Did Pyrenean glaciers dance to the beat of global climatic events?
Evidence from the Würmian sequence stratigraphy of an
ice-dammed palaeolake depocentre in Andorra
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Environnement (EcoLab), 29 rue Jeanne Marvig, 31055 Toulouse, France
*Corresponding author (e-mail: igeofundacio@andorra.ad)
Abstract: The ice-marginal depositional sequence of La Massana provides a chronostratigraphic
benchmark for reconstructing the Würmian glacial evolution of the Valira catchment in Andorra,
SE Pyrenees. The sedimentary record of Andorra confirms the asynchronous chronology of glacier
fluctuations in different parts of the Pyrenean mountain range. A major ice recession occurred at the
end of Marine Isotope Stage (MIS) 4. High magnitude valley-glacier fluctuations during MIS 3
constitute another important finding. Major readvances occurred toward the end of MIS 3, whereas
MIS 2 (in particular, the global Last Glacial Maximum, or LGM) featured sharp contrasts in ice
recession rates between Pyrenean valleys. Substantial distances separated MIS 4 glacier fronts
(the Würmian maximum ice extent, or MIE) from those reached during the global LGM, in contrast
to situations in the eastern Pyrenees, where Würmian MIE and global LGM ice fronts nearly coincided. Overall, the Valira glaciers reveal patterns that are more similar to those recorded elsewhere
in the western and central Pyrenees than in the eastern Pyrenees. The rapid fluctuations recorded
by Andorran glaciers during the second half of the Würm also suggest a response to global forcing
events such as Heinrich events in the North Atlantic.

Given their location within the lower midlatitudes
(42–438 N) where Atlantic and Mediterranean
weather systems encroach from the northwest and
southeast, respectively, the Pyrenees hold a key
position for documenting Pleistocene climatic variations and for assessing their relative contributions to landscape evolution along the strike of the
mountain belt. The imprint of glaciation on the
Pyrenean landscape was first investigated during
the late nineteenth century and has been studied
intermittently ever since (reviews in Bordonau
1992; Calvet 2004; Hughes & Woodward 2008;
Delmas et al. 2012; Garcı́a-Ruiz et al. 2013). A
recent resurgence of geomorphological research
with emphasis on terrestrial cosmogenic nuclides

and optically stimulated luminesence (OSL) dating has contributed sharper insights into the age
of extant suites of glacial landforms (for a recent
update, see Calvet et al. 2011; Delmas 2015). As a
result, although the precise age of pre-Würmian
glacial deposits is still not well known, the last glacial cycle (i.e. the Würmian cycle) has been well
documented on both sides of the mountain range.
The position and age of the Würmian maximum
ice field boundary (i.e. the Würmian maximum ice
extent, or MIE; Fig. 1a) and of the outlet glacier termini during the global Last Glacial Maximum
(LGM) are still being debated. The global LGM
refers to the most recent and largest globally integrated ice volume. This event has been formally
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defined from global eustatic sea-level position and
marine oxygen isotope records. It prevailed between
23 and 19 ka, perhaps culminating at c. 21 ka (Mix
et al. 2001; MARGO project Members 2009).
According to Clark et al. (2009), all ice sheets
were at their LGM positions from 26.5 to 20–
19 ka. However, it is now widely accepted that
mountain glaciers and continental ice sheets around
the globe reached their respective maximum extents
at different times during the last glacial cycle, often
long before the global LGM (Gillespie & Molnar
1995; Giraudi et al. 2011; Hughes et al. 2013;
Hughes & Gibbard 2015).
Recent work has shown that contrasting glacier
behaviour patterns occurred within the Pyrenees at
the time of the global LGM (Calvet et al. 2011; Delmas et al. 2011; Delmas 2015). Depending on the
valley, global LGM glacier termini either reached
their MIE ancestors or remained contained several
kilometres up-valley from the Würmian MIE ice
front. Given the observed spatial variability, additional studies are required to acquire a more complete regional picture and to attain more robust
palaeoclimatic inferences than possible until now.
Andorra, and particularly the Valira del Nord
valley, offers just such an opportunity and has
never previously benefited from a comprehensive
synthesis of existing data. The ice-marginal depositional sequence of La Massana, where the two
Valira valley glaciers met and merged at various
intervals (Fig. 1b), has recorded at least half of the
last glacial cycle. Partly because of sediment erosion in postglacial times, a large number of outcrops
are well exposed and have been carefully inventoried since 1990. The abundance of high-quality
outcrops in the Valira del Nord has allowed a
sequence stratigraphy of the La Massana glaciolacustrine fill sequence to be produced. Results of the
basin analysis conducted around this major lacustrine depocentre are presented here. The palaeoclimatic inferences obtained from the ice volume
changes that controlled the stratigraphic architecture of the fill sequence are discussed in light
of wider regional evidence and underpinned by a
range of radiometric ages.
Given the field evidence available, this study
aims to (1) analyse the fill sequence of the depocentre, (2) link it to the relative extent of Andorran
glaciers during the Würmian MIE and the global
LGM and (3) reconstruct the palaeogeography of
the ice field and the palaeoclimatic patterns that
prevailed between these two major events.

Did the MIE in the Pyrenees coincide
with the global LGM?
A time lag between the regional MIE (.40 ka BP)
and the global LGM was first detected by Mardones
& Jalut (1983) in the northern Pyrenees, and later by
Montserrat-Martı́ (1992) in the southern Pyrenees.
The evidence was mainly based on 14C dating of icemarginal lake deposits close to the outlet glacier termini of the north Pyrenean mountain front. These
age contrasts have been challenged for being spurious on grounds that sample contamination would
have resulted in artificially ageing some of the numerical dates (Turner & Hannon 1988). Nonetheless, belief that the Würmian MIE and global LGM
were truly asynchronous and that this was valid for
the north as well as the south side of the Pyrenees
remained the common view until the beginning of
the twenty-first century (Hérail et al. 1987; Andrieu
et al. 1988; Bordonau 1992; Jalut et al. 1992; Calvet
2004). Further studies in other areas of continental
Europe (Seret et al. 1990; Van Vliet-Lanoë 2005),
around the Mediterranean basin (Hughes et al.
2006; Hughes & Woodward 2008) and the Iberian
Peninsula (Vidal-Romanı́ et al. 1999; JiménezSánchez & Farias 2002), have shown a similar
pattern to that previously described in the Pyrenees
(Turu 2002; Garcı́a-Ruiz et al. 2003). Some recent
reviews of Quaternary glaciation in the Pyrenees
(e.g. Calvet et al. 2011) have confirmed the asynchronous behaviour between the Pyrenean ice field
and the last maximum integrated ice volume but
have also emphasized the contrasting behaviour of
Pyrenean outlet glaciers during the global LGM
depending on their geographic position within the
mountain range itself. Ongoing research in the Pyrenees, therefore, has been focusing on the palaeoenvironmental conditions that occurred during the
time interval between the Pyrenean MIE and the
global LGM. This more recent work, which is
based on direct dating of glacial and glaciofluvial
landforms and deposits using OSL and terrestrial
cosmogenic nuclides, has in places confirmed the
prevailing Pyrenean model. However, at others
it provides contradictory evidence of substantial
advances of the outlet glaciers into the foothill
zone. According to Pallàs et al. (2006), peak glacial conditions were present continuously from
the MIE until the global LGM. Other authors have
documented substantial post–MIS 4 ice-boundary
fluctuations (10 km or more) in the Ariège valley
(Delmas et al. 2011). In the western and central parts

Fig. 1. Glacial extent in the Pyrenees (a) and in Andorra (b). (a) general overview of the maximum ice field extent
in the Pyrenees (after Calvet et al. 2011). (b) Andorran glaciers during the global LGM; modified after Prat (1980).
Note position of the ancient ice-dammed lake at La Massana. Dotted line: MIE glacier boundary at Pont Trencat,
with post-MIE ice fronts at Cal Tolse, Sant Julià de Lòria and La Margineda sites.
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of the Pyrenees, González-Sampériz et al. (2006),
Lewis et al. (2009) and Jalut et al. (2010) concluded
that the respective extents of the ice field during
the MIE and the global LGM were clearly distinguishable. This debate has since become relevant
in other parts of the Iberian Peninsula, where an
increasing number of previously glaciated mountain ranges have been put to the test of cosmogenic nuclide dating (Jiménez-Sánchez et al.
2013; Domı́nguez-Villar et al. 2013; Rodrı́guezRodrı́guez et al. 2014).

