaciers.

2.1. The first maps and the dispute between monoglacialists and polyglacialists

A. Penck published extremely detailed reviews of the glacial landscapes and
deposits of the Pyrenees in 1883 and 1894, i.e. 25 years before the publication of the
famous synthesis on Alpine glaciations by Penck and Briickner (1909-1910). These early
Pyrenean reviews did not address issues of chronology. During the 20th century, the
inventory and mapping of ice-margin deposits continued on the north (Mengaud, 1910;
Depéret, 1927; Faucher, 1937; Goron, 1941) as well as the south sides of the mountain
range (Panzer, 1926, Llopis-Llado, 1947; Fontboté, 1948). These studies identified three
sedimentary units associated with three contrasting ice extents (Viers, 1961; Taillefer,
1963; Barrére, 1963). The “moraines externes”, or outermost moraines, locate the
maximum extent of the Pleistocene glaciers, whereas the “moraines internes” (or “stades
de disjonction”) refer to a time after which tributary glaciers became disconnected
from the trunk glacier and began to produce their own frontal moraines in the tributary
valleys. Finally, the “moraines des cirques” describe the third and final period when the
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ice was confined to the floors of glacial cirques. A similar terminology remained in use
on the south side of the range until the early 1990s (Fig. 2).

«Fases postglacials» Postglacial | Holocene

«moraines des cirques»
«Fase de glaceres rocalloses» Tardiglacial

«Fase de glaceres d'altitud»

«moraines internes»

o " «Fase de glaceres de vall»
(«stade de disjonction»)

Deglaciacio

«Fase d’estabilitzacié post-maxim»
Glacial

Pleistocene

«Fase de maxim glacial»

«moraines externes»

(«phase d’expansion
maximale»)

«Fases d’estabilitzaci6é pre-maxim»

Figure 2. Relative chronostratigraphy of Pyrenean glacial deposits. After Bordonau, 1992,
modified.

The issue of allocating ages to the glacial deposits increasingly became a concern,
and until the 1980s features such as the state of clast weathering, soil types, and deposit
position in the landscape remained the main relative dating criteria. Until the late 1960s,
analogies with the Alpine model (or, conversely, reactions against this model) fueled
the debate. As a result, the 1950s and 1960s were a time of sharp debates between
polyglacialists and monoglacialists.

Among the polyglacialist camp, H. Alimen (1964) claimed to recognize in the
valley trains of the North Pyrenean foothills (Gave d’Ossau, Gave de Pau, Adour
and Neste d’Aure) the four glaciations that had been identified in the Bavarian
foothills of the Alps at the beginning of the century by Penck and Briickner (1909-
1910) —including the Donau glaciation later defined in its type area of the Danube
valley (Eberl, 1930). The two higher terraces of the north-Pyrenean foothills were
respectively correlated with the Donau and the Giinz because they contained
an abundance of quartzite clasts and could thus be assimilated to the Alpine
Deckenschotter. The third terrace is deeply entrenched below the Giinz deposits. The
state of clast weathering is less intense than in the case of the previous two levels, but

CIG 41 (2), 2015, p. 359-387, ISSN 0211-6820 363



Delmas

the terrace deposit is nonetheless also capped by red soils. These criteria persuaded
Alimen (1964) to correlate this third terrace level with the Mindel glaciation because,
in the Alps, the Mindel likewise corresponded to the lower known terrace capped
by red soils. Finally, again by analogy with the Alpine model, the lower level of
north-Pyrenean fluvial sequences is ascribed to the Riss. Furthermore, given that
the lower North-Pyrenean terraces are topographically connected to the “moraines
internes”, Alimen (1964) correlated them with the Riss glaciation, and thus ascribed
the “moraines internes” to the Wiirmian glaciation. Finally, according to Alimen
(1964), the Wiirmian MIE corresponded to relatively small glaciers whose frontal
position was located in the elevated parts of the U-shaped valleys, whereas deposits
of the last deglaciation were confined to the floors of the cirques and to the crest area.

Among the monoglacialists, the inner and outer moraines were considered as the
result of a single glaciation, because the weathering facies of these two units were too
similar to be of differents ages (Viers, 1960; Taillefer, 1960; Taillefer, 1961; Barrére,
1963). Moreover, the high and middle terraces of the North-Pyrenean foothills could
not be of glaciofluvial origin because neither of those levels grades topographically
with the outermost moraines of the glacial sequence (Taillefer, 1951; Viers 1963).
These observations and interpretations, spearheaded by G. Viers, produced a model
for understanding the Quaternary period that stood in complete contradiction with the
works on global paleoclimates published during the 1950s (Emiliani, 1954). According
to this model, the Pyrenees experienced only one single glaciation, which occurred at
the end of the Pleistocene after a period of fluvial denudation during the Villafranchian
and alluvial fan construction and forming the high and middle terraces of the North
Pyrenean foothills. Thus, for the monoglacialists, the outermost moraines were a legacy
of a “phase d’expansion maximale”, while moraines in more internal valley positions
were the legacy of a deglacial stage named “stade de disjunction”. Lastly, moraines
located in the cirques were at first ascribed to the Lateglacial (Viers, 1961, 1963, 1968)
and subsequently to a “Neoglacial” period, “si proche des crétes que la progression dont
il résulte a nécessairement été précédée d’une déglaciation presque complete” (Taillefer,
19609, p. 27; Taillefer, 1967).

2.2. Recent rehabilitation of polyglacialist views and repositioning of the Wiirmian
MIE

It was not until the beginning of the 1990s, and the first attempts at U-Th-dating
the stalagmitic floors of the Niaux-Sabart-Lombrives caves (Sorriaux, 1981, 1982;
Bakalowicz et al., 1984), that the multiplicity of successive Pleistocene glaciations
was unanimously acknowledged (Taillefer, 1985). A growing number of radiometric
ages have been published since (review in Calvet et al., 2011), although none currently
span the entire Pleistocene record. This explains why the chronostratigraphy of
Pleistocene deposits currently recognized in the Pyrenees is mainly based on relative
criteria developed in the 1970s, which relied on the state of weathering and the soil
geography of glaciofluvial terrace systems in the North-Pyrenean foothills (Icole,
1973; Hubschman, 1973, 1975a, 1975b, 1975c). These studies reflect a continuity with
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the those conducted a few years earlier in the same area (Alimen, 1964) but they are
based on much more advanced analytical datasets because they focus on the finer-
textured fraction as well as the coarse fraction and relied on methods inspired by
existing research on soil chronosequences (Birkeland, 1968, 1999). These weathering-
based approaches allowed the terraces initially ascribed to the Riss and the Mindel to
be reassigned instead to the Wiirm and the Riss, respectively. It has been established
on that basis that the Wiirmian glaciofluvial deposits could be distinguished from their
very limited state of weathering, from the sand- and gravel-rich matrix, and from
the presence of eluviated brown soils; Rissian deposits (MIS 6), in contrast, were
characterized by weathering profiles at least 4 to 5 m deep, exhibiting a brown to
ochre matrix, weakly enriched in clay and free iron, and displaying a coarse fraction
consisting of at least 50% of weathered crystalline pebbles.

