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PART IlIl. European glacial landforms durthg main deglaciation (18.914.6 ka)
SECTION 2 European regions that were not covered by the EISC

21. The Pyreneegnvironments andandformsin the aftermath of the LGM (18.914.6 ka)
(Magali Delmas, Yanni Gunnell, Marc Calvet, Théo Reixach and Marc Oliva)

Abstract In the Pyreneesthe magnitudeof ice fluctuationgduring the earlier part of the last glacial
to-interglacial transitior(18.9t14.6ka), or LGITis onlywell established for a dozesf small
catchments mostly on the basis @xposureages Constraints on thedistribution and chronology of
early LGIT glaciers the eastern massifs have beased as proesfor paleoclimatic
reconstructions with widespread evidence ofpid and extensivpostLGMdeglaciationIn some
Pyrenearvalleys,such as irthe upper Tét catchmenthe LGMequilibriumtline altitude (ELArose
from 2000t2100 mto ~2400 mas early as 180 calka BPThereafter two glacer stillstands
occurredaround19 t18 ka and ¥ t16 ka. Glaciation patterns revealystematicallyower ELAs and
higherglaciermassbalance gradients among massifs on the nerthside of the rangdthereby
indicaing cooler andwetter conditiong than onits southern side TheseN tSclimaticcontrasts still
prominent today have thugprevailedsince the end of the LGNh the central andwesternPyrenees
datafor the Noguera Ribaggana, Nogera de Torand Gllegovalleysalso documenglaciers
confined to the upper catchmeneround17t16 ka

Key wordsiast glaciato-interglacial transitionstadialmoraine,terrestrialcosmogenicuclide
exposure dating, climatic gradier®yrenees

21.1. Introduction

The Pyrenees form a 480n-long and 80to 130-km-wide continuous topographic barrier

from the Atlantic to the Mediterranean. The highest elevations occur within akbdbng central
e Puvsd 3A v DE3X o0 b3}pue v W]<A00 Sumiits ekcedd3THO (righest
summit: AnetoPeak 3404 m). The more external belts attain lesser elevations of 150U m v
with one exception: Monte Perdid8355m v and are topographically more fragmented than the
core of the orogerfFig. 21.1)The modern climate of the Pyrenees hinges on two regional rainfall
and temperature gradients, both relevant to understanding the Quaternary glacial context. The
sharpest contrast opposes the cooler and moister oceelmeate ofthe northern slope more
directly influenced by the Atlantic Ocean, to the warmer and drier climate in the souttiope of
the range more strongly conditioned by the Mediterranean Sea. The climatic boundary

% % E}YAEJu 5 0oC }]v] « Als§Z §Z }E}P v|[strepachBvaialions mjtheU p3 A]sZ
upper valleys where cols allowing Atlantic airstreams to spill southward into the Iberian dain (
upper Ribagara and Géllego). Conversely, the upper valleys of some nifbothing rivers are drier
and sunnier tharthe regionalaverage €.g, H1% % & E S U s o [ B veX dZ 1 £ ]*}8Z &
central Pyrenees is now located at 2950 m (Léidezeno et al., 2019)althoughclimatein the
highest elevation belis stillpoorly documented because weather stations gemerallylocated in
the valles.



Glaciation today is residual. Glaciers covered an area of 320 ha in 2008 (2060 ha in 1850; René, 2013;
Oliva et al., 2018) disbuted among 27 dwindling cirque glaciers in 9 massifs of the central Pyrenees,
all exceedinglevations 03000 m except Mt. Valier (2838 m). Tinedernequilibriuntline altitude

(ELA) ranges between 2500 and 320Quith variations dictatedy topograply-related local climatic
conditions such as shading (notflicing aspect) and snoawalanching

Elevation (m a.s.l.)
50 100 200 300 400 500 1000 1500 2000 3000 4000

[ ]

0 30 60 90 km
— —
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Published studies on deglaciation (18.9-14.6 ka): % Data based on TCN exposure ages ¥ Data based on radiocarbon ages

¥ Data based on Schimdt hammer exposure ages G%‘% Local Last Glacial Maximum (LLGM) % Dated LGM ice limits

Figure 21.1Spatial distribution of published research on tlearly LGIT18.9 t14.6 ka) in the
Pyreneesl- Gravelpper Tét (Delmas, 200Belmas et al., 2008; Tomkins et al., 2028} Jpper
Arieége (Delmas et al., 2011; Reixach et al., 2028u8 (Jalut et al., 1982; Delmas et al., 2011). 4
Escale (Crest et al., 2017) Pacot (Jomelli et al., 2020)- Grri (Pallas et al., 2010)- Falniu (Pallas

et al., 2010). 8Aranser and Ll@s(Palacios et al., 2015a)- Bloguera de Tor (Copons and Bordonau,
1996). 10 Noguera Ribagorcana (Pallas et al., 2006).Eskera (Crest et al., 2017).-1R4llego
(Palacios et al., 2015b, 2017).-13lle® (GonzaleSampériz et al., 2006; Guerrero et al., 2018).