Geomorphological setting and
previous studies
The study area focuses on the lower part of the
Valira del Nord basin (Fig. 1b) between the towns
of Erts (428 33′ 41′′ N– 18 29′ 48′′ E, 1360 m a.s.l.),
La Massana (428 32′ 44′′ N–18 30′ 53′′ E, 1230 m
a.s.l.) and Ordino (428 33′ 19′′ N–18 31′ 60′′ E,
1300 m a.s.l.). The Valira valleys are tributaries of
the Segre River, which flows via the Ebro River
to the Mediterranean Sea. The highest peaks of
Andorra occur in the Valira del Nord catchment,
reaching 2942 m a.s.l. at Comapedrosa Peak, close
to the Pica d’Estats (3143 m a.s.l., on the FrancoSpanish border).
The bedrock of the Valira del Nord catchment consists of pre-Variscan metamorphic rocks,
including schist (Upper Precambrian to CambroOrdovician), black slate (Silurian), calc-schist
(mostly Devonian), mica-schist and local outcrops
of augen gneiss at the Franco-Andorran border
(Zwart 1979). The different outcrops form a succession of east –west-striking belts as a result of north–
south compression during the Variscan and Alpine
orogenies. The metamorphic grade increases from
south (slate) to north (gneiss). The Valira d’Orient
catchment displays the same bedrock assemblage
but with a large late Variscan granite intrusion in
its southeastern part.
The Valira d’Orient ice field was better supplied
than the Valira del Nord, because (1) its accumulation zone was twice as large, (2) its main catchment
was largely north facing and (3) its outlet glacier
was relatively sheltered from ablation by the east –
west strike of the valley (Fig. 1b). As a result, the
Valira d’Orient trunk glacier was in a position (1)
to obstruct the Valira del Nord for lengthy periods
of time at different glacial stages (Fig. 2), (2) to generate occasional diffluence lobes into the Valira del
Nord valley (see Figs 1b & 2) and (3) to intermittently dam proglacial streams of the receding Valira
del Nord tributary glacier. This promoted the formation of an ice-dammed lake – the La Massana
palaeolake. The La Massana depocentre (Fig. 3a)
was separated from the Andorra –Escaldes basin

by the large bedrock gorge of Sant Antoni de la
Grella (Figs 3b & 4). Up-valley, the La Massana
depocentre forms a topographic basin 3.5 km long
and 1–1.7 km wide. The basin floor displays a
flight of topographic benches with treads occurring within an elevation band of 1340–1270 m
a.s.l. The Valira del Nord and its tributaries have
cut a 100 to 150 m-deep valley into this sedimentary
sequence. The sedimentary fill consists of an assemblage of lacustrine rhythmites, sand- and gravel-rich
glaciofluvial and deltaic deposits, till beds and colluvium (Fig. 5).
Early descriptions of glaciolacustrine sediments
in the area were first made by Llobet (1947), but
the La Massana complex hit the spotlight in 1957,
at the time of the 5th International Union for Quaternary Research Conference field excursion in Spain.
Further studies on the geomorphology and sedimentology of the area were later carried out (Prat 1980;
Vilaplana 1985; Turu et al. 1993; Turu 1998, 2001),
mostly stimulated by the growing number of shortlived road cuts and exposures generated in the context of intensifying public and private construction
works (Turu & Bordonau 1997). The first chronological framework for the glaciolacustrine deposits
was published by Turu (2002), and new 14C data
have been produced since then. The data provide a
chronostratigraphic framework with some potential
for correlating the local ice fluctuations with a succession of regional and global climatic events that
occurred between Greenland stadials 9 (GS-9) and
2 (GS-2.1) (Rasmussen et al. 2014).

Materials and methods
Palaeolake sequence stratigraphy
Primary data. The La Massana palaeolake stratigraphy was reconstructed from the analysis and
correlation of 232 surface profiles, boreholes and
new exposures excavated as a result of roadworks
and urban development over the last 20 years.
Many of these exposures are no longer accessible,
because the construction work has been completed
and the trenches have been backfilled, but most individual site details have nonetheless been precisely
recorded in an online database hosted by the Marcel
Chevalier Earth Science Foundation (http://llacgla
cial.no-ip.org/). The sedimentology and stratigraphy of each exposure and borehole were carefully
described following standard techniques. Sedimentological and facies descriptions helped to characterize the depositional setting (slope deposits;
turbidites; glaciolacustrine, glaciofluvial and deltaic
sequences; subglacial and proglacial sediments),
and stratigraphic correlations between the geolocated study sites produced a robust basis for applying the principles of sequence stratigraphy.
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Fig. 2. Geomorphological map of the ablation zone of the main valley in Andorra. The different positions of glacier fronts and moraines correspond to the MIE stage and to
successive post-MIE glacial stages. Legend: 1, runoff; 2, alluvial fans and talus cones; 3, debris-flow fans or slipped masses; 4, peak; 5, glacial cirque; 6, lateral (single solid
black line) and frontal moraine (double solid black line); 7, bedrock step; 8, valley-floor sediments (alluvial, glaciofluvial, till); 9, kame; 10, dashed ornaments: undifferentiated
till (basal and lateral); 11, past ice-front position at different glacial stages (Tills 0– 5).
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Fig. 3. Oblique aerial views of the central and southern Andorran valleys. (a & b) Valira del Nord valley at La
Massana: solid line, Sispony and Aldosa-Bony de les Planes push-moraine ridge; dashed lines, MIE trimline; sites 6,
7, 9, 11, 12 and 16: location of radiocarbon data presented in Table 1. (a) S1, borehole containing the sedimentary
record of the SD0 depositional sequence, the basal unit of La Massana palaeolake. (b) Sant Antoni de la Grella
gorge: m, moraine ridge; SH, Serra de l’Honor site.
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Fig. 3. (Continued ) (c) Valira d’Orient valley at Canillo. Radiocarbon samples 2, 3, 17 and 10 (see Table 1) were
collected from the El Forn de Canillo landslide toe (Planas et al. 2011); ls, landslide scarp; m, moraine ridge.
(d) Central part of Andorra la Vella, main valley of the Valira basin; the view is from Engolasters looking west.
Note the entrance to the Valira del Nord valley and the mouth of the Andorra valley at La Margineda; T3, T4, T5a,
T5b: Valira d’Orient glacier recession stages; location of sample 13 from Table 1.
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Fig. 3. (Continued) (e) narrow valley of Sant Julià de Lòria. View of Casamanya Peak (Valira del Nord and Valira
d’Orient divide) and the La Margineda gorge, looking north; MIE-stage glaciofluvial pebbles were observed at
Manyat. OSL dating sample 4 (Table 1); m, moraine; st, observed subglacial till; k, kame (MIE stage);
ls, landslide scarp.

Sequence stratigraphy of the glaciolacustrine deposits: key concepts. Sequence stratigraphy seeks
to establish a chronostratigraphic chart based on
the precise dating of timelines represented by stratigraphic discontinuities, which themselves form in
response to base-level changes (Vail et al. 1984).
System tracts form during a stable base level in
the basin, and sequences include two or more system
tracts (Mitchum 1977). Criteria relating to the depositional environment and to the nature of existing stratigraphic discontinuities make the sequence
stratigraphic approach scale-adaptable to any depocentre, including a lake such as La Massana (for
further reading, see Catuneanu 2006).
The reconstruction of past glaciolacustrine depositional environments via facies analysis was
achieved while paying special attention to the nature
of stratigraphic discontinuities generated by the
advance/retreat and thickening/thinning of the valley glaciers. The identification and correlation of
some key sedimentary units typical of this kind of
palaeoenvironment, such as diamict, glaciotectonite
and glaciotectonic deformation structures (e.g.

Evans & Benn 2004), were crucial in this context.
Even when an overriding glacier does not produce
a new sedimentary layer (e.g. till), other criteria
can nonetheless be used in evidence of a glacial
advance, such as intraformational erosion surfaces,
deposit compaction or overconsolidation. Whenever the Valira d’Orient trunk glacier advanced,
the La Massana valley flooded. The presence of
diamict, features involving deformation, subaerial
erosion or the production of a stratigraphic hiatus
are thus associated with base-level changes. We
treated these features as analogues of the surface
boundaries of Vail et al. (1984). In areas that were
not overridden by the glacier, unconformities affecting the diamict were traced and correlated across
the basin between exposures and defined as stratigraphic surfaces.
Reconstruction of the Erts depositional sequence.
The Erts sedimentary system displays the most continuous and, as a result, the most robust population of stratigraphic profiles. As such, this system
is the ‘Rosetta Stone’ that has allowed the entire
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Fig. 4. Map showing the locations of settlements, site names, stratigraphic profiles and data from Table 1.
Stratigraphic profiles from the Erts delta sediments are given in capitals. Key geomorphological features: 1, large
landslides; 2a, frontal and lateral moraines; 2b, bedrock steps (with marks of MIE-related glacial polish) and
channel erosion from lateral meltwaters during the global LGM; 3a, MIE glacial diffluence after Planas et al.
(2011); 3b, lateral glaciolacustrine deposits in the Valira del Nord basin (Segudet and Redort) and in Sant Julià de
Lòria; 3c, large glacial erratic boulders at Cal Tolse; 4a, post-MIE moraine deposits relating to the Cal Tolse erratic
boulders; 4b, Valira d’Orient glacier ice entering the Valira del Nord basin; 5a, glaciolacustrine and glaciofluvial
deposits at Engolasters and La Massana; 5b, dating samples and related ages.
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Fig. 5. Cross sections (a –c) through the fill sequences in the southern part of La Massana palaeolake. AMS
radiocarbon data are available from outcrops and boreholes (samples 5, 11 and 12 from Table 1). These dated
profiles were key to determining the ages of Tills 1– 3.

stratigraphic model to be constructed. Based on
stratigraphic discontinuities identified in the sedimentary record, the sequence stratigraphy was initially elaborated for this portion of the basin.