This relative chronology of North-Pyrenean glaciofluvial terraces was
subsequently and successfully transposed to the outer moraine systems
(Hubschman, 1984; Hétu and Gangloff, 1984; Calvet, 1994, 1998). These studies,
initially conducted on rivers such as the Gave d’Ossau, Gave de Pau, Garonne and
Ariege, show that the boundary between the Rissian and Wiirmian glaciations
does not run between the outer and inner moraines, as initially envisioned by the
earlier polyglacialists (Alimen, 1964), but lies within the outer moraine systems.
Hubschman (1984), for example, showed that the terminal moraines of the foothill
zone contained two generations of till displaying significantly different states of
weathering. The “moraines récentes” could be tied to the Wiirmian glaciation
because they show a very limited state of weathering. The majority of the pebbles
are unweathered. The matrix consists of coarse sand, is rich in feldspar and mica,
and poor in vermiculite. These younger glacial landforms form very well preserved
frontal and lateral moraines. They are conspicuous in the landscape and are connect
topographically with the lower Wiirmian terraces of the North-Pyrenean foothill
zone. In contrast, the older “moraines anciennes” are characterized by a finer, brown
and ochre-colored matrix, poor in plagioclase but rich in vermiculite and showing
some advanced weathering features among micaceous minerals. In many valleys
on the north side of the range, these weathered moraines remain only as residual
patches located relatively close to, but topographically higher than, the “moraines
récentes”. Likewise, the topographic continuity with the terraces of the foothill
zone is not always apparent. Where they exist, however, field evidence shows that
the “moraines anciennes” are topographically connected to the middle terraces of
the North Pyrenean foothills, i.e. with levels ascribed to the Rissian glacial stage
(MIS 6). Based on the seminal contributions of Hubschman (1984), at least two
generations of pre-Wiirmian tills have been identified on the Pyrenan moraines in an
outer position (Hétu and Gangloff, 1984; Calvet, 1994, 1998).

In summary, by separating the deposits that are coeval with the last glacial cycle
from those that are contemporaneous of previous glaciations on the basis of objective
analytical criteria, these studies allowed to the Wiirmian MIE to be located in several
Pyrenean valleys (Fig. 1). However, because there is no obvious weathering gradient
between the “moraines récentes” in an outer position and the “moraines internes”
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of the more interior parts of the valleys, these criteria have not allowed a relative
chronostratigraphy of the Wiirmian deposits to be established. Gaining deeper insight
into the absolute chronology of glaciation needed more radiometric dating. The first
radiocarbon ages from glaciolacustrine deposits provided further insight into the
chronological patterns of the last Pyrenean glaciation.

3. Contributions from radiocarbon dating

Starting in the 1980s, work on the chronology of the last glacial cycle produced an
increasing number of radiocarbon ages. Most of these came from pollen cores acquired
primarily for reconstructing the vegetation history since the end of the last Pleniglacial
(review in Jalut et al., 1992). Sedimentological analyses were also performed on all the
radiocarbon-dated sequences. These data allowed knowledge about the timing of the
Wiirmian MIE and of the following deglaciation to be refined (review in Andrieu et al.,
1988). These studies led to a chronological model significantly that was more precise
than that supplied by previous relative dating attempts. However, it is important to note
that this model indexed on radiocarbon dating was only based on indirect data, i.e.
glaciolacustrine clays from cores situated adjacent to Wiirmian MIE moraines such as at
Biscaye, Lourdes, Le Monge, Barbazan, Llestui, and Els Bassots. This is not identical to
dating frontal or lateral moraines directly. In all of these settings, the *C data obtained
from the base of the core samples pre-date the Wiirmian MIE and post-date the onset
of deglaciation. The close proximity between the position of the snout of the glacier
and the paleolake containing the fill sequence could generally be ascertained by the
presence of dropstones in the dated glaciolacustrine clays. However, when dropstones
are absent, correlating ice-margin positions with the radiocarbon ages obtained from the
glaciolacustrine clay becomes much less robust because proglacial streams, which tend
to feed the glaciolacustrine deposits, are capable of transporting suspended load over
long distances before ponding forces the particles to settle in the lacustrine sediment
trap.

3.1. A chronology for the north side of the range

The first age bracket for the Wiirmian MIE was obtained from the proglacial
fill sequence of Biscaye, where the basal glaciolacustrine unit, which contains
dropstones, yielded an age of 38.4 + 2.0 ka BP (Mardones and Jalut, 1983). A
quantification of the sedimentation rate between the two older “C ages set the age
of the fill-sequence base, by extrapolation, to ~45 ka. Because this fill sequence
is located just behind the Wiirmian MIE frontal moraine on the Gave de Pau, the
authors propose to place moraine construction between 50 and 70 ka BP. Using
IntCall3 (Reimer et al., 2013), the calibrated '“C age converts to between 39,541
and 47,932 ka cal. BP. Comparable results have been obtained on the Gave d’Ossau,
where the Estarres fill sequence provided an age of 27.15 + 1.0 ka BP (29,467 to
33,761 ka cal. BP) in the glaciolacustrine rythmites at the base of the borehole
(Andrieu, 1987; Jalut et al., 1988; Andrieu et al., 1988); and likewise in the
Garonne valley, where the Barbazan fill sequence yielded an age of 31.16 + 1.7 ka
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BP (32,037 to 39,407 ka cal. BP) in the glaciolacustrine rythmites and diamicton
at the base of the core (Andrieu, 1991; Andrieu et al., 1988; Jalut et al., 1992). In
the Ariége catchment, a “C age from the base of the Freychinéde borehole has
indicated that the Wiirmian MIE occurred prior to 21.3 + 0.76 ka BP, i.e. 24,056 to
27,346 ka cal. BP (Fig. 3, Jalut et al., 1982).