The chronology of thelBistocene glaciatiohas benefited from an increasing number of
studies in recent years, but results in a majority concern the fluvioglacial amdaiginal landforms
of the last most extensive glaciatigpelmas et al., 2@, b c). Glacierfluctuationsduring the earlier
part of thelastglaciatto-interglacial transitionéarly LGIT18.9t14.6 ka on the Greenland
chronostratigraphylate GS2.1bandfull GS2.13 Rasmussen et al., 20)lldre comparativelypoorly
documented, with only 2 valleyswith dated icemarginal deposit$alling within that time window
(Fig.21.1).

During this periogdvalley glaciers receded deep into th®untainrange and fragmented into
numerousshorter valley and cirque glaciers, with their maisdance gradientbeingincreasingly
controlled by local topographic and climatic conditio®sit of thedozenvalleys curently
documented eightare located in the eastern Pyrenees (Rifj2), thereby providing a fair density of
data. The distribution of ice mass@s this subregioris found to be a good proxy indicator bigh
elevationclimatic variability at local anaegional scalg thereby alsandirectlydocumentingchanges



in atmosphericirculationduringthe LGIT over Western Europe and the Mediterran@gixach et
al., 2021)

Lambert conformal conic projection, CS RGF 1993, D RGF 1993 Datum
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Figure 212. Early LGIT ice extent in the eastern Pyrend®ise rectangles locate the local glacial
stades reported in Table 21.1. Numbered white squares locate the lacustrine sequences cited in the
text: 1- Ruisseau de Laurenti; Balcére; 3La Borde; 4Freychinde; 5 La Moulinasse.

21.2. The early LGIT in the eastern Pyrenees
21.2.1. Two stillstand positions in theipper Ariegevalleyduring theearly LGIT

The upper Ariége vallgysts four generationsf postLGMdeposits documented between
AxlesThermesand thecirques (Fig21.2). Exposure ages obtained from the extant population of
morainesindicate that theyall formed duringthe LGIT, and the two older stillstands at Ax and
Mérens coincide with th@eriod between 18.9 and 14.6 kkig.21.2).



Iceemarginal deposits relaingto the Ax stillstand provide a weighted meageof 18.0 + 0.5
ka (i.e.,end of GS2.1b)basedon 6 exposureageson bouldes (17.3 £0.5 kawithout snov
correction,Fig.21.3A). At that time,the trunk glacier in the upper part of the catchment was 100 to
150 m thinner tharduringthe LGM. Ice was nonetheless thick enough to allow th&Ertia, Orri,
Baladrar and Pade-la-Casa tributaries to join up as a unique composite glamearerging orCol de
Puymorengadiffluence ca), andthereafter spilling north and south into the Ariege and Querol
valleys, respectively. In the Ariége valley, the glacier wasskeh lorg and ~380 m thick in the
upper valey aroundCol dePuymorenseventually thhning to140 and 70 m neakxlesThermesOn
that basisReixach et al. (2021) modelled ELAositioned at2012 m, a masbalance gradient of
0.47+0.05 m-yft-100m*Y, and bestfitting deviationsfrom presentday referenceconditionsof t62
+ 8% forpalaeqrecipitation pereafter:P) and t9.7+ 0.5 °C fopalaedemperature pereafter:T).

The Ariege glacier retreatetthereafterto a new stillstand position defined by the Mérens
frontal moraineqFig.21.3B). In the upper part of the catchmejthe Mérens stadiabroduced the
lower rightmargin moraine of the Vinyole complex, which documents a partial deglaciationlafe
Puymorens, and theght-marginboulderdeposits(along the2040 melevation contourf the Pas
de-la Casa glaci€Fig.21.30. The stillstandoccurred around 16.5 £ 0.5 ka, i.e., duringZa&
(weighted mean age basexh 7 exposureagesfrom ice-marginalboulders andwithout snow
correction 15.7 + 0.5 ka). At this time, the Ariege gtier was about .5kmlongand270 m thick
(Pasde-la-Casa valley), thickening 890 min the vicinity of theVinyolefrontal moraines
Reconstructed glaciological and paleoclimatic conditiodgate an ELA at 2152 m, a méasdance
gradient of 0.50 + 0.05 m-§#r100 mt, and bestfitting P and T pairs of44 + 16%nd t8.1 + 0.5 °C
respectively(Reixach et al., 2021he frontal positions of these two local stadies respectively 30
and 38 km up-valley from theLGMmoraines, and both correspond to a pdSEMELArise 0f200to
350m (values inTable 21.1).