Current understanding of the Erts stratigraphy is
underpinned by 30 exposures distributed along a
5 km stretch of outcrop (Fig. 4). The Erts delta
(Figs 6a, b) was fed by the proglacial meltwaters
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of the Arinsal glacier. Two additional deltaic formations, Els Hortals and La Serrana (Fig. 4),
occur in the Arinsal valley (Figs 6d, e). Both were
fed by meltwaters from the Ordino glacier (Vilaplana 1985) (Fig. 7). Turbiditic and glaciolacustrine
facies have been reported from the Erts and Els
Hortals proglacial deltas (Prat 1980; Vilaplana
1985; Turu & Bordonau 1997; Turu 2002). The
resulting chronostratigraphic chart for the Erts
complex is also valid for the entire La Massana
palaeolake record.
Depositional systems. Different depositional systems, such as Gilbert deltas, were identified in the
Erts sequence (Fig. 6a). Proglacial facies forming
the topset beds shift laterally to glaciofluvial sediments (Figs 5a, b), subglacial till (Figs 6a, b),
push-moraines and glaciotectonic structures (Fig.
6e), iceberg dump mounds and other drift structures
(Fig. 6a). Inclined foreset beds forming a prograding
wedge (Figs 6a, b) are present above the bottomset
units. The turbidite depositional system is particularly well developed in the prodelta unit, with
sand- and gravel-rich tabular and lenticular beds
(Figs 6a, c) and, frequently, truncated Bouma
sequences. Deposits corresponding to a prodelta distal facies (glaciolacustrine rhythmites) are clearly
identifiable between occurrences of a more proximal, layered sand facies (turbidite beds). The latter
correspond to the bottomset beds of a Gilbert delta
(Figs 6a–c).
The analytical model. The stratigraphic architecture of the different deltas in the Erts complex was
dictated by changes in the local base level and by
rates of sediment aggradation (Fig. 7). At any
given time, palaeolake base levels varied first and
foremost as a function of advances and retreats of
the Ordino glacier (intermittently blocking the
advance of its smaller tributary, the Arinsal glacier;
Fig. 7) in the immediate vicinity of La Massana but
also responded to the behaviour of the Valira d’Orient glacier and its intermittent diffluence lobe.
Andorran glacier dynamics were thus the principal
controlling factor of base-level fluctuations in the
palaeolake. Two ice dams were intermittently generated by the dynamic Ordino glacier front, each setting its own local base levels at two different
elevations. During episodes of glacier advance, erosional unconformities and thrusting features formed
(Fig. 6e), including subglacial till deposition (Fig.
6a). During episodes of glacial retreat, the base
level fell and type 1 erosional unconformities (sensu
Vail et al. 1984) were generated (in the present case,
small diastems; Figs 6bd, e). Sets of relatively uniform strata bounded by flooding surfaces are
known as ‘parasequences’ (van Wagoner et al.
1988). These can be aggradational, retrogradational
or progradational depending on the amount of

sediment supplied during a stable base-level stand.
Parasequences and depositional systems are
grouped into system tracts, depending on relative
base-level elevation (Figs 6a–e), i.e. whether it is
low (LST, lowstand system tract), high (HST, highstand system tract) or rising (TST, transgressive system tract).

Dating methods and sampling procedures
For the purpose of this study, previously published
14
C accelerator mass spectrometry (AMS) data
(Turu 2002; Turu & Planas 2005; Turu et al. 2007,
2011b; Planas et al. 2011; Turu & Bordonau 2013)
were supplemented with one additional unpublished
14
C age (sample 6, Table 1; Fig. 4). For 14C AMS
dating purposes in this glaciated environment, colluvial deposits were the priority target, because such
deposits typically contain greater quantities of in
situ organic matter (e.g. samples 6, 12 and 16,
Table 1; Fig. 4) than glacial or fluvial deposits. Sampling slope deposits in the La Massana and Arinsal
valleys also reduced the risk of contamination by
mineral carbon from the Silurian black slate outcrops situated farther up in the catchment, a common problem previously reported during studies
carried out in neighbouring valleys (Bordonau
et al. 1993; Pallàs et al. 2006). Distal facies (such
as the glaciolacustrine deposits) were avoided
because of their potentially high mineral carbon
content. Proximal (glaciofluvial) facies were also
avoided, because the turbulence and correspondingly high oxygenation levels of glacial meltwater
can reduce the quantity of organic matter in the
sediment, whether by physical and/or chemical
processes (disaggregation, dilution, oxidation). Furthermore, the high permeability of glaciofluvial
facies may promote carbon migration by groundwater percolation, a phenomenon well documented by
hydrogeologists (El-Kadi et al. 2011). Because the
kame sequences often consist of alternating layers
of glaciofluvial and colluvial sediments, the stratigraphy of the kame deposits was well suited to producing relatively reliable records of valley-glacier
fluctuations (e.g. samples 5, 11 and 14, Table 1;
Fig. 4). Organic matter contained in subglacial
sediments such as till is usually supplied by soil
profiles that were scraped off the valley floor by
the advancing glacier. Radiocarbon dates obtained
from such material therefore do not date the ice
advance but rather the soil-forming plant life that
existed under somewhat warmer conditions prior
to the advance. As a result, the radiocarbon age of
a till deposit will tend to record a maximum age
for a glacial event, i.e. it will overestimate the age
of the cooling event by some unspecifiable margin
(e.g. sample 8, Table 1; Fig. 4). Overconsolidation
caused by compaction is a common feature in
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Fig. 6. Illustration of key exposures from the La Massana palaeolake stratigraphy. (a) The ‘Rosetta Stone’ for
interpreting the La Massana depositional systems; HCF, hyperconcentrated flow deposits; ts, top surface. The type 3
unconformity surface (US3) was generated by a glacial advance (presence of till). The corresponding maximum
flooding surface (mfs), which is a transgressive surface (ts), separates the lowstand system tract (LST) from the
transgressive system tract (TST) and records a time when the delta foresets underwent a regime shift from prograde
to retrograde (offlap). The low wedge system (LWS) with downlapping foresets illustrates a prograding delta over
the turbidite depositional system (SF, slope fan) following the top slope fan surface (tsfs). (b) The delta system
located in the proximal area; HDT, high-density turbidites; LDT, low-density turbidites; es, erosional surface; SB1,
type 1 surface boundary.

these sediments. This lowers pore size (Evans &
Benn 2004), and the resulting low permeability
reduces the risk of carbon entrainment by glacial
meltwater. Radiocarbon ages obtained from overconsolidated subglacial till (e.g. lodgement till)
stand, therefore, among the more reliable options
available in glacial valley environments (e.g. sample 7, Table 1; Fig. 4).
When sampling for organic matter in slope
deposits or till, key palaeoenvironmental clues are
also provided by sediment facies associations. The

presence of slope deposits directly covering bedrock
implies recent glacial retreat and a lowered base
level (e.g. sample 9, Table 1; Fig. 4). Situations
where, instead, till and colluvium co-occur indicate
evidence of a relatively stable valley glacier at the
site (e.g. sample 13, Table 1; Fig. 4).
Possible biological contaminants (e.g. fungi)
were avoided by drying the samples immediately
after sampling. Organic matter was extracted using
the ABA protocol, which consists of an acid –
base –acid wash (HCl–NaOH –HCl) designed to
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Fig. 6. (Continued) (c) The delta system located in the distal area; Sh, sand, horizontally laminated; Sr, sand, ripple
cross-laminated; Fm, fines (silt and clays), massive; Fl, fines, laminated. (d) Dated outcrop in La Serrana (sample 9),
mostly colluvium; Gp, gravel, planar cross-bedded; Sh, sand, horizontally laminated; Fl, fines, laminated.
A maximum flooding surface (mfs) separates the TST from the highstand system tract (HST). (e) Depositinal
sequence 4 at La Massana. Sedimentation of glaciofluvial and glaciolacustrine material reworked by the passage of
the Ordino glacier (Till 3); Gs, sandy gravel; Fl(d), fines, laminated and deformed; Dmm, matrix-supported massive
diamict; Sh, sands, horizontally laminated. Main elements of identification: SB1, type 1 sequence boundary (erosion
surface, SB1); TS, transgressive surface.

remove carbonates and humic acids. The resulting
fraction was then dried and prepared for dating.
Once dried, the samples were wrapped in aluminium
foil, placed in a plastic bag, and kept in dry storage
at 48C until sent away for dating.
The 14C activity and 13C/12C isotopic ratios
(Table 1) were measured at the Beta Analytic, Inc.
mass spectrometry facility (Florida, USA) in the

form of sediment bulk organic fraction samples.
The INTCAL2013 curves (Reimer et al. 2013)
were used for age calibration.
We also refer to several 10Be and 21Ne exposure
ages (samples 1 and 15, Table 1; Fig. 4) and OSL
ages (sample 4, Table 1; Fig. 4) from the Valira
d’Orient valley (Jalut & Turu 2008; Turu et al.
2011a, 2011b). These additional data are used to
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Fig. 7. Schematic diagram of the La Massana ice-dammed lake showing the links between proglacial deltas,
ice-front positions and dammed areas.