Following this early occurrence of the Wiirmian MIE, glaciers stagnated for
a time in the foothill zone before receding definitively to the higher reaches of the
valleys. On the Gave de Pau, although the proglacial fill sequence interrupts at 31.9
+ 2.0 ka BP (Biscaye, 32,657 to 42,182 ka cal. BP), the authors consider that the
ice left the foothills only around 29.5 + 1.2 ka (32,246 to 36,406 ka cal. BP), i.e.
at a time when the Biscaye sequence and the neighboring sequences of Lourdes
and Le Monge recorded an interruption of proglacial sedimentation. On the Ossau
valley, the Estarres sequence places the deglaciation of the foothill zone between
24.4 + 1.0 ka BP (27,068 to 30,974 ka cal. BP) and 18.97 + 1.0 ka BP (20,809 to
25,632 ka cal. BP). Data obtained in the Castet fill sequence are similar (Andrieu,
1987; Jalut et al., 1988; Andrieu et al., 1988). On the Garonne valley, the Barbazan
sequence places the same event just after 26.6 + 0.46 ka BP (29,786 to 31,446 ka
cal. BP, Andrieu, 1991; Andrieu et al., 1988; Jalut et al., 1992). Because they are
located in the foothills (Biscaye, Estarrés) or in their immediate vicinity (Castet),
the information contained in these boreholes is restricted to the earliest stages of
the deglaciation. Only two sites (Bious, Gave d’Ossau, 1550 m; Freychinéde, Ari¢ge,
1350 m) constrain the later stages of deglaciation. The data converge on the idea of a
relatively early deglaciation of the upper part of the valleys. Ages of 15.8 +0.24 ka BP
(18,641 to 19,719 ka cal. BP) from the base of the Bious fill sequence indicate
that the ice had retreated to the cirques located around the Pic du Midi d’Ossau
before the beginning of the Oldest Dryas (Fig. 4). This young age, however, remains
doubtful given the authors’ remarks about the three other ages from farther up in the
stratigraphic sequence (Jalut et al., 1988). The Freychineéde sequence indicates (i) that
the transfluence pass located near the fill sequence, at 1517 m, was free of ice as early
as 21.3 = 0.76 ka BP (24,056 to 27,346 ka cal. BP); and (ii) that the cirques located
on the south side of the Trois Seigneurs massif supplied, at that time, a valley glacier
occupying the Suc River valley, a tributary of the Vicdessos valley. The terminal
ice margin of this tributary glacier cannot currently be located. Nothing indicates
whether or not it joined up with the trunk glacier situated in the Vicdessos valley.
Nonetheless, the presence of sillimanite in the glaciolacustrine sediments, from the
bottom of the borehole to a depth of 396-398 cm, show that the Suc valley glacier
was sufficiently thick to feed the Freychinede paleolake with juxtaglacial meltwater
from metamorphic outcrops in the massif des Trois Seigneurs. (iii) After 13.15 +
0.3 ka BP (14,859 to 16,796 ka cal. BP, dating obtained at a depth of 401-403 cm),
the interruption of sillimanite-rich detrital inputs indicates that the Suc glacier no
longer extended beyond the bedrock step located at 1360-1380 m a.s.l. between the
Suc valley and the Freychinede fill sequence. The authors consider that, from that
time, the ice was confined to the floor of the cirques located on the south side of the
Trois Seigneurs massif (Fig. 3, Jalut ef al., 1982).

CIG 41 (2), 2015, p. 359-387, ISSN 0211-6820 367



Delmas

Stratigraphy of the Freychinéde lacustrine
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Paleogeography of the Wiirmian MIE (a) and of the Garrabet (b), Bompas-Arignac (c), Bernieére (d),
and Petches and Suc (e) stades. 3- Pre-Wiirmian erratic boulders dated by cosmogenic "’Be. 4- '’Be

sampling site on a Wiirmian moraine (site E is a proglacial alluvial fan connected to the Garrabet
terminal moraine). 5- "°Be bedrockstep sampling site. Map after Delmas et al. (2012) and Calvet
etal. (2011). B. Lateglacial ice extent in the Suc valley. After Delmas et al., 2011, modified.
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3.2. A coherent chronology for the south side of the range

The “C ages obtained in the glaciolacustrine fill sequences of the south side of
the range, particularly those in the Noguera Rigorcana valley (Fig. 5), have previously
confirmed the chronological model elaborated for the north side. New data inconsistent
with the initial results have, however, rekindled the debate started by Turner and Hannon
(1988) over whether or not the Pyrenean Wiirmian MIE and the global isotopic record
were truly synchronous (review in Pallas et al., 2006). In 1983, the base of the Llestui fill
sequence was dated and produced an age of ca. 33 ka'*C BP (Vilaplana, 1983a; Vilaplana
and Bordonau, 1989). Later, Bordonau (1992) dated the base of the Els Bassots proglacial
fill sequence and produced an age of 31.41 + 1.2 ka BP (33,542 to 38,941 ka cal. BP).
However, the author highlighted inconsistencies among the “C ages from the fill base
and doubted any synchroneity with the chronological model developed on the north side
of the range. The following year, noting a number of further inconsistencies in the “C
data obtained in the Llestui fill sequence (Vilaplana, 1983a; Vilaplana and Bordonau,
1989), Bordonau et al. (1993) undertook to redate the samples. In order to take into
account the presence of mineral graphite in the catchment (“old carbon” effect), the
authors developed a protocol for sample preparation with the purpose of separating the
organic carbon from the mineral carbon. At the end of this treatment, the results turned
out to be clearly younger, and the “phase de stabilisation post-maximum” was restored
to an age lying between 18.24 + 0.6 (20,684 to 23,600 ka cal. BP) and 21.65 + 0.9 ka BP
(24,113 to 27,831 ka cal. BP). Following this revision of radiocarbon ages on the south
side of the range, new boreholes were also drilled in the Biscaye, Lourdes and Le Monge
fill sequences of the north side (Reille and Andrieu, 1995). However, only the Lourdes
1 borehole yielded “C ages relevant to this study. Indeed, the age obtained in the blue
glaciolacustrine clays at the base of the borehole provided an age of 20,025 + 0.175 ka BP
(23,700 to 24,557 ka cal. BP), suggesting that the Wiirmian MIE could be much younger
than previously considered on the basis of Biscaye datings. However, the age obtained
from the base of the overlying gyttja also showed that glaciolacustrine sedimentation
ended before 15.46 + 0.15 ka BP (18,436 to 19,076 ka cal. BP) and that the glacier was,
by that time, confined to the higher part of the valley.