Pollen spectra documented from the lake sediments at Freychinede (1350 m), LdlBorde
Borda(1660 m), Ruisseau de Laurenti (1860 BalceérdVallsera 1770 m), and La Moulinas§E360
m) confirm that climatic conditions for the early LGIT in the inner valleys of the eastern Pyrenees
were very similar to thosprevailing duringhe LGM(Fig.21.2, synthesis in Jalut et al., 1992; Reille
and Lowe, 1993)Until about 18 cal &BP (ie., end of G&.1b), plant assemblages were dominated
by droughttolerant steppe taxaArtemisia PoaceagChenopodiacegeorganic content in sediments
and pollen counts were low, indicating overall sparse vegetation typical of cold continental climates
with mean annual rainfall < 250 mm and fewer than 60 rainy days. After7léalka BP, i.e GS
2.1a, pollen concentrations and organic matter increased, with vegetation cover increasing3® 10
% during G2.1b and to 6480 % during G3.1a. The rise iRinusand expansion ajuniperusn
association witfEphedraon slopes more exposed to Mediterranean influence also document at that
time a returnto woodland vegetationThe persistence of herbaceous taxa throughou?Q@a
nonetheless emphasgs a prevéence of dry conditions (based on modern analogues where similar
taxa thrive,and annualprecipitation would haveot exceeded 500 mm).



Figure 21.3. Early LGIT ice extent in the Upper Ariégiey (late GR.1b and G.1a).A, B Gacier
configurations during the Ax and Mérens glacial stillstands (local stades) identified in the upper
Ariége catchment.GGequence of iemarginal deposits an#’Be exposures ages around Col de
PuymorensExpmsures ages reported on the figure asdculated with snoweorrectionfactorsof 0.95
for siteC, 0.93 for site D, 0.94 for site F1, 0.96 for site F2, 0.93 for site G and 0.95 foNeitnb\v
shielding for siteB and EWithout correction forsnow coer,exposure agewould be alteredas
followsfor site C(PUY0517.2 + 1.(ka; PUY0617.7 + 11 ka), siteD PUYQ: 16.6 + 1..ka PUY02:
17.0 £ 1.0 kpsite F1 (PUY036.9 £+ 0.%a; PUY@: 15.6 + 2.Xa), site R (PUY@: 15.2 + 1.Kkg;
PUY@: 15.9 + 1.Xa), site G(PUY5-01:15.0 + 1.5%a; PUM5-02:15.6 + 1.5%a; PUY5-03: 16.1 + 5.0
ka), andsiteH (PAS16 15.9 + 0.&a; PAS17 16.5 £ 0.%a).

21.2.2. Spatial variation ofglaciation with palaeoclimaticimplications

Bothof the early LGITstadial stillstandsecorded in theupper Ariége valley weralso
identified in other massifs of the eastern Pyrenebsit withmore sitesrecordingthe 17 t16 ka
stillstand(GS2.1a)than its19 t18 ka predecesso(GS2.1b). Table 211 summarsesthe
chronologicalpalaeogeographigalaeoglaciological and palaeoclimatic data currently available for



the eastern Pyrenedsetween18.9and14.6 ka.The record indicates a strong contrast between
northern and more southermassifs in terms of glacielzes massbalance gradientsELAand thus
of palaeoclimaticonditions in thanore elevated massifs of thrange

The upper Ariege valley hosted thengest glacier27.5 km at theend of GS2.1b (Ax stade),
and still 19.5 km during G51a (Mérens stag)). Coeval glaciers on the sod#rting sides of
Campcardos (G&1b Malniu) and Tossa Plana @3a Aranser) were just 8 km long, and a little
longer (~6 km) on the soutfacingslopesof the Carlit (G&.1a LaGrave) and Bassiés massifs-(GS
2.1a LéegunabensjTable 21.1)These sizdifferences however,are mostly explained by glacial
catchment hypsometry in the accumulation zataher thanexclusivelyy contrasts inocal
palaeoclimate It thus emphasiseshe notionthat glacier length on its owoan bea spurious proxy
for palaeoclimataeconstructioncompared to ELA arglaciermassbalance gradient, which
integrate informationmore comprehensivelgbout the regional climate and local (topoclimatic)
effects

With a surfacearea abovehe ELAof 90.7 knt at the time of G.1b, and still 25.3 ki
during G&.1a, the upper Ariege afforded by far the best conditiforshosting large glacieduring
the early LGIT compared tod4 knt in the other massifsf the easten Pyreneesluring the same
period (Table 21.1)Thespatialpattern of ELAs and mabslance gradients revealeralla general
N tScontrastduringthe early LGITwith lower ELAs and higher méasslance gradientéand thus
wetter conditions)among massifs on the north side of tAgial ZoneThis patternstill sharp and
prominent today (cooler and wetter northihasthus prevailedfor at least 1%Ka, i.e., sincehe end of
the LGM.