Table 1. Radiocarbon (n ¼ 14), OSL (n ¼ 1), and cosmogenic (n ¼ 2) age constraints on the glacial record of Andorra
Lab. code

1
2
3
4

AND 6
b245215
b245217
LUM 273

5
6
7
8
9
10
11
12
13
14
15
16
17

b115017
b177397
b203441
b203440
b133970
b245216
b203444
b115016
b169909
b203443
AND 9
b203438
b124014

Dating
method†

21

Ne
C
C
OSL
14
14

14

C
C
C
14
C
14
C
14
C
14
C
14
C
14
C
14
C
21
Be
14
C
14
C
14
14

Location‡

Local sample
reference
x

y

Lat. (N)

Long. (E)

Alt.(m)

Roc del Quer
Forn S3 (– 7 m)
Forn S3 (– 25 m)
Sant Julià de Lòria

538622
539175
539175
530235

30092
29389
29389
18032

42.568130
42.561848
42.561848
42.458863

1.589252
1.596063
1.596063
1.488652

1930
1608
1608
908

LM2
MAS-MOS/PT 0A
MAS-ALD/T1
SOR3-TILL
LM4
Forn S8 (– 33.5 m)
MAS-LORIEN1
LM1
VIL-2X
POU-CLO-60M
Engolasters
SOR1-DEB
C1

532950
532298
533314
533710
532950
539641
532823
532341
534566
536624
536767
533710
535690

26595
27822
27908
29500
26440
28976
26817
28252
24410
23572
24838
29500
25850

42.536173
42.547156
42.548021
42.562384
42.534778
42.558169
42.538159
42.551030
42.516651
42.509286
42.520692
42.562384
42.529708

1.520616
1.512532
1.524888
1.529517
1.520635
1.601781
1.519044
1.513003
1.540539
1.565670
1.567266
1.529517
1.554046

1250
1250
1260
1285
1300
1750
1247
1199
1280
1625
1648
1285
1523

C/12C
(‰)}

13

Site
name

Material
(genetic)§

Facies
code

Age
(years + 1s)

IntCal13
(years b2k)}

Canillo
Canillo
Canillo
Sant
Julià
Massana
Massana
Massana
Ordino
Massana
Canillo
Massana
Massana
Escaldes
Escaldes
Escaldes
Ordino
Canillo

Gl. Surf.
Colluv.
Colluv.
Gl-Fl

Marble
Gs
Gs
Gm

59100 + 5170
34250 + 320 BP
30770 + 230 BP
32789 + 1187

n.a.
38151 –39667
34267 –35208
n.a.

n.a.
–23.0
–19.3
n.a.

Gl-Fl
Colluv.
Colluv.
Subg. till
Colluv.
Gl-Fl
Colluv.
Colluv.
Colluv.
Supg. till
Gl. Surf.
Debris F
Charred

Gm
Gs(d)
Gs(d)
Dmc
Gs
Ss
Gs
Gs
Gs
Dmc-Gc
Granite
Gms
Fl

25640 + 190 BP
24770 + 170 BP
24360 + 150 BP
23560 + 130 BP
21510 + 70 BP
21250 + 120 BP
18220 + 80 BP
17600 + 140 BP
16610 + 60 BP
15490 + 70 BP
18077 + 1309
13830 + 50 BP
11250 + 90 BP

29352 –30482
28482 –29302
28067 –28789
27525 –27953
25706 –26024
25342 –25595
21901 –22377
20926 –21763
19878 –20303
18617 –18909
n.a.
16546 –17027
12950 –13350

–21.6
–24.4
–24.1
–23.2
–21.5
–21.5
–24.4
–14.9
–25.3
–24.5
n.a.
–23.7
–25.0

*Sample 1 after Turu et al. (2011a); samples 2, 3 and 10 after Planas et al. (2011); sample 4 after Jalut & Turu (2008); samples 5, 9 and 12 after Turu (2002); sample 7 after Turu & Bordonau (2013); samples 8,
14, 15 and 16 after Turu et al. (2011b); sample 13 after Turu et al. (2007); sample 17 after Turu & Planas (2005).
Dating method: OSL, optically stimulated luminescence; others: 14C accelerator mass spectrometry determination and gas cosmogenic nuclide (CN) in quartz lattices (21Ne and 10Be)
‡
x 2 y coordinates in French Lambert projection (zone III) and geographic coordinates (WGS 84). Altitude in meters above sea level.
§
Material: Gl. Surf., rock-polished glacial surface; Subg. till and Supg. till, subglacial and supraglacial till; Gl-Fl, glaciofluvial; Debris F, debris flow; Colluv., colluvium; Charred, charcoal.

Facies code: Dmc, diamict, massive, clast supported; Gm, gravel, massive; Gc, gravel, clast supported; Gs, gravel, stratified; Gs(d), gravel, stratified, deformed; Gms, gravel, massive or crudely bedded;
Ss, sand, scour fills; Fl, fines (silt, clay), laminated.
}
Calibration and carbon isotope fractionation: n.a., not applicable.
†
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Sample
number*
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correlate the La Massana chronostratigraphy with
auxiliary evidence from the central and eastern
Pyrenean catchments.

Results
Architecture of the Erts sequence:
Wheeler diagram
Seven depositional sequences were identified (Figs
8 & 9), each separated from the other by a type 1
sequence boundary. In all cases, the depositional
sequences (SD0, SD1, SD2, SD3, SD4, SD5 and
SD6) begin with an LST, where subaerial facies
such as slope deposits are abundant (Figs 8 & 9).
Nevertheless, the facies association in depositional
sequences SD2a and SD4a provides room for the
possibility that the valley was partially dammed
by the main glacier (the Valira d’Orient). The fact
that this trunk glacier persisted during recessional
phases (during which it maintained a thickness
compatible with ponding of a lake at an elevation
of 1300 m a.s.l.) has been confirmed in the
Andorra–Escaldes depocentre (Turu et al. 2007).
In these recessional situations, the relative baselevel fall produced the progradational lowstand
wedge and the deposition of dense turbidites outward from the prodelta (basal fan), illustrated here
by SD2a and SD4a (Fig. 9).
Ponding and lake-level rise occurred either
because of an increase in ice volume in the Valira
d’Orient trunk glacier (SD0, SD1, SD3 and SD4;
Fig. 9) or because of an advance of the Ordino
glacier, which would obstruct the Arinsal valley
mouth at La Massana (SD2, Figs 7 & 9). A baselevel rise then occurred and marked the beginning
of a TST with a maximum lake level at 1362 m
a.s.l. in the Arinsal valley. As damming persisted,
the parasequences became retrograde until glacier
stabilization (maximum flooding surface; Figs 8
& 9) – this being the starting point of the HST.
When a high relative base level is maintained, the
parasequences are expected to aggrade until the
accommodation space has been filled, after which
they begin to prograde, as happened in the context
of SD3a (Fig. 9). Sedimentation in the TST and HST
mainly occurred in the form of hyper-concentrated
flow deposits. These were channelled towards the
turbidite complex of the prodelta (levee channel
complex; Fig. 9).
In some cases, the ending of the depositional
sequence (SD2b, SD3c and SD4c; Fig. 9) coincided
with the advance of the tributary Arinsal glacier,
which suggests out-of-step responses between this
glacier and the Ordino glacier. During its advance,
parasequences became progradational (coarse proglacial facies), just before being overridden by

the advancing ice front (SD2a, SD3b and SD4b;
Figs 8 & 9). During retreat of the Arinsal glacier, outwash facies from meltwater parasequences
involved aggradation, as in the case of SD0c,
SD2b, and SD4c (Figs 8 & 9). Such a process is
only possible under conditions of a raised valley
base level (in this case ensured by the Valira d’Orient glacier in the trunk valley) at the same time as
the tributary glaciers were receding (SD0c, SD2b
and SD4c; Fig. 9). The strong likelihood of this
scenario is supported by the fact that the Valira
d’Orient glacier (.23 km long) was larger and
better supplied than the Valira del Nord glacier
(14 km long), therefore presumably requiring longer response times to climate-driven ice recession
than the smaller Arinsal and Ordino glaciers.