The "“C ages obtained from the glaciolacustrine fill sequence of the Gallego valley
(Paul de Bubal, Ibon de Tramacastilla, Nord Tramacastilla, Fig. 4) are highly consistent with
the data obtained on the north side of the range. The paper by Garcia-Ruiz ez al. (2003) was
accordingly entitled “Asynchroneity of maximum glacier advances in the central Spanish
Pyrenees” in reference to other European mountains. The reasoning is based on sedimentary
sequences from paleolakes linked to various deglacial stades. Several ages obtained from
the base of the boreholes led the authors to consider the Géllego Wiirmian MIE to be
older than the Global LGM, even older than MIS 2. Note that the age at 29.4 + 0.6 ka BP
(32,030 to 34,736 ka cal. BP) obtained in the glaciolacustrine unit at the base of the Ibon
de Tramacastilla sequence was considered unreliable by the authors, who considered the
likelihood of the “hard water” and/or “old carbon” effects. A new borehole from the same
ice-marginal paleolake (North Tramacastilla borehole: depth 4 m, against 14 m for Ibon de
Tramacastilla borehole) yielded an AMS "C age in proglacial silt, 275 cm from the surface,
of 20.6 +£0.17 ka BP (i.e. 24,389 to 25,345 ka cal. BP). The authors considered the latter age
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to be more reliable than another of 29.4 + 0.6 ka BP because it was obtained from a pollen
assemblage rich in terrestrial taxa. According to those authors, this precaution minimizes
the “hard water” effect (which artificially increases radiocarbon ages). However, it is
important to emphasize that this new age can nonetheless not be directly compared to the
initial result because the two samples were collected from different boreholes and thus do
not date exactly the same sedimentary unit.
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Figure 4. Glacial and glaciofluvial deposits, with associated exposure ages in the Gdllego
catchment. 1- Frontal and lateral moraines. 2A-Successive Wiirmian ice-margin positions,
B- Middle Pleistocene (MIS 6) ice-margin position. 3- Scoured rock surfaces on bedrock steps.
4A- Location of "*C sample ages, B- OSL sample ages, C- *Cl sample ages. 5- Wiirmian ice-
contact sedimentary units (lacustrine or fluvial). 6- Proglacial alluvial trains, poorly weathered
(Q16-7-8). 7- Proglacial alluvial trains and mantled wash pediments, weathered and rubefied
(Q15). 8- Highest alluvial deposits. 9- High-relief landforms. 10- Lakes and drainage network.
Dated OSL sites (66 +4 ka: Hostal de Ipies; 74 + 10 ka: Llano de Yeste) are located 1 and 5
km from the town of Sabifianigo, respectively (i.e. beyond the southern limit of the figure). After
Palcios et al. (2015b) and Calvet et al. (2011).
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Although the Gdllego sites were selected and sampled mainly in order to discuss
the age of the Wiirmian MIE, their location in the upper part of the glacial catchment
makes them also interesting in terms of timing of the last deglaciation. Indeed, (i) the C
ages of the glaciolacustrine unit of the Paul de Bubal sequence (Jalut et al., 1992) show
that the Gdllego glacier was located at least 15 km upstream the Senegti€ frontal moraine
before 20.8 + 0.4 ka BP (24,182 to 25,928 ka cal. BP). (ii) The *C ages obtained from the
Tramacastilla boreholes (Ibon de Tramacastilla and Nord Tramacastilla) record the end of
the transfluence between the Lana Major and the Escarra iceways, and also the probable
disconnection between these two joined-up catchments and the main Géllego outlet
glacier. Finally, (iii) the Portalet peatbog, which is located in a tributary of the Gdllego
within the cirque area between 2100 and 2300 m, benefited from the multi-proxy study
of a 6.64 m core (Gonzdlez-Sampériz et al., 2006). The sedimentary sequence shows a
stratigraphic hiatus marked by an erosional surface, a sharp break in the pollen spectra,
and a very low rate of sedimentation. This stratigraphic hiatus overlies a glaciolacustrine
deposit AMS-dated between 28.3 +0.37 ka BP (31,426 to 33,316 ka cal. BP) and 24.17 +
0.24 ka AMS BP (27,825 to 28,743 ka cal. BP). It is followed by a continuous sedimentary
sequence characterized by alternating silt levels varyingly enriched in carbonates
and organic matter, and topped by 2 m of peat. The sedimentary sequence provides a
continuous record of the vegetation history from 19.25 + 0.12 ka AMS BP (22,922 to
23,588 ka cal. BP) until the middle of the Holocene (5 ka). It also indirectly documents
the timing of the glacial fluctuations around the site. The basal unit, which is AMS-
dated between 28.3 + 0.37 and 24.17 + 0.24 ka BP, is coeval with an interstadial during
which the upper valley around the peatbog was occupied by small glaciers confined to
the cirque floors situated in the catchment above the paleolake. Between 24.17 + 0.24
and 19.25 + 0.12 ka AMS BP, the authors reconstructed two successive events. (i) The
stratigraphic hiatus is associated with a glacial advance ascribed to the Global LGM.
After 24.17 +£ 0.24 AMS BP, the glaciers were confined to the cirque floors but advanced
into the valley and overrode the paleolake. However, there is no evidence that this glacial
advance reached the Gdllego trunk glacier. (ii) The sedimentary sequence that overlies
the stratigraphic unconformity shows that, ca. 19.25 +0.12 ka AMS BP (22,922 to 23,588
ka cal. BP), the area around the Portalet peatbog was once again ice-free. However, given
the lack of proglacial sedimentation in the post-erosional fill sequence, this time the ice
had probably receded as far back as the iceshed. The authors note that all *C AMS ages
were obtained from pollen assemblages rich in terrestrial taxa in order to minimize the
risk posed by the “hard water” effect. To summarize, the data obtained throughout the
Gdllego glacial catchment are internally consistent, especially taking into account that
the Tramacastilla and Portalet paleolakes are located in tributaries of the Géllego valley
less well supplied than ice flow from the Sallent and Panticosa massifs —where the higher
summits reach 3000 m and may have fed a large glacier at a time when the Tramacastilla
and Portalet sites were already ice-free.

Farther east, sequence stratigraphy and “C AMS ages from La Massana
paleolake in Andorra (Turu i Michels, 2002) allow the timing of the first steps of
the last deglaciation in the Andorran valleys to be reconstructed (Fig. 3). During the
Wiirmian MIE, Andorra was covered by a large composite outlet glacier fed by the
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confluence of the Valira d’Orient (Gran Valira) and the Valira del Nord tributaries
—the latter being itself fed from the confluence between the local valley glaciers of
Arinsal and Ordino. La Massana paleolake is thus contemporaneous of a deglacial
stade during which the Arinsal and Ordino were confined to their upper valleys,
while the Valira d’Orient was still large enough to obstruct the Valira del Nord. The
sequence stratigraphy of the paleolake fill sequence has allowed changes in paleolake
water levels, and thus changes in the Gran Valira ice thickness, to be inferred.
It has also provided a record of climate-driven fluctuations of the local Arinsal
and Ordino glaciers, which overrode the paleolake deposits at regular intervals.
Numbers of “C AMS ages obtained in this fill sequence place the disconnection
of the two Valira valley glaciers and ponding of the paleolake before 25.64 + 0.19
ka BP (19,352 to 30,482 ka cal. BP). One '“C age on organic colluvium drilled in
the giant landslide of El Forn (Canillo) indicates that the disconnection between
the two Valira occurred before 34.25 +0.32 ka BP (i.e. 38,151 to 39,667 ka cal. BP,
Planas et al., 2011). At this time, the ice terminal position of the Valira d’Orient
was located 25 km upstream of the MIE terminal position. Thereafter, the Massana
record shows a relative persistence of the paleolake until about 15.49 + 0.07 ka
AMS BP (18,617 to 18,909 ka cal. BP). This shows that the Global LGM glacial
advance, which is recorded by a prograding till in the sedimentary sequence, did
not reach the position of the Wiirmian MIE. A glacial advance was also recorded
during the Oldest Dryas, but after 15.49 + 0.07 ka AMS BP (18,617 to 18,909 ka cal.
BP) the definitive interruption of glaciolacustrine sedimentation in the Massana
basin indicates that the Valira d’Orient glacier was, by that time, confined to the
higher part of the valley.