Table 21.1. Glaciers in the eastern Pyrenees at the time of the early LGIT t{¥8®ka)

Location Chronological data Glaciological reconstructions Palaeoclimatic
reconstructions
Relative INTIMATEce Local glacial Age Glacier Area ELA Mass 4d 4W
position stratigraphy stade length above balance
within (Rasmussen et al., ELA gradient
mountain  2014) (kat1 (km) kmd  (m) (m.yrt (°C) (%)
range sigma) 1100 m%)
Axles 0.47 £ 9.7 £ 62
North Thermes 18.0+ 0.5 27.5 90.7 2012 0.05 05 8
North GS2.1b Outer Picot 178403 26 NO " 2425 Nodata Nodata O
data data
. 037+ t7.5 % t70 £
South Malniu 19.2+0.7 3.1 2.1 2413 0.06 05 9
Mérensles 0.50 £ 8.1+ t44 +
North vals 16.5+ 0.5 19.5 25.3 2152 0.05 05 11
. 0.65 % 9.1+ +45 +
North Freychinede 16.7£1.0 49 3.6 1700 0.09 052 253
North Légunabens 161402 66 44 2012 0(')4:51 t%‘é * tﬁ *
— GS2.1 ) |
North i Inner Picot 167+00 1.9 04 2449 023t O1x @0
T ’ ’ 0.04 0.52 53
N Indirectly 035+ t7.4 + t77 +
South Aranser dated 24 0.5 2473 0.05 05 7
0.40 £ t7.5 % t67 £
South Grave 16.1+ 0.5 6.5 3.8 2383 0.06 05 8
Notes.:ELA calculated using the AABR method (balance ratio of 1.59; Rea,228@)A ou } § v (}E > Ppuyv
stade34W A op u} o }v §Z e]Je}( 4d Aop }s]lv (E}u v i v8 8 Zu vs

ve Po
HE]VP

]



21.2.3. Post-LGMglacier recession and readvance in the Carlit massif

In addition to a succession ekposuredated glacial landformshe evolution of the upper
Tét valley (known as La Grave, SE Carlit masai§pdocumented by radiocarbon ages from a peat
deposit (top of anin-situ sphagnum layeelevation 2150 n). **C agsof 20t19 cal ka BPfrom the
stratigraphy(Fig.214) indicates that the valley glacier had already receded to the cirqueisaby
time (Delmas, 2005; Delmas et al., 2008). The magnitude (~15 km) and celerity-bf3dMsilacier
recession in this valley are partly ascribable to catchment hypsometry. Dugrig@Mwidespread
plateau topographynthe SE flank of th€arlit massiéxtendedabove the ELA and thimsted an
icefieldableto feed three separate valley glaciers, each2Gkm long. Towards the end of the LGM
(ca. 19t20 cal la BP) a rapid riseof the ELAby 300t400 n) entailed the loss of this extensive
contributing plateau area, therebgonfiningice masses to the cirqgeat the veryonset of the LGIT

Figure 21.4. Post GM deglaciation
and early LGIT glacier readvance in
the Grave valleyA- Lateral moraine,
legacy of the G8.1a glacial
readvance in the Grave/upper Tét
valley. BRadiocarbon ages and
stratigraphy of the buried peat bog
and lacustrinedeltaic, and high
energy, poorly sorted fluvial
deposits.



The hypsometric settingf the Carlit massithus generaté alargestep changeather thana
gradual change iglacier sizat the onset of post GM warmingThe ice-free portion of the valley
was soon occupied by peatcumulatios such ashown in Figur@1 4. A Schmidthammerderived
exposure age of 1640.5 kg obtained from boulders embedded in a frontal morasituated ~3 km
down-valley from the peat deposihassuggestd nonethelesshat the Grave glacier readvanced
during G&.1a,thusoverriding the peaffloored stratigraphy but preserving {(fromkins etl., 2018)
Based orareconstructed icehickness profile for thishortlived stadial readvangdreixach et al.
(2021) modelled an ELA positioned at 2383 m, a rbakance gradient of 0.4 #¥100 m", and best
fitting palaeoclimatianagnitudes oft67 +8% (P), and7.5 £ 0.5 °C (T) (Table 21.1).

The Grave valley thus recorded two successive glacier stillstands: (i) small glaciers confined to
the cirquesas early a0 or 19cal kaBP, followed by (ii) a readvance ca. 1@®kte main trunk
glacier(length: 6.5 km). EL®aluesin each case are imprecise aaplpearclose (~2400 m initially,
then ~2380 m at the time of G&51a) but they nonetheless document a readvancéthis south
facing glacierThere is currently no independent evidence to corroborate the occurrenedtwdr a
glacial readvancer of climatic coolingn other catchments of the regigmutthe record nonetheless
provides gpreliminary hint that thel8.9t14.6 ka intervain the eastern Pyreneesvas notjusta
steadysuccession afecessionastillstands it also involvedat least oneshortlived event ofglacier
expansion.