Age of the depositional sequences
One radiocarbon age was obtained for the Erts depositional sequence (sample 9, Table 1; Fig. 4), but
the traceability of the beds over a wide area, particularly the conspicuously uniform till beds 0 to 3,
has allowed robust correlations to be established in
the area around Ordino and in the southern part of
the depocentre (Fig. 5).
Age of sequences SD0 and SD1. No direct age was
obtained for fill sequence SD0. The sequence was
sampled in a 32 m borehole core (S1; Figs 3a & 9),
which was drilled through SD0 at La Massana
village. SD0 lies on the basin floor at elevations
between 1227 and 1195 m a.s.l. A massive, 2 mthick subglacial till formation rests unconformably on the schist bedrock and could be a legacy of
the MIE. The basal till is covered by 10 m of slope
deposits followed by alternating sequences of glaciofluvial gravel beds and subglacial till layers (Till
0). The subglacial till layers 1, 2 and 3 are conspicuous in the stratigraphy, with their respective tops
occurring at 1255, 1295 and 1315 m a.s.l., respectively, of the Els Hortals fill sequence, which is situated on the right bank of the Arinsal River (Fig. 3a).
A calibrated 14C age of 30.48–29.35 ka b2k
(b2k, ‘before the year 2000’ in the Greenland ice
core 2012 timescale; sample 5, Table 1; Fig. 4)
was obtained for sequence SD1, c. 1.2 km downvalley from La Massana (Fig. 5). The dated layer
consists of glaciofluvial sand and gravel between
Till 0 and Till 1, and the sample consisted of debris
retrieved from borehole depths of 20 and 25 m, at a
site situated c. 1210 –1215 m a.s.l.
Age of sequence SD2. Sequence SD2 was constrained by three ages (Fig. 9). At the base of SD2,
near La Massana village (borehole S1; Figs 3a &
9), a unit of slope deposits yielded a calibrated age
of 29.30– 28.48 ka b2k (sample 6, Table 1; Fig. 4).

Fig. 8. Stratigraphic cross section from the Erts delta. Only post– Till 1 sedimentation is represented here. Between the outcrops (labelled vertical profiles), the different associations of sedimentary facies are grouped by colour. Parasequences have a general
tendency to aggrade. However, prograde and retrograde relations can be distinguished between sequence limits (type 1 boundary surface). Key outcrops given in Figure 6 have been indicated to facilitate the identification of the diagnostic elements used. The
depositional sequences represented are displayed as framed numbers.

Fig. 9. Chronostratigraphic chart for the Erts delta. The entire succession of depositional sequences between the MIE and the beginning of the Last Termination are represented. The stratigraphic information in this illustration is identical to that of Figure 8, only
in this case sequence limits interpreted as equal timelines are portrayed as horizontal. The succession of strata contained between two sequence limits thus occurs in chronological order corresponding to its relative stratigraphic position. System tracts have been
indicated vertically on the left, and radiometric ages on the right. Key outcrops given in Figure 6 are indicated by solid rectangles. Capital letters correspond to the outcrop inventory displayed in Figure 4. Roman digits at the top of the diagram correspond to the
Marcel Chevalier Earth Science Foundation online database (http://llacglacial.no-ip.org/).
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Those deposits are covered by lacustrine rhythmites,
followed by glaciofluvial gravel beds. Both those
units are covered by subglacial Till 1, and the entire
sequence has undergone intense glaciotectonic
deformation caused by the advance of the Ordino
glacier. Close to Ordino, up-valley from the village
of L’Aldosa, a massive till (Till 0) is again found
resting on glacially-polished bedrock. Till 0 is
overlain by a mixture of reworked till and slope
deposits, followed by glaciofluvial gravels, lacustrine rhythmites and fine sand. This sequence was
overridden (Till 1) and mechanically deformed by
the Ordino glacier. This layer, consisting of a colluvium and till mélange, yielded a calibrated age of
28.78 –28.06 ka b2k (sample 6, Table 1; Fig. 4).
Slightly farther up-valley, at Sornàs (Fig. 3a), Till
1 provided a calibrated age of 27.95– 27.52 ka b2k
(sample 8, Table 1; Fig. 4). This subglacial till
deposit rests disconformably over glaciofluvial sediments that were deformed by glaciotectonic overturning (Lee et al. 2015). The organic matter dated
in sample 8 (Fig. 4) was probably stripped off the
underlying glaciofluvial unit and incorporated into
the base of the till, implying that Till 1 itself could
be a little younger than 27.95 –27.52 ka b2k.
Age of sequence SD3. SD3 yielded two radiocarbon ages (Fig. 9). The slope deposits at its base
provided a calibrated age of 26.06 –25.75 ka b2k
(sample 9, Table 1; Fig. 4) at La Serrana (Fig. 7).
These 1 m-thick deposits rest on the schist bedrock
and are covered by glaciofluvial gravels and lacustrine rhythmites. This sequence is part of the deltaic
sequence of La Serrana –Els Hortals (Fig. 7), which
was supplied by an ice-marginal stream from
the right flank of the Ordino glacier (Els Colls,
1376 m a.s.l.; Fig. 3b). This evidence allows an ice
thickness of 130 m to be inferred for the Ordino
glacier at the time when it was obstructing the Arinsal valley (Till 2; Fig. 8). This event is the last high
lake level directly caused by a glacier obstructing
the mouth of the Arinsal valley. The second radiocarbon date was obtained from glaciofluvial sediments resting directly on the bedrock beneath
Till 2 down-valley from La Massana (Fig. 5). This
yielded a calibrated age of 22.37 –21.9 ka b2k
(sample 1, Table 1; Fig. 4).
Age of sequence SD4. SD4 was only dated directly
at its base (Fig. 9), at the bottom of the Valira del
Nord valley below the Serra de l’Honor (Fig. 7).
The sample was collected from slope deposits
lying beneath Till 3. It was acquired from a drill
core (Fig. 5) and yielded a calibrated age of
21.37 –20.7 ka b2k (sample 12, Table 1). By this
stage, the glacier had thinned considerably in the
Andorra– Escaldes valley segment, and the lake no
longer existed. Till 3, however, records a significant

readvance of the Valira d’Orient trunk glacier during sequence SD4 (Fig. 2). At this time, the glacier
formed the frontal moraine currently preserved
at Sispony– Serra de l’Honor (elevation: 1290–
1300 m a.s.l.; Fig. 3b) and produced a diffluence
lobe that entered into the tributary valleys (Montaner, Figs 4 & 7). The glacier also buried the topographic bench at Els Vilars beneath basal till
(sample 13, Figs 3d & 4: the bench extends above
the confluence between the two Valira valleys).
These till deposits shift laterally to local slope
deposits and to the remains of lacustrine rhythmites.
The slope deposits at 1280 m a.s.l. yielded a calibrated 14C age of 20.3– 19.87 ka b2k (sample 13,
Table 1), thus dating the ice advance and Till 3
(Fig. 2) or an event immediately subsequent to
it. At this juncture in the La Massana basin, the
advancing Ordino glacier shut off the Arinsal valley
for the last time in the Pleistocene history of
Andorra. In the process, it ploughed into the left
side of its former frontal moraine, thus producing the L’Aldosa (Fig. 4) push moraine (Till 3;
Turu 1998; Fig. 3a). The top of SD4 has not
been dated.
Age of sequences SD5 and SD6. SD5 only forms
local occurrences in the La Massana depocentre,
typically the remains of the Santa Caterina (Figs
3a & 4) terrace tread (Vilaplana 1985; Turu &
Bordonau 1997). The top of the deltaic deposits
lies at 1270 m a.s.l., but lacustrine sediments are
also observed c. 1315 m a.s.l., as evidenced by
rhythmites filling a washout channel cut in the
Els Hortals delta sequence (Figs 4, 6e & 7; Turu
2002). A subglacial till, Till 4, is interlayered
beneath and between the topset beds of the Santa
Caterina delta (Fig. 3a) and forms the remains
of a frontal or lateral outwash deposit capping a
hill (known as ‘Bony de les Planes’) at L’Aldosa
(Fig. 3a). This ablation till records the ultimate
advance of the Ordino glacier, which this time
did not reach the Arinsal valley. No radiocarbon
date has thus far constrained the age of SD5
(Fig. 9), but this unit can be hypothetically correlated with the recessional stages of the main valley
recorded at Engolasters (18.91–18.62 ka b2k; sample 15, Table 1; Fig. 4).
The occurrence of SD6 is restricted to the
Ordino basin. This sequence formed after the retreat
of the glacier, which terminated for a time just
upstream of the present-day village. The basin is
filled by a deltaic sequence that was disturbed and
covered by Till 5 during a brief glacier readvance.
The top of SD6 was dated up-valley from Ordino,
at Sornàs (Fig. 3a), where a small landslide occurred
after ice retreated. The calibrated 14C age of the
landslide deposit is 16.56–17.02 ka b2k (sample
16, Table 1; Fig. 4), and the dated unit is itself buried
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by a thick alluvial deposit that previously provided
three early Holocene ages and one middle Holocene
age (Turu et al. 2011a).

Discussion
The data from La Massana basin in Andorra (Fig. 4)
confirm the asynchronous nature of glaciation along
the strike of the Pyrenees. The MIE occurred thousands of years before the global LGM, and the
post-MIE glaciers never reached their earlier MIE
positions. In Andorra, this is testified by the formation of a lake at La Massana before 30 cal ka BP.
Sedimentological evidence of an ice-dammed lake
based on SD0 is obvious, but SD0 and the base of
SD1 are still undated.
The global LGM (sensu Mix et al. 2001;
MARGO project Members 2009) in Andorra was
recorded by the glacial readvance deposits corresponding to Tills 2– 4 and to sequences SD3–SD5
(Fig. 9). The valley was once again intensely glaciated, with the glaciers overriding and deforming
the lake sediments. Periodic joining of the Valira
del Nord and the Valira d’Orient probably occurred
until the time of Till 3 (Fig. 7). The Valira d’Orient
trunk glacier also periodically controlled the conditions for a steady lake level in the La Massana
basin, at least until the time of Till 4, c. 20 cal ka
BP (Fig. 2). This implies a minimum ice thickness
of 250– 300 m in the Andorra– Escaldes basin, near
the confluence between the two valleys.
The time interval that separated the MIE from
the global LGM was punctuated by ample variations
in glacier length, each cycle lasting 3 to 5 ka as
suggested by the sequences constrained by the
radiocarbon ages. This occurred on at least four or
five occasions (Fig. 9). Ice recession during the
interstades was occasionally substantial, as evidenced by the great thickness of slope deposits
observed on the floor of the Valira del Nord valley
below the village of Anyós (,1200 m a.s.l.; Figs
3b & 5c) and likewise at the base of the La Massana
borehole (S1; Figs 3a & 9). These local reconstructions presently require correlation with independent data from the wider Valira catchments and
from other localities in the Pyrenees.