Two other high-elevation sites confirm an early deglaciation of the Pyrenees
compared to other north-European mountains. In the Noguera de Tor valley, the
glaciers were confined to the cirques located upstream from Estany Red6 d’Aigues
Tortes (2110 m d’altitude, Fig. 5) from the Oldest Dryas onward, as shown by an AMS
age of 13.47 = 0.06 ka BP (16,045 to 16,500 ka cal. BP) in the basal glaciolacustrine
unit of the borehole (Copons and Bordonau, 1996). Even more telling data were
acquired in the Eastern Pyrenees, at the Grave site (2150 m) in the upper part of
the Tét valley just below the cirque zone, where a buried peatbog yielded three
“C highly consistent ages (Fig. 6). These data indicate that glaciation was confined
to the cirques as early as 19-20 ka cal. BP, i.e. before the beginning of the LGIT
(Delmas, 2005; Delmas et al., 2008). The authors ascribed this major event to one
of the multiple temperate oscillations that characterize the GS-2b stadial of the
INTIMATE stratigraphy (Svensson et al., 2008).

4. Contributions from cosmogenic nuclides and OSL dating

In the 21st century, dating methods became more diversified. OSL data from the
moraine and glaciofluvial systems of the Cinca and the Gdllego (Sancho et al., 2003,
2004; Pena et al., 2004; Lewis et al., 2009), the Valira (Turu i Michels and Pefia Moné,
2006) and the Aragon valleys (Garcfa-Ruiz et al., 2013) were published. At the same

372 CIG 41 (2), 2015, p. 359-387, ISSN 0211-6820



The last maximum ice extent and subsequent deglaciation of the Pyrenees

time, Wiirmian glacial stades of several Pyrenean valleys became the focus of dating
using the in situ-produced cosmogenic nuclides '"Be and **Cl (Pallas et al., 20006,
2010; Delmas et al. 2008; Delmas et al., 2011; Palacios et al., 2015a, 2015b). These
methods have reinforced the conclusion that the Wiirmian MIE occurred during MIS
4. They have also provided a glimpse into the complexity of the glacial fluctuations
that occurred during the LGIT. The increasingly large number of data promoted by
the ubiquitous character of the sampling targets (rock surfaces containing quartz in
the case of the nuclides '°Be and **Cl, sand lenses in glaciofluvial or till deposits in the
case of OSL) have gradually led researchers to develop a more elaborate chronological
model of the last deglaciation in the Pyrenees. The key result is that Wiirmian and
LGIT glaciers were much more unsteady than previously considered just on the basis
of *C dating.

4.1. OSL data confirm the antiquity of the Wiirmian MIE (MIS 4)

OSL data acquired on the south side of the range have been obtained from the
sequence of glaciofluvial terraces located in the foothill zone. The high and middle
terraces have been ascribed to MIS 6, and even to MIS 8 in the Aragon valley. On
the poorly weathered Wiirmian glaciofluvial levels of the Cinca, Gdllego and Aragon
valleys, OSL dating has focused on glaciofluvial terraces as well as terminal moraines.
In the Cinca valley, the Salinas till and its connected Qt7 terrace indicate a weighted
average age of 64 + 11 ka (3 OSL ages) and of 61 + 4 ka (6 OSL ages), respectively. In
the Gdllego valley, the Aurin moraine, which was formed during the Wiirmian MIE, is
dated at 85 + 5 ka (another OSL age of 38 + 4 ka was discarded by the authors), but the
Sabifnanigo terrace (Qt7), which is situated in the downstream continuation of the Aurin
till, yielded a weighted average age of 68 + 7 ka (based on 3 OSL results: 69 + 8 ka at
Sabifanigo, 66 + 4 ka at Hostal de Ipies, and 74 + 10 ka at Llano de Yeste). The frontal
moraine of Senegtie, which is located 2 km upstream from the Aurin moraines, has been
dated to 36 + 3 ka (two OSL ages by Lewis et al., 2009, Fig. 4). Finally, data acquired
from the Aragon valley are relatively similar to those acquired in the Cinca valley given
that the moraine corresponding to the Wiirmian MIE yielded an age of 67 + 8 ka (single
OSL age by Garcia-Ruiz et al., 2013).

4.2 Cosmogenic ages cover the entire Wiirmian glacial sequences

Whereas OSL data only concern the moraines of outlet glaciers in outer
foothill positions, cosmogenic dating in the Pyrenees has begun to cover the entire
Wiirmian sequences from the Wiirmian MIE moraines to the moraines of the cirque
headwaters. All the data acquired in the Pyrenees by this method come either from
samples of glacially polished bedrock surfaces or from exposed boulders on moraine
crests. Ages obtained on glacially scoured bedrock surfaces document the time when
retreating ice exposed the bedrock step for the first time. Ages obtained on moraine
boulders indicate the time of moraine abandonment and stabilization due to glacier
retreat (Zreda and Phillips, 1994, 1995; Putkonen and O’Neal, 2006; Putkonen ef al.,
2008). In all cases, the cosmogenic data provide minimum exposure ages because
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the method postulates that sampled surfaces have undergone no erosion since their
initial exposure. This assumption is acceptable when supported by suitable field
evidence, hence the value of sampling large boulders situated on high and well-
preserved moraines.

4.2.1. Confirmation for the antiquity of the Wiirmian MIE, and first evidence of the
terminal position of Pyrenean outlet glaciers during the Global LGM