21.3. The early LGIih the central and western Pyrenees
21.3.1. Noguerade Torand NogueraRibagorcana

TheNoguera de ToandNoguera Ribagorcanalleyseach hosted compositglaciersduring
the LGM Those glaciersnayhaveonly merged during occasional and shdisted periods Both
glaciers retreatedo their upper valley areas after the LQdfore readvacing during theearly LGIT
to positions well established in tHiéoguera Ribagorcana (Pallas et al., 2006gSantetmoraine
(1565 m)yieldeda weighted mean age of 17.5 = 1.7 ka basethoee exposure agefsom different
boulders(IST0118.1 + 16 ka,IST0215.6 £ 17 ka,IST0320.2 + 33 ka seeFig. 21.50r exposure
ages without snow correctignAt that time (G£.1a), the upper Noguera Ribagorcdrmasted a
small composite glacier fed by tvghaciersdescending from the Mulleres (7 km) andr@ngles (4
km) valleyshowever,they weredisconnected from the Besibeglacier The age of th@esiberri
frontal moraine is more difficult to establidbecauseexposureage estimatesvere not obtained
directlyfrom moraine bouldersAge constrains were obtainednsteadfrom the glaciallypolished
bedrock stepsituatedbelow ©OBS0121.4 + 2.8 ka) and abouwg(BES0117.0 £+ 1.9 ka)lhese two
agesare nonethelessconsistert with the respectivepositions of the datedock surfacesn a
recessionascenarigthus confirminghat the Besiberrimoraineisthe legacy of a stationary glacier
positioned between the two bedrock stepsiring theearly LGITFrom this it can be inferred that
the Besiberrivalley at the time was hostingshort glacier, 2 km long,descending te-2000m and
with an ELAsituated betweer?400 and2500m, i.e., 300 to400 m higher than in the Mulleres and
Conangles catchments where the Ea¥hat time, wassituatedbetween 250 and 250 m (Table
21.2).This is a very large discrepancygupposedly coevdtLAdetween twoneighbouring
catchments Such aranomalyin glacier behavioucalls fortwo possible explanationgi) shortrange
contrasts in environmentalonstraints(hypsometry topoclimatic condtions) imposingdiverse
glacer responsesor (ii) nuclide inheritance in theamplesobtained from the glacially polished



bedrock surfacesyhichwould thus beyielding older face-valueages than expected for thgesiberri
glacier (with the higher ELA)

Table 21.2. Glaciers in the central and western Pyrenees at the time of the early LGITt{48&%a)

Valley name Glacier  Glacier ELA Age of early LGIT deposits Key
(glacier name) front —length g aar AnBR references
elevation
(m) (km) (m) (m) (m) (ka+1V\j

N. Ribagorcana 1565 47t 2060t 2039 2089+ 17.5# 1.7 ka (mean weightéiBe Pallas et al.,
(Santet) 2140 +50 60 exposure ages from 3 boulders on Sante 2006

frontal moraine)
N.Ribagorgcana 2000 3 2320t 2454 2484+ 21.4+28ka, 17.0 = 1.9 R&Be exposure Pallas et al.,
(Besiberri) 2400 + 50 60 ages from polished bedrock steps below 2006

and above the Besibemoraine,

respectively); see Fig. 21.5 and text for

discussion
N. Ribagorgana 1400 6172 2150 14.9 + 1.8 ka'{Be exposure age from Pallas et al.,
(Besiberri) Hospital bedrock step covered by the 2006

reconstructed glacier); see Fig. 21.5 and
text for discussion

N. de Tor No data >1 ~2400 13.47 + 0.06“C ka BP (16,0686,481 cal Copons and
(S. Nicolau) yr BP)from base of glaciolacustrine Bordonau,
sequence at Lake Redd, an indirect 1996

indication that the San Nicolaglacier
was confined to the cirques during GS

2.1a)
Esera 2010 5t6 2480t 2615 2665+ 16.2+ 1.1 ké&°Be exposure age from Crest et al.,
(Aigualluts) 2560 + 50 50 boulder, Aigualluts lateral moraine) 2017
Esera 1740 10t11 2325t 2487 2487 + Exposure ages forthcoming Unpublished
(L. deHospital) 2400  +50 60
Géllego 1200 10 1840t 2284 2284+ 17.1+ 1.5 k@°Be exposure age from Palacios et al.
(Caldarés) 19200 +60 60 boulder, Bolatica lateral moraine) 2015b, 2017

1Values for the Conangles and Mulleres catchments, respectidffue for the reconstructed glacier based on Harper and Humphrey
(2003) and using an input ELA of 215G BLA calculated using the FaeHeadwall Altitude Ratio (THAR) method (ratio &)@.Data
calculated for ridgetop elevations of 2800 and 3000 m, respecti¥Blgta calculated for ridgetop elevations of 3200 and 3400 m,
respectively$ELA calculated using the Accumulation Area Ratio (AAR) method (ratio of 0.65 *H1 @5)alcated using the Area
Altitude Balance Ratio (AABR) methods (balance ratio of 1.59; Rea, 2009).