The glaciation of Andorra:
a first synthesis
The La Massana fill sequence provides a chronostratigraphic benchmark for reconstructing the
Würmian glacial evolution of the Valira catchment
in the southern Pyrenees. We provide here deeper
insight into the palaeoclimatic proxies provided
by the La Massana depocentre with the help of
additional chronostratigraphic data from the Valira

d’Orient (key sites at Canillo, Fig. 3c) and in the
confluence area with the Valira del Nord (Engolasters, Vilars, Fig. 3d), and from farther down-valley,
between the Andorra –Escaldes basin and the village of Sant Julià de Lòria (Figs 3e & 4).
The Würmian maximum ice extent (MIE) of the
Andorran glaciers. The timing of the MIE was
inferred for the Valira d’Orient valley from an in
situ-produced 21Ne exposure age obtained from a
glacially-polished rock surface at Roc del Quer
(1950 m a.s.l.), near Canillo (Turu et al. 2011b).
The exposure age obtained was 59 + 1.18 ka (sample 1, Table 1; Fig. 4) and places this event within
MIS 4 (see Fig. 9). Ice recession began during the
earliest stages of MIS 3 (Fig. 9). Some erratic boulders at the Col d’Ordino (1980 m a.s.l.; Fig. 4) suggest that ice exceeded the 2000 m contour at this
location in the valley, thus reaching an MIE thickness of 600 m, and supplied a short diffluent offshoot into the Valira del Nord valley (Planas
et al. 2011). The Valira del Nord, which was fed
by only two tributary glaciers (the Arinsal and the
Ordino, Fig. 1b) was, in comparison, less well supplied. Its MIE ice margin apparently stood close
to the ice-marginal glaciolacustrine deposits at
Redort (1540 m a.s.l.), and from this an MIE ice
thickness of 300 m can be inferred for the Ordino
glacier. This is twice the inferred thickness that
prevailed later, at the time of sequence SD3 (Fig.
4). Glaciolacustrine sediments are also present
close to Redort, in Segudet (1440 m a.s.l.; Vilaplana 1985). The lacustrine rhythmites of Segudet
are associated with gravel-filled glaciofluvial channel systems produced by a minor glacier situated on
the western flank of the Casamanya Massif (Fig. 4).
This deposit was attributed to the MIE by Vilaplana
(1985) and Turu & Bordonau (1997). The Segudet
record, however, corresponds to a stage more recent
than the MIE and implies a minimum Ordino glacier thickness of 200 m. Farther downstream,
the gorge in the Valira valley defeats any attempt
at establishing precisely where the successive terminal ice fronts occurred. The valley morphology
downstream from La Margineda gorge (Fig. 3e)
shows that, however many brief glacial pulses
occurred during the Würm (Fig. 2), none were
capable of reshaping the valley cross-section. The
gorge displays few erratic boulders and some
glacially-polished bedrock surfaces at places where
the bedrock topography becomes more rounded,
and contains fragmentary terrace-related strata in
the inner part of the gorge. However, the valley did
not acquire a U-shaped cross section. Previous
studies have suggested that the MIE ice front
advanced as far as Pont Trencat (770 m a.s.l.; Turu
et al. 2007), a site 4 km beyond the Andorran–
Spanish border (Fig. 1b) where the tread of the
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glaciofluvial terrace displays a proximal facies –
recognizable by the large median size of its clast
content (Turu & Peña-Monné 2006). Despite the
absence of a terminal moraine, this indirect evidence suggests that the ice front stood close to
this site.
Major fluctuations during MIS 3. This period still
remains poorly documented in Andorra, partly
because the lower stratigraphic units of the La Massana palaeolake have not yet been dated (Fig. 9).
Substantial ice recession nonetheless seems plausible given the many slope deposits that appear
to have reached as far down as the valley floor during intervals between the glacial depositional
sequences. SD1 yielded from its middle section a
calibrated radiocarbon age of 30.48 –29.35 ka b2k
(sample 5, Table 1; Fig. 4), quite similar to that
obtained from the base of SD2 (29.30– 28.48 ka
b2k; sample 6, Table 1; Fig. 4). This suggests that
SD2 was emplaced soon before the onset of MIS 2
(Fig. 9). At the large El Forn de Canillo landslide
site (Figs 3c & 4), two radiocarbon ages were
obtained from a borehole drilled through the slipped
mass at 1527 m a.s.l. The oldest sample (after
Planas et al. 2011) was collected at 7 m depth (sample 2 in Table 1: 39.66 –38.15 ka b2k), and the
youngest from 25 m depth (sample 3 in Table 1:
35.20 –34.26 ka b2k). These ages are inverted; the
Valira d’Orient glacier had receded to the upper
reaches of the valley, thus undergoing fluctuations
greater than 25 km relative to the MIE ice front
(Fig. 4) and promoting the occurrence of landslide
masses such as El Forn de Canillo in response to
debuttressing. Such large-scale-mass recession and
valley-side debuttressing are likely to explain the
magnitude of slope instability recorded in the area,
which also includes rock-slope failures and other
slope tectonic features (Hürlimann et al. 2006; Jarman et al. 2014).
Given the sedimentological nature of the dated
slope deposits in the lower part of the large slipped
mass of El Forn de Canillo landslide, the older ages
obtained at the site by Planas et al. (2011) (samples
2 and 3, Table 1; Figs 3c & 4) could hypothetically
be correlated with the base of sequence unit SD0
(Fig. 9), where colluvium deposits also exist in the
lowermost stratigraphic position of the entire sedimentological record of the palaeolake. An ice
front coeval with SD1 or SD0 (and with Tills 0 or
1) could be positioned in the vicinity of Sant Julià
de Lòria, with two currently unresolved options
(Turu 2011): either at Cal Tolse (Figs 1b & 4),
where remains of ablation till containing very
large boulders have been remobilized by a postglacial debris fan; or 1 km farther upstream, at the
entrance of the town of Sant Julià de Lòria (Figs
1b & 4), where a proglacial fan overlain by glacial

till has yielded an OSL age of 32.78 + 1.18 ka
(sample 4, Table 1; Fig. 3e). This dated deposit correlates with the top of sequence SD0 in the La Massana palaeolake, which recorded at that time a
period of ice retreat (Fig. 9).
Andorran glaciers at the time of the MIS 2 and the
global LGM. Similar to the situation during MIS
3, none of the later glacial readvances succeeded
in reaching the Würmian MIE ice-front positions.
The sequence stratigraphy of the La Massana
palaeolake demonstrates that ice-front instability
was the rule, global LGM included, but that ice fluctutations were of a lesser magnitude than during
MIS 4 and MIS 3 (Fig. 9). For example, the thickness of the trunk glacier varied, but it still occupied
the Andorra– Escaldes basin continuously throughout the global LGM interval (Fig. 2). At the site of
the large El Forn de Canillo landslide (Fig. 3c),
another borehole (sample 10; 1745 m a.s.l.; Fig. 4)
studied by Planas et al. (2011) has yielded a
radiocarbon age suggesting significant glacier thinning at the transition between SD2 and SD3 (sample
10, Table 1: 25.94–25.40 ka b2k; Fig. 4).
The Ordino and Arinsal glaciers were considerably more mobile than the Valira d’Orient
trunk glacier, and each appears to have responded
to climatic changes out of phase with the other.
Till 1 records the last time that the Arinsal and
Ordino glaciers merged (Fig. 9). This occurred during the deposition of SD2, at the beginning of the
global LGM. At this juncture, the two Valira glaciers probably still merged in the vicinity of the
Serra de l’Honor (Fig. 4). This coalescence was
prevalent at the times of SD3 and SD4, when the
Serra de l’Honor frontal moraine was under construction at the site of the glacial confluence.
Assuming a lake highstand c. 1315 m a.s.l. during
the deposition of sequence SD5, this implies that
the trunk glacier (Fig. 2) was still ponding lake
water and displayed a minimum thickness of
300 m at the site of the confluence. The Serra de
l’Honor frontal moraine (Fig. 4) should thus correlate with Tills 4 and 5.
Few moraines have been preserved in Andorra
(Fig. 2). As a result, unlike the sedimentary units
of the Erts depositional system, geomorphological
correlations between landforms in the La Massana
basin are imprecise. Here we propose an ice front
positioned just downstream from the La Margineda
bedrock step at the time of SD3 and SD4 (Tills 2
and 3), even though this ice front has not produced
any obvious moraines preserved in the landscape
(Fig. 2). Tills 4 and 5 (SD5 and SD6) correlate
with a sequence of recessional moraines in the
Andorra valley. These include the frontal moraine
at Santa Coloma (Turu et al. 2007), which is
uniquely well preserved, and the lateral moraines
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(Fig. 2). These ice-marginal landforms delineate the
Valira glacial extent at the time of the global LGM.
They can be traced back into the upper valley to the
lateral moraines that still surround Lake Engolasters
(Fig. 2), and as such provide evidence for a glacier
still 480 m thick at this point (Turu et al. 2007).
The more elevated of the two lateral moraines contains the ice-marginal kame delta sequence of Pla
d’Engolasters. A 60 m-deep borehole through the
kame terrace deposit has yielded from its base a calibrated radiocarbon age of 18.91 –18.61 ka b2k
(Allau, –60 m, sample 14, Table 1; Fig. 4). The
less-elevated moraine gave an indirect minimum
age of 18.07 + 1.3 ka (sample 15, Table 1; Figs 2
& 4) based on the 10Be exposure of a glaciallypolished bedrock surface adjacent to the moraine.
Final ice retreat. The deglacial chronology of
Andorra is still poorly documented. Definitive
recession of the Ordino glacier began earlier than
17.02– 16.56 ka b2k (sample 16, Table 1; Figs 3a
& 4), but its absolute chronology requires further investigation. In the Valira d’Orient, a frontal
moraine occurs on the valley floor at the toe of the
slipped (and incised) mass of El Forn de Canillo.
This moraine possibly promoted the ponding of
a lake (unless the lake was instead a direct result
of the landslide). A charcoal fragment (sample 17,
Table 1; Figs 3c & 4) contained in fine-grained laminated sediments at the margin of the dammed lake
was dated by Turu & Planas (2005). Based on the
radiocarbon-dated charcoal, the corresponding fill
sequence yielded a Late-glacial age of 11.25 +
0.09 ka, i.e. 13.35 –12.95 ka b2k (Fig. 4). Miras
et al. (2007) later obtained a deglaciation age for
the Madriu valley. Peat sampled in the valley (Fig.
1b) from Lake Estanyons (c. 2180 m a.s.l.) yielded
a post-Younger Dryas age (10.04 + 0.05 ka, i.e.
11.81– 11.36 ka b2k).