The first ages for the Wiirmian MIE obtained in the Noguera Ribagor¢ana and Tét
river valleys (Pallas et al., 2006, Delmas et al., 2008) do not come from the outermost
Wiirmian moraines but from moraines located a few hundred meters up-valley (Fig. 7).
Ages of 21-22 ka obtained on these moraines were briefly poised to re-open the debate on
the possibility of a time lag between the Pyrenean Wiirmian MIE and the Global LGM.
This time, however, the debate was short-lived because, as soon as 2010 and 2011, new
cosmogenic ages from the Querol, Malniu, and Ari¢ge river valleys showed that, at least
in the eastern Pyrenees, MIS 4 terminal moraines stood very closed to those attributable
to the Global LGM (Pallas et al., 2010; Delmas et al., 2011). On that basis, Delmas et al.
(2011) considered that the Pyrenean outlet glaciers during MIS 4 and during the Global
LGM reached almost similar positions in Pyrenean massifs under Mediterranean climatic
influence. Meanwhile, in the western part of the range, i.e. in massifs under Atlantic
influence, glaciers during the Global LGM were substantially shorter than during MIS
4. It is thus conceivable that, during the Global LGM at this latitude, cyclogenesis in the
Western Mediterranean was more intense and more effective at producing snowfall than
North Atlantic weather systems. Concurring evidence has been independently suggested
by the sea-surface temperatures recorded for the Global LGM in the Balearic waters
(with 9-10°C winter and 14-16°C summer averages) and the Bay of Biscay (2.1 to 3.2°C
in winter, 11.8 to 13.3°C in summer, Hayes et al., 2005; de Vernal et al., 2005, 2006).
This nonetheless remains a partial assumption because the real terminal position of the
Pyrenean glaciers during the Global LGM is still not fully constrained in a number of
valleys of the western Pyrenees —for example all the valleys located west of the Ariege.
Radiocarbon ages acquired in the 1980s and the 1990s indicate an early deglaciation
of the foothill zone, even before the Global LGM (see section 2.1). These, however,
are indirect data and should be clarified. Cosmogenic ages have been produced on the
outer moraines of the Gave de Pau, precisely for this purpose (Rodes, 2008). Results
were not up to expectation because Holocene climatic conditions in the North-Pyrenean
foothills exhibit quite intensely weathered rock surfaces, particularly on boulders. Given
that post-glacial erosion rates since initial exposure remain unknown, the true exposure
ages of the boulders located on the Wiirmian MIE terminal moraine of the Gave de Pau
have not been definitively established. On the south side of the range, the position of the
Global LGM terminal moraines has been identified in the easternmost massifs of the
range (southeastern side of the Carlit massif, Querol, Malniu, Duran, Llosa, and Aranser:
Delmas et al., 2008; Pallas et al., 2010; Palacios et al., 2015a, Fig. 7) and on the Noguera
Ribagorgana (Pallas et al., 2006, Fig. 5). There is no direct evidence yet from valleys
situated farther to the west.
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Figure 5. Glacial deposits and their associated ages in the Noguera Ribagor¢cana and Noguera
de Tor catchments. After Vilaplana (1983b) and Pallas et al. (2006).

4.2.2. Instability of Wiirmian ice-margin positions: preliminary evidence

Evidence of inherited nuclides on polished bedrock steps has revealed the existence
of large fluctuations (10 km at least) of the Ariege glacier during MIS 3. Because these
occurrences of inheritance are located upstream of the Global LGM frontal moraines,
they indicate that the Ariege glacier was affected during MIS 3 by one or several
recessional episodes that shortened the outlet glacier by at least 10 km from the Wiirmian
MIE terminal position. This shows that the post-MIS 4 history of Pyrenean glaciation is
more complex than previously detected by “C dating. Radiocarbon ages obtained from
glaciolacustrine fill sequences have tended to convey a spurious understanding of the
last glacial cycle as a simple event involving a single glacial advance, which reached a
single maximum ice extent, followed by a single phase of deglaciation, interspersed with
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brief episodes of stagnation or short-range advances during which a suite of frontal and
lateral moraines were constructed. All ages directly acquired on ice-margin deposits
implicitly lead to the same kind of deglacial model. For example, on the Géllego River,
the Senegiie moraine, which has been correlated with MIS 3, could be interpreted as the
first deglaciation stade that followed the Wiirmian MIE (i.e. MIS 4, as indicated from
Aurin moraines). We know now that this was not the case and that Pyrenean glacier
fluctuations, particularly during MIS 3, underwent variations that could be as numerous
as those that have been identified on a global scale. The bias comes from the fact that
frontal and lateral moraines located upstream from the Wiirmian MIE terminal moraines
have been used to mark deglacial stadials when, in fact, they were constructed during
phases of stagnation or, in some case, of glacier readvance.

A similar problem arose after the Global LGM. Several indications suggest that
a major and extremely fast deglaciation of the Pyrenean valleys occurred between the
Global LGM glacial advance and the beginning of the LGIT. The more direct evidence
has been provided by "“C ages obtained from the buried Grave peatbog (Fig. 6), where the
three concordant ages of ca. 20 ka cal BP have shown that the Tét glacier was confined
to the cirques as soon as the end of the Global LGM while, a few thousands of years
before, probably ca. 21-22 ka, the terminal position of the Tét glacier was located 16 km
upstream from the Grave site, i.e. near the Wiirmian MIE terminal position (Delmas,
2005; Delmas et al., 2008 Fig. 7). In the Querol valley, cosmogenic ages of 19 to 20 ka
obtained on bedrock steps situated 3, 5 and 9 km upstream the Global LGM frontal mo
raine, respectively, plead for similar conclusions (Pallas et al., 2010). Elsewhere, the real
magnitude of this phase of early post-LGM deglaciation is not directly recordable.
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Figure 6. "C and ""Be ages at La Grave (upper Tét River valley).
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4.2.3. New data on Pyrenean glaciation during the LGIT

Cosmogenic data acquired over the past few years have significantly enhanced
the body of available data on Pyrenean glaciation during the LGIT. Their number is
still limited, but they have helped to locate the ice-margin positions of the Lateglacial
glaciers in several valleys more precisely and, on this basis, help to compare them with
the positions of the Wiirmian MIE. Figures 3, 4, 5 and 7 show the drastic reduction of the
areas concerned. Cosmogenic exposure ages recently obtained from deposits generated
by small glaciers of the easternmost part of the range (Tét, Querol, Malniu, Duran,
Llosa, Aranser: Delmas et al., 2008; Pallas et al., 2010; Palacios et al., 2015a), but also by
the Noguera Ribagorcana (Pallas et al., 2006), Ariege (Delmas et al., 2011) and Gallego
glaciers (Palacios et al., 2015b), confirm and reinforce the impression conveyed from
previous *C-based conclusions.

The main advantage of cosmogenic data over other dating methods is that they
provide an opportunity for dating all the stadials present in a valley, with a potential for
attaining a finer resolution of paleoclimatic fluctuations during the LGIT than previously
allowed by radiocarbon. However, the relative imprecision and the very nature of the
cosmogenic data (which provide exposure ages) do not always allow moraines ascribable
to the Oldest Dryas, the Younger Dryas and the Holocene to be distinguished with
statistical confidence. Likewise, a comparison of the ages obtained from different
Pyrenean valleys would require an uniformization of existing and future data on the
basis of the latest calibration standards (NIST SRM 4325 for '°Be dating, Nishiizumi et
al., 2007). Nevertheless, a consistent pattern is beginning to emerge despite the limited
number of valleys investigated until now.