From an environmental perspectiyrypothesis 1)the Besiberricatchmentis relatively well
shieldedby the PosetsMaladeta mass#ffrom Atlanticweather systems entering the area from the
NW, whereas theMulleresvalley, on the soutbrn side ofAnetoPeak benefits instead from high
precipitation falling ovethe Maladeta v the highestmassifin the PyreneesThe resulting
precipitation gradientould thus perhaps explain part of the observed EldfscrepancyThe
coherence of theage data (hypothesis 2)asnonetheless alstested by running asimple
glaciological model over the landscape under the constraints provided by the expaestiaa:
sequence ofjlacial landformén the different valleysin this simulation exercisgppased on Harper
and Humphrey, 2003}he modeled glaciers ardorcedto expanduntil they reach the desired spatial
extent defined by the mapped and dated ioeargiral deposits, and a corresponding ELA is retrieved
as a model outpufReixach et al., 2021Alternatively, a desired ELA can be entemed the model
produces the corresponding glaciation patteResults are shown in Figu2é 5.

Fgure215A shows thatfor a uniformELAsetat 2150m over the entire focus area, the
Besiberriglacier would have beemlisconnectedrom the Santetglacierbut would havedescended
all the way into theRibagorcandrunk valley(terminalelevation ~1400m). Under this scenarighe



glaciallypolishedHospitaletbedrock stegexposure agel4.9 + 1.8 kaRLHORwould have been
covered by theBesiberriglacier at the time when the mergiridulleresand Conangleglaciersvere
generating theSantetmoraine While consistentvith the Hospitalet bedrock exposure age, this
scenario is ngthowever,consistent with the twdoedrockstepexposure ages u@and downstream
from the (undated) Besiberri morain@hoseresults(17.0 £ 1.9 ka and 21.4 + 2.8 ka, respectjvaty
both too old to serve as reliable indicators of tBesiberrideglaciation chronologyNuclide
inheritance inthe bedrockstep'°Be concentrations is thus a strong possibdihgd shouldbe treated
as a source dadrror in the Besiberriexposure ages

Another scenario illustrated by Figu&l 5B shows that when the regionBLAs positioned
at 2450 m(a value alculatedfor the Besiberri moraine based dhe Accumulation Area Ratio
method, see Table 21.2), tli@onanglevalley turns out to be entirely deglaciated whereas the
Mulleres valley still hosts Z&tkm-longvalley glaciefdescending te-1700 m). Given the exposure
ages ofLl3.5 + 2.2 kéMULO1)and13.6 + 1.5 kdMULO4)obtained in this valley segmefweighted
mean: 13.5 £ 0.1 kai} then becomes a possibilitynder this second scenaribat the Besiberri
frontal moraine(elevation:2000m) fits anagemore compatible withGl-1 or GS1 rather thanwith
GS2. Further datdrom the areawould be required tdest thisexploratoryhypothesis

Figure 21.5. Early LGIT ice extent in the Noguera Ribagorcana and Noguera degfaer tones:
glaciated terrain; darker tones: deglaciated terrafiorsampledST, RLH and MUIxpasure ages
with and without a snow correction factorGBvaluesindicated in brackets) are presented in
separate boxes, with weighted mean ages displayed below the curly breckeamplesOBS and
BESexposure agearereported without (top) and with (bottom) a snow correction factdCEalues
indicated in bracketsp- Ice extent modelledith an ELA positioned at 2150 m. Note that the
reconstructed Besiberri glacier forms a diffluence lobe in the upstream direction of tiyecldient
trunk valley. This occurs because the Harper and Humgbo&g) model adjusts ice movement to
climatic, glaciological and topographionditionsentered as initiakettings(it was assumedfor
examplethat the presentday topography was a relevant proxy for the LGIT subglacial topography).
This could be a motartefact, but it also has heuristic value because it could equally indicate the
presence of previously undetected glaciolacustrine deposits iidimity of the lobeNote, for
example, that the gentle topography around the Nogutasiberri valley justion could derive from



a kame deposit formed when the regional ELA was positioned around 21502r1§GSantet glacial
stillstand). Blce extent modelled for an ELA positioned at 2450 m. Note that the glaciers
reconstructed on the basis of the Besibaroraine (frontal moraine at 2000 m and ELA around
205012150 m) match the Mulleres glacial stillstand more accurately than the Santet stillstand.
Distance from origin on X and Y axis in metres. Elevation in metres above sea level.