Andorran glaciation chronology in its
wider Pyrenean context
The Valira glacial sedimentary record broadly conforms to the chronology otherwise established for
the rest of the Pyrenean ice field but also confirms
the existence of asynchronous ice-boundary fluctuations in different valleys and subregions – including
small valleys immediately adjacent to one another,
such as the Arinsal and Ordino. The cosmogenic
nuclide (CN) data likewise confirm an occurrence
of the Würmian MIE before 59 ka, i.e. during MIS
4 (Fig. 4). In the Ariège catchment, immediately
to the north of Andorra, the MIE began 90 ka
(locally, 79.9 + 14.3 ka 10Be; Delmas et al. 2011).
In the eastern Pyrenees, the glacial record of the
Malniu valley yielded a 10Be exposure age of
76.5 + 2.0 ka (Pallàs et al. 2010). In the Gállego

valley, the Aurı́n moraine forms the outermost
frontal moraine and was attributed an OSL age of
85 + 5 ka. In the Cinca valley, till at Salinas de
Sin is associated with glaciofluvial deposits and has
yielded OSL ages of 46 + 4, 63+6 and 71 + 15 ka
(Lewis et al. 2009). In the Aragón valley, the outermost frontal moraine and its associated glaciofluvial
terrace have yielded the slightly younger OSL ages
of 51 and 68 ka, respectively (Garcı́a-Ruiz et al.
2013). Among the north-facing catchments of the
mountain range, the age data are indirect and were
obtained from proglacial and ice-marginal palaeolake fill sequences contained by the MIE terminal
moraines. Based on those methods, the MIE stadial
is always older than 30 ka (oldest uncalibrated age
of 38.4 + 2 ka from Biscaye, on the Gave de Pau,
obtained by Mardones & Jalut 1983).
The many longitudinal fluctuations over distances of up to 25 km recorded on the Valira d’Orient and within the La Massana basin during MIS 3
(Fig. 9) constitute a major finding, with valuable
palaeoclimatic implications for the Pyrenean region.
Similar fluctuations had previously been documented elsewhere in the eastern Pyrenees but with
much lower precision. In the case of the Ariège outlet glacier, for example, patterns of 10Be exposure
ages on bedrock steps have suggested that iceboundary fluctuations also reached magnitudes of
10 km, and perhaps as much as 35 km (Delmas
et al. 2011). This was also the case in the upper
catchment of the Gállego outlet glacier. Several
uncalibrated radiocarbon ages from lacustrine sediments indicate that its western branch had receded
as far back as the Col de Portalet c. 30–25 cal ka
BP (Garcı́a-Ruiz et al. 2003; González-Sampériz
et al. 2006). Major readvances also occurred in
Andorra during the period, mostly towards the end
of MIS 3: Till 0 and Till 1, for example, correlate
with an age of 32.78 ka at Sant Julià de Lòria
(sample 4, Table 1; Figs 3e & 4). In the Ariège
valley, an MIE lateral moraine yielded a 10Be
age of 35.3 + 8.6 ka (Delmas et al. 2011). The
Malniu moraine (Campcardós Massif) was somewhat older (49.2 + 1.3 ka; Pallàs et al. 2010). In
the Gállego valley, the Senegüé moraine, which is
situated 2 km up-valley from the Aurı́n moraine,
has yielded an OSL age of 36 ka (Lewis et al. 2009).
The sharpest contrasts in valley-to-valley ice
recession rates concern the timing of the global
LGM. In the Valira basin, for example, the distance
between the MIE at Pont Trencat (Fig. 1b) and the
global LGM ice fronts (Figs 2 & 4) was 9 km, a difference similar to that of the Ariège outlet glacier,
which was twice as long. In contrast MIE and global
LGM ice-front positions in more eastern valleys
such as the Têt, the Querol, the Malniu (Delmas
et al. 2008; Pallàs et al. 2010; Calvet et al. 2011)
and the Duran, the Llosa, and the Arànser (Palacios
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et al. 2015a) are indistinguishable in almost every
case (i.e. the glaciers reached similar positions
repeatedly). In more western locations, the Noguera
Ribagorçana glacier (Pallàs et al. 2006) revealed a
similar record, with an ice front situated at the
time of the global LGM, perhaps slightly up-valley
from the earlier MIE position. The Valira glacier
shows a pattern more similar to those of the western and central Pyrenees than to those of the eastern parts of the Pyrenees. The global LGM ice
fronts may not always be easy to locate precisely,
but they usually occur several kilometres up-valley
from the MIE terminal ice fronts, and as much as
20 km in the case of the Gállego.
The regional climatic gradient prevalent today
between the drier Mediterranean south and east
and the moister Atlantic north and west was likely
inverted during the global LGM, with greater influx
of moisture from the western Mediterranean lowpressure centres and a greater remoteness from
North Atlantic frontal systems (Calvet et al. 2011;
Delmas et al. 2011). The high frequency of glacier
fluctuations in the Andorran valley systems nonetheless suggests that variability from one valley to
the next was also a function of catchment geometry
and aspect, as previously emphasized in other glaciated mountain environments (Pratt-Sitaula et al.
2011). The weight of these variables, also observed
in glacial cirque distributions across the eastern and
central Pyrenees (Delmas et al. 2014, 2015), can
locally overrule the regional climatic contrasts prevalent on a broader scale
This observation is clearly confirmed for the end
of the global LGM. The Valira d’Orient glacier
appears to have resided in the Andorra –Escaldes
basin (1000 m a.s.l.) until c. 18 ka (Till 5;
Fig. 2), i.e. much later than other dated Pyrenean
valleys where ice recession was well under way at
that time. In a small sub-catchment of the Noguera
Pallaresa River, close to Andorra, sedimentation
in the moraine-dammed lake of La Coma de Burg
(1821 m a.s.l.) is only recorded after c. 16.95–
15.00 ka b2k (Pélachs et al. 2011). This also suggests a relatively late persistence of the glacier in
that valley, perhaps as late as the Oldest Dryas.
However, the La Coma de Burg lake sediments
only provide a minimum deglaciation age and

concern a small, west-facing glacier. Any comparisons with the large Valira system should, therefore,
remain cautious. In the Noguera de Tor catchment,
2 km from the summit ridge and 30 km up-valley
from the Würmian MIE ice front, organic sediments
from Lake Redó d’Aigües Tortes (2100 m a.s.l.)
yielded a calibrated 14C age of 16.5 –16.04 ka b2k,
indicating that ice had vacated the valley as far
back as the cirque zone by that time (Copons &
Bordonau 1996). In the far west of the mountain
range, rapid deglaciation has likewise been suggested by data from the site of Bious (1400 m
a.s.l.), situated at the foot of the Pic du Midi
d’Ossau, where a calibrated 14C age of 19.71–
18.64 cal ka BP was obtained from a glaciofluvial
fill sequence capping a till deposit (Jalut et al.
1988). Finally, in the Gállego catchment, the outlet
glacier had fragmented into discrete tributaries and
receded to the uppermost reaches of the crest zone
before 17 ka (CN data from Palacios et al. 2015b).
The earliest evidence of deglaciation has been
provided by the uppermost Têt valley, where three
calibrated 14C ages from a postglacial peat bog
c. 2150 m a.s.l. have suggested that the ice in the
Carlit Massif had retreated to the cirque zone by
20 cal ka BP (Delmas 2005; Delmas et al.
2008). A few cosmogenic ages from the same valley
nonetheless do not rule out the possibility of a short
and brief readvance at the time of the Oldest Dryas
(Delmas 2015).