In the Noguera Ribagorcana valley (cf. Fig. 5, Pallas ez al., 2006), the most consistent
results concern the moraines located on cirque floors in the upper part of Bessiberri
valley (2700 m), and around the Pleta Naua (2200 to 2400 m) where 6 cosmogenic ages
on boulders yielded weighted average ages of 10.1 + 0.6 ka (9.9 + 1.0 ka, 10.1 £ 0.9
ka, 10.1 £ 1.0 ka) and of 10.2 £ 0.7 ka (10.0 = 1.0 ka, 10.1 = 1.4 ka, 10.6 + 1.1 ka),
respectively. The Mulleres moraine, which records the position of a 3 km long glacier,
has provided a weighted average age of 10.4 + 1.0 ka, i.e. almost identical to an age
obtained on a boulder at 10.4 + 1.2 ka and another on a polished bedrock step at 10.3 +
1.8 ka. Downstream of these Holocene (or Younger Dryas —because cosmogenic ages
are minimum exposure durations) moraines, the results obtained from the Noguera
Ribagorgana are less uniform and more difficult to interpret. The Santet moraine, which
is located 4 km downstream of the Mulleres moraine, has provided three ages at 14.4 +
1.4ka, 12.3 + 1.5ka, and 16.1 = 2.8 ka on three different boulders. Because the error bars
nonetheless overlap, the authors argue for a weighted average age of 13.7 + 0.9 ka and
use this result to date the disconnection between the Bessiberri and the upper Noguera
Ribagorgana glaciers (Pallas et al., 2006). Farther downstream, the anomalously young
exposures ages (13.2 £ 3.3 ka and 11.7 + 1.5 ka) obtained from the Refugi de I’'Hospitalet
bedrock step are perhaps explained by a patch of till which would have covered the
sampled rock surfaces for some period of time after the deglaciation of the bedrock step.
Till patches on bedrock steps, however, are intrinsically labile, and post-glacial erosion
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is likely to clear these materials quite soon after deglaciation. Due to this uncertainty,
it is thus equally conceivable that the Refugi de 'Hospitalet bedrock step was covered
during the Older Dryas by a glacier whose terminal position cannot be precisely located.
Finally, the age of the Bessiberri moraine is more difficult to establish because only two
ages have been obtained from polished bedrock steps. One is located downstream (16.3 +
2.1 ka), and the other upstream (11.7 + 1.5 ka). These ages are consistent with one another
but do not indicate whether the Bessiberri glacial advance occurred during the Oldest
Dryas or during the Younger Dryas.

As in the Noguera Ribagorcana, cosmogenic exposure ages in the Tét valley
—whether obtained on moraines or on polished bedrock steps— are never perfectly uniform
and it is often difficult to decide between the lower age bracket, which would indicate
Younger Dryas, and the higher bracket, which indicate Oldest Dryas ages (Fig. 7).
Because cosmogenic exposure ages are minimum ages, the second option (Oldest Dryas)
was favored for all the moraines dated in the upper part of the Grave valley and the
Carlit plateau (Delmas et al., 2008). Here, the key question is rather: what was the extent
of the glacial advance that occurred during the Oldest Dryas, knowing that around
19-20 kacal. BP, i.e. during GS-2b, the terminal positions of the glaciers in this massif were
confined to the floors of the cirques? The question arises especially for the upper part of
the Tét valley, where the buried peatbog of La Grave offers a reference site that puts into
perspective the cosmogenic data acquired locally with the help of other dating methods.
Delmas et al. (2008) considered that the Oldest Dryas glacier could not have covered the
radiocarbon-dated peatbog because (in contrast, for example, with the Portalet peatbog
setting in Spain: Gonzales-Sampériz et al., 20006), the exposed stratigraphy of the fill
sequence shows no sedimentological or mechanical evidence of overriding by ice (e.g.
absence of till between the dated peat and the overlying lacustrine and fluvioglacial
units, no obvious compaction of the peat, no erosional stratigraphic unconformity). On
the basis of this field evidence, the terminal position of the Oldest Dryas glacier was
located just upstream from the buried peatbog, at a site ~2150 m where a frontal moraine
has yielded two cosmogenic ages of 13.3 + 2.0 ka and 11.9 + 1.9 ka. Another age at
12.7 + 1.4 ka, which was obtained on a lateral moraine generated during a glacial stade
whose the terminal position is situated 3 km downstream from the Grave peatbog site,
has been rejected as unreliable; dating at 13.5 + 2.0 ka obtained on a polished bedrock
step situated 5 km downstream from La Grave site was also deemed unreliable for the
same reasons.

Another way of interpreting this dataset is to retain all the cosmogenic results
irrespective of up- or down-valley inconsistencies and consider that the Oldest Dryas
cooling event in the Tét valley generated a glacial readvance of sufficent magnitude to
produce a valley glacier 5 to 8 km long. Moreover, several ages on polished bedrock
steps located on the floors of glacial cirques indicate that the last cirque glaciers
disappeared in this massif during the Bglling-Allergd interstadial. Finally, the Younger
Dryas cooling event seems to have promoted the development of rock glaciers. A similar
chronosequence of landforms has been reported for all the smaller glaciated catchments
located further west. For the smallest among these (Malniu, Duran, Llosa, Aranser), the
last glacial advance occurred during the Oldest Dryas and the definitive disappearance
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of the ice occurred at the time of the Bglling-Allergd interstadial (Pallas et al., 2010;
Palacios et al., 2015a). In the Querol valley, a cosmogenic age of 16.2 + 1.8 ka from the
Porté bedrock step, and of 14.9 + 1.3 ka from the Vinyole moraine, has indicated that the
Oldest Dryas glacier was about 7 km long in the Orri valley. In this same area, an age of
11.8 £ 0.6 ka obtained for a moraine located on the cirque floor indicates the persistence
of a cirque glacier in this part of the massif until the Younger Dryas (Pallas et al., 2010).

Legend : “iC datings on Grave fossilized peat bog
1679585 BP i.e. 20069 to 20559 cal BP
Weathered pre-wiirmian moraines 16000100 BP i.e. 19069 to 19623 cal BP | 136+ 19ka
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5)7% Unweathered wiirmian moraines

116x18ka
Rock glaciers 132412 ka
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Crest and top-flatted landscapes
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Figure 7. Glacial deposits and their associated ages on the south-easternmost side of the
Pyrenees. After Delmas et al. (2008) and Palacios et al. (2015a).