Finally, he basal layer of a drill corieto the lacustrinesediments oLakeRedd(elevation:
2110 m) yielded a radiocarbon agel#47 + 006 ka BP (1,668to 16,481 calyr BP, Copons and
Bordonau, 199F This evidence indicates thdiy ca.17,000calyr BP (G&.1a), glaciersvere
confined to the cirqueof San Nicolawalley, a tributary of theNoguera de Tqmwith an ELA around
2400 m(Coponsand Bordonau, 1996)Such rapicand extensivaleglaciationsoon after the LGNk
consistent with the hypsometry of thecalcatchment which displays very few areas ab@400 m
It is also consistent withreobservedendency for the ELA to rigmonerto greater elevationsn
massifs sheltered fromtlantic weather systemd he etent of glaciers in the Noguera de Talley
still remains poorly documented but the much largatchment areaabove2400 msuggests an
accumulation zone large enough to sustain a fairly long trunk glacier duriregtlyelL GIT

21.3.2. Garonnevalley

Although the Upper Garonneatchmenthosted the longest glaciexf the Pyreneesluring
the last glacial cyclexposure ages from polished bedrock surfaces inthé Zu vidadwaters
show that glaciers had already abandoned the Garonne vatley ffly~15 ka éges between 14.8
and 14.2kain Baciveidrque, 1950t2440 m Oliva et al., 2021Glacierthinning and recession was
also detectedta.14.4+ 1.2ka(mean aggin neighbouring Saboreddrque, asrevealedby four
sample§ARAN31:14.8+0.9ka,ARAN34: 14.0+ 0.8ka, ARANAQ: 15.0+0.9ka, ARAN39: 13.8+
0.8 ka)from glaciallypolished surfaces from the valléigor and the cirque edges (Fernandes et
al.,2021). Further studies are needed to assess the evolution of the Garoaniedietweenthe
LGMandthe onset of theBgllingtAllergdinterstadial.

21.3.3. Esera valley

A series ot°Be exposure ages (corrected for snow cover) were obtained for cirque glacier
deposits in the Maladetanassif (Crest et al., 2017), but only one result from a lateral moraine at Plan
des AiguallutsEsera valleyelevation: 2014 mhappens to be relevant tthe early LGIT. The
corresponding boulder exposure age of2%.11 ka(15.0+ 0.9 kawithout snow correction)mplies
that, during G.1a,the Aneto andBarrancsirques were feeding ats kmlongglacierthat
descendedo 2000 ma.s.|, but that wasalreadydisconnected from the Maladeta glacidiheLlanos
del Hospital morainessituated5 km downstreamoutline a glacial stillstand corresponding to a
composite glacier fed by the entire population of nofiting Maladeta cirquerontal moraine
~1740 m). Given the difference between the ELA at that timeO@#®500m) and the reconstructed
ELA relevant to the Aigualluts stadial positio6Q@t2700 m), it is likely that th&lanos delHospital
glacial stillstand (exposure ages forthcoming) aésmmrds theearly LGIT period.



21.3.4. Upper Géllegovalley

The headwaters of th&allegoand Ossauiversare documented byn exposureage
chronologyfocused on glaciallpolishedbedrock steps and moraiaelated bouldergPalacios et al.,
2015b, 2017)Within the largedataset, a**Cl exposure agef 17.1+ 15 kafrom a boulder
embedded in a lateral morain®ANTR) documents the extent othe GS2.1a ice advance in the
Caldaré catchmen{seeFig. 21.6or exposure ages without snow correctioA} that time, the
Caldarés catchmentostedan 11-km-long glacier terminatinga.1200 m and associataslith an ELA
situatedbetween 2200 and 2300.

Figure 21.6. Early LGIT ice extent in the Gallego catchmaghter tones: glaciated terrain; darker
tones: deglaciated terraimlote that each exposure age is reported without (top) and with (bottom) a
show correction factor (SCF vairdicated in brackets)ce extent modelledith an ELA positioned

at 2300 m. Note that the glaciers reconstructed on the basis of the Caldarés moraine (frontal position
at 1200 m and ELA around 2300 m) corresponds to &rillong trunk glacier in the Ags Limpias
catchment. This reconstructed glacier matches the exposure age at 15.0 + 1.5-kx ¢Bta#ed in

this valley at an elevation of 1525 m; the corresponding bedrock stefhwssovered by ice at the

time of G&.1a.1- Brazatodrque. 2- Pinechodrque. 3- Catieragdrque. Distance on X and Y axis in
metres. Elevation in metres above sea level.