Andorran glaciation chronology in a
global context
The relatively detailed chronology provided by the
La Massana ice-dammed palaeolake (Fig. 9) allows
a tentative correlation with the climatic event chronologies that have been recorded for the North
Atlantic and the Greenland ice sheet (Fig. 10),
with consequences already documented in many
parts of Western Europe. The rapid fluctuations
recorded by Andorran glaciers during the second
half of the Würm suggest links in response to abrupt
global events, perhaps in relation to Heinrich events
(Elliot et al. 2002; Hemming 2004). These are sudden but relatively brief cooling spikes caused by the

Fig. 10. Chronology of the La Massana palaeolake radiocarbon samples within the Greenland stadial/interstadial
framework (after Hemming 2004; Rasmussen et al. 2014). No radiometric data older than sample 2 are available.
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release of large masses of ice and meltwater into the
North Atlantic.
The periodicity of sequence units detected in
the La Massana palaeolake is greater than that of
Heinrich events during the last 50 ka (Fig. 9), as
likewise reported in the sedimentary record of
Lake Banyoles, which is situated farther east, near
the Mediterranean (Höbig et al. 2012). The evidence
thus provided suggests that the Valira glaciers did
respond to global forcing events but that their
response to global climatic events did not occur
systematically. At least the sedimentary record at
La Massana, as currently understood, is equivocal.
Perhaps local factors also presided over glacier
behaviour, as observed in the case of modern glaciers (Pratt-Sitaula et al. 2011). Based on the Andorran chronostratigraphy summarized in the Wheeler
diagram (Fig. 9) and on currently established marine
chronologies of Heinrich events (Hemming 2004),
event H3 (31 ka, mostly of European origin;
Fig. 10) could hypothetically have generated the
depositional sequence SD1 (the age of SD1, based
on sample 5, is 30.48 –29.35 ka b2k; Fig. 9).
Event H2 (24 ka, mostly of Laurentide origin;
Fig. 10) likewise correlates with SD3 (H2 occurred
between samples 9 and 11, i.e. between 26.02 –
25.71 ka b2k and 22.38 –21.90 ka b2k; Fig. 9).
Event H4 (38 ka, also mostly of Laurentide origin;
Fig. 10) was approximately coeval with the age of
the slope deposits dated at Canillo (Fig. 3c; samples
2 and 3, Fig. 9; i.e. 39.68 –38.15 ka b2k and 35.21–
34.27 ka b2k) and therefore correlates with a period
of general ice retreat. This is contrary to the expectation of a great ice advance. Likewise, at the time
of H1 (16.8 ka, which also corresponds to the
top of depositional sequence SD5; Figs 9 & 10),
the Ordino glacier had already begun its retreat
from La Massana (as evidenced by sample 16,
Figs 3a & 9; 17.03 –16.55 ka b2k; Fig. 4), and the
Valira d’Orient glacier had definitively vacated the
palaeolake area (Till 5; Fig. 2). In summary, apart
from H3 and H2, the Andorran record yields a
mismatch with H4 and H1 (both of Laurentide
origin).
Based on the sequence of Greenland stadials
(GS) and interstadials (GI), many of the climatic
fluctuations recorded by the Greenland ice sheet
for the last glacial cycle were also abrupt (Rasmussen et al. 2014). During MIS 3, the frequency of
GI– GS cycles was greater than the cycles recorded
by the La Massana sequence stratigraphy. One of
the early slope deposits dated at Canillo (sample 3,
Fig. 4; 35.21– 34.27 ka b2k) coincides with GI-7
(Fig. 10) and hypothetically correlates with those
present at the base of unit SD0 (Fig. 9). The slope
deposits at the base of SD1 (Fig. 9) at La Massana could coincide with interstadial GI-5 (Fig.
10). The base of SD2 (slope deposits corresponding

to sample 7, Fig. 9; 28.79–28.07 ka b2k) correlates
with GI-4 (Fig. 10). In contrast, the slope deposits
(which should correspond to a thinner or receding
glacier) at the base of SD3 (Fig. 9) coincide with
stadial GS-3 (sample 9, Fig. 9; 26.02–25.71 ka
b2k), not with an interstadial. Likewise, the oldest
dated slope deposits at Canillo (Planas et al. 2011)
coincide exactly with stadial GS-9 (sample 2,
Fig. 10; 39.67–38.15 ka b2k), with no indication
of glacier presence in the valleys between GS-9
and GI-7 (Fig. 10). The glacial advance as far as
Cal Tolse (erratic boulders south of Sant Julià de
Lòria; Fig. 4) before 32.78 + 1.18 ka (sample 4,
Fig. 3e) matches the timing of GS-6 (Fig. 10). For
comparison, the advance recorded at c. 35.3 +
8.6 ka based on 10Be in the Ariège valley falls statistically between GS-11 and the beginning of GS-3;
the advance dated to 36 + 3 ka on the Gállego
falls between GS-9 and GS-6.
During MIS 2, the Greenland sequences were
much longer and less sharp than those recorded in
the La Massana palaeolake. The base of the SD4
slope-deposit unit (Fig. 9) coincides clearly with
the beginning of GS-2.1b (Fig. 10), i.e. with the
start of a period of moderate warming that Rasmussen et al. (2014) chose not to classify as an interstadial. The Sornàs slope deposits (sample 16, Figs 3a
& 4), which mark the onset of definitive Ordino glacial recession, coincide with the peak of phase
GS-2.1a (Fig. 10), a cooler period. The glacial recession, however, should logically have occurred
before deposition of the Sornàs slope deposits. We
also note that the rapid deglaciation in the upper
Têt valley correlates with the relative global warming event recorded by GS 2.1b, as perhaps likewise
farther west at Lake Redó d’Aigües Tortes (Noguera
de Tor) and at Bious (Ossau). GS 2.1b (21 to
17.5 ka) is also the currently accepted time interval
of rapid collapse of the Rhône glacier in the Swiss
Alps (Ivy-Ochs et al. 2004 2006).

Conclusion
According to Hughes et al. (2006) lacustrine
sequences can provide high-resolution records of
glacial climates across the Mediterranean mountains. With greater resolution than perhaps attained
elsewhere in the Pyrenees, the palaeolake fill
sequence of La Massana documents the glacial history of Andorra in the southeastern Pyrenees. The
sequence stratigraphy method is well suited to
reconstructing palaeolake levels and, by inference,
relative glacier length and thickness. The main finding from the sequence stratigraphy is the high variability of valley ice extent in the Valira del Nord
catchment during the second half of the Würm.
Such variability occurred not just during MIS 3, a
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trend already documented elsewhere in the Pyrenees, but more surprisingly during the global
LGM interval. The small number of numerical
ages does not allow robust correlations across the
entire Pyrenean range, even less so with the global
record. The Valira del Nord sedimentary palaeolake
sequences are nonetheless partly synchronous with
some global Heinrich events and other abrupt
changes recorded in the Greenland stadial– interstadial chronology. In a mountain range situated at a
relatively low latitude (42– 438 N) and in the transition zone between two contrasting palaeoclimatic
domains such as the Atlantic and the Mediterranean,
the available evidence suggests that the Pyrenees
may have responded to global forcing in an attenuated and asynchronous fashion. This complex
response of Pyrenean glaciers to global climatic
events does not challenge regional differentiations
previously reported along the strike of the Pyrenees
(Delmas et al. 2011, 2014, 2015) but rather emphasizes the weight of local-scale contrasts between
adjacent valleys because of variables such as local
catchment attributes (e.g. hypsometry and aspect,
which may differentially affect ice recession rates
for a given change in the equilibrium line altitude).
Other chronology-based studies, therefore, are
needed before the response of the Pyrenean ice
field to palaeoclimatic change, particularly on its
north side, can be fully portrayed and understood.
Further age constraints on the Valira del Nord and
other Andorran sedimentary sequences could afford
finer resolution to the chronostratigraphy presented
in this study.
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Pallàs, R., Rodés, A., Braucher, R., Bourlès, D., Delmas, M., Calvet, M. & Gunnell, Y. 2010. Small,
isolated glacial catchments as priority target for cosmogenic surface dating of Pleistocene climate fluctuations, SE Pyrenees. Geology, 38, 891–894.
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795– 802.
Turu, V., Bordonau, J. & Vilaplana, J. M. 1993. La
sección de Sornás (Andorra, Pirineo Central). Actas
de la IIIa Reunión del Cuaternario Ibérico, Asociación
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