In the Ariege glacial catchment, data on glacial fluctuations during the LGIT are
currently limited to two sites (Fig. 3). In the main axis of the Ari¢ge valley, the Petches
moraines help to place the lateral ice margin of a 20 km-long trunk glacier resulting
from the confluence of three tributary glaciers in the catchment (En Beys, Nabre, and
Mourguillou). All these glaciers originate from the north side of the Carlit massif and the
easternmost margin of the Aston massif, which are the most elevated and most exposed
to moist Atlantic air masses from the northwest. The Petches moraines are positioned
25 km up-valley from the Global LGM moraines, which occur in the Tarascon basin.
Cosmogenic exposure ages currently available for the Petches stadial were not obtained
from boulders located on the Petches moraine, but instead from three polished bedrock
steps situated at Ax-les-Thermes, which lay beneath the Petches glacier at the time. The
ages (13.9 + 2.1 ka, 15.2 + 3.3 ka and 14.0 + 0.8 ka) indicate when the Ariege glacier left
the Ax-les-Thermes bedrock step and retreated to the higher parts of the valley. Based
on these results, (i) the glacial advance responsible for the Petches moraines has been
ascribed to the Oldest Dryas, and (ii) the recession of the ice to the upper part of the
valley to the Bglling-Allergd interstade.
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A second site documents the LGIT glacial extent in the Ariége catchment. This
site is located in the Suc valley, a tributary of the Vicdessos River descending from
the south side of the Trois Seigneurs massif (2199 m). This site was selected in order
to confront cosmogenic ages acquired from this site with existing “C ages, alongside
mineralogical, sedimentological and stratigraphic analysis obtained from a core in the
glaciolacustrine fill sequence of Freychinede (Jalut ef al., 1982, cf. section 2.1 and Fig.
3). Three cosmogenic ages (16.7 + 2.3 ka, 14.4 + 1.1 ka, and 14.1 £+ 0.7 ka) were obtained
from a polished bedrock step located at 1360-1380 m between the Suc glacial trough and
the Freychinede basin. The age sequence indicates that (i) a 150 m-thick glacier occupied
the Suc valley during the Oldest Dryas. The terminal position of the small glacier is
not easy to locate because there is no frontal or lateral moraine preserved in the Suc
valley. However, the thickness of the ice just in front of the dated bedrock step suggests
that the terminal position of this Oldest Dryas glacier was about 950 m. (ii) During the
Bglling-Allergd interstade, this glacier gradually retreated until it became confined to
the cirques located on the south side of the Trois Seigneurs massif, and soon disappeared
definitively. Indeed, it is highly probable that the Younger Dryas cooling event did not
promote a new glacial advance in this area. The analysis of leaf stomata from botanical
remains collected in the Freychineéde borehole allow the Younger Dryas treeline altitude
to be estimated at about 1300 m (Reille and Andrieu, 1993), i.e. only 400 to 600 m below
the altitude of the cirque floor on the south side of the Trois Seigneurs massif (2199 m).
On that basis, and by reference to the current situation, the minimum estimation for
the Younger Dryas ELA is about 2300-2500 m, i.e. clearly above the crest of the Trois
Seigneurs massif.

Finally, a series of 26 in situ-produced cosmogenic *Cl ages was recently produced
from quartz samples in the upper part of the Gdllego catchment (Palacios et al., 2015b,
Fig. 4). As in the other Pyrenean valleys, these data were collected from polished
surfaces on bedrock steps and from boulders on moraines. The results have allowed the
extent of the Oldest Dryas glacial advance to be outlined, and also the rate at which the
glacier retreated during the Bglling-Allergd to be characterized. The Oldest Dryas ice
extent can be positioned in the Caldarés valley by the Boldtica moraine and, in the Aguas
Limpias valley, by the Formigal moraine. The location of these two lateral moraines
on the valleyside shows that the glaciers in these two valleys were not joined up at that
time. They also show that the upper part of the Gallego valley, which is located just
below the Portalet pass and does not reach 2300 m, was already ice-free. No cosmogenic
exposure ages have been obtained from the Formigal moraine due to a lack of exposed
boulders. However, three ages (14.6 + 2.3 ka, 12.3 + 1.6 ka, and 11.7 + 1.7 ka) were
acquired in the upper part of the Aguas Limpias valley 8.6 km, 2.6 km and 2.4 km
from the cirque headwalls. The Boldtica moraine yielded two ages at 16.5 + 1.8 ka and
13.9 + 2.0 ka. Behind this moraine, three ages (12.2 + 1.5 ka, 12.8 + 1.4 ka, and 13.9
+ 1.8 ka), respectively located 7.3 km, 6 km and 3.075 km from the cirque headwalls,
show that the rate of deglaciation in this valley was similar to that in the Aguas Limpias
valley. Moreover, these ages on polished bedrock steps indicate the possible presence of
residual glaciers on the cirque floors during the Younger Dryas. The ages acquired in the
Piniecho and Catieras cirques support this interpretation.
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5. Conclusions

The extent and chronology of the Pyrenean glaciation have been the subject of a
great number of studies since the 19th century, but the timing of the last deglaciation
has only begun to be constrained using radiometric dating since the last 30 years. The
position and age of the Wiirmian MIE have now been well established. The last Pyrenean
MIE occurred during MIS 4, and the terminal position of the Wiirmian MIE glaciers
remains poorly defined in areas where deposits have not been well preserved. By contrast,
knowledge of glacial fluctuations that occurred after MIS 4 is still in its infancy. Existing
data have nonetheless captured the behavior of the Pyrenean glaciers during MIS 3. The
fluctuations of outlet-glacier ice margins are relatively well constrained, but the true extent
of these changes has not yet been calibrated. We are beginning to discern an east-west
gradient in Pyrenean ice extent during the Global LGM, but this remains to be confirmed
because of significant knowledge gaps that still remain regarding ice boundaries in some
valleys. Evidence about post-LGM deglaciation is also incomplete. Early, rapid and
extensive deglaciation can be inferred and extrapolated from local studies, but it is not
possible to know yet whether the event occurred throughout the Pyrenees, or whether
it only occurred in the massifs under stronger Mediterranean climatic regimes in the
east and south. Similar uncertainty concerns the response of Pyrenean glaciers to the
sequence of abrupt global climatic changes during the LGIT. Studies currently available
are still too scarce to allow a Pyrenean-scale synthesis. The challenge is not so much of
a chronological nature because the main climatic changes that occurred in the Pyrenees
are the similar to those recorded on a global scale. The Oldest Dryas drove a glacial
advance of much lesser magnitude than either the Global LGM or MIS 4. During the
Bglling-Allergd interstadial, the ice margins retreated substantially, and some glaciers
even locally disappeared. The Younger Dryas cooling event generated either a readvance
of the ice front or the development of rock glaciers. The future challenge will be to
date the Pyrenean ice extent during the Oldest Dryas, the Bglling-Allergd, the Younger
Dryas and the Holocene more precisely than possible until now. Given the transitional
position of the Pyrenees between Atlantic and Mediterranean climatic influences, this
mountain range forms an ideal laboratory for studying the variability of local responses
to abrupt climatic changes during the LGIT. The spatial variability of the ice extent is an
interesting proxy that usefully complements existing models provided by vegetation and
other biomarkers. Providing greater resolution to the spatial ice extent during the LGIT
is therefore probably one of the more important issues for future research on glaciation
in the Pyrenees. The task will probably be laborious given the fragmentation of the trunk
glaciers into increasingly smaller units as the icefield contracted. But the potential is
there because deposits are well preserved and because we now dispose of dating methods
well suited to this kind of research.
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