Based ort’Be exposure agesf 21.4 + 0.8 ka and 18.1 + 0.5 kagbaciallypolished bedrock
surfaceyBRAZAL, BRAZR), Palacios et al. (201gpncludedthat the Brazato cirque glacier was
disconnectedrom the Caldarés glaciett the time of the GR.1a(seeFig. 21.7for exposure ages
without snow correction)Gven, however the hypsometry of tie Brazatsub-catchment(cirque
floor elevation:2350t2400 m) and its topographic configuratiopeningdirectly irto the Gildarés
valley(see. Fig. 21.6}t is likelythat BRAZA and BRAZ& were still covered bya glacierat that
time. As in the Noguera Ribagorcana (see Fig. 21.5 anddatigiSection 21.3.1dhere is a strong
possibility that'®Be concentratioa measuredrom thesebedrocksamplesdisplaya component of
nuclideinheritance(thereby generating anomalously old facalue exposure agedh contrast,and
following Palacios et a[2017),we assumehat glaciersat that timewere confinedo the Piniecho
and Catierasirque floos, in positionsshelteredby high peaks(some exceeding 3000 m) from the
influx of Atlantic moisturdrom the NW v a situation similar to the Besiberri glacier discussed in
Section 21.3.1!%Be and®*Cl exposuralating constraints (n = 16) on theamaines and rock glaciers
hosted bythose cirquaindicate substantial age disperg®alacios et al., 2015b, 20150t
nonetheless show that the outermostorainescorrespond to a stillstand that occurred during the
early LGIT (Fig. 21.7mhe Aguas Limpias catchmewias hostinga glacietthat extendedfar enough to
cover theglaciallypolishedbedrock stedocated atspot elevatior2132m. A %Clexposure agef
15.0+1.5ka(RES) indicates the time elapsedsincethe glacier receded from that locatiqRalacios
et al., 2015b, 2017Meanwhile, he headwaters of the GéllegRiver below Portaletpass, elevation:
2300 m) were already iekee at the time of GR.1a(Fig.21.6, GonzaleSampériz et al., 2006;
Guearero et al., 2018; Delmas et a22022c).



Figure 21.7Exposure ages in the Piniecho and Catieras cirg@lego catchmentNote that each
exposure age is reported without (top) and with (bottom) a snow correction fee@alues
indicated in bracketsBase map (depositlandformsand exposure agégsfter Palacios et a2015b,
2017). 1- Brazatodrque. 2 Piniechddrque. 3- Catierasdrque. Show correction factom bracket.
Digital elevation data source: Instituto Geogréafico Nacipgedund resolution: 5 m.

21.4. Conclusions

Despite the limited number of age constraints on glacial landfayerserated during the
early LGIT (18.44.6 ka)Fig.21.1) v including controversial exposuage interpretation issues at
some sitesv it appears that the behaviour of glaciers duringstberiodwas relatively uniform along



and across the Pyrenean rangéhe period recorde() rapid postLGM glacier recession deito
the inner valleys, often as far as thidgetopcirques and (i) a rise ofELA by 200to 300 mwith
respect to theil.GMpositions(Table 21.3)

Table 21.3Glaciated environments in the Pyrenees during tharly LGIT{18.9t14.6 ka): a summary

Valley Climatic Age of Proportion of ice cover  ELA at time ELA change  Glacierfront Main Key
(name of conditions  maximum (at maximum extent) of maximum  with respect  elevation at landforms  publications
frontal relative to glacier extent relative to LGM extent to LGM maximum extent
moraine) the LGM
(ka) (%) (m) (m) (m)
Upper Ariege Equally Lateral and Delmas et al.,
(Axles cold, but 19118 25 2012 +200 - frontal 2011; Reixach
Thermes) drier 50 moraines etal., 2021
-y Equally Lateraland Delmas et al.,
Upper Ariege .
PRETANICO® ~ cold, but 17116 12 2152 +300 050 frontal 2011; Reixach
(Mérens) drier 105 moraines etal., 2021
Equally Lateral Tomkins et al.,
Grave cold, but 17116 12 2383 +350 2030 . 2018; Reixach
. moraines
drier etal., 2021
Palacios et al.,
Equally Lateraland 2015a; Andrés
Aranser cold, but 17116 11 2473 No data 2215 frontal etal., 2018;
drier moraines Reixach et al.,
2021
N. Equally N
Ribagorcana cold, but  17t16 20 21002200  No data 1565 Frontal Pallas etal.,
. moraine 2006
(Santet) drier
Esera Equally Lateral and gg%%nnsaind
(Llanos del  cold, but Forthcoming 22 230012400 No data 1735 frontal e
ital drier moraines 1997; Crest et
Hospital) al. 2017
. Equally .
Gallego
g0 cold, but 17116 20 ~ 2300 +300 1200 Lateral Palacios et al.,
(Caldarés) drier moraines 2015b, 2017

Considering the persistence of very cold conditions throughout that,timie likely thatELAshift was
predominantly driven by increasing aridity, a feature wetlorded by pollen diagran{dalut et al.,
1992 Fletcher et al., 2010; Moreno et al., 20hdby palaeoclimatiadeconstructions based on
glaciological model@Reixach et al 2021).Thelegacyof depositional and erosional landforms of
glacial origirproducedin the Pyreneegluring the LGI€nhancesthe potential for better
understanding glacial oscillations durithgs period Greater coveragérom a wider range of massifs
under distinct climatic regimeshouldeventuallyallow finerscale documentation of ELA positions
and fluctuations and thus help to discriminate more accurately betwésralscaleandregional
scale climatic causes glacier behaviour at the end of the Pleistocene
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